Process engineering of functional metakaolin based geopolymers

by
Matteo Pernechele
M.Sc., Università degli Studi di Padova, 2012

A THESIS SUBMITTED IN PARTIAL FULFILLMENT OF
THE REQUIREMENTS FOR THE DEGREE OF
Doctor of Philosophy
in
The Faculty of Graduate and Postdoctoral Studies
(Materials Engineering)

THE UNIVERSITY OF BRITISH COLUMBIA
(Vancouver)
April 2018
© Matteo Pernechele, 2018

Abstract
Geopolymers (GPs) are a class of inorganic materials which can be used as construction and
refractory cements and as functional materials for environmental applications. GPs are low
CO2 emissions binders with high durability that can replace traditional cementitious
materials. However the effects and interactions of processing parameters on the different
stages of GP setting (“geopolymerization”) are still under scrutiny and the molecular
mechanisms and rate limiting steps controlling the setting kinetics are unknown. The
crystallization in GPs, which ultimately controls their performance in advanced applications
such as water purification and toxic waste encapsulation, is a poorly investigated topic.
This dissertation provides new experimental evidences on the role of chemical composition
and curing process on metakaolin-based GPs. Steady state and dynamic rheological studies,
contact angle tests, microstructural (SEM), structural (XRD and FTIR) and mechanical
analyses lead to better understanding of the fundamental transformations occurring during
geopolymerization. GPs were seeded with different oxides and zeolites to determine the rate
limiting step, increase the reaction rate and control the crystallization. This work contributes
to clarification the complex effects of soluble silica on the geopolymerization process. It is
shown that soluble and colloidal silicates (such as Na4SiO4 and Na2SiO3) can act as seeding
agents, changing the geopolymerization rate limiting step at temperatures T≥35°C. However,
they also slow down the reaction rate, possibly by forming passivation layers on the
metakaolin particles, thus producing a more chemically stable and mechanically stronger
amorphous gel. Silicates also decrease the water requirement in GPs and thus the porosity.
Under certain conditions silicates can increase the percentage of crystalline Faujasite in GPs,
but the crystallization process requires higher curing temperatures and times (T>40°C and
t>4 days, depending on the amount of silicates). The alkali metals have also a structuredirecting role in crystallization of GPs in the form of zeolite, favoring Faujasite structure.
Water has a templating effect in GPs, favoring the structure of zeolite LTA-type over
hydrosodalite. This work also illustrates the compromises that need to be made when
selecting appropriate processing parameters to tailor the rheology, structure and properties of
geopolymers for specific applications.
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Lay summary
This work studies reactions between inorganic clay-based materials with different alkaline
solutions and additives to produce environmentally friendly cementitious materials, called
“Geopolymers”. Such materials have both conventional and advanced applications, and in
some areas may replace Ordinary Portland Cement. The characteristics of the resulting
geopolymers were studied, in terms of their viscosity, chemical bonding, crystallinity and
compressive strength. It was found that the chemistry of precursor solutions and the
processing temperature have a profound effect on the reaction and on the nature of the final
geopolymer materials. The use of processing additives brought light on the reaction
mechanisms, thus enabling a deeper understanding of the resulting material. Guidelines were
developed to tune the properties of the geopolymeric cement to specific applications.

iii

Preface
This dissertation is original, unpublished, and independent work by the author. None of the
text is taken directly from previously published articles. -M. Pernechele

iv

Table of contents
Abstract ..................................................................................................................................... ii
Lay summary ........................................................................................................................... iii
Preface ..................................................................................................................................... iv
Table of contents....................................................................................................................... v
List of tables ............................................................................................................................ xi
List of figures ......................................................................................................................... xiii
List of abbreviations and symbols ........................................................................................ xxii
Acknowledgements............................................................................................................... xxv
Dedication ............................................................................................................................ xxvi
1. Introduction........................................................................................................................... 1
1.1. Role of geopolymers in sustainable development ......................................................... 1
1.2. Inorganic binders ........................................................................................................... 2
1.3. Motivation ...................................................................................................................... 7
2. Literature review ................................................................................................................... 8
2.1. Introduction to geopolymers .......................................................................................... 8
2.1.1. Geopolymers and their terminology ........................................................................ 8
2.1.2. Types of aluminosilicate geopolymers .................................................................. 12
2.1.3. Geopolymers properties and applications ............................................................. 15
2.2. Metakaolin - based geopolymers (MK-based GP) ....................................................... 20
2.2.1. Historical perspective ............................................................................................ 20
2.2.2. The solid precursors to GP: metakaolin ................................................................ 23
2.2.3. The alkaline solutions ............................................................................................ 24
2.2.4. Geopolymerization reactions ................................................................................. 28

v

2.2.4.1. Conceptual models for geopolymerization reactions ..................................... 29
2.2.4.2. Dissolution and precipitation reactions in cementitious systems ................... 32
2.2.4.2.1. Thermodynamic and kinetic of complex reactions ................................. 32
2.2.4.2.2. Heterogeneous reactions ......................................................................... 34
2.2.4.3. Metakaolin dissolution.................................................................................... 36
2.2.4.4. Aluminosilicates condensation in solutions ................................................... 40
2.2.4.5. Kinetic models of geopolymerization ............................................................. 43
2.2.4.6. Additives and Seeding .................................................................................... 46
2.2.5. GP technology development: composition and properties optimization.............. 48
2.3. Zeolites ......................................................................................................................... 51
2.3.1. Synthesis, structure and applications..................................................................... 51
2.3.2. Induction time and kinetics of crystallization of zeolites ...................................... 55
2.3.3. Synthesis of zeolites from metakaolin................................................................... 57
2.4. Advanced GP applications and geopolymer crystallinity ............................................ 59
3. Objectives ........................................................................................................................... 63
4. Approach and methodology................................................................................................ 64
4.1. Materials, synthesis and preparation methods ............................................................. 64
4.1.1. Raw material and metakaolin characterization ..................................................... 64
4.1.2. Geopolymer synthesis ........................................................................................... 67
4.2. Analysis methods ......................................................................................................... 67
4.2.1. Rheological characterization ................................................................................. 67
4.2.1.1. Viscosity ......................................................................................................... 68
4.2.1.2. Steady-state measurements ............................................................................. 68
4.2.1.3. Dynamic oscillatory measurements ................................................................ 72
4.2.1.4. Empirical tests ................................................................................................ 73
vi

4.2.2. Contact angle measurements ................................................................................. 75
4.2.3. Mechanical and microstructural analysis .............................................................. 76
4.2.4. Structural analysis - XRD...................................................................................... 76
4.2.5. Structural analysis - FTIR ..................................................................................... 79
4.2.6. Factorial design and Analysis of Variance (ANOVA) .......................................... 81
5. Analysis of MK-based GP formulations............................................................................. 84
5.1. Formulation in Metakaolin-based GP .......................................................................... 84
5.1.1. Constraints in the GP formulations ....................................................................... 84
5.1.2. Soluble silicate MK-based GP .............................................................................. 89
5.2. Effects of Si/Al on the GP............................................................................................ 92
5.2.1. Optimum H2O/solid for NaOH/MK-based GP ..................................................... 92
5.2.2. Sample preparation and slurry properties .............................................................. 94
5.2.3. Activating solutions ............................................................................................... 96
5.2.4. Sample curing and unconfined compressive strength (UCS) ................................ 98
5.2.5. Structural characterization ..................................................................................... 99
5.3. Summary .................................................................................................................... 103
6. Seeded geopolymers ......................................................................................................... 105
6.1. Seeds selection and processing .................................................................................. 105
6.1.1. Seeded geopolymers ............................................................................................ 105
6.1.2. Oxide seed selection ............................................................................................ 106
6.1.2.1. Mechanochemical activation of zeolites ....................................................... 109
6.1.3. Bottom-up approach: synthetic zeolites .............................................................. 112
6.1.3.1. Conventional synthesis: LTA, FAU ............................................................. 112
6.1.3.2. Colloidal zeolite seeds .................................................................................. 113
6.1.4. Summary ............................................................................................................. 116
vii

6.2. Seeds effect on NaOH/MK-based GPs ...................................................................... 118
6.2.1. Effects of commercial oxide seeds ...................................................................... 118
6.2.1.1. Seeded-GP synthesis and analyses ............................................................... 118
6.2.1.2. GPs setting times, GPs mechanical and physical properties ........................ 120
6.2.1.3. Structural reorganization of seeded GPs....................................................... 123
6.2.2. Effect of synthetic zeolites seeds......................................................................... 127
6.2.2.1. Seeded-GP synthesis and analyses ............................................................... 127
6.2.2.2. GPs physical and mechanical properties ...................................................... 127
6.2.2.3. Structural characterization of the GPs .......................................................... 129
6.2.3. Discussion: strength of interlocked GP crystals .................................................. 131
6.2.4. Summary ............................................................................................................. 132
7. Rheology and reaction kinetics of GPs ............................................................................. 134
7.1. Introduction and hypothesis ....................................................................................... 134
7.2. Metakaolin wettability in activating solution............................................................. 136
7.2.1. Contact angle measurement................................................................................. 136
7.2.2. Result and discussion .......................................................................................... 138
7.3. Rheology of MK-based GP ........................................................................................ 139
7.3.1. Introduction to concentrate suspensions and clays materials .............................. 139
7.3.2. Flow curve and thixotropy of NaOH/MK-based GP........................................... 142
7.4. Dynamic rheology and crossover time....................................................................... 144
7.4.1. Materials and experimental set-up ...................................................................... 145
7.4.2. Results and discussion ......................................................................................... 146
7.5. Dynamic rheology and rate limiting steps ................................................................. 151
7.5.1. Materials and experimental set-up ...................................................................... 152
7.5.2. Results and discussion ......................................................................................... 152
viii

7.6. Summary and conclusions ......................................................................................... 156
8. Geopolymer phase transformations and crystal engineering ............................................ 158
8.1. Rationale .................................................................................................................... 158
8.2. Design of experiments ............................................................................................... 159
8.3. Response quantification ............................................................................................. 165
8.3.1. ATR-FTIR spectra deconvolution ....................................................................... 166
8.3.1.1. Precision and accuracy ................................................................................. 168
8.3.2. QXRD and Rietveld refinement .......................................................................... 169
8.3.2.1. Precision and accuracy ................................................................................. 172
8.4. Results ........................................................................................................................ 173
8.4.1. Setting time.......................................................................................................... 173
8.4.2. ANOVA analysis ................................................................................................. 174
8.4.3. FTIR .................................................................................................................... 178
8.4.3.1. FTIR: GP peak position ................................................................................ 178
8.4.3.2. FTIR: GP% ................................................................................................... 179
8.4.3.3. FTIR: GP peak FWHM ................................................................................ 179
8.4.3.4. FTIR: peak area ratio solid/H2O ................................................................... 180
8.4.4. QXRD.................................................................................................................. 180
8.4.4.1. XRD: zeolite conversion % .......................................................................... 180
8.4.4.2. XRD: LTA% ................................................................................................. 181
8.4.4.3. Long term stability: Oswald rule of successive transformations .................. 182
8.4.5. SEM images ........................................................................................................ 183
8.5. Discussion .................................................................................................................. 186
8.5.1. Reaction extent and kinetics ................................................................................ 186
8.5.2. Geopolymer gel nature and reorganization ......................................................... 191
ix

8.5.3. Crystallinity and crystal engineering ................................................................... 193
8.6. Summary .................................................................................................................... 197
9. Conclusions and future work ............................................................................................ 199
References............................................................................................................................. 204
Appendices ........................................................................................................................... 233

x

List of tables
Table 1.1 Main mineralogical phases in Portland cement clinker, their shorthand notation and
weight percentage [17]. ............................................................................................................ 5
Table 2.1 Geopolymer nomenclature [38]. ............................................................................. 12
Table 2.2 Chemical compositions of geopolymers according to [35] . .................................. 21
Table 2.3 Physical and thermodynamic values for cations of interest in GP [11]. pKa values
are quoted from Baes [93]. ..................................................................................................... 25
Table 4.1 Materials adopeted in GP and zeolite synthesis, and various oxides used as seeds.
................................................................................................................................................ 64
Table 4.2 some empirical tests to measure the rheological response of cementitious materials.
................................................................................................................................................ 74
Table 4.3 Precursors and geopolymers infrared characteristic bands [38]. ............................ 81
Table 5.1 Measured compressive strengths and calculated GPs ratios (H2O/solid, Si/Na,
solution/solid) extracted from Rowles work on metakaolin-based GPs [62]. ........................ 90
Table 5.2 Pearson correlation coefficient obtained from Rowles [62]. .................................. 90
Table 5.3 NaOH/MK-based GPs prepared to optimize the activating solution/MK mass ratio
(mAS/mSP) and H2O/solid ratio. Φ is the volume fraction of solids. ....................................... 92
Table 5.4 Setting times of geopolymer pastes with different water content at 3 different
temperatures. Error percentage is approximately 20%. .......................................................... 94
Table 5.5 Geopolymer compositions, slurry flow (determined using a flow table) and
activating solution properties. AS: Activating solution.......................................................... 95
Table 6.1 Codes for the geopolymers containing different nanoparticles. MOR=mordenite,
Fau= faujasite, m.=milled ; Fau-H = hydrogen faujasite, Fau-Na =sodium faujasite. ......... 119
Table 6.2 Values of bulk density and unconfined compressive strength at 3 days and 7 days
for the 9 different samples. The values of pH and conductivity were measured on samples
cured for 7 days, after 24 hours of soaking in distilled water............................................... 121
Table 6.3 Unconfined compressive strength of unseeded GP and seeded with synthetic
zeolite type P at different curing conditions. ........................................................................ 128
Table 6.4 Zeolite weight % of different GPs as determined by QXRD using internal TiO2
standard. LTA: zeolite type A. FAU: zeolite type X. HS: hydroxisodalite. ......................... 130
xi

Table 7.1 Parameters of Papo's model obtained by NLSF of the complex viscosities for
different GP pastes. ............................................................................................................... 155
Table 8.1 Geopolymers formulas for samples A, B, C, D and E.......................................... 161
Table 8.2 List of all geopolymer compositions used in this study. Geopolymer parameters are
fixed and derived ratios calculated based on the real metakaolin content in Powerpozz. MK
stands for metakaolin, WG-N for sodium silicate type N, WG-Ms for molar ratio SiO2/Na2O
of the activating solution ...................................................................................................... 163
Table 8.3 List of quantifiable responses (obtained from the deconvolved ATR-FTIR spectra
and QXRD) and the main information they carry. ............................................................... 165
Table 8.4 Setting time of GPs type A, B, C, D, E (refer to Table 8.1 for their compositions)
vs curing temperature ........................................................................................................... 174
Table 8.5 The p-values obtained from the Analysis of Variance (ANOVA) of GP samples
A,B,C and D (see Table 8.2)................................................................................................. 175
Table 8.6 The p-values obtained from the Analysis of Variance (ANOVA) of GP samples A,
E and D. (see Table 8.2) ....................................................................................................... 176
Table 8.7 Attribution of the response variation to the appropriate factor (Na/Al, H2O/solid or
[NaOH])by comparing the p-values of Na/Al, H2O/solid and solution/MK. ....................... 177
Table 8.8 QXRD results of 1 year old samples compared with their initial phase content. The
selected samples were the unseeded GP with composition A, E and D cured at 60deg for 7
days. ...................................................................................................................................... 182
Table 8.9 Results of the QXRD for the different geopolymers analyzed with SEM.
“Saturation” refers to the zeolite content of the geopolymers compared to the values obtained
for the same geopolymers at 7 days curing. ......................................................................... 185
Table A.1 Fractional coordinates, isotropic thermal parameters (100Å2), occupancies, unit
cell parameters, for the refined LTA [287] ICSD 24901 and NaX [288] - ICSD 15568
phases using respectively the diffractograms E-60-7 and Cs-40-7. ..................................... 233
Table B.1 Responses obtained from the multifactorial design in Chapter 8. ....................... 235

xii

List of figures
Figure 1.1 Left: Pantheon “temple of every god” in Rome built using roman cement 2000
years after its construction. Right: Schematic structure of the C-S-H, main hydration product
of roman and modern cements: A 2-D sheet of 7-coordinated Ca ions share oxygen’s with
depolymerized "dreierketten”chains of SiO4 tetrahedra. Qn represents the connectivity “n” of
the silica tetrahedra [15]. ......................................................................................................... 4
Figure 1.2 Left: CaO–Al2O3–SiO2 ternary diagram of cementitious materials [18]. Right:
Main oxide weight % of selected materials used as inorganic binders. ................................... 6
Figure 2.1 Number of scientific papers using the geopolymer terminology since 1991 [37]. 11
Figure 2.2 Classification of AAMs according with RILEM [4]. GPS are considered a
subgroup of AAMS with low calcium and high alumina content. ......................................... 14
Figure 2.3 Names, structures and applications of geopolymer at different Si/Al ratio [38]... 16
Figure 2.4 Comparison between selected properties of inorganic binders: Ordinary Portland
Cement (OPC), geopolymer based on slag, metakaolin and soluble silicate (GP Slag),
geopolymer based on fly ash and soluble silicate (GP Slag), geopolymer based on metakaolin
and soluble silicates (GP MK-WG), and geopolymer based on metakaolin and alkali
hydroxides (GP MK-MOH). The data are compiled from [4], [32], [38], [57]–[60] ............. 18
Figure 2.5 Effects of increasing Si/Al ratio through the use of sodium silicate in metakaolinbased GPs. Left: Effects on compressive strength and young modulus [58]. Right: phase
diagram of nepheline-albite, corresponding to a GPs with Si/Al ratio of 1 and 3 respectively
[64].......................................................................................................................................... 20
Figure 2.6 On the left:

29

Si MAS NMR experimental distribution of the different species of

silicates in a water-based solution as a function of the alkali oxide content in lithium (Δ),
sodium (□) and potassium (○) silicates [103]. On the right: a qualitative interpretation of
sodium silicate speciation in solution [104]. .......................................................................... 28
Figure 2.7 Representation of the five ortho-sialate species isolated in KOH solution by North
[115]; these molecules are the precursors of both zeolites and geopolymers [38]. ................ 30
Figure 2.8 Mechanism of hydrolysis of silicon alkoxides in basic environment (from [117]).
................................................................................................................................................ 31

xiii

Figure 2.9 Normalized reaction rate as a function of chemical affinity according to the
transition state theory. ............................................................................................................. 38
Figure 2.10 Simplified representation and interpretation of isothermal calorimetry of
geopolymerization. Reaction steps are taken from [100], see Figure 2.11............................. 44
Figure 2.11 Scheme of an empirical kinetics model of geopolymerization [100].................. 45
Figure 2.12 SEM images of MK-based GP cured at 40 C (left) and 85 C (right). Left:
microstructure of GP with Si/Al ratio and UCS of (a) 1.15 and 18 MPa, (b) 1.40 and 40 MPa,
(c) 1.65 and 56 MPa, (d) 1.90 and 73 MPa (e) 2.15 and 63 MPa (from [58]). Right:
microstructure of GP with Si/Al ratio and UCS of 1.25 and 2.7MPa, 1.5 and 29 MPa, 1.75
and 48 MPa and 1.9 and 48 MPa (from [57]) ......................................................................... 50
Figure 2.13 The contours of the constant compressive strength [MPa] of metakaolin
geopolymers, cured at 75°C for 24 h; the compressive strength was measured after
subsequent aging for 7 days at room temperature [62]........................................................... 51
Figure 2.14 Secondary building unit (SBU) used to classify zeolites from Newsam [24]. .... 52
Figure 2.15 Progressive construction of a zeolites structure. The (Si,Al)O4 tetrahedra
condense to form a truncated octahedral, also called a “sodalite” or “β-cage”, made of 4members and 6-members rings. The sodalite cage is found in different zeolite frameworks,
such as in sodalite (SOD), faujasite (FAU), linde type A (LTA) and EMT frameworks. From
Newsam [24]........................................................................................................................... 53
Figure 2.16 Zeolite A (region I) and zeolite X (region III) crystallization diagram for a 2M
aqueous solution. In region II these phases coexist, in region IV there are no stable zeolites.
(from [174]). ........................................................................................................................... 54
Figure 2.17 Mechanism of LTA crystallization from MK and 5M NaOH (from [193]). Solid
lines represent observed reaction steps, dashed lines represent other possible reaction
pathways. ................................................................................................................................ 58
Figure 2.18 Top view (left) and cross section (right) of self-sustaining zeolite A membrane
obtained via geopolymerization route for seawater desalination [198] .................................. 61
Figure 4.1 SE-SEM analysis of Powerpozz (metakaolin). ..................................................... 65
Figure 4.2 Top: X-rays diffractogram of Powerpozz. Blue line: quartz; red line: anatase; peak
at 2θ=8.8°belong to halloysite. Bottom: ATR-FTIR spectra of kaolin and metakaolin. ........ 67
Figure 4.3 Shear stress vs shear rate according to the Bingham model [170], [212]. ............ 69
xiv

Figure 4.4 Cross section of a concentric cylinder rheometer ................................................. 70
Figure 4.5 Left: schematic representation of the Haake Rotovisco vt550 rotational
viscometer. Right: experiment program commonly used to obtain a steady state flow curve
[213]........................................................................................................................................ 71
Figure 4.6 Thixotropic measurements. Left and middle: hysteresis loop method. Right:
constant shear rate method [213]. ........................................................................................... 72
Figure 4.7 Left: schematic representation of the Anthon Paar Rheometer. Right: stress-strain
response of a viscoelastic material during dynamic rheology tests [209]. ............................. 73
Figure 4.8 Sessile drop (left) and captive bubble (right) schematic diagrams [219]. ........... 75
Figure 4.9 Left: Geopolymer bar during demolding operation. Right: GP cube and head of
the Instron machine during UCS test. ..................................................................................... 76
Figure 4.10 Schematic representation of diffractograms in Bragg-Brentano geometry, from
[225] ....................................................................................................................................... 79
Figure 5.1 Left: Sodium soluble silicate diagram SiO2-Na2O-H2O (from [101]) with
compositions of some commerically available chemicals . Region 9 is the most stable region
of soluble silicate solutions and most of commercial solutions are located within this region.
Right: Viscosity of sodium silicate as a function of silica modulus at constant solid contents.
From [234], adaptation from Vail [101]. ................................................................................ 88
Figure 5.2 Calculated H2O/solid and solution/MK ratios of GPs with different Si/Al ratio
studied by Duxson [58]........................................................................................................... 89
Figure 5.3 SEM images of NaOH/MK-based GP with different activating solution/MK ratio
(mAS/mMK) cured at 55°C for 20 hours . ................................................................................. 93
Figure 5.4 Flow table apparatus and flow of the GP with Si/Al=1.35. .................................. 95
Figure 5.5 Activating solutions intended for the synthesis of GPs with different Si/Al.
Sample in the middle is a colloidal dispersion. ...................................................................... 96
Figure 5.6 In red: Measured X-rays diffractograms of the gel precipitate by centrifuging the
activating solution intended for GP with Si/Al=1.35. In blue: Peak position of sodium silicate
hexa-hydrate Na2SiO3∙(H2O)6, ICSD code 9171. ................................................................... 96
Figure 5.7 Na2O-SiO2-H2O diagram for the GP activating solution. Red triangles: activating
solutions used by Duxson [58]. Black squares: Activating solution adopted in this current
work. ....................................................................................................................................... 97
xv

Figure 5.8 UCS of GP with different Si/Al. Left: constant H2O/solid GP prepared in this
work. Right: constant SiO2/Na2O prepared by Duxson [58]. ................................................. 98
Figure 5.9 SE-SEM images of the fracture surfaces of the three GPs cured at 40°C for 20
hours at different magnification............................................................................................ 100
Figure 5.10 SE-SEM images of the fracture surfaces of the three GPs cured in autoclave at
different magnification. ........................................................................................................ 101
Figure 5.11 XRD patterns of GPs with different Si/Al cured at 40°C for 20hours with and
without autoclave treatment rutile internal standard was used for all samples. s=silica (ICSD
90145, quartz), an=anatase (ICSD 63711), r=rutile (ICSD 34372), a=zeolite type A (ICSD
24901). .................................................................................................................................. 103
Figure 6.1 SE-SEM images of the silica (top left), alumina (top right), zirconia (bottom left)
and Faujasite-H (bottom right) seeds used in this study. ...................................................... 107
Figure 6.2 XRD of the different seeds: silica, alumina, zirconia, mordenite-Na, faujasite-H
and faujasite-Na. ................................................................................................................... 108
Figure 6.3 ATR-FTIR peaks for two pure crystalline faujasite type-Y, one in its hydrogen
form and the other in its sodium form. Note the shoulder at 1100 cm-1 which overlaps with
the metakaolin peaks, Figure 4.2. Note also the peak shift due to the different cations, from
976 cm-1 to 1023 cm-1 when sodium is substituted by hydrogen. ........................................ 108
Figure 6.4 Particle size distributions of the faujasite-Na seeds determined by laser scattering.
.............................................................................................................................................. 109
Figure 6.5 SE-SEM image of mordenite (top left), milled mordenite (top right), faujasite-Na
(bottom left) and milled faujasite-Na (bottom right) ............................................................ 110
Figure 6.6 Left: XRD of mordenite and milled mordenite. Right: FWHM ratio of the XRD
peaks. .................................................................................................................................... 111
Figure 6.7 ATR-FTIR spectra of mordenite before and after milling. ................................. 111
Figure 6.8Left: X-rays diffractograms of the synthetic zeolite type A (LTA) and zeolite type
Y (FAU). Right: ATR-FTIR spectra of the aforementioned syntetic zeolites. .................... 112
Figure 6.9 Left: digital picture of the zeolite precursor solution aged for 45 hours at different
temperatures. Right: XRD of the colloidal particles obtained after aging at 50° for 45 hours.
.............................................................................................................................................. 115

xvi

Figure 6.10 BSE-SEM image of colloidal nanocrystalline faujasite. Air-dried precipitate
obtained after curing at 50° for 45 hours of the zeolite precursor solution. ......................... 115
Figure 6.11 X-rays diffractograms of the zeolite obtained by autoclave curing of precursor
solution and diffractogram of the database structure of Gismondine (ICSD 9550). ............ 116
Figure 6.12 SE-SEM images of Gismondine zeolites obtained after autoclave treatment. .. 116
Figure 6.13 Unconfined Compressive Strength (UCS) of the seeded geopolymers compared
with the non-seeded geopolymer (sample 1) at the same aging time. .................................. 122
Figure 6.14 pH and conductivity values of the geopolymers soaked in distilled water for 24
hours. .................................................................................................................................... 122
Figure 6.15 XRD diffractograms of metakaolin, milled-mordenite-seeded geopolymer at 3
hours, 3 days and 7 days. Zeolite type X (x), Linde type A (a), silica (s), anatase (an). ...... 123
Figure 6.16 Zeolite content expressed in term of sums of XRD integrated intensities of 200)
reflection of zeolite A and the (111) reflection of zeolite X over the (011) reflection of SiO 2
at 3 days and at 7 days. ......................................................................................................... 124
Figure 6.17 Integrated intensity ratios of the (200) reflection of zeolite A over the (111)
reflection of zeolite X at 3 days and at 7 days in the XRD patterns. .................................... 124
Figure 6.18 ATR-FTIR spectra for the GP seeded with SiO2 (left) and mordenite (right), at 3
hours, 3 days and 7 days. ...................................................................................................... 125
Figure 6.19 SEM images at 3 days (left) and 7 day (right) for the alumina-seeded
geopolymer, sample 3. A: zeolite type A; X: zeolite type faujasite-X. ................................ 126
Figure 6.20 SE-SEM images after 7days curing at 45°C of GP with FAU-Na seeds (sample
6, left) and milled-FAU-Na seeds (sample 7, right). ............................................................ 126
Figure 6.21 Curing procedures of the unseeded and seeded geopolymers. .......................... 127
Figure 6.22 Selected X-Ray diffractograms of the seeded and unseeded GPs with different
curing conditions. Letters indicate the peak position of faujasite (X), zeolite type A (A),
hydrosodalite (H), silica (S), and Anatase (An). .................................................................. 129
Figure 6.23 SE-SEM images of the unseeded (left) and zeolite-P1-seeded (right) GPs cured
for additional 24 hours at 45°C and RH=0%. ....................................................................... 131
Figure 7.1 Schematic of the method to detemine the rate limitng step by seeding. ............. 135
Figure 7.2 SE-SEM images of the surface of the metakaolin pellet. .................................... 137

xvii

Figure 7.3 Left: photo of the MK pellet immersed in the liquid and the needle dispensing an
air bubble. Right: image of the contact angle θc measured by the software; in yellow the
Young-Laplace fitting of the bubble shape. ......................................................................... 138
Figure 7.4 Contact angles between different solutions and metakaolin. WG-N stands for
soluble silicate type N, in bracket the water dilution............................................................ 139
Figure 7.5 House of card structure observed in kaolinite suspension (from [265]). ........... 141
Figure 7.6 Flow curve (left) and apparent viscosity (right) of a NaOH/MK-based GP. ...... 143
Figure 7.7 Hysteresis loop of a NaOH/MK-based GP. Left: shear rate program. Right:
experimental hysteresis loop................................................................................................. 144
Figure 7.8 Left: picture of the rheometer. Left: schematic of the parallel plate geometry. .. 146
Figure 7.9 Left: moduli and complex viscosity measured during a time sweep test for the
unseeded GP at 30°C.

Right: complex viscosity for an unseeded GP at 30 °C measured

during a delayed time sweep test. ......................................................................................... 147
Figure 7.10 Time sweep tests for unseeded GP at 30°C (top left), unseeded GP at 40°C (top
right), faujasite seeded GP at 40°C (bottom left) and zirconia seeded GP at 40°C (bottom
right). .................................................................................................................................... 148
Figure 7.11 Repeated time sweep test for unseeded GP cured at T=40°C to assess the
reproducibility of the method to determine the crossover point. Crossover points are marked
in green. ................................................................................................................................ 149
Figure 7.12 Arrhenius plot of the crossover times at different temperatures for seeded and
non-seeded GP. ..................................................................................................................... 150
Figure 7.13 Geopolymer activation energies for unseeded and seeded GPs obtained from the
Arrhenius plot of the crossover points in time sweep experiments. ..................................... 151
Figure 7.14 Complex viscosity measured during time sweep tests for unseeded NaOH-based
GP (top left), faujasite seeded NaOH-based GP (top right, note different scale), unseeded
WG-based-GP (bottom left) and faujasite seeded WG-based GP (bottom right). ............... 153
Figure 7.15 Time sweep tests performed on GPs. Solid lines represent the measured
viscosity, dashed lines represent the NLSF using Papo's model. Left: effect of temperature on
unseeded NaOH-based GP. Right: effect of faujasite seeding on NaOH-based GP cured at
35°C. ..................................................................................................................................... 154

xviii

Figure 7.16 Setting times tr (left) and kinetic factors N (right) obtained by NLSF of the
rheograms using Papo's model. ............................................................................................ 156
Figure 8.1 Representation of the GP compositions and GP codes in the adopted 22 factorial
design with a central point. ................................................................................................... 161
Figure 8.2 Representation of the 180 characterized GPs: 5 compositions, 4 temperatures and
3 curing times (left), and 3 seeding conditions (right; each of the three systems in this graph
is the time-temperature system copied form the left figure)................................................. 163
Figure 8.3 ATR-FTIR measured spectra (in black) and NLSF fitting lines (in blue) of the
metakaolin and selected geopolymer samples: sample Bs cured at 20°C for 4 day and sample
Bs cured at 60°C for 4 days. Deconvolved peaks of the metakaolin are in red and fuchsia,
deconvolved peak of geopolymer is in green. ...................................................................... 168
Figure 8.4 SEM image of the XRD internal standard rutile. Particles are below 2 μm
providing a good standard for QXRD in term of count statistic........................................... 170
Figure 8.5 Measured diffraction patterns of selected geopolymers seeded with colloidal
faujasite, and cured for 7 days at 60°C. Symbols in the image represents the position of the
more intense peak zeolite type LTA (A), zeolite type X (X), rutile (R), silica (S), anatase
(An). ...................................................................................................................................... 172
Figure 8.6 GPs setting time measured according with ASTM C807. .................................. 174
Figure 8.7 SEM images showing the effects of the different compositional, seeding and
curing factors on the geopolymer morphology. Sample C_60_4 is taken as baseline. ........ 184
Figure 8.8 SEM images of C_60_4 (top-left) and Belviso’s GP [204] (top-right) showing the
ZK-5 zeolite. Octahedral crystals observed in the Cw_60_4 (bottom left). Crystal growth of a
FAU-X and LTA crystals in Cs_60_4 (bottom-right). ......................................................... 186
Figure 8.9 Simplified representation of the kinetics of the geopolymer formation and zeolite
conversion at different curing temperatures using an Avrami-type expression [146]. Dashed
lines represent the times when the responses were collected. .............................................. 187
Figure 8.10 Effect of solution/MK on GP% (left) and on zeolite conversion% (right) for
unseeded GPs. The central values (red bars) represents a GP with Na/Al=1, i.e. GP type E.
.............................................................................................................................................. 188

xix

Figure 8.11 GP% responses obtained from ATR-FTIR deconvoluted spectra of GP seeded
with colloidal faujasite after 7 days of curing. Samples cured at 5°C (top left), 20°C (top
right), 40°C (bottom left) and 60°C (bottom right). ............................................................. 189
Figure 8.12 Percentage of the geopolymer gel that was converted in crystalline zeolite for all
the crystallized GPs. The maximum value of 94.7% was obtained for a GP seeded with
colloidal faujasite seeds Ds-60-7. ......................................................................................... 190
Figure 8.13 Effect of seeding on the zeolite conversion % for GP with Na/Al=1.25,
H2O/solid=1.06 and curing temperature 60°C. ..................................................................... 191
Figure 8.14 Effect of seeding on the GP peak position (left) and GP% (right) for a
geopolymer with Na/Al=1 and H2O/solid=0.84 cured at 40°C. ........................................... 193
Figure 8.15 Left: effect of solution/MK, and indirectly of Na/Al, on the LTA% for GP cured
at 60°C with different seeding type. Right: effect of temperature and H2O/solid on the LTA%
for GP with Na/Al=1.25 seeded with colloidal FAU. .......................................................... 194
Figure 8.16 Effect of curing time and temperature on the LTA% of a GP with Na/Al=1.25,
H2O/solid=0.66 seeded with colloidal FAU. ........................................................................ 196
Figure A.1: Observed (in red) and calculated (in blue) diffraction patter of the sample E-60-7
with 25% of rutile as internal standard. On top of the diffractograms peak positions: rutile
ICSD 34372 as aqua bars, anatase ICSD 63711 as black bars, quartz ICSD 90145 as green
bars, zeolite LTA ICSD 24901 as fuchsia bars. GOF=6.0. .................................................. 234
Figure A.2: Observed (in red) and calculated (in blue) diffraction patter of the sample Cs-407 with 25% of rutile as internal standard. On top of the diffractograms peak positions: rutile
ICSD 34372 as aqua bars, anatase ICSD 63711 as black bars, quartz ICSD 90145 as green
bars, zeolite NaX ICSD 155683 as fuchsia bars. GOF=5.1. ................................................ 234
Figure C.3 FTIR peak positions associated with GP: effect of Na/Al (top left), H2O/solid (top
right), solution/MK (bottom left) and interaction between curing time and seeding (bottom
right). .................................................................................................................................... 238
Figure C.4 GP% obtained from the deconvolution of the FTIR spectra: effects of Na/Al (top
left), curing temperature (top right), curing time (mid left), seeding (mid right) and
solution/MK (bottom) ........................................................................................................... 239
Figure C.5 GP% obtained from the deconvolution of the FTIR spectra: interaction between
curing temperature and time (top left), curing temperature and seeding (top right), curing
xx

temperature and H2O/solid (bottom right) and curing temperature and Na/Al (bottom right)
.............................................................................................................................................. 240
Figure C.6 FWHM of the FTIR peak associated with GP: effects of Na/Al (top left),
temperature (top right) and solution/MK (bottom). .............................................................. 241
Figure C.7 FWHM of the FTIR peak associated with GP: interaction between Na/Al and
seeding (left) and H2O/solid and seeding (right). ................................................................. 241
Figure C.8 Area ratio of FTIR peaks associated with solids and H2O: effect of H2O/solid. 242
Figure C.9 Zeolite conversion % of GP as determined by QXRD: effects of curing
temperature (top left), curing time (top right), Na/Al (mid left), seeding (mid right) and
solution/MK (bottom). .......................................................................................................... 243
Figure C.10 Zeolite conversion % of GP as determined by QXRD: interaction between
curing temperature, curing time and Na/Al. Na/Al=0.75 (left) and Na/Al=1.25 (right). ..... 244
Figure C.11 Zeolite conversion % of GP as determined by QXRD: interaction between
curing temperature, curing time and seeding. GP without seeds (top left), GP with waterglass
seeds (top right) and GP with colloidal Faujasite (bottom). ................................................. 244
Figure C.12 LTA% of GP as determined by QXRD: effects of Na/Al (left), interaction
between seeding and Na/Al (top right), interaction between curing temperature and Na/Al
(mid left), interaction between H2O/solid , seeding (mid right) and effect of solution/MK
(bottom). ............................................................................................................................... 245

xxi

List of abbreviations and symbols
Abbreviations
2SIP

solvent separated ion pairs

AAM

alkali activated materials

ANOVA

analysis of variance

AS

activating solutions

BSE-SEM back scattered electrons - scanning electron microscope
CBC

chemically bonded ceramic

CIP

contact ion pairs

C-S-H

calcium silicate hydrates

DMA

dynamic mechanical analysis

DOE

design of experiment

DoF

degrees of freedom

DSC

differential scanning calorimetry

DTA

differential thermal analysis

EDX

energy dispersive X-ray spectroscopy

FA

fly ash

FAU

faujasite zeolite

FD

framework density

FI

factors interaction

FT-IR

Fourier transform infrared spectroscopy

FTIR-ATR Fourier transform infrared spectroscopy - attenuated total reflectance
FWHM

full width at half maximum

GP

geopolymer

ICSD

inorganic crystal structure database

LTA

Linde type A zeolite

MK

metakaolin

Ms

silica modulus: molar ratio SiO2/Na2O

NLSF

nonlinear least-squares data fitting
xxii

NWF

network former

OPC

ordinary portland cement

QXRD

quantitative X-ray diffraction

RH

relative humidity

SBU

secondary building units

SEM

scanning electron microscope

SE-SEM

secondary electrons - scanning electron microscope

SIP

solvent shared ion pairs

SS

sum of squares

SS MAS NMR

solid state magic angle spin nuclear magnetic resonance

TEOS

tetraethyl orthosilicate

TGA

thermogravimetric analysis

UCS

unconfined compressive strength

WG

waterglass, alkali silicates

XRD

X-ray diffraction

Symbols
α

reaction degree

β

reaction activity quotient and the equilibrium solubility product ratio

γ

interfacial energy

𝛾̇

shear rate

ΔG

Gibbs energy change

ΔH

enthalpy change

δ

phase angle

ε

extinction coefficient

η

viscosity

[η]

intrinsic viscosity

ϴSL

contact angle

ϑ

diffraction angle

λ

wavelength
xxiii

νi

stoichiometry coefficient

ρ

density

τ

shear stress

Φ

solid volume fraction

ω

angular frequency

ai

species activity

Eatt

activation energy

G

dynamic modulus

GP%

geopolymer conversion percentage

I

radiation intensity

J

Nucleation frequency

k

kinetic constant

kB

Boltzmann constant

Keq

equilibrium solubility product

LTA%

percentage of Linde type A zeolite

m

mass

mAS

mass of activating solution

mSP

mass of solid precursor

pKa

acid dissociation constant

r

reaction rate

R

gas constant

S

surface area

t

time

T

temperature

xxiv

Acknowledgements
I would like to express my deepest gratitude and respect to my supervisor Prof Tom
Troczynski for his patience and continual encouragement throughout the completion of this
work. My appreciation also goes to my supervising committee members: Prof Marek Pawlik
for his constant support and availability and Prof Lee Groat and Prof Wenying for their
valuable suggestions and ideas.
I also thank the faculty and staff at the material engineering department of the University of
British Columbia: Michelle Tierney, Gary Lockhart, Fiona Webster, Ross McLeod, Mary
Jansepar, Norma Donald, Sherry Legislador. Special thanks go to Kim Wonsang, Sally
Finora and Jacob Kebel for sharing their time and expertise with me.
Many thanks are also owed to the colleagues at the University of British Columbia for their
help and support: Carmen Oprea, Azadeh Goudarzi, Hamidreza Zargar, Hamed Karimi,
Tirdad Nickchi, Ryan Grutze, Megan Ho, Shubham Jain, Xin Lin, Mostafa Samadzadeh,
Antonio Natale, Mattia Bacca, Cristina Zanotti and Alberto Baltelli. I also would like to
thank Gilberto Artioli, Danilo Pedron, Joanna Mastalska-Popławska, Christophe Gadea, the
UBC Composite Research Network and Savvas Hatzikiriakos.
I am extremely grateful for all the sacrifices endured by my family, for their understanding,
for their love and their guidance. Grazie Ugo, Giovanna, Marco, Severino, Margherita,
Carlo, Margaret, Mattia, Nicca, Alberto, Andrea, Nicoletta, Marta, Gabriele. Thanks to all
my dear friends who accompany me in this journey: Thalia, Oscar and Marilu, Luis and
Patricia, Tirdad and Maryam, David and Gabi, Baseer, Pooya and Azadeh, Rory and Matt
Roik, Abdulrahman, Nick and Shannon, the Black Aces and A La Mode, Friday hockey and
everyone who showed up at McBride park.

xxv

Dedication
To my family,
for their unconditional love and support

“It is change, continuing change, inevitable change that is the dominant factor in society today. No sensible
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Zora ha la proprietà di restare nella memoria punto per punto, nella successione delle vie, e delle case lungo le
vie, e delle porte e delle finestre nelle case, pur non mostrando in esse bellezze o rarità particolari. Il suo
segreto è il modo in cui la vista scorre su figure che si succedono come in una partitura musicale nella quale
non si può cambiare o spostare una sola nota. L’uomo che sa a memoria com’è fatta Zora, la notte quando non
può dormire immagina di camminare per le sue vie e ricorda l’ordine in cui si succedono l’orologio di rame, la
tenda a strisce del barbiere, lo zampillo dai nove schizzi, la torre di vetro dell’astronomo, la edicola del
venditore di cocomeri, la statua dell’eremita e del leone, il bagno turco, il caffè all’angolo, la traversa che va
al porto. Questa città che non si cancella dalla mente è come un’armatura o reticolo nelle cui caselle ognuno
può disporre le cose che vuole ricordare: nomi di uomini illustri, virtú, numeri, classificazioni vegetali e
minerali, date di battaglie, costellazioni, parti del discorso. Tra ogni nozione e ogni punto dell’itinerario potrà
stabilire un nesso d’affinità o di contrasto che serva da richiamo istantaneo alla memoria. Cosicché gli uomini
piú sapienti del mondo sono quelli che sanno a mente Zora. Ma inutilmente mi sono messo in viaggio per
visitare la città: obbligata a restare immobile e uguale a se stessa per essere meglio ricordata, Zora languí, si
disfece e scomparve. La Terra l’ha dimenticata.” - Italo Calvino
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1. Introduction

1.1. Role of geopolymers in sustainable development
The history of human progress has been a succession of challenges, discoveries, innovations,
mistakes and improvements. This inexorable progress has not been a linear process and the
foundation of its latest flare was laid in the scientific revolution, initiated by Kopernik,
Newton and Galileo in the 16th and 17th centuries. Driven by the scientific method and
intellect rather than tradition and reverence, human knowledge and capabilities increased
until a breaking point: the discovery of steam engine and the sequential widespread use of
coal [1].
Suddenly an unprecedented supply of power was accessible to mankind and it triggered a
chain reaction of inventions and innovations: the industrial revolution. Power allowed
mankind to scale up mining operations and extract and process different minerals. Electric
power stations could be built without the need of dams thanks to coal, which also propelled
other industrial sectors, such as the chemical industry. It also made economically and
practically viable processes such as the synthesis of Portland Cements and the whole iron
industry which are energetically expensive. Also pre-existing industries, such as the
manufacture of textiles, were affected and manual labour was gradually replaced by
machinery which led to an increase in production capacity.
Henceforward human condition changed dramatically and its development and progress has
been linked with changes in the Earth’s environment. Greenhouse gas emissions have
increased ever since, and air and water pollution due to mineral and industrial activities has
posed big challenges on population health. New challenges have been raised, such as
recycling and/or disposal of by-products generated from the coal-power plants and the steel
industries, mining industries - such as mine tailing and red mud - and energy industry radioactive waste. Today, mankind needs to shift its focus from just social and economic
development to sustainable development in all aspects, where decision-makers should take in
consideration the repercussions on society and environment and not only on economy.
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When seeking effective solutions to the abovementioned problems we need to develop
technologies that can be easily implemented worldwide and can be tailored to adapt to
different conditions. Among the main materials that fostered human development, silicon has
had a key role and the complexity of its chemistry is second arguably only to carbon and iron
[2]. The glass, semiconductor and construction industries are all based on silicon, thanks to
its unique chemical and physical properties. In particular most of conventional ceramic
materials are based on silicate and aluminosilicate materials. If we exclude oxygen, silicon
and aluminum make approximately 2/3 of the total mass of the Earth’s crust, thus any
technological solution based on aluminosilicates can be easily implemented in large scale
worldwide at relatively low cost [3].
In particular, a new class of materials named GeoPolymers “GPs” have shown great potential
to substitute Portland Cement as inorganic binder in construction applications, cut CO2
emissions generated during calcination of raw materials, recycle large quantities of industrial
and mineral waste, while allowing encapsulation of toxic and radioactive waste materials [4].
Additionally, GPs can be used in advanced environmental and industrial applications, such as
water purification [5], [6], production of membranes [7] etc. This work focuses on
developing functional metakaolin based geopolymers which can address many of the
abovementioned challenges. The principal objective of this work is the identification of the
main processing parameters that control the synthesis and structure of advanced
geopolymers. Particular attention is given to develop a better understanding of the
interrelations between processing, structure, properties and performance of GP.
1.2. Inorganic binders
This section is not intended to be a complete review of all inorganic binders, but to introduce
the reader to this class of material, also called cements. GP science and cement science have
many aspects in common and ultimately GP performances need to be compared to ones of
other cementitious systems (Section 2.2.4.2). Binders are usually mixed with a liquid to form
viscous slurry that hardens over time to form an artificial “stone”. Inorganic binders are the
core materials of construction industry and they are seldom used by themselves: they are
rather combined with sand to form mortar or with sand and aggregate to produce concrete.
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Concrete is the second most used material by man after water: 33Gt of concrete were poured
in 2010 [1]. It has brought numerous benefits to human society, for instance parasitic
diseases are reduced in residential areas where concrete flooring is used, while economic
activities and value of land and rental increase [1].
The pursuit of alternative inorganic binders stems from the high CO2 impact that the cement
production is associated with. Around 5% of the total anthropogenic CO2 emissions come
from cement production, with an approximate ratio of 0.815 t CO2 / t OPC: 0.425 t from raw
materials calcination (e.g. SiO2 + 3CaCO3  3CaO∙SiO2 +3CO2) and 0.390 t from fuels [8].
Nonetheless, the embodied energy of OPC, i.e. 1MJ/kg, and its CO2 emission per ton of
material is among the lowest compared with other construction materials. Steel and
aluminum emit approximately 3 and 5 times more CO2 on a weight base, while their
embodied energies are roughly 21.5 MJ/kg and 240 MJ/kg [8]–[11]. It is the sheer amount of
OPC production that causes the problem: 82.8x106 ton only in US during 2015 worth $10
billion in sales [12]. Thus, any small improvement can have a huge effect in terms of energy
savings and CO2 emissions reduction.
The first binder discovered by mankind over 5000 years ago was gypsum and it is based on
the hydration reaction of calcium sulfate hemihydrate CaSO4∙0.5H2O with water to produce
calcium sulfate hydrate CaSO4∙2H2O. The calcium sulfate hemihydrate is obtained by
calcining gypsum at approximately 120°C. Another historic inorganic binder is obtained by
calcining calcium carbonate at 900°C to produce lime CaO, a binder that upon reaction with
water forms hydrated lime Ca(OH)2, which with time reverts back to CaCO3, by picking up
atmospheric CO2. Both gypsum and lime are non-hydraulic binders as they cannot be
exposed for prolonged amount of time to moisture or water [11]. Another type of nonhydraulic binder was invented in 1867 by Sorel [13]: the magnesia cement, based on the
reaction of magnesia MgO and magnesium chloride Mg(Cl)2 with water to produce solid
magnesium chloride hydrates which are fairly soluble in water [14].
The first hydraulic binder was discovered by the Romans and reported in 1 year of BC by
Vitruvius in the book “De Architectura”. Romans added volcanic silica-rich ashes from
Pozzuoli, an Italian city near Naples, to a lime binder. The reaction between the amorphous
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silica SiO2 in the ash and the lime Ca(OH)2 produced calcium silicate hydrates, also called CS-H, Figure 1.1 [15]. This cement had the ability to set and harden under water and showed
improved properties in term of flexural strength and durability. Because of these
characteristics Roman cement structures such as the Colosseum, the Aqua Claudia aqueduct
and the Pantheon have lasted 2000 years until nowadays, and likely will last for thousands
years more, Figure 1.1.

Figure 1.1 Left: Pantheon “temple of every god” in Rome built using roman cement 2000 years after its
construction. Right: Schematic structure of the C-S-H, main hydration product of roman and modern cements:
A 2-D sheet of 7-coordinated Ca ions share oxygen’s with depolymerized "dreierketten”chains of SiO 4
tetrahedra. Qn represents the connectivity “n” of the silica tetrahedra [15].

For the modern cement as we know it we had to wait until the 1786 AD (Parker cement) and
1824 AD (Portland cement patent by Joseph Aspdin) [16]. The invention consisted in
calcining a precise amount of ground limestone and clay at a temperature of about 1400 °C 1500 °C to produce the “clinker” and by grinding the clinker to obtain a highly reactive fine
powder. The main phases in the Ordinary Portland cement (OPC) are the tricalcium and
dicalcium silicates, which produce C-S-H and hydrated lime Ca(OH)2 upon hydration, Table
1.1. ASTM C150 specifies the different types of OPCs, ASTM C595 described different
blended cements and ASTM C1157 divides the cements based on their performances.
Similarly in Canada the CAN/CSA-A3000 Cementitious Material Compendium describes in
details the different classes of cementitious materials. Blended cements are obtained when
Portland cement is mixed with different supplementary cementitious materials (SCMs) which
have pozzolanic properties and react with the Ca(OH)2 to produce even more C-S-H. The
most common pozzolanic materials used in OPC are fly ashes class F (low in CaO), natural
4

pozzolanas, silica fumes and metakaolin [17]. Compared with OPC, SCMs are richer in SiO2
and Al2O3, Figure 1.2.

Table 1.1 Main mineralogical phases in Portland cement clinker, their shorthand notation and weight
percentage [17].

Shorthand
notation
C3 S

Chemical
name
Tricalcium silicate

Mineral
name
Alite

chemical
formula
Ca3SiO5

weight %
in clinker
50-70

C2 S

Dicalcium silicate

Belite

Ca2SiO4

15-30

C3 A

Tricalcium aluminate

Celite

Ca3Al2O6

5-10

C4AF

Tetracalcium aluminoferrite Brownmillerite Ca4Al2Fe2O10

5-15

Another type of inorganic binder is calcium aluminates cement, CAC, obtained from
calcination of limestone with bauxite at 1450-1600°C. The resulting powder hydrates
quickly, it has a better resistance to sulfate solutions than OPC and it can be used as
refractory cement, a heat-resistant type of binder used to produce refractory castables [17].
All those binders have in common is the high percentage of calcium which makes the cement
basic and has the ability to form almost insoluble salts at high pH with most anions, such as
SO42-, OH- and CO32-, and oxyanions, such as [SiOx(OH)4-x]-x and [AlOx(OH)4-x]-x-1 . The
presence of calcium is also the weak characteristic of those binders, which is the sensitivity
to attack by acidic solutions. Moreover, since limestone CaCO3 is used as raw material for
their production, these binders emit a significant amount of carbon dioxide: CO2 accounts for
44% of the molecular mass of CaCO3 which adds up to emissions generated by the fossil
fuels burnt in the kilns.
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Figure 1.2 Left: CaO–Al2O3–SiO2 ternary diagram of cementitious materials [18]. Right: Main oxide weight %
of selected materials used as inorganic binders.

A different class of inorganic binders is the Chemically Bonded Ceramics (CBCs) which are
obtained by the reaction of two components, one acidic and one alkaline. GPs belong to this
class of material: the solid aluminosilicate powder is the acidic component and the hardener
is the alkaline component. Other CBCs also exist, for example polyalkenoate, oxy-chloride,
and oxy-sulfate cements [19]. Another large class of CBCs are the phosphate chemically
bonded ceramics extensively described by Wagh [19]. In this case the acidic component is
the liquid phosphate (e.g. diluted phosphoric acid), while the basic component is an oxide
powder such as zinc oxide ZnO, magnesium oxide MgO, calcium oxide CaO, wollastonite
CaSiO3, magnetite Fe3O4, wustite FeO and alumina Al2O3 [19], [20].
The CBCs can be considered as an intermediate class of materials between ceramics and
conventional hydraulic cements. Conventional ceramic materials are crystalline materials
stable at high temperatures but their synthesis requires sintering at high temperatures i.e.
T>1000°C, and elevated pressures. Hydraulic binders are mainly amorphous materials that
can be prepared at room temperature and they lose their structural integrity at relatively low
temperature, i.e. T=100-300°C. CBCs can be processed at near room temperature and retain
their cohesion at temperatures up to 1000°C and beyond. Their applications span from
construction materials to refractory cements, dental cements, corrosion and fire protection
coatings, material for toxic and radioactive wastes encapsulation [20].
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1.3. Motivation
In this dissertation the transformations which occur during the synthesis of metakaolin based
geopolymer were investigated in term of processing parameters. While much work was done
in the field of constructional cements, there was no fundamental understanding of the
reactions that can lead to the production of functional materials which exploit the zeolitic
properties of the geopolymer. The knowledge gap led to inconsistent GP properties which
hindered their uses in advanced technologies. This research aimed to advance the knowledge
in this field and to produce geopolymers with tunable structures and properties for industrial
and environmental applications. While Chapters 6 and 8 focus mostly on functional NaOHbased geopolymers, Chapters 5 and 7 provide important insights on both constructional and
advanced GPs.
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2. Literature review

2.1. Introduction to geopolymers
2.1.1. Geopolymers and their terminology
Geopolymerization is a technology that converts aluminosilicates to advanced inorganic
binders, i.e. geopolymers (GPs), which show performance advantages in respect to
traditional binders e.g. Ordinary Portland Cement (OPC). The advantages span from better
resistance to acid and sulfate attack, thermal stability, possibility of heavy metals
encapsulation, durability, etc. Geopolymers are also attracting increasing attention due to two
additional factors: the need to lower the CO2 emissions during processing of cementitious
binders, such as OPC, and to recycle industrial waste otherwise intended for disposal in
landfills. The properties and applications of geopolymers will be further covered in Section
2.1.3.
From a structural point of view GP consists of the atomic lattice of condensed silica and
alumina tetrahedra with alkali cations balancing the negative charge on aluminum [21]–[23].
In fact the main difference between geopolymers and OPC lays on the nature of the network
former (NWF): in OPC the main NWF is calcium (see Figure 1.1), while in GP is silicon and
aluminum. Calcium can also be present in GP, but in this case it has a charge-balancing role.
As calcium is a metal with electronegativity 1.00, it forms mostly ionic bond with oxygen.
Silicon and aluminum instead are semimetals with electronegativity 1.90 and 1.61
respectively, thus they form mostly covalent bonds with oxygens. The general empirical
formula of a geopolymer can be expressed as in EQ. 2.1 [22]:
Mn ∙ ( (SiO2)z ∙ (AlO2) )n ∙ wH2O

EQ. 2.1

where “M” is an alkali metal cation such as K+ or Na+, “n” is the degree of polycondensation,
“z” usually varies between 1 and 3 and “w” is the water content. This formula explicitly
expresses the alumina in tetrahedral coordination, i.e. AlO2-, and the correct stoichiometry of
a charge-balanced composition.
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This formula closely resembles the one of zeolites, a class of hydrous aluminosilicate
frameworks which will be later described and their formula can be written as in EQ. 2.2 [24]:
Mx/mm+ ∙ ( Si1-xAlxO2) ∙ wH2O

EQ. 2.2

xM2O∙yAl2O3∙zSiO2∙wH2O

EQ. 2.3

EQ. 2.3 represents an alternative way to express the chemical formula of geopolymer
independently from the degree of polycondensation, where x, y, z, and w are the moles of
alkaline oxide, silica, alumina and water [25]. This chemical formula will be used within this
manuscript to identify and compare different geopolymer compositions. The GP
compositions can then be expressed in a contracted form by indicating the oxides moles
separated by a hyphen, e.g. 1-1-2-11 stands for 1M2O∙1Al2O3∙2SiO2∙11H2O.
Most GPs are prepared from 2-components systems which include a solid aluminosilicate
powder and an alkaline solution often referred as activating solution, alkaline solution or
hardener. Upon mixing the flowable slurry polymerizes (“ hardens”) at temperatures ranging
from T≈0°C up to T=85°C [22]. One-component geopolymers have also been investigated
but will not be covered in this work. The suitable aluminosilicate powders for
geopolymerization can be roughly divided into two classes: 1) Thermally activated alumino
silicates, including especially but not exclusively clay minerals containing kaolin [26]; 2)
Industrial by-products in which the alumina and silica bearing wastes have been subjected to
high temperature and then abruptly cooled to room temperature. The two most used
industrial by-products in GP applications are ground granulated blast furnace slag (GGBFS)
and fly ash (FA) generated by coal-fired power plants [27]. On the contrary of OPC, the solid
components of geopolymer do not require the calcination of carbonate-bearing minerals
associated with CO2 emissions. Kaolin does not contain calcium and can be calcined at lower
temperature (i.e. T=750°C) compared with OPC (i.e. T=1450°C). Fly ash and GGBFS can be
considered as already thermally activated due to the high-temperature processes that generate
them.
The first conceptual mechanism for geopolymerization was elaborated in 1959 by
Glukhovsky in order to explain the reactions involved in the formation of the new binders he
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was developing. It was named “soil cement” and obtained from ground aluminosilicate and
rich alkalis industrial wastes [28]. Glukhovsky model described the geopolymerization
reactions in three steps:
1. destruction - coagulation
2. coagulation - condensation
3. condensation - crystallization
These stages are so defined because they cannot be isolated; for example the dissolution
reaction proceeds simultaneously with the gel formation and the polycondensation setting
reactions. In other words, the first step represents the hydrolysis of the Si-O-Al bonds of the
powder and the release of small oligomers in the alkaline solution, while the second step
represents the condensation of those small oligomers to form a 3D network of silica and
alumina [29].
Many researchers refer to geopolymers as “alkali activated aluminosilicates” and thus
geopolymerization could be defined as “alkali activation of aluminosilicates”. However, the
precise definition of geopolymer and the boundaries between geopolymers and nongeopolymers are still a matter of debate nowadays among GPs scientists. Additionally,
several other denominations have been given to this class of materials [30]: alkaline cements,
alkali-activated materials, alkali-bonded ceramics, geopolymer cements, geopolymeric
cementitious compounds, geocements, poly(sialates), mineral polymers, inorganic polymer
concretes, hydroceramics, etc. [4], [21], [28], [31]–[33]. Some authors used the term
geopolymer only when the reaction product is a zeolite with amorphous to semi-crystalline
characteristic [34]. Further confusion arises when geopolymerization is compared with
pozzolanic reactions, which is the acid-base reaction between calcium hydroxide and reactive
silica [34].
The term geopolymer was coined by Joseph Davidovits. He initially defined them as
polysialates in his first patent related to GPs: Polymère Minéral FR 79.22041, later translated
as “Mineral polymers and method of making them” [35]. Later on he renamed this class of
material as geopolymers [22], [23], [36]: “For the chemical designation of geopolymer based
on silico aluminates we suggested poly(sialate). [...] Poly(sialates) have this empirical
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formula: Mx(-(SiO2)z-Al2O)n, wH2O wherein “z” is 1,2 or 3;...” [22]. In 1979 he cofounded
with his family the French private research company “Cordi-Géopolymère” and in 1979 he
founded the Geopolymer Institute focused on GP science communication and this certainly
helped the diffusion of his terminology. Since then the number of scientific papers using the
term geopolymers increased exponentially, Figure 2.1.

Figure 2.1 Number of scientific papers using the geopolymer terminology since 1991 [37].

Davidovits then proposed that geopolymer is not an alkaline activated aluminosilicate but
rather a mineral compound consisting of repeating units created through the process of
geopolymerization [38]. This definition shifted the attention on the geopolymerization
process itself, which in turn he defined as the process of combining small molecules, i.e.
oligomers, in basic or acid medium into a covalent bonded network. This more general
definition allows the inclusion of phosphate-based geopolymers, which are the products of
the acid-base reactions between inorganic oxide and an acid phosphate.
Table 2.1 compiles the nomenclature used to describe various components of geopolymer
systems [38]. When the chemical unit blocks form small chains or rings the name of the
compound has the prefix “oligo” followed by the name of the building block (e.g.
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oligosialate). When the unit blocks form big macromolecules the name of the compound has
the prefix “poly” followed by the name of the building block, e.g. poly(sialate-disiloxo).

Table 2.1 Geopolymer nomenclature [38].

Chemical unit

Nomenclature

-Si-O-Si-O-

siloxo

-Si-O-Al-O-

sialate

-Si-O-Al-O-Si-O-

sialate siloxo

-Si-O-Al-O-Si-O-Si-O-

sialate disiloxo

-P-O-P-O-

phosophate

-P-O-Si-O-P -O-

phospho siloxo

-P-O-Si-O-Al-O-P-O-

phospho sialate

-R-O-Si-O-Si-O-R-O-

organosiloxo

-Al-O-P-O-

alumino phosphate

-Fe-O-Si-O-Al-O-Si-O-

ferro sialate

There is an ongoing debate about GP terminology. In this work, unless otherwise specified,
geopolymer will be considered as a low-calcium alkali activated aluminosilicate cement with
a Si/Al≤3 [4], consisting of condensed silica and alumina tetrahedra with alkali cation
balancing the negative charge on aluminum. Thus it is the four-fold coordination and
tetravalence of aluminum that defines geopolymers, as specified in [21], [23].
2.1.2. Types of aluminosilicate geopolymers
Aluminosilicate GPs are Chemically Bonded Ceramics (CBC) and they are processed using
two components: the solid component is acidic and typically composed of silica and alumina
whereas the liquid component is alkaline and can be referred to as hardener (or “activating
solution”). In principle all materials containing silica and alumina are suitable for
geopolymerization. In practice the silica and alumina must be sufficiently reactive for the
geopolymerization reaction to be significant; the more reactive the component containing
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alumina and silica is the more and faster they will be converted into a geopolymer. For this
reason chemical analysis of the raw materials is not enough and X-ray diffraction techniques
should be used to determine the amount of amorphous, and thus more reactive, phases in the
aluminosilicate solid precursors [39]. Crystalline materials are more resistant to the
geopolymerization reactions [40].
Activating solutions mainly consist of concentrated alkaline metal hydroxides solutions, such
as sodium hydroxide NaOH and potassium hydroxides KOH, or concentrated soluble silicate
solutions of sodium or potassium (further described in Section 2.2.3.)
As previously mentioned, defining the boundary between GPs and non-GPs systems is often
not straightforward and once again calcium is at the center of the discussion. According with
the RILEM technical committee [4] GPs are a subcategory of AAMs (Alkali Activated
Materials) with low calcium content and high alumina content, Figure 2.2. Davidovits did not
agree with this classification and according to him: geopolymers are not gels or precipitates
but polymers, and thus the scientific community should follow the polysialate nomenclature
[22]; AAMs leach sodium while GPs do not. He also stressed that “GP is a concept, not a
product” [37]. The debate is complicated by Davidovits not actively publishing in scientific
journals but rather communicating through the Geopolymer Institute’s medias [37].
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Figure 2.2 Classification of AAMs according with RILEM [4]. GPS are considered a subgroup of AAMS with
low calcium and high alumina content.

Davidovits further suggested that the difference between an alkali activate slag and a GP
based on slag is that the second material includes metakaolin Al2Si2O7, which increases the
alumina content and decreases the overall calcium content. This is essentially the same as the
description given by RILEM committee, Figure 2.2. While most of AAMs have C-S-H as
reaction product, GPs reaction products are made of a 3D network of alumino-silicates,
Figure 1.1 and Figure 2.15. The leaching of sodium from AAMs is equivalent to the cation
exchange properties of GPs containing crystalline zeolite: the higher the alumina content the
higher the AAMs ability to exchange Na+ with H+ in solution [41]. Poly(sialate) based on
NaOH and MK belongs to this category of low Si/Al geopolymers.
Several exhaustive reviews on AAMs are available [4], [42]–[45]. For instance Shi [45]
described these systems complexity and the possible permutations of raw materials. Many
other types of geopolymers have been studied which adopts different industrial waste as raw
materials [46]: rice husk ashes, palm oil fuel ashes, incineration products of sludges, coal
bottom ashes, silico-manganese slag, mineral processing tailings such as red mud and mine
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tailings, catalyst residues from petroleum refineries, waste glasses and ceramics. In his book
[38] Davidovits classified the GPs based on kaolinite, metakaolin, metakaolin with slag, rock
based geopolymer (based on calcined clays containing Fe2O3), silica based geopolymers
(based on rice-husk or silica fume), fly ash based geopolymers and phosphate based
geopolymers.
The reason why many researchers prefer not to use the term AAM is to avoid the association
with the alkali silica reactions, including a reaction in OPC concrete between the aggregate
and calcium hydroxide which leads to expansion, crack formation and concrete degradation
[17]. However, alkali silica reactions with the aggregate do not occur in AAM and GP
concrete [38]. The advantage of having a soluble silicate over the alkaline hydroxides lies in
the relatively lower pH which makes the materials easier to handle. Based on this concept the
AAMs can be divided into user-friendly (pH = 11 to 13) or user-hostile (pH = 13 to 14.2).
On this topic a recent patent “Geopolymeric cement based on fly ash and harmless to use”
[47] on GPs using soluble silicates with a ratio SiO2/Na2O>1.28 has been granted.
In this manuscript we will consider alkali-activated metakaolin as GPs: “In general,
aluminosilicate binder materials activated by alkali hydroxides or silicates under high-pH
conditions are classified as being geopolymers,...” [30]; “The activator will usually be an
alkali metal hydroxide or silicate” [4].
2.1.3. Geopolymers properties and applications
The wide range of the reported GP compositions and processing conditions reflects their
possible wide range of applications. GP can be cheap, fire resistant, emit during processing
low amount of CO2 compared with OPC, can quickly set and develop high compressive
strength at room temperature, have low permeability and low leaching, low thermal
conductivity, be acid resistant, have low shrinkage, have high cation exchange capacity [38].
Nonetheless, the composition and preparation of GP needs to be tailored in order to
maximize the desired properties based on the application and often compromises need to be
made. As Duxson observed: “Inorganic polymers should not be considered a universal
panacea for all material selection problems, but rather a solution that may be tailored by
correct mix and processing design” [29].
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According with Davidovits the main parameter regulating the properties of the geopolymers
is the ratio silica over alumina [38], [48]. Geopolymers with a Si/Al between 1 and 2 find
applications as alternative construction materials such as low and high strength concrete,
bricks and tiles, fire and acid resistant coating and binders for mining and nuclear waste
encapsulation [38]. Higher Si/Al ratio leads to geopolymer with high temperature and fire
stability with application such as ceramic for molding, fire proofing and heat resistant
composite [49].

Figure 2.3 Names, structures and applications of geopolymer at different Si/Al ratio [38].
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For instance, GPs based on metakaolin, slag and potassium silicates can be used in the
following applications [48]: fire resistant wood panels; insulated panels and walls; decorative
stone artifacts; foamed (expanded) geopolymer panels for thermal insulation; low-tech
building materials; energy low ceramic tiles; refractory items; thermal shock refractory;
aluminum foundry application; geopolymer cement and concrete; fire resistant and fire proof
composite for infrastructures repair and strengthening; fireproof high-tech applications and
coatings, aircraft interior, automobile and high-tech resin systems.
The geopolymer technology has great potential in connection with the recycling of industrial
by-products such as red mud and mine tailings. Hazardous industrial by-product containing
clay minerals can be calcined and activated at moderate temperatures to produce a precursor
material [50] for stabilization purpose or to be used as a binder for cemented paste backfill
[51], [52]. Finally GPs can substitute Portland cement also in future technologies, such as
3D printing of geopolymer structures and artifacts [53], [54]. Geopolymer foams have good
thermal insulation properties [55]; additionally, they can be also used to remove copper and
ammonia from wastewater [56]. Other advanced applications will be covered in Section 2.4.
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Figure 2.4 Comparison between selected properties of inorganic binders: Ordinary Portland Cement (OPC),
geopolymer based on slag, metakaolin and soluble silicate (GP Slag), geopolymer based on fly ash and soluble
silicate (GP Slag), geopolymer based on metakaolin and soluble silicates (GP MK-WG), and geopolymer based
on metakaolin and alkali hydroxides (GP MK-MOH). The data are compiled from [4], [32], [38], [57]–[60]

Figure 2.4 illustrates selected properties of GPs and different binders obtained using different
raw materials; high values in the web chart are desirables. The data, compiled based on [4],
[32], [38], [57]–[59], are not quantitative but an indication of material performance when
compared with each other. The main advantages of OPCs are their low cost, processability
and low temperature reactivity; per contra they have low durability and chemical resistance
in comparison with GPs [61] and relatively low temperature resistance [17].
GPs based on slags can quickly harden at room temperature and have relatively high
unconfined compressive strength (UCS), typically in the range of 30 to 70 MPa [60]. Their
chemical resistance is however inferior to low calcium GPs and they have no important
functional properties [4]. Their main application is low CO2 cement and concrete and
companies such as Wagner developed and successfully implemented this material,
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trademarked as “Earth Friendly Cement” [37]. GPs using industrial waste product such as
slag and fly ash are usually cheaper than GPs using thermally activated clays since there is
no calcination operations involved.
The highest cost of GP raw materials are usually activating solutions, in particular sodium
silicate is much more expensive than sodium hydroxide (i.e. typically $800/t vs $125/t), and
its synthesis is associated with higher values of CO2 emissions [32]. Although soluble
silicates can retard the setting reaction at low temperatures compared with sodium
hydroxides [25], it is widely accepted that they lead to a denser microstructure and higher
UCS of the resulting GP [58], [62] and increase its chemical resistance [41], Figure 2.5. On
the other hand, using soluble silicate decreases the crystallinity of GPs, reduces their cation
exchange capacity, and decreases their melting point from about 1256°C to 1065°C, Figure
2.5. Usually geopolymers do not contain albite and nepheline crystalline phases, they are
amorphous or they crystallize as zeolites. Nonetheless these two phases can form when
geopolymers are heated at elevated temperatures, T≈800°C.
Fly ashes based GPs are usually the easiest to process due to FA spherical morphology, while
metakaolin based GPs have higher viscosity and thus require additional water or solution to
be processed (e.g. cast), which usually increases the porosity and weakens the final product
[63]. Synthetic zeolites are not cements since they are prepared in highly diluted solutions
and thus have no binding characteristics.
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Figure 2.5 Effects of increasing Si/Al ratio through the use of sodium silicate in metakaolin-based GPs. Left:
Effects on compressive strength and young modulus [58]. Right: phase diagram of nepheline-albite,
corresponding to a GPs with Si/Al ratio of 1 and 3 respectively [64].

One of the main obstacles to the widespread use of GPs cements and concretes as a low CO2
alternative to OPC is coming from regulatory bodies, i.e. the presciptive nature of the
standard ASTM C150 and ASTM C595, which makes the use of Portland Cement
mandatory. This is also the case in Europe with the standard EN 206-1 and EN 197-1. The
only current standard that permits the use of GPs and AAMs is the performance based
ASTM C1157 [10], which is only accepted in 5 out of 50 states in the US [4].
2.2. Metakaolin - based geopolymers (MK-based GP)
2.2.1. Historical perspective
The dawn of AAMs as alkali activated slags lays in the work of Purdon in 1940 [65] and
Glukhovski in 1959 [28], nevertheless slags were already used in combination with lime and
as supplementary cementitious material in OPC during the 19th century [66].
The birth of geopolymers is associated instead with metakaolin (MK), when Davidovits was
developing fire-proof binders in response to a series of catastrophic fires in Paris [48]. In
1974 Davidovits developed decorative ceramic panels bonded by organic polymers [67], and
then he worked on the production of ceramic plates from clays and sodium hydroxide by hotpressing at 150°C [68]. According to him the first geopolymer patent dated back in 1982 and
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was based on geopolymerization of MK at low temperatures [35]. Also his following papers
in regard to geopolymers were focused on this material [22], [23], [49]. The main difference
between AAMs based on slag and a GPs based on slag seems to rely on the addition of MK
to the latter. A subcategory of geopolymers made of metakaolin, waterglass and sodium
hydroxide are described in the patent [35] where the composition range is expressed as
follows:
Table 2.2 Chemical compositions of geopolymers according to [35] .

ratio

min

max

Na2O / SiO2

0.20

0.28

SiO2 / Al2O3

3.5

4.5

H2O / Na2O

15

17.5

Na2O / Al2O3

0.8

1.2

The resulting paste had the viscosity of a resin and should be cured at temperature between
25°C and 120°C. The higher the temperature the shorter the curing time required: at T=25°C
the setting takes more than 15 hours, while at T=85°C the setting takes about 1.5 hours. The
use of fly ash in geopolymer started only in the 1994 with Wastiels [69].
Davidovits’s work was followed by Palomo in 1992 who studied chemically bonded cements
based on MK [70]. In 1996 Rahier extensively investigated geopolymers 1.0-1.0-3.4-10.0
(nomenclature in Section 2.1.1) which he named “Low Temperature Inorganic Polymer
Glass” LTIPG. By using NMR, DSC, DMA (dynamic mechanical analysis) and other
techniques he proved that a unique reaction stoichiometry exists, in which 1 mole of Na2O is
needed for each mole of Al2O3. Different stoichiometry resulted in unreacted metakaolin or
in an excess of solution that is entrapped in the geopolymer [59–62].
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In 1998 Granizo et al. used isothermal calorimetry to investigate the reaction kinetics
between metakaolin and sodium hydroxide for geopolymer with high solution/solid and a
Na/Al>1 [75]. The geopolymerization reactions were found to be exothermic: after a rapid
exothermic peak associated with MK dissolution an induction period was detected, followed
by an intense and asymmetric exothermic peak associated with polymerisation and
crystallization. The duration of the induction period increased by increasing solution content
or ionic strength, i.e. sodium hydroxide concentration [75].
The first experimental evidence of the superior sulfate resistance and durability of
geopolymer mortar over OPC was experimentally determined by Palomo et al in 1999: the
flexural strength of metakaolin activated with soluble silicates at 85°C for 2 hours did not
decrease after 270 days exposure to aggressive liquids [61].
Barbosa and Kriven focused on the thermal stability of GP [76]–[80]. In 2000 Barbosa [76]
performed a statistical analysis of the effects of the processing parameters including
Na2O/SiO2, SiO2/Al2O3, H2O/Na2O on the properties of geopolymers with Si/Al>1.6 cured
at 65°C for 2.5 hours. Although the aluminum in each variant of such geopolymers was
mainly IV-coordinated,
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Si NMR data revealed that the soluble silicates did not react with

the MK when an excess of water was used. For those samples the formation of sodium
carbonates was also observed.
Barbosa then compared the high temperature stability of their best sample of the composition
1.00-1.21-3.99-10.00 with a poorly-formulated sample which had an excess in sodium and
water: 1.00-0.88-3.33-17.50. Small shrinkage (ΔL/L≈3%) was observed for both samples at
temperature of T=200°C due to water evaporation and at 800°C due to crystallization and
densification. The onset of melting of GP 1.00-1.21-3.99-10.00 was T=1300°C. An excess of
sodium induced nepheline NaSiAlO4 crystallization at 800°C and reduced the onset of
melting to 1100°C [77]. A similar study on potassium-based GPs revealed that these GP are
stable up to 1400°C and that crystallization of nepheline and kalsilite KSiAlO4 are favorable
at low Si/Al [78].
In 2003 Kriven explored sodium GP with composition 1.00-1.00-3.33-11.00 and potassium
GP with composition 1.00-0.83-3.34.11.00 adopting different curing routes [79]. Fully
22

reacted GP were obtained by autoclave curing at 85°C and 20MPa for 24h. The GPs were
made of nanoparticulates and nanopores of approximately 10nm size which were stable up to
1000°C [79]. The bending strength of the potassium GP was improved 5-fold by using basalt
fibers reinforcement, to 10.3 MPa; the work of fracture also increased dramatically (to 21.8
J/m2) due to fibers pullout from the GP matrix. A successive research proved that potassium
geopolymer mold can endure multiple pouring cycles of molten diferrous silicide Fe2Si at
1450°C [80].
About the same time period the Melbourne research group started its research as well,
focusing on the geopolymerization potential of different minerals, fly ashes and metakaolin
[39], [81], [82]. Many fundamental studies were done by this team and they will be presented
in the following Sections.
2.2.2. The solid precursors to GP: metakaolin
Metakaolin, also called metakaolinite, is an amorphous reactive aluminosilicate obtained by
calcination (heat treatment at 600 to 750°C [83]) of kaolin, also called kaolinite. The dehydroxylation reaction has the following form:
heat

Al2 Si2 O5 (OH)4 →

EQ. 2.4

Al2 Si2 O7 + 2H2 O

The reaction kinetics depends both on the kiln technology and the operating temperature. The
de-hydroxylation of kaolin has been studied with TGA-DTA and the reaction has a
maximum rate at 530°C; however XRD analysis suggests that kaolinite fully reacts when
temperature is higher than 650°C. Specific surface area reaches a maximum at 750°C,
thereafter sintering of metakaolin particles occurs and thus their reactivity decreases [83]. If
the calcination temperature is higher than 980°C, the metakaolin decomposes into aluminasilica spinel Al4Si3O12 , mullite Al6Si2O13 and silica [84]. Thus the optimum calcination
temperature for good metakaolin reactivity is 750°C ± 100°C; the use of lower or higher
temperature leads to lower-reactivity materials and to poorer quality geopolymers.
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The different reactivity of metakaolin can be explained based on the coordination of the
aluminum atoms. During dehydroxylation the octahedral aluminum can assume two different
configurations, it can be either tetra-coordinated or penta-coordinated, depending on the
dehydroxylation mechanism. The existence of a minor percentage of tricoordinated
aluminum atoms was also observed [85][86]. X-ray and neutron pair distribution function
data and density functional modelling have also shown how the buckled alumina layer
induce a distortion in the silica layer [85] [86] . The hydrolysis of metakaolin with aluminum
atom in V-fold coordination is faster than metakaolin with tetracoordinated aluminium [38].
Most of mineral deposits of kaolinite contain at least a 5% of impurities, mostly quartz SiO2,
halloysite Al2Si2O5(OH)4 and anatase TiO2. Synthetic metakaolin can be prepared in order to
minimize the effect of impurities during the process of geopolymerization. This can be
obtained through sol-gel route using TEOS and aluminum nitrate [87] or aluminum
isopropoxide [88], [89], and by steric entrapment method [90], [91]. Further advantages of
these approaches allow to have MK with different stoichiometry and a morphology that
requires less water for casting. Nonetheless synthetic MK contained themselves by-products,
so most studies on MK-based GP include impurities; their effects are unknown but
considered negligible since they should not dissolve in alkaline solutions.
2.2.3. The alkaline solutions
The alkaline solutions used in geopolymer synthesis can roughly be divided into two classes:
alkali metal hydroxides or soluble silicate solutions. They can also be further divided based
on the alkali metal type, i.e. typically sodium and potassium.
Alkali metals exist in solution as cation and form hydrated species called aquacations which
have a typical pKa of 11 to 14.5 [92]. For example, Na + has a pKa=14.2 after the following
hydration reaction:
[Na(H2O)n]+ + H2O  [Na(H2O)n-1(OH)] + H3O+
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EQ. 2.5

Different ions have different hydration enthalpies and pKa. Potassium has a higher pKa then
sodium; thus potassium hydroxide is more basic than sodium hydroxide and it can better
dissolve geopolymer precursors such as MK, Table 2.3. The enthalpy of hydration depends
on the bond strength between the cation and the water’s oxygen. Potassium has a lower
hydration enthalpy than sodium, it can lose water more easily and as a result its negative
charge is less screened. Because of this it is easier for potassium than for sodium to form ion
pairs with anions: this can decrease the condensation rate between aluminosilicates (Section
2.2.4.4 for more details). The lower hydration enthalpy is also the reason why potassium
silicates are less viscous than sodium silicates [38]: less water is needed to solvate the cations
and there is more free-water between the silicate species.
The pKa for Ca(OH)2 is 12.8 and above pH≈11 condensation occurs due to the presence of
the species [Ca(H2O)5OH]+. For this reason, the presence of calcium in GP precursors, such
as in slag, lowers the pH of the activating solution and its reactivity. On the other end, the
precipitation of lime and relatively depolymerized C-S-H lowers the setting time of GP and
increases the early strength.
Table 2.3 Physical and thermodynamic values for cations of interest in GP [11]. pKa values are quoted from
Baes [93].

ion

radius
[Å]

Z/r
[CÅ-1]

ΔH° hydration
[kJmol-1]

pKa

K+
Na+
Li+
Ca++
Mg++

1.33
0.97
0.68
0.99
0.66

0.75
1.03
1.47
2.02
3.03

-322
-406
-519
-1577
-1921

14.5
14.2
13.6
12.8
11.4

In solution sodium is solvated by water molecules and its hydration number varies between 4
and 8; the radius of cations in solution varies with their coordination numbers [94]. The
hydroxyl ion instead is solvated by approximately 5 molecules of water and it is hypercoordinated: the hydroxyl’s oxygen accepts 4 hydrogens from 4 different water molecules
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and the hydroxyl’s hydrogen bonds with the oxygen of another water molecule [95]. Thus for
every NaOH moles, approximately 11 H2O molecules are needed in order to form complete
first hydration shells; the NaOH concentration of such solution is approximately 4.7M,
which is way too low compared with sodium hydroxide solution used in metakaolin-based
geopolymers (i.e. 8 to 12 M). This solution would produce a geopolymer with formula 1.01.0-2.0-22.0, solution/solid=2.1 and H2O/solid=1.5 (see Chapter 5 for more information). In
such GP slurry the low alkalinity may not dissolve the MK and the high water content would
make the material extremely porous, weak and prone to shrinkage and cracking.
This means that alkaline solutions for geopolymer are usually concentrated and ions are in
poorly solvated conditions; they likely form different ion-pairs based on the concentration:
solvent-separated ion pairs 2SIP, solvent shared ion pairs SIP, contact ion pairs CIP [96]. In
highly alkaline solution the sodium and hydroxide can form SIP and CIP and the hydrogen
bonded structure of water is completely destroyed. Solutions of 7.5 M NaOH are expected to
be composed of distorted dimeric octahedral complex anions [(OH)2(H2O)10]2- [96]. The
activating solutions are more similar to ionic liquids (e.g. molten hydrated salts) than
conventional solutions. This creates challenges both in modelling, e.g. determining activity
coefficients, and experimentally. Ion pairing in this highly concentrate solution are expected
[29] and it complicates the detailed deconvolution of aluminosilicate FTIR spectra [97] thus
precluding the study of the evolution of different oligomers and structures during the
geopolymerization reactions. Concentrated sodium hydroxide solutions are also used in the
Bayer process for the refining of alumina in information can be found in this field. For
example it has been suggested that strong ion pairing between Na+ and aluminates is the
reason for the lack of aluminate dimers or polymeric structure.
Thermodynamic values of solution are not based on the concentration of species, but on their
activities a. The activity coefficient γ needed to calculate a can be obtained from the DebyeHückel equation for ionic strength values μ<10-1. This equation cannot be used in
geopolymer due to the high ionic strength of activating solutions, i.e. 7.5M sodium
hydroxide solutions have μ=7.5. The activity of concentrated solution can be described using
Specific Ion Interaction theory SIT or the Pitzer model which use a linear combination of
parameters to express the interaction ion-solvents and ion-ion and can calculate mixed-ion
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activity coefficient [98]. This approach has been used by Provis to model ion exchange in
multicomponent solutions and in concentrated soluble silicate solutions [99]. The silicate
speciation thus obtained was used in a kinetic model of geopolymerization [100] that will be
summarized in Section 2.2.4.5.
Soluble silicates, also called waterglasses (WG), are mixtures of silica, alkali metal oxides
and water [101] and their general formula is 𝑥𝑆𝑖𝑂2 ∙ 𝑀2 𝑂 ∙ 𝑧𝐻2 𝑂, where x is called molar
mass Ms, z the number of water molecules and M is an alkali metal such as sodium or
potassium. They are usually classified based on the ratios of silica SiO2 to soda Na2O in the
system: the weight ratio WR=wt%SiO2/wt%Na2O and the molar ratio Ms=WR*MNa2O/MSiO2,
where M is the molar mass. For sodium silicates the ratios are similar since the molecular
masses of SiO2 and Na2O are respectively 60 and 62 g/mol. Although the silica and metal
oxide can be combined in all proportions, the commercially available silicates are usually
restricted to some specific ratios due to manufacturing reasons [19,90]. For example
commercial sodium silicates have usually the following molar ratios: sodium orthosilicate
Ms=0.5, sodium metasilicate Ms=1, sodium disilicate Ms=2, sodium polysilicate Ms=3.3.
These ratios are particularly important because they regulate the speciation of silicates in
solution, Figure 2.6. The notation for the different silica tetrahedral is Qx, where x represents
the number of oxygens that a silicon atom shares with other silicon atoms, e.g. quartz SiO2 is
made of Q4. A more comprehensive notation that is valid also for aluminosilicates in a
solution is Qx (mAl), where x is the number of oxygen atoms that the silica shares with other
tetrahedra, while m represents the number of aluminum atoms that occupy those tetrahedra
(for this reason m≤x). This notation was introduced by Engelhardt in 1982 [102].
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Figure 2.6 On the left: 29Si MAS NMR experimental distribution of the different species of silicates in a waterbased solution as a function of the alkali oxide content in lithium (Δ), sodium (□) and potassium (○) silicates
[103]. On the right: a qualitative interpretation of sodium silicate speciation in solution [104].

When solid metal silicates contact water, the ionic bonds between alkali and oxygen break,
siloxo groups Si-OH form and pH of the solution increases. The silicates then swell and
cleavage in alkaline solution of the siloxo bonds Si-O-Si occurs until equilibrium is reached
[38]. The solubility of the different soluble silicates depends both on the Ms, water
temperature and on the initial degree of hydration of the silicate [101]. Many studies have
been done on the speciation of soluble silicates solution and glasses [99], [103], [105]–[108]
using different techniques. Some of these works are in disagreement, in particular 29Si NMR
gives different results than spectroscopy analyses: in particular according to Raman [107]
waterglass with SiO2/Na2O between 1 and 3.22 are made of Q1 and Q2, but no Q3 was
measured. In the solid state anhydrous sodium metasilicate contained exclusively Q1, while
the solid sodium metasilicate nonahydrate has only Q0 [109]. Indeed silicates with similar Ms
are more dissociated when they are in diluted form, as also observed with Raman
spectroscopy [107].
2.2.4. Geopolymerization reactions
The modelling of geopolymeric reactions that produce a strong solid monolith from the
initial slurry is a complicated, relatively unexplored but extremely important aspect of GP
processing science and technology. In fact modelling can help in interpreting experimental
data and provide additional information, such as the nature of intermediate transient species,
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that cannot be obtained due to experimental limitations. In order to effectively model the GP
reactions it is necessary to properly describe the starting materials, which are the inorganic
precursors and the alkaline solutions. Their accurate modelling is a complex task itself since
the solid precursors are amorphous and often inhomogeneous and the concentrated activating
solutions contain poorly solvated species, difficult to model from a thermodynamic point of
view, Section 2.2.3. Compared with fly ash and slag, MK is by far the least complex
inorganic precursor due to relatively homogeneous distribution of silica and alumina in MK.
2.2.4.1. Conceptual models for geopolymerization reactions
The understanding and modelling of geopolymerization reactions is based both on vast
literature data on aluminosilicate research in similar fields, i.e. sol-gel science, zeolite
science, mineral weathering and cement science, and on few studies delving directly into
geopolymers themselves. It is therefore quite tempting to borrow the GP reaction model
concepts from other fields, but only direct experimental evidences can confirm their validity
for geopolymers.
The first attempt to model the alkali activation of slag was done by Glukhovsky [28] who
divided the process into three steps: destruction, condensation and crystallization. The
“destruction reactions”, as defined by the author, represent the dissolution of the inorganic
precursors. At molecular level this consist in the hydrolysis of Si-O-Al and Si-O-Si bonds in
the alkaline solutions which produce Si-O-, Si-OH, Al-O- and Al-OH groups. Condensation
reactions between these groups create new bonds and finally an inorganic amorphous
polymer is obtained. During the first step water is consumed, while in the second it is
regenerated.
This conceptual model was then expanded by Provis by adding details about other
phenomena occurring during the geopolymerization reactions. He included the work of
Swaddle [98,99] on the speciation of aluminosilicate and added a step of equilibration
reaction between the silicate, aluminate and aluminosilicate species generated by the
dissolution of metakaolin. After gelation caused by the condensation of aluminosilicate
oligomer, the gel undergoes reorganization reactions in which the tetrahedrals connectivity,
and thus also geopolymer strength, increase over time.
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When talking about gel reorganization, some authors refer to the structural rearrangement in
zeolite precursors that precedes the formation of crystalline nuclei [112], while others refers
to a transition from an initial Al-rich gel to a Si-rich gel [113], [114]. The latter-stage gel
transformation is due to the slower condensation reaction between silicate species compared
with

condensation

between

silicate

and

aluminate

species.

Since

the

overall

geopolymerization reaction is a complex series of interconnected and simultaneous reactions,
it is hard to label every single step and isolate it from the others; however these conceptual
models are useful to approximately identify and compare different stages of geopolymer
structural and microstructural evolution.
Davidovits proposed a reaction mechanism for the dissolution of metakaolin based on a
covalent concept [38]. He rejected the idea of monomeric release of Si(OH)4 and Al(OH)4- in
solutions and suggested the release of orthosialate molecule Si(OH)3OAl(OH)3. This claim
was supported by the existence of this species in the solution [115], Figure 2.7, and by the
congruent dissolution of kaolinite in KOH solutions [116]. The dissolution is a linear
function of log of time and can be explained in terms of chemical affinity [116]. This
argument assumes that dissolution mechanisms of octahedral Al (kaolin) and tetrahedral Al
(metakaolin) are similar.

Figure 2.7 Representation of the five ortho-sialate species isolated in KOH solution by North [115]; these
molecules are the precursors of both zeolites and geopolymers [38].
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Thus the alkalization of metakaolin leads to the release of the soluble ortho-sialate molecules
(𝑂𝐻)3 − 𝑆𝑖 − 𝑂 − 𝐴𝑙 − (𝑂𝐻)3 . The first step is the addition of a hydroxyl group to the
aluminum, which become tetravalent. The attachment of another hydroxyl to the silicon
induces it into a highly reactive penta-covalent state which leads to the cleavage of the
siloxane oxygen and the formation of a silanol group -Si-OH and a siloxane group -Si-O-,
with a balancing alkali metal. The final ortho-sialate is obtained through the full cleavage of
the siloxane oxygens , molecule 1 in Figure 2.7 [38]. The idea of a penta-covalent silicon is
widely used in sol-gel chemistry to describe the basic-catalyzed hydrolysis of silicon
alkoxides [117] although it has not been confirmed in the case of geopolymers,
Figure 2.8.

Figure 2.8 Mechanism of hydrolysis of silicon alkoxides in basic environment (from [117]).

The fate of the ortho-sialate molecule depends on the presence of additional soluble silicates
among the reactants. If there is no additional soluble silicates, three ortho-sialate molecules
condense forming a tri-cyclo-diasialate; further polycondensations can lead to a nepheline
framework [38]. If the ortho-sialate reacts with monomeric orthosiloxonate in solution, the
linear ortho-sialate-siloxo molecule is formed (molecule 2 in Figure 2.7); further
polycondensations can lead to phillipsite framework [38]. If the ortho-sialate reacts with a disiloxonate in solution, two ortho-sialate-disiloxo cyclic structures are obtained (molecules 4
and 5 in Figure 2.7); further polycondensations can lead to albite framework [38]. This
conceptual reaction model is highly simplified as these phases are not the only structures
found in GPs, which are often highly disordered materials, i.e. amorphous.
The fact that also in unreacted metakaolin the VI-Al and V-Al fully transform into IV-Al
supports the idea that the first step of dissolution is the formation of tetravalent aluminum
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[71]. The first intense exothermic peak measured during isothermal calorimetry [74], [118]–
[120] can perhaps be assigned to this step instead of the whole MK dissolution.
2.2.4.2. Dissolution and precipitation reactions in cementitious systems
The dissolution and precipitation reactions that occur during geopolymerization also occur in
other inorganic binders. For this reason it is possible to make some thermodynamic and
kinetic analogies with them, although many competing phenomena can occurs which need to
be experimentally proven.
2.2.4.2.1. Thermodynamic and kinetic of complex reactions
Let’s define a chemical reaction with a fixed stoichiometry and without volume change:
EQ. 2.6

6A +12B +21C  12 Z

The reaction is spontaneous only if the Gibbs free energy of reaction ΔGREACTION is negative
and the chemical affinity A is positive:
∆𝐺𝑅𝐸𝐴𝐶𝑇𝐼𝑂𝑁 = −𝐴 = 𝑅𝑇 ln (

𝑄
𝐾𝐸𝑄𝑈𝐼𝐿.

)<0

EQ. 2.7

Chemical affinity A is positive when Q<KEQUIL., where KEQUIL. is the equilibrium solubility
product and Q is the reaction activity coefficient, which is a function of species activities ai
and stoichiometry coefficients νi.
𝑛

𝑄 = ∏ 𝑎𝑖 𝑣𝑖 =
𝑖

𝑎12
𝑍
6 12 21
𝑎𝐴 𝑎𝐵 𝑎𝐶

EQ. 2.8

On the other hand, the rate of reaction is not defined by the activities but by the actual
species concentrations [121]:
𝑟=

1 𝑑[𝑛𝑖 ]
1 𝑑[𝐴]
1 𝑑[𝐵]
1 𝑑[𝐶]
1 𝑑[𝑍]
=−
=−
=−
=
𝜈𝑖 𝑑𝑡
6 𝑑𝑡
12 𝑑𝑡
21 𝑑𝑡
12 𝑑𝑡

The rate equation or rate law can be defined as
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EQ. 2.9

𝑟 = 𝑘[𝐴]𝛼 [𝐵]𝛽 [𝐶]𝛾 [𝑍]𝛿

EQ. 2.10

where k is the kinetic constant, and α, β, γ and δ are the partial order of reaction which sum
gives the overall order of reaction, also called molecularity [121]. The partial order of
reactions differ from the stoichiometry coefficients and they are usually determined
phenomenologically using the isolation method, that is by measuring how the reaction rates
vary by changing the concentration of one reagent at the time.
The kinetic constant k can be expressed in term of the Arrhenius equation which shows its
dependence with temperature [122]:
𝑘 = 𝐴𝑒 (

−𝐸𝑎𝑡𝑡⁄
𝑅𝑇 )

EQ. 2.11

where A is a pre-exponential factor, Eatt is the activation energy of the reaction and R and T
are the gas constant and temperature. The rate equation is a function of concentrations and
not of activities because the reaction depends on the molecular collision of reagents.
Describing the geopolymerization reaction stages that lead to a hardening of GP is complex
task. The overall reaction is a series of sequential reaction where intermediate species are
produced and consumed.
During geopolymerization there may also be parallel reactions, where the same reagent can
react to form different products, e.g. condensation of a silicate monomer with another silicate
monomer or with an aluminate monomer. For sequential reactions the overall rate is
controlled by the rate limiting step, and this is controlled by the free energy difference
between the reagents and the transition state complex, the highest energy barrier to overcome
[121]. Transition state complexes and reaction intermediates are two different entities and
only the latter can be experimentally measured. This energy barrier is the activation energy
of reaction and can be determined by measuring the reaction rate at different temperature.
Nonetheless changing the temperature may change rate limiting step, or can change the
transition state complex and the reaction mechanism. Eact ≈ 5kcal/mol is typical of reactions
limited by diffusive transfer, while Eact ≈ 20kcal/mol by reactions limited by bond-breaking.
For example at low temperature the rate limiting step for mineral dissolution is usually an
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interfacial reaction, while at high temperature the mechanism change and diffusion become
the limiting factor: thus one expect to see a change in slope in the Arrhenius plot [121].
Complex reaction rate can usually be expressed as a function of the elementary reaction rate
(the rate limiting one), activity coefficients and equilibrium constants. Activity correction
factors are required because the rate is a function of concentration but the equilibrium
constants are a function of activity coefficients [122]. Even if the mechanism is assumed, it is
not easy to determine all those parameters.
2.2.4.2.2. Heterogeneous reactions
Since geopolymer slurry is a multiphase system, geopolymerization is a heterogeneous
reaction. Thus the rate equation should include the active surface area of the solid
component, and any kinetic model should take into account variation of these surfaces due to
dissolution or precipitation reactions. Another heterogeneous reaction is the hydration of
Portland Cement which involves at least two solid phases and a liquid phase: the anhydrous
phases dissolve in water and then hydrates species precipitate from solution. Both reactions
are interfacial reactions and their rates can be expressed as the product of interfacial reaction
rate rinterface and interfacial area S between solid and liquid. Since the pore solution chemistry
varies with time, also the driving forces ΔG and the interfacial rates rinterface vary with time.
The reaction rate for precipitation and dissolution can be written as [18]:
𝑅(𝑡) = 𝑟𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 (∆𝐺(𝑡), [𝑖𝑜𝑛𝑠], … ) ∗ 𝑆(𝑡)

EQ. 2.12

∆𝐺(𝑡) = 𝑅𝑇 ln(𝛽(𝑡))

EQ. 2.13

where β(t)=Q(t)/KEQ is the ratio between the reaction activity quotient and the equilibrium
solubility product. If β>1 precipitation occurs, if β<1 dissolution occurs. The dissolution and
precipitation reactions are coupled, meaning that the former provide the reactants for the
second, and the second provide the driving force for the first to continue. The reason is that
the pore solution is over-saturated respect to the final hydration product, which nucleates and
grows, but under-saturated respect to the anhydrous reagents, which dissolves. After an
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initial induction period in which the hydrates have not formed yet, the hydration rate equals
the dissolution and precipitation reaction RHYDRAT. = RDISSOL. =RPRECIP., thus [18]:
𝑟𝑝𝑟𝑒𝑐𝑖𝑝. ∗ 𝑆(𝑡)ℎ𝑦𝑑𝑟𝑎𝑡𝑒𝑠 = 𝑟𝑑𝑖𝑠𝑠𝑜𝑙. ∗ 𝑆(𝑡)𝑎𝑛𝑦𝑑𝑟.

EQ. 2.14

In the early stages Sanydr and rprecip are large and the solution is closer to equilibrium with the
anhydrous phases. In the later stages Shydrates and rdissol become dominant and the solution is
closer to equilibrium with the hydrated species. According with this model the maximum
hydration rate is observed approximately when the surface area of the dissolving and
precipitating phases are similar [18].
At the time of mixing EQ. 2.14 does not hold because the surface of hydrates is null. The
initial decrease in hydration rate is explained in term of classical nucleation theory which
defines the nucleation frequency J (m-3s-1) and the induction time for homogeneous
nucleation tind (s) as follows:
𝐽 = 𝐾0 𝑒𝑥𝑝 (−
𝑙𝑛(𝑡)𝑖𝑛𝑑

𝑓𝛺 2 𝛾 3
)
(𝑘𝐵 𝑇)3 𝑙𝑛2 𝛽

𝑓𝛺 2 𝛾 3
=
− 𝑙𝑛𝐾0
(𝑘𝐵 𝑇)3 𝑙𝑛2 𝛽

EQ. 2.15

EQ. 2.16

where K0 (m-3s-1) is a kinetics constant, f is a form factor, Ω (m3) is the molecular volume, γ
(Jm-2) is crystal-solution interfacial energy, β is the ratio between the ionic activity product
and equilibrium solubility product, kB (JK-1) is Boltzmann constant and T (K) is temperature.
Before nucleation occurs, the dissolution of anhydrous particles slow down since the solution
is almost at equilibrium with the dissolves species (β=Q/KEQ≈1) and the driving force ΔGDISS
≈0.
In the latest stages of OPC hydration the reaction slows down because the hydrates phases
coalesce and their surface areas diminish. Moreover, most reagents particles are covered by
products and the limiting rate mechanism becomes the diffusion of species through this shell.
Similarly, the formation of a metastable shell on the surface of reagents has also been
invoked to explain the induction period. This metastable phase has an intermediate solubility
between the initial reagents and the final products, thus it reduces the dissolution and
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precipitation reaction driving forces [123]. The reduction in reaction rate due to a lowsolubility coating was also observed in the case of magnesium phosphate ceramic in which
boron has been added as a retardant additive [19]. Another alternative explanation of the
induction period rely on the idea that a semipermeable membrane forms on the surface of the
reagents which will later on burst due to the osmotic pressure between the inner and outer
solution [17].
All the aforementioned thermodynamic and kinetics considerations are also applicable to the
geopolymerization reactions. They were used throughout this dissertation to explain and
interpret experimental data on the surface properties of metakaolin, the geopolymerization
activation energy, the effect of seeding and on the determination of the GP rate limiting step.
2.2.4.3. Metakaolin dissolution
An accurate model of condensation reactions, polymerization and hardening of geopolymer
requires as input characteristics the species in solution generated over time by the metakaolin
dissolution. Additionally, it is important to know if the dissolution is incongruent since a
solution that change composition over time will generate different type of gels.
Kaolinite dissolution in basic solution can be schematically written [82] as:
Al2Si2O5(OH)4 + 3H2O + 4MOH  2Al(OH)4- + 2Si(OH)3O- + 4M+

EQ. 2.17

Similarly, the dissolution of metakaolin can be written as:
Al2Si2O7 + 5H2O + 4MOH  2Al(OH)4- + 2Si (OH)3O- + 4M+

EQ. 2.18

Al2Si2O7 + 3H2O + 6MOH  2Al(OH)4- + 2Si(OH)2O22- + 6M+

EQ. 2.19

Al2Si2O7 + 7H2O + 2MOH  2Al(OH)4- + 2Si(OH)4 + 2M+

EQ. 2.20

Al2Si2O7 + 5H2O + 2MOH  2Al(OH)3OSi(OH)3- + 2M+

EQ. 2.21

Al2Si2O7 + 3H2O + 4MOH  2Al(OH)3OSi(OH)2O2- + 4M+

EQ. 2.22

These equations represent some of the possible geopolymerization reaction stoichiometries.
They reflect different possible dissolution mechanisms, depending on the pH, on the
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deprotonation and polymerization degree of the detached species. In particular the last 2
equations represent the reactions suggested by Davidovits [38] already described in Section
2.2.4.1. Extra H2O and NaOH could be involved in intermediate species and be consumed
and regenerated during the dissolution process, thus acting as catalyst.
The dissolution of aluminosilicates is a vast topic itself. Several challenges complicate the
determination of the mechanism and the rate of MK dissolution: the structure of metakaolin
is quite complex and it has only recently being modeled [124]; metakaolin is amorphous thus
it is not possible to determine its dissolution by using QXRD as it is done for Portland
cement and its phases [125]; the dissolved species tend to precipitate so the analysis of
species in solution can be misleading and the first exothermic peak detected in calorimetry
cannot be unequivocally assigned to hydrolysis reactions.
Most studies on the dissolution of aluminosilicate have focused on acidic conditions due to
their higher solubility at low pH. In this case preferential dissolution of aluminum in acidic
pH is generally accepted, although it may depend based on the dissolving aluminosilicate and
the experimental conditions such as pH, temperature, ions in solutions, etc. [126], [127].
The dissolution itself is a multistep process and its kinetic depends on the rate-limiting step
that can be: 1) diffusion of species to the surface to initiate the dissolution; 2) diffusion of
species away from the dissolving surfaces; 3) surface-control formation of an activated
complex (or transition state complex); 4) diffusion through a low solubility phase that covers
the dissolving phase; 5) nucleation and growth of a low solubility precipitate that increases
the dissolution driving force. For MK dissolution, mechanism 3 and 5 are likely to be the rate
limiting step and mechanism 4 is also possible for concentrated slurries [121], [128]. MK in
diluted and concentrated solution may have different kinetics of dissolution due to different
rate limiting step, so it can be dangerous to extrapolate kinetics data.
If the limiting step of dissolution is the interfacial reaction the rate needs to be normalized by
the mineral surface area. Nevertheless the rate normalized by area can also decrease over
time with a parabolic kinetics r=kt0.5 because of an initial faster dissolution of highly
energetic surfaces [121]. This behaviour was also observed in the dissolution of Alite in
Portland Cement [18]. In certain cases the dissolution rate decrease with the logarithm of
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time [116] and this can be explained in term of chemical affinity and transition state theory:
the higher the concentration of dissolved species the lower the driving force for dissolution.
The transition state theory is usually valid for elementary reaction, but it can be applied for
complex reaction if an elementary reaction is the rate-limiting mechanism, in this case the
formation of the activated complex. This theory assumes equilibrium between the reagents
and the activated complex or transition state complex and the rate equation can be written as
[121] :
𝑚

𝑟𝑛𝑒𝑡 = −𝑘+ ∏ 𝑎𝑗 𝑗 (1 − 𝑒 (

𝑛1 Δ𝐺
)
𝑅𝑇 )

EQ. 2.23

where k+ is the reaction rate for the dissolution reaction, aj represents the activities of the
species involved in the formation of the activated complex, mj and n1 are constants and ΔG
can be expressed as in EQ. 2.7. In Figure 2.9 the normalized rate is shown to be constant
when system is far from equilibrium and roughly proportional to ΔG near equilibrium. The
transition state theory can also explain the faster dissolution of aluminosilicate at increasing

normalized reaction rate

temperatures [129].
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Figure 2.9 Normalized reaction rate as a function of chemical affinity according to the transition state theory.

Since the reaction rate is observed to decrease by increasing aluminum in solution but stay
constant when silica concentration is varied, the activated complex for many aluminosilicate
minerals relies on the aluminum species. The presence of aluminum in solution has an effect
on the chemical affinity but can also act as an inhibitor by adsorption on the mineral surfaces
[121].
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As previously mentioned, Davidovits covalent concept [38] supported EQ. 2.21 and it is
based on the works of Bauer [116], [130] that indicate congruent dissolution of kaolinite in
alkaline solution. Nonetheless in the same paper Bauer wrote: “At the high pH of the
solutions in our experiments, it is likely that the initial dissolution of kaolinite is dominated
by the detachment of Al. [...] A preferential Al release cannot be observed in our experiments
given the great amount of dissolved material” [116]. Moreover the solutions were only
analyzed after 2 days of dissolutions at 35°C or after 12 hours at 80°C. The dissolution rate
increased with the KOH concentration, and different activation energies were found for
different KOH concentrations, suggesting the existence of different dissolution mechanisms.
Congruent dissolution for kaolinite at pH>11 was also found by Xie [126].
Sagoe-Crentsil [118] found for dissolving metakaolin that there is more alumina than silica
in solution when the concentration of NaOH is below 6M, and vice versa when the
concentration is above 8M. According with Granizo [131] there is an initial release of
alumina from MK, followed by congruent dissolution of Si and Al; if the alkali concentration
and temperature are high enough there is also a third stage of preferential Si dissolution at
longer times.
The dissolution of MK in alkaline solution is highly exothermic ΔHr = -134.3 kJ/mol
according with calculation base on the heat of formation of metakaolin, Si(OH)4 and
Al(OH)4 [132].
Al2Si2O7 + 4H2O  2Al(OH)4- + 2Si(OH)3O- + 4M+

EQ. 2.24

Other studies have supported the idea that the dissolution-hydrolysis reactions of MK are
endothermic [133] and generally the dissolution of oxides in acidic or alkaline solutions
absorbs heat [19]. The initial high exothermic peak observed in calorimetry [119], [120] may
be associated with the alkalination of the MK and the formation of AlIV on the surface, while
the formation of alumina and silica monomers is probably endothermic [19]. This idea is
supported by the tetrahedral coordination of aluminum atoms even for samples that did not
fully react and are still part of the MK particles [71]. An endothermic dissolution reaction
could indeed explain why geopolymerization reactions are favored at elevated temperatures.
Other investigations suggested that there is a residual of AlVI, especially when silicates are
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already present in the activating solutions [134]. Also, SEM images on geopolymers obtained
with alkaline silicate solutions revealed unreacted MK [57].
Although the hypothesis that initial preferential release of aluminum from MK seems to be
increasingly accepted, the descriptions of alkaline solution and MK dissolution mechanism
and kinetics is still incomplete and much work is still needed on this topic, both from an
experimental and modelling point of view.
The determination of the unreacted MK in GP is challenging since both materials are mostly
amorphous and intermixed at the micron scale. Williams introduced four methods to
calculate the residual amount of MK based on XRD and SEM analyses which showed good
agreement. For sodium silicate based GP cured at 70°C he found the percentage of unreacted
MK varied between 25% to 90%, depending on the GP composition [135].
2.2.4.4. Aluminosilicates condensation in solutions
As silicon is a semimetal, it does not exist in aqueous solution as cation but as oxide or
hydroxide and it can form oxoanion. Silicon acts as a weak Lewis acid and increases the
polarity of the O-H bond which becomes easier to break [136]:
SiO2 + 2H2O  Si(OH)4  Si(OH)3O- + H+

EQ. 2.25

Depending on the conditions, hydroxide and oxoanions tend to form hydroxo bridges which
can results in condensation reactions and the formation of oxo-bridges:
2Si(OH)4  (OH)3Si-O-Si(OH3) + H2O

EQ. 2.26

Aluminum oxide is amphoteric and can act as an oxocation in acidic solution or as oxoanion
in basic solution. Since we are focusing on geopolymers synthetized with alkaline solutions
we will consider the aluminum as a weak Lewis acid [136]:
Al2O3 + 5H2O  2Al(OH)3 +2H2O  2[Al(OH)3H2O]  2Al(OH)4- + 2H+

EQ. 2.27

The silanol bond Si-OH and aluminol bond Al-OH can be deprotonated to form different
aqueous monomeric species: [AlOn(OH)4-n](1+n)- and [SiOn(OH)4-n]n-. In the case of aluminum
the deprotonation occurs only in extremely alkaline solution, i.e. pH>14. These deprotonated
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anions can form ion pairs with cations: contact ion pairs, solvent shared ion pairs or solvent
separated ions pairs. Ions pairs can inhibit condensation between oxoanions and thus retard
the coagulation reaction in geopolymer. Since larger ions form stronger ion pairs [137],
geopolymers based on sodium have usually faster condensation rates compared with
potassium geopolymers. Thus, non-bridging oxygens can be in three states: protonated,
deprotonated, deprotonated and ion-paired with a cation. Similarly, silanol and aluminol in
aluminosilicate oligomers can also be deprotonated and form ion-pairs.
Let us consider a condensation reaction between two non-bridging oxygens:
T1-OX + T2-OY  T1-O-T2 +OXY

EQ. 2.28

where T1 and T2 can be either Al or Si and X and Y can be either a hydrogen H, a metal cation
M or a negative charge. Without making any assumptions the author of this dissertation
consider the condensation reaction rates to depend on:
- type of network former: silica or alumina;
- degree of condensation of the network former: Q0, Q1, Q2, Q3; for example, Q2 means that
two oxygens are shared with other tetrahedra to form linear chains (-O-T(OH)2-)n ;
- type of the bonded network formers, for example for Q3 there are 4 possibilities: Q3(0Al),
Q3(1Al), Q3(2Al), Q3(3Al); e.g. Q3(2Al), means that three-out-of-four oxygen are shared
with other tetrahedra, two of which are aluminum tetrahedra;
- status of the non-bridging oxygen: protonated, deprotonated, or deprotonated and forming
ion pairs;
- status of the other non-bridging oxygens bonded to the same network former.
Without considering the molecular weight of the oligomers (for species Q2 and Q3), the
cyclization in species Q2, the ionic strength of the solvent, the different type of ion pairings
and excluding Al-O-Al bonds to obey the Loewenstein’s rule we obtain 2628 types of nonbridging oxygens. Since we expect the condensation rate to depend on both oxygens, we
should expect 26282 ≈ 7*106 reactions rate.
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This simple mathematical exercise can explain why it can be quite complex to model the
condensation reaction in geopolymers, fortunately many of those 2628 oxygen species do not
exist. First of all, in alkaline solution with pH>11 the aluminate monomer is never
deprotonated, so the only possible species is Al(OH)4- [138]. However, less is known on the
status of aluminol when it is a part of a larger oligomer. Instead, the degree of deprotonation
for silica monomer depends on the solution pH:
𝑖
(𝑖−1)− 𝐾𝑚

SiO𝑖−1 (OH)5−𝑖

+
↔ SiO𝑖 (OH)𝑖−
4−𝑖 + H

EQ. 2.29

Selfcik [139] found that pKm1=9.5, pKm2=12.6, pKm1=15.7 and pKm1=18.8. Since alkaline
solutions in geopolymers have a pH≈11-15 we expect most of the monomers to be mono or
dideprotonated: SiO(OH3)- and SiO2(OH2)2-. The pK values vary based on the connectivity
of the silicate species [139], and a good review of these values can be found in [140].
One of the most cited study regarding the kinetics of condensation in geopolymer involves
the modelling of oligomerization and cyclization of monomeric silicate using density
functional theory DFT [141]. Water was simulated as a continuum by using a COSMO
(COnductor-like Screening MOdel) solvation approach to determine the interaction between
solvent and oligomers. The pH effects were accounted by considering different protonation
level. This work was initially intended for the nucleation and growth of zeolite species but
many concepts can be adopted to explain condensation reactions in geopolymers.
Dimerization was found to be energetically favorable when occurring between the SiO(OH)3and Si(OH)4 (ΔG=-28 kJmol-1) and SiO2(OH)22- and Si(OH)4 (ΔG=-53 kJmol-1), but it is
energetically unfavorable between two negative SiO(OH)3- monomers (ΔG=+13 kJmol-1).
For the former reaction the change in enthalpy overcomes the negative change in entropy as
the reactions are exothermic. This work has often been used to explain the non-monotonic
dependence of the geopolymerization rate with the Na/Al ratio [63,127]. If the alkalinity is
too high (e.g. pH>13) most monomers in solution are negatively charged [139] and their
condensation rate is slow. In a following work [143] some water molecules and the
counterions Na+ were explicitly included, deprotonation energies were calculated and similar
results for the condensation reactions were found.
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Using a similar approach White included the aluminum species and the effect of the pH by
varying the dielectric constant: εr=78.54 at pH=7 and εr=56 at pH=11 [144]. At high pH the
most energetically favorable dimerization reactions occurs between Al(OH)4- and Si(OH)4
(ΔG=-21.2 kJmol-1), Si(OH)4 and SiO2(OH)22- (ΔG=-12.1 kJmol-1), Al(OH)4- and SiO(OH)3(ΔG=-9.7 kJmol-1), Si(OH)4 and SiO(OH)3- (ΔG=-9.3 kJmol-1), Si(OH)4 and Si(OH)4 (ΔG=1.8 kJmol-1), and SiO(OH)3- and SiO(OH)3- (ΔG=-0.9 kJmol-1). Varying the dielectric
constant has a big impact on deprotonation and dimerization calculation, thus differences in
condensation rate for different geopolymers could be due to both different species involved
in the reaction and different dielectric constants. Unfortunately the dependence of the
dielectric constant on the concentration of alkali aluminosilicate in solution is unknown and
more work is needed in this field.
2.2.4.5. Kinetic models of geopolymerization
Few comprehensive approaches have been used to model the overall reaction kinetic in
geopolymer materials and most of them focused on metakaolin [100], [114], [119], [120].
Calorimetry has been widely adopted to monitor the reaction kinetics of geopolymers and the
extent of reaction can be calculated as the measured heat-release divided by the theoretical
maximum heat release. This last quantity is approximated by different authors using different
enthalpies of reaction calculated from different reaction stoichiometries and enthalpies of
formation. For example Zhang [119], [120] studied the effect of NaOH concentration,
soluble silicate, temperature from 20°C to 40°C. He adopted the enthalpy of formation of
analcime NaAlSi2O6∙H2O for the geopolymer gel, reaction stoichiometry in EQ. 2.30 and he
found an enthalpy of reaction of −358.2 kJ/mol.
Al2O3·2SiO2 + 2OH− + 2Na+ + H2O → 2NaAlSiO4·H2O

EQ. 2.30

Although the individual reaction steps, Figure 2.10, were interpreted using a single overall
enthalpy of reaction, precious semi-quantitative information could be obtained and
confirmed by deconvolution of the FTIR spectra. For instance, increasing the NaOH
concentration and temperature increased the reaction kinetics. Temperature had no
significant effect on the total reaction extent α, (where α is the ratio of the heat release to the
theoretical maximum heat release) especially when Na/Al≥1; adding soluble silicate
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decreased α while increasing Na/Al increased it. Adding silicates also suppressed the third
exothermic peak associated with gel transformation and crystallization.

Figure 2.10 Simplified representation and interpretation of isothermal calorimetry of geopolymerization.
Reaction steps are taken from [100], see Figure 2.11.

A system of differential equations [145] was developed to fit calorimetry DSC data obtained
by Rahier [74]; the model was then refined [100] to describe energy-dispersive X-Ray
Diffractometry EDXRD data [146]. This empirically-based reaction kinetics framework is an
adaptation of Faimon [147] model of aluminosilicate weathering, Figure 2.11. Metakaolin
generates silicate monomers and aluminate monomers with a rate r1=k1*M; the kinetics
constant k1 decreased when water is added to the activating solution. Aluminosilicate
oligomers are formed with rate r2=k2*A*Sn and they grow into amorphous aluminosilicate
polymers: this last step represented both nucleation, r4=k4*O2, and autocatalytic growth,
r5=k5*P2*O2. The autocatalytic step was initially assumed by Faimon to explain non-linear
oscillation of concentration of dissolving mineral. Autocatalysis can explain the increase of
reaction kinetics, and so heat release in calorimetry data [74], over time. Nonetheless this is a
common phenomenon in heterogeneous reaction and autocatalysis in zeolites processing is
not used to describe precursor gel precipitation but the crystallization kinetics [148].
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Figure 2.11 Scheme of an empirical kinetics model of geopolymerization [100].

This model was successfully implemented to determine the effects on kinetics of different
solid precursors with different particle sizes, Si/Al ratio, additional water and alkaline cations
type which influence the silicate speciation. The kinetics constants were not obtained from
fundamental studies and they were not optimized according with a least-squares refinement
[149], but rather picked arbitrarily to better match the experimental data. Further, the
crystallization of geopolymer, although included in the model, had no impact on the reaction
kinetics. The model did not take in account mass transport and incongruent dissolution of
solid particles. All things considered, it represents a good starting point and it can be
improved by focused kinetics studies on rate limiting steps and rate constants of individual
reactions. Research on these individual reactions encounters intrinsic difficulty as they are all
coupled and rate constants obtained in other conditions, such as in dilute systems or at high
temperatures, may be associated with different reaction pathways.
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A different approach was adopted by White to describe the evolution of aluminosilicate
clusters which represents the growth of the aluminosilicate gel [114], [150]. Corse grained
Monte Carlo was adopted, dissolution reactions were modelled by a “swap event” and
condensation reactions by a “bond” event. The dimerization energies obtained by DFT were
used as condensation energies. The swap even also assured that the minimum energy
configuration could be achieved. This investigation could match and explain many
experimental observations, although many approximation were implemented, i.e. simplified
MK structure, speciation and condensation energies calculated for constant pH=11, etc. . In
particular it could better show the differences between geopolymers activated with alkali
hydroxides and alkali silicate solutions. Metakaolin was completely consumed in the alkali
hydroxide system but not in the waterglass solutions, in agreement results obtained with 27Al
MAS NMR [134], SEM images [57] and X-ray pair distribution function analysis [151]. The
geopolymer gel nucleates in the solution when activated in NaOH and on the MK surface
when activated by waterglass. Finally the geopolymer gel undergoes Ostwald ripening, i.e.
small clusters are consumed by the larger clusters, but only when silicates are present in
solutions.
Much more work has to be done to create acceptable geopolymerization models that can help
engineers to better formulate geopolymer mix designs based on the available raw materials.
Some of the obstacles are the lack of systematic studies on these materials, the computational
costs of creating multiscale models that can link molecular reactions to GP structure and
microstructure and then properties, and the intrinsic limitations of some experimental
techniques that cannot directly verify the model outputs. The work will help by providing to
GP scientists involved in modelling with experimental data on GP reaction kinetics, structure
and properties that are not presently available in the literature.
2.2.4.6. Additives and Seeding
Understanding the kinetics of GP reaction is not just important from a processing point of
view, i.e. setting time and pumpability/castability, but also from an application and
performance prospective since altering the reaction pathway can result in different final
crystalline structures, phenomena already observed in geopolymers [142]. Controlling the
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kinetics and the reaction products in dissolution - precipitation reactions can be challenging
without fully understand the reaction mechanism and rate limiting step.
Similar problems are faced by the Portland cement industry, where there are still many open
questions [18], e.g. if the rate limiting step associated with the induction period is due to a
metastable barrier layer covering the cement particles or due to the saturation of the solution
(slow dissolution step) [152]. However recent works worth-to-be-mentioned have improved
the knowledge on the hydration kinetics of Alite, the main component of cement [125]. It
has been demonstrated that the C-S-H, the main precipitation product of cement, nucleates
heterogeneously on the Alite surface. The use of PCE superplasticizer which adsorb on the
Alite surface change the nucleation mechanism to homogeneous and it produces a delay in
the hydration kinetics of cement.
Adding synthetic C-S-H to this system provides an alternative pathway for C-S-H nucleation
and growth, decrease the induction time, increase overall reaction kinetics and improve yield.
More importantly it was possible to modify the silicate connectivities Q2/Q1 and thus to tailor
the structure and properties of the C-S-H [153], [154]. Investigating the effects of seeds can
bring light to the rate limiting step and improve transformation kinetics when the nucleation
of the new phase is the rate limiting step [155]–[158], as opposed to precursor dissolution.
Using zeolite seeds is a common practice in the zeolite synthesis, where the outcome of
zeolite synthesis in term of crystalline phase can be modified by seeds-gel interaction: it
promotes and direct crystallization, and reduce induction time associated with crystallization
[159]–[162].
The effect of different seeds such as silica, alumina and zirconia on geopolymers has been
studied using spectroscopic and diffraction techniques on fly ash based geopolymers [163]–
[165] and on one-part geopolymer [166]. In general the seeds fasten the dissolution of
geopolymer precursor by acting as heterogeneous nuclei inducing further nucleation and by
reducing surface passivation due to gel precipitation on the precursors, Chapter 6.
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2.2.5. GP technology development: composition and properties optimization
The practical development of geopolymers technology was driven mostly by civil engineers
aiming to replace OPC. Thus, most of the studies performed on GP included the optimization
of GP formulation and curing operation to: maximize unconfined compressive strength UCS
of the consolidate material, minimize shrinkage, cracking and efflorescence, and optimizing
slurry viscosities and setting times [38].
In order to obtained a strong crack-free binder, evaporation of water needs to be prevented
and this is often achieved by curing in 100% relative humidity chambers or by sealing the
molds [167]. The reason is that the dissolution of aluminosilicate in alkaline solution needs
water to occur. Furthermore, concentrated solutions of soluble silicates can turn into viscous
gel when water evaporates, thus reducing the diffusion of species in the slurry. On the other
hand too much water can hinder polycondensation. Similar trend has been observed for
alkali hydroxides and there is a concentration optimum: small concentration of MOH slowed
down dissolution while high [MOH] reduced polycondensation kinetics [75], [142], [167].
This last observation has often be associated with the speciation of silicates in high pH and
their dimerization: condensation between two negatively charged silicates SiO(OH)3- is
slower compared with a condensation between SiO(OH)3- and Si(OH)4 [144].
Setting time of GP is usually determined according to ASTM C 191 - 08 “Time of Setting of
Hydraulic Cement by Vicat Needle” and it depends on the formation of geopolymer gel,
which in turn depends on the dissolution of inorganic precursor. At room temperature MKbased GPs may need up to several days to set, while it only takes few hours at mild curing
condition, i.e. 40°C. For this reason the use of metakaolin as GP precursor limits its use to
precast application, unless slag or other calcium sources are added. Curing conditions above
room temperature can improve the reaction kinetics since the reactivity of material toward
activating solution increases with the curing temperature [50], [119]. De Silva [25] found
that the addition of soluble silicates can delay the setting time of MK-based geopolymers up
to 5 times at 40°C, in accordance with calorimetry studies [120]. A different research on fly
ash geopolymers analyzed deconvolved FTIR spectra and confirmed that the addition of
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soluble silicate slow the overall reaction, unless the activating solution had a SiO2/Na2O<0.2;
if the soluble silica is added in small quantities then it accelerate the reaction kinetics [168].
Although soluble silicates decrease the reaction kinetics and crystallinity of geopolymers,
they reduce the porosity of the consolidated material and thus increase their compressing
strength and Young Modulus. Duxson studied the microstructure of different MK-based GPs
cured at 40°C for 20 hours at different Si/Al and with constant H2O/Na2O=11 [58]. When GP
had a Si/Al<1.4 the microstructure was porous and composed of micron-sized clustered
particulates and large pores, when Si/Al>1.65 the microstructure is homogeneous made of
10nm clusters and the pore volume decreased from 0.206 to 0.082 cm3/g. The compressive
strength correlated with the homogeneity and porosity of the GPs: higher Si/Al increased the
compressive strength from 10MPa to 30 MPa and more. There seems to be an optimum of
Si/Al in MK-based geopolymer around Si/Al=1.8-2.2 [25], [57], [58], [62], [90], [169],
higher values decrease the mechanical properties probably due to the lower pH of the
activating solution which cannot dissolve the MK particles. This optimum is not well defined
also because most researchers improperly consider the silica impurities in the metakaolin as
part of the geopolymer stoichiometry. This can be also seen by SEM, in fact the higher the
Si/Al the more unreacted metakaolin is observed [57], [58]. While GP with Si/Al is formed
by coagulation of small particulates, higher Si/Al GP can be considered as a composite
material made of dense amorphous gel and unreacted metakaolin.
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Figure 2.12 SEM images of MK-based GP cured at 40 C (left) and 85 C (right). Left: microstructure of GP with
Si/Al ratio and UCS of (a) 1.15 and 18 MPa, (b) 1.40 and 40 MPa, (c) 1.65 and 56 MPa, (d) 1.90 and 73 MPa
(e) 2.15 and 63 MPa (from [58]). Right: microstructure of GP with Si/Al ratio and UCS of 1.25 and 2.7MPa,
1.5 and 29 MPa, 1.75 and 48 MPa and 1.9 and 48 MPa (from [57])

Additional water can decrease viscosity and increase workability of the GP slurry [170], but
it also increases the total porosity of the set material and it lowers the compressive strength.
When all the other parameters are kept constant, the effect of alkali cations (potassium or
sodium) on the compressive strength of GP is less pronounced than the Si/Al: only at
Si/Al>1.5 mixed cations Na/K-geopolymers shows higher strength than pure Na-GP and KGP [90]. Potassium silicates are known to have lower viscosity than sodium silicate [38],
thus it is possible to obtain GP with similar viscosity and workability with less water which
result in less porous and stronger GPs.
The chemical composition of metakaolin-based geopolymer cured at 75°C has been
optimized to produce high strength material with compressive strength above 60 MPa, Figure
2.13.
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Figure 2.13 The contours of the constant compressive strength [MPa] of metakaolin geopolymers, cured at
75°C for 24 h; the compressive strength was measured after subsequent aging for 7 days at room temperature
[62].

In order to properly link the geopolymers formulation and curing condition to their final
structure and properties it is necessary to know the effects of the parameters on the
geopolymer reaction. Understanding of the reaction mechanisms help interpret, predict and
eventually control the effect of different reagents on the development of geopolymer
performance.
2.3. Zeolites
2.3.1. Synthesis, structure and applications
Zeolites are hydrous aluminosilicate frameworks with a metal-to-oxygen atomic ratio equal
to 2 and can be found both in nature and are made synthetically mainly in hydrothermal
conditions [24]. In 2015 approximately 71,100 tons of natural zeolites were consumed in US
at a cost of approximately $100-230/ton [12]. Natural zeolites main uses are in oil and gas
absorption and filtration operations, they can be used as catalysts, as fertilizer or pesticide
carriers and as desiccants; their widest applications are in animal feed, wastewater treatment
and purification, pet litter and odor control. The worldwide mine production of natural
zeolites in 2015 was 2.8*106 tons and they consisted mostly in chabazite, clinoptilolite,
erionite, mordenite and phillipsite, while the most common synthetic zeolite are zeolite type
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A, X, Y and ZSM-5. The applications of synthetic zeolites span from petroleum refining for
the production of fuels, petrochemicals processing for aromatics, olefins and detergents
production, separation and purification processes, manufacturing industries, consumer
products and environmental protection applications [171].
Numerous zeolitic materials exist, i.e. 232 different framework types were identified as in
2016 [172] and each framework can have different stoichiometries. The large range of zeolite
structures is due to the bond angle between tetrahedral cation-oxygen-cation (T-O-T) which
can assume a wide range of values between 125° and 180°. The tetrahedra can form different
“secondary building units” (SBU), Figure 2.14. The same SBU can assume different
configuration based on different orientation of the tetrahedral. The majority of zeolites is
formed by a single type of SBU [24].
Different Archimedean polyhedra can form based on the SBUs they are made of, and
different polyhedra can interlink in different ways leading to a large number of different
zeolite frameworks, Figure 2.14. Different zeolites with the same frameworks are
characterized by specific bond length and angles and by different non-framework species.

Figure 2.14 Secondary building unit (SBU) used to classify zeolites from Newsam [24].
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Figure 2.15 Progressive construction of a zeolites structure. The (Si,Al)O4 tetrahedra condense to form a
truncated octahedral, also called a “sodalite” or “β-cage”, made of 4- members and 6-members rings. The
sodalite cage is found in different zeolite frameworks, such as in sodalite (SOD), faujasite (FAU), linde type A
(LTA) and EMT frameworks. From Newsam [24].

The synthesis of zeolites involves inclusion in the water-based precursors solution of a
source of alumina, a source of silica and an inorganic base, usually a group I or group II
metal hydroxide. When these components are combined in diluted aqueous environment,
they form a gel or a viscous liquid which entails amorphous aluminosilicate materials.
Crystallization under hydrothermal condition of this gel, usually performed under
autogenous pressure at T=100-200°C, leads to a zeolite or a combination of different
crystalline zeolites. The initial kinetics control of the crystal nucleation implies that the type
of framework obtained also depend on the crystallization time, on seeds and impurities [24].
The debate if the zeolite structure formation is controlled by kinetic or thermodynamic is still
open [173]. Using thermodynamic analysis, Sefcik [174] calculated the solubility of zeolite
type A and zeolite type X assuming pseudo-equilibrium and obtained a crystallization
diagram considering stable steady state, Figure 2.16. He found that zeolite type X had similar
solubility in respect to zeolite type A when Si/Al approach to 1, thus these phases can coexist
in this region.
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Figure 2.16 Zeolite A (region I) and zeolite X (region III) crystallization diagram for a 2M aqueous solution. In
region II these phases coexist, in region IV there are no stable zeolites. (from [174]).

It should be remembered that the SBU concept is useful to describe the structure of zeolites,
but the mechanism of zeolite formation does not involve the condensation of different SBUs.
Instead the framework is build based on a progressive addition to the growing surface of
small aluminosilicate units, such as dimers and tetramers [111]. This is the hypothesis of
crystallization occurring via a solution-mediated mechanism, where the gel is dissolved and
growth of the zeolite framework occurs by Oswald ripening. This explains the accelerated
kinetics of zeolite growth at higher pH, when smallest aluminosilicate species are preferred
to cages and cycles [111]. Another crystallization theory consists in a solid-state
transformation, and some researchers suggested that both crystallization mechanisms are
possible [159].
Zeolites frameworks are characterized by an open pore structure and the pore dimension is
determined by the number of atoms forming the rings. The catalytic properties of zeolites are
caused by the large effective surface area, usually between 300 and 700 m2/gram. Therefore
all atoms of a zeolite are within few angstroms from the internal surface. The catalytic
activity is associated with the aluminum tetrahedra which form acid sites [24]. Since the
charge balancing cations have access to the pore system in zeolites, they can readily be
exchanged with other ions in the solution. The maximum exchange capacity depends on the
number of framework aluminum tetrahedral [24]. This property has led to several
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commercial applications of zeolites as cation exchange materials for water purification,
radioactive wastewater treatment and agricultural horticultural and medical uses [175]. On
the other hand the aluminum sites are also more readily attacked by acid solutions which can
promote the cleavage of the Al-O-Si bonds and, for low Si/Al zeolites, the collapse of the
framework. For some zeolites the same framework can be prepared synthetically with
different Si/Al. Higher Si content produces adsorbents with higher hydrophobicity, acid
catalytic activity and hydrothermal stability, whereas higher Al content produces hydrophilic
adsorbent with higher cation exchange capacity CEC [171]. The water used during the
synthesis is adsorbed within the pore system and, in contrast to hydrated salts, thermal
dehydration of zeolites does not provoke structural changes within the framework and
zeolites are usually thermally stable.
Since geopolymers can be considered as amorphous-nanocrystalline zeolites [34], [38],
studying zeolites help to understand the structure of geopolymers. Also, zeolites they can
potentially be used as seeds in GP processing, as investigated in this work. No previous
research has been published on zeolite seeding of geopolymers. The main difference between
geopolymers and zeolites is not in their final chemical constituents, but in the precursor
materials, processing and applications. Zeolites are usually synthetized adopting the molar
ratios H2O/SiO2=10-100 and OH-/SiO2=2-20 in hydrothermal conditions: T= 60° to 200 °C
under autogenous pressure [24], [176]. On the contrary, geopolymers are formed in systems
with H2O/SiO2=2-10 and OH-/SiO2=0.1-0.5 at relatively lower temperatures of T= 25 to 110
°C, at approximately ambient pressure p ≈ 1 atm [177]–[179] .
2.3.2. Induction time and kinetics of crystallization of zeolites
In the previous Section we described the crystallization process of zeolites either in solution
or as a solid-state transformation. From zeolites synthesis standpoint, silicate and aluminate
solutions are mixed at room temperature, an amorphous gel precipitate forms and it is left to
age until hydrothermal treatment. It is generally accepted that before the crystallization
occurs, the gel slowly undergoes structural rearrangement [112]. The initial amorphous gel
precipitated from the precursor solutions evolves over time to form a secondary amorphous
gel, which has a more similar structure to zeolite than the former. This mechanism seems to
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follow the Ostwald’s rule of stages: the first product (the primary gel) is more similar to the
previous state of the system (the aluminosilicate solution) and it gradually evolves to its more
favorable thermodynamic state: secondary gel and then crystalline zeolite. This gel
transformation was captured by White using Coarse Grain Monte Carlo simulations [140]
and is similar to the gel transformation observed in geopolymers [114].
Studies on zeolites crystallization kinetics are based on experimental data obtained by XRD.
The zeolite crystallization is a nucleation and growth process, where the formation of nuclei
can be associated with the cyclization reaction of tetramers and hexamers [141]. An
induction period is always associated with crystallization of zeolite and this could be
explained by the Kelvin effect [180]: smaller crystalline nuclei have lower solubility due to
their higher surface area and thus lower growth rate. The induction time depends on several
factors, such as temperature, gel composition, aging time of gel, presence of seeds, solution
chemistry [112].
If the crystallization is a solid state transformation it can be expressed with the KohnogorovJohnson-Mehl-Avrami (KJMA) equation:
𝑚𝑧 (𝑡)
𝑛
= 1 − 𝑒 [−𝐾(𝑡−𝜏) ]
𝑚𝑧 (𝑡∞ )
𝑙𝑛 (−𝑙𝑛 |1 −

𝑚𝑧 (𝑡)
|) = 𝑙𝑛(𝐾) + 𝑛 ∗ 𝑙𝑛(𝑡 − 𝜏)
𝑚𝑧 (𝑡∞ )

EQ. 2.31

EQ. 2.32

where mz(t) is the volume of crystalline zeolite at the time t, mx(t∞) is the final crystalline
volume, n and K are constants. The value of n can be obtained by fitting experimental data
and provides insight into the mechanisms of nucleation and growth. Time τ is the induction
period and it is the sum of three different times [112]: the relaxation time, the time to form
stable nuclei and the time needed by the nuclei to reach a detectable dimension.
Since the Avrami equation described solid-state transformation, a population balance
approach is preferred by the advocated of solution-mediated mechanism [181]. A simplified
equation can be written as:
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𝑚𝑧 (𝑡)
= 𝐾𝑡 𝑞
𝑚𝑧 (𝑡∞ )

EQ. 2.33

where the constant q identify the nucleation mechanism: For q=3 the nucleation is
heterogeneous, for q=4 it is homogeneous and for q> 4 it is autocatalytic [182], [183].
Autocatalytic nucleation is explained in terms of larger solubility of the amorphous gel
compared with the quasi-crystalline nuclei: as the crystals growth and the gel dissolves,
nuclei that were covered by gel are released into the solution and begin to grow resulting in
an “explosive rate of nuclei formation” [182], [183]. Successive investigations have
identified three

components of autocatalytic nucleation: nuclei formed during gel

precipitation, nuclei formed during gel aging process and nuclei added as seeds [184].
In GP the idea of an autocatalytic formation of the amorphous geopolymer gel was borrowed
by this phenomenon found in zeolites processing. The formation of geopolymer is more
similar to the precipitation of the initial amorphous gel in zeolite synthesis rather than its
crystallization in hydrothermal condition. The first study to support the idea of autocatalytic
geopolymerization is the historical work of Rahier on calorimetry data [74] where an
increase of the reaction rate was observed with time. Nonetheless no factor q>4 was provided
and the increase in reaction rate can be explained in other terms [18], [148].
2.3.3. Synthesis of zeolites from metakaolin
Kaolinite and metakaolinite have been used in the past as aluminosilicate source to
synthetize zeolite [185]. These syntheses have higher crystallization temperatures, water
content and Na/Al ratio as compared to geopolymer synthesis. The main reaction products
are zeolite LTA, zeolite X, hydrosodalite, zeolite type P and cancrinite [148], [186], [187].
Metakaolin and NaOH at 90°C initially form zeolite LTA and hydrosodalite HS and at
longer crystallization time zeolite type P [188]. The calcination of kaolinite had in impact on
the zeolite produced. At 93°C and solution/solid ≈50, kaolinite reacted with NaOH 4.25M
and 10.75M to give hydrosodalite, while different metakaolin produce zeolite type A and
minor amount of zeolite type X [186].

Youssef found similar results at 70°C using

solution/MK=25; moreover the use of LTA seeds could increase the crystallinity of the
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product [189]. Zeolite type A, hydrosodalite and cancrinite were instead found at higher
temperature, i.e. T= 100°C [190].
Besides changing kaolinite calcination process, crystallization temperature and time, amount
of water and alkali, different crystalline phases can be obtained by addition of silica to
increase the ratio Si/Al above 1 [187]. Kaolinite and 1.33M NaOH at 100 °C gave LTA, HS
and cancrinite, while zeolite type X could also form when and extra source of SiO2 was
added [187]. The addition of colloidal silica could increase the amount of zeolite type X also
when metakaolin was used instead of kaolinite; the synthesis was carried at 93°C,
solution/MK≈8 and Si/Al=1.5 and the crystallization induction time increased when the
colloidal silica was used [191]. Also at lower temperature of T=68°C and 4.4 M NaOH the
crystallization of zeolite type X was preferred to LTA when soluble silicates were added; at
longer curing times hydrosodalite and zeolite type P forms [192].
As in geopolymer, Rocha suggested that the first step of reaction is the conversion of AlV
and AlVI into AlIV on the MK surface followed by the initial preferential dissolution of
aluminate species which condense with silicate to form an amorphous gel [193]. In the last
stage this gel undergoes a solid-state rearrangement to produce crystalline LTA, but he could
not completely rule out a solution-based mechanism.

Figure 2.17 Mechanism of LTA crystallization from MK and 5M NaOH (from [193]). Solid lines represent
observed reaction steps, dashed lines represent other possible reaction pathways.
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The concentration of alkali had an effect on the crystallization kinetics, as it reduces the
crystallization time and increases the product crystallinity [194]. Gualtieri studied the
kinetics of crystallization of zeolite type A from metakaolin, 4M NaOH and solution/MK=2
in the temperature range T=70-110°C. The crystallization behaviour supported an
autocatalytic mechanism, i.e. q>4 in EQ. 2.33. At higher temperature hydrosodalite was
preferred to zeolite type A, however Oswald rule of successive transformation was not
observed but secondary nucleation of HS on the surface of LTA. The overall reaction can be
expressed as in EQ. 2.34 and this stoichiometry was used as an example in Section 2.2.4.2.1.
6 Al2Si2O7 + 12 NaOH + 21 H2O  12 (NaAlSiO4 ∙ 2.25 H2O)

EQ. 2.34

2.4. Advanced GP applications and geopolymer crystallinity
The applications of GPs are manifold, it can be used as a low CO2 emission / early strength
replacement for Ordinary Portland Cement (OPC) and concrete [32], or as a binder to
prepare refractory composites [195] , as containment for toxic (heavy metals) and radioactive
waste, and for water filtration and purification [6], [196]–[198]. The potential of
geopolymers in these different fields arises from the two characteristics of the material: a) it
is a chemically-bonded-ceramic based on covalent bonding, thus it has better fire and heatresistant properties compared to the hydrogen-bonding based materials such as OPC [19],
[38]; b) it has a zeolitic nature [38], [199] which provides it with the functional properties
such as ion exchange.
The main current applications of GPs include high early-strength constructional cements. As
for now there are no commercialized geopolymers that exploit their zeolitic properties. The
main reason is that most researchers have focused on the consolidation kinetics and
mechanical properties of geopolymers and not on their functional properties. The properties
of these materials highly depend on their structure; controlling and tailoring the formation of
crystalline phases in geopolymer will allow to engineer the properties of functional
geopolymers. Unfortunately GP crystallization phenomena are still not fully understood, and
this prevents the widespread of functional geopolymers and more work is needed in this
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field. The present work attempts to address some of these gaps of knowledge of GP systems
processing and crystallization.
According to Rahier [73] the crystallinity of geopolymers depends on the SiO2/Na2O of the
activating solution: if this ratio is larger than 0.8 the geopolymer is completely amorphous.
This ratio represents a soluble silicate without Q3 and Q4 species and with pH>13.5 [200],
Figure 2.6. When the silicates concentration in the activating solution is low or null the
crystallinity seems to increase with increasing water content in the geopolymer mix [75],
[201]; this suggests that the crystallization in geopolymers could be a solution-mediated
mechanism. MK-based geopolymers prepared at 40°C are still amorphous after 3 days but
crystallized at longer curing time to produce zeolite type X, A, P and chabazite [202]. The
addition of soluble silicates delayed the crystallization of zeolite, while the increase of
sodium hydroxide increased the overall crystallinity [202]. Ferone obtained zeolite type A
and zeolite type X at room temperature using metakaolin and 10M NaOH [169]. Zhang [203]
studied the effect of Si/Al and NaOH/MK ratios on geopolymers cured at 40°C from 2 hours
to 10 days. Adding soluble silicates suppressed crystallization, while increasing NaOH/MK
increased the kinetics of zeolite type A and X formation. Synthesis of MK-based geopolymer
at 45°C with the alkali fusion method gave hydrosodalite at short and long time, and zeolite
type A and X at intermediate curing times, between 12 and 144 hours [204]. Unfortunately
most of these analyses were qualitative and did not quantify the crystallinity and the relative
percentages of different frameworks. According to Provis, GPs with Si/Al>1 contain crystals
which are not detectable by XRD but are by HRTEM. The addition of soluble silicates
caused rapid nucleation of zeolites in the proximity of the metakaolin particles and the
agglomeration of these nanocrystals produced the final geopolymer gel [98].
Promising studies have shown that geopolymers can be adopted as adsorbent of heavy metals
for water treatment: Pb2+, Cd2+, Zn2+, Cr3+, NH4+ could be successfully adsorbed [6], [196],
[197]. This relies on the high cation exchange capacity of geopolymers, for instance GPs
based on MK and soluble silicates have CEC=129.5 meq/100g [196]. Moreover,
geopolymers can be used to encapsulate radioactive isotopes such as Sr2+ and Cs+ which fit
into the sodalite cage of faujasite [205].
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An advantage of geopolymers over zeolites is their superior mechanical properties , in fact
some investigations have already looked into the use of LTA-containing geopolymers to
substitute self-supporting zeolite membranes for seawater desalination through pervaporation
[198] and FAU-containing geopolymer to separate alcohol/water mixtures [7]. Another
advantage is the GPs flexibility in term of processing: GP can be poured, cast, extruded,
sprayed, 3D printed, contour crafted, etc. [195] and in this context some comprehensive
rheological studies on metakaolin-based geopolymer have been conducted [170]. The
particular zeolitic nature of GP determines the geopolymers performance in environmental
applications [132] , e.g. different zeolite structures have different channels and cages sizes
[24]. Thus engineering and controlling the crystallisation of zeolite in geopolymer is required
to achieve its full technical and commercial potential as functional material and not just as a
mere low CO2 binder.

Figure 2.18 Top view (left) and cross section (right) of self-sustaining zeolite A membrane obtained via
geopolymerization route for seawater desalination [198]

In this work we focus on “model”, well-defined chemistry geopolymers processed through
metakaolin reacting with metal hydroxides and soluble silicates. This GPs subclass usually
needs curing at mild temperature (~40°C) and thus cannot be used to replace OPC on jobsite, but rather in precast applications. On the other side the zeolitic nature of these GPs
provides new properties that can be exploited in solving environmental applications and in
industrial catalysis. The chemical formulations of these metakaolin-based geopolymers have
been explored and different oxides were selected to study and improve the setting kinetics
and to engineer their crystal structure. This work contributes both to the advancement of
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fundamental science of geopolymer reactions kinetic and to the control and optimization of
GP properties for industrial and environmental applications.
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3. Objectives

More than 20 years of research have been done on geopolymers, focusing especially on the
development of a binder with low CO2 emission that can substitute OPC in the construction
industry. In recent years more efforts were given to understand the mechanism of
geopolymerization, especially in MK-based geopolymer, and to explore the advanced
properties of GP stemming from their zeolitic nature. Some critical aspects remained
however unexplored or understudied, in particular the rate limiting mechanism of
geopolymerization, the complex role of soluble silicates in the activating solution and the
nucleation and growth of crystalline zeolite within the material. This work provides new
insights on these three aspects which can be implemented into geopolymerization models to
better predict and tailor their final properties. Practical guidelines on GP processing science
developed in course of this work could help manufacturers and researchers to control the
crystallinity in GPs and tailor their properties to obtain the desired functionality. A more
complete understanding of the processing parameters that control the geopolymerization
reaction may lead to more reliable products and a wider acceptance of this relatively new
class of material.
The objectives of this work are as follows:
1. Assess and isolate the multi-faceted effects of soluble silicates on the compressive
strength, microstructure and crystallinity of metakaolin-based geopolymers obtained
in alkaline solutions.
2. Study the geopolymerization reactions, and identify the step that limits the overall
reaction kinetics and assess the effects of seeding to enhance the reaction rate and
control the final structure of the resulting GP.
3. Identify geopolymer compositions, additives and processes that lead to advanced
functional materials for ceramic membranes, waste encapsulation and catalysis.
4. Provide experimental observations of the molecular events occurring during
geopolymerization for the development of more sophisticated kinetic models,
especially in regard to the reorganization and crystallization of geopolymers.
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4. Approach and methodology

In this Chapter we present the different analytical techniques used to achieve the
aforementioned objectives. In Chapter 5 we delved into the chemical constraints in MKbased GPs and into the effects of soluble silicates on the mechanical properties and structure
of GPs. Based on such investigations a subgroup of GPs was selected and the effect of
seeding was investigated in terms of the compressive strength, microstructural and structural
development in seeded GPs, and reported in Chapters 6 and 6.2. Chapter 7 reports studies of
the early stages of GP setting reactions, using rheological techniques. The setting rate
limiting step of different GPs was determined by observing the effects of seeding. Finally, in
Chapter 8 a multifactorial design was adopted to identify the processing parameters that
control the gel formation and the crystallization of different zeolites.
4.1. Materials, synthesis and preparation methods
4.1.1. Raw material and metakaolin characterization
Table 4.1 lists the materials used in this work and their suppliers.
Table 4.1 Materials adopeted in GP and zeolite synthesis, and various oxides used as seeds.
Material

Supplier

Powerpozz metakaolin
(Advanced cement technologies)

Starpatch Concrete Products, Canada, Burnaby (BC)

Caustic soda NaOH
Sodium orthosilicate Na4SiO4
Sodium metasilicate Na2SiO3
Sodium aluminate NaAlO2
Sodium silicate type N
(PQ corporation)
Colloidal silica (HS-50 Ludox)
Zeolite mordenite
Zeolite faujasite-H
Zeolite faujasite-Na
5 MIN-U-SIL fine ground silica SiO2
α-Al2O3 Nano Powder
Fully stabilized zirconia ZrO2 (8% Y2O3)

Alfa Aesar, Ward Hill, US (MA)
Alfa Aesar, Ward Hill, US (MA)
Alfa Aesar, Ward Hill, US (MA)
Alfa Aesar, Ward Hill, US (MA)
Univar, Canada, Richmond (BC)
Alfa Aesar, Ward Hill, US (MA)
Alfa Aesar, Ward Hill, US (MA)
Alfa Aesar, Ward Hill, US (MA)
Alfa Aesar, Ward Hill, US (MA)
U.S. Silica, Chicago, US (IL)
Inframat Advanced Material, Manchester, US (CT)
Lida, China
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Powerpozz from Advanced Cement Technologies [Blaine, WA, United States] was used as
source of metakaolin (MK). MK particles had the platelet-like structure typical of the clay,
maximum diameter of approximately 1 μm and they formed 1-5 μm aggregates, see Figure
4.1. The chemical composition, determined with SEM equipped with energy-dispersive Xray spectroscopy (EDX), included 53.3% SiO2, 43.5% Al2O3, 1.9% Fe2O3, and 1.3% TiO2.

Figure 4.1 SE-SEM analysis of Powerpozz (metakaolin).

Powerpozz was mostly amorphous, Figure 4.2 top, there were no traces of residual kaolinite
and the detected impurities were quartz SiO2 (ICSD: 90145), anatase TiO2 (ICSD: 63711)
and halloysite Al2Si2O5(OH)4 (ICSD: 26716). The broad peak associated with the amorphous
phase was centered at 2θ=23° as expected [206]. The proper calcination (typically at 600°C
to 850°C, for 1 to 12 hours [207]) which promotes transformation kaolinite-metakaolin was
also confirmed by FTIR spectroscopy, Figure 4.2 bottom. The bands between 400 and 550
cm-1 corresponded to Si-O bending, peak at 636 cm-1 to Si-O-Si stretching, the bands at 752
and 785 cm-1 to surface hydroxyl Al-OH vibrations, the peaks at 915 and 936 cm-1 to inplain hydroxyl vibration, bands at 1014, 1036 and 1108 cm-1 to perpendicular Si-O vibrations
[208]. For MK, the main peak at 1080 cm-1 was associated with asymmetric Si-O-Al
stretching, the shoulder at 1200 cm-1 with the asymmetric Si-O-Si stretching, the peak at 790
cm-1 with the Al(IV)-O stretching and the peak at 460 cm-1 with the Si-O bending [84]. It is
evident that the calcination removed the surface hydroxyls, induced the formation of Al in
tetrahedral coordination and destroyed the order of the Si-O Al layers [124].
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In this work the effects of metakaolin surface area and calcination temperature were not
investigated and these parameters were kept constant by adopting Powerpozz for both
kinetics and structural investigations.
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Figure 4.2 Top: X-rays diffractogram of Powerpozz. Blue line: quartz; red line: anatase; peak at
2θ=8.8°belong to halloysite. Bottom: ATR-FTIR spectra of kaolin and metakaolin.

4.1.2. Geopolymer synthesis
Sodium hydroxide solutions were prepared by mixing sodium hydroxide NaOH pellets (Alfa
Aesar, 98%) in distilled water for 24 hours using magnetic stirrer. The concentration of
NaOH solution was determined by titration and then the desired NaOH concentration
obtained by proper dilution. When silicates were needed in the activated solutions, sodium
silicate type N or sodium metasilicate were added to the NaOH solutions and mixed for 48
hours. The activating solution was then added to MK and mixed for 5 minutes with an
impeller at approximately 2700 rpm. The impeller was made of stainless steel 18mm x
30mm cross blades. The GP slurries were then cast into molds. The compaction operations
were performed using a vibrating table for 2 minutes to remove the entrapped air; this
duration was considered adequate as no macroscopic air bubbles formed after 1 minute of
compaction. After 15 minutes from the initial mixing the molds were covered by a rubber
sheet, placed in sealed plastic bags and left in a dryer for the required time at the required
curing temperatures.
4.2. Analysis methods
4.2.1. Rheological characterization
All inorganic cements were obtained by mixing a solid component with a liquid component
to obtain a dispersion which can be plastically deformed under the stress delivered by the
rheometer. Chemical reactions (e.g. hydroxyl condensation) and physical processes (e.g.
coagulation) transformed progressively during the test the fluid slurry to a solid monolith.
The main difference between the (i) initial viscous and the (ii) final elastic material lays in
their response to the applied stress: the first undergoes a deformation proportional to the
stress τ, time t and inversely proportional to the viscosity coefficient, while the second
undergoes an instant deformation proportional to the stress and inversely proportional to the
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modulus of elasticity. In reality most materials have a mixed viscoelastic response to stress,
which will be further described in Sections 5.1.1 and 7.3.
The branch of science studying the deformation and flow of matter is called rheology and it
is particularly important in cement and geopolymer science for two reasons. First, the
manufacture processes for cementitious materials, e.g. casting, extrusion and spraying,
require a detailed characterization and control of their rheological properties. Second, as the
viscoelastic response of suspension depends on the interactions between its components, it is
possible to study the nature and kinetic of the geopolymerization reaction by rheological
techniques.
4.2.1.1. Viscosity
The simplest fluids in term of rheological properties are the Newtonian fluids. When a shear
stress τ is applied to this material a velocity gradient called shear rate 𝛾̇ is observed within
the material [209]. For an ideal Newtonian material those quantities are directly proportional
and the constant that links them is called viscosity η. The viscosity is independent of the
shear rate and the shear history of the material. Sodium hydroxide and sodium silicate
solution are Newtonian fluids, especially at low shear rates, i.e. 0.1 s-1 [210].
𝜏

𝜂 = 𝛾̇

EQ. 4.1

The viscosity of solution can be measured using a rotational viscometer in which a spindle
rotates in a single direction at differentent angular velocities and the shear stress is measured
[211]. In this work a “Brookfield Digital Viscometer, Model: LVDV-E” was used to study
the viscosity of selected activating solutions. The mechanical bearing of these viscometers
are not designed for high viscosity pastes such as cements and geopolymers.
4.2.1.2. Steady-state measurements
Cementitious materials, such as geopolymers, differ in many aspects from ideal Newtonian
fluids. If the stress is too low no flow is observed in normal observation times, e.g. hours; the
threshold stress above which material starts flowing is called yield stress τ0. Once the yield
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stress is exceeded the proportionality between stress and strain rate is restored. “Selfcompacting cement” term usually refers to a particular mix-design including additives that
reduce the cement yield stress. The shear rate 𝛾̇ vs shear stress τ line is defined as flow
curve and it defines the rheological properties of viscous materials. There are several models
that describe this rheological behavior and the Bingham equation [170], [212] is one of them,
as expressed in EQ. 40.
𝜏 = 𝜏0 + 𝜂𝛾̇

EQ. 4.2

As first approximation, most of the OPC and geopolymer cements can be represented by the
Bingham model including these two parameters: yield stress and plastic viscosity.

Figure 4.3 Shear stress vs shear rate according to the Bingham model [170], [212].

There are shear rate and time-dependent effects that can alter the Bingham response. If the
plastic viscosity decreases at higher shear rate the material is defined as pseudo-plastic (or
shear-thinning), if the opposite is observed the material is defined as dilatant (or shearthickening). These behaviours can be correctly described with the Herschel and Bulkley
equation [212], where K is the consistency index and n is the flow index.
𝜏 = 𝜏0 + 𝐾𝛾̇ 𝑛

EQ. 4.3

Thixotropy is another property of pastes and slurries that become less viscous over time
when shaken, agitated, or otherwise stressed. The shear stresses gradually break the interparticle bonds and the particles can move more freely within the material; those bonds are
restored once the paste is left at rest and the viscosity increases. For this reason the
rheological properties of the material are time and history dependent [212]. The increase of
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viscosity that is observed after the cement is cast has positive effects such as the reduction of
formwork pressure and the stability of the extruded material. Thixotropy can be exploited in
specific applications such as 3D printing of geopolymeric materials [195].
In this work the rheological properties of the geopolymeric pastes (such as viscosity
coefficient vs shear rate) were probed using a Haake Rotovisco vt550 rotational rheometer
equipped with grooved rotor to reduce slippage at the surface. The pastes were placed
between the sensor (the external cylinder) and the rotor (the internal cylinder) and the motor
set the rotor at a pre-determined speed. The resistance of the fluid to flow generated a torque
on the shaft that was recorded. The test can be performed controlling the shear rate and
measuring the shear stress or vice versa. The shear rate and the shear stress can be obtained
from the torque, the angular velocity and the geometry parameters of the rheometer, as
follows [211]:

𝜏=

𝑇

𝛾̇ =

2𝜋𝑟𝑎2 𝐻

𝑟𝑎 Ω

EQ. 4.4

𝑟2 −𝑟1

where T is the torque, r1 is the inner cylinder radius, r2 is the external cylinder radius, ra is
the average radius between r1 and r2, Ω and H are respectively the angular velocity and the
height of the rotor, Figure 4.4.

Ω
r1

ra

r2

Figure 4.4 Cross section of a concentric cylinder rheometer

70

In order to obtain the flow curve and determine the nature of the paste a steady state must be
achieved. The steady state was obtained by keeping the shear rate constant for each step and
shear stress was measured after equilibrium was reached. In Figure 4.5 the shear stress as a
function of time is displayed for each of the programmed shear rates. Once equilibrium is
obtained the shear stress value was stored and the result represented data point in the flow
curve.

Figure 4.5 Left: schematic representation of the Haake Rotovisco vt550 rotational viscometer. Right:
experiment program commonly used to obtain a steady state flow curve [213].

There are several experiments available for measuring and characterizing the thixotropy. One
method consists of measuring the area between the up and down flow curve, Figure 4.6
[206]: the shear rate increases from zero up to a pre-determined point, it then decreases back
to zero and the shear stresses versus shear rates are plotted. The two curves define a
hysteresis loop and area within the hysteresis loop represents the energy required to
breakdown the structure of the thixotropic suspensions. The measurement of the variation of
thixotropy vs time after mixing GP reactants provides useful information on structural
rebuilding within the mix. Unfortunately this method is relative since it strongly depends on
the testing procedures and equipment.
Another method to determine thixotropy is based on keeping the shear rate constant and
measuring the shear stress over time [213]. Two parameters are obtained with this method,
one is called the initial stress “τi” and depends on the initial structural condition of the
mixture, and the other is called equilibrium stress “τeq” and indicates a balance between the
structural breakdown and rebuilding. In this work the hysteresis loop method was adopted.
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Figure 4.6 Thixotropic measurements. Left and middle: hysteresis loop method. Right: constant shear rate
method [213].

4.2.1.3. Dynamic oscillatory measurements
At the early time of mixing, cementitious materials are not purely viscous or elastic but are
viscoelastic [170]. A portion of the energy is stored elastically within the material, while the
rest is dissipated during the viscous flow. Rheological measurements in which the viscosity
is measured at a constant shear rate cannot distinguish the viscous from the elastic
component of the response. Tests where the shear rate is varied linearly also cannot separate
the two contributions. Instead, during dynamic rheology the sample is subject to a sinusoidal
strain γ=γ0∙sin(ωt) and the sinusoidal stress τ=τ0∙sin(ωt+δ) is measured, or vice versa [211].
The elastic component of the response is in phase (δ=ω∙Δt=0°) with the strain, while the
viscous component is out-of-phase (δ=90°). In this work the Anthon Paar Rheometer
MCR502 was used with parallel plate geometry in dynamic rheology experiments.
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Figure 4.7 Left: schematic representation of the Anthon Paar Rheometer. Right: stress-strain response of a
viscoelastic material during dynamic rheology tests [209].

The response of the material can be described by the complex modulus G*=G’+iG’’, which
is obtained experimentally by measuring the amplitude of stress and strain, and the phase
angle δ [209], [211]. The storage modulus G’ and the loss modulus G’’ represent the energies
store elastically or dissipated viscously during one oscillation cycle. The complex viscosity
η*= η’+iη’’ can be calculated from the dynamic viscosity η’ and out-of-phase viscosity η’’.
|𝐺 ∗ | = √𝐺 ′2 + 𝐺 ′′2 =

𝜏0
𝛾0

EQ. 4.5

𝛿 = 𝜔 Δ𝑡

EQ. 4.6

𝐺 ′ = |𝐺 ∗ |𝑐𝑜𝑠(𝛿)

EQ. 4.7

𝐺 ′′ = |𝐺 ∗ |𝑠𝑖𝑛(𝛿)

EQ. 4.8

𝐺 ′′
𝜂 =
𝜔

EQ. 4.9

′

𝜂′′ =

𝐺′
𝜔

EQ. 4.10

4.2.1.4. Empirical tests
Most of the aforementioned rheological tests cannot be used practically for quality control in
the field. Moreover, most rheometers have intrinsic limitation: in coaxial cylinder geometry,
the maximum diameter of particles must be at least 10 times smaller than the gap size. Thus
mortar and concrete cannot be studied.
For this reason several empirical tests have been developed [212], [214]. In the construction
field terms like workability, consistency, plasticity and flowability are often adopted, but
their definitions are mostly descriptive. Empirical quantitative terms were developed in
connection with particular test that aims to measure the particular response of the paste (e.g.
Ve-be, slump, compaction factor). Albeit these tests are useful as quality control tools, they
73

are one-point tests and cannot describe the complex rheological behaviour of cementitious
materials. The appropriate parameters to characterize the flow of the paste include
fundamental quantities such as the viscosity and the yield stress that regulate the rheological
behaviour of the material. Most of the empirical tests give a single number which is a
complex function of those two fundamental rheological parameters; therefore it is not
possible to derive the accurate yield stress and the viscosity from such tests [215]. In this
work the empirical flowability was determined using a flow table [216]: the geopolymer was
poured in a bottomless mold placed on a surface; the mold is removed, the surface is dropped
several times and the percentage of lateral spread of the slurry is measured.
Table 4.2 some empirical tests to measure the rheological response of cementitious materials.

Test name

main rheological parameter
determining the response

application of
stress

standard

slump
Ve-Be time
flow cone
turning tube
viscometer

yield stress
yield stress
yield stress
viscosity

gravity
external vibration
gravity
gravity

ASTM C143
ASTM C1170
ASTM C939
ASTM C360

The transformation of the viscoelastic suspension into an elastic solid is usually determined
by an empirical test, i.e. Vicat test (ASTM C 191 “Standard method for time of setting of
hydraulic cement by Vicat needle” [217]). During the test a specific load is applied to the
cement via a needle and the material is said to have set when the needle leave no mark on the
surface. This method was adopted in this work to measure the setting times of the
geopolymers as there is not ad-hoc test for geopolymer. The GP setting times were more
difficult to measure compared with Ordinary Portland Cement (OPC) pastes due to their
thixotropic behavior. Moreover some GPs composition did set but had low initial mechanical
strength and hardness, and the needle left a mark on the surface. For this reason the GPs were
considered set when the penetration values were less than 0.5mm.
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4.2.2. Contact angle measurements
The wettability of a solid towards a certain liquid can be quantified as the tangential contact
angle between the solid surface and a liquid drop. This angle depends on the solid-liquid γSL,
liquid-gas γLG and solid-gas γSG interfacial energies. Young’s equation is a fundamental
equation that expresses the contact angle based on the three boundary conditions that are
present at equilibrium [218].
𝛾𝑆𝐺 = 𝛾𝐿𝐺 𝑐𝑜𝑠𝜃𝑆𝐿 + 𝛾𝑆𝐿

EQ. 4.11

Experimentally the contact angle can be measured with two different set-ups: sessile drop or
captive bubble [218]. Sessile drop test involves producing a droplet of the testing fluid which
is deposited on top of the solid. Instead, in a captive bubble test the substrate is immersed in
the testing fluid and an air bubble is placed underneath the submerged substrate and the
contact angle is measured. In this work most tests were carried out adopting the captive
bubble method, see Section 7.2.1 for more details. The contact angle measurements were
performed using a First Ten Angstroms (FTA) 1000 B Class contact angle goniometer,
equipped with a microliter syringe, Leur-Lok needles, Navitar 2x magnification camera. The
fluid was dispensed and the images analyzed by using a custom software.

Figure 4.8 Sessile drop (left) and captive bubble (right) schematic diagrams [219].
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4.2.3. Mechanical and microstructural analysis
Most geopolymer samples prepared in this work were cast in mold with dimension 1 by 1 by
7 inches (0.025 x 0.025 x 0.178 m). The GP bars were cut in 1 inch cubes using a diamond
saw. The unconfined compressive strength (UCS) of the GP was tested using a INSTRON
3369 test machine equipped with a 50 kN load cell and using a crosshead speed of
0.5mm/min. Efforts were made to assure that the samples were as close as possible to perfect
cubes with parallel surfaces; inaccuracies were compensated by testing larger numbers of
samples (e.g. 9 cubes per composition) to improve statistical analysis.
The microstructure of the raw materials, the reaction products and the fractures surfaces were
analyzed without polishing using a Hitachi S-570 scanning electron microscope (SEM) with
a tungsten filament that can operate either in high vacuum mode or in variable pressure.
Gold-palladium coating and carbon coating were applied with a sputtering machine for
samples analyzed in high vacuum mode to make them conductive and minimize charging
effects. Semi quantitative elemental chemical analysis and maps were obtained by EDX.

Figure 4.9 Left: Geopolymer bar during demolding operation. Right: GP cube and head of the Instron machine
during UCS test.

4.2.4. Structural analysis - XRD
X-Ray diffraction analysis is used to identify and quantify crystalline structures, study the
crystals dimensions, shapes and their orientations within a material [220]. The electrons act
as secondary sources of X-Rays and constructive interference occurs when they belong to an
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ordered lattice, i.e a crystals. The Bragg law, EQ. 4.12, links the interatomic distances d of
the crystal to the experimental angles 2θ° at which the interference occurs [220]. The
intensities of the Bragg peaks of a crystalline phase Yph depend on many factors, but most
importantly on the atomic content of the crystal unit cell, EQ. 4.13. The X-ray diffraction
intensity yic can be calculated by adding the Yph contributions of all phases and the
background contributions Ib, EQ. 4.14. Finally, the size of the crystals has an impact on the
shape of the Bragg peaks and the Sherrer equation describes this relation, EQ. 4.15 [220].
2 𝑑ℎ𝑘𝑙 𝑠𝑖𝑛(𝜃𝑝ℎ ) = 𝑛 𝜆

EQ. 4.12

𝑌𝑝ℎ = 𝐹𝑝ℎ 𝐻(𝜃 − 𝜃𝑝ℎ ) 𝐾𝑝ℎ

EQ. 4.13

𝑦𝑖𝑐 = 𝐼𝑏 + 𝑆ℎ ∑ 𝑌𝑝ℎ 𝑆𝑝ℎ

EQ. 4.14

𝑝

𝐾𝜆
𝐿=
𝛽𝑐𝑜𝑠𝜃

EQ. 4.15

dhkl is the interatomic plane in the crystal, θ is the diffraction angle, n is an integer number, λ
is the X-ray wavelength, Fph is the structure factor of the crystalline phase, H represents the
shape of the diffracted peak, Kph is the product of several intensity correction factors, Ib is the
background intensity, Sh is the scale factor, Sph is the phase scale factor, K is the shape factor
and β represents the crystal contribution to the FWHM of the diffraction peaks.
The information contained in diffractograms can be extracted by using a least-square
refinement between the experimental function yio and a model yic that describes the source of
XRD, the diffractometer instrumental configuration and the sample. This method is named
after its inventor, the Rietveld refinement [221], and practical aspect and guidelines of this
technique can be found in [222] . The Rietveld method is particularly important for phases
quantification because of the whole-pattern fitting approach which guarantees a much greater
accuracy and precision compared with other methods, such as the Reference Intensity Ratio
(RIR) Methods.
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By using the Rietveld method it is possible to perform quantitative phase analysis (QPA)
[223]: the phase weight percentage wi can be obtained from the phase scale factors Si and the
unit cell mass Mi and volume Vi, EQ. 4.16. Since amorphous phases do not contribute to the
Bragg intensity, a Rietveld refinement of a partially crystalline material overestimates the
weight fractions of the crystalline phases. Adding a known amount of crystalline material Xs,c
and comparing it with its weight percentage obtained by Rietveld refinement Xs allows the
quantification of the amorphous content wa (EQ. 4.17) and normalization of the weight
percentage of the crystalline phases wi.
𝑆𝑖 𝑀𝑖 𝑉𝑖
∑𝑗 𝑆𝑗 𝑀𝑗 𝑉𝑗

EQ. 4.16

100
𝑋𝑠
(1 −
)
(100 − 𝑤𝑠 )
𝑋𝑠,𝑐

EQ. 4.17

𝑤𝑖 =
𝑤𝑎 =

Graphical observation of the measured and calculated diffractograms is usually adopted to
understand how the model can be improved or if the refinement is good enough [224], e.g. a
mismatch between measured and calculated peak positions can be associated with incorrect
unit cell parameters. R-factors quantify those differences and the Goodness of Fit (GOF) is
calculated to determine if the model is appropriate: the lower the GOF, the better the
refinement. Unfortunately there are no strict guidelines on the acceptable threshold value for
GOF.
EQ. 4.18

𝑅 = ∑ 𝑤𝑖 (𝑦𝑖𝑜 − 𝑦𝑖𝑐 )2
𝑖
1⁄2

∑𝑖 𝑤𝑖 (𝑦𝑖𝑜 − 𝑦𝑖𝑐 )2
= [
]
∑𝑖 𝑤𝑖 (𝑦𝑖𝑜 )2

EQ. 4.19

𝑁 − 𝑃 1⁄2
𝑅𝑒𝑥𝑝 = [
]
∑𝑖 𝑤𝑖 (𝑦𝑖𝑜 )2
𝑅𝑤𝑝
𝐺𝑂𝐹 =
≥1
𝑅𝑒𝑥𝑝

EQ. 4.20

𝑅𝑤𝑝

78

EQ. 4.21

where wi depends on the estimated standard deviation, N is the data point numbers and P is
the number of parameters in the model [224].
In this work X-ray powder diffractograms were obtained using a Rigaku Model MultiFlex
with Cu-Kα (λ=1.5418Å) in Bragg Brentano theta-theta geometry with 1 cm receiving slit, 1°
soller slit, 0.3° divergence slit and graphite monochromator. The scans were set to run at 40
kV and 30 mA with the step size ranging from 0.5 to 2 degree/min depending on the tested
samples. Rietveld analyses were carried using the software X’Pert Highscore Plus.

Figure 4.10 Schematic representation of diffractograms in Bragg-Brentano geometry, from [225] .

4.2.5. Structural analysis - FTIR
Fourier-Transformation Infrared spectroscopy (FTIR) is based on the energy quantization of
internal vibrations of atoms and molecules within a material [226]. Since the energy gap
between the fundamental and excited vibrational state corresponds to the energy of infrared
(IR) light, the selective absorption of photons in this frequency region by the material reveal
the presence of particular functional groups, such as hydroxyl groups -OH. This technique
probes the interatomic bonds of the material, thus it does not require the material to be
crystalline.
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FTIR can be performed using different geometries, both in transmission and in reflection,
e.g. attenuated total reflectance ATR. An FTIR spectrum usually consists of transmittance
values (in percentages) over different wavenumbers (cm-1). Transmittance T is calculated as
the ratio between the signal intensity of the sample I over the intensity of the previously
collected background I0. The molar concentration c of a molecule is assumed to be
proportional to the absorbance A of the sample, which is calculated from the transmittance,
EQ. 4.22 [226]. Quantitative analysis thus requires the absorbance to be normalized by the
molar extinction coefficient ε and the interaction distance between the IR light and the
sample (see penetration depth l in EQ. 4.23). Since the penetration distance in the FTIR-ATR
depends on the wavelength λ of the infrared light, ATR spectra need to be corrected using
EQ. 4.24 when quantitative analyses are performed.
𝐼𝑜
𝐴 = 𝑙𝑜𝑔10 ( ) = − 𝑙𝑜𝑔10 (𝑇)
𝐼

EQ. 4.22

EQ. 4.23

𝐴 = 𝜖𝑐𝑙
𝑙=

𝜆
2𝜋𝑛1 (𝑠𝑖𝑛2 𝛷 − 𝑛21 )

EQ. 4.24

where Φ is the incidence angle of the IR light, n1 is the refractive index of the ATR crystal
and n21 is the ratio of the sample refractive index over n1 [226], [227]. ATR-FTIR analyses
were performed using a Perkin Elmer spectrum 100 - FTIR machine with a Tl-Br-I ATR
plate (diamond coated). The resolution adopted was 1 cm-1 and the spectra were acquired
from 4000 cm-1 to 250 cm-1 averaging 25 scans. In the following table the typical frequencies
for geopolymeric material are listed.
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Table 4.3 Precursors and geopolymers infrared characteristic bands [38].

chemical group

frequency [cm-1]

type of vibration

Si-O

1080-1100

symmetrical vibration

Si(Al)-O

1008

asymmetrical vibration

Al-OH

914

Si-OH

840

bending vibration

Al-O

798

4 coordinated Al-O stretching vibration

Si-O

694

symmetrical stretching vibration

Si-O-Al

540

bending vibration

Si-O

469

in-plane bending vibration

6-coordinated Al-OH stretching
vibration

4.2.6. Factorial design and Analysis of Variance (ANOVA)
In material engineering there is a relation between materials processing, structure, properties
and performance. In order to determine if a synthesis parameter has an effect on a certain
material property we need to quantify it and assess if the differences are due to a real effect
or due to random variation. This can be accomplished by the analysis of variance ANOVA,
which is a statistical method particularly useful when a factorial design of experiment is
adopted [228]. The latter consists of testing multiple processing parameters at the same time
instead of performing multiple single-parameter (one-at-the-time) experiments. Factorial
design in combination with ANOVA allows a more efficient investigation of the parameter
effects and, more importantly, the identification of interactions between multiple processing
parameters.
The Design of Experiment (DOE) has its own terminology, where the parameters are named
Factors, the different values assumed by each factor are called Levels, the measured data is
named Response, the combination of factor levels is named Treatment and their effects are to
be compared with other treatments. In Chapter 8 ANOVA analyses were performed in order
to study the effects and interactions of different factors, each with multiple different levels,
on different responses, following the methodology and software provided by StatEase [229].
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Factors included both GP chemical compositions and processing parameters, i.e. curing time
and temperature, and the responses were chosen and calculated to quantify the
transformations occurring during the geopolymerization reactions.
For simplicity, let’s assume a full factorial design consisting of 4 factors, each with 3 levels,
i.e. 43= 64 data points. If we ignore interactions between the factors, each factor has
nt=43-1=16 replicates (wherein the inspected factor is kept constant while the others are
changed) and k=3 treatments (i.e. setting different levels of the inspected factor while other
factors are kept constant). In this case 𝑦̅ represents the mean of all data, 𝑦̅𝑡 represent the
means of the replicates for the 3 different inspected factor levels and 𝑦𝑡𝑖 represents the
individual data point. If the response varies more between treatments than within treatment
the factor is said to have a statistical significant effect on the response. In order to quantify
this we need to introduce the sum of squares SS: SStot represents the total sum of squares
calculated based on the overall mean 𝑦̅; SSw represent the sum of squares calculated from the
individual treatment means 𝑦𝑡 ; SSb represent the sum of squares calculated between the
treatment means 𝑦𝑡 and the overall means 𝑦̅. DoFb and DoFw are respectively the degree of
freedom between groups and within groups, k is the number of treatments and nt is the
number of replicates. EQ. 4.28 links these three different SS values to each other [228].
𝑛𝑡

𝑘

𝑆𝑆𝑡𝑜𝑡 = ∑ ∑(𝑦𝑡𝑖 − 𝑦̅)2
𝑡=1 𝑖=1
𝑘 𝑛𝑡

𝑆𝑆𝑤 = ∑ ∑(𝑦𝑡𝑖 − 𝑦̅𝑡 )2

EQ. 4.25

EQ. 4.26

𝑡=1 𝑖=1
𝑘

𝑆𝑆𝑏 = ∑ 𝑛𝑡 (𝑦̅𝑡 − 𝑦̅)2

EQ. 4.27

𝑡=1

𝑆𝑆𝑡𝑜𝑡 = 𝑆𝑆𝑏 + 𝑆𝑆𝑤

EQ. 4.28

𝐷𝑜𝐹𝑏 = 𝑘 − 1

EQ. 4.29

𝐷𝑜𝐹𝑤 = 𝑛𝑡 − 1

EQ. 4.30
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Once these quantities are calculated it is possible compute the F-ratio, EQ. 4.31. The
calculated F ratios are then compared with the F-distribution tables to obtain the p-values α.
α represents the probability that the difference in 𝑦𝑡 values can be attributed to random
errors, i.e. the null hypothesis. It is usually accepted that for α<0.05 the null-hypothesis is
rejected and the factor is said to have a statistically significant effect on the response.

𝐹(𝐷𝑜𝐹𝑏 , 𝐷𝑜𝐹𝑤 ) =

𝑆𝑆𝑏
⁄𝐷𝑜𝐹
𝑏

EQ. 4.31

𝑆𝑆𝑤⁄
𝐷𝑜𝐹𝑤

In a similar manner we can calculate the sums of squares and degrees of freedom for
different parameters interaction, compute the F-ratio and determine the p-values. Each
treatment need to have the same sample size, in this case the design is said to be balanced. In
this work we consider the combination of different factor levels. For example, if X1, X2, X3
and Y1, Y2 and Y3 are the different levels of a 23 factorial design, the treatments are: X1Y1,
X1Y2, X1Y3, X2Y1... Thus it is possible to identify higher order interactions for multifactorial
designs; this analysis was adopted in Chapter 8. Further information is available in [228].
ANOVA analyses were performed using the software Design-Expert® Version 8 [229].
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5. Analysis of MK-based GP formulations

5.1. Formulation in Metakaolin-based GP
5.1.1. Constraints in the GP formulations
The geopolymer can be expressed as in EQ. 5.1 below, where X, Y, Z and W are respectively
the total moles of alkali, alumina, silica and water. Since most GPs are 2-parts GPs (i.e. solid
+ solution), both the solid precursor SP (such as metakaolin) and the activating solution (AS)
contribute to the final molar composition. Thus the geopolymer formula can be obtained by
adding the contributions of solid precursor SP and activating solution AS as follows:
XGP=XSP+XAS ; YGP=YSP+YAS ; ZGP=ZSP+ZAS and WGP=WSP+WAS. The GP formula is usually
normalized over the total number of alkaline moles, EQ. 5.4, so that the first term cancels to
1. Henceforth lowercase symbols refer to normalized quantities, i.e. xSP=XSP/(XAS+XSP)=1.
Geopolymers physical parameters, which are significant for their rheological and
microstructural properties, can be calculated accounting for the molecular weight of those
oxides, EQ. 5.5 and EQ. 5.6.
GP:

XGP M2O ∙ YGP Al2O3 ∙ ZGP SiO2 ∙ WGP H2O

EQ. 5.1

SP:

XSP M2O ∙ YSP Al2O3 ∙ ZSP SiO2 ∙ WSP H2O

EQ. 5.2

AS:

XAS M2O ∙ YAS Al2O3 ∙ ZAS SiO2 ∙ WAS H2O

EQ. 5.3

GP:

𝑋𝑆𝑃 +𝑋𝐴𝑆
𝑌𝑆𝑃 + 𝑌𝐴𝑆
𝑍𝑆𝑃 + 𝑍𝐴𝑆
𝑊𝑆𝑃 + 𝑊𝐴𝑆
𝑀2 𝑂 ∙
𝐴𝑙2 𝑂3 ∙
𝑆𝑖𝑂2 ∙
𝐻𝑂
𝑋𝑆𝑃 +𝑋𝐴𝑆
𝑋𝑆𝑃 +𝑋𝐴𝑆
𝑋𝑆𝑃 +𝑋𝐴𝑆
𝑋𝑆𝑃 +𝑋𝐴𝑆 2

EQ. 5.4

(𝑊𝑆𝑃 + 𝑊𝐴𝑆 ) ∗ 18.08
𝐻2 𝑂
=
𝑡𝑜𝑡𝑎𝑙_𝑠𝑜𝑙𝑖𝑑 (𝑋𝑆𝑃 + 𝑋𝐴𝑆 ) ∗ 61.98 + (𝑌𝑆𝑃 + 𝑌𝐴𝑆 ) ∗ 101.96 + (𝑍𝑆𝑃 + 𝑍𝐴𝑆 ) ∗ 60.98

EQ. 5.5

𝑚𝐴𝑆 𝑋𝐴𝑆 ∗ 61.98 + 𝑌𝐴𝑆 ∗ 101.96 + 𝑍𝐴𝑆 60.98 + 𝑊𝐴𝑆 ∗ 18.02
=
𝑚𝑆𝑃 𝑋𝑆𝑃 ∗ 61.98 + 𝑌𝑆𝑃 ∗ 101.96 + 𝑍𝑆𝑃 60.98 + 𝑊𝑆𝑃 ∗ 18.02

EQ. 5.6
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The ratio “H2O/total_solid” is important because it controls the porosity of the set binder: the
more water is added, the higher the porosity and therefore the lower the compressive strength
of set GP.
The GP mix rheology is controlled by the ratio of the activating solution content to the solid
precursor content, mAS/mSP, as defined in EQ. 75. In fact the relative viscosity of GP mix, ηr =
𝑚𝑆𝑃
⁄𝜌𝑆𝑃
𝑚𝑆𝑃
𝑚
⁄𝜌𝑆𝑃 + 𝐴𝑆⁄𝜌𝐴𝑆

ηGP/ηAS is a function of the volume fraction 𝛷 =

=

𝑚𝑆𝑃 𝜌𝐴𝑆
∗
𝑚𝐴𝑆 𝜌𝑆𝑃
𝑚𝑆𝑃 𝜌𝐴𝑆
∗
+1
𝑚𝐴𝑆 𝜌𝑆𝑃

according

with the Dougherty-Krieger equation [230]:
−[𝜂]Φ𝑝

Φ
𝜂𝑟 = [1 − ( )]
Φ𝑝

EQ. 5.7

where Φ is the volume fraction, Φp is the maximum packing fraction of the solid precursor,
[η] [Pa∙s] is the intrinsic viscosity [209], ρAS and ρSP [g∙cm-3] are respectively the activating
solution and solid precursor densities.
According to EQ. 5.4, EQ. 5.5 and EQ. 5.6 for a fixed total amount of geopolymer there are
maximum 7 degrees of freedom (DoF) available to change the GP composition, porosity and
viscosity. We can independently fix only as many GP parameters, e.g. Na+/H2O, SiO2/Na2O,
Si/Al, as there are available degrees of freedom.
Different geopolymer reagents introduce different constraints which can reduce the number
of degrees of freedom available. For example, when the solid precursor SP is metakaolin,
there are no alkalis or water in SP: XMK=0, WMK=0 and the DoF decrease to 5. In metakaolin
the number of moles of silica are twice the moles of alumina, thus ZMK = 2YMK and the DoF
decrease to 4. Moreover, the activating solution AS usually has no alumina, hence YAS=0 and
the DoF decrease to 3. The equations can thus be rewritten for MK-based GPs as follows
(WG-GP stands for GP activated with waterglass, NaOH-GP stands for GP activated with
NaOH) :
WG-GP:

1 M2O ∙ yMK Al2O3 ∙ (2yMK +zAS) SiO2 ∙ (wAS) H2O

EQ. 5.8

WG-GP:

H2 O
𝑤𝐴𝑆 ∗ 18.08
=
𝑡𝑜𝑡𝑎𝑙_𝑠𝑜𝑙𝑖𝑑 𝑥𝐴𝑆 ∗ 61.98 + 𝑦𝑀𝐾 ∗ 101.96 + (2𝑦𝑀𝐾 + 𝑧𝐴𝑆 ) ∗ 60.98

EQ. 5.9
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WG-GP:

activating solution
𝑥𝐴𝑆 ∗ 61.98 + 𝑧𝐴𝑆 ∗ 101.96 + 𝑤𝐴𝑆 ∗ 18.08
=
𝑀𝐾
𝑦𝑀𝐾 ∗ 101.96 + 2𝑦𝑀𝐾 ∗ 60.98 + 𝑧𝑆𝑃

EQ. 5.10

NaOH-GP:

1 M2O ∙ yMK Al2O3 ∙ (2yMK) SiO2 ∙ (wAS) H2O

EQ. 5.11

NaOH-GP:

H2 O
𝑤𝐴𝑆 ∗ 18.08
=
𝑡𝑜𝑡𝑎𝑙_𝑠𝑜𝑙𝑖𝑑 𝑥𝐴𝑆 ∗ 61.98 + 𝑦𝑀𝐾 ∗ 101.96 + 2𝑦𝑀𝐾 ∗ 60.98

EQ. 5.12

NaOH-GP:

activating solution
𝑥𝐴𝑆 ∗ 61.98 + 𝑧𝐴𝑆 ∗ 101.96 + 𝑤𝐴𝑆 ∗ 18.08
=
𝑀𝐾
𝑦𝑀𝐾 ∗ 101.96 + 2𝑦𝑀𝐾 ∗ 60.98 + 𝑧𝑆𝑃

EQ. 5.13

For instance, when MK (formula 0-1-2-0, refer to the notation introduced in Section 2.1.1) is
mixed with a sodium waterglass with formula 1-0-2-11 with a mass ratio mAS/mSP=1.7, it
produces a WG-GP with formula 1-1-4-11, H2O/total_solid=0.49 and Φ=0.26. A NaOH-GP
prepared with 11.2M NaOH and mAS/mSP=1.1 has formula 1-1-2-10, H2O/total_solid=0.63
and Φ=0.32.
According to Rahier [71], the optimum stoichiometry of GPs requires yMK=1, i.e. Na/Al=1
and if this condition is adopted the DoF are now 3. For a balanced NaOH/MK-based GP only
one degree of freedom remains, i.e. wAS, because there is no silica in the activating solution:
ZAS=0. So if we want to decrease the set GP porosity, the viscosity of the mix will inevitably
increase and all other ratios will decrease, including H2O/solid, H2O/SiO2, H2O/Al2O3,
H2O/Na2O. Determining the real contribution of a single factor on the GP properties can
therefore become complicated since separating its contribution from the other factors is not
always possible.
The increase in strength by decreasing wAS can thus be associated with the decrease in
concentration of NaOH (related to the ratio Na2O/H2O), or with the increase in the solid
content solid/H2O. Fortunately in this case there are plenty of studies on the effects of
H2O/solid on cement paste for OPC, thus the predominant effect of solid/H2O can be
assumed. In particular the compressive strength of OPC concrete follow the Abram’s law:
σ=A/Bw/c , where σ is the compressive strength, A and B are constants and w/c is the water to
cement ratio [17], [231]–[233].
The transformation of metakaolin to zeolite type LTA during GP setting and crystallization
can be expressed using the following equation [148]:
6 Al2Si2O7 + 12 NaOH + 21 H2O  12 (NaAlSiO4 ∙ 2.25 H2O)
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EQ. 5.14

According to this equation the concentration of NaOH is 22M (i.e. saturated sodium
hydroxide solution) and the mass ratio solution/metakaolin=0.64, a value too small to
achieve a homogeneous paste. In conventional zeolite synthesis using MK in dilute
condition, the solution/MK can be as low as 2 [148] or as high as 5 [187] , while in
geopolymer the ratio solution/MK≈1-2 is usually adopted [58], depending on the particle
size of the MK. As a consequence only part of the water in the final GP is zeolitic (i.e. is part
of the zeolite structure) and the water excess increases the material porosity.
For a WG/MK-based GP there are 3 degrees of freedom, or only 2 degrees in case Na/Al=1
is fixed. However the waterglass solution itself is not stable within the entire SiO2-Na2O-H2O
compositional diagram and stable commercially available solutions are confined to the
Region 9 (refer to Figure 5.1 left). This region roughly ranges from 40% to 68% H2O, 6% to
26% Na2O, and 21% to 40% SiO2. Sodium silicates in Region 9 have also the lowest
viscosity (Figure 5.1 right); in particular solutions with Ms=1.8 have the lowest viscosities
when compared at constant solid fraction [210]. By decreasing the H2O content (Region 8)
their viscosity η increases dramatically so it is unpractical to prepare and use such solutions.
Further water reduction produces semisolids (Region 7), hydrated glasses (Region 5) and
glasses (Region 4). Increasing the SiO2 content produces highly polymerized silica and phase
separation: formation of colloidal micelle and gel (region 11). Increasing the Na2O content
also induces phase separation: precipitation of crystalline alkaline silicates (Region 3). The
triangular Region 2 is defined by the composition of crystalline NaOH, crystalline anhydrous
sodium

metasilicate

Na2SiO3

and

crystalline

sodium

metasilicate

nonahydrate

Na2SiO3∙9H2O. Thus, although an unbalanced WG-MK geopolymer has three degrees of
freedom, constraints in the WG can reduce them to only two degrees.
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Figure 5.1 Left: Sodium soluble silicate diagram SiO2-Na2O-H2O (from [101]) with compositions of some
commerically available chemicals . Region 9 is the most stable region of soluble silicate solutions and most of
commercial solutions are located within this region. Right: Viscosity of sodium silicate as a function of silica
modulus at constant solid contents. From [234], adaptation from Vail [101].

The most available and cheapest type of soluble silicate is the type N (close to interface
between Region 9 and Region 10), which contains 8.9% of Na2O, 29.9% of SiO2, 62.4% of
H2O; it has a Ms=3.22 and it is the commercial silicate with the highest silica content. It has
a pH=11.3 and η=180 cP [234]. WG-type N has also relatively high water content and low
Na2O and its formula can be expressed as 1Na2O - 3.22SiO2 - 23.53H2O. A balanced GP
prepared with MK and this silicate would have formula 1.00-1.00-5.22-23.53 (refer to the
notation introduced in Section 2.1.1), mass ratios water/solid≈0.89 and solution/solid≈3.1,
and Φ=0.38. Such geopolymer paste would be highly diluted and its relatively low pH=11 to
11.5 can hardly dissolve the metakaolin particles. Since metakaolin dissolution consumes
water, EQ. 2.18, WG-N slowly turns into a highly viscous gel which further limits the
diffusion of reagents, thus increasing the setting time of the GP. Therefore, if the geopolymer
mix is not properly sealed during the curing operation, water evaporation may induce a fake
setting process due to gelation of WG; in this case the gel is made of sodium silicate and it is
not a geopolymeric alkali aluminosilicate.
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5.1.2. Soluble silicate MK-based GP
Several studies [58], [62] have been done to identify the GP compositions that maximize
materials compressive strength. For example, in Figure 2.5 the compressive strengths of
balanced MK-based GP prepared by Duxson [58] showed how the UCS of GPs increases
with the ratio Si/Al until the optimum GP composition of 1.00-1.00-3.80.11.00 and
Si/Al=1.90. The ratios Na/Al=1 and Si/Al=1.15,1.40,1.65, 1.90 and 2.15 were fixed. The last
degree of freedom was chosen to be the ratio Na2O/H2O=11, which was kept constant for all
compositions. The ratios H2O/solid and solution/MK varied across the materials, Figure 5.2.
In particular, a higher Si/Al resulted in a higher solution/MK (which reduced the paste
viscosity and facilitate the degassing operations) and decreased the H2O/solution, which
decreases the overall porosity of the binder. Thus, it is complicated to determine if the
increase in strength was due to a difference in gel type or due to an increase in gel volume.
1.80
1.60
1.40
H₂O/solid

1.20

solution/MK

1.00
0.80
0.60
0.40
1.15

1.4

1.65
Si/Al

1.9

2.15

Figure 5.2 Calculated H2O/solid and solution/MK ratios of GPs with different Si/Al ratio studied by Duxson
[58].

Similar considerations are also valid in the research conducted by Rowles [62], where all the
parameters of the MK-based GPs were varied but the results were presented in terms of Si/Al
and Na/Al ratio, Figure 2.13. We calculated the Pearson correlation coefficients (EQ. 5.15)
between each factor and the UCS (Table 5.2) and the most important parameter was
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H2O/solid, followed by Si/Al and solution/MK. Factors Si/Na and Na/Al, on the contrary,
had a relatively smaller effect.
ρ𝑋,𝑌 =

𝑐𝑜𝑣(𝑋, 𝑌)
𝜎𝑋 𝜎𝑌

EQ. 5.15

Table 5.1 Measured compressive strengths and calculated GPs ratios (H 2O/solid, Si/Na, solution/solid)
extracted from Rowles work on metakaolin-based GPs [62].

Si:Al
1.08

1.50

2.00

Si:Al
2.50

3.00

1.08

1.50

compressive strength [Mpa]

Na:Al

0.52

0.40

0.71

2.20

6.20

1.00

4.40

23.40

1.29
1.53

19.80

2.00

Na:Al

64.00
49.00

11.80

0.52

0.85

0.71

0.82

0.75

1.00

0.79

0.73

1.29

Na:Al

1.92

0.71

1.41

2.00

1.00

1.00

1.42

1.29
1.53

2.60

1.53

19.90

2.00

0.69

1.49

2.00

0.62
0.61

0.62

0.64
0.62

solution/solid

1.92

0.93

3.00

0.67
0.66

Si/Na
0.52

2.50

H2O/solid

51.30
53.10

2.00

Na:Al

1.88
1.58

0.96

0.52

1.12

0.71

1.18

1.50

1.00

1.29

1.60

1.29

1.91

1.53

1.46

2.00

2.08
1.79

Pearson correlation coefficient (with the UCS)

Si/Na

H2O/solid

Na/Al

Si/Al

Solution/MK

0.21

-0.61

0.21

0.41

0.34

2.45
2.54

2.33

Table 5.2 Pearson correlation coefficient obtained from Rowles [62].
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1.97
3.05
3.22

Unfortunately no H2O/solid iso-lines are available in the literature for GP formulations, so it
is not possible to separate the contribution of water content from the Si/Al. Therefore we
addressed this problem analytically and experimentally in the following Section.
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5.2. Effects of Si/Al on the GP
5.2.1. Optimum H2O/solid for NaOH/MK-based GP
WG-based GPs benefit from the dissolved silica in the activating solutions and it is possible
to obtain a small solids volume fraction Φ and low GP viscosity ηGP even when the total
solids content is relatively high compared with NaOH-based GP, Figure 5.2. At constant
H2O/solid, NaOH-based GPs have lower solution/MK ratios which results in more viscous
slurries. In order to compare GP with different Si/Al but similar H2O/solid, the latter needed
to be optimized to produce a flowable NaOH-based GP with Si/Al=1.
Three different GPs were prepared with Na/Al=1, Si/Al=1 and different solution/MK
following the procedure presented in Section 4.1.2, and cured the material at 25, 40 and 55°C
for 20 hours. The best composition was selected based on visual observation of the slurry
rheological response (ability to compact the paste using a vibration table) and by SEM
analyses of the set GPs (Figure 5.3): mass ratio between activation solution and MK of 1.1
and mass ratio H2O/solid=0.64. Lower mAS/mSP values resulted in a viscous paste which
cannot be successfully degassed: the entrapped air created 200-300 μm pores which can
reduce the compressive strength (UCS). Higher mAS/mSP values increased the percentage of
small pores originated from the extra water and could also reduce the UCS.
Table 5.3 NaOH/MK-based GPs prepared to optimize the activating solution/MK mass ratio (mAS/mSP) and
H2O/solid ratio. Φ is the volume fraction of solids.

mAS/mSP

H2O/solid

NaOH concentration

GP formula

Φ

1.00
1.10
1.20

0.56
0.64
0.72

12.50
11.06
9.90

1.0-1.0-2.0-8.9
1.0-1.0-2.0-10.1
1.0-1.0-2.0-11.4

0.35
0.32
0.30

Higher magnification SEM images reveled the cubic crystals of zeolite type A (also called
zeolite LTA) and octahedral crystals of zeolite type X (also called faujasite-X), according to
XRD data presented in Section 6.2.1.3. Geopolymers with higher H2O/solid appear more
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crystalline and the crystals were larger. The water excess seemed to facilitate the formation
of zeolite and this can be due to two reasons: 1) the crystallization is a solution-based
transformation that requires H2O to occur; 2) the crystallization of the amorphous gel is
associated with a volume change. The effect of H2O/solid are further investigated in details
in Chapter 8.

Figure 5.3 SEM images of NaOH/MK-based GP with different activating solution/MK ratio (mAS/mMK) cured at
55°C for 20 hours .
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The setting times of these GPs were determined using the Vicat needle according to ASTM
standards [217] and the results are shown in Table 5.4. Additional water delayed the setting
time especially at room temperature. Curing at mild temperatures reduced the setting time
and the effect of additional water became negligible.
Table 5.4 Setting times of geopolymer pastes with different water content at 3 different temperatures. Error
percentage is approximately 20%.

Geopolymer setting time [minutes]
GP formula

1-1-2-8.9
1-1-2-10.1
1-1-2-11.4

25°C

Curing temperature
40°C

55°C

130
200
280

40
50
70

30
30
40

5.2.2. Sample preparation and slurry properties
A different set of three MK-based geopolymers was prepared with constant
H2O/solid=0.634, Na/Al=1 and Si/Al respectively 1, 1.34 and 1.68, in order to determine the
effects of Si/Al at constant H2O/solid. The activating solutions were prepared starting from
sodium silicate type N, sodium hydroxide pellets and water. After the pellets were fully
dissolved in water, WG-type N was slowly added and the activating solutions were mixed at
40°C for 2 days with a magnetic stirrer. Samples were prepared following the procedure
described in Section 4.1.2 and cured at 40°C for 20 hours. The same curing condition used
by Duxson [58] were adopted to directly compare the unconfined compressive strength UCS
of the set GPs, presented later in Figure 5.8, Section 5.2.4. The GPs formulations and other
details can be found in Table 5.5 below.

94

Table 5.5 Geopolymer compositions, slurry flow (determined using a flow table) and activating solution
properties. AS: Activating solution.

Geopolymer

Activating solution

flow [%]

ηAS [cP]

ρAS [g/cm3]

1.0-1.0-2.0-10.0

63±2

41±2

1.35±2

1.39

1.0-1.0-2.7-11.5

113±2

1200±6

1.42±1

1.69

1.0-1.0-3.4-12.9

>256

73±1

1.46±2

Si/Al

H2O/solid

mAS/mMK

1

0.634

1.09

1.35

0.634

1.68

0.634

GP formula

Higher Si/Al values resulted in higher mass ratio between the activating solution and the MK
mAS/mMK, and lower viscosity of the GPs. The flowability of the GPs was determined using a
flow table, Figure 5.4, according to ASTM-C1437 [216] and the results can be found in
Table 5.5. The consistency of GP with Si/Al=1 was previously optimized to be comparable
with OPC based binders. GP with Si/Al=1.35 was twice as flowable as the previous sample,
while GP with Si/Al=1.68 was a liquid slurry with a flow that exceeded the limits of the
apparatus.

Figure 5.4 Flow table apparatus and flow of the GP with Si/Al=1.35.

95

5.2.3. Activating solutions
The three activating solutions were named after the Si/Al ratios of the geopolymers they
were intended for, Figure 5.5. The solution for GP with Si/Al=1 was an 11.2 molar
hydroxide solution. The Si/Al=1.35 activating solution was a soluble silicate with Ms=0.7
and 66.5 wt% water content. The Si/Al=1.68 solution was a soluble silicate with Ms=1.36
and 61.9 wt% water content. The viscosities of the activating solutions were determined
using a “Brookfield Digital Viscometer, Model: LVDV-E” and their densities using a
pycnometer. The activating solution for GP with Si/Al=1.35 was not homogeneous but it was
an opaque colloidal dispersion, Figure 5.5. A portion of this solution was centrifuged at 6000
rpm for 20 minutes and the precipitate was directly analyzed by XRD (Figure 5.6).

Figure 5.5 Activating solutions intended for the synthesis of GPs with different Si/Al. Sample in the middle is a
colloidal dispersion.

Figure 5.6 In red: Measured X-rays diffractograms of the gel precipitate by centrifuging the activating solution
intended for GP with Si/Al=1.35. In blue: Peak position of sodium silicate hexa-hydrate Na2SiO3∙(H2O)6, ICSD
code 9171.
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The colloidal precipitate was found to be crystalline sodium metasilicate hexa-hydrate. All
sodium metasilicate hydrates Na2O∙SiO2∙nH2O (n = 9, 8, 6, 5) contain discrete silica
tetrahedra monomers [SiO2(OH)2]2- and sodium in octahedral coordination [109], [235]–
[237]. Depending on the hydration degree, the sodium atoms can form sheet with octahedrals
alternatively sharing faces and corners (for n=6 [236]) or helical chains of corner sharing
octahedrals (for n=9 [235]). Instead, anhydrous sodium metasilicate Na2SiO3 is composed of
chains of corner sharing tetrahedral (SiO3)2- [109]; this crystal is not expected to be formed in
the solution but it can be used as an extra source of silica for certain just-add-water
geopolymers. The hydration degree of the sodium metasilicate has an effect on the
Na2O∙SiO2∙nH2O structure and solubility and probably on its interaction with the liquid phase
of the activating solution and the monomers and oligomers generated by the MK dissolution.
Provis [238] found that the partial substitution of sodium with potassium can suppress or
delay the crystallization of the metasilicate.
The location in the SiO2-Na2O-H2O diagram of the activating solution adopted in this study
can be found in Figure 5.7. The AS for GP with Si/Al=1.35 was in fact in the metastable
Region 3, as described in Figure 5.1 (left). The AS used by Duxson [58] are also represented
in the same diagram and some of them probably contained colloidal sodium metasilicate
hydrates.

Figure 5.7 Na2O-SiO2-H2O diagram for the GP activating solution. Red triangles: activating solutions used by
Duxson [58]. Black squares: Activating solution adopted in this current work.
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5.2.4. Sample curing and unconfined compressive strength (UCS)
Nine samples for each composition were tested for UCS after 20 hours of curing, in order to
obtain a good statistic. The samples cured at 40°C set within 1 to 3 hours, as tested according
to ASTM [217], nonetheless it is still not certain if the GPs had fully reacted and achieved
their maximum strength after 20 hours of curing. For this reason additional nine samples for
each composition were autoclaved for 6 hours at 125°C in autogenous pressure (i.e. 30 psi)
to produce fully cured GP. A similar procedure to obtained fully-reacted GP was used by

UCS [MPa]

Kriven [79]. The unconfined compressive strength UCS values are shown in Figure 5.8.
50
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35
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T=40°C
T=125°C (autoclaved)
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1.25

1.5
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Si/Al
Figure 5.8 UCS of GP with different Si/Al. Left: constant H2O/solid GP prepared in this work. Right: constant
SiO2/Na2O prepared by Duxson [58].

T-tests were performed to compare both the effect of Si/Al and the effect of autoclaving. The
null-hypotheses were rejected for all the tests. It is obvious that autoclaving had a larger role
at low Si/Al. In particular the accelerated curing autoclave increased the UCS of GPs with
Si/Al=1.0, 1.35 and 1.68 respectively by 160%, 86% and 18% (as compared to 40°C for 20
hours non-autoclave curing). This suggests that curing beyond 20 hours at 40°C is needed to
obtain the maximum achievable strength. The strongest samples in compression after normal
curing was the GP with Si/Al=1.68, but the strongest fully-cured autoclaved GP had the
largest UCS=38 MPa at Si/Al=1.35.
In his work Duxson obtained higher UCS values for samples with Si/Al>1; the reason lies in
lower H2O/solid used in that work [58]. The difference he found between GP with Si/Al=1.4
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and 1.65 was more pronounced than what observed in this study. Thus the Si/Al ratio appears
to play an important role especially at low Si/Al, but at higher ratios the increase in
compressive strength observed by previous studies [58], [62] was due to a lower water
content in the GPs.
5.2.5. Structural characterization
The fracture surfaces of the GPs were coated with carbon and observed in high-vacuum SEM
using secondary electrons. The microstructures of GPs cured at 40°C for 20 hours (Figure
5.9) and fully-reacted GP (Figure 5.10) were studied to better understand the mechanical
properties of the GPs.
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Figure 5.9 SE-SEM images of the fracture surfaces of the three GPs cured at 40°C for 20 hours at different
magnification.
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Figure 5.10 SE-SEM images of the fracture surfaces of the three GPs cured in autoclave at different
magnification.

All samples cured at 40°C (Figure 5.9) had a dense microstructure; conversely the samples
with smaller Si/Al prepared by Duxson [58] were more porous due to the higher H2O/solid
ratio. GP with Si/Al=1.00 was a dense binder made of coagulated colloidal particles of
micron and submicron size. Geopolymer gels with Si/Al=1.35 and 1.68 were made of
smaller units with submicron size that bound the unreacted MK particles together. In
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particular the GP with the highest UCS=26MPa and Si/Al=1.68 had the largest amount of
unreacted MK. It is thus possible that the higher UCS values were also related to the
composite nature of GPs with high Si/Al ratio, in which the unreacted MK particles deflected
the crack propagating through the gel.
When cured in autoclave the fully reacted GP (Figure 5.10) underwent prominent
transformations. Samples with Si/Al=1 formed cubic crystals which correspond to zeolite
type A. This observation was confirmed by XRD, Figure 5.11. The crystallization was
probably associated with a change in volume since the GP appeared more porous as
compared to one cured at 40°C. The strength of this GP increased by 160%: although the
sample was more porous, the intergrowth of crystals provides a better binding than the weak
interaction between the amorphous lumps observed for samples cured at 40°C. Moreover
some long fibrous structures of 200 nm diameter were also detected; these fibers may also
help the GP to redistribute the stress when cracks are propagating, effectively increasing its
fracture toughness.
The amount of fibrous structures increased with the increase of Si/Al; however their aspect
ratios decreased with Si/Al ratio. Fully cured GP with Si/Al=1.35 had fibres with 0.5-1.0μm
diameter, while GP with Si/Al=1.68 had both fibrous and tabular structures. These fibrous
and tabular structures have not been observed for MK-based GP, but they were detected in
NaOH/fly-ash based GP cured above 40°C [239]. The nature of these amorphous fibers is
unknown, and their lack of crystallinity complicates the identification (Figure 5.11). The lack
of crystallinity excluded the possibility that they were made of thermonatrite Na2CO3·H2O,
which is known to form acicular crystals, thus they were probably aluminosilicate fibers.
Detailed analysis of the fractured surface indicated a strong bond between the fibers and the
geopolymer gel, as no fibers pull-out was observed and the crack did not change direction
when reaching the fibers. Due to the heterogeneity of the GPs it was hard to assess if all the
MK was dissolved, nonetheless the autoclaved curing undoubtedly decreased the amount of
unreacted MK.
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Figure 5.11 XRD patterns of GPs with different Si/Al cured at 40°C for 20hours with and without autoclave
treatment rutile internal standard was used for all samples. s=silica (ICSD 90145, quartz), an=anatase (ICSD
63711), r=rutile (ICSD 34372), a=zeolite type A (ICSD 24901).

As previously mentioned, all the GPs cured at 40°C for 20 hours were amorphous, and
crystalline zeolite type A was detected only for the autoclaved GP with Si/Al=1. These
findings are in agreement with the research conducted by Yan [59] on geopolymers obtained
by sol-gel route and cured at different conditions. After curing at 60°C for 24 hours
geopolymers with Si/Al=1.0 and Si/Al=1.5 were still amorphous; additional curing at 90°C
for 6 hours induced partial crystallization only for the GP with Si/Al=1. The sample with
Si/Al=1.5 crystallized only after additional curing at 180°C for 6 hours. In the current study
the autoclaved samples were subjected to T=125°C which was still too low to induce
crystallization in GP with high Si/Al ratios. Independently from the nature of the binder, it is
commonly observed [240] that strength is enhanced by amorphous rather than crystalline
structures. It is believed that the crystal interlocking is rigid and it cannot accommodate
residual stresses [240]. On the contrary amorphous binders are more flexible, thus they can
sustain residual stresses and better conform to aggregate roughness to improve adhesion.
5.3. Summary
In this Chapter the composition of MK-based GPs was investigated in terms of the number of
degrees of freedom of the process parameters, and the resulting mechanical properties,
microstructure and structure. Balanced NaOH/MK-based GP possess only one degree of
freedom so compromises need to be made between NaOH concentration, slurry viscosity and
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GP porosity. On the other hand, balanced WG/MK-based GPs have more degrees of freedom
and the soluble silica in the activating solution allows the preparation of flowable pastes with
low water content which produces GPs with relatively low porosity. WG/MK-based GPs
with intermediate values of Si/Al≈1.35 had a heterogeneous activating solution containing
colloidal particles of sodium metasilicate hydrate which can act as heterogeneous nucleation
centers. Thus, any predictive model of geopolymerization needs to properly describe the
Na2O∙SiO2∙nH2O crystals in solution and their role in the GP reactions.
By comparing the UCS of GPs processed in this work with the values found in the literature
it is possible to conclude that both H2O/solid and Si/Al have an effect on strength. Soluble
silicates in the activating solution increase the intrinsic strength of gel at 1<Si/Al<1.35 and
also the gel content. At Si/Al>1.35 the increase in strength is mostly due to an increase of
solid/H2O and the gel has comparable properties. New GP amorphous fibrous morphologies
were found when samples were cured in autoclave.
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6. Seeded geopolymers

6.1. Seeds selection and processing
6.1.1. Seeded geopolymers
When dealing with heterogeneous reactions, seeding is a common practice used to increase
the reaction kinetics and also to control the reaction products, as previously mentioned in
Section 2.2.4.6. While several studies have already been done on the seeded GP system,
however none of them focused on pure MK-based GPs [163], [165], [166], [177]. Additional
original contribution of the present work is the selection and processing of seeds, including
zeolite seeds.
When GP based on fly ash and 6M NaOH was seeded with Al2O3 [177] the silicate
monomers quickly reacted with the liberated Al in solution, reducing the surface passivation
and allowing more rapid fly ash dissolution. The faster consumption of monomers by the
growing gel also decreased their concentration in the solution and enhanced the total yield of
the reaction. In a different study on geothermal silica and sodium aluminate geopolymers the
effect of Al2O3, ZnO and ZrO2 seeds was investigated [166]. It was claimed that the seeds
had multiple effects: induced nucleation of geopolymer gel in the initially Al-rich reaction
mixture; prevented surface passivation of the silica particles due to alumina adsorption on
their surfaces; and enhanced the dissolution of silica. Different results were however reported
in [163], where ZrO2 seeds did not improve the reaction kinetics and did not induce zeolite
crystallization in a GP based on MK, fly ash, NaAlO2 and soluble silicates. The effect of
amorphous nanosilica and nano α-alumina on the compressive strength of GPs based on rice
husk ash, fly ash, sodium hydroxide and waterglass was investigated at different
temperatures [165]. Silica seeds had a positive influence on the mechanical strength,
apparently by acting as heterogeneous nuclei and accelerator and promoter of the
geopolymerization reaction. On the other hand alumina seeds did not increase the
compressive strength of the GP. The silica and alumina were sometimes considered as
reagents and sometimes as seeds in research literature, thus complicating the understanding
of the nucleating and growth of the geopolymer gel. On one hand they changed the solution
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chemistry and on the other they just provided nucleation sites for the growth and
crystallization of the geopolymer.
In this work we undertook the task to explore the effects of seeds on MK-based GP in a way
not reported before. To the best of our knowledge none has ever investigate the role of
seeding on only-metakaolin based GP, zeolites were never included in GP seeding
experiments and the effects of mechanical activation on the zeolite seeds has never been
inspected. Two different types of seeds were selected: 1) oxides already studied in other GP
types; and 2) different zeolite seeds. As the final crystalline products of the geopolymer are
zeolites, such as faujasite, the use of these mineral phases was a natural choice. It is however
common both in zeolite synthesis and in Portland cement hydration to use seeds that
resemble the final reaction products [154], [159], [160], [162]. Zeolite phases that are not
commonly found in GP were also selected in this part of our research (mordenite) or
synthetized (zeolite type P), to determine if seeds could affect the nucleation and growth of
different products in set GP.
6.1.2. Oxide seed selection
Six different types of particles were used to seed the geopolymers in this work, including: (1)
SiO2 [U.S. Silica, United States], (2) α-Al2O3 [Inframat Advanced Materials, United States],
(3) ZrO2 [Lida, China]. Three different zeolites used as seeds were purchased from Alfa
Aesar, and included: (4) mordenite (Si/Al=6.5 and Na/Al=0.92), (5) sodium faujasite type Y
(Si/Al=2.5 and Na/Al=0.96) and (6) hydrogen faujasite type Y (Si/Al=2.5 and Na/Al=0.21).
More information on these seed materials is available in Table 4.1. All the seeds had
isoelectric point (IEP) below 12, thus it is expected that the surface of the seed is negatively
charged when dispersed in the highly alkaline geopolymer activating solutions [241].
Nonetheless high ionic strength can change the IEP. In some cases there is no IEP and the
particles are positively charged, but their behaviour is highly dependent on the nature of the
particle and solute [242]. SEM images of the seeds are shown in Figure 6.1 and Figure 6.5.
Since most oxides had agglomerates, different deagglomeration methods were used in this
work: mechanochemical activation (Section 6.1.2.1), dispersion in the activating solution
(Chapter 7) or alternative method (Section 6.1.3.2).
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Figure 6.1 SE-SEM images of the silica (top left), alumina (top right), zirconia (bottom left) and Faujasite-H
(bottom right) seeds used in this study.

XRD and FTIR analyses were performed on each seed and no detectable impurities were
found. Mordenite and faujasite had distinct X-ray diffraction patterns characterized by peaks
with different positions. On the contrary, faujasite-H and faujasite-Na shared the same XRD
peak positions but had slightly different peak intensity ratios. These similarities limit the
ability of the XRD to distinguish the two phases and justify the adoption of a single faujasite
phase to describe these zeolite crystals in geopolymer in Chapter 8. Silica seeds were made
of quartz (ICSD 90145 ), alumina was mostly α-alumina with small impurities of ϑ-alumina
(ICSD 60419 and ICSD 82504), while zirconia seeds were pure tetragonal phase (ICSD
70014).
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Figure 6.2 XRD of the different seeds: silica, alumina, zirconia, mordenite-Na, faujasite-H and faujasite-Na.

The substitution of Na ions with H ions could instead be detected with ATR-FTIR analysis.
The main asymmetric stretching band around 1000cm-1 is usually associated with the Si/Al
ratio, but in Figure 6.3 it is evident how the faujasite-Na peak was located at 975cm-1. This
observation confirmed the dependence of the peak position on charge balancing cation, and
not only on the Si/Al ratio and gel connectivity, i.e. bridging or non-bridging oxygens [243].

Figure 6.3 ATR-FTIR peaks for two pure crystalline faujasite type-Y, one in its hydrogen form and the other in
its sodium form. Note the shoulder at 1100 cm-1 which overlaps with the metakaolin peaks, Figure 4.2. Note
also the peak shift due to the different cations, from 976 cm-1 to 1023 cm-1 when sodium is substituted by
hydrogen.
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6.1.2.1. Mechanochemical activation of zeolites
According with IUPAC [244] a mechanochemical reaction is a “chemical reaction that is
induced by mechanical energy”. It is known that high energy milling results in the partial
collapse of the zeolite structure, amorphization and reduction of the Bronsted acid sites
[245]. Also, the kinetics of zeolite crystallization can be accelerated when zeolite seeds were
milled [246]. Mechanochemical activation was performed of the three different zeolite seeds
used in this study, i.e. mordenite, faujasite-Na and faujasite-H. The effect of the activation in
term of increase surface area and modification of the surface site was investigated in Section
6.2.
The zeolites underwent high intensity ball milling using a “Spex 8000 mixer mill”. The
grinding media consisted of 3 mm zirconia balls, a ratio ball/powder of 50 and a milling time
of 15 minutes were adopted since longer milling time resulted in amorphization of the
material. The effects were studied using a Mastersizer 2000 laser diffraction particle size
analyzer, FTIR, XRD and SEM. The particle size distributions presented in Figure 6.4 show
how the milling procedure increased the fraction of submicron particles, as also revealed by
SEM analysis, Figure 6.5. The particle dimensions measured by laser scattering were larger
than the sizes observed by SEM due to the instrument limit to detect submicron sizes and to
the persistence of aggregates despite the use of TritonTM X-100 surfactant and sodium
hexametaphosphate defloculant.
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Figure 6.4 Particle size distributions of the faujasite-Na seeds determined by laser scattering.
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1000

Figure 6.5 SE-SEM image of mordenite (top left), milled mordenite (top right), faujasite-Na (bottom left) and
milled faujasite-Na (bottom right)

All the milled zeolite specimens had broader peaks, both in the FTIR and in XRD spectra.
The peak broadening in XRD was due to decrease in crystal sizes and due to the introduction
of strains in the crystals. Figure 6.6 (right) shows the XRD full width half maximum
(FWHM) ratios of ball milled mordenite over as-received mordenite. Size strain analyses
were performed on diffractograms acquired from 3° to 120° 2θ and the instrumental peak
broadening was subtracted using the software X’Pert Highscore Plus. The peaks were fitted
using pseudo-Voigts and the sample broadenings were analyzed using the Caglioti formula
[220]. The crystal sizes and strains of the as received and ball milled sodium faujasite type Y
were respectively 120 nm and 0.05%, 300nm and 0.14%. The results for the hydrogen
faujasite type Y were 150nm and 0.18%, 490nm and 0.23%. The mordenite samples results
were 2400 nm and 0.21%, 110 nm and 0.19%. The low intensities of the peaks at 2θ > 50°
made it difficult for the algorithm to discern the contribution of size and strain and the
increases in size of the crystals due to ball milling is likely a refinement artifact, Figure 6.5.
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Figure 6.6 Left: XRD of mordenite and milled mordenite. Right: FWHM ratio of the XRD peaks.

An increase of the FWHM was also observable for the FTIR peak of mordenite, Figure 6.7,
which indicates a larger distribution of bond lengths and angles probably due to the strain
induced by ball milling: “It is known that phases of non-ordered structure cause the increase
in the band width due to the existence of significant fluctuations of geometric parameters, i.e.
bond lengths and angles” [247]. This trend was common for all the zeolites used in this
work.

Figure 6.7 ATR-FTIR spectra of mordenite before and after milling.
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6.1.3. Bottom-up approach: synthetic zeolites
Zeolites size cannot be easily reduced without altering their crystallinity. Thus an alternative
approach, i.e. bottom up approach, was used to control their particle dimensions. Initially a
conventional method using high temperatures aging was adopted, whereas a novel approach
at mild temperatures resulted in a stable suspension of monocrystalline zeolites.
6.1.3.1. Conventional synthesis: LTA, FAU
Zeolite type A (LTA) and Zeolite Type Y (FAU) with a Si/Al=2.42 were synthesized based
on the procedure from the International Zeolite Association [172]. The synthesis consisted in
the preparation of aluminosilicate precursor solutions which were then cured at 100°C for
approximately 4-5 hours in sealed polypropylene bottles. The precipitates were washed with
distilled water and dried at 110°C for 24 hours before analysis. For more detailed
information the reader can refer to the IZA website [172] and other references [185], [248].

Figure 6.8Left: X-rays diffractograms of the synthetic zeolite type A (LTA) and zeolite type Y (FAU). Right:
ATR-FTIR spectra of the aforementioned syntetic zeolites.

The XRD peak positions corresponded to those of ICSD 24901 (zeolite type A) and ICSD
155683 (zeolite type Y). Also, the FTIR peak positions had the same wavenumbers of the
zeolites obtained by Novembre [192]. The bands in the region 1200 and 950 cm-1 represented
the asymmetric stretching of the Si-O-T bonds; the larger shoulder at high wavenumber
denoted the higher Si/Al ratio of FAU compared with LTA. Si-O-T symmetric stretching for
LTA was located at 660 cm-1, while for FAU there were multiple bands in the spectral region
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690-750 cm-1. Zeolite double ring vibrations were located at 560 cm-1 for FAU and at 550
cm-1 for LTA. Finally, T-O bend vibration appeared at 458 cm-1 for FAU and 464 cm-1 for
LTA.

6.1.3.2. Colloidal zeolite seeds
Synthesis of nanocrystalline zeolites with narrow size distribution usually requires the
assistance of organic template, such as tetramethylammonium (TMA) cations, around which
developing zeolite cages form [249]. However, these organic cations are non-recyclable and
expensive, reduce the reaction yields and cannot be extracted from the zeolites without
causing aggregation [250]. The effect of TMA on the geopolymerization reactions could be
of scientific and industrial interest but it was not the focus of this dissertation, thus a different
synthesis procedure was needed. Nanosized zeolites are also difficult to produce using a topdown approach since they are susceptible to amorphization [251]. Addition of dry particles
into solution often results in nanoparticles agglomeration: composite material and cement
manufacturers struggle to obtain a stable dispersion of nanosize additives in cements and
other resin-like or paste-like materials. For instance Kawashima [252] found that CaCO3
nanoparticles agglomeration in fly-ash cement system could only be partially reduced if the
particles were strongly sonicated in the presence of surfactant.
A relatively new organic-template-free method to produce highly disperse crystalline zeolite
was adopted in this work according to Awala [250]. He prepared a water-clear precursors
solution 9Na2O:0.7Al2O3:10SiO2:160H2O by slowly adding an aluminate solution to a
silicate solution kept in an ice-bath to decrease the kinetics of polymerization. The solution
was aged at room temperature for 24 hours. According to the author: “the formation of
precursor particles of similar size with identical growth kinetics drastically limits Ostwald
ripening of the resulting nanocrystals, ensuring a much narrower particle size distribution”
[250]. Homogenous distribution of monomeric aluminate and low molecular weight silicate
species during gel preparation was identified as a key factor in controlling particle size.
Curing at mild temperatures (i.e. 50°C for 45 hours) induced crystallization of the particles
without decreasing their surface areas.
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In this work the aluminate solution was obtained by mixing 7.86 g of sodium aluminate,
23.52 g of sodium hydroxide and 61.47 g of water. The silicate solution was prepared using
90 g of colloidal silica (HS-50 Ludox), 111 g of water and 24 g of sodium hydroxide. The
two solutions were stored at 60°C until clear solutions were obtained; they were then cooled
at 0°C and mixed, followed by aging at 25°C for 24 hours. The aged solution was separated
in 9 containers which were then cured respectively at 40°C, 50°C and 60°C for 40 hours, 45
hours and 50 hours. One last sample was autoclaved at 125°C and 30 psi for 6 hours.
We have found that the control of curing temperature is of paramount importance as only
synthesis at 50°C produced colloidal solutions. Higher temperatures induced particles growth
and precipitation, while lower temperatures resulted in clear solutions, Figure 6.9 left. To
separate the particles from the solutions the samples were centrifuged at 6000 rpm for 30
minutes. No precipitate was observed at 40°C and no zeolite particles were present in the
solution. On the other side, a white gel precipitated from solution cured at 50°C upon
flocculants addition (polyacrylamide, MW=5000000-6000000, Polyscience Inc.) and
centrifuging. The precipitated white gel was dried at T=25°C in a desiccator with silica gel
for 3 days to minimize sample alteration. It was then characterized by XRD, Figure 6.9 right,
and SEM, Figure 6.10. The XRD peaks corresponded to crystalline faujasite, ICSD 155683.
SEM analysis revealed that the zeolite particles were smaller than 200 nm. It was not
possible to obtained higher resolution images as we had to adopt relatively high vacuum
level, i.e. 50 kPa, during SEM analysis due to residual water content in the sample. Removal
of this water would have required higher temperatures which could result in Oswald
ripening.
In conclusion, the synthesis method invented by Awala [250] was successfully reproduced
by using sodium aluminate instead of metallic aluminum; the resulting stable colloidal
nanocrystalline faujasite was used as seeds for the processes reported in Chapters 7 and 8.
Zeolite crystals represented the 10.5 wt% of the suspension, and the remaining solution was
made of sodium silicate with a Ms=0.79 and 75 wt% H2O.
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T=40°C:
CLEAR
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T=50°C:
COLLOIDAL
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T=60°C:
MICRO
ZEOLITE

Figure 6.9 Left: digital picture of the zeolite precursor solution aged for 45 hours at different temperatures.
Right: XRD of the colloidal particles obtained after aging at 50° for 45 hours.

Figure 6.10 BSE-SEM image of colloidal nanocrystalline faujasite. Air-dried precipitate obtained after curing
at 50° for 45 hours of the zeolite precursor solution.

The precursor solution aged in autoclave at 125°C resulted in a white precipitate and a
supernatant solution. The precipitate was washed with distilled water and analyzed with
XRD and SEM. The diffractograms corresponded to the ICSD 9550 belonging to zeolite type
P, also referred to as Gismondine. The presence of this zeolite was in agreement with the
literature: “suspension of FAU crystals in growth solutions heated at elevated temperatures
and/or for longer times can undergo a structural phase transformation to GIS-type zeolite”
[253]. The crystal morphology as observed by SEM was also tetragonal and the crystal size
was approximately 5 μm. The Gismondine seeds were used in Section 6.2 to determine if
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they could act as templates for the growth of Gismondine crystals and increase the
mechanical properties of geopolymer.

Figure 6.11 X-rays diffractograms of the zeolite obtained by autoclave curing of precursor solution and
diffractogram of the database structure of Gismondine (ICSD 9550).

Figure 6.12 SE-SEM images of Gismondine zeolites obtained after autoclave treatment.

6.1.4. Summary
In this Chapter different commercial seeds were characterized, including SiO2, Al2O3, ZrO2
and three different zeolites: mordenite-Na, faujasite-H and faujasite-Na. The charge
balancing cations had an effect on the FTIR peak position and on the intensity of the XRD
peaks of faujasite. Mechanical activation of zeolites decreased both particle size and
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crystallinity of the seeds. Zeolite type A, X and P were prepared according to conventional
zeolite synthesis methods; the crystal had sizes of approximately 2 to 5 microns. A recently
proposed method to produce dispersed colloidal nanocrystalline faujasite was successfully
implemented. These particles were used in GP processing experiments to assess their
potential as seeding agents in MK-based geopolymers.
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6.2. Seeds effect on NaOH/MK-based GPs
In this Chapter the effect of different seeds on NaOH/MK-based GPs were investigated in
term of consolidation kinetics, structure and microstructure evolution and development of
compressive strength.
The results of Chapter 5 indicated that curing GPs at 40°C for 20 hours was not enough to
obtain fully reacted geopolymer, thus longer curing times and/or higher curing temperatures
were adopted. In Section 6.2.1 commercial seeds (SiO2, Al2O3 and different zeolites) were
added to the MK prior to samples preparation. Subsequently GP mixes were prepared and
cured at 45°C and RH=100% for 3 hours, 3 and 7 days. Synthetic zeolite seeds (Gismondine)
were dispersed in the activating solution before mixing and casting operations; these results
are presented in Section 6.2.2. Samples were cured at 45°C for 24 hours and the effects of
additional curing at different temperatures and relative humidity condition were determined
in terms of GP crystal structure and mechanical properties.
In all cases 2 wt% of seeds (of the mass of MK) was adopted, in line with many other studies
on seeded cementitious binders. For example 2 wt% of C-S-H increased the hydration
kinetics of tricalcium silicate [154]; 3 wt% of ZrO2 improved the compressive strength of
FA-based GP by 30% [163]; 0.5% of Al2O3, ZnO and ZrO2 increased the dissolution of GP
solid precursors [166] ; 3 wt% of SiO2 increased the compressive strength of FA-based GP.
To the best of our knowledge no research has been done before on seeded MK-based GP,
and none has studied the effects of zeolite seeds in any GP system.
6.2.1. Effects of commercial oxide seeds
6.2.1.1. Seeded-GP synthesis and analyses
GP samples were prepared following the procedure described in Section 4.1.2. The seeds
were added directly to the metakaolin (MK) powder and mixed with a spatula for 30 seconds.
The slurries were cast into cylindrical polymeric molds with height and diameter of ≈3 cm,
and cured at T= 45±3°C and RH=100%.
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The selected GP formula was 1.0Na2O∙1.0Al2O3∙2.0SiO2∙10.1H2O, which is a polysialate
according to Davidovits nomenclature [38] – refer to Section 2.1.1 for the notation details. In
order to obtain this composition 11 M NaOH solution was added to the MK powder with a
ratio of solution/metakaolin equal to 1.1. Thus the total molar ratios of the geopolymer were:
Na2O/SiO2=0.5; Na2O/Al2O3=1; SiO2/Al2O3=2; H2O/Na2O=10.1. This formulation was
adopted in order to avoid the templating effect of the soluble silicate, which directs and
accelerate the condensation of Al(OH)4 monomers [203], thus to focus only on the seeding
effects of oxides particles and zeolites. The water content was optimized according to
Section 5.2, Table 5.3.
Two single-oxide seeds were used, 5 MIN-U-SIL Fine Ground Silica SiO2 and α-Al2O3
Nano Powder, and three pure synthetic zeolite, namely mordenite and sodium and hydrogen
faujasite. These zeolites were selected since they have different Si/Al ratio and different site
acidity. Surface activation of the zeolite was achieved by high intensity ball milling using a
“Spex 8000 mixer mill”. More information on the seeds is available in Chapter 6.
The codes for the different seeded geopolymers are shown in Table 6.1. The chemical
composition and curing conditions resembled the ones used by Zhang [119] who, using
isothermal calorimetry, detected three exothermic peaks associated with the immediate
dissolution of metakaolin, the condensation of oligomers and the structural reorganization of
the geopolymers which occurred between 36 and 84 hours.

Table 6.1 Codes for the geopolymers containing different nanoparticles. MOR=mordenite, Fau= faujasite,
m.=milled ; Fau-H = hydrogen faujasite, Fau-Na =sodium faujasite.

sample code #
seed type

1

2

3

4

5

6

7

8

9

none

SiO2

Al2O3

MOR

m.MOR

Fau-Na

m.Fau-Na

Fau-H

m.Fau-H

The time of setting measurements and unconfined compressive strength tests were performed
on every formulation. A total of six specimens were tested to evaluate the 3 days and 7 days
compressive strength for each formulation. The fractured surfaces were analyzed using SEM.
Portions of the fractured samples were then pulverized using agate mortar and pestle and
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analyzed using attenuated total reflectance Fourier transform infrared (ATR-FTIR)
spectroscopy and powder X-ray diffraction (XRD). XRD and ATR-FTIR analyses were
performed on each material at three different aging times: 3 hours, 3 days and 7 days. The
geopolymer samples were kept in a sealed bag to avoid water evaporation, crushed using
mortar and pestle and immediately analyzed without drying. This procedure was adopted in
order to study the geopolymerization products in the bulk material without alteration due to
water removal
Bulk density, moisture content and durability of the intact samples were also determined.
Durability test were performed in accordance with Lancelotti [179]: undamaged samples
were soaked for 24 hours in distilled water using solid/liquid ratio of 10 and the values of pH
and conductivity were used to indirectly evaluate ions release and the stability of the
geopolymeric matrix.
6.2.1.2. GPs setting times, GPs mechanical and physical properties
The seeds had no detectable effects on the setting time, which was 75 ± 15 minutes for all the
samples. The low precision of the Vicat apparatus for GPs setting time precluded the
determination of minor differences due to seeding. If seeds influenced the setting time, their
contribution was probably lower than 20%. Dynamic rheological measurements were
performed on the seeded and unseeded geopolymer slurries to establish if such a minor effect
exists, Chapter 7.
Table 6.2 presents the results for unconfined compressive strength (UCS), bulk density and
durability. The standard deviation of the UCS was approximately 20-30% due to differences
in defects density, size and distribution. The compressive strength of these GPs is lower
compared with OPC and they are not suitable for construction applications. Nonetheless they
are still interesting from an environmental prospective as they can be used as functional
material for encapsulation, filtration and purification applications.
The average moisture content of the geopolymers was 27±3%. Considering their average
density of about 1.6 g/cm3, the dry bulk density was 1.17 g/cm3 in accordance with the
values obtained by Liew [201]; thus these geopolymers could possibly be used as lightweight materials. There was no correlation between the values of density and compressive
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strength, which means that the difference in compressive strength cannot be ascribed to the
variation in porosity introduced during the handling of the paste.
Table 6.2 Values of bulk density and unconfined compressive strength at 3 days and 7 days for the 9 different
samples. The values of pH and conductivity were measured on samples cured for 7 days, after 24 hours of
soaking in distilled water.

Sample
Code #

Density [g/cc]

UCS [MPa]

pH

conductivity [milli MHO]

3d

7d

3d

7d

7d

7d

1

1.62±0.02

1.59±0.04

4.7±1.3

5.8±1.2

12.44

15.5

2

1.53±0.01

1.59±0.04

8.2±0.5

6.0±0.2

12.42

13.0

3

1.64±0.03

1.58±0.02

4.1±0.3

6.0±1.0

12.35

11.0

4

1.67±0.02

1.66±0.03

6.3± 0.3

9.0±2.0

12.35

10.0

5

1.56±0.01

1.64±0.04

8.0±2.0

11.0±2.0

12.31

9.5

6

1.63±0.01

1.64±0.02

4.5±1.5

10.0±2.0

12.09

3.5

7

1.56± 0.02

1.60±0.02

5.2±0.2

6.1±1.3

12.41

14.0

8

1.64±0.01

1.66±0.01

5.3±1.3

10.0±3.0

12.3

8.5

9

1.58±0.09

1.56±0.02

5.2±1.3

8.3±7.0

12.39

11.0

The values of the compressive strength are displayed in Figure 6.13. The SiO2 and Al2O3
seeds (samples 2 and 3) did not show significant improvements, while the zeolites seeded GP
shown a significant (i.e. nearly double) increase in compressive strength. The samples seeded
with mordenite zeolites had a higher compressive strength already at 3 days. The
compressive strengths from 3 to 7 days for samples 1,2 and 3 did not significantly improve,
while in the samples seeded with zeolite there was a continuous increase in compressive
strength which indicates an ongoing geopolymerization process not present in the non-seeded
paste. The effect of milling on zeolite was more difficult to explain since the milling
operation improved the compressive strength for mordenite seeds and faujasite-H seeds, but
it seemed to have no effect on the faujasite-Na. Further studies are required, in particular it is
recommended to test a higher number of samples in order to have a better statistic. In fact the
observed sample means are plus or minus roughly 2 standard deviations from the population
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means with a 95% confidence, which means that with the current data it is hard to draw any
definitive conclusions since most of the results overlap.
Previous work [58] on geopolymers with similar composition and cured at 40°C found a
compressive strength of approximately 15±3 MPa. This higher value is probably due to a
more reactive MK or a denser matrix with less entrained air obtained by adopting 15 minutes
long vibrating operations. The seeded samples had better durability, especially sample 6
seeded with faujasite-Na, Figure 6.14, and there was a good correlation between pH and
conductivity values.
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Figure 6.13 Unconfined Compressive Strength (UCS) of the seeded geopolymers compared with the non-seeded
geopolymer (sample 1) at the same aging time.
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Figure 6.14 pH and conductivity values of the geopolymers soaked in distilled water for 24 hours.
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Conductivity [milli MHO]

1

6.2.1.3. Structural reorganization of seeded GPs
Although all the geopolymers did set in 75 minutes, the XRD diffractograms of the seeded
geopolymers (Figure 6.15) did not display any crystalline phases except for the small
impurities already present in the metakaolin, including anatase, silica and halloysite. At 3
days crystalline peaks of zeolite type A (Linde type A) and zeolite type X (faujasite-X)
appeared. The samples seeded with zeolites had even stronger zeolites peaks at 7 days which
means that there was continuous nucleation and growth of zeolites in the geopolymer gel.
This increase was also present for the sample seeded with alumina while there was not such
an increase of crystalline zeolites for the sample 1 and 2.

Figure 6.15 XRD diffractograms of metakaolin, milled-mordenite-seeded geopolymer at 3 hours, 3 days and 7
days. Zeolite type X (x), Linde type A (a), silica (s), anatase (an).

A semi-quantitative estimation of the zeolite content was obtained by normalizing the
integrated intensities of the (200) reflection of zeolite A and (111) reflection of zeolite X by
the intensity of the (011) reflection of the unreacted silica impurities. For unseeded GP and
SiO2-seeded GPs the crystallinity did not appreciably vary between 3 and 7 days (Figure
6.16). On the other hand, most of the other seeded-GPs displayed a lower crystallinity at 3
days but a higher final zeolite content at 7 days. The smaller zeolite content at 3 days may be
due to a smaller size of the crystals which cannot be detected by XRD. This phenomenon
was already observed in seeded FA-based GP and explained by Rees: “Adding more
nucleating sites leads to smaller crystals as the nuclei compete for species in the solution”
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[164]. The role of milling was not univocal as it had a negligible effect for mordenite seeds
but it increased the crystallinity at 3 days for the two faujasite seeds, i.e. sample 7 and 9.
An interesting correlation exists between the GPs UCS, their durability and the main
crystalline phase. The stronger samples, i.e. samples 4, 5, 6 and 8, were also the richer in
faujasite (Figure 6.17). On the contrary sample 1, 2 and 7 contained a large amount of zeolite
type A, their compressive strength was lower and they also had a smaller durability. The
difference was particularly pronounced for the GPs seeded with FAU-Na (sample 6) and
milled-FAU-Na (sample 7) which also possessed a distinct microstructure, Figure 6.20.
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Figure 6.16 Zeolite content expressed in term of sums of XRD integrated intensities of 200) reflection of zeolite
A and the (111) reflection of zeolite X over the (011) reflection of SiO2 at 3 days and at 7 days.
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Figure 6.17 Integrated intensity ratios of the (200) reflection of zeolite A over the (111) reflection of zeolite X at
3 days and at 7 days in the XRD patterns.
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This structural reorganization directly visible in the XRD and indirectly in the UCS values
was seen in the FTIR spectra as well (Figure 6.18). The peaks associated with zeolite ring
vibrations, which are located at low wavelengths (usually below 800 cm-1) [254], increased in
intensity and became sharper at 3 days of setting. For the samples 1, 2 and 7 there were no
differences in the spectra between 3 and 7 days, while for all the other geopolymers the
peaks became more intense and the FWHM decreased. These correlations between XRD,
FTIR and UCS changes between 3 and 7 days are strong evidences that the seeds influenced
the structural reorganization of the geopolymers.

Figure 6.18 ATR-FTIR spectra for the GP seeded with SiO2 (left) and mordenite (right), at 3 hours, 3 days and
7 days.

The microstructure of the geopolymers at 3 days (studied on the fractured surfaces) consisted
of clustered particulates with relatively large (up to 1 μm) interconnected pores; at this time
the materials were mainly composed of lumps though it was possible to detect some
crystalline zeolites in the pores. At 7 days 5 μm cubic crystals were detected together with
smaller octahedral faujasite-X crystals, approximately 0.5 to 1 μm large.
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Figure 6.19 SEM images at 3 days (left) and 7 day (right) for the alumina-seeded geopolymer, sample 3. A:
zeolite type A; X: zeolite type faujasite-X.

The morphology of the crystallized GPs agreed with the XRD results in Figure 6.17. For
example, the microstructure of sample 6 showed 0.5-1 μm faujasite crystals, while sample 7
also contained large cubic LTA crystals, Figure 6.20.

Figure 6.20 SE-SEM images after 7days curing at 45°C of GP with FAU-Na seeds (sample 6, left) and milledFAU-Na seeds (sample 7, right).
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6.2.2. Effect of synthetic zeolites seeds
6.2.2.1. Seeded-GP synthesis and analyses
Using the same preparation method adopted in the previous Section, GPs with composition
1.0-0.9-1.8-11.3 were cast, cured at 45° for 24 hours and used as a baseline. Fresh synthetic
GIS-NaP1 zeolite crystals prepared as previously described in Section 6.1.3.1 were added to
the activating solution and mixed for 2 minutes with a magnetic stirrer before addition of
MK. Three different additional curing treatments were selected to determine the effect of
residual moisture and temperature on the GP properties: curing at 45° for 24 hours at
RH=0%, curing at 125°C for 6 hours at RH=0%, curing at 125°C and 30psi for 6 hours at
RH=100% (autoclave treatment).

Figure 6.21 Curing procedures of the unseeded and seeded geopolymers.

The 8 GPs were tested for compressive strength and crystallinity using QXRD. More details
on the XRD analysis with internal standard and Rietveld refinement can be found in Section
8.3.2.
6.2.2.2. GPs physical and mechanical properties
The bulk density of the unseeded and seeded GPs after 20 hours of curing at 40°C in
RH=100% were respectively 1.62±0.04 and 1.62±0.02 g cm-3. Thus, the differences observed
for the compressive strength cannot be attributed to the difference in density which may have
resulted from different mixing, casting, degassing and curing conditions. The density of the
GPs dried at 40°C for 24 hours at RH≈0% were 1.22±0.01 and 1.21±0.01 g cm-3, where the
water lost upon drying corresponded to 25±1% of the initial GPs weight. The initial H2O
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content was 43%, thus 18% of the dried GP was still water. These values were in agreement
with the results obtained previously for similar GPs (refer to Section 6.2.1.2). The residual
water probably represented the zeolitic water in the GP which requires higher temperatures
to be removed. In fact, crystalline faujasite-X Na86(Al86Si106O384)(H2O)265 (ICSD 155683),
zeolite type A Na12Al12Si12O48(H2O)27 (ICSD 24901), hydrosodalite Na6(AlSiO4)6(H2O)8
(ICSD 413494) have respectively 26%, 22% and 14% of water by weight.
The values of unconfined compressive strength reported in Table 6.3 are the averages of nine
tests on 1-inch cubes GPs. T-test were performed to determine if a statistically significant
difference occurred between the samples. The additional curing treatments increased the
UCS of the GPs: 24 hours at 45°C and RH=0% increased the strength of the GP by
approximately 45%, 8 hours at 125°C increased it by 150%. The relative humidity at high
temperatures did not have a statistical effect on the UCS. Zeolite-P1 seeds slightly decreased
the compressive strength of the GP when cured at 45°C, but had no effect at higher curing
temperatures. Possibly, the amorphous GP gels interacted poorly with the seeds which acted
as defects and discontinuities in the binding matrix. After curing at 125°C the interlocking of
GP crystals enclosed the pre-existing crystals.
Table 6.3 Unconfined compressive strength of unseeded GP and seeded with synthetic zeolite type P at different
curing conditions.

Unconfined compressive strength [MPa]
additional curing (after 20 h at 45°C)

GP

none

24h at 45°C
(RH≈0%)

8h at 125°C
(RH≈0%)

8h at 125°C
(RH=100%)

unseeded

7.0±0.9

9.1±1.6

16±2

15.1±1.6

seeded

5.5±0.5

8.01±1.4

14±3

17.0±1.7
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6.2.2.3. Structural characterization of the GPs
Both the seeded and unseeded GPs cured at 45°C for 24 hours were completely amorphous
as determined by XRD. Increasing the curing time or temperature promoted crystallization of
the GP gel, regardless of the relative humidity RH. Since crystallization occurred also when
RH=0%, it did not occur via a solution-mediated mechanism but through solid state
reactions. The main phases detected were zeolite type A, X and P (also named respectively
LTA, faujasite and gismondine). Selected diffractograms are shown in Figure 6.22.

Figure 6.22 Selected X-Ray diffractograms of the seeded and unseeded GPs with different curing conditions.
Letters indicate the peak position of faujasite (X), zeolite type A (A), hydrosodalite (H), silica (S), and Anatase
(An).

The QXRD results, Table 6.4, show that GP cured at RH=100% had negligible content of
hydrosodalite HS, while GPs cured at RH=0% have a significant amount of HS, especially at
T=125°C. Zeolite type A was found prevalently in seeded GP cure at 45°C, while faujasite
was detected in large amount in all samples, especially in the autoclaved GP. These
observations suggest that LTA zeolites were converted into HS at higher temperatures and
lower RH: the water loss induced a collapse of the aluminosilicate framework which
increased its framework density FD from 12.9 to 17.2 tetrahedra/Å3. The LTA-to-HS
transformation is commonly observed for LTA [148] but not for zeolite type X, probably due
to a different Si/Al ratio and different atoms in the cages and channels. Whether the GPs
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contain LTA or HS depends on the curing and post-curing procedure: if the GPs are dried
prior to the XRD analysis the LTA cannot be detected as it convers in HS.
The addition of zeolite-P seeds did not induce the formation of this phase within the GPs, but
increased the LTA content and decreased the FAU-X content. Thus, zeolite type P can favour
the formation of LTA zeolite in NaOH/MK-based GP which probably heterogeneously
nucleates on the seed surface. This hypothesis could not be confirmed by direct observation
using SEM (Figure 6.23), thus further studies are required. A possible alternative is that the
seeds altered the activating solution chemistry in which the homogeneous nucleation of
zeolite type A occurs.
The NaOH/MK-based GPs studied in Chapter 5 contained only zeolite type A, while the GP
studied in this Chapter were predominantly made of faujasite-X. The higher value of Na/Al
may be responsible for this difference. The maximum amount of zeolite in GPs was only
30% because of the impurities contained in the MK and amorphous water present in the GP.
These considerations will be taken in account in Chapter 8 wherein a detailed multifactorial
analysis of the GP crystallization was conducted.
Table 6.4 Zeolite weight % of different GPs as determined by QXRD using internal TiO2 standard. LTA: zeolite
type A. FAU: zeolite type X. HS: hydroxisodalite.

zeolite weight %
additional curing (after 20 hours at 45°C)

phase

none

24h at 45°C
(RH≈0%)
GP
seeded GP

24h at 125°C
(RH≈0%)
GP
seeded GP

24h at 125°C
(RH=100%)
GP
seeded GP

GP

seeded GP

LTA

0

0

5

12

1

2

2

5

FAU

0

0

17

10

17

12

30

25

HS

0

0

3

8

10

11

2

1

The SEM images of the seeded and unseeded GP cured for additional 24 hours at 45°C and
RH=0% are shown in Figure 6.23. The microstructures were similar, as suggested by their
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close values of compressive strength. Amorphous gel lumps and submicron zeolite crystal
were detected in both GPs and the non-continuity of the matrix explains the relatively low
value of UCS, i.e. 9MPa.

Figure 6.23 SE-SEM images of the unseeded (left) and zeolite-P1-seeded (right) GPs cured for additional 24
hours at 45°C and RH=0%.

6.2.3. Discussion: strength of interlocked GP crystals
In this Chapter we report research wherein small amount (2 wt%) of different seeds gave
different results, in particular the ratio of zeolite type A and zeolite type X. The values of
UCS and GPs durability indicates that the higher the zeolite A (LTA) content, the poorer the
performance of the GP. The decrease in strength appears due to the cubic crystals of LTA,
which cannot properly interlock with each other. On the contrary, smaller octahedral
faujasite crystals have higher contact area and thus can better distribute the stress within the
matrix. In granular physics research particles shapes are known to have an effect on the
stiffness and yielding of a particulate material: octahedral objects showed higher values than
cubes [255].
By using different seeds and by mechanically activating the seeds different outcomes could
be obtained. Milled faujasite seeds probably dissolved in the activating solution, they
modified its chemistry and increased the nucleation and growth of zeolite LTA in the GPs.
With the exception of SiO2 seeds, the other seed particles did not dissolve and acted as nuclei
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for heterogeneous nucleation of faujasite-X. Seeding with synthetic zeolite type P also favors
the formation of zeolite type A. Increasing the amount of faujasite can also be obtained by
changing the GP composition, i.e. increasing Na/Al, and the amount of LTA can be
decreased by drying, inducing a LTA-to-HS transformation.
Although different method to increase the UCS of NaOH/MK-based GPs were found in this
work, their values remained too low to be used as cementitious material, i.e. generally
UCS<17MPa. The reason for this low strength probably relates to the rigid crystalline nature
of these GPs as compared with the more flexible amorphous gel of WG-based GPs. The
same crystals that provided advanced functionality to the GPs are the reasons of their poor
performance as constructional cements.
6.2.4. Summary
In this work the role of silica, alumina and zeolites seeds on the geopolymerization of
metakaolin based system were studied. The seeding had no evident effects on the short term
properties of the geopolymers. In particular the different samples had a similar setting time
of about 75 minutes, no crystalline phases (XRD) and no definite zeolitic ring vibrations
(FTIR) were detected after 3 hours. The setting reactions appear to correspond with the
dissolution of metakaolin and the precipitation of amorphous geopolymer lumps with the
characteristic FTIR band at 950 cm-1.
The structural reorganization that occurs between 3 and 7 days results in an increase in
crystalline zeolite content detectable both in XRD diffractograms, ATR-FTIR spectra and
SEM images and as an increase in compressive strength. The seeds, with the exception of
SiO2 and milled-faujasite-Na seeds, showed an enhancement in the structural reorganization
compared with the non-seeded geopolymer.
The geopolymers seeded with zeolites had higher compressive strength, crystallinity and
durability. In particular the best result for compressive strength was obtained using milledmordenite which gives a 92% increase of UCS in comparison with the non-seeded
geopolymers at 7 days of setting. Certain seeds can enhance the durability and the UCS of
GPs by promoting the crystallization of better interconnected octahedral faujasite crystals
over the isolated cubic LTA crystals. Zeolite type A decreased the durability of the GP and it
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can decompose in hydrosodalite upon drying. Although the polycrystalline GP displays
better mechanical properties compared with colloidal amorphous lumps, their strength is not
comparable with amorphous GP obtained using soluble silicate or with the semicrystalline
colloidal precipitate of calcium-silicate-hydrate present in Ordinary Portland Cement.
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7. Rheology and reaction kinetics of GPs

7.1. Introduction and hypothesis
The description of the overall kinetics of geopolymerization can be quite challenging both
because the reaction mechanism and kinetics of some individual steps reactions are not well
studied and because the products of one reaction step are often the reagents of the following
steps [33]. An extensive discussion on this topic can be found in Section 2.2.4. During
geopolymerization of MK-based GP the following reaction steps occur [114], [119], [256]:
1. wetting of the metakaolin by the activating solution;
2. dissolution of metakaolin and release of aluminosilicate species into solution
(hydrolysis catalyzed by alkali);
3. condensation between aluminosilicate species to give an amorphous gel;
4. gel reorganization;
5. crystallization of zeolites from the amorphous gel.
Both step 3 and step 5 are associated with nucleation and growth of gel and zeolite
respectively, and the nucleation may be associated with an induction period. Step 3 can also
affect step 2 depending on the nucleation mechanism: if homogeneous nucleation occurs step
3 can accelerate step 2 by decreasing the concentration of aluminosilicate in solution, but if
gel nucleation occurs on the metakaolin surface this can passivate the metakaolin and slow
the reaction [150]. Reorganization of the gel (step 4) can also have an influence on the
metakaolin passivation layer.
In Chapter 5 we reported on the research wherein MK dissolved only to a certain extent
when soluble silicates were added to the activating solution. In particular there were several
unreacted aggregates of clay, Figure 5.9. It has been hypothesized that the growing
geopolymer gel passivates the surface of the MK [114], [150]. No one has ever investigated
the effects of the activating solution chemistry on the wettability of metakaolin. It would be
difficult for a solution to penetrate between the MK aggregates and break them apart if such
solution has a large contact angle. Moreover, differences in the contact area between the
activating solution and the metakaolin can result in different reaction kinetics, as can be seen
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in EQ. 2.12 and EQ. 2.14. On the other hand, if the MK is fully wettable than the passivation
theory is the most plausible explanation for the unreacted MK. Unfortunately clear
experimental observations of the passivation layer have not been obtained yet.
Although geopolymerization includes multistep reactions, the overall kinetics can be
approximated by using the assumption of a single rate limiting step [121]. It is not clear
which of the aforementioned stage of reactions is controlling the overall process and if this
stage is common for all types of geopolymers or it varies based on the type of activating
solution, i.e. sodium hydroxides and sodium silicates. The determination of the rate limiting
mechanism in heterogeneous reaction by seeding is a widely adopted method. It has been
used both for inorganic [156], [157], [257], [258] and organic [155], [158] heterogeneous
reactions. The method consists of measuring the kinetics of reactions with and without seeds.
If the seeds accelerate the kinetics, then the precipitation of the products is considered to be
the rate limiting step, Figure 7.1. If seeds have no effect, than it is concluded that the
dissolution of reagents controls the overall transformation.
Since the geopolymerization reactions induce an increase in the material viscosity [259],
rheological analysis was performed in this work to study the kinetics of reaction and evaluate
the effect of seeding.

Figure 7.1 Schematic of the method to detemine the rate limitng step by seeding.

Assuming the reaction kinetics is controlled by a single reaction step, it can be expressed as a
pseudo-first order reaction [132] with reaction constant k and extent of reaction α, EQ. 7.1.
The reaction constant k varies with temperature with Arrhenius dependence. The activation
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energy can be calculated from an Arrhenius plot, i.e. logarithm of reaction kinetics k versus
the reaction temperature. It is thus possible to quantify the effect of different seeds on the
geopolymerization reactions based on the decrease in activation energy.
𝛼 = 1 − 𝑒 −𝑘𝑡

EQ. 7.1

7.2. Metakaolin wettability in activating solution
7.2.1. Contact angle measurement
Sessile drop and captive bubble experiments to determine the contact angle cannot be
performed on powders but they need flat and clean surfaces, possibly without porosity, thus
pellets made of metakaolin had to be prepared. Dry pressing these pellets was prepared and
the pressure needed during uniaxial compaction of the metakaolin powder determined by
trial and error [260]. The die was composed of a Rockwell 58C steel cylinder with a 15.8mm
diameter hole and two Rockwell 58C steel with a 15.8 mm diameter. Pressure of
approximately 5 metric tons was applied using a Carver Laboratory Press to 0.6g of MK.
Pressure was held for 2 minutes and reapplied for 3 times. The steel rods were cleaned with
acetone and no lubricant was used to minimize surface contaminations. Few pellets were
coated in gold and observed with SE-SEM to determine the surface roughness and porosity.
The adopted preparation procedure was optimized to minimize surface features (in the order
of 5-10 microns due to the die surface morphology) and porosity (pores size of maximum
500 nm diameter), Figure 7.2.
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Figure 7.2 SE-SEM images of the surface of the metakaolin pellet.

Two methods can be used to determine the contact angle: sessile drop or captive bubble
[218]. Sessile drop involves producing a droplet of the testing fluid and placing it on top of a
substrate where the contact angle is then measured. Different trials were made with 1, 5 and
10 M NaOH solutions and soluble silicate type N (Ms=3.22) and type D (Ms=2.0). It was not
possible to measure the contact angles as the solutions were immediately absorbed by the
pellet: this is typical of highly wettable surfaces. The bubble penetration was so fast that it
was not possible to determine the dynamic contact angles. The captive bubble method was
also performed to obtained quantifiable results. According to this method the pellet was
immersed in the testing fluid and an air bubble was placed underneath the submerged
substrate and the contact angle is measured, Figure 7.3.
Each contact angle was the average of three values each obtained on a new pellet freshly
immersed on a new solution. The image acquisition started approximately 30 seconds after
the pellet immersion in the activating solution, thus the dynamic contact angle could not be
measured. Every contact angle value was the average of 200 images acquired over time (≈1
minute) on 3 μl bubble of air dispensed from the needle. Each image was analyzed with the
software and the bubble shape fitted using the Young Laplace fit [218].
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Figure 7.3 Left: photo of the MK pellet immersed in the liquid and the needle dispensing an air bubble. Right:
image of the contact angle θc measured by the software; in yellow the Young-Laplace fitting of the bubble
shape.

7.2.2. Result and discussion
The contact angle measurement could not be performed on the activating solution used in the
research reported in Chapter 5 for two different reasons. Metakaolin pellet disintegrated
when in contact with concentrated NaOH solution, i.e. [NaOH]>3M. On the other hand
concentrate soluble silicates, i.e. WG type N and WG type D, are too opaque and the camera
cold not successfully focus on the air bubble attached to the MK pellet. For these reasons we
studied NaOH and waterglass solutions with different degrees of dilution. The results are
plotted in Figure 7.4. A weak trend for both sodium hydroxide and sodium silicate was
found: the more concentrated the solutions the lower the contact angles. It is therefore
reasonable to assume that the contact angle of the activating solutions commonly used for
geopolymers (i.e 10 molar sodium hydroxides and non-diluted sodium silicate type D) is well
below 40°. Contact angles below 90°C denotes wettable surface and the value of 30° is
usually adopted to distinguish low and high contact angles [218].
These results suggested that both types of activating solutions can penetrate quite easily
between the metakaolin platelets due to the high wettability, as observed during the sessile
drop experiments. The platelets will likely break apart and fully disperse in the activating
solutions for both sodium hydroxide based geopolymer and sodium silicate based
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geopolymers. In fact soluble silicates are well known dispersants for kaolinite and other
oxide particles [101]. Both contact angles are in the 30°-40° range, thus differences in the
reaction kinetics of these two classes of geopolymer [25] are not due to different contact
areas but different interfacial rates of reaction. A rheological method was developed to study
these reaction rates as reported in the following Sections 7.3-7.5.
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Figure 7.4 Contact angles between different solutions and metakaolin. WG-N stands for soluble silicate type N,
in bracket the water dilution.

7.3. Rheology of MK-based GP
7.3.1. Introduction to concentrate suspensions and clays materials
The rheology of suspensions, i.e. solid dispersed in liquid, is an important field of study as
the preparation, stability and application of these materials depends on their flow
characteristics [209]. In particular rheological techniques can provide important information
on the nature, interaction and stability of colloidal materials.
One of their most important parameters is the volume fraction Φ of solid which differentiates
the various types of suspensions. A dilute suspension has a viscous response to the applied
stress, as the particles have largely independent translational motions (Brownian motion) and
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their properties are time-independent [209]. In concentrated suspensions movement of the
particles is smaller than their dimension (or vibration range) and their properties are timeindependent. At intermediate volume fractions the suspension is defined as concentrated,
interparticle distance is similar to their size and hydrodynamic interactions and interparticle
forces are more important than Brownian motion forces [209]. The combination of Van der
Waals attraction forces, steric interactions and double layer repulsion forces can induce
ordering of the solid particles in the liquid. To initiate the flow this structure needs to be
disrupted and the material displays Bingham behaviour, Figure 4.3. On the contrary dilute
and solid suspensions have respectively Newtonian and Hookean responses. The volume
fraction has a direct impact on the suspension viscosity as shown in the Dougherty-Krieger
equation, EQ. 5.7 [209].
The maximum packing factor Φm for monosized spherical particles is Φm=0.64 and
concentrated solutions usually have Φ>0.5 [209]. The rheology of concentrated suspensions
not only depends on the volume fraction of solids, but also on their particle size distribution,
particle shape [261] and particle size [209]. The presence of the double layer can results in an
effective volume fraction ΦEFF>>Φ when the double layer thickness approaches the size of
the particles. For this reason smaller GP precursor particles often need a higher amount of
water to obtained similar flowability. Thus, the reduction of particle size (i.e. below 10 μm,
depending on the system) causes a decrease in Φm and decrease in the volume fraction Φ at
which viscoelasticity is observed. Also, flocculation of the suspension, i.e. aggregation of
particle to form larger cluster [209], produces an increase in viscosity due to the lower
efficiency of particle packing, i.e. lower the Φm. The maximum volume fraction can thus be
considered as an indicator of the actual structure of the suspension and can also depend on
time and shear history [261]. For fly ashes spheres with average size of 12 μm the maximum
packing factor is Φm=0.49 [262]. Based on the results presented in Section 5.2.1 we estimate
even lower Φm=0.35-0.40 for MK-based GP, due to the platelet structure of the calcined clay
[261].
The interparticle forces arising from the surface charges have a pronounced effect on the
suspension rheology. These charges are due to ionization of surface groups, differential
dissolution of ions from the surface, isomorphous substitution, specific ion adsorption and
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charged crystal surface [263]. There is a direct relationship between the surface charge and
the zeta potential of the particles and the yield stress of the Bingham suspension [264]: when
the zeta potential approaches zero, the suspension flocculates and the yield stress increases.
Since the dielectric constant and the ionic strength of the solvent influence the double layer
thickness, they also influence the suspension rheological responses.
Most concentrate suspensions, also referred to as structured liquids, are thixotropic: the
material response depends on its shear history and it is time dependent [209]. Shear partially
destroys the ordered structure of such “structured liquid”, thus its viscosity decreases; once
shear is removed both the viscosity and the yield stress increase due to the rebuild of the
structure. Thixotropy can be exploited to improve performance of cementitious materials.
For example the addition of clay to OPC increases the cement stability, reduces aggregates
segregation and reduces pressure on formworks [212].
The rheological response of MK-based GP is complicated by the platelets shape of the MK
particles. Moreover the structure of clay particles, such as kaolinite, is known to be quite
peculiar due to their unique surface properties: the face of kaolinite clay is always negatively
charged due to aluminum substitution, while the charge at the edge depends on the pH. As a
result the edges could be attracted by the faces of the platelets forming a ”house of card
structure” [265], Figure 7.5.

Figure 7.5 House of card structure observed in kaolinite suspension (from [265]).

For MK-based GP there are other complications, that is the high solids concentration of MK,
the high electrolyte concentration in the activating solution and the complex nature of the
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MK surface [124]. Furthermore, as the geopolymerization reaction takes place, both the
solution and the solid surfaces change over time. Increasing the temperature is known to
increase the reaction kinetics, but the viscosity of the activating solution also decreases, with
Arrhenius dependence.
Albeit difficult to model, this complex dependence of the rheological properties on the
physical and chemical properties of the materials makes rheological measurement an
interesting probe to monitor microstructural changes, the effect of additives, and

the

reactions kinetics [212]. In the following Section we report on the studies of rheological
behaviour of NaOH/MK-based GP, by following the evolution over time of viscoelastic
parameters during oscillation time sweep tests.

We have also assessed the effects of

temperature and seeds on the evolution of the viscoelastic parameters and finally determined
the rate limiting step for two MK-based GPs based on sodium hydroxide and sodium silicate
respectively.
7.3.2. Flow curve and thixotropy of NaOH/MK-based GP
A NaOH/MK based GP was prepared according to the procedure described in Section 4.1.2,
adopting a 10.3M NaOH solution, ratio solution/MK=1.16 and ratio H2O/solids=0.69. The
chemical formula of this GP can therefore be written as 1.00.1.00-2.00-10.90. This
composition was chosen as it had low solution/MK ratio that allowed the GP to flow within
the narrow gaps of the rheometer. The paste was poured in a Haake Rotovisco vt550
rotational rheometer using coaxial cylinder geometry. The grooved cylinders were 2 mm gap
apart and the rheometer was operated in control rate mode, i.e. the strain rate was imposed
and the shear stress was measured. The GP was subjected to a strain rate of 2 s-1 for 30
seconds in order to eliminate residual stresses before the test began. The flow curve was
measured from 0 to 2 s-1 with intervals of 0.017 s-1; these shear rates represented the real
values inside a concrete truck mixer[266], although the shear rates experienced by the binder
can be orders of magnitude higher when sand and other aggregates are present [266], [267].
For each data point a 2 seconds waiting time was adopted to favor the steady state. The total
measurement time was 4 minutes and all the data were acquired within 10 minutes from the
initial contact between activating solution and MK. A longer waiting time would not have
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provided more accurate results as the increase in viscosity due to the reaction kinetics
changed the material viscosity.
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Figure 7.6 Flow curve (left) and apparent viscosity (right) of a NaOH/MK-based GP.

The flow curve of the GP is displayed in Figure 7.6 and the yield stress typical of a
concentrated suspension was observed. The data could be fitted using the Herschel-Bulkley
equation, EQ. 4.3, providing yield stress τ0=62.6 Pa, consistency k=53.4 Pa∙s0.56 and flow
index n=0.56 (i.e. exhibiting shear thinning behaviour). The NaOH/MK-based GP can thus
be described as a pseudoplastic suspension with yield stress. Depending on the particle size
and water content of cements, Ordinary Portland cement has yield stress τ0≈50 Pa and
consistency k≈1 Pa∙s [268]. The higher consistency of the MK-based GP may be due to the
platelet shape of the MK which increased the energy dissipation due to viscous flow.
Romagnoli [170] also obtained lower values for the consistency of a WG/MK-based GP as
he measured a more diluted GP compared with the materials tested in this work. Cements
with a yield stress values of 120 Pa failed to fill properly the formwork [269] but a cement
with τ0=60 Pa could; thus the rheology of the GP adopted in this work is satisfactory for
casting operations.
Following the same GP synthesis procedure the thixotropy of the MK-based GP was tested
using a hysteresis loop, Figure 7.7. The curves indicated the thixotropic nature of the
geopolymer: the shear stresses measured from 2s-1 to 0s-1 are lower than the ones measured
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from 0s-1 to 2s-1. In particular the shear stress exceeded 100 Pa when the material was tested
after a period of rest, i.e. 1 minute. The shear stress peak in the up-curve was associated with
the thixotropic nature of the GP paste: the shear stress dropped as a result of the destruction
of the local structure. It is thus strongly recommended to keep the GP under constant shear
stress until the casting operation, otherwise its yield stress and apparent viscosity increase
compromising the casting operations.
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Figure 7.7 Hysteresis loop of a NaOH/MK-based GP. Left: shear rate program. Right: experimental hysteresis
loop.

7.4. Dynamic rheology and crossover time
Dynamic rheology has been widely used to study the liquid-to-solid transformation for
polymers, inorganic cements (including geopolymers) and hydrogels [259], [270]–[275]. By
using this technique it is possible to separate the elastic from the viscous contribution of the
viscosity. The storage modulus G’ represents the energy elastically stored in the materials
during a cycle, while the loss modulus G’’ represents the energy dissipated during the
viscous flow of the suspension. During time sweep experiments two plates controlled by the
rheometer apply a sinusoidal shear to the material with a fixed frequency and maximum
strain amplitude. The transition from a liquid to a solid is usually called gel point and it
occurs when G’=G’’: before the gel point the material is mostly viscous (G’’>G’) and after
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the material behaves more like a solid (G’>G’’) [270]. The time at which the gel point occurs
is also referred to as crossover time. Using dynamic rheology is also possible to follow the
development of other rheological parameters of the setting geopolymer, such as the complex
viscosity over time.
7.4.1. Materials and experimental set-up
A NaOH/MK based GP with composition 1.00.1.14-2.28-12.05 was prepared according to
the procedure described in Section 4.1.2, adopting a 9.4M NaOH solution, ratio
solution/MK=1.08 and ratio H2O/solid=0.68. The geopolymerization reactions were studied
at different curing temperatures, i.e. T=20, 30, 40 and 50°C. As reactions at 50°C occured
pretty fast, the reaction kinetics needed to be reduced. Thus we selected NaOH concentration
smaller than the one adopted for the GP used in steady state experiments, i.e. 10.3 M NaOH.
The time sweep measurements at different temperatures were first carried on the unseeded
GP, i.e. to provide a baseline. Then the same tests were performed to evaluate the effects of 2
wt% of the mass of MK of different seeds. The seeds investigated included Al2O3, faujasite,
mordenite and fully stabilized zirconia ZrO2 (more information on these seeds is available in
Section 6.1.2). The seeds were dispersed in the activating solution for 30 seconds by
vigorous hand-shaking before the MK was added.
Time sweep tests were performed using a Anthon Paar Rheometer mcr 502 equipped with a
Peltier heater. Disposable aluminum bottom plates (Item: EMS/TEK 500/600) and 25mm
aluminum top plates (Item: D-PP25/AL/S07) were coated with a glossy black all-purpose
spray paint to avoid reaction between the plate and the alkaline solution. Without coating the
aluminum was oxidized and produced hydrogen gas (see EQ. 7.2) at the interface causing
wall slip, especially at higher temperatures. Nonetheless the coatings strength also
represented the limit of this experimental set-up: at moderate GP viscosity, i.e. η=1000-2000
Pa∙s, the shear stress experienced by the coating caused its detachment and the end of the
experiment.
2Al + 2NaOH + 6H2O  2NaAl(OH)4 + 3 H2
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EQ. 7.2

Immediately after mixing the GP, it was transferred to the rheometer and the top plate was
lowered a 1mm from the bottom plate, excess geopolymer was scraped away and mineral oil
was applied around the circumference of the top plate to limit water evaporation, Figure 7.8.
The gap between the plates was kept at 1mm, the oscillation frequency at 1 Hz and the strain
at 3% for all the test, following the procedure adopted by [273] to determine the gel point of
crosslinkable hydrogels.

Figure 7.8 Left: picture of the rheometer. Left: schematic of the parallel plate geometry.

7.4.2. Results and discussion
The storage modulus G’, dynamic modulus G’’; and the complex viscosity η* for an
unseeded GP at 30°C are displayed in Figure 7.9. An initial decay of moduli and viscosity
was detected for all suspensions and it was due to the thixotropic breakdown until an
equilibrium between flocculation and deflocculation was reached [276]. The MK dissolution
could not be responsible of the viscosity decrease as delayed experiments, Figure 7.9 right,
also displayed a similar drop in viscosity. The GP suspension reached a viscosity minimum
η≈50-100Pa∙s similar to the values obtained during steady state experiments, Figure 7.6 right.
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Initially G’’ values were larger than G’ values and constant until the geopolymerization
reaction induced an increase in G’, G’’ and η*.
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Figure 7.9 Left: moduli and complex viscosity measured during a time sweep test for the unseeded GP at 30°C.
Right: complex viscosity for an unseeded GP at 30 °C measured during a delayed time sweep test.

There can be many phenomena occurring during geopolymerization reactions which could
explain the increase in viscosity. For example, according to Krieger-Dougherty (EQ. 5.7) the
viscosity of the suspension can increase due to the changes in chemistry of the solution or
water consumption, which leads to an increase in viscosity η0. Flocculation of MK or
geopolymer gel can also increase the viscosity by reducing the maximum packing factor Φm.
𝜂 = 𝜂0 [1 − (

𝛷 −[𝜂]𝛷𝑚
)]
𝛷𝑚

EQ. 7.3

As expected, temperature had a dramatic effect on the GP reaction kinetics [119], [120]. In
Figure 7.10 the storage modulus, loss modulus and complex viscosity for different GPs are
shown. At higher temperatures there was a decrease in time at which the moduli and the
viscosity started to increase. A similar but smaller effect was also obtained by seeding the GP
while keeping the temperature constant.
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Figure 7.10 Time sweep tests for unseeded GP at 30°C (top left), unseeded GP at 40°C (top right), faujasite
seeded GP at 40°C (bottom left) and zirconia seeded GP at 40°C (bottom right).

While qualitative information could be obtained by the visual inspection of these rheograms,
the crossover time could quantify the effect of temperature and seeding on the
geopolymerization reactions. Crossover point was measured at the point in which the loss
tangent tanδ=G’’/G’=1. The precision of the method was tested by replicating the time sweep
test for unseeded GP cured at 40°C, Figure 7.11. The absolute values of the moduli were
slightly different but the crossover points were similar: 599 and 595 seconds.
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Figure 7.11 Repeated time sweep test for unseeded GP cured at T=40°C to assess the reproducibility of the
method to determine the crossover point. Crossover points are marked in green.

By plotting the crossover times at different temperatures is it possible to calculate the
activation energy of the reaction. The difficulties in describing the kinetics and activation
energy of

heterogeneous

reactions

were

already

reviewed

in

Section

2.2.4.2.

“Geopolymerization is clearly a complex multistep process and so the calculation of a single
activation energy for the entire process is a gross simplification. However, … knowledge of
the global activation energy may be of some value in analysing the kinetics of this process…”
[146]. In this case we perceive the value of the calculation of the global activation energy as
helpful in the quantification of the seeding effect on the reaction kinetics.
In Figure 7.12 the Arrhenius plot, with the Least Squares Fitting (LSF) lines are shown. EQ.
7.4 was used in the LSF and we assumed the crossover time to be inversely proportional to
the overall geopolymerization constant rate. The correlation coefficients R2 were close to
R2=1 for all GP except for the GP seeded with faujasite. This lower value could be due to
experimental error or due to different rate limiting steps occurring at different temperatures
as previously explained in Section 2.2.4.2.1.
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EQ. 7.4
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Figure 7.12 Arrhenius plot of the crossover times at different temperatures for seeded and non-seeded GP.

The activation energies for the unseeded and seeded GP are shown in Figure 7.13. The value
Eact=75.7 kJ/mol obtained for the NaOH/MK based GP was in agreement with literature
values obtained during similar rheological tests [259]; MK-based GP had Eact=74.5 kJ/mol
when reacted with sodium silicates and Eact=64.8 kJ/mol when reacted with potassium
silicates. Energy-dispersive X-ray Diffractometry tests performed on a GP based on
metakaolin and potassium silicate found a smaller value: Eact=31.5kJ/mol [146]. A value of
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Eact=86.2 kJ/mol instead was obtained by microcalorimetry on a fly ash based geopolymer
[277]. To the best of our knowledge no literature values are however available for NaOHbased GP. The crystallization of zeolite LTA from a suspension of MK in NaOH measured
by XRD had an activation energy of Eact=34.6 kJ/mol [148].
In summary, the activation energies obtained by the time sweep tests are comparable with the
values available in literature. It is possible to lower the activation energy of the
geopolymerization reaction by using different type of seeds in small quantities, i.e. 2 wt%
over the MK mass. The lowest value was obtained by using nanosized ZrO2. The decrease in
activation energy can be explained in term of nucleation of the geopolymer gel: the
homogenous nucleation of gel had a higher activation energy compared with the

activation energy [kJ/mol]

heterogeneous nucleation and growth of the GP gel on the seeds surfaces.
100
80

75.7

60

49.4

47.2
34.4

40

24.0

20
0
none

alumina

mordenite
seed type

faujasite

zirconia

Figure 7.13 Geopolymer activation energies for unseeded and seeded GPs obtained from the Arrhenius plot of
the crossover points in time sweep experiments.

7.5. Dynamic rheology and rate limiting steps
In the previous Chapters we observed how hydroxide and silicate activated geopolymers are
different in terms of their crystallinity, compressive strength, compositional degrees of
freedom. Other studies have shown that their reaction molecular mechanisms are also
different [114]. In NaOH-based GP the homogeneous nucleation of the gel occurs only when
enough monomers and oligomers had detached from MK. For a WG-based GP the nucleation
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is immediate due to the pre-existing silicates in solution. In another study silicates were
suggested to have a templating function in the nucleation and growth of the GP gel [203].
Time sweep tests were performed on hydroxide and silicate activated geopolymers GP, both
unseeded and seeded, in order to determine if they have the same rate limiting step, Figure
7.1. We expected the seed to have negligible effect on the WG-based GP as in this system
the silicate acts already as nucleation sites.
7.5.1. Materials and experimental set-up
Two different GPs were prepared, one based on soluble silicate (GP-WG) and one based on
sodium

hydroxide

(GP-NaOH).

GP-WG

had

a

formula

1.00-1.00-3.35-13.68,

H2O/solid=0.60 and solution/solid=1.43, while GP-NaOH had a formula 1.00-1.00-2.0015.20, H2O/solid =0.84 and solution/solid=1.27. For both GPs the effect of nanocrystalline
colloidal faujasite seeds was studies; 2 wt% of faujasite (over the mass of MK) was adopted
for all experiments. A different Anthon Paar Rheometer mcr 502 equipped with a Peltier
heater was used in this study. The selected curing temperatures were T=25, 30, 35 and 40°C
and all the other parameters were kept the same as in the experiment described in the
previous Section.
7.5.2. Results and discussion
The complex viscosities obtained for the 16 time sweep tests are shown in Figure 7.14. All
GPs display an initial decrease in viscosity due to thixotropic breakdown. As previously
observed, higher curing temperatures resulted in faster reaction kinetics.
During the initial stages of geopolymerization of unseeded NaOH-based GP the viscosity
remained constant, followed by a non-linear growth. The onset of growth was probably due
to the nucleation and growth of the geopolymer gel. Seeding had two effects on the NaOH
based GP: the induction time (time at constant viscosity) was shorter; the increase in
viscosity was steeper. Thus presence of seeds promoted nucleation and growth of the gel and
improved the dissolution of metakaolin.
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WG-based GP had a different behaviour: the increase in viscosity was linear throughout the
time sweep experiment. As the monomers detached from the MK, they immediately reacted
with the silicate in solution to increase the gel molecular weight and interconnectivity [114].
The colloidal faujasite seeds had no evident effect on the reaction kinetics: since the soluble
silicates have a seeding effect, the addition of other seeding agent is superfluous.

Figure 7.14 Complex viscosity measured during time sweep tests for unseeded NaOH-based GP (top left),
faujasite seeded NaOH-based GP (top right, note different scale), unseeded WG-based-GP (bottom left) and
faujasite seeded WG-based GP (bottom right).

Although the qualitative inspection of the rheograms already provided important insight on
the GP reactions, a model was implemented in order to quantify the effect of seeding and
curing temperature. NLSF using the Avrami equation could not properly represent the
observed data. Papo [276] studied the hydration of Portland cement at different water-to-
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cement ratios using dynamic rheology and time sweep test. The model in EQ. 7.5 was used
to fit the evolution of complex viscosity η* over time t.
𝑡 𝑁
𝜂 ∗ = 𝜂0∗ + (1000 − 𝜂0∗ ) ( )
𝑡𝑅

EQ. 7.5

where η0* is the initial complex viscosity, tR is the setting time and N is the kinetics factor.
The setting time corresponded to the time the geopolymer assumed viscosity η*(tR)=1000
Pa∙s. This value did not represent the real setting time, as the viscosity at the setting time (as
determined by Vicat needle test) is at least two orders of magnitude higher [272]. Vicat
needle test is mostly a measurement of the development of yield stress rather than viscosity.
The value η*(tR)=1000 Pa∙s simply represented an arbitrary reference point in which the
cement was highly viscous. We adopted this value because it was already used by Papo [276]
and because we could not measure viscosity higher than η*=1000-2000 Pa∙s due to the
rupture of the plate protective coatings. Papo model could successfully describe all the
rheograms, Figure 7.15, and the results of the NLSF are shown in Table 7.1.

Figure 7.15 Time sweep tests performed on GPs. Solid lines represent the measured viscosity, dashed lines
represent the NLSF using Papo's model. Left: effect of temperature on unseeded NaOH-based GP. Right: effect
of faujasite seeding on NaOH-based GP cured at 35°C.
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Table 7.1 Parameters of Papo's model obtained by NLSF of the complex viscosities for different GP pastes.

temperature [°C]

n0[Pa∙s]

tr [s]

N

unseed

25
30
35
40

125
113
177
111

3801
2008
1652
980

4.60
2.92
3.26
3.74

seeded

25
30
35
40

116
120
180
33

2323
1153
800
524

2.44
4.58
6.20
20.00

unseed

25
30
35
40

13
43
52
1

36487
10180
5657
2420

0.75
1.45
1.77
1.47

seeded

25
30
35
40

49
45
12
26

23961
15704
7634
2400

1.37
1.24
1.07
1.88

GP-NaOH

GP-WG

Papo’s model parameters obtained by NLSF, Figure 7.16, clearly show the effects of
temperature and seeding for the different GPs. The setting times tR were shorter at higher
temperatures and in general NaOH-based GP set faster than WG-based GP, in accordance
with literature reports [25]. Seeding had an evident accelerating effect on NaOH-based-GP,
but no clear effect on the WG-based-GP. Interesting observations can be made on the kinetic
factors N. For WG-based GP the kinetic factor of N≈1-2, did not change significantly with
temperature or seeding. Unseeded NaOH-based GPs had higher kinetic factors compared
with WG-based GP. Seeding of NaOH-based GPs had a pronounced effect, especially at
elevated temperatures T=35 and 40°C.
The explanation of these trends can be ascribed to the reaction mechanisms. The rate limiting
step for a WG-based GP was the dissolution of MK. As the silicate solutions are known to
act as buffers, the pH during initial dissolution was approximately constant and so was the
metakaolin dissolution. Nucleation could not be the rate limiting step as soluble silicates in
solution immediately reacted with the monomers in the solutions. For NaOH-based GPs
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cured at T>35°C the dissolution of MK in the highly caustic activating solution was
extremely fast and the rate limiting step was the nucleation and growth of the geopolymer
gel; in this case seeding caused a large increase in the kinetic factor, from N=2.44 to 20. At
lower temperatures the effect of seeding on NaOH-based GP was relatively smaller, thus the
rate limiting step was once again the dissolution of MK. Similar results were observed for
other GP systems [163], [165], [166], [177]: seeding had an clear effect only when the
activating solution was an metal hydroxide, but had negligible effect when soluble silicate
were used.

NaOH GP
NaOH GP + seed
WG GP
WG GP + seed

100000

NaOH GP
NaOH GP + seed
WG GP
WG GP + seed

20
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35
40
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Figure 7.16 Setting times tr (left) and kinetic factors N (right) obtained by NLSF of the rheograms using Papo's
model.

7.6. Summary and conclusions
In this Chapter the wettability and rheological properties of MK based geopolymers were
measured using contact angle and time sweep tests to determine the geopolymerization rate
limiting step and to obtain more experimental evidences on the molecular mechanisms
involved. It was determined that NaOH/MK-based GPs are thixotropic pseudoplastic
suspensions with a yield stress and their behaviour can be described by Herschel-Bulkley
equation, with yield stress τ0=63 Pa, consistency K=53 Pa∙s and flow index 0.56.
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Both crossover time and NLSF of complex viscosity could provide important information on
the transformation from liquid slurry to solid materials. Geopolymerization is a thermally
activated reaction with the overall energy of activation of Eact=75.7 kJ/mol. The addition of 2
wt% of inorganic seeds (calculated over MK mass) could decrease the activation energy and
accelerate the reaction kinetics. A more detailed analysis in the temperature range 25-30°C
revealed that the rate limiting step for NaOH/MK-based GP is the dissolution of MK, while
at T>30°C the rate limiting step is the nucleation and growth of the geopolymer gel. Soluble
silicates instead facilitate the nucleation and growth of the geopolymer, thus the rate limiting
step for WG/MK-based GP is the MK dissolution even at T>30°C.
The slower reaction kinetics of WG-based GP is due to the slower dissolution of MK in the
activating solution as the other causes were ruled out: contact angle measurements suggested
that soluble silicate can easily wet and penetrate between the MK particles; dynamic
rheology tests showed that nucleation and growth of the gel is instantaneous.
In conclusion, seeding can be an effective method to accelerate the consolidation kinetics of
NaOH/MK-based GP cured at mild temperatures, but it is less effective in low temperature
curing or for any WG/MK based GPs. The largest accelerating effect was induced by
zirconia nanoseeds, which lowered the activation energy to Eact=24 kJ/mol.
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8. Geopolymer phase transformations and crystal engineering

8.1. Rationale
Among the different precursor materials, metakaolin MK [7] and aluminosilicate glasses
[198] have the least amount of contaminants and no heavy metals impurities. Moreover, their
homogeneous distribution of alumina and silica species results in a more predictable
geopolymerization reaction as compared to fly ash based GP. Since MK-based GPs are
relatively cheaper than synthetic aluminosilicate glasses, they are the favorite candidates to
produce functional geopolymer for advanced applications.
Most studies on MK-based GPs focused on increasing the mechanical strength of the binders,
mainly by increasing the Si/Al ratio using alkaline silicate [62]. Sodium silicates modify the
overall Si/Al and decrease the H2O/solid ratio, but they also act as templates for aluminates
assembly [203]. Fewer studies have focused on the crystallization of zeolites in metakaolinbased geopolymer, usually LTA-type zeolite, NaX-type zeolite (faujasite) and hydroxodalite.
Only Zhang [203] quantified their crystallinity and nobody has ever tried to control the type
and amount of zeolite obtained. Increasing the amount of sodium silicate usually decreases
the crystallinity and when activating solution has a SiO2/Na2O>0.8 the geopolymer is
generally completely amorphous [73]. The degree of crystallinity and reaction kinetics
increase by increasing the molarity of the solution and temperature [119], and increasing the
Si/Al by replacing metakaolin with fly ashes seems to increase the faujasite in highly diluted
condition [204].
In Section 2.2.4.6 and 6.2 and in Chapter 7 we introduced and tested the effects of seeds in
the geopolymerization reactions and on the final geopolymer structure. Since few works have
dealt with zeolite crystallization within functional geopolymer, this Chapter 8 provides new
evidences on the factors affecting the mechanisms and the final structure of this phase
transformation. It is beyond the scope of this work to implement these findings into empirical
geopolymerization models. Here we studied the reaction kinetics and the degree of
crystallization of metakaolin-based functional geopolymers seeded with nanocrystalline
colloidal faujasite, thus avoiding seeds agglomeration and amorphization through grinding.
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We used a multifactorial design and analysis of the variance (ANOVA) to determine the
most influential factors for the conversion of metakaolin-NaOH-based geopolymer into
zeolite and to identify synergistic or competitive effects between the variables. The effects of
the DOE factors on each response are individually described in the Sections 8.4 and the most
significant of them are further discussed in Section 8.5.

8.2. Design of experiments
The kinetics of geopolymerization depends mainly on: (i) the concentration of the activating
solution and the presence of silicate species, which control the precursors dissolution and
aluminosilicates condensation reactions; (ii) the presence of seeds, which can modify the
nucleation rate of solid product. The compositional parameters under investigation in this
work included the ratios Na/Al and H2O/solid; the processing factors included the curing
time and temperature, and the seeds included synthetic nanocrystalline colloidal faujasite and
small quantities of sodium silicate. Soluble silicate concentrations were chosen to match the
silica modulus in the colloidal faujasite solutions, refer to Table 8.2. The responses were
obtained from the deconvolution of the FTIR-spectra and Rietveld refinement with internal
standard. Setting times were measured according with ASTM C807 [217] and SEM
microstructural analyses were also performed to verify the QXRD results.
In total 180 geopolymers structures were characterized by varying three compositional
parameters (i.e. Na/Al, H2O/solid, and seeding type) and two curing parameters (i.e.
temperature and time), Table 8.2. The parameter Na/Al was chosen because it was already
determined to be an important factor which influences the crystallinity of the geopolymer
[203], the central point for this parameter was selected at Na/Al=1 as suggested by many
[38], [62], [73]. By changing this parameter we indirectly also varied the alkalinity of the
activating solution. The other compositional parameter investigated here was the H2O/solid
in order to understand the effects of dilution and porosity on the geopolymer setting kinetics
and conversion to zeolite. Preliminary SEM analyses reported in Section 5.2.1 suggested that
geopolymer crystallinity was enhanced by porosity. This observation suggested that a
volume change may be associated with the crystallization and it may explain why some GPs
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remain amorphous (i.e. adding silicate reduces the GP porosity). Unfortunately the
framework density FD of the amorphous gel is unknown, while faujasite, LTA and sodalite
have respectively a FD of 12.7, 12.9 and 17.2 tetrahedra/Å3 [24].
The H2O/solids factor is also important because it differentiates geopolymer materials from
aluminosilicate gels and zeolites [199]. Since it indirectly also influences the ratio
solid/solution, it is one of the main parameters affecting the rheological properties, and thus
the processability, of MK-based geopolymers [170]. We have chosen the values
H2O/solid=0.66 and 1.02 because the former represents the minimum achievable value of
solution/solid to produce an initial homogeneous paste, as determined by the previous
experiments.
Samples coding with letters A, B, C, D, E, Figure 8.1 and Table 8.1, reflects the variation of
the parameters Na/Al and H2O/solid between two levels with central points, i.e. GP type E.
The compositions were varied so that samples A, D and E have similar concentration of the
sodium activating solution (7.5M NaOH), while B and C have respectively low and high
molarities, Figure 8.1 and Table 8.2. The difference between samples A, D and E consisted
in the ratio solution/MK. Similar NaOH concentrations have similar solvation conditions of
the sodium ions and thus similar ion-pairing. NaOH concentration of 7.5M is equivalent to a
H2O/Na2O ratio of 15.2 where the Na+ and the OH- ions are poorly solvated. Complete
solvation occurs at H2O/Na2O>33, which correspond to 4.7 M NaOH (Section 2.2.3).
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Figure 8.1 Representation of the GP compositions and GP codes in the adopted 2 2 factorial design with a
central point.

Table 8.1 Geopolymers formulas for samples A, B, C, D and E.
GEOPOLYMER FORMULA
code

Na2O

Al2O3

SiO2

H2O

A

1.00

1.33

2.67

15.21

B

1.00

1.33

2.67

23.41

C

1.00

0.80

1.60

10.04

D

1.00

0.80

1.60

15.44

E

1.00

1.00

2.00

15.20

We conducted two different ANOVA analyses on samples A, B, C, D and samples A, D, E
because a single analysis could not be performed: ANOVA requires the factors to be
independent of each other, which is not the case for Na/Al, H2O/solid and solution/MK, see
Section 5.1.1 and Table 8.2 for further details. By performing two distinct analyses we could
decouple the effects of NaOH concentration, Na/Al, solution/MK and H2O/solid, Table 8.7.
If an effect of the Na/Al factor is detected for a particular response at constant H2O/solid, this
can be due to an increase in Na/Al or an indirect increase in NaOH concentration. We can
discern these two contributions by looking at the response for different levels of the factor
solution/MK, in which NaOH molarity is fixed and Na/Al changes. If we detect a statistically
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significant effect of the factor solution/MK, then molarity does not play a fundamental role
in the response while Na/Al does. If ANOVA analysis suggests there is no effect of the
factor solution/MK, then the effect of Na/Al is probably an indirect consequence of the
increasing NaOH concentration. These considerations are valid especially when the effect of
H2O/solid is negligible, i.e. p-value>0.05, Table 8.5.
Beside the unseeded GP, we used two different seed types: 2wt% of nanocrystalline faujasite
calculated vs the total MK content of the geopolymer formulation (these samples have
postfix “s” after the letter code, Tab. 19) and sodium silicate (with postfix “w” after the letter
code in Tab. 19). Sodium silicate were included in the experimental design because it has a
templating role in the geopolymer synthesis [203] and different Si/Al may change the final
crystalline phases [204]. Moreover, samples seeded with waterglass were the baseline of
zeolite-seeded geopolymer since they could separate the role of crystalline zeolite from the
sodium silicate solution in which those nanocrystals were dispersed (see Section 6.1.3.2 for
details on the seeds). The silica concentration, expressed in term of silica modulus of the
activating solution Ms=0.11, was kept below the value of 0.80, above which the geopolymer
is usually completely amorphous [73]. Samples without seeds have a Si/Al=1, while seeded
GP have a Si/Al≈1.05; the silicon belonging to quartz and halloysite impurities was ignored
when calculating the GP chemical formula.
Temperature and time were also determined to be an important factor both in terms of
reaction extent and the final degree of crystallinity [119], [203]. By including these two
factors we could also study the effects of GP composition and seeding on the reaction
kinetics. The curing temperatures and times are suffixes in the geopolymer code, Table 8.2.
For example, Bs-40-4 represents a geopolymer with H2O/solid=1.02, Na/Al=0.75, 2%
nanocrystalline faujasite seed, cured at 40°C for 4 days.
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Figure 8.2 Representation of the 180 characterized GPs: 5 compositions, 4 temperatures and 3 curing times
(left), and 3 seeding conditions (right; each of the three systems in this graph is the time-temperature system
copied form the left figure).
Table 8.2 List of all geopolymer compositions used in this study. Geopolymer parameters are fixed and derived
ratios calculated based on the real metakaolin content in Powerpozz. MK stands for metakaolin, WG-N for
sodium silicate type N, WG-Ms for molar ratio SiO2/Na2O of the activating solution
GEOPOLYMER PARAMETERS

MIXING PROPORTIONS

ACTIVATING SOLUTION
NaOH

H2O/

Na/

H2O/

solution/

Si/

solid

Al

Na2O

solid

Al

A

0.66

0.75

15.2

0.95

1.00

B

1.02

0.75

23.4

1.37

CODE

Coll

NaOH

zeol

(20.45M)

51.2

0.0

1.00

42.2

MK

WG

WG-N

H2O

wt%

mol

Ms

22.1

0.0

26.7

23.8

7.5

0.00

0.0

18.2

0.0

39.7

15.7

4.6

0.00

C

0.66

1.25

10.0

1.15

1.00

46.6

0.0

33.4

0.0

20.0

32.9

11.2

0.00

D

1.02

1.25

15.4

1.61

1.00

38.3

0.0

27.5

0.0

34.1

23.5

7.4

0.00

E

0.84

1.00

15.2

1.27

1.00

44.1

0.0

25.3

0.0

30.6

23.8

7.5

0.00

As

0.66

0.75

15.7

0.98

1.04

49.6

9.4

18.5

0.0

22.5

-

-

0.11

Bs

1.02

0.75

24.2

1.40

1.04

40.8

7.8

15.2

0.0

36.2

-

-

0.11

Cs

0.66

1.25

10.4

1.19

1.07

44.8

8.5

29.1

1.9

15.6

-

-

0.11

Ds

1.02

1.25

16.0

1.66

1.07

36.9

7.0

24.0

1.6

30.5

-

-

0.11

Es

0.84

1.00

15.8

1.31

1.05

42.5

8.1

21.7

0.9

26.7

-

-

0.11

Aw

0.66

0.75

15.5

0.98

1.04

50.4

0.0

21.0

3.2

25.3

-

-

0.11

Bw

1.02

0.75

23.8

1.41

1.04

41.5

0.0

17.3

2.7

38.5

-

-

0.11

Cw

0.66

1.25

10.3

1.20

1.07

45.5

0.0

31.6

4.9

18.1

-

-

0.11

Dw

1.02

1.25

15.8

1.67

1.07

37.5

0.0

26.0

4.0

32.5

-

-

0.11

Ew

0.84

1.00

15.5

1.31

1.05

43.2

0.0

24.0

3.7

29.1

-

-

0.11
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The activating solutions were prepared starting from a 20.45M NaOH master batch. Two
days before casting NaOH was diluted in water and soluble sodium silicate (waterglass type
N, PQ corp®) was added and continuously mixed using magnetic stirrer. Then the colloidal
zeolite dispersion was added to the activating solution, mixed for 1 minute and immediately
added to the metakaolin. The geopolymer pastes were prepared according to the procedure
described in Section 4.1.2, poured in different airtight HDPE containers and placed at their
respective curing temperatures in hot or cooling baths: 5°C, 20°C, 40°C and 60°C. The
samples were periodically tested using a Vicat needle to determine their setting times
according with ASTM C807 [217].
By looking in detail into the variables effects during the different stages of
geopolymerization, i.e. setting, evolution of geopolymer gel, and gel conversion into zeolite we aimed to improve the current knowledge about geopolymerization reaction pathways and
rate limiting step, and to provide practical guidelines for enhancing the performance of
metakaolin-base functional geopolymers.
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8.3. Response quantification
The determination of the statistically significant factors for the geopolymerization reaction
and the final crystalline structure using ANOVA required quantifiable responses, and these
are included in Table 8.3. The details of the methods to measure and calculate these
responses are presented in the following Sections.
Table 8.3 List of quantifiable responses (obtained from the deconvolved ATR-FTIR spectra and QXRD) and the
main information they carry.
MAIN
INFORMATION

RESPONSE

FROM

FORMULA

GP%

FTIR

𝐴𝑟𝑒𝑎≈955𝑐𝑚−1
∗ 100
𝐴𝑟𝑒𝑎1070𝑐𝑚−1 + 𝐴𝑟𝑒𝑎1187𝑐𝑚−1 + 𝐴𝑟𝑒𝑎≈955𝑐𝑚−1

GP peak
position
GP peak
FWHM

FTIR

obtained from deconvolution

type of GP gel

FTIR

obtained from deconvolution

local order
of GP gel

peak area ratio
solid/H2O

FTIR

𝐴𝑟𝑒𝑎1070𝑐𝑚−1

𝐴𝑟𝑒𝑎≈3300𝑐𝑚−1
+ 𝐴𝑟𝑒𝑎1187𝑐𝑚−1 + 𝐴𝑟𝑒𝑎≈955𝑐𝑚−1

EQ.
8.1

MK dissolution
extent

EQ.
8.2

water content

zeolite
conversion %

QXRD

(%𝑤𝑡𝐿𝑇𝐴 + %𝑤𝑡𝐹𝐴𝑈−𝑋 )
∗ 100
100% − %𝑤𝑡𝐻2𝑂 −%𝑤𝑡𝑀𝐾−𝑖𝑚𝑝𝑢𝑟𝑖𝑡𝑖𝑒𝑠

EQ.
8.3

normalized
geopolymer
crystallization

LTA%
(zeolite)

QXRD

%𝑤𝑡𝐿𝑇𝐴
∗ 100
%𝑤𝑡𝐿𝑇𝐴 + %𝑤𝑡𝐹𝐴𝑈−𝑋

EQ.
8.4

zeolite type

The response “GP%” (EQ. 8.1) was obtained from the deconvolved ATR-FTIR spectra
conveyed information on the metakaolin alkalination and dissolution and GP gel formation
[119], [120], [278]. The “GP peak position” depended on the nature of the gel: Si/Al ratio,
deprotonation degree, ion-pairing, and connectivity [55], [254], [279]–[284]. Moreover,
zeolites with same structure and Si/Al but different charge balancing cations had different
FTIR peak positions, refer to Figure 6.3. A smaller “GP peak FWHM” indicated a narrower
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distribution of bond length and angle, thus a more organized and homogeneous structure at
the nanoscale [247]. The response “peak area ratio solid/H2O” provided two important pieces
of information: 1) if free water was consumed or regenerated due to the dissolution and
polymerization reactions, EQ. 2.18, EQ. 2.24 and EQ. 2.26; 2) if water was lost during
curing operations. This last aspect was particularly important because the crystallinity of the
GP needed to be normalized considering the different levels of impurities carried by the MK
and the different water content of the different GP compositions, EQ. 8.3. Since water
contributes to the amorphous content in the XRD, increasing water content artificially
“decreases” the GP crystallinity. On the other hand, the loss of water during curing operation
artificially “increases” the GP crystallinity. These artifacts were eliminated by using EQ. 8.3.
Finally, “LTA%” indicated the percentage of zeolite type LTA over the total amount of
zeolites and, since the other main detected zeolite is faujasite type X, the formula can be
expressed as EQ. 8.4. These last two responses were the most important to engineer the
crystalline structure of GP towards the development of functional MK-based GP (i.e. with
controlled amount of specific-type zeolite) for advanced applications, such as membranes or
encapsulation.

8.3.1. ATR-FTIR spectra deconvolution
The FTIR spectra were collected using a PerkinElmer 100 series equipped with a universal
ATR accessory, acquisition range 4000-450cm-1, 1 cm-1 resolution and averaging 25 scans.
ATR-FTIR configuration was chosen to quickly analyze the geopolymers removed from the
environment of the respective curing temperature without affecting their water content,
which would occur if transmission geometry using KBr pellets was adopted. Baseline and
ATR corrections were done using the “PerkinElmer Spectrum” software to remove sample
scattering effects and the depth of penetration dependence [227]. The transmittance data
were then converted into absorbance (EQ. 4.22 and EQ. 4.23) and the spectra normalized
based on the maximum peak intensity in the 850-1300cm-1 range.
The spectra of the metakaolin was deconvolved using a nonlinear least-square fitting (NLSF)
adapting the method described by Kemmer [285]. Two Gaussian curves were used to
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represent the region between 1400 cm-1 and 975 cm-1. The obtained peak positions were
1070.13 cm-1 and 1197.3 cm-1 and peak area ratio 10.5 (Figure 8.3, top left). The peak
positions were comparable with other studies [84]: 1080 cm-1 and 1204 cm-1 assigned
respectively to Si-O-Al and Si-O-Si asymmetric stretching.
The geopolymer spectra in the region of major interest, 1400-800cm-1 were deconvolved
using the same method [285] and adopting two Gaussian peaks for the metakaolin and one
Gaussian peak for the geopolymer (Figure 8.3, top right). The peak positions and intensity
ratio between the two metakaolin peaks were kept constant for all the geopolymer spectra
deconvolution. Areas, positions and the FWHMs of the Gaussian peaks representing the
geopolymers were all variables of the NLSF. Although ATR-FTIR spectra could be better
modelled by more Gaussian peaks, this would only destabilize the NLSF procedure. For
example Zhang [119] used two Gaussian peaks at ≈1000cm-1 and 950cm-1 to describe
respectively the Si-O-T and the Si-O-Na bonds. Silicate anions with different connectivities,
aluminum substitutions and ion-paired cations have different vibration frequencies (Figure
8.3, top right) but these frequencies cannot be properly resolved using FTIR [97]. Moreover
the structure and FTIR spectrum of the metakaolin is still not fully understood. For these
reasons we adopted only three Gaussian peaks to quantify the dissolution of metakaolin and
formation of geopolymer over time. The peak at 3300cm-1 associated with free water was
also modelled by a Gaussian peak to determine if water was consumed or generated during
the geopolymerization reaction (Figure 8.3, bottom left and right).
The geopolymerization conversion can thus be approximated by the area percentage of the
main geopolymer peak over the metakaolin and geopolymer peaks: GP/(GP+MK)*100. A
similar approach was used by Provis [100], where the extent of geopolymerization was
defined as (P+G+N+Z)/(M+P+G+N+Z). M, P, G, N and Z were respectively the
concentration of metakaolin, aluminosilicate polymer and gel, zeolite nuclei and zeolite
crystals. The FTIR geopolymer peak area contained P, G, N and Z since they all contribute to
the geopolymer FTIR peak.
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Figure 8.3 ATR-FTIR measured spectra (in black) and NLSF fitting lines (in blue) of the metakaolin and
selected geopolymer samples: sample Bs cured at 20°C for 4 day and sample Bs cured at 60°C for 4 days.
Deconvolved peaks of the metakaolin are in red and fuchsia, deconvolved peak of geopolymer is in green.

8.3.1.1. Precision and accuracy
The pure errors of the responses (i.e. precision) were estimated by repeating five casting,
data acquisition and elaboration for the sample C_40_4. This sample was selected since it is
the central point in terms of the composition, curing temperatures and times of the samples
under consideration. The standard errors associated with the FTIR peak position was 1.6
cm-1, 1.2% for the GP%, 1.8% for the FWHM of the geopolymer peak and 9% for the peak
area ratio H2O/solid. These errors were a combination of both intrinsic error in the materials
processing (e.g. inaccuracy during casting, material inhomogeneity) and error due to the data
elaboration (e.g. FTIR background subtraction and peak deconvolution).

168

To determine the accuracy of the method two different samples were analyzed four times
with ATR-FTIR and deconvolved in order to verify the relation between concentration of
components and absorbance peak area: a mixture composed of 66.6% MK and 33% synthetic
sodium faujasite (Alfa Aesar), and a mixture of 33.3% MK and 66.6% synthetic sodium
faujasite (Alfa Aesar). The peak areas associated with faujasite were respectively 27.6% ±
1.3% and 56.6%± 1.2%. Thus, the peak area percentages underestimated the actual weight
percentage, or geopolymerization percentage. This may explain why none of the
geopolymers reached 100% of geopolymerization, Figure 8.12.
The underestimation could be due to several reasons: the data correction and normalization,
preferential contact of the platelet-like metakaolin with the ATR crystal, the use of Gaussian
peaks, and/or the fitting method that ignore the shoulder of zeolites at higher wavelength,
Figure 6.3. Also the weight percentages of MK and GP gel differed from their molar
concentration of Si-O-Al and Si-O-Si bonds: while MK is completely made of Si, Al and O
atoms, geopolymer and zeolites also have Na and H atoms. GPs and zeolites have less Si-OAl and Si-O-Si bonds than MK on a weight basis. We did not attempt to include these
considerations on the quantification of GP% due to its complexity which will require
approximations and ultimately elaboration artifacts of the final data. The fact that the highest
GP% values were obtained for the highest Na/Al ratios (Section 8.4.3.2) suggested that these
corrections were negligible compared to the factor effects. For these reasons, the values GP%
must be considered as only semi-quantitative, nonetheless they still provided important
information and new insight into studies of the effects of different factors on GP processing
and properties.

8.3.2. QXRD and Rietveld refinement
The X-ray diffractograms were acquired using a MultiFlex Rigaku X-Ray Diffractometer in
Bragg Brentano geometry in theta-theta mode, using a Cu-Kα source at 40kV and 40 mA, 1
cm receiving slit, 1° soller slit, 0.3° divergence slit and a graphite monochromator. Rietveld
refinement were performed using the “X’pert highscore plus” software.

169

Due to the large amount of QXRD runs performed (180 analyses) the alumina NIST standard
SRM 676a for quantitative analysis was replaced by a rutile (TiO2) standard, which has
already been used in quantitative Rietveld analysis of cements and clinkers [286]. It is also
not soluble in alkaline medium, thus it did not affect the solution chemistry of not fully
reacted geopolymer, and its peaks were not overlapping with the main zeolites and
metakaolin impurities phases. We adopted a 25% spike of rutile as indicated by Pamela [286]
and similar to the 20% value used in another work [203].

Figure 8.4 SEM image of the XRD internal standard rutile. Particles are below 2 μm providing a good
standard for QXRD in term of count statistic.

The amorphous content of the rutile was determined by two methods: a) performing a QXRD
using the SRM 676a as an internal standard, b) considering the area of the broad low angle
peak as representative of the amorphous material (analysis performed by an independent
external laboratory). The two amorphous content values obtained were respectively 16.4 %
and 12%. To calculate the amorphous content of the metakaolin and to quantify the phases in
the GP samples we used the value 16.4% since we considered the internal standard method
more reliable. The phase ICSD-34372 was selected to refine this phase. 25% of rutile was
added on the geopolymer samples and gently mixed using an agate and mortar pestle.
The diffractograms of the spiked geopolymers were collected from 3° to 45°, at 2ϑ step of
0.02°, collection speed 1°2ϑ/s and the total measuring time of 43 minutes. The scan speed
and range were a compromise between good count statistic and scan range to perform
Rietveld analysis, and the total measuring time. Since zeolites have a prompt response to
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changes in moisture, we kept the scan time at a minimum to limit water evaporation which
can affect the peak intensity at low angle [251]. By analyzing wet GPs and minimizing
water evaporation the LTA-to-HS transformation observed as reported in Section 6.2.2.3
was avoided. Pseudo-Voigt functions were used to model the peak profiles and the
refinement strategy for the spiked GPs included: polynomial background, sample
displacement, unit cells parameters and scale factors for all phases, W parameter for the
FWHM, peak asymmetry and preferential orientation of the quartz phase in the 101 direction
[222].
The model phases used to refine the geopolymer diffractograms included (i) zeolite NaX
ICSD-155683 (as faujasite type X), (ii) zeolite LTA ICSD-24901 (as zeolite type A), (iii)
quartz low ICSD-90145 (as silica), (iv) anatase ICSD-63711, (v) hydrosodalite ICSD413494, (vi) zeolite ZK-5 ICSD-22054. All these phase were detected by Belviso [204].
Although LTA and NaX were the best models available to describe the zeolite peaks of these
two phases, discrepancies between the intensities of these phases and the diffractograms
were obvious, especially at low angle. This is a common problem when analysing zeolites,
since small variation in channel content and water content can strongly affect the peak
intensities, especially at low angles [251]. In fact the ASTM D3906 method to quantify
zeolite type material uses only 8 peaks in the range 15°-35°. For this reason we excluded the
zeolite peaks under 2ϑ=8°, but we included the range 8°-15° since it contained diffraction
peaks of hydrosodalite and ZK-5. The occupancies of non-framework elements in LTA [287]
and NaX [288] were refined on two selected diffractograms, each containing a single zeolite
phase. The respective GOF (goodness of fit) values improved respectively from 11.9 to 5.7
and from 7.5 to 5.6. The element position and occupancy can be found in Table A.1 in
Refinement of LTA and FAU-X crystal structures. The diffractograms and the Rietveld
refinements can be found in Figure A.1, Figure A.2 and Table A.1 in Refinement of LTA and
FAU-X crystal structures.
Since kaolinite deposits without silica and other impurities are extremely rare, most MKs
carry those extra crystalline phases. Although these unwanted minerals are often
acknowledged, in the geopolymer community the real metakaolin content is rarely
determinated and its value used when preparing the geopolymer formulation. Therefore in
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this work a Rietveld refinement was performed on the Powerpozz metakaolin using 25%
rutile as internal standard. We determined the total of 16% of impurities: 10% of silica, 2%
of anatase and 4% of halloysite (all by weight). Thus only 84% of Powerpozz is actual
reactive metakaolin, a material similar to the one used by Rahier in his studies which
contained 85% of amorphous phase [71].

Figure 8.5 Measured diffraction patterns of selected geopolymers seeded with colloidal faujasite, and cured
for 7 days at 60°C. Symbols in the image represents the position of the more intense peak zeolite type LTA (A),
zeolite type X (X), rutile (R), silica (S), anatase (An).

8.3.2.1. Precision and accuracy
The pure errors of the responses were estimated by repeating five casting, data acquisition
and elaboration for the sample C_40_4. The standard deviation for the zeolite conversion %
as determined by QXRD was 0.9% and we estimated the standard deviation of LTA% by
error propagation to be approximately 1.4% (max 2%). These errors were a combination of
errors in the sample preparation and in data elaboration: weighting and mixing the QXRD
internal standard with the geopolymer, Rietveld errors, and others.

172

To determine the accuracy of the method we performed QXRD on two samples: 100%
faujasite-Na (Alfa Aesar) and a mixture made of 33% faujasite-Na (Alfa Aesar) and 66%
metakaolin. We obtained the underestimated values of 79.8% and 29.2% respectively. This
discrepancy can depend on the differences between this pure high-silica faujasite and the
faujasite that crystallize in the geopolymer used to refine the model (refer to Refinement of
LTA and FAU-X crystal structures). In fact XRD peaks at 2θ°=15.8, 20.4 and 23.8 were all
more intense than in the geopolymer samples, thus the calculated XRD pattern
underrepresented those peaks.
A general underestimation of the zeolite crystalline phase was probably occurring throughout
this work. Although we could not exclude systematic errors, the method remains sufficiently
precise (i.e. with overall error less than 1%) and its robustness allowed the determination of
the factors main effects and the interactions on the two responses: “zeolite conversion %”
and “LTA%”.

8.4. Results
8.4.1. Setting time
The most important factors affecting the setting time were determined to be temperature,
followed by H2O/solid ratio and then NaOH concentration: the higher temperature, higher
[NaOH] and lower H2O/solid decreased the setting times. The geopolymer composition
became less important at higher temperatures, nonetheless a combination of high water
content and low Na/Al could delay the setting times even at high temperatures. Seeding had
no detectable effects on the setting time, probably due to the low precision of the method as
the percentage error was estimated to be approximately 20%. In fact it was observed in the
research reported in Chapter 7 that the addition of colloidal faujasite seeds increased the
setting reactions kinetics. However, even if a seeding effect existed, it was negligible
compared with the other factors listed above. In conclusion, H2O/solid was more important at
low temperatures and NaOH concentration had a major effect at high temperatures, Table 8.4
and Figure 8.6.
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Table 8.4 Setting time of GPs type A, B, C, D, E (refer to Table 8.1 for their compositions) vs curing
temperature
TEMPERATURE

SETTING TIMES [minutes]
A

B

C

D

E

5°C

360

>10080

2880

5760

4320

20°C

300

1800

300

1800

300

40°C

150

1200

60

150

60

60°C

60

600

30

60

30

120

time [hours]

100
80
60
40

E
D

20

C
B

0
5°C

GP type

A

20°C

40°C
Temperature

60°C

Figure 8.6 GPs setting time measured according with ASTM C807.

8.4.2. ANOVA analysis
In this Section the results of the multifactorial design and the ANOVA analyses are presented
and summarized in Table 8.5,Table 8.6. The ANOVA analyses allowed the identification of
the most influencing factors for each response, without dealing with each particular treatment
but looking at their average effect across all the other factors. The analyses were performed
ignoring the high-terms interactions when they were found to be statistically non-significant,
i.e. p-values > 0.05. The 5°C level for the factor temperature was also ignored since many
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samples were still corrosive due to the unreacted sodium hydroxide and could not be
analyzed by FTIR. An unequal number of observations would have led to an unbalanced
design of experiments [229]. Some representative ATR-FTIR spectra were collected and will
be discussed in Section 8.5.1. Similarly, the 20°C level for the factor “temperature” was
ignored for the response LTA% since no crystalline zeolites were detected at this
temperature.

Table 8.5 The p-values obtained from the Analysis of Variance (ANOVA) of GP samples A,B,C and D (see
Table 8.2)

Responses

QXRD
zeolite
conversion %

QXRD
LTA% (zeolite)

FTIR
GP%

FTIR
position

FTIR
FWHM

FTIR
solid/H2O
from
area

excluded data

5°C

5°C, 20°C,
1 day

5°C

5°C

5°C

5°C

interactions

3FI

2FI

2FI

2FI

2FI

2FI

α-seeds
β-temperature
γ-time
δ-H2O/SOLID
ε-Na/Al
αβ
αγ
αδ
αε
βγ
βδ
βε
γδ
γε
δε
αβγ
αβδ
αβε
αγδ
αγε
αδε
βγδ
βγε
βδε
γδε

0.0001
0.0001
0.0001
0.9951
0.0001
0.0027
0.0541
0.6005
0.4683
0.0001
0.7903
0.0026
0.7175
0.0124
0.0272
0.0001
0.6804
0.3788
0.8914
0.6391
0.7154
0.8677
0.0434
0.2449
0.4876

0.0001
0.0005
0.3972
0.0001
0.0001
0.5597
0.9562
0.1163
0.0001
0.2762
0.8741
0.0011
0.3592
0.6209
0.0001

0.004
0.0001
0.0001
0.0568
0.0001
0.0013
0.1498
0.7013
0.2771
0.0003
0.0183
0.0244
0.1994
0.7837
0.0707

0.0068
0.5858
0.063
0.0002
0.0001
0.2109
0.0001
0.8257
0.7006
0.354
0.7641
0.3988
0.7741
0.9842
0.9401

0.326
0.0131
0.0879
0.2878
0.0001
0.9324
0.1384
0.0384
0.0196
0.0773
0.3977
0.5461
0.785
0.7258
0.6749

0.0508
0.0272
0.0072
0.0009
0.044
0.5344
0.0397
0.1088
0.2406
0.1934
0.0431
0.0224
0.2927
0.1869
0.7408
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Table 8.6 The p-values obtained from the Analysis of Variance (ANOVA) of GP samples A, E and D. (see Table
8.2)

Responses

QXRD
zeolite
conversion %

QXRD
LTA% (zeolite)

FTIR
GP%

FTIR
position

FTIR
FWHM

FTIR
solid/H2O
from
area

excluded data

5°C

5°C, 20°C,
1 day

5°C

5°C

5°C

5°C

interactions

3FI

2FI

2FI

2FI

2FI

2FI

0.0002
0.0001
0.0001
0.0214
0.0223
0.3662
0.6489
0.0001
0.3906
0.4966

0.0002
0.0326
0.5499
0.0001
0.2694
0.7352
0.0001
0.4997
0.0118
0.4197

0.0016
0.0001
0.0001
0.0001
0.0037
0.0023
0.1053
0.0001
0.0144
0.8126

0.8626
0.5737
0.1412
0.0001
0.0148
0.0002
0.5705
0.2169
0.4416
0.7185

0.234
0.6461
0.0542
0.0001
0.2214
0.002
0.7526
0.2767
0.1736
0.9361

0.843
0.0031
0.0451
0.0002
0.5839
0.1444
0.0276
0.201
0.1951
0.2515

α -seeds
β -temperature
γ -time
χ -solution/MK
αβ
αγ
αχ
βγ
βχ
γχ

The effect plots for all statistically significant parameters can be found in DOE effects plots.
In the following Sections the factors and interactions with p<0.05 on the responses were
analyzed in details, and the effect across different responses compared in order to extract
more information on the geopolymerization reactions. The absence of statistically significant
effects could also convey important information: e.g. if the factor H2O/solid has no effect on
the crystallization kinetics, then the crystallization is probably a solid-state rather than a
solution-mediated transformation.
Finally, as previously anticipated in Section 8.2 , by comparing the p-values of the factors
Na/Al, solution/MK and H2O/solid from the two separated ANOVA analyses it was possible
to partially isolate the effects of the interdependent variables: Na/Al, H2O/solid and [NaOH]
(refer to Table 8.7). In the DOE involving sample A, B C and D (Table 8.5) the factors Na/Al
and H2O/solid varied independently, but the NaOH concentration in the activating solution
[NaOH] varied with each of them (Table 8.2 and Figure 8.1). An increase in Na/Al meant an
increase in [NaOH], while an increase in H2O/solid caused a decrease in [NaOH]. Instead, in
the DOE involving samples A, E and D (Table 8.6) the NaOH concentrations were fixed at
[NaOH]≈7.4M while the ratios Na/Al and H2O/solid varied with the factor solution/MK.
For example, in this paragraph the response Zeolite_conversion_% as determined by QXRD
is examined in detail. In the first ANOVA (samples A, B C and D) the factor Na/Al had p176

value<0.0001

but

H2O/solid

had

no

effect,

i.e.

p-value=0.99.

The

response

Zeolite_conversion_% could have increased due to the increase of Na/Al or due to the
indirect increase in [NaOH]. In the second ANOVA at constant [NaOH] (samples A, E and
D) the factor solution/MK had a p-value<0.05, thus the Zeolite_conversion_% increased
when Na/Al increased and H2O/solid decreased. The first ANOVA revealed that H2O/solid
had no effect, thus Na/Al had a “pure effect” on the Zeolite_conversion_%.
The same method, i.e. comparing the p-values of Na/Al, H2O/solid and solution/MK, was
used for all the other responses. The responses FTIR_GP% and FTIR_FWHM had the same
behaviour as response Zeolite_conversion_%: factor H2O/solid had no effect while factor
Na/Al had a “pure effect”. Finally every single factor had an effect on the response LTA%.
Table 8.7 Attribution of the response variation to the appropriate factor (Na/Al, H2O/solid or [NaOH])by
comparing the p-values of Na/Al, H2O/solid and solution/MK.

p-value:
Na/Al

p-value:
H2O/solid

samples
A,E,D
p-value:
solution/MK

<0.05

>0.05

<0.05

Na/Al

<0.05

<0.05

<0.05

all factors

>0.05

<0.05

<0.05

H2O/solid

sample A,B,C,D

effect
attributable to

It must be emphasized that all these considerations are valid within the range of the factors
under examination which were chosen to represent MK-based geopolymers. Different results
may be obtained for different compositions or curing conditions: e.g. if H2O/solid>>1 then
this factor may have a detrimental effect on the GP% as the NaOH concentration is highly
reduced.
The discussion of the results of this multifactorial design in the following Sections 8.4.3 and
8.4.4 focuses on the individual responses and analysis of the effect of each factor and factor
interaction FI. Additionally we look into each factor and its effect on the different responses
to obtained more detailed information on the possible reaction mechanisms and
transformations occurring during geopolymerization, refer to Section 8.5.
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8.4.3. FTIR
8.4.3.1. FTIR: GP peak position
The most important factors affecting the peak position were: (i) Na/Al followed by (ii)
solution/MK and (iii) H2O/solid (see Table 8.5, Table 8.6 and Figure C.3). By increasing
Na/Al and solution/MK the peak position shifted to lower values, likely due the ion-pairing
between the aluminosilicate anions and the sodium cations. By decreasing the water content
a peak shift to lower wavenumbers was observed. This shift could also be explained in terms
of ion pairing: sodium ions could be better solvated in presence of excess water, while
sodium preferred to form an ion-pair with the aluminosilicate anions when water is limited.
With time the peak positions seemed to shift to higher wavenumbers but a p-value=0.063
made this result less certain. A weaker effect was detected for the factor “seed” (higher
wavelength for the unseeded sample peak), and an interaction for “seed” and “time”. The
peak positions did not vary substantially for the samples containing FAU seeds and WG
seeds.
The peak position for the unseeded samples was located at lower wavenumbers at 1 day
compared with the seeded samples and at higher wavenumbers at 4 and 7 days. Since there
were no interactions with Na/Al and H2O/Al factors, we can assume the peak shift was not
due to ion-pairing differences but in the changing Si/Al ratio of the gel. At shorter curing
times the unseeded samples are richer in alumina (lower wavenumbers), while the gel that
forms at longer times is richer in silica. Both the incongruent dissolution of metakaolin and
the preferential Si-O-Al condensation can account for the abovementioned phenomenon.
This pendular motion has already been observed and reported in the literature [168].
In seeded samples this phenomenon was not observed due to the presence of initial silica in
solution and also this was previously seen in fly ash geopolymer [168]. The fact that the peak
position of the seeded sample was lower at longer curing times was probably due to the
passivation effect, refer to Section 8.5.2 for further discussion of this possibility.
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8.4.3.2. FTIR: GP%
The factors with major effect on the geopolymer conversion percentage “GP%” were: (i)
Na/Al, (ii) solution/MK, (iii) temperature and (iv) time (see Table 8.5, Table 8.6 and Figure
C.4). Increasing any of these parameters increased the GP%, in particular due to the strongest
factor Na/Al. The GP% saturated at approximately 4 days, depending on temperature. The
factor “seeds” had a relatively smaller effect and the unseeded samples had higher GP%.
The factor “temperature” interacted with most of the other factors, Figure C.5. At 40°C and
60°C the GP% almost reached saturation after only 1 day of curing, while at 20°C the MK
needed longer time to be trasformed into geopolymer gel. Moreover, at 20°C the GP% for
higher H2O/solid was smaller, but at higher temperatures it was comparable with lower levels
of H2O/solid (the p-value of the main factor H2O/solid was 0.057). Similarly the effect of
Na/Al was more pronounced at lower temperatures.
This suggests that increasing the curing temperature to 40°C or above made the GP% less
susceptible to other parameters, or in other words the factors “time” and “H2O/solid” were
important especially at lower curing temperatures. This confirmed the conclusion drawn
from the setting time measurements, wherein the dentrimental effect of higher water content
was worse at lower temperatures.

8.4.3.3. FTIR: GP peak FWHM
The ratios Na/Al and solution/MK had the biggest impact on the FWHM of the geopolymer
peak: the higher these ratios were the larger the FWHM. Temperature had a minor effect and
in opposite direction: the higher temperatures were associated with smaller FWHM. Since
the FWHM could be associated with the variability of the geopolymer gel (in terms of
connectivity, Si/Al ratio and ion-pairing) higher Na/Al and lower temperatures were
associated with less homogeneous geopolymer gels, Figure C.6.
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The effect of Na/Al was higher for the unseeded sample and the factor interaction between
“seed” and “Na/Al” had a p-value=0.02. Similarly there was a realtively small effect of
H2O/solid for the unseeded samples. It seems that the effect of the geopolymer composition
on the FWHM was less severe when seeds were used (Figure C.7), probably because the
initial silicate presence in solution compensates for the initial preferential dissolution of
alumina (which produced an initial alumina-rich gel and a secondary silica-rich gel).
Nonetheless this could also be an artifact due the adoption of a single Gaussian peak to
represent the different bonds in the GP gel: higher Na/Al increases the intensity of the Si-ONa band and thus it increases the FWHM.

8.4.3.4. FTIR: peak area ratio solid/H2O
The main factor having a statistically significant effect on the response “FTIR peak area ratio
solid/H2O” was the factor H2O/solid as expected, Figure C.8. This result confirmed that no
water was lost during the curing of the geopolymer, which was important in order to have
reliable results during the QXRD analyses.
8.4.4. QXRD
8.4.4.1. XRD: zeolite conversion %
All main factors besides H2O/solid have a statistically significant effect on the zeolite %.
High temperatures were required for the zeolite crystallization: no zeolites were detected for
samples cured at 5°C and 20°C and the amount of zeolite increased from 40°C to 60°C.
Similarly longer curing times, higher Na/Al and higher solution/MK increased the zeolite
content. The factor “seed” also had an effect: the zeolite conversion % of the GP gel was
higher for the unseeded sample, followed by the waterglass seeded geopolymer. Nonetheless,
the analysis of the factors interactions revealed that this last finding was probably an artifact
of adopted DOE, as explained in the next paragraphs.
A clear 2 factor interaction “2-FI” exists between the curing time and temperature: at 20°C
the curing time had no effect, at 40°C the crystallization started around the 4th day and
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continued through the 7th day, and at 60°C the crystallization had reached saturation already
at the 4th day. The zeolite contents obtained by curing at 40°C for 7 days (i.e. 43% for
geopolymer C-40-7) were smaller than the saturation value (i.e. 58% for geopolymer C-60-7)
obtained for the samples at 60°C. Depending on the GP compositions, curing time longer
than 7 days may be needed to obtain the maximum achievable zeolite for T=40°C, as already
observed by Zhang [119]. Interaction occurred also between the Na/Al and temperature, and
Na/Al and time. Higher temperatures and longer curing times enhanced the effect of Na/Al:
the higher the Na/Al the more zeolite% was present in the geopolymer.
Beside these three 2-FI there was also a 3-FI between time, temperature and Na/Al: at 4 days
of curing at 40°C there was zeolite only for the samples at higher Na/Al (see Figure C.10 in
DOE effects plots). Another interesting 3-FI occurred between “seed”, “time” and
“temperature”. In geopolymer seeded with waterglass or colloidal faujasite the crystallization
seemed delayed for samples cured at 40°C and 60°C. Generally at 40°C the unseeded
samples reached saturation at 4 days, while seeded samples had zeolite (≈10 %) only at 7
days. Similarly, at 60°C the crystallization started already after 24 hours for unseeded
samples but the seeded samples had no zeolite at such early curing time. Thus the seeds
retarded the zeolite crystallization, although the final zeolite contents were comparable (see
interactions in Figure C.11 in DOE effects plots). Since this experimental design focused on
the early stages of crystallization and the seeds delayed the crystallization, the overall effect
of seed addition was determined to be detrimental for the geopolymer crystallinity. The
crystallization delay observed in samples seeded with zeolites was due to the presence of
soluble silicates in the seeding colloidal solution. The presence of zeolite did not accelerate
or delay the crystallization compared with the GPs seeded with waterglass.

8.4.4.2. XRD: LTA%
The main factors that increased the faujasite% and decreased the LTA% were: seeding the
geopolymer with waterglass or colloidal faujasite, lower temperature, decreasing the
H2O/solid ratio. These effects were observed only at high values of Na/Al and solution/MK:
low Na/Al always produces 100% of zeolite type LTA. Thus in order to have more faujasite
181

it was necessary to have high Na/Al, but the LTA% can be further decreased by increasing
temperature, using seeds or lowering H2O/solid (see Figure C.12 in DOE effects plots) .
Since the value LTA% referred to the total zeolite percentage and not to the total
geopolymer, this value taken by itself did not specify if the LTA or the NaX decreased or
increased over time. For instance, if the LTA in the geopolymer increased from 20% to 40%
over time and the NaX increased from 0% to 40% over time, the LTA% decreased over time
from 100% to 50%. In this regards it is important to notice that time was not an important
factor for the response LTA% but it was for the zeolite conversion %. This mean that the
ratio between these two phases remained approximately the same, there was no inter-zeolite
transformation but only zeolite nucleation and growth from the amorphous gel.

8.4.4.3. Long term stability: Oswald rule of successive transformations
QXRD were repeated after 1 year for selected samples in order to determine the long term
stability of the zeolite. In particular the residual excess NaOH present in the samples could
have destroyed the zeolite structure. Alternatively, the zeolite framework could have
transformed to a denser structure, i.e. sodalite, according with the Oswald rule of successive
transformations. The rule states that a system evolves from the initially metastable state to a
more thermodynamically stable state. Also, system with different zeolite types could reduce
their energy by reducing the interfacial energies between the different phases in contact (e.g.
Figure 5.3) by becoming monophasic. The QXRD results are presented in Table 8.8.
Table 8.8 QXRD results of 1 year old samples compared with their initial phase content. The selected samples
were the unseeded GP with composition A, E and D cured at 60deg for 7 days.

Amorphous wt%

A-60°C
E-60°C
D-60°C

LTA wt%

FAU wt%

7 days

1 year

7 days

1 year

7 days

1 year

80
57
24

77
38
25

14
39
67

14
55
65

0
0
6

0
0
7
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For samples A-60-7 and D-60-7 (refer to Section 8.2 and Table 8.1 for the compositions of
these samples) the amorphous and zeolite contents did not vary compared with their initial
respective values. However, samples E-60-7 showed a substantial decrease in the amorphous
content and proportional increase in zeolite type A content. This change could be due to a
further slow growth of the zeolite at the expense of the amorphous gel, i.e. through the
process of the amorphous phase crystallization. Also the weight percentage of the impurities
increased from 4% to 7%, and the FTIR peak area ratio solid/H2O increased. Thus it is more
likely that the increase in crystallinity was associated with water evaporation from the
sample.
The pre-existing faujasite did not transform into zeolite type LTA over time, or vice versa.
After curing for 1 year no other zeolite phases were detected, such as sodalite, zeolite type P,
analcime and cancrinite [253]. Thus it is concluded that the Ostwald’s process of successive
transformation was not occurring in the MK-based GPs under investigation.

8.4.5. SEM images
Five different samples were dried overnight in a vacuum desiccator at room temperature,
coated with carbon and observed in high-vacuum using secondary electron SEM, Figure 8.7.
In order to study the effects of the different factors, the sample C_60_4 was chosen as the
baseline, i.e. unseeded geopolymer with Na/Al=1.25, H2O/solid=0.66, cured at 60°C for 4
days. The microstructure of this geopolymer was porous and several cubic crystals of zeolite
LTA with size of 1 to 2 μm were observed.
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Figure 8.7 SEM images showing the effects of the different compositional, seeding and curing factors on the
geopolymer morphology. Sample C_60_4 is taken as baseline.

Increasing the H2O/solid had no major effects on the crystallinity of the product, confirming
the data in Table 8.5. Zeolite crystals were replaced by amorphous gel lumps when the Na/Al
was reduced, and the same effect could be seen when the curing temperature was lowered to
20°C. These observations were also in agreement with the QXRD results, Table 8.9.
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Table 8.9 Results of the QXRD for the different geopolymers analyzed with SEM. “Saturation” refers to the
zeolite content of the geopolymers compared to the values obtained for the same geopolymers at 7 days curing.
sample
code

zeolite conversion %
[wt%]

LTA%zeolite
[wt%]

saturation

C_60_4
Cw_60_4
Cs_60_4
D_60_4
A_60_4
C_20_4

59
43
48
50
12
0

85
17
10
92
100
n/a

yes
yes
yes
no
no
n/a

The effect of the different seed can be seen in Cw_60_4 and Cs_60_4 (Figure 8.7). Both
seeded and unseeded GP contained large numbers of crystals, but they had different crystal
sizes and shapes. The main differences can be seen at higher magnification in Figure 8.8:
most crystals in the unseeded sample were cubic while most crystals in the waterglass-seeded
samples were octahedral. This was in agreement with the respective crystal morphologies of
LTA and NaX zeolite [204], thus the SEM confirmed the results obtained by QXRD.
Moreover a distinct morphology characteristic of ZK-5 zeolite was observed in the sample
C_60_4; a 2% of ZK-5 on the total geopolymer was previously determined by QXRD, Table
B.1.
Although the materials coded Cw_60_4 and Cs_60_4 (refer to Section 8.2 and Table 8.1 for
their content) had similar zeolite compositions, the morphologies of these phases were
different: the sample seeded with the colloidal zeolite had a bi-modal size distribution with
some bigger crystals almost 5 μm large (Figure 8.7). Those could potentially be the crystals
which grew from the original colloidal faujasite. Those big particles had surface patterns
which resemble the crystal growth mechanism mediated by screw dislocations already
observed in LTA [289], Figure 8.8.
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Figure 8.8 SEM images of C_60_4 (top-left) and Belviso’s GP [204] (top-right) showing the ZK-5 zeolite.
Octahedral crystals observed in the Cw_60_4 (bottom left). Crystal growth of a FAU-X and LTA crystals in
Cs_60_4 (bottom-right).

8.5. Discussion
8.5.1. Reaction extent and kinetics
By comparing the setting time and the crystallization kinetics it was clear that zeolite
nucleation and growth did not take place during the consolidation reaction, but in fact
occurred only after the material had set. The onset of crystallization depended on the GP
composition and curing temperature and it was within 1 and 7 days, in agreement with [203].
More importantly the crystallization commences when all the geopolymer gel had already
formed, as determined by the response GP% obtained by FTIR, Figure 8.9. Thus, the
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nucleation and growth of amorphous gel and zeolite were sequential reactions and not
parallel reaction as described in the kinetic model in Figure 2.11 [100]. This was also in
agreement with the calorimetry study performed by Zhang [119]; the setting of the GPs
depended on the dissolution and condensation reactions that produced the amorphous
geopolymer gel that bonded the remaining particles together.

reaction extent fraction

1
0.8
GP% at 20°C

0.6
GP% at 60°C

0.4
ZEOLITE CONVERSION at 40°C

0.2

ZEOLITE CONVERSION at 60°C

0
0

1

2

3
4
5
6
curing time [days]

7

8

Figure 8.9 Simplified representation of the kinetics of the geopolymer formation and zeolite conversion at
different curing temperatures using an Avrami-type expression [146]. Dashed lines represent the times when
the responses were collected.

Through data presented in Table 8.7 we have also determined that the ratio Na/Al was more
important than the NaOH concentration for the precipitation of geopolymer gel and the
crystallization of zeolites. For the geopolymer gel formation this is particularly valid when
Na/Al≤1 since there was not enough NaOH to react with all the MK, Figure 8.10 left. On the
other hand an increase in Na/Al greatly enhanced the zeolite crystallization, even when
Na/Al≥1, Figure 8.10 right. More NaOH in the geopolymer, even in excess, allowed a better
reorganization of the geopolymer gel in which zeolites could nucleate and grow. This was
more likely connected to a higher solubility of the amorphous gel in alkaline conditions
compared to crystalline zeolite. North have found that the exchange of silicate in cyclic
aluminosilicate (such as zeolite) was slower than in linear aluminosilicate (initial amorphous
GP gel) [115]. Without the extra NaOH, the bonds in the amorphous gel were relatively
stable and the growth of zeolite from this “frozen” gel was reduced. In a geopolymer gel with
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Na/Al≤1 most of the NaOH was consumed by the metakaolin dissolution, e.g. refer to EQ.
2.17, thus there was little free NaOH left which could promote the gel reorganization.
GP without seeds at 20°C

GP without seeds at 40°C
100

100

90
zeolite conversion% [%]

90

GP% [%]

80
70
60

80
70
60
50
40
30
20

50

10

1.61
40
1

0.95
4

1.61

0

solution/MK
ratio

1

7

time [days]

0.95
4

solution/MK
ratio

7

time [days]

Figure 8.10 Effect of solution/MK on GP% (left) and on zeolite conversion% (right) for unseeded GPs. The
central values (red bars) represents a GP with Na/Al=1, i.e. GP type E.

Comparing the GP% with the setting time provided information on the amount of gel needed
for the binder to set. Figure 8.11 presents GP% after curing for 7 days at different
temperatures (5°C to 60°C). At 5°C and low Na/Al the GP% was approximately 45%,
however only the sample with low H2O/solid had set. Thus, for larger H2O/solid ratio, more
gel was needed in order to bridge the unreacted particles. When curing at elevated
temperatures more geopolymer gel formed, thus the H2O/solid factor became less important.
Also, higher Na/Al ratio meant more and faster MK dissolution, thus more geopolymer gel
formation.
Increasing the curing temperature also increased the geopolymerization kinetic, but had a
relatively small effect on the total extent of reaction when Na/Al≥1. When cured at 20°C, the
GP% for Na/Al≥1.25 was close to saturation, i.e. GP%≈85%, Figure 8.11.

This was

however not the case for geopolymers with Na/Al=0.75. These trends were also observed
using calorimetry for similar MK-based GPs [119], where a maximum extent of reaction of
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40% was obtained. The difference may be due to a more reactive metakaolin used in this
study. In order to assure that GP% was not overestimated by our method we further
compared the amount of zeolite conversion % with the GP% for all the samples under
consideration, Figure 8.12. The percentage of gel that crystallized was between 0% and 95%,
which supported the rigor of the adopted methodology.
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Figure 8.11 GP% responses obtained from ATR-FTIR deconvoluted spectra of GP seeded with colloidal
faujasite after 7 days of curing. Samples cured at 5°C (top left), 20°C (top right), 40°C (bottom left) and 60°C
(bottom right).
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Figure 8.12 Percentage of the geopolymer gel that was converted in crystalline zeolite for all the crystallized
GPs. The maximum value of 94.7% was obtained for a GP seeded with colloidal faujasite seeds Ds-60-7.

The ratio H2O/solution had effect neither on the kinetics and extent of gel formation nor on
zeolite conversion, especially at T>20°C, as seen in Figure 8.11 and. Thus this factor can be
modified to optimize other important properties of the GP - such as rheology, porosity and
strength - without modifying the reaction kinetics and yield.
Seeding had a significant effect on the crystallinity and also a minor role on GP%. In
particular the unseeded GPs had larger values for these responses compared with waterglass
or colloidal faujasite seeded GPs. This was partially an effect of the chosen times under
investigation, i.e. from 1 to 7 days, at relatively low temperatures, combined with the
retarding effect of the waterglass. Samples containing waterglass always had smaller zeolite
content. On the other hand colloidal faujasite solutions, which also contained soluble
silicates, had smaller zeolite content at early times and low temperatures, but after seven days
curing at 60°C they had the highest amount of zeolite detected for all samples (Figure 8.13):
zeolite conversion of 84.3% and ratio

𝑧𝑒𝑜𝑙𝑖𝑡𝑒 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 %
𝐺𝑃%

= 94.7%. The preexisting faujasite

nanoseeds in similar amorphous geopolymer gel can thus substantially increase the final
crystallinity of the geopolymer. This original observation generated through present research
may open up new avenues for processing of novel GPs for functional applications such as
membranes and impurities encapsulation.
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zeolite conversion % for GP type D at 60°C
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Figure 8.13 Effect of seeding on the zeolite conversion % for GP with Na/Al=1.25, H 2O/solid=1.06 and curing
temperature 60°C.

8.5.2. Geopolymer gel nature and reorganization
The retarding effect of waterglass on the GP crystallization observed in Figure 8.13 can be
associated with the nature of the amorphous gel. On the contrary, the amount of geopolymer
gel had no direct effect on crystallization; it only indicated the maximum amount of
crystallinity achievable for a particular geopolymer since the crystals grew consuming the
amorphous gel, Figure 8.12. Although the GP% value was almost saturated after 1 day at
T≥40°C, (Figure C.5) the FTIR peak position associated with the GP shifted, Figure 8.14,
and this can be attributed to structural reorganization of the amorphous gel.
As already mentioned, the peak position of the main GP band decreased when increasing
Na/Al and decreasing H2O/solid due to different concentration of Si-O-Na ion pairs, Figure
C.3. When these two factors were constant the peak position reveals information on the Si/Al
ratio of the geopolymer gel: the higher this ratio the higher the wavenumber.
In unseeded GPs there was an initial aluminum rich gel that was slowly transformed into a
silica rich gel. This effect was also observed in fly-ash based geopolymer [164]. Since the
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total GP% did not change, it is unlikely that this was due the siliceous remains of the
metakaolin that dissolved slowly. Instead, it is more likely that in the initial depolymerized
gel most of the Al-O- bonds undergo condensation with the Si-OH bonds (peak at ≈945cm-1).
These condensation reactions were responsible for the initial setting of the geopolymer. The
remaining Si-OH and Si-O- bonds would then react over time increasing the gel connectivity
(peak at ≈ 965cm-1, Figure 8.14). Thus the silica was already present in the gel, but complete
condensations took longer [115], [144]. This explanation was proposed for the first time by
Provis and Bernal [290] to explain the two stages of gel evolution in the alkali activation of
fly ash.
For the waterglass seeded geopolymers this reorganization was not observed but the peak
fluctuate around 955cm-1, Figure 8.14. The higher initial value was associated with a higher
content of Si-O-Si bonds due to the additional silicate present in the gel. Strangely the peak
position did not increase as for the unseeded samples, the final peak position was at lower
wavenumber and thus the GP had a lower Si/Al. The initial silica rich gel likely precipitated
on the unreacted metakaolin as already proven [114]. North and Swaddle [115] demonstrated
that the aluminosilicate rearrangement (i.e. bonds rupture and formation) in linear
aluminosilicate is slower in Si-rich oligomers. An Al-rich gel precipitating on the MK
surface can eventually break down and expose the MK; instead a silica rich gel would likely
cover the MK surface for longer time. It is also possible that the silicates in the initial
solution quickly reacted with the Al(IV) centers on the MK surface before dissolution can
occur [199].
Even small amount of waterglass could form a more stable passivation barrier that hindered
the complete dissolution of MK and this may explain the unreacted MK detected in WGbased GPs, Figure 5.9. This statement was also supported by the GP% in Figure 8.14 (right).
Although this effect was small, i.e. 87% vs 82%, the amount of waterglass used was also
small and the effect was observed across all compositions; the factor “seeding” had a p-value
of 0.003, thus a statistically significant effect. Similar considerations were valid for the peak
position, Figure 8.14 (left) and Figure C.3 (bottom right). This slower rearrangement of the
initially silica rich gel could also explain the crystallization delay in the seeded geopolymer
as seen in Figure 8.13. The decrease of the peak position at 4 days of curing for the GP
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seeded with colloidal faujasite was more difficult to explain. In fly ash based-geopolymer
Rees [164] found that seeds could grow nuclei of an Al-rich gel, but this was probably not
the case here were silicates were already in the solution.
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Figure 8.14 Effect of seeding on the GP peak position (left) and GP% (right) for a geopolymer with Na/Al=1
and H2O/solid=0.84 cured at 40°C.

8.5.3. Crystallinity and crystal engineering
In Section 8.5.1 we already introduced the importance of the factors including Na/Al,
temperature and time to increase the geopolymer crystallinity. According to crystallization
diagrams of zeolite LTA and faujasite [174], [185], [253], it is possible to obtain the former
when Si/Al=1 and the latter when Si/Al>1, with a small interval of coexistence of both when
Si/Al≈1 (Figure 2.16). Instead, the main factor affecting GP crystallization in this study was
the Na/Al ratio, which has never been reported before for geopolymers. The importance of
alkalinity to direct crystal structures has been studied for zeolite synthesis from metakaolin
and metal hydroxides

in dilute condition (H2O/solid≈10) and elevated temperature

(T>80°C). Nonetheless it was found that only higher Si/Al ratio could favour the faujasite
over the zeolite LTA structure [291]. This was probably due to the crystallization mechanism
differences in geopolymer and conventional zeolite synthesis. When Na/Al≤1 the only phase
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that forms was zeolite type A, no matter if extra silica was added or faujasite seeds were
included. When Na/Al >1 a small amount of faujisite is detected for the unseeded GP, but its
percentages increased dramatically when WG or FAU seeds are used. This could be observed
in Figure 8.15 in which the LTA% is presented for samples A, E and D: solution/MK of
0.95, 1.27 and 1.61 which correspond to Na/Al ratios of 0.75, 1 and 1.25 (Table 8.2). For GP
with Na/Al=1.25 the factor H2O/solid had also an effect, in particular a decrease in water
content increased even further the percentage of faujasite, Figure 8.15 right. A similar trend
was observed in the FTIR peak position, as described in Section 8.4.3.1, which could be
explained in terms of ions pairing as previously demonstrated in Figure 6.3 (Section 6.1.1).
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Figure 8.15 Left: effect of solution/MK, and indirectly of Na/Al, on the LTA% for GP cured at 60°C with
different seeding type. Right: effect of temperature and H 2O/solid on the LTA% for GP with Na/Al=1.25 seeded
with colloidal FAU.

To explain this crystallization behavior we propose the formation of co-crystal of NaOH and
faujasite, where the NaOH fills the faujasite cages and channels and thus becomes
indistinguishable from the other charge balancing cations. Since the faujasite has a more
open structure compared with LTA, it is easier to accommodate the extra NaOH in its
channels or cages [24], Figure 2.15. By reducing water content, NaOH in excess has even
less water to interact with. In order to minimize its energy it is possible that it prefers to stay
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within the zeolite structure and thus it favors a more open framework. On the contrary if
H2O/solid increases, only zeolite LTA can crystallize at low Si/Al ratios [291]. The existence
of co-crystal is not new in zeolite science, for example NaCl and NaOH can form co-crystals
with sodalites: NaCl–Na6[Al6Si6O24] and Na8(OH)2Na6[Al6Si6O24]) [162].
This is partially in agreement with the work of Zhang [203] on the crystallization of
metakaolin based geopolymer. For Na/Al<1 only zeolite type A was detected, but for
Na/Al=1 a small quantity of zeolite type X was also detected. The value of Na/Al was
probably underestimated in that work: the compositions were not corrected for the impurities
of the metakaolin, thus the total alumina content in the geopolymer gel was possibly
overestimated. This is a common mistake in many studies reported in literature and it can
explain the different ratio FAU/LTA obtained using different metakaolin sources. In the
same work [197] Zhang prepared GP with Na/Al=1.5, but only zeolite type A and sodium
carbonate were detected by XRD. The samples were stored in plastic bags and not in airtight
containers as in the current (our) study, thus CO2 may have reacted with the excess of NaOH
before the onset of crystallization. No sodium carbonate was detected by XRD in our
samples. Different extent of carbonation could also explain the different FAU/LTA ratio
observed in literature when an excess of NaOH was used [197].
Temperature seems to also have an effect on LTA%, in particular lower temperature seems
to further increase the faujasite content. Nonetheless those samples were mostly amorphous,
and since faujasite usually nucleated and grew sooner than LTA, at 40°C the zeolite type A
had not had the time to form yet. Still, if the crystallization of zeolite type A needs to be
avoided, reducing curing temperature and time can be a solution.
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Figure 8.16 Effect of curing time and temperature on the LTA% of a GP with Na/Al=1.25, H 2O/solid=0.66
seeded with colloidal FAU.

Besides a small delay in the crystallization of zeolite type A at certain conditions (i.e. sample
Cw cured at 40°C), the factor “time” had no effect on the response LTA%. Examining in
detail the QXRD responses presented in Table B.1 revealed that both faujasite and LTA
weight percentage always increased over time. This means that there was no inter-zeolite
transformation and the zeolite only consumed the amorphous geopolymer gel. The Ostwald’s
law of successive transformation and other studies [148], [199] suggest that the initial
metastable zeolites will convert into more stable structures, which often correspond to a more
dense structures. If this is true we should initially obtain faujasite (FD=12.7 tetrahedra/Å3),
which will then convert into zeolite type A (FD=12.9 tetrahedra/Å3) and finally sodalite
(FD=17.2 tetrahedra/Å3). However these transformations were not observed neither after 7
days nor after 1 year, Table 8.8. Thus, functional MK-based geopolymers can retain their
initial zeolitic properties over time.
Colloidal faujasite seeds did not have a significant effect on LTA%, when compared with
WG seeds. We expected the FAU seeds to further decrease the LTA%, while increasing the
crystallinity. Epitaxial nucleation on zeolite seeds is not exclusive: the same seed can
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promote the crystallization of different species. This is the case for FAU and LTA: since
their structure is similar it is possible that one nucleates on the surface of the other [162].

8.6. Summary
In this Chapter a multifactorial design including GP composition, seed type, curing time and
temperature was performed and the properties of the GPs were quantified by ATR-FTIR
deconvolution and QXRD. Analysis of Variance allowed the determination of the main
factors and factors interactions affecting the geopolymerization kinetics expressed in terms
of gel precipitation, gel reorganization and zeolite crystallization. Detailed analysis of these
factors improved the overall understanding of the transformation that occurs in metakaolinbased geopolymers intended for functional applications.
The analysis revealed that gel formation and zeolite nucleation and growth are not parallel
but sequential reactions, and the setting of GP depends only on the former. By decreasing the
H2O/solid ratio it is possible to reduce the setting time at relatively low curing temperatures
(5°C to 20°C); a similar effect can be obtained at higher temperatures (40°C to 60°C) by
increasing the NaOH concentration. The initial geopolymer gel is richer in alumina, but
when small amount of waterglass is added, the initial gel is richer in silica and can form a
passivation layer around the unreacted MK.
Higher temperature and higher geopolymer Na/Al ratio increased the GP crystallinity.
Longer curing times are needed if soluble silicates are added to the activating solution and
this is due to a slower gel rearrangement associated with the Si-rich gel. The addition of
colloidal zeolite does not seem to increase the kinetics or extent of gel formation, but the
seeds increase its conversion to crystalline zeolite. The crystallization of zeolite from the
amorphous gel is a solid state reaction and the Ostwald’s - type successive transformation
has not been observed for samples aged up to one year.
In conclusion, functional MK-based geopolymer which requires zeolitic properties typical of
LTA can be prepared using Na/Al≤1, T=40° and curing time t≥7days or T=60°C and t≈4
days. GP with faujasite functionality can be obtained by using an excess of NaOH (which
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likely forms co-crystals), low water content and small amount of waterglass. Attention
should be paid to determine the actual content of reactive alumina in the MK and to avoid
carbonation of the samples before crystallization has occurred.
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9. Conclusions and future work

This work investigated geopolymerization reactions in MK-based GP. We have varied the
processing parameters both in terms of the chemical composition (Na/Al, H2O/solid, Si/Al,
solution/solid, addition of seeds) and curing conditions (curing time, temperature and relative
humidity). Flow table, Vicat needle, steady state and dynamic rheology were adapted to
study the flowability, viscosity and setting time of the GPs viscoelastic suspensions.
Structural changes within the GP were followed by quantitative X-ray diffractions (Rietveld
refinement with internal standard) and by deconvoluted ATR-FTIR spectra. Unconfined
compressive tests and microstructural characterization using SEM were also performed. The
goal of this work was to provide new experimental evidences on the differences between
NaOH and water-glass (WG) metakaolin-based GPs and to contribute to a comprehensive
understanding of the transformations that lead to zeolite crystallization. A deeper
understanding of the geopolymerization of metakaolin in NaOH solutions finally allows the
optimization of the GP structure to prepare functional materials for environmental
applications. The extensive experimental observations and analysis across different GP
compositions and using different seeding agents lead to the following conclusions:


Geopolymerization is a thermally activated reaction and the setting time can be
reduced to just few hours when the GPs are cured at T≥35°C. Nonetheless 24 hours
of curing at 40°C are not enough to achieve the maximum strength and longer curing
time and/or temperatures (e.g. 40° for 7 days or 125°C for 6 hours)

are

recommended.
o The setting reactions correspond to MK dissolution and amorphous gel
precipitation, but the nucleation and growth of zeolite is a result of a structural
reorganization that occurs once the material has already set. Seeding cannot
induce immediate growth of zeolites, thus gel formation is a necessary
intermediate step for crystallization. In particular setting occurs when the
formed gel can bridge the unreacted particles and it depends both on Na/Al
(reaction kinetics) and H2O/solid (interparticle distance). For GP with low
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water content, i.e. H2O/solid≈0.7, a geopolymer conversion of approximately
45% is needed for setting to occur.
o Nucleation and growth of zeolite occurs only after prolonged curing at T≥40°
C (depending on the Si/Al and Na/Al of the amorphous gel). It is a solid state
transformation that does not require water to occur. Zeolites detected in this
work were mainly zeolite type A, faujasite and hydrosodalite. Ostwald rule of
successive transformation was not observed, nonetheless zeolite LTA can
transform into hydrosodalite upon drying.



NaOH/MK based GPs are thixotropic pseudoplastic suspensions with a yield stress
and their flow can be described by Herschel-Bulkley equation. They can be used and
processed as regular cement (e.g OPC) but the paste needs to be kept in constant
shear as the material is highly thixotropic. This behaviour can be exploited in 3D
printing of geopolymers, self-supporting membranes and chemically bonded
ceramics.
o The rate limiting steps for the type of GP studied in this work seems to
depend on curing temperature, in terms of dissolution of MK at lower
temperatures and the growth of gel at higher temperatures, i.e. T≥35°C. The
activation energy of the overall reaction was determined to be about 76
kJ/mol, and it can be reduced to the range of 25 to 50 kJ/mol by using 2 wt%
of seeds such as mordenite, faujasite and ZrO2 and Al2O3. Silica seeds had no
effect on the activation energy.
o The effect of seeding on the setting time, although useful from a scientific
standpoint, remains marginal compared with other processing factors such as
temperature, Na/Al and H2O/solid.
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o Different seeds had different effects on the gel reorganization and
crystallization reactions. In particular some seeds induced the formation of
zeolite LTA while others favored faujasite. More studies are required in this
field. The mechanical properties and durability of NaOH/MK-based GP
depends on the crystalline structure formed: octahedral faujasites provide
better crystal interlocking and lower solubility. The maximum compressive
strength achievable for this crystalline material is ≈ 20MPa; consequently this
material cannot compete with Ordinary Portland Cement as construction
cement but it is suitable for self-sustaining membrane production and
encapsulation of hazardous materials.
o The actual Na/Al ratio in NaOH/MK-based GP regulates the reaction kinetics,
the total extent of reaction and the type of zeolite formed. Thus, the
quantification of the impurities and reactive metakaolin in the solid precursor
is of paramount importance. The geopolymer conversion increases
dramatically up to Na/Al=1, although small increments were observed also at
Na/Al>1. The amorphous gel structural reorganization depends on Na/Al and
the crystallization reaction rate and yield increase with this ratio also at
Na/Al>1. The formation of NaOH/faujasite co-crystals can favour the
faujasite structure when Na/Al>1, although this phenomenon can be reduced
at higher H2O/solid.

o Water in the geopolymers studied in this work not only controlled their
rheological properties but had an effect on setting time, ion-pairing and their
final crystalline structure. When preparing and testing GPs, it was essential to
control the relative humidity throughout the whole process.
o Now that it is possible to control the crystallization in geopolymers, more
studies are needed to assess the effects of zeolite type and amount in water
purification and heavy metal and radioactive element encapsulation. More
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studies are also needed to identify other post-synthesis modification of the
crystalline geopolymers to further enhance their performance.


WG/MK based GPs have an extra degree of freedom compared with NaOH/based GP
due to the presence of silica in the activating solution. The silicates in solution have
the strongest impact on the geopolymerization reaction steps:
o soluble silicates increase the mechanical strength of the GP in two ways: by
producing a stronger gel (at Si/Al≤1.35) and by reducing the H2O/solid
required to produce a flowable paste (for Si/Al>1).
o by increasing Si/Al we also decrease the dissolution rate and yield of the
metakaolin (MK). This effect cannot be ascribed to difference in MK
wettability but on the pH of the activating solution and the formation of
passivation layers on the surface of MK. For this reason WG/MK based GPs
should be considered as a composite material: an amorphous geopolymer
matrix with clay fillers. Compressive strength of 40 MPa can be achieved for
such composites and thus the material can be used as constructional cement.

o The passivation layer consists in a relatively stable and dense amorphous gel
with high Si/Al that once precipitated on the MK surface and cannot be
dissolved. This provides GP with higher compressive strength but, as a
consequence, slower gel reorganization leads to slower or totally absent
crystallization, depending on the Si/Al, Na/Al and temperature. When
autoclaved, new amorphous fibrous structures were observed in the studied
GP systems; further studies are needed to identify these phases and investigate
the possibility to prepare in-situ fibers-composite geopolymers in autoclaves.
o At intermediate Si/Al≈1.35 the activating solution contains crystalline
colloidal sodium metasilicate hydrates. These nanocrystals can possibly act as

202

seeding agents and therefore they need to be included in future
geopolymerization models.
o Since the dissolving monomers and oligomers quickly react with the silicates
in solution, the rate limiting step in WG/MK-based GP is the dissolution of
MK even at T≥35°C. Thus, seeding the GPs with other types of seeds has no
effect on the geopolymerization kinetics.
o Small amount of soluble silicate (for geopolymer with Si/Al=1.08) can
promote the formation of faujasite in GP, especially when Na/Al>1. To
compensate for the slower gel rearrangement, higher crystallization
temperatures and times are needed.
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Appendices
Appendix A: Refinement of LTA and FAU-X crystal structures
The refined structures in this appendix were used in Chapter 8, Section 8.3.2.
Table A.1 Fractional coordinates, isotropic thermal parameters (100Å2), occupancies, unit cell parameters, for
the refined LTA [287] ICSD 24901 and NaX [288] - ICSD 15568 phases using respectively the diffractograms
E-60-7 and Cs-40-7.
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Figure A.1: Observed (in red) and calculated (in blue) diffraction patter of the sample E-60-7 with 25% of
rutile as internal standard. On top of the diffractograms peak positions: rutile ICSD 34372 as aqua bars,
anatase ICSD 63711 as black bars, quartz ICSD 90145 as green bars, zeolite LTA ICSD 24901 as fuchsia bars.
GOF=6.0.

Figure A.2: Observed (in red) and calculated (in blue) diffraction patter of the sample Cs-40-7 with 25% of
rutile as internal standard. On top of the diffractograms peak positions: rutile ICSD 34372 as aqua bars,
anatase ICSD 63711 as black bars, quartz ICSD 90145 as green bars, zeolite NaX ICSD 155683 as fuchsia
bars. GOF=5.1.
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Appendix B: DOE responses
In this Appendix the DOE responses of Chapter 8 are collected, Section 8.4.2. These are the
results from the deconvolutions of the ATR-FTIR spectra and from the QXRD using
Rietveld refinements on the geopolymer samples.
“GP peak” represents the peak position of the main geopolymer band around 960 cm-1;
“GP%” represents the area percentage of the main geopolymer peak over the metakaolin and
geopolymer peaks; “solid/H2O” represents the area ratio between the sum of metakaolin and
geopolymer peaks over the water peak located at 3300cm-1 ; “FWHM” represents the
FWHM of the main geopolymer peak.
“GOF” is the Goodness of Fit obtained for each Rietveld refinement; “% amorphous” and
other zeolite percentages are calculated based on the internal standard, “% conversion” is
calculated by normalizing the total percentage of zeolite based on the impurities coming
from the metakaolin which do not contribute in the geopolymerization reactions.
QXRD were performed on all samples: blank cell means no zeolite detected. Some ATRFTIR data are missing, especially for samples that have not set in order to avoid damage to
the ATR-FTIR instrument. Some “GP/MK” are marked as “small” when the geopolymer
band was too weak for the deconvolution to be successful.
Table B.1 Responses obtained from the multifactorial design in Chapter 8.

ATR-FTIR DECONVOLUTION
code
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A-20-1
A-40-1
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B-5-1
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As-20-1
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[cm-1]

GP%

/
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/
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958.8
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934.3
937.6
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946.2
/
947.3
/
949.0
945.2
945.2
/
957.1

/
54.2
63.4
69.7
17.7
44.5
54.7
68.1
/
65.4
88.0
90.2
23.8
65.1
/
88.9
/
58.5
81.5
82.4
/
57.1

QXRD (RIETVELD REFINEMENT)

solid/
H 2O

FWHM
[cm-1]

GOF

/
0.2
0.2
0.2
/
0.2
0.2
0.1
/
0.1
0.2
0.2
/
0.1
/
0.2
/
0.2
0.1
0.1
/
0.1

/
43.4
42.8
43.1
/
48.2
43.2
39.9
/
47.1
45.1
42.9
/
44.1
/
44.0
/
43.9
44.4
43.4
/
41.5

/
/
/
2.4
/
/
/
2.7
/
/
/
5.1
/
/
/
3.5
/
/
/
2.6
/
/

%
AMORPH

%
LTA

%
NaX

%
Hs

%
KZ-5

TOTAL
% ZEOL

% LTA
(over NaX)

CONVERSION

/
/
/
89.8
/
/
/
81.1
/
/
/
45.9
/
/
/
76.8
/
/
/
88.6
/
/

0.0
0.0
0.0
5.6
0.0
0.0
0.0
12.7
0.0
0.0
0.0
43.8
0.0
0.0
0.0
17.6
0.0
0.0
0.0
5.9
0.0
0.0

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
6.1
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
1.2
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

0.0
0.0
0.0
5.6
0.0
0.0
0.0
12.7
0.0
0.0
0.0
51.1
0.0
0.0
0.0
17.6
0.0
0.0
0.0
5.9
0.0
0.0

/
/
/
100.0
/
/
/
100.0
/
/
/
87.9
/
/
/
100.0
/
/
/
100.0
/
/

6.0
6.0
6.0
6.1
6.0
6.0
6.0
13.6
6.0
6.0
6.0
55.1
6.0
6.0
6.0
18.7
6.0
6.0
6.0
6.3
0.0
0.0
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%

As-40-1
As-60-1
Bs-5-1
Bs-20-1
Bs-40-1
Bs-60-1
Cs-5-1
Cs-20-1
Cs-40-1
Cs-60-1
Ds-5-1
Ds-20-1
Ds-40-1
Ds-60-1
Es-5-1
Es-20-1
Es-40-1
Es-60-1
Aw-5-1
Aw-20-1
Aw-40-1
Aw-60-1
Bw-5-1
Bw-20-1
Bw-40-1
Bw-60-1
Cw-5-1
Cw-20-1
Cw-40-1
Cw-60-1
Dw-5-1
Dw-20-1
Dw-40-1
Dw-60-1
Ew-5-1
Ew-20-1
Ew-40-1
Ew-60-1
A-5-4
A-20-4
A-40-4
A-60-4
B-5-4
B-20-4
B-40-4
B-60-4
C-5-4
C-20-4
C-40-4
C-60-4
D-5-4
D-20-4
D-40-4
D-60-4
E-5-4
E-20-4
E-40-4
E-60-4
As-5-4
As-20-4
As-40-4
As-60-4
Bs-5-4
Bs-20-4
Bs-40-4
Bs-60-4
Cs-5-4
Cs-20-4
Cs-40-4
Cs-60-4
Ds-5-4
Ds-20-4
Ds-40-4
Ds-60-4
Es-5-4
Es-20-4
Es-40-4
Es-60-4
Aw-5-4
Aw-20-4
Aw-40-4
Aw-60-4
Bw-5-4
Bw-20-4
Bw-40-4
Bw-60-4
Cw-5-4
Cw-20-4

959.1
959.7
/
/
960.9
971.7
/
/
940.2
944.2
/
/
946.8
950.6
/
955.2
954.2
956.9
/
959.4
952.3
960.4
/
/
/
959.7
/
942.0
952.3
948.2
/
/
953.2
947.8
/
958.8
955.5
948.0
950.5
960.9
961.9
960.2
953.1
965.7
973.3
967.0
/
947.2
952.9
955.6
945.6
952.5
952.6
954.9
944.3
947.5
954.4
964.7
952.5
961.3
954.3
957.9
957.5
955.9
954.6
955.6
936.8
940.8
947.9
933.3
965.5
944.7
949.0
938.8
949.4
951.3
947.8
953.5
959.6
952.7
959.0
957.1
948.8
958.7
959.8
959.8
951.7
941.5

64.5
68.1
/
/
61.6
65.4
/
73.8
86.6
85.0
/
/
85.5
84.6
/
66.0
80.4
81.1
/
53.4
61.5
64.5
/
/
/
64.4
/
75.7
87.4
86.8
/
/
85.6
85.3
/
66.8
81.3
79.9
28.7
65.9
69.5
74.9
33.8
49.9
74.5
78.3
38.6
84.7
88.2
89.3
41.5
86.3
91.6
91.1
35.0
78.4
86.4
87.9
54.1
63.9
68.4
72.7
45.8
60.6
67.0
71.8
65.8
86.2
83.9
86.7
62.1
82.8
84.8
87.0
55.8
80.7
81.8
85.8
41.6
63.8
64.3
71.8
15.9
56.3
63.9
72.3
50.0
83.8

0.1
0.1
/
/
0.1
0.1
/
/
0.2
0.3
/
/
0.2
0.2
/
0.1
0.1
0.1
/
0.2
0.2
0.1
/
/
/
0.1
/
0.2
0.1
0.2
/
/
0.1
0.1
/
0.1
0.1
0.1
0.2
0.1
0.2
0.1
0.2
0.1
0.1
0.1
/
0.1
0.1
0.1
0.2
0.0
0.1
0.1
0.1
0.1
0.1
0.2
0.2
0.1
0.2
0.2
0.2
0.1
0.2
0.2
0.2
0.1
0.1
0.2
0.0
0.1
0.1
0.2
0.2
0.1
0.2
0.1
0.2
0.1
0.2
0.2
0.1
0.1
0.1
0.1
0.1
0.2

42.0
42.5
/
/
41.7
42.1
/
/
46.8
46.4
/
/
45.3
45.4
/
43.1
43.1
44.3
/
47.0
43.7
43.4
/
/
/
43.4
/
47.0
47.4
46.6
/
/
46.4
45.6
/
44.6
44.4
44.6
47.5
41.5
44.0
43.0
76.5
40.7
40.7
40.2
/
48.4
52.3
50.0
54.4
52.2
44.7
47.8
51.8
46.5
44.5
46.9
44.5
42.5
44.4
43.1
44.6
43.9
48.0
43.2
46.7
45.5
43.3
37.9
40.3
45.5
44.7
40.3
44.4
41.2
44.6
43.2
48.8
43.2
45.4
42.4
39.2
43.6
42.8
42.2
52.0
47.5

/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
2.3
/
/
/
2.1
/
/
/
/
/
/
/
2.5
/
/
2.3
2.9
/
/
3.2
3.5
/
/
5.1
5.8
/
/
18.1
6.8
/
/
2.8
5.5
/
/
/
2.7
/
/
/
2.4
/
/
1.9
6.6
/
/
/
5.5
/
/
2.4
4.1
/
/
/
2.7
/
/
/
3.0
/
/

/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
84.5
/
/
/
85.9
/
/
/
/
/
/
/
92.8
/
/
91.2
83.8
/
/
81.6
72.2
/
/
53.3
39.6
/
/
50.3
43.6
/
/
78.3
44.0
/
/
/
86.8
/
/
/
83.4
/
/
89.1
52.7
/
/
/
51.1
/
/
96.2
79.9
/
/
/
85.1
/
/
/
80.1
/
/

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
4.9
0.0
0.0
0.0
2.8
0.0
0.0
0.0
0.0
0.0
0.0
0.0
2.6
0.0
0.0
4.8
10.7
0.0
0.0
13.2
20.5
0.0
0.0
27.8
45.1
0.0
0.0
39.8
42.8
0.0
0.0
14.7
50.9
0.0
0.0
0.0
9.4
0.0
0.0
0.0
12.4
0.0
0.0
0.0
4.8
0.0
0.0
0.0
22.9
0.0
0.0
0.0
13.3
0.0
0.0
0.0
9.7
0.0
0.0
0.0
14.2
0.0
0.0
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0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
8.3
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
16.0
7.9
0.0
0.0
6.6
3.9
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
4.4
39.8
0.0
0.0
0.0
23.7
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
2.1
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
4.9
0.0
0.0
0.0
11.1
0.0
0.0
0.0
0.0
0.0
0.0
0.0
2.6
0.0
0.0
4.8
10.7
0.0
0.0
13.2
20.5
0.0
0.0
43.8
55.1
0.0
0.0
46.4
46.7
0.0
0.0
14.7
50.9
0.0
0.0
0.0
9.4
0.0
0.0
0.0
12.4
0.0
0.0
4.4
44.6
0.0
0.0
0.0
46.6
0.0
0.0
0.0
13.3
0.0
0.0
0.0
9.7
0.0
0.0
0.0
14.2
0.0
0.0

/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
100.0
/
/
/
25.5
/
/
/
/
/
/
/
100.0
/
/
100.0
100.0
/
/
100.0
100.0
/
/
63.4
85.0
/
/
85.7
91.7
/
/
100.0
100.0
/
/
/
100.0
/
/
/
100.0
/
/
0.0
10.8
/
/
/
49.1
/
/
100.0
/
/
/
100.0
/
/
/
100.0
/
/

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
5.3
0.0
0.0
0.0
12.0
0.0
1.0
2.0
3.0
4.0
5.0
6.0
2.7
6.0
6.0
5.3
11.6
6.0
6.0
14.1
22.0
6.0
6.0
47.2
59.4
6.0
6.0
49.3
49.6
6.0
6.0
15.7
40.5
6.0
6.0
6.0
10.2
6.0
6.0
6.0
13.2
6.0
6.0
4.7
48.0
6.0
6.0
6.0
49.6
6.0
6.0
0.0
14.2
6.0
6.0
6.0
10.5
6.0
6.0
6.0
15.2
6.0
6.0

Cw-40-4
Cw-60-4
Dw-5-4
Dw-20-4
Dw-40-4
Dw-60-4
Ew-5-4
Ew-20-4
Ew-40-4
Ew-60-4
A-5-7
A-20-7
A-40-7
A-60-7
B-5-7
B-20-7
B-40-7
B-60-7
C-5-7
C-20-7
C-40-7
C-60-7
D-5-7
D-20-7
D-40-7
D-60-7
E-5-7
E-20-7
E-40-7
E-60-7
As-5-7
As-20-7
As-40-7
As-60-7
Bs-5-7
Bs-20-7
Bs-40-7
Bs-60-7
Cs-5-7
Cs-20-7
Cs-40-7
Cs-60-7
Ds-5-7
Ds-20-7
Ds-40-7
Ds-60-7
Es-5-7
Es-20-7
Es-40-7
Es-60-7
Aw-5-7
Aw-20-7
Aw-40-7
Aw-60-7
Bw-5-7
Bw-20-7
Bw-40-7
Bw-60-7
Cw-5-7
Cw-20-7
Cw-40-7
Cw-60-7
Dw-5-7
Dw-20-7
Dw-40-7
Dw-60-7
Ew-5-7
Ew-20-7
Ew-40-7
Ew-60-7

947.2
941.4
947.6
953.7
956.1
949.8
968.3
958.0
958.5
951.8
944.3
955.4
/
/
952.6
965.6
979.3
963.9
940.8
950.3
957.4
954.1
948.6
947.3
952.0
955.4
949.7
947.2
964.0
958.5
959.2
959.3
952.0
960.4
958.7
957.2
956.3
964.6
949.1
953.6
947.9
939.0
959.6
947.0
949.0
954.7
957.6
951.3
954.8
961.8
957.4
961.1
954.6
955.9
967.5
953.4
963.2
964.3
949.4
953.7
938.7
937.1
/
951.2
944.6
943.8
946.9
950.3
955.8
953.4

87.9
88.9
44.8
87.3
86.6
89.8
43.7
79.6
84.5
84.7
43.2
64.5
/
/
23.1
49.2
71.0
77.8
40.4
85.9
89.8
93.6
37.3
85.6
91.2
93.2
36.7
80.6
87.7
88.2
50.0
62.6
66.6
70.6
48.4
58.0
66.3
68.1
77.6
86.4
86.4
87.8
62.6
82.9
84.1
89.0
59.0
76.8
81.3
82.9
44.2
61.4
68.0
71.7
38.3
58.5
70.0
74.5
51.9
87.7
86.3
87.5
/
85.4
88.0
88.0
56.9
77.3
83.7
84.5

0.1
0.2
0.2
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.2
0.1
/
/
0.1
0.1
0.2
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.2
0.1
0.1
0.3
0.1
0.1
0.2
0.2
0.1
0.2
0.2
0.1
0.1
0.1
0.1
0.2
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.2
0.1
0.2
0.2
0.2
0.2
0.1
0.1
0.1
0.1
0.2
0.3
/
0.1
0.1
0.2
0.2
0.1
0.1
0.2

47.3
43.5
49.0
44.9
47.3
44.6
47.3
43.8
44.5
45.7
45.2
42.7
/
/
43.1
43.1
40.1
38.7
51.1
48.4
48.5
48.7
48.3
44.8
40.7
44.4
48.5
43.4
42.1
42.7
42.2
42.0
42.7
43.2
42.2
42.8
41.9
42.9
47.0
45.4
39.9
43.0
48.0
46.2
44.7
47.2
44.5
43.3
42.8
45.9
45.9
42.6
42.9
42.5
49.5
43.4
41.2
41.7
48.5
48.7
40.5
42.7
/
46.0
41.8
43.7
46.6
43.8
44.4
44.0

3.7
5.8
/
/
3.8
5.5
/
/
2.3
3.0
/
/
2.4
2.9
/
/
3.3
3.4
/
/
4.8
5.8
/
/
8.0
9.2
/
/
3.2
6.0
/
/
2.9
2.6
/
/
2.5
2.7
/
/
5.1
7.3
/
/
2.1
6.1
/
/
2.6
3.5
/
/
2.2
2.7
/
/
2.7
3.2
/
/
3.8
6.1
/
/
6.5
5.9
/
/
2.9
3.5

81.4
51.7
/
/
80.4
56.2
/
/
90.7
77.4
/
/
88.6
79.8
/
/
82.6
75.7
/
/
57.2
42.1
/
/
38.6
23.7
/
/
76.1
56.9
/
/
90.0
85.0
/
/
85.5
83.1
/
/
68.3
51.5
/
/
91.4
18.0
/
/
87.3
78.3
/
/
90.9
84.7
/
/
87.2
74.1
/
/
66.8
59.4
/
/
47.2
36.4
/
/
79.7
74.2

0.0
6.9
0.0
0.0
7.0
24.3
0.0
0.0
5.9
16.2
0.0
0.0
7.2
13.7
0.0
0.0
14.1
19.6
0.0
0.0
18.7
40.0
0.0
0.0
49.9
67.3
0.0
0.0
19.7
39.4
0.0
0.0
4.7
11.5
0.0
0.0
10.2
13.0
0.0
0.0
0.0
5.5
0.0
0.0
0.0
39.3
0.0
0.0
4.7
18.1
0.0
0.0
5.0
10.7
0.0
0.0
8.0
18.3
0.0
0.0
3.4
5.6
0.0
0.0
17.5
35.0
0.0
0.0
14.4
22.8

237

17.3
33.1
0.0
0.0
5.6
16.6
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
21.5
6.5
0.0
0.0
8.4
5.5
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
28.2
37.4
0.0
0.0
4.7
40.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
28.0
28.7
0.0
0.0
31.9
25.7
0.0
0.0
0.0
0.0

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
4.5
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
2.9
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

17.3
40.0
0.0
0.0
12.6
40.9
0.0
0.0
5.9
16.2
0.0
0.0
7.2
13.7
0.0
0.0
14.1
19.6
0.0
0.0
40.2
53.9
0.0
0.0
58.3
72.8
0.0
0.0
19.7
39.4
0.0
0.0
4.7
11.5
0.0
0.0
10.2
13.0
0.0
0.0
28.2
42.9
0.0
0.0
4.7
79.3
0.0
0.0
4.7
18.1
0.0
0.0
5.0
10.7
0.0
0.0
8.0
18.3
0.0
0.0
31.4
34.3
0.0
0.0
49.4
60.8
0.0
0.0
14.4
22.8

0.0
17.3
/
/
55.4
59.4
/
/
100.0
100.0
/
/
100.0
100.0
/
/
100.0
100.0
/
/
46.5
86.0
/
/
85.6
92.4
/
/
100.0
100.0
/
/
100.0
100.0
/
/
100.0
100.0
/
/
0.0
12.8
/
/
0.0
49.5
/
/
100.0
100.0
/
/
100.0
100.0
/
/
100.0
100.0
/
/
10.9
16.3
/
/
35.4
57.7
/
/
100.0
100.0

18.7
43.1
6.0
6.0
13.4
43.4
6.0
6.0
6.3
17.3
6.0
6.0
7.8
14.9
6.0
6.0
15.1
21.0
6.0
6.0
43.3
58.1
6.0
6.0
62.0
77.4
6.0
6.0
21.0
41.9
6.0
6.0
5.1
12.5
6.0
6.0
11.0
13.9
6.0
6.0
30.4
46.2
6.0
6.0
5.0
84.3
6.0
6.0
5.0
19.2
6.0
6.0
5.4
11.6
6.0
6.0
8.5
19.5
6.0
6.0
33.8
37.0
6.0
6.0
52.5
64.6
6.0
6.0
15.3
24.2

Appendix C: DOE effects plots
In this Appendix the effects plots for different responses calculated in Chapter 8 (Section
8.4.2) are presented. The models represent the effects of the five different factors - Na/Al,
H2O/solid, seeding, curing time and curing temperature - on each response calculated from
the FTIR spectra and QXRD. Here only factors that were determined to be significant by
ANOVA analysis are considered.

Figure C.3 FTIR peak positions associated with GP: effect of Na/Al (top left), H2O/solid (top right),
solution/MK (bottom left) and interaction between curing time and seeding (bottom right).
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Figure C.4 GP% obtained from the deconvolution of the FTIR spectra: effects of Na/Al (top left), curing
temperature (top right), curing time (mid left), seeding (mid right) and solution/MK (bottom)
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Figure C.5 GP% obtained from the deconvolution of the FTIR spectra: interaction between curing temperature
and time (top left), curing temperature and seeding (top right), curing temperature and H 2O/solid (bottom
right) and curing temperature and Na/Al (bottom right)
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Figure C.6 FWHM of the FTIR peak associated with GP: effects of Na/Al (top left), temperature (top right) and
solution/MK (bottom).

Figure C.7 FWHM of the FTIR peak associated with GP: interaction between Na/Al and seeding (left) and
H2O/solid and seeding (right).
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Figure C.8 Area ratio of FTIR peaks associated with solids and H2O: effect of H2O/solid.
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Figure C.9 Zeolite conversion % of GP as determined by QXRD: effects of curing temperature (top left), curing
time (top right), Na/Al (mid left), seeding (mid right) and solution/MK (bottom).
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Figure C.10 Zeolite conversion % of GP as determined by QXRD: interaction between curing temperature,
curing time and Na/Al. Na/Al=0.75 (left) and Na/Al=1.25 (right).

Figure C.11 Zeolite conversion % of GP as determined by QXRD: interaction between curing temperature,
curing time and seeding. GP without seeds (top left), GP with waterglass seeds (top right) and GP with
colloidal Faujasite (bottom).
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Figure C.12 LTA% of GP as determined by QXRD: effects of Na/Al (left), interaction between seeding and
Na/Al (top right), interaction between curing temperature and Na/Al (mid left), interaction between H 2O/solid ,
seeding (mid right) and effect of solution/MK (bottom).
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