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ABSTRACT

This study deals with the alkaline activation ofcamic ashes to produce structural materials
with potential application in construction or adraetories. Four Cameroonian volcanic
ashes (Val, Vaz, and Va3, Va4 respectively fromnifmat and Djoungo) were used. For
practical reasons the volcanic ashes were grouddianed to a grain size less than 400 pm.
The alkaline activator solutions used were sodiyaréxide, potassium hydroxide, and a
mixture of both, with or without amorphous silidae reactivity of the systems was studied
by Differential Scanning Calorimetry (DSC).

Several techniques were used to characterize the materials and products: X-ray
fluorescence (XRF), X-ray diffraction (XRD), Fouridransform Infrared Spectroscopy
(FTIR), Scaning Electron Miscroscopy (SEM), Digit@ptical Microscopy (DOM),
Mossbauer Spectroscopy (MS), Differential Scaniagp@metry (DSC), Thermogravimetry
and Differential Thermal Analyses (TGA/DTA) Mecheai and Dynamic Mechanical
Analyses (DMA).

The results obtained showed that NaOH solution tas fastest activator, though the
reaction is still very slow at room temperaturee Bamples were treated at 90 °C for 7 days,
but the mechanical strength increased substantipltyp 21days at 90 °C.

The X-ray spectra showed a mixture of amorphousaystalline phases in both volcanic
ashes and synthesized materials. Scanning eleatiormscopy showed a homogenously
distributed mixture of lath-shaped and agglomeratedphologies, with a homogeneous
distribution of Si, Al and O in the geopolymer mratrThe largest particles acted as filler
while smaller particles dissolved in the activatirgplution forming the glassy
aluminosilicate matrix. The reactivity of the votta ashes was found to increase with their
content in amorphous phases. The wet strengtiwaiskoNaOH concentration also increased
with the amount of amorphous phase in the volcamstes. For the high NaOH
concentrations, no correlation could be establidietdieen the amount of amorphous phase
in the starting materials and the final strength.

Curing conditions, the N®/SiO, or the NaO/Al,O3; molar ratio were found to influence the
development of compressive strength of the geopatgmDry curing conditions led to
better strengths (in the range 14-63 MPa). Howeherstrength decreased (1-28 MPa) after
specimens’ immersion overnight in water, but waslyar totally recovered after overnight

drying. The formation of a mortar by the additioh 40 wt% sand to the optimized

xXXxiii



composition reduced the compressive strength frémo530 MPa, still within the useful

range for construction applications.

The geopolymers were relatively stable to heatinkimg only slowly and retaining about
60% of their as-synthesized compressive strengtheaiing to 900 °C. However the more
thermally stable materials were found to be specgyieom KOH solution.

The results obtained suggest the possible usd&eofsynthesized materials for building

applications and low temperature refractories ugtout 700-900 °C.

Key words: Volcanic ash, Alkaline activation, Amorphous phaséeopolymers,
Compressive strength, Thermal properties, Constrmuct
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RESUME

Cette étude porte sur l'activation alcaline desrissovolcaniques pour produire des
matériaux ayant une application potentielle dansolastruction ou les réfractaires de basse
température. Quatre scories volcaniques camerammai¥al, Va2 et Va3, Va4 en
provenance de Foumbot et Djoungo respectivemertt)étin utilisées. Pour des raisons
pratiques, les scories volcaniques ont été brogetmmisées a une granulométrie inférieure
a 400 micrometres. Les solutions d’activation ahealtilisées sont I'nydroxyde de sodium,
I'nydroxyde de potassium, un mélange des deux, avesans silice amorphe. La réactivité
des systemes a été étudiée par Calorimétrie Diffi@iee & Balayage (DSC).

Plusieurs techniques ont été utilisées pour lactérigation des matiéres premieres et des
produits de synthese: Fluorescence X (XRF), Diffeec des rayons X (XRD),
Spectroscopie Infrarouge a Transformée de FouR@&iR), Miscroscopie Electronique a
Balayage (SEM), Microscopie optique numérique (DOBPectroscopie Mdssbauer (MS),
Calorimetrie Différentielle a Balayage, Analyses efithogravimétrique et Thermique
Différentielle (TGA/DTA), Analyses meécaniques et etimomécaniques (DMA).
Les résultats obtenus montrent que la solution d®H est l'activateur alcalin le plus
rapide, mais la réaction demeure tres lente antgpdeature ambiante. Les échantillons ont
été traités a 90 °C pendant 7 jours, mais les tadgiss mécaniques augmentent
sensiblement apres 21 jours a 90 °C.

Les spectres de rayons X des matériaux montrentnélange de phases amorphes et
cristallines aussi bien pour les scories pures dames les matériaux de synthése. La
Microscopie électronique a balayage montre un ngélartomogéne de morphologies sous
forme de plaquettes et d’agglomérés, avec unetriégparhomogéne de Si, Al et O dans la
matrice géopolymerique. Les grosses particulesose l®eaucoup plus comportées comme
matériaux de remplissage tandis que les petitagpias se sont dissoutes dans la solution
d'activation formant la matrice geopolymérique. lréactivités des cendres volcaniques
augmentent avec leur teneur en phase amorphe.sisdamce mécanique humide, a faible
concentration de NaOH, augmente également aveenkut en phase amorphe dans les
cendres volcaniques. Pour les concentrations &ede¢dNaOH, aucune corrélation entre la
guantité de phase amorphe dans les matiéres pesn@éla résistance finale des produits
n'a pu étre établie.

Les conditions de synthese, les rapports molai@®©MiO, ou NaO/Al,O3 influencent le

développement de la résistance a la compressiomémsolymeres. La synthése dans un
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environement sec conduit a de meilleures résissamé&eaniques (de I'ordre de 14-63 MPa).
Toutefois, les résistances mécaniques diminue@8(HPa) apres immersion des spécimens
pendant 24 heures dans I'eau, mais augmententvaawopartiellement ou totalement aprés
24 heures de séchage. L'addition de 40 % en massalde a la meilleure formulation a
réduit la résistance a la compression de 55 a 38, Mifcore suffisante pour des applications
de construction.

Les géopolymeres sont relativement stables a léewhaprésentant un faible retrait et
maintenant environ 60 % de leur résistance initeal&a compression apres chauffage a
900 °C. Toutefois, les matériaux plus stables tiguament sont les spécimens a base de la
solution de KOH.

Les résultats obtenus suggerent la possibilitélidert les matériaux synthétisés pour des

applications de construction et réfractaires adassipérature jusqu'a environ 700-900 °C.

Mots clés: Cendres volcaniques, activation alcaline, phaserpine, géopolyméres,

résistance a la compression, propriétés thermigquoestruction.
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GENERAL INTRODUCTION

Geopolymers are new materials with applicationsaings and adhesives, binders for fiber
composites, waste encapsulation, new cements fiactstal purposes etc. In France, their
initial applications between 1973 and 1976 wererdad towards construction, following a
series of fires in buildings worsened by the flarbifily of plastic insulating materials
(Davidovits, 1991; 1994a; 2008). Subsequently,rtpedperties and uses were explored by
several scientific and industrial disciplines irdihg modern inorganic chemistry, physical
chemistry, colloidal chemistry, geological scieneesl various engineering and technology
approaches (Duxson et al., 2007a; Davidovits, 190@8; MacKenzie et al., 2009; Nugteren,
2010; Rabhier et al., 1996a; 1996b). Today, the dasdrsity of their potential applications
include fire-resistant materials, decorative stomesulation, low-technology building
materials, low energy production of ceramic tilegrious types of refractories, foundry
materials, high-tech composites for aircraft antbawobiles, high-tech resins, encapsulation
of radioactive waste, art and archeology (Davidovand James, 1984; Barbosa and
MacKenzie, 2002; Boutterin and Davidovits, 2003;vidavits, 2008; Rahier et al., 2007;
O’Connor and MacKenzie, 2010). The synthesis pugtof geopolymer materials have the
advantage of being environmentally-friendly, pradgc very little greenhouse gas
(Davidovits, 1994a; Barbosa et al., 2000; Nugte2®1,0). Their chemistry generally involves
mechanisms such as dissolution of silicates anchiahtes in a strongly basic medium,
followed by polymerization of surface active grougdgarticles with the dissolved species to
form a solid geopolymer structure. This consista aetwork of more or less amorphous SiO
and AlQ,, where silicon and aluminum are in IV-fold cooraiilon with oxygen. The presence
of alkaline ions such as NaK", Li* in the network is necessary to compensate thetinega
charge of Af* in IV-fold coordination (Barbosa et al., 2000; Xmnd van Deventer, 2000;
Davidovits, 2002; Barbosa and MacKenzie, 2002; Kamst al., 2009; Temuujin et al.,
2010).

In Cameroon, despite the wide availability of adcet@ minerals potentially suitable for the
synthesis of these materials, the benefits oftdahnology remain unexploited. There are no
factories producing low-temperature refractoried msulators, despite the large consumption
of these products by companies such as local exkavioreover, the construction materials
sector is dominated by a monopoly company produBiodland cement, the price of which
has increased by about 51% in the last decade.prius increase, coupled with the lack of
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companies producing construction materials hasetfext of reducing access to affordable
houses for a large fraction of the population wilkv income. It also leads to a fall in
currency because of the need to import constructiaterials, producing negative impact on
the trade balance.

Recognizing the role and importance of researclnfitustrial and technological development
and with the aim of improving the population’s hgi conditions, the Laboratory of Physico-
chemistry of Inorganic Materials of the Universdl Yaounde 1 and the Materials Analysis
Laboratory of the Local Materials Promotion AuthpriMIPROMALO) have been involved
since 2007 in research activities to develop moodogiical and affordable building materials

from local resources.

The objective of this study is to continue the ijone@lary work already carried out on
geopolymers in Cameroon, by developing improved tmst and environmentally-friendly
synthesis protocols for manufacturing viable gegpar products from local aluminosilicate
raw materials such as volcanic ashes that arelyemdiilable in the Littoral, Adamawa, West
and South-west Regions. Previous work (Lemougn@82Bamseu et al., 2009) has shown
these to be suitable for geopolymers syntheseslowioly from this, mineralogical,
microstructural, Fourier Transform Infrared Spestapy (FTIR), thermal and mechanical
analytical methods will be used to characterize gle®polymer products obtained from
optimised formulations and processes to allow theperties to be mastered and to highlight
the possibilities of their potential applicationtire fields of construction, or low temperature

refractories.

This thesis is divided into three chapters:

- Chapter | provides a literature review of traious aluminosilicate raw materials and
geopolymer chemistry;

- Chapter Il presents the characteristics @& mhaterials studied and the experimental
methods used,

- Chapter Ill presents and discusses the sesilthis study and makes suggestions and
observations on their future prospects. It is suddd into 5 subparts:
Subpart IlI-1 investigates the influence of theroleal and mineralogical composition of four

volcanic ashes (from different deposits) on theaativity for geopolymers synthesis;



Subpart 1ll-2 investigates the influence of theivating solution composition on the
thermomechanical properties of geopolymers madua thee more reactive ash;

In the subpart 1lI-3, the influence of processingnditions and the thermal stability of
geopolymers made from the more reactive ash aesiigated,;

Subpart IlI-4 presents a brief enquiry on environtakconcerns and economic practicability
of geopolymer binders versus ordinary Portland ecgrimreCameroon and the suggestions and
prospects are presented in the subpart I1I-5.






Introduction

This section starts with a statement of problemasihg the work in its context. It provides a
review on geopolymer chemistry. The different typek possible raw materials for
geopolymer synthesis are presented. The synthestegses and parameters influencing the
final properties are highlighted with the differeamalytical methods used for geopolymers
characterization. Zeolites are also briefly destilolue to their similarities in raw materials

and synthetic routes with geopolymer materials.

I-1: STATEMENT OF THE PROBLEM

Ordinary Portland Cement (OPC) is the most commasgd construction material. It is used
by communities across the globe and is second tmlwater (Habert et al., 2011).
Customarily, concrete is produced by using OrdirRoytland Cement (OPC) as the binder.
Portland cement constitutes one of the most impotechnological advances in the history
of humanity. Thanks to this material the twentietbntury saw the consolidation and
acceleration of the reconstruction and even thefrgition of many of the world's major cities
(C. Shi et al., 2011). However, OPC is a high epengensive product which releases great
guantities of carbon dioxide (G¥during its production. G. (Habert et al., 2018¢yond the
pollution associated to OPC production, the limitedlability, the limited resistance to heat
and corrosion were also reported as handicaps @ ©Rders (F. Pacheco-Torgal et al.,
2008; D.L.Y. Kong, J.G. Sanjayan., 2010). Due twald-wide increase in the demand of
OPC, the production and pollution associated to QOF&hufacturing have also increased,
negatively affecting the global warming and thangs conditions of human beings. So far,
research works carried out in developing alkalivated binders (geopolymers) show that
these new binders are likely to have enormous piaterio become an environmental-friendly
alternative to OPC (F. Pacheco-Torgal et al., 200&hi et al., 2011). Geopolymers can be
synthesized from a wide range of Si and Al richemnats which can be naturally occurring or
by-products of industrial processes. Despite thgehnumber of reports on geopolymers
chemistry and applications, these binders are atilthe early stage of development and,
hence, need further research work in order to becteuhnically and economically viable
construction materials (F. Pacheco-Torgal et &082. In addition, due to the high difference
in chemical and mineralogical composition of nalyraccurring aluminosilicates materials,

somewhat linked to their geological history, newestigations are always needed before



designing a possible pathway for the synthesis edfpglymer building materials from a
particular source of naturally occurring aluminizsite material.

Beyond the concern of global warming, the high @st the scarcity of OPC is still a great
preoccupation in many developing countries inclgdameroon, hence the need to develop
new alternative building materials, not only fovgonmental issues, but also to increase the
offer of building materials in the local market. élbroad aim of the thesis is to investigate
and provide information on the possibilities to guwoe geopolymers for structural and high
temperature applications from Cameroon’s volcamicea. The output of the thesis is also
expected to bring out useful technical and scienti&ta that may facilitate the production of
geopolymers in Cameroon with the related advantages

I-2: SOME ALUMINOSILICATE RAW MATERIALS FOR GEOPOLYMERS
SYNTHESIS

Raw materials for geopolymerization can be natumaticurring minerals such as clays. These
are all minerals containing Si, Al and O with pb$giother elements such as H, Na, K, Ca
and Mg. They are classified as aluminosilicates/(@avits, 1988). The earth's crust chemical
composition is rich in silica and alumina (abou¥®6f Si0:% and 16 % of AlOs in the outer
most 20 km) (Sigg, 1991) and is therefore an ingrdrsource of raw materials available for

geopolymerization reactions.

I-2-1: Pozzolanas

Pozzolanas are natural or artificial materials fitlsilica and alumina which may react with
lime in the presence of water to form products kitimg binding propertiegDavidovits,
1994a; Melo and Ndigui, 2004). They are used in ex@nproduction for their hydraulic
properties; namely, their ability to fix lime atam temperature and form compounds with
hydraulic properties (Melo and Ndigui, 2004). Thaimpozzolanas are vitreous pyroclastic
materials produced by violent eruptive volcanidactpower plant ash (fly ash), slag from
blast furnaces, ash from rice husks, bagasse fugarscane, and calcined clay (Davidovits,
1994a; Melo and Ndigui, 2004).

During volcanic eruptions, particularly of the Stroolian-type, pozzolanas are ejected on the

surface of the earth, forming layers of severalemsethick. Throughout the world there are



volcanoes (eg. Mount St. Helens in the U.S.A., Hindtaly, Tinatubo in the Philippines,
Tarawera in New Zealand, Santiaguito and Pacaguatemala, Fuego in Costa Rica) which
have produced huge quantities of pozzolanas (Karisal, 2009).

In Cameroon, most volcanic eruptions over milliafsyears in the tertiary period were
accompanied by the ejection of pozzolanas. Consglguenany cones of volcanic ash exist
along the‘Cameroon line’ oriented N30°E, speciatythe side of mount Cameroon, mount
Manenguba, the Tombel plain around Djoungo, therNglain around Foumbot, the Kumba
plain, the region of lake Nyos and the Adamaoudepla The latest eruption of mount
Cameroon in 1999, as with previous eruptions, teduin millions of tonnes of volcanic
materials covering vast areas with nonmetallic malsedeposits. These deposits are readily
accessible and have the advantage that they caatbeally mined with the enormous benefit
of low cost methods which have limited negative immnmental impact compared with
traditional open pit quarry type clay mining (Nt©weth et al., 2001; Leonelli et al., 2007).
Wandji and Tchoua (1989) studied the geochemistdy@etrography of volcanic projections
from Foumbot. They observed that there is no pesycal and geochemical difference
between tephras and lavas. Their mineralogy aqqtfasi totality of Cameroon volcanism
involves minerals of alkaline series, from alkalibasalt with olivine to rhyolites and
anorthose or minerals from sanidine-anorthose s€viandji and Tchoua, 1989).

The pozzolanic properties of Foumbot and Djoungeoaric deposits studied by Wandji and
Tchoua (1988) and Bijocka et al. (1993) have shthair suitability for the production of
Portland cement and concrete. The mineralogicalecdrof these ashes includes plagioclase,
diopside, enstatite, anorthite, pyroxene and odi{iceonelli et al., 2007; Bijocka et al., 1993).
Djoungo and Foumbot volcanic ashes have also beanrsto be suitable raw materials for
geopolymer syntheses (Lemougna, 2008; Kamseu, &0419).

Some Cameroon’s pozzolanas are used in road immpeveworks or as additives in the
production of Portland cement and concrete moHaxvever, several large deposits remain

undeveloped or unexplored (Ntep Gweth et al., 2001)



I-2-2: Clay minerals

Clay minerals (phyllosilicates) are hydrous alunsiicates, with large lattice structures
(Sigg, 1991; Karfa, 2003). These minerals are mgu®f tetrahedral, silicon-oxygen units
interspersed with octahedral sheets containing iakum (or magnesium) surrounded by six
oxygen atoms in 6- fold coordination (Sigg, 1991).

@ ™ Dxygen o} @ Silicon

57

@ i Hydoxyl ¢ Aluminum , magnesium, etc.

Figure 1. Structural elements of clay minerals (Sigg, 1991)

Top- single silica tetrahedron and sheet structoirgilica tetrahedra arranged in a hexagonal netkor
Bottom- single octahedral unit and sheet structfrectahedral units.

Atom substitutions are common in the crystallingeta and may disrupt the crystal structure.
Clays can be classified as 1 / 1 layer silicatestaining a repeating sequence of one
tetrahedral layer and one octahedral layer or 2dyér silicates containing two tetrahedral
layers and one octahedral layer and 2/1/1 (twahetral layers and two octahedral layers)
(Aliprandi, 1979; Karfa, 2003). Cameroon’s soil is rich in uned clay deposits, but little use

is made of them for pottery and bricks productiligure 2 and Table 1 show respectively the

structure of a type 1/ 1 clay mineral and thesfacstion of clay minerals.
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Figure 2: Structure of kaolinite (clay mineral type 1 /(Kprfa, 2003)

Table 1 Classification of clay minerals (the first numbdesignating the number of
tetrahedral layers, the second and third, thoseoahhedral layers (dioctahedral or

trioctahedral)Aliprandi, 1979).

Type Group Sub-group Species Formula
Kaolinite Dickite Si,0s5Al,(OH),
Kaolin Nacrite Si;OsAI,(OH)4
Kaolinite S|205A|2(OH)4
1/1 Metahalloysite Si;OsAI,(OH)4
Halloysite Si,05Al,(OH)4 4H,0
Serpentine Antigorite Si,0sMg3(0OH)4
Talc Pyrophyllite Pyrophyllite Si4010Al,(0OH),
Talc Talc Si4010Mg3(OH)2
Smectite Dioctahedral Montmorillonite Si4010(Aly,67Mgp,33) (OH),
2/1 Smectite
Trioctahedral Saponite (Siz,67Alp,33)010Mg3 (OH),
Smectite
Vermi- Dioctahedral Vermiculite (Si,Al)404¢(Al,Fe...)>(OH),
culite Vermiculite dioctahedral
Trioctahedral Vermiculite (Si,Al)40419(Mg,Fe...)>(0OH),
Vermiculite
Micas Dioctahedral Muscovite K(Si3Al)O10Al;(OH)»
Micas
Trioctahedral Phlogopite K(SizAl)O19Mg3(0OH),
Micas
2/1/1  Chlorite Dioctahedral Chlorite Sudoite (Si,AD4040AI4(OH)g

Trioctahedral Chlorite Different species (Si,Al)40419(Mg,Fe...)s(OH)s

Clay minerals conventionally used for geopolymentkgsis are of the kaolinite type,
dehydroxylated by heat treatment to form metak#@eliThe transformation of kaolinite into
metakaolinite (for geopolymer synthesis) involvies toss of structural water, increasing the
reactivity of the silicate and aluminate units ashverting the octahedral aluminium into a
mixture of 4, 5 and 6-fold coordination with highreactivity (MacKenzie, 2009).
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I-2-3: Other aluminosilicate materials

In theory, all aluminosilicate materials can be dusas source of raw materials for
geopolymers synthesis (Duxson et al., 2007a). Heweapart from the high number of
studies using kaolinite (Davidovits, 1979; Cioffia., 2003; Ka-bik, 2004; Singh et al., 2004;
Wang et al., 2005; Singh et al., 2005; Dedecelk.eP@08; Okada et al., 200%uhua et al.,
2009; 2009b; Mackenzie and O’Leary, 2009), otleports are for fly ash, ground granulated
blast slag (GGBS) and feldspar (Swanepoel et @bD22Lee William, 2002; Lee and van
Deventer, 2003; Sindhunata, 2006; Wallah and Rarng@®6; Sumajouw and Rangan, 2006;
Andini et al., 2007; Provis et al., 2009; Temuup010; Zhang et al., 2009; Ravikumar et al.,
2010).

a) Fly ash

Fly ashes are very fine residues from the combusifocoal during the operation of thermal
power plants. They are fine spherical particles posed of minerals containing silicon,
aluminum, iron, calcium, magnesium and traces tahiim and organic materials such as
carbon. Their chemical composition depends on thra of the coal from which they
originate. Class F fly ash consists of 80-85 wtdcai+ alumina and less than 10 wt%
calcium oxide, whereas class C fly ash contains Eamina and silica, but 20-40 wt%
calcium oxide (Lee William, 2002; Swanepoel et 2002; Sindhunata, 2006).

From a technological point of view and in termsstength properties, up to 25 wt% of fly
ash may be blended with Portland cement. In 19@8ldwproduction of electricity generated
290 million tonnes of fly ash, of which only 10 % 15 % has been used in blended cements.
There are several reasons for the relatively lovegrgage of fly ash used in cements. The
most relevant is the non-uniform nature of the digh, which also restricts its use for
geopolymers synthesis and applications. In additibre tendency in world electricity
generation is away from coal fuelled power plamsline with the trends towards reduced
CO, emissions (Davidovits, 1994a).

b) Ground granulated blast slag (GGBS)

Ground Granulated Blast furnace Slag (GGBS) asntime suggests is granulated blast

furnace slag, ground to very high fineness. Blastdce slag is formed in processes such as
pig iron manufacture from iron ore, combustion dasi of coke, and fluxes such as limestone

or serpentine, and other materials. If the molteg & fast-cooled by highpressure water, a
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vitreous Ca—Al-Mg silicate fine grain glass is f@un Generally, the way to utilize granulated
blast furnace slag is in partially replacing Partlaement (Cheng and Chiu, 2003).

GGBS was suggested to be highly reactive and logt dor geopolymer preparation,
compared to fly ash and metakaolin (Zhang et AD92.

I-3: GEOPOLYMERS

I-3-1: Geopolymer history and terminology

a) History

In the ancient times, synthetic rocks were formgadrixing kaolinite, dolomite or limestone
with NaCOs; or K,CO; (obtained from plant ashes or salt lakes) andasilirhis mixture
produces NaOH and KOH when mixed with water, whitdsolves some of the silica and
reacts strongly with the other components to forgeapolymeric binder (van Jaarsveld and
van Deventer, 1996). In the 1950’s Victor Glukhowysknd Pavel Krivenko developed
alkaline systems containing activated calcium aiéchydrate (CSH) and aluminosilicate
phases that were used to create large buildingdkimine. Glukhovsky was the first to
associate the geological processes of transformatitow temperature and pressure of some
volcanic rocks in zeolite with cement system modElsmnitsas and Zaharaki, 2007). These
research activities were pursued by Berg et a@7@), who developed uncalcined ceramic
materials based on kaolinite for building purposds. 1978, Davidovits coined the term
geopolymer to describe the inorganic polymers writimensional structures formed by low
temperature polycondensation of aluminosilicategosgquently, due to the flammability of
plastic building materials causing major fires imafice, this led to the development of
geopolymers for construction applications. Todayltiple applications of geopolymer
materials continue to grow through numerous regeadtivities carried out in the chemical
and geological sciences (Xu and Van Deventer, 2B0@ynitsas and Zaharaki, 2007; Rahier
et al., 2007; Davidovits, 2008; MacKenzie, 2009}l Beal., 2009a; Nugteren, 2010; Ruscher
et al., 2011).
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b) Terminology

Davidovits (1994b; 2002) described three clasgemarganic polymers, according to the
ratio (R) of SiQ/Al,O3 in the monomer unit

- Poly(sialate), PS, with the monomer wunit (-Si-O&), and R = 1;
- Poly(sialate-siloxo), PSS, with the monomer ufigi-O-Al-O-Si-O-), and R = 2;
- Poly(sialate-disiloxo), PSDS, with the monomert |{#5i-O-Al-O-Si-O-Si-O-), and R = 3.

Despite the fact that Davidovits describes geopelgnas having a three-dimensional network
structure, the polysialate nhomenclature propose®awyidovits inherently does not entirely
describe the full connectivity of each silicon addminum center or how they relate to one
another in a continuous network. However, this nocteure is commonplace in the field of
geopolymer research and is frequently used moesaribe the nominal Si/Al ratio rather
than the molecular structure and does not provadaléscription of systems with noninteger
Si/Al ratios (Duxson et al., 2005).

The notation @ (mAl), where 0< m < n < 4; n is the coordination number of the central
silicon and m the number of Al neighbors is usediéscribe the connectivity of a silicon
tetrahedron bridged through oxygen to aluminumtanather silicon centers. This notation as
first described by Engelhardt in 1982 is used usiaky for explicitly characterizing
aluminosilicate systems including glasses, zegligets, and minerals in experimental and
modeling investigations. The three-dimensionalaitme of @ (mAl) notation is illustrated in
Figure 3, where n = 4, corresponding to the tettedlegeometry observed in geopolymers.
The links represent oxygen bridges. This notatisnquite flexible and aluminosilicate

materials can be described regardless of the detgee (Duxon, 2006).

Si

si

Si

Al

Si

si si si
s ns g7 s \5'

Al

Q'(0Al)  Q'(A)  Q'(2A))
Al Al
| |
a” Si“:_\'“' n” Si-"‘-,\“'
Q'(GA)  Q4A)

Figure 3: Coordination of three-dimensional silicon centescribing the notation {gmAl)

(Duxson, 2006).

13



I-3-2: Mechanism of geopolymerization

Geopolymerization is an exothermic reaction whictvolves the polycondensation of

monomers to form a three-dimensional macromolecsiarcture (Xu and van Deventer,

2000, Rahier et al.,1997). Figure 4 presents thé&€ Di¥ermograms of metakaolin with

different silicate solutions, showing exothermadatton with peak max between 60- 120°C.
The heats of reaction of these mixtures were irrdhge 260- 580 J per gram of metakaolinite
(Rahier et al., 1997).

3.00
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Figure 4: Comparison of DSC thermograms for the reaction etiakaolinite with Na-silicate
solutions at HO/R,O = 10.0): with variable SigR,0 : (a) 1.0, (b) 1.4, (c) 1.6, (d) 1.7, (e)
1.9, (f) 2.3 and (g) K-Silicate solution at®/R,O = 10.0 with SIFR,O of 1.4. R=Na or K
(Rahier et al., 1997).

The equations 1.1 and |.2 present an overview @jpgl/merisation reactions (Xu and van
Deventer, 2000):

n (SkOs, Al,O,) + 2n SiQ + 4n HO + NaOH or (KOH) ——> NaK'+n (OH);-Si-O-AIl'-O-Si-(OH)S
Aluminosilicate
(OH), (1.2)
Geopolymeric precursor

| |
n (OH)3-Si-O-,|AI'—O- Si-(OH), + NaOH or (KOH) ——> (I\’IaK")—(-Sli-O—AI'—O-Si—O-)+ 4nH0  (1.2)
|

|
(OH), O| Cl) |O

Geopolymeric network
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A theory of ion pairs was proposed (Xu and van Dése 2000) to explain the mechanism of
dissolution of aluminosilicate minerals and the hausm of geopolymerization. The
possible chemical process of dissolution of alursilicate minerals and silicates in alkaline
medium is presented in the following three equatigr8 - 1.5).

Al-Si (particulate solid) + OH(aqueous) <—> Al (OHy "OSi(OH) (1.3)
Monomer Monomer
"0Si (OH) + OH <—> "0Si (OHYO + H,0 (1.4)
lo_
"OSi (OHYO + OH™ <—> "0Si (OH)O + H,0 (1.5)

The reactions between the alkali metal Mith divalent and trivalent ortho silicic acid

leading to compensate the electrostatic repulsierpeesented in the equations 1.6 - 1.9 (Xu
and van Deventer, 2000):

M* +°0Si(OHy <——> M' 0Si (OH) (1.6)
Monomer Monomer
2M* +°0Si (OH)O' <—> M OSi (OH)O M* (1.7)
Monomer Monomer
7 P
3M* + "0Si (OH)O <——> M*OSi (OH)O M* (|.8)
Monomer Monomer
M* + Al (OH), + OH <—> M" OAI (OH); + H,0 (1.9)

Monomer ) . Monomer . .
The condensation reactions of cations with anigespaesented in equations .10 - 1.13 (Xu

and van Deventer, 2000):
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"OSi (OH)+ M*"0Si (OH)+ M* <—> M* "0Si (OH)-O-Si (OH)+ MOH (1.10)

Monomer Monomer Dimer
"OSi (OHYO + M*OSi (OH)+ M* €<—> M* 0Si (OH)-O-Si (OH)-O" + MOH (1.12)
Monomer Monomer Dimer

o (|3'

|
"0Si (OH)O + M*"0Si (OH)+ M* <—> M*0Si (OH)-O-Si (OH)-O + MOH (1.12)
Monomer Monomer Dimer

2 silicates monomers?2 silicates dimefs- 2M" <= M™+ trimer cyclic +M" linear trimer + 20 H (1.13)

Amorphous to semi-crystalline geopolymers are tloeesformed by the co-polymerisation of
individual alumino and silicate species, which orége from the dissolution of silicon and
aluminium-containing source materials at a highipHhe presence of soluble alkali metal

silicates (van Jaarsveld et al., 2002).

I-3-3: Sol-gel synthesis

Typical starting materials for the melt-quench pmgpion of geopolymers include industrial
wastes, calcined clays, melt—-quenched aluminosécanatural materials, or mixtures of
these materials (Tsai et al., 2010). With theseerrds, it is very difficult to employ the
conventional approach to prepare geopolymers wtachmeet the stringent requirements for
sensitive applications. In addition, due to conmgeteactions associated to the presence of
impurities in these materials during synthesesgtheidation of the chemistry of geopolymer
formation from precursors such as fly ash and blgpd materials remains a challenge (Tsai
et al., 2010; Brew and MacKenzie, 2007).
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These observations have led to the developmenblejes chemistry synthetic protocol to
prepare geopolymers with well defined chemical cositon from simpler chemical system
involving solid aluminosilicates.

Brew and MacKenzie (2007) prepared monolithic g&ppers by sol-gel condensation
reactions between sodium aluminate and sodiumasglidormed in-situ by dissolution of
silica fume particles in an alkaline solution. Tipeoducts obtained presented typical
characteristics of geopolymers: the materials regtiind hardening at ambient temperature,
presenting amorphous X-ray, tetrahedral aluminiumorination and a range of °Q
environments corresponding to cross-linked silicatads.

Tsai et al. (2010) have also successfully devel@eol-gel methogreparation protocol for
geopolymer using synthetic kaolinite as aluminoati® precursor. These geopolymers
presented spectroscopic properties similar to tbbs&ned with natural kaolinite.

Compared with the traditional approach that employatural kaolinite as the starting
material, the synthetic approach can help prepaopgymers with more diversified chemical
compositions and can offer a good opportunity fedioal applications of geopolymers (Tsai
et al., 2010).

I-3-4: Structure of geopolymers

Barbosa et al., (2000) uséii, >’Al MAS solid-state NMR and X-ray diffraction to sty

various compositions of geopolymers derived fromtakaolinite. They observed that
irrespective of the curing and drying propertiesagbarticular composition, all geopolymer
mixes studied showed a lack of long-range atomieiorTheir materials showed structural
characteristics similar to glasses or hydratedcat# minerals, having a range of Si
environments, but predominantly those of framewstrkictures saturated in Al. The semi-

schematic structural models which satisfy theseirements are shown in Figure 5.
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B Si Q (2Al) site *SiQ (3Al) site

B.a B.b

B.c | |

|
H-QO :

0 ? Ha0. H20 . OH Hy0 + Hy0 Hzﬂci)
L O HgoNa Hy0 Hao o Hz0 OH )
i i

Si + ! H,0 O Hy0 a Hy0 s

Figure 5: (A) Proposed semi-schematic structure for Na—palgs polymer (Barbosa et al., 2000).

(B.a) Proposed model for the location of the chdrglancing Nacation which assumes the form of a
semiattached Na aluminate species; (B.b) Proposetkinfor the location of the charge-balancing Nation
which assumes the form of a modified bridging netw@B.c), Proposed schematic model structure basesh
original model by Barbosa et al., (2000), but whattempts to incorporate the new elements mentiabede,
Rowles et al.,(2007). *SiQ (3Al) site; ¥ Si Q [ Aite.
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The structure contains Si and Al tetrahedra ranglaigtributed along the polymer chains
which are cross linked so as to provide cavitiesusficient size to accommodate the charge-
balancing hydrated sodium ions. This arrangemeadsd¢o Si environments such as Q (2Al)
and Q (3Al), but with the latter predominating. &ike Al atoms have Si nearest neighbours.
The cavities shown in the structural model of FegbrA (Barbosa et al.,2000) present solely
Na in a hydrated form. The structures presentelignre 5 B.a, b and ¢ show that Na is
present in a range of hydrated states and someshwgs short-range order, which suggests
that the role of Na solely as a charge-balancirigpreas understating its purpose and that it

may be active in forming and modifiying the polynmetwork (Rowles et al., 2007).

I-3-5: Factors influencing geopolymerization

a) Raw materials

The chemical and mineralogical composition of tlav rmaterials, their particle size
distribution and the concentration of the activatagreatly influence the geopolymer
properties (Komnitsas and Zaharaki, 2007; Xu andaventer, 2000). Kaolinite and other
clays were initially used in 1974 and 1975 as tleiree of aluminosilicate for the
manufacture of geopolymers used in the encapsolaticadioactive waste (Komnitsas and
Zaharaki, 2007). Kaolinite has a suitable structoregeopolymerization process, but during
the synthesis, much of this mineral may not paét in geopolymerization reactions
(Schmucker and Mackenzie, 2005). The calcined nadgegenerally react better than non-
calcined materials and impurities present in the maaterials can undergo secondary
reactions affecting both the reaction kinetics amethanical properties of resulting products
(Komnitsas and Zaharaki, 2007). The geopolymerg/elgérfrom metakaolinite require more
water due to an increase in porosity and beconseussful as building materials. However,
metakaolinite is beneficial as an additive mina@mnagjeopolymer cements because it improves
the mechanical strength. It is also used in manufexg geopolymers for adhesive
applications (Komnitsas and Zaharaki, 2007).

Xu and van Deventer (2000) have done extensiveareR on the use of 16 different
aluminosilicate minerals with the addition of kade to synthesize geopolymers. They

observed that for most aluminosilicate mineralg, dddition of kaolinite was necessary for
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the formation of gels, and when kaolinite was uakihe, the mechanical properties were
poor. This result suggests that a synergy betwkervarious aluminosilicate minerals may
have beneficial effects on geopolymerization ressi

The influence of aggregates on geopolymer pastdéas studied by many authors (Subaer,
2004; Temuujin et al., 2010; Barbosa and Macker2d®3a). Temuujin et al., 2010 studied
the influence of sand agregates on the compressigagth and Young’s modulus of fly ash-
based geopolymers. They observed that adding ut8® of sand aggregate did not
significantly affect mechanical properties; the goassive strength of the mortar remained
essentially constant with varying aggregate contenthe mortars up to 50 wt%. Motars
containing 10-30 wt % of aggregate exhibited aa@ptflowability while motars containing
40 and 50 wt % aggregate were stiff and difficalppack into the plastic moulds. Sectioning
the mortar by diamond saw did not cause any int&ffacracks between the sand and
geopolymer binder at a macro level, suggesting thatinterfacial bonding between the
aggregate and geopolymer was comparable in strangthe geopolymer and/or the sand
aggregate by itself. These results are at variamite those obtained by Barbosa and
MacKenzie, (2003a) who observed a reduction on cesgive strength while adding 10-20
vol % of various granular inorganic fillers on nidalinite-based geopolymer. The
mechanical properties of the geopolymer mortar thayefore depend on the strength of the
geopolymeric gel, the interfacial bonding betwdssn geopolymeric gel and aggregate and the

aggregate itself (Subaer, 2004; Temuujin et alL020

b) Alkaliions

Theoretically, any alkaline or alkaline earth swash Nd, K* or C&* may be used in the
activating solution for geopolymerization reactiofowever, most studies have focused on
the effects of sodium and potassium ions. The eha€ alkaline ion used for the
geopolymeric synthesis depends on several factdrsyhich the most importants are the
origin of the aluminosilicate raw material and apgtions of the geopolymer (Komnitsas and
Zaharaki, 2007). The cations present in the basw materials or added as alkaline
hydroxides are considered to be important becafigberr catalytic role (Komnitsas and
Zaharaki, 2007). Using Naas the charge balancing ion, optimal geopolymepgrties are
obtained when the concentration of sodium is sigific to compensate for the charge

imbalance caused by the substitution of silicontddyahedral aluminum, but not in such
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excess as to form sodium carbonate in the presdgratenospheric CeXBarbosa et al., 2000).
The large cation size of Koromotes the formation of silicate oligomers withich Al(OH)*
prefers to bind. Therefore, when a solution of KBHiIsed, more geopolymeric precursor is
formed, facilitating better curing and better coegsive strength than geopolymers
synthesized with NaOH (Cioffi et al., 2003; Komassand Zaharaki, 2007).

Potassium ions appear to be responsible for aagrelgigree of condensation compared to
sodium ions under the same conditions. Sincei& more basic, it promotes greater
dissolution of silicates. The radii of alkaline mlstincrease from Lito CS (181pm, 227 pm,
275 pm, 303 pm and 343 pm, for Li, Na, K, Rb, asdr€spectively). This trend is at variance
with the hydration sphere of these cations whichmigre linked to the charge density.
Consequently the hydration sphere dft€ing smaller than for Naallows polycondensation
reactions to be more intimatélhe addition of KOH tends to improve the degree of
polycondensation in solutions of alkali silicatenievhereas the addition of NaOH will
increase the amount of silicate monomers (Cioféilet2003; Komnitsas and Zaharaki, 2007).
Na" also seems to promote faster reaction comparel‘toWith Differential Scanning
Calorimetry, the isothermal reaction at 60°C of dketolin with a NaOH solution compared
to a KOH solution shows a larger heat flow signghviNaOH solution, returning earlier to
the baseline ( Figure 6), suggesting a faster iadbr the sodium solution (Rahier et al.,
2007).

heat flow { Wg'l )

0 50 100 150
trae (vem)

Figure 6: DSC heat flow of isothermal cure at 60°C of Metalin with: (a)
KOH solution and (b) NaOH solution (Rahier et 2007)
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The widespread use of Nand K as charge-balancing ions is probably due to tbeircost
compared with other alkali ions. However there arfew published reports of cesium and
lithium-based geopolymers. Using'Css the alkaline reagent with metakaolin producesem
refractory compounds compared to the homologuethsgised with Naand K (Bell et al.,
2009a; 2009b). The use of Land dehydroxylated halloysite forms a zeolitecttree instead

of the conventional amorphous geopolymer obtaingth Wa' or K (O’Connor and
MacKenzie, 2010).

It is therefore clear that the type of alkalinegesat used as the charge-balancing ion greatly
influences the geopolymer structure and propedras must be considered when designing

synthesis pathways for manufacturing geopolymedycts.

c) Calcium ions

The presence of calcium ions in raw materials nmagrove the mechanical properties of the
geopolymer gel by forming an amorphous Ca-Al-Si §féhen the CaO content is high, the
porosity decreases due to the resultant microstraicformation of gels (Komnitsas and
Zaharaki, 2007). The addition of high amounts ofcioan hydroxide to fly ash-based
geopolymers improves their early strength, whetkasaddition of small amounts of calcium
improves the strength at later stages. For botladly and metakaolinite binders, exchanging
about 10% of the alumosilicate material with caicitnydroxide appears to be optimal
(Komnitsas and Zaharaki, 2007; Diaz et al., 20¥Y@). et al., (2008) studied the influence of
calcium in geopolymerization by synthetising samplath 0%, 20%, 40%, 60%, 80% and
100% replacement of metakaolin by calcite and ddkrithey observed that the addition of a
moderate amount (20 mass %) of calcite or dolorakeended a positive effect on the
mechanical strength of a metakaolinite-based geopaiic binder. Excessive addition of
calcite or dolomite to the geopolymeric gel (>20ss1&0) was found to be detrimental, likely
due to a low degree of geopolymeric gel formatiad aonnectivity. A significant degree of
shrinkage was also experienced in these systemsg a@$ noted that the addition of calcite
tended to produce a stronger geopolymeric matérat when dolomite was used. This is
unlikely to be due to simple micro-aggregate effeathich suggests that the small amount of
dissolution of the carbonate minerals that is olestiis sufficient to release enough?Car

Mg** to have a significant effect on the geopolymer sjelicture, coupled eventually with
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potential differences induced by the different aoef structures of the two minerals (Yip et
al. 2008).

The effect of calcium on the final reaction prodoah be determined by the level of dissolved
silicate in the activating solution through pH aohtWhen the solid raw material is deficient
in calcium, CaC@ and CaO can be introduced in the form of an agsiesuspension to
improve the physical and mechanical propertieseafpglymers (van Jaarsveld et al., 2003;
Komnitsas and Zaharaki, 2007).

MacKenzie el al., 2007 studied the influence of top50 wt % of different calcium
compounds (Ca(OH) CaCQ, Cg(P(Oy). , amorphous nanosized calcium silicate, and
CaSiQ) on Na and K metakaolinite based-geopolymer. Toleserved that all the samples
cured and hardened to viable strong materials, stipthe generad’Al NMR, 2°Si NMR and
XRD features of conventional geopolymer compositagaining additional crystalline fillers.
These spectra showed that calcium silicate anducalbydroxide enter into the geopolymer
network, by contrast to calcium carbonate and gaicphosphate which act as fillers rather
than entering into the geopolymer network. Thus, fitrm in which the calcium is added
influences the structure of the final geopolymed #merefore the properties of the resulting

product, and should be taken into account whemtgnand tailoring geopolymer properties.

d) Iron ions

The presence of iron ions in raw materials may hreawegative effect. It was suggested that
when dissolving basaltic glasses containing sigaift levels of network-forming Eeunder
slightly alkaline conditions, reprecipitation of sdblved Fe was much faster than the
reprecipitation of Si and Al (Provis, 2006). Ittlserefore likely that the iron present in raw
materials used for aluminosilicate geopolymerizatiall react similarly, removing OHby
forming hydroxides and consequently, slow downdtssolution of residual aluminosilicate
(Provis , 2006). These results are however subjediscussion.

Perera et al., (2007) studied the speciation ohd@ded as ferric nitrate solution or freshly
precipitated ferric (oxy) hydroxide to metakaoliased-geopolymers. They observed that in
the freshly cured geopolymers, the Fe was presemttahedral sites, either as isolated ions in
dilute samples or as oxyhydroxide aggregates inpkssiricher in Fe. Heating to 900°C
formed nepheline, with partial substitution offFéor the tetrahedral Al in addition to glass

which also incorporated Eein tetrahedral coordination.
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The conclusion is that the presence of iron cowddpbsitive or negative according to the
nature of the initilal components in the geopolymaxtures.

e) Water

The presence of water is essential for geopolyraois reactions to take place. It provides
the medium for the dissolution of aluminosilicatesl the transfer of various ions, hydrolysis
of AI* and St* compounds and polycondensation of different alateinand silicate-
hydroxyl species. As a result, water has a majecebn geopolymer formation, the structure
of the geopolymer gels and the properties of tloelypets (Barbosa et al., 2000; van Jaarsveld
et al., 2002; Zuhua et al., 2009).

It has been suggested (Zuhua et al., 2009) thagpal@uerisation can be approximately
partitioned into two periods (dissolution—hydrokjsand hydrolysis—polycondensation) which
probably occur simultaneously once the solid makési mixed with the liquid activator. It is
found that during the first period, higher liquiolid ratios result in faster reaction rates. In
the second period, the main reaction may changa fngdrolysis (consuming water) to
polycondensation (releasing water). Water acts @®duct in this period and if too much is
present, it will hinder the polycondensation kinstiSystems with lower liquid/solid ratios
show higher polycondensation rates.

Pure water cannot activate the solid material & dbsence of significant concentrations of
OH ions. High alkalinity is necessary for the destiarctof the raw material (Zuhua et al.,
2009) and excess water may favor sedimentationlutedhe reaction, leaching out the more
soluble ions, transporting them away from the ieactone (Rahier et al., 1997; Barbosa et
al., 2000).

The role of water is therefore critical even in fimal stages of geopolymerisation because the

polycondensation processes occur concomitantly evébolution (Zuhua et al., 2009).

f) Curing condition

Curing parameters include temperature, humiditg, @l circulating around the geopolymer
mixtures during setting and the ageing time. Temoee and air circulation are the two main
factors determining whether the geopolymeric présldave high mechanical strength or
contain cracks (Xu, 2002).
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It has been reported that for metakaolinite andafh-based systems, the temperature at
which samples are cured greatly affects their fiommpressive strength. It is however
suggested that initial curing at higher temperau®es not increase the compressive strength
substantially above that achieved by curing at rotemperature. Curing at higher
temperatures for more than a couple of hours dees gositively to affect the development
of compressive strength. It is of interest to ntitat curing for longer periods of time at
elevated temperatures appears to weaken the seucuggesting that small amounts of
structural water need to be retained in order tuce cracking and maintain structural
integrity. It seems that prolonged curing at eledatemperatures breaks down the gel
structure of the geopolymer synthesis mixture, Itegy in dehydration and excessive
shrinkage as the gel contracts without transfornbing more crystalline form (van Jaarsveld
et al., 2002).

Longer curing times have been reported to not Bagmtly affect the crystalline regions of
the geopolymer, but changes affecting structuttelgmnty take place within the amorphous gel
structure. Samples cured at higher humidity ineskallastic bags do not exhibit improved
compressive strengths, in contrast with the cuaghgonventional cementitious products. It
has been proposed that the saturated atmosphettee ibags results in conditions more
suitable to the formation of slightly weaker bor{dan Jaarsveld et al., 2002). These results
are not in accordance with those obtained by Izdoiet al. (2010) who observed that open
curing conditions produce solid bodies charactdribg high porosity, low compressive
strength and exacerbated leaching of certain opyamimetalloids, whereas protected curing
promotes the binder development, giving rise tdéigstrength and less porous systems. It
has been also shown (Zuhua et al., 2009) that htymindthe curing environment may allow
producing crack-free geopolymers. These effectsarevever, very subtle (van Jaarsveld et
al., 2002).

Together with the properties of the starting matsriand other parameters, curing
temperatures have varied from room temperaturegfSet al., 2005) to about 80 °C (Kon
and Sanjayan, 2008; Buchwald et al., 2009) and 40&iC Kamseu et al., (2009). This last
author observed an increase of compressive strafigtbout 40% upon increasing the curing
temperature of volcanic ash based-geopolymer frénio2400°C. Similar results have been
obtained by Kon and Sanjayan (2008) who showed tigtter curing temperatures may
promote the polymerization reactions, producing iaorease of about 53 % in the
compressive strength after heating fly ash-basexpagmer at 800°C. Buchwald et al.,
(2009) showed that increasing the temperatureou@Ot °C shortened the dissolution time
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from 90 days (at 20 °C) to about 14 days (at 60 fa€thermally activated illitte/ smectite
clay-based geopolymers. Yip et al., (2008) studnedstrength development of metakaolinite
and calcium based geopolymers at 2 days (d), 7d, 28 d, 360 d, and 560 d after synthesis,
found out that strength development was generaiiypst complete within 2 d, whereas Kon
and Sanjayan (2008) observed a small increaseeicdmpressive strength of fly ash-based
geopolymer specimens when the age was extended3fiton7 d.

All these observations indicate that curing coodisi and ageing time are important
parameters to be considered when manufacturingofygopr materials from a particular

aluminosilicate raw material.

I-3-6: Factors influencing compressive strength

Compressive strength has been used by many resesadha measure of the "success" of the
geopolymerization process (Komnitsas and Zaha@,7). Compressive strength depends
on many factors including the strength of the gkbge, the ratio of the gel phase to
undissolved Al-Si particles and the distributiondahardness of any undissolved Al-Si
particles. It is also depends on the nature ofamm®rphous phase of the geopolymer, its
degree of crystallinity and surface reaction betwte gel phase and any undissolved Al-Si
particles(van Jaarsveld et al., 2003; Komnitsas and ZahaP&Kly). However other factors
such as the percentage of Ca0;0K and the type of alkali correlate strongly with
compressive strength (Komnitsas and Zaharaki, 208ff@r geopolymerization, undissolved
particles remain bound in the matrix, which medwad the hardness of these minerals shows a
positive correlation with the compressive strend@hiring the geopolymerization of natural
minerals, it is known that when aggregates suchingssand are added to the geopolymer
mixture, the compressive strength increases (Xu\ard Deventer, 2000Komnitsas and
Zaharaki, 2007). Alkaline activation of metakaalising a solution containing sodium silicate
and sodium hydroxide gives better mechanical pt@sethan when activated with only
sodium hydroxide (Komnitsas and Zaharaki, 2007 bést compressive strength is obtained
when the molar ratios of SYAI,O; and NaO/Al,O3; are respectively 3.0-3.8 and about 1
respectively (Silva et al., 2007). However, thepénoum ratios can depend on the type of

material used as the source 0§@d and SiQ (van Jaarsveld et al., 2003).
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I-3-7: Characterization methods of geopolymers

a) X-Ray Diffraction
Geopolymers are amorphous and therefore difficutittidy by X-ray diffraction (XRD). The

X-ray diffraction patterns of (Na, K)-Poly(sialasdexo), (Ca, K)-Poly(sialate-siloxo) and

K-Poly(sialate-siloxo) present in the commerciabg@ymer binder "Geopolymite” show

they consist of a disordered lattice of materialdeced on a short scale with a structure
similar to feldspathic glasses or crystallized #esl (Davidovits, 1991). Figure 7 below

shows that the poly(sialate-siloxo) contains audiéf halo at around 3.05 to 3.30 A (27-29°,
20 max, Cu K).

1
L0 30 20 10

Figure 7: X-ray diffraction (Na, K)-PSS and K-PSS (Davidayil991).

a) (Na,K)-PSS, NgD+K,0/Si0,=0,235 and Si@Al,0,= 4,02
b) (Na,K)-PSS, N#O+K,0/Si0,=0,380 and SigAl,O,= 3,98
c) K-PSS, NaO+K,0/Si0=0,296 and SiglAl,O,= 3,39
d) K-PSS, NaO+K,0/Si0=0,366 and SigAl,O,= 4,11

Comparison of the values o®2max for (Na, K)-PSS and K-(PSS) (Figure 7) with tlalues

of the 29 of natural and synthetic crystalline aluminosilesa (Table 1-2) shows that the
geopolymers (Na, K)-PSS and K-PSS are equivalehtsiast amorphous aluminosilicate
crystalline except hydrosodalite and analcime (Dawits, 1991). It should be noted that
these results comply with the chemical mechanisnfiosth for poly(sialate-siloxo) (Si-O-Al-
O-Si-O-)n species. The three-dimensional framewasgigned to (Na,K)-PSS is Phillipsite
and Leucite for the K-PSS geopolymers. Practicpeeence suggests that the formation of
the Analcime framework necessitates the presencsoloble C&" ions in complement to

Na™ or K ions.
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Table 2: Values of ® max diffraction rays for natural crystalline alurosilicates
(Davidovits, 1991)

Aluminosilicate mineral network mol mol Cu (Ka)
Na,0+K,0/SiO, SibO,/AILO, 20 max
Leucite K(S}AIOg) 0,25 4,0 27,24°
Nepheline (Na,K)(SIAIQ) 0,50 2,0 29,46°
Orthose K(SAIOg) 0,16 6,0 27,70°
Albite Na(SkAIOg) 0,16 6,0 27,86°
Analcime Na(SiAIOg)H,0 0,25 4,0 26-30°
Phillipsite (K,Na)(SiAIO¢)H,0 0,25 4,0 27,90°
Hydrosodalite Na(SiAlQ) H,O 0,50 2,0 24,20°
Zeolite W (K-M) K(Sk gAlOg) H,O 0,27 3,6 27,42°
Zeolite W (K-G) K(Si.0sAI0¢) H,0O 0,26-0,37 2,6-4,15 30,00°
Zeolite W (K-F) K(SiAIQ,) H,O 0,4 2,3 28,70°

b) High Resolution Solid State Nuclear Magnetic Resonance

Solid state NMR spectroscopy is a powerful techaigapable of providing information both
about the structure of materials and the dynamicgrocesses occuring within these
materials, such as the formation of intermediataspk when minerals react or transform to
other phases upon heating or mechanical grindmgset materials often lack the long-range
order necessary for conventional diffraction stadiglacKenzie and Smith, 2002YAl and
2%Si MAS-NMR, and also®®Na MAS-NMR are particularly powerful tools for sttural
analysis of zeolites, clays, ceramics, cements,gaugpolymers (Davidovits, 1991; Duxson,
2006; Barbosa and Mackenzie 2003a).

29Si MAS-NMR is capable of distinguishing Si@trahedra of cross-linked density ranging
from O to 4, the relative concentration of whichyni® estimated from the integrated peak
intensities (Singh et al., 2005). It can also slwowelations between the chemical shiit ¢f

the silicon resonance and the bond angle and/od bergth of the Si-O group, or the total
cation-oxygen bond strength (MacKenzie and SmifQ2}. In addition, cross-polarization
experiments with théH nucleus provide information specifically abouicsin atoms close to
the proton-bearing species such as in hydroxylainimg minerals (Meinhold et al., 1985).

For each replacement of Si by Al in the second dioation sphere of a Si atom, a
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characteristic shift is observed in th%i MAS-NMR resonance position which makes it
possible to determine the number of tetrahedrahtAims connected via oxygen bridges to a
given SiQ tetrahedron (Singh et al., 2005). Therefoi® MAS-NMR can provide valuable
information on the types of the cross-linked Si€@rahedra present.

Recent researches have shown that the aluminate awntaining tetra coordinated Al
resonates at 60-80 ppm, and that in aluminosilkcatetra coordinated Al resounds at
approximately 50 + 20 ppm while the hexa coordidatiminum [Al (HO)¢] ° *resounds at
around 0 £ 10 ppm (Davidovits, 1991; MacKenzie &naith, 2002).

The Lowenstein principle in aluminosilicates staeat when two tetrahedra are linked by an
oxygen bridge, only one can contain aluminum, neAkO-Al bond is thermodynamically
unfavorable and the environment of each aluminusmas Al (4Si). The Lowenstein rule is
obeyed by aluminosilicate anions, limiting the n@miof possibilities of AIQ (nSi) to 5

structural units where n = 0, 1, 2, 3 and 4. Sor@@,AnSi) units are shown in Figure 8.

AIQ(2Si) ' mda{séi} ' :
cyclo(di-sialate) di{sialale-siloxo) AIQ,(45i) poly(sialate-siloxo)

Figure 8: Some structural units AlQ (nSi) involved in geopolymerization reactions
(Davidovits, 1991).

The?’Al NMR spectra of (Na, K)-PSS and K-PSS show that ¢hemical shift of’Al from
[Al(H 20)e]** is about 55 ppm (Figure 9) which indicates thataluminium is AlQ(4Si) and

is tetra-coordinated. The absence of other res@saaicd the sharp peak at 55 ppm excludes
any residual units of molecules of small size sashdimmers and trimmers (Davidovits,
1991).
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Figure 9: /Al NMR spectrum of K-PSS (Davidovits, 1991).

However?’Al NMR does not differentiate between the differesttuctures proposed for
geopolymer materials based on poly (sialate) (24@-)n, poly (sialate-siloxo) (Si-O-Al -
O-Si-O)n or poly (sialate-disiloxo) (Si-O-Al-O-Si-6i-O-)n. This differentiation can be done
by 2°Si NMR spectroscopy. As shown in Figure 10, K-P8&ga broad resonance at -94.5
ppm associated with a signal at -87 ppm, a smsdirance at -81.5 ppm and a small peak at -
79 ppm. The last resonance at -79 ppm (Bi® tapered, which means it comes from an
orderly environment, different from the disorderevironment of the other peaks of the
matrix (Davidovits, 1991).

SiQ, (2Al)

SiQ, (3A1) S, (1Al)

i i i i i i
-70 80 90 -100 110 -120 PP

Figure 10: *°Si NMR spectrum of K-PSS of GEOPOLYMITE (Davidovif991).

For ideal silicate glasses, tftSi chemical shifts of €3, units are given in Table 3 where ‘n’

is the number of Al atoms connected by oxygen lesdg SiQ tetrahedra.
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Table 3: Chemical compositions arfdSi chemical shifts of ideal silicate glasses
containing only one typ€'Qunit (Singh et al., 2005)

QF unit Compostiion (mol%s) —& (ppm)
M O Al-O; 5100
Q} 0 0 100 109
Qi 10 10 20 104
Qi 16.7 16.7 66.7 07
Qi 214 21.4 57.2 00
Qi 25 25 50 23
QE, 33.3 0 66.7 o0
Q 41.7 2.3 50 22
: 46.7 13.3 40 20
-: 50 16.7 333 77
3 30 0 50 20
Q1 58.3 8.3 333 73
Q3 62.5 12.5 25 73
QL 60 0 40 74
Q! 70 10 20 70
Qv 66.7 0 333 70
M:=Ca

Barbosa and Mackenzie (2003a) studied the evolaticfiNa MAS-NMR spectra of Na-PSS
geopolymer heated up to 1300°C (Figure 11). Thesenked a chemical shift of -5.5 to -7
ppm, for hydrated Nain an unheated geopolymer framework. When heatteel >*Na
resonance moved progressively upfield to -14 ppr@0&°C and -19 ppm at 1100-1300°C,
which is a typical chemical shift value of unhy@tsodium aluminosilicate and rhyolite
glasses. This shift is due to the loss of hydrati@ter from the charge-balancing Nan
(Barbosa and Mackenzie, 2003a).
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Figure 11: *®Na MAS-NMR spectra of Na-PSS heated for 1 h afrilieated temperatures
(Barbosa and Mackenzie, 2003a).

c¢) Infrared Spectroscopy

The IR spectra of polysialate and polysialate-sil@and for geopolymer precursors contain
the strongest vibrations found in all aluminosiless assigned to the internal vibrations of Si-
O-Si, Si-O-Al at 950-1250 cthand 420-500 cih respectively. The stretching modes are
sensitive to the Si: Al composition of the framelwand may shift to a lower frequency with
increasing number of tetrahedral aluminum atomsvid@eits, 2008). Barbosa et al. (2000)
studied the FTIR spectra of a starting metaka@iaitd various polymer compositions. They
observed:
- a typical metakaolinite spectrum with broad banidabemut 3450 ci and 1650 cm
from adsorbed atmospheric water;
- an Si-0 stretching vibration at 1088 ¢m
- an Si-O-Al vibration at 810 cMm
- an Si-O bending vibration at about 450"tand a shoulder near 1000 Crarising
from quartz impurity.
On the formation of the polymer, they observedftlewing changes in the spectra:
() The presence of the added water increasesthiesity of the bands at about 3500 and
1650 cnf.
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(b) Major disruption of the Al environment is indied by the loss of the Si—O-Al band at
810 cm® which is replaced by several weaker bands inahge 600—800 crh

(c) The presence of sodium carbonate is indicagethé band at about 1460 ¢nin all the
polymers except the well-cured sample Na—PSS1 (&id2. B), in which, however, the
carbonate peak appears when the solid polymerad &r about 30 h to constant weight after
curing (Figure 12.C). This interesting result swgigethat during prolonged drying of the
cured polymer slab, the passage of water througtbtitk carries with it a high concentration

of sodium to the surface, where it then carbonates.
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Figure 12: IR spectra of metakaolinite and different geopaysncompositions (Barbosa et
al. 2000).

However, for the characterization of geopolymer ariats, analysis by IR spectroscopy is

generally complementary to analyses by X-ray andR\dydectroscopy.
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d) Electron microscopy

A detailed knowledge of the microstructure of gdgpwrs with an aluminosilicate
framework is of fundamental interest for a deepaideasstanding of the polymer formation
process as well as of their mechanical propertasgh et al., 2005). Duxson et al., (2007)
studied the relationship between geopolymer contiposi microstructure and mechanical
properties, and observed a rapid evolution of therostructure with increasing silicon
content within the small compositional region (k80AI<1.65) of metakaolin-based
geopolymers. This change in microstructure, obskbsenitrogen adsorption, was shown to
be a result of an increased volume of gel in spensnas the skeletal density of the gel
decreases; the variation in the lability of sileapecies within the sodium silicate activating
solutions controls the rate of structural reorganan and densification during
geopolymerization. Greater mobility allows extemsigel reorganization and densification,
and facilitates pores to aggregate, resultingnmaostructure of dense gel particles and large
interconnecting pores, whereas reduced mobilitynates decreased localized gel density and
distributed porosity (with higher mobility promotég low silicon concentration). It has also
been demonstrated that strength development isonlyt linked to improvement in the
strength of the binder, but also to a homogenaeitygase of the microstructure (Duxson et al.,
2005a). Kovalchuk et al., (2007) have shown thanhguand synthesis conditions (the ratio of
liquid / solid phase) exerted an influence on therostructure of geopolymer materials, and
consequently on their mechanical properties. Therasiructure can also be used to provide
an indication of the amount of undissolved phasdhe geopolymer matrix (Duxson, 2006).
The microstructure of geopolymers is important iew of the possible inhomogeneity
suggested by their high temperature behavior. Hewehe study and understanding of the
microstructure of geopolymer materials is hampebgd impurities in the raw starting
aluminosilicate that can be found dispersed ingiglg Schmucker and MacKenzie, 2005).

The Figure 13 shows the microstructure of geopotymaterials obtained from different
aluminosilicate materials (fly ash and metakaol{iDuxson, 2006). Large difference is

observed. In the fly ash based sample, remainingsh particles can be observed.
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b)
Figure 13 Geopolymer microstructures: from fly ash (a) fromtakaolin (b) (Duxson,
2006).

I-3-8: Thermal properties of geopolymers

A study of the thermal behavior and properties atarials during or after heating has been
proven to be a fundamental indicator of their retivay properties (Aliprandi, 1979). Since the
need for refractory materials is growing with intfigd and technology development,
increasingly research is focussing on the evolubibgeopolymer properties when exposed to
high temperatures.

Geopolymers generally have a higher thermal stgliiiean Portland cement, because of their
similar properties to those of ceramic materialen¢gl and Sanjayan, (2008) showed that fly
ash-based geopolymer is consolidated further wixposed to elevated temperatures up to
800 °C. They attributed this behavior to continugalymerization reactions at higher
temperatures, leading to improvement in the medanproperties. Davidovits (1991),
Barbosa and MacKenzie (2003a) and Elimbi et aQ142 showed that geopolymers prepared
with sodium or potassium alkaline reagents and kaelan are resistant to fire, with thermal
stability up to at least 900 °C.

Provis et al.,, (2009) have studied the correlatimtween the thermal and mechanical
properties of fly ash-based geopolymer and repdtiatithe samples that showed very high
or very low expansion from 700 to 800 ° C generalipwed poor mechanical properties. The
optimum mechanical properties were obtained witimfdations that gave small expansions
in this temperature range. They suggested that Belkhvior would result from a correlation
between the physical properties of formulationberathan a strict relationship of cause and

effect, but concluded that the use of dilatomeamalysis could be helpful to select certain
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geopolymer precursors where the production of laggecimens for mechanical
measurements would be difficult to achieve duetd lof raw materials.

Barbosa and MacKenzie (2003a) studied the X-rayfradifion of metakolin-based
geopolymers after heating at different temperataned observed that the cured and dried
polymers were X-ray amorphous, displaying a typbatkground with a superimposed sharp
major reflection of quartz impurity present in tbeginal kaolinite. The polymer remained
amorphous between 400 and 1100°C, but the quaalz lpecame much less distinct, possibly
reflecting a degree of dissolution under the att@lcondition prevailing within the polymer
(Figure 14).
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Figure 14: X-ray powder diffractions of Na-PSS heated for 4t the indicated temperature.
Key: g, quartz; m, mullite;agrundum (Barbosa and MacKenzie, 2003a)

Mullite and corundum which appear at 1200-1300 & suggested to arise from the
presence of a small amounts of unreacted metaki@oditarting material.

This result has been discussed by Schmicker an&émace (2005) who attributed the origin
of mullite in heated metakaolin-based geopolymeressilting from the geopolymer matrix
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itself and not from the metakaolinite relicts. Thetydied the microstructural evolution of
metakaolin-based geopolymer and observed that Skdvbgnaph showed evidence that the
needle-like grains of mullite are formed within theopolymer matrix rather than within the

metkaolinite relicts which are still identifiablg their angular shape (Figure 15)

Alumina grains in
kaolinite relict

GEDOF . 1200

Geopolymer matrix Mullite needles

Figure 15. SEM of geopolymer heated at 1200°C (SchmuckeMdacKenzie, 2005)

The thermal stability of glassy geopolymer matriaswsuggested by the fact that its
composition is maintained (within the limits of thealysis) after heating in areas in which
mullite formation had not occurred. This was atitédl to a mechanism involving a balance
between the high-temperature reactions that temdctease the silica content (dissolution of
the labile silica component of the unreacted meikkite and the quartz impurities) and the
removal of silica by the crystallization of mullig€chmucker and MacKenzie, 2005).

The thermal stability of geopolymer materials isocagreatly influenced by the nature of the
alkaline metal reagent used in the synthesis. Belll., (2009a; 2009b) observed that
metakaolin Cs-based geopolymer was more refradtuag Na and K-based geopolymers.
Cs-based geopolymers crystallized to pollucite ,QCAlI,03.4SiQy), which is the most
refractory silicate known, on gradual heating. @ote has exceptional creep resistance
between 1400 and 1500 °C and melts at above 19@07f@xothermic reaction was observed
over the range 900°C-1250°C and a density of 3/18mj (about 98 % of the theoretical
density of pollucite) was obtained after heating shmple at 1600°C (Bell et al, 2009a).
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The thermal evolution of geopolymers has been divitchto four regions on the basis of
shrinkage behavior (Bell et al, 2009a; 2009b; Duaxsbal., 2006).

The shrinkage in Region | is minimal (Figure 16ggion Il begins with the onset of initial
shrinkage, lasting until the rate of shrinkage dases and evaporation of free water is
completed. The shrinkage in this region is alsoimath as only free water from large pores
and surfaces is lost. Region Il is marked by adgeh weight loss and shrinkage due to
dehydroxylation. The amount of shrinkage is muatatgr in this region and the water loss is
due to desorption of water from small pores andréease of chemically bound water in the
form of silanol and aluminol groups. Region IV begiwith the onset of densification by
viscous sintering with considerable shrinkage. Téraperature range of these four regions
varies according to the Si/Al ratio and alkalindiaa (Bell et al., 2009a; 2009b; Duxson et
al., 2006).

The thermal evolution of Cs-based geopolymers stutly Bell et al., (2009a) showed that
Region | extended from approximately 25 to 100°QGI amvolved rapid loss of freely
evaporable water and minimal shrinkage. Nearly 58f%he overall weight loss occurred
within this region and was due to water loss. IgiBe I, weight loss and shrinkage occurred
concomitantly over the range 100-300°C. Shrinkagthis region was much higher than in
Region | and about 94% of the remaining water wat Region Il involved nominal weight
loss and shrinkage but there was considerablekstgenin Region IV (Figure 16).
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Figure 16: Dilatometry and thermal gravimetry (TG) results @8-Geopolymer heated at
10°C/min up to 1450°C in de(l et al, 2009a).
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Duxson et al., (2006) observed the onset temperadfirRegion | for K-geopolymers at
approximately 70°C, 90 °C and 115 °C for specimenth Si/Al ratios of 1.15, 1.40 and
>1.65 respectively. Region Il shrinkage extendedhftbe onset of shrinkage until about 250—
300 °C; nominal thermal shrinkage was observeddgiéh 11l and densification in Region IV
was observed from 700 °C to 1000 °C. Similar steidig Barbosa and MacKenzie, (2003a)
on Na-PSS geopolymer indicates that material date@5°C retains about 15 % water, of
which 12% is lost below about 230°C; the remainamre tightly bound or less able to
diffuse to the surface continuing to evolve gratjuap to about 500°C. Once heated up to
1000°C, they observed a small degree of shrinkageceated with water loss below 250 °C
and densification at about 800°C, the polymer disiears remaining stable between 250 and
800°C.

The thermal stability of geopolymer is attributem the formation of crystalline mineral
phases at high temperatures, e.g. pollucite fronba@ed geopolymers (Bell et al, 2009a),
leucite (KAISEOg), kalsilite (KAISIO;) or mullite (SpAlsO13) from potassium based
geopolymer (Barbosa, and MacKenzie, 2003b; Duxsbnale 2006; Schmicker and
MacKenzie, 2005) and mullite from Na-based geopely(@arbosa, and MacKenzie, 2003a).
The presence of aggregate in geopolymer matricawergly influences their thermal
behavior. Barbosa and Mackenzie (2003a) studiedptioperties of Na-PSS geopolymer
composites with a variety of inorganic fillers ramg from waste mining and demolition
materials to high-technology ceramics. They obsgmhese products to be thermally stable
when heated and concluded that the effect of thherdion the thermal reactions is not
necessarily detrimental, and may even contributertbance mechanical properties of the
composite by processes akin to reaction bonding Wermal stability of geopolymer
composites however greatly depends on the comiiigtibetween the aggregates used and
the geopolymer gel. Quartz aggregates have beewl fiaureduce shrinkage upon heating, but
also cause an abrupt expansion between 500 an€65d0@ to thex- quartz phase change,
followed by further shrinkage as the temperaturengeased (Subaer, 2004). Kong and
Sanjayan, (2008) showed that the mechanical prepenf fly ash geopolymer with
aggregates such as basalt, granite, siltstone, vetag reduced by about 65 % when the
temperature was increased to 800 °C, due to diffedethermal expansion behavior between
the aggregates and geopolymer matrix, leading straigion of the mechanical properties.
The ideal aggregate is therefore one which maytredgh the geopolymer matrix upon

heating or which may possess thermal behavior elese to that of the geopolymer gel.

39



I-3-9: Geopolymers from unheated clays

a) Processes producing similar effects to thermal activation

Conventional geopolymerisation processes requigeathailability of free alumina and silica
for the polymerization reaction. The common metbbgroducing these compounds from a
1/1clay material is to thermally dehydroxylate vthich increases the amount of energy
required for geopolymerisation. More ecologicallefdly processes to produce
geopolymers, have been sought, by increasing #yerehctivity without the need for thermal
activation. Some of these alternative activationthoe@s are mechanochemical processing
(high energy grinding) and chemical pretreatmera¢Kenzie, 2009).

Mechanochemical processing has been found to pecalsimilar effect to thermal activation,
by destroying the crystalline structure and conrgrtthe aluminium coordination of
halloysite clay from 6-fold to a mixture of 4, 5daré fold, thereby producing viable
geopolymers. Chemical pretreatment of halloysit@éid did not produce good results, but
pretreatment in alkali produced a sufficient amoahtetrahedral aluminium to allow the
mixtures to set and harden, although they contatngstalline compounds.

However, mechanochemical processing requires amt igp energy and, in terms of
convenience, may not present a significant advantagr thermal pre-treatment whereas pre-
treatment of the clay with alkali solution seemsrépresent the best of these methods for

reducing the energy consumption of geopolymerisatMacKenzie, 2009).

b) Low temperature geopolymeric setting (LTGS)

The Low Temperature Geopolymeric Setting (LTGS igeopolymerization process which
may take place in the presence of unheated clajkaline medium. Nearly all clay soils are
capable of reacting with alkali (e.g. caustic sod&)th different clay materials (kaolinite,
montmorillonite, muscovite, chlorite, etc.) ceransetting is obtained at temperatures
between 50°C and 200°C (Davidovits and James, 1988jh kaolinite, the geopolymer of
the Poly (sialate) (-Si-O-Al-O-) type which is foeah is of the sodalite type, hydrosodalite
(Si204,AI204,2Na,3H0) (Davidovits and James, 1988; Davidovits and Bont 2003).

The reaction of kaolinite with NaOH at 100°C-150%&h be written (J. Davidovits, 1988):
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SizOs,A'z(OH)4 + 2 NaOH ' (SbO4,AI204,2Na), 30 (|14)
Kaolinite Hydrosodalite N&PS

The Na-PCDS (Sodium Poly (sialate cyclodisialat@Ptained is a tridimensional
poly(aluminosilicate) stable to water and possegsstrong mechanical resistance.

The industrial application of this technique hasrbealled the “SILIFACE Process” and the
products are generally shaped by pressing (Davislavid Bouterin, 2003; Davidovits, 1988).
The working temperatures for LTGS processing gédlyevary between 50 and 500 ° C. The
density of the resulting ceramics is around 1.9ng/and their apparent porosity is around
30%. Their compressive strengths can be up to B@ Bubaer, 2004).

For example, a SILIFACE Q obtained from 40 g katdin60 g quartz, 8 g NaOH, and 10g
H,O has a bulk density of 1.9 g/éna Mohs hardness varying from 4 to 6, flexuraésyth

of 6 to 25 MPa, calculated minimum open porosity 5fvol.% and measured porosity (water
absorption) of 15% to 40%, depending on the expamial conditions involved in the cold-
densification and thermo-setting steps. The higieapplied pressure, the lower the porosity.
LTGS have proved to be useful for the productionla¥ energy consuming building
materials (bricks, tiles, etc.) and also the repotidn of archeological objects (Davidovits
and Bouterin, 2003; Davidovits, 2008).

c¢) Solid-state synthesis

An alternative method of preparation of geopolyrgrthe direct calcination of low-quality
kaolin with Na/K hydroxides was investigated by &lasek et al., (2007). In this method, the
formation of geopolymer matrix does not requirdvation by alkaline silicate solution. The
compact and hardened material is obtained onlydujng a small amount of water to the
calcined mixture. The product of this reaction Wagely X-ray amorphous, with aluminium
in predominantly tetrahedral coordination and Si@its in predominantly @Q4Al) and
Q*3Al) environments. Although the mechanical projesrtobserved (about 1MPa) was
relatively low for building applications, the resng product still can be applied as solidifier
of dangerous and powdered substances (Kolousdk @087). From an energy conservation
point of view, the solid state synthesis offers amvantage since although it utilises an
undehydroxylated starting material, the solid-sta¢action is carried out at a typical
dehydroxylation temperature. Nevertheless, thiscgse represents a synthetic route to
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geopolymers that are difficult to make by the cartianal Davidovits method such as the
formation of lithium geopolymers from metakaolinfidacKenzie, 2009).

I-3-10: OPC and Geopolymer binders

Geopolymers are sometimes referred to as alkaliaietd aluminosilicate binders. These
materials differ substantially from Ordinary PormitaCements (OPC), because geopolymers
use a totally different reaction pathway in order dttain structural integrity. Whereas
Portland cements depend on the presence of caloggopolymers do not utilise the
formation of calcium-silica-hydrates (CSHs) for matformation and strength. Instead,
geopolymers utilize the polycondensation of silizal alumina precursors and a high alkali
content to attain structural strength (van jaaxsetlal., 2002).

One of the primary advantages of geopolymers ovaditional cements from an
environmental perspective is the much lower ,C@mission rate from geopolymer
manufacture compared to OPC production. This isnipadue to the absence of the high
temperature calcination of limestone when geopotgnae synthesised from ashes and/or
slags, reducing the overall G@mmission of the process (Rahier et al., 1996ajdoaits,
2002; Duxson et al., 2007b; Tailoy and Mackenzi@l® Nugteren, 2010). The largest
growth in carbon emissions is from electricity geien, transport, industries and from
building operations (Radhi, 2009). Cement (OPCultesrom the calcination of limestone
(calcium carbonate) and silico-aluminous materidlee production of 1 ton of cement
generates 0.55 tons of @@nd needs the combustion of carbon-fuel into @48 of CQ
(Davidovits, 1991).

In addition to greenhouse gas benefits, geopolyeamology also provides the opportunity
for the utilization of waste streams that may net & any benefit in OPC-blending
applications. For example, magnesia-iron slagsomékel slags, and tungsten mine waste,
have been shown to be effectively geopolymerisatthey are of little or no benefit in OPC
(Duxson et al., 2007a). The possibility of immahilig toxic and/or radioactive wastes also
provides potential significant environmental betsefif geopolymers when compared to OPC
(Duxson et al., 2007a; van Jaarsveld and van Dekel96).

Portland cement clinker contains four major phasesalcium silicate (@S), B-dicalcium
silicate (-C,S), tricalcium aluminate ($8), and ferrite solid solution ({{A,F)) (in the
cement nomenclature, C= CaO, S = §i®=Al,03, H=H,0, F=FeO3). The main hydratation
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product of Portland cement is a very poorly crystalcalcium silicate hydrate known as C-S-
H. It is produced by hydration of;6 andp-C,S and is often described as a gel when there are
other phases admixed on a sub-micrometre scaleofhtecet al., 2006). In these structural
models, silicate groups are organized in lineaitdichains (principally dimmers, but also
some pentamers and octamers), composed mainlyQfasid Si@ species (Lecomte et al.,
2006). On the contrary, geopolymers contain essignthree-dimensional cross-linked sites
[SiQ*(2Al) and SiG(3Al)], which reflects a highly polymerized strucali aluminosilicate
framework (Barbosa et al., 2000; Lecomte et al0g2@avidovits, 2008).

In terms of durability, geopolymer binders are mao&d resistant materials than OPC, with
zeolitic properties that may allow them to encagutoxic wastes such as heavy metals. One
of the weaknesses of OPC compared to geopolymeifseigapid decrease in mechanical
properties when exposed to elevated temperaturésetl, when heating, OPC generally loses
its mechanical properties at around 400°C whereapaymers generally maintain them up
to 700-800°C and above (Davidovits, 2008). Geopelybinders are also characterized by a
rapid setting at room temperature and may attampressive strengths of the order of 20
MPa after 4 hours. The final strength after 28 dangsy/ reach 70 to 100 MPa (Davidovits,
2002; Sofi et al., 2007).

1-4: ZEOLITES

Zeolites are aluminosilicates with a range of thiemeensional structures consisting of
(Si, Al) O4 tetrahedra coordinated by sharing all their oxygems in the network (Subaer,
2004; Miladinovic et al., 2007;Nugteren, 2010). The tetrahedra make up a three-
dimensional network, with lots of voids and opelgs. It is these voids that define many
special properties of zeolites, such as adsormtfamolecules in the huge internal channels.
The substitution of Si (1) by Al (11l) in the tethedron accounts for a negative charge of the
structure (Figure 17) which may give rise to a hZgtion Exchange Capacity (up to 5 méq.g

1) when the open spaces allow the access of cafiargteren, 2010; Ahmaruzzaman, 2010).
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negative charge

Figure 17: Idealized structure of zeolite framework of adtedral [SiQ]* with a Si/Al
substitution ([AIQ]>) yielding a negative charge, and consequentltiarcaxchange
capacity (Ahmaruzzaman, 2010).

The steechiometry of zeolites can be representethéygeneral formulgdSubaer, 2004)
ML [(AIO2)(SIO)]" z HO,

where x is the Si /Al molar ratio, z the numbemaiter molecules physically linked. Cations
(M) such as Li, Na, K*, (where the valence n = 1) are necessary to cosaperthe

tetrahedral aluminate charges.

I-4-1: Synthesis

Zeolites may be found in natural deposits, gengrafisociated with alkaline activation of
glassy volcanic rocks, but can also be synthesimmtd a wide variety of high-Si and Al

starting materials (Subaer, 2004; AhmaruzzamanQR®any patents and technical articles
proposed different hydrothermal activation methéalisthe synthesis of different zeolites.
However most of them were based on the dissoludfofl-Si-bearing material phases with
alkaline solutions (mainly NaOH and KOH solutioas)d subsequent precipitation of zeolitic
material (Ahmaruzzaman, 2010). The synthesis of typ zeolites for example is by

hydrothermal treatment of kaolinite in alkaline w@n at 100 ° C according to reaction
(Subaer, 2004):

Al;03.2Si0,.2H,0 + 2NaOH —— pa.Al03.2Si0; + 3HO (1.15)

Kaolinite Zeolite A
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Within the stability field of a given zeolite, ireaising the alkalinity at constant temperature
influences the kinetics, as does increasing thepégature at constant alkalinity. Both these
factors decrease the nucleation time and enhaeceaté of crystal growth of the zeolite. The
effect of increasing the alkalinity is believed be due at least in part to much greater
concentrations of dissolved Al and Si species wlssist the nuclei to develop more quickly

from the more numerous encounters between the fs@cspecies in solution.
1-4-2: Applications

As a consequence of the peculiar structural pregsedf zeolites, they have a wide range of
industrial applications mainly based on ion excleatigxchange inherent NK*/C&* for
other cations on the basis of ion selectivity), gdsorption (selective absorption of specific
gas molecules), water adsorption (reversible adisorpof water without any desorption
chemical or physical change in the zeolite matriaglsorbents for removal, such as,
wastewaters, radioactive wastes and gases, cataygdt molecular sieving (Ahmaruzzaman,
2010, Nugteren, 2010).

I-4-3: Comparison between zeolites and geopolymers

It has been found that temperature, pH and catoashree major factors affecting zeolites
synthesis. These factors also affect geopolyméoizatThe formation of geopolymeric

materials follows much the same route as that oftnzeolites: (1) dissolution with the

formation of mobile precursors through the compigxaction of hydroxide ions, (2) partial

orientation of mobile precursors as well as thetiplamternal restructuring of the alkali

polysilicates and (3) reprecipitation where the {ghgystem hardens to form an inorganic
polymeric gel (van Jaarsveld et al., 2002).

However there are some fundamental differences dsetwzeolites and geopolymers.
Geopolymers have no long-range order as in the oéseeolites. Zeolites have certain
stoichiometric compositions and crystalline struetuGeopolymer products do not have
stoichiometric composition and consist of a mixtwe amorphous to semi-crystalline

structures. The hardening step occurring in geapetisation differs from the crystallisation

step in zeolite synthesis. During this step in eosynthesis, no chemical reaction is
involved, only the evaporation of water. Howeveuyidg the hardening of geopolymers,
although there is no obvious movement of partideshis stage, leaching and diffusion
between particle surfaces and the gel phase magatur and a slight movement of paste in

the capillary pores may also take place (Xu, 2002).
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The structural unit of zeolite A is identical tathof Na-poly(sialate). However, the zeolite A
comes from the polycondensation of a cyclo-tetta@awhile Na-poly(sialate) comes from

the polycondensation of a cyclo-disialate (Davidevi991) (Figure 18).

Al
‘:Ali |'f0/ 'RO\SL -
S o _8"' od
}SI\ A /&( "?"P'\ 0\3
NA B L‘0\ O o™~
PN : ?I :
cyclo-disialate Na-Poly(sialate) cyclo-tetrasialate Zeolite A

Figure 18: Network structure of Na-poly (sialate) and zeoht€Davidovits, 1991

Conclusion

Material containing sufficient amount of aluminadasilica such as natural pozzolana
(volcanic ashes), clayey materials, fly ash, eioe, suitable to be used as raw materials for
geopolymers synthesis. Factors such as the tydkal cation, the processing temperature
and the water/solid ratio are able to affect thmalfiproperties of geopolymer materials.
Geopolymers are more stable at elevated temperétare OPC and could be a possible
alternative for supplying environmentally-friendlguilding materials due to less @O
emissions involved in their manufacturing procesbkeaddition, geopolymer technology also
provides the opportunity for the utilization of iestreams that may not be of any benefit in

OPC-blending applications.
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II-1: Introduction

The aluminosilicate materials used in this work evemlcanic ashes, and the alkaline
activators were sodium hydroxide, potassium hydtexa mixture of both, with or without
amorphous silica. The experimental part of the wwds performed in the Laboratory of
Materials Analysis of the Local Materials Promotidnthority, Cameroon, the MacDiamid
Institute for Advanced Materials and Nanotechnolagyictoria University of Wellington in
New Zealand, the Industrial Research Limited in NEealand and the Department of
Physical Chemistry and Polymers of Vrije Universdly Brussel in Belgium. The present
chapter presents the synthetic and natural magerakd, the synthesis processes, the
analytical methods and equipments for materialspgaducts characterization.

II-2: MATERIALS

II-2-1: Natural materials
The volcanic ashes used were from Foumbot and Qmurour samples were used: two from
Foumbot and two from Djoungo.

a) Volcanic ashes from Foumbot deposits

Foumbot is situated at the left side of the Nouairpl This region had been subjected to
important volcanic activities, from fissural evemtsexplosive through strombolian activity.
This has resulted in the deposit of huge quantdfescoria, lapillis and bombs. Most of the
deposits consist only of lapillis and scoria. Glbgathese are black materials often with a
purplish iridescence, but in certain deposits, ntaerials tend to be grey or red. In the first
case, the deposits are iron-poor, whereas in tb@nsgecase the colour denotes the oxidation
of F&* to F€", either by surface phenomena or in the fumardlangdji and Tchoua, 1988;
1989). The Foumbot samples come from the Petpomamdnthe Lac Mfou sites. Particles
from the Petponoun deposit are gravelly (scoriayl lalack while the particles from the Lac
Mfou deposit are finer and can be either blackeal, with a predominance of black (Photos
[I-1 to 1I-4). Only black feature was collected ftinis study. Little part of pouzzolan from
both sites is exploited for paving roads and masonaddition with sand.

b) Volcanic ashes from Djoungo deposits

Djoungo is located in the Littoral Region. The Djgo samples are in form of scoria. One is
black while the other is poorly re®ifoto 5 and §. Part of Djoungo’s pozzolana deposit is
currently being exploited by the Douala “CIMENCAMplant. The main reasons are the
quantitative importance of the deposit and its tiocanear the railway linking Douala, the
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largest industrial city of CamerooBidjoka, et al., 1993)Some part of this pouzzolan is also

exploited for paving roads and masonry in additioth sand.

The geographic coordinates of all the samples’ ditpased are presented in the Table 4.

Table 4: Geographic coordinates of the four samples’ sites

Sample N Latitude E Longitude Altitude
Petponoun (Va or Val) N5°37'46" E10°37'56" 1145 m
Lac Mfou (Va2) N5°32'17" E10°41'39" 1301 m
Djougo scoria black (Va3)| N:04° 35 18” E : 09° 37" 48” 147 m
Djoungo scoria red (Va4) N 04°34'43" E 09° 37736”

Photo 1. Panoramic view of the Photo Z: Black gravelly volcanic ash
Petponoun site (Val) particles in the Petponoun
deposii(Val)
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Photo 3: Panoramic view of the Lac Mfou

) Photo 4: Fine particles in the Lac Mfou
deposit (Va2) P

deposit showing red and black
features (Va2)

il

Photo 5: Black sample from Djoungo ghoto .6: \P/ozr red sample from Djoungo
deposit (Va3) eposit (Vad)
c) Aggregate sand

The aggregate used was New Zealand natural saodided by the Industrial Research
Limited (IRL), New Zealand.

II-2-2: Synthetic materials

The alkaline activators used in this study werdwadhydroxide, from Applichem Company
(pH (1M, H0): 12-13 and solubility: 1090 g/l g@) at 20°C) for the investigation carried out
at Victoria University of Wellington (VUW). The wkrperformed at Vrije Universiteit
Brussel (VUB) was with NaOH and KOH (pro analyfi®m Merck. The amorphous silica
was of the AEROSIL 200 type from Degussa Company.
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The Figure 19 globally presents the approach usethé experiments in the thesis.

The four volcanic ashes used

(Val, Va2, Va3 and Va4)

A

Study of the influence of the

chemical and mineralogical

composition on the reactivity

using the cheapest activator
(NaOH)

v

Determination of the more
reactive ash (Val)

Study of the influence of the
activating solution composition
(NaOH and KOH with or without
amorphous silica) on the physicd
and thermo mechanical propertig

il
N

v

Study of the

Determination of the fastest

activator (NaOH) with Val for

the rest of experiments

influence of
| particles size of
Val with the

fastest activator

Study of the influence of

thermal behavior:
= curing conditions;
= sand addition;
= thermal behavior;

processing conditions and the

\4

\4

Determination of the better
synthesis parameters for the
production with Val

Analysis of results
<«—| for conclusions

Figure 19: Approach used for the experiments

and prospects
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II-3: RAW MATERIALS CHARACTERIZATION

II-3-1: Particle size distribution

The particle size distribution of the sand was weieed according to ASTM C 778-00 by
shaking the sand through a sieve set with sizd<180, 850, 600, 425, 300 and150 pm. The
volcanic ash was ground up to total passing throaghOOum sieve. The particle size
distribution was then determined using a Shimadald-3001 Laser diffraction particle size
analyser. A representative set of particles was gsgaough a broadened beam of laser light
which scatters the incident light onto a FouriersleThis lens focuses the scattered light onto
a detector array and, using an inversion algorithrparticle size distribution is inferred from
the collected diffracted light data. These analygere carried out at VUW in New Zealand.
Sieving and then sedimentation technique usingStioe’s Law was also used for particle
size analysis at VUB in Belgium.

II-3-2: Chemical and X-ray diffraction analyses

Chemical analyses were carried out by X-ray fluoeese at IRL and VUB. For X-ray
diffraction, samples were powdered in a porcelaowlbusing a Philips PW1700 with
computer controlled goniometer and graphite mommolator using CoK at VUW and a
D500 Bruker diffractometer, generating a Cyrdiation at VUB. An applied voltage of 40
kV and a current of 30 mA were used. XRD scans wagasured from 5° to 70° 2-theta at a
scan rate of 1°/min.

II-4: PREPARATION OF GEOPOLYMERS

The preparation of volcanic ash raw materials wasdacted in the laboratory of materials
analysis at MIPROMALO. The field samples were dréeul ground in a ball mill up to total
passing through a 400um sieve. The powdered migtetained were then stored in plastic

bags to prevent the fixation of atmospheric water.

II-4-1: Influence of the chemical and mineralogical composition on the
reactivity of the four volcanic ashes for geopolymer synthesis

The four volcanic ashes (Val, Va2, Va3 and Va4xdusethis section were from Foumbot

(Val, Va2) and Djoungo (Va3, Va4), situated respebt in the West and Littoral Regions of
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Cameroon. The inorganic polymer formulations wekgamed by adding while stirring
volcanic ash into a solution obtained by dissolvimglistilled water, NaOH, as to obtain in
the mixtures a N#®/Al,O3 molar ratio ranging from 1.00 to 1.75, with 0.2&ervals. This
has resulted in four compositions for each of thleea Val, Va2, Va3 and Va4. The ratio
water/ash was maintained at 0.21 for all the comipas. The mixed pastes were placed in
polyethylene cubic moulds (4x4x4 cm), and then atibd for 5 min to remove air bubbles.
The molded samples were then placed at 40°C fay®,dhen, the samples were demolded

and placed at 90°C for 5 days.

11-4-2: Effect of the activating solution composition on the stability and
thermomechanical properties of geopolymers from Val

The inorganic polymer formulations were obtainedaldging while stirring volcanic ash from
Foumbot Petponun site (Val here simply called Yi&) & solution obtained by dissolving in
distilled water NaOH, KOH with or without amorphossica, in order to obtain in the
mixtures, a MO/SIO, molar ratio of 0.30 for mixtures without amorphaisca and 0.29 for
mixture with amorphous silica. This has resultedii compositions; three of them without
amorphous silica named Va-Na, Va-Na+K and Va-K esponding to mixtures containing
added sodium, sodium+potassium and potassium iaggdgc Their counterparts with
amorphous silica were named Va-NaSil, Va-(Na+Kgitl Va-KSil. For Va-Na+K and Va-
(Na+K)Sil preparation, the molar concentration ofgssium and sodium added were equal.
The water/ash ratio (weight) was maintained at ®o2All the mixtures. However, as the Va-
K composition presented a lower viscosity, a watdr/ratio of 0.18 called Va-K0.18 was also
made.

The influence of particle size distribution on treactivity and compressive strength was
investigated with the fastest activator (NaOH) bynoving the coarser particles (40 wt% of
the initial ash sieved at 4Qth) while sieving at 125um. The specimens made with this
fraction and sodium hydroxide were named Va(qgi2pNa. All the mixtures made in this
section are summarized in Table 5. The mixed pasérs placed in the cylindrical plastic
moulds (50 mm height x 2.5mm diameter), then véstafor 5 min to remove air bubbles

before being treated at 90°C for 7 and 21 days.
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Table 5: Mixtures composition

Formulations SiO,/AI03 *M ,0/SIO; H,O/solid ash
(molar) (molar) (weight)
Va-Na 4.84 0.30 0.21
Va-Nasil 5.18 0.28 0.21
Va-Na+K 4.84 0.30 0.21
Va-(Na+K)Sil 5.18 0.28 0.21
Va-K 4.84 0.30 0.21
Va-KSil 5.18 0.28 0.21
Va-K0.18 4.84 0.30 0.18
Va(<125um)-Na 4.84 0.30 0.21
* M=Na or K

I1-4-3: Impact of processing conditions and thermal behavior of
geopolymers from Val

The inorganic polymers were synthesized by stirrthg volcanic ash from Foumbot
Petponun (Val here simply called Va) in a soluttdrNaOH (Applichem Co.) in distilled
water, to give five compositions with Ma/SiOG molar ratios of 0.15 to 0.35. The weight ratio
(H20: volcanic ash) was maintained at 0.21 in all fdrenulations. The mixed pastes were
stirred for 5 min, placed in 50x50x50 mrpolyethylene moulds and vibrated for 5 min. to
remove air bubbles. One of the mixtures Q&SI = 0.25) was subjected to various curing
procedures as follows: 40°C for 24 hr. sealed, tinesealed at 40°C for 24 hr. This initial
curing was the same for all the samples, and wiasnsed by post-curing for five days, either
in water or in open air at 40, 70 and 90°C. Thetqpasng environment that produced the
best compressive strength (dry curing at 90°C) ween adopted for the remaining
experiments. An addition of 10, 25 and 40 wt % aidon the basis of the volcanic ash was
also made on the geopolymer formulation which gihesbest compressive strength.

II-5: GEOPOLYMERS CHARACTERIZATION

II-5-1: Influence of chemical and mineralogical composition on the
reactivity of the four volcanic ahses
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All the analyses performed in this session werea@iout at VUB, except the Mdssbauer
spectroscopy analyses carried out at IRL in Newateh

The reactivity of the systems was studied with &thtial Scanning Calorimetry. The
resulting products were characterized by Scannitegtéén Microscopy (SEM), Infrared
spectroscopy (IR), X-ray diffraction (XRD), Diffamgal Thermal Analysis and
Thermogravimetry Analysis (DTA/TGA). The productalslity was assessed by dry, wet and

wet-dry compressive strength measurements.

a) Differential scanning calorimetry (for reativity assessment)

Differential scanning calorimetry (non-isothermahda isothermal measurements) was
performed on a DSC 82Rettler Toledo instrument using Helium at 25 mL/nais a purge
gas. The samples were mixed in small quantitie® (8Q) with a spatula before placing in the
sample pan. Reusable high pressure stainless saaglle pans (Mettler) were used. The
sample (about 30 mg) was heated from 0°C to 24Q@°&°@/min. Temperature calibration
was done with cyclohexane and indium. The lattes alao used for enthalpy calibration. For
isothermal measurements the samples were hea®®d@tor 700 min.

At least two measurements were performed for eaghulation and the error on the reaction
enthalpy was below 10%.

b) Fourier Transform Infrared Spectroscopy
IR spectra were obtained with a NICOLET 6700 FTHer each spectrum, 32 scans with a

resolution of 2 cmwere used in transmission mode on KBr pellets maitdle about 2 mg
sample and 200 mg KBr.

c) Miscrostructure

Scanning electron micrographs and maps of poligt@edples coated with about 20 nm of
carbon for second electron imaging were determusedg a Jeol JSM 6400 microscope with
an acceleration voltage of 20 kV.

For optical microscopy, a Digital Optical Miscoseopf VHX-1000 type was used to screen
the sample surfaces at 250’s magnification. It easipped with a camera coupled with an

activate tool to offer a pixel displacement allogia very high resolution (up to 54 milion
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pixels). A progressive scanning method without klpay allowed the reproduction of the

texture and color likely to eye view.

d) Compressive strength

The compressive strength of the samples was mehsute an Instron 1195 Compression
machine equipped with a computer program for cosgive strength calculation and a
displacement of 1mm/min. The dry compressive stiengas obtained after curing the
products at 90°C for 7 days. For wet compressirngth, these specimens were immersed in
water overnight and measured wet while the wetatnnpressive strength is for immersed
specimens dried overnight at 60°C.

e) Thermogravimetric /Differential Thermal analyses

TGA/DTA analyses were performed with a Netzsch SO®LC/PG instrument in helium
flowing at 60 mL/min. The samples were heated t@0EC at 10°C/min.

f) MGssbauer Spectroscopy analyses

The Mdssbauer spectroscopy of iron was used tbdirt changes occurring in this nucleus
during the geopolymerisation process in order ghight the possible implication of this
element in the geopolymerisation reactiotfEe Méssbauer spectra of ash before and after
treatment with sodium hydroxide were measured &t R9vith a magnetic field of 47 mT

applied parallel to the-rays.

I1-5-2: Effect of the activating solution composition on the stability and
thermomechanical properties of geopolymers from Val

All the analyses performed in this section wereiedrout at VUB.

NaOH, KOH and silicate solutions with low moduluere tested. The reactivity of the
systems was studied with Differential Scanning @aletry. The resulting products were
characterized by Scanning electron microscopy (SEMjared spectroscopy (IR) and X-ray
diffraction (XRD). The products stability was assas$ by dry, wet and wet-dry compressive
strength measurements. The pH of the immersed pt®dwas also controlled.

Thermogravimetric Analysis (TGA), Thermomechanigahalysis (TMA) and Dynamic

Mechanical Analysis (DMA) were used to investigdte high temperature behavior of the

different compositions.
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Some methods and equipments (XRD, DSC, SEM, Comipeestrength) used in this section

were similar to the previous one. The new equipsienimethods used are presented below:

a) pH of the solution of immersed products

In order to have an idea on the amount of unreatadent, the groups of six synthetised
samples were immersed in 334g of distilled waterefach group and the pH of the solution
was taken. This was done using a Didital pH-mettéype Inolab WTW.

b) Thermal analyses

» Thermogravimetric Analysis

TGA analyses were performed with a TGA Q5000 imsent in nitrogen flowing at
25mL/min. The samples were heated to 1000°C atrbifCand then cooled to 50°C at 50°C/

min.

» Dynamic Mechanichal Analysis

For our study, a DMA 7 of Perkin Elmer was usedhwat quartz expansion probe (3 mm
diameter). The purge gas was air at 50 mL/min.adstorce of 250 mN and a dynamic force
of 200 mN with an applied frequency of 1 Hz weredisThe samples were cycled twice
between 25°C and 1000°C, while equilibrating faefimin at the minimum and maximum

temperature. The heating and cooling rate was 5tC/@ylindrical samples of about 4 mm

diameter and 10 mm height obtained from geopolypaste moulded and cured at 90°C for 7
days in small cylindrical tubes were used and mlaoetween a platinum cup and lid for

measurement.

II-5-3: Impact of processing conditons and thermal behavior of geopolymers
from Va1l

All the analyses carried out in this session wendégpmed at VUW.
NaOH was used as the sole alkaline activator. Thetsre of the polymers was studied by

XRD and FTIR and the influence of the /4SIO, molar composition and curing conditions
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on the compressive strength of the geopolymer cemes determined, as were the
mechanical and physical properties of the corredipgn mortar containing various
proportions of standard mortar sand. The thermapgnties of these materials were also

determined by TGA/ DSC and dilatometry, to assless suitability as refractories.

a) Fourier Transform Infrared Spectroscopy

Powdered samples were mixed with KBr for FTIR as&lyising a Perkin EImer FTIR. For
each spectrum, 32 scans with a resolution of 8ware used in transmission mode on KBr

pellets made with about 2 mg sample and 200 mg KBr.

b) Percentage of water absorption and apparent density

The determination of these parameters was madeduegoto ASTM C 20-00. The dried
specimens were kept in plastic bags to preventitéon of atmospheric air. Subsequently,
mass Md is determined and they were introducedartieaker containing distilled water. The
mixture was boiled for two hours, ensuring that$pecimens are immersed. After letting the
mixture cool for 24 hours, the wet mass (Mw) ane thass suspended in water (Ms) were
determined.

i) The water absorption ab (%) expresses in peagenthe quotient of the weight of water
absorbed to the weight of the dry specimen. livemgby the equation:

_ Mw - Md

ab x 100

i) The bulk density (g/cn?) is defined as the quotient of the dry mass ofsémple by the
volume occupied by solid matter, including the woabntained in the grains (bulk volume). It
is given by the equation:

Md

Pa = w=Ms
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c) Compressive strength

The compressive strength was obtained by calculatiter measuring the compressive load
that the specimens can withstand before it brelkis.was done with an ELE ADR-Auto
2000 KN Compression machine equipped with a commgartegram for compressive strength
calculation and pace rate of 0.9 KN/s. The mateves placed between the two flat surfaces
of the compression device, and compressed withfaromspeed. The result obtained is an

average of at least three replicate specimens.

d) Scanning electron microscopy

Scanning electron micrographs of fractured sampglested with 16 nm of carbon for
backscattered electron or second electron imagierg wetermined using a Joel JSM 6500F

microscope. The accelerating voltage was fixedbtO kV.

e) Thermal analyses

The thermal behavior of the sample of composithaO/SiO, = 0.25 dry-cured at 90°C was
determined by differential scanning calorimetry Sand thermogravimetry (TG) using a
TA instrument SDT Q600 V8.2 in flowing air (50ml/miand a heating rate of 10°C.itin

The dilatometric curve was obtained on a cylindrgample 21.5 mm x 6 mm dia. using a
modified Harrop Laboratories TDA-H1-CP6 dilatomeggra heating rate of 5°C.nmiup to
1000°C, held at this temperature for 0.5 hr theolem at 5°C.mift to about 100°C. The
sample was subjected to two cycles.

The Figure 20 illustrates the production of geopwy using Val.

59



Chemical and

Val with particles less than . .
mineralogical

A

400 um analysis
P Addition of NaOH solution then
h stirring and vibrating for 5 min
v
Molding

Curing |———
(90°C)

Product
v characterization:
XRD, FTIR,
TG/DTA, SEM,
Dilatometry,
Physical
properties.

Synthesized products <+

Figure 20: Production of geopolymer using Val

II-6: Conclusion

Four samples of volcanic ashes were used, butttlikes were extended only on the more
reactive ash (from Foumbot's Petponoun site (VABOH, KOH, with or without silicate
solution were used as alkaline activator medium.

Several techniques were used for raw materialgaodlicts characterization:

X-ray fluorescence, X-ray diffraction, Fourrier fisdlorm Infrared Spectroscopy, Scaning
Electron Miscroscopy, Digital Optical Microscopy,d8sbauer Spectroscopy, Differential
Scaning Calorimetry, Thermogravimetry and DifferanfThermal Analysis, Mechanic and

Dynamic Mechanical Analyses.
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III-1: INFLUENCE OF CHEMICAL AND MINERALOGICAL COMPOSITION
ON THE REACTIVITY OF THE FOUR VOLCANIC ASHES

In chapter I, volcanic ashes were described touialde for geopolymer synthesis due to
their high content in silica and alumina. Geopolyisaion of volcanic ashes is however
influenced by the difference in mineralogical artémical composition of the ashes, which
may greatly affect the reactivity of the materi@s well as the final properties of the
synthesized products.

The present section investigates the suitabilitioaf different volcanic ashes (Val, Va2, Va3
and Va4) for geopolymers synthesis, in order tdligipt a possible correlation between the
chemical and the mineralogical composition of tises and their reactivity or the final
properties of the synthesized products.

NaOH was used as the sole alkaline activator. €hetivity of the systems was studied with
Differential Scanning Calorimetry (DSC). The resut products were characterized by
Scanning Electron Microscopy (SEM), Infrared Spestopy (IR), X-ray diffraction (XRD),
Mossbauer Spectroscopy, Differential Thermal Analygnd Thermogravimetry Analysis
(DTA/TGA). The stability of the products was assesby dry, wet and wet-dry compressive

strength measurements.

III-1-1: Mineralogical composition of volcanic ashes and geopolymers

The X-ray spectra of the volcanic ashes showed »unei of amorphous and crystalline
phases (Figure 21) composed of Anorthite sodiamrdesed:(Ca,Na)(Si,AlPs, Augite:
(CaMg 74 F&y 25)SKOs , Forsterite ferroan: (Mg Fe) 1).SiO, for Val; Quartz : Si@Augite :
(CaMg 74 F&y 25)Si0s, Magnetite : FgO,, Anorthite sodian intermediate-(CaNa)(SiAb},
Microline intermediate-KAISi308 for Va2; Anorthiteodian disordered: (Ca,Na)(Si,ADs,
Augite: (CaMg 74 Fe&y25SibOs, Forsterite ferroan: (Mg Fe.1).SiO, for Va3 and Anorthite
sodian disordered: ( Ca,Na)(Si,#Ds, Augite: (CaMg.74F& 25)Si0s, Nepheline: NaAISiO4,
Forsterite: Mg2SiO4, Hematite: #&; for Va4. The main difference observable by XRD
between the spectra of pure ashes and those treatedsodium hydroxide were the
appearance of Sodium Aluminosilicate Hydroxide Hydr N@(AlSiO4)s(OH)..4H,O on the
spectra of activated ashes. The presence of initiakrals in the final products is also

suggesting incomplete dissolution of the crystalipiases present in the starting materials.
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Figure 21: XRD spectra of pure (bottom) and reacted ashbk&#d/Al,O3 of 1.50

= Anorthite sodian disordered:(Ca,Na)(Si A},
=Augite: (CaM@ .74 F& 25 Si»Os ,

=Forsterite ferroan: (Mg F&.1)>SiO,

= Quartz : SIQ

= Magnetite : FgO,,

= Microline intermediate-KAISOg

=Anorthite sodian intermediate-(CaNa)(Si&D}
= Forsterite: MgSiO,

=Nepheline: NaAISiQ

=Hematite: FgO;

=Sodium Aluminosilicate Hydroxide Hydrate- NAISiO4)s(OH).-4H,O
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Conventional geopolymers resulting from the dissofu of aluminosilicate in a strongly
alkaline medium are expected to be amorphous (Barbbal., 2000; Rahier et al., 1996; Bell
et al., 2009b). However, the presence of a newtallyse phase not originating from the
starting material has been previously reportedgempolymers resulting from volcanic ash,
fly ash as well as metakaolinite especially afesiction with silicates with a low modulus
(Verdolotti et al. 2008; Rahier et al., 1997; Lergoa et al., 2011, Bell et al, 2009b).

By treating an amorphous pozzolana with sodium d¢wide or sodium hydroxide plus
sodium aluminate, Verdolotti et al., (2008) obtaire product with crystalline diffraction
peaks, possibly from a zeolite, overlapping the iguinous baseline. For the current volcanic
ashes, it is likely that the reactions that tookcpl in alkaline medium may involve the
transformation of the major part of the initial aqploous phases of the ash into the amorphous
to semi crystalline geopolymer phase, but alsoyatalline phase of sodium aluminosilicate
hydroxide hydrate. The alteration or transformatodrpart of the initial crystalline phase is
also likely and will be evidenced in the MOssbasg@ctroscopy section.

The amount of amorphous phase was estimated wetlarhlysis software by the method of
subtracting the crystalline surface area on the X¥pBctra. The results obtained were 58%
for Val, 6% for Va2, 33% for Va3 and 9% for Va4 té&freaction, the amount of amorphous
phase in the products was estimated at gZOWe,O3; molar ratio of 1.50 to be 44%, 27%,
37% and 29% respectively in the specimens resulfiogn Val, Va2, Va3, and Va4
(Figure 22).
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A positive correlation was found between the amaifithese phases and the heats of reaction
(Figure 23). This trend was also observable onOB€ curves (Figure 24 and 27) showing
higher reaction heat and reactivity for the moreghous materials. An extrapolation of the
curve (Figure 23) shows that there is still somactigity remaining at 0% of amorphous
material, suggesting that part of the crystallifages also reacted. This can explain the

increase of the amount of amorphous fraction aéaction for Va2, Va3 and Va4.
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Figure 23 Influence of the percentage of the amorphousehmathe starting ashes on the
reaction heat at N&/Al,O3 of 1.00

I1I-1-2: Reactivity of the mixtures

The heat flow measured in a DSC experiment is ptap@l to the reaction rate. The DSC

thermograms of the fresh geopolymer mixtures framdifferent ashes at Ma/Al,O; molar
ratio of 1.5 are presented in Figure 24.

67



0.25

] Val
0.20-

ﬂExo Va3

:-‘?3_15;
= 7 Va4
= 131°C
=)
LL. 4
H0.10- Va2
T ] 139°C

| 160°C
0.05

] 166°C
O‘OO T T T T T T T T

60 80 100 120 140 160 180 200 220 240

Temperature (°C)

Figure 24: DSC curves of reacted ashes at®fAl,O3 of 1.50

It is observed that the peak maxima varies betwidnand 166°C, appearing in the order
Val<Va3<Vad<Va2. The reaction heat of all the frggopolymer mixtures from the four
ashes with different N®/Al,O3 molar ratio (1.00 to 1.75) are presented in Figlie
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Figure 25 Reaction heat of freshly mixed mixtures
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Globally, it appeared that the reaction heat irggsavith the amount of NaOH added to the
mixture. The trend observed is different to pregi@iudies reported on metakaolin-based
geopolymer where the reaction heat was observadctease with the addition of silicate
solution in the fresh mixture, reaching a maximumue at the Na/Al ratio of 1 (Rahier et al,
1996b). This difference could be linked to the mahagical composition of the ashes, the
presence of some crystalline phases dissolving slolyly before reacting, and the rate of
dissolution increasing with the addition of sodibgdroxide in the mixture. Another reason is
that the crystalline reaction product formed hasagAl ratio of 8/6 as shown in previous
work (Lemougna et al., 2011). One could thus expentaximum at a ratio of 1.33 if the
amorphous phase has the same composition. The raimmes of the maximum reaction rate
for all the mixtures are higher while the reactiwats are smaller than those reported (Rahier
et al.,, 1996b; Rahier et al., 1997) for inorgapaymer glasses resulting from alkaline
activation of metakaolin. Most of those composisioreact between 60-120°C and the
reaction heats reaching 580 J/g with metakaolifiitee present volcanic ashes are therefore
considered to be less reactive than thermally aied/ kaolinite.

In the following part it will be tried to find exahations for the differences in reactivity
between the different volcanic ashes. It has bepaorted that particle size does influence the
reactivity, finer particles increasing the reacti@te, the heat flow signal being larger and
reaching the baseline earlier (Rahier et al., 20B8%ed on particle size analysis (Figure 26),
the fineness of the ashes were in the range Val>Va2>Va3, but this does not correspond
to the trend observed on the reaction hehtsH(| Val> | AH | Va3> | AH | Va4>pH | Va2)
suggesting that other factors such as the chemic#the mineralogical composition of the

ashes went into play.
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Figure 26. Particle size distribution of pure ashes

The isothermal DSC measurement at 90°C of therdifteashes (Figure 27) also shows that
the reactivity (height of the signal at the begmnof the measurement) of the ashes are in the
order Val> Va3> Va2> Va4, similarly to the trendselved for the temperatures of
appearance of the peak max (Figure 24) for norhésotal measurements. As the chemical
composition of all the ashes (mostly for Val, VaBd Va4) were very similar (Table 6), it is
likely that factors that influenced the reactivigthiould be more linked to the mineralogical
composition and crystallinity. Figure 27 also shothat the main part of the reaction is
finished after about 5 hours at 90°C.

Table 6: Chemical composition of the different ashes (mfa¥s

ide FeO; MnO TiO 2 CaO K,O P,O5 S|02 Al 203 MgO Na,O SUM
Val 12 0.19 29 11 1.7 0.9 43 15 6.8 4.6 99.39
Va2 8.5 0.16 1.8 6.1 3.1 0.9 55 15 2.9 5.3 99.62
Va3 14 0.19 3.3 11 1.7 0.8 43 15 5.8 4.1 99.51
Va4 13 0.17 2.9 10 1.5 0.8 44 16 55 4.4 99.57
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Figure 27: Isothermal (90°C) DSC curves of the differentessht NaO/Al,O3 of 1.50

After isothermal (90°C) measurements, the sampla® \Wweated at 240°C and some residual
reaction heats were found upon heating. The valtidsese reaction heats were 3J/ g for Val
and Va3 versus 9 and 21 J/g for Va4 and Va2 resedgt following the trend of more
residual reaction heat for the less amorphous maéger

It is also worth pointing out that the lowest Na@bhcentration resulted in the lowest peak
temperature for all the samples (Figure 28) in @sttto what would have been expected for a
completely amorphous metakaolinite material (Raétaal., 1997). This trend is also likely to
arise from the amorphous to semicrystalline characf the ashes, increasing NaOH
concentration leading to an increase of the crystalpart of the ash taking part to the
reactions. Therefore, the shift of the peacks teakigher temperatures is suggested to be
linked to the slower dissolution of the crystalbnghases in the reaction mixture, only limited

amount of these phases being involved in the @activhen NaOH concentration is low.
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I1I-1-3 : Infrared spectra

The infrared spectra presented in Figure 29 shawead absorbance at 820 -1250"an
480-600 crit assigned to internal vibration of Si-O-Si and SAQ(Davidovits, 2008) in both
raw volcanic ash and resulting inorganic polymengl@s. The appearance of some sharp
bands indicates the formation of crystalline pha3é& band around 1640 cm-1 arises from
water molecules, which are surface absorbed oragpéd in the large cavities of the
polymeric framework, while the band around 1430 Ls-attributed to stretching vibrations
of the O—C—-0 bond resulting from the atmospherrba@aation of the unreacted high alkaline
agueous phase, which is diffused on the geopolymeaterials surface (Dimitrios et al.
2007). These two later bands were not presenterptiie ash and were the main difference

between its spectra and those of synthesized ptaduc
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III-1-4 : Microstructure
The microstructural analysis of polished produdtisves that the particle dissolution is not

completed during the reaction (Figure 30).
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Figure 30 Microstructure of synthesized products ap®l#\l,05 of 1.5:A) 250 magnification,
showing area of geopolymer matrix and undisolvedigas; B) 2000 magnification; C) 250 magnificatio
viewed with optical microscope
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Relicts of ash particles were found to be surrodntly the geopolymer matrix. The
morphologies of all the samples were similar at downagnification. However, higher
magnification presented a mixture of lath shaped agglomerate morphology with a great
tendency for agglomeration for Va2 and Va4, pogsiblggesting a more crystalline
character. Geopolymers are known to contain amoahtgnreacted solid aluminosilicate
source (Duxson et al.,, 2005a; Schmucker and Madker2005). However, there is no
definitive and accurate method for quantitativelgtesmining the amount of unreacted
materials in a particular specimen. The unreactedenal is also expected to affect the
mechanical properties (Duxson et al., 2005a). Tdwpglymer matrix was the only part of the
sample to contain added sodium, and was found by EBDQhe area selected to correspond to
the atomic composition of Al _ 5 at.%, Si _ 13 gtNa _13 at.% for Val, Al _3 at.%, Si _
25 at.%, Na 8 at.% for Va2; Al 5 at.%, Si _alB36, Na 25 at.% for Va3; Al 5 at.%, Si
_ 18 at.%, Na _12 at.% for Va4. The high atomiccemrtration of sodium in the geopolymer
matrix on the area selected for specimen Va3 calde from its migration due to
atmospheric conditions. The fluctuations observethé geoplymer matrix compositions may
be due to the presence of some small residual alndis particles with different chemical
composition. However, the composition of the matnay be different as the.composition of
the reactive part of the volcanic ash can be difier

Optical microscopy showed a typical difference @loc on the samples from the different
ashes. Some isolated pores of few microns wereadiserved on all the samples. Specimens
of synthesized samples from all the ashes aONe,0; of 1.5 are presented in photo 7,
showing not great change in color between the psines and their resulting products.

Photo 7 Specimens of synthesized samples from all thesaahNaO/Al,O; of 1.5
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III-1-5 : Thermal behavior (TG/DTA)

The thermal behavior of synthesized products asdebg thermogravymetry analysis and
differential thermal analysis are presented in F@g8l. The pure ashes show almost no
weight loss up to 1000°C (less than 1 w%) (FiguteA. Some baseline fluctuations are

observed in the curves.
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Figure 31 TG/DTA curves of A) the volcanic ashes, B) thegaymers

For all the geopolymers, the DTA and the TGA curassmore or less similar. It is observed
that the weight losses are between 3.5 and 6 %pleavi@2 presented the lowest weight loss
(around 3.5%), possibly in consistence with its IEnegctivity observed in the DSC analysis,
those of the other ashes being between 5.5 andG8%4he DTA curves, the endothermic

reaction observed below 200°C is attributed to ltss of residual water after the curing
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period. After this temperature, no clear endothermaaction is observed up to 1000°C either
in pure ashes or synthesized products. After 208AGhe samples were found to lose weight
at a more or less constant rate up to 600°C, atuweh the weight loss becomes negligible
up to 1000°C. Between 200°C and 600°C, the weiglt lis likely to arise from the
destruction of some OH groups in the products masince the loss on ignition was
negligible for all the pure ashes. The weight Iessieall the synthesized specimens are about
four times smaller than those reported (about 2fffeinetakaolin based geopolymer (Bell et
al., 2009b, Rahier et al., 1996b) after heatingaid000°C, suggesting somewhat a higher
thermal stability of the synthesized materials. ldoer, these products were already dried in
the furnace at 90°C during the curing, with a realdsynthesis water of about 3% of the
specimen mass (see drying curve in annexe 1) wideproducts from metakaolin resulted
from a curing at 50°C (Bell et al., 2009b) or admotemperature (Rahier et al., 1996b).

III-1-6: 57Fe Mossbauer analyses

Val and Va3 were selected for Méssbauer spectrgsmoglyses. The data has been fitted to
three quadrupole doublets consistent with Hypertpditting Fe(ll) (red lines) and Fe(lll)
(blue lines) (Figure 32). The interest of studyingn behavior in ceramic or
geopolymerisation processes relies on the fact thiat element is commonly found as
impurities at various percentages in natural alwsilicate materials and even some
industrials by-products such as fly ashes whichlmansed as raw materials for the processes
above-mentioned (J.Y.Y. Andji et al., 2009; E.l.aBiet al., 2010). The role of iron in
geopolymerisation has been subjected to some a@mngies, probably linked to the nature of
the initial components in the geopolymer mixturdesn was suggested to be able to inhibit
geopolymerisation reaction (Provis, 2006) but wis® auggested to possibly contribute to
geopolymer formation by integrating the networkr@Pa et al., 2007). In our case, the weight
percentages of iron assimilated tg.®Ggduring chemical analysis by X-ray fluorescence are
12 and 14% for Val and Va3 respectively.

The®'Fe Mdssbauer spectra of the two ashes, before feerdatkali activation, are shown in
Figure 32 and the corresponding Mdssbauer paras@aadrupole splittingAEQ), isomer
shift (5) and line width [L=R) are tabulated in Table 7. The spectra of kaghes before
reaction with alkali are remarkably similar, anch ¢z fitted to two F& quadrupole doublets

and one F& doublet. Since both these ashes were shown by X¥RDBontain the two
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crystalline iron-bearing minerals ferroan forserand augite, the Mdssbauer spectra should
also reflect their presence. Ferroan forsterita lmember of the olivine group in which the
Fe?* is in octahedral coordination in two sites that aot always distinguished by Méssbauer
spectroscopy (Greenwood and Gibb, 197The quadrupole splittingEQ of site A in the
present spectra is within the range of reportedieslfor the olivines (2.80-3.02 mrl)s
(Bancroft et al., 1967) and this assignment is algoported by the isomer shiftwhich is
close to the reported range (1.16-1.18 min.8y contrast, augite is a member of the
pyroxene group, in which the single-stranded diicahains are cross-linked by 6-fold

coordinated cations (Greenwood and Gibb, 1971).
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Figure 32 °'Fe Mossbauer spectra of ashes (Val and Va3) bafatafter treatment with
sodium hydroxide.
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Table 7:°>'Fe Mossbauer parameters of ashes (Val and Va3kbafid after treatment with
sodium hydroxide.

Sample | Species| 6/ mms' AEo/mms' Ii.g/mms* 1/%
Val Fe(ll) A 1.14 2.94 0.31 23
Fe(ll) B 1.04 2.00 0.73 55
Fe(lll) 0.44 0.89 0.79 22
Val OH | Fe(ll) A 1.15 2.94 0.30 24
Fe(ll) B 1.08 2.28 0.56 17
Fe(lll) 0.37 0.77 0.66 52
Va3 Fe(ll) A 1.13 2.03 0.30 22
Fe(ll) B 1.05 2.03 0.71 50
Fe(lll) 0.44 0.88 0.74 25
Va3 OH Fe(ll) A 1.15 2.92 0.30 22
Fe(ll) B 1.05 2.20 0.63 29
Fe(lll) 0.36 0.73 0.68 44

Since the quadrupole splitting is sensitive to thegree of distortion from octahedral
symmetry, less distorted sites, as in forsteritemang larger quadrupole splittings (Bancroft
et al., 1967), the more distorted octahedral Bite with the smaller quadrupole splitting is
assigned to augite; this is also consistent with rifported Mossbauer parameters for this
group of mineralsAEQ = 1.91-2.69 mm% & = 1.12-1.18 mm:} (Bancroft et al., 1967) .
The Fé" doublet B assigned to augite is also significaftigader than that of the ferroan
forsterite doublet A (Table 7). Augite contains tédold coordinated Fé sites which can
however only be visually distinguished at much kiginon contents than in the present ashes
(Greenwood and Gibb, 19719nd the overlap of these two sites could explatnkroadness
of this doublet. The intensity ratios of these detghare also very similar in unreacted Val
and Va3 (Table 7), but the intensity of doubletaBdite) is more than twice that of doublet A
(forsterite), suggesting that the former is th@@pal iron-containing species in these ashes.
Both ashes contain a third doublet with Méssbaagameters consistent with ¥AEQ =
0.89 mm.g, § = 0.44 mm.3). Assignment of the ferric site to a particulaapl is somewhat
problematical. Ferric sites are known to existhe silicate minerals of the garnet and epidote
groups, but neither of these minerals was seenhén XRD traces, and their reported
Mossbauer parameters (Greenwood and Gibb, 1971)kigreficantly different from the
present parameters. Recalculation of the precisaula of the present augite suggests it

contains a small amount of Fe(lll), the resultiogniula being CaMgrde(I)o.23 Fe(lll)o.02
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giving an atomic ratio Felll/Fell of 0.086. Thidtiais too small to explain the Fe(lll) in the
present Mossbauer spectra as arising from theeuf§ifurther possibility is that the ferric
iron resides in the amorphous phase shown to septrdy the bulge in the background of
the XRD traces. The absence of magnetic sextetdl iof the spectra rules out most of the
iron oxides and oxyhydroxides, although this isefefent on the size of the particles and
temperature at which they were formed (Rossand.,e2@08; Spiering and Seifert 1985). A
quadrupole doublet with reasonably similar paransefeEQ = 0.69 mm 3§, 6 = 0.35 mm s

Y reported for a metakaolinite based geopolymetéa with ferric nitrate solution (Perera et
al., 2007) was suggested to be associated with sompecified poorly crystalline ferric
oxyhydroxide. Ferric doublets have been reportechémophase ferric oxide particles, poorly
crystalline ferric oxyhydroxides, Fe-bearing glassepyroxenes, orthopyroxenes and
clinopyroxenes (Perera et al., 2007; Bancroft £tl&l67, 1968; Rossano et al., 2008; Mysen,
2006, Spiering and Seifert 1985; Van Cromphaut.e2807; Akasaka, 1983; Thompson et
al., 2011), although the parameters of none ofetlsggecies conform exactly to the present
ferric doublet. The poorly crystalline characterttod Fe(lll) and Fe(ll) site B is evidenced by
the relatively broader linewidths of these doubletsomparison with Fe(ll) site A (Table 7),
supporting the association of the ferric sites \lin amorphous component of the ashes and a
relative poor crystalline character of augite corapeaely to ferroan forsterite.

Upon conversion of the ashes to geopolymers byliaktvation, the Mdssbauer parameters
of Fe(ll) site A, assigned to ferroan forsterimnain unchanged in both ashes, indicating that
this mineral is a spectator phase and takes narp#ine in geopolymer-forming reaction. By
contrast, a significant proportion of the Fe(lllesB, corresponding to augite, is oxidized to
Fe(lll) (Figure 32 and Table 7), shown by the 3886rdase in the intensity of the Fe(ll) site
B of sample Val with a concomitant 30% increasd-@flll). A similar phenomenon is
observed in sample Va3 in which the Fe(ll) site &&réases by 21% while the Fe(lll) site
intensity increases by 19%.

These results, and the changes in the Méssbauampters of the Fe(ll) site B and Fe(lll)
sites upon reaction with alkali indicate that soohé¢he octahedral ferrous sites in the augite
phase of the original ashes are taking part in glgaper formation, but although the
parameters of the Fe(ll) sites in augite are diygtttanged after reaction with the alkali, they
are still consistent with ferrous iron in octahédiges (Spiering and Seifert 1985; Bancroft et
al., 1968), albeit less distorted than in the uctexh ash. By contrast, the Mdssbauer
parameters of the newly-formed Fe(lll) sites armeahat different from those of the ferric

sites in the original ashes, showing a decreagtdnisomer shifts and an increase in the
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quadrupole splitting (Table 7). The room tempemtisomer shifts of tetrahedral ¥eare
reported to fall near or below 0.3 mnit,.svhereas the isomer shifts of octahedral leecur
above about 0.4 mm™gBancroft et al., 1967; Mysen, 20D6Thus, after alkali activation,
the isomer shifts suggest a change in th& Eeordination from 6- fold to distorted sites
approaching tetrahedral coordination. These destiorsites are also similar to 5-fold
coordinated sites, the reported parameters of WEieQ = 0.74 mm$, & = 0.36 mm.2)
(Rossano et al., 2008 ) are very similar to thegmeFe(lll) sites.

To summarize the Méssbauer results, one of thectystalline F&" -bearing mineral phases
present in the original ashes, ferroan forstedtees not participate in or interfere with the
geopolymer-forming reaction, but a significant ppdpn of the augite present reacts with
alkali to form new ferric sites with Mossbauer paeders similar to distorted tetrahedral or 5-
fold coordinated sites which are most likely to becated in an X-ray amorphous
noncrystalline phase. This suggests the possiblasion of iron in the tetrahedral network of
the geopolymer product. However, in the case @atiffe inclusion of iron in the amorphous
geopolymer network, its tetrahedral coordinationuidobe more likely for a simplistic
chemical charge-balancing point of view. This poissiinclusion could also explain the
development of strength beyond the NBXD,Os; ratio of 1. On the other hand, the fact that
iron site B (from forsterite ferroan) remained ueafed by alkali-activation of the ashes
means that the behavior of iron during alkali eatibn of aluminosilicates relies on its

chemical and mineralogical state in the startingemas.

III-1-7: Compressive strength

All the formulations developed strength during theing period, but still some efflorescence
was observable on specimens with high Na contergllotmhe ashes and mostly for Va2 and
Va3. The seven days’ compressive strengths @asepted on Figure 33. The values of dry
compressive strength were between 42-61 MPa ar@B2viPa for products resulting from
Val and Va2 respectively. For specimens resultiognfVa3 and Va4, these values were in
the range of 16-32 MPa and 14-37 MPa respectiveélyas observed that these values
decreased after immersion of the samples overmigivater (wet compressive strength) but
the strength was partly or totally recovered whHendamples were dried overnight at 90°C.
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Figure 33 Compressive strength of reacted ashes curedday3 at 90°C

The decrease from the dry to the wet strength \aboait 50% for the Val, but were much
more significant for the other samples (about 78%0Ma3, moving to 89% for Va2 and Va4
at lowest NaOH concentration). It is well knowmitlthis behavior is linked to the hydration
of some Si-O-Si bonds to Si-OH bonds in the geapelymatrix, leading to weakening the
structure. It is also possible that some solublamanents are formed such as sodium silicate,
giving a good dry strength but a very low wet sgthn Specimens from sample Val
presented the best wet strengths, with valuesdnahge of 12-28 MPa. The other specimens
presented values of wet strength in the range D5NIPa, suggesting their possible higher
content in soluble silicate compounds compared gjtbcimens resulting from Val. For all
the specimens, the wet-dry compressive strengths wehe range 12-65 MPa.

Looking at the chemical composition of the diffdreshes, it is observed that the ratio
Al,0O5/SIO;, is between 4.57 and 4.86 for Val, Va3 and Vadsuer5.97 for Va2. The

optimum value of SigJAl,O3; for geopolymer was reported to vary from 3.3-K8r(nitsas
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and Zaharaki, 2007), with some possible fluctuasmte the amount of Si and Al available
for geopolymer formation can be very different degiag on the composition and especially
the reactivity of the starting raw materials (Ddv&iet al., 2007). Considering the lower
reaction heat and lower reactivity (the highest gerature of peak max on DSC curves
(Figure 24) observed for sample Va2, it is liketatt this sample presented some excess of
SiO..

Increasing the amount of NaOH to the system leadtincrease of the final strength up to a
maximum value with N#D/Al,O3 of 1.25 for Val, following the trend observed ipravious
report on metakaolin and volcanic ash based geopalyLemougna et al., 2011; Ruscher et
al., 2010). It was also observed on the specimesidting from this particular ash (Val) that
excess NaOH leads to crack formation on the spewntbe size of cracks increasing with
NaOH addition. Such an optimum is not observedHerother ashes that show an increase of
the strength with added NaOH in the range of oudys{NaO/Al,O3 of 1.00-1.75). For the
highest amounts added, an excess of unreacted Nma&erialized by white efflorescence
was visible on samples resulting from&Al, O3 of 1.75. This means that the reaction was
not completed.

The difference in reactivity and mechanical behawibthe present ashes could be linked to
the type and amount of crystalline phases oveatherphous phase in the starting materials
as will be done in the next part. For Val ash, weehmore amorphous reactive phase that
dissolves quickly in alkaline medium and is freeréact; the effect of excess NaOH on the
strength reduction being observable from,®i&l,O3; of 1.50 on. That is different for the
other ashes where we have a smaller amorphousofraeind where increasing the NaOH
content probably also has as major effect on tissoflition of the amount of crystalline
phases, increasing the amount of reacting mateaiads the final strength. Therefore, the
higher value of dry strength observed for Va2 iscmumore linked to its mineralogical
composition since the reaction heat remains vesy lo

The trend observed on the values of wet strengtbvaest NaOH concentration are in line
with the amount of amorphous phase in the stammaderials and the sample that globally
presented the best strengths also resulted froomtite amorphous starting material (Val).
For the higher concentrations of sodium hydroxide torrelation between the amount of
amorphous phase in the starting materials anditf@ $trength after 7 days curing is less

obvious.
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Looking at the percentage of iron on the sampletyaed by Mdssbauer spectroscopy (12 wt
% and 14 wt % in Val and Va3 respectively) (Talengé can say that these percentages are
qualitatively consistent with the view that the ggece of iron interferes with the development
of strength, but the difference in iron contentieen Val and Va3 is insufficient to explain
the much greater strength developed by the lattalt alkali concentrations. This suggests the
operation of other factors such as the chemicalnaméralogical form of the iron, the particle
size distribution and proportion of amorphous pkase the ashes which influence their
reactivity. These results indicate that although éfffect of iron on the geopolymer forming
reaction is not very well understood at this stagepresence in these concentrations does not
mitigate against the development of adequate cosswe strength.

In summary one can state that Val ash has theslaageount of amorphous reactive phase
dissolving quickly, giving the largest reaction haad best compressive strength. The effect
of excess NaOH on the strength reduction is obbéviiom NaO/Al,O; of 1.50 on. All
other ashes have a much smaller amorphous fractiod, increasing the NaOH content
probably also increases the amount of crystallimesps dissolved, increasing the amount of
reacting materials and thus the reaction heatlamdirial strength. It is however supposed that
an excess of NaOH is needed to dissolve the csystakerefore, the relatively high value of
dry strength observed for Va2 is probably moreduhko its mineralogical composition since
the reaction heat remains very low. The fact thatwet strength is very low indicates the

formation of soluble reaction products.

II1-I-8: Conclusion

The four ashes subjected to analysis were founthatee great similarities in chemical
compositions. However, the properties of geopoly@oduced from these ashes are rather
different. One parameter which greatly influencled teactivity was found to be the amount
of amorphous phase. The reactivity and the readimat of the systems increase with the
amount of these amorphous phases in the startiresa$he compressive strength was found
to decrease after immersion of the specimens aylermn water, but was partly or totally
recovered after overnight drying at 90°C. The dpmpressive strength of synthesized
products from all the ashes were in the range o634MPa suggesting their possible

utilization as building materials.
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Specimens from the most amorphous sample Val pezseéhe best wet strengths, with
values in the range of 12-28 MPa. The other spatsmpeesented values of wet strength in the
range of 1-15MPa. For all the specimens, the weiedmpressive strengths were in the range
12-65 MPa. The wet strength at lowest NaOH conaéntr also increases with the amount of
amorphous phase in the volcanic ashes and the sathal globally presented the best
strengths also resulted from the more amorphousingtanaterial (Val). For the high NaOH
concentrations no correlation between the amountarobrphous phase in the starting
materials and the final strength could be estabtish

The Mossbauer spectroscopy analyses revealed hieatbéhavior of iron during alkali
activation of aluminosilicates relies on its cheahiand mineralogical state in the starting
materials.

The suitability of volcanic ashes for geopolymeii@a thus does not only depend on the
chemical composition but mostly on the fractioranforphous phase.

Due to the high content of iron in all the ashe$¥8), it was not possible to check by NMR

the coordination of Si and Al in the raw materiatgl the final products.
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III-2: EFFECT OF THE ACTIVATING SOLUTION COMPOSITION ON THE
STABILITY AND THERMOMECHANICAL PROPERTIES OF

GEOPOLYMERS FROM Va1l

Over the past two decades, extended works have Heee on the influence of the
composition of the activating solution on the reactkinetics and product’s properties of
metakaolin and fly ash-based geopolymers (Rahiatl.e1997; Barbosa et al., 2000; Duxson
et al., 2007, Nugteren, 2010). Very few studiesehbgen reported on these parameters for
volcanic ash based geopolymers, despite the hugated availability of this raw material in
several countries with past or present volcanisranfeu et al., 2007, Verdolotti, 2008;
Kamseu et al., 2009).

The aim of this section was to investigate the uimfice of the activating solution’s
composition on the stability and thermomechanicalpprties of geopolymers made from
Foumbot Petponoun’s volcanic ash.

NaOH, KOH solutions and silicate solutions with lovodulus were tested. The reactivity of
the systems was studied with Differential Scanr@@adprimetry. The resulting products were
characterized by Scanning Electron Microscopy (SBMJyared spectroscopy (IR) and X-ray
diffraction (XRD). The products stability was assss$ by dry, wet and wet-dry compressive
strength measurements. Thermogravimetric Analy$iSA), Thermomechanical Analysis
(TMA) and Dynamic Mechanical Analysis (DMA) were ads to investigate the high

temperature behavior of the different compositions.

III-2-1 : Reactivity of the mixtures
The chemical composition of the ash is presentefainle 8. The temperature of maximum

reaction rate of all the mixtures and their DSCvesrare presented in Table 9, Figure 34 and

Figure 35.

Table 8 Chemical composition of volcanic ash (major elatag

Oxide FeO; MnO TiO, CaO KO PRPOs SiO, AlLO; MgO NagO SUM

Volcanic ash 12.7 0.2 2.9 11.3 1.7 0.9 43.2 15.1 8 6. 45 99.3
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Table 9: Temperature of maximum reaction rate and readteat of the different mixtures

Formulations Va(<125| Va- | Va- Va- Va- Va- Va-K | Va-
um)-Na | Na | NaSil | Na+K | (Na+K)Sil | KO.I8 KSil
Temperature of maximum131 134| 146 | 145 175 187 190 178
reaction rate (°C)
Reaction enthalpy 83 62 | 68 56 72 57 47 38
(W.s /g)
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Figure 34 :DSC curves of mixtures without amorphous silica

c) Va(<125um)-Na, b) Va-Na, c) Va-Na+K, d) Va-K. Cusvare shifted for clearity.
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Figure 35: DSC curves of mixture with amorphous silica Va-Nd&$ivVa-(Na+K)Sil, c¢) Va-

KSil
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The reaction occurs in several steps whichs becanwes clear if K is used as activator. It
appears that NaOH solutions react faster than K@tH a&vymaximum reaction rate at around
134°C versus 187°C for KOH for the same molar caositipm. This trend is in accordance
with previous reports on inorganic polymers fromtakeaolin and silicate solutions (Rahier et
al., 1997; 2007).The addition of amorphous silicahe mixture leaded to little delay of the
reaction rate and broadens the DSC curves. Remauiage particles (40 wt% of ash particle
above 125um) leads to an increase of reaction dfeabout 30%, with a reduction of the
temperature of maximum reaction rate with a cogpldegrees while using sodium hydroxide
as the alkaline activator (Figure 34 and TableR&duction of 14% of water from the mixture
also leaded to an increase of about 19 % of reatisat, with a reduction of the temperature
of maximum reaction rate for a couple of degreedemnsing potassium hydroxide as the
alkaline activator (Table 9).The temperatures af thaximum reaction rate for all the
mixtures are higher while the heats of reactionsanaller than those reported (Rahier et al.,
1997; 2003) for inorganic polymer glasses resulfnogn alkaline activation of metakaolin.
However the trends observed for water content amticte size influence are similar. Higher
water content leading to lower viscosity was repaitb increase the temperature of maximum
reaction rate and favor sedimentation in the mestuesulting to inhomogeneous sample of
inorganic polymers from metakaolin (Rahier et &91); meanwhile the reaction rate was
found to increase with decreasing particle siZes,heat flow signal being larger for smaller

particles and reaching the baseline earlier (Radtiat., 2003).
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I11-2-2 : Compressive strength
All the formulations developed strength during tueing period, but still some efflorescence

was observable mostly on specimens with NaOH atdfiew days of exposure to the
atmosphere. The seven and twenty one days’ coningessength are presented on Figure
[1I-2-3 and Figure 36.

I Dry
35 - CJwet
I wWet and Dry
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25 =

20 =
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Compressive Strength (MPa)

Va-K Va-K0.18 Va-KSil  Va-Na+kK Va-(Na+K)Sil Va-Na Va-Nasil

Mixture composition

Figure 36: 7 days compressive strength of different compasiti/a-K, Va-K0.18, Va-KSil,
Va-Na+K, Va-(Na+K)Sil, Va-Na, Va-NaSil) cured a2°C
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Figure 37: 21 days compressive strength of different compmssti(Va-K, Va-K0.18, Va-
KSil, Va-Na+K, Va-(Na+K)Sil, Va-Na, Va-NaSil) culeat 90°C
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The values of dry compressive strength vary fromual20 to 30 MPa for seven days and 25
to 40 MPa for 21 days of curing. These values dsaeafter immersion of the samples over
night (wet compressive strength) but the strengtpartly recovered when the samples are
dried at 40°C. It is well known that this behavisiinked to the hydration of some Si-O-Si
bonds to Si-OH bonds in the geopolymer matrix, ilegdo weakening the structure. The
values of wet compressive strength are around 1@ Mfer seven days of curing, but
increase with curing time up to about 20 MPa atldgs for samples resulting from the best
formulation (Va-Na). A long curing period leadsan increased strength development for all
the mixtures, with an increase of about 25% forN&a{Figure 38) and 29% for Va-K0.18
(Figure 36 and Figure 37) .
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Figure 38: Influence of particle size on compressive stremgihelopment

The values of 7 days compressive strength for Vasplecimens are below the maximum
value of 55 MPa, reported in (Lemougna et al., 2@dda similar sample (same deposit) with
a molar composition NaZB5iO, of 0.3. As no significant change was observed loa t
chemical and mineralogical composition, it may lkely that the change on compressive

strength could arise from the mould size effectalylindrical moulds used in the present
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study being more sensitive to structural defecgs thigger cubic moulds used in previous
work (Lemougna et al., 2011). Some microcracks vese observable on specimens with
potassium hydroxide suggesting the presence of sateenal tensions during the curing
period of these specimens. The origin of theseksratay be linked to incomplete reaction
for K specimens (weaker structure, thus faster kefmemation). Since the cure is not
hermetically, these cracks may arise from the ttaat during the curing period, the amount of
water necessary for reaction became insufficienh anoment where there was still an
important proportion of none reacted KOH and voicash, This does not only hinder the
mobility of ions in the matrix but also createseimal tensions.

Based on the mechanical tests only small differeetween potassium, sodium and silicate
solutions are observed. Taking into account theefagaction with NaOH, a larger difference
would be expected after 7 days. However, no gréfarence was observed up to 21 days. On
the other hand the influence of particle size amdewon specimens made with sodium and
potassium hydroxide is much more obvious.

Improving the rheology of the mixture by reducirdge twater content as was done for the
mixture with potassium hydroxide was found to i@ reactivity and favor compressive
strength development. This trend is in accordante pvevious reports on the role of water in
geopolymerisation (Rahier et al., 1996b; Barbosalg2000; Zuhua et al., 2009). Excess
water hinders the polycondensation reactions rieguin smaller reactivity (Rahier et al.,
1996b; Zuhua et al., 2009) and may also diluteré@etion mixture or leach out the more
soluble ions, transporting them away from the ieactone (Barbosa et al., 2000). However,
insufficient water leads to a bad wetting of thartshg material resulting again in small
reactivity (Rahier et al., 1996b). Water is therefaritical even in the final stages of
geopolymerisation because it is needed as thepwanmedium and the polycondensation
processes occur concomitantly with dissolution (zaubt al., 2009).

Reducing the amount of coarse particles in thdistaash has favored the development of
compressive strength with an increase of about 38% seven days curing of specimens
made with NaOH (Figure 38). This is probably du¢hi relative increase of finer particles in
the remaining ash leading to higher reactivity assviound by DSC measurements. The
relatively smaller reactivity of un-sieved ash nisydue to the limited mass transport of the
coarser particles (smaller reactive surface) durthg break down phase before the
polymerization (Rahier et al., 2003).

Globaly, the NaOH solution seemed to lead to abstrength while adding amorphous silica

in the system slightly reduced strength for mosttleg mixture. Theoretically, Si-O-Si
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linkages are stronger than Si-O-Al and Al-O-Al bendheaning that the strength of
geopolymers should increase with Si/Al ratio sitice density of Si-O-Si bonds increases
with Si/Al ratio (Duxson et al., 2007). However,etlcoexistence of an aluminosilicate
network and silicate chains in the right proportiand spatial distribution was found to
maximize the mechanical strength of the geopolymatrix (Ruscher et al., 2010). The
optimum value of SigJAl,O3; for geopolymer was reported to vary from 3.3-K8r(initsas
and Zaharaki, 2007), but could still fluctuate sinbe amount of Si and Al available for
geopolymer formation can be very different depegdain the composition and especially the
reactivity of the starting raw materials (De Siletal., 2007). Some details on the atomic
composition of the reacted and unreacted phaskeo$ynthetised materials are presented in
the microstructural analysis section presentedvbefmother reason for the lower mechanical
strength could be the lower reaction rate, astitisd before by DSC analysis.

There are some divergences with previous repogardeng the influence of alkaline ions,
mostly potassium and sodium on the developmentoaofpeessive strength (Duxson et al.,
2007; Komnitsas and Zaharaki, 2007). Potassium aqpear to be responsible for a greater
degree of condensation compared to sodium ionsruthdesame conditions, being more
basic, and promoting greater dissolution of siksafor a better strength (Komnitsas and
Zaharaki, 2007). However, some authors also obdetlrat the mechanical properties of
geopolymers cured for 7 days are not seriouslycedtewhen specimens with different alkali
(potassium or sodium) composition were used (Duxtal., 2007).

For the current volcanic ash, considering the lokeaction rate and micro cracks developed
on specimens containing potassium hydroxide, eebettmparison of its influence versus
sodium hydroxide on the final strength would requiesther investigation, taking into
account various curing conditions and water/sdiibs. The photo 8 presents the specimens

in immersion prior to wet compressive strength meament.
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Photo 8 Specimens (Va-K, Va-K0.18, Va-KSil, Va-Na+K, {Ha+K)Sil, Va-Na, Va-

NaSil) in immersion prior to wet compressive striiangeasurement.

III-2-3 : X-Ray spectra
The X-ray spectra of the volcanic ash show a mexifr amorphous and crystalline phases

made with Augite — (CaMg 0.74 Fe 0.25)@& , Anorthite sodian disordered, (Ca, Na)(Si,
Al),Og and Forsterite, MgpiO;. These minerals did not completely dissolve durihg
reaction and were also observable in the reactiodycts. Some new crystalline phases were
also found in the products: Sodalite,gNgSicO.4 (OH)(H-0), and Natrite, N&COs in the
sample based on NaOH, and Potassium Aluminum Silidgdrate, KAISIQ-1.5H,0 in the
sample based on KOH (Figure 39).
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Figure 39 X-ray powder diffraction patterns of the volcanghastarting material and
resulting geopolymers composition (smoothed).
Key:

® - Augite — (CaMg 0.74 Fe 0.25) 8s

*= Anorthite sodian disordered, (Ca, Na)( Si,4s8)

a = Forsterite ferroan: (Mg0.9Fe0.1)2SiO04

" - Sodalite, N@A' 58i6024 (OH)2(H20)2

» = Natrite, NaCOs;

v = Potassium Aluminum Silicate Hydrate, KAISIO4-H®

Conventional geopolymers resulting from the disolu of aluminosilicate in a strongly

alkaline medium are expected to be amorphous (Rahi., 1996; Barbosa et al., 2000; Bell
et al., 2009b). However, the presence of new dtystaphases not originating from the
starting material have been previously reportedgipolymers resulting from volcanic ash,
fly ash as well as metakaolinite especially afesaction with silicates with a low modulus
(Rahier et al., 1997; Lemougna et al., 2011; Diwdtet al., 2007; Verdolotti L., 2008).
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III-2-4 : Infrared Spectra
The infrared spectra presented in Figure 40 shbwad absorbance at 820-

1250 cnrand 480-600 cihassigned to internal vibration of Si-O-Si and SAQ(Davidovits,

2008) in both raw volcanic ash and resulting inargg@olymers samples.
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Figure 40: Infrared spectra of the volcanic ash (starting maeand resulting geopolymers

The band around 1640 marises from water molecules, which are surfaceriles! or
entrapped in the large cavities of the polymerirfework, while the band around 1430tm
is attributed to stretching vibrations of the O-ChOnd resulting from the atmospheric
carbonation of the high alkaline aqueous phaseclwisg diffused on the geopolymeric
materials surface (Dimitrios et al., 2007). These tater bands were not present in the pure
ash and are the most obvious differences compardtet synthesized products. No sharp
peaks from the crystalline hydrated phases in tHes@etch region are observed suggesting
the poorly crystallised and largely amorphous cotteraof both pure ash and synthetised
products. Additional peaks with low intensity obsst on product spectra in the region 750-
450 cm' are ascribed to the trace of sodalite (Balliranalg 1991) also observed on X-Ray

spectra.
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III-2-5 : Microstructure
The microstructural analysis of polished produdteve that the particles dissolution is not

completed during the reaction as was observeddrStM micrographs (Figure 41). Relicts
of ash particles were found to be surrounded bygdw@polymer matrix as can be seen on

guantitative analysis of some areas. Specimens MatbH were found to be more compact

displaying no cracks, contrary to those based oRHKO

keV

Figure 41: SEM micrographs. a) Va-Na, b) Va-K
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On Figure 41.a, area 2 and 3 are undisolved pasticlTheir compositions do not contain the
alkaline reagent. Their atomic composition are: 20988% Mg, 32% Si, 9% Fe for area 2
and 30% O, 9% Mg, 6% Al, 30% Si, 17% Ca, 3% Fe &ea 3. Considering the
mineralogical composition of the starting ash, &ead 3 should be rich in forsterite ferroan
and augite mineral respectively. Area 1 is theteshphase. It is atomically composed of 32%
0O, 20% Na, 1% Mg, 9% Al, 23%Si, 1% K, 6% Ca, 1% 4% Fe. On Figure 8.b, we also
have an undisolved particle in area 1 and the edgohase in area 2 is atomically composed
of 32% O, 5% Na, 3% Mg, 9% Al, 22% Si, 12% K, 8% &w 6% Fe. If we suppose that the
Si and Al atoms in the reacted phases are fullydmed, the SigJAl,Os ratio of these phases
will be 5.1 and 4.9 in the areas selected for Na larspecimens respectively. These values
are slightly above the maximum optimum value of #0b SiOJ/AI,O3 in geopolymers
(Komnitsas and Zaharaki, 2007) and could somewhkalam the absence of strength
improvement while adding amorphous silica in th&tare composition.

Considering the wide spread distribution of calciamd somewhat iron on the EDS maps
(Figure 42) these elements may have taken pahietoeaction, contrary to magnesium which
the presence on the maps were only concentrednre gmwints. Based on microstructure
investigation, no major difference was observedvbeh K and Na volcanic ash based
geopolymer, apart from the difference in atomic position of the geopolymer matrix

induced by the alkaline introduction during theganetion.
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Figure 42 EDS maps of Va-Na and Va-K
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III-2-6 : Thermal behavior (TMA-DMA and TGA)
The TMA thermograms of the different mixtures aresented in Figure 43.

The behavior of all the mixtures upon heating tO@@ were more or less similar. A small

shrinkage is observed below 200°C, probably dudddoss of residual water from the drying

process. The material is then stable up to abddit@@vhere the slight expansion observed is

associated with the change of the slope of the htdogs curves (Figure 43).
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Above 800°C the material starts to flow due todhset of sintering reactions from which the
major part of the change of sample’s length comes f During the cooling cycle the fired

materials shrink more or less linearly and the ficehts of thermal expansion of the
different samples are all between 8 X003 and 16x16C™* (Table 10).

Table 10: Coefficient of thermal expansion of different carsfiions

Mixture composition Coefficient of thermal expantion (x10°°C)
Between 200-300C Between 600-700°C
Va-Na 10 12
Va-NaSil 8 13
Va-K 9 14
Va-KSil 10 14
Va-Na+K 10 16
Va-(Na+K)Sil 10 16

During the second heating cycle, the samples exgmhtidearly only up to about 900°C
before starting to flow between this temperaturé H000°C. The second cooling produced a
coefficient of thermal expansion similar to thesfircooling and the flowing occurs only
>950°C. Thus, when the sample cools below 950°€ réimaining change of length is due to
the recovery of the thermal expansion. Globallg tiverall shrinkage is very small (below
1%) up to 800°C, compared to an ideal geopolynenimetakaolin presenting about 6 to 8%
of shrinkage at this temperature (Rahier et aB6b9 Bell et al., 2009b). The final reductions
of samples lenght vary between 2 and 7%. The K &srgre more thermally stable than the
Na samples. The Na sample little deformed and ptedean overall length reduction of 14%.
There is a slight difference around 600°C on tlopes of the curves after the first heating,
resulting in little change of the values of therneabansion coefficients which are almost
similar at lower temperature (200-300°C), but dligtdiffer at higher temperature (600-
700°C). The values of the coefficients of thermgbansion obtained are in the same order
with those reported from metakaolin-based inorggoigmer glass and are in agreement with
literature values for ceramic materials (Rahiealgt1996).

The themogravimetry analyses curves are presemtégure 44.
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Figure 44: Themogravimetry curves

It is observed that the weight loss of the pure iashelow 0.5% during the heating and
cooling cycle at 1000°C while those of synthesizpgcimens are between 6 and 10 %.
Considering the residual added water after sevga daring at 90°C obtained after weighting
the specimen before and after curing (The massatémwepresents about 16% (210g/1330q9)
of the total mass of the initial geopolymer mixtdoe Va-Na specimen and about 15 %
(2109g/13789) for K specimen. After seven days @jrthe remaining water is about 3% of
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the specimen mass for Va-Na versus about 1.5% &K\Annexe 1)). Part of weight loss
during the samples' heating up to 1000°C shoulatirbuted to the destruction of some
structured OH in the matrix coming from added sodior potassium hydroxide. The total
weight loss of specimens containing only sodiumuesdelow 640°C while the mass of
specimens with potassium continue to decreasetlsligh to 840°C. The weight loss of all
the synthesized specimens remains smaller tham tlegorted (about 25%) for metakaolin
based geopolymer (Rahier et al., 1996b; Bell eR809b) after heating up to 1000°C.

The results from dynamic mechanical analysisi(tzrsus heating temperature) are presented
in Figure 45.
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Figure 45: Dynamic Mechanical Analysis curves

These results are for the second heating; data finenfirst heating being less helpful due to
the surface of specimen which was not perfectly; fleaducing the contact quality with the
probe. The data presented are for Va-Na, Va-K asdN¥+K specimens. The glass transition
starts at about 600°C for all the specimens, but @&ndifferent temperatures, since the

maximum values of tan is also observed at different temperatures, lovies Va-Na
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specimen (about 850°C) versus about 875°C and 900rCVa-Na+K and for Va-K
specimens respectively. The results obtained asedo those reported (Tg=700-800°C) on
inorganic polymer glasses made from metakaolin i@adt al., 1996b). The glass transition
temperature is linked to the chemical compositibthe material. Constituent such as Si, Al
and alkaline ions play a different role in the therheological behavior of the glass.
Alkalines are network modifiers and lower Tg, wHi#&, is network former and is in fact the
basis of the glass network (Rahier et al., 1998bs commonly known that the Tg of Na
glasses is lower than that of K glasses and thssalgo observed in the current volcanic ash

based materials.

I11-2-7: Efflorescence test and pH of the solution of the immersed samples.

In order to get an idea on the stability of theemats, six cylindrical samples were immersed
in distilled water (334g) and the pH was monitor&€te results show that some amount of
unreacted alkaline is present in the samples afidago migrate into water when the samples
are immersed, leading to an increase of the ptietblution from 7.5 to 11 or 12 following

the type of the samples. The extent of increapeeisented in the Table 11.

Table 11: pH of the immersed solution after two days of s@spnmersion

pH of the initial solution: 7.5
Samples formulations pH of the immersed solution

Va-Na 11.01

Va-Na+K 12.01
Va-K210 12.25
Va-K180 12.33
Va-NaSil 11.15
Va-(Na+K)Sil 11.73
Va-KSil 11.95
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The efflorescence test was also carried out onviedal specimens from different
compositions. It appeared that Potassium basednspes are less sensitive to efflorescence.

Photo 9 present specimens for efflorescence testafind 14 days.

(A)

(B)

Photo 9 Specimens for efflorescence test after 2 daysa(Al) 14 days (B)

It was observed that some effluorescence starteghpear on specimen containg NaOH only
after 2 days when % of the sample (the bottomnisérsed in water (Photo 9_A). After 14
days, specimens containing NaOH are completely redvevith white effluorescence while

specimens containing KOH are still free of efflismence (Photo 9_B).
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II11-2-8 : Conclusion

The present section investigated the influencé@fcbmposition of the activating solution on
the compressive strength and thermo mechanicakpiep of inorganic polymers made from
Foumbot Petponun volcanic ash. No significant ckamgas observed on varying the
composition of the alkaline solution on the 7 ardddays compressive strength. However
KOH promoted more thermally stable materials wiNleBOH was found to promote faster
reaction rate and better strength, with about 4@ MiRd 20 MPa as dry and wet compressive
strength respectively at 21 days. The materiahgthes are found to decrease after immersion
in water for 24 hours, but the strength is partbcavered after drying the immersed
specimens at 40°C. Some minerals remained unaffeiciethe alkaline solution. This
complicates the calculation of the obtained Si/alia as not all Si and Al present in the
original material is used in the geopolymer. Theyéat particles only act as reactive filler
while smaller particles dissolve in the activatisglution, forming the inorganic polymer
matrices. Reducing the amount of coarse partictesnpted higher reactivity and better
compressive strength development for specimens mabdéNaOH.

The geopolymer products were found to be relatihble to heat, presenting a glass
transition between 600-900°C and shrinking onlywyoup to 800°C. The results obtained
suggest the possible use of the synthesized matdoa building applications and low

temperature refractory up to about 700-800°C.
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III-3: IMPACT OF PROCESSING CONDITIONS AND THERMAL BEHAVIOR

OF GEOPOLYMERS FROM Va1l

Processing conditions have been proven to influgstogsical properties of geopolymers
(Rahier et al., 1997, Komnitsas and Zaharaki, 2d@npy and MacKenzie, 2010; Izquierdo
et al., 2010; Elimbi et al., 2011). To improve thgsoperties (particularly mechanical ones),
several studies have been carried out on varyingnguemperature or alkaline metal on
metakaolinite and fly ash based geopolymer (XuxaardDeventer , 2000; Rahier at al., 2007,
Komnitsas and Zaharaki, 2007, Bell et al., 2009499D; MacKenzie et al., 2010; Nugteren,
2010, Ruscher et al., 2011). Very few studies Hasen carried out on volcanic ash based
geopolymer (Verdolotti, 2008; Kamseu et al., 20B@mbi et al., ).

The aim of this section is to investigate the iaeflae of curing temperature and Na content on
the development of compressive strength of volcasltbased geopolymer from Foumbot's
Petponoun ash. For this purpose, several compasitbvarious molar ratios were prepared
and polymerized with NaOH as the sole alkaline eeagThe structure of polymerized
products as well as phase transformation up to XD0@as studied by XRD, Fourier
transform infrared spectroscopy (FTIR), TGA/DSClagimetry and compressive strength
measurements on products heated at 250°C, 5000CC7nd 900°C.

Natural sand was used as filler for the preparatbmeopolymer motar and the changes
induced on the properties were observed by scaneiegtron microscopy, compressive

strength, bulk density and open porosity by theewabsorption method.

I11-3-1: Effect of processing conditions on the mechanical properties and
structure of geopolymer pastes

The particle size distribution and the chemical position of the sand are presented in

Table 12 and Figure 46.

Table 12: Chemical composition of sand and volcanic ash
Sample FeO; MnO TiO 2 CaO K,O P,Og S|02 A|203 MgO Na,O LOI SUM

Volcanicash 13.22 0.18 2.74 1038 153 0.61 4419 14.06 9.73693. -0.62 99.71
Sand 3.22 0.10 0.27 3.98 133 0.08 6854 1593 1.04 43093 99.71
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Figure 46: Volcanic ash and sand granulometricesirv

All the sample formulations developed strengtleratiuring period, but the strength of the
sample with NgO/SiO, = 0.15 was too low to be determined by the congivestest
machine. All the dry-cured samples showed somerelicence, particularly in the sample
with N&O/SiO;, = 0.35, which also displayed major cracking.

The seven-day compressive strengths of the samipleomposition NgO/SIO, = 0.25

subjected to various curing temperatures, dry onémsed in water, are shown in Figure 47.
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Figure 47 Effect of post-curing temperature under wet andadnditions on the 7-day
compressive strength of geopolymers of molar comipasN&O/SiO, = 0.25.
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The compressive strength increases significantlhascuring temperature is increased from
40 to 90°C, the samples post-cured in water (medswet) showing consistently lower
compressive strengths, unlike the behavior of cofiweal cementitious products. The
compressive strengths (14-42 MPa and 23-49 MPavébrand dry post-curing respectively)
are similar to those reported for flyash/clay gdgmers by van Jaarsveld et al., (2002) who
observed a substantial improvement of compressieagth when the curing temperature was
increased from 30 to 70°C. Wet curing of volcarsbh-based geopolymer may have the effect
of removing the unreacted sodium species, courttegaihe formation of efflorescence in the
final products.

The 7-days compressive strengths of all the samglégected to dry post-curing at 90°C
presented in Figure 48 shows that the strengthhema@ maximum at the composition
NaO/Si0O, = 0.3 before decreasing again ab@siO, = 0.35.
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Figure 48:Influence of the N#D/SIO, oxide molar ratio on the 7-days compressive stieng
of geopolymers cured at 4D under dry conditions.
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These results indicate that sufficient alkali mostpresent for dissolution of the reactive part
of the starting materials, giving an increased amhoof geopolymer and thus higher

compressive strength. A similar dependence of gapglymerisation reaction on the sodium
hydroxide concentration was also reported by Temuef al., (2009) who also observed a
reduction in compressive strength when additioratewwas used in the synthesis. To better
understand the trends observed, the water absorptid bulk density have been measured
(Table 13).

Table 13: Water absorption and bulk density of the geopolypaste and mortar samples

Sample mortar, mortar, mortar,

paste  paste paste paste 10% sand 25% sand 40% sand
Na,O/SiO, molar

ratio 0.20 0.25 0.30 0.35 0.30 0.30 0.30

Water absorption16.95  14.08 14.24 14.80 14.61 12.55 11.34

(%) (0.40)  (0.28) (0.73) (0.37) (0.72) (0.13) (0.10)

Bulk density  1.86 1.91 1.91 1.86 1.91 1.92 1.97

(g.cni’) (0.03)  (0.03) (0.02) (0.03) (0.02) (0.02) (0.02)

(Figures in parenthesis are the standard deviafitiree measurements).

The sample of composition Ma/SiO, = 0.2 showed the lowest density and the highestwa
absorption, probably because it contains less ef rfaction product than in the other
compositions. The bulk density increases for high&O/SiO, ratios but decreases again for
the highest ratio studied. This is in line with tempressive strength. The samples with sand
have a decreasing water absorption capacity angasmg density as was expected. The
water absorption values are all <15% apart those¢hefsample with N®/SiO, = 0.2,
satisfying the requirement of these products faiding applications according to ASTM
standards C216 (SW). The reduction of strengtheahtghest NgD/SiO, molar ratio can thus
be related to its lower density. It was also obsdrthat those samples showed a significant
formation of efflorescence and cracks.

The X-ray patterns of both the volcanic ash andilteg geopolymergFigure 49 show a
large amount of amorphous material, in additionnitally present the crystalline minerals
augite/diopside (Ca(Mg, Fe,Al)(Si,AlDs), ordered anorthite, ((Ca, Na)(Al,g).0g) and
ferroan forsterite ((Mg,Fe)2Sipnext to a new phase.
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Figure 49: X-Ray diffractograms of volcanic ashppgelymer (at NgO/SIiO, = 0.25) and
heated geopolymers (temperatures mentioned)
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The intensities of some of the crystalline diffiant peaks are somewhat reduced in the
geopolymer paste, possibly due to the formationthef new amorphous phase and the
appearance of the new crystalline phasg(A&i04)s(OH),.4H,0 resulting from the reaction
of the volcanic ash with NaOH. Although conventibgaopolymers are X-ray amorphous
(Rahier, 1996; Brew and MacKenzie; 2007MacKenzi@0)9, the presence of crystalline
phases in geopolymers prepared from volcanic astpteviously been reported (Kamseu et
al., 2009; Verdolotti et al., 2008). By treating @amorphous pozzolan with sodium hydroxide
or sodium hydroxide plus sodium aluminate, Verdolet al. (2008) obtained a product with
crystalline diffraction peaks, possibly from a zegl overlapping the amorphous baseline.
Since the initial volcanic ash contains calciurapniand magnesium, these elements may have
taken part in the formation of the geopolymer dtrtes either by integrating in the network or
acting as crystalline fillers. Previous studies ifi€otsas and Zaharaki, 2007; van Jaarsveld et
al., 2003) reported that the presence of calciuthengeopolymer raw material improves the
mechanical properties due to the possible redudionicrostructural porosity resulting from
the formation of amorphous Ca—Al-Si gel. The inflce of different calcium compounds on
metakaolin based-geopolymers showed XRD features cofiventional geopolymer
composites containing additional crystalline flesuggesting that calcium may either act as
a filler, or integrate with the geopolymer netwodepending on the chemical form of the
additive (MacKenzie et al., 2007). The behavibmagnesium and iron may be similar to
that of calcium. Iron has been suggested to benusttal to geopolymer network formation
by removing OH thereby slowing down the dissolution of residakiminosilicate (Provis,
2006), but this is at variance with (Perera et 2007), who reported that iron resides in
octahedral sites in metakaolin-based geopolyméttsgreas isolated ions in the geopolymer
matrix or as oxyhydroxide aggregates which have rescted with the geopolymer
components. Thus, in the present geopolymers, sointbe ferrous iron remains in the
various microcrystalline phases present in theimaigvolcanic ash, but some probably also
occupies specific geopolymer sites instead of fogrire(OH), imparting a homogeneous
color to the samples, and a homogeneous iron loligiton, as revealed by EDS maps
(Figure 50).
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Figure 50: EDS Maps of fractured sample at®I&iO, = 0.25

SEM/EDS examination of the fracture surface ofsample with NgO/SiO, = 0.25 showed a
more or less homogeneous distribution of Si, Al,¥& Ca and O in the geopolymer matrix.
Areas of high Si concentration were associated Wwigh Al concentration, indicating the
presence of undissolved aluminosilicate particlegshe geopolymer matrix. Mg was less
homogeneously distributed in the matrix, suggestimgt this element probably does not
participate in the geopolymer formation reactiomghér magnification revealed a mixture of
lath-shaped and agglomerated morphologies (Figlyevhich persisted in samples heated up
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to 900°C (Figure 51 d). However, above 750°C, ghslincrease in the lath lengths is seen,
accentuated at 1000°C (Figure 51 e), possibly dileet onset of some solid state reactions.

NONE mess—— SE| 15.0kY  X2,000 10pm WD 10.8mm 10um WD 9.8mm
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Figure 51: Microstructure of producta) as synthetised; b) heated at 500°C; c) heated at
750°C; d) heated at 900°C; e) heated at 1000°C.
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An important conclusion is that not all the Si akidpresent in the volcanic ash is available
for the geopolymerisation. Some of the crystallpfeases remain and it is not possible to
check if the complete amorphous phase is dissdlydtie alkaline solution.

The FTIR spectra of the initial volcanic ash anduteng geopolymers, both unheated and
heated to various temperatures (Figure 52) showhrmad absorbance bands, at 820-1250
cm® and 450-730 cih assigned to the internal vibrations of Si-O-Sid a8i-O-Al
respectively. The main difference between the spest the initial volcanic ash and the
NaOH-activated geopolymer is a shoulder at aboQ0 131" arising from sodium carbonate.
The bands at 1700 ¢hand 3500 cil arise from the presence of structural water reingin
in the geopolymer matrix after dry post-curing @t@. The FTIR spectra of the volcanic ash
and resulting geopolymer are very similar to thosgorted by Verdolotti et al., (2008) in
materials synthesized from Italian pozzolans wildism hydroxide and sodium aluminate.
These authors suggest that the broadness of tloebabse band at 820-1250 cm-1 reflects
the variability of the bond angles and bond lengihshe tetrahedral structures around the
silicon atoms, and the absorbance peak at 730 anmms&s from the stretching vibration of
AlIY'-0-Si bonds. The coordination of Al and Si in thesent geopolymers could not be
confirmed by solid-state MAS NMR spectroscopy baeaof the content of iron present.
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Figure 52: FTIR spectra of the initial volcanihand geopolymer sample of molar
composition NgO/SiO, = 0.25, unheated and thermally treated at theatdd temperatures.
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I1I-3-2 : Properties of mortar from geopolymer paste

The effect of adding varying amounts of mortar semthe geopolymer paste of composition
NaO/Si0G, = 0.3 is shown in Figure 53.
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Figure 53: Influence of the addition of mortar dam the compressive strength of a mortar of
molar composition N®/Si0G, = 0.3.

Although the addition of sand reduces the poroaity increases the bulk density of the
geopolymer mortar, the resulting compressive streiggless than for the geopolymer matrix,
and decreases as the proportion of sand increfisissstrength decrease may be the result of
diluting the geopolymer by the sand without conttibg any significant strength of its own.
These results are similar to those obtained foetakaolin-based geopolymer by Barbosa and
MacKenzie, (2003) who reported a reduction of caspive strength upon adding 10-20
vol% of various granular inorganic fillers. By ceendt, different behavior was reported

(Temuujin et al., 2010) in fly ash-based geopolymerwhich no significant change in
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strength was obtained by the addition of up to =a¥d, suggesting a partial dissolution of
the aggregate surface in the geopolymer matrixngivncreased interfacial bonding. Thus, the
present volcanic ash geopolymer more closely reksthe behavior of metakaolin-based
geopolymer than fly ash geopolymer. Strength deareknt of geopolymer mortars may
therefore vary from case to case depending on tiength of the geopolymer gel, the
interfacial bonding between the geopolymeric det, aggregate itself (Temuujin et al., 2010)
and even the aggregate particle size distribufiorany case, the addition of sand filler can
reduce manufacturing costs provided it is not addegdroportions greater than required to
maintain the physical properties appropriate to gheposed application. The compressive
strength of 30 MPa obtained with 40% sand addmsastill within the requirements of ASTM
C216 (SW) for building materials.

I11-3-3 : Effect of heat on the geopolymers
The effect on the compressive strength of heatirlg dample with N&®/SiO, = 0.25 to

various temperatures is shown in Figure 54.
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Figure 54: Effect of thermal treatment temperatore the compressive strength of a
geopolymer paste of molar composition,®&5i0;, = 0.25.
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Heating to 250°C results in a significant strengéduction to 30MPa, which is then
maintained to 750°C, when the strength increaseboot 35 MPa at 900°C. The reduction of
strength upon initial heating is probably due te tloss of (structural) water from the
geopolymer matrix, weakening the structure, ando ale the possible concomitant

development of micro cracks. The Photo 10 showspleeimens made and heated at different

temperatures.

Photo 10 : Samples made and heated at different tempesatu

The DSC/TG curves of the sample with,R&IO, = 0.25 (Figure 55) show about 70% of
the mass loss occurs <250°C; this is attributedh® loss of structural water, since the
negligible loss on ignition value for this volcamish indicates the absence of organic matter.
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Figure 55: DSC/TG curves of a geopolymer pastaafar composition N&/SiO, = 0.25.
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The mass loss at about 250°-600°C is attributetti¢aemoval of more tightly bound water.

The decomposition of sodium carbonate formed byoapheric carbonation of unreacted

NaOH is seen above 600°C. Above 900°C, the DSCecsinows an exothermic reaction, due

to the formation of new phases associated withahget of sintering of the geopolymer

Delta L/L (%)

matrix. Similar behavior was observed in the sanghienkage during the first heating cycle
(Figure 56). The sintering observed also expltiesncrease in strength as the cracks will be

removed upon sintering.
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Figure 56: Dilatometer curves of a geopolymer @astmolar composition N&/SIO, =

0.25.

Between room temperature and about 110°C, the 0n®4r shrinkage is due to the removal
of less tightly bound water as the drying processompleted.

Above this temperature the sample dimensions renegatively constant up to 1000°C. Over
the last hundred degrees the sample continuedittksheflecting a small degree of sintering.
During the cooling cycle the fired material shrankre or less linearly with a coefficient of
thermal expansion of about 12xX316C™*. The overall shrinkage of the sample after firtng
1000°C and cooling is 1.8%, confirmed by measunnip calipers before and after firing.
During the second heating cycle, the sample exmhhdearly only up to about 900°C before
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starting to shrink between this temperature and0d00(Figure 56). Cooling produced a
coefficient of thermal expansion similar to thesfiheating cycle and permanent shrinkage
occurs only >900°C. Thus, when the sample coolsvb&00°C, permanent shrinkage stops
and the remaining change of length is due to tltevery of the thermal expansion. The
overall shrinkage after heating and cooling durihg second cycle was about 0.25%. The
physical evolution of materials during heating iscatical factor in determining their
suitability for applications ranging from constract to refractories and adhesives (Duxson et
al., 2006).

Compared to the overall shrinkage value of aboub®8%erved by Barbosa and MacKenzie
(2003) or Duxson et al., (2006) for metakaolin lohgeopolymer heated to 800- 900°C, the
shrinkage of the present volcanic ash-based geomolyis about four times smaller,
indicating a superior dimensional stability withins temperature range.

The FTIR spectra (Figure 52) show that there isnagor phase transformation upon heating
to 500°C, apart from the removal of structural wated possibly the migration of unreacted
Na compounds due to thermal activation. Above 750%Ze is no further evidence of sodium
carbonate, which begins to decompose at 600°C appearance at 750°C of a new shoulder
at about 1015 cm-1 is due to the formation of a péase, the intensity of which increases
with increasing temperature. Similarly, the XRD fdi€tograms of the heated samples
(Figure 49) indicate no major phase transformatipro 500°C. Apart from the destruction of
the sodium aluminum silicate hydroxide hydrate log temoval of structural water at 110°C,
the major new crystalline phase formed is nephgl{Na,K)AISIO,); this nepheline appears
at about 750°C and is clearly observable by XR®@Q°C. The oxidation of ferrous iron
upon heating is also likely, in view of the coldrange from grey to brown in samples heated
at 750-1000°C. These high-temperature iron phageksl aot be identified by XRD because
of their relatively small concentration. Neithencsolid-state reactions leading to amorphous
or glassy phases be ruled out, and are likely @wwvof the increase in the intensity of the
amorphous characteristics of the X-ray traces gtidri temperatures. Taking into account the
thermal analysis results and the thermal evolutibthe microstructure, phase transformation
becomes significant only above 900°C. This mayertfthe geological origin of the volcanic

ash, and its previous high temperature thermabiyist
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II11-3-4 : Conclusion

Volcanic ash from Foumbot Petponun site was usedprmduce inorganic polymers
(geopolymers), using sodium hydroxide as the slkialine activator. The results show that
this low-energy geopolymerisation process can ®gile this natural pozzolanic starting
material into viable products with properties shigafor building and low-grade refractories
applications.Both the curing conditions (tempemtuwet or dry conditions) and the
NaO/SiO, molar ratio were found to influence the developtridithe compressive strength.
Dry curing gave products with superior compressivength (about 50 MPa) compared to the
same materials cured in water. The optimum compessrength in this material (about 55
MPa) was obtained for samples with,R&SIO, = 0.30, but higher N® concentrations were
found to be detrimental to the mechanical properfiée addition of sand to produce a mortar
reduced the compressive strength, but the resultargples were still within the ASTM
recommendations for building materials. The geopaly products were found to be
relatively stable to heat, retaining about 60% it initial compressive strength and
shrinking only slowly up to 900°C. The compresssieengths of the heated materials and
their thermal behavior suggest their suitability@s-grade refractories as well as in potential
building applications.
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I11-4: Brief enquiry on environmental concerns and economic
practicability

The international scientific community began to ra@dd the environmental problems
associated with Portland cement manufacture soraetigo; consequently, scientists have
been working on a design for new binders for maegry now. At the same time, the
gradually growing knowledge base on alkali— acedatements and concretes has cast light
not only on their benefits in terms of low energysts and environmental impact, but also
their good mechanical performance and long dutsgl{iG. Shi et al., 2011).

In Cameroon these studies started after the ye@@® vith the Laboratory of physico
chemistry of mineral materials of the University ¥aoundé | and the laboratory of the
materials analysis of the Local Materials Promotidathority. Some achievements are
highlighted in master theses and papers (Elimbi.e2011; Kamseu et al., 2009; Lemougna,
2008, Lemougna et al., 2011). If these studies i@vered by the positive environmental
impacts of alkaline activated binders reported byuge number of papers (Davidovits and
James, 1984; Rahier et al., 1997; Barbosa et 80D0;2Xu and Van Deventer, 2000;
Davidovits, 2002; Barbosa and MacKenzie, 2002; Kamst al., 2009; Temuujin et al.,
2010 ) and the positive impact that the possibk afgshese new binders made up with local
aluminosilicates could have on the trade balanbe, ¢conomic practicabilityof the

experimental results remain a challenge.

I1I-4-1: Environmental impact

Globally, cement companies are producing nearly ilmn tones per year of their product
and emitting nearly two billion tones of GQor 6 to 7% of the planet's total @@missions)

in the process. At this pace, by 2025 the cemehisity will be emitting C@at a rate of 3.5
billion tones per year, more or less equal to tial temissions in Europe today (including the
transport and energy industries). In light of theefjoing facts, there would appear to be little
doubt that alternative binders, less aggressivéheéoenvironment, must (at least partially)
replace Portland cement (C. Shi et al.,, 2011). Bu¢he absence of a high temperature
calcination step in geopolymer synthesis, the ®s#h processes request less energy.
Geopolymer from volcanic ashes present additiodahatage as ashes deposits are generally
readily accessible and have the advantage that tlaey be economically mined, with

enormous benefits of low cost mining and limitedjatéevze environmental impact compared
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with traditional open pit quarry-type clay mininggmseu et al., 2009). Furthermore, the
absence of the need for their thermal activatieanégally around 700°C) as required for the
type 1/1 clay minerals presents additional advantagerms of low energy consumption. The
overall CQ reduction on the synthesis process of geopolymam fashes and/or slags

compared to OPC production is about 80% (lzquiextdal., 2009; Tailby and MacKenzie,

2010). These indicators suggest that any projexsdihg to develop the practical use of
volcanic ash geopolymers are in line with sustdmalevelopment and should be encouraged

at every level.

I11-4-2: Economic practicability

The main concern for the development of geopolymaterials in Cameroon probably relies
on the use of sodium hydroxide which is still relay expensive in the country, leading to a
production cost relatively high for an artisanalscof production compared to the Portland
cement industrially produced locally. Cameroon enély has two industrial Portland cement
plants, both for the Lafarge group. One of thenated in the littoral Region is just a grinding
plant for exported clinker while the second is aptete production unit using limestone and
clay available in the northern part of the courfamound the plant) to manufacture OPC. They
follow the traditional dry process for Portland aarh production, using a rotative kiln to
make clinker at about 1450°C.

The price of a 50Kg bag of OPC (CPJ 35) in Cameisaurrently about XAF 6000 while a
25 Kg bag of sodium hydroxide is about XAF 150B0r their percentage in weight for soll
stabilization, we generally need about two timesancement than sodium hydroxide for
more or less the same properties (a 25 Kg bagdfisohydroxide or a 50 Kg bag of cement
will give approximately the same number of buildligcks of a particular format).

It is likely that to make the geopolymers materied®nomically competitive versus OPC in
Cameroon, the production need to be industrialiaad also possibly various grades of
materials should be manufactured and proposed lmastte materials final properties (which
are also linked to the amount of alkaline used)leviuonsidering building standards.
However, it is obvious that if the OPC was to bedouced in an artisanal scale (with a firing
temperature of about 1450°C and two grinding stépsarticles mostly below 80 um), the
price of the 50 Kg bag would have been far abovd->6800. Another economic advantage
more general as it plays on the trade balancebeitio increase the offer of building materials
(with geopolymers building materials) while redugiexported clinker and/or cement which
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Is also present in the local market (with a pricerenor less equivalent to the one produced
locally). This option would deserve more attentibwe have a look over the data of Portland
cement importations or other building material® lderamic tiles in Cameroon over the last
decade (Figure 57 and 58):
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The Figure 57 and 58 show that the loss of curemneissociated to building materials
importations has considerably increased duringabedecade, reaching 23 billions of CFA
francs in 2010.

It is also worth pointing out that the cost of sodi hydroxide in Cameroon could be
significantly reduced if there is a great need for industrial process. The use of
geopolymerisation for an industrial production ofre building materials like ceramics tile
was also described to be less time and energy eomguDavidovits, 2008) increasing the
productivity by a factor of 2 to 5 over the tradital ceramic process. For the particular case
of possible industrial production of geopolymer |@img materials from volcanic ash, the
main performance indicators of the competitivenebshe process over traditional OPC
production is the possible use of temperaturesw@l@0°C and the need of only one grading
step during the the overall production process. Taiele 14 summarises the advantages and

weaknesses of a possible industrial productioreopglymer versus OPC in Cameroon.

Table 14 Advantages and weaknesses of industrial produci@eopolymers versus OPC in
Cameroon.

OPC GEOPOLYMERS

Strengths Good structural performance Good structural performancg
Relatively low CQ emission
Low energy required

D

Weakness High CQ, emission Need for chemical alkaling
High temperature (energyactivator and curing
required environment

Consindering the great potential availability rawaterials for geopolymer synthesis in
Cameroon, the great loss of currencies due to ingilanaterials importation and the
successful development of industrial pilot scaledpiction of geopolymer building materials
in Austrialia, the need to increase investigati@am&l research projects for a pilot scale
industrial production of geopolymer building maaésiin Cameroon appears to be obvious
since its successful implementation can only hapesitive impetus on the trade balance and

the socioeconomic development.

127



III-5: Suggestions and Prospects

Previous sections have shown that volcanic aslea ffameroon can be use to produce
geopolymers with potential applications as buildingterials. For an industrial production,
various grades of materials could be synthétisedvor accessibility of materials to a larger
part of the population. Due to the need for a MNgI©OH solution to dissolve the amorphous to
semi crystalline volcanic ash and the difficulty neact all the alkaline introduced in the
system, its appears to be important to envisagledrpossible production process a means to
recuperate the non reacted NaOH by proceedingptusticuring in hot water. This will also
contribute to reduce the possible effluorescencethen products under utilization while
reducing the overall NaOH used for the process Bagosed schematic skech in Figure 59).

Geopolyme : Washed produc
. Post curin L
mixture Hardened in hot wategr to be dryied in

preparation . ' products atmospheric
Curing period condition then

[ 1] storage or selling
' — ] — 1]

Collecting used enriched alkine water
for the mixture preparation step

Figure 59 proposal schematic skech for geopolymer pregardtom volcanic ash

It was observed that the reactivities of the volcashes used were linked to the amount of
amorphous phase, somehow related to the sites wherashes originated. Consequently
setting up in collaboration with the Departmentairth Science, University of Yaoundé |, a
database for all unexplored Cameroon’s volcanicessteposits and their suitability for
geopolymer synthesis will contribute to increase dvailability of data for a possible wide
spread production of geopolymers in Cameroon. Tryom improve materials properties by
mixing volcanic ash with other type of aluminosilie materials such as clays also need to be
envisaged meanwhile extending the studies on thabdily and other type of natural

aluminosilicates materials will also be of interest
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GENERAL CONCLUSION

The broad aim of this work was to investigate ara/jgle information on the possibilities to
produce geopolymers for structural and high tentpesaapplications from Cameroon’s
volcanic ashes. Four samples of volcanic ashes us=@, but the studies were extended only
on the more reactive ash (from Foumbot's Petpornsiten (Val)). NaOH, KOH, with or
without silicate solution were used as alkalinevatbr medium.

The four ashes subjected to analysis were founthatee great similarities in chemical
compositions and the parameter which greatly imiteel the reactivity was found to be the
amount of amorphous phase, the reactivity of tlsesys increasing with the amount of these
phases in the starting ashes. The compressivagtirams found to decrease after immersion
of the specimens overnight in water, but was pamtliotally recovered after overnight drying
at 90°C. The dry compressive strengths of syntleesproducts from all the ashes were in the
range 14-63 MPa suggesting their possible utilimasis building materials.

A correlation between the amount of amorphous phaglee starting materials and the final
strength after 7 days curing was less obvious tabésh at higher concentration of sodium
hydroxide. However the trend observed on the valokesvet strength at lowest NaOH
concentration were similar to the amount of amoyshghase in the starting materials and the
sample that globally presented the best strengw rasulted from the more amorphous
starting material. The geopolymers consisted oftunéx of X-ray amorphous material with
crystalline phases. Scanning electron microscopyveld a homogenously distributed mixture
of lath-shaped and agglomerated morphologies, wittomogeneous distribution of Si, Al
and O in the geopolymer matrix. The FTIR spectrabath the as-synthesized and heated
geopolymers show two broad absorbance bands, betd2@ -1250 cm and 450-730 cth
assigned to the internal vibrations of Si-O-Si, &nD-Al respectively.

A Mossbauer spectroscopy study of the iron presenthe volcanic ashes revealed a
difference in the solubility of crystalline iron d&eng-phases, sugesting that iron behavior
during alkali activation relies on its chemical amtheralogical state in the starting materials
andis not necessarily deleterious to geopolymer foionat

Extended studies on the more reactive ash shoveeKtBH promotes more thermally stable
materials while NaOH promotes faster reaction eate better strength. The largest particles
only acted as reactive filler while smaller padgldissolved in the activating solution,
forming the inorganic polymer matrices. Reducing #mount of coarse particles promoted

better reactivity and better compressive strengthietbpment for specimens made with
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NaOH. Both the curing conditions (temperature, wedry conditions) and the Na/SiO,
molar ratio were found to influence the developmehtthe compressive strength. The
addition of sand to produce a mortar reduced thapcessive strength, but the resulting
samples were still within the ASTM recommendatitrsbuilding materials.

The geopolymer products were found to present ssdliaansition between 600-900°C and
were relatively stable to heat (shrinking only dipwp to 900°C and retaining about 60% of
their initial compressive strength after heating@@®°C). The compressive strengths of the
heated materials and their thermal behavior sugipest potential suitability as low-grade
refractories as well as in building applications.

However, further investigations in order to impraveaterials durability and properties by
new formulations based on mixing volcanic ash witiier materials need to be envisaged. A
study on the suitability of volcanic ashes from esttdeposits as well as other type of
aluminosilicate materials is also of interest. Hindghe consideration of environmental
concerns will be very relevant for a potential proon of geopolymers for commercial

purpose in Cameroon.
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ANNEXES

I: Weight loss during the curing process at 90°C

Time 1 day 2day 3day 6day 7day
Composition Weight loss (%)
Va-K 6,82 8,68 10,16 13,02 13,65
Va-K0.18 5,24 6,75 7,94 10,63 11,15
Va-K-Sil 6,85 8,94 10,77 12,12 14,29
Va-Na 2,58 4,74 6,81 11,57 12,38
Va-Nasil 2,56 4,13 5,32 8,08 8,45
Va-Na+K 4,32 6,41 8,06 12,56 13,28
Va-Na+Ksil 5,26 8,78 11,21 12,46 13,74
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Observation: The mass of water represents about 16% (210g/}38age total mass of the
initial geopolymer mixture for Va-Na specimen anboat 15 % (210g/1378g) for K
specimen. After seven days curing, the remainintgmia about 3% of the specimen mass for
Va-Na versus about 1.5% for Va-K.
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II: X-Ray indexing of volcanic ashes
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II1: Atomic and weight composition of points selected during SEM analyses

[1I-1: Figure 11I-1-10: Microstructure of synthesized products ap@®@Il,O3 of 1.5:A) 250
magnification, showing area of geopolymer matrixd amdisolved particles;

pt= point

Image Name: Val
-:' Image Resolution: 1024 by 786
" ?g = Image Pixel Size:  0.43 um
}1 Acc. Voltage: 25.0 kV
o Magnification: 250

Weight %

Na-K
Val ptl  35.9 8.5 3.2 7.3 21.6 0.3 0.1 14 111 21 8.5
Val pt2 41.0 14.0 1.8 6.3 17.4 0.3 14 8.1 1.9 7.7

Weight % Error (+/- 1 Sigma)
O-K Na-K  Mg-K

Val ptl1 +/-05 +/-0.1 +/-0.1 +/-01 +/-0.1 +/-0.0 +/-00 +/-0.1 +/-0.1 +/-0.0 +/-0.1
Val pt2 +/-0.3 +/-0.2 +/-0.1 +/-0.1 +/-0.1 +/-0.0 +/-0.1 +/-0.1 +/-0.1 +/-0.1

Atom %

Val ptl 521 8.6 3.1 6.3 17.8 0.2 0.1 0.8 6.4 1.0 3.5
Val pt2  56.7 13.5 1.6 5.1 13.7 0.2 0.8 4.5 0.9 3.0

Atom % Error (+/- 1 Sigma)
O-K Na-K  Mg-K

Val ptl1 +/-0.7 +/-0.1 +/-0.1 +/-01 +/-0.1 +/-0.0 +/-00 +/-0.0 +/-0.1 +/-0.0 +/-0.1
Val pt2 +/-04 +/-0.2 +/-0.1 +/-0.1 +/-0.1 +/-0.0 +/-0.0 +/-0.1 +/-0.0 +/-0.1
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Image Name: Va2

§5535 | Image Resolution: 1024 by 786
Bl Image Pixel Size:  0.43 pm
Acc. Voltage: 25.0 kv

4 Magnification: 250

Weight %

Va2(2)_ptl 44.8 8.6 4.4 33.9 4.8 1.2 0.4 2.0
Va2(2) pt2 375 1.1 6.7 4.2 22.6 18.1 1.9 0.2 7.7

Weight % Error (+/- 1 Sigma)

Va2(2) ptl +/-0.3 +/-0.1 +/-0.1 +/-0.1 +/-0.1 +/-0.0 +/-0.0 +/-0.1
Va2(2) pt2 +/-0.2 +/-0.1 +-0.1 +/-0.1 +/-0.1 +/-0.1 +/-0.0 +/-0.0 +/-0.1
Atom %

Va2(2)_ptl 59.1 7.9 3.4 255 2.6 0.6 0.2 0.8
Va2(2) pt2 55.0 1.1 6.5 3.7 18.9 10.6 0.9 0.1 3.2

Atom % Error (+/- 1 Sigma)

Va2(2) ptl +/-0.4  +/-0.1 +/-0.0 +/-0.1 +/-0.0 +/-0.0 +/-0.0 +/-0.0
Va2(2) pt2 +-03 +/-0.1 +-0.1 +/-0.1 +/-0.1 +/-0.0 +/-0.0 +/-0.0 +/-0.0
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Image Name: Va3
Image Resolution: 1024 by 786
Image Pixel Size:  0.43 pm
1352 M| 65535 | Acc. Voltage: 25.0 kV
Magpnification: 250

Weight %

O-K Na-K Mg-K

Va3 ptl 295 58 2.3 98 254 05 0.1 2.1 9.5 31 118
Va3 pt2 296 251 0.7 62 182 0.3 0.1 1.2 8.5 2.0 8.0

Weight % Error (+/- 1 Sigma)
O-K Na-K  Mg-K

Va3 ptl +/-05 +/-0.1 +/-0.1 +/-0.1 +/-0.2 +/-0.0 +/-0.0 +/-0.1 +/-0.1 +/-0.1 +/-0.2
Va3 pt2 +/-05 +/-0.2 +/-0.1 +/-0.1 +/-0.1 +/-0.0 +/-00 +/-0.0 +/-0.1 +/-0.0 +/-0.1

Atom %

O-K Na-K  Mg-K

Va3 ptl  45.6 6.2 2.4 9.0 224 0.4 0.1 13 5.9 1.6 5.2
Va3 pt2  43.1 25.4 0.7 5.4 15.1 0.3 0.1 0.7 4.9 1.0 3.3

Atom % Error (+/- 1 Sigma)
O-K Na-K  Mg-K

Va3 _ptl +/-0.7 +/-0.1 +/-0.1 +/-0.1 +/-0.1 +/-0.0 +/-0.0 +/-0.0 +/-0.1 +/-0.0 +/-0.1
Va3 pt2 +/-0.7 +/-0.2 +/-0.1 +/-0.1 +/-0.1 +/-0.0 +/-0.0 +/-0.0 +/-0.1 +/-0.0 +/-0.1
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Image Name: Va4
Image Resolution: 1024 by 786
Image Pixel Size:  0.43 um

Acc. Voltage: 25.0 kv
B _:l 83535 | Magnification: 250

Weight %

O-K Na-K Mg-K Al-K P-K CI-K K-K
Va4 ptl  32.6 6.1 24 9.6 26.2 0.5 0.1 15 9.5 24 0.1 9.1
Va4 pt2 358 12.1 2.2 6.3 22.8 0.5 1.2 8.2 2.3 0.1 8.6

Weight % Error (+/- 1 Sigma)
O-K Na-K Mg-K Al-K

Va4 ptl1 +/-0.2 +/-0.1 +/-0.0 +/-0.1 +/-0.1 +/-0.0 +/-0.0 +/-0.0 +/-0.1 +/-0.0 +/-0.0 +/-0.1
Va4 pt2 +/-0.2 +/-0.1 +/-0.1 +/-0.1 +/-0.1 +/-0.0 +/-0.0 +/-0.1 +/-0.0 +/-0.0 +/-0.1

Atom %

O-K Na-K Mg-K Al-K

Va4 _ptl  48.6 6.3 2.3 8.5 22.3 0.4 0.1 0.9 5.6 12 0.1 3.9
Va_pt2 514 12.1 2.0 5.3 18.6 0.3 0.7 4.7 1.1 0.1 3.5

Atom % Error (+/- 1 Sigma)
O-K Na-K Mg-K Al-K

Va4 _ptl +/-04 +/-0.1 +/-00 +/-0.1 +/-0.1 +/-0.0 +/-0.0 +/-0.0 +/-0.0 +/-0.0 +/-0.0 +/-0.0
Va4 pt2 +/-0.3 +/-0.1 +/-0.1 +/-0.1 +/-0.1 +/-0.0 +/-0.0 +/-0.0 +/-0.0 +/-0.0 +/-0.0
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[1I-2: Figure I1I-2-8: SEM micrographs. a) Va-Na, b) Va-K

Image Name: Va-Na
Image Resolution: 1024 by 786
. ===z | IMage Pixel Size:  0.22 um
:ﬂ.ﬂamvﬁ_d_-
1 Acc. Voltage: 20.0 kv
Magnification: 500

Weight %
Na-K  Mg-K Al-K Si-K P-K K-K CaK Ti-K MnK FeK
Va-Na_ptl 20.44 18.13 090 10.11 25.08 052 237 1028 230 9.87
Va-Na_pt2 1195 051 34.10 33.08 0.15 041 0.31 1951
Va-Na pt3 17.76 1.62 8.46 6.12 30.72 26.07 1.79 0.27 7.20

Weight % Error (+/- 1 Sigma)

P-K K-K Ca-K Ti-K Mn-K  Fe-K

Va-Na _ptl +/-0.21 +/-0.13 +/-0.12 +/-0.15 +/-0.10 +/-0.05 +/-0.05 +/-0.13 +/-0.06 +/-0.21
Va-Na _pt2 +/-0.29 +/-0.06 +/-0.17 +/-0.14 +/-0.03 +/-0.04 +/-0.07 +/-0.24
Va-Na pt3 +/-0.20 +/-0.09 +/-0.06 +/-0.12 +/-0.14 +/-0.15 +/-0.05 +/-0.06 +/-0.17
Atom %

O-K Na-K  Mg-K Al-K Si-K P-K K-K Ca-K Ti-K Mn-K  Fe-K
Va-Na ptl 3252 20.07 0.95 9.54 2272 043 1.54 6.53 1.22 4.50
Va-Na _pt2 20.08 059 37.73 31.67 0.10 0.27 0.15 9.39
Va-Na pt3 30.24 1.92 9.48 6.18 29.80 17.72 1.02 0.13 3.51

Atom % Error (+/- 1 Sigma)
O-K Na-K  Mg-K Al-K Si-K P-K K-K Ca-K Ti-K Mn-K  Fe-K

Va-Na _ptl +/-0.33 +/-0.14 +/-0.13 +/-0.14 +/-0.09 +/-0.04 +/-0.03 +/-0.09 +/-0.03 +/-0.10
Va-Na _pt2 +/-0.48 +/-0.07 +/-0.18 +/-0.13 +/-0.02 +/-0.02 +/-0.03 +/-0.12
Va-Na pt3 +/-0.35 +/-0.11 +/-0.07 +/-0.12 +/-0.13 +/-0.10 +/-0.03 +/-0.03 +/-0.08
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Image Name: Va-K

Image Resolution: 1024 by 786
| Image Pixel Size:  0.22 um
Acc. Voltage: 20.0 kV
Magnification: 500

Weight %

O-K Na-K  Mg-K Al-K Si-K P-K K-K Ca-K Ti-K Mn-K  Fe-K
Va-K_ptl  14.87 30.56 30.03 0.54 0.55 0.36  23.09
Va-K pt2 1824 4.65 3.02 9.07 2273 045 16.74 11.07 1.76 12.27

Weight % Error (+/- 1 Sigma)

O-K Na-K Mg-K  Al-K Si-K P-K K-K Ca-K Ti-K Mn-K  Fe-K

Va-K _ptl +/-0.28 +/-0.16 +/-0.14 +/-0.04 +/-0.04 +/-0.07 +/-0.27
Va-K pt2 +/-0.24 +/-0.08 +/-0.06 +/-0.13 +/-0.09 +/-0.04 +/-0.15 +/-0.17 +/-0.06 +/-0.22
Atom %
O-K Na-K  Mg-K Al-K Si-K P-K K-K
Va-K _ptl 25.10 33.95 28.87 0.37 0.37 0.18 11.16
Va-K pt2 31.77 5.64 3.46 9.38 2256 041 1193 7.70 1.02 6.13

Atom % Error (+/- 1 Sigma)
O-K Na-K  Mg-K Al-K Si-K P-K K-K

Va-K _ptl +/-0.47 +/-0.17 +/-0.13 +/-0.03 +/-0.03 +/-0.03 +/-0.13
Va-K pt2 +/-0.42 +/-0.09 +/-0.07 +/-0.14 +/-0.09 +/-0.04 +/-0.11 +/-0.12 +/-0.03 +/-0.11
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