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ABSTRACT 

 There were two objectives for this study.  The first was to determine the effects of the 

Si/Al ratio and calcium hydroxide on the chemical composition and nanostructure for metakaolin 

geopolymers.  The second was to determine how the composition and nanostructure correlate 

with mechanical properties of the geopolymer.  For this study, the geopolymers were made using 

metakaolin, calcium hydroxide, sodium hydroxide, sodium silicate and water.  The geopolymers 

contained two or three phases, depending on whether or not calcium hydroxide was used.  For 

geopolymers with no calcium hydroxide, the samples contained two phases: unreacted 

metakaolin and geopolymer gel.  To ensure geopolymer gel was forming and to monitor the 

amount of the geopolymer gel, hydrochloric (HCl) acid extractions were performed.  For 

geopolymers with calcium hydroxide, samples contained three phases: unreacted metakaolin, 

geopolymer gel and calcium silicate hydrate with aluminum substitution (CASH).  In 

conjunction with the HCl extraction, salicylic acid/methanol (SAM) extractions were performed 

to verify the presence and amounts for each phase.  X-ray diffraction (XRD) was used to identify 

crystalline phases as well as monitor the changes in the amorphous peak from metakaolin to 

geopolymer.  XRD analysis showed that the geopolymers with varying Si/Al ratios produced the 

same pattern.  The patterns with calcium hydroxide in the geopolymer produced an amorphous 

peak that was narrower and centered at a higher 2ẽ value than the geopolymers with no calcium 

hydroxide.  The patterns also confirmed the presence of calcium silicate hydrate in XRD 

patterns.  Both 
29

Si and 
27

Al magic angle spinning nuclear magnetic resonance (MAS-NMR) 

were used to quantitatively observe the individual silicon and aluminum structures in the 

different phases in the geopolymer.  From 
29

Si NMR analysis, the composition and amount of the 

different phases in the geopolymer could be determined.  Increasing the Si/Al ratio caused a 
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decrease in Si-O-Al bonds and an increase in Si-O-Si bonds in the geopolymer gels, which 

caused the compressive strength in the geopolymer to increase.  The 
29

Si NMR analysis showed 

that geopolymers with calcium hydroxide produced calcium silicate hydrate that had cross-

linking tetrahedra with alumina substitution in bridging tetrahedral sites.  The increasing amount 

of calcium hydroxide increased the amount of CASH and decreased the amount of the 

geopolymer gel.  Increasing calcium hydroxide caused the Si/Al ratio of the geopolymer gel to 

decrease.  The combination of geopolymer gel and CASH increased the strength of the 

geopolymer gel.   

 Keywords: metakaolin geopolymers, hydrochloric acid extraction, salicylic 

acid/methanol extraction, NMR, XRD 
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1. INTRODUCTION  

 Geopolymers are rapidly emerging as an alternative to Portland cement as the binder of 

structural concrete.  Geopolymers produce relatively low CO2 emissions, which contrasts with 

ordinary Portland cement (OPC) that produce significant amount of greenhouse gases.  The 

primary sources of the raw materials for production of geopolymers are often waste materials 

from various industries.  Other applications for geopolymers include low-cost ceramics and fire 

protection of structures [1].   

 The biggest advantage of geopolymer may very likely be its greatest weakness as well.  

The raw materials used in synthesizing geopolymers are incredibly diverse and there are few 

restrictions on the purity, particle size, composition or morphology of material that can be used.  

Geopolymers can be produced from a wide variety of aluminosilicate materials like metakaolin, 

ground granulated blast furnace slag, and Class F fly ash.  Thermal treatment during geopolymer 

production has a small and a very low temperature range from ambient to 100
o
C [2].  The 

simplicity in making geopolymers from a variety of aluminosilicate sources including waste 

products constitutes a pragmatic approach but simultaneously presents a very difficult challenge 

when attempting to fundamentally characterize the precursor material.  

The main objective of this thesis is to determine chemical compositions and 

nanostructure of the silicon and aluminum species for both the precursor and geopolymer 

reaction products in metakaolin geopolymers when two critical parameters are varied: the Si/Al 

ratio and the calcium content.  Some precursors like Class C fly ash and some slag contain a 

substantial amount of calcium.  It is important to understand the role that calcium plays in the 

geopolymer.  Introduction of calcium can cause the system to undergo two separate and 

competing reactions.  One reaction forms a geopolymer gel, and the other reaction forms calcium 
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silicate hydrate that contains aluminum substitution (CASH).  Both the geopolymer gel and 

CASH contain silicon and aluminum.  The formation of two reaction products causes uncertainty 

in the reaction processes.  It is likely one reaction product is favored under certain conditions.  

This preference likely affects the reaction, formation and composition of the other reaction 

product.  To better understand the composition and the structure of the geopolymer, the 

following characterization techniques are used in this study: x-ray diffraction (XRD) and 
29

Si 

and 
27

Al solid state magic angle spinning nuclear magnetic resonance (MAS-NMR).  A 

secondary object is to determine how varying the Si/Al ratio and calcium content affects the 

engineering properties of the geopolymer.  Compression strength is measured.  Qualitative 

observations of geopolymer setting and stiffening are recorded as well.   

To understand the roles of the Si/Al ratio and the calcium content in metakaolin 

geopolymers this thesis is divided into the follow chapters.  Chapter 2 is a literature review that 

discusses the structure of geopolymers with varying calcium contents and Si/Al ratios as well as 

the different characterization techniques that can be used to understand the structure and 

composition of a material.  Chapter 2 also discusses how these characterization techniques can 

be applied to geopolymers.  Chapter 3 describes materials, synthesis, and curing procedures for 

geopolymers.  Chapter 3 explains the experimental set-up and testing for both characterization 

and engineering properties.  Hydrochloric acid and salicylic acid/methanol extraction techniques 

are also included in this chapter.  A computer program called MestReNova that performs 

quantitative analysis on NMR spectra is described in Chapter 3 as well.  Chapter 4 presents the 

results of the compression tests and analysis on XRD patterns and NMR spectra for the 

geopolymers.  In Chapter 5, results are discussed.  Conclusions are drawn in Chapter 6.   
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2. LITERATURE REVIEW  

2.1 GEOPOLYMER  

Geopolmyers are aluminosilicate network structure that form from a reaction between a 

precursor and an alkaline activated solution.  Waste materials (e.g. slag and/or fly ash) or 

calcined clays (metakaolin) are utilized as the primary precursors, which contain unreacted, 

amorphous silica and alumina.  The activator solution contains alkali, silica and water. 

The reaction that the precursor undergoes to become a geopolymer is significantly 

different than the hydration reactions the Portland cement undergoes to become a cement paste.  

The reaction process for geopolymers can be seen in Figure 2.1
 
[1].  These precursors are mixed 

with an activator solution that causes a reaction which produces a disordered alkali 

aluminosilicate gel.  The activator solution provides alkali ions and hydroxyl ions.  Once enough 

dissolution occurs, the aluminates and silicates undergo speciation equilibration, and the 

aluminosilicate network begins to form a gel.  The gel reorganizes and forms a highly 

polymerized gel structure and hardens.  It should be noted that gelation, reorganization and 

polymerization and hardening can occur simultaneously.  Once the reaction is complete the water 

goes into the pore structure of the gel
 
[1, 3]. 
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Figure 2.1 The reaction process that precursors undergo to become geopolymers [1] 

Portland cement binders are based mainly based on hydration reactions of calcium 

silicate phases that react with water to form calcium silicate hydrates.  Water is an integral 

component for geopolymers but is not an essential component of the gel structure.  For 

geopolymers, water is typically present to provide a medium for the aluminosilicate reaction to 

occur.  However, for cement based materials, water is a not only necessity for the hydration 

reaction process but also is a part of the hydration product structure.  Therefore, the chemistry of 

the Portland cement binder is intrinsically different in nature than that of geopolymers.  

Geopolymer molecular structure is more closely aligned with zeolites and aluminosilicate gels, 

while CSH is comparable to tobermorite and jennite.   
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 Geopolymers on the atomic scale are composed of Si
4+

 and Al
3+

 cations linked by sharing 

O
2-

 anions.  Both the silicon and aluminum are tetrahedrally coordinated structures.  The 

tetrahedral groups exhibit short-range ordering.  Short range ordering is typically constrained to 

nearest and next-nearest-neighbors of the atom under consideration.  Short range ordering can be 

very helpful in understanding such structural characteristics as atomic connectivity, bond 

lengths, angles and correlation distances between non-covalently linked neighboring atoms.  

Figure 2.2 displays a basic conceptual model of short range ordering for geopolymer [4].   

 

Figure 2.2 Model of a short range order of a sodium geopolymer [4] 

 Research in aluminosilicates minerals and zeolites produced a descriptive notation for the 

ñbackbone of alkali aluminosilicates systemsò
 
[5].  The notation developed was Q

n
(mAl), where 

0 Ò m Ò n Ò4, n is the coordination number of the silicon centers and m is the number of Al 

neighbors surrounding the silicon connected through bridging oxygen bonds.  Figure 2.3 

illustrates the various three-dimensional Q
4
(mAl) structures.  The Q

4
(mAl) notation is very 

useful for aluminosilicates.   
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Figure 2.3 Q
4
(mAl) structures [4] 

2.2 Characterization 

2.2.1 XRD 

Powder x-ray diffraction (XRD) is a characterization method that can provide insight 

about the crystalline phases of a sample.  XRD patterns reflect the long-range order of materials.  

For this reason, XRD can only provide limited information about amorphous phases, which 

typically lack long-range order.  XRD patterns typically show geopolymers as having a broad 

featureless amorphous peak centered around 27-29
o
 (2ⱥ) [6-9].  Regardless of starting raw 

material used to produce the geopolymer, it appears that they all display very similar XRD 

patterns as other aluminosilicate gels and zeolites [1, 9].  The primary reason for these 

similarities is due to the characteristic bonding distance of the silicon and aluminum oxides 

tetrahedra in the aluminosilicate precursor and the geopolymer gel [6].  The geopolymer reaction 

forms some crystalline zeolite phases [10-13].  The type and formation of zeolites depends on the 

synthesis parameters used to form the geopolymer.  These phases can be observed with XRD.   
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2.2.2 NMR 

While it is important to understand and probe the long-range order of geopolymers, 

especially for those that have crystalline material, it is also important to perform a careful and 

detailed analysis of the short-range structure, especially in x-ray amorphous systems.  Studying 

the structure on a smaller scale provides useful information on the bulk properties of the 

geopolymer.  Currently there are many characterization techniques being used to gather specific 

information on geopolymer structure these include high resolution transmission electron 

microscopy, extended x-ray adsorption fine structure, XRD, and Fourier transformation infrared 

[14].  However, the use of solid state nuclear magnetic resonance (NMR) has been shown to 

provide the most effective method for understanding both x-ray amorphous and crystalline 

materials, especially when determining the formation and structural ordering of amorphous 

aluminosilicate systems [5].  

For liquids, NMR relies on the rapid, random motion of molecules to average particular 

nuclear magnetic interactions to zero or discreet isotropic values, which results in narrow peaks 

in a spectrum.  However, for solid-state materials, obtaining meaningful NMR spectra becomes 

more difficult.  Solids produce a broad featureless resonance that covers individual peaks.  These 

peaks provided useful information on the structural environment.  Over time solid-state NMR 

has become more adept in addressing the line broadening issues with the development of magic-

angle spinning, high-power decoupling, multiple pulse sequences and multiple quantum 

experiments [5].  One technique utilized in this study was the magic angle spinning (MAS).  

Samples used for MAS-NMR are spun at the magic angle to increase spectral resolution and 

produce narrower lines in the spectrum, which allow for better analysis.  Solid-state NMR is 

currently making large strides, especially for those nuclei that have large quadrupolar 
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interactions including 
23

Na, 
27

Al, 
17

O and 
2
H, which are of particular interest for geopolymers.  

For geopolymers, 
29

Si, 
27

Al and 
17

O MAS NMR have become a necessity in understanding the 

framework for geopolymers, inorganic silicates, aluminosilicates, organosilicane compounds and 

silicon polymers. 

2.2.2.1 
27

AL MAS-NMR 

 Davidovits first applied NMR techniques to investigate geopolymers for metakaolin-

based systems in the 1980s [15].  He used 
27

Al MAS NMR to initially characterize and quantify 

the metakaolin used in the experiments.  He observed that the metakaolin contained four, five 

and six coordinated aluminum denoted as Al(IV), Al(V), and Al(VI).  The chemical shifts for 4, 

5 and 6 coordinated aluminum are located at 49 to 80, 35 to 40, and -5 to 15 ppm, respectively.  

After the geopolymerization process, Davidovits observed that the Al(V) and Al(VI) converted 

mostly into Al(IV), is a tetrahedral structure.  Figure 2.4 shows the conversion of the aluminum 

from the metakaolin to the geopolymer gel.  The small amount of Al(VI) that is observed in the 

geopolymers is a result of unreacted metakaolin [15].  It can be observed that the peaks for the 

metakaolin are very broad due to the disorder of the structure.  After the raw materials have 

undergone geopolymerization, the peaks become noticeably narrower and sharper indicating a 

higher degree of polymerization and structural order, similar to the peaks that are associated with 

tetrahedral aluminum in zeolites [15].   
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Figure 2.4 
27

Al MAS-NMR spectrum of a) metakaolin and b) metakaolin geopolymer [15] 

 

2.2.2.2 
29

SI MAS-NMR 

 Geopolymer research has utilized 
29

Si MAS-NMR to provide information about the 

silicon structure.  When Davidovits first collected spectra for geopolymers he observed a very 

broad resonant peak around -85 to -95ppm, depending on the Si/Al ratio [15]. It was speculated 

that within this broad peak all five possible silicon Q
4
(mAl) species were present.  In a 

29
Si NMR 

spectrum, the Q
4
(4Al), (3Al), (2Al), (1Al) and (0Al) species are located at -80 to -90, -85 to -94, 

-90 to -100, -96 to -108 and -102 to -118 ppm, respectively.  However, initially there was little 

understanding of the structure of the amorphous aluminosilicate materials in the geopolymer 

because of the inability to confidently distinguish between and resolve individual peaks in the 

spectra.  However, through progress in the characterization of amorphous glasses, it is now 

possible to successfully deconvolute the broad silicon spectra into individual Q
4
(mAl) peaks 

[16].  This method has been applied to geopolymers to understand the aluminosilicates 
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framework structure.  Deconvolution of the 
29

Si MAS-NMR spectra has provided great insight 

into the composition of the geopolymer gel and the parameters that affect the gel framework like 

precursors and reaction conditions.  It has become possible to better understand the distribution 

of individual Q
4
(mAl) peaks for metakaolin-based geopolymers.  Research has shown that the 

basic structural ordering of these geopolymers is due to energetic preferences for bonding 

between unlike atoms within an aluminosilicate framework, typically for Si-O-Al bonds [17].  

The type of alkali cation used in the geopolymer can affect the framework; sodium cations 

provide more order than potassium cations. 

 Figures 2.5a and c display 
29

Si MAS-NMR spectra for the raw materials, metakaolin and 

fly ash, respectively.  Figure 2.5b is a geopolymer made from metakaolin with a sodium silicate 

solution and Figure 2.5d is the fly ash geopolymer made with sodium hydroxide [15].  Both 

spectra have been deconvoluted as well. It is clear from the spectra that the raw materials have 

undergone a chemical and microstructural transformation.  The initial spectra of the raw 

materials display broad peaks and large range of the Si sites.  After these materials undergo a 

reaction process through alkali activation the spectra change.  This transformation is associated 

with formation of the alkaline aluminosilicate gel.  Based on research that has been published 

[18] on metakaolin and fly ash geopolymer, it is known that they display a broad resonance 

between -80 and -100 ppm due to silicon tetrahedra with varying bond angles and bonds with 

aluminum atoms, Q
4
(mAl). 



11 
 

 

Figure 2.5 
29

Si MAS-NMR of a) metakaolin, b) deconvoluted metakaolin geopolymer, c) fly ash 

and d) deconvoluted fly ash geopolymer [3] 

 When performing deconvolution on geopolymers, it also important to probe crystalline 

phases that may be present in the sample.  Crystalline phase are typically non-reactive.  The 

presence of these materials produces sharp peaks in the NMR spectrum.  These peaks associated 

with crystalline phases must be subtracted from or accounted for the overall spectrum when 

attempting to probe the distribution of silicon and aluminum atoms in the system associated with 

the gel phase through deconvolution [19].  Palomo et al. [19] showed that the spectra for fly ash 

geopolymers are similar to those of metakaolin geopolymers when the crystalline phases are 

removed from the fly ash, which indicates that the structure of silicon and aluminum in 

geopolymers are similar even with different precursors.  However, this article published by 

Palomo et al. has been criticized and questioned by others [10], specifically on the deconvolution 

process used.  There was an inadequate amount of explanation given for the fitting procedure 

used and little justification for the large number of peaks observed and variations in peak 

parameters.  It is important when performing deconvolution on a spectrum to know the 

appropriate parameters and peak locations based on reasonable expectation of components in the 

material [10].    
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2.3 EFFECTS OF VARYING THE SI/AL RATIO  

There have been many studies investigating the role of the Si/Al ratio, and how it relates 

to the mechanical properties of geopolymer.  There is a strong correlation between the Si/Al ratio 

and the strength of a geopolymer.  It has been shown that strength is related to composition and 

nanostructure of geopolymers.  Theoretically, there should be a direct correlation with 

mechanical strength and silica content because increasing the amount of silica increases the 

amount of Si-O-Si bonds, which are stronger than Si-O-Al and Al-O-Al bonds [10].  However, it 

was found for metakaolin geopolymers with a Si/Al ratio lower than 1.40 that the geopolymer 

had a very porous matrix, which led to low compressive strength results.  When the Si/Al ratio 

was increased over 1.65 the geopolymer had an increase in strength.  The increase was attributed 

to a homogenous microstructure in the geopolymer.  However, it was shown for metakaolin 

geopolymers the optimum strength was at an intermediate Si/Al ratio (Figure 2.5) [11].  It was 

found that the reduction in strength for high Si/Al ratio mixes was the result of unreacted 

material, which was soft and acted as a defect in the binder phase [20].  More research needs to 

be done on how varying the Si/Al ratio affects the geopolymer composition and nanostructure 

and how these correlate to mechanical properties.    
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Figure 2.6 Youngôs moduli (ƶ) and ultimate compressive strengths (ƴ) of 

geopolymers. Error bars indicate the average deviation from the mean over the six samples 

measured [20]. 

2.4 EFFECTS OF CALCIUM  

Past research has shown that the addition of calcium into metakaolin geopolymers has 

beneficial results for mechanical properties [3, 4, 12, 16, 21, 22].  However, the role calcium 

plays during the geopolymer reaction period has yet to be elucidated.  It has been observed that 

both geopolymer gel and calcium silicate hydrate form during the reaction process [4, 8, 12, 21].   

For metakaolin geopolymers, it appears that the alkali hydroxide concentration plays a 

vital role in determining if CSH forms in the geopolymer.  At low alkali hydroxide 

concentration, the reaction product favors the formation of CSH, while at higher concentration 

(above 10 M) the reaction favors the formation of the geopolymer gel.  This difference is due to 

the fact that the high hydroxyl concentration hinders the Ca
2+

 dissolution forcing the dissolved 

silicates and aluminum species to form geopolymer gel.  On the other hand, when the [OH
-
] 

concentration is low, the amount of Ca
2+

 dissolving increases and causes more CSH to form [8].    

Addition of calcium has been observed to accelerate the hardening process and increase 

the strength for fly ash based geopolymers [23].  The addition of calcium increases strength for 
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geopolymers cured at ambient conditions, while it reduces mechanical properties of geopolymer 

cured at elevated temperatures because the presence of calcium hinders the development of the 

three-dimensional network structure in the geopolymer gel [24].  However, other research 

indicates that the presence of both CSH and geopolymer gel in a geopolymer could have 

beneficial effects on strength because the CSH phase act like micro-aggregates for the 

geopolymer gel and forms a denser and more uniform binder [24].  More research needs to be 

conducted to understand the effects of composition and nanostructure on mechanical properties 

of both the geopolymer gel and the CSH phases in the geopolymer.   
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3. MATERIALS AND EXPERIMENTAL PROCEDURE  

 In this chapter, materials, mix designs, geopolymer synthesis and characterization 

methods are described in detail.  The experimental procedures for HCl and SAM extractions and 

compression tests were described.  The characterization methods for XRD, 
27

Al and 
29

Si NMR 

were described.   

3.1 MATERIALS   

 The primary geopolymer precursor was metakaolin, which was donated by BASF ï The 

Chemical Company headquartered in Ludwigshafen, Germany.  The specific product was called 

MetaMax® HRM.  All the information about metakaolin in this section was provided by BASF.  

The oxide composition for the metakaolin can be seen in Table 3.1. The size distribution for the 

metakaolin can be seen in Figure 3.1.   The particle size for the metakaolin ranged from 0.2 to 

10.0 µm.  BASF also provided SEM micrographs of the metakaolin (Figure 3.2), which revealed 

that the metakaolin was platy and had a high surface area.  The metakaolin appeared to be a 

hexagonal in shape for various sizes and be highly agglomerated.   
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Table 3.1 Chemical composition of the metakaolin provided by BASF 

Chemical 

Composition 

Percent 

(%) 

SiO2 53.0 

Al 2O3 43.8 

Na2O 0.23 

K2O 0.19 

TiO2 1.70 

Fe2O3 0.43 

CaO 0.02 

MgO 0.03 

P2O5 0.03 

SO3 0.03 

LOI 0.46 

 

 

 

Figure 3.1 Particle size distribution of the metakaolin provided by BASF 
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Figure 3.2 SEM micrograph of the metakaolin by BASF 

 For the activator solution, water, sodium hydroxide (NaOH), and sodium silicate 

(Na2SiO3) were used.  The reagent grade sodium hydroxide used was pellet and was obtained 

through Fisher Science Education.  The sodium silicate used was waterglass that was laboratory 

grade ,37% aqueous by mass and was composed of 29% SiO2, 9% Na2O and 62% H2O.  The 

sodium silicate was also obtained through Fischer Science Education.   

 Varying amounts of calcium hydroxide by weight of metakaolin were added to some 

samples.  The calcium hydroxide was obtained through Fischer Science Education. 

3.2 SAMPLE PREPARATION  

3.2.1 MIX DESIGN  

 All parameters for the mix design were held constant except for two: the Si/Al ratio and 

the amount of calcium hydroxide.  The parameters that were held constant were Na2O/SiO2 = 

0.25, Na2O/Al2O3 = 20, Na2O/Al2O3 = 0.75, water/solid = 0.55 and the [Na
+
] concentration = 

6.14 M.  These parameters had shown good mechanical properties according to past published 
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research [25].  Table 3.2 showed the amounts of each material used to make the geopolymers 

with varying Si/Al ratios.   

Table 3.2 Mix designs by weight for metakaolin geopolymers with varying Si/Al ratios 

Mix Design Precursor 

Si/Al Metakaolin (g) NaOH (g) Na2SiO3 (g) H2O (g) Ca(OH)2 (g) 

1.1 310 53 41 239 0 

1.2 307 51 95 227 0 

1.3 316 52 154 175 0 

1.4 377 48 200 202 0 

1.5 448 70 377 286 0 

 

 For geopolymers with varying amounts of calcium hydroxide, the Si/Al ratio was held 

constant at Si/Al = 1.5.  The calcium content was varied by weight of metakaolin.  Table 3.3 

showed the amount of each material used to make the geopolymer with varying amounts of 

calcium hydroxide. 

Table 3.3 Mix designs by weight for metakaolin geopolymers with varying calcium hydroxide 

content by weight of metakaolin 

Mix 

Design 

Precursor 

Metakaolin (g) NaOH (g) Na2SiO3 (g) H2O (g) Ca(OH)2 (g) 

0% CH 448 70 377 286 0 

5% CH 448 70 377 286 22 

10% CH 448 70 377 286 45 

15% CH 448 70 377 286 67 
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3.2.2 GEOPOLYMER SYNTHESIS 

 The activator solution was composed of NaOH, Na2SiO3 (waterglass) and water.  The 

water and Na2SiO3 were weighed after combination in a beaker.  The NaOH was weighed and 

placed into another beaker.  Then the NaOH pellets were poured into the beaker with water and 

Na2SiO3 solution.  The solution was stirred until the NaOH pellets had dissolved and the solution 

became clear.  During this process, a significant amount of heat can be released.  To ensure that 

the heat did not play a role in the geopolymer reaction, the solution was covered and sealed for at 

least 3 hours, which allowed the solution to cool back down to room temperature.  

 After the solution was prepared, the metakaolin and any CH were weighed.  A 3 kg 

Hobart paddle mixer was used to produce the geopolymer.  If both metakaolin and CH were used 

the two were mixed for 30 seconds at speed 1 to evenly distribute the two in the bowl.  Then the 

activator solution was added and mixed for 2.5 minutes at speed 1.  The mixer was stopped for 1 

minute and the sides and the paddle were scraped.  The mix was mixed at speed 2 for 2.5 

minutes.  The mix was poured in 2 layers into 2 x 2 x 2 inch plastic cube molds, vibrated for 30 

seconds with a FMC Syntron POWER PULSE vibrating table at speed 8, filled completely and 

vibrated for 30 seconds at speed 8 for all samples. 

3.2.3 CURING  

 After mixing and vibrating, the mix was placed into a concrete curing room, which was 

set at 25
o
C and 100% relative humidity, for 3 hours.  Then the mix was placed into an oven at 

60
o
C and ambient humidity and pressure conditions for 2 hours.  After 2 hours, the mix was 

taken out of the oven and placed back into the curing room.  After 24 hours in the curing room, 

specimens were demolded and placed back into the curing room.   
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3.2.4 COMPRESSION TESTING 

After 7 days of curing, compression tests were performed on the mix specimens in 

accordance with ASTM C109 Standard Test Method for Compressive Strength of Hydraulic 

Cement Mortars.  Reported strengths were the average of three specimens.  The average 

compressive strength and average standard deviation for all the samples were 8.65 and 8.72 

MPa. 

3.2.5 STOPPING REACTION AN D STORAGE 

 Samples from the compression tests were taken for XRD and NMR characterization.  The 

samples were crushed and grounded using a mortar and pestle and soaked in a 50% methanol and 

50% acetone solution remove all the free water in the system to stop the reaction process. When 

the samples dried, they were crushed, again with the mortar and pestle, and then sieved for 

particles finer than 75 µm.  The samples were collected and stored in a vacuum dessicator.  The 

desiccant used was Drierite that had more than 98% of CaSO4 and less than CoCl2.   

3.3 XRD 

 Powder x-ray diffraction analysis was performed on 7-day samples to characterize phase 

composition.  XRD analysis was performed with Siemens-Bruker D5000 that had a Cu KŬ 

source at a voltage of 40kV and a current of 30mA.  Samples were scanned from 10 to 70
o 
(2ẽ) 

at 0.02
o
 (2ẽ) step size with a scan speed of 1

o
/min.  Analysis of XRD patterns for crystalline 

phases was performed using a software package called JADE 6.0, which is commonly used to 

perform basic XRD analysis.  For positive crystalline phase identification, a minimum of three 

main peaks must be matched to a crystalline phase, which can be obtained from the literature of 

powder diffraction database.   
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3.4 NMR  

Solid state magic angle spinning nuclear magnetic resonance (MAS-NMR) was 

performed on geopolymer samples to understand the structure, composition and connectivity of 

the aluminum and silicon species in the geopolymer.  The 
27

Al and 
29

Si spectra had a magnetic 

field strength of 7.05 T using a Varian Unity Inova 300 spectrometer and 5-mm rotor.  All 

experiments were performed using direct polarization (DP) with no decoupling.  For the 
29

Si 

spectra, the samples were spun at 10 kHz; the signal frequency was 59.620 MHz; the relaxation 

time (d1) was 30 s; the pulse width (pwx) varied from 3.9 to 4.8 µs and the number of transients 

(nt) ranged from 1024 to 2080.  For the 
27

Al spectra, the samples were spun at 12 kHz; the signal 

frequency was 78.203 MHz; d1 was 0.500 s, pwx varied between 0.8 to 1.0 µs and nt ranged 

from 2048 to 4096.   

3.5 DECONVOLUTION OF NMR  

The software program MestReNova, which was produced by Mestrelab Research Chemistry 

Software Solutions, was used to deconvolute and quantify individual peaks in the NMR spectra.  

To start, a manual phase was performed on the spectrum.  Phasing converts the raw data 

collected by the NMR spectrometer into a reasonable and meaningful spectrum in order to obtain 

useful information about the molecular structure of a sample.  After phasing the spectrum, an 

automated baseline correction was applied.  The spectrum underwent some amount of 

apodization, which typically ranged from 100 to 150 Hz with only an exponential function.  

After these corrections and adjustments were made to the spectrum, the deconvolution process 

would begin.  The spectrum was deconvoluted by adjusting the following parameters: chemical 

shift, peak width (full width at half height), Lorentzian vs Gaussian (l/g) distribution, and height.  
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For the 
29

Si spectra, the l/g used was 0.00, indicating that the peaks were 100% Gaussian.  For 

27
Al  spectra, the l/g used was 0.30, which indicated that the spectra were somewhat Lorentzian.  

3.6 CHEMICAL EXTRACTIONS  

3.6.1 SALICYLIC ACID /METHANOL EXTRACTION  

 Salicylic acid/menthanol (SAM) extraction removes all calcium silicates, calcium silicate 

hydrates, calcium hydroxides and calcium oxides.  SAM extraction is a quantitative process.  For 

this process two papers were referenced, one by Struble and the other by Stutzman [26, 27].  

Procedures were similar except for the time of mixing; Struble used a significant shorter mixing 

time than Stutzman.  For this study, Stutzmanôs procedure was used, which called for 5 g of 

sample in 300 mL of SAM solution (20 g of salicylic acid in 300 mL of methanol) to be mixed 

for two hours.  The suspension was allowed to settle for 15 minutes then vacuum filtered using a 

0.45 µm filter and Buchner funnel.  The residue was washed with methanol, dried at 90°C for 24 

hours, then weighed and recorded.  

3.6.2 HYDROCHLORIC ACID  EXTRACTION    

Hydrochloric acid (HCl) extraction was used to dissolve geopolymers that were formed 

through alkaline activation.  The extraction process leaves only the unreacted precursors [12].  

HCl extraction is a quantitative procedure in which the extraction measures the amount of 

reacted and unreacted material in the sample.  When this method is performed in conjunction 

with SAM, it is possible to determine how much CSH, geopolymer and unreacted material are 

present in a sample.  The HCl extraction procedure used for this experiment was a modification 

of the HCl extraction method used by Fernandez-Jimenez et al. [28].  It should be noted that 

some of the procedure was not well stated and had to be interpreted.  The procedure stated that, 
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after curing, the geopolymer should be ñattackedò with a 1:20 HCl solution.  Fernandez-Jimenez 

et al. stated that they used a concentrated reagent HCl (37%) but do not specify how the ratio of 

1:20 was applied, whether by volume or mass.  In the present study, it was assumed that the 1:20 

should be by volume, thus 1 part concentrated acid was diluted with 20 parts water (e.g. for 

every 50 mL of HCl acid (37%) was mixed with 1000 mL of de-ionized water to form the 

solution).  For every 1g of sample, 250 mL of the HCl solution was added.  The mixture was 

stirred with a plastic magnetic stirrer for three hours, after which it was filtered with a Buchner 

filter and a 0.45 µm filter and washed with nanopure water.  The insoluble reside was dried at 

100
o
C for 24 hours, then weighed and recorded. 
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4. RESULTS 

 For geopolymer with no calcium hydroxide (CH), the geopolymer was expected to 

contain two phases: unreacted metakaolin and geopolymer gel.  For geopolymer with CH, the 

geopolymer was expected to contain three phases: unreacted metakaolin, geopolymer gel and 

calcium silicate hydrate (CSH).  All geopolymer underwent HCl extraction experiments to 

quantitatively determine the amount of unreacted metakaolin and reaction product(s).  

Geopolymers with CH also underwent SAM extraction experiments to quantitatively determine 

the amount of CSH.  All geopolymers had compression tests performed on them to determine 

how strength was affected with varying the Si/Al ratio or amount of CH.  Characterization 

techniques such as XRD, 
29

Si and 
27

Al MAS-NMR were performed on the geopolymer as well to 

better understand the composition and structure of the geopolymers.  The following results were 

obtained from these experiments.    

4.1 EXTRACTION RESULTS ( SAM AND HCL EXTRACTI ON) 

 HCl extraction was performed on metakaolin geopolymer with varying Si/Al ratios.  The 

HCl reaction dissolved all reaction products (geopolymer gels and CSH) and left only the 

precursor (metakaolin).  The metakaolin geopolymers with varying Si/Al ratios had no CH, and 

only formed geopolymer gels.  HCl extractions were performed on them to see if there was a 

correlation in the amount of geopolymer gels that formed during the reaction process with 

varying Si/Al ratios.  
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Table 4.1 Amount retained from HCl extraction with varying Si/Al ratios  

Si/Al Retained (%) 

1.1 39.48% 

1.2 9.34% 

1.3 31.94% 

1.4 35.17% 

1.5 12.98% 

 

 

Figure 4.1 Extraction residue (%) for metakaolin geopolymers with varying Si/Al mix design 

ratios 

As the Si/Al ratio increased, the amount of unreacted metakaolin (extraction residue) 

decreased as seen in Figure 4.1 and Table 4.1.  For the Si/Al ratios between 1.1 and 1.4, the 

decrease of unreacted metakaolin was slight, from 40% to about 32%, but for the Si/Al ratios 

between 1.4 and 1.5 there was a substantial drop in the amount of unreacted metakaolin, from 

35% to 13%.  The difference between the amounts of unreacted metakaolin for the mix with a 

Si/Al ratio of 1.4 to 1.5 was a 22% change. 

It should be noted that the extraction result for the metakaolin geopolymer with a Si/Al 

ratio of 1.2 appeared unreliable, and therefore not included as a data point for Figure 4.1.  It was 
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believed that there was such a small amount of unreacted metakaolin recorded because some of 

the unreacted metakaolin sample was lost during the extraction, possibly be due to a poor seal 

between the filter and the filter paper.  During the extraction, the extracted liquid was very 

murky and was not clear like the other extracted liquids.  This observation helped to support the 

theory that some of the unreacted metakaolin was lost during this process.  Thus, the extraction 

measurements for the metakaolin geopolymer with a Si/Al ratio of 1.2 cannot be trusted.  It was 

believed that the amount of unreacted metakaolin in the sample for this mix should be between 

39.5 and 31.9%, based on the HCl extraction results of the metakaolin geopolymer with Si/Al 

ratios of 1.1 and 1.3.   

For metakaolin geopolymer with CH, both SAM and HCl extractions were performed.  

The SAM extraction for metakaolin geopolymers with CH removed the CSH phases.  SAM 

extractions were used to monitor the amount of CSH that formed during the reaction.  HCl 

extraction was performed on samples that had and had not had SAM extractions performed on 

them.  For samples that had not had SAM extraction, the HCl extraction removed both CSH and 

geopolymer gel.  For samples that had SAM extraction, the HCl extractions removed the 

geopolymer gels.  HCl extractions were used to monitor the amount of reaction products that had 

formed, both CSH and geopolymer gel.  In addition, HCl extractions were used to monitor only 

the amount of geopolymer gels that had formed in samples where SAM extractions had been 

performed.   

Table 4.2 Amount retained from SAM extraction for metakaolin geopolymer with 15% CH 

Sample Retained (%) 

Metakaolin Geopolymer with 15% CH 58.6% 
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Table 4.3 Amount retained from HCl extraction for metakaolin geopolymer with 0% CH, 15% 

CH and with SAM extraction 

Sample Retained (%) 

Metakaolin Geopolymer with 0% CH 12.8% 

Metakaolin Geopolymer with 15% CH 9.2% 

SAM Metakaolin Geopolymer with 15% CH 4.5% 

 

The HCl extraction results showed that the metakaolin geopolymer with 0% CH retained 

more unreacted material in the sample compared to the metakaolin geopolymer with 15% CH.  

However, the difference between the two samples (metakaolin geopolymer with 0% and 15% 

CH) was relatively small, only 3.6%.  The difference indicated that the presence of calcium 

pulled slightly more metakaolin into the reaction. 

When 15% CH was added to the metakaolin geopolymer, CSH and geopolymer gel 

formed during the reaction.  CSH accounted for 41% of the sample.  The SAM extracted 

metakaolin geopolymer with 15% CH retained the least amount of sample after the HCl 

extraction, which indicated that the most of the sample (95.5%) was geopolymer gel.  After the 

SAM extracted metakaolin geopolymer with 15% CH was normalized, the results of the HCl 

extraction on the SAM extracted metakaolin geopolymer with 15% CH could be compared to the 

HCl results of the metakaolin geopolymer with 15% CH.  These results showed that only 2.6% 

of the sample was unreacted metakaolin for the SAM extracted metakaolin geopolymer with 

15% CH, while the HCl extraction on metakaolin geopolymer with 15% CH indicated that there 

was 9.2% of unreacted metakaolin in the sample.  The discrepancy between the two samples was 

6.5%.  Some of this discrepancy was attributed to transportation and experimental procedures.  
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However, the discrepancy between the two was too large to solely be attributed to experimental 

procedures, and currently the reason for the large discrepancy is unknown.   

The following were important results from HCl and SAM extractions:  

¶ HCl extraction showed that more metakaolin formed geopolymer gel as the Si/Al 

ratio increased.   

¶ SAM extraction showed that CSH formed in the metakaolin geopolymer with 

CH. 

¶ The presence of calcium dissolved more metakaolin into the reaction process. 

4.2 XRD 

 

Figure 4.2 XRD patterns for metakaolin and metakaolin geopolymer with varying Si/Al ratios   
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Figure 4.3 XRD patterns of metakaolin, metakaolin geopolymer with a Si/Al ratio of 1.50, and 

HCl extraction residue of metakaolin geopolymer with 0% CH 

 The XRD pattern for metakaolin had a broad peak centered at the 22.0Á (2ẽ) (Figure 4.2).  

The broadness indicated that the metakaolin was primarily amorphous.  The only crystalline 

phase that was observed was anatase (TiO2), whose main peak was located at 25.2Á (2ẽ).   

 The patterns for the metakaolin geopolymers with varying Si/Al ratios displayed very 

similar patterns (Figure 4.2).  The metakaolin geopolymer patterns had a broad peak centered at 

27.5Á (2ẽ). The shift in the amorphous peak showed good correlation with past research, 

indicating that the precursor underwent a reaction to become a geopolymer [4, 5, 10, 16, 17]. 

There was a shoulder at 22.0Á (2ẽ), which indicated some metakaolin did not undergo reaction.  

The anatase peak was also observed.   

 The XRD pattern of the metakaolin geopolymer with a Si/Al ratio of 1.5 after it had been 

treated with the HCl solution (Figure 4.3) became more broad and shifted back to be centered at 

a lower 2ẽ value, similar to metakaolin.  The maximum intensity of the peak was not as large as 

the original metakaolin pattern, but the extracted pattern displayed similar shape and position as 
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the metakaolin, supporting the expectation that the HCl extraction removed all reaction products 

and left only the metakaolin.  The peaks at 37.7°, 47.8°, 53.6° and 54.7° were attributed to 

anatase; although these peaks were present in the original metakaolin and metakaolin 

geopolymer patterns they became more noticeable after the extraction, presumably because the 

percent of anatase in the sample increased because a substantial proportion of the metakaolin had 

undergone reaction to form reaction products that was removed by the HCl extraction.   

 

Figure 4.4 XRD patterns of metakaolin, metakaolin geopolymer with 15% CH, and HCl 

metakaolin geopolymer with 15% CH 

 The XRD pattern of the metakaolin geopolymer with 15% CH had a broad peak centered 

at 29.5Á (2ẽ) (Figure 4.4). There was a slight shoulder at 22.1Á (2ẽ) again attributed to unreacted 

metakaolin.  The anatase peak was also retained in the metakaolin geopolymer with 15% CH.  

Peaks at 29.4° and 32.6° (2ẽ) may be attributed to calcite and/or CSH.  The presence of CSH 

was confirmed with another peak at 50.0Á (2ẽ).  The XRD pattern of the geopolymer after the 

HCl extraction had a broader peak that shifted back to be centered at a lower 2ẽ value similar to 

metakaolin.  The amorphous peak when compared to the metakaolin pattern indicated that most 
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of the metakaolin in the extracted sample had reacted to form CSH or geopolymer gel, and the 

anatase peaks increased in magnitude for the same reason.  The HCl extraction not only shifted 

the amorphous peak but also removed the CSH and/or calcite peaks.   

 

Figure 4.5 XRD patterns of metakaolin, SAM metakaolin geopolymer with 15% CH and HCl 

and SAM metakaolin geopolymer with 15% CH 

 The XRD pattern of the SAM extracted metakaolin geopolymer with 15% CH (Figure 

4.5) had a very broad peak centered at 26.0°. It was apparent that the pattern for the SAM 

extracted metakaolin geopolymer with 15% CH was not the same pattern as the metakaolin 

geopolymer with 15% CH.  The SAM extraction reduced the sharpness and broadened the 

pattern.  This change was due to the removal of CSH.  The crystalline peak at 50.0° was removed 

completely while the peaks at 29.4° and 32.6° were reduced.  The remaining peaks at 29.4° and 

32.6° for this pattern were attributed solely to the presence of calcite.  The SAM extracted 

metakaolin geopolymer with 15% CH pattern showed similarities to the metakaolin geopolymer 

with 0% CH.  These similarities were expected, since the SAM extraction removed all calcium 

silicates.  The only products were the geopolymer gel, metakaolin and some crystalline phases 
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like anatase and calcite.  Calcite was likely due to carbonation that the sample underwent 

possibly due to a poor vacuum seal or being exposed to the atmosphere during curing or 

transportation of the geopolymer.  Both, the XRD patterns for the SAM extracted metakaolin 

geopolymer with 15% CH and the metakaolin-geopolymer with 0% CH had broad peaks 

centered about 26.0Á (2ẽ).   

 The XRD pattern for the HCl and SAM metakaolin geopolymer with 15% CH displayed 

an amorphous peak that was reduced significantly.  The pattern was similar to that of the 

metakaolin.  The HCl extraction removed the calcite peaks.  The HCl extraction results, in Table 

4.3, also indicated that most of the metakaolin was used to form reaction products  

 The following were important results from XRD:  

¶ The amorphous peak in the metakaolin shifted to a higher 2ẽ value for all 

geopolymers. 

¶ The geopolymers patterns were the same for geopolymers with varying Si/Al 

ratios. 

¶ Geopolymers with CH had an amorphous peak centered higher than the 

geopolymers with no CH.  The peak was narrower, which indicated that the 

sample was more ordered.   

¶ CSH and calcite crystalline phases were observed in geopolymer with CH. 
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4.3 
29

SI MAS-NMR 

4.3.1 METAKAOLIN GEO POLYMER WITH VARYING  SI/AL RATIOS  

  

Figure 4.6 Peaks in 
29

Si NMR spectrum for metakaolin with deconvolution peaks 

Table 4.4 Peak properties in 
29

Si NMR spectrum of metakaolin 

 
Q

n
(mAl) ppm 

Width 

(ppm) 
Intensity 

Metakaolin Q
4
(2Al) -93.2 15.21 29.4% 

Q
4
(0Al) -106.6 15.82 70.6% 

 

 The 
29

Si MAS-NMR metakaolin spectrum consisted of two peaks, at -93.2 ppm and -

106.6 ppm (Figure 4.6).  The two peaks accounted for 99.9% of the range covered from -60.0 

ppm to -130.0 ppm.  These peak assignments (Table 4.4) showed good correlation with past 

research [6].  The relative intensity Q
4
(0Al)/Q

4
(2Al) was 2.41.  The Si/Al ratio was 1.07, which 

was determined using XRF analysis provided by the manufacturer.  With 
29

Si NMR analysis, the 

Si/Al ratio for a phase can be calculated if there are no Al-O-Al bonds.  The Si/Al ratios in the 

geopolymer gel and CASH phases presented later in this section were calculated from 
29

Si NMR 
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analysis.  However, the Si/Al ratio was not able to be calculated for the metakaolin because of 

Al -O-Al bonds that metakaolin has.   

 

Figure 4.7 Peaks in 
29

Si NMR spectrum for metakaolin geopolymer with a Si/Al ratio of 1.1 

 

 The 
29

Si MAS-NMR spectrum that was collected for the sample of the metakaolin 

geopolymer with a Si/Al ratio of 1.1 contained peaks that were assigned to both unreacted 

metakaolin (based on the peak assignments from the metakaolin spectrum) and geopolymer gel 

phases.  The different Q
n
(mAl) structures for metakaolin and geopolymers were identified and 

labeled (Figures 4.8 and 4.9). 
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Figure 4.8 Unreacted metakaolin peaks in 
29

Si NMR spectrum of metakaolin geopolymer with a 

Si/Al ratio of 1.1 

 

 Metakaolin accounted for 44% of the 
29

Si NMR spectrum in the sample based on the 

peak assignments (Table 4.5).  Knowing the metakaolin composition (2.05 SiO2·Al 2O3) and the 

amount of silicon that contributed to the total 
29

Si NMR spectrum, it was possible to determine 

the total amount of the metakaolin in this sample (see Appendix for calculation).  There was 

39.7% of unreacted metakaolin, which showed relatively good agreement with the HCl 

extraction results, 39.5% (Table 4.1).  The Q
4
(0Al)/Q

4
(2Al) ratio was 2.22, which showed good 

agreement with the metakaolin spectrum.  The relative intensity indicated that the Q
4
(0Al) and 

Q
4
(2Al) structures were being consumed at the same rate.  The 

29
Si NMR spectrum of the HCl 

extraction performed on this geopolymer sample also supported this conclusion, as discussed 

later.   

Q4(2Al) 

Q4(0Al) 



36 
 

   

Figure 4.9 Geopolymer gel peaks in 
29

Si NMR spectrum of metakaolin geopolymer with Si/Al 

ratio of 1.1  

Table 4.5 Peaks properties in 
29

Si NMR spectrum of metakaolin geopolymer with a Si/Al ratio of 

1.1 

 
Q

n
(mAl) ppm 

Width 

(ppm) 

Intensity 

(%) 

Metakaolin 
Q

4
(2Al) -94.7 12.81 13.6 

Q
4
(0Al) -105.5 15.23 30.1 

Geopolymer 

Gel 

Q
4
(4Al) -73.8 3.12 0.6 

Q
4
(4Al) -85.3 9.59 42.2 

Q
4
(3Al) -91.4 6.29 3.0 

Q
4
(2Al) -95.3 6.52 3.3 

Q
4
(1Al) -101.8 8.17 3.4 

Q
4
(0Al) -110.1 7.93 3.5 

Q
4
(0Al) -116 4.29 0.4 

 

Table 4.6 Chemical composition and amount of individual phases in the metakaolin geopolymer 

with a Si/Al ratio of 1.1 

Phases Composition 
Amount of 

Phase in Sample 

Metakaolin 2.05SiO2· Al2O3 39.7% 

Geopolymer NaSi1.18AlO4.36 · 5.5H2O 60.3% 

Q4(0Al) 
Q4(0Al) Q4(1Al) Q4(2Al) 

Q4(3Al) 

Q4(4Al) 

Q4(4Al) 
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All five Q
4
(mAl) peaks were observed in the spectrum (Figure 4.9).  These peak 

assignments for the geopolymer gel were based on past literature [18, 29].  The Q
4
(4Al) peak 

was the most abundant for the geopolymer gel and the entire sample.  It accounted for 56.2% of 

the entire 
29

Si spectrum for the geopolymer gel.  The primary Q
4
(4Al) peak also had the largest 

peak width, which indicated that this peak had more disorder than the other Q
4
 peaks.  The 

Q
4
(3Al), (2Al), (1Al) and (0Al) peaks each contributed about 3% to the total 

29
Si spectrum but 

accounted for 6% of the geopolymer gel phase.  

The Si/Al ratio for the geopolymer gel was 1.18. The Si/Al ratio was calculated for the 

geopolymer gel using the following equation [5]: 

ὛὭ
ὃὰ

В Ὅ

В
ά
τὍ

 

 The composition for the geopolymer gel was determined using the formula 

NaSiyAlO2(y+1) ·5.5H2O [30], where y was equal to the Si/Al ratio for the geopolymer gel.  The 

geopolymer gel composition was NaSi1.18AlO4.36·5.5H2O in this sample.  Knowing how much 

silicon from the gel was contributing to the total 
29

Si spectrum as well as knowing the 

composition of the geopolymer gel, it was possible to determine the amount of the geopolymer in 

the entire sample (Table 4.6).  For this sample, the geopolymer gel accounted for 60.3% of the 

total sample, which showed good agreement with the HCl extraction results, 60.5% (Table 4.3). 



38 
 

 

Figure 4.10 Peaks in 
29

Si NMR spectrum of metakaolin geopolymer with a Si/Al ratio of 1.2 

Table 4.7 Peaks properties in 
29

Si NMR spectrum of metakaolin geopolymer with a Si/Al ratio of 

1.2 

 
Q

n
(mAl) ppm 

Width 

(ppm) 

% of 

Total 

Metakaolin 
Q

4
(2Al) -93.4 13.52 9.76% 

Q
4
(0Al) -106.1 15.23 28.69% 

Geopolymer 

Gel 

Q
4
(4Al) -76.8 5.55 1.42% 

Q
4
(4Al) -85.1 8.87 31.52% 

Q
4
(3Al) -90.5 7.41 13.37% 

Q
4
(2Al) -95.8 6.99 6.72% 

Q
4
(1Al) -101.3 6.99 3.98% 

Q
4
(0Al) -109 7.30 3.11% 

Q
4
(0Al) -117.2 5.70 1.24% 

 

Table 4.8 Chemical composition and amount of individual phases in the metakaolin geopolymer 

with a Si/Al ratio of 1.2 

Phases Composition 
Amount of 

Phase in Sample 

Metakaolin 2.05SiO2· Al2O3 36.2% 

Geopolymer NaSi1.30AlO4.60 · 5.5H2O 63.8% 
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Metakaolin accounted for 38.5% of the total 
29

Si NMR spectrum for the metakaolin 

geopolymer with a Si/Al ratio of 1.2 based on the peak assignments (Table 4.7).  For this sample, 

there was 36.2% of unreacted metakaolin (Table 4.8), which did not agree well with the HCl 

extraction results, 9.3% (Table 4.1).  The Q
4
(0Al)/Q

4
(2Al) ratio for the unreacted metakaolin 

was 2.95, which was slightly higher than the metakaolin spectrum.  The relative intensity 

indicated that the Q
4
(2Al) was possibly be being consumed at a faster rate than the Q

4
(0Al) 

structure.  The 
29

Si NMR spectrum for metakaolin geopolymer with a Si/Al ratio of 1.2 did not 

show good correlation with the extraction results, but as mentioned in section 4.1 the extraction 

results of the metakaolin geopolymer with a Si/Al ratio of 1.2 were not trusted.  It was believed 

that the amount of unreacted metakaolin should be between 39.5 and 35.2% based on the 

amounts of unreacted metakaolin for the metakaolin geopolymer with the Si/Al ratio of 1.1 and 

metakaolin geopolymer with a Si/Al ratio of 1.3.   

All five Q
4
(mAl) peaks were present in the geopolymer (Table 4.7).  The amount of the 

Q
4
(4Al) peak dropped significantly.  It accounted for 76.0% of the entire silicon spectrum for the 

geopolymer gel for the metakaolin geopolymer with a Si/Al ratio of 1.1, but for the metakaolin 

geopolymer with a Si/Al ratio of 1.2 the Q
4
(4Al) contributed only 53.7%, a 22.3% drop.  While 

the intensity of Q
4
(4Al) peak dropped, the Q

4
(3Al) and Q

4
(2Al) peak intensities increased.  

Increasing the Si/Al ratio caused a drastic change in the geopolymer gel.  The silicon tetrahedra 

formed more Si-O-Si bonds and less Si-O-Al bonds.  The Si/Al ratio for the geopolymer gel was 

1.30.  The geopolymer gel accounted for 61.5% of the silicon spectrum in this sample (Table 

4.7).  For this mix, the geopolymer gel composition was NaSi1.30AlO4.60·5.5H2O.  The total 
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amount of geopolymer gel was 60.3% for this sample, which did not show good agreement with 

the HCl extraction results (Table 4.1), 90.7% for the same reason discussed in earlier paragraphs. 

 

 

Figure 4.11 Peaks in 
29

Si NMR spectrum of metakaolin geopolymer with a Si/Al ratio of 1.3 

Table 4.9 Peak properties in 
29

Si NMR spectrum of metakaolin geopolymer with a Si/Al ratio of 

1.3 

 
Q

n
(mAl) ppm 

Width 

(ppm) 

% of 

Total 

Metakaolin 
Q

4
(2Al) -93.5 12.11 9.24% 

Q
4
(0Al) -105.5 12.58 22.97% 

Geopolymer 

Gel 

Q
4
(4Al) -74.8 5.55 0.74% 

Q
4
(3Al) -85.1 11.29 21.95% 

Q
4
(2Al) -88.8 7.82 20.26% 

Q
4
(1Al) -96.3 5.65 20.02% 

Q
4
(0Al) -100.6 5.53 1.76% 

Q
4
(4Al) -111.8 6.94 2.37% 

Q
4
(0Al) -118.3 3.29 0.50% 



41 
 

 

Table 4.10 Chemical composition and amount of individual phases in the metakaolin 

geopolymer with a Si/Al ratio of 1.3 

Phases Composition 
Amount of 

Phase in Sample 

Metakaolin 2.05SiO2· Al2O3 31.25% 

Geopolymer NaSi1.40AlO4.80 · 5.5H2O 68.75% 

 

Metakaolin contributed 32.2% of the total 
29

Si NMR spectrum for the metakaolin 

geopolymer with a Si/Al ratio of 1.3 based on the peak assignments (Table 4.9).  For this sample, 

there was 31.3% of unreacted metakaolin based on the NMR analysis, which showed relatively 

good agreement with the HCl extraction results, 31.9% (Table 4.2).  The Q
4
(0Al)/Q

4
(2Al) ratio 

was about 2.49.  The relative intensity indicated that the Q
4
(0Al) and Q

4
(2Al) were likely being 

consumed at the same rate. 

All five Q
4
(mAl) peaks were observed in the geopolymer.  The amount of the Q

4
(4Al) 

structure dropped significantly.  It accounted for 53.7% of the entire 
29

Si NMR spectrum for the 

geopolymer gel for the metakaolin geopolymer with a Si/Al ratio of 1.2, but for the metakaolin 

geopolymer with a Si/Al ratio of 1.3 the Q
4
(4Al) accounted for only 33.6%, a 20.1% drop.  

While the amount of Q
4
(4Al) peak dropped, the amount of Q

4
(3Al) and Q

4
(2Al) peak increased.  

The Si/Al ratio for the geopolymer gel was 1.40. The geopolymer gel accounted for 67.6% of the 

silicon spectrum in this sample (Table 4.9).  For this mix, the geopolymer gel composition was 

NaSi1.40AlO4.80·5.5H2O in this sample.  For this sample, the geopolymer gel accounted 68.8% of 

the total sample (Table 4.10), which showed good agreement with the HCl extraction results 

(Table 4.2). 
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Figure 4.12 Peaks in 
29

Si NMR spectrum of metakaolin geopolymer with a Si/Al ratio of 1.4 

 

Table 4.11 Peak properties in 
29

Si NMR spectrum of metakaolin geopolymer with a Si/Al ratio of 

1.4 

 
Q

n
(mAl) ppm 

Width 

(ppm) 

% of 

Total 

Metakaolin 
Q

4
(2Al) -92.3 14.53 8.54% 

Q
4
(0Al) -103.3 16.24 22.04% 

Geopolymer 

Gel 

Q
4
(4Al) -76.8 2.88 0.19% 

Q
4
(4Al) -110.4 9.17 6.36% 

Q
4
(3Al) -84.5 8.59 21.39% 

Q
4
(2Al) -89.4 8.35 19.83% 

Q
4
(1Al) -94.1 8.59 12.66% 

Q
4
(0Al) -100.1 8.59 6.70% 

Q
4
(0Al) -118.7 6.22 2.07% 

 

Table 4.12 Chemical composition and amount of individual phases in the metakaolin 

geopolymer with a Si/Al ratio of 1.4 

Phases Composition 
Amount of 

Phase in Sample 

Metakaolin 2.05SiO2· Al2O3 31.17% 

Geopolymer NaSi1.56AlO5.12 · 5.5H2O 68.83% 
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Metakaolin contributed 30.6% of the total 
29

Si NMR spectrum of metakaolin geopolymer 

with a Si/Al ratio of 1.4 based on the peak assignments (Table 4.11).  For this sample, there was 

31.2% of unreacted metakaolin based on the NMR analysis (Table 4.12), which showed 

relatively good agreement with the HCl extraction results, 35.2% (Table 4.2).  The 

Q
4
(0Al)/Q

4
(2Al) ratio was about 2.59.  The relative intensity indicated that the Q

4
(0Al) and 

Q
4
(2Al) were likely being consumed at the same rate. 

All five Q
4
(mAl) peaks were observed in the geopolymer gel phase (Table 4.11).  The 

amount of the Q
4
(4Al) peak was about the same as the amount of the Q

4
(4Al) peak in the 

metakaolin geopolymer with a Si/Al ratio of 1.3.  It accounted for 33.6% of the entire 
29

Si NMR 

spectrum for the geopolymer gel for the metakaolin geopolymer with a Si/Al ratio of 1.3, and the 

Q
4
(4Al) peak accounted for 31.2% for the metakaolin geopolymer with a Si/Al ratio of 1.3.  The 

Q
4
(4Al) peak was not the only Q

4
(mAl) that appeared to have leveled off.  The Q

4
(3Al) amount 

for the metakaolin geopolymer with a Si/Al ratio of 1.4 was about the same as the metakaolin 

geopolymer with a Si/Al ratio of 1.3.  The Q
4
(2Al) decreased while the Q

4
(1Al) and the Q

4
(0Al) 

increased in amount in the geopolymer gel.  The Si/Al ratio for the geopolymer gel was 1.56.  

The geopolymer gel accounted for 69.4% of the 
29

Si NMR spectrum in this sample (Table 4.11).  

The geopolymer gel composition was NaSi1.56AlO5.12·5.5H2O in this sample.  The geopolymer 

gel accounted for 68.8% of the total sample (Table 4.12), which showed relatively good 

agreement with the HCl extraction results (Table 4.1), 64.8%. 
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Figure 4.13 Peaks in 
29

Si NMR spectrum of metakaolin geopolymer with a Si/Al ratio of 1.5 

Table 4.13 Peak properties in 
29

Si NMR spectrum of metakaolin geopolymer with a Si/Al ratio of 

1.5 

 
Q

n
(mAl) ppm 

Width 

(ppm) 

% of 

Total 

Metakaolin 
Q

4
(2Al) -91.7 15.21 4.51% 

Q
4
(0Al) -105.6 16.24 10.37% 

Geopolymer 

Gel 

Q
4
(4Al) -75.1 5.55 1.64% 

Q
4
(3Al) -84.5 8.92 24.47% 

Q
4
(2Al) -90.2 7.23 23.06% 

Q
4
(1Al) -96.1 7.25 16.21 

Q
4
(0Al) -102.1 9.12 8.64% 

Q
4
(4Al) -111.5 10.28 9.05% 

Q
4
(0Al) -121.1 7.92 2.33% 

 

Table 4.14 Chemical composition and amount of individual phases in the metakaolin 

geopolymer with a Si/Al ratio of 1.5 

Phases Composition 
Amount of Phase 

in Sample 

Metakaolin 2.05SiO2· Al2O3 9.59% 

Geopolymer NaSi1.18AlO4.36 · 5.5H2O 90.41% 


