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ABSTRACT

There were two objectives for thisudly. The first was to determine the effects of the
Si/Al ratio and calcium hydroxide on tlsemicalcompositionandnanostructure for metakaolin
geopolymers. The second was to determine how the composition and nanostructure correlate
with mechanical prperties of the geopolymer. For this study, the geopolymers were made using
metakaolin, calcium hydroxide, sodium hydroxide, sodium silicate and water. The geogolymer
contaired two or three phases, dependingwrether or notalcium hydroxide was usedror
geopolymers with no calcium hydroxide, themples containesvo phasesunreacted
metakaolin and geopolymer gel. To ensure geopolymer gel was forming and to monitor the
amount ofthegeopolymer gelhydrochloric (HCI) acid extractions were performeebr
geopolymers with calcium hydroxideamplesontainedhree phasesinreacted metakaolin,
geopolymer gel and calcium silicate hydrate with aluminum substitution (CASH). In
conjunction with theHCl extraction, salicylic acid/methanol (SAM) extractsowere performed
to verify the presencandamounts for each phase -ry 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 geopelgnwith varying Si/Al ratie producel the
same pattern. The patterns with calcium hydroxide in the geopolymer produced an amorphous
peakthat washarrower andenteredabah i gher 2é& value than the geopg
hydroxide. The patterns also confirmed the presence of calcium silicate hpdk&p
patterns Both?°Si and®’Al magic angle spinning nuclear magnetic resonance (WAR)
wereused to quantitativelgbserve the individual silicon and aluminum structures in the
different phases in the geopolymer. Fro®i NMR analysis, the composition and amount of the

different phases in the geopolynoaruldbe determined. Increasing the Si/Al ratio caused a



decrase in SIO-Al bonds and an increase inGiSi bonds in the geopolymer gels, which
caused the compressive strength in the geopolyniectease The*Si NMR analysis showed
that geopolymexwith calcium hydroxide produced calcium silicate hydtasthadcross

linking tetrahedravith alumina substitution in bridging tetrahedral sit&ke increasing amount
of calcium hydroxide increased the amount of CASH and decreased the amount of the
geopolymer gel.Increasing calcium hydroxide caused the Si/Albraf the geopolymer gel to
decreaseThe combination of geopolymer gel and CASH increased the strength of the

geopolymer gel.

Keywords: metakaolin geopolymers, hydrochloric acid extraction, salicylic

acid/methanol extractioNMR, XRD
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1. INTRODUCTION
Geopolymers are rapidly emerging as an alternabiortland cement as the binaér
structural concreteGeopolymers produce relatively low @@missions, which contrasigth
ordinary Portland ement (OPC) thgtroducesignificant amount of greenhouse gases. The
primary sources of the raw materials for production of geopolymersfterevaste materials
from various industries. Other applications for geopolyrnmaisidelow-cost ceramics andré

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 arat¢hfere
restrictionson the purity, particle siz&omposition 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 trediimeggeopolymer
producton has amall and a very lowemperature range from ambient to 4D¢2]. The
simplicity in making geopolymers from a variety of aluminosilicate soureg#gdingwaste
productsconstitutes @ragmatic approach but simultaneously presents a very difficallenge

when attempting to fundamentally characterizepilezursor material

The main objective of this thessto determinechemical compositionand
nanostructure of the silicon and aluminum seefor both the precursor and geopolymer
reactionproducts in metakaolin geopolynsavhen twocritical parametersre 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 théhatiealciumplaysin the
geopolymer. Introduction of calcium can cause the system to undergo two separate and
competingeactions. One reaction forms a geopolymer gel, and the other reaction forms calcium

1



silicate hydrate that contaaluminum substitutio@CASH). Both the geopolymer gel and

CASH contain silicon and aluminum. The formation of two reaction products causes uncertainty
in the reaction processes. ltis likelye reaction product is favored under certain conditions.

This preferencdikely affects the reaction, formation and composition ofdtieerreaction

product. To better understand the composition and the structure of the geopolymer, the
following characterization techniquae used in this study-say diffraction (XRD) and®Si

and?’Al solid state magic angle spinning nuclear magnetic resonance-{\S). A

secondary objeas to determine how varying the Si/Al ratio and calcium content affects the
engineering properties of the geopolymer. Compression strengitbasured. Qualitae

observation®f geopolymer setting and stiffenimge recorded as well.

To understand the roles tfe Si/Al ratio and the calcium content in metakaolin
geopolymers tis thesisis divided into the follow chapters. Chapter 2 is a literature revieiy t
discusses the structure of geopolymers with varying calcamtentsand Si/Alratiosas well as
the different characterization techniques that can be used to undéh&tatdicture and
composition of a material. Chapter 2 also discuksesthese taracterizatiotechniquesan
be applied to geopolymers. Chapter 3 describes materials, syndmesauringprocedurs for
geopolymers.Chapter 3 explains thexperimental setip and testing for both characterization
and engineering properties. Hydhdoric acid and salicylic acid/methanol extraction techniques
are also included in this chapter. A computer program called MestReNova that performs
guantitative analysis on NMR spectra is described in @n&pas well.Chapter 4 presents the
results othe compression tesésmidanalysis on XRD patterns and NMR spedtnathe

geopolymers. In Chapter Egsults are discussed. Conclusions are drawn in Chapter 6.



2.LITERATURE REVIEW
2.1 GEOPOLYMER

Geopolmyers are aluminosilicate network structue¢ tbrm 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. Thatigator 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 fgeopolymers can be seen in Figure[2]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
dissolutionoccurs 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, rzirgarand
polymerization and hardening cancursimultaneously. Once the reaction is complete the water

goes into the pore structure of the [del3.
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Figure 21 The reaction process that precursors undergo to become geepsiy]

Portland ement binders are based maibbsed ornydration reactions of calcium
silicate phases thatactwith waterto form calcium silicate hydrates. Water is an integral
component for geopolymers but is not an essential componentgélisieucture. For
geopolymers, ater 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 ipart of thehydratian product structureTherefore, the chemistry of
the Portland cement binder is intrinsically different in nature than that of geopolymers.
Geopolymemolecular structures more closely aligned with zeolites and aluminosilicate gels,

while CSH is compatae to tobermorite and jennite.



Geopolymers on the

O? anions. Both the silicon

atomic scale are composed'basi AP* cations linked by sharing

and aluminum are tetrahedrally coordinated structures. The

tetrahedral groups exhibit shaenge oré@ring. Short range ordering is typically constrained to

nearest andextnearesineighbors of the atom under consideration. Short range ordering can be

very helpful in understanding such structural characteristics as atomic conngatiny

lengths, agles and correlation distances between-cavalently linked neighboring atoms.

Figure 2.2 displays a basic conceptual model of short range ordering for geopdlymer [
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Figure 22 Model of a short range order of a sodium gdpmper [4]

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

fbackbone of

al k al i[5).aThainotationadeveldpedavasS(@Als, wheng s t e ms 0

0 n@On O 4n,is the coordination number of the silicomters andnis the number of Al

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

illustrates the various threimensional &(mAl) structures. The #mAl) notation is very

useful for aluminosilicates.
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2.2 Characterization
2.2.1 XRD

Powder xray diffraction (XRD) is a characterization method that can provide insight
about the crystalline phases of a samp&D patterns reflect the loagange order of materials.
For this reason, RD can only provide limited information about amorphous phases, which
typically lack longrange order. XRD patterns typically show geopolymers as having a broad
featureless amorphous peak centered arour02R24 ) [6-9]. Regardless of starting raw
mateial used to produce the geopolymerappears that they all display very similar XRD
patterns as other aluminosilicate gels and zeolitg8][ The primary reason for these
similarities is due to the characteristic bonding distance of the siliconantham oxides
tetrahedra in the aluminosilicate precursor and the geopolymeg]géitje geopolymer reaction
forms some crystalline zeolite phasd${13]. The type and formation of zeolites depends on the

synthesis parameters used to form the geopalynifhese phases can be observed with XRD.



2.2.2NMR

While it is important to understand and probe the {argge order of geopolymers,
especially for those that have crystalline material, it is also important to perform a careful and
detailed analyis of the shorrange structure, especially iaray 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 uséetspetific
information on geopolymer structure these include high resoltraosmission electron
microscopygextended xay adsorption fine structur&RD, andFourier transformation infrared
[14]. However, the use of solid state nuclear magneticesme (NMR) has been shown to
provide the most effective method for understanding betlyxamorphous and crystalline
materials, especially when determining the formation and structural ordering of amorphous

aluminosilicate system$].

For liquids, NMRrelies 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 solfdate materials, obtaining meaningful NMR spectrabexs
more difficult. Solids produce a broad featureless resonance that covers individual peaks. These
peaks provided useful information on the structural environment. Over timestatkdNMR
has become more adept in addressing the line broadenieg isgh the development of magic
angle spinning, higipower decoupling, multiple pulse sequences and multiple quantum
experiments§]. One technique utilized in this study was thagme angle spinning (MAS)

Samples used for MASIMR are spurat the magi@angle to increase spectral resolution and
producenarrower lines in the spectrum, which alldar better analysis. Soksgtate NMR is

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



interactions including®Na, 2’Al, 'O and®H, which are of particular interest for geopolymers.
For geopolymers’Si, ?’Al and*’O MAS NMR have become a necessitly understanding the
framework for geopolymers, inorganic silicates, aluminosilicates, organositcamgounds and

silicon polymers.

2.2.2.1°’AL MAS-NMR

Davidovits first applied NMR techniques to investigate geopolymers for metakaolin
based systems in the 198a8][ He used’Al MAS NMR to initially characterize and quantify
the metakaolin used in the experiments. Hseoled 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 &b, 35to 40, and5 to 15 ppm, respectively.
After the geopoimerization process, Davidovits observed that the Al(V) and Al(VI1) converted
mostly into Al(IV), isa tetrahedral structure. Figure 8lbws the conversion of the aluminum
from the metakaolin to the geopolymer gel. The small amount of Al(VI)jghaiserved in the
geopolymers is a result of unreacted metakadfh [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 becoatieeably narrower and sharper indicating a
higher degree of polymerization and structural order, similar to the peaks that are associated with

tetrahedral aluminum in zeolite$9).
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Figure 24 *’Al MAS-NMR spectrum of a) mekaolin and b) metakaolin geopolymédi5]

2.2.2.2°°51 MAS-NMR

Geopolymer research has utiliZe8i MAS-NMR to provide information about the
silicon structure. When Davidovits first collected spectra for geopolymers he observed a very
broad resonant pkaround-85 to-95ppm, depending on the Si/Al ratibg. It was speculated
that within this broad peak all five possible silicof(IQAl) speciesverepresent. In &°Si NMR
spectrum, the (Al), (3Al), (2Al), (1Al) and (0AI) species are locatat-80to -90, -85 t0-94,
-90 t0-100,-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 digjinsh between and resolve individual peaks in the
spectra. However, through progress in the characterization of amorphous glassesy it
possible to successfully deconvolute the broad silicon spectra into indivit{ma\iRpeaks

[16]. This method habeen applied to geopolymers to understand the aluminosilicates



framework structure. Deconvolution of tfi&i 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 possibkter understanithe distribution

of individual G(mAl) peaks for metakaolibased geopolymers. Research has shown that the
basic structural ordering of these geopolymers is due to energdérepiees for bonding

between unlike atoms within an aluminosilicate framework, typically f&-8i bonds [17].

The type of alkali cation used in the geopolymer can affedtaingework sodium cations

provide more order thamotassium cations

Figures2.5a and c displa¥’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 hydrda%jdeHoth
spectrehave 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 Aities.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 &sgeopolymer, it is known that they display a broad resonance
between80 and-100 ppm due to silicon tetrahedra with varying bond angles and bonds with

aluminum atoms, GmAl).

10
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Figure 25 2°Si MAS-NMR of a) metakaolin, b) deconluted metakaolin geopolymer, c) fly ash
and d) deconvoluted fly ash geopolym@¥r [

When performing deconvolution on geopolymers, it also importgotaioecrystalline
phases that may be present inghenple Crystalline phase are typically nogactive. The
presence of these materials produstesp peaks in the NMR spectrum. These peaks associated
with crystalline phases must be subtradtedh or accounted for the overall spectrum when
attempting to probe the distribution of silicon and aluminuomatin the systerassociated with
the gel phase through deconvolutio®][1Palomoeet 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, whichdicates thathe structuref silicon and aluminum in
geopolymers are similar even with different precursors. However, this article published by
Palomoet al.has been criticized and questioned by oth&d§ Epecifically on the deconvolution
process usd. 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 tah@ow
appropriate parameters and peak locations based on reasonable expectation of components in the

material [LO].

11



2.3EFFECTS OF VARYING THE SI/AL RATIO

There have been many studies investigating the rdalee&i/Al ratio, and how it relates
to the nechanical 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 geopghers. Theoretically, theshould be a dir correlation with
mechanical strength and silica content because increasing the amount of silica increases the
amount of SIO-Si bonds, which are stronger tharnCGAl and Al-O-Al bonds [LO]. However, t
was found for metakaolin geopolymers with a Sv#tio 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 micstructure in the geopolymer. Howevenyvids shown for metakaolin
geopolymers the optimum strength was at an intermediate Si/A(Fegiore 2.5)11]. It was
found that the reduction in strength for high Si/Al ratio mmwes the result of unreacted
material, whichwas soft and aetdas a defect in the binder phasé][2More research needs to
be done ornow varying the Si/Al ratio affects the geopolymer composition and nanostructure

and how these correlate to mechanical properties.
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2.4EFFECTS OF CALCIUM

Past research has shown that the additiaralefum into metakaolin geopolymers has
beneficial resultéor mechanical properties [8, 12, 16,21, 29. However, the role calcium
plays during the geopolymer reaction period has yet to be elucidated. It has been observed that

both geopolymer gel anmhlcium silicate hydrate form during the reaction procés8,[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
concentréon, the reaction product favors the formation of CSH, while at higher concentration
(above 10 M) the reaction favors the formation of the geopolymer gel.difieieenceis due to
the fact that the high hydroxyl concentration hinders tHé dlasolution forcing the dissolved
silicates and aluminum species to form geopolymer gel. On the other hand, whenihe [OH

concentration is low, the amount of Cdissolving increasesndcaugsmore CSH to formg].

Addition of calcium has been observed toederate the hardening process and increase
the strength for fly ash based geopolym@®.[ The addition of calcium increasssength for

13



geopolymers cured at ambient conditions, while it reduces mechanical properties of geopolymer
cured at elevated terapatures because the presence of calcium hinders the development of the
threedimensional network sicture in the geopolymer gel [R4However, other research

indicates that the presence of both CSH and geopolymer gel in a geopolymer could have
beneficid effects on strength because the CSH phase act likeagg@gates for the

geopolymer gel and forms a denser and more uniform bi@der More research needs to be
conducted to understand the effects of composition and nanostructure on mecharecaéprop

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
methodsare described in detail. The experimental pdures for HCl and SAM extractions and
compression testsere described. The characterization methods for X3%&),and *°Si NMR

were described.
3.1 MATERIALS

The primary geopolymer precursor was metakaolin, which was donated byiBR&F
Chemical Cormpany headquartered in Ludwigshafen, Germany. The spposiiluct 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 distfidutice
metakaolin can be seen in Figure 3.1. The particle size for the metakaolin ranged from 0.2 to
10.0 pm. BASF also provided SEM micrographs of the metakaolin (Figure 3.2), which revealed
that the metakaolin was platy and had a high surfaee dahe metakaolin appeared to be a

hexagonaln shape fowvarious sizes and be highly agglomerated.

15



Table 31 Chemical composition of the metakaolin provided by BASF

Chemical Percent
Composition (%)
SiO, 53.0
Al 03 43.8
Na,O 0.23
K.0 0.19
TiO, 1.70
Fe0s3 0.43
CaO 0.02
MgO 0.03
P,Os 0.03
SG; 0.03
LOI 0.46
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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
(N&SiO;) were used. The reagegrade sodium hydroxide used wasdlet and was obtained
through Fisher Science Education. The sodium silicate used was wsgehgiawas laboratory
grade,37% aqueous by mass and was composed of 29% $NaO and 62% HO. The

sodium silicate was also obtained through Fischer Science Education.

Varying amounts of calcium hydroxide by weight of metakaolin were added ® som

samples.The calcium hydroxide was obtained through Fischer Science Education.
3.2SAMPLE PREPARATION
3.2.1MIX DESIGN

All parameters for the mix design were held constant except for two: the Si/Al ratio and
the amount of calcium hydroxide. The parsenethat were held constant were,Q&sIO; =
0.25, NaO/Al,Oz = 20, NaO/Al,Os = 0.75, water/solid = 0.55 and the [[Jlaoncentration =

6.14 M. These parameters had shown good mechanical properties according to past published

17



researchZ5]. Table 3.2 shwedthe amounts of each material used to make the geopolymers

with varying Si/Al ratic.

Table 32 Mix designs by weight for metakaolin geopolymers with varying Si/Al satio

Mix Design Precursor
Si/Al Metakaolin (g) | NaOH (g) | NaSiOs(g) | H-O (g)| Ca(OH)(g)
1.1 310 53 41 239 0
1.2 307 51 95 227 0
1.3 316 52 154 175 0
14 377 48 200 202 0
15 448 70 377 286 0

For geopolymers with varying amounts of calcium hydroxide, the Si/Al ratio was held
constant at Si/Al = 1.5. Thelcaum content was varied by weight of metakaolin. Table 3.3
showedthe amount of each material used to make the geopolymer with varying amounts of

calcium hydroxide.

Table 33 Mix designs by weight for metakaolin geopolymers widinying calcium hydroxide
content by weight of metakaolin

Mix Precursor
Design ™ Vetakaolin (g) | NaOH (g) | NaSiOs(g) | H.0 (g) | Ca(OH)(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

18



3.2.2GEOPOLYMER SYNTHESIS

The activator solution was composed of NaOH,@; (waterglassand water.The
water and Nz5iO; were weighed after combination in a beaker. The NaOH was weighed and
placed into another beaker. Then the NaOH pellets were poured into kiee \wéh water and
NaSiO; 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 gelypeer reaction, the solution was covered and sealed for at

least 3 hours, which allowete solutiorto 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 t@@uce 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 &MC Syntron POWER PULSHbrating tableat speed gfilled completely and

vibrated for 30 seconds speed &or all samples.

3.2.3CURING

After mixing and vibrating, the mix was placed into a concrete curing ,ratinch was
set at 28C and 100% relative humiditfor 3 hours. Then the mix was placed into asroat
60°C and ambient humidity and pressoomditionsfor 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,

specimensvere demolded and placed back into the curing room.
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3.2.4COMPRESSION 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 fle@eens. The average
compressive strength and averatgndard deviation for all the samplesre/8.65 an@®.72

MPa
3.2.5STOPPING REACTION AN D STORAGE

Samples from the compression tests were taken for XRD and NMR characterization. The
samples were ashedand groundedsing 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 sampledried,they werecrushedagain with the mortar and pestéand thersieved for
particlesfiner than75 um. The samp$averecollected and stored in a vacuum dessicatdre

desiccant usedias Drierite that had more than 98% of Ca8a6d less than Cog&l
3.3 XRD

Powder xray diffraction analysis was performed owl&@y @amples to characterize phase
composition. XRD analysis was performed with SieriBnsger D5000that had € u K U
source anvoltage of 40kV and a current of 30mA. Samples were scanned from 1(t®278 )
at0.02( 28) step si ze %Ymint Analysis of XRDmpattsrms éoecdystadlife 1
phases was performed using a software package called JADE 6.0jsvwwachmonly used to
perform basicXRD analysis. For positive crystalline phase identification, a minimum of three
main peaks must be matchteda crystalline phase, which can be obtained from the literature of
powder diffraction database.
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34NMR

Solid state magic angle spinning nuclear magnetic resonance-{ MY was
performed on geopolymer samples to understandttbeture, composition and connectivity of
the aluminum and silicon species in the geopolymer. “leand *°Si spectra had a magnetic
field strength of 7.05 T using a Varian Unity Inova 300 spectrometer-ama 5otor. All
experiments were performeding direct polarization (DP) with no decoupling. For tf@®i
spectra, the samples were spun at 10 kHz; the signal frequency wasM8ig2he relaxation
time (d1) was 3@, the pulse width (pwx) varied from 3®4.8 us and the number ofdnsients
(nt) ranged from 1024 tA080. For thé’Al spectra, the samples were spun at 12 kHz; the signal
frequency was 78.20@Hz; d1 was 0.508, pwx varied between 0t8 1.0 us and nt ranged

from 2048to 4096.
35 DECONVOLUTION OF NMR

The software program MdgeNova which wasproduced by Mestrelab Research Chemistry
Software Solutiongvas used to deconvolute and quantify individual peaks in the NMR spectra.
To start, a manual phase was performed on the specRuasing converts thaw data

collected byhe NMR spectrometer into a reasonable and meaningful spectrum in order to obtain
useful information about the molecular structure of a sample. After phasing the spaatrum,
automated baseline correction was applied. The spectrum underwent some amount of
apodization, which typically ranged from 1@0150 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 adjutmdpllowingparameters: chemical

shift, peak width (full width at half height), Lorentzian vs Gaussian (I/g) distribution, and height.
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For the?Si spectrathe I/g used was 0.00, indicating that the peaks were 100% Gaussian. For
2’Al spectrathe /g used was 0.3®hich indicated that the spectra were somewhat Lorentzian.

3.6 CHEMICAL EXTRACTIONS
3.6.1 SALICYLIC ACID /METHANOL EXTRACTION

Salicylicacidimenthanol (SAM) extraction remawall calcium silicates, calcium silicate
hydrates, calcium hydroxides and cafoioxides. SAM extraction is a quantitative process. For
this process two papers were referenced, one by Struble and the other by St2&r@3n [
Procedures were similar except for the time of mixing; Struble used a significant shorter mixing
timetraen St ut zman. For this study, edforbugtoz manos
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 vitenaah using a
0.45 um filter and Buchner funnel. The residue was washed with methanol, dried at 90°C for 24

hours, then weighed and recorded.
36.2HYDROCHLORIC ACID EXTRACTION

Hydrochloric acid (HCI) extractiowas used to dissolve geopolymerstthvare formed
through alkaline activation. The extraction proceasdsonly the unreacted precursof<].
HCI extractionis a quantitative procedure in whitttfe extraction measusghe amount of
reacted and unreacted material in the sample. Whemithods performed in conjunction
with SAM, itis possible to determine how much CSH, geopolymer and unreacted naaterial
present in a@nple The HCI extraction procedure used for this experiment was a modification
of the HCI extraction method useg Fernandedimenezt al.[2§]. It should be noted that

some of the procedureas not well stated and had to be interpreted. The procedure thiate
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after curing, the geopolymer shoul d-Jimeneziatt ac
et al statel that they usg a concentrated reagent HCI (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 dilute@®parts water (e.g. for

every 50 mL of HCI acid (37%) was mixed with 1000 mL oficieized water to form the

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

stirred with a plastic magnetic stirrer for three ts@fter which it was filtered with a Buchner

filter and a0.45 pm filterand washed with nanopure water. The insoluble reside was dried at

100°C for 24 hairs, then weighed and recorded.
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4. RESULTS

For geopolymer with no calcium hydroxide (CH), thegaymer was expected to
containtwo phases: unreacted metakaolin and geopolymer gel. For geopolymer with CH, the
geopolymer was expecteddontainthree phases: unreacted metakaolin, geopolymer gel and
calcium silicate hydrateQSH). All geopolymemunderwentHCI extraction experiments to
guantitatively determine the amount of unreacted metakaolin and reaction fspduct
Geopolymers with CH alsonderwentSAM extraction experiments to quantitatively determine
the amount of CSH. All geopolymers had qoession testperformed on them to determine
how strength was affected with varyitige Si/Al ratio or amount of CH. Characterization
techniques such as XREISi and*’Al MAS-NMR were performed on the geopolymer as well to
better understand the compamit and structure of the geopolymers. The followiesults were

obtainedfrom these experiments.
4. 1EXTRACTION RESULTS (SAM AND HCL EXTRACTI ON)

HCI extracton was performed on metakaofjeopolymer with varying Si/Alatios The
HCI reaction dissaeled all reaction products (geopolymer gatsl CSH and left only the
precurso (metakaolin). The metakaolgeopolymes with varying Si/Alratioshad no CH, and
only formed geopolymer gel HCI extractions were performed themto see if there asa
coarrelation in the amount of geopolymer giat formed during the reaction process with

varying Si/Alratios
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Table 41 Amount retained from HCI extraction with varying Sifaltios

Si/Al  Retained (%)

1.1 39.48%
1.2 9.34%
1.3 31.94%
1.4 35.17%
1.5 12.98%
45% -
40% - A
—~ 35% -
S
o 30% -
= 25% -
(O]
S 20% -
]
’:E) 15% - .
10% -
5% -
0% T T T T T 1
1 1.1 1.2 1.3 1.4 1.5 1.6
Si/Al Ratio

Figure 41 Extradion residue (%) for metakaolgeopolymers with varying Si/Al mix design
ratios

As the Si/Al ratio increased, the amowhunreacted metakaolin (extraction residue)
decreased aseen in Figure 4.1 and Table 4.1. For the Sidibsbetween 1.1 and 1.4, the
decrease of unreacted metakaolin was slight, #6% to about 32%, but for the Si/Adtios
between 1.4 and 1.5 there was a substantial drop in the amount of unreactedlmgtad@a
35% to 13%. The difference between the amounts of unreacted metd@&atimmix with a

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

It should be noted that the exttimn result for the metakaolgeopolymer with a Si/Al

ratio of 1.2appearedinreliable 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 beachaotcseal

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

murky andwasnot clear like the other extracted liquid§his observatiohelped to support the

theory that some of the unreacted metakaolin wstsdioring this process. Thus, the extraction
measurements for theatakaolingeopolymer with a Si/Atatio of 1.2 cannot be trustedt was

believed that the amount of unreacted metakaolthe sampléor this mix should be between

39.5 and 31.9%basel on the HCI extretion results of the metakaolgeopolymer with Si/Al

ratiosof 1.1 and 1.3.

For metakaolirgeopolymer with CH, both SAM and HCI extractions were performed.
The SAM extraction for metakaoligeopolymers with CH removed the CSH phas@aM
extractiors wereused to monitor the amount of CSH that formed during the reaction. HCI
extraction was performed on samples that hadhaxdot hal SAM extractiors performed on
them. For samples that had not had SAM extraction, the HCI extraetrmved both CSH and
geopolymer gel. For samples that had SAM extraction, the HCI extraotimoved the
geopolymer gal HCI extractios wereused to monitor the amount of reaction prodtitat had
formed, both CSH and geopolymer gel. In addition, eiitactiors wereused to monitor only
the amount of geopolymer ge¢hat had formed in samples where SAM extractivend been

performed.

Table 42 Amount retained from SAM extraction for metakaaj@opolymer with 15% CH

Sample Retained (%)

MetakaolinGeopolymer with 15% CI—1 58.6%
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Table 43 Amount retained from HCI extraction for metakaa@opolymer with 0% CH, 15%
CH and with SAM extraction

Sample Retained (%)
MetakaolinGeopolymer with 0% CH 12.8%
MetakaolinGeopolymer with 15% CH 9.2%

SAM MetakaolinGeopolymer with 15% CH 4.5%

The HCI extraction results shedthat the metakaolin geopolymer with 0% CH re¢ain
more unreacted material in the sample compared to the metakaolin geopolymer with 15% CH
However, the difference between the two samples (metakgadipolymer with 0% and 15%

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

pulledslightly more metakaolin into the reaction.

When 15% CH was added the metakaolin geopolymer, CSH and geopolymer gel
formed during theeaction CSH accounted for 41% of the sample. The S&tlacted
metakaolin geopolymer with 15% CH retained the least amount of sample after the HCI
extractionwhichindicaedthat tre most of the sample (95.5%) was geopolymer gel. After the
SAM extractedmetakaolin geopolymer with 15% CH was normalizédresults of the HCI
extraction orthe SAM extractednetakaolingeopolymer with 15% CH could be compared to the
HCI results of thenetakaolin geopolymer with 15% CH. H®ezesults showed that only 2.6%
of the sample was unreacted metakaolin for the XWactednetakaolingeopolymer with
15% CH, while the HCI extraction on metakaolin geopolymer with 15% CH indicated that there
was9.2% of unreacted metakaolin in the sample. The discrepancy between the two samples was

6.5%. Some of thidiscrepancyvas attributed tdaransportation and experimental procedures.
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However, the discrepancy between the two was too large to solelyibatatirto experimental

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

The following were important results from HCIl and SAM extractions:

1 HCl extraction showed that more metakaolin formed geopolymer gel as the Si/Al
ratio increased.

1 SAM extraction showed that CSH formed in the metakaolin geopolymer with
CH.

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

4.2 XRD

Si/Al = 1.50

Si/Al = 1.25

Si/Al = 1.05

Metakaolin

10 15 20 25 30 35 40 45 50 55 60
2-Theta

Figure 42 XRD patterns for metakaolin and metakaolin gggmer with varying Si/Akatios
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Figure 43 XRD patterns of metakaolin, metakaofjeopolymer witha Si/Al ratio of 1.50, and

HCI MetakaolifGeopolymer

Metakaolin Geopolymer

Metakaolin

10 20 30 40 50 60
2-Theta

HCI extraction residue of metakaoly@opolymer with 0% CH

The XRD pattern for metakaolinhad@ba d peak centered

at

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

phase that was observed was anataseTiO whose mai n peak

wa s

The patterns for the mataolin geopolymers with varying Si/#dtiosdisplayed very

t

he 2

ocat

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

27.

5 A ¢shiéin thearfiolphous peak sh@dgood correlation with past reseayrch

indicatingthat the precursor underwent a reaction to become a geopdWnterl0, 16, 1J7

Ther e

was a shoulder at 22.0A (28&),

The anatase peak was also observed.

whi

c h

The XRD pattern of the metakaolin getpoer with a Si/Alratio of 1.5 after ithad been

i nd

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

a

ower 2é value, similar to metakaolii

n.

The

the original netakaolin pattern, but the extracted pattern displayed similar shape and position as
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the metakaolinsupporting the expectatighat the HCI extraction removed all reaction praduc

and left only the metakaolin. The peaks at 37.7°, 47.8°, 53.6° andvisetey 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 ansabgtaportion of the metakaolin had

undergone reaction to form reaction products tregremoved bythe HCI extraction.

HCI MetakaolinGeopolymermwith 15% CH

| Ml MetakaolinGeopolymer with 15% CH

Metakaolin

10 15 20 25 30 35 40 45 50 55 60

Figure 44 XRD patterns of metakaolin, metakaogjgopolymer with 15% CH, and HCI
metakaolingeopolyme with 15% CH

The XRD pattern of the metakaolin geopolymer with 15% CH had a broad peak centered
at 29.5A (2&) (Figure 4. 4)(.2 a@ydinaattricutesvta snreacteds | i g h
metakaolin. The anatase peak was also retained in tladaéh geopolymer with 15% CH.
Peaks at 29.4° and 32.6°2 @&y be attributed to calcite and/or CSH. The presence of CSH
was confirmed with another peak at 50.0A (2¢8&)
HCI extraction had a broader peakthah i ft ed back to be centered at

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 geopgénaed the
anatase peakincreased in magnitude for the same reason. The HCI extraction not only shifted

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

“ l HCI + SAM MetakaolBeopolymer w/ 15% CH

SAM MetakaolifGeopolymer w/ 15% CH

Metakaolin

10 15 20 25 30 35 40 45 50 55 60
2-Theta

Figure 45 XRD patterns of metakaolin, SAM metakaofjaopolymer with 15% Ctdnd HCI
andSAM metakaolingeopolymer 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 metakaoligeopolymer wih 15% CH was not the same pattern as the metakaolin
geopolymer with 15%H. The SAM extraction reduced the sharpness and broadened the
pattern. This change was due to the removal of CSH.cilstallinepeak at 50.0° was removed
completely while the péa 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 expec¢tdce the SAM extraction removed all calcium

silicates. The only productgerethe geopolymer gel, metakaolin and some crystalline phases
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like anatase and calcit€alcite was likely due to carbonation that gample underwent
possiblydue toa poor vacuum seal or being exposed to the atmosphere during curing or
transportation of the geopolymeBoth, the XRD patterns for the SAM extracted metakaolin
geopolymer with 15% CH and the raledolin-geopolymer with @ CH had broad peaks

centered about 28A ( 2 &) .

The XRD pattern for the HCI 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 HCI extraction r@wved the calcite peaks. The HCI extraction resint$able

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

The following were important results from XRD:

1T The amorphous peak in the amefdralkaol i n sh
geopolymers.

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

1 Geopolymers with CH had an amorphous peak centered higher than the
geopolymers with no CH. The peak was narrquaich indicated that the
samplewas more ordered.

1 CSH and calcite crystalline phases were observed in geopolymer with CH.
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4.3%°S| MAS-NMR

4.3.1 METAKAOLIN GEO POLYMER WITH VARYING SI/AL RATIOS
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L T U ] ( -)95 400 <105 -110 115 120 <125 <130 -135 140 145 L
ppm

Figure 46 Peaks irf°Si NMR gectrum for metakaolin with deconvolution peaks

Table 44 Peak properties iffSi NMR spectrum of metakaolin

Width
(ppm)

Q'(2Al) -93.2 15.21 29.4%

Q"(mAl)  ppm Intensity

Metakaolin
Q“(OAI) -106.6 15.82 70.6%

The?Si MAS-NMR metakaolin spectruroonsisedof two peaks, at93.2 ppm and
106.6 ppm (Figure 4.6). The two peaks accounted for 99.9% of the range coveregDidbm
ppm to-130.0 ppm. These peak assignments (Table 4.4) showed good correlation with past
researchg]. The relative intensity (OAI)/Q*(2Al) was 2.41. The Si/Al ratio was 1.07, which
was determined using XRF analysis provided by the manufactfigh.?°Si NMR analysis, the
Si/Al ratio for a phase can be calculated if there are RO-Al bonds. TheSi/Al ratios in the

geopolymer gel and CASH phases presented later in this section were calculat€é8iftomR
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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 47 Peaks irf°Si NMR spectrum for metakaolireopolymer witha Si/Al ratio of 1.1

The?Si MAS-NMR spectrum that was collected for the sample of the metakaolin
geopolymer with a Si/Atatio of 1.1 cantained peaks that were assigned to both unreacted
metakaolin (based on the peak assignments from the metakaolin spectrum) and geopolymer gel
phases. The different"@nAl) structures for metakaolin and geopolymeeseidentified and

labeled (Figure4.8and 4.9).
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Figure 48 Unreacted metakaolin peaks’isi NMR spectrum of metakaolin geopolymer wéth
Si/Al ratioof 1.1

Metakaolin accounted for 44% of tf&Si NMR spectrum in the sampladed on the
peak assignments (Table 4.5). Knowing the metakaolin composition (2.0AK) and the
amount of silicorthatcontribuedto the totaf’Si NMR spectrum, it was possible to determine
the total amount of the metakaolin in this san{pte Aopendix for calculation) There was
39.7% of unreacted metakaolin, which sleolelatively good agreement with the HCI
extraction results, 39.5% (Table 4.1). THEGRI)/Q*(2Al) ratio was 2.22, which showed good
agreement with the metakaolin spectrunhe Telative intensity indicated that th&@Al) and
Q*(2Al) structures were being consumed at the same rate**SheMR spectrum of the HCI
extraction pgormed on this geopolymer sample also supported this conclasidiscussed

later.
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Figure 49 Geopolymer gel peaks ffiSi NMR spectrum of metakaolin geopolymer waHAI
ratio of 1.1

Table 45 Peaks properties f1Si NMR spectrum of metakaoligeopolyme with a Si/Al ratio of

1.1

n Width Intensit
QmAD PP o) (o)

. *2Al) 947 12.81 13.6
Metakaolin 84EOAI; 1055 1523  30.1
Q*4Al) -738 3.12 0.6

Q'4Al) -853  9.59 42.2
Geopolymer Qz(3AI) -91.4  6.29 3.0
Gel Q*2A) -953  6.52 3.3
Q*1Al) -101.8 8.17 3.4

Q*0Al -110.1 7.93 3.5

Q*0Al) -116  4.29 0.4

Table 46 Chemical composition and amount of individual phases in the metakgalpolymer
with a Si/Al ratioof 1.1

" Amount of
Phases Composition Phase in Sampl
Metakaolin 2.055i0,- Al,03 39.7%
Geopolymer  NaSh 18Al04.36 - 5.5H0 60.3%
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All five Q*(mAl) peaks were observed in the spectrum (Figure 4.9). These peak
assignmentfor the geopolymer gel were based on past literat8edg. The J(4Al) peak
was the most abundant for the geopolymer gel and the entire sample. It accounted for 56.2% of
the entire®°Si spectrum for the geopolymer gel. The primaf(4@l) peak also had the largest
peak widthwhichindicaedthat thispeakhad more disorder thahe other @ peaks The
Q*3Al), (2Al), (1Al) and (0Al)peakseach contributed about 3% to the tSf&li spectrum but

accounted for 6% of the geopolymer gel phase.

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

geopolymer gelsing the following equatiofb]:

B O
oo a .
B TO

The composition for the geopolymer gel was determined using the formula
NaS|AlO,y+1)-5.5H0[30], where ywas equal to the Si/Al ratio for the geopolymer gel. The
geopolymer getomposition was NagisAlO4.365.5H,0 in this sample. Knowing how much
silicon from the gelvas contributing to the totaPSi 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 HCI extraction results, G@ab#4.3.
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Figure 410 Peaks irf°Si NMR spectrum of metakaolgeopolymer witha Si/Al ratio of 1.2

Table 47 Peaks properties fSi NMR spectrum of metakaoligreopolymer witha Si/Al ratio of
1.2

n Width % of
Q(mAl) bpm (ppm) Total

Q'2Al)  -934 1352  9.76%
Q'0Al) -106.1 15.23  28.69%
Q'4Al)  -76.8 555 1.42%
Q'4Al) 851 887  31.52%
Q'(3A) 905 741  13.37%
Geopolymer| Q*%2Al) -95.8  6.99 6.72%

Gel Q%1Al) -101.3 6.99  3.98%

Metakaolin

Q*0Al)  -109 7.30 3.11%

QY0A) -117.2 570  1.24%

Table 48 Chemical composition and amount of individual phases in the metakgapolymer
with a Si/Al ratio of 1.2

" Amount of
Phases Composition Phase in Sample
Metakaolin 2.055i0,- Al,03 36.2%
Geopolymer NaSh 30Al0460- 5.5H0 63.8%
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Metakaolin accounted for 38.5% of the tdt:8i NMR spectrum for the metakaolin
geopolymer with a Si/Atatio of 1.2 based on the peak assignments (Table 4.7). For this sample,
there was 36.2% of unreacted metakaolin (Table %Bich did not agree well with the HCI
extraction results, 9.3%F &ble 4.). The J(0AI)/Q*2Al) ratio for the unreacted metakaolin
was 2.95, which was slightly higher thidnre metakaolin spectrum. The relative intensity
indicated that the {R2Al) waspossibly be being consumed at a faster rate than ‘{0eAQ
structure. The?Si NMR spectrum for metakaolin geopolymer wétBi/Al ratio of 1.2 did not
show good correlation with the extraction results, but as mentioned in section 4.1 the extraction
resuts of the metakaolin geopolymer with a Sitatio of 1.2werenot 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 metakaydopolymer with the Si/Aldatio of 1.1 and

metakaolingeopolymer with a Si/Atatio of 1.3.

All five Q*mAl) peaks were present in the geopolymer (Table 4.7). The amount of the
Q*(4Al) peak dropped significantly. It accounted for 76.0% of the entire silicon spectrum for the
geopolymer gel for the metakaolin geopolymer with a Siétio of 1.1, but for the metakaolin
geopolymer with a Si/Atatio of 1.2 the ((4Al) contributel only 53.7%, a 22.3% drop. While
theintensityof Q*(4Al) peak dropped, the ‘BAI) and J(2Al) peakintensities increased.

Increasing the Si/Alatio caused a drastic change in the geopolymer gel. The silicon tetrahedra
formed more SD-Si bonds and less-8)-Al bonds. The Si/Al ratio for the geopolymer gel was
1.30. The geopolymer gel accounted fr38%6 of the silicon spectrum in this samplalfle

4.7). For this mix, the geopolymer gel composition was NaB8lO 4 6r5.5H0. The total
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amount of geopolymer gel was 60.3% for this sample, which did not show good agreement with

the HCI extraction redis (Table 4.1), 90.7% for the same reason discussed in earlier paragraphs.
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Figure 411 Peaks irf°Si NMR spectrum of metakaoligeopolymer witha Si/Al ratio of 1.3

Table 49 Peak properties iffSi NMR spectrum of metakaolijeopolymer witha Si/Al ratio of
1.3

n Width % of
Q(mAl)  ppm (ppm) Total

Q'2Al) -935 1211 9.24%
Q*0Al) -1055 12.58 22.97%
QY4Al) -74.8 5.55 0.74%
Q*BAl) -85.1 1129 21.95%
Q'2Al) -88.8 7.82 20.26%

Metakaolin

Geogzllymer Q(1A) -963 565  20.02%
Q*0Al) -100.6  5.53 1.76%
Q'4Al -111.8  6.94 2.37%
Q*0Al -1183  3.29 0.50%
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Table 410 Chemical composition and amount of individual phases in the metakaol
geopolymer witha Si/Al ratioof 1.3

. Amount of
Phases Composition Phase in Sampl
Metakaolin 2.055i0,- Al,O3 31.25%
Geopolymer  NaSh 40AlO0480- 5.5H0 68.75%

Metakaolin contributed 32.2% of the tofai NMR spectrum for the metakaolin
geopolymemith a Si/Alratio 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 HCI extraction results, 31.98ble 4.2. The J(0AI)/Q*(2Al) ratio
was about 2.49. The relative intensity indicated that @A) and J(2Al) were likely being

consumed at the same rate.

All five Q*mAl) peaks were observed in the geopolymer. The amount of {dé\lD
structure dropped significantlyt accounted for 53.7% of the entff%Si NMR spectrum for the
geopolymer gel for the metakaolin geopolymer with a Siéfib of 1.2, but for the metakaolin
geopolymer witha Si/Al ratio of 1.3 the ((4Al) accounted for only 33.6%, a 20.1% drop.
While the amount of ¢f4Al) peakdropped, the amount of'@Al) and F(2Al) peakincreased.
The Si/Al ratio for the geopolymer gel was 1.40. The geopolymer gel accounted for 67.6% of the
silicon spectrum in this sampl&dble 4.9. For this mix, the geopolymeel composition was
NaSh 40Al04.805.5H0 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 HCI extraction results

(Table 4.2.
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Figure 412 Peaks irf°Si NMR spectrum of metakaolgeopolymer witha Si/Al ratio of 1.4

Table 411 Peak properties iffSi NMR spectrum of metakaoligeopolymer witha Si/Al ratio of

1.4
N Width % of
Q(mA) bpm (ppm) Total
| Q%A)  -92.3 1453 8.54%
Metakaolin B
Q*0Al) -103.3 16.24 22.04%
Q*4Al)  -76.8  2.88 0.19%
Q*(4Al)  -1104 9.17 6.36%
N - 0
Geopolymet Q*(3Al) 845  8.59 21.39%

Gel Q*2Al) -89.4 835 19.83%

Q'aAny 941 8.59 12.66%

Q*0Al) -100.1 859 6.70%
Q%0Al) -118.7 6.22 2.07%

Table 412 Chemical composition and amount of individual phases in the metakaolin
geopolymer witha Si/Al ratio of 1.4

. Amount of
Phases Composition Phase in Sampl
Metakaolin 2.055i0,- Al,03 31.17%

Geopolymer  NaSh 56Al0512 - 5.5H0 68.83%
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Metakaolin contributed 30.6% of the tofabi NMR spectrum of metakaolin geopolymer
with a Si/Alratio of 1.4 based on the peak assignments (Table 4.11). For this sample, there was
31.2% of unreactbmetakaolin based on the NMR analysis (Table 4.12), which showed
relatively good agreement with the HCI extraction results, 35T2%I¢ 4.2. The
Q*(0AI)/Q*2Al) ratio was about 2.59. The relative intensity indicated that f{@AQ and

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

All five Q*(mAl) peaks were observed in the geopolymer gel phase (Table 4.11). The
amount of the ¢{4Al) peak was about the same as the amount of tAQ) peakin the
metakaolin geopolymer withSi/Al ratioof 1.3. It accounted for 33.6% of the entff&i NMR
spectrum for the geopolymer gel for the metakagéopolymer with a Si/Atatio of 1.3, and the
Q”4Al) peak accounted for 31.2% for the metakaolin geopolymeraittAl ratio of 1.3. The
Q4Al) peak vas not the only ¢mAl) that appeared to have leveled off. Th&3al) amount
for the metakaolin geopolymer wiSi/Al ratio of 1.4 was about the same as the metakaolin
geopolymer witha Si/Al ratio of 1.3. The 2Al) decreasedvhile the J(1Al) and he JF(0AI)
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 {18 NMR spectrum in this sampl&dble 4.1).
The geopolymer gel composition was NagAlOs 1»-5.5H,0 in this sample. The geopolymer
gel accounted for 68.8% of the total sample (Table 4.12), which showed relatively good

agreement with the HCI extraction resulsifle 4.}, 64.8%.
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Figure 413 Pes in?°Si NMR spectrum of metakaoligeopolymer witha Si/Al ratio of 1.5
Table 413 Peak properties iffSi NMR spectrum of metakaoligreopolymer witha Si/Al ratio of

1.5
n Width % of
Q(mAl) ppm (ppm) Total
| QYeAl) 917 1521  4.51%
Metakaolin 4
Q%0Al) -105.6 16.24  10.37%
Q*4Al)  -75.1 555 1.64%
Q*'3Al) -845 892 24.47%
Q%2Al) -90.2 7.23 23.06%
Geopolymer

Gei Q'(1Al) 961  7.25 16.21
Q*0Al) -102.1 9.12 8.64%
Q'4Al) -111.5 10.28  9.05%
Q*0Al) -121.1  7.92 2.33%

Table 414 Chemical composition and amount of individual phases in the metakaolin
geopolymer witha Si/Al ratio of 1.5

Amount of Phase

Phases Composition .
in Sample
Metakaolin 2.05SiG- AlL,O3 9.5%%
Geopolymer  NaSh 1Al04.36 - 5.5H,0 90.4%%
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