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INTRODUCTION GENERALE

De nos jours, I’'un des principaux enjeux des entreprises concerne la production de
matériaux plus économiques, plus écologiques et présentant une consommation énergétique
moindre. Dans ce contexte, 1’entreprise MERSEN, 1'un des leaders mondiaux dans la
production de fusibles, a initié en 2013 un projet FUI nommé FE’E (Fusible Ecologiquement
et Economiquement Efficace). Le développement industriel de ces nouveaux composants
dépendra donc de la connaissance et de la maitrise des interactions entre les différentes

matieres premieres.

Les fusibles sont des composants électriques utilis€és pour la protection contre les
surintensités de courant ou les courts-circuits au sein d’une installation électrique. Ils sont
constitués d’un corps en céramique et d’un remplissage a base de sable de silice et dune
solution de silicate de sodium, contenant un élément fusible en cuivre ou en argent. Le sable
aggloméré et la céramique ont un rdle d’isolation vis-a-vis de 1’arc électrique créé lors de la
coupure du fusible. Ces matériaux doivent donc présenter des propriétés thermomécaniques
suffisantes pour résister en condition normale de fonctionnement du fusible et a la pression
induite lors de I’apparition de 1’arc électrique. La méthode d’agglomération du sable
actuellement utilisée entraine des problémes d’hétérogénéité au sein des matériaux induisant
de nombreuses pertes lors de la production. De méme, les corps en céramiques actuels

nécessitent un traitement thermique a haute température cofiteux en énergie.

Les solutions de silicate sont des liants minéraux présentant de nombreuses applications
industrielles en tant que colles minérales, défloculants, liants, enduits, etc. Différents
domaines, tels que les industries électrique et métallurgique, utilisent les solutions de silicate
pour I’agglomération du sable. Les caractéristiques des blocs de sable aggloméré a 1’aide de
silicate dépendent des interactions entre la solution et le sable ainsi que du type de séchage.
Le séchage par convection représentant un colt énergétique important, 1’industrie
métallurgique a récemment opté pour ’utilisation d’un séchage par micro-ondes plus rapide et
moins coliteux. Ce type de traitement thermique pourrait également &tre transposé a la

fabrication des composants électriques.

Dans le cadre du projet FE?’E, I’utilisation de géopolyméres a été proposée pour
remplacer les corps de fusibles actuels. Les géopolymeres sont des matériaux qui s’inscrivent
dans le développement durable de par leur faible consommation énergétique et leurs faibles

émissions de CO; du fait de leur consolidation a température ambiante. De nombreuses études
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a travers le monde s’intéressent a ces matériaux. Les caractéristiques des matieres premieres,
a savoir la solution de silicate alcalin et la source aluminosilicate, influencent les interactions
entre ces matériaux et donc les réactions de polycondensation. Les matériaux géopolymeres
¢tant fabriqués a partir d’une solution de silicate, la formation d’une couche de transition

pourrait étre envisagée entre le bloc de sable aggloméré et le liant géopolymere.

Par conséquent, ce manuscrit s’articule autour de quatre chapitres. Dans un premier temps,
une étude bibliographique sur les différents composants électriques, les solutions de silicate et
leur interaction avec différents types de matériaux, ainsi que sur les parametres influengant les
propriétés des matériaux consolidés est développée. Le deuxieme chapitre concerne les
caractéristiques des différentes matieres premieres, les protocoles expérimentaux et les
différentes techniques de caractérisation déployés. Le troisieme chapitre correspond a une
synthese des différents résultats concernant la réalisation d’un fusible et d’un busbar plus
écologiques et plus économiques. Ensuite, les différents travaux publiés (7 articles, 3 actes, 1
chapitre) seront regroupés dans le quatriecme chapitre. Finalement, une conclusion fera la

synthese des différents résultats obtenus au cours de ces travaux de these.

ACL 1. Effect of the addition of ammonium molybdate on metakaolin-based geopolymer formation: Shrinkage
and crystallization, L. Vidal, E. Joussein, M. Colas, J. Absi, S. Rossignol, Powder Technology, 275, 211-219,
2015.

ACL 2. Recycling of aluminosilicate waste: Impact onto geopolymer formation, N. Essaidi, A. Gharzouni, L.
Vidal, F. Gouny, E. Joussein, S. Rossignol, European Physical Journal: Special Topics, 224 (9), 1707-1713,
2015.

ACL 3. 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, 221-229, 2016.

ACL 4. Controlling the reactivity of silicate solution: A FTIR, Raman and NMR study, L. Vidal, E. Joussein, M.
Colas, J. Cornette, J. Sanz, 1. Sobrados, J.-L. Gelet, J. Absi, S. Rossignol, Colloids and Surfaces A:
Physicochemical and Engineering Aspects, 503, 101-109, 2016.

ACL 5. Identification of chains and rings in alkaline silicate solutions by Raman spectroscopy: Effect of alkali
cation, L. Vidal, E. Joussein, M. Colas, J. Cornette, J. Absi, S. Rossignol, Spectrochimica Acta Part A:
Molecular and Biomolecular Spectroscopy, submitted.

ACL 6. How to counteract the low reactivity of an alkaline solution, L. Vidal, E. Joussein, 1. Sobrados, J. Absi,
S. Rossignol, Journal of Non-Crystalline Solids, 452, 220-230, 2016.

ACL 7. Coating of unreactive and reactive surface by aluminosilicate binder, L. Vidal, E. Joussein, J. Absi, S.

Rossignol, Ceramics International, submitted.
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ACLN 1. Role of siliceous species in geopolymer reactant mixture: Interaction with (NH4),Mo,07, L. Vidal, A.
Autef, S. Selmani, E. Joussein, S. Rossignol, Key Engineering Materials, 617, 46-49, 2014 (2nd International
Symposium on Inorganic Environmental Materials, ISIEM 2013, Rennes, France).

ACLN 2. Addition of ammonium molybdate in geopolymer formulation, L. Vidal, E. Joussein, J. Absi, S.
Rossignol, Advances in Science and Technology, 92, 8-13, 2014 (CIMTEC 2014, Montecatini Terme, Italie).

ACLN 3. Recycled geopolymer on new formulations, N. Essaidi, L. Vidal, F. Gouny, E. Joussein, S. Rossignol,
Ceramic Engineering and Science Proceedings, 36 (8), 49-60, 2016 (39" International Conference on

Advanced Ceramics and Composites, [CACC 2015, Daytona Beach, Etats-Unis).

Chapitre. Alkaline silicate solutions: An overview of their structure, reactivity, and applications, L. Vidal, A.
Gharzouni, S. Rossignol, dans : L. Klein, M. Aparicio, A. Jitianu, Handbook of Sol-Gel Science and

Technology, in press.
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I. INTRODUCTION

Les propriétés des blocs de sable aggloméré et des liants géopolymeres pour I’industrie
électrique dépendent des interactions entre les différents matériaux. Cette partie a donc pour
but de présenter, dans un premier temps, les composants électriques visés. Les caractéristiques
des solutions et leurs interactions avec les différents matériaux seront ensuite analysées.
Finalement, les différents paramétres qui influencent les propriétés des matériaux finaux

seront développés.

I1. DESCRIPTION DES COMPOSANTS ELECTRIQUES

Au sein des composants électriques, le fusible et le busbar seront présentés avec

notamment les matériaux isolants les constituant.

1. Le fusible
a. Description et role du fusible

Un fusible est un composant électrique qui a un rdle de protection vis-a-vis d’une
installation électrique et des personnes [1]. En effet, le fusible est placé au sein d’un circuit
¢lectrique afin de protéger les différents composants d’une surcharge de courant (court-circuit
ou surintensité) qui risquerait de les endommager. Le fusible présente deux fonctions
principales : une fonction de conduction et une fonction de coupure [1, 2]. En fonctionnement
normal, le fusible laisse passer le courant dans un élément conducteur et, lors d’une surcharge
de courant, 1I’élément conducteur pourra fondre entrainant une coupure du circuit.

Un fusible est composé d’un corps isolant, d’éléments conducteurs, et d’un matériau
aggloméré (Figure 1) [3]. Le corps isolant est généralement en céramique ou en plastique
contenant les éléments fusibles. Ces derniers sont de tres bons conducteurs comme le cuivre
ou ’argent. Le sable, pouvant étre aggloméré par une solution de silicate, entoure les lames
métalliques et joue un role d’isolant lors de la fusion de 1I’élément fusible. Finalement, des
pieces de raccordement sont placées aux extrémités des fusibles et permettent de les connecter

au circuit électrique.
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Eléments fusibles

Contacts

Figure 1 : schéma de constitution d’'un fusible [3].

b. Matériaux isolants
Les matériaux isolants constituant un fusible, a savoir le corps en céramique et le bloc de

sable aggloméré, vont étre détaillés.

L’enveloppe isolante des fusibles participe a différentes fonctions [2] a savoir la
conduction et la coupure. Dans le cas de la fonction de conduction, le corps intervient sur la
résistance thermique (évacuation de la chaleur générée dans 1’élément fusible lors du passage
du courant), la tenue en température (résistance a des températures supérieures a 150 °C) et la
résistance aux chocs thermiques. Pour la fonction de coupure, I’enveloppe isolante doit
absorber 1’énergie libérée lors de I’apparition de I’arc électrique. De plus, le corps de fusible
doit protéger des manifestations extérieures du fonctionnement et de la coupure.

Les matériaux céramiques généralement utilisés pour la fabrication des corps de fusible sont
des silicates de magnésium (stéatites, cordiérites...), des aluminosilicates et également des

céramiques a haute teneur en alumine (> 80 %).

L’agglomération du sable doit étre préservée durant toute la vie du fusible aussi bien en
fonctionnement normal que lors d'une surcharge de courant. Il doit donc répondre aux criteres
suivants [1, 2] :

(i) Etre capable d’absorber 1'énergie calorique de l'arc pour permettre son extinction. Pour
les coupures aux courants critiques, il s'agit de pouvoir absorber environ 105 J.

(i1) Conserver son pouvoir isolant lors de la formation du canal d'arc.

10
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(iii)) Posséder une porosité optimale. En effet, si I'empilement granulaire n'est pas
homogene, les particules ionisées peuvent s'accumuler et entrainer des contraintes locales tres
fortes capables de détruire le fusible. En cas de compacité faible, la quantité de matiere solide
(les grains de sable) en contact avec la lame d'argent est plus faible conduisant a une
absorption moindre de 1'énergie de 1'arc. Finalement, le sable doit maintenir une surpression
de gaz dans le canal facilitant l'extinction de l'arc. Néanmoins, l'empilement doit &tre
suffisamment modifiable pour permettre la condensation des vapeurs métalliques ionisées au
plus loin de la zone d'arc.

(iv) Absorber partiellement les chocs mécaniques subis durant la coupure.

La fabrication des fusibles est réalisée a partir de différents liants de type organique ou
minéral permettant 1’agglomération du sable en passant par les étapes de séchage a
température ambiante [1]. Cependant, la solution minérale a base de silicate de sodium a été
privilégiée [4, 5]. De plus, 1’agglomération du sable a été optimisée par la technique de la
pluviation permettant d’obtenir des ¢échantillons de compacit¢é maximale de facon
reproductible [6]. Parallelement, il a été mis en évidence la possibilité de tasser le sable par
vibration pour la fabrication de fusibles [7, 8]. Par conséquent, lors de la fabrication des

fusibles, le sable est soit tassé par pluviation, soit par vibration et le liant utilisé est du silicate

de sodium.

2. Le busbar

La mise en ceuvre de composants électroniques pour I’électrotechnique impose des
conditions d’emploi de plus en plus séveres du fait des puissances importantes a controler. La
condition la plus importante est désignée par I’expression « fonctionnement en commutation »
(Figure 2). En effet, les dispositifs a semi-conducteur jouent leur role d’interrupteur et il est
impératif de les faire fonctionner en commutation. Le busbar est donc un composant
conducteur, généralement en cuivre ou en aluminium, auquel plusieurs circuits peuvent étre
reliés séparément, incorporés dans un boitier en plastique [9]. II permet de réduire les
inductances de cablage des installations assumant un rdle de commutation dans leur

fonctionnement permanent [2].
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ouvert

se ferme s'ouvre se ferme

Figure 2 : courbes du courant et de la tension, ainsi que de la puissance lors de la
commutation d’'un interrupteur semi-conducteur.

Méme s’il est facile d’imprégner du sable par du silicate, il sera nécessaire de trouver
une solution a plus basse température, mais aussi de suppléer I’enveloppe céramique par

des matériaux basse température en terme d’innovation.

II1. LES SOLUTIONS DE SILICATE

Au sein de la grande famille des silicates, il existe entre autres les solutions de silicate
alcalin (également appelées water glass) [10] ainsi que les verres silicatés [11]. Ces différents
composés sont basés sur I’empilement de tétra¢dres de silicium issus de la structure cristalline
de la silice [12] et présentent de nombreuses applications industrielles en tant que liants,
formateurs de gels, enduits, défloculants ou inhibiteurs de corrosion [13, 14]. Les différentes
applications utilisant plus particulierement les solutions silicatées vont dépendre de leur

réactivité et donc des especes siliceuses qu’elles contiennent.

1. Préparation des solutions
Les solutions de silicate peuvent étre obtenues selon différents procédés présentant une
influence sur les especes silicatées. Les solutions commerciales sont généralement préparées
par dissolution d’un verre silicaté. Le verre peut étre obtenu par une réaction entre de la silice

et des carbonates alcalins ou des sulfates alcalins réalisée a 1300 °C [15] (Eq. 1 et Eq. 2).

12



CHAPITRE I : Synthése bibliographique

3 Si0; + MSO4 + Y2 C =12 CO;z + SO, + 3 Si0,- M0 Eq. 1
3 Si0; + M2C03 =CO0O;, + 3 Si0,-M»)0

Eq. 2

Une autre méthode de préparation consiste a dissoudre des hydroxydes alcalins et de la silice

amorphe dans de I’eau [16] (Eq. 3). Cette méthode est utilisée pour la fabrication de solutions

de silicates alcalins dans les laboratoires.

2 MOH + 3 SiO; = 3 SiO2 M0 +

H->O

Eq.3

La dissolution de ces especes siliceuses dépend de la valeur de pH, et lorsque celle-ci

augmente (i.e. la concentration en cations alcalins augmente), la solubilité de la silice devient

plus élevée [17] (Figure 3). L’influence de la nature de la silice utilisée (quartz, opale, gel de

silice) a été étudiée en fonction de 1’équilibre de dissolution de la silice dans I’eau. Iler [15]

montre que, pour la silice amorphe, la vitesse de dissolution augmente avec la valeur de pH.

Deux processus contrdleraient ce phénomene de dissolution. Pour une valeur de pH

inférieure a 11, la silice amorphe est dissoute selon I’Eq. 4.

Si0; + 2 H,O = HySi04 Eq, 4
+ -
~ 1000 [ oo a 2 b
g L A20°C o
r 8
o - = + 4
B so0 ©25°C = M
5} | ---Log[Si] = -2.44-0,053pH ;% Y
§ 030°C Z ()]
= 2
iz 200 2
= GRS R
8 I =
= [
N o
§ 100 o 2 ]
g 3
¢ ———— 3 v
0 2 4 6 8 10 2 4 6 8 10
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10°
C
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Q
o
=
= 2
s
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3 3
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O
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Figure 3 : (a) solubilité de la silice amorphe et (b) vitesse de dissolution de la silice pour 2 <
pH < 10 [15] et (¢) concentration en silice pour 9 < pH < 12 [17].
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Pour une valeur de pH supérieure a 11, I’attaque de la silice est initiée de la méme fagon
par I’anion OH". L’acide silicique (H4SiO4) va ensuite se dissocier selon les Eq. 5 et Eq. 6.
Plus la valeur de pH augmente, plus le phénomene de dissociation est important engendrant
ainsi une augmentation de la dissolution de la silice.

H4Si04 + OH" = H3Si04 + H,O Eq. 5
H3SiOs” + OH" = H,Si04* + H,O Eq. 6

Par ailleurs, Dietzel [18] a montré que, pour de faibles valeurs de pH, les especes
prédominantes sont monomériques (Figure 4). Lorsque la valeur de pH augmente, des acides
polysiliciques apparaissent et deviennent stables pour des valeurs de pH supérieures a 10. La
formation des acides polysiliciques peut étre décrite selon I’Eq. 7.

=Si-OH + HO-Si= = =Si-0O-Si= + H,O Eq.7
100

90 \

80 | Si(OH): SIO(OH)s
70 e
80 \\\ /

50 /
40 /N

30 =t
20 / \ $1:05(OH)s!
- : : L Si,06(0OH)s.
10 Si,0,(0H)s N\ __~7 Si0
Rt 305(0OH)s
0 Rl

7 8 9 10 11
pH

mol% SiO,

Figure 4 : variation des especes d’acide silicique en fonction de la valeur de pH a
température ambiante [18].

2. Structure des solutions

Les solutions de silicates alcalins sont composées de différentes especes monomériques
(Si04*) et polymériques (Si207%, Siz0¢%, (SiO3*)s) et caractérisées par une structure
complexe. Ces dernicres ont fait I’objet de nombreux travaux structuraux par les techniques
spectroscopiques.

La résonnance magnétique nucléaire (RMN) *Si a largement été utilisée pour la
caractérisation des solutions de silicate alcalin. Cette technique permet de distinguer et de
quantifier les différentes especes Q". La notation Q", utilisée pour décrire les especes
silicatées, a été introduite par Engelhardt et al. [19] (Figure SA). Dans cette notation, Q

représente 1’atome de silicium connecté a n atomes d’oxygeéne pontant et (4-n) atomes
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d’oxygeéne non pontant dans un environnement tétraédrique. La variation des différentes
especes Q" a été déterminée en fonction du rapport Si/M et de la valeur de pH [20, 21]
(Figure 5B). La présence d’espéces Q* est notée pour les solutions de rapport Si/M > 1,6. De
plus, la présence des espéces Q* et Q® en grande quantité semble indiquer 1’existence de
chaines simples et ramifiées pour des rapports molaires Si/M élevés. Pour des rapports élevés
(Si/M >1), les especes majoritaires sont les especes Q? et Q°. En revanche, pour des rapports
Si/M <1, les especes prédominantes sont les entités Q° et Q!. Il est a noter qu’au cours de la
dépolymérisation des solutions [22], il y a la formation d’espéces cycliques Q% et Q¢ révélant

ainsi la formation d’anneaux au sein de ces solutions (Figure 6a, b).

(A)
(a) (b)
1 T T @
-o—sli—o- -o—in—Q) -o—sli—(z) Qt
O O 0] Q2 Q?
Q° Ql Q? Q3 Q3
@ @ 4
I I Q
0—Si—@ @—Si—@
I I ] T T T T ] 1
) @ 60 -70 80 -90 -100 -110 -120
@ Q' 5 (2°Si) (ppm)
(B)
10F
08
06+
%.
b
02F
i " 3 pH
sy 56 8§ o g - O I/moldm®
T LT V) 1 ) 3~ Si0,/Na,0

Figure 5: (A) (a) représentation des différentes especes Q" et (b) valeur du déplacement
chimique relatif aux différentes entités structurales [19] et (B) répartition des especes
silicatées Q" en fonction du rapport molaire SiO2/Na>O ([Si]=8 M) [22].
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Les pourcentages des différentes especes déterminés par RMN peuvent ensuite étre utilisés
pour le calcul du nombre d’atomes d’oxygeéne non-pontant par tétracdre [SiO4] (NBO) selon
I’Eq. 8 [23, 24].
NBO/T = (3*Q" + 2*Q* + Q*/100 Eq. 8

L’utilisation de la RMN 2D permet de déterminer 1’environnement des différentes entités
Q". Tognonvi et al. [14] ont ainsi démontré que, pour une solution de silicate de sodium
(Si/Na = 1,7), les especes Q" sont préférentiellement reliées a des entités Q" ou Q™*!, i.e. (Q*-
Q?), (Q°-Q* ou (Q*Q?). Cho et al. [25] ont également pu identifier de nouvelles structures
d’oligomeres de petites tailles au sein d’une solution de silicate de sodium dépolymérisée

(S1/Na = 0,6).

(@)
L . . N Anneau a 3 tétraedres Anneau a 4 tetraedres
Triméres cycliques Te}rameres (Ro) Re)
(Q%°) cycligues (Q%)
/ 1 \ 1
S /S |
| b .I. -
7/
~
L RN Ve /
’ —
Hexameéres Octaméres
prismatiques (Q%°) cubiques (Q%) o R
Anneau a 5 tétraedres Anneau a 6 tétraédres
(Rs) (Re)
(©)
Hexamere Hexameére
tricyclique A tricyclique B

Figure 6 : représentation schématique (a) de quelques especes cycliques contenant les
especes () Q% et () Q%, (b) des anneaux de différentes tailles et (c) des especes de
différentes configurations dans [’espace [25].

Toutes ces études par RMN (1D et 2D) ont permis d’identifier une cinquantaine d’espéces
silicatées de diverses formes (linéaires, cycliques, prismatiques, etc.) dans des solutions
faiblement concentrées [26] (Figure 6c¢). Il est a noter que, pour compléter ces études, la
RMN 'H pourrait étre appliquée, puisque ce noyau est utilisé pour caractériser des gels de

silice ainsi que des verres silicatés [27]. L’absence de caractérisation des solutions de silicate
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par RMN du proton pourrait étre due a la quantité d’eau majoritaire au sein des solutions
contrairement aux verres ou aux gels.

La spectroscopie infrarouge a transformée de Fourier (IRTF) a été utilisée afin de
déterminer les especes silicatées présentes au sein des solutions a partir de la large bande
attribuée a 1’¢longation (stretching) antisymétrique des liaisons Si-O-Si. La notation Q"
utilisée pour décrire les especes silicatées en RMN 2°Si ne peut pas étre utilisée directement
en spectroscopie IRTF mais conventionnellement elle est admise [28] pour différencier les
différentes especes Q" au sein de la large bande du pic Si-O-Si. Différents auteurs ont ainsi
montré que les contributions des especes Q% Q° et Q? sont respectivement notées a des
nombres d’onde de ’ordre de 1150-1200, 1100 et 1000-1030 cm™' [28, 29]. Les bandes
attribuées aux especes Q' et Q" ont également été respectivement positionnées vers 900-920 et

820-876 cm™' [23].

Afin de compléter les données obtenues par la spectroscopie IRTF, la spectroscopie
Raman a été développée essentiellement pour les verres sachant que peu d’études relatent des
solutions de silicate [30]. Les analyses réalisées sur les verres ont révélé, en plus des
différentes contributions précédentes, 1’existence de contributions attribuées au mode de
respiration des anneaux a 3, 4, 5 tétracdres ou plus (R3as et ps) [31] (Figure 7a). La
contribution de ces anneaux dépend de la quantité de cations alcalins pouvant entrainer un
déplacement de la bande associée aux anneaux a 5 tétraedres (Figure 7b) [32]. Ces
phénomenes ont été reliés a une diminution de I’angle Si-O-Si et donc a une diminution de la
taille des anneaux [33]. La dépolymérisation des différentes especes a été démontrée par la
teneur en ions alcalins [34]. En effet, I’augmentation de la quantité de cation alcalin entraine
la formation d’espéces Q* au détriment des especes Q* et pour des teneurs plus élevées, la
formation d’entités Q? au détriment des entités Q.

Par ailleurs, la complémentarité de la spectroscopie Raman est donc de pouvoir obtenir des
informations sur la taille des cycles (a basse fréquence) ainsi que sur les especes Q" (a haute

fréquence) présentes au sein des verres.
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Figure 7 : (a) spectre Raman d’un verre de silice [33] et (b) évolution des spectres Raman en
fonction de la quantité de K>O (la quantité augmente de bas en haut de 5,2 a 28,6 % de K>O)
[31].

Peu de travaux comparent les données issues des études par spectroscopie IRTF, Raman
et RMN 2D. Néanmoins, il peut étre cité les travaux de Le Losq [35] qui ont révélé des
différences de proportions de liaisons Si-O-Si entre un verre a base de potassium et de sodium
confirmés par RMN 2D. Concernant les solutions de silicate alcalin, il semblerait opportun
d’étudier leur structure par spectroscopie Raman afin de déterminer I’existence et la taille des

chaines et des anneaux lors de la dépolymérisation.

3. Parametres régissant les entités structurales
Les différentes études structurales (IRTF, Raman et RMN) ont montré que les especes Q",
les anneaux et les chaines gouvernaient le degré de polymérisation des solutions en relation
avec la nature du cation alcalin. II est également important de connaitre I’impact du mode de

préparation, du rapport molaire Si/M et du taux d’eau.
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Il a été vu précédemment que les solutions de silicate alcalin peuvent étre commerciales
ou préparées au laboratoire. Les solutions sont donc issues de la dissolution d’un verre silico-
alcalin ou d’une silice amorphe. Pour un méme rapport Si/M, Prud’homme et al. [36] ont
démontré que la solution préparée au laboratoire contient nettement plus d’especes
dépolymérisées Q° tandis que le rapport des entités Q'/Q? est similaire pour les deux
solutions. Ainsi, la solution provenant d’une solution commerciale est plus polymérisée
qu’une solution préparée au laboratoire pour un méme rapport Si/M. De méme, Gharzouni et
al. [23] ont montré que des solutions commerciales, de rapports Si/M compris entre 1,7 et 0,4,
contenaient des especes similaires, mais de contributions différentes en fonction de la quantité
d’eau due au cation alcalin. Les solutions présentant des rapports Si/M initiaux plus faibles
contiennent plus d’espéces Q° que les solutions de rapports Si/M initiaux élevés. Pour des
solutions issues de la dissolution d’un verre ou d’une silice colloidale, Brykov et al. [21] ont
démontré que la méthode de préparation de la solution avait peu d’influence sur la
connectivité des atomes de silicium. Il semble donc que la méthode de préparation est un
parametre influant sur la quantité des différentes especes Q" contenues au sein des solutions.

Quelques études ont mis en évidence I’influence du rapport molaire Si/M sachant que
c’est a partir d’une valeur de Si/M = 1 que les phénomenes de dépolymérisation interviennent.
Bourlon [20] a démontré par diffusion dynamique de la lumiere (DLS) qu’une augmentation
de ce rapport entraine une baisse importante du volume hydrodynamique des especes.
L’auteur a également analysé ces solutions par une étude structurale par rayons X (diffusion
et diffraction) et a mis en évidence que l’augmentation du rapport Si/M entraine une
diminution des interactions répulsives entre particules ainsi qu’une augmentation de la taille
des particules. Steins [37] a aussi observé ce phénomene par des analyses structurales par
rayons X. Par analogie, I’impact du rapport molaire M/Si au sein des verres a été mis en
évidence par la valeur du NBO qui augmente quand ce rapport diminue (Figure 8) [38]. Le
rapport molaire Si/M semble donc influencer 1’état de polymérisation des solutions.

De plus, des études ont ainsi mis en évidence que la dilution d’une solution entraine une
polymérisation des anions silicatés. En effet, Lucas et al. [5] ont démontré que la dilution
d’une solution entraine des réactions de polycondensation des especes silicatées par
spectroscopie IRTF. Boschel et al. [39] ont également observé une variation de la taille des
particules silicatées lors de la dilution. Tognonvi et al. [14] ont noté que la dilution de la
solution entraine une augmentation de la taille des plus petits colloides mais également une

diminution de la taille des particules les plus importantes. Ces variations de taille de colloides
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suggerent la présence de réactions de polycondensation lors de la dilution. Le taux d’eau

contrdle donc le degré de polymérisation et donc la réactivité des solutions de silicate.
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Figure 8 : variation du nombre d’atomes d’oxygene non-pontant (NBO) en fonction du
rapport molaire Na/Si pour des verres sodo-silicatés [38].

La nature du cation alcalin présente également une faible influence sur les especes
silicatées. En effet, I’augmentation de la taille du cation entraine la formation d’espéces
silicatées légerement plus protonées ainsi qu’une légére augmentation de la quantité d’especes
Q¢ et Q* [37]. De plus, pour des rapports Si/M variant de 0,6 a 1,5, la polymérisation des
solutions de silicate est favorisée par une augmentation de la taille des cations selon 1’ordre
suivant Na* < K* < Rb* < Cs* [37]. Ce phénomeéne est di a ’augmentation de la sphére
d’hydratation lorsque la taille du cation diminue. D’autre part, des travaux sur les solutions
ont permis de déterminer le rayon ionique des cations hydratés ainsi que I’effet de ces cations
sur les phénomenes de diffusion. Mihler et Persson [40] ont déterminé le rayon ionique des
cations Na* et K* et ils ont montré que la distance Na-O était l1égerement plus faible que la
distance K-O. Les études de diffusion menées par Melkior et al. [41] ont démontré que le
potassium présentait une vitesse de diffusion plus élevée que le cation sodium. Cette
différence de vitesse de diffusion a été corrélée au rayon de Stokes (Figure 9) 1ié a la sphere
d’hydratation [42]. Plus la sphére d’hydratation est importante, plus la diffusion de ce cation
sera ralentie (Figure 9). La taille du cation alcalin semble donc avoir une influence sur les

especes silicatées au sein de la solution.
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Figure 9 : valeur des coefficients de diffusions expérimentaux et calculés en fonction des
rayons de Stokes des différents cations alcalins [41].

Les parametres controlant le taux de polymérisation de la solution sont la méthode de
préparation, le taux d’eau, le rapport Si/M ainsi que le cation alcalin. Une étude plus
approfondie des solutions par spectroscopie Raman pourrait permettre [’obtention
d’informations pertinentes concernant la présence et la taille des chaines et des anneaux

au sein des solutions.

IV. INTERACTIONS AVEC DIFFERENTS COMPOSANTS

L’utilisation des solutions de silicate, pour la fabrication de fusibles ou de liants
géopolymeres, nécessite la compréhension des interactions en présence de sable, de
métakaolins ou de métaux. Ces interactions sont aussi gouvernées par les énergies de surface

qui seront déterminées au travers des angles de mouillage.

1. Interactions avec du sable

Les interactions entre une solution alcaline et du sable vont dépendre des parametres
intrinseques de chaque constituant et de leur interaction.

La dissolution de quartz menée par Schwartzentruber et al. [43] au sein des solutions
alcalines a 80 et 90 °C révele que plus la valeur de pH basique est élevée, plus le taux de
dissolution est favorisé. Le modele cinétique associé, comportant une étape intermédiaire de
chimisorption d’ions silicates a la surface du quartz, démontre I’affinité¢ des especes dissoutes
avec la surface. Cette couche adsorbée, pour de faibles concentrations, peut recouvrir une
grande partie de la surface, ayant pour effet de retarder le phénomene de dissolution. Lorsque

la concentration augmente, il y a également le phénomene de polymérisation des especes
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silicatées [43] di a la saturation de la solution. L’effet de la valeur de pH et de la force
ionique sur la dissolution du quartz a également été étudié par Brady et al. [44]. Les résultats
obtenus ont confirmé les tendances observées par Knauss et al. [45] (Figure 10). Le taux de
dissolution est quasiment inexistant pour des valeurs de pH inférieures a 6 alors qu’au-dela il
augmente de facon exponentielle. Ce phénomene de dissolution est 1ié a la diffusion des
différentes especes favorisée par la température et les forces ioniques de la solution d’attaque.
De plus, Nangia et al. [46] expliquent que la dépendance du taux de dissolution en fonction de
la valeur de pH est due a I’existence de différents sites a la surface des grains : un site protoné
(=SiOH>"), un site neutre (=SiOH) et un site déprotoné (=SiO’). Lors des simulations
numériques, les réactions protonées, neutres et déprotonées ont ét€ modélisées respectivement

par I’Eq. 9, ’Eq. 10 et ’Eq. 11.

(OH);Si-O-Si(OH);H* + H,0 = (OH)3Si-OH + Si(OH)3-OH,* Eq.9
(OH)3Si-0-Si(OH); + H,O = (OH);Si-OH + Si(OH);-OH Eg. 10
(OH)3Si-0-Si(OH),O" + H,0 = (OH);Si-OH + Si(OH)3-O" Eq. 11

Pour des valeurs de pH proches de 2, le mécanisme prédominant est le neutre. Pour des
valeurs de pH en milieu basique, les sites déprotonés contribuent majoritairement au
mécanisme de dissolution. Un autre point concerne la relation entre le taux de dissolution et la

charge de surface évoluant de fagon linéaire selon les travaux de Gratz et al. [47].
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Figure 10 : comparaison des taux de dissolution du quartz (A, ¥) de Knauss et al. [45] avec
la modélisation de Brady et al. [44] (ligne).

Deleuze et al. [48] ont étudi¢ l'influence du cation alcalin sur les mécanismes de
dissolution du quartz en milieu basique pour différentes températures selon cet ordre : Li* >

Na* > K*. Ces variations peuvent étre expliquées par le pouvoir polarisant et 1’effet
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d’encombrement stérique di a la taille du cation. De méme, 1’augmentation de la valeur de
I’angle Si-O-M avec la taille du cation en relation avec la sphére d’hydratation (M = Li, Na ou
K) favorise les réactions de dissolution. Comme précédemment énoncé, en présence de
solutions proches d’une valeur de pH neutre [49, 50], la taille du cation a un tres faible impact

sur le taux de dissolution du quartz.

L’influence de la température sur les mécanismes de dissolution du quartz est liée a la
solubilité de la silice et aux interactions entre les différentes especes siliceuses [15, 51]. En
effet, a partir d’une valeur de pH supérieure a 9 (Figure 11), le nombre des especes siliceuses
croit de facon considérable engendrant la formation de précipités ou de gels. Ces derniers vont
étre favorisés en fonction de la température par les phénomenes de coalescence. Ceci entraine
des évolutions microstructurales des gels, induisant une augmentation de la taille des pores et

de la perméabilité des gels ainsi qu’une réduction de leur surface spécifique [52, 53, 54].
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Figure 11 : évolution du taux de dissolution du quartz a ( #) 25 et (®) 60 °C en fonction de la
valeur de pH obtenue par Brady et al. [44].

I1 a été montré que ’effet de la surface du sable sur les interactions entre une solution et
un grain de sable dépendait essentiellement des énergies de surface du sable qui peuvent étre
activées avec la température [55, 56]. L’érosion des grains de silice est possible par
I’existence de cristallites pouvant étre extraites en préservant 1’énergie de surface. Néanmoins,

a terme, ce phénomene pourra induire des modifications de rugosité.
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A titre d’exemple, le cristal de Kossel, contenant des faces F (5 liaisons avec d’autres
cristaux), S (4 liaisons) et K (3 liaisons), permet de modéliser la réactivité des cristaux
(Figure 12) [55]. Lors de la dissolution, les premiers cristaux séparés sont ceux de faible
énergie, a savoir ceux possédant le moins de liaisons. Le taux de dissolution des faces évolue
donc selon I’ordre K > S >> F. La prédominance des faces K et S au détriment des faces F
favorise une rugosité plus importante. Ainsi, les grains rugueux énergétiquement plus faibles,

vont présenter des taux de dissolution plus élevés impactant la granulométrie finale.

F

Figure 12 : représentation des trois types de faces F, S et K du cristal de Kossel [55].

Lors de I’interaction entre une solution et des grains de sable, il faudra donc se focaliser

essentiellement sur les parametres de la solution, de la température et la rugosité.

2. Interactions avec des métakaolins

La compréhension des phénoménes qui se produisent au cours de la formation d’un
géopolymere impose la connaissance des interactions entre une solution alcaline et un
métakaolin.

Différents travaux ont étudié I’influence des différentes caractéristiques des métakaolins
(pureté, composition chimique, pourcentage de phase amorphe, structure, granulométrie et
mouillabilité) sur leur réactivité. La pureté et la composition chimique du métakaolin
présentent une influence sur la granulométrie et le rapport molaire Si/Al. En effet, Autef et al.
[57, 58] ont démontré qu’une augmentation de la quantit¢ d’impuretés (i.e. minéraux
accessoires) contenues au sein du métakaolin entraine une diminution de la valeur du dso ainsi
que du rapport Si/Al. Les travaux de Gharzouni et al. [59] ont prouvé que la présence
d’impuretés induisait une diminution de la réactivit¢ du métakaolin en présence d’une

solution alcaline.
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La structure du métakaolin présente également une influence sur les interactions entre une
solution et un métakaolin. En effet, les travaux de Brykov et al. [60] ont mis en évidence des
différences de réactivité en fonction des taux de coordinence des atomes d’aluminium (Al [4],
et [6]). Plus la quantité d’Al [5] est élevée, plus les réactivités sont exacerbées.

Cependant, les travaux de Gharzouni et al. [59] ont également démontré que la réactivité
de la solution alcaline était capable de contrebalancer I’effet de la réactivité du métakaolin. En
effet, il a ét€ démontré qu’en présence d’une solution peu réactive, la réactivité du métakaolin
contrOle les réactions. En revanche, une solution alcaline tres réactive va contrdler les
réactions et inhiber la réactivité du métakaolin.

La réactivité du métakaolin doit étre parfaitement contr6lée pour maitriser la formation

d’un géopolymere.

3. Interactions avec les métaux
Lors de la fabrication des busbars [2], les métaux seront mis en contact avec le milieu
basique. Il est donc important de regarder 1’interaction métal-solution basique.
a. Diagramme de Pourbaix
Afin de comprendre le comportement des différents métaux utilisés (cuivre, cuivre étamé
et cuivre nickelé qui sont les métaux classiquement utilisés dans la fabrication de busbars) en
fonction de la valeur de pH, les diagrammes de Pourbaix [61, 62] sont reportés a la Figure 13.
Dans cette partie, il ne sera abordé que le domaine de valeur de pH compris entre 10 et 14.
Quel que soit le métal considéré, il faudra prendre en compte la zone de passivation avec la
formation d’hydroxyde, la zone d’innocuité€ et la zone de réactivité avec la présence d’especes

chargées.

En effet, le cuivre est présent sous une forme oxydée (CuO) pour des valeurs de pH
inférieures a 10,5 — 11 alors qu’au-dela de cette valeur, il y a I’apparition d’espéces Cu(OH)a.
Dans le cas des métaux Sn et Ni, les zones de passivation Sn(OH)4 et Ni(OH)> sont formées
pour des valeurs de pH respectivement comprises entre 9 et 12 et inférieures a 12. Pour des
valeurs de pH supérieures, la formation d’espéces ioniques SnOs> et HNiO»™ est observée.

Par conséquent, lors de la fabrication des busbars, il faudra donc utiliser des mélanges de
valeur de pH a la limite entre les deux zones, c’est-a-dire proche de 11 et 12 respectivement

pour le cuivre et ’étain ou le nickel.
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Figure 13 : diagrammes de Pourbaix des systeémes (a) cuivre-eau a 25 °C [61], (b) étain-eau
a 25 °C [62] et (¢) nickel-eau a 25 °C [62].

b. Métal/liant basique

Quelques travaux ont été menés sur les interactions entre un métal et un liant
géopolymere. Parmi ceux-ci, Ranjbar et al. [63] ont analysé I’effet de 1’ajout de micro fibres
rugueuses en acier enrobées de cuivre au sein d’une matrice basique a base de cendres
volantes. Les résultats ont démontré que 1’adhésion entre les deux matériaux était due a la
formation d’un complexe entre le cuivre et la matrice. Néanmoins, la quantité de fibres
entraine |’apparition de défauts et des problémes d’adhésion [64].

De méme, des dépdts de liants (mélanges de solution d’hydroxyde de sodium et de
cendres volantes) sur des plaques en acier ont été menés par Irfan Khan et al. [65]. Il a ét€ mis

en évidence que la valeur du rapport Na/Al et la quantité d’eau influencaient I’adhérence du
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dépot sur le substrat métallique. Les compositions ou formulations (rapport eau / solide = 0,33
et 0,8 < Na/Al < 1,2) présentent une stabilité en température et une durabilité satisfaisante.
Une autre étude par Allison et al. [66], relative a I’interface entre un liant géopolymere a
base de cendres volantes et un acier, a mis en évidence par nano-indentation 1’absence
d’interface. Un prétraitement de 1’acier par émaillage permet de favoriser I’ancrage du liant au
travers d’une couche poreuse.
Ainsi, ’adhésion d’un liant géopolymére sur un métal dépend de 1’état de surface du

support ainsi que de la nature du métal et de la composition du liant.

4. Les angles de mouillage

La mesure de I’angle de mouillage permet de déterminer la capacité d’un liquide a
mouiller une surface idéalement lisse et homogene [67]. Cet angle est formé a 1’intersection
triple, i.e. a I’endroit ou les trois états de la matiere (solide S, liquide L et vapeur V) sont en
équilibre. Sa valeur peut varier entre 0 et 180°, 0° correspondant a un mouillage parfait et
180° a un liquide non-mouillant. Lorsque I’angle est inférieur a 90°, le liquide est dit
mouillant (Figure 14a), dans le cas contraire, il est dit non-mouillant (Figure 14b). A
I’équilibre thermodynamique, I’angle de mouillage 0 dépend des énergies superficielles
solide-liquide yst, solide-vapeur ysv et liquide-vapeur yLv selon la relation de Young (Eq. 12)
[68].

Ysv="YsL+ YLv cos 0 Eq. 12
(a) (b)
Vapeur o
Liquide
Liquide 6 gy Vapeur
Solide Solide

Figure 14 : schéma de [’angle de mouillage obtenu dans le cas d’un liquide (a) mouillant et
(b) non-mouillant.

La valeur de I’angle de contact dépend de la présence de défauts a la surface du solide tels
que la rugosité du solide (topologie de la surface modifiée) et les hétérogénéités chimiques
(variation de la composition de la surface ou présence de contamination [67]). En présence
d’une surface de densification partielle (poudre compactée ou dépdt d’une couche de poudre

sur un substrat avec ou sans ajout d’adhésif), la technique de la goutte pendante peut étre
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utilisée mais les valeurs sont seulement qualitatives [69, 70]. Le liquide peut pénétrer au sein
de la poudre par les pores causant une incertitude de la mesure de 1’angle de mouillage. En
effet, dans ce cas, I’énergie interfaciale est différente entrainant des écarts de valeurs. De
méme, la pression utilisée pour compacter les poudres modifie les caractéristiques de la
poudre et présente une influence importante sur les valeurs des angles de mouillage. Les
valeurs des angles de mouillage vont donc dépendre d’une part de la composition chimique du
liquide et d’autre part de 1’état de surface de I’échantillon. Dans le cas de poudres, des

analyses comparatives entre différents liquides peuvent étre effectuées.

Compte tenu des interactions citées, il était nécessaire d’avoir des données sur les
différents matériaux envisagés.

La détermination des angles de contact de différentes solutions salines sur du sable (sec ou
mouill€) en tenant compte de la loi de Darcy a été faite par des essais statiques et dynamiques
conduisant a des variations [71]. Les valeurs d’angle obtenues par la méthode dynamique
pour deux liquides (2° et 21° pour ’eau et la solution de NaNOs) se rapprochent des valeurs
acquises en utilisant la loi de Young (0° et 25° pour I’eau et la solution de NaNO3) et sont
donc plus représentatives. Leelamanie et al. [72] ont étudi¢ I’influence de I’humidité relative
sur la valeur de I’angle de mouillage sur des sables partiellement ou totalement hydrophobes
(dG a I’ajout d’acide stéarique). Il a ét¢ démontré que I’angle de contact augmente avec la
quantité d’acide stéarique ajoutée ainsi qu’avec I’humidité relative. Cependant, I’humidité
relative n’a pas d’influence sur la relation entre 1’angle de contact et le temps de pénétration
du liquide. De plus, une relation entre les angles de contact et la viscosité du liquide, pour la
fabrication de blocs de sable aggloméré pour I’industrie métallurgique, a révélé que les liants
de faibles viscosités, i.e. des liquides présentant des vitesses de mouillage élevées, favorisent
la formation de ponts entre les grains [73].

Concernant les matériaux aluminosilicates, peu ou pas de travaux sur les métakaolins sont
mentionnés dans la littérature, seules des études relatives a des céramiques réfractaires et des
liquides en fusion ont été réalisées. Ortiz-Covarrubias et al. [74] ont comparé les valeurs des
angles de mouillage d’alliages d’aluminium sur des céramiques réfractaires et ont démontré
que I’ajout d’un composé contenant du barium entrainait une diminution de la mouillabilité
(i.e. une valeur d’angle de mouillage plus ¢levée). Ibarra Castro et al. [75] avaient
précédemment obtenu des résultats similaires en ajoutant du SrSO4 ou du BaSO4 a 1a mullite.

Récemment, Duan et al [76] ont tenté de modifier la surface de géopolymeres afin de les

rendre hydrophobes. Des mesures d’angles de mouillage ont été réalisées sur des échantillons
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avant et apres traitement. La modification de la surface a entrainé une augmentation de la
valeur de I’angle de 36° a 132° confirmant 1’état hydrophobe de la surface. Les essais ont
¢galement mis en évidence que la modification de la surface améliore la tenue a I’eau des
échantillons et réduit 1’absorption d’eau.

Les interactions entre une solution alcaline et un sable, un métakaolin ou un métal vont
étre controlées d’une part par la réactivité de la solution, mais également par la chimie de

1’état solide et les énergies interfaciales du sable, du métakaolin et des alliages.

V. APPLICATIONS DES MATERIAUX A BASE DE SILICATE.

1. Blocs de sable aggloméré
a. Procédés
L’agglomération du sable est utilisée pour différentes applications telles que la fabrication
de moules pour ’industrie métallurgique [77] ou la fabrication de fusibles pour I’industrie
électrique [1].
Différents procédés peuvent €tre utilisés pour la consolidation des mélanges de sable et de
solutions de silicate. Les techniques de séchage adoptées pour 1’obtention de blocs de sable

aggloméré sont des procédés chimiques (consolidation a 1’aide de CO;) ou thermiques

(séchage convectif ou par micro-ondes) reportés a la Figure 15 [78].

(b)

Figure 15 : représentation des procédés de séchage (a) chimique a [’aide de CO,, et (b, ¢)
thermiques par convection et par micro-ondes selon Stachowicz et al. [78].

La consolidation a 1’aide de CO» résulte d’un déplacement du domaine de réactivité par la
valeur de pH. En effet, la réaction entre la solution de silicate et le gaz carbonique CO>
entraine une diminution de la valeur de pH qui conduit a la formation d’un gel de silice et de
carbonate de sodium selon ’Eq. 13 [79]. Cependant, cette technique requiert environ 24
heures afin que 1’échantillon soit consolidé.

NaO-2Si10,-xH>0 + CO;, > Na,COs + 2Si10,-xH-.O Eq, 13
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Les procédés thermiques sont reliés a la conductivité thermique du mélange. Le séchage par
convection consiste a évaporer progressivement 1’eau couche par couche. Cependant, cette
technique de séchage consomme du temps et de I’énergie dus aux pertes de chaleur observées
au cours du procédé. Dans le cas du séchage par micro-ondes, le liant, qui contient des
molécules d’eau polarisées, va s’échauffer en premier permettant par la suite un traitement en
volume. L’énergie des ondes électromagnétiques est transformée en énergie thermique
favorisant ainsi la formation d’une couche de silicate de sodium amorphe [78]. Cette méthode
permet ainsi de diminuer fortement la durée du séchage. La réaction qui se produit lors des
procédés thermiques est représentée par ’Eq. 14 [80].

NaxO, Si0;, xHO ﬂ) NaySiOs + XHzog Eq. 14

La comparaison pour une méme solution montre que les résistances mécaniques des blocs de
sable aggloméré varient selon le procédé de séchage (Figure 16). En effet, la consolidation a
I’aide de CO> permet I’obtention de faibles résistances mécaniques [81], alors qu’en utilisant
les procédés thermiques par convection et par micro-ondes, les valeurs sont similaires et plus

élevées.

14

12,3

124 11,87

10 1

Résistance mécanique (MPa)

0,23 0,16

CO, Convection Micro-ondes
Procédé

Figure 16 : résistance (M) en compression, (M) en flexion et (M) en traction des blocs de
sable aggloméré obtenus avec les différents procédés de consolidation d’apres les données de
Stachowicz et al. [81].

b. Parametres influents
Toutes les propriétés citées sont néanmoins dépendantes des parametres de séchage
(température et puissance des micro-ondes) mais aussi des parametres du mélange (rapport
Si/M et quantité de solution).
Lucas et al. [S] ont montré que I’élévation de la température de séchage de 70 a 150 °C

entraine une augmentation de la contrainte a la rupture des échantillons séchés par convection.
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Deux phénomenes de consolidation ont été proposés pour expliquer ces variations : la
formation d’un silicate de sodium amorphe a basse température (70 °C) et la formation d’une
phase obtenue par un mécanisme de dissolution-reprécipitation a 150 °C.

Dans le cas du séchage par micro-ondes, 1’augmentation de la puissance des micro-ondes de
240 a 400 W améliore les propriétés mécaniques des blocs de sable de facon notable, avec au-
dela de 400 W un régime permanent [82].

Quel que soit le procédé de séchage, Granat et al. [83] ont également démontré qu’une
diminution du rapport molaire Si/Na de 1,7 a 1,0 conduisait a une augmentation des propriétés
mécaniques. Celles-ci peuvent étre améliorées lorsque la quantité de silicate au sein de
I’échantillon augmente de 0,5 a 5,0 % [84, 85] (Figure 17). Néanmoins, dans une gamme de
puissance de 300 a 900 W, la quantité de silicate induit une augmentation de la valeur de la
résistance. Pour des valeurs inférieures, il existe une teneur maximale en silicate a ne pas

dépasser de I’ordre de 3,0 — 3,5 %.

eam! 8

Figure 17 : influence de la quantité de solution de silicate (Si/M = 1,5) et de la puissance des
micro-ondes sur la résistance en traction des blocs de sable [85].

Il est a noter que d’autres colles, comme du chlorure de sodium en solution (de 3 & 7 %),
ont été utilisées pour obtenir la cohésion d’un matériau granulaire [86]. Un exemple de valeur
de compression d’un mélange avec 5 % de solution, avec différents temps de séchage, est
présenté sur la Figure 18. Deux régimes de cohésion en fonction de la cristallisation dans le
matériau ont été mis en exergue : un régime capillaire pour un temps de séchage court
(comportement de type plastique ductile) et un régime cimentaire pour un temps de séchage
long (comportement fragile). Il a donc pu étre démontré la relation entre la résistance

mécanique et 1’état de cristallisation pour des mélanges de sable et d’une solution saline.
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Figure 18 : exemple de courbes force-déplacement pour une teneur en solution de 5 % a un
temps de séchage de (a) 15 min et (b) variant de 15 min a 20 h 10 [86].

L’agglomération du sable siliceux est possible par du séchage par convection et micro-
ondes en présence de solutions ioniques. Les parametres discriminants seront la

température et le taux de cristallinité du matériau obtenu.

2. Géopolymeres

Afin de fabriquer des fusibles et des busbars, la mise en forme des liants géopolymeres

devra étre abordée ainsi que leur tenue en température [1].
a. Mise en forme

Les géopolymeres ont pour formule M*,{(Si02),,A102},, w H20 avec z le rapport molaire
Si/Al, M* le cation monovalent et n le degré de polymérisation. Ces matériaux sont obtenus
en voie liquide par dissolution de sources aluminosilicatées en présence d’une solution
basique [87, 88]. Leur formation est régie par des réactions de polycondensation et de
géopolymérisation. Leur prise est tres rapide et varie de 1 a 48 heures. Récemment, Habert et
al. [89] ont étudi¢ I’impact environnemental des liants géopolymeres et ont montré que leur
production permettrait de réduire d’un facteur 4 les émissions de CO».

Les liants géopolymeres a 1’état frais étant sous forme liquide et présentant différentes
valeurs de viscosité, il est donc nécessaire d’utiliser des méthodes de mise en forme proches
des solutions et/ou suspensions céramiques [90]. Dans le cas des matériaux céramiques, les
principales méthodes utilisant des pates liquides ou plastiques sont le dépdt par pulvérisation,
I’extrusion et le coulage. Ces différentes techniques different par la viscosité de la pate

nécessaire pour la mise en forme.

32



CHAPITRE I : Synthése bibliographique

Dans le cas du dépdt par pulvérisation, la viscosité de la pate doit étre tres faible afin de
pouvoir étre transformée en fines gouttelettes et projetée a 1’aide d’un pistolet [91].
L’extrusion permet de mettre en forme un mélange en le faisant traverser une filiere a I’aide
d’une vis sans fin [91] et nécessite une pate plastique devant garder la forme apres extrusion.
Ces deux modes requierent des valeurs de viscosité tres différentes difficilement adaptables
pour des compositions proches en liant géopolymere [20, 91].

A I’'inverse, le mode par coulage peut étre utilisé pour différentes viscosités. Cependant, la
viscosité doit étre suffisamment faible afin que le liquide épouse parfaitement toutes les
cavités des moules complexes [91]. Les géopolymeres présentent des variations de viscosité
en fonction des cinétiques de prise. La mise en forme par coulage semble donc étre la

méthode la plus appropriée pour la mise en forme de ces liants.

b. Tenue en température
Influence de la composition (cation et Si/Al)

Différents travaux ont étudié les propriétés des géopolymeres lors de traitement en
température. Les facteurs influencant le comportement en température des géopolymeres a
base de métakaolin, déterminés par des mesures dilatométriques, sont le cation alcalin et le
rapport molaire Si/Al [92].

Duxson et al. [92] ont analysé différentes compositions de géopolymeres avec des cations
alcalins et des rapports molaires Si/Al différents par dilatométrie (Figure 19). Quels que
soient les échantillons considérés, quatre phénomenes différents ont été identifiés : (i) I’eau
contenue dans les macropores est évacuée sans causer de retrait jusqu’a 100 °C environ, (i1)
I’eau libre est évacuée au-dela de 200 °C, (iii) des réarrangements structuraux apparaissent
entre 300 et 600 °C et (iv) un retrait important dii au flux visqueux au-dela de 600 °C.

La nature du cation permet de contrdler la température d’apparition du flux visqueux ainsi que
le retrait total. En effet, le cation potassium provoque le retard d’apparition du flux visqueux
par comparaison avec le cation sodium (Figure 19 a, b).

Le rapport molaire Si/Al est également un parametre a prendre en compte du fait de la
compétition entre les atomes de silicium et d’aluminium au sein du réseau. Plus la valeur du
rapport Si/Al augmente, plus la quantité de flux visqueux augmente (Figure 19c¢).

Ces phénomenes ont également été observés par He et al. [93] pour des géopolymeres a
base de potassium et de métakaolin et par des analyses thermiques sur des géopolymeres a
base de sodium [92, 94, 95]. Ces mécanismes ont également été notés par Provis et al. [96] sur

des liants a base de cendres volantes.
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Figure 19 : courbes dilatométriques présentant (A) l'influence du cation alcalin pour les
géopolymeres avec Si/Al = (a) 1,15 et (b) 2,15 et (B) !'influence du rapport Si/Al pour des
géopolymeres a base de potassium [92].

Des analyses par diffraction des rayons X ont également été réalisées sur des
géopolymeres a base de sodium, de cations mixtes Na-K et de potassium traités a 1000 °C ou
plus. Les échantillons a base de sodium conduisent simplement a la cristallisation de
néphéline de formule NaAlISiO4 [97, 98] alors que les échantillons a base de potassium et de
solution mixte présentent des cristallisations complexes. En effet, pour les échantillons a base
de potassium, 1’apparition de kalsilite (ou kaliophilite) de formule KAISiO4 et de leucite de
formule KAI1Si,O¢ est notée dans la littérature [93, 98, 99]. Dans le cas des échantillons a base
de solution mixte (K-Na), les phases observées sont la leucite et la néphéline potassique de
formule K(Na,K)3Al4S14016 [98]. Ces phénomenes de cristallisation dépendent du cation
alcalin mais aussi du rapport Si/Al. En effet, dans le cas du sodium, une augmentation du
rapport molaire Si/Al entraine un retard de cristallisation [97] di a I’apparition du flux
visqueux a plus basse température entrainant une densification. En revanche, dans le cas du
potassium, des cristallisations de leucite et kalsilite sont notées, dues aux énergies de

cristallisation plus stables [92, 98]. Leur existence dépend du rapport Si/Al. Les phases
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kalsilite et leucite prédominent respectivement pour une valeur du rapport de Si/Al inférieure
a 1,15 et supérieure a 2,15. Pour des valeurs comprises entre 1,40 et 1,90, il y a coexistence
des deux phases.

Ainsi, le rapport molaire Si/Al et le cation alcalin présentent une influence importante sur

le comportement en température des géopolymeres.

Influence de la teneur en eau

Des études ont également déterminé I’influence de la teneur en eau sur le comportement
thermique des géopolymeres. Des travaux menés par Temuujin et al. [100] ont révélé que la
teneur en eau impactait la faisabilit¢ des matériaux, un taux d’eau supérieur a 8,47 était
proscrit. Le taux d’eau induit de forts retraits jusqu’a 200 °C au-dela I’effet est moins marqué.
De méme, Kuenzel et al. [101] ont déterminé par analyse thermique (ATD-ATG) que la perte
d’eau jusqu’a 600 °C augmentait avec la teneur en eau initiale. Les mesures dilatométriques a
1000 °C mettent en exergue une valeur de retrait plus élevée pour des teneurs en eau plus
importantes. Les auteurs ont reli¢ ce phénomeéne a I’augmentation de la porosité initiale due a
une quantité¢ d’eau plus élevée [101, 102]. Par ailleurs, il a été également montré que les
¢chantillons ne présentent pas de retrait a température ambiante tant que la quantité d’eau au
sein du géopolymere est supérieure a 3 % [101].

Ainsi, la teneur en eau initiale conditionne la perte de masse et le comportement en

température des géopolymeres.

Ajout de renforts

Des renforts peuvent étre ajoutés afin d’améliorer les propriétés mécaniques ainsi que la
tenue en température des échantillons.

Prud’homme et al. [103] ont montré que 1’ajout de renforts tels que du sable, des fibres de
lin ou de la sciure de bois favorise la stabilisation des propriétés mécaniques des
géopolymeres a température ambiante. Une autre étude a également démontré une nette
amélioration des propriétés mécaniques par I’ajout de sable enrobé par le géopolymere [104].
Alzeer et al. [105] ont aussi souligné que 1’ajout de 10 % de fibres de lin permettait
d’augmenter la valeur de contrainte en flexion de 6 a 70 MPa. Concernant le renfort par des

fibres de verre, le point délicat est leur dégradation au sein du milieu basique [106].
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Pour des applications de résistance au feu, 1’ajout de fibres de carbone, de basalte ou de
verre a €té envisagé par Tran et al. [106]. Les différents échantillons conservaient environ
50 % de la valeur de contrainte en flexion aprés un traitement thermique d’une heure a 600 et
1000 °C, respectivement pour les fibres a base de basalte et verre et de carbone. Samal et al.
[107] ont également observé une diminution des propriétés mécaniques des différents
échantillons a base de métakaolin apres traitement thermique au-dela de 200 °C, et ce quelles
que soient les fibres utilisées (carbone, verre, basalte). Une adhésion correcte a été notée entre
la matrice géopolymérique et les fibres avant traitement thermique et apres traitement
thermique a 600 °C. A la température de 1000 °C, I’apparition du flux visqueux modifie le
comportement et I’adhérence matrice — fibre est dépendant des différences de coefficient de
dilatation.

Ainsi, les propriétés mécaniques et la tenue en température des géopolymeres peuvent étre
améliorées par 1’ajout de renforts au sein de la matrice. Les matériaux présentant les meilleurs
résultats sont les fibres de carbone et de basalte.

Du fait de leur viscosité variable, les géopolymeres peuvent étre mis en forme par
coulage. Le cation alcalin et le rapport Si/Al controlant la tenue en température, celle-ci

peut étre améliorée par /’ajout de renforts.

V1. OBJECTIFS

N

L’objectif du projet FE’E est de réaliser un fusible a terme plus écologique et plus
économique. Pour répondre a cette problématique, 1a maitrise de chaque constituant du fusible
ainsi que les interactions entre eux doivent €tre particulierement éprouvées. Par conséquent,
I’objectif de cette étude est de contrdler les différentes interactions entre les entités silicatées
et les especes siliceuses, aluminosilicates ou métalliques.

Afin de répondre au mieux au critere de diminution de 1’énergie pour la fabrication de
fusible, les axes d’études ont été de :

(i) Valider la compréhension lors de la prise du sable en présence de différentes
solutions alcalines, pour diverses conditions de séchage, afin de valider la condition
d’usage.

(i) Réaliser une piece en céramique basse température a partir d’une couche
intermédiaire contenant une source aluminosilicate, voire de réaliser une piece par

coulage.
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(iii)) Envisager une rupture technologique, c’est-a-dire de valider la tenue en température

de nouvelles pieces et d’appréhender les interactions avec des éléments métalliques.
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CHAPITRE II : Méthodes expérimentales

I. INTRODUCTION

Ce chapitre présente les différentes matieres premieres utilisées lors de ces travaux. Les
protocoles expérimentaux pour la préparation des solutions de silicate, pour la synthese de
blocs de sable aggloméré et de liants géopolymeres ainsi que pour les dépots de liants sur des
métaux ou des blocs de sable sont décrits. Ce chapitre présente également les différentes
techniques de caractérisations structurales, microstructurales, physico-chimiques et

mécaniques mises en ceuvre au cours de cette étude.

I1. LES DIFFERENTES MATIERES PREMIERES UTILISEES

1. Les précurseurs liquides
De nombreuses solutions de silicate de sodium, de potassium et mixtes (sodium et
potassium), soit un total de 61 solutions, ont été étudiées. Pour cela, différents modes de
préparation ont été considérés, a savoir des solutions commerciales et des solutions préparées
au laboratoire. Seulement les données concernant les solutions commerciales (nomenclature
utilisée dans le manuscrit, fournisseurs et données physico-chimiques) sont répertoriées dans

le Tableau 1, les caractéristiques des autres solutions étant présentées en Annexe II-1-A.

2. Les précurseurs solides

Différents types de précurseurs solides ont €té utilisés au cours de ces travaux. La
synthese des solutions de silicate laboratoire a été réalisée a 1’aide d’hydroxyde de sodium ou
de potassium ainsi que de silice amorphe.

Quatre types de sable, de granulométrie différente, ont été utilisés pour la préparation des
blocs de sable aggloméré.

La synthése des différents mélanges réactifs a ét¢ effectuc¢e a 1’aide de trois métakaolins
de pureté et de réactivité différentes et les données sont répertoriées dans le Tableau 2.

D’autre part, différents supports métalliques ont été enrobés de liants géopolymeres. 1l
s’agit de plaques de cuivre, de cuivre étamé et de cuivre nickelé. Les données relatives a ces

plaques métalliques sont reportées en Annexe I1-1-B.
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Tableau 1 : données relatives aux différentes solutions de silicate commerciales.

Si/'M .0
Nom Fournisseur | (M =Na (% mazs sique)| ( g/cpm3)
et/ou K) ¢ q
K" |Chemical labs'| 1,69 76,0 1,19
K" 1,69 76,0 1,18
oy Cl b 9 9
S:)l;;zzfu‘:z CKLS Woellner? 1,52 63,7 1,32
P KO 0,67 50,4 1,51
K% 0,51 48,0 1,65
7 3
. ciNa” Mersen 1,71 62,7 1,37
Slsl(l)f;?n(li ‘ C2N31’7 Woellner 171 64,2 1,36
cNa'” 1,29 55,5 1,53
Silicate mixte | <KNa'® | Woellner 1,58 62,0 1,38
Tableau 2 : caractéristiques des différents précurseurs solides.
. Composition / .
Nom Fournisseur pureté (%) D5y (um) Si/Al
Hy‘:g‘(’i’i‘lylﬁf de NaOH 97,0
Sigma-Aldrich
Hydroxyde de KOH 85.2
potassium
Hy(lilrt(l):lylﬂf de LiOH Alfa Aesar 98,0
Silice amorphe | Cabosil M5 Sigma-Aldrich 99,9 0,2
S, 98,4 560,0
S4 SIBELCO 98,4 340,0
Sable Sg 99,8 250,0
So 98,6 90,0
Z1SiOy (Zr) CMMP > 96,0 131,0
Si0,: 55,0
M-1000 (M1) ALO; : 40,0 5,3 1,17
M-1200S (M2) Imerys :11%2 :.5359’00 1,3 1,19
. . 203: 39,
Métakaolin |y ctar 501 Si0,: 52,4 L 0.08
(MT) A1203 . 45,3 ’ ’
Argeco rose Si0, : 59,9
(M5) Argeco ALO; : 35.3 21,0 1,44

! Chemical Labs, 605 Springs Road, Bedford, MA 01730 (USA).
*> Woellner GmbH, WollnerstraBe 26, D-67065 Ludwigshafen, Germany.

3 MERSEN, 15 Rue Jacques Vaucanson, 69720 St Bonnet de Mure Cedex, France.
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III. PROTOCOLES EXPERIMENTAUX

1. Préparation des solutions de silicate
Le protocole de préparation des différentes solutions de silicate laboratoire ou
commerciales est présenté sur la Figure 1. Les criteres tels que le cation alcalin, le mode de
préparation, le rapport molaire Si/M (M = Na et/ou K), le taux d’eau et I’ajout de molybdate
d’ammonium ont été analysés.

(A)

Solution de silicate commerciale*
H-0, M0, SiO,

+ MOH | +eau | | + (N H4)2M0207 |
Agitation magn tique

Agitation Agitation
magn tique magn tique
Solution de référence Solution + MOH Solution mixte Solution diluée* 30'(;‘"%” avee ajout
H.0. M.O. SiO H,0, M0, SiO,, MOH H,0, M0, Si0,, MOH H,0, M,0, Si0, H,0 € molybdate ,
2V, WY, 2 (M =K ou Na) (M=K et Na) H,O, M,,0, SiO,, Mo,0/
(B)

4 N
Dissolution de pastilles de MOH dans
I’eau osmosée
H,O, MOH

\ 7

Agitation magn tique

4 3

Dissolution de silice amorphe
H,O, MOH SiO,
\ J

Agitation magn tique

4 N
Solution de silicate laboratoire
H,O, MOH, SiO,
\ y
+ MOH + (NH4)2MOZO7
Agitation magn tique Agitation magn tique

. ; Solution avec ajoutde

Solution de référence H gﬂlgﬁgglxﬁo,_, molybdate
H,0, MOH, SO, 2 e > H,0, MOH, SiO;, Mo,0?
2U, , oIU2 (M =Na etK) 20, , OIUz, MO,U7

Figure 1 : protocole de préparation des différentes solutions de silicate (A) commerciales et
(B) laboratoires (* : solutions traitées en température).
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L’influence du rapport Si/M a été étudiée par I’ajout de pastilles d’hydroxyde alcalin au
sein des solutions commerciales et par la masse d’hydroxyde alcalin introduite pour des
masses de silice et d’eau constantes au sein des solutions laboratoire.

L’influence de la nature du cation alcalin a été évaluée par la préparation de solutions
mixtes. Pour cela, des pastilles d’hydroxyde alcalin (M différent du cation de la solution
initiale) ont été dissoutes au sein des solutions commerciales et fabriquées au laboratoire.

Les solutions commerciales ont également été diluées par ajout de 30 a 70 % d’eau afin
d’évaluer ’'influence du taux d’eau.

Différents ajouts de molybdate d’ammonium ont également été effectués sur des solutions

préparées au laboratoire ou commerciales en tant qu’agent complexant.

2. Synthese des blocs de sable aggloméré
Différentes méthodes d’imprégnation ont été utilisées pour la synthese des blocs de sable
aggloméré. La Figure 2 présente les différents essais d’imprégnation réalisés au cours de
I’étude. La premiere méthode correspond au remplissage du moule, sur une table vibrante,

0 Na'’ (Figure 2a). Pour les deux autres

avec un mélange de sable S4 et une solution
méthodes, le sable a été tassé par pluviation [1]. Le sable a ensuite été imprégné par
capillarité (Figure 2b) ou par goutte a goutte (Figure 2c¢).

Des essais ont également été réalis€s en ajoutant un filtre de nylon ou des fibres de verres

avant le remplissage du tube par pluviation afin de favoriser I’imprégnation du bloc de sable.

(a)
(b) (c)
SableS, : Solution (5°,SiNa7
(pluviation) @+ ouEau+ SiNal7?)
4 goutte agoutte
Fonddutube
Mélange de sable S, et percé +filtre Sable S,

de solution 59, SiNal’ ennylon (pluviation)
Vibrations pendant le 50|U'Fi0n

remplissage 50.,SiNat7?

Figure 2 : protocoles d’imprégnation pour la synthese des blocs de sable agglomére.

Les échantillons imprégnés ont ensuite été séchés selon un séchage conventionnel ou un
séchage micro-ondes. Les températures de séchage étudiées sont 70, 110 et 150 °C. Pour le
séchage conventionnel a 70 °C, les échantillons ont été placés dans une étuve pendant 24

heures alors que, pour les séchages a 110 et 150 °C, les échantillons ont été placés dans une
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étuve a la température souhaitée pendant 45 minutes. Finalement, des essais de séchage par

micro-ondes et conventionnel a 110 et 150 °C ont également été réalisés chez Mersen.

3. Synthese des liants géopolymeéres pour coulage et dépots

Différents mélanges réactifs ont été réalisés selon le protocole présenté sur la Figure 3.
Afin d’étudier les interactions entre les solutions et les métakaolins, des mélanges a base de
différentes solutions de silicate et de différents métakaolins (M1, M2 et MT) ont été
effectués. Des solutions de silicate de sodium et de potassium, commerciales ou préparées au
laboratoire et de rapports Si/M différents, ont été utilisées. La quantité de métakaolin ajoutée
variede 0,52 18 g.

Des liants géopolymeres ont également été préparés par dissolution de métakaolin dans
une solution de silicate alcalin commerciale.

Des ajouts ont été réalisés sur ces échantillons tels que 1’ajout de fibres de verre, de sable
ou de tissu de verre. Les fibres de verre ainsi que le sable ont été mélangés au métakaolin
avant I’ajout a la solution tandis que le tissu de verre a été placé dans le moule avant d’y

ajouter le mélange réactif.

Solution de silicate Solution de silicate
commerciale laboratoire

Agitation magn tique

+MOH

Agitation magn tique

. . Métakaolin + ajouts (sable,
Métakaolin .
fibres de verre)

Agitation magn tique

[ Mélange réactif ]

Figure 3 : protocole de synthese des différents mélanges réactifs réalisés.

Deux méthodes de mise en forme des liants ont été testées. La premiére méthode
correspond a la réalisation de dépots sur différents supports tels que des blocs de sable
aggloméré ou des métaux. L’enrobage des blocs de sable a été réalisé au pinceau (Figure 4

Aa). Une ou deux couches de liant ont été déposées et différents temps de séchage avant le
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dépdt de la deuxieme couche ont été testés (1 ou 24 heures). Les échantillons enrobés ont
ensuite €té¢ conservés 7 jours dans une enceinte climatique a 20 °C et 70 % d’humidité, puis
ils ont été placés a I’air libre pendant 11 mois.

Dans le cas des métaux, les dépdts ont été effectués au pistolet (Figure 4Ab) ou par trempage
dans le liant (Figure 4Ac). Différentes épaisseurs de liant ont été déposées (une ou deux
couches). Dans le cas des échantillons réalisés avec deux couches de liant, le temps de

séchage avant le dépot de la deuxieme couche est de 24 heures.
(A)

(b)
U
% =
(B)
D
Lo

Moule

| Tablevibrante

Figure 4 : (A) méthodes de dépot de liants géopolymeres sur des blocs de sable aggloméré ou
des métaux et (B) coulage de liants géopolymeres dans un moule.

Une deuxieme méthode de mise en forme correspond au coulage du mélange réactif dans
un moule (Figure 4B). Le coulage du mélange a été effectué avec un angle de 30° sur une
table vibrante afin d’6ter les bulles d’air. Des pieces de différentes formes ont été réalisées
(plaque ou corps de fusible). Dans le cas des plaques, les échantillons ont été démoulés apres
24 heures de séchage. Les échantillons ont ensuite été conservés dans des sachets plastiques.
Dans le cas des corps de fusible, les échantillons ont été partiellement démoulés apres 4 a 5
heures de séchage en fonction de la composition. Les échantillons ont ensuite été placés dans
une enceinte hermétique a température ambiante et 85 % d’humidité pendant 12 heures. Puis,

les pieces ont été¢ démoulées et placées dans des sachets plastiques.
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IV. NOMENCLATURES

Plusieurs nomenclatures ont été utilisées pour désigner les différents échantillons tels que

les solutions de silicate (Annexe II-2-A), les blocs de sable aggloméré (Annexe II-2-B), les

liants géopolymeres (Annexe II-2-C), les blocs de sable enrobés (Annexe II-2-D) ainsi que

les échantillons enrobés (Annexe II-2-E).

Les nomenclatures générales des différents types d’échantillons sont répertoriées dans le

Tableau 3.

Tableau 3 : nomenclatures utilisées pour les différents types d’échantillons.

Echantillonnage Nomenclature
Solutions 4 MPye_avto
Blocs de sable aggloméré (Eau + d'aMb)-("’Sxf)Tg
Liants géopolymeres (M amo-"Myi) !
Dépdts de liant sur des blocs de sable (LMP-8,) “Nak- (M me -"My)**
Dépot de liant sur des métaux P-( M yic -"My)*"

Les différents parametres sont :

«dl » le taux de dilution de la solution (dl = 30, 50 ou 70 %),

« a » la méthode de préparation de la solution (a = C (commerciale) ou L (laboratoire)),

« M » le cation alcalin de la solution (M = Na, K ou Li),

« b » le rapport Si/M initial (b allant de 0,2 a 1,7),

« ¢ » le rapport Si/M final (c allant de 0,35 a 1,0),

« dMo » la quantité de molybdate d’ammonium ajoutée (d = 0,40, 0,80 ou 1,57 %),

« Eau » lorsque de I’eau a été ajoutée avant I’imprégnation avec la solution,

« e» la méthode d’imprégnation (e = goutte a goutte (G), mélange (mel) ou capillarité
(cap)),

« Sx » le type de sable (Sx = Sy, S4, Sg ou Sy),

«f » le type de filtre utilisé (f = N (filtre en nylon) ou T (tissu de verre)),

« T » la température (blocs de sable: T =70, 110 ou 150 °C ; liants : T = 800, 1000 ou
1400 °C),

« g » le mode de séchage (g = Conv (conventionnel) ou MO (micro-ondes)),

« h » la quantité de métakaolin ajoutée (h variant de 0,5 a 20 g),

« My » le type de métakaolin (My = M1, M2, MT ou M5),
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e «ij» la quantité et le type d’ajout (i =1, 5, 10, 40 ou 55 % ; j = S (sable), V (fibres de
verre) ou Zr (sable de zircon),

o «tx»letemps (liants : t=1,4 ou 24 h ; blocs de sable: t =0, 1,3 0u7j; dépdts:t=1 ou
24 h),

e «NaK » lorsqu’une couche de transition a été réalisée a 1’aide de la solution cKNal’(’,

o «k » I’épaisseur de liant (z = 1c (une couche) ou 2¢ (deux couches)),

e « P » la plaque métallique utilisée (P = Cu, CuNi et CuSn),

e « s » estajouté lorsque la plaque métallique a été sablée.

V. TECHNIQUES DE CARACTERISATION

1. Caractérisations structurales et microstructurales
a. Spectroscopie infrarouge a transformée de Fourier (IRTF)

La spectroscopie infrarouge permet de caractériser le matériau (a I’état 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
géopolymeres sont composés d’un cation alcalin (noté M), de silicium et d’aluminium. La
présence de ces trois éléments va induire un grand nombre de liaisons possibles (Si-O-Si, Si-
0O-Al, Si-0, Si-O-M, O-Si-O) possédant chacune différents modes vibrationnels.

Les mesures par spectroscopie infrarouge ont été réalisées sur un appareil ThermoFisher
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 I’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 grace au logiciel OMNIC
(Nicolet instrument). Le dioxyde de carbone de I’air produisant des perturbations du signal
entre 2400 et 2280 cm™, une ligne droite est substituée a 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 également 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 5a). 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
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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 Sb). Suite au
traitement des spectres, il est possible de tracer I’évolution de la position de la 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 premieéres minutes de réaction permet d’évaluer la cinétique de

substitution.

(a) (b)

T T T T T T T 1 r T T T T T T 1
4000 3500 3000 2500 2000 1500 1000 500 4000 3500 3000 2500 2000 1500 1000 500

Nombre d'onde (cm”) Nombre d'onde (cm™)

Figure 5 : (a) spectre IRTF de la solution {K*’ et (b) suivi de la formation de ’échantillon
KO7_120pg
L .

b. Spectroscopie Raman

La spectroscopie Raman permet de caractériser le matériau (liquide ou solide) a partir de
son interaction avec une source excitatrice monochromatique de type laser. L’appareil utilisé
est un spectrometre Raman Horiba-Jobin-Yvon T64000. L’excitation est réalisée a une
longueur d’onde de 514 nm. Pour les échantillons solides, un réseau triple 1800 ainsi qu’un
objectif 50 LWD (Long Work Distance) sont utilisés. Les acquisitions sont effectuées entre
100 et 1200 cm™ avec un temps d’acquisition de 60 s sur chaque domaine spectral et une
puissance de 300 mW (30 mW sur [’échantillon). Les ¢&chantillons ont €té broyés
préalablement a 1’analyse.
Pour les solutions de silicate, un réseau triple 1800 avec un montage spécifique pour les
liquides sont utilisés. Les acquisitions sont effectuées entre 300 et 1400 cm’. Le temps
d’acquisition est de 60 accumulations de 15 s sur chaque domaine spectral et la puissance de
sortie du laser est de 300 mW (30 mW sur I’échantillon).
Les spectres obtenus pour les solutions ont été traités puis décomposés a 1’aide du logiciel
Wire (Renishaw) (Figure 6). Le protocole utilisé pour le traitement et la décomposition des
spectres Raman est présenté en Annexe II-3. Le Tableau 4 présente les positions et les

attributions des différentes contributions.
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Figure 6 : exemple de décomposition de spectre Raman obtenue pour la solution Na®’.

Tableau 4 : position des différentes contributions détectées sur les solutions de silicate par
spectroscopie Raman.

Contribution Shift Raman (cm™) Références
v, (Si-0) (Q* 1120 - 1230 [2,3]
v (Si-07) (Q?) 1000 — 1100 (4, 5]
Vs (Si-07) (Q?) 920 — 1000 [6, 71
v (Si-0") (QY 850 — 920 (8, 9]
v (Si-0") (Q") 800 — 875 [10, 11]
TO/LO (Si-O-Si) 650 — 850 [11]
v, (Si-O) (monomeres) 639 — 649 [12]
D; (3 [Rs]) 587 — 606 [13, 14]
v, (Si-0-Si) (Cs.7) 480 — 535 [12]
D; (8 [R4]) 453 - 550 [14, 15]
8 [Rs et pius] 400 — 490 [15, 16]
M--O (catior{ modificateur 340 — 360 [10]
de réseau)

c. 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 RMN renseigne sur
I’environnement électronique du noyau (sphére de coordinence). Dans le cas des différentes
formulations, les environnements du silicium (*’Si) et de I’aluminium (*’Al) ont été étudiés.

Leurs caractéristiques intrinseéques en solution sont regroupées dans le Tableau S.
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Tableau 5 : principales caractéristiques des noyaux > Al et *’Si [17].

Moment Abondance | Sensibilité Rapport Fréquence de
Noyau | Spin |quadripolaire| naturelle N | (comparée rom&ll)pné tique résonance (MHz)
Q (10%m?) (%) au |y |BYromasnetq sous 9,7 T
Al | 52 0,15 100,0 21.107 6,976 104,26
®Si | 12 0 4,7 369.10° -5,314 79,49

Protocole expérimental

Les solutions de silicate ont été analysées par RMN du silicium (**Si). Les spectres ont été
enregistrés a température ambiante sur un spectrometre Bruker AVANCE-400 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 7/2 (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 estimée inférieure a 0,5 ppm. L’erreur
concernant la détermination des intensités relatives des différentes contributions a été évaluée
inférieure a 5 %.

Afin d’étre étudiés, les échantillons massifs sont broyés finement et placés dans un rotor.
Les spectres RMN-MAS du *’Si et *’Al ont été enregistrés 4 température ambiante avec une
sonde MAS tournant a 10 kHz. La fréquence de résonance utilisée est de 104,26 MHz pour le
signal *TAl et 79,49 MHz pour le signal ¥Si. Les spectres en RMN-MAS du ¥Si (I=1/2) ont
¢té¢ obtenus avec une impulsion /2 (4 ps) utilisant un filtre & 500 kHz pour améliorer le
rapport signal sur bruit. Afin d’enregistrer les transitions centrales de ’aluminium (*’Al) (I =
5/2), une impulsion de /8 (1,5 ps) lui a été appliquée et un filtre a 1 MHz est utilisé pour
améliorer le rapport signal sur bruit.

Pour I’ensemble des échantillons, les spectres obtenus en RMN du silicium ou de
I’aluminium ont été traités et décomposés a I’aide du logiciel Winfit (Bruker). Le protocole
utilisé pour le traitement et la décomposition des spectres Raman est présenté en Annexe I11-4.

La Figure 7 présente un exemple de décomposition du spectre RMN ¥Si de la solution K.
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Figure 7 : décomposition du spectre RMN *%Si de la solution K"’

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 I’échelle de quelques nanometres en fonction de
I’appareillage. Son principe est basé sur I’interaction électron-matiere. La détection des
¢lectrons secondaires et rétrodiffusés émis par 1’échantillon soumis a un faisceau électronique
permet de reconstituer I’image de I’objet en contraste morphologique ou chimique
respectivement. Ainsi, la microstructure des matériaux consolidés et des matieres premieres,
ou encore le comportement des renforts au sein de la matrice géopolymere ont ét€ observés.

Les observations ont été réalisées a 1’aide d’un microscope électronique a balayage
Cambridge Stereoscan S260 Instruments. Les échantillons sont préalablement métallisés a
I’or/palladium (Au/Pd) ou au platine (Pt) et fixés sur un porte-échantillon a I’aide de pate ou
de pastille carbone. Cette métallisation évite I’accumulation de charges a la surface de
I’échantillon et diminue la profondeur de pénétration du faisceau, améliorant ainsi la qualité
de I’image. Les observations morphologiques sont réalisées en électrons secondaires. Des
analyses chimiques EDX (Energie Dispersive X-Ray) ont également été effectuées permettant
ainsi d’identifier les différents éléments chimiques présents dans les échantillons tels que le
silicium (Ka= 1,739 eV), I’aluminium (Ka = 1,486 eV), le potassium (Ko«= 3,312 eV) et le sodium
(Ka= 1,041 eV).

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. Brievement, les électrons

produits par la source sont accélérés puis focalis€és sur [’échantillon par des lentilles
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condenseurs. Apres I’interaction €lectron-maticre, il apparait a la sortie de 1’échantillon un
faisceau transmis et un ou plusieurs faisceaux diffractés. 1l est ainsi possible de visualiser pour
un méme objet I’image correspondante, 1I’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 (EDS). Les échantillons

ont été préparés par dépdt d’une goutte sur une grille.

e. 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. 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 2). Les rayons diffusés interferent et conduisent au
phénomene de diffraction.

2dpsinf=\ eq2

Les différents diffractogrammes ont été obtenus sur un appareil Bruker D8 équipé 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 um. 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 ’aide du logiciel EVA (Bruker-AXS). La Figure 8 présente le diffractogramme obtenu sur
le géopolymere LK%7-*M1 calciné a 1400 °C et fait apparaitre deux phases cristallines : la
leucite et la kalsilite.

Les diffractogrammes fournissent également une information sur la possible réactivité des
phases au cours de la géopolymérisation de 1’échantillon. En effet, un géopolymere présente
une structure amorphe identifiable par la présence d’un dome amorphe entre 20 et 35° (20).
Seulement les impuretés qui ne participent pas (ou peu) a la formation du réseau sont encore

bien cristallisées et présentent donc des pics de diffraction clairement identifiables.
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26 ()

Figure 8 : diffractogramme du géopolymere LKO7-PMT MO (L Teucite KAISiOg (PDF : 01-
085-1626), K : kalsilite KAISiO4 (PDF : 00-050-0436).

2. Caractérisations physico-chimiques
a. Mesure de la valeur de pH

Les mesures des valeurs de pH ont été réalisées a I’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 sous forme de pastilles ont été placés dans des tubes (@ : 35 mm et H: 70
mm) et recouverts d’eau en conservant les rapports masse de géopolymere sur masse d’eau
(Mggopolymere/Meau = 0,12) pour chaque mesure. L’électrode a ensuite été placée dans le

mélange et la valeur de pH a été relevée apres 3 minutes.

b. Mesure d’angles de mouillage
Les angles de mouillage permettent de quantifier la qualité de mouillage. Différents
phénomenes sont possibles : un mouillage total correspond a un angle de mouillage nul, un
mouillage partiel correspond a I’observation d’une goutte sur la surface et un mouillage nul
correspond a un angle de mouillage proche de 180° (cas spéciaux). L’appareil utilisé est un
Digidrop MCAT de GBX. Il est constitué¢ d’une caméra et d’une lampe permettant
d’enregistrer le dépdot d’une goutte. Les angles de mouillage ont ensuite été mesurés a I’aide

du logiciel Visiodrop de GBX (Figure 9).
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Figure 9 : (a) schéma de la mesure d’angle de mouillage 0 et (b) exemple d’image obtenue
avec la solution CNal’7 sur du cuivre nickelé.

Des mesures d’angles de mouillage ont été effectuées avec les différentes solutions sur des
substrats variés (PEHD ou métaux). Pour cela, une goutte de solution a été déposée sur le
substrat et la mesure de 1’angle de mouillage a été réalisée a t = 0, c’est-a-dire sur la premiere
image ou la goutte est posée sur le substrat (Figure 9b).

Dans le cas des mélanges réactifs, une goutte a été déposée sur différents substrats
(PEHD, métaux ou blocs de sable). Pour les dépdts sur des blocs de sable aggloméré, le dépot
de la goutte a été filmé puis une photographie a été réalisée toutes les minutes pendant 3
minutes. Les valeurs d’angles de mouillage ont ensuite été relevés a t = 0, 1, 2 et 3 minutes
afin d’observer I’évolution de la goutte au cours du temps.

Pour un état de mouillage partiel, le travail de cohésion du liquide (Eq. 1) est supérieur au
travail d’adhésion du liquide sur le substrat (Eq. 2). Dans ce cas, le liquide formant une
lentille au lieu de s’étaler montre bien que sa cohésion est supérieure a son adhésion sur le
substrat [18, 19].

Weongsion = 27s Eq.1

Wadnesion = YsL. = (YLv + Vsv) Eq. 2
Pour la suite de ces travaux, seul la valeur de I’angle de mouillage sera prise en compte. En
effet, les liquides étudiés présenteront des compositions chimiques différentes mais des

charges électrostatiques comparables.

c. 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, I’ensemble peut étre
représenté comme une association de particules dont les porosités intrinseques et inter-
particulaires sont comblées par le liquide. Cette grandeur dépend directement de la
granulométrie, de la surface spécifique et de la morphologie des particules composant la

poudre. Elle permet ainsi de caractériser la réactivité de la poudre vis-a-vis du liquide utilisé.
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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 1’aide d’une micropipette, I’eau est
ajoutée a la poudre (microlitre par microlitre) jusqu’a saturation visuelle de 1’ensemble

granulaire.

d. Analyse chimique par fluorescence X
L’analyse par fluorescence X consiste a exciter I’échantillon afin de provoquer I'émission
d'un spectre de rayons X caractéristique de sa composition. Un analyseur-détecteur de
rayonnement permet d’identifier les raies composant le spectre émis et d’en déduire la
composition élémentaire de I’échantillon. L’appareil utilisé¢ est un analyseur chimique par
fluorescence X XRF XMET 5500 de chez Oxford. Les échantillons sont analysés a 1’état brut

ou sous forme de poudre pastillée.

e. Analyse thermique différentielle et thermogravimétrique (ATD-ATG)

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. Ces changements d’états se
traduisent par des phénomenes exothermiques ou endothermiques. L’analyse thermique
différentielle mesure la différence de température entre I’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 I’échantillon. L’analyse thermogravimétrique permet quant a elle de
suivre I'évolution de la masse de 1'échantillon lors d'un cycle thermique, révélant la perte d'eau
ou d'especes gazeuses. Elle permet de déterminer la nature de certains pics et la contribution

de ces derniers.

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.

Le comportement thermique des liants géopolymeres consolidés est analysé sur des
matériaux préalablement broyés. Le cycle thermique utilisé est une rampe de 10 °C/min

jusqu’a une température comprise entre 800 et 1400 °C. Les courbes ATD-ATG (Figure 10a)
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obtenues permettent de déterminer le pourcentage d’eau contenu au sein du matériau
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Figure 10 : (a) courbes ATD-ATG obtenues sur le géopolymere 1K*7-M1 sous forme de
poudre, (b) courbes ATD-ATG dans le cas du géopolymere (K*'-'">M1 consolidé 2 70 °C et (c)
définition des différentes zones lors de la formation du géopolymere (K™’-"*M1.

Afin d’étudier la formation des liants ainsi que leur comportement en température apres
consolidation, les analyses ont été réalisées selon le cycle suivant : un palier a 70 °C durant
deux heures suivi d’une montée a 800 °C a une vitesse de 10 °C/min. A I’aide de la dérivée
premiere du flux de chaleur en fonction du temps, il est possible de définir plusieurs

phénomenes endothermiques intervenant lors de la formation du matériau (Figure 10b, c).

f. Analyse dilatométrique
L’analyse dilatométrique est une technique de caractérisation qui permet d’étudier les
variations dimensionnelles d’un échantillon dans une direction donnée en fonction de la
température (Annexe II-5). Les mesures dilatométriques ont été effectuées sous air, a 1’aide

d’un dilatomeétre vertical & contact (TMA Setsys Evolution Setaram), sur des échantillons
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massifs a géométrie cylindrique (H = 7 mm, @ = 0,7 mm). Deux cales en platine ont été
placées a chaque extrémité des échantillons pour éviter les phénomenes de diffusion a haute
température entre I’échantillon et les cales en alumine. Un essai de calibration a vide (sans
¢chantillon) a été réalisé et enregistré. L’enregistrement a vide est ensuite soustrait a celui
effectué avec I’échantillon afin d’éliminer la contribution liée a I’appareillage. Le cycle
thermique utilisé se compose d’une montée en température de 25 °C a 1400 °C et d’une

descente de 1400 °C a 25 °C a une vitesse de 5 °C/min.

3. Essais mécaniques (compression)

Les essais de compression réalisés imposent la rupture de I’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 o,x a la rupture nommée parfois résistance
mécanique.

Les différents échantillons sont placés dans des pots cylindriques (© = 15 mm et H = 49
mm pour les liants géopolymeres et @ = 15 mm et H=49 mm ou ® =9 mm et H = 25 mm
pour les blocs de sable aggloméré). Les cylindres obtenus servent d’éprouvettes pour les
essais de compression et sont démoulés juste avant I’essai. Ils sont rectifiés a 1’aide d’une
meule diamantée afin d’obtenir un élancement (hauteur/diametre) au minimum égal a 2 [20]
et des faces parfaitement paralleles et planes. Apres rectification, I’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’éliminer les valeurs aberrantes liées a la présence
de défauts au sein des éprouvettes.

Pour chaque composition de géopolymeres, cinq éprouvettes sont démoulées, rectifiées et
testées apres 7 jours. Pour les blocs de sable, cinqg échantillons ont été testés apres leur
séchage. 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
11 présente les profils de contrainte, en fonction de la déformation, obtenus lors des essais sur
les échantillons ; K*'-*M2 et | Na'%->M1 agés de 7 jours et (O Nal7-capg )10 A partir de
ces données, il est possible de calculer une valeur moyenne de contrainte avec une erreur de

plus ou moins 4 MPa.
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Figure 11 : courbe de contrainte a la rupture en fonction de la déformation pour une série de
géopolymeres (a, b) KO7-PM2 - Na'®-'2M1 et (c) une série de blocs de sable aggloméré
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CHAPITRE III : Synthése des publications

I. INTRODUCTION

Ce chapitre est consacré a la caractérisation des solutions de silicate et a I’étude des
interactions entre une solution et du sable pour I’obtention d’un bloc de sable aggloméré.
Ensuite, des essais de faisabilité pour la réalisation d’un fusible en une seule étape seront
effectués. Finalement, une étude concernant la tenue en température des liants et les
interactions entre un liant et des métaux sera réalisée en vue d’une rupture technologique pour

la fabrication d’un busbar.

II. INTERACTIONS ENTRE LE SABLE ET LA SOLUTION

1. Les solutions de silicate
Afin de comprendre la réactivité des différentes solutions, diverses analyses ont été

réalisées sur des solutions de nature différente.

a. Btudes spectroscopiques : IRTF, Raman et RMN 2°Si
Les divers spectres (IRTF, Raman et RMN) des solutions ciK", cK%7 et K% sont

présentés sur la Figure 1 (Livre — Chapitre 1).

(a) (b)
¥, (monoméres) ¥Si-O (Qo)
v @ 8ic..1° | D
'Si-0-Si Ko7 8IR] ! © ¥8i-0 (Q)
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Figure 1 : spectres (a) IRTF, (b) Raman et (¢) RMN 2Si des solutions c1K"7, cK*7 et LK.

69



CHAPITRE III : Synthése des publications

Quelle que soit la solution considérée, les spectres IRTF présentent des contributions
situées vers 1640 cm™ ainsi qu’une large bande vers 1000 cm! attribuées respectivement a la
déformation des molécules d’eau (don) et a I’élongation des liaisons Si-O-Si (vsi.o-si) des
especes silicatées Q" [1, 2] (Figure 1a). Les contributions des espéces Si0.0* (Q?) et
Si0320" (Q?) respectivement 2 1014 et 1100 cm™ (épaulement) sont majoritaires pour une
valeur de rapport Si/K = 1,7. A D’inverse, pour un rapport Si/K = 0,7, les contributions
majoritaires sont celles attribuées respectivement aux espéces Si0120° (Q") et Si(0)4 (Q°) a
980 et 920 cm’' En accord avec les travaux de Gharzouni et al. [3], ces évolutions

caractérisent le phénomene de dépolymérisation des solutions pour des rapports Si/M faibles.

La faible différence d’intensité observée pour les solutions cK®’ et LK%’ pourrait étre
expliquée par des méthodes de préparation différentes (commerciale et laboratoire).

Les spectres Raman présentent les différentes contributions attribuées aux chaines, aux
anneaux et aux espéces Q" (cf. Chapitre II) (Figure 1b). Pour la solution cK'7, les
contributions majoritaires sont attribuées aux especes Q% Q’ et aux anneaux de grande taille
(R5 et pus). Comme attendu, pour un rapport Si/M de 0,7 (cK®” et 1tK®7), les bandes associées
aux especes Q°, Q! et Q?, aux anneaux Rj ¢ R4 et 2 la vibration M--O sont prédominantes au
détriment des contributions liées aux especes polymérisées (Cs 7, TO/LO et Q?%). Ces données

révelent que le phénomene de dépolymérisation est associé a la formation d’anneaux de petite

taille (3 et 4 tétraedres). Les quantifications de ces contributions seront exploitées par la suite.

De méme, les spectres RMN présentent les contributions des différentes especes Q"
(Figure 1c). La solution cK' est caractérisée par de larges bandes dues aux especes Q?, Q° et
Q* respectivement situées vers -88, -97 et -106 ppm. A I’inverse pour les solutions cK®’ et
LK%, les especes prédominantes sont les entités Q°, Q! et Q? respectivement observées a -71,
-79, et -87 ppm et ’apparition d’espéces cycliques Q* et Q> est notée. L’information

complémentaire est la présence des especes cycliques.

Afin de déterminer 1’influence du rapport molaire Si/M et du taux de dilution, la position
du pic Si-O-Si (950 — 1020 cm™"), déterminée par spectroscopie IRTF, a été tracée en fonction
de la concentration en silicium pour les différentes solutions (Figure 2) (ACL 4). Quel que
soit le cation considéré, pour un rapport Si/M donné, il est noté une variation linéaire de la
valeur de la position en fonction de la concentration en silicium. La valeur absolue des pentes
des droites varie entre 3 et 6,8 pour des rapports molaires respectivement égaux a 1,7 et 0,35
et les pentes les plus élevées sont obtenues pour des rapports Si/M faibles. Ces variations

traduisent que :
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- Pour une concentration en silicium donnée, I’augmentation du nombre d’onde associé
au rapport Si/M est liée a la présence d’especes plus polymérisées au sein de la
solution [4, 5].

- Pour un rapport Si/M donné, la nature du cation alcalin entraine une modification du
nombre d’onde indiquant la présence d’especes plus ou moins polymérisées.

- Plus la concentration est faible (augmentation du taux de dilution), plus le phénomene

de polymérisation est exacerbé [6].
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Figure 2 : position du pic Si-O-Si (Q?) en fonction de la concentration en silicium pour les
solutions () cK®, (1) YcKb, (A) LK, (W) cNa®, (0) YcNa® et (A) (Na (nombre entre
parentheses (Si/M)).

Afin de mettre en évidence I’état de polymérisation des différentes solutions, le nombre
d’atomes d’oxygene non-pontant par tétracdre (NBO) a été calculé. La Figure 3 présente la
variation du pourcentage d’espéces Q° et du NBO, obtenus par RMN 2°Si, en fonction du
rapport Si/M. Il est noté une diminution du NBO associé au nombre d’entités Q° pour une
valeur de Si/M comprise entre 1 et 1,7 en accord avec une polymérisation progressive des
especes. Pour une valeur Si/M < 1, les especes étant plus dépolymérisées, il y a une
croissance accrue des espéces Q. Concernant la valeur du NBO, le comportement est
différent puisque un maximum est atteint pour une valeur de Si/M compris entre 0,5 et 0,8. Ce
maximum traduit la présence de nombreuses especes de nature tres différentes caractéristiques
de la réactivité des solutions. De plus, ce comportement peut étre généralisé quels que soient

le cation alcalin et le mode de préparation de la solution.
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Figure 3 : variation (—) du NBO (3Q'+2Q?+Q?)/100) et (---) du pourcentage d’espéces Q°
en fonction du rapport molaire Si/M pour les différentes solutions de silicate ((®) cK®, (A)
LK (W) cNaet (A) (Na®et (1) cK (/) LK, () cNa® et (A) 1NaP).

b. Effet des différents parametres
Afin de déterminer I’influence du cation et de la teneur en eau, les valeurs des angles de
mouillage corrigées par le rapport Si/M et du NBO ont été tracées en fonction de la
concentration en cation alcalin corrigée par la distance M-O [7] pour les solutions cKNa'®,
K706, cK1Na06, cK%7k0.5, cK%na05, cNal"na07 et cNa'7g0.7 (Figure 4). La correction de

I’angle de mouillage par le rapport Si/M permet de tenir compte de 1’état initial de la solution.

160 - 2,5
2,0
120
) 1,5
s 8
2} 10 %
®
o O
40 -
40,5
0 T T T 070
0 1 4

2 3
n(M)  (mol/(L*A)
vtot*dM-O

Figure 4 : variation (—) de [’angle de mouillage corrigé par le rapport Si/M et du (---) NBO
en fonction de la concentration en cation alcalin pour les solutions (A, A) cKNa'’, (¢, €)

K056, (O, @) cK»/\05 et (1], M) cNa'"yo7.
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L’augmentation de la concentration en cation alcalin entraine une diminution de la valeur
de I’angle de mouillage ainsi qu’une augmentation du NBO. L’augmentation du NBO est
associée a un phénomene de dépolymérisation des especes silicatées et donc a une
augmentation de la réactivité des solutions en accord avec les résultats précédents (Figure 3).
De plus, la diminution de la valeur de I’angle de mouillage est liée a un phénoméne de
dépolymérisation puisque les solutions de concentration élevée en cation alcalin contiennent
des especes dépolymérisées. Ces especes fortement chargées sont en perpétuel mouvement et
les interactions électrostatiques induisent des répulsions conduisant a un angle de mouillage
faible. En présence d’espéces polymérisées, les répulsions diminuent et 1’angle de mouillage
est donc plus élevé. Ainsi, la valeur de I’angle de mouillage pourrait permettre de déterminer

la réactivité des solutions de silicate.

Afin de déterminer I’influence du procédé de fabrication, les contributions Raman
(ramenées a une mole de silicium) des chaines (Cs¢7), des anneaux (R34;5 et plus) €t des especes
Q" (n =0 - 2) ont été tracées en fonction de la concentration en cation corrigée par la distance
M-O [7] pour les solutions commerciales et laboratoire (Figure SA, B) (Annexe II-3)
(ACLS5). Les entités Q* et Q* n’ont pas été considérées du fait de leur degré de polymérisation
élevé. Quel que soit le procédé de fabrication, les mémes tendances sont observées.

- L’augmentation de la quantité de cations alcalins entraine une décroissance des
anneaux et une variation inversement proportionnelle des chaines et des especes Q",
traduisant une rupture des chaines au profit des entités de plus petite taille (Q°, Q' et
Q).

- Le mode de préparation induit des variations au niveau des anneaux en relation avec
la quantité de cation alcalin puisque une forte décroissance est notée pour les
solutions laboratoire (1K® et 1Na®) par rapport aux solutions commerciales cK® et
cNaP. Ce paramétre entraine également un déplacement de la zone d’inversion entre
les entités Q" et les chaines.

- Le taux d’anneaux formés est dépendant de la concentration en alcalin.

Toutes ces variations peuvent étre expliquées par la vitesse de diffusion des cations [8]. En
effet, le potassium possede une vitesse de diffusion élevée et entraine une formation plus
rapide des anneaux impliquant la rupture des chaines au profit d’especes Q" plus
dépolymérisées. Les mémes phénomenes se produisent pour le cation sodium mais pour des

taux plus élevés de facon a atteindre un régime diffusionnel identique.
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D’autre part, les résultats semblent indiquer que les solutions commerciales et laboratoire
présenteront une réactivité importante pour des quantités de cations alcalins supérieures a 2
mol/(L*A). En effet, c’est & partir de cette valeur que les espéces Q", les chaines et les
anneaux semblent stables. Cependant, pour des concentrations plus élevées ([M] > 4
mol/(L*A)), les solutions sont trés dépolymérisées et d’autres phénoménes comme une
viscosité élevée pourraient induire une baisse de la réactivité [9].
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Figure 5 : variation de la contribution (M) des chaines (Cs,.7), () des anneaux R;et (®) des
especes Q" (n = 0 - 2) en fonction de la concentration en cation alcalin pour les solutions (a)

commerciales cM*wy et (b) laboratoire tM*wy avec M = (M, 4, @) Ket (I, /., O) Na.

c. Bilan

Afin de déterminer le degré de polymérisation et la réactivité des solutions, la Figure 6
présente les variations des différentes especes Q" (n = 0, 1 et 4 ; spectroscopies RMN et
Raman) en fonction du rapport Si/M et du pourcentage massique d’eau déduit. Les
pourcentages plus faibles observés dans le cas de la spectroscopie Raman s’expliquent par la
normalisation des différentes contributions par rapport a ’aire totale du spectre (cf. Chapitre
II).

Les données obtenues par spectroscopies RMN du 2°Si et Raman présentent des tendances
similaires pour les différentes especes Q". La diminution du rapport Si/M et du taux d’eau
entraine une augmentation des espéces dépolymérisées (Q° et Q') au détriment des entités

polymérisées Q* traduisant la dépolymérisation des especes silicatées.
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Figure 6 : variation des différentes espéces Q" obtenues par spectroscopies (H, ® A) Raman
et (0, O, A) RMN ?°Si avec (B, 1) Q°, (@, O) Q' et (A, A) Q*.

Par conséquent, toutes ces données spectroscopiques permettent d’établir des abaques

concernant le degré de polymérisation de n’importe quelle solution de silicate alcalin.

2. Agglomération du sable par une solution de silicate

Les solutions de silicate ont ensuite ét¢ mélangées a du sable afin d’obtenir des blocs de
sable aggloméré. Afin de comprendre les interactions entre les solutions de silicate et le sable,
différentes analyses ont été réalisées sur les matériaux consolidés dépendant du taux de
dilution, de la nature du cation alcalin, du sable, de la méthode d’imprégnation et du séchage.
Les données sur ces matériaux sont présentées en Annexe III-1 et Annexe III-2 puisque

I’objectif de cette partie est de présenter les principaux résultats.

a. Mode de préparation
Différentes méthodes d’imprégnation (mélange, capillarité ou goutte a goutte) ont été
utilisées pour la préparation des échantillons (cf. Chapitre II). La solution a base de
phénolphtaléine a été utilisée afin de quantifier la répartition du silicate alcalin au sein du

matériau consolidé, testé également par des essais de compression (Figure 7).
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Figure 7 : photographies et courbes de compression des échantillons (a) (*°ciNa'7)-
(mels4)15000nv’ (b) (SOC]Nal,7)_(Caps4)15000nv, (C) (SOC]Nal,7)_(Gs4)15000nV et (d) (Eau + ClNa1,7)_
(GS4)150001'1V- ((_) a, (_) b’ (_) c, (_) d, et (_) e)'

Les différences de répartition du silicate observées pour les différentes méthodes
d’imprégnation reflétent deux types d’imprégnation, (i) I’'une quasi homogene ((*°ciNa'’)-
(MeS4)1%ony) et (ii) Iautre ou le cceur de 1I’échantillon ((*°ciNa"7)-(°%S4)!%ony et (*°ciNal7)-
(684)!%onv) ou la partie inférieure du bloc de sable est colorée ((Eau + ciNa!7)-(684)ony).

Les valeurs de contrainte & la rupture peu dispersées des échantillons (*°ciNa'’)-

(™1S4)!%0,ny sont en relation avec une mouillabilité quasi homogeéne du sable. En effet, dans
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ce cas, la solution de silicate et le sable ont été mélangés préalablement au remplissage des
moules. Cette technique permet ainsi d’obtenir une imprégnation quasi homogene en
favorisant la pénétration du silicate au sein de I’empilement granulaire.

Les essais (*°ciNa’)-(“-84)!ny et (’ciNal’)-(9S4)ony présentent des valeurs de
contrainte a la rupture similaires et légeérement plus faibles que les échantillons précédents
((%ciNal7)-(mel-84)150 ). Ces valeurs sont certainement dues & une imprégnation insuffisante
du bloc de sable. En effet, les essais de coloration ont mis en évidence une absence de
coloration au sein du bloc de sable pouvant étre due a une faible imprégnation de cette zone.

Les échantillons (Eau + ciNa'’)-(9S4)"*°ny présentent des valeurs de contrainte trés
hétérogenes. Ce phénomene peut étre expliqué par des chemins de diffusion différents dus a
des interactions différentes avec I’eau introduite au préalable. En effet, des mesures d’angles
de mouillage de 1’eau et de la solution c1Na! sur du sable tassé par pluviation ont démontré
que I’eau est absorbée dés qu’elle entre en contact avec la surface tandis que la solution forme
une goutte a la surface du sable (Annexe III-1-A). De plus, des travaux au laboratoire ont
démontré que du sable mouillé est difficilement imprégnable par un liant (Annexe III-1-B).
L’eau préalablement introduite semble donc diminuer la capillarité entrainant une diffusion du
silicate plus difficile au sein de ’empilement granulaire.

Toutes ces différentes méthodes d’imprégnation soulignent la difficulté d’obtenir des

blocs de sable aggloméré homogenes.

b. Séchage
Des essais de séchage ont été réalisés afin de déterminer I’influence de plusieurs
parametres sur la microstructure des blocs de sable aggloméré et les échantillons obtenus ont
été observés au microscope é€lectronique a balayage (Figure 8). Les différents parametres
étudiés sont le taux de dilution et le cation de la solution, le type de sable ainsi que le type et
la température de séchage (Livre — Chapitre 1).

Ces parametres permettent d’obtenir des microstructures variées. L’augmentation du taux
de dilution entraine une augmentation de la quantité de silicate a la surface des grains de sable
(Figure 8A). Cependant, I’échantillon ("°ciNa'’)-(SSs)!*®mo présente une meilleure
répartition du silicate et un phénomene de cristallisation est noté entre les grains de sable. Ce
phénomene pourrait étre di a la formation d’especes polymérisées, favorisées par la dilution
de la solution, permettant ainsi une meilleure élimination de 1’eau lors du séchage et
favorisant ’apparition de phénomeéne de cristallisation [10]. Ainsi, le taux de dilution a une

influence sur la microstructure des blocs de sable aggloméré.
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(A) Taux de dilution (“ciNa"")-(°Ss)"’mo
(b) 50

(c) 70

(C) Granulométrie du sable (**c;Na"")-(°S,)"**vo
(a) S2 (b) S4

(D) Type et température de séchage (*’ciNa"7)-(°Sy)",

(a) 110 °C - micro-ondes (b) 110 °C - conventionnel

(c) 150 °C - conventionnel
T R e

-7

Figure 8 : images MEB des blocs de sable aggloméré pour différents (A) taux de dilution
(dl), (B) cations alcalins (M), (C) granulométries de sable (Sx) et (D) types et températures de
séchage (T et g).
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Le cation alcalin ne semble pas avoir d’effet sur la répartition du silicate (Figure 8B).

Cependant, les deux solutions présentent des aspects différents a la surface des grains de
sable. Ainsi, le cation potassium entraine un phénoméne de démixtion qui n’apparait pas en
présence de sodium. Ces observations sont en accord avec les diagrammes de phase Si02-K>O
et Si02-Na>O [11]. En effet, dans le cas du cation potassium, le point eutectique étant a une
température plus faible que pour le sodium pourrait favoriser ainsi un phénomene de

démixtion a plus basse température.

Quel que soit le type de sable, les morphologies des échantillons sont comparables (Figure
8C). En effet, les grains de sable semblent étre enrobés par la solution de silicate quelle que
soit la granulométrie du sable. Ainsi, le type de sable n’a pas d’influence notable sur la
microstructure des échantillons.

Le type et la température de séchage conduisent a des répartitions différentes de la solution de

silicate (Figure 8D) entrainant des microstructures différentes. En effet, le séchage par micro-
ondes semble favoriser I’enrobage des grains de sable, tandis que I’utilisation du séchage
conventionnel entraine la présence du liant seulement au niveau des ponts entre les grains. Ce
phénomene pourrait étre expliqué par le fait que le séchage par convection permet
I’évaporation d’une quantité plus importante d’eau que le séchage par micro-ondes [12]. Ces
différences sont dues a des interactions différentes pour les deux séchages. En effet, lors du
séchage par micro-ondes, les interactions dipolaires vont favoriser I’élimination de 1’eau sans
détériorer le silicate. Dans ce cas, le silicate enrobe les grains de sable. En revanche, dans le
cas d’un séchage conventionnel, 1’eau est éliminée et un phénoméne de dissolution /
reprécipitation apparait entrainant ainsi la formation de ponts entre les grains.

De plus, 1’¢élévation de la température de 110 a 150 °C permet de diminuer la quantité de
silicate a la surface des grains. Ce phénomene pourrait étre expliqué par des teneurs en eau
différentes en fonction de la température de séchage. En effet, le séchage a 150 °C permet
d’¢liminer une plus grande quantité d’eau qu’a 110 °C [12, 13]. Ainsi, les échantillons séchés
a 110 °C contiennent une plus grande quantité d’eau et le silicate semble donc étre en plus
grande quantité a la surface des grains de sable. Ainsi, le type et la température de séchage ont

une influence sur la répartition du silicate au sein des blocs de sable.

Les effets des différents parametres ont également été étudiés par des essais de
compression. La valeur de la contrainte a la rupture a été tracée en fonction de la masse
volumique des échantillons pour les deux types de séchage (Figure 9). Les résultats obtenus

pour les autres parametres sont présentés en Annexe II1-2.
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Les deux types de séchage permettent d’obtenir des valeurs de contrainte a la rupture proches.
Cependant, le séchage convectif semble favoriser 1’obtention de valeurs légeérement plus
élevées. De récentes études par Granat et al. ont démontré que le séchage micro-ondes de
blocs de sable a 700 W pendant 240 secondes permet d’obtenir des propriétés mécaniques
similaires, voire légerement supérieures, au séchage conventionnel [14]. Les différences
observées pour les échantillons (*°ciK"7)-(9Ss)!*%0 séchés 2 150 W pendant 45 minutes, par
rapport aux études de Granat et al., pourraient &tre dues a la puissance de micro-ondes
différente [15]. La nature du séchage induit des différences au niveau de la résistance

mécanique qui peut étre controlée par la température de séchage et la puissance associée.
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Figure 9 : valeurs de contrainte a la rupture en fonction de la masse volumique pour les
échantillons (30c1K1’7)-(GSg)150g avec g = (@) convectif et (M) micro-ondes

Afin de mieux appréhender les différentes interactions, des essais d’agglomération d’un
sable de zircon ont été réalisés avec la solution *°ciNa!”’. Les blocs de sable imprégnés ont été
séchés a 110 et 150 °C par séchage conventionnel et analysés au microscope électronique a
balayage (Figure 10). Les deux échantillons présentent des microstructures différentes.
L’échantillon (*°ciNa"’)-(%Zr)!'"%ony ne présente pas de phénomeéne de dissolution /
reprécipitation (Figure 10a) suggérant des répulsions entre le sable de zircon et les entités
silicatées. La présence de I’élément zirconium entraine des répulsions de par sa valeur de PEI
(point isoélectrique) de 4,7 [16] vis-a-vis des especes réactives par comparaison avec une
surface de silice de PEI de 2 [17]. Ceci induit un probléme d’adhérence du silicate sur le sable
de zircon. En revanche, a 150 °C, il est noté un phénomene de démixtion dii a 1’agitation
thermique. En effet, les phénoménes précédents sont atténués puisqu’une partie d’eau va

s’évaporer (Figure 10b). Les especes silicatées vont toujours interagir avec les surfaces
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siliceuses et I’exces de silicate alcalin n’ayant pas réagi va cristalliser. Ceci conduit a un
matériau homogene pour le sable siliceux alors que, pour le sable de zircon, il y a des
hétérogénéités. Ceci démontre que la nature du sable controle en partie I’agglomération en

présence d’especes siliceuses.

(b)

3 ,;.- “ - o ,“‘ ¢ % 5 ¥ = » 4
Figure 10 : images MEB des blocs de sable de zircon (*°ciNa'")-(5Zr)Tcony avec T = (a) 110
et (b) 150 °C.

Les différentes analyses réalisées sur les blocs de sable aggloméré ont démontré que les
parameétres importants pour 1’agglomération du sable sont le type et la température de séchage
induisant un enrobage des grains ou un phénomene de dissolution / reprécipitation. La Figure
11 présente une cartographie des microstructures obtenues en fonction de la température et du

type de séchage utilisé pour la préparation des blocs de sable aggloméré.

Température (°C)

150

Formation de ponts

o : Enrobagedes
enDl.'e Tstgralns grains
(Dissolution — (Silicatage)

repr cipitation)

110

Mode de
séchage

Conventionnel Micro-ondes

Figure 11: résumé de [’influence de la température et du mode de séchage sur la
microstructure des blocs de sable aggloméré.

Un enrobage des grains de sable est noté pour de faibles températures ainsi qu’avec un
séchage par micro-ondes. En revanche, I’augmentation de la température et 1’utilisation d’un

séchage conventionnel favorisent I’apparition de phénomenes de dissolution / reprécipitation
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et la formation de ponts entre les grains de sable. Ainsi, il semble préférable de sécher les
blocs de sable imprégnés a 150 °C par un séchage conventionnel afin de former des ponts
entre les grains de sable.

Les différentes méthodes d’imprégnation soulignent la difficulté d’obtenir une
répartition homogéne de la solution au sein de !’empilement granulaire. Un séchage
conventionnel a 150 °C apparait étre une alternative afin d’obtenir une microstructure et

des propriétés mécaniques satisfaisantes.

IT1. LE FUSIBLE EN UNE SEULE ETAPE : ESSAIS DE FAISABILITE

A. REMPLACEMENT DE LA PIECE CERAMIQUE

Afin de remplacer le corps en céramique par un liant géopolymere, deux pistes
d’investigation ont été envisagées. La premicre consiste a enrober un bloc de sable a I’aide
d’un liant géopolymere et la seconde a réaliser une piece par coulage pour ensuite I’ensabler.
L’objectif de cette partie est donc d’étudier les différentes interfaces entre le liant de type
géopolymere et le bloc de sable, ainsi que la réalisation d’un bloc de sable enrobé a partir

d’une piece géopolymere.

1. Agglomération du sable par un liant géopolymere
a. Enrobage du sable
Afin de réaliser un fusible en une seule étape, des essais d’enrobage ont été réalisés sur
des blocs de sable aggloméré. L’influence de la composition du liant et des parametres qui
influent sur 1’épaisseur déposée, i.e. le temps de séchage et le nombre de couches, a été

étudiée.

Effet de la composition

Afin d’identifier les interactions entre un liant géopolymere et un bloc de sable, il a été
procédé a I’évaluation de I’interface par la détermination des angles de mouillage de facon
comparative. Pour cela, des compositions connues du laboratoire ont été sélectionnées
(ACL2, ACL3 et ACLN3). Les blocs de sable utilisés sont réalisés a partir de la solution
59¢iNa!7 et du sable Sy afin de diminuer I’erreur due a la rugosité et a la présence de porosité
en surface [18, 19].

La Figure 12 présente 1’évolution de la valeur d’angle de mouillage en fonction du temps

pour différentes compositions. Les principales différences sont liées a la composition. La
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formulation (c1K"7x0.7-'2M1)* présente une faible valeur initiale d’angle de mouillage qui
diminue au cours du temps. En effet, la valeur initiale de I’angle est de 85,0°, puis elle
diminue jusqu’a 60,2° et reste stable pour des temps supérieurs a 1 minute. Cette variation de
I’angle pourrait étre expliquée par la pénétration du liant au sein du bloc de sable par le liant.
En effet, la faible viscosité de cette formulation, due a la faible réactivité du métakaolin,
favorise la migration vers le sable [20]. En présence de la méme solution, un métakaolin plus

réactif [20] entraine une importante augmentation de la valeur de I’angle, respectivement de

85,0° a 124,7° et 113,1° pour les liants (ciK'7x07-M1)®, (ciKMk07-2MT)* et (c1K"k0.7-
2M2)%, et évoluant peu au cours du temps. La valeur plus élevée de I’angle peut étre
expliquée par la réactivité plus importante des métakaolins M2 et MT favorisant les réactions
de polycondensation, et entrainant donc des interactions électrostatiques plus fortes dues a la
consolidation plus rapide du liant [20, 21]. L’utilisation d’'un métakaolin plus réactif induit
également une augmentation de la viscosité limitant la pénétration du liant au sein du bloc de
sable, et permettant d’expliquer la faible variation de la valeur de 1’angle de mouillage au

cours du temps [20].
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Figure 12 : valeur de I'angle de mouillage sur du sable aggloméré (*°ciNa'7")-(™'S9) %cony
pour les formulations (a) (c1K""x0.7-2M1)®, (b) (c1K"7x0.7-2MT)%, (c) (c1K'7x07-2M2)?, (d)

(c1Na'"n07-2M1)?, (e) (ciNa'"na07-2MT)? et (f) (ciNa'7na07-’M2)* a t = (O) 0, () 1,
(M) 2 et (M) 3 minutes.

La modification du cation alcalin entraine une augmentation de la valeur de I’angle de
mouillage (respectivement de 85,0° 2 93,9° pour (c1K"'k07-"M1)® et (ciNa'"n07-2M1)%).

Cependant, un comportement similaire a celui du liant (c1K!7x07-'2M1)* est noté au cours du

temps. L’augmentation de I’angle de mouillage peut étre expliqué par un état de
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dépolymérisation plus important pour la solution ciNa!’n,07> par rapport a la solution

c1K!7x06, induisant de fortes interactions entre les espéces. La faible variation de I’angle au

cours du temps peut, a nouveau, €tre expliquée par une faible viscosité du liant limitant

I’imprégnation du sable aggloméré. Dans le cas d’un métakaolin réactif, la valeur de I’angle
de mouillage varie peu (de 93,9° a4 99,2° et 89,4° pour (ciNa!/n07-2M1)%, (ciNa'n,07-

2MT)? et (c1Na'"na07-12M2)%) et n’évolue pas au cours du temps. Cette faible variation est a
corréler a 1’ajout d’eau lors de la phase de préparation pour les mesures. En effet, les
mélanges présentaient des viscosités tres €levées et il était difficile d’obtenir une goutte pour
la mesure de 1’angle. L’ajout d’eau entraine une légeére polymérisation de la solution et
diminue par conséquent les interactions entre les especes, induisant ainsi une diminution de la
valeur de I’angle de mouillage.

La mesure de I’angle de mouillage permet d’évaluer la réactivité du liant.

Compte tenu de ces données, des essais d’adhésion ont ensuite été réalisés avec les
différentes compositions. Pour cela, deux couches de liant, espacées de 60 min de séchage,

(cf. Chapitre II) ont été déposées sur des blocs de sable ; excepté pour la formulation

cK7g0s5 2M1% treés visqueuse et difficilement applicable. La Figure 13 présente les
photographies des échantillons obtenus a différents temps ainsi que le taux de fissures en

fonction du temps pour les différentes formulations. D’importantes différences sont notables

en fonction de la formulation du liant. En effet, seulement la composition (1K 7g0.6-12M1)%

n’entraine pas de fissuration du dépot, alors que, pour les liants (ciK"706-?MT)>, (c1K!7x0.6
120112 25 17 20011125 1° e . o N o

- “M1-“MT)> et (c1K"'k05 -"M1)~, I’apparition de fissures est visible des le premier jour de
séchage.

Le changement de la source aluminosilicate M1 ((c1K!7x05 -2M1)*) par MT ((ciK"k06-

2MT)?) entraine une couche de liant plus épaisse qui va induire des fissures. La réalisation

de deux couches de compositions différentes ((c1K!7x06 -1?M1-2MT)?>) entraine également
I’apparition de fissures sur la couche supérieure. Ces différences de comportements sont en
accord avec les variations des angles de mouillage et sont dues aux réactivités différentes des
métakaolins [20]. En effet, 1’utilisation du métakaolin M1 induit une diffusion vers le sable
favorisant I’ancrage, alors que le métakaolin MT, tres réactif, limite la diffusion du liant
fragilisant ainsi le dépdt avec 1’apparition de fissures. Un taux de charge de métakaolin M1

((c1K" ko5 -2°M1)%) entraine également un dépot d’épaisseur plus importante mais fissurant.
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Figure 13 : (A) photographies des essais d’adhésion (@ = 15 mm) et (B) taux de fissuration
au cours du temps (=) (ciK'7g0.6-2M1)%, (=) (c1K"7k06-"MT)>, () (c1K"k06 -'*M1-

12MT)25 et (_) (CIKIJKO’S _20M1)25 et (_) (ClNal’7NaO’7'12M1)25‘
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Une viscosité plus élevée limite la diffusion du liant au sein du bloc de sable en accord avec

les données des angles de mouillage. De plus, la nature du cation alcalin et donc la

concentration (respectivement 5,5 et 8,7 mol/L pour 1K k06 et c1Na'’n.07) induit une

variation de 1’épaisseur du dépdt. Le dépot est plus conséquent pour la formulation a base de
sodium ciNal"/N07-2M1% que pour celle & base c1K!'k0.5 -2°M1% de potassium. Ce

phénomene est a corréler a la quantité d’eau plus importante pour la solution c1K'""0.6 [22].
Il est possible de controler [Dapparition de fissures en modifiant la source

aluminosilicate et le cation alcalin.

Influence du temps de séchage et du nombre de couches

L’influence de I’épaisseur du liant, controlée par le temps de séchage et le nombre de
couches déposées, a ensuite été étudiée. La Figure 14 présente I’influence de 1’épaisseur du
liant pour les différents échantillons obtenus a différents temps (ACL7).

Les quatre formulations présentent des comportements différents en accord avec les

résultats précédents. En effet, le mélange (c1K"7x06-'2M1)> ne présente pas de fissures quels

que soient 1’épaisseur et le temps de séchage du liant alors que des fissures sont observées

pour I’échantillon (*°ciNa!7-S4)%-(c1K!7x06 -12MT) dés 24h de séchage. Ce phénomeéne est
accentué par un temps de séchage plus long avant le dépot de la deuxieme couche (24h).
L’apparition de fissures peut étre reliée a la réactivité du métakaolin. Le métakaolin MT trés
réactif, conduisant a un liant de faible porosité finale, ne permet pas 1’ancrage d’une seconde
couche [23]. Ceci a pour conséquence d’entrainer 1’accentuation des fissures pour un dépot
apres 24 heures de séchage. Les interactions entre les deux couches de ce liant semblent €tre
légerement plus favorables pour un dépot apres 1 heure de séchage, i.e. lorsque le dépdt n’est

pas totalement consolidé. L’ajout d’une seconde couche de composition différente

((c1K"k0.6-2M1-12MT)?) entraine D’apparition d’une légére fissuration dés 24 heures de
séchage. Le dépdt de deux couches de formulations différentes semble légerement améliorer

le comportement de la composition a base de métakaolin MT. En effet, la composition a base

de métakaolin M1, trés poreuse, facilite I’ancrage de la composition (c1K"7k0.6->2MT)? [23].
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Figure 14 : photographies des dépodts en fonction du temps de séchage entre les couches (2c-1h et 2c-24h) de liants pour les formulations (a)
(C1K1’7KO’6-12M1)25, (b) (C1K1,7K0,6 _IZMT)ZS, (C) (ClNal’7NaO’7'12M1)25 et (d) (C1K1’7K0’6—12M1-12MT)25 (Q — 15 mm)
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La modification du cation alcalin de la solution en présence du métakaolin M1 ((ciNa'n,07-
2M1)*) induit la formation de fissures aprés 35 jours de séchage pour les échantillons
comportant deux couches. Ceci est aussi a corréler soit a une porosité moindre, soit a la
présence de carbonates de surface inhibant I’ancrage de la seconde couche et entrainant la
formation de fissures.

L’apparition d’efflorescences a également été notée pour les échantillons (*°ciNal’-S4)°-
(C1K1,7K0’6_12M1)20-1h, (SOClNal’7‘S4)0‘(ClKL7KO’6‘12M1)2C-24h, (SOClNal’7-S4)O-(C1Nal’7NaO’7—

2M1)2 1 (3% Na'7-S4)%-(c1Na! 'n,07-12M 1) 24 s’accentuant avec 1’augmentation du temps
entre les deux couches. Ces efflorescences sont dues a la formation de carbonates et peuvent
étre expliquées par la présence de cations alcalins en exces pouvant réagir avec le CO> [24].

Les dépots présentant la meilleure tenue au cours du temps sont réalisés avec la

composition (ciK!k0.6-12M1)* dont 1’épaisseur et le temps de séchage sont controlables.

Caractérisation de I’interface

L’interface entre le bloc de sable aggloméré et le liant géopolymeére a ensuite été observée

au microscope électronique 2 balayage pour la composition (c1K!''k0.6 -12MT) (Figure 15).

Le liant semble imprégner le bloc de sable selon une épaisseur d’environ 500 um (Figure
15a). Ceci est di a la porosité du bloc de sable et a la faible viscosité du mélange. De plus,
ceci permet une meilleure isolation du bloc de sable en colmatant les couches externes du bloc
de sable. La microstructure observée a I’interface entre le liant et le grain de sable est
similaire a celle d’un géopolymere [25] (Figure 15b). En effet, le liant géopolymere n’est pas
en interaction avec le grain de sable, dii a sa nature faiblement réactive de par la couche de
silicate alcalin issue des conditions de séchage (cf. Chapitre II). La forte concentration des
éléments Al et K (Figure 15c¢), observée a I’intérieur du bloc de sable, correspond a la
formulation du liant géopolymere confirmant I’imprégnation du sable par le liant.

Afin de compléter ces résultats, des mesures d’angles de mouillage de différentes
compositions sur des blocs de sable aggloméré pourraient étre réalisées. Des observations au

microscope €lectronique a balayage sur d’autres dépots pourraient également étre effectuées.
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Figure 15 : images MEB (a) d’'un bloc de sable enrobé de liant géopolymere (ciK''x06 -
2MT), (b) zoom sur ['interface et (c) cartographie X des éléments Na (K, = 1,041 eV), Si (K,
= 1,739 eV), Al (K, = 1,486 eV), K (Ks = 3,312 eV) et O (K, = 0,525 eV).

La diffusion du liant géopolymére au sein du bloc de sable aggloméré permet de
favoriser la tenue du dépot. Cependant, il faudrait déterminer ’impact de I’ajout d’une

faible quantité de métakaolin afin de réaliser une couche progressive.

b. Détermination des interactions avant la formation de géopolymeres
Dans le but d’identifier les interactions entre une formulation aluminosilicate alcalin et le
bloc de sable aggloméré, différents mélanges contenant des teneurs variables en métakaolin
ont été étudiés par spectroscopie IRTF (ACL 7). La Figure 16 présente la variation de la
valeur de shift corrigée par le taux d’eau (shift/H20) en fonction de la concentration en
aluminium corrigée par le pourcentage d’amorphe. Cette correction a été appliquée du fait de
la mise en solution treés rapide des atomes d’aluminium responsables, par conséquent, de la

formation des réseaux.
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Figure 16 : valeur de shift (spectroscopie IRTF) corrigé par le taux d’eau en fonction de la
concentration en aluminium corrigée par le taux d’amorphe (DRX métakaolin) pour les
mélanges (B) (M*7-"M1)?°, (@) (M*7-"'M2)?°, (A) (M*7-"MT)* avec M = (==) K et (==) Na
et h variantde 0,5 a 18 g.

Quel que soit le mélange réactionnel, les valeurs du rapport shift/H>O sont constantes jusqu’a
une valeur seuil d’aluminium réactif de 5 u.a., puis il est observé une augmentation
significative pour les solutions LK% et 1Na%’, respectivement de 0,5 a 2,8 et de 1,0 a 3,5 u.a.
Cependant, les mélanges a base de sodium présentent des valeurs de rapport shift/H,O
légerement plus élevées que ceux a base de potassium (respectivement 0,5 et 1,0 pour les
solutions LK% et tNa%7), dues a la réactivité plus importante de la solution 1Na%’ [23]. Dans
ce cas, la valeur de pH des mélanges (LNa°’7—1My)25 est plus faible, de I’ordre de 13,6,
signifiant que certaines réactions de polycondensation ont eu lieu, résultant en une valeur de
shift élevée. Pour des quantités d’aluminium réactif inférieures a 5 u.s, les valeurs de
shift/H>O faibles sont dues a des quantités d’eau au sein du mélange réactionnel élevées (entre
40 a 55 % pour des quantités variant de 0,2 a 4,2 v.a.). Dans ce domaine de quantité
d’aluminium réactif, la solution est tres diluée, les especes se comportent comme dans un état
dilué conduisant a la formation de différentes especes [26]. En revanche, pour des quantités
supérieures a 5 u.a., ’enrichissement en atomes d’aluminium favorise la formation d’un
réseau plus ordonné [27]. 1l a donc été mis en évidence pour la formation des géopolymeres a
la fois, (i) ’existence d’une valeur d’aluminium réactif limite (5 mol/L) et (ii) une valeur du

rapport shift/H,O = 1,4.
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La concentration en especes étant un parametre déterminant, il a été procédé a
I’évaluation du volume réactif par le calcul de la différence entre le volume d’eau de la
solution et le volume d’eau nécessaire pour mouiller la quantité de métakaolin ajoutée. Cette
donnée sera notée AV. Afin de corroborer ce résultat au domaine d’existence des
géopolymeres mis en évidence par Gharzouni et al. [23], cette variable a été reportée en
fonction des rapports molaires Si/Al et M/Al (M = Na, K) du mélange total (Figure 17). Les
valeurs positives sont caractéristiques d’une quantit¢ d’eau en excés pour mouiller le
métakaolin alors que celles négatives soulignent un déficit en eau. Les mémes variations sont
notables pour les rapports molaires sélectionnés, a savoir un régime dynamique pour des
valeurs positives et un régime invariant pour des valeurs de AV négatives.

L’évolution observée pour des valeurs de rapports molaires (3 < Si/Al < 15 et 2 < M/Al < 20)
est caractéristique d’un mélange dilué en présence d’une faible quantité de métakaolin. Le
volume de liquide introduit est toujours excédentaire, les atomes d’aluminium et les atomes
de silicium libérés vont interagir avec les especes siliceuses de la solution en formant des
especes trés riches en atomes de silicium, dues 2 la faible variation de la bande des Q*. Ces
especes pourraient étre amenées a précipiter, ce qui est vérifié par la formation d’un précipité.
Pour des rapports Si/Al = 2 et M/Al = 1,2, la valeur nulle de AV est relative a un état
d’équilibre physicochimique, ou les réactions de polycondensation vont prendre le relais et
conduire a un réseau polymérique. De plus, cette valeur correspond a la limite de la zone
d’existence des géopolymeres.

Pour des valeurs de AV négatives, le volume de solution force la dissolution du métakaolin et
favorise 1’enrichissement du milieu réactionnel par les colloides aluminosilicates. Ceci induit
une saturation du milieu favorisant ainsi les réactions de polycondensation et de
géopolymérisation [23].

Dans ce domaine de concentration, la nature du cation alcalin n’est pas prépondérante. La
faible différence entre le cation sodium et le cation potassium est a corréler a la viscosité du
milieu qui régit le déplacement des especes. En effet, les caractéristiques de la solution
sodique de viscosité élevée, ou le cation sodium diffuse moins vite, sont équivalentes a celle
de la solution potassique, ou le cation va diffuser plus vite.

Par conséquent, cette donnée AV facilement calculable peut étre utilisée pour valider la
faisabilité¢ d’un liant géopolymere associée aux concentrations et de rapports molaires Si/Al et

M/AL
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Figure 17 : valeur de AV en fonction du rapport molaire C/Al avec (a) C = Siet (b) C = Kou
Na pour les mélanges (M) (M*7-"M1)®, (@) (M®7-"'M2)?, (A) (M®7-"'MT)® avec M = (=)
Ket (==) Na et h variantde 0,5 a 18 g.

2. Mise en forme d’une piece

Afin de remplacer les corps de fusible actuels, des essais de mise en forme a température

ambiante ont été réalisés a 1’aide de plusieurs formulations.

a. Coulage de pieces en géopolymere
Neuf compositions ont été retenues et coulées sous forme de tubes, de plaques et de corps
de fusible (Tableau 1). Les formulations utilisées (Annexe II1-3) different de par la solution

alcaline (mode de préparation, cation et rapport molaire Si/M différents), le métakaolin
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(réactivité et pureté différentes) et le type de renfort (fibres de verre, sablon ou sable de

zircon).

Tableau 1 : mise en forme par coulage des différentes compositions.

Tube Plaque
(LxIxh = 80x80x5 mm)

Composition

S
I
7
8
g

01K1’7K0,6-12MT

LK*7-4*M13MT 105-10¢

17
ciNal7n07-5M 1M 240s.10¢

1 K7k0.6-5M1M 240510t

Corps de fusible
(LxIxh = 50x50x40 mm)

LNa*7-8M1*M249s.1¢

17 1
c1Nal 7N, 0.7-10M5 45

c1iNal7n,0.7-1 M5 497,

c1KB7g0.6-16M 5 49

c1Kb7g0.6-22M 555

-

Nel

3
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Les différentes compositions permettent d’obtenir des picces de forme différente sans
défauts. Cependant, des modes opératoires distincts sont nécessaires pour obtenir ces
différentes pieces.

En effet, pour les formes pleines (plaque et tube), le liant peut consolider au sein du moule

avant le démoulage. Ces pieces ont donc été démoulées 24 heures apres le coulage excepté

pour les compositions c1K!'"7k06-1M5405 et c1K!"'k0.6-2M5sss qui ont été démoulées apres 6
heures. En effet, au-dela de ce temps de séchage, 1’apparition de fissures a été notée. En
revanche, pour les pieces creuses, la partie centrale du moule doit étre 6tée avant que le
matériau ne soit totalement consolidé, di a 1’existence d’un retrait au cours des réactions de
géopolymérisation, afin d’éviter les fissurations. Le temps nécessaire pour 1’enlévement de la
partie centrale du moule differe en fonction de la composition, dii aux temps de consolidation
différents. Les pieces, toujours contenues dans la partie supérieure du moule, ont ensuite été
conservées dans une atmosphére a 85 % d’humidité puis elles ont été totalement démoulées
24 heures apres le coulage.

Les résultats mettent en évidence que, quelle que soit la composition, la mise en forme et
I’obtention de formes complexes a 1’aide de liants géopolymeéres sont possibles. De plus, quel

que soit le type de renfort, 1’ajout au sein du mélange réactif n’inhibe pas la mise en forme de

Ll 1 1 1 1 1 1 1
ces matériaux (ciNa"'na07-"M5S40s, c1Na'"na07-1M540z:, c1K'7k0.6-18M5405 et c1K"7x06-

22M5ss). De méme, la mise en forme des matériaux n’est pas affectée par le mélange de deux

métakaolins de réactivité différente (LK0’7-4M18MT105_10f, C]Nal’7NaO’7-6M16M24os_10f, c1KH7k06-
M 1M 240s-10r et LNa*7-SM 1*M2405-11).
La mise en forme des liants géopolymeéres, réalisable par coulage, nécessite la

connaissance du retrait au cours de la prise.

Afin de déterminer le retrait a température ambiante des liants, des mesures
dilatométriques ont été effectuées entre 24 et 48 heures apres la préparation du mélange pour
les différentes formulations. Les échantillons ont été traités suivant un cycle de 24 heures a
température ambiante suivi d’'une montée en température jusqu’a 700 °C puis d’une descente
jusqu’a 25 °C a 10 °C/min. Les résultats obtenus lors du traitement thermique seront présentés
ultérieurement. Les courbes dilatométriques de trois compositions représentatives de

I’ensemble des mélanges étudiés sont reportées sur la Figure 18.
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Figure 18 : courbes dilatométriques entre 24 et 48 heures a température ambiante pour les

échantillons (—) tNa®"-*M1*M240s.11, (—) c1Na""na0.7-"MS40z:, (—) c1K'7k0.6-22M5ss;.

Différents comportements entrainant des valeurs de retrait différentes sont observables.

L’échantillon ciNa'"/na0.7-1®M540z: présente la valeur de retrait la plus élevée (-4,73 %) alors

qu’un retrait de -0,31 % est observé pour la formulation 1 Na®"-*M1*M24¢s.1r. Enfin, pour

I’échantillon ¢1K!7x06-M5sss, un léger retrait est observé entre 0 et 50 minutes, puis une
légere expansion jusqu’a t = 200 minutes suivie d’un faible retrait, le retrait final étant de
-0,13 %. La valeur de retrait diminue lorsque la quantité de cation alcalin diminue

respectivement de -4,73, -0,31 et -0,13 % pour des concentrations de 22,6, 19,4 et 10,3 mol/L

relatives aux compositions ciNa'7na0.7-1M540z:, 1Na®-5M1*M2405-11 et c1K"7k0.6-2MS5ss;.
Ceci souligne I’importance de la teneur en alcalin nécessaire pour compenser la charge
négative du réseau aluminosilicate en relation donc avec la valeur du retrait total.

De plus, comme précédemment démontré, cette charge positive dépend de la nature des
especes de la solution de silicate. Afin de mieux comprendre, les quantités d’anneaux R3 et R4

(déduites de la spectroscopie Raman) au sein de la solution alcaline sont respectivement de

7,06 / 5,85, 8,24 / 9,74 et 3,81 / 3,66 pour les solutions ciK"7k0.6, [Na®7 et ciNa'n,07.

Lorsque la solution initiale contient des quantités égales d’especes R3 et R4, le mélange

(c1iNa'"’n,07) présente un retrait important entre 24 et 48 heures. En revanche, lorsqu’il y a
compétition entre les entités R3 et R4 (i.e. R3 < R4 ou Rz > Ry), la valeur de retrait a

température ambiante est inférieure a 2 %. D’autre part, la quantité d’anneaux R4 supérieure a

la quantité d’espéces R3 est a corréler a I’expansion du mélange c1K!"'k0.6-2M5ss; entre 100 et

300 minutes et a une valeur de rapport molaire Si/M > 2 (Annexe I11-4).
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L’existence de ce phénomene d’expansion peut étre due a la formation d’une phase
métastable qui évolue par la suite. Pour rappel, au sein du diagramme binaire K>O-Si0O3, les
mélanges de rapport molaire Si/M supérieur a 2 sont situés dans la zone comprise entre les
phases K2S1409 et Si02 [28]. Ainsi, au sein du mélange réactionnel, la présence de germes de
composition K>Si4O9 semblerait étre a I’origine de ce phénomeéne. Ceci ne serait pas
observable pour les compositions a base de sodium puisque de telles phases n’existent pas. A
nouveau, ces mélanges de faible rapport molaire Si/Al vont nécessiter une compensation de
charge plus faible par les cations potassium. Le mélange réactionnel est donc plus dilué
favorisant la formation de phase métastable par de premieres réactions de polycondensation.
Le controle du retrait a température ambiante est dépendant du rapport Si/Al et de la

compensation de charge par le cation alcalin.

b. Réalisation d’un fusible
Afin de déterminer la faisabilité de fusibles a partir d’un corps en liant géopolymeére, un
ensablage par un mélange de sable S4 et de solution *°c;Na'"’ suivi d’un séchage a 70 °C (24
h) ont été réalisés. Les photographies (Figure 19) montrent que, quelle que soit la
formulation, il est possible d’ensabler des corps de fusible en géopolymere afin de remplacer

les corps de fusible en céramique. De plus, le bloc de sable aggloméré semble adhérer au

corps de fusible en géopolymere.

(a) (b)

Figure 19 : photographies des corps de fusible ensablés réalisés avec les liants géopolymeres

(a) c1Na'"xa0.7-M1°M2405-10 et (b) 1K' 70.6-2M5sss.

L’interface entre le corps de fusible ciNa'7 xa0.7-SM1°M240s-10f et le sable aggloméré a été
observée au microscope électronique a balayage (Figure 20). Une nette démarcation est notée
a Iinterface entre le liant et le bloc de sable aggloméré. Le sable aggloméré est constitué de
grains de sable enrobés de silicate en accord avec les observations précédentes. Le liant

fissuré apparait en faible interaction avec le bloc de sable aggloméré ou la formation de ponts
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entre les grains de sable et I’enveloppe géopolymere est observée. La présence de pont entre
les grains dii au nappage par le silicate est caractéristique du séchage a basse température
(70 °C).

Des essais supplémentaires d’ensablage des corps de fusible en géopolymere permettraient

d’optimiser les interactions entre le corps de fusible et le bloc de sable aggloméré.

Figure 20 : images MEB (a) d’'un corps de fusible en géopolymere ensablé, (b) zoom a
I’interface entre le bloc de sable aggloméré et le liant géopolymere et (¢) zoom sur un pont
entre deux grains de sable.

Ainsi, les différents résultats ont mis en évidence la possibilité de créer une couche
progressive entre un bloc de sable aggloméré et un liant géopolymére ou d’ensabler un

corps de fusible en géopolymere obtenu par coulage.

B. TENUE EN TEMPERATURE DES PIECES CERAMIQUES

Le corps du fusible devant résister a des températures supérieures a 150 °C en conditions
d’usage, les futures céramiques développées doivent donc tenir dans ces conditions [29]. Afin
de pouvoir remplacer les enveloppes céramiques actuelles par des géopolymeres, il est donc
nécessaire de déterminer le comportement en température de ces liants aluminosilicates [30,

31]. Pour répondre a ce critere deux voies ont été explorées a savoir la modification de la
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solution alcaline et la formulation avec différents renforts. Les nomenclatures utilisées sont

répertoriées dans le Chapitre II.

1. Modification de la solution alcaline

Différents ajouts de molybdate d’ammonium, capable de complexer des espéces siliceuses
et alumineuses [32, 33], ont été effectués (ACL1, ACL6, ACLNI1 et ACLN2).

Dans un premier temps, les mélanges réactionnels ont été suivis par analyse
spectroscopique IRTF et par analyse thermique (ACL6). Les valeurs des pentes et des
déplacements (Figure 21), déduits des suivis IRTF des différents liants ((LK®xmo-'"M1)% et
(LK% xmo-12M2)?), sont situées respectivement dans la zone ol plusieurs réseaux coexistent
ou dans la zone des géopolymeres selon les travaux précédents [34]. Les échantillons
(LK% xm0-"?M1)? sont localisés dans la zone de coexistence de différents réseaux. Cependant,
I’ajout de molybdéne dans les liants (LK®7} s7m0->M1)* entraine une diminution de la valeur
du déplacement et de la pente traduisant une meilleure réorganisation des especes, permettant
ainsi de favoriser la dissolution de la source aluminosilicate. Par conséquent, la présence
d’anions molybdiques de par leur répartition électrostatique va induire des modifications des
especes siliceuses favorisant ainsi la formation d’un réseau géopolymere. Pour les
formulations a base de métakaolin M2, il y a peu de modifications.

45 -

1 0% 0,20 %
40 o o

0,40 %
| °
35 ° 1,57 %
] 0,80 %
~ 30
2 ]
S 25
é | Différents réseaux 040k
20 | .
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§ 1% 0,80 %
o |
10 4
5
Gel
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Figure 21 : variation du déplacement total en fonction de la valeur de la pente déterminés
par spectroscopie IRTF pour les échantillons (@) (LK* wo-"*M1)> et (A ) (LK* mo-12M2).
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Des analyses thermiques permettent de suivre les différentes étapes de formation des
géopolymeres [35,36]. Quatre zones ont ainsi pu €tre identifiées a partir des thermogrammes
(cf. Chapitre II) en accord avec des travaux précédents. La zone I est attribuée a la
réorganisation des différentes especes (i.e. aux équilibres de spéciation), la zone II correspond
a la dissolution du métakaolin, la zone III est associée a la formation des oligomeres et la zone
IV est due aux réactions de polycondensation (Figure 22). La quantité¢ d’eau consommée,
caractérisant 1’énergie associée, lors de la premicre zone est similaire pour tous les mélanges
(= 28 %). Concernant la zone II, I’énergie associée a la dissolution du métakaolin est la plus
importante pour le mélange (1K%’-?M2)" en accord avec sa réactivité puisqu’il y a libération
rapide des espéces aluminosilicates [20]. L’ajout de molybdéne ((LK®7;s7mo-12M2)70)
entrainant une légeére diminution de 1’énergie suggere une réaction cinétiquement favorable.
En présence du mélange (LK*’-12M1)"°, le métakaolin M1 moins réactif est dépendant de la
solution alcaline et I’énergie associée est moindre du fait d’une réaction plus difficile [20].
L’échantillon (LK*71 s7m0-'2M1)7° d’énergie 1égérement plus élevée souligne a nouveau que la
modification de la solution alcaline entraine une meilleure dissolution du métakaolin. Par
ailleurs, lorsque la dissolution du métakaolin est favorisée, I’énergie de formation des
oligomeres (zone III) sera plus faible. Ceci est notable pour le mélange (LK*7-12M2)7°. 20,
21]. La faible différence observée entre (LK%’-12M2)7" et (LK®7is7m0->M2)"° peut étre
attribuée au désordre des entités siliceuses demandant plus d’énergie. Des phénoménes
similaires sont notables pour les compositions (LK®7-2M1)7 et (LK1 s7m0-'2M1)7 puisque
les énergies associées sont toujours plus élevées. Finalement, pour la zone IV, ’énergie
nécessaire aux réactions de polycondensation est minimale lorsque la formation des
oligomeres est facilitée. En présence de molybdate, il y a de nouveau une petite augmentation
lorsque la formation des oligomeres demande plus d’énergie. Les mémes conclusions sont
notables pour le métakaolin M1.

Les différents résultats ont mis en évidence I’existence de réactions de polycondensation
différentes en fonction de la quantité de molybdene ajoutée et du type de métakaolin, pouvant

entrainer la formation de réseaux différents au sein du matériau consolidé.
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Figure 22: nombres de moles d’eau consommées lors de la formation des échantillons (1 K-
2PM1)7 K% s7m0- MDD, K*7-12M2)70 et (LK™ 1 57m0-'°M2)7°. La consolidation a été
réalisée a 70 °C pendant 2 heures. (m réorganisation des especes (zone I), m dissolution du
métakaolin (zone II), = formation des oligomeres (zone III), 0 polycondensation (zone 1V)).

Afin de valider le traitement en température, des analyses dilatométriques ont été
réalisées sur les échantillons contenant différentes quantités de molybdate d’ammonium (cf.
Chapitre II) (ACL1). La Figure 23 présente la variation de la valeur de ALecch/ALrer (ot AL
représente le retrait et ref, la référence, est I’échantillon sans ajout de molybdene) en fonction

de la quantité de molybdene ajoutée au mélange.
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Figure 23 : ALc.c/ALcet en fonction de la quantité de molybdene pour les échantillons (e)
K" mo- M of (A ) (LK® vo-12M2) 1490 ((---) courbes de tendance).

Deux types de comportements sont observés en relation avec le métakaolin et I’ajout de

molybdate. Pour une teneur en molybdene inférieure a 0,24 %, la valeur de retrait diminue
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rapidement pour les mélanges (LK% xmo-'?M1)1% alors que la diminution est plus faible pour
les compositions (LK*7xmo-"2M2)14%° Entre 0,24 et 0,80 % de teneur en molybdene, les
mélanges (LK® xmo-2M 1)1 et (LK®7xmo-12M2)14% présentent des comportements similaires
avec une décroissance quasi linéaire pouvant étre attribuée a des mécanismes similaires.
Ensuite, pour un ajout supérieur a 0,80 %, les deux géopolymeres présentent les mémes
valeurs de retrait. Ces comportements peuvent étre expliqués par deux parametres, i.e. la
solution alcaline ou la réactivit¢ du métakaolin, pouvant induire deux comportements
différents. Compte tenu des résultats précédents, pour 1’échantillon (LK*’-12M 1), les especes
siliceuses ou alumineuses sont libérées progressivement et de facon aléatoire entrainant
I’apparition d’une compétition entre les deux réseaux désordonnés (réseaux riche en silicium
et riche en aluminium). Les analyses Raman des différentes solutions ont révélé que 1’ajout de
faibles teneurs de molybdene (< 0,40 %) entraine a la fois un phénomene de polycondensation
des especes et un phénoméne de dépolymérisation, dii a la formation d’espéces oxo-
molybdiques (ACL 6). Pour des teneurs de molybdeéne plus élevées, un phénomene de
dépolymérisation associ¢ a la formation d’anneaux et ’existence d’interactions entre les
anneaux et les especes molybdiques ont été identifiées telles que les entités MoO4? [37]. Pour
de faibles ajouts de molybdene, la solution est peu réactive et la réactivité du métakaolin va
donc prédominer. Ce phénomeéne induit 1’existence de comportements différents en fonction
de la réactivité du métakaolin. En effet, le métakaolin M1, favorisant la formation de
différents réseaux, entraine des valeurs de retrait plus élevées dues a la présence de réseaux
riches en silicium. En revanche, le métakaolin M2, favorisant la formation d’un réseau
géopolymere riche en aluminium, présente des valeurs de retrait plus faibles. Ceci est en
relation avec la présence de flux visqueux silicatés différents [38]. L’augmentation de la
quantit¢ de molybdene améliorant la réactivit¢ de la solution, les réactions de
polycondensation sont contrOlées par la solution et la réactivité du métakaolin va étre inhibée.
Ceci a pour conséquence la formation d’un seul réseau proche d’un réseau géopolymere pour
les deux métakaolins. Ce phénomene permet donc d’expliquer les comportements similaires
observés pour les deux métakaolins pour des teneurs de molybdene supérieures a 0,80 %.

11 est donc possible d’avoir un matériau stable en température en fonctionnalisant une

solution alcaline peu réactive avec différents métakaolins.
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2. Modification de la composition : ajout de renforts

Afin d’améliorer les propriétés des liants au cours des traitements thermiques, 1’influence
de I’ajout de renforts a été ¢tudice.

Les compositions (cf. Chapitre III — III.A.2) ont été étudiées en température. Les
photographies des échantillons relatives aux compositions utilisées pour la mise en forme,
avant et apres traitement thermique a 800 °C, sont reportées dans le Tableau 2. Trois

comportements sont notables. Les échantillons a base de sodium présentent (i) soit une
fissuration 2 la surface et un changement de couleur (ciNa'"na0.7-'®M540z), (ii) soit un début

de fusion (ciNa'""Na0.7-1M5407:). A ’inverse, 1’échantillon c1K'7k0.6->2M5sss ne présente pas de
modification avec seulement un changement de couleur. Les changements de couleur sont dus

a la présence des oxydes de fer contenus dans le sablon ou le métakaolin.

Tableau 2 : photographies des échantillons avant et apres traitement thermique a 800 °C (@
= 35 mm).

07_80 14
LNa™"-"M1"M240s5-1¢ c1iNa!"na07-1"M5 407, c1lK706-22M5ss;

R

Avant traitement
thermique

Apres traitement
thermique

Afin de comprendre les différents comportements, des analyses dilatométriques ont été
réalisées jusqu’a 700 °C sur les différentes compositions (Figure 24). Trois types de retraits
sont notés en fonction de la composition en accord avec les observations précédentes. A
savoir un premier retrait qui est observé entre 100 et 200 °C et, au-dela de cette température,
un phénomene spécifique pour chaque formulation.

Le retrait entre 100 et 200 °C est d a I’évaporation de I’eau contenue au sein du matériau et
sa valeur dépend de la composition (respectivement 1, 4 et 1 % pour les mélanges c1K!70:6-

22M5sss, 1Na"7-5M1*M2405.1¢ et c1Na'""na07-1MS540z:) [39, 40]. Ces valeurs de retrait sont en

accord avec les pertes d’eau déterminées par ATD (respectivement égales a 21,6, 28,0 et
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22,5 % pour les compositions c1K"7k0.6-*M5sss, LNa®’-*M1*M240s.11 et c1Na'"ng07-'"M540z).
Ensuite, pour les compositions ciK"7k0.6-2?M5sss et Na®’-5M1*M2405.1r, une 1égere
diminution de la valeur de retrait est observée entre 200 et 500 °C due a des réorganisations
structurales au sein du matériau [39]. Concernant la composition ciNa" "N 07-1M 540z,

I’expansion de 1’ordre de 5,5 % observée dans le domaine de température (250 - 400 °C) est

caractéristique de la formation de phases entre les différentes especes en présence.

Retrait (%)

T T T T T T 1
0 100 200 300 400 500 600 700
Température (°C)

Figure 24 : courbes dilatométriques jusqu’a 700 °C pour les échantillons (—) 1Na®’-
SM1*M240-11, (—) c1Na'"Na07-""M5 40z, (=) c1K"7k06-*M5ss;

En effet, il pourrait se former une phase a base de silicium responsable de cette expansion
comme mentionné par Konon et al. [41]. La diminution importante de la valeur du retrait
(= 6 %) traduit I’apparition d’un flux visqueux au sein du matériau. De plus, quelle que soit la
formulation, la transformation de phase du quartz est observée vers 550 °C et peut étre
expliquée par la présence du sablon siliceux au sein du mélange [42].

La valeur du retrait total differe en fonction de la composition, respectivement de -1,5, -5,5 et

7,0 % pour les liants ¢iK"7k0.6-22M5sss, 1Na”"-*M1*M240s.1¢ et c1Na'"'na07-"®M540zs, et peut
étre corrélée a la valeur du rapport molaire Si/(Al+M). En effet, pour un rapport Si/(Al+M)
inférieur a 1, les compositions présentent une valeur de retrait élevée a haute température
alors que si le rapport est supérieur a 1, une faible valeur de retrait est notable.

Par conséquent, la fissuration de la composition 1 Na®’-*M1*M240s.1r pourrait étre expliquée

par I’évaporation de 1’eau entrainant un retrait élevé lors du traitement thermique. Dans le cas

du liant ¢iNa'Na07-1M5407:, le début de fusion observé est dii 2 une quantité importante de

cation alcalin au sein du mélange, ainsi qu’a la présence d’impuretés au sein du métakaolin
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entrainant I’apparition d’un flux visqueux vers 600 °C. Finalement, la tenue en température de

I’échantillon c1K!'7k0.6-?M5sss pourrait étre due 2 une teneur élevée en silicium et en

aluminium.

Il est reporté sur la Figure 25 le comportement en température en fonction des nombres de
moles en aluminium, silicium et cation alcalin pour les différentes compositions étudiées.
Trois zones, associées a des comportements différents, ont pu étre isolées en fonction des
différentes concentrations. Pour des pourcentages molaires Al > 0,50, Si < 0,50 et M < 0,75,
I’apparition de fissures est observée a la surface des échantillons. Les échantillons fondent
lors d’un traitement thermique pour des teneurs respectives en Al < 0,25, Si < 0,75 et
M > 0,75. Enfin, dans la derniére zone (Al < 0,50, Si > 0,75 et M < 0,25 mol), les échantillons
présentent une tenue en température correcte. Il a donc été possible de déterminer une
cartographie de la tenue en température des liants géopolymeres en fonction des nombres de

moles en aluminium, silicium et cation alcalin.

0,00
1,00
0,25
0,75
v
-
2
0,50 &
I...
777777777777 3— 0,25
1,00
7 7 7 7 7 0,00
0,00 0,25 0,50 0,75 1,00
Si (mol)

Figure 25 : tenue en température en fonction des nombres de moles en aluminium, silicium et
cation alcalin (==) sodium, (==) potassium et (==) mixte pour les échantillons présentant (M)
une fissuration, (A) un début de fusion et (@) une tenue en température correcte.

Le domaine de tenue en température des pieces mises en forme en liant géopolymere est

fonction de la formulation et du rapport Si/(Al+M) > 1.

104



CHAPITRE III : Synthése des publications

IV. AVANCEE TECHNOLOGIQUE

Dans le cas d’une rupture technologique telle que la réalisation d’un busbar (cf. Chapitre
I), cette partie est consacrée a 1’étude de ’interface entre différents supports métalliques et

différentes formulations de liant.

1. Essais préliminaires

Afin de pouvoir déposer le liant sur les métaux, des essais préliminaires de projection a
I’aide d’un pistolet ont été réalisés avec deux compositions présentant de faibles viscosités
(cf. Chapitre II). L aspect des dépdts des différentes formulations (Figure 26) est fonction de
la nature des supports métalliques.

(a) (b) (©
t=0 t=24h t=0 t=24h t=0 t=24h

Figure 26 : photographies des essais d’adhésion des différentes formulations de liant
géopolymere sur une plaque de cuivre (a) pur, (b) nickelé et (c¢) étamé.

(CK1’7K0’6'12M 1 )25

(CK1’7KOv7-12MT)25

Dans le cas du cuivre (Figure 26a), quelle que soit la composition du liant, le dépot se décolle

apres 24 heures de séchage pour les échantillons Cu-(c1K'7x06-12M1) et Cu-(c1K'7x0.7->MT).
Le cuivre métallique en présence d’une solution basique entraine 1’oxydation du cuivre et / ou
la formation d’hydroxyde de cuivre (CuO) / Cu(OH)4> ne favorisant pas I’adhésion [43]. La
limite de la formation de cette phase étant pour une valeur de pH de I’ordre de 12,5, il sera
donc difficile de déterminer I’espéce responsable. Quoiqu’il advienne, le dépot de liant
géopolymere ne pourra pas adhérer au support.

L’ajout de nickel au cuivre modifie la réactivité et donc 1’aspect des dépots. En effet,

I’échantillon CuNi-(ciK'7x06-'2M1) présente un dépdt hétérogene (Figure 26b). Le
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changement de métakaolin de réactivité supérieure (c1K'7x0.7-'2MT) permet I’obtention d’un

dépot sans fissures et homogene. Ce phénomene est a corréler aux valeurs de pH des liants.
En effet, une étude a démontré que la valeur de pH du mélange c1K"7x0.6-'2M1 varie de 12,8 &
11,5 alors que pour la composition c1K!""0.6-12MT, la valeur de pH évolue de 12,2 a 11,0
[21]. Ainsi, la composition c1K!'k0.6-'2M1, de pH = 12,8, entraine la formation d’espéces
HNiO; [44]. Cette dernic¢re espece s’insérant dans le mélange perturbe les réactions de
polycondensation, responsable de 1’hétérogénéité du dépot. A ’inverse, le mélange c1K'7g0.7-
2MT de valeur de pH (12,2) favorise la formation de Ni(OH): passivant le métal et facilitant
ainsi I’ancrage du liant.

Le méme comportement est observé sur la plaque de cuivre étamé (Figure 26c¢). Dans ce cas,
des especes SnOs* sont formées au contact du liant ¢;K!''0.6-2M1 induisant la formation

d’un dépot hétérogéne. Au contraire, le liant ¢;K!’k0.7-2MT entraine la formation d’espéces
Sn(OH), favorisant la formation d’un dépot homogene.

Les meilleurs résultats semblent €tre obtenus avec les plaques de cuivre étamé et de cuivre

nickelé ainsi qu’avec le liant ¢;K!7g0.7-12MT.

Le controle de I’adhésion entre le métal et le liant a été réalisé par des observations au

microscope électronique a balayage (Figure 27). L’échantillon Cu-(c1K''k0.6-">’MT) n’a pas
pu étre observé car le dépot était totalement décollé de la plaque métallique. Quel que soit le

support métallique, il est toujours noté un interstice entre le support et la couche de liant

soulignant 1’absence de réaction chimique. Plus précisément, I’échantillon Cu-(ciK"k0.6-
2M1) présentant une fissure et le décollement qui en découle devra étre corrélé a la tension
interfaciale. Comme précédemment, la formation d’especes HNiO; et Sn03% a Dinterface
entre le liant et le métal, respectivement nickelé et étamé, favorise un dépot plus hétérogene
de faible fissuration. De méme, les échantillons CuNi-(c1K"7x0.7-?MT) et CuSn-(c1K"7x0.7-
2MT) présentant de meilleures adhésions sont & corréler a la formation d’une phase Ni(OH),
ou Sn(OH); a I’interface entre les deux matériaux favorisant ainsi I’ancrage du dépot.

Les différences d’adhésion entre le liant géopolymere et le métal sont essentiellement

maitrisables par la formulation.
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(C1K1’7K0’6'12M1)25 (C1K1’7K057-12MT)25

(a)

(©)

Figure 27 : images MEB des dépots de (c1K'k06-*"M1)* et (c1K""k07-'*MT)*sur les plaques
de cuivre (a) pur, (b) nickelé et (c¢) étamé.

2. Controle de ’interface

Afin d’évaluer les interactions entre les liants et les différents supports métalliques, il a été
étudié le comportement des différents liants en fonction des trois grandes familles des
matériaux : a savoir polymere (polyéthylene), céramique (plaque de verre) et métallique
(plaque de cuivre). Il a été également étudié deux supports métalliques étamé et nickelé
(ACL7).

La Figure 28 regroupe les valeurs des angles de mouillage, pour les deux familles de
liants retenues, en fonction des trois supports. Pour rappel, plus la valeur de I’angle est élevée,
plus les interactions au sein du liant sont fortes. De plus, celles-ci sont dépendantes du type de
métakaolin et du cation alcalin.

Les valeurs d’angle de mouillage sont toujours plus élevées, quel que soit le support, pour les

compositions a base de sodium induisant plus de réactivité (cf. Chapitre III - III.A.1). Dans

le cas de la plaque de verre usuelle (Figure 28a), les différences observées sont propres a la
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nature du cation alcalin. En effet, les valeurs d’angle de mouillage des compositions (LK*’-
2M1)* et (1Na®7-12M1)* sont respectivement égales a 25,5 et 43,2°. En présence du cation
K*, le phénomene observé peut €tre assimilé aux échanges chimiques utilisés lors de la trempe
chimique des verres [45]. Il existe un échange du cation Na® en surface vers le liant et
inversement, transfert du cation K* vers la surface du verre, ceci ayant pour effet de diminuer
la valeur de I’angle de mouillage.

Les autres différences sont dues aux métakaolins. En effet, les mélanges (LK*7-'2M1)?,
K- M1°MT)* et (LK®7->MT)? ont respectivement des valeurs d’angle de mouillage de
25,5°, 33,4° et 52,6°. Plus particulicrement, la valeur de I’angle plus ¢levée pour la
formulation (LK®7-"’MT)? s’explique par un début de géopolymérisation au sein du liant. La
valeur de pH plus élevée de I’échantillon (LK®-’M1)® (12,8), par comparaison 2
I’échantillon (LK®7-2MT)? (12,2), favorise I’échange des cations Na-K en surface, induisant
une diminution de 1’angle. La combinaison des deux métakaolins induit une plus faible valeur
de pH toujours caractéristique du degré d’avancement des réactions de géopolymérisation.
L’angle de mouillage obtenu est donc compris entre les valeurs obtenues pour les mélanges
LK%-PM1)? et (LK*’->MT)?. Pour les échantillons a base de sodium, les valeurs de pH
plus faibles (respectivement 11,8, 11,5 et 11,8 pour les compositions (1Na%’-?M1)*, (;Na®’-
SMI*MT)® et (1Na®-2MT)>) sont dues a4 une réactivité plus importante entrainant une
augmentation de la valeur de I’angle de mouillage.

En présence du polyéthylene (Figure 28b), seul I’effet du cation est observé alors que 1’effet
du métakaolin est inhibé par la surface hydrophobe du polyéthylene. En effet, la valeur de
I’angle est similaire quelle que soit la composition (environ 99° et 118° pour les compositions
(LKO7-12My)S et (LNa%'-12My)?5).

En présence du cuivre (Figure 28c), I’effet du cation sodium est a nouveau notable
(respectivement 49,0° et 77,7°) pour les compositions LK7-PM1)? et (LNa®’-12M1)?. De la
méme fagon, les valeurs d’angle vont étre caractéristiques des échanges d’especes entre le
cuivre et le liant (cf. Chapitre III — IV.1). La principale différence est notable pour les
compositions (LK*7-*M1°MT)* (respectivement 49,0°, 49,1° et 98,9° pour les mélanges
CKO-2M1DB, (L KO7-2MT)? et (LK®7-°M1°MT)%). En effet, pour ces mélanges, il existe la
formation de Cu(OH)4+*, ou de CuO en compétition avec le degré d’avancement des réactions
de géopolymérisation. Pour les liants (LK*’-2M1)% ou (LK*’-!2MT)%, ce sont essentiellement
les phénoménes d’altération du support qui interviennent, alors qu’en présence des
métakaolins M1 et MT, c’est la réaction de géopolymérisation qui gouverne, imposant une

valeur ¢levée de 1‘angle.
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Figure 28 : variation de la valeur de [’angle de mouillage sur (a) du verre, (b) du
polyéthylene, (¢) du cuivre, (d) du cuivre étamé et (e) du cuivre nickelé pour les compositions
(D) (LK0,7_12M1 )25, () (LKO’7—6M16MT)25, (.) (LK0’7—]2MT)25, (D) (LNaO’7—]2M1)25, ()
(LNaO,7_6M16MT)25 et (-) (LK0’7-12MT)25.
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En présence du cation sodium, les mémes phénomenes sont observés. Néanmoins, la
différence observée pour (1Na’’-*M1°MT)? est due au caractere cinétique plus élevé de la

réaction de géopolymérisation (cf. Annexe III-5-A).

Le dernier point a aborder concerne la modification de la surface métallique. Des essais
d’angles de mouillage ont donc été réalisés sur des plaques de cuivre étamé et de cuivre
nickelé. L’effet du cation alcalin est notable quel que soit le support métallique. En présence
de cuivre étamé (Figure 28d), le comportement des différents liants est similaire a celui
observé sur le cuivre. En effet, il est observé une valeur d’angle plus ¢élevée pour les
compositions contenant un mélange de métakaolins M1 et MT (respectivement 51,9°, 49,5° et
74,4° pour les compositions (LK*7-2M1)*°, (LK®7-2MT)® et (LK°7-SM1°MT)?). Comme
pour le cuivre, les valeurs plus élevées indiquent que la réaction de géopolymérisation
contrdle la valeur de I’angle.

Dans le cas du cuivre nickelé (Figure 28e), le métakaolin ne semble pas avoir d’influence sur
la valeur de I’angle en présence d’une solution a base de potassium (respectivement 68,5°,
64,8° et 66,4° pour les formulations WK7-2PM1)?, L K*7-SM1°MT)? et (LK*7-12MT)?>). Les
différences observées pourraient étre dues aux zones d’existence des différentes espéces au
sein des diagrammes de Pourbaix. En revanche, en présence de sodium, la valeur de I’angle
de mouillage semble dépendre de la réactivité du métakaolin. A nouveau, le mélange (1Na®’-
*M1°MT)> présente la valeur d’angle la plus élevée (respectivement 57,4°, 107,0° et 85,9°
pour les compositions (1Na%’-2M1)%, (1Na®"-M1°MT)* et (1Na®’-'2MT)>). L’adhésion du

liant sur la surface est conditionnée par la valeur de pH du liant et les zones d’existence des

différentes especes réactives métalliques, qui conditionnent également la valeur finale de

I’angle de mouillage.
Ainsi, les différentes interactions sont contrélables a la fois par le cation alcalin et le
métakaolin qui jouent un role sur la réaction de géopolymérisation, mais aussi par la

valeur de pH qui a une influence sur la libération des especes par le support.

Les plaques de cuivre étamé étant les plaques les plus souvent utilisées pour les
applications électriques [29], les essais d’enrobage seront réalisés sur celles-ci. De plus, les
compositions retenues pour la suite de I’étude sont les formulations (LK*’-M1°MT)* et
(LNa%’-M1°MT)* compte tenu de la valeur de I’angle de mouillage la plus élevée. Les
éprouvettes constituées de la plaque de cuivre étamé enrobée a I’aide des liants ((LK%-

‘MI°MT)® et (1Na®7-5M1°MT)>) sont stockées pendant 7 jours selon trois conditions, &
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savoir en moule ouvert, en moule fermé et a une humidité de 85 %. La Figure 29 présente les
photographies des différents échantillons enrobés de liants géopolymeres. Les échantillons
présentent des aspects différents en fonction des conditions de stockage.

Quel que soit le cation alcalin, le séchage en moule ouvert entraine une fissuration importante
de I’échantillon au niveau des bords de la plaque métallique et le liant n’adhére pas au métal.
Ceci pourrait étre dii aux tensions interfaciales tres fortes existant a la surface de 1’échantillon,
causées par la présence de la plaque et de I’humidité relative ambiante, induisant donc des
contraintes [46]. En effet, la pression capillaire de la partie supérieure de I’échantillon est en
traction pour évacuer 1’eau porale sachant que la force exercée par I’humidité relative

ambiante est plus élevée.

(A)

(B)

Figure 29 : photographies des plaques de cuivre étamé enrobées d un liant géopolymere (A)
K*7-SM1°MT)? et (B) (LK*7-SM1°MT)* conservées pendant 7 jours (a) en moule ouvert, (b)
en moule fermé et (¢) a 85 % d’humidité (O = 15 mm).

Dans le cas du séchage en moule fermé, aucune fissure n’est visible indiquant une adhésion
correcte du liant sur la plaque métallique en accord avec un séchage plus homogene du
matériau. En effet, la fermeture du moule permet de contrdler les échanges hydriques a la
surface, les pressions de vapeur saturante s’équilibrent limitant ainsi I’évaporation de I’eau du
matériau [46].

Finalement, 1’apparition de fissures seulement d’un c6té de la plaque métallique pour les
échantillons conservés a 85 % d’humidité révele que ’adhésion entre le liant et le métal n’est
peut-Etre pas totale. Dans ce cas, les échanges de pression de vapeur saturante favorisent le

séchage de facon homogene [46].
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L’apparition de fissures a également été notée lorsque 1’épaisseur de liant recouvrant le
métal est faible, et ce pour les atmospheres humides et le moule ouvert. Ce phénomene
pourrait &tre dii a ’existence de contraintes a 1’interface entre le métal et le liant, et a la
résistance moins élevée d’une faible épaisseur de liant dans cette zone. Un gradient de
contraintes assez prononcé et réparti sur une faible épaisseur favorise le décollement. Dans le
cas des échantillons séchés en moule fermé, I’absence de fissures pourrait €tre expliquée par
une épaisseur et donc une résistance plus importante du liant, étayant & nouveau I’importance
des équilibres de pression de vapeur saturante.

Le séchage en atmosphére controlée permet d’obtenir une adhésion entre le liant et le

support métallique adéquate.

Les découpes des échantillons ont ét€ analysées au microscope optique (avec un objectif
x20) et par profilométrie (Annexe III-5-B). Il n’a pas été possible d’analyser par microscopie
¢lectronique a balayage les échantillons compte tenu de la difficult¢ d’obtenir un vide
suffisant. Des différences d’adhésion sont observées en fonction de la composition du liant et
de I’atmosphére de stockage (Figure 30). Quelle que soit la formulation, une faible adhésion
est notée entre le liant géopolymere et la surface métallique lorsque les échantillons sont
conservés en moule ouvert (Figure 30 Aa, Ba) comme évoqué précédemment. L’adhésion
semble étre favorisée par un stockage en moule fermé, bien que quelques zones de fractures
soient notables a l’interface (Figure 30 Ab, Bb). Celles-ci pourraient étre dues a un
arrachement du liant lors de la découpe du composite. Finalement, de 1égeres différences
d’adhésion sont observées pour les matériaux conservés a 85 % d’humidité (Figure 30 Ac,
Bc) avec toujours I’apparition de défauts d’adhésion pour le liant (LK®’-°M1°MT)%,
attribuables a la préparation de I’échantillon lors de la découpe. Le liant (1Na®’-*M1°MT)>
semble adhérer a la plaque métallique sans défauts a I’interface. Ces données ont été
corroborées par profilométrie (Annexe III-5-B).

1l est donc possible de favoriser ’adhésion d’un liant a base sodium et de deux

métakaolins sur une plaque étamé en atmosphere humide.
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Figure 30 : observation au microscope optique de l’interface entre un support en cuivre et un
liant géopolymere (A) (LK®"-*M1°MT)?* et (B) (LNa’7-*M1°MT)* conservés pendant 7 jours
(a) en moule ouvert, (b) en moule fermé et (¢) a 85 % d’humidité.

3. Réalisation du busbar

Afin de réaliser un busbar a I’aide d’un liant géopolymeére, la composition retenue est la
formulation ({Na®7-SM1°MT)?. La piece obtenue par coulage a été partiellement démoulée
apres 48 heures et maintenue a 30 °C et 85 %HR pendant 72h avant le démoulage total.

La photographie de la piece obtenue est présentée sur la Figure 31. Les résultats montrent
qu’il est possible de réaliser un busbar enrobé de liant géopolymeére. Une étude approfondie
des interactions entre les métaux et les liants géopolymeres devrait permettre d’optimiser les
parametres d’obtention de la piece et, plus particulierement, le temps nécessaire au

démoulage.
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(b)

Figure 31: photographies du busbar obtenu par coulage de la formulation (1Na’’-
*M1°MT)? et conservation en atmosphere humide a t = (a) 2 jours et (b) 1 semaine apres
coulage.

V. CONCLUSION

Cette ¢étude a été réalisée depuis la caractérisation des matieres premieres jusqu’a
I’obtention du produit fini en contrdlant les différentes étapes de la fabrication.

La caractérisation des solutions de silicate par différentes méthodes spectroscopiques a
permis d’identifier les espéces réactives et notamment la réalisation d’une cartographie en
fonction du taux d’eau et du cation alcalin. L’agglomération du sable est maitrisée par la
dilution de la solution de silicate et I’utilisation d’un séchage conventionnel a 150 °C.

La réalisation d’une couche de transition peut étre réalisée par des liants géopolymeres a
partir des criteres suivants, a savoir une solution de silicate de rapport Si/M compris entre 0,5
et 0,8 et un métakaolin permettant d’obtenir des rapports molaires Si/Al <2 et M/Al < 1,2.

L’enrobage d’un bloc de sable aggloméré ou d’un métal par un liant géopolymere peut
étre maitrisé en modifiant la formulation du liant et plus particulierement le cation alcalin ou
le métakaolin.

Finalement, il a été démontré que 1’obtention de composants électriques avec des liants

géopolymeres est possible.
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understand the formation of geopolymer structural networks and the effect of Mo-based additive on the thermal
behavior of material. Several geopolymers were synthesized between two metakaolins and various amounts of
ammonium molybdate. The microstructure of samples was determined by SEM, the structural evolution
(depending on the amount of molybdenum added) was investigated using Raman spectroscopy and XRD
analyses, and the temperature behaviors of materials by DTA-TGA and dilatometric analyses. The results showed
that (i) both metakaolins react differently in the presence of ammonium molybdate, (ii) molybdenum induces
decrease of shrinkage value at high temperatures, and (iii) the crystallization seems to be favored with ammoni-
um molybdate. This work shows that ammonium molybdate controls polycondensation reactions highlighting
the modifier or former role played by the molybdenum atoms depending on the amount of ammenium molyb-
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1. Introduction

Geopolymers are aluminosilicate materials synthesized at ambient
temperature or slightly higher temperature by the alkaline activation
of aluminosilicate sources. These materials were previously discussed
in the 1960s by Glukhovsky [1]. Due to the high interest of geopolymer
materials in industry, a large number of studies were conducted, and it
was found that the main role of the aluminosilicate source was as the
alumina source for Al-Si polycondensation, and the alkaline solution
acted as an activating agent [2,3]. The aluminosilicate sources could be
derived from natural clay minerals, calcined clays or industrial by-
products [4]. Even if metakaolins are the major aluminosilicate source
used around the world due to their high reactivities, it is also possible
to work with other Al-rich sources, such as montmorilllonite, illite
or non-dehydroxylated kaolin [5]. But it was shown that the
geopolymerization is much less complete with unreactive non-
dehydroxylated kaolinite or 2:1 clay minerals [6,7]. Previous studies on
aluminosilicate sources showed the influence of the reactivity and puri-
ty of different metakaolins on the formation of various networks in the
strengthened materials [8,9]. Thermal treatments were performed on
various potassium-based geopolymers to identify these different net-
works, and the analyses highlighted the crystallization of compounds
identified as leucite (KAISi;Og) and kalsilite (KAISiO,) for all of the

* Corresponding author. Tel.: +33 5 87 50 25 64.
E-mail address: sylvie.rossignol@unilim.fr (S. Rossignol).

http://dx.doi.org/10.1016/j.powtec.2015,02.012
0032-5910/© 2015 Elsevier B.V. All rights reserved.

samples [10]. The various metakaolins used will lead to differences be-
tween the strengthened materials. Indeed, the authors demonstrated
that a more reactive metakaolin will form a single geopolymer network
due to the very fast dissolution of the metakaolin. A less pure and reac-
tive metakaolin leads to two “geopolymer” networks: a Si-rich network
and an Al-rich network with a partial dissolution of the metakaolin.
Concerning the alkaline solution, there are various parameters that
could influence the polycondensation reactions such as the alkali cation,
the water content, the Si/M ratio (where M = Na or K) or the siliceous
species present in the solution. Indeed, Steins et al. [11] studied the in-
fluence of three cations (sodium, potassium and cesium) as alkali acti-
vators. They demonstrated that the dissolution of the metakaolin is
more rapid with a small cation. They demonstrated that the alkali hy-
dration sphere could play a role in the local organization and consolida-
tion of the geopolymer. Moreover, other authors showed the influence
of the silicate solution used [12,13]. Indeed, they studied two different
potassium silicate solutions; the first one was prepared by adding
KOH pellets to a commercial potassium silicate solution, and the second
one was obtained by the dissolution of silica in a solution containing
water and KOH pellets. The authors demonstrated that the second solu-
tion contained more Q° species than the first one. Because Q° species are
more reactive than other Q" species, this solution has a higher reactivity.
So, these solutions will lead to different polycondensation reactions.
According to this, the quality of the alkaline solution and therefore its
reactivity are in accordance with the purity and the reactivity of the
metakaolin (see before) because the various networks formed in these
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materials are essentially based on silicate compounds. So, the control of
the siliceous species in the reaction mixture could influence the forma-
tion of a specific network.

Some studies highlighted that the formation of silicomolybdic enti-
ties was possible thanks to the reaction between siliceous species and
ammonium molybdate ((NH4),Mo0,0,) [14]. The formation of & and B
silicomolybdic acid (H45iMo012049) was demonstrated by Truesdale and
Smith [15]. These entities could be used for the determination of the sil-
ica thanks to a colorimetric method [16]. Indeed, in water, the reaction
between silica and molybdate will form yellow or blue silicomolydic
acid. The intensity of the color, measured by spectrophotometric analy-
sis, allows the determination of the concentration of silicomolybdic enti-
ties in the material. Other authors determined the size of colloidal silica
in alkali-silicate solutions depending on the pKa of H3SiO4 by a reaction
with molybdic acid [17]. Some studies showed the stability of different
molybdic species as a function of the pH value. Thus, Jiang et al. [18] de-
termined that in the presence of phosphorus or zirconium, MoOZ ~ enti-
ties exist for pH values between 6 and 10.5 while Mo,08; species exist
between pH values of 6 and 7.5. Others authors [19] showed the pres-
ence of Ag,Mo;05 for a pH value near 5 and the existence of Ag,MoQ,
for pH values between 6.5 and 12. It was highlighted that alumina
could react with molybdic species to change the isoelectric point where-
as silica reacts with molybdic compounds to form various species. The in-
teraction of the Oxo molybdenum species with alumina is irreversible,
whereas with silica the species remain labile [20]. In some recent studies,
the molybdate method and spectroscopic measurements were used to
follow the various interactions between an alkaline solution and alumi-
nosilicates [21]. They showed that the formation of different structural
units depends on the reaction time. The same methods were also used
to determine the structure of the geopolymer formed [22]. Studies on
various types of silicate glass showed that crystallization in these mate-
rials is favored by these melybdic compounds [23]. In silicate glass, the
molybdenum atoms are in a four-fold environment ([MoO4]? ™). These
tetrahedrons cannot bridge with silicon polyhedrons [24]. Thus, the mo-
lybdenum atoms are located in zones rich in alkali or alkaline earth
metals. Therefore, the silica network is impoverished in alkaline cations
and contains fewer non-bridging oxygen atoms. When potassium
atoms are present in the system, the crystallization of potassium
bimolybdate (K;Mo,0,) and potassium molybdate (K;Mo04) occur at
460 °C and 925 °C, respectively, during thermal treatments [25,26].

The molybdate compounds could be used to modify siliceous species
from the alkaline solution. Because geopolymers are alkaline activated
materials based on silica species, the aim of this study is to control
these siliceous species in the potassium silicate selution by adding am-
monium melybdate. Finally, the role of molybdic species on the forma-
tion of different structural networks in gecpolymer materials was
determined. To do this, various gecpolymer samples synthesized from
two different metakaolin sources were realized with Mo-addition and
were studied by spectroscopic, microscopic and dilatometric analyses.

2. Material and methods
2.1. Raw materials and sample preparation

Samples were synthesized using an alkaline silicate solution (Si/K =
0.7) and two metakaolins (denoted Mk1 and Mk2) from the supplier
Imerys (Table 1) [27]. The alkaline silicate solution was obtained by
the dissolution of KOH pellets (85.2% purity) and amorphous silica
(99.9% purity) in osmotically purified water at room temperature as de-
scribed in a previous work [28]. Syntheses were performed by mixing
the alkaline silicate solution and metakaolins. Then, the samples were
placed in a closed mold at room temperature (25 °C). The geopolymer
characteristics are presented in Table 1. Other samples were realized
with the addition of anhydrous ammonium molybdate (99.9% purity)
to the alkaline solution before the addition of the metakaolins. The
amounts added were between 0.08 and 1.57% molar of molybdenum.

Table 1
Chemical characteristics of raw materials and geopolymers.
Raw materials Geopolymers
Chemical Si/Al AlK %H,0
composition
(weight %)
Si02 A0z
M1 55.0 40.0 1.80 11z 328
M2 55.0 390 1.84 1.09 3238

Some of these samples were heated at 1400 °C using a 5 °C/min ramp
after consolidation. The nomenclature used for the various samples is
reported in Table 2.

22, Sample characterization

Raman spectroscopy was performed on powder samples using a
T64000 Horiba-jobin-Yvon spectrophotometer with 514 nm laser exci-
tation operating at a power of 30 mW at the sample. Scattered light was
collected in the backscattering mode using a long working distance ob-
jective (x50) with a triple diffraction grating (1800 lines/mm). The
spectral range was 100 to 1200 cm ™', and the acquisition time was 60s.

X-ray patterns were collected from powder samples after they were
crushed to 63 pm in size and were obtained from 5 to 80° (20) using a
Briicker D8 apparatus equipped with a graphite-backed monochroma-
tor. The device was equipped with a cobalt anode (N = 1.79026 A).
The XRD patterns were obtained using a dwell time of 0.5 s and a step
size of 0.01° (26). The crystalline phases were identified by comparing
the patterns with powder diffraction file (PDF) standards from the In-
ternational Center for Diffraction Data (ICDD).

The morphologies of the final products were determined using a
Cambridge Stereoscan 5260 scanning electron microscope (SEM). The
samples were broken and carben coated.

Differential thermal analysis (DTA) and thermogravimetric analysis
(TGA) were performed on an SDT Q600 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.
Milligram aliquots of the samples were placed in platinum crucibles,
and the analyses were performed from 30 to 1400 °C at 20 °C/min for
the consolidated geopolymer samples obtained at room temperature,
All of the samples were crushed prior to analysis.

Dilatometric measures were made under air, by means of a contact
vertical dilatometer (TMA Setsys Evolution Setaram), on bulk samples
with a cylindrical geometry (H = 7 mm; @ = 6.5 mm). Two platinum
holders were placed at the surface end contacts of the samples to
avoid high-temperature diffusion between the samples and the alumina
holders. A calibration cycle (without the sample) was performed and
registered. The calibration data were then subtracted from the data
collected for each sample to eliminate the contribution of the device.
The thermal cycle used consisted of heating from 30 to 1400 °C and
cooling from 1400 to 30 °C, both at a rate of 5 *C/min. Then, the
AlLsampte/ALreference, Where the reference is the sample without the
addition of ammonium molybdate, was calculated for every composi-
tion. For example, for the >M2, 57 geopolymer, the total shrinkage is
equal to 4.8%. The shrinkage of the reference (?*M2) is 20%. So, the
Algampie/Alreference Value is equal to 0.24.

Table 2
Nomenclature of samples.
Molar % of Mo Mk1 Mk2
25°C 1400 °C 25°C 1400 °C
0 25M1 14DGM1 ZSMZ 1400M2
040 Mlga0 %M 19,40 *M29.40 409M24,40
157 M5 1900M14 57 *M2457 0024 5
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3. Results and discussion

3.1. Impact of the addition of a fixed percentage of ammonium molybdate
on geopolymer formulation

To study the influence of ammonium molybdate on consolidated
materials, thermal analyses and scanning electron microscopy observa-
tions were performed on the two extreme compositions (with or with-
out molybdenum (1.57%)).

Fig. 1 presents the DTA and TGA curves of the four samples. All of the
samples exhibit the same phenomena. First, an endothermic peak is ob-
served between 30 and 200 °C and then, exothermic peaks, which are
centered on different temperatures, are noted at high temperatures
(above 800 °C). The endothermic peak is associated with an important
weight loss (between 25 and 35%) and can be explained by the loss of
the water in the porous network as demonstrated in geopolymer com-
pounds [29]. For the ?*M1 and ?®M2 samples (Fig. 1a, c), the weight
losses are equal to 34 and 36% respectively. The incorporation of ammo-
nium molybdate in the 2M1 geopolymer (Fig. 1b) does not have a sig-
nificanteffect on the quantity of water contained in the sample, which is
equal to 35% In the case of the »*M2, 5, sample (Fig. 1d), the weight loss
is near 28%. So, this sample seems to contain less water than without the
ammonium molybdate. This phenomenon could be due to some differ-
ent polycondensation reactions. Indeed, the two metakaolins have dif-
ferent reactivities according to Autef et al. [8]. Moreover, in the case of
samples containing ammonium molybdate, the small amount of molyb-
denum can medify the alkaline solution. Consequently, these two
phenomena have an impact on the geopolymerization mechanisms
(unpublished work). Then, exothermic peaks are noted for the four
samples between 900 and 1400 °C. For sample 2M1 (Fig. 1a), the two
peaks located at 1120 and 1170 °C can be attributed to various structural
rearrangements, which lead to the formation of two phases: the leucite
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and the kalsilite [8,10]. The presence of these phases was also deter-
mined by XRD analysis (Fig. 3b). The M2 geopolymer (Fig. 1c) also
presents two exothermic peaks, but they are centered on different
temperatures. The first one is located at approximately 980 °C and
may be due to spinel-phase formation [30,31]. The second is located
at 1230 °C and may be related to the crystallization of leucite
(KAISiz0¢) as shown hy Autef et al. [8]. The incorporation of ammo-
nium molybdate into the 2°M1 geopolymer (Fig. 1b) seems to modify
the exothermic peaks located at 1000 and 1140 °C. The first peak at
1000 °C could be explained by the formation of a spinel-phase or
by the crystallization of another compound because the composition
must be identical. The second peak at 1140 °C is the same as the one
for the 2*M1 geopolymer. In the case of the 2>M2 5, geopolymer, the
presence of only one peak at 1015 °C is noted (Fig. 1d). This peak
could correspond to the peak observed at 980 °C for sample °M2, in-
dicating that crystallization occurs at a higher temperature. So, the
addition of ammonium molybdate seems to delay the crystallization
phenomena in this geopolymer.

These results indicate that the addition of ammonium molybdate
has an influence on the crystallization of phases at high temperatures
and on the amount of water contained in the porous network. So, the
addition of this compound may have an effect on the structural data of
the geopolymers.

As a way te determine the impact of the addition of ammonium
molybdate on the structures of the sarnples, SEM investigations were
performed (Fig. 2). The M1 and ?°M2 materials show typical
geopolymer morphologies [32] (Fig. 2a, e). Some minor differences
can be observed between these two samples and can be linked to the re-
activities of the two metakaolins leading to distinct networks [8]. The
addition of ammonium molybdate into the 2>M1 geopolymer (Fig. 2c)
implies changes in the properties of the microstructure, such as a
more pronounced texture as can be observed in the presence of various
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Fig. 1. (- - -) Weight loss and (~) heat flow curves versus time for (a) 2°M1, (b) **M1, 5, (c) **M2 and (d) **M2, 5; samples,
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25°C

Fig. 2. SEM images (a) 2M1, (b) %M1, (c) ®M11s7, (d) M1, 57 (e) 2°M2, (f) "°"M2, (g) M2, 57, and (h) M2, &, samples.

alkaline solutions [33]. This feature is related to the alkaline solution
specificity, implying that different polycondensation reactions are
occurring. The same phenomenon could be observed for the SEM
image of the M2, 57 sample (Fig. 2g). Moreover, some cracks could
be observed for the M1, s, sample (Fig. 2¢) due to the fact that the ob-
servation was done on the broken zone. In the case of the '*°°M1 and
149002 samples (Fig. 2b, f), different microstructures are observed.
The °M1 sample exhibits a vitreous aspect associated with the
presence of some crystallization features whereas the '4*°M2 sample
displays a homogeneous vitreous feature [34,35]. The observations for

the %M1 sample could be explained by the presence of two intercon-
nected networks. The homogenous structure of the 1*°°M2 geopolymer
could be due to the existence of a single geopolymer network in this
sample [8]. Then, for the M1, 57 and M2, 5; samples (Fig. 2d, h),
the vitreous phase seems to disappear, and the presence of small crystal-
lites is noted. Nevertheless, the '4°°M2, 5, geopolymer displays an al-
most perfect distribution, which could be linked to the only exothermic
peak observed by DTA analysis, as opposed to '#*°M1, 55, which exhibits
a heterogeneous distribution, where several exothermic peaks are
detected.
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These observations reveal that in the presence of ammonium molyb-
date, the texture is more compact (a little deeper) for unheated sam-
ples. During heat treatment, the crystallization is enhanced in the
presence of this ammonium molybdate, which acts as a catalyst of
crystallization.

All of these observations focus on the effects of various amounts of
molybdenum between 0 and 1.57% because it is not possible to obtain
a consolidated geopolymer when the amount of Mo is superior to
1.57%. The difficulty of obtaining consolidated materials with Mo addi-
tions superior to 1.57% could be due to the fact that this compound in-
fluences the geopolymerization reactions. This phenomenon could be
explained by the fact that molybdic species may either react with SiO4
tetrahedrons as it is the case for determining silica in silicates [15-17]
or be counterbalanced by potassium ions like in silicate glasses [23,24].

3.2. Effect of a variable percentage of ammonium molybdate on the
geopolymer crystallized phases

X-ray diffraction was performed on samples containing various
amounts of molybdenum (Fig. 3), namely 2M1 (Fig. 3a), "4°°M1
(Fig. 3b), M2 (Fig. 3c) and '*°°M2 (Fig. 3d) containing various
amounts of this compound (0, 0.40 and 1.57%).

As expected, the XRD patterns of the »>M1 and 2*M2 samples are
quite similar and characteristic of geopolymer materials with an amor-
phous dome centered near 33° (20) (CoKc). As expected, some crystal-
lized phases are present and attributed to impurities in the metakaolins
such as quartz, anatase and muscovite. The addition of ammonium mo-
lybdate does not seem to have an effect on the XRD pattern obtained.
Indeed, the M1g.49, *M11 57, *M2g 40 and M2, 57 patterns are simi-
lar to those obtained for the M1 and ?*M2 samples. This result is
most likely due to that (i) the impact of ammonium molybdenum is es-
sentially on amorphous phases, and this impact is difficult to show by
XRD, and (ii) the amount of ammonium molybdenum added into the
mixture (up to 1.2 wt.%) is very small, which does not allow modifica-
tions to be seen on the XRD, After thermal treatment, both the 4%°M1
and "%°M2 samples display similar XRD patterns with the presence of
crystallized phases such as leucite (KAISi;Og) and kalsilite (KAISiO).
Whatever the metakaolin raw material used, with the incorporation of
0.40% molybdenum ("®°M1q.40 and "%°M2y 40), the leucite phase is
still present. However, there is a decrease of the kalsilite phase, and
the appearance of a potassium bimolybdate phase (K,M0,05) is ob-
served. The kalsilite phase disappears moving from the addition of
0.40 to 1.57% molybdenum for both the 14%°M1, 5, and *®M2, 5; sam-
ples. Moreover, the potassium bimolybdate phase is always observed
with the presence of an alumina phase which may be Mo-doped. Conse-
quently, as was previcusly observed, the ammoenium molybdate plays a
role on the structure and the formation of the various networks in ma-
terials at low temperatures. This phenomenon is also found during heat
treatment, inhibiting the formation of the kalsilite phase in favor of po-
tassium bimolybdate and Mo-doped alumina. This could be explained
by the complexaticn of the potassium with the molybdenum atoms to
form the petassium bimelybdate phase. The remaining aluminum
atoms react to create an Al-rich phase doped with molybdenum
atoms. So, the M1 and 2°M2 samples display an amorphous dome
characteristic of geopolymer materials with some crystallized phases
due to impurities in the metakaolins. After thermal treatment, the
XRD patterns are similar for both samples without the addition of Mo;
crystallized phases identified as leucite and kalsilite are present. With
the addition of ammonium molybdate, a potassium bimolybdate
phase is also observed. For the addition of 1.57% of molybdenum, the
kalsilite phase totally disappears whereas in the presence of potassium
himolybdate, Mo-doped alumina and leucite are observed.

The presence and evolution of the phases in the geopolymers are
confirmed by Raman spectroscopy (Fig. 4) on these different samples.
Raman frequencies of some molybdic compounds are given in Table 3
[36-39]. In fact, for the M1 and 2°M2 samples (Fig. 4a, ¢), the Raman
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spectra are similar, and they present contributions at 150 (Eg), 200
(Eg), 392 (B1g), 510 (Asg) and 634 cn ™' (E;) [40,41]. In order to better
see the weak bands, the contribution located at 150 cm ™, which is very
strong, is not presented in Fig. 4a and c. All of these bands are attributed
to anatase, which comes from the metakaolin and was unaltered either
by the calcination or by the alkaline attack [8]. This compound was also
observed by the XRD analyses (Fig. 3) in all of the samples. After the ad-
dition of 0.40% molybdenum, in the >>M1g.49 and 2°M2g 4o materials,
only the contribution of anatase is observed. The same bands are ob-
served for the M1, 57 and M2, 57 geopolymers, but there are also
other contributions due to Mo - O bonds that are detected at 315 and
884 cm ', These bands are attributed to the 6(Mo—-0) and the
vs(Mo~ 0), respectively, for the MoOZ ~ anion (Table 3). This phenom-
enon seems to indicate that, in an alkaline medium, the Mo,03 ~ anions
are not stable and will form MoO3 ™ entities as reported by Jiang et al.
[18]. Indeed, the authors have shown that in an alkaline medium
(pH >9), only MoOZ ~ ions are detected. After thermal treatment, new
bands appear at 150, 379, 495 and 528 cm ! in all of the samples, and
an enlargement at approximately 1000 cm™ ! is also observed. The con-
tribution at 379 cm ™~ * could be attributed to kalsilite, and the others are
associated with 6 (T- 0-T), where T = Si or Al, for the leucite [42]. The
large band at approximately 1000 cm ! can be attributed to disordered
phases such as an aluminous network associated with some leucite
weak modes [42-44]. In the case of the M2 sample, bands assigned
to leucite and kalsilite are also observed. However, the contribution at
approximately 1000 cm ™' is smaller for this material than for "*%°M1.
This result can also be explained by the presence of disordered phases,
most likely due to the different reactivities of the two metakaolin pre-
cursors used. For the °®M1g.4 sample, the contributions due to the
presence of leucite and kalsilite are found. Moreover, the large bands be-
tween 600 and 1200 cm ™" are still observed. The same observations are
observed for the '4%°M2; 4, geopolymer. Finally, for the addition of am-
monium molybdate up to 1.57%, the kalsilite contribution at 379 cm™!
disappears, and the bands attributed to leucite are still present for
140001, <, material, as shown by the XRD analyses. Moreover, the
band at approximately 1000 cm~" is smaller for this sample. This phe-
nomenon confirms the previous results (see above) about the presence
of less disordered phases. The same observations regarding the kalsilite
and leucite phases were made for the “%°M2, 5, geopolymer. To con-
clude, the analyses on unheated samples showed the presence of
MoOZ ~ species with the addition of 1.57% molybdenum, which can be
explained by the fact that Mo,02 ~ entities are not stable in alkaline me-
dium. After thermal treatments, all of the samples present contributions
of leucite. The presence of kalsilite is detected in the samples without
ammonium molybdate. However, the contribution of kalsilite disap-
pears when 1.57% ammonium molybdate is added. According to some
studies [45,46], the molybdenum atoms could play the role of either
network modifiers or network formers in various types of silicate
glass. In effect, these authors have demonstrated that in phosphate
glass at low concentrations the molybdenum oxide plays the role of a
network madifier, and at high concentrations, it acts as a network for-
mer. Indeed, it has been shown that in these types of glass molybdenum
atoms will preferentially bridge with oxygen atoms to form units such
as MoOg. It was also demonstrated that molybdenum oxide has an effect
on the nucleation kinetics in glass. Therefore, it is clear that the molyb-
denum atoms may have an impact on crystallization during thermal
treatment inducing drastic modifications in the geopolymer mixtures.

3.3. Mechanisms versus the reactivities of the metakaolins

Dilatometric analyses were performed on the samples containing
various amounts of ammonium molybdate. Fig. 5 presents the dilato-
metric curves obtained for the samples of various compositions with
both metakaolins Mk1 (Fig. 5a) and Mk2 (Fig. 5b) containing 0 to
1.57% of molybdenum.
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Fig. 3. XRD patterns of (a) M1, (b) “%M1, (c) **M2 and (d) **®M2 geopolymers with various amounts of ammonium molybdate. (A: anatase (PDF; 00-021-1272), Q; quartz (PDF; 04-012-
0490, M: muscovite (PDF: 04-015-4251), L: leucite (PDF: 01-085-1626}, K: kalsilite (PDF: 00-050-0436), B: potassium bimolybdate (PDF: 00-036-0347}, C: corundum (PDF: 00-010-0173).

The dilatometric curve obtained for the >>M1 sample displays a total
shrinkage near 20%, and two phenomena are observed. The first one
between 30 and 200 °C, linked to an approximately 5% dimensional var-
iation [29,47], could be associated with the loss of the water in the po-
rous network [10,29,47] as was demonstrated by the DTA and TGA
analyses. Then, a second dimensional variation near 15% appears

between 900 and 1000 °C and could be attributed to a viscous sintering
[10]. This phenomenon is characteristic of the two contributions corre-
sponding to the two networks identified by Autef et al. [8]. The first has
been attributed to a relatively amorphous network in which the potas-
sium and aluminum atoms lead to the formation of non-bridging oxy-
gen atoms whereas in the second network, aluminum atoms could
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Fig. 4. Raman spectra of (a) >M1, (b) ™M1, (¢} 2*M2 and (d} "**°M2 geopolymers with various amounts of ammonium molybdate (A: anatase, Mo: MoO3 —, L leucite and K: kalsilite).

play the role of network formers, and therefore, only the potassium
atoms are respensible for the presence of non-bridging atoms. For the
25M2 geopolymer, the same behavior is observed with two stages in
the dimensional variation, the first between 30 and 200 °C and the sec-
ond between 900 and 1150 °C. However, this sample differs from the
25M1 sample because in the second phenomenon three contributions
appear. The first one at 950 °C could be explained by the occurrence of
a viscous flow from the geopolymer network according to the TEM ob-
servations [8]. Then, the second one near 1000 °C could be associated
with a delay due to the appearance of siliceous species from the trans-
formation of some residual aluminosilicate, which increases the viscous
flow. Finally, the third contribution at 1100 °C could be explained as an-
other delay due to the presence of quartz in the material enriching the
viscous flow [48]. So, this sample also displays a total shrinkage equal
to 20%. In conclusion, these two samples display the same shrinkage

values, but they have different behaviors during thermal treatment in
agreement with their exothermic peaks detected by thermal analyses.

Then, the effects of molybdenum additions of 0.40% on the dimen-
sional variations of these two compositions were studied. The dilato-
metric curve of the 2>M1g.40 sample (Fig. 5a) shows that the first 5%
shrinkage is present. The second contribution at 950 °C is also visible,
but the shrinkage value associated with this contribution is less impor-
tant (near 5% compared to 15% for the 2°M1). In this case, the total
shrinkage of only 10% implies that the incorporation of ammonium mo-
lybdate seems to decrease the shrinkage. Regarding the 2>M2g 49 Sam-
ple, there are also two stages in the dimensional variation. The first
one occurs between 30 and 200 °C and is equal to 5%. The second one
occurs at 990 °C (11%). The three contributions observed for the 2°M2
sample are no longer measurable, and only one phenomenon occurs
at the higher temperature. This phenomenon is associated with an
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Table 3
Raman frequencies of molybdic compounds.

Raman frequencies (cm ")

Compounds Mo0F ™ Mo,05 Mo;08; (NH,)eMos0z0-4H,0  [Mo05Cl
(H0)1™
Reference [31] [31] [32] [33] [34]
Vs (Mo-0) 888 929 (0] 959[0] 934 946
908 [T] 905
890
881
859
838
Vas (Mo -0} 852 873[0] 911 = 896
860 [T)
8(Mo-0) 317 - 360[0] - -
vand & = - 225 - 253
(Mo-0-Mo)
Vs (Mo-0OH;) - - - - 391

11% shrinkage value, and the total dimensional variation of this sample
is equal to 16%. So, the effect of 0.40% molybdenum is more significant
for the samples prepared with the Mk1 metakaolin. Whatever the
metakaolin used, Mk1 or Mk2, the 5% shrinkage between 30 and
200 °C s also observed when the amount of molybdenum is increased
up to 1.57%. Moreover, the contribution at high temperature disappears
and the total shrinkage is near 5% for the **M1,57 and **M2; 57
geopolymers. So, it seems that, whatever the metakaolin used, a limited
value of ammonium molybdate must be used to observe behavior
differences between samples using the different metakaolins. Above
this limit, both geopolymers seem to have the same behavior.

The results evidenced that the incorporation of ammonium molyb-
date in geopolymer reactive mixture caused changes on the morphology,
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Fig. 5. Dilatometric curves of {a) M1 and (b} M2 geopolymers with various amounts of
ammonium molybdate.

on the structure and on the thermal behavior of the strengthened
materials.

Further investigations were made to determine how the geopolymers
containing various amounts of ammonium molybdate react during heat
treatments. Fig. 6 presents the variation of the ALsample/Alreference Values
(where AL represents the shrinkage and the reference is the sample
without any Mo addition) as a function of the amount of molybdenum
added to the mixture. Two different behaviors are observed for both
metakaolins. Indeed, for an amount of molybdenum inferior to 0.24%,
the shrinkage value will decrease rapidly for the Mk1 metakaolin whereas
the diminution is less pronounced for the Mk2 metakaolin. Between 0.24
and 0.80% molybdenum, both geopolymers display almost the same be-
havior with a quasi linear decrease, which could be attributed to the
same mechanism, Then, for an addition above 0.80%, both geopolymers
display the same shrinkage value. These two different behaviors must
be explained by two parameters, such as the alkaline solution or the
metakaolin reactivity, and two different phenomena may occur depend-
ing on these parameters. First, if it is the solution that controls the poly-
condensation reactions, the decrease in the shrinkage value would be
similar for both materials, but the results do not seem to confirm this hy-
pothesis. The second factor is in relation to the ability of each metakaolin
to release aluminosilicate species in the presence of the alkaline solution.
Indeed, the Mk2 compound will have the aptitude to rapidly release alu-
minosilicate species whereas the release is more progressive for the Mk1
metakaolin [49]. The addition of ammonium molybdate into the solution
leads to the formation of MoO3 ~ species. These entities will locally disrupt
the siliceous species, which could react with the potassium or aluminum
species modifying the silicate species, as has already been shown in the
laboratory (unpublished work). In the case of the M1 sample, siliceous
or aluminous species will be randomly released, and a competition be-
tween the two networks (Si-rich and Al-rich networks) occurs. For
small amounts of ammonium molybdate, a network where the potassium
and aluminum atoms are modifiers will be favored. Then, when the
amounts of ammonium molybdate increase in the mixture, the aluminum
and molybdenum atoms play the role of network formers as can be
observed in various types of glass [45,46]. In the case of the 2°M2
geopolymer, the Mk2 metakaolin releases siliceous and aluminous spe-
cies very rapidly. The dilatometric curves show that for additions above
0.24%, the dimensional variations at high temperature occur at higher
temperatures than for additions below 0.24%. This phenomenon could
be explained by the formation of a former-rich network, which shifts
the contribution to higher temperature (950 to 1015 °C; Fig. 5). Indeed,
as it was previously mentioned, the molybdenum atoms will bridge
with oxygen atoms and act as network co-formers. So, a network where
the aluminum and molybdenum atoms play the role of network formers
predominates. Thus, in this case it also seems possible that the network
could be enriched in network formers such as the molybdenum and
aluminum atoms.
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So, the addition of ammonium molybdate into the geopolymer mix-
ture seems to be able to control the formation of the networks in the
strengthened materials, and depending on the amount of this com-
pound added, different networks can be observed. According to this,
the molybdenum atoms play the role of modifiers when small amounts
of ammonium molybdate are added and the role of formers when great-
er amounts are added.

4. Conclusion

The effects of the addition of various amounts of ammonium molyb-
date inte geopolymer mixtures have been studied for compositions
made with two various metakaolins. The experiments have shown
that molybdenum can be added up to 1.57% whatever the metakaolin
used. Above this amount, it is difficult to obtain a consolidated material.

The results demonstrated that the addition of ammonium molybdate
into geopolymer mixtures induces decreases in the shrinkage values and
increase the temperature of crystallization. The addition of this com-
pound into the solution implies the presence of MoQ3 ™ entities, which
will disrupt siliceous species inducing a modification of the reactivity
of the alkaline solution. For small amounts of molybdenum (<0.24%),
the aluminosilicate source controls the polycondensation reactions
whereas this is the alkaline solution for higher amounts of ammonium
molybdate. Consequently, for small amounts of melybdenum, the mo-
lybdenum atoms may play the role of network modifiers whereas
above 0.24%, the molybdenum atoms are network formers.

Finally, the addition of ammonium molybdate allows control of the
formation of specific networks, then the geopolymerization one and
could also improve the thermal behavior of the geopolymers.
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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 labora-
tory waste. The effect of these additions on the geopolymer properties
was studied by FTIR spectroscopy and mechanical test. It was evi-
denced 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 temper-
ature. 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—
9]. Indeed, Sata et al. [7] compared materials obtained with natural and recycled
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Fig. 1. Synthesis protocol of geopolymer samples.

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.

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/Ksolution molar ratio to 0.58. Then, laboratory aluminosilicate waste (Si/Al =
1.66), previously crushed and sieved through 80 um, and metakaolin were added. The
mags proportion of Si0Os, Al;O3 and K30 in the waste is respectively 53, 28 and 19%.
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, G2°
corresponds to a geopolymer with 20% of waste.

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 4000cm ! with a resolution of 4cm~!. The
atmospheric COy 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].

X-ray patterns were collected from raw materials after they were crushed to 80 yum
in size and were obtained from 5 to 70° (26) using a Briicker-AXS D5005 apparatus
(A = 1.54056 A) equipped with a graphite-backed monochromator. The XRD patterns
were obtained using a dwell time of 2s and a step size of 0.04°(28). The crystalline
phases were identified by comparing the patterns with powder diffraction file (PDF)
standards from the International Center for Diffraction Data (ICDD).
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Fig. 2. X-rays patterns of (a) metakaolin and (b) laboratory waste (A: Anatase (PDF:
00-021-1272), M: Muscovite (PDF: 00-046-0741), and Q: Quartz (PDF: 00-046-1045)).

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 15mm 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

The raw materials were previously characterized by XRD analysis. The results are
given in the Fig. 2. Briefly, the metakaolin pattern clearly evidence the presence of
amorphous phases (dome at 260 = 22°). All the main peaks are relative to presence of
impurities such as quartz, anatase and micas. The waste laboratory displays also an
amorphous component which is shifted to higher angle (dome at 20 = 30°) traducing
a more disturbed network [11]. This fact is in accordance with the BET values (17
and 50 m? /g for the metakaolin and the laboratory waste respectively). All these data
reveals the different reactivity of the materials.

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 [12]. 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. 3a). The different compositions are reported in
Si-Al-K ternary diagram (Fig. 3b). Previous studies [13] 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 geopolymer domain. To understand the effect
of aluminosilicate laboratory waste addition on geopolymer formation, FTIR spec-
troscopy and mechanical test were performed.
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Fig. 3. (a) Photo of G* geopolymer (® = 14mm) and (b) position of the different G*
compositions with x = () 0, (A) 10, (e) 20 and (<) 30% of laboratory waste. The various
domains correspond to (A) geopolymer, (B) hardening material, (C) sedimented material
and (D) gel.
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Fig. 4. (a) In situ FTIR spectra obtained at t = 0, 90 and 250 min and (b) Q? pesition
versus time for the G* samples with x = (W) 0, (A) 10, () 20 and (<) 30% of laboratory
waste added.

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. 4a. For the spectra at t = 0 min,
the bands at 3200 and 1640 cm~! were attributed to voy and don respectively. The
bands assigned to Si-O-M bonds (M = Si, Al, K) were located in the 1100-950 cm ™!
range [12]. Over the time, the decrease of OH bands and the shift of Si-O-M band indi-
cate the dissolution of metakaolin by the basic environment [14] and the occurrence
of polycondensation reaction leading to the formation of specific networks [12,15,16].

The displacement of the Si-O-M band versus time was plotted in Fig. 4b for all
samples. The slope at the beginning of the curve gives information about the kinetic
of the reaction [12]. The displacement and the slope values relative to G composition
were approximately 45cm~" and —0.31cm™! /min. The addition of waste involves a
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Fig. 5. (a) Variation of compressive strength versus strain for G* reactive mixture with x =
(---)0, (see) 10, (-e-) 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'°, (s) G* and
©) g%,

decrease of the shift from 39 to 17 cm™" and the slope from —0.26 to —0.12cm™! /min
for G0 and G3° respectively. The variation of the shift value indicates the presence
of various geopolymer networks [4]. Indeed, the low reactivity of laboratory waste
may lead to a geopolymer network associated with unreacted waste coated by the
alkaline solution. The presence of non-reactive species provided by the aluminosilicate
laboratory waste will disrupt the exchange between reactive aluminous and siliceous
species. This phenomenon is exacerbated by the increase of waste in the reactive
mixture. Moreover, the waste addition affects the kinetic of the reaction. In fact the
decrease of the slope value evidences the slowdown of the polycondensation reaction
due to the presence of inactive species provided from the laboratory wastes which
disturb the reaction. To sum up, these data show the effect of waste addition on the
geopolymerization reaction rate and suggest different mechanical properties.

3.3 Effect of laboratory waste addition on the mechanical properties and
correlation with polycondensation rate

The influence of laboratory waste on the mechanical properties was evaluated by
compression test. The variation of the compressive strength values as a function of
strain is presented in Fig. 5a. Regardless of the sample, the obtained curves presented
a linear variation characteristic of elastic regime followed by a slight plastic deforma-
tion and a brittle failure. The waste addition implied a lower stiffness suggesting a
decrease of the Young’s modulus [17]. To verify this hypothesis, the Young’s modulus
of each sample was calculated from the linear stress / strain response [6,18]. The
mechanical strengths and Young’s moduli decreased from 45 to 256 MPa and from 2.9
to 2.3 4= 0.2 GPa respectively. The standard deviation for the compressive strength
is approximately 2 MPa. These values are in agreement with literature [19]. Previous
studies about the incorporation of sand in geopolymers show the same evolution [20].
The authors explained this phenomenon by the fact that the sand is not dissolved
and does not participate to the reaction. Consequently, in the case of waste addition,
the loss of strength can be due to the non or poor reactivity of the waste compared
to metakaolin in an alkaline environment. To confirm this hypothesis and exacerbate
the reactivity of the aluminosilicate laboratory wastes, a composition based on only
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laboratory waste was prepared. This composition did not lead to consolidate materials
which corroborate the low reactivity of the waste.

In order to better understand these phenomena, a correlation between the FTIR
and mechanical results was established. The evolution of the compressive strength
versus the shift is presented in Fig. 5b. The compressive strength values seem to
vary linearly with the shift values and decrease as the amount of laboratory waste
increases. This may be due to the decrease of the Si/Kcomposition molar ratio in the
alkaline solution taking into account the amount of potassium released from the waste
(0.58, 0.53, 0.48 and 0.44 for G% G0, G20 and G™ respectively). It seems that an
excess of potassium (lower Si/K ratio) can inhibit the polymerization of the species
in the solution and consequently limit the formation of a geopolymer network leading
to lower shift values and compressive strengths [21]. Indeed, Autef et al. [2] have
demonstrated that the decrease of the Si/K molar ratio from 0.8 to 0.35 induces the
decrease of the mechanical properties from 45 MPa to 5 MPa. In these conditions, an
excess of the alkali prevents the polymerization of species in solution which affects
the reactivity of the mixture and alters the structure, then the mechanical properties
of formed materials. These results are in accordance with FTIR analysis.

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 accept-
able to consolidated materials. The low reactivity of these incorporated materials
disturbs the geopolymerization reactions and lead to the formation of different net-
works. 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 con-
firmed by microstructural characterization in further work.

The authors thank the Limousin council and the FEDER for financing this study.
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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

gzﬂ?::; retaining 20% as the waste percentage added or substituted to the metakaolin to still obtain geopolymer mate-
Geopolymer waste rials. Moreover, it was shown that the incorporation of the geopolymer waste may disturb the polycondensation
Alkaline solution rate which was proven to strongly depend on the solid to liquid ratio and the Si/K ratio of the 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 aluminesilicate 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,
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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. In 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 not 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 pum, 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 53, 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 **'G¥ or *'G% 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 '>'G5% 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 pum. 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 I 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
CuKkee radiation (AKee = 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
Nomenclature and compositions of the different studied mixtures.
Set Nomenclature Mass of Solution % geopolymer  Si/Al  Si/K
metakaolin (g) type waste
1 Tastcy 0 1.66 2.09
b 12 s1 20
1281cs0 20 176 180
g g 0 172 167
i 12 s3 20
123520 20 1.84 145
3 Eulgt 0 141 309
2051520 20 51 20
201 GH0 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 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,

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 Dsg (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 '*>°'CGP,
125360 and 2%5'CGP 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**'CG", 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 '25'CG°,
1255060 and 295'CGO respectively. These differences are related to the
Si/IK molar ratio of the alkaline solution (0.58, 0.51 and 0.47 for
1251060 1253060 and *05'CGP respectively), to the different silicate solu-
tions used (S1 or S3) and to the various metakaolin contents (12 or
20g).

The dsp values of '**'CG?, '?53¢GP and 2°3'cGP 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 '>5*CG® and

Table 2
Physical and chemical properties of the raw materials.

2081cGP which have similar specific surface areas (=53 m?/g). MK has
the lowest specific surface area (17 m”/g). The wettability values are
611,523, 744 and 758 pl/g for 251CGP, '#53¢G0, 295G and MK respec-
tively. The bulk densities of these precursors are 2.24, 2.15, 2.35 and
263 g/em® for 1251¢G0, 125360, 2951¢G0 and MK respectively. These
values are almost similar. The crushed geopolymers '*5'¢G?, '*%*cG®
and 2°5'CG” indicate a pH value of about 11 which is the common pH
value of geopolymer materials in compliance with the work of Aly
et al. [27]. The metakaolin has a pH value of 7 [28]. The measured pH
value denotes the presence of alkaline species in solution released
from geopolymers. The physicochemical characterizations have shown
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
(20 =~ 23°) and the crushed geopolymer (26 = 30°) indicates the dissolu-
tion of Si0, and AlQ, 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.

3.2, Feasibility of consolidated materials

In order to evaluate the feasibility of consolidated materials using
crushed geopolymer, several formulations were synthesized. Three
compositions denoted as '»S1G?, 253GP and “*51G” were considered
as reference materials. They differ in terms of the amount of metakaolin
(12 g of metakaolin for '2*'G% and '**'G", '2*3G% 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 ('251GY), 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 Dyp (um) Dsg (um) Daog (umy) BET value (m*/g) pH value Wettability w (pl/g) Bulk density (g/cm?)
Si/Al Si/K

MK 1.17 - 10.0 17 7.92 758 2.63

'2":" G 1.66 2.09 20 58 15.1 125 10.67 611 224

= 1.72 1.67 13 36 93 54 1061 523 215

ARED 141 3.09 13 36 96 51 1083 744 235
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Fig. 2. XRD patterns of raw materials (a) MK, (b) '**'GY, (¢) '*%*G", and (d) ***'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 ('*5*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 ('**'GY) regarding the lower water content in
S$3 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 (2°°1GY),
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],

0.451
r T T T v0.4° T T T T 1
-100 -80 -60 -40 -20 0 20 40 60 80 100
% Crushed geopolymer
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7 g
0.00 0.25 0.50 0.75 1.00
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Fig. 3. (A) Feasibility domains for (#) "*5'GY, (@) '>53GY and (m) “5'GY and geopolymer
domains for (¢) '25'GY, (0) 3GY and (O) 2*SGY and (B) position of the different
(OmPOSi[iOHS (0) II.SIGD' () ¥2‘SIG20, (’) IQ‘S]GQ’J. (O) IZ‘SAGU‘ ( ) ]A,SVJGZU’ (.-‘)
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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 ('25!G°,
IZ.SIGZD and 125'6520), [12.5360‘ IZ,SEGZD E\ﬂd ]2'S3G520) and [ZO'SIGD,
2051G20 and 1251G520) were chosen for characterization.

To validate the previously discussed data, the chosen samples were re-
ported in Al-Si-K-O 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 '>5'G® sample are shown in
Fig. 4(A). All the spectra exhibit the contributions at 3200 and
1640 cm ™! attributed to the voy and Sou 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
Vou and boy 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. In situ FTIR spectra obtained att = 0, t = 90 and t = 250 min for the (A) "**'G® and
(B) @ position shift and slope from IR spectra versus time for the '**'G? sample.
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versus time for all samples was plotted in Fig. 5. All the samples show
a shift of Si—0—M band to lower wavenumber. The initial peak positions
are similar for the '**'G¥ and #*5'GY samples (986 and 980 cm ™ ' respec-
tively) whereas it is lower for >*GY 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 S1 solution contrary to '*>*G¥ sample. These two solutions have
different silicate species as shown by Gharzouni et al. [24,25]. Then, for
1251GY mixtures (Fig. 5(A)), the addition of CG implies a diminution of
the shift value (from 47 to 27 cm ! for **'G” and ''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. Evolution of the shift of Q° position from FTIR spectra versus time for (A) '*5'G%,
(B) '2%3¢¥ 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
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
unchanged values observed are due to the fact that the alkaline solution
governs the reactions. In fact, Gharzouni et al. [25] demonstrated that,
when S3 is used, close shift values were observed for four metakaolins
differing in terms of reactivity. Consequently, 53 solution governs the
reactivity of the mixtures regardless the metakaolin properties. The
addition of crushed geopolymers in the °5'GY mixtures (Fig. 5(C)) lead
to weak variations of the shift values (21 and 13 cm ™' for 2>5'G° and
2051620 gegpolymers respectively). In this case, the slight decrease of
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-
tions. Some authors [26,35] showed that a high amount of metakaolin
leads to a lack of reactive silicate species to completely react with the
MK. A geopolymerization reaction took place but the attack of the MK
being incomplete, the final material may exhibit a geopolymer network
with unreacted MK particles. This is the phenomenon observed for the
205160 sample. When CG is added, the teactions 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 '**'G>* sample, the unchanged shift values (44 cm ™"
instead of 47 cm™ ! for '2%1G® 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
12536 set, the unchanged shift values (28 and 35 cm ™' for ***G” and
12536520 samples) 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°*'G and ?*5'G*2° 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 '>5'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 cm™ ! 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-
worlks coexists whereas the mixtures from the '253GY and 2°5'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 ('*5GY), the '**'G° sample is far
from the geopolymer zone and the '»5'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
thifd set (12.S3Gy and 20‘S1Gy), the 12,S3GU. IZ,SBGQD‘ 20,51(;20 and ZO,STGO
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 "**!GY set, this phenomenon is
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explained by the reactions governed by the alkaline solution, For the
20516V get, 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 °5'G?° 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 '>°'G%20, 1253¢520
and 2®%'G52% samples are located close to the reference samples
(125160, 125360 and 2951GP 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 '>51G 125360 and **5'GY 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 “>*'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%%*G?%) are quite identical while 20% is
added (about 70 MPa + 0.2). The **5'G® has a compressive strength
of 65 MPa 4 0.2 which is lower than 2°51GY, 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 ('*%G?), can
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be related to the use of highly reactive alkaline solution (S3) which gov-
ern 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
1251520 1253520 3 20516520 pespectively revealing that the mechan-
ical properties decreased also with the substitution of metakaolin by
crushed geopolymer. For the (*%3'G2% and #%°'G%*%) compositions, the
similar values are in relation with the crushed geopolymer source of
aluminosilicate in presence of alkaline solution. Indeed, the **51G*°
behaves as a geopolymer containing reinforcements in which the
reactivity metakaolin is slowed in the presence of the alkaline solution,
while for the 2%31G>?? sample, although metakaolin rate is lower, the

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 '2°3G” due to the lower water content in 53 solution
and to 2.11 in the case of ***'G" higher amount of metakaolin in the
case of °5'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 '*%'G” 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 5/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 5i/K 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—O0—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)cc . mg molar ratio in
Fig. 9. Whatever the composition, the specific compressive strength
values decreases with the decrease of (nSi/nK)as/(nSi/mAl)eg + mx
molar ratio as a result of the CG incorporation by addition or by substi-
tution. Using ST alkaline solution, a linear relationship is observed be-
tween '>*'GY and 2°5'G¥ 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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Fig. 9. Evolution of the specific compressive strength valur;s versus tr}e chemical
composition ((nSi/nK)as/(nSi/mAl)ce + miy for (©) '*51G2, (8) 25162, (4) 251G, (0)
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increase in strength. For '>53GY samples, S3 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 S3 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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ABSTRACT

Alkaline silicate solutions are of great interest for several industrial applications. Previous studies demon-
strated the influence of different parameters such as the Si/M (Na, K) molar ratio, the dilution level, the
cation size and the manufacturing process on the silicate species. The aim of this study was to complete
the data from previous works. This study focuses on the effects of these various parameters on the poly-
merization and the reactivity of silicate solutions. To evaluate the effects, several solutions obtained from
various processes with different cations and Si/M ratios were studied. All the solutions were character-
ized using spectroscopic investigations (FTIR, Raman and NMR). FTIR spectroscopy was used to define the
polymerization state of the various solutions. The experiments revealed that increases in the Si/M molar
ratio, the dilution level and the cation size lead to the polymerization of the species. However, the effect of
the cation is less pronounced. Moreover, Raman spectroscopy revealed an increase in oligomers for Si/M
molar ratios less than 1. It was also shown that the manufacturing process causes a slight variation in the
amount of the different silicate species responsible of the reactivity of the solution. Knowledge of these
key parameters is important for different applications, including geopolymer fabrication. Moreover, it
was shown a correlation between the results obtained by NMR and Raman spectroscopy.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction
Alkaline silicate solutions, also called water glass, are of great

interest for several industrial applications (e.g., sealants, defloccu-
lants or binders [1,2]. More recently, one of the main applications
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is related to the use of geopolymer materials [3-5] as alkaline reac-
tants. Alkaline silicate solutions play an efficient role in the various
reaction since the amount of each species (i.e., the monomers or
oligomers) will lead to different behaviors. Studies indicate that
the reactions between oligomers and reactive aluminous species
are more favorable than with the monomers |G,7]. The various solu-
tions are aqueous solutions containing silicate dioxide (Si0;) and
alkali oxide (such as Li; 0, Na; 0, K»0) and are commonly prepared
by dissolution of an alkali-silicate glass in water or by using steam
or pressure |2]. Alkali-silicate glasses are prepared through a reac-
tion between silica and sodium carbonate or sodium sulfate |8 ]. This
process is typically used for the industrial manufacture of alkaline
silicate solutions. Another method to prepare these solutions is to
dissolve silica fume in an alkaline solution [5,9]. Authors [14,10,11]
have demonstrated that for the same Si/M ratio, a commercial
potassium silicate solution with KOH pellets and a lab-prepared
potassium silicate solution present the same silicate species. This
fact was also evidenced by Svensson et al. [ 16], who studied vari-
ous solutions prepared using four different methods. Brykov et al.
[ 12] reported the weak influence of the preparation method on the
silicon atom connectivity for similar Si/M molar ratios and silica
concentrations.

Different types of analyses can be used to determine the
presence of the various silicate species in the solutions. Fourier
transform infrared (FTIR) spectroscopy was used in various studies
to determine the species present in the silicate solutions by follow-
ing the broad peak attributed to the asymmetric stretching of the
Si-0-Si bond [13,14]. The position of the Si-O-Si peak depends on
the Si/M molar ratio of the silicate solutions. However, FTIR spec-
troscopy is not a quantitative analysis. 22Si NMR has been widely
used to characterize the alkaline silicate solutions [2,6,15,16]. This
approach distinguishes and quantifies the different Q" species. The
Q" notation for silicate species was introduced by Engelhardt et al.
[17]. In this notation, Q refers to the silicon atom, and n=0-4
refers to the bridging oxygen atoms. Moreover, the number of non-
bridging oxygens can be calculated due to the quantification of
the different silicate species. Raman spectroscopy has been used
in several studies on silicate glasses [18-20] and on silicate solu-
tions [21-23] to investigate the effects of different parameters such
as the contributions of monomers and oligomers [23,24]. Another
point is the possibility to obtains additional information about
the entities such as the vibrations of 3-, 4- or 5-membered rings
[20,24,25]. Malfait et al. [26] evidenced the variation of Q" species
depending on the amount of M0 (M=Na or K) by Raman spec-
troscopy. Indeed, the authors observed a decrease of Q* and Q3
species and an increase of Q2 and Q' species when the Na,0 or the
(20 content increases in glasses. Hunt et al. [23] also highlighted
the effect of the total silica concentration and the K,0/SiO» ratio
on the polymerization of silica. Finally, Hehlen et al. [27] identi-
fied a vibrational mode related to cations at modifier’s place in
glasses. This vibration was attributed to —0~Na* or —0~Ca?*0~
motions in sodo-silicate or lime-silicate glasses and increases as the
amount of cation increases. Moreover, Le Losq et al. [20] demon-
strated a variation in the Raman spectra depending on the amount
of sodium or potassium. Indeed, they observed that the intensity
of the peak located at 450cm~', attributed to the vibration of the
Si—0—Si bonds in five- six- or higher-membered rings, decreases
when the potassium is replaced by the sodium cation. This phe-
nomenon might be explained by the M-0 distance (where M is
the alkali cation). In fact, Mahler and Persson [ 28] showed that the
distance K-0 (2.81 A) is larger than Na-0 (2.43 A).

Previous studies have shown that the presence of various sil-
icate species in silicate solutions depends on several parameters,
such as the Si/M (or 5i02/M,0) molar ratio, the dilution level and
the alkaline cation [3,5]. The Si/M molar ratio controls the silicate
species in the silicate solutions [16,12,29] such that an increase in

this ratio leads to the polymerization of the silicate solution. Sev-
eral authors have demonstrated that for a high Si/M molar ratio
(>1), the principal species in the solutions are the Q2 and Q? units;
however, the Q4 species are also observed. According to Couty and
Fernandez [29], when the Si/M ratio decreases, the Q* entities lead
to the formation of Q species associated with linear chains (i.e.,
Q! +Q2). For a Si/M molar ratio less than 1, the Q° and Q' species
are formed to the detriment of the Q3 and Q2 entities [ 14,30]. How-
ever, this phenomenon is associated with the appearance of Q2 and
Q3 cyclic species (Q2¢ and Q3¢)[31,32]. Another parameter influenc-
ing the silicate species is the dilution level [30,33] inducing a slight
polymerization of the silicate anions to higher polymeric species or
colloids [2,34].

To control the reactivity of such solutions, ie. its capacity to
react with other species such as aluminosilicate species to create
Si-0-Al colloidal species, few authors highlighted the effect of a
very low Si/M molar ratio (<0.5) on alkaline silicate solutions, par-
ticularly on those containing potassium [12]. In addition, only a
few works studied the alkaline silicate solutions with Raman spec-
troscopy [21,23], and none of these investigated the influence of
the alkali cation on the oligomers and monomers. The effect of the
dilution level has been observed by FTIR spectroscopy in only a few
studies [33], and no works have been performed on the dilution
level of alkaline silicate solutions with a Si/M molar ratio less than 1.
Moreover, none of these authors determined correlations between
the three FTIR, Raman and NMR spectroscopies. Consequently, the
aim of this study was to correlate the effects of various parame-
ters (Si/M ratio, dilution level, alkali cation) on the silicate species
nature responsible of the reactivity of the solution. For this pur-
pose, various sodium and potassium silicate solutions were used
with different Si/M molar ratios and were then characterized by
FTIR, 2Si NMR and Raman spectroscopies.

2. Materials and methods
2.1. Raw materials and sample preparation

Various sodium and potassium alkaline silicate solutions were
studied and are referenced in Table 1. The main parameters stud-
ied are the cation, Si/M molar ratio with M=K or Na (from 0.35
to 1.7), the dilution level and the manufacturing process. More-
over, the effect of dilution was obtained by diluting the silicate
solution through the addition of 30-70% water. To study the man-
ufacturing process, commercial and lab-prepared solutions were
used. The commercial solutions were supplied by Woellner' and
Mersen.” The lab-prepared solutions were obtained by the disso-
lution of KOH or NaOH pellets (85.2% and 99% purity, respectively)
and amorphous silica (99.9% purity) in osmotically purified water at
room temperature, as described in a previous work [4]. The nomen-
clature used (Table 1) is *SiMy_gj,), where x is the Si/M molar ratio
(from 0.35 to 1.7), M is the cation (Na or K), y is the manufacturing
process (C=commercial, L=1ab-prepared and dl =dilution) and z is
the dilution level (z=30, 50 or 70). C1 and C2 correspond to two
different commercial silicate solutions.

2.2. Sample characterization

FTIR spectroscopy in ATR (attenuated total reflectance) mode
was used to characterize the solutions. FTIR spectra were obtained
using a ThermoFisher Scientific Nicolet 380 infrared spectrome-
ter. The IR spectra were collected over a wavenumber range of
500-4000 cm~! with a resolution of 4cm~"'. The atmospheric CO;

! Wiéllner GmbH, Wallnerstrae 26, D-67065 Ludwigshafen, Germany.
2 Mersen, 15 Rue Jacques Vaucanson, 69720 St Bonnet de Mure Cedex, France.
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Table 1

Nomenclature of the various studied solutions (C=commercial, L=laboratory, dl=dilution), water content and FTIR slope.

Cation SijM % water pH value Nomenclature Slope (FTIR) (L/cm mol)
Na 035 496 B35GiNa; 6.8
05 553 055iNay, 53
06 575 T 065iNa, 50
07 59.6 7SiNa, 49
10 63.0 13.0 10SiNay, 4.7
13 55.5 120 13SiNac 4.1
65.2 11.8 13SiNac_arsp
731 11.7 13SiNac_giso
824 11.6 138iNac.aio
14 66.0 12.0 T45iNay 3.7
837 12.0 145iNay 4
62.7 114 175iNacy
1.7 716 113 17SiNacy gm0 34
784 113 17 SiNagy_as0
86.2 112 7 5iNacs.di70
64.2 113 17SiNacy
728 113 17SiNacy amo
794 112 17SiNacy aiso
86.8 111 17SiNacy a0
035 41.0 035SiK, 6.8
59.6 035$iK, a1
47.7 035K,
05 480 14.0 035 57
67.6 055K eaisn
K 06 504 085K, 5.0
733 ESiKy a1
530 07Sik,
0.7 772 075iK, 49
594 07SiKe
10 578 13.8 TOSiK, 47
84.1 136 TOSiK, g
14 61.7 122 148K, 3.7
89.7 122 TASIK g
636 12.0 17SiK,
157 76.0 114 17SiKcy 30
824 113 17SiKe-qi30
87.0 113 '7SiKc1-disa
919 112 17SiKey.ai70
76.0 115 175iKep
824 114 175iKes a3
870 113 175iKea aiso
919 112 175iKcaaizo

contribution was removed using a straight line between 2400 and
2280cm 1. To allow comparisons of the spectra, they were cor-
rected using a baseline and were normalized.

NMR experiments were performed on silicate solutions at room
temperature on a Bruker AVANCE-400 spectrometer operating
at 79.49MHz (29Si signal). The 29Si (1=1/2) NMR spectra were
acquired after a w/2-pulse irradiation (4 ps), and a 500 kHz filter
was used to improve the signal/noise ratio. The number of scans
collected was 400, and the time between acquisitions was setat 10s
to minimize saturation effects. The 29Si chemical shifts were mea-
sured using external standard of tetramethylsilane (TMS). The error
in chemical shift values was estimated to be lower than 0.5 ppm.
Errors in determination of relative band intensities were estimated
as lower than 5%. The quantitative analysis of NMR spectra was car-
ried out with the Winfit software package (Bruker). This program
allows the position, line width, and intensity of components to be
determined.

Raman spectroscopy was performed on solutions using a
T64000 Horiba-Jobin-Yvon spectrophotometer with 514nm laser
excitation operating at a power of 30 mW. Scattered light was col-
lected in the backscattering mode using a long working distance
objective (x50) with a triple diffraction grating (1800 lines/mm).
The spectral range was 300-1400cm !, and the exposure time of
the solutions was 60 accumulations of 15 s each. The acquired spec-
tra were corrected by subtracting the baseline, which was modeled

by a 5° polynomial curve. Then, the spectra were decomposed using
Wire software.

3. Results
3.1. Silicate solution characterization from FTIR spectroscopy

The FTIR spectra obtained for some of the sodium silicate solu-
tions are shown in Fig. 1. The effects of the Si/Na molar ratio (1.7
and 0.5) and the dilution level are clearly observed (Fig. 1.A). The
various contributions observed on the different spectra are shown
inTable 2[13,21,22,35]. All the samples exhibit a contribution near
1640cm~! and a broad band near 1000cm~! due to the bend-
ing of water molecules (80H) and the asymmetric stretching of
S$i-0-Si bonds (v,5Si-0-Si), respectively [ 13,35]. The '7SiNac; solu-
tion shows a peak at 1003 cm~' with a shoulder at 1100cm™!,
which is characteristic of the Si0;02~ and Si03/;07 units, respec-
tively [ 13,14]. For the %>SiNay solution, there are two contributions
located at 967 and 914 cm~!, which are assigned to the stretching
of Si-0-Si bonds for SiOUZO3’ and Si(0~)4 respectively. The Si-O-
Si band displacement to a lower wavenumber and the appearance
of the Si(O~)4 band are due to a depolymerization phenomenon.
Lucasetal.[36]demonstrated thatanincreaseinthe pHvalue (i.e., a
decrease of the Si/M ratio) favors depolymerization by breaking the
Si—0—Si bonds to create Si—0~ groups. Thus, for a low Si/Na ratio,
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Fig. 1. (A) FTIR spectra of sodium silicate solutions with different Si/Na molar ratios
and dilutions and (B) variation of the Si-0-Si peak position as a function of the Si
concentration for (M) *SiNac, (O) *SiNac.qi,. () *SiNa., (W) *SiKc, (O) *SiKc.g; and
() *SiKL solutions (numbers in brakets (Si/M)).

the solution is depolymerized and contains a majority of Si(0~ ),
and Si01,203* species [14]. However, for a high Si/Na ratio, the
solution is more polymerized, and the majority of the species are
$i0,02" and Si03,0".

The '7SiNagso solution presents the same contributions as
17SiNagy (1015 cm~! for Si0,0%~ and 1100 cm ™! for Si04/,0™ enti-
ties), but the intensity is less substantial. The displacement of the
Si—0—Si peak to a higher wavenumber could be explained by a
slight polymerization of the silicate solution [ 13]. Thus, the increase
in the dilution level implies a polymerization phenomenon. There-
fore, for a higher Si/M molar ratio or dilution level, the silicate
solutions contain more polymerized species.

To further investigate the influences of the Si/M molar ratio and
the dilution level, the variation of the Si-O-Si peak position as a
function of the silicon concentration is plotted in Fig. 1B for the
different solutions. For each considered cation, the Si—0—Si peak
position decreases for a lower Si/M molar ratio. Moreover, for a
given Sif/M ratio, the increase of the silicon concentration leads to a
shift of the Si—0—Si peak to lower wavenumber, All these variations
are in agreement with a depolymerisation phenomenon.

For a similar Si/M molar ratio of 1.7, the Si concentration
(mol/L) vs. Si-0-Si (8i0,02) peak positions (cm~1) are [6.5-1003],

Table 2
Vibrational frequencies of silicate species (IR=FTIR spectroscopy, R=Raman
Spectroscopy).

Contribution Position (cm ") References
SOH 1640 (IR) 136]
v:Si-0-5i (1) 1120-1230 (R) 1154(IR)  [8,13]
v5Si-0-5i (@) 1000-1100 (R) 1099(IR) [8,18]
155i-0-8i (@) 920-1000 (R)1011-1014 (IR) [8,40]
v5i-0~(M*) 885-928 (IR) [8]
v:5i-0-5i (Q") 850-920 (R) [41.45]
1,5i-0" (Q°) 800-875 (R) [42,44]
v¢(Na)O-Si-O(Na) 830 (IR) [16,17]
V,Si-0-Si 820 (IR) [36]
TOJLO (Si-0-5i) 650-850 (R) 142]

V5 (Si-0) (monomers) 639-649 (R) [41]
D, (8[Ts]) 587-606 (R) [15,43]
vs (5i-0-5i) (Cs,6,7) 515-535(R) [41]

D; (8[Ts]) 453-550 (R) [20.43)
B[ Tsunimore] 400-490 (R) [19,20]
M-0 (-M* 0 -)(network modifiers) 340-360 (R) [44)

[4.7-1008] and [3.2-1014] for 1-7SiNacy, 17SiK; and 17SiKc, respec-
tively. For -7SiK¢, the position of the Si-O-Si band ata slightly higher
wavenumber is linked to the presence of more polymerized species
in this solution [14].

Similarly, for a Si concentration of approximately 5 mol/L, the
055iNa;, 96SiNa;, %7SiNag, '4SiK, and '“7SiK; solutions exhibit a
Si—0—Si band at 967, 972, 977, 1003 and 1008 cm~!, respectively.
Thus, for a constant Si concentration, an increase in the wavenum-
ber is observed when the Si/M ratio increases. Bass et al. [37]
showed that at a constant silica concentration, the Si—0—Si peak
shifted to a lower frequency as the silicafalkali 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 | 16,24].
Thus, for the same concentration and for each considered cation, a
higher Si/M ratio indicates a more polymerized solution. The slope
values are an indicator of the reactivity kinetic of the solutions; the
higher the slope is, the more reactive is the solution.

Moreover, the decrease in the Si concentration is directly linked
to the increase in the dilution level for the solutions, leading to
a shift of the Si—0O—Si peak to the higher wavenumbers [38], as
evidenced for the Si/M molar ratio of 1.3 ([8mol/L—985cm™ '],
with values of [5.7mol/L—997 cm~'], [4mol/L— 1003cm~'] and
[2.4mol/L—1009cm!] for 3SiNac, 2SiNagjzg. =SiNagisp and
13SiNag70, respectively). This phenomenon is observed regardless
of the Si/M molar ratio or the cation used (K or Na). This increase in
the wavenumber reveals that the more diluted the solution is, the
more the polymerization phenomenon will be exacerbated.

To qualify the various Si/M ratios, the slope values have been
calculated by linear regression (Table 1).

Thus, increases in the Si/M molar ratio and the dilution level
appear to lead to the polymerization of the solution. The use of the
potassium cation implies the presence of slightly more polymer-
ized species. Thus, the polymerization state of the silicate solutions
depending on the various parameters (cation size, Si/M molar ratio
and dilution level) is known. However, the FTIR investigations do
not allow for the quantification of the different silicate species.

3.2. Quantification of silicate species from 29Si NMR

To obtain information about the amounts of the various silicate
species for the different solutions and Si/M molar ratios, 295i NMR
analyses were performed and are reported in Fig. 2. For each of the
considered solutions, the spectra presents the contributions of the
different Q%, Q', Q2, Q* and Q* species near —72, —80, —88, —97,
and —106 ppm, respectively [3,38]. Fig. 2.A presents the obtained
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Fig. 2. 29Si NMR spectra of (A) *SiNay (x=0.7, 1.3 and 1.7 and y =1 and C) solutions,
(B) *SiNay (x=0.35, 0.7, 1.4 and 1.7 and y=L and C) solutions, and (C) "7SiKc.am
(z=30, 50 and 70) solutions.

spectra for some of the sodium silicate solutions with various Si/Na
molar ratios. The 7SiNac; solution exhibits the Q%, Q!, Q2, Q3 and
Q* species. When the Si/Na ratio decreases from 1.7 to 0.7, a shift
in the contributions to a higher chemical displacement is observed,
and the Q% and Q3¢ species appear to the detriment of the Q*
species. For Si/Na greater than 1, the presence of Q2, Q% and Q4

species indicates that the solutions are polymerized. For Si/Na less
than 1, the majority of the species are Q° and Q! entities, indicating
that the solutions are depolymerized [16].

The chemical shift (d) and the percentage area (%A) of the dif-
ferent contributions obtained by deconvolution of each solution
spectra are presented in Table 3. With the increase in the Si/Na
molar ratio, the amount of depolymerized species decreases from
approximately 10-0.5% (Q°) and from 30 and 5.5% (Q!) for Si/Na
between 0.35 and 1.7, respectively. However, there is an increase
in the more polymerized species Q2, Q* and Q* when the Si/Na
increases from 0.35 to 1.7 (Table 3). Moreover, the decrease in the
Si/Na molar ratio implies an increase in the cyclic silicate species.
For Si/Na equal to 1.7, there are no cyclic species, whereas for a
Si/Na of 0.35, the Q%€ and Q3¢ entities are present (27 and 3.5%,
respectively). Therefore, the decrease in the Si/Na ratio implies
the depolymerization of the silicate species in the solution. This
phenomenon is linked to the formation of cyclic species. All these
observations are in accordance with the works of Jansson et al. [39].

Moreover, the contribution attributed to the Q3 species is
located at —97.5 and —96.3 ppm for!7SiNac; and'3SiNac, respec-
tively, whereas in the literature data, it is located at —97 ppm [ 2,38].
This slight shift corresponds to the variation of the protonation
degree of silicon atoms [3,16]. The protonation degree corresponds
to the number of hydrogen atoms linked to the silicon atoms and
it depends on the pH value. This displacement is also observed for
the other Q" species, and it increases when the Si/Na molar ratio
decreases (Q? species located at —95.1 ppm for®7SiNa; instead of
—97 ppm in the literature data). This phenomenon is explained by
a variation of the oligomer protonation, depending on the Si/Na
molar ratio. As this ratio decreases (Si/Na from 1 to 0.35) the more
alkaline the solution becomes and the more deprotonated are the
oligomers. Therefore, the silicon atoms appear more deprotonated
in the spectra [3,5]. Furthermore, the '7SiNa¢; and '7SiNag, solu-
tions exhibit similar spectra with slight intensity variations [12].
These slight variations could be due to the distinct manufacturing
processes of the two suppliers.

The same observations are revealed in the potassium silicate
solutions spectra (Fig. 2B) as well as for the two commercial solu-
tions (!7SiK¢ and '7SiKy ). For the same Si/K molar ratio (1.7), the
potassium and sodium silicate solutions display similar spectra,
which is in accordance with the works of Bourlon [3]. Thus, the
Si/M molar ratio of the solution has an important influence on the
silicate species, whereas the effect of the cation is less pronounced.
The effect of the Si/M molar ratio on the Q°/Q! and Q2/Q! ratios is
discussed later.

The dilution effect, for example, for '7SiK¢ solutions, shows the
contributions previously observed for the Na solution (Fig. 2C). The
Q3 species contribution is centered at —97 and —97.9 ppm for the
17SiKc and '7SiKq170 solutions, respectively. This is also character-
istic of a variation of the protonation of silicon atoms [3,15]. Thus,
for 17SiK¢; the obtained percentages are 6.7, 29.0, 51.2 and 12.1
for Q!, Q2, Q3 and Q* species respectively whereas for '7SiKey_qp70.
the percentages are 7.2, 23.0, 49.4 and 18.1 for Q', Q?, Q3 and Q%
species respectively. So, anincrease in the Q species and adecrease
in the Q? species are observed. These variations can be explained
by a slight polymerization of the solution when the solutions are
diluted. Yang et al. [40] have also observed a variation in the par-
ticle size with dilution of the solutions. Thus, the dilution level has
an effect on the silicate species.

Therefore, these experiments provide information about the
influence of the Si/M molar ratio on the silicate species present
in the alkaline silicate solution, and an important change of these
entities is observed for a Si/M of approximately 1. The existence of
monomers 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 degree of reactivity of the

161



CHAPITRE IV : Publications

106 L. Vidal et al. / Colloids and Surfaces A: Physicochem. Eng. Aspects 503 (2016) 101-109

Table 3
Deconvolutions of 2°Si NMR spectra of silicate solutions.

Silicate species

% Area (8 (ppm))
Qﬂ QI QZL Q2 Q!c QE Qd
Solutions 178iNac; 06 6.1 / 29.0 / 50.5 13.8
(-72.0) (-80.1) (-88.8) (-97.6) (-107.6)
17SiNac, 06 53 | 29.4 / 51.5 13.2
(-72.0) (-80.1) (-88.9) (-97.6) (-107.6)
L7SIK, 07 57 ] 278 | 50.7 15.1
(-72.1) (-80.1) (—88.6) (-97.2) (-106.9)
178K, 1.0 6.7 i 29.0 / 51.2 121
(-72.1) (-80.2) (-88.6) (-97.1) (-106.4)
VISiKye 1.0 56 | 27.5 / 51.1 14.8
(-722) (-80.3) (-88.9) (-97.7) (-107.2)
178iK 450 22 53 I 25.9 i 49.0 17.6
(-723) (—80.3) (—89.0) (-97.8) (-107.8)
LTSIy 23 72 ! 23.0 / 49.4 18.1
(—-72.2) (~80.5) (—89.1) (-97.9) (~108.0)
138iNac 04 76 29 38.8 | 46.6 40
(-71.9) (~79.8) (-81.9) (-88.2) (-96.3) (-105.5)
27SiNa; 113 290 18.8 221 11.1 7.7 /
(-71.2) (-78.9) (-81.1) (-87.0) (~89.0) (-95.2)
0TSiK, 8.6 241 24.7 15.4 10.2 17.0 li
(-71.4) (-78.9) (-81.2) (-86.8) (-88.9) (-95.0)
0.358{K; 365 273 26.8 6.1 3.3 / li
(-71.0) (-78.0) (—80.7) (—85.9) (-88.4)

solution that means the species which would react with another
cation.

3.3. Evaluation of the reactivity of silicate solution by Raman
spectroscopy

To determine the presence of monomers and oligomers in the
different silicate solutions depending on the Si/M ratio and the
cation, Raman spectroscopy was performed, and the results are
reported in Fig. 3. Moreover, the various contributions observed
in the different spectra are presented in Table 2 [23,24,41].

For Si/Na greater than 1, the 7SiNag;, and '4SiNa; spectra
(Fig. 3A) show the contributions due to the stretching of Q2
(Si(OH), 0, 2= iE Q3 (Si;O(0OH)50-, Si303(OH)4022_) and Q4 species
[23,26,42]. The TO/LO modes are noted at 787 cm~! [43]. The bands
located near 600,490 and 450 cm ! are assigned to the ring breath-
ing mode of the 3, 4 and 5 or more-membered ring (denoted as
8[T3], 8[T4] and 8[Ts]) [20,24,44]. Weak contribution attributed to
the M—O bonds is located near 325cm~! [27]. The presence of the
Q3 and Q* contributions reveals the fact that the solutions are poly-
merized, which is in accordance with the previous results obtained
by FTIR and 29Si NMR analyses. For the !4SiNa; solution, the disap-
pearance of the Q* species contribution highlights a polymerization
state less significant than for the 7SiNac; solution. Indeed, this
solution contains a higher amount of alkali cation which implies the
disappearance of the Q* species to the profit of lower polymerized
species.

For a Si/Na lower than 1 (°7SiNa; and %35SiNay ), it appears that
the bands of M—O bonds and 8[Ts ] are more intense. An increase in
the TO/LO modes and Q2 species contributions and a decrease in the
Q? species bands are also observed. The increase of the 8[Tsp44] (3-
and 4-membered rings) bands and the stretching of oligomer con-
tributions is noted [23,24]. The appearance of Q' and Q° species
is also observed at 825 and 880cm~! respectively [43,45]. These
data reveal the depolymerized state of the solutions. In the case
of 935SiNay, the contributions attributed to the Q? species, the
oligomers and the [T3] or [T4] rings appear to be more intense, in
contrast to the band assigned to the Q? species, which appears to
decrease. For this solution, the results reveal a substantial depoly-
merization of the solution and confirm the previous observations.

As expected, the potassium-based silicate solutions present similar
trends (Fig. 3.B) such as the decrease of the Q and Q3 species and
the increase of Q2 and Q! species or the increase of the M—0 band
when the Si/M molar ratio decreases

The Raman spectra of the various silicate solutions have been
decomposed. The Fig. 4A. presents an example of decomposition
obtained for the ®7SiK; solution. All samples have been decom-
posed with the same contributions but with various amounts.
This study focuses on the M—0 bond because the alkali cation M*
will break the Si—O—Si bonds inducing a depolymerization phe-
nomenon. The position of the M—0 band was plotted as a function
of the Si/M molar ratio for the various solutions (Fig. 4B). The posi-
tion of the M—O contribution increases when the Si/M molar ratio
decreases. Indeed, this band is located at 325cm~! for 17SiNac;
solution whereas it is observed at 350 cm~! for %-35SiNa; solution.
This phenomenon is also noted for the K-based solutions (310 and
345cm! for 7SiK¢; and 933SiK; respectively). The increase of
the peak position of the M—0 band may be linked to the pres-
ence of more covalent bonds when the solution is depolymerized.
This behavior might be due to the fact that, for Si/M molar ratio
above 1, the polysilicate species are predominant leading to a struc-
ture similar to silica. Conversely, for Si/M molar ratio below 1, the
predominant species are rings and dimers. The presence of these
species is relevant with alow polymerization degree due toisolated
silicate species counterbalanced by the alkali cations M* [16].

Thus, the Raman spectroscopy provides information thatis com-
plementary to the previous results and reveals the presence of M-0O
bonds associated with the oligomers for Si/M ratios less than 1, i.e.,
for highly depolymerized solutions. The presence of the oligomers
may be an important factor concerning the reactivity of the silicate
solutions (Fig. 5).

4. The range of silicate solution reactivity

To better quantify the effects of the Si/M molar ratio and the
cation size on the solution reactivity, the Si(0~ )4/Si0”203- (corre-
sponding to Q°/Q') and the Si0;0?-(Si0;,0%" (corresponding to
Q2/Q') contributions area ratios obtained from 29Si NMR deconvo-
lution (see Table 3) were plotted in Fig. 4A For each cation (Na or K)
and for each manufacturing process, an increase in the Si/M molar
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ratio leads to a decrease in the Q%/Q! ratio and an increase in the
Q2/Q! ratio. The Q%/Q! and Q?/Q! ratios vary from 1.3 to 0.2 and
1.2-5, respectively, for a Si/M molar ratio from 0.35 to 1.7. These
variations indicate that the Q2 will be dissociated into less polymer-
ized species (Q" and Q! entities) because the Si/M ratio decreases.
Moreover, it appears that the Q2 species disappear faster compared
with the formation of the Q° species. This phenomenon reveals the
depolymerization mechanisms (the dissociation of two Q" units
and the formation of one Q"1 and Q™! entities, as was previously
observed in alkali silicate glasses [46]. The decrease in the Si/M ratio
implies an increase in M* cations (M"=Na* or K*) for a given sili-
con concentration, and these cations will break the Si-O-Si bonds,
creating Si—O— bonds. This observation is in accordance with the
decrease in the polymerization degree of the solutions when the
SifM ratio decreases from 1.7 to 0.35 [3,16].

To highlight the different polymerization states of the vari-
ous silicate solutions, the number of NBOs (non-bridging oxygen
atoms) per tetrahedron was calculated using the percentage of the
Q" species previously determined (NBO =(3 x Q! +2*Q2 +Q3)/100)
[47]. The variation in the number of NBO and the percentage of
the QU species were plotted as a function of the Si/M molar ratio in
Fig. 4B. NBO appears to be at its maximum for 0.5 < Si/M ratio < 1. For

the M—O0 band position versus the Si/M molar ratio for (M) *SiNac, (A) *SiNa;, (M)
*SiKc and () *SiK; solutions,

1<Si/M < 1.7, the increase of the NBO is characteristic of the depoly-
merization observed by 29Si NMR (Fig. 2.A, B). This phenomenon
indicates the transformation of the Q* species into Q%, Q2 and Q!
species | 12,29]. Moreover, the Q° percentage slightly varies for Si/M
molar ratios between 1.7 and 1. This is correlated to an increase in
the pH value when the Si/M molar ratio decreases (Table 1). Nord-
strom et al. [38] showed a slight polymerization of the solutions (ie.
anincrease of Q4 and Q3 species and adecrease in Q” and Q! species)
with the decrease of the pH values. For a value of 0.5 <Si/M <1, 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 a Si/M <0.5, the solutions
are depolymerized and contain a large amount of Q° entities. A
fast variation of the Q0 percentage (Si/M=1.7, Q°=1%; Si/M=0.35,
Q%=36.5%) and a decrease in the NBO are observed. Then, for Si/M
molar ratio below 1, the solutions present a pH value equal to
14. This fact tends to reveal the presence of a limiting value for
0.5 <Si/M ratio < 1. In this range, the silicate solutions may be more
reactive. For Si/M<0.5 or 1<Si/M<1.7, the reactivity of the sili-
cate solution decreases. Moreover, the non-bridging oxygen atoms
become more reactive for a Si/M molar ratio equal to 1. Thus, the
sodium or potassium cation may break the Si—0—Si bonds, inducing
the depolymerization of the solution. Fora 0.5 <Si/M molarratio<1,
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the solution contains more than one alkali cation for one silicon
atom. Thus, the silicate species in the solution are already depoly-
merized, and the decrease of the Si/M ratio leads to a slight variation
of the polymerization degree of the solution [3,12]. When the Si/M
ratiois greater than 1, there is less than one alkali cation for each sil-
icon atom. The silicate solution contains more polymerized species,
and the increase of the Si/M ratio implies a slight polymerization
of the solution [3,12]. According to these observations, it appears
that 0.5 <Si/M molar ratio <1 is the limiting range for the depoly-
merization. Regardless of the cation and the manufacturing process
considered, the same tendencies are observed for the variation of
the NBO and the QO species.

Then, it was shown that the various spectroscopic analyses
(FTIR, 29Si NMR and Raman) allowed obtaining similar results con-
cerning the polymerization degree of the different studied silicate
solution. Now, it could be interesting to determine if Raman spec-

In this work, several sodium and potassium silicate solutions
with 0.35<Si/M<1.7 were studied by FTIR, Raman and 29Si NMR
spectroscopies. Only a few authors have studied highly alkaline
solutions (Si/M<0.5). NMR data revealed the increase of Q° and
Q! species as the Si/M molar ratio decreased (Si/M<1) and the
high depolymerization state of the silicate entities for Si/M<0.5.
In addition, few works have studied the alkaline silicate solutions
by Raman spectroscopy. This method revealed the presence of
M—0 bonds and oligomers for Si/M molar ratios less than 1. The
effect of the dilution level was observed for solutions with values
of 0.5<Si/M<1.7. In the literature, this effect was observed only
for Si/M> 1. A linear correlation between the Si concentration and
the Si—0—Si peak position obtained by FTIR was evidenced for the
various Si/M ratios.

The results demonstrate that the number of non-bridging oxy-
gens (NBOs) presents a maximum value for a Si/M molar ratio
between 0.5 and 1. Above this value, the solutions mostly contain
polymerized species (Q2, Q* and Q*). Below this value, the solu-
tions are depolymerized, and the major species are the Q¥ and Q!
species. Finally, the highly depolymerized solutions present a high
amount of monomers and are highly reactive. This investigation
revealed that the different studied parameters influence the reac-
tivity of the alkaline silicate solutions. The most reactive solutions
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are obtained with a Si/M molar ratio of 0.5-1. This complete work is
quite important for understanding the key parameters involving in
the geopolymer materials. This study also highlighted that Raman
spectroscopy and 22Si NMR give similar results for the determina-
tion of the reactivity of alkaline silicate solution.
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Abstract:

Alkaline silicate solutions are used for different industrial applications. Structural studies of
these solutions performed by FTIR and NMR spectroscopies have shown the presence of
cyclic species. However, variations in ring and chain size as a function of the content of alkali
cations and water cannot be determined with these techniques. The objective of this study was
thus to use Raman spectroscopy to obtain additive information with regard to these species
and to the reactivity of the silicate solutions. For this, several solutions were prepared
according to different preparation methods (commercial or laboratory) with different cations
and Si/M ratios (M = Na and/or K). The structural results obtained by Raman spectroscopy
showed the effect of the Si/M ratio on the different species and in particular the formation of
rings at the expense of chains. The preparation method also influenced the variation of the
rings with 3 and 4 tetrahedra. It has thus been demonstrated that the cation had a stronger
effect on the variations of these rings for commercially available solutions compared to their
laboratory-made counterparts. Moreover, in the case of mixed solutions (M = Na + K), the
alkali cation also influenced the formation of this type of rings. Finally, this study has
demonstrated that Raman spectroscopy is a crucial technique for understanding the structure
of silicate solutions and their reactivity.

Keywords
Silicate solution Alkaline nature Ring
Raman spectroscopy Reactivity Water

1. Introduction

Alkaline silicate solutions (also called water glass) are part of the silicate family. These
solutions can be used in many industrial applications including binders, gel formers, coatings,
deflocculants or corrosion inhibitors [1,2]. For the last few decades, they have also been used
as binders for the agglomeration of sand in the electrical industry [3,4] and as reagents for the
production of geopolymers [5]. The solutions used for these two applications do not have the
same characteristics with regard to the water content and the Si/M molar ratio (M = Na or K).
Thus, for the agglomeration of sand, the solutions are used as they are while in the case of
geopolymers, the Si/M ratio of commercially available solutions is reduced with alkali
hydroxides. The various applications for which these solutions are employed will depend on
their reactivity based on the cation M and the water content.

To understand the above-mentioned parameters, several authors have conducted structural
studies with FTIR and *°Si NMR. The various siliceous species are identified as Q" according
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to the nomenclature by Engelhardt et al [6]; where Q represents the silicon atom with n
bridging oxygen atoms. It has been shown that high Si/M ratios and water contents contribute
to the formation of Q* and Q® species [4,7]. Their presence could indicate the existence of
simple and branched chains. The formation of cyclic Q* and Q¥ species has also been
demonstrated by NMR [7,8]. Such species may perhaps reveal the formation of rings. These
solutions thus appear to be composed of chains and rings. To supplement these data, 2D NMR
analyses have been performed on solutions with Si/M ratios ranging from 1.7 to 0.5 [2,9].
Tognonvi et al. [2] have thus demonstrated that the Q" species are preferably connected to Q"
or Q™! entities. Cho et al. [9] also revealed that is was possible to use 2D NMR to identify, in
the intervals between -88 and -91 ppm and -96 and -98 ppm, new and small oligomer
structures undetected by 1D NMR in a sodium silicate solution with a Si/M ratio close to 0.6.
The presence of these entities indicated the existence of stereoisomers in silicate solutions
with different chemical properties.

However, this technique is difficult to implement, which is not the case for Raman
spectroscopy which could be a fast complementary technique. Indeed, studies on glass have
shown that this method made it possible to obtain information on the size of the rings (at low
frequency) and on the Q" species (at high frequency) [10,11]. Since the technique requires
long acquisition times in order for useful contributions to be obtained, it has not been widely
developed when it comes to characterizing silicate solutions [12,13]. Contributions attributed
to ring breathing mode as well as the vibration of the monomers and oligomers and their
variations as a function of the Si/M ratio have been observed [12,13]. Indeed, an increase in
the quantity of alkali cations was found to lead to an increase in 3-memberred rings and
monomers, associated with a reduction in 4-membered rings and oligomers [12,14]. Trcera
[15] noted a shift to higher wavenumbers of the band attributed to the rings with 5 tetrahedra
or more when the amount of alkali ions increased. This shift has been linked to a reduction of
the Si-O-Si angles and thus to a decrease in the size of the rings in accordance with the work
by Galeener [11]. Furthermore, a study has shown that increasing the water content in
sodium-silicate glass leads to the disappearance of the 3-membered rings [16].
Depolymerization phenomena have also been noted thanks to the variations in the Q" silicate
species. Indeed, increasing the quantity of alkali cations led to reduced Q* species in favor of
Q?® species [10,13]. For higher amounts of alkali cations, the formation of Q” entities at the
expense of Q’ species was observed, indicating a phenomenon of depolymerization.

Few authors have compared data obtained by Raman spectroscopy and 2D NMR [17].
However, Le Losq [17] used Raman spectroscopy and 2D NMR to demonstrate that the
proportion of Si-O-Si bonds in sodium glass is greater than in potassium glass. This is due to
a less orderly distribution of silicon and aluminum atoms in potassium glass; a phenomenon
that can be explained by the greater size of the potassium cation. Indeed, the sites available in
the silicate network are small while potassium has a large radius. Thus, the introduction of
potassium within the network results in the distortion of the latter. Variations of the different
Q" species cannot be correlated to the reactivity of the silicate solutions [8,13]. Indeed, a
study performed in the laboratory showed a maximal reactivity for Si/M ratios between 0.5
and 1.0 [13]. However, the presence of only cyclic species was noted for this range of Si/M
ratios [8,13]. Raman spectroscopy could thus be used to determine the reactivity (or attack
capability) of the solutions. These solutions must thus be analyzed using a technique that can
identify and determine the size of the rings that they comprise.

Structural analyses by FTIR and NMR spectroscopies have shown that the degree of
polymerization depends on the Q" species, rings and chains present in the solutions. These
species in turn depend on the preparation method, the alkali cation, the Si/M ratio and the
water content, and will therefore affect the degree of polymerization of the solutions [18,19].
The method used to prepare the solution has an effect on the silicate species. Several authors
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[20,21,22] have demonstrated that, for the same Si/M ratio, a commercial silicate solution in
which KOH pellets were dissolved and a laboratory solution have the same silicate species in
different amounts. Moreover, diluting a solution causes slight polymerization of the silicate
anions. Indeed, Lucas et al. [3] have shown that dilution promotes the polycondensation of the
silicate species. Thus, the preparation method results in the presence of Q" species in different
amounts and a higher water content promotes the polymerization of the solution.

The alkali cation also has a slight influence on the silicate species. Increasing the size of the
cation promotes the formation of silicate species that are slightly more polymerized as well as
Q* and Q> species [18,23]. This phenomenon is due to the fact that the hydration shell radius
decreases as the cation size increases. Mihler and Persson [24] estimated the radius of the Na*
and K* cations and showed that the Na-O distance was slightly smaller than the K-O distance.
According to Melkior et al. [25], the potassium cation has a faster diffusion rate than its
sodium counterpart due to the Stokes radius of the cation.

For high Si/M ratios, the solutions contain predominantly Q? and Q? species associated with
Q* entities in small quantities [19,26]. A decrease of the Si/M ratio leads to the formation of
Q° and Q! species associated with the appearance of cyclic Q* and Q* species for Si/M
ratios smaller than 1 [27,28], thus promoting depolymerization. Consequently, several
parameters can be used to control the rate of polymerization and therefore the reactivity of the
silicate solutions.

Studies using FTIR spectroscopy [29,30] and NMR *’Si [29,31] on silicate glass have
therefore assessed the changes in Q" species as a function of the alkali content [14] as well as
the presence of monomers and oligomers [32]. Therefore, it seemed appropriate to carry out
Raman analysis of the silicate solutions in order to identify the presence of chains and rings to
determine the reactivity of the solutions. Various parameters were studied, such as the
preparation mode (commercial or laboratory), the alkali cation (K, Na and NaK mixture) and
the Si/M ratio (from 0.2 to 1.7). These parameters were systematically compared as a function
of the different contributions determined from the spectra.

2. Materials and methods
2.1 Raw materials and sample preparation

Various potassium, sodium or mixed (K and Na) silicate solutions were used for this study
and are presented in Table 1. The parameters studied were the alkali cation (K and/or Na), the
Si/M molar ratio with M = K and/or Na (from 0.2 to 1.7) and the manufacturing process. In
order to study the influence of this process, commercially available and lab-prepared solutions
were used. The commercial silicate solutions were supplied by the companies Woellner' and
MERSEN?. 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 elsewhere [5]. To compare the
various solutions, MOH pellets (M = K or Na) were dissolved in the commercially available
or laboratory-made solutions. The nomenclature used for these different solutions is listed in
Table 1 and can be seen in Fig. 1.

' Woellner GmbH, WollnerstraBe 26, D-67065 Ludwigshafen, Germany.
2 MERSEN, 15 Rue Jacques Vaucanson, 69720 St Bonnet de Mure Cedex, France.
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Table 1: Characteristics and nomenclature of the studied K-based solutions (C =
commercial, L = laboratory). The characteristics for the other solutions are reported in the
supplementary file.

Manufacturi
Cation ar::lle?liol;rmg Si/M Nomenclature | Symbols
Laboratory 1.7 LK
) 1.7 K7 0
Commercial 15 K3
1.4 K4
Laboratory -
LKIAO
. 1.0
Commercial K710 X
Laboratory LK%
0.7
K cKO'7 D
0.6 cK17x06
Commercial cK!-5¢05 X
0.5 cK%7go0s
cKO'5 D
LKO.S
0.35
Laboratory 0.35 K
0.2 K2
Commercial [----- Alkaslglzt?:,l:‘cate ------ Laboratory
H,0, SiO,, M0 H,0O, SiO,, MOH
M=Na orK M=Na orK
cMX  x=sim LMX x=sim

H50, SiO,, M,O + MOH
M=Na and/or K

H,0, SiO,, MOH+MOH
M=Na and/or K

cMXyy x,y =Sim MXpy x,y =Siv

Fig. 1. Schema presenting the various alkaline silicate solutions studied and their
nomenclatures.
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For the commercially available solutions, the nomenclature was cM* where M denoted the
alkali cation (Na and/or K), x was the Si/M molar ratio (from 0.2 to 1.7) and C stood for
commercial. For example, a commercially available potassium-based silicate solution with a
Si/M ratio equal to 1.7 was named cK'7. Concerning the lab-prepared solutions, the
nomenclature used was LM* where M denoted the alkali cation (Na or K), x was the Si/M
ratio (from 0.2 to 1.7) and L stood for laboratory. For example, a lab-prepared sodium-based
silicate solution with a Si/M ratio equal to 0.5 was called 1 Na’°. Finally, the mixed solutions
were given the designation yM*v, where M denoted the alkali cation (M = K and/or Na), x
was the initial Si/M molar ratio (from 0.7 to 1.7), y described the manufacturing process (y =
C for commercial or L for laboratory) and z corresponded to the final Si/M molar ratio (from
0.2 to 1.0). For example, a lab-prepared sodium-based silicate solution, with an initial Si/M
molar ratio of 1.7, in which KOH pellets were added to obtain a final Si/M molar ratio equal
to 0.5 was named 1 Na'’kos. A commercial potassium-based silicate solution, with an initial
Si/M molar ratio of 0.7, in which NaOH pellets were added to obtain a final Si/M molar ratio
equal to 0.5 was called cK*na055.

2.2 Sample characterization

Raman spectroscopy was performed on the solutions using a T64000 Horiba-Jobin-Yvon
spectrophotometer with a 514-nm laser excitation operating at a power of 30 mW at the
sample. Scattered light was collected in backscattering mode using a specific assembly for
liquid samples with a triple diffraction grating (1800 lines/mm). The spectral range was 300 to
1300 cm’!, and 60 scans of 15 s each were carried out for the acquisition. The subtracted
baseline was modeled by a five-degree polynomial curve. Then, Raman spectra were
decomposed using the Wire 4.0 software from Renishaw. The contributions were modeled by
a pseudo-Voigt function. In order to compare the different solutions, the areas obtained for all
the contributions were normalized by the total area of the spectrum. This way, the areas could
be determined as percentages. The various contributions observed by Raman spectroscopy are
listed in Table 2, and Raman spectra obtained for 1 K®7 and 1 Na®’ solutions are presented in
Fig. 2. It can be seen that the used method for collecting Raman data made it possible to
distinguish the various contributions. Moreover, the Raman spectrum of the amorphous silica
used to prepare the laboratory solutions is presented in Fig. 2.

¥5i-0 (Q%)  w(monomers)
. N 8[R]
¥Si-O (Q ‘) : : : . [c5‘6,7]
wo@ T
AT ‘

1300 1100 900 700 500 300
Raman shift (cm™)

Fig. 2. Raman spectra of the amorphous silica and the solutions tK%” and {Na®’.
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Table 2: Vibrational frequencies of silicate species for Raman spectroscopy.

Contribution Rar(‘l?:_ls)hift References

vs (Si-0) (QY 1120 - 1230 [30,33]

vs (S8i-07) (Q3) 1000 — 1100 [16,30]

vs (Si-07) (Q?) 920 — 1000 [14,16]

vs (8i-07) (QY) 850 — 920 [35.39]

vs (Si-O°) (QY) 800 — 875 [34,35]
TO/LO (Si-O-Si) 650 — 850 [35]
vs (Si-O) (monomers) 639 — 649 [36]

D2 (3 [Rs]) 587 — 606 [14,32]
Vs (Si-O-Si) (Csg,7) 515-535 [36]

D1 (3 [R4]) 453 - 550 [10,32]

9 [Rs or more] 400 — 490 [10,34]
M--O (network modifiers) 340 - 360 [34]

3. Results and discussions
3.1 Decomposition of the various Raman spectra

In order to determine each contribution, such as monomers and rings, from the various silicate
solutions, the Raman spectra had been decomposed taking into account the literature data of
the frequencies (Table 2) and the previous paper by Vidal et al. [13] regarding silicate
solutions.

3.1.1. Si/M (M=K, Na) molar ratios for the laboratory solution

The objective was to determine the effect of the Si/M molar ratio and the alkali cation on the
polymerization of the silicate species present in the solutions. In order to do so, spectra of six
laboratory-made Na- and K-silicate solutions with varying Si/M ratios (LK'7, (K'?, (K%,
1Na'7, INa'%and | Na%’, see nomenclature Table 1) were studied and are shown in Fig. 3.

Regardless of the cation (Na or K) for a Si/M ratio = 1.7 (LK'7 and {Na'’), the decomposed
Raman spectra showed the same contributions with variable intensities: the contributions due
to the stretching of Q! (Si012,05%), Q? (5i020,%), Q? (Si20320") and Q* (SiO4) species can be
evidenced near 875, 1000, 1060 and 1120 cm’! respectively [12,14,33]. Weak contributions
attributed to the bending of M--O bonds and to the TO/LO vibration modes were observed at
320 and 785 cm’!, respectively [34,35]. Finally, all the contributions in the low-frequency
range (300-800 cm’!) were effective. For example, the bands observed near 440, 550, 600,
500 and 645 cm™! were attributed, respectively, to the ring breathing mode of the ring with 5
or more tetrahedra (denoted S[R5 or more]), to 6[R3] (3-membered rings), to 5[R4] (4-membered
rings), to the stretching of vs(Si-O-Si) of the chains (Csg7) and to monomer contributions
(vs(Si-0)) [10,31,36]. The curve-fitting results of the Raman spectra are reported in Table 3
and show that the cation effect was relatively limited when the Si/M ratio was high. However,
the presence of Q* and Q* contributions were proof that the solution was polymerized which
is consistent with previous results by Vidal et al. [13].
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Fig. 3. Curve-fitting of Raman spectra for (A) (a) 1K'/, (b) LK, (¢) LK*>" solutions and (B)

(a) tNa'’, (b) ItNa'"" and (c) 1Na’’ * solutions based on potassium and sodium respectively (*
Intensity divided by 2.5).
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Table 3: Curve-fitting results of Raman spectra of the various silicate solutions (a) in the low
frequency range (300 — 800 cm™) and (b) in the high frequency range (800 — 1200 cm™) (- :
No contribution).

(a)
Raman contributions
Area (%)
(Position (cm™) (£ 2.5 cm™))

vs (Si-0-Si) vs (Si-0) | TO/LO

MO 18 [Rsormored | = ) | D@ IRD D2 BIRSD | omers)| (8i-0-Si)
o 1.9 311 12.9 8.2 7.0 2.8 6.1
K (315) (439) (500) (542) (592) (629) (785)
a7 3.1 30.1 114 75 59 32 8.7
(326) (440) (504) (550) (600) (644) (786)
s 42 253 37 95 11.7 2.9 1.8
cNa (329) (445) (498) (539) (595) (655) (782)
el 50 25.8 10.0 11.0 10.4 38 37
(331) (440) (496) (540) (595) (645) (784)
1o 52 24.9 1.5 13.7 10.1 39 2.0
- (329) (437) (487) (541) (594) (639) (779)
o 6.9 40.3 7.8 11.8 9.0 6.1 0.8
1Na (333) (442) (498) (546) (594) (640) (780)
g 07 7.1 24.0 7.0 6.5 8.4 32 26
R (335) (445) (499) (549) (596) (640) (779)
% <07 7.4 27.7 6.8 6.4 52 2.8 3.1
- (338) (446) (499) (551) (595) (629) (778)
os 10.9 27.1 6.2 45 54 2.0 4.1
LK (341) (447) (497) (553) (598) (639) (777)
s 13.6 285 6.5 4.4 5.7 35 3.0
LNa (343) (447) (501) (555) (597) (642) (776)
- 12.0 28.0 73 6.2 59 1.9 2.8
1K a3 (342) (446) (492) (552) (600) (643) (777)
o 10.8 275 7.6 72 2.8 3.6 28
WNaFi0s gy (446) (491) (555) (598) (628) (777)
. 122 25.0 6.3 4.9 2.6 43 42
LK a3 (339) (446) (490) (553) (597) (624) (778)
. 12.3 285 6.1 6.5 4.8 32 3.0
1Natigs (343) (447) (495) (554) (599) (640) (777)
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(b)
Raman contributions
Area (%)
(Position (cm™) (£ 2.5 cm™))
vs (Si-O0) | v (Si-O) | vs (Si-O) | v (Si-O) | v (Si-O) | v (Si-O) | v, (Si-0)
Q" QY (Q*) Q%) (Q*) Q) QY
K17 ] 1.4 ] 3.9 13.3 6.3 5.2
- (874) (999) (1033) (1062) (1122)
Nal7 ) 1.9 ) 3.8 12.8 6.8 4.7
(880) (993) (1026) (1057) (1123)
Nal¥ 2.6 5.6 ] 11.7 13.5 5.2 2.3
(859) (892) (987) (1027) (1065) (1123)
Nal3 0.9 1.6 ] 7.9 13.5 32 3.1
(825) (872) (1001) (1040) (1073) (1119)
K10 1.5 2.5 1.1 8.1 11.0 4.7
- (829) (878) (967) (999) (1036) (1070) )
Nal? 0.7 0.8 1.1 43 5.0 56 ]
(852) (878) (973) (999) (1029) (1064)
- K07 34 7.0 6.2 13.3 9.0 2.5 i
-§ (824) (878) O17) (993) (1034) (1063)
2 k7 32 6.7 6.7 11.7 9.8 25
i (821) (881) (924) (984) (1022) (1060) )
03 4.4 44 12.9 133 3.5 1.4
- (826) (882) (926) (986) (1028) (1061) i
os 6.0 5.8 10.7 8.6 25 1.3
tNa (829) (896) (933) (985) (1022) (1053) i
L 53 5.2 9.8 10.2 3.0 2.3 ]
VKNGOS goay (891) (928) (985) (1018) (1046)
5.8 4.9 11.3 10.8 3.6 1.4
Na!7¢05 -
(825) (892) (931) (990) (1022) (1066)
07 49 5.8 12.6 124 34 1.5
1K a3 (827) (888) (930) (991) (1028) (1065) i
52 4.0 11.2 10.9 2.9 1.3
LNa0'7K0~5 -
(825) (886) (927) (986) (1025) (1061)

For the solutions with a Si/M ratio equal to 1 (LK'® and 1Na'?), changes were clearly
effective. Indeed, all the contributions seemed to be more intense than for the tK!”7 and {Na!”.
However, this phenomenon was less pronounced with the curve-fitting results due to the fact
that these data were normalized. Moreover, the Q* band disappeared whereas a Q" band near
830 cm™! was observed. The disappearance of the contribution from the Q* species highlights
a less significant polymerization state compared to the LK!'”” and Na'’ solutions. Equivalent
contributions were observed in the low-frequency range (see Table 3 and previous results).
Globally, the curve fitting gives evidence of an increase in the area of the d[R3, 4] and M--O
with the decrease of the Si/M ratio for both cations. The contributions attributed to the Q? and
Q?® species appeared to be more intense for low Si/M ratios. However, it seemed that these
latter species were more pronounced in the case of the K-based silicate solution compared to
its Na-based counterpart (Table 3 and Fig. 3). Moreover, an increased content of alkali cation
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led to a decrease of the TO/LO and Csg7 contributions, thus indicating that these solutions
were less polymerized.

The decrease of the Si/M molar ratio to 0.5 (LK and Na®) led to an increase of the Q°, Q'
and Q? bands to the detriment of the Q° contribution. Moreover, in the low-frequency range,
the contributions attributed to 8[R3, 4] decreased. The relative intensity of the 6[Rs and more] and
M--O contributions were exacerbated in the case of the solution with a Si/M ratio = 0.5 which
suggests that the M--O bonds may be associated with the oligomers for low Si/M ratios, i.e.,
for very depolymerized solutions. This fact reveals that the solutions were highly
depolymerized. Moreover, the contributions attributed to Q° and Q! silicate species were
slightly more pronounced for 1Na%° than for K%, This fact highlights that sodium silicate
solutions may be slightly more depolymerized than their potassium silicate counterparts.

The increased amount of oligomer species with the decrease of the Si/M ratio may be an
important factor concerning the attack capacity of the silicate solutions.

3.1.2. Influence of the preparation method: commercial versus laboratory

In order to understand the effect of the preparation method, i.e., commercially available vs.
laboratory-made solutions, Raman spectra of Na and K-based silicate solutions were
decomposed. The spectra of cK®7, LK%7, cNa!> and 1 Na!*3 are shown in Fig. 4. Previously,
the decision was made to present spectra of the K-based solution with a low Si/M ratio (equal
to 0.7) since this solution is more depolymerized than its Na-based counterpart (Si/M ratio =
1.35). However, it was assumed that the spectra were representative of all tested silicate
solutions and that they give a global vision of the impact of the preparation method as a
function of the alkali cation and Si/M ratio. The cK®” and 1 K°7 spectra present the same
contributions but their intensity seems to be more significant for the tK®’ solution (for this
solution, the intensity of the spectrum was divided by 2.5 in the figure) (Fig. 4 Aa and Bb
respectively) due to the slight difference in water content. Indeed, the n(Si)/n(H>O) molar
ratio was 0.09 and 0.10 for the cK® and (K% solutions, respectively. Thus, the LK®7 solution
contained less water, implying slightly more intense contributions. Moreover, it seemed that
the contributions of the [R3] and Q? species in the commercial solution were slightly more
intense than in the laboratory-made one. In addition, the M--O and 6[R5 and more] contributions
appeared to be slightly more pronounced for the 1 K°7 solution.

In the case of the Na-based silicate solution (cNa'?®> and 1Na'?; Si/M ratio = 1.35), the
spectra (Fig. 4 Ac and Bd) were different in comparison with its potassium-based counterpart.
Indeed, the contributions of the QY, Q! and Q? species were more intense for the commercially
available solution as opposed to the laboratory-made one whereas the opposite was true for
the contributions attributed to the stretching vs(Si-O-Si) Csg.7. These results were evidence of
differences between each preparation method even if these differences were much more
limited in the case of the K-based silicate solution as opposed to the Na one. In fine, the
preparation method plays an important role in terms of reactive species evidenced in the
solution. This last point is important and also indicates that the commercial Na-based and K-
based silicate solutions are not obtained by the same preparation method.
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Fig. 4. Curve-fitting of Raman spectra for the (A) commercial and (B) laboratory solutions
((a) cK*, (b) LK*", (c) cNa'?? and (d) (Na'?® (" Intensity divided by 2.5)).

3.1.3. Mixed solution (NaK) with similar Si/M ratio: cation effect

Fig. 5 displays the Raman spectra of the mixed cation solutions LK'"Na05, LK®"na0.5, 1Na! ko5
and 1Na’’ko 5 (laboratory-based) for a single Si/M ratio = 0.5. All the spectra resemble the one
obtained for a solution with a Si/M molar ratio equal to 0.5. Even though the same
contributions were observed, their relative intensity varied slightly. Fig. 5a and 5b present the
Raman spectra for the K-based silicate solution with the addition of NaOH (LK''na0s and
K% Na055) and Fig. 5¢ and 5d show the SiNa-based solutions where KOH was added in order
to obtain a NaK solution (1Na'’kos and 1 Na®7ko s).

It seems that the addition of Na to a K-based solution with an initial Si/M molar ratio equal to
1.7 (LK""Na0.5) gave rise to slightly more intense M--O and 8[R3, 4] contributions in addition to
a less significant monomer contribution as opposed to the more depolymerized solution
LK% Na0s. These observations were less noticeable in the case of the 1Na'’kos and 1Na’7kos
solutions. Moreover, the Q' contribution appeared to be slightly more intense for LK%'Naos
than for tNa%’kos. Thus, it seemed that, for a similar Si/M molar ratio, the K-based solutions
with addition of NaOH were somewhat more depolymerized than their Na-based counterparts
with KOH addition.
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Fig. 5. Curve-fitting of Raman spectra for the mixed cation solutions (a) K'7n.05", (b)
LK% 7057, (c) Na!7g05" and (d) 1 Na’7g05" (* Intensity divided by 2.5).

For better interpretations, the 6[Csg7] and 8[R3 + R4] intensities corrected by the higher
intensity were plotted as a function of the cation mole number corrected by the cation radius
relative to the volume of the solution ((n(M)/r(M))/Viot) for various solutions (Fig. 6).
Regardless of the solution and the alkali cation, the intensity of the contribution attributed to
Cs¢.7 decreased. However, the sum of the R3 and R4 intensities increased and then decreased
with increasing cation concentration. Indeed, the 8[Cs 7] intensity band decreased from 0.6 to
0.25 (Fig. 6a) for a cationic concentration reaching 4 mol/(L*A). When the concentration was
above 4 mol/(L*A), the 0[Cs,6,7] intensity seemed to be relatively stable.

In the case of the evolution of the intensity of the 6[R3 + R4] band, the opposite phenomenon
was observed (Fig. 6b): the intensity of the 6[R3 + R4] band increased up to 0.6 (1 to 4
mol/(L*A) cationic concentration range), then decreased for the highest cationic
concentration. These variations indicate an influence of the alkali cation. Moreover, the
presence of the sodium cation in the solutions appeared to give rise to the formation of rings
(R3 and R4) for alkali cation concentrations that were higher than for the potassium cation.

This phenomenon could be related to the size of the cation. Indeed, the radius of the sodium
ion was smaller than that of potassium [24], and for an increasing alkali cation concentration,
potassium would then cause the rupture of rings at lower concentrations than for sodium.
Another explanation for this phenomenon could be linked to the diffusion of species. Indeed,
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Melkior et al. [25] have shown that the potassium diffusion rate is greater than that of sodium.
This difference in diffusion rate could therefore explain the breaking of rings for lower
concentrations in the case of potassium. Thus, the cation contained in the solution appeared to
have an influence on the degree of polymerization of silicate species and therefore on the
solution.

(@)

1.0

o
(<]
|

I(Cs,6,7)

N
K
Il
°

o | ]
fo) X ”
0.2 % - * - X
(o]
0.0 ; ; ‘ ‘ ‘
(] 2 4 6 8 10 12
n(M)/r(M) (mol/(L*A)
Vtot
(b)
1.0
o
0.8 -
[ ]
= | o
0.6 % .
+ u n
o
=04 ° -
[m]
0.2 -
0.0 T T T T T
(] 2 4 6 8 10 12
n(M)/r(M) (mol/(L*A)
Vtot

Fig. 6. Variation of the (a) Csg7 and (b) R3+R4 contribution intensities corrected by the
higher contribution intensity versus the cation concentration corrected by the cation radius

[18] for (O) cK*, (O) cNa*, (<) LK% (~) LNa*, (%) cK'y, (%) cNa*nay, (W) cK'NaY, (@) cNa'ky,
(@) LK*nay and (4) LNa*ky solutions (Table 1).

The decomposition of the spectra has made it possible to detect contributions that have yet to
be identified, such as the contribution attributed to M--O bonds. Since the key parameter of
the solutions is the alkali cation, Fig. 7 shows the percentage of the M--O contribution,
determined by decomposition, as a function of the alkali cation concentration corrected by the
distance M-O. Regardless of the cation and the solution in question, there was an increase in
the M--O contribution when the content of alkali cation increased; however, the variation was
not linear over the considered concentration range. It increased linearly for a concentration
ranging from 0.5 to about 4 mol/(L*A), then leveled off for higher concentrations. Indeed, for
the solutions cK* and for a concentration of approximately 0.7 mol/(L*A) (cK'"), the M--O
contribution was about 4% whereas for a concentration close to 4 mol/(L*A) (cK®?), the
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contribution increased to 13.5%. This phenomenon was also observed for (Na* solutions
where the M--O contribution varied from 2% to 13.5% at concentrations ranging from 1 to 4
mol/(L*A). Subsequently, this contribution remained constant at about 15.5% for
concentrations greater than 4.5 mol/(L*A). The existence of a plateau can be correlated with a
state of complete dissociation of the siliceous species [19]. Indeed, when the M--O content
was stable, the silicate species were completely dissociated. This complete dissociation was
due to pH values of 14 or higher and Si/M ratios below 0.5. Indeed, for Si/M ratios below 0.5,
highly depolymerized species (Q°) predominated. Svensson et al. [21] have demonstrated that
for low Si02/M>O ratios, the predominate silicate species were Q° entities. Other authors have
also observed these changes [19,26]. The change in the M--O contribution seemed to depend
on the water content and the content of alkali cation. This suggests that the reactivity of
silicate species and thus silicate solutions can be controlled by knowledge of the alkali cation,
the preparation method and the water content of these solutions. A curve chart of the reactivity
of the silicate species in relation to these parameters has thus been obtained.
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Fig. 7. M--O contribution area versus the alkali concentration corrected by the M-O distance
(n(M)/(Vior*dm-0)) for (L)) cK, (O) cNa*, () 1K, (A4) LNa*, (X) Ky, (%) cNa™nay, (#)
cK*nay, (@) cNa*ky, (€) LK*naY and (4) Na*ky solutions (Table 1).

3.2 Global behavior and tendencies obtained from all solutions by Raman spectroscopy

The decomposition of different solutions as well as bibliographic data has helped identify the
various contributions observed by Raman spectroscopy. Some contributions were also
detected by ?°Si NMR, including the bands attributed to Q" species [21,37]. It was deemed
beneficial to compare the results obtained by Raman spectroscopy with literature data when it
comes to variations of different Q" species as a function of the amount of introduced alkali
cation. Given the previous results, this part focuses on the contribution of all identified
species. All contributions are expressed as a function of the alkali cation concentration
corrected by the M-O distance proposed in the work of Mihler and Persson [24].

The contributions observed at high frequencies (800 - 1300 cm') were attributed to the
vibration of Si-O bonds in the Q" species. Fig. 8 shows the variation of these different species
as a function of the alkali concentration corrected by the M-O distance. Upon introduction of
the M cation and regardless of the cation and solution in question, the polymerized species
(Q® and Q%) disappeared in favor of more depolymerized species (Q*). When the cation
concentration became larger, the amount of depolymerized species (Q° and Q') increased at
the expense of more polymerized ones (Q?).
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Fig. 8. Variation of the area of (a) Q% (b) Q3, (c) Q%**, (d) Q' and (e) Q" silicate species as a
function of the alkali concentration corrected by the M-O distance (n(M)/(Vioi*dm.0)) for ()

cK*, (O) cNa*,

() LK%, (4A) LNa®, (X) cK*kv, (*) cNa*nay, () cK*Nay, (.) cNa*ky, (©)

LK*Nay and (4v) tNa”ky solutions (Table 1) (*Area divided by 2).

The amount of Q* species (Fig. 8a) decreased when the alkali cation concentration increased
and the species disappeared for concentrations higher than 3 mol/(L*A). A difference was
noted between commercial solutions (cM*) and laboratory counterparts (LM*) for Q* species.
This is consistent with the decomposition results presented earlier (Fig. 4 and Table 3).
Indeed, for the same cation concentration, the solutions prepared in the laboratory did not
contain any Q* species while these entities were present in the commercial solutions. For
example, at a concentration of 2.5 mol/(L*A), the commercially available solution contained
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2% Q* species while its laboratory counterpart did not contain any. This difference may be
due to the various preparation methods of the solutions. Indeed, the commercial solutions
were prepared by dissolving glass containing a large amount of polymerized units while the
laboratory solutions were prepared by dissolving amorphous silica containing a smaller
amount of polymerized species [38]. As a matter of fact, the Raman spectrum of the
amorphous silica used for the preparation of the laboratory solutions highlights a small
amount of Q* species together with a lower polymerization rate for these solutions (Fig. 2).
The same trend was observed for Q* species (Fig. 8b). In fact, the amount of these species
decreased with an increasing cation concentration and they disappeared completely above 4.5
mol/(L*A). More particularly, the point at 0.7 mol/(L*A) corresponding to the cK!7 solution
had a smaller amount of Q’ species (of the order of 5%) than the cK! solution at 1
mol/(L*A) (approximately 8.5%). This can be explained by the formation of Q? species at the
expense of Q* species for low cation concentrations, and when the amount of alkali cations
increases, the Q* and Q* species also disappear in favor of more depolymerized species
[19,26]. This phenomenon is consistent with the depolymerization of the solution and has also
been observed in the case of silicate glass [29,39]. However, in the case of glass, the
disappearance of Q* and Q* species in favor of more depolymerized species (Q?) occurred for
slightly higher contents of alkali cation (Si/M ranging from 1.5 to 0.75) [14,39].

The variation of Q? species (Fig. 8c) was consistent with the variations of the preceding
species. Indeed, when the amount of Q? and Q* species decreased, the Q? species increased to
a concentration of about 3.5 mol/(L*A) after which a slight decrease to a limit value (about
6%) was observed. The commercial and laboratory solutions no longer showed such
differences with regard to the variation of these species. In addition, the amount of Q? species
reached a maximum value before the disappearance of the Q® entities. This suggests the
presence of branched chains in the solutions. Indeed, these species reveal the presence of
siliceous polymerized entities. Moreover, since the Q? species had only two Si-O-Si bonds,
their presence indicates the existence of chains in these solutions.

The same phenomenon was observed for Q' species (Fig. 8d). In fact, the contribution
attributed to these species increased when the amount of alkali cations increased to 2.5
mol/(L*A). Beyond this value, the Q' species appeared to decrease slightly and reach a limit
value of 5%.

Finally, the variation of Q" species (Fig. 8e) was similar to that of the Q! entities. Indeed, the
amount of Q" species increased when the quantity of alkali cations increased respectively to 3
mol/(L*A). Above this concentration, the amount of these species appeared to become
stabilized. For low alkali cation concentrations, the commercial solutions did not contain any
Q" species. This phenomenon can be explained by the high initial polymerization rate. Thus,
the major differences between the commercial and laboratory solutions can be identified from
changes in Q" and Q* species.

All these observations were consistent with a depolymerization phenomenon. Indeed, for
concentrations below 3.5 mol/(L*A), the Q* and Q* species disappeared while the amount of
Q?% Q' and QY species increased. Then, as the concentration increased, the amount of Q>
species decreased in favor of Q° and Q! species. These changes were consistent with the
observations made by ?°Si NMR of alkaline silicate solutions. Indeed, Svensson et al. [21]
performed NMR analysis on various silicate solutions and demonstrated that for high
Si02/Na,O ratios (i.e., for low alkali cation concentrations), Q* were the predominate species.
When the SiO2/Na;O ratio decreased slightly, the Q* species declined and the Q* species
became predominate. For low SiO2/NaO ratios, the Q°, Q! and Q? species increased to the
detriment of more polymerized species (Q? et Q*). The same trends have also been reported
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by Provis et al. [19]. On the other hand, the Raman analysis of silicate glass has also helped to
highlight similar patterns for Q" silicate species as a function of the alkaline level [14,39].

Formation of rings and silicate chains

The variations in Q? and Q? entities have aroused scientific curiosity. These variations may
indicate the presence of previously unobserved phenomena and in particular the creation and
disappearance of chains and rings. The above-mentioned results suggest that NMR and
Raman spectroscopy (800 - 1300 cm™) produce similar outcomes regarding variations of
silicate species as a function of the amount of alkali cations. However, additional information
on the variations in the silicate chains and rings could be obtained by Raman spectroscopy
(300 — 800 cm™).

Fig. 9 shows the variation of species linked to silicon tetrahedra (TO/LO, Rs or more, R4, R3 and
Csg,7) as a function of the cation concentration corrected by the M-O distance. Contributions
attributed to TO/LO mode and Csg7 decreased when the content of alkali cation increased
whereas the band attributed to Rs remained constant. Meanwhile, the contributions associated
with R3 and R4 demonstrated an increase and then a decrease when the alkali cation
concentration increased.

The contribution attributed to the decrease in TO/LO mode as the alkali cation concentration
increased (Fig. 9Aa) was comparable with that of the Q* silicate species (Fig. 8a). This
development is consistent with the literature [34]. The band attributed to the chains (Csg7)
also decreased as the cation concentration increased and then became stabilized (Fig. 9Ab).
The stable contribution corresponded to the fact that large rings (i.e., rings with 5 or more
tetrahedra) were present in substantial amounts in the solutions (Fig. 9Ba) [17,39]. This band
is made up of contributions attributed to rings with 5 or more tetrahedra. The stability of this
contribution could thus be explained by a different composition and a reorganization of the
rings in these solutions. Thus, for high Si/M ratios, very large rings would be present and a
decrease in the Si/M ratio would result in the formation of smaller rings such as Rs.

Fig. 9Bb shows the evolution of the position of the band attributed to rings with 5 tetrahedra
or more as a function of the Si/M molar ratio of the solution. A shift of the contribution
toward lower wavenumbers occurred as the Si/M ratio increased, regardless of the solution
under consideration. Indeed, for solutions with a Si/M ratio of 0.5, the band was around 355
cm! while it was located at about 320 cm! for a Si/M ratio of 1.7. This phenomenon has also
been observed in silicate glass [39]. Trcera [15] noticed a shift of the bands attributed to the
rings and linked this to a decrease in the value of the Si-O-Si angles. However, Galeener [11]
showed that the values of the Si-O-Si angles were related to the ring size. Thus, Trcera [15]
put forward the theory that the shift of the bands attributed to the rings may be due to the
reduction in the size of the latter. Thus, in the case of silicate solutions, the shift of the band
associated with Rs or more Was consistent with the reorganization of rings corresponding to a
reduction of their size. Large rings were broken and smaller rings were formed.

The R4 and Rj species (Fig. 9Bc,d) had the same variations, namely an increase up to a
concentration of between 1.5 and 2 mol/(L*A) followed by a decrease. However, the
maximum was reached at different concentrations (1.5 and 2 mol/(L*A) for the R4 and R3
contributions, respectively). The R4 rings decreased at slightly lower concentrations than their
R3 counterparts (1.5 and 2 mol/(L*A) for respectively the R4 and R3 rings). Indeed, these
rings would be transformed faster than the rings of smaller size because of steric hindrance.
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Fig. 9. Variation of (A) the area of the contributions due to (a) TO/LO and (b) Cs67 and (B)
(a) the Rs or more contribution area, (b) the Rs or more contribution position, the contribution
areas of (c¢) the R4 and (d) the R3 as a function of the alkali concentration corrected by the M-

O distance (n(M)/(Viot*dm-0)) for (O) cK*, (O) cNa*,

(V) LKY, (4A) tNa¥, (X) cK'y, (K)

cNa*nay, () cK*Nay, (@) cNa*ky, (€) LK*Nay and (A) tNa*ky (Table 1).

The small amount of rings at low concentrations could be due to the large amount of water in
these solutions. Indeed, Zotov and Keppler [16] have shown that increasing the amount of
water in sodium-silicate glass results in the disappearance of the bands attributed to the R3
rings. This could explain the low amount of rings observed for very low alkali cation
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concentrations (about 1 mol/(L*A)). The observed increase in R3 and R4 can be correlated to
the decrease in chains and was thus due to the closing of chains as soon as the alkali cation
was added. Indeed, when the alkali cation concentration increased, the stresses exerted by the
cations became more significant and promoted a folding of the chains onto themselves. This
consequently led to ring formation. These phenomena can be explained by the equilibrium of
the dissociation of siliceous species [19,27]. In fact, the solutions with high Si/M ratios
contained a majority of Q? species which is consistent with previous findings and the
literature [26,27]. Their presence might be explained by the fact that the solutions contained
branched chains based on Q°. Therefore, when the alkali cation concentration increased, the
stresses exerted by the cations on the chains caused them to close thus leading to the
formation of rings.

Given these different variations and large concentration ranges, the reactivity of the solutions
can be demonstrated by the variation of the rings and chains at a fixed concentration of silicon
atoms. The contributions of the chains (Csg7), rings (R3+R4+Rs) and Q" species (Q*+Q'+Q?
for one silicon atom were plotted against the cation concentration corrected by the M-O
distance for the commercial and laboratory solutions (Fig. 10). The Q* and Q* species have
not been considered in this section because of their polymerization state.

In this case, regardless of the alkali cation concentration, the same trends were found. Indeed,
a significant decrease in rings was observed when the cation concentration increased. In
addition, the amounts of chains and Q" species evolved in an inversely proportional manner.
When the chains decreased, an increase in Q" species was observed. This phenomenon
suggests that the chains broke to form smaller entities (Q°, Q! and Q?). For the laboratory-
made solutions at a concentration of 1 mol/(L*A), the amount of chains was 8% and the
amount of Q" species was 3%. When the concentration reached 1.5 mol/(L*A), the percentage
of Csg7 and Q" was around 5.5 %. Increasing the concentration to 3 mol/(L*A) gave rise to
quantities of chains and Q" species of 8% and 2%, respectively. This phenomenon was also
observed with the commercially available solutions, and these developments were consistent
with dissociation.

With regard to the variation of the rings, it became more pronounced depending on the
preparation method and the alkali cation. Indeed, for the laboratory-made solutions, there was
a significant decrease of 30% to 10% respectively for concentrations of 1 and 5.2 mol/(L*A).
In addition, sodium- and potassium-based solutions exhibited similar trends. However, in the
case of the commercially available solutions, significant differences were observed for cK*
and cNa*. The number of rings went from 24% to 12% and from 32% to 14% respectively
when the concentration increased from 0.8 to 3.1 and from 1.5 to 3.4 mol/(L*A) for the cK*
and cNa* solutions. The variation in the rings was, as before, certainly due to the dissociated
siliceous species. The rings broke when the amount of alkali cations increased.

Regardless of the preparation method, the same quantity of rings was obtained at lower
concentrations for the potassium-based solutions compared to those based on sodium.
However, this phenomenon was more pronounced in the case of the commercially available
solutions. Thus, in commercial solutions, in order to obtain 23% of chains, concentrations of
1.0 and 2.5 mol/(L*A) were required for respectively the cK* and cNa* solutions. The fact
that the same number of rings was obtained at a lower concentration for potassium as opposed
to sodium may be due to the size of the cation [24] as well as the diffusion rate [25]. Thus,
potassium would give rise to a faster formation of rings by forcing chains to close at lower
concentrations due to its rapid diffusion. Then, the K* cation, which has a greater radius than
its sodium counterpart, would lead to the destruction of the rings in favor of more
depolymerized Q" species. In the case of sodium, the same phenomena would occur at higher
concentrations due to the slower diffusion of the cation and its smaller radius. Thus, the
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diffusion speed and the size of the alkali cation appear to have an influence on the
depolymerization phenomena of the solutions.

In addition, the results suggest that commercially available and laboratory-made silicate
solutions present differences in reactivity for concentrations between 2 and 4 rnol/(L*A).
These differences were not observed by 29Si NMR. Therefore, these results show that Raman
spectroscopy makes it possible to understand the depolymerization phenomena involved with
different cations and for different solutions when this is not possible by NMR.
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Fig. 10. Variation of the amount of (M) chains (Cse7), (£ ) rings (R3 + R4 + Rs) and (@) Q"
species (Q° + Q' + Q?) versus the alkali concentration corrected by the M-O distance

(n(M)/(Vior*dm-0)) for (A) commercial SiM*c.wy and (B) laboratory SiM*L-my solutions with M
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4. Conclusion

Various commercially available and laboratory-made alkaline silicate solutions based on

potassium, sodium or a mixture of the two were studied by Raman spectroscopy. The results
show that:

1) Increasing the cation concentration to 5.5 mol/(L*A), i.e., decreasing the Si/M ratio from
1.7 to 0.2 resulted in the depolymerization of the solution. Meanwhile, the contribution of R3
and R4 rings went through a maximum for cation concentrations of 2 and 1.5 mol/(L*A),
respectively.
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2) The preparation method (commercial or laboratory) affected the silicate species and
especially the R3 and R4 rings that were preferentially dependent on the alkali cation for the
commercially available solutions. Their reactivity can be identified from the variations in the
rings as well as in the Q° and Q* species.

3) The nature of the alkali cation had an effect on the formation of the rings, particularly for
potassium.

This study also showed that Raman spectroscopy can be used to obtain additive information,
especially with regard to changes in chains (Csg), silicate-containing rings (R3, R4 and Rs),
and the TO/LO mode. These data rendered it possible to determine the depolymerization
phenomena involved, which is not the case for NMR spectroscopy.

Thus, Raman spectroscopy is a promising tool for determining the reactivity of silicate
solutions, which greatly contributes to the use of such solutions in numerous applications.
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This study is focused on understanding the role of molybdic species during polycondensation reactions. For this
purpose, several geopolymers were synthesized using two metakaolins of different reactivities and various
amounts of ammonium molybdate (0.40, 0.80 and 1.57% molar molybdenum). The reactions involved were in-
vestigated by FTIR, Raman, DTA and MAS-NMR. The results showed that the addition of Mo induces the modifi-
cation of (i) the silica species negative charge balance and (ii) their nature and size, and favors perturbations
toward the polycondensation reactions, which differ in terms of metakaolin reactivity. The addition of Mo species
to the silicate solution counterbalances the metakaolin reactivity (the presence of an Al-rich or Si-rich network).
This highlights the modification and formation roles played by molybdenum atoms, depending on the amount of
ammonium molybdate added.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Geopolymer materials are prepared at room temperature by alkaline
activation of aluminosilicate sources [ 1]. These materials have many ap-
plications due to their temperature resistance [2] and their mechanical
characteristics. To increase their mechanical strength, reinforcements
may be added to the matrix [3]. For example, concrete reinforced with
glass fibers exhibits higher fire strength than conventional concrete.
Masi et al. [4] showed that the addition of basalt fibers to a geopolymer
matrix improves the temperature resistance of these materials. Like-
wise, it is possible to add refractory compounds to promote thermal re-
sistance [5]. Another possibility is based on the addition of compounds,
including boron or phosphorus, to the formulation of various types of
materials. For example, Xia et al. [6] showed that the addition of boron
to lithium aluminosilicate reinforced with carbon fibers improves the
temperature stability of this material, resulting in zero thermal expan-
sion. The addition of these additives requires perfect control of the inter-
actions between the binder and reinforcement [7] and leads to local
changes in the composition. Therefore, it is ideal to introduce com-
pounds whose influence is known in advance.

In the case of geopolymer binders, the final structure of the material
depends on the nature of the oligomers formed during polycondensa-
tion reactions. The formation of these oligomers is influenced by the
sources of the raw materials. Many studies have shown that the proper-
ties of raw materials, i.e,, the alkaline solution and metakaolin, influence
the structure of the final materials. Autef et al. [8] demonstrated that in

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

http://dx.doi.org/10.1016/jjnoncrysol.2016.08.045
0022-3093/© 2016 Elsevier B.V. All rights reserved.

the consolidated materials, the metakaolin reactivity influences the ki-
netics of reactions and the formation of networks. Regarding the silicate
solution, Singh et al. [9] studied the influence of the alkaline solution on
the reactions and demonstrated the appearance of different phenomena
depending on the alkaline solution. It was also noted that the nature and
the concentration of the alkaline cation influences the polycondensation
reactions and therefore the properties of the consolidated materials [ 10,
11].

Oligomer formation and polycondensation reactions, which are the
origin of geopolymer binder formation, can be evaluated by various
characterization techniques, including NMR and FTIR spectroscopies
and thermal analysis. Polycondensation reactions followed by FTIR
spectroscopy are related to the evolution of the Si-0-M peak, which in-
dicates the replacement of Si—O—Si by Si—0—Al bonds [12]. Autef
et al. [13] followed the formation of geopolymers maintained at 70 °C
for 2 h by thermal analysis. The various stages of the formation of
these materials, such as the reorganization of the species, metakaolin
dissolution, oligomer formation and polycondensation reactions made
it possible to identify the formation energies. An '"H NMR study also re-
vealed the existence of four stages in the geopolymerization reactions
[14]. 27Al NMR analysis was used to study the formation of these mate-
rials, particularly the changing amounts of Al (IV), Al (V) and Al (VI)
during polycondensation reactions [9]. Another study by X-ray scatter-
ing at small angles showed that the alkaline cation influences the reac-
tion rate and the arrangement of oligomers [15].

Previous work on geopolymer binders made from different
metakaolins [16], conducted in our laboratory, highlighted the monitor-
ing of the final shrinkage vs temperature in the presence of ammonium
molybdate. The molybdenum cation in basic medium can react with
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silica, alumina or potassium to form various complexes. Debecker et al.
[17] demonstrated the formation of Al(OH)sMogO35 entities when a
solution of ammonium heptamolybdate is added to an aluminosilicate
compound. Other authors have shown the formation of K;MoOQ, or
K2Mo,07 species [18,19] when interactions between molybdic and po-
tassium species occur. However, molybdenum only reacts with silica
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Table 2

Nomenclature of samples.
Mo amount Solution M1 M2
(mol %)
0 LSiKo7 ™1, ™2,
0.40 151K 040 M40 M20.40
0.80 1SiK* 7080 "Mlggo M20,80
157 1SiK®7) 57 ™15, ™2, 57

in an acid medium to form Keggin ions with the formula SiMo;,0%5"
[20]. Sarrazin et al. [20] showed that only MoOj ~ entities exist in
basic media, and this fact was confirmed by Jiang et al. [21]. This infor-
mation provides insight into the phenomena occurring during the for-
mation of polycondensation reactions that are responsible for
improving the thermal resistance of samples.

The objective of this work is to investigate the impact of the molyb-
denum cation on the final structure of the binders. For this purpose, re-
active mixtures prepared from two metakaolins presenting different
reactivity and different amounts of molybdate were analyzed to deter-
mine the influence of this compound on polycondensation reactions in
different solutions. Finally, the correlation between the characteristics
of the raw materials and the final geopolymer structure will also be
presented.

2. Experimental section
2.1. Sample preparation

Samples were synthesized using an alkaline silicate solution (Si/K =
0.7) and two metakaolins (denoted M1 and M2) from the supplier
Imerys, AGS Clerac, France (Table 1). The alkaline silicate solution was
obtained by dissolving KOH pellets (85.2% purity) and amorphous silica
(99.9% purity) in osmotically purified water at room temperature, as de-
scribed in previous works [22]. Two types of alkaline silicate solution
were studied: pure potassium silicate solution and solutions with vari-
ous amounts of anhydrous ammonium molybdate (NH4),Mo,0-
(99.9% purity). The amounts added were 0.40, 0.80 and 1.57% molar
molybdenum. The pH value of these various solutions was 14.

Syntheses were performed by mixing the alkaline silicate solution
and metakaolins, Then, the samples were placed in a closed mold at
room temperature (25 °C) [13].

Table 2 presents the nomenclature of the various solutions and
geopolymers studied. The nomenclature used for the silicate solutions
is (K%7,, where L represents a lab-prepared solution, 0.7 is the Si/K
molar ratio and x is the amount of molybdenum added. For example,
K0 corresponds to an alkaline silicate solution with 0.40% molyb-
denum. For the geopolymers, the nomenclature used is "My,, where x
is the amount of molybdenum added, My is the metakaolin used and
T is the temperature. For example, a geopolymer made with M1
metakaolin with 0.80% molybdenum prepared at ambient temperature
is denoted *M1 0.

2.2. Characterization

Fourier-transform infrared (FTIR) spectroscopy in ATR mode was
used to monitor the geopolymerization. FTIR spectra were obtained
using a ThermoFisher Scientific Nicolet 380 infrared spectrometer. The
IR spectra were collected over a wavenumber range of 400 to
4000 cm™ ' with a resolution of 4 cm™ . To follow the evolution of the
bonds over time, software was used to acquire a spectrum every

Table 1
Chemical characteristics of raw materials and geopolymers.

Metakaolin Geopolymer mixture
Chemical composition (weight %) Si/Al  K/Al  Water (weight %)
Si0, Al;05

M1 550 40.0 180 089 328

M2 550 39.0 184 092 328

10 min for 8 h. The atmospheric CO, contribution was removed by a
straight line between 2400 and 2280 cm™ . To allow comparison of
the spectra, they were corrected using a baseline and were normalized.

Raman spectroscopy was performed on the solutions using a T64000
Horiba-Jobin-Yvon spectrophotometer with 514 nm laser excitation op-
erating at a power of 30 mW at the sample. Scattered light was collected
in backscattering mode using a specific assembly for liquid samples
with a triple diffraction grating (1800 lines/mm). The spectral range
was 250 to 1300 cm ', and 60 scans of 15 s each were performed for
the acquisition. The subtracted baseline was modeled by a five-degree
polynomial curve. The contributions in the range 700-1300 cm ™!, at-
tributed to silicate species, were difficult to decompose due to the mo-
lybdenum contributions, which are very intense. Thus, the Raman
spectra were decomposed in the range 250-700 cm ™' using Wire 4.0
software from Renishaw [23] (Fig. 1). The contributions were modeled
by a pseudo-Voigt function. To compare the different solutions, the in-
tensity of each contribution was normalized by the intensity of the con-
tribution located at 446 cm ™" (attributed to Rs or more i.€., rings with 5
or more tetrahedra). The same observations were made on solutions
prepared a few minutes or 24 h before being analyzed. The various con-
tributions observed by Raman spectroscopy are listed in Table 3 [24,25,
26].

NMR experiments were performed on silicate solutions and crushed
geopolymer samples at room temperature on a Bruker AVANCE-400
spectrometer operating at 79.49 and 104.26 MHz (*°Si and 2’Al signals,
respectively). For the solutions, the 2%Si (I = 1/2) NMR spectra were ac-
quired after a m/2-pulse irradiation (4 ps), and a 500 kHz filter was used
to improve the signal/noise ratio. The number of scans collected was
400, and the time between acquisitions was 10 s to minimize saturation
effects. The °Si chemical shifts were measured using an external stan-
dard of tetramethylsilane (TMS). The error in the chemical shift values
was estimated to be <0.5 ppm. Errors in the determination of the rela-
tive band intensities were estimated as lower than 5%. For the
geopolymer sample 27Al (I = 5/2) MAS-NMR signals, spectra were

oR) sIR,]

5[C 3[R,

5.0.7]

monomers

250 300 350 400 450 500 550 600 650 700
Raman shift (cm™)

Fig. 1. Example of decomposition of Raman spectra obtained for {K°75 4.
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Table 3 ) ‘ ) compositions (Fig. 2A). Regardless of the mixture, more or less pro-
Vibrational frequencies of various species for Raman spectroscopy. nounced displacement of the Si-O-M peak is observed in relation to
Species Contribution Raman shift (cm ')  References the polycondensation reactions [27].
Silicate s (51-0) (Q) 1120-1230 (23] A slight increase of the in,itial peak wavem{mber is noted when the
v, (5i-07) (Q%) 1000-1100 [3233] amount of added ammonium molybdate increases from 981 to
v, (5i-07) (QF) 920-1000 (32] 987 cm~" for mixtures 2°My, and >°My, 57, respectively. Although this
vs (Si-07) (Q;) 850-920 [25] variation remains within the measurement error bars, the molybdenum
¥ (50 )(Q) 800875 [24.25] addition modifies the wavenumber and therefore the interactions in the
TO/LO (Si-0-5i) 650-850 [25] hemical . he sili
v (5i-0) {monomers) 639-649 [31] chemical b_onds, The initial Si-O-M pea position is lin ed to the sili-
D; (5 [Rs]) 587-606 [25,33] ceous species and the number of non-bridging oxygen atoms (NBO)
vy (51-0-51) (Cs67) 515-535 [31] [28]. The addition of molybdenum therefore induces a change in the dis-
5DE R(ﬁ [Ral) ; :gg-igg 53;:} tribution of the negative charges of siliceous species. The total displace-
Aiaiiction M0 (n;?urk modifiers)  340-360 [24] glent va‘lues are ‘also influenced by the addition of mﬂybdate to the
Molybdate v, (Mo-0) (Mo03 ) 888-892 (3436] M1, binders (Fig. 2Aa) and change from 40 to 34 cm™ ', respectively,
(Moy037) 929 [0] [36] for the 2°M1, and M1, 57 samples. In contrast, in the presence of 2>M2,,
(Mo;087) 908 [T] binders (Fig. 2Ab), there are minimal changes. This highlights the im-
v 959 (0] [26] portance of the alkaline solution, which is distinguished only in the
Va5 (Mo-0) (Ma0% ™) 837-852 [34,36] . : .
(Mo,02) 873[0] (36] case of the low-reactive metakaolin M1 [8,28], whereas for M2, highly
(Mo;08:) 860[T] reactive metakaolin, the effect of the solution is almost negligible.
911 [26] The slopes and displacement values (Fig. 2B) deduced from the
& (Mo-0) (Mo0F ") 3 36] monitoring of binders M1, and 2°M2, are located in the region
(Mo70%4) 360 (0] [26]

recorded after r/8 pulse irradiation (1.5 ps) using a 1 MHz filter to im-
prove the signal/noise ratio. In the MAS experiments, powder samples
were spun at 10 kHz. The number of scans was 50 for aluminum. The
295i (1 = 1/2) MAS-NMR spectra were recorded after n/2-pulse irradia-
tion (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 the saturation effects. Quantitative analysis
of the NMR spectra was carried out with the Winfit software package
(Bruker). This program allows the position, line width, and intensity
of components to be determined.

The pH measurements were made using a Schott Instrument
Lab860 at room temperature. To follow the variation of the pH during
geopolymerization, a small amount of the reactive mixture was placed
in a mold, water was added and the electrode was placed in the mixture,
The geopolymer/water mass ratio was 0.12. The pH value was recorded
after 3 min,

Wetting angles were measured with a Digidrop MCAT from GBX
composed of a camera and a lamp to record the deposition of a drop.
A solution drop was deposited on an HDPE substrate, and the wetting
angle was estimated at t = 0, i.e,, on the first image where the drop is
deposited on the substrate, using Visiodrop software from GBX. The so-
lutions were prepared 24 h before analysis. Wetting angle measure-
ments were performed 5 times with an estimated error of 4%.

Differential thermal analysis (DTA) and thermogravimetric analysis
(TGA) were performed on an SDT Q600 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. Milli-
gram aliquots of the samples were placed in platinum crucibles. The re-
active mixtures were heated to 70 °C, maintained at this temperature
for 120 min and then heated to 800 °C at a rate of 10 °C/min.

3. Results
3.1. Effect of molybdate on geopolymerization

The influence of molybdic species on geopolymerization mecha-
nisms was evaluated by (i) infrared spectroscopy, (ii) changes in pH
values and (iii) thermal analysis.

The infrared spectra of the *>M1, and M2, binder formulations,
with x varying from 0 to 1.57%, were similar to those obtained in previ-
ous studies [8], Consequently, only the displacement of the Si-O-M peak
position (M = Si or Al) was plotted as a function of time for the different

where several networks coexist or in the geopolymer area according
to previous works [29]. The 2*M1, samples are located in the zone
where several networks coexist. However, the addition of molybdenum
to the 2?M1g and °M1, 57 binders decreases the displacement and the
slope values from 40 cm ™' and —0.29 cm™ “.min~ ' to 34 cm™ ' and
—0.12 cm™ ".min"", respectively. This reflects the impact of the modi-
fied alkaline solution, which induces better reorganization of the spe-
cies, promoting the dissolution of the aluminosilicate source.
Therefore, the presence of molybdic anions, due to their charge, changes
the siliceous species, thereby promoting the formation of a geopolymer
network.

For the *M1, and »>M2, (x = 0,0.40 and 1.57) binders, the variation
in the pH value and its evolution (Fig. 3) determines the unreacted spe-
cies. A faster or slower decrease of the pH indicates composition-
dependent reactivity. The 2>M1, sample has an initial pH value greater
than that of geopolymer 2>M2, (13 and 12.5, respectively) due to the
different reactivity of the metakaolin. M2 metakaolin, which is more re-
active than M1 and promotes polycondensation reactions, leads to the
presence of few basic species, explaining the fast decrease of the pH
value. In the presence of metakaolin M1, the reactions are slower. The
addition of ammonium molybdate to the mixtures **M1g4o and
25M1, 57 decreases the initial pH value and favors geopolymerization re-
actions. However, the difference in the observed time needed for the de-
crease, induced by the addition of molybdenum, suggests the formation
of species with different size/charge and blocks the diffusion of other
species. The change in the reactions due to increased molybdate content
suggests that these species react with other alkaline cations or entities
produced by the dissolution of metakaolin. Keggin ions and compounds
based on potassium or aluminum can be formed [17,18,19]. In the pres-
ence of M2 metakaolin, polycondensation reactions are slightly affected
because the variations are similar. A small change in pH from 11.8 to
10.7 is noted for the 2>M2; 55, binder which also indicates a change in
the steric hindrance of silicate species.

These data indicate that the molybdate addition disturbs siliceous or
alkaline species and modifies the polycondensation reactions from a
thermodynamic point of view in the presence of a very reactive
metakaolin, whereas in the presence of a less-reactive metakaolin,
there is just a kinetic order change.

The formation steps of different binders were followed by thermal
analysis as a function of time at 70 °C (Fig. 4). This temperature was se-
lected for technical reasons [13]. The room temperature experiment
lasted 72 h, whereas at 70 °C, the experiment lasted only 4 h. Previous
studies validated this temperature difference [30]. Given the experi-
mental conditions, the curves show two different areas, A and B,
which characterize the steps of binder forming and behavior during
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Fig. 2. (A) Shift values of Q? position from FTIR spectra versus the time at room temperature for (a) M1y and (b) °M2, geopolymers with x = (—) 0, (=) 040, (-~) 0.80 and (--) 1.57 and
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heat treatment, respectively, revealing the water content of the material
[30]. The 7°M1, and 7°M2, compositions show similar weight losses of
approximately 5.7%, and the molybdate addition induces a slight de-
crease to 4.90% for the "°Myg and "°My, 57 samples. The heat flow curves
and their time derivative for the 7°M2, mixture show four areas defined
by the inflection points [30] (Fig. 5a). Zone I is attributed to the reorga-
nization of the different species (i.e., speciation equilibrium), zone II
corresponds to the dissolution of metakaolin, zone III is associated
with oligomer formation and zone IV is due to polycondensation reac-
tions. The number of moles of water used during the various stages of
formation was calculated and normalized to the total water loss from
area A (Fig. 5b). For the first area, the consumed water amount, charac-
terizing the associated energy, is similar for all mixtures (=~ 28%). For
zone II, the energy associated with the dissolution of metakaolin is the

-1y,

most important for the 7°M2, mixture, according to its reactivity, be-
cause there is rapid release of aluminosilicate species. The addition of
molybdenum (7°M21,57) causes a slight decrease in energy, which can
be explained by a previously mentioned kinetic effect. In the presence
of 7M1, the M1 metakaolin, which is less reactive, is dependent on
the alkaline solution, and the associated energy is reduced due to the
more difficult reaction [8]. The 7°M14 57 sample has slightly higher ener-
gy, suggesting that the modification of the alkaline solution leads to bet-
ter metakaolin dissolution. In this case, the different entities containing
molybdenum attract siliceous and aluminous species, favoring
metakaolin dissolution. Metakaolin dissolution impacts oligomer for-
mation (zone II1); therefore, the M2, mixture has the lowest energy
[8,28]. The small difference in presence of molybdenum can be attribut-
ed to the siliceous entity disorder requiring more energy. Similar
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phenomena are notable for °M1, and 7®M1, 57 because the associated
energies are higher. Finally, for zone IV, the energy required for polycon-
densation reactions is minimal when the formation of oligomers is facil-
itated. In the presence of molybdate, there is a small increase when the
oligomer formation requires more energy. The same conclusions apply
to M1 metakaolin.

Therefore, it has been shown that silicate solutions have different
polymerization states depending on the molybdate content. Further-
more, the addition of molybdate delays polycondensation reactions for
highly reactive metakaolin, and for low-reactive metakaolin, there are
thermodynamic changes.

3.2. Effect of molybdate addition on alkaline silicate solution reactivity

To identify the species responsible for the observed differences, this
section is devoted to the identification of species in solution by spectro-
scopic studies [22,23]. The K%, (x varying from 0 to 1.57%) were char-
acterized by Raman spectroscopy and 2Si NMR (Figs. 6 and 7).

The Raman spectra of the various solutions (Fig. 6a) present the con-
tributions assigned to the various silicate species reported in Table 3 [31,
32,33]. Those containing molybdenum have bands located at 317, 838
and 896 cm™ ', whose intensity increases with the molybdenum con-
tent, that are, respectively, due to the §(Mo-0), v,(Mo-0) and vs(Mo-
0) vibrations of the MoO3 ~ entities [34,35,36] (Fig. 6). The presence
of MoOZ ~ entities indicates that Mo,0? ~ species are not stable in
basic medium and are transformed in accordance with the works of

Time (min)

Fig. 4. (—) Weight loss and (—) heat flow versus time for the (a) M2, and (b) "°M2, 5,
mixtures.

Jiang et al. [21], who showed that in alkaline media, only the MoO% ~
species exist (Eq. 1).

Mo,0;%~ + 20H™ = 2Mo0,*~ + H;0 1)

The Raman spectra were then decomposed in the 300-700 cm '
range due to the high intensity of the Mo-O contributions located at
838 and 896 cm ', leading to a pronounced decrease in the silicate spe-
cies contributions. Fig. 6b shows the variations of the Mo-0/Rs and more
and Cs 67/Rs and more intensity ratios and the R3/R4 contribution intensity
ratio as a function of the added molybdenum amount. These contribu-
tions were chosen because they are characteristic of the species respon-
sible for the reactivity. The linear increase of the Mo-0/Rs and more ratio is
due to the increase in the molybdenum concentration. The Cs7/Rs and
more and R3/R,4 values have inverse trends. When the chain contribution
(Cs.6.7/Rs5 and more) decreases, an increase in the Ra/Ry ratio is noted.
However, the opposite occurs for the N —— composition. The de-
crease in chain contributions (Csg7/Rs) favors ring formation (Rs/Ra),
which reflects a reorganization of siliceous species. The increase of the
R3/R4 ratio, reflecting a decrease of 4-membered rings (R4) in favor of
smaller rings (R3), emphasizes the formation of small entities [23].
This phenomenon can be explained by the presence of a small amount
of water released by the formation of MoO3 ™~ species (Eq. 1). The
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addition of a small amount of (NH4)>Mo0,0- to the solution results in
acid-base reactions, promoting the polymerization of the solution [22,
37]. However, in the presence of a larger amount, this effect is less im-
portant because compounds like K;Mo0,4 may be formed [38]. In the
presence of these compounds, which consume positive charges, sili-
ceous species polycondense as small entities to counterbalance the
charge loss.

The validation of this charge loss can be calculated from the contri-
butions of the different Cs 57, R3 and R4 species. These species are nega-
tively charged and are compensated by alkali cations. The numbers of
negative charges of the C,, chains and R, rings are, respectively, equal
to 2n + 2 and 2n. To perform the calculation, it was assumed that the
chains and R4 and Rj rings were, respectively, composed of 6, 4 and 3
tetrahedra and therefore contained, respectively, 14 (2 + 6 + 2), 8
(2 +4) and 6 (2 * 3) negative charges. The data required for the calcula-
tion are shown in Table 4. For the ;K solution containing 0.20 chains,
0.24 Ry and 0.26 Rs, the number of negative charges is 14 « 0,
20 + 8« 0.24 + 6 + 0.26 = 6.28. However, for the ;K%7; 57, solution,
the number of negative charges is 5.06. This hypothetical calculation
demonstrates that ammonium molybdate addition to the solution re-
duces negative charges, indicating reorganization of the species in a cy-
clic structure,

225
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Fig. 6. (a) Raman spectra of SiK solution with various amounts of ammonium molybdate
(1K%7, 1K 0,40, 1K%71 57), (b) (-O0-) I(M0-0)/I(Ts), (A) I(Cs67)/1(Ts) and (o) [(Ta)/1(Ts)
as a function of the molybdenum amount. (=) linear fit with correlation coefficient of
0.993.

The wetting angle values of K%’ and ;K°7; 57 solutions are 98.9° and
103.1°, respectively. The slight increase in the wetting angle value is in
agreement with the decrease in negative charges and will be discussed
in the discussion section.

The NMR spectrum of the {K%7; 5 solution (Fig. 7a) is composed of
various contributions attributed to Qn species [39] (Table 5). The depen-
dence of the evolution of the Q*/Q? and (Q' + Q? + Q% + Q%)/Q? ratios
on the amount of molybdenum is shown in Fig. 7b.

The ratio Q*/Q? is characteristic of the polymerization state of silicate
species, whereas (Q' + Q% + Q% + Q%)/Q? can be used to estimate the
amount of cyclic species able to react to construct a three-dimensional
network. The K%7;.40mo composition has a reverse effect; when the
Q%/Q? ratio decreases, the (Q' + Q7 + Q%€ + Q*)/Q” ratio increases,
reflecting a change in the species structure.

For this composition, ring formation occurs to the detriment of
chains. For higher contents, the increase of the Q%/Q? ratio and the de-
crease of (Q' + Q2 + Q* + Q*9)/Q? are characteristic of a rearrange-
ment within species, as mentioned for the Raman spectroscopy results
(Fig. 6b), with competition between K;Mo0, compounds and the
water content.

The addition of molybdenum to the solution induces electrostatic in-
teractions and solvation changes due to water formation. Siliceous
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Fig. 7. (A) %°Si NMR spectrum of (K*’;s; and (B) (M) Q%Q® and (A)
Q' + @ + @ + Q*)/Q? obtained from 2°Si NMR as a function of the amount of
ammonium molybdate.

species therefore recombine and disturb the polycondensation reac-
tions in presence of metakaolins, impacting the local network
formation.

3.3. Effect of molybdate on the final material

NMR provides information about the nature of the various net-
works; therefore, the geopolymer structure was evaluated by 2°Si and
2941 NMR. The untreated spectra obtained for the 2°M2 sample are
shown in Fig. 8.

The Al NMR spectrum exhibits an intense contribution located at
55 ppm and a low-intensity contribution at 0 ppm assigned to tetrahe-
dral aluminum (Al (IV)) and to octahedral aluminum (Al (VI)), respec-
tively [9,40]. The high-intensity contribution due to Al (IV) agrees with
the occurrence of polycondensation reactions. The aluminum V and VI
from metakaolin react and are transformed into aluminum IV [9]. The
presence of Al(VI) is due to non-reactive impurities from metakaolin.
The widths at half maximum (FWHM) of the different samples ranged
from 10.59 to 11.48, indicating the formation of more or less ordered
networks depending on the metakaolin [8].

The 29Si NMR spectrum has different contributions located at — 106,
—98, —93, —89, and — 84 ppm, respectively, which are attributed to
Q*(nAl) entities with n ranging from 0 to 4 [8]. The presence of these
contributions is characteristic of the formation of a geopolymer network
within the material [41]. The low-intensity band at — 79 ppm is associ-
ated with the existence of nesosilicates or Q*(2Al) species within the
network, as evidenced by Davidovits [42]. Previous studies identified
this contribution in geopolymer binders [8].

For the four formulations, the values of the different silicate species
contributions determined from the deconvolution of each spectrum
are reported in Fig. 9. The observed differences reflect different connec-
tivities depending on the aluminosilicate source and molybdate
addition.

The main difference between the M1, and 2>M2, binders is related
to the two contributions (Q*(4Al) + Q*(3Al)). The 2*M1, composition
contains a lesser amount of these species (16.0 and 35.1%) compared
to the 2M2, composition, which contains 20.7 and 36.2%. The M2,
formulation has a geopolymer network, as evidenced by Autef et al.
[8], and a slight contribution of nesosilicates or Q*(2Al) [42]. This
metakaolin reactivity allows rapid oligomers formation that
polycondenses contrarily to M1 metakaolin, which reacts in a thermo-
dynamic way. The molybdenum addition to the M1 metakaolin-based
formulations (**M1y and 2°M1,5;) decreases the nesosilicate and
Q*(3Al) species percentages from 41.7 to 34.7% and increases the silicon
atom-rich species (Q*(2Al) and Q*(1Al)) from 37.9 to 43.6%. The reac-
tion that occurs during molybdenum addition can be modeled by Eq. 2.

“Nesosilicates” + Q*(4Al) + Q*(3A1)Q*(4Al) + Q*(2Al) + Q*(1Al) (2)

Inversely, in the presence of M2 metakaolin (**M2g and **M2, 57),
the molybdenum addition increases the contributions attributed to
Q*(2A1), Q*(1Al) and Q*(0AI) to the detriment of Q*(4Al) and Q*(3Al)
species. The sums of the Q*(4Al) and Q*(3Al) contributions and that of

Table 4
Detailed calculation of negative charges in solutions (G, = 2n + 2, R, = 2n) from Raman spectra decomposition (error < 1%).
igsp(ven)es)
Solution Species (—) charges per units ¥ (—) charges 3" (—) charges in solution
| SIKo7 Chains Cg 0.20 14 2.30 628
Rings Ry 0.24 8 192
Rings R3 0.26 6 156
1SiK®75.40 Chains Cg 0.05 14 0.70 320
Rings Ry 0.11 8 0.88
Rings Ry 0.27 6 162
1SiK* 550 Chains Cg 0.06 14 0.84 426
Rings R4 0.15 8 120
Rings Ry 037 6 222
1SiK®y 57 Chains Cs 0.08 14 142 5.06
Rings Ry 0.20 8 1.60
Rings Ry 0.39 6 234
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Table 5
Deconvolutions of 2°Si NMR spectra of silicate solutions.
Silicate species
% Area
(8 (ppm))
QO Q’ QZE QZ QBE Q! QQ
il 8.6 241 154 247 17.0 10.2 /
(—714) (—78.9) (—81.2) (—86.8) (—88.9) (—94.9)
1K%0.40 105 27.2 169 292 95 6.8 /
(—=713) (—788) (—81.1) (—86.7) (—88.7) (—945)
K040 84 239 163 276 120 11.8 /
(—71.3) (—78.9) (—812) (—86.8) (—88.8) (—94.8)
) Ll 88 236 14.8 286 14.0 102 /
(—=71.3) (—78.9) (—81.2) (—86.8) (—8838) (—948)

the Q*(2Al), Q*(1Al) and Q*(0Al) bands change, respectively, from 56.9
to 44.9% and 38.5 to 51.2% for molybdenum quantities equal to 0 and
1.57%. Research on alumino-silicate compounds show that

molybdenum and aluminous species can react to form Al{OH)sMogO3s~
complexes [18]. If the formation of this complex occurs in the presence
of molybdenum, there are fewer aluminous species available to react

and create the geopolymer network. Thus, the formation of this com-
plex can explain why the network is richer in silicon atoms for
(a) 25M2, s7. In this case, the reaction can be described by Eq. 3.

Al(IV) Al(VI)

Q*(4Al) + Q*(3A1Q*(2A1) + Q*(1Al) + Q*(0Al)
+ 4Al(OH)sMog015>~; 3K* (3)

These two types of behavior are linked to the metakaolin reactivity,
which in the presence of a modified alkaline solution, can form different
silicon-rich or aluminum-rich networks. The spectroscopic data (Raman
and NMR) showed the existence of siliceous species with smaller size or
lower charge, favoring the reactivity.

The low-reactive metakaolin (®M1g) forms several networks. With
the molybdenum addition, inducing the formation of complexes with
aluminum (Al(OH)sMogO3s") [18] and various siliceous species, the
final network might be composed of a geopolymer network competing
with a similar network due to the nesosilicate species, which can be
grafted to aluminum-based complexes or other species. This can explain
the geopolymer network enriched in aluminum atoms.

A highly reactive metakaolin in the presence of a solution modified
by molybdenum promotes the formation of a network that is richer in
silicon atoms.

A

150 100 50 0 -50
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Fig. 8. (a) *’Al et (b) *Si NMR spectra of the M2, geopolymers after consolidation. M2, (21) 2°M2, 57 (erTor + 1%).
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The molybdenum addition in the presence of two metakaolins with
different reactivity can counteract the reactivity, favoring a network rich
in either aluminum or silicon atoms.

4. Discussion

The results obtained in this work indicate that the addition of molyb-
denum leads to differences in size and negative charges within the solu-
tion and to the formation of different networks in the final materials. It
is therefore necessary to correlate the effect of raw materials to the final
structure of the material.

Silicate species in the solution affect the final negative oxide network
and the structure of species. NMR studies on these solutions demon-
strated that the number of non-bridging oxygen atoms (NBO) is linked
to the reactivity of the solution [22]. However, the calculated values vary
slightly (Fig. 10) from 1.71 to 1.84. To confirm these data, they were cor-
related to the wetting angle values to characterize the interactions with-
in the solution. A depolymerized solution contains many negatively
charged species, causing significant repulsion and a large wetting
angle [43]. However, for a polymerized solution, the interactions be-
tween species are lower due to the lower number of negative charges.
The driving force of a drop is due to the competition between the inter-
facial and superficial energies of the mixture. As shown in Fig. 10, the
wetting angle varies inversely with the NBO values. Increasing the mo-
lybdenum content induces two changes: an increase followed by a de-
crease in NBO, with the limit of 0.40%. The decrease in the wetting
angle observed for a low molybdenum content (98.9° to 85.2° for [ K®7
and (K% 40, respectively) is characteristic of weak interactions be-
tween species and indicates a polymerization phenomenon. These ob-
servations are in agreement with the decrease in the number of
negative charges in the solution (from 6.28 to 3.20 for \K°7 and
1K%75.40), indicating the presence of polymerized species (Table 4).
However, in the same interval, the NBO value increases slightly (from
1.80 to 1.84). This variation is in contradiction to the polymerization
phenomenon highlighted previously and suggests a particular phenom-
enon, For molybdenum contents >0.40%, an inverse trend is observed.
The wetting angle values and the number of negative charges in the so-
lution increase (85.2° to 103.1° and 3.20 to 5.06 for K7 40 and (K%, 57
solutions, respectively). This evolution is characteristic of the presence
of strong interactions within the solution, indicating a depolymerization
phenomenon. In the same interval, the NBO values decrease slightly
(from 1.84 to 1.71 for 0.40 and 1.57% molybdenum), indicating a poly-
merization phenomenon, in contrast to the previous observations.
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Fig. 10. Variation of (M) wetting angle on polyethylene and (A) number of non-bridging
oxygen atoms (NBO) obtained from 2°Si NMR spectra as a function of molybdenum
amount for the various | K°7, solutions.

The molybdenum addition therefore causes various phenomena.
First, the NHZ ions are transformed into NH; species, thereby releasing
H;0™ and acidifying the medium (Eq. 4). Then, the Mo,03 ~ entities, un-
stable in basic media, consume OH™ ions and then form MoO3 ~ entities
and water (Eq. 1).

NH4* + H,0—NH; + H;0" (4)

These two phenomena decreases the pH, inducing the polyconden-
sation of the silicate species, in agreement with the variations of the
negative charges and wetting angles for <0.40% molybdenum content.
However, the increase in the NBO values, indicating a depolymerization
phenomenon, could be explained by the formation of oxo-molybdic
species that cause significant electrostatic repulsion and favor the for-
mation of species responsible for the NBO value [44]. For higher molyb-
denum contents, the number of negative charges, and thus the wetting
angle, increases in accordance with a depolymerization phenomenon
and ring formation. The NBO value indicates that this is not a depoly-
merization of silicate species and that molybdenum influences the for-
mation of K;MoQ,4 species [38]. Therefore, the changes in wetting
angle and NBO values can be explained by the formation of cycles
interacting with molybdic species.

These data are transposed to the geopolymer network structure.
Fig. 11 shows the variation of the oligomer formation energy deter-
mined by DTA, the Si/Al ratio value [45] and the FWHM value deter-
mined by 2°Si and 2’Al NMR as a function of the different My, (x =
0 or 1.57) compositions. The same variations are observed: an increase
or a decrease depending on the amount of molybdenum, For mixtures
containing M1 metakaolin, the energy of oligomer formation and Si/Al
ratio decrease, whereas the FWHM increases (respectively, from 33.1
to 31.1%, 1.73 to 1.68 and 9.6 to 11.5 ppm for **M1, and 2°M1, 5; mix-
tures). An inverse variation is observed for mixtures containing M2
metakaolin, i.e., increases in the energy needed for oligomer formation
and the Si/Al ratio, accompanied by a reduction in the FA¥HM value (re-
spectively, from 24.2 to 30.5%, from 1.62 to 1.79 and from 10.6 to
9.9 ppm for 2°M2; et M2, 57). The increase in metakaolin reactivity
is characterized by a low oligomer formation energy (33.1 to 24.2%).
This reflects a decrease in the Si/Al ratio and an increase in the FWHM
(from 1.73 to 1.62 and from 9.6 to 10.6 ppm for 2*M1, and M2y, re-
spectively). As proved previously, molybdenum affects the size and
charge of the species, making the solution more reactive, which causes,
in the presence of low-reactive metakaolin and molybdenum, a de-
crease in energy linked to the formation of oligomers. The decrease in
the Si/Al ratio indicates the formation of an aluminum-rich network,
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Fig. 11. Variation of (M) oligomers from DTA analysis, (@) FWHM/10 of Al(IV)
contribution on 2?Al NMR spectra and (A) Si/Al determined from 2?Si NMR for the
various samples.
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characteristic of a network composed of a geopolymer [46]. These two
phenomena suggest that the molybdenum addition favors polyconden-
sation reactions and thus the formation of a single ordered geopolymer
network. However, the FWHM increases with the formation of a more
ordered network. Nevertheless, the addition of aluminum to an alumi-
nosilicate leads to the appearance of distortions within the network
and increases the FWHM [47]. In this case, the enrichment of aluminum
atoms results in a higher FWHM, characteristic of the presence of distor-
tions in the network.

Highly reactive metakaolin results in similar phenomena, in accor-
dance with the formation of a geopolymer network that is rich in alumi-
num atoms [8]. The combination of a very highly reactive metakaolin
and a molybdate-activated solution is detrimental to the formation of
the geopolymer network, as characterized by an increase in the oligo-
mer formation energy and a higher Si/Al ratio, in agreement with the
existence of various networks. However, the decrease of the FWHM is
in contradiction with this phenomenon. In this case, this variation
could be explained by the presence of silicon-rich networks, which are
characterized by a higher Si/Al ratio and therefore lower network
distortions.

These observations suggest different behavior depending on the
metakaolin reactivity. In the case of highly reactive metakaolin, dissolu-
tion is very fast, resulting in a rapid release of siliceous and aluminous
species. Oligomer formation is also favored by metakaoln reactivity. Re-
organizations occur between oligomers, forming a single geopolymer
network that is rich in aluminum atoms. When molybdenum is added
to the initial solution, the species condense and form entities with
fewer negative charges, which reduces metakaolin dissolution and re-
quires greater energy for oligomer formation. In this case, molybdenum
forms large complexes and ions. These large aluminum-rich species cre-
ate a more disordered network hat is depleted in aluminum atoms.

In the case of low-reactive metakaolin, the dissolution is weak due to
the presence of impurities. Oligomer formation is also more difficult and
requires higher energy. In this case, several disordered networks that
are richer in silicon coexist. When molybdenum is added, the cyclic spe-
cies formation favors the dissolution of metakaolin and the formation of
oligomers. This phenomenon facilitates the formation of a three-
dimensional structure that is richer in aluminum. Moreover, the fact
that molybdenum traps a portion of the aluminum atoms appears to
favor the formation of a single geopolymer network.

Thus, it was possible to modify a low-reactive solution by adding
molybdate to counteract the metakaolin reactivity.

5. Conclusion

This study was conducted to investigate the major role of molybdic
species during polycondensation reactions using two metakaolin-
based geopolymers and various amounts of ammonium molybdate
(0.40, 0.80 and 1.57% molar molybdenum).

The addition of molybdenum to the silicate solution (increasing the
reactivity of the solution) counterbalanced the metakaolin reactivity, fa-
voring a rich network of either aluminum or silicon. Thus, silicate solu-
tions have different polymerization rates depending on the amount of
molybdate added. The different entities containing molybdenum attract
siliceous and aluminous species, favoring the dissolution of metakaolin.
Finally, the addition of Mo modifies (i) the balance of negative charges
in the silica species of the silicate-Mo solution and (ii) the nature and
size of the species involved, which favors perturbations toward poly-
condensation reactions in the final material:

(i) In the case of highly reactive metakaolin, the dissolution is very
fast, resulting in the rapid release of siliceous and aluminous spe-
cies. When molybdenum is added to the initial solution, the spe-
cies condense, reducing the dissolution rate. These large
aluminume-rich species create a more disordered network and
decrease the aluminum content.

(ii) In the case of low-reactive metakaolin (more classical point),
oligomer formation is more difficult and requires more energy.
When molybdenum is added, the formation of cyclic species fa-
vors the dissolution of metakaolin and the formation of oligo-
mers. This phenomenon facilitates the formation of three-
dimensional structure that is richer in aluminum.

Finally, it was demonstrated that it is possible to change the reactiv-
ity of the silicate solution by adding a small amount of molybdate to
counteract the reactivity of metakaolin.
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Abstract

Currently, many applications require the assembly of different materials to improve their
properties in use. This work focuses on the production of a geopolymer binder coating based
on metal or agglomerated sand. For this, several compositions based on sodium or potassium
and different reactivities of metakaolin and their interactions in the presence of different types
of support were studied. The interactions between the binder and carrier were analysed by
measurements of the wetting angles. Coating trials conducted over tin-plated copper and
bonded sand highlighted the influences of the binder composition and the drying and
deposition parameters. Scanning electronic and optical microscopy observations confirm the
chemical adhesion between the various components. FTIR spectroscopic analyses have also
identified the parameters for obtaining a geopolymer network such as the reactive aluminium
concentration (5 mol / L) and the molar Si / Al and M/ A1 (M = K or Na) ratios (2 and 1.2,
respectively). It is therefore possible, by determining the wetting angle, to control the
deposition on either a metal or silica sand.

Keywords: Geopolymer; Metal; Wetting angle; Silicate solution; Aluminium content; Sand

1. Introduction

Today, many applications require understanding the interactions between different
materials and the formation of composites or assemblies to optimize their working properties
[1, 2, 3]. In fact, different types of interactions can occur at the interface between different
materials, resulting in adhesion phenomena such as mechanical or chemical anchoring [4]. In
the case of chemical anchoring, the existence of chemical reactions between the support and
the binder must be determined. The mechanical anchoring corresponds to a solid surface
penetrating into the surface tortuosity, leading to a consolidated layer. Studies have shown
that mechanical anchoring depends on the roughness and wettability of the surface [5].

Many areas require the use of mixtures of materials such as technical ceramics or wide
raw ceramics. In the field of aerospace, thermal barriers are used to protect metal from high
temperatures [6]. These barriers are therefore made of a metal substrate, an undercoat layer
and a ceramic deposit [7]. In the electronic domain, ceramic/metal assemblies are made for
the manufacture of electronic circuit boards. Wielage et al. [8] prepared Al/Cu metal coatings
on AlO;3 substrates by cold-gas spraying, and the analyses evidenced a good adhesion
between the materials. Ceramic coatings on metal also exist and are used for biomedical
applications. Huang et al. [1] studied glass-ceramic coatings on magnesium alloys for
biomedical implant manufacturing and demonstrated the anticorrosion properties of these
coatings. Gouny et al. [9] studied the interactions between a geopolymer foam and wood or
earth brick for building materials. Mechanical tests have shown the formation of strong bonds
between the binder and the wood or brick. Further analysis revealed that these interactions
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were favoured by the penetration of the binder into the porosity of the mud brick or wood
[10].

Geopolymer materials are environmentally friendly materials because of their low CO2
emissions and energy consumption [11], and hence many works are interested in them and
their interactions with different types of materials. Do Rego et al. [12] investigated the
possibility of using a sodium-based geopolymer as an adhesive material for ceramic tiles and
showed that better adhesion is obtained with these materials. Moreover, it was evidenced that
higher performance is obtained when the temperature increases to 50 °C. Recently,
Chandaprasirt et al. [13] used a fly ash-based geopolymer to protect cement pipes from
aggressive solutions. The results revealed that the hardness of the geopolymeric covering
material is reduced after being immersed in aggressive solutions for 90 days. Other authors
evidenced that slag-based geopolymers can be used as protective coatings for marine concrete
due to their good adhesion between the cement paste and the binder and the high anticorrosion
property of these materials [14]. Irfan Khan et al. [15] applied binders based on mixtures of
sodium hydroxide solution and fly ash on steel plates. The results showed that the value of the
Na / Al ratio and the amount of water influenced the adhesion of the deposit on the metal
substrate. Formulations with acceptable temperature stability and durability have the ratios of
water / solid = 0.33 and 0.8 < Na / Al <1.2. Allison et al. [16] studied the interface between a
geopolymer binder based on fly ash and steel, and the absence of an interface between the two
materials was demonstrated by nanoindentation. In addition, the use of a pretreatment on the
steel enamelling can promote the anchoring of the binder through a porous layer. Temuujin et
al. [17] studied the use of metakaolin based-geopolymer coatings on stainless and mild steels
for thermal protection. It was shown that the geopolymer chemical composition controls the
adhesion of this material on the metallic substrates, and good adhesion was obtained for
formulations with Si/Al = 2.5 and Na/Al = 1.

The coating of a binder on a support implies various interactions that may occur such as
mechanical or chemical anchoring. The interactions between the different materials can be
verified using wetting angle measurements, scanning electron microscopy observations or
mechanical testing. The value of the wetting angle depends on the presence of defects on the
surface of the solid, in particular the roughness of the solid and its chemical heterogeneities,
and also the chemical composition of the binder [18]. Alghunaim et al. [19] showed that the
surface roughness leads to different phenomena depending on the porosity. Shear or tensile
tests may also be performed to determine the tensile strength in the parallel or perpendicular
direction [8, 20]. Finally, the adhesion between the binder and the substrate may be
characterized by scanning electron microscope observations. Gouny et al. [10] showed that
the geopolymer binder penetrated within the pores of the wood support or earth brick,
inducing adhesion between the materials. Ruth et al. [21] studied geopolymer coatings on
plywood by SEM and observed a good adhesion between these two materials. Other authors
evidenced by SEM observations that geopolymers with a Si/ Al ratio = 2.5 form strong bonds
with steel [17].

The aim of this work is to apply a coating on metal or agglomerated sand based on a
geopolymer binder for different applications. The interactions between the binders and
different substrates were evaluated by the measurement of the wetting angles. Observations
by optical and scanning electron microscopy were used to study the adhesion between the
binder and metal or bonded sand. Finally, the best aluminosilicate formulation binder was
determined by FTIR spectroscopy.

2. Materials and methods
2.1 Sample preparation
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In this work, a sodium silicate solution and a potassium silicate solution with Si/M molar
ratios of 0.7 (M = K or Na) and three metakaolins (denoted M1, M2 and MT) were used.
Alkaline silicate solutions were prepared by dissolving KOH (purity 85 %) or NaOH pellets
(purity 97%) and amorphous silica (purity 99,9%) into osmotically purified water [22].
Reactive mixtures were prepared by adding different amounts of metakaolin (from 1 to 18 g)
into the alkaline silicate solution (Table I). Then, 1 g of water was added to all the mixtures
prepared with 12 g of metakaolin, except for the samples prepared with metakaolin M1 and
SiK solutions.

Table I. Nomenclature and compositions of the various studied binders.

Solution Solution Metakaolin (g) Added water
Nomenclature (g)
M cation MO (g) | SiO:(g) M1 M2 MT
SM1K 0.5
M1K 1.0
SM1K 1.5
*M1K 2.0
K SM1K 3.58 2.77 3.0
‘M1K 4.0
SM1K 5.0
2M1K 12.0
BM1K 18.0
0SM2K 0.5
M2K 1.0
K M2K 3.58 2.77 2.0
SM2K 5.0
2M2K 12.0 1.0
MTK 1.0
K SMTK 3.58 2.77 5.0
2MTK 12.0 1.0
K ‘M1°MTK 3.58 2.77 6.0 6.0
IM1Na 1.0
Na SM1Na 2.32 3.10 5.0
2M1Na 12.0 1.0
IM2Na 1.0
Na SM2Na 2.32 3.10 5.0
I2VM[2Na 12.0 1.0
IMTNa 1.0
Na SMTNa 2.32 3.10 5.0
2MTNa 12.0 1.0
Na ‘M1°MTNa 2.32 3.10 6.0 6.0

The characteristics of the various substrates used in this work are reported in Table II.
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Table II. Characteristics of the various substrates.

Chemical composition (%) Roughness
Cu| Ni [ Shb|Sn | ] KI[Si|] s [Mn] Co Ra

Copper 98.0 - - - - - - - - - 0.200

Tin-plated . /505 111] 70 | 64 | 08 | 01 | - ; 0.130
copper

Nickel-plated | |5 ¢ | ¢35 | ; ; ; - lo1lo1]o1| o150
copper

Polyethylene - 0.130

Glass - 0.007

The nomenclature used to identify the different mixtures is *MyM, with x the amount of
added metakaolin (x =0.5, 1, 1.5, 2, 3, 4, 5, 12 or 18 g), My the metakaolin (My = M1, M2 or
MT) and M the alkaline cation (M = K or Na) (Table I).

2.2 Characterization methods

FTIR spectra were obtained using a ThermoFisher Nicolet 380 infrared spectrometer in
attenuated total reflectance (ATR) mode. The IR spectra were collected over a wavenumber
range of 400-4000 cm™!, with 64 scans and a resolution of 4 cm™. The commercial software
OMNIC was used for data acquisition and spectral analysis. The atmospheric CO;
contribution was removed by a straight line between 2400 and 2280 cm’. To allow
comparisons of the spectra, they were corrected using a baseline and normalized.

Wetting angles were measured with a Digidrop MCAT from a GBX comprising a camera
and a lamp that allow the recording of drop deposition. The software Visiodrop (GBX) was
used to measure the wetting angles. Measurements were performed with different reactive
mixtures on different substrates (PEHD or metal). A mixture drop was deposited on the
substrate, and the wetting angle was estimated at t = 0, 1.e., from the first image where the
drop is deposited on the substrate.

Roughness measurements were obtained using a Dektak 6M profilometer. Measurements
were performed over 30 seconds on a length of 1500 pm with a resolution of 50 A.
Interactions between the geopolymer binder and metals were observed by an optical
microscope (Nikon Eclipse 501). Various observations were obtained with a magnification of
20x.

The morphologies of the final products were determined using a Philips XL30 scanning
electron microscope (SEM). The samples were broken and platinum-coated.

3. Results
3.1 Interactions between the geopolymer binders and various substrates

The interactions between the geopolymer binders and metal (copper, tinned copper and
nickel-plated copper), plastic (HDPE) and inorganic (glass plate) supports were analysed by
contact angle measurements. Fig. 1 shows the change in the wetting angle depending on the
substrate (metal, inorganic or organic) and the binder (cation and metakaolin). The contact
angles are always higher, whatever the support, for the sodium-based compositions.
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Fig. 1. Variation of the wetting angle values on (a) glass, (b) polyethylene, (c) copper, (d) tin-
plated copper and (e) nickel-plated copper for the (O0) *MIK, (2) *M1°MTK, (M) "MTK,
(O0) >M1Na, (&) "M1°MTNa and (M) >MTK formulations.

In the case of the conventional glass plate (Fig. 1a), the differences observed are specific to
the nature of the alkali cation. Indeed, the wetting angles for the "M 1K and '?M1Na mixtures
are 25.5° and 43.2°, respectively. In the presence of the K* cation, the observed phenomenon
can be linked to chemical exchanges during the chemical cooling of the glass [23]. There is an
exchange of Na* cations localized in the surface to the binder and vice versa, i.e., the transfer
of K* cations to the glass surface, inducing the decrease of the value of the wetting angle.
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Consequently, the 2M1K, *M1°MTK and 'MTK mixtures have wetting angles of 25,5°,
33,4° and 52,6°, respectively. The higher value of the angle of the 2MTK formulation is
explained by the beginning of the geopolymerization in the binder [24]. The decrease of the
wetting angle for the ?M1K binder is due to the higher pH value of this sample (12.8)
compared to the 2MTK (12.2) binder, promoting the exchange of Na-K cations on the
surface, according to a previous work [24]. The mixture of both metakaolins induces a lower
pH value, characteristic of geopolymerization reactions. As expected, the obtained contact
angle for this sample is between those obtained for ?M1K and ""MTK. For all the sodium-
based samples (!?M1Na, ?MTNa and *M1°MTNa), the lower pH value (11.7) is due to a
higher reactivity, enhancing the geopolymerization reaction and thus resulting in an increase
in the wetting angle.
In the presence of polyethylene (Fig. 1b), only the effect of the cation is observed, while the
metakaolin effect is inhibited by the hydrophobic surface of the polyethylene. Indeed, the
angle value is similar regardless of the composition (approximately 99° and 118° for *MyK
and *MyNa, respectively).
In the presence of copper (Fig. 1c), the effect of the sodium cation is quite notable (49.0° and
77.7° for the ?M1K and '"M1Na compositions, respectively). As previously evidenced, the
contact angle values obtained are characteristic of species exchanges between the copper and
the binder. The difference is especially notable for ‘M1°MTK (49.0°, 49.1° and 98.9° for the
MK, "MTK and "M 1°MTK mixtures, respectively). Indeed, for these mixtures, there is the
formation of Cu(OH)4>, or CuO, which competes with the geopolymerization reactions. For
the '?’M1K or ?MTK binders, the wetting angle can be related to an alteration phenomenon of
the support, whereas in the presence of a mixture of M1 and MT metakaolins, the
geopolymerization reaction governs and imposes a high value on the contact angle. In the
presence of sodium cations, the same phenomena are observed. Nevertheless, the difference
observed in ®M1°MTNa is due to the highest kinetics of the geopolymerization reaction [25].
The last point to discuss is the modification of the metal surface. Contact angles were
therefore determined on tinned copper plates and nickel-plated copper, as well as the effect of
the alkali metal cation. In the presence of tinned copper (Fig. 1d), the behaviour is similar to
that observed on copper. Indeed, a higher angle was evidenced for compositions containing a
mixture of M1 and MT metakaolins (51.9°, 49.5° and 74.4° for the '"M1K, ""MTK and
®MI1°MTK mixtures, respectively). As for the copper, the higher values indicate that the
geopolymerization reaction controls the contact angle. In the case of nickel-plated copper
(Fig. 1e), the nature of the metakaolin does not appear to have an influence on the angle value
in the presence of potassium-based solution (68.5°, 64.8° and 66.4° for the "M 1K, ‘M1°MTK
and '"MTK mixtures, respectively). The differences could be due to the existence of zones of
different species in the Pourbaix diagrams [26, 27]. In contrast, using sodium solution, the
value of the contact angle appears to depend on the metakaolin reactivity. Once again, the
MI1°MTNa mixture has the highest angle (57.4°, 107.0° and 85.9° for the '’MINa,
®M1°MTNa and '?MTNa mixtures, respectively). Finally, the adhesion of the binder on the
surface depends on the binder pH value and on the existence of metal reactive species zones
in the range of the pH value determining the final value of the wetting angle. Indeed, the
observed phenomena for sodium-based binders are explained by the largest depolymerization
state of the sodium-based solutions [28]. Indeed, the presence of depolymerized species in a
solution implies the existence of strong interactions between species, leading to high wetting
angle values [18, 29]. A previous study showed that the number of negative charges due to the
Cse7, R4 and R3 entities can be determined by Raman spectroscopy [29]. The Raman spectra
of solutions LK% and 1Na’7 were decomposed in a previous work [28]. For the calculation, it
was assumed that the negative charge numbers of the chains and R4 and R3 rings are 14, 8 and
6, respectively [29]. Table II shows the data needed for the calculation. For the t K’ solution,
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the proportions of chains and R4 and R3 rings are 0.23, 0.28 and 0.26, respectively, so the
number of negative charges is equal to 14 * 0.23 + 8 * 0.28 + 6 * 0.26 = 7.02. In the case of
the tNa%’ solution, the number of charges is 8.16. The higher value of the number of negative
charges demonstrates that the {Na®’ solution is more depolymerized than the K%’ solution.
This leads to strong interactions between the species, inducing a higher wetting angle [29]. In
this case, the increase of the wetting angle for the sodium silicate solution suggests that the
silicate solution governs the interactions between the geopolymer binder and the metal
support.

Table II. Detailed calculations of negative charges in solutions (Cn, = 2n+2. Ry = 2n) from
Raman spectra decomposition [28, 29].

Solution | Species | prit) | O/ PABSB | 5 () cparges | 30 charEes
Chains Cs 0.23 14 3.22
LSiK*’ Rings R4 0.28 8 2.24 7.02
Rings R3 0.26 6 1.56
Chains Cs 0.25 14 3.50
LSiNa®7 Rings R4 0.32 8 2.56 2.16
Rings R3 0.35 6 2.10

The samples were then observed after the consolidation of the binders (Fig. 2).

M1K

*M1°MTK

PMTK

2M1Na

*M1°MTNa

MTNa

Fig. 2. Photographs of the samples after wetting angle measurements on tin-plated copper
supports with the various geopolymer binder formulations.

Various behaviours are observed, depending on the formulation. In the case of 2MI1K, the
binder drops seem to adhere to the metal surface, although a halo appears, suggesting the
appearance of carbonates or the alteration of the metal surface. Indeed, the high pH value of
the binder (=12,8) promotes the formation of SnO3% species, which can diffuse in the binder
in agreement with the Pourbaix diagrams [26]. Moreover, in the case of deposits for electronic

215




CHAPITRE 1V : Publications

applications, Minzari et al. [26] demonstrated during electrochemical migration tests (ECM)
the formation of SnOs* or Sn(OH)5" species for high pH values.

The ®M1°MTK and '?MTK mixtures exhibit similar behaviours, i.e., an abruption of the
binder droplets and the occurrence of carbonates. The abruption of the droplets could be
explained by the degradation of the metal surface due to the high pH value of the binder,
leading to the formation of SnOs> species resulting in the modification of the speciation
equilibrium.

Whatever the formulation, the use of sodium cations results in a poor adhesion of the
droplets of binder on the support. This phenomenon could be explained by a low contact
surface, in accordance with the values of the contact angles, facilitating the pilling of the
droplets.

These data will be used to evaluate the interactions between the sand assembly or metal and
the geopolymer binder.

3.2 Coating

For specific applications, it is interesting to focus on the coating of geopolymer binders on
tin-plated copper supports or agglomerated sand blocks. As previously discussed, the
SMI®MTK and M1°MTNa mixtures were selected. Samples coated by *MI1°MTK and
®M1°MTNa binders were stored for 7 days under three conditions, i.e., (i) in an open mould,
(i1) in a closed mould and (ii) under 85% relative humidity. Fig. 3 shows photographs of the
different samples coated with geopolymer binders.

(a) (b)

(A)

(B)

Fig. 3. Photographs of tin-plated copper sheets coated with A) SM1SMTK et (B) ®M1°MTNa
geopolymer binders maintained for 7 days at room temperature (a) in an open mould, (b) in a
closed mould and (c) under a relative humidity of 85 % (@ = 15 mm).

The samples have different characteristics depending on the atmospheric conditions.
Whatever the alkaline cation, the samples stored in an open mould exhibit significant cracking
at the edges of the metal plate. In addition, the binder does not seem to adhere to the metal.
This could be due to a heterogeneous drying of the consolidated material, inducing the
appearance of strong stresses in the binder and consequently significant cracking [30]. There
are very strong interfacial tensions at the sample surface, due to the presence of the plate as
well as the atmospheric pressure that induce stresses. Indeed, the capillary pressure of the

216



CHAPITRE 1V : Publications

upper part of the sample is in stress due to the pore water evaporation because the force
relative to the atmospheric pressure is higher.

No cracks are evidenced on samples stored in the closed mould due to the adhesion of the
binder on the metal plate, indicating a more uniform drying. Indeed, using the closed mould,
the existence of a saturated atmosphere promotes water exchange at the surface and therefore
minimizes the interfacial stress, limiting the evaporation of water [31]. Finally, the samples
stored at 85% relative humidity exhibit cracking only on one side of the metal plate, revealing
that the adhesion between the binder and the metal seems to be incomplete. In this case, the
saturation vapour pressure is in perpetual equilibrium, inducing homogeneous drying [31].

The samples were then cut to investigate the interface between the metal and the binder.
For practical reasons, the materials were analysed by optical microscope and by profilometry.
Indeed, it was difficult to obtain sufficient vacuum to adequately observe the samples by SEM
without an environmental chamber. Fig. 4 shows photographs of the different samples
obtained with an optical microscope.

20 CuSn Geopolymer binder
04
-20
5 -40
$
(a) § o
E
-80
-100 -
-120 T T T T y
o 300 600 900 1200 1500
Position (um)
20 CuSn Geopolymer binder
O e A e ps e e
20
5 -40 -
b o
(b) £
2
-80
-100 -
-120 T T T T y
] 300 600 900 1200 1500
Position (um)
20 CuSn Geopolymer binder
0 ANWWW
-20
5 -40
o
(C) 3 -604
3
-80
-100 -
-120

T T T T "
0 300 600 900 1200 1500
Position (um)

Fig. 4. Optical microscope observations at the interface between tin-plated copper and (A)
SM1°MTK and (B) *MI1°MTNa geopolymer binders and (C) profilometric curves of samples
with SM1°MTNa binder maintained for 7 days at room temperature (a) in an open mould, (b)
in a closed mould and (c) under a relative humidity of 85% (@ = 15 mm).

Differences in adhesion are observed depending on the binder composition and the

atmosphere. Whatever the formulation, the geopolymer binder does not adhere to the metal
surface when the samples are maintained in an open mould (Fig. 4 Aa and Ba). Storage in a
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closed mould seems to favour adhesion. However, fracture zones are also noted at the
interface (Fig. 4 Ab and Bb). The presence of such fracture zones could be due to the pilling
of the binder during the sample preparation. Finally, in the case of the materials stored at an
85% relative humidity, slight adhesion differences are noted (Fig. 4 Ac and Bc). The
occurrence of adhesion defects appears to be notable at the interface between the "M 1°MTK
binder and the metal plate, whereas the *M1°MTNa-based binder does not have defects at the
interface due to the sample preparation. Once again, these data, as well as the profilometry
data, underline the importance of storage during the setting of the binder. In addition, better
adhesion appears to be obtained for the sodium-based compositions.

Agglomerated sand blocks were also coated using the geopolymer binder. The samples
obtained by one or two-layer deposits of the ®M1°MTNa mixture are shown in Fig. 5A.
(A)
(a) (b)

(B)

T e e , -
Fig. 5. (A) Photographs and (B) SEM images of an agglomerated sand block (@ = 15 mm)
coated by (a) one layer and (b) two layers of binder and (a’, b’) zoomed in at the interface
between the sand grains and the ®M1°MTNa geopolymer binder.

The binder seems to adhere to the surface of the agglomerated sand block, indicating the
existence of interactions between the binder and the sand. The use of a single layer of binder
seems to allow obtaining a uniform thickness of deposit. However, the deposition of two
layers of binder with a 1 hour interval appears to cause small variations in the thickness and a
slight cracking of the deposit. This phenomenon could be explained by the stronger
interactions between the two layers of binder compared to those between the binder and the
sand, inducing the cracking of the deposit [32]. During the coating, alkali cation diffusion
appears between the agglomerated sand block and the binder, leading to a destabilization of
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the coating and the cracking of the binder layer. Whatever the thickness of the coating, the
binder seems to slightly impregnate the agglomerated sand block to a thickness of
approximately 100 um (Fig. 5Ba, b). This phenomenon can be explained by the porosity of
the sand block and the viscosity of the reactive mixture. The same phenomena were observed
by Gouny et al. [10] on different supports. Furthermore, no demarcation was observed
between the two layers of binder, indicating a perfect adhesion between them (Fig. SBb).
Whatever the binder thickness, the microstructure of the binder is similar to that of a
geopolymer, and there are no interactions between the binder and sand grains [33] (Fig. 5Ba’,
b’). Consequently, the geopolymer binder is not interacting with the sand grains due to the
low reactivity of the alkali silicate coating after drying [34].

Regardless of the binder formulation, it seems necessary to achieve a transition layer
between the support and the binder to promote the adhesion of the deposit onto the support.

3.3 How to explain the binder-substrate adhesion?

To realize a transition layer between the substrate and the binder, various mixtures with

two alkaline solutions and three metakaolins with different reactivities were studied. The
interaction between the alkaline solution and metakaolin was investigated by infrared
spectroscopy. The spectra at t = 0 (to) min and t = 720 min (tr) are shown in Fig. 6 for several
mixtures. Regardless of the formulation, all the spectra displayed two contributions at 3200
and 1640 cm’!, attributed to the Si-OH and H.>O vibration bonds, respectively, [35] and a
broad band located between 1100 and 950 cm™! due to the Si-O-T vibration bond (T = Si or
Al). For all mixtures, an intensity decrease of the 3200 and 1640 cm’! bands was observed,
linked to a Si-O-T shift between t = 0 and t = 720 min. For the 'M 1Ky mixture, the bands at
1200, 1100, 979 and 925 cm™! were attributed to the Si-O-Si vibrations of the Q*, Q%, Q? and
Q' species, respectively [36, 37]. For the "M 1Kt formulation, the shift of the Si-O-T band at
950 cm! was assigned to the substitution of Si-O-Si bonds by Si-O-Al bonds. The appearance
of the bands at 1400, 878 and 830 cm! are due to the potassium carbonate formation and the
vibrations of the Si-O'M™ and Si-O-Al bonds, respectively [37, 38]. These results highlight an
interaction between the metakaolin and the alkaline solution.
No major modification was observed with the increase of the metakaolin amount, as the same
contributions were noted in the "M1Ky and 'M1Ko spectra. Nonetheless, the only relative
difference observed for the Q* species issues from the metakaolin at 1200 cm’!, which is
slightly more intense. At t = 720 min, only the Si-O-T shift and the increase of the Si-O-Al
band, located at 941 and 830 cm’, respectively, were detected. For the *"M2K and *MTK
mixtures, the observations were similar. On the other hand, mixtures with only 1 g of
metakaolin were characterized by a lower contribution due to the carbonate species, while a
higher metakaolin amount in the mixture (?MyK) leads to a lower shift value of the Si-O-T
band. A modification of the alkaline solutions (*M1Na, *M2Na and *MTNa mixtures) does
not induce any change. With only one gram of the various metakaolins, the carbonate species
appearance was not observed, and the shift of the Si-O-T band was similar for the three
mixtures. The addition of 12 g of metakaolin causes a lower shift value of the Si-O-T band,
regardless of the mixture, according to previous works [33].

The Si-O-T shift for the various mixtures was characteristic of the substitution of the Si-
O-Si bond by a Si-O-Al bond, evidencing the dissolution of the metakaolin species by the
alkaline solutions due to reactions occurring between the silicates and aluminosilicates
species. With a low amount of the aluminosilicate source (1 g), few species from the
metakaolin are in solution and can react with the silicate species from the alkaline solutions.
In this case, the alkaline cations in excess can react with CO; from the air, inducing the
formation of carbonate species [39]. In the case of 12 g of metakaolin, alkaline cations play a
role in the reactions and are not available to form carbonate species.
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Fig. 6. FTIR spectra of (A) *MyK and (B) *MyNa compositions (x = 1 and 12 g) att= 0 and t
= 720 minutes with (a) M1, (b) M2 and (c) MT.

The shift values revised by the water content (Shift/H>O) as a function of the reactive
aluminium issuing from the metakaolin were plotted in Fig. 7. Regardless of the reactive
mixture, the shift/H,O values were constant until a threshold value of 5 a.u. Then, significant
increases from 0.5 to 2.8 and from 1.0 to 3.5 a.u were observed for the (K%’ and {Na®’
alkaline solutions, respectively. Once again, the mixtures based on the sodium alkaline
solutions show slightly higher shift/H>O values than those based on potassium alkaline
solutions (0.5 and 1.0 for the 1K®7 and 1 Na®’ alkaline solutions, respectively) according to the
higher reactivity of the 1Na®’ alkaline solution [28]. In this case, the pH value of the MyNa
mixture is lower, approximately 13.6, characteristic of a polycondensation reaction, thus
inducing a higher shift value. For concentrations lower than 5 a.u., the shift/H>O values are
low due to the high water content in the reactive mixtures (between 40 and 55 wt% for
concentrations in the range of 0.2 to 4.2 a.u., respectively). In this range of concentration, the
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alkaline solution is highly diluted, so the species react as in a highly diluted medium, leading
to the formation of various species [40]. However, for concentrations higher than 5 a.u., the
increase in aluminium atoms leads to a more orderly network [41]. Finally, there was
highlighted for the geopolymer formation (i) the existence of limiting values of reactive Al (5
a.u.) and (ii) the shift/H>O value (1.4).

3.5 A
3.0 N
_ 2.5
3
<
— 2.0
oN
b n
E 15- . = .
1.0{ 4
u n
0_5_.l.‘... == 0 , n
n
0-0 T T T T T 1
0 2 4 6 8 10 12

Reactive Al (a.u.)

Fig. 7. Shift value corrected by the water amount obtained from FTIR spectroscopy as a
function of the reactive aluminum for the () *MI1M, (@) *M2M, (A) *MTM mixtures, with M
= (==) K and (==) Na and x varying from 0.5 to 18 g.

To demonstrate the influence of the water content in the reactive mixtures on the
polycondensation reaction, the AV value was calculated by the difference between the water
content from the solution and the water content needed to wet the added metakaolin. As an
example, the volume of water necessary to wet the metakaolin depends on both the wettability
of the previous solution (760, 1270 and 1190 puL/g for the M1, M2 and MT metakaolins,
respectively) and the water added [42]. For the '"M2K mixture, the necessary volume is 8 mL,
while only 1.3 mL is sufficient to wet the metakaolin, so the AV value is 6.7 mL. In that case,
there is an excess water content and thus a positive AV. Even so, for the '"M2K mixture, the
volume of water available is 9 mL (8 mL from the solution and 1 mL to improve the
feasibility), and the water needed is 15.2 mL. The AV value is then — 6.2 mL, meaning that
there is a lack of water in the mixture to wet the total content of metakaolin. AV was plotted
for the various mixtures (Fig. 8) as a function of the silicon and aluminium concentrations.
Whatever the alkali cation type and the metakaolin, the silicon and aluminium concentrations
decrease when the AV value (negative or positive) increases. A threshold value in the Si and
Al concentrations was determined to obtain a null AV (13 and 6 mol/L, respectively). The
increase in the metakaolin content in the reactive mixtures leads to a diminution of the AV
value because the water content from the alkaline solutions remains constant (8 and 9 mL for
LK%7 and 1 Na®’, respectively). For high metakaolin contents in the reactive mixtures, 1 g of
water was added, except for the *M1K samples. According to infrared spectroscopy, the
reactive mixtures with negative AV values seem to lead to a geopolymer network formation,
while for positive AV values, a formation of several networks seems to be predominant. The
formation of those various networks mainly depends on the aluminium content available. For
a low aluminium content, the species cannot interact and participate in the polycondensation
process, as it is a dilute mixture [40]. Moreover, for an adequate aluminium content in the
mixture ([Al] > 6 mol/L), the reactions lead to the geopolymer formation knowing that, for a
highly concentrated system, the charges in the binder, positive or negative, will compensate
[43]. However, for an even lower aluminium concentration, the formation of several networks
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can be observed. Thus, there are threshold concentrations of silicon and aluminium that can
allow determination of the geopolymer formation for a sample.
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Fig. 1. Evolution of the (M) Al and (L) Si concentrations as functions of the AV values (=
water volume from the solution - water volume needed to wet the metakaolin) for the (H)
MIM, (@) *M2M and (A) *MTM mixtures, with M = (==) K and (==) Na and x varying from
05to 18 g.

To corroborate this result to the existence domains of geopolymer highlighted by
Gharzouni et al. [44], the AV values were plotted as a function of the Si/Al and M/AI molar
ratios of the total mixtures (Fig. 9). For Si/Al and M/Al molar ratios ranging from 2 to 15 and
from 1.2 to 20, respectively, the AV value is positive and remains approximately constant.
This evolution is characteristic of a dilute mixture with low metakaolin content. The volume
of water introduced is always in excess, and the free silicon and aluminium atoms will interact
with silicate species from the solution by forming species highly rich in silicon, due to a low
variation of the Q? band. Those species can precipitate, which is verified by the formation of a
settling phenomenon.

For Si/Al = 2 and M/Al = 1.2, the null AV value is relative to a physical-chemical
equilibrium, where polycondensation reactions take place and will lead to a polymeric
network. Plus, this value corresponds to a limit in the existence domain of geopolymers.

For negative AV values, the alkaline solution volume advances the metakaolin dissolution and
favours the increase of aluminosilicate colloids in the reactive medium. All these facts induce
a saturation of this medium, favouring the polycondensation and geopolymerization reactions
[44]. In this range of concentration, the alkali cation type is not a preponderant factor. The
low difference between the potassium and sodium alkali cations is to be correlated to the
viscosity of this medium, which governs the species mobility. Indeed, the features of sodium
alkali solutions with high viscosity, where the sodium cation diffuses less quickly, are similar
to those of potassium alkali solutions, where the potassium cation diffuses more rapidly.

Thus, it was highlighted that the geopolymer binder formation can be evaluated by the AV
value controlling the various interactions in the reactive mixture.
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4. Discussion

The above results have revealed various interactions between the geopolymer binders and
supports. Fig. 10 shows the evolution of the wetting angle depending on the reactivity of the
reactive mixture, i.e., the percentage of Al available in the mixture for the various
compositions and types of support. Three behaviours can be evidenced, depending on the
aluminium content and the wetting angle. These behaviours are denoted I, II, and III and
correspond to (i) low interactions between the binder and the support, (ii) the creation of an
interphase between the two materials and (ii1) the alteration of the support, respectively. The
agglomerated sand and polyethylene supports are contained in zone I due to the existence of
non-reactivity or repulsion. In the case of the agglomerated sand block, the high wetting angle
value is explained by the presence of alkali silicate on the surface, inducing charge repulsion
[43]. Tin-plated copper supports (zone II) correspond to the adhesion between the metal and
the binder by the formation of specific species such as Sn(OH). Finally, the corrosion of the
glass substrate by the binder (zone III) is characteristic of the phenomenon of chemical attack
due to the alkali cation exchange [45].
For coatings on tin-plated copper, better adhesion was obtained for binders with a water/solid
ratio between 0.66 and 0.74 and a Si/Al molar ratio between 1.53 and 1.58 and Na/Al = 0.75.
Compared to the work of Irfan Khan et al. [15], the water-to-solid ratios of the coatings in this
study are higher, the Si/Al ratio is less important and the Na/Al ratio is similar to their deposit
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values. Yet, only the water/solid ratio is comparable to the study of Temuujin et al. [17], with
the other ratios being inferior to their values. These differences might be partly due to the use
of fly ash by Irfan Khan et al. [15] and to the silica charge by Temuujin et al. [17].
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Fig. 3. Variation of the wetting angle as a function of the reactive aluminum for the various
compositions with (&, 4, @, @) potassium and (L, 4, O, <) sodium on (&, /[J)
agglomerated sand, (4, A) polyethylene, (#, <) tin-plated copper and (@, O) glass.

These various interaction zones, depending on the wetting angle values, can be controlled
by the amount of reactive aluminium.

5. Conclusion

Several compositions of alkali aluminosilicate binder were studied to form deposits on the

metal and/ or agglomerated sand surfaces. Interactions between the different compounds
evaluated by the wetting angle measurements evidenced different behaviours depending on
the chemical binder composition and on the support nature. The wetting angles obtained for a
composition based on sodium alkaline with two metakaolins are 43.2°, 117.5° and 77.7° for
the glass, polyethylene and copper supports, respectively.
The key parameters to control the chemical interactions for producing an aluminosilicate
binder deposit are for tin-plated copper plates, drying at room temperature and 85% RH, and
for the agglomerated sand, blockage by two layers, which facilitates the anchoring of the
geopolymer binder.

In addition, the parameters related to the formation of the geopolymer network are
highlighted by the reactive [Al] > 5 mol / L and a lower volume of solution wettability.
Finally, three interaction areas are evidenced depending on the value of the wetting angle and
the reactive aluminium percentage in the mixture for the different carriers and binders: those
with weak interactions, those with the formation of an interphase and those with the corrosion
of the substrate. These interactions mean that controlling the chemical composition of the
binder can produce deposits of geopolymer binders on the tin-plated copper and on bonded
sand blocks.
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Abstract. Geopolymers are inorganic materials having interesting properties for many using areas.
It is well known that geopolymers present various properties depending on the used aluminosilicate
sources but lack of understanding are manifest. This study consists on the comprehension of the
formation of different networks in geopolymers modifying the reactivity of siliceous species in the
reactive mixture with ammonium molybdate. These experiments evidenced the existence of various
polycondensation reactions between materials leading to the formation of different networks.
Moreover the use of ammonium molybdate addition in the mixture induces a slowdown of the
reaction.

Introduction

The “alkali silicates™ is one of the raw materials classically used in the formulation of new materials
like geopolymers. Geopolymers are amorphous three-dimensional aluminosilicate binder materials
which are synthesized at ambient temperature by the alkaline activation of silica solution and
aluminosilicates derived from natural minerals, calcined clay or industrial byproducts. Previous
study focused on the aluminosilicate sources have shown that the presence of impurities and the
reactivity of the metakaolin (aluminosilicate source) can lead to the formation of one or several
networks in geopolymers materials [1]. Indeed, the different sources of metakaolins conduct to the
presences of various siliceous species in the solution which react with alumina. These multiple
combinations lead to the formation of different networks (then various properties of geopolymers).
To understand the formation of these various networks, studies relative to the neutralization of
siliceous species in solution have been done. Parmentier [2] showed that the ammonium molybdate
could react with silica to create silicomolybdic compounds. More recent studies demonstrated that
ammonium molybdate could also react with these species in an alkaline environment [3]. These
analyses showed that ammonium molybdate could react not only with monomers and dimers, but
also with larger molecules. According to this, molybdate can permit to complex siliceous species
and to modify polymerization reactions. The aim of the study is to study the influence of the
ammonium molybdate addition on the kinetics of the polycondensation reaction as well as on the
formation of several networks.

Experimental

Sample preparation. Samples were synthesized using an alkaline silicate solution and three
metakaolins (namely Mkl, Mk2 and Mk3). The alkaline silicate solution was obtained by the
dissolution of KOH pellets (85.2 % purity) and amorphous silica (99.9 % purity) in water at room
temperature. Syntheses were performed by mixing the alkaline silicate solution and metakaolins.
The samples were named M1, M2 and M3. Other samples were realized with addition of
ammonium molybdate (10 and 20% molar) to the alkaline solution before metakaolin. These
samples were named M1-20, M2-10, M2-20 and M3-20.

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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Sample characterization. Fourier-transform infrared (FTIR) spectroscopy in ATR mode was
used to monitor the geopolymerization. FTIR spectra were obtained using a ThermoFisher
Scientific Nicolet 380 infrared spectrometer. The IR spectra were gathered over a wavenumber
range of 400 to 4000 cm™ with a resolution of 4 cm™. To follow the evolution of the involved bonds
in time, a software was used to acquire a spectrum every 10 min for 13 hours. The atmospheric CO,
contribution was removed with a straight line between 2400 and 2280 cm™'. To allow comparisons
of spectra, they were corrected using baseline and normalized.

Results

The influence of the addition of ammonium molybdate on the polycondensation reactions was
evaluated by FTIR spectroscopy (Fig. 1). The shift of the Si-O-M band with time is characteristic of
a polycondensation reaction (relative to the substitution of Si-O-Si by Si-O-Al bonds) during the
geopolymer formation. According to the literature, the intensity of the Si-O-M shift for each sample
is relative to different polycondensation reactions [4]. The ammonium molybdate addition in the
mixture increases (up to 10 cm™) the initial displacement of the Si-O-Si peak whatever the Mk
samples used. This fact evidenced a bridging between siliceous and molybdic species creating Si-O-
Mo bonds [5]. The addition of ammonium molybdate slows down the shift of Si-O-M peak (M = Al
or Si) and then the exchange between Al and Si. Since ammonium molybdate is added before
metakaolin, the molybdate ions are complexed with Si from amorphous silica. When adding the
metakaolin, the silicomolybdic complexes preferentially react with aluminum atoms leading to the
presence of siliceous species in excess in the solution which come from the dissolution of the
metakaolin.
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Fig. 1: Displacement of the Si-O-M (M = Al or Si) peak as a function of time for the geopolymers
(a) (m) M1 and (o) M1-20, (b) (4) M2 and (2) M2-20 and (c) (®) M3 and (O) M3-20
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The shift of Si-O-M peak for the samples containing ammonium molybdate has two types of
behavior: (i) a decrease of the wavenumber is observed for samples M3-20 and M1-20 compare to
M3 and M1 materials, and (i) a decrease followed by an increase for the M2-20 sample. The
behavior observed for geopolymers M3-20 and M1-20 shows that addition of molybdate in the
reactive mixture delays the polycondensation reactions. However, for the sample M2-20, the
polycondensation reactions are very fast at the local scale, as soon as aluminous species react
(decrease in the peak position). Reactions between the siliceous species are effective leading to the
appearance of a siliceous compound and explaining the shift of Si-O-M peak to higher
wavenumbers [1,6]. The FTIR spectroscopy highlights different polycondensation reactions for
each sample. The ammonium molybdate addition leads to a modification of the reactions toward the
Si-0-M bonds (M = Al or Si) creating Si-O-Mo bonds.

Discussion and conclusion

To compare the effects of ammonium molybdate on each geopolymer, the total shift of the Si-
O-M (M = Al or Si) peak has been realized (Fig. 2a). The total displacement is 39, 13 and 28 cm”
for the geopolymers M1, M2 and M3 respectively whereas the shift is lower for the geopolymers
M1-20, M2-20 and M3-20 (34, 4 and 19 em™). The M2-10 shows a total displacement of 10 em™,
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Fig. 2: (a) Total displacement and (b) evolution of the slope of the Si-O-M (M = Al or Si) peak
displacement as a function of the number of silicon available in the alkaline solution for the
geopolymers M1, M2 and M3 with different ammonium molybdate additions.

Whatever the sample, the addition of ammonium molybdate leads a decrease of the total
displacement of the Si-O-M peak (Fig. 2a). This decrease reveals the existence of different
networks [7]. The addition of 10 % of ammonium molybdate induces a quasi no effect on the
reactions compare to the addition of 20 % in the reactive mixture. Therefore, a certain amount of
molybdate is necessary to complex siliceous species.

The slopes values deduce from the Si-O-M peak displacement (Fig. 1) were determined. Fig.
2b shows the slopes evolution as a function of the number of moles of silicon available'. For each
sample, the ammonium molybdate addition leads to a decrease more or less important of the slope
of the Si-O-M peak displacement. However, the number of moles of available silicon in the alkaline
solution slightly varies with the addition of ammonium molybdate. This is the same thing for the
shift of the slope whatever the sample: -0.19 (M1) vs. -0.12 em™ .min™ (M1-20), -0.09 (M2) to -0.04
em™ min™ M2-20 and -0.12 (M3) to -0.08 cm™.min™ (M3-20). As expected, the addition of 10 % of
molybdate induces no effect.

T ot b .
Number of moles of free silicon = ((Nsi-Nmetakaolin-Nmo) ¥ Yoamorphous)/ny,
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The weak variation of the number of moles of free silicon can be explained by the stoichiometry of
the synthesized compounds (1 Si for 12 Mo atoms) [2]. Despite of the low influence of ammonium
molybdate on the number of free silicon atoms, a strong variation of the slope is observed. In fact, a
weak variation in moles number induces a strong variation on the oligomer number. It can be
explained by the size of Si-Mo species creating oligomers which replace the initial Si(OH)4
monomers. The formation of these oligomers inhibits the polycondensation reactions by an effect of
oligomer polymerization [8].
These reactions are independent of the metakaolin used except in the case of the geopolymer M1
where the presence of several networks has been highlighted. These different networks imply
various polycondensation mechanisms, which explains the differences observed between this
sample and the other materials.

To conclude, these different observations allow to highlight the formation of oligomers from
Si(OH);” monomers and ammonium molybdate blocking the polycondensation reactions by a
polymerization effect in the alkaline solution.
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Abstract. Geopolymers are inorganic materials obtained by the alkaline activation of
aluminosilicate sources. The ammonium molybdate could be used as a complexant for silica in
order to complex the siliceous species in the alkaline solution. According to this, the aim of this
work is to control the siliceous species and to understand the role of ammonium molybdate as a
complexing agent acting on the formation of the different networks. To do this, addition of
ammonium molybdate (up to 0.32% molar) in the silicate solution were realized along the
formulation of geopolymer using two metakaolins. The results highlight that the addition of
ammonium molybdate in geopolymer results in a decrease of the shrinkage at high temperature.
Moreover, X-ray diffraction data and SEM after calcination show that geopolymers without
ammonium molybdate form two phases (KAISi2Os and KAISiOs) while with additions of
molybdate, there were only the phase KAISi»O¢ associated with Al>O3 doped Mo and KaMo207.
Finally, SEM observations show that additions of ammonium molybdate seem to favor
crystallization. The results allow to evidence the role of molybdate in the control of the
polycondensation reaction in order to influence the formation of specific network

Introduction

The “alkali silicates” is one of the raw materials classically used in the formulation of new
materials like geopolymers [1]. Geopolymers are amorphous three-dimensional aluminosilicate
binder materials which are synthesized at ambient temperature by the alkaline activation of silica
solution and aluminosilicates derived from natural minerals, calcined clay or industrial by-products
[2]. The preparation of these materials depends on two parameters which are the aluminosilicate
source and the alkaline solution. Previous studies [3,4] on the aluminosilicate sources (metakaolins)
evidenced the influence of the purity and the reactivity of the metakaolin on the geopolymer
formation which can lead to the formation of one or several networks. The existence of these
different networks depends on the metakaolin used and on the silicate species available. To identify
these various networks, thermal treatments were investigated and the results evidenced the
formation of crystallized compounds identified as leucite (KAISi>Os) and kalsilite (KAISiO4) [5,6].
It has been shown differences between metakaolins used (Mk1 and Mk2). Indeed, a consolidated
material with a single network-type geopolymer is effective for a metakaolin Mk1 whereas there is
coexistence of two systems, one rich in silicon atoms and potassium, the other rich in silicon atoms
and aluminum for Mk2 metakaolin. The various networks based essentially on silicate compounds,
the siliceous or silicate species must be controlled in order to influence the formation of specific
network.

Some studies have shown that it was possible to obtain numerous siliceous species with
ammonium molybdate ((NHs):M0207) to create silicomolybdic entities [7]. Victor et al. [8] has
evidenced the formation of a and B molybdosilicic acid and notably their existence in acidic
middle. Another study by Sarrazin et al. has investigated the interaction of heptamolydate with
alumina and silica by Mo NMR measurements [9]. It was evidenced that alumina can react with
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silicomolybdic acid to change the isoelectric point while the silica react with the molybdenum
compounds forming various species. The interaction of the oxomolybdenum species with alumina
was irreversible whereas on silica these species remain labile. To complete these interactions, the
size of some colloidal components in solutions of alkali silicates was determined [10] depending on
the pKa of H3SiO4". The various interactions in presence of silicate middle or aluminosilicate were
followed by the infrared absorption spectroscopy of molybdate method [11]. The main results
indicated that different time involves formation of structural units. Moreover, these molybdate
based compounds are able to favor the crystallization in silicate glasses [12]. In these compounds,
the molybdenum atoms are four fold environment and the oxygen atoms cannot bridge with silicon
polyhedron. Indeed, the molybdenum atoms are located in area rich on alkaline or earth alkaline.
Consequently, the silica network contains less alkaline cations and more bridging oxygen atoms.
Another works have mentioned the formation of K2Mo207 at 460 °C during thermal treatment [13].

The ammonium molybdate could be used as a complexant for silica in order to complex the
siliceous species in the alkaline solution. Consequently, the aim of the study is to control the
siliceous species in the solution and to understand the role of a silicate species as a complexing
agent on the formation of the different networks in temperature. This study focuses on the thermal
behavior of geopolymers using two aluminosilicate species in presence of various amounts of
ammonium molybdate.

Experimental

Sample preparation. Samples were synthesized using an alkaline silicate solution and two
metakaolins (namely Mk1 and Mk2 already used in precedent studies) from Imerys supplier. The
alkaline silicate solution was obtained by the dissolution of KOH pellets (85.2% purity) and
amorphous silica (99.9% purity) in water at room temperature as described in previous work [1].
Syntheses were performed by mixing the alkaline silicate solution and metakaolins. The samples
were named M1 and M2. Other samples were realized with addition of 0.02 to 0.32% molar of
ammonium molybdate anhydrous (56.5% purity) to the alkaline solution before metakaolin
addition. These samples were named Mx-y, where x corresponds to the metakaolin and y to the
amount of ammonium molybdate. For example, a geopolymer made with the metakaolin Mk2 and
0.02% molar of ammonium molybdate is named M2-0.02.

Sample characterization.

Dilatometric measures were made under air, by means of a contact vertical dilatometer (TMA
Setsys Evolution Setaram), on bulk samples with a cylindrical geometry (H =7 mm; @ = 6.5 mm).
Two platinum holders were placed at the surface end contacts of the samples to avoid high-
temperature diffusion between the sample and the alumina holders. A calibration cycle (without the
sample) was performed and registered. The calibration data were then subtracted from the data
collected for each sample to eliminate the contribution of the device. The thermal cycle used
consisted of heating from 30 to 1400 °C and cooling from 1400 to 30 °C, each at 5 °C/min. X-ray
patterns were collected from powder samples after crushing to 63 pum in size and were obtained
using a Briicker D8 apparatus and a graphite-backed monochromator from 5 to 80° (20). The device
was equipped with a cobalt anode (A = 1.79026 A). The XRD patterns were obtained using a dwell
time of 0.5 s and a step size of 0.01° (20). The crystalline phases were identified by comparing the
patterns with powder diffraction file (PDF) standards from the International Center for Diffraction
Data (ICDD). The morphologies of final products were determined using a Cambridge Stereoscan
$260 scanning electron microscope (SEM). A carbon layer was deposited on the samples prior to
their analysis.
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Results

To study the influence of ammonium molybdate addition in a geopolymer formulation during
thermal treatment, samples containing various amounts of ammonium molybdate were
characterized by dilatometric, X-Ray diffraction analysis and by scanning electron microscope
observations.

Dilatometric investigations were carried out between 30 and 1400 °C on the geopolymers M1
and M2 with various amounts of ammonium molybdate (Fig. 1a, b). The geopolymer M1 displays a
first dimensional variation of 5% between 30 and 200 °C also observed by thermal analysis due to
water contents in the porous network [14]. Subsequently, between 300 and 800 °C, there is a low
shrinkage caused by the structural reorganization due to surface hydroxyl groups. From a
temperature of 940 °C, shrinkage (about 15%) due to the occurrence of a viscous flow rich in silica
modified by alkali metal cations or aluminates is noted. In effect, in this composition, two network
types were evidenced in which the aluminum atoms participate with the silicon as network formers
(aluminum-rich) and in which the aluminum atoms play the role of compensators in a network rich
in silicon. The total shrinkage of the sample is about 20%. After the temperature of 940 °C, the
addition of ammonium molybdate resulted in a decreased value of the shrinkage. The dimensional
variation between 30 and 200 °C is still observed. Indeed, the sample M1-0.08 has a total shrinkage
of 10% while it is 4.5% for M1-geopolymer-0.32. The dilatometric curve of the sample shows the
same profile M2 as M1 with a near 20% shrinkage. However, the decrease observed at 950 °C of
the viscous flow is followed by two steps of viscous flow at 1000 and 1120 °C, respectively, due to
impurities in the used metakaolin. The addition of ammonium molybdate induces the same behavior
for the sample based on metakaolin Mk1, but the shrinkage values are different. In effect, the
removal of samples M2-0.08 and M2-0.32 are respectively equal to 7.5 and 6%.
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Fig. 1 : Shrinkage as a function of the temperature for (a) M1 and (b) M2 the geopolymers with
various amounts of ammonium molybdate.

For sample M1, the dimensional change occurring at 940 °C could be explained by different
networks rich in aluminum and silicon atoms [5] which give rise to a continuous viscous flow in
accordance with the temperatures recorded by thermal analysis [5]. For the geopolymer M1-0.08,
corresponding to the removal of water loss is divided into two parts which may correspond to the
discharge of the water present in the pore network of the two materials. The second dimensional
change, corresponding to the onset of viscous flow occurs at a temperature near 940 °C. This
shrinkage less than that of M1 can also be explained by the appearance of a viscous flow. Since the
shrinkage value is lower than in the M1 sample can be explain by the presence of some crystallized
phases [12]. The weak variations detectable between 700 and 1250 °C can be also link to the
apparition of some crystallized phases. The M1-0.32 sample shows very low variations of shrinkage
from 300 °C in relation with the formation of a large amount of crystallized phases. The
geopolymer M2 is characterized by the presence of three viscous flow steps at 950, 1000 and 1120
°C. The rapid decrease observed for the sample M2 is characteristic of the occurrence of a viscous
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flow of the geopolymer phase. At 1000 °C, the decomposition of clay rich phases increases the
amount of viscous flow delaying the apparition of temperature leading to a slowdown. At higher
temperature, the same phenomenon is observed due to the fusion of part of the quartz present in the
metakaolin [3]. The M2-0.08 geopolymer is characterized by a rapid decrease and a slowdown. The
first corresponds to the appearance of a viscous flow within the geopolymer phase and the second
corresponds to the formation of crystalline phases at higher temperatures which may be confirmed.
Finally, the sample M2-0.32 has very small variations in shrinkage beyond 300 °C as the M1
compound.

The shrinkage values (Fig. 2) show that the addition of ammonium molybdate has an influence

in function of the metakaolin used.

Amount of ammonium molybdate (%)
000 005 010 015 020 025 030 035 040
0l . ) | . . h A |

Shrinkage (%)

Fig. 2 : Shrinkage as a function of the amount of ammonium molybdate for the geopolymers (®)
M1 and (o) M2 treated at 1400 °C.

Indeed, irrespective of the metakaolin, the same values are achieved for withdrawal rates
molybdate above 0.16% while for the lower rate there are differences. Uploading molybdate in the
reaction mixture M1 based on metakaolin leads to a very rapidly decreased shrinkage value whereas
in the presence of metakaolin M2, the effect seems to be delayed. For the geopolymer M1, because
of the availability of various aluminosilicate species within the reaction mixture, adding ammonium
molybdate reacts very quickly. Indeed, there is formation of two networks, a network where the
aluminum atoms are network starting and a network where the atoms of aluminum and potassium
are modifiers. The formation of these two metastable networks always in challenge implies a
metastable mixture in which molybdic species can react very quickly and consequently cause a
decrease in the value of the shrinkage very quickly. In the case of the M2 compound, the addition of
ammonium molybdate has no time to react with the siliceous or potassium species since currently
there is the formation of nuclei giving rise rapidly to the geopolymer phase. In this case, the kinetics
of formation of the geopolymer network, namely the formation of aluminosilicate species prevails
over the possible interaction between silicomolybdic species. However, from 0.08% additions, there
will be the preferential formation of silicomolybdic complex which, by steric hindrance or the
formation of crystalline compounds [15,16,17] will inhibit the formation of stable geopolymer
nuclei. Therefore, there will be the formation of phases that homogeneously crystallize. From a
higher content (> 0.16%) of ammonium molybdate, both reaction mixtures react in the same way by
the formation of different phases making the environment conducive to crystallization without the
formation of viscous flow. These various interactions between species in solutions will induce
different shrinkage values that are to be connected to the presence of crystalline phases. It appears
that the addition of molybdate promotes the formation of crystalline phases limiting the formation
of viscous flows [13].

To identify these phases, the diffractograms of each sample M1, M1-0.32, M2 and M2-0.32
were realized after calcination at 1400 °C (Fig. 3). According to XRD patterns, the geopolymers
M1 and M2 present two crystalline phases, a major phase matching as leucite (KAISi2Os) and a
minor phase of kalsilite (KAISiOs). These two phases were already identified in previous work [5].
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The existence of these two phases can be explained by local composition heterogeneity (variation of
the Si/Al ratio) within the material obtained at room temperature. For the M1-0.32 and M2-0.32
samples, whatever the initial mixture, the XRD patterns highlight leucite phases with two others
phases relative to the addition of molybdate: a small amount of potassium bimolybdate (K2Mo0207)
and a Mo-doped corundum phases. Then these phases can be related to the presence of some Al-
rich cluster before crystallization in accordance to the presence of various networks.

(a) (b)
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L L
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. L |
| |
L c JL | c L
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v by S by g Mi032 v Mk UGN S nn b M2O32
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10 15 20 25 30 35 40 45 50 55 60 10 15 20 25 30 35
20 () 26 (%)
Fig. 3: X-rays patterns of calcined geopolymers (a) M1 and (b) M2, (—) without and () with
0.32% of ammonium molybdate. (PDF files: L: Leucite (04-013-2785), K: Kalsilite (04-015-8504),
C: Corundum Mo-doped (01-075-0782), B: Potassium bimolybdate (00-036-0347)).

40 45 50 55 60

SEM pictures were made on samples M1, M1-0.32, M2 and M2-0.32 calcined at 1400 °C (Fig.
4). Two types of morphologies are observed. The M1 and M2 samples display geopolymer matrix
containing crystallites as evidenced in previous work [3]. However, many heterogeneous crystallites
are observed in M1-0.32 sample while in geopolymer M2-0.32 a homogeneous crystallization can
be noted. In the case of the geopolymer M1, the sample based on two networks can lead to the
formation of several phases in temperature and the addition of ammonium molybdate promotes the
crystallization. The M2 based compounds containing a single geopolymeric network display a
homogeneous crystallization [5].

(b)

(d)

20 pm

v
)
v
-

Fig. 4: SEM micrographs of geopolymers (a) M1, (b) M1-0.32, (¢) M2 and (d) M2-0.32 calcined at
1400 °C.
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Conclusion

This study has highlighted the role of molybdate in the geopolymer polycondensation process.
The results show that the addition of ammonium molybdate in geopolymer results in a decrease of
the shrinkage. It is possible to obtain at high-temperature materials with no shrinkage. Moreover,
analyzes by X-ray diffraction have shown that materials containing ammonium molybdate additions
lead to different compounds of those without addition. Thus, without ammonium molybdate
geopolymers form two phases (KAISi2Os and KAISiO4) while with additions they form three
compounds (KAISi2Og, Al2O3 doped Mo and K;Mo20y7). Finally, SEM observations show that
additions of ammonium molybdate seem to favor crystallization.
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Abstract

Recycling is of significant importance because it counteracts the increase of waste in
industrial processes and it provides other environmental advantages. Geopolymer compounds
based on various precursors, such as aluminosilicate or silicate solutions, are potential
candidates for study in this field. In this work, the effect of source materials on the
microstructure and mechanical properties of geopolymers was studied by comparing various
formulations based on the addition or substitution of metakaolin and geopolymer waste. The
compressive test was conducted to assess the compounds’ mechanical properties, while FTIR
and scanning electron microscopy were employed to examine the geopolymerization
reactions, the composition and the microstructure of the final products. The compressive test
evidenced the decrease of the performance of the synthetized materials. It was observed that
both the addition and the substitution decrease the reactivity and kinetics of the
geopolymerization process. The difference in strength and microstructure between the
synthetized compounds is attributed to the different reactivities of the source materials and the
percentage of the nonreactive fillers.

Geopolymer crushed Mechanical properties Rate of substitution
FTIR spectroscopy SEM Formulation

I. Introduction

Environmental pollution and a lack of resources have been identified as global problems.
Therefore, environmentally friendly products are essential and primordial. Geopolymers
represent a class of synthetic silico-alumina based materials to be potentially used in several
industrial areas. Many materials composed of silica and alumina can be used to synthetize
geopolymers. Indeed, many investigations have used metakaolin, kaolinitic-illitique clays [1],
fly ashes and blast furnace slag as raw materials [2]. Among these materials, metakaolin [3]
has been used extensively because of its higher reactivity. Despite the fact that metakaolin
activated by an alkaline solution [4,5] was able to promote high mechanical strength, its high
price motivates the search for other ways to synthetize geopolymers. He et al [6] compared
two types of geopolymers obtained from metakaolin: a non-waste material and the mixture of
two types of waste (red mud and fly ash). They found that both geopolymers contain a
significant amount of unreacted phases as inactive fillers. The difference in strength and
microstructure of the formed geopolymers is attributed to the different reactivity of the source
materials. The final products contain a gel-like geopolymer binder as the major matrix but
also a small amount of unreacted source materials.

Recycled wastes used as secondary raw materials are becoming progressively more
important. Using industrial by-products or wastes (fly ash [7], red mud and furnace slag) for
geopolymer synthesis is another advantage of geopolymer technology because of the
significantly reduced costs and the additional environmental benefits, which lead to greener
manufacturing and global sustainable development. Recent investigations using recycling
aggregates produced in the laboratory indicate that the use of fine recycled aggregates must
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not exceed 30%, otherwise the performance of the products could be at risk [8]. Current
recycled aggregates have particles of impurities, such as soil, plastics, wastepaper wood,
metals and organic matter. Organic matter leads to lower mechanical performance and lower
concrete durability. Park et al. [9] studied concrete containing metal impurities and found that
aluminum caused performance degradation even with very low contents of less than 0.1%.
Cradle to cradle is part of an environmental approach that integrates the requirements of zero
pollution and 100% recycling [10]. In this context, it is interesting to reinvest a crushed
geopolymer into a geopolymer formulation to test the possibility of recycling these new types
of materials. To examine the possibility of reuse, the aluminosilicate must be investigated by
all the analysis reported by Autef et al [11,12].

The aim of this paper is to study the effect of raw materials on the microstructure and
mechanical properties of final products by comparing various formulations based on the
addition or substitution of metakaolin and geopolymer waste.

II. Experimental Part

1. Raw materials and sample preparation
The consolidated materials were prepared by mixing the metakaolin (The MK is the M-1000
metakaolin supplied by AGS France, containing 55wt% of SiO2 and 40 wt% of Al>O3) and
the geopolymer, which was crushed and sieved at 80 um in an alkaline solution (Si/K=0.47),
as described in Figure 1. The reactive mixtures were placed in open polystyrene molds at
room temperature. Samples were synthetized either by adding the geopolymer waste to
metakaolin or substituting an amount of metakaolin by geopolymer waste. The synthesis of
geopolymer waste was accomplish by dissolving of KOH in the SiK solution, then added MK.
After stirring for 5 min at 700 rpm, a sealable polystyrene mold was used to shape the mixture,
which was conserved at 25 °C during 7 days. The different ratios of the composition are
Si/Al=1.41, Si/K=3.09, Si/K souion=0.47, its value of compressive strength is 76 MPa+0.2.
The obtained materials are denoted as G* or G where x refers to the percentage of crushed
geopolymer added and SX to the percentage of crushed geopolymer that substitutes an
amount of metakaolin. For example, G3% refers to the geopolymer obtained from the
substitution of 20% of 12 g of metakaolin mass by geopolymer waste. Various samples were
synthesized either by addition or substitution but only four compositions (G°, G*, G3* and
G3*) are characterized. The nomenclature and the composition of the samples only studied
and analyzed are presented in the Table 1.

[ Dissolution of alkali hydroxide in alkali silicate solution ]

l Stirring

Addition of metakaolin Addition of crushed Substitution of the
geopolymer to metakaolin metakaolin by crushed geopolyme

)

[ Geopolymer material ] [ Geopolymer binder ]

Figure 1. Synthesis protocol of geo-materials
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Table 1. Nomenclature and compositions of different synthesized mixtures

Nomenclature | Metakaolin(g) % laboratory Si/Almixture Si/Kmixture
waste
G° 0
GP 20 20 1.41 3.09
G820 16 20 1.45 2.63
G340 12 40 1.51 2.25

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 obtained 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 programmed routine was used to acquire a spectrum (64 scans) every 10 minutes
for 250 minutes. For comparison, the spectra were baseline-corrected and normalized [13].

Infrared spectroscopy is currently used to study the synthesis of geopolymer and their
structural changes over time. Consolidation during the formation of a geopolymer is
characterized by variation in the position of the Si-O-Si bond vibration band [14,15].
Geopolymerisation is characterized by a shift in the Si-O-Si vibration band to lower
wavenumber, which is related to the weakening of the covalent bond due to the dissolution
reaction of silicate species. This dissolution reaction promotes the formation of Q? units via
the depolymerization of Q*and Q® units.

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 done 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. Additionally, the samples were aged for 7 days in an open
mold at room temperature. The compressive strength values, expressed in MPa, represent the
average of the five tested samples.

Dilatometric measures were made under air by means of a contact vertical dilatometer (TMA
Setsys Evolution Setaram) on bulk samples with a cylindrical geometry (H =7 mm; @ = 6.5
mm). Two platinum holders were placed at the surface end contacts of the samples to avoid
high-temperature diffusion between the samples and the alumina holders. A calibration cycle
(without the sample) was performed and recorded. The calibration data were then subtracted
from the data collected for each sample to eliminate artifacts from the device. The thermal
cycle used consisted of heating from 30 to 1400 °C and cooling from 1400 to 30 °C, both at a
rate of 5 °C/min.

I11. Results and Discussion
1. Feasibility of materials

Samples were synthetized either by adding the geopolymer waste to metakaolin or
substituting an amount of metakaolin by geopolymer waste. The first preliminary tests were
done with the two aluminosilicate sources listed in Table 2. The main differences between the
two sources reside in their natural pH and their size distribution, making the metakaolin
exhibit more reactivity than the geopolymer waste. Another point of difference is the Si/Al
ratio, which could modify the final composition if all the geopolymer waste is reactive in the
presence of the alkaline solution.
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Table 2. Chemical composition of the geopolymer waste

Si/Al Wettability (ul/g) | Natural pH Structural Dso (um)
value data
Geopolymer waste 1.41 744 10.83 amorphous 7
Metakaolin 1.17 758 7.93 amorphous 10

All the synthetized samples were mapped on the Al-Si-K/O ternary diagram as shown in
Figure 2. In the case of the addition of geopolymer waste (G'°, G* and G*) to the mixture,
the limit of the waste content is 30%. Above this limit, it is not possible to obtain a
homogenous mixture without adding water. In the case of the substitution of metakaolin by
geopolymer waste (G519, G315, G520, G5%5, G533, G5%5, G3%, G5% and G5%), it is possible to
substitute up to 50%. Beyond 50%, there is not enough metakaolin to ensure the consolidation
of the product; the mixture stays in the liquid state and does not lead to a consolidated
material. As was recently established [16], different types of materials can emerge depending
on the molar composition of the reactive mixture (%Si, %Al and %K). Thus, four possible
zones were identified for the obtained materials: geopolymers, gel materials, sedimented
materials and hardening materials. All the samples (G°, G'°, G, G¥, G5'9, G5'5, G520, G5,
G330 G55, G, G3* and G5°°) were expected to be located in the geopolymer zone. Indeed,
the final products exhibited a consolidated and homogenous form without any shrinkage
(photos of samples justified their aspects (¢=3 cm)).

Only four compositions (G°, G*°, G5%° and G5%) are characterized and presented in this
study.

G20 GO

0.00

0.2/5 ' 0.510 ' 0.75
% Si (mol)
Figure 2. Position of the different compositions (M) G* and (¥) G** on the Si-Al-K/O ternary

diagram. (I) hardening material, (I) geopolymer, and (III) sedimented material and (VI) gel.
Gaoetal [16].

2. Following the synthesis of materials by FTIR
To understand the consolidation of materials due to the polycondensation reaction, the
evolution of various mixtures were followed using FTIR in ATR mode. For different
consolidation reactions, the displacement of the Si-O-M band reflects the formation of bonds
characteristic of a specific type of network [17,18]. Figure 3 presents the displacement of the
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Si-O-M band versus time for the synthetized compositions. The initial peak is similar for all
the samples (G, G*°, G52° and G3*°) at approximately 975 cm.
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Figure 3. Q2 position versus time for (m) G, (x) G*, (») G3* and (0) G3* as well as () E°
and (A) E*. Essaidi et al. [19]

The displacement of the reference composition G is 21 cm™. For the others samples (G2,
G520, G%%), the displacements values are 13, 16 and 12 cm™, respectively. Globally, the
samples display the same behavior. The smaller displacement may be explained by either (1)
the absent or weak occurrence of the polycondensation reaction or (ii) the unavailability of
water in the silicate solution to wet and coat all the grains of the metakaolin, which inhibits
the polycondensation reaction. However, the fact that the samples lie in the geopolymer zone
means that there is a geopolymerization reaction. The data show that the slope values are -
0.042, -0.032, -0.030, and -0.033 cm™'/min for G°, G*, G52° and G3*, respectively. The waste
addition could affect the kinetics of the reaction. In fact, the decrease of the slope value [7]
suggests the decrease of the polycondensation reaction rate due to the disturbance caused by
the presence of inactive species from the laboratory wastes. It seems that the sample G3*
displays another behavior in terms of reactivity, which is discussed later in the paper.

To understand this phenomenon, two samples prepared in the laboratory [18] with the
same criteria were added to the study (E° and E?). However, the amount of metakaolin
introduced is lower. The relative displacements of E° and E*° were 45 and 30 cm™ [18],
respectively. In this case, the addition of waste involves a decrease in the shift, which
underlines the low reactivity. The laboratory waste addition may lead to a geopolymer
network associated with unreacted waste coated by the alkaline solution. The presence of non-
reactive species provided by the aluminosilicate laboratory waste would disrupt the exchange
between reactive aluminous and siliceous species.

The difference in the polycondensation reactions depends on the availability of species in
the solution that will be able to interact. In the presence of a high content (G°) of metakaolin,
the silicate solution will be enriched with aluminosilicate species, which are able to
participate in polycondensation reactions while the entire metakaolin has not reacted. In
contrast, a low content of metakaolin will liberate those species that will interact with the
alkaline solution and thus form different types of networks. The high content of metakaolin
will certainly lead to differences in composition within the networks formed in the
geopolymer formulation, as demonstrated by Autef et al [11]. Consequently, in the presence
of a higher concentration of aluminosilicate source (G*°, G5° and G5%), the displacement
does not reflect the existence of metakaolin. These data emphasize once again the role of the
aluminosilicate source.

Regardless of the sample, it was observed that both the addition and the substitution
decrease the reactivity and the kinetics of the geopolymerization process.
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3. Evaluation of the mechanical properties and the microstructure of the obtained
materials
The variation of the compressive strength values as a function of strain is presented in
Figure 5. The obtained materials show a brittle failure. Sample G°, considered the reference
sample, exhibited the highest compressive strength value (76 MPa+0.2). The addition of 20%
of geopolymer (G?*°) waste decreases the compressive strength value (65 MPa+0.2). This
behavior is in agreement with the literature [6, 11] because the aluminosilicate source, which
is based on metakaolin and waste as filler, has been modified. For the compositions G%?Y and
G5, the compressive values are, respectively, 62 and 44 MPa+0.2, which reveal that the
mechanical properties also decreased with the substitution of metakaolin by geopolymer
waste. The similarity between the values of G* and G5% is related to the aluminosilicate
source in the presence of the alkaline solution. Indeed, G** behaves as a geopolymer
containing reinforcements in which the reactivity of metakaolin is decreased in the presence
of the alkaline solution. Meanwhile, the alkaline solution allows dissolution in G3?° and leads
to further enhancement of the geopolymer even though the metakaolin content is lower.
It was concluded that a metakaolin based geopolymer exhibits much higher compressive

strength and failure strain than a waste based geopolymer.
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Figure 4. Variation of compressive strength versus strain for GXreactive (-) G° (-) G** (---)
G5 and (---) G%*° samples.

Representative Scanning Electron Microscope (SEM) images of the microstructure of
different synthesized samples are shown in Figure 5. The morphological features of all these
samples are characteristic of geopolymer materials [*°]. However, the G*° and G
compositions showed the presence of a few micro-sized cracks, which can be explained by the
effects of the compressive test. The G3*° composition has a heterogeneous microstructure,
compared with the other samples, due to the high amount of waste. There is a difference
between the microstructures obtained with the addition and substitution of crushed
geopolymer.
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Figure 5. SEM micrographs of (a) G°, (b) G*°, (c) G3** and (d) G>*° samples.

The resulting XRD patterns (Figure 6) display a broad peak characteristic of an
amorphous material and peaks relative to crystalline phases such as quartz, muscovite and
anatase. The shift of the amorphous dome position (20 ~ 30°) indicates the dissolution of SiO4
and AlOg tetrahedra in alkaline solution [13].

Q

5 15 25 35 45 55 65
2 Theta (°)

Figure 6. X-ray patterns of (a) G°, (b) G*, (c) G5 and (d) G samples (Q: quartz, A:
anatase, M: muscovite)

4. Dilatometry analysis

Dilatometric investigations were carried out between 30 C and 1400 °C on the samples to
highlight the local order of the structure. An example of a dilatometric curve for the
composition G is plotted in Figure 6 (A). The dilatometric curve obtained displays a total
shrinkage of approximately 20%, and two phenomena are observed. The first one corresponds
to a dimensional variation of approximately 5% between 30 and 200 °C [20], which could be
associated with the loss of the water in the porous network [21]. A second dimensional
variation of approximately 15% appears between 900 and 1000 °C, which could be attributed
to a viscous sintering [21]. This behavior reflects the contributions corresponding to the two
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networks identified by Autef et al. [?2]. The first has been attributed to a relatively amorphous
network in which the potassium and aluminum atoms lead to the formation of non-bridging
oxygen atoms, whereas in the second network, aluminum atoms could play the role of
network formers. Therefore, only the potassium atoms are responsible for the presence of
non-bridging atoms. It is possible to determine the temperature of viscous flow appearance
from the curves (Figure 7 (B)) of the first derivate of the linear shrinkage as a function of
temperature. The peak of the G° sample is broad and can be attributed to the contribution of
the two networks, as described previously [11]. Addition (G*°) and substitution (G5%°) lead to
a decrease in the temperature of viscous flow appearance as well as in the contribution of the
various networks defined previously. However, a more substantial substitution (G3*’)
increases the temperature of viscous flow appearance.
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Figure 1. (A) dilatometric curves; (B) the first derivate of the linear shrinkage of (a) G, (b)
G, (¢c) G5 and (d) G3*.

To better understand these phenomena, a correlation between the mechanical properties
results and the raw materials reactivity was established. The compressive strength and the
temperature deduced from dilatometric analyses, as a function of Siref/(Kior+Alrwer), are
presented in Figure 8. Sier and Alwr represent the molarity of silicon and aluminum in
metakaolin. Ko represents the total molarity of potassium from both the SiK alkaline
solution and the geopolymer waste. The variations in compressive strength and viscous flow
temperature with the ratio Siref/ (Kiwoi+Alef) show similar evolutions except in the case for
G3*. When geopolymer waste is added, it behaves as excess filler and leads to a decrease in
the compressive strength value. In effect, the work of Autef et al. [22] has demonstrated that
the addition cannot exceed 5% without affecting the mechanical properties. The substitution
of metakaolin by geopolymer waste leads to a decrease in the compressive strength value due
to a lower amount of metakaolin compared to the alkaline solution [S]. Moreover, for the G
and G52 samples, the temperature of viscous flow is lower than that of the reference material
(G%. This behavior emphasizes further the presence of the two sub-networks whose
compositions evolve. It appears that when the degree of substitution increases, the silicon-rich
network is enriched with the potassium released by the geopolymer waste, which induces the
appearance of a viscous flow at a lower temperature, as in the case of glasses. Conversely, for
the G5 sample, a different phenomenon occurs due to the competition between the two
networks previously evidenced by Autef et al [11]. The levels of the alkaline solution, being
high relative to the metakaolin content, and the amount of aluminum atoms released by
dissolution from metakaolin participate in the network more than potassium atoms, which has
the effect of increasing the temperature of viscous flow. Moreover, a high content of
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geopolymer waste also has the effect of increasing the temperature because the content of
aluminum and silicon increases.
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Figure 2. Evolution of Si re/Kior+ Al ref versus the compressive strength for (0) G, (4) G%, (o)
G5%and (¢) G3*° samples and (o) G, (4) G*°, () G5° and (#) G>* samples.

5. Conclusion

In this paper, the formulation involving the addition or substitution of crushed geopolymer
with metakaolin is investigated. The results show that it is possible to synthetize geopolymer
binders from recycled geopolymers within the geopolymer zone.
From FTIR analysis, it was observed that both the addition and substitution of geopolymer
waste in the mixture decrease the reactivity during the geopolymerization process,
emphasizing the role of the aluminosilicate source. From the results of compressive strength,
both the addition and the substitution of metakaolin by the crushed geopolymer diminish the
mechanical properties of the obtained materials. Nevertheless, it was demonstrated that
substituting metakaolin with geopolymer waste by up to 20% or adding 20% of geopolymer
waste lead to the same compound.

The relationship between the content of the source of aluminosilicate, composed of
metakaolin and recycled geopolymer, and the alkaline solution is crucial to the formation of
different networks within the final geopolymer.
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Abstract

Alkaline silicate solutions have many applications, including sand agglomeration
and geopolymer production. To ensure the widespread use of these applications, it
is necessary to identify the parameters controlling their reactivity and interactions
with other materials, such as sand and metakaolin. It has been evidenced that the
key parameters for solution reactivity are the Si/M molar ratio and the water
contents. The most reactive alkaline solutions have alkali cation concentrations
ranging from 4.5 to 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 the method employed influence the silicate distribution in the
final material. For geopolymer formation, it was evidenced that a highly reactive
alkaline solution favors the formation of a geopolymer network by increasing the
formation rate of AI™” up to 80 %, which improves the working properties of the
final materials. Thus, knowledge of the key parameters controlling the alkaline
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silicate solution reactivity is important to determine the appropriate solution 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 primary applications are related to their
use as alkaline reactants in geopolymer materials (Bourlon 2011; Autef et al. 2012)
or as a binder for sand agglomeration (Lucas et al. 2011; Tognonvi et al. 2012).

The first application concerns sand consolidation, which is primarily used in oil
industries. These methods use 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 1990; Vivier 2010). The purpose of the sand in an electrical
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. A sodium silicate solution
is commonly used to agglomerate sand because it is an economical, water-soluble,
and environmentally friendly binder. Moreover, its use as a binder to consolidated
sand does not generate the release of CO,. The main parameters for silicate solutions
used for agglomeration include the molar ratio of Si0,/Na,0, solid content, viscos-
ity, and pH (Keeley 1983).

The second application of silicate solutions is their use as activation solutions for
geopolymer materials. Geopolymers 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 (SifOH]4 and AI[OH] 4). Then,
a polycondensation reaction links the oligomers, generating an amorphous three-
dimensional network. Therefore, it is interesting to study the structure of an alkaline
solution because it affects the working properties of the final geopolymer materials.

To ensure the widespread use of silicate applications, a deeper comprehension of
the structure and the reactivity of alkaline solutions is necessary. Silicate solutions
contain silicate dioxide (Si0O,) and alkali oxide (i.e., Li,O, Na,O, K,0) and are
commonly prepared by the 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
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(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; thus, >’Si NMR has been widely
used to characterize 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 in which Q refers to the
silicon atom and n (from 0 to 4) refers to the bridging-oxygen atoms. Moreover, this
technique permits the detection of cyclic species and weak variations of the silicate
species amounts. These solutions were also characterized using Raman spectroscopy
(Halasz 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 the identification of the vibrations of 3-, 4- or 5-membered
rings (Aguiar et al. 2009; Le Losq and Neuville 2013). Thus, the Si/M molar ratio
and the water content appear to be key parameters for silicate solutions. Thus, the
objective of this study is to determine the main parameters controlling the reactivity
of various silicate solutions and to enhance the effect of the reactivity on sand
agglomeration or, in the presence of metakaolin, for geopolymerization applications.

Alkaline Solution Reactivity: Structural Investigation

To elucidate the interaction of silicate solutions with different materials (sand and
clays), the structure of these solutions should be defined. Knowledge of the different
entities that depend on various parameters may enable the prediction of the reactivity
of these solutions. For this purpose, different spectroscopic techniques (FTIR,
Raman, and 2°Si NMR spectroscopies) were used. FTIR spectroscopy reveals 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 quantifies these various entities. In this study,
various sodium and/or potassium alkali-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 study (Autef
et al. 2012). The nomenclature (Table 1) is *SiM,, where x is the Si/M molar ratio,
M is the alkali cation (Na or/and K), and y is the manufacturing process (C =
commercially prepared and L = lab prepared).

A preliminary characterization was performed using FTIR, *’Si NMR, and
Raman spectroscopies to define the structure and to compare the starting silicate
solutions.

FTIR spectroscopy in attenuated total reflectance (ATR) mode was performed to
characterize the solutions using a Thermo Fisher Scientific Nicolet 380 infrared
spectrometer. The corrected and normalized IR spectra, shown in Fig. 1a, b, were
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Fig.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 ™'

collected over a wavenumber range of 4000—500 cm ™' with a resolution of 4 cm™".
The various contributions observed in the different spectra are shown in Table 2
(Muroya 1999; Halasz et al. 2007, 2010; Tognonvi et al. 2012). Regardless 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 (8o5), respectively. A broad
contribution near 1000 cm ' due to the asymmetric stretching of Si-O-Si bonds
(VasSi-O-Si) (Muroya 1999; Tognonvi et al. 2012) is observed. Moreover, '7SiNac
and '’SiNaK . exhibit similar spectra with a peak at approximately 1003 cm ™' and a
shoulder at 1100 cm ™', which are attributed to the 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 the Q? contribution to a higher wavenumber
(1015 cm_'). The °SiM;. spectra exhibit a similar trend with a decrease in the
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Table 2 Vibrational frequencies of silicate species (IR FTIR spectroscopy, R Raman
spectroscopy)

Position

Contribution (em™) References

80H 1640 (IR) Muroya 1999

v,8i-0-Si (Q%) 1120-1230 (R) | Tan et al. 2004; Tognonvi et al. 2012
1154 (IR)

v,Si-0-Si (Q%) 1000-1100 (R) | Hunt et al. 2011; Tognonvi et al. 2012
1099 (IR)

VSi-0-Si (Qz) 920-1000 (R) Tognonvi et al. 2012; Belova et al. 2015
1011-1014
(IR)

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,8i-0° (QY 800-875 (R) Chligui 2010; Hehlen and Neuville 2015

Vs(Na)O-Si-O(Na) 830 (IR) Halasz et al. 2007; 2010

v,Si-0-Si 820 (IR) Muroya 1999

TO/LO (Si-O-Si) 650-850 (R) Chligui 2010

vs(dimers/oligomers) 600 (R) Hunt et al. 2011

D, (8[T3]) 587-606 (R) Zotov et al. 1999; Le Losq and Neuville 2013

D, (B[T4]) 453-550 (R) Geissberger and Galeener 1983; Zotov

et al. 1999
O[T5 and morel 400—490 (R) Geissberger and Galeener 1983; Aguiar
et al. 2009
M-O (network 340-360 (R) Hehlen and Neuville 2015
modifiers)

intensity of the Q® band and a slight shift of Q® to lower wavenumbers (991 and
994 cm ™! for '°SiNa; and 1'°SiKL, respectively).

For the ®°SiNa; solution, two contributions are found located near 967 and
914 c¢cm™', which are assigned to the Si-O-Si bonds in the Ql and Q" units,
respectively. The same contributions are observed in the case of B3 SiK¢, but the
Q" 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 in the Si/M ratio
(i.e., an increase in the pH value) favors depolymerization due to the breaking of the
Si-O-Si bonds to create Si-O~ groups (Lucas et al. 2011). Thus, for a low Si/M ratio,
the formation of lower-order siliceous species (Q' and Q%) occurs 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 Q3 entities. Moreover, regardless of 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.
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Therefore, 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 distinguish the various silicate species.

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 (Fig. 2a) (Hunt et al. 2011). The various contribu-
tions 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), (Fig. 2a) the contributions due
to the stretching of the Q? (Si(OH),0,%7), Q* (Si,O(OH)sO ™, Si;0;(0H),0,>7),
and Q4 species are observed (Tan et al. 2004; Hunt et al. 2011). The spectra also
exhibit a contribution at 787 cm ™", which is 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-, 5- and more-
membered rings (denoted as &[Ts], 8[T4], and S[Ts ana 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 polymeri-
zation degree of the solutions, which is in accordance with the previous results.

For Si/M = 1 ("%SiMy), an increase in the contributions of the Q> units, the
oligomers, 8[Tx], 6[T4), 8[Ts and more)» and the M-O band is observed. This phe-
nomenon is associated with the disappearance of the Q* species. This fact provides
evidence of the depolymerization of the solutions.

For a ratio of Si/M lower than 1 (O'SSiMy), the bands attributed to the vibration of
the M-O bonds and the 8[Ts] appear to be more intense. An increase in the Q°
species contribution and a decrease in the TO/LO mode and Q* species bands are
also noted. The 8[T3 anq 4] (3- and 4-membered rings) and the stretching of oligomer
contributions appear 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. The spectra reveal the presence of the M-O bonds for Si/M ratios less than
1, i.e., for highly depolymerized solutions. The presence of the rings may be an
important factor for the reactivity of the silicate solutions. Moreover, FTIR and
Raman investigations provided evidence that the polymerization state of the solu-
tions depends on the cation type and the Si/M molar ratio. However, these techniques
do not quantify the different silicate species.

To obtain additional details about the molecular structure and the amounts of the
various silicate species, high-resolution NMR experiments were performed at room
temperature on a Bruker AVANCE-400 spectrometer operating at 79.49 MHz (*°Si
signal). The 2°Si (I = 1/2) 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 Fig. 2b. For all
solutions, the spectra exhibit the different Qﬂ, Ql, Qz, Q3, and Q4 species contribu-
tions near —72, —80, —88, —97, and —106 ppm, respectively (Bourlon 2011;
Nordstrom et al. 2011). Broad bands associated with the Q°, Q°, and Q7 species
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Fig. 2 (a) Raman spectra and (b) 293i NMR spectra of sodium and/or potassium silicate solutions

with different Si/M (M = Na or/and K) molar ratios (1.7, 1.0, and 0.35)

are observed in the spectra of 7 SiM¢ 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 shift to higher chemical displacements, and Q” species disappear
in favor of the Q* and Q> species. This fact is more pronounced in the case of
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9-38iM solutions and is characteristic of a variation in the protonation degree of the
silicon atoms (Harris and Knight 1983b; Bourlon 2011). For a ratio of Si/M greater
than 1, the predominance of Q?, Q°, and Q" species indicates that the solutions are
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. The decrease in the
Si/M molar ratio results in the increase in 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, a decrease in the high-order species (more polymer-
ized) Q?, Q°, and Q* is observed 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 (approximately 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. Regardless of the Si/M molar ratios, the
sodium and potassium silicate solutions exhibit similar spectra. However, the con-
tributions of the potassium silicate solutions are located at slightly higher chemical
displacements than the sodium silicate solutions. This phenomenon may be
explained by a variation in the protonation degree of the silicon atoms (Bourlon
2011).

Therefore, 2°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 that controls the amount and the nature of silicate species present in the
alkaline solutions, and an important change in these entities is observed for a ratio of
Si/M of approximately 1.0. Furthermore, the effect of the cation appears 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 Fig. 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
range from 3.0 to 5.7 for a Si/M molar ratio of 1.7-0.5, 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-O-Si (Q?) peak positions (cm™") are
[175-1003] and [90-1014] for '"SiNac and '"SiK, respectively. For '"SiKc, 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 an Si concentration of approximately 135 g/L, the °’SiNay,
'9SiNa;, and '7SiK; 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
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Fig. 3 Variation of the (a) Si-O-Si peak position as a function of the Si concentration (numbers in
brackets (Si/M)) for (m) *SiNac, (4) *SiNa;, (&), *SiKc, and (.4 ) *SiKy, solutions and (b) (—)
NBO and (—) Q° percentage versus the alkali cation concentration for () SiNac, (A) SiNa; (),
SiK¢ and (A) SiKy, and (O) SiNag, (A) SiNar, (7), SiKc, and (A ) SiKy)

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.
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To highlight the effect of the different polymerization states of the various silicate
solutions on the reactivity, the number of non-bridging oxygens (NBOs) per tetra-
hedron was calculated using the percentage of the Q" species previously determined
(Malfait et al. 2007) (Fig. 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 concen-
trations lower than 4.5 mol/L, the increase in the NBO is characteristic of the
depolymerization observed by *’Si NMR (Fig. 2b). This phenomenon indicates
that the 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 below 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 QO 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 rapid variation of the Q" percentage (Si/M = 1.7,
Q% = 1 %; Si'M = 0.35, Q° = 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 concentrations 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 regard-
less 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 under-
stood, it is crucial to validate the effect of the reactivity of these silicate solutions in
the presence of sands or clays for new applications, such as sand agglomeration, and
in the presence of metakaolin for geopolymerization. The relationship between the
reactive species amount and the alkali cation concentration governs the working
properties of the final material.

Applications of Alkaline Solutions

As previously mentioned, the alkaline silicate solutions have many applications,
such as sand agglomeration for the fuse industry or as an activator in the presence of
metakaolin for geopolymerization uses.

Sand Agglomeration

In the case of sand agglomeration, the used solutions must be diluted with various
amounts of water. To better understand the effect of the dilution on the silicate
species, various diluted sodium silicate solutions were studied by FTIR spectros-
copy. The obtained spectra are shown in Fig. 4. All the spectra present two contri-
butions located at 1600 and 1000 cm ™", corresponding to the vibrations of the OH
bonds from water and to the Si-O-Si bonds, respectively (Lucas et al. 2011). The
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Fig. 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

increase in 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 "7SiNaC to
1018 cm™" for ""SiNac._gi70. This displacement may be explained by an increase in
the Q* entities (1099 cm_') to the detriment of the Q7 species (1005 cm_])
(Tognonvi et al. 2012). Therefore, the dilution of a silicate solution favors the
polymerization of the silicate species, regardless of 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 to determine the
influence of various parameters on the fuse’s 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 Fig. SA.

The amount of sodium silicate observed on the surface of the sand increased with
the increase in the dilution rate. The Sg ; ""SiNac_qi30 sample (Fig. 5A(a)) appears to
present less sodium silicate on its surface than the Sg - 1'7SiNaC_dl70 material (Fig. 5A
(c)). However, a better distribution of the silicate is observed on the surface of the
Sg + "SiNac.qi70 sample. Near the grain boundaries, a precipitation phenomenon
appeared to occur, leading to the formation of macroporosity. It was shown that the
increase in the dilution rate of the solution favors the polymerization of the solution.
Then, the macromolecule formed will facilitate the solvent release. Thus, this
phenomenon cnables more efficient water removal during the drying process,
favoring the precipitation phenomenon (Tler 1979).
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Fig. 5 SEM images of (A) Sg + '"SiNac.q, with z = (a) 30 %, (b) 50 %, and (c) 70 % of water
amount and (B) S, + '"SiNac.qiso With (a) Sy, (b) S4, and (¢) Sg dried with microwave drying at
150 °C

Then, the effect of the sand grain size on the distribution of the silicate solution is
presented in Fig. 5B. These samples were prepared with a '7SiNac_g;50 solution and
were dried using a microwave at 150 °C.

For every sand used, the samples presented a similar silicate solution distribution.
It appears that the sand grains are coated by the silicate solution regardless of the
grain size (Fig. 5B (a, b, ¢)). Therefore, the grain size does not appear to influence the
silicate distribution.

Finally, the effect of the thermal mode and the temperature used during the drying
of the samples was studied. The SEM observations of the sample are presented in
Fig. 6.

Different distributions of the silicate on the sand surface are observed depending
on the thermal treatment used. The S; + '’SiNac._qiso sample prepared with micro-
wave drying at 110 °C presents an important amount of sodium silicate on the sand
surface (Fig. 6a). A conventional drying at 110 °C (Fig. 6b) leads to the presence of
less silicate solution on the sand grains and to the formation of grain boundaries by
the silicate solution. Then, an increase of the temperature to 150 °C with microwave
drying (Fig. 6¢) appears to decrease the amount of silicate on the grain surface and
leads to the formation of grain boundaries. Finally, conventional drying at 150 °C
results in the formation of silicate grain boundaries. A comparison of these samples
highlights a difference between the two drying modes. The silicate distribution is
different depending on the thermal mode used. The grains appear to be coated by the
solution with microwave drying, whereas conventional drying leads to the presence
of this binder only at the grain boundaries. Moreover, the effect of the temperature
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Fig. 6 SEM images of S, + '""SiNac.qis0 samples using (a) conventional drying at 110 °C, (b)
microwave drying at 110 °C, (c) conventional drying at 150 °C, and (d) microwave drying at 150 °C

was revealed. Low-temperature drying leads to the presence of more silicate on the
grains, whereas an increase in the temperature decreases the amount of the silicate on
the sand.

Therefore, a higher temperature leads to a better distribution of the silicate, and
conventional drying results in the formation of grain boundaries, whereas micro-
wave drying leads to coating of the grains. Then, the used silicate solutions contain
highly polymerized species due to the high water content.

Geopolymerization

Another innovative application of silicate solutions is their use as an activator of
various aluminosilicate sources (i.e., clays, industrial waste) to produce geopolymer
materials. In this section, the behavior of different silicate solutions in the presence
of various metakaolins was studied. Moreover, the effect of the reactivity of the used
precursors on the geopolymer formation and the final properties was increased. For
this purpose, two commercial potassium silicate solutions, denoted as '’SiK and
%78iK ¢, with Si/K molar ratios of 1.7 and 0.7, respectively, 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,
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Table 4 Chemical and  pfeakaolins | MKA |MKB | MKC
physical properties of raw SUAL 117 119 133
metakaolins B B
BET value 17 22 6
(m*/g) | |
Wettability 760 1250 | 670
(uL/g) , |
Amorphous 63 87 59
phase
Secondary Quartz, Mullite, quartz, muscovite,
minerals kaolinite, kaolinite and anatase
muscovite, and
anatase

three types of metakaolins, denoted as MKA, MKB, and MKC, were used as
aluminosilicate sources (Table 4).

The syntheses were performed by mixing the metakaolin and alkaline solutions
until obtaining homogenous geopolymer reactive mixtures, which were placed in
cylindrical closed sealable polystyrene molds at room temperature (25 °C) for
7 days. The samples were named LTSiIKMKA, 0‘7SiKCMKA, 1'7SiKCMKB,
%-7SiK -MKB, ""SiK-MKC, and *’SiK-MKC.

To elucidate the primary differences between the three used metakaolins, their
physical and chemical characteristics are reported in Table 4. The mineralogical
compositions were also determined by X-ray diffraction. MKA and MKB showed
the presence of quartz, residual kaolinite, muscovite, and anatase. For MKC, the
impurity content is higher. 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, as in the case of the flash
calcination process, as previously described 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). This fact is in accordance with the previously discussed
mineralogical data. The specific surface area (Sgrt) is also an important parameter to
study because it controls the dissolution rate of metakaolin (Weng et al. 2005).
Regardless of the used 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 mzfg); however, MKC has the weakest
value (6 m*/g). The differences in the specific surface area between the studied
metakaolins denote the different structures of the particles. Recently, Autef (2013)
demonstrated that the wettability value might be a good indicator of reactivity. Thus,
it was interesting to compare the wettability values of the studied metakaolins. MKA
and MKC showed low wettability values (760 and 670 pL/g, respectively), whereas
MKB exhibited high wettability values (1250, 1186 and 1091 pL/g). These differ-
ences are linked to the different parent kaolin crystallinity characteristics and the
various dehydroxylation processes. Finally, the amorphous phase content differs for
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each metakaolin. As expected, MKB presents the highest amorphous phases content
(87 %) compared to the others.

To monitor the structural evolution of the synthesized mixtures, FTIR spectros-
copy in ATR mode was used. Software was used to acquire a spectrum (64 scans)
every 10 min for 13 h. An example of the spectra obtained at t = 0 and t = 400 min
for *7SiK cMKB sample is shown in Fig. 7a. All the spectra exhibit the contributions
at 3200 and 1640 cm ' attributed to voy and Sop, 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 Soy bands gradually decreases,

Vsi-o-m

t = 400 min Son

t =0 min

T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

50 - .

IISTK MK A

40 -
Different networks
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YISIKcMKB  07SIK MKC

20 B
1ISIK MKB

Shift of Q? position (cm™)

781K MKC
10 -
Gel

-0.25 -0.2 -0.15 -0.1 -0.05 0

Slope (cm™/min)

Fig. 7 (a) Example of in situ FTIR spectra obtained at t = 0 and t = 400 min for ®’SIK-MKB
sample and (b) Evolution of the Q2 shift position in function of the slope value for all samples
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whereas the Si-O-M contribution shifts toward lower wavenumbers. The shift value
reveals a polycondensation reaction and is characteristic of the formation of a
specific network (Rees et al. 2007, 2008; Duxson et al. 2007; Autef 2013). Further-
more, the slope values were calculated (the slope at the beginning of the curve of the
Q? peak position versus time) to provide information about the kinetics of the
reaction. Figure 7b shows the evolution of the Q position shift versus the slope
for all samples. The ""SiK MKA sample exhibits the greatest shift and slope values
(49 cm™" and —0.20 cm ™ '/min, respectively). However, the use of the *7SiK.
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 ®”SiK ¢, and the variation of the alkaline solution does not appear to significantly
affect the reaction. In the case of MKC, the less pure metakaolin (Table 4) and
weaker shift values are obtained, especially in the presence of '’SiK¢ (15 cm™").
The use of *”SiK . increases this value to 22 cm ™. The comparatively high shift and
slope values observed for '’SIK-MKA can be explained by a combination of Si-O-
M (M = Si, Al or K) from dissolved species and the metakaolin impurities, as
previously demonstrated. The weaker slope and shift values of °’SiKcMKA mainly
occur because of the reactivity of the ®”SiK alkaline solution. Despite the identical
Si/K ratios of the two solutions (Si/K ratio = 0.5), persistent differences remain.
Gharzouni et al. (2014, 2015) have demonstrated that *’SiK contains a greater
amount of Q0 species and non-bridging oxygens than the L7SIK ¢ solution. These
differences make °SiK more reactive because Q is the most reactive among all Q™
species, as has been previously demonstrated. Thus, highly reactive siliceous spe-
cies, which are released from the *’SiK. alkaline solution, reach speciation equi-
librium and react with the aluminous species (Gharzouni et al. 2014). It has been
demonstrated that the monomeric silicates are exchanged much more rapidly with
aluminosilicate species than with any other silicate anions (North and Swaddle and
Duxson et al. 2005a). In addition, the geopolymerization reaction consequently
involves the breaking of bridging-oxygen bonds with a higher number of
non-bridging oxygens in the alkaline solution; hence, fewer bonds require hydrolysis
before the species can be released (Rees et al. 2007, 2008). Therefore, a larger
number of available reactive species are present for geopolymerization in *’SiK¢
because they are released more rapidly. For MKB, which is more reactive than MKA
(Gharzouni et al. 2015), the effect 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 a more favored and rapid oligomer
formation. In the case of MKC, the less pure metakaolin (Table 4), the small shift
value is indicative of the formation of a minor geopolymer phase blocked with
impurities, such as mullite. These impurities do not participate in the polyconden-
sation reaction and are coated by the alkaline solution (Gharzouni et al. 2016).
However, the geopolymer phase is favored with the use of a highly reactive alkaline
solution.

For a deeper comprehension, NMR is commonly used as an efficient and pow-
erful technique providing structural information about silicates and aluminosilicates.
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In geopolymer materials, aluminum can vary between AI™, Al ™ and AIVP
(Rowels et al. 2007). Therefore, the change in the coordination number of aluminum
can provide important information about the geopolymerization process. 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 nonsymmetry of protons and neutrons. The
difficulty of quadrupolar nuclei involves the quick relaxation in the liquid state and
the broadening at the first and second order in the 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 and Klinowski 1988). However,
the quadrupolar interaction can be neglected in the liquid state, as previously
reported by Favier et al. (2015). The synthesized mixtures were deposited in a
zirconia rotor (@ = 4 mm). The >’Al (I = 5/2) NMR spectra were recorded after a
7/8 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 setto 10 s
to minimize the saturation effects. The six reactive mixtures were studied using >’ Al
static NMR at different times of the formation (0, 2, 6, and 24 h, respectively). An
example of the obtained spectra for the '’SiKMKB sample is presented in Fig. 8a.
The percentages of the area contributions obtained after the deconvolution of the
spectra of all samples are reported in Table 5. Regardless of the sample, the spectra
showed a dominant phase at 60 ppm, which is characteristic of AI™, and a minor
broad peak at —10 ppm corresponding to AIYD (Fletcher et al. 2005). Moreover, it
was noticed that the spectra are different from the typical *” Al MAS-NMR spectra of
metakaolin (Duxson et al. 2005b; Brown et al. 1985) upon immediate contact with
the alkaline solution (from t = 0 h). The presence of AV denotes the possible

Fig. 8 Example of recorded
7 Al NMR spectra in static
mode at (a) 0, (b) 2, (¢) 6, and
(d) 24 h of formation for

17SIK ;MKB sample ‘—L*(d)
o T R WA A o

8"Al (ppm)
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persistence of nondehydroxylated kaolinite and the mica phase (Autef 2013).
Regardless of the mixture, when the metakaolin is mixed with the alkaline solution,
an increase in the area contribution relative to AI™ causing the disappearance of
AI™ and a remarkable decrease in AP that was initially present in the metakaolin
are observed. These changes reveal the rapid and strong interaction between the two
precursors. As time progresses, the peak relative to A1™ broadens, denoting the
formation of a geopolymer network, and the intensity of the peak relative to A1V
decreases, revealing the dissolution of metakaolin. However, AI™Y), initially present
in the metakaolin, was not observed in any spectra. The disappearance of Al )
indicates that it was consumed due to its high reactivity, as has been previously
demonstrated in the literature (Walther 1996).

The various behaviors of the samples detected by the FTIR and NMR experi-
ments during the formation reveal 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 A1™ formation rate (the
difference between the amount of AI™? formed after 24 h in the geopolymer samples
and the amount of AI™? initially present in the starting metakaolin) and compressive
strength data, as shown in Fig. 9. Regardless of the sample, it is noted that better
compressive strengths correspond to higher AI™ formation rates. Moreover, three
different behaviors, depending on the reactivity of the used precursors, can be
distinguished, as shown in Fig. 9. For the '’SiKcMKC sample, the AI™ formation
rate did not exceed 62 %, leading to the weakest specific compressive strength value
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Fig. 9 The specific compressive strengths values versus the percentage of the conversion rate after
24 h (w) for all samples
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(18 MPa.g™"'.cm®). This fact can partially be explained by the low surface reactivity
of metakaolin and by the low attack reactivity of the alkaline solution '’SIK may
prevent the formation of AI™ species, consequently preventing the total alteration
of the metakaolin (Gharzouni et al. 2015). All of these factors inhibit the formation
of a homogenous geopolymer phase, therefore decreasing the mechanical strength.
The MKA and MKB metakaolins in the presence of the same solution, L7SIK ., lead
to a higher formation rate of A1’ which increases from 67 % to 76 % and
increases the specific compressive strength values from 20 to 30 MPa.g '.cm’.
Thus, the high metakaolin reactivity favors the geopolymer phase and improves
the mechanical strength. 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 because the reactive siliceous species released from the
9-7SIK . solution could ensure a higher metakaolin degree of attack due, in this case,
to the faster formation rate of AI"Y). However, the weak compressive strength
observed in the case of ®’SIK-MKC is due to the low reactivity of this 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 decrease the mechanical
strength.

Conclusion

The various techniques used in this study allow a rapid characterization and quan-
tification of the various species in alkaline silicate solutions. The FTIR and Raman
spectroscopic data revealed the polymerization of the silicate entities when the Si/M
molar ratio increases. Then, NMR analyses were used to quantify this phenomenon
by determining the amount of the various silicate species. Thus, the reactivity of
these solutions was found to be dependent on the Si/M ratio.

Knowledge of the reactivity of these solutions is useful for various applications,
for example, the dilution of these solutions affects the silicate distribution on the
sand surface. Moreover, the temperature and the drying mode influence the sample
microstructure,

Alkaline solutions can be used as precursors to synthesize geopolymer materials.
In this study, the behavior of three metakaolins in the presence of two potassium
alkaline solutions with different reactivities was investigated using FTIR and *’Al
NMR during the geopolymer formation. Interactions between the silicate and alu-
minosilicate species were evident from an early stage of the reaction. As times
progresses, the AI™ and A1™ of metakaolin are converted to AI™. Different
reaction rates were observed, depending on the reactivity of the used raw materials.
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 an alkaline solution of low reactivity. Finally, a correlation was
established between the amount of formed A1™’ determined from *’Al NMR and
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the compressive strength 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
are key parameters to control the reaction rate, thereby controlling the final proper-
ties of the geopolymer materials.
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Ce travail a été effectué dans le cadre du projet FE’E dans le but de réaliser un fusible plus
avantageux et plus écologique. La réponse a cette problématique nécessitait la maitrise des
différents constituants du fusible et des différentes interactions entre ces matériaux. Cette étude
a donc été réalisée selon une suite d’étapes allant de la compréhension des différentes matieres

premicres jusqu’a la réalisation d’un fusible et d’un busbar a base d’un matériau géopolymere.

Afin d’améliorer la tenue de 1’agglomération du bloc de sable, il était nécessaire dans un
premier temps de comprendre les solutions de silicate alcalin et notamment de déterminer les
especes réactives, puis de maitriser les interactions entre ces especes et le sable au cours du
séchage.

L’étude des solutions, par différentes techniques spectroscopiques, a permis d’identifier les
especes réactives en fonction de différents parametres tels que le cation alcalin, le rapport
molaire Si/M et le taux d’eau. Des abaques relatifs au degré de polymérisation ont été obtenus
quelle que soit la solution de silicate. A titre d’exemple, la diminution du taux d’eau et du
rapport molaire Si/M entraine une diminution du degré de polymérisation de la solution,
favorisant la formation d’espéces dépolymérisées telles que les entités Q°, Q' ou la formation
d’especes cycliques R3 et R4 et induisant par conséquent une augmentation de sa réactivité.

Afin de pallier la répartition du silicate au sein de I’empilement granulaire du sable, les essais
d’imprégnation, suivis d’un séchage conventionnel ou micro-ondes a 110 et 150 °C, ont permis
de révéler que seul le séchage conventionnel au-dela de 100 °C favorisait la formation de ponts
entre les grains de sable. Le mélange préalable de la solution de silicate et de sable associé au
séchage conventionnel a 150 °C, avec des contraintes a la rupture de I’ordre de 8 - 10 MPa, est

la méthode a retenir.

La réalisation d’une piece céramique basse température par la création d’une couche
intermédiaire a base d’une source aluminosilicate ou par coulage d’un liant géopolymere a
ensuite été effectuée.

Afin d’identifier les paramétres responsables de la réactivité du liant vis-a-vis du bloc de sable,
les études par des mesures d’angles de mouillage ont mis en évidence une diminution de I’angle
plus ou moins importante au cours du temps. Ceci souligne I’influence de la formulation du
liant sur I’imprégnation du bloc de sable aggloméré par le liant géopolymere. Des essais
d’enrobage ont mis en évidence que D’apparition de fissures sur les dépdts de liants

géopolymeres peut étre contrdlée en modifiant la formulation et, plus particulierement, le cation
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alcalin et la source aluminosilicate. L’utilisation d’une solution a base de silicate de potassium
et d’un métakaolin de faible réactivité s’avere pertinente pour obtenir des dépots ne présentant
pas de fissuration et de faible épaisseur. La tenue du dépdt a été expliquée par la diffusion du
liant géopolymere au sein du bloc de sable aggloméré.

La mise en forme des liants géopolymeres est réalisable par coulage. Cependant, cette technique
nécessite la connaissance du retrait au cours de la prise. Les parametres permettant de contrdler
le retrait a température ambiante ont été identifiés. 1l a ainsi été démontré que le retrait peut étre
contrdlé a la fois par le rapport Si/Al, et par la compensation de charge par le cation alcalin.

Ceci a donc conduit a I’ensablage d’un corps de fusible en liant géopolymere.

Finalement, une rupture technologique a été envisagée via la validation de la tenue en
température des nouvelles pieces en liant géopolymere et 1’étude des interactions entre un liant
et une surface métallique.

Les parametres sélectionnés pour la tenue en température des liants ont été la modification
de la solution alcaline par 1’ajout d’un additif et la modification de la formulation.

L’obtention d’un matériau stable en température est rendue possible par la fonctionnalisation
d’une solution alcaline peu réactive par I’ajout d’un additif, tel que du molybdate d’ammonium,
en présence de différentes sources aluminosilicates. L’ajout de molybdéne permet une
diminution importante de la valeur de retrait a 1400 °C de 20 a 5 % indiquant une meilleure
tenue en température de ces échantillons. De plus, des domaines de tenue en température des
liants géopolymeres ont été identifiés et dépendent de la formulation du liant. Il a également été
démontré que des liants possédant un rapport molaire Si/(Al+M) supérieur a 1 présentent une
tenue en température correcte a 800 °C.

L’adhésion d’un liant géopolymére sur du métal a ensuite été étudiée en choisissant des
formulations répondant aux criteres déterminés par les angles de mouillage. En effet, la nature
du cation alcalin et le type de métakaolin dont dépendent les réactions de géopolymérisation,
ainsi que la valeur de pH initiale du liant influencant la libération d’especes, favorisent ou non
I’adhésion. Une valeur de pH initiale élevée (cf. M1K) favorise la libération d’especes ioniques
entrainant la formation d’un dépot hétérogene et fissuré, alors qu’un mélange de faible valeur
de pH (cf. MTK) favorise la formation d’un dép6t homogéne.

Des essais d’enrobage a 1’aide de différentes compositions de liants géopolymeres ont ensuite
été réalisés sur des plaques de cuivre étamé en présence de différentes atmospheres. Le controle

de I’eau étant un parameétre crucial, il a été démontré que le séchage en atmosphere controlée
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(85,5 %HR et 25 °C) par rapport a un séchage en moule ouvert (65 %HR, Pam et 25 °C)
favorise I’adhésion entre le liant et le support métallique. Un liant géopolymere a base de
sodium et d’un mélange de deux métakaolins de réactivités différentes, en atmosphere humide,
doit étre réalisé pour favoriser 1’adhésion entre le liant et une plaque de cuivre étamé.

Finalement, compte tenu de tous ces critéres, un busbar a été obtenu par coulage d’un liant

géopolymere résistant jusqu’a la température de 800 °C.

Cette ¢tude a donc démontré qu’il était possible d’envisager la réalisation d’un fusible plus
écologique et plus économique par ’utilisation de liants géopolymeres. La fabrication d’autres
composants électriques, tels que les busbars, a base de liants géopolymeres semble également
envisageable. Néanmoins, afin d’améliorer les performances, il pourrait étre envisagé les

actions suivantes :

(1) L’obtention d’un bloc de sable aggloméré nécessitant une énergie de consolidation
moindre, de propriétés mécaniques homogenes, devrait €tre poursuivie par le
séchage micro-ondes en modifiant la puissance ainsi que par I’optimisation de la
méthode d’imprégnation.

(11) La couche de liaison pourrait étre améliorée en étudiant des mélanges de viscosité
différente afin d’assurer ou non une étanchéité du bloc de sable.

(iii))  La fabrication d’un busbar en une étape nécessite une optimisation a la fois au
niveau des interactions entre le liant et les différents métaux, mais aussi sur la facon
de réaliser le bloc par coulage, par projection ou par méthode additive.

(iv)  Quelle que soit la fabrication retenue, il faudrait évaluer les performances de

I’assemblage en conditions d’usage.
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Résumé

Cette ¢tude s’inscrit dans le cadre du projet FE?E visant a développer un fusible plus
économique et plus écologique. Ce travail a donc été réalisé selon un schéma allant de la
caractérisation des matic¢res premieres a la fabrication de composants électriques a 1’aide de
matériaux géopolymeres. La réactivité des solutions de silicate a été déterminée par
spectroscopies infrarouge, Raman et résonance magnétique nucléaire. Les interactions entre
les solutions et du sable ont ensuite été étudiées selon différentes méthodes d’imprégnation et
différents types de séchage, afin d’optimiser les propriétés mécaniques des blocs de sable
aggloméré. Le remplacement des corps de fusible par des liants géopolymeres a été envisagé
par la création d’un dépo6t ou par coulage du liant. Ensuite, la validation des propriétés
thermiques des liants et les interactions entre un liant et une surface métallique ont permis
d’envisager une rupture technologique. Finalement, il a été démontré qu’il était possible

d’obtenir un fusible ou un busbar a base de liants géopolymeres.

Mots clés : fusible, solution de silicate, sable, géopolymere, spectroscopie Raman,

traitement thermique, métal.

Abstract

This study is a part of the FE?E project and was accomplished in order to develop an
economic and ecologic fuse. The methodology covers different steps going from the raw
materials characterization to the manufacturing of electrical components (as fuse and busbar)
with geopolymer materials. The reactive species in alkaline solutions were determined by
FTIR, NMR and Raman spectroscopies. Then, the interactions between the sand and the
solutions were studied using various impregnation and different curing methods in order to
optimize the mechanical properties of agglomerated sand. Fuse body replacement by
geopolymer binders by a coating or by casting in a mold were considered. Then, the
validation of the thermal properties by thermal treatment and the interactions between a
geopolymer binder and a metallic surface conduce to a technological disruptive. Finally, the

possibility to obtain a geopolymer-based fuse or busbar was clearly evidenced.

Key words: fuse, silicate solution, sand, geopolymer, Raman spectroscopy, thermal

treatment, metal.
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