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Geopolymers (GPs) are a special class of inorganic polymers with unique 

properties. Their 3-D amorphous structure and properties are often attributed to 

SiO2/Al2O3 molar ratios. However, contradictory results reported in literature on the 

structure and properties do not conclusively support these reported findings. 

Furthermore, alternative processing methods are necessary for synthesizing pure 

geopolymers without impurities, which are often found in precursor material. A rigorous 

study on chemical composition and processing parameters, as well as alternative 

processing methods, are necessary for advancing GPS in various engineering 

applications. 

The effects of H2O/(SiO2 + Al2O3) and SiO2/Al2O3 molar ratios , as well as 

precursor material on the density, open porosity, microstructure and the thermal and 

mechanical properties in K and Na activated geopolymers, is investigated. X-ray 

diffraction, Nuclear Magnetic Resonance as well as alcohol immersion to determine 
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iv 

 

density and open porosity is utilized for structural characterization. Thermogravimetric 

Analysis and Thermomechanical Analysis are used to investigate thermal behavior. 

Thermal conductivities and mechanical properties were measured using Thermal 

Constant Analysis and compression testing respectively. 

Conclusive results demonstrate that the amount of water used to process GPs is 

the governing factor affecting their structure while SiO2/Al2O3 molar ratio plays no 

significant role. The  K- and Na-activated samples have similar amounts of residual 

water after aging for 21 days at ambient conditions. In addition, the effects of the initial 

water content, SiO2/Al2O3 ratio, and alkaline activator (Na or K) on the thermal and 

mechanical properties of GPs, indicate that the dominant factor controlling thermal 

conductivity is H2O/(SiO2 + Al2O3) ratio used in processing, and to a lesser degree, the 

type of activation ion (Na or K). The SiO2/Al2O3   ratio did not have an effect on thermal 

conductivity. However, GPs compressive strengths are strongly affected by H2O/(SiO2 + 

Al2O3) ratio, especially at higher water ratio. At high and intermediate H2O/(SiO2 + 

Al2O3) ratios, liquid/solid ratio is the most important factor controlling the strength of 

GPs. At low H2O/(SiO2 + Al2O3) ratios, SiO2/Al2O3 ratio also plays an important role. 

Finally, partial geopolymer synthesis was possible using pure SiO2 and Al(OH)3 

precursors, providing a  possible low temperature alternative to other aluminosilicate 

precursors. 

  



v 

 

 

I would like to dedicate this work to my friends and family who have supported 

me tirelessly throughout my endeavor. In particularly, a special dedication is given to my 

mother, Alma Sirenia Lizcano de Ramos and to Dr. Miladin Radovic, Dr. Karen Lozano, 

Dr. Edwin LeMaster and Dr. Aracely Rocha. I would also like to dedicate this 

dissertation to the many mentors who have inspired me to pursue my dreams: 

 

In loving memory of 

Dr. Hector M. Lizcano 

Dr. Joseph Wiener 

Dr. Miguel Paredes 

Dr. Hashim S. Mahdi 

Dr. Roger Morgan 

Greg Cypet 

Alex Lizcano-Knittle 

and 

In loving memory of  

Duke my feline friend 

 

“I am not here to dwell on my obstacles; I am here to explore my potential.” 

                      Maricela Lizcano 

DEDICATION 



vi 

 

I would like to acknowledge Texas Engineering Experimental Station, TEES, for 

providing funding for this research project.  I am grateful to Dr. Vladimir Bakhmoutov 

from Texas A&M University for help with NMR characterization, Samantha Salinas and 

Richard Patlan from The University of Texas Pan American for their help with TGA and 

TMA. I would also like to thank Kwonguk Jeon, Andrea Adamzack, Hynsoo Kim, 

Sandip Basu from Texas A&M University for help with XRD and SEM characterization, 

and Patrick Klein from Texas A&M University for help with thermal conductivity 

measurements. 

 

Thank you lord, I am done! 

 

 

 

 

 

 

 

 

 

ACKNOWLEDGEMENTS 

 

 



vii 

 

 

Al     Aluminum 

E     Young’s Modulus  

GPs     Geopolymers 

HV     Vickers Hardness Number  

K     Potassium 

K-GPs               Potassium Activated Geopolymers 

KIC       Fracture Toughness  

KOH     Potassium Hydroxide 

MAS-NMR       Magic-Angle Spinning Nuclear Magnetic Resonance 

MK     Metakaolin 

Na      Sodium 

Na-GPs              Sodium Activated Geopolymers 

NaOH                Sodium Hydroxide 

NMR     Nuclear Magnetic Resonance Spectroscopy 

ppm                   Parts Per Million 

S     Probability of Survival 

Si     Silicon 

SEM     Scanning Electron Microscopy 

XRD     X-Ray Diffraction 

  

NOMENCLATURE 



viii 

 

Page 

 

ABSTRACT ..................................................................................................................... iii 

 

DEDICATION ................................................................................................................... v 

 

ACKNOWLEDGEMENTS .............................................................................................. vi 

 

NOMENCLATURE .........................................................................................................vii 

 

TABLE OF CONTENTS ............................................................................................... viii 

 

LIST OF FIGURES ............................................................................................................ x 

 

LIST OF TABLES .......................................................................................................... xiv 

 

1. INTRODUCTION-GEOPOLYMERS: A REVIEW OF PROCESSING 

METHODS, STRUCTURE, PROPERTIES, APPLICATIONS AND 

CHALLENGES .......................................................................................................... 1 

 

1.1 Processing Methods and Structure of Geopolymers .................................... 1 
1.2 Properties and Application of Geopolymers ................................................ 6 
1.3 Problem Statement ....................................................................................... 8 
1.4 Research Objectives ................................................................................... 11 
1.5 Dissertation Organization ........................................................................... 12 

2. EFFECT OF SiO2/Al2O3 RATIO ON MECHANICAL PROPERTIES  OF K- 

AND Na-ACTIVATED GEOPOLYMERS .............................................................. 13 

 

2.1 Literature Review ....................................................................................... 13 
2.2 Experimental Methods ............................................................................... 15 
2.3 Results and Discussion ............................................................................... 19 

3. THE EFFECTS OF H2O/(SiO2 + Al2O3) AND  SiO2/Al2O3 MOLAR  RATIOS  

ON THE STRUCTURE, DENSITY, AND OPEN POROSITY  IN K- AND Na-

BASED GEOPOLYMERS ....................................................................................... 35 

 

3.1 Literature Review ....................................................................................... 35 
3.2 Experimental Methods ............................................................................... 38 
3.3 Results ........................................................................................................ 43 

3.4 Discussion .................................................................................................. 55 

TABLE OF CONTENTS 



ix 

 

Page 

 

4. EFFECT OF WATER CONTENT USED IN PROCESSING GEOPOLYMERS 

ON THEIR THERMAL CONDUCTIVITY AND COMPRESSIVE 

STRENGTH .............................................................................................................. 61 

 

4.1 Literature Review ....................................................................................... 61 
4.2 Experimental Methods ............................................................................... 64 
4.3 Results ........................................................................................................ 68 

4.4 Discussion .................................................................................................. 75 

5. PROCESSING OF GEOPOLYMERS BY COPOLYMERIZATION OF  SiO2 

AND Al(OH)3 IN K-ACTIVATED AQUEOUS SOLUTIONS ............................... 83 

 

5.1 Literature Review ....................................................................................... 83 
5.2 Experimental Methods ............................................................................... 86 
5.3 Results ........................................................................................................ 89 
5.4 Discussion .................................................................................................. 99 

6. CONCLUSIONS AND FUTURE WORK ............................................................. 105 

 

REFERENCES ............................................................................................................... 109 

 

VITA .............................................................................................................................. 120 
 

  



x 

 

 

Page 

 

Figure 1.1  Geopolymerization process [13, 14]. ............................................................... 4 

 

Figure 1.2 a)  Polysialate structures from top to bottom, SiO2/Al2O3=1,  

SiO2/Al2O3=2, SiO2/Al2O3=3 and SiO2/Al2O3 >3, b) illustration of   

geopolymerization process[17]. ...................................................................... 7 

 

Figure 1.3  Geopolymer 3-D framework. ........................................................................... 9 

 

Figure 2.1  XRD diffraction spectra: (a) K-based and (b) Na-based  geopolymers after 

curing for 24 hours. ....................................................................................... 20 

 

Figure 2.2  
27

Al MAS-NMR chemical shifts for a) MK,  b) K-based,  and c) Na-based 

geopolymer samples. ..................................................................................... 22 

 

Figure 2.3  Secondary electron SEM images of GPs (a-d) K-1.25, 1.5, 2, and 2.5, 

respectively, and (e-h) Na-1.25, 1.5, 2, and 2.5 respectively, after curing 

for 24h. .......................................................................................................... 24 

 

Figure 2.4  The apparent densities calculated in K- and Na-GPs. ................................... 24 

 

Figure 2.5  Average values of Young’s modulus of GPs with different  SiO2/Al2O3 

ratio determined by microindentation testing. The error  bars denote 

standard deviations. ....................................................................................... 27 

 

Figure 2.6  The average Vickers hardness values of K- and Na-based  GPs. Error bars 

above columns represent standard deviation................................................. 28 

 

Figure 2.7  (a) Average fracture toughness values for K- and Na-based GPs with 

different Si/Al ratios. Selected but typical SEM micrographs of Vickers 

indents  (b) without corner cracks (K-1.5-24) and (c) with corner cracks 

(K-1.25-24).  Error bars in (a) represent standard deviation. Blue lines in 

(b) and (c) denote  length of the indent diagonals. ........................................ 29 

 

Figure 2.8  Average values of compressive strengths for K- and Na-based GPs  with 

different Si/Al ratios after curing for 24 and 48 hours. Error bars in | 

represent standard deviation .......................................................................... 32 

 

 

 

 

LIST OF FIGURES 

 



xi 

 

Page 

 

Figure 3.1  XRD of selected K- and Na-based geopolymers after curing  and aging for 

21 days. For comparison, XRD of the virgin MK is also  shown in the 

figure. ............................................................................................................ 44 

 

Figure 3.2  
27

Al MAS-NMR of virgin MK, and selected K- and Na- activated 

geopolymer samples after curing and aging for 21 days. Dashed lines 

mark  Q4, Q5, and Q6 - coordinated Al referred to an external standard  of 

[Al(H2O)6]
3+

. ................................................................................................. 45 

 

Figure 3.3  The wt% of water remaining in K-3-X samples with  H2O/(SiO2/Al2O3) = 

2- 4 during curing in (a) sealed and (b)  unsealed molds and aging for 21 

days in air. ..................................................................................................... 47 

 

Figure 3.4  The change of wt% of water remaining in K-GPs with SiO2/Al2O3= 2.5- 4 

during curing in unsealed (labeled as U) and sealed (labeled as S) molds  

as a function of initial water content, i.e. H2O/(SiO2 + Al2O3) ratio. Day-0 

denotes samples after mixing, day-1 after curing, and day-22 after aging 

for 22 days. .................................................................................................... 48 

 

Figure 3.5  The change of wt% of water remaining in Na-GPs with SiO2/Al2O3= ......... 49 

 

Figure 3.6  Density of (a) K- and (b) Na-GPs with SiO2/Al2O3 =2.5- 4 as  a function 

of initial water content, i.e. H2O/(SiO2 +Al2O3) after curing  and aging for 

21 days .......................................................................................................... 50 

 

Figure 3.7  % Open porosity of (a) K- and (b) Na-GPs with SiO2/Al2O3 =2.5- 4  as a 

function of initial water content, i.e. H2O/(SiO2 +Al2O3) after curing and  

aging for 21 days. .......................................................................................... 51 

 

Figure 3.8  SEM micrographs of K-2.5-2, K-2.5-4, K-4-2 and K-4-4  geopolymer 

samples cured in sealed molds and aged for 21 days. ................................... 52 

 

Figure 3.9  SEM micrographs of Na-2.5-3, Na-2.5-4, Na-4-2 and Na-4-4  geopolymer 

samples cured in sealed molds and aged for 21 days. ................................... 53 

 

Figure 3.10  The weight loss as a function of temperature for (a) K- and (b) Na-based 

geopolymers determined by TGA. Figure (c) and d) show derivative of 

weight loss with respect to temperature for K- and Na-activated samples, 

respectively. Water ratio for all samples correspond to H2O/Al2O3 =11. ..... 54 

 

 



xii 

 

 Page 

 

Figure 3.11  TMA results for selected K- and Na- activated geopolymers with 

H2O/Al2O3 = 11, indicating less than 0.16% dimensional changes. ............. 55 

 

Figure 4.1  Density and  open porosity as a funtion of H2O/(SiO2 +Al2O3)  for K- and 

Na-activated geopolymers. ............................................................................ 69 

 

Figure 4.2  Thermal conductivities of K-(dashed line) and Na-(solid  line) activated 

GPs versus H2O/(SiO2 + Al2O3) molar ratios for  different SiO2/Al2O3 

ratios. ............................................................................................................. 70 

 

Figure 4.3  Selected, but typical Weibull plots for K-activated GP samples  with 

SiO2/Al2O3 = 4 and H2O/(SiO2/Al2O3) = 2, 2.2, 3 and 4. ............................. 71 

 

Figure 4.4  Characteristic Weibull compressive strength of K- and Na-activated GPs 

with different SiO2/Al2O3 ratios as a function H2O/(SiO2/Al2O3) molar 

ratios. ............................................................................................................. 74 

 

Figure 4.5  Thermal conductivity as a funtion of SiO2/Al2O3  molar ratio for  K- and 

Na-activated GPs with H2O/Al2O3= 11 corresponding to  H2O/(SiO2 + 

Al2O3) = 3.14,  2.75 and 2.2  molar ratios. .................................................... 77 

 

Figure 4.6  Characteristic Weibull compressive strength as a funtionof SiO2/Al2O3  

molar raitos for K- and Na-based GPs with H2O/Al2O3= 11 corresponding 

to  H2O/(SiO2 + Al2O3) molar ratios shown above each column. ................. 79 

 

Figure 4.7:  Comparison of characteristic Weibull compressive strengths for  K- and 

Na-activated geopolymers with H2O/Al2O3= 11 (corresponding to  

H2O/(SiO2 +Al2O3) = 3.14, 2.75, and 2.2)  for SiO2/(Al2O3) = 2.5, 3  

and 4 after curing for 1 and 2 days [68, 74] .................................................. 81 

 

Figure 5.1:  Reaction mechanism[1, 91]: (a) Dissolution and hydrolysis  of Si and Al 

species and (b) Condensation polymerization............................................... 84 

 

Figure 5.2  XRD of precursor material and prepared monomeric solutions  for a) SiO2 

precursor, b)  Al(OH)3  precursor c) cured potassium silicate   and d) 

cured potassium aluminate. ........................................................................... 90 

 

Figure 5.3  XRD of samples prepared using method A  and B with SiO2/Al(OH)3= 1 

and 2. ............................................................................................................. 91 

 

 



xiii 

 

Page 

 

Figure 5.4  XRD of samples prepared using method C with SiO2/Al(OH)3    1 and 2 

and  ured at 80   C. Curing times for ea h sample are indi ted  a ove 

XRD spectra. ................................................................................................. 93 

 

Figure 5.5  XRD of samples prepared using method C with SiO2 /Al(OH)3 =1  and 2 

and cured at room temperature. Curing times for each sample are  above 

each curve...................................................................................................... 94 

 

Figure 5.6  
27

Al MAS-NMR chemical shift of pure  Al(OH)3,  asterisks represent 

quadrupole side bands. .................................................................................. 95 

 

Figure 5.7  
27

Al MAS-NMR of the samples prepared using method   A with 50% of  

Al Q4 for Si/Ai =4 and 30 % Al Q4  for Si/Al = 2. ........................................ 96 

 

Figure 5.8  
27

Al MAS-NMR for the samples prepared using method B with  28.7% 

conversion of Al Q6 to Al Q4  for SiO2 /Al(OH)3= 2 and 8.5%  conversion 

for SiO2 /Al(OH)3= 1. ................................................................................... 97 

 

Figure 5.9  
27

Al MAS-NMR chemical shifts for the samples prepared using  method 

C, two curing times (24 and 72 hours) and two Si/Al molar ratios.  SiO2 

/Al(OH)3= 2 has maximum 27% conversion of Al Q6 to Al Q4,  whereas 

SiO2 /Al(OH)3= 1 has less than 6% conversion. ........................................... 98 

 

Figure 5.10  
27

Al NMR chemical shifts for samples prepared using  Method C  cured 

at room temperaure in air. Less than 4% conversion of Al Q6 to Al Q4 is  

seen for both SiO2 /Al(OH)3 = 1 and 2. ........................................................ 98 

 

Figure 5.11  Schematic presentation of  mixing procedure and   geopolymerization 

used in this study. .......................................................................................... 99 

 

 

 

 

  



xiv 

 

 

 

Page 

 

Table 2.1  The chemical composition of studied GPs where M = Na or K and Y is 

curing time in hours (24 or 48). ...................................................................... 16 

 

Table 2.2   Weibull analysis results, where σ0 is characteristic compressive strength 

and m is Weibull modulus. ................................................................................ 32 

 

Table 3.1  The molar compositions and labels are given below for geopolymers 

samples with wt% of remaining water after their curing and aging for 21 day 

at ambient conditions. ....................................................................................... 41 

 

Table 4.1  Summary of the published compositions, processing parameters and 

maximum compressive strengths of metakaolin (MK) based GP. NS- not 

specified in the reference. .................................................................................. 62 

 

Table 4.2  Average strengths and results of the Weibull statistical analysis for both K- 

and Na-activated geopolymers. Last column contains densities of 

corresponding samples as plotted in Figure 4.1. ............................................... 72 

 

Table 5.1  Chemical compositions and molar ratios of prepared samples. All samples 

were prepared with KOH/Al(OH)3=1. AlQ4/AlQ6 ratio as determined by 
27

Al NMR is given in the last column.  RT denotes room temperature. ............ 88 

LIST OF TABLES 



 1 

 

Geopolymers, GPs, recently came to light as a new class of inorganic alkaline 

activated aluminosilicate polymeric ceramics that are synthesized by polycondensation 

of Al and Si species from different precursor at near ambient temperatures in alkaline 

aqueous solutions. This relatively new class of inorganic polymers has attracted much 

attention as low temperature processing material with potential of being used for various 

engineering applications even at temperatures as high as 1000-1400 
o
C.  These 

polymeric ceramics can be histori ally tra ed  a k to the 1940’s in work pu lished  y A. 

O. Purdon [1] and later in the 50’s  y Glukhovsky [2], However, only after Davidovits’ 

[3] work in the early 1970’s was the interest in these inorgani  polymers renewed. The 

term Geopolymer was introduced for the first time also by Davotovits to denote their 

inorgani  and mineral nature (“geo”) and stru tural similarity to organi  polymers 

(“polymers”), and is  ommonly used today. 

 

1.1 Processing Methods and Structure of Geopolymers  

GPs synthesis is based on Al and Si speciation and condensation polymerization.  

An alkali silicate aqueous solution is added to an aluminosilicate source such as clays  

__________ 

This dissertation follows the style of Materials Science and Engineering A. 
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(kaolin), metakaolin, (MK), and industrial waste (fly-ash or furnace slug) to activate the 

polymerization process. Two alkali metal hydroxides are commonly used as alkaline 

activators, namely sodium hydroxide (NaOH) and potassium (KOH) [1]. Other cations 

from group I and II of the periodic table may also be used for activation such as Ca
++

 and 

Cs
+
, as well as NH4

+
, and H3O

+ 
[2, 3]. The silicon content in geopolymers can be 

additionally adjusted by the addition of SiO2 to the alkaline aqueous solution.  The 

silicate solutions are usually mixed for 24 hours under sealed conditions to ensure SiO2 

dissolution, obtain homogeneous solutions, and prevent reaction of SiO2 with CO2 from 

air. Once the silicate solutions are ready, they are mixed with aluminosilicate precursor 

until a homogenous mixture/paste is obtained.  The mixtures are then cast into molds, 

pla ed in sealed  ontainers and  ured in oven at temperatures  etween 20 ᵒC and 120 ᵒC 

for different times [1, 4, 5].   

The geopolymerization pro ess  egins when an alkali sili ate solution (pH ≥ 13) 

is mixed with the precursor source initiating activation.  Si and Al speciation starts by 

dissolution and hydrolysis of the aluminosilicate source in conjunction with the 

condensation polymerization process. The OH
-  
ions  hydrolyze  Si

4+
 and Al

3+
 

 onstituents forming monomeri  spe ies, largely [SiO(OH)3]
- 
, [SiO2(OH)2]

2- 
and 

[Al(OH)4]
-
 and other oligomeri  spe ies [2].  The aluminosilicate dissolution and 

hydrolysis reaction and formation of common Si and Al monomeric speciation is given 

as: 

SiO2 + 2OH
-
 → [SiO2(OH)2]

2 
 .....................................................................................(1.1) 

SiO2 + H2O + OH
-
 → [SiO(OH)...................................................................................(1.2) 
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Al2O3 + 3H2O + 2OH
-
 → 2[Al(OH).............................................................................(1.3) 

During this  ondensation pro ess, [SiO2(OH)2]
2- 
, [SiO(OH)3]

- 
and [Al(OH)4]

-
  

link together releasing water mole ules a  ording to following rea tions [2]:  

 

          KOH, NaOH                   (-) 

(Si2O5,Al2O2)n + nH2O→n(OH)3 – Si – O –Al(OH)3 

 

     (-)    KOH, NaOH            │               │ 

 n(OH)3 – Si – O – Al – (OH)3→(Na,K)(–Si – O – Al – O)n + 3nH2O 

                        
                │               │ 

  
    orthosialate       (Na,K)-poly(sialate) 

              …………….(1.4) 

                 KOH, NaOH                     (-) 

        (Si2O5,Al2O2)n + nSiO2 + nH2O →n(OH)3 – Si – O –Al– O – (OH)3 

 

                (-)                  KOH, NaOH              │    (-)       │             │ 

 n(OH)3 – Si – O – Al – O – Si – (OH)3→(Na,K)(–Si – O – Al – O–Si– O)n + 3nH2O 

                        
                │               │             │ 

  
oligo(sialate-siloxo)            (Na,K)-poly(sialate-silioxo) 

 

As the process continues, various monomeric, oligomeric and polymeric units 

continue growing producing chains that eventually crosslink in gelation phase and form 

a complex 3D network. This geopolymerization process  is similar to methods used in 

processing organic polymers producing amorphous and semi-crystalline  materials 

comparable to feldspar [6].  GP structure can be described as X-ray amorphous, 3-D 

framework of corner-sharing [SiO4] and [-AlO2-]
- 
tetrahedra in IV-fold coordination [7] , 
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where the IV-coordinated aluminum present in the structure differentiates a geopolymer 

from other poly-aluminosilicate materials. The negatively charged aluminum ions, [-

AlO2-]
-
, in the GP framework are balanced by the positively charged metal ions [6, 8-10] 

positioned in the framework cavities. Some of the water from aqueous solution remains 

in the tridimensional GP framework as  physically and chemically bonded water within 

framework cavities and pores, or as OH
-
 groups bonded to Al and Si tetrahedra [11, 12]  

Figure 1.1 illustrates the geopolymerization process based on a simplified model 

described in literature and modified here [13, 14] 

 

  

     

 

 

 

 

 

 

 

 

 

Figure 1.1  Geopolymerization pro ess [13, 14]. 
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Notwithstanding, the simplistic model shown in Figure 1.1, does not begin to 

convey the geopolymer processing complexities. The several processing mechanisms are 

still not completely understood. This is mainly due to extremely rapid Si and Al 

dissolution and polymerization in the initial reaction stages, preventing quantitative 

measurements [2, 3]. Additionally, many variables such as precursor selection and 

processing methods greatly affect geopolymerization mechanisms. Consequently, the 

final produ t’s microstructure and properties are affected as well. Therefore, 

conclusively identifying the parameters that affect structure and properties of end 

product is very difficult to determine.  

Geopolymers are usually referred to as poly (sialates) [1] as shown in Reaction 

1.4, having empirical formula Mn(-(SiO2)z-AlO2)n·wH2O, where M is a monovalent cation 

(K, Na, etc.), z is the atomic ratio Si/Al = 1, 2, 3 or higher, n is a degree of 

polycondensation and w is water molar amount. A SiO2/Al2O3 = 1, 2, or 3 molar ratios 

yield poly(sialate) (M-PS) or M(-Si-O-Al-O-), poly(sialate-siloxo) (M-PSS) or M(-Si-O-

Al-O-Si-O-), and poly(sialate-disiloxo) (M-PSDS) or M(-Si-O-Al-O-Si-O-Si-O) 

respectfully. Sialate links between (-Si-O-Si-O-)n chains occurs for  molar ratios 

SiO2/Al2O3 > 3 [15]. A poly (sialate) structure adapted from literature [16] for various 

SiO2/Al2O3 molar ratios is presented in Figure 1.2a where Si atoms are blue, Al atoms 

are green, O atoms are red, and yellow atom is the activating cation. Figure 1.2b 

schematically illustrates the geopolymerization process and resulting 3-D framework 

structure [17]*. The positively charged ions, positioned within the framework cavities, 



 6 

are the stabilizing cations balancing the negatively charged aluminum anions in the 

complex geopolymer structure [6].   

 

1.2 Properties and Application of Geopolymers 

The unusual combination of properties and inexpensive processing methods has 

fueled research endeavors on GPs for many potential engineering applications. Much 

work has been published on various GPs properties and they are reported to vary 

significantly with chemical composition (Si/Al atomic ratios), precursor source 

materials, various processing conditions, alkali activator used, etc. [4, 6, 18, 19]. In 

general, GPs have been found to have good compressive strength when compared to 

similar cementations materials, low shrinkage, low thermal conductivity, high abrasion 

resistance, and strong adhesion to various metallic and ceramic substrates, [13, 20]. They 

are also chemically inert [14], thermally stable [10], and fire resistant [6] up to 1000-

1400 °C.  

Low technology geopolymer composite applications are currently being utilized 

[6, 13] and many more applications have been proposed. There is interest in GPs as 

construction materials [21], concrete binders [20, 22], adhesives [23, 24], toxic waste 

encapsulation materials [25-27], and biomaterials [28]. In this age of environmental 

awareness and social responsibility, GPs have been proposed to offer mitigating 

solutions to industrial waste disposal [29, 30] and CO2 emissions reduction from the 

concrete industry [20, 31]. Considering the various geopolymer properties, together  
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                  a)                                                      b)  

Figure 1.2 a)  Polysialate structures from top to bottom, SiO2/Al2O3=1,  

SiO2/Al2O3=2, SiO2/Al2O3=3 and SiO2/Al2O3 >3, b) illustration of   

geopolymerization process[17]
*
. 

 

                                                 
*
 Reprinted from Thermo himi a A ta, Vol. 493/1-2, X. Yao, Z. Zhang, H. Zhu, Y. Chen, 

Geopolymerization pro ess of alkali-metakaolinite  hara terized  y isothermal  alorimetry, page no. 3, 

 opyright (2009), with permission from Elsevier. 
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with easy and inexpensive processing methods, the possible engineering application 

fields for GP technology has been only barely opened in the last decade. 

 

1.3 Problem Statement 

Better understanding of processing-structure-properties relationship is critical if 

GPs are to be commercially utilized in many above mentioned applications. Thoroughly 

understanding the processing-structure-properties relationship is needed in order to tailor 

the thermal and mechanical properties of GPs for specific applications. The [SiO4] and 

[AlO4]
¯
 monomer polymerization leads to extremely complex structures, illustrated in 

Figure 1.3. These structures can be quite different and dependent on many processing 

variables: such as aluminosilicate source (i.e. fly ash, steel slag, variations in kaolin or 

kaolinite-clays, calcination temperatures, impurity concentration) composition 

(SiO2/Al2O3 molar ratios), activating cation (Na, K, etc.), water content  (H2O/Al2O3 

molar ratios), as well as mixing, curing and aging methods, times and conditions.   

Accordingly, it has been difficult to determine different effects from processing 

parameters on the geopolymer structure and properties, as is discussed in more details in 

subsequent sections of this dissertation. Furthermore, published works impart difficulty 

in comparing structure and properties of geopolymers due to processing variations. For 

example, distinctions in reported compressive strength range from as low as 25 MPa 

[32] to 82 MPa [9], for samples with different Si/Al ratios, water content, and different 

curing temperatures times and environments. Difficulty comparing properties of MK  
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Figure 1.3  Geopolymer 3-D framework. 

 

 

 

 

based geopolymers results from diverse processing parameters and dissimilar metakaolin 

precursors as well. Moreover, some crucial processing parameters are rarely reported in 

the corresponding literature. As a result, deciphering which parameter contributes to the 

observed structure and properties of GPs can be confusing and is more often than not 

tenuous. In several publications, the attempts have been made to relate observed 

differences in properties of GPs to the SiO2/Al2O3 ratio and its effect on GPs 

microstructure. For example, as it is discussed in more details in Section 2 and 4, it has 

been suggested [4, 9]  that higher SiO2/Al2O3 ratios results in higher strength of GPs due 

to increased density of the final product [1] and stronger Si-O-Si [4] when compared to 

Si-O-Al linkages [4, 33]. However, that conclusion cannot be applied to explain decrease 

in compressive strength that is commonly observed in GPs with Si/Al ratios above 2 [4]. 
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It is interesting to note that the geopolymer microstructure, and thus properties 

have been almost exclusively been related to the SiO2/Al2O3 ratio, and sometimes to 

metal activator, curing temperature and time, while the initial water quantity in the 

mixture was varied arbitrarily to provide good workability in the GP paste [32, 34]. On 

the other hand, a very few studies suggests that  the microstructure is also strongly  

related to the amount of water involved in the initial mixture [12].  Hence, following 

questions still remain unanswered:  What factors affect predominantly the geopolymer 

microstructure?  Is silicon content solely responsible for geopolymers structure as 

proposed in the literature or does water have a more important role?  How does the 

different microstructure affect geopolymer mechanical and thermal properties?  

Ideally, geopolymer research has been focused on industrial waste utilization or 

inexpensive natural sources as precursor materials due to availability. Thus, affectively 

mitigating problems with landfill waste disposal and designating geopolymers as 

environmentally friendly green materials.  Alas, the impurities in these aluminosilicate 

sources are likely affecting the GPs properties. Thus, understanding an already complex 

geopolymerization process and the resulting product structure becomes even more 

complicated. A solution may be offered from pure synthetic geopolymer materials in 

which pure Si and Al species are controlled and utilized for producing pure 

geopolymeric materials.  In this fashion, not only does the process eliminate effects on 

GPs properties from impurities, it may also provide synthetically pure geopolymers in 

which impurities may have an adverse effect in certain applications. Additionally, 

processing synthetically pure GPs may provide further insight into the 
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geopolymerization process. However, a fundamental problem of processing synthetic, 

chemically pure GPs obtained using alternative methods and precursors has not been 

address adequately in the literature.  

 

1.4 Research Objectives 

The technological potentials of GPs in many engineering applications cannot be 

underestimated. Yet, moving forward from research to applications is constrained, as it 

is pointed out in the previous section, mostly by the lack of deep understanding in the  

complex processing parameters affecting GP structure, properties and behavior under 

diverse conditions. The main goal in this research is focused on the initial geopolymer 

chemical composition and its effects on the thermal conductivity and mechanical 

strength after curing. The specific objectives are as follows: 

 

Objective 1:   To understand the effects of two major factors, namely H2O/(SiO2 + 

Al2O3) and SiO2/Al2O3 molar ratios on geopolymer atomic structure, 

porosity and microstructure with  K and Na metal activators for 

metakaolin based GPs.  

 Objective 2:  Relate the microstructure to the mechanical and thermal properties of the 

resulting geopolymeric products from Objective 1.   

Objective 3:  Investigate possible synthesis routes to process chemically pure 

geopolymers without impurities found in natural sources.   
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1.5 Dissertation Organization 

This dissertation consists of 6 sections. Section 2 reports and discusses 

preliminary research work on the development of structure and mechanical properties of 

MK based geopolymers in the early stages of geopolymerization. In Section 3, 

experimental work and results on the effects that water content, composition, and aging 

time have on the microstructure of GPs is discussed. These results are then related to 

experimental work on GPs’ thermal and mechanical properties discussed in Section 4. 

Section 5 covers processing methods, results and challenges regarding synthetically pure 

geopolymers. Finally, Section 6 provides concluding remarks and addresses future work. 
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2.1 Literature Review  

The mechanical properties of GPs are critical if they are to be commercially 

utilized in many of the applications discussed in Section 1. Most of the studies on the 

mechanical properties of GPs processed from MK have been carried in effort to 

characterize their compressive strength. As previously mentioned, the maximum 

compressive strength reported in literature varies from as low as 25 MPa to 22 MPa, for 

samples with different Si/Al ratios and water content [4, 5, 9, 32, 34-37]. The difficulty 

in relating the compressive strength of the various metakaolin based GPs reported in 

literature lays in different processing conditions and metakaolin precursors that used in 

contrasting studies. Thus, deciphering which parameter contributes to the compressive 

strength can be confusing and is ultimately elusive, and is discussed in more details in 

Section 4. In several publications, attempts have been made to relate observed 

differences in compressive strengths to the Si/Al ratio and its effect on the 

microstructure of GPs [9, 34, 38]. It was suggested that increasing Si/Al results in 

increased compressive strength due to increased density of the final product and stronger 

Si-O-Si bonds [4]. Theoretically, Si-O-Si linkages are stronger than Si-O-Al linkages; 

suggesting an increase in Si content would improve the compressive strength [4, 33]. 

Most importantly, at low Si content a microstructure of GPs consisted of large 

interconnected pores and loosely packed precipitates. Homogeneous and dense 

2. EFFECT OF SiO2/Al2O3 RATIO ON MECHANICAL PROPERTIES  

OF K- AND Na-ACTIVATED GEOPOLYMERS 
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microstructures are observed with higher Si/Al content, thus resulting in increasing 

compressive strength with increasing Si/Al ratio. However, that is not the case for Si/Al 

greater than 1.9 when strength actually starts to decrease with increasing Si content. A 

higher strength in K over Na  ased GPs is noted in the range 1.4 ≤ Si/Al ≤ 1.9, while the 

strength of Na and K is similar with Si/Al>1.9 [9]. 

Surprisingly, a smaller number of papers report on fracture toughness and elastic 

moduli of GPs although those properties are also crucial for their engineering 

applications. Duxson et al. [9] showed that Young’s modulus in reases with Si/Al ratio, 

and levels at  ~5.5 GPa for Si/Al in the 1,62 to 2.15 range, for both, Na- and K-based 

geopolymers. Belena, et al. [39] showed, using nanoindentation tests that Young 

modulus of Na-activated GPs prepared with ratio of Si/Al=1.75, and N/Al=1, can 

increase from 7 GPa to 14 GPa by using different curing conditions and processing by 

injection molding. As to the best of our knowledge, the only reported study on fracture 

toughness, KIC, of GPs is that of  B. A. Latella, et al.[37] for GPs with ratios of Si/Al = 2 

and Na/Al = 1 processed using several different precursors. They measured the fracture 

toughness in the range of 0.25-0.65 MPa·m
1/2 

and concluded that porosity is the crucial 

microstructural variable controlling the mechanical properties of the GPs, in addition to 

presence of impurities and unreacted phases.   

Based on the briefly  reviewed studies in previous paragraphs, it is clear that 

mechanical properties of geopolymers reported in the literature varies significantly and 

depends on many variables, including  Si/Al molar ratios, type of aluminosilicate source, 

water content, curing time and temperature, aging time, etc. Thus, results published in 
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various papers cannot be easily compared because a large number of processing 

variables differ in those studies. This is the largest obstacle towards better understanding 

the response in this new class of inorganic polymers under mechanical loads.  

The purpose of this study is to further elucidate the mechanical behavior as a 

result of Si content and type of metal activator on MK based geopolymers. This study 

investigated the effects of the Si/Al ratio and metal activators (Na and K) on a set of 

mechanical properties in metakaolin-based GPs, including compressive strength, 

Young’s modulus, hardens and fra ture toughness, while keeping all other pro essing 

variables the same for all processed samples. The ratios considered were Si/Al= 1.25, 

1.5, 2, and 2.5 with H2O/Al2O3= 11 and 13 and atomic ratios at Na/Al and K/Al equal to 

1. Moreover, the effects in different curing times on the GPs mechanical properties were 

investigated.  

 

2.2 Experimental Methods  

Metakaolin (MK) was selected as precursor material in this study because it 

usually contains fewer impurities when compared to other GP precursors.  MetaMax® 

(BASF catalysts LLC, NJ) metakaolin with 53 wt% of SiO2, 43.8 wt% of Al2O3 and 3.2 

wt% of impurities (mostly TiO2) was selected as the purest precursor among several 

different tested MK. An amorphous fumed silicon (IV) oxide (Alfa Aesar, MA) and 350-

410 m
2
/g specific surface area, was utilized for modification of Si/Al ratio of MK 

precursor. Potassium hydroxide (KOH) (Mallinckrodt Chemicals, NJ), sodium 
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hydroxide (NaOH) (Mallinckrodt Chemicals, NJ) and deionized water were used to 

process metal alkaline solutions. 

 

 

Ta le 2.1  The  hemi al  omposition of studied GPs where M   Na or K and Y is  uring 

time in hours (24 or 48). 

Sample 

la els 

Si/Al SiO2/Al2O3 M2O/ Al2O3 M/Al H2O/ Al2O3 

H2O/ 

(Al2O3+SiO2) 

AR MR MR AR MR AR 

M-1.25-Y 1.25 2.5 1.00 1.00 11.0 3.14 

M-1.5 -Y 1.50 3.0 1.00 1.00 11.0 2.75 

M –2.0-Y 2.00 4.0 1.00 1.00 11.0 2.20 

M-2.5 -Y 2.50 5.0 1.00 1.00 13.0 2.16 

AR   Atomi  Ratio,  MR   Molar Ratio  M   Metal a tivator 

 

 

Potassium and sodium silicate solutions were prepared by dissolving KOH or 

NaOH pellets in deionized water. SiO2 was mixed into the alkali solutions. The alkaline 

silicate solutions were stirred for 24 hours in sealed containers to minimize possible 

reaction with atmospheric CO2. Solutions were prepared for Si/Al atomic ratios of 1.25, 

1.5, 2.0, and 2.5. The MK precursor is added to alkaline silicate solutions the following 

day and mixed in a vacuum mixer until homogenous mixtures were obtained. The 
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atomic and molar ratios used in this study are summarized in Table 2.1. For all samples, 

M/Al (where M is K or Na) was kept constant and equal to 1, i.e. to the stoichiometric 

ratio required to keep negative charges of Al tetrahedral balanced.  H2O/Al2O3 molar 

ratio was equal to 11 for all samples except for those with Si/Al=2.5. For samples with 

Si/Al=2.5, H2O/Al2O3=13 was used, because mixture with lower water ratio had very 

high viscosity for mixing and processing air-bubble free samples with homogeneous 

structure. 

 K-based and Na-based samples were mixed for 23 and 3 minutes, respectively, 

in the vacuum mixer. Na-based samples are mixed for a significantly shorter time, since 

they start to polycondensate and harden much faster than K-based samples. After 

mixing, the samples were poured into molds and placed in sealed containers before 

curing at 80 ºC for 24 and 48 hours.  The samples were then aged in air at room 

temperature for 1 day before testing. All processed samples were labeled M-X-Y, where 

M represents the alkaline metal, X represents Si/Al atomic ratio and Y represents the 

curing time in hours. 

X-ray Diffraction (XRD) analysis of all samples was carried out using a Bruker-

AXS D8 Advanced Bragg-Brentano X-ray Powder Diffractometer (Bruker AXS Inc, 

WI) with Cu-Kα radiation sour e generated at 40 mA and 40 kV, in the 2θ range of 10-

50° with 2θ step of 0.02°. In addition, 
27

Al MAS NMR spectra was collected using a WB 

Avance 400 Bruker (Bruker AXS Inc, WI) spectrometer using a standard 4 mm NMR 

probe with a spinning rate of 10 KHz.  The 
27

Al chemical shift was referred to an 

external standard of [Al(H2O)6]
3+

. 



 18 

The Scanning Electron Microscope (SEM), Quanta Q600 FEG-SEM (FEI Corp., 

OR), with Energy-Dispersive Spectrometer (EDS) was used to study microstructure and 

chemical composition of the GPs. Samples were slightly polished and sputter coated 

using platinum/gold to enhance the quality of SEM images. A set of samples were 

prepared with the same Si/Al ratios mentioned above and aged for 24 hours to calculate 

apparent density ρ . The mass, m, and volume, v, of each samples is measured and 

apparent density, is then calculated (ρ m/v). The microstructures and properties are then 

related to apparent density and Si content. Microindentation measurements were carried 

out on polished GP samples to determine Young’s modulus using Fis hers ope HM2000 

micro-indenter (Helmut Fisher GMBH, Germany) with standard pyramidal Vickers 

indenter. Indentations were performed on each sample with a minimum of 9 locations. 

The indents had depths of up to 0.1 µm with holding time of 20s. The Vickers hardness 

of prepared samples was ascertained using a Micro-hardness Tester LM 300 AT (LECO, 

MI) at room temperature using an indentation load of 500 g and a standard Vickers 

indenter. The length of the corner cracks generated by indentations was measured using 

SEM. The following equation was used to calculate fracture toughness from the length 

of the Palmqvist-type corner cracks: [40]  
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where H is the hardness,   is the length of the indent diagonal, E is Young’s modulus, ϕ 

is a  onstant related to the sample’s geometry and c is the length of surface crack. 

A 810 Material Testing System (MTS Corporation, MN) was utilized to 

determine sample compressive strength. The constant displacement rate was 0.60 

mm/min at room temperature. The Flextest SE Ver. 5.0 program monitored and 

measured the displacements (mm) and forces (lbs). More than 15 samples were tested 

for each composition under the same conditions. The results were analyzed using 

Weibull distribution to determine probability of survival as a function of compressive 

stress using procedure that is described in more detail elsewhere [41].  

 

2.3 Results and Discussion 

2.3.1 Structural Characterization 

Typical XRD patterns of the MK precursor and synthesized K- and Na-based 

GPs with different Si/Al ratios after curing for 24 hours at 80 
º
C are shown in Figure 2.1. 

The MK precursor shows x-ray amorphous structure with broad hump within 15-30° 2θ 

range and a maximum at 2θmax = 23° that is characteristic of amorphous aluminosilicate 

phases [32, 42]. A shift in the hump to 2θmax=28-30°  for both K and Na geopolymers 

previously reported as a typical feature of MK based GPs [34, 36] can be also seen in 

Figure 2.1. The de rease of 2θmax  by 2° with increasing Si/Al ratio  and/or the difference 

in alkali metal introduced into the matrix may be attributed to structural difference in the 

geopolymer matrix from environmental bonding  changes during geopolymerization [34, 

43]. The  sharp peak at 2θ  25.36°, and few smaller sharp peaks at higher 2θ, in MK and 
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all GP samples is due to the presence of crystalline TiO2  (PDF Number: 01-076-1931) 

impurity in the MK precursor [44] . Whereas the diffractograms indicate typical hump 

shifts for geopolymers, XRD does not provide adequate information on the atomic GP 

structures namely Si and Al tetrahedra [42]. Thus, NMR spectroscopy was carried out in 

addition to XRD to verify complete geopolymerization of the samples. 

 

 

 

Figure 2.1  XRD diffra tion spe tra: (a) K- ased and ( ) Na- ased  

geopolymers after  uring for 24 hours. 

 

a b 

MK 

MK 

K-1.25-24 

Na-1.25-24 

Na-1.5-24 

Na-2-24 

Na-2.5-24 
K-2.5-24 

K-2-24 

K-1.5-24 
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The selected, but typical 
27

Al MAS NMR spectra for the MK precursor and both 

K- and Na-based GP samples after curing for 24 hours at 80 
º
C are shown in the Figure 

2.2. The 
27

Al spectra in Figure 2.2a indicate presence of IV (Q4), V (Q5), and VI (Q6)-

coordinated Al in the MK precursor. In the MK precursor, the amounts of IV and VI 

coordinated Al with chemical shifts at ~53 ppm and ~ 0 ppm, respectively, are 

equivalent and are less than the amount of V-coordinated Al with chemical shift at ~23.3 

ppm. Although it was first believed that a high concentration of IV coordinated Al in 

MK was needed to form geopolymers [45], more recent studies and results here indicate 

the importance of the presence of V-coordinated Al in geopolymer MK precursor. It has 

been shown that geopolymerization has two exothermic effects. Thermodynamically 

speaking it is  elieved that the first effe t is a result of the rea tivity of ‒Al O (V-

coordinated Al) while the second exothermic effect is a result of the reactivity of –Al‒

O‒Al‒O linkages  (IV-coordinated Al) [45]. The 
27

Al MAS NMR spectra of the K- and 

Na-based GP samples shown in Figures 2.2b and 2.2c, respectively, for Si/Al=1.25-2.5 

show that little or no V and VI coordinated Al remains after curing for 24 hours.  The 

majority of Al is the IV-fold coordination with chemical shift of ~53 ppm. X-ray 

amorphous nature of the synthesized samples and presence of predominantly IV-

coordinated Al are the best evidence of completed geopolymerization even after curing 

for only 24 hours [1]. Not surprisingly, K- and Na-activated GP samples cured for 48 

hours show the same XRD and 
27

Al MAS NMR features (not shown here).  

Cross-sectional SEM images of both K and Na geopolymers with atomic ratios 

Si/Al = 1.25-2.5 are shown in Figure 2.3. Overall, K- GPs seem to have a more 



 22 

homogenous microstructure and a less porosity than the Na- GPs within the same Si/Al 

ratio. Relating K- and Na-based GPs for the different Si/Al ratios, it can be observed that 

GPs with Si/Al=1.5 and 2 appear to have more dense homogeneous microstructure. The 

 

 

Figure 2.2  
27
Al MAS-NMR  hemi al shifts for a) MK,  

 ) K- ased,  and  ) Na- ased geopolymer samples. 

 

a 

Q4 
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Q6 
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Na-4-24 
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K-2.5-24 
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microstructure of GPs with Si/Al=1.25 are relatively loosely packed GP particles 

(precipitates) with large number of interconnected pores in comparison to samples with 

Si/Al=1.5 and 2. However, Si/Al=2.5 samples are comprised of larger GP particles like 

those with Si/Al =1.5 and 2, but contains greater number of large pores (~5 μm and up) 

and even some microcracks. These observations are in good agreement with previous 

microstructural studies of GPs with different Si/Al ratios [4]. Qualitative EDS analysis 

(not shown here) confirmed presence of only Al, Si, O and K or Na in all processed 

samples and overall Si/Al and Na (or K)/Al ratios calculated from EDS analysis were 

close to that of the initial precursor mixture.  

Figure 2.4 shows that apparent density increases monotonically from 1.39 g/cm
3
 

to 1.82 g/cm
3
 for K-based GPs, and from 1.27 g/cm

3
 to 1.72 g/cm

3
 for Na-based GPs 

with increasing Si/Al from 1.25 to 2.5. Apparent densities measured in this work are 

close to those reported by Wang et al. [46] and slightly below those reported by Duxson 

et al. [4] for Na-based GPs with the same composition. As suggested by Duxon et al. [4], 

the reason for density increase with increasing Si/Al ratio is the higher portion of solid 

components due to addition of SiO2 to activating solutions to increase Si/Al ratio, while 

keeping H2O/ Al2O3 ratio constant, Table 2.1. 

More importantly, results shown in Figure 2.4 are in good agreement with our 

microstructural observations (Figure 2.3) accordingly in which Na-activated GPs have 

more porous microstructure when compared to K-activated ones. The reason for higher 

porosity and lower density of Na-based GPs in this study is not clear at this point. 
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Figure 2.3  Se ondary ele tron SEM images of GPs (a-d) K-1.25, 1.5, 2, and 2.5, 

respe tively, and (e-h) Na-1.25, 1.5, 2, and 2.5 respe tively, after  uring for 24h. 

 

 

 

Figure 2.4  The apparent densities calculated in K- and Na-GPs. 
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However, it could be related to the fact that initial Na-based activating solutions are 

much more viscous than K-based solutions. Na-GPs polymerize much faster, thus 

prohibiting long mixing, good homogenization and degassing (removal of entrapped air 

bubbles). Additionally, it is suggested that smaller silicate monomers and dimers favor 

ion pairing with the smaller Na cations, whereas K cations favor ion pairing with larger 

silicate oligomers [14]. This may be a contributing factor not solely on the apparent 

densities for both K- and Na-based GPs, but also the differences in microstructure seen 

in Figure 2.3.  

The fact that GPs with Si/Al=2.5 have greater number of large pores and less 

uniform microstructure, when compared to samples with Si/Al=1.5 and Si/Al=2, may 

appear in contradiction with the density results showing monotonic increase in density 

with increasing Si/Al ratio, Figure 2.4. The possible reason for this discrepancy lies 

mainly in presence of larger amount of unreacted MK in the samples with higher Si/Al 

ratios. GPs usually contain unreacted MK particles weakly bonded to GP, and thus easily 

pull out from the surface during polishing process [42] leaving surface cavities with the 

typical layered structure. Those cavities can be observed quite frequently in SEM images 

of the samples with Si/Al=2.5 (as denoted by circles in Figures 2.3c and 2.3h), giving the 

impression of higher porosity of those samples. We must take into account that initial 

mixtures with Si/Al=2.5 are very viscous because of the lower total water/solid ratio (i.e. 

H2O/(MK+SiO2) ratio) as compared to the samples with lower Si/Al ratios (Table 2.1). It 

is not surprising then that poor mixing and faster hardening of those samples result in a 

larger amount of unreacted MK particles. During the mixing process in a reactive liquid-
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solid system with high viscosity, some parts of material have less water available than 

other parts, and thus do not react completely [14]. This can also be the reason for the less 

homogenous structure with numerous large pores and some microcracks that are 

observed in the samples with Si/Al=2.5.  

 

2.3.2 Mechanical Properties 

Young’s modulus determined using mi ro-indentation for Na- and K-based GPs 

with different Si/Al ratios cured for 24 hours are shown in Figure 2.5. Throughout the 

range of Si/Al ratios K- ased GPs have slightly higher Young’s modulus than the Na 

samples with the ex eption of Si/Al 1.5. Also, the Young’s moduli of  oth Na- and K-

based GPs increase with increasing Si/Al ratio up to Si/Al=2, after which they slightly 

decreases again. These observations can be related to: (a) lower porosity of K-based GPs 

when compared to Na-based ones and (b) increase in the density of both K- and Na-

based GPs with increasing Si content.  

The trends shown here, as well as measured values of Young’s modulus are very 

similar to previously published results by Duxson et al. [9]. Duxson et al. reported 

in reasing values of Young’s modulus with in reasing Si/Al ratios up to Si/Al=1.65, and 

almost constant modulus for GPs with Si/Al rations between 1.65 and 2.15 attributing 

these observations to good microstructural homogeneity in the GPs with Si/Al>1.65, 

having very little unreacted MK and few isolated pores. However, results shown here 

indicate decrease in elastic moduli for the samples with Si/Al > 2, regardless of  
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Figure 2.5  Average values of Young’s modulus of GPs with different  

SiO2/Al2O3 ratio determined by microindentation testing. The error  

bars denote standard deviations. 

 

 

monotonic increase in the density of the samples with increasing Si/Al ratios (Figure 

2.4).This suggests that measured elastic moduli of GPs do not only depend on their 

apparent densities, but also on their composition and microstructure. Both Na- and K-

based GP samples with Si/Al=2.5 show higher microstructural inhomogeneity and larger 

number of large pores and microcrack when compared to samples with Si/Al=2 (Figure 

2.3), resulting in the lower values of elastic moduli.  

The changes in Vi kers’s hardness with in reasing Si/Al ratios for both Na- and 

K-activated GPs cured for 24 hours show almost the same trend as in the case of 

Young’s modulus, Figure 2.6. On e again, K-based GPs have slightly higher hardness 

than the Na-based GP samples, but in both Na- and K-based GPs, Vickers hardness 
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increases with increasing Si/Al ratio up to Si/Al=2, after which it slightly decreases. 

These observations can be again related to the microstructural differences between 

samples with different Si/Al ratios and alkali activators, as discussed in previous 

paragraphs. It is worth noting that all Vickers hardness values reported here are higher 

than 200 MPa published by Lecomte et al. [47] for GPs prepared from different 

precursors, but in the same range as values published by Belena et al [48].  

 

 

 

Figure 2.6  The average Vickers hardness values of K- and Na-based  

GPs. Error bars above columns represent standard deviation. 

 

 

 

Results of Vickers indentation were used to determine GPs fracture toughness 

from the length of corner cracks at the indents using Equation 2.1, and the results are 

shown in Figure 2.7. While Figure 2.7a shows the fracture toughness of Na- and K- 

based GPs with different Si/Al ratios, Figures 2.7b and 2.7c show selected but typical 
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micrographs of the Vickers indents without and with corner cracks, respectively. As it 

can be seen in Figure 2.7a, fracture toughness of Na-base GPs is lower than that of K-

based ones, for all Si/Al ratios. 

 

 

 

Figure 2.7  (a) Average fra ture toughness values for K- and Na- ased GPs with 

different Si/Al ratios. Sele ted  ut typi al SEM mi rographs of Vi kers indents  

( ) without  orner  ra ks (K-1.5-24) and ( ) with  orner  ra ks (K-1.25-24).  

Error  ars in (a) represent standard deviation. Blue lines in ( ) and ( ) denote 

 length of the indent diagonals. 

 

 

Moreover, it appears that indentation fracture toughness of GPs with both Na and K 

activators increases with increasing Si/Al ratio up to Si/Al=2. As to best of our 

knowledge the only study on fracture toughness of GPs has been published in open 

a 
b 

c 
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literature by Latella et al. [37]. They determined fracture toughness of GPs from three-

point bending tests of the notched bars and showed that it increases from 0.25 MPa·m
1/2

 

to 0.56 MPa·m
1/2

  as the density of GP samples increases.  The results in Figure 2.7 

show not only  that indentation fracture toughness determined in this study is close to 

that published by Latella et al. [37], but also that it increases with increasing Si/Al ratio, 

i.e. density of the samples.  

However, we were unable to determine indentation fracture toughness of Na- and 

K-based GPs with Si/Al=2.5, because no corner cracks were observed in any of the 

Vickers indents in those samples. In addition, as illustrated in Figure 2.7b, corner cracks 

were not present even on all Vickers indents in samples with Si/Al ratio below 2.5. The 

formation of the corner cracks during Vickers indentation occurs only in brittle 

materials, where mechanical energy stored in the material below indenter cannot be 

consumed by any of the mechanisms of plastic deformation, but has to be released by 

formation of corner cracks. Still, the lack of corner cracks in some of the Vickers indents 

does not mean that GPs are not brittle materials; the low values of their fracture 

toughness confirm that they are. Thus, the reason for the lack of corner crack must lie in 

the fact that geopolymer are highly porous and soft materials. Hence, large part of 

mechanical energy during indentation is consumed for densification of the material 

below the indent, rather than for the formation of corner cracks. Moreover, Figures 2.7b 

and 2.7c show that the fracture in the GP samples is conchoidal in nature. For these 

reasons, applicability of Vickers indentation for determining indentation fracture 

toughness of geopolymers is questionable, regardless of the fact that results shown here 
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are in good agreement with previously determined fracture toughness using other 

methods [37].  

The average compressive strength of K- and Na-activated GPs with different 

Si/Al ratios and cured for 24 and 48 hours are plotted in Figure 2.8. Since GPs are brittle 

materials with a broad distribution of strengths, Weibull statistic was used to analyze 

compressive testing data. The results are summarized in Table 2.2. Figure 2.8 and Table 

2.2 clearly show that samples with Si/Al ratio of 1.5 in both Na- and K- activated GPs 

have a higher compressive strength than other samples with different Si/Al ratios. In 

addition, K-activated specimens were significantly stronger than Na-activated specimens 

only for Si/Al=1.25. Above Si/Al=1.5, the compressive strengths of both Na- and K -

activated GPs are comparable. In most Si/Al compositions, the compressive strength is 

increased by extending curing time from 24 to 48 hours, Figure 2.8 and Table 2.2.  

Although compressive strengths reported here for Si/Al=1.25 are comparable to 

the strengths reported by Duxson et al. [4, 9], at higher Si/Al ratios compressive 

strengths determined in this study are significantly lower than previously published 

values [4, 9]. The reason for this discrepancy is twofold. First, the compressive strength 

in this study was calculated from the loads at which the first cracking appears, which 

was in many cases below maximum load on load-displacement curves recorded during 

compressive testing. 
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Figure 2.8  Average values of compressive strengths for K- and Na-based GPs  

with different Si/Al ratios after curing for 24 and 48 hours. Error bars in | 

represent standard deviation 

 

 

Ta le 2.2   Wei ull analysis results, where σ0 is  hara teristi   ompressive strength and 

m is Wei ull modulus.   

A tivator → K Na 

Curing time → 24 h 48 h 24 h 48 h 

Si/Al  ↓ σ0, MPa m σ0, MPa m σ0, MPa m σ0, MPa m 

1.25 25.5 2.9 28.7 3.3 17.0 0.6 17.5 0.9 

1.5 32.0 5.4 33.3 6.6 32.1 5.2 37.1 5.9 

2.0 26.1 3.9 30.1 5.0 26.6 5.7 26.4 0.6 

2.5 24.1 5.5 25.0 3.9 24.1 4.7 24.0 3.2 
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Secondly, the compressive strengths shown in Figure 2.8 and Table 2.2 were determined 

after curing for 24 and 48 hour and ageing for only 1 day, while compressive strengths 

reported by Duxson et al. [4, 9] were determined upon aging for 7 and 28 days after 

processing. Since compressive strength of GPs increases by increasing curing time from 

24 to 48 hours due to more complete geopolymerization and gelation (Figure 2.8), it is 

not surprising that additional aging can result in additional strength development.  

The trends observed in geopolymer compressive strengths are in some way 

different than those of Young’s modulus, Vi kers hardness and fra ture toughness. 

Although it is expected that compressive strength increases with Si/Al ratio because of 

higher strength of Si-O-Si linkages when compared to Si-O-Al linkages and higher 

density in the samples with higher Si/Al ratios, results of this study show that samples 

with Si/Al=1.5 have the highest strength. To explain observed trend, one has to take into 

account that strength reported here is not the GPs intrinsic property, but like in other 

brittle solids, depends mostly on the size and distribution of strength controlling defects, 

such as cracks, inclusions, macrovoids etc. At lower Si/Al ratios, the activated solutions 

are less viscous because of higher water/solid ratios (H2O/(SiO2+Al2O3) ratios in Table 

2.1), resulting in better mixing, uniform microstructure and increase in the strength with 

increasing Si/Al ratios. However, with further addition of SiO2 in the activating solutions 

to increase overall Si/Al ratios, they become more viscous, prohibiting good and uniform 

mixing.  This results in more inhomogeneous microstructure when compared to the 

samples with lower Si/Al ratios, with numerous inclusions of unreacted MK, large pores 

and some microcracks that can all serve as origins in the failure. Thus, although GPS 
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density increases monotonically with increasing Si/Al ratio, the strengths of GPs will 

peak at intermediate Si/Al ratios. Additional evidence for the large differences in the 

distribution of strength controlling defects can be found in Table 2.2, that shows that 

Weibull modulus varies from as low as 10.6, suggesting relatively broad size distribution 

of the  strength controlling defects, to as high as 15.7.  
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3.1 Literature Review 

Over the last decades, intensive research on GPs has resulted in large number of 

publications discussing geopolymerization mechanisms and kinetics [14, 38, 49-51], the 

role of different alkali activators (Na, K, Ca, etc.) and aluminosilicate sources [8, 52-54],  

microstructure of GPs [36, 55, 56], and their mechanical [4, 9, 57] and thermal [19, 58-

62] properties. However, although water is one of the key ingredients in synthesis of 

GPs, only a few studies have briefly discussed the effect of water on geopolymerization 

process, and structure and properties of GPs [63, 64]. Water not only provides the 

medium for the dissolution of aluminosilicate precursors and speciation, but also aids the 

transfer of various ions and polycondensation of Al and Si monomeric and oligomeric 

species [3, 64-66]. It is well established that dissolution of aluminosilicate precursors 

into Al and Si monomeric and oligomeric species is initiated in the early stages of 

geopolymerization by addition of alkaline aqueous solutions with pH above 13[6]. 

During the dissolution, water is consumed to form monomeric, mostly Si(OH)4 and 

Al(OH)4
+
, and various oligomeric species. However, water is also released as these 

monomeric and oligomeric species polycondensate during polymerization and gelation 

of the solution [1, 67].  After completed geopolymerization, water remains entrapped in 

3. THE EFFECTS OF H2O/(SiO2 + Al2O3) AND  SiO2/Al2O3 MOLAR  

RATIOS  ON THE STRUCTURE, DENSITY, AND OPEN POROSITY  

IN K- AND Na-BASED GEOPOLYMERS 



 36 

the pores or bonded to the developed 3-D GP network and/or possibly in silanol and 

aluminol groups within the structure[45].  

Zuhua et al.[64] showed that high liquid/solid ratio in the initial solutions 

accelerate dissolution and hydrolysis while hindering the polycondensation processes. 

They have also suggested that non-evaporable water has important role in stabilizing the 

strength of geopolymers. In another study, Okada et al.[63] indicated that higher 

H2O/Al2O3 ratios resulted in larger pores and greater pore volume with good water 

absorption properties but low mechanical strength, while lower H2O/Al2O3 resulted in a 

denser product with smaller pores and pore volume having better water retention and 

mechanical strength. Several other recently published studies also suggested that amount 

of water, i.e. liquid/solid ratio in initial solutions, might have stronger effect on the 

microstructure as well as the strength of the resulting GPs than their chemical 

composition [4, 68]. It is important to note that water is sometimes added to improve GP 

paste workability with little consideration as to the effects the excess water has on the 

structure and properties in the resulting product. [34, 69-71]  

Perera et al.[12] showed in their study that cured geopolymers contain remnants 

of water in three different forms. Firstly, “free” water exists in  ured GPs as a thin 

nanoscale surface layer and water located in intergranular sites. Secondly, there is 

interstitial water that may be associated with activating cation. And finally, OH groups 

can still remain in the cured GPs. Perera et al.
 
[12]

 
reports that around 60% of the initial 

water is free water and is lost when heating the material to 150 °C. At 300 °C, the 

interstitial water is almost completely lost while OH groups were nominally still present 
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in the GPs. They also showed that almost all water is lost at about ~700 °C. Thermal 

gravimetric analysis of geopolymers reported by Davidovits [11], indicates similar 

findings referring to Perera’s “free” water as physi ally  onded water, interstitial water 

as chemically bonded water and further weight loss above 300 °C due to 

dehydroxylation of OH
- 
groups resulting in additional polycondensation into -Si-O-Si- 

linkages.   

The reviewed studies mentioned above suggest that water content in the initial 

solutions, as well as the amount and type of residual water, might have a crucial role in 

microstructural development of GPs during curing, and consequently their properties. 

However, most of the studies have related microstructure of GPs to the SiO2/Al2O3 ratios 

and/or types of alkali in the activating solution used for processing metakaolin-based 

GPs[4, 9, 34, 37, 38, 56]. In general, GPs with different SiO2/Al2O3 ratios were usually 

synthesized from metakaolin precursors using constant H2O/Al2O3 (mostly between 10-

13 and adding SiO2 or alkali-silicates to alter SiO2/Al2O3 ratio present in the 

aluminosilicate precursor). Thus, GPs samples with different SiO2/Al2O3 ratios were at 

the same time prepared with the different liquid/solid ratios, i.e. H2O/(SiO2+Al2O3), 

making it difficult to distinguish  effect of SiO2/Al2O3 ratio from that of water content on 

the structure of GPs. Even more, water content in initial solutions were also commonly 

altered to adjust their viscosity and workability during their mixing.      

In order to further demonstrate the role of water during and after synthesis, 

geopolymers samples with different SiO2/Al2O3 and H2O/(SiO2+Al2O3) molar ratios 

were prepared and structurally characterized in this study. The weight loss due to water 
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evaporation was studied over extended aging up to 21 days and during heating to 1000 

o
C. Observed differences in the water loss during aging and heating in, open porosity, 

density and microstructure of GPs were related to liquid/solid ratios in their synthesis, 

their composition, type of alkali (Na or K) and type of remaining water in the structure.  

 

3.2 Experimental Methods   

Metakaolin (MK), brand name MetaMax® (BASF catalysts LLC, NJ), with 

composition of 2.05SiO2·Al2O3 and 3.2 wt% of impurities (mostly TiO2) was used as a 

precursor for all GP samples in this study. Amorphous fumed silicon (IV)-oxide, SiO2, 

(Alfa Aesar, MA) was added to alkaline solution to vary the SiO2/Al2O3 ratio of the 

geopolymer samples. The activating alkali metals used in making silicate solutions were 

KOH (Mallinckrodt Chemicals, NJ) and NaOH (Mallinckrodt Chemicals, NJ) pellets. 

First, alkaline solutions were made by adding measured amounts of KOH or 

NaOH pellets to deionized water. Various amounts of SiO2 was added to KOH or NaOH 

solutions. The silicate solutions and mixed on magnetic stirrers for 24 hours in sealed 

beakers at room temperature. Metakaolin was added to the prepared alkali-silicate 

solutions and mixed in a vacuum for various times, from 1 to 30 minutes depending on 

composition, until a homogenous mixture was obtained.  The mixtures were poured into 

cylindrical plastic molds, 25.4 mm in diameter and 25.4 mm high. Roughly, half of all 

molds was sealed with plastic film. Next, all the molds were placed in closed plastic 

containers and cured at 60 ºC for 24 hours in the laboratory oven. Samples cured in 

sealed molds are further referred to as sealed samples, while those cured in open molds 
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are further referred to as unsealed samples. Table 3.1 shows the different molar ratios 

used to synthesize samples. The labeling protocol of the samples is as follows: M-

SiO2/Al2O3-X where M is the alkaline metal (K or Na), SiO2/Al2O3 is the SiO2/Al2O3 

molar ratio and X is the H2O/(SiO2+Al2O3) molar ratio. The samples had resulting molar 

ratios SiO2/Al2O3 = 2.5, 3 and 4 and H2O/(Al2O3+SiO2) = 2, 3 and 4. In addition, 

samples with H2O/(Al2O3+SiO2) ratios of  2.2, 2.75 and 3.14 were prepared, since they 

correspond to the H2O/Al2O3=11 a commonly used ratio in GP preparation with 

SiO2/Al2O3 = 2.5, 3 and 4, respectively. For all samples, M/Al (where M is K or Na) was 

kept constant and equal to 1, i.e. to the stoichiometric ratio required to keep negative 

charges of Al tetrahedral balanced.   

After curing, GP samples were aged at ambient conditions for 21 days. The 

weights of the samples were measured before curing (day 0), after curing (day 1) and 

every day during aging (day 2 – day 22). The wt%’s of residual water in GP samples 

were calculated from those measurements using following equation: 

 

    
        

       
     ..............................................................................................(3.1) 

 

where      ,   , and        are initial weight of the water in the sample, total weight 

change of the sample during curing and aging, and total weight of the sample at the 

moment of the measurement.  

The structure of the cured samples was characterized after curing for 21 days. X-

ray diffraction, XRD, analysis was carried out to determine an X-ray amorphous 
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structure commonly seen in geopolymers or eventual presence of crystalline phases.  

More details on XRD characterization was provided in Section 2.2 of this dissertation. In 

this work, crystalline peak identification in XRD spectra was carried out using the EVA 

program. The 
27

Al MAS NMR spectra was also collected and analyzed, while 

microstructure was studied using Scanning Electron Microscope, SEM. More details on 

27
Al MAS NMR and SEM can also be found in Section 2.2. 

Density and open porosity of samples aged for 21 days was determined using 

alcohol immersion technique according to the ASTM Standard C20-00[72]. After 

recording a sample’s dry weight, Wdry, the samples were submerged in 200 proof 

ethanol, while sealed in a desiccator under vacuum for 5 minutes. The submerged 

samples remained at room temperature for approximately 30 min until a no change in 

temperature was recorded. The ethanol density, pethanol, for each sample was determined 

using the standard density vs. temperature tables. The apparent mass of the sample was 

measured by recording the weight of a suspended wire, Wwire, submerged in the ethanol 

and then recording the weight with the sample on the wire, Wsusp. The sample was then 

removed from the ethanol. Excess ethanol was removed by patting the samples dry for 

60 seconds. The weight was  recorded again as Wwet. These measurements were used to 

determine the bulk density and % open porosity as follows: 

 

                    
        

                  
 …... .....................................................(3.2) 

                  
(     -    ) 100

     -             
 ………………......................................................(3.3) 
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Ta le 3.1  The molar  ompositions and la els are given  elow for geopolymers samples 

with wt% of remaining water after their  uring and aging for 21 day at am ient 

 onditions. 
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2.5 

2.0 7.0 K-2.5-2     6.68 7.08 

3.0 10.5 K-2.5-3 9.14 9.56 

3.144 11.0 K-2.5-3.14    6.18 8.53 

4.0 14.0 K-2.5-4 8.29 9.27 

3.0 

2.0 80 K-3-2        8.33 8.02 

2.75 11.0 K-3-2.75     7.24 7.16 

3.0 12.0 K-3-3 7.44 8.46 

4.0 16.0 K-3-4 8.41 8.50 

4.0 

2.0 10.0 K-4-2        8.44 8.36 

2.2 11.0 K-4-2.2 10.81 8.74 

3.0 15.0 K-4-3 9.18 8.45 

4.0 20.0 K-4-4 9.46 10.44 
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Table 3.1  Continued. 

 

 

 Thermal Gravimetric Analysis, TGA, and Thermal Mechanical Analysis, TMA, 

were carried out using TA Instruments (New Castle, DE) TGA Q500 V6.3 and TMA 

2940, respectively, to study the kinetics of water loss and dimensional changes of aged 

samples during heating up to 1000 
o
C. A heating rate of 20 ºC/min was used for both 

TMA and TGA measurements.   
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2.5 

2.0 7.0 Samples cannot be processed 

3.0 10.5 Na-2.5-3     17.15 14.29 

3.144 11.0 Na-2.5-3.14 15.61 15.91 

4.0 14.0 Na-2.5-4 15.30 16.26 

3.0 

2.0 8.0 Na-3-2      16.70 17.58 

2.75 11.0 Na-3-2.75   17.18 15.28 

3.0 12.0 Na-3-3 17.08 15.55 

4.0 16.0 Na-3-4 15.49 15.25 

4.0 

2.0 10.0 Na-4-2      18.93 20.17 

2.2 11.0 Na-4-2.2     19.83 18.38 

3.0 15.0 Na-4-3 18.03 19.71 

4.0 20.0 Na-4-4 18.76 18.40 



 43 

3.3 Results  

Selected, but typical,  XRD results for both K- and Na-activated geopolymers in 

Figure 3.1 show amorphous halos with the maximum at 2θmax ~ 22°  for MK precursor 

and at 2θmax =27-30°  for  ured geopolymers. The sharp peak at 2θ  ~27.43° that 

corresponds to nonreactive crystalline TiO2 impurity (PDF number: 00-034-0180) that 

was present in the MK pre ursor. The shift of amorphous halo from 2θmax = 22° in MK 

pro essor to 2θmax =27-30° in cured GP samples has been commonly reported in the 

literature and explained by structural changes caused in the structure of aluminosilicates 

during geopolymerization [6, 13, 43].  

29
Si MAS NMR is often carried out to identify the type of sialates in the GP 

structures, their coordination number and first neighbor types (Si and/or Al).  However, 

a key feature in confirming a geopolymer matrix is the presence of IV-coordinated Al. 

(Q4) Therefore, only selected but typical 
27

Al MAS NMR are shown here in Figure 3.2. 

Chemical shifts shown for MK precursor in Figure 3.2 indicate three different 

coordination of Al: Q4, at ~53 ppm, Q5 at 23.3 ppm and Q6 at 0 ppm. After curing and 

aging, only Q4 Al with chemical shifts at ~53 ppm is present in all GP samples, 

regardless of their composition and H2O/(Al2O3+SiO2) ratio, as it is illustrated in Figure 

3.2.   
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Figure 3.1  XRD of sele ted K- and Na- ased geopolymers after  uring  

and aging for 21 days. For  omparison, XRD of the virgin MK is also  

shown in the figure. 
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Figure 3.2  
27
Al MAS-NMR of virgin MK, and sele ted K- and Na- a tivated 

geopolymer samples after  uring and aging for 21 days. Dashed lines mark  

Q4, Q5, and Q6 -  oordinated Al referred to an external standard  

of [Al(H2O)6]
3+

. 
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subsequent aging for 21 days are shown in Figure 3.3  for K-activated samples with 

SiO2/Al2O3=3, and  H2O/(Al2O3+SiO2) ratios of 2, 2.75, 3 and 4. The trend shown in this 

figure is typical for all examined sealed and unsealed K- and Na- activated geopolymers, 

showing that larger amount of water evaporates within the first 7 days of aging at 

ambient conditions.  

After aging for 7 days, the rate of water loss is significantly slower. Figure 3.3 

also shows that the initial water loss/evaporation during curing (after day 1) is larger in 

unsealed samples, than in sealed ones. Results of the water loss studies during curing 

and aging are summarized in Figures 3.4 (page 48) and 3.5 (page 49), and in Table 3.1. 

While Figures 3.4 and 3.5 show water wt% in GP samples before curing (day 0), after 

curing (day 1) and after aging for 22 days (day 22) as a function of  H2O/(Al2O3+SiO2) 

for sealed and unsealed K- and Na-activated GP samples, Table 3.1 only lists the 

remaining water wt% in all samples after aging for 21 days. 

Once again, Figures 3.4 and 3.5 show that water loss during curing is more 

intensive in unsealed samples, than in sealed ones. More importantly, results shown in 

Figures 3.4 - 3.5 and Table 3.1, suggests that wt% of water after curing and aging for 21 

days is independent of initial H2O/(Al2O3+SiO2) ratios and sealing conditions during 

curing. Approximately 6 to 10 wt% of all K-activated samples after aging for 21 days is 

residual water, while in all Na-activated samples that amount ranges between 

approximately 15 and 20 wt%. Also, results in Figures 3.3 and 3.4 suggests that amount 

of non-evaporable water after curing for 21 days at ambient conditions is slightly higher 

in samples with higher SiO2/Al2O3 ratios. 
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Figure 3.3  The wt% of water remaining in K-3-X samples with  

H2O/(SiO2/Al2O3) = 2- 4 during  uring in (a) sealed and ( )  

unsealed molds and aging for 21 days in air. 
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Figure 3.4  The change of wt% of water remaining in K-GPs with SiO2/Al2O3= 

2.5- 4 during curing in unsealed (labeled as U) and sealed (labeled as S) molds  

as a function of initial water content, i.e. H2O/(SiO2 + Al2O3) ratio. Day-0 denotes 

samples after mixing, day-1 after curing, and day-22 after aging for 22 days. 
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Figure 3.5  The change of wt% of water remaining in Na-GPs with SiO2/Al2O3= 

2.5- 4 during curing in unsealed (labeled as U) and sealed (labeled as S) molds as 

 a function of initial water content, i.e. H2O/(SiO2 + Al2O3) ratio. Day-0 denotes  

samples after mixing, day-1 after curing, and day-22 after aging for 21 days. 
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The density and open porosity determined using alcohol immersion method are 

plotted as a function of H2O/(SiO2 + Al2O3) ratios in Figures 3.6 and 3.7, respectively, 

for K- and Na-activated GPs with different SiO2/Al2O3 ratios. Apparent density, Figure 

3.6, of both K- and Na-activated GPs decreases with increasing H2O/(Al2O3+SiO2) 

molar ratios, and are independent of the SiO2/Al2O3 ratios. However, the apparent 

density of Na-activated GPs is slightly higher than that of K-activated ones, especially at 

lower H2O/(SiO2 + Al2O3) ratios. Not surprisingly, the percent of open porosity (Figure 

3.7) increases with increasing H2O/(SiO2 + Al2O3) ratios and also seems to be 

independent of  SiO2/Al2O3 molar ratios. At lower H2O/(SiO2 + Al2O3) ratios, K-

activated GPs show more open porosity than Na-activated ones. 

 

 

 

Figure 3.6  Density of (a) K- and (b) Na-GPs with SiO2/Al2O3 =2.5- 4 as 

 a function of initial water content, i.e. H2O/(SiO2 +Al2O3) after curing  

and aging for 21 days 
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Figure 3.7  % Open porosity of (a) K- and ( ) Na-GPs with SiO2/Al2O3 =2.5- 4  

as a fun tion of initial water  ontent, i.e. H2O/(SiO2 +Al2O3) after  uring and  

aging for 21 days. 
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but typical SEM images of K- and Na-activated GPs shown in Figures 3.8 and 3.9 
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measurements. Microstructure of the cured and aged GP looks less homogeneous and 

dense as the H2O/(SiO2 + Al2O3) ratios in GP samples increases, Figures 3.8 and 3.9.  
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Figure 3.8  SEM mi rographs of K-2.5-2, K-2.5-4, K-4-2 and K-4-4  

geopolymer samples  ured in sealed molds and aged for 21 days. 
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Figure 3.9  SEM mi rographs of Na-2.5-3, Na-2.5-4, Na-4-2 and Na-4-4 

 geopolymer samples  ured in sealed molds and aged for 21 days.  

 

 

TGA results during heating from room temperature to 1000 °C for selected K- 

and Na- activated GPs  with SiO2/Al2O3 =2.5- 4 and H2O/(SiO2 + Al2O3) = 2.2, 2.75 and 

3.14 are summarized in Figure 3.10. As seen in the weight loss (Figures 3.10a and 

3.10b) and especially in weight loss derivative (Figures 3.10c and 3.10d) vs. temperature 

plots, almost all weight loss due to water evaporation o  urs at temperatures ≤ 200 ° C, 

and no weight loss was detected above ~ 300 ° C. In addition, results in Figure 3.10 

indicate that weight loss is more significant in samples with higher SiO2/Al2O3 ratios, 

and in Na-activated GPs when compared to K-activated ones. 

Na-2.5-3                Na-2.5-4                

Na-4-2                Na-4-4              
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   a      b 

 

   c      d 

Figure 3.10  The weight loss as a fun tion of temperature for (a) K- and ( ) Na- ased 

geopolymers determined  y TGA. Figure ( ) and d) show derivative of weight loss with 

respe t to temperature for K- and Na-a tivated samples, respe tively. Water ratio for all 

samples  orrespond to H2O/Al2O3 =11. 

 

 

Figure 3.11 shows the percent dimensional changes with respect to temperature 

for selected aged K- and Na- activated GPs  with SiO2/Al2O3 =2.5- 4 and H2O/(SiO2 + 

Al2O3) = 2.2, 2.75 and 3.144. All the samples show no dimensional changes below 200 

°C, and expansion of less than 0.02 % expansion at ~250 °C. Above 250 °C, GP samples 

show additional contractions that are small, and do not exceed 0.16 % even after 

exposure at 1000 
o
C. The increase in dimensional changes of Na-activated samples at 
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temperatures above 800 
o
C is most likely because of their crystallization[19, 73] and 

cracking.  

 

 

 

Figure 3.11  TMA results for sele ted K- and Na- a tivated geopolymers with 

H2O/Al2O3 = 11, indi ating less than 0.16% dimensional  hanges.  

 

 

3.4 Discussion 

This investigation shows conclusively that:  (a) regardless of the amount of water 

and SiO2/Al2O3 ratios used to process samples, all K- and Na-activated samples have 

almost the same amount of residual water after aging for 21 days at ambient conditions.  

(b) the amount of water used in processing GPs is the most dominant factor affecting 

their density and open porosity after curing and extended aging, while SiO2/Al2O3 molar 

ratio does not play any significant role. 
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As shown in Figures 3.1 and 3.2, all samples prepared with H2O/(SiO2 + Al2O3)  

ratio ranging from 2 to 4, corresponding to H2O/Al2O3 = 7 - 20 (Table 3.1), and 

SiO2/Al2O3 = 2.5- 4 shows typical structural characteristics of geopolymers even after 

aging for 21 days at ambient conditions; they are all XRD amorphous, with all Al being 

IV-coordinated [43]. The importance of this finding, in conjunction with the effect of 

water content on the density and porosity of the GPs (Figure 3.6 and 3.7), cannot be 

overestimated since it indicates that water can be used as one of the processing 

parameter to synthesize stable geopolymers with different structural properties, and thus 

mechanical and thermal properties [4, 68, 74, 75]. Results of the water loss 

measurements during curing and aging at ambient conditions summarized in Figures 3.3-

3.6 and Table 3.1 clearly show that:  

 

(a) most of the water is lost/evaporated during initial 7 days of aging; and  

(b) regardless of the amount of water and SiO2/Al2O3  ratios used to process 

samples, ~6 to ~10 wt% of all K-activated and ~15 to ~20 wt% of all Na-

activated  GP samples is residual water after aging for 21 days.  

 

Most of the water that evaporates during aging is “free’ water, as referred to  y 

Perera et al.
31

 or physically bonded water, as referred to by Davidovits
32

, that exists in 

cured GPs as a thin nanoscale surface layer or water physically entrapped in 

intergranular sites. We have shown here, that most of the “free” water  an evaporate 

from GP samples during extended aging at ambient temperatures, and not only during 
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additional heating up to 150 
o
C, as it has been previously shown in the literature [11, 19, 

76].  

The residual water after extended aging, which amount does not depend on initial 

H2O/(SiO2 + Al2O3), is chemically bonded water, i.e. interstitial water most likely 

associated with activated cation [12]. Therefore, the lager amount of the water remains 

in the Na-activated samples when compared to K-activated one, since Na
+
 anion is 

smaller and more electropositive than K
+
 anion, thus keeping larger amount of 

chemically bonded water entrapped in GP skeletal pores. It is worth nothing here that 

additional aging of Na-activated samples for 145 days at ambient conditions (not shown) 

did not result in any significant water loss when compared to samples aged for 21 days. 

In addition, amount of residual water increases slightly with increasing SiO2/Al2O3, as  

seen in Figures 3.4, 3.5 and 3.10. This can be explained by higher water affinity of (-

SiO2-) group when compared to (-AlO2-) [77]. During heating of aged GP samples, all 

residual chemically bonded water is gone at 200 °C, as shown in Figure 3.10. This is in 

good agreement with previously published findings [11, 12].  However, unlike in the 

case of previously published TGA data, no weight loss above 300 
o
C associated with 

dehydroxylation of OH was detected in this study. This suggests that extended aging not 

only results in evaporation of “free” water,  ut also in more  omplete poly ondensation 

and formation of 3-D GP network without non-bridging hydroxyl groups remaining in 

the structure.    

The deference between the wt% of residual (chemically bonded) water after 

aging determined by weight loss (Figures 3.5 and 3.6) and TGA measurements (Figure 
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3.10) needs to be discussed in more detail. While  calculated residual water after aging 

for 21 days is 6-10 wt% for all K-activated and 15 -20 wt% of all Na-activated  GP 

samples, TGA results show water loss of 10-22 wt% for K- and 19-25 wt% for Na-

activated samples. The reason for this discrepancy is multifold. First, the wt% of the 

residual water during aging was calculated assuming that only water present in the 

structure was the water that is initially added to the mixture, as shown in Equation 3 1. 

However, due to incomplete dehydroxylation of MK during calcining, it usually contains 

remaining OH groups that release water during polycondensation into -Si-O-Si- or -Si-

O-Al- linkages. Second, KOH, NaOH and SiO2 are all hydrophobic, and thus actual 

initial water content in the prepared GPs could be slightly here than reported in Table 

3.1. Third, GPs can absorbs a large quantity of water [63], thus some of the moisture 

from air was most likely absorbed by samples after their aging, but before TGA testing.   

The result shown in this study with the most important practical implication is 

certainly that on the effect of the initial water content on the density and open porosity of 

GP samples. Figures 3.6 and 3.7 clearly show that density and open porosity of GPs is 

vastly affected by H2O/(SiO2 + Al2O3), not by Si2O/Al2O3 ratios. Although densities and 

porosities of the GPs may be affected by differences in geopolymerization mechanism 

due to different H2O/Al2O3 and Si2O/Al2O3 ratios, as suggested in the literature [4, 63, 

68, 76], results shown here indi ate that amount of “free” water, entrapped in 

intergranular space, have the dominant effect on density and porosity of GPs. Since the 

amount of the interstitial  hemi ally  onded water in the GP’s skeletal  avities is the 

same after extended aging and independent of the initial water content, addition of more 



 59 

water results in lager amount of “free” water that stays entrapped in intergranular spa e 

after geopolymerization and evaporates during extended aging, leaving larger amount of 

intergranular pores in the structure. SEM images in Figures 3.8 and 3.9 confirm this 

conclusion. While microstructure of the samples prepared with the smaller amount of 

water is homogenous and dense, the microstructures of the samples prepared with large 

amount of water consist of loosely packed GP precipitates with large intergranular pores. 

In addition, observed differences in density and porosity between K- and Na-activated 

GP samples, Figures 3.6 and 3.7, can be explained by different amounts of residual 

chemically bonded water present in those samples after aging for 21 days. For the 

reasons discussed above, Na-activated GP samples contain larger amount of residual 

chemically boded water that is entrapped in interstitial sites after aging, and thus those 

samples appear to have higher apparent densities and lower amount of open porosity 

when compared to K-activated GP samples.       

Last but not the least, the TMA results in Figure 3.11 suggests that the fully 

developed GP matrix during extended aging with most of the “free” water evaporated is 

not susceptible to thermal shrinkage, regardless of their chemical composition, initial 

water content and porosity.  These results are significantly different from shrinkage up to 

20 % that was reported for samples tested after only 20 hour of curing [11, 19, 78, 79]. 

Such a large dimensional changes associated with water release during heating 

previously reported in literature can lead to intensive cracking of GPs, that in turn  limits 

significantly their applications at elevated temperatures. However, results shown here 
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suggest that  y simply removing the “free” water during extended aging, this pro lem 

can be solved for GPs with different initial water contents.  
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4.1 Literature Review 

As discussed in more details in Section 2, it is believed that the governing factor 

controlling strength of GPs is SiO2/Al2O3 molar ratio, and to a lesser degree, the metal 

cation used for their processing [9, 32]. Many studies have shown that increasing 

SiO2/Al2O3 molar ratios to approximately 2 increases the compressive strength of GPs 

[4, 33, 68]. The reason for this observation is twofold. First, Si-O-Si bonds are stronger 

than Si-O-Al bonds and are believed to account for the increased strength with 

increasing Si content [4, 33]. Second, in most of those studies, as shown in Table 4.1, 

GPs with various SiO2/Al2O3 ratios were prepared using constant or only slightly 

different H2O/Al2O3 ratios. Therefore, a total liquid/solid ratio of initial solutions was 

lower for higher SiO2/Al2O3 ratios, resulting in the higher densities of GPs, and thus 

higher mechanical strengths [4, 33, 68]. On the other hand, decrease in compressive 

strengths observed in some studies for GPs with SiO2/Al2O3>2 is commonly attributed to 

the larger amount of unreacted material that was found in those samples, and possibly 

differen es in GP ’s mi rostru ture and pores size distri ution [4, 9, 33, 68]. 

Results from studies reporting on the compressive strengths of GPs summarized 

in Table 4.1 have yet another important implication - maximum compressive strengths  

 

4. EFFECT OF WATER CONTENT USED IN PROCESSING GEOPOLYMERS ON 

THEIR THERMAL CONDUCTIVITY AND COMPRESSIVE STRENGTH 
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Ta le 4.1  Summary of the pu lished  ompositions, pro essing parameters and 

maximum  ompressive strengths of metakaolin (MK)  ased GP. NS- not spe ified in the 

referen e.  
S

iO
2
/A

l 2
O

3
 r

at
io

 

A
lk

al
i 

ac
ti

v
at

o
r 

ra
ti

o
 

W
at

er
 R

at
io

  

M
K

 c
al

ci
n

at
io

n
  

te
m

p
er

at
u

re
 (
ᵒC

) 

C
u

ri
n

g
 t

em
p

er
at

u
re

 (
°C

) 
/ 

cu
ri

n
g

 t
im

e 
(h

r)
 /

A
g

in
g

 

(d
ay

s)
 

M
ax

im
u

m
  

co
m

p
re

ss
iv

e 

st
re

n
g

th
, 

(M
P

a)
 

R
ef

er
en

ce
 

1.08 - 3 Na/Al=0.5 - 2 H2O/SiO2=2.8 750 75 /24 / 7 62 ±3 [34] 

2.5 - 5 Na/Al=0.8 – 1.6 H2O/Na2O=13.6 750 40/ ≤72/ NS ~25 [32] 

4 Na/Al=1.1 H2O/Al2O3=11 NS 85/ 2/NS 74 [5] 

2.5 - 3.8 Na/Al=0.7 - 1.2 H2O/Al2O3=12-16 NS 85/2 / NS 48 [36] 

2.5 - 4.3 Na/Al=1 H2O/Na2O=11 NS 40/20/ 7 ~82 [9] 

2.5 - 4.3 K/Al=1 H2O/Na2O=11 NS 40/20/ 7 ~82 [9] 

2.3 - 4 Na/Al=1 H2O/Al2O3=11 NS 40/20/NS ~75 [4] 

2 Na/Al=1 H2O/Al2O3=9.4 750 60/24/10 70 [37] 

2.5-5 Na/Al=1 H2O/Al2O3=11-13 750 80/48/1 37 [68] 

2.5-5 K/Al=1 H2O/Al2O3=11-13 750 80/48/1 33 [68] 

 

 

of geopolymers published in different studies vary in the wide range from <25 to 82 

MPa. Even more, the compositions, i.e. SiO2/Al2O3 and Na(or K)/Al ratios, of GPs 

having maximum compressive strength in those studies were quite different. Taking 

this into account, as well as the fact that samples tested in different studies were 
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prepared using different MK sources, and curing and aging conditions (Table 4.1), 

suggest that the strength of geopolymer is more likely a complex function of several 

variables affecting their microstructure and cannot be related only to their chemical 

composition. The additional evidence for this can be also found in several studies[9, 

68] that show that strength of GPs develops over the extended curing and edging time.  

Although, GPs have been considered as good refractory materials [78, 80, 81] 

for thermal coatings and insulators [79, 82, 83], surprisingly, a small number of studies 

discuss their thermal conductivity. Low thermal conductivities have been reported for 

GP foams. These type of GPs are reported to have thermal conductivities of  0.03 

W/m·K [84],  ≥0.036 W/m·K [85] and  0.16 W/m·K) [86]. Duxson et. al. [87] reported 

on thermal conductivities measured within a temperature range from 40 º C  to 100 º C. 

under various relative humidifies (R.H.)  They report a thermal conductivity of ~0.80 

W/m·K (2.3 ≤SiO2/Al2O3 ≤4.3) for  oth K- and Na- ased GPs in “as  ured”  onditions 

at 100% R.H.  Samples tested at 45% R.H. have thermal conductivities of 0.38 W/m·K 

for both K- and Na-activated GPs with SiO2/Al2O3 =2.3, and 0.55 W/m·K for Na-

activated and 0.48 W/m·K K-activated GPs with SiO2/Al2O3 =4.3. Although the 

thermal conductivities decreased with decreasing R.H., an increase was noted with 

increasing SiO2/Al2O3 ratios. The decrease in thermal conductivity was attributed to 

reductions in specific heat from dehydration of the pores,  which correlate to residual 

water previously reported [88]. 

The conflicting results briefly reviewed above suggests  that  processing-

structure-properties relationship in GPs is still very elusive and more work is needed to 
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distinguish effect that different processing variable have on the microstructure and 

properties of GPs. In Section 3 [88] we have shown that amount of the residual water in 

GPs after ageing for 21 days in ambient conditions is independent of initial content of 

the water in activated solutions  for GPs prepared with  SiO2/Al2O3 = 2 – 4, H2O/(SiO2 

+ Al2O3) = 2.5 – 4 and Na(or K)/Al 1. However, amount of ex ess or “free” water that 

evaporates during aging was shown to have dramatic effect on density and porosity of 

GPs. In Section 2, we also conclusively showed[88] that water/solid ration, not 

SiO2/Al2O3 as previously reported in literature; plays dominant role in the density and 

open porosity. This finding, when put together in conjunction with results that indicate 

that density and porosity might have the most important effect on properties of GPs  [4, 

68], raises the question to what extent the water content in the initial activated solution 

affect mechanical and thermal properties of GPs. This is especially important because 

water is also often arbitrary added to activation solutions to enhance their workability 

[32, 34]. In this study a comprehensive characterization of aged and fully stabilized 

GPs with H2O/(SiO2 +Al2O3)=2-4, SiO2/Al2O3=2.5-4 and K(or Na)/Al=1 where carried 

out to gain further insight in the effects of water and chemical composition on the 

thermal conductivity  and compressive strength  of metakaolin based geopolymers. 

 

4.2 Experimental Methods 

Geopolymer for this study were synthesized using the procedure similar to that 

previously described in Section 3.2.. Metakaolin, K and Na activators, and different 

H2O/(SiO2 + Al2O3) and SiO2/Al2O3 ratios.  MetaMax ® (BASF catalysts LLC, NJ) 
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metakaolin with SiO2/Al2O3=2.05, was selected among several different metakaolins as 

a model aluminosilicate source or precursor because it contains relatively low amount of  

impurities in this metakaolin (~3.2 wt %). A potassium hydroxide (KOH Mallinckrodt 

Chemicals, NJ) and sodium hydroxide (NaOH Mallinckrodt Chemicals, NJ) palettes 

were used to prepare aqueous activating solutions. Amorphous fumed SiO2 (Alfa Aesar, 

MA) having surface area of 350-410 m
2
/g is used to prepare alkaline silicate solutions to 

alter SiO2/Al2O3 ratios in final products. 

Alkaline solutions were prepared by adding KOH or NaOH to deionized water. 

The ratio of K/Al and Na/Al was kept with a stoichiometric value of 1 to balance the 

negatively charged IV-coordinated [-AlO2-]
- 
in the cured GPs with the positively 

charged cations namely Na
+
 and K

+
. Various amounts of SiO2 was added to KOH or 

NaOH solutions then sealed and placed on magnetic stirrer for 24 hours. Metakaolin was 

added to the prepared alkaline silicate solutions and mixed in a vacuum mixer for 

various times depending on composition until a homogenous mixture is obtained. Table 

3.1 shows the different molar ratios used to synthesize samples. The labeling protocol of 

the samples is the same as in Section 3, i.e. as follows: M-SiO2/Al2O3-X where M is the 

alkaline metal (K or Na), SiO2/Al2O3 is the SiO2/Al2O3 molar ratio and X is the 

H2O/(SiO2+Al2O3) molar ratio. The samples had resulting molar ratios SiO2/Al2O3 = 2.5, 

3 and 4 and H2O/(Al2O3+SiO2) = 2, 3 and 4. In addition, samples with  

H2O/(Al2O3+SiO2) ratios of  2.2, 2.75 and 3.14 were prepared, since they correspond to 

the H2O/Al2O3=11 that is commonly used to prepare GPs with SiO2/Al2O3 = 2.5, 3 and 

4, respectively. It is worth noting here, that Na-activated samples with samples low 
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liquid to solid ratio, namely samples Na-2.5-2 and Na-3-2 could not be prepared in large 

quantity required for mechanical testing because very fast curing and  thickening 

prevented  good mixing and homogenization of those activating solutions.  

 The homogenous mixtures were then poured into cylindrical plastic molds 25.4 

mm in diameter and 25.4 mm high for compression testing and 38.1 mm in diameter and 

25.4 mm high for thermal conductivity measurements. The individual molds were sealed 

with a thin plastic foil, placed in the sealed container and in cured oven at 80 ºC for 24 

hours. Samples were additionally aged in the molds under sealed conditions for 7 days at 

ambient temperature. The samples were then removed from the molds and to base 

surfaces were made flat and parallel for thermal and mechanical testing using a send 

paper. Furthermore, the samples were dried for 3 additional days at ambient conditions 

before testing.   

Density and open porosity of samples were determined using alcohol immersion 

technique according to the ASTM Standard C20-00[72]. After recording dry weight of 

the samples, Wdry, samples were submerged in 200 proof ethanol with known density; 

ρethanol sealed in desiccator, and kept in vacuum for 5 minutes. The apparent mass of the 

sample was measured by recording the weight of a suspended wire, Wwire, submerged in 

the ethanol and then recording the weight with the sample on the wire, Wsusp. The sample 

was then removed from the ethanol. Excess ethanol was removed by patting the samples 

dry for 60 seconds. The weight was recorded again as Wwet. These measurements were 

used to determine the bulk density and % open porosity as follows: 
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Thermal Constant Analyzer (Hot Disk TPS 2500S, Thermal Test Inc.) was used 

to determine the thermal conductivity of geopolymers at near room temperature. 

Polished samples had dimensions 25.4 mm height and 38.1 mm in diameter. Two 

samples were vertically stacked with a kapton sensor placed in between the two stacked 

samples. The sensor is a double spiral nickel coil in a polyimide kapton coating. Each 

sample was tested 3 times and an average value calculated.  

The 810 Material Universal Testing Machine (MTS Corporation, MN), was used 

carry on compressive strength measurements. Minimum 12 samples of each composition 

where loaded until failure. The compressive strength in this study was calculated by 

dividing the loads at which the first cracking appears with cross section area of the 

sample. It is worth noting here that load at which was first cracking appeared was in 

many cases below maximum load on load-displacement curves recorded during 

compressive testing. Since GP are brittle solids with wide distribution of strength. 

Weibull statistic (probability of survival vs. strength) was used to analyze results and 

determine the characteristic compressive strength,   , and Weibull modulus, m .  The    

and m were determined from –lnln(1/S) vs. ln   plots, where S and    are probability of 

survival and compressive strength of n-th sample, respectively, using procedure 

described elsewhere [41]. 
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4.3 Results 

The results of XRD examination and 
27

Al MAS NMR (not shown here) of fully 

cured and aged GPs resulted in completely XRD amorphous structures with all Al being 

IV-coordinated. More detailed structural and microstructural analysis of GP samples 

prepared with H2O/(SiO2 +Al2O3)=2-4, SiO2/Al2O3=2.5-4 and K(or Na)/Al=1 can be 

found in Section 3 [88].   

The density and open porosity of examined GP samples determined using alcohol 

immersion method are plotted as a function of H2O/(SiO2 + Al2O3) summarized in 

Figure  4.1, respectively, for K- and Na-activated GPs with different SiO2/Al2O3 ratios. 

For both K- and Na-activated GPs, apparent density decreases and vol% of open 

porosity increases with increasing H2O/(Al2O3+SiO2) molar ratios, as previously shown 

in Section 3 [88]. In addition, observed differences in density and porosity between K- 

and Na-activated GP samples, Figure 4.1, has been previously explained by different 

amounts of residual chemically bonded water present in those samples after aging[88]. It 

has been shown that, Na-activated GP samples contain larger amount of residual 

chemically boded water that is entrapped in interstitial sites even after extended aging, 

and thus, those samples appear to have higher apparent densities and lower amount of 

open porosity when compared to K-activated GP samples [88].      
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Figure 4.1  Density and  open porosity as a funtion of H2O/(SiO2 +Al2O3)  

for K- and Na-activated geopolymers. 

 

 

Thermal conductivities of both K- and Na-activated GP samples determined by 

Thermal Constant Analyzer were plotted in Figure 4.2 as a function of H2O/(SiO2 + 

Al2O3). The results conclusively show that the thermal conductivity decreases from 

~0.35 W/m·K to ~0.17 W/m·K  for K-activated GPs, and from ~0.43 W/m·K to ~0.20 

W/m·K  for Na-activated ones, as H2O/(SiO2 + Al2O3) increases from 2-4. More 

importantly, results shown in Figure 4.2 suggest that thermal conductivity is independent 

on SiO2/Al2O3 ratio. Moreover, Figure 4.2 shows that Na-activated GPs have a slightly 

higher thermal conductivity than Na-activated ones. This differences in thermal 

conductivity is more significant at low H2O/(SiO2 + Al2O3)  molar ratios.    
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Figure 4.2  Thermal conductivities of K-(dashed line) and Na-(solid  

line) activated GPs versus H2O/(SiO2 + Al2O3) molar ratios for  

different SiO2/Al2O3 ratios. 

 

 

 

Selected but typical Weibull plots, i.e. –lnln(1/S) vs. ln    plots, are illustrated in 

Figure 4.3 for K-activated GPs with SiO2/Al2O3 = 4 and H2O/(SiO2 + Al2O3) = 2, 2.2, 3 

and 4. The results of mechanical testing in compression are summarized in Table 4.2. 

Table 1 lists average compressive strengths and standard deviations, as well as results of 

the Weibull statistical analysis (characteristic strength and Weibull modulus) for both K- 

and Na-activated geopolymers. Last column in Table 4.2 contains densities of 

corresponding samples as plotted in Figure 4.1 for easy comparison 
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Figure 4.3  Sele ted,  ut typi al Wei ull plots for K-a tivated GP samples 

 with SiO2/Al2O3   4 and H2O/(SiO2/Al2O3) = 2, 2.2, 3 and 4. 
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Ta le 4.2  Average strengths and results of the Wei ull statisti al analysis for  oth K- 

and Na-a tivated geopolymers. Last  olumn  ontains densities of  orresponding samples 

as plotted in Figure 4.1. 

 Sample 

Average ± Standard 

Deviation, (MPa) 

Wei ull  Wei ull  Density 

A tivator Strength (MPa) Modulus  (g/ m
3
) 

P
o
ta
ss
iu
m

 

K-2.5-2 45.26 ± 4.50 47.11 8.14 1.54 

K-2.5-3 23.15 ± 4.46 25.19 5.11 1.31 

K-2.5-3.14 21.94 ± 1.96 22.56 10.52 1.21 

K-2.5-4 10.28 ± 2.23 11.22 4.74 1.17 

K-3-2 57.76 ± 8.52 61.24 6.58 1.49 

K-3-2.75 36.36 ± 12.91 40.85 3.00 1.22 

K-3-3 24.14 ± 3.61 28.33 4.04 1.17 

K-3-4 15.91 ± 1.84 17.38 6.73 1.07 

K-4-2 89.26 ± 12.51 95.80 7.98 1.48 

K-4-2.2 64.94 ± 12.90 71.49 5.31 1.42 

k-4-3 20.96 ± 4.05 22.75 5.11 1.26 

K-4-4 9.26 ± 0.86 9.60 10.97 1.07 
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Table 4.2 continued. 

 Sample 

Average ± Standard 

Deviation, (MPa) 

Wei ull  Wei ull  Density 

A tivator Strength (MPa) Modulus  (g/ m
3
) 

S
o
d
iu
m

 

Na-2.5-2 - - - - 

Na-2.5-3 45.16 ± 3.16 46.66 14.80 1.38 

Na-2.5-3.144 40.19 ± 3.18 41.64 13.56 1.29 

Na-2.5-4 13.54 ± 1.97 14.38 7.55 1.17 

Na-3-2 - - - - 

Na-3-2.75 41.47 ± 4.68 43.38 7.84 1.36 

Na-3-3 37.68 ± 6.08 40.36 6.43 1.30 

Na-3-4 23.57 ± 2.75 23.57 10.96 1.07 

Na-4-2 74.64 ± 13.80 80.48 5.65 1.55 

Na-4-2.2 63.06 ± 7.88 66.08 8.63 1.47 

Na-4-3 29.16 ± 4.32 29.78 5.40 1.23 

Na-4-4 6.03 ± 1.01 6.55 6.11 1.07 

 

 

The characteristic Weibull strengths plotted as a function of H2O/(SiO2 + Al2O3) 

molar ratios in Figure 4.4 clearly show that  compressive strength decreases significantly 

with increasing H2O/(SiO2 + Al2O3) molar ratio for both K- and Na-activated samples.  

For H2O/(SiO2 + Al2O3)  above approximately 2.75,  SiO2/Al2O3  seems to have a little 

effect on compressive strength of both Na- and K-activated GPs. This conclusion is 

especially true if we take into account a very broad distribution of compressive strengths 

reported here with large standard deviation and relatively low Weibull moduli, Table 

4.1. For  H2O/(SiO2 + Al2O3)  ratio below approximately 2.75, SiO2/Al2O3  have 
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significant effect on the compressive strength of K-activated GPs, with strengths going 

up as SiO2/Al2O3  increases, Figure 4.4 . Unfortunately, the same occlusion cannot be 

made for Na-activated samples, since they could not be processed with lowest 

H2O/(SiO2 + Al2O3)  ratio for SiO2/Al2O3  of 2.5 and 3. When comparing strengths of 

Na- and K-activated GPs with SiO2/Al2O3=4 in Figure 4.4, it is clear that K-activated 

samples are stronger at all H2O/(SiO2 + Al2O3)  ratios. However, it cannot be derived for 

samples prepared with SiO2/Al2O3 ratios of 2.5 and 3, especially at higher H2O/(SiO2 + 

Al2O3)  ratios. 

 

 

 

Figure 4.4  Characteristic Weibull compressive strength of K- and Na-activated GPs 

with different SiO2/Al2O3 ratios as a function H2O/(SiO2/Al2O3) molar ratios. 
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4.4 Discussion 

The results presented in this section clearly show that amount of water used in 

processing GPs is:  (a) the most dominant factor affecting their thermal conductivity, and 

(b) is crucial, but not the only factor influencing compressive strengths of GPs. When 

these findings are put in conjunction with our results that demonstrate a strong effect of 

water content on density and open porosity of GPs shown in Figure 4.1, we can conclude 

that it is porosity of GPs that plays crucial role in thermal and mechanical behavior of 

GPs, rather than water ratio per se.       

Previously published results clearly showed that[88], regardless of the amount of 

water and SiO2/Al2O3  ratios used to pro ess samples, most of the “free” or ex ess water 

is lost/evaporated during initial 7 days of aging. Furthermore, only ~6 to ~10 wt% of all 

K-activated and ~15 to ~20 wt% of all Na-activated GP samples is residual or 

chemically bonded water after extended aging. Since the amount of the residual or 

 hemi ally  onded water in the GP’s skeletal  avities is the same after extended aging 

and is independent of the initial water content, the addition of more water during 

pro essing results in lager amount of “free” water. This additional water stays entrapped 

in intergranular space after geopolymerization and evaporates during extended aging, 

leaving larger amount of intergranular pores in the structure. 

As shown in Figure 4.2, for GPs prepared with H2O/(SiO2 + Al2O3)  ratio ranging 

from 2 to 4, corresponding to H2O/Al2O3 = 7 - 20 (Table 3.1), and SiO2/Al2O3 = 2.5- 4,  

thermal conductivity is almost exclusively determined by H2O/(SiO2 + Al2O3)  ratio in 

activated solutions, hence by porosity and density of the samples. This concussion is not 
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surprising, since GPs are highly porous structures, in which air entrapped in numerous 

pores and probably residual water effects thermal conductivity more than composition, 

i.e. the SiO2/Al2O3 ratio of 3-D structural network.  Additional indirect evidence that 

support this conclusion lays in the fact that Na-activated GPs have higher thermal 

conductivity than K-activated ones, especially at lower H2O/Al2O3 ratios. As it can be 

seen in Figure 4.1, Na-activated GPs have higher density than K-activated ones for the 

reason that is discussed in more details elsewhere[88]; therefore, they have at the same 

time higher thermal conductivities.  

Thermal conductivities reported here are in good agreement with previously 

published values by Duxson et. al[87] that range 0.38 W/m·K to 0.48 W/m·K for Na-

activated GPs  with SiO2/Al2O3 =2.3-4.3 prepared with constant  SiO2/Al2O3 ratio and 

tested at 45% R.H., but significantly lower than ~0.80 W/m·K measured for as cured 

samples at 100%  R.H. This also  onfirms that amount of the “free” water entrapped in 

the pores can affect significantly thermal conductivity of GP. Thus, to lower thermal 

conductivities, not only should GPs be processed with a high level of porosity, but also 

all “free” water should  e removed from pores during extended aging or drying. Not 

surprisingly, thermal conductivity values reported here are significantly higher than 

those reported for highly porous GP foams[84, 85], once again, demonstrating the 

important effect of porosity on the thermal conductivity of GPs. More importantly, 

results from this study replotted in Figure 4.5 for samples with constant H2O/Al2O3= 11 

illustrate, that when samples are prepared keeping constant H2O/Al2O3 ratios, but 
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varying only SiO2/Al2O3 ratio, misleading conclusion [87] can be drawn that thermal 

conductivity of GPs increases with increasing SiO2/Al2O3 ratio. 

 

 

 

Figure 4.5  Thermal  ondu tivity as a funtion of SiO2/Al2O3  molar ratio for  

K- and Na-a tivated GPs with H2O/Al2O3  11  orresponding to  

H2O/(SiO2 + Al2O3)   3.14,  2.75 and 2.2  molar ratios. 

 

 

As shown in Figure 4.4 and Table 4.2, relation between H2O/(SiO2 + Al2O3)  

ratio in activating solutions, and hence density and porosity of GPs and their 

compressive strength is not so simple as in the case of thermal conductivity, suggesting 

that other structural factors also play important role in mechanical behavior of GP. 
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Although strength decreases strongly with increasing H2O/(SiO2 + Al2O3) ratio and 

porosity of the samples as shown in Figure 4.4,  it have only a dominant effect on the 

compressive strengths at higher  H2O/(SiO2 + Al2O3) ratios and hence higher porosity of 

the samples, Figure 4.4. However, in the case of higher density samples prepared with 

lower H2O/(SiO2 + Al2O3) ratios, samples with higher SiO2/Al2O3 ratios have at the same 

time the higher compressive strengths. Importance of this observation cannot be 

overestimated, since it suggests that strength of the GP skeleton becomes more important 

factor determining their overall strength, as the density of GPs increases. Thus, at higher 

densities, samples with greater SiO2/Al2O3 ratios show higher compressive strengths 

because the higher GP strength samples contain a larger amount of Si-O-Si which are 

stronger than Si-O-Al bonds [4, 33]. 

Results present here however do not imply that strength of GPs is only the 

function of their porosity and SiO2/Al2O3 ratios. Previously published results suggested 

that the amount of unreacted MK in GPs have important effect on compressive strengths 

of GP, since it is usually very weakly bonded to the GP matrix and can serve as an origin 

of the failure when GPs are loaded [56, 68]. On the other hand, the amount of unreacted 

MK is usually higher in samples in which dissolution and good mixing of activated 

solutions is prevented by low H2O/(SiO2 + Al2O3) ratios, and high viscosity of activating 

solutions. Although more work is needed to fully understand why Na-activated GP have 

lower strength than K-activated ones with the same H2O/(SiO2 + Al2O3) ratios, as it is 

demonstrated in Figure 4.4. The possible reason may lay in the higher amount of 

unreacted MK present in Na-activate GPs. Na-activated solutions have very high 
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viscosity, especially at low  H2O/(SiO2 + Al2O3) ratios due to fast polycondensation[14]. 

This prevents a good mixing and homogenization of Na-activated solutions leading to 

the higher amount of unreached MK. Even more, Na-activated solutions with H2O/(SiO2 

+ Al2O3)=2 and SiO2 /Al2O3=2.5 and 3 could not be mixed in this study, as mentioned 

earlier because of the high viscosity of the activated solutions.  

 

 

 

Figure 4.6  Chara teristi  Wei ull  ompressive strength as a funtionof SiO2/Al2O3  

molar raitos for K- and Na- ased GPs with H2O/Al2O3= 11  orresponding to  

H2O/(SiO2 + Al2O3) molar ratios shown a ove ea h  olumn. 

 

 

It is worth noting that maximum compressive strength of 95 MPa reported here 

for K-activated GPs with H2O/(SiO2 + Al2O3)=2 and SiO2 /Al2O3=4 is the highest ever 
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reported for unreinforced pure GPs prepared using MK and pure K or Na activators, 

Table 4.2. Also, results given in Figure 4.4 and Table 4.2 clearly show that strength of 

GPs with the same SiO2/Al2O3 can vary from as low as 9 MPa to as high as 95 MPa, 

only by varying H2O/(SiO2 + Al2O3) ratio from 4 to 2. This finding can shed more light 

on high variation of compressive strengths reported earlier for GPs in different studies, 

Table 4.1, since the samples in different studies were prepared using deferent amounts of 

water in activated solutions. More importantly, results from this study reported in Figure 

4.6 for samples with constant H2O/Al2O3= 11 illustrate, that when samples are prepared 

keeping constant H2O/Al2O3 ratios, but varying only SiO2/Al2O3 ratio, the might lead to 

misleading conclusion[4, 68]  that SiO2/Al2O3 ratio is the most important factor 

controlling compressive strengths of GPs. 

The effect of aging or drying on the strength development in GPs needs to be 

discussed in more details here. Previously shown results in Section 2 results suggest that 

extended aging and drying of geopolymers at ambient conditions after their curing for 

usually 24 to 48 hours at elevated temperatures, not only results in evaporation of “free” 

water, but also in more complete polycondensation and formation of 3-D GP network 

without non-bridging hydroxyl groups remaining in the structure.  When compressive 

strengths of aged samples reported here are compared to the strengths of the samples that 

were only cured for 24 and 48 hours [68], but prepared using the same procedure and 

precursors as in this study, Figure 4.7, noticeable increase in compressive strength can 

be observed after aging for 10 days. This is especially true in samples with higher 

SiO2/Al2O3 ratios. The reason for this observation, thus, must lay in additional 
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polycondensation and development of stronger, more cross-linked GP skeleton during 

additional aging in ambient conditions.   

 

 

 

Figure 4.7:  Comparison of characteristic Weibull compressive strengths for 

 K- and Na-activated geopolymers with H2O/Al2O3= 11 (corresponding to  

H2O/(SiO2 +Al2O3) = 3.14, 2.75, and 2.2)  for SiO2/(Al2O3) = 2.5, 3  

and 4 after curing for 1 and 2 days [68, 74] 

 

 

Last but not the least, the practical implications, of the results presented here, has 

to be discussed. If GPs are to be used as thermal insulators, their thermal conductivity 

could be easily lowered simply by preparing activated solutions with higher H2O/(SiO2 + 

Al2O3) ratio. However, that price paid for decreasing thermal conductivity is a lower 

GPs compressive strength. An additional implication of the results presented here is that 
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common practice of adding water to activation solutions to enhance their workability 

and mixing [32, 34] can result in GPs with significantly lower thermal conductivities and 

mechanical strengths.  
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5.1  Literature Review 

Alkaline activated aluminosilicate inorganic polymers, commonly referred to as 

Geopolymers (GPs),  are usually processed from natural aluminosilicate sources (clays), 

and industrial waste (furnace slag and fly ash) in highly alkaline aqueous solutions at 

temperatures ranging from 20 °C to 120 °C [13, 89]. The purest aluminosilicate 

precursor for GPs is metakaolin and metakaolinite that is produced by dehydroxylation 

of kaolin or kaolinite at 750 °C for up to 6 hours. During alkaline activation of the 

precursors,  the OH
-
 ions acts as catalyst for simultaneous dissolution, hydrolysis and 

condensation of Si and Al species [6, 13, 14, 90] in aqueous solutions. The evolution of 

three major monomeric species during geopolymerization have been predicted using the 

Partial Charge Model (PCM):  [SiO2(OH)2]
2-

, [SiO(OH)3]
-
 and [Al(OH)4]

- [2, 3]
. The 

monomeric species begin to polycondensate in alkaline aqueous solutions 

simultaneously with dissolution and hydrolysis. This reaction mechanism and 

condensation process is presented in Figure 5.1.  

PCM studies also indicated  rapid consumption and condensation of  [Al(OH)4]
-  

species and showed that  the dissolution and  hydrolysis process cannot be separated 

from  the condensation process[3].  After completed polycondensation during curing of 

activated aluminosilicate solutions, the final product is solid geopolymeric material with 

the structure that consist of 3-D framework of interchanging tetrahedral monomers of 

5. PROCESSING OF GEOPOLYMERS BY COPOLYMERIZATION OF 

 SiO2 AND Al(OH)3 IN K-ACTIVATED AQUEOUS SOLUTIONS 
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SiO4 and AlO4 coupled by a shared oxygen atom [6, 13, 73]. As mentioned in previous 

sections, the negatively charged 4-coordinate Al monomers in the GP framework are 

balanced by positively charged alkaline metal ions providing structural neutrality in the 

final product [13]. Generally, Na
+
, K

+
, Ca

2+
 are frequently used as the metal activators. 

However others may also be used [1, 91]. Figure 1.1 shows a simplified model of the 

geopolymerization  process described in literature and adapted here [13, 14]. 

 

 

. 

(a) 

 

(b) 

Figure 5.1:  Rea tion me hanism[1, 91]: (a) Dissolution and hydrolysis  

of Si and Al spe ies and ( ) Condensation polymerization 

 

 

 Geopolymers, made from kaolin clays, steel slag and fly-ash, are filled with 

impurities from precursor materials. The presence of the reactive or non-reactive 

impurities affects polymerization process, and thus hinders a clear understanding of the 

reaction mechanisms. More importantly, impurities commonly present in natural or 

industrial waste precursors affect structure and properties of the final geopolymer 



 85 

products. Therefore, new versatile processing methods from chemically pure precursors 

are required to process geopolymers free of different impurities. Several attempts of 

processing GPs using pure source materials have been previously reported.  Starting 

materials for  synthesis of pure polymeric aluminosilicate included alumina powders and 

crystalline silica [92], aluminum nitrate in polyvinyl alcohol  and colloidal silica [93], 

aluminum nitrate and tetraethoxysilane [94], and aluminum nitrate solution and 

potassium metasiicate [52].  Although these novel methods produced successfully 

geopolymeric materials, they usually required lengthy and complex preparation. In some 

cases, removal of precipitated byproducts such as metal nitrates was required to process 

pure GPs [52]. In other cases, high temperature treatments (800-1500 
o
C) had to be used 

[92, 93], thus retreating from low temperature processing as one of the most attractive 

features of tradition geopolymers.    

Al(OH)3  is good candidate precursor, together with SiO2 [95]  because of its 

good solubility in alkaline solutions at low temperature [96]. Under highly alkaline 

conditions, Al(OH)3 (pH > 8) [96] readily provides the desired Al(OH)4
-
 monomeric 

species needed to synthesize a geopolymer product according to the following reaction:  

 

Al(OH)3 + OH
-
 ↔ Al(OH)4

-
.........................................................................................(5.1) 

 

 In a previous study [97], partial geopolymer synthesis was reported using 

different Al(OH)3 sources and SiO2  as a precursor material. The samples in that study 

were synthesized by dry-mixing the solid silica and aluminum sources, and their 
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subsequent dissolution and polycondensation in alkaline aqueous solutions. The most 

complete geopolymerization reactions were reported [97] for Si/Al ratios above  ~1.4 

and more reactive aluminas such as gibbsite and  ρ-alumina with small particle size. 

As mentioned above, the key mechanisms in geopolymer synthesis are the 

simultaneous dissolution, hydrolysis and condensation polymerization processes of 

precursor material. In this study, pure XRD amorphous SiO2 and Al(OH)3 have been 

selected as the precursor material. To further understand polymerization mechanisms of 

Al(OH)3 and SiO2 in alkaline solutions, three processing methods that result in 

copolymerization of Al and Si species have been investigated. An important aspect in 

achieving a geopolymer product is determined by the amount of available tetrahedrally 

coordinated Al species consumed by the Si species. A series of samples were prepared 

using KOH activation for two curing environments and various curing times. Material 

characterization was carried out using X-ray Diffraction (XRD) and Nuclear Magnetic 

Resonance (NMR). 

 

5.2 Experimental Methods 

Amorphous silicon(IV)oxide and Al(OH)3
 
(Alfa Aesar, Ward Hill, MA) were 

used  as a precursor material in this study, while activating alkaline aqueous solutions 

were prepared using KOH (Mallinckrodt Chemicals, NJ) and deionized water. Three 

mixing methods were carried to prepare samples.   

In method A, potassium silicate solutions were prepared by dissolving first KOH, 

than SiO2 in deionized water at a temperature of 50 °C. The dry Al(OH)3 powder was 
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then added slowly to prepared potassium silicate solutions yielding SiO2 /Al(OH)3 ratios 

of 1 and 2, and  liquid/solid, i.e. H2O/( SiO2 +Al(OH)3)  ratios of 7.5 and 10, 

respectively. Samples were mixed in a vacuum mixer, molded and kept sealed in the 

oven at 80°C until they cured and set satisfactorily (minimum 24 hours). For methods B 

and C, two alkaline solutions were prepared. In one solution, Al(OH)3 powder was 

dissolved in previously prepared KOH solutions in deionized water, to produce  

potassium aluminate solution. The second solution was prepared by dissolving SiO2 

powder in the KOH aqueous solution to produce potassium silicate solution.  In method 

B and C, the potassium aluminate solutions were mixed for 1 ½and 24 hours, 

respectively, on a magnetic stirrer at 50 °C. Potassium silicate solutions prepared at 

room temperature where then added to potassium aluminates solutions and mixed in a 

vacuum mixer. The samples were then cured at 80 °C in sealed molds until they set 

satisfactorily.  In addition, a set of samples mixed using method C were cured in 

unsealed mold at  room temperature in air conditions. The curing times varied from 24 to 

96 hours depending on the time required to produce a solid product.  Table 5.1 

summarizes chemical compositions and processing conditions used in this study.  

Sample used in this study are labeled as XY where X is mixing method, namely A, B or 

C, and Y is SiO2 /Al(OH)3 ratio. Samples having the additional label RT denote samples 

cured at room temperature.  In addition, to aluminosilicate activated solutions, pure 

potassium silicate and potassium aluminates activated solutions were also separately 

cured. Alkaline solutions of potassium aluminate and potassium silicates were prepared 
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as described above and poured into molds. The samples were then placed in the oven at 

80  
o
C and cured until a monolithic structure was obtained. 

 

 

Ta le 5.1  Chemi al  ompositions and molar ratios of prepared samples. All samples 

were prepared with KOH/Al(OH)3 1. AlQ4/AlQ6 ratio as determined  y 
27
Al NMR is 

given in the last  olumn.  RT denotes room temperature. 

Sample 

Name 

Mixing 

Method 

SiO2 

Al(OH)3 

H2O 

Al(OH)3 

Curing 

AlQ4/AlQ6 

Conditions T (  C ) t (hrs) 

A2 A 2 30 Sealed 80 24 0.970 

A1 A 1 13 Sealed 80 24 0.703 

B2 B 2 30 Sealed 80 58 0.403 

B1 B 1 13 Sealed 80 58 0.093   

C2 C 2 30 Sealed 80 24/72 0.200/0.372 

C1 C 1 13 Sealed 80 24/72 0.057/0.064 

C2-RT C 2 30 Air 25 24/72 0.043/ - 

C1-RT C 1 13 Air 25 48/96 0.028/ - 

 

 

The processed samples were characterized using X-ray diffraction (XRD) and 

Nuclear Magnetic Resonance (NMR) since geopolymers demonstrate the following 

distinct structural characterisics [43, 98]: 

(a) the material is X-ray amorphous with the halo at 2θ 27-30 ;  
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(b) the 
27

Al MAS NMR spectrum indicates tetrahedral aluminum co-ordination.  

 

XRD analysis was carried out using a Bruker-AXS D8 Advanced Bragg-

Brentano X-ray Powder Diffractometer (Madison, WI).  The samples were crushed into 

fine powder, and analyzed using a quartz ground disk (GM Associates, Inc., Oakland, 

CA) for XRD analysis. Scans were performed using a 0.0148 step size, 0.2 step time, 

and a 2θ range of 7-50.   Nuclear Magnetic Resonance (NMR)  was carried out on a WB 

Avance 400 Bruker spectrometer using a standard 4 mm NMR probe. Spinning rates 

were carried out between 3 and 5 KHz.  The 
27

Al chemical shift wre referred to an 

external standard and [Al(H2O)6]
3+

. The amount of geoplymerised material in the cured 

sampels was estimated from the AlQ4/AlQ6 ratio, where AlQ4 and AlQ6 are fractions of 

IV and VI coodrinated Al, respectively, as determined in  
27

Al MAS NMR spectrum. 

 

5.3 Results 

X-ray diffraction of precursor materials as well as potassium silicate and 

potassium aluminate are presented in Figure 5.2. Al(OH)3  exhibited featureless x-ray 

amorphous spectrum, while SiO2 shows typi al amorphous halo at 2θ = 17 °[43]. The 

potassium sili ate also exhi its an amorphous halo at 2θ = 24° that corresponds to halo 

commonly seen XRD of glasses[43]. The potassium aluminate has a few small XRD 

amorphous halos at 2θ~13    and 2θ~38    that most likely correspond to amorphous 

potassium aluminates, and large peaks that corresponds to two potassium aluminates, 

namely  ayerite (α-Al(OH)3 ) and pseudo-boehmite[99, 100] 
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Figure 5.2  XRD of pre ursor material and prepared monomeri  solutions 

 for a) SiO2 pre ursor,  )  Al(OH)3  pre ursor  )  ured potassium sili ate  

 and d)  ured potassium aluminate. 

 

 

XRD spectra of prepared samples using method A and B are presented in Figure 

5.3.  For samples prepared using method A, X-ray amorphous halos are seen at 2θ  

around  28    for molar ratios SiO2 /Al(OH)3 1 and 2 cured for 24 and 48 hours as 

typically seen in geopolymer.  Similar results are seen for method B samples, however; 

it is worth noting that these samples required a longer curing time of 58 hours. For both 

set of samples prepared using method A and B, smaller amorphous halos  an also 

o served at 2θ~13    and 2θ~38    in Figure 5.3, that are at the same position as halos 

present in potassium aluminate XRD spectra in Figure 5.2d.  
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Figure 5.3  XRD of samples prepared using method A  

and B with SiO2/Al(OH)3  1 and 2. 

 

 

XRD spe tra of the samples mixed using method C a  ured at 80   C and room 

temperature are presented in Figures 5.4 and 5.5, respectively.  Diffraction patterns for 

samples cured at 80   C  in Figure 5.4 show similar amorphous halos at 2θ~13    and 

2θ~38    as seen for the potassium aluminate sample in Figure 5.2, with a more dominant 

halos in samples with SiO2 /Al(OH)3=2.  Samples with SiO2 /Al(OH)3=1 display two 

larger amorphous halos  etween 2θ  of 20°  and 30°.  The halo at 2θ ~22° is similar to 

amorphous halos seen in unrea ted metakaolin or glasses. The se ondary halo at 2θ ~28    

is usually indicative of structural changes often associated with geopolymerization[43].  
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XRD of the samples mixed using method C and cured at room temperature for only 24 

or 48 hours, Figure 5.6, show only amorphous halos at 2θ~13    and 2θ~38   similar to 

those observed in potassium aluminate, Figure 5.2d, and two large amorphous halos 

 etween 2θ  of 20°  and 30°, similar to those in Figure 5.4. However, these samples 

show some crystalline features after extended curing of 72 and 96 hours for both SiO2 

/Al(OH)3 ratios, Figure 5.5. Crystalline peaks are identified either as Al(OH)3 

pre ipitates (gi  site),  ayerite or pseudo- oehmite, as in the potassium aluminate 

samples  ured for 4 days at 80   C shown Figure 5.3d.   

The 
27

Al NMR chemical shifts for the various samples are presented in the 

Figures 5.6-5.10. In Figure 5.6, chemical shift for pure Al(OH)3 powders is seen at 0 

ppm for 6-coordinated Al Q6, while asterisks over smaller shifts on both sides of the 

main chemical shift are side bands resulting from Al quadrupoles.  No presence of IV or 

V coordinated Al can be seen in Figure 5.6. Although Al Q5 can be hidden in the side 

band with chemical shifts at 35 ppm, it is unlikely that Al Q5 exists in Al(OH)3 

precursor. 
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Figure 5.4  XRD of samples prepared using method C with SiO2/Al(OH)3  

= 1 and 2 and  ured at 80   C. Curing times for ea h sample are indi ted  

a ove XRD spe tra. 
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Figure 5.5  XRD of samples prepared using method C with SiO2 /Al(OH)3 =1  

and 2 and  ured at room temperature. Curing times for ea h sample are  

a ove ea h  urve. 
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Figure 5.6  
27
Al MAS-NMR  hemi al shift of pure  

Al(OH)3,  asterisks represent quadrupole side  ands. 

 

 

Chemical shifts for the samples mixed using method A and cured for 24 hours 

are presented in Figure 5.7.  The sample with SiO2 /Al(OH)3=2 has a Q4/Q6 = 0.97 

indicating roughly a 50% of Al Q6 from the precursor was converted to Al Q4. In other 

words, ~ 50% of Al was incorporated in geopolymer and 50% in potassium alumino-

silicates compound.  The sample with SiO2 /Al(OH)3=1 has a Q4/Q6 = 0.70 with a lesser 

degree of   Al Q6 conversion to Al Q4, indicating conversion to ~ 42% geopolymer and 

58 % potassium alumino-silicates. 

 

Q6 

0  ppm 

 

*                * 
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Figure 5.7  
27
Al MAS-NMR of the samples prepared using method   

A with 50% of  Al Q4 for Si/Ai  4 and 30 % Al Q4  for Si/Al   2. 

 

 

The 
27

Al NMR chemical shifts for samples prepared by method B with SiO2 

/Al(OH)3 molar ratios of 1 and 2 are presented in Figure 5.8.  In method B, the 

potassium aluminate is mixed on a magnetic stirrer for only 1 ½ hours, and added to 

potassium silicate to make samples with SiO2 /Al(OH)3 ratios 1and 2. As shown in 

Figure 5.8, sample with SiO2 /Al(OH)3=2 has approximately a 28.7% conversion of Al 

Q6 to Al Q4, whereas SiO2 /Al(OH)3=1 sample has conversion of only 8.5 %.  The 

chemical shifts in samples synthesized using method C and cured at 80° C and room 

temperature is given in Figures 5.9 and 5.10, respectively. In method C, the potassium 

aluminate is mixed on a magnetic stirrer for 24 hours before adding to potassium silicate 

solutions. In the case curing at 80° C in sealed molds, Figure 5.9,  sample mixed using 

method C with SiO2 /Al(OH)3=2 contains about 27%  of Al Q4, while sample with SiO2 
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/Al(OH)3=2 contains only 6% Al Q4.  Samples cured in air, Figure 5.11, did not show 

any significant Al Q6 conversion to Al Q4. 

 

 

 

Figure 5.8  
27
Al MAS-NMR for the samples prepared using method B with  

28.7%  onversion of Al Q6 to Al Q4  for SiO2 /Al(OH)3  2 and 8.5%  

 onversion for SiO2 /Al(OH)3= 1. 
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Figure 5.9  
27
Al MAS-NMR  hemi al shifts for the samples prepared using  

method C, two  uring times (24 and 72 hours) and two Si/Al molar ratios. 

 SiO2 /Al(OH)3  2 has maximum 27%  onversion of Al Q6 to Al Q4,  

whereas SiO2 /Al(OH)3  1 has less than 6%  onversion. 

 

 

 

Figure 5.10  
27
Al NMR  hemi al shifts for samples prepared using  Method C  

 ured at room temperaure in air. Less than 4%  onversion of Al Q6 to Al Q4 is  

seen for  oth SiO2 /Al(OH)3   1 and 2. 
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5.4 Discussion 

Three different mixing methods have been utilized to synthesize geopolymer 

structures by copolymerization of Al and Si monomeric species obtained by dissolution 

of pure SiO2 and Al(OH)3 precursors in KOH aqueous solutions. The polycondensation 

process used in this study is illustrated in Figure 5.11. Unlike in the case of the 

geopolymerization using aluminosilicate precursors such as metakaolin, flay ash, furnace 

slag, etc. that is illustrated in Figure 1.1, in this study the simultaneous dissolution and 

condensation polymerization process of both Si and Al species were separated by: 

 

 

 

 

 

 

 

 

 

Figure 5.11  S hemati  presentation of  mixing pro edure and  
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1. Dissolution and hydrolysis of SiO2 and Al(OH)3 in alkaline medium separately to Al 

and Si monomeric species (mixing methods B and C). The polycondensation process 

is later initiated when prepared monomeric solutions are mixed together.  

2. Dissolution and hydrolysis of SiO2 in alkaline medium to Si monomeric species and 

subsequently adding Al(OH)3 (method A). In this case dissolution and 

polycondensation Al(OH)3 was simultaneous.  

XRD results in Figures 5.2-5.5 show that all samples, with exception of pure 

potassium silicate samples (Figure 5.2d) and those prepared by using mixing method C 

and cured for longer times at room temperature (Figure 5.5), are completely x-ray 

amorphous. The results of  
27

Al NMR shown in Figures 5.6-5.10 and summarized in 

Table 5.1, suggest that the amount of IV coordinated Al in the samples depends on SiO2 

/Al(OH)3   ratio and mixing methods used to prepare samples. Comparison of 
27

Al NMR 

results,  Figures 5.7-5.11 and Table 5.1,  for the samples prepared using the same mixing 

and curing procedure clearly indicate that samples with SiO2/Al(OH)3=2 always have 

larger amount of IV coordinated Al than those with  SiO2/Al(OH)3=1. This conclusion is 

in good agreement with results pu lished  y O’Connor and Ma Kenzie [97]  who 

demonstrated that the most complete geopolymerization reactions from  SiO2  and 

Al(OH)3 precursors occurs at Si/Al ratios above  ~1.4. As they explained in their study, 

the insufficient amount of Si species are available in the activated solutions with  Si/Al 

ratio below optimum 1.4  to react with all available Al spices during polycondensation 

and form inorganic aluminosilicate polymer with all species being in IV-fold 

coordination. This conclusion can be also be strengthened  by results published in 
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numerous studies [2, 101]  that clearly show that –Al-O-Al- linkages with tetrahedrally 

coordinated Al cannot form in aluminosilicate polymers (Loewenstein's rule) [102] . 

Thus, at lower Si amounts in activated solutions, it is less likely that all tetrahedrally 

coordinated Al will form bonds with Si neighbors during copolymerization. In addition, 

this also explains why large crystalline peaks are observed in the cured potassium 

aluminates, Figure 5.3d, when compared to all other aluminosilicate samples in this 

study. In the absences of Si species in activated solution, Al species tends to precipitate 

as crystalline phases during curing, with all Al in VI-fold coordination, as it is discussed 

in more detail below.  

Another possible reason for incomplete geopolymerization from pure SiO2 and 

Al(OH)3 precursors shown in this study, as well as in previously published papers[97] 

may be related to different reactivates of  the IV-, V-, and VI-coordinated Al that could 

be present in aluminosilicate source materials. As shown in Figure 5.5, Al(OH)3 powders 

used in this study as precursor contained only VI-coordinated Al. It has been previously 

reported that in geopolymerization process using natural sources, V-coordinated 

aluminum ions have higher reactivity than IV-coordinated ones,  and definitely much 

higher reactivity than VI-coordinated ones [45].  As noted  efore  y O’Connor and 

MacKenzie [97]   in their study on geopolymerization of SiO2 and different Al(OH)3 

precursors, utilization of Al(OH)3 precursors with higher reactivity also resulted in 

higher yields of IV-coordinated Al in the cured samples.  

Although lower Si/Al ratios and use of low reactivity  Al(OH)3 precursor can, in 

general, explain incomplete formation of geopolymers observed in this study, they 
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cannot explained significant differences in the amount of IV-coordinated Al observed in 

the samples prepared using different mixing methods, Figures 5.5-5.10 and Table 5.1. 

The amount of geopolymer matrix is much higher in samples prepared using mixing 

method A, than methods B and C, since samples processed using method A results in 

XRD amorphous material with largest conversion of VI coordinated Al to IV 

coordinated one. These results clearly demonstrate the importance of simultaneous 

dissolution and polycondensation for processing pure geopolymers as illustrated in 

Figure 5.1, since in simultaneous dissolution and polycondensation the rates of those two 

processes for both Si and Al species are more or less balanced resulting in 

copolymerization of both species. However, as discussed above, the two processes were 

completely or partially separated, in this study, allowing dissolution and 

polycondensation of Si and Al species at different rates.  

It has been well established that SiO2 can dissolve and hydrolyze by itself in 

highly alkaline aqueous solutions, forming monomeric and different oligomeric species, 

that can further polymerize in the X-ray amorphous structures [103]. Also, numerous 

studies showed  that [96, 104-108] dissolution, hydrolysis, oligomerization, 

polymerization and eventfully precipitation of crystalline phases in Al(OH)3 alkaline 

solutions are complex processes that are strongly dependent on molar concretions, pH, 

time and temperature, among other factors. First, dissolution and hydroxyls of Al(OH)3 

in aqueous solutions  to  Al(OH)4
-
  monomeric species needed for geopolymerization is 

reversible process as it is shown in Reaction 5.1. Changes in concretions of Al(OH)3, 

OH
-
 , and Al(OH)4

-
  over time and with temperature can easily shift direction of this 
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reaction. Second, even more complex Al monomeric or oligomeric species can form 

[105]  in Al(OH)3 aqueous solutions at alkaline pH values, including Keggen-13[104] 

molecule that contains one IV-coordinated Al surrounded by twelve VI-coordinated Al 

with AlQ4/AlQ6 ratio of 0.076. Hence, it is not surprising that different amounts of IV-

coordinated Al where observed here in the samples processed using different mixing 

methods.  

When Al(OH)3 powder were added slowly with constant stirring to the prepared 

highly alkaline potassium silicate solutions, Al(OH)4
-  

formed and large amount of them 

were gradually consumed in copolymerization process by Si species to form geopolymer 

matrix. Thus, the highest amount of IV coordinated alumina was determined in the 

samples prepared using mixing method A. When two separate solutions of potassium 

silicate and potassium aluminate were prepared, as in mixing method B and C, and then 

mixed together, smaller amount of IV-coordinated Al species formed during 

copolymerization process. Even more, the amount of IV-coordinated Al decreases as the 

mixing time of potassium aluminate was longer (compare mixing method B an C).  This 

suggests that more complex Al species, possible even Kiggen 13, forms during extended 

aging of potassium aluminate solution, leaving smaller amount of Al(OH)4
-
  monomeric 

species with IV-coordinated Al to copolymerize with Si species when potassium silicate 

solutions were added.  On the other hand, possible reason for smaller amount of IV-

coordinated Al observed in samples prepared using methods B and C, could be the 

higher degree of polymerization of Si species in prepared potassium silicate solution, 

leaving smaller amount of highly active Si monomers and small oligomers to 
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copolymerize with Al species when they are added. The latter is less likely to have 

dominate effect on the smaller amount of IV-coordinated Al in the cured samples, since 

potassium silicate solutions were prepared in the same way using all three mixing 

methods, but mixing method A produced higher amount of IV-coordinated Al than 

mixing methods B and C. 

Although more work is needed to further optimize processing route and 

conditions to achieve complete copolymerization  of Al and Si species in SiO2 and 

Al(OH)3 alkaline solutions and thus process pure geopolymers, results shown here 

indicate that geopolymerization does occur in these solutions. The importance of the 

latter cannot be overestimated, because the processing routes discussed here allows to 

extend the range of inorganic polymers beyond the aluminosilicates , by using other 

metal hydroxides soluble in aqueous solutions to process inorganic polymers[95]. 
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This study first investigated the effects of Si/Al and alkaline activator (K or Na) 

on the microstructure and mechanical properties of metakaolin based geopolymers 

prepared with H2O/Al2O3=11 or 13 and cured for 24 and 48 hours. The results given in 

Section 2, clearly demonstrate that he density of GPs increased with increasing Si/Al 

ratios for both Na- and K-activated GPs, although density of Na-activated GPs was 

lower than that of K-activated ones for all Si/Al ratios. Increasing density of GPs with 

increasing Si/Al ratios was found to have significant effect on observed increase in 

Young’s modulus, Vickers hardness, fracture toughness and strengths only at lower 

Si/Al ratios (below Si/Al=1.5-2). At higher Si/Al ratios, all mechanical properties 

decrease regardless of increasing density of GPs. With addition of SiO2 to the activated 

solutions to increase overall Si/Al ratios, the activated solutions become more viscous 

because of the higher portion of solid in it, prohibiting good and uniform mixing.  This, 

results in more inhomogeneous microstructure when compared to the samples with 

lower Si/Al ratios, with numerous inclusions of unreacted MK, large pores and some 

microcracks that all results in lower mechanical properties.     

Results resented in Section 2 indicated that amount of water in the activated 

solutions, among other processing parameters, might have important role in structure and 

properties of GP. Therefore, more detailed study on the effects that initial water content, 

SiO2/Al2O3 ratio, and type of alkaline activator (Na or K) on the microstructure 

development and amount and type of residual water in geopolymers during extended 

6. CONCLUSIONS AND FUTURE WORK 
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aging and heating up to 1000 
o
C was carried out.  Results of this study (Section 3) 

clearly indicate that:  

 Regardless of the amount of H2O/(SiO2 + Al2O3)  and SiO2/Al2O3  used to 

process samples, all samples show XRD and NMR features typical for 

geopolymers. 

 Regardless of the amount of H2O/(SiO2 + Al2O3)  and SiO2/Al2O3  all K- and Na-

activated samples have almost the same amount of residual water after aging for 

21 days at ambient conditions.  

 Na-activated samples contain more chemically bonded interstitial water after 

aging for 21 days than K-activates GP samples. 

 Amount of water used in processing GPs is the most dominant factor affecting 

their density and open porosity after curing and extended aging, while 

SiO2/Al2O3 molar ratio does not play any significant role. 

 

In addition, the study on the effects of the initial water content, SiO2/Al2O3 ratio, 

and alkaline activator (Na or K) on the thermal and mechanical properties of 

geopolymers, Section 4, clearly indicate that:  

 Dominant factor controlling thermal conductivity of GPs is H2O/(SiO2 + Al2O3) 

ratio used to process activated solutions, and to a lesser degree, the type of 

activation ion (Na or K).  SiO2/Al2O3   was found to have no effect on thermal 

conductivity. 
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 Compressive strengths of GPs, although complex function of their composition, 

and curing and ageing conditions, are strongly affected by H2O/(SiO2 + Al2O3) 

ratio used in activated solutions, especially at higher H2O/(SiO2 + Al2O3) ratio. 

Evermore, at high and intermediate H2O/(SiO2 + Al2O3) ratios, it is the most 

important factor controlling the strength of GPs. At low H2O/(SiO2 + Al2O3) 

ratios, ).  SiO2/Al2O3  ratio has also important role. 

 Additional polycondensation during extended ageing and drying of GPs at 

ambient conditions after their curing at elevated temperatures, results in 

noticeable increase of compressive strength. 

 Thermal and mechanical properties of GPs can be easily altered simply by using 

different amounts of water in preparing activated solutions.  

 

Lastly in Section 5, partial geopolymerization has been achieved using pure SiO2 

and Al(OH)3 precursors as an  alternative to natural or industrial waste sources filled 

with impurities employed in traditional geopolymer synthesis. The samples were process 

using three different mixing methods and characterized by XRD and NMR to verify the 

distinct features of geopolymers in synthesized samples, i,e, their amorphous nature and 

presence of IV-coordinated Al. It was found that amount of IV-coordinated Al depends 

strongly on Si/Al ratios and methods used to prepare activated solutions. The latter 

clearly demonstrated the importance of simultaneous dissolution and polycondensation 

of both Al and Si species in processing pure geopolymers 
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A good deal of work was done casting and preparing geopolymers in this 

investigation. In some cases, the material was difficult to cast due to low workability. 

Future work on developing better casting methods may prevent some surface defects that 

were usually observed in processed geopolymers, such as entrapped air bubbles. There is 

a possibility that the samples will exhibit greater compressive strengths, if defects and 

better mixing can be obtained . Furthermore, geopolymers may be exploited in many 

applications. Investigations into other properties such as electrical conductivity have not 

been carried out extensively at this point. It may be possible to use electrically 

conductive particles to achieve an electrically conductive geopolymer. There is a great 

demand for multifunction materials. For example, it may be possible to use good 

adhesive properties of geopolymers to fabricate multifunctional composite materials. 

However, in order to achieve advanced applications, rigouts fundamental research is still 

required if we are to explore different avenues in geopolymer technology. 
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