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6.1.3 Mouillage et angle de contact 
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Conséquemment à nos précédents résultats (MEB et surface spécifique), il est 

logique que la mesure de l'angle de contact pour les trois composites, à base de FNO, 

F0700 et FOl38o, n'ait pas été possible. En effet, à peine déposée sur le composite, la goutte 
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s'absorbe complètement. Il a été possible de prendre des mesures uniquement pour les 

composites à base de TOCN et TOCNc, qui sont présentés dans le Tableau 6.1. 

Tableau 6.1 Surface spécifique, angle de contact et conductivité des différents 

composites 

Surface Angle de contact Conductivité 

spécifique (m2/g) (0) (S/cm) 

FNO 1 31.3 / (7.00±0.02)x10·2 

-----------------------------------------1------------------.---------------------------------------------------------------------------------------------------------------------------------------

F0700 1 14.3 / (1.00± 0.02) xl0· l 

-----------------------------------------t------------.------------------------------------------------------------------------------------------------------------------------------------------------

F0138o ! 9.3 / (1.00± 0.01) x10· l 

-----------------------------------------r-------------------------------------------------------------------------------------------------------------------------------------------------------------

TOCN 1 5.4 77.8 ± 2.4 2.40 ± 0.02 

-----------------------------------------r------------------------------------------------------------------------------------------------------------------------------------------------------.------

TOCNc ! 4.0 69.1 ± 3.0 (1.90 ± 0.01) xl0· l 

! 

Les angles de contact obtenus sont supérieurs à ceux obtenus généralement pour des 

matériaux cellulosiques (47 0) [133]. Cela provient des chaînes de polypyrrole qui 

accroissent le caractère hydrophobe du composite. Toutefois, lorsqu'on étudie le 

mouillage des composites sur un temps donné (90 secondes), il est possible de 

s'apercevoir que même si le composite à base de TOCNc présente un angle de contact 

plus faible au départ, celui-ci adsorbe moins rapidement l' eau que le composite à base de 

TOCN (Figure 6.5). Cela s'explique simplement par la structure plus fermée et plus dense 

du composite qui laisse ainsi moins facilement pénétrer l' eau. 
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6.1.4 Surface spécifique 
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Les nanocelluloses sont connues pour avoir des surfaces spécifiques élevées, mais 

c' est uniquement le cas lorsqu ' elles sont sous la forme d' aérogel. Ainsi quand elles se 

retrouvent sous la forme de film , la surface spécifique est considérablement réduite à cause 

des structures fermées qui en résultent (Tableau 6.1). Le polypyrrole est également connu 

pour avoir une faible surface spécifique, il est donc normal que les deux composites à base 

de TOCN et TOCNc présentent les deux plus faibles surfaces spécifiques (5.4 et 4.0 m2/g). 

Cela confirme aussi , la faible présence de pores aperçus dans les Figure 6.2d et e. À 

contrario, les autres composites présentent des surfaces spécifiques bien plus élevées 

(Tableau 6.1). Les images MEB nous permettent de comprendre qu ' une telle différence 

est due à de leurs morphologies. Les fibrilles non oxydées exposent ainsi la plus 

importante surface spécifique avec 31.3 m2/g, soit le double et le triple par rapport aux 

F0700 (14.3 m2/g) et FOl38o (9.3 m2/g). Ce type de surface plus importante sera recherché 

pour des applications bien précises comme le stockage d'énergie ou les capteurs. 
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6.1.5 Mesures électriques 

Pour terminer notre étude de ces composites, nous avons évalué leur capacité à 

conduire le courant électrique. Comme il est possible de le constater dans le Tableau 6.1 , 

les conductivités des composites sont relativement faibles hormis pour le composite à base 

de TOCN ou elle s ' avère être dix fois supérieure (2.4 S/cm) aux quatre autres. Les résultats 

obtenus sont totalement compréhensibles pour nos quatre premiers composites (FNO, 

F0700, FO I38o et TOCN). En effet, avec des structures aussi poreuses, il était difficile 

d' obtenir de meilleures conductivités pour les composites FNO, F0700 et FO I38o, 

puisqu'elles créaient des zones non conductrices entre les chaînes de polypyrrole qui 

limitent le déplacement des électrons. Dans le cas des TOCN, on obtient un réseau 

beaucoup plus dense qui permet de meilleures interactions entre les chaînes de polypyrrole 

ce qui favorise la mobilité des électrons et donc la conductivité. 

Suite à nos résultats, nous nous attendions, à une conductivité supérieure de la part 

du composite à base de TOCNc, or l' ensemble des mesures nous a conduit à une 

conductivité seulement deux fois supérieure aux composites FNO, F0700 et FO I38o. 

L 'explication de ce résultat est liée à l' épaisseur du film qui s ' avère être extrêmement fine 

et au fait que la structure soit lisse et fermée, ce qui limite la rétention d ' ions chlorure lors 

du rinçage au HCI, essentiel au dopage du polypyrrole. Sans ces ions, il n' y a pas la 

formation de défauts structuraux permettant une bonne délocalisation des électrons et par 

le fait même une bonne conductivité. 

Quand on compare la tenue mécanique et les propriétés électriques (Figure 6.6), les 

TOCN apparaissent comme le renfort le plus pertinents sur ces deux points clés, 

puisqu 'elles permettent la meilleure conductivité au composite et offre une tenue 

mécanique similaire aux TOCNc. C'est donc logiquement que nous basons notre étude 

sur le choix des TOCN comme renfort à la matrice de polypyrrole. 
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Figure 6.6 Conductivité électrique et tenue mécanique des différents composites 

6.2 Optimisation des paramètres de la réaction 

Suite à notre choix du renfort, nous avons optimisé l'ensemble des paramètres de la 

réaction de polymérisation, afin d' obtenir les meilleures propriétés possibles pour le 

composite TOCN-PPy. De plus, les résultats obtenus dans le chapitre 5 (article 1), nous 

ont permis de démontrer que l' APS et le chlorure de fer (III), conduisaient aux meilleures 

conductivités, mais par choix plutôt économique, nous avons décidé de poursuivre 

l'optimisation avec le chlorure de fer (III) comme agent oxydant de la polymérisation. 

6.2.1 Ratio Py - TOCN 

Le premier paramètre optimisé est le ratio monomère - renfort. C'est un paramètre 

critique, puisque s' il n' est pas bien ajusté, les propriétés mécaniques ou électriques s'en 

verront sensiblement affectées. Il est donc primordial de déterminer un optimum entre ces 

deux propriétés. 
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6.2.1.1 Essais de traction mécanique 

Les résultats présentés à la Figure 6.7 montrent que la contrainte à la traction 

diminue avec l'augmentation du ratio Py-TOCN. En effet, la présence de polypyrrole dans 

un composite peut influer de manière significative sur ses propriétés mécaniques à cause 

de la faible cohésion existante entre les chaînes du polymère. Ainsi plus sa proportion au 

sein du composite sera importante et plus la tenue mécanique sera affaiblie [177,182]. 

A vec une proportion majoritaire de TOCN (1 : 2), le composite présente la meilleure 

contrainte à la traction (84.7 MPa) et le meilleur module d' élasticité (9.6 GPa). La faible 

présence de polypyrrole permet davantage d' interactions entre les TOCN, ce qui affecte 

moins les propriétés mécaniques. À l'inverse, un ratio propice à la formation de 

polypyrrole (5 : 1), réduit plus significativement la contrainte à la traction (56.5 MPa). 

Cette baisse s'explique par le fait que l'augmentation du polymère diminue les interactions 

intermoléculaires de la cellulose ce qui rend le composite moins rigide. 
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Le module d'élasticité est également affecté par cette augmentation prononcée du 

polymère. Une baisse significative est observée (5.8 GPa) jusqu'à un ratio de 2 : l , puis 

on tend vers un plateau, comme pour la contrainte à la traction. Au-delà de ce ratio, la 

quantité de pyrrole n' affecte plus de manière significative les propriétés du composite, 

bien qu' il soit possible de voir une légère perte de l' élongation à la rupture (Figure 6.8), 

concordant avec un composite légèrement plus rigide (Figure 6.7). Toutefois, ces valeurs 

doivent être prises avec précaution puisqu 'elles restent relativement proches lorsque l'on 

compare les écarts types. 
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6.2.1.2 Mesure de conductivité électrique 

La conductivité électrique est également fortement affectée par l' évolution de ce 

ratio, comme le montre la Figure 6.9. Plus la proportion de monomères augmente, plus on 

favorise la quantité de polypyrrole et donc la conductivité [23,177,183]. C'est donc fort 

logiquement que l' on tend vers un maximum aux alentours d' un ratio de 5 : 1 en faveur 

du pyrrole. 

Les résultats de la Figure 6.9 nous confirment que la tenue mécanique est 

antagoniste à une bonne conductivité. Ainsi plus la proportion de monomères augmente, 
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plus la conductivité est favorisée et plus la tenue mécanique diminue. Conséquemment à 

ce problème, nous avons choisi de garder un ratio 5 : 1 pour la suite des essais, puisqu'il 

confère la meilleure conductivité et que la tenue mécanique reste acceptable. En effet, si 

on le compare aux ratios 2 : 1 et 3 : 1, le ratio 5 : 1 s'avère le plus intéressant puisque la 

tenue mécanique reste constante (56.1 MPa contre 57 MPa pour le ratio 2 : 1), alors que 

la conductivité s'en voit significativement améliorée (+ 43 et + 22 % par rapport aux ratios 

2 : 1 et 3 :1). 
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6.2.2 Ratio Py - Oxydant 

Le deuxième paramètre est le ratio entre le monomère et l'oxydant. Ce paramètre 

soulève de nombreuses discussions dans la littérature, puisqu'aucun chercheur ne semble 

s'accorder pour définir un optimum. Selon leurs résultats, ce paramètre est dépendant des 

autres facteurs de la réaction, le ratio Py-renfort ou le choix de l'oxydant, ce qui explique 

en partie les divergences entre les différentes études. 
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6.2.2.1 Essais de traction mécanique 

Comme évoqué précédemment, le rôle de l' oxydant est primordial, car c'est lui qui 

initie la polymérisation du pyrrole en polypyrrole. Il représente donc une part importante 

dans la synthèse du composite et comme on peut le voir sur la Figure 6.10, les propriétés 

mécaniques sont clairement affectées par une augmentation de la quantité de l'oxydant. 

Cela s' explique par le fait qu ' à faible quantité, l' oxydant devient le réactif limitant, et 

induit une faible polymérisation. Les liaisons intermoléculaires entre les TOCN sont 

moins affectées, ce qui permet de conserver une tenue mécanique intéressante. Ainsi, avec 

un ratio 5 : l , le film s' avère être mince, flexible et résistant (73.8 MPa). À l'inverse, une 

grande quantité d'oxydant (l : 4 et 1 :2) engendre une forte proportion de polypyrrole 

(Tableau 6.2) [178] , qui vient rompre les liaisons intermoléculaires et ainsi réduire 

significativement la tenue mécanique (0.63 MPa). Cela est confirmé par l'aspect général 

du film qui est plus épais, granuleux, cassant (pas de flexibilité) et qui laisse des particules 

noires de polypyrrole au contact des doigts. 
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Sur la Figure 6.11, l'élongation à la rupture suit les tendances de la contrainte à la 

rupture et du module d'élasticité, avec des valeurs relativement faibles pour les ratios 1 : 4 

et 1 : 2. L'utilisation d'une concentration plus importante d'oxydant peut également 

expliquer ces faibles propriétés mécaniques par une dégradation partielle des TOCN. En 

effet, la solution de chlorure de fer étant relativement acide, à plus forte concentration, 

celle-ci provoque une hydrolyse partielle des fibres. À plus faible concentration (1 : 1, 

3 : 1 et 5 : 1), l'élongation à la rupture augmente proportionnellement à la baisse de 

rigidité des composites (module d'élasticité sur la Figure 6.10). 

4,5 

~ 4 
"-" 
(!) 3,5 
1-

.a 3 
0-
2 
CIl 2,5 

-C'<:l 2 
t: 

.Q 15 ..... ' 
C'<:l 

~ 1 
o 

.üj 0,5 

o 

l 

1/4 

l 
l 

l l 

1/2 1/1 3/1 5/1 

Ratio Pyrrole - Oxydant 

Figure 6.11 Pourcentage d'élongation à la rupture du composite en fonction du 

ratio Py-Oxydant 

6.2.2.2 Surface spécifique 

L'importante quantité de polypyrrole générée par des ratios favorables à l'oxydant 

a conduit à des structures beaucoup plus épaisses et volumineuses. Il est donc logique que 

l'on obtienne des surfaces spécifiques plus élevées avec les ratios 1: 4 et 1 : 2 

(Tableau 6.2). La structure ouverte de ces composites peut s'avérer intéressante comme 

membrane ou capteur. En réduisant la quantité d' oxydant, on réduit également la quantité 

de polypyrrole et par la même occasion la surface spécifique. Le composite devient moins 

épais est présente alors une structure de plus en plus fermée. 
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Tableau 6.2 Surface spécifique et proportion des différents matériaux du 

composite en fonction du ratio Py-Ox 

Ratio Py-Ox 

1/4 

1/2 

1/1 

3/1 

511 

Surface spécifique 
(m2/g) 

30.4 

30.3 

7.6 

5.9 

2.8 

6.2.2.3 Mesure de conductivité électrique 

Proportion PPy­
TOCN(%) 

80 - 20 

78-22 

67.8 - 32.2 

52.8 - 47.2 

17.5 - 82.5 

Une augmentation de la teneur en polypyrrole devait en principe conduire une 

hausse de la conductivité. Or, on constate sur la Figure 6.12 qu ' on tend rapidement vers un 

maximum de conductivité avant que celle-ci ne chute significativement. Le ratio Py-Ox 

1 : 1 présente le meilleur compromis en matière de conductivité (3.94 S/cm). À côté de 

ça, la conductivité est de 1.52 et 1.19 S/cm respectivement pour les ratios 1 : 2 et 1 : 4. 

Deux hypothèses peuvent expliquer ces plus faibles conductivités. La première est la 

faible cohésion du composite engendrée par l' importante quantité de polypyrrole. Cela 

crée des discontinuités entre les chaînes de polypyrrole, réduisant ainsi le passage des 

électrons. La deuxième hypothèse est l' apparition de réactions parasites générées par la 

quantité plus importante d ' oxydant. Le système conjugué du polypyrrole est alors brisé 

par des substitutions en position 3 et 4 des cycles de pyrrole dû au surplus d' oxydant. La 

conjugaison des chaînes étant plus courte, la conductivité s' en voit réduite [58]. Enfin, 

avec des ratios plus faibles en oxydant, il apparaît logique que les conductivités soient 

faibles (0.83 et 0.31 S/cm respectivement pour les ratios 3 : 1 et 5 : 1), avec moins de 

polypyrrole. 

Si on compare conjointement l' effet de ce ratio sur la tenue mécanique et la 

conductivité (Figure 6.12), on constate qu 'une quantité trop importante d' oxydant par 

rapport au monomère est défavorable en tout point au composite. Un ratio un pour un 
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confère la meilleure conductivité alors qu'en réduisant encore la part d'oxydant, on 

améliore la tenue mécanique. Il est donc impossible d' affirmer qu' un ratio est meilleur 

qu'un autre, indépendamment d' une spécificité recherchée. Dans notre cas, nous opterons 

pour un ratio 1 : 1 pour la suite des essais afin de favoriser la conductivité électrique. 
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du ratio Py-Ox 

6.2.3 Solvants de rinçage 

Carlsson et al. [186] ont démontré que la conductivité du composite était dépendante 

du choix du solvant de rinçage utilisé. La Figure 6.13 confirme l' impact réel de celui-ci 

sur la conductivité. Comme on peut le voir, un rinçage très abondant à l'eau conduit à une 

conductivité de 1.05 S/cm alors qu'on dépasse les 4 S/cm avec la présence d' ions chlorure 

dans le solvant. Lors de l'utilisation du chlorure de fer (III) comme agent oxydant, les ions 

chlorure sont relargués en solution et vont interagir avec les chaînes de polypyrrole. Leur 

présence en tant que contre-ions dope ainsi les chaînes de polypyrrole ce qui facilite le 

déplacement des électrons. C'est pourquoi, en rinçant abondamment avec des solvants 

contenant ces ions, on incorpore des contre-ions qui vont favoriser la conductivité [186]. 

À l'inverse, un rinçage abondant avec d' autres solvants, lessive les ions chlorure présents 
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dans le composite et réduit ainsi la conductivité. L'utilisation d'acétone ou de méthanol 

réduit de manière plus significative la conductivité. Selon Rodriguez et al. [188] 

l'utilisation du méthanol occasionne une suroxydation du polymère lors du rinçage. 

L'utilisation de HCI 0.1 M est par conséquent préconisée pour limiter la perte de 

conductivité. De plus, avec une concentration aussi diluée, on limite l'impact 

environnemental. 
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Figure 6.13 Conductivité du composite en fonction du solvant de rinçage choisi 

6.2.4 Temps de trempage 

Le rinçage nécessite d' importants volumes de HCI afin d'avoir un effet significatif 

comme a pu le démontrer Carlsson et al. [186]. Toutefois, qui dit importants volumes, dit 

coût plus conséquent. Ici , nous proposons une alternative moins onéreuse à ce procédé. 

Après un léger rinçage à l' eau distillée, le composite est placé dans une petite coupelle en 

présence de 30-50 mL de HCI 0.1 Mjusqu'à 48 h. La Figure 6.14 montre que des temps 

de 1, 3 et 24 heures ne sont pas suffisants pour favoriser la conductivité. Néanmoins, on 

constate une amélioration de celle-ci. Après 48 heures de trempage, on atteint une 

conductivité identique à celle obtenue avec un important volume de rinçage d'HCI (5 L). 

Un temps relativement long est donc nécessaire afin que les ions puissent migrer au sein 

du composite et stabiliser les défauts électroniques favorisant la conductivité. Ce procédé 
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plus long à mettre en œuvre, mais qui nécessite cent fois moins (50 mL contre 5 L) de 

solvant nous apparaît comme plus écologique et moins coûteux, pour obtenir une 

conductivité équivalente. 

8 

7 

,-.. 
E 6 
u --~5 

'QJ ..... 
;> 4 

.;: 

g 3 
"0 
t: 
o 2 
U 

1 _ 

o 
o 10 20 30 40 50 

Temps (heures) 

Figure 6.14 Évolution de la conductivité après différents temps de trempage dans 

une solution de Hel 0.1 M 

6.2.5 Temps et température de polymérisation 

Le temps de polymérisation est également un point de divergence entre les 

scientifiques du domaine. Des temps relativement courts (20 minutes) [182] à très longs 

(1 semaine) [51] ont ainsi été discutés dans la littérature. Afin de déterminer les conditions 

optimales pour la préparation du composite, nous avons comparé la polymérisation du 

pyrrole à température ambiante et à faible température (~ 4 OC) pour différents temps de 

réaction, car plusieurs études ont démontré que des températures basses favorisaient la 

conductivité du polypyrrole [41,59]. 

La Figure 6.15 montre une augmentation de la conductivité (4.28 S/cm) jusqu'à 

30 minutes de polymérisation à température ambiante. Au-delà, on tend vers un plateau 

(4.23 , 3.98 et 3.8 S/cm respectivement pour 1, 2 et 4 heures de réaction). Avant 

30 minutes, la polymérisation n'est pas complète, c 'est pourquoi la conductivité est plus 

faible. La diminution avec le temps s' explique par un phénomène de suroxydation des 
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chaînes en solution réduisant la longueur de conjugaison du polypyrrole. Un temps de 

30 minutes est le plus pertinent pour la polymérisation à température ambiante et permet 

de conserver un temps relativement court pour ce type de réaction ce qui est un avantage 

auprès des industriels. 

Si on observe la conductivité à 4 oC, on constate que l' allure de la courbe est 

identique à celle de la température ambiante, mais avec une initiation de réaction beaucoup 

plus lente (Figure 6.15). À température ambiante, la solution vire au noir en 10 à 

20 secondes après l' ajout de l' oxydant, alors qu ' à 4 oC, la solution prend une couleur verte 

pendant plusieurs minutes (~ 3-4 minutes) avant de devenir noire, synonyme de la 

présence des chaînes de polypyrrole. L'étape d'initiation est ralentie par la faible 

température, ce qui s'avère être bénéfique puisqu ' après seulement 15 minutes, on obtient 

une conductivité 5 fois supérieure (14.4 S/cm) à celle obtenue dans le même temps à 

température ambiante (2.6 S/cm). Un temps de 30 minutes correspond à l'optimum de 

réaction pour l'obtention d ' une conductivité maximale (112.4 S/cm) puisqu 'au-delà, 

celle-ci diminue comme cela a été observé à température ambiante. Une température faible 

durant la polymérisation est donc recommandée pour améliorer la conductivité du 

composite. 
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Figure 6.15 Étude cinétique de la réaction de polymérisation à 4 et 23 oC 
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6.2.6 Calandrage des échantillons de composites 

L' utilisation de la calandre après le séchage des films apparaît comme un moyen de 

densifier les composites et d ' augmenter le contact entre les chaînes de polypyrrole pour 

favoriser le déplacement des électrons. 

6.2.6.1 Essais de traction mécanique 

La Figure 6.16 montre un effet bénéfique d 'un traitement à la calandre sur la 

contrainte à la traction du composite . L ' élévation de la température joue également un rôle 

important puisqu' un traitement à 100 oC permet de doubler la contrainte à la traction (51.4 

contre 100.0 MPa), sans que le module d' élasticité ne soit significativement affecté (perte 

de 10% : 8.5 contre 7.7 GPa). 
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Figure 6.16 Effet du calandrage sur la contrainte à la traction et module de 

Young du composite 

Dans le même temps, l' élongation à la rupture double avec un traitement à 100 oC 

par rapport au témoin (Figure 6.17). Ce phénomène s ' explique par un ramollissement des 

fibres lors du traitement à 100 oC, ce qui permet, sous l' effet de la contrainte, un meilleur 
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arrangement des fibres au sein du composite. Ce réarrangement permet ainsi d' établir des 

interactions, qui sans traitement, n' étaient pas possibles à cause d'une répartition spatiale 

trop éloignée entre certaines fibres . 
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6.2.6.2 Mesure de conductivité électrique 

Les résultats montrent un effet négatif du calandrage des composites sur la 

conductivité (Figure 6.18). Le phénomène de densification recherché via ce traitement n' a 

pas été atteint. L' effet de compression susceptible de rapprocher les chaînes de 

polypyrrole pour faciliter la migration des électrons n' a pas eu l' effet escompté. Il est donc 

possible que la pression appliquée ait rompu les chaînes de polypyrrole diminuant par 

conséquent la longueur de conjugaison. On peut exclure le facteur température puisque la 

conductivité est sensiblement identique pour les trois essais calandrés. C'est donc un effet 

mécanique qui intervient dans la réduction de la conductivité. 

Ces résultats démontrent donc qu ' un traitement à la calandre n'est pas bénéfique 

pour améliorer les propriétés électriques. Toutefois, les propriétés mécaniques s' en voient 

améliorées par rapport à un échantillon n' ayant pas subi le traitement. Dans notre étude, 
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ce traitement apparaît en conséquence comme inapproprié dans le but d ' une amélioration 

de la conductivité. 
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Figure 6.18 Effet du calandrage sur la conductivité électrique et de la tenue 

mécanique du composite 

6.2.7 Conclusions 

Ce chapitre démontre le travail effectuté pour l' optimisation des propriétés 

électriques d ' un composite basé uniquement sur des interactions électrostatiques entre le 

polypyrrole et les TOCN. En portant attention à chaque étapes clés de la polymérisation, 

il nous a été possible d' atteindre une conductivité de 112.4 S/cm soit onze fois supérieur 

à ce qui pouvait être recensé dans la littérature. Le choix des TOCN par rapport aux autres 

matériaux testés, s ' est justifié par l'obtention des meilleures propriétés mécaniques et 

électriques. Le choix du solvant et du temps de rinçage a montré l' impact de ceux-ci sur 

la conductivité et la nécessité d 'utiliser un solvant à base d' ions chlorure pour favoriser 

l' état oxydé du polymère et donc la conductivité. Une étape finale de calandrage n' a pas 

démontré d' effet bénéfique sur le composite et n'apparait donc pas nécessaire. Le chapitre 

suivant, fait état de l' établissement d ' un lien covalent entre les TOCN et le Polypyrrole 

afin d ' évaluer le potentiel de cette liaison sur les propriétés du composite. 



Chapitre 7 - ARTICLE SCIENTIFIQUE Il, Axe conducteur 

7.1 Avant-propos 

L'article scientifique II a pour titre anglophone: « A conductive nanocomposite 

based on TEMPO-oxidized cellulose and poly(N-3-aminopropylpyrrole-co-pyrrole) ». Il 

s'agit ici, du deuxième article de l'axe conducteur et apporte sa contribution à la recherche 

par une étude sur le greffage des chaînes de PPy sur les TOCN par l'intermédiaire du 

N-cyanoéthylpyrrole. Il a été soumis à la revue scientifique «lndustrial Crops and 

Products» des éditions Elsevier en septembre 2015 et a été publié en Décembre 2016 

(Industrial Crops and Products, Volume 93, (25 Décembre 2016), p.136-141). 

Comme énoncé dans la section bibliographique, la nomenclature des nanocelluloses 

n'est pas encore des plus évidentes dans le monde scientifique. Dans cet article, nous 

avions ainsi choisi la nomenclature CNFo comme appellation pour nos nanofibres de 

cellulose oxydée par réaction au a-TEMPO. 
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7.2 Résumé 

Dans cet article, des films composites conducteurs ont été synthétisés à partir de 

nanofibres de cellulose oxydée (CNFo), du 1-(2-cyanoéthyl)pyrrole ainsi que du pyrrole. 

Le 1-(2-cyanoéthyl)pyrrole a été réduit en N-(3-aminopropyl)pyrrole, puis le monomère 

obtenu a été greffé sur les groupements carboxyles de la cellulose oxydée. Dans un 

troisième temps, le polypyrrole (PP y) a été synthétisé par polymérisation radicalaire du 

pyrrole sur la N-(3-aminopropyl)pyrrole greffé, grâce à une solution de chlorure de fer 

(III) (FeCh). Les films composites obtenus ont été caractérisés par spectroscopie FTIR­

A TR, microscopie électronique à balayage (MEB) équipée d'un système de microanalyse 

chimique élémentaire de la surface par Energie Dispersive de rayons X (EDX), mesure de 

résistance à la traction et analyse thermogravimétrique (A TG), ainsi que par mesure des 

angles de contact et de la conductivité électrique. Les résultats démontrent ainsi que le 

greffage du 1-(2-cyanoéthyl)pyrrole, a joué un rôle de premier plan dans l'amélioration 

des propriétés du composite en augmentant notamment les connexions possibles entre les 
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chaînes de polypyrrole et les nanofibres de cellulose oxydée. Le revêtement de 

polypyrrole sur les films greffés influe sur les caractéristiques du composite telles que 

l'angle de contact, les propriétés mécaniques, la stabilité thermique ainsi que la 

conductivité électrique. Dans ces conditions, il est possible d' envisager cette structure 

dans la conception d'électrodes flexibles à haute performance pour des applications telles 

que les condensateurs, les batteries ou encore les capteurs. 

Mots-clés: Nanofibres de cellulose oxydée, polypyrrole, 1-(2-cyanoethyl)pyrrole, 

greffage. 

7.3 Abstract 

In this study, conductive composite films were synthesised based on oxidised 

cellulosic nanofibres (CNFo), 1-(2-cyanoethyl)pyrrole, and pyrrole. The 

1-(2-cyanoethyl)pyrrole was reduced to N-(3-aminopropyl)pyrrole before being grafted 

onto carboxyl groups of CNFo. Oxidative polymerisation of polypyrrole (PPy) was 

conducted in an iron (III) chloride (FeCb) solution, onto the N-(3-aminopropyl)pyrrole 

grafted. The resulting composite films were characterised by Fourier transform infrared -

attenuated total reflection spectroscopy, scanning electron microscopy equipped with 

energy-dispersive X-ray spectroscopy, tensile strength measurement, thermogravimetric 

analysis, wettability, and electrical conductivity measurements. The grafting of 

1-(2-cyanoethyl) pyrrole played a leading role in improving these properties by increasing 

the potential connections between conducting polymer chains and cellulose fibres. The 

outcomes show that the PPy nanoparticles coating the grafted films improve several 

properties of our composite such as wettability, mechanical properties, thermal protection, 

and more importantly, electrical conductivity, which was improved by a factor of 105 

compared to that of the uncoated films. In this condition, this nanostructure could be 

considered in the design ofhigh-performance electrodes for supercapacitors, batteries, and 

sensor applications. 

Keywords: Oxidized cellulosic nanofibres, Polypyrrole, 1-(2-Cyanoethyl)pyrrole, 

Grafting 
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7.4 Introduction 

Considering the growing interest and demand for new technologies with high­

performance materials in the past 10 years, research has been driven towards new 

functional nanoscale materials with superior properties. In this way, conducting polyrners 

are promising because of their functional properties, allowing them to be used in many 

application fields , such as batteries, sensors, and antistatic coatings, among others 

(Ambade et al. , 2013; Wang Z. et al. , 2014). Lately, polyacetylene, polyaniline, 

polythiophene, and polypyrrole (PP y) have been extensively studied, but it appears that 

PPy is one of the most promising conducting polymers for most applications, such as 

electronic (supercapacitors) and biomedical (biosensors, blood purification) applications. 

This is because of its biocompatibility, environmental and thermal stability, and high 

electrical conductivity (Molina et al. , 2010; Vaitkuviene & Kaseta, 2013). However, PPy 

presents poor processability and mechanical properties that limit its commercial 

applications (Sangawar & Moharil , 2012). 

In order to overcome these physical problems, considerable attention has been 

focused on a possible reinforcement of the matrix with natural fibres such as bacterial and 

algal cellulose, dextrin, carboxymethylcellulose, and chitosan (Cabuk et al. , 2014; 

Ding etaI. , 2010; Ionescu etaI. , 2006; 2014; Otero & Vasquez, 1995; Sasso etaI. , 2010; 

Zare et al. , 2014). Among these, cellulose, which is the most abundant natural polymer on 

Earth, demands great interest. Indeed, using cellulose-based materials is advantageous 

since cellulose is renewable, unlimited, and biodegradable. The wood nanocellulose fibres 

used in this study were obtained by a TEMPO oxidation reaction, which is a regioselective 

reaction that chemically modifies the primary alcohol groups of cellulose 

(Paquin et al. , 2013 ; Rattaz et al. , 2011). The advantages ofusing oxidised cellulose fibres 

include their large specific surface area, their microporous structure and surface charges 

for good adherence, and their good mechanical properties (Syverud & Stenius, 2009). The 

polymerisation of PPy on the surface occurs when the cellulose nanofibres are dipped in 

a solution of iron chloride in the presence of pyrrole. Usually, the bonds formed between 

the PPy and the reinforcement are weak electrostatic interactions (Jradi et al., 2012). The 

main goal of the current study was to graft 1-(2-cyanoethyl)pyrrole on CNFo before 
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performing the deposition of PPy as described above. The 1-(2-cyanoethyl)pyrrole offers 

the possibility of creating covalent bonds (amide) between carboxylic groups and the 

conducting polymer (Lee & Schmidt, 2010). Therefore, the cellulose was first grafted 

(PyCNFo) before the synthesis ofthe final composite (p (PyCNFo)) via polymerisation of 

PPy using FeCb. 

7.5 Experimental section 

7.5.1 Materials 

Pyrrole (C4HsN), iron III chloride (FeCb), 1-(2-Cyanoethyl) pyrrole (C7HgN2) and 

ail other chemicals were purchased from Sigma Aldrich and used as received. A 

commercial never-dried bleached Kraft wood pulp was used as the cellulose sample for 

the production of CNFo through the TEMPO oxidation and sonication treatments 

(Rattaz et al. , 20 Il), which confer a carboxyl rate of 1600 mmol/kg. The width and length 

of nanofibres are estimated at 3.5 ± 1.0 and 306 ± 112 nm. Nevertheless, a small proportion 

of microfibrillated cellulose is still present. 

7.5.2 Methods 

7.5.2.1 Synthesis of PyCNFo 

In order to graft the 1-(2-cyanoethyl)pyrrole onto the CNF, it needs to be reduced 

ln N-(3-aminopropyl)pyrrole. The product was formed in agreement with the data 

gathered in the literature (Naji et al. , 2003; Rajesh et al. , 2005). A yellow oily product 

was obtained and stored at 4 oC for further use. The reduction was confirmed by 1 H NMR 

and Fourier transform infrared (FTIR) spectroscopy analysis. The yield was 

approximately 90% (Abu-Rabeah et al. , 2005 ; Naji et al. , 2003). 8H (400 MHz; CDCb): 

1.90 (2H, quint, CH2-2), 2.70 (2H, t, CH2-3), 3.96 (2H, t, CH2-1), 6.15 (2H, d, CH-f3), 

6.66 (2H, d, CH-a). FTIR spectrum (cm- I
): 3364 and 3300 (NH) (lit. [Rajesh et al. , 2005] 

3370 and 3295). 

To synthesise PyCNFo, N-(3-aminopropyl)pyrrole was introduced into a pH 7 

buffer solution containing CNFo at a concentration of 0.5% and mixed for 10 min. 
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To start the grafting, l-ethyl-[3-(dimethylamino)propyl]-3-ethylcarbodiimide (EDC) and 

N-Hydroxysuccinimide (NHS) were added (Abu-Rabeah et al. , 2005). The quantities of 

N-(3-aminopropyl)pyrrole, NHS, and EDC have been calculated to graft 10%, 20%, and 

50% of the carboxylic groups of the CNFo (1600 mmol/kg). The solution was stirred for 

3 h before being placed in a dish and dried in a forced air oyen for two days. The cast 

films were analysed with FTIR and energy-dispersive X-ray spectroscopy (EDX) to 

confirm that the grafting did occur. 

7.5.2.2 chemical polymerization of p (PyCNFo) 

A transparent film was prepared from a PyCNFo suspension at a concentration of 

0.5%. The film was dipped in a solution of 0.2 M FeCh for 10 min at room temperature. 

Then, 2 ml of pyrrole was added and dispersed over the entire film . After 30 min of 

polymerisation, the film was black and completely coated with PPy nanoparticles. The 

composite was thoroughly rinsed with distilled water and placed in a solution of 0.1 M 

hydrochloric acid (HCI), according to the literature (Hu et al. , 20 Il) to enhance the 

conductivity. Finally, the film was dried between two hot plates at 80 oC. 

7.5.2.3 Characterization 

7.5.2.3.1 FTIR-ATR Spectroscopy 

The effects of modification treatments on the surface chemistry of CNFo were 

examined by FTIR. The spectra were obtained at room temperature on a Nicolet IS10 FT­

IR spectrometer (ThermoScientific) equipped with a Diamond/ZnSe crystal. Each 

spectrum was acquired in the range of 4000--600 cm- l from 16 scans with a resolution of 

4 cm- l . Duplicates of each sample were analysed at five different points. 

7.5.2.3.2 Scanning Electron Microscopy 

The surface morphology of the samples was studied using scanning electron 

microscopy (SEM) with a JEOL JSM T300 microscope and EDX analysis. Only the 

PyCNFo samples (10%, 20%, and 50%) were gold-coated using an Instrumental Scientific 

Instrument PS-2 coating unit, since the p (PyCNFo) composites (10%, 20%, and 50%) are 
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conductors. The operation was conducted in secondary electron mode at a beam CUITent 

of 1 00 ~ with an accelerating voltage of \5 kV. 

7.5 .2.3.3 Tensile Strength 

The tensile strength of the PyCNFo (10%, 20%, and 50%) and p (PyCNFo) (10%, 

20%, and 50%) were measured on a universal testing machine (Instron 4201) at room 

temperature. The elongation at break and Young' s modu\us of these samples were 

measured. Samples of dimensions 30 mm in length, 15 mm in width, and approximately 

0.08 mm in thickness were cut from the cast film and used in these measurements. The 

average value of six replicates for each sample was obtained. 

7.5.2.3.4 Wettability 

Static distilled water contact angle measurements have been caITied out on PyCNFo 

(10%, 20%, and 50%) and p (PyCNFo) (10%, 20%, and 50%). The contact angles were 

determined by measuring the angle between the samples surface and the tangent to the 

drop at the solid-liquid air point using a Contact angle system OCA20 (DataPhysics). At 

least five drops (2 ~L) ofwater were deposited onto each substrate and a total 300 images 

were captured within 30 second for each drop. The investigation was carried out with an 

accuracy of ± 1 ° at a temperature of25 oC. 

7.5.2.3.5 Thermogravimetric Analysis 

Thermal stability analysis of the samples was carried out in a Perkin-Elmer (Pyris 

Diamond) Thermoanalyzer. Samples of CNFo, PyCNFo (10%, 20%, and 50%) and 

p(PyCNFo) (l0%, 20%, and 50%) were heated in open alumina pans from 25 to 600 oC, 

under a nitrogen atmosphere, at a heating rate of 10 °C/min. Then, the samples were heated 

from 600 to 950 oC under air at a heating rate of 15 oC/min. 

7.5.2.3.6 Electrical Conductivity Measurements 

The electrical conductivity of the samples was measured at room temperature by a 

four-point probe method with the ResTest apparatus from Jandel Engineering Ltd. The 

probe was equipped with four tungsten carbide needles with a diameter of 1 00 ~m and 
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spaced 1 mm apart. The sheet resistance (Rs, ohms per square) and thickness (t, cm) were 

used to calculate the specifie resistivity, p (Éq. 7.1) and the corresponding conductivity, 
l ' r (S.cm- )(Eq. 7.2). 

7.6 Results and Discussion 

p = RS.t 

r = l/p 

Éq.7.1 

Éq.7.2 

To obtain a functionalised CNFo that can be conjugated with PPy, we first reduced 

1-(2-cyanoethyl)pyrrole in N-(3-aminopropyl)pyrrole using LiAIH4 in anhydrous ether. 

Then, PyCNFo was synthesised by coupling N-(3-aminopropyl)pyrrole to carboxylic 

groups on CNFo via EDCINHS chemistry (Figure 7.1). In a second step, we polymerised 

PPy onto PyCNFo, from pyrrole by using FeCb as an oxidant (Figure 7.1). Analysis by 

FTIR indicated that the coupling between CNFo and N-(3-aminopropyl)pyrrole was a 

success. 

0 
0 

N N 

~ ~ 
N 

~o, ~ 0 

~ ~ 
N 

H2N H .. .. 
EDe, NHS Feel], Hel 

Figure 7.1 Chemical structure of the p(PyCNFo) composite 

Figure 7.2 shows the FTIR spectrum of the PyCNFo and p(PyCNFo) samples in the 

range of 4000-600 cm- I. The absorbance of the - OH bands around 3280, 1420 cm-l of 

CNFo appears on the two spectra. The band at 1380-l310 cm- I is attributed to the 

antisymmetric COO- stretching or aliphatic C-H deformation (Araki et al., 2001). The 

spectrum from PyCNFo reveals that both surface modification treatments have succeeded 

in coupling N-(3-aminopropyl)pyrrole with CNFo carboxyl groups. Several of the bands 

originating from both materials are shared on the spectra, thus indicating the co-existence 

of the two starting materials in the modified products. Of these, the peaks at 3334 and 
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1532 cm- I cou Id be attributed to the N-H stretching vibrations of secondary amides and 

N-H bending. A band at 1242 cm- I results from interaction between N-H bending 

vibrations and C-N stretching (Clothup et al. , 1990). Moreover, the band at 1330-

1310 cm- I demonstrates the C-H and C-N in-plane deformation vibration, respectively. 

The peak at 1050 cm- I is attributed to C-N stretching oftertiary amine. The carbodiimide­

mediation clearly resulted in the generation of amide bonds, as shown by the presence of 

amide II (combination of N-H deformation and C-N stretching near 1250 cm- I ) and 

N-H stretching (3334 cm- I
) bands. Additionally, the spectrum of p(PyCNFo) shows a 

small peak at 1634 cm- I that is attributed to the C=C stretching of polypyrrole (Aguilar­

Hemandez & Potje-Kamloth, 1999). 
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Figure 7.2 FT IR absorbance spectra of PyCNFo and p(PyCNFo) 

To further investigate the grafting, EDX analyses were performed on the surface of 

PyCNFo (10%, 20%, and 50%) samples and have confirmed the presence of N on the 

surface. As no nitrogen is found in the CNFo, this was used as confirmation of the 

presence of the N-(3-aminopropyl)pyrrole on the surface. The quantitative analysis of C, 

0 , N, and other elements was performed and the results are listed in Table 7.1 Table 7.l. 

Note that each sample spectrum was acquired from the entire area of the SEM micrograph, 

not a single point. In Table 7.1, it is also possible to note an increase in nitrogen percentage 

with increasing grafting percentage of the N-(3-aminopropyl)pyrrole, which reinforces the 

idea that the chemical reaction was a success. 



Table 7.1 

Atoms (At%) 

C ! 
! 

Atomic percent of element of PyCNFo (10-20 and 50 %) 

PyCNFo 10% PyCNFo20% PyCNFo50% 

50.3 49.5 51.0 

-------------------~--------------------t------------------------------------------------------------------------------------------------------------------------------------------------ - --- - -

i 43.4 42.3 41.3 
i 

-------------------------------------------t--------------.----.---------------------------------------------------------------------------------------------------------------------------------

N 1 3.6 6.0 7.1 

--------------------------------------------1-----------------------------------------------------------------------------------------------------------------------------------------------------

Others 1 2.7 2.3 0.5 
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In order to visually study the behaviour of grafted fibres, SEM images of PyCNFo 

and p(PyCNFo) were analysed. The SEM images confirm the fact that the surface of 

grafted and polymerised CNFo exhibits compact, wrinkled, and homogeneous mud-like 

morphology due to the PPy polymerisation (Figure 7 .3b) contrary to the nanostructure that 

is more developed on the surface of grafted CNFo. Many visible aggregates (regular 

sphere) on the surface of the PyCNFo (Figure 7.3a) could be attributed to 

N-(3-aminopropyl)pyrrole grafted. Indeed, these aggregates are not present on the 

ungrafted cellulose fibres (Figure 7.3c)_ Thus, the presence of aliphatic chains on the 

surface changes the behaviour of the fibres together, particularly with the presence of 

sheets on the surface, as demonstrated in Figure 7.3a. With the polymerisation ofPPy, the 

structure appears denser and the fibres are completely covered by PPy nanoparticles. 

However, sorne PPy aggregates are visible on the surface. The layer of PPy explains the 

electric conductor character of our composite_ These structural differences have a direct 

influence on the mechanical properties of the samples, as we have seen du ring tensile 

strength tests. 
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Figure 7.3 SEM micrograph of PyCNFo (a), p(PyCNFo) (b) and CNFo (c) 

The thermogravimetric curves of PyCNFo and p(PyCNFo) are presented ln 

Figure 7.4. The analysis has been realised from 60 oC to 600 oC with a ramp rate of 

10 °C/min and from 600 to 950° with a ramp rate at 15 oC/min. There are two major 

weight losses. The first, occurring around 180 oC, was attributed to the destruction of the 

crystalline region of the CNFo and decomposition of amorphous CNFo into a monomer 

of D-glucopyranose. The second, occurring around 640 oC, was attributed to the 

destruction of carbon chains. We can observe that the p(PyCNFo) has a better thermal 

resistance th an the PyCNFo, in general. Ifwe look closerto the thermal degradation curves 

of the grafted and polymerised CNFo samples, it can be seen that the 50 % grafted 

composite is better, except for temperatures between 180 oC and 360 oC, where the 20 % 

grafted composite is the best. Thus, the thermal stability of the composite seems to be 

increased until 600 oC by the presence of PPy. The aliphatic chains of PPy confer thermal 

protection to the cellulose fibres. Regarding PyCNFo samples, one can see the same 
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improvement to the thermal stability, which could be attributed to the grafted 

N-(3-aminopropyl)pyrrole that offers thermal processing advantages. This improvement 

can be potentially extended ifwe increase the grafting degree ofaliphatic chains. 
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samples at 50 %; dash dot line: samples at 20 %; dot line: samples at 10 %) 

The mechanical properties ofPyCNFo and p(PyCNFo) were obtained after a clear 

breaking of samples and are shown in Table 7.2. It is important to note that the mechanical 

properties of pure PPy are very poor, owing to the chemical polymerisation, which gives 

PPy powder form and thus, no film can be cast. The results in Table 7.2 demonstrate that 

increasing the degree of grafting on the cellulose fibres leads to a decrease in strength for 

the unpolymerised PyCNFo. The presence of aliphatic chains affects the mechanical 

properties of the films, and this decrease can be attributed to the loss of interactions of 

inter- and intra-molecular hydrogen bonding between fibres. These interactions result of 

the presence of free carboxyl groups. Therefore, a 50 % degree of grafting of carboxyl 

groups causes a greater loss of cohesion of the fibres and poorer mechanical properties. 

The elongations at break (%) at different grafting degrees of the CNFo are similar. ln this 

context, the Young' s modulus values of the PyCNFo confirm a lower stiffness of the 

samples, which is conferred by the presence of grafted N-(3-aminopropyl)pyrrole. 



148 

Table 7.2 Mechanical properties, conductivity and contact angle of PyCNFo 

and p(PyCNFo) samples 

Stress Young's Elongation i Conductivity Contact 
! 

(MPa) modulus at break (%) 
: 

(S/cm) angle (0) ! 

(GPa) 1 

! 
PyCNFo 10% 28.8 ± 1.6 1.72 ±0.19 4.7 ± 0.2 (4.30 ± 0.40) 55.8 ± 3.8 

xl0-5 

----------------------------------------t-----------------------------------------------------------------------------------------------------------------------------------------------------------------

PyCNFo 20% 1:. 25.2 ± 3.1 1.70 ± 0.15 4.4 ± 0.8 (4.31 ± 0.30) 59.8 ± 3.4 
x10-5 

----------------------------------------t----------------------------------.-----------------------------------.----------.--------.-.---.--------.-------------------------------------------------------. 

PyCNFo 50% ! 20.7 ± 2.5 1.50 ± 0.30 4.8 ± 0.1 (6.50 ± 0.30) 75.8 ± 4.3 
l xl0-5 

----------------------------------------~-----------------------------------------------------------------------------------------------------------------------------------------------------------------

p(PyCNFo) 153.2 ± 9.3 2.53 ± 0.39 3.9 ± 1.0 5.86 ± 2.65 73.4 ± 2.5 
10% . 

----------------------------------------+._-_._---------------------------_._----------------_ ...... _---_._.------_ .......... _-----------------------------------------------------------------------------

p(PyCNFo) 1:. 56.6 ± 3.2 2.52 ± 0.29 4.9 ± 0.6 5.93 ± 1.12 75.7 ± 4.8 
20% 

--------------------------------_._-----+------_._----------_._--------------_._ .. _---------_ .. _----------------------------------------------------------------------------------------------------------

p(PyCNFo) 167.0 ± 3.4 2.45 ± 0.26 6.2 ± 0.2 19.98 ± 4.74 76.1 ± 4.3 
50% ! 

It is interesting to note that in the presence ofPPy, the mechanical properties of the 

samples are significantly improved (by a factor oftwo). In the current literature, PPy has 

not yet been recognised to improve the mechanical properties of any composites 

(Jardi et al. , 2012). To explain this improvement due to the presence of PPy, it is possible 

to think of the establishment of covalent bonds between the cellulose fibres through the 

intermediary of PPy chains, which polymerise onto the grafted pyrrole molecule 

(Figure 7.5)_ This hypothesis seems to be confirmed, since the mechanical properties and 

elongation at break seem to increase with the grafting degree of fibres and more evidently 

for the 50 % grafted. Thus, statically, the percentage of formation ofthese intermolecular 

bonds should grow with increased presence of grafted pyrrole_ 
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In conclusion, the improved mechanical properties ofp(PyCNFo) compared to those 

ofPyCNFo could be explained by the contribution of the polymerisation ofPPy. However, 

the decreased behaviour of grafted CNFo could be attributed to the weakened inter- and 

intra-molecular hydrogen bonding of cellulose nanofibres caused by the incorporation of 

grafted N-(3-aminopropyl)pyrrole. Therefore, it is interesting to note that PPy increases 

the mechanical properties of composites. 

Beyond increasing the mechanical properties, the presence of PPy in the composite 

increases the hydrophobic character. The values of the contact angle measured with 

distilled water are shown in Table 7.2. The grafting ofN-(3-aminopropyl)pyrrole gave the 

expected increase in hydrophobic character (75 .8°), which is explained by the presence of 

the aliphatic chain from the pyrrole derivative. With only 10% of grafting, the behaviour 

is quite hydrophilic, owing to the lower presence of aliphatic chains and the higher 

presence of free carboxyl groups. The addition of polymerisation of PPy on the surface 

achieves the same degree of hydrophobicity as PyCNFo 50 %, whatever the degree of 

fibres grafted. These results can be explained by a layer of PPy on the surface, which 

completely co vers the fibres , thus concealing any difference in grafting percentage. 

The electrical conductivities of the samples were determined and the results are 

shown in Table 7.2. It was observed that the conductivity is very low for the grafted CNFo 

(6.51 x 10-5 S/cm), regardless of the degree of grafting. This result can be explained by 
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the insulating character of cellulose and the presence of aliphatic chains that do not have 

a conjugated system to allow the delocalisation of electrons. For the grafted and 

polymerised CNFo samples, the conductivity is multiplied by 105 (20 S/cm). This 

behaviour is attributed to the formation of a continuous conducting PPy layer that 

homogeneously coats the surface of PyCNFo. As expected, the insulating character of 

cellulose was inhibited by a PPy layer and the grafted N-(3-aminopropyl)pyrrole. The 

effect of the grafting degree is significant, because the conductivity is four time higher 

with 50 % grafting than with 10 % and 20 % grafting. These results are superior to those 

obtained by Zhang et al. with tunicate cellulose and PPy via the in situ oxidative chemical 

polymerisation (10-3 S/cm) (Zhang D. et al. , 2013) or those obtained by Xu et al. with 

bacterial cellulose (3.9 S/cm) (Xu et al. , 2013). To confirm the good conductivity of our 

polymerised samples, we have realised a simple installation with a battery (12 V) and a 

light-emitting diode (LED). The sample is included in the circuit between the white and 

red wires (bottom) and it is easy to see the powered LED (Figure 7.6) and the magnitude 

of the light intensity. Even though the conductivity is not yet in the range of metals 

(over 102 Sim), it is clear from Figure 7.6 that our composite exhibits sorne conductive 

properties. 

Figure 7.6 Demonstration of conductivity of p(PyCNFo) by light-emitting diode 

(LED) 
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7.7 Conclusions 

ln conclusion, the grafting ofN-(3-aminopropyl)pyrrole was a success, as confirmed 

by the FT IR and EDX resuIts. Several anal yses performed on the PyCNF 0 and p(PyCNF 0) 

at different grating degrees have shown that the deposition of PPy nanoparticles on the 

surface of PyCNFo improved its mechanical properties (stress and elongation at break), 

particularly at a high grafting percentage. This is the first time in the literature that PPy is 

recognised as a mechanical reinforcement for a composite. From our proposed 

mechanism, the grafting of 1-(2-cyanoethyl)pyrrole played a leading role in improving 

these properties, as it allows for the connection between chains of conducting polymer 

and cellulose fibres. The polypyrrole also enabled an improvement in the thermal 

resistance and the hydrophobic character of the films by forming a protective layer. The 

combination of PPy and 1-(2-cyanoethyl)pyrrole also allowed obtaining a high 

conductivity (approximately 20 S/cm), which has never been achieved by simple use of 

natural fibres and a semiconductor polymer. Such a nanostructure can be foreseen in the 

design of high-performance electrodes for supercapacitors, batteries, and sensor 

applications from a renewable source. 
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8.2 Résumé 

Dans cette étude, des films composites à base de nanofibres de cellulose oxydée 

TEMPO (TOCN) et de polypyrrole (PPy), ont été synthétisés par trois procédés différents. 

Ces composites flexibles ont été analysés par microscopie électronique à balayage (SEM), 

par analyse thermogravimétrique, par des mesures d'angle de contact et enfin par des tests 

mécaniques et électriques. Les composites développés ont montré des propriétés 

mécaniques intéressantes pour le composite TOCN/PPy-3 de par son module d'Young 

(6.35 GPa) et sa contrainte de traction (65.6 MPa), tandis que le composite TOCN/PPy-1 

a démontré de meilleures propriétés électriques (51.6 S/cm) essentielles pour d'autres 

applications telles que des électrodes flexibles . Parmi les méthodes proposées, le greffage 

du N-(3-aminopropyl)pyrrole était également intéressant, car il présente des propriétés 

intermédiaires aux deux autres composites, et représente un bon compromis entre les 

propriétés mécaniques et électriques. Selon leur application finale et par le choix d'un 

procédé de fabrication approprié, ces composites peuvent être pris en compte dans la 

conception des électrodes à haute performance pour supercondensateurs, batteries, 

capteurs ou divers emballages. 

Mots-clés: Nanofibres de cellulose, polypyrrole, composite, propriétés mécaniques et 

électriques. 

8.3 Abstract 

In this study, composite films based on TEMPO-oxidised cellulose nanofibres 

(TOCN), and polypyrrole (PPy) were synthesised by three different processes. The 

flexible composite films were investigated with scanning electron microscopy, 

thermogravimetric analysis, contact angle measurements, and finally, by mechanical and 

electrical testing. The developed composites have shown interesting mechanical 
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properties (TOCNIPPy-3), such as a Young' s modulus of 6.35 aPa and tensile stress of 

65.6 MPa or electrical conductivity ofTOCNIPPy-l of 51.6 S/cm for further applications, 

such as flexible electrodes. From the proposed methods, the grafting of 

N-(3-aminopropyl)pyrrole was also interesting because it presented intermediate 

properties from ail composites, and could represent a good compromise between the 

mechanical and electrical properties. Depending on their final application and by choosing 

an appropriate fabrication method, these composites could be considered in the design of 

high-performance electrodes for supercapacitors, batteries, sensors, or various packaging. 

Keywords: Polypyrrole, cellulose nanofibers, mechanical and electrical properties, 

composite. 

8.4 Introduction 

Considering the growing interest in the development of nanoscale materials and 

especially bionanocomposites, research has been driven towards conducting polymers 

because oftheir functional properties, allowing them to be used in many application fields , 

such as batteries, sensors, and antistatic coatings, among others. [1 ,2] . Of the conducting 

polymers, a particular interest has been focused on polypyrrole (pP y) because of its high 

electrical conductivity and thermal and environmental stability [3]. Moreover, ease of 

synthesis through radical polymerisation coupled with an inexpensive oxidising agent 

such as ferric chloride, further increase the interest in this polymer [4,5]. However, PPy 

al one presents poor mechanical properties, which limit its applications [6]. For this reason, 

several studies have been conducted to improve the physical properties of PPy through 

the synthesis of PPy-composites. Thus, considerable attention has been focused on the 

reinforcement of the PPy matrix with natural compounds, such as bacterial and algal 

cellulose [7] , dextrin [8] , carboxymethylcellulose [9], chitosan [10], or wood cellulose 

[11 ,12,13]. These materials attract great interest, as they ail come from renewable 

resources. 

Among them, cellulose demands great interest, because it is the most abundant 

organic pol ymer on Earth, it is inexpensive, relatively easy to process, renewable, and 

biodegradable. Therefore, several studies have been conducted on cellulose/PPy 
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composites, which are used in flexible energy devices, such as in batteries, ion exchange 

membranes, or gas and humidity sensors [14,15,16]. The majority of these studies use 

cellulose derived from Cladophora sp. algae or bacteria, and PPy obtained by in situ 

chemical oxidative polymerisation of pyrrole [17]. Moreover, the abundant hydroxyl 

groups on the cellulose fibres are favourable for immobilising PPy nanoparticles via 

hydrogen bonding or electrostatic interactions [18]. These composites are highly porous 

and can be used as electrode materials in environmentally friendly charge storage devices 

[l7]. The high specific area of cellulose material contributes to obtaining high loading 

content of PPy nanoparticles. However, coating substances with PPy particles remains a 

challenge, because the choice of the substrate [19] and the synthesis conditions [20] 

directly affect the composite properties and morphology. 

ln this work, we have chosen to use TEMPO Oxidized Cellulose Nanofibres 

(TOCN) as reinforcement agent in our composite. The cellulose nanofibres are obtained 

by TEMPO oxidation reactions, which produce carboxylic groups from the modification 

of the primary alcohol of the cellulose [21 ,22]. The advantages ofusing oxidised cellulose 

fibres include their large specific surface area, microporous structures, high surface 

charges, for good adherence, and their good mechanical properties [23,24]. 

As previously mentioned, generally, the bonds achieved between PPy and the 

reinforcement agent, resulting from in situ chemical polymerisation, are weak electrostatic 

interactions or hydrogen bonds. The main goal of the current study was to compare three 

composites resuIting from three different synthesis processes. The first process was in situ 

chemical polymerisation, which results in the composite commonly found in the literature, 

while the second pro cess consisted of the grafting of 1-(2-Cyanoethyl)pyrrole on TOCN 

before PPy polymerisation. The 1-(2-Cyanoethyl)pyrrole offers the possibility of creating 

covalent bonds (amide) between carboxylic groups and the PPy, which are strong bonds 

[25]. Finally, the third method carried out to synthesise multilayer composites films 

consisted of polymerisation of pyrrole on the surface of the TOCN film. This study will 

discuss the composite properties and also highlight potential applications for each 

synthesis process. 
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8.5 Materials and Methods 

8.5.1 Materials 

Pyrrole (C4HsN), 1-(2-Cyanoethyl)pyrrole (C7HgN2), iron (III) chloride (FeCh), and 

ail other chemicals were purchased from Sigma Aldrich and used as received. Cellulose 

nanofibre gel (2.5 %) was obtained by TEMPO oxidation and sonication treatments of a 

commercial bleached Kraft wood pulp [21]. This oxidation chemically modifies the 

primary alcohol into a carboxyl functional group. The carboxyl rate was measured at 

1440 ± 40 mmol/kg. The gel used is composed of micro- and nanofibres. The ratio was 

estimated as 30 % of micro and 70 % of nanofibres, with an average width and length of 

approximately 3.5 ± 1.0 and 306 ± 112 nm, respectively [22]. 

8.5.2 Methods 

8.5.2.1 Preparation of composites 

Three protocols were carried out in order to fabricate TOCN/PPy composites. The 

description ofthe protocols is given in the following paragraphs, while Figure 8.1 presents 

a schematic of ail the methods. The same ratio of TOCN, pyrrole, and iron chloride was 

used for each method. 

The first method was in situ polymerisation of pyrrole in a TOCN solution. The 

TOCN solution (60 mL at 0.5 %) and 0.028 mol ofpyrrole solution (2 mL) were added to 

a beaker. Afterwards, the mixture was stirred for 10 min and the oxidant solution (FeCh) 

of 0.2 M was added. The mixture was kept under stirring for an additional 30 min before 

turning black, thus showing polymerisation. Then, the solution was filtered with a 

Büchner filter (90 mm in diameter) and rinsed thoroughly with distilled water. The 

resulting film is then placed in a 0.1 M hydrochloric acid (HCI) solution, according to the 

literature [26] , to enhance the conductivity. Finally, the composite (TOCN/PPy-l) was 

dried between two hot plates at 80 OC and stored before characterisation. 
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The second method involves two successive steps: the grafting of 

1-(2-cyanoethyl)pyrrole onto the TOCN and the polymerisation of pyrrole on the surface 

of the fibres. The first step consists of the reduction of 1-(2-cyanoethyl)pyrrole to 

N-(3-aminopropyl)pyrrole. The product was formed in agreement with the data gathered 

in the literature [27]. A yellow oily product was obtained and stored at 4 oC for further 

use_ The reduction was confirmed by 1H NMR (data not shown in this article) with a yield 

of approximately 90 % [28] . Next, N-(3-aminopropyl)pyrrole was introduced in a pH 7 

buffer solution containing CNF at a concentration of 0_5 % and the whole solution was 

then mixed for 10 min_ 1-ethyl-[3-(dimethylamino)propyl]-3-ethylcarbodiimide (EDC) 

and N-Hydroxysuccinimide (NHS) were added [28] to initiate the grafting_ The quantities 

ofN-(3-aminopropyl)pyrrole, NHS and EDC have been calculated in order to graft 25 % 

of the total available TOCN carboxylic groups (1440 mmol/Kg)_ The PyTOCN solution 

was stirred for 3 h. ln the second step, a PyTOCN suspension (60 mL) at 0.5 % 

concentration was mixed with 2 mL of Pyrrole (0.028 mol) for 10 min. A 0.2 Miron 

chloride solution was added to initiate the polymerisation. The mixture was stirred for 

30 min before being filtered with a Büchner filter (90 mm in diameter). The composite 

was thoroughly rinsed with di stilled water and placed in a solution of 0.1 M HCI. Finally, 



160 

the composite (TOCN/PPy-2) was dried between two hot plates at 80 oC and stored before 

characterisation. 

The third method was based on multiple layer principle. A 0.5 % solution of TOCN 

(60 mL) was poured into a 90 mm aluminium dish and dried for 72 h under ambient air to 

fabricate the TOCN film. Next, the film was immersed in a 0.2 M FeCb solution for 

20 min. Then, 2 ml of pyrrole (0.028 mol) was added and distributed over the entire film. 

After 30 min of polymerisation, the film has completely darkened and is then coated with 

PPy particles on the surface. The composite was then thoroughly rinsed with distilled 

water and placed in a 0.1 M HCl solution for 72 h. Finally, the multilayer composite 

(TOCNIPPy-3) film was dried between two plates at 80 oC and stored before 

characterisation. 

8.5.2.2 Characterization 

The composites were ail conditioned in a controlled environment room (25 oC, 

50 % RH) for 24 h before ail characterisation procedures. The thickness was measured by 

cross-section image analysis from scanning electron microscopy (SEM) micrographs. The 

ImageJ® software was used to obtain thickness average values of at least five 

measurements. Infrared spectra were recorded for each composite in attenuated total 

reflection mode, at room temperature on a Nicolet IS 1 0 Fourier transform infrared 

spectrometer (ThermoScientific) equipped with a Diamond/ZnSe crystal. Each spectrum 

was acquired in the range of 4000-600 cm- I . Duplicates of each sample were analysed at 

five different points. The surface morphology of samples was studied using SEM (JEOL­

JSM 5500). Our composites did not need to be gold plated, since they were sufficiently 

conductive. The roughness was analysed with an Optical Profiler from Yeeco Wyko 

(NTII00) with the 5.0X objective and 1.0 field of view (FOY). The measurement was 

done in vertical scanning interferometry mode. The average value of three replicates for 

each sample was collected. The tensile strength of the composites was measured on a 

universal testing machine (lnstron 4201) at room temperature and controlled humidity. 

The elongation at break and Young' s modulus ofthese samples were determined from the 

stress-strain curves. The samples used in these measurements were cut from the cast film 

in dimensions of 23 mm in length, 10 mm in width, and a range of 0.04-0.10 mm in 
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thickness. The average value of three replicates for each sample was collected. Thermal 

stability analysis of the composites was carried out in a Perkin-Elmer (Pyris Diamond) 

Thermoanalyzer. Each composite was heated in open alumina pans from 25 to 600 oC, 

under a nitrogen atmosphere, at a heating rate of 10 °C/min. Then, samples were heated 

from 600 to 950 oC under air at a heating rate of 15 oC/min. The contact angles were 

determined using a Contact angle system OCA20 (DataPhysics). At least five drops 

(3 x 10-2 J.!L) of distilled water were deposited on each substrate and a total of 300 images 

were captured within 30 s for each drop. The electrical conductivity was measured at room 

temperature by a four-point probe method with the ResTest apparatus from Jandel 

Engineering Ltd. The probe was equipped with four tungsten carbide needles of diameter 

100 J.!m and spaced 1 mm apart. The resistance, R (n); length, L (cm); width, w (cm), and 

thickness, t (cm) were used to calculate the specific resistivity Cp) and conductivity (r) in 

S·cm-I using, respectively, the following formulas (Éq. 8.1) and (Éq. 8.2). The average 

value ofthree replicates for each sample was collected and reported as the results. 

p = R. Lf(w. t) Éq.8.1 

r = l/p Éq.8.2 

8.6 Results 

The composites ' characteristics and properties are directly intluenced by their 

production method. Thus, we wish to highlight the impact that the three different methods 

can have on the TOCN/PPy composites. Ail the methods used required the presence of an 

oxidant (iron chloride) to initiate the polymerisation ofpyrrole to PPy. The polymerisation 

resulted in a colour change as the tumed black a few seconds after the oxidant was added. 

The first and second methods consisted of the polymerisation of the pyrrole around 

cellulose fibres before solution filtration with a Büchner funnel (Figure 8.1). The first is 

carried out by electrostatic interactions, while the second uses a covalent bond between 

the PPy particles and the cellulose fibres through the N-(3-aminopropyl)pyrrole. The third 

method is different because we first synthesise a cellulose film before polymerising the 

pyrrole on the film surface. 
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8.6.1 Morphological Structures 

SEM images of each composite film were analysed and are shown in Figure 8.2. 

We can see that ail samples were completely covered by PPy particles. The PPy 

morphology could be described as ' muddy' for TOCNIPPy-l and TOCNIPPy-2 

(Figure 8.2a and Figure 8.2b). The surface of the PPy particles exhibits a compact and 

homogeneous mud-like morphology. ln Figure 8.2a, it is possible to see that cellulose 

fibres have completely disappeared by being covered by PPy particles. Large particles, 

with diameters of 100-200 nm, are visible and seem to be uniformly aggregated on the 

fibres. If we compare to Figure 8.2b, the morphology is a slightly different because we 

can see cellulose fibre shadows under the PPy layer. However, ail visible fibres are 

covered with PPy particles. We suppose that PPy particles are cl oser to the cellulose fibres , 

with the presence of covalent bonds, which create a more wrinkled morphology. For 

TOCN/PPy-3 , the morphology is relatively different and seems to be more planar. Indeed, 

it can be deduced that a TOCN film is covered by a thin layer ofPPy particles. Moreover, 

the structure of a TOCN film is relatively close and compact; hence, ail of the pyrrole 

solution will not be able to diffuse deep into the surface layer. This is why the PPy chains 

were mostly on the film surface, as demonstrated by Bideau et al. [29]. This method 

creates a dense cellulose network, which offers higher flexibility and mechanical 

properties to the composite, but a polymerisation made on the surface, does not lead to a 

uniform layer on the fibre surfaces (Figure 8.2c). The SEM images attest to the fact that 

sorne pores are visible despite PPy particles. These ones could negatively affect the 

electrical properties. Finally, the morphology of these three composites seems relatively 

different owing to the processes used. This will have a direct impact on the electrical and 

mechanical properties. The SEM images suggest a better PPy coverage for the 

TOCN/PPy-l and TOCNIPPy-2 than TOCNIPPy-3. 
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(a) 

GxS"", 

(c) 

Figure 8.2 SEM images of TOCN/PPy composites made with three different 

methods: (a) TOCN/PPy-l made with the first method; (b) TOCN/PPy-2 made with 

the second method; (c) TOCN/PPy-3 made with the third method 

As expected, composites show variable roughness (Table 8.1). TOCN/PPy-l and 

TOCN/PPy-2 present the most significant roughness of three composites. In situ 

polymerisation followed by Buchner filtration has led to a wrinkled arrangement, as 
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observed in the previous SEM images. Filtration does not achieve an ordered arrangement 

of fibres , creating a steeped topography. Sorne PPy particle aggregates will increase the 

roughness, despite the fact that PPy particles may level the surface by filling the pores. 

For this reason, these two composites have a much greater roughness th an TOCN/PPy-3. 

Indeed, in the third method, the TOCN films were synthesised before polymerisation. The 

fibres were sedimented over 72 h (drying), which led to a planar surface. The 

polymerisation creates a uniform PPy layer on the surface. However, sorne pores were not 

totally filled by PPy particles and it generated a slight roughness, which is smaller than 

the other composites. However, a larger roughness for the same surface area increases the 

specific surface of a material, which is a sought-after characteristic for battery 

applications. 

8.6.2 Water Contact Angle and Sorption Kinetics 

The contact angles and time dependence of the synthes ised fi lms were investi gated 

by the dynamic contact angle measurements over time using the static sessile drop method. 

The measured values are shown in the Table 8.1 and in the Figure 8.3. 

Table 8.1 Roughness, Contact angle and conductivity of each composite 

Roughness (~m) Contact angle (0) i Conductivity (S/cm) , 
! 

TOCNIPPy-] 4.14 ± 0.05 73.6 ± 1.1 51.6 ± 5.1 

-------------------------------------------.... --------------------------------------------------------------------------------------------------------------------------------------------------------------

TOCN/PPy-2 1 4.07 ± 0.28 77.8 ± 1.4 47.6 ± 1.9 

-------------------------------------------+---------------------------------------------------------------.-------.--.--------------------------------------------------------------------------------------

TOCNIPPy-3 i 2.83 ± 0.19 79.6 ± 0.4 21.7 ± 1.7 
! 

1t was found that the starting and decreasi ng contact angles depend on the material 

composition. TOCN material is known to have a hydrophilic character with contact angle 

in the range 30-50 ° [29,30]. Therefore, the apparent contact angles of TOCN/PPy are 

larger than those fo r TOCN material. The incorporation of PPy into the fibres resulted in 

hydrophobisation of the compos ite (73.6-79.6 0), which is explained by the presence of 

the aliphatic chain of PPy particles. However, as seen from Figure 8.3, the method used 
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has an important influence on the water contact angle and sorption kinetics. Indeed, 

TOCN/PPy-3 shows better values than the other two. The presence on the surface of the 

PPy layer increases the hydrophobic character and helps to slow the composite wetting. 

After droplet deposition, the contact angle decreased more slowly than those for 

TOCN/PPy-2 and TOCN/PPy-l . The first method led to faster absorption of the drop let 

by the composite (Figure 8.3) (twice as fast as the third method). This phenomenon can 

be explained by the composite roughness and the polymerisation in solution, which did 

not create a perfect PPy layer on the composite surface. Therefore, hydroph il ic fibres of 

TOCN are more easily accessible to droplets and the resulting absorption is faster. The 

grafting ofN-(3-aminopropyl)pyrrole gave the increase in hydrophobic character (77.8°), 

which is exp lained by the covalent bonds between TOCN fibres and PPy chains. For thi s 

reason, TOCN fibres are better protected by PPy chains, which are closer, th an by 

electrostatic interaction (TOCN/PPy-l). 
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Figure 8.3 Variation of the contact angle as a function of time 

8.6.3 Electrical Conductivity 

The composites' electrical conductivities are presented in Table 8.1. Cellulose is 

known to be a good electrical insulator [11] . However, owing to the presence of PPy, the 

composites show good electrical conductivity. Th is behaviour is attributed to the 
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formation of a continuous conducting PPy layer, which hides the cellulose insulating 

character. Coating homogeneity is very important to promote electron transfer, thus 

enabling good conductivity. TOCNIPPy-l and TOCN/PPy-2 lead to the best conductivity 

with values around 50 S/cm, which is very good for a semiconductor. Indeed, these 

obtained results are superior to those obtained with tunicate cellulose and PPy via the in 

situ oxidative chemical polymerisation (10-3 S/cm) [30] or with bacterial cellulose (2.7-

3.9 S/cm) [31 ,32]. Cellulose fibres that are coated by PPy particles by electrostatic or 

covalent bonds confer a better conductivity than multilayer composite (TOCNIPPy-3). 

This difference in results can be explained by discontinuities between PPy particles in the 

layer surface, as seen in Figure 8.2c. In this case, the fibres are not coated individually and 

when there is a discontinuity, the cellulose insulating character affects the overall 

composite conductivity. Therefore, the total homogeneity of PPy layer is very important 

to maintain good conductivity 

8.6.4 Thermal Properties 

The thermogravimetric curves are presented in Figure 8.4 and show clear 

differences among ail the composites. Ali the composites contained a few traces of 

moisture, which were eliminated at 110 oC. Beyond weight percentage values, the general 

trends of the TOCNIPPy-l and TOCN/PPy-2 curves are similar. We can see a first big 

weight loss ofthis composites between 200 and 320 oC, where the corresponding weight 

loss was attributed to the destruction of the crystalline region and the decomposition of 

amorphous TOCN. The second weight loss corresponds to the degradation process of 

the PPy matrix. However, the grafting ofPPy chains seems to confer a thermal advantage, 

since we can observe a later decomposition of the composite TOCN/PPy-2 compared to 

TOCN/PPy-l. Moreover, it is possible to see that the TOCN/PPy-2 presents a 

slightly higher stability th an the two other composites beyond 600 oC. In comparison, 

TOCN/PPy-3 shows a higher thermal stability with a first decomposition between 240 and 

370 oC. This increased protection can be attributed to the presence of a PPy layer on the 

surface, which protects the fibres against thermal degradation. Finally, it is possible to 

observe a slow degradation ofPPy material between 450 and 900 oC, until the complete 

degradation of TOCN/PPy-3. 
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Figure 8.4 Thermogravimetric analysis of each composite 

8.6.5 Mechanical Testing 

The mechanical properties are shown in Table 8.2. PPy material alone is known to 

have poor mechanical properties. The tensile results are given after a c1ear breaking of the 

composite. The strength of the TOCN/PPy-3 can be attributed to stronger interactions, 

inter- and intra-molecular hydrogen bonding, occurring in the entangled structure of the 

cellulose fibres . In comparison, the presence of aliphatic chains around cellulose fibres , 

limits the mechanical properties of composites as can been seen with TOCN/PPy-l 

and TOCN/PPy-2. This decrease (by a factor of two) can be attributed to the loss 

of interactions between fibres . Indeed, the presence of PPy particles interferes with 

the TOCN chains and reduces their interactions. However, the presence of grafted N-(3-

aminopropyl)pyrrole, slightly increases the strength over TOCN/PPy-l. ln the same way, 

TOCN/PPy-3 shows better Young's modulus th an TOCNIPPy-2 and TOCN/PPy-1 owing 

to higher cross-linking between TOCN fibres. TOCN film confers to TOCN/PPy-3 good 

flexibility properties because it can be bent up to 1800 or even wound up. On the contrary, 

this structure presents a decreased elongation at break, which is expected with an increased 

Young' s modulus. Tndeed, with less interaction between TOCN fibres , TOCNIPPy-1 
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mcreases the elongation at break (x 1.5) over TOCN/PPy-3. The grafted 

N-(3-aminopropyl)pyrrole, TOCN/PPy-2, allows one to obtain a composite with 

intermediate properties, achieving a good tensile strength while keeping an interesting 

elongation at break. 

Table 8.2 Mechanical properties (Young's Modulus, elongation at break, tensile 

stress) of each composite 

Young modulus 

(GPa) 

Elongation at 

break (%) 

Tensile 

(MPa) 

TOCN/PPY -1 ! 1.81 ± 0.33 3.09 ± 0.39 28.7 ± 2.1 
! 

------------------------------------------------t---------------------------------------------------------------------------------------------------------------------------------------

TOCN/PPY -2 i 2.52 ± 0.28 2.55 ± 0.14 42.5 ± 5.4 

------------------------------------------------t-----------------------------------------------------------.-.-------------------------------------------------------------------------

TOCN/PPY -3 1 6.35 ± 0.91 1.81 ± 0.49 65.6 ± 0.5 
: 

8.7 Conclusions 

Flexible TOCN/PPy films were prepared by three different methods and their 

properties were evaluated_ The chemical polymerisation of pyrrole on TOCN films 

surfaces results in the best mechanical and thermal properties. The results revealed a 

significant effect of TOCN films in the improvement of the mechanical properties of 

TOCN/PPy_ The PPy layer allowed an increase in the hydrophobic character of the 

composite. On the contrary, TOCNIPPy-1 presented the worst mechanical properties 

owing to the low number of interactions between cellulosic fibres. This method, which 

consists of the in situ polymerisation of pyrrole around the fibres, has demonstrated a 

better conductive capacity than TOCNIPPy-3. Thus, the PPy particle distribution can be 

detrimental for the mechanical properties of the films. From our proposed methods, the 

grafting of N-(3-aminopropyl)pyrrole resulted in intermediate properties of ail the 

composites, which could be a good compromise between the mechanical and electrical 

properties_ Therefore, we can conclude that the method used directly influences the 

composite conductivity and that the PPy particle distribution has a detrimental effect on 

the films' mechanical properties. Thus, for electrical applications such as batteries, 
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capacitors, sensors, or solar cells, for example, the use of TOCN/PPy-l and 

TOCN/PPy-2 seems to offer the best prospects, but TOCNIPPy-3 appears to be the best 

for flexible electrodes. 
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Chapitre 9 - Conclusion, Axe conducteur 

Nous terminerons cet axe conducteur par une synthèse des travaux présentés dans 

les chapitres 5 à 8 afin d' évaluer le chemin parcouru. Nos résultats nous démontrent qu ' il 

est possible de synthétiser un composite TOCN-PPy à partir de plusieurs oxydant et 

notamment d' un gaz, ce qui n'avait jamais été exploré. Bien que les propriétés électriques 

ne soient pas des plus intéressantes à partir de celui-ci, la conductivité obtenue est 

supérieure à celle proposée par Bober et al. [51] avec ces composites TOCN-PPy en 

présence de Fe(N03)3 ou de AgN03. L'utilisation de chlorure de fer, comme agent 

oxydant, a démontré dans son cas des propriétés électriques intéressantes pour un coût de 

production relativement faible. 

Suite à ces résultats, nous avons optimisé les paramètres de polymérisation in situ 

pour l'obtention d'un composite TOCN-PPy. Avec un temps de polymérisation de 

30 minutes, une température de réaction de 4 oC, un dopage à l'acide chlorhydrique, nous 

avons réussi à obtenir une conductivité dix fois supérieure (112.4 S/cm) à celle rencontrée 

dans la littérature pour des composites à base de cellulose et de polypyrrole (10.4 S/cm) 

et deux milles fois supérieure aux résultats obtenus par Lay et al. [182] pour un composite 

TOCN-PPy en présence de chlorure de fer. Toutefois, cela n' a été possible qu 'en 

optimisant les ratios monomère - renfort et monomère - oxydant. 

Dans le cadre de ce volet conducteur, notre approche a également consisté à greffer 

les chaînes de polypyrrole sur les TOCN. La présence de groupements carboxyles 

permet de créer une liaison amide à partir d'une amine primaire. Ainsi , en réduisant le 

1-(2-cyanoéthyl)pyrrole en N-(3-aminopropyl)pyrrole, il a été possible de créer cette 

liaison, avant de synthétiser le PPy en surface du film. Bien que les coûts de cette réaction 

soient conséquents, cela s' est avéré bénéfique puisque nous avons obtenu des 

conductivités supérieures (19.98 et 47.6 S/cm) aux résultats présentés dans la littérature. 

Le Tableau 9.1 et la Figure 9.1 résument très bien cet axe conducteur, où il a été 

possible d'améliorer de manière significative la conductivité du composite. 
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Tableau 9.1 Conductivité des différents composites relevés dans la 

littérature à base de polypyrrole et d ' un renfort cellulosique. 

o 
o 

! Semi- Oxydant Temps de Meilleure [Référence] 

Renfort ! conducteur ! réaction 0 cO~~~cC!;ité 0 

1 1 1 1 1 ______ __ ________ ____________ ___ -'-_________________________________ ..L ______________________________ .L ________ _______________________ ..L _____________ ________ _____ ___________ .L ______________________ ______________ _ 

TOCN PPy FeCh 3h 5.2 X 10-2 [182] 

TOCN PPy 24 h 2 X 10-3 [51] 

TOCN PPy 7 jours 2 X 10-5 [51] 

CB PPy APS 4h 2.7 [1 78] 

CB PPy FeCh 2h 3.9 [1 77] 

NFC PPy APS 2h 10.4 [I 75] 

CMC PPy APS 2h 7.9 [1 75] 

TOCN PPy FeC\} 30 min 112.4 Chap6 

TOCN PPy greffé FeC\} 30 min 19.98 Chap 7 

TOCN PPy greffé FeC\} 30 min 47.6 Chap8 

0 .001 0 .01 0 . 1 1 10 100 1000 10000 100000 
Conductivi té (S/cm) 

Figure 9.1 Schéma comparatif de la conductivité électrique des semi-conducteurs 

vis à vis des conducteurs 
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Chapitre 10 - ARTICLE SCIENTIFIQUE IV, Axe emballage 

10.1 Avant-propos 

L'article scientifique IV a pour titre anglophone: « Mechanical and antibacterial 

properties of a nanocellulose-polypyrrole multilayer composite ». Il s' agit du premier 

article de l' axe emballage et s ' attarde à poser les prémices d' une possible utilisation du 

composite polypyrrole-TOCN, comme emballage antibactérien. Il a été soumis à la revue 

scientifique « Materials Science and Engineering: C » des éditions Elsevier en Février 

2016 et a été publié en décembre 2016 (Materials Science and Engineering : C, Volume 

69, (l Décembre 2016), p. 977-984). 
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10.2 Résumé 

Dans cette étude, un film composite à base de nanofibres de cellulose oxydée au 

TEMPO (TOCN), d ' alcool polyvinylique (PY A) et de polypyrrole (PPy), a été synthétisé 

via une polymérisation chimique in situ du PPy à la surface des fibres cellulosiques. Les 

différents films synthétisés ont été étudiés par microscopie électronique à balayage 

(MEB), par analyse thermogravimétrique ainsi que par des mesures d 'angle de contact. 

Des essais mécaniques, une évaluation des propriétés antibactériennes et des essais en 

contact avec des aliments ont été réalisés avec nos films composites. Le composite 

développé, a démontré un module d ' Young (3,4 GPa), un allongement à la rupture (2,6 %) 

et une contrainte de traction (environ 51 MPa) presque identique au film de TOCN pure, 

alors que le PPy est connu pour ses propriétés mécaniques faibles. À partir des résultats 

obtenus par microanalyse chimique élémentaire de la surface du composite par Energie 

Dispersive de rayons X (EDX), il a été montré que PPy est principalement localisé sur la 
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surface du composite. Ces résultats ont été confirmés par une augmentation de l'angle de 

contact de 54,5 à 83 0, une augmentation de la protection thermique ainsi qu'une 

diminution de l'énergie de surface. L'activité antibactérienne du composite a été évaluée 

contre les bactéries, Gram positif, Bacillus subtilis (B. subtilis) et Gram négatif, 

Escherichia coli (E. coli). Les résultats indiquent que le composite est efficace contre 

l'ensemble des bactéries étudiées comme le montre la baisse de 5,2 log« Colony Forming 

Unit» (CFU) pour B. subtilis et 6,5 log CFU pour E. coli. Il en résulte ainsi une destruction 

totale des bactéries étudiées. Les essais ont démontré une très légère lixiviation de PPy au 

contact de la gélose ensemencée de bactéries. Enfin, le composite a été testé comme un 

emballage actif sur la viande (foie) afin de mettre en avant sa capacité à limiter la 

propagation de bactéries et ainsi de maladies possibles. Bien qu'il n'ait pas été évalué sur 

l'ensemble des bactéries présentes dans le domaine médical, le composite 

TOCN/PVA-PPy nous apparaît être comme un sérieux candidat aux emballages stériles 

actifs pour les instruments chirurgicaux. 

Mots-clés: Polypyrrole, nanofibres de cellulose, antibactérien, propriétés mécaniques, 

composite 

10.3 Abstract 

ln this study, a composite film based on TEMPO-oxidized cellulose nanofibers 

(TOCN), polyvinyl a\cohol (PV A) and polypyrrole (PPy) was synthesized in situ by a 

chemical polymerization, resulting in the induced adsorption ofPPy on the surface of the 

TOCN. The composite films were investigated with scanning electron microscopy, 

thermogravimetric analysis, contact angle measurements, mechanical tests, and evaluation 

of antibacterial properties. The developed composite has neariy identical Young modulus 

(3.4 GPa), elongation (2.6%) and tensile stress (about 51 MPa) to TOCN even if PPy, 

which has poor properties by itself, was incorporated. From the Energy-dispersive X-ray 

spectroscopy (EDX) results, it was shown that PPy is mainly located on the composite 

surface. Results confirmed by an increase from 54.5 to 83° in contact angle, an increased 

heat protection (Thermogravimetric analysis) and a decrease in surface energy. The 

nanocomposites were also evaluated for antibacterial activity against bacteria occasionally 
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found in food: Gram-positive Bacil/us subtilis (B. subtilis) and Gram-negative bacteria 

Escherichia coli (E. coli). The results indicate that the nanocomposites are effective 

against aIl of the bacteria studied as shown by the decrease of 5.2 log Colony Forming 

Unit (CFU) for B. subtilis and 6.5 log CFU for E. coli. Resulting in the total destruction 

of the studied bacteria. The perfect match between the resulting inhibition zone and the 

composite surface area has demonstrated that our composite was contact active with a 

slight leaching of PPy. Our composite was successful as an active packaging on meat 

(liver) as bacteria were killed by contact, thereby preventing the spread of possible 

diseases. While it has not been tested on bacteria found in medicine, TOCN/PY A-PPy 

film may be able to act as an active sterile packaging for surgical instruments . 

Keywords: Polypyrrole, nanofibers cellulose, antibacterial , mechanical, composite 

10.4 Introduction 

During the last decade, conjugated polymers such as polyaniline (PANI), 

polythiophene (PTh), polypyrrole (PPy), polyfuran (PFu), poly(p-phenylene vinylene) 

(PpP Y) and poly(acetylene) (PAc) have been the focus of research in science and 

technology. The main goals of these studies are to use the polymers, high variety of 

physical and electro-conductive properties as semiconductors and electroactive materials 

for applications in batteries, molecular electronic devices, sensors, solid phase extractions, 

light emitting diodes, etc [1 ,2,3]. Among the conducting polymers, particular interest has 

been focused on PPy because of its high electrical conductivity, ease of synthesis, good 

environmental stability and biocompatibility [4]. Furthermore, PPy is also known to kill 

bacteria [5 ,6]. Based on these studies, we considered using PPy to achieve a suitable 

composite for a new type of packaging. 

PPy can be synthesized by chemical oxidation or electrochemical polymerization of 

pyrrole in an aqueous solution [7]. The chemical oxidative polymerization ofPPy requires 

an oxidant such as ferric chloride, potassium dichromate, or ammonium persulfate [8]. 

However, the applications of PPy remain very limited because of poor mechanical 

properties [9]. Several studies have been conducted to improve the physical properties 

through the production of composite materials containing PPy [10]. 
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The incorporation of PPy into natural polymers can enhance the physical and 

chemical properties ofboth the ' host' and the 'guest' . Recently, experimental studies have 

focused on different types of natural polymers such as cellulose, dextrin, and chitosan 

[4,11-13]. Among them, cellulose has been the subject of numerous studies [14,15]. 

Conducting composites of PPy/cellulose with high galvanostatic cycling stability have 

been developed for use in flexible energy devices, such as batteries, higher thermal 

stability in nanofibrous membrane, enhanced ion absorption capacity and adjustable 

electrochemical properties [16,17]. Thus, numerous studies using flexible and light­

weight composites of cellulose substrates derived from Cladophora sp. algae and PPy 

were obtained by the chemical polymerization ofpyrrole. These PPy/cellulose composites 

are highly porous and can be used as electrode materials in environmentally friendly 

charge storage devices [18] . However, coating substances with PPy remains a challenge, 

as it is not easy to control the agglomeration of conjugated polymer, and the polymer 

chains are prone to deposit as irregular nanoparticles or sediments. Influence of the 

cellulose substrate [19] and the synthesis conditions [20] directly affect the composite 

properties and morphology. 

Cellulose is extracted from biomass and is the most abundant organic polymer on 

Earth. This component is inexpensive, relatively easy to process, renewable, 

biodegradable and biocompatible. During recent decades, interest in nanoscale cellulose 

has increased; among them, nanofibrillated cellulose (NFC) prepared by high shear 

mechanical treatment of cellulose fibers [21]. The diameter of NFC [22] ranges from 

approximately 5 to 50 nanometers. Typically, the size depends mainly on the production 

process. Different pretreatment processes for producing NFC currently exist [23] , such as 

enzymatic pre-treatment [24] , powerful fibrillation using grinding [25] , TEMPO oxidation 

[26] and sonocatalysed TEMPO oxidation [27,28]. Once dried, the NFC suspension 

produces a film, or "Nano paper," which presents a good barrier [29] and high mechanical 

properties [30]. Grafting the NFC has demonstrated promising results with at least a 

bacteriostatic effect or a bactericidal property [31]. 

However, in most research, such NFC has been used as a binder for conjugated 

polymers such as PPy [32] , PANI [33] or carbon nanoparticles [34] , but none of these 
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nanocomposites have been used for antibacterial applications. Recently, a small part of 

one study [35] has suggested antibacterial properties of a NFCIPPy-silver composite 

against Gram-positive bacteria by inhibition zone testing. However, the study c1early 

demonstrates that the antibacterial character was from the presence of silver incorporated 

in the composite rather than the PPy. It is also important to note that the use of silver 

nitrate, a relatively expensive oxidant, in the polymerized composite may provide an 

antibacterial solution, but at a high cost. The needs to provide similar properties at a lower 

cost are obvious. Meanwhile, a nano-conductive composite of PPy/Dextrin obtained via 

in situ polymerization was evaluated for antibacterial activity against Gram-positive and 

Gram-negative bacteria with interesting results [3]. Most of these organisms can cause 

severe infections in humans and have the ability to survive in severe conditions due to 

their adaptation to multiple environmental habitats. Therefore, it has become a major 

worldwide challenge to limit the development of diseases [36]. Thus, many projects are 

now focusing on the development of polymeric [37] or natural [38,39] materials with 

antimicrobial activity. Although chitosan is known for its antibacterial properties, 

combination with other active molecules (gold nanoparticles or quaternary phosphonium) 

improves the antibacterial composite character [40] . Moreover, a low cytotoxicity and a 

biocompatibility of these biocomposites allow for the consideration of biomedical 

applications. 

The main goal ofthe current study was to synthesize multilayer composite films that 

were obtained via in situ polymerization of pyrrole on the surface of the film with an 

inexpensive oxidant, iron chloride (III), with TOCN and polyvinyl alcohol (PY A) added 

as a reinforcement agent. In addition, this work was also aiming to highlight the 

antibacterial properties of PPy against Gram-positive and Gram-negative bacteria and 

demonstrate a potential application for active sterile packaging. 

10.5 Materials and methods 

10.5.1 Materials 

Pyrrole (C4HsN), iron (Ill) chloride (FeCh), PYA (Mw 146,000-186,000, 98-

99% hydrolyzed), formamide and I-bromonaphthalene were purchased from Sigma 
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Aldrich and used as received. A commercial never-dried bleached Kraft wood pulp was 

used as the cellulose sample for the production of TOCN through TEMPO oxidation and 

sonication treatments [28] . The average width and length of the nanofibers were 

approximately 3.5 ± 1.0 and 306 ± 112 nm, respectively, but a small proportion of micro­

fibrillated cellulose was still present. The carboxyl content expressed in mmol/kg was 

estimated at 1600 and the degree of polymerization was estimated at approximately 200. 

Escherichia coli ATCC 10536 (E. coli) and Bacillus subtilis DSM 618 (B. subtilis) were 

provided by Zellkulturen GmbH (German Collection of Microorganisms and Cell 

Cultures) and Humeau (France). 

10.5.2 Methods 

10.5.2.1 Preparation of composite 

TOCN films : A solution of TOCN (50 mL) at 0.5 % was prepared using a gel of 

TOCN at 2.6 % and water. The mixture was thoroughly mixed until a homogeneous 

medium was obtained. Next, the solution was poured in an aluminum dish of90 mm to be 

oven dried for 1 h at 70 oC and was keeped two days at ambient air. 

TOCNIPVA films: TOCN suspension was used at a concentration of 0.5 %. A sm ail 

amount of PV A solution (0.08 g in 2 mL of water) was added to 50 mL of TOCN 

suspension and stirred for one hour at room temperature at moderate speed to prevent 

bubble formation in the solution. The solution was poured in an aluminum dish of90 mm. 

The film was oven dried for 1 h at 70 oC and set in ambient temperature conditions for 

two days. 

TOCNIPVA-PPy films: The previous TOCN/PVA film was immersed in a solution 

of FeCb in 0.3 M for 20 min. Next, 2 mL of pyrrole was added and distributed over the 

entire film. After 30 min ofpolymerization, the film was completely dark and coated with 

PPy particles (Figure 10.1). The composite was thoroughly rinsed with distilled water 

before being dried between two under-pressure hot plates at 80 oC. The proportion of each 

material in the composite is shown in Table 10.1. The TOCN/PV A ratio in the composite 

is the same as in the TOCN/PV A films. 
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Figure 10.1 Schematic illustration of coating of TOCNIPVA film by polypyrrole 

Table 10.1 Gram (g/m2), thickness ().Lm) and weight percentage (wt. %) of the 

different materials for each film 

TOCN TOCNIPVA TOCN/PV A-PPy 

TOCN(wt.%) 100 93.3 ± 0.2 81.1 ± 0.2 

PVA (wt.%) 6.7 ± 0.2 5.8 ± 0.2 

PPy (wt.%) 13.1 ± 0.5 

39.0 ± 1.4 40.8 ± 1.5 44.4 ± 2.3 

Thickness (;.mz) 31.7 ± 1.6 34.2 ± 2.2 41.0 ± 2.3 

Specifie gravity 1.23 ± 0.09 1.19 ± 0.10 1.08 ± 0.10 

10.5.2.2 Characterization 

The samples were conditioned at room temperature (25 oC, 50 %RH) during 24 h 

before ail characterizations. Weight percentage of each component was determined by 

sequential weighting at each step of the fabrication process (Figure 10.1) and reported in 

Table 10.1 . The film thickness was measured with scanning electron microscopy images 

of the cross section (obtained by a microtome) of samples by using JEOL JSM T300 

microscope. 
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10.5.2.2.1 Scanning electron microscopy (SEM) 

The morphology of samples was obtained using scanning electron microscopy 

(SEM) with a JEOL JSM T300 microscope equipped with EDX (Energy-dispersive X-ray 

spectroscopy) analysis. Because pure PPy and TOCN/PV A-PPy are conductors, only the 

TOCN/PV A sample was gold-coated using an Instrumental Scientific Instrument PS-2 

coating unit. Cross-sections were obtained by a microtome. The operation was conducted 

in secondary electron mode at a beam current of 100 !lA with an accelerating voltage of 

15 kV. 

10.5.2.2.2 Tensile strength 

The tensile strength and elongation at break of the TOCN/PV A-PPy and 

TOCNIPVA were measured on a universal testing machine (Instron 4201) at room 

temperature (25 oC and 50 % RH), with a gauge length of 10 mm and at a cross-head 

speed of 10 mm/min. Because our composite films are not thick enough, we did not use 

an extensometer for measuring the strain during the tensile test. For this reason, the 

elongation has been measured by the displacement of the head, and detected by motor. 

The average value of six replicates for each sample was taken. Each sample, on average, 

was measured to be a size of 30 mm in length, 15 mm in width, and 0,04 mm in thickness. 

10.5.2.2.3 Thermogravimetric analysis 

Thermal stability of the samples was carried out by a Perkin-Elmer (Pyris Diamond) 

Thermoanalyzer. Samples of TOCN, TOCN/PVA and TOCNIPVA-PPy were heated 

in open alumina pans from 50 to 575 oC, under a nitrogen atmosphere, at a heating rate of 

4 oC/min. Then, samples were heated from 575 to 950 oC under air at a heating rate of 

15 oC/min. Duplicates were performed. 

10.5.2.2.4 Contact angle (CA) 

Contact angle measurements have been carried out on TOCN, TOCN/PV A and 

TOCN/PVA-PPy in order to evaluate the surface energy of the components of the 

composite. A drop (0.8 ilL ± 0.07) of each three probe liquids (water, formamide and 
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1-bromonaphthalene) was placed onto the samples. The contact angle was determined by 

measuring the angle between the sample surface and the tangent at the drop of the solid­

liquid air point using a contact angle system OCA20 (Data Physics). At least 5 drops of 

each probe liquid were deposited onto each substrate and a total of 300 images were 

captured for each drop. From the static data with pure liquids of different polarities, the 

dispersive and polar contributions to the surface energy were obtained using the approach 

proposed by Owens and Wendt (1969) [41]. The components are obtained by the 

following formula (Éq. 10.1): 

Éq.l0.l 

where 8 is a contact angle, yLV is the surface free energy, ysD and YLD are the 

dispersion components, ysP and YLP are the polar components. 

10.5.2.2.5 Antibacterial test 

The standard AFNOR NF EN 1104 procedure and AA TCC 100-1998 procedure are 

two antibacterial tests, the first being qualitative and the second, quantitative. Firstly, 

antibacterial efficiency of TOCNIPV A and TOCNIPV A-PPy was evaluated against 

B. subtilis according to the standard AFNOR NF EN 1104 procedure [42,43]. Thus, we 

placed circular samples (100 mg) onto pre-inoculated agar (with B. subti!is) followed by 

incubation for 3 days at 30 oC. Determination of the zone of inhibition was calculated in 

triplicate. 

The AA TCC Test Method 100-1998 [44] was used to assess the antibacterial 

activity of TOCN, TOCNIPVA and TOCNIPVA-PPy. This method is designed to 

quantitatively test the ability of textiles to inhibit the growth of microorganisms or kill 

them. It was adapted for our composites and tested with B. Subtilis and E. coli over a 

24 hours period of contact under static conditions. Ail bacterial pre-inoculum cultures 

were grown overnight at 36 oC in 40 ml Nutrient Broth (NB) (horizontal shaking). The 

Colony-forming Unit (CFU) of bacteria pre-inoculum was determined by seriai dilution 

at 35 x 107 (CFU). The bacteria pre-inocula was diluted with NB 20 % to obtain an 

inoculum at 5 x 105 CFU. Next, 200 )lI aliquots of cell suspension (containing 
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5 X 105 CFU) were used to inoculate each 0.05 g composite sample by the deposition of 

several micro-droplets on their surface. The samples were previously laid down in 60 mm 

petri dishes that were placed, without coverings, into 90 mm petri dishes containing 

approximately 15 ml of sterile water to avoid the drying of the paper specimens during 

incubation. For ail materials, untreated control and treated samples, two samples were 

inoculated with each bacteria to determine the number of cells at the end of the 

antibacterial test (CFU T24). Immediately after inoculation, the number of inoculated 

bacteria was extracted with 25 ml of neutralizing solution to recover inoculated bacteria 

(CFU To determination), while the petri dishes containing the other two inoculated 

samples were incubated overnight at 37 oC for ail bacteria. The composition of the 

neutralizing solution was indicated by Saini et al. [45]. After 24 h incubation, the test 

specimens were extracted with the neutralizing solution and the numbers of colony 

forming units (CFU T24) were determined. To evaluate the antibacterial efficacy of the 

treated samples, the CFU T24 values were used to calculate the bacterial log reduction 

values by the following formula: 

log reduction = log CFU T24 untreated sample - log CFU T24 treated sample. 

Due to the intrinsic variability of the antibacterial test results , as reported in the 1IS Z 

2801: 2000, at least a 2 log reduction was considered necessary to claim an antibacterial 

activity. Two different antibacterial effects could be distinguished : 

• Bacteriostatic: inhibition of bacterial growth , at least a 2 log reduction with 

respect to an untreated sample at T24 (CFU T24 untreated sample); 

• Bactericidal: inhibition of bacterial growth and concomitant reduction of the 

number of inoculated bacteria (at least 2 log reduction with respect to the inoculated 

bacteria, CFU To). 

10.5.2.2.6 Antibacterial meat tests 

The composite was finally tested to demonstrate our sample effectiveness as active 

sterile packaging. Pork liver was chosen because its degradation is achieved more quickly 

and is clearly noticeable by change in color. The pieces ofmeat (5 cm2) were brought into 
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contact with TOCN and TOCN/PY A-PPy films. The sampI es were closed in polyethylene 

plastic and were stored at room temperature for 24 hours. 

10.6 Results and discussion 

10.6.1 Morphological structure of TOCN composite 

Scanning electron microscopy (SEM) images of the films were analyzed. The SEM 

images suggested that the string of TOCN (Figure 10.2a) length ranged from few !lm and 

width averaged the order of nanometer, which should create a dense network that would 

be responsible for higher mechanical properties and flexibility of the composite. In 

Figure 1 O.2b, we can see that the incorporation of a small amount of PY A has no visible 

influence on film morphology. TOCNIPYA film also presents a dense arrangement of 

fibers, where it' s possible to see micro and nanofibers. In comparison, the cross-section 

of TOCN (Figure 10.2d) and TOCN/PYA films (Figure 10.2e) confirms that there is no 

apparent influence of PY A on TOCN arrangement as both cross-sections are similar. The 

underside is flat and TOCN are clearly organized in multiple sheet layers. However, on 

the upper face, the fibers have sedimented in a structure of a few !lm in thickness. This 

situation could be explained by the fibers length distribution, as the TOCN gel (micro­

fibrillated and nano-fibrillated) is composed of various lengths ranging from nanometric 

to micrometric scale. Thus, smaller fibers will sediment at a considerably slower rate and 

will be found in increased concentration in the upper section of the film. 

The polymerization ofpyrrole by iron chloride oxidant gives a porous structure with 

PPy nanoparticles (cauliflower structure) [8]. On Figure 10.2c, it is possible to see that the 

fibrous substrate of cellulose has completely disappeared by being covered with the 

conjugated polymer. If we compare to Figure 10.2b, it can be deduced that a TOCN/PY A 

is completely covered by a layer of PPy nanoparticles. Moreover, the structure of a 

TOCN/PY A film is relatively close and compact, so any pyrrole solution poured in the 

system will not be able to diffuse much deeper in the surface layer. For this reason, the 

PPy chains were mostly made only at the film ' s surface. The polymerization-induced 

adsorption process, which is made on the surface of oxidized cellulose by the chains of 

PPy, does not allow obtaining a uniform layer on the fiber surface. We did not have control 
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over the agglomeration of the conjugated polymer, and the polymer chains are prone to 

be deposited as irregular nanoparticles or sediments. The particles are an irregular sphere 

and in aggregate forms. As shown in Figure 10.2f, a cross-section of the TOCNIPVA-PPy 

was performed to understand the arrangement ofPPy particles on a TOCN/PVA film. The 

layer of PPy was visible on each side of the composite. The continuous coating of PPy 

was performed only on surfaces with a thickness ranging from 3 to 8 !lm. In the middle 

layer, we can see the TOCN structure arranged in a sheet. Thus, the polymerization of 

pyrrole occurred on ail surfaces of our composite supported by the reinforcement of 

cellulose. 

Figure 10.2 SEM micrograph of the TOCN (a: surface; d: cross-section), 

TOCNIPVA (b: surface; e: cross-section), TOCNIPVA-PPy film (c: surface; 

f: cross-section) 

Quantitative analysis of the elements C, 0 , N, Cl and Fe was performed by EDX 

analysis and reported in Table 10.2. Note that Cl and Fe elements are only residues of the 

pyrrole polymerization with iron chloride oxidant. So both are only in polypyrrole layer 

of the composite. Several EDX spectra of each surface and the central layer of 

TOCN/PVA-PPy film were acquired at different specimen areas (points and lines), and 

ail the localizations are indicated on Figure 10.3a and 10.3b. Analysis performed on the 

cross-section and surface, as confirmed the presence of nitrogen on the surface. This 
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incidence was used as an indication of the presence of the PPy since TOCN is only 

composed of carbon, oxygen and hydrogen. Our equipment has the possibility to acquire 

multiple EDX spectrum on a line and report the mean atomic composition value on a given 

length of sample (about 75 !lm). From Table 10.2, the comparison of the top layer 

composition from line 1 and the single data point (position 3) are found to be in good 

agreement, thus also showing a good homogeneity of our composite. When compared to 

line 2 (central layer), position 4, 5 and 6 in Figure 10.3b, which were acquired on the 

surface of the composite, exhibited a strong presence ofN (approximately II At%), which 

reinforces the idea that the PPy is on the surface. As already shown with line 1 and 

position 3, the values of position 4, 5 and 6 also confirm the homogeneity of the coating. 

At position 5, we can see that the aggregate is mainly PPy chains (low percent of oxygen). 

Figure 10.3 SEM micrograph used for EDX analysis of a cross section (a) and 

surface (b) of TOCNIPV A-PPy 

By nature, the structure of the TOCN/PVA film is tightly closed and compact. Even 

if the film is immersed in liquid, very little surface swelling is occurring, thus limiting the 

diffusion through the thickness of the composite. Accordingly, any pyrrole solution 

poured in the system will not be able to diffuse much deeper than in the surface layers and 

is will be limited to diffusion in bulk of the solution. From the atomic composition of 

line 2, we have found 2.7% of nitrogen as TOCN should in principle exhibit none. It 

shown a small diffusion of pyrrole, most likely in the first stage of the polymerization, 

and as the PPy is formed, the middle layer would not be accessible anymore. For ail these 
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reason, the polymerization of PPy is mostly done only at the film surface, as confirmed 

by the EDX measurements. 

Table 10.2 Atomic percent of element for different positions on the film 

Atomic percent 
(total) 

C (At%) 

74.1 

o (At%) 

17.5 

N (At%) OTHERS (At%) 

7.0 1.4 
-------------------------------------------+------------------------------------------------------------------------------------------------------------------------------------------------------------

Line 1 i 
(top layer ! 72.8 13.1 10.5 3.6 

average) ! 
-------------------------------------------+------------------------------------------------------------------------------------------------------------------------------------------------------------

Line 2 ! 
(central layer ! 82.9 14.2 2.7 0.2 

average) ! 
-----------------------------------------+------------------------------------------------------------------------------------------------------------------------------------------------------------

Position 3 i 
(top layer) ! 71.2 15.3 13.2 0.3 

- - -- ----------------------------------------~------------------------------------------------------------------------------------------------------------------------------------------------------------
Position 4 i 
(surface) 1 75.2 13.8 10.3 0.7 

---------p~;iti~-~--5----------r------------ - - --------------------------------------------------------------------------------------------------------------------------------------------

-----------~~-~-~-~~~-~!----------J-----------:.~~~---------------------------~-:-~-----------------------------~-~~-~-----------------------------------~:-~---------------------
Position 6 ! 
(surface) ! 74.4 13.6 10.8 1.2 

: 

10.6.2 Influence of PPy on surface energy 

The values of the contact angle measured with the different liquids (water, 

fonnamide, 1-bromonaphtalene) and those of the calculated energy surface components 

are shown in Table 10.3. 

The apparent contact angles for ail liquids with TOCN/PVA-PPy are larger than 

those with TOCN and TOCN/PV A. Pure TOCN film is vulnerable to water (25°) as shown 

by Jung et al. [46] . Our TOCN showed the typical high water affinity associated with a 

fast decrease in the contact angle (54°), thus the hydrophilic character is not as strong as 

for pure TOCN. This result can be explained by the structure of the film , which is very 

dense, thus causing the tight knit fiber to slow the wettability of the film_ The addition of 

PPy gave the expected decrease in hydrophilic character (83°), which is explained by the 
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presence of the aliphatic chain of the particles of PPy. The uncontrolled coating shows a 

decrease of hydrophilic character compared to the cellulose/PPy composite that is 

obtained by controlling the polymerization of pyrrole [21]. The thickness of the PPy layer 

is important in order to obtain high hydrophobic character. With different solvents, we 

noticed that the PPy layer played the role of protection. However, the wetting of the 

composite is still possible, even if the presence ofPPy chains helps to slow this process. 

Table 10.3 Contact angle (0) and surface energy values (rnJ/rn2) of TOCN, 

TOCNIPV A and TOCNIPV A-PPy 

! Contact angle (0) Surface energy (mJ.m-2
) 

! 
r------------------------------r------------------------------r------------------------------t--------------------r------------------------------r------------------------------

i Water i Formamide i Bromo- i Total i Dispersive i Polar 
i i i naphtalene i i component i component 
! i ! il! 

TOCN 
54.5 ± 3.8 49.7 ± 1.9 35.5 ± 1.3 

TOCNIPVA 
62.0 ± 2.3 

TOCNIPV A 83.0 ± 2.2 

-PPy 

46.1 ± 3.6 32.6 ± 2.0 

55.0 ± 2.1 39.1 ± 3.0 

53.4 36.6 

49.8 37.7 

38.4 35.0 

16.8 

12.1 

3.4 

The surface energy of the samples was determined according to Owens/Wendt 

theory by contact angle measurement is shown in Table 10.3. The surface energy 

decreases with decreasing hydrophilic character. As expected, the decrease in the surface 

energy after polymerization was essentially due to the reduction in its polar component 

because of the replacement of the surface hydroxyl groups by the non-polar aliphatic 

chains (PPy chains). 

10.6.3 Mechanical and thermal properties 

The mechanical properties of TOCN, TOCN/PVA and the TOCNIPVA-PPy are 

shown in Table 10.4. These results are given after a clear breaking of the composite. It is 

important to note that the tensile results of pure PPy are not present in the table due to the 

poor mechanical properties of the PPy film. This is already a c1ear advantage of TOCN-
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PPy composite. Indeed, TOCN allows fabrication of highly performant self-standing film 

ofPPy as already studied for conductive applications [32]. 

Table 10.4 Mechanical properties of TOCN, TOCN/PVA and TOCN/PVA-PPy 

1 Mechanical properties 

t----------------------------------------------------r------------------------------------------------.,.----------------------------------------------------

1 Stress (MPa) 1 Young' s Modulus 1 Elongation at break 

i i (OPa) i (%) 
! ! ! 

1 , TOCN 53.4 ± 3.8 3.4 ± 0.6 2.6 ± 0.6 

.-------------------------------------------t------------------------------------------------------------------------------------------------------------------------------------.--.-.-.-------------
! 

TOCN/PVA ! 99.4 ± 18.0 3.7 ± 0.5 5.6 ± 1.5 

--------------------------------------------t----------------.---.-------------------------------------------------------------------------------------------------------------------------.-----------

TOCNIPVA- ! 48.2 ± 6.0 3.5 ± 0.6 2.6 ± 0.4 
PPy ! 

! 

The strength of the TOCN/PVA can be attributed to the strongest interactions, inter­

and intra-molecular hydrogen bondings, occurring in the entangled structure of the 

cellulose nanofibers. The results indicate that the tensile strength and the elongation at 

break (%) slightly decreased with the presence ofPPy in the composite films. The coating 

of PPy increased the brittleness and decreased the elongation at break. Therefore, the 

decrease of both tensile strength and elongation at break can be associated with the 

presence of surface PPy nanoparticles interfering with the TOCN chains and reducing 

their interactions. In this context, Young' s modulus values of the composite films 

confirmed a higher stiffness of the composite, which was conferred by the presence of the 

PPy. Results presented in Table 10.4 when compared to the specific gravit y of the same 

composites (Table 10.1), show that ev en if the TOCN/PVA-PPy composite is about 12% 

lower in density, it almost exhibits the same mechanical properties as TOCN alone. The 

addition of PVA to TOCN, slightly lower the specific gravit y but it is not meaningful in 

respect to the standard deviation. Thus, the increase shown in Table 10.4 is from increased 

crosslinking between TOCN fibers. This synthesis process (PPy coating of TOCNIPV A 

film) demonstrate better results than those obtained by Jradi et al. [32] with an in situ 

polymerization of pyrrole on cellulose fibers , in a solution. Moreover, our composite has 

good flexible properties because it can be bent by up to 180 degrees or ev en wound up. 
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In conclusion, the improved mechanical properties of TOCNIPVA-PPy compared 

to PPy that were observed cou Id be explained by the contribution of the excellent 

mechanical properties of the TOCN. However, the decreased mechanical behavior could 

be attributed to the weakened inter- and intramolecular hydrogen bondings of cellulose 

nanofibers caused by the incorporation of PPy nanoparticles. 

The thermogravimetric curves of TOCN, TOCN/PVA and TOCNIPVA-PPy films 

are presented in Figure 1004. All materials contained a few layers of moisture which were 

eliminated at 110°C. As shown in the thermogram curve, pure TOCN appeared to 

decompose between 200 oC and 340 oC where the corresponding weight loss was 

attributed to the destruction of the crystalline region of the TOCN and decomposition of 

amorphous TOCN into a monomer ofD-glucopyranose. In comparison with TG curves of 

TOCN and TOCN/PV A, thermal degradation offilms presented an identical behavior with 

the presence ofPVA, as shown in Figure 1004. The proportion ofPVA in the film was too 

small to have a real influence on the thermal degradation at low temperatures. 

Nevertheless, it is possible to see that the TOCNIPVA film presents a slightly higher 

stability for two at beyond 600 oC. 
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- TOCNIPVA-Ppy 
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Figure 10.4 Thermogravimetric aDalysis of TOCNIPVA-PPy (solid liDe), 

TOCNIPVA (dash dot liDe) aDd TOCN (dot liDe) 
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It is possible to observe a slight improvement to the thermal stability of the 

TOCN/PV A-PPy over TOCNIPV A and TOCN that could be attributed to the thin layer of 

PPy which offers thermal processing advantages. This improvement cou Id potentially be 

increased further if a thicker PPy layer was deposed. The interactions between 

TOCN/PV A and PPy could explain the shift observed in the thermal degradation 

temperature of TOCN from 200 oC (TOCN/PV A film) to 240 oC (TOCNIPVA-PPy). The 

first weight loss corresponds to the thermal decomposition of cellulose nanofibers at low 

temperatures and at 440 oC while the second one is attributed to the degradation process 

of the PPy matrix. After, there is a graduai decrease in weight in the measured temperature 

range (up to 900 oC). The decomposition of TOCNIPVA-PPy followed a similar trend as 

the TOCN film . Thus, the thermal stability of the composite seems to be increased until 

600 oC by the presence ofPPy. 

10.6.4 Antibacterial activity of TOCN/PPy composite 

Recently, excellent antibacterial activity against Gram-positive and Gram-negative 

bacteria was achieved by polymerization of pyrrole on dextrin [4]. The antibacterial 

actions of dextrin PPy-coated fabrics were attributed to the interaction between the 

positive charges on the PPy chain and the bacteria cell wall. ln this study, the antibacterial 

activity was evaluated against Gram-positive B. subtilis and Gram-negative E. coli. 

TOCNIPV A film was used as a control to confirm that the antibacterial property was 

indeed provided by the PPy coating. First, a qualitative test according to the AFNOR NF 

EN 1104 standard procedure was performed against B. subtilis. As seen in Figure 10.5a, 

a homogeneous bacteria growth on the nutritive agar was found despite being in contact 

with the TOCN/PV A film . However, in contact with the TOCNIPVA-PPy, a c1ear 

inhibition effect of the bacteria growth on agar can be observed (Figure 1 0.5b). These 

results also suggest that minimal release or diffusion ofPPy particles was achieved in spite 

of a long contact period (3 days) because the contact delimitation of the composite film 

with the agar is c1early visible. A leaching analysis was performed and showed that the 

composite releases only 0.2 x 10-3 (± 5.2 x 10-6) mollL of PPy after being submerged in 

water for 48 hours. Thus, the PPy demonstrates antibacterial activity in contact with the 
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bacteria while being immobilized in the composite. This first test confirms that our 

TOCN/PV A-PPy exhibits antibacterial activity due to the presence ofPPy on the surface. 

Figure 10.5 Antibacterial activity of TOCNIPVA (a) and TOCNIPVA-PPy (b) 

against B. subtilis using disk diffusion method 

A second test, according to AA TCC Method 100-1998, was used to quantitatively 

assess the antibacterial potential of the TOCN/PVA-PPy. The resuIts are shown in 

Figure 10.6 presented in the total log Colony-forming Unit. 
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Figure 10.6 Antibacterial activities assessment of TOCN, TOCNIPV A and 

TOCNIPVA-PPy film with B. subtilis and E. coli using the ATCC method 
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This test was performed with E. coli and B. subtilis . ln the presence of the TOCN 

and TOCNIPY A controls, the two bacterial strains had continued to grow for 24 h. For 

the film made of TOCN only, we see an increase of2.2 log CFU in the presence of E. coli 

(baseline at 6.5) and 3.1 log CFU for B. subtilis (baseline at 5.2), thus showing strong 

conditions for bacterial growth. At the same time, the two bacterial strains have grown by 

2.2 log CFU (E. Coli) and 2.8 log CFU (B. subtilis) on TOCNIPY A film. These results 

reveal that the TOCN and TOCN/PY A film did not have an inhibitory effect against these 

microorganisms. Further, when the bacteria were placed in contact with the TOCN/PY A­

PPy, total growth inhibition could be observed (Figure 10.6). The number of bacterial 

colonies even exhibits a decrease, therefore suggesting a bactericidal effect (-5.2 log CFU 

for B. subtilis and -6.5 log CFU for E. coli over respective baseline). Ali bacteria have 

been destroyed in contact with the PPy chains. The electrostatic interaction established 

between our composite and bacteria provokes the bacterial cell death. These results 

confirm that a good antibacterial activity against Gram-negative bacteria and Gram­

positive bacteria is found with PPy in the composite, as also demonstrated by 

Zare et al. [3] and more recently by Silva Jr et al. [5] It can be deduced that TOCN/PY A­

PPy with a polycationic backbone can disrupt the microbial cell membranes by stopping 

cellular respiration [3]. Moreover, the character of electron donor-electron acceptor of 

PPy chains played an important part in bacterial adhesion to a solid surface, which is a 

crucial step in the biofilm process [47,48]. Similar antibacterial effects were reported in 

literature concerning the PPy-g-CS copolymer [11]. So, the values obtained for the 

antibacterial activity of this PPy nanocomposite represented an interesting finding 

regarding ail bacteria tested in the context of an active packaging. 

10.6.5 Antibacterial meat test 

To demonstrate the effectiveness of our samples as sterile packaging, we performed 

a test with liver. The liver was chosen as an excellent subject because it quickly 

demonstrates a color change due to bacteria development when the cold chain is broken, 

thus making it an effective indicator as to the quality of our sterile packaging. These tests 

were carried out on liver for 24 hours at room te mpe rature. The results are shown in 

Figure 10.7. 
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Figure 10.7 Active packaging evaluation on TOCN and TOCNIPVA-PPy with 

Iiver during 24 h 

For 24 hours, the cold chain had been cut off and it is possible to see that in the 

presence of cellulose film , the liver presents green traces indicative of bacteria 

development. However, the piece of liver in contact with the film TOCNIPVA-PPy 

appears fresh and without bacteria. Indeed, there was no trace ofthe greenish color typical 

of bacteria development, making the TOCNIPV A-PPy film a most promising candidate 

as an active sterile packaging for food or surgical applications. 

10.7 Conclusions 

A flexible TOCNIPV A-PPy film was prepared by chemical polymerization of 

pyrrole in surface contact of TOCN. The SEM and EDX characterizations have shown 

that PPy particles totally coated the surface of the TOCNIPV A film. The results 

concerning the strong properties of the composite revealed a significant effect of 

TOCN/PV A substrate in the improvement of the mechanical properties of PPy. The 

addition ofPPy allowed an increase in hydrophobic character of the composite. 

Additionally, the observed antibacterial properties suggest that TOCNIPVA-PPy 

has strong antibacterial activity and can be used further for application as an effective 

polymeric antibacterial agent. PPy was successful in killing various bacteria that contacted 

the coated surface. As suggested by our results, the higher hydrophobicity of the PPy 

composite cou Id also enhance the hypothesis that bacteria grip and growth on the surface 

would be more difficult. These discoveries concerning micro-organisms inhibition exhibit 

promise for active sterile packaging, such as that employed for surgical instruments. 
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Chapitre 11 - ARTICLE SCIENTIFIQUE V, Axe emballage 

11.1 Avant-propos 

L'article scientifique V a pour titre anglophone: « Polypyrrole/nanocellulose 

composite for food preservation: barrier and antioxidant characterization ». Il s ' agit du 

deuxième article de l' axe emballage et confirme le potentiel du composite polypyrrole­

TOCN, en tant qu'emballage alimentaire. Il a été soumis à la revue scientifique « Food 

packaging and shelf life » des éditions Elsevier et sera publié en juin 2017 (Food 

Packaging and Shelf Life, Volume 12, (Juin 2017), p. 1-8). 
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Courriel : Benoit.bideau@uqtr.ca 
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Étudiante à l'IUT 
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Rivières, Département de génie chimique, 3351 Des Forges, C.P. 500, Trois-Rivières, 

Québec, Canada, G9A 5H7 

Courriel : Claude.Daneault@uqtr.ca 

Eric Loranger, Ph.D. 

Directeur de thèse et auteur pour la correspondance 

Centre de Recherche en Matériaux Lignocellulosiques, Université du Québec à Trois­

Rivières, Département de génie chimique, 3351 Des Forges, C.P. 500, Trois-Rivières, 
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Courriel : Eric.loranger 1 @uqtr.ca 

Contribution des auteurs: M. Bideau est le principal auteur de cet article et a 

effectué une partie des expériences scientifiques ainsi que l' élaboration des résultats. Mlle 

Adoui, en tant que stagiaire, a participé à la réalisation des tests barrières, sous la direction 

de M. Bideau et de M. Bras. M. Bras a participé au projet en accueillant dans ses 

laboratoires à Grenoble Inp Pagora (France), Mlle Adoui. M. Loranger est le directeur de 

cette recherche et M. DaneauIt en est le codirecteur. 

11.2 Résumé 

Lorsque les aliments ne peuvent être consommés immédiatement après la 

production, l'emballage se doit de créer une atmosphère protectrice autour de celui-ci. Il 

doit améliorer la durée de conservation des aliments périssables ainsi que de protéger 

contre la saleté, la poussière, l'oxygène, la lumière, les micro-organismes pathogènes et 

l' humidité, en agissant comme une bonne barrière à l' humidité, aux gaz (C02, 0 2) ou 

même posséder des propriétés antimicrobiennes. De plus, l' utilisation d' emballages moins 

pollueurs est encouragée. L'exploration de nouveaux matériaux d' emballage biosourcés, 

comme les nanofibrilles de cellulose oxydée par réaction au TEMPO (TOCN) ont 

augmenté en raison de leurs caractères biodégradables et renouvelables. Ce travail met 

l' accent sur l' activité antioxydant et les propriétés barrière à la diffusion d 'oxygène, de 

dioxyde de carbone et de vapeur d 'eau, d' un nanocomposite à base de polypyrrole (PPy) 

et de TOCN, ainsi que son caractère biodégradable à des fins d' emballage. La préparation, 
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la caractérisation et l'application dans l'emballage alimentaire des nanocomposites sont 

ainsi discutées. 

Mots-clés: Polypyrrole, nanofibres de cell ulose, propriétés barrière aux gaz, antioxidant, 

composite 

11.3 Abstract 

When food cannot be consumed immediately after production, food packaging must 

create a protective atmosphere around the food product. The packaging must improve the 

shelf life ofperishable foods and protect the food from dirt, dust, oxygen, light, pathogenic 

microorganisms, and moisture by acting as an effective barrier to moisture, gases (C02 

and 02) or even by possessing antimicrobial properties. However, extending the shelf life 

and enhancing food quality while reducing packaging waste is encouraged. The 

exploration of new bio-based packaging materials, such as TEMPO-oxidize 

nanofibrillated cellulose (TOCN), has increased due to its biodegradable and renewable 

character. This work emphasizes the antioxidant activity and high barrier properties 

against the diffusion of oxygen, carbon dioxide and water vapor from a nanocomposite 

based on polypyrrole (PPy) and TOCN, as weIl as its biodegradability for food packaging 

applications. The preparation, characterization and application of the nanocomposite in 

food packaging are discussed. 

Keywords : Polypyrrole; nanofibrillated cellulose; gas barrier; antioxidant; composite 
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Nanotechnology matches the utilization of nanostructures, which confers matchless 

properties and functions for new applications. A new generation of food packaging, based 

on nanomaterials, has attracted much attention in recent years and represent a better 

alternative, in response to conventional food packaging (Huang & Zhou, 2012; Cushen, 

Kerry, Morris, Cruz-Romero & Cummins, 2012; Sorrentino, Gorrasi & Vittoria, 2007). In 

fact, the advent of nanotechnology offered new prospects for the conception of innovative 

food packaging required by industrial requirements standards. These new materials can 

be the key for maintaining food quality, freshness and product security to slow and to 

prevent microbial development and the associated physiological and chemical changes in 

food produced by microbial and enzymatic activity (Bradley, Castle & Chaudhry, 2011; 

Lavoine, Desloges, Manship & Bras, 2015). 

Microbial and enzymatic activities are not the only responsible party for most of the 

degradation reactions of foodstuffs . Oxygen, either directly or indirectly, plays an 

important role in the losses of organoleptic and nutritional properties as weil as food 

spoilage by aerobic microorganisms. For example, maintaining a low oxygen environment 
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is essential to extend the life of meat (Brandon, Beggan, Allen & Butler, 2009). Tt is 

therefore necessary to use materials with good oxygen barrier properties (Duncan, 20 Il). 

However, residual oxygen levels that are sufficiently high promote food spoilage. To 

address this problem, oxygen scavengers or antioxidants may be incorporated (Busolo & 

Lagaron, 2015). The presence of antioxidants may reduce the oxidation kinetics, ev en in 

the presence of oxygen. For this reason, the food industry has shown increasing interest 

in the development of active packaging with antioxidant properties which can be 

incorporated into mono or multilayer structures, or coated on the packaging layer (Arrua, 

Strumia & Nazareno, 2010; Brody, 2001). 

However, the increased use of plastic packaging will become a scourge for nature 

(Kirwan & Strawbridge, 2003). In this regard, industry is seeking solutions with bio-based 

products for the new generation of food packaging. Among these new solutions, cellulose 

has been widely explored since it can confer biodegradability, a recyclable character for 

packaging (Sorrentino et al. ; Lavoine, Desloges & Bras, 2014). Cellulose nanofibers have 

even demonstrated barrier properties to oxygen in addition to its excellent mechanical 

proprieties due to the fibers that are mostly entangled and are form a tight network (Nair, 

Zhu, Deng & Ragauskas, 2014; Lavoine, Desloges, Dufresne & Bras, 2012). Nevertheless, 

cellulose has a major inconvenience for packaging, its affinity for water. Indeed, cellulose 

films have very po or barrier properties to water vapor because of its hydrophilicity. To 

resolve this problem, we have coupled TOCN (nanofibers obtained by TEMPO oxidation) 

with a semi-conductive polymer, polypyrrole and polyvinyl aJcohol (PV A). The 

polypyrrole (PPy) coating was an interesting alternative due to its hydrophobic character. 

Moreover, PPy confers attractive properties for its active packaging as antibacterial and 

antioxidant properties. In addition, the PVA chains allow better tensile strength. The goal 

was to prepare a packaging that simultaneously combines the biodegradability and the 

barrier properties to gas of cellulose with the physico-chemical proprieties of PPy. This 

composite appears to be an excellent candidate for active food packaging in response to 

the demands of the food industry. 
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11.5 Materials and methods 

11.5.1 Materials 

Ali chemicals (Pyrrole (C4HsN), iron (III) chloride (FeCb), PVA (Mw 146,000-

186,000,98-99% hydrolyzed) were purchased from Sigma Aldrich. The TOCN gel was 

produced through the TEMPO oxidation and sonication treatments of bleached Kraft 

wood pulp at a concentration of 2.5 wt %. 4-acetamido-(2,2,6,6-

Tetramethylpiperidinyloxy) is a stable nitroxyl radical , which is used to catalyze the 

oxidation reaction. It was observed that the use of ultrasound with this TEMPO oxidation 

reduces the quantity of the reagent, increases the carboxylate rate (~ 30 %) and increases 

the TOCN ratio (Mishra, Manent, Chabot & Daneault, 2012). The TOCN gel that was 

used is composed of micro and nanofibers. The ratio was estimated to 30 % of long and 

70 % of short fibers with an average width and length of about 3.5 ± 1.0 and 306 ± 112 nm 

respectively (Rattaz, Mishra, Chabot & Daneault, 2011). The carboxyl rate and degree of 

polymerization were evaluated to be 1600 mmollkg and 200, respectively. 

11.5.2 Methods 

11.5.2.1 Coating process 

To begin, a small quantity of PV A solution (0.08 g in 2 mL of water) was added to 

50 mL of TOCN suspension at a concentration of 0.5 %. The mixture was stirred at a 

moderate speed and at room temperature to prevent bubble formation , and the resulting 

solution was poured into an aluminum dish. The film was oyen dried for three days at 

ambient conditions. Then, the TOCN/PVA film was soaked in an oxidizing solution of 

0.2 M FeCb for 30 min, before adding 2 mL of pyrrole, which was distributed over the 

entire film. After 30 min of polymerization, the film became dark and was coated with 

PPy chains. The composite was thoroughly rinsed with distilled water to eliminate all the 

residues and dried between two hot plates at 95 oC. In comparison, we prepared TOCN 

films from suspension at a concentration of 0.5 %. 
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11.5.2.2 Structural characterization of composite 

Before the tests, the samples were conserved at room temperature and a relative 

humidity (RH) of 50 % for 24 h. The weight was determined as an average value of the 

samples by measuring at least ten circular samples of 8.2 cm in diameter, with the 

precision of ± 0.001 g. According to the standard ISO 534:20 Il , the average thickness of 

each sample was measured with a Lhomargy micrometer (± 0.01 mm) and was determined 

by five measurements from ail the samples and is reported in Table Il.1. The mean value 

and standard deviation were calculated from both the weight and thickness measurements. 

These values have also been checked by cross sectional (obtained by a microtome) 

scanning electron microscopy (SEM) images of the samples with a JEOL JSM T300. The 

TOCNIPV A samples were coated with gold using an Instrumental Scientific Instrument 

PS-2 coating unit. A TR - Fourier Transform Infrared Spectroscopy (ATR-FTIR) spectra 

were obtained at room temperature on a Nicolet IS 10FT -IR spectrometer 

(ThermoScientific). Each spectrum was acquired in the range of 4000-600 cm- I from 16 

scans with a resolution of 4 cm- I
. Ouplicates of each sample were analyzed at five 

different points. Atomic force microscope (AFM) observations were performed with an 

MFP-30-SA (Asylum Research, Inc.) in tapping mode, under ambient conditions. 

Roughness was measured with a measurement point density of up to 100 million 

measurement points by an optical microscope (Infinite Focus) with a 3D system based on 

F ocus-Variation. 

Table 11.1 Grammage (g/m2), thickness (/-Lm) and element proportion of each film 

Element proportion 

(wt%) 

TOCN 

100 

Grammage (g/m2
) 

39.0 ± 1.4 

Thickness (!lm) 

29.8 ± 3.9 

----------------------------------------------------------T -------------------------------------------------------------------------------------------------------.--.---------. 
! 

TOCNIPVA i", 40.8 ± 1.5 34.2 ± 2.2 
93.3 - 6.7 

----------------------------------------------------------f--------------------------------------------------------------------------.---------------.--.-----------------.-------
TOCNIPVA-PPy l, 44.4 ± 2.3 41.0 ± 2.3 
81. / - 5.8 - 13.1 l 
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11.5.2.3 Composite barrier properties characterization 

Water permeability. The measurements were carried out in accordance with the 

standard TAPPI, 2014, water vapor transmission rate of paper and paperboard at 23 oC 

and 50 %RH, norm T 448 om-04. This method provides for gravimetric determination of 

the water vapor transmission rate (WTVR) of materials at 23 oC with an atmosphere of 

50 %RH and gives the WVTR in glm2/day (Éq. 11.1). Measurements on sample's area of 

30 cm2, were collected during 5 days with readings taken twice a day. The film thickness 

was used to normalize the values within the software of the apparatus. 

WVTR = 24.x 1 A.y Éq.ll.1 

Where x is the mass gain in grams over the time period y; y is the time in hours for 

the gain x; A is the exposed area of the specimen in m2• 

Air permeability. The air permeability of the TOCN, TOCNIPVA and 

TOCN/PV A-PPy samples were measured with a Mariotte vase, according to the standard 

ISO 5636. The measurements were performed on samples with an area of9.6 cm2, under 

ambient air conditions, with a vacuum of 2.5 kPa. The volume of water that flows in the 

catch tank is collected after 10 min and the average air permeability was then calculated 

from at least three measurements (Éq. II.2). Our films have a very low air permeability 

so the values have been compared to the air permeability of paper sheets (75 glm2
) alone 

to demonstrate the barrier properties. 

Ip = V/A.t.AP Éq 11.2 

With Ip being the index ofpermeability; V is the volume in cm3; A is the area in m2
; 

t is the time in second; ~P is the change in pressure in Pa 

Oxygen permeability. The oxygen permeability was monitored at 23 oC and 

85 % RH using an oxygen permeation analyzer (model M8001 , Illinois Instruments, Inc. 

US). The test was performed according to the standard ISO 15105-2:2003. The analysis 

was performed in duplicate for the TOCN, TOCNIPV A, TOCN/PV A/PPy samples over 

an area of5.31 cm2
• The film thickness was used to normalize the values within the control 



212 

software. The measurement of the oxygen transmission rate (OTR) of the samples was 

determined in cm3/m 2/day. 

11.5.2.4 Anti-oxidant activity 

The antioxidant capacity of our samples was measured using a Cary 5000 UV­

visible spectrometer from Agilent Technologies and a solution of ethanol and 

2,2-diphenyl-1-picrylhydrazyl (DPPH). The antioxidant capacity was determined by 

averaging three measurements for each of the samples. The mean value was reported as 

the result and the standarddeviation as the error bars (Figure Il.5). The films (5 mg) were 

dipped into the DPPH and ethanol solution (25 mg of DPPH in 100 ml of ethanol) and 

then shacked and let to rest in dark conditions for 15 minutes at 23°C with a humidity of 

50 %. The absorbance was collected at the maximum absorption (517 nm) at room 

temperature at different times. A decrease in the absorbance of the DPPH solution 

indicates an increase of the antioxidant activity, which is qualitatively estimated by 

comparing their capacities to trap the DPPH (Éq. Il .3): 

% of DPPH inhibition = (Ab - As 1 Ab) x 100 Éq.11.3 

With Ab being the blank (DPPH + EtOH) absorption and As is the sample 

absorption. 

11.5.2.5 Food packaging evaluation 

Food simulation. A simulation in contact with banana was performed to determine 

if an application offood packaging was possible. Packaging was prepared from aluminum 

sheets (hermetic to oxygen) with a hole in it, where our samples were placed so that it 

allows an exchange with the outside. Thus, different packaging was prepared from the 

TOCN, TOCN/PVA and TOCN/PV A-PPy films. The TOCN/PV A-PPy film was dipped 

in an HCl solution (0.5 M) for 48 hours to eliminate the leaching before being used. Pieces 

of bananas were placed in contact with the films and let stand for 5 days at room 

temperature before opening the package. The control was kept in open air at room 

temperature for 5 days. 
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A second test was performed in noncontact with a piece of banana. The banana was 

placed in small flasks that were hermetically closed (sealed) with our samples (TOCN, 

TOCN/PVA and TOCN/PVA-PPy) with an exchange surface of7 cm2 for 5 days. 

Organic and inorganic leaching. The iron measurements were performed using 

the PerkinElmer Optima 4300 DV ICP-OES instrument. A Total Organic Carbon 

Analyzer (TOC-VCPH, Shimadzu Corporation) was used to analyze the TOC content in 

the filtrate and the results are given in ppm. The absorbance of a rising solution was 

measured in the UV -visible spectra with a Cary 5000 UV -visible spectrometer from 

Agilent Technologies. The concentration of pyrrole was determined by Beer' s Law with 

an absorbance at 290 nm. The pyrrole extinction coefficient used was determined 

experimentally at 67.7 Llmol/cm. 

11.5.2.6 Soil biodegradability evaluation 

The degradation tests for the TOCN and TOCNIPV A/PPy films was carried out in 

aerobic soil conditions with natural microorganisms. The samples did not undergo 

preliminary treatment before being buried in the soil (pH = 6.0). The test was led in 

relative humidity of 50--{)0 %, which was maintained by spraying water, and the 

temperature was set to 22-24 oc. The buried nanocomposites were controlled for 

4 months. The films decomposition by soil microorganisms was evaluated by measuring 

the weight loss, during this period, using a digital balance with a precision of ± 0.001 g. 

The Soil pH was also evaluated after each measurement of degradation to determine the 

impact of the samples on the soil. 

11.6 Results and discussion 

11.6.1 Morphology and structure of the composite 

Figure 11.1 shows the ATR-FTIR spectra of TOCN (a), TOCN/PVA (b) and 

TOCN/PVA-PPy (c) films . The absorbance of the -OH bonds, measuring approximately 

3330 and 1340 cm-I for the TOCN, appears on each of the three spectra. The band at 

l380-1310 cm- I is attributed to the anti-symmetric COO- stretching or aliphatic C-H 
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deformation (Araki, Wada & Kuga, 2001). The peaks at 2895 cm- I correspond to the 

C-H and C-C bond, the peak at 1600 cm-I corresponds to the c-o function and finally the 

peak at 1024 cm- I corresponds to the C-O-C bonds. Additionally, the spectrum of 

TOCNIPVA-PPy shows a sm ail peak at 1734 cm- I that is attributed to the C=C stretching 

of polypyrrole (Aguilar-Hernandez & Potje-Kamloth, 1999). The strong peaks near 1070 

and 760 cm-I present the doping state of polypyrrole and the N-H wagging, whereas the 

peak at 1030 cm- I is attributed to N-H stretching vibrations, and the peak at 1240 cm-I 

results from the interaction between the N-H bending vibrations and the C-N stretching 

(Clothup, Daly & Wiberley, 1990). Moreover, the band at 1330-1310 cm- I demonstrates 

the C-H and C-N in-plane deformation vibration. Ail of the results demonstrate nearly 

the same peak positions of the main IR bands, which are associated with the structure of 

the PPy. 
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Figure 11.1 FT-IR spectra of TOCN (a), TOCNIPVA (h) and TOCNIPVA-PPy (c) 

films 

The SEM images show a cross section of the TOCN (Figure 11.2a). The TOCN 

structure is arranged in sheets/layers and it presents a dense arrangement of fibers. Nano 

and microfibres create a huge entanglement network in bilayers, as visible in Figure 11.2a. 

It is possible to see that on the upper face, the fibers have entangled in a structure of a few 

~m in thickness, whereas the underside is fiat and chains are clearly organized in multiples 

sheet layers. This could be explained by the fiber length distribution as the TOCN gel is 
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composed ofvarious lengths ranging from nano- to microscale. Thus, smaller fibers will 

sediment at a much slower rate and will be found in increasing concentrations in the upper 

section of the film . Unlike the underside, the dense upper portion has a variable thickness 

of a few micrometers. The PY A, which is not really visible on the SEM images, allows 

for improved mechanical properties and composite flexibility. 

Figure 11.2 SEM micrograph of cross section of TOCNIPVA (a), TOCNIPVA­

PPy (b) and the surface of TOCNIPVA-PPy film (c) 

The chemical polymerization of pyrrole gives a layer of PPy nanoparticles on the 

surface of the TOCNIPY A film. The cellulose structure disappears under the conjugated 

polymer, which completely covers the film. The cauliflowers structures ofPPy are visible 

in Figure Il.2c (Shinde, Gund, Dubal, Jambure, & Lokhande, 2014). The polymerization­

induced adsorption process does not allow for a completely uniform layer on the surface 

of the oxidized cellulose film . The agglomeration of conjugated polymer was not 

controlled, and the polymer chains are prone to deposit as irregular nanoparticles or 

aggregates as visible in Figure Il.2c (few micrometer aggregates). As shown in 

Figure Il.2a and 2b, a cross section of the TOCN/PY A-PPy shows that it is thicker than 

the TOCN/PY A film because of the PPy layer to the film surface. In fact, the average 

thickness of the composite was determined to be 41 !lm ± 2.3 !lm against 34.2 !lm 

± 2.2 !lm (Table 11.1). The layer of PPy was estimated at 7 !lm. Due to the arrangement 

of the PPy particles on the surface, the thickness of the dense part of the sample is more 

important. In the middle, the composite presents the same structure as the TOCNIPY A 

film with the other two parts (sheet and dense structure). Thus, the polymerization of 

pyrrole was performed on ail the surfaces of our composite supported by the reinforcement 

of cellulose. 
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A thin layer of PPy that is deposited on the substrate and affects the surface 

morphology of the film is analyzed by AFM. Figures 3a and 3b show the topography of 

the TOCN and TOCNIPV A-PPy and the roughness values are listed in Table Il.2. The 

roughness of the TOCN films is more important than the two other films whereas we note 

that the addition of PV A fills the pores generated by cellulose fibers , leading to a more 

planar roughness. The structure of the TOCN films is clearly homogeneous, as seen in 

Figure Il.3c. The PPy layer leads to a cauliflower structure and slightly increases the 

roughness ofthe composite, compared to the TOCNIPV A film. The surface heterogeneity 

and roughness increase because we did not completely control the chemical 

polymerization that leads to the formation of sorne of the PPy aggregates. For this reason, 

it is difficult to obtain clear AFM images of the TOCN/PV A-PPy film as increased 

roughness interfere with the actual capability of the AFM to measure efficiently 

(Figure Il.3d). 

Table 11.2 Barrier properties and roughness of TOCN, TOCNIPVA and 

TOCNIPVA-PPy films 

TOCN 

Air 

permeability 

(cm3 1m2 .Pa.s) 

1 (7.2 ± 3.7) x 10-3 

! 

OTR, WVTR, Roughness 

85%RH 50%RH (Ilm) 

(cm3/m2.day) (g/m2.day) 

83.8 ± 0.6 276.6 ± 15.5 3.38 ± 0.12 

------------------------------------------------~----------------------------------------------------------------------- - - -----------------------------------------------------------------------------------

TOCN/PVA ! (8.6 ± 1.4) x 10-3 71.8 ± 0.5 207.4 ± 4.7 2.70 ± 0.16 
1 

------------------------------------------------~----------------------------------------------------------------------------._.-----------------------------------------------------------------------------

TOCNIPVA-PPy 1 (1.3 ± 0.7) x 10-2 16.5 ± 1.4 18.1 ± 6.3 2.92 ± 0.29 

------------------------------------------------1------------------------------------------------------------------------------------------------------------------------------------------------------------, 
Paper sheet 

1 

1.0 / 1 4.33 ± 0.23 
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Figure 11.3 Surface topography ofTOCN (a), TOCNIPVA-PPy (b), and AFM 

topographical images ofTOCN (c), TOCNIPVA-PPy (d) 

11.6.2 Determination of barriers properties of TOCN/PVA-PPy 

Air permeability. One of the main purpose of food packaging is is the high barrier 

properties to limit the interaction with the outside. Table 11 .2 shows the air permeability, 

oxygen transmission rates and the water vapor transmission rate of the fabricated films_ 

TOCN is known to be a strong gas barrier material , so it is natural to see that the 

structure of our TOCN films are very tight (7.2 x 10-3 cm3/m2/Pa/s) and our samples have 

similar structures. As a resuIt, the ability of air to pass through the samples is relatively 

smal!. This can be explained by the morphology of our films. As seen in the cross-sectional 

SEM, the film is in two parts with one part being very dense. The dense part is sufficiently 

full to limit the passage of air through the film. The differences obtained between our 

samples are not significant enough to be meaningful, which is why we compared the 

resuIts to those of a reference sheet of paper to assess the capabilities of our samples. It is 
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also possible to see that our samples show very good barrier properties (x100) to air 

compared to the sheet of paper. These properties are therefore due, in part, to the cellulose 

making up the structure of the films. The presence of the polypyrrole nanoparticles on the 

surface, does not improve these properties. As it is required for food packaging, it is 

coherent that low air permeability is already achieved. 

Oxygen Permeability. Oxygen has been known to play an important role in the 

degradation of foodstuffs. It is necessary to use materials with good oxygen barrier 

properties to extend the life of food (Bradley, Castle & Chaudhry, 2011). Oxygen 

permeability is therefore an important parameter for food packaging materials. The 

oxygen transmission rates of TOCN films with a thickness of 31 !lm were as low as 

83 .8 ± 0.6 cm3/m2/day, at an 85 % RH after 400 min (Table 11.2). Recently, Aulin 

(Aulin, 2009) and Osterberg et al. (Osterberg et al. , 2013) demonstrated that oxygen 

permeability of TOCN films increases with the increase in relative humidity because of 

the swelling of nanofibrils through the adsorption of water molecules at a high relative 

humidity. According to these studies, it can be assumed that by lowering the relative 

humidity, the OTR becomes relatively low. Thus, the TOCN films also present tunable 

barrier properties. The OTR values of the TOCN/PVA-PPy (16.5 cm3/m2/day) and 

TOCN/PVA (71.8 cm3/m2/day) films were lower th an those of the TOCN films . The 

incorporation of PV A chains allows the rein forcement of the dense network formed by 

the nanosized fibrils by increasing the hydrogen bonding potential. This explains the 

decrease in the OTR values of the TOCNIPVA, compared to the pure TOCN. The reason 

for the greater decrease in the OTR values (down 80 %) of the TOCNIPVA-PPy is due to 

the polypyrrole particles, which fill the pores of the film, thus, making the structure of the 

composites ev en more compact. The compact structure of the composites shown in the 

SEM images can explain such high barrier properties. The values of the TOCN/PVA-PPy 

are competitive with synthetic polymers used in food packaging, such as polyvinyl alcohol 

(14 cm3/m2/day) or polyethylene terephthalate (19 cm3/m2/day and a film thicknesses of 

12 !lm) (Johansson & Clegg, 2014). 



219 

Water vapor permeability. Even if the gas barrier properties of the TOCN films 

are competitive with synthetic polymers, their water vapor transfer rate remains very high 

and non-competitive. The water vapor transmission rates of our samples are shown in 

Table II.2. The TOCN films exhibit slightly higher values (276 g/m2/day) than what can 

be found in the literature (234 g/m2/day). These values are mainly due to the strong 

hydrophilic nature of the cellulose nanofibers. Moreover, we can attribute this decrease in 

the barrier properties to the decreasing hydrophobicity as evidenced by the increase in the 

water contact angle (Nair et al. , 2014). However, the hydrophilic nature of the films is not 

the only criteria to have low-water vapor barrier properties. The structure also plays an 

important role, since the water will have difficulty in diffusing through if the structure is 

very dense. 

The addition of the PVA chains increases the dense network, which explains a slight 

increase in the water vapor barrier properties (207 g/m2/day). The film structure is 

compact; therefore, less water can penetrate and it limits the water vapor transfer rate. The 

TOCN/PVA-PPy showed an important enhancement in the water vapor barrier property 

at 50 % relative humidity (18 g/m2/day). The PPy layer at the surface of the film plays the 

role of protection against water permeation. The PPy is known for its hydrophobic 

character and its layer protects the TOCN/PVA film . The nanoparticles deposited on the 

surface (Figure 11.2c) also help to fil! the pores of the films. This result is competitive 

with current commercial films made from synthetic polymers, such as polyethylene 

(16.8 g/m2/day) (lester, 2005). The barrier efficiency of this composite is highly 

competitive and comparable with commercial synthetic polymers. To confirm, 

Figure 11.4 shows the oxygen permeability and water vapor transmission rate of our films 

compared with those from commercial!y available synthetic polymers and biopolymers. 

Thus, this composite opens vast possibilities for food packaging applications utilizing 

cellulose-based materials. 
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Figure 11.4 Oxygen permeability= f(Water Vapor Transmission Rates) - Polymer 

films compared to TOCN, TOCN/PVA and TOCN/PV A-PPy films. Green points: 

Biopolymers; Dark points: petroleum polymers. Adapted from Jester (2005). 

11.6.3 Antioxidant activity 

Several studies have examined the antioxidant activity of polypyrrole (reduced 

DPPH) (Zare, Lakouraj & Mohseni, 2014; Gizdavic-Nikolaidis, 2004). This property 

depends on the capability of the PPy to donate active hydrogen atoms or transfer electrons 

to reduce the DPPH. However, the preparation method, size, material or chemical 

structure of the PPy play major roles in its antioxidant activity to reduce DPPH. Moreover, 

it is known that the antioxidant effects allow extending the life of food with this type of 

packaging properties, which are the subject of extensive research. To evaluate the 

antioxidant character of TOCN/PYA-PPy films, we have decided to evaluate the 

scavenging activity of DPPH as a stable free radical. We placed our samples in a DPPH 

solution for different times (15 min, 1 and 120 hours). The absorbance ofDPPH decreases 
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with antioxidant activity (percent of inhibition increase) and the percent of DPPH 

inhibition is reported in Figure 11.5. 
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Figure 11.5 Antioxidants properties assessment of TOCN, TOCNIPV A and 

TOCNIPV A-PPy films 

Each sample thus demonstrated a DPPH inhibition capacity. Nevertheless, it is 

possible that after 5 days, the DPPH sample is slightly degraded and could also explain a 

significant inhibition from the TOCN and TOCN/PV A films. However, to demonstrate 

superior inhibition capabilities (3x) of the TOCNIPV A-PPy with respect to the 

TOCNIPVA film , we can see an increase in the rate of inhibition of the DPPH with time. 

After only 15 minutes, the PPy exhibits a high reducing (28 %) and interacts quickly with 

the DPPH, while the TOCN/PV A film shows only a very low activity. As demonstrated 

in previous work (Gizdavic-Nikolaidis, 2004), polypyrrole based composites have a 

strong antioxidant property, conferred by chains of PPy owing to its redox active nature 

that reduces this radical. This important activity is clearly visible after one ho ur, when the 

DPPH inhibition reaches 63 %, three times more than the TOCNIPV A film. After five 

days, the antioxidant properties tend to a maximum inhibition (68.8 %) allowed by the 

chains of polypyrrole. A small portion of the PPy, which is less accessible, explains the 

slight increase until the maximum. 
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11.6.4 Food simulation for active food packaging application 

Food simulation by contact. To evaluate the possible leaching of molecules 

contained in the TOCN/PV A-PPy composite, we have realized several rinsing steps of our 

composite using different solvents (water or HCl solution) and different processes 

(dipping for 48 hours or Accelerated Solvent Extraction (ASE)). Rinses of the solutions 

were then analyzed by lCP, TOC and UV-visible. The results are shown in the Table 11.3 

Table 11.3 Concentration of iron, carbon and pyrrole in supernatant after rinsing 

of composite with different solvents 

So/vent Iron (mglL) Carbon (ppm) Pyrrole (mol/L) 

Water 0.5 ± 0.1 1 (20.0 ± 0.5) x 10-5 

The results show that the HCl dipping allows eliminating more iron ions 

(49.7 mg/L) than water (0.5 mg/L) for the same process (dipping). Accelerated Solvent 

Extraction is a more aggressive technique with a high pressure and temperature (120 OC). 

It allows eliminating 20.8 mg/L, in only 20 minutes, and 1900 ppm of carbon against 65 

with HCl solution. No black particles were visible in the supematant, so we assume that 

the carbon concentration is from the cellulose chains or unpolymerized pyrrole molecules. 

Analysis was performed using the UV -visible spectrometer to determine the 

concentrations of pyrrole present in the supematant. The concentrations are relatively low 

for each one; however, the ASE, which is more aggressive, eliminates more traces of the 

pyrrole. Therefore, ail of the tests of food simulation by contact were carried out after 

dipping in the HCl solution and the results are shown in Figure 11.6. The TOCNIPV A­

PPy film attests to an improved conservation of bananas after five days compared to the 

control or the film TOCN. With the control (five days in ambient air), banana browned 

and was dehydrated before showing rot, as evidenced in Figure 11.6. In the presence of 

the cellulose film, bananas remained hydrated, but began to deteriorate (Figure 11.6b), as 
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we can see with the brown color of the banana from the oxidation ofthis one by oxygen. 

This oxidation is also responsible for the degradation of the banana. As seen in 

Figure 11.6c, the banana pieces are retained after five days. This result shows the notable 

barrier properties of the composite. 

a 

TOCN or 
TOCN/PVA fil m 

TOCN/PVA-PPy 
. film 

Figure 11.6 Schema of food packaging test by contact (a); food simulation after 5 

days, with TOCN film (b), TOCNIPVA-PPy (c); schema of food packaging test by 

noncontact (d); food simulation flasks (left: TOCNIPVA-PPy and right: TOCNIPVA 

films) (e); piece ofbanana after 5 days (f) 

Noncontact food simulation. To limit carbon and iron transfer from the composite 

to the food , we have considered a noncontact packaging method. The flasks were sealed 

so that the only possible exchanges with the outside are made through the film 

(Figure 11.6e). In Figure 11.6f, we can see that banana is better preserved with the 

TOCN/PVA-PPy than the TOCN or the TOCNIPVA films. No brown color is visible, so 

there is no trace of oxidation, unlike the other two trials. This test demonstrates the good 

barrier property against oxygen, which due to the presence of the PPy partic1es. 
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11.6.5 Soil biodegradability 

Figure 11.7 shows the evolution of the soil pH and the in vitro degradability of the 

TOCN and TOCN/PV A-PPy films, which were evaluated under soil burial conditions. 

The TOCN film decomposed more quickly than the TOCN/PVA-PPy (-20 % against 

-10 %). However, the degradation curves follow the same degradation rate trend over 

time. The degradation of the TOCN/PV A-PPy, which is lower th an the cellulose film , is 

explained by the presence ofpolypyrrole, which requires more time to degrade. Vegetable 

cellulose fibers are the first to deteriorate, which is why we observe the same trend for 

both curves. 
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Figure 11.7 Decomposition of films in the soil (solid line for TOCNIPVA-PPy; 

double solid line for TOCN) and evolution of soil pH (dash dot line for TOCNIPV A­

PPy; double dash dot line for TOCN) 
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After 100 days of being buried, the films exhibited degradation rates of 38 % and 

53 %, respectively. The degradation phenomenon is not without effect on the soil due to 

the release of constituents of different films. For this reason, we assessed the impact of 

the breakdown of films on the soil pH. With degradation, the pH increases continuously 

up to 7.2, an increase of one unit. The soil pH is neutral, so it is difficult to deduce the real 

impact ofthis degradation. 

11.7 Conclusions 

We reported the synthesis of a TOCN/PVA-PPy film by chemical polymerization 

ofpyrrole at the surface of TOCN. Nanocellulose has opened vast possibilities ofutilizing 

cellulose-based materials to be substitutes for plastics. The use of TOCNs in composite 

films with a coating was found to substantially reduce the oxygen permeability of the 

material. The oxygen barrier and water vapor permeability efficiency of the TOCNIPVA­

PPy films are highly competitive and ev en comparable with commercially available 

synthetic polymers. The improvement in the barrier properties and antioxidant activity can 

be attributed to the polypyrrole particles which coat the dense network formed by 

nanofibrils. In addition, we have demonstrated two different applications of food 

packaging for this composite. The combination of barri ers and antioxidant properties 

allows the TOCN/PVA-PPy films to improve the shelf life of perishable foods and protect 

the food from dirt, dust and oxygen. The dark color of the films may also protect food 

from light degradation. The biodegradable character could also reduce packaging waste 

generated by plastics. 
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Chapitre 12 - Conclusion, Axe emballage 

Les deux articles scientifiques présentés au chapitre 10 et Il , démontrent l' avancée 

de notre étude sur le composite dans l' axe emballage. Notre composite répond à un grand 

nombre de critères auxquel doivent se soumettre les emballages alimentaires actuels. 

Notre composite est partiellement biodégradable puisque nous avons pu constater une 

perte de 40 % de notre composite après seulement 4 mois d ' enfouissement dans le sol, 

due principalement à la dégradation d' une partie de la cellulose. Si l' on compare notre 

composite aux emballages plastiques qui ont besoin de plusieurs centaines d' années pour 

se dégrader et génèrent une pollution en constante augmentation, notamment dans nos 

océans, la conception d ' emballages à base de polypyrrole et de nanofibres est une 

alternative intéressante. 

L ' émergence des emballages d'un nouveau type semble condamner un peu plus les 

emballages plastiques classiques. Intelligents ou actifs, ces emballages ont pour but 

d' assurer une sécurité alimentaire plus importante auprès du consommateur. Le caractère 

antibactérien engendré par la présence du polypyrrole, permet la préservation des aliments 

dans un espace sain et de limiter les possibles risques d ' infections alimentaires. Qui plus 

est, le polypyrrole permet une légère prolongation de la durée de vie de nos aliments 

réduisant ainsi le gaspillage de denrées alimentaires. 

L ' utilisation d' un renfort cellulosique s ' inscrit pleinement dans un plan 

« marketing » écologique. En plus de conférer le caractère biodégradable au composite, 

les TOCN vont jouer le rôle de renfort mécanique auprès du polypyrrole. Les essais 

mécaniques ont démontré des propriétés suffisantes pour être utilisées comme emballage. 

De plus, la présence d' une couche de polypyrrole à la surface des TOCN permet 

d' augmenter le caractère hydrophobe du composite. La combinaison de ces deux 

matériaux réduit ainsi la perte de tenue mécanique du film , au contact de l' eau, 

contrairement à un emballage papier traditionnel. Les propriétés barrières, à l'eau et aux 

gaz (02, C02) sont également accrues et peuvent même concurrencer certains plastiques 

(Figure 1104) dans ce domaine. 
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Notre composite devient une alternative prometteuse aux emballages plastiques 

actuels et s' inscrit parfaitement dans une optique d' emballages de nouvelle génération 

(Tableau 12.1). 

Tableau 12.1 Comparatif des aptitudes de notre composite avec les emballages en 

papiers et en plastiques 

Tenue mécanique 

au contact de l 'eau 

Barrière aux gaz 

Barrière à la vapeur 

d' eau 

Antibactérien 

Antioxydant 

Biodégradable -

Biofragmentable 

Empreinte verte 

Emballages en Emballages en 

plastiques classiques papiers 

TOCN/PVA­

PPy 



Conclusion et prospectives 



Chapitre 13 - Conclusion et prospectives 

Depuis la découverte des polymères semi-conducteurs, jusqu'à aujourd ' hui, ils 

n' ont cessé d'alimenter les recherches scientifiques. L' espérance de mettre au point le 

produit qui révolutionnera nos vies est dans la tête des scientifiques utilisant ces 

polymères. Une manipulation accidentelle, des propriétés exceptionnelles qui en 

ressortent, voilà à quoi bien souvent se résument les avancées sur ces matériaux. Leur 

chimie complexe, en fait des matériaux extrêmement capricieux et parfois difficiles à 

exploiter, mais l' étendue des propriétés qu ' ils laissent entrevoir est immense et ne se limite 

pas à un seul domaine d'application. Les encres conductrices, les super condensateurs, les 

batteries, les capteurs-biocapteurs et immunocapteurs, les peintures anticorrosives, les 

membranes échangeuses d' ions, les papiers électroniques, les écrans, font partie d'une 

liste non exhaustive des possibles utilisations de ceux-ci au niveau industriel, d ' où l' intérêt 

qui leur est porté. Cependant, de nombreuses contraintes doivent être résolues afin de tirer 

le meilleur de chaque polymère. 

Dans le cadre de notre projet de thèse, nous avons choisi d' explorer dans un premier 

axe, les propriétés électriques du polypyrrole qui s' avère être un des semi-conducteurs les 

plus prometteurs. Ses propriétés physico-chimiques et électriques ont longuement été 

décrites dans le chapitre 2 et démontrent l' intérêt envers celui-ci. Dans ce chapitre, nous 

avons pu détermine certaines contraintes liées à ce polymère, notamment sa faible tenue 

mécanique. Pour pallier à ce problème, l' utilisation d'un matériau cellulosique, comme 

renfort, s' inscrit pleinement dans une politique de développement durable. Le choix de 

celui-ci s'est fait logiquement en faveur des nanofibres de cellulose oxydée par réaction 

au a-TEMPO produites au sein de notre laboratoire et qui ont démontré d' excellentes 

propriétés mécaniques. Ces recherches bibliographiques ont également eu pour effet 

d'éveiller notre curiosité sur un autre aspect du polymère, alors peu connu, son caractère 

antibactérien. Cette raréfaction de l' utilisation du polypyrrole comme matériaux 

d'emballage nous a incité à entreprendre des démarches afin d'obtenir un stage à l' École 

internationale du papier, de la communication imprimée et des biomatériaux, Grenoble 

Inp Pagora. Après deux mois de stage, une collaboration est née avec pour optique les 
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emballages alimentaires, afin de poursuIvre les essaIs concluants et amsl ouvrir un 

deuxième axe de recherche à ce projet de thèse. 

L ' aspect conducteur électrique de notre composite correspond à la majeure partie 

de ces travaux et se décline en quatre chapitres dont trois articles scientifiques publiés. 

Notre étude nous a permis de constater dans un premier temps, l'effet des oxydants sur la 

morphologie des particules de polypyrrole et sur la conductivité du composite. Nous avons 

également démontré qu ' il est possible de synthétiser un composite TOCN-PPy à partir 

d'un gaz comme oxydant. Une synthèse dite« verte» a ainsi été réalisée, mais le caractère 

électrique de ce composite n'apparaît pas comme des plus attrayants. Toutefois, le 

comparatif entre six oxydants a permis de poser les bases de nos recherches par la suite 

en déterminant lequel conduisait aux meilleures conductivités. Par la suite, nos travaux 

nous ont permis d' obtenir une conductivité de 112.4 S/cm, soit dix fois plus que ce qui 

peut être recensé dans la littérature pour un même type de composite. La modification de 

surface des composites par un traitement à la calandre dans le procédé de fabrication a 

seulement eu des effets négatifs sur la conductivité. 

Une approche différente dans la synthèse de notre composite a été par 

l'intermédiaire du greffage des chaînes de polypyrrole sur les TOCN. À des fins 

électriques, ce procédé n'ajamais été proposé dans la littérature et fut uniquement évoqué 

pour des applications dans les biocapteurs. Il apparaissait donc intéressant de l'appliquer 

à notre matériau cellulosique qui présente l'avantage d'avoir des groupements carboxyles 

en surface, favorisant ainsi la création d'un lien covalent entre le renfort et la matrice de 

PPy. L'utilisation dans la synthèse du composite du 1-(2-cyanoéthyl)pyrrole a permis la 

création d'une liaison amide avec les TOCN, avant d' initier la polymérisation. Ce procédé 

nous a conduits à l'obtention d'une conductivité intéressante (20 S/cm) ainsi qu 'une 

augmentation de la tenue mécanique (+ 35 %) avec un taux de greffage de 50 % des 

groupements carboxyles de la cellulose. Cependant le coût ainsi que sa mise en place de 

ce procédé est un frein considérable à son utilisation. 

La dernière partie de notre axe conducteur fait état d'une comparaison des trois 

procédés de synthèse du composite polypyrrole-nanocellulose, utilisés au cours de ces 

travaux. Les composites développés montrent des propriétés mécaniques intéressantes 
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pour le composite TOCNIPPy-3 de par son module d'élasticité (6.35 GPa) et sa contrainte 

de traction (65.6 MPa), tandis que le composite TOCNIPPy-l démontre de meilleures 

propriétés électriques (5l.6 S/cm) essentielles pour d' autres applications telles que des 

électrodes flexibles. Bien que le chemin vers des conductivités proches des conducteurs 

inorganiques (cuivre: 5.9 xl06 S/cm) reste encore long, nos résultats apportent leurs 

contributions dans cette quête. Nous démontrons ainsi que la conductivité peut être 

sensiblement améliorée en optimisant les différents paramètres. 

L 'axe emballage, pour sa part, fait état dans un premier temps, d ' un film composite 

à base de TOCN, d' alcool polyvinylique et de polypyrrole, synthétisé via une 

polymérisation chimique in situ à la surface des fibres cellulosiques. Ce composite 

démontre un réel potentiel à tuer certaines bactéries puisqu ' il possède un effet bactéricide 

envers les bactéries Gram positif et Gram négatif avec un très faible phénomène de 

relargage. Une mise en contact avec de la viande a clairement démontré son aptitude à 

empêcher la prolifération des bactéries sur celle-ci. 

La suite des recherches met l'accent sur l' activité antioxydant et les propriétés 

barrière à la diffusion d 'oxygène, de dioxyde de carbone et de vapeur d'eau, de notre 

composite, ainsi que son caractère biodégradable, à des fins d' emballage alimentaire. La 

présence de polypyrrole permet d ' accroître significativement les propriétés barrières à la 

vapeur d'eau et aux gaz. Le revêtement de surface joue un rôle de couche protectrice qui 

limite leur diffusion et protège la cellulose de l' eau. Ces propriétés barrières sont très 

importantes puisque l' oxygène et la vapeur d ' eau sont deux des facteurs responsables de 

la détérioration des aliments. Le caractère antioxydant que confère le polypyrrole, permet 

également d ' améliorer la préservation des denrées alimentaires en limitant leur oxydation. 

Notre matériau cellulosique permet d 'obtenir un composite en partie biodégradable ce qui 

s ' avère essentiel, de nos jours, afin de limiter le processus de pollution engendré par 

l'Homme. 

Au regard des résultats de l' ensemble de cette thèse, nous sommes conscients qu ' il 

reste encore de nombreux points à clarifier, notamment dans l' étape de polymérisation du 

pyrrole sur un renfort diélectrique. Le dopage et l' alignement des chaînes de polypyrrole 

sont des paramètres importants pour améliorer de manière significative la conductivité. 
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Toutefois, ce projet a permis de mettre en lumière des avancées intéressantes que ce soit 

sur l' axe conducteur ou sur l' axe emballage. C' est d'ailleurs ce dernier axe qui conduit en 

grande majorité à l' originalité de cette thèse puisqu 'aucune application de ce polymère 

n'avait jusque là été avancée dans cette voie. L'obtention d'un film composite en partie 

biodégradable, possédant un caractère antibactérien et antioxydant nous apparaît comme 

une contribution majeure dans le développement d ' emballages actifs. 

Un autre projet (hors thèse) a également été initié, en collaboration avec l' équipe 

du professeur Domingue de l' UQTR, titulaire d'une chaire du Canada sur les technologies 

radiofréquences (RF) pour la détection de gaz, dans le cadre du développement d'un 

prototype RF pouvant détecter l'humidité à partir de TOCN. Ces travaux ont donné lieu à 

la publication d' un premier article dans Sensors and Actuators B: Chemical (Volume 245, 

(Juin 2017), p. 484--492) et d'autres devraient suivre. Des travaux sont également en cours, 

pour utiliser notre composite TOCN-PPy dans un système RF pour la détection d'humidité 

ou encore de gaz spécifique comme l'ammoniaque ou l'hydrogène. Nous envisageons 

également sur ces travaux, le développement d'un prototype RF comme un système 

avertisseur incorporé dans les emballages intelligents (Figure 13.1). Celui-ci s'appuie sur 

l' émission de gaz, par les aliments lorsqu'ils entrent dans une phase de dégradation, qui 

serait alors captée par notre dispositif et qui pourrait émettre un signal indiquant que les 

aliments présentent un risque à être consommés. Toutefois, plusieurs travaux restent à 

accomplir avant le développement de celui-ci. 

Figure 13.1 Schéma d'un prototype de puce RF pour les emballages 

intelligents à partir de TOCN (orange) et de PPy (noir) 
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En conclusion, le développement d' un composite TOCN-PPy comme emballage 

actif, voire intelligent, est en bonne voie. Le composite a ainsi démontré un large potentiel 

d' application et constitue une sérieuse alternative aux emballages plastiques. Les résultats 

de cette recherche renforcent le sentiment qu ' i 1 est possible de réduire la quantité de 

déchets que génèrent nos emballages alimentaires, tout en les améliorant. L' avenir et la 

préservation de notre planète passeront, en grande majorité, par l' utilisation de ce type 

d' emballages au profit des plastiques pollueurs 
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