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Experimental parameters

wt%0: weight percent

pouk (g/cn®): bulk density

pskeletal(g/cnt): skeletal (or solid) density

€ (%): porosity

Sget (M?/g): specific surface area

Dp mean(NM): mean pore diameter

Dp max (NM): maximum of pore size

FWHYV (nm): full width at half value of a distribatn

E (MPa): Young modulus

oyield (MPa): yield stress

&yield (%0): yield strain

g4 (%): densification strain

W0 (kJ/P): absorbed energy from 0 to 40% strain
Wegq (kJ/nT): absorbed energy from 0 ¢g

Aefrective (W.M-.K™): total or effective thermal conductivity
Asoiia (W.m2.K™): thermal conductivity of the solid phase
Agas(W.m.K™): thermal conductivity of the gaseous phase
Aradiative (W.mL.K™): thermal conductivity of radiative transfer

Rrel: relative concentration of epichlorohydrin in tleaction medium
%SR: swelling ratio

n (Pa.s): viscosity

[n] (mL/g): intrinsic viscosity
G’ (Pa): elastic modulus

G” (Pa): viscous modulus

Materials

CA: cellulose acetate

DMSO: dimethylsulfoxide

ECH: epichlorohydrin

EMIMACc: 1-ethyl-3-methylimidazolium acetate
HM or LM pectin: high or low methoxy pectin

Techniques

BET: method of Brunauer-Emmett-Teller for spect#fioface area
BJH: method of Barrett, Joyner and Halenda for gire distribution
EDS: Energy-dispersive X-ray spectroscopy

SEM: Scanning Electron Microscope
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Résumé du travail de these

Introduction générale

La plupart de nos industries et systemes de pramfucténergie reposent sur la pétrochimie.
Depuis la fin du 19" siécle, le pétrole a été extrait en trés grandmtifé et est devenu une
ressource de plus en plus rare, ce qui augmentelg@raent son prix. Les carburants issus du
pétrole produisent lors de leur combustion desagaffet de serre, principaux responsables du
réchauffement climatigue et d’autres importantsbfgnmes environnementaux. Il est donc
nécessaire de trouver des alternatives durablesrpduire notre consommation en ressources
fossiles. La biomasse est particulierement intérgsscar elle représente une immense source de
carbone renouvelable pour de nombreuses applisatmymme les carburants ou les produits
chimiques. L’élaboration de nouveaux matériaux, sbiscés avec un faible impact
environnemental et des propriétés similaires auténaax synthétiques, est I'un des enjeux
majeurs pour l'avenir.

Le Conseil Européen a adopté en 2007 trois obgeptiihcipaux a I'’horizon 2020, appelés le
« triple 20 » : la réduction des gaz a effet deesde 20%, 'augmentation de la part des énergies
renouvelables de 20%, et 'amélioration de I'effit@d énergétique de 20%. Une des voies les
plus prometteuses pour atteindre ces objectifdeediminuer significativement la consommation
énergétique des batiments. Des isolants thermicaragliorés et efficaces permettraient
d’apporter une solution durable aux pertes énaygés. L'amélioration de l'isolation peut se
faire par I'augmentation de I'épaisseur d’isolamitisé mais cela réduit fortement la surface
habitable des logements. Une deuxieme approchideattvelopper de nouveaux matériaux avec
une trés bonne capacité d'isolation, en dessowsltede I'air, 0.025 W.mK™. Ces matériaux
sont appelés super-isolants thermiques.

Les aérogels sont des matériaux extrémement peataukra-légers. lls ont une structure poreuse
treés fine avec des pores de quelgues dizaines mmamdres. lIs sont généralement obtenus par
séchage au COsupercritique. Les aérogels peuvent étre inorgesiga base de silice) ou
organiques (exemple du résorcinol-formaldehydes). pibsseédent une trés faible conductivité
thermique et sont souvent super-isolants, masoité relativement fragiles (aérogel de silice) ou
toxiques (aérogels organiques). Une nouvelle veieedherche a été récemment menée dans le
but de développer des matériaux de type aérogespurcés et super-isolants. Ainsi des
aerogels a base de cellulose ou de ses dérivesaotres polysaccharides ont été investigués
(par exemple dans les articles Fischer, Rigaccar®i Berthon-Fabry, & Achard, 2006; Garcia-
Gonzalez, Alnaief, & Smirnova, 2011; Gavillon & Boga, 2008; Liebner et al., 2009, 2010;
Mehling, Smirnova, Guenther, & Neubert, 2009; Seasese, Gavillon, & Budtova, 2011). Les
aérogels a base de cellulose ont été plus padientient étudiés et peuvent étre classés en deux
catégories :

- a partir decellulose ] comme la cellulose bactérienne ou la cellulogE ane nano- ou micro
fibrillation. Le précurseur d’aérogel est un réselunanofibres de cellulose | gonflé d’eau et
séché par scCO

- a partir decellulose II, obtenu par le procédé de dissolution-coagulatibrest appelé

« aerocellulose ». Différents solvants de la cefial peuvent étre utilisés (NMMO, 8%NaOH-
eau, thiocyanate de calcium, liquides ioniques).

12



Résumé du travail de thése

Les aérogels de cellulose peuvent étre une solutimovante pour fabriquer des biomatériaux a
haute valeur ajoutée, notamment dans le milieu '@eldtion thermique. Est-il possible
d’élaborer des matériaux biosourcés, super-isqlanécaniqguement résistants avec un faible
impact environnemental ? Ce travail de thése dmmdrmodestement a répondre a cette question.
Il est a l'interface entre de nombreux domaines rmoema physico-chimie des polymeéres, la
science des aérogels et des polysaccharides aiedacqcompréhension des relations structure-
propriétés.

Le but de ce travail de these se distingue en deies:

- Evaluer les propriétés thermiques des aérocshslaet optimiser leurs morphologies pour
obtenir si possible des propriétés super-isolantes.

- Avoir une vision plus large des propriétés damgéls a base de polysaccharides et montrer
leur fort potentiel comme biomatériaux dans diversgplications.

La premiére voie va se concentrer sur une meill@am@préhension de la morphologie de
'aérocellulose pour atteindre des propriétés sigmantes. Le but est d’affiner la structure
poreuse par deux stratégies différentes : la lé@tiom chimique de la cellulose et la formation de
réseaux interpénétrés a base de cellulose.

La seconde voie va étudier d’autres sources desaotharides, comme la pectine et d’en
préparer des matériaux proches des aérogels, appakropectine ».

Le principe de préparation des aérocelluloses £adeopectines est présenté sur la Figure 1. Le
polysaccharide est tout d’abord dissout dans umastl La solution obtenue peut gélifier au
cours du temps. Le gel ou la solution est enswiyelée dans un bain de non-solvant. Le
polysaccharide précipite en formant une structuneyse et le solvant de dissolution est libéré
dans le bain de coagulation. Le polysaccharidei aioagulé est gonflé par le non-solvant et
séché par C@supercritique.

. . Polysaccharide
Polysaccharide Solution X « AERO»-
— — s
+ solvant ou gel CO:f:_':O?ja”:t'e POLYSACCHARIDE

Dissolution Coagulation Séchage
€O, supercritique

Figure 1 : Schéma de préparation de bio-aérogelsakrocellulose et I'aéropectine.

Chaque étape dans I'élaboration de ces “bio-aé&bgelra considérée. La compréhension des
propriétés des solutions seront étudiées par rgéol@’influence du fluide utilisé pour le bain

de coagulation sur la morphologie finale sera déuLa cinétique de gélification dans le cas de
certaines solutions de cellulose sera évaluée. &hadyse détaillée de la structure des bio-
aérogels sera réalisée par pycnométrie a poudaenoercure, porosimétrie a mercure (technique
développée pour les aérogels fragiles), I'adsomptitazote et le microscope électronique a
balayage. Les propriétés mécaniques et thermigeiemtségalement étudiées et les relations

13



Résumé du travail de these

structure-propriétés discutées. Pour les aérogelsase de mélanges de polymeres, les
interactions entre les différents composants senvestiguées.

Cette thése a été réalisée dans le cadre du pidjet« Nanocel ». L'objectif de ce projet était
d’élaborer et caractériser des matrices cellul@sguano-structurées pour une super-isolation
thermique. Il rassemblait un consortium de 8 paites, industriels et académiques, avec
chacun un role bien défini :

- Les centres Cemef et Persée de Mines ParisTéahotation d’aérogels a base de cellulose ou
d’acétate de cellulose et analyse de cycle de vie

- Laboratoire Charles Coulomb (L2C) - UniversitéMentpellier: Caractérisations structurales

- CSTB, Grenoble: Caractérisations thermiques

- NeoTIM, Albi: Caractérisations thermiques

- Cethil-Insa Lyon: Modélisation des transfertsrthigjues dans les aérogels

- CEA, Marcoule: Optimisation du séchage supeopréi

- EDF R&D, Moret-sur-Loing: Caractérisations therdmgdriques.

Chapitre I: Etat de I'art

Le chapitre | fait état de I'art sur la structutela mise en forme de deux polysaccharides, la
cellulose et la pectine, pour obtenir des aérogels aéro-polysaccharides ».

La cellulose est le polymére le plus abondant sureTet I'un des composants majeurs du bois,
coton, lin, etc. Elle est constituée d'un assembland’unités anhydroglucose (AGU). Elle
possede un grand nombre de liaisons hydrogeneliigeonfere une grande stabilité chimique
mais peu de solvants sont capables de la dissoGéresont souvent des solvants complexes,
toxiques avec une faible capacité de dissolutiogpuls une dizaine d’années, des études ont
montré le fort intérét des liquides ioniques damslissolution de la cellulose. lls ont une faible
tension de vapeur, sont stables thermiqguement igtiqiement et peuvent dissoudre jusqu’a
30% de cellulose. lls sont largement utilisés pdarfonctionnalisation de la cellulose.
Cependant, a I'heure actuelle, ils sont encore dréseux et doivent étre d'une grande pureté
pour éviter des réactions secondaires.

La pectine est constituée d'un arrangement d’'urdtaside D-galacturonique qui peuvent étre
partiellement estérifiées. On distingue deux caiégale pectines selon le degré d’estérification:
celle & haut degré d’estérification (HM) (au-deta5%) et a faible degré d’estérification (LM)
(en-dessous de 50%). La pectine est extraite paf@nent des écorces d’agrumes ou de marc
de pomme. Les pectines HM peuvent étre dissoutes dae solution aqueuse acide. Les
groupes carboxyl sont alors sous leur forme praomé qui diminue les répulsions
électrostatiques et augmente la formation de liwisbydrogénes. Un gel physique est ainsi
formé. Les pectines LM gélifient et forment un cdexe avec des cations divalents.

Ce chapitre aborde également la préparation d’ao@e sont des matériaux tres légers et
poreux, souvent séchés par £fDpercritique. Le plus utilisé est I'aérogel decsil c’est un
materiau nano-structuré, avec une densité d’endrbrg/cni, une haute surface spécifique 800-
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900 nf/g et une trés basse conductivité thermique (0@A%-W.m".K™). Le principe de la

« super-isolation » a été décrit : elle présente conductivité thermique totale en dessous de
0.025 W.nt.K™. La conductivité thermique se distingue en traisiposantes : la conduction de
la phase solide, de la phase gazeuse et I'eff@tifad.e contréle de la morphologie avec des
pores de taille inférieure au libre parcours moykss molécules d’air (70 nm) permet de
diminuer significativement la contribution de lagsle gazeuse, par effet Knudsen, et d’atteindre
des propriétés super-isolantes.

Les études sur les aérogels a base de polysacehacmmme la cellulose, la pectine, I'alginate
ou I'amidon, sont peu nombreuses mais montrentasgrand potentiel avec des morphologies
intéressantes. Différentes applications des aé&ogelbase de polysaccharides ou « aéro-
polysaccharides » peuvent étre envisagées comribkélation contrélée de médicaments ou
I'isolation thermique.

Chapitre II: Matériaux et méthodes

La préparation des « aéro-polysaccarides » ess@éabn plusieurs étapes comme montré sur la
Figure 1: le polysaccharide (cellulose ou pectes)dissout dans un solvant puis coagulé dans
un bain de non-solvant (typiquement eau ou éthatagché par CGupercritique.

Les propriétés des solutions, comme la celluloges tizs liquides ioniques ou ses mélanges avec
I'acétate de cellulose, ont été étudiées par rigémlo

Les aérocelluloses et les aéropectines ont éenaliss par microscope électronique a balayage
(MEB) et caractérisées par leur densité appargrae ycnométrie au mercure ou a poudre) et
de squelette (par pycnométrie a I'’hélium), leurfaee spécifique (par adsorption de &t la
méthode BET) et leur distribution de taille de ofear porosimétrie mercure ou désorption de
N, et la méthode BJH). Ces mesures ont été réaliaeelmboratoire Charles Coulomb de
I'Université de Montpellier ainsi qu’au centre RegsMiines ParisTech.

Les aéropolysaccharides ont également été testéanigéement par compression uniaxiale et
caractérisées par leur module d’Young et leur camtie de plasticité. Le modéle de mousses
décrit par Gibson et Ashby a été utilisé en preengaproximation.

Enfin, la conductivité thermique totale ainsi ques gifférentes contributions (solide, gaz et
radiatif) des aérocelluloses et aéropectines oltnéksurées par thermofluxmetre ou par la
méthode du fil chaud. Ces mesures ont été réalméeaSSTB de Grenoble ainsi qu'au centre
Persée-Mines ParisTech.
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Chapitre III: Propriétés structurales et thermiques des
aérocelluloses préparées dans différents solvants : 8% NaOH-
eau, EMIMAc et EMIMAc/DMSO

L’élaboration des aérocelluloses par la dissolutd® cellulose dans des solvants comme
8%NaOH-eau et les liquides ioniques ainsi que lecasactérisations ont été étudiées
préecédemment. Le liquide ionique, I'acétate dehide3-méthylimidazolium (EMIMAC), permet
de dissoudre une quantité importante de celluloaés fa solution résultante est hautement
visqueuse. De plus, EMIMACc réagit de maniere exwttigue avec I'eau du bain de coagulation
créant de gros macropores dans la structure podauts cellulose coagulée. Nous avons donc
investigué I'addition d’'un co-solvant, le diméthylfoxide (DMSO) a TEMIMACc et montré qu'il
diminue grandement la viscosité et I'apparition aeacropores dans les aérocelluloses. Le
diagramme de phase de cellulose-EMIMAc-DMSO a d#bléet montre qu’il est encore
possible de dissoudre de fortes concentrationsetlelase (~ 2(:%) avec 30-4Q% DMSO
ajoutés a 'EMIMAC.

Nous avons comparé les propriétés structurales, & &rocellulose préparées dans différents
solvants : 8% NaOH-eau, EMIMAc et g% EMIMAc - 40,.% DMSO. Elles présentent toutes
une grande porosité (>90%). La densité apparenta@®cellulose a partir ’'EMIMAc/DMSO
est léegerement plus élevée que pour EMIMAcC grada diminution des macropores. Les
distributions de tailles de pores sont relativensmtilaires pour les aérocelluloses préparées a
partir de liquides ioniques mais sont plus larges pour les aérocelluloses a partir de 8%NaOH.
La concentration en cellulose modifie grandemenntaphologie de I'aérocellulose finale. La
densité apparente augmente linéairement avec zentmtion en cellulose et aucune différence
n'est observée entre les solvants EMIMAc ou EMIMAIISO. Les aérocelluloses les plus
concentrées (par exemple, a base dg¥dxellulose) présente une structure poreuse phgs fi
avec des plus petits pores et plus homogénes ppontaa une aérocellulose moins concentrée
comme 5:%.

Les propriétés thermiques des différentes aérdostls ont été étudiées. La conductivité
thermique d’'une aérocellulose préparée a part, @ cellulose dans §» EMIMAc- 20,:%
DMSO est de 32.8 mW.mK™ pour une densité de 0.18 gftrdes résultats similaires ont été
obtenus pour les aérocelluloses dans 8%NaOH a dgakité ({:%). L'aérocellulose % dans
8%NaOH-eau a donné la meilleure conductivité theumiavec 30.8 mW.IK™. Les trois
contributions (solide, gaz et radiatif) ont étéedétinées. La conduction de la phase gazeuse
représente 60% et le transfert radiatif 30% deoledactivité totale. La conductivité de la phase
solide a été estimée & 3.5 mWhi ™ pour une densité apparente de 0.18 d/cm

Toutes les aérocelluloses, indépendamment du doludiisé donnent des conductivités
thermiques supérieures a celle de I'air libre (8.02.m*.K™). Cela est principalement di & la
présence de certains gros pores (avec des tailldsla du libre parcours moyen des molécules
d’air, 70 nm) et au manque de contrdle de la mdggie pendant la coagulation.
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Chapitre IV: Cellulose réticulée- Gels et Aérogels

Pour obtenir de bonnes propriétés thermiquest ingsortant d’avoir une structure poreuse fine
et « nano-structurée ». Nous avons étudié I'infbeede la réticulation chimique de la cellulose
sur la morphologie des aérocelluloses. La rétimdat été réalisée par I'agent réticulant,
I'épichlorhydrine (ECH), dans le solvant 8%NaOH-eha rapport R, a été défini comme le
rapport molaire de la quantité d’ECH sur celle dbutose et représente la concentration initiale
relative en ECH dans le milieu réactionnel. Comme’'a pas été possible de déterminer
précisément le « vrai » degré de réticulation deelaulose, nous avons préféré utiliser le rapport
Rrel pour toutes les caractérisations. Les proprié&ss sblutions de cellulose réticulée et leur
gélification ont été étudiées par rhéologie. Le gerde gélification est fortement diminué en
présence d’agent réticulant avec un maximum peyrR.5, ce qui montre la compétition entre
la gélification physique et la gélification paricéiation chimique. Nous supposons que l'agent
réticulant écarte spatialement les chaines delasdiice qui diminue I'association de chaines par
liaisons hydrogene. Le temps de gélification delitems de cellulose réticulée diminue
exponentiellement avec la température avec un cdempent plus particulier pour la
formulation Re;= 0.5 qui est moins sensible a la température.

Les solutions de cellulose réticulée ont été camapidans I'eau. Le gonflement des celluloses
coagulées a été étudié par le degré de gonfle®&®R] en fonction de la concentration en agent
réticulant Re. Il augmente fortement jusqu'aR=1 (%SR:3500) puis diminue a plus haut
degré de réticulation (%$R500). Nous supposons que I'addition d’'un agenctuknt écarte

les chaines de cellulose et permet de créer des Bupplémentaires qui se remplissent d’eau,
augmentant ainsi le degré de gonflement. Pourllalege coagulée non-réticulée ou faiblement
réticulée, les échantillons sont blancs et opag@e@s que pour une cellulose plus fortement
réticulée les échantillons apparaissent transpgrdamontrant une structure plus homogene que
ceux non-réticulés.

Les échantillons gonflés dans I'eau ne peuventébas directement séchés par seGD une
étape supplémentaire d’échange de solvant estgssDifférents liquides ont été testés et le
méthanol a été choisi, la contraction des échansldans ce solvant étant plus limitée.

Les aérocelluloses réticulées obtenues par séckagercritique ont été caractérisées et
comparees en fonction de la concentration relatiggent réticulant, R. La densité apparente

augmente linéairement avec la concentration enhlgpltydrine. La surface spécifique est
maximale pour R, = 0.5, ce qui montre une structure plus fine ca®pa une aérocellulose

non-réticulée. Les distributions de taille de pomsmt plus fines pour les aérocelluloses
réticulées.

Les aérocelluloses réticulées ont été testéesgmapression uniaxiale. Les modules d’Young et
les contraintes de plasticité ont été déterminésuétent des lois en puissance pE* and
csp|asﬂcité~p2'2. A égale densité, les aérocelluloses réticuléessegmtent de bien meilleures
propriétés mécaniques que celles non-réticulées.
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Les propriétés thermiques des aérocelluloses té&siwa 5% cellulose et,% cellulose ont été
mesurées. Un minimum de conductivité a été obsaoué les formulations avec,dr= 0.5. Les
conductivités thermiques totales ont évaluées & 28nhd 30.7 mW.MK™ pour des
aerocelluloses respectivement de 5,7 Ces formulations présentent la plus fine stmec{la
plus haute surface spécifique), ce qui confirm@el que d’améliorer la structure poreuse vers
une nano-structuration donne de meilleures pramititermiques. La réticulation de la cellulose
a permis de s’approcher du domaine de la supeatienl (25 mW.rit.K™).

Enfin, nous avons étudié et comparé différents maldeséchage des aérocelluloses réticulées :
par séchage évaporatif, cryo-dessication et séchmge CQ supercritique. Les « Xéro-
celluloses » obtenues par séchage évaporatif sEnpéu poreuses. Les « cryo-celluloses » sont
hautement poreuses et extrémement légeres maisnggat de tres larges macropores et des
inhomogénéités par rapport aux « aéro-cellulosachées par GQupercritique.

Chapitre V: Hybrides a base de cellulose préparés dans les
liquides ioniques

La deuxieme stratégie pour obtenir des aéroceblsloplus finement structurées a été
d’investiguer la préparation d’hybrides avec d’aatpolyméres dans le but de faire des réseaux
interpénétrés. Deux polymeres ont été étudiésétiae de cellulose et la lignine.

L’élaboration d’hybrides de cellulose et d’acétdi cellulose (CA) ne peut se faire que par
dissolution dans un solvant commun. L'EMIMAc a éféoisi. Des études rhéologiques ont
montré que la solution de CA-EMIMAc se comportddssiqguement comme une solution de
polymere. La viscosité intrinseque d’acétate déulmele dans EMIMAC a été déterminée : elle
diminue en fonction de la température comme il @ d&é reporté pour les solutions de
cellulose-EMIMAC. La concentration de recouvremeeatl’acétate de cellulose dans 'EMIMAc
est plus grande que pour d’autres solvants orgasig@iméthylformamide, tetrachloroéthane et
acétone), ce qui montre que la qualité thermodygaende 'EMIMAC est plus faible. L’énergie
d’activation suit une loi en puissance avec la eotr@tion en polymere.

Les mélanges de cellulose et d’acétate de celludass 'EMIMAC ont été étudiés pour des
concentrations totales en polymeres de 5 g@f4.0Aucune séparation de phase n’a été observée
a I'état liquide. La viscosité du mélange suit uoede mélange, ce qui montre que les deux
polymeéres coexistent dans le solvant sans interacgntre eux.

Les mélanges de différentes compositions en csekuket acétate de cellulose ont ensuite été
coagulés dans I'eau ou I'éthanol puis séchés ga@spour donner des matériaux « hybrides ».
Des morphologies trés différentes ont été obserns&dsn les compositions ainsi que des
séparations de phases entre les deux polymerespok@asité diminue fortement et les
inhomogénéités augmentent avec I'augmentation deraentration en acétate de cellulose.
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Des hybrides secs préparés a partir de solutiongetlalose, lignine (lignosulphonate) et
EMIMAC ont aussi été étudiés. La lignine a été &@apar I'eau pendant la coagulation de la
cellulose. Lors de la coagulation dans I'éthammllignine reste dans la structure poreuse mais
des phases distinctes de celles de la cellulosétémbservées.

Il semble donc assez difficile de préparer desidgsra base de cellulose qui soient homogénes
et présentent des propriétés morphologiques irdanss.

Chapitre VI: Aéropectine et les hybrides pectine-silice

hY

Nous nous sommes intéressés a un autre polysabehda pectine, et a I'élaboration de
I'aérogel correspondant, « I'aéropectine ».

La pectine est dissoute dans une solution acide gette solution gélifie au cours du temps.
Nous avons étudié linfluence du pH sur la struetau gel de pectine. Pour éviter des
inhomogénéités dans le gel, le pH doit étre trédea< 1), et par la suite le solvant 0.5 mol/L
HCI a été utilisé. Apres un échange progressifaeast dans I'éthanol, la pectine coagulée est
séchée par C{Ssupercritique.

Les aéropectines obtenues sont poreuses (>90%g<tiégeres. La densité apparente croit
linéairement avec la concentration en pectine. uréase spécifique, autour de 250 m?/g, et les
distributions de taille de pores sont tres proctiescelles de I'aérocellulose préparée dans
8%NaOH-eau. Les distributions sont plus fines prg concentrations en pectine plus élevées.
Aucune différence majeure n’a été observée selgnuace de la pectine (de marc de pomme ou
d’écorce d’agrumes).

Les propriétés mécaniques des aéropectines ontéésdudiées par compression uniaxiale. Les
modules de Young ainsi que les contraintes deipi@stvarient en loi de puissance avec la
densité apparente : E p*® and opasicite ~ p>> Les aéropectines ont été comparées aux
aerocelluloses non-réticulées et présentent ddemedb propriétés mécaniques (Eoghsiicitd-
Cela peut s’expliquer par les différences de caméijon spatiale des macromolécules de
cellulose et de pectine.

La conductivité thermique totale des aéropectinegté mesurée . elle diminue avec la
diminution de la concentration en pectine. Une p&ctine a g% donne une faible conductivité
thermique de 20 mW.thK™. La contribution gazeuse représente la majeurdiepde la
conductivité thermique totale (autour de 60%) etdaduction de la phase solide a été estimée a
2.8 mW.m".K™. Les aéropectines sont les premiers matériauxobiogs, plus respectueux de
'environnement (sans réticulation chimique), quiiemt robustes mécaniquement et qui
présentent des propriétés thermiques super-isglante

Pour essayer d’abaisser la conductivité des aéiapscl’air contenu dans la structure poreuse a
été remplacé par une phase super-isolante comgredel de silice : I'idée était de former des

hybrides pectine-silice. Pour élaborer ces hybridae solution de précurseurs de silice a diffusé
a l'intérieur du réseau poreux de la pectine caag(onflée dans I'éthanol). La condensation de
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la silice est directement réalisée a I'intérieurrdseau de pectine. La pectine coagulée, chargée
de silice, est ensuite séchée par seCO

Nous avons d’abord étudié I'influence du temps duglon (ou imprégnation), par analyse
EDS. Nous avons montré qu’'une saturation en sikest observée apres 10 heures
d’'imprégnation.

Les hybrides pectine-silice, séchés par s£@Dt des rendements d’'imprégnation importants,
autour de 75% pour une formulation standard d’agdeode silice et 90% pour une formulation
optimisée. Les surfaces spécifiques des hybrided beaucoup plus importantes que les
aéropectines pures, 700 m2/g vs 250 m?/g, ce quiverla présence de silice nanostructurée a
I'intérieur du réseau de pectine.

Les hybrides pectine-silice ont des conductivitéstiques plus faibles de 4-5 mWi{™ par
rapport aux aéeropectines pures. La meilleure foatrari donne une conductivité totale de 17
mwW.mtK™,

Conclusions et Perspectives

Le but de cette thése a été d’élaborer et de érs@t une nouvelle génération d’aérogels a base
de cellulose et de pectine. L'objectif principahiétd’obtenir des matériaux « nano-structurés »
par la dissolution, coagulation et séchage soussofercritique.

Pour la cellulose, plusieurs voies ont été étudid&gout de co-solvant au liquide ionique
(EMIMAC), la réticulation chimique de la cellulogt la création de réseaux interpénétrés avec
un second polymere.

Pour la pectine, nous avons investigué la formatimme structure poreuse a base de pectine
pure, sans réticulation chimique, ainsi que desitigb pectine-silice.

Dans tous les cas, nous nous sommes attachés éecoles propriétés structurales des
aéropolysaccharides a leurs propriétés mécaniqubsreniques.

Ces aérogels sont biosourcés, avec un plus faiph@adt sur I'environnement, et peuvent étre
utilisés dans de nombreuses autres applicationgigaktion thermique, telle que la libération
contrélée de médicaments ou en catalyse.

Des améliorations peuvent étre encore apportéedesurmérocelluloses réticulées. L'agent
réticulant, I'épichlorhydrine est toxique et nopidur I'environnement. L'étape suivant serait de
trouver un autre type de composé, compatible aaesdblvants de la cellulose et qui soit plus
respectueux de la santé et de I'environnement.

Nous avons utilisé principalement la pectine a lolegpré d’estérification. Il peut étre envisagé de
préparer des gels a partir de pectine faiblemeagtifge et complexée par les cations divalents.
Les aéropectines résultantes peuvent présent@roj@sétés morphologiques intéressantes.
D’autres polysaccharides peuvent étre envisagés pmupréparation d'aérogels comme
l'alginate, le carraghénane, la chitine ou le date.

Des hybrides cellulose-silice peuvent présenteteégent un grand intérét, notamment pour
l'isolation thermique. Deux projets sont en couidiaes ParisTech sur cette thématique.
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Currently, most industries and energy productiosteays are based on petrochemistry. Many
products in our everyday life are petrochemicathsas fuels, plastics, clothes, shampoos, food,
medicine... Since the end of the™&entury, crude oil has been extracted in huge tiiem) and
nowadays it is becoming harder and harder to gbleem from our natural resources. The
price of fossil fuels (like petroleum, coal...) conially rises. Fuels from petroleum produce
greenhouse gases (GHG), like carbon dioxide,@den they are burnt. GHG are responsible
for global warming and many other environmentaliéss It is thus necessary to find long-term
alternative solutions to reduce the consumptiomai-renewable fossil resources. Biomass is
attracting research and industry since it reprasartiuge source of renewable carbon for fuels,
chemicals and materials. The elaboration of bicedasnd environmentally friendly materials
with similar and better properties as syntheticemals is the one of the major challenge for
today and tomorrow.

The European Council adopted, in 2007, three maje@rgy and climate change objectives for
2020: to reduce greenhouse gas emissions by 20#crease the share of renewable energy to
20% and to make a 20% improvement in energy effiyie One of the most promising ways to
achieve these objectives is a reduction of thegneonsumption of buildings. Efficient and
improved thermal insulation materials can bringistginable solution to decrease thermal losses
of buildings. One of the ways to improve insulatisrto install thicker layers of conventional
insulation but it will considerably decrease thenlg area in houses. The second approach is to
design new materials with a very low capacity tmduct heat, called thermal conductivity,
below the thermal conductivity of the air, 0.025m*.K™. These materials are called super-
insulating materials.

Aerogels are highly porous and ultra-light mateithey have a very fine structure with pores of
few tens nanometers. They are usually obtainedripmgl of wet gels with supercritical GO
(scCQ) and in a few rare cases by drying at ambientspresafter gel chemical treatment.
Aerogels are often either inorganic (silica) oramig (resorcinol-formaldehyde). They have very
low thermal conductivity, generally in the supesdfation domain, but have either poor
mechanical properties (silica aerogels) or theytaxe (organic aerogels). One of the ways to
solve the problem is to develop a new generatiosupkr-insulating materials that are aerogel-
like and based on natural polymers. This has be@frhet” research topic and recently the first
aerogels based on cellulose, cellulose derivativesome other polysaccharides were developed
(see, for example, Fischer, Rigacci, Pirard, BertRabry, & Achard, 2006; Garcia-Gonzalez,
Alnaief, & Smirnova, 2011; Gavillon & Budtova, 200Biebner et al., 2009, 2010; Mehling,
Smirnova, Guenther, & Neubert, 2009; Sescousse,ll@av& Budtova, 2011). Cellulose
aerogels seem to be the most studied; they calabgfted in two main categories:

- from cellulose | such as bacterial cellulose, nano- or microifdied cellulose. The precursor
of aerogel is a network of cellulose | nanofibelted with water which is then dried with scGO

- from cellulose Il obtained by dissolution-coagulation route and afled “Aerocellulose”.
Various cellulose solvents can be used (NMMO, 8%MNatater, calcium thiocyanate, ionic
liquids).
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Cellulose aerogels can be a promising solution ew ihigh added-value biomaterials,
particularly in the thermal insulation domain. Tdugestion here is “is it possible to get bio-based
super-insulating materials, mechanically robust anith a low environmental impact?” This
work makes a small step in trying to answer thissfjon. That is why it is at the interface
between polymer chemical physics, aerogel scigpolysaccharides and the understanding of
structure-properties relationships.

The overall goal of this thesis is double:

- First, we want to evaluate the thermal properdieaerocelluloses and to tune the morphology
of cellulose porous materials to obtain, if possjlsiuper-insulation properties.

- Second, we should like to have a larger visiorpolfysaccharide aerogels properties and to
show their high potential as biomaterials for vas@pplications.

Within the first objective we shall focus on a ketiinderstanding of aerocelluloses morphology,
targeting super-insulation properties. We will toytune the porous structure by two different
strategies: cellulose crosslinking and the fornmatiellulose-based interpenetrating networks.
Within the second objective we shall investigateeotsources of polysaccharides such as pectin
and prepare materials that are similar to an aérogked “aeropectin”.

The principle of aerocellulose and aeropectin papan is shown in Figure 2. The
polysaccharide is first dissolved in a solvent. Hodution obtained may undergo a gelation
depending on the polysaccharide and the solverd. ud®e gel or solution is then placed in a
non-solvent coagulation bath where the polysacdbagprecipitates forming a porous network.
During coagulation the dissolution solvent is rekgh and the non-solvent penetrates into the
polysaccharide sample. The coagulated polysacahavidllen in the non-solvent is finally dried
with supercritical CQ (scCQ). If the non-solvent is not compatible with sc£@ solvent
exchange step (typically ethanol or acetone) isefbee required before drying.

Polysaccharide Solution ci:losagcu!:;??de « AERO»-
+ solvent or gel S ” POLYSACCHARIDE
in non-solvent co,

Dissolution Coagulation supercritical
drying

Figure 2 : General preparation of “bio-aerogels”: a@&rocellulose and aeropectin.

We will study each step of the elaboration of “bierogels”. We shall start from polysaccharide
dissolution and understanding solution propertgagidynamic and steady state rheology. The
influence of the fluid used for coagulation on fimal morphology will be discussed. In the case
of cellulose solution gelling, the kinetics of gada will be monitored. A detailed analysis of
materials structure and morphology will be perfodmesing powder or mercury and helium
pychometry, mercury porosimetry (approach develdpedveak aerogels), nitrogen adsorption
and scanning electron microscopy. The mechanicaltl@rmal properties of bio-aerogels will
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be studied and structure-properties relationshifis lve discussed. For aerogels based on
polymers mixtures, the interactions between thepmrants will be investigated.

This thesis was performed in the frame of the ANBjgxt “Nanocel”. The road map of this
project was to elaborate and characterize supetaitisg cellulosic porous matrices (from
cellulose or cellulose acetate). It was a consortaf 8 partners, industrial and academic, with
different roles:

- Cemef and Persée centers from Mines ParisTdaboEation of cellulose-based aerogels and
life cycle assessment

- Laboratoire Charles Coulomb (L2C) - UniversityMdntpellier: Structural characterisations

- CSTB (Scientific and Technical Center for BuilginGrenoble: Thermal characterisations

- NeoTIM, Albi: Thermal characterisations

- Cethil-Insa Lyon: Numerical modeling of aerogdls®rmal behavior

- CEA, Marcoule: Supercritical drying optimisation

- EDF R&D, Moret-sur-Loing: Thermo-hydric charagsations.

This manuscript is divided is six chapters.

Chapter | deals with the literature review on tvadygaccharides used in the work, cellulose and
pectin, and their properties and processing. Tiieeut of “aerogel”, as a very porous material
dried by supercritical route, will be introduceddatiustrated by several examples such as silica
aerogels. A more detailed review of aerogels fratygaccharides will be given, with a special
focus on cellulose and its derivatives, starch&gnate and pectin. These bio-aerogels have a
large range of morphologies and mechanical pragsettiat can be tuned with polysaccharides
concentration, different solvents or the additidrcss-linkers. Various applications of these
materials will be presented such as controlled delepse and thermal insulation. The notion of
super-insulation will be introduced.

Chapter Il describes starting materials and expantal methods used during the thesis. The
elaboration of bio-aerogels by dissolution-coagarasupercritical C@drying route is detailed.
Structural characterisations techniques, such disinmeand mercury pycnometry, mercury
porosimetry with the theory of indirect reconstrantof pores distribution, nitrogen adsorption
and scanning electron microscopy, will be presentéethanical properties of bio-aerogels will
be studied by uniaxial compression and a modeidams will be used in a first approximation.
The total thermal conductivity as well as the diéfe thermal contributions (solid, gas and
radiative) will be investigated by steady-stateafrftfow-meter) and transient methods (hot-wire
experiments).

Chapter Il is dedicated to the comparison of motphy and properties of aerocelluloses
prepared from different solvents: 8%NaOH-water smic liquids. The solution of cellulose in

the ionic liquid, EMIMAC, is highly viscous whicls iresponsible for inhomogeneities in the
structure of coagulated cellulose. The additiora @o-solvent, dimethylsulfoxide (DMSO) and
its influence on cellulose solutions viscosity wile investigated. A ternary phase diagram
cellulose-EMIMAc-DMSO will be built and discussethe influence of the non-solvent (water
or ethanol) used for coagulation on aerocelluloserpmology will be studied. Structural
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properties (bulk density, specific surface aread pare size distributions) of aerocelluloses
prepared from 8%NaOH-water, EMIMAc and EMIMAc-DMS@Il be compared. The thermal
properties of aerocellulose will be measured anuetated to the porous structure. It will be
shown that it will be not possible to achieve fmerphology with super-insulating properties by
only changing the cellulose solvents.

To elaborate “nano-structured” aerocelluloses, fint strategy will be to investigate the
chemical cross-linking of cellulose. Chapter IV dses on the cellulose cross-linking by
epichlorohydrin in the solvent 8%NaOH-water. Instisiolvent, cellulose solution undergoes a
physical gelation. The influence of the additiorcadss-linker on the cellulose solutions gelation
by dynamic rheology will be studied. A competitibetween physical and chemical gelation
mechanisms will be demonstrated. Cross-linked loal solutions will be then coagulated in
water. The effects of cross-linking on the formatiof coagulated cellulose by looking at
samples’ swelling ratios will be discussed. Sevéuidls for the solvent exchange step and their
influence on the samples texture will be invesedatSamples will be dried with scG@ give
cross-linked aerocelluloses. Structural propeniegese aerogels will be studied depending on
the cross-linking ratio. An optimal formulation Wwibe demonstrated to give the finer
morphology and reach thermal properties close pisinsulation. Cross-linked aerocelluloses
will be tested by uniaxial compression and theichamical properties will be correlated to the
final porous structure.

Chapter V presents the second strategy for the -stnoturation of aerocellulose: creating
interpenetrated networks of cellulose with a seqoolgmer. Two polymers will be investigated
cellulose acetate and lignin. Cellulose acetatef ispecial interest as it forms a fine structured
aerogel, when chemically cross-linked, with promgsithermal properties. Cellulose and
cellulose acetate must be processed in the liqatk and EMIMAc is chosen as a common
medium. Rheological properties of cellulose andlutmte acetate in EMIMAc will be
characterised and potential interactions betweesetlwo polymers will be evaluated. Solutions
will be coagulated in various fluids (water andagtbl) and dried by scGODried cellulose-
based hybrids (with lignin or cellulose acetate)l Wwe characterised as a function of their
composition. It will be shown that a phase sepandlietween the two components occurs during
coagulation step.

Chapter VI focuses on another polysaccharide, pectd the pectin-based aerogel “Aeropectin”.
Pectin will be dissolved in an acidic agueous sofutand will gel in time. The gelation as a
function of the solvent pH will be briefly discuskeselled pectin will be coagulated in ethanol
and dried by scC® The influence of pectin sources (apple pomace cirds peel) and
concentrations on structural properties (bulk akeletal densities, specific surface areas and
pores size distribution) of aeropectins will be dstdl and compared to aerocelluloses.
Mechanical behaviour will be evaluated by uniax@mpression and correlated to bulk
densities. Effective thermal conductivities will beasured and discussed as a function of pectin
concentrations. The different thermal contributios@lid, gas and radiative, will be determined
and related to the porous structure of aeropectins.
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General Introduction

Silica aerogel is known to be one of the best supsulating materials. In order to improve
thermal properties of aeropectins, the elaboraténhybrid pectin-silica aerogels will be
investigated. The idea is to use coagulated pexgim porous matrix where silica aerogel is
formed in situ. The diffusion of silica precursors into the pecsicaffold with time will be
studied. The maximum silica impregnation quantitgttcan be reached depending on pectin
concentration and silica aerogel formulation wi#l bvaluated. Coagulated pectin, loaded with
silica, will be dried by scC® Hybrid pectin-silica aerogels will be charactedsoy their bulk
density, specific surface areas and scanning eleaticroscopy. Their thermal conductivity will
be measured and correlated to the impregnatiociesity.

Finally, conclusions are drawn and suggestionsuiidher work are proposed.
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Introduction

This chapter is dedicated to review the state efdh on two polysaccharides, cellulose and
pectin, as well as their aerogels and their patéapplications.

In a first part, we will present in more detaildlal®se, its structure and its peculiar properties.
We will show the two major industrial cellulose pessings, Viscose and Lyocell. We will
compare some cellulose solvents and introduce iaqualds (IL) as powerful cellulose solvents.
We will discuss their major advantages and drawbdck industrial applications and their
potential improvements.

The second part will be focused on pectin. We prifisent its structure, its extraction from citrus
peel or apple pomace. We will describe its gelatimechanism in the presence of an acid or
divalent cations.

We will introduce in a third part the concept ofr@gel, as a very porous material dried by
supercritical route. The most famous aerogel, asiierogel, will be briefly described. Then a
review of aerogels from polysaccharides will beegivwith a special focus on cellulose and its
derivatives, starches, alginate and pectin. Becafs¢he polysaccharides great diversity,
aerogels from polysaccharides or “aero-polysacdbatihave a large range of morphologies and
mechanical properties that can be tuned with pobfsarides concentration, the addition of
cross-linkers or different solvents.

We will show that polysaccharide aerogels preselarge porosity, high specific surface areas
and pores with sizes of few tens nanometers. Aelaegnge of applications can therefore be
foreseen. Two of them will be enlightened in thimgter: drug release and building thermal
insulation. In the latter application, the concebt“superinsulation” will be introduced and
discussed.
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Introduction

Ce chapitre fait I'état de I'art sur deux polysaagties, la cellulose et la pectine, ainsi que sur
leurs aérogels associés et leurs applications fielies.

Dans un premier temps, la cellulose, sa structtise® propriétés seront détaillées. Les deux
principaux procédeés industriels de mise en formdadeellulose, Viscose et Lyocell seront
présentés. Les différents solvants de la cellubgsent comparés et les liquides ioniques seront
plus particulierement étudiés : leurs avantagesnebnvénients ainsi que leurs éventuelles
améliorations.

La pectine sera ensuite présentée par sa strustis@n extraction a partir d'écorces d’agrumes
et de marc de pomme. Sa gélification en présenogedsolution acide ou de cations divalents
sera décrite.

Le concept d’aérogel, comme un matériau tres poséuke par COsupercritique sera introduit.
Les propriétés de l'aérogel de silice seront bméset décrites. Une étude approfondie des
aérogels a base de polysaccharides, en partitalegllulose, I'amidon, l'alginate et la pectine,
sera menée et montrera la grande diversité deshologies et des propriétés mécaniques des
« aéro-polysaccharides » obtenues selon la comtemtren polysaccharides, I'addition d’agents
réticulant ou le solvant utilisé.

Grace a leurs propriétés intéressantes, commeplawsite, leur grande surface spécifique et
leurs pores de quelques dizaines de nanometres,desaérogels » peuvent étre utilisés dans
diverses applications, telle que la libération odlée de médicaments ou l'isolation thermique.
La notion de « super-isolation » thermique senadite.
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1. Polysaccharides: Structure and properties

1.1 General description

Polysaccharides (or polymerized sugars) are lorajnshof monosaccharides repeating units
(sugars) linked by glycosidic bonds. Their genet@mical formula is (¢H20)y), where n may
vary from 40 to 3000 (called the degree of polyseion, DP). They can be classified in two
groups: homopolysaccharides when the monomer (nagcbaride) is single (such as cellulose)
or heteropolysaccharides with different linked msamcharides (e.g. alginate, made of [£A-
mannuronic acid and-L-guluronic acid). Their various chemical compmsis give them a
large range of structures and properties. Polysamds serve in living organisms either for the
storage of energy, for example, starch and glycdgarage form of glucose); or as structural
components, such as cellulose in plants and cimtinvertebrate animal with external skeleton
(insects or crustaceans).

An example of monosaccharide is glucose. In itdaromation as a ring form (Figure 1. 1) the
carbon G is asymmetrical and is called anomeric carbon. J@&l group on the carbom @ay
have and two configurations: if the —OH substitugtainds on the same side of the ring as the
carbon G the configuration is callef-position, otherwise if it is on the opposite sitas called
a-position.

a-form B-form

Figure I. 1 : The two isomers of glucose.

In polysaccharides such as amylose or cellulosg;oge units are linked together by a 1,4
glycosidic bond. It means that the hydroxyl grodghe carbon € on the first monosaccharide
forms a hemiacetal with the carbon @f the second monomer. 1,4 bond can be etther .
Cellulose has 8-1,4 linkage. As a result of the bond angles, ¢ekel is mostly a linear chain.
On the contrary, amylose is based anB4 glycosidic bond which gives a coiled springtsgd
representation (Figure I. 2).
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Figure I. 2 : (a) cellulose (b) starch-amylose spial representation.

The most common polysaccharides are cellulose (footton, wood, flax...), amylose and
amylopectin (potato, cassava, rice, wheat, maizehijin (animal-based polysaccharides, found
in cell walls of mushrooms and in the “shell” ofttapbpods: shellfish, insects), carrageenans
(mosses and seaweeds), pectins (fruits and vegstalitrus peel or apple pomace)...

Cellulose and pectin will be described in more ifeta the two following sections.

1.2 Cellulose

1.2.1 Stucture of cellulose

Cellulose is the most abundant renewable polymérnisathe main component of plant cell walls.
Lignocellulosic materials, like wood, contain cédise, hemicellulose, lignin and other small
amounts of extractives in various proportions deljpanon the plant. Table I. 1 gives different
sources of lignocellulosic material and their delde content (Klemm, Philipp, Heinze, Heinze,
& Wagenknecht, 1998). The degree of polymerisabdéh(the number of anhydroglucose units
in a chain) depends on the sources as well ands/&iom 1000 to 30 000 (about 50-15 000 nm
of chain length). After isolation, DP is around 8800 (Krassig, 1993).

Table I. 1 : Cellulose content in various lignocelilosic sources

Cellulose sources w2 cellulose

Wood 40-50

Bagasse 35-45

Bamboo 40-55

Straw 40-50

Flax 70-80

Hemp 75-80

Jute 60-65

Ramie 70-75
Cotton 95
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As presented in the previous section, cellulosa tarbohydrate polymer made of repedied
anhydroglucose (AGU) units covalently linked byaaetal function between the hydroxyl group
of C, and the @ Cellulose is a linear-chain polymer with many topd/l groups (3 groups for
each AGU). The morphological architecture of auelBe fiber is shown in Figure 1. 3 (Klemm
et al., 1998). elementary fibrils are constitutédsiz glucose chains (with a DP depending on
sources) and have typically a size of 4-6 nm amrd1®-20 nm long. They are aggregated in
microfibrils having a diameter between 2 to 20 repehding on cellulose origin. Thereafter, the
microfibrils are organized in macrofibrils (diamet@ound 60-360um) to form the cell wall
(Lerouxel, Cavalier, Liepman, & Keegstra, 2006).

(

Cellulose
Macro-fibrils

Micro-fibrils

Elementary fibrils

Glucose

Figure I. 3 : Architecture of a cellulose fiber, acdpted from (Klemm et al., 1998).

In cellulose fibers the supramolecular structurenat uniform: low ordered region (called
amorphous) coexist with crystalline regions. Asludese has many hydroxyl groups, a large
number of intra- and inter-molecular hydrogen bomds involved which may have strong
effects on physical properties of cellulose: sdltybiin solvents, low reactivity of hydroxyl
groups and crystallinity (Kondo, 1997). These inteand inter-molecular H-bonds and the
linkagep-1,4 give to cellulose a relative stiffness andyality which implies a greater viscosity,
crystallisation and fibrillar assemblies (Krassi§93).

In the crystal structure, four main polymorphs eliose have been discovered: cellulose I, I,
[l and IV (O’Sullivan, 1997). Cellulose | or nagvcellulose is the form found in nature but is
metastable. It has two different crystal structukggtriclinic unit cell) and § (monoclinic)
alongside each other as confirmed by solid-st&eNMR spectroscopy (Atalla & Vanderhart,
1984). Cellulose has two intramolecular hydrogendsobetween —OH of {&and the oxygen of
Cs and one between —OH ofs@nd —OH of @ (Figure I. 4a, orange line), and has also an
interchain H-bonding between the OH of &d the oxygen attached t@ 6f a neighbouring
chain (Figure I. 4a, red line). These interactiomslergo a structure in layers (Zugenmaier,
2001). Layers are linked together by Van der Waalses (Figure I. 5a).
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Figure I. 4 : Intra- and inter-molecular hydrogen bonds in cellulose structure

The crystalline structure of cellulose 1l can benfed from cellulose | by treatment in alkaline
media (e.g. aqueous sodium hydroxide) called migatéwn, or by regeneration (precipitation)
of the dissolved cellulose. Cellulose Il has amffial chains, the hydroxyl groups are oriented
gauche-trans—OH in G is positionedgaucheto G-Os andtransto C-O4 whereas for cellulose

| OH in G is positionedransto G-Os andgaucheto C4-O,4 (Figure 1. 4b)(Raymond, Heyraud,
Qui, Kvick, & Chanzy, 1995). This modification inoifiguration modifies greatly the H-
bonding system: less intramolecular H-bonds (hadsdretween —OH of £&and —OH of @) but

an appearance of hydrogen bonds between moleaykensi which confer to cellulose Il a greater
stability compared to cellulose | (Langan, Nishiygr& Chanzy, 1999).

Figure I. 5 : Structure of cellulose in layers (Zugnmaier, 2001). Reprinted from (Zugenmaier,
2001), Copyright (2001), with permission from Elseaer.

Cellulose Il is obtained in a reversible procegsti@atment with liguid ammonia or organic
amines such as ethylendiamine followed by washingleohol (Sarko, Southwick, & Hayashi,
1976). Cellulose IV may be obtained by a heat mneat of cellulose Il (Gardiner & Sarko,
1985).
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1.2.2 Cellulose processing

Cellulose cannot melt, since it degrades beforeimgelln order to process this biopolymer,
many studies were devoted to its dissolution. Hamewellulose has many intra- and
intermolecular hydrogen bonds (see previous sectutich gives a great stability but only few
solvents were able to break the H-bonding systethtardissolve cellulose. Some of them are
represented in Figure I. 6.

The dissolution of cellulose in a solution of litlm chloride LiCl inN,N-dimethylacetamide
(DMAc) has been investigated in details (Burcha2803; Dawsey & McCormick, 1990;
Potthast, Rosenau, Buchner, & Rdder, 2002; RamssafAEl Seoud, & Frollini, 2005). It has
been shown that hydrogen bonds are created betwekoxyl protons of cellulose with chloride
ions. Tetrabutylammonium fluoride trihydrate in dithylsulfoxide (DMSO/TBAF) efficiently
dissolves cellulose and is mainly used for syn#iegicellulose derivatives (Ciacco, Liebert,
Frollini, & Heinze, 2003; Ramos, Frollini, & Heinz2005).

Li@ /\/\ﬁ/\/\
e, o) )
o e @ \/\/Og/\/
Je o HO-Na _le
\N/ N\ o / \‘Fe
| e 70
DMACc/LICI NMMO NaOH DMSO/TBAF

Figure I. 6 : Common cellulose solvents

Other solvents have been widely studied, suchNamethylmorpholineN-oxide (NMMO),
NaOH-water and will be described in more detailsi@xt sections. However, all these solvents
present major drawbacks such as either toxicity, lmw solubility power or certain
decomposition of cellulose. In the last decade,ew rcategory of cellulose solvents were
investigated: ionic liquids. They have improved gibgl and chemical properties and a great
cellulose dissolution capacity.

1.2.2.1 Viscose process

The viscose process is the oldest and still theemased for production of regenerated cellulose
such as fibers, films, membranes or sponges, wibhenthan 2.2 millions of tons (Klemm,
Heublein, Fink, & Bohn, 2005) (Figure I. 7).

(1) The first step of this process is the treatnoéraellulose by sodium hydroxide (NaOH) at 17-
20% in water which forms alkali-cellulose complexddibers start to swell and become more
accessible to chemical reagents.

(2) Carbon disulfide (C$ is added and alkali-cellulose is converted irgthutose xanthogenate.
These substituents force the cellulose chains parage, reducing the intermolecular hydrogen
bonds.

(3) This new cellulose derivative is soluble in aqus sodium hydroxide solution and forms a
viscous solution (viscose solution).
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(4) Various techniques can be used for shapingiloskk depending on the application: spinning
for fibers (Rayon fibers for example), casting fitms (Cellophane), and making 3D objects
with the addition of porophores for sponges...

(5) Cellulose xanthate is precipitated in regenendbaths, and G&and other sulphur-based by-

products are released and the final regeneratkdasa is obtained.

DERIVATISATION DISSOLUTION OF
ALKALISATION
CELLULOSE WITH CS, DERIVATISED-CELLULOSE
VISCOSE
FIBER REGENERATION SPINNING

Figure I. 7 : Viscose process.

However, the viscose process requires a complezepsing, high quality dissolving pulp and
releases in the atmosphere extremely toxic gases &sl Co or H,S. Several improvements
were developed for reducing the consumption of ¢balsn and gas release but alternative
processes, simpler with neither derivatisation emrironmentally hazardous chemicals, need to
be found.

1.2.2.2 NMMO/Lyocell process

Granacher and Sallman in 1939 (Graenacher & Salmaf39) were the first to study the
dissolution of cellulose in tertiary amine oxidest lit is only in the beginning of 1980s that
intensive research on producing cellulosic fibenamf amine oxide-cellulose mixtures was
carried out (Chanzy, Nawrot, Peguy, Smith, & Cherall982; Chanzy, Peguy, Chaunis, &
Monzie, 1980). The most promising amine oxide—basetiulose solvent is NMMO N-
metylmorpholineN-oxide) mixed with water, NMMO monohydrate. Becausk the high
polarity of N-O bond, NMMO has a high hydrophiliciand strong tendency to form hydrogen
bonds. NMMO disrupts the hydrogen bonds in cellellnstwork and forms complexes with new
H-bonds between cellulose and the solvent (Harmdim, Keefer, & Snider, 1992). A phase
diagram was built for the ternary system cellulbdéMO-Water (Rosenau, Potthast, Sixta, &
Kosma, 2001). Water and cellulose are in competifar hydrogen bonding with NMMO. In
only a limited range of compositions and tempeegtMMO-water mixture is able to dissolve
cellulose: on one hand, water content below 10%ireg a very high temperature for melting
NMMO-water which may degrade cellulose; on the oth@nd, with more than 25% of water
NMMO-water is not a cellulose solvent anymore (Gunat & Navard, 2006). Therefore
optimised water content was established at abo@f4.3Reaction side-products during cellulose
dissolution in NMMO monohydrate have been widelydgtd by Rosenau et al. (Rosenau et al.,
2001).

Spinning cellulose dissolved in NMMO monohydrat@dsv an industrial process called Lyocell
(Lenzing, Austria) (Figure I. 8). Cellulose fibeage directly obtained from the cellulose-NMMO
solutions without any derivatization (contrary toetViscose process with alkalization and
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xanthanation). The main advantages of the Lyoaeltgss are a lower number of processing
steps, a low toxicity and biodegradability of NMMdDd its efficient recovery (99% of NMMO
can be completely recycled). Unlike the viscosecess, the Lyocell technology may use a large
range of cellulose fibre variety (paper grade pulgton, waste paper...). The major drawback
of Lyocell fibers, used mainly in the textile indnys is their relatively low surface energy, which
makes it difficult for dyes to bind to it. They albave a tendency towards fibrillation in the wet
state but this problem is almost solved by fundlsing surface of fibers.

|i - I I_ DISSOLVING SPINNING WASHING
NMMO
RECYCLING LYOCELL
FIBER

Figure I. 8 : Lyocell process.

1.2.2.3 Dissolution of cellulose in NaOH-water

Studies of cellulose and aqueous solutions of sodiydroxide started back in the nineteenth
century with the Viscose process and were focusethe dissolution of cellulose xanthate and
the mercerisation process. The latter is a tredtmienative cellulose with concentrated caustic
alkaline solution (18-20%) which improves smoottmelye intake and mechanical properties of
cotton fibers. Mercerisation plays a role in therpmwmlogical change in cell wall cotton:
crystalline structure of cellulose | changes inadlwose Il. However, mercerisation is not a
dissolution process; it results in cellulose fibnghly swollen state with a rather complex
modification of morphology and of crystalline sttuie of cellulose.

In the 1930s, Davidson and a few years later Sahwmved that it is possible to dissolve
cellulose in an aqueous solution of sodium hydrexidavidson (Davidson, 1934, 1936) found
that up to 80% of cellulose (of a low molar massyrbe dissolved in 10% NaOH-water at low
temperature of -5°C. He noticed that when the chemgth decreases solubility increases and
concluded that it is probably impossible to dissolvnmodified (with higher molar mass)
cellulose. Sobue (Sobue, Kiessig, & Hess, 1939)oeap the whole cellulose-NaOH-water
ternary phase diagram (Figure I. 9) and showed thatather limited range of NaOH
concentrations (7-10%) and temperature (-5°C - @dD)dissolve cellulose.
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Figure I. 9 : Phase diagram of the cellulose/NaOH/ater system as function of NaOH concentration
and temperature: different types of Na-cellulose aoplexes, adapted from (Sobue et al., 1939).

An important breakthrough in cellulose dissolutinrlNaOH was made in 1980s by a group of
Japanese researchers from Asahi Chemical IndustiCa. In a series of papers they intensively
studied cellulose dissolution mechanism using veriapproaches such as fRC-NMR or X-
ray (Kamide, Okajima, & Kowsaka, 1992; Kamide, Oke, Matsui, & Kowsaka, 1984;
Kamide, Saito, & Kowsaka, 1987; Yamada, KowsakatsMia Okajima, & Kamide, 1992,
Yamane, Saito, & Okajima, 1996; T Yamashiki, Sajt¥lasuda, Okajima, & Kamide, 1990;
Takashi Yamashiki et al., 1988). The intramolechigadrogen bond betweens®i---Os (Figure

l. 4) has been identified as the bond to be weakémrea dissolution of cellulose in NaOH-water
system. Isogai and Atalla (Isogai & Atalla, 1998amaged to dissolve cellulose from various
sources in aqueous NaOH. First a suspension aflesd in 8.5% NaOH solution is frozen at -
20°C which is then allowed to thaw at room temperato obtain a gel-like material. Water is
then added to give a solution of 2% cellulose in$&OH-water.

However, aqueous NaOH presents major drawbacks @dl@dose solvent for an industrial
process. First the maximum cellulose concentratissolved is rather limited (<7-9%) (Egal,
Budtova, & Navard, 2007) and cellulose solutioresiastable and gel with time and temperature
(Roy, Budtova, & Navard, 2003). Secondly, the pssceequires important source of energy to
cool down the solution to -6°C or even -20°C ifezeng-thawing is performed.

Additives were studied to enhance stability andulsidity of cellulose-NaOH solutions.
Urea/NaOH/water and thiourea/NaOH/water were shtomMoe a direct solvent of cellulose and
to improve cellulose dissolution (Zhang, Ruan, &Ga002; Zhou, Zhang, & Cai, 2004). Cai
claimed that at low temperature alkali hydrategauhydrates and free water make a sort of
envelope around cellulose molecules destroyingdirdnd intermolecular hydrogen bonds and
reduce cellulose self-association (Cai & Zhang,2@ai, Zhang, et al., 2008). Urea was shown
not to interact with cellulose and its role is be&d to bind water, making cellulose-NaOH links
more stable (Cai, Zhang, et al., 2008; Egal, Buat& Navard, 2008).
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Zinc oxide (ZnO) was also investigated and was shtwimprove cellulose dissolution. One
reason was explained by the stronger hydrogen bbetilseen cellulose and Zn(Of) as
compared to hydrated NaOH (Yang, Qin, & Zhang, 20ZhO has an influence for delaying
gelation of cellulose-NaOH solutions improving thetability (Liu, Budtova, & Navard, 2011).
ZnO is also believed to act as a water “binder”.

However, the maximal concentration of cellulose agma low (around 10%) even with additives
and gelation may be delayed but not avoided.

1.2.2.4 Dissolution of cellulose in lonic Liquids

It has been shown above that a limited amount atiter complex solvents are able to dissolve
cellulose. Some of them are either toxic or vadatl cannot dissolve a large concentration of
cellulose. Dissolution of cellulose has an impartarerest as it is the first step to shape
cellulose into fibers, films, sponges or beads a@sd for syntheses of cellulose derivatives.

lonic liquids (IL) have been under intense researeér the past decade as new solvents for
cellulose. They are defined as molten salts witHtinge points below 100°C. They have
numerous attractive properties such as chemicaltlaeminal stability and low vapour pressure
and other physical and chemical characterisatioag be tuned by the choice of cations and
anions. The first description of cellulose dissointin IL (benzylpyridinium chloride, a
guaternary ammonium salt) dates back to 1934 (Guder, 1934) but it is in 2002 that
Swatloski et al. reported that imidazolium-based duch as 1-butyl-3-methylimidazolium
chloride (BMIMCI) were able to dissolve cellulose high concentration without pre-activation
(Swatloski, Spear, Holbrey, & Rogers, 2002). In tb#owing years, many other cellulose-
dissolving IL were reported, mainly based on diltkidazolium or pyridinium cations and
chloride and acetate as anions. The most commane BMIMCI, 1-allyl-3-methylimidazolium
chloride (AMIMCI) or 1-methyl-3-methylimidazoliumcatate (EMIMACc) (Figure I. 10).

c® o/ P ﬁ/ 0@ ﬁ/
SRS
S )

AMIMCI BMIMCI EMIMACc

Figure 1. 10 : Most common cellulose-dissolving iaa liquids.

The dissolution of cellulose in IL is rather simmed occurs without derivatisation (except
minor acetylation at end groups in EMIMAc (Ebnech®hser, Potthast, & Rosenau, 2008;
Karatzos, Edye, & Wellard, 2011)). Its mechanismma well known yet. It is thought that

anions and cations are involved in the dissolutiBation such as imidazolium acts as the
electron acceptor and may interact with the oxyagem of cellulose whereas chloride or acetate
anion is the electron pair donor and may bind tygrdgen of cellulose. These interactions result
in the decrease of cellulose inter- and intra-hgdrobonds enhancing cellulose solubility. It had
been confirmed byH-NMR that interactions occur between chloride asi@r acetate anions
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and cellulose hydrogen atoms of hydroxyls and betwéhe aromatic protons in cations
[BMIM] * or [EMIM] " and oxygen (Feng & Chen, 2008; Remsing, Swatld¥bgers, & Moyna,
2006; Zhang et al., 2010) (Figure 1. 11). A scregnof more than 2000 ionic liquids was
performed with a COSMOS-RS model (Conductor-likeeBning Model for Realistic Solvation)
which is in a good agreement with experimental datlable in the literature (Kahlen, Masuch,
& Leonhard, 2010). They also showed that anionsnaaily responsible for IL dissolving
power and gave potential optimised cellulose sdbkieBupta et al. predicted by molecular
dynamic simulations that 1-n-butyl-3-imidazoliumetate (BMIMAC) has the strongest capacity
to break hydrogen-bonds in cellulose (Gupta, HJjdhg, 2011).

Cellulose Cellulose
Cellulose /\‘/\‘/ Cellulose /\‘/\/

M W emm®c® o H o

Figure I. 11 : Posssible dissolution mechanism oéltulose in BMIMCI, adapted from (Feng &
Chen, 2008).

The understanding of cellulose-IL solutions rheaafproperties is crucial for all the cellulose
process: from dissolution (handling of the solusiodesign of reaction vessels pipe systems...)
to the final product (spinning of fibers, chemia#rivatisation...). Shear flow properties of
cellulose-IL solutions were investigated as a fiomcbf cellulose concentration and temperature
(Collier, Watson, Collier, & Petrovan, 2008; Hawa®harma, Butts, McKinley, & Rahatekar,
2012; Kosan, Michels, & Meister, 2008; Sammons,li€gl Rials, & Petrovan, 2008). More
detailed and complete studies on cellulose hydradya properties were carried out for
AMIMCI (Kuang, Zhao, Niu, Zhang, & Wang, 2008), EMAc (Gericke, Schlufter, Liebert,
Heinze, & Budtova, 2009; Sescousse, Le, Ries, &t@®wa] 2010) and BMIMCI (Sescousse et
al., 2010) in dilute and semi-dilute states. Sditybof cellulose in these IL is very high with
cellulose concentrations of 10.¢% and a maximum predicted to be aroung:%7(Lovell et

al., 2010). In contrast to many common liquids, Miscosities are at least two orders of
magnitudes higher which may be a disadvantageditulose processing (Gericke et al., 2009).
It has also been reported that the intrinsic viggosf cellulose-IL solutions decreases with
increasing temperature, showing a decrease of hkembdynamic quality of the solvent
(therefore a decrease in solubility) (Gericke et2009).

Cellulose dissolution in ionic liquids is very praimg and opens new perspectives as higher
cellulose solubility can be reached. A large raofjeellulose shaping has been under research to
produce fibers with similar properties as Lyoceliefs (Kosan et al., 2008), films (Cao, Li,
Zhang, Zhang, & He, 2010), or porous monoliths ¢Basse, Gavillon, & Budtova, 2011;
Tsioptsias, Stefopoulos, Kokkinomalis, Papadopoudo®Panayiotou, 2008). IL are also widely
studied as a reaction media for the homogeneoutesia of cellulose derivatives (El Seoud,
Koschella, Fidale, Dorn, & Heinze, 2007; Gerickardim, & Heinze, 2012; Koéhler, Liebert, &
Heinze, 2008; Pinkert, Marsh, Pang, & Staiger, 2009

39



Chapter I: State of the art

However, even if IL have demonstrated a huge ptleior cellulose chemistry, several
drawbacks become apparent that need to be solvexhfmdustrialisation of cellulose-IL-based
processes.

First the purity of IL is a key factor. Residueswfreacted starting materials or side products
may be present in IL (Keil, Kick, & Konig, 2012),hich have a strong effect on cellulose
derivatization (especially if carried out in anhgds conditions) or decrease IL cellulose
dissolution power. Purification techniques of ILvhabeen improved in the recent years with
grades of> 98-99%. However, EMIMACc is known to be of rathewl purity between 90 and
95%. The presence of water plays also an impog#att. Water is cellulose non-solvent and
precipitates cellulose from the solutions. IL albsbigh amounts of moisture present in the air.
The mixing of water and EMIMACc is exothermal, anchas been shown that these two fluids
interact without the formation of new compounds (¢4 al., 2012). It has been reported that
cellulose-EMIMAC solutions tolerate up to 15% oftesin dilute cellulose solutions without
altering their rheological properties (Le, SesceugsBudtova, 2011).

IL are believed to be thermally stable to 400°C ahdmically inert. However, some recent
studies have tempered these assertions espeaasliyitlazolium-based IL. They can participate
in derivatization reactions and may induce the fatram of unexpected products (Chowdhury,
Mohan, & Scott, 2007; Sowmiah, Srinivasadesikanengs & Chu, 2009). EMIMAc for
example, may undergo self-deprotonation leading tibormation of carbene species. These
carbenes can react with end-group of cellulosdsiraidehyde form (Figure I. 12). It has also
been claimed that side reactions as acetylatiaelddlose by EMIMAc might occur confirming
that IL are “non-innocent” solvents (Ebner et 2008; Karatzos et al., 2011).

OH
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Figure I. 12 : Possible side reaction observed durj the dissolution of cellulose in EMIMAC,
adapted from (Gericke et al., 2012).

IL demonstrated chemical decomposition at lowerperatures than stated especially in the
presence of impurities (Kosmulski, Gustafsson, &&uholm, 2004). Onset temperature for the
chemical decomposition were determined for EMIMAc 181°C and 179°C for BMIMCI
(Wendler, Todi, & Meister, 2012). However, it is ieeyond the usual temperature for cellulose
dissolution (Gericke et al., 2009; Sescousse £2@10).
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IL are said to be “green solvents” thanks to thpdiysical and chemical interesting properties,
their stability and their high cellulose dissolutioapacity. However, few studies were carried
out on their toxicity (Welton, 2011). The toxicigtrongly depends on the nature of the cation
and its alkyl chain lengths and anions (Docherti#pa, Jr., 2005; Jastorff et al., 2005).

A life cycle analysis of cellulose dissolution wiMIMCI was performed and compared to the
one for NMMO/HO process (Righi et al., 2011). Laboratory scaleliss showed promising
features for highly concentrated cellulose soligjono production of dangerous by-products
(such as €S or heavy metals) and simple and fast processe®akng the electric energy
consumption. For these two solvents, the major ridmutton to environmental impacts come
from starting materials syntheses (for BMIMCI, teynthetic pathway to imidazolium cation)
which require long supply chains from natural reses, a large amount of organic materials,
energy and solvents.

Taking into account the high production costs oftd their environmental and safety issues, an
efficient recycling of IL is one of the key parametIL have mostly a very low vapor pressure;
thus volatile impurities such as methylimidazoliuatkylation agents or water can be removed
by distillation techniques or by active carbon andlecular sieves (Keil et al., 2012), but they
are energy intensive processes. Recycling IL catorbe extremely difficult depending on
impurities such as bases (Gericke et al., 2012).

Further investigations and a complete evaluatiorecflogical and economical aspects are
required to move cellulose dissolution in IL towsrdn industrial scale, especially on the IL
recycling and purification.

1.3 Pectin

1.3.1 Origin and structure of pectin

Pectin is widely present in many terrestrial plaatgl is found in the middle lamellae and
primary cell walls where it helps to bind cellsogi¢ther. It is also associated to other chemical
components of cell membrane such as cellulose,dsdimiose or lignin via chemical or physical
bonds. Depending on the nature, the age and paptaots, a wide range of structures and
chemical compositions of pectin is observed. Actwydo the age of the plant, pectin can be
found in two forms, one igropectin(insoluble and linked to other components) andather is
pectic acidwhich is soluble in water. Protopectin is gradyalbnverted into pectic acid in time
by enzymes, pectinase and pectinesterase. In thce$s of ripening, cells become separated
from each other as the middle lamellae breaks davdhithe fruit becomes softer.

Pectin is a linear polymer of(1-4) D-galacturonic acid repeated units (Figurg3). As shown

in the previous sectiom;-chains have a spatial configuration as a coilb@gylic acid functions
may be esterified by methanol during the biosynthgdohnen, 2008). The degree of
esterification (DE) is defined as the number ofeeSed acid functions for 100 units of
galacturonic acid on the main chaidigh Methoxy(HM) pectins have a DE>50 aricbw
Methoxy(LM) pectin a DE<50 (Figure I. 13). Acid functioase usually neutralised by mono- or
divalent cations such as sodium, potassium, calcduammonium salts.

41



Chapter I: State of the art

Figure I. 13 : Structure of pectin.

Some ramifications made of short chains of sugsargadactanes, arabanes or xylanes, or acetyl
groups may be branched on hydroxyl group®1KCC; on the main chain. The regular structure of
galacturonic acid chains is also interrupted by ghesence of-L Rhamnose (on £and G)
units which cause deviations called “pectic elbo@sgure 1. 14). This flexibility in the chain
easies the formation of a tridimensional networét #re gelation process (Mohnen, 2008; Sila et
al., 2009).

In summary, pectin is characterised by its galactier acid content, the length of its chains
(molecular mass) and the degree of substitutiadegree of esterification (DE).

Side chains
/ rrrrrrr —— Pectic elbow
Rhamnoses I -

Galacturonic
segments

Figure I. 14 : Schematic representation of a pectimolecule, adapted from (Tilly, 2010).

1.3.2 Pectin extraction

Pectin is mainly extracted from dried citrus peebpple pomace, by-products of juice industry,
since they have a high content in protopectin agctip acid. First, the starting materials are
placed in a hot dilute acid bath with a pH of 1.5-fr several hours (Figure 1. 15). Protopectin
loses some of its branching and its chain lengtha@mverts into pectic acid which is dissolved
into water. Remaining solids are separated and dbleition extracted is clarified and

concentrated in vacuum. Pectin is then precipitdtedadding an alcohol (usually ethanol or
isopropanol). The precipitate is washed, dried undeuum and grinding to obtain a fine
powder. Temperature, pH and hydrolysis time canchaeeful controlled to tune the DE.
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Extracted pectins have usually a DE between 55 7% (HM pectins) (May, 1990; Tilly,
2010).

PLE POMACE HOT WATER SFEIS::;I(?I\T, PRECIPITATION WASHING
’
m EXTRACTION CONCENTRATION IN ALCOHOL DRYING
HM PECTINS DEMETHYLATION

LM PECTINS
AMMONIA
TREATMENT
AMIDATED
LM PECTINS

Figure I. 15 : Process for extracting pectin.

Low methoxy pectins (LM) can be obtained eitheraoid or alkaline hydrolysis of HM pectins.
Amidated (-NH groups instead of -OGHLM pectins can also be produced from HM pectins
by alkaline hydrolysis using ammonia solution.

Final products are carefully analysed to produammstant quality since the pectin content of
raw materials can be various.

1.3.3 Physical properties and applications

Pectin is well known for its ability to form gelBepending on the DE, mechanisms of gelation
and properties of gels are different. A gel isr@éhdimensional network of polymeric molecules
immersed in a liquid solvent. The presence of “jeeetbows” prevents having long junction
zones or pectin total precipitation and improvesfrmation of a network.

1.3.3.1 Gelation mechanism of HM pectins

Hydrogen bonds and hydrophobic interactions (duthéomethyl groups of esters) are mainly
responsible for the gelation of HM pectin. Gelatisnimproved by the addition of acid and

sugars (Oakenfull, 1992; Oakenfull & Scott, 1984).

By decreasing pH (typically below 3), all carboxyliroups are under the acidic form COOH,
i.e. non-ionised, which decreases electrostatialsggns between polymer chains and improves
their association. In addition, more H-bonds aremfed between methoxyl, carboxyl and

hydroxyl groups (Figure I. 16).
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Figure I. 16 : Hydrogen bonds network in pectin atow pH, adapted from (Tilly, 2010).

The addition of sucrose (at a concentration abdyg?® improves greatly the gel formation

(Thakur, Singh, & Handa, 1997). It acts as a dedyialy agent by decreasing the water activity.
Therefore, chains become closer which enhance Hibgmetwork. It also plays the role of

stabilising junction zones with hydrophobic intdracs (mainly Van der Waals bonds between
methoxyl groups), by increasing the number of galanic units involved.

Several intrinsic and extrinsic factors influenceadly rheological properties of pectin solutions
and gels (Evageliou, Richardson, & Morris, 2000;fdrén, Guillotin, Evenbratt, Schols, &

Hermansson, 2005), for example sources of pectth ien DP give different gels textures;

gelation time and gel strength are inversely propoal to pH (Tilly, 2010).

1.3.3.2 Gelation mechanism of LM pectins

For low esterified (LM) pectins, hydrophobic intetians are rather weak and pectin gels only in
the presence of divalent cations such a&.0de mechanism of gelation was found to be similar
to that of alginate. It relies mainly on the weldwn “egg-box” model (Grant, Morris, Rees,
Smith, & Thom, 1973) and it involves junction zonasassociated galacturonic units linked
intermolecularly through electrostatic and ioniaidimg of carboxylic groups. (Figure I. 17). The
oxygen atoms of the hydroxyls groups (onadd G), oxygen atom in the ring and the oxygen
on the glycosidic bonds participate in the bondprgcess through their free-electron pairs
(Kohn, 1987). The bonds are stable when there taleaat seven consecutive carboxyl groups

(Powell, Morris, Gidley, & Rees, 1982).

44



Chapter I: State of the art
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Figure I. 17 : Schematic representation of LM pectis gelation by calcium ions: the “egg box”
packing, adapted from (Sriamornsak, 2003; Tilly, 2Q0).

SOLUTION

The gel is a network of cross-linked pectin molesulThe cross-links formed by ionic bonds are
strong. The gel formed is less elastic than theforreed by H-bonds. Again, sources of pectin
have major impacts on gelation. For example, fradoaxylic acids are dispatched in blocks
along the chain for citrus pectin and randomly dpple pectin (Tilly, 2010). pH and calcium
concentration also play an important role (Capétobdi, Durand, Boulenguer, & Langendorff,
2006; Fraeye et al., 2010). Gel strength increaséssincreasing C& or pectin concentration.
Sugar addition is not essential for pectin gelabah small amounts (10-20%) of sugars tend to
decrease syneresis and add firmness to gels (Snaaig 2003).

Amidation (formation of an amide function COORHIncreases the gelling ability of LM-pectin
since amidated pectins need less calcium to géaraas there are less free carboxylic acid
groups (May, 1990).

Due to their various functionalities, pectins (centional or amidated) are widely used in food
industry such as fruit-based preparations and sauciags, fillings or sweets. HM-pectins are
mainly used for jams and sweets and for stabilismg drinks. LM-pectins applications are
wider since they are less sensitive to pH and raterals. They are used as a gelling agent for
fillings, toppings or fruits yaourts.

Pectin gels have found a large range of applicatinrpharmaceutics as drug controlled release
matrices (Sriamornsak, 2003).

2. Aerogels and porous polysaccharides

2.1 Generalities on aerogels

The term aerogel was first introduced by Kistled880s to design gels in which the liquid was
replaced with a gas, with very moderate shrinkaiggeb solid network. (Kistler, 1931, 1932).
No official definition exists for aerogels and thefer generally to dried gels with a very high
porosity (>90%), low apparent densities and lafggrgic surface areas . Supercritical drying is
a classical technique for making aerogels. Othehnrtigues, such as freeze-drying or ambient
pressure drying in special conditions, leading tdamals similar to aerogel, can also be used in
some cases. Supercrititical drying remains theetegice” technique for making aerogels, both
organic and inorganic.
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During classical evaporative drying, the liquid wliniis contained inside pores, starts to
evaporate. The cohesive intermolecular forces withe liquid become lower than the adhesive
intermolecular forces between the liquid and thelsdhis difference in specific energy of the
liquid-vapor interface and the solid-liquid interéacreates a concave meniscus. Pore walls are
submitted to capillary forces (Figure |. 18): witke liquid evaporation, the meniscus curvature
increases and forces may be strong enough to thhackolid or to provoke a strong contraction
and even pore collapse. Capillary pressure canxpeessed by the Young-Laplace equation
(Equation (1. 1)).

2y cos @
pe = YT (. 1)

with y the surface tension between the evaporating lignaigas phase

0 the angle between the contact angle formed betwleersolid and the liquid (forming the
meniscus) (Figure 1. 18)

R the characteristic pore radius.

Meniscus

Capillary Forces

Figure I. 18 : lllustration of capillary forces during drying.

To avoid the capillary forces, it is necessaryupmess the liquid/gas surface tension. One way
is to transform the liquid inside pores to a supgcal fluid with a null surface tension. A
supercritical fluid is a fluid in its supercriticatate and has properties midway between a liquid
and a gas (Figure 1. 19). It has the density afjad but expands like a gas. Supercritical drying
consists in putting the material is such condititimest the pressure and temperature exceed the
critical temperature Jand critical pressure.ef the liquid trapped in the gel pores. Supetaaiti
CO; is usually used as its&nd R are easily reachable; £72.8 bar and ;= 31.1°C.
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Figure I. 19 : Different drying processes. Above th critical temperature (T,) and pressure (R) is
the domain of supercritical conditions.

Classical aerogels are prepared by the polymenizésol-gel” process which is a method for
producing solid materials from small molecules. Fexample, for silica aerogels, particles
dispersed in a colloidal solution (a sol) underdeemical cross-linking (often a series of
hydrolysis and polymerization) to form a continuotigee-dimensional network extending
throughout the liquid (a gel) (Figure I. 20). Thel gs washed with ethanol several times and
dried by supercritical C&to give an aerogel.
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Figure I. 20 : the sol-gel process: sol (a); gelXb

This route is widely used for inorganic gels. Sel-grecursors can be metallic salts Mot
more recently alkoxides M(OR(Pierre & Pajonk, 2002). Silica aerogels are thestneommon
aerogels and are extensively studied and usedé&éesection).

Pekala and his co-workers studied organic aerodedsn resorcinol/formaldehyde and
melamine/formaldehyde (Pekala, 1989). These orgaeiogels were shown to be less brittle
than inorganic ones. They also can be convertedaatbon aerogels through pyrolysis (Pekala
et al., 1998).

More recently, ultra-porous organic aerogel-liketenials from polysaccharides were prepared
(Fischer, Rigacci, Pirard, Berthon-Fabry, & Achar2Q06; Garcia-Gonzalez, Alnaief, &
Smirnova, 2011; Gavillon & Budtova, 2008; Mehlirfgmirnova, Guenther, & Neubert, 2009;
Quignard, Valentin, & Di Renzo, 2008; White, Buadear& Clark, 2010).They present similar
interesting structural properties as silica aemmget. low density, rather high specific surface
area (but slightly lower than silica aerogels) gmdosity. However, the process of gelation is

a7



Chapter I: State of the art

rather different from the sol-gel route. Polysactles are already polymers and the gel
formation can be via two processgdtysical gelrefers to a gel formed by entanglements or
weak forces (e.g. hydrogen bonds) between polynodrdins; anctchemical gelwhere a cross-
linking occurs between chains by coupling agent cooss-linker promoters. For some
polysaccharides there may even be no gelationlafoal example, wet cellulose monoliths
network is formed simply by cellulose coagulatioonfi solution into non-solvent.

It seems therefore relevant to make a distincti@wben porous structure prepared by
conventional sol-gel route and the one preparedn frentangled polymers. Even if the

“polysaccharide aerogel” expression is widely useliterature, a different notation will be used
for porous materials from polysaccharides physieds, taken from (Gavillon & Budtova, 2008;

Innerlohinger, Weber, & Kraft, 2006). The prefix éfo"- followed by the name of the

polysaccharide, e.g. “Aero-cellulose”, will be pratd.

2.2 Silica aerogels

Silica aerogels are the most studied aerogel nadgeri

Its preparation is via the sol-gel route with thieation of siloxane bridges (-Si-O-Si-) between
Si atoms delivered by precursor molecules. Ther&psors are frequently alkoxides Si(@R)
with R=alkyl chain and OR=alkoxide group. OftenisRa methyl group -Ckland the alkoxide is
called TetraMethOxySilane (TMOS) or R is an ethypup -CH-CH; and the alkoxide is
TetraEthOxySilane (TEOS). Si alkoxides are usudilbpersed in ethanol or isopropanol and are
pre-polymerized to small extent (oligomers). Thetymerization is carried out by simultaneous
hydrolysis (Figure I. 21a) and polycondensatiorwater (Figure I. 21b) and alcohol (Figure 1.
21c).

—Si—OR + HO — > —Si-OH + R-OH (a)
—Si—OH +  HO-Si —> —Si-0-Si— + H.0 (b)
—Si—OR + HO-Si —> —Si-0-Si— + R-OH (c)

Figure I. 21 : Synthesis of silica polymers chains.

It is catalyzed either by bases (ammonia) or aiti3l). Under acidic catalysis, hydrolysis and
condensation lead to weakly branched structureseasebasic conditions favours cross-linking
and lead to denser gels with broader pores sizeldison.

Silica aerogels have interesting structural progeitPierre & Rigacci, 2011; Soleimani Dorcheh
& Abbasi, 2008). They have a skeletal density adoBrg/cni close to the one of amorphous
silica (ps=2.2 g/cn). They are ultra-porous (with porosity above 9G#6) ultra-light with bulk
density varying from 0.003 to 0.35 g/&niTheir specific surface are exceeding 600 mg
reaching sometimes 1000 m?/g. Silica aerogels asoporous with pores size typically from 5
to 100 nm and an average pore diameter between®8@nm (Figure |. 22).
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Figure I. 22 : Pore size distribution of a silica arogel with a bulk density of 0.15 g/crhobtained by
non-intrusive mercury porosimetry (Pierre & Rigacci, 2011) with kind permission from Springer
Science and Business Media (a); SEM image of a eiliaerogel with a bulk density of 0.18 g/cfn
(Koebel, Rigacci, & Achard, 2012) with kind permisfon from Springer Science and Business
Media. (b).

After supercritical drying, silica aerogels stilbrdain some residual reactive groups, such as
alkoxy and hydroxyl groups, which give certain hyghilicity. However, for many applications,

it is necessary to have hydrophobic materials dioabhot absorbing humidity. Hydrophobisation
of silica aerogels was widely studied (Anderson &Gll, 2011). Briefly, the pore surface of
silica aerogels is covered with non-polar functisnsh as —Si-Cky silylation (Figure I. 23).

Si OH

Si ——OH Silylation
B ——

Si ——OH Si
Si/ZOH Si

Figure I. 23 : Hydrophobisation of silica aerogel iy silylation.

0 — Si-CH,

Si 0 — Si-CH,

0 — Si-CH,

0 — Si-CH,

Due to their nanostructure, silica aerogels presenyt interesting physical properties. They are
known for their very low thermal conductivity, 0®W.m*K™, and they are thus one of the
best thermal insulating materials (see section. 3[Rey are optically transparent and they
present potential application for opaque or trarespansulating component (Figure I. 24).
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Figure I. 24 : Transparency of silica aerogel andi$ potential for transparent insulation glazing
(Koebel et al., 2012) with kind permission from Sgnger Science and Business Media.

Aerogels have also a large range of other apptinat{Akimov, 2003; Pierre & Pajonk, 2002):
for gas or liquid purification, for adsorption gfis, for catalysis, for space industry as a ti@p
space dust particles (“Stardust” project) or agféective insulating materials of the Mars Rover.

2.3 Polysaccharides-based aerogels

Polysaccharides-based aerogels are a kind of “fpgrteration” aerogels succeeding the silica
and synthetic polymer-based ones. Polysaccharidegels (or aero-polysaccharides) have
somewhat similar structural and mechanical properaas compared to their inorganic and
synthetic polymer counterparts, but have a majoraathge of being bio-based and their
preparation does not involve toxic components.

In this section, different types of polysaccharidgesogels will be presented (from cellulose,
starch, alginate and pectin) in order to illustridite variety of aerogel morphologies that can be
achieved and the different mechanisms involvedhéir tpreparation.

Aerogel-like cellulose is usually prepared fromlaelse Il but it can also be prepared from
cellulose | such as bacterial cellulose (Liebnealgt2010) or nanofibrillated cellulose (Kettunen
et al., 2011). The obtained aerocelluloses have leer densities of 0.008 g/chf10 times lower
than other aerocelluloses), a specific surface afezZ00 m2/g and very large pores but also
smaller macropores similar to aerocelluloses freftulose Il. Aerogels of chitin or chitosan are
also under intensive research (Chang, Chen, & R808; El Kadib & Bousmina, 2012;
Robitzer, Renzo, & Quignard, 2011; Silva, Duartenv@lho, Mano, & Reis, 2011; Tsioptsias,
Michailof, Stauropoulos, & Panayiotou, 2009; ValentBonelli, Garrone, Di Renzo, &
Quignard, 2007; Valentin, Molvinger, Quignard, &uel, 2003). They will not be presented in
details in this section.

2.3.1 Aerogels from cellulose and its derivatives

The preparation of cellulose (cellulose 1) aereged materials, so-called Aerocellulose
(Innerlohinger et al., 2006), comprises the follogvsteps:

- dissolution of cellulose in a direct solvent

- casting (films, monoliths, beads),

- coagulation in a non-solvent (water or alcohols),
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- drying either by freeze-drying (cryogel) or supércal drying (aerogel-like).

When coagulation process occurs in water, therléteeplaced by a scGéniscible organic
solvent (acetone or alcohol) before supercriticafird). Aerocelluloses are made only of
cellulose and no chemical cross-linker or stahilisk cellulose network is used. The porous
network is formed by entangled coagulated celluldsains either from a solution (cellulose
dissolved in NMMO or ionic liquid) or from a physicgel (cellulose in NaOH-water). Various
shapes can be prepared depending on applicatichsasumonoliths or beads.

Various solvents of cellulose were used for prefpaerocellulose: calcium thiocyanate (Jin,
Nishiyama, Wada, & Kuga, 2004), NMMO (Innerlohingatr al., 2006; Liebner et al., 2009),
LiCI/DMAc (Duchemin, Staiger, Tucker, & Newman, 201 8% NaOH-water (Cai, Kimura,
Wada, Kuga, & Zhang, 2008; Gavillon & Budtova, 2p@8ionic liquids (Deng, Zhou, Du, Van
Kasteren, & Wang, 2009; Sescousse et al., 201pisas et al., 2008). Depending on the
drying methods, different morphologies are obtairmdfreeze drying cryogels have large pores
and low specific surface compared to aerogels duiedupercritical drying (Duchemin et al.,
2010; Hoepfner, Ratke, & Milow, 2008; Jin et aD02). This morphology is not in the scope of
our work and thus will not be further discussedlyCaerogels obtained via supercritical drying
will be presented in the following.

The solvent of cellulose has a strong impact onfithed morphology of aerocelluloses. Two
types of structures can be differentiated: a “firanetwork™like and a “globular’-like. A
network structure is observed for gelled (in 8%Na©OHCa(SCN) or solidified (NMMO
monohydrate) cellulose solutions (Figure I. 25).

Figure I. 25 : SEM images of aerocelluloses “netwé&rlike” from different solvents. 5% cellulose
Avicel-8%NaOH-water (Gavillon & Budtova, 2008) (a); 2%cellulose-Ca(SCN).4H,O (Hoepfner et
al., 2008) with kind permission from Springer Sciene and Business Media. (b); 3%cellulose-82%
solid NMMO-15%water (Gavillon & Budtova, 2008) (c). Reprinted with permission from (Gavillon
et al., 2008). Copyright (2008) American Chemical@iety.

A globular morphology is obtained when solutione eoagulated directly from the liquid state
(molten NMMO monohydrate or ionic liquids as EMIMA@-igure 1. 26).
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Figure I. 26 : SEM images of aerocelluloses “globat-like” from different solvents. 3%cellulose-
molten 82% NMMO-15%water (Gavillon & Budtova, 2008) (a). Reprinted with permission from
(Gavillon et al., 2008). Copyright (2008) AmericarChemical Society; 3% cellulose Avicel-lonic
liquid EMIMAC (Sescousse et al., 2011) (b). Reprisd from (Sescousse et al., 2011), Copyright
(2011), with permission from Elsevier.

These differences in morphologies may be explaimethe state of the cellulose solution before
the coagulation step (Sescousse et al., 2011).nkten NMMO and EMIMAc-cellulose
solutions, cellulose is homogeneously distributed ghase separation occurs in one step
(spinodal decomposition) which creates small sghéBeganska & Navard, 2009). On the other
hand, a gelation occurs for cellulose-NaOH-watdutgsms (where cellulose chains reorganize
and self-associate) so a micro-phase separatianobefore coagulation (Figure . 27).

Physical gelation

e
Dissolution (2\\: Coagulation

solvent S:g Y
Molten NMMO e‘b"\_ X3 i wr}

Spinodal decomposition

Figure I. 27 : Two mechanisms for a network or glohblar aerocellulose morphologies.

It has been shown that during coagulation and sueercritical drying, samples of aerocellulose
tend to shrink and the resulting volume can be tedeas 30-40% (Innerlohinger et al., 2006).
But shrinkage can be considerably decreased bgasorg the cellulose content. Having higher
cellulose concentration favours higher mechanitdibty in the porous network (Innerlohinger
et al., 2006; Liebner et al., 2009).

The densities of aerocelluloses depend on thalméllulose concentration (in solution). It was
demonstrated that bulk densities are directly pribggoal to cellulose concentration
independently of the solvent used (Hoepfner et28lQ8; Innerlohinger et al., 2006; Liebner et
al., 2009; Sescousse et al., 2011). Figure |. 2Blays this relationship between density and
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cellulose concentration. It has to be noted thasitg increases with the molecular weight of the

cellulose (shown by arrows).
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molwei%g\t
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Figure I. 28 : Aerocellulose densities as a functioof cellulose concentration. Graphic is taken from
(Wendler et al., 2013) based on data of (Gavillon 8udtova, 2008; Liebner et al., 2009; Sescousse
& Budtova, 2009; Sescousse et al., 2011)

Aerocelluloses with initial cellulose concentratibetween 0.5 and 186 give densities around
0.03-0.4 g/cmand specific surfaces of 100-400 m2/g (Table .. Thus the structural properties
of aerocelluloses can be easily tuned by adjustaiigilose concentration. For all aerocelluloses
presented in Table I. 2, nitrogen sorption isotleain77K were performed and the latter showed
a isotherm type IV typical for a mesoporous struet(see Chapter Il). The overall pore size

distribution is wide: from few nanometers to fewcnons.

Table I. 2 : Summary of aerocelluloses densities drspecific surfaces.

Density Seer
% Ceeluiose ~ Solvent 3 References
(8/cm’) (m?/g)
0.5-13 NMMO.H,0 0.1-0.4 100-400 (Innerlohinger et al., 2006)
4-6 NaOH-urea 0.13-0.27 260-400 (Cai, Kimura, et al., 2008)
1-7 LiOH-urea 0.03-0.58 290-480 (Cai, Kimura, et al., 2008)
1.73 AMIMCI 0.058 315 (Tsioptsias et al., 2008)
0.5-3 Ca(SCN),.4H,0 0.01-0.06 200-220 (Hoepfner et al., 2008)
3 NMMO.H,0 0.046-0.069 190-310 (Liebner et al., 2009)
(Gavillon & Budtova, 2008;
5 NaOH 0.10-0.30 200-300 )
Gavillon, 2007)
3-15 EMIMAC 0.13-0.38 128-228 (Sescousse, 2010)

Mechanical behavior of aerocelluloses was also stigated by (Sescousse et al.,, 2011) via
uniaxial compression tests. Young modulus E anttl \8&essoyieis Were determined from the
curve stress-strain. For an aerocellulose with rsithe of 0.1 g/cm the modulus is about 3-5
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MPa for cellulose-NaOH-water or cellulose-EMIMAchE yield stress is around 0.1-0.2 MPa.
Young modulus was plotted as a function of the laldksity according to the model of foams by
(Gibson & Ashby, 1999). A power-law is found to Be p* (Sescousse et al., 2011; Wendler et
al., 2013). The model by Gibson and Ashby predictexponent 2 for foams. The exponent 3 in
Young modulus-density correlation was already regubfor silica (Alaoui, Woignier, Scherer,
& Phalippou, 2008) and resorcinol-formaldehyde @akAlviso, & LeMay, 1990) aerogels and
is probably due to structural defects appearingnduthe sol-gel process or the cellulose
coagulation.

Cellulose derivatives for making aerogels, in maittr, cellulose ester, were also studied
(Fischer et al., 2006; Tan, Fung, Newman, & Vu, DOCellulose acetate was cross-linked by
isocyanate using a tin-based catalyst (Fischerl.et2806). By varying cellulose acetate
concentration and the degree of cross-linking, utede acetate aerogel morphology and
properties (bulk density, porous volume, pore sligribution...) were tuned. These aerogels
have rather low densities (0.2 gmhigh specific surface areas (140-250 m2/g) anteso- and

macroporous structure (pores from few nanometef@adundreds nanometers, (Figure I. 29).

Figure I. 29 : SEM image of cellulose acetate aeref(Fischer et al., 2006). Reprinted from (Fischer
et al., 2006), Copyright (2006), with permission fim Elsevier.

2.3.2 Aerogels from starch

As cellulose, starch is also one of the major sesiraf polysaccharides. It is composed of
amylose (linear chain of repeated units of glucase) amylopectin (branched chains of glucose)
(Figure 1. 30). The ratio between these two comptmetrongly depends on starch sources.
Usually starch contains 70-85% amylopectin.
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Figure I. 30 : Structure of main macromulecules corposing starch : amylose linear chain and
amylopectin branched chain.

Aerogels from starch are prepared in a differeny ws compared with cellulose, according to
the specificity of starch gelation. First, starchdargoesgelatinisation processgranules are
swelling in hot water and then bursting with amgldsaching out. The next step is starch
retrogradation when a hydrogel is formed upon cooling and agei@glation is mainly
influenced by amylose content and the temperatdregedatinisation. Then after several
exchanging water by G&rompatible liquids, coagulated starch is driedhwstCQ to give
“Aerostarch” (Glenn & Stern, 1999; Mehling et &Q09).

Various shapes can be prepared depending on applieauch as monoliths or beads (Figure |I.
31).

Figure I. 31 : Various shapes of aerostarch (Garci&onzalez et al., 2011; Garcia-Gonzélez, Uy,

Alnaief, & Smirnova, 2012; Mehling et al., 2009). Bprinted from (Garcia-Gonzalez et al., 2011),

Copyright (2011); from (Garcia-Gonzalez et al., 2(), Copyright (2012); from (Mehling, 2009),
Copyright (2009), with permission from Elsevier.

Starch gel shrinkage is observed during retrogradlatsolvent exchange and supercritical
drying. The volume can decrease down to 35-40%efrtitial volume for wheat and corn starch
(Glenn & Stern, 1999) and 23% for potatoes stakdbh(ing et al., 2009). The morphology of
aerostarch can be tuned by the temperature ofigektton. Higher temperature results in more
rigid gel structure and a denser network. At lovemperatures, smaller crystals appear during
the retrogradatation and they are more favourabiehfiving higher specific surface areas
(Mehling et al., 2009) (Figure 1. 32).
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Figure I. 32 : Influence of gelatinisation temperatire on the morphological structure of aerostarch:
T=120°C (a and b) and T= 140°C (c and d) (Garcia-Gzalez et al., 2011). Reprinted from (Garcia-
Gonzalez et al., 2011), Copyright (2011), with perission from Elsevier.

Aerostarch presents a mesoporous structure anardiserties depending on starch source are
summarised in Table I. 3. Starches concentraticang vary from 1 to 2Q%. Bulk densities are
about 0.25-0.30 g/cir(for 8% starch concentration) for wheat and caanches and 0.46 g/ém
(for a 10% starch) from potatoes starch. For higlylase corn or maize starch, bulk densities
are much lower (0.16 to 0.34 g/&m Specific surface areas are smaller as compaitd w
aerocelluloses and vary from 50 to 180 m?/g; thksp atrongly depend on starch various
sources. Specific surface area decreases witim¢heaise of starch content (Miao et al., 2008).

Table I. 3 : Summary of aerostarch structural propeties.

Density Sger

% C starch Starch Sources (g/cm?) (m?/g) References

8 Wheat 0.26 116  (Glenn & Stern, 1999)

8 Corn 0.29 50 (Glenn & Stern, 1999)

8 High Amylose Corn 0.16 145  (Glenn & Stern, 1999)
11.1 Potatoes 0.46 73 (Mehling et al., 2009)
11.1 High Amylose Maize 0.34 90 (Mehling et al., 2009)

) (White, Budarin, Luque, Clark, & Macquarrie,
4.7 High Amylose Corn - 184
2009)

15 Non-specified - 119 (Miao et al., 2008)

20 Non-specified - 99 (Miao et al., 2008)

25 Non-specified - 55 (Miao et al., 2008)

SEM images of various aerostarches are reportedrigore 1. 33. A network of small
interconnecting strands interrupted by starch demremnants is observed. With higher amylose
content, the porous structure is less disturbethéyresence of starch granule remnants.
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Figure I. 33 : SEM images of aerostarches from wheatarch (a); corn starch (b); high amylose
corn starch (c), adapted from (Glenn & Stern, 1999)

As the starch concentration increases, the porbustsre is denser with slimmer entangled
strands (Figure 1. 34). Aerostarches are highlyopsmwith pores varying from few nanometers
to few microns, for a large range of sources amtentrations.

Figure I. 34 : SEM images of aerostarch from 25% (a); 20,:% (b); 15,:% (c) of starch (Miao et al.,
2008). Reprinted from (Miao et al., 2008), Copyrigh(2008), with permission from Elsevier.

Aerostarches also present interesting mechanichkli@rmal properties (Glenn & Stern, 1999)
and they are summarised in Table I. 4. Their théooaductivity seems promising and they can
be used as an insulating material. They have a yooodulus E in uniaxial compressive tests
between 5 and 30 MPa depending on starch sourcglo&emcontent seems to have an impact on
the mechanical behavior of aerostarches. Amylopesppears to give strength to the porous
materials. Compressive stress is claimed to inered®ost linearly with the bulk densities of
aerostarches (Figure 1. 35) (Glenn & Stern, 1998)itdooks more like a power law dependence
(with ¢ ~ p>%, data extracted from Figure 1. 35).

Table I. 4 : Mechanical and thermal properties of arostarches (Glenn & Stern, 1999).

Starch sources £ A
(MPa) (mW/m.K)

Wheat starch 21 36

Corn starch 32 33

High amylose corn starch 5 24
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However, as some aerostarches seem to be relatntedynogeneous (Figure 1. 33), values of
Young modulus and thermal conductivity have to &leeh with care. They may vary greatly
depending on samples.

1.6 1
1.4 +

1.2 +

0.8 T

STRESS (MPa)

0.6 -

0.4 +

0.2

0 0.05 0.1 015 0.2 025 03 035 04
DENSITY (g/cc)

Figure I. 35 : Compressive stress as a function blilk density for aerostarch, adapted from (Glenn
& Stern, 1999).

2.3.3 Aerogels from alginate and pectin

Pectin and alginate can also form porous mateaiats aerogels. Because their gelation is very
similar, the structure and properties of pectin algghate aerogels will be reviewed together. As
well as pectin, alginates are widely used as thmeke in the food industry, as matrices for
encapsulation of drugs, proteins or enzymes.

Alginate (usually sodium alginate) is the basicnfoof alginic acid. It is produced by brown
algae. It consists of a copolymer of B4-mannuronic acid and-L-guluronic acid of various
compositions and sequences (Figure |. 36). Theigelaf alginate is similar to LM pectin and
involves the cross-linking of alginate by divaleation (CA" usually) following the “egg box”
model (Figure I. 17). Alginic acid gels can alsofbemed by lowering the pH of a Na-alginate
solutions (N& cations are replaced by protons) or from natiggnat acid (White, Antonio, et
al., 2010) similarly to HM pectin. In this case @@n occurs via hydrogen bonds and a physical
gel is formed.

Na* -00C

HOOC
HO OH o
HO
© o
Na* -00C
B-D-mannuronate

Na*-ooC
a-L-glucuronate

Figure I. 36 : Alginate structure.
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Quignard’s group (Quignard et al., 2008; Robitzayid, Rochas, Di Renzo, & Quignard, 2008;
Robitzer, David, Rochas, Di Renzo, & Quignard, 20@8lentin, Molvinger, Quignard, & Di
Renzo, 2005) has widely studied the propertiedgihate aerogels prepared from a solution of
2,% alginate in distilled water added to a solutidnCaClL (0.24 M) to form a hydrogel of
alginate. The hydrogel is then immersed in aCa@mpatible solvent like alcohols and dried by
scCQ. Volume contraction is also observed (about 20%)ng the solvent exchange and the
supercritical drying. It can be limited by prefegiprogressive increase of the alcohol content in
exchange baths than a direct immersion (Mehlingl.et2009; Robitzer et al., 2008). Various
shapes can be forms such as beads (Deze, Papagedigvvas, & Katsaros, 2012; Valentin et
al., 2005) or monoliths (Mehling et al., 2009) (g I. 37).

.

' o B2 RS X0 1 )

Figure I. 37 : Various shapes of alginate aerogehieads (a) (Robitzer et al., 2008). Reprinted with
permission from (Robtizer et al., 2008). Copyrigh{2008) American Chemical Society; monolith (b)
(Mehling et al., 2009). Reprinted from (Mehling, 209), Copyright (2009), with permission from
Elsevier.

The adsorption-desorption isotherm of &t 77K on alginate aerogel is typical of a type IV
isotherm which indicates the presence of mesop@&tactural characteristics seem to be very
promising and are summarised in Table I. 5. Dessitre relatively low (0.13-0.20 g/&m
specific surface areas are between 150-500 m?/gpandsity around 90%. Bulk density is
affected by the concentration of calcium. It tetmléncrease with increasing the amount of ‘Ca
(Mehling et al., 2009). The specific surface areaenss to follow the same tendency, it increases
until a maximum at a Gaconcentration of 0.24 mol/L is reached (Quignarele 2008).

Table I. 5 : Structural characterisations of alginde aerogels.

Gelation Density Sger

Type of alginate C% References
P & 0 method (g/cm®)  (m?/g)
20% guluronate 2% 0.24 M CaCl, - 342 (Valentin et al., 2005)
45% guluronate 2% 0.24 M Ca(l, - 339 (Valentin et al., 2005)
76% guluronate 2% 0.24 M CaCl, - 507 (Valentin et al., 2005)
(Robitzer et al., 2008; Robitzer
35% guluronate 1% 0.24 M CaCl, - 385
et al., 2008)
Na-alginate 2% 0.1M CaCO, 0.13 150-300 (Mehling et al., 2009)
Native alginic acid 4.7%  Heating 90°C-2h 0.22 320 (White, Antonio, et al., 2010)
Alginate non
2% 0.05 M CaCl, - 419 (Deze et al., 2012)

specified
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SEM images of alginate aerogels are given in Figug8. The morphology is an open network
of entangled fibrils. It strongly depends on thd&iah composition of alginate, i.e the ratio
between guluronic and mannuronic acids. The aesdgein guluronic-rich alginates present a
more compact nanostructure with fibrils with diaereaf 20-30 nm (Figure I. 38d) against 10-15
nm for mannuronic-rich alginate (Figure I. 38a).eTsize distribution of pores is broad and
centred around 40 nm (Robitzer et al., 2008). Boltdst of our knowledge, no extensive studies
on density, porosity, mechanical or thermal praperdf alginate aerogels have been reported.

Alginate aerogels have found many applications asadfold for drug release (Mehling et al.,
2009), for sorption of heavy metals from aqueoukitems (Deze et al.,, 2012), catalysis
(Quignard et al., 2008) or they can be carbonizmdelectro-chemical applications (White,
Antonio, et al., 2010).

Figure I. 38 : SEM images of alginate aerogels : 20 guluronate (a); 35% guluronate (b); 45%
guluronate (c) and 76% guluronate (d).
Pictures a, c and d are taken from (Valentin et aJ.2005), reprinted with permission from (Valentin
et al., 2005). Copyright (2005) Wiley.
Picture b is taken from (Robitzer et al., 2008), rprinted with permission from (Robtizer et al.,
2008). Copyright (2008) American Chemical Society.

Hydrogels of pectin are widely studied and usefbod industry (c.f. 1.3). However only few
papers reported dried pectin porous materials (Apjoat al., 2012; Chen, Chiou, Wang, &
Schiraldi, 2013; Garcia-Gonzalez, Carenza, Zengrdwa, & Roig, 2012; White, Budarin, et
al., 2010).

(White, Budarin, et al., 2010) were the first oner¢port the preparation of “aeropectin”. Two
different pathways were explored: native pectinament either a thermal gelation (an agueous
solution of pectin was heated at 90°C for 2h) omeidic gelation (pectin dissolved in an acidic
aqueous solution and let gelling for 48h). The bgat is then washed with ethanol-water
progressive baths (water is gradually replaced thgrel) and dried by scGOTwo different
morphologies were obtained (Figure |. 39): a powtter the thermal treatment (“‘thermal
aeropectin”) and monolith for acidic gelation (‘dici aeropectin”). SEM images of “thermal
aeropectin” showed large irregular agglomeratedtigges (about 50 pm), composed of
overlapping folded sheets of polysaccharide (FiguB®9a). “Thermal aeropectin” has a density
of 0.20 g/cm and a specific surface area of 485 m2/g. Contrarithermal aeropectin”, SEM
images of “acidic aeropectin” revealed a high pibyosith interconnected “fibers” composing a
network (Figure I. 39b). The Nadsorption-desorption showed an isotherm of ty¥pgypical of
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mesoporous structure. This aeropectin is very ligt@7 g/cm for a pectin concentration of
4.8,%and a specific surface of 200 m/g.
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Figure I. 39 : SEM images of aeropectin prepared fsm thermal gelation(a); acidic gelation (b)

(White, Budarin, et al., 2010). Reprinted with pernission from (White et al., 2010). Copyright
(2010) Wiley.
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(Garcia-Gonzalez et al., 2012) also prepared aetiopeom HM pectin with a different process
but obtained similar results. They dissolvgg® pectin in water (for 24 h) which is then heated
at 40-60°C for 30 min and ethanol is added undeiirgg. The mixture is let gelling for 24h.
After ethanol washing and scG@rying the aeropectin obtained presents a low tdalisity 0.08
g/cnt and a rather large specific surface 247 m2/g.

To the best of our knowledge, no paper was repootedpectin aerogel” prepared from a
divalent cation cross-linked hydrogel. One papaine to prepare pectin cryogels (freeze-dried)
from the gelation of pectin without and with catioross-linking (various cations such as'Na
ca&* and AP* were investigated) (Chen et al., 2013). Firstytseidied the influence of pectin
concentration on density and Young modulus (in a@®gon) for non-cross-linked cryogels.
Bulk densities are very light from 0.03 to 0.16rgldor 5 to 15:% pectin and seem to increase
linearly with polymer concentration. Mechanical jpecties are improved as the Young modulus
increases from 0.04 MPa for 2% pectin in solution to 12 MPa for 12.5% soluti®EM
images of pectin cryogels are given in Figure |. B@yered structures are observed. As pectin
concentration increases, the thickness of layeneases as well without a change in the overall
morphology (Figure I. 40a and b). For,® the morphology exhibited a network structure with
pores of few tens microns (Figure I. 40c). Authbedieved that it is due to the high viscosity
solutions at high pectin concentration. Growtha# crystals during the freezing is retarded by
the viscosity.
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Figure |. 40 : SEM images of pectin cryogels :,3%6 (a); 10,,% (b); 15,% (C); 5.:%+0.001mol/g N&
(d); 5,:%+0.001mol/g C&" (e); 5.%+0.001mol/g AF* (f) (Chen et al., 2013). Reprinted with
permission from (Chen et al., 2013). Copyright (2IB) American Chemical Society.

The addition of cations changes the mechanismlatiga and the structural properties of pectin
cryogels may be different. Three different catiovere chosen: a monovalent Na divalent
Ccd" and a trivalent AT. Sodium showed no ability to cross-link pectin itais well-known in

the literature). Densities are not affected by ddelition of C&" whereas moduli increase. A
cryogel with 5% pectin and 0.001 mol/g of CaChas a density of 0.06 g/énand Young
modulus increases from 0.07 to 1.2 MP&* Alas less impacts on the morphology; densities and
moduli are similar (0.06 g/cfrand 0.50 MPa). SEM images af% pectin cryogels cross-linked
with these three cations are reported in Figu40t-f. Layered structures are still visible but
have “rougher” surfaces when T4Figure 1. 40e) and AT (Figure 1. 40f) are used.

Polysaccharides have a great diversity (chemicattians, spatial conformations...) and thus
“aeropolysaccharides” are with a large range of phologies, densities and mechanical
properties that can be tuned with polysaccharige t9nd concentration, the addition of cross-
linkers or different solvents. The diversity of agolysaccharides gives therefore a large
potential of applications.

3. Applications of porous polysaccharides

Applications of porous polysaccharides are numewues to their high specific surface areas,
high porosity and their lightness. Two applicatiavii be described in this section: controlled
drug release and thermal insulation. Other appdinatin catalysis or biomedical scaffolds can
also be envisaged (Quignard et al., 2008).
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3.1 Drugrelease

First, silica aerogels were investigated as adshtifior cosmetics, as a matrix for biomedical or
pharmaceutical applications (Smirnova, 2011). Bangple, they were studied as drug carriers.
They present a large specific surface area whildwala higher loading capacity of a drug, a
faster dissolution rate compared to the solid foainthe drug and an efficient absorption by the
body. Also, hydrophilic silica aerogels fracturarquetely when they are placed in water, due to
the capillary forces (exerted by the surface tansiben a liquid enters the pores of the aerogel).
Drug molecules absorbed on the aerogel porouststeuare immediately surrounded by water
molecules thus they are rapidly dissolved and sel@aBy functionalising silica to produce
hydrophobic silica aerogels, the release of dragdawed down due to a slower permeation of
water into the porous structure. The aerogel sarfanctionalization may allow tuning the drug
release depending on applications, i.e. hydrophkilica aerogel for rapid release or hydrophobic
silica aerogel for more “long-term” release system.

Unfortunately silica aerogels do not fulfil all tmequirements for pharmaceutical industry, as
biocompatibility and biodegradability. They are dmopatible but not biodegradable.
Polysaccharides aerogels are of particular intdogsdrug-delivery thanks to their low toxicity.
In the previous sections it was shown that it isgilge to produce highly porous materials with
large specific surface areas from polysaccharidege ( section 2.3). Loading of
aeropolysaccharides with drugs and their release lheen recently studied by Smirnova’s
group, from aerostarch and aeroalginate (Mehlingl.e2009). Two different pathways of drug
loading were used. The first one is adsorption from the liquid phaseluring the solvent
exchange. The second one isasorption from supercritical solutiongn the latter case, the
drug is dissolved in scGnd is adsorbed during the scQaying.

Two different starches were studied as releaseimatne from potato and the other one with a
high amylose content called Eurylon7. Dependingtloa adsorption technique two different
drugs were used. Paracetamol was chosen for aasofppm ethanol exchange bath (since it
has a low solubility in scC£ and ibuprofen for adsorption from sc&@he adsorption process
does not seem to have an influence on the maximug ldading. For potato starch 10% of
ibuprofen or paracetamol can be loaded and 22-25%Urylon7. One potential explanation for
the difference in loading from these two starclses finer pore size distribution for Eurylon7 as
compared to potato starch. Alginate aerogel wasialgestigated as a drug carrier for ibuprofen
and showed a similar to Eurylon7 loading (21-26%).

The release kinetics from the polysaccharides oesris relatively different (Figure 1. 41). The
release of paracetamol from the two aerostarchesnspleted after 2 hours (Figure I. 41a),
whereas the release of ibuprofen is largely dep@nde starch source: a fast release for
Eurylon7 and a longer one for potato starch (Figu#lb).The dissolution of ibuprofen from
alginate aerogel is very fast, almost similar texaiaerogels.
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Figure I. 41 : Release kinetics for different aerogls: paracetamol release from aerostarches (a);
ibuprofen release from aerostarches and alginate aagels (b) (Mehling et al., 2009). Reprinted
from (Mehling, 2009), Copyright (2009), with permision from Elsevier.

3.2 Thermal insulating properties of aerogels

3.2.1 General aspects of heat transfer in aerogels

Heat transfer in porous materials, such as aerogetiescribed by the equation of heat transfer.
Equation (I. 2) shows the conservation of energy Bquation (I. 3) is the Fourier's law which
defines the thermal conductivity as the ratio betvbeat flux density and the local temperature
gradient.

aT
dJ = — l. 2
Vg+® =p.c. T (1. 2)

G=—AVT (. 3)

with g the heat flux density, the thermal conductivityy the bulk density, ¢ specific hedt,heat
source and T the local temperature.
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Figure I. 42 : Heat transfer mechanisms in an aerag : by the solid backbone (red chain), by
thermal radiation (wavy yellow arrows) and by the gseous phase present in the porous structure
(blue points) (Ebert, 2011), with kind permissionfom Springer Science and Business Media.

Heat transfer in aerogels is based on three inpots is illustrated in Figure 1. 42: heat
conduction via thesolid backbongheat transfer within thgaseous phaspresent in the porous
structure andadiative heat transfer. The total (or often called effextithermal conductivity

can be decomposed according to Equation (I. 4).

Aeffective = Asolid + Agas + Aradiative (I- 4)

In aerogels, it is usually admitted that couplirgvieen different heat transfer modes and the
convection of gas within the porous structure agligible.

3.2.1.1 Solid thermal conductivity

The heat transfer of the solid depends on the &kelstructure, its spatial arrangement and its
chemical composition. Under a temperature gradieedt is transferred by diffusing phonons
(molecular vibrations of the material) via the ctgabf the aerogel backbone. The diffusion of
phonons is given by Equation (1. 5).

Asotia = 3 Po- Cy-Vo- lph (1.5)

with Asoiig the solid thermal conductivity (W AK™);

po the density of the solid phase (kg®)n

ov the specific heat at constant volume (3.kg");

vo the average velocity of the elastic waves withia $olid phase (m3;
and |, the average mean free path of phonons (m).

Asolid Of aerogels is expected to be reduced comparetbrieporous materials, because of the
large amount of pores which restrict the propagadiophonons in the aerogel backbone.

It was shown empirically that for materials suchsdga aerogels, solid phase contribution
follows a scaling law as a function of the dengiguation (I. 6)). The factor C is expected to
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depend on the connectivity of particles in aerogels their tortuosity and the exponeniis1.5
(Fricke, Lu, Wang, Buttner, & Heinemann, 1992; Nilsson, Fricke, & Pekala, 1993).

Asoria = C p* (I. 6)

3.2.1.2 Gaseous thermal conductivity

The heat transfer by conduction in a gaseous pbkatge to elastic collisions of gas molecules.
In porous materials, it is characterised by the d&&m number Kwhich is the ratio of the free
mean pathglof the gas molecules and the pore diameter d {i€oud. 7)).

l
K, = Eg (.7)

The free mean path is calculated according to Emugt. 8). At 300K and 1 barg lfor air
molecules isz 70 nm.

ly=————=70nm (1.8)

with kg the Boltzmann constant (1.3840J.K%); T temperature (K) 3 diameter of gas
molecules §=3.7.10™ m for air) and P the pressure of gas (km

The gas heat transfer is described by Equatid).(l.

B Ago-€ B Ago- €

1 = =
gas l (1.9)
1+ ak, 1+aEg

with € the porosity (usually=1),

Ago the thermal conductivity of free air (= 0.025 WK™,

a coefficient depending on the type of gas and auons between the gas and the solid
structure.

For Kn<<1, i.e when the average pore size is dantly larger than the mean free path of the
gas molecules, gas molecules have collisions predortty with themselves as if they are not

confined (free gas); thus the gas conductivity &g0#®25 W.rit.K™.

When Kn>>1, i.e dg| gas molecules have collisions mainly with thadsblackbone andgas
decreases significantly. This phenomenon is cale&nudsen effedtFigure I. 43);
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Figure I. 43 : Knudsen effect- significant decreasef the gas conductivity due to air confinement in
the pores.

Pore size is thus a very important factor for réagithe gaseous thermal conductivity.

3.2.1.3 Radiative thermal conductivity

Electromagnetic radiations arriving on a materiah de reflected, absorbed or transmitted
depending on the optical thicknessof the material. This latter can be transpareatis
transparent or opaque to radiations. Most orgaeiogels are optically thick for thermal
radiations witht>>1, which means than the mean free path of infraigotons Jn.ir is smaller
than the geometrical thickneas=e/ln.i. In this case the radiative conductivity is desed by
Equation (l. 10).

16 T3

Aradiative = ?nz- O'-E_ (I. 10)
x

with o the Stefan-Boltzman constaet6.67.1 W.m2.K™),
n the mean index of refraction of the material,

T the mean radiative temperature (K),

E, the specific extinction coefficient (f

It is known that the specific extinction coefficteis proportional to the bulk density of the
1

aerogel, therefor®,giative X o
To improve the thermal insulation properties ofogefs, so-called infrared opacifiers are
embedded into aerogels matrix to enhance optigaktribss and to reduce radiative heat transfer.
Highly absorbing or scattering particles, sucha®an black or titanium dioxide, are integrated
to the aerogel structure in a low concentratiorhaut significantly increasing the solid thermal
conductivity of the backbone (Figure I. 44).
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+Opacifier

Figure I. 44 : Aerogel structure with infrared opadfiers.

3.2.2 Super-insulation

The thermal conductivity (W.m*.K™) is an intrinsic material property and gives imfation as
defined by the heat flow through a piece of matemith an area A and a thickness e and an
effective difference temperaturd between two surfaces.

Metals are good thermal conductors wiittof few tens to hundreds WhK™; glass, sand or
minerals havé. around few units W.thK™* and typical thermal insulators exhibitbelow 0.1
W.m™.K? (Figure 1. 45).
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Figure I. 45 : Thermal conductivities of some matdals.

Conventional insulating materials are mineral woblglass wool which havk~ 0.030-0.045

W.mt.K?, and expanded polystyrene (EPS) or extruded pobsé (XPS) with ~ 0.030-0.050
w.mtK™

Building insulation is a key factor for the decread CQ emissions and energy consumption, as
required by the 2020 European program. In Francetgy regulations called “Réglementation
Energétiqgue RT 2012” (http://www.developpement-tileagouv.fr/-Batiment-et-construction-
.html) requires for new constructed buildings artie resistance, defined by Equation (I. 11),
above R> 4 for walls and floors and R 8 for attics.
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R= (I. 11)

e
A
with A the thermal conductivity of the material and ehiiskness.

For conventional insulating materials, with~ 0.035 W.nt.K™, the thickness needs to be at
least 14 cm to respect the regulation RT 2012 & @able I. 6).

For improving building insulation, we can eithectiease the thickness of the insulation but it
will decrease the living space, or we can decréaséhermal conductivity'Superinsulation” or
“high-performance insulation” is defined by a thetnzonductivityA below 0.025 W.rit.K*
(thermal conductivity of free air) (Koebel et &012) and it is thus a very promising solution for
insulation.

Table I. 6 : Thickness of insulation for R = 4.

Type of insulation Insulation A(W.m™.K")  Thickness (cm)

Mineral Wool 0.040

Conventional

Insulation

Expanded
0.035
Polystyrene

Silica aerogels 0.015
Superinsulation

VIP 0.008

Three families of products are considered as sopa@ting: aerogels, vacuum insulating panels
(VIP) and vacuum glazing. Aerogels such as silma@gels have a thermal conductivity between
0.01 and 0.02 W.ihK™* and VIP of 0.003 to 0.01 WK™ The decrease of thermal
conductivity allows to have much thinner insulafi@ggeis= 6 cm and & = 3 cm for getting

R =4.

3.2.2.1 Vacuum Insulating panels (VIP) and vacuum glazing (VG)

Vacuum Insulating panels (VIP) and vacuum glazingG) offer an excellent thermal
conductivity because of the massive reduction at bansport by gas molecules. This reduction
is done by the evacuation of the gas inside theysocore of VIP or the glazing cavity of VG.

VIP is made of a core of pressed mesoporous poyedgr fumed silica) wrapped in a multi-
layered aluminium barrier foil and evacuated belbWwPa pressure and sealed. VG is made of
two glass panels separated by a thin gap and bgédhter by a hermetic edge seal. The pressure
inside the cavity is required to be below'100? Pa for an optimal performance.
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The main drawbacks of evacuated systems as VlRatstitey are quite sensitive to ageing and
have to be correctly implemented and mounted (nenscfor example). Damage such as ageing,
loss of integrity and delamination, increases dtarably the pressure of gas inside the structure
and so does the thermal conductivity. For VG, teklof suitable and resistant edge sealing
greatly limit their commercialisation.

3.2.2.2 Superinsulation at atmospheric pressure (SIAP)

Aerogels are non-evacuated (at atmospheric pressuperinsulation materials.

Silica aerogels (c.f. 2.2) are widely studied. Aswn in Figure I. 22, pores are mainly below 40
nm. This nanostructuration dramatically decreabesgis conductiohy,s (Knudsen effect) and
gives a lower than air effective thermal condutyivi

Silica aerogels can be divided into three classes:

- Monolithic aerogelslarge, thick (above 1 cm) and homogeneous blotk®rogel (see Figure
l. 24).

- Divided materialsfinely divided aerogels with diameters below 1fangranules or 1mm for
powders.

- Composite materialsan additive, such as fibers or blankets, is ohiaed either during the sol-
gel or in the gel as a second distinctive phase.

Monoliths are interesting for their optical andrhal properties for highly insulating windows.
However, they are still expensive to produce ans Vtery hard to obtain large crack-free plates
of silica aerogels. The problem is that silica gets are extremely fragile materials and break
upon very low stress. Several national and Europesearch programs are currently running for
improving the method of production and its cost arethanical properties of silica aerogels.

Chemical surface modification of silica (Figure2B) allows drying aerogels by evaporative
route but gives granular pieces of material. Padkeds of granular beads present efficient
thermal conductivities (slightly higher than morilai).

The North American company Cabot Corporation hageldped a family of silica aerogels
called Nanogél® and now sold them under the name LuftlraNanogel granules can be
directly used as superinsulating filling materi@dsich as daylighting panels, Figure I. 46a) but
also for more specific applications such as pippHre and cryogenic insulation systems.
Granular transparent aerogels are easier to hamdleare poured as powder. Nanogel products
are used for daylighting applications. A cavity; &xample between to glass plates, can be filled
with granular aerogels and a highly insulating vewds produced (Figure I. 46a). Contrary to
monoliths, granules are not optically transparewt the optical effect is more like “milky glass”.
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Figure I. 46 : Different application examples of ganular silica aerogels: daylighting panels (a);
retrofitting of insulation of old buildings (b); and rendering system (c). Pictures a) is taken from
(Baetens, Jelle, & Gustavsen, 2011). Reprinted frofBaetens et al., 2011), Copyright (2011), with
permission from Elsevier. Pictures b) and c) are teen from (Koebel et al., 2012) with kind
permission from Springer Science and Business Media

Granular aerogels are also used for the retrgfitthcavity walls. A packed bed of granules is
directly injected into the cavity wall constructigRigure I. 46b). After retrofitting the thermal
resistance is dramatically improved from 1 to 3.W2.K (Koebel et al., 2012).

The recent promising application is in the field mBking insulating plaster and rendering
systems (Figure |. 46c).

Monoliths and granular silica aerogels have, howesevere mechanical limitations such as
their poor flexibility. New composites, such asag infused blankets have been recently
developed (Figure I. 47a). The silica sol is cagba very porous material made of unwoven
mineral fibers, silica is gelled and the composstdried by supercritical CQor more recently
by evaporative drying when silica is hydrophobis&be fibers allow to keep a cohesion and
give material a real flexibility (Figure I. 47b).h&ir major drawback is that silica is released
from blankets in the form of dust.
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Figure I. 47 : Silica aerogel-based blankets fromMspen Aerogel (a) (Baetens et al., 2011), reprinted
from (Baetens et al., 2011), Copyright (2011), withermission from Elsevier; SEM image of a
blanket with p = 0.1g.cnf and A, = 0.014 W.ni".K™ (b) (Koebel et al., 2012) ; retrofit wall insulaton
with Spaceloft blankets (c) (Koebel et al., 2012)ith kind permission from Springer Science and
Business Media.

The main manufacturer of silica aerogel-blanket&gpen Aerogels company with their product
Spaceloft for building insulation. Spaceloft is dder the retrofitting of old buildings where the
exterior facade must be maintained and the inguldéiyer must be put inside and thus be as thin
as possible (Figure I. 47¢). In a demonstratiopgatdn Zurich, the original wall was stripped of
its rendering and two Spaceloft blankets with akhess of 10 mm thick each, were glued on.
The structure was covered with 30 mm of standasdlating rendering. The thermal resistance
of the system was evaluated at R=2.5 (1/3 highan titne original value). However, due to
dusting, workers have to wear protective safety ¢€aebel et al., 2012).

Silica aerogels and VIP are still expensive comghaweconventional insulating materials. As an
example, silica aerogels costs 4000%/fim 2008) compared to less than 100$ for typical
insulation. But aerogels have major advantagesniagt counterbalance their high price, such as
space saving in habitations, reducing operatingsctmngevity and chemical resistance (Koebel
et al., 2012). The aerogel insulation market iselveld to grow fast in the next decades which
will drop aerogel price towards 1500%/r{prediction in 2020) and will become much more
competitive.

Polysaccharide aerogels may also have a high paltexrst thermal insulation as they present
pores from few nanometers to few hundred nanometedsbetter mechanical resistance than
silica aerogels (no dusting). However, so far vew studies are found in literature on the
thermal conductivity of aeropolysaccharides (Cailgt2012).
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Conclusions

This chapter reviewed the state of the art on theetsire and processing of two polysaccharides,
cellulose and pectin as starting components forimgakerogels-like materials, called “Aero-
polysaccharides”.

Cellulose is made of repeated units of anhydrogladd\GU) and is widely found in nature in
wood, cotton, flax... It has numerous hydroxyl grotipat create an important hydrogen bonds
network conferring to cellulose a great stabiliypwever, only few solvents are able to dissolve
efficiently cellulose. They are often rather comxpknd toxic with low cellulose dissolution
power.

Two main cellulose industrial processes were pitesen

Viscose processs the most widely used for making fibers, filneggonges. It is based on
cellulose derivatisation and regeneration in a soinent. It is a complex and polluting process
with emissions of toxic gases.

Cellulose fibers produced by tHeyocell processare directly obtained from dissolution of
cellulose in NMMO without derivatisation. It tolées a large range of cellulose raw materials
and is less toxic than the Viscose process.

In the laboratory scale another solvent is promisinil0% aqueous NaOH solutions. Additives
as urea or ZnO are under research to limit solwgeing (gelation).

lonic liquids (IL) are of particular interest foreltulose dissolution. They have low vapor
pressure, chemical stability and higher dissolugiower of cellulose than conventional solvents.
Many rheological studies of solutions IL-cellulogbow a better understanding of dissolution
mechanism. IL are particularly interesting for adse chemistry (derivatisation). Their main
drawbacks so far are their price, their purity,irtlemergetic recycling and the lack of data on
their toxicity.

Pectin is made of D-galacturonic acid repeatedsuhiat can be esterified. Two types of pectin
are found depending on the degree of esterificaligh methoxy (HM) and low methoxy-pectin
(LM). Pectin is found in dried citrus peel or apglemace and extracted by hot dilute acidic
solution. HM pectins are mostly obtained. LM pestare obtained by hydrolysis either in acidic
or basic media of HM pectins.

When HM pectin is dissolved in an acidic aqueoustsm, its carboxyl groups are protonated.
They decrease electrostatic repulsions and incilea®gen bonds creating a physical gel.

LM pectin gelation occurs when divalent cationsaaded. The mechanism of gelation is known
as the “egg box” model.

Pectin is mainly used in food industry as gelliggats.

Aerogels
Aerogels as highly porous and light materials, Ugudried by supercritical C& were

introduced. The most famous aerogel based on siiaa reported. It presents interesting
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structural properties such as high specific surfa@as and mesoporous morphology. Its main
disadvantages are their relative fragility andliisting.

We investigated therefore the preparation of ponmagerials from polysaccharides as a new
generation of aerogels. We reviewed cellulose-bagerbgels and the influence of the

dissolution solvent in the final morphology. Cetlsé porous materials prepared from ionic
liquids-cellulose solutions were partially studimat seem particularly interesting.

Only one paper reported pectin aerogel-like materia

Other polysaccharides were studied as starch anagt but this literature review showed that
very few articles relate their preparation andrth@rphological characterisations.

The preparation and the complete structural, mechhrand thermal characterisations of
cellulose and pectin-based porous materials wehabenge.

Applications
Because of aerogels interesting structural pragertmany applications were foreseen. We
reviewed only two of them: drug release and thenmsallation.

Polysaccharides have low toxicity and are usuaibcdmpatible which made them excellent
candidates for drug release. Starch and alginategels-like were studied and presented very
interesting release kinetics for various drugs.

We reviewed general theories on heat transfer amtoinsulating material. The three main
contributions were described as the conductiomefsblid and gaseous phases and the radiative
transfer. We gave thermal conductivities of a ranfeonventional insulating materials. They
usually are around 0.035-0.050 W-nq ™,

Recent regulations require improvements on buildimgulation. New materials with “super-
insulating” properties, defined with a thermal coativity below 0.025 W.i1.K™, present a
high potential on the insulation market. Silica cgmls have excellent thermal insulating
properties with thermal conductivity of 0.015 W‘d{™’. Their nanostructuration allows
decreasing the conductivity of the gaseous phaseidgen effect). They start to be used as
daylighting panels, retrofitting insulation of hdihgs or rendering systems. However, the price
of silica aerogels remain important compared toveational insulating materials and their poor
mechanical resistance (dusting) requires wearintgptive safety gear.

Very few studies are found in literature on thernpabperties of polysaccharides porous
materials. Polysaccharides-based aerogels mayaaigh potential for insulation applications.

They are usually biobased with low toxicity, widelyailable and present interesting structural
properties.
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Introduction

In this chapter, the preparation and characteoisatof aeropolysaccharides will be described in
details.

First, a presentation of the starting materialsshsas pectin, cellulose, lignin and cellulose
acetate and their solvents (HCI aqueous soluti8fdNaOH-water and ionic liquids) will be

given.

The preparation of pure porous materials basedetinl@se (“aerocelluloses”), on cross-linked
cellulose (“cross-linked aerocelluloses”) and ootpe(“aeropectins”) will be described through
their main steps: dissolution, coagulation and sergeal drying.

Rheology (steady state and dynamic) will be used pswerful tool to understand systems in
their fluid state, such as cellulose acetate smistiand their mixtures with cellulose. Cross-
linked cellulose solutions and their gelation wiléo be studied by dynamic rheology.

Aeropolysaccharides will be fully characterised.
Their morphology will be evaluated by their skeledad bulk densities, their specific surface

areas and their pore size distributions.

Mechanical properties will be analysed by the Youmggulus, yield stress and strain, absorbed
energy and densification strain.

Effective thermal conductivity and their three adnitions (skeletal, gas and radiative) will be
determined by hot-wire or heat flowmeters.
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Introduction

Ce chapitre présente la préparation et les métramlearactérisation des aéropolysaccharides.

Les matériaux utilisés, comme la pectine, la cedlal la lignine et I'acétate de cellulose ainsi
que leurs solvants respectifs (solution aqueudd@ede NaOH ou les liquides ioniques) seront
présentés. La préparation de matériaux poreux @ Hascellulose (« aérocelluloses »), de
cellulose réticulée (« aérocelluloses réticuléestxje pectine (« aéropectine ») sera décrite par
les principales étapes : dissolution, coagulatisseehage supercritique.

La rhéologie sera utilisée pour mieux comprendsesistemes dans leur état liquide, comme les
solutions d’acétate de cellulose dans les liquidegues et leurs mélanges avec la cellulose. La
gélification des solutions de cellulose réticuléeastgalement étudiée par rhéologie oscillatoire.

Les aérogels de cellulose et de pectine seronttéaises. Leur morphologie sera évaluée par la
densité apparente, de squelette, la surface gpéeiét la distribution de taille de pores.

Les propriétés meécaniques seront analysées parressign uniaxiale et déterminées par le
module de Young, la contrainte de plasticité, |i@m= absorbée au cours de la déformation et
I'allongement de densification.

Enfin, la conductivité thermique totale ainsi gues drois contributions (de la phase solide et

gazeuse et du transfert radiatif) seront déternpaé¢da méthode du fil chaud et par thermo flux-
meétre.
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1. Starting materials

1.1 Polysaccharides

1.1.1 Microcrystalline cellulose

Microcrystalline cellulose Avicel PH101® was purskd from Sigma-Aldrich and will be called
“Cellulose” in the following. It is a purified angartially depolymerisedi-cellulose with a
degree of polymerisation of 180, given by the mantufrer. First cellulose was extracted from
fibres and separated from hemicellulose and ligtten an acidic hydrolysis at 100°C was
carried out to remove the amorphous regions. Aferification and drying a white
microcrystalline powder Avicel is obtained with a&am size of particles around 50 um. Figure
Il. 1 presents a SEM (Scanning Electron Microscomgge of Avicel.

Figure Il. 1 : SEM image of Avicel microcrystalline cellulose

1.1.2 Pectin

Two sources of pectin was studied and purchased 8mma-Aldrich. One was extracted from
citrus peel and the other from apple pomace. Ih pettins, the proportion of galacturonic acid
is above 74% with at least 6.7% of methoxy grougpgigen by the manufacturer. For citrus peel
pectin no information was given on the degree térégation (DE) whereas for apple pomace
DE was evaluated between 72 and 76%.

(Synytsya, 2003) studied by FT-Raman and FT-IR tspecopy different kind of pectins: pure
polygalacturonic acid, potassium pectate, methglatad acetylated pectins. Based on their
measurements, major signals can be easily attdbute
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Table II. 1 : Major FT-IR signals for polygalacturo nic acid (called H-pectin), potassium pectate,
methylated pectate (Me-pectate) (Synytsya, 2003jtras and apple pectin (from Figure Il. 2)

H-Pectin K-Pectate Methyl-pectin Citrus pectin Apple pectin Assignments
3493 3425 3392 3413 v (OH)
2970 Vs (CH3)
2942 2941 2927 2930 v (CH)
2865 v, (CHs)
2653 v (OH)coon
1762 v (C=0)coon
1734 1740 1738 v (C=0)
1633 1608 1611 V. (COO)
1444 1441 1440 6.5 (CHs)
1419 1408 1408 (weak) v, (COO)
1253 1236 1230 1228 6 (CH)

Figure II. 2 gives the spectrum of pure citrus paetl apple pomace pectin. A strong band
centered at 1740 ¢ was assigned to C=0 stretching of esterified psotCOOCH and an
intense band at 1610 €nwas assigned to carboxylic ions (CPO
By using the peak height of these bands at 17401840 cni, DE can be calculated with the
following equation (Chatjigakis, Pappas, & Polissid998; Gnanasambandam, 2000; Urias-

Orona et al., 2010):

height of esterified carboxyl groups

(II. 1)

E =
(height of esterified carboxyl groups + height of free carboxyl groups)

With Equation (ll. 1), we were able to evaluateitaus peel pectin D&qs= 54% and an apple
pomace pectin Dfpe= 72%, the latter being consistent with the valugew by the

manufacturer. In both cases, pectins are qualégedigh-methoxy (HM) pectins.
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Figure Il. 2 : FTIR spectrum of pectin from citrus peel (a) and apple pomace (b).
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1.1.3 Cellulose acetate

Cellulose acetate was purchased from Sigma-Aldxith molecular weight M~ 50 000 g/mol
and between 39.2 and 4Q% of acetyl content, as given by the provider, Wwhgequivalent to
an average degree of substitution DS = 2.44.
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Figure Il. 3 : Cellulose acetate.

1.1.4 Lignin

Lignin was obtained from Tembec. It was a lignésuaite type called ARBO C12 with a molar
mass of 30 000 g/mol.

1.2 Solvents

1.2.1 NaOH-water

Sodium hydroxide in pellets with a purity > 97% wsagplied by Merck. Distilled water was
used to prepare the solutions,®£8 NaOH in water solutions was prepared at room &aipre
and cooled down to -6°C for a direct use in thedaligtion of cellulose (see 2.1.2.1).

1.2.2 Tonic liquids and co-solvent DMSO

The ionic liquid 1-ethyl-3-methyl imidazolium aceta(called EMIMACc in the following) was
received from BASF and kept under an azote atmaepizeavoid air humidity. The purity is
above 90%.

— © O
Ko O
Haco _NYEAN
~7 " “CH; CHj
EMIMAc

Figure II. 4 : lonic Liquid 1-ethyl-3-methyl imidaz olium acetate.

Dimethylsulfoxide (DMSO) was purchased from Sigmids&h with a purity >99%.
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1.2.3 HCI

Hydrochloric solution at 4.0 mol/L was purchaseairirSigma-Aldrich. Solutions with different
concentrations were obtained by diluting 4.0 méUCl with distilled water.

1.2.4 Coagulation bath

For coagulation baths, distilled water and différaltohols, pure ethanol (purity > 99%) and
pure methanol (purity > 99%), were used.

1.3 Cross-linker of cellulose

Epichlorhydrin or epichlorohydrin (ECH in the follang) from Fluka with purity>98% was
received from Sigma-Aldrich.

O

O

Figure II. 5 : Molecule of epichlorhydrin.

2. General presentation of aeropolysaccharides preparation

Aeropolysaccharide preparation is described inetimain steps: dissolution of polysaccharides
in a solvent, coagulation of the solution or gelaimon-solvent of polysaccharides and,CO
supercritical drying (Figure Il. 6).

. . Coagulated
Polysaccharide Solution . « AERO»-
e e —
[ + solvent } or gel polysaccharide POLYSACCHARIDE
in non-solvent €O,

Dissolution Coagulation supercritical
drying

Figure Il. 6 : General preparation of aeropolysacchrides.

2.1 Dissolution of polysaccharides

2.1.1 Pre-treatment of polymers before dissolution

Cellulose and cellulose acetate were dried in awacoven at 50°C overnight prior to use.
Pectin was used as received.
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2.1.2 Dissolution of cellulose or cellulose acetate

Two types of solvents were studied for preparingpea&lulose, an aqueous solution of sodium
hydroxide at §% and an ionic liquid EMIMAC, the latter sometinmrasxed with DMSO.
Cellulose acetate was dissolved in pure EMIMAC.

2.1.2.1 Dissolution in 8% NaOH-water

Cellulose-8%NaOH-water solutions were prepared r@icg to a standard procedure (Egal,
Budtova, & Navard, 2007; Gavillon & Budtova, 20@scousse & Budtova, 2009) as followed:
cellulose was swollen in distilled water for 2 hewat 5°C. We mixed 186 NaOH aqueous
solution and swollen cellulose in water with an inad mixer at 800 rpm for 2 h in a -6°C to
get cellulose dissolved in,8NaOH-water. Solutions were poured into moulds lebdyelling
for 24 h at room temperature.

2.1.2.2 Dissolution of either cellulose or cellulose acetate in EMIMAc

EMIMACc and polymer (cellulose or cellulose acetateye mixed and stirred in a sealed reaction
vessel at 70°C for at least 24 h (checked by dptiteroscopy) to ensure complete dissolution.
Clear solutions were obtained and poured into motiey were stored at room temperature and
protected against moisture absorption.

2.1.2.3 Dissolution of cellulose in EMIMAc-DMSO mixtures

Cellulose is immersed in DMSO at 70°C under mo&esaitring (300 rpm) for two hours for
letting cellulose swelling. EMIMAC is poured to th@xture and the overall is stirred at 70°C for
several days (checked by optical microscopy) taensomplete dissolution.

2.1.3 Mixing cellulose and cellulose acetate in EMIMACc

Cellulose and cellulose acetate in various proposti(,:%) were added simultaneously into the
solvent EMIMAc. The mixture was stirred at 70°Carsealed reaction vessel for least 24. Clear
solutions were obtained. They were stored at roemmperature and protected against moisture
absorption.

2.1.4 Dissolution of pectin

Pectin and HCI solutions (with different concertras that will be precised for each case) were
mixed and stirred vigorously at room temperaturedfd. Viscous solutions were centrifuged at
6000 rpm for 20 min. They were poured into mouldd ket gelling from 24 h to 48h (depending

on pectin concentrations).
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2.2 Cross-linking of cellulose

2.2.1 Different cellulose gelation mechanisms

In the solvent 8%NaOH-water cellulose undergoesphysical’ gelation, due to chains
entanglements (Figure 1l. 7a). By adding divalertlenules as ECH, cellulose chains will be
cross-linked between them. Gelation is also dufedncreasing of cross-linking points (Figure
[I. 7b) forming a “chemical gel”.

@ cross-linking point

Physical gel Chemically cross-linked gel

Figure II. 7 : Different types of cellulose gelatia: physical (a) and chemical (b).

2.2.2 Cellulose cross-linking in 8% NaOH-water

Cellulose cross-linking was performed g% NaOH-water solvent and was inspired from
(Chang, Zhang, Zhou, Zhang, & Kennedy, 2010; ZhGbang, Zhang, & Zhang, 2007).
Cellulose solutions were prepared at -6°C and Wedrevarming at room temperature for 2 h.
ECH was added dropwise into cellulose solutionsulsians obtained were stirred vigorously
for 15 min and rapidly poured into moulds. They evéat at room temperature gelling for 24 to
48 h.

2.3 Coagulation of polysaccharides in a non-solvent

For cellulose, solutions or gels were immersed imoa-solvent bath (water or ethanol). The
volume of the bath is about 5 times higher thafutade. The solvent is changed every day for at
least 5 days. Cellulose coagulation kinetics inewétom cellulose-8%NaOH-water (Gavillon &
Budtova, 2007; Sescousse & Budtova, 2009) or adesEMIMAC (Sescousse, Gavillon, &
Budtova, 2011) were already studied. It was shdve &t a given cellulose concentration, the
diffusion coefficient of EMIMAC into water Bymac iS 4-5 times lower than RQon. It means
that for a sample with the same geometry the tigexlad to completely coagulate cellulose will
be longer.

The end of coagulation is checked with the pH feliutose in 8%NaOH-water (pH = 7). For
cellulose-IL, it is harder to follow the end of egeration. We controlled the disappearance of
the brown-orange color. However it is known thasihot straightforward to make sure no ionic
liquid is trapped inside the structure (Gericke,dia, & Heinze, 2012).
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For sample coagulation in water a further solverdhange step is necessary as water is not
soluble in supercritical CO Alcohols such as ethanol or methanol were usedvath precised
for each case.

For pectin, gels are immersed in 5@P4vater and 50%; ethanol bath. The ratio of ethanol in
the coagulation bath is then increased progregsteel00% (by 20% increment). Pure ethanol
baths are then changed every day for at least 8 day

Coagulated polysaccharide precursors of aerogelKggpure Il. 6) are ready to be dried. Drying
methods will be described in section 4.1.

3. Methods for studies of solutions and gels

3.1 Rheology of cellulose acetate-ionic liquid- solutions and
mixtures with cellulose

Measurements of steady state and dynamic rheoldggebtulose acetate (CA)EMIMAcC
solutions were performed on Bohlin Gemini rheometpiipped with cone-plate geometry (4° —
40 mm) and Peltier temperature control system. IStages were varied from 0.01 to 500 and
temperatures from G to 80C. In dynamic mode frequency sweeps were perforaiesl Pa,
corresponding to linear visco-elastic regime, | $hme temperature range.

Cellulose/cellulose acetate/EMIMAC solutions wettgdged in steady state rheology on the same
rheometer as described above. Shear rates wersd viaom 0.01 to 50075 and temperatures
from O0'C to 80C.

3.2 Use of rheology for the investigation of gelation of cross-liked
cellulose

Winter and Chambon (Winter & Chambon, 1986) studiexigelation of chemical cross-linked
gels from polydimethylsiloxane (PDMS) and more jgatarly the determination of gel point

(GP).

Briefly, the method is based on following the sgwanodulus G’ and the loss modulus G” with
time at a fixed frequency and stress. At the bagmnthe viscous behaviour is predominant
(liquid state) thus G” is large and G’ negligiblelose to percolation the molecular weight
increases which is reflected by strong increagg’afhile G” is still increasing. The intersection

between G’ and G” is the gel point (Figure Il. 8).
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Figure II. 8 : Evolution of G’ and G” as a function of time at a fixed frequency for a PDMS (Winter
& Chambon, 1986). Reprinted with permission from (Wnters & Chambon, 1986). Copyright
(1986), The Society of Rheology.

It is known that cellulose in 8%NaOH-water undegaggelation with time and temperature and
physical gels are formed. In this work, cross-limkepichlorhydrin, is added, and cellulose is
chemically cross-linked. We measured G’ and G” &snation of time and determined gelation
point for various compositions of cellulose andssrtinker. All rheological measurements were
performed on a Bohlin Gemini rheometer equippedh wine-plate geometry (4° — 40 mm) and
Peltier temperature control system, frequency waelifat 0.1 Hz and stress at 0.01 Pa to ensure
being in the linear regime.

3.3 13C-NMR for the determination of cellulose cross-linking

3C-NMR measurements were carried out on dried dinked samples in the laboratory
Charles Coulomb of the University of Montpellierarder to study the cellulose cross-linking.

4. Methods for polysaccharides drying

4.1 Drying

Three ways were used for drying polysaccharidespenative drying, freeze-drying and
supercritical drying. A gel dried by evaporationdalled axeroge] by supercritical drying
aerogeland by freeze dryingryogel Drying will strongly influence polysaccharide mpbology
and properties.

4.1.1 Supercritical COz drying

Supercritical CQ (scCQ in the following) is easily obtained with a pressi#P=72.8 bar and
temperature T=31.1°C. The sce@rying was performed in the center Persée-MinesPach
in Sophia-Antipolis. First, polysaccharide precusscoagulated in alcohols were placed in a 1L
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autoclave (Figure Il. 9 n°3) containing the sameolabl to avoid samples drying while the
autoclave is closing.

Asrét Urgence Pompier
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Figure Il. 9 : Laboratory-scale supercritical CO, drying device in Persée-Mines ParisTech; (1) CO
alimentation, (2) Feeding valve, (3) autoclave, (4)epressurization valve. Courtesy of Pierre
lIbizian, Persée-Mines ParisTech.

First the system is pressurized at 50 bars and 3Wft€gaseous C©O The covering solvent is
purged maintaining the pressure and temperaturetaoin with CQ. Then the system is
pressurized at 80 bars and 37°C.,@@comes supercritical and solubilizes the residablent
inside sample porosity. A dynamic washing stepOab&s, 37°C with an output of 5kg gBis
carried out for 1 hour. The system is let on aistaiode at the same pressure and temperature
conditions to allow scC&xo diffuse and solubilizes solvent even in theamaatric pores for 1-2
hours. The dynamic washing is then starting oveh wihe same COoutput for 2 hours.
Afterwards, the system is slowly depressurized mgéit at 4 bars/h and 37°C and cooled down
to room temperature. The autoclave is then openddamples collected.

4.1.2 Freeze-Drying

When freeze-drying procedure was chosen, cellulM@ecoagulated in water and no washing in
alcohols was performed. These swollen-in-water $asnwere placed first in a glass beaker. A
close contact with glass walls is preferable simaceill optimize heat transfer during freezing.

Beakers were immersed in either in a liquid nitro¢d 96°C) bath for 3 minutes or in an ethanol
bath placed in a freezer for about an hour. Frasamples were then placed in a freeze-dryer

98



Chapter II: Materials and Methods

Cryotec Cosmos 80. Vacuum was slowly made insigecttamber (to avoid cracks). Samples
were let drying for 48 hours. Water vapour was @nsed in the refrigerated unit (Figure 1. 10)

v Sample Chamber

Refrigerating unit

Figure II. 10 : Freeze-drying apparatus.

4.1.3 Evaporative drying

Cellulose coagulated in water was let drying urttierextractedhood for 48 hours. They were
placed afterwards in a vacuum oven at 60-80°C tfdeast 48 hours (until the mass of samples
are constant) to remove water traces.

4.2 Structural characterisation of solid materials

4.2.1 Bulk and skeletal densities
4.21.1 Bulk density

Bulk or envelope density may be measured by twiemiht techniques: a mercury pycnometer
or powder envelope density analyser.
By definition, bulk density is calculated by:

Mass

Ppuik = v

—_— . 2
P — of sample (1. 2)

It is straightforward to precisely measure the magsvolume measurement may be tricky for
samples with not well defined shape. The two methaosked are based on the same principle:
measuring a volume difference. In one case we usextury and in the second one a fine
powder of small, rigid spheres having a high degfeiowability and called DryFlo®. For both
techniques, we assume that mercury or DryFlo povatleatmospheric pressure will not enter
pores smaller than 15 microns in diameter.
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Hg pycnometry

The difference in the volume of mercury in the sknghamber with and without the sample is
determined and matches the volume of the samplesiyemeasurements using Hg pycnometry
were carried out on a CE Instruments Macropore ddo€ Erba in the laboratory Charles
Coulomb (L2C) in Montpellier.

Powder envelope density analyser

In the second method which uses DryFlo® powder, dhple is placed in a chamber with
powder that is rotated and agitated while a cef@ice is applied. The volume difference due to
piston displacement at the end of “compaction” vétid without the sample at a given force is
the volume of the sample.

Bulk density analyser used is a Geopyc 1360 frorardneritics with DryFlo powder installed
in Persée-Mines ParisTech in Sophia-Antipolis (Fégih 11). A 19.1 mm sample chamber and a
force of 25 N are used, particularly optimisedffagile porous materials.

Figure Il. 11 : Geopyc 1360 from Micromeritics to nmeasure bulk density of porous materials. The
technique is based on measuring a variation of pigh displacement without and with the sample in
a powder DryFlo.

For pure aerocelluloses from ionic liquids and thsibrids with cellulose acetate, bulk density
measurements were carried out on Hg pycnometrygi€hdll and V). Bulk density of all other
samples such as cross-linked aerocellulose (Chdpferand aeropectin (Chapter V) were
measured with Geopyc from Micromeritics (Table2)).

For both techniques, very similar results of budnsity are obtained within the experimental
errors (less than 10%).

Table II. 2 : Summary of bulk density measurementsechniques.

Type of aerogels Techniques Chapter

Pure aerocelluloses from ionic liquids Hg pycnometry Chapter lll
Pure aerocelluloses from NaOH Geopyc Chapter I
Cross-linked aerocelluloses Geopyc Chapter IV
Hybrid cellulose / cellulose acetate Hg pycnometry Chapter V
Aeropectin Geopyc Chapter VI

100



Chapter II: Materials and Methods

4.2.1.2 Skeletal density

Gas pycnometer is used to determine the skeletalityenvhich represents the “density of solid”
without the porous volume. Helium is preferredtas an inert gas, exhibits ideal gas behaviour
and can enter small pores (1A).

The goal is to measure the volume of only solid pathe sample, i.e to exclude the volume of
pores. The instrument determines the volume by ungagsthe pressure change of helium in a
calibrated volume. The volume measured excludespang volume accessible to the gas. The
skeletal density is obtained by dividing the weighthe sample by the volume measured.
Experiments were carried out on a Micromeritics #egc 1330 Pycnometer in Laboratory
Charles Coulomb (L2C) in the University of Montpetl Samples were degassed at 70°C for 24
hours prior to analysis.

4.2.2 Porosity

Porous materials are defined as materials contpioavities or channels, called pores (voids)
filled with air. They are often characterised bgithporosity: a measure of the void inside the
structure. It is calculated as the ratio betweenwblume of void space and the total volume
(solid + voids). It can also be evaluated with baiiid skeletal densities (Equation (1l. 3)).

Vpores -1— Ppuik (” 3)
Vtotal Dskeletal

(%) =

A distinction has to be made between open and dlpsees (Figure Il. 12). Closed pores,
contrary to open pores, are not accessible todgjar gases. The total porous volume is the sum
of closed and open pores volumes.

Q
O"C

Figure Il. 12 : Schematic representation of a porost sample with two different pores: open (O) and
closed (C).

The properties of a porous material strongly depmanthe geometry and size of pores as well as
their distribution. IUPAC classification divides igs sizes in three groups (Sing et al., 1985):

- Macropores are pores with an internal width abdvers

- Mesopores with an internal width between 2 andr0 n

- Micropores with an internal width below 2 nm
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4.2.2.1 Gas adsorption

Gas adsorption measurements (in our case nitradgén l&) are used for determining the surface
area and pore size distribution of porous mate(tilsg et al., 1985).

Gas adsorption is the accumulation of an adsorlgddgadsorptive or adsorbate) on the surface
of a solid (adsorbent) at the gas/solid interfab®o phenomena are possible and have to be
distinguished:physisorption(caused by Van der Waals interactions between rbdto and
adsorbent) andhemisorption(when the adsorbent and adsorbate are linked leynea bonds).
Physisorption experiments are carried out at tlggidi nitrogen boiling point (77 K) at
atmospheric pressure. Adsorption isotherm is aeseof equilibrium states between the gas
phase (around the sample) and the adsorbed ga®.pbasally adsorption isotherm is
experimentally represented by the plot of the admsdrquantity per gram of adsorbate as a
function of equilibrium relative pressure Piwith p the equilibrium pressure of absorbate gas
and P the equilibrium vapour pressure of nitrogen). @éwision is reversible since physical
interactions between the gas adsorbed and the asodfidweak. Desorption is the opposite
phenomenon. Adsorption isotherm takes into accadseorption and desorption; it is one of the
ways to characterize porous materials.

Monolayer adsorption (Figure 1l. 13) is charactedidy one layer of adsorbed gas, or in other
words, when all adsorbed molecules are in contébtthve surface layer of the solid. Multilayer
adsorption occurs when adsorption space may have than one layer and all the adsorbed
molecules are not in contact with the solid surfa€apillary condensation is a phenomenon
occurring when the contact angle between a liquidl @ solid is lower than 90°C (creation of a
meniscus): a gas condenses with a pressure infereaxquilibrium vapour pressure.

Multilayer adsorption

Monolayer adsorption

Surface of the adsorbent

Figure Il. 13 : Adsorption mechanism at the surfaceof adsorbent

4.2.2.2 Classification of adsorption isotherms

Adsorption isotherms are classified with six diffiet standard types according to IUPAC (Sing
et al., 1985):

- Type lisothermhas a horizontal plateau due to the saturatiothefadsorbent even with

increasing pressure. It is typical for microporso$ids with small external surfaces.

- Type llisothermhas a gradual increase of adsorbed quantity webkspire and is obtained for
macroporous or non-porous solids. The adsorbed laythickening gradually and is typical of
multilayer adsorption.

- Type 1V isothernis similar to type Il for low relative pressuret Aigher relative pressure, a
saturation plateau is observed with variable lengtlis typical for mesoporous adsorbent. A
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hysteresis loop is observed during desorption,tduspillary condensation, which is unique to
each adsorbate/adsorbent system.

- Type lll and V isothermare not common and have a convex plot due towegk interactions
between adsorbate and adsorbent. They are moreakyfor water vapour adsorption on
hydrophobic surface.

- Type VI isothermvas observed for adsorption by energetically hagnegus surfaces on which
gas layers are successively adsorbed.

Figure Il. 14 : Types of physisorption isotherms (luciani, Denoyel, & Rouquerol, 2003; Sing et al.,
1985).

4.2.2.3 Determination of surface area

Brunauer-Emmett-Teller (BET) gas adsorption methasl become the most commonly used for
determining surface area of porous solids. In 188phen Brunauer, Paul Hugh Emmett, and
Edward Teller suggested a multilayer adsorptiontraeism with several hypotheses: absence of
interaction between each adsorption layer, the murobadsorbed layers on a solid is infinite,
and the Langmuir theory can be applied to eachrldgethe range pfpbetween 0.05 and 0.3,
adsorption isotherm is quasi-linear and a simplifequation is given and known as BET
equation:

p/po 1 c-1y/p
n*(1 - p/po) - n%C + [n?nC] (,?) (I1. 4)

where R, is the amount of gas absorbed at the relativespre/§,

p/p° is the equilibrium relative pressure,

n’m is the monolayer capacity (amount of adsorbateledéo cover the surface with a complete
monolayer of molecules).

Specific surface area is known as the surface adailto gas adsorption. It is an important
parameter to characterise porous materials. Ittisngly related to pores size and their
distribution: larger pores will give a smaller sifiecsurface whereas smaller pores will give a
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larger surface. When the surface is totally covdrg@ddsorbed molecules, specific surface may
be determined by:

. <:1_?n> Nyor, (. 5)

with ms mass of the adsorbent,

Na the Avogadro constant,

om IS the cross section occupied by each nitrogerecatd and is fixed by IUPAC at, =0.162
nm2,

The BET apparatus gives monolayer adsorbed gasmeolfy, instead of the amount of absorbed
molecules f,. These two values are related by
a
na = m (II. 6)
v
with v; molar volume of perfect gas equals to 22 414.grol™.

Equation (ll. 5) may be expressed as

Urcrll NAOm
S = . 7
BET < S) v ( )

p

By plotting%’;o/) as a function of pfpbetween 0.05 and 0.3 a straight line is obtaifiée.
p()

constant C and % are determined (Equation (Il. 4) with slope andhtgrcept and &
calculated.

4.2.2.4 Pore size distribution by BJH method

A hystereris is often observed during desorptiontype IV isotherm, typical for mesoporous
adsorbents. The Barrett, Joyner and Halenda metbodBJH method) gives a pores size
distribution of mesopores. It is based on capillzogdensation of nitrogen inside mesopores and
thus the classical Kelvin law (Equation (Il. 8))igplicable.

p -2V
In <F> = (1. 8)

with y the surface tension, Yhe molar volume of the adsorbed liquid at temjoeeaT .
This law gives the relation between the prespuséthe condensation of gas inside the pore and

the radius g of the liquid meniscus formed. For nitrogen adsdriat -196°C the Kelvin law is
given by :

re = —0.415 (1%) (1. 9)

104



Chapter II: Materials and Methods

From Equation (Il. 8), we can reconstruct a pome gdlistribution for each relative pressure.
Calculations are made preferably on the desorptione for mesopores with a radius smaller
than 50 nm.

4.2.2.5 Apparatus for BET and BJH measurements

Most of specific surface areags measurements were carried out on a MicromeritiSAR
2010 in Laboratoire Charles Coulomb (L2C) in thevdrsity of Montpellier.

Measurements on pectin-silica samples (Chaptem¥éte performed on a Micromeritics ASAP
2020 in Cemef-Mines ParisTech.

Pore size distribution experiments using BJH metiveck performed on a Micromeritics ASAP
2020 in Cemef-Mines ParisTech.

4.2.2.6 Samples degassing

Before running adsorption isotherm experimentsthal species that can be physisorbed at the
surface of the adsorbent should be removed. Thashgeved by outgassing the sample prior to
analysis.

For BET experiments in the laboratory L2C in Morlipe samples are exposed to a high
vacuum at 70°C for 24h.

For BET and BJH experiments in Cemef-Mines ParieTsamples are placed in a high vacuum
at 70°C for 5h.

4.2.2.7 Pore size distribution by mercury porosimetry and Pirard’s theory

Mercury porosimetry is used to obtain pore sizerithstion in porous materials. It gives

information on mesopores but also on macroporeagdpjying various levels of pressure to a
sample immersed in mercury. The pressure applie@llitpores with mercury is inversely

proportional to the pores’ diameters.

Mercury (Hg) is a non-wetting liquid with high sade tension. The capillary law governing Hg
liquid penetration is given by the Washburn equatio

L=Y oso (I1. 10)
P
with L is the pore diameter,
p the applied pressure,
v the surface tension of mercury,
0 the contact angle between mercury and the pomligs(sneasured in a separate experiment).

The Washburn equation assumes that all pores direliegal. Even if this is rarely true, this
equation provides a reliable representation of peize distribution.

105



Chapter II: Materials and Methods

As pressure increases during the experiment, ppeasscalculated for each pressure point P and
the mercury volume V associated to fill these pofidse dependences of pore volume versus
pore size and the total pore volume are obtained.

Unfortunately this method cannot be used for ady@ocharides that are contracting under the
pressure applied to mercury. Mercury does not eptees and the volume measured is the
difference between sample initial volume and thieiw@ of contracting sample. This has already
been reported for aerocellulose (Sescousse (1) and cellulose acetate aerogels (Fischer,
Rigacci, Pirard, Berthon-Fabry, & Achard, 2006).

Pirard and Pirard reported the same for synthetiogels and more generally, for hyperporous
materials. They demonstrated that the Hg porosyrbkt&ory based on the Washburn’s equation
cannot be used directly (Pirard, Alie, & Pirard020 Pirard, Blacher, Brouers, & Pirard, 1995;
Pirard & Pirard, 1997) because it relies on the faat Hg intrudes the pores network. The
authors showed that the structure of hyperporou®nmaés crushes under the Hg pressure and
that the liquid does not intrude pores. They suiggeshat pore size distribution can be
“reconstructed” from the subsequent crashing ot pmalls with the buckling theory described

by:

k
L =

= 5378 (II. 11)

where L is the size of the largest pores remaiaiitgy the compression at a pressure P and k the
buckling strength constant.

This constant k depends on the material and caaxperimentally evaluated by the compression
at a pressure P fixed and the measure of the Iapgess size remaining by nitrogen adsorption
isotherm.

Mercury porosimetry experiments and determinatidnth@ buckling constant were kindly
carried out in Laboratory Charles Coulomb (L2C) the University of Montpellier. Two
different devices (both from CE instrument) weredito have a pore size distribution from 10 to
400 nm: one with pressure from 0 - 400 kPa (cdlRakcal 140”) and the other one from 400
kPa - 200MPa (“Pascal 240").

For either BJH measurements or Hg porosimetry, veduated and compared typical parameters
of pore size distribution:

- the maximum of pore sizg, kax0btained at the maximum of the dV/dL

- the_mean pore diameteg keancCalculated from Equation (ll. 12)

av
YLiXar

Lp mean — dv

normalised,i (. 12)

dL normalised,i
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- the_mean pore diameter 4\ calculated according to Equation (I1. 13)

4 XV,

measured
L, = — LB

» (Il. 13)

SBET

- the full width at half value (FWHYV) obtained blyet difference in pore size at half of the dv/dL
max

4.2.3 Scanning Electron Microscopy
4.2.3.1 Principle

A scanning electron microscope (SEM) gives imagks eample surface (topography) by
scanning it with a focused beam of electrons. Be&utrons interact with the electrons on the
surface, producing various signals (electrons, @imtphonons...) that can be detected.

primary electrons

\ Z///Auger electrons
0

0=\ - secondary electrons
backscattered electrons

300 nm — ‘
1pm — characteristic x-rays

Figure Il. 15 : Interaction volume.

When the primary electron beam interacts with these, the electrons lose energy within a
teardrop-shaped volume known as timeraction volume(Figure Il. 15). Two types of
interactions have to be distinguished: elasticradions with energy close to incident energy
called backscattered electrons coming from deeymde the sample; and inelastic interactions
with a lower energy called secondary electrons eming from the extreme surface of the
sample.

Detection of secondary electrons gives informationthe topography whereas detection of
backscattered electrons gives the compositioneosmple.

4.2.3.2 EDS analysis

Energy-dispersive X-ray spectroscopy (EDS) is aalydital technique used for the elemental
analysis of a sample. The electron beam excitestthas in the sample that produce X-rays to
discharge the excess energy. The energy of theyX-im characteristic of the atoms that
produced them, forming peaks in the spectrum. Asethctron beam can be precisely controlled,
and EDS spectrum can be collected from a selectd & the sample. This technique gives an
elemental analysis of a few cubic microns of materi
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Figure Il. 16 : EDS analysis.

EDS analysis was carried out on a XL30 FEI PhiligEM (Environmental Scanning Electron
Microscopy) in Cemef-Mines ParisTech with an ac@len voltage of 12 keV and a vacuum
pressure in the chamber of 0.5mbar (Figure Il. 17b)

4.2.3.3 Morphological observations by SEM

SEM observations aerogels morphology were perfororead Suprad40 Zeiss SEM FEG (Field
Emission Gun) in Cemef-Mines ParisTech, which afidvaving a high resolution and depth of
field (Figure 1l. 17a). Acceleration voltage was sp at 3 keV and a diaphragm of 20 um. A fine
layer of gold-platinium (few tens of A) is sputtdrento the surface of samples to prevent
accumulation of electrostatic charge at the surface

Figure Il. 17 : SEM available at Cemef FEG Supra 4@a) and XL30 ESEM (b).

4.2.4 Fourier Transformed Infrared (FT-IR) Spectroscopy

FT-IR spectroscopy was carried out on a Bruker der/ spectrometer in Persée-Mines
Paristech. Samples were analyzed in attenuated reftactance mode (ATR) using a Pike
MIRacle accessory equipped with a Ge crystal (Filkkehnology). The spectrum has been
collected 16 times and corrected for the backgrowmsle.
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4.2.5 Summary of structural characterisations

Various techniques, listed below, were used to hawe full characterisation of
aeropolysaccharides structure.

- Hg pycnometry or Dryflo powder pycnometry for thgparent or bulk densitybyi.

- He pycnometry for skeletal densiiyeletas

- Adsorption/desorption of Nfor the information on specific surfacggs and pore size

distribution PSIg;.
- Hg porosimetry for the pores size distribution darger range PSk.
- SEM images for morphologies of aeropolysaccharaheselemental analysis.

4.3 Mechanical properties of aeropolysaccharides

Uniaxial compression tests were carried out on Kwiechanical testing machine in Cemef-
Mines ParisTech. Samples were placed between tvatigigplates (Figure II. 18).
Planarity and parallelism were verified by a micatnt sensor. Two different load cells were
used:

- 100 N for precise measurements of Young modulus

- 2500 N for the complete stress-strain curve.

The tests were performed at room temperature (2GR22atmospheric pressure and 30-40%
relative humidity. Samples with cylindrical shapedaa ratio length/diameter = 3/2 were
compressed at a displacement rate of 1 mm/min &% of the deformation. (Gavillon, 2007)
showed that aerocelluloses compression is sliglghendant of the displacement rate as they are
visco-elastic materials. However, differences aot significative due to high experimental
errors. We chose to be at 1 mm/min to ensure thee ssxperimental conditions as R.Gavillon
for the sake of comparison. A particular attentiwas given to have two plane and parallel
surfaces of a sample. At least 3 samples of theestmulation were tested to ensure
reproducibility.

Figure II. 18 : Example of uniaxial compressive teson aerocellulose.

Figure Il. 18 shows that the compression is unif@amd the cross-section area does not evolve
along the test. It has been verified in each adyspocharide. Therefore the strett is related
to the force F(t) divided by the initial cross-sentarea A (Equation (II. 14))
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_F(t) _4F(D
a(t) = I (1. 14)

The deformation is defined as
e(t) = l(t)l—o_lo (Il. 15)

with I(t) the length of sample at a time t agdhle initial length.

The Poisson’s rati@ gives the information on the transverse defornmatibthe sample and is
calculated according to Equation (ll. 16). The defation was followed by taking regular
photos and was measured as a function of time.

_ transverse deformation " L, (I1. 16)

axial deformation — ly—1
lo
with L and Ly are the width of the sample at time t and t=0e&etpely.

A stress-strain curve of the compression was recbrdAn example of an aeropectin
compression is given in Figure 1l. 19.

2,5
| |
| |
2 |
I I
— N |
a 1,5 - ! !
g— ! 1
o : :
1 .« . 1
g Cl)nset of plasticity 0,4 |
@ l
05 7y Densification
Absorbed ener’gy W / strain sd

0,4 0,6 0,8
Strain €

0 Modulus E 0,2

Figure II. 19 : Strain-stress curve for a 0.09g/crhaeropectin.

Three different domains can be distinguished orsthess-strain curve. The response of a porous
material to applied force can be schematicallygmesd in (Figure Il. 20):

- The first domain corresponds to low and reveesiblaterial deformations, it is elastic region
(Figure II. 20a). Cell walls bend under the stiessrecover when the stress is released. Stress is
directly proportional to strain. We define the Ygumodulus E as the slope in the linear region
on the curves=f(e).

- The second domain is when the stress is toogtaod cell walls start to collapse by buckling
(Figure 11. 20b). It is the beginning of plasticit) plateau is observed (Figure II. 19) called the
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plasticity plateau. During this phase the matedbkorbs energy. We define the onset of
plasticity as the yield stresgieiq and the yield straimyieig and the overall domain | and Il is
characterized by absorbed energy W (during theielasd plastic deformation). W is defined as
the area under the curve (Equation (Il. 17)) froto & strain. In previous data on aerocellulose,
the absorbed energy is also calculated from 0 % d@ain (Gavillon, 2007). Two energies will
be then calculated, one M\ntil g4 strain, and the secondw,for the sake of comparison until
40% stain.

W

€d OT €409

Ed OT €409
=f o(x).dx (1. 17)
0

- The third and last domain is material densifmatiCell walls start to touch each other (Figure
[I. 20c) and the stress increases extremely fake &nd of the plasticity (domain Il and
beginning of domain 1ll) is given by the densifiicat straineg.

Figure Il. 20 : Deformation of cell walls during auniaxial compressive stress (Gibson & Ashby,
1999).

Gibson and Ashby proposed an open-cell foam maoledéscribing cellular material. Their
model predicts a power law dependence of Young masdim = 2, Equation (ll. 18)) and also
yield stress with bulk density (n = 2, Equation {19)).

E~p™ (1. 18)
o~p" (1. 19)

In a first approximation, we will take their appalh for describing mechanical behavior of
“aeropolysaccharides”.

The power-law dependence with density has alreaghnlobserved for aerogels: inorganic
(silica) and organic (e.g resorcinol-formaldehyderocellulose) (Table Il. 3). The exponent is
usually close to 3 for Young modulus. One explamatmight be inhomogeneities such as
dandling branches and end chains formed duringtigelaThese defects hang off the main
skeleton of the network and do not contribute tiovoek elastic properties.
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Table Il. 3 : Power law dependance of Young moduluand yield stress for various aerogels

Type of aerogel/ Density
3 m n References
type of test g/cm
Silica (Woignier, Reynes, Hafidi Alaoui, Beurroies, &
. . 0.07-0.5 3.740.2  2.6%0.2 i
3-points bending Phalippou, 1998)
Silica
) 0.09-0.25 2.9 - (Alaoui, Woignier, Scherer, & Phalippou, 2008)
compression
Resorcinol-
formaldehyde 0.04-0.3 2.7+40.2  2.4+0.3 (Pekala, Alviso, & LeMay, 1990)
compression
Aerocellulose (Gavillon, 2007; Sescousse et al., 2011;
. 0.08-0.23 2.8 2.2-3
compression Sescousse, 2010)

4.4 Thermal properties of aeropolysaccharides

Thermal conductivities of porous materials haveéhmajor contributions: the conduction of the
skeleton, of the air confined in pores and radea{izquation (1. 20)).

Aeffective = Askeletal + Agas + Aradiative (”- 20)

Two types of methods exist to measure the thermadlactivity of a sample: steady-state (e.g.
heat flow meter) and non-steady-state (e.g. hotjvand they will be briefly described below.

4.4.1 Heat Flow meter

A solid diskis placed between two plates, one heated, @nd called “Hot Plate” and the other
cooled or heated to lesser extent aaid called “Cold Plate” (Figure Il. 21). Temperatof the
plates is monitored until they are constant (stestdte). Determination of the heat flow through
the sample from the Hot Plate towards the ColdeRtatchieved by means of a heat flux sensor
(meter). Thermal conductivity is calculated accogdio Equation (II. 21).

0.d

A= —
A-(Th - Tc)

(II. 21)

with Q quantity of heat passing through the sanfyy
A area of the sample (m?)
d thickness of the sample (m).
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Hot Plate T,
Heat Flux Sensor (Meter)

Heat Flow Q d

o

Sample

Heat Flux Sensor (Meter)

Cold Plate T,

Figure Il. 21 : Heat Flow meter device.

Two heat flow meters were used to measure aeropaipsiride thermal conductivity:

- Laser Comp Fox 150 in Persée Mines ParisTech

- Laser Comp Fox 200 in CSTB, Grenoble. Measuresnemre kindly performed by Hébert
Sallée.

Both set-ups require samples with a large surféeg least 5 cmx5 cm.

Because it is not always straightforward to preparge, homogeneous aerogels plates without
cracks or crinkles for thermal conductivity measueats, CTSB developed a new set-up which
requires smaller samples. They conceived an innevaticro thermoflowmeter device, adapted
for spherical disks of 4 cm in diameter, which vpassible to use directly in their commercial
Fox 200 (Figure Il. 22).

i Aluminium plate
i ) f Sample e=2mm

Thin Insulating e |
Enveloppe om Do o3 =

Figure Il. 22 : CSTB micro heat flow meter : smallthermoflow meters @ 10mm (a); the sample is
embedded in an thin insulating envelope (b), the agple is sandwiched between two aluminium
plates with thermoflowmeters (c), the system is dactly used in the Fox 200 (d). Courtesy of Hébert
Sallée, CSTB, Grenoble.

Two small (10 mm in diameter) thermoflowmeters (Feyll. 22a) are fitted into aluminium
plates (Figure Il. 22c¢) of 2 mm thick. The sam@eembedded in a thin insulating envelope to
limit heat flow leaks and edge effects (Figure2b). Heat flow and temperature are measured
simultaneously. All the system is inserted in tlex R0OO (Figure Il. 22d) which maintains the
thermal regulation. Calibration was performed omgigs with known thermal conductivity.
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4.4.2 Hotwire method

The hot wire method is a non-steady state (tratjsiechnique based on the measurement of the
temperature rise by a thermocouple in a short mistdrom a linear heat source (hot wire).
(Figure II. 23). The heating wire and the tempeartsensor are placed between two identical
samples with parallel and smooth surfaces, to erthier best thermal contact.

Figure Il. 23 : Hot wire device in CSTB-Grenoble. @urtesy of Hébert Sallée.

If the hot wire is far enough from the distance mhthe measurement takes place, it will be
assimilated to an ideal, infinite and long line theaurce. Therefore the heat transfer can be
monodimensional in cylindrical geometry and the genature rise be simplified to Equation (lI.
22).

Q 4.a.t

1 (rZ.C

AT = —
4. A n

) (II. 22)

with Q : quantity of heat production per unit timed per unit length of the heating wire (Wm
A the thermal conductivity (W.thK™),

a thermal diffusivity (f.s?) a = pl—cp with p bulk density (kg.ri%) and G the heat capacity (J.kg
l.K_l),
r: distance between the heating wire and the theoonale,

C is a constant€1.781 (=é with y the Euler constant),
and tis time.

The thermal conductivity of the sample can thug$tenated from temperatures dnd T, taken
at different times of measurementsnd $ by Equation (. 23).

_ QInt;—Inty

= II. 2
Ar T, - T, (- 23)

Transient methods like hot-wire method do not rexjihe signal to wait for a steady-state
situation. Instead, the signal is studied as atfanoof time. The main advantage is that it is
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quicker, but it requires identical samples with noier of at least 6 cm (to be in the
approximation of the infinite heating wire).
Measurements were kindly performed by H.Sallée f@®TB, Grenoble.

4.4.3 Measurements of thermal properties of aeropolysaccharides

The effective conductivity of aerocelluloses preohirom ionic liquids was measured by a hot-
wire system in CSTB-Grenoble; and aerocellulosepared from 8%NaOH was measured by
heat flowmeter Fox150 in Persée Mines-ParisTe@0aT (293 K) (Chapter III).

Aerocelluloses from cross-linked cellulose in NaQEhapter IV) and aeropectins (Chapter VI)
were analysed by a heat flowmeter Fox150 in Pevliées ParisTech and on a Fox 200 adapted
to small samples heat flow meter in CSTB-Grenobée (@bove for details) at 20°C (293 K).

The radiative contributiofagiaive Was determined by varying the temperature on thel50 in
Persée-Mines ParisTech. The extrapolation of thexg! f(T°) towards T-0 allows to suppress
radiative effect and givegastisoia. We can then easily evaluatggiaiveby Equation (l1. 24).

Aradiative = Aeffective (293[() - (Agas + Asolid) (”- 24)

The conductivity of solid skeletoisiq was measured at low pressure {U8Pa) and low
temperature (-118°C) by hot-wire device in CSTBeable presented in Figure Il. 24. The
probe and sample are placed in a sphere under waghich is then immersed in a liquid
nitrogen dewar.

Probe wires
M Tambient
A
! - "
3
. |- Sphere under vacuum
/ »
/ \
v ( l
\ T~140°C \/ B Sample with probe
et~ LiquidN,

Figure Il. 24 : Hot wire apparatus in CSTB for thermal conductivity at low pressure (1¢ hPa) and
low temperature (-118°C). Courtesy of Hébert Sallée

Aeropolysaccharides thermal conductivity was alsmlied as a function of pressure on a hot-
wire apparatus in CSTB, Grenoble. The contributmnradiative heat transfer and solid
conductionAagiativetisolia Was then measured. The solid conductivityiq was deduced and
compared to the direct measurement at low presswtéemperature.
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Conclusions

In this chapter, we reviewed materials for prepapolysaccharides-based porous structures and
methods for characterising  structurally, = mechabhjcal and thermically these
“aeropolysaccharides”.

First, we presented cellulose, pectin, cellulosetaie and lignin as starting materials and
solvents of polysaccharides.

We described the general preparation of aeropotysaicles from dissolution of
polysaccharides, coagulation in a non-solvent agithg with supercritical CQ

Each step was detailed: dissolution described kwldgy, coagulation in various solvents and
drying either by scCg@or freeze-drying.

Microstructural properties were characterised yture observed by SEM and by several
important parameters: bulk and skeletal densitigsecific surface area and pore size
distributions.

Bulk densities were determined by two differentht@ques, Hg pycnometry and powder
envelope analyser. Skeletal density was deternbgdde pycnometry. Specific surface area was
calculated from Bladsorption and the BET theory. Pore size distiomstwere evaluated by two
different approaches: Ndesorption by the BJH model and Hg porosimetrhwite Pirard’s
reconstruction.

Mechanical behaviour was studied by uniaxial corsgike tests and characteristic parameters as
Young modulus, yield stress were determined froenstiness-strain deformation curve. We took
in a first approximation the model of foams by Aghdnd Gibson which gives a power law
dependence of Young modulus and yield stress witk diensity.

Thermal conductivities of porous materials have¢hmajor contributions: the conduction of the
skeleton, of the air confined in pores and radeati/e used two types of methods for measuring
the effective (total) thermal conductivity of aeobysaccharides: heat flowmeter and hot-wire.
The radiative heat transfer was determined on Heatmeter by varying temperature. The
contribution of the solid phase was measured bywh@ at low pressure and low temperature.
The conduction of the gaseous phase was then eldtaw subtraction of the radiative and solid
phase conductivities to the effective conductivity.
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Chapter III

Microstructural and thermal properties

of Aerocelluloses from different solvents:
8% NaOH-water, EMIMAc and EMIMAc-DMSO
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Introduction

Aerocellulose structure and properties were studikdn prepared in either NMMO (Liebner et
al., 2009; Sescousse, Gavillon, & Budtova, 201®WN&OH-water (Gavillon & Budtova, 2008;
Gavillon, 2007) and ionic liquid EMIMACc (Sescousseal., 2011; Sescousse, 2010).

lonic liquids present major advantages such asitfe cellulose dissolution power (up to 27-
30,%, (Lovell et al., 2010)), very low vapour pressarel high thermal stability (as compared
to cellulose). Due to high cellulose-EMIMAcC solui® viscosities and the high price of
EMIMAC, the addition of co-solvent to ionic liquidas investigated for performing cellulose
derivatisation in homogeneous conditions (Geridkepert, Seoud, & Heinze, 2011). DMSO
(dimethylsulfoxide) is one of the promising candetato be mixed with ionic liquid, and recent
studies show that DMSO does not modify the abdit{MIMACc to dissolve cellulose (Lv et al.,
2012; Le, Rudaz, & Budtova, 2013).

We will study the influence of the addition of DMS® EMIMAc on the morphological
properties of aerocelluloses. We will correlatetdes, bulk density, specific surface areas,
porosity and pore size distributions with cellulesacentration.

The effective thermal conductivity of aerocellulsgaepared in the solvent EMIMAc/DMSO,

will be measured for the first time and comparedédoocelluloses prepared from 8%NaOH. The
influence of pore size distributions on thermalgauies of aerocelluloses will be discussed.
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Introduction

Les propriétés structurales des aérocellulosesaptép dans différents solvants, comme la
NMMO (Liebner et al., 2009; Sescousse, GavillonB&dtova, 2011), 8%NaOH-eau (Gavillon

& Budtova, 2008; Gavillon, 2007) ou les liquidesigues (Sescousse et al., 2011; Sescousse,
2010), ont déja été étudiées précédemment.

Les liquides ioniques sont particulierement intsa@s$s et présentent une importante capacité de
dissolution de la cellulose (allant jusqu’a 2789, (Lovell et al., 2010)), une faible tension de
vapeur saturante et une grande stabilité thermi@ependant, les solutions de cellulose-
EMIMAC sont hautement visqueuses et onéreusesolfaje co-solvants aux liquides ioniques a
été étudié pour dériver la cellulose dans des tiondi homogénes (Gericke, Liebert, Seoud, &
Heinze, 2011). Le diméthylsulfoxyde (DMSO) est uonbcandidat comme co-solvant a
'EMIMAC et de récentes études ont montré qu’il Itéeait pas la capacité de dissolution de
'EMIMAC (Lv et al., 2012; Le, Rudaz, & Budtova, 28).

L’influence de l'ajout de DMSO a I'EMIMAc sur les rgpriétés morphologiques des
aérocelluloses sera étudiée. La texture, la deapparente, la surface spécifique, la porosité et
la distribution de taille de pores seront compaggefonction de la concentration en cellulose.

La conductivité thermique des aérocelluloses pégma partir du solvant EMIMAc/DMSO sera

mesurée et comparée a celle des aérocellulosearpespdans 8% NaOH-eau. L'influence de la
distribution de taille de pores sur les propriélEsmiques sera discutée.
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1. Importance of co-solvent addition to ionic liquid

1.1 Introduction

In Chapter I, we showed that various morphologiesenocelluloses can be obtained depending
on the solvent: fibrous for 8%NaOH-water and glabudrom molten NMMO and EMIMAc
(Sescousse et al., 2011) (Figure 1ll. 1).

Figure Ill. 1 : Various morphologies of aerocellulses from cellulose solutions in 8%NaOH (a);
NMMO (b); lonic Liquid EMIMAC (c) (Sescousse et al, 2011). Reprinted from (Sescousse et al.,
2011), Copyright (2011), with permission from Elseer.

In order to prepare aerocellulose, cellulose-EMIMsdtutions are placed in a coagulation bath,
usually water. We looked in details on structurarfation during cellulose coagulation from
cellulose-EMIMACc in water. It has recently been odgpd that EMIMAc and water are
interacting, without the formation of new compounttsit the mixing of the two fluids is
exothermal (Hall et al., 2012). The evolution oktare (EMIMAC + water) temperature in time
from the moment when water is added to EMIMACc issgnted in Figure Ill. 2. As soon as even
a small amount of water is added to IL the mixtut@nperature increases rapidly and
significantly. As an example for water molar ratib0.2, temperature raised from 21°C to 30.6
°C in less than 40 seconds. The most pronouncedtefifas recorded for the mixture with water
molar ratio of 0.7 with a temperature increase f&ifiC to 57°C.
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Figure Ill. 2 : Examples of the evolution of mixture temperature in time for various water mole
fractions in the mixture EMIMA/water (Hall et al., 2012).

During coagulation step, EMIMACc is mixed with watereating strong temperature gradients
inside cellulose. This may modify the structure pafrous cellulose with the formation of
macrochannels or very large macropores. These pa@® may be few millimeters large and
visible by a naked eye (Figure Ill. 3a) or few taignicrons as observed by SEM (Figure III.
3c). The mixing of EMIMAC and ethanol is less exathic thus less heterogeneities are visible
in the aerocellulose (Figure Ill. 3b). These inhgeweities are more pronounced for high
cellulose concentrations (> 5%).

Figure lll. 3 : Effects of exothermal reactions betveen EMIMAc and water on aerocellulose :
20,:% aerocellulose coagulated in water (a); 2% aerocellulose coagulated in ethanol (b); SEM
images of a macrochannel in a 2% aerocellulose coagulated in water (c).

The mixture of cellulose-EMIMAC is highly viscoutor example, the viscosity of a 4%
polymer-IL solution is about 40 000 times more wviss than water at 20°C (~ 40 Pa.s) (Gericke,
Schlufter, Liebert, Heinze, & Budtova, 2009; Sessmj Le, Ries, & Budtova, 2010). High
viscosities of cellulose-ionic liquids solutionseate inhomogeneities inside the structure. Air
bubbles may be trapped into solutions, even aéetrifugation, which weaken the structural and
mechanical properties of aerocelluloses.
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1.2 DMSO, a smart choice of co-solvent

EMIMACc is still relatively expensive and is a vissolvent. In order to decrease the viscosity
of cellulose-EMIMAC solutions, the addition of a -solvent was investigated.
Dimethylsulfoxide (DMSO) was chosen for severakmss: first it is a cellulose swelling agent
but it is not a solvent, it is widely used for chistry on cellulose derivatives, it is cheap and
easily available. Moreover, (Gericke et al., 20shpwed that up to 10 g of DMSO can be
dissolved per gram of cellulose solution (atx3® in EMIMAC), i.e. 1Q+% cellulose can be
dissolved in a solvent 8.3% EMIMAc / 91.7% DMSOd(ie 111. 4).

Precipitation 'Miscibility  Gelation Two pha !
(temporary) ! | system$§ |
i a

. ' tnrx'd e
‘ | ;
(

r

-~

’ o '

.. | I3

Cellulose ‘Qs,
solution “Cy,

Figure Ill. 4 : Mixtures of cellulose/EMIMAC soluti ons with different co-solvents (Gericke et al.,
2011). Reprinted with permission from (Gericke et b, 2011). Copyright (2011) Wiley.

The first question to ask is what is the maximalaamtration of cellulose that can be dissolved
in EMIMAc/DMSO mixture as a function of DMSO condeation? In other words,
cellulose/EMIMAcC/DMSO phase diagram must be obtdin€he work described below was
performed in Cemef Mines-Paristech together witbtlaer PhD student Kim-Anh Le.

Cellulose-EMIMAc-DMSO solutions, with DMSO ratio igng from 1 to 86:% in the mixture
EMIMAc/DMSO, were carefully analysed with opticaliearoscopy using polarized and non-
polarized light in the view of the presence of mbssolved cellulose. The dissolution of
cellulose in EMIMAc/DMSO mixture is presented ingkre Ill. 5. It shows the decrease of
cellulose concentration in solution with the in@eaf DMSO content, as expected.
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Figure lll. 5 : Cellulose solubility in EMIMAc/DMSO mixture.
Crosses correspond to non-dissolved cellulose anpem points — to dissolved.
Dashed lines corresponds to 1 anhydroglucose uniinaing 2.5 mol of EMIMAc and indicates an
approximate boundary between homogeneous (solutioand heterogeneous (presence of non-
dissolved cellulose) areas (Le et al., 2013).

Based on the results presented in Figure lll. &,pghase diagram was built (Figure Ill. 6). For
example, the point A has a formulation of,22 cellulose — 58% EMIMAc — 2Q,:% DMSO
(Equation (Ill. 1)). We can convert these proparsido the mass ratio of DMSO in the solvent
EMIMAc-DMSO by Equation (lll. 2). In the example Athe solvent ratio is 74,806
EMIMACc/25.6,% DMSO. In other words, by replacing¢% of EMIMAc by DMSO it is still
possible to dissolve 2@bcellulose.

Xcettutose + Xpmso + Xemimac = 100 (1. 1)

XDMSO
YbuMso in the sovent = X T X (. 2)
DMSO EMIMAc

Similarly, the point C gives a formulation of 1% cellulose — 23% EMIMACc — 65,% DMSO.
Even by having a large proportion of DMSO it il gtossible to dissolve 16 cellulose.
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Figure Ill. 6 : Cellulose solubility phase diagram(shaded area) in EMIMAc-DMSO.
Concentrations are in,;,% (Le et al., 2013).

The viscosity of mixtures EMIMAC/DMSO was also sedl (Le et al.,, 2013). By replacing
40,.% of EMIMAc by DMSO the viscosity is divided by adtor 10: the solution viscosity
decreases from 0.1 Pa.s for pure EMIMACc to 0.015 Ra 40%DMSO0/60% EMIMACc at 20°C.
It should be noted that it is still possible tosdilve almost 2Q% of cellulose (point B in Figure
1. 6).

We demonstrated that DMSO allows decreasing cesdilBMIMAC solutions viscosity while
still dissolving high cellulose concentrations. Hoxgr, we do not have much information on the
influence of DMSO on structure formation duringlakgse coagulation.

In the next section, we will therefore examine itmftuence of DMSO on the final morphology
of aerocelluloses and we will compare new samptesdrocelluloses prepared from pure
EMIMAc and 8%NaOH-water.

2. Microstructural properties of Aerocelluloses

2.1 Influence of DMSO on the aerocellulose texture

The ratio of solvent and co-solvent, 86 EMIMAc / 40,:% DMSO, has been carefully chosen
to have a compromise between the maximum cellldoseentration possible to dissolve and an
optimized viscosity that easies up the procesgepgration. The addition of 40%DMSO allows
to dissolve 18-2Q% cellulose (Figure lll. 6), thus we can easily lexp a large range of
aerocellulose morphology prepared from solutionsfsemi-dilute to concentrated states.
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Cellulose - 60% EMIMACc / 40% DMSO solutions wereepared and then coagulated either in
water or ethanol (c.f. Chapter Il). Water is noingatible with supercritical C£and coagulated-
in water cellulose was afterwards washed sevenagdiwith ethanol and dried by sc€£O
Structural properties of aerocelluloses, from 2@% cellulose, prepared in pure EMIMAc and
in a mixture of 60% EMIMAc / 40% DMSO were studiaadd compared.

Macroscopically, aerocelluloses from EMIMAc/DMSQese more homogeneous (Figure lll. 7).
At high concentrations (e.g. &%0), cellulose coagulated in ethanol presents nonmdgeneities
(Figure 1ll. 7b) and for cellulose coagulated intarathe formation of macroscopic holes is
significantly decreased (Figure 1ll. 7a). This immpement is mainly due to the decrease of the
viscosity of the cellulose-solvent solution and tlecrease of interactions between water and
EMIMACc as 40% of ionic liquid has been replaced.

Figure lll. 7 : Aerocelluloses prepared from 15,% cellulose-60%EMIMAc-40% DMSO solutions
coagulated in water (a); ethanol (b).

2.2 Comparison of aerocelluloses from different solvents

Bulk and skeletal densities, specific surface araad porosity of three different kinds of
aerocelluloses are presented in Table I1l.1. Thieypaepared from:

- dissolution in EMIMACc and coagulation in ethanol,

- dissolution in 60%EMIMACc-40%DMSO and coagulatiorethanol,

- dissolution in_60%EMIMACc-40%DMSO and coagulatioam water (then exchanged with
ethanol for drying),

- dissolution in_8%NaOH-water and coagulation_intewa(then exchanged with ethanol for

drying).

127



Chapter IlI: Microstructural and thermal propert@sierocellulose from different solvents

Table Ill. 1 : Comparison of 5,,% aerocellulose prepared in EMIMACc (coagulated in ¢hanol), in
60%EMIMAC/40%DMSO (coagulated in water and ethanol)and in 8%NaOH-water (coagulated in

water).
Solvent EMIMAc 60% EMIMAc/40%DMSO 8%NaOH-water
Coagulation bath Ethanol Ethanol Water Water
P bui (8/cm’) 0.15 0.17 0.18 0.12
P skeletal (8/M?) 1.56 1.54 1.53 1.55
Sger (8/m?) 199 197 246 286
Porosity € (%) 91% 89% 88% 92%

First, we compared,8% aerocellulose prepared in pure EMIMAc and in 6BBMIMAc / 40%
DMSO, coagulated in ethanol. Skeletal density i/ \wmilar and close to the density of solid
cellulose (1.55 g/ci) as expected since aerocellulose is only madeeliilase. Porosity is
calculated according to Equation (lll. 3) (c.f. @tex II). It is in both cases around 90%.

Ppuik

e(%)=1— (. 3)

Pskeletal

Specific surface areas are identical for aeroasdkes from EMIMAc and EMIMAc/DMSO
solvents. The bulk density of aerocellulose fromIEMc solutions are slightly lowerp(= 0.15
g/cnt) than for EMIMAC/DMSO f = 0.17 g/cr). One explanation may be the presence of very
large macropores in aerocellulose-EMIMACc that appedecause of air bubbles, compared to
the EMIMAc-DMSO counterpart. The presence of “hblesside the sample obviously
enlightens the final material.

We studied also the influence of the coagulatiaih baater vs ethanol, on the final morphology
of 5% cellulose in 60% EMIMAc / 40% DMSO. Bulk and sl densities, and porosity are
very similar. Specific surface area is slightlytneg for the coagulation in water.

Finally, we compared &6 aerocellulose from 60% EMIMAc / 40% DMSO and fr@%o
NaOH-water, both coagulated in water. Aerocelluléeen 8% NaOH is also highly porous
(> 90%) and presents a lower bulk density, andghédri specific surface area. Aerocellulose
from ionic liquids is denser which means that eithehas smaller pores or pores walls are
thicker than aerocellulose from 8% NaOH. However,tlee Set is lower it seems that the
second hypothesis may be more likely.

We studied the texture of aerocelluloses from ILS®M observations (Figure 1ll. 8). At the
same cellulose concentration, aerocellulose from INEAE (Figure Ill. 8a) and from
EMIMAC/DMSO (Figure 1ll. 8b) presents exactly thanse globular network, and pores sizes
appear also very similar.
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Figure lll. 8 : SEM images of aerocellulose preparg from 5,,% cellulose in EMIMACc (a) and in
60% EMIMACc / 40% DMSO (b), coagulated in ethanol.

A more detailed pore size distribution (PSD) wasqgened by Hg porosimetry in the laboratory
L2C in the University of Montpellier. First, the ¢kling constant k, used in the Pirard’s theory
(c.f. Chapter IlI) of pores size “reconstruction” svdetermined for 3% aerocellulose from
EMIMAc, coagulated in water resulting in k = 115 mPd?>. Unfortunately, we did not get the
buckling constant for,3% EMIMAc / DMSO, coagulated in water. Due to thieigh similarities

in structural properties, we opted to use the saalee as for %-EMIMAc aerocellulose.
Similarly, we evaluated the buckling constant fgi% - 8%NaOH aerocellulose, coagulated in
water. Its value is much lower, k = 56 nm.M&a

Figure 1ll. 9 gives the PSD of,B6 aerocellulose prepared either in EMIMAc, 60%
EMIMACc / 40% DMSO or 8% NaOH-water and all coagetain water.
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Figure Ill. 9 : PSD for aerocelluloses from %% cellulose in EMIMAc, 60%EMIMAc/40%DMSO
and 8%NaOH-water, coagulated in water.

First, we studied PSD of aerocelluloses from EMIMAand EMIMAc / DMSO. Classical
structural parameters; kiean Lp maxand full width at half value (FWHYV), presentedGhapter I,
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are summarized in Table lll. 2. They are very samilvith Ly max~ 75 nm, Ly mean~ 60-65 nm
and FWHV~= 60 nm.

The pore size distribution of aerocellulose prepare8%NaOH-water seems narrower with a
FWHYV of 31 nm, half of IL-based aerocelluloses (K lll. 9). Aerocellulose prepared from
8% NaOH-water appears to be finer structured coetpao EMIMAc-based aerocelluloses
which confirms results on specific surface areasight be possible that entangled strands of
cellulose create smaller pores than a globular haggy of cellulose.

Table Ill. 2 : PSD data by Hg porosimetry from 5,% aerocellulose in EMIMAC,
60%EMIMACc/40%DMSO and 8%NaOH-water and coagulated in water.

Pbulk SBET I-p max I-p mean FWHV

RCetuose  Solvent o jem®) (m¥g) (nm) (nm)  (nm)
5 EMIMACc 0.114 225 72 65 56
5 EMIMAc/DMSO 0.186 256 75 61 66
5 8%NaOH-water 0.123 286 - - 31

We showed from morphological characterisations thataddition of DMSO to EMIMAc seems
not to have effects on the morphological propenieserocelluloses.

2.3 Influence of cellulose concentration on the morphology

We studied the influence of cellulose concentratothe solvent 60%EMIMAc-40% DMSO on
the texture and structural properties of aerocadiess. Figure 11l. 10 shows the evolution of the
aerocellulose texture with increasing cellulose cemtration from 5 to 15%. The structure
appears denser and pores seem smaller. ftclBellulose, the globules are not visible and a
more homogeneous and compact morphology is obsérigdre I1l. 10c).

Figure I1l. 10 : SEM images of aerocellulose prepad from 5% (a); 10,,% (b) and 15,,% (c)
cellulose in 60wt% EMIMACc/40wt% DMSO, coagulated inethanol.

The bulk density of aerocelluloses as a functionedfulose concentration is given in Figure lIl.
11. We compared the influence of the two solvemiste EMIMAc and 60%EMIMAC-
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40%DMSO. No major difference is observed betweenm tiho IL systems. Bulk densities
increase linearly with cellulose concentration.

¢ EMIMAC
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Figure Ill. 11 : Bulk densities as a function of cBulose concentration for aerocelluloses prepared
from 60%EMIMACc/40%DMSO and pure EMIMAC, coagulated in ethanol. A theoretical density
for a case of no contraction during all steps of @paration is also added.

We compared bulk densities to the theoretical dgmpgi. The latteris calculated according to
Equation (lll. 4). No contraction means that thduwme of the solution (cellulose + solvent)
remains constant after drying and the solvent pdaced by air. The final mass is the mass of
cellulose + the mass of air that replaced the stlWe usega; = 0.001 g/Cri peeiiuiose= Pskeletal

= 1.55 g/cm andpemimac = 1.10 g/cm.

_ Mcellulose + Mg
Pth =7,

cellulose+solvent

(1. 4)
%Ccellulose + Pair X (100 - %Ccellulose)
%Ccellulose + 100 — %Ccellulose
Pceliulose PEMIMAC

Ptn =

Densities of aerocelluloses in ionic liquids arghar than the theoretical ones mainly due to
contraction during the coagulation and se@@/ing processes.

For a fixed volume, more cellulose is present ghhtoncentrations, therefore the density
increases. Figure Ill. 12 schematises aerocellslosteucture at low and high cellulose

concentrations. During coagulation, cellulose chaielf-associate. Pores are predicted to be
smaller with a larger thickness. The specific stefarea is therefore expected to be lower at
high cellulose concentrations.
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Figure lll. 12 : Schematic representations of aerogluloses structures : from low (a) and high (b)
cellulose concentrations.

Pore thickness

To confirm our hypothesis, we measured specififaserarea by BET and pore size distribution
by “reconstruction” from Hg porosimetry (Pirard apach). Both analyses were performed in
the laboratory L2C of the University of Montpelli@rhe influence of cellulose concentration on
specific surface area is given in Figure Ill. 13.

Sger decreases slightly with the increase of cellulase,an examplegsr (5%) = 197 ma/g
whereas &t (20%) = 171 m?/g. It confirms our previous assumpton concentrated
aerocelluloses.
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Figure Ill. 13 : Specific surface area versus cellose concentration for aerocelluloses from
60%EMIMAC/40% DMSO, coagulated in ethanol.

In order to analyse PSD of aerocellulose as a iomaif cellulose concentration, the buckling
constant must be determined for each concentragdar as wall thickness may increase. As far
as the buckling constant was measured only f@=ellulose, unfortunately no comparison of
Lp max and Ly meanCan be performed. What can be compared is theestwagh the width of pore
size distribution which is independent of the buuklconstant. Figure Ill. 14 presents pore size
distributions for 5 and 1% cellulose prepared from 60%EMIMACc-40%DMSO mixtwréh

the same buckling constant corresponding to 5%ilosk. The “location” of the distribution for
15% must not be taken into account.
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Figure lll. 14 : PSD of 5% and 15,% aerocellulose prepared in 60%EMIMAc/40%DMSO.

The FWHYV was calculated for both concentrations isméported in Table Ill. 3. PSD at higher
concentration 15% is narrower with FWHV=35 nm compared to 74 nm 3. It confirms
the previous observations on SEM images.

Table Ill. 3: PSD data for 5 and 15,% aerocellulose prepared in 60%EMIMACc/40%DMSO.

Pbulk Sger FWHV
(g/cm®) (m?/g) (nm)
5 EMIMAc/DMSO  0.186 256 66
15 EMIMAc/DMSO  0.498 180 20

%ccellulose Solvent

We showed that cellulose concentration has impbgtacts on the morphological properties of
aerocelluloses prepared from 60% EMIMAc/ 40% DM&©jt was already shown for EMIMAC

(Sescousse et al., 2011; Sescousse, 2010). Fibglighanging cellulose concentration, we can
easily tune the morphological properties of aelatedes depending on the targeted application.

3. Thermal properties of pure aerocelluloses

According to Equation 1.5 (Chapter 1), thermal coativity of solid backbone is directly related
to the density. To minimise this contribution, axsiéy below 0.15 g/cthwill be preferred. We
decided therefore to study only aerocellulose,@057,:% cellulose which has a bulk density of
0.12-0.18 g/crdepending on the solvent, EMIMAc / DMSO and 8% ha®ater.

As it was shown in the previous section, DMSO doesmodify morphological properties of
aerocelluloses. Using 40% DMSO, the solution ofube$e-EMIMAC-DMSO is slightly too
liquid for an easy handling of samples of the cdatgun step. Thus we prepared aerocellulose
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from a solution %% cellulose dissolved in §8 EMIMAc/ 20,% DMSO and coagulated in
ethanol.

The effective thermal conductivities of aerocelkdp prepared either in 80% EMIMAc/ 20%
DMSO and 8% NaOH-water, were recorded by two dfiértechniques. They are given in
Table 1ll. 4. A direct measurement by hot-wire noettwas carried out on,8%6 cellulose-IL by
Hébert Sallée in CSTB, Grenoble. It givieSecive = 32.8 MW.I.K™ for ppux= 0.18 g/cmi. In
Persée Mines-ParisTech, we measured the thermductivity of aerocelluloses prepared from
5 and 4% in NaOH-water on the heat flowmeter Fox 150 (€Hapter Il). We obtainekksective
=30.8 mW.n.K™ for ppui= 0.123 g/cr (5,%) andiefrective = 32.2 mW.rEK™ for ppux= 0.165
glent (7u%).

Table Ill. 4 : Thermal characterisations of aeroceluloses from ionic liquid and from 8%NaOH-
water. All thermal conductivities are given in mW.m*K™.

Pouik }‘effmiy °  Aeffective  Agasssolid  Mradiative Asond.
st solvent (g/em’) MOLM® Eox150 Fox150 Fox1s0  MOLM
5 80%EMIMAC-20%DMSO 0.18 32.5 = - - =
5 8%NaOH-water 0.123 - 30.8 215 9.3 (30%) -

7 8%NaOH-water 0.165 - 32.2 23.6 8.6 (27%) 3.2

We plotted effective thermal density as a functafrbulk density for aerocelluloses prepared
either in ionic liquids or 8%NaOH in Figure Ill. 18 decreases with the density no matter the
solvent used for aerocellulose preparation. Thecéffe thermal conductivity stands above that
of free air (25 mW.i.K™) even at very low density.

35 1 7%-NaOH
30 - 5%-NaOH 5%-EMIMAC-DMSO
€ o5 Lo .
g' 25 free air
£
< 20 -
15 Trrrrrrrrrrrrrrrrrrprrrrrrrror

0 005 01 015 0,2 0,25 0,3
Ppuik (8/cm3)

Figure Ill. 15 : Effective thermal conductivity as a function of bulk density for aerocelluloses from
various solvents.

We showed in Chapter I, that pores with size belfwnm are required to ensure a lower
effective thermal conductivity (Knudsen effect). \Weippose that macropores present in
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aerocellulose structure and observed by SEM, wiath af few hundred nm or even few microns,
are responsible for higher thermal conductivities.

We studied more precisely the different contribmgioto the thermal conductivities of
aerocelluloses prepared from 8%NaOH-water. We nnedsthe thermal conductivity as a
function of temperature on the heat flowmeter F6R In Persée Mines-ParisTech. Results are
given in Table Ill. 4. By extrapolating the curke= f(T®) towards F-~0, we suppressed the
contribution of the radiative transfer (c.f. Chaplleand determinedigastsoid. Aradiative WaS then
obtained by substraction dfsecive— (Lgastsolid). It contributes at around 30 % of the total thairm
conductivity. The decrease of the effective theromadductivity with density is mainly due to the
decrease of the conduction gas + solid (Tablet)ll.

Experiments at low pressure (1®Pa) and low temperature (-118°C) to determiggy was
carried out on %% cellulose in 8% NaOH-water by hot-wire methodG8TB, Grenoble. We
obtainedsoig= 3.2 mW.nm.K™ (Table 1II. 4). We deduced the contribution of tenduction of
the gaseous phase to hgs= 20.4 mW.nT.K ™" which represents 63% of the effective thermal
conductivity.

The thermal conductivity as a function of presstoe 5,% aerocellulose prepared in 80%
EMIMACc / 20% DMSO was measured by hot wire method5TB, Grenoblé\.= f(P) is plotted

in Figure Ill. 16. A plateau is observed at low gmere and the value of conductivity is about
12.7 mW.nt.K™* corresponding to the contribution Bfyiq+Aadiaive (C.f. Chapter 1). The gas
conduction is then evaluated at 19.8 mW.Ki" (by substraction ofefrective — (solid*Aradiativd)
and represents 61% of the effective thermal comdtict
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Figure Ill. 16 : Thermal conductivity as a function of pressure for 5,% aerocellulose from 80%
EMIMACc / 20% DMSO.

We showed that for aerocelluloses from 8% NaOH-wyatee radiative conductivity is rather
independent on the density. We did not determiggive for 51% -IL but we suppose that it
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should be very similar to aerocelluloses preparechfNaOH solvent, around 30%. We deduced
the conductivity of the solid phase from the swdagtton of fsoligtAradiativd — Mradiative@Nd Obtained
Asolid = 12.7-(32.5*30%) 3 mW.mi*.K™. It is coherent with the direct measurement byvhioe

at low temperature and pressure for aerocellulasa 8%NaOH.

Aerocelluloses prepared either in ionic liquids Xtare of EMIMAc and DMSO) and 8%
NaOH-water present similar thermal properties, witlective thermal conductivities around 30-
32 mW.m'.K™. Pure aerocelluloses are not therefore superdtiagl materials. The main
thermal contribution is due to the conduction af titaseous phase which represents more than
60% of the total conductivity. In order to decreéise gaseous conductivity and thus effective
thermal conductivity, it is necessary to improve fforous structure with pores lower than the
free mean path of air (70 nm) and to tend towandarep-structuration.
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Conclusions

Aerocelluloses prepared from solvent NaOH-water ianet liquid EMIMAC were already well
characterised in (Gavillon & Budtova, 2008; Sesseust al., 2011). EMIMAc has this great
advantage of dissolving much higher cellulose tha82%%NaOH-water which open new range of
properties and morphologies. However, EMIMACc is hhgviscous, expensive, and reacts
exothermically with water creating large macropores

The investigation of DMSO as a co-solvent to EMIMAlsgowed major improvements in the
preparation of aerocellulose: decrease of the mblviscosity and of large macropores. The
ternary phase diagram of cellulose-EMIMAc-DMSO dhsed that it was still possible to

dissolve high cellulose concentrations (:20) with 30-4Q:% DMSO added to EMIMAC.

We compared structural properties of:% aerocelluloses prepared in different solvents:
8%NaOH-water, EMIMAc and 6@ EMIMAc / 40, % DMSO. They present high porosity,
above 90%. Skeletal densities appeared to be tme sad equals to one of pure cellulose,
pskeleta= 1.55 g/cm. The bulk density of aerocellulose from EMIMAc/D@Swas slightly
higher due to the decrease of large pores compangdre EMIMAC.ppuik Of aerocellulose from
8%NaOH-water was lower than that from ionic liguxb significant difference is observed for
specific surface areas, for aerocelluloses from At or EMIMAc/DMSO but they are lower
than for aerocellulose from 8%NaOH. AerocelluloBes ionic liquids with or without DMSO
present similar pores size distributions and ardewithan the one from 8%NaOH-water.
Aerocellulose from 8%NaOH presents a slightly fimorphology than the one from ionic
liquids. We also studied the influence of cellulosencentration on the morphology of
aerocelluloses from ionic liquids. The bulk densiiycreased linearly with cellulose
concentration with no difference between EMIMAc aaMIMAc/DMSO. More concentrated
aerocelluloses (e.g. 486) present a finer porous structure with pores Enahd narrower size
distribution compared to,®6 aerocellulose.

For the first time, thermal properties of aerodedes from three different solvents were
investigated. The effective thermal conductivity adrocellulose from 6 cellulose- 8{t%
EMIMAc/ 20,.% DMSO is 32.8 mW.mM.K™ for a bulk density of 0.18 g/cmWe obtained
similar results for aerocellulose from 8%NaOH-watgth the same density (#6 cellulose).
The best thermal conductivity was obtained fgf®cellulose in 8%NaOH-water and equals to
30.8 mW.nm".K™. The three different contributions to the effeetithermal conductivity were
determined. The conduction of the gaseous phases&ms 60% and the radiative transfer 30%
of the total conductivity. The conductivity of tleellulose solid phase was estimated at 3.5
mW.m*.K™* for ppui = 0.18 g/cr,

All aerocelluloses, independently of the solverssdiving cellulose, give thermal conductivity

higher than one of free air (25 mWK™). It is due the presence of pores with sizes atoge
free mean path of air (70 nm) and the lack of adntr morphology during the coagulation.
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Introduction

We showed in the previous chapter (Chapter I}t therocellulose presents a mesoporous
structure with pores of tens nanometers but alsoldeger pores of few hundreds nanometers to
few micrometers. We demonstrated that the mainntakercontribution of aerocellulose is
represented by the conduction of the gaseous phasge macropores present in aerocellulose
morphology increase the conductivity of the gassphas their size is higher than the free mean
path of air molecules (no Knudsen effect). They terefore responsible for high effective
thermal conductivity of aerocelluloses (around 30a8N.m*K™).

Thus the next step of our work was focused on thaduction of large macropores in
aerocellulose structure. The coagulation of ceHlelas an important step, when the porous
structure of aerocellulose is formed. Celluloseithare self-associating without any chemical
cross-linking. However, coagulation and the forimatiof the porous network are not well
controlled and therefore a wide range of pored@araed. Classic organic aerogels, for example
resorcinol-formaldehyde (Pekala, 1989) or cellulasetate (Fischer, Rigacci, Pirard, Berthon-
Fabry, & Achard, 2006), are chemically cross-linkeldereas aerocelluloses are from physical
gels. The morphologies of chemical gels are supmpo®e be more homogeneous and
nanostructured. We were thus interested in theilpbgsof chemically cross-linking cellulose
to form new generation of aerocelluloses.

Epichlorohydrin is widely used for chemical cross«ing of polysaccharides. We will study the
preparation of cross-linked cellulose by epichlgarim in the solvent 8% NaOH-water. Several
processes will have to be considered. First, akil8%NaOH-water undergoes a physical
gelation due to self-association of cellulose chaBy adding epichlorohydrin, cellulose chains
will be chemically cross-linked. We will study tirdluence of the addition of the cross-linker on
the cellulose solutions gelation by rheology. Well wdarry out dynamic viscoelastic
measurements and determine the time of gelati@anfasction of the cross-linker concentration.
We will discuss potential competition between cheghand physical cross-linking.

Cross-linked cellulose gels will be then coagulatedvater and we will discuss the effects of
cross-linking on the formation of coagulated celgd by looking at swelling ratios. Finally, we
will dry coagulated cross-linked cellulose samplgsscCQ. We will study in depth the texture

of the new cross-linked aerocelluloses by SEM,rtis&iuctural properties such as bulk and
skeletal densities, porosity, specific surface su@ad pore size distribution by Hg porosimetry.
We will discuss the influence of cross-linking dve$e properties.

We will also investigate the mechanical propertéscross-linked aerocelluloses by uniaxial
compression. Young modulus, yield stress and stoensification strain and absorbed energy
will be determined. We will correlate structurabperties to mechanical behaviour.

Finally, we will study thermal properties of newoss-linked aerocelluloses. First, we will
measure their effective thermal conductivity. Well valso determine different thermal
contributions to have a better understanding of traasfers through cross-linked aerocelluloses.
We will discuss if structural properties improverteallow improving thermal conductivity.
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Introduction

Il a été montré au chapitre précédent (Chapitiedlie I'aérocellulose présente une structure
mésoporeuse avec des pores de quelques dizaimsmdmétres mais également des pores plus
grands, d’'une centaine de nanomeétres a quelquesmétres. Les macropores présents dans la
structure de I'aérocellulose ont une taille biepé&ieure au libre parcours moyen des molécules
d’air. lls sont responsables de 'augmentationadednductivité thermique de la phase gazeuse,
(qui représente la majeure partie de la contrilutitermique) et donc de la forte valeur de
conductivité thermique totale (autour de 30-35 mW/KiT).

Le but de ce travail a été de réduire la présereegmbs macropores dans la structure
d’aérocellulose. L'étape de coagulation est impudacar c’est le moment ou la structure
poreuse est formée. Les chaines de cellulose siassaosans aucune réticulation chimique.
Cependant cette étape n’est pas bien controléeneledune large gamme de pores.

Les aérogels organiques classiques, comme cewsdecmol-formaldelyde (Pekala, 1989) ou a
base d'acétate de cellulose (Fischer, Rigacci,rdRirBerthon-Fabry, & Achard, 2006), sont
chimiquement réticulés contrairement aux aérocmsled qui sont issus de gels physiques. Nous
nous sommes donc intéressés a la réticulation ghende la cellulose pour préparer une
nouvelle génération d’aérocelluloses.

L’épichlorhydrine est largement utilisée pour rétér les polysaccharides. Elle sera utilisée
comme agent réticulant de la cellulose dans le aspvB%NaOH-eau. L'influence de
I'épichlorhydrine sera étudiée a toutes les étaegprocédé. La cellulose est connue pour
gélifier dans le solvant 8%NaOH-eau mais I'ajouagint réticulant risque de jouer sur la
gélification physique de cellulose. Des études Idgtques vont permettre d’étudier le temps de
gélification en fonction de la concentration d’agegticulant. Une éventuelle compétition entre
les mécanismes de gélification physique et chimsgra discutée.

Les gels de cellulose réticulée seront ensuite Wdéagdans I'eau. Les effets de la réticulation
chimique sur la formation de cellulose coaguléerstediscutés, notamment en étudiant le degré
de gonflement. La cellulose réticulée et coagu¥a séchée par GBupercritique pour donner
des aérocelluloses réticulées. Ces nouveaux aéregebnt étudiés en détail en fonction du
degré de réticulation: leur texture par MEB, leprspriétés structurales par leur densités, leur
porosité, leur surface spécifiques ainsi que létridution de taille de pores.

Les propriétés mécaniques des aérocelluloses léguseront également étudiées par
compression uniaxiale et les parametres, comme delulm de Young, la contrainte et
l'allongement a la plasticité, I'allongement a langification et I'énergie absorbée, seront
déterminés. Les relations structures propriétémnseliscutées.

La conductivité thermique totale des aérocellulosgEulées sera mesurée et les différentes
contributions thermiques seront aussi déterminéappbrteront une meilleure compréhension
des transferts de chaleur dans la structure pardweseéventuelles améliorations structurales
seront corrélées aux propriétés thermiques résattan
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1. Chemical cross-linking of cellulose in 8% NaOH-water solvent

1.1 Reaction mechanism

Epichlorohydrin (ECH in the following) is well-knaw as a powerful cross-linker for
polysaccharides (Chang, Duan, Cai, & Zhang, 2018a€u, Oprea, Anghel, Cazacu, & Cazacu,
2012; De Miguel, Rieumajou, & Betbeder, 1999; De&lGxini, Bertini, Filiatre, & Torri, 2005;
Hamerstrand, Hofreiter, & Mehltretter, 1960; Jyptioorthy, & Rajasekharan, 2006). Recently
Zhang's group prepared cross-linked cellulose hyeli® with ECH (Chang, Zhang, Zhou,
Zhang, & Kennedy, 2010; Zhou, Chang, Zhang, & Zh&v§7).

ECH is a bifunctional molecule with a function ega@nd chloride (Figure IV. 1).

O

P

Figure IV. 1 : Epichlorohydrin (ECH).

Cellulose is made of long chains of anhydrogluaasies (AGU). ECH can covalently bind two
anhydroglucose units of cellulose through a Willkmm etherification reaction (Figure IV. 2).
Each AGU has three hydroxyl groups on carbops@@ and G that can possibly react with
ECH. It was shown (and will also be demonstratedun study) that the cross-linking occurs
through OH on €which turned out to be the most reactive as coaetptw OH-G and OH-G
(Luby & Kuniak, 1979).

OH
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Figure IV. 2 : Mechanism of cellulose cross-linkindy epichlorohydrin.

Cellulose undergoes a physical gelation in the esulv8%NaOH-water with time and
temperature increase (Roy, Budtova, & Navard, 2@B&)ation occurs due to cellulose chains
self-association since cellulose-cellulose inteomst are preferred instead of cellulose-solvent
ones; this physical gelation is accompanied by oaptrase separation (gels become opaque). By
adding epichlorohydrin, cellulose chains becomentbally cross-linked. Two mechanisms are
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therefore present and can possibly compete: pHygelation due to chains self-association
(Figure IV. 3a) and chemical cross-linking (Figlive 3b).

Self association of chains ® Cross-linking point

Figure IV. 3 : Two mechanisms of cellulose gelatiomphysical gelation via self-association of chains
(a) and chemical cross-linking (b).

We define the relative ECH concentration in thectiea medium R, as the molaratio of ECH
to AGU (Equation (IV. 1)).

nmol ECH

e —— V.1
el T o mol AGU ( )

A ratio of 0.5 equals to stoichiometric proportidns one cross-linking point (as represented in
Figure IV. 2) that can be called “mono-crosslinkifigquation (1V. 2)).

However, AGU unit has three hydroxyl groups off G, and G that can potentially react with
epichlorohydrin. With a ratio R = 1, two OH groups AGU are cross-linked (Equation (IV. 3)).
With R = 1.5, all cellulose hydroxyl groups will loevolved in cross-linkings (Equation (IV. 4));
it is the maximal cross-linking degree that is jpaissto obtain in the reaction between cellulose
and epichlorhydrin;

2 CgHy00s + C3H5OCl = CeHoOs — C3HgO — CoHoOs " CysHyy 041" + HCI (IV. 2)
2 C4HypOs + 2 C3HsClO = CygHog045 + 2 HCI (IV. 3)
2 C4HypOs + 3 C3HsClO = CyyHsp045 + 3 HCI (IV. 4)

This ratio R has to be distinguished from the cross-linkingprdt represents the concentration
of epichlorohydrin present in the reaction medium aot the effective quantity of cross-links
that happen between cellulose and ECH.
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1.2 Rheological study of cellulose solutions gelation

As mentioned above, two different mechanisms ofksilmking, physical and chemical, are
present during the cellulose cross-linking reactioth ECH. Chemical cross-linking can either
enhance or compete with physical gelation. Rheolsgyuseful tool to evaluate the influence of
cross-linking on gelation.

In a recent paper, the chemical cross-linking diutese by ECH in the solvent NaOH-water-
urea was studied (Qin, Lu, & Zhang, 2013). It wa®sven that cross-linker concentration,
cellulose concentration and temperature play arortapt role in the gelation mechanism and
that the chemical cross-linking induced by ECH dased significantly the time of cellulose
solution gelation. We started our work, cellulogess-linking by ECH in 8% NaOH-water,

before the article (Qin et al., 2013) was publishé studied in details the influence of cross-
linker concentration and temperature on the geidtie.

1.2.1 Influence of ECH concentration on gelation

(Qin et al., 2013) studied the rheological behawioligelation of cellulose solutions during
cross-linking using double concentric cylinder getmyp with a gap of 2 mm at a frequency of
6.3 Hz. We performed dynamic viscoelastic measuntésn&ith cone-plate geometry at a
frequency of 0.1 Hz and stress at 0.01 Pa to erseirg in the linear viscoelastic regime (c.f.
Chapter II).

1.2.1.1 Effectof ECH on G"and G” behaviour

The evolution of the two moduli, elastic G’ andooss G”, as a function of time for various
ratios Re, was studied at various temperatures and cellutoseentrations. An example for
three different cellulose-8%NaOH-water mixtures hwitlifferent Re ratios at a given
temperature, 22°C, and at a fixed cellulose comaganh 4,:% is presented in Figure IV. 4.
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Figure IV. 4 : Elastic (G’) and viscous (G”) modul as a function of time for 4,% cellulose solution
at 22°C with various ECH concentrations in the reatton medium, R.. (R.=0 corresponds to
cellulose physical gelation without ECH).

At the beginning (low times) G” is higher than @or all ratio R, indicating a viscous liquid
behaviour. Crossovers of G’ and G” were observedafbcellulose solutions and the time of
gelation was determined at this point (Winter & Gieon, 1986). After the gelation point, G’
becomes higher than G” indicating a more elastlab®ur. Viscous G” and elastic G’ moduli
have rather different shape depending on the®io.

With low ECH concentration (R< 1) G’ and G” increase slowly with time. This belwr had
already been reported for non-crosslinked cellu(®g= 0) (Roy et al., 2003). At higher cross-
linker concentration, G’ and G” curves slowly ingse with time at the beginning of reaction
(below 5000 s), but then sharply increase after G”. It shows that a different mechanism than
physical gelation is occurring. Unfortunately, itasv not possible to wait longer time to
eventually see a plateau of G’ typical for chemyjcatoss-linked gels as data were scattered due
to syneresis.

Similar experiments were performed fa% cellulose-8%NaOH-water solutions and gelation
times were recorded. The results showed that oskulchemical cross-linking has a strong
impact on the viscoelastic behaviour of solutionishagh cross-linker concentration. The
influence of ECH relative concentration on gelatiome is presented in details below.
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1.2.1.2 Effect of ECH on gelation time

From the curves as presented in Figure IV. 4, werdened gelation time at 22°C for various
concentrations of epichlorohydrin,.Rfrom 0 to 3. Two cellulose concentrations in solt
were investigated, 4 and%. All data are summarised in Figure IV. 5.

50000
45000
40000
35000

30000
25000 ¢ 4% cellulose
20000 0 5% cellulose

Gelation time (s)

15000
10000
5000 /L

0 I T T T T T 1
0 0,5 1 1,5 2 2,5 3

Rrel =Necu/ Nacy

B HoH

Figure IV. 5 : Gelation time as a function of the atio R, for two cellulose concentrations 4 and
5% at 22°C. Lines are given to guide the eye.

For both cellulose concentrations, we observedvaarel interesting effect: gelation is strongly
delayed in the presence of epichlorohydrin andltimgest gelation time is atdr= 0.5. This
phenomenon is less pronounced fg€®as compared to,&6 cellulose concentration. The ratio
Rrel = 0.5 corresponds to the stoichiometric ratio 6HEto AGU in the reaction medium (what
we called “mono-crosslinking”, see Figure IV. 2).

We suggest the following interpretation of the getd cellulose gelation in the presence of
cross-linker. Physical gelation is a cooperativacten: cellulose chains are self-aggregating
with time and temperature increase via hydrogerdingn We suppose that the introduction of a
cross-linker, epichlorohydrin, induces a compatitivetween physical and chemical gelation.
Epichlorohydrin molecule acts as a “spacer’” betweehulose chains preventing cellulose
chains self-aggregation (Figure IV. 3). The coopeeareaction of hydrogen bondings is delayed
because of spatial constraints. The increase hilagé concentration increases the probability in
chains intra-molecular interactions and thus tHaydeffect is less marked for 5% cellulose.

A plateau is observed for high ECH R 1.5): gelation time in the presence of high amaint
ECH is similar to that of non-crosslinked cellulasdution (Re = 0). Above R, = 1.5, if all
epichlorohydrin molecules are involved in reactwith cellulose, no more cross-linking is
possible as all hydroxyl groups on AGU are alredmhund. The excess of ECH is not
participating to reaction. This explains the indegence of gelation time on.dr Gelation for
Rrei> 1.5 is most probably mainly due to chemical criogsng.
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The delay of cellulose gelation in the presencepthlorohydrin was not reported in ref (Qin et
al., 2013). They showed that the gelation time el@®ed with an increase of ECH concentration.
The reason is that they studied the case witl>R.

1.2.2 Influence of temperature on gelation time

The influence of temperature on the viscoelastioperties of cellulose-8%NaOH-water
solutions in the presence of ECH was studied. @®aldtme as a function of temperature for
4,:% cellulose solution is presented in (Figure IV. 6)

1000000 + ®¢R=0
] mR=0.5
) eR=1
100000 % - R=2
10000 é y= 1.107e’0f295\>5,' \ y = 8.106¢0,248x
- : Rie=2 \ “\\\RreF 0.5
g 1000 - y = 4.107e034% =
. E RreI: 1
100 -+
E y = 2_107e—0,327x
i R=0
10 . rel
1 T T T T T T T T T T T T T T T T 1
0 10 20 30 40 50
T(°C)

Figure IV. 6 : Gelation time as a function of tempeature for 4,,% cellulose solutions with various
ECH concentrations in the reaction medium, R,.

For non-crosslinked cellulose €R= 0), it is known that the gelation timg, decreases with
temperaturd in an exponential way (Equation (IV. 5)).

tger = A.exp (n.T) (IV.5)
where A is an empirical adjustable constant.

Gavillon showed that for % cellulose in 7.6%NaOH-waten = -0.345 and A = 5.7.10
(Gavillon, 2007). Similar results can be observed4,% in 8%NaOH-water witm = -0.33
(Figure IV. 6). The thermodynamic quality of thelvemt NaOH-water decreases with
temperature increase. Polymer-polymer interactiares then more favourable and gelation
occurs faster at high temperatures.

We looked at the influence of the cross-linker ba ¢elation as a function of temperature. The
values of exponent were similar within the experimental errors fagR 0.5, 1 and 2, except
for Re = 0.5 (Figure IV. 7).
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Figure IV. 7 : Exponentn of the Equation (IV. 5) as a function of ECH concaetration R in the
reaction medium.

A patrticular behaviour is again observed fgg R 0.5, with the exponent being higher than
those for the other ECH concentrations. It meaasdhllulose solution is somewhat slightly less
sensitive to temperature increase. Without anysclioger, temperature increase induces higher
chains mobility and thus the probability of therf@tion of inter- and intramolecular hydrogen
bonding is increased. The presence of ECH as acésphetween cellulose chains is limiting
cellulose-cellulose interactions even with tempaeatncrease. The impact of the solvent quality
decrease with temperature becomes less importdanhigher ECH concentrations gR> 1),
cellulose is mostly chemically cross-linked andlueke-cellulose interactions are important
leading to a decrease of gelation time with tenipegancrease.

2. Characterisation of chemically cross-linked cellulose

2.1 Attempts to determine the degree of cellulose cross-linking

Knowing the degree of cross-linking is importantutederstand and interpret the properties of
gels, coagulated cellulose and dried aerocelluldsedetermine the degree of cross-linking, two
techniques were used:

- A direct measurement by elemental analysis oeddrross-linked coagulated cellulose

- An _indirect measurement b{H-NMR on the coagulation bath to evaluate non-ehct
epichlorhydrin and to deduce the cross-linkingaati

2.1.1 Determination of cellulose cross-linking by elemental analysis of dried
coagulated cellulose

Cellulose was cross-linked with different concemtras of ECH in the reaction medium R
Then, the obtained cellulose gels were coagulatedater. Coagulated cross-linked celluloses
were washed in several water baths in order to venmon-reacted ECH and NaOH. Samples
were then extracted from the baths and dried bpawaive route in the air at room conditions.
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Elemental analysis of dried samples was carriedvatit the help of the CNRS-Institute of
Analytical Sciences. A weight concentration of @arlivas measured.

We did this analysis for only one formulatiop% cellulose with ECH concentration in reaction
medium of Ry = 1. We used 20 g of,8%6 cellulose (i.e. 1 g of cellulose) in 8% NaOH-water
which we added 0.571 g of ECH{R= 1). We obtained after drying cross-linked aellotese
with Mgna = 1.71 g.

The elemental analysis gave the weight concentraifacarbon %Geasured= 34.52%. By using
Equations (IV. 6) and (IV. 7), we calculated thessyaf carbon for pure aerocellulose and for
cross-linked aerocellulose. We calculated theretbee difference in mass of carbon between
pure and cross-linked aerocellulose according taakgn (IV. 8) which corresponds to the
quantity of ECH that has reacted with cellulose. ®valuated the effective cross-linking ratio
Refrective (Equation(IV. 9)) and obtained Recive = 0.66. The yield of cross-linking reaction is shu
not 100% but 66%.

me(cellulose) = mc(R =0) = 6 X Neeyuiose X Mc = 6 X Neepiuiose X 12 (IV. 6)

%C. X mg;
me(cellulose crosslinked withR =1) =m¢(R=1) = ° measu{g‘g final (IV.7)
Neg=1 —Ncr=0 Mc(R=1) —mc(R=0)
NECH (reacted) = S 3 — = 3x M, (IV.8)

NgcH (reacted)

Reffective = (|V 9)

Ncellulose

Other formulations with various ECH concentratican® currently under research to evaluate more
precisely the cross-linking ratio of cellulose.

2.1.2 Determination of cellulose cross-linking by TH-NMR analysis of coagulation
bath

The second set of methods used is an indirectrdetation of the ECH that had reacted in the
cellulose cross-linking reaction.

Cellulose was cross-linked with different concetitwras of ECH in the reaction medium. Then,
cellulose gels obtained were placed in water foh2t room temperature under mild stirring to
remove non-reacted ECH and NaOH. The water bathcelected and analysed to determine
non-reacted ECH and therefore to deduce ECH thhtdwcted.

Several techniques were envisaged to determinedheentration of non-reacted ECH in the
coagulation bath. As the reaction medium is higb&gic, ECH is hydrolysed into glycerol.
Glycerol is classically dosed in biochemistry byynes. However, due to the high basicity of
the medium it was not possible to use this techaiqu
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We tested elemental analysis with the detectionanbon and chlorine. The concentrations of
glycerol and chloride anions were too low to beuaately quantified, as it was below the
detection concentration.

We opted for determination of glycerol in solutibp *H-NMR. This study was conducted in
collaboration with the group of Michael Ries, Urmsiéy of Leeds, UK.

In order to determine ECH concentration in wateagtdation bath, a calibration curve must be
first built using the correlation between the socefaunder the corresponding NMR peak and
known ECH concentration solutions (“calibrationug@ns”), separately prepared.

An example ofH-NMR spectrum of one calibration soluti@ngiven in Figure IV. 8. Peaks are
identified as the water peak at 4.85 ppm, chenyiaatique hydrogen of glycerol gHat 3.585
ppm, hydrogens of glycerol;tand K at 3.585 ppm and 5.482 ppm, respectively, andNé@H
peak at 2.177 ppm. Each resonance was integratadathathree times and a mean value was
taken. Figure IV. 8 shows that the peaks of inteses located on the edge of the water peaks,
decreasing the accuracy of the integration.
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Figure IV. 8 : *H-NMR spectrum of a coagulation bath from a 5% cellilose.

Then glycerol concentrations were measured usidgNMR analysis of coagulation baths
collected after immersion of cellulose cross-linkgth ECH of various R, from 0.25 to 4.

For Re < 1, the concentration of ECH in the coagulatiorhitarned out to be higher than the
concentration of ECH in the reaction medium whimot possible. This shows the limitation of
this method for low concentrations of ECH in theuaous solutions. For higher, R we
evaluated the effective R =0.6 for.R= 2 and R=1 for R, = 4.

The yield of etherification (or cross-linking) okltulose is not 100%, confirming previous
observations by elemental analysis. A high amob@iepachlorohydrin is required to increase the
effective cellulose cross-linking.
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As we did not manage to accurately determine thec#fe cross-linking ratio (Recive Of all
formulations of cross-linked aerocelluloses, wd wde in the following the initial relative ECH
concentration in the reaction medium stead of Riective

2.1.3 Analysis of cross-linking with 13C-NMR

Dried cross-linked cellulose samples were analyset?C-NMR by Remi Courson and Sylvie
Etienne-Calas in the laboratory L2C of the Uniygrsif Montpellier. Spectra of samples with
different relative ECH concentrations in reactiBpy are given in Figure IV. 9 and are compared
to non-crosslinked sample (Figure IV. 9a). Resoageaks were attributed tq &t 105 ppm, ¢

at 85 ppm, @, Gz and G at 75 ppm and £at 62 ppm (Capitani, Del Nobile, Mensitieri, Sami

& Segre, 2000; Chang, Zhang, et al., 2010). Spedtcaoss-linked samples (Figure IV. 9b, c, d)
were noticeably broader with the increase @f. Rt is possibly due to the differences in the
chemical environment due to the presence of cinks-(Capitani et al., 2000). Signals of C
and G were almost merged into the broad resonance ge@ksa

C2,3,5
R
OH
HO 3 1
(o) 5 2
- 4
A (0]
OH \ ¢ |
\ 6|
\, J\‘ “‘\“
C1 N i“‘;\
AN ViR .
AN \  Ethanol residue
d \ “ \
=W e
A = = > ""Q\WWWH.
A bW N A
7\ \ L7 e\
“\ \ \
\ \
N fid y \\
Sttt 8 i
A v {4 ‘,’v“\
f\ AR AN
\ | N
/ ; l
b / / | \
A AN N/ | \%
e e | ST e
R
A f t Al
\ ! /
f ‘x\ Al f' c", J
/ \ hid 4 i
[ M ¥ i
GO I W : %y
s 74 e il it )
I

T T
110 100 90 80 70 60 50

Figure IV. 9 : **C-NMR spectra of samples from dried 5%cellulose sapies: Re = 0 (non-
crosslinked) (a), with Re=1 (b), Re=2.5 (c) and Ry=5.1 (d).

Each spectrum was decomposed by Gaussian curvessgonding to each peak and the area
under each resonance peak was calculated. We nsech@the areas with the area afsgnal as

it is not affected by chemical cross-linking reanti The area of signals,&s and G were then
plotted as a function of Rin Figure IV. 10. The peak surface fog 8 rather independent ofdR
whereas the surface for, & linearly increases with (R This quantitative result demonstrates
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that cross-linking reaction is more favourable loa hydroxyl group on £and G of AGU than
on the hydroxyl group on { This confirmed the previous studies of Luby inieththe most
reactive hydroxyl groups of cellulose was found&OH on G, followed by OH on @and on
Cs in the crosslinking cellulose reaction with ECHifly & Kuniak, 1979).
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Figure IV. 10 : Normalised areas of peaks & sand Gs; as a function of the relative concentration of
ECH in reaction, Ry.

2.2 Swelling of cross-linked cellulose during coagulation

As shown in the Figure 1.6 (Chapter II), cellulosrist be coagulated before being dried and
obtaining aerocellulose. Coagulation is a very ingott step: it determines the morphology
formation. It is well known that non-crosslinkedlase gel (obtained via physical gelation of
cellulose-NaOH-water solution) slightly shrinks uhgr the coagulation (Gavillon, 2007;
Innerlohinger, Weber, & Kraft, 2006). The goal bist part was to investigate the behaviour of
cross-linked cellulose during coagulation and tmpare it with non-crosslinked cellulose.

It turned out than when placed in water coagulalbiath, the behaviour of cross-linked cellulose
strongly depends on ECH concentration used foulosié cross-linking, R. We measured the
volume variation %Volume variationbetween the geNMge (gelation after 24h at room
temperature) and coagulated cellulose swollen item¥syoien in water (SaMples completely
washed from NaOH) according to Equation (IV. 10heTvolume of gel is measured 24 hours
after the gelation of cross-linked cellulose sa@tilt has to be noticed that the volume of gel
does not change in time during gelation and kelpshape of the mould in which the solution
was placed.

szollen inwater — Vgel

%Volume variation = (Iv. 10)

Vgel
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A negative volume variation corresponds to a skaggkand positive to a swelling of cellulose
samples.

We studied the variation of volume for gels prepgairem two cellulose concentrations, 5 and
7wi% (Figure 1IV. 11). For both concentrations, we obsd that gels with R below 0.5 tend to
shrink when placed in the coagulation bath. Howetbe shrinkage is rather limited as
compared to non-crosslinked cellulose: the shriekdgcreases from — 33% fop R 0 to -11%
for Re = 0.5. If comparing samples prepared from 5 ap@é&olutions, the contraction is more
pronounced for cellulose samples prepared from Blulose. At Ry = 1 — 2 cellulose is
strongly swelling: sample volume increases by 2823 compared with the gel (Figure IV. 11).
This is a very interesting phenomenon that was megorted in literature before.
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Figure IV. 11 : Volume variation as a function of ECH concentration in reaction, R, for 5 and
7% cellulose gels.

Usually for samples swollen in water, the relevaatameter is the swelling rattéSRdefined
by Equation (IV. 11) :

W. — Wy
%SR = swollen dried (|V. 11)

Wdried

with Wswoiien @nd Wirieg being the mass of swollen and dried samples, ctispgy.

Here we analysed the swelling ratio of coagulateltliose swollen in water for various ECH
concentrations in reaction mediumgRAfter washing samples from NaOH, they were softly
wiped with filter paper and quickly weighted. Thegre then dried either by evaporative drying
(up to constant weight) or freeze-drying and wesgragain.

In Figure IV. 12, we plotted %SR as a function of Bor 5% cellulose. The swelling ratio
increases dramatically until the maximal value @R&3500 for Rj = 1 (Rfective = 0.66) and
then decreases at highepRalues, reaching %SR500, which is similar to non-crosslinked
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cellulose. The pictures show the visual aspectoafgalated cellulose. Interestingly, with the
increase of R samples become more and more transparent: forp&asamples prepared with
Rrel = 0 or Rei = 0.25 are opaque whereas withy R 2 they are completely transparent. The
“border” between opaque and transparent coaguiedlen cellulose stands betweep /R 1
and 2. The increase of cross-linking thus leada toore homogeneous structure of coagulated
cellulose.
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Figure IV. 12 : Swelling ratio of coagulated cellubse prepared from 5% cross-linked gels.

We compared %SR of cross-linked coagulated cebutosthe theoretical swelling calculated
according to the following approach, consideringttthe maximal theoretical cross-linking can
be at R = 1.5; the excess of ECH, R >1.5, shoulgadicipate to the reaction:

For R<1.5

Megcy X Meanso
(msolution cellulose + mECH) - (mcellulose + MECH )
%SR =
+ MecH X Mc3anso
(mcellulose M )
ECH

For R>1.5 MgcH for R=1.5 X Mc3neo
(msolution cellulose + mECH) - (mcellulose + MECH
%SR =

MgcH for R=1.5 X Mc3neo
(mcellulose + M )
ECH

)

where with “m” we denote substance weight in grauth with “M” it molar weight.
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To confirm the results obtained for 5% cross-linkesdlulose, especially for the increase of
swelling at 0 < R, < 1, we also measured the swelling ratio for&o/cellulose. The results for
5u% and % are presented in Figure IV. 13. The swellingoradiless important for 7% than
for 5%, as expected (see also (Chang, Zhang, ,eR@L0; Zhou et al., 2007)). For cellulose
concentration of 7% we also observed an increaswelling with R for R/ < 1.
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Figure IV. 13 : Comparison of swelling ratio for 5% and 7% coagulated cellulose as a
function of relative ECH concentration in reaction, Re,.

While the decrease of swelling with the increaseros-linker (ECH) concentration is obvious
to interpret (case at/iR> 1), the increase of swelling with the increaé®@ at 0 < Rg < 1 is
somewhat unexpected. We propose the following taiade interpretation of this phenomenon,
based on the same reasoning as given to explaotethg of gelation with the increase ofRor

low Ry values. Before coagulation, cellulose is forminggel in NaOH-water. During
coagulation of non-crosslinked cellulose, the snpaltes of the gel are contracting due to
cellulose-cellulose preferential interactions (as &s water is cellulose non-solvent) and the
formation of hydrogen bonds between hydroxyl grougscellulose. A low amount of
epichlorohydrin which cross-links cellulose chaiasts as a spacer decreasing chains’ mobility
and preventing the formation of hydrogen bondss Teates additional pores that are then filled
with water, increasing water uptake. Further inseeaf ECH concentration “brings together”
cellulose chains thus decreasing the amount of "rn@oves which leads to the decrease of
swelling.

The maximum swelling is recorded atsR= 1. We showed previously that for.R= 1, the
effective cross-linking ratio equals to 0.66. Thesult is in agreement with ECH concentration
observed for the maximum of delay in cellulose sofugelation (R = 0.5), where there is an
important competition between physical and chengegation.
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2.3 Solvent exchange

In order to dry wet aerocellulose precursor witlpesaritical CQ, the fluid in the pores of
coagulated cellulose must be compatible with supia CO,. Two ways are possible:

- to coaqgulate cellulose directly in a fluid comph with supercritical C®and which also will
wash out NaOH, e.g. ethanol

- if cellulose is coagulated in a fluid not comp#i with CQ (e.g. water), it is necessary to
perform solvent exchange: for example, to replaegewby ethanol or by acetone. The main
requests here are that the “replacing” fluid mwstbmpatible with both the fluid in the pores of
cellulose and scCO

In both cases, sample porous morphology must beepred as much as possible to obtain low
density porous samples with high specific surfaea.aln other words, cellulose contraction
should be avoided.

After the cross-linked cellulose gel was washedater, it was then placed in ethanol following
the classical procedure of aerocellulose preparatinfortunately, cellulose sample strongly
contracted. The same happened when coagulatedter-wass-linked cellulose was placed in
acetone. There was then no reason to perform dwyitigsupercritical C@ a new “replacing”
fluid had to be found.

(Cai et al., 2012) used methanol for making ceflalsilica hybrid aerogels. We decided to
explore the behaviour of cross-linked coagulatdtllose in methanol and also in some other
fluids, compatible with Cg) to replace water in swollen cellulose.

Several studies were carried out in literature toretate the swelling of micro-crystalline
cellulose and cotton fibre with the physico-cherigeoperties of different fluids, protic (El
Seoud, Fidale, Ruiz, D’Almeida, & Frollini, 2007na aprotic (Barton, 1991; Fidale, Ruiz,
Heinze, & Seoud, 2008). It was shown that molaurad \; and Hildebrand paramet&#jgebrand
give a better understanding of cellulose swellingjor %SR (Table IV. 1). Water is the best
swelling protic solvent as compared to alcohols: gtvelling ratio in ethanol is four times lower
than in water. Alcohols with smaller size of mollesguike methanol, swell cellulose more than,
for example, isopropanol.

Table IV. 1 : Physico-chemical parameters of alcolte (data from (El Seoud et al., 2007)) and of
DMSO (data taken from (Fidale et al., 2008)) and ¢elose swelling in these fluids.

Solvent pKa Vs (cm*/mol) Suildebrand %SR
Water 15.7 18.05 47.8 53.5
Methanol 15.5 40.48 29.6 20.8
Ethanol 15.9 58.37 26.5 14.1
Isopropanol 17.1 76.51 23.5 5.8
DMSO - 71.03 26.7 95.49
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The Hildebrand parameter of cellulose eq@algebrand39.

We studied the influence of the “replacing” fluid the swelling ratio for coagulated and cross-
linked cellulose of different R. Cross-linked cellulose coagulated in water washed in
progressive baths of methanol (Figure IV. 14, Fegly. 15), isopropanol (Figure IV. 16a) or
acetone (Figure IV. 16b). Progressive baths mela@iswashing was performed in successive
baths containing water and the replacing fluid whéne concentration of the latter was
progressively increased, up to 100% with the ineehof 20%.

Figure 1V. 14 displays samples swollen in methdoolifferent Re.. We observed that initially
transparent samples that were swollen in wateh(Ri> 2) became opaque during the solvent
exchange step, losing their homogeneous structbes\wswollen in water.

Figure IV. 14 : Influence of methanol on the swelkig of 5,,% cross-linked coagulated cellulose.
The series 1 (first line) are samples swollen in wer used as reference with R=0 (al), Re=0.5 (b1)
and R =2 (cl).

The series 2 (second line) are samples swollen irtinanol (water exchanged by methanol with
progressive baths) R;=0 (a2), R¢=0.5 (b2) and Ry=2 (c2).

All samples shrinkvhen placed in methanol as expected from Tablell\Figure 1V. 15 shows
the volume variation of cross-linked coagulatedutete placed in a methanol bath, for two
cellulose concentrations 5 ang%. The maximum volume variation is obtained for kinghest
Rrel, it reaches 70%. Cross-linked cellulose samplgs their faculty of swelling when placed in
a different environment than water. This was obseérfor both 5% and,®6 cellulose samples.
The lowest contraction 10%, was for non-crosslinkelllose.
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Figure IV. 15 : Volume variation of coagulated celllose swollen in water to swollen in methanol for
5% and 7,.% cellulose.

Figure 1IV. 16 compares two others “replacing” flslidsopropanol and acetone, in terms of their
action on cross-linked cellulose swollen in watexo different techniques of solvent exchange
were used:

- a direct one when cross-linked cellulose-swollemvater is directly placed in an isopropanol
or acetone bath;

- with progressive baths, as described above faghanel. Cellulose was placed in successive
baths containing water and the second fluid in Wwhibe second fluid concentration is
progressively increased.

Isopropanol and acetone lead to an important sagelof samples for both techniques (Figure
IV. 16 first line). Samples become white and distdr(Figure IV. 16al and bl). Using gradual
solvent exchange only slightly decreases the sagelkand deformation of samples (Figure IV.
16 a2 and b2).

The next test was to check if the contraction ietaege or isopropanol is reversible or not. To do
this, we placed samples swollen either in isopropan acetone again into a water bath. All
samples re-swell when placed into water and recthar initial shape. The solvent exchange
step is reversible and seems not to alter thetsteiof samples.
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Figure IV. 16 : Influence of “replacing” fluid on t he behaviour (first line) of 5,%cellulose with
Rre=2 followed by reswelling in water (second line).
In isopropanol : directly (one bath) (al), after 3ncremental baths (a2), al sample placed in water
(al), a2 sample in placed in water (a4). Referensample: initial cross-linked cellulose swollen in
water (C)
In acetone: directly (one bath) (b1), after 3 incemental baths (b2), bl sample placed in water (b3),
b2 sample in placed in water (b4). Reference sampliitial cross-linked cellulose swollen in water

(©)

(Fidale et al., 2008) showed that dimethylsulfoxiddSO, is one of the best fluids to swell
cellulose with a %SR = 95. We immersed cross-linketilulose (with Ry=2) coagulated in
water in progressive DMSO baths, and compared terveéad methanol (Figure IV. 17). Sample
swollen in DMSO does not contract and keeps itsjparency (Figure IV. 17b).

Figure IV. 17 : Influence of DMSO on 5:% cellulose with R = 2: swollen in water used as a
reference (a); swollen in DMSO (b) and swollen in gthanol (c).

DMSO seems to be the best candidate for the sokechange step as it does not alter the
structural properties of cross-linked coagulatedlulse. Therefore we investigated the
possibility to dry with scC@samples swollen in DMSO. DMSO and s¢6rm a monophasic
phase at 38°C and 95 bar. The pressure requiredylier than that for the mixture ethanol-
scCQ but it is still reachable. However, the main pesblis the low melting temperature of
DMSO, Ti=19°C. During the depressurization, at the end wbescritical drying process,
temperature drops dramatically below 19°C. Everhvat heating system around the pipes,
DMSO crystallises easily provoking important blogkaand an increase of pressure in the
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autoclave. It was not possible to make the superakidrying of DMSO-swollen samples in
Persée Mines-ParisTech.

Because of these technical problems we decideddomethanol as a fluid replacing water in
cellulose samples and we dried cross-linked samplbsvarious R with supercritical CQ@

3. Properties of cross-linked aerocelluloses

In this section, we studied structural, mecharacel thermal properties of cross-linked cellulose
aerogels and their dependence on the relative otnatien of epichlorohydrin, B.

3.1 Microstructural properties

3.1.1 Bulk and skeletal density

5.% and 4% cross-linked aerocelluloses were characterisei@tails. First, the bulk density of
each sample with variousdRwas measured by either mercury pycnometry indaheriatory L2C

in the University of Montpellier or by powder pyanetry in Persée-Mines ParisTech. The
results are presented in Figure 1V. 18. Fgfbaerocellulose, we compared the two techniques
of bulk density measurements. Hg and powder pyctesegive very similar resulteypuik
increases linearly with the increase of ECH conegioin for 5% and 4% aerocelluloses. As an
example, bulk density of a 5% aerocellulose with=R2 (ppu=0.287 g/cm) is twice higher than
non-crosslinked aerocellulose,{=0.123 g/cm). For 7.% aerocellulose, density increases
more sharply with R, which means that less epichlorohydrin is needetiawe higherppyi
compared to 2%. Density can be tuned by changing the degreeltflase cross-linking.
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Figure IV. 18 : Variation of bulk density with the relative concentration in ECH, R¢,. Bulk density
was measured by two different techniques, powder aHg pycnometry, for 5,,% aerocellulose and
by powder pycnometry for 7,,% aerocellulose.

160



Chapter IV: Chemically cross-linked cellulose - &ahd Aerogels

Measurements of cross-linked aerocelluloses skeletesity were carried out by He pycnometry
in the laboratory L2C in the University of Montgeh. Data are reported in Table IV. 2. No clear
trend is observed as experimental errors are raimgortant. We obtained an average
pskelet©1.56 g/cmi. It is similar to the skeletal density of pureamllulose and, in fact, of pure
cellulose.

From these data we evaluated the porosity of sampla 5%, samples with variougfhave a
porosity around 90%. No significant evolution isselved with density for R<2. For 7%
samples, porosity is also important, around 80-98#4 it slightly decreases with the density
increase.

Table IV. 2 : Bulk and skeletal densities of crosfinked aerocelluloses.

Pbulk Pskeletal £ 0.03

%C R (g/cm?) (g/cm?) Porosity
5 0 0.123 1.55 92 %
5 0.25 0.164 1.66 90 %
5 0.5 0.179 1.62 89 %
5 0.217 1.58 86 %
5 0.287 1.50 82 %
7 0 0.165 1.55 89 %
7 0.5 0.228 1.61 86 %

1 0.349 1.52 77 %

3.1.2 Morphology observed by SEM

The influence of the ratio/Ron cross-linked aerocellulose texture was analpse8EM. Figure
IV. 19 displays observations foy36 cross-linked aerocelluloses with variougi Rom 0 (non-
crosslinked) to 4. For R = 0.5 (Figure IV. 19b), the morphology appearadghsly denser as
compared to non-cross-linked aerocellulose andelargacropores usually visible for non-
crosslinked aerocellulose gR= 0) are less present. FofR= 2 (Figure 1V. 19d) and R= 4
(Figure 1V. 19e), morphologies are more and momesdelt confirms previous observations on
bulk densities. At high R, structure seems finer with pores smaller and rhoreogeneous.
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;5 G B

Figure IV. 19 : SEM images of 5% cross-linked aerocelluloses with R;= 0 (a); Re = 0.5 (b);
RreI =1 (C); Rel =2 (d) and Rel =4 (e)

Figure IV. 20 shows SEM observations fQk% cross-linked aerocelluloses withsRrom 0 to

1. As for 5%, structure becomes more homogeneous and densethaiincrease of cross-
linker concentration. Pore size distribution seels® to be narrower and large pores of about
500 nm visible in Figure IV. 20a have completelyagipeared on Figure V. 20c.

Figure IV. 20 : SEM images of ¥;% cross-linked aerocelluloses with R;= 0 (a); Re=0.5 (b);
Rrel =1 (C)

3.1.3 Specific surface area

Specific surface areas were studied in the laborat@C in the University of Montpellier.
Figure IV. 21 displays sgr as a function of the cross-linker concentratign fr two initial
cellulose concentrations of 5 ang%. For 5%, samples with &< 1 present a higher specific
surface compared to non-crosslinked aerocellullbss.probably due to the narrowing of pores
and the disappearance of macropores in the stgyabserved on SEM images, which create a
higher specific surface. For highefsR 2, Ser is similar or slightly lower than one of non-
crosslinked aerocellulose gR=0). Density of highly cross-linked aerocelluloge rather
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important (above 0.25 g/chand probably pores walls are thicker than for-nmsslinked
aerocellulose which therefore decreases speciffaciarea.

A similar trend is observed for#o cross-linked aerocelluloses (Figure IV. 21). Ray= 0.5,
Sget is higher than that of non-cross linked aeroceflal $et then decreases, similarly tq:%.
The role of ECH as a “spacer” at ECH/AGU being elds stoichiometric ratio seems to be
confirmed here: for 5%cellulose, specific surfaceaas increased from 300 to 406/gwhich

is a clear indication of nanostructuration.
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Figure IV. 21 : Variation of the specific surface aea for 5% and 7,,% cross-linked aerocelluloses
with the ratio Rq.

It is interesting that for a particular concentatiof cross-linker specific surface area reaches a
maximum where a balance is found between pore distebution (shown later), density and
porosity. We compared our results to celluloseaeeserogels prepared from the cross-linking
of cellulose acetate with an isocyanate reagetitenpresence of tin-based catalyst (Figure IV.
22) (Fischer et al., 2006; Fischer, 2006).
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Figure IV. 22 : Cross-linking of cellulose acetatdy isocyanate (Fischer, 2006).

Data of cellulose acetate aerogels were taken tfasther, 2006) and also from internal reports
of the ANR Nanocel Project by Héléne Molnar fronrdée Mines-ParisTech. They used the
parameter %AC/l which is the mass ratio of cellalesetate and isocyanate (cross-linker). We
re-calculated this value into the equivalent reatoncentration of isocyanate, similarly to ECH
Rre, according to Equation (IV. 12). Specific surfareas measurements for H.Molnar samples
were carried out also in the laboratory L2C of thaversity of Montpellier according the same
procedure described in Chapter II.

%AC/I = Mgcetate _ Ngcetate X Macetate _ 1 % Mgcetate (V. 12)

misocyanate nisocyanate X Misocyanate Rrel Misocyanate

We plotted the specific surface areas of cellulasetate aerogels as a function of the
corresponding molar ratio (& (Figure V. 23). For both 5% or 186 cellulose acetate
concentrations, a maximum o is also recorded at an optimizeg|R
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Figure IV. 23 : Specific surface areas of cellulosacetate aerogels as a function of )2 Data were
taken from (Fischer, 2006) and from internal repors in Persée-Mines ParisTech (courtesy of
H.Molnar and A.Rigacci).

3.1.4 Pore size distribution

Hg porosimetry was carried out op% cross-linked aerocelluloses with varioug i the
laboratory L2C. First, the buckling constant, ugethe Pirard’s theory (Pirard & Pirard, 1997)
(c.f. Chapter II) of pores size reconstruction (&ipn (IV. 13)), was determined for various R
and is given in Figure IV. 24.

L= (IV. 13)

70 -
60 T

b

20 H
10 H

k (nm.MPa?%2>)

Figure IV. 24 : Buckling constant for cross-linkedaerocelluloses.

As presented in Chapter Ill, the buckling consfanta 5% non-crosslinked aerocellulose was
determined to be k=56 nm.MP& With the increase of ECH concentration in thectiea (Re)
the buckling constant first slightly decreases #mh becomes rather stable around 43 nm at
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R > 1. This result allows us to suggest the infagenf cross-linking on chains organization in
aerocellulose and to predict other trends thathélbiscussed later.

Let us compare two cases:

A) Aerocellulose is prepared either from physicalsg(in NaOH-water solvent) or via direct
coagulation from solution (e.g. EMIMAc or EMIMAcBMSO solvent) and

B) Via chemical cross-linking.

In case A, chains are self-associating whereasage & chemical cross-linking junction are
formed. It has to be noted that as ECH has twotik@afunctions the functionality of cross-
linking junctions is maximum 4 (between two chaias)shown in Figure 1V. 25.

f > Cellulose chains

Cross-linking point

Figure IV. 25 : Schematic example of a cross-linkig junction between two cellulose chains (with
functionality 4).

The following structures and their evolution withetincrease of cellulose concentration and
degree of cross-linking are presented in Figure2/.

Al A2

[

- Uiy

Pore thickness

5y u

@ Cross-linking point

Figure IV. 26 : Schematic presentations of aeroceillose structures.
Case A : via physical gelation or direct coagulatio. A1 at low cellulose concentration and A2 at
higher cellulose concentration.
Case B: via chemical cross-linking. B1 at low crodinking ratio and B2 at high cross-linking ratio.
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The comparison of cases A and B allows making ¢hewing predictions:

- The increase of cellulose concentration from &kéo case A2 leads to material densification,
increase in pore walls thickness and decrease n@ §i@e. This is what was obtained for non-
crosslinked aerocelluloses from ionic liquids EMIElIAnd EMIMAc/DMSO as described in
Chapter lll. The increase in buckling constant wedllulose concentration can be indirectly
correlated with pore wall thickness and decreagmme size (Figure IV. 26 A1 and A2).

- If comparing case Al and B1, cellulose conceiutmais the same but because of cross-linking
junctions cellulose chains are distributed in spgce@ more homogeneous way. We deduce
“thinner” pore walls, what indirectly suggests ttesult obtained for the buckling constant. We
also predict pores smaller in case B1 as comparédLt This will be studied and discussed in
the following paragraphs. The comparison of Al vidthsuggests that the specific surface of B1
should be higher than that of A1, which was showhigure 1V. 21.

- The increase of the degree of cross-linking, cB2vs B1l, obviously induces sample
densification because of chains elasticity (asiobthin Figure 1V. 18). Pore wall thickness
should not change which is indirectly confirmedrigure V. 24 for the buckling constant. We
predict the decrease of pore size.

- Finally, the increase of cellulose concentrataomd of the degree of cross-linking lead to a
rather dense network (Figure 1V. 18).

By using Equation (IV. 13), we reconstructed porzee distribution (PSD) of cross-linked
aerocelluloses with g varying from 0.25 to 2, and we compared them to-cmsslinked
aerocellulose (R = 0) in Figure 1V. 27. All pore size distributions$ cross-linked aerocelluloses
are narrower and shifted to smaller pores as cosdptr non-crosslinked aerocelluloses, as it
was observed on the SEM images. The result obtasmedline with the hypothesis on the role
of cross-linker: it leads to a more homogeneousgcsire with smaller pores as compared to non-
cross-linked counterpart.

The theoretical porous volume is calculated acogyth Equation 1V.14.

1 1
- (V. 14)

Pbuik  Pskeletal

Vp theoretical =

The ratio of the measured and theoretical porolsnve was determined for each cross-linking
ratio and is given in Table IV. 3. At low crossHar concentration, the ratio is rather high
showing that most of pores were characterized. A=, the ratio is around 100%. It seems
rather impossible since macropores were observe8EM. It shows that the Hg porosimetry
technique has some limitations for fully characieg pore size distribution. At higher cross-
linker concentration, the ratiopVheasureti Vp theoreticadecreases, reaching 10-20%. It seems that we
might have both large macropores and micropores.riirphology observed by SEM confirms
the presence of very small pores. Further expetisnéor characterizing micropores will be
necessary to evaluate more precisely all the porolusne.
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Figure IV. 27 : Pore size distribution by Hg porosinetry for 5,,% cross-linked aerocelluloses for
R, from O to 2.

More precisely, we determined the maximum and teampore diameter,lmaxand Ly meanand
the full width at half value (FWHV) as describedGhapter Il. They are reported in Table IV. 3.

Table IV. 3 : Structural properties of 5,,% cross-linked aerocelluloses.

%C R Pouke " porosity Seer  Vpmeasured 440 Lo max FWRY Lo mean
(g/cm?) (m?/g)  Vptheoretical (nm) (nm) (nm)
5 0 0.123 92 % 286 100 % 48 35 35
5 0.25 0.164 92 % 395 61 % 31 17 26
5 0.5 0.179 90 % 418 37 % 32 20 27
5 1 0.217 89 % 360 15% 32 19 26
5 2 0.287 86 % 265 9% 25 14 21

Lp max decreases as soon as cellulose starts to belerkss- Ly max (Rel = 0) =48 nm drops to
Lp max (Rrei= 0.25) = 31 nm. In the same way, rleandecreases from 35 nm to 26 nm. For higher
Rrel, Lp maxand Ly mean are still decreasing, as an examplg R2 Ly maxand Ly meanequals to 14
nm and 21 nm respectively.

We compared the width of the distribution betweeampgles of non-crosslinked and of
Rrel = 0.25-aerocellulose. PSD of cross-linked aeratmde narrows significantly as the FWHV
drops from 35 to 17 nm, confirming the SEM obseoret. FWHV for R =2 is slightly
narrower with 14 nm.

No major difference is observed of hax Lp meanand FWHYV for formulations with & = 0.25,
0.5 and 1, probably due to experimental errors. fdseilts obtained confirm the predictions
made in Figure IV. 26 on the role of cross-linker aerocellulose structure. Even being very
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rough, Figure IV. 26 describes the main trendsh@ndvolution density, pore size and specific
surface in cross-linked vs non-cross-linked cefialo

Cellulose cross-linking seems to modify structysabperties of aerocelluloses, even at low
cross-linker concentrations. A formulatiop% cellulose-R=0.5 appears very interesting from a
structural point of view. It presents a moderatasity ppu= 0.18 g/cm, the highest specific
surface areagpr= 418 m?/g, a smaller mean pore sizgna~ 25 NM and a narrower pore size
distribution compared to non-crosslinked aerocetial

3.2 Mechanical properties

Mechanical properties of cross-linked aerocelloseere studied by uniaxial compression.
Strain-stress curves for,S6 aerocellulose with various relative ECH concérdns Re from O

to 2 are plotted in Figure IV. 28. AscRncreases, aerocellulose becomes stiffer as tkesstr
strain curve is shifted upwards. From these curslearacteristic parameters were determined as
Young modulus E, yield stressyieq, yield strainegyeq, densification straireq and energy
absorbed from the beginning of the deformationG&o4strain Woo,

16 1
14 -
12 -
& R=2
=
- « R=1
4
= R=0.5
[7,]
© R=0.25
= R=0
0 '{I LU N R e EL S B B S BN B B B R | T .lngFZl LI LI |
0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8

€ strain

Figure IV. 28 : Stress-strain curves for %% aerocellulose with relative ECH concentrations R,
from O to 2.

Table IV. 4 summarises mechanical properties detewinfrom Figure 1V. 28. Yield and
densification strains seem to remain relativelystant and independent of.Raround 4-6% and
50% respectively.

169



Chapter IV: Chemically cross-linked cellulose - &ahd Aerogels

Table IV. 4 : Mechanical properties of cross-linkedaerocelluloses.

%C R Phbulk E Oyield Eyield €4 W o5 Weq
(g/cm®) (MPa) (MPa) (kJ/m?) (kJ/m?)

5 0 0.123 10 0.32 0.037 0.55 213 334

5 0.25 0.164 24 0.56 0.053 0.58 386 800

5 0.5 0.179 29 0.92 0.037 0.52 569 923

5 0.217 38 1.0 0.048 0.54 704 1092

5 2 0.287 43 2.2 0.061 0.50 835 1181

By using the model of Gibson and Ashby for foamd &quation (IV. 15), Young moduli and
yield stress were plotted as a function of bulksignin Figure 1V. 29.

E~p™ (V. 15)
O_yield“'pn (|V 16)

The exponentm for cross-linked aerocelluloses equats= 2.4 and for non-cross-linked
aerocellulose it isn= 2.8 data taken from (Gavillon, 2007; Sescou&=yillon, & Budtova,
2011; Sescousse, 2010) for aerocelluloses prepaymedNaOH-water and ionic liquid solvent.
At equal density, e.gp~0.16 g/cmi, Young modulus increases from 15 for non-croskekh
aerocellulose to 24 MPa for the cross-linked. Gimdsng increases Young modulus by about
50% as compared with aerocellulose made from ethgsical gelation or direct coagulation.

50 -
45 -

Cross-linked Aerocellulose
40 1 m=2.4

35 ~

Pure Aerocellulose
m=2.8

E (MPa)
N
(]

15 -
10 -

| |
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0 0,05 0,1 0,15 0,2 0,25 0,3
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Figure IV. 29 : Young modulus as a function of bulkdensity for cross-linked aerocellulose.
Comparison with non-crosslinked (pure) aerocellulos (data taken from (Gavillon, 2007; Sescousse
et al., 2011; Sescousse, 2010)) and silica aerogalaoui, Woignier, Scherer, & Phalippou, 2008)
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In Figure IV. 29 the dependence of Young modulustlma density of silica aerogel is also
shown. The exponent m = 2.9 similar to some orgaeiogels (Pekala, Alviso, & LeMay, 1990)
but the values are one order of magnitude lowen tha ones of aerocellulose, cross-linked or
not.

Yield stress is also plotted versus bulk densityrigure IV. 30. A power-law relationship is
obtained according to Equation (IV. 16) with expaine=2.2. Yield stress is slightly higher
compared to pure aerocellulose=1.9). At equal density, e.p~0.16 g/cr, yield stress
increases from about 0.4 to 0.6 MPa.

2,5 4 Cross-linked aerocellulose
n=2.2

Oyield (MPa)

Pure aerocellulose
n=1.9

O T T T T T T T T T T T T T T T T T T T 1
0 0,1 0,2 0,3 0,4
Ppui (8/cm?3)

Figure IV. 30 : Yield stress as a function of bulldensity for 5,:% cross-linked and non-crosslinked
(Gavillon, 2007; Sescousse et al., 2011; Sescougéé) aerocelluloses.

Similarly, we compared the absorbed energy unti%46train for cross-linked and pure
aerocelluloses in Figure IV. 31. Both types of aetlnloses fall on the same power-law
relationship Wos~ p*2 It may be explained by the fact that absorbedgsnis highly dependent
of material porosity. Cross-linked and pure aelotetes have similar porosity at equal density
and therefore present similar mechanical behaviour.
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Figure IV. 31 : Absorbed energy Wiy versus bulk density for §,% cross-linked and non-
crosslinked (Gavillon, 2007; Sescousse et al., 208kscousse, 2010) aerocelluloses.

Summarising, a short study of the mechanical ptegseof cross-linked aerocellulose showed
that both cross-linked and not aerocelluloses havsimilar behaviour under a uniaxial
compression. However, at equal density, cross-tirderocelluloses are slightly tougher (higher
Young modulus and yield stress) than non-crosstirees.

3.3 Thermal properties

The influence of cross-linking on aerocelluloserth@ properties was also investigated. The
effective thermal conductivity can be split in tAreontributions (Equation (IV. 17)): the
conduction of the solid phase, the conduction efgaseous phase and the radiative transfer.

Aeffective = Asolid + Agas + Aradiative (IV- 17)

The effective thermal conductivities were measurada Fox 150 heat flow meter in Persée
Mines-ParisTech at 20°C (293 K) and are given &mation of bulk density in Figure 1V. 32.
The measurements were carried out gfecross-linked aerocelluloses withyR 0.25, 1 and 2
and the results for non-crosslinked aerocellulospared from NaOH-water solvent are also
shown for comparison (30.8 mW iK™ for 5,:% cellulose and 32.2 mW:hK™ for 7,.%).
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Figure IV. 32 : Effective thermal conductivity veraus bulk density for pure and cross-linked
aerocelluloses. Comparison with resorcinol-formaldeyde aerogels (adapted from (Ebert, 2011))
and cellulose acetate aerogels (Results from H.Ma@nCourtesy of A.Rigacci).

Figure IV. 32 shows that the dependence of theooatuctivity on density is concave, with a
MiNIMUM Aefiective=26.2 MW.M-.K™ for the density around 0.18 g/€mwhich corresponds to
Rrel = 0.5. This kind of curve is quite typical for let inorganic aerogels (silica (Bisson,
Rigacci, Lecomte, & Achard, 2004)) or organic (meswol-formaldehyde or cellulose acetate)

It should be noted that for the same density, téoonductivity of cross-linked aerocellulose is
lower than that of non-crosslinked one. This shtivet the idea of cellulose nanostructuring in
order to decrease thermal conductivity worked ahd bptimal conditions were found.
Unfortunately, it was not possible to reach theiamegof thermal super-insulation, with
conductivity below 25 mw.mK™.

We determined the contribution of the conductiofidseé gas by measuring conductivity at
different temperatures. As the radiative conduttiis proportional to T (Equation 1.10), we
plotted) as a function of ¥and extrapolated at-$0 to determinégas+soid(Figure V. 33). Data
are reported in Table IV. 5 for 5% ang% non-crosslinked and cross-linked aerocelluloses.
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Figure IV. 33 : Thermal conductivity as a functionof temperature for 5,,% non-crosslinked
(Rrel = 0) and cross-linked aerocelluloses.

By subtractingefrective— Asolid+gas We determined theagiaive cOntribution. For all formulations,
non-crosslinked or cross-linked aerocelluloses, rdthative part represents about 30% of the
total conductivity. It does not seem to be influeshcby cellulose concentration or ECH
concentration R, It seems surprising, as it was shown in Chaptiérat A agiative IS iNversely
proportional to the bulk density.

Table IV. 5 : Thermal characterisations of pure andcross-linked aerocelluloses

Ceelluloses R, Pbulk Acsrective Agassolid S
(wt20) (g/cm?) (MW.m*K?") (mW.m™.K? radiative

5 0 0.123 30.8 21.5 30
5 0.5 0.179 26.2 19 28
5 1 0.217 28.0 19 32
5 0.287 325 24.1 26
7 0 0.165 32.2 23.6 27
7 0.5 0.228 30.7 21.5 30

1 0.349 32.8 25.4 23

Figure IV. 34 displays the different thermal cobtiions: the conduction of solid and gas phases
and radiative for 3% aerocelluloses. As the radiative part seems tintependent on the
density, the effective conductivity is mainly dnwveby solid+gas conductiorisoiig+gas also
presents a curve with a minimum aroyrrd 0.18 g/cr.

174



Chapter IV: Chemically cross-linked cellulose - &ahd Aerogels

40 -
30 A
- ] free air
T e s Ch T,
< ] + A effective
€ 20 A
% ] m A gas+solid
< 1 A radiative
10 -
0 T T T T T T T T T T T T T T T T T T T 1
0 0,1 0,2 0,3 0,4

Ppuik (8/cm?3)

Figure IV. 34 : Effective, solid-gas and radiativeconductivity as a function of bulk density for §,%
aerocelluloses.

The shape of th&sgid+gasCUrve may be explained that at low densities, $esnpresent larger
pores which increase the conduction of the gaseph@ishigh densities, the solid conduction
contribution becomes more important as it is diyectlated to bulk density by a power law
Asoiic~p*> (Equation 1.6). Therefore there is an optimal dtgnshere both the conduction of gas
and solid phase are minimized. Unfortunately, wed dot have time to determine the
contribution of the solid phase by hot-wire at I@ressure and temperature in CSTB (c.f.
Chapter 1) in order to confirm this hypothesis.

The formulation %% cellulose-R,= 0.5 presents an improved effective conductivaynpared

to 51% non-crosslinked aerocellulose. It may be exptihily a decrease in the gaseous
conduction. For R = 0.5, we showed that mean pore size is aboutn?{as calculated from the
“reconstructed” pore size distribution using Hg gemetry) vs 35 nm for non-crosslinked
aerocellulose, with a narrower pore size distridnutit should be noted that these mean pore size
values should be taken with care and can be uséd fon comparison. First, pore size
distribution is obtained in an indirect way (Pird&dPirard, 1997), and also only part of pores are
detected: large pores are not taken into accoumbu(a50%of the total porous volume is
effectively measured). What we want to qualitaveéémonstrate here is that with the decrease
of pore size due to cellulose cross-linking therroahductivity was decreased. It is highly
probable that a certain fraction of large pored @eiected) remained in cross-linked cellulose
leading to thermal conductivities higher than af #ir.

Similar experiments were carried out fqf% non-crosslinked and cross-linked aerocelluloses
(Figure IV. 35). The radiative contribution seerade also constant within experimental errors.
A minimum in the solid+gas conduction is observedthe same ECH concentrationgR 0.5.
The effective conductivity reaches therefore a mum for Rej= 0.5 withAefective= 30.7 mW.m

! Ktagainst 32.2 mwW.thK ™ for non-crosslinked aerocellulose.

175



Chapter IV: Chemically cross-linked cellulose - §ahd Aerogels

40
30 0 -1
e - free air
¥ 25 - el T e
E. 20 ¢ Aeffective
S m A\gas+solid
g€ 15
< A radiative
10 i
5
O 1 T T Ll Ll T T T T T T Ll Ll Ll T T T Ll Ll Ll 1
0 0,1 0,2 0,3 0,4

Ppuik (8/cm3)

Figure IV. 35 : Effective, solid-gas and radiativeconductivity as a function of bulk density for 7,,%
aerocelluloses.

The solid conduction for,®6 non-crosslinked aerocellulose{R 0) was determined by hot-
wire technique at -118°C and ‘ithPa by Herbert Sallée in CSTB, Grenoble, and squal
Asoli=3.2 mMW.m"K™. Due to a lack of time, it was not possible to mea the solid
conductivity for cross-linked aerocelluloses. Wérmsated hypothetically the solid conductivity
of 7%-Re = 0.5 aerocellulose of about 5 mW*K™ (Equation 1.6). It represents about 16% of
the total conductivity. The gas conduction contrésutherefore for the major part of the effective
conductivity, with more than 60%. This shows th@artance of cellulose nanostructuration.

We showed that cross-linking of cellulose allowsoducing aerocelluloses with more
homogeneous and fine morphology as compared tocramslinked counterparts and smaller
pore sizes. Optimized formulations,%-Re = 0.5 or :%-Re = 0.5, give improved thermal
properties with effective conductivity of 26.2 aB6.7 mW.m".K™ respectively. By tuning the
morphology it is thus possible to decrease thecgasluction and therefore improve the thermal
properties of aerocelluloses. Unfortunately, crodsed aerocelluloses give conductivities
higher than 25 mW.thK ™ but allow us a better understanding of the heat fltechanisms and
the importance of reducing the gas conduction dmurtion.

4. Influence of drying method on the morphology

It was shown previously that cross-linked coagulatellulose requires a solvent exchange step
for being dried by supercritical GOHowever, this step may lead to sample dramatitraotion
thus may modify the morphology. We investigated¢f@e other types of drying that do not
require a solvent exchange. The goal was to kezgsdinked cellulose coagulated in water. We
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looked into freeze-drying as this allows directyidg” of swollen-in water coagulated cellulose.
Below we compare three different drying ways of ssrinked coagulated celluloses:
supercritical drying (aerogels), freeze-drying ¢@gls) and evaporative drying (xerogels).

Freeze-drying is another way to decrease liquidbuapinterfaces in gels. After freezing
samples, the solvent is removed by sublimation utae pressure to give a cryogel. Similarly
to aerocellulose, we will call these new porouseamnals cryocelluloses.

Three different types of freezing can be envisaged:

- Fast: samples are placed in a glass beaker {itmisp the heat transfer) and immersed in liquid
nitrogen (-196 °C)

- Moderate: samples are placed in a glass beagemanersed in an ethanol bath cooled down in
a freezer (-60°C)

- Slow: samples are directly placed in a freezZEBE).

5.% non-crosslinked and cross-linked{R 2) cryocellulose samples were prepared from these
three different freezing processes and are shoviagure IV. 36. For fast freezing, cross-linked
samples tend to crack into small pieces as a resuhe thermal shock and water expansion
during freezing (Figure IV. 36d). For moderate atalv drying, samples more or less keep their
shape (Figure IV. 36¢, e, f). After drying, samptdgained from fast freezing, even if they are
presented in small pieces, can be easily handlédkeaep a certain cohesion (Figure 1V. 36 a and
d). Samples from moderate freezing appear morerthst (Figure 1IV. 36b, e€). From slow
freezing, samples have poor mechanical resistandebeaeak very easily when manipulated
(Figure 1V. 36¢). This is slightly less pronounded highly cross-linked cryocelluloses (Figure
V. 36f).

Figure IV. 36 : Different methods of freezing for 5:% non-crosslinked cryocelluloses: fast (a),
moderate (b), slow (c);
and for 5,,% cross-linked with R, = 2 cryocelluloses : fast (d); moderate (e), slow)(
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These large differences in cryocelluloses visupkasare due to the solvent expansion during
the freezing and essentially to the developmenticefcrystals. A slow freezing favors the
formation of larger ice crystals (Figure IV. 37 @mpared to a fast freezing (Figure IV. 37b).

As a result, ice crystals compress the porous tstreiand large pores are created (Job et al.,
2005).

a b

ice OO O
3533 8238 33
ceece oclooe SO0 O
cecce gcsose e o

Figure 1V. 37 : Ice growth during freezing. Comparison of wet coagulated cellulose (a), after fast
freezing (b), slow freezing (c), and cryogel aftea slow freezing (d) (adapted from (Job et al., 200b

In the following, we used the fast method for fiegzfor a more detailed analysis of
aerocellulose density and morphology.

Cryocelluloses obtained presented large inhomogesein their structure for both non-
crosslinked and cross-linked samples. Large chanmelf'megalopores” (pores larger than 10
pum) were visible by SEM (Figure IV. 38), mainly die ice growth during freezing, as
explained previously.

Figure 1V. 38 : SEM images of inhomogeneities in@% cryocellulose from non-crosslinked
cellulose (a), from cross-linked with R,=0.5 (b) and from R¢=1 (c).

We investigated the influence of the relative caoriion in cross-linker g on the morphology

of cryocelluloses. SEM images of the most homogesguarts of samples are given in Figure
IV. 39. For non-crosslinked cryocelluloses, thetdex presents mainly pores between 1 and 5
um and sometimes larger pores around 10 um assitalvaady observed in (Chang, Lue, &
Zhang, 2008; Chang & Zhang, 2011; Jin, Nishiyamad#y & Kuga, 2004) (Figure IV. 39a).
For cross-linked cryocellulose, the morphology iedent: cellulose is organized in “sheets”
probably due to the fact that thin pore walls da resist ice crystal growth and thus pores
contract. The morphology is not homogeneous withpares from 1 to 10 um, and even larger
(Figure 1IV. 39b). The increase of cross-linking @ases pore size in cryocelluloses: for
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example, for R;=2, pores are below 1 um (Figure IV. 39d). Withstinhomogeneous
morphology with very large pores there was no neasn measure thermal conductivity of
cryocelluloses.

Figure IV. 39 : SEM observations of cryocelluloseBom non-crosslinked cellulose (a) and from
Rrel = 0.5 (b), Re= 1 (¢) and R = 2 (d) cross-linked cellulose.

It was interesting to compare three ways of dryohgoagulated cellulose, cross-linked or not:
supercritical CQ, freeze-drying and evaporative drying which gieeogellulose, cryocellulose
and xerocellulose, respectively. Evaporative drymgs performed at room conditions (c.f.
Chapter Il). We also studied the influence @f &1 some structural properties of cellulose dried
in different conditions.

Figure 1V. 40 displays 2% non-crosslinked and cross-linked cellulose (Rit=1 and 2) after
supercritical C@drying, freeze-drying and evaporative drying. Coregato wet samples, all
dried materials tend to shrink. Evaporative dryimgesponsible for a massive shrinkage of all
cellulose materials (Figure IV. 40a, b, c) due ttorsy surface tension between the evaporating
liquid and gas and therefore important capillarycés (c.f. Chapter 1), and also cellulose-
cellulose interactions via hydrogen bonding. Fon-omsslinked cellulose, scG@nd freeze-
drying give a similar shrinkage (Figure IV. 40a, Bpr cross-linked cellulose, scg@rying
shrinks samples more significantly than freezesdyyidue to contraction during solvent
exchange step (Figure IV. 40d, e and Figure V., 40g
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Figure IV. 40 : Influence of drying on 5,% pure and cross-linked cellulose.
Non-crosslinked cellulose dried by scC¢Xa), freeze-drying (b), evaporative (c).
Cross-linked R = 1 cellulose dried by scC®(d), freeze-drying (e), evaporative (f).
Cross-linked R = 2 cellulose dried by scC®(qg), freeze-drying (h), evaporative (i).

We measured bulk density for all celluloses pre=gabove (Figure IV. 41) and calculated their
porosity (Table IV. 6).

Table IV. 6 : Comparison of structural properties d aerocellulose, cryocellulose and xerocellulose.

Type of drying scCO, N, i,-freeze drying Evaporative
Rrel Pouk  Porosity Sger Phulk Sger  Porosity | puux  Porosity
(g/cm’) (%) (m?/g) (g/cm’) (m*/g) (%) |[(g/em’) (%)
0 0.123 92 286 0.108 37 93 1.48 4
1 0.216 86 360 0.042 15 97 1.37 13
2 0.287 82 265 0.055 110 96 1.13 25

As shown previously in Figure 1V. 18, bulk densitfyaerocelluloses increases linearly with the
increase of relative concentrations of ECH,. RPorosities are around 80-90%. For evaporative
drying, densities are much higher than the oneséoocelluloses, between 1.1 and 1.5 §/cm
They slightly decrease with  Rincrease and the values are somehow close thetyderis
cellulose (1.55 g/cf). The porosity is therefore very low, between 4 86%.

Freeze-dried samples have lower bulk densities aspared to aerocelluloses. Pure
cryocellulose hap ~ 0.1 g/lcni whereas cross-linked cryocelluloses have bulk ileastwice
lower p ~ 0.05 g/ci, not depending much on ECH concentration. As &edging shrinks
samples moderately, the volume of dried sampletoise to the volume of wet samples. Cross-
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linked coagulated celluloses (R 1) are more swollen in water than non-crosslinked
counterpart: a larger volume obviously decrease®tik density. Porosity stands around 95%.
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Figure IV. 41 : Bulk density versus relative concemation in cross-linker R for 5,,%
aerocellulose, cryocellulose and xerocellulose.

Specific surface areas of cryocelluloses were nmredsin the laboratory L2C in the University
of Montpellier. For %: % non-crosslinked cryocellulose, we obtainegksS 37 m2/g. This
decrease in pores surface, freeze-drying vs supeatrdrying, is mainly due to the loss of
nanostructure. The value obtained is rather loveampared to results reported in (Jin et al.,
2004) where crycellulose was obtained from anodwvent, Ca(SCN) They obtained &t
around 100 m#/g. For R= 2 cryocellulose, specific surface area is high&0 m2/g. More data
are needed to evaluate the influence @fdd cryocelluloses structural parameters..

Cross-linked cryocelluloses are of interest as @@yhighly porous and extremely light. In the
wet state, they have a high swelling ratio and kéepvolume after freeze-drying. They can be
interesting for controlled drug release.

Thus, we initiated a collaboration with Diana Cmlafrom the “Petru Poni” Institute of
Macromolecular Chemistry in lasi-Romania to stubg tncorporation and the release of the
procaine from cross-linked cryogels. Studies areetully on-going.
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Conclusions

In this chapter, cellulose chemical cross-linkingswstudied in the view of aerocellulose
nanostructuration. Cross-linking was performed e $8%NaOH-water by epichlorohydrin
(ECH). The properties of gelling solutions, of cokded wet cellulose and of aerocellulose were
studied in details. The influence of drying (scC@2eze-drying and evaporative drying) on
cellulose density and morphology was also brigflyestigated.

First, we studied the chemical cross-linking ofdeke in the liquid state by rheology. Dynamic
viscoelastic measurements were performed. We detedrthe times of gelation at different
ECH concentrations. We observed that gelation digpeon the relative cross-linker
concentration R, (which is the molar ratio of ECH and cellulosefeTgelation time of cellulose
solutions in the presence of ECH is strongly dedlags compared to physical gelation in
8%NaOH-water, with a maximum atcR 0.5. It shows a competition between physical and
chemical cross-linking. The cross-linker acts dspacer” between cellulose chains which are
therefore more spatially separated and decreaseprtibability of chains self-association via
hydrogen bonding.

Gelation time of cellulose solutions in the presered ECH decreases exponentially with
temperature with a particular behaviour observed Rg,= 0.5 where cellulose solution is
slightly less sensitive to temperature increaseatt be explained by the fact that the cross-linker
spaces out chains limiting cellulose-celluloseratdons even at high temperatures.

It was not possible to determine accurately theatiffe cross-linking degree and thus we used
the relative concentration of ECH in the reactiBr,. “*C-NMR gave information on the most
favorable position on cellulose hydroxyl groups éooss-linking which is on £and G rather
than on G.

We characterized coagulated cross-linked cellulssmples by their swelling ratios. They
increased dramatically as compared to non-crossfindounterpart until =1 (%SR3500)
and decreases at higheryRralues (%SR1500). We hypothise that the addition of ECH
"separates” cellulose chains which become less Im@nd prevent the formation of hydrogen
bonds. This creates additional pores filled withexawhich increases swelling ratios. At lower
Rrel, Samples were opaque whereas at higher crossijmitio, as R/ > 2, they were completely
transparent. The structure of coagulated cellulegle more chemical cross-links is thus more
homogeneous than non-crosslinked cellulose.

Coagulated cellulose swollen in water cannot bectly dried by scC@®and requires a solvent
exchange step. Several fluids compatible with sc@€re investigated and methanol was chosen
as the shrinkage of samples was rather limitecbagared to ethanol or acetone. A progressive
solvent exchange was preferred.
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Aerocelluloses were obtained via drying with supgoal CO,. We studied and correlated
structural, mechanical and thermal properties afs®ilinked cellulose aerogels and their
dependence on the relative cross-linker conceatraRe,.

We showed that bulk density increases linearly whih increase of ECH concentration for 5%
and 7% aerocelluloses. All pore size distributions afss-linked aerocelluloses are narrower
and shifted to smaller pores as compared to nosstinkked aerocelluloses. Specific surface area
increases from R = 0 to Rg = 0.5 and then decreases at higher ratios. Ustgadtiosimetry,
pore wall characteristic such as buckling constavds determined. For cross-linked
aerocelluloses it is lower than for the non-crogsd. We suggested to qualitative model
describing different ways of structure formatiorridg physical and chemical cellulose gelation.
This model predicts the main trends that were ofeseexperimentally.

Cellulose cross-linking seems to modify structysabperties of aerocelluloses, even at low
cross-linker concentrations. A formulatiop® cellulose-R,= 0.5 appears very interesting with
a moderate densitpyu= 0.18 g/cm, a higher specific surface areaeS= 418 m?gand a
narrower pore size distribution with lower mean goralue compared to non-crossliked
aerocellulose.

Mechanical properties of cross-linked aerocelloseere studied by uniaxial compression.
Young moduli and yield stresses increase with bdélasity as described by power law
dependence: B?* ando~p*? At equal density, cross-linked aerocellulosesstightly tougher
(higher Young modulus and yield stress) than nassimked ones.

Effective thermal conductivity of 5% and.,% cross-linked aerocellulose was measured.
Minima were observed for both cellulose concerdratiat R, = 0.5 confirming that the idea the
decrease of thermal conductivity via cellulose rsanmturation due to chemical cross-linking
works. The optimal formulations give the effectithermal conductivity of 26.2 and 30.7 mW.m
1K? for 5 and %% cellulose with R, = 0.5, respectively. Unfortunately, cross-linked
aerocelluloses have the best conductivities highan the one of the air, 25 mW K™ not
allowing the preparation thermal super-insulatingtenial. We suppose that large macropores
are still present in cross-linked samples not algwnoving into thermal superinsulation region.

Finally, we compared the influence of drying methedpercritical drying, freeze drying and
evaporative drying, on some properties and morgyotd chemically cross-linked cellulose. As
expected, evaporative drying gives almost non-poroaterials. Freeze-dried samples are highly
porous and extremely light but present large mamexpand inhomogeneities.
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Chapter V

Cellulose-based porous hybrids prepared
in ionic liquids
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Introduction

Aerocellulose from pure cellulose (Chapter IlIDhighly porous with a high specific surface and
present a wide range of pores from few tens narenfiéd few microns. These macropores are
not favorable to superinsulation properties, duthtodecrease of the Knudsen effect. Cellulose
cross-linking allows improvements in the decreakenacropores but still presents a “high”
thermal conductivity of 27 mW.thK™ (Chapter 1V).

To limit the formation of macropores and to havenare homogeneous pores distribution, we
decided to make interpenetrating networks, one ebiulose and the second one of another
polymer. The main idea is that the second polym#r farm a network inside the one of
cellulose which will result in smaller pores.

Two polymers will be studied:

- lignin as it is a natural partner of cellulosennod and other lignocellulosic materials

- cellulose acetate as a derivative of cellulosellubse acetate was used for the synthesis of
aerogels (Fischer, Rigacci, Pirard, Berthon-Fakrmchard, 2006)

As cellulose needs to be processed in solutiorgnanton solvent is required to mix cellulose
with a second polymer for preparing cellulose-basgatids. lonic liquid, EMIMAc, was chosen
as it is known to have not only a high dissolutgmwer for cellulose (Lovell et al., 2010) but
also for other polymers, e.g. starch (Liu & Budtow®13). However, no data is found in
literature on the behaviour of lignin and cellul@setate in EMIMAC.

We will study in a first part the rheological propes of cellulose acetate-EMIMAC solutions,
and of the mixtures of cellulose-cellulose acetaW®MAc. We will show potential interactions
in the liquid state between these two polymers.

Mixtures of cellulose-cellulose acetate-EMIMAC andllulose-lignin-EMIMAc will then be
coagulated in a non-solvent bath. Cellulose-basgdrids obtained will be dried with
supercritical CQ and characterized for their structural properti#e. will discuss the influence
of the addition and the ratio of the second polyorethe final morphology of hybrid aerogels.
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Introduction

L’aérocellulose non-réticulée (Chapitre Ill) estsrporeuse mais possede des pores larges, peu
favorables pour des propriétés super-isolantesrétigulation de la cellulose (Chapitre 1V)
permet d’améliorer la morphologie, qui est plus aiatructurée, et les propriétés thermiques
mais qui restent relativement élevées (27 mWki).

La deuxieme stratégie pour diminuer la formationnagcropores et avoir une distribution de
taille de pores plus homogénes est de créer deawnésnterpéenétrés : le premier de cellulose et
le second a base d’un autre polymere. L’idée ppadei est que le deuxieme réseau sera formé a
I'intérieur du réseau de cellulose créant de pktgppores. Deux polyméres ont été étudiés :

- la lignine. C’est un partenaire naturel de ldulese dans le bois et autres matériaux ligno-
cellulosiques.

- l'acétate de cellulose qui est connu pour formmeraérogel nano-structuré (Fischer, Rigacci,
Pirard, Berthon-Fabry, & Achard, 2006).

La cellulose nécessite d’étre mise en forme entisoluLe mélange de cellulose avec un
deuxieme polymére doit étre réalisé en solutionsdam solvant commun. Le liquide ionique,
'EMIMAC, a été choisi pour sa grande capacité dssalution (Lovell et al.,, 2010) de la

cellulose mais aussi d’autres polyméres comme Hami(Liu & Budtova, 2013). Aucune

donnée n’a été trouvée dans la littérature surolmportement de la lignine et l'acétate de
cellulose dans 'TEMIMAC.

Les propriétés rhéologiques des solutions d’acékateellulose dans 'TEMIMAC et des mélanges
de cellulose et d'acétate de cellulose dans I'EMtMAeront étudiées. Les éventuelles
interactions entre les deux polymeres seront cénsas.

Les mélanges a base de cellulose, avec I'acétateellidose ou la lignine, seront ensuite

coagulés dans un bain de non-solvant. Les hybddesellulose obtenus seront séchés pay CO
supercritique et leurs propriétés structurales rdecaractérisées. L'influence de l'ajout d’'un

deuxiéme polymere sur la morphologie finale sesautée.
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1. Rheological properties of cellulose acetate/EMIMAc and
cellulose/cellulose acetate/EMIMAc mixtures

The first goal of our work was to perform an extetdheological study of cellulose acetate
(CA)/EMIMAC solutions: we investigated shear dynanaind steady-state flow in semi-dilute
state and polymer hydrodynamic properties in diktege. We applied theories developed for
polymer solutions and compared the results obtawméu literature data for cellulose acetates
dissolved in other solvents and for cellulose/EMId/golutions.

1.1 Dynamic and steady state rheology, Cox-Merz rule

Frequency scans of elast&(w) and viscouss”( w) moduli and dynamic viscosity*(w) were
performed for CA/EMIMAc solutions of various polymeconcentrations at different
temperatures. For each polymer concentration, temgerature superposition principle was
applied and master plots were built by shifting éxperimental data by the correspondirg a
values. An example for 7 and 4@ CA/EMIMAc solutions is given in Figure V. 1;
temperatures from 0° to 80°C with a step of 10°€ sihown in this plot and the reference
temperature is 20°Gar parameters used for building master plots for and 1Q:% cellulose
acetate solutions as a function of temperatursfaen in Figure V. 2.
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Figure V. 1 : Master plots of G’, G” and dynamic viscosity for 7 and 1Q,% CA-EMIMAc solution
for temperatures from 0° to 80°C with 20°C as a rafrence.

Figure V. 1 shows that cellulose acetate dissoliedEMIMAC behaves as a classical
unentangled polymer solution witls”>G’ over the entire frequency range studied (five
decades) and with power law expone@ts- o * andG” ~ » ¥ at low frequencies being= 1.74
andy = 0.97 for 10% solutiors = 1.6 andy = 0.96 for 7% solution and= 1.59 and/ = 0.97 for
5% solution (not shown in order not to overload ¢inaph). The deviation from the theoretical
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exponents predicted by Maxwell approach descriliago-elastic response of a fluxi= 2 and
y = 1, is most probably related to polymer polydrsyig.
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Figure V. 2: ar shift factor as a function of temperature for 5, 7and 10,,% CA/EMIMAC solutions.

Figure V. 2 shows the shift factory,as a function of temperature, for three cellulasetate
concentrations, 5, 7 and 10%, all for the refereteceperature of 20°Car allows a complete
reconstruction of5’, G” and dynamic viscosity at any temperature and aldetermination of
the activation energlf,. The latter is calculated using Arrhenuis law:

cexg it
NICIE) v

whereR is ideal gas constank,is temperature (K) antier the reference temperature.

The slopes ofn(ar) versusl/T shown in Figure V. 2 give the activation energypdfkJ.mof" for
5wt%, 58 kJ.mot for 7,:% and 63 kJ.mdi for 10,:%. These values will be compared later with
the ones obtained from steady-state viscosity nieasnts.

Some examples of steady state flow curves of adtlacetate/EMIMAC solutions for various
concentrations and temperatures are given in Figu@ For all solutions, a Newtonian plateau
was observed for at least one-two decades of shess. At high viscosities (corresponding to
low temperatures and high concentrations) a beginof shear thinning was observed. It is clear
that the viscosity of cellulose acetate/EMIMAc smns decreases with increasing temperature
and decreasing concentration. This behaviour has bFeady reported for cellulose/EMIMAC
solutions (Gericke, Schlufter, Liebert, Heinze, &dBova, 2009; Sescousse, Le, Ries, &
Budtova, 2010). The mean values of viscosity atNbBatonian plateau at all concentrations and
temperatures were calculated and used for furthelysis.
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Figure V. 3: Examples of flow curves for cellulosacetate—EMIMAC solutions of different
concentrations and temperatures: 1% CA at 40°C and 80°C; 0.5:% CA at 10°C, 40°C and 80°C.

It was interesting to check if cellulose acetatelEMc solutions obey Cox-Merz rule, which is
the case of “ordinary” polymer solutions. Frequedependence of complex viscosity and shear
rate dependence of steady-state viscosity areedldtir the same solutions in Figure V. 4. Data
sets corresponding to the same polymer concentrtgaperature agree perfectly demonstrating
that classical polymer theories can be applied &scdbe the properties of cellulose
acetate/EMIMAC solutions.
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Figure V. 4 : lllustration of Cox-Merz rule for 5, 7 and 1Q,% cellulose acetate-EMIMAC solutions
at 20°C, dark points correspond to dynamic viscosjtand open points to steady state viscosity.
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The influence of cellulose acetate concentrat®on solution viscosity, (taken as a mean
value from Newtonian region) at some selected teatpees is presented in Figure V. 5, solvent
viscosities C = 0) are also included, data are shown in a segarlthmic scale. These data will
serve a background for the calculation of the msid viscosities and overlap concentrations.
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Figure V. 5: Cellulose acetate/EMIMAC Newtonian visosity as a function of polymer concentration
at 10, 20, 40, 60 and 70°C. Dashed lines are giverguide the eye.

1.2 Intrinsic viscosity and overlap concentration as a function of
temperature

Polymer intrinsic viscosityz] is an important characteristic of a dissolved pwy as it gives
information about the size of the macromolecule @redthermodynamic quality of the solvent.
The “standard” method to determine intrinsic visgos to use Huggins approach: solution is
gradually diluted with the solvent in Ubbelohde ilapy viscometer andge-1)/C is plotted
versus polymer concentratid® whererel = fsol fJsoivw 7s0l @Nd 750y bEING SOlUtion and solvent
viscosity, respectively. Intrinsic viscosity is de#d as a limiting value at infinite dilution
(C — 0). Polymer concentration here is expressed insrpas volume units. We used solvent
(EMIMAC) density equal to 1.1 g/ctrwhich is a mean value between 1.08 at 90°C an? 1.1
g/cnt at 20°C (Sescousse, Le, et al., 2010). This svaaiition of density with temperature can
be neglected in the calculation of the intrinsiscasity in the view of all other accumulated
errors.

It was not possible to perform measurements in @llaey Ubbelohde viscometer because
EMIMAC is too viscous and too hygroscopic to bedstd in contact with the air. We used
solution and solvent mean Newtonian viscosity valpeesented in Figure V. 3. Wolf approach
was applied to calculate the intrinsic viscositgK&t et al., 2011; Wolf, 2007) as far as data
presented in the classical Huggins plot were soragwtattered (due to averaging of Newtonian
viscosity) and do not allow an adequpjt determination. Briefly, Wolf approach consistghe
calculation of the limiting slope of Inf) vs C which, according to phenomenological
considerations, is identical to the intrinsic visitp (Wolf, 2007). Being developed for
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polyelectrolyte solutions, this approach can aleosbccessfully used for uncharged polymers.
Indeed, both Huggins and Wolf approaches gaveahesellulose intrinsic viscosity values for
cellulose dissolved in NMMO monohydrate (Eckeltagt 2011); Wolf approach was also used
for determination of amylopectin intrinsic viscgsin EMIMAC (Liu & Budtova, 2013). When
possible, we calculated cellulose acetate intringsrosity with both Huggins and Wolf
approaches and got the same values.

Figure V. 6 displays cellulose acetate intrinsiscaisity as a function of temperature. The same
dependence for microcrystalline cellulose of DP0® 8lissolved in EMIMAc (Gericke et al.,
2009) is also shown for comparisofy] decreases with increasing temperature for both
polymers. This trend for cellulose esters had diydaeen reported (see, for example, (Flory,
Spurr, & Carpenter, 1958; Suzuki, Miyazaki, & Kamid 980). The influence of temperature on
the intrinsic viscosity was attributed to the charig the unperturbed chain dimension. The
slopes ofA(In[n])/AT vary for cellulose acetate with DS = 2.86 ang-a® 1d from 4.5 10°°C*
when dissolved imm-cresol to 6.6 18 °C* in dimethylformamide (Flory et al., 1958); for
cellulose acetate with DS = 2.46 and, ™ 9.5 10 dissolved in acetone it was 6.936C*
(Suzuki et al., 1980). The slop€In[n])/AT obtained for cellulose acetate dissolved in EMIMA
is falling in the same interval as for the one®digbove: 5.9 1H°C™*. For microcrystalline
cellulose dissolved in EMIMAC it is twice higher,2110? °C™. Cellulose turned out to be much
more temperature sensitive than cellulose acettieast two reasons explaining this result can
be given. One is that cellulose starts to degradl@ager temperatures than cellulose acetate. The
second is related to chain flexibility: in generegllulose esters have higher Kuhn segment
length than that of cellulose, they are thus lesdglile and may less contract under temperature.
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Figure V. 6: Intrinsic viscosity as a function of emperature for cellulose acetate and
microcrystalline cellulose (data taken from (Gericle et al., 2009)), both polymers are dissolved in
EMIMAc. Lines are given to guide the eye.

Below 50°C the values of cellulose acetate intangscosities are twice lower than the ones of
microcrystalline cellulose dissolved in EMIMACc, g¢éte the fact that both polymers are of a
comparable molecular weight. A similar finding,.itee decrease of zero shear rate viscosity
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with the increase of the degree of acetylation, reasrted for cellulose and cellulose acetate of
the similar DP dissolved in BMIMCI (Kosan, Dorn, Mer, & Heinze, 2010). It was interpreted
by the fact that the increase of degree of acetylatiecreases intra- and intermolecular
interactions (via hydrogen bonding) between ceflelehains. We suggest that EMIMAC is
thermodynamically a better solvent for cellulosanthfor cellulose acetate. To answer this
intriguing question other experimental techniqued emore experimental data are needed. The
advantage of ionic liquids vs other cellulose sotgeis that imidazolium ionic liquids allow
dissolution of both cellulose and cellulose acetai@ a direct comparison is possible.

Using the intrinsic viscosity obtained, a mastest @f specific viscositys, = 77 — 1 as a
function of C[ 7/ for all solution temperatures and concentratidndied was built (Figure V. 7).
All experimental points fall very well on one pldtigure V. 7 shows that in dilute region,
viscosity increases slightly stronger than the dmeoncentration dependence: the slope in
double logarithmic scale is 1.2. The slope of 1.2.4 had already been reported for various
polysaccharide solutions (see, for example,(Mo@igtler, Ross-Murphy, Rees, & Price, 1981)).
In the semi-dilute region, the slope value is 3higher concentrations it seems to increase but
more data are needed to provide a meaningful vdlne.change of the slope occursCt)/ =~
1.4-1.5.
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Figure V. 7 : Master plot of specific viscosity v&[n] for cellulose acetate-EMIMACc solutions for
temperatures from 0 to 80°C and concentrations fron®.1 to 1Q,%.

The overlap concentratiocd* divides dilute and semi-dilute concentration regiand is usually
defined as the inverse of the intrinsic viscosity= 1/[#]. According to Figure V. 7 cellulose
acetate overlap concentration is rougBty= 1.4/[»]. C* increases with temperature increase: it
varies from~ 22 to 36 mg/mL (equivalent to 2 to 3.4%for temperatures from 0°C to 80°C,
respectively. For comparison, C* = 14 mg/mL wasagi@#d when cellulose acetate was
dissolved in dimethylacetamide (neither polymer evalar weight nor exact temperature
reported) (Hornig & Heinze, 2008). For cellulosetate of DS= 2.86 and molecular weight of
about 90 000 the overlap concentration varied éonpgeratures from 20° to 100°C from 3 to 5
mg/mL in DMF, from 4 to 6 mg/mL in m-cresol and ifino6 to 9 mg/mL for tetrachloroethane
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(Flory et al., 1958); for cellulose acetate of DR.46 and N} = 9.4 18 C* varies from 6 to 8
mg/mL in acetone for temperatures from 10° to 50f€3pectively (Suzuki et al., 1980). In
overall, cellulose diacetate overlap concentrat@fues in EMIMAc are higher than those
reported in other solvents indicating that m-cresetrachloroethane, DMF and acetone are
thermodynamically better solvents for cellulosetaieeas compared with EMIMAC.

1.3 Activation energy

Temperature dependence of Newtonian steady statosiy is usually analysed with the
Arrhenius approach, similar to Equation (V. &):= A expE/RT) whereA is an adjustable
parameter. The activation energy is determined Hey dlope of Infp) versus IT when the
dependence is linear. Some examples of Arrhenats fdr cellulose acetate-EMIMAC solutions
at different concentrations are given in Figure 8/.As already reported, )Y versus IT
dependence for EMIMACc is slightly concave (Gerigkeal., 2009; Le, Sescousse, & Budtova,
2011) which is coming from intrinsic properties BMIMAc. The activation energy may thus
depend on the temperature interval selected. Higheasellulose acetate concentration, less
pronounced is the deviation from the Arrhenius I&mce the temperature interval studied is the
same for both solvent and polymer solution, we @red that in the first approximation
Arrhenius approach can be applied to our data.
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Figure V. 8 : Arrhenius plots for EMIMAc and cellul ose acetate/EMIMACc solutions: 1%, 7% and
12%. Lines are linear approximations.

Figure V. 9 displays the activation energy, cokelctrom dynamic and steady state viscosity, as
a function of cellulose acetate concentration. disvgehown that for microcrystalline cellulose-
EMIMAc solutions the activation energy can be diémm as power-law concentration
dependence (Le et al., 2011):

Ea = E5(0) + kC™ V. 2)
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whereE,(0) is solvent activation energy aké&ndm are constants.

The best fit givek = 5 andm = 0.75 (solid line in Figure V. 9). Activation agg values
calculated from dynamic data (Figure V. 2) are aown: they are slightly lower but remain
comparable with the ones calculated from steadgstescosity. The values of the activation
energy of viscous flow obtained are quite similayx the ones of microcrystalline
cellulose/EMIMAC solutions (Gericke et al., 2009 Let al., 2011l)and of cellulose
acetate/BMIMCI solutions (Wang et al., 2011).
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Figure V. 9 : Activation energy as a function of ckulose acetate concentration: points are
experimental data (open from steady-state viscosignd dark from dynamic viscosity), line is
power-law approximation according to Equation (V. 3.

1.4 Mixtures of cellulose acetate and cellulose in EMIMACc

In this section we study liquid-state propertiesceflulose mixed with cellulose acetate in a
common solvent, EMIMAc. The first question is ifthopolymers are miscible without any
phase separation. After a careful visual examinatib mixtures of various compositions and
total polymer concentrations (from 5 to,4%) no separation into phases was observed, and this
for mixtures stored for several months. Mixture lgsia with optical microscopy also did not
reveal any inhomogeneities.

The second question is to understand mixture floap@rties and viscosity as a function of
mixture composition. Mixtures with total polymerrmzentration of 5 and 36 were prepared,
both polymers were in semi-dilute regime (the ayericoncentration of microcrystalline
cellulose varies from 1%at 0° to 2.5% at 100°C (Gericke et al., 2009) fimctellulose acetate
from 2 to 3.4,% as shown above). For all mixtures at all tempeest studied a Newtonian
plateau was observed on viscosity-shear rate depepd for at least two decades of shear rates.
Apparently no structuring under flow occurs in timexture; it keeps the properties of the
individual components (a Newtonian plateau on tbhes fcurves of microcrystalline cellulose-
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EMIMAC solution was reported (Gericke et al., 200@; et al., 2011jor shear rates similar to
the ones at which Newtonian flow was observed &fEMIMAC solutions).

In order to deduce if cellulose and cellulose d@eete interacting in the common solvent,
viscosity as a function of mixture composition viagestigated. Viscosity values were the ones
averaged over Newtonian plateau for each mixtumaposition at a given temperature. The
experimental results are compared with the thesaiyi predicted valuesmix calculated
according to the additive log-mixing rule (Equatiah 3)).

N Nnix = Qe 1N Neen + Pcalnnea (V.3)

wheregce andgca are weight fractions of cellulose and cellulosetat® {cei + pca = 1),
ncell @ndnca Newtonian viscosities of neat cellulose and nedlulose acetate solutions at the
corresponding total polymer concentration in EMIMAespectively.

The results are presented in Figure V. 10. For ¢aciperature, the calculated viscosity fits well
the experimental data, within the experimental rstrdhus, in the first approximation, we can
conclude that cellulose and cellulose acetate ¢si-eér the solvent without any special
interactions. As far as total polymer concentraistudied, 5 and @%b, are relatively low, it
seems there is no competition for the solvent betvtae two polymers. Both concentrations are
far lower than the maximum concentration of the tpaymers that can be dissolved in
EMIMACc. No such exact value is known either forlaklse or for cellulose acetate; for cellulose
it is predicted to be close to 25.3% (Lovell et al., 2010); 2% cellulose of DP = 515
dissolved in EMIMACc was reported (Kosan, Michels, & Meister, 2008).
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Figure V. 10 : Newtonian viscosity vs cellulose wgtit fraction in the mixture cellulose-cellulose
acetate in EMIMACc with 5% (open symbols) and 10% (illed symbols) total polymer concentration
at temperatures of 20°C and 40°C. Lines are calculed viscosity according to the log-mixing rule.
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Mixture activation energies were calculated aceggdo Arrhenius law. The results are shown in
Figure V. 11 for mixtures with total polymer contextion of 5 and 1Q%. For both types of
mixturesE, vs mixture composition (cellulose weight fractiag)inear confirming our previous
conclusion that cellulose and cellulose acetatexist in EMIMAC without interacting.
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Figure V. 11 : Activation energy as a function of nxture composition for 5% (open symbols) and
10% (dark symbols) total polymer concentration. Lires are linear approximations.

2. Cellulose-cellulose acetate hybrid materials

Solutions of cellulose and cellulose acetate mixeEMIMAC are then placed in a coagulation
bath of water or ethanol. Hybrid materials of vasocellulose and cellulose acetate
compositions were prepared.

2.1 Hybrid films

First, we studied freeze-dried films from coaguliatellulose-cellulose acetate hybrids. They
were prepared from a J6 total polymer (cellulose and cellulose acetat@)centration and
coagulated in water. They were about 1 mm thicle fiforphology of the cross-section of cryo-
fractured wet samples of different compositions wlhserved with SEM (Figure V. 12). Freeze-
dried pure cellulose is a “cloudy” network of cotdad cellulose strands (Figure V. 12a); this
morphology had already been reported (Sescousse ufltoBa, 2009). In the mixture
cellulose:CA = 60:40 cellulose acetate is in th@aniphase and forms “beads” incorporated in
the cellulose matrix (Figure V. 12b). The size loé tbeads varies from one to a few microns.
Being miscible with cellulose in the common solventthe mixtures with total polymer
concentration of 1Q%, cellulose acetate phase separates from celldiaseg coagulation. The
increase of cellulose acetate concentration in riigture leads to the formation of an
interpenetrated network in the coagulated statgu(ei V. 12c). Freeze-dried pure coagulated

199



Chapter V: Cellulose-based porous hybrids preperezhic liquids

cellulose acetate has an inhomogeneous morpholodgrms a cloudy network with beads
dispersed in it (Figure V. 12d).

Figure V. 12 : SEM images of cryo-fractured wet céililose-CA hybrid materials made from
mixtures with 10% total polymer concentration: cellulose:CA = 100:0 (a), 60:40 (b), 40:60 (c) and
0: 100 (d). Some cellulose acetate “beads” are autkd for clarity.

2.2 Hybrid monoliths

Following the standard procedure of aerocellulossparation (coagulation, solvent exchange
and scCQ drying), monoliths of mixed cellulose and cellldoacetate were prepared. Two
concentrations were investigated,% (low concentration) and 106 (higher concentration).
The coagulation was either in water or ethanol. 3dlgent exchange, in the case of coagulation
in water, was into ethanol. It is not possible & acetone as cellulose acetate is soluble in this
fluid.

First, we started by preparing low concentratiop86Shybrids coagulated in water. We varied
the composition from pure cellulose (100:0 = C:G&)ure cellulose acetate (0:100 = C:CA).
The cellulose acetate “physical aerogel” has néesn reported previously, most of the time
chemically cross-linked cellulose acetate aerogetsinvestigated (Fischer et al., 2006). We
prepared different compositions of hybrids: 70:30;50 and 30:70 cellulose (C):cellulose
acetate (CA). Figure V. 13 shows coagulated hybbefore drying. For high proportion of
cellulose acetate (>50%), these samples do notdwwesion and break in small pieces.
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Figure V. 13 : Wet cellulose-cellulose acetate hyigls from a 5% mixture coagulated in water: (a)
70:30, (b) 50/50, (c) 30:70 and (d) 0:100 C:CA.

The morphology of dried hybrids was observed by S@Wure V. 14). For pure cellulose
acetate (Figure V. 14d) it is a rather complicasducture, with smooth, long but large
interpenetrated strands. It is not as mesoporouseeascellulose with pores of few microns.
Hybrids with a larger proportions of cellulose atetsuch as 30:70 (Figure V. 14c) or 50:50
(Figure V. 14b) C:CA, have a mixture of smooth dhdiry” beads randomly dispersed. Hairy
beads are typical from aerocellulose morphologe Shapter Ill) whereas smooth spheres are
more similar to cellulose acetate and were alredaberved in cryofractured samples. However,
for 30:70 C:CA cellulose acetate beads have arageesize of few um whereas they are slightly
smaller (around 500 nm-1 um) for the 50:50 compmsitFor a composition rich in cellulose
(70:30 C:CA) aerocellulose-based morphology is olese (Figure V. 14a), cellulose acetate
phase is not easily visible. Resuming, a phaseratpa between rich phase of cellulose and rich
phase of acetate was visible after the coagulatimh drying with scC@® With total polymer
concentration of 5wt%, either cellulose or cellel@cetate is below their overlap concentration
at most of compositions. This does not allow malanginterpenetrated network. This leads to
poor mechanical properties of hybrids especiallyalbse polymer phases are phase separating.

Figure V. 14 : SEM images of dried cellulose-CA hytid monoliths made from mixtures with 5%
total polymer concentration: cellulose:CA = 70:304), 50:50 (b), 30:70 (c) and 0: 100 (d).
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By increasing polymer concentration to,£0, we were able to form stronger hybrids which do
not break. Here we expect the formation of integbeted network. Two different coagulation
baths were used: water and ethanol. The cellulosai@ “physical aerogel” (without chemical
cross-linking) was prepared in each coagulatioh.bdbwever, the sample coagulated in water
was completely deformed during the solvent exchatgese and we were not able to dry it. The
other one in ethanol had not kept its initial shapeontracted and curved more than other
hybrids during the coagulation and the superctitohging. We will thus focus mainly on
hybrids coagulated in ethanol and compare themhéodne in water for only two mixture
compositions.

Compared to hybrids at,80, 10,% materials are mechanically much stronger tham 8%
counterparts and are monolithic (Figure V. 15).

Figure V. 15 : Dried cellulose-CA hybrid monolithscoagulated in ethanol made from mixtures with
10% total polymer concentration: cellulose:CA = 8020 (a), 60:40 (b), 40:60 (c) and 20: 80 (d), 0:100

(e).

SEM images of the morphology of these hybrids avergin Figure V. 16. Once again the
structure of pure cellulose acetate monolith isyvemplicated with smooth beads and large
channels or cavities like alveoles (Figure V. 164ybrid with a high proportion of cellulose
(80:20 C:CA) has a classical morphology of aerotedie and cellulose acetate is not visible
(Figure V. 16a). When the concentration of cellal@cetate increases, a mixture of smooth
beads of acetate and hairy cellulose structureisbard the phase separation is clearly visible
(Figure V. 16b & c). In Figure V. 16b aerocellulcsteucture is present but modified and forms
“holes” of 5-10 um in which cellulose acetate be@d2 pm) are embedded. Figure V. 16c¢ both
types of beads are present, cellulose and acetatdpmly dispersed. Hybrid of 20:80 C:CA
composition is made of smooth interpenetrated digapartly similar to the structure observed
for 5% pure cellulose acetate (Figure V. 16d).
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Figure V. 16 : SEM images of dried cellulose-CA hytid monoliths coagulated in ethanol made
from mixtures with 10% total polymer concentration: cellulose:CA = 80:20 (a), 60:40 (b), 40:60 (c)
and 20: 80 (d), 0:100 (e).

These hybrids were characterised by bulk densibyogty and specific surface. Skeletal
densities were calculated by the ratio @teletal celluloseand Pskeletal acetate Pskeletal cellulose WaS
measured previously (see Chapter Ill) by He pycriomand equals 1.55 g/énand pskeletal acetate
was determined in the frame of ANR Nanocell projactl equals 1.35 g/émPorosity was
calculated according to Equation (V. 4).

e=1- Phuik V. 4)

10 skeletal

Data are reported in Table V. 1. Pure celluloseaaeenonolith has a low porosity compared to
aerocellulose. It confirms the SEM observationsitass not highly porous. The intense
contraction during coagulation and drying resuftaroimportant bulk density.

Table V. 1 : Morphological properties of cellulosezellulose acetate hybrids.

Mixture composition  C ceiuiose  Cacetate  Pbulk Sger Pskeletat  POrOSIty
Cell:CA w%) (%) (8/cm’) (g/m?) (g/cm’) (%)
100:0 10 0 0.262 218 1.55 83
80:20 8 2 0.248 166 1.51 84
40:60 4 6 0.213 131 1.43 85
20:80 2 8 0.164 92 1.39 88
0:100 0 10 0.549 - 1.35 59

The bulk density was plotted as a function of defle fraction (Figure V. 17a). For hybrids with
at least 40% cellulose, densities are very singifat around 0.23 g/chmegarding the important
uncertainty of measurements. For monoliths conatdrwith cellulose acetate it is not obvious
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to highlight a tendency. Specific surface is marteresting as it seems decreasing linearly with
the increase of cellulose acetate proportion (FEgur 17b). Most probably cellulose acetate
phase is not porous (see smooth surface of ceflidostate beads in Figure V. 16b,c,d) which
decreases specific surface area of hybrids.
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Figure V. 17 : (a) Bulk density and (b) specific stiace of 1Q,% hybrid monoliths vs cellulose
concentration.

Hybrid materials were analysed by FTIR. Figure 8.shows FTIR-ATR transmittance spectra
of cellulose 1l (a), cellulose:CA = 60:40 (b), 40:6c) and cellulose acetate (d). The
characteristic peak of cellulose acetate is at £r@corresponding to the C=0 bond of acetyl
group. This peak is obviously not present in theutmse Il and it increases with the increase of
cellulose acetate content. The broad peak at 380bis specific of hydroxyl groups linked by
hydrogen bonds. It is broad for cellulose Il andrdases with the increase of cellulose acetate
concentration. For intermediate concentrations 6@0and 60:40 cellulose:CA) all peaks of
cellulose and cellulose acetate are superposethédeiew chemical bond nor peak shifts were
observed.
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Figure V. 18 : FTIR spectra of 1Q.:% cellulose-CA hybrid materials with cellulose:aceate ratio of
100:0 (a), 60:40 (b), 40:60 (c), 0:100 (d).

The heightH of ester peak at 1720 chwas evaluated for each hybrid material and plotié
function of cellulose weight fraction in the mixéu¢Figure V. 19)H decreases linearly with the
decrease of cellulose acetate content. This cosfitmt cellulose and cellulose acetate phase
separate during coagulation and polymers are mertacting with each other.
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Figure V. 19 : Height of 1720 crit peak vs cellulose weight fraction for hybrid mateials prepared
from coagulated cellulose-CA-EMIMAC, total polymerconcentration in the mixtures was 1(,%.

The same procedure was followed for preparing lkigbcoagulated in water in which was then
exchanged by ethanol before drying with seC®acroscopically, samples have a good
cohesion. They have similar properties as hybriozgalated in ethanol: for example 80:20
pouk=0.252 g/cm and $£7=202 g/m?; 60:40ppu=0.237 g/cm and $er=190 g/m2. SEM

observations are given in Figure V. 20. A phaseas#on is also visible for equally mixed
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hybrids, with cellulose acetate beads embeddedeaocellulose matrix (Figure V. 20b). A
complex structure is observed for monoliths higbdycentrated with cellulose acetate (Figure
V. 20c).

Figure V. 20 : SEM images of dried cellulose-CA hyid monoliths coagulated in water made from
mixtures with 10% total polymer concentration: cellulose:CA = 80:20 (a), 60:40 (b), 20:80 (c).

In all cases, cellulose and cellulose acetate ddanm a microscopically homogeneous hybrid.
A phase separation occurs with phases rich in loskuand rich in cellulose acetate. At low
concentration of total polymer, hybrids are not esittie and break easily. The decrease of
specific surface area with the increase of celkllasetate concentration shows that hybrids lose
their porosity (especially micro- and mesoporosityhich is not favourable for thermal
application. Thus we did not investigate furthee tmechanical and thermal properties of
cellulose/cellulose acetate hybrid monoliths.

3. Cellulose-lignin hybrids

Lignin is a natural partner of cellulose in cellllsaof fibers. Each component brings its own
properties: mechanical strength from crystallingiors of cellulose; hydrophobicity, binding
and protection against microorganisms from ligrifncellulose is mixed with lignin, will the
final hybrid material demonstrate similar synergg@tioperties as it occurs in a natural fiber?

Different sort of lignin exist: lignosulfonates aloted by the sulfite process or Organosolv
(sulfur free and more hydrophobic) with a lower swllar weight (Doherty, Mousavioun, &
Fellows, 2011).

Mixtures of cellulose and organosolv lignin in agquaous 8% NaOH solution has already been
studied (Sescousse, Smacchia, & Budtova, 2010)lulG&t-lignin-NaOH-water gels were
prepared, coagulated in various aqueous baths,edashethanol and dried with scgQt was
shown that when coagulating an 0.1 M acetic acttl,®2% of organosolv lignin was “lost”: it
was released in the coagulation bath. When coaglliat 1M acetic acid, 65% of lignin was
washed out. It seems that organosolv lignin anlbililoske do not interact in this solvent. One of
the reasons could be the existence of negativerestatic interactions between cellulose and
lignin in 8%NaOH-water.
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To avoid negative electrostatic interactions duethe basicity of the solvent, we studied
mixtures of cellulose and lignin in ionic liquid HMAc. We changed the type of lignin used,
Tembec ARBO C12 lignosulfonate, which is solubleniater (1 kg/L) and has a larger molar
mass (30 000 g/mol) as compared to organosolvrighie tested its solubility in ethanol and in
EMIMAC after 24h stirring at room temperature amghin appears very slightly soluble in
alcohol (1g in 100 mL) but completely dissolvedine ionic liquid. Then we prepared a,+0
total polymer solution in EMIMAc with %% cellulose and 3% lignin. Two different
coagulation baths were used: water and ethanoér Aieveral washings in the corresponding
bath, these two coagulated hybrids present a diftecolor (Figure V. 21a): the pale brown
sample is the one coagulated in water and darkibrsihe sample coagulated in ethanol. Lignin
has been washed out by water which reveals thatlas® and lignin do not form any
interpolymer bonds. For the sample coagulated haredl, lignin seems staying inside the
sample simply because it “coagulated inside” ceflalmatrix.

T

b | Ethanol | Water

Ethanol

Figure V. 21 : Hybrids cellulose-lignin : (a) wet amples coagulated bath either in water or ethanol,
(b) scCQ, dried samples.

Both samples coagulated in water or in ethanol weiexd in supercritical CO(Figure V. 21b)
and observed by SEM. Hybrid cellulose:lignin = TWcdagulated in water has a classical porous
morphology of aerocellulose with hairy and globusructure (compare Figure V. 22a and
Figure V. 22D, respectively). However, the ovesailicture of hybrid is much more porous and
“aerated” as compared to aerocellulose (comparer&iy. 22c and Figure V. 22d). Lignin was
washed out in water during coagulation which cré#tese inhomogeneities, similar to whatwas
already shown in (Sescousse, Smacchia, et al.,) 20ithe solvent 8% NaOH-water.

207



Chapter V: Cellulose-based porous hybrids preperezhic liquids

coagulated in water: (a) and (c).
Cellulose-lignin hybrid monoliths made from mixtures with 10% total polymer concentration
cellulose:lignin = 70:30, coagulated in water andrged with sc CO,: (b) and (d).

The bulk density of this “aero-lignocellulose” wad.87 g/cm(Table V. 2).

Table V. 2 : Bulk density of aero-lignocellulose.l) Data were taken from (Sescousse, Smacchia, et

al., 2010).
%C %C Coagulation bath Poule
0Ccen 0L jignin oagulation bat (g/cm3)
7 Water 0.194
7 3 Water 0.187
4 3.3 Acetic acid-water 0.135 (1)
4 8.6 Acetic acid-water 0.1(1)

The samples coagulated in water were compared théhones of the same composition but
coagulated in ethanol. Their morphology is sligtdifferent (Figure V. 23a, b) as compared to
that of aerocellulose (Figure V. 22a),with domaich with lignin (smooth structure shown with

the red circles) and rich in cellulose (hairy gl@sumorphology). These results show that even
by using ethanol coagulation bath, cellulose agditi do not interact together and separate in
two phases; similar to what was obtained for ceflatcellulose acetate mixtures. Due to the lack

of the affinity between cellulose and lignin, hybsamples are mechanically more fragile as
compared to aerocellulose.

208



Chapter V: Cellulose-based porous hybrids prepirezhic liquids

Figure V. 23 : SEM images of cellulose-lignin = 780 hybrid monoliths coagulated in ethanol and
dried with sc CO,. Red circles highlight lignin-rich phase.
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Conclusions

We investigated the preparation of hybrids fromiutete mixed with other polymers in order to
create interpenetrated networks. Two polymers werdied:_cellulose acetate and lignin.

For hybrids with cellulose acetate (CA), we finstvestigated the behaviour of CA in EMIMAC
since this has not been reported in literature. oMpgrehensive study of visco-elastic and flow
properties of cellulose acetate/EMIMAC solutionssvpegrformed using dynamic and steady state
rheology. It was demonstrated that cellulose ae#EMIMAC behaves as non-entangled (below
10,:%) “ordinary” polymer solution and obeys Cox-Metter.

Cellulose acetate intrinsic viscosity in EMIMAc wdstermined as a function of temperature
and compared with the intrinsic viscosity of miastalline cellulose in the same solvent. The
hydrodynamic size of cellulose acetate macromoéddcreases with temperature increase
which indicates the decrease of solvent thermodymauomlity. Intrinsic viscosity decrease with
temperature increase is much less pronounced furlase acetate dissolved in EMIMAC as
compared with cellulose dissolved in EMIMACc, prolyabecause of different chain rigidity. All
data fall well on specific viscosit{ ;7] master plot showing the slope of 1.2 in dilutea@agand

3 in semi-dilute. The overlap concentration of wlebe acetate in EMIMAC is higher than the
one reported for diacetates of similar DS and maéroveights dissolved in other solvents; this
indicates that EMIMAc thermodynamic quality is lavtean the one of classical inorganic fluids
(DMF, tetrachloroethane and acetone).

The activation energy as a function of cellulosetai® concentration is described by power-law
dependence. In overall, the rheological propediesellulose acetate/EMIMACc solutions do not
demonstrate any specific interactions between thignper and the solvent (no gelation or
formation of any special structures); they folldve trends already reported for cellulose acetates
dissolved in other solvents and thus can be desthly classical approaches.

Mixtures of cellulose and cellulose acetate of masi compositions with 5 and 1Q2dotal
polymer concentration were prepared in EMIMAc. Nbape separation was observed.
Newtonian flow of mixtures was recorded for a feacddes of shear rates. Mixture viscosity
was compared with the calculated values accordintheé mixing law: no special interactions
that could cause the difference between the theatetnd experimental values were detected. It
was thus concluded that cellulose and celluloseatzeoexist in EMIMAC at the concentrations
studied.

Hybrid materials of various cellulose and celluloseetate compositions were prepared by
coagulating polymers in water or ethanol. FTIR aoméd the absence of the any special
interactions between cellulose and cellulose aeetdarious morphologies of samples were
obtained as a function of mixture composition. Tasults show that it is possible to process
together cellulose and cellulose acetate but aeplsaparation between these two polymers
occurs during the coagulation process. Porosityedses and inhomogeneities increase with
cellulose acetate concentration increases.
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A similar study was performed for cellulose-ligrieMIMAC mixture. Lignin was washed out by
water from cellulose during coagulation step. Wheagulated in ethanol, lignin remained
inside cellulose network but a phase separationdst cellulose and lignin was visible.

Other polymers were also investigated such asts{diia & Budtova, 2012) and similar results
were obtained: a phase separation between cellwge the “second” polymer during
coagulation. Finally it seems rather difficult toepare a homogeneous hybrid with cellulose
even if both components are well soluble in iofgaid.
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Introduction

Previous chapters were focused on cellulose anditsus aerogels associated.

We saw that cellulose cross-linking gave improvedcsural, mechanical and thermal properties
compared to pure aerocelluloses (Chapter 1V). Hanea lowest limit of thermal conductivity
was reached at 27 mWhK™.

We investigated also the preparation of interpexedr cellulose-based networks. We tested two
different polymers to mix with cellulose, lignin ércellulose acetate (Chapter V). We showed
that, in both cases, cellulose underwent phasera@ma and it was not possible to obtain
homogeneous porous materials.

We decided therefore to explore other types of gmigharides. After a literature survey (c.f.
Chapter 1), we explored pectin as a new startingerrad, as it gave interesting morphological
features in (White, Budarin, & Clark, 2010).

In this chapter, we will run a complete study om thtructural properties of “aero-pectin”
prepared with the similar dissolution-gelation-calatjon route as aerocellulose. We will study
bulk and skeletal densities, porosity and spedatidace areas. We will discuss and compare
pore size distributions given by two different teitfues: N desorption (BJH method) carried
out in Cemef Mines-ParisTech; and Hg porosimetryfgpmed in the Laboratory Charles
Coulomb (L2C) in the University of Montpellier.

Next, we will study mechanical behaviour of aerdpecby uniaxial compression. We will
correlate characteristic parameters such as Yowudyhs and yield stress to bulk densities. We
will compare mechanical properties of aeropectingres of pure aerocelluloses.

We will measure for the first time thermal conduityi of aeropectin. We will study the
conduction of the gaseous and solid phases and ileafrelate them to aeropectin porous
structure. We will also evaluate the contributidmagliative transfer.

The last part is dedicated to the preparation &adacterisation of hybrid pectin-silica aerogels.
Silica aerogel is one of the best insulating materbut dusts easily. We will study pectin as a
solid backbone in which we will incorporate siliaarogel. Hybrids formed are expected to have
better thermal properties than aeropectins anétetechanical behaviour than silica aerogels.
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Introduction

Les précédents chapitres se sont focalisés suellalose et les différentes aérocelluloses
associées. Il a été montré que la réticulation ichismde la cellulose améliorait les propriétés
structurales, mécaniques et thermiques des aémwssbs (Chapter V). La meilleure
conductivité thermique obtenue a été de 27 mWkal. La préparation de réseaux interpénétrés
a base de cellulose a aussi été étudiée. Une tiépadla phase a été observée conduisant a des
matériaux inhomogenes.

D’autres polysaccharides ont été explorés et ldinpE@résente des propriétés intéressantes
(White, Budarin, & Clark, 2010). Dans ce chapitime étude compléte des propriétés
structurales des aérogels de pectine, « aéropsctjreera menée. Les densités, apparente et de
squelette, la porosité, la surface spécifique ajps les distributions de taille de pores seront
mesurées. Deux différentes techniques pour lesillibns de pores seront comparées : la
porosimétrie au mercure et I'adsorption de(iéthode BJH).

Les propriétés mécaniques seront étudiées par essipn uniaxiale. Le module de Young et la
contrainte de plasticité seront corrélés a la dénapparente et comparés a I'aérocellulose.
L’'aéropectine sera caractérisée thermiqguementgsamlesures de la conductivité totale et des
différentes contributions thermiques qui serontuli@es en fonction des propriétés structurales.

Ce chapitre abordera également I'élaboration eatactérisation des aérogels hybrides a base de
pectine et de silice. L'aérogel de silice est ldgs meilleurs super-isolants thermiques mais il
poudre facilement rendant son utilisation plusiciif. La pectine sera étudiée comme une
matrice solide dans laquelle I'aérogel de silicmdermé. Les hybrides pectine-silice devraient
présenter de meilleures propriétés thermiques tpéropectine et de meilleures propriétés
mécaniques que l'aérogel de silice.
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1. Microstructural characterisation of aeropectin

1.1 Brief summary of aeropectin preparation

Aeropectin can be prepared via dissolution-gelatioagulation route (Figure VI. 1), similar to
aerocellulose. Only one paper reports on the textdiraeropectin, for only one formulation at
4.8,% (White et al.,, 2010). However, a complete study tbe structural properties of
aeropectins was never performed. In this partousarprocessing parameters (pH of the solvent,
pectin concentration and sources of pectin) of @@stn preparation were studied and correlated
to the microstructure of the final material.

Pectin + Coagulated
—> Gel _— > pectin in — > AEROPECTIN
0.5 mol/L HCI
ethanol co,

Dissolution Coagulation supercritical
drying

Figure VI. 1 : Preparation of aeropectin.

To be dissolved, pectin is added to an acidic agsisolution under vigorous stirring (800 rpm)
for about 4 to 6 h to ensure a complete dissoluittecked by optical microscopy). The mixture
can be relatively viscous; it is thus centrifuged 20 min at 6000 rpm to remove the maximum
of air bubbles. The solution is then placed in rdewdnd let gelling at room temperature for 24
to 48 h depending on pectin concentration. Pedls gre coagulated in a,50% water and 5@

% ethanol bath. The ratio of ethanol in the codguiabath is then increased progressively to
100% (by 20% increment) and as a result a 3D né&twabraeropectin precursor is formed.

Coagulated pectin is then dried in supercriticabCO

1.2 Effect of pH

It is well known that under acidic conditions pacgiels. It is mainly due to the protonation of
most of acidic functions, which favour a strongebéhds network. Its pKa is about 2.9. (White
et al.,, 2010) used a very acidic environment foctipegelation: 0.5 mol/L HCIl. We asked
ourselves the following questions: what is the mopti pH for preparing pectin gels? What is the
influence of pH on the final material morphology?

To answer the first question, we prepared variadi@aqueous solutions from HCI and citric
acid and screened pH from 0.2 to 3, to be belowptdwin pKa. These solutions were prepared
by either diluting a ready solution of HCI 326 (10.3 mol/L) in a volumetric flask or dissolving
citric acid into water. ¢ % citrus pectin was then dissolved in these sd$vand stirred for at
least 4 hours. Gelation of solutions at room termjpee (22°C) was very different depending on
the pH of acidic aqueous solutions. At low pH (gBlation was done overnight. For pH>1.5
gelation is not completed and even the rottingobditsons is observed (Table VI. 1). Thus a very
low pH<1 is required to produce homogeneous gels ftitrus pectin.
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Table VI. 1 : Gelation of pectin solutions with vaious pH of acidic solutions.

C .cqa (mol/L) Type of acid pH of acid solution Remarks on gelation

0.5 HCI 0.3 Gelation overnight
0.1 HCI 0.9 Gelation overnight
0.05 HCI 1.1 Gelation in 2 days
0.5 Citric acid 1.6 Weak gelation
0.05 Citric acid 2.2 Rotten in 2 days
10° Citric acid 3.1 Rotten in 1 day

Only samples prepared from 0.5, 0.1 and 0.05 midlZll and from 0.5 mol/L citric acid will be
further studied. All solutions were homogeneous aadair bubbles were visible by the naked
eye or by microscopy. Gels were coagulated in 5@/&ter/ethanol bath resulting in “alcogels”.
Coagulation baths were changed regularly and tineerdration in ethanol increased to 100%
ethanol. Some “holes” or “bubbles” are visible desthe structure of coagulated pectin that was
prepared at 0.05 and 0.1mol/L HCI (Figure VI. 2@ a). The corresponding aeropectins also
contained “holes” (Figure VI. 2b and d). They werebably created during the introduction of
the non-solvent to the gel. One possible explanaisothat at slightly higher pH, the gel is
weaker due to less H-bonds formed, the structutieuis more easily deformable. For 0.5 mol/L
solutions, pectin alcogels seem homogeneous; nbléub visible inside the structure (Figure

VI. 2e).
a b . d e
i ey

Figure VI. 2 : Alcogel and the corresponding aerop&tins: made from 0.05 M HCI (a, b); from 0.1
M HCI (c, d) aeropectin made from 0.5 M HCI (e).

Alcogels were then dried by supercritical £&hd aeropectins obtained are presented in Figure
VI. 2b, d and e. Their bulk densities were measu#tt a powder pycnometer Geopyc in
Persée-Mines ParisTech (c.f. Chapter Il). If aectipecontained holes, characterisation was
performed on parts in the most homogeneous regidarssities are summarised in Table VI.2. A
4,.% aeropectin has a bulk density of about 0.11 §/dfor 0.05 M and 0.1 M, aeropectin
densities are almost the same within experimemntat® when far from holes.
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Table VI. 2 : Bulk densities of aeropectins as a fiction of pH.

Cacid . pH of solution Puui Of aeropectin
Type of acid i 3
(mol/L) before gelation (g/cm?)
0.5 HCI 0.3 0.115
0.1 HCI 0.9 0.105
0.05 HCI 1.1 0.108
0.5 Citric acid 1.6 0.0997

The fine structure of these aeropectins was obdeloyeSEM (Figure VI. 3). Here again we
avoided regions with large holes. For all aeropecta fibrillar structure is observed with pores
from few tens to several hundreds of nanometesedins that pH does not influence aeropectin
morphology on the level of the sizes, seen by SEM.

Figure VI. 3 : SEM images of aeropectins preparedrdm citrus pectin in different acidic solutions,
0.5M HCI (a), 0.1M HCI (b), 0.05M HCI and 0.5 M citic acid (d). Pectin concentration in solution
was 4,:%.

In native pectins, the acid functions are eithefarm of carboxylate COQor are esterified
COOCH;. For preparing aeropectins, pectin is placed inaaiic solution where all the
carboxylate groups will be transformed into cardmxgcids. Figure VI. 4 presents the FT-IR
spectra of three different aeropectins preparerh fsolvents of different pH. For 0.1 and 0.5
mol/L (Figure VI. 4b and c), the signal at 1410 ‘troorresponding to the asymmetrical
stretching of carboxylate COMas decreased significantly as compared to panescpectin.
But for 0.05 mol/L, it decreased only slightly (Big VI. 4a). The band at 1610 ¢m
corresponding to the symmetrical stretching of caytate COO has disappeared and a shifted
band appeared around 1640 trffor 0.05 mol/L, this band is less shifted witivavelength of
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1630 cnt. The band for C=0 in ester and in carboxylic agidup are overlapping and give a
higher signal at 1740 cf

1740 cm™?

1440 cm™? 1410 cm™?

1642 cm™ 1630 cm™?

S \ /

C \/\\\, /\ d

Absorbance (u.a)

| | I
1800 1600 1400 1200

Wavenumber (cm™)

Figure VI. 4 : FT-IR spectra of aeropectins from 005 (a), 0.1 (b) and 0.5 (c) mol/L HCI.

It is difficult, just by analyzing FT-IR spectray juantify the possible deesterification of pectin
during the acidic treatment. (White et al., 201@imed (by FT-IR and XPS analyses) this
treatment induced a change from a mixed galactar@eid/methyl esterified pectin to a
predominantly galacturonic acid rich pectin.

From this FT-IR analysis, we can conclude that Gr@8/L is not enough acidic to undergo a
complete acidification as some signals of carbdeyteamained. A pH below 1 is thus required
for preparing aeropectins. In the following, 0.51fd1Cl will be used as pectin solvent.

1.3 Effect of pectin sources and concentration on aeropectin
density and morphology

Aeropectins with various concentrations of pediiom 1% to §:%, were prepared from either
citrus or apple pectin. Concentrations above 6%e et been tested as the solution was highly
viscous and its manipulation is rather difficult.was not possible to obtain a gel from%
pectin and the coagulation of this solution failedr pectin solutions of 2 ang.30 gelation is
very slow (few days to a week at room temperatang) gels are weak (Figure VI. 5a & b). For
these concentrations, removal from the mould aridesb exchanges were carried with extra
care to avoid breaks. For concentrations above @gtion occurs in less than 24h at room
temperature (Figure VI. 5c¢).
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Figure VI. 5 : Pectin gels from 1% (a); 2% (b); and3,:% (c) citrus pectin after 24 hours at room
temperature.

Macroscopically, all samples either from citrusapple pectins with a concentration in polymer
above 2% appear homogeneous, as no macroscopiornlsa are visible. These aeropectins
were characterised in details. First, skeletal dgnsf citrus pectin was determined in the
laboratory L2C in the University of Montpellier \nita He pycnometer and its value is about
1.57+0.03 g/cr close to what is usually found in the literatuBecause the skeletal density of
apple pectin was not determined, we will use threesgalue as for citrus pectin. Bulk densities
were determined by powder pycnometer Geopyc. Aetopalensity linearly increases with
pectin concentration (Figure VI. 6) as it has bakeady reported for aerocellulose. Porosity is
therefore calculated and it is above 90 %.

0,2 -
0,18 -
0,16
0,14 - ® Citrus pectin
0,12 -
0,1 4
0,08 -+

0,06 -
0,04 - /
0,02 -

O T T T T T T 1

B Apple pectin

——Theorical density

Ppui 8/cm3

%C

pectin

Figure VI. 6 : Bulk densities of aeropectins from itrus and apple pectins as a function of polymer
concentration in solution.

Theoretical density was also calculated suppostmgatume contraction from gel to dry sample.
Densities of aeropectins are higher than the thieateone, mainly due to contraction during the
coagulation and scCQlrying processes.

No influence of the source of pectin on aeropegénsity is observed. For both citrus and apple
pectins, a light aeropectin, e.g. 0.08 gidar a 3.% and 0.13 g/crhfor a 5%, was prepared.
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The influence of pectin concentration in solutiam @eropectin morphology was analysed by
SEM. Figure VI. 7a and b display observations fi¢#h and %% citrus-based aeropectins. They
showed a fibrillar structure with long and entauigitrands, as already shown in Figure VI. 3.
The morphology at 5% seems denser with pores bfigimaller, which confirms the density
values. Aeropectins from apple pectin (Figure W) present a very similar morphology as
compared to aeropectins from citrus pectin.

Figure VI. 7 : SEM observations of aeropectins fron8,,% (a) and 5,,% (b) citrus pectin; 3%
apple pectin (c).

In the following structural characterizations, oryrus aeropectins will be studied. Specific
surface areas were measured by the laboratory Lagydllier and pores size distributions
(PSD) by two different techniques: Hg porosimetr2 €-Montpellier) and N desorption (BJH
method) (Cemef-Mines ParisTech).

First, specific surface areas were analysed asetifun of pectin concentration. They all are
around 250 m?/g. It is difficult to see a tendeasya function of pectin concentration due to high
experimental errors (10%) and only two polymer @mrations studied (Figure VI. 8). As
compared to aerocellulose prepared from cellulossotved in 7.6%NaOH-water (Gavillon &
Budtova, 2008; Gavillon, 2007) or in 8% NaOH-waterf.(Chapter IIl), aeropectins appear to
have similar specific surfaces areas as aerocsute?50 m2/g (Figure VI. 8).
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Figure VI. 8 : Specific surface areas vs polymer ewentrations for aeropectins and aerocelluloses
measured in the laboratory L2C-Montpellier and aeraelluloses from (Gavillon, 2007))

We analysed padsorption-desorption isotherm, an example fousibased aeropectin prepared
from 3% solution is given in Figure VI. 9. Accordito the IUPAC classification, the isotherm is
a type IV typical for mesoporous structures (cltia@ter II).

800
700
600
500
400
300
200
100

0

Quantity Adsorbed (cm3/g)

Figure VI. 9 :

0 0,5 1
Relative Pressure (p/p°)
3.0 citrus aeropectin N, adsorption isotherm.

N, desorption is widely used in literature for PSDaswements. (White et al., 2010) reported
for the first time aeropectin PSD by using this moet (Figure VI. 10). The maximum on pore

size distribution is located around 11 nm. Howe®M images of aeropectin clearly show
much larger pores (Figure VI. 11). We tried to gealPSD by SEM image analysis but it was
not conclusive as the structure is in three dinmrssi Qualitatively we can observe that pores
vary from about few tens to few hundred nm. désorption method does not to fully describe

pore size distribution.
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Figure VI. 10 : PSD of 4.8§:% aeropectin from (White et al., 2010). Reprinted wh permission from
(White et al., 2010). Copyright (2010) Wiley.

Figure VI. 11 : SEM image of a §; % citrus aeropectin. Image analysis of pores and pe wall
thickness.

We investigated more deeply the BJH method and eoedbto Hg porosimetry. For Hg
porosimetry, direct determination of pore sizerihsition is not possible because of pore walls
collapse, the same as it was described for aeubasdls. Pore size distribution was thus built
using Pirard approach (Pirard & Pirard, 1997) (€Hapter II):

k
L= po0.25 (V- 1)

The buckling constant k was determined in the latmoy L2C in the University of Montpellier:
k= 60 nm.MP&%*for 3,:% citrus aeropectin.

Pore size distributions from both techniques, g adsorption and mercury intrusion, are
given in Figure VI. 12.
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Figure VI. 12 : PSD of 3,% citrus aeropectin from BJH method and Hg porosimery.

These two techniques give different PSD. Hg poresiynuses pressure from 0.01 to 200 MPa
and analyses pores from about 15 to 160 njd@sorption analyses pores from 2 to 80 nm
(pressure between 0.1 and 0.01MPa). The main clleaistics of each pore size distribution are
displayed in Table VI. 3. The theoretical poroutunte is calculated according to Equation (VI.
2).

1 1
- (V1. 2)

Ppuik  Pskeletal

Vp theoretical =

Table VI. 3 : Data from PSD of 3% citrus pectin by Hg porosimetry and BJH method.

Ana'VSiS SBIET Vp Theoretical Vp Measured %V Lp max Lp mean FWHV 4V/SBET
o m r
System  (m?/g) (cm’/g)  (cm’/g) Prested (nm)  (nm)  (nm)  (nm)

H
-g 268 10.47 5.71 54.5% 54 43 46 85
porosimetry
BJH 268 10.47 1.14 11% 20 11 34 17

We compared the theoretical and the measured poaume (%V) to evaluate the quantity of
porous volume that has been analysed by the twmigaes. BJH method analysed only 11% of
the total pores volume and Hg porosimetry 54% (@alll 3). The complete PSD of aeropectin
cannot be obtained by these two techniques. Théy gime a restricted image of the full
aeropectin morphology. An important discrepancghbserved for the maximum of pores size:
54 nm for Hg porosimetry against 20 nm for BJH.

A similar disagreement is observed fgf theanbetween BJH and porosimetry with heam 11
and 43 nm, respectively.
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The BJH method gives a shifted PSD towards smplhees compared to Hg porosimetry. Hg
porosimetry PSD obtained with “Pirard’s” approa@ems closer to the SEM observations on
Figure VI. 11.

Using the Hg porosimetry, the influence of pectimeentration was investigated. First, buckling
constants k were determined for each concentrafigire V1. 13 shows the variation of k with
pectin concentration. It increases linearly andaésjto ko= 60 nm.MP&>*for 3%, and k.=

76 nm.MP&%*for 5%, pectin.
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80 - . <
T 60 A
2
240-
<
20 -
0 T T T T T T 1
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pectin

Figure VI. 13 : Variation of the buckling constantwith pectin concentration.

SEM images show that the increase of pectin coratgom gives smaller pores (Figure VI. 7a &
b). We compared PSD of two different pectin conein 3,:% and 5:% (Figure VI. 14). For
both concentrations, similar porous volume was ek of about 55-60%. It can be thus
estimated that 40-45% of the porous volume is maintjfiy by the Hg porosimetry method and
represents the fraction of micropores and largeropaces. PSD are centered around 50-55 nm
(Table VI. 4). Mean pore siz& keanis very similar, about 43-45 nm. The differencelésected

in the width of the distribution: at,86 pectin, PSD is narrower with a full width at ha#lue
(FWHV) of 29 nm against 46 nm foy,86. This is in good agreement with SEM observations.
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Figure VI. 14 : PSD by Hg porosimetry for 3%, and 5%, Citrus aeropectins.

Another way to have a mean size of pores is tauGatie the quantity 4MeasurebSseT-
The values obtained for 3 and 5% pectin conceptratare given in Table VI. 4 and they seem
to overestimate pore mean size: for example, f@b&eropectin 4V/gr equals 85 nm.

Table VI. 4 : Data from Hg porosimetry for 3%, and 5%, citrus aeropectins.

% C ; SBET Pbulk Vp Theoretical Vp Measured % \V g Lp max Lp mean FWHV 4V/SBET
N (m?/g) (g/em®)  (ecm’/g)  (cm’/g) T (nm)  (nm)  (nm)  (nm)
3% 268 0.09 10.47 5.71 54.5% 54 43 46 85
5% 257 0.128 7.17 4.22 59 % 56 45 29 66

As well as for aerocelluloses, aeropectins morpfielo can be tuned with polymer
concentration.

1.4 Comparison with aerocellulose

In this section, we compare morphology of aerotetkel prepared from a solution of cellulose in
8%NaOH-water and aeropectin. Polymer concentrati@olution is the same,,86. Table VI.

5 summarizes structural characterizations. Botbhgeds have similar densities, specific surface
and porosity.

Table VI. 5 : Comparison of structural properties for 5,,% aerocellulose and % aeropectin.

Type Pbulk3 Pskeleta; Porosity Seer LPmax LP mean FWHV
(g/cm’)  (g/em’) (m?/g) (nm) (hm)  (nm)
5%-aeropectin 0.128 1.57 92 % 257 56 45 29
5%-aerocellulose 0.123 1.55 92 % 286 48 35 35
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Pore size distributions for aeropectin and aeralmde obtained with « reconstructed » mercury
porosimetry approach are given in Figure VI. 15.sAswn in Chapter lIll, the buckling constant
for 5% aerocellulose equals 56 nm.MPaand for 5% aeropectin 76 nm.MPa Both pore
size distributions are centred around 50 nm anc lsawilar mean pore diameter (about 35-45
nm) and FWHYV about 30 nm. PSD of aeropectin ishdljgshifted towards smaller pores but it
is hard to conclude as experimental errors are ftapb Aerocelluloses and aeropectins
morphologies have many similarities.

1,2 -
1 4
0,8 A

0,6 1 = aeropectin

= gerocellulose
0,4 -

dV/dL normalised

0,2 -

0 T T T T T T T T T T I T T T T
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pore size(nm)

Figure VI. 15 : Comparison of PSD for §,% aerocellulose and %% aeropectin.

2. Mechanical properties of aeropectin

We studied aeropectin mechanical properties byxiadi@ompression. Two types of tests were
performed (c.f. Chapter Il). The first one was aita$i deformations to evaluate more precisely
the Young modulus, and the second test variesndii@n 0 to 75% to have the full stress-strain
curve. From this curve, different mechanical par@msecan be determined such as the yield
stressoyield (Deginning of plastic region), the yield straipq, the densification straigy and the
energy absorbed by the sample from the beginnirdetdrmation to either 40% strainwy, or

to the densification strain W

We studied the influence of pectin concentratioraeropectin mechanical behaviour. Figure VI.
16 gives the complete stress-strain curves forfférdnt citrus pectin concentrations (3, 4 and

Sw%)
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Figure VI. 16 : Stress-strain curve for 3,4 and 5%citrus aeropectins.

Table VI. 6 summarises the mechanical propertiestuadied aeropectins (3 t@:%) determined
from Figure VI. 16. Young moduli, yield stress aabsorbed energies increase with pectin
concentrations. Yield and densification strainsnse® remain relatively independent on
concentration with values of 4-5% and 50-53% respely. Mechanical behaviour of
aeropectins is quite similar to that of aerocelelérom cellulose dissolved in NaOH-water (data
taken from Chapter V).

Table VI. 6 : Mechanical properties of aeropectins.

%C Phbulk E Oyield - e, W o5 W,y
(g/cm®) (MPa) (MPa) ve (ki/m?)  (ki/m?)

3% citrus pectin 0.09 4.1 0.21 0.041 0.52 138 217

4% citrus pectin 0.115 5 0.37 0.044 0.51 309 496

5% citrus pectin 0.128 10 0.79 0.053 0.53 455 741

5% cellulose 0.123 10 0.30 0.037 0.55 213 334

Young modulus as a function of bulk density wagtptbfor aeropectin and presented in Figure
VI. 17. By using the model of Ashby and Gibson (ftea Il), the exponenin equals to 1.8.
Contrary to other type of aerogels, it is clos¢hi® ideal foam exponemt=2 and below to that
of aerogels. However, we shall not speculate atiositresult because of the narrow interval of
aeropectin densities and limited amount of data .
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Figure VI. 17 : Comparison of Young modulus for aeopectin, aerocellulose (data taken from from
(Gavillon, 2007; Sescousse, Gavillon, & Budtova, 20; Sescousse, 2010)) and silica aerogel (data
taken from (Alaoui, Woignier, Scherer, & Phalippou, 2008)).

Aeropectin was compared to two kinds of aerogedlisasaerogel and aerocellulose. It is clearly
mechanically stronger than silica aerogel for aliges of densities. As an example, at density
0.13 g/cmi Young modulus of silica aerogel is ten times lowen that of aeropectin (E= 1.1
MPa, (Alaoui et al., 2008)). Aeropectin and aerlmtese have a very similar mechanical
behavior (within the experimental errors) in thege of densities from 0.08 to 0.2 gftie.g.
E=10 MPa for a 0.12-0.13 g/éraerogel) (Table VI. 6).

Yield stress was also plotted versus bulk densFyjgure VI. 18) for aeropectin and
aerocellulose. For these two aerogels power lawe wbtained but their exponent differs
greatly:n=1.9 (recalculated from (Sescousse et al., 20&$c@&usse, 2010)) for aerocellulose
andn = 3.2 for aeropectin. At low densities, both aeteglisplay similar mechanical behavior
whereas at higher densities aeropectin presergaeagrstiffness than aerocellulose. At a density
of 0.13-0.14 g/crf) aeropectin has a yield stress of 0.8 MPa agdisMPa for aerocellulose

(Table VI. 6).
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Figure VI. 18 : Comparison of yield stress for aerpectin and aerocellulose (data taken from
(Gavillon, 2007; Sescousse et al., 2011; Sescoug&)) as a function of bulk density.

We also compared

the energy absorbed during therrdafion until 40% strain and until the

densification strain (Figure VI. 19). Densificatistraingy is about 50% for aeropectin (Table
VI. 6). Weq is better reflecting the deformation energy, bt also calculated W, as this

parameter is used

in literature on aerogels armlvalleasier comparison between aerogels.

Absorbed energy also follows density power law deleace and exponents gre 3.2 for Wegq
andp = 3.1 for Wyoe,. NO significant difference is thus observed betwdeese two energies in
terms of concentration dependence angeWhay be used for comparing mechanical properties
with the other aerogels.

Figure VI. 19:
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Absorption energy evaluated at 40%strain or at densification strain.

We compared the absorbed energy during compredsginof aeropectin and aerocellulose
(Figure VI. 20). As for yield stress, deformationeegy is higher for aeropectin than for

aerocellulose.
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Figure VI. 20 : Comparison of absorbed energy vs bl density for aropectin and aerocellulose
(data taken from (Sescousse et al., 2011; Sescou2€4.0)).

Aeropectin and aerocellulose are alike in termsswifictural properties but differ in their
mechanical robustness. Aeropectin has a highdénesti$ than aerocellulose. It may be explained
by the difference in spatial configuration of mauoalecules. Cellulose has [&1,4 linkage
whereas pectin hasoal,4 glycosidic bonds which gives a coiled spripatgal representation.
This may modify chain rigidity and thus influendetmechanical properties.
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Figure VI. 21 : Schematic representation of cellulse and pectin structure.

3. Thermal properties of aeropectins
The thermal properties of aeropectins were theestigated. As described in Chapter Il, the

effective thermal conductivity of porous materiabs three contributions: the conduction of the

solid phase, the conduction of the gas trappedentfie porosity and the radiative heat transfer
contribution (Equation (VI. 3)).

Aeffective = Asolid + Agas + Aradiative (VI- 3)
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Each contribution was measured in order to haveetéeb understanding of heat transfer

mechanisms within aeropectins. It also gives inffion on structural parameters to be

optimised in order to reach superinsulating propsrt

The effective thermal conductivities were measwegder on the heat flow meter Fox 150 in

Persée-Mines ParisTech or on the heat flow meter260 adapted to small samples at CSTB at
20°C (293 K). The results from both techniques dlpresented.

3.1 Effect of pectin concentration on thermal conductivity

First, we studied the effective thermal conducyivf aeropectins with various bulk densities.
Table VI. 7 summarises thermal characterisations aefopectins and compares with
aerocellulose prepared from cellulose dissolvedB%NaOH-water. The main result is that
aeropectins appeared to be thermal super-insulatetgrials, with thermal conductivity below
0.025 W.nt.K™. It seems that flow meter Fox 150 slightly overeates by 20% the thermal
conductivity as far as two other different methoded by CSTB, hot wire and heat flow, give
the same and lower values as compared to the ot@ned with flow meter Fox 150, see
aeropectin from 4% (Table VI. 7).

Table VI. 7 : Thermal characterisations of citrus aropectins.
All conductivities are given in mW.m*.K™.

A
ffectiv
Fomiation =, ST s
g/cm oX oX h .
ot wire
2% aeropectin 0.05 20.0 - - 14.5 27%
3% aeropectin 0.09 23.6 - - 16.3 31%
4% aeropectin 0.115 24.4 20 21 17 30%
5% aeropectin 0.128 254 - - 18 29%
5% aerocellulose 0.123 30.8 - - 21.5 30%

The effective thermal conductivity as a functionbodk density is plotted in Figure VI. 22; and
we compared aeropectin to other different aerogath as silica aerogel and aerocellulose.
Clearly aeropectin is much more insulating thamee&iulose which has a minimul@ecive =30
mW.m.K™. Compared to silica aerogels, at usual densitperbgel materials (0.1 g/¢n
aeropectin has a higher thermal conducti¥i#écive = 22 mW.n".K™* against 16 mw.ihK™ for
silica; but at lower concentrations, citrus aerdjpeseems to be even a better thermal insulating
material than silica aerogels.
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Figure VI. 22 : Thermal conductivity as a functionof bulk density for :

- aeropectin measured by heat flow meter Fox 150-B#e Mines ParisTech, by heat flow meter Fox
200- CSTB and by hot wire- CSTB,;

- aerocellulose measured by heat flow meter Fox150;
- silica aerogel (data taken from (Bisson, RigacciLecomte, & Achard, 2004)).

It is interesting to note that aeropectin thernmalductivity seems not to reach a minimum in the
range of densities 0.05-0.2 g/&mhich is the case for several known aerogels (BisRigacci,
Lecomte, & Achard, 2004, Lu, Caps, Fricke, AlvigoPekala, 1995). The increaseQficiive at
very low density, classically visible for silica i@Bon et al., 2004) or resorcinol formaldehyde

(Lu, Caps, Fricke, Alviso, & Pekala, 1995) aerogelas not detected in the case of aeropectins
(Figure VI. 22).

3.2 Determination of radiative and conduction contributions

We studied the effect of temperature on thermabluotivity, measured by flow meter Fox 150
and by varying temperature from -10°C to 40°C fectn concentrations between 2 an@b
(Table VI. 7). The thermal conductivity was plottesl a function of temperature in power three
(Figure VI. 23). The extrapolation to a null temgeire suppresses the radiative contribution and
gives the conductivity of gas and solid conductibigure VI. 23 shows that aeropectin has a
conductivity of gas+solid slightly lower than aeetiolose, 18 against 21.5 mWiK™, which
may explain the difference in the effective thermadnductivity between these two
polysaccharide aerogels.
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Figure VI. 23 : Variation of thermal conductivity versus temperature of $,% citrus aeropectin and
5::%0 aerocellulose.

Figure VI. 24 displays the different thermal cobitions (radiative and conduction) as a
function of citrus aeropectins densities. The catidu of solid and gas decreases with density
with the same behavior as the total thermal comdtict It seems that the conduction is the
major part of the heat transfer.

By subtracting the conduction of gas+solid from tefective thermal conductivity, we
determined the radiative heat transfer. Valueggperted in Table VI. 7. For all concentrations,
radiative conductivity represents about 30% aneleively independent of bulk density (Figure
VI. 24). Similarly to aerocellulose (Chapter llIQhis result is surprising as the radiative
conductivity is generally inversely proportionaltte bulk density.
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Figure VI. 24 : Influence of density on solid and gs conduction and on radiative transfer.

For 4% citrus aeropectin, with the help of CSTB, it wasssible to directly determine all
contributions to the total thermal conductivity. g&ximents at room temperature where the
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pressure is decreased to very low values removedhgibution of gas and give the sum of the
solid and radiative conductivity. Figure VI. 25 geats the conductivity as a function of
pressure. A plateau is observed from about 10 ImBaee conductivity value at the plateau is
taken ashsoicthradiative Which for 44% aeropectin is estimated at 10 mW.k". The same
experiment was carried out on @% aerocellulose (from 8%NaOH-water-cellulose solii
Interestingly, for aerocellulos&soigthagiaive 11.5 mMW.M.K™, which means that only the
contribution of the gas phase can explain the wiffee in effective thermal conductivity
between aeropectin and aerocellulose. Nanostrunraf the material is thus an extremely
important factor.
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Figure VI. 25 : Variation of thermal conductivity as a function of pressure for a ¢% citrus
aeropectin and a %% aerocellulose.

Table VI. 8 summarises all the thermal data oletifor 4,% aeropectin. The experiment
carried out at low pressure (16Pa) and low temperature (-118°C) gives the coiidtycof the
solid backbon@\sgig= 2.8 mMW.n.K™. Asig can also be calculated by the subtraction from
Aefrective the Asolicthradiative Obtained previously (by=f(P)) with theagiaive determined by=f(T3).
The obtained.soic= 2.6 mW.m.K™ is in excellent agreement with the direct measergmnf the
conductivity of the solid backbone.

Table VI. 8 : Different thermal contributions of 4,:% citrus aeropectin. All conductivities are given

inmw.mtK?™
AsoliatAradiative A solid A solid
pb lk A ffectiv A z+solid Ar diativ * °
Comn s o Forise forise NP D from ok
(g/cm ) by CSTB by CSTB -Arag
4 % 0.115 24.4 17 7.4 10 2.8 2.6 14.2
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Schematically, Figure VI. 26 represents the praporiof each thermal contribution in the
effective thermal conductivity for aeropectin. Tag@s conduction counts for more than the half
of the total heat transfer.

Figure VI. 26 : Distribution of solid and gas condation and radiative heat transfer in the effective
thermal conductivity.

3.3 Thermal conductivity of apple aeropectins

Thermal properties of apple aeropectins were alatuated. The effective thermal conductivity
was measured on heat flow meter Fox150 for 2% ax¥b apple aeropectin and on heat flow
meter Fox 200 adapted to small samples (by CSTBhe13,:% aerogel. The results are close to
those of citrus aeropectin Witheive = 20.3 and 21.8 mW.mi*.K™ for 2% and 3,,%, respectively
(Table VI. 9. Here again the values obtained with flow meter Fox 150 are higher than the
conductivity measured with the adapted heat flomtemdy CSTB (16 mW.mMK™). The
contribution of the gas phase and the solid backbone was also determined by Fox 150. It is
slightly lower than for citrus aeropectin, 14 against 16 mW.m*.K™. The radiative part seems to
be, on the contrary, slightly higher. However, hessaof the limited amount of data available it
is difficult to draw any conclusions. Apple andrg# aeropectins have very similar thermal
properties.

Table VI. 9 : Thermal properties of apple aeropectis. All conductivities are given in mW.m".K™,

C . pr|k A effective A effective A gast+solid %A radiative
e (g/cm’) Fox150 Fox200CSTB Fox150  Fox150
2 % apple aeropectin 0.05 20.3 - 13.3 34.5%
3 % apple aeropectin 0.08 21.8 16 14.3 344 %
3% citrus aeropectin 0.09 23.6 - 16.3 31%

Aeropectin is thus the first fully biomass-baseat, chemically cross-linked and environmentally
friendly polysaccharide material having thermal euipsulating properties and being
mechanically robust.
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4. Silica-pectin hybrids

Silica aerogel is one of the best insulating matef~ 14 mw.nm".K™) but it is very fragile and
dusts easily. Aeropectin has interesting mechampicgerties and a thermal conductivity around
20- 25 mW.m.K™*. We saw previously that the main contribution tmductivity is due to
gaseous phase (Figure VI. 26). Replacing the gasgloase by a phase which is more insulating
that the air, such as silica aerogels, might alldecreasing the effective conductivity of
aeropectins.

Thus we studied the preparation of hybrids mada péctin matrix “filled” with silica aerogel.
The goal is double: on one hand to decrease ah#ftenal conductivity of aeropectin and on the
other hand to reinforce silica aerogel with a peatiatrix to avoid dusting. Below the structural
and thermal properties of pectin-silica aerogelrtughare presented.

4.1 Preparation of pectin-silica hybrids

As pectin aerogels have better mechanical progethan silica aerogels, we chose to use
aeropectin as a matrix and then to fill the pepbrous structure with silica aerogel.

4.1.1 Approach of impregnation
Two different approaches can be used for prepdmygid pectin-silica aerogel:

- Mixing pectin solution and silica precursors e liquid state: the addition of silica precursors
to a pectin solution resulting of the simultanetarsnation of pectin gel and the condensation of
silica (“one pot”);

- Impregnation of silica precursors into the pedasl or into coagulated pectin: diffusion of
silica precursors solution into the porous pecgtwork and amn-situ condensation of silica.

The first approach needs a common solvent for rgisilica precursors and pectin.

Pectin is soluble in water at pH below 4 and almosbluble in alcohols. A silicate aqueous
solution will be preferred as a silica source. Fation of homogeneous gels is not always
straightforward and strongly depends on the msitica-pectin (Agoudijil et al., 2012). This way

needs some work in adjusting gelation and formadfonterpenetrating network.

We preferred the second approach.

Silica precursor solution at 206 in ethanol, referred as P75E20, was kindly predidy PCAS,
France. These precursors were prepared by hydsobfsitetraethoxysilane (TEOS) with a
substoichiometric amount of water and under acmbaditions using hydrochloric acid as
catalyst. The ratio between the number of molesvater added and the number of moles of
TEOS, is called “degree of hydrolysis”, and equdi%o.

The preparation of hybrid pectin-silica aerogedusnmarised in Figure VI. 27. Citrus pectin gels

were coagulated in water-ethanol mixtures and waghethanol. Silica precursors were added
to coagulated pectin swollen in ethanol (alcogélvas let diffusing into the pectin for 1 to 48
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hours. For facilitating the diffusion of silica,vlopectin concentrations were preferred since we
showed that they have a larger pore size distobutith larger pores (Figure VI. 14). 2, 3 and
4,:% pectin gels were used. The impregnated samglesrs placed in a fresh ethanol bath and
ammonia solution (catalyst for silica gelation)dsectly added, to avoid a retro-diffusion of
silica precursor towards ethanol bath. The cataliffiises inside the impregnated pectin where
silica can condensate inside the pectin poroustsirel After several washing in ethanol, the gel
is dried by supercritical C{o give a hybrid pectin-silica aerogel.

- . Catalyst
~— Silica precursor -SiO- —
Ethanol /| / NH,OH

N iy I p— N
-Si0-_ Sio-
e —
Ay - scCOo,

drying

Pectin-silica hybrid

Coagulated pectin _SiO-im i
pregnation - .
by diffusion Silica condensation

Figure VI. 27 : Preparation of hybrid pectin-silica aerogel.

4.1.2 Experimental conditions for impregnation
To optimise the impregnation, we chose to be iargd excess of silica precursors. A constant
mass ratio between silica and pectin was choserkepidfor all hybrid formulations (Equation
(VI. 4)). It was fixed at 7.2.

) mass of silica precursor
Si/P = - =72 (VI. 4)
mass of pectin

P75E20 from PCAS is a silica precursor solutioBGat% of “Si0,” in ethanol. The catalyst is a
solution of ammonia NFOH at 25.%., we used a standard formulation of silica adrageused
in Persée Mines-ParisTech laboratory. Two parametiee ratio of water to siliddyd (Equation
(V1. 5)) and the ratio of catalyst to siliddat (Equation (VI. 6)), were fixed at 4.2 and 0.11
respectively.

Nmol of water

Hyd =

Nmol of silica SiO, (VI.5)
Cat — Nmol of NH,OH V1. 6)
= Nmol of silica Si0, '

An example of formulation used for the impregnatmfnpectin alcogel (or coagulated pectin
“filled” with ethanol) by silica precursors is ginen Table VI. 10.
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Table VI. 10 : Formulation of silica aerogel for inpregnation of coagulated pectin.

. m
%cpectin mpectin Sl/c Mp7s5e25 Methanol (ZSN:;Z'; M w20 Cat Hyd
3% 0.2 7.2 7.2 10.8 0.38 1.52 0.11 4.2

4.2 Study of silica impregnation of pectin alcogel

The important step for preparing pectin-silica hghs the impregnation of the pectin alcogel by
the precursor solution. It is governed by diffusi@elow we shall estimate silica diffusion
coefficients and correlate sample thickness ane tireeded to completely impregnate pectin
with silica sol.

4.2.1 Theoretical calculation of the diffusion time
First, we need to have an estimation of the timmessgary for silica precursor molecules (-SiO-)
to impregnate the pectin alcogel, from the surfacthe heart of the sample. We calculated the
diffusion coefficient of —SiO- into a.@6 pectin network using the results obtained for NaO
diffusing out of cellulose-NaOH-water gel duringllobwse coagulation in water, swollen in
water sample as described in (Gavillon & Budto\@) D).
A diffusion coefficient D is given by the StokesaBiein formula that relates D and the
hydrodynamic size R of the solute (here SiO) (EguagV1. 7)).

kgT
D=
6mnR

(V. 7)

Where g is the Boltzmann constant, T is temperature gritie viscosity of the medium at
temperature T. This equation is developed to desdhe motion of a solid sphere in a dilute
suspension. In our case, silica precursors aretay®o in ethanol and can be considered to be
in a dilute state.

The size of silica precursor in the sample (colbslispension) P75E20 was determined, in the
frame of another project, by the Institut Charlesli®n (Strasbourg, France). 95% of molecules
are of 1 nm and less than 5% are larger with acfiz&00 nm, which can be easily removed by
filtration of the P75E20 solution. We then estingaiio= 1 nm.

In the absence of pectin alcogel, the diffusionfficient is estimated to be Epectin=0)= 1.8.10"°
m?/s at 25°C Withetmanse 1.20 10° Pa.s. As a comparison, NaOH in water diffuses \ith
1.5.10° m¥s (Gavillon & Budtova, 2007). The presence ettin porous structure will slow
down the diffusion of silica precursor. The questitere is to estimate how much it will be
slowed down without performing experiments.
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NaOH diffusion coefficient were measured duringuieke coagulation in water from cellulose-

NaOH-water gels of different cellulose concentnagiqGavillon & Budtova, 2007); the main
results are given in Table VI. 11.

Table VI. 11 : Diffusion coefficient of NaOH during cellulose coagulation in water at 25°C.

Ceellulose (wt%) (xl(l))-::)a::z/s)
15.1
3 2.09
1.42

The cellulose matrix has a great influence on Naddfusion coefficient; it is divided by a
factor from 7 to 10. Similar decrease of the difascoefficient of other molecules (ionic liquid)

during coagulation of cellulose in water from ckike-ionic-liquid solutions were studied in
(Sescousse et al., 2011) and presented in Figur2gvi

5 10 15 Ceen, %

K AEMIMAC

1 @ BMIMCI

2 X EMIMAC (Liu et al, 2010)
-\‘ O EMIMAC (Seki et al, 2010)

0.0001 -

D, mm?/s

0.00001
Figure VI. 28 : Diffusion coefficient of EMIMAc and BMIMCI during coagulation of cellulose in

water from cellulose-EMIMACc and cellulose-BMIMCI solutions at 22°C as a function of cellulose
concentration (Sescousse et al., 2011).

By analogy, we divided the diffusion coefficientsfica precursors at zero pectin concentration
by a factor 7 for 3% and 10 foy&6 pectin gels (Table VI. 12).

Table VI. 12 : Distance made by small molecules tiffuse in a 3% or 4% pectin swollen in ethanol.

Dsio

oty tM 16 10 24 ag
0.25 L3 (Mm) 0.31 0.75 0.97 1.50 2.12
0.18 L (mm) 0.26 0.63 0.81 1.25 1.77
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The distance L made by a small molecule diffusimgaimedium due to Brownian motion is
given by Equation (VI. 8).

L = W’DSLIO X t (VI 8)
where t is the time.

Using this approach, the distances made by silieaupsor in pectin alcogels were calculated
Table VI. 12. For example, in 24 hours, silica d#fuse 1.5 mm at 25°C.

For further studies, we prepared pectin alcogels withickness of 2.5 to 4 mm. The sample was
was placed in silica sol in such a way that it\a#d diffusion from both sides (Figure VI. 29).
We estimated that in 24 to 48 h the impregnatimukhbe complete.

diffusion

-SiO- \l/ -SiO-
Pectin alcogel -Si0- T -SiO-

diffusion

Figure VI. 29 : Schematic representation of pectirlcogel impregnation by silica precursors. Pectin
gels are 2.5 to 4 mm thick and slightly “raised” tohave diffusion from both sides.

4.2.2 Silica impregnation followed by EDS-SEM analysis
After the impregnation, pectin-silica samples wered with sc CQ Dried hybrid pectin-silica
aerogels were studied by SEM with EDS analysis Ghapter I1).
The energy of the X-rays is characteristic of tteerac structure of the element from which they
were emitted. The elemental composition of the dammpay therefore be determined. An
example of X-ray spectrum obtained by EDS is giveRigure VI. 30. The peaks correspond to
carbon (K, 0.5249 keV), oxygen (K0.2774 keV) and silicon (} 2 1.7398 keV). The number of
X-ray detected (peak height) gives the quantitgilddon in the sample.
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ll

Figure VI. 30 : X-ray spectrum of a 3,% pectin-silica hybrid analysed by EDS.

We can therefore follow the depth of impregnatéidasinto the pectin structure by studying the
cross-section of the hybrid. In various pointstled section, EDS analysis was carried out in
various points of sample cross-section and thernsgathe elemental composition along sample
cross-section, from one surface to the opposite o obtained. The atomic percentage of
silicon was then plotted as a function of sampiektiess (Figure VI. 31).

Py (RETE
X b 3
X Analysis point, ~

Up

Iffusion

Edges of sample

Down

Figure VI. 31 : SEM images for EDS analysis. Scanng of the cross-section of hybrid.

Hybrids were prepared from,36 pectin alcogels with various time of impregnatioom 1 to

24 h. The distance of analyslss normalised to the sample thickness. The midfithe sample
hasd=0.5. Figure VI. 32 displays %mic of silicon as a function of the distance from s&mp
surface for different times of impregnation. Poirdsee sometimes scattered due to high
experimental errors, but some trends can be obdeRa@ short times, such as 1 or 2 hours,
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silicon is somewhat present everywhere in the saropt it distribution is not homogeneous. We
can observe a minimum of %Si in the middle of tampgle, showing a progression of the silica
diffusion. After 8 hours, a steady state is estdigld where silicon well distributed in the matrix
(%Si~ 22%), with a slight decrease fdaround 0.5. No major difference is observed fogkr
time of impregnation. It seems that there is s&tumain the quantity of silica that can be
impregnated into the pectin matrix.

30 -

-
2 e1h
g 2h

X +8h

e 24 h
5 _
0 ] T T T T T T T T T T T T T T T T T T T T T T T T ]
0 0,2 0,4 0,6 0,8 1

normalised distance, d

Figure VI. 32 : Silica impregnation of 3,% pectin versus the normalised distance in the sanig.

We repeated these experiments with a more contedtpeectin matrix of #% (Figure VI. 33).
Diffusion should be slower as predicted in Table 4. After 24 hours, the impregnation is not
homogeneous. An important decrease is observeldeimiddle of the sample (slightly shifted
towards 0.4) with less than 5% of silicon. A longifusion time 48 h was investigated. Data
are scattered. Similar behaviour as 24 h is obdersiBcon does not penetrate effectively into
the heart of the sample. 4% pectin matrix is propado dense and tortuous with smaller pores,
which slow down the diffusion inside the structure.
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o .
% atomic Si

0,2 0,4 0

0,8
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= 24h
¢ 48h

Figure VI. 33 : Silica impregnation of 4,,% pectin versus the normalised distance in the santgfor

24 and 48 hours of impregnation.

A homogeneous impregnation of &% pectin matrix by silica precursors was succelsful
realised and the dried hybrid pectin-silica aer@gsiociated was prepared.

4.3 Morphology of dried hybrids

4.3.1 Effect of the time of impregnation

We measured bulk densities and specific surfacdsyifid pectin-silica aerogel and observed
their morphology by SEM.

First, we studied the influence of the durationimpregnation on the structural properties of
hybrids. Table VI. 13 summarises data on hybrigpared from 3% pectin alcogels. Data are
sometimes scattered and unfortunately we did neg tieme to reproduce all samples to confirm

values.

Table VI. 13 : Structural data on 3,,% pectin-silica aerogel with various times of imprgnation.

C pectin . time of impregnation Poulk Seer .
formulation 3 % Impregnation

(we%) (h) (g/cm’) (m?*/g)

3 pure aeropectin 0 0.088 268 -

3 pectin-SiO, 1 0.107 - 56

3 pectin-SiO, 2 0.105 567 55

3 pectin-SiO, 4 0.132 665 69

3 pectin-SiO, 8 0.136 - 71

3 pectin-SiO, 10 0.146 700 76

3 pectin-SiO, 18 0.148 - 77

3 pectin-SiO, 24 0.134 655 70
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Densities were plotted as a function of the impeggm time in Figure VI. 34. They increase
until 10 h where they reach a sort of plateau. Thesans that the quantity of silica possibly
introduced into pectin porous structure is saturadgen at longer times of impregnation,
confirming previous observations by EDS analysis.

0,18 -
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0,14 - E
0,12 -
0,1 - .
0,08
0,06 -
0,04 -
0,02 -

0 LI I B B NN N BN R B NN RN EEN B N N NN N RN R NN R N |
0 5 10 15 20 25

time (h)

=

Puui (8/cm?3)

Figure VI. 34 : Bulk density of 3,:% hybrid pectin-silica aerogel as a function of tine of
impregnation.

We compared the amount of silica present in thdimpeuatrix in the dried state with the
theoretical maximum quantity of silica that canito@regnated into pectin.

To do so, we adopted a simplified approach: theimel available for impregnation of silica is
the porous volume Mes Of aeropectin and silica aerogel impregnated haslas structural
properties (bulk and skeletal densities) than mopregnated silica aerogel.

The porous volume YesOf aeropectin is calculated from the porosity (&gpn (VI. 9)).

%4
g(%):M:l_M (V1. 9)

total Pskeletal

The silica aerogel, obtained by the formulationcdégd in Table VI. 10, was characterized by
Noémie Diascorn from the center Persée Mines PecisTIts bulk density equals 0.11 gfm

and its skeletal density is known to be aroundg2cé (Phalippou & Kocon, 2008).

The maximum silica mass that can be impregnatedthe pectin matrix is given by Equation

(VI. 10)

Msitica impregnated = Psilica X Vpores pectin (Vl 10)

We can then evaluate the theoretical density ofipadica aerogel according to Equation (VI.
11).
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_ Msilica mpectin _ Psilica X Vpores pectin
Ptheoretical =

- ppectin
Vtotal Vtotal Vtotal

(V1. 11)

Ptheoretical = Psilica X € (%)pectin + ppectin

We define therefore the impregnation yield by thigorof pectin-silica hybrid bulk density to the
theoretical one (Equation (VI. 12)).

. Phybrid
% Impregnation = ————

x 100 (VI. 12)

Ptheoretical

The impregnation yield for different times of imgration is reported in Table VI. 13. After 1
hour, 56% of silica has already been impregnatefterALO hours a maximum of filling is
reached with a yield of 76%.

Morphology of hybrids was then observed by SEM @npresented in Figure VI. 35 for 1, 4, 8
and 24 h of impregnation, and pure silica aerogef. 1 h (Figure VI. 35a) the morphology is
very similar to pure aeropectin. After 4 h the nmialogy starts to change, it looks denser but the
fibrillar stands are still visible (Figure VI. 35bAt 24 h of impregnation (Figure VI. 35c) the
structure is quite different from pure aeropectirppresents much smaller pores and looks more
like a morphology of pure silica aerogel presentedrigure VI. 35d. The nanostructuration
visible in the 24 h hybrid shows that silica formbomogeneous aerogelsitu of pectin matrix.

It is not possible to distinguish the pectin phfteen that of silica aerogel. At this scale, hybrids
appear homogeneous.
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Figure VI. 35 : SEM images of 3% pectin-silica hybrids after 1h (a), 8h (b), 24h ¢) of
impregnation and silica aerogel (d).

We studied the specific surface of hybrids to aomfihe presence of nano-structured silica (as it
is in aerogel) in the pectin matrix. Specific sedaareas of silica aerogels are usually between
600 and 1000 m?/g (Soleimani Dorcheh & Abbasi, 3068r the silica formulation described in
Table VI. 10, the specific surface area was deteethby Noémie Diascorn in the Center Persée
Mines ParisTech, andsSr = 850-900 m#/g. Table VI. 13 and Figure VI. 36 whan important
increase of specific surfaces areas of hybrids ametion of duration of impregnation. Pure
3% aeropectin hasgsr = 268 m?/g. After 10 hours of impregnation the cfppe surface
saturates around 700 m?/g. Specific surfaces dtetwleen one of pure aeropectin and of pure
silica aerogel. This confirms the presence of ilit the form of nanostructured aerogel in the
aeropectin matrix.
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Figure VI. 36 : Specific surface of 3% pectin-silica hybrid as a function of impregnatian time.

4.3.2 Influence of the pectin matrix and the formulation of silica
aerogels

In a second step, we studied the influence of thacentration of the pectin matrix on the
impregnation of silica precursors. We comparedetdferent concentrations 2, 3 ang:%
citrus pectin in Table VI. 14. We also slightly dgad the formulation of silica precursor: in the
frame of another project, it was shown that theaiherogel morphology and thermal properties
can be optimised by changing the ratio of water eadlyst. The optimised formulation was
defined with Hyd=0.88 andCat= 0.059. We called therefore the previous formatatas
“standard” and the new one as “optimised”. The hdgksity of optimised silica aerogel was
determined at 0.15 g/cin

Table VI. 14 : Influence of the concentration of drus pectin matrix on the structural properties of
hybrid aerogels for standard and optimized formulatons and comparison to pure aeropectins.

Type of Cpectin Formulation Phbulk . .
. - 3 % Impregnation

pectin (wt%) of silica aerogel (g/cm)

Citrus 2 pure 0.052 -
Citrus 2 standard 0.118 75
Citrus 2 optimised 0.181 92
Citrus 3 pure 0.088 -
Citrus 3 standard 0.148 77
Citrus 3 optimised 0.214 93
Citrus 4 pure 0.114 -
Citrus 4 standard 0.155 71

We compared bulk densities of hybrids as a functibnitrus pectin concentration for the two
different formulations of silica aerogels (Figuré. \37). For both formulationgy,yk increases
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linearly with concentration. The optimised formudat gives higher bulk density than the
standard one.

0,25 1
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Figure VI. 37 : Bulk density of hybrids as a functon of citrus pectin for standard and optimised
formulations.

We evaluated the impregnation yields accordingdadtion (VI. 12) and (Table VI. 14). They
are plotted as a function of pectin initial concatibn in Figure VI. 38. For the standard
formulation of silica aerogel, impregnation yieltarsds around 75% for the studied pectin
concentrations whereas for the optimized formutatioe impregnation yield is much higher,
above 90%.
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Figure VI. 38 : Impregnation yield as a function ofcitrus pectin for standard and optimised
formulations.

We also investigated the influence of the pectimre® on the bulk density and the impregnation
ratio of hybrids. We compared citrus and apple ipetiatrices for the standard formulation of
silica aerogel (Table VI. 15). They give similarlbdlensity (~ 0.14 g/cf) and impregnation
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yield (77%). The source of pectin seems not to reveémpact on the structural properties of
hybrid pectin-silica aerogels.

Table VI. 15 : Influence of the pectin source on th structural properties of hybrid aerogels for
standard formulation.

Coectin Formulation Pbulk
Type of pectin pee %Impregnation
ypeorp (w%) of silica aerogel (g/cm®) eimpree
Citrus 3 standard 0.148 77
Apple 3 standard 0.141 77

The silica impregnation of pectin network by diffus is an efficient technique to elaborate
pectin-silica hybrid aerogels with interesting stural properties.

4.4 Thermal properties of hybrids

Finally, we tested the different formulations ofbhnig@ pectin-silica aerogels for their thermal
properties. We measured their effective as welltresr gas and solid conduction thermal
conductivities by the heat flowmeter Fox 150 indéerMines-ParisTech. We deduced therefore
the radiative contribution. We comparkgcive measured on the adapted Fox 200 in CSTB (c.f.
Chapter Il) for two formulations of hybrids. Dateeaummarised in Table VI. 16.

Table VI. 16 : Thermal properties of hybrid pectin-silica aerogels.

Cpectin Type of pectin Formulation A effective A effective Agasisolia YoM radiative
(wi%) of silica aerogels Fox 150 Fox 200-CSTB Fox 150
2 apple pure 20 - 13 34.5%
2 apple standard 17 - 13 27 %
3 apple pure 22 - 14 34 %
3 apple standard 20 15 14 32%
3 citrus pure 24 - 16 31%
3 citrus standard 23 20 17 27 %
3 citrus optimised 20 - 15 25 %

We showed previously that,20 pectin matrix allows the maximum of silica impnegon.
Unfortunately, due to a lack of time only the stamd formulation was investigated. The
effective thermal conductivity of hybrid,&6 apple pectin-silica aerogel equalg = 17 mW.m
1K™ and pure 2% apple aeropectin hags =20 mW.m'.K™. The incorporation of silica
aerogel into the pectin matrix improved thermalpamies.

We also compared the contribution of the gas afid pbases for pure aeropectin and pectin-
silica hybrids. For both sample&fyas+solic~ 13 mW.n".K ™. The incorporation of silica aerogel
has decreased pores sizes in the porous struchicé Wwas probably decreased the contribution
of the gaseous conduction. However, as the densitgases with the impregnation of silica
aerogel, the solid contribution is more importaot hybrid than for aeropectin. The overall
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Agas+solic@ppears to remain almost constant. Unfortunatelyas not possible to measure directly
Agas+solidtO confirm thishypothesis.

The radiative contribution of,@6 hybrid is lower (27%) compared to pure aerope83#h5%)
which can explain the decrease of the effectiventaéconductivity (Table VI. 16).

We also studied the influence of the source ofipeantd type of silica aerogel formulation on
the conductivity of the 3% hybrids.

First we compared 86 citrus pectin and .6 apple pectin matrices for a standard hybrid
formulation (Table VI. 16) with pure aeropectinorR3,:% hybrid apple pectin-silica, the
effective thermal conductivity was first measurgdAmx 150 which gavées = 20 mW.nt.K™.

It is slightly lower than pure apple aeropectin (@®%/.m*.K™). When measured by the Fox 200
in CSTB, the effective thermal conductivity is mutdwer with Ae = 15 mW.nm~.K™ The
overestimation of the Fox 150 igs was already reported for pure aeropectins.

Similarly, 3% hybrid citrus pectin-silica with the standardndation giveskes = 23 mW.m

' K™* by Fox 150 and 20 mW.hK™ by Fox 200-CSTB. It is also lower than pure citrus
aeropectin.

For 3% citrus pectin matrix, we studied the influencetloé silica aerogel formulation. We
showed previously than the optimised formulatidoves higher silica impregnation ratio. Here
the effective thermal conductivity is lower as cargul to standard formulatiokss = 20 mW.m

! K™ by Fox 150 vs 23 mW.thK™?, respectively.

We measured also the contribution of gas and solidluction for all 3% hybrids. There is no
major difference ingas+soidoetween pure aeropectins and hybrid pectin-sikragels (Table VI.
16). The decrease of the effective thermal condigtis related to the decrease of the radiative
contribution as it was explained fof;20 hybrids.

The incorporation of silica aerogel into the pectiratrix improved thermal properties of
aeropectins. It allows gaining 4-5 mW*K ™ of the effective thermal conductivity.
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Conclusions

In this chapter, two types of aerogel-like matarialere prepared: aeropectins from apple and
citrus pectin and pectin-silica hybrids. Their rostructural, mechanical and thermal properties
were investigated and compared.

First, we studied the influence of the acidity alvent on the structure of pectin gels. We
showed that pH has to be lower than 1 to avoidnmbgeneities. The solvent 0.5 mol/L HCI was
chosen.

We demonstrated that aeropectin is highly poroud0%6) and very lightweight. Its bulk density
increases linearly with pectin concentration. Ngngicant influence of the pectin source (citrus
peel or apple pomace) on bulk densities and textirebserved. SEM observations showed
fibrillar structure with long and entangled stran8gecific surface areas are around 250 m?/g,
similarly to non-crosslinked aerocellulose. Theegsize distribution done by Hg porosimetry
(using Pirard approach) was narrower and shifted stoaller pores at higher pectin
concentrations. A 3% aeropectin presents a mean pore size of aboutn#3and a width
distribution of 46 nm and a,B6 aeropectin has a similar mean pore size but dgi®gp
distribution is narrowed to 29 nm. We compared pectin to aerocellulose and showed that
both aerogels present many similarities in theirphology.

Mechanical properties of aeropectins were evalubjedniaxial compression. Young modulus
and yield stress followed power law dependence Witk density, E p® andoyieq ~ p>2 At
constant density, aeropectin is stiffer than pweeeellulose (higher Young modulus and yield
stress). It may be explained by the difference patial configuration of macromolecules
between cellulose and pectin.

The thermal properties of aeropectins were alsoraciterised. Apple and citrus-based
aeropectins present very similar thermal properti€fective thermal conductivities decrease
with bulk density and the classical increasergtcive at low densities was not recorded for
aeropectins. The best thermal conductivity wasinbthfor 2,:% aeropectin Withefective = 20
mW.m™K™. We showed that the contribution of the gaseows@hepresents 60% of the total
thermal conductivity. The conduction of the soli@tpof aeropectin in the thermal conductivity
was obtainedisoig = 2.8 mW.n.K™. Aeropectin is thus the first fully biomass-basednot
chemically cross-linked and environmentally frignglolysaccharide materidaving thermal
super-insulating properties and being mechanicallyobust.

We prepared hybrid pectin-silica aerogels in orefurther decrease thermal conductivity of
aeropectins with the idea of making silica aerogekhe pores of aeropectin. To reach this goal,
silica precursor was let diffusing into wet coagethpectin porous network. The condensation
of silica was directly done inside the pectin stuve.

In a first part, we studied the influence of thepregnation time and the concentration of the
pectin network by EDS analysis. We showed thatetlveas a saturation in the quantity of silica
that can be impregnated into the pectin matrix Zddours was sufficient to reach this steady
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state. The increase of pectin concentration sloseedh silica diffusion inside the matrix and 48
h were not enough to reach homogeneous silicaldistyn over 4% pectin.

Bulk densities of hybrid pectin-silica aerogels antpregnation yields were determined for
different pectin concentrations and silica aerod@isulations. Impregnation yields are around
75% for standard formulation and 90% for optimigedmulation. Specific surface areas of
pectin-silica hybrids were higher compared to paesopectin,700 m2/g vs 250 m?#/g, which
confirms the presence of nanostructured silichéngectin network.

Finally, we investigated thermal properties of hglpectin-silica aerogels. The incorporation of
silica aerogel into the pectin matrix decreasedntia¢ conductivity of aeropectins: it allows
gaining 4-5 mW.rit.K™*. The best formulation gave a thermal conductieft 7 mwW.m'.K™.

Mechanical characterisations still need to be edrrout. Qualitatively, we saw that the

incorporation of silica aerogel had weakened thaipenatrix. Hybrids appeared more fragile
than pure aeropectins. More quantitative datatee tequired to confirm these observations.
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General Conclusions

The goal of this thesis was to prepare and chaiseteew generations of aerogels based on
polysaccharides, based on cellulose and pectiny Waeee prepared via dissolution-coagulation
route followed by drying with supercritical GOThe main objective was to obtain nano-

structured materials and to correlate their mormpiwl to their mechanical and thermal

properties.

Three “results” chapters were devoted to the pedpmar of various types of aerocelluloses and
the understanding of their structure-propertieati@hships.

The elaboration of aerocellulose, cellulose aertigel material, was previously studied in
different solvents such as NMMO, NaOH-water, andan@cently in ionic liquids such as 1-
ethyl-3-methylimidazolium acetate (EMIMACc). Aerolidbse is highly porous (density from
0.01 to 0.2 g/cri) with a high specific surface (from 200 to 30&gh but presents a wide range
of pores from few tens nanometers to few microns: @bjective was to find new routes for
improving aerocellulose morphology towards a namoesuration and a more homogeneous
pore size distribution.

The first route was to investigate the elaboratimal the properties of aerocellulose prepared
from a new solvent system, EMIMAc/dimethylsulfoxi@MSQO). The use of DMSO as a co-
solvent of EMIMACc allowed decreasing solvent visgpsind formation of macropores (due to
the formation of bubbles during coagulation). Wenpared structural and thermal properties of
5.% aerocelluloses prepared in different solvents:N&8@H-water, EMIMAc and 6Q%
EMIMAc / 40,% DMSO. However, the best thermal conductivity wadsained for 5%
cellulose in 8%NaOH-water, 0.031 W'’ Aerocelluloses, independently of the cellulose
solvent, give thermal conductivity higher that ofe air (0.025 W.mM.K™). It is mainly due the
presence of pores with sizes above the free meidingbair (70 nm) and the lack of control in
morphology during the coagulation.

The second route for aerocellulose nanostructuratvas to chemically cross-link cellulose.
Cross-linking was performed in the 8% NaOH-waterelpychlorohydrin (ECH). The properties
of gelling solutions were studied by dynamic rhggloThe gelation time of cellulose solutions
in the presence of ECH is strongly delayed as coegptn physical gelation in 8%NaOH-water,
with a maximum at relative cross-linker concentmatRe = 0.5. The result obtained shows a
competition between physical and chemical crodgdmand we suggested that the cross-linker
is playing a role of a “spacer” preventing celldaself-association. Higher swelling in water of
coagulated cross-linked cellulose was obtained @®peared to non-crosslinked cellulose
(3500 % vs 1300 %, respectively). We interpretes phenomenon by formation of “additional”
pores due to cross-linker acting as a “spacersuagiested above. The structure of coagulated
cellulose with chemical cross-links was shown tarime homogeneous than of non-crosslinked
cellulose.

Aerocelluloses were obtained via a solvent exchatge in methanol followed by drying with
supercritical CQ Cross-linking of cellulose modify structural pespes of aerocelluloses, even
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at low cross-linker concentrations. A formulation% cellulose-R,= 0.5 appears very
interesting with a moderate densiiy,= 0.18 g/cm, a high specific surface areasp= 418
m2/g and a narrower pore size distribution compareda-ecrosslinked aerocellulose prepared
from the same cellulose concentration. Cross-linkerbcelluloses are tougher (higher Young
modulus and yield stress) than their non-crosstinkeunterparts. The optimal formulations
were obtained for & = 0.5 which give effective thermal conductivities26.2 and 30.7 mW.m
'K? for 5 and %% cellulose, respectively. Cellulose cross-linkidges indeed lead to
aerocellulose nano-structuration which is refledbgdthe increase of specific surface area and
decrease of thermal conductivity.

Another approach for having nanostructured porowderals was to create interpenetrated
networks from cellulose mixed with another polyn@ellulose acetate was chosen because it is
known that when cross-linked, it makes highly natractured aerogel. Lignin was chosen since
it accompanies cellulose in practically all natdiates making a sort of interpenetrated network.
EMIMACc was chosen as a common medium for mixingypwrs. First, the rheological studies
demonstrated that cellulose acetate/EMIMACc sol@ibehave as non-entangled (belowy%d)
“ordinary” polymer solution. Cellulose acetate in&ic viscosity decreases with temperature
indicating the decrease of solvent thermodynamadityu Similar phenomenon was reported in
literature for cellulose acetate dissolved in otbeivents and cellulose dissolved in EMIMAC.
Mixtures of cellulose/cellulose acetate/EMIMAc wakso studied by rheology. It was shown
that the two polymers (cellulose and cellulose @egtcoexist in EMIMACc without interactions
at the concentrations studied.

Hybrid materials were prepared by coagulation oftares followed by drying with supercritical
CO,. Various morphologies were obtained as a funatibmixture composition. Cellulose and
cellulose acetate can be processed together blodse separation between these two polymers
occurs during the coagulation process. Porosityedses and inhomogeneities increase with
cellulose acetate concentration. A similar studyswperformed for cellulose-lignin
(lignosulfonate)-EMIMAc mixture. Lignin was washeslt by water from cellulose during
coagulation step. When coagulated in ethanol, nigemained inside cellulose network but a
phase separation between cellulose and lignin veitse.

The last chapter is devoted to the preparationchadacterisation of new material, aeropectin.
Another type of polysaccharide, pectin, and thep@ration of its aerogel “Aeropectin” were
investigated. We demonstrated that aeropectingisiyiporous (> 90%) and very lightweight. Its
bulk density increases linearly with pectin concatin, from 0.05 to 0.17 g/chior 2,:% and
6w% pectin concentrations, respectively. No significanfluence of the pectin source (citrus
peel or apple pomace) was obtained. We comparegeetin to aerocellulose and showed that
both aerogels present many similarities in theirphology but aeropectin has narrower pore
size distribution. Aeropectin is slightly stiffeman non-crosslinked aerocellulose (higher Young
modulus and yield stress). The best thermal condiyctvas obtained for 2% aeropectin with
effecive = 20 MW.M. K™, Aeropectin is thus the first fully biomass-basedt, chemically cross-
linked material having thermal super-insulatinggedies and being mechanically robust.
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Perspectives

Here we would like to propose some future work tospe on polysaccharides-based aerogels.
This could hopefully inspire the following research

Cross-linked aerocellulose presents improved pt@ser However, the cross-linker used,
epichlorohydrin, is rather toxic. Its use and reicyr cannot be envisaged for an industrial
process. The next step is to find another typeetifilose cross-linker, compatible with cellulose
solvents and environmentally friendly.

In this thesis, only high methoxy pectins were us¥d can foresee the preparation of aeropectin
with low methoxy pectins. The gelation mechanisrih pe different as explained in Chapter I, as
it will take place in an aqueous solution of divdleations as calcium. The complexation of
cations can give a more controlled and finer posiuscture.

It was shown in Chapter | that “aeroalginate” his® gromising structural properties. It will be
interesting to study more deeply the morphologyaltfinate aerogels and to correlate with
mechanical and thermal properties.

Other polysaccharides can be foreseen as carragedmtin or chitosan.

Pectin-silica hybrids were shown to be very prongsfor thermal super-insulation. Similar

studies may be carried out for cellulose-silica rid/taerogels. The next step could also be
polysaccharide hydrophobisation to decrease meistdsorption. Two projects were recently
started in thse directions in Mines ParisTech.

We should also like to emphasise that “bio-aerdgeis bio-based, environmentally friendly and

present a high potential not only for thermal iasioh but also for a large range of other
applications such controlled drug release and ysital
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Aérogels a base de cellulose et de pectine - Vers|  eur nano-structuration

RESUME : Le but de ce travail de thése est de développer des aérogels biosourcés,
mécaniquement résistants et thermiquement trés isolants (voire super-isolants). Les aérogels a
base de cellulose, souvent appelés « aérocelluloses », sont connus pour étre trés poreux et
extrémement légers. lls présentent en revanche une grande dispersion de tailles de pores,
donnant de propriétés thermiques relativement modestes. Nous avons étudié plusieurs
approches pour améliorer la morphologie des aérocelluloses: la modification du solvant, la
réticulation chimique de la cellulose et la formation d’hybrides avec d’autres polymeéres. La
réticulation de la cellulose a réellement permis d’affiner la structure poreuse de I'aérocellulose
vers une nano-structuration ce qui a amélioré la conductivité thermique, s’approchant du
domaine de la super-isolation (0.026 W.m™.K™). Un autre polysaccharide, la pectine, a été
utilisé pour préparer un aérogel également poreux et trés léger, « I'aéropectine ». L'aéropectine
et l'aérocellulose présentent de fortes similitudes dans leur morphologie. Cependant,
I'aéropectine posséde de meilleures propriétés thermiques, super-isolantes (0.020 W.m™*.K™),
grace a la nano-structuration du réseau poreux. Ces aérogels sont 100% biosourcés avec un
faible impact environnemental, et sont trées prometteurs non seulement pour [Iisolation
thermique mais également pour de nombreuses autres applications, telle que la libération
controlée de médicaments ou la catalyse. La formation d'aérogel de silice a l'intérieur de la
structure poreuse d’aéropectine a augmenté la surface spécifique jusqu’'a 700 m2/g et a permis
de diminuer la conductivité thermique (0.017 W.m™.K™).

Mots clés: Cellulose, pectine, bio-aérogel, matériaux poreux, nano-structuration, super-
isolation.

Cellulose and Pectin Aerogels - Towards their nano-  structuration

ABSTRACT . The work aims at developing a new generation of bio-based aerogels,
mechanically robust and thermally very insulating (super-insulating). Cellulose aerogels, called
“aerocelluloses”, are known to be very porous and ultra-lightweight materials but present a wide
range of pores and therefore moderate thermal insulating properties. We studied several
approaches for tuning aerocellulose towards a finer and nanostructured morphology:
modification of solvent, cellulose crosslinking and formation of cellulose-based hybrids. It was
cellulose cross-linking that greatly improved aerocellulose structure towards a nano-
structuration, reflected by the increase of specific surface area and the decrease of thermal
conductivity, close to super-insulation (0.026 W.m'l.K'l). Another polysaccharide, pectin, was
used for preparing a highly porous and very lightweight aerogel called “aeropectin”. Aeropectin
and aerocellulose were compared; they present many similarities in their morphology. However,
aeropectin has better thermal properties, reaching super-insulation (0.020 W.m'l.K'l). These
bio-aerogels are 100% bio-based, environmentally friendly and present a high potential not only
for thermal insulation but also for a broad range of other applications such as controlled drug
release and catalysis. The formation of silica aerogel directly inside the porous structure of
aeropectin increased the specific surface area up to 700 m2/g and decreased thermal
conductivity (0.017 W.m™.K™).

Keywords : Cellulose, pectin, bio-aerogel, porous material, nano-structuration, super-insulation.
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