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Résumeés
Résumé en frangais

L'utilisation de Supplementary Cementitious Materials (SCMs) en substitution du clinker est
une technologie aujourd’hui bien connue qui permet de réduire le colt environnemental du
ciment. Parmi les SCMs largement utilisés aujourd’hui on retrouve les cendres volantes, les
laitiers de hauts fourneaux ou encore la poudre de verre. Dans les derniéres années, un intérét
grandissant s’est développé pour I'utilisation d’argiles calcinées comme ajouts cimentaires,
notamment du fait de leur forte réactivité et de leur grande disponibilité. Ce projet de thése
s’intéresse a l'utilisation d’argiles et de marnes calcinées comme ajouts cimentaires. L'objectif
principal est d’identifier de nouveaux échantillons susceptibles de présenter un intérét pour
une utilisation comme SCMs. Pour ce faire, une approche multi-échelle macro/micro est
utilisée afin d’étudier de maniéere précise la calcination, la réactivité pouzzolanique et le
comportement en systeme cimentaire de ces nouveaux échantillons. Il a été possible de
démontrer que les marnes (malgré leur composition minéralogique complexe) sont des
matériaux qui peuvent étre utilisés comme ajout cimentaire apres calcination, et ce, méme
s’ils contiennent une faible proportion d’argiles. Par la suite, il a été démontré que la
palygorskite est une argile a haut potentiel pour une utilisation comme ajout cimentaire aprés
calcination, et peut étre considérée comme une alternative viable au métakaolin. L’étude
poussée de l'utilisation de palygorskites calcinées comme ajouts cimentaires a également
permis d’apporter de nouvelles connaissances fondamentales sur la compréhension des

mécanismes impliqués lors de la calcination de ce type de matériaux.
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Résumé en anglais

The use of Supplementary Cementitious Materials (SCMs) as a substitute for clinker is a well-
known technology that can reduce the environmental cost of cement. Among the SCMs widely
used today are fly ash, blast furnace slag and glass powder. In recent years, there has been a
growing interest in the use of calcined clays as SCMs, particularly due to their high reactivity
and availability. This thesis project focuses on the use of calcined clays and marls as
supplementary cementitious materials. The main objective is to identify new samples that
could be of interest for use as SCMs. To this end, a multi-scale macro/micro approach is used
to study the calcination, pozzolanic reactivity and performance in cementitious systems of
these new materials. It was possible to demonstrate that marlstones (despite their complex
mineralogical composition) have the potential to be used as supplementary cementitious
materials after calcination, even with a low proportion of clays. Subsequently, it was shown
that palygorskite is a high potential clay for use as a supplementary cementitious material
after calcination, and can be considered as a viable alternative to metakaolin. The extensive
study of the use of calcined palygorskites as SCMs has also provided new fundamental insights

into the understanding of the mechanisms involved in the calcination of this type of material.
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Introduction
Contexte général

L'un des objectifs principaux de I'accord de Paris sur le climat est de parvenir a une diminution
rapide des émissions de dioxyde de carbone tout en permettant aux différents signataires de
répondre a leurs besoins économiques, industriels et humains. En effet, les générations
présentes doivent pouvoir répondre aux enjeux actuels sans compromettre la capacité des
générations futures a répondre aux leurs. L'urbanisation généralisée qui accompagne le
développement économique se traduit par la construction rapide d’infrastructures
industrielles et de transport, ce qui entraine une importante augmentation de la demande en
ciment [1]. Le ciment Portland, constituant majeur du béton, est de loin le matériau de
construction le plus utilisé du fait de sa facilité de fabrication et de sa simplicité d’usage. Au
cours des 65 derniéres années, la consommation mondiale en ciment a été décuplée [2]. Cela
n’est pas sans conséquence puisqu’on estime que le ciment compte pour 36% des 7,7 milliards
de tonnes de CO; émises annuellement par le secteur de la construction [3], ce qui représente

environ 8% des émissions totales de CO; d’origine anthropique [4,5].

Pourtant, le béton (dont le ciment est le constituant principal) reste le matériau de
construction le moins carboné, puisque 1kg de béton émet en moyenne 0,13 kg de CO.,. En
comparaison, 1 kg de bois ou d’acier émettent respectivement 0,46 et 2,8 kg de CO; [6]. Le
fait que I'industrie cimentiere soit responsable d’autant d’émissions de CO; reléve en réalité
d’une question de quantités. En effet, on estime qu’en 2019 environ 4,2 milliards de tonnes
de ciment ont été produites dans le monde [7]. Ce n’est donc pas le ciment en lui-méme, mais
son utilisation intensive et systématique qui en fait un matériau de construction polluant.
Dans ce contexte, les industries cimentiéres se tournent vers la recherche et le
développement d’innovations pouvant permettre de réduire le colit environnemental du
ciment. Une baisse de quelques % de la quantité de CO, émise lors de la fabrication d’1kg de
ciment aurait un impact significatif sur les émissions mondiales de CO; d’origine anthropique,

a condition que ces innovations soient mises en place a grande échelle.

Le point critique de la fabrication du ciment en termes d’émissions de CO; est la calcination.

Atteindre et maintenir une température de 1450°C n’est pas anodin puisque cela va nécessiter
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I'utilisation d’une importante quantité d’énergie, qui provient majoritairement de
combustibles d’origine fossile. On estime que 1/3 du CO; émis lors de la fabrication du ciment
provient des combustibles utilisés pour alimenter les fours. Une premiére maniére de
diminuer 'empreinte environnementale de ciment consiste donc a substituer une partie des
combustibles fossiles traditionnels (dont le charbon) utilisés dans les fours des cimenteries
par des combustibles alternatifs, plus faibles en carbone et/ou issus de la valorisation de
ressources secondaires considérées comme déchets [8]. Les 2/3 restants du CO; émis lors de
la calcination proviennent de la décarbonatation du calcaire présent dans le mélange de base.
Sous I'effet de la température le carbonate de calcium (CaCOs) qui constitue trés largement la
roche calcaire va se décarbonater et former de la chaux vive (CaO) et émettre du CO; sous
forme gazeuse directement dans I'atmospheére. Une autre innovation consiste donc a capturer
le CO, émis lors de la décarbonatation du calcaire directement au niveau du four de la
cimenterie. Mais la mise en place de cette technologie a I'ensemble des cimenteries
représente un codt financier trés important, sans oublier que ce systéme de capture ne
répond pas a I’enjeu du stockage a long terme ou méme de la réutilisation du CO; capturé [9].
Différentes technologies sont donc aujourd’hui a I'’étude pour pouvoir diminuer I'empreinte
environnementale du ciment telles que la diminution du taux de clinker, la substitution des
combustibles fossiles ou encore les systemes de capture et de stockage du CO,. La figure 1-1
est extraite du plan de transition sectoriel de I'industrie cimentiére en France. Elle liste une
partie des technologies envisagées pour diminuer I'empreinte carbone de la production du

ciment et les compare entre elles en fonction de leur temps de mise en place et de leur colt

financier [10].

-
-

Baisse du taux de clinker par les recettes de ciment

4

o
=
- o ©
ﬂ Approfondissement du recyclage ‘B0 2 o
O A
ﬂ Substitution de combustibles fossiles _g ;
Modernisation des cimenteries au niveau des ':u
« Meilleures techniques disponibles » B ~30 % des emissions
Développement de clinkers alternatifs bas-carbone (ex: 0 -
forte teneur en bélite) = C ¢
- 113] et
= LN
C
' Capture du carbone et stockage (CCS) - v € €€ £EF
Colt
Figure 1: Comparaison des principales technologies de réduction des émissions de CO, de
I'industrie cimentiére [10].
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La premiére information importante de cette figure est que la technologie de capture et de
stockage du carbone ne semble pas étre assez mature et représente un co(t financier trop
important pour étre une vraie innovation de rupture a court terme. En revanche, la
modernisation des installations existantes ainsi que la substitution des combustibles fossiles
sont des choses qui peuvent étre réalisées dés aujourd’hui et qui présentent un potentiel de
réduction des émissions de CO; important. L’autre piste importante mise en avant est la baisse
du taux de clinker dans le ciment, une technologie qui pourrait étre mise en place des

aujourd’hui et qui présenterait un co(t financier relativement faible.

L'utilisation de Supplementary Cementitious Materials (SCMs) en substitution du clinker est
une technologie aujourd’hui bien connue. Ces ajouts cimentaires permettent de diminuer la
proportion de clinker (constituant principal du ciment dont la fabrication entraine la majorité
des rejets de CO;) sans imputer de maniére importante les propriétés mécaniques ou encore
la durabilité du ciment. Parmi les SCMs largement utilisés, on retrouve les laitiers de hauts
fourneaux [11], les cendres volantes de centrale électrique [12], ou encore les argiles
calcinées. Les ressources en laitiers de hauts fourneaux ne sont pas assez abondantes pour
étre utilisées de maniére durable et |a transition énergétique limite a juste titre la disponibilité
des ressources en cendres volantes provenant de la combustion du charbon [13]. En revanche,
les réserves d'argiles avec un potentiel pour la calcination sont considérables et réparties de
maniere homogene [13], ce qui en fait une ressource de premier choix pour une utilisation

comme SCM.

Originalité et objectifs

La majorité des études qui ont été menées ces derniéres années sur la réactivité de différents
types d'argiles calcinées dans des systémes cimentaires s’est intéressée au métakaolin [14—
16], aux smectites calcinées [17,18] et aux illites calcinées [19-21]. Il y a un manque d’intérét
significatif de la communauté scientifique pour I’étude d’autres types d’argiles. En cause, il y
a la répartition de ces argiles qui est parfois trés hétérogene et la concurrence industrielle qui
peut limiter leur disponibilité. L'autre raison importante est que ces argiles sont souvent
associées a d’autres minéraux tels que des carbonates, ce qui crée des systémes a plusieurs

phases relativement complexes. Cependant, l'étude de «ces argiles dites « peu
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conventionnelles » peut présenter un fort intérét, notamment dans des contextes de

valorisation de ressources dites secondaires et considérées comme déchets.

L'objectif général de ce projet de these est d’étudier l'utilisation d’échantillons argileux
calcinés comme ajouts cimentaires dans des ciments composés, avec notamment un intérét
fort pour la valorisation d’échantillons naturels complexes contenant des phases argileuses
dites peu conventionnelles. La réussite de ce projet de thése amenera de nouvelles
connaissances fondamentales sur la calcination et la réactivité en systeme cimentaire d’argiles
peu ou pas étudiées a I'heure actuelle et permettra d’ouvrir de nouvelles voies de valorisation

de ressources secondaires considérées comme déchets.

Fil conducteur du manuscrit de these

Apres l'introduction, ce manuscrit de thése va débuter avec un état de I’art explorant les bases
du ciment Portland, son hydratation et les solutions existantes pour diminuer son empreinte
environnementale. Un descriptif général des minéraux argileux, des marnes et de leur
utilisation comme ajout cimentaire permettra de situer ce projet de thése en comparaison de
ce qui a déja été fait sur le sujet. Le corps de cette these sera ensuite basé sur 5 articles
scientifiques qui permettront de progressivement développer une compréhension des
modifications physico-chimiques qui ont lieu lors de la calcination et de I'utilisation comme
ajouts cimentaires de différents échantillons argileux. En premier, le chapitre 2 traite de la
calcination d’'une marne dolomitique naturelle contenant de la palygorskite et de la smectite.
Il consiste en une description poussée des modifications physico-chimiques qui ont lieu lors
du traitement thermique de ce matériau et démontre la formation de plusieurs phases
potentiellement réactives en systéme cimentaire (palygorskite calcinée, smectite calcinée et
C,S). Le chapitre 3 est la continuité directe du chapitre 2 et il s’intéresse a I'auto-réactivité
dans I'eau apres calcination de ce méme échantillon, en vue d’une utilisation comme ajout
cimentaire. Il démontre que les phases argileuses calcinées (palygorskite et smectite) ainsi que
les phases néoformées a I'issue de la calcination (C,S) présentent un potentiel réactif en milieu
cimentaire. Le chapitre 4 est une étude comparative de la marne dolomitique étudiée dans
les chapitres 2 et 3 avec une autre marne dolomitique (issue du méme site minier) contenant

cette fois-ci uniguement de la smectite. La comparaison de la calcination, de I'auto-réactivité
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et des performances mécaniques en systéme cimentaire permet de démontrer que la marne
contenant de la palygorskite en plus de la smectite a une meilleure réactivité,
comparativement a celle contenant uniqguement de la smectite. Cela laisse présager que la
palygorskite est une argile a haut potentiel réactif a tester pour une utilisation comme ajout
cimentaire. Le chapitre 5 s’intéresse a des échantillons contenant des teneurs en palygorskite
plus élevées que I'échantillon marneux étudié dans les chapitres 2, 3 et 4. Il permet de
démontrer une importante amélioration des performances mécaniques (proportionnelle a la
pureté des échantillons) sur des ciments composés incorporant ces palygorskites calcinées, ce
gui confirme la forte réactivité pouzzolanique de cette argile calcinée. Le chapitre 6 a pour
objectif de comprendre 'origine de cette forte réactivité en comparant la calcination, la
réactivité pouzzolanique et les performances mécaniques en systeme cimentaire d’une
palygorskite dite « modele » a une kaolinite pure. Les résultats prouvent que la palygorskite
peut effectivement étre considérée comme une argile hautement réactive apres calcination
et permettent d’établir une corrélation entre les modifications physico-chimiques induites par
la calcination, la réactivité pouzzolanique et les performances mécaniques en systeme
cimentaire. Finalement, la conclusion résume les principales avancées et contributions de ce

projet de thése avant de suggérer de nouvelles pistes de réflexion.
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Chapitre 1 — Etat de I'art

Dans ce projet de thése portant sur l'utilisation de marnes et d’argiles calcinées en
remplacement du ciment Portland, il apparait important de définir clairement ces termes et
de préciser les objectifs de I'étude en synthétisant ce qui existe déja dans la littérature. La
premiére partie de cet état de I'art sera consacrée a une description générale du matériau
cimentaire, de sa fabrication, de son impact environnemental et des technologies permettant
de réduire ce dernier. La seconde partie traitera des argiles en général avec notamment un
focus sur deux minéraux argileux que sont la smectite et la palygorskite. La troisieme partie
traitera de l'utilisation d’argiles calcinées en remplacement du ciment, avec une description
de I'étape de calcination, de la réactivité pouzzolanique et des récentes études réalisées sur
le sujet. La quatrieme partie s’intéressera aux marnes et a leur utilisation comme ajout
cimentaire. Enfin la derniére partie présentera les verrous scientifiques actuels sur le sujet et

les enjeux/problématiques auxquels ce projet de thése tentera de répondre.

1.1. Le ciment

Selon la norme NF EN 197-1 [1] le ciment est un liant hydraulique, c’est-a-dire un matériau
minéral finement moulu qui, gdché avec de I'eau, forme une pate qui fait prise et durcit par
suite de réactions et de processus d’hydratation. Aprés son durcissement, le ciment hydraté

conserve sa résistance et sa stabilité, méme sous |'eau.

1.1.1. Fabrication du clinker et du ciment

Le clinker est le principal constituant du ciment portland, il se présente sous la forme de
nodules centimétriques durs et cristallisés. Sa fabrication est le fruit de la réaction
de clinkérisation qui intervient lors de la cuisson d’un mélange contenant du calcaire et de
I'argile, aussi appelé « cru », a trés haute température (1450°C). Le mélange doit permettre
de réunir les éléments principaux selon des dosages préétablis : la chaux (65%), la silice (20%),
I'alumine (10%) et I'oxyde de fer (5%) [2]. Les différentes étapes de la fabrication du ciment

sont présentées ci-dessous :
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L’extraction et le concassage : Le calcaire et I'argile sont extraits de carrieres et les blocs

obtenus sont concassés.

La préparation de la matiére premiére : Les grains de calcaire et d’argile sont mélangés aprés

broyage dans des proportions définies (80% / 20% généralement) en un mélange trés

fin appelé le cru.

La cuisson du cru : Le cru est ensuite introduit en amont dans un four rotatif. Il va alors circuler

grace a un dispositif de conduite et va étre progressivement chauffé jusqu’a atteindre la

température de clinkérisation. Lors de cette cuisson quatre étapes se distinguent :

Décarbonatation : Elle se produit a des températures comprises entre 700 et 1000°C,

le calcaire se décompose pour former de I'oxyde de calcium (CaCOs =» CaO + CO3).
Cette réaction de décarbonatation est responsable d’environ les 2/3 des émissions
de CO; associées a la fabrication du ciment [3]. Il estimportant de noter que dans les
nouvelles installations, cette étape se fait dans un « preheater » en amont du four

rotatif

Phase de transition : L'oxyde de calcium (CaO) produit lors de I'étape précédente se

combine avec le silicium et I'aluminium de I'argile pour former de la bélite (silicate
bicalcique impur ou C,S de formule Ca;SiOs) et une solution solide d’aluminates de

calcium. Ces réactions ont lieu a I’état solide.

Phase de cuisson : La température de la matiere monte a 1450°C. A partir de 1300°C

le silicate bicalcique (Ca,SiO4) réagit avec une partie de I’'oxyde de calcium (CaO) non
combiné pour former du silicate tricalcique (Alite, CsS impur de formule CasSiOs).
Cette réaction est trés endothermique, c’est pourquoi elle nécessite de telles
températures. Auméme moment, le fer et I'alumine se combinent au CaO sous forme

liquide, on appelle cette phase interstitielle le fondant.

La trempe : La matiére est brusquement refroidie a I’air de 1450°C a environ 100°C
en quelques minutes, on obtient alors le clinker. Cette étape de trempe a pour but de

figer les espéces minérales qui seraient susceptibles de se décomposer a température
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ambiante. Par exemple, la phase C3S se décomposerait en C;S et CaO. Les aluminates
(CsA et C4AF de formules génériques CasAl;0¢ et CasAlFe;01p respectivement mais
qui possédent des rapports Al/Fe variables) qui étaient sous forme liquide (phase
interstitielle) vont servir de liant aux cristaux de silicates lors de ce refroidissement

brutal.

Lors de ces premieres étapes de la fabrication du clinker, différentes réactions vont se
produire afin de former les phases anhydres qui le composent. La figure 1-1 présente un

diagramme de I’évolution des phases minérales durant I’étape de clinkérisation d’un ciment

Portland :
5
-3 |
3 Calcite
2 Lime
P
§ Alite
g. DBelite
[ Chuartz Cris.
& Clay Minerals s ATuminate Li-t-'"uid Aluminate
' _//’f:z‘ . Ferrite l Ferrite
—
l]r'on O}{igles . _ L
400 600 800 1000 1200 1400 Cooling

Temperature(°C)

Figure 1-1 : Diagramme de I’évolution des phases minérales au cours de la clinkérisation [4].

Avec l'augmentation de la température, les phases minérales initiales (calcite, quartz,
minéraux argileux, oxydes de fer) vont se recombiner pour former les nouvelles phases

cimentaires anhydres (alite, bélite, aluminate, ferrite) qui composent le clinker.
Le produit obtenu (clinker) a généralement la composition chimique massique suivante : 67%
Ca0, 22% Si0,, 5% Al,03, 3% Fe,0s3, et 3% d’autres composants. Il est composé de différentes

phases présentes dans différentes proportions [5] :

e 50a65%dalite
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e 152a20% de bélite
e 523 15% d’aluminate tricalcique

e 5310% d’aluminoferrite tétracalcique

L’hydratation de ces phases dites « majeures » va étre a I'origine des propriétés du ciment
durci. Il y a également la présence de phases en plus faibles proportions (3%) dites

« mineures » telles que les sulfates alcalins et I’oxyde de calcium [5].

Les différentes phases anhydres ne vont pas avoir la méme réactivité en fonction de leur
composition chimique et de leur minéralogie. Leur hydratation va donc contribuer plus ou
moins aux résistances finales. Le tableau 1-1 classifie les phases majeures du clinker en

fonction de leurs caractéristiques et de leur contribution a la résistance une fois hydratées :

Phases CsS C:S CA CJAF
Formule chimique CasSiOs CasSi0g CasAl;06 CasAlyFe 010
idéale théorique
Nom technique Alite Bélite Phase Phase ferrite
aluminate
Réactivité Elevée Faible Tres élevée Faible
Impuretés Al;03, Fey0s3, Al;03, Fey0s3, Fe,0s3, Na20, MgO, SiO,, TiO,
MgO Naz0, K,0, SO3 K20, MgO
Contribution a la Forte a Forte a un age Forte a jeune Tres faible
résistance jeune age trés avancé age

Tableau 1-1 : Phases majeures du ciment portland et leurs caractéristiques [6].

On peut voir que les deux phases les plus réactives sont I’alite et la phase aluminate. Elles vont
toutes les deux contribuer aux résistances a jeune age. La bélite en revanche va surtout
participer aux résistances a long terme tandis que la phase ferrite n’aura qu’une tres faible

contribution de maniere générale.

21
Victor Poussardin, 2022



Le broyage : C'est la derniére étape de la fabrication, le clinker obtenu est broyé avec du
sulfate de calcium (environ 5%) afin d’obtenir du ciment portland. L'ajout de gypse va
permettre de ralentir la prise du ciment pour permettre la fabrication et le transport du béton
sans influer sur le développement ultérieur des résistances mécaniques. Le ciment ensuite
produit va avoir la capacité de former une pate qui fait prise et durcit lors du processus

d’hydratation.

Ces différentes étapes et notamment la décarbonatation du calcaire vont entrainer I’émission
d’'importantes quantités de dioxyde de carbone et participer grandement aux émissions
mondiales de CO; puisqu’on estime que l'industrie cimentiere est responsable de 5 a 8% de

ces émissions mondiales [7,8].

1.1.2. Les ciments composés et les types d’ajouts cimentaires

Les ciments composés sont des ciments dont une partie du clinker est substituée par de
nouvelles ressources que |'on appelle « Supplementary Cemetitious Materials » (SCMs). Parmi
les principaux SCMs actuellement utilisés dans I'industrie cimentiere, on retrouve les laitiers

de hauts fourneaux, les cendres volantes de centrale électrique ou encore la poudre de verre.

1.1.2.1. Les laitiers de hauts fourneaux

Ce sont des sous-produits de I'élaboration de la fonte, on estime que la production d’une
tonne de fonte brute entraine la production de 260 a 280 kg de laitiers de hauts fourneaux
[9]. lls sont principalement formés de constituants non ferreux, des fondants et des cendres
de coke [10]. Il existe deux technologies différentes de traitement de ces laitiers de hauts
fourneaux [11]. lls peuvent étre refroidis par air et étre utilisés pour des applications de
remplissage comme granulats pour bétons et bitumes par exemple [12,13], ou bien subir une
trempe a I'eau puis étre broyés afin d’obtenir des laitiers granulés de hauts fourneaux qui sont
d’excellents SCMs. La figure 1-2 présente I'évolution de la résistance a la compression de
différentes pates de ciments réalisées avec différents % de laitiers granulés de hauts

fourneaux (ratio eau/ciment = 0.44) en fonction du temps d’hydratation [14] :

22
Victor Poussardin, 2022



90

—_

=
}

n0% m10% = 20%

3% 40%

oy =1
=
| L]

40

“ad
-
ot

mpressive strength/MPa
: =)
1

20

0
=

C

3d Td 284d 90 d 180 d

Figure 1-2 : Effet de I'ajout de laitiers de hauts fourneaux granulés sur les résistances a la

compression de pates de ciments [14].

Le remplacement jusqu’a 40% du ciment Portland par du laitier granulé de hauts fourneaux
permet une amélioration de la résistance a la compression a 90 et 180j. En revanche, méme
avec un taux de remplacement de seulement 20%, la résistance a la compression a 3 et 7 jours
est inférieure a la référence 100% ciment. Cette inertie dans la réactivité des laitiers granulés
de hauts fourneaux s’explique par le fait que la réaction pouzzolanique ne peut se mettre en
place qu’une fois que les réactions d’hydratation du ciment ont eu lieu [15]. L’autre raison est
gu’il peut y avoir formation d’un gel imperméable de silice et d’alumine amorphe autour des
particules de laitiers, ralentissant ainsi leur dissolution et leur réaction [16]. La forte réactivité
(hydraulique et pouzzolanique) des laitiers de hauts fourneaux a permis des taux de
remplacements importants du ciment portland. On estime que l'utilisation de ces laitiers
permets une réduction des émissions globales de CO, de la fabrication du ciment pouvant
atteindre 48 % [11]. De plus, I'utilisation de laitiers de hauts fourneaux granulés comme SCM
permet d’améliorer les propriétés techniques du ciment telles que la dureté, la perméabilité

et la résistance a la corrosion et aux attaques chimiques (en particulier aux sulfates) [17,18].

L'utilisation de laitiers de hauts fourneaux en remplacement du ciment n’en est plus au stade
de développement. Par exemple, la société ECOCEM qui est le premier producteur européen
indépendant de laitier moulu de haut-fourneau a mis au point un ciment CEM I1II/C qui
contient plus de 85% de laitier de haut-fourneau moulu [19]. De par sa forte proportion en
laitier, ce ciment présente une trés faible chaleur d’hydratation ainsi qu’une trés haute

résistance aux attaques chimiques et en particulier les sulfates [20].
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Les réserves mondiales de laitiers de hauts fourneaux sont d’environ 330 Mt/an et la
disponibilité de ce SCM devrait diminuer dans les prochaines années avec I'augmentation du
recyclage de I'acier et I'introduction de nouvelles technologies de productions plus efficaces
[21]. A I’heure actuelle plus de 90% des laitiers de hauts fourneaux conformes aux standards
sont déja utilisés comme SCM soit en remplacement du ciment, ou comme ajout dans le béton
ou d’autres mélanges cimentaires [22,23]. Le potentiel de réduction des émissions mondiales
de CO; par 'utilisation de laitiers de hauts fourneaux comme SCM est cependant relativement
faible du fait de la limitation des ressources disponibles et il convient donc de s’intéresser a

d’autres types d’ajouts cimentaires.

1.1.2.2. Les cendres volantes

Ce sont des déchets issus de la combustion du charbon dans les chaudiéres de centrales
électriques [24] et leur utilisation comme substitut dans des ciments composés est
aujourd’hui  bien connue [25-27]. Elles permettent de diminuer I'empreinte
environnementale du béton final tout en améliorant sa résistance, sa maniabilité et sa
durabilité [28]. Généralement, les cendres volantes sont des particules sphériques de petite
taille (entre 10 et 100 um). Elles sont principalement constituées d’oxydes de silicium,
d’aluminium, de fer et de calcium. Elles sont de classe C ou F en fonction de leur composition
chimique [29]. Les cendres volantes de classe F viennent typiquement du charbon bitumineux
et de I'anthracite, elles contiennent au maximum 10% de CaO [29]. Les cendres volantes de
classe C sont souvent référées comme des cendres volantes a haute teneur en calcium [29].
Elles proviennent de la combustion du charbon sous-bitumineux et contiennent généralement

au moins 20% de CaO [29].

Harison et al [30] se sont intéressés a l'influence de I'ajout de cendres volantes sur les
résistances en compression du béton. Ils ont réalisé différents bétons a partir de ciments
incorporant 10%, 20%, 30%, 40%, 50% et 60% de cendres volantes avec un ratio eau/ciment
de 0.46 et ont réalisé des mesures de résistances a la compression. Les résultats sont

présentés dans la figure 1-3 :
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Figure 1-3 : Résistance a la compression de bétons en fonction du pourcentage de

remplacement en cendres volantes [30].

Il apparait que la résistance a la compression est similaire a la référence pour un taux de
remplacement allant jusqu’a 30%, au-dela les valeurs commencent a diminuer. Un
remplacement de 20% permet d’obtenir les valeurs de résistance a la compression les plus
élevées. Il est important de noter que lors de I’addition de cendres volantes, la résistance a la
compression a 7j diminue de maniére importante. Fraay et al, [31] associent ce temps de
latence au délai de déclenchement de la réaction pouzzolanique. La silice des cendres n’est
attaquée qu’a partir du moment ou le pH du liquide interstitiel du ciment atteint au moins
13,2. Or, I'alcalinité de ce liquide interstitiel croit en réponse a la réaction d’hydratation du
ciment qui peut étre plus ou moins longue. De plus, pendant cette période d’hydratation, les
cendres volantes vont jouer un role de nucléus de germination des produits d’hydratation du
ciment, la barriére ainsi formée par ces produits d’hydratation a la surface des cendres
volantes retarde leur dissolution. C’'est ce temps de latence qui diminue fortement la

performance des cendres volantes comme SCM.

Les quantités disponibles de cendres volantes sont plus importantes que celles de laitiers de
hauts fourneaux avec une production mondiale d’environ 900 Mt/an. Les principaux
producteurs sont I'Inde, la Chine, les Etats-Unis et I’Allemagne. Cependant la qualité trés

variable des cendres volantes fait que seulement 1/3 est actuellement utilisé dans les ciments
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et bétons [21]. Il apparait également important de rappeler que la combustion du charbon
pour produire de [’électricité est une importante source d’émission de CO, d’origine
anthropique (environ 13% des émissions mondiales) [32]. La transition énergétique prévoit a
juste titre une diminution de la quantité de cendres volantes disponibles (fermeture des

centrales a charbon), par conséquent ce type de SCM ne pourra pas étre utilisé indéfiniment.

1.1.2.3. La poudre de verre

Le recyclage du verre pose de nombreux problémes sociétaux et environnementaux a cause
de son caractére non-biodégradable et de la difficulté du tri du verre mixte. Il est donc
important de développer de nouvelles voies de valorisation de ces déchets [33—-35]. Le verre
peut étre broyé en une poudre trés fine qui présentera alors des propriétés pouzzolaniques
du fait de sa composition chimique riche en silicium, calcium, sodium et de son caractére
amorphe [36]. Il a été démontré que le remplacement de 25% du ciment par de la poudre de
verre permet une amélioration de la résistance a la compression et a la traction sur des
mortiers [37]. La norme ASTM C1866/C1866M-20 régit |'utilisation de poudre de verre comme

pouzzolane dans les bétons, elle couvre deux types de verres [38] :

e Leverre sodocalcique (GS) qui provient de la fabrication des bouteilles et des
fenétres.
e Leverre de type E (GE) qui provient de la fibre de verre qui est utilisée pour les

renforts des matériaux composites.

La principale différence entre ces deux types de verres provient de la quantité de NayO. Le

verre GS en contient 13% alors que le verre GE en contient moins de 1%.

La norme ASTM C1866 [38] stipule que le taux remplacement maximal est limité par la valeur
de résistance a la compression sur mortiers et doit permettre d’obtenir un SAIl (Strength
Activity Index) d’au moins 75% a 7j et 85% a 28j. En général le taux de remplacement se situe
donc entre 10 et 20%. La finesse (4000 cm?/g ou plus) imposé par la norme ASTM C1866

permets également de s’affranchir de tout risque de réaction alcali-silice.
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La poudre de verre est donc un excellent SCM et permet la valorisation de déchets qui sont
non biodégradables et qui finissent la plupart du temps déversés dans des décharges [39].
Cependant, les volumes disponibles restent relativement faibles (environ 130 Mt/an
mondialement) [40] et ne permettront pas d’avoir un réel impact sur les émissions mondiales

de CO; d’origine anthropique.

1.1.2.4. Comparaison entre les principaux types de SCMs

La figure 1-4 [21] représente I'estimation des réserves mondiales en millions de tonnes par an

des principaux SCMs et leur utilisation en remplacement du ciment.
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Figure 1-4 : Réserves et utilisation dans le ciment des principaux SCMs [21].

Comme précisé précédemment, on peut voir que les réserves utilisées comme SCM en poudre
de verre, laitier de hauts fourneaux et cendre volante sont relativement faibles, notamment
en comparaison de la production annuelle de ciment Portland qui est d’environ 4800 Mt/an.
Il apparait donc difficile d’'imaginer que ces pouzzolanes puissent avoir un impact majeur sur

les émissions mondiales de CO; d’origine anthropique.

La derniere ligne du graphique présente les réserves disponibles en argiles calcinées qui

peuvent étre utilisées en remplacement du ciment. Ces réserves sont tres importantes et
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pourraient permettre une importante diminution de I'empreinte environnementale de
I'industrie cimentiere a condition que cette innovation soit mise en place a grand échelle. La

seconde partie de cet état de I'art s’intéresse donc a ces argiles.

1.2. Les argiles

Les argiles peuvent étre définies de différentes maniéres, elles peuvent étre :
e Une fraction de taille : tout ce qui est inférieure a 2 um.
e Une famille de minéraux : les minéraux argileux.

e Uneroche : composée de I'agrégation de minéraux argileux et d’autres composants.

Les minéraux argileux appartiennent a la famille des phyllosilicates. Ills sont constitués d’un
empilement de feuillets tétraédriques et octaédriques séparés par un espace interfoliaire
variable. Les feuillets tétraédriques sont constitués de tétraédres d’oxygéne entourant un
atome de silicium ou d’aluminium. Les feuillets octaédriques sont constitués d’octaédres

d’oxygene entourant des atomes tels que : Al, Mg, Fe, Li, etc..

Les cations constituants le feuillet octaédrique vont selon leur valence définir le taux de
remplissage de la couche tout entiere. Ainsi, pour une couche octaédrique entierement
composée de cations divalents, tous les octaedres sont occupés, on parle d’argile
trioctaédrique. A l'inverse, pour une couche octaédrique composée de cations trivalents, seuls
deux octaedres sur trois seront occupés (du fait de I'excés de charge positive des cations
trivalents en comparaison des cations divalents), on parle d’argile dioctaédrique. Des
substitutions peuvent avoir lieu (appelées substitutions isomorphiques) au sein de la structure
des minéraux argileux, dans le feuillet tétraédrique ou le feuillet octaédrique, entrainant un
déficit de charge positive (appelé charge permanente). Ce déficit de charge positive est
compensé notamment par |'incorporation de cations dans I'espace interfoliaire. Ces cations
ont la capacité de s’hydrater, conférant ainsi des propriétés particulieres aux minéraux
argileux. Les minéraux argileux peuvent étre répartis en plusieurs grandes familles (cf figure

1-5) en fonction de la combinaison des feuillets octaédriques et tétraédriques.
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1.2.1. Structure des minéraux argileux
1.2.1.1. Les minéraux argileux dits 1:1 ou TO

lIs sont constitués d’'une couche tétraédrique empilée sur une couche octaédrique et
présentent une taille d’environ 7 A (empilement TO + espace interfoliaire). Ils correspondent
au groupe de la kaolinite qui regroupe différents minéraux dont la dickite, I’halloysite, la
kaolinite (archétype) et la nacrite. lls ont pour formule générale : Al;Si,Os(OH)s et leur
différence réside dans leur structure cristalline respective (polymorphes). lls ont pour
partcularité I'absence de substitutions isomorphiques, ce qui n’entraine pas de déficit de
charge et ne nécessite donc pas la présence de cations compensateurs dans |'espace

interfoliaire.

1.2.1.2. Les minéraux argileux dits 2:1 ou TOT

lIs sont constitués d’une couche octaédrique entourée de deux couches tétraédriques, ils
présentent une taille pouvant varier de 10 a 18 A en fonction du degré d’hydratation du cation
interfoliaire (empilement TOT + espace interfoliaire). Des substitutions isomorphiques
entrainent un déficit de charge, compensé par la présence de cations dans |'espace
interfoliaire. En fonction de la nature de ces cations la fixation des molécules d’eau peut

entrainer un gonflement.

Un premier exemple est le groupe des smectites, il regroupe différents minéraux dont la
montmorillonite, la nontronite ou encore la saponite. La formule générale de la

montmorillonite est : (Na,Ca)o.3(Al,Mg)2Si4010(OH)2 nH>0.

Un second exemple est le groupe des illites, qui ont une structure trées proche de celle des
micas (biotite, muscovite). La particularité des illites provient de la nature des cations
compensateurs. En effet, le déficit de charge est compensé par la présence de potassium dans
I’espace interfoliaire. Ce potassium a tendance a peu s’hydrater, ce qui explique I'absence de
propriété de gonflement des illites. La formule générale des illites est : (K,H3zO)(Al,Mg,Fe)(Si,

Al)4010[(OH)2, (H20).
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1.2.1.3. Les minéraux argileux dits 2:1:1 ou TOTO

Ils sont constitués de trois couches TOT et une couche d’octaédres isolée (type brucite), ils
présentent une taille d’environ 14 A (TOT + O) Le groupe des chlorites est un exemple de
minéraux argileux dits 2 :1 :1, il regroupe différents minéraux dont la chamosite ou encore la

cookéite. La formule générale du groupe des chlorite est : (Fe,Mg,Al)s(Si,Al)2016(OH)s.

T T
T 0 0
(8] Tl T
TO : kaolinite n@\ﬁ' ﬁ% Brucite
TOT : smectite TOTO : chlorite

Figure 1-5 : Structures types des minéraux argileux.

Il'y a donc une grande variabilité et un nombre important de minéraux argileux. Les smectites
font parties des argiles les plus courantes [41] et il apparait important de s’intéresser un peu

plus en détail a leur minéralogie et a leur mode de formation.

1.2.2. Les smectites
1.2.2.1. Minéralogie et types de smectites

La composition type du groupe des smectites est la suivante : Ao3D2-3T4010Z2 - n H,0 ou D
représente un cation octaédrique, T un cation tétraédrique, A un cation interfoliaire, Z un
anion monovalent (généralement OH") et O un oxygéne. Comme précisé précédemment les
smectites appartiennent a la famille des argiles TOT. On distingue deux grands sous-groupes
de smectites : le sous-groupe des smectites trioctaédriques (les saponites) qui ont trois
cations dans la couche octaédrique et le sous-groupe des smectites dioactédriques (les
montmorillonites) qui ont deux cations dans la couche octaédrique [42]. Chacun de ces sous-
groupes contient ensuite une multitude de minéraux argileux. Les membres les plus communs

du groupe des smectites sont :
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e La montmorillonite ((Na,Ca)o,3(Al,Mg)2Si2010(OH)2:n H20)
e La nontronite (NagsFe"'»(Si,Al)2010(OH)2:n H,0)
e La saponite (Cao,25(Mg,Fe)s(Si,Al)a010(OH)2:n H20).

La figure 1-6 présente une micrographie par microscopie électronique a balayage d’une

montmorillonite [43] :

THy ""b"l BRVT '5 4. s
490 ‘ T
0 N _.. ﬂ}ﬁ

Figure 1-6 : Micrographie par microscopie électronigue a balayage d’une montmorillonite

[43].

La smectite présente des empilements en feuillets superposés et présentant des ondulations.

Il est important de noter que les feuillets de smectites peuvent s’intercaler de maniere
réguliere ou irréguliere avec d’autres feuillets argileux. Cet ensemble forme ce que I'on

appelle des interstratifiés.

1.2.2.2. Modes de formation et ressources disponibles

Il existe trois grands modes de formations des smectites [44] :

L’altération diagénétique

Les smectites se forment par un processus d’altération diagénétique de feldspaths, de silicates
mafiques, de verre volcanique ou encore d’autres minéraux alumineux-silicatés. En fonction

du climat et du type de roche mére I'altération sera plus ou moins poussée et le type de
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smectite formé sera différent. Par exemple, I'altération diagénétique de I'orthose (feldspath)

va entrainer la formation de smectite potassique [45].

La néogéneése

Le second mode de formation est la néogénese. Dans ce cas, les smectites se néoforment par
précipitation directe dans une solution riche en ions. Il y aura une dissolution compléete du
minéral précurseur en solution (des silicates en principe) puis une re-précipitation. On obtient

ainsi une nouvelle structure cristalline avec une réorganisation compléte.

La transformation

Le dernier mode de formation est la transformation a partir d’autres minéraux argileux qui
évoluent vers un nouvel état, en équilibre avec les nouvelles conditions dans lesquelles ils se
trouvent. Il y aura transformation par dégradation (soustraction d’ions) ou par agradation
(fixation d’ions) mais dans tous les cas il n’y a pas de dissolution compléte comme pour la
néogenese. Généralement les smectites proviennent de la transformation d’illites, de

chlorites ou encore de vermiculites.

On estime que la production mondiale de smectite était de 24.5 Mt/an en 2018, avec la Chine
comme principal producteur mondial (environ % de la production) suivi par les Etats-Unis et

I'Inde [46,47].

L'une des particularités de ce projet de thése est qu’il s’intéresse a I'utilisation d’une argile
peu-conventionnelle comme ajout cimentaire : la palygorskite. La partie suivante va donc

s’intéresser de plus pres a ce type de minéral argileux.

1.2.3. La palygorskite
1.2.3.1. Minéralogie

La palygorskite (anciennement attapulgite mais ce terme n’est plus approuvé par I’Association
Internationale Pour I'Etude des Argiles (AIPEA)) est un minéral argileux constitué de rubans de
type TOT. La particularité est que les tétraédres sont inversés quand on passe d’un ruban a

I'autre. Cette alternance crée des canaux qui sont remplis d’eau zéolitique, donnant ainsi a la
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palygorskite une structure creuse tridimensionnelle bien différente de la structure lamellaire

classique des autres minéraux argileux (cf figure 1-7) :
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TOT : Palygorskite

Figsure 1-7 : Schéma structural d'une palygorskite.

La présence de ces canaux confere a la palygorskite une importante surface interne et par
conséquent une importante surface spécifique (environ 150 m?/g [48]), mais également de la
microporosité et une grande capacité de sorption. Sa formule générale est
(Mg,Al)2Sia010(0OH).4H,0, c’est une argile dioctaédrique et des substitutions isomorphiques
sont possibles, notamment du silicium par de I'aluminium dans la couche tétraédrique. La
figure 1-8 présente une micrographie par microscopie électronique a balayage d’une

palygorskite [49].
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Figure 1-8 : Micrographie par microscopie électronique a balayage d’une palygorskite.

On peut voir qu’elle présente une morphologie allongée bien différente de celle de la smectite

et forme des cristaux fibreux.

1.2.3.2. Modes de formation et ressources disponibles

Il existe différents types d’environnements géologiques dans lesquels la palygorskite peut se
former. Elle est généralement formé par cristallisation a partir d’'une solution dans des
environnements lacustres [50] ou périmarins [51-53]. La formation de palygorskite peut
également avoir une origine diagénétique [54] ou hydrothermale [55]. Il est important de
noter que l'altération de précurseurs (tels que la smectite) peut également entrainer la
formation de palygorskite [51,56]. La figure 1-9 présente les principaux dépots de palygorskite
a travers le monde. Les Etats-Unis sont les plus gros producteurs, en effet, ils détiennent
environ 76% de la production mondiale de Palygorskite [57], notamment grace au gisement

du Meigs-Attapulgus-Quincy district.
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Sepiolite @
Palygorskite @

Sepiolite deposits: 1 Amargosa, Nevada (USA); 6. Vallecas-Vicalvaro-Yunclillos District and
Mara (Spain); 9. Eskisehir (Turkey); 10. EI-Bur (Somalia).

Palygorskite deposits: 2. Meigs-Attapulgus-Quincy District, South Georgia-North Florida
(USA); 3. Guatemala; 4. Theis and Nianming (Senegal); 5. Torrején and Bercimuel (Spain); 7.
Ventzia, Grevena (Greece); 8. Cherkassy (Ukraine); 11. Timsampalli-Maripalli, Andhra Pradesh,
and 12 Bhawnagar, Gujarat (India); 13. Guanshan, Anhui (China); 14. Ipswich (Queensland)
and15 Lake Nerramyne (Australia).

Figure 1-9 : Gisements de palygorskite a travers le monde [58].

La production mondiale annuelle en 2010 a été estimée a 1,3 Mt/an [58] bien en dessous des
de la production de smectites (24 Mt/an), en revanche il n’a pas été possible de trouver des

chiffres plus récents pour la palygorskite.

La troisieme partie de cet état de I'art s’intéresse a I'utilisation d’argiles calcinées comme
ajouts cimentaires. Cela passe dans un premier temps par une description de I'étape de
calcination que subissent les minéraux argileux ainsi que la réaction pouzzolanique dans

laquelle ils sont impliqués lors de leur ajout dans le ciment.

1.3. Les argiles calcinées comme ajouts cimentaires
1.3.1. La calcination

La calcination est un procédé important qui permet de modifier les propriétés des argiles et
de leur conférer un caractere pouzzolanique. Elle permet le passage d’un état cristallisé stable
a un état amorphe instable et donc plus réactif. 4 étapes se démarquent lors de ce processus

[59]:
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e La déshydratation qui correspond au départ des molécules d’eau du matériau et qui

se fera a basse température, entre 80 et 250°C [60].

e La déshydroxylation au cours de laquelle on observe le départ des groupements
hydroxyles. Cette étape se fera plus ou moins facilement en fonction du type de liaison
du groupement hydroxyle avec le feuillet octaédrique. En effet, la résistance au
traitement thermique de ces liaisons augmente de la maniére suivante : Fe-OH < Al-

OH < Mg-OH [60].

e L’amorphisation qui correspond a la perte de cristallinité totale du matériau et qui se

déroule aprés la déshydroxylation compléte du feuillet octaédrique.

e La recristallisation qui intervient si la température devient trop importante,

généralement sous forme de mullite, cordierite, enstatite et cristobalite [61].

L’'objectif de ce procédé est d’obtenir un matériau réactif déshydroxylé et amorphisé tout en
évitant d’éventuelles recristallisations qui entraineraient alors une diminution de l'activité
pouzzolanique. Il y a une température de calcination différente en fonction du type d’argile
utilisée comme pouzzolane : Fernandez et al. [62] préconisent une température de calcination
de I'ordre de 800°C pour un échantillon riche en kaolinite (48,76% de kaolinite ; impuretés de
quartz et oxyhydroxide de fer). Hollanders et al. [63] ont calciné une illite pure a 900°C car une
amorphisation compléte ne peut étre atteinte a des températures inférieures. Danner et al.
[64] ont calciné un échantillon de montmorillonite (54% montmorillonite, 8% kaolinite, 4%
illite, 25% calcite, et des impuretés) a 800°C. La figure 1-10 présente les courbes d’analyse

thermo-différentielle de minéraux argileux communs et de la gibbsite :
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Figure 1-10 : Courbes d’analyse thermo-différentielle de minéraux argileux communs et de la

gibbsite [60].

Nous allons nous intéresser aux comportements thermiques de 3 argiles en particulier : Ia

kaolinite, la smectite et la palygorskite.

Il 'y a pas de phase de déshydratation pour la kaolinite (mis-a-part le départ de molécules
d’eau qui peuvent s’adsorber a la surface), notamment du fait de sa structure TO et de
I’'absence de cations interfoliaires pouvant s’hydrater. La température de déshydroxylation va
étre régie par le degré d’ordre d’empilement des couches. Par exemple, une kaolinite

désordonnée (qui posséde des fautes d’empilement de ses feuillets) va se déshydroxyler entre
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530 et 570°C alors qu’une kaolinite ordonnée va se déshydroxyler entre 570 et 630°C [60].
Avec I'augmentation de la température il y aura des phénomenes de recristallisation avec la
formation de spinelle et de mullite. Les températures de calcination reportées pour la
kaolinite varient entre 550 [65] et 850°C [66] pour différentes durées de traitement. D’une
maniére générale la plupart des valeurs de température de calcination de la kaolinite se

situent entre 650 et 750°C [67-71].

Comme précisé précédemment les smectites sont des argiles TOT qui contiennent des cations
interfoliaires et qui par conséquent ont la capacité de s’hydrater. Les substitutions
isomorphiques ainsi que le type de cations interfoliaires vont influer la déshydratation et la
déshydroxylation des smectites. La déshydratation va se faire a des températures avoisinant
les 300°C et correspond a I’élimination des molécules d’eau liées a la surface externe ainsi
gu’aux cations interfoliaires. Par la suite, la température de déshydroxylation va étre fonction
du type de cations qui sont présents dans les feuillets octaédriques (Fe < Al < Mg) ainsi que
leur arrangement [60]. Pour les smectites dioactédriques (dont |‘octaédre contient
essentiellement des cations trivalents (AI** et Fe3*) il existe deux types de configurations : cis-

vacante et trans-vacante. La figure 1-11 schématise ces deux configurations.

vacant

trans-vacant cis-vacant

® A3 O ow

Figure 1-11 : Configurations trans et cis-vacantes d’un feuillet octaédrique [72].
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Dans une configuration cis-vacante les OH- sont tous les deux du méme c6té du site vacant du
feuillet octaédrique alors que dans une configuration trans-vacante les OH- sont de chaque
cOté du site vacant du feuillet octaédrique [73]. Ce type de configuration va avoir une
influence sur la température de déshydroxylation. Ainsi, une smectite qui présente
majoritairement des feuillets octaédriques cis-vacants se fera aux alentours de 700°C. Ceci est
bien en dessous des 850°C nécessaires pour la déshydroxylation d’une smectite trans-vacante
[74]. Les phénomenes de recristallisation débutent autour de 850°C en fonction de la
composition chimique de la smectite. Les températures de calcination des smectites sont

généralement plus élevées que les kaolinites et se situent entre 800 et 830°C [75-77].

La palygorskite, du fait de sa structure TOT si particuliere (tétraédres qui s’inversent
alternativement créant des canaux remplis d’eau zéolitique) va avoir une déshydratation en
deux temps. Dans un premier temps c’est I'eau zéolitique qui va étre libérée aux alentours de
100°C suivi par I'eau liée au-dessus de 200°C [78]. La déshydroxylation se fait ensuite entre
400 et 600°C mais va étre fonction de la chimie et notamment du ratio Mg/Al dans les feuillets
octaédriques [60]. Il y a cependant tres peu d’études qui traitent de la calcination de la
palygorskite en vue d’une utilisation comme ajout cimentaire et il n’a pas été possible de

trouver des valeurs de température de calcination de référence.

Dans tous les cas, le protocole de calcination est adapté a I’échantillon et est déterminé par
des essais en laboratoire et notamment des mesures de surface spécifique, de spectroscopie
infrarouge, de RMN MAS du solide et de diffraction des rayons X afin d’obtenir un échantillon
combinant un haut degré d’amorphisation, une importante déshydroxylation des feuillets
octaédriques et une surface spécifique élevée. L'objectif principal de cette étape de
calcination est donc d’obtenir une argile calcinée qui présentera une réactivité pouzzolanique

maximale.

1.3.2. La réaction pouzzolanique

L'argile calcinée ainsi produite peut ensuite, en présence d’eau, se dissoudre, et les éléments
chimiques libérés se combiner avec la portlandite (CH) issue de la réaction d’hydratation du

ciment afin de former des hydrates (C-(A)-S-H) : silicates de calcium et d’aluminium hydratés)
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responsables du durcissement. Scrivener et al. [79] ont décrit la réaction (cf figure 1-12), ou S

représente la source de silicium et A la source d’aluminium issues de I'argile calcinée :

(1) CS+53H=>C,,-S-H, + 1,.3(:T
)
(2) S+x*CH+H= C,—S—H,,

\\
e

1

(2) A+x*CH+H= C,—~A-H,,,

Figure 1-12 : Schéma réactionnel de la réaction pouzzolanique (adapté de Scrivener et al

79]).

La source de silicium (S) et la source d’aluminium (A) issues de I’argile calcinée vont réagir avec
le calcium de la portlandite (CH) pour former des C-S-H, des C-A-H et des C-A-S-H. Les hydrates
produits au cours de cette réaction pouzzolanique vont participer a la cohésion interne du

ciment et permettre 'amélioration des propriétés mécaniques.

Cet ajout de pouzzolane permet de réduire la chaleur d’hydratation ce qui se traduit par une
diminution de la fissuration. A I’état durci, la consommation de la portlandite et la formation
de nouveaux hydrates permet une réduction de la porosité de la matrice et par conséquent
une augmentation de la compacité du ciment. Le ciment produit sera plus durable d’une
maniere générale et particulierement résistant contre les attaques de sulfates, chlorures et

autres agressions chimiques.

1.3.3. Méthodes d’évaluation de la réactivité pouzzolanique

L'augmentation de la réactivité pouzzolanique engendrée par I'étape de calcination des
minéraux argileux va étre primordiale pour les performances mécaniques et la durabilité du
ciment composé final. Il est donc important de pouvoir caractériser de maniére précise la

réactivité pouzzolanique d’une argile calcinée.
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Il existe différentes méthodes normalisées pour |’évaluation de la réactivité pouzzolanique qui
se basent sur différents parametres tels que la consommation de Ca(OH),, la résistance a la

compression ou encore la chaleur dégagée.

1.3.3.1. L’essai Chapelle modifié

L’essai Chapelle modifié provient de la norme francaise NF P18-513 [80]. La figure 1-13

présente le montage expérimental de ce test [81] :

I« PTFE stopper with cappilary hole

Condenser

=" Circulanting water

e

Temperature sensor PT 1000

Silicone bung with two holes

Stainless steel Erlenmeyer Distilled CO, free water

Magnetic stirring bar - Ca0O

Heating plate with magnetic stirrer -
- Metakaolin

Figure 1-13 : Montage expérimental de I’essai Chapelle modifié [81].

Le principe consiste a mélanger 1g de pouzzolane avec 2g de de CaO dans 250 ml d’eau
distillée. La suspension est ensuite placée sous agitation magnétique et chauffée a 85°C (+/-
5°C) durant 16h. Apres 16h, la solution est refroidie et titrée a I'acide pour déterminer la
quantité de Ca(OH). restante. La quantité de Ca(OH), consommée par la pouzzolane et les
résultats sont exprimés en mg Ca(OH); fixé /g de pouzzolane. La norme précise que pour étre
considérée comme active une pouzzolane doit obtenir une valeur d’au moins 700 mg Ca(OH)»
fixé /g de pouzzolane. Ferraz et al [81] se sont intéressés a 6 métakaolins commerciaux et ont

trouvés des valeurs comprises entre 920 et 1560 mg Ca(OH), fixé /g de métakaolin. Ayati et al
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[82] ont calciné une argile naturelle (contenant 31% de smectite et 11% d’illite ) a 850°C et
ont obtenu une valeur de 600 mg Ca(OH); fixé/g de pouzzolane, ce qui est en dessous du seuil

minimum fixé par la norme.

Le principal probléme de ce test réside dans le fait qu’il se base sur la consommation de
Ca(OH); dans de I'eau distillée. Or les conditions en milieu cimentaire (la ou va se dérouler la
réaction pouzzolanique) sont différentes. La solution interstitielle riche en alcalins qui est
présente en milieu cimentaire va avoir une influence sur la cinétique de cette réaction
pouzzolanique, par conséquent, I'essai Chapelle modifié pourrait ne pas donner des résultats

réalistes [83].

1.3.3.2. U'indice d’activité

L'indice d’activité (SAl pour « Strength Activity Index » en anglais) issu de la norme ASTM C311
[84] est une technique de détermination de la réactivité d’'une pouzzolane trés connue, qui se
base sur des mesures de résistances a la compression. Le principe est trés simple, un ciment
composé est obtenu en mélangeant 80 % de ciment Portland avec 20 % de la pouzzolane
testée. Un premier mortier référence est réalisé a partir d’'un ciment pur (eau/liant de 0,484
et sable/liant de 2,75) et moulé dans des cubes de 50 x 50 x 50 mm3. Ensuite, un second
mortier a partir du ciment composé est réalisé avec le méme ratio sable/liant et avec la
quantité d’eau nécessaire pour avoir le méme écoulement (+/- 5 mm). Des mesures de
résistances a la compression a 7 et 28 jours sont faites puis les résultats du mortier test sont
comparé a ceux du mortier référence par le biais du calcul de I'indice d’activité dont la formule

est la suivante :

Indice d’activité = (A/B)*100

A =résistance a la compression du mortier test en MPa

B = résistance a la compression du mortier référence en MPa.

La norme ASTM C618 [29] stipule qu’une pouzzolane doit obtenir un indice d’activité d’au

moins 75% a 28 jours pour étre considérée comme active.
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Le principal probléeme de cet indice d’activité réside dans le rapport eau/liant (e/l) utilisé pour
le mortier test. En effet, en fonction du type de pouzzolane, la demande en eau pourrait étre
tres différente et le e/l varierait considérablement, ce qui aurait pour conséquence de
modifier les valeurs de résistance a la compression. Prenons I'exemple d’une argile calcinée
d’une trés grande finesse. Un e/l trés grand est nécessaire en comparaison du mortier
référence pour obtenir le méme écoulement. Cette différence va entrainer une diminution
importante des valeurs de résistances a la compression. Cette argile calcinée pourrait donc ne
pas obtenir un indice d’activité >75% et serait considérée comme une pouzzolane inactive par

la norme ASTM C618 malgré sa tres forte réactivité pouzzolanique [85].

1.3.3.3. Le nouveau test ASTM C1897

Ce test normalisé par le comité RILEM TC-267 [83] se base sur les travaux de Avet et al. [86].
Le principe consiste a faire réagir une quantité donnée de pouzzolane avec du Ca(OH), dans
des conditions qui représentent un milieu cimentaire (présence de calcite et d’une solution

interstitielle). Le tableau 1-2 présente les proportions de chaque constituants [87].

Potassium
SCM Ca(OH), CaCO, m——
Mass (grams) 10.00 30.00 5.00 54.00

Tableau 1-2 : Proportions du mélange de la pate [87].

Les différents constituants sont préchauffés a 40°C et mélangés jusqu’a I’obtention d’une pate
homogéene qui est ensuite immédiatement transvasée dans une ampoule a calorimeétre. La
chaleur dégagée est ensuite mesurée a 40°C jusqu’a 3 et 7 jours. On obtient une valeur en J/g
de pouzzolane. La chaleur dégagée sera directement proportionnelle a la réactivité
pouzzolanique de I’échantillon. Ce test est a I'heure actuelle le meilleur test d’activité
pouzzolanique en termes de prévisions des performances mécaniques en systéme cimentaire
[88]. Cependant, comme pour I'essai Chapelle modifié, ce test se base sur une consommation
de Ca(OH); par la pouzzolane testée. Or si I'échantillon testé contient de la chaux, les
proportions ne sont plus bonnes et le test devient difficile a réaliser (nécessité de quantifier

la proportion de CaO dans I’échantillon pour adapter la quantité de Ca(OH), a ajouter). Ce test
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est donc efficace pour les kaolins dont la majorité des échantillons ne contiendront pas de
carbonates de calcium en minéraux secondaires. Cependant pour les autres types d’argiles

ainsi que les marnes les interprétations peuvent étre faussées.

Il existe donc une multitude de tests d’activité pouzzolanique, ayant chacun des avantages et
des inconvénients. Néanmoins, mesurer simplement la réactivité pouzzolanique n’est pas
toujours suffisant et il apparait important d’essayer de déterminer s’il existe un lien entre la
structure de base de I'argile, les modifications induites par la calcination sur cette structure et

la réactivité pouzzolanique.

1.3.4. Lien structure - modifications physico-chimiques - réactivité
pouzzolanique

Différents facteurs vont influencer la déshydroxylation et la réactivité pouzzolanique. Le
premier est le type d’argile. Une argile TO telle que la kaolinite va avoir des groupements Al-
OH octaédriques directement exposés, ce qui va avoir pour conséquence de faciliter la
déshydroxylation. Pour les argiles TOT telles que les smectites et les illites, la déshydroxylation
va étre beaucoup plus difficile que pour les argiles TO. En effet, les groupements Al-OH sont
bloqués par les deux feuillets tétraédriques, rendant beaucoup plus compliqué leur
déshydroxylation. C’est cette différence structurale qui explique les différences de sensibilité

au traitement thermique et de réactivité entre une argile TO et une argile TOT [62].

De plus, au sein d’'une méme famille d’argile, I'ordre d’empilement des feuillets structuraux
va avoir une influence sur la déshydroxylation et la réactivité pouzzolanique. Une kaolinite
désordonnée va se déshydroxyler a des températures comprises entre 530 et 570°C alors
gu’une kaolinite ordonnée se déshydroxylera entre 570 et 630°C [60]. La réaction
pouzzolanique va également étre influencée par ce type d’empilement. En effet, une kaolinite
désordonnée déshydroxylée va présenter une réactivité pouzzolanique plus importante

gu’une kaolinite ordonnée déshydroxylée [70,89].

Lors du phénomeéne de calcination, il a été observé un changement de coordination des

atomes d’aluminium octaédriques (conséquence directe de la déshydroxylation) qui passent
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d’une coordination 6 a des coordinations 4 et 5 [62,90,91]. Fernandez et al, [92] ont tenté de
démontrer qu’il existait un lien direct entre I'apparition d’aluminium 5 et la réactivité
pouzzolanique par le biais de mesures de RMN du solide (*’Al) et de tests d’activité
pouzzolanique. Cependant, leur étude se base sur I'appréciation qualitative des spectres RMN
de ?’Al. Il est donc assez difficile de lier de maniére certaine la réactivité pouzzolanique a
I'apparition d’aluminium 5 sachant que I'aluminium 4 participe également au signal total
observé. Une étude quantitative (par intégration spectrale) de la déshydroxylation de ces
minéraux argileux associée a des mesures de réactivité pouzzolanique devrait permettre de

vérifier cette hypothese.

1.3.5. Les mélanges métakaolin / ciment

Maintenant que nous avons décrit les minéraux argileux, leur calcination et leur réactivité

pouzzolanique il est temps s’intéresser de plus prés a leur utilisation comme ajout cimentaire.

Derniérement, de nombreuses études se sont intéressées a la substitution d’une partie du
clinker par de I'argile calcinée afin de diminuer le colt environnemental du ciment. Une
grande partie de ces travaux de recherche porte sur I'utilisation de métakaolin [62—64,93,94].
Le mode opératoire utilisé est similaire entre les différentes études a savoir la caractérisation
des argiles brutes (diffraction des rayons X, analyses thermiques, infra-rouge, RMN du solide),
leur calcination a la température appropriée dans un four de laboratoire et la caractérisation
des produits calcinés. Les résultats sont comparés afin de mettre en évidence les différences
structurales et chimiques induites par la calcination. Par la suite, la réactivité pouzzolanique
des argiles calcinées est quantifiée a I'aide de tests d’activité pouzzolanique (Chapelle, ASTM
C1897, etc..). Des pates de ciment et des mortiers sont réalisés avec différents taux de
substitution (argile calcinée / ciment) et les phases formées sont ensuite caractérisées. Enfin,
des tests de compression sont réalisés et les résultats comparés aux références afin de mettre
en évidence l'influence de I'ajout sur les performances mécaniques. La figure 1-14 présente
des mesures de résistance a la compression de mortiers confectionnés a partir d’un ciment

composé contenant 20% de kaolinite calcinée a différentes températures (de 700 a 800°C) :
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Figure 1-14 : Résistances a la compression de mortiers obtenus a partir de ciments

incorporant 20% de métakaolin [64].

Les résultats de Danner et al. [64] démontrent que la substitution de 20% du ciment Portland
par du métakaolin permet une nette augmentation de la résistance a la compression (par
rapport a la référence 100% ciment) pour des températures de calcination allant de 700 a

800°C avec une valeur maximale obtenue a 775°C.

Cette hausse des performances mécaniques est due a la tres forte réactivité pouzzolanique
du métakaolin qui va consommer la portlandite issue de I’hydratation du ciment pour former
des silicates de calcium et d’aluminates hydratés (C-S-H et C-(A)-S-H) [94]. De nombreuses
études se sont donc intéressées a I'utilisation du métakaolin en remplacement du ciment
[62,93-97] et les résultats sont unanimes. Le remplacement du ciment par du métakaolin dans
des proportions allant jusqu’a 20% permet d’obtenir des performances mécaniques
équivalentes voir supérieures a la référence 100% ciment. Ces excellents résultats ont donc
amené au projet LC3 (Limestone Calcined Clay Cement) dont I'objectif est la normalisation

d’un nouveau type de ciment ternaire a base d’argile calcinée et de calcaire.
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1.3.6. Le projet LC3

Le projet LC3 (Limestone Calcined Clay Cement) initié par la professeure Karen Scrivener du
Laboratoire des matériaux de construction de I'Ecole polytechnique fédérale de Lausanne vise
a développer a I’échelle industrielle un nouveau type de ciment composé (50% clinker, 30%
métakaolin, 15% calcaire, 5% gypse) a partir de métakaolin et de calcaire dit « low grade ».
Lors de ce projet, différentes sources de carbonates ont été testées et il a été démontré qu'’il
est possible d’utiliser des calcaires dits impurs, mais également de la dolomite ou encore de
la poudre de marbre dans la formulation de ce ciment composé ternaire [98]. L’ajout de
calcaire permet d’améliorer les réactions d’hydratation des différentes phases du clinker en
offrant une surface de nucléation supplémentaire pour les hydrates. Les carbonates issus du
calcaire vont aussi réagir avec I'aluminium du clinker pour former des carbo-aluminates de

calcium hydratés (hemi- et mono-carboaluminates [99]).

Le métakaolin utilisé est issu de la calcination de kaolin de qualité inférieure (proportion de
kaolinite d’au moins 40%) qui est souvent considéré comme déchet par I'industrie. Plus de 46
sources de kaolins avec des proportions de kaolinite allant de 7,4% a 95% ont été testées
[100]. Les argiles ont été calcinées a 800°C puis intégrées dans un mélange : 50% clinker, 30%
métakaolin, 15% calcaire, 5% gypse (ciment LC3-50). Les résultats sont présentés dans la figure

1-15[100] :
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Figure 1-15 : Résistance a la compression sur mortier pour les systémes LC3-50 avec

différents contenus en kaolinite calcinée dans I’argile. Les lignes pointillées indiquent la

résistance pour le systéme de ciment Portland de référence [100].

Les résultats démontrent que les argiles les plus susceptibles de présenter une bonne

pouzzolanicité ne sont pas les argiles kaoliniques pures, mais les argiles contenant entre 40%

et 70% de kaolinite [100]. Le gain en résistance mécanique pour des proportions de kaolinite

plus élevées n’est pas significatif. L'ajout de calcaire, toujours dans une optique

environnementale, permet d’augmenter le taux de substitution du clinker mais également les

performances mécaniques. Le systeme final présente des résistances similaires au ciment

Portland ordinaire a partir de 7 jours (figure 1-16).
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Figure 1-16 : Résultats des tests de compressions sur les ciments LC3 [100].

De plus, la durée de vie des structures faites en ciment LC3 peut étre rallongée de maniere
significative en comparaison d’un ciment portland classique : résistance aux chlorures accrue
du fait de la formation de C-(A)-S-H supplémentaires issus de la réaction pouzzolanique qui
vont affiner la porosité, et par conséquent limiter la propagation des espéces chimiques au
sein de la matrice [100]. Des essais a |’échelle industrielle ont été réalisés en Inde et a Cuba

avec ensuite la réalisation de briques, de pavés, de blocs, et méme de maisons

1.3.7. Les mélanges montmorillonite/illite - ciment

Différentes études ont tenté d’investiguer I'utilisation d’autres types d’argiles telles que des
montmorillonites [62—64,101] et des illites [62,63]. D’'une maniére générale les
montmorillonites calcinées présentent une meilleure activité pouzzolanique en comparaison
des illites. La figure 1-17 présente les résultats de résistances a la compression de mortiers
obtenus a partir de ciments incorporant 30% de métakaolin, de montmorillonite calcinée ou

d’illite calcinée [62].
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Figure 1-17 : Résistances a la compression de mortiers obtenus a partir de ciments

incorporant 30% de métakaolin, d’illite calcinée et de montmorillonite calcinée [62].

Les résultats démontrent que les mortiers réalisés a base de ciment substitué par de lillite
calcinée sont ceux qui présentent les moins bonnes performances mécaniques en
comparaison de la montmorillonite calcinée et du métakaolin. D’une maniere générale, les
argiles riches en montmorillonite et illite vont donc présenter une réactivité pouzzolanique
(indice d’activité) plus faible et une cinétique de réaction plus lente que les argiles riches en
kaolinite [103]. En revanche, plusieurs autres études ont démontré que les résistances a la
compression de mortiers contenant des illites et smectites calcinées peuvent étre
équivalentes a la référence 100% ciment aprés 28j tout en diminuant la perméabilité et en
améliorant la résistance a I'attaque d’espéces chimiques telles que les chlorures [103—-106].
Par exemple, une bentonite (argile riche en montmorillonite) provenant du Westervald en
Allemagne et calcinée a 900°C a permis d’obtenir un indice d’activité (mesure de résistance a
la compression) de 100% a 28 j [107]. Une autre argile du sud de I’Allemagne contenant 20-
25% de kaolinite avec 40% de smectite a permis d’obtenir un indice d’activité supérieur a
100% a 28 j pour un taux de remplacement de 25% apres calcination a 800°C [108]. Il apparait
donc que des argiles naturelles avec un pourcentage de kaolinite inférieur a 30% mais
contenant également une proportion élevée de smectite et/ou d’illite peuvent atteindre la

pouzzolanicité élevée des SCM conventionnels [109-111].
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Ce travail de recherche bibliographique a permis de comprendre de maniére plus précise quels
sont les facteurs qui vont influencer la réactivité des échantillons d’argiles tels que le type de
minéraux argileux, la pureté ou encore la nature des minéraux accessoires. Le projet LC3 est
tres prometteur, cependant peu d’études se sont intéressées a la calcination et la réactivité
en milieu cimentaire d’échantillons constitués notamment de mélanges d’argiles et de

carbonates.

1.4. Les marnes calcinées comme pouzzolanes

Les marnes sont souvent négligées par les fabricants de terres cuites, notamment du fait de
leur importante teneur en carbonates. Elles sont considérées comme des déchets par de
nombreuses industries et les réserves ne cessent de croitre [112]. Pourtant ces matériaux
peuvent contenir une quantité non négligeable de minéraux argileux, qui une fois calcinés
présente un fort caractére pouzzolanique. L'utilisation de marnes calcinées comme
pouzzolanes pourrait donc permettre de valoriser des ressources secondaires considérées
comme déchets tout en réduisant I'empreinte environnementale de l'industrie cimentiere.
Dans cette partie, nous allons nous intéresser a la minéralogie particuliere de ces matériaux
ainsi que leur mode de formation, puis nous référencerons les connaissances actuelles sur leur

calcination et leur utilisation comme ajout cimentaire.

1.4.1. Les marnes

Les marnes sont des roches sédimentaires composées d’un mélange d’argiles et de carbonates
(généralement de la calcite ou de la dolomite). Dans les marnes, les pourcentages d’argiles et
de carbonates varient généralement entre 25% et 75%. D’autres minéraux peuvent étre
présents tels que du quartz, des feldspaths et d’autres minéraux accessoires. Du fait de leur
minéralogie, les marnes vont étre majoritairement composées de SiO;, CaO et Al;Os. La figure
1-18 [113] situe la composition chimique de plusieurs marnes dans un digramme ternaire SiO»-

CaO—AI203.
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Figure 1-18 : Composition chimigue de plusieurs marnes dans un digramme ternaire SiO»-

Ca0-Al,05[113]. (A) : Bahhou et al. [114] ; (B) : Bullerjhan et al. [115] ; (C) : Kastis et al. [116]

: (D) : Soltani et al. [117] ; (E) : Danner et al. [64]; (F): Danner et al [118]. : (G) : Weber et al.

[119] ; (H) : Rakhimov et al. [120] ; (1) : Siline et al. [121] ; (J) : Akgun et al. [122].

Les marnes sont donc principalement situées sur I'axe SiO,-CaO qui correspond en réalité a
I’axe argile-carbonate. Certaines marnes en revanches possédent également une quantité non
négligeable d’aluminium qui s’explique par le type de minéraux argileux présent dans
I’échantillon. Par exemple, I’échantillon (F) qui est le plus a droite du digramme contient de la
kaolinite. Du fait de sa structure TO, la kaolinite présente un rapport Si/Al beaucoup plus faible
que les montmorillonites, ce qui explique que la concentration en Al,Os de I'échantillon (F)
soit siimportante en comparaison des autres. Tout cela donne un premier apergu de la grande
variabilité chimique et minéralogique des marnes. Plusieurs variables doivent étre

considérées lors de 'utilisation de marnes comme SCMs :

52
Victor Poussardin, 2022



e Le type de minéraux argileux : kaolinite, palygorskite, smectite, illite, etc.

Ce sont ces minéraux argileux qui vont étre responsables de la réactivité pouzzolanique et il

est donc important de les identifier.

e Letype de carbonate : calcite, dolomite, ankerite, etc.

En fonction du type de carbonates présents, la température de calcination va différér car les
carbonates ne se décomposent pas tous a la méme température. De plus, il y aura formation
de différentes phases aprés calcination qui pourront éventuellement avoir un impact
important sur I’hydratation du systéeme. Par exemple la calcination de calcite va entrainer la
formation de CaO alors que la calcination de dolomite va entrainer la formation de MgO

additionnel au CaO.

e Les proportions relatives des minéraux argileux et des carbonates

e Les minéraux accessoires : quartz, feldspath, etc.

Il est également important d’identifier ces minéraux accessoires pour savoir s’ils vont avoir un

comportement inerte ou non.

Cette forte variabilité de la composition des marnes complexifie grandement I’étude de leur
utilisation comme ajouts cimentaires. Il est donc parfois nécessaire d’avoir une étude

spécifique pour chaque échantillon considéré.

1.4.2. Connaissances actuelles sur l'utilisation de marnes calcinées comme
ajouts cimentaires
1.4.2.1. La calcination

La minéralogie des échantillons et notamment le type de minéraux argileux présents va dicter

la température de calcination nécessaire. La figure 1-19 [113] présente les températures de
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calcination en fonction du temps de résidence (temps a température maximale) pour

différentes marnes contenants différents minéraux argileux.
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Figsure 1-19 : Temps de résidence et températures utilisés pour différentes marnes [113].

Globalement, 800°C sera la température de calcination moyenne pour les marnes contenant
de la montmorillonite par exemple alors que les échantillons riches en illite seront calcinés a
des températures inférieures entre 700 et 750°C. L'autre facteur a prendre en compte est la
nature des carbonates présents dans les échantillons. En effet, si I’échantillon contient de la
calcite il y aura décarbonatation et formation de chaux. Si I’échantillon contient de la
dolomite, il y aura alors formation de chaux et de périclase (qui est connu pour étre
responsable de problémes de gonflement post-durcissement [123]). La formation de ces
nouvelles phases potentiellement problématiques ainsi que les émissions de CO; dues a la
décarbonatation des échantillons peuvent parfois suggérer d’utiliser une température de
calcination inférieure. La détermination de la température de calcination doit se faire via des
analyses physico-chimiques poussées afin d’obtenir le composé le plus réactif possible tout
en limitant les problémes de recristallisation et de néoformations de phases potentiellement

néfastes pour I’"hydratation du ciment composé final.
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1.4.2.2. La réactivité

Différentes études se sont intéressées a |'étude de la réactivité de marnes calcinées
[112,117,119,120,124]. Rakhimov et al, [120] se sont intéressés a I'utilisation d’'une marne
contenant de la kaolinite (7%), de la montmorillonite (12%), de la chlorite (4%), de la calcite
(47%) et des minéraux accessoires (30% au total). lls ont démontré que I'incorporation de
cette marne calcinée entre 400 et 800°C dans des proportions allant de 5 a 20% de
remplacement permettait une augmentation de la résistance a la compression variant de +5
a +37% par rapport a la référence. La meilleure formulation étant le remplacement de 10-15%
du ciment par la marne calcinée a 800°C. lls attribuent ce gain de résistance en compression
a la réactivité pouzzolanique des phases argileuses calcinées d’'une part, mais également a la
réactivité des silicates de calcium néoformés durant la calcination qui vont participer a la

formation de silicate de calcium hydraté lors de I’hydratation.

Danner et al, [125] se sont intéressés a une marne contenant de la smectite (54%), de la
kaolinite (8%), de l'illite (4%), de la calcite (25%) et des minéraux accessoires (9%). Le tableau
1-3 présente les résistances a la compression de mortiers (e/l constant de 0,5) obtenus a partir

de ciments incorporant différents pourcentages de cette marne calcinée a 800°C.

Relative compressive strength (%)

Time REF 20% 35% 50%
1day 100 81 64 43
3 day 100 88 77 58
7 days 100 95 92 84
28 days 100 107 106 95

Tableau 1-3 : Résistances en compression relatives de mortiers contenant une marne

calcinée en fonction du pourcentage de remplacement [125].

Il est nécessaire d’attendre 28j avant d’avoir des résistances a la compression supérieures a la
référence pour des pourcentages de remplacements allant de 20 a 35%, notamment du fait
de la cinétique de la réaction pouzzolanique et de la dilution du clinker. Ces résultats

démontrent que ce type de marne (riche en smectite) peut étre utilisé comme ajout
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cimentaire a des pourcentages de remplacement importants (un remplacement de 50% a 28;j

permet d’obtenir une résistance a la compression pratiguement équivalente a la référence).

L'une des principales difficultés lors de la caractérisation du potentiel d’utilisation comme
ajout cimentaire d’'une marne calcinée est la mesure de la réactivité pouzzolanique qui ne
peut pas étre faite par le biais des tests classiques tels que I'essai Chapelle [81] et la norme
ASTM C1897 [87]. En effet, par leur minéralogie particuliere et notamment par la présence de
carbonate de calcium, il y a formation de chaux lors de la calcination des marnes si la
température dépasse 700°C [126]. Or, |'essai Chapelle et la norme ASTM C1897 impliquent
que I’échantillon testé ne contienne pas de calcium libre (car ils sont tous deux basés sur le
principe de réactivité de I’échantillon avec une quantité définie de Ca(OH),). Par conséquent,
la meilleure méthode actuelle pour caractériser la réactivité des marnes calcinées est de la

tester en milieu cimentaire au travers de mesures de résistance a la compression.

1.5. Verrous scientifiques

Cette recherche bibliographique a permis de mettre en évidence plusieurs verrous

scientifiques auxquels nous allons essayer de répondre dans ce manuscrit.

Le premier verrou scientifique concerne I'utilisation de marnes calcinées comme ajouts
cimentaires. Il a été constaté que la grande variabilité chimique et minéralogique de ces
matériaux complexifie leur étude. Méme si des indices sur le choix de la température de
calcination existent (notamment en fonction du type de minéraux argileux présents dans
I’échantillon) il est parfois nécessaire de faire une étude spécifique pour chagque matériau
considéré. De plus, la formation de chaux lors de la calcination rend imprécis la majorité des
tests habituellement utilisés pour caractériser la réactivité pouzzolanique. L'un des objectifs
de ce projet de thése est donc de réaliser une étude spécifique de la calcination, de la
réactivité et de [I'utilisation comme ajout cimentaire de deux marnes dolomitiques
considérées comme des déchets par I'industrie miniére et qui contiennent notamment de la
palygorskite et de la smectite comme phases argileuses. Au travers de cette étude, I'objectif

est également de caractériser la réactivité pouzzolanique de ces matériaux calcinés en
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utilisant un moyen détourné qui se base sur une étude multi-échelle a 'aide de la RMN du

solide et de la diffraction des rayons X.

Le second verrou scientifique concerne I'utilisation d’'une argile encore jamais étudiée a
I’heure actuelle comme ajout cimentaire : la palygorskite, qui est présente dans I'une des deux
marnes étudiées. En effet, les recherches bibliographiques réalisés sur le sujet ont permis de
mettre en évidence un vide scientifique sur I'étude de la calcination et de la réactivité en
systeme cimentaire de la palygorskite calcinée. Pourtant, I'étude de nouvelles argiles est
primordiale pour pouvoir proposer des alternatives au métakaolin qui n’est pas réparti
uniformément sur la planéte. L'objectif de ce projet de thése est donc de déterminer si la

palygorskite calcinée présente un intérét pour une utilisation comme SCM.

Le troisieme verrou scientifique reléve plus d’un aspect fondamental : Il a été mis en évidence
que le lien entre les modifications physico-chimiques induites par la calcination, la réactivité
pouzzolanique et les performances mécaniques en systeme cimentaire n’était pas encore bien
établi. En effet, la majorité des explications restent hypothétiques et se basent sur une
publication [62] dans laquelle aucun aspect quantitatif n’a été amené. Par conséquent, le
dernier objectif de ce projet de thése est d’amener de nouvelles données et notamment des
aspects quantitatifs pour éventuellement mettre en évidence le lien entre les modifications
physico-chimiques induites par la calcination, la réactivité pouzzolanique et les performances

mécaniques en systeme cimentaire.
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Chapitre 2 - Calcination d’une marne dolomitique
contenant de la palygorskite et de la smectite

2.1. Avant-propos

Note : Ce chapitre est basé sur un article publié dans un journal international a comité de
lecture.

Titre de l'article : Potential for calcination of a palygorskite-bearing
argillaceous carbonate

Victor Poussardin, Michael Paris, Arezki Tagnit-Hamou, Dimitri Deneele
Publié dans : Applied Clay Science

DOI : https://doi.org/10.1016/j.clay.2020.105846

Référence

V. Poussardin, M. Paris, A. Tagnit-Hamou, D. Deneele, Potential for calcination of a
palygorskite-bearing argillaceous carbonate, Applied Clay Science. 198 (2020) 105846.

Contribution a la thése

La recherche bibliographique réalisée dans I'état de I'art a mis en avant la nécessité de
s’intéresser a I'utilisation de nouveaux échantillons argileux pour une utilisation comme ajout
cimentaire aprés calcination. Le premier échantillon étudié est une marne dolomitique
contenant de la palygorskite et de la smectite et étant considérée comme déchet par
I'industrie miniere. L’étape de calcination que subissent les échantillons avant leur ajout dans
le ciment est primordiale car elle doit permettre de garantir une réactivité optimale en
systéme cimentaire. C'est a cette premiere étape que s’intéresse cet article qui consiste en
une étude poussée des modifications physico-chimiques qui ont lieu lors de la calcination de

cette marne. L’étude de la calcination de cet échantillon peut permettre a terme d’envisager
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son utilisation et donc la valorisation de cette ressource secondaire comme nouvel ajout

cimentaire.

Résumé en francais

L'utilisation intensive du ciment comme matériau de construction entraine une pollution
importante. La majorité des émissions de CO; provient du processus de fabrication et non du
produit en lui-méme. En effet, la décarbonatation du calcaire et |'utilisation de combustibles
lors de la clinkérisation sont tres polluantes. L'une des principales solutions pour réduire
I'empreinte environnementale de l'industrie du ciment est |'utilisation de Supplementary
Cementitious Materials (SCMs) en remplacement du clinker. Parmi eux, on trouve les poudres
de verre, les cendres volantes, les laitiers de hauts fourneaux ou les argiles calcinées. Cet
article se concentre sur la calcination d'une marne contenant de la palygorskite, de la smectite
et de la dolomite. L'échantillon a été calciné a différentes températures et étudié par
Résonance Magnétique Nucléaire du solide (RMN MAS), diffraction des rayons X (DRX) et
microscopie électronique a balayage (MEB). L'augmentation de la température de calcination
conduit a une amorphisation de la fraction argileuse de I'échantillon, ce qui entraine un
changement dans la coordination des atomes d'aluminium octaédriques. La transformation
progressive des atomes d'aluminium 6 en aluminiums 4 et 5 a été quantifiée en fonction de la
température de calcination. Par ailleurs, le calcium issu de la décarbonatation de la dolomite
réagit avec le silicium issu de I'amorphisation des phases argileuses pour former un silicate
dicalcigue mal cristallisé (C,S) potentiellement réactif. Ce double systeme (pouzzolanique et
hydraulique) fait de cet échantillon un candidat prometteur pour une utilisation comme SCM
dans des ciments composés. L'analyse multi-technique appliquée dans cette étude permet de
mettre en évidence une corrélation directe entre la température de calcination et les

modifications structurales induites.

Résumé en anglais

The intensive use of cement as a building material causes significant pollution. The majority
of CO, emissions come from the manufacturing process and not from the product itself.

Indeed, the decarbonation of limestone and the use of fuels during clinkerisation are very
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polluting. One of the main solutions to reduce the environmental footprint of the cement
industry is the use of Supplementary Cementitious Materials (SCMs) in substitution of clinker.
Among them are glass powders, fly ashes, blast-furnace slags or calcined clays. This article
focuses on the thermal reactivity of an argillaceous-carbonate sample containing palygorskite,
smectite and Dolomite. The sample was calcined at different temperatures and investigated
using Solid State Nuclear Magnetic Resonance (NMR), X-ray diffraction (XRD), and Scanning
Electron Microscope (SEM). The increase in calcination temperature leads to an
amorphisation of the clay fraction of the sample, resulting in a change in the coordination of
the octahedral aluminium atoms. The progressive transformation of 6-fold aluminium atoms
to 5-fold and 4-fold was quantified as a function of the calcination temperature. Furthermore,
calcium issued from the decarbonation of Dolomite reacts with silicon from the amorphisation
of clay phases to form poorly-crystallized Belite (C;S). This dual system (pozzolanic and
hydraulic) makes this sample a promising candidate as SCM in blended cements. The multi-
technique analysis applied in this study allows to highlight a direct correlation between the

calcination temperature and the induced structural modification.

2.2. Introduction

It is estimated that cement production is responsible for 5-8% of total anthropogenic CO;
emissions [1]. In an international context promoting the reduction of CO, emissions, the
cement industry appears to be a bad pupil. The fault resides in clinkerization, the process by
which clinker, the basic product of Portland cement, is obtained. Both the use of mostly fossil
fuels and the decarbonation of limestone during the process are contributing to the majority
of CO, emissions [2]. Faced to this alarming observation, the cement industries are now
turning to the research and development of new supplementary cementitious materials
(SCMs) that can partially replace clinker in order to drastically reduce CO; release and the
environmental cost of Ordinary Portland Cement (OPC) manufacture. These innovations
include the use of additives from industry (blast furnace slags [3], fly ash from power plants
[4]), natural additives (clays [5]) and artificial additives (calcined clays). The Limestone
Calcined Clay Cement (LC3) project [6] is a good example of the use of calcined clay as SCM.
The substitution of 50% of the clinker with 20% limestone and 30% metakaolin reduces the

environmental footprint of OPC by 20-23% while maintaining the delivery of cement with
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satisfactory mechanical properties [2]. Numerous studies have shown that kaolinite
dehydroxylation during calcination leads to the production of very reactive SCM metakaolin,
[7]. In addition, the available kaolinite resources with potential for calcination are relatively
well distributed on earth [8], making it possible to envisage large-scale use. In this context,
the majority of scientific research has been focused on the calcination of kaolins, sometimes
neglecting the study of less common clays. However, understanding the reactivity of other
types of natural materials containing clays is essential to envisage the valorisation of
secondary clayey resources, refine our knowledge and propose new innovative solutions to
reduce the CO; emissions of the OPC production. Natural samples rich in palygorskite are one

of these interesting materials to test as SCM.

Palygorskite is a clayey mineral consisting of TOT-type ribbons. Several studies have shown
that TOT clays, mainly montmorillonites and illites, are not ideal as SCM [9,10], mainly due to
the resistance of their structure to heat treatment. The particularity of palygorskite structure
compared to montmorillonite and illite is that the tetrahedra are reversed when passing from
one ribbon to the other. This alternation creates channels that are filled with zeolitic water,
and confers to palygorskite a three-dimensional structure [11]. These channels provide to the
palygorskite an important internal surface and hence large specific surface area, high sorption
capacity, and microporosity. Its general formula is (Mg,Al)2Si4010(OH).4H,0 but isomorphic
substitutions are possible, in particular of silicon by aluminium in tetrahedral sheets [12].

As specified above, the latest studies on blended cement deal with the addition of metakaolin
and calcium carbonate to the blended cement. Indeed, limestone will improve the hydration
reactions of the different phases of the clinker by acting as a nucleation surface for the
hydrates produced. It will also react with the active alumina (from calcined clay) to form
carboaluminates. These carboaluminates will stabilize the Ettringite that forms at the early
stages of hydration and prevent its transformation into monosulphate. The Ettringite thus
stabilised can fill more space than in the monosulphate form, helping to improve the

mechanical properties [13,14].

However, only few studies describe the addition of a calcined natural argillaceous-carbonate
(Danner et al., 2018 ; Soltani et al.,2018). Then, we decided to progress by studying the

potential for calcination of an argillaceous-carbonate containing palygorskite as a potential
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SCM. The aim is to describe the physico-chemistry of the raw material, to identify and
understand the physicochemical modifications induced by the calcination, and to define its

optimum calcination temperature.

2.3. Materials and experimental methods
2.3.1. Material

The studied sample is a mining waste collected from a phosphate sedimentary deposit of a
late Cretace-Eocene age. The series includes carbonates, marl, silex and clayey layers that are
inserted between phosphate-rich layers, not exploited and considered as waste or a
secondary resource to valorise. Sample was received in the form of loose blocks and was

crushed and homogenized.

2.3.2. Calcination

The raw sample was calcined in alumina crucibles (about 3g of sample per crucible) using a
laboratory furnace without atmosphere control. The furnace used was a silicon carbide
laboratory chamber with a maximum operating temperature of 1500°C. The sample was
heated from 20°C up to 600, 700, 800 and 900°C with a heating rate of 300°C/h and a
maximum temperature time of 1h. The cooling rate was not controlled (inertia of the furnace
door closed) and the sample was collected after cooled down to room temperature (20°C).
The choice of this calcination protocol was made in accordance with the existing bibliography

[10,15-18].

2.3.3. X-ray diffraction analysis

X-ray diffraction analysis were performed using a Bruker D5000 diffractometer with a Bragg-
Brentano geometry. The source consists of a Cu anode tube (40 kV / 40 mA) that emits Cu Kal
X-ray radiation (8 keV) of a wavelength A = 1.5418 A. The diffractograms of disoriented
powders were recorded between 3° and 90° 20 with a step size of 0.026° 26 and a

measurement time of 17s per step.
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The diffractograms used for Rietveld quantification were acquired on a Bruker D8
diffractometer with a Bragg-Brentano geometry, using Cu anode tube, with Ni filter and
without monochromator. The diffractograms were acquired between 4° and 90° 26 with a
step size of 0.018° 20 and a measurement time of 6s per step. The quantification of the
crystalline phases was made by Rietveld refinement using the open source Rietveld
refinement program BGMN with Profex 4.0 interface [19], the amorphous phase was
quantified by using corundum (alpha-phase, 99.95% min) as an internal standard (see

supporting informations).

2.3.4. Nuclear magnetic resonance

The 2?Al NMR MAS spectra were acquired using a 2.5 mm MAS probe on a Bruker Avance |lI
500 MHz spectrometer. A 1t/13 excitation pulse length was used for a radio frequency field of

11 kHz. The MAS frequency was 30 kHz. The repetition time was 1s.

The MAS 2°Si spectra were acquired using a 7 mm MAS probe on a Bruker NEO 300 MHz
spectrometer. The rotor rotation speed was 5 kHz and the pulse length was /2. Different
repetition times between scans were tested to ensure quantitative results and the choice was
made to use a time of 10s. It is important to note that the repetition time of 10s chosen is too
short to obtain a quantitative signal from the Quartz. Indeed, due to its high crystallinity, a
longer repetition time would be mandatory. However, in the present study, Quartz is

unreactive and shorter repetition time can be used to save spectrometer time.

'H decoupling was performed during the acquisition on all spectra. 2’Al and 2°Si spectra are
reference against an aqueous solution of AI(NO3s)sand TMS (Tetramethylsilane), respectively.

Finally, spectral decompositions were realized using the dmfit software [20].
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2.3.5. Scanning electron microscopy

The raw sample as well as changes induced by calcination were examined by scanning electron
microscopy (SEM) using a Hitachi SU5000 microscope. The samples (raw fragment, raw

powder, calcined powder) were subjected to a silver coating before observations.

2.4. Characterization of the raw material

A chemical analysis of the raw sample was carried out by X-Ray Fluorescence (XRF), the

proportions of oxides (expressed in weight %) are presented in table 2-1.

Table 2-1: Chemical analysis of the raw argillaceous-carbonate.

LOI
Oxide FeO Cao SiOZ A|203 Kzo TiOZ Nazo VzOs PzOs MgO
(1000°C)
wt.% 1.99 19.83 333 8.94 1.24 0.34 0.32 0.16 1.49 9.91 35.0

The oxides present in the highest quantity are SiO2 (33.3 wt.%), CaO (19.83 wt.%), MgO (9.91
wt.%) and Al,O3 (8.94 wt.%). There is also a significant amount of FeO (1.99 wt.%), K,0 (1.24
wt.%) and P,0s (1.49 wt.%).

Figure 2-1 displays the diffractograms of the raw argillaceous-carbonate samples. The
characteristic peaks of palygorskite [21] ([110] 26=8.43°, [200] 26=13.73°, [130] 26 =16.26°,
[040] 26=19.92) are observed. There is also a wide peak at around 26=6.2° which is
characteristic of the [001] peak of Ca-Smectite [22]. The width of this peak reflects the low
crystallinity of this phase. palygorskite and Biotite, on the other hand, seem to be better
crystallized because their peaks are much thinner. The other main crystalline phases
composing this sample are Dolomite, Quartz, Biotite and Hydroxylapatite. Table 2-2 presents

the results of the Rietveld refinement of the raw material (details in Supporting Information).

The sample is mainly composed of Dolomite (Dol = 53 wt.%) associated with palygorskite (Pal
= 17.45 wt.%), Ca-smectite (Sm = 15.58 wt.%), Quartz (Qz = 8.00 wt.%), Hydroxylapatite (Hy =

3.00 wt.%) and biotite (Bio = 2.41 wt.%). The addition of corundum as an internal standard did

74
Victor Poussardin, 2022




not reveal the presence of amorphous phases. Therefore, Ca-smectite, palygorskite an

d

biotite are the only sources of aluminium. Ca-smectite, palygorskite, biotite and Quartz are

the only sources of silicon in the material.
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Figure 2-1: Evolution of the X-ray diffractograms of the samples as a function of the
calcination temperature.
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Table 2-2: Wt.% of the crystalline phases of the raw and 800°C argillaceous-carbonate
Ca-Smectite

samples. Dolomite (Dol), Biotite (Bio), Lime (Li), Periclase (Pe), Palygorskite (Pal

(Sm), Ca-Smectite dehydrated (Sm dehy), Quartz (Qz), Hydroxylapatite (Hy), Hematite (He),

Belite (C,S), Am (Amorphous).

Phase Dol Pal Sm Qz Hy Bio
Raw 53.58 17.45 15.58 8.00 3.00 2.41
wt.%
(+/-0.48) (+/-0.35) | (+/-0.54) | (+/-0.24) | (+/-0.14) | (+/-0.22)
Phase Li Pe He Pal Sm dehy Qz Hy Bio cas Am
. 4.45
Bo0C 19.41 17.11 1.45 13.48 11.19 4.07 1.00 27.90
wt.% 0.00 (+/-
(+/-0.43) (+/-0.37) | (+/-0.10) (+/-0.48) (+/-0.27) (+/-0.17) (+/-0.19) : (+/-1.60)
0.20

Figure 2-2 displays two SEM images (A and B) of a fragment of the raw argillaceous-carbonate

sample.
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Figure 2-2: Scanning Electron Microscope images of the raw argillaceous-carbonate.
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Figure 2-2A shows the global morphology of the raw sample. Dolomite rhombohedra are
clearly visible as well as the presence of a coating covering the entire sample. Figure 2-2B
displays another image of the surface of the sample at a higher magnification. The layer
covering the sample consists of a veil and very fine needles which are respectively
characteristic of smectite and palygorskite [23]. It therefore appears that palygorskite and
smectite acts as a binder between the minerals in the sample and is present throughout the
entire sample. This latter information completes the analysis made by XRD. Despite its average
mass proportion (about 17 wt.%), the palygorskite is homogeneously distributed throughout

the entire sample and is in contact with all phases.

The Al MAS NMR spectrum of the raw argillaceous-carbonate sample is shown in Figure 2-
3. It exhibits two main resonances at 3 and 70 ppm. The first intense resonance (3 ppm)
corresponds to hexacoordinated aluminium [24] and can be associated with aluminium
present in the palygorskite, Ca-smectite and biotite octahedra. The second resonance at 70
ppm corresponds to tetracoordinated aluminium [24] and can be associated with substitution
of silicon atoms by aluminium atoms in the Ca-smectite and/or palygorskite tetrahedra [25],
and to a lesser extent to aluminium present within the biotite tetrahedral sheets. There is also
the presence of weak resonance at approximately 57 ppm which can be associated with AlO4
q*(4Si) [26]. Aluminium present in the gq*(4Si) configuration seems to be associated with a
phase in very low quantity and/or composed of very small crystallites since the latter is not

detectable by XRD.
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Figure 2-3: Evolution of the Z’Al MAS NMR spectra of the argillaceous-carbonate as function

of the calcination temperature.

The two main resonances at -92 and -98 ppm are attributed to palygorskite. They correspond
to silicon in Q3 configuration at the center and at the edges of the ribbons of tetrahedra,
respectively [27]. The high intensity of resonances characteristic of palygorskite demonstrates
its good crystallinity. In addition, Ca-smectite and biotite revealed by XRD analysis also
contribute to the total 2°Si NMR signal. Indeed Q3 of Ca-smectite exhibit resonance at-93 ppm
[28] and Q2(1Al) of biotite resonates at -86 ppm [29].
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Figure 2-4 displays the 2°Si MAS NMR spectrum of the raw sample.
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Figure 2-4: Evolution of the 2°Si MAS NMR spectra of the argillaceous-carbonate as a

function of the calcination temperature.

The resonance observed at -108 ppm corresponds to the quartz in the sample [30]. The low
resonance intensity at -93 ppm characteristic of smectite is explained by its very low
crystallinity. Indeed, the existence of a local environment distribution for silicon atoms results
in a broadening of the resonance, which is consistent with the observation made by XRD which

suggests that Ca-smectite is very poorly crystallized.
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2.5. Effects of calcination

Figure 2-1 displays the evolution of the X-ray diffractograms of the samples as a function of
the calcination temperature. Above 600°C there is the disappearance of the peaks of
palygorskite. This indicates a loss of crystallinity of the palygorskite phase in the sample. The
shift of the [001] characteristic peak of the Ca-smectite from about 26 = 6.2° to 26 = 8.75° is
caused by the decrease of the d001 value due to the removal of the water from the interfoliate
space. This observation is in accordance with previous works on the dehydration of Ca-
smectite [22,31]. Above 700° the intensities of the characteristic peaks of Dolomite decrease
and new peaks attributed to Calcite, Periclase and Lime, appear. These results agree with the
existing bibliography [32] describing the thermal decomposition of Dolomite as a two-stage

process which proceeds as follows :

CaMg(C0s), = CaCOs + MgO + CO>
CaCO3 - Ca0 + CO;
At 800°C all the characteristic peaks of Dolomite and Calcite have disappeared, demonstrating
its full dissociation. On the other hand, we observe the appearance of a diffraction peak at 26
= 33°. It is attributed to Belite, a dicalcium silicate common in anhydrous cement. The
formation of Belite can be explained by a recombination phenomenon between the silicon
from clayey phases and the calcium from Dolomite [33]. However, the low crystallinity of this
new phase does not allow us to determine the type of polymorph. At 900°C all the peaks of
dehydrated Ca-smectite and biotite disappeared, reflecting a complete loss of crystallinity of
these two phases. This loss of crystallinity is correlated with recrystallization phenomena since
the formation of new crystalline phases is observed. Among them we find Akermanite
(CazMgSi 07), Augite ((Si,Al),06)(Ca,Mg,Fe,Ti,Al), and Enstatite (Mg2Si20O¢). Quartz and
Hydroxylapatite (Cas(POa4)3OH) are not affected by the heat treatment since no relevant
change is observed between the raw sample and the 900°C calcined samples. Thus, the
argillaceous-carbonate material turned out to be sensitive to the heat treatment since loss of
crystallinity of the clay phases, decomposition of Dolomite and recrystallization of new phases

have been observed.
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Figure 2-5 compares SEM images of raw (Figure 2-5A) and the 800°C calcined (Figure 2-5B)
sample powders. Calcination at 800°C does not change the morphology of the material.
Indeed, the shape of the mineral particle is almost identical before and after calcination. Yet
the XRD analysis shows that at 800°C the Dolomite has transformed into Lime and Periclase
and that palygorskite has lost its crystallinity. It therefore appears that the morphology of the
material does not reflect changes in chemistry and structure induced by calcination. A deeper
investigation of the changes in the structure of the clay phases as a function of the calcination

temperature was performed by #’Al and 2°Si MAS NMR.
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Figure 2-5: Scanning Electron Microscope images of the argillaceous-carbonate powder

before (A) and after calcination at 800°C (B).
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Aluminium NMR, through the observation of the change in coordination of aluminium atoms,
allows us to characterize the dehydroxylation phenomenon of phyllosilicates induced by

calcination.

Figure 2-3 displays the evolution of the 2?Al MAS NMR spectra of the argillaceous-carbonate
samples as a function of the calcination temperature. The temperature increases leads to a
diminution of the intensity of the resonance associated with hexacoordinated aluminium (3
ppm) and the appearance of two new resonances at around 59 and 27 ppm. These two new
resonances can be associated with tetra and pentacoordinated aluminium, respectively [24].
The decrease in the proportion of 6-fold aluminium and the formation of 4 and 5-fold
aluminium is a consequence of the dehydroxylation resulting from the calcination of the
sample. The temperature increases leads to the release of hydroxyl groups linked to the clay

octahedra, resulting in a decrease of the coordination number of the aluminium atoms.

Figure 2-6 gives the relative proportions of the 6-, 5- and 4-fold aluminium atoms having been
quantified by spectral integration of the /Al NMR spectra (details in Supporting Information).
At 600°C a significant dehydroxylation of the argillaceous phases is observed since Al (VI)
evolves from 87% to 36%. By using the Rietveld quantification of the crystal phases and their
ideal theoretical chemical compositions we can calculate the contribution of each phase to
the total amount of aluminium in the sample: 62% of the total aluminium comes from Ca-
smectite, 34% from palygorskite and 4% from biotite. It becomes clear that this decrease of
more than half in the proportion of Al (VI) cannot be due to the dehydroxylation of
palygorskite only. So it seems that Ca-smectite start to dehydroxylate at 600°C, without fully
losing its crystallinity since its signal remains detectable by XRD up to 800°C. These results are
in agreement with the observations made by Fernandez et al. [34] who suggested that the
small amount of hydroxyl groups present in the smectite structure could explain the small
effect of dehydroxylation on its cristallinity. On the other hand, as observed in Figure 2-1,
there is a disappearance of the characteristic peaks of palygorskite from 600°C onwards. This
strongest thermal reactivity of palygorskite compared to Ca-smectite could be explained by

its particular TOT structure.
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The hatched part of the total 6-fold aluminium in figure 2-6 corresponds to the component
(see Supporting Information) close to the signature of the aluminium present in palygorskite
and smectite octahedra. It can be explained by octahedral sheets that resisted calcination. On
the other hand, the dotted part corresponds to the component associated with very distorted
octahedra. It can be seen that their relative proportions do not vary in the same way with
increasing temperature, specifically, the proportion of 6-fold aluminium belonging to
distorted sheets decreases less rapidly with increasing temperature. It can be hypothesized
that the passage of 6-fold to 5-fold aluminium is made through this intermediate state

corresponding to distorted octahedral sheets.
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Figure 2-6: Relative proportions of the 6-, 5- and 4-fold aluminium atoms as a function of the

calcination temperature.

From 600°C onwards 4-fold aluminium is formed (from 13 to 26 %). As for 6-fold aluminium,
the 4-fold aluminium resonance is described by two components represented by hatched and
dotted parts in figure 2-6. The isotropic chemical shift of the “hatched” component of the 4-

fold aluminium is 69 ppm (see supporting information) and could be associated with 4-fold
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aluminium in g3 configuration [35]. In contrast, the much lower isotropic chemical shift of the
“dotted” component at 61 ppm can be associated with 4-fold aluminium in g4 configuration

[26].

The “hatched” component appears as soon as the calcination temperature reaches 600°C and
remains stable (around 15%) in spite of the temperature increase. Knowing that palygorskite
becomes amorphous at 600°C (see figure 2-1), we can associate this “hatched” component of
4-fold aluminium with the dehydroxylation of palygorskite. Thereafter, only the "dotted”
component of 4-fold aluminium increases with the increase of the calcination temperature, it
would seem that this 4-fold aluminium is associated with the dehydroxylation of Ca-smectite

and biotite.

Concerning the 5-fold aluminium, the highest proportion is reached from 600°C, and then
decreases with increasing temperature. Up to 800°C its proportion remains stable because
the dehydroxylation of 6-fold aluminium compensates for the transformation of 5-fold
aluminium into 4-fold aluminium. Fernandez et al. [34] associated the pozzolanic activity of a
calcined clay with the appearance of penta-coordinated aluminum within the structure of the
clay. Indeed, penta-coordinated aluminum turns out to be the most unstable form and the
most prone to react. However, it is important to remember that 4-fold aluminium is also

reactive and could play an important role in the pozzolanic reaction.

Therefore, 800°C seems to be a good calcination temperature since it allows an almost total
dehydroxylation of the clay phases (only 9% of 6-fold aluminium remains) while keeping a

large proportion of 5-fold aluminium (31%).

Table 2-2 displays the result of the Rietveld refinement of the 800°C calcined argillaceous-
carbonate. An amorphous phase is present and accounts for almost 28% of the total sample
mass. This high proportion of amorphous is mainly due to the amorphisation of palygorskite
as its signal is no longer observable at 800°C (figure 2-1). The formation of Hematite at 800°C
shows that part of the Dolomite (CaMg(COs)2) is actually Ankerite (Ca(Fe,Mg)(COs3),).
However, the proportion of Ankerite is very low in regards to the proportion of Hematite

formed (1.45 wt.%), which confirms the low iron value in chemical analysis results (table 2-1).
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Figure 2-4 displays the evolution of the 2°Si MAS NMR spectra of the argillaceous-carbonate
sample as function of the calcination temperature. From 600°C, we can observe a broadening
of the resonances characteristic of the Q3 of the clayey phases. This broadening of the lines
reflects distribution of the silicon atoms environments and so indicates the increase in
disorder within the clay phases. The characteristic resonances of palygorskite are now almost
indistinguishable, which confirms the observations made by XRD and suggests that the
disappearance of its XRD peaks is not only due to its loss of crystallinity but also to strong

distortions within its structure.

At 700°C the broadening of the Q3 resonances continues, which shows that the loss of
crystallinity of the clayey phases continues. The main information is the appearance of a new
resonance at -71 ppm which is not common in the MAS NMR analysis of a calcined clay.
Skibsted [36] associates it with the presence of monomeric QO orthosilicates typical of Belite
(C2S) one of the anhydrous phases of the clinker. That confirms the observations made by XRD
and the possible reaction between silicon from clayey phases and calcium from Dolomite. The
trend will continue at 800°C with a widening of the Q3 resonances and an increase in the
proportion of QO associated with Belite. There is also the appearance of a new resonance at -
74 ppm which can be associated with silicon in Q1 configuration [37] which is attributed to
Akermanite detected by XRD. By crossing these results with XRD, we can highlight that
recrystallization phenomena begin as early as 800°C, but the low crystallinity of these new

phases prevents their characterization by XRD at this temperature.

Between 800 and 900°C the width of Q0 resonance of Belite decreases whereas its intensity
increases. This means that the proportion and the level of crystallinity of the neo-formed
Belite are increasing. The Q1 resonance of Akermanite is also more intense. The characteristic
Q2 resonances of the Augite (-72 ppm) and the Enstatite (-84 ppm) cannot be observed

because they overlap with the broader resonances from the calcined clay [38,39].

It is important to specify that the chosen repetition time does not allow to be quantitative for
Quartz. Indeed, after several tests it seems that it is necessary to use a T1 close to 3600 seconds

to allow a complete relaxation, which complicates quantification. We have then calculated the
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proportion of Belite formed at 800°C from the results of chemical analysis (XRF), quantification
of crystal phases (XRD) and 2°Si MAS NMR. In order to carry out this calculation we made the
hypothesis that Quartz does not react. Knowing the total amount of silicon (from XRF results)
and the wt.% proportion of Quartz (from XRD Rietveld refinement) in the raw sample we re-
calculated the total amount of silicon present in the system without Quartz. Then, by using
the 2°Si MAS NMR spectrum of calcined sample, we quantified the relative repartition of
silicon belonging to the Belite and to the rest of the system (without Quartz) at 800°C and we
calculated their respective molar proportions. Subsequently, neglecting the minor phases, we
used theoretical ideal formulas for palygorskite, smectite, and Belite to convert molar
proportions of silicon to weight proportions of phases. Calculations give a proportion of ~8
wt.% of Belite in the sample calcined at 800°C. If we compare this value with the amount of
crystalline Belite obtained by Rietveld refining (~4,5 wt.%), it appears that the low crystallinity

of Belite causes the XRD to underestimate it by half.

The formation of Belite during the calcination of a mixture of palygorskite and Dolomite has
already been observed [33]. Belite represents on average 15 to 20% of the total cement
phases and is responsible of the long-term mechanical properties [40]. Its presence in the
sample calcined at 800°C is therefore good news, assuming that it is reactive. However, the
formation of Lime and Periclase could be troublesome for further use in cement systems

(carbonation and post-hardening swelling).

2.6. Conclusion

The study of the thermal reactivity of this argillaceous carbonate highlighted its potential for
a use as a SCM. Indeed, the palygorskite which composes this sample seems to be very
sensitive to heat treatment and it dehydroxylated very easily from 600°C, certainly because of
its so particular structure. Moreover, the calcination of the clay mixed with carbonate allowed
to highlight the formation of Belite (C,S) from 700°C. The chemistry of the system favours the
reaction of calcium from Dolomite and silicon from clayey phases to form this cementitious
phase. The calcined palygorskite associated with Belite formation make this carbonate-
material a very interesting system for use as a cementitious addition because of its double

reactivity (pozzolanic and hydraulic). For the rest, it would be interesting to study the influence
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of the clay phase/carbonate ratio on the quality and quantity of neoformed Belite and finaly

to test the reactivity of this sample.
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2.8. Bilan scientifique du chapitre 2

Cette derniére partie dresse un bilan scientifique de ce chapitre 2 qui s’intéresse aux
modifications physico-chimiques qui ont lieu lors de la calcination d’'une marne dolomitique

contenant de la palygorskite et de la smectite.

Ce type de marne, du fait de sa composition minéralogique particuliere (association de
palygorskite et de smectite avec de la dolomite), va subir d’'importantes modifications lors de
sa calcination. Il a été démontré qu’une température de calcination de 800°C permet une
activation thermique optimale des phases argileuses (palygorskite et smectite) tout en évitant
des phénomeénes de recristallisation qui pourraient imputer de maniére négative la réactivité
pouzzolanique. Cependant, la calcination de cette marne a 800°C entraine la formation de
chaux (CaO) et de périclase (MgO). Ces composés réactifs seront a contréler lors de
I"utilisation de ce type de matériaux en remplacement du ciment car ils pourraient avoir une

influence sur I’hydratation et entrainer des désordres volumiques.

L’autre élément important est la formation de C,S (silicate dicalcique) lors de la calcination a
800°C. Cette phase cimentaire se forme par réaction du silicium issu des phases argileuses
calcinées avec le calcium issu de la décarbonatation de la dolomite. La formation de C,S ajoute
un caractere hydraulique a la réactivité pouzzolanique de cette marne calcinée et participera

au développement des résistances lors de I’hydratation.

Ce chapitre 2 a donc permis d’identifier de maniére précise les modifications qui ont lieu lors
de la calcination d’'une marne dolomitique contenant de la palygorskite et a démontré son

potentiel intéressant pour une utilisation comme ajout cimentaire.
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Chapitre 3 — Réactivité a I’eau apres calcination
d’une marne dolomitique contenant de la
palygorskite et de la smectite

3.1. Avant-propos

Note : Ce chapitre est basé sur un article publié dans un journal international a comité de
lecture.

Titre de l'article : Self-reactivity of a calcined palygorskite-bearing marlstone
for potential use as supplementary cementitious material

Victor Poussardin, Michael Paris, William Wilson, Arezki Tagnit-Hamou, Dimitri Deneele
Publié dans : Applied Clay Science

DOI : https://doi.org/10.1016/j.clay.2021.106372

Référence

V. Poussardin, M. Paris, W. Wilson, A. Tagnit-Hamou, D. Deneele, Self-reactivity of a calcined
palygorskite-bearing marlstone for potential use as supplementary cementitious material,
Applied Clay Science. 216 (2022) 106372.

Contribution a la these

Le chapitre 2 a consisté en une étude poussée de la calcination d’'une marne dolomitique
contenant de la palygorskite et de la smectite. Cela a permis d’identifier que la température
de calcination « optimale » est de 800°C et que le traitement thermique entraine la formation
de plusieurs phases potentiellement réactives telles que du C,S, de la chaux ou encore du
périclase. La suite logique est donc de tester la réactivité de cette marne calcinée a 800°C.
C’est dans ce sens-la que vient s’intégrer le chapitre 3 qui est la continuité directe du chapitre
2. L'objectif est de caractériser la réactivité dans I'’eau de cette marne calcinée et de relier les

observations faites avec les modifications physico-chimiques identifiées lors de la calcination.
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Résumé en francais

Cet article traite de I'étude de I'auto-réactivité d'une marne contenant de la palygorskite et
calcinée a 800°C. Il s'agit d'un systéeme multiphase complexe (contenant notamment du CaO
et du MgO) dont la réactivité dans I'eau doit étre étudiée avant d'étre utilisée comme
supplementary cementitious material (SCM). L'échantillon calciné a été hydraté (ratio
eau/liant = 0,8) pendant 7, 14, 28 et 180 jours, puis étudié par diffraction des rayons X (DRX),
résonance magnétique nucléaire du solide (RMN MAS) et microscope électronique a balayage
(MEB). Le croisement des résultats des analyses de DRX et de RMN MAS (en particulier la
quantification des phases par intégration spectrale des spectres 2°Si RMN MAS) a permis de
mettre en avant la réactivité des phases argileuses calcinées avec la portlandite issue de
I’hydratation du CaO qui conduit a la formation de C-(A)-S-H. Il a également été mis en
évidence la réactivité du C,S (néoformé pendant la calcination) dés 7 jours d'hydratation.
L'hydratation de cet échantillon a montré une forte auto-réactivité (principalement

pouzzolanique), ce qui en fait un échantillon prometteur pour une utilisation comme SCM.

Résumé en anglais

This article focuses on the study of the self-reactivity of a 800°C calcined palygorskite-bearing
marlstone which is a complex multi-phase system (including CaO and MgO) whose reactivity
in water must be studied before being used as Supplementary Cementitious Material (SCM).
The sample was hydrated (w/s = 0.8) for 7, 14, 28 and 180 days and then investigated using X-
ray diffraction (XRD), Solid State Nuclear Magnetic Resonance (MAS NMR), and Scanning
Electron Microscope (SEM). Crossing the results of XRD and MAS NMR analyses (in particular
the phase quantification by spectral integration of 2°Si MAS NMR spectra) have revealed the
reactivity of the calcined clay phases with the portlandite which leads to the formation of C-
(A)-S-H. It also highlighted the reactivity of C;S (neoformed during calcination) within 7 days
of hydration. Hydration of this sample showed high self-reactivity (mostly pozzolanic) making

it a promising sample for use as SCM.
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3.2. Introduction

The cement demand has been increasing over the past few decades [1], mainly as a result of
the population and economic growth [2]. Countries and especially developing countries are
rapidly building up industrial and transport infrastructures to cope with their economic
development. It is estimated that the cement industry is responsible for 5 to 8% of the total
anthropogenic CO; emissions [3] and 95% of this CO; is emitted during the manufacturing
process [4]. In recent years, environmental legislation has become more drastic in order to
reduce the amount of CO, emission of cement production, and the cement industries have
turned to research and development of new innovations that can reduce the environmental

footprint of cement.

The use of Supplementary Cementitious Materials (SCMs) as a substitute for clinker is one of
the emerging technology that could significantly reduce the environmental footprint of
cement manufacturing. Among the widely used SCMs there are industrial wastes which have
hydraulic properties, and in the presence of water react to form hydrates responsible for
setting and hardening (e.g. blast furnace slag [5,6] and fly ash [7,8]). However, blast furnace
slag resources are not abundant enough to be used on a sustainable basis and the energetic

transition rightly limits the availability of fly ash resources from coal combustion [9].

For several years now, the use of calcined clays as SCMs has been increasing. Indeed, the
reserves of clays with potential for calcination are considerable and globally homogeneously
distributed [9], making it a first choice resource for use as a SCM. Numerous studies have been
carried out in recent years on the reactivity of different types of calcined clays in cementitious
system and metakaolin resulting from the calcination of kaolin appeared the most promising
[10-13], whereas the calcined smectites [14-16] and illites [17-19] show much less
encouraging results. However, it is important to remember that clays are not limited to the
kaolinite, smectite and illite families. Many mining wastes contain clay phases, particularly

unconventional clays whose use as SCM has never been studied.

The present study takes place in a project targeting the valorization of secondary resources

(mining waste) as SCM. The thermal reactivity of the sample has already been studied and a
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temperature of 800°C has been determined as an optimum [20]. Upon calcination, the initial
composition of this natural sample leads to the formation of reactive phases such as calcined
clays, lime, periclase and C;S. This composition is therefore very different from that of the
classical SCMs currently in use. The presence of lime and periclase can be problematic factor
for the use of this sample as SCM and should be considered. It is a very complex system whose

reactivity cannot be directly studied in a cementitious system as usual.

This paper focuses on the reactivity of a mining waste from a phosphate mine initially
composed of 17% of palygorskite and 16% of smectite [20]. The particularity of this material
is that it contains palygorskite - a particular TOT clay whose pozzolanic reactivity after
calcination has not yet been studied — as well as reactive free lime and C,S neoformed [20].

The first step is to study its self-reactivity in presence of water in order to understand the
contribution of each phases composing it, their evolution and the possible presence of
synergies. In order to be able to accurately characterize the self-reactivity of this sample,
different characterization techniques have been used, such as X-ray Diffraction, Nuclear

Magnetic Resonance and Scanning Electron Microscopy.

3.3. Materials and experimental methods
3.3.1. Materials

The material used is a natural marlstone considered as waste by the mining industry which is
looking for new ways of recovery. Table 3-1 shows the chemical analysis of the raw sample

carried out by X-Ray Fluorescence (XRF), the proportions are given in oxides (expressed in

weight %).
Table 3-1: Chemical analysis of the raw material.
LOI
Oxide FeO Ca0o SIOz A|203 Kzo TIOZ NaZO VzOs PzOs I\/IgO
(1000°C)
wt.% 1.99 19.83 33.3 8.94 1.24 0.34 0.32 0.16 1.49 9.91 35.0

The physicochemical properties and the optimal calcination of this material have been

investigated in a previous article [20].
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The raw material is composed of a mixture of dolomite (54 wt.%), palygorskite (17 wt.%), Ca-
smectite (16 wt.%), quartz (8 wt.%), hydroxylapatite (3 wt.%), and biotite (2 wt.%). A
calcination temperature of 800°C has been selected to allow an important dehydroxylation of
the clay phases while avoiding recrystallization phenomena. During the calcination process,
different reactive phases were formed, such as lime (19 wt.%), periclase (17 wt.%) and C.S (4

wt.%)".

3.3.2. Materials hydration

The raw natural sample has a high proportion of dolomite (CaMg(COs)2) which, during
calcination, led to the formation of lime (Ca0). Therefore this sample is not suitable for the
classical pozzolanic activity tests such as the R3 screening [21], Frattini test or saturated lime
test [22] since they all assume that the test sample does not contain free calcium. It was
therefore decided to characterize the reactivity of the sample by a different approach: the
reaction of the sample in water. During the hydration of this calcined material, the lime is
hydrated into portlandite which becomes available to react pozzolanically with the calcined
clay phases (palygorskite, smectite and biotite). In addition, hydration allows testing whether
the C,S neoformed during calcination is reactive. One gram of marlstone calcined at 800°C
was manually mixed with water according to the selected water-to-solid ratios (w/s=0.8, 1, 2
and 4) until a homogeneous paste was obtained. The vials where then closed and left to react
during 7, 14, 28 and 180 days at room temperature in sealed conditions (without atmosphere
control). At the end of each curing time the samples were freeze-dried for 48h in order to stop
hydration. Within 2 days, the dry samples were crushed and analyzed by XRD, MAS NMR, and
SEM. Since the results are similar across all w/s ratios tested with respect to all ages, only the

results for w/s = 0.8 are presented in this article.

3.3.3. Phases analyses
3.3.3.1. X-ray diffraction

The diffractograms were acquired on a Bruker D8 diffractometer based on a Bragg-Brentano
geometry. The X-ray source consists of a copper anode tube (40 kV / 40 mA) that emits Cu Ka
radiation. The X-ray diffractograms of disoriented powdered sample were acquired between

5° and 60° 20 with a step size of 0.017° 26 and a measurement time of 1s per step. The
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identification of XRD peaks was done with the PROFEX software database (BGMN PROGRAM)
[23].

3.3.3.2. Nuclear magnetic resonance

The Al MAS NMR spectra were acquired on a Bruker Avance 11l 500 MHz spectrometer using
a 2.5 mm MAS probe. The excitation pulse length used was /13 for a radio frequency field of

11 kHz. The repetition time was 1s and the MAS frequency was 30 kHz.

The 2°Si MAS NMR spectra were acquired on a Bruker NEO 300 MHz spectrometer using a 7
mm MAS probe. A 1t/2 excitation pulse length was used, and the MAS frequency was 5 kHz.
After several tests of different repetition times the choice was made to use a time of 10s in
order to ensure quantitative results except for quartz. However, it has no consequences as
quartz is non-reactive.'H decoupling was performed during all the acquisitions. ?’Al spectra
were referenced against an aqueous solution of AI(NOs)s and 2°Si spectra against TMS
(Tetramethylsilane). The spectral decompositions have been done using the dmfit software

[24].

3.3.3.3. Scanning electron microscope

The morphological changes during the hydration were examined by scanning electron
microscopy (SEM). The analysis was carried out using a Hitachi SU5000 microscope. The

samples were subjected to a platine coating before SEM observations.

3.4. Results and discussions
3.4.1. X-ray diffraction analysis

Figure 3-1 displays the evolution of the diffractograms of the marlstone (labelled AC) calcined
at 800°C (AC-800) and hydrated during 7 days (AC-800-7d), 14 days (AC-800-14d), 28 days (AC-
800-28d), and 180 days (AC-800-180d).
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Figure 3-1: Evolution of the diffractogram of the marlstone calcined at 800°C and hydrated

for 7, 14, 28 and 180 days, Sm = smectite ; Bio = biotite ; Ht = hydrotalcite ; Po = portlandite ;

C = calcite ; Qz = quartz ; Hy = hydroxylapatite ; Br = brucite ; Li = lime ; Pe = periclase ; C,S =

dicalcium silicate.

The XRD pattern of the sample calcined at 800°C (AC-800) displays different peaks. The peaks
associated with dehydrated smectite (Sm dehy) and biotite (Bio) are still detectable. In
contrast, the peaks of palygorskite are no longer observable after the 800°C thermal
treatment [20]. There are also peaks from quartz (Qz), lime (Li), periclase (Pe), hydroxylapatite

(Hy) and C,S.

Above 7 days of hydration (AC-800-7d) there is a significant decrease in the intensity of the
peaks associated with lime and periclase. This decrease is correlated with the appearance of

new peaks corresponding to portlandite (Po), hydrotalcite (Ht), brucite (Br) and calcite (C). The
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formation of portlandite comes from the hydration of lime. The remaining signal of periclase
in the hydrated sample could be explained by pockets of anhydrous periclase locked in a dense
matrix of hydrates preventing water movement. The formation of calcite is due to the partial
carbonation of the lime/portlandite [25]. The magnesium from periclase is incorporated into
two new phases, brucite and hydrotalcite. However, the low intensity of the characteristic
hydrotalcite peaks may suggests that most of the magnesium has been incorporated into
brucite. 2?Al MAS NMR analysis will allow to characterize more precisely hydrotalcite

formation during hydration.

The weak signals associated with the remaining clay phases (Sm dehy + bio) and C,S remains
present up to 180 days, demonstrating their non-reactivity. As the hydration time is
increasing, the main change observed is the decrease in the intensity of the peaks associated
with portlandite until they are no longer detectable after 180 days of hydration. The remaining
signal associated with periclase does not evolve. On the other hand, the intensity of the peak
associated with calcite is increasing. The diffractogram evolution as a function of the hydration
time allowed to highlight a decrease in the intensity of the peaks associated with portlandite,
which reflects a portlandite consumption. However, it is difficult to attribute this consumption
to the pozzolanic reaction because C-S-H cannot be characterized by XRD, it was therefore

decided to use solid state NMR to characterize them.

3.4.2. 2°Sj and Al MAS NMR analysis

Figure 3-2 displays the evolution of the 2°Si MAS NMR spectra of the calcined marlstone
hydrated for 7, 14, 28 and 180 days.

99
Victor Poussardin, 2022



Q Qi Q2 Q3 Q4

vy
-

v
-
v
-
L 4
-

AC-800

AC-800-7d

AC-800-14d

AC-800-28d

AC-800-180d

| X | ' | E I 3 | ' | ' | L I 5 | '
-50 -60 -70 -80 -90 -100 -110 -120 -130 -140
Chemical shift (ppm)

Figure 3-2: Evolution of 2°Si MAS NMR spectra of the calcined marlstone as function of the

hydration time.

The AC-800 spectrum exhibits a resonance at -71 ppm which can be associated with
monomeric Q° of C,S [26] and a resonance at -108 ppm (Q?*) characteristic of quartz [27]. The
broad signal of silicon in Q3 configuration is composed of broad resonances of silicon in Q3
configurations reflecting a distribution of their local environments and is characteristic of
calcined palygorskite, and not fully calcined smectite and biotite [20]. As it is not possible to
distinguish the respective contributions of calcined palygorskite and incompletely calcined
smectite and biotite in this signal, the term "calcined clay phases" has been used to designate

them hereafter.
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After 7 days of hydration, the intensities of the broad resonances associated with the Q3 of
the calcined clays decrease. The consumption of the calcined clay phases is correlated with
the appearance of two new resonances at -78 and -85 ppm which correspond to silicon in Q!
and Q? configuration, respectively [28]. Silicon in Q! configuration can be associated with pairs
of linked silicate tetrahedral (dimers) or with terminal silicate tetrahedral groups of C-S-H.
Silicon in Q? configuration can be associated with silicate tetrahedral groups intermediates

(Q2-P) and/or bridging (Q2-B) of C-S-H [29].

The C,S resonance at -71 ppm decreases considerably and leaves a resonance at -73 ppm
which can either be associated with Q° of non-reactive C,S or Q' of akermanite / gehlenite
phase. The weak but non zero XRD signal of C,S is remaining with increasing hydration time
(see figure 3-1), this observation supports the hypothesis that the resonance at -71 ppm can
be associated with Q° of non-reactive C,S. On the other hand, the study of calcination has
demonstrated recrystallization phenomena in the form of akermanite from 900°C. This signal
at -71 ppm, or a part of it, can therefore be associated with low-crystalline akermanite which
is not yet observable by XRD at 800°C. Finally, numerous studies have also demonstrated the
formation of gehlenite during calcination of a marlstone [30-32], this -71 ppm signal could

therefore also be associated with gehlenite.

At 14 days the consumption of the calcined clay phases progresses while the intensities of the
Q! and Q? resonances characteristics of C-S-H are increasing. There is appearance of a new
resonance at -81 ppm corresponding to Q%(1Al) [33] configuration in C-(A)-S-H [34]. The

apparition of Q%(1Al) shows the incorporation of aluminium into the C-(A)-S-H structure.

The trend goes on with the hydration time until 180 days. The remaining resonance centered
at -89 ppm corresponds to remaining calcined clay phases that did not react. The consumption
of the calcined clay phases associated with the formation of C-(A)-S-H confirms the intrinsic
pozzolanic reactivity of this calcined marlstone. It is important to note that the neoformed
brucite could have reacted with SiO; to form M-S-H. However, the 2°Si MAS NMR signature of

M-S-H is clearly different from the one observed which is characteristic of C-S-H [35].

101
Victor Poussardin, 2022



Figure 3-3 gives the evolution of the relative proportions (from the perspective of silicon
content) of Q" associated with C-(A)-S-H and Q2 associated with calcined clay phases as
function of the hydration time. This quantification was done by spectral integration of the 2°Si
NMR spectra (details in supporting information). As the signal of Q*associated with quartz is
not quantitative and the relative proportion of Q%Q! associated with C,S and/or
akermanite/gehlenite is constant with the increase in hydration time it was decided to display
the relative evolution between Q3 associated with calcined clay phases and Q" associated with

C-(A)-S-H only.
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Figure 3-3: Relative proportions of silicon-containing phases (from the perspective of silicon

content) as function of the hydration time obtained from 2°Si NMR spectra.

Between 7 and 180 days the relative proportion of silicon in Q3 configuration associated with
the calcined clay phases decreases from 58% to 30%. In parallel, the relative proportion of
silicon associated with the C-(A)-S-H (Q! + Q%(1Al) + Q?) increases from 30% to 58%.

The mean chain length (MCL) of aluminosilicate chains, the mean chain length of pure silicate
units (MCLs;) and the Al/Si ratio of the formed C-(A)-S-H can be calculated from 2°Si MAS NMR

spectral deconvolutions by using the substituted general model (SGM) of Richardson and

Groves [36] :
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Table 3-2 displays the evolution of these 3 values as function of the hydration time.

Table 3-2: MCL, MCLs; and Al/Si values as function of the hydration time calculated by using

SGM.
Non-cross-linked C-(A)-S-H structure : Substituted general model (SGM)
Hydration time (days) MCL MCLs; Al/Si
7 3,69 2,72 0,076
14 4,37 2,90 0,094
28 4,91 2,99 0,108
180 4,86 2,97 0,109

The MCL, MCLs; and Al/Si values are increasing with the hydration time between 7 and 14 days
of hydration. After 14 days, the MCLs; value does not evolve anymore. However, the MCL and
Al/Si value still increase. This shows that the chains are lengthening by connecting silicate
chains through AlO4 units. Finally, the C-(A)-S-H structure remains stable after 28 days of
hydration. It was not possible to find literature dealing with Al/Si, MCL and MCLs; values in
hydrated Metakaolin / CaO systems to undertake a comparative study. However, the Al/Si,
MCL and MCLs; values obtained are similar to those for C-(A)-S-H phases formed in hydrated
white Portland cement-Metakaolin blends [37]. This demonstrates that the C-(A)-S-H formed

in this system are similar to those of Metakaolin-based blended cements. Knowing that
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Metakaolin blended cements are the most promising in terms of mechanical performance,

this observation bodes well for the future use of this calcined marlstone as SCM.

It is important to note that the -89 ppm signal previously associated with remaining Q3 of the
calcined clay phases (figure 3-2) could also be associated with silicon in Q3(1Al) configuration
related to cross-linking within the C-(A)-S-H structure [34]. In this case, another model can be
used to calculate MCL and Al/Si : a full cross-linked tobermorite model [38]. Using this model,
higher values were obtained for MCL and Al/Si (see supporting information). However, the
evolution over the hydration time is similar to the one obtained from the SGM model. That
clearly confirms that the C-(A)-S-H structure does not strongly depend on the hydration time.
Figure 3-4 displays the evolution of the ?’Al MAS NMR spectra of the 800°C calcined

argillaceous carbonate hydrated for 7, 14, 28 and 180 days.

104
Victor Poussardin, 2022



Al(Y)  AlV) AlVD)
— — >

AC-800-180d

AC-800-28d

_ AC-800-14d
AC-300-7d
AC-800
J SN S NN R WL N BNLI TR
120 100 80 60 40 20 O -20 -40 -60 -80
Chemical shift (ppm)

Figure 3-4: Evolution of 2Al MAS NMR spectra of the calcined marlstone as function of the

hydration time.

It was previously shown [20] that the AC-800 2’Al MAS NMR spectrum is composed of 5 lines
at 3.8, 6.5, 35, 61 and 69 ppm. The two former lines are associated with 6-fold aluminium
whereas the 35 ppm line is associated with 5-fold aluminium. Finally, the 4-fold aluminium
resonances at 61 and 69 ppm was attributed g4 to g3, respectively. 4-fold aluminium in g4
configuration and 5-fold aluminium are associated with the calcined clay phases. On the other

hand, 4-fold aluminium in g3 configuration is close to what can be found in the gehlenite
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structure [39], which supports the hypothetical attribution of a part of the 2°Si NMR signal at

-73 ppm to gehlenite-like Q! configuration.

After 7 days of hydration, an intense and narrow resonance appears at 10 ppm, which can be
associated with aluminium found within the hydrotalcite previously detected by XRD [40]. The
detection of this characteristic hydrotalcite NMR signal confirms the hypothesis that part of
the magnesium from periclase is incorporated directly into hydrotalcite in addition to brucite.
This phenomenon has already been observed, notably during the hydration of alkali-activated
blast-furnace slag [41][42]. Monocarboaluminates also resonate at 10 ppm in 2’Al MAS NMR,
and their diffraction peaks at 11.6° 26 and 23,5° 26 overlap with those of hydrotalcite (figure
3-1) [43]. Therefore, the possibility of formation of monocarboaluminate in addition to

hydrotalcite cannot be excluded.

At 14 days of hydration there is appearance of a shoulder at 72 ppm which can be associated
with 4-fold aluminium in g2 configuration [44] characteristic of aluminium incorporated into
C-(A)-S-H chains, confirming the 2°Si NMR results. The shoulder at 5 ppm suggests the
presence of the third aluminate hydrate (TAH) formed at the surface of the C-(A)-S-H [45]

and/or can be explained by 6-fold aluminium within the structure of C-(A)-S-H [46].

With the increase in hydration time there is a decrease in the intensity of the resonances
previously associated with g4 Al(1V) and Al(V) thus reflecting the consumption of the calcined
clay phases with time. On the other hand, the intensity of the resonance associated with g3
Al(IV) is not decreasing, suggesting that gehlenite potentially neoformed during calcination is
not reactive. After 180 days it remains signal of g4 Al(1V) and Al(V) which correspond to the
unreacted calcined clay phases whose Q2 are still observable in 2°Si NMR (figure 3-2), due to

the lack or portlandite.

3.4.3. Scanning electron microscope analysis

Figure 3-5 displays the SEM images of powder of the marlstone calcined at 800°C (Figure 3-
5A) and hydrated during 28 days (figure 3-5B, and 3-5C).
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Figure 3-5: SEM images of the marlstone calcined at 800°C (A) and hydrated for 28 days (B
and C).

On the figure 3-5A it can be distinguished a covering which consists of needles and a veil that
covers the entire surface of the sample. These types of morphology are respectively typical of
calcined palygorskite and smectite [47]. Even calcined, palygorskite and smectite morphology
is conserved [20]. After 28-day hydration, there is the apparition of a new coating (figure 3-5B
and 5C) which is mainly composed of flocs. This morphology is characteristic of flocs-like C-
(A)-S-H phases [48]. This new C-(A)-S-H phase is covering/replacing the calcined clay phases
supporting previous results suggesting C-(A)-S-H formation from pozzolanic reaction. It seems
that reaction takes place at the interface between the calcined clay phases and the

portlandite.
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3.4.4. Potential use as supplementary cementitious material

As explained in the abstract, the objective of this study is not to obtain mechanical
performance on cements incorporating the calcined material. The composition of this kind of
material (marlstone) clearly differs from the classical SCMs currently in use. Consequently, it
requires the use of an intermediate investigation step (self-reactivity under hydration) before
mixing it with cement. The aim is to understand the evolution of the reactive phases (lime and
periclase) neoformed during calcination and to characterize the pozzolanic reactivity of the

calcined clay phases (palygorskite, smectite and biotite).

ASTM (618 standard states that a calcined clay is suitable for use as SCM if the sum of SiO,
Al;,03 and Fe;03 composing it is greater than or equal to 70% of the total oxide content. The
800°C calcined marlstone studied in this article has a CaO content of 19.5% and a MgO content
of 17% [20], therefore the sum SiO,, Al,03 and Fe>Os composing it is lower than 70% of its

total oxide content and it does not meet the recommendations given by this standard.

The problem of MgO comes from its hydration into Mg(OH), which leads to a potential
swelling phenomenon. As the formation of Mg(OH). has slow kinetics compared to the
hydration of the anhydrous phases of the clinker, a post-hardening swelling can occur and
lead to the formation of cracks and therefore loss of resistance [49]. XRD results reveal
Mg(OH), formation during hydration. On the other hand, XRD and 2’Al MAS NMR showed the
formation of hydrotalcite after 7d of hydration. It thus appears that magnesium from MgO is
found incorporated into both brucite and hydrotalcite and there is no swelling phenomenon

related to the formation of hydrotalcite in the existing literature.

Free lime (CaO) content in cement has to be controlled in order to avoid undesirable effects
such as reduced strength, expansion phenomenon or increased setting time. XRD results
showed that the majority of the free lime is hydrated into portlandite from 7 days of hydration
(the remaining lime being trapped in dense matrices of portlandite and C-(A)-S-H). The
neoformed portlandite is then consumed by the pozzolanic reaction of the calcined clay
phases until 180 days of hydration. The presence of free lime does not seem to be problematic

in this particular hydrated system. However, its kinetics of hydration and consumption from
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the pozzolanic reaction can be affected by the cementitious medium when using this calcined

material as SCM.

3.5. Conclusion

This step of study of the hydration of this calcined palygorskite-bearing marlstone highlighted
its self-reactivity. The reaction of the calcined clay phases and portlandite (from the hydrated
decarbonated dolomite) lead to the formation of C-(A)-S-H, demonstrating the pozzolanic
reactivity of this sample. C;S neoformed during calcination reacts during the first 7 days of
hydration. The self-reactivity of this calcined palygorkiste-bearing marlstone is therefore
mainly due to its pozzolanic reactivity. The synergy of the phases that compose this sample
leads to the consumption of the neoformed portlandite and the incorporation of magnesium
from periclase into hydrotalcite and brucite. Now that the reactivity of this calcined material,
as well as the evolution of the reactive phases of which it is composed, has been described,
the next step will consist of a study of the mechanical and volumetric properties of

cementitious blends incorporating this calcined material.
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3.7. Bilan scientifique du chapitre 3

Cette derniére partie dresse un bilan scientifique de ce chapitre 3 qui s’intéresse a I'auto-
réactivité aprés calcination d’'une marne dolomitique contenant de la palygorskite et de la

smectite.

L’étude de la réactivité dans I'eau de cette marne calcinée a donc permis de confirmer son
fort potentiel pour une utilisation en remplacement du ciment. Du fait de sa composition
minéralogique particuliere (phases argileuses calcinées, chaux, périclase et C,S) ce type de
marne calcinée est auto-réactive dans I'eau. Il a été démontré que cette réactivité dans I'eau
est principalement pouzzolanique et conduit a la formation de C-(A)-S-H (réaction des phases
argileuses calcinées avec I’hydroxyde de calcium issu de I’hydratation de la chaux). Le périclase
néoformé lors de la calcination (mis en avant dans le chapitre 2) est également réactif
puisqu’une partie du magnésium va étre incorporé dans de I’hydrotalcite et une seconde
partie dans de la brucite. Cette formation de brucite devra étre surveillée puisque des teneurs

trop élevées (supérieures a 6%) pourraient conduire a des désordres volumiques délétéres.
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Il a été possible de relier la réactivité dans I'eau aux modifications physico-chimiques qui ont
été induites lors de la calcination. Cela a permis de déterminer que les phases argileuses
calcinées ne seront pas les seules a avoir un impact sur I’"hydratation du ciment. Il est donc
nécessaire de suivre de maniere précise I'apparition de ces phases secondaires (chaux,
périclase, C,S) lors de la calcination de ce type de marnes en vue d’une utilisation comme ajout

cimentaire.
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Chapitre 4 - Utilisation de marnes calcinées
comme ajouts cimentaires : influence de la
présence de palygorskite

4.1. Avant-propos

Note : Ce chapitre est basé sur un article publié dans un journal international a comité de
lecture.

Titre de I'article : Calcined marlstones as supplementary cementitious
materials : a comparison between palygorskite and smectite bearing
marlstones

Victor Poussardin, Michael Paris, William Wilson, Arezki Tagnit-Hamou, Dimitri Deneele
Publié dans : Materials and structures

DOI : https://doi.org/10.1617/s11527-022-02053-0

Contribution a la thése

Les chapitres 2 et 3 se sont intéressés a la calcination et 'auto-réactivité d’une marne
dolomitique contenant de la palygorskite et de la smectite. Il a été possible de se procurer un
autre échantillon de marne, provenant du méme site et ayant une composition minéralogique
tres proche de la marne étudiée précédemment. La seule différence notable étant I'absence
de palygorskite dans ce nouvel échantillon. Ce chapitre consiste donc en une étude
comparative de la calcination, de I'auto-réactivité lors de I’hydratation et de la réactivité en
systéme cimentaire de ces deux marnes. L'objectif est double, déterminer si ces marnes
peuvent étre utilisées comme ajouts cimentaires une fois calcinées mais également évaluer le

role de la palygorskite dans la réactivité totale de cette marne.
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Résumé en francais

Ce chapitre porte sur |'utilisation de deux marnes calcinées comme ajouts cimentaires, I'une
avec de la palygorskite et de la smectite (MS1) comme phases argileuses et I'autre avec de la
smectite uniquement (MS2). La calcination et la réactivité de ces deux matériaux ont d'abord
été analysées par diffraction des rayons X (DRX) et par résonance magnétique nucléaire du
solide (RMN MAS). Les deux marnes calcinées ont été mélangées avec du ciment Portland
pour produire des ciments composés puis des mortiers ont été confectionnés afin de mesurer
les résistances a la compression. Les résultats de DRX et de /Al RMN MAS ont montré que
800°C est une température de calcination optimale et que les deux marnes calcinées peuvent
étre utilisées comme ajouts cimentaires. La réactivité de MS1 s'est avérée plus élevée que
celle de MS2. Ceci a été confirmé par les mesures de résistance a la compression sur mortiers
gui ont montré des performances mécaniques supérieures pour les mortiers incorporant MS1
calcinée plutot que MS2 calcinée. Cette différence entre MS1 et MS2 est due a la présence de
palygorskite dans MS1, qui améliore considérablement la réactivité et les performances
mécaniques finales. Par conséquent, les marnes contenant de la palygorskite sont appropriées
pour une utilisation en tant que SCM et cela suggere que la palygorskite présente une

réactivité pouzzolanique significative.

Résumé en anglais

This article focusses on the use of two calcined marlstones as supplementary cementitious
materials, one with palygorskite and smectite (MS1) as clay phases and the other with
smectite only (MS2). The calcination and the reactivity of these two materials were first
analysed by X-ray diffraction (XRD) and Magic Angle Spinning Solid State Nuclear Magnetic
Resonance (MAS NMR). The two calcined marlstones were combined with Portland cement
to produce mortars and measure compressive strength. The XRD and 2’Al MAS NMR results
showed that 800°C is an optimal calcination temperature and that both calcined marlstones
can be used as supplementary cementitious materials. The reactivity of MS1 was found to be
higher than that of MS2. This was confirmed with compressive strength measurements which

showed superior performance for mortars blended with calcined MS1 rather than calcined
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MS2. This difference between MS1 and MS2 is due to the presence of palygorskite in MS1,
which greatly improves the reactivity and final mechanical performances. Therefore,
palygorskite bearing marlstones are suitable for a use as SCM and this suggests that

palygorskite exhibits a significant pozzolanic reactivity.

4.2. Introduction

In order to comply with the Paris climate agreements, and to limit the global temperature
increase below +1.5°C compared to pre-industrial levels, the most polluting industrial sectors
needs to reduce significantly their greenhouse gas emissions (may their CO; emissions). It is
estimated that 5 to 8% of global anthropogenic CO, emissions comes from the cement

industry [1]. In this context, cement producers are seeking to reduce their carbon footprint.

The use of Supplementary Cementitious Materials (SCMs) to replace part of the clinker is now
seen as one of the major solutions to reduce the environmental footprint of the cement
industry [2]. Blast furnace slag [3,4] and power plant fly ash [5—7] are the main examples of
SCMs used today that reduce the environmental footprint of cement. However, blast furnace
slag resources remain limited, preventing large-scale deployment of this technology, and fly
ash reserves from coal combustion will continue to decline in the coming years as the energy

transition legitimately limits their availability [2].

Among alternative SCMs, calcined clays are gaining in popularity. The resources of clays
potentially viable as SCMs after calcination are abundant and well distributed around the
world, especially in developing countries where the demand for cement is constantly growing
[2]. The numerous studies carried out on the subject have shown that metakaolin (from the
calcination of kaolin) has the highest reactivity in cementitious media [8-11], whereas
calcined smectites [12—14] and illites [15—17] are much less reactive. These results led to a
growing interest in the use of calcined kaolins (rock composed of kaolinite, quartz and minor
accessory minerals) as SCMs, and to the development of Limestone Calcined Clay Cements

(LC3) [18,19].
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Only few studies have looked at other types of clays than kaolinites, smectites and illites
[20,21], mainly because of industrial competition (which leads to higher prices) and lower
availability. Furthermore, the majority of studies focused on relatively "pure" samples, which
are mainly composed of clay minerals, quartz and other accessory minor minerals. Yet it is
common to find clay minerals associated with other compounds, especially carbonates. If the
proportion of carbonates is high, this mixture of clay minerals and carbonates is named

marlstone.

Marlstones are often neglected by manufacturers of fired clay materials such as bricks
because of their high content of calcium carbonate. They are considered as waste by many
industries and supplies are increasing [22]. However, these materials contain a significant
proportion of clay minerals, which can become pozzolans upon calcination. The use of
marlstones as SCMs could therefore make it possible to recover mining wastes (and/or
overburdens) while reducing the environmental footprint of cement production. Numerous
studies looked at the use of marlstones as SCMs [23-27], but the great variability of this type
of material limits the possibility of global analyses. For each type of marlstones considered as
a potential SCM, it is imperative to understand the evolution of each phase (clay minerals and
carbonates) composing the marlstones during its calcination, as well as its influence on the

reactivity and the final mechanical performances of calcined marlstone-cement blends.

This study focuses on the use as SCMs of two marlstones considered as waste by the mining
industry. The first objective is to determine whether these materials can be used as SCMs. The
second objective is to study the physico-chemical changes taking place during the calcination
and the reaction of these new pozzolans and to correlate this information with the final
mechanical performances. The last objective is to determine how palygorskite (an
unconventional clay contained in one of the two materials) contributes to the pozzolanic

reactivity.
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4.3. Materials and experimental methods
4.3.1. Materials

The materials studied (MS1 and MS2) are two marlstones considered as waste by the mining
industry. The samples were received as loose blocks and mechanically crushed before analysis.
Table 4-1 shows the results of the chemical analysis (performed by X-Ray Fluorescence (XRF).

The proportions of each element are expressed in weight percent.

Table 4-1: Chemical analysis of MS1 and MS2.

Element (o) Ca Si Mg Al Fe K P Na Ti \"
MS1 wt. % 55.5 14.2 15.6 6.0 4.7 15 1.0 0.6 0.2 0.2 0.1
MS2 wt. % 56.0 | 16.4 16.2 5.5 3.8 1.2 0.2 0.2 0.2 0.2 0

MS1 and MS2 have a very close chemical composition, especially regarding the proportions of
silicon, calcium, magnesium and aluminium. These similarities in the chemistry of MS1 and

MS2 are not surprising as both materials originate from the same sedimentary deposit.

X-ray diffraction analysis (XRD) was performed to highlight the mineralogical composition MS1
and MS2 and the different phases were quantified using the Rietveld refinement technique
(see supporting information). Table 4-2 shows the results of the quantitative phases analysis

for MS1 and MS2.

Table 4-2 : wt.% of the crystalline phases of MS1 and MS2.

Phase | Dolomite | Palygorskite | Smectite | Biotite | Hydroxylapatite | Quartz

MS1 wt.% 54 17 16 2 3 8

MS2 wt.% 59 27 1 2 11

MS1 and MS2 have a relatively close mineralogy, they are both mainly composed of dolomite
associated with clay phases (smectite and biotite), quartz and hydroxylapatite. The main

difference is the occurrence of palygorskite in MS1, which replaces part of the smectite.
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4.3.2. Marlstones calcination

MS1 and MS2 were calcined at 600, 800 and 900°C in alumina crucibles using a laboratory
furnace. The materials were heated at a heating rate of 300°C/h and then maintained for 1
hour at maximum temperature. They were then left to cool until room temperature with the

furnace door closed.

4.3.3. Hydration of calcined marlstones

The calcination and hydration of MS1 have already been the subject of two previous studies
[28,29] which demonstrated the formation of several reactive phases after calcination,
notably CaO. As MS2 has a very close mineralogy to MS1, it is very likely to have the same
reactive phases formed. Therefore, the pozzolanic activity of calcined MS1 and MS2 could not
be measured using the classical pozzolanic activity tests (Chapelle test [30] and R3[31]), which
requires the material tested not to contain free calcium. It was therefore decided to
characterise the reactivity of these calcined materials by carrying out hydration tests. For both
MS1 and MS2, 1g of 800°C calcined material was manually mixed with water according to the
chosen water to binder ratios (w/b = 0.8; 1; 2 and 4). The mixtures were left to react in sealed
conditions for 7, 14, 28 and 180 days. At the end of each time period, they hydration was
stopped by freezing (24h) and freeze-drying (48h). The dried materials were crushed and
analysed by X-ray diffraction (XRD) and solid state nuclear magnetic resonance (MAS NMR).
As the result analysis did not reveal any significant differences between the different w/b, only

the hydration results for w/b = 0.8 are reported.

4.3.4. X-ray diffraction analysis (XRD)

Measurements were made with a Bruker D8 diffractometer using a Bragg-Brentano geometry
with a copper anode tube X-ray source (40 kV/40 mA) emitting Cu Ka radiation. The
acquisitions of the diffractograms were made between 4° and 60° 26 with a step size of 0.017°
20 and a measurement time of 1s per step. The Rietveld quantification of MS1 and MS2 was

performed using the Profex Rietveld refinement program [32].
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4.3.5. Solid state nuclear magnetic resonance (MAS NMR)

27Al MAS NMR spectra were acquired in a 2.5 mm MAS probe using a Bruker Avance Ill 500
MHz spectrometer with the following parameters : MAS frequency of 30 kHz, excitation pulse
length of /13, radio frequency field of 11 kHz and repetition time of 1s. 2°Si MAS NMR spectra
were acquired in @ 7 mm MAS probe using a Bruker NEO 300 MHz spectrometer with the
following parameters : MAS frequency of 5 kHz, excitation pulse length of /2 and repetition
time of 10s. The chosen 10s repetition time is too short to obtain a quantitative signal from
the quartz, but as quartz is unreactive shorter repetition time can be used to save
spectrometer time. All the acquisitions were performed with 'H decoupling. An aqueous
solution of AI(NOs)s was used to referenced %’Al spectra while 2°Si spectra were referenced
against TMS (Tetramethylsilane). The Dmfit sotftware [33] was used to perform the spectral

decompositions (see supporting information).

4.3.6. Calcined marlstone-cement blends and compressive strength
measurements

The compressive strength was assessed on mortar cubes (50 x 50 x 50 mm3) made with graded
standard (supports ASTM C109) sand (sand to cement ratio = 2.75) and a constant water to
binder ratio (w/b = 0.484). Blended cement was obtained by mixing 80 wt.% of general use
Portland cement (GU) with 20 wt.% of 800°C calcined MS1 (for M-MS1 mortar) or MS2 (for M-
MS2 mortar). The particle size distributions of the GU cement and MS1 and MS2 (before and

after calcination) are shown in table 4-3

Table 4-3 : Particle size distributions of GU cement and marlstones (MS1 and MS2) before

and after calcination at 800°C.

Label d10 (um) d50 (um) d90 (um)

MS1 3.5 19.5 64.1
800°C-MS1 4.0 24.5 91.6

mMS2 2.4 14.8 53.1
800°C-MS2 3.6 28.2 66.3
GU cement 35 20.5 59.7
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Both 800°C-MS1 and 800°C-MS2 have a particle size distribution close to that of GU cement,
which ensures homogeneous blends.nControl mortars cubes (labelled M-ref) were prepared
using 100% GU cement. A polycarboxylate (PC) superplasticizer was used to obtain a flow
equivalent to that of the control mixture (+/- 5 mm). Table 4-4 shows the proportions of the

investigated mortars.

Table 4-4 : Mix proportions of mortars.

Label Cement (g) Pozzolan (g) Sand (g) Water (g)
M-Ref 500 0 1375 242
M-MS1 400 100 1375 242
M-MS2 400 100 1375 242

Mortars were mixed and specimens were molded according to the standard procedure ASTM
C109) [34]. After molding, the specimens were placed in plastic bags for 20-24h until
demolding. The demolded mortar cubes were stored in saturated lime water until testing. At
7 and 28 days the compressive strength was assessed according to the ASTM C109 loading

procedure [34].

4.4. Results and discussion
4.4.1. Calcination

Figure 4-1 displays the evolution of MS1 (figure 4-1A) and MS2 (Figure 4-1B) X-ray

diffractograms as a function of the calcination temperature.
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Figure 4-1 : Evolution of the X-ray diffractograms of MS1 (A) and MS2 (B) as a function of the

calcination temperature.
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At 600°C, for both MS1 and MS2 the 001 peak of smectite (Sm) is shifted from 6.2°(28) to
8.75°(20). This shift is explained by the dehydration of the smectite during the heat treatment
(the removal of the interlayer water leads to a decrease in d001 basal spacing) [35,36].
Concerning MS1, the characteristic peaks of palygorskite disappears at 600°C, reflecting its

loss of crystallinity.

At 800°C, for both MS1 and MS2 the dolomite (CaMg(CQ3s),) decarbonates into lime (Ca0O) and
periclase (MgO) and a peak associated with dicalcium silicate (C,S) appears. However, the low
intensity of the C,S peaks (possibly due to low crystallinity of the phase) hinders the
determination of the type of polymorph. The fact that this C,S is formed at the same
temperature as the lime supports the hypothesis that it results from a recombination
phenomenon between the calcium from the decarbonated dolomite and the silicon from

calcined clay phases [37].

At 900°C, for both MS1 and MS2 the characteristic peaks of dehydrated smectite and biotite
disappear, indicating a complete loss of crystallinity of these two phyllosilicates. Quartz and
hydroxylapatite are not sensitive to heat treatment since their peaks remain detectable up to

900°C. Finally, there are recrystallisation phenomena in the form of augite and akermanite at

900°C.

Based on these XRD results, 800°C seems to be a suitable calcination temperature as it allows
the loss of crystallinity of the clay phases without causing recrystallisation phenomena (that

could reduce the reactivity) for both MS1 and MS2.

Figure 4-2. displays the evolution of the 2’Al MAS NMR spectra of MS1 (Figure 4-2A) and MS2

(Figure 4-2B) as a function of the calcination temperature.
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Figure 4-2: Evolution of the ?’Al MAS NMR spectra of MS1 (A) and MS2 (B) as function of the

calcination temperature.

Both spectra of raw MS1 and MS2 exhibit two main resonances at 3 and 70 ppm which
correspond to 6-fold and 4-fold aluminium, respectively [38]. The 6-fold aluminium resonance
(3 ppm) can be associated with aluminium in palygorskite, smectite and biotite for MS1 and
with aluminium in smectite and biotite for MS2 [39]. The 4-fold aluminium resonance (70
ppm) can be associated with the isomorphic substitution of silicon by aluminium atoms into

silicate layers of palygorskite, smectite and biotite structures for MS1 and into smectite and

biotite structures for MS2 [39].

A weak resonance at 57 ppm is detected in both MS1 and MS2 spectra, which corresponds to
aluminium in q*(4Si) configuration [40] possibly associated with an additional phase occurring

in low quantity and/or with low crystallinity, undetectable by XRD.

126
Victor Poussardin, 2022



With the increasing calcination temperature, the 6-fold aluminium resonance intensity
decreases while two new resonances appear at 27 and 59 ppm, which correspond to 5-fold
and 4-fold aluminium, respectively [38]. During the calcination of MS1 and MS2, the
calcination leads to a departure of hydroxyl groups from the clay phases (the dehydroxylation
phenomenon). The octahedral (6-fold) aluminium atoms to which these hydroxyl groups were
bonded have changed their coordination to 5- and 4-fold aluminium atoms. The pozzolanic
activity of a calcined clay could be directly related to the relative proportion of 5- and 4-fold
aluminium. These sites, in particular at the 5-fold one, are the starting point of the dissolution
and the initiation of the pozzolanic reaction [15]. For both MS1 and MS2, the highest relative
proportion of aluminium 5 and 4 (without recrystallization) is reached at 800°C, which

suggests that this calcination temperature should allow the highest pozzolanic reactivity.

By comparing the evolution of MS1 and MS2 it is clear that the dehydroxylation occurs more
easily in MS1 (which contains smectite and palygorskite) than in MS2 (which contains only
smectite). At 800°C, a significantly higher relative proportion of 6-fold aluminium is still
remaining in MS2 than in MS1. This difference can be explained by the occurrence of
palygorskite in MS1, which was found to dehydroxylate more efficiently (at lower

temperature) than smectite and biotite.

Figure 4-3 displays the evolution of the 2°Si MAS NMR spectra of MS1 (Figure 4-3A) and MS2

(Figure 4-3B) as a function of the calcination temperature.
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Figure 4-3: Evolution of the 2°Si MAS NMR spectra of MS1 (A) and MS2 (B) as function of the

calcination temperature.

Both spectra of raw MS1 and MS2 exhibit a resonance at -108 ppm which correspond to Q*
silicon atoms and which can be associated with silicon in the quartz structure [41]. For MS1,
the total signal between -84 and -100 ppm is composed of Q3 silicon atoms of smectite (-93
ppm) [12], Q3(1Al) silicon atoms of biotite (-86 ppm) [42], Q? silicon atoms of palygorskite (-84
ppm) [43] and two Q3 silicon sites of palygorskite at -98 and -92 ppm which correspond to SiO4
at the edges and at the centre of the ribbons of tetrahedra, respectively [44]. For MS2, the
total signal is only composed of Q3 silicon atoms of smectite and Q3(1Al) silicon atoms of

biotite and smectite. For both MS1 and MS2, the increase of the calcination temperature leads
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to a broadening of the resonances associated with the Q3 of the clay phases. This broadening
is explained by a distribution of the environments of the silicon atoms and indicates a
structural loss of the clay phases upon calcination [45]. At 800°C a new resonance appears at
-71 ppm in MS1 and MS2 spectra. This new resonance corresponds to Q° silicon atoms and
can be associated with the silicon contained in the C,S structure [46], in accordance with XRD
results. With increasing the calcination temperature there is a low-frequency shift of the Q3

resonances for MS2, which is explained by the condensation of the Q3 into Q* silica [17].

By comparing MS1 and MS2 it is evident that the C,S formation is facilitated in MS1 compared
to MS2 (a higher relative proportion is observed). This could be explained by the occurrence
of palygorskite as it is the only main difference between both materials. However, this
difference of C,S formation between MS1 and MS2 is not observable by XRD, meaning that

the main part of this C,S is amorphous.

Overall, the results of XRD and MAS NMR indicates that 800°C is probably the best calcination
temperature for both MS1 and MS2. Moreover, MS1 seems to be more sensitive to the
calcination, which leads to higher dehydroxylation of the clay phases and to higher relative
amount of C,S. The major difference between MS1 and MS2 being the occurrence of
palygorskite in MS1, it seems clear that smectite and palygorskite have different responses to

calcination.

4.4.2. Self-reactivity of calcined marlstones in water

The calcination study of MS1 and MS2 revealed the formation of different reactive phases
such as lime, periclase and C,S as well as the loss of crystallinity of the clay phases. MS1 and
MS2 where thus hydrated in water in order to study their reactivity, the contribution of each

phases, their evolution and the possible presence of synergies.

Figure 4-4 displays the evolution of the X-ray diffractograms of MS1 (figure 4-4A) and MS2
(figure 4-4B) calcined at 800°C and hydrated in water for 7, 14, 28 and 180 days.
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Figure 4-4: Evolution of the X-ray diffractograms of MS1 (A) and MS2 (B) calcined at 800°C

and hydrated (w/b = 0.8) during 7, 14, 28 and 180 days.
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After 7 days of hydration, for both MS1 and MS2, diffraction peaks characteristic of
portlandite, calcite, hydrotalcite and brucite appear on the diffractograms. The formation of
portlandite comes from the hydration of lime and calcite comes from its carbonation. The

magnesium from the periclase is incorporated into two phases: brucite and hydrotalcite.

The formation of brucite can be problematic in cements. The hydration of periclase into
brucite is a phenomenon that has relatively long kinetic compared to the hardening kinetic of
cement. This post-hardening swelling can lead to cracking problems and therefore a loss of
mechanical performance if there is not enough space available in the matrix [47]. Studies are
currently underway to determine whether neoformed brucite leads to cracking in this system.
However, there is no post-hardening swelling phenomenon associated with hydrotalcite (the
second magnesian phase neoformed in our system) formation in the existing literature and
the possible existence of synergies with the cement phases could enhance the formation of

hydrotalcite instead of brucite in calcined marlstone-cement system.

The amount of neoformed brucite and portlandite is higher for MS2 than for MS1 (larger area
under the peaks), therefore it is difficult to compare the evolution of these two phases
between MS1 and MS2. With the increasing hydration time, the intensity of the peaks
characteristic of portlandite decrease for MS1 and MS2. However, after 180 days of hydration
the portlandite diffraction peaks are no longer detectable in MS1. This total consumption of
portlandite in MS1 could be a first indication of a possible stronger pozzolanic reactivity
compared to MS2. However, this apparent consumption of portlandite may also be due to its
carbonation into calcite as we observe an increase in the intensity of the peak associated with

calcite with increasing hydration time.

Figure 4-5 shows the evolution of the 2°Si MAS NMR spectra of MS1 (figure 4-5A) and MS2
(figure 4-5B) calcined at 800°C and hydrated in water during 7, 14, 28 and 180 days.
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Figure 4-5: Evolution of the 2°Si MAS NMR spectra of MS1 (A) and MS2 (B) calcined at 800°C

and hydrated (w/b = 0.8) during 7, 14, 28 and 180 days.

After 7 days of hydration for both MS1 and MS2, a decrease is observed for the intensity of
the broad Q3 resonances previously associated with the calcined clay phases. This decrease is
correlated with the appearance of two new resonances at -78 and -85 ppm which corresponds
to Q! and Q? silicon atoms, respectively [48]. Q! silicon atoms can be associated with pairs of
linked silicate tetrahedral (dimers) and/or terminal tetrahedral silicate groups of C-S-H. Q?
silicon atoms can be associated with C-S-H tetrahedral silicate groups in bridging (Q2-B) and/or

intermediates (Q?-P) configurations [49].

The -71 ppm resonance corresponding to Q% atoms (associated previously with C2S neoformed
during calcination) decreases considerably after 7 days of hydration and leaves a resonance
at -73 ppm for both MS1 and MS2. This -73 ppm resonance can either be associated with the
Q! atoms of akermanite/gehlenite and/or Q° of non-reactive C,S. The fact that the C,S XRD
signal remains detectable even after 180 days of hydration supports the hypothesis that some
of the C,S is non-reactive (the crystallised one). However, during the calcination of MS1 and
MS2, the formation of akermanite was observed at 900°C (figure 4-1). The -73 ppm signal can
thus also be associated with akermanite which is not yet crystallised enough to be detectable

by XRD at 800°C. Finally, several studies have highlighted the formation of gehlenite during
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the calcination of marlstones [50,51] and this signal at -73 ppm could therefore be associated

with this phase.

After 14 days of hydration, for both MS1 and MS2, the intensity of the Q3 calcined clay phases
resonances continues to decrease while the intensity of the Q' + Q2 resonances associated
with C-S-H increases. A new resonance at -81 ppm appears after 14 days for MS1 and 28 days
for MS2, which corresponds to silicon in Q*(1Al) configuration and confirms the incorporation
of aluminium into the C-A-S-H structure, which is characteristic of the pozzolanic reaction of
calcined clays. The trend will continue up to 180 days for MS1 and MS2, validating the intrinsic

pozzolanic reactivity of these two calcined materials.

The comparison of the series of spectra indicates that the formation of C-A-S-H and the
consumption of calcined clay phases is significantly higher for MS1 than MS2. Spectral
integration quantification was thus carried out to precisely compare the difference between
MS1 and MS2 in terms of the consumption of calcined clay phases and the formation of C-A-

S-H.

Figure 4-6 displays the evolution of the relative proportions (from the perspective of silicon
content) of the Qn (C-A-S-H) and the Q3 (calcined clay phases) for hydrated 800°C-MS1 (figure
4-6A) and 800°C-MS2 (figure 4-6B). Details of this quantification by spectral integration are
given in the supporting information. The Q* signal associated with quartz is not quantitative
and the Q°-Q* signal associated with C,S and/or akermanite/gehlenite is constant from 7 days
and onward. Therefore, figure 5-6. includes only the evolution of the Q3 (and Q3-Q* for MS2)

of the calcined clay phases and Q" of the C-A-S-H.
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Figure 4-6: Relative proportions of silicon-containing phases of MS1 (A) and MS2 (B) calcined

at 800°C (from the perspective of silicon content) as function of the hydration time obtained

from 2°Si MAS NMR spectra.

For MS1, after only 7 days of hydration, the relative proportion of silicon in Q" configuration
associated with C-A-S-H is already 30%. From 7 to 180 days of hydration, the relative
proportion of silicon in Q3 configuration associated with the calcined clay phases decreases
from 58% to 30%. In parallel, the relative proportion of Q!, Q*(1Al) and Q? silicon associated

with the C-(A)-S-H increases from 30% to 58%.

For MS2, after 7 days of hydration, the relative proportion of silicon in Q" configuration
associated with C-A-S-H is only 14%, which is much lower than for MS1 (30%). From 7 to 180

days of hydration the relative proportion of silicon in Q3-Q* configuration associated with the
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calcined clay phases decreases from 67% to 39%. In parallel, the relative proportion Q2,
Q%(1Al) and Q2 silicon associated with the C-(A)-S-H increases from 14% to 43%. The
consumption of the calcined clay phases, associated with the formation of C-A-S-H and the
consumption of portlandite during hydration confirms the pozzolanic reactivity of MS1 and
MS2 calcined at 800°C. However, this pozzolanic reactivity is more important for MS1 (which

N (CASH N (CASH
contains palygorskite) than for MS2 (% =1,93 for MS1 and % =1,13 for MS2

after 180 days of hydration). Compressive strengths were measured on mortars incorporating

the two marlstones calcined at 800°C to confirm their different reactivity.

4.4.3. Calcined marlstone-cement blends

Figure 4-7 displays the compressive strength of M-ref, M-MS1 and M-MS2 after 7 and 28d of

hydration. The error bars indicate the standard deviation for each set of 3 compression

measurements.
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Figure 4-7: Compressive strengths at 7 and 28 days of M-ref, M-MS1 and M-MS2.

After 7 days M-MS1 shows a compressive strength slightly higher to that of the reference (M-

ref) whereas M-MS2 shows a significant lower strength. At 28 days the trend continues for M-
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MS1 which shows an equivalent compressive strength to that of the reference whereas M-

MS2 still shows significant lower compressive strength.

The better mechanical performance of M-MS1 confirms the previous results assessed by 2’Al
and 2°Si MAS NMR. The occurrence of palygorskite in MS1 leads to a higher degree of
dehydroxylation at 800°C in comparison to MS2 (figure 4-2). This enhances the pozzolanic
reactivity of 800°C-MS1 in comparison to 800°C-MS2 (figure 4-6) and results in higher
compressive strengths at 7 and 28 days (figure 4-7). These results suggest that the palygorskite
has a higher pozzolanic activity after calcination at 800°C than smectite. To a lesser extent,
the higher mechanical performance of M-MS1 compared to M-MS2 could also be attributed
to the greater amount of C,S neoformed during the calcination (facilitated by the occurrence

of palygorskite).

4.5. Conclusion

This paper compares the use of two calcined marlstones as SCMs in terms of calcination, self-
reactivity in water and mechanical performance in cementitious blends. The two marlstones
differ mainly by the presence of palygorskite (MS1) or not (MS2). Based on the results

presented, the following conclusions can be drawn:

1. The calcination of MS1 and MS2 leads to the dehydroxylation of the clay phases associated
with the formation of lime, periclase and C;S. A calcination temperature of 800°C resulted in
the highest expected reactivity for both MS1 and MS2. The degree of dehydroxylation and the
amount of C;S neoformed are higher for MS1 than MS2, which was attributed to the

occurence of palygorskite in MS1.

2. Both MS1 and MS2 calcined at 800°C exhibit significant self-reactivity in water, mainly
pozzolanic. The comparative study shows that MS1 calcined at 800°C exhibits a higher self-

reactivity than MS2 confirming the results of the calcination analysis.

3. The comparative study shows that mortars made from cement blended with 20% of MS1

calcined at 800°C have much better compressive strength than those made with MS2 after 7
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and 28 days. Once again, this confirms the results of the calcination (higher dehydroxylation
of MS1 than MS2) and self-reactivity in water analysis (higher reactivity of 800°C-MS1 than
800°C-MS2).

4. Calcination, self-reactivity in water and compressive strength results indicate that calcined
palygorskite-bearing marlstones have higher potential use as SCMs in cementitious systems
than calcined smectite-bearing marlstones. These results open up new applications for this
type of marlstones and suggest that palygorskite is a clay that could be used as SCM once

calcined.
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4.7. Bilan scientifique du chapitre 4

Cette derniere partie dresse un bilan scientifique de ce chapitre 4 qui s’intéresse a I'utilisation
de deux marnes calcinées comme ajouts cimentaires. Les deux marnes ont une composition
minéralogique similaire (dolomite + smectite). La différence majeure est la présence de
palygorskite en plus de la smectite dans I'une d’entre elle. La premiére marne contient 17%
de palygorskite et 16% de smectite comme phases argileuses alors que I'autre contient 27%
de smectite uniquement. L’étude comparative de la calcination, de I'auto-réactivité dans I'eau
et des performances mécaniques en systéme cimentaire a permis de mettre en avant

I'influence positive de la présence de palygorskite sur la réactivité totale du matériau.

Il a été démontré que les deux marnes étudiées ne présentent pas la méme auto-réactivité
dans I'eau ni la méme réactivité en systéeme cimentaire apreés calcination a 800°C. La présence
de palygorskite dans I'une des deux marnes entraine une augmentation importante de sa
réactivité pouzzolanique totale et in fine des performances mécaniques en systéme
cimentaire. Ces résultats permettent de faire deux constats différents, le premier est que ce
type de marne dolomitique contenant de la palygorskite présente un intérét de valorisation

comme ajout cimentaire dans des ciments composés aprés calcination. Le second est que la
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palygorskite est une argile possédant une importante réactivité pouzzolanique apres

calcination, ce qui en fait une argile d’intérét pour une utilisation comme ajout cimentaire.
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Chapitre 5 - Utilisation de palygorskites calcinées
comme ajouts cimentaires

5.1. Avant-propos

Note : Ce chapitre est basé sur un article soumis dans un journal international a comité de
lecture.

Titre de l'article : Calcined palygorskites as supplementary cementitious
materials

Victor Poussardin, Valentin Roux, William Wilson, Michael Paris, Arezki Tagnit-Hamou,
Dimitri Deneele

Soumis a : Materials Today : Proceedings

Contribution a la these

Le chapitre 4 a permis de démontrer que la palygorskite est une argile qui présente une
importante réactivité pouzzolanique apreés calcination. Cependant ces résultats se basent sur
I’étude d’un échantillon naturel complexe puisqu’il s’agit d’'une marne dont la teneur en
palygorskite est limitée (17%) mais qui suffit a présenter des propriétés supérieures a la méme
marne ne contenant pas de palygorskite.. Pour la poursuite de I’expérimentation nous avons
donc décidé de nous procurer deux argiles contenant une forte proportion de palygorskite
afin d’évaluer la réactivité d’échantillons avec diverses teneurs en palygorskite. Le premier
objectif est de comparer les résultats obtenus avec ces échantillons plus riches en palygorskite
avec ceux décrits dans le chapitre 5. Le second objectif est d’évaluer comment la teneur en

palygorskite influence la réactivité des échantillons aprés calcination.
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Résumé en francais

La diminution de I'empreinte environnementale du ciment est une nécessité absolue pour
respecter les engagements de la COP26 et notamment la limitation du réchauffement
climatique a +1,5°C par rapport au niveau préindustriel. Dans ce contexte, un intérét
particulier s'est développé ces dernieres années pour |'utilisation d’argiles calcinées comme
ajouts cimentaires. En effet, en raison de leur grande réactivité, de leurs importantes réserves
et de leur répartition homogene a la surface de la terre, les argiles calcinées représentent une
alternative viable aux ajouts cimentaires plus classiques déja utilisés de nos jours. Les
minéraux argileux sont trés variables et il en existe un grand nombre, chacun ayant ses propres
caractéristiques. Par conséquent, ils n'ont pas tous un potentiel de calcination et d'utilisation
en tant qu’ajout cimentaire. Cet article étudie I'utilisation de la palygorskite (une argile qui est
actuellement peu étudiée) comme ajout cimentaire. Pour ce faire, deux palygorskites
commerciales ont été sélectionnées et leur calcination étudiée par diffraction des rayons X et
par des tests d'activité pouzzolanique. Des ciments composés incorporant 20% de chacune
des palygorskites calcinées ont ensuite été préparés et les performances mécaniques et la
résistivité sur mortiers ont été mesurées. Les résultats ont montré que la température
optimale de calcination est de 800°C (permettant une amorphisation compléte de la fraction
argileuse et la plus grande réactivité pouzzolanique) pour les deux argiles. Les mortiers
confectionnés a partir de ciment incorporant 20% de palygorskite calcinée a 800°C ont permis
une augmentation significative de la résistance a la compression et de la résistivité par rapport
a la référence (100% ciment). En outre, c'est I'échantillon commercial avec le pourcentage le
plus élevé de palygorskite qui présente la réactivité pouzzolanique et la résistance a la
compression en systéme cimentaire la plus élevées, confirmant que la palygorskite est un

minéral argileux avec un potentiel élevé pour une utilisation en tant qu’ajout cimentaire.
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Résumé en anglais

Reducing the environmental footprint of cement is an absolute necessity in order to meet the
commitments of COP26 and in particular to limit global warming to +1.5°C compared to the
pre-industrial level. In this context, particular interest has developed in recent years in the use
of calcined clays as supplementary cementiiousg materials (SCMs). Indeed, due to their high
reactivity, large reserves and homogeneous distribution on the earth's surface, calcined clays
represent a viable alternative to the SCMs already used nowadays. Clay minerals are highly
variable and there are a large number of them, each with its own characteristics. As a result,
not all of them have potential for calcination and use as SCM. This paper investigates the use
of palygorskite (a clay that is currently poorly studied) as a supplementary cementitious
material. For this purpose, two commercial palygorskites were selected and their calcination
studied by X-ray diffraction and pozzolanic activity tests. Blended cements incorporating 20%
of each of the calcined palygorskites were then prepared and the mechanical performance
and resistivity of the mortars measured. The results showed that the optimum calcination
temperature is 800°C (allowing complete amorphisation of the clay fraction and the highest
pozzolanic reactivity) for both clays. Mortars made from cement blended with 20% de 800°C
calcined palygorskite allowed a significant increase of compressive strength and electrical
resistivity compare to the reference (100% OPC). Furthermore, it is the commercial sample
with the highest percentage of palygorskite that exhibits the higher pozzolanic reactivity and
mechanical performance in cementitious system, confirming that palygorskite is a clay mineral

with a high potential for a use a SCM.
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5.2. Introduction

The extensive urbanization that comes with economic development results in a significant
increase in the cement demand [1]. Since 1955, cement demand has increased tenfold [2],
resulting in significant CO, emissions. It is estimated today that the cement industry is
responsible for about 8% of global CO, emissions [3,4], which represents about 2.7 billion tons
of CO; emitted each year [5]. In this context, the cement industry is working to reduce its
carbon footprint by modernizing existing plants to make them more efficient and by
developing new technologies [6]. These include the substitution of fossil fuels in cement kilns
by alternative fuels [7], CO2 capture and storage systems (CCS) [8], and the development of
alternative low-carbon clinkers (e.g. with high belite content [9]). However, all these
innovations represent a significant financial cost and/or a long time of development [6]. The
reduction of clinker content (by substituting it with other compounds), on the other hand, is
a technology that can be implemented today and represents a low financial cost compared to

others [6].

In this context, new types of cements incorporating blast furnace slag [10] or fly ash [11] have
been developed. Unfortunately, the available quantities of blast furnace slag are not large
enough to allow a significant reduction of CO, emissions and the energy transition rightly
limits the available resources of fly ash from coal combustion [12]. The use of calcined clays
as SCMs is a technology that is growing in interest. In particular because the available reserves
of clays with potential for calcination and use as SCM are large and evenly distributed over
the earth's surface [12]. This led to the development of the Limestone Calcined Clay Cements
(LC3) which are based on the use of metakaolin [1,12]. However, there is a scientific gap on
the use of clays different than kaolinite or the other main clays studied such as smectite and

illite [13,14].

A previous study that investigated the use of a dolomitic marlstone containing palygorskite
(17 %) and smectite (16 %) as SCM demonstrated the high potential of palygorskite [15]. In
this context, the aim of this paper is to investigate the use of calcined palygorskite as a new
type of SCM by comparing two samples (Pal-1 and Pal-2) containing large amount of

palygorskite. The main objectives are to determine whether these palygorskites can be used
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as SCMs once calcined, and whether the percentage of palygorskite in the sample has an
influence on the total reactivity. The final objective being to determine whether it is possible
to use so-called low grade palygorskites. This involves a multi-scale study of the calcination,
the pozzolanic reactivity, and the mechanical performances in cementitious systems of these

two palygorskites.

5.3. Materials and experimental methods

5.3.1. Materials

The materials studied (Pal-1 and Pal-2) are two commercial palygorskites supplied by an
industrial partner. Table 5-1 displays the results of the chemical analysis of the two materials

(performed by X-Ray Fluorescence (XRF)).

Table 5-1: Chemical analysis of Pal-1 and Pal-2

Oxydes | SiO2 | Al;03 | MgO | Fe;03 | CaO | P.Os | K;O [ TiO2 | LOI (1050°C)
Pal-1 | wt.% | 54.1 9.4 9.4 3.2 2.9 08 | 0.8 [ 04 19.8
Pal-2 | wt.% |528 | 9.8 10.5 3.3 2.6 09 | 0.7 | 04 19.5

The two materials have a very similar chemical composition, especially in terms of SiO», Al;Os3,
MgO, Fe;03 and CaO contents. The quantification of the crystalline phases was carried out
using the Rietveld method (see supporting informations) on the diffractograms of the raw Pal-
1 and the raw Pal-2. Table 5-2 shows the mineralogical composition of each of these two

materials.

Table 5-2: Mineralogical composition of Pal-1 and Pal-2

Phases | Palygorskite | Smectite | Quartz Ankerite
Pal-1 wt. % 61 25 10 4
Pal-2 wt. % 73 21 4 2

Pal-1 and Pal-2 have a relatively similar mineralogy, they are both mainly composed of

palygorskite, associated with smectite, quartz and ankerite. The occurrence of smectite in
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both materials is explained by the fact that palygorskite is mainly formed by the alteration of
smectite [16,17]. It is therefore very common to find smectite associated with palygorskite in

natural samples.

The particle size distributions (obtained by laser granulometry) of the GU-white, GU-grey, Pal-

1 and Pal-2 (before and after calcination at 800°C) are shown in Table 5-3.

Table 5-3. Particle size distributions of the palygorskites (Pal-1 and Pal-2) before and

after calcination at 800°C.

Label d10 (um) d50 (um) d90 (um)

Pal-1 5 22 67
800°C-Pal-1 4 20 72

Pal-2 4 11 23
800°C-Pal-2 3 9 20

5.3.2. Calcination

Pal-1 and Pal-2 were calcined using a laboratory furnace in flat alumina crucibles (to ensure a
homogeneous calcination) under atmospheric conditions. They were heated from room
temperature up to 600, 700, 800 and 900°C with a heating rate of 5°C/min and a residence
time at maximum temperature of 1h. After calcination, the materials were left to cool down
to room temperature into the oven overnight (with the door closed). The choice of this

calcination protocol was made on the basis of the existing literature on the subject [18-22].

5.3.3. X-ray diffraction analysis

X-ray diffraction analysis were performed using a PANalytical X'Pert pro MPD diffractometer
equipped with a PIXcel 1D detector (active length of 3.347°26). The X-ray tube consisted of a
copper anode tube (40 kV / 50 mA) that emits Cu Ka radiation (A = 1.5418 A). Measurements

were based on a Bragg-Brentano geometry with 0.04 rad Soller slits. Anti-scatter and incident
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divergence slits were 1/8° and 1/16° respectively. The diffractograms were acquired between

3°and 70° 26, with a step size of 0.0131° 26 and a measurement time of 0.75 second per step.

5.3.4. Nuclear magnetic resonance

The Al MAS NMR spectra were acquired on a Bruker Avance 11l 500 MHz spectrometer using
a 2.5 mm MAS probe. The excitation pulse length used was /13 for a radio frequency field of
11 kHz. The repetition time was 1s and the MAS frequency was 30 kHz. The 29Si MAS NMR

spectra were acquired on a Bruker NEO 300 MHz spectrometer using a 7 mm MAS probe.

A 1/2 excitation pulse length was used, and the MAS frequency was 5 kHz. After several tests
of different repetition times, the choice was made to use a time of 10s in order to ensure
guantitative results (except for quartz). However, this has no consequences as quartz is non-
reactive. 'H decoupling was performed during all the acquisitions. %’Al spectra were
referenced against an aqueous solution of AI(NOs); and 2°Si spectra against TMS
(Tetramethylsilane). The spectral decompositions have been done using the dmfit software

[23].

5.3.5. Pozzolanic activity: isothermal calorimetry

The pozzolanic activity of Pal-1 and Pal-2 calcined at different temperatures was evaluated
according to ASTM C1897 [24] by measuring the cumulative heat release. 10g of dry SCM was
mixed with 30g of calcium hydroxide, 10g of calcium carbonate and 54g of potassium solution.
Then, 15g of the paste was cast into calorimeter ampoules and placed into the calorimeter
measurement chamber. The cumulative heat release was recorded for 7 days (168 h) after

mixing and expressed in J/g of SCM.

5.3.6. Calcined palygorskite-cement blends and compressive strength
measurements

Two different blended cements were obtained by mixing 80 wt.% of grey general use Portland

cement (GU-grey) or white general use Portland cement (GU-white) with 20 wt.% of 800°C
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calcined Pal-1 or 20% wt.% of 800°C calcined Pal-2. The objective of blending with GU-grey
and GU-white cements is to evaluate the influence of the addition on the mechanical
performance in a conventional system (GU-grey cement) but also to be able to perform solid
state NMR measurements to evaluate the influence of the palygorskite on the hydration

kinetics (GU-white cement).

Table 5-4. Particle size distributions of GU-grey and GU-white

Label d10 (um) d50 (um) d90 (um)
GU-grey 4 21 60
GU-white 2 14 42

The particle size distribution of the calcined palygorskites (table 5-3) and the two types of

cements (table 5-4) are in the same order of magnitude, which ensures a homogeneous blend.

Table 5-5 gives the chemical analysis (performed by XRF) of the two cements: GU-grey and

GU-white.
Table 5-5: Chemical analysis of GU-grey and GU-white
Oxydes | CaO | SiO, | AlLOs SO; | MgO | KO | TiO, | Fe;Os3 | Cr,05 | SrO | P.Os [Na,O| BaO | LOI
GU- wt. % 61.9 | 20.7 4.5 3.6 2.1 0.8 0.2 2.5 0 0.1 ]01] 0.2 0 2.8
grey
GU- wt. % 64.8 | 21.7 51 3.1 0.9 0.2 0.2 0.2 0.2 0 0 0.1 ] 01 3.2
white

The main differences concern the proportion of Fe,O3 which is very low for GU-white and the

proportion of alkali which is higher for GU-grey.

Mortar cubes (50 x 50 x 50 mm3) were then prepared with a constant water to binder ratio of
0.484 and with graded ASTM C109 [25] standard sand (sand/binder = 2.75). Molds were then
placed in plastic bags for 20 h until demolding. The demolded mortar cubes were stored in

CaO saturated water until the age of testing. Compressive strength was assessed according to
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the ASTM C109 loading procedure [25] after 7 and 28 days of hydration. Control mortar cubes
were made using 100% GU-grey and 100% GU-white. A polycarboxylate (PC) superplasticizer
was used for mortars made with the blended cements to obtain a slump flow equivalent to

that of the control mortars.

5.3.7. Electrical resistivity

The electrical bulk resistivity was used to assess the influence of the SCMs on the durability of
mortars. The electrical resistivity was evaluated on 50 x 50 x 50 cm?3 mortars cubes at 28 days
of curing. All measurements were made directly after removing the samples from the lime
solution and after wiping the surface with a wet towel to remove the excess of water. This
was done to ensure equivalent moisture state. Two electrodes were placed on opposite
surfaces of the cubes, a voltage was applied, and the potential difference (resistance R) was
measured. The electrical resistivity (in Q.m) was calculated as p = R.(A/l) with R being the
electrical resistance (in Q), A the area of the cross section of the specimen (in m?) and | the

length of the specimen (in m).

5.4. Results and discussion
5.4.1. Calcination and reactivity

Figure 5-1 displays the evolution of the X-ray diffractograms of the Pal-1 and Pal-2 samples as

a function of the calcination temperature.
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Figure 5-1: Evolution of the X-ray diffractograms of Pal-1 and Pal-2 samples as a function of

the calcination temperature. Pal = palygorskite ; Sm smectite ; Qz = quartz ; An = ankerite ;

Ak = akermanite ; En = enstatite.

Both diffractograms of the raw Pal-1 and Pal-2 samples exhibit the characteristic peaks of
palygorskite (Pal), smectite (Sm), quartz (Qz) and ankerite (An). Already at 600°C there is a
shift of the [001] characteristic peak of the smectite from about 26 = 6° to 26 = 9°, which is

caused by the decrease of the d001 value due to the removal of the water from the interfoliate

space [26].
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With increasing calcination temperature, the intensity of the characteristic peaks of
palygorskite and smectite are decreasing gradually. They are no longer detectable at 900°C
while the characteristics peaks of akermanite (Ak) and enstatite (En) appear. Quartz is not
affected by the thermal treatment as its characteristic peaks are still observable after
calcination at 900°C. The evolution of the diffractograms of Pal-1 and Pal-2 is similar, and
based on the XRD results, 800°C seems to be the best calcination temperature as it allows an

important amorphization of the clay phases while avoiding recrystallization phenomena.

Pozzolanic activity measurements were then carried out at each temperature to accurately
determine the optimum calcination temperature of Pal-1 and Pal-2. Figure 5-2 displays the
evolution of the pozzolanic activity (7 days cumulative heat release, ASTM C1897 [24]) as a

function of the calcination temperature for Pal-1 and Pal-2.
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Figure 5-2: Evolution of the pozzolanic activity (cumulative heat release) of Pal-1 and Pal-2

samples as a function of the calcination temperature.

For both Pal-1 and Pal-2 the pozzolanic reactivity increases with the increasing calcination

temperature up to a maximum of 510 J/g of SCM (Pal-1) and 564 J/g of SCM (Pal-2) at 800°C.
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In a previous study [27], a reference palygorskite (containing 79 % of palygorskite and 11 % of
smectite) supplied by the clay mineral society was tested and obtained a pozzolanic activity
value of 528 J/g SCM after calcination at 800°C. Pal-1 and Pal-2 (which contain lower
percentages of palygorskite : 73 and 69 % respectively) exhibits a pozzolanic reactivity
equivalent to that of the reference palygorskite provided by the clay mineral society (79 % of

palygorskite).

Londono-Zuluaga et al. [28] tested 10 types of metakaolins varying in purity and other
constituent minerals and obtained pozzolanic reactivity values ranging from 250 to 960 J/g of
SCM at 7 days. These pozzolanic reactivity values of palygorskite are therefore typical for this
type of clay and very interesting as they are in the range of metakaolin which is the current

reference for calcined clays.

The pozzolanic reactivity decreases after calcination at 900°C for both Pal-1 and Pal-2 because
of the recrystallization phenomena, as highlighted with the XRD analyses. Pozzolanic reactivity
measurements correlate well with the XRD analysis (figure 5-1), the increase in pozzolanic
reactivity follows the loss of crystallinity of the calcined clay phases highlighted by XRD. Pal-2
exhibits a higher pozzolanic activity than Pal-1 at each calcination temperature which could
be explained either by the higher total proportion of clay phases (94% for Pal-2 against 86%
for Pal-1) or the higher proportion of palygorskite (73% for Pal-2 against 61% for Pal-1). It is
also possible that the superior reactivity of Pal-2 is due to its greater finesse (table 5-3) which

favors its dissolution and pozzolanic reactivity.

Based on the XRD analysis and the pozzolanic activity test it appears that 800°C is the
appropriate calcination temperature for both Pal-1 and Pal-2. This temperature is in
agreement with temperatures determined in previous studies on a palygorskite-bearing
marlstone [29] and on a reference palygorskite [27]. Blended cements incorporating 20 wt.%
Pal-1 and Pal-2 calcined at 800°C were then produced to make mortars and measure the

compressive strength and resistivity.
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5.4.2. Calcined palygorskite-cement systems

5.4.2.1. Compressive strength on calcined palygorskite grey and white cement
mortars

The hydration of blended cements incorporating these two materials was then studied by solid
state NMR. In this case, the replacements are made in white cement to avoid that the iron
distorts the NMR signal. Therefore, it is necessary to access the compressive strengths on both

systems : grey and white cement blends mortars

Figure 5-3 displays the compressive strength at 7 and 28 days for mortars M-G-GU (grey
Portland cement), M-G-Pal-1 and M-G-Pal-2 (grey Portland cement incorporating 20 wt.% of
Pal-1 and Pal-2 calcined at 800°C respectively), M-W-GU (white Portland cement), M-W-Pal-1
and M-W-Pal-2 (white Portland cement incorporating 20 wt.% of Pal-1 and Pal-2 calcined at

800°C respectively).
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Figure 5-3: Compressive strength at 7 and 28 days of M-G-GU, M-G-Pal-1, M-G-Pal-2, M-W-

GU, M-W-Pal-1 and M-W-Pal-2.

After 7 and 28 days of hydration, M-G-Pal-1, M-G-Pal-2, M-W-Pal-1 and M-W-Pal-2 exhibits
higher compressive strength values than their respective reference (M-G-GU and M-W-GU).
Mortars that incorporate Pal-1 and Pal-2 systematically have higher compressive strength

values than the reference in both systems (white and grey Portland cement based mortars).
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M-G-Pal-2 exhibit higher compressive strength values than M-G-Pal-1 at both 7 days (45 MPa
against 40 Mpa) and 28 days (56 Mpa against 49 Mpa). These results agree with the pozzolanic
activity test results which showed a higher pozzolanic reactivity of Pal-2 compared to Pal-1
after calcination at 800°C. These results are confirmed in the white Portland cement system
as M-W-Pal-2 exhibit equivalent and higher compressive strength values than M-W-Pal-1 at 7
and 28 days respectively. The equivalent values at 7 days could be explained the low alkali
content (see table 5-4) of the white cement in comparison to the grey cement. This will
decrease the alkali content in the pore solution and will lead to a decrease of the rate of

dissolution of the calcined SCM, thus delaying the pozzolanic reaction [30].

The partial cement replacement by Pal-1 or Pal-2 calcined at 800°C lead to a significant
increase in compressive strengths, which confirms the high pozzolanic reactivity of these two
materials. Based on these results, it appears that even with a lower percentage of palygorskite

(as for Pal-1), this type of clay shows a significant pozzolanic reactivity.

23Sj and 2’Al MAS NMR analysis were then carried out on white portland cement blends pastes
after 7 and 28 days of hydration to highlight the influence of the SCM on the hydration of

white cement.

5.4.2.2. MAS NMR Analysis

Figure 5-4 displays the evolution of the 2?Al MAS NMR spectra obtained for the cement pastes
P-W-GU (GU white cement), P-W-Pal-1 (GU white cement blended with 20% of 800°C-Pal-1)
and P-W-Pal-2 (GU white cement blended with 20% of 800°C-Pal-2) hydrated during 7 and 28

days.
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Figure 5-4: Evolution of the 2’Al MAS NMR spectra for the cement pastes P-GU (GU white

cement), P-W-Pal-1 (GU white cement blended with 20% of 800°C-Pal-1) and P-W-Pal-2 (GU

white cement blended with 20% of 800°C-Pal-2) hydrated during 7 and 28 days.

The spectrum of P-GU (at 7 and 28 days) exhibits 2 mains resonances in the spectral region
for the 6-fold aluminium at 13.1 and 9.8 ppm which can be associated with aluminium in
ettringite [31] and monosulfate [32], respectively. The shoulder at 4.5 ppm can be associated
with 6-fold aluminium from the C-(A)-S-H as described by Mohamed et al [33]. The spectrum
of P-GU exhibits also a broad resonance at 70 ppm which correspond to 4-fold aluminium and

which can be associated with aluminium incorporated into the C-(A)-S-H chains [34,35].
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Finally, the low intensity resonance at 35 ppm corresponds to 5-fold aluminium and can be

associated with AlOs that have replaced calcium in the interlayer space of the C-(A)-S-H [36].

For the P-W-Pal-1 and P-W-Pal-2, the same characteristic resonances of ettringite (13.1 ppm),
monosulphate (9.8 ppm) and aluminium incorporated in the chains (70 ppm) and interlayers
(35 ppm) of C-(A)-S-H are observed. The 35 ppm resonance can also be associated with 5-fold
aluminium from the un-reacted calcined clay phases. The addition of PFI-1 and PFI-2 calcined
at 800°C does not seem to have much influence on the relative proportions of ettringite and
monosulphate (at 7 and 28 days), apart from the dilution effect. However, it appears that the
addition of Pal-1 and Pal-2 calcined at 800°C leads to an increase in the relative proportion of
4- and 5-fold aluminium which are associated with aluminium into the C-(A)-S-H chains and
interlayers, respectively. The addition of calcined palygorskite will therefore lead to an
increase in the incorporation of aluminium in C-(A)-S-H through pozzolanic reaction. The
comparison of P-W-Pal-1 and P-W-Pal-2 indicates that the phenomenon is more pronounced

for P-W-Pal-2, which correlates well with the higher pozzolanic reactivity for Pal-2.

Figure 5-5 displays the evolution of the 2°Si MAS NMR spectra for the cement pastes P-W-GU
(GU white cement), P-W-Pal-1 (GU white cement blended with 20% of 800°C-Pal-1) and P-W-
Pal-2 (GU white cement blended with 20% of 800°C-Pal-2) hydrated during 7 and 28 days.
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Figure 5-5: Evolution of the 2°Si MAS NMR spectra for the cement pastes P-W-GU (GU white

cement), P-W-Pal-1 (GU white cement blended with 20% of 800°C-Pal-1) and P-W-Pal-2 (GU

white cement blended with 20% of 800°C-Pal-2) hydrated during 7 and 28 days.

At 7 days, the spectrum of P-W-GU exhibit a main resonance at -71 ppm which corresponds
to silicon atoms in Q° configuration and which can be associated with silicon from unhydrated
C2S and C3S [37,38]. The three resonances at -79, -81 and -84 ppm correspond to siliconin Q1,
Q2(1Al) and Q2 configurations, which can be associated with silicon in the C-(A)-S-H [35,39,40].
Between 7 and 28 days, the relative proportion of silicon in Q° configuration decreases and
the relative proportion of silicon in Q?, Q?(1Al) and Q? configurations increases. This reflects a

consumption of the C;S and C3S associated with the formation of C-(A)-S-H.

At 7 days, the spectra of P-W-Pal-1 and P-W-Pal-2 also exhibit resonances associated with CS
and CsS (-71 ppm) as well as with the C-(A)-S-H (Q*, Q%(1Al) and Q? at -79, -81 and -84 ppm,
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respectively). The main difference is the presence of a broad resonance in the Q3 & Q* spectral
region which can be associated with the silicon from the calcined clay phases (palygorskite
and smectite) [27]. From 7 to 28 days of hydration, the relative proportion of C3S+C2S (Q') and
calcined clay phases (Q3 and Q*) decreases, which is associated with an increase in the relative
proportion of C-(A)-S-H (Q%, Q%(1Al) and Q?). These results confirm the pozzolanic reaction of
Pal-1 and Pal-2 calcined at 800°C.

To accurately compare the evolution of C-(A)-S-H and calcined clay phases during hydration,
a spectral integration quantification was performed (see supporting informations). The results

are presented in figure 5-6.
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Figure 5-6: Evolution of the relative proportions of silicon contained in C-(A)-S-H and calcined

clay phases of P-W-GU (100% white cement paste), P-W-Pal-1 (paste made from GU white

cement blended with 20% of 800°C-Pal-1) and P-W-Pal-2 (paste made from GU white

cement blended with 20% of 800°C-Pal-2) hydrated during 7 and 28 days.

For P-W-GU, the relative proportion of C-(A)-S-H increases with the hydration time, which is
due to the hydration of the anhydrous phases. For P-W-Pal-1 and P-W-Pal-2, the increase in

the relative proportion of C-(A)-S-H correlates with the consumption of the calcined clay
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phases. After 28 days of hydration, the relative proportion of C-(A)-S-H is higher for P-W-GU-
than for P-W-Pal-1 and P-W-Pal-2, however, the two blends exhibit higher compressive
strength values. This could be explained by the type of C-(A)-S-H formed in the blends and/or

by the filler role of the unreacted calcined clays.

By comparing the two, it appears that the consumption of calcined clay phases is higher for P-
W-Pal-2 than P-W-Pal-1. Despite the greater consumption of calcined clay phases in Pal-2,

there is no any particular impact on the relative proportion of C-(A)-S-H compared to Pal-1.

The average chain length of aluminosilicate tetrahedra (CL) of the C—(A)-S—H structure can be

calculated with the following equation using the model of Richardson et al. [41] :

2[Q* + @2 +302(10)]
Ql

CL =

Table 5-6 displays the evolution of the CL parameter for P-W-GU, P-W-Pal-1 and P-W-Pal-2 as

function of the hydration time.

Table 5-6: Evolution of CL of the C-(A)-S-H as function of the hydration time for P-W-GU, P-

W-Pal-1 and P-W-Pal-2

P-W-GU P-W-GU P-W-Pal-1 P-W-Pal-1  P-W-Pal-2  P-W-Pal-2
7 days 28 days 7 days 28 days 7 days 28 days

CL 3,46 3,53 3,59 3,94 3,78 4,10

The average aluminosilicate chain length (CL) is increasing with increasing hydration times for
the three systems (P-W-GU, P-W-Pal-1 and P-W-Pal-2). However, this increase is more
pronounced for P-W-Pal-1 and P-W-Pal-2 than for P-W-GU. The increase in CL for the blends
P-W-Pal-1 and P-W-Pal-2 in comparison to P-W-GU reveals that the increased amount of
aluminium in the hydrating system leads to higher amount of aluminium incorporated into

the C-(A)-S-H structure [39]. The increase in CL correlate well with the 2’Al MAS NMR results
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which showed an increase in the amount of aluminium incorporated into the C-(A)S-H for P-
W-Pal-1 and P-W-Pal-2. This increase in CL caused by the addition of calcined clay is in

agreement with the results of Love et al. [42].

5.4.2.3. Electrical resistivity on calcined palygorskite grey and white cement
mortars

Figure 5-7 displays the electrical resistivity at 28 days of the two references (M-G-GU and M-
W-GU) and their respective blends (M-G-Pal-1, M-G-Pal-2, M-W-Pal-1 and M-W-Pal-2)
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Figure 5-7: Electrical resistivity at 28 days of M-G-GU, M-W-GU, M-G-Pal-1, M-G-Pal-2, M-W-
Pal-1 and M-W-Pal-2.

For both grey and white cement, there is a significant increase in the electrical resistivity when
blended with 20 wt.% of 800°C calcined Pal-1 and Pal-2. This gain is electrical resistivity is
mainly due to the dilution effect of the clinker with the SCM, which leads to a decrease in the
total amount of alkalis [43]. Although white cement contains less alkali, it appears that the
resistivity values are lower than for grey cement. This can be explained by a more connected
porosity, favoring the passage of ions, and decreasing the resistivity. In all cases, the addition
of 800°C Pal-1 and Pal-2 allows a significant improvement of the resistivity, suggesting an

increased durability for this type of palygorskite blended cements.
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5.5. Conclusion

In this paper, the comparative study of the use of two commercial palygorskite (containing
different percentages of palygorskite) as supplementary cementitious materials once calcined

has been carried out. Based on the results, the following conclusions can be drawn:

-A calcination temperature of 800°C is optimal for Pal-1 and Pal-2 and results in the highest

pozzolanic reactivity.

-The preparation mortars with cements incorporating 20% of Pal-1 and Pal-2 calcined at 800°C
showed a significant increase in compressive strength compared to the reference (GU cement-

based mortars).

-Pal-2 has a higher pozzolanic reactivity and allows higher compressive strength values in
mortars than Pal-1. This difference can either be due to the higher proportion of clay phases

or the higher proportion of palygorskite or its greater finesse.

-In general, palygorskite is a clay with a high potential for use as a supplementary cementitious

material after calcination at 800°C.

- Pal-1, the sample with the lowest percentage of palygorskite allows a significant increase in
mechanical performance compared to the reference. This demonstrates that it is not

necessary to use pure samples and opens new ways of valorisation for this type of material.

Further experimentation will continue with the study of samples that contain low
proportions of palygorskite (between 20 and 50%) to determine whether it is possible to

proposer new way of recovery of these so-called low-grade samples.
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5.7. Bilan scientifique du chapitre 5

Cette derniere partie dresse un bilan scientifique de ce chapitre 5 qui s’intéresse a I'utilisation
de deux palygorskites calcinées comme ajouts cimentaires. L'étude de la calcination et de la
réactivité pouzzolanique a permis de démontrer que la température de calcination optimale
(qui entraine la plus grande réactivité) de ces deux matériaux est de 800°C. Par la suite,
Iutilisation de ces deux argiles calcinées a 800°C comme ajout cimentaire a permis une
importante augmentation de la résistance a la compression sur des mortiers. Pal-2, qui est
I'argile contenant la plus grande proportion de palygorskite présente la meilleure réactivité,
cependant les résultats sur Pal-1 sont également excellents. Cela confirme donc que la
palygorskite est une argile d’intérét pour une utilisation comme ajout cimentaire aprés
calcination, notamment du fait de sa forte réactivité pouzzolanique, confirmant ainsi les

résultats des chapitres précédents.
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Chapitre 6 — Utilisation de palygorskite calcinée
comme ajout cimentaire : une étude comparative
avec le métakaolin

6.1. Avant-propos

Note : Ce chapitre est basé sur un article soumis dans un journal international a comité de
lecture.

Titre de I'article : Calcined clays as supplementary cementitious materials : a
comparison between palygorskite and kaolinite

Victor Poussardin, William Wilson, Michael Paris, Arezki Tagnit-Hamou, Dimitri Deneele

Soumis a : Cement and concrete research

Contribution a la thése

Dans le chapitre 5 nous avons pu mettre en avant que la palygorskite calcinée est une argile
avec un fort potentiel pour une utilisation comme ajout cimentaire. Notamment du fait de sa
haute réactivité pouzzolanique qui permet une nette augmentation des performances
mécaniques en systéme cimentaire en comparaison d’un ciment portland classique. Afin de
compléter cette étude, I'objectif est désormais de comprendre quels sont les facteurs qui sont
a I'origine de cette forte réactivité. Pour cela, ce chapitre 6 s’intéresse a I'utilisation d’une
palygorskite calcinée comme ajout cimentaire et compare les résultats avec la référence
actuelle qu’est le métakaolin. Au travers de cette étude, le premier objectif est de situer la
forte réactivité (mis en avant dans le chapitre 5) de la palygorskite calcinée en comparaison
du métakaolin. Le second objectif est de déterminer quel est le lien entre les modifications
physico-chimiques induites par la calcination, la réactivité pouzzolanique et les performances

meécaniques en systéme cimentaire.
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Résumé en francais

L'utilisation d'argiles calcinées ajouts cimentaires peut permettre d’atteindre les objectifs de
la COP26 tout en stimulant I'économie, assurant ainsi une transition écologique viable. Le
métakaolin est I'argile calcinée qui présente le plus grand potentiel d'utilisation comme ajout
cimentaire, notamment en raison de sa grande réactivité et de sa disponibilité dans le monde
entier. Ces derniéres années, l'utilisation du métakaolin en tant qu’ajout cimentaire a
constitué un axe de recherche important, tandis que les autres types d'argiles ont été négligés.
Cependant, I'utilisation de nouvelles argiles comme ajouts cimentaires est essentielle pour
développer des ciments plus durables dans les régions ou la kaolinite n'est pas disponible.
Cette étude examine et compare |'utilisation de deux argiles commerciales comme ajouts
cimentaires : une palygorskite calcinée (dont la réactivité dans les milieux cimentaires n'a pas
encore été étudiée) et un métakaolin. Les modifications physico-chimiques induites par le
traitement thermique ont d'abord été étudiées par diffraction des rayons X et par des analyses
de RMN MAS ?’Al et 2°Si. La réactivité a ensuite été étudiée en réalisant des tests d'activité
pouzzolanique et des mesures de performances mécaniques en systéme cimentaire. Les
résultats montrent que la palygorskite se comporte tres différemment de la kaolinite pendant
la calcination, elle présente une cinétique de déshydroxylation plus longue et graduelle. La
guantification de I’évolution des proportions relatives d’aluminium 4, 5 et 6 a démontré que
I’'augmentation de la réactivité pouzzolanique est directement liée a I'apparition d’aluminium
4 et 5 durant la calcination. Bien que la palygorskite calcinée présente une pouzzolanicité
inférieure a celle du métakaolin, elle se classe parmi les ajouts cimentaires hautement réactifs.
Les résultats ont montré une augmentation significative des performances mécaniques des
pates incorporant seulement 10% de palygorskite calcinée par rapport a la référence (100%
de ciment portland). Il apparait donc que la palygorskite calcinée peut étre un ajout cimentaire
approprié une fois calcinée, ce qui ouvre une nouvelle voie de développement de ciments

composés bas carbone dans les régions ou la kaolinite n'est pas disponible.
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Résumé en anglais

The use of calcined clays as Supplementary Cementitious Materials (SCMs) can help to achieve
the COP26 objectives while also boosting the economy and thus ensuring a viable ecological
transition. Metakaolin is the calcined clay with the highest potential for a use as SCM,
especially because of its high reactivity, the relatively low calcination temperature and the
availability across the world. In recent years, the use of calcined kaolinite-based clays as SCM
has been an important research focus while the other types of clays have been neglected.
However, using new clays as SCMs is essential to develop more sustainable cements in regions
where kaolinite is not available. This study investigates and compares the calcination and the
use as SCMs of two commercial clays: a palygorskite (whose reactivity in cementitious media
has not yet been studied) and a kaolinite. The physico-chemical modifications induced by the
thermal treatment were first investigated by X-ray diffraction, 2’Al and 2°Si MAS NMR
analyses. The reactivity was then studied with pozzolanic activity tests and mechanical
performance measurements in cementitious systems. The results show that palygorskite
behaves quite differently from kaolinite during calcination, it exhibits longer and gradual
dehydroxylation kinetics. The quantification of the evolution of the relative proportion of 4-
fold, 5-fold and 6-fold aluminium has shown that the increase in pozzolanic reactivity can be
linked to the formation of 4-fold and 5-fold aluminium during the calcination. Although
calcined palygorskite exhibits pozzolanicity lower than metakaolin, it ranks in the highly
reactive SCMs. The results showed a significant increase of mechanical performance on pastes
incorporating only 10% of calcined palygorskite in comparison to the reference (100%
Portland cement) which indicates that calcined palygorskite can be a suitable SCM once
calcined. This open new ways of development of blended cement in locations where kaolin is

not available.
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6.2. Introduction

The COP26 in Glasgow set the objective of limiting the global temperature increase to +1.5°C
compared to pre-industrial levels by 2050 [1]. This will require strong mitigation measures
across all economic sectors, including the cement industry, which is estimated to be

responsible of about 8% of global anthropogenic CO; emissions [2].

Paradoxically, concrete (of which cement is the main component) remains one of the least
carbon-intensive construction material, since 1kg of concrete emits an average of 0.13 kg of
COa. In comparison, 1 kg of wood or steel emits 0.46 and 2.8 kg of CO; respectively [3]. The
fact that the cement industry is responsible for so much CO; emissions is explained by the
guantities involved. The widespread urbanization that accompanies economic development
results in the rapid construction of industrial and transport infrastructure, which leads to a
significant increase in cement demand [4]. In 2019, 4.2 billion tons of cement were produced
worldwide, suggesting that it is not the cement itself but its intensive use that makes it a
polluting construction material [5]. In this context, the cement industries are turning to
research and development of new innovations that can reduce the environmental cost of
cement to achieve the COP26 objectives while also boosting the economy and thus ensuring
a proper ecological transition. A few percent reduction in the amount of CO; emitted during
the manufacture of 1kg of cement would have a significant impact on global anthropogenic

CO; emissions, provided that these innovations are implemented on a large scale.

The use of Supplementary Cementitious Materials (SCMs) as a substitute for clinker is a well-
known technology that can be used to reduce the environmental cost of cement. These
supplementary cementitious materials (SCMs) allow the proportion of clinker (the main
component of cement which causes most of the CO, emissions) to be reduced without
significantly affecting the mechanical properties or durability of cementitious products.
Among the SCMs widely used today are blast furnace slag [6] and coal power plant fly ash [7].
Unfortunately, blast furnace slag resources are not abundant enough to be used sustainably
and the energy transition rightly limits the availability of fly ash resources from coal
combustion [8]. The use of calcined clays as SCMs is now gaining popularity, as the reserves

of clays with calcination potential are considerable and evenly distributed [9], making them a
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first-choice resource for use as SCM. Numerous studies have been carried out in recent years
on the reactivity of different types of calcined clays in cementitious systems and the results
are unanimous: kaolinitic calcined clays is the most promising [10—13] while calcined smectites
[14-17] and illites [16,18—20] show much fewer encouraging results. However, it is worth
remembering that clays are not limited to kaolinite, smectite and illite families. There are
other clays which are less conventional and less abundant, but which should be studied to

propose new alternatives to kaolinitic clays.

Previous publications investigating the calcination and reactivity of dolomitic marlstones
containing palygorskite [21-23] showed that this clay can have a potentially high pozzolanic
reactivity. This hypothesis was confirmed in a subsequent publication which highlighted the
high potential of calcined palygorskite for a use as SCM [24]. The objective is now to identify
the factors that explain this strong reactivity and to place this calcined clay in comparison to
metakaolin (which is the current reference in term of calcined clays). This paper includes the
guantification of the relative proportion of 4-fold, 5-fold and 6-fold aluminium as function of
the calcination temperature as well as the evolution of the silicon environment, the pozzolanic
activity and compressive strength in cementitious systems. The main objective is to
characterize precisely the physico-chemical modifications taking place during calcination, to
relate these modifications to the pozzolanic reactivity and to the mechanical performance in

a cementitious system.

6.3. Materials and experimental methods
6.3.1. Materials

The palygorskite (PFI-1) and kaolinite (KGa-1b) samples are references clays provided by the
Clay Minerals Society from their repository of Source Clays. Baseline studies have been done
by Chipera and Bish [25] on these two commercial samples by semi quantitative X-ray
Diffraction (XRD) analysis. The mineralogical compositions of PFl-1 and KGa-1b are presented

in table 6-1.
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PFI-1

Phase Palygorskite | Smectite Quartz Feldspar Other

wt.% 79 11 6 4 1
KGa-1b

Phase Kaolinite Anatase Crandallite

wt.% 96 3 1

Table 6-1: Mineralogical composition of PFl-1 and KGa-1b

PFI-1 contains 79% palygorskite associated with 11% smectite. The joint occurrence of

palygorskite and smectite is typical, as one mechanism of palygorskite formation is based on

the alteration of smectite [26—28]. The rest of the sample is composed of common minerals

such as quartz and feldspar. KGa-1b contains 96% kaolinite associated with 3% of anatase and

1% of crandallite.

The chemical analysis of the raw materials was carried out by X-Ray Fluorescence (XRF), the

proportions of oxides (expressed in weight %) are presented in table 6-2.

Table 6-2: Chemical analysis of PFI-1 and KGa-1b

Oxydes | SiO2 [ Al,0; | MgO | Fe203 | CaO | P20s | KO | TiO2 | Cr203 LOI
(1050°C)
PFI-1 wt.% [ 57.6 [ 10.2 9.3 3.1 1.7 0.8 0.8 | 0.4 0.2 16.7
KGa-1b wt. % | 46.0 [ 40.0 0.2 0.1 1.6 0.2 13

The main oxides are SiO, and Al;Os for KGa-1b and SiO,, Al,O3 and MgO for PFI-1. The

occurrence of MgO and Fe;0s3 in PFI-1 comes from palygorskite, which is a TOT clay that

incorporates magnesium and iron in its octahedral sheets in substitution of aluminium. KGa-

1b contains a proportion of aluminium almost 4 times higher than that of PFI-1.
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Table 6-3 display the particle size distributions of the general use cement (GU cement), PFI-1

and KGa-1b before and after calcination at 800°C

Table 6-3: Particle size distributions of the general use cement (GU cement), PFI-1 and KGa-

1b before and after calcination at 800°C.

Label d10 (um) d50 (um) d90 (um)
PFI-1 4,6 19.1 70,2
800°C-PFI-1 5,3 22,1 98,7
KGa-1b 1,0 3,6 26,8
800°C-KGa-1b 1,0 3,8 25,4
GU cement 3.5 20.5 59.7

6.3.2. Thermogravimetric analysis and Differential Scanning Calorimetry
(TGA/DSC)

TGA/DSC analysis were carried out with a SETARAM SESTYS 24 thermal analyzer from 30°C

to 1200°C with a heating rate of 10°C/min under atmospheric conditions.

6.3.4. Calcination

The calcination was carried out in alumina crucibles using a silicon carbide laboratory furnace
chamber without atmosphere control. The PFI-1 sample was heated at the same temperatures
plus 525 and 550°C. After calcination, the samples were left overnight to cool down to 20°C (
door closed). This calcination protocol was performed in accordance with the existing

bibliography [15,16,21,29-31].

6.3.5. X-ray diffraction analysis

The X-ray diffraction measurements were carried out on a Bruker D8 powder diffractometer
using a Bragg-Brentano geometry. The X-ray was generated by a copper anode tube (40 kV /
40 mA) that emits Cu Kal radiation (8 keV) of a wavelength A = 1.5418 A. The diffractograms
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were acquired between 5° and 60° 26, with a step size of 0.017° 26 and a measurement time

of 1 second per step.

6.3.6. Nuclear magnetic resonance

The ?’Al MAS NMR spectra were acquired using a MAS probe of 2.5 mm on a Bruker Avance
[l 500 MHz spectrometer. The length of the excitation pulse used was m/13 for a radio
frequency field of 11 kHz. The MAS frequency was 30 kHz and the repetition time was 1
second. For all the acquisitions a *H decoupling was performed, and an aqueous solution of
Al(NOs)swas used as the reference for the Al MAS NMR spectra. The quantification by

spectral decompositions was done using the dmfit software [32].

The 2°Si MAS NMR spectra were acquired using a MAS probe of 7 mm on a Bruker NEO 300
MHz spectrometer. The length of the excitation pulse used was /2 and the MAS frequency
was 5 kHz with a repetition time of 10s. Spectra were referenced against TMS

(Tetramethylsilane).

6.3.7. Pozzolanic activity: a modified Chapelle test

The pozzolanic activity of each material (raw and calcined) was assessed by using the modified
Chapelle test according to the NF P18-513 standard (annex A) [33]: 1g of dry SCM was mixed
with 2g of Ca0 in 250 ml of CO,-free distilled water. The suspension was then heated to 85°C
(+/- 5°C) with continuous stirring for 16 hours. After 16 hours the solution was cooled to room
temperature with tap water and the amount of remaining portlandite was determined by
sucrose extraction and acid titration. The results is expressed in mg Ca(OH); fixed /g calcined

clay.

6.3.8. Pozzolanic activity: isothermal calorimetry

The reactivity of each materials (raw and calcined) was assessed by measuring the cumulative
heat release according to ASTM C1897 [34] : 10g of dry SCM was mixed at 40°C with 30g of
Ca(OH),, 5g of CaCOszand 54g of potassium solution. 15g of the freshly mixed paste was then

cast and placed into the calorimeter measurement chamber. The heat release was recorded

178
Victor Poussardin, 2022



at 40°C for 168h (7 days) after mixing. The cumulative heat was assessed by integrating the

recorded heat release and converted in units of J/g of SCM.

6.3.9. Calcined clay-cement blends and compressive strength measurements

The compressive strength was assessed on paste cubes (20 x 20 x 20 mm?) made with a water
to binder ratio (w/b) of 0.4. Calcined clay-cement blends were obtained by mixing 90 wt.% of
general use grey Portland cement (GU) with 10 wt.% of 800°C calcined PFI-1 (for P-PFI-1 paste)
or 10 wt.% of 800°C calcined KGa-1b (for P-KGa-1b paste). The choice of this percentage of
replacement was made in order to ensure workable mixtures, as higher clay contents of PFI-1
and KGa-1b would lead to high water demand. The particle size distributions of the GU

cement, PFI-1 and KGa-1b (before and after calcination) are shown in Table 6-3.

Control cement paste (labelled P-Ref) were prepared using 100 wt.% GU cement as cementing
material. A polycarboxylate (PC) superplasticizer was used to obtain a slump flow of the

blended systems equivalent to that of the control mixture.

Pastes were mixed and specimens were molded in 20x20x20 cm3 molds after which they were
placed in plastic bags for 20h-24h until demolding. The demolded pastes cubes were stored
in saturated lime water until testing. At 7 and 28 days the compressive strength was assessed

with a loading procedure adapter from the ASTM C109 loading procedure [35].

6.3.10. Calcined clay-cement blends and x-ray diffraction analysis

Cementitious pastes were prepared following the same protocol as for compressive strength
measurements and cast in cylindrical molds. Samples were demolded after 24h (first analysis)
and stored in small volume of water (to avoid leaching) until testing. X-ray diffraction analyses
were conducted on fresh discs after 1, 3, 7 and 28 days of hydration using a PANalytical X'Pert
pro MPD diffractometer equipped with a PIXcel 1D detector (active length of 3.347°26). The
tube voltage and current were 40 kv and 50 mA respectively. Measurements were carried out
using a Bragg-Brentano geometry with 0.04 rad Soller slits, an anti-scatter slit of %° and

incident divergence slit of %:°. The diffractograms were acquired between 5° and 70° 26, with
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a step size of 0.0267° 268 and a measurement time of 0.3 second per step. Samples were

rotated at 2 rotations per second during the acquisition. Rietveld refinements were performed

using the PANalytical software HighScore Plus 4.7a. An external standard (Alfa Aesar, a-Al;03

corundum) was also scanned and analyzed to allow quantification of the non-crystalline

content.

6.4. Results and discussion
6.4.1. Thermogravimetric analysis and differential scanning calorimetry

Figure 6-1 displays the TGA/DSC analysis of the palygorskite (PFI-1) and kaolinite (KGa-1b)

samples as function of the temperature.
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Figure 6-1: Thermogravimetric analysis and differential scanning calorimetry curves of the

palygorskite (PFI-1) and kaolinite (KGa-1b) samples.
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The TGA and DSC curves of PFl-1 can be separated in four steps:

e 30-230°C:amass loss of 8% is associated with an endothermic peak, which
corresponds to the dehydration of interparticle and interlayer water of smectite and
part of zeolitic water of palygorskite [36].

e 230-330°C:amass loss of 3% is associated with an endothermic peak, which
corresponds to the dehydration of the remaining zeolitic water of palygorskite [36].

e 330-580°C:amass loss of 4% is associated with an endothermic peak, which
corresponds to the dehydroxylation of palygorskite and smectite [37,38].

e 900°C: an exothermic peak corresponds to a recrystallization phenomenon [39].

The TGA and DSC curves of KGa-1b can be separated in three steps:
e 30-180°C:a mass loss of 0.2% is associated with an endothermic peak, which
corresponds to the desorption of surface water of kaolinite [40].
e 470-670:a mass loss of 14% is associated with an endothermic peak, which
corresponds to the dehydroxylation of kaolinite [41].

e 1050°C: an exothermic peak corresponds to a recrystallization phenomenon [42].

It appears that PFI-1 and KGa-1b have a different sensitivity to heat treatment. For PFI-1, there
several dehydration steps can be explained by the occurrence of palygorskite and smectite.
Palygorskite has a particular TOT structure in channels which allows storage of zeolitic water.
By the nature of its interfoliar cations, smectite can store water molecules in the interfoliar
space. The occurrence of these two clay minerals in PFI-1 explains the existence of these
different phases of dehydration of the interfoliar space and the zeolitic channels. In contrast,
kaolinite has a TO structure that limits water retention, which will only occur through
adsoprtion on the surfaces. The dehydroxylation of KGa-1b occurs at slightly higher
temperatures (470-670°C) than PFI-1 (330-580°C) but is also much more significant, with a
mass loss of 14% compared to only 4% for PFI-1. This can be explained by the ratio of
octahedral to tetrahedral cations, which is higher for kaolinite than for palygorskite and
smectite. Knowing that dehydroxylation takes place on the octahedral cations, it is expected
that dehydroxylation will be higher for KGa-1b than for PFI-1. These results are in accordance

with the existing literature on the TGA/DSC analysis of kaolinite and palygorskite [36—42].
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In order to characterize the evolution of the crystalline phases during calcination it was
decided to carry out an X-ray diffraction analysis.
6.4.2. X-ray diffraction analysis
Figure 6-2 displays the evolution of the diffractograms of the palygorskite (PFI-1) and
kaolinite (KGa-1b) samples as function of the calcination temperature.
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Figure 6-2: Evolution of the X-ray diffractograms of the palygorskite (PFI-1) and kaolinite

(KGa-1b) samples as a function of the calcination temperature. Pal =

palygorskite ; Sm dehy =

dehydrated smectite ; Ka = kaolinite ; An = anatase ; Qz = quartz ; En = enstatite.

The diffractogram of the raw PFl-1 shows the characteristic peaks of palygorskite, smectite

and quartz. From 500°C and with increasing calcination temperature, the intensity of the
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peaks associated with palygorskite and smectite is decreasing gradually. These peaks are no
longer detectable above 900°C and there is the apparition of new peaks associated with
enstatite. The recrystallization of enstatite at 900°C is in accordance with TGA/DSC results.
This phenomenon could reduce the reactivity of calcined PFI-1 as Si and Al will be trapped into
a metastable neoformed phase. With increasing the calcination temperature, the peaks
associated with quartz do not evolve and are still detectable after 900°C, meaning that this

phase resist well to the heat treatment.

The diffractogram of the raw KGa-1b shows the characteristic peaks of kaolinite and anatase.
From 500°C and with increasing calcination temperature, there is a decrease in the intensity
of peaks associated with kaolinite until they are no longer detectable after 600°C. Anatase is
not affected by the heat treatment and its XRD signature is still detectable after 900°C.
Furthermore, the high temperature calcination of KGa-1b does not lead to recrystallisation
phenomena which could reduce the reactivity. This agrees with the TGA/DSC results, which

state that a temperature of 1050°C is required to achieve recrystallisation.

Comparison of the two samples shows that they do not behave in the same way when
subjected to heat treatment. For PFI-1, the crystal structures of palygorskite and smectite
resists well to heat treatment (up to more than 800°C) and their loss of crystallinity is gradual.
On the other hand, for KGa-1b, the loss of crystallinity of kaolinite is very fast and occurs
entirely between 500 and 600°C of calcination temperature. Thus, PFI-1 and KGa-1b have has

completely different calcination behaviors.

6.4.3. 2Al Nuclear magnetic resonance analysis

Figure 6-3 displays the evolution of the 2’Al MAS NMR spectra of the palygorskite (PFI-1) and

kaolinite (KGa-1b) samples as a function of the calcination temperature.
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Figure 6-3: Evolution of the 2’Al MAS NMR spectra of the palygorskite (PFI-1) and kaolinite

(KGa-1b) samples as a function of the calcination temperature.

The 2Al MAS NMR spectrum of the raw PFI-1 sample exhibits three main resonances at 3, 58
and 70 ppm. The 3 ppm line corresponds to 6-fold aluminium [42] and can be associated with
octahedral aluminium present within the palygorskite and smectite structures. The 70 ppm
line corresponds to 4-fold aluminium [42] and can be associated with isomorphic substitutions
within the palygorskite and/or smectite tetrahedra [43]. The 57 ppm line corresponds to AlO4

q*(4Si) [44] and can be associated with the feldspar phase detected by Chipera and Bish [24].
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The increase in calcination temperature leads to a diminution of the 6-fold aluminium line
intensity (70 ppm). This diminution is accompanied by the appearance of two new resonances
at 30 ppm and 59 ppm, which correspond to 5-fold and 4-fold aluminium, respectively [42].
The change in the coordination of aluminium atoms is a consequence of the dehydroxylation
of the clay phases. From a 2’Al MAS NMR perspective, the dehydroxylation of palygorskite

(and smectite) takes place progressively from 500°C up to 900°C.

The Al MAS NMR spectrum of the raw KGa-1b sample exhibits two main resonances at 3 and
70 ppm, which correspond to 6-fold and 4-fold aluminium, respectively [42]. They can be
associated with octahedral and tetrahedral aluminium present within the kaolinite structure.
The shoulder at ~25 ppm comes from the external satellite transition (ST2) of the 6-fold
aluminium [45]. As for the PFI-1 sample, the increase in calcination temperature leads to a
dehydroxylation of the clay phase. This results in a decrease of intensity of the 6-fold
aluminium resonance associated with the appearance of two new resonances at 30 and 59
ppm, which correspond to 5-fold and 4-fold aluminium, respectively [42]. In contrast to
palygorskite and smectite, the dehydroxylation of kaolinite is occurring almost entirely in

between 500 and 600°C.

These results confirm the XRD results and demonstrate that the two samples have a
completely different behavior during the heat treatment. According to the 2’Al MAS NMR
results, kaolinite dehydroxylates very easily at temperatures between 500 and 600°C, whereas
palygorskite (and smectite) has more inertia and dehydroxylates progressively from 500°C up

to 900°C.

The comparison of TGA/DSC and 2’ Al MAS NMR results shows an inconsistency in the optimum
calcination temperature. On the one hand, TGA/DSC results suggest that most of the
dehydroxylation of palygorskite takes place between 330 and 580°C (see figure 6-1). At higher
temperatures, no significant mass changes or heat flow is recorded until recrystallisation at
900°C. Similar results were obtained by Snellings et al [46] who observed a dehydroxylation

of palygorskite (by differential thermal analysis) between 380 and 580°C.
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On the other hand, the ?’Al MAS NMR analyses suggest that the dehydroxylation of
palygorskite occurs gradually between 400 and 800°C. There is a change in coordination of the
aluminium atoms well after 600°C of calcination temperature. Therefore, it is questionable
whether the change in coordination of the aluminium atoms is a direct consequence of
dehydroxylation. In such case, there should be a TGA/DSC a variation in the signal even after
600°C. It is also important to note that for the kaolinite sample, the TGA/DSC and 2’Al MAS
NMR results correlate well and both support that dehydroxylation occurs between 500 and
600°C. Although the two techniques do not operate on the same scale, it is very surprising to
have this divergence of results for palygorskite and not for kaolinite. Further investigations

are therefore needed.

6.4.4. °Si Nuclear magnetic resonance

Figure 6-4 displays the evolution of the 2°Si MAS NMR spectra of the palygorskite (PFI-1) and

kaolinite (KGa-1b) samples as function of the calcination temperature.
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Figure 6-4: Evolution of the 2°Si MAS NMR spectra of the palygorskite (PFI-1) and kaolinite

(KGa-1b) samples as a function of the calcination temperature.

The 2°Si MAS NMR spectra of the raw PFI-1 shows two main resonances at -92 and -97 ppm,
which corresponds to Q32 silicon sites that can be associated with silicon from the edges and
the center of palygorskite tetrahedra, respectively [47]. The weak band at -84 ppm can be
assigned to Q3(1Al) of palygorskite as suggested by Komarnemi et al [48] (in this case, the
intensity of this Q3(1Al) resonance can be related to the amount of tetrahedral aluminium,

higher is the intensity, higher is the incorporation of aluminium in tetrahedral position). On
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the other hand, this resonance could also be assigned to terminal SiOH in the micropores

(generated by the channels of palygorskite), as suggested by Barron et al [49].

The 2°Si MAS NMR spectrum of raw KGa-1b exhibit one main resonance at -91 ppm, which is
characteristic of silicon in Q3 configuration that can be associated with silicon of kaolinite

tetrahedra [42,50].

For PFI-1, the increase of the calcination temperature leads to a broadening of the resonances
associated with the Q3 of palygorskite, which reflects a larger distribution of the local
environments of silicon atoms and indicates a structural loss of palygorskite [51]. Between
700 and 800°C, a low-frequency shift of the Q3 resonances is observed. This shift indicates an
evolution of the silicon environment, from Q3 amorphous silica to condensed Q* silica [16].
Two main stages are therefore distinguished during the calcination of PFI-1. A first step of
progressive amorphisation between 400 and 700°C followed by a silicon condensation after

700°C.

For KGa-1b, there are no major differences up to 500°C of calcination temperature. From
600 °C, however, the spectra change completely. The width of the signal increases (reflecting
the presence of amorphous material) and the center of gravity of the signal is now located
between -99 and -101 ppm. From 600°C to 900°C, this low-frequency shift will continue until
-107 ppm which is characteristic of condensed Q* silica. This condensation phenomenon has

already been described in the literature [42,50].

For both PFI-1 and KGa-1b the appearance of silicon in the Q* configuration can be explain by
the formation of an amorphous silica gel. The formation of this sillica gel is due to the
segregation of silicon (as evidenced by the low-frequency position of the resonance) from the
calcined clay phases [50]. The absence of recrystallisation of new phases detectable by XRD
(whose 2°Si MAS NMR signature is in this chemical shift range) tends to confirm this
hypothesis. By comparing KGa-1b and PFI-1, it appears that this segregation phenomenon
starts from 600°C for KGa-1b while 800°C is necessary for PFI-1. The segregation of silicon from
the calcined clay phases will result in a change in the coordination of the aluminium atoms

from the calcined clay phases, which is verified by the 2Al MAS NMR spectra (see figure 6-3).
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6.4.5. Dehydroxylation and pozzolanic reactivity

To better understand the role of the dehydroxylation in the reactivity of these calcined clays,
the different aluminium coordinations were quantified by spectral integration (see supporting
informations). The relative proportions of 4, 5 and 6-fold aluminium are then compared with
the Ca(OH), consumption (modified Chapelle test) and the cumulative heat release
(isothermal calorimetry) for both PFI-1 and KGa-1b samples. The main objective is to
determine whether there is a link between the appearance of aluminium 4 and 5 and the

increase in pozzolanic reactivity.

Figure 6-5 displays the evolution of the relative proportions (%) of Al(IV), Al(V) and Al(VI) and
the Ca(OH)2 consumption (mg(Ca(OH),/g calcined clay) of the palygorskite (PFl-1) and

kaolinite (KGa-1b) samples as function of the calcination temperature.

Dehydroxylation VS pozzolanic activity (Ca(OH), consumption) : PFI-1
100

Calcination temperature (°C)

T bo

< % 1400 =

S = 1200 &

= K]

= 1000 @

Y Ex

I 50 800 < 3

S5_w 600 & 9

XS ES

S= 3 400 3w

e < 20 2 ©

2 200 8

£ 10 2
I

g (e e e — e e .o S

s Raw 400 500 600 700 800 900 8

2

2

©

T

o<

mEmAl(lv) mmEmAl(V) EEmAI(VlI) e=pozzolanic activity

Dehydroxylation VS pozzolanic activity (Ca(OH), consumption) : KGa-1b

100
% 1400
80 1200
70 1000
60
% 800
40 600

400
20
0 200

500 525 550
Calcination temperature (° C)

Ca(OH), consumption (mgCa(OH),/g
calcined clay)

Relative proportions (%) of Al(IV), Al(V) and
Al(V1)
w
&

mmmAl(lv) mmAl(V) EEmAI(VI) e=—Limeconsumption

Figure 6-5: Evolution of the relative proportions of Al(IV), Al(V) and Al(VI) and the pozzolanic

activity (Ca(OH), consumption) of the palygorskite (PFl-1) and kaolinite (KGa-1b) samples as

a function of the calcination temperature.
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For the KGa-1b sample the evolution of the Ca(OH),consumption seems to closely follows the
evolution of the aluminium environment (diminution of the proportion of Al-6 and apparition
of Al-4 and AI-5). The Ca(OH); consumption increases abruptly from 500°C and reaches a
plateau at 550°C. It is in this temperature range that most of the dehydroxylation of kaolinite
occurs. From 550°C, it could be possible that the heat treatment allowed the creation of
enough defects (dehydroxylated aluminium) to trigger a complete dissolution process. These
defects are points of weakness in the structure of the kaolinite which will facilitate the releases
of the aluminium, followed by the silicon and allow their reaction with the calcium from the

Ca(OH)..

For the PFI-1 sample, the evolution of the Ca(OH),consumption is completely different. Firstly,
the raw PFI-1 has three time the Ca(OH), consumption of the raw KGa-1b (376 against 125 mg
Ca(OH),/g). This could be explained by the particular structure of palygorskite, which is three-
dimensional and therefore has a higher specific surface area, facilitating its dissolution and
reaction with Ca(OH),. Secondly, as the calcination temperature increase, the Ca(OH);
consumption gradually increases and reaches its maximum at a temperature of 800°C (950
mg Ca(OH)./g). Between 500°C and 600°C, the relative proportions of 4 and 5-fold aluminium
increase (as confirmed by the loss of mass on TGA/DSC results in figure 6-1), but the pozzolanic
activity remains constant at around 625 mg Ca(OH),/g. The same observation can be done
between 700°C and 800°C (but this time, the pozzolanic activity increase). The decrease in
pozzolanic activity between 800°C and 900°C can be explained by the precipitation of the
enstatite observed by XRD. It therefore seems that the Ca(OH), consumption by PFI-1 does

not closely follows the apparition of 4 and 5-fold aluminium (especially at 600 and 800°C).

It is difficult to characterize the pozzolanic reactivity of a calcined clay by its Ca(OH);
consumption only. Indeed, the modified Chapelle test does not take into account the influence
of the pore solution on the kinetics of the pozzolanic reaction. Pozzolanic activity was

therefore also measured by using the ASTM C1897 standard [52].

Figure 6-6 displays the evolution of the relative proportions (%) of Al(IV), Al(V) and Al(VI) and
the 7 days cumulative heat release (J/g calcined clay) of the palygorskite (PFI-1) and kaolinite

(KGa-1b) samples as function of the calcination temperature.

190
Victor Poussardin, 2022



Dehydroxylation VS pozzolanic activity (cumulative heat release) : PFI-1

100 1200
- _
S 9 S
s 80 1000 :g
f: 70 200 g
S 60 P
< 50 600 @
[re Q
2 - 4 E
22 3 400 .
L Q
§< » w 5
+ -
£ 10 =
2 0 0 S
s Raw 400 500 600 700 800 900 E
()] Q
.% Calcination temperature (°C) 9
& =
-4 ~

mEmmAl(lv) mEmmAl(V) EmAI(VI) ==—Cumulative heat release

Dehydroxylation VS pozzolanic activity (cumulative heat release) : KGa-1b

100 1200
90
%0 1000
70 800
60
50 600
40
20 400
20 200
10

0 0
700 800 900

raw 400 500525 550 600
Calcination temperature (°C)

Relative proportions (%) of Al(IV), Al(V) and
Al(VI)
7 days cumulative heat release J/(g of SCM)

mEmAl(lV) mm=AI(V) E3AI(Vl]) e=—Cumulative heat release

Figure 6-6: Evolution of the relative proportions of Al(IV), Al(V) and Al(V]) and the pozzolanic

activity (cumulative heat release) of the palygorskite (PFI-1) and kaolinite (KGa-1b) samples

as a function of the calcination temperature.

As with the Ca(OH), consumption measurements (figure 6-5), for KGa-1b, the evolution of the
cumulative heat release closely follows the evolution of 4 and 5-fold aluminium proportions :
A significant increase in cumulative heat release occurs between 500 and 600°C, temperatures

between which most of the dehydroxylation of kaolinite takes place.

For PFI-1, unlike with the Ca(OH), consumption measurements (figure 6-5), the evolution of
the cumulative heat released this time closely follows the evolution of 4 and 5-fold aluminium

proportions. The increase in cumulative heat release is gradual, reaching a maximum at 800°C,
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and then decreases sharply at 900°C due to recrystallization phenomena. The results of the
Chapelle test and the cumulative heat release measurements are therefore similar for KGa-1b
but there are some differences for PFI-1. It seems that, despite a constant Ca(OH):
consumption between 700 and 800°C (figure 6-5), there is still an increase in the cumulative
heat release (figure 6-6), which reflects an increase in pozzolanic reactivity for PFI-1. ASTM
C1897 standard test therefore seems to best represent the pozzolanic reactivity of the
aluminous phases (in comparison to the modified Chapelle test) and should be taken into

account to simulate the pozzolanic reactivity.

Cement pastes incorporating 10% of each of the two clays, calcined at 500, 600, 700 and 800°C
were then made and their compressive strength measured. The main objective being to
determine more accurately the best calcination temperature for KGa-1b and PFI-1 and to
verify if there is a link between Ca(OH), consumption, cumulative heat release and mechanical

performance in cementitious systems.

6.4.6. Compressive strength measurements

Figure 6-7 displays the evolution of the compressive strength (MPa) at 7 and 28 days of the
reference cement paste (P-Ref) and the cement pastes blended with 10% of PFI-1 (P-PFI-1)
and 10% of KGa-1b (P-KGa-1b) calcined at 500, 600, 700 and 800°C.
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Figure 6-7: Compressive strength at 7 and 28 days of P-Ref, P-PFI-1 (incorporating PFI-1

calcined at 500, 600, 700 and 800°C) and P-KGa-1b (incorporating KGa-1b calcined at 500,

600, 700 and 800°C).

After 7 days of hydration, both P-PFI-1 and P-KGa-1b exhibit an increase in compressive
strength with the increase of the calcination temperature. PFI-1 must be calcined at 700°C or
800°C to obtain an equivalent (47 MPa at 700°C) or higher compressive strength value (61
MPa at 800°C) compared to the reference (49 MPa). A calcination at 600°C is sufficient for

KGa-1b to provide significant strength improvement (60 MPa).

There is a good correlation between the evolution of compressive strength measurements
(figure 6-7) and the evolution of cumulative heat release (figure 6-6) for PFI-1 and KGa-1b. On
the other hand, the correlation with the Ca(OH). consumption (figure 6-5) is much less

obvious, especially for PFI-1 between 700°C and 800°C.

After 28 days of hydration, the compressive strength of pastes incorporating PFI-1 calcined at
600°C and 700°C is equivalent (62 and 61 MPa) to that of the reference (63 MPa). A calcination
temperature of 800°C is necessary to achieve a significant increase in compressive strength
(73 MPa) on pastes incorporating calcined PFI-1. For KGa-1b, a calcination temperature of

600°C is sufficient to obtain a higher compressive strength (77 MPa) than the reference, and
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the difference between 600°C (77 MPa), 700°C (83 MPa) and 800°C (80 MPa) is not significant

regarding the standard deviation.

For P-KGa-1b, the compressive strength increase abruptly between 500 and 600°C and
remains constant until 800°C which is in good correlation with the evolution of the cumulative
heat release (figure 6-6), the Ca(OH),consumption (figure 6-5), the dehydroxylation evidenced
by 2’Al MAS NMR (figure 6-3) and the formation of the silica gel evidenced by 2°Si MAS NMR
(figure 6-4).

For P-PFI-1, the compressive strength increases more gradually which is also consistent with
pozzolanic activity results (figures 6-3 and 6-4). The significant increase in compressive
strength between 700 and 800°C (at 7 and 28 days) correlates well with the 2°Si MAS NMR
results. It seems that the sillica gel formed between 700 and 800°C (highlighted by the
formation of Q* on figure 6-4) is responsible for the increase in mechanical performance due
to a high pozzolanic reactivity. Based on the compressive strength evolution, both calcined
PFI-1 and KGa-1b are suitable for a use as SCM and a calcination temperature of 800°C is
required for PFI-1 while KGa-1b can be calcined at only 600°C. Furthermore, the compressive
strength seems to closely follow the increase of cumulative heat release, the appearance of

4- and 5- fold aluminium and the formation of an amorphous silica gel.

6.4.7. Hydration kinetics analysis

To understand the influence of these supplementary cementitious materials on the hydration
kinetics of the cement, the evolution of the crystalline phases has been investigated by X-ray
diffraction on two blended cement pastes incorporating 10% of 800°C-PFI-1 and 10% of 800°C-
KGa-1b. Figure 6-7 displays the evolution of the crystalline phases of the GU cement paste as

a function of the hydration time.

Figure 6-7 displays the evolution of the crystalline phases of GU cement paste as function of

the hydration time.
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Figure 6-7: Evolution of the crystalline phases of GU cement paste as function of the

hydration time.

With the increase of the hydration time, there is a decrease of the proportion of anhydrous
phases (alite, belite, aluminate, ferrite) associated with the appearance of hydrates such as
portlandite, ettringite and C-S-H (which is amorphous). It is important to note the formation
of carboaluminates, which result from the reaction of the aluminous phases of the clinker with
the calcite contained in the cement [53]. After 1 day of hydration, all the gypsum and
anhydrite have already been consumed to form ettringite and control the hydration of the

aluminate phase.

Figure 6-8 displays the evolution of the crystalline phases of 800°C-KGa-1b and 800°C-PFI-1

cement blends pastes as function of the hydration time.
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The first important difference with figure 6-7 is that the hydration of the 800°C-KGa-1b and
800°C-PFI-1 cement blends results in the formation of a larger amount of carboaluminates. In
these systems, additional carboaluminates are produced by the reaction of the aluminium in
the calcined clay phases with the calcium and carbonates available in the system (from
portlandite and calcite). The precipitation of these compounds has been shown to have a
significant effect on porosity refinement and strength development [54]. Figure 6-8 also shows
higher formation of carboaluminates for the mixture incorporating metakaolin rather than
calcined palygorskite. This is due to the total amount of aluminium of the clay, which is
sighificantly higher for kaolinite (40% Al,03) compared to palygorskite (10% Al;0s3). As a
consequence, the SiO, content of calcined palygorskite is higher and thus have a higher
contribution to the C-(A)-S-H. The addition of palygorskite or calcined kaolinite does not seem
to have an influence on the amount of ettringite formed. This can be explained by the
presence of carbonates which limits the sulfate inclusion in AFm phases, as the

carboaluminates will be preferentially formed and most sulfate will be in ettringite [55].

6.5. Conclusion

This study compared the use of a calcined palygorskite and calcined kaolinite as
supplementary cementitious materials. The investigated parameters include the calcination
temperature, the pozzolanic reactivity and the mechanical performance in cementitious

systems. Based on the results, the following conclusions can be drawn:

1- The calcination of palygorskite and kaolinite leads to a change in the coordination of the
aluminium atoms from 6-fold to 4-fold and 5-fold coordinations. This phenomenon is very
abrupt between 500 and 600°C for kaolinite, whereas it is gradual between 400 and 800°C for

palygorskite.

2- The calcination of palygorskite and kaolinite leads to the segregation of the silicon from the
calcined clay phases into an amorphous silica gel. The formation of this gel occurs at 600°C for

kaolinite whereas 800°C is required for palygorskite.
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3- Adirect correlation was observed between the formation of the silica gel, the apparition of
aluminium 4 and 5, the increase in pozzolanic reactivity and the increase in mechanical

performance in cementitious system for both calcined palygorskite and calcined kaolinite.

4- Contrary to what is usually argued in the literature, the proportion of aluminium 5 cannot
be used as a stand-alone criterion to assess the pozzolanic activity of an Al-rich SCM. It is also

necessary to monitor aluminium 4 and the evolution of silicon (amorphous silica gel).

5- The calcined palygorskite has a high pozzolanic reactivity after calcination at 800°C and
allows an improvement in compressive strength (already at 7 days). It can therefore be

considered as a highly reactive pozzolan like metakaolin.

The next stage of the experiment will involve the study of “low grade” palygorskite samples
to verify the observations made in this study and to propose new ways of adding value to this
type of materials. Furthermore, dissolution studies in cementitious media of those calcined

clays would make it possible to determine which type of aluminium is the most reactive.
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6.7. Bilan scientifique du chapitre 6

Cette derniére partie dresse un bilan scientifigue de ce chapitre 6 qui s’intéresse a la
comparaison de la réactivité pouzzolanique de deux échantillons argileux calcinés fortement
concentrés, une palygorskite et un kaolin. Ces deux échantillons proviennent de la Clay

Mineral Society (PFI-1 (Palygorskite) et KGa-1b (Kaolinite)).

Il a été démontré que les deux argiles ont un comportement radicalement différent lors de
leur calcination. Les modifications physico-chimiques se font de maniére progressive pour la
palygorskite (400 et 800°C ) alors que ce phénomeéne est beaucoup plus brutal pour la kaolinite
(entre 500 et 600°C). Un lien direct entre ces modifications physico-chimiques, la réactivité
pouzzolanique et les performances mécaniques en systéme cimentaire a été mis en évidence.
Plus précisément, il a été démontré que I'évolution de I'’environnement du silicium des phases
argileuses lors de la calcination (phénomene de ségrégation du silicium qui se condense) ainsi
qgue le changement de coordination des atomes d’aluminium (lié a la déshydroxylation des
phases argileuses) correlent parfaitement avec I'augmentation de la réactivité pouzzolanique

et des performances mécaniques en systéme cimentaire de ces deux matériaux.

Plusieurs observations ont pu étre relevées lors de la comparaison des données de RMN 27Al
et ATG/DSC. Malgré un changement de coordination des atomes d’aluminium aprés 600°C
pour la palygorskite, il n’y a aucune variation de masse ni de flux de chaleur détecté par
ATG/DSC. Il semble donc que le changement de coordination des atomes d’aluminium ne soit
pas uniquement di a un phénoméne de déshydroxylation, mais également a un
réarrangement de la structure de I'argile. Ce réarrangement entraine une modification de

I’environnement de I'aluminium bien apres la déshydroxylation.

Ce chapitre 6 a permis de démontrer que malgré sa plus faible réactivité pouzzolanique en
comparaison du métakaolin, la palygorskite calcinée est une argile qui peut étre classée dans

la famille des pouzzolanes hautement réactives.
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Conclusion générale

Ce projet de de these consistait donc en une étude expérimentale multi-échelle de I'utilisation
d’argiles et de marnes calcinées dans le développement de ciments composés. L'objectif
principal était d’évaluer le potentiel de nouveaux matériaux a base d’argiles non
conventionnelles pour une utilisation comme ajouts cimentaires, dans le but de réduire la part
de clinker des ciments composés. Associé a cet objectif principal, il y avait la nécessité
d’apporter de nouvelles connaissances fondamentales sur la calcination et la réactivité en
systeme cimentaire de ces argiles puis d’identifier les liens existants entre les observations

faites a I’échelle micro et macro.

Tout a débuté avec I'étude de la calcination de deux marnes dolomitiques, contenant toutes
les deux de la smectite mais dont I'une contenait également de la palygorskite. |l a été possible
de démontrer que ces matériaux multiphasés complexes présentent un potentiel d’utilisation
comme ajout cimentaire aprées calcination, et ce, malgré leur faible proportion d’argiles. Du
fait de leur composition minéralogique complexe, et notamment de la présence de
carbonates, il y a la formation de plusieurs phases réactives apres calcination qui ont un
potentiel impact sur I’hydratation et qui doivent donc étre contr6lées. En comparant la
réactivité pouzzolanique et les performances mécaniques en systéme cimentaire, il est apparu
qgue la marne contenant de la palygorskite présentait les meilleurs résultats. Ceci démontre
I'effet bénéfique de la présence de palygorskite et laisse présager que cette argile présente
un certain potentiel pour une utilisation comme SCM apreés calcination. Cependant, la
présence de synergies avec les autres phases réactives néoformées durant la calcination ne
peut pas étre écartée et pourrait expliquer la forte réactivité de la marne contenant de la

palygorskite.

Afin d’affirmer et/ou d’infirmer ces hypothéses nous nous sommes intéressés a des
échantillons présentant des teneurs plus élevées en palygorskite (Pal-1 et Pal-2 contenant 61%
et 73% de palygorskite respectivement) et ne possédant pas de carbonates, ni de minéraux
accessoires pouvant entrainer la formation de phases réactives aprés calcination. L'étude de
la calcination, de la réactivité pouzzolanique et des performances mécaniques en systéme

cimentaire a confirmé le fort potentiel pour une utilisation comme ajout cimentaire de ce type

205
Victor Poussardin, 2022



d’argile. L'incorporation de 20% de ces matériaux calcinés a 800°C dans des ciments composés
permet une augmentation de 28% de la résistance a la compression sur mortiers (pour I'argile
avec 61% de palygorskite et 25% de smectite) et de 44% (pour I'argile avec 73% de palygorskite
et 21% de smectite). Cette différence de réactivité entre les deux matériaux utilisés peut étre
aussi bien expliquée par la plus haute proportion de palygorskite que par la plus haute
proportion globale d’argile (palygorskite + smectite) ou encore la plus grande finesse de Pal-2

en comparaison de Pal-1.

En raison du potentiel intéressant de la palygorskite, il est ensuite apparu nécessaire d’étudier
de maniére plus poussée un échantillon ayant une teneur élevée en palygorskite afin
d’identifier quels sont les paramétres clés qui influent sur sa réactivité, puis de le comparer
avec un kaolin. Pour ce faire nous nous sommes procurés une palygorskite et un kaolin aupres
de la Clay Mineral Society. Ainsi, une étude détaillée a permis de comparer les modifications
physico-chimiques qui se déroulent lors de la calcination, puis de comparer leur réactivité
pouzzolanique et enfin leurs performances mécaniques en systeme cimentaire. Il a été
démontré que la calcination de la palygorskite et de la kaolinite induit de nombreux
changements dans la structure de ces argiles. Il y a un phénomene de déshydroxylation ainsi
gue la formation d’un gel de silice amorphe a différentes températures de calcination. Ce
phénomene se produit de maniere trés brutale entre 500 et 600°C pour la kaolinite alors gu’il
est beaucoup plus progressif (entre 400 et 800°C) pour la palygorskite. Ces deux phénoménes
(déshydroxylation et formation du gel de silice amorphe) corrélent avec I'augmentation de la
réactivité pouzzolanique et des performances mécaniques en systéme cimentaire. En
comparant ces deux échantillons modeles, il apparait que la palygorskite calcinée peut étre
considérée comme une pouzzolane hautement réactive, et représente une alternative au

métakaolin dans les régions du monde ou ce dernier n’est pas disponible.

Ce travail de thése a permis dans un premier temps de démontrer que les marnes, malgré leur
minéralogie complexe présentent un fort potentiel d’utilisation comme SCM apres
calcination, permettant ainsi d’ouvrir de nouvelles voies de valorisation de ce types de
matériaux. Par la suite, il a été démontré que la palygorskite est une argile a haut potentiel
pour une utilisation comme ajout cimentaire aprés calcination, et peut étre considérée

comme une alternative viable au métakaolin. L’étude poussée de I'utilisation de palygorskites
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calcinées comme ajouts cimentaires a également permis d’apporter de nouvelles
connaissances fondamentales sur la compréhension des mécanismes impliqués lors de la
calcination de ce type de matériaux. L’évolution de la coordination des atomes d’aluminium
ainsi que la formation d’un gel de silice amorphe lors de la calcination sont les deux éléments
clés en terme de réactivité pouzzolanique et de performances mécaniques en systeme

cimentaire.

De nombreuses questions restent cependant en suspens. D’un point de vue fondamental il
serait intéressant de déterminer quel type d’aluminium (coordination 4 ou 5) va avoir la plus
grande influence sur la réactivité de l'argile calcinée. Pour cela, des tests de vitesse de
dissolution en milieu cimentaire des argiles calcinées pourraient s’avérer pertinents et
permettraient de déterminer quelles sont les éléments clés qui vont influer la réactivité
pouzzolanique. Du point de vue ingénierie il serait pertinent d’étudier la formulation de
bétons avec des ciments composés incorporant de la palygorskite calcinée afin d’avoir une
vision compléte des performances de ce nouveau SCM. Cela passerait par une premiere étape
de formulation d’'un ciment composé a base de palygorskite calcinée, d’'une étude de la
compatibilité avec différents types de superplastifiants et finalement de la réalisation de
bétons. En paralléle de tout ca, la recherche de nouveaux échantillons avec différentes
teneurs en palygorskite est également nécessaire, notamment dans une optique de
détermination de la proportion de palygorskite minimale qui permet d’obtenir un ciment

composé présentant des performances similaires a un ciment portland classique.

207
Victor Poussardin, 2022



208
Victor Poussardin, 2022



Annexes

Informations complémentaires du chapitre 2

Spectral decompositions of the 2’Al MAS spectra were done by using the dmfit software. The
initial fit was constructed from the spectrum of the argillaceous-carbonate calcined at 600°C.
The relevance of this fit is supported by 2’Al 3QMAS spectrum of the same sample. Signal from
6-fold aluminium that resisted calcination are represented by a Lorentzian line (labelled
L6_hatched). In order to account for the asymmetry of the ?’Al resonances (due to the
presence of Electric Field Gradient distributions) in this amorphous sample, we chose the
‘Czsimple’ shape implemented in dmfit with d=5 to use the Gaussian Isotropic Model. The
isotropic chemical shift distribution is described by an independent Gaussian distribution.
Thus, a ‘Czsimple’ line (labelled C6_dotted) was used to complete the description of the 6-fold
aluminium resonance. A single ‘Czsimple’ line (labelled C5) was used for the 5-fold aluminium
resonance. Finally, two ‘Czsimple’ lines (labelled C4_hatched and C4_dotted) were mandatory
to fully describe the 4-fold aluminium resonance. Parameters for the five lines are gathered
in Table S1. Except amplitudes, all other parameters were kept constant when fitting the 2’Al
MAS spectra of the argillaceous-carbonate samples calcined at 700, 800 and 900°C. Table S2

gives the relative proportions of the lines as a function of the calcination temperature.

M E—— 1 N I —— —-

140 120 100 80 60 40 20 0 -20 40 -60 -80 -100 -120 -140
Frequency - (ppm)

Figure S1: Spectral integration of the 2’Al MAS NMR spectrum of the argillaceous-
carbonate calcined at 600°C.
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Figure S2: Spectral integration of the ?Al MAS NMR spectrum of the argillaceous-
carbonate calcined at 700°C.
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Figure S3: Spectral integration of the 2’Al MAS NMR spectrum of the argillaceous-
carbonate calcined at 800°C.
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Figure S4: Spectral integration of the Al MAS NMR spectrum of the argillaceous-
carbonate calcined at 900°C.

Table S1: Parameters for the 2’Al MAS NMR spectral decompositions. diso is the isotropic
chemical shift, Cq is the mean quadrupolar product (GIM) and FWHM CS is the full width at
half maximum of the Gaussian distribution of isotropic chemical shift.

Caq FWHM CS
Component Shape diso (ppm) Width (ppm)
(MHz) (ppm)

L6_hatched Lorentzienne 3.8 9.0
C6_dotted CzSimple 6.5 7.0 10.0

c5 CzSimple 35.0 10.0 14.0
C4_dotted CzSimple 61.0 6.5 15.0
C4_hatched CzSimple 69.0 3.5 14.0
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Table S2: Relative Proportions of the components of 2Al MAS NMR spectra as function of

the calcination temperature.

C4_hatched C4_dotted c5 L6_hatched C6_dotted
600°C 14 11 38 22 15
700°C 15 19 37 16 13
800°C 16 44 31 3 6
900°C 16 67 14 0 3

The Rietveld quantification of the raw and calcined material at 800°C was performed using the

Profex Rietveld refinement program [19]. Ideal structural phases have been used and refined

as best as possible. The sample is a natural sample made of a mixture of several phases, which

explains the difficulty in obtaining a perfect fit. For the raw sample two different palygorskite

crystal structures (Palygorskitel and Palygorskite2) and two Dolomite (Dolomite and

Dolomite2) have been necessary to optimize the fit. The high Rup value for the refinement of

the raw sample is explained by a difficulty to fit the shape of the characteristic peaks of

Dolomite. The presence of a low proportion of Ankerite may explain this difficulty. Concerning

the refinement of the 800°C calcined material, to simulate the dehydrated smectite,

crystalline structure of a zero-water layer potassium smectite was used.

Victor Poussardin, 2022
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Figure S5: Rietveld refinement of the raw argillaceous-carbonate (with peaks of phases).
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Figure S6 : Rietveld refinement of the raw argillaceous-carbonate (without peaks of

phases).
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Table S3: Statistics of the Rietveld refinement of the raw argillaceous-carbonate.

Statistics Rwp = 10.24 Rexp = 3.14 X?=10.63 GoF =3.26
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Figure S7: Rietveld refinement of the argillaceous-carbonate calcined at 800°C (with peaks

of phases).
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Figure S8: Rietveld refinement of the argillaceous-carbonate calcined at 800°C (without
peaks of phases).

Table S4: Statistics of the Rietveld refinement of the argillaceous-carbonate calcined at
800°C.

Statistics Rwp = 6.74 Rexp = 3.26 X2 =4.27 GoF =2.07
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Informations complémentaires du chapitre 3

Spectral decompositions of 2°Si MAS NMR spectra have been done by using the dmfit software
[1]. The initial fit was constructed from the spectrum of the calcined marlstone hydrated for
7 days. For the line at -107.8 ppm associated with quartz, we used a Lorentzian lineshape. For
the lineshapes of all other lines, we used an equally weighted sum of Gaussian and Lorentzian
of same widths (‘Gaus/Lor’ model in dmfit). One line (labelled Q°/Q') was used to describe the
resonance associated with Q”Q? of belite and/or akermanite/gehlenite. Four lines (labelled
Q' CSH 1, Q! CSH 2, Q?(1Al) CSH and Q? CSH) were used to describe the resonances associated
with Q?, Q?(1Al) and Q? of C-(A)-S-H. Two lines (labeled Q3 calcined clay 1 and Q3 calcined clay
2) were used to describe the resonance associated with Q3 of calcined clay phases. Finally, one
line (labeled Q* Silica) and one Lorentzian line (labeled Q* Quartz) were used to described the
resonance associated with Q* of silica polymorphs. The parameters of the lines are gathered
in table S1. All parameters except amplitude were kept constant for the fitting of the 2°Si MAS

spectra of the calcined argillaceous carbonate hydrated during 14, 28 and 180 days.

B Q'

B Q' Q*(1A), Q?
. o

B <
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Chemical shift - (ppm)

Figure S1: Spectral integration of the 2°Si MAS NMR spectrum of the marlstone calcined at

800°C and hydrated during 7d.

216
Victor Poussardin, 2022



I Q'

I Q. Q1A Q?
<

<

40 20 0 -20 -40 -60 -80 -100 -120 -140 -160 -180 -200 -220 -240
Chemical shift - (ppm)

Figure S2: Spectral integration of the 2°Si MAS NMR spectrum of the marlstone calcined at
800°C and hydrated during 14d.
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Figure S3: Spectral integration of the 2°Si MAS NMR spectrum of the marlstone calcined at
800°C and hydrated during 28d.
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Figure S4: Spectral integration of the 2°Si MAS NMR spectrum of the marlstone calcined at

800°C and hydrated during 180d.

Table S1: Parameters and relative proportions for the 2°Si MAS NMR spectral
decompositions. diso is the isotropic chemical shift and f.w.h.m the full width at half

maximum.
Parameters Relative proportions
Component diso (ppm) | f.w.h.m. (ppm) o e 28d 180d
Q*silica -109.9 5.4 1.5 1.3 1.2 1.2
Q* Quartz 2 -107.8 21 2.2 1.9 1.5 0

Q3 Calcined-clay 1 -98.2 26.5 52.9 42.4 39.4 25.1
Q3 Calcined-clay 2 -91.4 11.7 5.1 7.1 7.4 4.9
Q2 CSH -84.5 3.2 8.0 121 14.1 18.9
Q?(1Al) CSH -81.4 3.0 4.6 7.4 9.2 12.6
Q!CSH1 -79.2 3.1 13.7 14.6 14.4 18.2

Q! CSH 2 -76.6 3.0 4.0 5.0 4.8 8.3
Q’/Q! -72.5 4.97 8.0 8.2 8.0 10.8
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Table S2: MCL and Al/Si values as function of the hydration time calculated by using a fully
cross-linked tobermorite model.

Fully cross-linked C-(A)-S-H structure

Hydration time (days) MCL Al/Si
7 9,16 0,143
14 10,87 0,153
28 11,95 0,149
180 10,24 0,078
70
60 [ Jarc-(aA)ys-H =
—_ Q3 Calcined clay phases az
2
:50 ] aa(1al)|
=
=
Al =+
840 Qz(1A1)
g_ asiA)
30
-g b Qz(iAn =
1]
g 20 A a‘z::ul =
10
0-
7 days 14 days 28 days 180 days
Hydration time (days)

Figure S5: Relative proportions (with Q3 Calcined clay-2 associated with Q3(1Al) C-(A)-S-H)
of silicon-containing phases (from the perspective of silicon content) as function of the
hydration time obtained from 2°Si NMR spectra.
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Informations complémentaires du chapitre 4

Spectral decomposition MS1

Dmfit software [1] has been used to perform the spectral decompositions of 2°Si MAS NMR
spectra. The 800°C-MS1 hydrated during 7 days has been used to construct the initial fit. All
the lines were modeled using an equally weighted sum of Gaussian and Lorentzian of same
widths (‘Gaus/Lor’ model in dmfit). Q¥Q! of C2S and/or akermanite/gehlenite resonance was
described using one line (labelled Q°/QY). Q!, Q?(1Al) and Q? resonances of C-(A)-S-H were
described using four lines (labelled Q' CSH 1, Q' CSH 2, Q%(1Al) CSH and Q2 CSH). Q3 resonance
of calcined clay phases was described using two lines (labeled Q3 calcined clay 1 and Q3
calcined clay 2). Finaly, Q* resonance of silica polymorphs was described using one line
(labeled Q* Silica) and one Lorentzian line (labeled Q* Quartz). Table S1 gathered the
parameters of the lines used. All parameters except amplitude were kept constant for the

fitting of the 2°Si MAS spectra of the 800°C-MS1 hydrated during 14, 28 and 180 days.
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Figure S1: Spectral integration of the 2°Si MAS NMR spectrum of MS1 calcined at 800°C and
hydrated during 7d.
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Figure S2: Spectral integration of the 2°Si MAS NMR spectrum of MS1 calcined at 800°C and
hydrated during 14d.
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Figure S3: Spectral integration of the 2°Si MAS NMR spectrum of MS1 calcined at 800°C and
hydrated during 28d.
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Figure S4: Spectral integration of the 2°Si MAS NMR spectrum of MS1 calcined at 800°C and
hydrated during 180d.
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Table S1: Parameters and relative proportions for the 2°Si MAS NMR spectral
decompositions of hydrated 800°C-MS1. diso is the isotropic chemical shift and f.w.h.m
the full width at half maximum.

Parameters Relative proportions
f.w.h.m. 7d 14d 28d 180d
Component diso (Ppm)
(ppm)
Q*silica -109.9 5.4 1.5 13 1.2 0
Q* Quartz 2 -107.8 2.1 2.2 1.9 15 1,2
Q3 Calcined-clay 1 -98.2 26.5 52.9 42.4 39.4 25.1
Q3 Calcined-clay 2 -91.4 11.7 5.1 7.1 7.4 4.9
Q2 CSH 845 3.2 8.0 12.1 14.1 18.9
Q(1Al) CSH -81.4 3.0 4.6 74 9.2 12.6
Q! CSH 1 -79.2 31 13.7 14.6 14.4 18.2
Q! CSH 2 76.6 3.0 4.0 5.0 4.8 8.3
Q’/qt 725 4.97 8.0 8.2 8.0 10.8

Spectral decomposition MS2

Dmfit software [2] has been used to perform the spectral decompositions of 2°Si MAS NMR
spectra. The 800°C-MS2 hydrated during 7 days has been used to construct the initial fit. All
the lines were modeled using an equally weighted sum of Gaussian and Lorentzian of same
widths (‘Gaus/Lor’ model in dmfit). Q°/Q* of C2S and/or akermanite/gehlenite resonance was
described using one line (labelled Q°/QY). Q', Q?(1Al) and Q? resonances of C-(A)-S-H were
described using four lines (labelled Q' CSH 1, Q! CSH 2, Q?(1Al) CSH and Q? CSH). Q3/Q*
resonances of calcined clay phases was describe using three lines (labeled Q3 calcined clay 1,
Q3 calcined clay 2 and Q* calcined clay). Finally, Q* resonance of quartz was described using
one Lorentzian line (labeled Q* Quartz). Table S2 gathered the parameters of the lines used.
All parameters except amplitude were kept constant for the fitting of the 2°Si MAS spectra of

the 800°C-MS1 hydrated during 14, 28 and 180 days.
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Figure S5: Spectral integration of the 2°Si MAS NMR spectrum of MS2 calcined at 800°C and
hydrated during 7d.
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Figure S6: Spectral integration of the 2°Si MAS NMR spectrum of MS2 calcined at 800°C and
hydrated during 14d.
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Figure S7: Spectral integration of the 2°Si MAS NMR spectrum of MS2 calcined at 800°C and
hydrated during 28d.
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Figure S8: Spectral integration of the 2°Si MAS NMR spectrum of MS1 calcined at 800°C and
hydrated during 180d.
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Table S2: Parameters and relative proportions for the 2°Si MAS NMR spectral

decompositions of hydrated 800°C-MS2. diso is the isotropic chemical shift and f.w.h.m

the full width at half maximum.

Parameters Relative proportions

f.w.h.m. 7d 14d 28d 180d

Component diso (ppm)

(ppm)

Q4 quartz _10789 2.2 13,64 13,75 14,44 13,37
Q* Calcined-clay -108,6 9 22,30 19,13 17,05 14,31
Q3 Calcined-clay 1 -100,8 3,75 6,98 6,19 4,94 1,31
Q3 Calcined-clay 2 -97 11.11 37,95 38,32 34,41 23,13
Q2 CSH -85 5,7 6,72 8,32 12,30 21,11
Q*(1Al) CSH -81.4 5 0 0 0 5,94
Q'CSH 1 -79.3 45 7,69 9,36 11,94 15,58
QY/Qt -73,1 4,50 4,71 4,93 4,92 5,25

Rietveld quantification

The Rietveld quantification of MS1 and MS2 was performed using the Profex Rietveld

refinement program [2]. Ideal structural phases have been used and refined as best as

possible. The samples are natural samples made of a mixture of several phases, which explains

the difficulty in obtaining a perfect fit.
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Figure S9 : Rietveld refinement of MS1 (without peaks of phases).
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Figure S10 : Rietveld refinement of MS1 (with peaks of phases).
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Table S3: Statistics of the Rietveld refinement of MS1.

Statistics pr = 10,24 Rexp =3.14 X2 = 10,6 GoF = 3,26
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Figure S11 : Rietveld refinement of MS2 (without peaks of phases).
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Figure S12 : Rietveld refinement of MS2 (with peaks of phases).
Table S4: Statistics of the Rietveld refinement of MS2.
Statistics Rwp = 9,67 Rexp = 3.47 X?=7,76 GoF=12.78
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Informations complémentaires du chapitre 5

Spectral decompositions of 2°Si MAS NMR spectra have been done by using the dmfit
software. The initial fit was constructed from the spectrum of the raw white Portland cement.
For the lineshapes of all lines, we used an equally weighted sum of Gaussian and Lorentzian
of same widths (‘Gaus/Lor’ model in dmfit). One line (labelled Q°/Q?) was used to describe the
resonance associated with Q”/Q? of belite and three lines were used to describe the resonance

associated with Q¥/Q? of alite.

The fits of the hydrated cement at 7 and 28 days were constructed using lines previously
constructed for alite and belite. Two Gaussian lines (labeled as Q) were used to describe the
C-S-H in Q! configuration, one Gaussian line to describe the C-S-H in Q? configuration and one

line to describe the C-S-H in Q%(1Al) configuration.

The fits of Min-U-400 and Min-U-FG calcined at 800°C were constructed using one Gaussian
line to describe the silicon in Q* configuration associated to quartz at -108 ppm. Four Gaussian
lines were used to describe the silicon in Q3 configuration associated with the calcined clay.

The fits of the blendings 0.2wPc + 0.8Min-U-400-800°C and 0.2wPc + 0.8Min-U-FG-800°C were
constructed using the preceding lines constructed for the raw cement and the calcined clay.

The silicon in Q%, Q% and Q?(1Al) in the same way than for the pure cement paste.

The parameters of the lines are gathered in table S-1. At first, all parameters except amplitude
were kept constant for the fitting of the 2°Si MAS spectra of the three mixings, then the full

width at half maximum (f.w.m.h.) has been allowed to vary.
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Figure S1 : Spectral integration of the 29Si MAS NMR spectra of the white Portland cement
hydrated during 7 and 28 days.
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Figure S2 : Spectral integration of the 29Si MAS NMR spectra of the blendings 80% white
Portland cement + 20% Min-U-400-800°C hydrated during 7 and 28 days.
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Figure S3 : Spectral integration of the 2°Si MAS NMR spectra of the blendings 80% white
Portland cement + 20% Min-U-FG-800°C hydrated during 7 and 28 days.
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Table S1: Parameters and relative proportions for the 2°Si MAS NMR spectral
decompositions. 8iso is the isotropic chemical shift.

Parameters Relative proportions
Cement 80% Cement + 20% 80% Cement + 20%
Component | diso (ppm) Min-U-400-800°C Min-U-FG-800°C
7d 28d 7d 28d 7d 28d
Q3 Min-U-
a00-800°C1 | °O° 74 31
Q3 Min-U-
-107,5 12,8 9,2
FG-800°C 1 ’ ’ ’
3 -
@’ Calcined | 4, 1,9 2,4 2,4 3,4
clay 2
Q% CSH -84,2 14,6 22,6 19,9 23,4 19,4 25,1
Q?(1Al) CSH -81,5 8,2 7,8 7,6 9,3 7,1 7,1
Q'CSH1 -79,0 27,1 31,7 24,0 23,9 23,9 24,0
Q' CSH 2 -76,0 6,4 7,1 5,7 6,4 4,8 5,4
Q°/Q}(Alite) -71,5 35,5 25,4 27,5 26,0 23,5 20,8
Q°/Q'(Bélite)| -71,3 8,1 5,4 6,2 5,6 6,2 4,9

Rietveld quantification

The Rietveld quantification of Pal-1 and Pal-2 was performed using the Profex Rietveld
refinement program [2]. Ideal structural phases have been used and refined as best as

possible.
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Figure S4 : Rietveld refinement of Pal-1.
Table S2: Statistics of the Rietveld refinement of Pal-1.
StatistiCS pr = 5.03 Rexp = 3.07 X2 = 12.68 GOF = 1.63
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Figure S4 : Rietveld refinement of Pal-2.
Table S2: Statistics of the Rietveld refinement of Pal-2.
StatistiCS pr = 4.99 Rexp = 3.08 X2 = 2.62 GOF = 1.62
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Informations complémentaires du chapitre 6

Spectral decompositions of the ??Al MAS spectra were done by using the dmfit software

(Massiot et al., 2002).

PFl-raw

PFI-1 spectral decomposition

Table S1: Parameters for PFl-raw ?’Al MAS NMR spectral decompositions. diso is the
isotropic chemical shift, Cq is the mean quadrupolar product (GIM) and FWHM CS is the

full width at half maximum of the Gaussian distribution of isotropic chemical shift.

Ca FWHM CS Proportions
Component Shape Bliso (ppm) Width (ppm)
(MHz) (ppm) (%)
Al-6 Lorentzienne 4.22 5.20 92
Al-4 CzSimple 70.0 7.0 15.0 6
Al-4 Qmas 1/2 59.75 3.521 2
100 90 8 70 60 50 40 30 20 10 O -10 -20 -30 -40 -50 -60 -70 -80 -90 -100
Chemical shift - (ppm)
Figure S1: Spectral decomposition of PFl-raw 2’Al MAS NMR spectrum.
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PFI-400

Table S2: Parameters for PFI-400 2?Al MAS NMR spectral decompositions. diso is the

isotropic chemical shift, Cq is the mean quadrupolar product (GIM) and FWHM CS is the

full width at half maximum of the Gaussian distribution of isotropic chemical shift.

Ca FWHM CS Proportions
Component Shape Bliso (ppm) Width (ppm)

(MHz) (ppm) (%)
Al-6 Lorentzienne 4.16 4.67 84
Al-6 CzSimple 6.50 7.0 10.0 0
Al-5 CzSimple 33.0 8.5 17.0 6
Al-4 CzSimple 70.0 7.0 15.0 7
Al-4 CzSimple 60.0 6.5 12.0 0
Al-4 Qmas 1/2 59.75 3.521 3

100 9|0 8I{J 7l0 6|0 5Io 4|0 9,'0 2|o 1|0 0 -1|0 -:zlo -el.o -4|0 50 -6|0 -?Io -slo -5;0 -100
Chemical shift - (ppm)
Figure S2: Spectral decomposition of PFI-400 27Al MAS NMR spectrum.
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PFL-500

Table S3: Parameters for PFI-500 2’Al MAS NMR spectral decompositions. diso is the
isotropic chemical shift, Cq is the mean quadrupolar product (GIM) and FWHM CS is the
full width at half maximum of the Gaussian distribution of isotropic chemical shift.

Ca FWHM CS Proportions
Component Shape Bliso (ppm) Width (ppm)

(MHz) (ppm) (%)
Al-6 Lorentzienne 4.16 4.67 34
Al-6 CzSimple 6.50 7.0 10.0 20
Al-5 CzSimple 33.0 8.5 17.0 29
Al-4 CzSimple 70.0 7.0 15.0 12
Al-4 CzSimple 60.0 6.5 12.0 0
Al-4 Qmas 1/2 59.75 3.521 5

100 90 80 70 60 50 40 30 20 10 0 -10 -20 -30 -40 -50 60 -70O -80 -90 -100
Chemical shift - (ppm)

Figure S3: Spectral decomposition of PFI-500 ?’Al MAS NMR spectrum.
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PFL-600

Table S4: Parameters for PFI-600 2’Al MAS NMR spectral decompositions. diso is the
isotropic chemical shift, Cq is the mean quadrupolar product (GIM) and FWHM CS is the
full width at half maximum of the Gaussian distribution of isotropic chemical shift.

Caq FWHM CS Proportions
Component Shape Bliso (ppm) Width (ppm)

(MHz) (ppm) (%)
Al-6 Lorentzienne 2.0 9.0 27
Al-6 CzSimple 6.50 7.0 10.0 16
Al-5 CzSimple 33.0 8.5 17.0 35
Al-4 CzSimple 70.0 7.0 15.0 17
Al-4 CzSimple 60.0 6.5 12.0 0
Al-4 Qmas 1/2 59.75 3.521 5

100 90 80 70 60 50 40 30 20 10 0O -10 -20 -30 -40 -50 -60 -70 -80 -S0 -100
Chemical shift - (ppm)

Figure S4: Spectral decomposition of PFI-600 Al MAS NMR spectrum.
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PFI-700

Table S5: Parameters for PFI-700 2?Al MAS NMR spectral decompositions. diso is the
isotropic chemical shift, Cq is the mean quadrupolar product (GIM) and FWHM CS is the

full width at half maximum of the Gaussian distribution of isotropic chemical shift.

Ca FWHM CS Proportions
Component Shape Bliso (ppm) Width (ppm)
(MHz) (ppm) (%)
Al-6 Lorentzienne 2.0 9.0 15
Al-6 CzSimple 6.50 7.0 10.0 16
Al-5 CzSimple 33.0 8.5 17.0 44
Al-4 CzSimple 68.0 7.0 15.0 19
Al-4 CzSimple 60.0 6.5 12.0 2
Al-4 Qmas 1/2 59.75 3.521 4
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
100 9 80 70 60 50 40 30 20 10 O -10 -20 -30 -40 -50 -60 -70 -80 -90 -100
Chemical shift - (ppm)
Figure S5: Spectral decomposition of PFI-700 Al MAS NMR spectrum.
239

Victor Poussardin, 2022




PFI-800

Table S6: Parameters for PFI-800 2’Al MAS NMR spectral decompositions. diso is the
isotropic chemical shift, Cq is the mean quadrupolar product (GIM) and FWHM CS is the
full width at half maximum of the Gaussian distribution of isotropic chemical shift.

Ca FWHM CS Proportions
Component Shape Bliso (ppm) Width (ppm)

(MHz) (ppm) (%)
Al-6 Lorentzienne 3.50 9.0 3
Al-6 CzSimple 6.50 7.0 10.0 4
Al-5 CzSimple 33.0 10 17.0 31
Al-4 CzSimple 68.0 7.0 15.0 34
Al-4 CzSimple 55.0 8.0 15.0 23
Al-4 Qmas 1/2 59.75 3.521 5

100 90 80 70 60 50 40 30 20 10 0 -10 -20 -30 -40 -50 -60 -70 -80 -90 -100
Chemical shift - (ppm)

Figure S6: Spectral decomposition of PFI-800 Al MAS NMR spectrum.
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PFI-900

Table S7: Parameters for PFI-900 ??Al MAS NMR spectral decompositions. diso is the
isotropic chemical shift, Cq is the mean quadrupolar product (GIM) and FWHM CS is the
full width at half maximum of the Gaussian distribution of isotropic chemical shift.

Ca FWHM CS Proportions
Component Shape Bliso (ppm) Width (ppm)

(MHz) (ppm) (%)
Al-6 Lorentzienne 3.50 9.0 0
Al-6 CzSimple 6.50 7.0 10.0 4
Al-5 CzSimple 33.0 10.0 17.0 24
Al-4 CzSimple 68.0 7.0 15.0 34
Al-4 CzSimple 55.0 8.0 15.0 32
Al-4 Qmas 1/2 59.75 3.521 6

100 90 80 70 60 50 40 30 20 10 o0 -10 -20 -30 -40 -50 -60 -70 -80 -90 -100
Chemical shift - (ppm)

Figure S7: Spectral decomposition of PFI-900 2’Al MAS NMR spectrum.
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KGa-1b raw

KGa-1b spectral decomposition

Table S8: Parameters for KGa-1b-raw 2?Al MAS NMR spectral decompositions. diso is the

isotropic chemical shift, Cq is the mean quadrupolar product (GIM) and FWHM CS is the

full width at half maximum of the Gaussian distribution of isotropic chemical shift.

Ca FWHM CS Proportions
Component Shape Bliso (ppm) Width (ppm)

(MHz) (ppm) (%)
Al-6 Int2QUAD 7.50 3.1 99
Al-4 Lorentzienne 69.42 5.56 1

100 90 80 70 60 50 40 30 20 10 0 10 20 -30 40 50 -60 70 80 -90 -100

Chemical shift - (ppm)
Figure S8: Spectral decomposition of KGa-1b-raw ??Al MAS NMR spectrum.
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KGa-1b 525

Table S9: Parameters for KGa-1b-525 Al MAS NMR spectral decompositions. diso is the

isotropic chemical shift, Cq is the mean quadrupolar product (GIM) and FWHM CS is the

full width at half maximum of the Gaussian distribution of isotropic chemical shift.

. Ca FWHM CS Proportions
Component Shape Bliso m Width m
p p (ppm) (ppm) (MH2) (ppm) (%)
36
Al-6 Gaussienne 3.98 8.07
Al-6 CzSimple 5.0 8.0 12 3
Al-5 CzSimple 35.0 8.5 18 34
: 27
Al-4 CzSimple 63.92 10.0 20

00 9 80 70 60 50 40 30 20 10 O -10 -20 -30 -40 -50 -60 -70 -80 -90 -100
Chemical shift - (ppm)
Figure S9: Spectral decomposition of KGa-1b-525 ?Al MAS NMR spectrum.
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KGa-1b 550

Table $10: Parameters for KGa-1b-550 ?’Al MAS NMR spectral decompositions. diso is the

isotropic chemical shift, Cq is the mean quadrupolar product (GIM) and FWHM CS is the

full width at half maximum of the Gaussian distribution of isotropic chemical shift.

Ca FWHM CS Proportions
Component Shape Biso (PPM) Width (ppm)
(MHz) (ppm) (%)
Al-6 Gaussienne 3.56 9.23 6
Al-6 CzSimple 5.0 8.0 12 3
Al-5 CzSimple 37.71 9.5 15 45
Al-4 CzSimple 63.92 10.0 20 46

100 90 80

Figure S10: Spectral decomposition of KGa-1b-550 Al MAS NMR spectrum.

70 60 50 40 30 20
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KGa-1b 600

Table S11: Parameters for KGa-1b-600 ?’Al MAS NMR spectral decompositions. diso is the

isotropic chemical shift, Cq is the mean quadrupolar product (GIM) and FWHM CS is the

full width at half maximum of the Gaussian distribution of isotropic chemical shift.

Ca FWHM CS Proportions
Component Shape Biso (ppm) Width (ppm)

(MHz) (ppm) (%)

Al-6 Gaussienne 2.75 9.09 2
Al-6 CzSimple 5.0 8.0 12 6
Al-5 CzSimple 37.71 9.5 15 45
Al-4 CzSimple 63.92 10.0 20 47

00 9 80 70 60 50 40 30 20 10 O -10 -20 -30 -40 -50 -60 -70 -80 -90 -100

Chemical shift - (ppm)
Figure S11: Spectral decomposition of KGa-1b-600 ?’Al MAS NMR spectrum.
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KGa-1b 700

Table S12: Parameters for KGa-1b-700 ?’Al MAS NMR spectral decompositions. diso is the

isotropic chemical shift, Cq is the mean quadrupolar product (GIM) and FWHM CS is the

full width at half maximum of the Gaussian distribution of isotropic chemical shift.

Ca FWHM CS Proportions
Component Shape Bliso (ppm) Width (ppm)
(MHz) (ppm) (%)
Al-6 Gaussienne 3.50 12.0 1
Al-6 CzSimple 5.0 8.0 12 6
Al-5 CzSimple 37.71 9.5 15 44
Al-4 CzSimple 63.92 10.0 20 49

100 90 8 70 60 50 40 30 20 10 O -10 -20 -30 -40 -50 -60 -70 -80 -90 -100
Chemical shift - (ppm)
Figure S12: Spectral decomposition of KGa-1b-700 Al MAS NMR spectrum.
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KGa-1

b 800

Table S13: Parameters for KGa-1b-800 ?’Al MAS NMR spectral decompositions. diso is the

isotropic chemical shift, Cq is the mean quadrupolar product (GIM) and FWHM CS is the

full width at half maximum of the Gaussian distribution of isotropic chemical shift.

Ca FWHM CS Proportions
Component Shape Bliso (Pppm) Width (ppm)
(MHz) (ppm) (%)
Al-6 Gaussienne 3.50 12.0 0
Al-6 CzSimple 5.0 8.0 12 6
Al-5 CzSimple 37.71 9.5 15 44
Al-4 CzSimple 63.92 10.0 20 50

1 1 1

1 | 1 1

L
100 90

80 70 60

L
50 40 30 20

0o -10 -20 -30 -40 -50

-60 -70 -80 -90

Chemical shift - (ppm)

Figure S13: Spectral decomposition of KGa-1b-800 Al MAS NMR spectrum.
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KGa-1b 900

Table S14: Parameters for KGa-1b-900 ?’Al MAS NMR spectral decompositions. diso is the

isotropic chemical shift, Cq is the mean quadrupolar product (GIM) and FWHM CS is the

full width at half maximum of the Gaussian distribution of isotropic chemical shift.

Ca FWHM CS Proportions
Component Shape Bliso (ppm) Width (ppm)
(MHz) (ppm) (%)
Al-6 Gaussienne 3.50 12.0 1
Al-6 CzSimple 5.0 8.0 12 4
Al-5 CzSimple 40.36 9.5 15 47
Al-4 CzSimple 67.55 10.0 20 48

100 9 80 70 60 50 40 30 20 10 O -10 -20 -30 -40 -50 -60 -70 -80 -90 -100

Chemical shift - (ppm)

Figure S14: Spectral decomposition of KGa-1b-900 Al MAS NMR spectrum.
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CENTRALE
NANTES

Utilisation d’argiles et de marnes calcinées dans le développement de ciments composés.

Mots clés : argiles calcinées, pouzzolanes, ciments composés, marnes calcinées

Résumé : L'utilisation de Supplementary
Cementitious Materials (SCMs) en substitution
du clinker est une technologie aujourd’hui bien

connue qui permet de réduire le colt
environnemental du ciment. Parmi
les SCMs largement utilisés on retrouve les

cendres volantes, les laitiers de hauts fourneaux
ou encore la poudre de verre.Dans les
dernieres années, un intérét grandissant s’est
developpé pour l'utilisation d'argiles calcinées
comme ajouts cimentaires, notamment du fait de
leur forte réactivité et leur grande
disponibilité. Ce projet de these s'intéresse a
l'utilisation d’argiles et de marnes calcinées
comme ajouts cimentaires. L’'objectif principal
est d’identifier de nouveaux échantillons
susceptibles de présenter un intérét pour une
utilisation comme SCMs.

Pour ce faire, une approche multi-échelle
macro et micro est utilisée afin d’étudier de
maniére précise la calcination, la réactivité
pouzzolanique et le comportement en systéme
cimentaire de ces nouveaux échantillons. Il a
été possible de démontrer que les marnes
(malgré leur composition minéralogique
complexe) présentent un potentiel d’utilisation
comme ajout cimentaire apres calcination, et
ce, méme avec une faible proportion d’argiles.
Par la suite, il a été démontré que Ila
palygorskite est une argile a haut potentiel pour
une utilisation comme ajout cimentaire apres
calcination, et peut étre considérée comme une
alternative viable au métakaolin. L'étude
poussée de [utilisation de palygorskites
calcindes comme ajouts cimentaires a
eégalement permis d’apporter de nouvelles
connaissances fondamentales sur la
compréhension des mécanismes impliqués lors
de la calcination de ce type de matériaux.

Calcined clays and marlstones as supplementary cementitious materials

Keywords : calcined clays, pozzolanes, blended cements, calcined maristones

Abstract The use of Supplementary
Cementitious Materials (SCMs) as a substitute
for clinker is a well-known technology that can
reduce the environmental cost of cement.
Among the SCMs widely used today are fly ash,
blast furnace slag and glass powder. In recent
years, there has been a growing interest in the
use of calcined clays as SCMs, particularly due
to their high reactivity and availability. This thesis
project focuses on the use of calcined clays and
maristones as supplementary cementitious
materials. The main aim is to identify new
materials that could be of interest for use as
SCMs. To this end, a multi-scale macro/micro
approach is used to study the calcination,
pozzolanic reactivity and performance in
cementitious systems of these new materials.

It was possible to demonstrate that marlstones
(despite their complex mineralogical
composition) have the potential to be used as
supplementary cementitious materials after
calcination, even with a low proportion of clays.
Subsequently, it was shown that palygorskite is
a high potential clay for use as a
supplementary cementitious material after
calcination, and can be considered as a viable
alternative to metakaolin. The extensive study
of the use of calcined palygorskites as SCMs
has also provided new fundamental insights
into the understanding of the mechanisms
involved in the calcination of this type of
material.
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