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INTRODUCTION GENERALE

La recherche de nouveaux liants plus économiques, peu €nergivores et moins polluants
tels que les matériaux géopolymeres a été privilégiée par les impératifs de la préservation de
I’environnement et dans le cadre du développement durable. Ces liants résultent de
I’activation d’une source aluminosilicate par une solution alcaline. Ils sont caractérisés par
leur facilit¢ de mise en ceuvre, leurs propriétés d’usages satisfaisantes et la variété¢ des

domaines d’application tels que le génie civil, I’aéronautique, le traitement des déchets...

Le développement des matériaux géopolymeres a permis un regain d’intérét pour la
chimie des silicates qui a ét¢é un peu marginalisée avec I’abondance des produits pétroliers.
Avec la hausse du prix du pétrole, les silicates alcalins ont regagné le marché. IIs sont utilisés
dans certaines colles, peintures, mastics, détergents, dans 1’industrie du batiment, de la
verrerie, de la céramique... En plus de leur intérét industriel, les silicates forment la majeure
partie de I’écorce terrestre et participent a I’écosysteme. L’étude de la chimie et de la structure
des silicates présente donc un intérét afin d’appréhender la compréhension des mécanismes de
géopolymérisation.

D’autre part, les minéraux argileux sont également utilisés comme précurseurs pour la
synthése des géopolymeres. Parmi ces minéraux, les argiles kaolinitiques crues ou traitées
thermiquement (métakaolins) ont été largement utilisées en raison de leur pureté et leur
réactivité €élevées. L utilisation d’autres argiles semble étre, d’une part, un enjeu économique
profitable vu la réduction des colts des matieres premicres et d’autre part, un enjeu
environnemental qui permet la préservation des ressources naturelles. La Tunisie est dotée de
nombreux gisements d’argiles qui ne sont pas enti¢rement exploités. Les argiles tunisiennes
sont traditionnellement utilisées dans l'industrie de la céramique. Des applications plus
innovantes consistent en leur utilisation comme ajout pouzzolanique ou pour la préparation
des membranes de filtration. Par conséquent, il semblerait intéressant de les valoriser en tant
que source aluminosilicate pour la synthése des géopolymeres. Il serait également utile
d’évaluer la possibilité de recyclage des déchets géopolymeres par leur réintégration dans de

nouvelles formulations, afin d’aborder I’intégralité de cycle de vie de ces matériaux.

La littérature existante concernant ces matériaux est concentrée sur la versatilité des
sources aluminosilicates qui peuvent étre utilisées (métakaolin, cendre volante, laitier de haut
fourneau...) et les propriétés d’usage des matériaux résultants. En revanche, peu d’études se
sont intéressées a la possibilité de contrdler la réaction de géopolymérisation en maitrisant la

réactivité des matic¢res premieres. En effet, il est indispensable de contrdler la formation, la

1
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structure et les propriétés d’usage afin de les adapter aux applications visées. Ceci permettra

le développement et I’industrialisation des matériaux géopolymeres.

Par conséquent, ce mémoire s’articule autour de quatre chapitres. Le premier est consacré
a une ¢tude bibliographique sur les matériaux consolidés a froid, plus précisément sur les
matériaux géopolymeéres, leurs matiéres premicres (source aluminosilicate et solution
alcaline), leur mécanisme de formation, leur structure et leurs propriétés d’usage. Le
deuxiéme chapitre évoque les matiéres premicres utilisées, les protocoles expérimentaux et les
techniques de caractérisations mis en ceuvre lors de la présente étude. Le troisiéme chapitre
est une synthese des différents travaux qui ont été menés afin d’identifier les parameétres clés,
qui régissent la réaction de géopolymérisation et permettent de prédire la structure et les
propriétés d’usage des matériaux finaux. L’ensemble des différents travaux publiés (7 articles,

2 actes et 1 chapitre) est rassemblé dans le quatriéme chapitre a savoir :

ACL1. The effect of an activation solution with siliceous species on the chemical reactivity and mechanical
properties of geopolymers, A. Gharzouni, E. Joussein, S. Baklouti, S. Pronier, I. Sobrados, J. Sanz, S. Rossignol.
J Sol-Gel Sci. Technol. 73 (2015) 250-259.

ACL2. Effect of the reactivity of alkaline solution and metakaolin on geopolymer formation, A. Gharzouni, E.
Joussein, B. Samet, S. Baklouti, S. Rossignol, J. Non-Cryst. Solids. 410 (2015) 127-134.

ACL3. Addition of low reactive clay into metakaolin-based geopolymer formulation: Synthesis, existence domains
and properties, A. Gharzouni, E. Joussein, B. Samet, S. Baklouti, S. Rossignol, Powder Technol. 288 (2016)
212-220.

ACLA4. Recycling of aluminosilicate waste: Impact onto geopolymer formation, N. Essaidi, A. Gharzouni, L. Vidal,
F. Gouny, E. Joussein, S. Rossignol, The European Physical Journal Special Topics, 224 (2015) 1707-1713.

ACLS. Recycling of geopolymer waste: Influence on geopolymer formation and mechanical properties A.
Gharzouni, L.Vidal, N. Essaidi, E. Joussein, S . Rossignol, Materials and Design 94 (2016) 221-229.

ACL6. Control of polycondensation reaction generated from different metakaolins and alkaline solutions A.
Gharzouni, I. Sobrados, E. Joussein, S. Baklouti, S. Rossignol, cement and concrete composite, submitted.

ACL7. Predictive tools to control the structure and the properties of metakaolin based geopolymer materials A.
Gharzouni, I. Sobrados, E. Joussein, S. Baklouti, S. Rossignol, colloids and surface A, accepted.

ACTIN. Effect of the Reactivity of the Alkaline Solution and the Metakaolin on the Geopolymer Formation, A.
Gharzouni, E. Joussein, S. Baklouti, S. Rossignol, Advances in Science and Technology, 92 (2014) 20-25.

ACTI2. Monitoring the structural evolution during geopolymer formation by Al NMR, A. Gharzouni, E. Joussein,

S. Baklouti, S. Pronier, I. Sobrados, J. Sanz, S. Rossignol. Ceramic Engineering and Science Proceedings, 36

(2016) 37-48.
Chapitre. Alkaline silicate solutions: An overview of their structure, reactivity and applications, L. Vidal, A.

Gharzouni, S. Rossignol, 2nd edition of the Handbook of Sol-Gel Science and Technology, submitted.
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I. INTRODUCTION

La recherche de nouveaux matériaux peu énergivores a permis le développement des
matériaux consolidés a froid. La premicre partie de ce chapitre est dédiée a présenter
quelques exemples de matériaux consolidés a froid. Par la suite, I’étude se focalise sur les
matériaux géopolymeéres. Les mati¢res premicres utilisées pour I’élaboration de ces matériaux
a savoir la solution alcaline et la source aluminosilicate et les paramétres qui régissent les
interactions entre les deux précurseurs font I’objet de la deuxiéme partie. La derniére partie
est une synthese concernant le mécanisme de formation, la structure et les propriétés d’usage

de ces matériaux.

I1. LES MATERIAUX CONSOLIDES A FROID

Au cours des derniéres décennies, il y a eu une prise de conscience de la nécessité de
réduire la consommation d’énergie et I’impact environnemental des matériaux de
construction traditionnels, par le développement de matériaux alternatifs peu polluants et
moins énergivores, d’ou le concept des matériaux consolidés a froid. Dans ce qui suit, il sera
détaillé quelques exemples de matériaux consolidés a froid a savoir, les sols stabilisés, les

liants hydrauliques, les matériaux de type sol-gel et les géopolymeres.

1. Les sols stabilisés

Dans un contexte d’aménagement et de développement de I’infrastructure et au vu de la
nécessité de réutiliser les sols (issus de la déconstruction) et chercher des voies alternatives
peu énergivores et peu polluantes, la stabilisation des sols apparait comme une solution
prometteuse. Le sol est défini comme étant un matériau complexe composé d’une phase
solide qui se présente sous la forme de particules minérales et / ou organiques, une phase
liquide constituée d’eau interstitielle et une phase gazeuse [1]. Comme le sol ne répond pas
aux exigences mécaniques demandées, il est nécessaire de le stabiliser, c'est-a-dire de
modifier ses caractéristiques physicochimiques et mécaniques moyennant des agents
chimiques tels que la chaux, les liants hydrauliques...[1, 2]. Par exemple, lors du traitement
des argiles a la chaux, une floculation se produit immédiatement et des composés hydratés
ayant des propriétés liantes se forment a long terme. Ce traitement entraine I’amélioration du

compactage, de la portance et de la résistance au gel des sols [3, 4]. Il a été également
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démontré que le traitement de sol par un liant hydraulique diminue son indice de plasticitg,
réduit sa surface spécifique et la rend moins sensible au gonflement [5]. En revanche, ce type
de traitement n’est pas exempt de problémes et de limitations tels qu’une rigidité insuffisante
ou des problémes de gonflement [5]. Il faut aussi mentionner qu’il existe des normes [6] qui
permettent d’identifier les sols justiciables au traitement selon la granulométrie, la plasticité,

I’aptitude au tassement, la teneur en eau et la dureté.

2. Les liants hydrauliques

Les liants hydrauliques sont des matériaux qui durcissent au contact de I’eau et prennent
leur résistance au cours du durcissement. Il s’agit d’un ensemble de réactions chimiques
d’hydratation a savoir I’hydratation des silicates et des aluminates qui se déroulent
simultanément mais pas indépendamment 1’'une de 1’autre [7]. Dans le cas de ciment, les
principaux composés a savoir le silicate tricalcique (CsS), le silicate dicalcique (C,S),
I’aluminate tricalcique (Cs;A) et le ferro-aluminate calcique (C4AF) réagissent avec I’eau pour
former de nouveaux composés insolubles qui entrainent la prise et le durcissement progressif
du matériau. En effet, les Cs;S et les C,S se dissolvent sous forme d'ions qui interagissent
entre eux et forment des silicates de calcium hydratés (C-S-H), a caractere liant et source de
résistance, et de la portlandite (Ca(OH),). D’autre part, I’hydratation des aluminates est
considérablement influencée par la présence du gypse. En effet, en absence du gypse, la
réaction de C;A avec de 1’eau est trés violente et trés rapide. Par contre, en présence du
gypse, les C;A réagissent pour former I’ettringite qui cristallise en aiguilles a base
hexagonale. La réaction d’hydratation de C4AF est analogue a celle de C3A mais elle est

beaucoup plus lente et participe peu au développement de la résistance [8, 9, 10].

3. Les matériaux de type sol-gel

La gélification ou la synthése sol-gel est un procédé de « chimie douce » qui a I’avantage
de produire des matériaux homogeénes et purs a température ambiante et a pression
atmosphérique. Le gel est un réseau tridimensionnel poreux en équilibre avec le liquide
contenu dans ses pores et obtenu a partir d’un sol [11]. Le procédé consiste a I’hydrolyse des
précurseurs en présence d’un solvant selon I’équation 1 :

M - OR + H,0 © M- OH+ROH Eq1
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avec M représente le cation métallique tel que le silicium et OR un groupement alcoolate.
Puis, la formation de gel par des réactions de condensation selon les équations 2 et 3 :

=M - OR + HO- M= -2 =M- O- M=+ ROH Eq 2

=M - OH + HO— M= - =M- O— M=+ H,0 Eq3

Les gels de silice sont généralement obtenus par gélification de suspensions de silice
colloidale [12], par acidification de solutions alcalines [13] ou a partir des sols résultant de la

substitution de Na" par H' dans une solution de silicate de sodium [14].

4. Les géopolyméres

Les géopolymeéres sont des gels d’aluminosilicates amorphes. Ils résultent de I’activation
d’une source aluminosilicate par une solution alcaline a pression atmosphérique et a une
température inférieure a 100° C [15]. Ils ont été tout d’abord synthétisés par Purdon [16] en
1940, puis par Glukhovsky [17] vers 1959 alors que le terme « géopolymere » n’a été
introduit qu’en 1978 par le chimiste francais Joseph Davidovits pour désigner a la fois leur
caractére inorganique et leur structure analogue aux polymeéres. La formule chimique
générale des géopolymeéres est : M+n{(SiOz)Z, AlOy},, w H;O avec n le degré de
polymérisation, z le rapport molaire Si/Al et M" le cation monovalent. Les géopolyméres sont
formés d’un réseau tridimensionnel de tétraédres SiO4 et AlO4, par des réactions de
polycondensation et de géopolymérisation. En effet, le cation alcalin M" assure la neutralité
en compensant le déficit de charge crée par la substitution d'un cation Si** par un cation AI’".
Selon Davidovits [18], il est possible de distinguer trois familles de géopolymeéres en se
basant sur la valeur du rapport Si/Al a savoir le poly(sialate), le poly(sialate-siloxo) et le

poly(sialate-disiloxo).

Les matériaux consolidés a froid ont I’avantage d’avoir des propriétés comparables aux
matériaux traditionnels mais avec une consommation d’énergie significativement réduite.

Dans ce qui suit, les matériaux de type géopolymére seront étudiés plus profondément.
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III. LES GEOPOLYMERES : MATIERES PREMIERES

1. Les solutions alcalines

Quoique considérées comme l'une des plus anciennes classes de produits chimiques, les
solutions de silicate alcalin ont regagné de l’intérét et sont actuellement utilisées dans
diverses applications [19] comme liant, défloculant, émulsifiant et comme précurseur pour
I’¢laboration des matériaux géopolymeres. Par conséquent, il apparait indispensable de

déterminer la structure et les caractéristiques de ces solutions.
a. Méthode de synthése

Les solutions de silicate commerciales résultent de la fusion de carbonate ou de sulfate
alcalin (M,CO3; ou M,SO4 avec M = Na ou K) et de sable (Si0,) a haute température (1300-
1500°C). Le verre de silicate alcalin obtenu est ensuite dissout dans I'eau [20, 21].

M,CO; + x Si0; 2 M0, x SiO; + CO, Eq 4
Les solutions de silicate peuvent également étre obtenues par attaque a chaud de produits
siliceux (verre ou silice amorphe) par des bases concentrées ou bien méme par dissolution
d'une source de silice réactive dans une solution d'hydroxyde alcalin [22, 23] (Equation 5) :

2 MOH + x SiO; = M,0 x SiO; + H,O Eq5

Quelle que soit la méthode utilisée, les solutions de silicate alcalin sont caractérisées par
le rapport SiO,/M,0 ou Si/M. Ce dernier conditionne également la teneur en eau et par

conséquent la densité de la solution.

b. Structure

La structure des solutions de silicate a été¢ largement étudiée, cependant, elle demeure
complexe a cause de la variét¢é des formes d'anions (monomere, lin€aire, cyclique,
prismatiques ...) [24]. Les techniques spectroscopiques telles que la spectroscopie a
Transformée de Fourier (IRTF) et la résonance magnétique nucléaire (RMN de »Si) ont
apporté une contribution importante a la compréhension de la structure de ces solutions. La
structure est classiquement décrite par la notation Q" avec Q l'atome de silicium en
coordinence tétraédrique et n représente le nombre d’atomes d'oxygene pontants et (4-n) le
nombre d’atomes d'oxygeéne non pontants [25]. Les études par spectroscopie infrarouge ont
prouvé l'existence de corrélation entre les nombres d'onde et les espéces Q" [26]. Les

différents nombres d’onde et les contributions attribuées relatives aux vibrations d'élongation
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des liaisons Si-O-Si sont reportés dans le Tableau 1. En général, les bandes sont situées entre

800 et 1200 cm’.

Tableau 1 : nombres d’onde et contributions attribuées relatives aux vibrations

d'élongation des liaisons Si-O-Si [11, 27].

Nombre d’onde (cm™) Contribution
1125 - 1200 v,Si-0-Si (Q*)
1050 - 1099 v,Si-0-Si (Q°)
1011 -1014 v,Si-0-Si (Q°)
850 - 920 vSi-0-Si (Q')
800 - 875 v,Si-0™ (Q°)

De méme la RMN de 2’Si a mis en évidence la relation entre le déplacement chimique du
noyau silicium et sa connectivité. Des exemples d’especes siliceuses et leurs déplacements
chimiques identifiés par RMN de *’Si des solutions de silicate sont présentés dans le Tableau

2 [28, 29, 30, 31].

Tableau 2 : exemples d’especes siliceuses et de leurs déplacements chimiques identifiés

par RMN de *°Si des solutions de silicate.

X - . n Représentation Déplacement
Espéces siliceuses Site Q schématique chimique (ppm)
monomeres Q0 -71,30
diméres Q! S -79,81
e Q' 79,34
trimeére linéaire Q _ 88,22
trimeére cyclique Q’ / \ -81,43
tétramere cyclique Q’ | | -87,29
0 . ~
cxamere Q [ | -88,83
prismatique L

c. Parametres clés controlant I’état de polymérisation

L’état de polymérisation des solutions alcalines est conditionné par différent parametres

tel que le rapport Si/M, le taux d’eau et la nature du cation alcalin.

8
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Dimas et al. [32] ont démontré qu’un faible rapport molaire SiO,/Na,O induit la
formation des espéces de type Q%, Q' et Q° et des espéces cycliques de types Q* et Q° [33].
Au contraire, une valeur de rapport Si0,/Na,O ¢élevée favorise la formation des espéces plus
polymérisées de type Q° et Q*. Ceci est en relation avec le nombre d’atomes d’oxygéne non
pontants induit par la quantité¢ de cations alcalins. Par la suite, il y a I’augmentation de la
concentration des OH™ et la dépolymérisation des colloides donnant lieu a des monomeres
[34]. Dans le méme contexte, Hunt et al. [35] ont démontré par spectroscopie Raman, que
pour une concentration donnée en SiO,, un rapport ¢levé de K,O/SiO; favorisait la formation
des monomeres au détriment des oligomeres (Figure 1) et par conséquent induisait une

structure plus dépolymérisée.

W71 T 7 7T T T 7
K,0/Si0, = 0.5
K,0/SiO, = 0.6
K,0/Si0, = 0.7
K,0/Si0, = 0.8

T
> EH e +

Increases

A 00 O N 0 ©

Oligomer/Monomer Peak Area Ratio

[SiO,] (molal)

Figure 1 : évolution de rapport des aires de contributions oligomeres/monomeres en

fonction de la concentration [SiO,] et du rapport K;0/SiO; [35].

Le nombre d’atomes d’oxygene non pontants par tétracdre (NBO/T) peut étre déterminé a
partir de la composition chimique avec la formule (NBO/T = 2 [K,0]/[S10;]) ou bien a partir
des aires des différentes contributions fournies par RMN de *Si (NBO/T =
3*[Q'1+2*[Q*]+3*[Q%]) [36]. La formation des atomes d’oxygeéne non pontants augmente
avec l’augmentation de la proportion de M,0O (Figure 2 (a)). La Figure 2 (b) illustre
I’évolution de la distribution des especes siliceuses en fonction du NBO/T. L’augmentation
du NBO/T se traduit par une prédominance des espéces dépolymérisées de type Q” et Q' et
des espéces cycliques de type Q*, au profit d’une diminution des espéces de type Q a partir

d’un NBO/T égale 1 et une diminution significative jusqu’a la disparition des espéces de type

Q".
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Figure 2 : (a) évolution du rapport NBO/[Si] en fonction du pourcentage molaire de M>0O
[33] et (b) spéciation des Q" en fonction du NBO/T [36].

En outre, le taux d’eau de la solution de silicate est aussi un paramétre important a
souligner. Des études par spectroscopie RMN de 'H ont prouvé que l'eau dans les solutions
de silicate se présente sous la forme de groupement OH et de molécules de H,O [37, 38]. Les
groupements OH prédominent dans le cas d’un taux d’eau faible alors que les molécules de
H,O deviennent plus abondantes pour un taux d’eau élevé. De plus, il a été démontré que la
quantité d’especes OH est plus élevée pour les solutions les plus dépolymérisées, impliquant
que leur formation est favorisée par les atomes d’oxygéne non pontants [39].

Les différences de caractéristiques de cation (sodium ou potassium) influencent aussi la
structure et la réactivité de la solution alcaline. En effet, les rayons ioniques des deux cations
sont différents, respectivement de 99 et 138 pm pour le cation sodium et potassium. Ceci
induit des sphéres d’hydratation différentes [40]. La sphére d’hydratation de cation Na' est
formée par six molécules d'eau alors que celle du potassium est de quatre. Ceci induit des
différences au niveau des valeurs des enthalpies d’hydratation respectivement de 95 et 75
Kcal/mol pour les cations Na' et K' [41, 42].

L’influence du cation alcalin sur la taille des especes silicatées a ét€ mise en exergue par
Diffusion des Rayons X aux Petits Angles (SAXS) [43]. La Figure 3 montre les spectres
SAXS obtenus pour des solutions d’activation a base de sodium et de potassium avec
I’ajustement du modele de sphére dure. Ces études ont démontré que la taille des espéces
siliceuses est plus élevée dans le cas des solutions potassiques (r = 4,4 A £ 0,1 A) comparé

aux solutions de sodium (r = 3,0 A+ 0,1 A). Par ailleurs, I’excés de diffusion observé dans le

10
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cas de spectre de la solution potassique comparé¢ a celui de la solution sodique a été expliqué
par des interactions prédominantes entre les especes siliceuses dans le cas du potassium en

raison du rayon moyen plus élevé.

10°4

= SA-Na
* SAK
Modéle de sphere

107 +—————
2x10™" 10° 10"

Q(nm™)

Figure 3 : spectres de diffusion des solutions d’activation a base de sodium et de

potassium avec [’ajustement du modele de sphere dure [43].

Le rapport Si/M, le taux d’eau et la nature de cation contrélent la structure et I’état de

polymérisation des solutions alcalines.

2. Les sources aluminosilicates

a. Utilisation des argiles comme source aluminosilicate

Les géopolymeres peuvent étre synthétisés a partir d’'une grande variété de matériaux
aluminosilicates tels que les argiles brutes ou calcinées. En se référant a la littérature [44, 45,
46, 47, 48, 49], la kaolinite et le métakaolin ont été fréquemment utilisés. Par exemple, les
recherches menées par Xu et Van Deventer [50], sur la réactivité d’un mélange de kaolinite et
de stilbite, ont révélé que l'ajout de la kaolinite a d’autres matériaux aluminosilicates est
nécessaire pour la formation des gels. En plus, les impuretés présentes dans les argiles
peuvent subir des réactions secondaires qui affectent la cinétique de la réaction de
géopolymérisation, en jouant le réle d’un catalyseur modifiant les propriétés mécaniques des
matériaux géopolymeres obtenus [51]. De méme, différents travaux [52, 53, 54, 55, 56] ont

¢valué la réactivit¢ d’autres minéraux argileux de différentes minéralogies en étudiant

11
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l'influence de leur composition sur les performances des géopolymeéres obtenus. Récemment,
deux argiles tunisiennes, une argile kaolinitique de la région de Tabarka et une argile illito-
kaolinitique riche en hématite de la région de Médenine, ont été utilisés en tant que
précurseurs d'aluminosilicate potentiels [53]. 11 apparait donc possible d'obtenir des matériaux
consolidés a partir d’argiles brutes et calcinées, bien que les matériaux a base d'argiles
calcinées présentent une meilleure résistance mécanique.

Afin de justifier le choix des argiles comme matiére premiére pour é¢laborer les
géopolymeres, une présentation générale de ces matériaux ainsi que leur réactivité en

présence d’un milieu alcalin doit étre évaluée.

b. Généralités sur les argiles

Les argiles appartiennent a la famille des phyllosilicates. Ce sont des silicates hydratés
organisés en feuillets et constitués de deux couches de base a savoir la couche tétraédrique
(T), formée par deux plans d'atomes d'oxygene et un atome de silicium en coordinance IV, et
la couche octaédrique (O) formée par deux plans d'atomes d'oxygéne et de groupes
hydroxyles et un atome de silicium en coordination VI. Les unités structurales de ces deux

couches sont schématisées dans la Figure 4.

Site tétraédrique Site octaédrique

QO Oxygéne @ Silicium @ Cation
Figure 4 : unités structurales des minéraux argileux [57].
L’arrangement des différentes couche T et O induit trois types de structures :

» Le type 1:1 ou T-O formé d’une alternance de couche octaédrique et tétraédrique. La
distance inter-réticulaire est d'environ 7,1 A. Celui-ci est caractéristique de la famille des
kaolins pour les alumineux a savoir kaolinite, dickite, nacrite et halloysite.

» Le type 2:1 ou T-O-T formé d’une couche octaédrique intercalée entre deux couches
tétraédriques. L’épaisseur de feuillet varie de 10 a 15A. L’illite, les vermiculites, les

smectites, et les micas sont selon cette configuration.

12
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» Le type 2:1:1 ou T-O-T+O formé d’un feuillet type T-O-T avec un espace interfoliaire
comblé par une couche O. L’épaisseur de feuillet est d'environ 14A. C’est le cas de la

chlorite.

Ces feuillets sont séparés par un espace interfoliaire de taille variable selon la nature

chimique du feuillet, le type de cation et la quantité d’eau.

c. Le métakaolin

Le métakaolin (Al,O3, 2S10,) est un aluminosilicate anhydre et métastable qui résulte de
la déhydroxylation de la kaolinite a partir de 550°C. Sa structure est amorphe mais peut
contenir quelques traces de kaolinite résiduelle et d’impuretés comme 1’illite, les micas et le
quartz (dépendant de la source initiale). La structure désordonnée du métakaolin lui confére
une réactivité chimique meilleure que la kaolinite. Murat et al [58] ont démontré que les
caractéristiques cristallo-chimiques des kaolinites initiales pouvaient influencer le domaine
de température permettant d’atteindre un degré maximal de désordre.

Les transformations structurales suite a la dehydroxylation de la kaolinite ont été étudié¢es
par différentes techniques telles que 1’analyse thermique, la diffraction des rayons X et la
spectroscopie RMN [59, 60, 61, 62]. L’utilisation de la spectroscopie RMN de 1’aluminium
(*’Al) permet de déterminer pour la kaolinite et la metakaolinite respectivement, les bandes a
0 ppm relative a ’aluminium hexacoordiné et a 0, 28 et 57 ppm les trois contributions
attribuées a 1’aluminium hexacoordiné, pentacoordiné et tétracoordiné. La Figure 5 montre
I’évolution des différentes contributions en fonction de la température du traitement
thermique de la kaolinite. Les courbes montrent une température optimale entre 750°C et
800°C a laquelle les contributions de 1’aluminium, pentacoordiné et tétracoordiné atteignent
leur valeur maximale et celle de 1’aluminium hexacoordiné est a son minimum. Ceci permet
d’estimer une réactivité maximale de métakaolin traité a une température 750°C et 800°C

[63].

13
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Figure 5: évolution des différentes contributions relatives a [’aluminium (m)
tetracoordiné () pentacoordiné et (®) hexacoordiné en fonction de la température du

traitement thermique de la kaolinite [63].

d. Utilisation des coproduits industriels comme source aluminosilicate

Divers coproduits industriels ont ¢été utilisés pour 1’élaboration des matériaux
géopolymeres tels que les cendres volantes [64, 65], les laitiers des hauts fourneaux [66, 67],
les résidus miniers [68] et les déchets de béton et de construction [69, 70]. L’utilisation de ces
coproduits qui prennent généralement le statut de déchet constitue un enjeu économique et
environnemental profitable [71]. Selon leur réactivité, les coproduits incorporés peuvent
participer aux réactions de formation du liant ou bien jouer le role de charges neutres ou bien
modifier la réaction. De plus, il a été montré que leur faible réactivité comparé au métakaolin,
peut engendrer des hétérogénéités de la structure des matériaux obtenues et par conséquent,
une diminution de la résistance mécanique [72] a partir d’une certaine quantité limite. Gao et
al. [73] ont montré qu’ un taux de substitution de métakaolin par des cendres volantes allant
jusqu'a 20% induit I’augmentation de la résistance a la compression. Onutai et al. [74] ont
mis en évidence la possibilité d’introduire jusqu’a 40% de déchets d’hydroxyde d’aluminium
dans un mélange géopolymérique afin d’obtenir une structure dense et une résistance en
compression optimale. Par ailleurs, une étude [75] a été initiée pour évaluer l'influence de
I’incorporation de différents types de granulats a savoir le schiste, le granite et le calcaire sur
les propriétés des liants obtenus. Il a ét¢ démontré que la taille des granulats affecte la

résistance a la traction.
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Une autre ¢tude [76] a montré la possibilit¢ de formuler des matériaux géopolymeéres a
partir de déchets de verre. Contrairement aux géopolymeres a base de métakaolin, il n’est pas
nécessaire de rajouter une solution de silicate alcalin étant donné que le déchet de verre
contient déja une proportion élevée d’alcalin. Une activation thermique a 40 ou 60 °C est
nécessaire pour obtenir une résistance mécanique supérieure a 50 MPa en particulier pour le
verre le plus fin (4000 cm?/g). Il faut, néanmoins, préciser qu’une quantité d’atomes de

calcium est présente dans ce type de matériau.

e. Parameétres contr6lant la dissolution de la source aluminosilicate en milieu

basique

Au contact d’un milieu alcalin, le phénomene de dissolution des sources aluminosilicates
est mis en évidence. La cinétique de cette dissolution dépend de plusieurs parametres tels que
la nature, la granulométrie et la cristallinit¢ du matériau aluminosilicate, la valeur de pH du
milieu et les conditions de saturation.

La nature du minéral argileux joue un réle important dans son comportement dans un
milieu alcalin. Une étude comparative de la dissolution de trois différents minéraux a savoir
la kaolinite, I’illite et la montmorillonite en fonction de la valeur de pH a température
ambiante a souligné une dissolution plus importante de la kaolinite en milieu basique (Figure
6). Ceci est dii a sa structure T-O qui permet une dissolution plus rapide de la couche
octaédrique alumineuse entrainant la dissolution de la couche tétraé¢drique. Par contre, dans le
cas de la structure T-O-T, la dissolution de la couche octaédrique est plus difficile

puisqu’elle est située entre deux couches tétraé¢driques.

11,5 4 >
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Figure 6 : cinétiques de dissolution de (m) la kaolinite, de (¢) l’illite et de (4) la

montmorillonite en fonction de la valeur de pH [2].
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La granulométrie affecte aussi la dissolution vu qu’elle influence les interactions
ioniques. Il a été démontré que plus la taille des particules est fine, plus la dissolution du
silicium est favorisée [77]. L’impact de la cristallinité de la source aluminosilicatée sur sa
dissolution a ét¢ mis en exergue. Il a ét¢ démontré que la cinétique de dissolution de la
kaolinite en présence de KOH est liée a la stabilité¢ de son arrangement structural, a la taille et
la forme des particules et au nombre de défauts [78]. De plus, la teneur en aluminium réactif
dans la source aluminosilicate joue un rdle crucial. En effet, I’aluminium se dissout plus
rapidement que le silicium parce que les liaisons Al-O sont plus faibles que les liaisons Si-O
et par conséquent plus facile a rompre [79].

La valeur de pH conditionne également la dissolution. En effet, ’augmentation de la
valeur de pH induit une augmentation de la concentration des sites de surface déprotonés et
favorise par conséquent la dissolution [80]. La Figure 7 montre la variation des
concentrations des especes alumineuses et siliceuses obtenues a partir de la kaolinite en
fonction de la valeur de pH [81]. En milieu basique, la concentration des especes dissoutes
augmente avec |’augmentation de la valeur de pH. La spéciation de I’aluminium est dominée
par les especes de type Al(OH)s. Quant aux especes siliceuses, une augmentation de la
concentration des especes dissoutes est observée a partir d’une valeur de pH égale a 10 avec

la prédominance des especes déprotonées H3S104".
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Figure 7 : variation des concentrations des espéces (a) alumineuses et (b) siliceuses

dissoutes a partir de la kaolinite en fonction de la valeur de pH [81].

La dissolution des sources aluminosilicates dans un milieu alcalin dépend, d’une part,
de leur caractéristique physicochimique, de leur structure et, d’autre part, de la valeur de

PH du milieu.
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IV.LES GEOPOLYMERES : MECANISME DE FORMATION,

STRUCTURE ET PROPRIETES D’USAGE

1. Mécanisme de formation

De nombreux auteurs ont tenté d'appréhender le mécanisme de formation des
géopolymeres en utilisant différentes techniques de caractérisation. Provis et al. [82]
considerent qu’il est difficile de différencier les étapes de la réaction vu qu'elles se produisent
simultanément et rapidement. Néanmoins, ils ont réussi a modéliser la cinétique de la
réaction en utilisant 1'énergie dispersive de diffraction de rayons X in situ. D’autres auteurs
ont eu recours a des techniques d’analyse structurales plus précises, telle que la spectroscopie
RMN. Rahier et al. [83] ont suivi les changements moléculaires au cours de la synthése des
matériaux moyennant la spectroscopic RMN de *’Al et de »’Si. Ils ont constaté que les
géopolymeres résultaient de réactions combinées et complexes. En effet, la diminution de la
concentration des ions OH™ au début de la réaction est a I'origine de la formation d'un
composé¢ aluminosilicate intermédiaire qui conduit ensuite & un matériau géopolymere.
Récemment, Favier et al. [84] ont mené une étude par spectroscopie RMN statique, pour
suivre 1'évolution de la concentration totale d’Al tétraédrique dans le liquide interstitiel et de
la corréler a I'évolution du module d'élasticité de la pate géopolymére. Une étude RMN de 'H
a permis de définir le processus de géopolymérisation comme une succession de quatre
¢tapes a savoir (i) une premiere période d’initiation (de 0 a 15 min), (ii) suivie d’une période
de formation d’oligomeres (de 15 a 150 min), (iii) ensuite une période de réorganisation (de
150 a 350 min) pendant laquelle la dissolution est ralentie a cause de la formation du gel et
(iv) enfin une période de polycondensation (de 360 a 1200 min) ou la formation de réseau
tridimensionnel domine [85]. Les analyses thermiques différentielle (ATD) et
thermogravimétrique (ATG) lors de la formation ont ét¢ également utilisées dans la
détermination du taux de géopolymérisation [86]. Les mélanges réactifs ont été maintenus a
70°C pendant deux heures. En fonction de la courbe de flux thermique obtenue et les pertes
de masse associées, quatre zones ont été définies dénotant les différentes réactions a savoir la
réorganisation des especes, la dissolution du métakaolin, la formation d'oligomeres et enfin,
la réaction de polycondensation. En résumé, il y’a un consensus sur le mécanisme de
géopolymérisation (Figure 8) qui consiste dans un premier temps a la dissolution de la source
aluminosilicate sous l'effet de la solution alcaline donnant lieu a des oligomeres de type

Si[OH]s et AI[OH]4. Ensuite, ces oligomeres se réorganisent. Enfin, une réaction de
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polycondensation permet la polymérisation et la condensation d’un réseau tridimensionnel.

[87, 88].
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Figure 8 : mécanisme de géopolymérisation [88].

Malgré les modeles existants décrivant la réaction de géopolymérisation, le mécanisme
n’est pas encore entierement ¢lucidé comme il est fortement dépendant des maticres
premicres utilisées. Ainsi, il est intéressant d'évaluer l'influence de la réactivité des

précurseurs sur 1'évolution structurale des matériaux géopolymeres.
2. Structure et microstructure

Les matériaux géopolymeres sont caractérisés par une structure amorphe. Les
diffractogrammes des rayons X montrent généralement un dome centré au alentour de 30°
(26) [89, 90, 91] mais également la persistance des phases non ou faiblement dissoutes tel que
le quartz et la mullite (Figure 9) [92, 93]. 1l est également notable que 1’augmentation de la

concentration de la solution activatrice favorise I’amorphisation des matériaux obtenus [93].
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Figure 9 : diffractogrammes de la métakaolinite et des matériaux géopolymeres a base

de solutions de NaOH a différentes concentrations [93].

La structure des géopolymeres a été également investiguée par spectroscopie RMN de
TAl et de *Si [94]. La Figure 10 A(a) montre un exemple typique de spectre RMN de *’Al
d’un géopolymere a base de métakaolin et d’une solution alcaline sodique [95]. Le spectre
met en évidence que I’aluminium est majoritairement en coordinence IV (~ 60 ppm) en plus
de I’existence de traces d’aluminium en coordinence VI (~ 0 ppm) indiquant qu’une quantité
de métakaolin n’a pas réagi ou la présence d’impuretés micacées [96]. La large bande (de -85
a 95 ppm) relative au spectre RMN de 2si (Figure 10 A(b)) peut étre décomposée en cing
contributions relatives aux espéces de type Q* (m Al) (Figure 10 B) avec 0 < m < 4 est le

nombre de Al deuxiéme voisin [97].

(A)
(a) (b)
Al(IV)
80 40 0 -40 -60 80 100 420
Chemical shift {ppm} Chemical shift (ppm)
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Figure 10 : (A) exemples typiques de spectres RMN de (a) *’Al et de (b) *’Si d’un
géopolymere a base de métakaolin et d’une solution alcaline sodique (20 h, 85 °C) [95] et
(B) coordination de silicium décrite par la notation Q* (m Al) [97].

De plus, il a été prouvé que l'ordre chimique du silicium et d'aluminium dans les
géopolymeres est significativement influencé par la nature des matiéres premicres utilisées, le
type du cation alcalin et les conditions opératoires de syntheése [96, 98]. A titre d’exemple, la
Figure 11 montre la variation des différentes contributions de silicium Q4 (m Al) en fonction

du rapport Si/Al et du cation alcalin.
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Figure 11 : variation des différentes contributions (@) O° (4 Al), (b) O* (3 AD), (¢) O° (2
Al et (d) O (1 Al) en fonction du rapport Si/Al en présence de différents cations alcalins

[96].
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Les différences de distribution des especes sont plus significatives pour un rapport Si/Al
< 1,65. Par conséquent, le cation alcalin n’affecte pas la structure moléculaire des matériaux
géopolymeres ayant des valeurs de rapports Si/Al élevés. Il est aussi notable que les
géopolyméres a base de potassium ont une fraction Q* (4 Al) plus faible et une fraction Q* (3
Al) plus élevé que les géopolymeres a base de sodium ou mixte, indiquant un degré de
désordre plus ¢élevé dans le cas de potassium [96].

La microstructure des matériaux géopolymeres a été observée par microscopie
¢lectronique a balayage (MEB) et a transmisssion (MET) [49, 99]. Une photo MEB typique
des matériaux géopolymeres a base de métakaolin est présentée dans la Figure 12 (a).
L’influence des rapports molaires Si/Al et Na/Al sur la microstructure a été mise en exergue
[96, 100, 101]. Une microstructure homogene a été obtenue pour des rapports Si/Al et Na/Al
de 2,5 et 1,25, respectivement. Les structures hétérogeénes résultent généralement des
caractéristiques des maticres premicres (efficacité du traitement thermique et granulométrie)
ou bien de la difficulté de dissoudre la source aluminosilicate suite a la faible disponibilité
des ions M" et OH" de la solution d’activation. De plus, il a été montré que I’augmentation du
rapport Si/Al entraine une meilleure dissolution du métakaolin et par conséquent une
structure plus homogene des matériaux finis.

Des informations a 1’échelle nanométrique ont été fournies par microscopie €lectronique a
transmission (MET). La micrographie MET d’un géopolymere a base de métakaolin (Figure
12 (b)) montre que la structure est formée de petites entités avec des pores dispersés dans les
interstices. La taille et la distribution de ces entités sont directement liées aux matieres
premicres et aux conditions de mise en ceuvre. En effet, ces facteurs régissent la
réorganisation des especes et la densification de la structure. Autef et al. [49] ont prouvé que
la réactivit¢ du métakaolin peut engendrer des variations nanostructurales. Selon le
métakaolin utilisé, la structure peut étre formée d’une ou plusieurs phases telles que la phase
géopolymere, des plaquettes de kaolinite, une phase riche en silicium et une phase riche en

aluminium.

21



CHAPITRE |

Figure 12 : micrographies (a) MEB d’un géopolymere avec Si/Al =1,6 [102] et (b)
MET d’un géopolymere a base du métakaolin [49].

3. Propriétés d’usage

Les matériaux géopolymeres possédent des propriétés d’usages (mécaniques,
thermiques...) satisfaisantes. Plusieurs auteurs se sont focalisés sur les propriétés mécaniques
et les parameétres qui les régissent. Duxson et al. [102] ont mis en évidence I’impact du
rapport Si/Al sur les propriétés mécaniques. Ils ont montré que les échantillons avec un
rapport molaire Si/Al > 1,65 présentent une meilleure résistance a la compression et un
module d’Young plus ¢élevé. Par contre, au dessus d’un rapport Si/Al = 1,9, il y’a eu
dégradation des propriétés mécaniques due aux espeéces n’ayant pas réagi. Steveson et al.
[103] ont montré que les propriétés mécaniques sont intimement liées a la microstructure.
Plus la microstructure est fine et dense, meilleures sont les résistances a la compression. Le
cation alcalin peut aussi influencer les propriétés mécaniques, puisque les géopolymeres a
base de potassium montrent des résistances a la compression plus €levées que celles a base de
sodium. Il a été montré aussi que les résistances a la compression augmentent avec
I’augmentation de la concentration de la solution de NaOH de 4 a 12 mol. L. D’autres
auteurs [104,105] se sont intéressés a 1’effet du rapport solide/liquide (S/L) sur les contraintes
a la compression. Un rapport optimal de 0,8 conduit aux meilleures résistances mécaniques.
En effet, un rapport S/L trés faible c'est-a-dire un exces de la quantité d'activateur liquide
favorise la dissolution de la source aluminosilicate mais perturbe par la suite la réaction de
polycondensation vu que la diffusion des especes dissoutes devient plus difficile. Ceci
fragilise la structure et diminue les résistances mécaniques. En revanche, un rapport S/L trés

¢levé entraine I’hétérogénéité de la structure a cause des particules solides non-dissoutes ce
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qui dégrade les propriétés mécaniques. L’effet des phases cristallines provenant de la source
aluminosilicate et qui persistent dans les matériaux géopolymeres a été¢ ¢étudié. Deux
comportements sont distingués, a savoir les phases cristallines qui jouent le réle de renfort et
améliorent les propriétés mécaniques telles que le quartz et d’autres phases, qui diminuent les
résistances mécaniques telles que la mullite et le corindon [106, 107]. De plus, il a été¢ mis en
¢vidence, que I’incorporation de fibres comme renforts améliore la ductilité et la résistance

mécanique des matériaux géopolymeére [108, 109, 110].

Ces données soulignent l’'importance de certains paramétres sur la formation et sur les
propriétés d’usage résultantes des matériaux géopolymeres. Cependant, peu de données
sont relatives a linfluence conjointe d’une source aluminosilicate et d’une solution

alcaline.

V. OBJECTIF DE L’ETUDE

L’objectif de cette étude est d’identifier les parametres clés responsables de la genése des
matériaux géopolymeres afin de contrdler leur formation et leurs propriétés d’usage. Ceci est
basé sur la maitrise de la structure des matieres premicres et de leurs interactions.

Afin d’atteindre cet objectif, plusieurs moyens ont été mis en ceuvre a savoir :

(i) Dlidentification des paramétres qui régissent la réactivité des matiéres premiéres
(différentes solutions alcalines et sources aluminosilicates) et ’impact de leur réactivité sur
la faisabilité des matériaux géopolymeres. Ceci sera corroboré aux cinétiques de formation
et a lidentification des réseaux formés.

(ii) la détermination de ’impact de la réactivité des matiéres premiéres sur la structure et
leur corrélation avec les propriétés mécaniques et la porosité.

(iii) I’établissement d’un modéle de réactivité permettant de définir des lois prédictives pour
contréler la réaction de géopolymérisation et les propriétés d’usage des matériaux finis.
Tout ceci afin d’évaluer la possibilité de recyclage de déchet géopolymére et d’autre part de

Padapter a une argile tunisienne de faible réactivité.
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I. INTRODUCTION

Ce chapitre présente les différentes matic€res premicres utilisées lors de ces travaux et les
protocoles expérimentaux pour la synthése des matériaux de type géopolymeres. Il présente
¢galement les différentes techniques de caractérisation physico-chimiques, structurales,

microstructurales et mécaniques mises en ceuvre.

I1. LES DIFFERENTES MATIERES PREMIERES UTILISEES

1. Les précurseurs liquides
Six solutions commerciales de silicate (cinq solutions de silicate de potassium et une
solution de silicate de sodium) ont été utilisées. Les données concernant les solutions sont
répertoriées dans le Tableau 1.

Tableau 1 : données relatives aux différentes solutions de silicate commerciales.

Si/M HO

Nom Fournisseur |[(M = Na ou]| , 2 p 3

K) (% massique)] (g/cm’)
S0 Chemical labs' 1,69 76,0 1,18
. Skl 1,70 76,0 1,18
Sg;:::fu‘lls S¢2 1.52 68.7 131
P Si3 Woellner? 0,67 59.4 1,51
Sx4 0,45 52,7 1,65
Silicate de S 1,70 64,2 136

sodium

2. Les précurseurs solides

Différents types de précurseurs solides ont été utilisés au cours de ces travaux. Les
caractéristiques des différents précurseurs solides sont répertoriées dans le Tableau 2.

La préparation des solutions alcalines a été réalisée a I’aide d’hydroxyde de sodium ou
de potassium ainsi que de silice amorphe. La synthése des différents mélanges réactifs a été
effectuée a I’aide de six métakaolins de pureté et de réactivité différente. En plus, une argile
provenant de la carriere de Medenine située au sud de la Tunisie, caractérisée par une couleur
rouge, a ¢été utilisée. L’argile a été¢ initialement concassée, broyée puis calcinée a 700°C
pendant 5 heures et enfin tamisée jusqu’au passage au travers d’un tamis de 80 um de

granulométrie.

! Chemical Labs, 605 Springs Road, Bedford, MA 01730 (USA).
> Woellner GmbH, WéllnerstraBe 26, D-67065 Ludwigshafen, Germany.
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Tableau 2 : caractéristiques des différents précurseurs solides.

. Composition / . Méthode de
Nom Fournisseur pureté (%) D5y (um) Si/Al calcination
Hydroxyde de NaOH /97,0
sodium
Hydroxyde de Sigma-
potassium KOH Aldrich’ /85,2
Silice amorphe Si0, Si0,: 99,9 0,2
Si0;: 55,0 .
Ml ALOs : 40,0 10,0 1,17 Four rotatif
Si0;: 55,0
M2 S ALOs : 39,0 8,0 1,19 Four flash
y Si0, : 54,0 .
M3 ALO- - 46.0 6,0 1,00  |Four statique
Métakaolin Lt Rk
M4 Si0;: 52,4 6.0 0.98
ALLO;: 45,3 ’ ’
M5 510, 59,9 20,0 1,44 | Four flash
Argeco’ AlOs5: 353
M6 510, : 38,4 25,0 1,33
AlLOs: 374 ’ ’
. ., |Argile de medenine| Carriére de Si0;: 59,8 )
Argile calcinée (Me) Medenine ALOs: 21.8 8,0 2,33 |Four statique

II1. PROTOCOLES EXPERIMENTAUX

1. Syntheése des matériaux consolidés

Différentes formulations ont été synthétisées a partir de différentes solutions alcalines et

sources d’aluminosilicates afin de vérifier la faisabilité des matériaux consolidés. Le

protocole de synthése est présenté sur la Figure 1.

Concernant les solutions alcalines, le taux et la nature des espéces siliceuses en

fonction du rapport Si/M et de la nature de cation ont été étudiés. Les données relatives a

ces solutions sont reportées en Annexe II-A.

Afin d’étudier les interactions entre les solutions et les métakaolins, des mélanges a base

de différentes solutions de silicate et métakaolins (My) ont ét¢ formulés. Des pastilles de

MOH (M= K ou Na) ont été dissoutes dans les solutions commerciales de silicate alcalins,

afin de fixer le rapport Si/M a 0,5 et 0,7, respectivement pour les solutions a base de

potassium (Sk1 et Sk3) et sodium (Sn,). La quantité de métakaolin ajoutée varie de 12 a 24 g.

> CABOT GmbH, Rheinfelden, Kronenstr.2, D-79618 Rheinfelden (Allemagne)
* AGS,F-17270 Clérac (France)
> Argeco Développement, Rue Fournie Gorre 47500 FUMEL (France)
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La possibilit¢ de recyclage des déchets géopolyméres a été évaluée par broyage et
tamisage a 80 um des déchets puis réintégration comme source d’aluminosilicate par addition
ou substitution du 20 % de la masse de métakaolin M1 en présence des solutions alcalines
Skl et Sk3.

Des liants géopolymériques ont également été préparés a partir de métakaolin et d’argile
Tunisienne calcinée. Des mélanges de métakaolin (M3) et d’argile (Me) avec des taux de
substitution de 0 a 100% en présence de la solution Skl avec différents rapports Si/K

(variant de 0,4 a 0,7) ont été analysés.

Solution commerciale MOH
de silicate (M= NaouK)
1 T
Agitation magnétique
l |
a N
Métakaolin et déchet . .
{ claeadiin ¢t Ceche ] Métakaolin [ Métakaolin et/ou argile ]
géopolymeére
\ 7

l |
\I/ Agitation magnétique

Mélange réactif

Broyage

\ 7

Moule fermé lTempérature ambiante

f N

Matériau consolidé

\ J

Figure 1 : protocole de synthese des matériaux géopolymeres.

2. Nomenclature

Les nomenclatures générales des différents types d’échantillons (Figure 1) sont
répertoriées dans le Tableau 3. Les nomenclatures détaillées qui ont été utilisées pour
désigner les différents échantillons tels que les solutions silicatées et les matériaux consolidés

sont répertoriées en Annexe II-A et Annexe II-B.
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Tableau 3 : nomenclatures utilisées pour les différents types d’échantillons.

Echantillonnage Nomenclature
Solutions commerciales Sm
Solutions apres ajout de I’hydroxyde alcalin Sm
Matériaux géopolymeres a base de métakaolin SuMy
Matériaux géopolymeres a base de métakaolin et de géopolymeére recyclé SxkxM1,.,G,
Matériaux géopolymeres a base de métakaolin et d’argile de Medenine Sk1"M3,.,Me,,

Les différents paramétres sont :
« Sm » le type de la solution utilisé (Sy; = Skx avec x varie de 0 4 4 ou Sna),
« My » le type de métakaolin (y allant de 1 a 6),

« G » le géopolymere recyclé,

>
>
>
» «z » le taux de substitution ou d’addition de géopolymeére broyé au métakaolin M1,
» «n » le rapport molaire Si/K de la solution alcaline (n variant de 0,4 a 0,7),

» « Mepy I’argile de Medenine calcinée,

>

« wy le taux de substitution du métakaolin M3 par I’argile Me (w= 0; 0,5; 0,75 et 1).

Par exemple, 1’échantillon SK10’7M30,5M60,5 est composé d’un mélange 50-50 de
métakaolin M3 - argile Me et le rapport molaire Si/K de la solution alcaline apres ajout de

KOH a la solution de silicate Sk1 est égale a 0,7.

IV. TECHNIQUES DE CARACTERISATION

1. Caractérisations physico-chimiques
a. Mesure de la valeur de pH
Les mesures des valeurs de pH ont été réalisées a 1’aide d’un appareil Schott Instrument
Lab860 équipé d’une électrode pour pH basique a 25 °C. Afin de suivre la variation de la
valeur de pH au cours de la réaction de géopolymérisation, les échantillons ont été placés
dans des tubes (@ : 35 mm et H: 70 mm) et recouverts d’eau en conservant les rapports
masse de géopolymeére sur masse d’eau (Mgeopolymere/Meaw = 0,08 [1]) pour chaque mesure.
L’¢lectrode a ensuite été placée dans le mélange et la valeur de pH a été relevée toutes les

trois minutes.
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b. Demande en eau (mouillabilité)

La demande en eau d’une poudre, exprimée en pl/g, correspond au volume d’eau qui
peut étre adsorbé par 1 gramme de poudre jusqu’a saturation. A cet équilibre, 1’ensemble peut
étre représenté comme une association de particules dont les porosités intrinséques et inter-
particulaires sont comblées par le liquide. Cette grandeur dépend directement de la
granulométrie, de la surface spécifique et de la morphologie de la poudre. Elle permet ainsi
de caractériser la réactivité¢ de la poudre vis-a-vis du liquide utilisé. L’évaluation de cette
demande en eau a été effectuée de la facon suivante : un gramme de poudre est pesé puis
déposé sur une lame de verre. A I’aide d’une micropipette, 1’eau est ajoutée a la poudre

(microlitre par microlitre) jusqu’a saturation visuelle de I’ensemble granulaire.

c. Mesure de la surface spécifique (BET)

La méthode BET (Brunauer, Emmett et Teller) est une technique permettant d’obtenir la
surface spécifique d’une poudre mais aussi d’un milieu poreux. La surface spécifique ou aire
massique d’une poudre est I’aire correspondant a la totalité des interfaces solide/gaz exprimée
par unité¢ de masse solide. Sa détermination expérimentale repose sur le principe d’adsorption
d’azote a basse température. La méthode consiste a déterminer le volume d’une monocouche
de molécules gazeuses adsorbées sur la surface de 1’échantillon. La surface de la monocouche
¢tant égale a celle du solide, connaissant le volume de gaz adsorbé, la surface spécifique de
I’échantillon peut étre déduite selon I’équation 1 :

S = (Vi*Na*s) / (Vm*m) Eq1
ou S est la surface spécifique (m?%/g), Vm le volume de gaz adsorbé correspondant a une
monocouche (cm’/mol), N, : nombre d’Avogadro (mol™), s la surface occupée par une
molécule de gaz soit 16,2.102° m? pour I’azote, Vi le volume molaire de ’azote (cm®) et m
la masse de 1’échantillon (g).
Les mesures ont ét¢ effectuées sur un appareil Micrometrics Tristar II 3020. L’échantillon

est au préalable dégazé pendant quatre heures a 200 °C.

d. Porosimétrie par intrusion de mercure (PIM)

La porosimétrie par intrusion de mercure (PIM) permet d’évaluer la distribution en taille
des pores ouverts et interconnectés et de déterminer de maniére quantitative la structure

poreuse des solides. La porosimétrie a mercure est basée sur la loi capillaire qui régit la
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pénétration du liquide dans les pores de petite taille. Cette loi, dans le cas d’un liquide non
mouillant tel que le mercure, est exprimée par I’équation de Washburn (Equation 2):

D = (1/P)*4ycos ¢ Eq2
ou D est le diamétre du pore, P est la pression appliquée, v la tension de surface du mercure et
¢ I’angle de contact entre le mercure et 1’échantillon.

Les tests de porosimétrie par intrusion de mercure sont réalisés a 1’aide d’un porosimeétre
Micrometrics Autopore IV 9510 capable de détecter des pores dont le diametre est compris
entre 360 um et 3 nm et un volume d’intrusion et d’extrusion de mercure de 0,1 pL. La
pression de mercure augmente progressivement de 0,0007 a 413,6854 MPa. L’échantillon a
¢té préalablement placé a I’é¢tuve a 50 °C pendant 12 heures. L’étape de séchage permet
I’¢limination de I’eau pour ne pas empécher par la suite I’insertion du mercure dans le réseau
poreux [2]. Ensuite, I’échantillon est introduit dans un pénétrométre hermétique. Le
pénétrométre est introduit dans une chambre basse pression pour les pores de taille ¢levée,
puis dans une chambre haute pression pour déterminer les pores de plus faibles dimensions.
La Figure 2 présente 1’évolution de la dérivée de volume d’intrusion de mercure en fonction
de la taille des pores pour les échantillons Sy,M2 et Sy,MS3. Les tailles médianes des pores
sont de l'ordre de 0,026 um et 0,056 um pour les échantillons SyM2 et Sn.MS

respectivement.

0,5 -
0,45 -
0,4 -
0,35 -
0,3 -

(mL/g)

0,25 -

dv
d(logD)

0,2 -

0,15 -
0,1 -
0,05 -

0,001 0,01 0,1 1 10 100 1000
Taille des pores (nm)

Figure 2 : évolution de la dérivée de volume d’intrusion de mercure en fonction de la

taille des pores pour les échantillons (0) Sy,M2 et (m) Sy, M5.
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2. Comportement en température : analyses thermiques

Ce type d’analyse permet de déterminer 1’évolution thermique d’un échantillon en
fonction du temps ou de la température. L’analyse thermique différentielle (ATD), couplée a
I’analyse thermogravimétrique (ATG), met en évidence les changements d’états physico-
chimiques des composés soumis a des variations de température. L’analyse thermique
différentielle mesure la différence de température entre 1’échantillon et un creuset vide
servant de référence. Il est ainsi possible de suivre les transformations qui ont lieu aux
différentes températures au sein de 1’échantillon. L’analyse thermogravimétrique permet
quant a elle de suivre I'évolution de la masse de I'échantillon lors d'un cycle thermique,
révélant la perte d'eau ou d'especes gazeuses.

Protocole expérimental

Les analyses ont été réalisées avec un appareil SDT Q600 TA Instruments, dans des
creusets en platine sous un flux d’air de 100 cm’/min. Les données sont ensuite traitées grice
au logiciel TA Universal Analysis.

Les solutions de silicate sans ou avec ajout d’hydroxyde alcalin ont été étudiées par
analyse thermique. Le cycle utilisé¢ est une rampe de 5 °C/min jusqu’a une température de
350 °C. Plusieurs pics endothermiques ont été observés a différentes températures inférieures
a 200°C (Figure 3 (a)). Généralement, les deux pics détectés vers 40°C (I) et 95°C (II) et
accompagnés par les pertes de masses les plus élevées sont attribués au départ de 1’eau libre
et physisorbée [3]. Le troisieme pic au alentour de 114°C (III), accompagné d’une perte de
masse moins importante, correspond au départ de 1’eau liée. Enfin, un quatriéme pic, observé
vers 175°C (IV) et associ¢ a une perte de masse trés faible, est probablement du aux
interactions ioniques entre les oligomeres [4].

Afin d’étudier la formation des liants ainsi que leur comportement en température apres
consolidation, les analyses ont ét¢ réalisées selon le cycle suivant : un palier a 50 °C durant
deux heures suivi d’une montée & 800 °C a une vitesse de 10 °C/min. A I’aide de la dérivée
premicre du flux de chaleur en fonction du temps, il est possible de définir plusieurs
phénoménes endothermiques intervenant lors de la formation du matériau [5] (Figure 3 (b) et
(¢)). Quatre zones peuvent €tres distinguées : la zone 1 correspond a la réorganisation des
especes, la zone 2 est attribuée a la dissolution de métakaolin, la zone 3 est relative a la
formation des oligomeéres et la zone 4 est associée a la réaction de polycondensation. Il est
¢galement possible d’évaluer 1’énergie nécessaire pour la formation des oligomeéres a partir

de I’aire de pic endothermique de la zone 3.
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Le comportement thermique des matériaux consolidés est analysé sur des matériaux

préalablement broyés. Le cycle thermique utilisé est une rampe de 20 °C/min jusqu’a une

température de 1350 °C. Les courbes ATD-ATG (Figure 3 (d)) obtenues permettent de

déterminer le pourcentage d’eau contenu au sein du matériau consolidé.
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Figure 3 : courbes d’ATD-ATG de (a) la solution Sxl, (b, ¢) la formation d’un liant

SnaM 1 et (d) d’un géopolymere consolidé Sx3M]I.

3. Caractérisations structurales et microstructurales

a. Spectroscopie infrarouge a transformée de Fourier (IRTF)

La spectroscopie infrarouge permet de caractériser le matériau (liquide ou solide) a partir

de son interaction avec le rayonnement infrarouge. Lorsqu'un échantillon est irradié, les

liaisons chimiques qui sont excitées a leur énergie de vibration propre absorbent

sélectivement le signal. Ainsi, le spectre obtenu permet d'identifier les différents groupements

moléculaires présents dans 1'échantillon. Les solutions de silicate ainsi que les matériaux

38

Flux de chaleur (mW)

Flux de chaleur (mW/g)



CHAPITRE II : Méthodes expérimentales

géopolymeres sont composés d’un cation alcalin (not¢ M), de silicium et d’aluminium. La
présence de ces trois ¢léments va induire un grand nombre de liaisons possibles (Si-O-Si, Si-
0-Al, Si-0, Si-O-M, O-Si-0), possédant chacune différents modes vibrationnels.

Les mesures par spectroscopie infrarouge ont été réalisées sur un appareil ThermoFicher
Scientific Nicolet 380 en mode ATR (Attenuated Total Reflectance). La poudre, la solution
ou le mélange a étudier sont simplement déposés sur le diamant de 1’appareil avant les
acquisitions. Les acquisitions sont réalisées entre 500 et 4000 cm™, le nombre de scans est de
64 et la résolution de 4 cm™. Les données sont ensuite traitées grice au logiciel OMNIC
(Nicolet instrument). Le dioxyde de carbone de 1’air produisant des perturbations du signal
entre 2400 et 2280 cm™, une ligne droite est substituée & cette portion du spectre afin
d’éliminer ce bruit de fond. Une correction automatique de la ligne de base et une
normalisation des spectres sont ¢galement effectuées afin de permettre la comparaison des
différents résultats.

Les solutions ont été étudiées par des mesures ponctuelles en déposant quelques gouttes
de solution sur le diamant (Figure 4 (a)). Des analyses au cours de la formation d’un liant ont
¢été réalisées en déposant quelques gouttes de milieu réactif sur le diamant. Les acquisitions se
font alors toutes les 10 minutes pendant 13 heures. L’évolution des liaisons au sein du
matériau est ainsi décrite par la superposition des 72 spectres obtenus (Figure 4 (b)). Suite au
traitement des spectres, il est possible de tracer 1’évolution de la position de bande Si-O-M (M
= Si ou Al), traduisant la substitution des liaisons Si-O-Si par les liaisons Si-O-Al. La pente
de la courbe durant les premiéres minutes de réaction permet d’évaluer la cinétique de

substitution [6].
(a) (b)

VSi-0-Si
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Figure 4 : (a) Spectre IRTF de la solution Sk3 et (b) suivi de la formation de [’échantillon
SxIMI.
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b. Résonance magnétique nucléaire (RMN)

La spectroscopie par résonance magnétique nucléaire permet de caractériser les molécules
ou les especes chimiques, possédant un ou plusieurs noyaux magnétiques de spin nucléaire
non nul (rapport gyromagnétique non nul). L’analyse des spectres de RMN renseigne sur
I’environnement ¢électronique du noyau (sphere de coordinence). Dans le cas des différentes
formulations, les environnements du silicium (*’Si) et de 1’aluminium (*’Al) ont été étudiés.
Leurs caractéristiques intrinseéques en solution sont regroupées dans le Tableau 4. Les
mesures de RMN sont réalisées a température ambiante a 1’aide d’un spectrometre Bruker

AVANCE-400 de ’ICMM a Madrid.

Tableau 4 : principales caractéristiques des noyaux >’ Al et*’Si [7].

. MOTnent. Abondance Sensibi’lité Rapport Fl;'ig:)lsgrclec:e
Noyau | Spin qléa?lr(;ggllrz:zl;‘ ¢ “at‘zﬁz l)le N (comllalz_lll;ee au gyromagnétique | (MHz) sous 9,7
T
Al 5/2 0,15 100,0 21.107 6,976 104,26
»Si 12 0,00 4,7 369.107 -5,314 79,49

Protocole expérimental
RMN des liquides

Les solutions de silicates ont été analysées par RMN du silicium (**Si). Les spectres ont
été enregistrés avec une fréquence de résonance de 79,49 MHz. Les spectres en RMN du *’Si
(I = 1/2) ont été obtenus en mode statique avec une impulsion ©/2 (4 ps) utilisant un filtre a
500 kHz pour améliorer le rapport signal sur bruit. Le nombre de scans collecté est de 400 et
le temps entre chaque acquisition est de 10 secondes afin de minimiser les effets de saturation.
Les déplacements chimiques du *’Si ont été mesurés en utilisant un standard externe de
tetraméthylsilane (TMS). L’erreur pour le déplacement chimique a été estimé inférieure a 0,5
ppm. L’erreur concernant la détermination des intensités relatives des différentes
contributions a été évaluée inférieure a 5 %. Pour les mélanges réactifs géopolymeres, la
RMN de ?’Al en mode statique a été utilisée a différents temps de la formation a savoir 0, 2, 6
et 24 heures. Le 2’Al est un noyau quadripolaire (spin I> 1/2), ce qui signifie qu'il y a une
distribution de charge asymétrique dans le noyau en raison de la non-symétrie des protons et
des neutrons. La difficulté des noyaux quadripolaires implique une relaxation rapide a 1'état
liquide et un élargissement du premier et du second ordre dans un état solide [8]. Les niveaux

d'énergie sont déplacés par l'interaction quadripolaire, ce qui peut limiter la détermination
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quantitative des différentes contributions [9]. Cependant, a 1'état liquide, l'interaction
quadripolaire peut étre négligée et la fréquence de nutation est assimilable a celle d’un spin
1/2 [10]. Une solution d’AlCl; a été utilisée comme référence. Les spectres RMN ont été
enregistrés aprés une impulsion 7/8 (1,5 ms) en utilisant un filtre de 1 MHz.

RMN des solides

Les métakaolins et les géopolymeres consolidés ont été analysés par RMN-MAS haute
résolution a température ambiante avec une sonde MAS tournant a 10 kHz. La fréquence de
résonance utilisée est de 104,26 MHz pour le signal ’Al et 79,49 MHz pour le signal *’Si. Les
spectres en RMN-MAS du #’Si (I = 1/2) ont été obtenus avec une impulsion 7/2 (4 ps)
utilisant un filtre a 500 kHz. Afin d’enregistrer les transitions centrales de I’aluminium (’Al)
(I=15/2), une impulsion de n/8 (1,5 ps) lui a été appliquée et un filtre a 1| MHz.

Pour I’ensemble des échantillons, les spectres obtenus en RMN du silicium ou de
I’aluminium ont été traités et décomposés a 1’aide du logiciel Winfit (Bruker). La Figure 5
présente deux exemples de décomposition du spectre RMN #’Si de la solution Sk1 (Figure 5
(a)), du géopolymére Sx,M2 (Figure 5 (b)), et deux autres exemples de décomposition de
spectre RMN ?’Al du métakaolin M5 (Figure 5 (c)) et de mélange réactif Sx1M4 a t=2h
(Figure 5 (d)). Les données relatives aux différentes contributions sont reportées en Annexe

I1-C.

(b)

40 -60 _80 1100 -120  -140  -160 -d0 -6o -80 100 -120  -130 160
52Si (ppm) 37 Si (ppm)
r T T T T 1 T T T T T 1
150 100 50 0 -50 -100 150 100 50 0 -50 -100
8*Al (ppm) 87 Al (ppm)

Figure 5 : Exemples de décomposition des spectres RMN *’Si de (a) la solution
Skl et de (b) géopolymére Sy.M3 et des spectres RMN *’Al du (c) métakaolin M5
et de (d) mélange réactif SxIM4 a t=2h.
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c. Diffraction des rayons X (DRX)

La diffraction des rayons X est une technique d’analyse structurale fondée sur
I’interaction entre les rayons X et la maticre, consistant & envoyer un faisceau de rayons X de
longueur d’onde A sur un échantillon solide. Briévement, lorsque cette longueur d’onde est du
méme ordre de grandeur que les distances inter-réticulaires (d), le faisceau est diffracté par les
plans cristallins selon la loi de Bragg (Equation 3). Les rayons diffusés interférent et
conduisent au phénomeéne de diffraction.

2dpasinf=xA Eq3

Les différents diffractogrammes ont été obtenus sur un appareil Brucker D8 ¢quipé d’une
anode en cuivre (CuKa =1,5418 A) et d’'un monochromateur arriére en graphite. Les
échantillons sont préalablement broyés mécaniquement puis tamisés a 63 pm. La gamme
d’analyse est comprise entre 5° et 120° (20). Le temps d’acquisition est de 0,5 s avec un pas
de 0,014° (20). Les phases cristallines ont été identifiées par comparaison avec les fiches de
références PDF (Power Diffraction File) du ICDD (International Center for Diffraction Data)
a I’aide du logiciel EVA (Brucker-AXS). La Figure 6 présente les diffractogrammes obtenus
sur le métakaolin M1 et le géopolymere SxIMI1.

Q

QM
(b)

Q Q
QMQ (a)

5 10 15 20 25 30 35 40 45 50 55
26 (9)

Figure 6 : diffractogramme de (a) métakaolin M1 et de (b) géopolymere SxIMI (PDF
files ; Q : quartz (01-078-1252), M : micas (00-002-0058), A : anatase (04-014-8515).

d. Microscopie électronique
Microscopie électronique a balayage (MEB)
La microscopie électronique a balayage est une technique de caractérisation de surface
permettant des observations jusqu’a 1’échelle nanométrique. Son principe est basé sur

I’interaction ¢électron-maticre. La détection des €lectrons secondaires et rétrodiffusés émis par
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I’échantillon soumis a un faisceau ¢électronique permet de reconstituer I’image de 1’objet en
contraste morphologique ou chimique respectivement.

Les observations ont été réalisées a 1’aide d’un microscope électronique a balayage
Cambridge Stereoscan S260 Instruments. Les échantillons sont préalablement métallisés au
platine (Pt) et fixés sur un porte-échantillon a 1’aide de pate ou de pastille carbone.
Microscopie électronique en transmission (MET)

La microscopie électronique en transmission est la seule technique susceptible de donner
des informations structurales et chimiques a 1’échelle nanométrique. Briévement, les €lectrons
produits par la source sont accélérés puis focalisés sur 1’échantillon par des lentilles
condenseurs. Apres ’interaction électron-maticre, il apparait a la sortie de 1’échantillon un
faisceau transmis et un ou plusieurs faisceaux diffractés. Il est ainsi possible de visualiser pour
un méme objet 1’image correspondante, 1’image du plan focal de la lentille objectif
(diagramme de diffraction) et des analyses ponctuelles.

Les analyses ont été réalisées a I’aide d’un microscope électronique en transmission
(MET) de type JEOL 2100F HR 200 kV. Cet appareil possede une imagerie conventionnelle a
haute résolution (0,19 nm) et un détecteur pour la spectrométrie X (EDX). Les échantillons
ont ¢té¢ préparés soit par dépdt goutte sur grille, soit en coupe par ultramicrotomie apres

inclusion dans une résine.

4. Essais mécaniques (compression)

Les essais de compression réalisés imposent la rupture de 1’échantillon par un chargement
dans une seule direction. Il permet de déterminer dans la direction de sollicitation, le module
d’¢élasticit¢ E et la contrainte maximale on.x a la rupture nommée parfois résistance
mécanique. Les mélanges réactifs sont placés dans des pots cylindriques (& = 15 mm et H =
49 mm. Les cylindres obtenus servent d’éprouvettes pour les essais de compression et sont
démoulés juste avant 1’essai. Ils sont rectifiés a 1’aide d’une meule diamantée afin d’obtenir
un ¢lancement (hauteur/diamétre) au minimum égal a 2 [11] et des faces parfaitement
paralleles et planes (Figure 7 (a)). Apres rectification, 1’éprouvette est centrée sur la presse
d’essai. Pour pallier aux défauts de planéité des plateaux de la presse, du papier multi-plis est
appliqué entre I’éprouvette et les deux plateaux. La répétition des essais permet de vérifier la
répétabilité des résultats et d’¢liminer les valeurs aberrantes liées a la présence de défauts au

sein des éprouvettes.
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Pour chaque composition de géopolymeres, dix €prouvettes sont démoulées, rectifiées et
testées apreés 7 jours. Les tests de compression sont réalisés a 1’aide d’un appareil LLOYD
EZ20 Instrument (AMETEK, UK) équipé d’une cellule de charge de 20 kN. Les éprouvettes
sont soumises a une charge croissante jusqu’a la rupture a la vitesse de 0,1 mm.min™. La
Figure 7 (b) présente les profils de contrainte en fonction de temps obtenus lors des essais sur
I’échantillon Sg1M1 agé de 7 jours. A partir de ces données, il est possible de calculer une
valeur moyenne de contrainte a la rupture avec une erreur de plus ou moins 4 MPa.
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Figure 7 : (a) éprouvettes de compression rectifiées et dgées de sept jours de [’échantillon

SxIM1 et (b) profils des courbes de contrainte a la rupture en fonction de temps.
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I. INTRODUCTION

Lors de cette étude, diverses solutions alcalines et sources aluminosilicates ont été
utilisées afin d’exacerber leur effet sur la formation et la structure des matériaux
géopolymeres. Dans la premicre partie de I’étude, les paramétres qui régissent la réactivité des
matieres premicres ont ét¢ identifiés a partir de trois solutions alcalines et six métakaolins.
Ensuite, la faisabilit¢ des matériaux géopolymeres a été évaluée a partir des précurseurs
précédemment caractérisés, afin de déterminer les domaines d'existence de ces matériaux dans
le diagramme ternaire Si-Al-M/O. Une composition a été sélectionnée et caractérisée au sein
de chaque ternaire afin d’évaluer I’effet des précurseurs sur les mécanismes de formation, la
structure et les propriétés d’usage. Toutes ces données ont été¢ exploitées pour étudier des
liants a base de déchet géopolymeére et lors de la valorisation d’une argile tunisienne de faible
réactivité. Ainsi, un modele de réactivité a été¢ établi permettant de controler la réaction de

géopolymérisation et les propriétés qui en découlent.

II. PARAMETRES INFLUENCANT LA REACTIVITE DES MATIERES

PREMIERES

Les données physicochimiques et structurales des matiéres premiéres, a savoir la solution
alcaline et la source d’aluminosilicate, étant les parametres cruciaux influengant la formation
des matériaux géopolymeres ont ét¢ déterminées. Cette partie est basée sur les résultats

présentés au sein des publications ACL1, ACL2, ACL6 et ACL7.

1. Réactivité d’attaque de la solution alcaline

L’influence du taux et de la nature des espéeces siliceuses sur la réactivité¢ des solutions
alcalines a été évaluée a partir de cinq solutions commerciales de silicate de taux d’eau et
rapports molaires Si/M différents. Afin de faciliter I’exploitation des résultats et la
comparaison entre les solutions, seules les données concernant les solutions Sk1, Sk3 et Sna
sont présentées.

Les solutions de silicate commerciales sans ou avec ajout d’hydroxyde alcalin (MOH avec
M = K ou Na) ont été étudiées par analyse thermique (ATD-ATG) (Figure 1. (a, b)). Quelle
que soit la solution, la différence entre les intensités des pics endothermiques et les pertes de

masse associées suggerent des différences d’interactions au sein des espéces silicatées entre
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les trois solutions. Les attributions des différents pics ont ét¢ énoncées au chapitre II. Les
deux solutions a base de potassium sont caractérisées par des différences de perte de masse
(74 % et 54 % pour Skl et Sk3 respectivement) et d’intensité de pic endothermique dues au
rapport Si/M et au taux d’eau différent. En effet, au sein de la solution Skl, l'eau est
facilement piégée dans la structure a cause de la taille plus ¢levée des anions [1] alors que la
solution Sk3, contenant des especes de plus petite taille, I’effet est moindre. Le changement
de cation dans le cas de la solution Sy,, de taux d’eau similaire a Sk3, induit une perte de
masse plus élevée (67 %). Ceci peut €tre expliqué par la différence de sphere d'hydratation de
Na" comparé a K' entrainant un taux d’eau structurale supérieur qui sera éliminé en
température [2]. Apres ajout de MOH, la diminution des intensités des pics et des pertes de
masse associées (Figure 1. (¢, d)) révele que 1'addition de MOH entraine la formation de
colloides de plus petite taille.
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Figure 1 : courbes ATD-ATG des solutions (A. a, b) avant et (B. ¢, d) apres ajout de
[’hydroxyde alcalin aux solutions (—) Skl, (—) Sk3 et (---) Sna.
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Intensité (u.a.)

Afin de mieux comprendre les différences structurales, la Figure 2 présente les spectres
RMN de *°Si obtenus pour les trois solutions précédentes. Les aires des différentes
contributions et leurs attributions sont reportées en Annexe III.A. Les solutions Skl et S,
(Si/M =1,7) sont majoritairement formées d’espéces siliceuses condensées de type Q°, Q* et
Q?[3]. Alors que dans le cas de la solution Sk3 (Si/K = 0,7), les espéces dépolymérisées (Q°
et Q') prédominent ainsi que les espéces cycliques (Q* et Q°°) [4]. L’ajout de I’hydroxyde
alcalin entraine a chaque fois une prédominance des especes dépolymérisées (Q° et Q) et
cycliques (Q% et Q) soulignant a nouveau la dépolymérisation des solutions de silicate.

Compte tenu de la similitude des spectres, il est difficile d’exacerber les différences entre
les solutions surtout apreés ajout de 1’hydroxyde alcalin. Pour cela, le nombre d’atomes
d’oxygéne non pontants par tétraédre (NBO/T) a été calculé selon la formule (NBO/T = (3*Q'
+2*Q% + Q3)/ 100) [5] et tracé en fonction de la concentration en cation alcalin [M] pour

toutes les solutions (Figure 3).
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Figure 2 : spectres RMN de 2Si des (A) solutions méres (a) SxI (b) S3 et (c) Sna et (B)
des solutions apres ajout d’hydroxyde alcalin (e) Skl’ (f) Sk3 et (g) Sna -

La valeur de NBO/T augmente avec I’augmentation de la concentration en cation alcalin.
Cela est en accord avec le degré de dépolymérisation li¢ au rapport Si/M. La concentration en
cation alcalin et la valeur de NBO/T plus élevées dans le cas de Sx3 comparé a Skl et Sy,

sont dues au rapport Si/M ¢€levé et a ’abondance des especes condensées dans Skl et Sy, (Q4,

49



CHAPITRE III : SYNTHESE DES PUBLICATIONS

Q’ et Q%). Aprés ajout de I’hydroxyde alcalin, la concentration en cation alcalin de Sx3” (Si/M
= 0,5) est plus ¢élevée que celle de la solution Sk1°(8,88 et 5,04 mol.I"! pour Sg3’et Sk’
respectivement) a cause des différents taux d’eau initiaux entrainant une valeur de NBO/T
plus élevée. En effet, le cation alcalin agit comme un modificateur de réseau en rompant les
liaisons entre les especes siliceuses condensées dans la solution de silicate générant plus
d’atomes d'oxygene non-pontants. Le changement de cation induit les mémes phénomenes
mais pour des rapports Si/M plus élevés (le NBO/T est égale a 1,87 pour un rapport Si/M de
0,7 et une concentration [M] de 8,3 mol.l'l). La différence entre les cations alcalins de
diffusion et de taille différente influence la nature et la quantité des especes cycliques. En
effet, des études de spectroscopie Raman [6] ont démontré 1’existence des chaines, des cycles

et des monomeres différents en fonction du cation alcalin et de rapport Si/M (Annexe II1. B).
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Figure 3 : évolution du nombre d’atomes d’oxygene non-pontants (NBO/T) en fonction de
la concentration en cation alcalin [M] pour les différentes solutions (0) avant et (¢) apres

ajout de MOH.

La réactivité d’attaque des solutions alcalines est controlée par le rapport molaire Si/M,
le taux d’eau et la nature du cation alcalin. 1l a été également mis en exergue un domaine
de réactivité en fonction du rapport Si/M pour des solutions alcalines, compris entre 0,5 et

0,7.
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2. Réactivité de surface de la source aluminosilicate

Apres avoir déterminé les paramétres d’influence qui contrdlent la réactivité des solutions
alcalines, 1’étude s’est focalisée sur I’effet des propriétés physico-chimiques et structurales de
six sources d’aluminosilicates ayant subi des modes de préparation différents (ACL2, ACL6
et ACL7). Les compositions minéralogiques ont été déterminées par diffraction des rayons X
(Figure 4. (A)). Tous les métakaolins présentent un dome amorphe et différentes phases
cristallines indiquant différents degrés de pureté. Les métakaolins M3 et M4 sont les
métakaolins les plus purs, alors que les metakaolins M1 et M2 contiennent des phases
cristallines telles que le quartz, la kaolinite, la muscovite et I’anatase. Le taux d’impuretés
augmente pour les métakaolins M5 et M6 puisqu’ils contiennent respectivement, de
I’hématite, de la calcite et de la mullite.
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Figure 4 : (A) diffractogrammes et (B) spectres RMN *’Al des différents métakaolins (*
A" de la mullite) des différents métakaolins. PDF files (0. ouariz (01-083-2465), K: Kaolinite (00-

012-0447), M: Muscovite (00-003-0849), A: Anatase (01-071-1166), H: Hematite (01-079-1741), Ca: Calcite (00-005-0586), Mu:

Mullite (01-089-2814)).

L’étude structurale par RMN ?’Al (Figure 4. (B)) corrobore les résultats de diffraction des
rayons X, mettant en exergue les différentes proportions des contributions A1, A1V et AIYD
pour chaque métakaolin (Annexe III. C). Il est a noter que la distinction de la proportion

d’aluminium tétraédrique (A1) provenant des phases cristallines (muscovite et mullite) et
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celle relative a I’aluminium tétraédrique propre a la phase amorphe de métakaolin plus réactif
a été possible. Ceci permet de calculer la quantité d’aluminium réactif au sein de la source
aluminosilicate.

De méme, les données physicochimiques telles que la mouillabilité et le taux d’amorphe
ont permis de distinguer la réactivité d’attaque vis-a-vis d’une solution [7]. Toutes ces
caractéristiques ont donc permis d’estimer le taux de réactivité des métakaolins (Figure 5).
Les évolutions quasi identiques de ces deux critéres ont donc permis d’établir un ordre de
réactivité de la source aluminosilicate qui est M4 > M3 > M2 > MI1> M5 > Mé6. Les
métakaolins les plus réactifs sont caractérisés par des rapports molaires Si/Al faibles (Si/Al <
1,2) et des valeurs ¢élevées de mouillabilité¢ (= 760 pul/g), de phase amorphe (= 63%) et de la
proportion d'aluminium tétraédrique réactif (= 19%). La réactivité des métakaolins sera

vérifiée par 1'étude de leur comportement en présence de solutions alcalines.
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Figure 5 : évaluation des taux de réactivité des différents métakaolins a partir de leurs

caractéristiques (m) physico-chimiques et (m) structurales.

La réactivité de surface de métakaolin est contrélée par la valeur de la mouillabilité, du

taux d’amorphe et de la proportion d'aluminium tétraédrique réactif.
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II1. FAISABILITE DES MATERIAUX GEOPOLYMERES A PARTIR DE

DIFFERENTS METAKAOLINS ET SOLUTIONS ALCALINES

Apres avoir identifié les paramétres responsables de la réactivité des matiéres premieres,
la faisabilité des matériaux géopolymeres a été évaluée, a partir des solutions alcalines et des

métakaolins précédemment caractérisés (ACL7).

1. Domaines d’existence des géopolymeres dans le diagramme ternaire Si-Al-M/O

L’¢tude de faisabilité a été menée afin de déterminer les domaines d'existence des
matériaux géopolymeres dans le diagramme ternaire Si-Al-M/O [8]. Trente-six compositions
pour chaque solution alcaline et métakaolin ont été¢ évaluées. Ensuite, les matériaux
géopolymeres ont ét¢ identifiés en raison de leur homogénéité, leur aspect lisse et brillant et
leur consolidation rapide (< 24 h). Des tests de suivi par spectroscopie infrarouge ont permis
d’affiner la zone d’existence des matériaux géopolymeres selon la composition molaire des
mélanges réactifs (%Si, %Al et %K). La Figure 6 présente les domaines pour les métakaolins
M1, M2 et M5 en présence des trois solutions Skl, Sk3 et Sn,. Les données relatives aux
autres métakaolins sont reportées en Annexe III. D. En général, les domaines d'existence des
matériaux géopolymeéres sont assez limités et dépendent des deux précurseurs utilisés. Pour la
solution Sk1 (Figure 6 (A)), les zones des géopolymeres sont similaires pour les métakaolins
les plus réactifs (M1 et M2) alors qu’elle est trés limitée dans le cas du métakaolin le moins
réactif (MS5) du a la faible quantité de phase aluminosilicate réactive disponible dans ce
métakaolin.

Neéanmoins, pour la solution Sk3 (Figure 6 (B)), les zones d’existence des géopolymeres
sont assez similaires quel que soit le métakaolin. Dans ce cas, la faible réactivit¢ du
métakaolin est compensée par la réactivité élevée de la solution alcaline.

Pour la solution Sy, (Figure 6 (C)), la zone est plus petite en présence du métakaolin M2
malgré sa réactivité élevée. Dans ce cas, la viscosité ¢€levée de la solution Sy, [9] et la
diffusion plus faible de 1’ion sodium [10], en présence d’un métakaolin de valeur élevée de
mouillabilité, ne permet pas des échanges facilités entre les espéces réduisant ainsi la
faisabilité des mélanges.

Il existe donc une relation entre la faisabilité des matériaux géopolymeres et la réactivité

des maticres premieres.
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Figure 6 : définition des domaines d’existence des matériaux géopolymeres a partir des

métakaolins M1, M2 et M5 en présence des solutions (A) Sgl (B) Sk3 et (C) Sy
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2. Corrélation entre les domaines d’existence et les propriétés des matiéres

premieres

Pour faciliter I'exploitation des différents ternaires obtenus et corréler les zones
d’existence a la réactivité des matieres premicres, les domaines de variation des rapports des
concentrations en aluminium et en alcalin liés a la sphére de déplacement du cation M au sein
du mélange réactif ([Al]*dm.0) / [M]) ont été¢ délimités pour tous les mélanges a base des

différents métakaolins (Figure 7).
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Figure 7 : domaines de variation des concentrations au sein du mélange réactif ([Al] * dy.
o)/ [M] permettant l'obtention des matériaux géopolymeres pour les différents métakaolins en

preésences des solutions (0) Sx1, (m) Sg3 et (A) Sna.

Trois mémes comportements sont notables délimitant des fuseaux de rapport de
concentrations qui dépendent des caractéristiques initiales des solutions d’activation. C’est
pour des valeurs proches de concentrations en Al et en M que sont retrouvées les solutions Sy,
et S3, alors que dans le cas de Sk1, les domaines de variation des concentrations sont plus
étendus et décalés vers des valeurs de concentration en Al plus élevées. Ceci démontre qu’il
sera possible de déterminer des zones de géopolymérisation pour des solutions tres réactives
et donc une cinétique de géopolymérisation plus favorisée. En revanche pour Sk1, il y aura un
retard de réaction et il faudra un apport en aluminium plus important surtout dans le cas des
métakaolins moins réactifs (M5 et M6). La 1égére différence entre Sy, et Sk3 est due a la
différence de viscosité et d’especes cycliques présentes. Ces courbes semblent étre délimitées
par un «nez de courbe ». Les courbes trés rapides peuvent étre reliées a des zones tres
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réactives de saturation pour les métakaolins de ((W*% amorphe)/((Si/Al)*100) > 700 ). A
I’inverse, les courbes trés lentes pour des faibles rapports sont en relation avec des zones de

précipitation hétérogenes.

La concentration en alcalin et en aluminium ainsi que les caractéristiques des

métakaolins conditionnent la faisabilité des matériaux géopolyméres.

IV. EFFET DES PRECURSEURS SUR LE MECANISME DE FORMATION

DES GEOPOLYMERES

Apres avoir étudié 1’effet des précurseurs sur les domaines d’existence des matériaux
géopolymeres dans le diagramme ternaire Si-Al-M/O et identifier les paramétres clés
influengant la faisabilité, une composition a été sélectionnée et caractérisée au sein de chaque
ternaire (Annexe II-B), afin de comprendre I’effet des précurseurs sur les mécanismes de

formation.
1. Cinétique de la réaction : analyse thermique in-situ

Cette analyse (ATD-ATG) in-situ renseigne sur la cinétique de la réaction a partir des
différents phénomeénes endothermiques et les pertes de masses associées aux différents
mécanismes réactionnels de formation [11]. Cette partie se focalise sur l'effet de la réactivité
des précurseurs sur la cinétique de formation des oligomeres (Chapitre II et ACL 6). La
Figure 8 (a) présente la variation de 1’énergie nécessaire a la formation des oligomeéres, en
fonction de la quantité d'aluminium responsable de cette formation (nAl) et le temps de début
de formation de cette phase (t). Quel que soit I'échantillon, la valeur de 1'énergie diminue pour
un faible rapport nAl/t. La formation des oligomeéres intervient pour des temps courts pour les
métakaolins les moins réactifs M5, M6, M1 et M3 comparé a M2 et M4. Ceci révele une
dissolution incompléte de ces métakaolins, en raison de leur plus faible capacité de libérer les
especes alumineuses et de la stabilit¢ des impuretés dans un milieu alcalin. La faible
disponibilité¢ des especes alumineuses réactives limite la formation des oligoméres induisant
une énergie supérieure (de 1,8 a 3,1 KJ / mol pour SxIM2 et Sk1MS5 respectivement). Ce
résultat met I’accent sur I’importance de la spéciation en aluminium et la distribution des ions
[AI(OH)4] dans la formation des matériaux géopolymeres [12]. L’effet de la réactivité du

métakaolin est donc plus prononcé en présence de la solution Sk1.
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Figure 8 : variation de [’énergie de formation des oligomeres en fonction de (a) (nAl /t) et

de (b) la perte de masse au cours de la formation pour les différents échantillons.

Dans le cas des solutions Sy, et Sk3, I’effet de la réactivité plus élevée des solutions est
notable et masque les différences induites par le métakaolin utilisé. La quantité plus
importante d’especes siliceuses dépolymeérisées et d’atomes d’oxygene non pontants libérés
permettent une meilleure dissolution des métakaolins méme les moins réactifs (temps plus
¢levé) et une formation plus facile des oligomeres (énergie plus faible).

Par conséquent, il apparait que les différentes étapes de la réaction, en particulier la
formation des oligomeéres, soient directement liées a la réactivité des précurseurs. Les
solutions les plus réactives sont capables de contrebalancer la faible réactivité de métakaolin.

Afin de corréler la cinétique de formation a la perte d’eau durant la formation, la variation
de I’énergie a été tracée en fonction de la perte de masse par rapport a la quantité d’eau dans
le mélange initial pour les différents échantillons étudiés (Figure 8 (b)). Il est notable que les
¢chantillons a base de la solution Sk1 libérent plus d’eau durant la formation (0,74 a 0,89 pour
SkIM1 et Sk1M6) et nécessitent plus d'énergie pour former les oligoméres. Alors que les
¢chantillons a base des solutions Sy, et Sk3 présentent des valeurs d’énergie et des pertes
d’eau plus faibles (de 0,41 a 0,66 pour Sg3 et de 0,20 a 0,34 pour Sy,). Ce résultat peut étre
expliqué par la teneur initiale plus ¢levée d'eau et la réactivité plus faible de la solution Skl
par rapport aux solutions Sk3 et Sn,. En effet, une importante quantité d'eau a éliminer est un
facteur inhibant pour la formation d'oligomeéres et les réactions de polycondensation [13],
justifiant ainsi une énergie plus élevée nécessaire pour la formation des oligomeéres. Pour la

solution Sg3, la plus faible connectivité entre les especes siliceuses favorise la disponibilité
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des ions OH™ [14] et accélere donc la formation d'oligomeres. De plus, le comportement des
mélanges a base de la solution Sy, est di a la différence de taille et de la sphére d’hydratation
des deux cations alcalins. En effet, I'énergie libre d'hydratation des ions Na' qui est supérieure

a K" rend 1'é¢limination de I'eau plus difficile dans le cas du sodium [15].

Ainsi, la disponibilité des espéces alumineuses et siliceuses et la nature de cation

controlent la cinétique et l'énergie nécessaire pour la formation des oligoméres.

2. Type de réseau formé : spectroscopie IRTF in-situ

L’analyse thermique in-situ fournit des informations sur la cinétique de formation mais ne
permet pas d’appréhender l'effet des précurseurs sur 1’évolution des liaisons et les réseaux
formés a I’ordre local. C’est pourquoi les mélanges ont été étudi€és par spectroscopie
infrarouge in-situ. La Figure 9 présente les valeurs de déplacement de la position de la bande
Si-O-M en fonction des valeurs de pente obtenues pour les différents échantillons.
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Figure 9 : variation de la valeur de déplacement de la position de la bande Si-O-M en

fonction de la pente pour les différents échantillons.

En se basant sur des travaux antérieurs [16], il est possible de délimiter des zones
indiquant le(s) réseau(x) formé(s) selon la valeur de déplacement et de la pente. Des valeurs

et > -0,15 cm™/min) renseignent sur la

tres ¢élevées de déplacement et de pente (> 35 cm’
formation de différents types de liaisons chimiques et par conséquent la coexistence de

différents réseaux. Tandis que des valeurs faibles de déplacement et de pente (< 15 cm™ et < -
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0,05 cm™/min) indiquent la formation d’un réseau de type gel. L’intersection de ces deux
zones est associée a la formation d’un réseau géopolymere majoritaire.

En présence de la solution Sk1, et selon la réactivité de métakaolin, il y a formation d’un
ou plusieurs réseaux. Plus le métakaolin est réactif, c¢’est a dire capable de libérer rapidement
les espéces alumineuses et siliceuses, plus la formation de réseau géopolymere est favorisée.
Avec la solution Sg3, quel que soit le métakaolin, la réactivité de la solution favorise la
formation de réseau géopolymere au détriment des autres réseaux. Les especes siliceuses trés
réactives, provenant de cette solution, favorisent la dissolution des métakaolins, méme les
moins réactifs, et facilitent la formation des oligomeres et les réactions de polycondensation.

Les échantillons a base de Sy, sont situés a la limite entre la zone géopolymére et la zone
des gels. Ce résultat ne contredit pas les résultats précédents concernant la réactivité élevée de
la solution Sy,. Les valeurs de pente plus faibles peuvent étre dies a la plus faible diffusion du

cation Na comparé¢ a K ce qui peut ralentir la cinétique de la réaction.

La réactivité des précurseurs est responsable de la formation d’un ou plusieurs réseaux.

3. Taux de la réaction : RMN de *’Al in-situ

Afin d’avoir des informations structurales détaillées sur la formation des géopolymeéres en
fonction de la réactivité des précurseurs, douze mélanges réactifs a base des solutions Sk1 et
Sk3 et les différents métakaolins ont été étudiées par RMN 2’Al a différents temps de la
réaction (0, 2, 6 et 24 heures). Un exemple des spectres obtenus pour 1’échantillon Sk 1M2 est
présenté sur la Figure 10 (A). L’allure des spectres obtenus dépend de la nature du
métakaolin (Figure 4) et de I’interaction avec la solution alcaline. En effet, cette derniére se
traduit d’une part par la consommation de 1’aluminium pentacoordiné et hexacoordiné (Al(v)
et AI™) indiquant la dissolution de métakaolin et d’autre part par ’augmentation de la

contribution de I’aluminium tétracoordiné (AI™))

indiquant la formation de réseau
géopolymere [17, 18, 19]. Afin de comparer les différents échantillons, le taux de formation
d’A1"™) a été tracé en fonction du temps dans la Figure 10 (B) pour deux métakaolins (M1 et

M4) et deux solutions (Sk1 et Sk3) de différentes réactivités.
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Figure 10 : (A) exemple de spectres RMN 274l obtenus a (a) 0, (b) 2, (¢) 6 et (d) 24 heures
pour [’échantillon SxIM4 et (B) d’évolution du taux de formation d’Al"" (Al (IV)H__ Al (W)to) /Al

M) en fonction du temps pour les échantillons (o) SxkIMI, (o) SxIM4, (m) Sk3IMI et (o)
Sx3M4.

Des différences sont mises en exergue en fonction de la réactivité des précurseurs. Par
exemple, l'utilisation d’un métakaolin plus réactif (M4 comparé a MI1) permet une
augmentation importante de la formation des espéces A1™Y) surtout a partir de deux heures de
réaction. De méme, en présence d’une solution plus réactive (Sk3 comparé a Skl), la
formation des A1) semble étre plus facile, plus rapide et plus favorisée. Ces résultats sont en
accord avec les données d’analyse thermique et de spectroscopie IRTF confirmant que la
cinétique et le taux de la réaction dépendent de la réactivité des précurseurs. Le role de la
source d'aluminosilicate est 1i¢ a la disponibilité des espéces d'aluminates réactives (en
particulier AI"™Y) et A1) jouant un réle thermodynamique, tandis que l'influence de la
réactivité de la solution alcaline est d’ordre cinétique. En effet, les especes réactives de la
solution alcaline sont capables d’induire des réactions de polycondensation, méme a partir

d’especes aluminosilicates les moins réactives pour former le réseau géopolymere.

L’évolution structurale du mélange réactif est fortement liée a la réactivité des

précurseurs.
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V. EFFET DES PRECURSEURS SUR LES RESEAUX STRUCTURAUX ET

LES PROPRIETES FINALES

Les spécificités observées au niveau du mécanisme de formation selon la réactivité des
précurseurs utilisés, laissent présager des différences de structure et de propriétés d’usage des

matériaux finaux.
1. Statuts de I’eau et structure poreuse

L’eau, étant un facteur important influengant la structure des matériaux géopolymeres, a
été évaluée par analyse thermique. L'évolution de la perte de masse a 800°C par rapport a la
quantité d’eau présente au sein d’une mole de mélange initial a été tracée en fonction de
I’énergie d’oligomerisation dans la Figure 11. La perte de masse, diminuant quand 1'énergie
augmente, révele que plus la cinétique de formation est rapide, plus 1'eau reste piégée dans les
pores ou liée dans le réseau géopolymere. De plus, il est noté une quantité d’eau plus
importante piégée dans les échantillons a base de solution Sy, par rapport a celles a base de
Sk3 et Skl. Ce résultat peut étre expliqué par la différence de sphere d'hydratation entre les
deux cations alcalins, en effet le cation sodium contient six molécules d’eau alors que le

cation potassium en possede que quatre.
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Figure 11 : évolution de la perte de masse a 800 °C en fonction de [’énergie de formation

des oligomeres.

Afin de mieux comprendre les différences observées par analyse thermique, des tests de

porosimétrie par intrusion de mercure ont été réalisés sur neuf échantillons a base de trois
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métakaolins de différentes réactivités M1, M2 et M5 et les trois solutions Sk1, Sk3 et Sna. La
variation de la porosité et de la taille des pores en fonction des caractéristiques structurales

des métakaolins déterminées par RMN ’Al sont présentées sur la Figure 12.
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Figure 12 : variation de (a) la porosité et de (b) la taille des pores en fonction des

caracteristiques structurales des métakaolins (M1, M2 et M5) en présence des solutions (0)

Sxl, (m) Sx3 et (A) Sy

Deux comportements sont notables a savoir : (i) les échantillons a base de la solution Sk1
de taux de porosité similaires (entre 38 et 40%) mais de tailles de pore différentes (0,007 et
0,01 um respectivement pour Sk1M2 et pour Sk1M1 - SkIMS5) et (ii) les échantillons a base
des solutions Sk3 et S, qui présentent des taux de porosité et des tailles de pores plus faibles
mais variables selon le métakaolin utilisé. En effet, il est noté deux types de porosité 1’une
centrée vers 23% pour les métakaolins M1 et M5 et I"autre vers 32% pour M2. L’effet du
cation alcalin est donc une fois encore souligné. En effet, en se référant a la littérature [14,
20], il a été démontré que ['utilisation d’une solution alcaline de potassium conduit a un
géopolymere présentant une taille de pores plus faible et un nombre de pores plus ¢élevé que
pour un géopolymere a base de solution de sodium a cause des différence de taille et de
mobilité entre les cations. Il semblerait par conséquent que la variation de la distribution et de
la taille des pores résultent de différences de cinétique et de taux de géopolymérisation. Les
especes siliceuses dépolymérisées dans le cas des solutions Sk3 et Sy, induisent la formation
de petits colloides répartis de fagcon homogene entrainant un taux ¢levé de polycondensation,

ayant pour conséquence une faible porosité. Celle-ci est caractérisée par des pores de tailles
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¢levées qui ont coalescé induisant une densification de la structure [21]. Cependant, dans le
cas des échantillons a base de la solution Sk1, la faible réactivité¢ de la solution engendre un
degré de densification moindre et I’existence de plusieurs réseaux. Ainsi, les colloides de plus
grande taille sont formés induisant un taux de porosité plus €élevé constitué¢ de pores de petite
taille.

Ces hypotheéses ont été validées par des observations de microscopie é€lectronique a
transmission réalisées sur les échantillons SxIM1 et Sk3M1 (Figure 13) présentant des
différences de morphologie. L’¢échantillon Sk3M1, plus dense, est formé d’entités plus petites

que I'échantillon Sk 1M1 confirmant ainsi les résultats précédents.

(b)

Figure 13 : micrographies MET des échantillons (a) SxIM1 et (b) Sx3MI.

La réactivité des précurseurs engendre des variations a l’échelle nanométrique et

influence la structure poreuse des matériaux géopolymeéres finaux.

2. Structure locale

Afin d’exacerber plus profondément I’influence des précurseurs sur la structure locale des
matériaux géopolymeres, les échantillons étudiés ont été analysés par spectroscopies RMN-
MAS du 2’Si. Deux exemples de déconvolution des spectres obtenus pour les échantillons
SkIM2 et SnaM3 sont présentés sur la Figure 14 (A). Cing contributions attribuées aux
espéces riches en aluminium (type Q*(4Al) et Q*(3Al)) et des espéces riches en silicium (type
Q*(2Al), Q*(1Al) et Q*(0Al)) [22] sont évidentes quel que soit 'échantillon. Une contribution
supplémentaire a également été identifiée a -111 ppm dans certains échantillons (Figure 14
(A.b)), indiquant la présence d'acide silicique résultant d'un exces d’especes siliceuses n’ayant

pas réagi [23, 24].
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Figure 14 : (A) exemples de déconvolution des spectres RMN-MAS du “°Si des
échantillons (a, b) SxIM2 - Sn.M3 et (B) évolution du rapport (O*(3A1) / autres contributions)
en fonction de la réactivité du métakaolin en présence des solutions (0) Sxl, (m) Sx3 et (A)

Sna-

Les espéces Q*(3Al) étant caractéristiques de la phase géopolymére, elle sera prise comme
référence par rapport aux autres contributions (Annexe IILE). Par conséquent, pour évaluer le
taux de formation du réseau géopolymere par rapport aux autres réseaux potentiellement
formés, la variation du rapport des proportions de la contribution relative a la phase
géopolymere (Q*(3A)) par rapport aux autres contributions, a été tracée en fonction de la
réactivité¢ de métakaolin (Figure 14 (B)). Quelle que soit la solution d'activation utilisée, plus
le métakaolin est réactif, plus la contribution liée au réseau géopolymere est favorisée. Pour

les métakaolins les moins réactifs (M5 et M6), la faible disponibilité de I'aluminium réactif et

64



CHAPITRE III : SYNTHESE DES PUBLICATIONS

la présence de phases cristallines perturbent la formation du réseau géopolymere. Dans le cas
des métakaolins trés purs M3 et M4 (Si/ Al = 1), il est noté une légere diminution du rapport
Q*(3Al) / autres contributions. Malgré leur réactivité élevée, ceci peut étre expliquée par
lI'exceés d'espéces siliceuses qui provoque la formation d'acide silicique entrainant ainsi la
compétition entre les deux réseaux.

Les différences notées entre les différentes solutions soulignent encore la réactivité la plus
¢levée de la solution Sk3 comparée aux solutions Skl et Sn,. En effet, c’est la solution qui
présente la meilleure capacité a favoriser la réaction de polycondensation et donc la formation

du réseau géopolymere.

La réactivité des précurseurs controle les réseaux structuraux et le taux de formation de
la phase géopolymeére. Néanmoins, I’impact de la solution d’activation semble plus

important que celui du métakaolin.

3. Propriétés mécaniques

Les différences structurales entre les matériaux géopolymeres étudiés induisent des
différences de propriétés mécaniques. Une corrélation a été établie entre le taux d’A1™Y)
formé' et les contraintes spécifiques de compression” (Figure 15 (a)). Trois comportements
différents ont été distingués en fonction de la réactivité des précurseurs utilisés :

- Pour I'échantillon Sx1M6, le taux de formation &A1Y

ne dépasse pas 62%, ce qui
induit une faible valeur de contrainte en compression (18 MPa.g™.cm’). Ceci peut étre
expliqué d'une part par la faible réactivité du métakaolin M6 en lien avec la présence de
mullite tel que démontré précédemment et, d'autre part, par la faible réactivité d'attaque de
la solution Skl. Ces facteurs limitant la formation d’Al(IV), inhibent la formation d'une
phase géopolymeére homogene et diminuent donc la résistance mécanique des matériaux
finaux.

- Pour les autres métakaolins, en présence de la méme solution Skl1, la réactivité de la

source aluminosilicate semble favoriser la formation d’A1"Y (de 67% pour SxIM1 a 72%

pour Sk1M2) et améliore les propriétés mécaniques (de 20 MPa.g”.cm® pour SxIMI a 28

" quantité d’A1"™) formée aprés 24 heures par rapport a la quantité d’Al"") initialement présente dans le
métakaolin.
5/ p avec p est la masse volumique des éprouvettes de compression.
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MPa.g"'.cm® pour Sx1M2). La contribution du quartz en tant que renfort est évidente dans
le cas de I’échantillon Sx1MS5 malgré la faible réactivité du métakaolin M5.

- Enfin, les échantillons a base de la solution Sk3 présentent des valeurs élevées de
contrainte spécifique (entre 36 et 41 MPa.g™'.cm?) associées a des taux élevés de formation
des AI™Y (entre 70 et 80%) a l'exception de I'échantillon Sx3M6 (25 MPa. g'.cm’®). Ce
résultat souligne a nouveau la capacité de cette solution a altérer les métakaolins et a
favoriser la formation des AI™). De plus, cette solution engendre des comportements
différents au niveau des phases cristallines présentes dans le métakaolin. En effet,
contrairement au quartz qui peut renforcer la structure, la présence de la mullite perturbe la
réaction de polycondensation, induisant une structure hétérogéne diminuant la résistance

mécanique des matériaux consolidés [25].
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Figure 15 : variation de la valeur de la contrainte spécifique en fonction du (a) taux de

l(lV)

formation des A et (b) des caracteéristiques structurales des métakaolins en présence des

solutions (0) Sx1, (m) Sx3 et (A) Sy

Afin de généraliser ces résultats, I'évolution des contraintes spécifiques de compression en
tenant compte du rapport liquide sur solide (I/s) a été tracée en fonction des caractéristiques
structurales des métakaolins pour les différents échantillons (Figure 15. (b)). La tendance
observée est similaire a celle obtenue dans la Figure 14. (B). Cela met en évidence une
nouvelle fois la dépendance des propriétés mécaniques de la structure locale des matériaux
géopolymeres. Plus la solution est réactive (Sk1< Sn,< Sk3) et le métakaolin est réactif (M6<
M5< M3< M4< M2) meilleures sont les contraintes a la compression. L’effet du rapport

liquide sur solide (I/s) a été aussi mis en exergue. En effet, la quantité du liquide doit assurer
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une maniabilité suffisante dans le mélange sans affaiblir la structure des matériaux finaux

[26].

La réactivité des précurseurs régit le taux de formation de I’aluminium tetracoordinné,
caractéristique de la phase géopolymere, et gouverne ainsi les propriétés mécaniques des

mateériaux consolides.

VI. VALORISATION

Aprés avoir exacerbé les parametres d’influence qui gouvernent le taux de
polycondensation, le désordre structural et les propriétés d’usage des matériaux
géopolymeres, il paraissait intéressant d’extrapoler ces résultats, pour valoriser des maticres
premicres aluminosilicates, exempt d’élément calcium, relativement moins cheres et plus

abondantes.
1. Recyclage des déchets géopolymeres

Dans un contexte de développement durable et compte tenu de 1’augmentation de la
quantité de déchet potentiel de géopolymere pouvant étre générée, leur recyclage a été initié
dans le but d’une valorisation innovante et profitable. En effet, la réutilisation de ces déchets
permet non seulement de les gérer, mais également de réduire la quantité des matieres
premicres utilisées et par conséquent, minimiser le colt et préserver les ressources naturelles.

Cette partie (ACL 4 et ACL 5) est donc consacrée a I’étude de I’effet de I’intégration de
déchet géopolymere broyé, par addition ou substitution dans deux différentes formulations
(SkIMI et Sk3M1), sur le mécanisme de formation et les propriétés d’usage des matériaux
finaux. Une étude de faisabilité¢ a permis de retenir un pourcentage de 20% de déchet ajouté
ou substitué au métakaolin M1, de facon a préserver I’aspect homogene, lisse et brillant
caractéristiques des matériaux géopolymeéres. Ceci est confirmé par la concordance entre
I’aspect des échantillons retenus et leur composition chimique dans le diagramme ternaire Si-
Al-K/O, correspondant a la zone associée aux matériaux géopolymeres relatif au métakaolin

M1 (Figure 16).
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Figure 16 : compositions chimiques des échantillons (0) SxkIMI, (+) SkIM1ysGyo, (¢)
SkIM1;0Goo, (o) Sk3MI, (¢) Sk3M19 sG> et (o) SxkIM1;0Gy> dans le diagramme ternaire Si-
AI-K/O.

Pour mieux comprendre I’effet de ’intégration de géopolymeére broyé sur 1’évolution
structurale des différents échantillons étudi€s, la variation des valeurs de déplacement de la
position de la bande Si-O-M déterminées par spectroscopie infrarouge a ét¢ tracée en fonction
du rapport solide/liquide (S/L) de chaque mélange. La référence est la valeur du rapport S/L
de l'échantillon Sx1M1 (ayant le rapport S/L le plus faible) (Figure 17). En général, les
valeurs de déplacement diminuent avec l'augmentation du rapport S/L. Ce ratio est plus élevé
pour les échantillons a base de la solution Sk3 en raison de sa teneur en eau plus faible.

En présence de la solution Sk1, la substitution de métakaolin par la formulation recyclée de
géopolymere n’a pas d’effet ni sur le rapport S/L (S/L=1) ni sur les valeurs de déplacement
(47 et 44 cm™ pour SkIMI et SkIM103Go2). Cependant, l'insertion de géopolymere broyé
induit I’augmentation du rapport S/L (S/L=1,47) et la diminution de la valeur de déplacement
(27 cm™! pour ’échantillon Sx1M1,0Gg»). Les valeurs élevées de déplacement correspondant
a des faibles rapports S/L traduisent la formation de plusieurs réseaux. Le faible rapport S/L
(quantité de liquide ¢élevée) favorise la mobilité des espéces et augmente par conséquent les
nombres de liaisons et de réseaux formés mais limite la réaction de polycondensation [27].
Néanmoins, dans le cas de la solution Sk3, I’effet de géopolymere broyé et du rapport S/L est
compensé par la réactivité élevée de la solution (28 et 24 cm™ respectivement pour les

mélanges Sk3M1¢sGo2, Sk3M10Go2). Ce résultat confirme la capacité de cette solution a
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gouverner le taux de la réaction quelles que soient les caractéristiques de la source

aluminosilicate brute ou recyclée.
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Figure 17 : valeur de déplacement de la position de la bande Si-O-M en fonction du
rapport solide / liquide (S/L) pour les échantillons (0) SxIMI, (¢) SxIMlysGo, (¢)
SxkIM1;Gy;, (o) Sk3MI, () Sk3M19sGy; et (@) SkIMI,;Gy>.

L'influence de déchet géopolymeére sur les propriétés mécaniques a été évaluée par des
tests de compression. La variation des valeurs de contrainte de compression en fonction de la
déformation pour les deux compositions est présentée dans la Figure 18. Quel que soit
I'échantillon, un comportement ¢élastique et une rupture fragile sont observés.

L’intégration de géopolymere broyé par addition ou par substitution induit une diminution de
la valeur de contrainte de compression respectivement de 45 MPa pour Sk1MI1 a 25 et 22
MPa pour SxIM1;Gor et Sk1M1psGoo (Figure 18 (a)). Ce résultat est di a la faible
réactivité du géopolymere broyé comparé au métakaolin [28].

Cependant, dans le cas de la composition Sk3M 1, ’addition de géopolymere broyé semble ne
pas affecter les propriétés mécaniques (69 et 67 MPa pour Sg3MI et Sg3MI, ¢Go2
respectivement). Par contre, la substitution induit une légeére diminution des contraintes en
compression (58 MPa pour Sx3M1,3Go2) (Figure 18 (b)). Ceci est 1i¢ a I'utilisation d'une
solution alcaline plus réactive (Sk3). En effet, celle-ci est capable de contrebalancer la faible
réactivité¢ de géopolymere broyé et gouverner ainsi les propriétés mécaniques comme il a été

démontré précédemment.
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Figure 18 : évolution des valeurs de contrainte de compression en fonction de la
déformation pour les échantillons (a) (—) SkIMI1, (—) SxIM1; Gy et (-—) SkIM1sGy,; et
(b) (—) Sk3M1, (—) Sk3M1,,0Go2 et () Sk3M 105G 2.

1l est possible de réintégrer le déchet géopolymeére par addition ou par substitution dans
une formulation a hauteur de 20%. La faible réactivité d’un géopolymére recyclé peut étre

contrebalancée par la réactivité élevée de la solution activatrice.

2. Valorisation d’une argile tunisienne

La Tunisie est parmi les pays qui ont de nombreux gisements d'argile qui restent jusqu’a
présent non enti¢rement exploités, tel que le gisement d’argile de Medenine situé¢ au sud
tunisien. L’évaluation de la possibilité de formuler des liants géopolymeres a base de cette
argile a fait I’objet des travaux de Essaidi et al. [29]. En continuité de ces travaux, cette partie
(ACL3) vise a optimiser les formulations déja établies et les propriétés d’usage
correspondantes. Une étude de faisabilité a permis de sélectionner cinq mélanges qui ont été
synthétisés a partir de métakaolin M3, d’argile calcinée Me ou de mélanges mixtes en
présence de la solution Sk 1. Le rapport Si/K de la solution varie de 0,4 a 0,7 (Annexe II-B).

Afin de comparer la réactivité des deux mati¢res premieres utilisées, leurs principales
caractéristiques physicochimiques et structurales sont reportées dans le Tableau 1. La faible
réactivité de 1’argile Me comparée au métakaolin M3 a ét€ mise en exergue par le rapport

Si/Al élevé, la faible valeur de mouillabilité associée au pourcentage de phase amorphe et
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compte tenu de sa composition minéralogique contenant des impuretés (quartz, hématite et

illite).

Tableau 1 : principales caractéristiques physicochimiques et structurales des sources

aluminosilicates utilisées

source aluminosilicate M3 Me
Si/Al 1,00 2,33
phase amorphe (%) 98 25
mouillabilité (uL/g) 1010 600
composition minéralogique Meétakaolinite Métakaoliﬁléii;g}[l:rtz, illite,

La différence de réactivité entre les deux précurseurs aluminosilicates laisse présager des
différences structurales et microstructurales entre les différents matériaux de type liant
géopolymere synthétisés.

Le diffractogramme relatif & I'échantillon Sx1%*Me (Figure 19 (a)) montre un léger dome
centré a environ 28° (20), caractéristique d'une 1égére amorphisation, et la persistance des
phases cristallines, initialement présentes dans 1’argile Me, telles que l'illite, le quartz et
I'hématite. Cependant, I’augmentation du la proportion du métakaolin M3 (Figure 19 (b, ¢, d,
e)) induit une augmentation de l'intensit¢ du dome amorphe et une diminution des intensités
des phases cristallines. Cette variation indique une restructuration du matériau suite a
I'augmentation de la quantité des especes aluminosilicates plus disponibles.

En outre, pour une méme proportion du métakaolin dans un mélange a base de solution
alcaline de rapport molaire (Si/K) de 0,5 au lieu de 0,7 (SK10’7M30,50M60,50 VS.
SKIO’5 M3, 50Meo 50), une amorphisation plus prononcée est notable. Ceci est dii a la réactivité
plus élevée des espéces dépolymérisées libérées de la solution alcaline de rapport Si/K plus
faible, favorisant ainsi la dissolution de la source aluminosilicate et donc la réaction de

polycondensation.
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Figure 19 : diffractogrammes des échantillons (a) SK10’4Me, (b) SK10’7M30,25M60,75, (c)

Si1%" M3y 50Meg 5o, (d) Sx1”’ M3 50Mey 5o et () SxIM3. PDF files (Q: Quartz (01-085-0865), I: Illite
(00-009-0343), H: Hématite (00-003-0812)).

Les micrographies MEB (Figure 20) confirment ces résultats. La faible réactivité de
I’argile Me (Sk1%*Me), due au faible teneur en phase amorphe et a la présence accentuée des
phases cristallines résistantes a 1’attaque alcaline, induit une structure hétérogene. Une
microstructure plus homogeéne, visible dans le cas de I’échantillon SK10’7M30,50M60,50, résulte
de la substitution de I’argile par le métakaolin intégré. Une meilleure densification et une
homogénéisation de la structure sont notées pour 1’échantillon SK10’5M3O,5oMeO,50 (Figure 20

(c)). confirmant I’impact plus important de la solution d’activation.

(b) (c)
- -

Figure 20 : micrographies MEB des échantillons (a) SxI”‘Me, (b) Sx1”"M3,soMey sy et
(¢) Sx1" M3 50Mey 5.
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Les différences structurales et microstructurales résultant des différences de composition
chimique entre les mélanges étudiés influencent les propriétés mécaniques. Pour corréler les
propriétés mécaniques et la composition chimique, 1'évolution des valeurs de contrainte
spécifique de compression et de module d'Young a été tracée en fonction du rapport molaire

ng; / (ng + naj) dans la Figure 21.

30 3,5

5 S,105M3, Me, 5 L3
2 254 7 ’ "
e - ~_
£ L 2,5 &
=3 20 0,7 \w/
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Figure 21 : évolution des valeurs de contrainte spécifique de compression et de module
d'Young en fonction du rapport molaire ns; / (nx + nyy) pour les différents échantillons
etudies.

Les valeurs de contrainte de compression et de module d’Young augmentent avec le

rapport ns; / (ng + nuj) jusqu'a une valeur optimale de 0,8 puis diminuent.
Les faibles propriétés mécaniques associées au faible rapport ng; / (ng + nuj) dans le cas de
I’échantillon Sx1%*Me, peut étre expliqué par (i) la faible teneur en aluminium et en silicium
réactifs dans 1’argile Me et (ii) 1’alcalinité trop forte de la solution d’activation (Si/K=0,4).
Ces deux facteurs limitent la réactivité des précurseurs qui influence directement le taux de
polycondensation de la réaction et les propriétés mécaniques, comme il a été démontré
précédemment.

L’augmentation de la proportion de métakaolin et du rapport Si/K a 0,7 dans les mélanges
SK10’7M30,25M60,75 et SK10’7M30,50M60,50 augmente la valeur du rapport ng; / (ng + npj) et
améliore 1égerement les propriétés mécaniques. Néanmoins, la diminution du rapport Si/K a
0,5 dans le cas de I’échantillon SKIO’5 M3 50Mey 50 induit une augmentation significative de la
résistance mécanique comparable méme a celle de 1’échantillon de référence a base de
métakaolin seul (Sk1M3). Ce résultat est en accord avec les données structurales et

microstructurales.
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En résumé, selon la proportion de la substitution de I’argile Me par le métakaolin M3 et le
rapport Si/K de la solution, plusieurs réseaux peuvent étre formés a savoir, un réseau de type
géopolymere et un réseau silicaté intégrant les minéraux associés ne participant pas a la

réaction de polycondensation, mais simplement collés par la solution alcaline.

1l est donc possible d’obtenir un matériau avec des propriétés mécaniques satisfaisantes
a base de D’argile de Médenine, en substitution du métakaolin a hauteur de 50% avec une
solution alcaline de rapport (Si/K=0,5). Ce résultat est important puisqu’ il confirme le role

de la réactivité des précurseurs et I’effet prépondérant de la solution alcaline.

VII. MODELE DE REACTIVITE

L’ensemble des résultats obtenus concernant les parameétres qui régissent la réactivité des
maticres premicres, le mécanisme de formation, la structure et les réseaux finaux ont permis
d’établir un modele de réactivité, en fonction des matieres premicres utilisées (Figure 22).
Trois solutions alcalines et trois métakaolins typiques ont été¢ choisis pour représenter les
différents scénarios envisageables modélisant les interactions, les mécanismes de formation,

la structure poreuse et les réseaux susceptibles d’étre formés :

e Skl représente la solution potassique peu réactive caractérisée par un taux d’eau

¢levé, une concentration en alcalin [M] et un nombre d’atomes d’oxygeéne non
pontants faibles et une quantité importante d’especes siliceuses sous forme de cycles.

e Sk3, une solution potassique trés réactive caractérisée par un taux d’eau faible et une

prépondérance des especes dépolymérisées, des chaines et des monomeres.

® Sna, une solution sodique réactive dont les différences de caractéristiques de cation
alcalin (taille, hydration, diffusion) engendrent un comportement différent au contact

de la source aluminosilicate.

* Le métakaolin M2 représente la source aluminosilicate tres réactive ayant une valeur
de mouillabilité, un taux d’amorphe et un taux d’Al" élevés en plus d’une quantité

d’impuretés faible (muscovite, anatase quartz).

* Le métakaolin M5 représente la source aluminosilicate peu réactive et riche en
impuretés telles que 1’hématite, la calcite et le quartz.

» Le métakaolin M6 représente la source aluminosilicate peu réactive contenant la

mullite et la muscovite.
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(1) En présence d’une solution potassique peu réactive (cas de la solution Sk1) :

» La faible réactivité des especes siliceuses provenant de la solution alcaline peut étre
contrebalancée par la réactivité élevée de la source aluminosilicate (cas du métakaolin
M?2), dont les especes siliceuses et alumineuses passent facilement en solution. Cela
permet de favoriser la dissolution et par suite la formation des oligomeéres. Le matériau
final est majoritairement formé d’un réseau géopolymeére, avec la possibilité de
formation d’acide silicique résultant des especes siliceuses qui n’ont pas réagi.

» La faible réactivité de la solution alcaline associée a la faible réactivité de la source
aluminosilicate (cas des métakaolins M5 et M6), provoquent une dissolution
incomplete et une formation lente des oligomeres. Ceci implique la formation de
différents réseaux, a savoir le réseau géopolymere et les impuretés piégées au sein
de la solution alcaline. Les impuretés provenant de la source aluminosilicate
montrent trois comportements différents: (i) les impuretés, telle que la muscovite, qui
participent a la réaction c'est-a-dire qui peuvent étre dissoutes, enrichissant le mélange
réactif en especes siliceuses et alumineuses, (ii) les impuretés inertes, tel que le quartz,
qui ne participent pas a la réaction mais qui renforcent la structure du matériau final,
(i11) les impuretés, telle que la mullite, qui perturbent la réaction a cause de leur
résistance ¢élevée a ’attaque alcaline, présentant donc une source de faiblesse dans le

matériau final.

Quel que soit le métakaolin, la structure est constituée de colloides de taille élevée

induisant une porosité élevée et une taille de pore faible.

(i1) En présence d’une solution potassique trés réactive (cas de la solution Sg3) :

Les espéces réactives de la solution alcaline sont capables de favoriser le mécanisme de
formation (dissolution, formation des oligomeres et polycondensation), méme a partir des
especes aluminosilicates les moins réactives. Un réseau géopolymere parfait est obtenu dans
le cas de métakaolin réactif (M2). Pour les métakaolins, moins réactifs (M5 et M6), le réseau
majoritaire final est de type géopolymere et le réseau minoritaire est a base d’impuretés. Ceci
conduit a la formation de colloides de petite taille, donc la porosité résultante est faible (plus

faible dans le cas de M5 et M6 comparée a M2) et la taille de pore est élevée.

(ii1) En présence d’une solution sodique réactive (cas de la solution Sy,) :
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La dissolution et la formation des oligomeres sont favorisées quel que soit le métakaolin.
Dans le cas du métakaolin M2, la diffusion plus faible du cation Na accentue la dissolution
incongruente du métakaolin et I’encombrement stérique au sein du mélange. Par conséquent,
le réseau résultant serait constitué par un réseau géopolymere plus désordonné. Alors que,
différents réseaux sont formés dans le cas des métakaolins M5 et M6 avec une prédominance
de réseau géopolymere. Les colloides formés sont de petites tailles ce qui engendre une
porosité faible et une taille des pores élevée accentuée par la faible réactivité du métakaolin.

Ces différents mécanismes permettent de (i) controler la réaction de géopolymérisation et
les réseaux structuraux résultant d’ordre local et de (ii) prédire ainsi les propriétés d’usage

quelles que soient la source aluminosilicate et la solution alcaline.
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Figure 22 : représentation schématique de la formation, de la structure poreuse et des réseaux finaux en fonction de la réactivité des

matieres premieres M2, M5 et M6 en présence des solutions (A) Skl (B) Sk3 et (C) Sna.
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Publication 1 (ACL1)

A. Gharzouni, E. Joussein, S. Baklouti, S. Pronier, I. Sobrados, J. Sanz, S. Rossignol

“The effect of an activation solution with siliceous species on the chemical reactivity and

mechanical properties of geopolymers”

J. Sol-Gel Sci. Technol.73 (2015) 250-259.

Les précurseurs sont des parametres cruciaux qui influencent le mécanisme de
géopolymérisation vu qu'ils gouvernent la cinétique de la réaction ainsi que les propriétés
d'usage des matériaux finaux. Cette étude porte sur l'effet des solutions alcalines sur la
formation des matériaux géopolymeres. Pour le faire, plusieurs échantillons ont été
synthétisés a partir d’'un métakaolin et cinq solutions alcalines. Tout d'abord, les solutions ont
¢té caractérisées par analyses thermique et thermogravimétrique (ATD-ATG), spectroscopie
infrarouge et spectroscopie par résonance magnétique nucléaire (RMN de 2Si). L'évolution
structurale des géopolymeres formés a été étudiée en utilisant la spectroscopie infrarouge. Les
propriétés mécaniques ont été évaluées par des tests de compression. Les résultats obtenus ont
mis en exergue une corrélation entre la composition chimique, le degré de dépolymérisation
des solutions alcalines, la cinétique de la substitution des liaisons Si-O-Si par des liaisons Si-
O-Al et la résistance a la compression. En effet, pour une source d'aluminosilicate donnée, la
nature et la quantité des especes siliceuses dans la solution d'activation induisent une
différence de réactivité et conduisent, par conséquent, a la formation de différents réseaux qui

controlent la cinétique de formation des géopolymeres et leurs propriétés mécaniques.
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Abstract Precursors are critical parameters in geopoly-
merization mechanisms because they govern the reaction
kinetics as well as the working properties of the final
materials. This study focuses on the effect of alkaline
solutions on geopolymer formation. Toward this end,
several geopolymer samples were synthesized from the
same metakaolin and various alkaline solutions. First, the
solutions were characterized by thermogravimetric analysis
as well as DTA-TGA, infrared spectroscopy, and MAS-
NMR spectrometry. The structural evolution of the formed
geopolymers was investigated using infrared spectroscopy.
The measurement of mechanical strength was tested by
compression. The results provide evidence of relationships
between the chemical composition, the extent of depoly-
merization of the alkaline solutions, the kinetics of Si—-O-Si
bond substitution by Si—-O-Al and the compressive
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strength. For a given aluminosilicate source, the nature and
the quantity of siliceous species in the activation solution
appear to lead to variation in the reactivity and, conse-
quently, to the formation of various networks that control
the kinetics of formation of geopolymers and their
mechanical properties.

Keywords Si/K ratio - Alkaline solution -
Depolymerization - Siliceous species - 2°Si MAS-NMR -
TEM

1 Introduction

The development of new economical construction materi-
als with low energy consumption and good environmental
compatibility remains a current global challenge. Geo-
polymer materials have garnered increasing interest
because of their synthesis methods, high working perfor-
mance [1], wide range of applications [2] and low envi-
ronmental impact [3]. Their properties make them a
promising alternative to ordinary Portland cement. Geo-
polymer binders are amorphous, three-dimensional mate-
rials that result from the activation of an aluminosilicate
source, such as metakaolin, calcined clay or industrial
waste activated by an alkaline solution at a temperature
less than 100 °C [4]. The choice of precursors is a critical
parameter in geopolymerization mechanisms because it
governs the properties of the final materials.

The role of aluminosilicate precursors has been exten-
sively studied. Previous studies have focused on the nature
of the raw materials, the influence of the impurities [5] and
the effect of the calcination temperature [6]. Metakaolin is
the most commonly used raw material because of its high
reactivity and purity [7]. Recently, Autef et al. [8] studied
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different Metakaolin in terms of reactivity, dehydroxyla-
tion process, amount of imputities have proposed a model
of material formation based on the properties of the me-
takaolin used. Their model highlights the role of metaka-
olin reactivity in the presence of an alkaline solution,
where this activity leads to the formation of one or more
networks. These nanostructure variations influence the
mechanical properties of the obtained materials.

The activating solution has been the subject of several
studies. The nature of the alkali cation affects the geopo-
lymerization reaction and the working properties of the
consolidated materials. Geopolymers based on potassium
exhibit better thermal and mechanical properties because of
the larger size of the potassium ion compared to that of the
sodium ion [9]. The concentration of silicon in the acti-
vating solution (the Si/M " ratio, where M" = Na™, K*,
...) plays an important role in the incorporation of alumina
into the matrix [10].

Elucidation of the interaction of the alkaline solution
with the aluminosilicate source requires that the structure
of the silicate solution be defined. These products are
manufactured by fusing silica with an alkali carbonate or
sulfate at high temperatures. They have been widely
studied; however, their chemistry has remained complex
because of the variety of oligomeric silicate anion forms
(monomer, linear, cyclic, prismatic, etc.) [11]. Infrared and
»8i muclear magnetic resonance spectroscopies (MAS
NMR) contribute to the elucidation of the structure of sil-
icate solutions. The structure is traditionally described with
the notation Q" [12] where Q represents the silicon atom
coordinated to n bridging oxygen atoms and (4-n) non-
bridging oxygen atoms in a tetrahedral environment.

Previous reports have demonstrated the existence of cor-
relations between infrared wavenumber values and the Q"
units. Numerous infrared studies [ 13, 14] on silicate solutions
have shown that bands located at approximately 1,060, 1080
and 1,165 em™" are attributable to the Si-O-Si asymmetric
stretching generated by Q% Q* and Q units, respectively.

Even if the aluminosilicate structure is understood, data
concerning the role and reactivity of the silica alkaline
solution in geopolymer synthesis is lacking. The aim of this
work was to analyze five alkaline compositions based on
different commercial silicate solutions with different initial
Si/K molar ratios and to investigate their influence on the
properties of the synthesized geopolymers.

2 Experimental
2.1 Sample preparation

Five commercial potassium silicate solutions supplied by
Woellner® were denoted as SO, S1, S2, S3 and S4 and were
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Table 1 Nomenclature and Potassium silicate solutions
characteristics of raw materials

Nomenclacture  Si/K  Si/H,O

S0 1.56 0.05

S1 1.75 0.05

52 1.52 0.09

53 0.67 0.09

S4 045 0.10

used as starting solutions. Table | details the Si/K and Si/
H>0O molar ratios of each solution.

Because a comparison of solutions with different
parameters is difficult, the Si/K molar ratio of the five
solutions was maintained at Si/K = 0.5. To maintain the
Si/K ratios, we dissolved different amounts of potassium
hydroxide pellets (VWR, 85.2 % pure) into the S0, S1, S2
and S3 solutions. For S4 solution, very fine and highly
reactive amorphous silica (Aldrich, 99.9 % pure) was dis-
solved into the solution to increase the concentration of Si
because of its low Si/K ratio (Si/K = 0.45). The obtained
modified alkaline solutions were denoted S.;,0, Sp,1, Sp2,
Sm3 and Sp4. Metakaolin M-1000, supplied by Ime:ryefE
and composed of 55 wt% Si0,, 40 wt% Al,O;, 0.8 wt%
(K;0 + Na,0), 14 wt% Fe 05 1.5 wt% TiO, and
0.3 wt% (CaO + MgO), was used as aluminosilicate
source. Syntheses were performed by mixing the metaka-
olin and the five modified alkaline solutions until obtaining
homogenous geopolymer reactive mixtures. The composi-
tions of the different mixtures are reported in Table 2.
Then, samples were placed in cylindrical closed sealable
polystyrene molds at room temperature (25 °C) for 7 days.
The synthesized geopolymer materials were denoted as GO,
Gl, G2, G3 and G4.

2.2 Characterization

To characterize the starting and modified silicate solutions,
differential thermal analyses (DTA) and thermogravimetric
analyses (TGA) were performed in platinum crucibles
using an SDT Q600 apparatus from TA Instruments in an
atmosphere of flowing dry air (100 mL/min). The signals
were measured with Pt/Pt-10 % Rh thermocouples. The
different solutions were heated to 350 °C at a rate of 5 °C/
min.

FTIR spectra were obtained on a Thermo Fisher Sci-
entific 380 infrared spectrometer (Nicolet) using the
attenuated total reflection (ATR) method. The IR spectra
were recorded over a range of 400-4,000 cm ' with a
resolution of 4 em ™', The atmospheric CO, contribution
was removed via a straight-line fit between 2,400 and
2,280 cm~'. To monitor the geopolymer formation (G
samples), software was used to acquire a spectrum (64

| Springer
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Table 2 Nomenclature and composition of the different prepared mixtures

Mixtures Silicate solutions KOH (wt%) Si0; (wt%) MK (wt%) (Si*H-O)/(K + Al)
GO S0 50.7 10.3 - 39.0 0.81
Gl S1 50.7 10.3 - 39.0 0.83
G2 S2 48.4 14.4 - 372 0.71
G3 S3 537 51 - 41.3 0.68
G4 S4 55.6 - 1.6 42.8 0.64

scans) every 10 min for 13 h. For comparison, spectra were
baseline corrected and normalized [15].

High-resolution MAS-NMR experiments were per-
formed at room temperature on a Bruker AVANCE-400
spectrometer operating at 79.49 MHz (*Si signal). The
8 (1 = 1/2) MAS-NMR spectra were recorded after a m/
2-pulse irradiation (4 ps) using a 500 kHz filter to improve
the signal/noise ratio. In each case, 400 scans were col-
lected. The time between acquisitions was set to 10 s to
minimize saturation effects.

Compressive strengths were tested using a LLOYD
EZ20 universal testing machine with a crosshead speed of
0.1 mm/min. The compressive tests were performed on ten

Heat flow (uv/mg)

25 75 125 175 225 275 32
Temperature (°C)

Heat flow (uv/mg)

25 T . . .
25 75 125 175 225 275 325
Temperature (°C)

Fig. 1 DTA (a. ¢) -TGA (b, d) curves of (A) (dashed line) SO, (solid
line) 81, (line with double filled circle) S2, (filled circle) S3 and (line
with single filled cirele) S4 starting solutions and (B) (solid line) S,,0,
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samples for each composition. The values of compressive
strength represent the average of the ten obtained values and
are expressed in MPa. Test tubes used for the compression
tests were cylindrical in shape with a diameter (®) of
15 mm and a height (h) of approximately 35 mm [16] and
were aged for 7 days in a closed mold at room temperature.

Finally, the morphology and chemical composition of
each phase of two representative geopolymer samples were
characterized by transmission electron microscopy (TEM)
using a TEM/STEM JEOL 2100 UHR microscope operated
at 200 kV. The elementary particle composition was
determined by energy-dispersive X-ray analysis (EDX).
Samples were deposited onto a Cu grid.

I=3

Weight (%)
L g =1

: T )
25 75 125 175 225 275 325
Temperature (°C)

70

Weight (%)
z 2

.;_
=

w
S

=
S

25 75 125 175 225 275 325
Temperature (°C)

(dashed line) Sy, 1, (line with double filled circle) S.,2, (filled circle)
Sw3 and (line with single filled circle) 8,4 modified solutions



CHAPITRE IV : PUBLICATIONS

J So0l-Gel Sci Technol (2015) 73:250-259

253

3 Results and discussion
3.1 Characterization of alkaline silicate solutions
3.1.1 Starting solutions

A preliminary characterization was performed using ther-
mal analyses, infrared spectroscopy and *Si MAS-NMR to
compare the starting silicate solutions used. Figure 1A (a,
b) present the heat flow and the weight loss of the five
solutions (S0-S4) as a function of temperature from 25 to
325 °C. The perturbations of the heat-flow signal observed
at approximately 125 °C do not indicate that the obtained
signals are not representative of the samples because they
are characteristic of phenomena caused by the ebullition of
the solution [17].

Irrespective of the solution, several endothermic peaks
at varying temperatures less than 200 °C are observed. In
the case of S0, the first two peaks at approximately 40 °C
(I) and 95 °C (II) correspond to a relatively high weight
loss (56.7 %), which is attributed to the elimination of free
and physically adsorbed water [18]. The third peak at
114 °C (III), which is associated with a smaller weight loss
(14.9 %), is related primarily to the release of constitu-
tional water. The fourth peak at 175 °C (IV) corresponds to
a weight loss of 3.4 %, which may be due to reactions in
the ionic liquid between the oligomers [19]. The S1 solu-
tion exhibited similar heat-flow and weight-loss profiles,
which indicates that SO and S1 have similar structures. This
result was expected because the two solutions have the
same Si/K molar ratio.

In the case of the S2 solution, the same phenomena are
observed. The main difference is that the third endothermic
peak is more pronounced and is accompanied by a greater
weight loss (18.3 %). This greater weight loss can be
explained by the size of the anions present in the solution,
which is intimately linked to the concentration of Si, as
previously demonstrated in the literature [20]. Indeed, S2
has a lower Si/K ratio and a higher concentration of Si
compared to S1 and SO, which results in a greater average
colloidal species. Thus, water can be easily trapped in the
structure. This phenomenon is observed less often for S3
and S4 solutions, revealing that these solutions contain
smaller species than the SO, S1 and S2 solutions. This
hypothesis remains to be confirmed by 2*Si NMR.

Furthermore, differences were detected in the amount of
water in the starting solutions. The water content, as eval-
vated from TGA curves, decreases in the order S0
(75 %) = S1(74.9 %) > S2 (63.1 %) > S3(52.1 %) > S4
(43.9 %). These differences can be explained by the Si/K
molar ratios, which decrease in the same order (Table 1). In
fact, the increase in the amount of K,O in the silicate
solution promotes the formation of non-bridging oxygen.
Consequently, the amount of water required during the
manufacture of the corresponding geopolymers decreases.

Infrared spectroscopy was utilized to investigate the
structure of each silicate solution. The infrared spectra
recorded in the 4,000-1.400 cm ' range are presented in
Fig. 2Aa. Irrespective of the solution, the —OH and water
bending vibrations are observed at approximately 3,300
and 1,650 cmfl, respectively. The decrease in the inten-
sities of these bands from SO to S4 is in agreement with the

(A)

(a) (b)

3900 3400 2900 2400 1900 1400 1300 1200 1100 1000 900 800 700

Wavenumber (cm™') Wavenumber (cm™')

(B)

(c) (d)

; ‘ T - .-jk ' - . : . . )
3900 3400 2600 2400 1900 1400 1300 1200 1100 1000 900 800 700

Wavenumber (cm-')
Fig. 2 FTIR spectra of (A) (a, b) (dashed line) S0, (solid line) S1,

(line with double filled circle) S2, (filled circle) 83 and (line with
single filled circle) S4 starting solutions and (B) (¢, d) (dashed line)

87

Wavenumber (em™')

Sa0. (solid line) Sy,1, (line with double filled circle) S.,2, (filled
circle), 8,3 and (line with single filled circle) S,4 modified solutions
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Table 3 Main vibration bands of 80, S1, 82, 83, 54 starting silicate
solutions

Band positions on silicate solutions spectra Attribution

(em™")

S0 S 52 S3 S4

1160 L160 1160 - - v Si-0-Si QY

1,105 1,105 1,105 = = Vi Si-0-Si (Q%)

1.010 1.010 1.008 976 962 Vae Si-0-8i (Q%)
= = - 918 900 v, Si-O-Si Q"
_ - ~ 820 976 v, Si-0-Si Q")

previously discussed thermal analysis results. These dif-
ferences primarily suggest that the silicate solutions have
variable compositions in terms of siliceous species. Fig-
ure 2Ab presents the infrared spectra of the solutions in the
1,300-700 cm™! range to focus on the Q" contributions of
the siliceous species. The bands and their assignments are
detailed in Table 3. The characteristic vibration bands of
the Si-O-Si bond are located at approximately
1,200-1,000 cm ™" [21]. A comparison between the spectra
provides evidence of the presence of various silicon envi-
ronments. For the SO and S1 solutions, the bands at 1,160,
1,105 and 1,010 cm™" are asymmetric stretching vibrations
characteristic of $i-0-Si (Q%), $i-0-Si (Q*) and Si—O-Si
(Q%), respectively [19]. The S2 spectrum exhibits a similar
trend, with a slight shift to lower wavenumbers. In the case
of the S3 and S4 solutions, only bands with characteristics
of v, S$i—0-Si (Q%), V.. Si-0-Si (Q") and v, Si-0-Si (Q%)
at approximately 976, 916 and 819 cm ', respectively, are
observed. The Q' and Q contributions appear to be more
intense in the case of the S4 solution. Therefore, a decrease
in the Si/K molar ratio of the silicate solution (Table 1)
induces an increase in the formation of lower-order sili-
ceous species (Q] and QU} to the detriment of higher-order
species (Q%, Q* and Q%) [22].

The most efficient technique for providing additional
details about the molecular structure is **Si MAS-NMR.
The *?Si NMR spectra of the starting solutions are plot-
ted in Fig. 3a. The shifts at —72, —80, —88, —97 and
—106 ppm are assigned to Q% Q' Q% Q* and Q%
respectively [23]. Broad bands associated with Q*, Q? and
Q7 species are observed in the spectra of the S0, S1 and S2
solutions. The broad peaks are mainly due to a continuous
range in the number of bridging oxygen atoms, with dis-
torted sites having bonding characteristics between those of
the well-defined tetrahedra in a silicate crystal [24]. In the
$3 and $4 solutions, Q% Q' and Q" predominate, whereas
Q" is totally absent. Furthermore, the appearance of Q* and
Q' cyclic species are observed [25]. Thus, the *°Si NMR
results indicate that the SO, S1 and S2 solutions are similar
in structure and contain condensed siliceous species.

@ Springer
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Fig. 3 Spectra of *’Si MAS-NMR of (A) S0, SI, S2, S3 and S4
starting solutions and (B) S,,0. S;,1. §,2. 5,3 and S,4 modified
solutions

However, the S3 and S4 solutions appear to be more de-
polymerized in comparison with the other solutions.

To confirm the thermal data, the amount of water in each
solution, as estimated from the TGA analyses, is plotted as
a function of the intensity ratio of the Q%Q? contributions
determined by NMR and the number of non-bridging
oxygen per tetrahedra (i.e., the NBO/T ratio), as calculated
from the chemical composition of the starting solutions
(NBO/T = (2 x K,0)/510,) [26] (Fig. 4). As expected,
the amount of water in the silicate solution decreases with
an increase in depolymerized species (i.e., at a high Q*/Q°
ratio) following an increase of non-bridging oxygen.

In summary, the existence of several contributions to the
Si—O-Si band in the silicate solutions can be linked to the
Si/K molar ratio of the solution. In fact, as the SI/K ratio
decreases, the solution becomes more depolymerized.
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Fig. 4 Evolution of the amount of water, estimated from TGA
analysis, in function of (filled triangle) the intensity ratio of the
contributions QEIQ“ determined by NMR and (filled square) the
calculated number of non bridging oxygen per tetrahedra (NBO/T) for
each starting solution

These results are in agreement with those obtained by
Autef et al. [21], who studied different solutions prepared
with various Si/K ratios by dissolution of amorphous silica
in an alkali solution (water + KOH). The differences in
terms of siliceous species and the degree of depolymer-
ization between silicate solutions will induce different
reactivities.

3.2 Modified solutions

A similar characterization was performed on the modified
solutions (8,0 — S, 4). The DTA-TGA curves, plotted in
Fig. Ib, show similar profiles and highlight few changes
compared to the curves of the starting solutions. The same
endothermic phenomena (I, 11, IV) previously discussed are
distinguished, except for the third peak at 115 °C (III),
which is very weak and close to nonexistent. The intensi-
ties of the peaks and the weight loss were accompanied by
decreases [S;,0 (66.2 %), Si,1 (67.0 %), S22 (53.4 %), Si3
(52.1 %)]. These changes reveal that the addition of KOH
in SO, S1, S2 and S3 causes dissociation of colloids that
were initially present in the solution, which induces water
consumption [27]. Hence, a smaller amount of water is
released from the solutions. The trends in the heat-flow and
weight-loss curves of S,,4 are the same as those observed
for S4 becanse KOH was not added to the S4 solution.
Solution S,,4 is already depolymerized because of its large
amount of K,0.

The infrared spectra of the modified solutions (Fig. 2B)
show similar profiles. The relative absorbance of the vOH
(3.300 em™") and 8H,0 (1,650 em™") bands in the spectra
of the S,,0 and S;;,1 samples are slightly more intense than
those in the spectra of the other solutions (Fig. 2Bc). This
fact can be explained by the large amount of water in the

&9

S0 and S1 starting solutions. Furthermore, the decrease in
the absorbance intensities relative to those observed in the
spectra of the starting solutions (Fig. 2Bc) confirms the
results obtained from thermal analysis (see below). At the
same time, for the S,,0, S.1 and S,,2 modified solutions,
the band characteristic of asymmetric stretching vibrations
of Si—-0-Si (Q") disappeared, the band characteristic of
Si-0-Si (Ql) shifted from 1,015 to 980 cm ' and new
bands related to $i—O-Si (Q") and Si—0-$i (Q") appeared.
In the case of the spectrum of S.,3, the band intensities of
Si-0-Si (Q") and Si-0-Si (Q% increased compared to
those in the spectrum of S3. Finally, the IR spectrum
profile of S;,4 was the same as that of S4. Therefore, the
nucleophilic attack by KOH breaks the Si-O-Si bonds to form
Si—O-K bonds, which leads to the formation of non-bridging
oxygen atoms and depolymerizes the solution [28].

To further assess the effect of the addition of KOH to the
starting solutions, 2°Si NMR analysis was performed
(Fig. 3b). The data highlight similarities between the sili-
ceous species present in the modified solutions. Compared
with the spectra of the initial solutions, those of the mod-
ified solutions exhibit narrower peaks, reflecting less dis-
torted networks. The disappearance of the Q* species was
also observed, as well as a strong decrease in the amount of
Q* species and the appearance of Q% and Q' cyclic species,
especially in the cases of S0, S;,1 and S,,2.

In conclusion, the type of siliceous species present in a
potassium silicate solution depends on the Si/K ratio. Upon
the addition of KOH, the bonds between the condensed
silicon species in the initial silicate solution are destroyed.
Hence, the amounts of potassium ions and free silicate
species increase, leading to the formation of lower-order
species, which are more reactive, as previously reported by
Liabau [29].

3.3 Mixtures of alkaline solutions and metakaolin

To exacerbate the reactivity of the siliceous species present
in the different alkaline solutions, five reactive mixtures
were prepared using the same metakaolin M-1000. The
structural evolution of the mixtures was followed by FTIR
in ATR mode. Figure 5 shows the Q7 shift as a function of
time for the different mixtures. The evolution of the posi-
tion of this band, located at approximately 980 cm ™',
indicates the substitution of Si—O-Si by Si—-O-Al bonds
and thereby reflects the reorganization of the network due
to a geopolymerization reaction [8]. In addition, the slope
of the curve in the beginning of the reaction is character-
istic of the kinetics of this substitution [8]. For all samples,
the position of the Q® band shifted toward lower wave-
numbers over time. The initial band positions were similar
for GO (983 cm™ ') and G1 (984 cm™ ") and lower for G2
(972 em™"), G3 (970 cm™') and G4 (964 cm™"). This fact
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Fig. 5 Shift of Q7 position from IR spectra versus the time (dashed
line) G 0, (solid line) G1, (line with double filled circle) G2, (filled
circle) G3 and (line with single filled circle) G4 reactive mixtures

can be explained by the presence of different amounts of
non-bridging oxygen, which results in different extents of
depolymerization between the alkali solutions despite the
solutions having the same Si/K molar ratio.

The shift and the slope values for the five samples are
reported in Table 4. These values are characteristic of
aluminosilicate network formation. According to previous
work [30], M-1000 is not pure metakaolin because of the
presence of silicates such as quartz and mica. Moreover,
the presence of these phases induces the combination of
Si-O-M (M = Si, Al or K) from dissolved species and
from the impurities of metakaolin. The IR spectra of the GO
and G1 geopolymer samples exhibit the greatest shift and
slope values (shifts of 46 and 49 em™ respectively; see
Table 4). However, G2, G3 and G4 exhibit smaller slope
and shift values, indicating differences between the net-
works formed in each sample. These differences may
influence the working properties of the materials. To verify
this hypothesis, the mechanical properties of the five con-
solidated materials were evaluated by subjecting the sam-
ples to compression for 7 days. The results are presented in
Fig. 6. The materials exhibited compressive strength values
greater than 32 MPa. The G3 sample exhibited the highest
mechanical strength (approximately 60 MPa), followed by
G4 (56 MPa) and G2 (50 MPa), whereas GO and Gl
exhibited the lowest compressive strengths (32 and

Table 4 Values of the shift and the slope obtained by infrared
spectroscopy for each sample

Sample Shift (em ™ ") Slope (cm ™ '/min)
GO 46 —0.21

Gl 49 -0.21

G2 38 -0.14

G3 29 —0.09

G4 26 —0.09
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Fig. 6 Compressive strength of each sample after 7 days of ageing

34 MPa, respectively). These results confirm the trends
observed in the FTIR spectra.

3.4 Relationship between working properties
of geopolymers and reactivity of the alkaline
solutions

To correlate the mechanical properties of the geopolymers
with the reactivity of the different solution compositions,
the compressive strength values of the geopolymers were
plotted as functions of the slopes obtained from the FTIR
spectra  (Fig. 7). The results show a relationship
(R* = 0.97) between these two parameters. In fact, the
smaller slopes observed in the spectra of the G3 and G4
samples indicate the slow kinetics of the Si-O-Si bond
substitution by Si—-O-Al, and these samples exhibit the best
mechanical properties among the investigated samples. We
obtained similar results in our previous work [30] on the
role of metakaolin precursors, where we used highly

70

60 4 10_\
, G4

50 4 (R2=097) ‘j

40 4
61§

30 4 GO

Compressive strength (MPa)

0 T T T d
-0.25 0.2 -0.15 -0.1 -0.05

Slope (em™'/min)

Fig. 7 Relation between the compressive strength and the slope for
each sample. The dash point (dashed line) represents the linear
regression line with R? = 0.97
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reactive metakaolin. In the amorphous phase, Si and Al
react easily in an alkaline medium, resulting in a smaller
shift and slope; however, this configuration exhibits the
highest compressive strength. The quickly released sili-
ceous species reach speciation equilibrium and then react
with the aluminous species because of their high reactivity.
This reaction leads to the formation of a perfect geopoly-
mer network, which enhances the mechanical properties of
the final materials.

To more thoroughly evaluate this evolution, the compressive
strength as well as the slope were plotted as functions of the

ratio of intensities [(Qg/ Qhifedsotutions) / (QZ/ Qiurﬁng.mlutinm)]
determined by >°Si MAS-NMR. These plots reveal the influence
of the extent of depolymerization of the starting solutions
(Fig. 8). Two linear relationships are shown. For the lower

[(QE/Q;:MHEWﬂUIiGm}/(Qz/Qfmningwlmiom)J ratios,  better
mechanical strengths and smaller slopes were observed, espe-
cially in the case of G2, G3 and G4. Indeed, the abundance of
low-order species (Q7 in this case) and, consequently, more
extensively depolymerized starting solutions increases the
reactivity of the mixture and leads to the rapid formation of small
colloids that aggregate more rapidly to form the network [23].
The data suggest that correlation of the working prop-
erties and the reactivity of the mixtures to the chemical
composition of the different synthesized materials is useful.
Figure 9 presents the evolution of the compressive strength
and the shift in the ratio (nSi*n H.0)/(nK 4 nAl). Typi-
cally, the compressive strength decreased with increasing
(nSi*n H.0)/(nK + nAl), whereas the shift increased. The
silicon and potassium availabilities differ between the five
mixtures, which led to the variation in reactivity and,
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Fig. 8 Evolution of (filled triangle) the compressive strength and

(filled square) the slope in function of the ratio of intensity
5

[(Ql /annd‘il'lrdhil]uliun_\)/(QZ/Qiluninngulinm)} determined by “Si
MAS-NMR for each mixture
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consequently, to the formation of various networks [31].
The GO and G1 compositions are silicon-rich, which
explains the amount of gel phase observed during the
synthesis. In fact, an excess of siliceous species leads to
polymerization and thus to the formation of a gel [32].
Competition between a Si-rich phase (gel) and a geopoly-
mer phase weakened the structure. According to the liter-
ature [33], the mechanical properties of geopolymers
depends on their water content. The large amounts of water
in GO and G1, which resulted from the high water content
in the starting silicate solutions (SO and S1, see Table 1),
results in a greater amount of trapped water, which may
also explain the comparatively worse compressive
strengths of these samples. In the case of G2, G3 and G4,
the larger amount of potassium and the accentuated pre-
sence of depolymerized species in the alkaline solution
(Tables 1, 2) led to the formation of small, very reactive
entities that quickly bridge Si and/or Al. This fact explains
their relatively weak shift values and reveals the presence
of two imbricated networks, which lead to an improvement
in the mechanical strength of these samples. These expla-
nations were validated by TEM investigations to provide
additional structural information. The TEM micrographs of
both compositions are presented in Fig. 10. They clearly
highlight the differences in morphology between the Gl
and G3 samples. Sample G3 contains smaller entities than
sample Gl, which confirms the previously discussed
hypothesis. In summary, the extent of depolymerization of
the activation solution and the chemical composition of the
mixture are critical parameters that lead to nanostructural
variations and govern the mechanical properties of the
resulting geopolymers.

G g .Gl |50

Compressive strength (MPa)
Scift (enr!)

0.60 0.65 0.70 0.75 0.80 (.85
(nSi*nH ,0)/(nK+nAl)

Fig. 9 Evolution of (filled triangle) the compressive strength and
(filled square) the shift in function of the chemical compositions
(nSi*nH,0)/(nK + nAl) of each mixture
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Fig. 10 TEM micrographs of (A) GI and (B) G3 samples

4 Conclusion

Our elucidation of the geopolymerization reaction involved
a comprehensive study of the precursors used. In the
present work, the influence of the activating solution was
demonstrated. Indeed, the Si/K ratio was observed to
control the degree of depolymerization of the silicate
solutions as well as the type and the amount of the siliceous
species. Moreover, a relationship between the compressive
strengths of geopolymers, the kinetics of Si—O-Si bond
substitution by Si—-O-Al, the chemical composition and the
type of siliceous species in the alkaline solutions was
demonstrated. In conclusion, depolymerized species are
small and highly reactive, which enables the fast formation
of oligomers and leads to better mechanical properties of
the resulting geopolymers.
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Cette étude met en exergue ’effet de la réactivité de différents métakaolins et solutions
alcalines sur la formation des géopolymeres. Afin d’évaluer cet effet, plusieurs échantillons
ont été synthétisés a partir de deux solutions alcalines et quatre métakaolins. L'évolution
structurale des géopolymeres au cours de la formation a été étudiée moyennant la
spectroscopie IRTF et le suivi de la variation des valeurs de pH. Les propriétés mécaniques
ont été évaluées par des essais de compression. Il ressort que le type et la quantité des especes
siliceuses et des atomes d'oxygeéne non pontants controlent la réactivité de la solution alcaline.
L'effet de la réactivité du métakaolin est plus important lorsqu'il est activé avec une solution
alcaline peu réactive. Cependant, 1’effet des solutions alcalines trés réactives est prépondérant.
Par conséquent, le degré de dépolymérisation de la solution alcaline et la réactivit¢ du
métakaolin sont des parametres cruciaux qui gouvernent la cinétique de la réaction de

polycondensation et les résistances a la compression des matériaux géopolymeéres.
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This paper focuses on the effects of alkaline solution reactivity and metakaolin properties on geopolymer forma-
tion. To examine these effects, several geopolymer samples were synthesized from two alkaline solutions and
four metakaolins. The structural evolution of the formed geopolymers was investigated using FTIR spectroscopy
and pH values during the material formation. The mechanical properties were measured using compression tests.

The results show that the type and amount of siliceous species and non-bridging oxygen atoms control the
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alkaline solution reactivity. The effect of the metakaolin reactivity is more significant when it is activated with
a poorly reactive alkaline solution. However, the alkaline solution governs the reaction when it is highly reactive.
Therefore, the extent of depolymerization of the alkaline solution and the reactivity of metakaolin are crucial
parameters that control the rate of polycondensation and the compressive strengths of geopolymer materials.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Over the last decades, geopolymers have gained tremendous in-
terest as a promising new class of binders that are environmentally
friendly [1] and have good working properties [2]. These ecomaterials
result from the activation of an aluminosilicate source using an alkaline
solution at room temperature or slightly elevated temperature. The
geopolymerization mechanism consists of the dissolution of reactive alu-
minosilicate precursors under the effect of the alkaline solution to form
oligomers (Si|OH]4 and Al[OH] ) [3]. Then, a polycondensation reaction
links the oligomers, which generates an amorphous three-dimensional
network. A deeper comprehension of the geopolymerization mechanism
and the parameters that can affect it is important to guarantee the wide-
spread of geopolymer applications,

Cansidering that the used precursors (alkaline solution and alumino-
silicate source) strongly affect the properties of geopolymer materials, nu-
merous studies have focused on the nature of the raw materials. Although
the use of commeon clays [4,5] and industrial waste [6,7] as aluminosilicate
source has gained increasing interest, metakaolin remains the ideal and
commonly used precursor because ofits high purity, reactivity and poten-
tial low cost. The existing literature has addressed the effect of metakaolin
impurities [8,9], calcination temperature [10], deshydroxylation degree of
metakaolins and particle size distribution of metakaolin [11].

* Corresponding author.
E-mail address: sylvie.rossignol@unilim.fr (S. Rossignol ).
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Recently, Autef et al. [ 12] highlighted the role of metakaolin reactiv-
ity in the presence of an alkaline solution that was prepared by dissolv-
ing KOH and amorphous silica in water. [n fact, the metakaolin reactivity
can generate the formation of one or several networks and lead to nano-
structure variations that affect the mechanical properties of the obtain-
ed materials. A notably reactive metakaolin dissolves notably quickly
and allows the formation of a perfect geopolymer network (a single
geopolymer phase). For a notably pure metakaolin, where a small amount
of kaolinite remains because of a non-complete dehydroxylation, the final
material consists of a geopolymer network and layers that are coated with
a silicate solution. However, with a metakaolin rich of impurities, the
strengthened material consists of a geopolymer network, mica layers, a
Si-rich phase and an Al-rich phase [12].

The type of alkali cation is also important. It was shown that
geopolymers based on a mixture of potassium silicate and KOH exhibit
higher mechanical properties than those based on sodium silicate and
NaOH or potassium silicate/NaOH mixtures. In fact, the larger size of the
potassium cation enhances the polycondensation reaction, which leads
to a stronger network [13], Moreover, in our previous work [14], we fo-
cused on the effect of different potassium-activating solutions on the
same metakaolin. It was demonstrated [14] that the initial Si/K molar
ratio of the silicate solution controls the nature and quantity of the sili-
ceous species. In fact, when the Si/K ratio decreases, the solution becomes
more depolymerized. The accentuated presence of depolymerized species
in the alkaline solution leads to the formation of small, notably reactive
entities that quickly bridge Si, which quickly forms of oligomers and
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leads to better mechanical properties of the resulting geopolymers. In
continuity of our previous work and regarding the lack of comparative
studies on different metakaolin sources and alkaline solutions, this work
aims to study the role of two potassium alkaline silicate solutions with
different initial Si/K molar ratios in the presence of four metakaolins,
which differ in terms of reactivity, and investigate their effect on the
geopolymerization mechanism and the properties of the synthesized
materials.

2. Experimental procedures
2.1. Raw materials and sample preparation

Two commercial potassium silicate solutions, which were denoted
as S1 and S3 with Si/K molar ratios of 1.75 and 0.65 and pH values of
11.4 and 14, respectively, and four types of metakaolins (MR, MO, MQ
and MP) (Table 1) were used to synthesize the geopolymer samples.
To easily compare the two alkaline solutions, the Si/K molar ratio was
maintained at Si/K = 0.5 by dissolving different amounts of potassium
hydroxide pellets (VWR, 85.2% pure) into the two starting silicate solu-
tions. Then, metakaolins were added. The obtained mixtures were
placed in a closed sealable polystyrene mold at room temperature (25
°C). The nomenclature and the composition of the prepared mixtures
are reported in Table 2. The samples were named S1MR, S3MR, S1MO,
S$3M0, STMQ, S3MQ, SIMP and S3MP.

22. Sample characterization

High-resolution MAS-NMR experiments were performed on the
alkaline solutions at room temperature on a Bruker AVANCE-400 spec-
trometer operating at 79.49 MHz (*Si signal). The 2%i (1 = 1/2) MAS-
NMR spectra were recorded after a n/2-pulse irradiation (4 ps) using a
500 kHz filter to improve the signal/noise ratio. In each case, 400
scans were collected. The time between acquisitions was set to 10 s to
minimize saturation effects.

Fourier-transform infrared (FTIR) spectroscopy in ATR mode was
used to investigate the structural evolution of the geopolymer mixtures,
The FTIR spectra were obtained using a ThermoFisher Scientific Nicolet
380 infrared spectrometer. The [R spectra were gathered over a range of
400 to 4000 cm ™" with a resolution of 4 cm ', The atmospheric CO,
contribution was removed with a straight line between 2400 and
2280 cm ™. To monitor the geopolymer formation, a software was
used to acquire a spectrum (64 scans) every 10 min for 13 h. For com-
parison, the spectra were baseline-corrected and normalized [15].

The pH values were measured using a Schott Instrument Lab860
pH-meter at 25 °C during the first 400 min of the geopolymer formation.
A 2.4 g sample was immersed in 30 mL of osmosed water, which provid-
ed a solid to liquid ratio of 0.08 [16].

Differential thermal analysis {DTA) and thermogravimetric analysis
(TGA) were performed on an SDT QGO0 apparatus from TA Instruments
in a flowing dry-air atmosphere (100 mL/min) in platinum crucibles.
The signals were measured using Pt/Pt-10% Rh thermocouples.
Milligrams of the material, in powder form, were placed in a platinum
crucible, The analysis was performed from 30 to 1400 °C at 5 °C/min

Table 1

Characteristics of the different used metakaolins.
Metakaolin MR MO MQ MR
Si0, (Wt¥) 55 55 533 524
Al;05 (wt¥) 40 39 455 453
TiO2 (wt.%) 15 1.5 1.2 1
Fe;05 (Wt.%) 14 18 - 04
K20 + NayO (wt.%) 0.3 0.6 = 03
Ca0 + MgO (wt.%) 0.8 1 - 0.1
SifAl 1.17 1.19 1.00 0.98
Wettability (uL/g) 570 1250 1010 1186
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Table 2
Nomenclature, composition and compressive strength value of each sample.

Mixtures Si/(K + Al) Compressive strength (MPa)
SIMR 0.90 34+1
S1IMO 091 41+£2
SIMQ 0.82 30+2
SIMP 0.81 38+2
S3MR 0.84 60+5
S3Mo 0.85 61 +6
S3MQ 0.77 61 +3
S3MP 0.76 62+5

for the metakaolin raw materials and from 30 to 1350 °C at 20 °C/min
for the consolidated geopolymer samples.

The compressive strengths were tested using a LLOYD EZ20 univer-
sal testing machine with a crosshead speed of 0.1 mm/min. The com-
pressive tests were made on five samples for every composition. The
compressive strength values represent the average of the five obtained
values and were expressed in MPa. The samples were cylindrical in
shape with a diameter (<) of 15 mm and a height (h) of approximately
30 mm, and they were aged for 7 days in a closed mold at room temper-
ature, This method permit to predict the compressive strength of the
final material from an early age.

3. Results
3.1. Raw-material investigation

3.1.1. Alkaline solutions

In our previous work [ 14], the used silicate solutions were extensive-
ly characterized before and after the addition of KOH by *°Si NMR. The
common used notation to describe a silicon tetrahedral environment,
as established by Engelhard et al. [17], is Q" where n and 4-n refer to
the bridging and the non bridging oxygen atoms, respectively. Fig. 1
shows an example of *°Si NMR spectrum relative to S1 silicate solution
before addition of KOH. To identify the signal contributions, all spectra
were deconvoluted, The chemical shifts and the percentages of the
curve area are detailed in Table 3. Bands assigned to Q° (— 72 ppm), Q'
(—80 ppm), Q@ (—88 ppm) and Q* (—97 ppm) and Q* (— 106 ppm)
|18] are observed in the case of S1 alkaline solution. The broadness and
the high intensities of Q*, Q* and Q? bands give evidence that S1 solution
initially contained condensed siliceous (Fig. 1, Table 3). However, in S3
solution Q% Q' and Q” predominate in addition to the existence of Q'
and Q? cyclic species. After the addition of KOH, similar contributions
were observed and revealed less distorted networks where lower-order
species predominate. According to the literature [19], the reactivity of

@

Ql

-60 70 -80 90 -100 110 -120
62'Si (ppm)

Fig. 1. 2°Si NMR spectrum of S1 silicate solution (before addition of KOH).
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alkaline solutions is controlled by the amount of uncondensed species (Q°
and Q') known to be more reactive than any other species. So, to highlight
the difference in reactivity between the two alkaline solutions, the previ-
ous 2’Si NMR features were exploited to establish a quantitative compar-
ison between the Q° and Q' contribution intensities and the number of
non-bridging oxygen per tetrahedra (NBO/T = (3*Q' + 2°Q* + Q*)/
100) [20] as shown in Fig, 2. We have focused on Q° (monomer) and Q'
(dimmer) species because the reactivity of alkaline solutions is controlled
by the amount of uncondensed species (Q” and Q') known to be more
reactive than the other species. At the beginning, in the starting solutions,
it was noticed that the Q” and Q' intensities of the $3 solution (79.65 and
354.17, respectively) were obviously higher than the $1 solution (20.24
and 52.14, respectively). Furthermore, the NBO/T of S3 (2.47) is also
higher compared to 1 (1.45). Thus, S3 (lower Si/K ratio of 0.65) is mainly
composed by low-order species (Q° and Q'). This result suggests that 53
solution is more depolymerized since it contains small and more reactive
species [19,21]. However, the lack of Q% and Q' species, the absence of cy-
clic species and the small amount of non-bridging oxygen indicate that S1
is less depolymerized. This result is consistent with the work of Bass and
Turner [22] who demonstrated that the high alkalinity of the solution
promotes the formation of monomer dimer and cyclic trimer as shown
for the S3 solution.

However, the addition of KOH increases the Q7 intensity relative to
S1 from 20.24 to 53.74 and the Q' intensity from 52.14 to 142.41. The
NBO/T increases to 2.48. For §3, the Q intensity increases from 79.65
to 86.59 when the NBO/T increases from to 2.47 to 2.57, but the Q'
intensity slightly decreases from to 354,17 to 315.41. These results
occur because KOH acts as a network modifier and breaks the bonds be-
tween the condensed silicon species in the starting silicate solution,
which generates non-bridging oxygen atoms, enhances the formation
of low-order species and increases the degree of depolymerization of
the solution [14].

Despite the identical Si/K ratios of the two solutions (Si/K ratio =
0.5), there remain persistent differences. Indeed, a greater amount of
Q" species and non-bridging oxygen is observed for the S3 solution.
These differences make S3 more reactive than S1 because Q° is the
most reactive among all Q" [23].

3.1.2. Metakaolins

The main characteristics of the four metakaolins are reported in
Table 1. Chemical data evidence that the four metakaolins contain
different amounts of SiO3, Al;05 and impurities (Fe,03, TiO3, K30,
Na0...). Furthermore, MR and MO exhibit higher Si/Al ratios (1,17
and 1.19, respectively) than MQ and MP (1 and 0.98, respectively).
This fact can be explained, according to X-ray diffraction data obtained
in a previous work [11], by the presence of accessory minerals for MR
and MO, whereas MQ and MP are relatively more pure. In addition,
the wettability value was proven to be a potential indicator of the
metakaolin reactivity [11,12]. Thus, it was interesting to compare the
wettability values of the studied metakaolins. Indeed, MO, MP and MQ
have higher wettability values (1250 pL/g, 1186 plL/g and 1100 plL/g,

Table3

Experimental parameters of the deconvoluted peaks of ?°Si NMR spectra for the
different alkaline solutions (&: chemical shift (ppm), ¥A: percentage of the area
curve of contribution).

Solutions

51 s3 S1+ KOH 53 + KOH
Q" G(ppm) %A &(ppm) %A G(ppm) %A b6(ppm) %A
Q° —7210 128 —7132 672 —7139 1801 —7130 16.10
Q' —-8021 657 —80.95 2268 —8101 2540 —80.88 3031
Qo - - —81.27 1419 —8127 2028 —81.04 2220
QZ —88.43 2502 —88.71 2905 —8830 1864 —88.08 18.92
Qe = = —89.18 1307 —8901 1142 —8906 802
3 —97.06 5299 —94.92 1429 —9485 627 —9518 444
Qf —10625 1413 - =2 = = N .

95

400 7 0o EQ mMNBO (3

350 4
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r 0.5
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51 S3

S1+KOH S3+KOH
Fig, 2. Comparison between the Q” and Q' contribution intensities and the NBO/T for the
silicate solutions before (S1 and $3) and after the addition of KOH (S1 + KOH and
S3 + KOH).

Q" intensity (a.u.)
NBO/T (NMR)

respectively) whereas MR shows a lower wettability value (570 pL/g).
These differences may occur because of the different deshydroxylation
processes used in the metakaolin synthesis [11] and the crystallinity of
initial kaolins. As a result, MO, MP and MQ can be more reactive in alka-
line media than MR.

To confirm this hypothesis, thermal analyses were performed on the
metakaolin specimens. Fig. 3 presents the TGA curves of the four
metakaolins as a function of temperature from 30 to 1400 °C. It appears
that MO exhibits the highest weight loss (2.7%), which includes a first
weight loss at approximately 100 °C and a second weight loss. The
first weight loss corresponds to the elimination of physically adsorbed
water, and the second weight loss can be attributed to the release of sil-
ica hydroxyl groups (Si(OHa)), which suggests a higher reactive phase.
For MR, in addition to the weight loss relative to the adsorbed water,
two other weight losses are detected near 400-500 °C and 700 °C.
These temperatures are closed to the temperature of dexhdroxylation
of kaolinite (the transformation of kaolinite to metakaolinite) [24].
However, all the studied samples have been already dexydroxylated
by thermal treatment. This fact reveals the persistence of residual
kaolinite not fully deshydroxylated and accessory minerals such as
micaeous clays in this metakaolin [11]. MQ and MP show lower weight
loss (0.9% and 1.1%, respectively), which indicates the low impurity con-
tent in these metakaolins. This result is confirmed by XRD diffraction
|11] since only traces of quartz and anatase were identified. Conse-
quently, MO appears to be the most reactive species, followed by MP
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and MQ (pure metakaolins) and MR, which is consistent with the
wettability value evolution.

3.2. Effect of the reactivity of the alkaline solution and metakaolins on the
polycondensation rate

The behavior of the four types of metakaolins in the presence of two
alkaline solutions was studied using FTIR spectroscopy in the ATR mode
to monitor the structural evolution of the synthesized mixtures. This
technique enables one to evaluate the substitution of the Si—0-Si
bonds by Si—0- Al bonds, which is evidenced by the shift value and
the kinetics of the reaction that is determined from the slope value [15].

Fig. 4 shows the evolution of the Q? position peak versus time for
only S1MP and S3MP samples. The initial band position of S3MP
(974 c ") is lower than that of SIMP (987 cm™ ). This result can be
explained with the presence of a higher amount of non-bridging oxygen
and reactive species in the mixture that comes from the S3 alkaline
solution in comparison with S1, as previously discussed. Further-
more, the shift value slightly increases from 24 cm~ ' for SIMP to
30 em ! for S3MP. However, the slope values are notably similar
(—0.10 cm ™ '/min and —0.11 cm™ '/min for SIMP and S3MP, respec-
tively). Thus, for MP metakaolin, the use of the S3 alkaline solution ap-
pears to slightly enhance the network reorganization without affecting
the kinetics of the reaction.

Compared with the other studied samples, the Q? position shift
versus the slope for all samples was plotted in Fig. 5. The SIMR sample ex-
hibits the greatest shift and slope values (49 cm ™' and —0.20 cm™'/min,
respectively). However, the use of the S3 alkaline solution decreases the
shift value to 29 cm ™! and the slope value to —0.1 cm ™ '/min. For the
MO metakaolin, the shift and the slope values are notably similar, and
the variation of the alkaline solution appears not to affect the reaction.
For MQ, small changes are detected with the use of S3. Indeed, the shift
value slightly increases from 21 cm™"' for SIMQ to 27 cm ™! for $3MQ,
and the slope decreases from —0.11 cm™'/min to —0.09 cm™'/min.
The comparatively high shift and slope values observed for STMR can be
explained by a combination of Si—-0-M (M = Si, Al or K) from dissolved
species and the impurities of metakaolin as previously demonstrated.
The weaker slope and shift values of S3MR mainly occur because of the
reactivity of the S3 alkaline solution, which is more depolymerized than
S1. Thus, highly reactive siliceous species, which are released from the
S3 alkaline solution, reach speciation equilibrium and react with the alu-
minous species [14]. Indeed, it has been demonstrated that the monomer-
ic silicate exchanges much more rapidly with aluminosilicate species than
with any other silicate anions [25]. In addition, the geopolymerization re-
action consequently involves the breaking of bridging-oxygen bonds with
a higher number of non-bridging oxygen in the alkaline solution; hence,
fewer bonds require hydrolysis before the species can be released [26].
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Therefore, there are more available reactive species for geopolymerization
in S3 because they are released more rapidly. For MO, MQ and MP, which
are more reactive metakaolins, the effect of the alkaline solution appears
negligible. The reactivity of the siliceous species that are released from the
three metakaolin controls the kinetics of the substitution of Si—0-Si
by Si— O0- Al bonds and the network reorganization. In fact, the more
reactive metakaolin corresponds to more favored and rapid oligomer
formation.

In addition, previous studies [27] have shown that there are two
areas according to the shift and slope values: For a shift less than
22 cm™ " and a slope above — 0.1 cm™ '/min, the excess of siliceous
species forms a gel. However, for a shift greater than 22 cm~ ' and a
slope below than —0.1 cm™ '/min, there is a formation of various
networks. The intersection of the two areas appears to be character-
istic of geopolymer materials. This fact was schematically represent-
ed in Fig. 5. All samples appear to be in the geopolymer area except
S1MR, which presents different networks, These results are consis-
tent with the previously discussed data in Fig. 4.

To further assess the effect of the alkaline solution and metakaolin
on the polycondensation rate, the variation in pH value of different mix-
tures during the first 400 min of the formation was examined. The re-
sults are presented in Fig. 6. For the four metakaolins, the reactive
mixture had different initial pH values: 12.8 (SIMR), 12.6 (S3MR),
11.5 (S1IMO), 11.2 (S3MO), 11.9 (SIMQ), 11.5 (S3MQ), 12.2 (SIMP)
and 11.7 (S3MP). For the same metakaolin, the use of S3 slightly de-
creases the initial pH value of the mixture. The measured pH value
denotes the presence of alkaline species (silicium, aluminum or po-
tassium) in solution. These nonreacting species result from the
nonconsolidation of the samples. In the presence of S3 (highly reac-
tive), the lower initial pH value can be explained by the fact that the
species react easily and rapidly compared to S1, Consequently, less
alkaline species are present in solution due to the fast formation of
oligomers.

For SIMR (Fig. 6a), the pH value was substantially constant until
200 min and subsequently decreases to 11.5. However, in the case of
S3MR (Fig. 6a), a rapid decrease to 10.8 was observed after 400 min.
This reaction kinetics occurs because siliceous and,/or aluminous species
from micaeous clays, which are present in MR, are slowly and con-
tinuously released in the solution, which decreases the pH value but
spontaneously delay the polycondensation reaction. SIMO and S3MO
(Fig. 6b) exhibit a notably similar trend of decrease and reach 10.5
and 10.3, respectively. These values are close to the equilibrium
constant [AI(OH)a )/Al(OH)s], which indicates that there is no
more charged aluminous species (Al(OH)z ) in the solution [28]. This re-
sult also reveals the material consolidation. For SIMQ (Fig. 6¢), the pH
value decreases in the first 30 min, increases and subsequently decreases
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again after 170 min. A similar behavior of the pH value is shown in the
case of SIMP after 50 min (Fig. 6d). However, it is less observed for
S3MQ and S3MP most likely because of the competition between the for-
mation of a geopolymer network and a Si-rich gel [20], which occurs be-
cause of the high purity of MQ and MP and their lower Si/Al ratios (1 and
0.98, respectively). The excess of siliceous species remains in the solution,
which is responsible of the increase in pH. The use of the S3 solution with
these two metakaolins (MQ and MP) appears to counterbalance the effect
of excessive siliceous species of metakaolin and enhance the formation of
the geopolymer phase in the detriment of the gel phase.

To clearly understand the effects of metakaolin and the alkaline so-
lution reactivities on the polycondensation rate, a correlation between
the FTIR and the pH value was established. Indeed, the slope and shift
values obtained using FTIR were plotted in the function of consolidation
time, when the pH value stabilizes, which indicates that there is no
more species in the solution and consequently, the material is consoli-
dated (Fig. 7). It is shown that the shift and slope values decrease
when the consolidation time decreases. The SIMR sample shows the
longest consolidation time (440 min), which is associated with the
highest shift and slope values. Because of the impurities in the MR
metakaolin, several interactions may occur among different phases in
the mixture, which slows the oligomer formation and setting time.
The use of the $3 solution decreases the shift and slope values as previ-
ously observed and the consolidation time to 395 min. For the remaining
samples based on MO, MQ and MP, which are more reactive metakaolins,
the use of $3 solution slightly decreases the consolidation time. Samples
based on MQ and MP metakaolins show similar behaviors in terms of
the shift, slope and consolidation time. However, SIMO and S3MO have
the shortest consolidation time (290 and 265 min, respectively), which
is consistent with the differences of reactivity among the metakaolins.
The siliceous species, which are rapidly released from MO, easily react
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with the siliceous and/or aluminous species in the mixture. For MQ and
MP, which are less reactive than MO according to the wettability values,
the consolidation time is slower because the polycondensation reaction
is disturbed by the formation of Si-rich gel.

Therefore, for a poorly reactive metakaolin (as observed for MR), the
high reactivity of the alkaline solution may improve the polycondensa-
tion rate by a rapid formation of oligomers and as a result, the required
time for consolidation is reduced. However, this effect is less important
when more reactive metakaolins are used (MO, MQ and MP). In fact, the
kinetics of the reaction and the consolidation time directly depend on
the metakaolin reactivity.

3.3. Effect of the reactivity of the alkaline solution and metakaolins on the
final properties of geopolymers

The various behaviors that are observed during the sample forma-
tion, which mainly occur because of the variations in metakaolin and
alkaline solution reactivities, can affect the final properties of the
synthesized materials. To verify this hypothesis, DTA-TG experiments
were performed on the eight samples after 7 days of setting. The obtain-
ed thermal curves of the samples are shown in Fig. 8. Regardless of the
sample, the TGA curves display two weight losses. Note that the major
weight loss is observed below 250 °C, which indicates that the water
in the geopolymer samples is mainly free and adsorbed water in small
pores or in surface hydroxyl groups. The remaining weight loss at higher
temperature can be attributed to more bound water, which results from
the condensation of silanol or aluminol groups [29]. Samples with 51 so-
lution exhibit increasing weight losses in the following order: STMR
(16.71%) < SIMP (21.71%) < SIMQ (22.75%) < SIMO (25.77%), which
appears to be controlled by the metakaolin reactivity. More reactive
metakaolin corresponds to more promoted and rapid oligomer forma-
tion, and water is trapped in the structure [12]. However, lower and
closer weight losses are observed for samples with S3 solution (S3MR
(17.54%), S3MO (18.86%), S3MQ (17.08%), S3MP (20.66%)) possibly be-
cause S3 has a lower initial water content than $1 [ 14], Furthermore, re-
gardless of the sample, the heat flow profiles show a large endothermic
peak from 30 to 250 °C. Differences are detectable at higher tempera-
tures (above 900 °C). When the S1 solution is used (Fig. 8a, ¢, e, g),
regardless of the metakaolin, two exothermic peaks are observed at
1000 and 1200 °C, which denote the appearance of crystalline phases.
According to the literature, these two peaks can be most likely assigned
to the kalsilite and leucite formation at 1000 °C and 1200 °C, respective-
ly |30]. Conversely, when S3 is used (Fig. 8b, d, f, h), the crystalline
phases appear at higher temperatures. In order to identify precisely
the crystalline phases those appear at higher temperatures, X-ray dif-
fraction experiments were carried out on each sample after being heat-
ed at 1400 °C. An example of X-ray patterns obtained for SIM2 and
$3M2 are presented in Fig, 9. From XRD patterns it is relatively easy to
differentiate leucite from kalsilite phases using the pdf file (kalsilite
KAISiQy4; ICCD 00-048-1028, and Leucite KAISi;Og, ICCD 01-071-1453).
Whatever the samples studied, the recrystallization is effective and it
is evidenced by the presence of leucite and kalsilite. However, some dif-
ferences can be detected depending on the alkaline solution reactivity.
For the 51 silicate solution, the XRD patterns after thermal treatment
show the presence of leucite (dominant phase) with a little amount of
kalsilite whatever the metakaolin used. In the case of the $3 silicate so-
lution, which is more reactive, leucite and kalsilite are already present
but the amount of kalsilite is comparatively higher (the intensity of
such peak is higher). The presence and evolution of the phases in the
geopolymers were also confirmed by 295i NMR MAS spectroscopy. In-
deed, an increase of the peak area relative to kalsilite can be evidenced
when S3 solution is used. Moreover, the difference observed in the XRD
patterns confirms the DTA data and suggests that there are different
network orders among the samples based on S1 and S3 solutions be-
cause the thermal properties are linked to the network order of silicon
and aluminum in geopolymers [29]. Indeed, because of the reactivity
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Fig. 9. X-ray patterns of S1M2 and S3M2 samples heated at 1400 °C { PDF files: @ KAISi,Os
(01-071-1453) and O KAISIO4 (00-048-1028)).

of the species in S3, the formation of a more distorted geopolymer net-
work is favored, which makes the S3-based samples more stable at high
temperature and delays the recrystallization phenomenon.

4. Discussion

The various thermal behaviors of the samples, which translate into
structural differences among the samples, affect the mechanical proper-
ties of the studied samples. To elucidate this effect, the mechanical
strengths were evaluated by compression test after 7 days. The com-
pressive strength values are reported in Table 2. Using the S1 alkaline
solution, SIMO exhibited the highest mechanical strength (approxi-
mately 41 MPa), followed by SIMP, SIMR and SIMQ. However, for a
highly depolymerized alkaline solution (S3), the compressive strengths
are higher and notably similar (approximately 60 MPa) for the four
metakaolins.

To understand the effect of the reactivity of raw materials on the me-
chanical properties of the final materials, the evolution of the compres-
sive strength values was plotted as a function of the Si/K ratio multiplied
by the weight loss between 30 and 250 °C, which is determined from
the thermal analysis as shown in Fig. 10. It clearly appears that the com-
pressive strength depends on the amount of water trapped in the struc-
ture. When S3 is used, higher and similar compressive strength values
correspond to lower and similar (Si/K % weight loss), which indicates
alower amount of trapped water and confirms that the solution reactiv-
ity governs the mechanical properties. The effect of the metakaolin reac-
tivity is more significant when we use S1, which is a less reactive
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alkaline solution. The compressive strength values increase with
increasing (Si/K x weight loss). For MR metakaolin, the coexistence of
various networks leads to a heterogeneous structure and induces a
decline of mechanical properties. The high reactivity of MO followed
by MP leads to the formation of a geopolymer network, which yields
the best mechanical properties. For MQ, the low compressive strength
(30 MPa) can be explained by the presence ofa gel as previously report-
ed, which weakens the structure [12]. This result confirms that for a
poorly reactive alkaline solution, the metakaolin reactivity controls the
compressive strengths.

In summary, the obtained results show that the reactivity of meta-
kaolin and the alkaline solution has crucial effects on the geopolymer
formation and the working properties of the final materials.

5. Conclusion

This study focuses on the effect of the raw material reactivity on the
geopolymer formation by elucidating the behavior of four different
metakaolins in the presence of two potassium alkaline solutions. The
results show that the polycondensation rate of the reactive geopolymer
mixtures and the compressive strengths of the final materials strongly de-
pend on the reactivity of metakaolin and the alkaline solution:(i) For a
poorly reactive alkaline solution (low amount of Q” and non-bridging
oxygen), the metakaolin reactivity is responsible for generating one or
several networks, which control the geopolymerization reaction and sub-
sequently affect the compressive strengths of synthesized materials.

(ii) When the alkaline solution is notably reactive (high amount of Q°
and non-bridging oxygen), the depolymerized siliceous species enable a
fast oligomer formation and, consequently govern the geopolymerization
reaction and the final performances of the materials regardless of the
properties of the used metakaolin.

Thus, it is possible to counter balance the reactivity of metakaolin by
choosing the alkaline solution and vice versa.
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Cette étude a été menée afin d’évaluer la réactivité d’une argile tunisienne, un métakaolin
et des mélanges des deux en présence d’un milieu alcalin. Pour cela, les précurseurs
aluminosilicates utilisés ont été caractérisé€s. Ensuite, plusieurs échantillons ont été synthétisés
en faisant varier les proportions du métakaolin et d'argile dans le mélange, ainsi que le rapport
molaire Si/K de la solution alcaline. Des corrélations entre (i) la cinétique de formation des
mélanges synthétisés, suivie par spectroscopie IRTF, (ii) les propriétés mécaniques, évaluées
par des tests de compression, et (iii) la composition chimique ont ét¢ mises en évidence. De
plus, un modele de réactivité a été proposé afin de schématiser les différents réseaux formés
pour chaque échantillon. L'argile tunisienne, apres traitement thermique, présente une certaine
réactivité qui permet la formation des matériaux consolidés. Les minéraux associé€s présents
dans l'argile, tels que I’hématite et I’illite, ne participent pas a la réaction de polycondensation
et sont simplement collés par la solution alcaline. Cependant, I'augmentation de la proportion
de métakaolin dans le mélange et la quantité¢ plus importante des especes dépolymérisées,
provenant de la solution alcaline, favorisent le taux de polycondensation et les propriétés
mécaniques des matériaux finaux. Les propriétés optimales sont obtenues pour un mélange de
50% d'argile tunisienne et 50% de métakaolin et un rapport Si/K de la solution alcaline de

0,50.
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This paper investigates the addition of low reactive Tunisian clay into metakaolin-based geopolymer as a valori-
zation way in alkaline media. To conduct this investigation, the aluminosilicate precursors used were primarily
characterized. Then, several samples were prepared by varying the amounts of metakaolin and clay in the mix-
ture as well as the Si/K molar ratio of the alkaline solution. Correlations between (i) the polycondensation rate of
the synthesized mixtures, followed by FTIR spectroscopy; (ii) the working properties, evaluated by the compres-
Kevwords: sion test; and (iii) the chemical composition were established, and a model of reactivity was proposed to eluci-
Geopolymers date the different networks formed for each sample. It appears that the Tunisian clay, after heat treatment,
Clay exhibits some reactivity that allows for the formation of consolidated materials. The associated minerals present

Metakaolin in the clay seem not to participate in the polycondensation reaction and are simply agglomerated by the alkaline
Alkaline solution solution. However, the increase of the proportion of metakaolin in the mixture and the depolymerized species in
Associated minerals the alkaline solution may improve the polycondensation rate and the working properties of the final materials.
Gel The optimal properties were obtained for a mixture of 50% low reactive Tunisian clay and 50% metakaolin and
Si/K ratio a Si/K ratio of the alkaline solution of 0.50.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction geopolymers can exhibit various properties such as high compressive

Tunisia is among the countries that have numerous large clay de-
posits that remain not fully exploited [1]. So far, Tunisian clays have
been largely used in the traditional ceramic industry [2,3]. More innova-
tive recent applications include the evaluation of the pozzolanic activity
of Tunisian clays [4], the preparation of a clay-based micro-porous filtra-
tion membrane [5,6]and the mineralization of organic compounds in
waste waters [7]. A novel application, yet not largely studied, is the
use of Tunisian clays as an aluminosilicate source for the synthesis of
geopolymer or geomaterial-based materials. This seems to be a poten-
tially profitable application that allows not only reducing the cost of
the raw materials but also valorizing natural resources.

Geopolymers are a promising and innovative new class of binders
generated from the activation of an aluminosilicate source with an alka-
line solution [8]. Their formation implies the dissolution of aluminosili-
cate species in an alkaline environment to form an amorphous three-
dimensional geopolymer network by polycondensation reactions. The
geopolymerization process is strongly influenced by the nature of the
raw materials used [9]. Furthermore, depending on the raw material,

* Corresponding author,
E-mail address: sylvierossignol@unilim.fr (S. Rossignol).

http://dx.doi.org/10.1016/j.powtec.2015.11.012
0032-5910/© 2015 Elsevier B.V. All rights reserved.
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strength, low shrinkage, acid resistance, fire resistance and low thermal
conductivity [10]. The aluminosilicate source, metakaolin, is one of the
most commonly used raw materials because of its purity and high reac-
tivity [11,12,13]. Autef et al., [12,13] have studied the behavior of three
commercial metakaolins, which differ in terms of reactivity, dehydroxyl-
ation process and the amount of impurities, in the presence of an alkaline
solution, It was demonstrated that, depending on the metakaolin used,
one or several geopolymer networks are formed that govern the working
properties. Despite the extensive use of metakaolin, research on low-cost
and more available materials has encouraged many investigators [14,15,
16,17,18] to turn to the use of common clays that display some reactivity
that enables them to be suitable for producing geopolymer materials. Re-
cently, two Tunisian clays, a kaolinitic clay from the region of Tabarka and
an illito-kaolinitic clay rich in hematite from the region of Medenine,
were tested as potential aluminosilicate precursors [15]. It appears that
it is possible to obtain consolidated materials from fresh and calcined
clays, although materials based on the calcined clays exhibit better me-
chanical strength. This fact highlights the effect of the heat treatment
on the amorphization of clay minerals, and consequently, on the reactiv-
ity of the clay in an alkaline media.

Regardless of the aluminosilicate source, the alkaline solution plays
an important role in the geopolymerization reaction [19]. In a previous
work [20], the influence of the activating solution was elucidated.
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Indeed, the Si/K molar ratio was observed to control the degree of depo-
lymerization of the silicate solution as well as the type and the amount
of the siliceous species. Moreover, depolymerized species are highly re-
active, which enables the fast formation of oligomers and leads to better
mechanical properties of the resulting geopolymers.

In summary, both the aluminosilicate source and alkaline solution
are key parameters in the geopolymerization reaction. Regarding the
variability of the raw materials that can be used, the effect of the reactiv-
ity of each precursor is not fully understood. The objective of this work is
to define consolidated materials ternary existence domains based on
metakaolin mixture with poorly reactive clay and alkaline solution as
a tool to predict geopolymer formation and then valorization way of
low reactive clay. Tunisian clay was used as low reactive raw materials
corresponding potentially to a large amount of deposits around the
world. Moreover, this study aims to deeper comprehension of the effect
of the aluminosilicate source reactivity as well as the effect of the activa-
tion solution on the geopolymer formation, final structure and working
properties in order to define the key parameters controlling the poly-
condensation reaction when using not pure precursors. In fine, for
this, a comparative study of the physical and chemical properties of
the various aluminosilicate sources used was established. Then, several
samples were prepared by varying the proportion of calcined Tunisian
clay and metakaolin and/or the Si/K ratio of the alkaline solution. The
structural evolution of the reactive mixtures was monitored by FTIR
spectroscopy. Finally, the consolidated materials were characterized
by compression tests, X-ray diffraction, and SEM.

2. Experimental
2.1. Raw materials and sample preparation

Two types of clays were used in this study, kaolin supplied by Imerys
(France) and low reactive red Tunisian clay from the region of Medenine
situated in the South of Tunisia. The two clays were sieved at 80 um and
calcined for 4 h at 700 °C with a heating rate of 5 °C/min. The obtained
materials were used as aluminosilicate sources to elaborate geopolymer
samples and were denoted as Me and MK for Medenine clay and
metakaolin, respectively (Table 1).

Geopolymer samples were prepared by dissolving potassium hy-
droxide pellets, supplied by VWR (Belgium) (85.2% pure), into a com-
mercial potassium silicate solution (Si/K = 1.7) supplied by ChemLab
(Belgium). Then, Me clay and/or MK were added, Samples were placed
in a closed sealable polystyrene mold at room temperature (25 °C) ac-
cording to the procedure previously established by Autef et al. [12].

Table 1
Chemical and physical properties of the two MK and Me aluminosilicate precursors used.

Aluminosilicate precursors Metakaolin  Calcined Medenine clay
Nomenclature MK Me
Color White Red
Si0; (wr.%) 5330 59.80
Al205 45.50 21.84
Fe,04 - 7.56
TiDs 1.20 1.05
K;0 + Na,O - 4.34
Ca0 + Mg0 - 537
dso (um) 8 10
BET value (m?/g) 8 29
Initial kaolinite amount” (%) 99 27
Amorphous phase™ (%) 98 25
Wettability (uL/g) 1010 600

* Determined from TGA analysis.
** Determined from Rietveld,
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The mixtures were denoted as */*GM™Me/mMK \where Si/K refers to
the Si/K molar ratio of the alkaline solution and mMe and mMK are
the masses of Me and MK, respectively, for a total of 12 g of aluminosil-
icate sources. For example, %7°G%2 corresponds to a mixture composed
of 9 g of Me and 3 g of MK with a Si/K molar ratio of the alkaline solution
of 0.70.

2.2. Sample characterization

The chemical composition of the raw materials was determined
using X-ray fluorescence (ARL 8400, XRF 386 software).

The particle size distributions of the clays were measured using a laser
particle size analyzer (Mastersizer 2000). The powder is suspended by an
air current flowing through a glass cell with parallel faces illuminated by a
beam of laser light. The measurement is made at a pressure of 3 bars.

Powder BET surface areas were determined by N, adsorption at
—195.85 °C using a Micrometrics Tristar Il 3020 volumetric adsorption/
desorption apparatus. Prior to the measurement, the samples were
degassed at 200 °C under vacuum for 4 h.

The wettability value (uL/g) corresponds to the volume of water that
can be adsorbed by one gram of powder until saturation.

X-ray diffraction patterns were acquired via X-ray diffraction (XRD)
experiments on a Bruker-AXS D 5005 powder diffractometer using CuK
o radiation (NKa = 0.154186 nm). The analytical range is between 5°
to 60° (20) with a step of 0.04° and an acquisition time of 2 s for raw
clays, and a dwell time of 0.5 s and a step size of 0.01° (26) for consoli-
dated materials. JCPDS (Joint Committee Powder Diffraction Standard)
files were used for phase identification.

FTIR spectra were obtained on a Thermo Fisher Scientific 380 infra-
red spectrometer (Nicolet) using the attenuated total reflection (ATR)
method, The IR spectra were recorded over a range of 400 to
4000 cm~ ' with a resolution of 4 cm™'. The atmospheric CO, contribu-
tion was removed via a straight-line fit between 2400 and 2280 cm ™.
To monitor the geopolymer formation, software was used to acquire a
spectrum (64 scans) every 10 min for 13 h. To enable comparison, the
spectra were baseline corrected and normalized [21].

The compressive strengths were tested using a LLOYD EZ20 univer-
sal testing machine with a crosshead speed of 0.1 mm/min. The com-
pressive tests were performed on ten samples for each composition.
The values of compressive strength represent the average of the ten ob-
tained values. The test tubes used for the compression tests were cylin-
drical in shape with a diameter (<) of 15 mm and a height (h) of
approximately 30 mm [22] and were aged for 7 days in a closed mold
at room temperature.

The morphology of the final materials was observed using a Philips
XL30 scanning electron microscope (SEM) at 15 kV. An Au/Pd fine
layer was deposited on the samples before the observations,

3. Results and discussion
3.1. Aluminosilicate precursors and feasibility of consolidated materials

3.1.1. Investigation of the aluminosilicate precursors

To elucidate the main differences between the two aluminosilicate
sources used, a preliminary characterization was performed. Me and
MK were extensively studied using various characterization techniques
described by Essaidi et al. [15] and Autef et al. [ 12], respectively. There-
fore, only the main physical and chemical characteristics as well as the
mineralogical analysis of these two precursors will be briefly described
in this study. The chemical compositions of the studied precursors are
detailed in Table 1. It clearly appears that MK is very pure because it
contains only Si0, and Al;05 with a Si/Al molar ratio near 1 (the theo-
retical value for kaolinite is Si/Al = 1, traducing the purity of the
metakaolin). However, Me has a high amount of silica (59.86%) and a
lower alumina content (21.84%), for a Si/Al ratio near 2.4. The presence
of impurities is also evidenced in the Fe,05 content (7.56%), which was
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expected from its red color. Moreover, the relatively high amounts of
K20 (3.92%) and MgO (2.24%) suggest the presence of illite clays. To
confirm these hypotheses, X-ray diffraction (XRD) was performed. The
mineralogical composition of Me after calcination (Fig. 1a) is mainly
composed of quartz, illite and hematite, The kaolinite reflections disap-
pear after heat treatment at 700 °C, which confirms that the tempera-
ture is sufficient to transform kaelinite into metakaolinite [23]. On the
other hand, the diffractogram of MK (Fig. 1b) is typical of the metakaolin
phase and exhibits a unique dome, characteristic of amorphous materi-
al, without other contributions, confirming the high purity of this
metakaolin. These data are also validated by TGA analysis (data not
shown) enabling the estimation of the initial kaolinite content
(Table 1) and evidencing that MK is initially rich in kaolinite (99% of ka-
olinite before dehydroxylation). However, Tunisian clay contains only
27% kaolinite. XRD using the Rietveld method [24] provides quantitative
information on the percentage of the amorphous phase in the two pre-
cursors, As expected, the amorphous phase is significantly more preva-
lent in the MK (98%) than in the Me (25%). These results are in
accordance with the chemical and TGA analyses. Furthermore, Me and
MK were characterized by BET analysis, wettability and size distribution
(Table 1). The samples, after being sieved at 80 um, have similar median
diameters (dsp). The BET surface is higher in the case of Me (29 m?%/g)
compared to MK (8 m?/g) due to the presence of accessory phases
such as illite, which is characterized by a large specific surface varying
between 80 and 100 m?/g [25]. The wettability value of MK is notably
higher than Me. This fact can be explained by the structural differences
between the two precursors. In fact, the amount of reactive phase
(% amorphous phase) affects the adsorption process and consequently
the affinity of the surface to water,

In summary, the different physical and chemical properties of the
two precursors suggest different reactivities in an alkaline media. As ex-
pected, MK is more reactive than Me.

3.1.2. Feasibility of consolidated materials

Regarding the comparatively low content of the amorphous phase in
Me clay (25%, Table 1), mixtures based on Me, MK and mixtures of both
clays were studied. A preliminary study of the feasibility of consolidated
materials was performed on 17 compositions with varying proportions
of substitution of Me by MK (0, 3, 6,9 and 12 g of MK within the 12 g
of total aluminosilicate source) and the Si/K ratio of the alkaline solution
(0.37, 050, 0.58 and 0.70). Fig. 2 represents all the synthesized

MW
1Q

! |
W’*Wﬁ

compositions in a ternary diagram (wt.% Me-wt.% MK-wt.% alkaline so-
lution). Based on their visual aspects and consolidated states, three types
of materials can be distinguished: (i) stratified materials presenting dif-
ferent macroscopic phases, (ii) heterogeneous materials that are not
consolidated and (iii) consolidated materials presenting a homogeneous
structure. This is in accordance with the work of Gao et al. [ 26] examining
the existence of domains of materials on a Si-Al-K ternary diagram in-
cluding geopolymer, gel, sedimented and hardening materials depend-
ing on the Si/Al and Si/K ratios. For Si/K = 0.37, only the sample based
on Me (°*7G'*) is homogeneous. The substitution of Me with MK
leads to the formation of heterogeneous materials (**7G%?, %¥7G%¢,
037639 and °37G12), This is due to the higher wettability value of MK
compared to that of Me (Table 1). Therefore, the amount of reactive spe-
cies coming out of the solution is not enough to completely alter the alu-
minosilicate source and trigger a polycondensation reaction. The
particles are only coated by the alkaline solution. For the same reason,
the substitution of Me by MK is feasible until 50% for Si/K = 0.70
(970G 12/0 0706973 and ©70G55), For Si/K = 0.58, homogenous materials
were obtained only for ®*8G*® and °°%G%"?, while stratified
materials exhibiting several layers are formed for the rest of the samples
(058G 12/0 058973 apd 038G5/6) This fact can be explained by the excess of
the alkaline solution and the deficiency of aluminate species available
(low amount of aluminate species from Me), leading to the formation
of alumino-silica gels with potassium [27] and an excess of alkaline solu-
tion floating on the surface. These materials hardened after several
weeks, as the aluminum availability was proven to control the extent
of the reaction and the hardening of the material [28]. Two extra compo-
sitions were tested for Si/K = 0.50 (**°G?* and °5°G®®) and lead to ho-
mogeneous consolidated materials.

In the following sections, only five compositions, exhibiting the best
consolidated and homogeneous forms reported in Table 2, were select-
ed for characterization. Two mixtures based on either MK or Me, denot-
ed 975GY17 and °37G'¥0 respectively, were considered to be reference
materials. In 79G®? and °7°G® materials, mixtures of Me and MK
were used, and the Si/K molar ratio of the activating solution was
fixed at 0.70. The impact of the Si/K molar ratio of the alkaline solution
was investigated by varying this ratio from 0.70 in the %7°G%® material
to 0.50 in the case of the **°G* sample. The appearance of a gel (trans-
parent liquid) was observed on the surface of the **G%12 and %79G%/¢
samples and, to a lesser extent, in the 7°G”* and **°G®® materials.
The same phenomenon was observed by Autef et al. [29] using a highly
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Fig. 1. XRD patterns of (a) Me clay and (b) MK after calcination at 700 °C. The main diffraction peaks are indexed according to the JCPDS files (Q: Quartz (04-008-7651), I: lllite (04-016-

2976), H: Hematite (04-002-4944)),
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Fig. 2. Existence domains of synthesized mixtures on metakaolin “MK", clay “Me” and alkaline solution ternary for (—) Si/K = 0.58, (== Si/K = 0.50, (-+-) Si/K = 0.70and (—) Si/K = 0.37
and different forms of: () stratified materials, (A) heterogeneous materials, (M) homogeneous consolidated materials (a, b, ¢; d, e were the compositions selected for characterization).

pure metakaolin and was explained by the siliceous species saturation
of the solution leading to the formation of a gel. The differences ob-
served in the amount of gel floating on the surface may be due to the
proportion of MK in the mixture and the amount of water in the alkaline
solution.

Table 2
Designation and composition of the selected geomaterial samples for
characterization.

Sample Si/K Si/Al
U]?G'\Z!{! 1.1 15
R 2.0 15
Sl 26 14
i 1.7 14
gangH2 21 14
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3.2. Investigation of the selected compositions

32.1. Structural evolution

To assess the effect of the substitution of Me with MK as well as the
impact of the activating solution, the structural evolution of the different
synthesized mixtures was monitored by FTIR spectroscopy in ATR mode.
Fig. 3A presents two infrared spectra recorded at 0 and 450 min, respec-
tively, for the %*°G®6 sample. A decrease of the H,0 bands located at
3255 and 1620 cm~' and a shift of the Si-O-Si (Q?) situated at
980 cm™ ' [21] were detected over time. Hence, the polycondensation re-
action induces a modification of the network and consequently a modi-
fication of the band vibration in the mixture.

Fig. 3B presents the Q? shift as a function of time for the
030666 and 9¥7G120 reactive mixtures. The evolution of the position of
this band indicates the substitution of Si-0-Si by Si-0-Al bonds and
therefore reflects a polycondensation reaction. The slope of the curve is
characteristic of the kinetics of this substitution [12]. The initial band

D.SSGUf 12
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Fig. 3. (A) Example of infrared spectra recorded at t = 0 and t = 450 min for °>°G®" sam-
ple and (B) evolution of the shift of $i-0-M band position from IR spectra versus the time
for (m) “75G "2, (@) "°°G ¥° and () "G '*" reactive mixtures,

positions are different for the three mixtures and decrease in the follow-
ing order: “*%G%'2 (984 cm 1), %39G58 (979 cm') and °37G!*0
(972 cm ). This order seems to be imposed by the Si/K molar ratio of
the alkaline solutions. In fact, the initial band positions decrease with
the decrease of the Si/K molar ratio of the activating solution due to the
increase of the number of non-bridging oxygen atoms [30]. **8¢%1?
and %°G5 mixtures exhibit the same behavior. In fact, the position of
the Q7 band shifts toward lower wavenumbers over time, However, in
the case of the ®5G%' mixture, the peak shifted back to higher
wavenumbers after 200 min, This sudden increase can be explained by
the appearance of Q* bonds. Indeed, the gel phase, observed during the
synthesis, suggests that a polymerization reaction took place due to the
siliceous species saturation of the solution [29].

To better understand the effect of the substitution of Me clay by MK as
well as the effect of the Si/K ratio of the alkaline solution, the shift values
for all the samples were plotted as a function of the ng;/(ng + nga,) ratio
presenting the chemical composition of the mixture (Fig. 5). The shift
value tended to increase as the ng; / (ng + nuy) ratio increased until ap-
proximately 0.77, at which point it decreased. It seems that from this
value (ngj / (ng + na) = 0.77), there is an excess of silica that perturbs
the polycondensation reaction [31,32]. This explains the decrease of the
shift values, Higher shift values are obtained in the cases of “3°G%6 and
058012 (26 cm ! and 21 cm™ ', respectively). These values indicate
the possible formation of an aluminosilicate network. For the remaining
samples, the lower shift values seem to be due to the competition of sev-
eral networks perturbing the polycondensation reaction [12].

The different behaviors during geopolymerization detected by FTIR
spectroscopy indicate differences between the networks formed in
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each sample. These differences may influence the working properties
of the final materials.

3.2.2. Consolidated materials

The mechanical properties of the consolidated materials were evalu-
ated by subjecting the samples to compression after 7 days aging. Com-
pressive strength values as a function of the strain values for the %*7G'*,
030656 and 228GY12 samples are presented in Fig. 5A. The curve shapes
are characteristic of brittle materials [33]. The curves relative to the
050G86 and %*#GY'2 samples displayed a more linear ascending part
and more elastic deformation relative to ®*’G'*°. However, ®27G'#"®
(based on Me clay only) exhibited some plastic deformation. This may
be due to the remaining associated minerals in this clay after heat treat-
ment, especially the presence of illite, which induces high plasticity. Fur-
thermore, Prud’homme et al. [27] have demonstrated that in similar
types of materials (considered geopolymer composites) the presence of
compounds such as quartz and dolomite act as reinforcements to the
geopolymer matrix. These curves also permit the determination of the
elastic modulus E (slope of the curve) of each sample. **°G%® and
058GY12 samples exhibit the highest elastic modulus (2.8 and 2.5 GPa, re-
spectively), while the elastic modulus of the barGLA0 sample is approxi-
mately 1.6 GPa. These values are in agreement with the literature [31,34].
Typical values for the elastic modulus of metakaolin-based geopolymers
range from 1 GPa to 6 GPa.

To correlate the mechanical properties and the chemical composi-
tions of the mixtures, the evolution of the specific mechanical strength
values (o/p, where p is the density of the specimens) as well as the elastic
modulus were plotted versus ng; / (ny + np ) in Fig. 5B. Similar to the ten-
dency observed in Fig. 4, the compressive strength value and the elastic
modulus increased as the ns; / (ng + nuy) ratio increased until an optimal
value, at which point it decreased. The ®*8G%'? and ®*°G% samples ex-
hibit the best mechanical properties, while the 937G12/0, 970G973 apd
07065 samples displayed weaker compressive strength values because
of the low content of the amorphous phase (i.e., reactive aluminosilicate
phase) in Me clay [35]. These results are in agreement with the trends
observed in the FTIR spectra discussed above. The associated minerals
such as illite and hematite in Me clay did not participate in the polycon-
densation reaction and are simply coated by the alkaline solution (bind-
er). This finding is in agreement with the work of Essaidi et al. [36],
which highlights the role of hematite and its contribution to the polycon-
densation reaction using investigation materials based on metakaolin
and iron oxide, It was demonstrated that the contribution of iron oxide
seems to be negligible.
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(A) (O50GH/6 ys, 070G5/6)) sample caused a significant increase in the me-

40 chanical strength. In fact, as previously discussed, the Si/K ratio seems
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The effect of the reactivity of the Si/K of the alkaline solution was also
highlighted. In fact, the decrease of the Si/K molar ratio of a single
aluminosilicate mixture (50% of Me clay, 50% of MK from 0.70 to 0.50
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depolymerized species, highly reactive, enables the fast formation of
oligomers and therefore enhances the mechanical properties of the
final materials [20,30].

To validate these explanations, XRD diffraction was performed for all
samples at room temperature (Fig. 6). The XRD patterns relative to the
037G12/0 sample (Fig. 6a) evidence the presence of a minor dome cen-
tered at approximately 28° (26), characteristic of a slight amorphization,
in addition to the persistence of the diffraction peaks attributed to crys-
talline phases such as illite, quartz and hematite, which are less subject
to alkaline attack [37]. However, a slight increase in the intensity of the
amorphous dome together with a slight decrease in the reflections re-
lated to the crystalline phases is noticeable in the cases of “7°G%> and
070GS/6 (Fig, 6b, ¢). These changes are indicative of the restructuration
of the material and are directly related to the increase of the MK content
in the mixture, inducing the increase of the Si and Al species available,
thereby favoring dissolution and network formation [38,39]. The same
changes are more distinctive for the ®*°G®® sample (Fig. 6d) and are
due, in this case, to the reactivity of the depolymerized species released
from the alkaline solution (with lower Si/K), as discussed previously,
enhancing the partial dissolution of phases and the polycondensation
reactions. Indeed, Sedmale et al. [40] demonstrated that highly alkaline
conditions may cause slight structural changes in the illitic phase but do
not destroy it completely. The changes are essentially associated with a
decrease in the intensity of the diffraction peaks of illite, Finally, a typical
broad dome characteristic of amorphous material centered at approxi-
mately 29° (26) [31] is effective for the ®*3G%"? sample (Fig. 6e), giving
evidence to a complete alteration (and consumption) of the metakaolin.
All these facts corroborate the formation of an amorphous compound
resulting from a polycondensation reaction. The presence of secondary
phases in Me clay appear not to perturb the reaction. However, the
rate of the reaction is strongly related to the amount of metakaolin (re-
active aluminosilicate species) in the mixture and the Si/K ratio of the
alkaline solution (depolymerized alkaline species).

To obtain additional microstructural information, the SEM micro-
graphs of the five compositions are presented in Fig. 7. In the case of
037G12/0 (Fig, 7a), there appear unreacted particles coated by the alka-
line solution, which leads to a comparatively heterogeneous structure
and explains the inferior mechanical strengths obtained. The micro-
graphs of ®7°G%?3 (Fig. 7b) and ®7°G% (Fig. 7c) reveal mixtures of the
microstructures of the geopolymer phase, gel and coated particles, de-
pending on the amounts of the MK and Me clays in the mixture. The
geopolymer phase seems to be favored in the ®°°G%® sample (Fig. 7d).
Finally, the micrograph of ***G%'? (Fig. 7e) clearly displays the
microstructure of the amorphous geopolymer phase [26,31], which is
in agreement with the XRD data and was expected due to the significant
amorphous phase in MK clay, and thereby its high reactivity enhances
the formation of a geopolymer phase.

In summary, the results of this study permit establishing a descrip-
tive model of reactivity, schematically presented in Fig. 8. Indeed, de-
pending on the proportion of the substitution of Me by MK and the Si/
K ratio of the activating solution, it seems that three types of networks
can be formed: (i) a geopolymer network, (ii) a coating phase agglom-
erating the associated minerals and finally, (iii) a gel phase rich in sili-
con. Me clay leads to the formation of a small geopolymer network in
addition to a coating phase agglomerating the unreacted associated
mineral such as illite and hematite. With MK metakaolin, the final
material is composed of a geopolymer network associated with a
Si-rich phase (gel). Strengthened materials based on mixtures of
Me clay and MK metakaolin regroup into a geopolymer network,
gel phase and associated minerals coated by the alkaline solution.
It seems that for a proportion of substitution of 50% and a Si/K
ratio of the alkaline solution of 0.50, the formation of a geopolymer
network is favored.
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(a) 0.37 Cl 12/0
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Fig. 7. SEM micrographs of the studied samples.

4. Conclusion

To reduce the cost of raw materials used in geopolymer applications
and to valorize highly impure natural resources, some mixtures of low
reactive Tunisian clay and metakaolin were investigated as aluminosil-
icate sources to elaborate geopolymer materials. The comparative
characterization between the two precursors evidenced structural dif-
ferences between them. Indeed, the metakaolin used is very pure and
reactive, while the Tunisian clay is kaolinite poor but rich in impurities
such as illite and hematite. Moreover, the feasibility of the consolidated
materials was demonstrated based on the studied mixtures. The reac-
tivity of the mixtures as well as the working properties were correlated
with the chemical composition. It seems that the associated minerals in
the Tunisian clay did not participate in the polycondensation reaction
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and remained simply agglomerated by the alkaline solution. The
amount of metakaolin (amorphous phase) in the mixture is an impor-
tant parameter because it enhances the formation of the geopolymer
network and improves the final properties of the consolidated
materials. The Si/K ratio of the alkaline solution is also a crucial
parameter because it may control the nature and amount of the
depolymerized species in the activating solution and consequently in-
fluences the polycondensation rate and the working properties of the
final materials, regardless of the aluminosilicate source. The optimal
properties were obtained for a proportion of substitution of Tunisian
clay by metakaolin of 50% and a Si/K ratio of the alkaline solution of
0.50. From this study, it is demonstrated that low reactive clay can be
added and valorized into metakaolin-based geopolymer formulation
to obtain interesting consolidated material properties.
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Les géopolymeéres sont des éco-matériaux innovants qui dérivent de l'activation d’une
source d'aluminosilicate par une solution alcaline. Leurs propriétés d’usage dépendent
directement des matiéres premieres utilisées. Cette étude s’est focalisée sur 1’évaluation de la
possibilité d'obtenir des matériaux géopolymeres avec les déchets du laboratoire. L'effet de
ces ajouts sur les propriétés des géopolymeres a été¢ étudiée par spectroscopie IRTF et des
essais mécaniques. Il a été mis en évidence que I’incorporation du déchet géopolymeére induit
un ralentissement de la réaction de polycondensation ainsi que la diminution de la résistance a

la compression.
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Abstract

Geopolymers are innovative ecomaterials resulting from the activation of an
aluminosilicate source by an alkaline solution. Their properties depend on the used raw
materials. This paper focuses on the possibility to obtain geopolymer materials with
aluminosilicate laboratory waste. The effect of these additions on the geopolymer properties
was studied by FTIR spectroscopy and mechanical test. It was evidenced a slowdown of the
polycondensation reaction as well as the compressive strength due to the addition of
laboratory waste which decrease the Si/K ratio of mixture.

1 Introduction

Geopolymer materials have a lot of attention [1] as suitable binder because they are
environmentally friendly and require less energy during their manufacturing process. These
ecomaterials can be synthesized by the alkaline activation of aluminosilicates obtained from
calcined clays, natural minerals and industrial wastes at room temperature. The properties of
geopolymers are affected by two important factors which are the alkaline solution and the
aluminosilicate source [2, 3]. Autef et al. [2, 4] highlighted that the purity and the reactivity of
the metakaolin can lead to the formation of one or several networks which influence the
working performances of the final material. Generally, for metakaolin-based geopolymers, the
compressive strengths and Young’s moduli ranged from 20 to 80 MPa and 2.5 to 5.5 GPa
respectively [5]. In the case of fly ash based geopolymer, the compressive strength is about 61
MPa and the Young's modulus is 2.9 GPa [6].

Recently, economical and environmental demands encourage waste recycling in order to
reduce the consumption of natural resources. Taking this into account, some studies focused
on recycled aggregates incorporation in the geopolymer materials [7, 8, 9]. Indeed, Sata et al.
[7] compared materials obtained with natural and recycled coarse aggregates. They proved
that recycled aggregates could be reused to make pervious geopolymer concretes. However, a
loss in compressive strength was observed.

In this context, the aim of the current study is to investigate the influence of laboratory
waste addition on geopolymer formation in order to minimize the cost and to focus on the life
cycle of material. For this, different amounts of laboratory waste were added to geopolymer
reactive mixture. The synthesized materials were characterized by FTIR spectroscopy and
compression tests.
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2 Experimental Part

2.1 Raw materials and sample preparation

The experimental protocol of geopolymer synthesis is described in Fig.1 [10]. The
alkaline solution was obtained by dissolving potassium hydroxide pellets (VWR, 85.2% pure)
in a commercial potassium silicate solution in order to maintain the Si/Kuion molar ratio to
0.58. Then, laboratory aluminosilicate waste, previously crushed and sieved through 80 pm,
and metakaolin were added. The waste proportion ranged from 10 to 30% of total mass. The
reactive mixtures were placed in open polystyrene molds at room temperature. Samples are
denoted as G*, where x refers to the percentage of laboratory waste added. For example, G*
corresponds to a geopolymer with 20% of waste.

[ Alkaline solution )
) y
[ Aluminosilicate source J [ Laboratory waste J
SiAF1.17

-% Mixture |(——,7

Fig.1. Synthesis protocol of geopolymer samples.

2.2 Technical characterization

Fourier-transform infrared (FTIR) spectroscopy in ATR mode was used to investigate the
structural evolution of the geopolymer mixtures. The FTIR spectra were obtained using a
ThermoFisher Scientific Nicolet 380 infrared spectrometer. The IR spectra were gathered over
a range of 400 to 4000 em™ with a resolution of 4 cm™’. The atmospheric CO; contribution
was removed with a straight line between 2400 and 2280 ¢cm™'. To monitor the geopolymer
formation, a software was used to acquire a spectrum (64 scans) every 10 minutes for 250
minutes. For comparison, the spectra were baseline-corrected and normalized [10].

The compressive strengths were tested using a LLOYD EZ20 universal testing machine
with a crosshead speed of 0.1 mm/min. The compressive tests were made on five samples for
every composition. The samples were cylindrical in shape with a diameter (®) of 15 mm and
a height (h) of approximately 30 mm, and were aged for 7 days in an open mold at room
temperature. The compressive strength values represent the average of the obtained values
and were expressed in MPa.

3 Results and Discussion

3.1 Feasibility of consolidated material

A preliminary feasibility study of consolidated materials with different amounts of
laboratory waste was carried out. The initial composition G was based on the Prud’homme et
al studies [11]. Then, the laboratory waste was progressively added to the mixture up to 30%.
The obtained materials were consolidated, homogeneous and show a geopolymer feature
(Fig.2a). The different compositions are reported in Si-Al-K ternary diagram (Fig.2b).
Previous studies [12] have evidenced the existence of various domains which are (A)
geopolymer, (B) hardening material, (C) sedimented material and (D) gel. Whatever the
amount of laboratory waste added, the studied compositions are still located in the

2
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geopolymer domain. To understand the effect of aluminosilicate laboratory waste addition on
geopolymer formation, FTIR spectroscopy and mechanical test were performed.
(a) (b)

0 20 40 &0 80 100
Si (% mol)
Fig.2. (2) Photo of G* geopolymer (@ = 14 mm) and (b) position of the different G* compositions with

x = (m) 0. (A) 10, (®) 20 and (¢) 30% of laboratory waste. The various domains correspond to (A)
geopolymer, (B) hardening material, (C) sedimented material and (D) gel.

3.2 Effect of laboratory waste addition on the polycondensation rate

The various compositions were followed by FTIR spectroscopy. Examples of the
obtained spectra for G° composition are shown in Fig.3a. For the spectra at t=0 min, the bands
at 3200 and 1640 cm™" were attributed to von and &gy respectively. The bands assigned to Si-
O-M bonds (M=Si, Al, K) were located in the 1100-950 cm™ range [11]. Over the time, the
decrease of OH bands and the shift of Si-O-M band indicate the dissolution of metakaolin by
the basic environment [13] and the occurrence of polycondensation reaction leading to the
formation of specific networks [11, 14, 15].
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Fig.3. (a) In situ FTIR spectra obtained at t = 0, 90 and 250 min and (b) Q” position versus time for the
G" samples with x = (m) 0, (A) 10, (e) 20 and (¢) 30% of laboratory waste added.

The displacement of the Si-O-M band versus time was plotted in Fig.3b for all samples.
The slope at the beginning of the curve gives information about the kinetic of the reaction
[11]. The displacement and the slope values relative to G° composition were approximately 45
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reactivity of the mixture and alters the structure, then the mechanical properties of formed
materials. These results are in accordance with FTIR analysis.
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Fig.4. (a) Variation of compressive strength versus strain for G" reactive mixture with x = (---) 0, (-+-)
10, (---) 20 and (=) 30% of laboratory waste added and (b) evolution of the shift value as a function of
the compressive strength for (m) G”, (A) G'°, (8) G* and (0) G,

4 Conclusion

This study evidenced the possibility of re-using aluminosilicate laboratory waste to
synthesize consolidated materials. It was shown that the laboratory waste addition influences
the polycondensation rate as well as the mechanical strength, still acceptable to consolidated
materials, The low reactivity of these incorporated materials disturbs the geopolymerization
reactions and lead to the formation of different networks. These networks induce the presence
of some weaknesses into the final material due to a lower Si/K ratio in the mixture. However,
this hypothesis needs to be confirmed by microstructural characterization in further work.
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Les géopolymeéres sont des nouveaux liants minéraux résultant de I'activation d'une source
aluminosilicate par une solution alcaline. Ces liants sont économiques et respectueux de
'environnement car ils ont I'avantage de la réutilisation des déchets recyclés et des sous-produits
industriels comme des sources aluminosilicates. Dans ce contexte, cette étude met l'accent sur
l'incorporation des déchets géopolymeres dans différentes formulations et leur effet sur la
formation des géopolymeres et les propriétés finaux des matériaux synthétisés. Pour cela, les
déchets géopolymeres ont été tout d'abord caractérisés. Trois compositions, qui différent de la
solution alcaline utilisée et de la quantité de métakaolin ajoutée, ont été étudiées. Une étude de
faisabilit¢é a permis de retenir un pourcentage de 20% de déchet ajouté ou substitué au
métakaolin pour obtenir des matériaux géopolymeres. En outre, il a ¢ét¢ montré que
l'incorporation des déchets de géopolymere perturbe la réaction de polycondensation qui dépend
fortement du rapport solide/liquide et du rapport Si/K de la solution alcaline. De plus, des
corrélations ont ét¢ démontrées entre les résistances a la compression et la composition chimique
des différents échantillons. Enfin, il a été prouvé que la faible réactivité des déchets
géopolymeres peut étre compensée par l'utilisation d'une solution alcaline trés réactive ou par

I'augmentation de la quantité de métakaolin dans le mélange.
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Geopolymers are new binders resulting from the activation of an aluminosilicate source by an alkaline solution.
These binders are economically and environmentally profitable since they have the advantage of reusing recycled
waste and industrial by-products as aluminosilicate sources. In this context, this paper focuses on the geopolymer
wastes incorporation in different formulations and their effect on geopolymer formation and the properties of the
final materials. For this purpose, the geopolymer wastes were at first characterized, Three compositions differing
in the used alkaline solution and the amount of metakaolin added were investigated. A feasibility study allowed
retaining 20% as the waste percentage added or substituted to the metakaolin to still obtain geopolymer mate-
rials, Moreover, it was shown that the incorporation of the geopolymer waste may disturb the polycondensation
rate which was proven to strongly depend on the solid to liquid ratio and the Si/K ratio of the alkaline solution.

Keywords:
Recyding
Geopolymer waste
Alkaline solution

Metakaolin Finally, relationships were demonstrated between the compressive strengths and the chemical compositions of
Mechanical properties the different samples. The low reactivity of geopolymer waste can be compensated with the use of highly reactive
Reactivity alkaline solution or the increase of the amount of metakaolin in the mixture,

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction established a comparative study between two types of geopolymers

In recent years, the growth of waste production associated with the
awareness of the environmental problems and the need of sustainable
development make waste management a priority [1]. Recycling has
drawn great interest as a way to solve waste problems, reduce environ-
mental pollutions and preserve natural resources. For example, the
glasses are reused in glass or enamel compositions as cullet and allow
lowering the energy and the raw material consumption [2]. Others
examples are concretes or ceramics which are crushed and used as
aggregates in new concretes [ 3,4]. In this context, geopolymer materials
are a new class of binders having the advantage of using industrial
byproducts and recycled waste. These binders are generated from the
activation of an aluminosilicate source with an alkaline solution [5,6].
Their formation implies the dissolution of aluminosilicate species in
an alkaline environment to form an amorphous three-dimensional
geopolymer network by polycondensation reaction. Based on such a
unique structure, geopolymers may exhibit good mechanical, chemical
and thermal properties making them a promising alternative for a vari-
ety of applications [ 7]. Diverse industrial by-products were proven to be
suitable for producing geopolymer materials such as fly ash [8,9],
furnace slag [9,10,11], red mud [12], mine waste mud [13], waste con-
crete [14] and construction and demolition waste [15]. He et al., [12]

* Corresponding author.
E-mail address: sylvie.rossignol@unilim.fr (S. Rossignol).

http://dx.doi.org/10.1016/j.matdes.2016.01.043
0264-1275/© 2016 Elsevier Ltd. All rights reserved.
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based on metakaolin and a mixture of red mud and fly ash. The lower
strength obtained for a mixture of red mud and fly ash sample were at-
tributed to the reactivity of the raw materials. The final materials were
composed of a geopolymer binder and unreacted phases present as in-
active fillers. This fact was also evidenced by Komnitsas et al. [15], in the
case of construction and demolition waste-based geopolymers. Indeed,
they observed a heterogeneous matrix containing grains of various sizes
and attributed this to the partial reaction of the initial concrete. Similar-
ly, Gao et al, [16], demonstrated that the compressive strength firstly in-
creased up to 20% of fly ash content and then decreased as the fly ash
content increased into metakaolin-slag blends.

Nazari and Sanjayan [17] proved the possibility of producing
geopolymers using aluminum and cast iron slags. They highlight that
the silica to alumina ratio is the most important parameter governing
the mechanical properties. Onutai et al. [ 18] evidenced that 40 wt.% of
Al waste content in geopolymer mixture lead to a dense structure and
therefore optimal compressive strength. Moreover, investigation study
about the influence of different types of aggregates, such as lime stone,
schist and granite, on the properties of geopolymeric mine waste mud
binder was undertaken. It was demonstrated that the aggregate dimen-
sions affect the tensile strength. Ferone et al. [19] have shown the suitabil-
ity of calcined clay sediments for geopolymer synthesis and evidenced the
role of heat treatment temperature on the reactivity. In addition to that,
the immobilization of heavy metals in municipal solid waste incineration
fly ash based geopolymer was evidenced [20]. The mechanical properties
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and microstructure of the resulting materials were directly linked to the
alkaline solution dosage and the Si/Al molar ratio. According to these
studies, there are different remaining problems to consider. Indeed, the
authors evidenced that the use of wastes implies a decrease of the com-
pressive strength, a contamination coming from the wastes and the low
reactivity of these materials. In order to improve the results, it seems to
be necessary to determine the optimum amount of wastes for the addi-
tion or the substitution of raw materials.

So far, as extensive research on geopolymer has been conducted, the
generation of geopolymer waste increases. [n this context, an innovative
use of geopolymer waste is their incorporation in different geopolymer
formulations which is in accordance with the “cradle to cradle” concept.
Moreover, reusing these geopolymers allow reducing the amount of
raw materials used. Recycling of waste and their use as aluminosilicate
sources seems to be profitable since it economical and environmental
benefits, leading to greener manufacturing and global sustainable de-
velopment. Recent investigations using recycling aggregates produced
in laboratory point out to the fact that the use of fine recycled aggregates
must nat exceed 30%, otherwise the performance could be at risk [14].
Current recycled aggregates have particles of impurities such as soil, plas-
tics, wastepaper wood, metals and organic matter. Organic matter leads
to lower mechanical performance and lower concrete durability. More-
over, Park and Noguchi [21] studied concrete containing metal impurities
and it was found that aluminum caused performance degradation.

The present work aims to evaluate the suitability of using
crushed geopolymer in addition or substitution of metakaolin to produce
geopolymers materials. For this, the used raw materials were character-
ized. Then, the feasibility of consolidated materials was evaluated. Sever-
al samples were prepared by varying the proportion of geopolymer
waste. The structural evolution of the reactive mixtures was monitored
by FTIR spectroscopy. Finally, the consolidated materials were character-
ized by compression tests.

2. Experimental part
2.1, Raw materials and sample preparation

The consolidated materials were prepared by mixing the metakaolin
(MK) and the geopolymer, crushed and sieved at 80 pm, in an alkaline
solution (AS) as described in Fig. 1 [22,23]. The reactive mixtures were
placed in open polystyrene molds at room temperature for 7 days.
Three formulations, differenced by the amount of metakaolin and the
starting silicate solution were studied. The two silicate solutions, denot-
ed as S1 and S$3, differ in terms of the Si/K molar ratio (1.7 for Sland 0.7
for S3) and the water contents (79% for S1 and 59% for S3) [24,25].

For each composition, the effect of the substitution of an amount of
metakaolin (MK) by crushed geopolymer (CG) or the addition of this
compound was investigated, So, three sets are synthesized. Samples

were synthesized either by adding the crushed geopolymer to metakaolin
or substituting an amount of metakaolin by crushed geopolymer. Samples
are denoted as *¥GY or **IG* where x refers to the quantity of metakaolin,
Si is the type of the used silicate solution, y the percentage of crushed
geopolymer added to the mixture and * the percentage of crushed
geopolymer which substitutes an amount of metakaolin mass. For
example '*'G>* refers to the geopolymer obtained from the substitution
of 20% of 12 g of metakaolin by crushed geopolymer using S1 as a silicate
solution. The nomenclature and the composition of the samples analyzed
are presented in the Table 1.

2.2. Technical characterization

The chemical composition of the precursors was determined using
X-ray fluorescence (XRF). This technique allows the quantification of
the atomic elements.

The particle size distributions of the raw materials were measured
using a laser particle size analyzer (Mastersizer 2000). The mixture
contained 1 g of aluminosilicate precursor in 20 ml of water, mixed by
ultrasound to eliminate any aggregation. The measured particle sizes
are in the range 0.05-880 pm. Additionally, the concentration of the
solution should not be too large (obscuration < 35%).

Powder BET surface areas were determined by N, adsorption at
—195.85 °C using a Micrometrics Tristar [[ 3020 volumetric adsorp-
tion/desorption apparatus. Prior to the measurement, the samples
were degassed at 200 °C under vacuum for 4 h.

Bulk density was measured by pycnometer method. Numerically, it
represents the mass per unit volume of matter. The SI unit of density
is kg/m”.

The wettability (water demand) of a powder is the volume of water
that can be absorbed by 1 g of powder until saturation, This quantity de-
pends directly on the particle size, the specific surface and the morphol-
ogy of powder. One gram of powder is weighted and then deposited on
a glass slide. Using a micropipette, the water is added to the powder
(microlite by microlite) until visual saturation of the granular.

The pH values were measured using a Schott Instrument Lab860 pH-
meter at 25 °C during the first 400 min of the geopolymer formation, A
2.4 g sample was immersed in 30 mL of osmosed water, which provided
a solid to liquid ratio of 0.08 [26].

The mineral phases were identified by powder X-ray diffraction
(XRD) with a BRUKERAXS D8 Advance powder diffractometer using
CuKee radiation (ANKet = 0.154186 nm). The analytical range used was
between 5° and 70” with a step size of 0.04" and an acquisition time of
2 5. JCPDS (Joint Committee Powder Diffraction Standard) files were
used for phase identification.

Fourier-transform infrared (FTIR) spectroscopy in ATR mode was
used to investigate the structural evolution of the geopolymer mixtures.
The FTIR spectra were obtained using a ThermoFisher Scientific Nicolet
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Fig. 1. Synthesis protocol of the various consolidated samples,
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Table 1 2081cGO which have similar specific surface areas (~53 m?/g). MK has
Nomendlature and compositions of the different studied mixtures. the lowest specific surface area (17 m?/g). The wettability values are
Set Nomenclature Mass of Solution % geopolymer  Si/Al  Si/K 611,523,744 and 758 pl/g for '**'CG°, **3CGP, ***'CGP and MK respec-
metakaolin (g) type waste tively. The bulk densities of these precursors are 2.24, 2,15, 2,35 and
T s 0 166 209 2.63 g/em? for '251CGO°, 253G, 2%57¢G? and MK respectively, These
L 12 51 20 values are almost similar. The crushed geopolymers '*%'¢GP, %3¢
::':;Gz’" 20 176 1.80 and 2°5'CG indicate a pH value of about 11 which is the common pH
* ,z:ﬂgm i = 23 I value of geopolymer materials in compliance with the work of Aly
12536520 20 184 145 et al. [27]. The metakaolin has a pH value of 7 [28]. The measured pH
3 20850 0 141  3.09 value denotes the presence of alkaline species in solution released
W 20 51 20 from geopolymers. The physicochemical characterizations have shown

Gl e 20 145 263

380 infrared spectrometer. The IR spectra were gathered over a range of
400 to 4000 cm ! with a resolution of 4 cm ', The atmospheric €O,
contribution was removed with a straight line between 2400 and
2280 cm™ '. To monitor the geopolymer formation, a software was
used to acquire a spectrum (64 scans) every 10 min for 13 h. For cam-
parison, the spectra were baseline-corrected and normalized.

The compressive strengths were tested using a LLOYD EZ20 uni-
versal testing machine with a crosshead speed of 0.1 mm/min. The
compressive tests were made on five samples for every composition.
The compressive strength values represent the average of the five obtain-
ed values and were expressed in MPa. The samples were cylindrical in
shape with a diameter (<) of 15 mm and a height (h) of approxi-
mately 30 mm, and they were aged for 7 days in an open mold at
room temperature.

3. Results
3.1. Raw materials characterization

The properties of the geopolymers are strongly influenced by the
raw materials used for their synthesis. In this study, the raw materials
used in the preparation of the samples, such as the metakaolin (MK)
and various crushed geopolymers (CG), are characterized using several
methods.

The Si/K and Si/Al molar ratios and physical data of the precursors,
such as the specific surface, the Dsq (particle size) and the wettability
values are reported in Table 2. The Si/Al ratio is deduced from their
chemical composition. It is about 1.17 for MK whereas for the '>5'CGP,
1253¢G® and 25'CGY crushed geopolymers, these ratios are 1.66, 1.72
and 1.41 respectively. These higher values for CG compared to MK are
due to the additional silicon provided by the silicate solution. In the
case of 2**'CGY, the lower value can be explained by the higher amount
of metakaolin. The Si/K ratio is about 2.09, 1.67 and 3.09 for '>5'CG°,
125360 and 2°51¢GP respectively. These differences are related to the
Si/KK molar ratio of the alkaline solution (0.58, 0,51 and 0.47 for
1251060, 253G and ***1CGP respectively), to the different silicate solu-
tions used (S1 or S3) and to the various metakaolin contents (12 or
20g).

The dso values of '°'cG?, '»53cG® and 2°'CGY are 5.9, 3.6 and
3.6 um respectively while MK has a slightly greater Ds;, of approximately
10 pm. According to the BET measurements, the '**'CG? exhibits the
highest specific surface area (125 m?/g) followed by '***CG® and

Table 2
Physical and chemical properties of the raw materials.

similar results for the three CG samples. The main differences are due
to the different chemical composition of the starting geopolymer mate-
rials. This may also be indicative of various amorphous phase contents
in the three samples.

To validate this hypothesis, XRD analyses were performed, The
resulting XRD patterns (Fig. 2) display a broad peak characteristic of
an amorphous material and peaks relative to crystalline phases such
as quartz, muscovite and anatase. These phases present in the crushed
geopolymer are explained by the fact that there were not altered as in
metakaolin. The shift of the amorphous dome position between MK
(26 = 23°) and the crushed geopolymer (26 = 30°) indicates the dissolu-
tion of Si0,4 and AlO, tetrahedra in alkaline solution [29]. Furthermore, the
amorphous dome is more pronounced for '#*'CG” evidencing higher
amorphization in comparison with the other precursors. This phenome-
non explained the higher BET value obtained for this sample.

All these distinct data suggest that the various precursors (metakaolin
and crushed geopolymers) might have different reactivities in the alkaline
solution and therefore on the feasibility of consolidated materials based
on these precursors.

32, Feasibility of consolidated materials

In order to evaluate the feasibility of consolidated materials using
crushed geopolymer, several formulations were synthesized. Three
compositions denoted as '*5'GY, '*33G? and **°'G” were considered
as reference materials, They differ in terms of the amount of metakaolin
(12 g of metakaolin for "**'G® and "**'G", 252G vs 20 g for 2°°'G®) and
the type of the solution as detailed in Table 1.

Then, for each composition, a set of samples was synthesized ei-
ther by addition or substitution of crushed geopolymer up to 100%
of metakaolin's mass. Based on their visual aspects and consolidated
states, the domains of feasibility of consolidated materials as well as
geopolymers were defined in function of the amount of crushed
geopolymer in the mixture and the Si/K molar ratio of the activating
solution in Fig. 3(A).

For the first set ('>5'GY), the Si/K molar ratio of the alkaline solution
is about 0.58, The consolidated materials were obtained until 90% of
crushed geopolymer substituting the metakaolin. Above this value,
sedimented materials showing different layers were obtained. Indeed,
the crushed geopolymer remains in the bottom layer and the excess of
solution is in the upper layer. This fact suggests differences in reactivity
between the metakaolin and the crushed geopolymer in an alkaline
media. On the other hand, when crushed geopolymer is added to the
mixture, consolidated materials were obtained up to 50% of crushed
geopolymer. Above this percentage, there is an excess of aluminosilicate

Raw materials Molar ratios Dy (um) Dsg (pum) Dag (um) BET value (m?/g) pH value Wettability w (ul/g) Bulk density (g/cm?)
Si/Al Si/K

MK 1.17 - 10.0 17 7.92 758 263

Fedigd 166 209 20 59 15.1 125 1067 611 224

““"'GG 1.72 1.67 1.3 36 93 54 10.61 523 215

0agh 141 3.00 13 36 96 51 1083 744 235
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Fig. 2. XRD patterns of raw materials (a) MK, (b) '5'GY, (c) '>%3G®, and (d) **5'G°.

Q: quartz, M: muscovite, and A: anatase.

source. The amount of species coming out from the solution is not
enough to wet and completely alter the aluminosilicate source to initi-
ate a polycondensation reaction. The materials exhibiting geopolymer
features, homogenous and brilliant aspect were only obtained up to
50% of crushed geopolymer substituting the metakaolin or added to
the mixture. For the second set ('***GY), with a Si/K molar ratio of
0.51, 50% of crushed geopolymer for both substitution and addition per-
mit to obtain consolidated materials. The percentage of substitution is
lower than the first set ('>5'GY) regarding the lower water content in
S3 starting solution. Taking this fact into account, above 50% of crushed
geopolymer, there is not enough silicate to dissolve the entire alumino-
silicate source. In fact, the water content in silicate solutions is known to
play a crucial role during and after synthesis since it affects the viscosity
and the workability during mixing as well as the structure and the
properties of the materials [30]. Indeed, the increase of the water con-
tent in the solution leads to the polymerization of the silicate species
which will have an influence on the polycondensation reactions. The
geopolymer zone extends only to 40% and 25% of crushed geopolymer
for substitution and addition respectively. For the last set (?%5'GY),
with a Si/K molar ratio of 0.47, consolidated materials are feasible up
to 50% of substitution of metakaolin by crushed geopolymer and only
up to 20% of addition. The percentage of addition is lower than the
two others sets because the reference composition (*>*'G%) was already
charged in metakaolin compared to '**'G” and '**G° samples.
Furthermore, it is noticed that the feasibility of consolidated and
geopolymer materials increases as the Si/K molar ratio of the alkaline
solution increases. In fact, it was demonstrated that the Si/K molar
ratio controls the nature and the amount of siliceous species present
in the solution. The increase of this ratio from 0.35 to 0.60 leads to the
formation of oligomers to the detriment of monomers and the increase
of the non-bridging oxygen atom (NBO). According to Autef et al. [31],
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an increase of the Si/K ratio from 0,35 to 0.60 favors the formation of
the geopolymer phase. This fact was explained by a decrease of the con-
nectivity of the silicate anions and, consequently, inhibits the network
polymerization due to the very high alkalinity of the solution. In the
following sections, to exacerbate the effect of addition and substitution
of crushed geopolymer on the polycondensation rate and the working
properties of the final materials, only the compositions ('>5'GY,
12, SIGZD d 125]G520). [12 SBGD 12, 53G20 and 12, SBGSZD) ﬂnd (ZDSIGU
2051620 and 1251G529) were chosen for characterization.

To validate the previously discussed data, the chosen samples were re-
ported in Al-Si-K-0O ternary diagram as presented in Fig. 3(B). According
to previous work [32], it was evidenced the existence of various domains
depending on the Si/Al and Si/K molar ratios which are (A) geopolymer,
(B) hardening material, (C) sedimented material and (D) gel. It was con-
firmed that all samples, for both addition and substitution of 20% of
crushed geopolymer, were located in the geopolymer zone.

In order to investigate the effect of aluminosilicate waste on
geopolymer formation, FTIR spectroscopy and mechanical tests
were performed.
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3.3. Characterization of selected compositions

3.3.1. Effect of the crushed geopolymer on the polycondensation rate

The formation of the geopolymer was the result of a geo-
polymerization reaction involving the restructuration of material
which could be followed by FTIR spectroscopy. Example of the
spectra obtained at different time for '**'G” sample are shown in
Fig. 4(A). All the spectra exhibit the contributions at 3200 and
1640 cm ! attributed to the vey and Son respectively. A broad
band is also observed in the 1100-950 cm ' range and is assigned
to the Si—0—M (M = Si, Al) bond. Over time, the intensity of the
Von and doy bands gradually decreases whereas the Si—0—M con-
tribution shifts towards lower wavenumber. This variation reveals
a polycondensation reaction and is characteristic of the formation
of a specific network [33,34]. The evolution of Si—0—M band posi-
tion versus time is plotted in Fig. 4(B). A displacement of this band
to lower wavenumber is noticed. Indeed, the Si—0—M peak posi-
tion shifts from 969 cm ™! to 940 cm ™! during 250 min. This is in
agreement with the literature data [29] and it evidences the dissolu-
tion of the metakaolin species by the basic environment. Further-
more, the shift value denotes the replacement of Si—0—Si by
Si—0—Al bonds during the geopolymerization and the calculated
slope value at the beginning of the curve gives information about
the kinetic of the reaction.

In order to understand the effect of the presence of crushed
geopolymer in the mixture, the displacement of the Si—0—M band
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Fig. 4. Insitu FTIR spectra obtained at t = 0, t = 90 and t = 250 min for the (A) '2*'G” and
(B) @ position shift and slope from IR spectra versus time for the '2*'G" sample.
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versus time for all samples was plotted in Fig. 5. All the samples show
a shift of Si—0O—M band to lower wavenumber. The initial peak positions
are similar for the '**'GY and **5'GY samples (986 and 980 cm ™ ! respec-
tively) whereas it is lower for %G mixtures (969 cm ™~ !). This difference
is explained by the different initial alkaline solutions. Indeed, the similar
initial peak position for '>$'G¥ and **5'GY geopolymers are due to the
use of $1 solution contrary to '***G¥ sample. These two solutions have
different silicate species as shown by Gharzouni et al. [24,25]. Then, for
2516 mixtures (Fig. 5(A)), the addition of CG implies a diminution of
the shift value (from 47 to 27 cm ™' for '**'G° and '>5'G*® samples re-
spectively) slowing down the polycondensation reactions. This fact may
reveal a low or non-reactivity of the CG. Indeed, according to previous
work [15], the presence of low or non-reactive species provided by the
waste disrupts the exchanges between reactive aluminous and siliceous
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Fig. 5. Evalution of the shift of Q7 position from FTIR spectra versus time for (A) '251G¥,
(B) '23GX and (C) 2®5'G™* reactive mixtures with x = () 0, (¢) 20 and (¢) 520% of
crushed geopolymer.
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species leading to a slowdown of the reactions. In the case of '*5°GY 09 "

samples (Fig. 5(B)), the addition of CG has no effect on the shift values . !

(28 and 29 cm ! for "*%3G° and "***G*° mixtures respectively). The a0 | severnt i

unchanged values observed are due to the fact that the alkaline solution BeREE !

governs the reactions. In fact, Gharzouni et al. [25] demonstrated that, * ]

when S3 is used, close shift values were observed for four metakaolins =30 A :

differing in terms of reactivity. Consequently, S3 solution governs the _5_:, 4 Geopolymer

reactivity of the mixtures regardless the metakaolin properties. The T 93&*?’?‘,,9 777777777777
addition of crushed geopolymers in the 2°5'GY mixtures (Fig. 5(C)) lead @ 20 :

to weak variations of the shift values (21 and 13 cm ™! for 2°5'G? and {om

20351620 gegpolymers respectively). In this case, the slight decrease of Fid i o

the shift values evidences that the effect of the presence of CG is associat- !

ed to the influence of the high amount of metakaolin in these composi- 1

tions. Some authors [26,35] showed that a high amount of metakaolin 0 z . : e = Sl ;
leads to a lack of reactive silicate species to completely react with the 03 030 02 020 046 010  -0.05 0.00
MK. A geopolymerization reaction took place but the attack of the MK Slope (em*/min)

being incomplete, the final material may exhibit a geopolymer network
with unreacted MK particles. This is the phenomenon observed for the
20516° sample. When CG is added, the reactions are also incomplete and
the final material may contain unreacted CG and MK particles in a
geopolymeric matrix.

Contrary to the addition, the substitution of an amount of metakaolin
by crushed geopolymer does not have a significant effect on the various
samples. For the '*%1G>%° sample, the unchanged shift values (44 cm '
instead of 47 cm~ ! for '25'G? mixture) may be explained by the low or
non-reactivity of the waste. Indeed, the CG has a limited effect on the
polycondensation degree of the network according to Gao et al. [16].
The authors showed that the substitution of a small amount of slag by
fly ash leads to unchanged infrared band position and attributed this to
the small influence of fly ash inclusions on the networks. Then, for the
1253¢¥ set, the unchanged shift values (28 and 35 cm ™! for '**°G" and
12536520 camples) may be due to the fact that the alkaline solution gov-
erns the geopolymerization reactions as it was observed for the addition.
For the 2°5'GY samples, the shift values are also unchanged (21 and
16 cm ™! for 2°5'GP and 2°5'G5%° samples) and this phenomenon could
be explained by the low or non-reactivity of the waste as well as the
small amount of CG substituting the metakaolin as previously seen, All
these data evidenced a more pronounced effect of the geopolymer
waste on the '>*!GY mixtures. For the other two compositions, the limited
effect of the waste is attributable at the use of a highly reactive solution or
the higher amount of metakaolin.

The evolution of the shift versus the slope values calculated for all
the samples is presented in Fig. 6. Different zones were determined de-
pending on the shift and slope values [36]. For a slope and a shift higher
than —0.10 cm™ '/min and 22 em ™! respectively, there is the coexis-
tence of several networks. The existence of a gel was determined for a
shift and a slope lower than 22 cm ™ ' and —0.10 cm ™~ !/min respective-
ly. Then, the junction of these two zones seems to be characteristic of
geopolymer materials, According to the shift and slope values, different
types of networks were identified for the studied samples [37]. All the
samples from the '°'GY set are located in the zone were several net-
works coexists whereas the mixtures from the '"***GY and 2°*'GY sets
are placed in the geopolymer domain. These results are in accordance
with the previously discussed results and with the works of Gharzouni
et al. [25]. However, for the first set ('>°'GY), the '>*'G? sample is far
from the geopolymer zone and the '°'G?® mixture is closer to the
geopolymer domain (decrease of the shift and slope values). The addi-
tion of CG seems to modify the behavior of the mixture and to lead to
the presence of several networks different from those in the '**'G” sam-
ple. This fact may be explained by the low or non-reactivity of the waste
which disrupts and slows down the exchanges between the reactive
species during the geopolymerization process [22]. For the second and
third set (IZ.SZGy and ZU,SIGy)l the IZ‘SBGD. 12'53G20, ZO‘SIGZD and 20,51(;0
samples are located in the geopolymer zone, As it was seen previously,
the waste addition does not seem to have a significant effect on the
behavior of these materials. For the 253GY set, this phenomenon is
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Fig. 6. Evolution of the shift versus the slope for different compositions () '9'G%, (+)
IZ‘SIGZD (‘) |]‘..5]GSIU [O) [2.53(;" ( } \2.5361[1 ( J \2‘530520 {D) ZU,SIGU ( }N.Slc]ﬂ and
(m) 2°5'G** samples.

explained by the reactions governed by the alkaline solution. For the
20516Y set, the behavior is due to the high amount of MK in the reactive
mixture. In fact, Liew et al. [35] showed that for a high quantity of
metakaolin, the polycondensation reactions are incomplete. According
to this, for the 2°°'G2° sample, the effect of the CG may be associated
to the influence of the amount of MK. Whatever the considered set,
the substitution of an amount of MK by CG has no significant effect on
the behavior of the different mixtures. Indeed, the '*#5'G20, 12536520
and 251G samples are located close to the reference samples
(125160, 125360 and 2051GP respectively). According to Gao et al. [16],
the behavior of the three samples with substitution may be explained
by the small amount of MK substituted by the waste which has a
weak influence on the reactions.

So, the effect of the crushed geopolymer on the polycondensation
rate can be counterbalanced by the use of a reactive alkaline solution
or by the increase of the amount of metakaolin in the mixture, These dif-
ferences in reactivity suggest the existence of variations on the mechan-
ical properties of these compositions.

3.3.2. Effect of on geopolymer waste the mechanical properties

The influence of crushed geopolymer on the mechanical properties
was evaluated by compressive test. The variation of compressive
strength values as a function of strain for the three sets is illustrated in
Fig. 7(A). Regardless of the sample, the obtained curves exhibited a lin-
ear variation characteristic of elastic regime followed by a slight plastic
deformation and a brittle failure. The compressive strength value of
samples, considered as reference, increased from 45, 68 to 76 MPa +
0.2 for 'S1GP 125360 and 2051GO respectively. It is noticed, firstly, that
the increase of the metakaolin amount from '**'G° to ?*5'G? seems to
improve the mechanical properties. Then, the 2°*'G display the highest
compressive strength because it contains a high amount of metakaolin
|38].

In the case of the addition 20% of crushed geopolymer and compared
to reference samples, for the first set ('*5'G*%), the compressive
strength value decreases to 30 MPa & 0.2. However, the mechanical
properties of the second set (2**3G2%) are quite identical while 20% is
added (about 70 MPa + 0.2). The ***'G?” has a compressive strength
of 65 MPa + 0.2 which is lower than 2>*'G®. Consequently, it seems
that the addition of crushed geopolymer decreases the compressive
strength value especially for the first and third set. The loss of strength
can be due to the non- or poor reactivity of the geopolymer crushed
compared to metakaolin in an alkaline environment. This behavior is
in agreement with the literature [ 12,39] since the aluminosilicate source
based on metakaolin and crushed geopolymer as filler has been modified.
The close values of mechanical properties for the second set ('3G2°), can
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be related to the use of highly reactive alkaline solution (S3) which gov-
e the working properties as it was proved by Gharzouni et al. [25].

In the case of metakaolin substitution by crushed geopolymer, the
compressive strength values decrease to (25, 60 to 62 MPa + 0.2) for
12513520 1253520 3pd 2051G520 respectively revealing that the mechan-
ical properties decreased also with the substitution of metakaolin by
crushed geopolymer. For the (*°'G® and **5'G52%) compositions, the
similar values are in relation with the crushed geopolymer source of
aluminosilicate in presence of alkaline solution. Indeed, the 2%5'G2°
behaves as a geopolymer containing reinforcements in which the
reactivity metakaolin is slowed in the presence of the alkaline solution,
while for the 2051G52% sample, although metakaolin rate is lower, the
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alkaline solution allows dissolution which also leads to further en-
hanced geopolymer.

From these data, both the addition and the substitution of
metakaolin by the crushed geopolymer diminish the compressive
strength of the obtained materials.

4. Discussion

In order to understand the effect of crushed geopolymer incorpora-
tion in the different compositions on the polycondensation rate, the
shift values were plotted versus the solid to liquid ratio (S/L) of each
mixture normalized by the S/L of '**'G” sample (exhibiting the lowest
S/Lratio) in Fig. 8(A). Typically, the shift values decreased with increas-
ing the solid to liquid ratio (S/L). This ratio increased from 0.97 for
125162 to 1.28 for '>5°G” due to the lower water content in 53 solution
and to 2.11 in the case of 2°5'G" higher amount of metakaolin in the
case of 225'G°, Whatever the composition, the substitution of metakaolin
by crushed geopolymer maintains the same S/L ratio which explains the
close obtained shift values (47 and 44 cm ™! for '>5'GY and "G
having a S/L ratio of about 0.97). However, the addition of crushed
geopolymer increases the amount of aluminosilicate source and therefore
increases the S/L ratio which corresponds to lower shift values compared
to the reference compositions (27 cm™ ! for '**'G*® having a S/L ratio of
1.47). High shift values corresponding to low S/L suggest the existence
of higher number of bonds between dissolved species and impurities of
metakaolin engendering the formation of several networks as has been
previously demonstrated by Autef et al. [37]. In fact, the high amount of
activating liquid increases the mobility of species and, hence, facilitates
the interaction between them. Liew et al. [35] have shown that low S/L
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ratio favors the dissolution rate. However, it prevents the polycondensa-
tion rate because the diffusion of dissolved species is difficult. On the
other hand, the relatively lower shift values corresponding to high S/L ra-
tios indicate that the increase of the amount of solid in the mixture reduce
the mobility of species at the interface charged region [40] leading to the
formation of a unique network. Consequently, in addition to controlling
the workability of the mixture, the S/L ratio is a crucial parameter which
governs the type of formed networks in the resulting materials. To
thoroughly understand this evolution, the shift values were plotted as
function of the Si/K molar ratio of the activating solution in Fig. 8(B).
The shift value decreases as the Si/iK molar ratio decreases. The substitu-
tion of metakaolin by CG and in a greater extent the CG addition decreases
the Si/K molar ratio of the activating solution due to the additional
amount of potassium species released from crushed geopolymer
causing therefore the decrease of the shift values. This fact can be
explained by different extent of depolymerization of alkaline solu-
tion after the CG incorporation. In fact, the decrease of the Si/K
ratio increases the depolymerization of the solution by increasing
the number of non-bridging oxygen and the amount of low order
siliceous species (Q” and Q') known to be more reactive than the other
species [41]. Less depolymerized solution (high Si/K) induces the combi-
nation of Si—0—M (M = Si, Al or K) from dissolved species and from the
impurities of metakaolin leading to high shift values and formation of dif-
ferent networks as discussed previously. In contrast, the decrease of the
Si/K ratio increases the depolymerization of the solution by increasing
the number of non-bridging oxygen and the amount of low order sili-
ceous species (Q° and Q') known to be more reactive than the other spe-
cies. The quickly released siliceous species reach speciation equilibrium
and then react with the aluminous species because of their high reactivity
inducing low shift values and formation of a geopolymer network. How-
ever, it should be mentioned that a very high alkalinity can act negatively
on the polymerization due to lower connectivity between silicate anions.

To correlate the mechanical properties with the chemical composi-
tions of the different samples, the specific compressive strength values
were plotted versus the (nSi/nK)as/(nSi/nAl)c ; mk molar ratio in
Fig. 9. Whatever the composition, the specific compressive strength
values decreases with the decrease of (nSi/nK)as/(nSi/nAl)eg + mx
molar ratio as a result of the CG incorporation by addition or by substi-
tution. Using S1 alkaline solution, a linear relationship is observed be-
tween '*5'GY and °5'GY series of samples evidencing the decrease of
the compressive strength values with the decrease of aluminum avail-
ability. This finding is in accordance with the literature [30,42]. In fact,
a strong correlation between the chemical composition and the me-
chanical properties was demonstrated. With a low Si/Al ratio, the
geopolymer exhibits a weak porous structure. However, the increase
of the Si/Al ratio leads to an homogenous microstructure and hence an
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increase in strength. For '25*GY samples, 53 alkaline solution seems to
govern the compressive strengths. This fact can be explained by the dif-
ferences in the distribution of silicon atoms and potassium availability
between the two solutions inducing different reactivities [43]. Reactive
released siliceous species from S$3 solution [25] react quickly with the
aluminous species leading to the formation of a perfect geopolymer net-
work which enhance the mechanical properties of the strengthened
materials.

5. Conclusion

This study evidenced the possibility of recycling geopolymer wastes
to synthesize new geopolymer materials. Three compositions differing
in the used alkaline solution and the amount of metakaolin were inves-
tigated. The geopolymer wastes characterization has evidenced differ-
ent physico-chemical properties suggesting different reactivities in
contact with an alkaline solution. A feasibility study allowed determin-
ing the waste amount which could be added or substituted to the
metakaolin to obtain geopolymer materials. 20% of geopolymer waste
was the retained percentage of both addition and substitution. Further-
more, it was shown that the incorporation of the geopolymer waste
may hinder the polycondensation rate and decreases the mechanical
strengths of the final materials due to its low or non-reactivity. Indeed,
correlations were established on one hand, between the polycondensa-
tion rate and solid to liquid ratio (1.41 £S/L. < 1.72) and Si/K molar of the
alkaline solution and on the other hand, between the compressive
strengths and the chemical compositions of the different samples.
Nevertheless, the effect of geopolymer waste incorporation can be
counterbalanced with the use of a highly reactive alkaline solution or
the increase of the amount of metakaolin in the mixture,
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L’objectif de la présente étude est de contrdler la réaction de polycondensation de
différents matériaux géopolymeéres élaborés a partir de six métakaolins et deux solutions
alcalines de potassium ayant différentes réactivités. Dans un premier temps, la caractérisation
des métakaolins a révélé que la réactivité augmente avec l'augmentation du degré de pureté,
de la phase amorphe et de la valeur de la mouillabilité¢ (demande en eau). Dans un second
temps, la formation des géopolymeres a été étudiée. L’analyse thermique in situ a permis de
démontrer que la disponibilité des especes dissoutes diminue 1'énergie nécessaire a la
formation des oligomeéres a environ 1,8 kJ/mol. En revanche, une solution alcaline tres
réactive favorise la dissolution et diminue 1’énergie a environ 0,6 kJ/mol, méme dans le cas
des métakaolins faiblement réactifs. En outre, les études par spectroscopie IRTF in situ ont
révélé que les impuretés du métakaolin sont responsables de la formation de plusieurs
réseaux. Cependant, la formation d’un seul réseau de type géopolymere est favorisée dans le
cas d'une solution alcaline trés réactive. En outre, des informations structurales ont été
fournies par RMN de 1’aluminium (*’Al) in situ. En effet, il a été prouvé que la réactivité du
métakaolin et la réactivité des solutions alcalines permettent 1’augmentation des taux de
conversion de ’AIYY et AIY) en A1V, qui dépassent 80% dans le cas de la solution alcaline
trés réactive. Les meilleures valeurs de résistance a la compression (> 60 MPa) ont été

obtenues pour des taux de conversion €levés.
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Abstract

The purpose of the present study is to control the polycondensation reaction of various
geopolymer samples based on six metakaolins and two potassium alkaline solutions with
different reactivities. At first, metakaolin characterization revealed three levels of reactivity,
which increase essentially with the increase of purity degree, amorphous phase and wettability
value. Then, the formation of geopolymer samples was investigated. In situ thermal analysis
showed that depending on the metakaolin surface reactivity, the availability of dissolved
species decreases the energy required for oligomer formation to approximately 1.8 KJ/mol.
However, a highly reactive alkaline solution favors the dissolution and decreases this energy

to approximately 0.6 KJ/mol, even in the case of low-reactive metakaolins. In addition, in situ
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FTIR spectroscopy revealed that the metakaolin impurities are responsible for the generation
of several networks. However, the geopolymer network is favored in the case of a highly
reactive alkaline solution. Further, structural information was given by in situ *’Al NMR. It
was proven that the reactivity of metakaolin and, more significantly, the reactivity of alkaline
solutions ensure higher conversion rates of AI*? and AlY species to A1), which may reach

80%. Better compressive strengths (>60 MPa) were obtained for high conversion rates.

1. Introduction

Under increasing necessity to develop new construction materials that are environmentally
friendly, low-energy-consuming and cost-efficient, geopolymer materials appear as
competitive alternative mineral binders. Geopolymers can be defined as three-dimensional
amorphous materials derived from the activation of an aluminosilicate source (metakaolin,
clays, fly ash, blast furnace slag) by an alkaline solution (silicate solution and alkali
hydroxide). Research questions about these materials have been diverse, including the
formation mechanism, working properties and potential applications. Metakaolin was
extensively used as an ideal precursor for fundamental studies aiming to explore the kinetics,
reaction mechanism and properties of geopolymer materials. In this context, Granizo et al. [1]
have demonstrated that the degree of the reaction is closely related to the metakaolin specific
surface and the volume of the activating solution. As a result, the mechanical strength
increases with decreasing activator volume and increasing alkali concentration. Furthermore,
Wang et al. [2] summarized the reaction process as first, the dissolution of the metakaolin
surface layer by NaOH solution and then, the polymerization of aluminosilicate species under
the effect of monomer, dimer and oligomer species of the silicate solution. They also
mentioned that the colloid reaction mainly takes place at the surface of the microflake of the
metakaolin particles. Moreover, many authors have tried to explore the geopolymer formation
mechanism using different characterization techniques. Provis et al. [3], considered it difficult
to separate each step of the reaction from the other because they are occurring simultaneously
and rapidly. Despite this fact, they succeeded in modeling the reaction kinetics using in situ
energy dispersive X-ray diffraction. Other authors have used more accurate structural
analysis, such as NMR experiments. For instance, Rahier et al. [4] studied the reaction
kinetics and mechanism using modulated temperature differential scanning calorimetry and
dynamic mechanical analysis. They also explored the possibility of *’Al and *’Si NMR to

follow the molecular changes during the material synthesis. They found that geopolymers
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result from complex combined reactions. Indeed, the decrease of OH™ concentration at the
beginning of the reaction leads to the formation of an intermediate aluminosilicate species that
evolutes afterwards to a geopolymer. Recently, Favier et al. [S]conducted a heteronuclear
liquid NMR study to observe the chemical evolution of the interstitial phase during
geopolymerization and correlate it with the evolution of the elastic modulus of the
geopolymer paste. An 'H NMR study was also carried out to characterize the
geopolymerization process of a metakaolin-based geopolymer. The geopolymerization
process, in the early age, was described as a succession of an induction period, an acceleration
period, a deceleration period and finally, a stabilization period [6]. Differential thermal
analysis (DTA) and thermogravimetric analysis (TGA) during formation have also been
useful in determining the geopolymerization rate [7]. The geopolymer samples were
maintained at 70°C for two hours. According to the obtained heat flow curve and associated
weight losses, four zones were defined, denoting different reactions: first, the reorganization
of species; then, the dissolution of metakaolin, followed by the oligomer formation; and
finally, the polycondensation reaction. Despite the existing background models describing the
geopolymerization reaction, the mechanism is still the subject of research because it is
strongly dependent on the raw materials used. Thus, it is interesting to assess the influence of
raw precursor reactivity on the structural evolution of geopolymer materials and its final
properties. For this, elucidation of the structural changes as the reaction of geopolymerization
proceeds in function of various metakaolins and alkaline solutions seems to be profitable.

In this paper, the control of the polycondensation reaction will be investigated. The effect
of aluminates species from different metakaolins will be studied because they are
thermodynamically limiting factors for the polycondensation reaction [8]. The role of silicate
species is also important and depends on the alkali cation. Two potassium silicate solutions
differing in terms of reactivity were used to exacerbate the effect of alkaline solution
reactivity on reaction kinetics. The geopolymer formation was probed by differential thermal
analysis and thermogravimetric analysis (DTA-TGA), FTIR spectroscopy and Al NMR.
Then, the mechanical properties of the strengthened materials were evaluated by compression

tests.

2. Experimental

2.1. Raw materials and sample preparation

126



CHAPITRE IV : PUBLICATIONS

Geopolymer samples were synthesized using six metakaolins (named M1 through M6)

(Table 1) and two commercial potassium silicate solutions denoted as S1 and S3 with Si/K

molar ratios of 1.75 and 0.65. Potassium hydroxide pellets (VWR, 85.2% pure) were

dissolved into the two starting silicate solutions to maintain the Si/K molar ratio at 0.5. Then,

metakaolins were added.

Table 1 Chemical and physical properties of raw metakaolins

Metakaolins M1 M2 M3 M4 M5 M6
Si/Al 1.17 1.19 1.00 0.98 1.44 1.33
dso (um) 10 6 8 6 20 26
BET value (m’/g) 17 22 8 17 18 6
Wettability (uL/g) 760 1250 1010 1186 530 670
Amorphous phase 63 87 98 98 64 59
Heating process Rotary Flash Oven Flash Flash Flash

The obtained mixtures were placed in a closed sealable polystyrene mold at room

temperature (25°C). The nomenclature and the composition of the prepared mixtures are

reported in Table 2.

Table 2 Nomenclature and composition of the studied samples.

Mixtures Si/Al
S1M1 1.56
S1M2 1.60
S1M3 1.34
S1M4 1.33
S1M5 1.67
S1M6 1.63
S3M1 1.68
S3M2 1.73
S3M3 1.45
S3M4 1.44
S3M5 1.76
S3M6 1.74

2.2. Sample characterization
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The chemical composition of the raw materials was determined using X-ray fluorescence
(ARL 8400, XRF 386 software).

X-ray diffraction patterns were acquired via X-ray diffraction (XRD) experiments on a
Bruker-AXS D 5005 powder diffractometer using CuK o radiation (AKa=0.154186 nm). The
analytical range is between 5° and 55° (20), with a step of 0.04° and an acquisition time of 2 s
for raw metakaolins powder. JCPDS (Joint Committee Powder Diffraction Standard) files
were used for phase identification. The amorphous phase for each metakaolin was determined
using the Rietveld method [9].

The particle size distributions of the clays were measured using a laser particle size
analyzer (Mastersizer 2000). The powder is suspended by an air current flowing through a
glass cell with parallel faces illuminated by a beam of laser light. The measurement is made at
a pressure of 3 bars.

Powder BET surface areas were determined by N, adsorption at -195.85°C using a
Micrometrics Tristar II 3020 volumetric adsorption/desorption apparatus. Prior to the
measurement, the samples were degassed at 200°C under vacuum for 4 h.

The wettability value (uL/g) corresponds to the volume of water that can be adsorbed by
one gram of powder before saturation.

Fourier-transform infrared (FTIR) spectroscopy in ATR mode was used to investigate the
structural evolution of the geopolymer mixtures. The FTIR spectra were obtained using a
ThermoFisher Scientific Nicolet 380 infrared spectrometer. The IR spectra were gathered
over a range of 400 to 4000 cm-1 with a resolution of 4 cm-1. The atmospheric CO2
contribution was removed with a straight line between 2400 and 2280 cm-1. To monitor the
geopolymer formation, software was used to acquire a spectrum (64 scans) every 10 minutes
for 13 hours. For comparison, the spectra were baseline-corrected and normalized [10].

Differential thermal analysis (DTA) and thermogravimetric analysis (TGA) were
performed on an SDT Q600 apparatus from TA Instruments in an atmosphere of flowing dry
air (100 mL/minute) in platinum crucibles. The signals were measured with Pt/Pt—10%Rh
thermocouples. Thermal analysis was conducted during the formation of the consolidated
materials using the thermal cycle previously established by Autef et al. [7]. The fresh reactive
mixtures were maintained at 50°C for two hours.

High-resolution NMR experiments were performed at room temperature on a Bruker
AVANCE-400 spectrometer, operating at 104.26 MHz (*’Al signal). MAS experiments were

carried out for metakaolins powder samples, which were spun at 10 KHz. The number of
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scans was 400 [11]. For fresh geopolymer reactive mixtures, >’Al NMR in static mode was
used. It is well known that >’Al is a quadrupolar nuclei (spin I>1/2), which means that there is
an asymmetric charge distribution in the nucleus due to the non-symmetry of protons and
neutrons. The difficulty of quadrupolar nuclei involves a quick relaxation in the liquid state
and a broadening at the first and second order in a solid state [12]. The energy levels are
shifted by the quadrupolar interaction, which may limit the quantitative determination of the
populations [13]. However, in the liquid state, quadrupolar interaction can be neglected, as
previously reported by Favier [14]. The synthesized mixtures were deposed in a zirconia rotor
(0= 4 mm). A solution of AICI3 was used as a reference. The *’Al (I = 5/2) NMR spectra
were recorded after /8 pulse irradiation (1.5 ps) using a 1-MHz filter to improve the
signal/noise ratio. In each case, 400 scans were collected. The time between acquisitions was
setat 10 s.

The compressive strengths were tested using a LLOYD EZ20 universal testing machine
with a crosshead speed of 0.1 mm/min. The compressive tests were performed on ten samples
for every composition. The samples were cylindrical in shape, with a diameter of 15 mm and
a height of approximately 30 mm, and were aged for 7 days in a closed mold at room

temperature.
3. Results and Discussion
3.1. Raw metakaolin characterization
To elucidate the main differences between the six used metakaolins, the mineralogical

compositions were determined by X-ray diffraction. The resulting XRD patterns are reported

in Fig. 1.
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Fig. 1. XRD patterns of the raw metakaolins. The main diffraction peaks are indexed
according to the JCPDS files (Q: Quartz (01-083-2465), K: Kaolinite (00-012-0447), M:
Muscovite (00-003-0849), A: Anatase (01-071-1166), H: Hematite (01-079-1741), Ca:
Calcite (00-005-0586), Mu: Mullite (01-089-2814)).

Whatever the metakaolin, a broad reflection in the 20 = 20° range is observed,
characteristic of the typical metakaolin amorphous structure. M1 and M2 show the presence
of peaks relative to crystalline phases, such as quartz, residual kaolinite, muscovite and
anatase. In the case of M3 and M4, the dome is more pronounced, denoting high structural
disorder and a large amount of amorphous phases. Only traces of quartz were identified in
M4. For M5 and M6, the impurity content is higher. Quartz, anatase, calcite and hematite
were detected in M5 metakaolin. The presence of hematite was expected from the pinkish
color of this metakaolin. M6 is characterized by the presence of mullite in addition to quartz,
muscovite, kaolinite and anatase. The presence of mullite can be explained by the over-
calcination of particles when passing near the flame in the case of the flash calcination
process as previously detailed by San Nicolas et al. [15] and Cyr et al. [16]. Thus, the studied

metakaolins present different mineralogical phases denoting different purity degrees.
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Furthermore, the main physical and chemical characteristics of the six metakaolins are
reported in Table 1. M1 and M2 have Si/Al molar ratios of approximately 1.17 and 1.19,
respectively. M3 and M4 exhibit Si/Al ratios close to 1 (1 and 0.98, respectively), revealing
high purity (pure theoretical metakaolin having a Si/Al ratio = 1). However, M5 and M6 have
the highest Si/Al ratios (1.44 and 1.33, respectively). This fact is in accordance with the
previously discussed mineralogical data. The grain size of each metakaolin was also
determined. The dsy varies from 6 pm in the case of M4 to 26 um for M6. The difference in
the median diameter from a metakaolin to another can be explained by the different heating
process and pre-treatment [17]. Indeed, all metakaolins were heated at 750°C but with various
processes, as detailed in Table 1. It was demonstrated that the rotary process lead to massive
aggregates of particles (the case of M1, for example). However, the flash process produces
finer particles with lower agglomeration [18] (the case of M2, for example). The high dsg
observed in the cases of M5 and M6, despite being heated with the flash process, may be due
to the high amounts of accessory minerals, such as quartz. The specific surface area (Sggr) is
also an important parameter to study because it controls the dissolution rate of metakaolin
[19]. Regardless of metakaolin, the specific surface area values are between 6 and 22 m?/g,
which is in accordance with the literature [20, 21]. M1 and M4 present similar Sgpt values of
approximately 17 m*/g. M2 and M5 exhibit higher Sggr values (22 and 18 m?/g, respectively),
whereas M3 and M6 have weaker values (8 and 6 m?/g, respectively). The differences of
specific surface area between the six studied metakaolins denote the different structures of the
particles [17]. It should also be mentioned that a high specific surface is not always an
indicator of high reactivity. Fabri et al. [17] mentioned that the dehydroxylation lead to the
formation of porous grains. The very small pores can be entered by nitrogen but not by water
molecules. Thus, even if the specific surface area is high in this case, the reactive surface is
low. That is why the research of another parameter controlling the reactivity is necessary.
Recently, Autef et al. [11] demonstrated that the wettability value may be a good indicator of
reactivity. Thus, it was interesting to compare the wettability values of the studied
metakaolins. M1, M6 and M5 show lower wettability values (760, 670 and 530 uL/g,
respectively), whereas, M2, M4 and M3 exhibit high wettability values (1250, 1186 and 1091
uL/g, respectively). These differences are linked to different parent kaolins crystallinity and
various dehydroxylation processes [11]. Finally, the amorphous phase content differs for each
metakaolin. As expected, the most pure metakaolins (M2, M3 and M4) present the most

amorphous phases content (> 87%) compared to the others one.
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For deeper comprehension of the structural differences between the raw metakaolins, 2’Al
MAS-NMR experiments were performed. The obtained spectra are presented in Fig. 2. A. All
samples exhibit typical >’Al MAS-NMR spectra of metakaolin, showing three main types of
components, at approximately 60, 31 and 1 ppm, which are assigned to tetrahedral (AI(IV)),
pentahedral (AI(V)) and octahedral aluminum (AI(VD), respectively [22, 23, 24, 25]. To
facilitate the exploitation of these data, the obtained spectra were deconvoluted. For example,
Fig. 2. B shows three deconvoluted spectra corresponding to M4, M5 and M6. The obtained
data concerning the chemical shifts and the percentages of the curve area of the various
contributions (AI(IV), Al and AI(VD) relative to the different metakaolins are given in Table
4. A. Broad signals (bands 1, 2, 3 and 4 in Fig. 2.B) with a Full-width at half maximum
(FWHM) varying between 25 and 40 are associated to metakaolin and reflect the disorder of
the structure. However, narrower peaks (band 5, 6, 7 and 8 in Fig. 2.B.b, c) indicate the
presence of more crystallized phases. Indeed, a contribution at approximately 2 ppm
(FWHM~=10) relative to 6 coordinated aluminums of muscovite can be detected in all samples
(Fig. 2.B.b and c) except M4 (Fig. 2.B.a) and M3 (data not shown). Furthermore, the
deconvolution of the M6 spectrum (Fig. 2.B.c) shows the presence of three additional
contributions: two peaks at 53.94 and 66.67 ppm (FWHM=15) that can be assigned to Al
and a peak for AIVY at 1.52 ppm (FWHM=9) revealing the presence of mullite [25, 26] in this
metakaolin. This finding is in a good agreement with the XRD data. It also permits
distinguishing between tetrahedral aluminum coming from impurities (muscovite and mullite)
and tetrahedral aluminum relative to metakaolin, which will be the more reactive phase for

geopolymerization applications.
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Fig. 2. (A) Al NMR spectra of the raw metakaolins (* Al™Y) of mullite) and (B)
examples of deconvoluted spectra relative to (a) M4, (b) M5 and (c) M6 (The bands 1, 2, 3, 4
are attributed to AI™Y), A1), A1V of metakaolin, respectively, band 5 is associated to AIYD

of muscovite, and bands 6, 7 and 8 correspond to Al"™ and AIVY of mullite).
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Table 4 *’Al NMR data of the various species for (A) raw metakaolins and (B) geopolymer

reactive mixtures at different times of the reaction.

(A)
Percentage of the area curve of contribution (%)
Metakaolins INQE A1V ALY
~ 60 ppm ~ 31 ppm ~ 1 ppm
Ml 18.6 43.4 38.0
M2 21.1 35.7 43.2
M3 243 31.3 44 .4
M4 24.9 323 42.8
M5 18.4 28.6 53.0
M6 24.3 22.8 52.9
(B)
Mixtures S1M4 S3M4
Y Percentage of the area curve of contribution (%)
Time (8 ATV ALVD INISE ALVD
~70ppm  ~60ppm  <10ppm  =70ppm  ~60ppm <10 ppm
0 11.3 24.0 64.7 14.0 19.6 66.5
2 12.2 31.5 56.4 15.1 33.2 51.7
6 2.6 71.9 25.5 2.2 72.8 25.0
24 0.0 95.7 4.3 6.1 83.9 10.0
Mixtures SIM3 S3MS
Percentage of the area curve of contribution (%)
Time (b ATV ALVD INISE INUZ
~70ppm  ~60ppm  <10ppm  =70ppm  ~60ppm =10 ppm
0 17.8 26.8 55.4 6.9 27.0 66.1
2 4.6 43.4 52.0 7.5 48.4 44.1
6 6.0 71.6 22.4 0.0 923 7.7
24 8.9 76.3 14.8 0.0 93.2 6.8

In the light of the starting metakaolin characterization results, it appears that M2 and M4,
followed by M1, have higher wettability values, specific surface areas and reactive tetrahedral
aluminum phases, which make them more reactive than the other metakaolins. M3 is very
pure and shows interesting properties, but the low specific surface area may likely decrease its
reactivity in an alkaline medium. M5 and M6 are the more impure metakaolins and show
similar properties. Nevertheless, M5 seems to be more reactive than M6 because it has a

higher specific surface area. In summary, the reactivity of metakaolins, which means the
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ability to release aluminates and silicates species in the alkaline solution, decreases in the
order: M2 > M4 > M3 > M1 > M5 > M6.

These hypotheses need to be confirmed in the next sections. Moreover, the effect of the
reactivity of metakaolins in the presence of two alkaline solutions, differing in terms of

reactivity, on the geopolymer formation and final properties will be exacerbated.

3.2. Monitoring geopolymer formation

3.2.1. In situ thermal analysis

In the interest of understanding the influence of the starting precursors reactivity on the
geopolymerization reaction, twelve reactive mixtures, based on the previously characterized
metakaolins (from M1 to M6) and two alkaline solutions (S1 and S3), were prepared and
studied by thermal analysis at 50°C for two hours. Fig. 3.A presents a typical example of
obtained heat flow and weight loss curves for the SIM4 sample during 120 min of formation.
An endothermic peak, associated with a weight loss of 33%, indicates the occurrence of the
different stages of the various reactions. Based on the work of Autef et al. [7], four zones can
be distinguished according to the inflexion points of the first derivate of the heat flow as
schematized in Fig. 3.B. (a, b, ¢, d for SIM1, S3M1, SIM2 and S3M2, respectively). The first
zone corresponds to the reorganization of species to reach speciation equilibrium.

The second zone is representative of metakaolin dissolution. Zone 3 is attributed to
oligomer formation, and finally, zone 4 is associated with polycondensation reaction. In this
study, we have focused on the effect of the reactivity of used precursors on oligomer
formation (zone 3). Extra information can be deduced from thermal analysis curves, such as
the time of the beginning of the oligomer formation stage (Fig. 3.B.a) and the energy required
for this stage as determined from the heat flow peak area in zone 3.

Examples of the obtained heat flow and first derivate of heat flow profiles during the first 50
min of the reaction are given in Fig. 3. B for SIM1, S3M1, SIM2 and S3M2 mixtures.

Similar trends are observed permitting delimitation of the four zones as detailed above.
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Fig. 3. (A) Typical example of thermal analysis curves and weight loss during 120 min of

formation at 50°C spectra obtained for SIM4 sample and (B) definition of different zones of

the reaction for (a) SIM1, (b) S3M1, (c) SIM2 and (d) S3M2 (t=time of beginning of zone 3).

1

36



CHAPITRE IV : PUBLICATIONS

Table 3 summarizes the obtained times and energy values deduced from heat flow curves
for each studied sample. Differences are visible depending on the metakaolin and/or the
alkaline solution.

Table 3 Beginning time of oligomer formation (t) and energy required for this stage of the

reaction (E) determined from heat flow curves of studied samples.

Mixtures t (min) E (KJ/Mol)
S1M1 6.4 2.6
S1M2 8.6 1.8
S1M3 6.5 2.5
S1M4 7.8 2.0
S1MS5 6.4 3.1
S1M6 6.5 2.5
S3M1 8.3 0.8
S3M2 8.7 0.6
S3M3 8.7 0.8
S3M4 7.9 0.5
S3MS5 7.2 0.3
S3M6 8.8 0.8

To compare the different samples, the evolution of the energy as a function of the nAl/t
ratio was plotted in Fig. 4, where nAl represents the amount of aluminum responsible for
oligomer formation. Regardless of the sample, the energy seems to decrease with a decrease
of nAl/t. For S1, a less reactive solution, differences between samples can be considered as a
function of the used metakaolin. Indeed, the energy decreases as the nAl/t ratio decreases and
as the reactivity of the metakaolin increases. Moreover, the oligomer formation seems to
begin earlier (at t = 6.4 min) for less reactive metakaolins (M1, M3, M5 and M6) compared to
M2 and M4 (at 7.8 min and 8.6 min for SIM4 and S1M2, respectively). This fact can be
explained by the incomplete dissolution of these metakaolins (zone 2) due to their lower
ability to release aluminates and silicates species and higher stability of impurities, such as
mullite, for example, in M6, in an alkaline medium [27]. As a consequence, despite oligomer
formation beginning earlier, the lower availability of reactive aluminate and silicate species
limits the oligomerization, and more energy is necessary in this stage of formation. However,
in the case of more reactive metakaolins, better dissolution is ensured, and the oligomer
formation is favored by the high availability and reactivity of the released aluminate and

silicate species. This finding is in accordance with the study of Weng et al. [19], which
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highlights the role played by aluminate speciation and [Al(OH)s;] ion distribution in
promoting geopolymer formation.

For S3, a more reactive solution, no significant difference can be detected between the
samples. Indeed, the time varies between 7.2 min and 8.8 min, while the energy is between
0.3 KJ/mol and 0.8 KJ/mol. These values are lower than those of the samples based on SI.
The role of the high reactivity of the S3 solution is evident. The small depolymerized
siliceous species released from this solution are able to enhance oligomer formation and
counterbalance the low reactivity of metakaolins [28].

As a result, it appears that the different stages of the reaction, particularly the oligomer
formation, directly depend on the reactivity of the metakaolin as well as the alkaline solution.
The surface reactivity of the metakaolin controls the dissolution rate. Thus, the availability of
dissolved species influences the kinetics and the energy required for oligomer formation. A
highly reactive alkaline solution is able to ensure better dissolution even for low-reactivity
metakaolins, which, consequently, favors the oligomer formation. More structural data are

required to apprehend the effect of precursors on the reaction rate and the formed networks.
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Fig. 4. Evolution of the energy in function of nAl/t ratio for each mixture based on various

metakaolins and solutions
3.2.2. In situ FTIR spectroscopy
For deeper structural information on the influence of the starting precursors on the reaction

rate and the formed networks, ATR-FTIR spectroscopy experiments were performed on the
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twelve reactive mixtures. This technique has recently shown good potential for monitoring the
geopolymer formation at an early age of the reaction [12, 29]. Fig. 5.A gives an example of
the FTIR spectral change between t = 0 and t = 400 min for the S3M4 sample.

(A)

Si-O-M
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Fig. 5. (A) Example of in situ FTIR spectra obtained at t = 0 and t = 400 min for S3M4
sample and (B) evolution of the Q2 shift position in function of (VH;O501/ VH2Oyet)*(Am/(%
amorphous*Si/Al))
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The spectra exhibit two contributions at 3200 and 1640 cm'l, attributed to vog and Oom,
respectively. A broad band is also observed in the 1100-950 cm™ range and is assigned to the
Si-O-M (M = Si, Al) bond. The main change observed over time is the decrease of the
intensity of the voy and 8oy bands and the shift of the Si-O-M contribution towards lower
wavenumbers. This change reveals the occurrence of a polycondensation reaction. The
evolution of the Si-O-M band position versus time can be plotted, and the slope at the
beginning of the curve can be calculated. The shift value denotes the replacement of Si-O-Si
by Si-O-Al bonds during the geopolymerization, and the slope value gives information about
the kinetics of the reaction [9, 10].

Fig. 5.B shows the shift values versus (VH;O50/VH2Oyet)*(Am/(% amorphous*Si/Al)),
which represents the ratio of the volume of water supplied by the solution to the volume
necessary to wet the metakaolin (calculated according to the wettability values in Table 1)
multiplied by (Am/(% amorphous*Si/Al)), denoting the reactive properties of the metakaolin.
Am is the non-dehydroxylated kaolinite content determined from thermal analysis of the
starting metakaolins [12]. Whatever the sample, the shift value increases with
(VH2040/ VH2Oye)*(Am/(% amorphous*Si/Al)). Different behaviors are observed: higher
(VH,040// VH20yet) *(Am/(% amorphous*Si/Al)) corresponds to higher shift values in the case
of the SIM1 sample. A large shift value (45 cm™) denotes the formation of different
networks, as has been demonstrated in previous work [9, 28]. Indeed, when the M1
metakaolin is activated by S1, a less reactive solution, the volume of water supplied by the
solution is largely higher than the volume necessary to wet the metakaolin. This fact enables
easier species diffusion, as previously demonstrated by thermal analysis during formation, and
increases the extent of crosslinking between them. Thus, several networks are formed. The
use of S3, a more reactive solution, with the same metakaolin decreases the shift value to 29
cm™ for S3M3. Thus, S3 enhances the formation of a geopolymer phase in detriment to the
other networks [28]. Regardless of the used solution, M2, M3 and M4 exhibit similar shift
values varying from 22 to 30 cm’. These values are characteristic of the formation of a
geopolymer phase [9, 30]. These three metakaolins are characterized by a high initial kaolinite
amount, then an amorphous phase and wettability values and Si/Al ratios close to 1.
Furthermore, the volume of water supplied by the solution seems to be optimal to wet the
metakaolin and initiate the reaction. The water volume is important because it controls the
driving forces for polymerization [3]. Consequently, the reactivity of the metakaolin and/or

alkaline solution favors the formation of a geopolymer network.
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In the case of M5 and M6, which are less pure metakaolins, weaker shift values are obtained,
especially in presence of S1 (18 cm™ and 15 cm™ for SIM5 and S1MS, respectively). S3
increases these values to 21 cm™ and 22 cm™ for S3M5 and S3M6, respectively. This result is
indicative of the formation of a minor geopolymer phase blocked with impurities, such as
mullite for M6 and hematite for M5. In fact, these impurities do not participate in the
polycondensation reaction and are coated by the alkaline solution [31].

Thus, regardless of the solution, the metakaolin properties control the nature of the formed
networks. The impurity content is also an important factor because of their high resistance to
alkaline attack. The role of the alkaline solution consists of favoring the geopolymer network
towards other possible formed networks. To ensure full comprehension of the reaction rate,

NMR analysis is necessary.

3.2.2. In situ >’ Al static NMR

For more detailed structural information about the geopolymer formation depending on the
starting precursors’ reactivity, the twelve reactive mixtures were studied by *’Al static NMR
at different times of the formation (0, 2, 6 and 24 hours). Examples of the obtained spectra for
the SIM4, S3M4, SIMS and S3MS5 samples are presented in Fig. 6. The obtained data
concerning the chemical shifts and the percentages of the curve area of the different
contributions are detailed in Table 4B. Irrespective of the mixture, it was noticed that the
spectra are immediately different from those of the starting metakaolins when there is contact
with the alkaline solution (from t=0 h). Indeed, metakaolins show very broad peaks due to the
disorder of the structure. However, for geopolymer reactive mixtures, the peaks become
noticeably narrower, indicating a higher degree of structural order [32]. Moreover, the spectra

show a dominant phase at approximately 60 ppm, which is characteristic of INQE

, and a
minor broad peak at approximately 17 ppm, corresponding to AIVY [33]. In fact, when the
metakaolin is mixed with the alkaline solution, an increase of the contribution’s area relative
to AI"Y) to the detriment of the disappearance of Al and a remarkable decrease of AIYD
initially present in the metakaolin are observed. These changes indicate the rapid and strong
interaction between the two precursors. As time progresses, the peak relative to AI'Y
broadens, denoting the formation of a geopolymer network, and the intensity of the peak

relative to AIVP decreases, revealing the dissolution of metakaolin. However, AI(V), which is

initially present in the metakaolin, was not observed in any spectra. The disappearance of
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AlY) indicates that it was rapidly consumed due to its high reactivity linked to its strained
coordination, as has been previously demonstrated in the literature [19, 34]
The amount of A1 that is still observed in the *’Al spectra of geopolymers even after 24

1YY is more stable and more difficult to

hours is due to unreacted metakaolin, especially as A
dissolve than A1) and A1 [23, 32, 35]. Moreover, differences can be distinguished
between the percentages of the area curves of the different contributions (Table 4B) as a
function of the used metakaolins and alkaline solutions. For example, the use of S3 instead of
the S1 solution increases the percentage of Al species at 24 h from 81.1 to 83.9% for the
M4 metakaolin and from 76.4 to 93.2% for the M5 metakaolin and at the same time decreases
the percentage of A1V species from 11.9 to 10.6% and from 14.8 to 6.8% in the case of M4
and M5, respectively. Thus, S3 seems to ensure an easier and more rapid conversion of A",
Al™ and A1V of metakaolins into A1 in the geopolymer mixture than S1. This fact is more
prominent when S3 is combined with a poor-reactivity metakaolin (M5 in this case). These
results are in agreement with DTA and FTIR data and confirm that the structural evolution of
the geopolymer reactive mixture is strongly dependent on the reactivity of the starting
precursors. The role of the aluminosilicate source is related to the availability of reactive
aluminate species (especially A1) and AI(V)) initially present in the starting metakaolins,
while the influence of the reactivity of the alkaline solution is more important because

reactive species released from a highly reactive alkaline solution are more able to attack even

poor-reactivity aluminosilicate species to form a geopolymer phase.
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Fig. 6. Recorded *’Al NMR spectra in static mode at (a) 0, (b) 2, (c) 6 and (d) 24 hours of
formation for (A) S1M4, (B) S3M4, (C) SIMS5 and (C) S3MS5 studied samples.
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3.3. Impact of the metakaolin and alkaline solution on the mechanical properties of the

geopolymer

The various behaviors of the samples detected by thermal analysis, FTIR and NMR
experiments during the formation translate to different polycondensation rates depending on
the reactivity of the raw materials used and suggest different mechanical properties. To
elucidate this effect, the mechanical strengths were evaluated by compression tests. Then, a
correlation was established between the AI™Y) formation rate (the difference between the
amount of AI'"Y) formed after 24 hours in the geopolymer samples and the amount of Al

initially present in the starting metakaolin) and compressive strength data as shown in Fig. 7.
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Fig. 7. Evolution of the compressive strength values in function of the AI"Y) formation

rate.

Regardless of the sample, it is noted that better compressive strengths correspond to higher
Al™ formation rates. Moreover, three different behaviors, depending on the reactivity of the
used precursors, can be distinguished, as schematized in Fig. 7. For the SIM6 sample, the
AI™) formation rate did not exceed 62%, leading to the weakest specific compressive strength
value (18 MPa.g"'.cm®). This fact can be explained by, on one hand, the low surface reactivity
of metakaolin. Indeed, M6 has low metakaolin content, reactive AI™) and surface area, as

detailed previously. On the other hand, the low attack reactivity of the alkaline solution S1
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[28] may prevent the formation of AI" species and consequently not allow total alteration of
the metakaolin. All of these factors inhibit the formation of a homogenous geopolymer phase
and therefore decrease the mechanical strength.

The M1, M2, M3, M4 and M5 metakaolins in the presence of the same solution, S1, lead to

a higher formation rate of AI"Y

, which rises from 67 to 76%, and increase the specific
compressive strength values from 20 to 30 MPa.g™'.cm’. Thus, the high metakaolin reactivity
favors the geopolymer phase and allows the improvement of mechanical strengths.
Nevertheless, the SIMS5 sample exhibits higher compressive strength despite the low
reactivity of the metakaolin. This result can be explained by the high amount of quartz in this
metakaolin, which is known to reinforce the geopolymer matrix and increase the strength by
providing additional silicon to form Si-O-Si bonds [7, 36].

Finally, for samples using the S3 solution, high formation rates (between 70 and 80%)
were associated with high specific compressive strength values (between 36 and 41 MPa.g’
'.cm?), except for the S3M6 sample (25 MPa.g".cm?). This is due to reactive siliceous species
released from the S3 solution being able to ensure a higher metakaolin attack degree traduced
in this case due to the greater formation rate of A", The contribution of quartz as a
reinforcement is evident in the case of S3MS5. Nevertheless, the weak compressive strength
observed in the case of S3M6 is due to the low reactivity of this metakaolin in addition to the
presence of mullite. In counter of quartz, crystalline phases such as mullite are known to have
higher stability in alkaline media, which may hinder the polycondensation reaction, increase

the heterogeneity of the sample and consequently decrease the mechanical strength.

4. Conclusion

The study of the effect of precursors with different reactivity may contribute to better
control of the quite complex geopolymerization mechanism. That is why a comparative study
of the formation of various samples based on six different metakaolins and two potassium
alkaline solutions with different reactivity was established. At first, metakaolin
characterization permits classifying the metakaolins into three groups: most, medium and
least reactive depending on the impurity content, amorphous phase and wettability value. This
result was later verified by monitoring the formation of geopolymer samples by several
techniques. In situ thermal analysis reveals that the energy required for oligomer formation in

the case of a highly reactive alkaline solution is approximately 0.6 KJ/mol regardless of the

145



CHAPITRE IV : PUBLICATIONS

metakaolin, while the energy is approximately 1.8 KJ/mol for a highly reactive metakaolin in
the presence of a low-reactivity alkaline solution. These results were confirmed by in situ
FTIR spectroscopy. The metakaolin properties are responsible for the generation of one or
several networks. A highly reactive alkaline solution favors the geopolymer network towards
other possible formed networks. In situ >’Al NMR measurements supply detailed structural
information about the reaction rate of the different mixtures. The role of the aluminosilicate
source is related to the availability of AI'Y) and A1) in the starting metakaolins, while the
role of the reactivity of the alkaline solution is to ensure an easier and more rapid conversion
of species, and therefore, the reaction rate can reach 80%. Finally, a correlation was
demonstrated between NMR data during formation and the compressive strength of
consolidated materials.

Finally, the obtained results indicated the effect of the reactivity of the precursors on the
kinetics and rate of the polycondensation reaction, which is a powerful tool to control the

geopolymer formation and final properties and adapt them to potential applications.
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Publication 7 (ACL7)

A. Gharzouni, I. Sobrados, E. Joussein, S. Baklouti, S. Rossignol

“Predictive tools to control the structure and the properties of metakaolin based geopolymer

materials”

Colloids and surface A, accepted

Les géopolymeéres sont des liants minéraux innovants. Ces matériaux sont en cours de
développement afin de mieux comprendre le mécanisme de la formation, la structure locale et
les propriétés d’usage finales. L objectif de cette étude est de déterminer des outils prédictifs
permettant de controler la réaction de géopolymérisation. Tout d'abord, il a été déterminé les
parametres responsables de la réactivité des matieres premieres. D’une part, la distribution et
la connectivité des especes siliceuses contrdlent la réactivité des solutions alcalines. En ce qui
concerne les métakaolins, le rapport molaire Si/Al, la valeur de la mouillabilité, la teneur en
phase amorphe et la quantit¢ d'aluminium tétraédrique réactif sont responsables de la
réactivité du métakaolin. En outre, il a été prouvé que les domaines d'existence des matériaux
géopolymeres dans le diagramme ternaire Si-Al-O/M dépendent de la réactivité des maticres
premicres. L'analyse thermique pendant et apres la formation donne des informations sur la
quantité d'eau consommée lors de la réaction et piégée dans la structure finale, ainsi que sur
'énergie nécessaire a la formation des oligomeéres. Cette énergie est directement liée a la
réactivit¢ des matieres premieres. La distribution et la taille des pores sont également
influencées par la réactivité des matiéres premieres. L utilisation des précurseurs réactifs, et
plus particuliérement des solutions alcalines réactives, induisent un taux de densification plus
¢levé et, par conséquent, un taux de porosité plus faible et des tailles des pores plus élevées.
En outre, les résultats de la spectroscopie RMN de *’Si ont mis en évidence que les
précurseurs réactifs favorisent la formation du réseau géopolymere. Ceci induit I’amélioration
de la résistance mécanique, tandis que la compétition entre différents réseaux est source de

faiblesse.
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Metakaolin Alkaline solution porosity
Oligomer formation *Si NMR Mechanical strength
Abstract

Geopolymers are innovative mineral binders which still under research development in
order to better understand the formation mechanism, the local structure and the final working
properties. The aim of this study is to give predictive tools permitting to control the
geopolymerisation reaction. At first it is important to determine the parameters responsible of
raw materials reactivity. For alkaline solutions, the siliceous species distribution and
connectivity control the reactivity. Concerning metakaolins, the Si/Al molar ratio, the
wettability value, the amorphous phase content and the amount of reactive tetrahedral
aluminium are responsible of metakaolin reactivity. The reactivity of raw materials was
proven to determine the geopolymer existence domains in the Si—Al-M/O ternary diagram.

Thermal analysis during and after curing give informations about the amount of water
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consumed during the reaction and trapped in the final structure as well as the energy required
for oligomer formation which seem to be directly related to raw materials reactivity. The
pores distribution and size are also influenced by raw materials reactivity. Reactive precursors
especially reactive alkaline solution induce higher densification rate and therefore lower
degree of porosity and larger pore size. Furthermore, reactive precursors favor the formation
of geopolymer network which was evident by ’Si NMR. The increase of geopolymer phase
in the structure improves the mechanical strength while the competition of different networks

1s source of weakness.

2. Introduction

Geopolymers are amorphous aluminosilicate binders synthesized by the activation of an
aluminosilicate source by an alkaline solution at atmospheric pressure and a temperature
below than 100 °C [1]. The term "geopolymer" was introduced in 1978 by the French chemist
Joseph Davidovits to designate their inorganic character and their structure similar to
polymers. Geopolymers are formed by a three-dimensional network of SiO4 and AlO4
tetrahedra. The alkali cation M™ compensates the deficit of charge created by the substitution
of Si*" by AI’". There is a wide range of potential and existing applications for geopolymers.
Nevertheless, deeper fundamental research on the parameters governing the mechanism of
formation and the working properties are still required.

The role played by silicium, aluminum and alkali cation on geopolymer formation and
properties was extensively discussed. Recently, Gao et al, [2] have examined the influence of
the Si, Al and K contents from a metakaolin and two potassium silicate solutions (commercial
and laboratory made) on geopolymer existing domains in Si-Al —K/O ternary diagram. Four
types of materials were obtained including geopolymers, gel, sedimented and hardened
materials. Moreover, the effect of Si/Al ratio was extensively studied. It was demonstrated
that it influences the dissolution of the aluminosilicate source and therefore the availability of
silicium and aluminium. Weng et al., [3] have focused on the mechanisms of Al speciation
and the distribution of [AI(OH)4] ions depending on the metakaolin properties. They have
highlighted the effect of aluminates not only on geopolymer formation by promoting
polycondensation reaction but also on improving mechanical properties of strengthened
materials. Duxon et al., [4] have shown that samples with a Si/Al molar ratio > 1.65 exhibit
higher compressive strength and Young's modulus. Above this value, the mechanical

properties decrease due to higher amount of non reacted species.
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In addition to that, the alkaline solution is also a crucial parameter in geopolymer
formation. Taking into account the differences in size and hydration properties [5], the alkali
cations may engender variations on the reaction rate and the final properties of consolidated
materials. In fact, Na cation is known to facilitate aluminosilicate source dissolution.
However, K cation has the advantage of ensuring higher condensation rate and more
disordered structure [6, 7]. As a result, potassium-based geopolymers have shown better
compressive strength than sodium-based one. Moreover, it was also demonstrated that the
compressive strengths increase with increasing concentration of the NaOH solution from 4 to
12 mol. L' [8].

Water also influences the geopolymer formation. It was evident that water facilitates the
dissolution of the aluminosilicate source and favors the ion transfer and therefore the
polycondensation reaction. However, it was shown that low solid to liquid ratio that means
high water content accelerates the dissolution but perturbs the polycondensation reaction. The
impact of water on the mechanical properties was also studied. In final geopolymer materials,
water was found to be predominantly as free water (about 60 %) and the rest is interstitial and
structural bounded water [9, 10]. Zuhua et al., [11] have demonstrated that higher water
content induces higher pore volume and low mechanical strength. However, lower water
content lead to denser structure with higher mechanical strength.

The existing literature emphasis the dependence of geopolymer materials of used raw
materials. However, there is a strong requirement to identify tools to control the formation,
the structure and the working properties of these materials. That is a why a deeper
comprehension of raw materials is necessary.

In this topic, the main objectives of the present work are (i) to identify the parameter
governing raw materials reactivity, (ii) to establish predictive tools to determine the nature of
obtained materials from the chemical composition of any mixture and finally (iii) to
exacerbate the influence of raw materials reactivity on local structure and mechanical
properties of obtained geopolymers. To achieve these objectives, different metakaolins and
alkaline solutions were studied and their reactivity rates were evaluated by physical, chemical
and structural characterization. Then, numerous formulations were tested in order to identify
the geopolymer existing domains in the Si-Al-M/O ternary diagram. The influence of raw
materials on the local structure was determined by differential thermal analysis and

thermogravimetric analysis (DTA-TGA), mercury intrusion porosimetry (MIP) and *Si
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NMR. The impact on the mechanical properties of the strengthened materials was evaluated

by compression tests.

2. Experimental

2.1. Raw materials and sample preparation

Geopolymer samples were synthesized using six metakaolins (named M1 through M6)
(Table 1) and three commercial silicate solutions provided by woellner (i) Two potassium
silicate solutions named Sk1, Sk3 with different Si/K molar ratio (1.7 and 0.7, respectively)
and (ii) a sodium silicate solution named Sy, with Si/Na molar ratio of 1.7. Potassium and
sodium hydroxide pellets (VWR, 85.2% and 97.0% pure) were dissolved into the starting
silicate solutions to maintain the Si/M (with M= K or Na) molar ratio at 0.5 and 0.7 for
potassium and sodium silicate solutions respectively. Then, metakaolins were added. The
obtained mixtures were placed in a closed sealable polystyrene mold at room temperature
(25°C).

2.2. Sample characterization

X-ray diffraction patterns were acquired via X-ray diffraction (XRD) experiments on a
Bruker-AXS D 5005 powder diffractometer using CuK a radiation (AKa=0.154186 nm). The
analytical range is between 5° and 55° (20), with a step of 0.04° and an acquisition time of 2 s
for raw metakaolins powder. JCPDS (Joint Committee Powder Diffraction Standard) files
were used for phase identification. The amorphous phase for each metakaolin was determined
using the Rietveld method [12].

The wettability value (uL/g) corresponds to the volume of water that can be adsorbed by
one gram of powder before saturation.

High-resolution NMR experiments were performed on alkaline solutions, metakaolins and
consolidated geopolymers at room temperature using a Bruker AVANCE-400 spectrometer,
operating at 104.26 MHz for 2TAl signal and 79.49 MHz for »si signal. The ¥Si (1= 1/2)
NMR spectra were recorded after a m/2-pulse irradiation (4 ps) using a 500 kHz filter to
improve the signal/noise ratio. In each case, 400 scans were collected. The time between
acquisitions was set to 10 s to minimize saturation effects. Powder samples were spun at 10
KHz.

Differential thermal analysis (DTA) and thermogravimetric analysis (TGA) were

performed on an SDT Q600 apparatus from TA Instruments in an atmosphere of flowing dry
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air (100 mL/minute) in platinum crucibles. The signals were measured with Pt/Pt-10%Rh
thermocouples. Thermal analysis was conducted during the formation of the consolidated
materials using the thermal cycle previously established by Autef et al. [13]. The fresh
reactive mixtures were maintained at 50°C for two hours then heated to 800°C.

Mercury intrusion porosimetry tests (MIP) were carried out using a porosimeter
Micromeritics Autopore IV 9510 able to detect a pore diameter varying between 360 um and
3 nm and an intrusion and extrusion mercury volume of 0.1 puL. The mercury pressure
gradually increases from 0.0007 to 413.6854 MPa. The geopolymer sample was previously
placed in an oven at 50 °C for 12 hours in order to eliminate the water that may prevent the
intrusion of mercury into the porous network [14]. Then, tests were performed in two steps:
At first, the low pressure step to remove gases, fill the samples with mercury and perform the
test with a pressure of 345 kPa. Then, the high pressure step with a pressure that may attain
414 MPa [7].

The compressive strengths were tested using a LLOYD EZ20 universal testing machine
with a crosshead speed of 0.1 mm/min. The compressive tests were performed on ten samples
for every composition. The samples were cylindrical in shape, with a diameter of 15 mm and
a height of approximately 30 mm, and were aged for 7 days in a closed mold at room

temperature.

3. Results and Discussion

3.1 Evaluation of raw precursors reactivity

3.1.1 Alkaline solutions

Knowledge of the properties and the structure of the used alkaline solution is primordial in
order to understand their interaction with metakaolins. In this study, three different potassium
and sodium silicate solutions were investigated. The main characteristics of the solutions are
summarized in Table 1.

Table 1. Nomenclature and characteristics of the various studied solutions

Nomenclature Cation Si'M % water density
Skl K 1.7 79 1.18
Sk3 0.7 59 1.51
Sna Na 1.7 64 1.36

The solutions have different water content and densities in the following order Skl (79%,

1.18) < Sna (64%, 1.36) < Sk3 (59%, 1.51). Despite having the same Si/M ratio, Sy, exhibits
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lower water content and it is denser than Sk1. This is due to the difference of the alkali cation.
To further visualize the differences between the studied solutions, 2Si NMR measurements
were performed on solutions before and after addition of of alkali hydroxide (MOH avec M =
K or Na). The obtained *’Si NMR spectra, presented in Fig. 1, show different siliceous species
distribution between the solutions. Skl solution (Fig. 1 (A a)) is mainly composed of
condensed siliceous species Q% Q® and Q* at -88, -97 and -106 ppm respectively and minor
small depolymerized species Q° and Q' at -72, -80 ppm respectively [15]. However, Sk3
solution (Fig. 1 (A b)) with lower Si/K (Si/K=0.7) has a different structure characterized by
the absence of Q*, the predominance of Q' and Q° and the presence of cyclic species (Q* and
Q™) situated at approximately -81 and -89 ppm [16]. The Sy, silicate solution (Fig. 1 (A ¢))
exhibits similar silicate species distribution as Sk 1which can be explained by the fact that they
have the same Si/M molar ratio (Si/M=1.7). Regardless of the solution, the addition of alkali
hydroxide (Fig. 1 (B)) causes the predominance of low order (Q° and Q') and cyclic species
(Q* and Q) highlighting the depolymerization of silicate solutions. A similar degree of
depolymerization seems to occur for sodium silicate solution but with higher Si/M molar ratio
(Si /M=0.7) compared to potassium solutions. Nevertheless, it should be noticed that slight
differences can be detected between potassium (Fig. 1 (B d and e)) and sodium silicate
solutions (Fig. 1 (B 1)) especially for cyclic species. Furthermore, a Raman investigation [17]
has demonstrated differences of monomer, oligomer and rings depending on the Si/M molar
ratio and the nature of cation.

Thus, the alkali cation acts as a network modifier by breaking the bonds between the
condensed siliceous species in the silicate solution generating higher amount of non-bridging
oxygen atoms. The use of Na cation instead of K cation induces the same phenomenon but for
higher Si/M.

As a result, the silicate structure is controlled by the Si/M molar ratio. The decrease of this
ratio favors the formation of small and depolymerised species. This finding is in accordance
with literature [18,19,20]. Nevertheless, the differences of cation characteristics (size,

hydration shell and diffusion) engender some structural differences between the solutions
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Fig. 1. ’Si NMR Spectra of (A) starting silicate solutions (a) Sk1, (b) Sk3 and (c) S, and
(B) solutions after addition of alkali hydroxide (d) Sk1, (e) Sk3 and (f) Sna.

3.1.2. Metakaolins

A comparative study of the six used metakaolins is detailed in previous work [21]. That is

why only the main characteristics are summarized in Table 2.

Table 2. Chemical and physical properties of raw metakaolins

Metakaolins Ml M2 M3 M4 M5 M6
Si/Al 1.17 1.19 1.00 0.98 1.44 1.33
Wettability (uL/g) 760 1250 1010 1186 530 670
Amorphous phase (%) 63 87 98 98 64 59
AV (%) 18.6 21.1 243 249 18.4 9.3

The Si/Al, the wettability value, amorphous phase (determined by XRD Rietveld) and

reactive tetrahedral aluminum are crucial parameters that influence the aluminosilicate source

reactivity [22,23,24].

For this reason, the reactivity rate determined from chemical and

structural data were plotted for each metakaolin in Fig. 2. M4, M3, M2 and M1, have higher

reactivity rates (chemical and structural data) and ratios indicating lower Si/Al molar ratios (<

156



CHAPITRE IV : PUBLICATIONS

1.2), higher wettability values (> 760 uL/g), amorphous phase (> 63) and reactive tetrahedral
aluminum (= 19 %). Nevertheless, M5 and M6 exhibit lower ratios denoting higher Si/Al
molar ratio, lower wettability values, amorphous phase and reactive tetrahedral aluminum
which make them less reactive. According to these results, an estimation of metakaolin
reactivity was established in the following reactivity order: M4 > M3 > M2 > M1 > M5 > Mé6.
This estimation will be verified by studying the behavior of the metakaolins in presence of

different alkaline solutions.
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Fig. 2. Evaluation of metakaolin reactivity depending on chemical data (m) TS
m*

(Alv*%amorphous)+ AlY
AlVI .

and structural data (m)

3.2. Effect of raw precursors on geopolymer existing domains in Si-Al-M/O ternary
diagram

A feasibility study was undertaken in order to determine the geopolymer existence
domains in the Si—Al-M/O ternary diagram. For this, 36 compositions for each metakaolin
and alkaline solution were synthesized. Then, the obtained materials were classified based on
their visual aspect and consolidation state onto geopolymer, hardened, sedimented and gel
materials. The excess of alkaline solution or the deficiency of metakaolin leads to the
formation of sedimented materials with different layers. The excess of siliceous species is
responsible of the formation of gel materials (transparent and plastic). The hardened materials
(consolidated but not homogenous and brilliant) generally result from either an excess of

metakaolin or very high alkalinity of the solution. A geopolymer material is characterized by
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an homogenous brilliant and smooth aspect and a rapid consolidation (< 24 h). The

geopolymer region was defined for each metakaolin and alkaline solution as schematized in

Fig. 3.
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Fig. 3. Examples of the geopolymer existence domains in the Si-Al-M/O ternary for M1, M2
and M5 metakaolins in presence of (A) Sk1, (B) Sk3 and (C) Sy, alkaline solutions.
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Whatever the used raw material, the geopolymer zones are quite small. For Skl (Fig. 3
(A)), M1 and M2 exhibit similar geopolymer zones with 1.22<Si/K<3.44 and 1.38 <Si/Al<
1.56 for M1 and 1.59 <Si/K< 2.84 and 1.47 <Sv/Al< 1.60 for M2. Differences can be
observed especially for less reactive metakaolin M5. The geopolymer zone is very limited and
shifted to higher Si/Al (1.63 <Si/K< 1.67 and 3.98 <Si/Al <5.35). This fact can be explained
by the low amount of reactive aluminates available in this metakaolin. So, it was necessary in
this case to increase the proportion of metakaolin (% Al).

For Sk3 (Fig. 3 (B)), quite similar geopolymer zones are observed even for M5 (1.31 <Si/K
<1.39 and 1.82< Si/Al< 2.11). The low reactivity of metakaolin is compensated by the high
reactivity of the alkaline solution.

For Sna, (Fig. 3 (C)), the geopolymer zone relative to M2 is smaller (1.38 <Si/Na <1.87
and 1.98 <Si/Al< 2.10). This fact can be explained by the high viscosity of Sy, [25] and the
high wettability of M2 which will reduce the workability of the mixture and therefore the
faisability of geopolymer materials especially that no extra water was added. The water
content in the mixture comes only from the activation solution.

To facilitate the exploitation of these data, the aluminum to alkali concentration ratio
variation domain in relation with the sphere of cation movement in the mixture ([Al]*dwm.
o/[M]) was delimited for each metakaolin and alkaline solution in Fig. 4. The M—O bond
distance (dm.o) varies from 2.43 to 2.81 for sodium and potassium silicate solutions
respectively [26]. Three similar behaviors are evident defining aluminum to alkali
concentration ratio variation depending on the initial characteristics of the activating
solutions. Close aluminum to alkali concentration ratios permitting the formation of
geopolymer materials were found for Sk3 and Sy, solutions, whereas in the case of Skl1, the
concentrations ratio are shifted to higher values. This fact demonstrates that it is possible to
identify aluminum and alkali concentrations variation area permitting the formation of
geopolymers. For highly reactive solutions Sk3 and S,, the kinetic of geopolymerization is
favored. In contrast, for Sk1, the reaction seems to be slower and require a larger amount of
aluminum to take place especially in the case of less reactive metakaolins (M5 and M6). The
slight difference between Sy, and Sk3 are related to the difference in viscosity and in cyclic
species as previously discussed. Fast curves are relative to highly reactive saturation zones for
metakaolins with (W*% amorphous)/((S1/A1)*100)> 700. Conversely, slow curves correspond

to low ratios and are in relation with heterogeneous precipitation zones.
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3.3. Effect of precursors reactivity on water status and porous structure

After defining geopolymer existing domains in Si-Al-M/O ternary diagram from the
different metakaolins and alkaline solutions. Eighteen compositions (one composition of
every ternary diagram) were chosen for further study. The nomenclature and the composition
of the prepared mixtures are reported in Table 3. Thermal analysis experiments were
performed for all samples. Fig. 5 (A) presents a typical example of heat flow and weight loss
curves during formation at 50°C for 120 min (zone I) and heating at 800°C (zone II) for
SinaM1 sample. The first zone is characterized by an endothermic peak associated with a
weight loss of 6.5 % in this case which corresponds to the loss of water during the different
reactions of geopolymer formation. According to previous work [13], this stage includes the
reorganization of species, the metakaolin dissolution, the oligomer formation and
polycondensation reaction. Moreover, it is possible to determine the energy required for
oligomer formation from the heat flow curve [21].The quantification of this energy is
indicative of the kinetics of interactions between the species in solution. The second zone is
also characterized by a large endothermic peak associated with a total weight loss (27.6 %)

which corresponds to the remained water in the geopolymer samples. This water is in major
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part (24.8 %) free and interstitial water (removed at approximately 250°C) and in a smaller
part (2.8 %) hydroxyl water [9, 27].

Fig. 5 (B a) shows the evolution of the (weight loss 1/ % H,O) ratio versus the energy
required for oligomer formation for all samples. The weight loss during formation (weight
loss 1) is divided by the initial water content in the mixture (% H,O) because the water content
differ from a sample to another depending on the used activating silicate solution and the
proportion of the metakaolin in the mixture. So, the weight loss | / % H,O ratio gives
informations about the amount of released water during formation taking into account the
initial water content of the mixture. The weight loss 1/ % H>O ratio decreases as the energy
decreases. It is clear that samples with Skl require more energy to form oligomers (from 1.8
to 3.1 KJ/mol for Sxk1M2 and Sx1MS5 respectively, and have higher weight loss 1/ % H,O
ratios (from 0.74 to 0.89 for SxIM1 and Sx1M6, respectively). Some differences can be also
noticed in function of the metakaolin reactivity. The more reactive is the metakaolin, the
lower is the energy (3.1 KJ/mol for Sk 1MS5 vs 1.8 KJ/mol for Sx1M2). This is not the case for
samples based on Sk3 and Sy, which exhibit similar and lower energy (from 0.3 to 0.8 KJ/mol
for SnaM3 and Sg3M1 respectively) and lower weight loss 1/ % H,O ratios (from 0.41 to 0.66
for Sk3 and from 0.20 to 0.34 for Sn,). This result can be explained by the higher initial water
content and low reactivity of Skl solution compared to Sk3 and Sn,. Indeed, higher initial
water content leads to greater amount water to be removed [28]. Even if the higher initial
water content will firstly facilitate the dissolution of metakaolin and the hydrolysis of
dissolved aluminates and silicate species, it will then hinder or delay the oligomer formation
and the polycondensation [11] which may justify the higher required energy for oligomer
formation. The higher amount of released water gives evidence of lower consumed water
during the reaction and therefore lower formation rate due to low reactivity of siliceous
species coming from Skl (luck of reactive siliceous species (Q' and Q°) and non bridging
oxygen atoms).

For Sk3, the lower energy and associated weight loss |/ % H,O are due to lower initial
water content and higher reactivity of siliceous species. The lower connectivity between small
siliceous species favors the availability of hydroxide ions OH™ [20] and therefore accelerates
the oligomer formation.

Finally, the behavior of mixtures based on Sy, is almost due to the difference of size and
properties of alkali cation. In fact, Na' ion is smaller and has a higher charge density than K"

ion. Furthermore the free energy of hydration Na' ions is higher than K" which makes the
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removal of water more difficult in the case of sodium compared to potassium [28, 29]. This
fact gives an explanation of the lower weight loss 1/ % H,O.

Fig. 5 (B b) shows the evolution of the weight loss 1/ % H,O ratio after heating at 800°C.
A reverse trend is observed. The weight loss  / % H,O ratio decreases as the energy
increases. In other words, more the kinetics of formation is faster, more water remains
entrapped in the pores or bonded to the geopolymer network. Higher water amount weight
(loss 11/ % H,0) remains in samples based on Sy, compared to those based on Sg3 and Sk1.
This result is in accordance with the literature and can be explained by the differences
between the two alkali cations hydration shell. Indeed, The Na" ions are more hydrated and
have a more stable hydration shell compared to K ions due to their smaller size. That means
that Na' is more able to attract the water molecules than K' [30, 31]. As a consequence, once
the reaction is completed, higher amount of water remains entrapped in the pores or bonded to
the geopolymer network.

Table 3. Nomenclature, composition and specific compressive strength values of the studied

samples.
Mixtures Si/Al liquid/solid (I/s) Specific compressive
strength (c,)
SkIM1 1.56 1.03 21
Sk1M2 1.60 1.03 28
Sk1M3 1.34 1.03 21
Sk1M4 1.33 1.03 24
SkIMS 1.67 0.57 29
Sk1M6 1.56 0.62 18
Sk3M1 1.68 1.16 34
Sk3M2 1.73 1.16 39
Sk3M3 1.45 1.16 35
Sk3M4 1.44 1.16 36
Sk3MS 1.76 0.66 41
Sk3M6 1.74 0.89 25
SnaM1 1.90 1.05 40
SnaM2 1.95 1.05 27
SnaM3 1.63 1.05 39
SnaM4 1.63 1.05 30
SnaM5 1.89 0.62 45
SnaM6 1.59 0.82 23
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Fig. 5. Example of heat flow and weight loss curves during formation at 50°C for 120 min
(Zone 1) and heating at 800°C (zone II) for Sy,M1 sample and (B) evolution of the weight
loss (a) during formation and (b) heating versus the energy required for oligomer formation

for all samples.

The differences observed by thermal analysis suggest difference in pore structure and
distribution. That is why the pore structure of nine samples based on three metakaolins with
different reactivity (M1, M2 and MS5) and the three solutions Skl, Sk3 and Sy, was
determined by MIP measurements (Table 4). Two types of behaviors are observed : (i)
samples based on Skl solution exhibiting similar porosities (between 38 and 40%) but
different pore sizes (0.007 and 0.01 pm for Sx1M2 and SxIM1 - Sk1MS5 respectively) and (i)

samples based on Sk3 and Sy, solutions having lower porosities and smaller pore sizes that
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vary depending on the used metakaolin. Indeed, two types of porosity are noted: one centered
at around 23% for M1 and M5 metakaolins and the other at about 32% for M2 metakaolin.
The effect of alkali cation is once again highlighted and it is in accordance with literature. In
fact, it was demonstrated that the use of a potassium alkaline solution leads to the formation
of geopolymer having a smaller pore size and a greater number of pores than geopolymer
based on sodium solution because of the difference in size and mobility between the two
cations [32, 33]. It seems therefore that the variation in the pores distribution and size result
from the different kinetics and rates of geopolymerization between the samples.
Depolymerized siliceous species in the case of Sk3 and Sy, solutions permit the formation of
small colloids homogeneously distributed inducing a high polycondensation rate and low
porosity. The high pore size can be explained by the agglomeration of small pores resulting
from the densification of the structure [4]. However, in the case of the samples based on the
Sk 1 solution, the low reactivity of the solution causes a lower degree of densification and the
existence of several networks. Thus, larger colloids are formed inducing a higher degree of
porosity and lower pore size.

Table 4. Porosity and pore size values determined from MIP measurement for different

samples.

Mixtures PO(I;;OS)I ty Po(ll‘len:;ze
SxIM1 40.23 0.010
Sx1M2 38.14 0.007
Sx1IM5 38.09 0.010
Sk3M1 21.62 0.026
Sk3M2 33.55 0.027
Sk3M5 22.86 0.029
SnaM1 24.78 0.035
SnaM2 31.77 0.026
SnaM5 20.27 0.056

3.4 Effect of precursors on the structural ordering of final geopolymer
*Si MAS-NMR experiments were performed on geopolymer samples. Two examples of

the results of deconvolution of the spectra are presented in Fig. 6 (A) for Sx1M2 and Sny,M3
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samples. Table 5 provides deconvolution details about the chemical shifts, the assignment and

the percentages of the contributions areas for all samples

(A)
(a) (b)
Q*(1Al) Q*(1Al)
Q*(2Al) Q*2Al)
f ™
Q'3Al \ Q*3Al S
Q“(4Al) | QY0AD Q'@Al) LQY(0AD
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VA Soorionee
L 1 | 1 | 1 | 1 | 1 | ! | L 1 | 1 | 1 | 1 | 1 | 1 |
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Fig. 6. (A) Examples of »Si MAS-NMR spectra and its deconvolution for (a) Sx1M2 and (b)
Q* (3AD )

SnaM3 samples and (B) evolution of the contributions area ratio (———————
Other contributions
geopolymer samples based on (0) Skl, (m) Sk3 and (A) Sy, solutions in function of the

(AlV*%amorphous)+ Al Y
Alvi )

metakaolin reactivity (
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Table 5. Deconvolution details about the chemical shifts, the assignment and the percentages

of the contributions areas for all samples

ontribution npitte  Q'4Al  Q*GAD  Q'(AD  Q*(1A)  Q*(0AD) Silicic acid
Sample (-79 ppm) (-84 ppm) (-89 ppm) (-94 ppm) (-99 ppm) (-104 ppm) (-111 ppm)

Sk1M1 - 20.0 36.7 27.5 11.7 4.1 -
Sk1M2 - 25.6 36.8 23.0 7.9 2.7 4.1
Sk1M3 ; 23.3 37.5 20.0 9.2 5.0 5.0
Sx1M4 - 18.4 35.1 19.1 11.5 - 15.9
Sk1MS5 - 20.2 31.1 23.1 8.7 8.1 8.7
Sk1M6 1.9 18.6 29.7 20.5 14.9 52 93
Sk3M1 - 20.0 38.8 30.4 7.7 3.2 -
Sk3M2 - 222 42.1 23.6 9.9 2.2 ;
Sk3M3 - 26.1 39.8 23.1 55 3.4 2.1
Sk3M4 - 26.0 41.8 22.0 7.8 2.4 ;
Sk3MS5 - 20.4 34.7 29.6 8.2 2.0 5.1
Sk3M6 2.8 18.7 29.4 26.6 15.5 55 1.6
SnaM1 - 23.9 39.3 23.1 11.9 1.8 ]
SnaM2 - 24.6 37.6 23.7 11.8 2.3 -
SnaM3 - 21.2 31.2 25.5 12.0 3.5 6.8
SnaM4 - 22.9 33.5 20.5 13.6 2.4 7.1
SxaM5 - 19.1 33.2 23.9 14.9 1.9 7.2
SnaM6 1.2 12.3 30.3 30.8 15.6 33 6.6

Q"(mAl) is the adopted nomenclature with n is the polymerization degree of the silicon
tetrahedra and m the amount of aluminium substitution per silicon tetrahedron [34]. Five
typical components at -84,-89, -94, -99 and -104 ppm (= 1 ppm) were evident whatever the
sample and can be assigned to Q4(4A1), Q4(3A1), Q4(2A1), Q4(1A1) and Q4(0A1) respectively
[35]. The peak at around -79 was present only for samples based on M6 metakaolin which
initially contains mullite [21]. An extra peak was also found in some samples (Fig. 6 (A b),
Table 5) at -111 ppm denoting the presence of silicic acid [36] resulting from an excess of non
reacted siliceous species. Q*(2Al1) and Q*(1Al) in contrary to Q*(4Al) and Q*(3Al) are Si-rich
components that give evidence that the reaction is not completed. However, Q*(3Al) is the

characteristic peak of geopolymer phase. That is why it will be considered as a reference.
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In order to evaluate the degree of formation of geopolymer network in detriment of other
Q' (3AD

Other contributions

potential formed networks, the evolution of the contributions area ratio

geopolymer samples in function of the metakaolin reactivity was plotted in Fig. 6 (B).

Q* (3AD)

Other contributions

Whatever the used activating solution, the ratio increase with the

£ (AlV*%amorphous)+ AlY

mcrease o ALV

ratio. A slight decrease is noted for M3 and M4

metakaolins. Consequently, more the metakaolin is reactive more the geopolymer network is
favored. For less reactive metakaolins (M5Sand M6), the low availability of reactive
aluminium [24] and the presence of crystalline phases (Quartz , mullite ) resistant to alkaline
attack perturbate the formation of geopolymer network. Very pure metakaolins M3 and M4
(Si/Al = 1) show lower ratios despite their high reactivity due the excess of siliceous species
which causes the formation of silicic acid which enter in competition with the geopolymer

network.

) 4+ (3Al ) ) ) ) )
Higher Q ( _) - ratios were obtained in the case of Sk3 alkaline solution
Other contributions

especially with more reactive metakaolins (from 0.63 to 0.73 for Sx3M1 and Sgx3M?2
respectively) while M5 and M6 show lower ratios (0.53 and 0.42 for Sx3M5 and Sx3M6
respectively). This result confirms the higher reactivity of Sg3 and its capacity to favor

polycondensation and enhance geopolymer network formation. Samples based on Sx1 and Sy,
Q* (3A)

Other contributions

exhibit similar and lower ratios varying from 0.42 to 0.62 for Sx1M6 and

Sk 1M3 respectively and from 0.44 to 0.65 for SNn,M6 and Sn,M1 respectively.

The structural differences resulting from the use of different alkaline solutions emphasize
once again the higher reactivity of Sk3 solution compared to Skl and Sy, solutions. Indeed,
this solution has the best ability to promote the polycondensation reaction and thus the
formation of the geopolymer network.

3.4. Effect of precursors on the geopolymer mechanical properties

Structural differences between the studied geopolymer materials suggest differences in the
resulting mechanical properties. The evolution of the obtained specific compressive strength

values multiplied by the liquid to solid ratio (op*l/s) versus the metakaolin reactivity rate

(Alv*%amorphous)+ AlY
Al VI

determined from structural data ( ) is presented in Fig. 7. Similar trends

are observed as obtained in Fig. 6 (B) highlighting the dependence of the mechanical
properties of the raw materials properties. The compressive strength increases with the

increase of alkaline solution and metakaolin reactivity. Samples based on Sk3 and Sy, exhibit
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similar and higher compressive strength values compared to samples based on Sk 1. This result
was expected since the geopolymer network is more favored using Sk3 and Sy,. The slight
decrease of mechanical strength observed in the case of M3 and M4 metakaolins is due to the
competition between the formed silicic acid and the geopolymer network. That means that the
geopolymer phase formation (Q*(3Al)) has an important effect on the mechanical strength but
is not the only influencing factor. The effect of solid liquid ratio (I/s) was also highlighted.
Indeed, the amount of liquid must provide sufficient workability of the mixture without

weakening the structure of the final materials.

50
45 - il

40 - T a
35 1
30 -
25 -

%
cpl

20 -
15

10 -
5 -

0 .

0 10 20 30 40 50 60 70

(AI'V*% amorphous) + AlY
AIVI Metakaolin

Fig. 7. Evolution of the specific compressive strength (c,+l/syin function of the metakaolin

(AlV*%amorphous)+ AlV
Al VI

reactivity ( ) for samples based on (O0) Skl, (m) Sk3 and (A) Sna

solutions.

4. Conclusion

This study was conducted in order to define the key parameters that govern the formation,
the structure and the working properties of geopolymer materials synthesized from different
metakaolins and alkaline solutions. Control of geopolymerization reaction requires a deeper
knowledge of the structure and the reactivity of raw materials. For this, three alkaline
solutions which differ in terms of alkali cation (M= Na or K), Si/M molar ratio and water
content were at first investigated by *’Si NMR. The reactivity rate of alkaline solutions was

evaluated depending on the amount of small depolymerized species and cyclic species.
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Concerning metakaolins, physical, chemical and structural characterizations have
demonstrated that the Si/Al molar ratio, the wettability value, the amorphous phase content
and the reactive tetrahedral aluminium are the key parameters controlling its reactivity. Then,
a feasibility study was undertaken in order to determine the geopolymer existence domains in
the Si—Al-M/O ternary diagram. It was found that the feasibility of geopolymer is linked to
the nature of used raw precursors and the alkali and aluminum concentration. Furthermore,
thermal analysis has permitted to demonstrate that the use of reactive precursors especially a
reactive alkaline solution reduce the energy necessary to oligomer formation. Moreover, the
initial water content and cation hydration characteristics influence the amount of water
consumed during the reaction and trapped in the final structure. The different kinetics and
rates of geopolymerization affect also the pores distribution and size. The high reactivity of
the precursors induces higher densification degree. Thus, smaller entities are formed inducing
a lower degree of porosity and larger pore size. ’Si NMR experiments corroborate these
results and give evidence that higher reactive precursors favor preferentially the formation of
geopolymer phase in detriment of other networks which increase significantly the mechanical

properties of the final materials.
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Abstract. The choice of precursors is a key parameter in the geopolymerization mechanism since it
governs the kinetic of the reaction as well as the working properties of the final materials. This
study focuses on the effect of the alkaline solution reactivity and metakaolin properties on the
geopolymer formation. For this purpose, several geopolymer samples were synthesized from two
alkaline solutions and three metakaolins. The structural evolution of formed geopolymers was
investigated using FTIR spectroscopy and the following of the pH value during the formation. The
measurement of mechanical strength was tested by compression. The results allow to evidence that
for a less reactive alkaline solution, the reactivity of metakaolin governs the geopolymerization
reaction. However, the alkaline solution is the steering reaction when it is highly reactive.
Therefore, the extent of depolymerization of the alkaline solution and the reactivity of the
metakaolin seem to control the rate of polycondensation and the mechanical properties of the
geopolymer materials.

Introduction

Geopolymer materials show an increasing interest due to its synthesis method, high working
performances, wide range of application and low environmental impact. Geopolymer binders are
amorphous, three dimensional materials resulting from the activation of an aluminosilicate source,
like metakaolin, calcined clay or industrial waste activated by an alkaline solution. The choice of
precursors (alkaline solution and aluminosilicate source) is a primordial parameter in
geopolymerization mechanism since it governs the properties of the final materials.

Recently, Autef et al. [1] highlights the role of metakaolin reactivity in the presence of an
alkaline solution prepared by the dissolution of KOH and amorphous silica in water. In fact, the
metakaolin reactivity can generate the formation of one or several networks and lead to
nanostructure variations that influence the mechanical properties of the obtained materials. A very
reactive metakaolin leads to very fast dissolution and allows the formation of a perfect geopolymer
network. In the case of a very pure metakaolin where the kaolinite layers are not completely
dehydroxyled, the final material consists of a geopolymer network and layers coated by a silicate
solution. However, with a metakaolin rich of impurities, the strengthened material consists of a
geopolymer network, mica layers and both a Si-rich phase and Al-rich phase.

In the other hand, the nature of the alkali cation affects the geopolymerization reaction and the
working properties of the consolidated materials. It was shown that geopolymers based on
potassium exhibit better thermal and mechanical properties because of the larger size of potassium
ion compared to the sodium ion [2]. Moreover, a comprehensive study [3] of the influence of
different potassium activating solution with the same metakaolin was established. It was
demonstrated that the Si/K molar ratio of the silicate solution controls the nature and the quantity of
the siliceous species. In fact, as the Si/K ratio decreases, the solution becomes more depolymerized.

All rights reserved. No part of contents of this paper may be reproduced or transmitted in any form or by any means without the written permission of TTP,
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The accentuated presence of depolymerized species in the alkaline solution (lower-order species)
leads to the formation of small, very reactive entities that quickly bridge Si and/or and, thus, enables
the fast formation of oligomers and leads to better mechanical properties of the resulting
geopolymers.

Due to the diversity of the raw materials which can be used in the formulation, few comparative
studies have been done on different metakaolins sources and various alkaline solutions. The aim of
this work is to study the role of two potassium alkaline silicate solutions, with different initial Si/K
molar ratios, in presence of three metakaolins which differ in terms of reactivity, and investigate
their impact on the mechanism of gepolymerization and the properties of the synthesized materials.

Experimental

Sample preparation. Two commercial potassium silicate solutions, denoted S1 and S3 and
with different Si/K molar ratios (1.75 and 0.65, respectively) and three kinds of metakaolins, named
M1, M2 and M3 and differ in term of wettability (570 uL/g, 1250 pL/g, 1100 pL/g, respectively)
were used in the synthesis of the geopolymer samples. The Si/K molar ratio of the alkaline solutions
was maintained at Si/K=0.5 by dissolving different amounts of potassium hydroxide pellets (VWR,
85.2% pure) into the two starting silicate solutions, and mixed with metakaolins. The obtained
mixtures were placed in a closed sealable polystyrene mold at room temperature (25°C). The
nomenclature and the composition the prepared mixtures are reported in Table 1. Samples were
named SIM1, S3MI, SIM2, S3M2, SIM3 and S3M3.

Tab. 1. Nomenclature and composition the prepared mixtures.

Mixtures | (Si*H,O)/(K+Al)
SIM1 1.99
S1M2 2.03
S1M3 1.74
S3M1 1.24
S3M2 1.26
S3M3 1.15

Sample characterization. Fourier-transform infrared (FTIR) spectroscopy in ATR mode was
used to investigate the structural evolution of the geopolymer mixtures. FTIR spectra were obtained
using a ThermoFisher Scientific Nicolet 380 infrared spectrometer. The IR spectra were gathered
over a range of 400 to 4000 cm™ with a resolution of 4 cm™. The atmospheric CO, contribution was
removed with a straight line between 2400 and 2280 em™. To follolw the geopolymer formation, a
software was used to acquire a spectrum (64 scans) every 10 minutes for 13 hours. For comparison,
spectra were baseline corrected and normalized[4].

The measurement of the pH values were realized using a Schott Instrument Lab860 pH-meter at
25°C during the first 400 min of the geopolymers formation. A 2.4 g sample was immersed in 30
mL of osmosed water, which provided an S/L ratio of 0.08 [5].

Compressive strengths were tested using a LLOYD EZ20 universal testing machine with a
crosshead speed of 0.1 mm/min. The compressive tests were made on ten samples for every
composition. The values of compressive strength represent the average of the ten obtained values
and were expressed in MPa. Test tubes, used for the compression tests, were cylindrical in shape
with a diameter (@) of 15 mm and a height (h) of approximately 35 mm and were aged for 7 days in
closed mould at room temperature. The samples were demolded and rectified just before the tests.
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Results and discussions

Effect of alkaline solution and metakaolin on the polycondensation rate. The effect of three
types of metakaolins in the presence of two alkaline solutions, based on commercial silicate
solutions with different initial Si/K molar ratios, were studied by FTIR spectroscopy in mode ATR
in order to follow the structural evolution of the synthesized mixtures. The Q? position shift versus
the slope of the curve for all the studied samples was plotted in Fig. 1.
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Fig 1. Evolution of the Q2 shift position in function of the slope value for each sample.

The shift of the Q2 position indicates the substitution of Si-O-Si bonds by Si-O-Al bonds
reflecting the polycondensation reaction [1]. The slope reveals the kinetics of this substitution.
S1MI sample exhibits the greater shift and slope values (49 cm™ and -0.21 cm™/min, respectively).
However, the use of $3 alkaline solution decreases the shift value to 29 cm™ and the slope value to -
0.1 cm™'/min. For the metakaolin M2, the values of the shift and the slope are quite similar with no
effect of the alkaline solution on the reaction. In the case of M3, small changes are detected with the
use of S3. Indeed, the shift value increases slightly from 21 cm™ in the case of SIM3 to 27 cm™' for
S3M3 and the slope decreases from -0.11 cm™'/min to -0.09 cm'/min,

According to the wettability values, M2 and M3 metakaolins have high wettabilities (1250 pL/g
and 1100 pL/g, respectively), while M1 (less pure) exhibits a lower value (570 pL/g) indicating a
lower reactivity [6] which may explain the observed shift and slope values in the case of SIMI
resulting from a combination of Si-O-M (M=Si, Al or K) from dissolved species and impurities of
metakaolin. The weaker slope and the shift values observed for S3M1 are mainly due to the
reactivity of the S3 alkaline solution which is more depolymerized comparing to S1 (lower Si/K
molar ratio of the starting silicate solution). Thus, highly reactive siliceous species, released from
S3 alkaline solution, reach speciation equilibrium and then react with the aluminous species [3]. In
the case of M2 and M3, the most reactive metakaolins, the effect of the alkaline solution seems to
be negligible. The reactivity of the siliceous species released from the two metakaolins controls the
kinetic of the substitution of Si-O-Si by Si-O-Al bonds and the reorganization of the network. In
fact, the more reactive the metakaolin, the more oligomers formation is favored and rapid.

In addition to that, previous studies [7] have shown the existence of two areas according to the
values of the shift and the slope: For a shift less than 22 em™ and a slope above -0.1 ¢m ~'/min, the
exceed of siliceous species forms a gel. While, for a shift greater than 22 cm™ and a slope below
than -0.1 cm'/min, there is a formation of various networks. The intersection of the two areas
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seems to be characteristic of geopolymer materials. This fact was schematically represented in
Fig.1. All the samples seem to be in the geopolymer area except of SIMI1 which presents different
networks. These results are in accordance with the data discussed above.

To further assess the effect of the alkaline solution as well as the metakaolin on the rate of
polycondensation, the variation of the pH value of the different mixtures during the first 400 min of
the formation was followed. The results are presented in Fig. 2.

(a) (b)

pH value

Time (min) Time (min)

(c)

0 100 0 300 400
Time (min)
Fig 2. Variation of the pH values along geopolymerisation measured in an aqueous media for (a)

(m) SIM1, (@) S3M1, (b) (m) SIM2, (®) S3M2 and (c) (m) SIM3, (@) S3M3 samples.

For the three metakaolins, the initial pH values were different SIM1 (12.8), S3M1 (12.6), SIM2
(11.5), S3M2 (11.2), SIM3 (11.9) and S3M3 (11.5). For the same metakaolin, the use of S3 (highly
reactive) decreases slightly the initial pH value of the mixture. For SIMI1 (Fig. 2. a), the pH value
was substantially constant until 200 min, then, it decreases to reach 11.5. However, in the case of
S3MI (Fig. 2. a), a rapid decrease was observed to a value of 10.8 after 400 min. This kinetic of
reaction can be explained by the release of siliceous and/or aluminous species outcome from
micaeous clays, present in M1 [6] which cause the decrease of the pH value but delay, in the same
time, the polycondensation reaction. SIM2 and S3M2 (Fig. 2. b) exhibit a quite similar trend of
decrease and reach 10.5 and 10.4, respectively. These values are close to the equilibrium constant
[AI(OH)4)/Al(OH)3] which indicates that there's no more charged aluminous species (AI(OH)4) in
solution [8]. This fact also reveals the consolidation of the material. For SIM3 and S3M3 (Fig. 2.

176



CHAPITRE IV : PUBLICATIONS

24 13th International Ceramics Congress - Part F

c). the pH value decreases in the first 30 min, then it increases. This fact is probably due to the
competition between the formation of a geopolymer network and a Si-rich gel [9]. The exceed of
the siliceous species remains in solution which is responsible of the pH value. To conclude, the
results are in accordance with the previous data (Fig. 1).

To summarize, FTIR spectroscopy and the following of the pH value during the formation have
shown that, on the one hand, when the silicate solution exhibit a high intial Si/K (1.75), the alkaline
solution is less depolymerized and, consequently, poorly reactive in mixture. In this case, the
geopolymerization is governed by the reactivity of the metakaolin (SIM1 vs, SIM2 or SIM3). On
the other hand, when the silicate solution exhibits a small Si/K (0.65 in this study), the alkaline
solution is highly depolymerized and, consequently, highly reactive in mixture. In this case, the
geopolymerization is only governed by the alkaline silicate solution and the role of metakaolin
seems to be negligible (SIM1 vs. S3M1).

Effect of the alkaline solution and metakolin reactivity on the working properties of
geopolymers. The various behaviors observed during the formation of the samples, mainly due to
variations in metakaolin and alkaline solution reactivity could have an impact on the working
properties of the synthesized materials. In the way to verify this hypothesis, the mechanical
properties were evaluated by compression test after 7 days. The values of the compressive strength
are reported in Table 2.

Tab. 2. Values of the compressive strength for each samples.

Compressive strength

Sample (MPa)
SIMI1 34
S1M2 41
S1M3 30
S3M1 60
S3M2 61
S3M3 6l

In the case of S1 alkaline solution, SIM2 exhibited the highest mechanical strength
(approximately 41 MPa), followed by SIM1 and SIM3. The coexistence various networks in the
case of M1 leads to the heterogeneous structure inducing a decline of mechanical properties. The
high reactivity of M2 leads to the formation of a perfect network, yielding the best mechanical
properties. In the case of M3, the low value of compressive strength can be explained by the
presence of a gel which weakens the structure [6]. In the case of highly depolymerized alkaline
solution (S3), the compressive strengths are higher and quite similar (about 60 MPa) for the three
metakaolins. These results are in accordance with the fact that the reactivity of the mixture is
governed by the alkaline solution and none by the metakaolin.
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Conclusion

The role of two potassium alkaline solutions based on different commercial silicate solutions,
with different initial Si/K molar ratios, with three different metakaolins was investigated. The
results obtained with IRTF spectroscopy and the following of the pH value during the formation
give evidence that:

(1) For a poorly reactive alkaline solution (high initial Si/K molar ratio), the metakaolin
reactivity is the responsible of the generation of one or several networks which control the reaction
of geopolymerization and affect the mechanical properties;

(2) When the alkaline solution is very reactive (low initial Si/K molar ratio), the depolymerized
siliceous species enables the fast formation of oligomers and, consequently, govern the reaction of
geopolymerization and the final properties of the materials regardless the properties of the used
metakaolin.
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ABSTRACT

Geopolymers are amorphous aluminosilicate binders showing good working properties.
Despite the large and growing existing literature about these materials, the geopolymerization
mechanism and the parameters that can influence still need a better and deeper understanding.
The current study explores the effect of alkaline solution and metakaolin reactivities on
geopolymer formation. To do this, several geopolymer samples were synthesized from two
alkaline solutions and two metakaolins. The structural evolution of the formed geopolymers
was investigated using *’Al static NMR and FTIR spectroscopy during the formation. The
mechanical properties were measured using compression tests. The NMR data show that the
geopolymerization reaction involves the conversion of the Al (V), Al (VI) of metakaolin into
Al (IV) under the effect of the alkaline solution. The dissolution and formation rates strongly
depend on the reactivity of the used raw materials. Furthermore, a correlation was revealed
between the amount of the formed Al (IV) determined from *’Al NMR, the shift values from
FTIR and compressive strengths data. The results indicate that the use of a highly reactive
alkaline solution and in a lesser extent a highly reactive metakaolin may enhance the
formation of the geopolymer network and, consequently, improve the mechanical strengths of
the final materials.

INTRODUCTION

Geopolymer materials are a new class of ecomaterials. They result from the activation of
an aluminosilicate source by an alkaline solution. The mechanism of geopolymerization is
complicated and not yet fully understood due to the diversity of the raw materials that can be
used. However, there is an agreement  * * that the reaction involves at first the dissolution of
silicon and aluminiumspecies outcoming from the aluminosilicate source by the basic
species of the alkaline solution. Indeed, the contact between the surface of the aluminisilicate
particle and the activating solution initiates hydrolysis reactions depolymerizing the particle
and liberating the network species into the solution, then a polycondensation reaction occurs
leading to an amorphous three dimensional network. Metakaolin, due to its high reactivity and
purity, is commonly used in fundamental studies of the geopolymerization reaction * > ©.
Furthermore, many techniques are available for the characterization of the process such as
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FTIR spectroscopy in ATR mode which was extensively used to follow the
geopolymerization reaction ’. The shift of the Si-O-Si peak position,initially situated at about
980 cm™, to lower wavenumbers gives informations about the substitution of Si-O-Si bonds
by Si-O-Al and therefore the polycondensation reaction > °. It was demonstrated that the shift
values are characteristic of the formed network. According to previous work ® &, high shift
values were obtained for not pure metakaolin inducing the combination of Si-O-M (M=Si, Al
or K) from dissolved species and from the impurities of metakaolin. However, lower shift
values were obtained for highly reactive metakaolins, indicating the formation of a single
geopolymer phase between the networks formed in each sample.

On the other hand, nuclear magnetic resonance (NMR) is commonly used as an efficient
and powerful technique providing structural information about silicates and aluminosilicates °.
However, few studies '™ ™ have been carried out to monitor the structural evolution
ofgeopolymers during the formation by NMR. In geopolymer materials, aluminium can
vary between Al (IV), Al (V) and Al (VI) *. As a consequence, the change in the number of
coordination of aluminium can provides important informations in the geopolymerization
process.

In a previous paper 13 the effect of the raw materials reactivity on geopolymer properties
was highlighted by elucidating the behavior of four different metakaolins in the presence of
two potassium alkaline solutions. It was demonstrated that the reactivity of the alkaline
solutions is controlled by the number of non bridging oxygen atoms and the amount of
depolymerized species leading to the quick formation of oligomers and better mechanical
properties of the resulting geopolymers. Furthermore, when the alkaline solution is notably
reactive, the depolymerized siliceous species enable a fast oligomer formation and,
consequently, govern the geopolymerization reaction and the final performances of the
materials regardless of the properties of the used metakaolin.

The purpose of this study is to use NMR spectroscopy in order to further understand the
effect of the reactivity of the alkaline solution and metakaolin on the geopolymer formation.
To do this, the structural evolution of four mixtures based on metakaolin and alkaline
solutions which differ in terms of reactivity were followed from mixing to consolidation by
*’Al static NMR and FTIR spectroscopy. The mechanical properties were assessed by
compression test.

EXPERIMENTAL

Sample preparation

Samples were synthesized using two commercial potassium silicate solutions, denoted
Sland S3 and with different Si/K molar ratios (1.75 and 0.65, respectively) and two
metakaolins named M1 and M2 (Table I). Different amounts of potassium hydroxide pellets
(VWR, 85.2% pure) were dissolved into the starting silicate solutions in order to maintain the
Si/K molar ratio of the alkaline solutions at Si/K=0.5. Then, the metakaolins were added.
Samples were named S1M1, S3M1, SIM2 and S3M2.
Table I. Characteristics and nomenclature of used raw metakaolins.

Metakaolin M1 M2

Si/Al 1.17 1.19

d50 (}HD) 10 6

BET value (m*/g) 17 21

Wettability (uL/g) 570 1250
Characterization
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High-resolution NMR experiments were performed at room temperature on a Bruker
AVANCE-400 spectrometer, operating at 104.26 MHz (*’Al signal). MAS experiments were
carried out for metakaolins powder samples which were spun at 10 KHz. The number of scan
was 10 as previously used in previous work °.

For fresh geopolymer reactive mixtures, /Al NMR in static mode was used. *’Al is a
quadrupolar nuclei (spin I>1/2) which means that there is an asymmetric charge distribution
in the nucleus due to the non symmetry of protons and neutrons. The difficulty of quadrupolar
nuclei involves a quick relaxation in liquid state and broadening at first and second order in
solid state. The energy levels are shifted by the quadrupolarinteraction which may limit the
quantitative determination of the populations®. However, quadrupolar interaction can be
neglected in liquid sate, as previously reported by Favier'®.The synthesized mixtures were
deposed in a zirconia rotor (J= 4 mm). The %Al (I = 5/2) NMR spectra were recorded after
n/8 pulse irradiation (1.5 ps) using a 1-MHz filter to improve the signal/noise ratio. In each
case, 400 scans were collected. The time between acquisitions was set at 10 s to minimize
saturation effects. The obtained spectra were deconvoluted. Figure 1 shows an example of
deconvoluted %’ Al spectrum of S1M2 mixture at t=2h.

1 1
300 200 100 0 -100 -200
8 7Al)/ ppm

Figure 1. Example of deconvoluted *’Al spectrum of SIM2 sample at t=2h(The blue line
represents the experimental spectra, and the red line shows the fitted curve).

Fourier-transform infrared (FTIR) spectroscopy in ATR mode was used to investigate the
structural evolution of the geopolymer mixtures. The FTIR spectra were obtained using a
ThermoFisher Scientific Nicolet 380 infrared spectrometer. The IR spectra were gathered over
a range of 400 to 4000 cm™ with a resolution of 4 cm™. The atmospheric CO, contribution
was removed with a straight line between 2400 and 2280 cm™. To monitor the geopolymer
formation, a software was used to acquire a spectrum (64 scans) every 10 minutes for 13
hours. For comparison, the spectra were baseline-corrected and normalized ’.

The compressive strengths were tested using a LLOYD EZ20 universal testing machine
with a crosshead speed of 0.1 mm/min. The compressive tests were made on five samples for
every composition. The compressive strength values represent the average of the five obtained
values and were expressed in MPa. The samples were cylindrical in shape with a diameter (®)
of 15 mm and a height (h) of approximately 30 mm, and they were aged for 7 days in a closed
mold at room temperature.

RESULTS AND DISCUSSION
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%’ Al static NMR during the formation

In the interest of a deeper understanding of geopolymerization mechanism and the
influenceof the reactivity of the starting precursors on the reaction rate, four reactive mixtures
based on various metakaolins (M1 and M2) and alkaline solutions (S1 and S3) were prepared
and studied by *’Al static NMR at different times of the formation (0, 2, 6 and 24 hours
respectively). The obtained spectra for each sample are presented in Figure 2.Regardless of
the sample, the spectra show a dominant phase at 60 ppm characteristic of Al (IV) and minor
broad peak at -1.6 ppm corresponding to Al (VI) . Moreover, it was noticed that the spectra
are different from those of the starting metakaolins immediately when there is contact with
the alkaline solution (from t=0h). In fact, the two used metakaolins were characterized by *’Al
MAS NMR in previous work 6. They exhibit typical Al MAS NMR spectra of metakaolin '*
19 showing three peaks at approimately 60, 31 and 1 ppm which are assigned to Al (IV), Al
(V) and Al (VI), respectively. The presence of Al (VI) denotes the possible persistence of non
dehydroxylated kaolinite and/or mica phase 6. Table II A summarizes the obtained data
concerning the chemical shifts and the percentages of the curve area of the various
contributions (Al (IV), Al (V) and Al (VI)) relative to the two metakaolins. Although the
percentages of contribution area are close, it appears that M2 metakaolin contains more Al
(IV) and Al (VI) compared to M1. Regardless of the mixture, when the metakaolin is mixed
with the alkaline solution, an increase of the contribution’s area relative to Al (IV) in the
detriment of the disappearance of Al (V) and a remarkable decrease of Al (VI) initially
present in the metakaolin are observed. These changes evidence the rapid and strong
interaction between the two precursors. As time progresses, the peak relative to Al (IV)
broadens denoting the formation of a geopolymer network, the intensity of the peak relative to
Al (VI) decreases revealing the dissolution of metakaolin. However Al (V), initially present in
the metakaolin, was not observed in any spectra. The disappearance of Al (V) indicates that it
was consumed due to it high reactivity as has been, previously, demonstrated in literature * *°.

In order to understand the differences observed between the evolutions of the studied
reactive mixtures versus time, all spectra were deconvoluted. The percentages of contributions
area are reported in Table IIB. Only the peak the more intense situated at about 60 ppm,
commonly characteristic of Al (IV) of geopolymer materials, was considered as Al (IV). To
facilitate the exploitation of these data, the Al (VI) dissolution rate (Al (VI)y- Al (VI)y)/ Al
(VI)w) as well as Al (IV) formation rate (Al (IV)4- Al (IV)w)/ Al (IV)y) for the different
mixtures were plotted in function of time in Figure 3. The decrease of Al (VI) in geopolymer
mixtures, all over the time, evidences the continuous dissolution of Al (V) and Al (VI) coming
from the metakaolin. After 24 hours, the remaining Al (VI) for all samples are quite similar
and are probably due to unreacted metakaolin /. Furthermore, it is shown that the samples
exhibit different kinetics of metakaolin dissolution. Indeed, the Al (VI) dissolution seems to
be faster in the case of SIM2 and S3M1 compared to SIM1 and S3M2. However, as
previously described in Figure 1, SIM1 and S3M2 samples shows the lower Al (VI)
contribution at the beginning of the reaction suggesting a rapid dissolution immediately when
there is a contact with the alkaline solution. Attention should be drawn to the incongruence of
metakaolin dissolution. In this context, Granizo et al., >'have demonstrated that the first stage
of metakaolin dissolution is rapid and not congruent and consequently [Al]>[Si]. Then, in the
second stage of the reaction, the dissolution is synchronized and congruent with [Al]<[Si].
Finally at later age, incongruent dissolution leads to [Si]>[Al]. On the other hand, the increase
of Al (IV) rate proves the formation of geopolymer network. The kinetics of Al (IV)
formation follow the same trend (Figure 2B). It seems to be faster in the case of SIM2 and
S3M1 compared to SIM1 and S3M2. Consequently, these data evidence that the geopolymer
formation implies the conversion of the coordination of aluminium IV, V and VI in
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metakaolin into aluminium IV. Moreover, it seems that the reaction rate strongly depends on
the reactivity of the used precursors (alkaline solution and metakaolin).

(A) S1IM1 (B) SIM2

/L(c) ’JL‘”“(C)
'J\(b) ﬁ(w
n-"—n’J-L\_\nnn (a) —~~————(a)
300 200 100 0  -100 -200 300 200 100 0  -100 -200
Al (ppm) & "'Al (ppm)
(©) S3M1 (D) S3M2

(d) (d)

(b) (b)

i
I

. : : ' (a) == (a)
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Figure 2. Recorded ?’Al NMR spectra in static mode at (a) 0, (b) 2, (c) 6 and (d) 24 hours of
formation for the studied samples.
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Table II. *’Al NMR data of the various species for (A) the metakaolins and (B) geopolymer
reactive mixtures at different times of the reaction.

(A)
Percentage of the area curve of contribution (%)
Metakaolin Al (IV) Al (V) Al (VI)
~ -60 ppm ~ -31 ppm ~ 1 ppm
M1 18.55 43.44 38.02
M2 21.09 35.68 43.22
(B)
Mixture SIM1 | S1M2
Percentage of the area curve of contribution (%)
Time (h) ocC* Al(IV) Al(V]) ocC* Al(IV) Al(VI])
~70 ppm ~60 ppm ~-1 ppm ~70 ppm ~60 ppm ~-1 ppm
0 34.20 23.82 41.98 32.25 15.25 52.50
2 33.62 29.56 36.82 20.46 33.14 46.40
6 35.93 35.66 28.41 20.47 57.32 22.21
24 38.55 55.60 5.85 11.87 75.02 13.11
Mixture S3M1 S3M?2
Percentage of the area curve of contribution (%)
Time (h) ocC* Al(IV) Al(V]) ocC* Al(IV) Al(VI])
~70 ppm ~60 ppm ~-1 ppm ~70 ppm ~60 ppm ~-1 ppm
0 26.46 19.50 54.04 21.53 50.72 27.75
2 27.78 49.34 22.88 12.36 65.63 22.01
6 17.76 62.05 20.19 3.83 84.34 11.83
24 6.04 82.20 11.76 2.97 94.31 2.72
*QOC: other contributions
6 -
59T a(b)
41 P
o 31 P o(c)
: 2 e
2 L.
E o1 F N_,___,,,,,,,._._.,.,.,._...,.,.:_.,-,-.-;;;:::::::::::::::::::::IZIIIZZIIIIII:EZ;
s -“".’m_&___’z_’.’.‘..._..._-‘ ................
oF \'.\E': SSICE---_____
1. - - ::3:_:;;.—.—.—.—.:.:.:.:;;:::.‘:;.:..:._-._-, (a,b,c,d)
0 4 8 12 16 20 24
Time (h)

Figure 3. Evolution of (A) (---) the Al (IV) rate (Al (IV)4s- Al (IV)) / Al (IV)y) and (B) (...)
the Al (VI) rate (Al (VD)4- Al (VD)) Al (VI)y) for (a) (m) SIM1, (b) (A) SIM2, (c) (e)
S3M1 and (d) (¢#) S3M2 mixtures in function of time.
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Influence of the alkaline solution and metakaolin reactivities on the geopolymer network
formation

To exacerbate the role played by of the alkaline solution as well as the metakaolin on the
structural evolution during geopolymerization reaction, the dissolution rate (Al(VDmixwure- Al
(VI+V)metakaolin)and the condensation rate (Al(IV)mixture- Al(IV)metakaolin) Were plotted in
function of time in Figure 3. S3M2 and S3M1 samples show the higher condensation rate (the
higher amount of formed AI(IV) after 24 hours of the reaction) followed by S1M2 and
S1M1(Figure 3A). However, close dissolution rates (amounts of consumed Al(IV) after 24
hours of the reaction) (Figure 3B) were observed. When S3 solution is used (S3M1 and S3M2
samples), rapid dissolution of metakaolin and condensation of geopolymer network are
observed. This fact can be explained by the high reactivity of the alkaline solution and the
metakaolin. In fact, according to previous ’Si NMR study on the alkaline solutions®®, S3
starting silicate solution (lower Si/K ratio of 0.65) is mainly composed of Q° (monomer) and
Q' (dimmer) species. Furthermore, the number of bridging oxygen atoms (NBO/T) of S3
(2.47) is also higherto S1 (1.45). Uncondensed species (Q” and Q') are known to be more
reactive than the other species. Thus, S3 is considered to be more reactive than S1 since the
silicate species are released and begin attacking Si—O and Al-O bonds more rapidly *.
Moreover, the higher availability of reactive species allows an easy and rapid exchange with
aluminosilicate species *>.The reactivity and the physical and chemical characteristics of
metakaolin also play a crucial role in the dissolution since it directly depends on the available
surface of metakaolin. It was demonstrated that the metakaolin with higher surface area
accelerate the dissolution and the setting process ** . M2 having higher specific surface area
(Sper) and higher wettability value (Table I) is more reactive than M1.
The differences in the dissolution and formation rate observed between the mixtures based on
various alkaline solutions and metakaolins suggest the formation of different networks
depending on the reactivity of the used precursors and of the alkaline solutions.
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Figure 4. Evolution of (A) (...) the of Al (IV) reactivity rate (Al(IV)mixture- Al(IV)metakaotin)and
(B) () the Al (VI+V) reactivity rate (Al(VIDmixture- Al(VI+V)metakaotin) for (a) (m) S1M1, (b)
(A)SIM2, (c) (¢) S3M1 and (d) (¢) S3M2 mixtures in function of time.

The structural evolution of the four reactive mixtures was also followed by FTIR
spectroscopy. Figure 6 shows the evolution of the Q position peak versus time for the studied
samples. It is noticed that using S3 alkaline solution, the initial band positions of the reactive
mixtures (984 cm™ and 987 cm™ for SIM1 and S1M2, respectively) are lower than those
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based on S1 alkaline solution (970 cm™ and 973 cm™ for S3M1 and S3M2, respectively). This
fact can be explained by the presence of higher amount of non bridging oxygen and reactive
species in the mixture outcoming from S3 alkaline solution in comparison with
8113Furtherrnore, the shift value decreases from 49 cm™ and 28cm™ in the case of S1IM1 and
S1IM2 to 29 cm™ and 21 cm™ for S3M1 and S3M2, respectively. High shift value, obtained
when less reactive alkaline solution is used, indicates the formation of various networks as
previously demonstrated by Autef et al 5. However, lower shift values obtained for samples
based on S3 solution evidence the possible formation of a unique phase. So, the use of a
highly reactive metakaolin and in a greater extent a highly reactive alkaline solution seems to
enhance the formation of a geopolymer network.
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Figure 5. Evolution of the Q® position peak versus the time for (m) SIM1, (A) SIM2, (e)
S3M1 and (¢#) S3M2 samples.

To verify these observations and further understand the effect of the reactivity of the alkaline
solution and the metakaolin,the value of Q? band shift and compressive strengths obtained at 7
days were plotted versus the amount of Al (IV) formed after 24 hours determined from *’Al
NMR. Relationships (R?*=0.90 and R*=0.88)between the amount of formed Al (IV), infrared
shift values and compressive strengths, respectively, were shown. Regardless of used
metakaolin, the higher amounts of formed Al (IV) obtained when S3 is used (64 % for
S3M1vs 37% for SIM1 and 73% for S3M2 vs 54 % for S1IM2) corresponds to smaller shift
values (29 cm™ for S3M1vs 49 cm™ for SIM1 and 21 cm™ for S3M2vs 29 cm™ for SIM?2)
and higher compressive strengths (60 MPa for S3M1vs 34 MPa for SIM1 and 60 MPa for
S3M2vs 41 MPa for SIM2). The higher amounts of Al (IV) associated with the smaller shift
values, when S3 solution is used, denote that the formation of a geopolymer network is
favored. This fact can be explained by the high reactivity of the species released from S3
(monomeric species), as discussed previously “°, facilitating and accelerating the exchange
with the aluminosilicate species > #*>. A unique geopolymer phase leads to a homogenous
structure and, thereby, better mechanical strength. However, the competition between
different networks, as observed in the case of S1M1, weakens the structure.
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percentage of formed Al (IV) (24 hours) for (®) SIM1, (A) S1M2, (e) S3M1 and (¢) S3M2
samples.

CONCLUSION

The behavior of two metakaolins in presence of two potassium alkaline solutions with
different reactivity was investigated by *’Al NMR during the geopolymer formation. The
structural information comes from the coordination of Al atoms. Interactions between the
silicate and aluminosilicate species were evident from an early stage of the reaction. As times
progresses, the Al (V) and Al (VI) of metakaolin are converted to Al (IV). Moreover, different
reaction rates were observed depending on the reactivity of the used raw materials. Indeed, a
highly reactive alkaline solution favors the dissolution and the condensation reaction. The
effect of the metakaolin reactivity is more significant when it is activated with a poorly
reactive alkaline solution. Finally, a correlation was established between the amount of
formed Al (IV) determined from *’Al NMR, the shift values from FTIR and compressive
strengths data. The results indicate that the use of a highly reactive alkaline solution (high
NBO and monomeric species content) and / or a highly reactive metakaolin (high wettability
and specific area) enhances the formation of the geopolymer network which may improve the
mechanical properties of the final materials. In summary, the reactivity of the alkaline solution
and in a lesser extent the metakaolin are key parameters to control the reaction rate and
thereby the final properties of geopolymer materials.
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CHAPTER
Alkaline solutions: an overview of structure,
reactivity and applications
L. Vidal, A. Gharzouni, E. Joussein, S. Rossignol

Abstract

Alkaline silicate solutions have a lot of applications including sand agglomeration and
geopolymer production. To ensure the widespread of these applications, it is necessary to
identify the parameters controlling their reactivity and interactions with other materials like
sand and metakaolin. Concerning the solution reactivity, it has been evidenced that the key
parameters are the Si/M molar ratio and the water amount. Then, it was highlighted that the
most reactive alkaline solutions have alkali cation concentrations comprised between 4.5 and
9.5 mol/L. For the sand agglomeration application, it was shown that the used solutions are
highly polymerized. In addition, the drying temperature and method have an influence on the
silicate distribution in the final material. Concerning geopolymer formation, it was evidenced
that a highly reactive alkaline solution favors the formation of a geopolymer network by
increasing the formation rate of A1) up to 80% which improve the working properties of the
final materials. In fine, knowledge of the key parameters controlling the alkaline silicate
solution reactivity is important to determine the adequate solution to use for a given

application.

INTRODUCTION

Alkaline silicate solutions, also called water glass, are of great interest for several
industrial applications (e.g., sealants, deflocculants or binders) (Johnson et al. 2008; Tognonvi
et al. 2010). Recently, two of the main applications are related to their use as alkaline
reactants in geopolymer materials (Bourlon 2011, Autef et al. 2012) or as binder for sand
agglomeration (Lucas et al. 2011; Tognonvi et al. 2012).

The first application concern sand consolidation which is mainly employed in oil
industries. These methods are using in particular alkaline silicate solutions or resins as a
binder to maintain the permeability between the consolidated zones (Talaghat et al. 2009).

Agglomeration of sand by sodium silicate solution is also used in fuse technology (Gurevich
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1990; Vivier 2000). The purpose of the sand in an electric fuse is to absorb the electric arc
energy and disperse metal gaseous vapors when a fuse element melts during the short circuit.
For high voltage fuses, a binder is necessary to reinforce the sand cohesion within the fuse.
The sodium silicate solution is commonly used to agglomerate sand because it is an
economical water-soluble and environmental-friendly binder. Moreover, its use as a binder to
consolidated sand does not generate a release of CO,. The main parameters for silicate
solutions used for agglomeration are: the molar ratio Si0,/Na,O, solid content, viscosity and
pH (Keeley 1983).

The second application of silicate solutions is their use as activation solutions for
geopolymer materials. Indeed, geopolymer have garnered increasing interest because of their
synthesis methods, high working performance (Van Jaarsveld et al. 1999), wide range of
applications (Krivenko 1997) and low environmental impact (Liew et al. 2011). These binders
result from the activation of an aluminosilicate source by an alkaline solution at a temperature
less than 100 °C (Davidovits 2008). The mechanism consists of the dissolution of reactive
aluminosilicate precursors under the effect of the alkaline solution to form oligomers
(Si[OH]4 and Al[OH]4). Then, a polycondensation reaction links the oligomers generating an
amorphous three-dimensional network. So, it is interesting to study the structure of alkaline
solution since it affects the working properties of final geopolymer materials.

To guarantee the widespread of silicate applications, a deeper comprehension of the
structure and the reactivity of alkaline solutions is necessary. The silicate solutions contain
silicate dioxide (SiO;) and alkali oxide (such as Li,O, Na,O, K,O) and are commonly
prepared by dissolution of an alkali-silicate glass in water or by using steam or pressure
(Tognonvi et al. 2010). Alkali-silicate glasses are prepared through a reaction between silica
and sodium carbonate or sodium sulfate (Iler 1979). Another method to prepare these
solutions is to dissolve silica fume in an alkaline solution (Harris and Knight 1983a; Steins
2014). Several techniques can be used to determine the various silicate species in the
solutions. Fourier transform infrared (FTIR) spectroscopy was used in various studies to
determine the Q" species in the silicate solutions by following the position of the broad peak
attributed to the asymmetric stretching of the Si-O-Si bonds (Tognonvi et al. 2012). However,
FTIR spectroscopy is not a quantitative analysis. That is why, *’Si NMR has been widely used
to characterize the silicate solutions (Harris and Knight 1983b; Bourlon 2011). This approach
allows distinguishing and quantifying the various Q" species. Engelhardt et al. (1975)

introduced the Q" notation for silicate species where Q refers to the silicon atom and n (from 0
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to 4) refers to the bridging oxygen atoms. Moreover, this technique permits detecting cyclic
species and weak variations of the silicate species amounts. These solutions were also
characterized using Raman spectroscopy (Halazs et al. 2007; Hunt et al. 2011). This technique
revealed the contributions of monomers and oligomers in silicate solutions and glasses
(Aguiar et al. 2009; Hunt et al. 2011 and allowed identifying the vibrations of 3-, 4- or 5-
membered rings (Aguiar et al. 2009; Le Losq and Neuville 2013). In fine, the Si/M molar ratio
and the water content seem to be key parameters for silicate solutions. Thus, the objective of
this work is to determine the main parameters controlling the reactivity of various silicate
solutions and exacerbate the effect of the reactivity on the sand agglomeration or in presence

of metakaolin for geopolymerization application.

ALKALINE SOLUTION REACTIVITY: STRUCTURAL INVESTIGATION

To elucidate the interaction of silicate solutions with different materials (sand, clays...), the
structure of these solutions should be defined. Indeed, knowledge of the different entities
depending on various parameters may allow predicting the reactivity of these solutions. To do
this, different spectroscopic techniques (FTIR, Raman and *’Si NMR spectroscopies) were
used. FTIR spectroscopy allows evidencing the presence of the various Q" species in the
solutions. Raman spectroscopy was used as a complementary technique. The presence of
oligomers and rings was highlighted by this analysis. Finally, *’Si NMR allows quantifying
these various entities. In this study, various sodium and/or potassium alkaline silicate
solutions were investigated as referenced in Table 1. The main parameters studied are the type
of cation and the Si/M molar ratio with M = K and/or Na (0.5, 1.0 and 1.7). The lab-prepared
solutions were obtained by the dissolution of KOH or NaOH pellets (85.2% and 97% purity
respectively) and amorphous silica (99.9% purity) in osmotically purified water at room
temperature, as described in a previous work (Autef et al. 2012). The used nomenclature
(Table 1) is *SiMy, where x is the Si/M molar ratio, M is the alkali cation (Na or/and K) and y

is the manufacturing process (C = commercial and L = lab-prepared).

192



CHAPITRE IV : PUBLICATIONS

TABLE 1: NOMENCLATURE AND CHARACTERISTICS OF THE VARIOUS STUDIED
SOLUTIONS

Cation Si'M Nomenclature | % water Density
1.7 7SiNac 62.7 1.37
Na 1.0 108iNay 63.0 1.37
0.5 03SiNay 55.3 1.51
1.7 MSiK ¢ 76.0 1.18
K 1.0 Mgk, 57.8 1.36
0.5 03SiK ¢ 48.0 1.65
Na+K 1.7 7SiNaK ¢ 62.0 1.38

A preliminary characterization was performed using FTIR, *’Si MAS-NMR and Raman
spectroscopies to define the structure and compare the starting silicate solutions used.

FTIR spectroscopy in ATR (attenuated total reflectance) mode was performed to
characterize the solutions using a ThermoFisher Scientific Nicolet 380 infrared spectrometer.
The IR spectra corrected and normalized, shown in Figure 1 A and B, were collected over a
wavenumber range of 4000 to 500 cm’ with a resolution of 4 cm™. The various contributions
observed on the different spectra are shown in Table 2 (Muroya 1999; Halazs et al. 2007,
2010; Tognonvi et al. 2012). Irrespective of the solution, the bands at 3200 and 1640 cm™ are
attributed to the OH vibration band (von) and to the bending vibration of water molecules
(don) respectively. A broad contribution near 1000 cm’! due to the asymmetric stretching of
Si-O-Si bonds (v,sSi-O-Si1) (Muroya 1999; Tognonvi et al. 2012) is observed. Moreover,
'7SiNac and '"SiNaKc exhibit quite similar spectra with a peak at about 1003 cm™ and a
shoulder at 1100 cm™ which are attributed to Q* and Q’ units, respectively (Tognonvi et al.
2012; Gharzouni et al. 2014). The same bands are observed in the case of '’SiK¢ with a slight
shift of Q* contribution to higher wavenumber (1015 cm™). "’SiM; spectra exhibit similar
trend with a decrease of the intensity of Q® band and a slight shift of Q? to lower
wavenumbers (991 and 994 cm’ for 1'OSiNaL and 1'OSiKL respectively).

For the *°SiNa; solution, there are two contributions located near 967 and 914 cm'l, which
are assigned to the Si-O-Si bonds in Q' and Q° units respectively. The same contributions are
observed in the case of O'SSiKc but the QO band is shifted to 902 cm™. The displacement of the
Si-O-Si peak position to a lower wavenumber linked to the appearance of the Q" band may be
explained by a depolymerization phenomenon. It was demonstrated that a decrease of the

Si/M ratio (i.e. an increase of the pH value) favors depolymerization due to the breaking of
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the Si-O-Si bonds to create Si-O” groups (Lucas et al. 2011). Thus, for a low Si/M ratio, there
is formation of lower-order siliceous species (Q' and Q°) to the detriment of higher-order
species (Q*, Q® and Q?), the solution is depolymerized and contains a majority of Q° and Q'
species (Gharzouni et al. 2014, Goudarzi 2013). However, for a high Si/M ratio, the solution
is more polymerized, and the major species are the Q* and Q’ entities. Moreover, whatever
the Si/M molar ratio considered, the potassium silicate solutions exhibit the Si-O-Si peak
position at a higher wavenumber than the sodium silicate solutions. This phenomenon may be
explained by the fact that the potassium silicate solutions are slightly more polymerized than
sodium silicate solutions.

So, the polymerization degree of the various silicate solutions is known depending on the
alkali cation and the Si/M molar ratio. However, the FTIR investigation does not allow
distinguishing the various silicate species.
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Figure 1. FTIR spectra of sodium and/or potassium silicate solutions with different Si/M molar ratios
(1.7, 1.0 and 0.35) between (A) 4000 and 2200 cm™ and (B) 1800 and 600 cm™ .
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Figure 2. (A) Raman spectra and (B) ?Si NMR spectra of sodium and/or potassium silicate solutions with
different Si/M (M=Na ov/and K) molar ratios (1.7, 1.0 and 0.35).
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TABLE 2. VIBRATIONAL FREQUENCIES OF SILICATE SPECIES (IR = FTIR SPECTROSCOPY, R
= RAMAN SPECTROSCOPY).

Contribution Position (cm™) References
60H 1640 (IR) Muroya, 1999
. . 4 1120 - 1230 (R) ) .
vSi-O-Si (Q") 1154 (IR) Tan et al., 2004; Tognonvi et al., 2012
. . 3 1000 - 1100 (R) ) .
v:Si-O-Si (Q”) 1099 (IR) Hunt et al., 2011; Tognonvi et al., 2012

920 - 1000 (R)

. . 2
v,Si-0-Si (Q%) 1011 - 1014 (IR)

Tognonvi et al., 2012; Belova et al., 2015

vSi-O'(M") 885 -928 (IR) Tognonvi et al., 2012
v,Si-0-Si (Q") 850 - 920 (R) Mysen et al., 1982; Malfait et al., 2008
v,Si-0™ (Q" 800-875 (R) Chligui, 2010; Hehlen and Neuville, 2015
v{(Na)O-Si-O(Na) 830 (IR) Halazs et al., 2007, 2010
v,Si-O-Si 820 (IR) Muroya, 1999
TO/LO (Si-O-Si) 650 - 850 (R) Chligui, 2010
vi(dimers/oligomers) 600 (R) Hunt et al., 2011
D, (0[Ts)) 587 - 606 (R) Zotov et al., 1999; Le Losq and Neuville, 2013
D, (5[T.]) 453 -550 (R) Geissberger and Galfggegtr, 1983; Zotov et al.,
S[Ts and morc] 400 - 490 (R) Geissberger and Galzzrgegr, 1983; Aguiar et al.,
M-O (network 340 - 360 (R) Hehlen and Neuville, 2015
modifiers)

To determine the presence of rings and oligomers in the different silicate solutions
depending on the Si/M ratio and the alkali cation, Raman spectra were recorded using a
T64000 Horiba-Jobin-Yvon spectrophotometer with 514 nm laser excitation operating at a
power of 30 mW (Figure 2A) (Hunt et al. 2011). The various contributions observed in the
different spectra are presented in Table 2 (Aguiar et al. 2009; Hunt et al. 2011). For Si/M
greater than 1 (’SiMc), (Figure 2A) the contributions due to the stretching of Q7
(Si(OH),0,%), Q’ (Si,O(OH)s0", Si;03(OH)40,%) and Q* species are observed (Tan et al.
2005; Hunt et al. 2011). The spectra also exhibit a contribution at 787 cm’ attributed to the
TO/LO modes. Weak contributions due to the vibrations of M-O bonds are observed near 330
cm” (Hehlen and Neuville 2015). The ring breathing modes of the 3, 4 and 5 and more-
membered rings (denoted as O[ T3], 8[T4] and [ Ts and more]) are located near 600, 490 and 450
cm’' respectively (Geissberger and Galeener 1983; Aguiar et al. 2009). The contributions of the
Q’ and Q* species reveal the high polymerization degree of the solutions, which is in

accordance with the previous results.
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For Si'M = 1 ("SiM,), there is an increase of the contributions of the Q? units, the
oligomers and the d[Ts], 6[T4] and O[Ts and more] and the M-O band. This phenomenon is
associated with the disappearance of the Q* species. This fact evidences the depolymerization
of the solutions.

For a Si/M lower than 1 (°° SiMy), the bands attributed to the vibration of the M-O bonds
and the §[Ts] seem to be more intense. An increase in the Q species contribution and a
decrease in the TO/LO mode and Q3 species bands are also noted. The O[T3 ana 4] (3- and 4-
membered rings) and the stretching of oligomers contributions seem to be more intense.
These data reveal that the solutions are highly depolymerized and confirm the previous
observations.

Thus, Raman spectroscopy provides complementary information to the previous results. It
exhibits the M-O bonds presence for Si/M ratios less than 1, i.e., for highly depolymerized
solutions. The presence of the rings may be an important factor concerning the reactivity of
the silicate solutions. Moreover, FTIR and Raman investigations evidenced that the
polymerization state of the solutions depends on the cation type and the Si/M molar ratio.
However, these techniques do not allow a quantification of the different silicate species.

To obtain additional details about the molecular structure and the amounts of the various
silicate species, high-resolution MAS-NMR experiments were performed at room temperature
on a Bruker AVANCE-400 spectrometer operating at 79.49 MHz (*°Si signal). The *’Si (I =
1/2) MAS-NMR spectra were recorded after a p/2-pulse irradiation (4 1s) using a 500 kHz
filter to improve the signal/noise ratio. In each case, 400 scans were collected. The time
between acquisitions was set to 10 s to minimize saturation effects. The *°Si NMR spectra of
the solutions are plotted in Figure 2B. For all solutions, the spectra exhibitss the different Q°,
Ql, Qz, Q3 and Q4 species contributions near -72, -80, -88, -97, and -106 ppm, respectively
(Bourlon 2011; Nordstrém et al. 2011). Broad bands associated with Q*, Q® and Q? species
are observed in the spectra of '’SiMc solutions. The broad peaks are mainly due to a
continuous range in the number of bridging oxygen atoms, with distorted sites having bonding
characteristics between those of the well-defined tetrahedra in a silicate crystal (Schmidt et al.
2001). When the Si/M ratio decreases from 1.7 to 1, the contributions shifts to higher
chemical displacements and Q* species disappear in favor of Q* and Q™ species. This fact is
more pronounced in the case of *’SiMc solutions and is characteristic of a variation of the
protonation degree of the silicon atoms (Harris and Knight 1983b; Bourlon 2011). For Si/M

greater than 1, the predominance of Q?, Q* and Q* species indicates that the solutions are
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polymerized. For Si/Na less than 1, the major species are Q" and Q' entities, indicating that
the solutions are depolymerized (Svensson et al. 1986). The chemical shift (8) and the
percentage area (%A) of the different contributions obtained by deconvolution of each

solution spectra are presented in Table 3.
TABLE 3. DECONVOLUTIONS OF *SI NMR SPECTRA OF SILICATE SOLUTIONS.

Silicate species

% Area
(8 (ppm))
QO Ql QZC Q2 Q3c Q3 Q4
e 0.6 53 204 515 132
SiNa | 500 | (-80.1) / (-88.9) / 97.7) | (-107.6)
LGN 2.6 132 37.9 5.9 265 13.9 /
iNa | 16) | (796) | (81.6) | (87.8) | (89.7) | (-96.2)
viging | 273 297 1.2 263 1.9 3.6 /
2 A 70.9) (-78.2) (-80.7) (-86.3) (-88.7) (-94.5)
S o 0.7 6.4 292 495 143
E|SNK (p0) | (199 / (-88.8) / (972) | (-106.7)
« 1.0 6.7 29.0 51.2 12.1
1.7as
SIK | (21) | (-802) / (-88.7) / 97.1) | (-106.2)
g | 34 143 312 6.7 267 17.7 /
! (-71.7) (-79.5) (-81.6) (-87.5) (-89.5) (-95.6)
g | 245 299 124 265 1.9 43 /
(-712) | (-783) | (80.8) | (86.0) | (-88.5) | (-94.0)

The decrease in the Si/M molar ratio results in the increase of the amount of
depolymerized species from approximately 1 to 25% (Q°) and from 6 to 30% (Q') for Si/M
between 1.7 and 0.5, respectively. However, there is a decrease in the high order species
(more polymerized) Q% Q® and Q* when the Si/M ratio decreases (Table 3). Moreover, the
decrease in the Si/M molar ratio implies an increase in the cyclic silicate species. For Si/M
equal to 1.7, no cyclic species are noted whereas, for a Si/M of 0.5, the Q*° and Q*° entities
are observed (around 12 and 2%, respectively). Thus, a decrease in the Si/M ratio leads to the
depolymerization of the solutions. This fact is linked to the appearance of cyclic species.
Moreover, whatever the Si/M molar ratios, the sodium and potassium silicate solutions exhibit
similar spectra. However, the contributions of the potassium silicate solutions are located at
slightly higher chemical displacement than the sodium silicate solutions. This phenomenon
may be explained by a variation in the protonation degree of the silicon atoms (Bourlon

2011).
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Therefore, ’Si MAS-NMR experiments provide information about the influence of the
cation type and the Si/M molar ratio. The Si/M molar ratio is a crucial parameter which
controls the amount and the nature of silicate species present in the alkaline solutions, and an
important change of these entities is observed for a Si/M of approximately 1.0. Furthermore,
the effect of the cation seems to be less pronounced.

Thus, the existence of monomers and/or oligomers was revealed; however, the type of
cyclic entities was not distinguished. The presence of these species in the solution allows the

determination of the reactivity degree of the solution.

To further investigate the influence of the Si/M molar ratio, the variation of the Si-O-Si
peak position as a function of the silicon concentration is plotted in Figure 3A for the different
solutions. For each considered cation and for a given Si/M ratio, all the solutions show a
linear variation with the silicon concentration. The slope values vary between 3.0 and 5.7 for
a Si/M molar ratio of 1.7 to 0.5 respectively. Furthermore, a lower Si/M ratio indicates a
higher slope. For example, for a similar Si/M molar ratio of 1.7, the Si concentration (g/L) vs.
Si-0-Si (Q?) peak positions (cm™) are [175 - 1003] and [90 - 1014] for "'SiNac and '’SiKc¢
respectively. For 1‘7SiKQ the position of the Si-O-Si band at a slightly higher wavenumber is
linked to the presence of more polymerized species in this solution (Gharzouni et al. 2014).
Similarly, for a Si concentration of approximately 135 g/L, the **SiNa;, '*SiNa; and '’SiK
solutions exhibit a Si-O-Si band at 967, 991 and 1008 cm™ respectively. Thus, for a constant
Si concentration, an increase in the wavenumber is observed when the Si/M ratio increases.
Bass et al. (1999) showed that at a constant silica concentration, the Si-O-Si peak shifted to a
lower frequency as the silica/alkali ratio decreased. This result was attributed to the
condensation of monomers to more complex anions when the silica/alkali ratio increased.
Other authors also observed that the increase in the Si/M ratio implied the presence of more
polymerized species in the solutions (Svensson et al. 1986; Aguiar et al. 2009). Thus, for the
same concentration and for each considered cation, a higher Si/M ratio indicates a more
polymerized solution.

Consequently, the increase in the Si/M molar ratio leads to the polymerization of the
solution. The use of the potassium cation implies the presence of slightly more polymerized

species.

199



CHAPITRE IV : PUBLICATIONS

(A)
1030 -
1020
,'_’* E |
51010- ]
S 1000 (.7
c 4
o
£ 990
(2]
g- 4
x 980 (1.0)
(1]
@ 4
o
@ 970 -
S ]
& 960
] 0.5
95()'|'|'|'|'|'|'|'|'|'|()
0 20 40 60 80 100 120 140 160 180 200
[Si] (mol/L)
(B)
2,5 50
L 40
2,0 7
A A r 30
215 . -
=2
- N - 20
1,0
/ r 10
/‘A/
0,5 — ! : ‘ . . . 0
0 2 4 6 8 10 12 14

[M] (mol/L)

Figure 3. Variation of the (A) Si-O-Si peak position as a function of the Si concentration (numbers in
brakets (Si/M)) for (B) “SiNac, (M) *SiNa;, (®) “SiK¢, and (A) “SiK; solutions and (B) (---) NBO and (—)
Qo percentage versus the alkali cation concentration for ((B) SiNac, (A) SiNa;, (H) SiKc and (A) SiK; and
(0) SiNag, (A) SiNay, (1) SiK¢ and (/) SiK;).

To highlight the effect of the different polymerization states of the various silicate solutions
on the reactivity, the number of NBOs per tetrahedron was calculated using the percentage of
the Q" species previously determined (Malfait et al. 2007) (Figure 3B). The variation of the
NBO appears to be at its maximum for alkali cation concentrations between 4.5 and 9.5
mol/L. For concentrations lower than 4.5 mol/L, the increase of the NBO is characteristic of

the depolymerization observed by ?’Si NMR (Figure 2B). This phenomenon indicates that the
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Q* species are transformed into Q°, Q” and Q' species (Couty and Fernandez 1998; Brykov et
al. 2008). Moreover, the Q° percentage slightly varies for concentrations inferior to 4.5 mol/L.
For a value of 4.5 < [M] < 9.5 mol/L, the silicate solutions are already depolymerized, and the
presence of the QU species is effective in these solutions. Thus, there is nearly no
depolymerization of the silicate species in the solution, and few variations of the NBO are
noted. For an alkali cation concentration above 9.5 mol/L, the solutions are highly
depolymerized and contain a large amount of Q° species. A fast variation of the Q° percentage
(Si/M = 1.7, QO = 1%; Si/M = 0.35, Q0 = 36.5%) and a decrease in the NBO are observed.
This fact reveals the presence of a limiting value for alkali cation concentrations between 4.5
and 9.5 mol/L. In this range, the silicate solutions may be more reactive. For concentration
lower than 4.5 or higher than 9.5 mol/L, the reactivity of the silicate solutions decreases.
According to these observations, it appears that, regardless of the cation, 4.5 < [M] < 9.5
mol/L is the limiting range for the depolymerization.

Once the polymerization state and the reactivity of the silicate solution is understood, it is
crucial to validate the effect of the reactivity of these silicate solutions in presence of sands or
clays for new applications, such as sand agglomeration and in presence of metakaolin for
geopolymerization. Indeed, the reactive species amount related to the alkali cation

concentration governs the working properties.

APPLICATIONS OF ALKALINE SOLUTIONS

As mentioned previously, the alkaline silicate solutions have a lot of applications such as
sand agglomeration for the fuse industry or as activator in presence of metakaolin for

geopolymerisation mechanism.

Sand agglomeration

In the case of the sand agglomeration, the used solutions have to be diluted with various
amounts of water. In order to better understand the effect of the dilution on the silicate
species, various diluted sodium silicate solutions were studied by FTIR spectroscopy. The

obtained spectra are shown in Figure 4.
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Figure 4. FTIR spectra of sodium silicate solution with Si/M molar ratio of 1.7 and the obtained diluted

solutions with various amounts of water.

All the spectra present two contributions located at 1600 and 1000 cm™ corresponding to
the vibrations of OH bonds from water and to the Si-O-Si bonds respectively (Lucas et al.
2011). The increase of the dilution rate leads to the displacement of the Si-O-Si peak position
to higher wavenumbers. Thus, this contribution shifts from 1003 cm™ for '’SiNac to 1018 cm’
! for ""SiNac.qro. This displacement may be explained by an increase of the Q entities (1099
cm™) to the detriment of the Q* species (1005 cm™) (Tognonvi et al. 2012). So, the dilution of
a silicate solution favors the polymerization of the silicate species whatever the considered
solution. The morphologies of agglomerated sand samples were determined using a
Cambridge Stereoscan S260 scanning electron microscope (SEM). The samples were broken
and platinum coated. SEM observations were performed on samples in order to find the
influence of various parameters on the fuse microstructure. The different studied parameters
are the dilution rate of the sodium silicate solution, the used sand, the drying mode and the
temperature.

First, the effect of the dilution rate on the morphology of the samples obtained after
microwave drying at 150 °C is presented in Figure 5A.

The amount of sodium silicate observed at the surface of the sand increase with the
increase of the dilution rate. Indeed, the Sg : '’SiNac.q30 sample (Figure 5A(a)) seems to

present less sodium silicate on its surface than the Sg 1'7SiNac_0u70 material (Figure 5A(c)).
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However, a better distribution of the silicate is observed on the surface of the Sg+ 1'7SiNac_dl70
sample. Indeed, near the grain boundaries, it seems that there was a precipitation phenomenon
leading to the formation of macroporosity. It was shown that the increase of the dilution rate
of the solution favors the polymerization of the solution. Then, the macromolecule formed
will facilitate the solvent release. So, this phenomenon allows a better water evacuation
during the drying favoring the precipitation phenomenon (Iler 1979).

Then, the effect of the sand grain size on the distribution of the silicate solution is
presented in the Figure 5B. These samples were prepared with a '’SiNac.qiso solution and
were dried using microwave drying at 150 °C.

Whatever the used sand, the samples present similar silicate solution distribution. Indeed, it

seems that the sand grains are coated by the silicate solution whatever the grain size (Figure

5B(a, b, ¢)). So, the grain size does not seem to have an influence on the silicate distribution.

(A)

Figure 5. SEM images of (4) Sg+ 1‘7SiNaC_d,z with 7 = (a) 30%, (b) 50% and (c) 70% of water amount and (B)
S, + k 7SiNaC_d,50 with (a) S,, (b) Sy and (c) S dried with microwave drying at 150 °C.

Finally, the effect of the thermal mode and the temperature used during the drying of the
samples was studied. The SEM observations on sample are presented in Figure 6.

Different distributions of the silicate on the sand surface are observed depending on the
thermal treatment used. The S4 + ''SiNac.qiso sample prepared with microwave drying at 110
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°C presents an important amount of sodium silicate on the sand surface (Figure 6a). A
conventional drying at 110 °C (Figure 6b) leads to the presence of less silicate solution on the
sand grains and to the formation of some grain boundaries by the silicate solution. Then, an
increase of the temperature to 150 °C with a microwave drying (Figure 6¢) seems to decrease
the amount of silicate on the grain surface and to lead to the formation of grain boundaries.
Finally, a conventional drying at 150 °C results in the formation of silicate grain boundaries.
The comparison of these samples highlights a difference between the two drying modes.
Indeed, the silicate distribution is different depending on the thermal mode used. The grains
seem to be coated by the solution with a microwave drying whereas a conventional drying
leads to the presence of this binder only in the grain boundaries. Moreover, the effect of the
temperature was also evidenced. Indeed, a low temperature drying leads to the presence of
more silicate on the grains whereas the increase of the temperature decreases the amount of
the silicate on the sand.

So, a higher temperature leads to a better distribution of the silicate and conventional
drying results in the formation of grain boundaries whereas a microwave drying conducts to a
grain coating. Then, the used silicate solutions contain highly polymerized species due to the

high water amount.

Geopolymerization

Another innovative application of silicate solutions is their use as activator of various
aluminosilicate sources (clays, industrial waste...) in order to produce geopolymer materials.
In this section, the behavior of different silicate solutions in presence of various metakaolins
has been studied. Moreover, the effect of the reactivity of used precursors on the geopolymer
formation and final properties has been exacerbated. To do this, two commercial potassium
silicate solutions, denoted as 1'7SiKc and O'7SiKc with Si/K molar ratios of 1.7 and 0.7 were
used. Because a comparison of solutions with different parameters is difficult, the Si/K molar
ratio of the two solutions was maintained at Si/K=0.5 by dissolving different amounts of
potassium hydroxide pellets (VWR, 85.2 % pure) into the starting solutions. Then, three kinds
of metakaolins denoted as MKA, MKB and MKC, were used as aluminosilicate sources
(Table 4).

Syntheses were performed by mixing the metakaolin and alkaline solutions until obtaining

homogenous geopolymer reactive mixtures which were placed in cylindrical closed sealable
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polystyrene molds at room temperature (25 °C) for 7 days. Samples were named
SIKcMKA, *"SiKcMKA, ''SiKcMKB, *’SiKcMKB, ' ’SiK¢cMKC and *’SiKcMKC.

To elucidate the main differences between the three used metakaolins, the physical and
chemical characteristics of the three metakaolins are reported in Table 4. The mineralogical

compositions were also determined by X-ray diffraction.
TABLE 4 . CHEMICAL AND PHYSICAL PROPERTIES OF RAW METAKAOLINS

Metakaolins MKA MKB MKC
Si/Al 1.17 1.19 1.33
BET value ( m*/g) 17 22 6
Wettability (uL/g) 760 1250 670
Amorphous phase 63 87 59

Mullite, quartz, muscovite,

Secondary minerals Quartz, kaolinite, muscovite and anatase o
kaolinite and anatase

MKA and MKB show the presence of quartz, residual kaolinite, muscovite and anatase.
For MKC, the impurity content is higher. Infact, MKC contains mullite in addition to quartz,
muscovite, kaolinite and anatase. The presence of mullite can be explained by the over-
calcination of particles when passing near the flame in the case of the flash calcination
process as previously detailed by San Nicolas et al. (2013) and Cyr et al. (2014). Thus, the
studied metakaolins present different mineralogical phases denoting different purity degrees.
Furthermore, MKA and MKB have Si/Al molar ratios of approximately 1.17 and 1.19,
respectively. However, MKC has the highest Si/Al ratios (1.44 and 1.33, respectively). This
fact is in accordance with the previously discussed mineralogical data. The specific surface
area (Sggr) is also an important parameter to study because it controls the dissolution rate of
metakaolin (Weng et al., 2005). Regardless of metakaolin, the specific surface area values are
between 6 and 22 m?/g, which is in accordance with the literature (Konan et al 2010, Guyot
1969). MKB exhibits the highest Sggr value (22 mz/g). However MKC has the weakest value
(6 m%/g). The differences of specific surface area between the studied metakaolins denote the
different structures of the particles. Recently, Autef et al. (2013) demonstrated that the
wettability value may be a good indicator of reactivity. Thus, it was interesting to compare the
wettability values of the studied metakaolins. MKA and MKC show lower wettability values
(760 and 670 pL/g, respectively), whereas, MKB, exhibits high wettability values (1250, 1186
and 1091 uL/g, respectively). These differences are linked to different parent kaolins’
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crystallinity and various dehydroxylation processes. Finally, the amorphous phase content
differs for each metakaolin. As expected, MKB, presents the most amorphous phases content
(87%) compared to the others one.

In order to monitor the structural evolution of the synthesized mixtures, FTIR spectroscopy
in ATR mode was used. A software was used to acquire a spectrum (64 scans) every 10
minutes for 13 hours. Example of the spectra obtained at t = 0 and t = 400 min for

07SiKMKB sample are shown in Figure 7A.

(A)

Si-O-M

t =400 min

t =0 min
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Figure 7. (A) Example of in situ FTIR spectra obtained at t = 0 and t = 400 min for %7SIK -MKB sample
and (B) Evolution of the O’ shift position in function of the slope value for all samples.
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All the spectra exhibit the contributions at 3200 and 1640 cm’! attributed to the Vopn and
Son respectively. A broad band is also observed in the 1100-950 cm™ range and is assigned to
the Si-O-M (M = Si, Al) bond. Over time, the intensity of the voy and doy bands gradually
decreases whereas the Si-O-M contribution shifts towards lower wavenumbers. The shift
value reveals a polycondensation reaction and is characteristic of the formation of a specific
network (Ress et al. 2007, 2008; Autef et al. 2013). Furthermore, the slope values were
calculated (slope at beginning of the curve of the Q® peak position versus time) to provide
information about the kinetic of the reaction. Figure 7B shows the evolution of the Q” position
shift versus the slope for all samples. The '"SiKcMKA sample exhibits the greatest shift and
slope values (49 cm™ and -0.20 cm™/min, respectively). However, the use of the *’SiKc¢
alkaline solution decreases the shift value to 29 cm™ and the slope value to -0.1 cm™'/min. For
the MKB metakaolin, small changes are detected with the use of 0‘7SiKc and the variation of
the alkaline solution appears not to significantly affect the reaction. In the case of MKC, less
pure metakaolin (Table 4), weaker shift values are obtained especially in presence of ’SiK¢
(15 em™). The use of ®’SiK¢ increases this value to 22 cm™ . The comparatively high shift and
slope values observed for '"SIKcMKA can be explained by a combination of Si-O-M (M=Si,
Al or K) from dissolved species and the impurities of metakaolin as previously demonstrated.
The weaker slope and shift values of *’SiKcMKA mainly occur because of the reactivity of
the *’SiK¢ alkaline solution. Indeed, despite the identical Si/K ratios of the two solutions
(Si/K ratio=0.5), there remain persistent differences. Gharzouni et al. (2014, 2015), have
demonstrated that °’SiK¢ contains a greater amount of Q species and non-bridging oxygen
than 1'7SIKC solution. These differences make 0'7SiKC more reactive because Q0 is the most
reactive among all Q" as has been demonstrated previously. Thus, highly reactive siliceous
species, which are released from the *’SiKc alkaline solution, reach speciation equilibrium
and react with the aluminous species (Gharzouni et al., 2014). Indeed, it has been
demonstrated that the monomeric silicates exchange much more rapidly with aluminosilicate
species than with any other silicate anions (North et swaddle, 2000). In addition, the
geopolymerization reaction consequently involves the breaking of bridging-oxygen bonds
with a higher number of non-bridging oxygen in the alkaline solution; hence, fewer bonds
require hydrolysis before the species can be released (Rees et al., 2005). Therefore, there are
more available reactive species for geopolymerization in °*’SiK¢ because they are released

more rapidly. For MKB, which is more reactive than MKA (Gharzouni et al., 2015), the effect
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of the alkaline solution appears negligible. The reactivity of the siliceous species, released
from the metakaolin, controls the kinetics of the substitution of Si-O-Si by Si-O-Al bonds and
the network reorganization. In fact, the more reactive metakaolin corresponds to more favored
and rapid oligomer formation. In the case of MKC, less pure metakaolin (Table 4) the small
shift value is indicative of the formation of minor geopolymer phase blocked with impurities
like mullite. In fact, these impurities did not participate to the polycondensation reaction and
are coated by the alkaline solution (Gharzouni et al., 2016). However, the geopolymer phase
is favored with the use of highly reactive alkaline solution.

For deeper comprehension, nuclear magnetic resonance (NMR) is commonly used as an
efficient and powerful technique providing structural information about silicates and
aluminosilicates. In geopolymer materials, aluminium can vary between AI™Y, A1V
and AIVY (Rowels et al. 2007). As a consequence, the change in the number of coordination
of aluminium can provides important informations on the geopolymerization process. For
fresh geopolymer reactive mixtures, Al NMR in static mode was used. *’Al is a quadrupolar
nuclei (spin [>1/2) which means that there is an asymmetric charge distribution in the nucleus
due to the non symmetry of protons and neutrons. The difficulty of quadrupolar nuclei
involves a quick relaxation in liquid state and broadening at first and second order in solid
state (Iuga et al. 2005). The energy levels are shifted by the quadrupolar interaction which
may limit the quantitative determination of the populations (Man et al. 1988). However,
quadrupolar interaction can be neglected in liquid sate, as previously reported by Favier et al.
(2015).The synthesized mixtures were deposed in a zirconia rotor (@= 4 mm). The *’Al (I =
5/2) NMR spectra were recorded after n/8 pulse irradiation (1.5 ps) using a 1-MHz filter to
improve the signal/noise ratio. In each case, 400 scans were collected. The time between
acquisitions was set at 10 s to minimize saturation effects. The six reactive mixtures were
studied by 2TAl static NMR at different times of the formation (0, 2, 6 and 24 hours,
respectively). An example of the obtained spectra for '’SiKcMKB sample is presented in
Figure 8. The percentages of contributions area obtained after the deconvolution of the spectra
of all samples are reported in Table 5. Regardless of the sample, the spectra show a dominant

1™ and minor broad peak at -10 ppm corresponding to

phase at 60 ppm characteristic of A
Al (Fletcher et al. 2005). Moreover, it was noticed that the spectra are different from the
typical 2’Al MAS NMR spectra of metakaolin (Duxson et al. 2005b; Brown et al. 1985)
immediately when there is contact with the alkaline solution (from t=0h) The presence of

AI™ denotes the possible persistence of non deshydroxyled kaolinite and mica phase (Autef
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et al. 2013). Regardless of the mixture, when the metakaolin is mixed with the alkaline
solution, an increase of the contribution’s area relative to AlI™) in the detriment of the

I(V) I(VD

disappearance of Al'"’ and a remarkable decrease of A

initially present in the metakaolin
are observed. These changes evidence the rapid and strong interaction between the two
precursors. As time progresses, the peak relative to Al™) broadens denoting the formation of
a geopolymer network, the intensity of the peak relative to AIYY decreases revealing the
dissolution of metakaolin. However AI(V), initially present in the metakaolin, was not

observed in any spectra. The disappearance of Al ) indicates that it was consumed due to it

high reactivity as has been, previously, demonstrated in literature (Walther 1996).

/JL (b)
\%WWJL\\'W
w0 200 10 6 o0 200

5 ”Al (ppm)
Figure 8. Example of recorded 741 NMR spectra in static mode at (a) 0, (b) 2, (c) 6 and (d) 24 hours of
formation for "'SIK-MKB sample.

The various behaviors of the samples detected by FTIR and NMR experiments during the

formation translate different polycondensation rates depending on the reactivity of the raw

materials used and suggest different mechanical properties
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TABLE 5. AL NMR DATA OF THE VARIOUS GEOPOLYMER REACTIVE MIXTURES AT
DIFFERENT TIMES OF THE REACTION.

Mixture "TSIKcMKA *SiIKcMKA
S Percentage of the area curve of contribution (%)
AI(IV) AI(VI) AI(IV) AI(VD
Time — — N — — N
(h) =70 ~60 ~-10 ~70 ~60 ~10
ppm ppm ppm ppm ppm ppm
0 13.8 23.6 63.6 8.90 18.6 72.53
2 9.0 333 57.3 12.8 36.3 50.9
6 10.7 42.2 47.2 6.6 55.1 38.3
24 21.7 57.6 20.46 1.8 90.8 7.4
Mixture "TSiKcMKB *SiKcMKB
S Percentage of the area curve of contribution (%)
AI(IV) AI(VI) AI(IV) AI(VD
Time — — N — — N
(h) =70 ~60 =10 ~70 ~60 ~10
ppm ppm ppm ppm ppm ppm
0 8.9 9.6 81.5 8.9 41.1 50.0
2 7.4 26.7 65.9 9.8 47.6 42.6
6 10.9 60.3 28.8 6.4 76.9 16.7
24 10.5 74.8 14.7 6.4 84.7 8.9
Mixture *TSiIKcMKC *7SiKcMKC
S Percentage of the area curve of contribution (%)
AI(IV) AI(VI) AI(IV) AI(IV)
Time — — N — — N
(h) =70 ~60 =10 ~70 ~60 ~10
ppm ppm ppm ppm ppm ppm
0 15.0 13.9 71.1 5.7 17.7 76.5
2 13.0 26.2 60.8 4.1 40.7 55.2
6 6.7 39.7 53.6 1.5 52.2 46.2
24 14.5 63.8 21.7 0.8 82.5 16.7

To elucidate this effect, the mechanical strengths were evaluated by compression tests. Then,
a correlation was established between the A" formation rate (the difference between the
amount of A1) formed after 24 hours in the geopolymer samples and the amount of Al

initially present in the starting metakaolin) and compressive strength data as shown in Figure
9.
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Figure 9. The specific compressive strengths values versus the percentage of the conversion

AL(IV)24h—AL(IV)MK
AL(IV)24h

rate after 24 hours ( ) for all samples

Regardless of the sample, it is noted that better compressive strengths correspond to higher
Al™ formation rates. Moreover, three different behaviors, depending on the reactivity of the

used precursors, can be distinguished, as schematized in Figure 9.

For the "SiKcMKC sample, the A1) formation rate did not exceed 62%, leading to the
weakest specific compressive strength value (18 MPa.g™.cm®). This fact can be explained by,
on one hand, the low surface reactivity of metakaolin. On the other hand, the low attack
reactivity of the alkaline solution '’SIK¢ may prevent the formation of AI"Y) species and
consequently not allow total alteration of the metakaolin (Gharzouni et al., 2015). All of these
factors inhibit the formation of a homogenous geopolymer phase and therefore decrease the
mechanical strength. The MKA and MKB metakaolins in the presence of the same solution,
1'7SIKC, lead to a higher formation rate of AI(IV), which rises from 67 to 76%, and increase the
specific compressive strength values from 20 to 30 MPa.g™.cm’. Thus, the high metakaolin
reactivity favors the geopolymer phase and allows the improvement of mechanical strengths.
For samples using the “’SiK¢ solution, high formation rates (between 70 and 80%) were
associated with high specific compressive strength values (between 36 and 41 MPa.g”.cm?),
except for the “’SIKc-MKC sample (25 MPa.g”.cm?). This is due to reactive siliceous species
released from the “’SIK¢ solution being able to ensure a higher metakaolin attack degree

1), However, the weak

traduced in this case due to the greater formation rate of A
compressive strength observed in the case of *’SIKcMKC is due to the low reactivity of this
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metakaolin in addition to the presence of mullite. Crystalline phases such as mullite are
known to have higher stability in alkaline media, which may hinder the polycondensation
reaction, increase the heterogeneity of the sample and consequently decrease the mechanical

strength.

CONCLUSION

The various techniques used in this study allow a fast characterization and quantification of
the various species in the alkaline silicate solutions. Indeed, the FTIR and Raman
spectroscopies permitted to evidence the polymerization of the silicate entities when the Si/M
molar ratio increases. Then, NMR analyses allowed quantifying this phenomenon by the
determination of the amount of the various silicate species. Thus, the reactivity of these
solutions was highlighted depending on the Si/M ratio.

Knowledge of the reactivity of these solutions is useful for various applications such as shown
that the dilution of these solutions has an effect on the silicate distribution on the sand surface.
Moreover, the temperature and the drying mode have an influence on the microstructure of
the samples.

On the other hand, the alkaline solutions can be used as precursors to synthesize
geopolymer materials. In this study, the behavior of three metakaolins in presence of two
potassium alkaline solutions with different reactivity was investigated by FTIR and Al NMR
during the geopolymer formation. Interactions between the silicate and aluminosilicate
species were evident from an early stage of the reaction. As times progresses, the Al and
AIYY of metakaolin are converted to AI™Y). Moreover, different reaction rates were observed
depending on the reactivity of the used raw materials. Indeed, a highly reactive alkaline
solution favors the dissolution and the condensation reaction. The effect of the metakaolin
reactivity is more significant when it is activated with a poorly reactive alkaline solution.
Finally, a correlation was established between the amount of formed Al"Y determined from
*’Al NMR and compressive strengths data. The results indicate that the use of a highly
reactive alkaline solution (high NBO and monomeric species content) and / or a highly
reactive metakaolin (high wettability and amorphous phase) enhances the formation of the
geopolymer network which may improve the mechanical properties of the final materials. In
summary, the reactivity of the alkaline solution and the metakaolin is a key parameters to

control the reaction rate and thereby the final properties of geopolymer materials.
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Cette étude a été menée afin de lever les verrous sur les parametres clés qui régissent la
formation, la structure et les propriétés d’usage des matériaux géopolymeres a partir de
diverses sources aluminosilicates et solutions alcalines. Le contrdle de la réaction de
géopolymérisation nécessite au préalable, une maitrise des matieres premieres utilisées et une
connaissance approfondie de leur structure typique, conduisant a leur réactivité et a leur
capacité a réagir. La finalité était de pouvoir formuler un matériau de type géopolymere, a
partir de n’importe quelle source aluminosilicate afin de valoriser des argiles locales et de

recycler des déchets.

La caractérisation des solutions alcalines par spectroscopie RMN de »Si a permis de
déterminer les parametres controlant leur réactivité d’attaque. Il a été démontré que le rapport
molaire Si/M, le taux d’eau et le type du cation alcalin régissaient la nature, le taux et la
connectivité des especes siliceuses, ainsi que le nombre d’atomes d’oxygene non pontants par
tétraedre (NBO/T). Plus la solution est dépolymérisée (prédominance des especes de type Q°
(16 %), Ql (30 %) et des especes cycliques Q2C (22 %) et Q3C (8 %)), plus elle est réactive. Il a
été également mis en exergue un domaine de réactivité en fonction du rapport Si/M compris
entre 0,5 et 0,7 correspondant a une valeur de NBO/T de 1,86.

En ce qui concerne la source aluminosilicate et plus précisément le métakaolin, les
caractérisations physicochimiques et structurales ont permis de quantifier sa réactivité de
surface. Les métakaolins les plus réactifs sont caractérisés par des rapports molaires Si/Al
faibles (< 1,2) et des valeurs ¢élevées de mouillabilité (> 760 ul/g), de phase amorphe (> 63%)

et de la proportion d'aluminium tétraédrique réactif (> 19%).

Apres avoir déterminé les parametres d’influence sur la réactivité¢ des matieres premicres,
une étude de faisabilité a été initiée afin de déterminer, les zones d’existence des matériaux
géopolymeres dans le diagramme ternaire S i-Al-M/O. Une relation entre la faisabilité des
matériaux géopolymeres et la réactivité des matieres premieres a été démontrée. En effet,
plus la réactivité des maticres premieres est faible, plus le domaine d’existence des matériaux
géopolymeres est réduit. De plus, la concentration en cation alcalin et en cation aluminium
conditionnent la faisabilité des matériaux géopolymeres. L’ensemble des données ont permis
de délimiter des fuseaux dépendant de la nature du cation alcalin et des atomes d’aluminium.

Au-dela d’une valeur de (W*% amorphe)/((Si/Al)*100) > 700 ), la zone est considérée
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comme réactive alors que, pour un rapport inférieur, les courbes lentes sont attribuées a des

zones de précipitation hétérogenes.

De plus, les études par analyse thermique in situ ont mis en évidence que, selon la
réactivité du métakaolin, la disponibilité d'especes dissoutes diminue I'énergie nécessaire
pour la formation d'oligomeres a environ 1,8 KJ/mol. Toutefois, une solution alcaline
fortement réactive favorise la dissolution et diminue 1’énergie a environ 0,6 KJ/mol, méme en
présence des métakaolins peu réactifs. Les réactions de polycondensation ont aussi été
évaluées a partir des valeurs de déplacement de la position de la bande Si-O-M. Les
impuretés du métakaolin sont responsables de la génération de plusieurs réseaux. Ceci peut
étre contrebalancé, par une solution alcaline treés réactive, ayant une teneur accentuée en
especes dépolymérisées privilégiant les réactions de polycondensation et donc la formation
du réseau géopolymere. De méme, le suivi par spectroscopie RMN in situ de I’aluminium
(’Al) a permis de prouver que la réactivit¢ du métakaolin, et plus particuliecrement la
réactivité de la solution alcaline, permettent d’augmenter le taux de conversion d’AlV" et
AIY en AI™Y jusqu’a 80% apres 24 heures de la formation.

La structure poreuse résultante, liée a la quantité d’eau structurale conditionne les
propriétés mécaniques directement liées au taux de la réaction et a la structure des matériaux
finaux. En effet, plus le réseau géopolymere est favorisé, meilleures sont les résistances a la

compression (> 60 MPa pour un taux de porosité variant de 22 a 32%).

Toutes ces données ont été éprouvées par I’étude de liants a base de déchet géopolymere
et lors de la valorisation d’une argile tunisienne de faible réactivité. En effet, il est possible de
réintégrer un déchet géopolymere par addition ou par substitution dans une formulation a
hauteur de 20%. La faible réactivité de géopolymere recyclé peut étre contrebalancée par la
réactivité élevée de la solution activatrice. Il est également possible d’obtenir un matériau
avec des propriétés mécaniques satisfaisantes (37 MPa) a base d’argile tunisienne, en

substitution du métakaolin a hauteur de 50% avec une solution alcaline de rapport (Si/K=0,5).
Enfin, cette étude a permis d’établir un modele de réactivité et de définir des lois

prédictives permettant de controler la réaction de géopolymérisation et les propriétés d usage

résultantes quelles que soient la source aluminosilicate et la solution alcaline.
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En perspectives, il serait envisageable de:

(i) transposer les résultats obtenus a divers déchets industriels de différentes compositions
chimiques (cendre volante, laitier de haut fourneau, argilite, sédiments...) et évaluer la
faisabilité des matériaux consolidés et les propriétés d’usage résultantes.

(i1) étudier d’autres propriétés d’usage de ces matériaux (permittivité diélectrique,
durabilité, tenue a hautes températures) afin d’adapter les matieres premicres et les
formulations.

(iii) trouver d’autres sources alcalines réactives issues de 1’économie circulaire et moins

onéreuses.

L’ensemble des travaux a été valorisé par la rédaction de 7 articles scientifiques dans des

revues internationales a comité de lecture.
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Annexe II-A : nomenclature des solutions silicatées.

Nomenclature (Sli/ll\;[ ::ﬁii‘ii;lel Ajout % mass.ique)
MOH SiO,
Sk0 1,69 _ )
Skl 1,70 _ -
Sk2 1,52 _ _
Sk3 0,67 _ )
S4 0,45 : _
Sna 1,70 - -
Sk’ 0,54 20,26 .
Sk’ 0,54 20,26 -
Sk2’ 0,51 29,74 -
Sk3’ 0,51 9,44 -
Sk4’ 0,51 _ 2,94
Sna’ 0,72 15,20 -
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Annexe II-C: exemples de données RMN concernant les différents

échantillons analysés.

Exemples de données *’Si RMN de la solution Sk3 et de géopolymeére Sx,M3

»Si RMN
Solution Sk3 Géopolymere Sy,M3
Contribution | 6 (ppm) Pro?(;or)tion Contribution | & (ppm) Pro?oo/or)tion
Q° 71,3 6,7 Q'[4 Al] -82,0 21,2
Q' -80,9 22,7 Q*[3 Al] -87,8 31,2
Q* 81,3 14,2 Q*[2 Al] -93,0 25,5
Q -88,7 29,0 Q*[1 Al -98,0 12,0
Q* -89,2 13,1 Q*[0 Al] -104,0 3,5
Q? -94.9 14,3 Si’i‘iccii‘llfle 1110 6.8

Exemples de données 27A1 RMN du métakaolin M5 et du mélange réactif Sxk1M4

2TAl RMN
Métakaolin MS Mélange réactif Sx1M4
. Temps Contrlbutlo.n (o (()ppm))
. Proportion Proportion (%)

Contribution | 6 (ppm) (%) (h) NGL NGL oL
(68,3) (60,5) (1,0)

Al 58,1 18,4 0 11,3 24,0 64,7
AlY 31,3 28,6 2 12,2 31,5 56,4
AIYD -3,0 36,4 6 2,6 71,9 25,5

AV ccovite 1,2 16,6 24 0,0 95,7 43
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Annexe III-A : données RMN de 2’Si relatives a la contribution des

différentes especes siliceuses des solutions alcalines.

Solutions
Q“ SKI SK3 SNa SKI’ SK3’ SNa’
=0 ppm
(=0 ppm) Aire de la contribution (%)
Qo
72) 1,28 6,72 0,56 18,01 16,10 10,10
1
((820) 6,57 22,68 5,27 25,40 30,31 26,59
2
@ S - 14,19 29,45 20,28 22,20 16,02
2
(gg) 25,02 29,05 51,51 18,64 18,92 27,55
Q3C i i
89) 13,07 11,42 8,02 9,44
3
((924) 52,99 14,29 13,2 6,27 4,44 10,30
Q" ] ) ] ]
(106) 14,13 5,27
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Annexe III-B: aires des différentes contributions déterminées par
spectroscopie Raman pour les solutions Sk1°, Sk1’et Sy.’.

(O8]
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)
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1

[\
]
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m SK1'
m SK3'
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—_
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Airede la contribution (%)
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W
I
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Annexe ITII-C : données RMN de 2’Al relatives aux différents métakaolins.

Métakaolins

Attribution M1 M2 M3 M4 MS Mo

Aire de la contribution (%)

A1™Y) (Métakaolin) | 18,55 21,09 24.29 24,93 18,42 9,29

A1™Y) (Mullite) 0,00 0,00 0,00 0,00 0,00 15,01

AIY) (Métakaolin) | 4344 | 3568 | 3128 | 3227 | 2858 | 2281

AIYY (Métakaolin) | 26,76 | 29,66 44,43 42.8 36,36 39,16

AIYY Muscovite) | 11,25 13,56 0,00 0,00 16,64 8,83

A1YY (Mullite) 0,00 0,00 0,00 0,00 0,00 4,89
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Annexe III-D: définition des domaines d’existence des matériaux

géopolymeres a partir de métakaolins M3, M4 et M6 en présence des

solutions (A) Sk1 (B) Sk3 et (C) Sna.

Si (% in mol)
Sk3M3
0.00
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0.25
N 0.75
$ k2
§ ”,
.\Q —_— .
s 0.50 R
& %,
z
0.75 Ford
025
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0.00 0.25 0.50 075 1.00

Si (% in mol)
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Annexe III-E: données RMN de »Si concernant la contribution des

différentes especes siliceuses des matériaux géopolymeres.

ontribution . . 4 (3A1)/

Mulitte 4 4a))  Q*3A1) Q*(2AI) Q' (1Al Q* (oAl 2cde Qau(tres)

-79 silicique o e

-84 ppm) -89 ppm -94ppm -99ppm -104 ppm contributions
Echantillon ppm) -111 ppm

Sk1M1 - 20,0 36,7 27,5 11,7 4,1 - 0,58
Sk1M2 - 25,6 36,8 23,0 7.9 2,7 4,1 0,58
Sc1M3 i 23,3 37,5 20,0 9,2 5,0 5,0 0,60
Sk1M4 - 18,4 35,1 19,1 11,5 - 15,9 0,54
Sk1M5 - 20,2 31,1 23,1 8,7 8,1 8,7 0,45
Sk1M6 1,9 18,6 29,7 20,5 14,9 5,2 9,3 0,42
Sk3M1 - 20,0 38,8 30,4 7,7 3,2 - 0,63
Sk3M2 - 22,2 42,1 23,6 9,9 2,2 - 0,73
Sk3M3 - 26,1 39,8 23,1 5,5 3,4 2,1 0,66
Sk3M4 - 26,0 41,8 22,0 7.8 2,4 - 0,72
Sk3M5 - 20,4 34,7 29,6 8,2 2,0 5,1 0,53
Sk3M6 2,8 18,7 29.4 26,6 15,5 5,5 1,6 0,42
SnaM1 - 23,9 39,3 23,1 11,9 1,8 - 0,65
SnaM2 - 24.6 37,6 23,7 11,8 2,3 - 0,60
SnaM3 - 21,2 31,2 25,5 12,0 3,5 6,8 0,45
SnaM4 - 22,9 33,5 20,5 13,6 2,4 7,1 0,50
SnaM5 - 19,1 33,2 23,9 14,9 1,9 7,2 0,50
Sx.M6 1,2 12,3 30,3 30,8 15,6 3,3 6,6 0,44
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Résumé

Cette étude a été menée afin d’identifier les parameétres qui permettent de contrdler la
réaction de géopolymérisation et les propriétés d’usage des matériaux finaux. Différentes
sources aluminosilicates et solutions alcalines ont donc été sélectionnées afin d’évaluer leur
réactivité. Ensuite, une étude de faisabilité des matériaux consolidés a €été initiée pour
identifier les zones d’existence des matériaux géopolymeres dans le diagramme ternaire
Si/Al/M/O. L’évolution des échantillons au cours de la formation a été suivie par analyses
thermiques (ATD-ATG), pour quantifier I’énergie nécessaire a la formation des oligomeres, et
par spectroscopies infrarouge et résonance magnétique nucléaire afin de déterminer la nature
des réseaux formés et le taux de la réaction. Une forte corrélation a été mise en évidence entre
la réactivité des précurseurs, la structure locale et poreuse et les propriétés mécaniques. Ces
données ont été exploitées pour valoriser d’une part une argile tunisienne de faible réactivité
et d’autre part pour recycler un déchet géopolymere dans des nouvelles formulations.

Mots clefs : géopolymere, métakaolin, solution alcaline, résonance magnétique nucléaire,

argile tunisienne, recyclage, déchet géopolymere, structure, propriét€és mécaniques.

Abstract

This study was undertaken to identify the parameters that control the geopolymerization
reaction and the working properties of the final materials. To do this, various aluminosilicate
sources and alkaline solutions have been studied to exacerbate their reactivity. Then a
feasibility study of the consolidated materials was conducted to identify the geopolymer
existence domain in Si-Al-M / O ternary diagram. The evolution of samples during formation
was monitored by thermal analysis (DTA-TGA), to quantify the required energy for oligomer
formation, and infrared and nuclear magnetic resonance spectroscopies to determine the
nature of formed networks and the reaction rate. A strong correlation was evidenced between
the precursors reactivity, the local and porous structure and the mechanical properties. The
obtained results have been exploited to use poorly reactive Tunisian clay as alternative
aluminosilicate source and also to reuse geopolymer waste in new formulations.

Keywords: geopolymer, metakaolin, alkaline solution, Nuclear Magnetic Resonance,

Tunisian clay, recycling, geopolymer waste, structure, mechanical properties.



