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ABSTRACT

SYNTHESIS AND CHARACTERIZATION OF METAKAOLIN, FLY ASH AND
RED MUD BASED GEOPOLYMERS

Geopolymers stand as potential future alternatives to ordinary cement offering to
reduce global CO, emissions with added advantages such as better mechanical strength and
increased design lives. In this thesis, metakaolin, fly ash (C type), and fly ash-red mud
based geopolymers were synthesized, mechanically tested and characterized in detail by
spectroscopy, diffraction and microscopy techniques. In the first part of this thesis,
metakaolin-based geopolymers with molar Si/Al ratios of 1.12, 1.77 and 2.20 were
investigated. Geopolymer samples with Si/Al ratio of 1.12 contained crystalline
components, namely zeolite A and/or sodalite phases, whereas geopolymers with Si/Al
ratio of 1.77 and 2.20 were mainly ‘x-ray amorphous’. The position and width of the main
band in FTIR spectra was found to systematically increase with increasing molar Si/Al
ratio. The intensity of this band decreased with increasing Si content in the system
indicating increased geopolymerization. Compressive strength of these samples were also
found to increase systematically with increasing molar Si/Al ratio. The second part of this
thesis focused on fly ash and fly ash-red mud based geopolymers. The FTIR spectra of
fly-ash based geopolymers with molar Si/Al ratio of 1.95 exhibited the presence of mainly
two bands positioned at 941 cm™ and 1099 cm™. These bands possibly indicated i) a CASH
and/or CSH gel and ii) NASH gel, respectively. These gel phases are also observed in
SEM images of these specimens. Increasing Si/Al ratio up until 2.40 results in the merging
of these bands together. The corresponding compressive strength values seem to increase
with increasing Si/Al ratio. On the other hand, fly ash-red mud based geopolymers with
low red mud contents reveal similar phase separated structure as evident from FTIR
spectroscopy. However, as red mud content increases in the system, two bands
corrresponding to CASH and/or CSH gel and NASH gel merge into a broader single
feature. Transition from a two-phase structure into a relatively more uniform one should be

responsible in corresponding increases in the measured compressive strength values.
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OZET

METAKAOLIN, UCUCU KUL VE KIRMIZI CAMUR BAZLI
JEOPOLIMERLERIN SENTEZi VE KARAKTERIZASYONU

Jeopolimerler daha iyi mekanik dayaniklilik ve artan tasarim Omiirleri gibi
avantajlartyla global karbondioksit emisyonunu azaltmak ig¢in ¢imentoya gelecekteki
potansiyel alternatif aday olmaktadir. Bu tezde metakaolin, ugucu kiil (C sinifi) ve ugucu
kiil-kirmiz1 ¢camur bazli jeopolimerler sentezlenmistir, mekanik olarak test edilmistir ve
spektroskopi, difraksiyon ve mikroskopi teknikleri ile detaylica karakterize edilmistir.
Tezin ilk bolimiinde Si/Al mol oranlart 1.12, 1.77 ve 2.20 olan metakaolin bazh
jeopolimerler incelenmistir. Si/Al molar oran1 1.12 olan metakaolin bazli jeopolimerler
zeolite A velya sodalit gibi kristal fazlar1 igermektedir. Ancak, Si/Al mol oranlart 1.77 ve
2.20 olan jeopolimer ornekleri biiyiikk oranda Xx-ray amorf yapidadir. Metakaolin bazli
numunelerde orneklere ait FTIR spektroskopisindeki ana bandin pozisyonu ve genisligi
Si/Al molar orani arttikga sistematik olarak artmaktadir. Bu bandin keskinliginin
sistemdeki Si igeriginin artistyla azalmasi jeopolimerizasyonun artmasini géstermistir. Bu
orneklerin basing dayanimlarinin da Si/Al molar orami arttikca sistematik olarak arttigi
bulunmustur. Tezin ikinci boliimiinde ugucu kiil ve ucucu kiil-kirmizi ¢amur bazli
jeopolimerlere odaklanilmistir. Si/Al mol oran1 1.95 olan ugucu kiil bazli jeopolimere ait
FTIR spektroskopisi 941 cm™ and 1099 cm™de konumlanan asil iki bandin varligin
gostermistir. Bu bandlar muhtemelen sirasiyla i) CASH ve/ya CSH ve ii) NASH jellerini
gostermektedir. Bu jel fazlari numunelerin SEM goriintiilerinde de gozlenmistir. Si/Al mol
oraninin 2.40’a kadar artmasi bu bandlarin birlesmesiyle sonuglanmigtir. Basing dayanim
degerlerinin Si/Al mol oranlar1 arttikca arttigi goriilmiistiir. Ote yandan, diisiik oranda
kirmizi ¢amur i¢eren ugucu kiil-kirmizi gamur bazli jeopolimerler FTIR sprektroskopisinde
kanitlanan benzer ayrilmis faz yapilarini ortaya ¢ikarmustir. Ancak, sistemdeki kirmizi
camur igerigi arttikca CASH ve/ya CSH ve NASH jellerine karsilik gelen iki band daha
genis tek bir banda doniismiistiir. Iki fazli yapidan daha kararli bir yapiya doniisiim,

Olgiilen basing dayanim degerlerindeki ilgili artistan sorumlu olmalidir.
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1. INTRODUCTION

The climate change due to global warming is a vital threat to the whole world. The
greenhouse gases such as carbon dioxide emitted through human activities lead to global
warming. CO; has the greatest impact on global warming among greenhouse gases which
is responsible of about 65 % of global warming [1,2]. CO; level in air has risen from 315
ppm to 365 ppm between 1960 and 2000 [3]. Two billion tonnes of CO, per year are
emitted in cement production. It is estimated that 3.5 billion tones of CO, will be produced
annually by cement industry in ten years [3]. The production of portland cement
contributes to 5-7 % of global CO, emissions [4-6]. Therefore, it is fair to mention that
cement manufacturing process increases environmentally unfriendly green house gas

emissions [7,8,2].

Recent academic studies have started to focus on ‘geopolymers’ that are inorganic
polymers that arise as potential future alternatives to cement-based materials. Geopolymer
was first contrived by Prof. Joseph Davidovits in 1970s. It was first used as a fire resistant
to protect cruise ships from fire, in protection of wooden structures and in different
implementations. Geopolymers have also been shown to display good mechanical and
thermal properties, low shrinkage and longer design lives compared to some cementitios
materials. Geopolymers, if used as an alternative to Portland cement, CO, emission
produced by geopolymer technology is estimated to be 80 % less than Portland cement.
Therefore, it is thought that geopolymer technology is going to be vital in the near future

for a green construction industry [9-11].

1.1. Geopolymerization Process

Geopolymer is an amorphous aluminosilicate structure formed by combining raw
materials containg high levels of silica and alumina with alkali activating solutions [12-14]
Geopolymer studies have started to increase in construction material field as geopolymer
technology offers low CO, emission and low energy consumption. In addition, the

resulting materials display good mechanical properties [12], acid resistance, freeze-thaw



cycle resistance, low permeability and the property of tendency to reducing the mobility of

a great amount of heavy metal ions [15-18].

The general formula of three dimensional aluminosilicate geopolymer structure is
Mn[-(Si10,),-AlO;],.wH,0. M is a cation (Na, Ca, K), n is the polycondensation degree and
zis 1, 2, 3 or >>3. This structure includes SiO,4 and AlO, tetrahedras linked by sharing all
O atoms [19]. In geopolymerization process, aluminosilicates are usually used as raw
materials and alkali hydroxide and silicate solutions are used to activate aluminosilicates.

Reaction mechanisms are briefly shown below in Equation 1.1 and 1.2 [13].

NaOH /KOH )
(Sijﬂi.ﬁljﬂﬂ + z.i'fSiD: + 4]'ij0 —_— .i'f'[:GH];—Si-D-tﬁLl-G'Si‘{DI‘I);
|
(OH),
{Geopolymer Precursor) (1.1)

) ] S
n(OH);-5i-0-A1-0-Si-(0H); NaOH KOH fNa.K}-(-Ei—D-Al—D-Sil-D-} + 4nH,0
(OH), O O O

(Geopolymer Backbone) (1.2)

Formation of a geopolymer is a complicated process that can be summarized in
mainly four steps:
(i) Dissolution of aluminosilicate solid materials in alkaline environment,
(ii) Geopolymer formation with the oxygen atoms in Si-O-Si and Si-O-Al bonds,
(iii)Partial precursors and polysilicate restructuring yield a 3D aluminosilicate
framework, and

(iv)Unresolved solid molecules bond with each other [15, 20,21].
1.2. Raw Materials Used in Geopolymerization
Raw materials that can be used in geopolymerizatin as mentioned above are

aluminosilicate sources that can be natural minerals including kaolinite and clays and

industrial wastes such as fly ash, red mud, silica fume, rice-husk ash and slag [2].



Kaolinite is an aluminosilicate mineral used traditionally as a raw material in
geopolymer synthesis due to its high content of SiO, and Al,O3. Turkey is an important
kaolinite producer with a production capacity of about 850,000 metric tonnes annually
[22]. Kaolinite displays a layered structure consisting of Al and Si layers with water
molecules embedded in these layers. In geopolymer synthesis, thermally treated form of
kaolinite, metakaolin, is used. Metakaolin can be obtained by calcination of kaolinite
mineral at about 750 °C [23]. In other words, dehydroxylation of kaolinite results in the
formation of metakaolin. The process of dehydroxylation of kaolinite is seen in Figure 1.1.
Metakaolin displays a relatively ordered structure consisting of layered silicon and
aluminum layers [24]. The geopolymer formation process using metakaolin is expected to

result in destruction of these layers leading to an amorphous geopolymer.

® Hy0

750 C

\

KAOLINITE METAKAOLIN
Figure 1.1. Dehydroxylation of kaolinite structure.

Fly ash is a subsidiary product obtained from the combustion of coal in thermal
power plants [25]. It is suitable for geopolymer production due to its high amorphous silica
and alumina content [26]. Composition of coal and the process of burning determine
properties and chemical composition of fly ash [27,28]. According to ASTM C 618, fly ash
is divided into two groups: class F and class C. They all have pozzolanic properties.
However, in addition to this feature, C type fly ash also has some cementitious properties
[29,30]. Lignite coal is a significant source for energy production in Turkey. Million tons
of coal have been used for burning in thermal power plants annually and whereupon a
great amount of fly ash and other combustion spin off products are produced in Turkey
[31]. There are approximately 20 thermal power plants in Turkey. However C-type fly ash
is produced by majority of them and F-type fly ash is produced only in Catalagzi Thermal



Power Plant [27]. In general, F type fly ash contains low amount of CaO whereas C type
fly ashes include up to 20 % CaO [27,32].

Another industrial waste used in geopolymer studies is red mud that is the main
waste of aluminum production process [33,14]. More than 120 million tons of red mud is
produced annually in the world [33,14]. Disposal method of red mud such as transportation
to waste lakes, dewatering and drying is hazardous for environment and public health.
Therefore, red mud treatment, recycling and utilization are enviromentally friendly actions.
[33]. Using red mud in geopolymerization technology will contribute to evaluating huge

mass of red mud waste in making an environmentally friendly material.

Approximate chemical compositions of fly ash, metakaolin and red mud are shown
in Table 1.1. It is seen that metakaolin has less impurities compared to fly ash and red mud.
These materials also differ in molar Si/Al ratio in their compositions. For example Si/Al

ratio is about 2 in fly ash whereas it is about 1 in metakaolin.

XRD pattern of fly ash display a broad hump between 20 and 38° indicating a
dsordered structure. Generally fly ash contain some crystalline phases such as quartz
(SiOy), hematite (Fe;O3), anhydrite (CaSQO,), calcium oxide (CaO) and magnesioferrite
(MgFe,0,) [34]. On the other hand, metakaolin displays a broad XRD pattern centered at
about 27.5° usually together with minor quartz content [35]. The main crystalline
components in red mud are quartz (SiO;), hematite (Fe;O3), goethite (FeO(OH)), and low
amounts of sodalite (Nag(AlsSisO24)Cl;) and cancrinite (NasCazAlsSisO24(CO3),) phases
[36].



Table 1.1. Chemical compositions of metakaolin, F type and C type fly ash and
red mud [36-38].

Component | Metakaolin thlézz F = tﬁgﬁ fly 53(31
SiO; 52.00 45.10 34.19 29.20
Al,O3 43.00 21.36 11.71 15.20
Fe,03 2.00 4.81 9.93 31.50
K0 - 1.47 0.70 -
TiO; 3.00 1.02 0.46 -
CaO - 8.74 30.19 4.50
Na,O - 5.19 0.24 3.10
SO; - 5.19 3.38 -
MgO - 3.49 7.11 0.20
MnO - 0.09 1.11 -
LOI - 3.54 0.32 10.20

1.3. Geopolymer Structure and Mechanical Properties

The structure and mechanical properties of geopolymers depend strongly on many
factors including raw material selection, synthesis conditions, thermal treatment

temperatures and durations following synthesis and etc.

X-ray diffraction (XRD) results show that metakaolin and fly ash based geopolymers
are amorphous displaying a featureless hump in the XRD pattern. As the temperature
increases, with increasing alkali activation with time, it might be expected to see
crystalline phases in geopolymer structure [39]. For example in a metakaolin based
amorphous geopolymer gel system, curing at different temperatures resulted in zeolite K-I
phase formation at 120 °C. This result also proves that crystallinity increases as a function
of temperature. On the other hand, as the polymerization degree of soluble silica is risen,

more amorphous geopolymer gels form [39].

2"Al and #Si magic angle spinning (MAS) nuclear magnetic resonance (NMR)

spectroscopy revealed that geopolymer structure consists of tetrahedrally coordinated Si**

and AI**[39,40]. Typical metakaolin, metakaolin based Na geopolymer, typical fly ash and



fly ash based Na geopolymers have been characterized by #’Al and *Si MAS NMR
spectroscopy. It is reported that geopolymer structure is composed of crosslinked AlO,4 and
SiO, tetrahedra, independent of raw material selection. 2’Al MAS NMR spectroscopy
results indicate that the fundamental difference between fly ashes and metakaolin is that fly
ashes include more Al than metakaolin [39].

FTIR spectra of geopolymers is generally characterized by a broad band in 900-1300
cm™ region that is characteristic for disordered geopolymer structure. In a metakaolin
based geopolymer study highest absorbance peak observed in the region 1300-900 cm™ is
assigned to asymmetric stretching vibration of Si-O-T linkages. The bands positioned at
1169 and 1063 cm™ indicate the asymmetric stretching mode of metakaolin and these
peaks were present in all spectra. The high frequency band at 995 cm™ correponds to
asymmetric vibration of oxygen linkages between tetrahedra of geopolymer structure [41].
In another study related to metakaolin-based geopolymers with different solid/liquid ratios,
the main bands in FTIR spectra are observed at between 958 and 967 cm™. The band
located at 660 cm™ which is present in all geopolymer samples is related to the zeolite
structure. The FTIR band positioned at 3300 cm™ represents the OH stretching vibration.
The other absorption peak at 1645 cm™ is assigned to H,O bending due to weak H,O bonds
adsorbed at the surface of the geopolymer framework [42]. FTIR spectra of kaolinite and
fly ash based geopolymer indicates that the peaks positioned around 539 cm™ are related to
Si—O-Al bonds [20,43]. FTIR characteristic vibrations located at 1009 and 1033 cm™ are
due to the assymetric stretching of Al-O and Si-O bonds [20,44]. Another characteristic
peak corresponds to asymetric stretching of linkages between tetrahedra was detected at
1087 cm™ [20].

The mechanical properties of geopolymers is related with many factors including raw
material selection, synthesis parameters and thermal treatment conditions following
synthesis. For example, in a recent study in fly ash-based geopolymers, it is shown that as
the thermal treatment temperature rises or aging time is extended, the strength of materials
increases [45]. In another study, the maximum compressive strength for fly ash based
geopolymer is observed when curing temperature is 60 °C. High curing temperature is
observed to cause cracking. Moreover, the product including more Si than others has

improved compressive strength with the values such as 64 MPa in this system [46].



Similarly, it is shown that metakaolin based geopolymers with higher Si/Al ratio does not
display cracks and have minimum degradation [47]. A recent study in metakaolin-based
geopolymer sytem focusing different curing temperatures within the range of 30 and 90 "C,
reported that 60 'C was the optimum temperature for geopolymer samples in terms of
showing good physical and mechanical properties [48]. Another research on metakaolin-
based geopolymer specimens focused on changing Si/Al molar ratios in the system in the
region of 1.07-1.90. It is observed that sample with Si/Al ratio of 1.75 has the best

mechanical performance with the compressive strength value of 22 MPa [49].

The properties of fly ash and metakaolin based geopolymers are different than one
another. First of all, fly ash based geopolymers tend to be stronger than metakaolin based
geopolymers. These differences arise from their different microstructures. On the other
hand, they have some similarities existing between them such as their local structures.
They all have same gel phase binder and display same silicon and aluminium bonding
environment at short length scales [39]. A study on metakaolin based geopolymers report
that with increasing Si/Al ratio in the system, large pores decrease in size and conversion
of heterogeneous structure into a homogeneous form takes place. It is observed that this
change is proportional to increase in mechanical strength of geopolymers [50].

Various structural and mechanical testing methods are performed on red mud and fly
ash based geopolymer systems with red mud contents between 0-40 percent. It is observed
that the intensity of geopolymerization is enhanced as red mud composition in the system
increased. Compressive strength values increase until 10 % red mud composition of
geopolymer while further increase in red mud content resulted in a negative effect on
compressive strength. Highest compressive strength values of geopolymer specimens are
reported to be approximately about 20 MPa and 28 MPa for curing times 3 and 28 days,
respectively [36]. In another study, red mud and granulated blast furnace slag are
employed in geopolymerization. It is reported that geopolymer with red mud calcined at
800 'C has the highest dissolution efficiencies of aluminium and silica. All produced
binders are cured for 3, 7 and 28 days. It is found that geopolymer waited for 28 days
exhibit the highest compressive strength value [51]. Mechanical performance of
geopolymers produced with red mud and F type fly ash has been also studied recently as a

function of molar composition. It is reported that Na/Al molar ratio in the range of 0.6-0.8



and Si/Al molar ratio of 2 are ideal beginning points to produce red mud and class F fly ash

based geopolymers [12].

Understanding the structure of geopolymers is critical for designing geopolymers
with desired properties. The relationships established between the structure and physical
properties will be important for controlling product properties. In this context, this study
includes synthesis, characterization, and modeling of metakaolin and fly ash&red mud
based geopolymers for geopolymer design. In Chapter 2, metakaolin based geopolymer
samples with different Si/Al ratios were synthesized, characterized and tested by some
methods to understand microstructural and physical properties. In Chapter 3, C type fly ash
based geopolymers with different Si/Al ratios and fly ash-red mud based geopolymer
samples with different red mud composition were produced and characterization detail. X-
ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), Scanning electron
microscopy (SEM) and compressive strength measurements were the main characterization
methods employed in this thesis. XRD was performed on samples to detect crystalline
phases and/or amorphous character of the specimens. FTIR analysis was carried out to
determine the vibrational spectra of the samples. SEM images of all synthesized
geopolymer samples were obtained to comprehend their characteristic structure.
Furthermore, compressive strength analysis were performed on produced specimens to

correlate microstructure and mechanical performance of geopolymer samples.



2. RELATIONS BETWEEN THE STRUCTURAL
CHARACTERISTICS AND COMPRESSIVE STRENGTH IN
METAKAOLIN BASED GEOPOLYMERS WITH DIFFERENT
MOLAR SI/AL RATIOS

2.1. Introduction

Portland cement production is responsible for about 5-8 % of all human generated
CO, emissions in the world. A tone of CO, is released for every ton of cement
manufacture. It is a big environmental problem and the need for environmentally friendly
construction materials is continuously growing. Recent research in geopolymer field
showed that these new materials could be a potential alternative to Portland cement that
could decrease CO, emission by 80 % compared to Portland cement [10,11,39,52].
Geopolymers are amorphous to crystalline alkali aluminosilicate materials formed by the
reaction of an aluminosilicate source with alkali hydroxide and/or alkali silicate solution.
Some other common terms used to refer geopolymers include ‘low-temperature
aluminosilicate glass’, ‘geocement’, ‘alkali-bonded ceramic’, and ‘hydroceramic’ [39,53-
56]. Geopolymers, when compared to traditional cementitious materials, have shown to
display comparible physical and mechanical properties such as high compressive strength,
significant acid and fire resistance, low thermal conductivity and low shrinkage [11,39].

Therefore they can be considered as potential future alternatives to cement-based materials.

Geopolymers can be thought as three-dimensional inorganic polymers that are
produced by polymerization reaction of a solid aluminosilicate source with highly
condensed alkali hydroxide or silicate solution [57,58]. Various aluminosilicate sources
can be used as raw materials for geopolymer synthesis including kaolinite, fly ash and blast
furnace slag [59]. The atomic structure and corresponding mechanical performance of the
geopolymers depend strongly on the raw material employed in geopolymerization as well

as the synthesis and aging conditions [39].
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Metakaolin, thermally treated form of kaolinite mineral, has been widely used as the
main raw material in geopolymerization in various studies before. Some recent studies
involve utilization of metakaolin synergistically with industrial waste materials such as red
mud, rice husk ash, and fly ash in geopolymerization [60,61,33,62,36]. Although the
geopolymer formulations that exist in the literature seem to be promising in terms of
achieving comparable mechanical performance values compared to cementitious materials,
establishing structure-property relationships by through characterization of these materials
will be critical for being able to design geopolymers with desired properties. In this
context, this study, aims to synthesize and fully characterize metakaolin-based
geopolymers with different Si/Al ratios in order to obtain relationships between the
experimental structural characteristics and mechanical performance in geopolymer
systems. Metakaolin is used as the main raw material in this study due to its high purity
with respect to other aluminosilicate materials offering relatively easier data interpretation.
The focus of this work is not optimization of geopolymer performance but to correlate
geopolymer performance with the structural data that is collected on metakaolin-based
geopolymers with various Si/Al molar ratios. Previous studies indicated that geopolymer
formulations achieved high compressive strength values for molar Si/Al and Na/Al ratios
in the regions 1.8-2.2 and 0.9-1.2, respectively [58,63-65]. In order to complement these
kinds of conclusions, the structural characteristics in the geopolymer systems should be
outlined employing various structural characterization techniques in order to understand
the mechanical behavior of a system. In this study, X-ray diffraction (XRD), Fourier
Transform Infrared Spectroscopy (FTIR) and scanning electron microscopy (SEM) are
synergistically employed to understand structural characteristics of metakaolin-based
geopolymers. Compressive strength measurements are performed on the synthesized
materials to correlate mechanical performance of these materials with their structural

characteristics.
2.2. Experimental
Kaolinite was treated at 700 °C at atmospheric pressure for 1 hour to obtain

metakaolin. Metakaolin is known to be more active for geopolymerization and was used as

the aluminosilicate source to produce geopolymers in this study. Metakaolin was allowed
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to rest about a day before being used in geopolymerization. Chemical composition of

metakaolin used in this study is given in Table 2.1.

Table 2.1. Chemical composition (wt %) of metakaolin.

Chemical Composition Percentage (wt %)
SiO; 56.21
Al;04 41.04
TiO, 1.15
K,0 0.46
Fe O3 0.36
CaOo 0.09
MgO 0.07
P20s 0.06

Sodium hydroxide (NaOH) and sodium silicate (9 % of Na,O, 28 % of SiO,, 63 % of
H,O with 1.401 g/ml of density at 20 °C) solutions were used as activating solutions to
form metakaolin-based geopolymers. Metakaolin and activating solutions are mixed
thoroughly and transferred into 4 cm x 4 cm x 16 cm steel molds using the described

conditions in Table 2.2.



Table 2.2. Synthesis conditions and molar ratios used in metakaolin-based geopolymer synthesis. Geopolymer (GP) samples were named
using the Si/Al molar ratio and the time (days) the samples were cured at 60 °C. For instance, GP1.12-7d refers to geopolymer formulation

with Si/Al ratio of 1.12 that was cured at 60 °C for 7 days and three weeks.

Geopolymer | Si/Al | Na/Al Na/Si Activating Solution | Solid to water ratio (g/g) Thermal Treatment
GP1.12-1d 1.20 | 1.492 1.280 NaOH 1.05 1 day-60 °C + 3 weeks-25 °C
GP1.12-7d 1.20 | 1.492 1.280 NaOH 1.05 7 days-60 °C + 3 weeks-25 °C
GP1.77-1d 1.80 | 1.123 0.635 NaOH & Na,Si3Oy 1.19 1 day-60 °C + 3 weeks-25 °C
GP1.77-7d 1.80 | 1.123 0.635 NaOH & Na,Siz0y 1.19 7 days-60 °C + 3 weeks-25 °C
GP2.20-1d 2.20 | 1.193 0.542 NaOH & Na,Siz0y 1.12 1 day-60 °C + 3 weeks-25 °C
GP2.20-7d 2.20 | 1.193 0.542 NaOH & Na,Siz0y 1.12 7 days-60 °C + 3 weeks-25 °C
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They were allowed to rest about a few hours before being transferred into furnace.
GP1.12-1d and GP1.12-7d were produced using 8M NaOH solution to activate metakaolin
whereas the other geopolymers were produced using Na,Si3O7 solutions together with 8M
NaOH solution to achieve higher molar Si/Al ratios. Sodium silicate (Na,SizO7) solution
contains soluble SiO, facilitating synthesis of geopolymers with Si/Al ratios of 1.77 and
2.20 (GP1.77-1d, GP1.77-7d, GP2.20-1d and GP2.20-7d). Geopolymer samples in this
study were synthesized with molar Si/Al ratios of 1.12, 1.77 and 2.20. As a part of this
study, it was also aimed to see the changes in structure and mechanical performance with
exposure to different thermal treatments as well as molar Si/Al ratios. Therefore, each
geopolymer composition was treated through two different thermal procedures to see the
effect of thermal processing history. The samples with different Si/Al ratios, following
mixing process, were cured i) 1 day at 60 °C and 3 weeks at 25 °C, and ii) 7 days 60 °C and
3 weeks at 25 °C. All experimental measurements were performed on these samples at the

end of mentioned curing times.

All obtained specimens are characterized by XRD (absorber: copper, model: D/Max
2200-PC, Rigaku) to determine crystalline phases and/or amorphous character of the
specimens. Powder XRD patterns were recorded on a Rigaku X-ray diffractometer (model:
D/Max 2200-PC) with Cu absorber. FTIR spectroscopy (Bruker Vertex 80v spectrometer,
resolution: 4 cm™) analysis in 2000-400 cm™ spectral region were performed on produced
geopolymer samples to determine the vibrational spectra of the samples. Compressive
strength measurements were performed by a servo-hydraulic test machine with capacity of
100 kN (model: MTS) and loading rate is 0.01 mm per second. SEM images were obtained
by using Zeiss Ultra Plus (FEG-SEM) scanning electron microscope with a secondary

electron (SE) detector.
2.3. Results and Discussions

Metakaolin was obtained by thermal treatment of kaolinite at 700 °C for an hour.
Figure 2.1 displays XRD patterns of kaolinite and metakaolin. Distinct characteristic
features in the XRD pattern of kaolinite disappeared as a result of thermal treatment at 700
°C resulting in a broad feature that is located between 20 of 20-28° indicating loss of

crystallinity and order in the system (Figure 2.1). This process is an indication of
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dehydroxylation process of kaolinite by loss of structural water through diffusion followed
by transformation of six-coordinated aluminium into four-fold [66]. It was observed that

both kaolinite and metakaolin included quartz as a minor impurity (Figure 2.1).
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Figure 2.1. XRD patterns of kaolinite and metakaolin.

FTIR spectra of kaolinite and metakaolin are given in Figure 2.2. The band
positioned at 1116 cm™ is attributed to Si-O stretching vibrations in kaolinite structure. A
significant band at 1029 cm™ and a major shoulder at 1014 cm™ are assigned to Si-O-Si
and Si-O-Al lattice vibrations in kaolinite, respectively [67,68]. Sharp bands located at 941
and 919 cm™ in the FTIR spectrum indicate surface OH bending and inner OH bending
vibrations that are mainly caused by AI-OH groups, respectively (Figure 2.2) [67,69].
Bands in the low frequency region positioned at 759, 694 and 536 cm™ are related with Si-
O and Al-O vibrations [67,68]. Specifically, the band centered at 536 cm™ corresponds to
Al (O,0H)s octahedra in kaolinite [67,70]. Another lower frequency band at 464 cm™ is
attributed to bending or stretching of T-O-T (T=Si or Al) bridge of aluminosilicates
[71,72]. Thermal treatment of kaolinite at 700 °C results in transformation of crystalline

kaolinite into amorphous metakaolin with the loss of internal water and dehydroxylation as



15

it is evident from Figure 2.1. In this context, the characteristic bands observed in the FTIR
spectrum of kaolinite disappeared and broad features positioned around 1080, 808 and 465
cm™ appeared (Figure 2.2). High frequency band at 1080 cm™ is attributed to stretching Si-

O bonds in amorphous SiOs.
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Figure 2.2. FTIR spectra of kaolinite and metakaolin.

Low frequency band positioned at 536 cm™ in kaolinite is replaced by a broad band
at 808 cm™ which is related to the vibrations of the AlO, tetrahedron in metakaolin
[70,72]. FTIR band located at 464 cm™ in the FTIR spectrum of kaolinite indicating T-O-T
(T: Si or Al) aluminosilicate bridge is seen in the FTIR spectrum of metakaolin as well

displaying a broader peak compared to kaolinite.

In this study metakaolin was activated to form geopolymers with molar Si/Al ratios
between 1.12-2.20. XRD patterns of all geopolymers studied in this work are given in
Figure 2.3. It can be seen from this figure that, the specimen with Si/Al ratio of 1.12 with
thermal curing of 1 day at 60 °C and three weeks at room temperature (GP1.12-1d)
consists of mainly zeolite A and minor amount of sodalite phases. On the other hand,

GP1.12-7d sample that corresponds to same molar Si/Al ratio with longer treatment at
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60 °C seems to be comprised of mainly sodalite (Figure 2.3). XRD patterns of
geopolymers with Si/Al molar ratio of 1.77 and 2.20 (GP1.77-1d, GP1.77-7d, GP2.20-1d
and GP2.20-7d) all display a featureless hump centered at approximately 27-29° 26 that
indicate the formation of an X-ray amorphous geopolymer matrix [39]. These geopolymers
seem to contain quartz in their structures as well (Figure 2.3). SEM images of these

samples are given in Figure 2.4 and they seem to support XRD results.
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Figure 2.3. XRD patterns of geopolymers (a) GP1.12-1d (Si/Al ratio: 1.12), (b) GP1.12-7d
(Si/Al ratio: 1.12), (c) GP1.77-1d (molar Si/Al ratio: 1.77), (d) GP1.77-7d (Si/Al ratio:
1.77), (e) GP2.20-1d (Si/Al ratio: 2.20), (f) GP2.20-7d (Si/Al ratio: 2.20).

The morphology of specimen GP1.12-1d displays cubic zeolite A crystals that are
also detected by XRD. The sizes of these cubes seem to be about 1 pm and interpenetration
twinning is observed consistent with the literature [67]. On the other hand, specimen
GP1.12-7d displays the presence of wedge-shaped blade morphology that is consistent
with sodalite formation in the system. As it is seen in Figure 2.4, the SEM morphologies
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for specimens with higher Si/Al molar ratios (GP1.77-1d, GP1.77-7d, GP2.20-1d and
GP2.20-7d) display glassy geopolymeric matrices, consistent with their x-ray amorphous
XRD patterns (Figure 2.4).
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Figure 2.4. SEM images displaying morphology of geopolymers (a) GP1.12-1d
(Si/Al ratio: 1.12), (b) GP1.12-7d (Si/Al ratio: 1.12), (c) GP1.77-1d (Si/Al ratio: 1.77), (d)
GP1.77-7d (Si/Al ratio: 1.77), () GP2.20-1d (Si/Al ratio: 2.20), (f) GP2.20-7d (Si/Al ratio:
2.20).

FTIR spectra of the geopolymers studied in this work are shown in Figure 2.5. A
visual inspection of Figure 2.5 shows that geopolymers with molar Si/Al ratio of 1.12
(GP1.12-1d and GP1.12-7d) exhibit much narrower FTIR band widths. This fact is
consistent with relatively high level of crystallinity in these samples as indicated from
XRD patterns in Figure 2.3. On the other hand, geopolymers with molar Si/Al of 1.77 and
2.20 that display ‘x-ray amorphous’ XRD patterns (GP1.77-1d, GP1.77-7d, GP2.20-1d and
GP2.20-7d) exhibit fairly broad main bands in their FTIR spectra. It is observed that the
main band positioned at about 1085 cm™ in the FTIR spectrum of metakaolin (Figure 2.2)
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is replaced by bands in the lower frequecy region (950-1150 cm™) as a result of
geopolymerization reaction of metakaolin with activating solutions (Figure 2.5). XRD
results for the geopolymers with Si/Al ratio of 1.12 indicated that GP1.12-1d consisted of
mainly zeolite A with minor sodalite component whereas GP1.12-7d contained mainly
sodalite phase. Therefore, increased curing time at 60 °C resulted in the formation of
sodalite phase. This result obtained from diffraction is verified by FTIR spectroscopy.
FTIR spectrum of GP1.12-1d exhibits a major band located at 977 cm™ which is assigned
to Si-O-Al bonds in TO, tetrahedra in zeolites [72,73]. Moreover the band positioned at
around 555 cm™ is a characteristic feature attributed to the formation of double four-
membered rings in zeolite structure [72,74]. On the other hand, the FTIR spectrum of
GP1.12-7d as shown in Figure 2.5 reveals characteristic bands that are fingerprints of
natural sodalite minerals, supporting XRD findings in Figure 2.3. Specifically, the main
band at around 966 cm™ can be attributed to asymmetric stretching mode of T-O-T bonds.
The features located at 734, 711 and 667 cm™ are characteristic symmetric stretching
vibrations of T-O-T bonds in sodalite framework [67,69]. The bands positioned at 462 cm™
and 430 cm™ in the lower frequency region are related to the bending of O-T-O bonds in
GP1.12-7d (Figure 2.5) [67].
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Figure 2.5. FTIR spectra of geopolymers (a) GP1.12-1d (Si/Al ratio: 1.12), (b) GP1.12-7d
(Si/Al ratio: 1.12), (c) GP1.77-1d (Si/Al ratio: 1.77), (d) GP1.77-7d (Si/Al ratio: 1.77), (e)
GP2.20-1d (Si/Al ratio: 2.20), (f) GP2.20-7d (Si/Al ratio: 2.20).
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FTIR spectra of geopolymers with molar Si/Al ratios of 1.77 and 2.20 are
characterized by the presence of a fairly broad ‘main band’ in the region 900-1200 cm™.
As it can be seen from Figure 2.5, geopolymers with Si/Al molar ratio of 1.77 (GP1.77-1d
and GP1.77-7d) display broad main bands at around 985 cm™. However, main bands in the
FTIR spectra of geopolymers with Si/Al molar ratio of 2.20 (GP2.20-1d and GP2.20-7d)
seem to be positioned at a higher frequency of 1014-1018 cm™. Main band in the FTIR
spectrum is a major indication of inorganic polymeric matrix defining asymmetric
stretching vibrations of T-O-Si (T: Si or Al) bonds as a result of TO,4 reorganization during
geopolymer synthesis [75,76]. This band was reported to depend on the length as well as
angle of the bonds in the structure. The intensity of this band was also indicated to
decrease with increased Al incorporation into geopolymer matrix [75,76]. In this study, the
main band position in the FTIR spectra is observed to systematically shift to higher
wavenumbers with increasing molar Si/Al ratio with increased peak widths. In addition,
the intensity of the main band decreased with increasing Si content in the system (Figure
2.5). This is attributed to increased geopolymerization and disorder in the system. It should
also be noted that the band located at 1670 cm™ is related to bending vibrations of H-O-H
[51] and the intensity of this peak slightly decreases with increased thermal treatment times
at 60 °C. Specimens GP2.2-1d and GP1.12-1d display a broad feature at 1410 cm™ in their
FTIR spectra that can be assigned to stretching vibrations of O-C-O bond indicating
atmospheric carbonation. Excess sodium in the geopolymer matrix might have reacted with
CO, to result in sodium bicarbonate [75,77].

Figure 2.6 displays compressive strength values measured for the geopolymer
samples investigated in this study as a function of molar Si/Al ratios in the structures. It is
seen that the specimens with the lowest molar Si/Al ratio of 1.12 display very low
compressive strength values of about 1 MPa as expected from their somewhat crystalline
nature. Compressive strength values seem to systematically increase with increasing Si
content in the system (Figure 2.6). Previous studies indicated that increase in SiO, content
in geopolymers by addition of soluble SiO, to the activating solutions can substantially
reduce the level of long-range structural ordering [3]. In this work Si/Al ratios were
controlled by adding sodium silicate solution (including soluble silica) to the system as

well.
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Figure 2.6. Compressive strength of the geopolymers as a function of molar Si/Al

ratios.

This helped to obtain disordered geopolymer structures (specimens with Si/Al ratios
of 1.77 and 2.20) as revealed from their XRD, FTIR and SEM results which in turn

resulted in improved compressive strengths (13-23 MPa).

The geopolymer with molar Si/Al ratio of 2.2 that was cured shorter (1 day) at 60 °C
(GP2.20-1d) exhibits the highest compressive strength of 23 MPa among the specimens
studied here. Geopolymers that were treated for 1 day at 60 °C were observed to
consistently have higher compressive strength values than specimens cured at 60 °C for 7
days (Figure 2.6). Longer exposure to higher temperature (60 °C) was seen to have a
negative effect in the development of compressive strength. More exposure (7 days) to
thermal treatment at 60 °C seemed to significantly decrease compressive strength values by
about 5 MPa with respect to samples treated at 60 °C for 1 day. Previous studies in the
literature regarding optimization of compressive strength in geopolymers indicated that
metakaolin based geopolymers with molar Si/Al and Na/Al ratios in the regions of 1.8-2.2
and 0.9-1.2, respectively, attain maximum compressive strength values [8,15-17]. The
results of this work also support these previous findings.

For specimens with molar Si/Al ratio of 1.12, the SiO, content in the system is much
lower than the desired content for an optimum geopolymer. XRD patterns of these

specimens displayed crystalline components namely zeolite A and/or sodalite phases which
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are responsible for corresponding low compressive strength values of about 1 MPa
(Figures 2.3 and 2.6). Crystalline nature of these specimens is also evident in their
corresponding SEM images (Figure 2.4). On the other hand, geopolymers with Si/Al ratios
of 1.77 and 2.20 (GP1.77-1d, GP1.77-7d, GP2.20-1d and GP2.20-7d) seem to fall in the
region of an optimum geopolymer in terms of molar Si/Al and Na/Si ratios [8,15-17] and
the corresponding compressive strength values of these samples were found to be

significantly higher.

As discussed above, the features of the main bands in the FTIR spectra of the
geopolymer specimens were also observed to exhibit systematic trends with increasing
Si/Al molar ratio (Figure 2.5). These trends are consistent with the evolution of
compressive strength in these materials. Figure 2.7 displays the position of the main FTIR
band as a function of Si/Al ratio for specimens with different thermal histories. It can be
seen that the position of the main band in FTIR spectra constantly shifts to higher
frequencies with increasing Si content in the system, possibly indicating increased
geopolymerization in the system (Figures 2.5 and 2.7). In addition, the main band in the
FTIR spectra of specimens with thermal history of 1 day at 60 °C seem to be located at
higher wave numbers compared to specimens with thermal history of 7 days at 60 °C. It is
also seen in Figure 2.5 that the width of the main FTIR band increases significantly with
increasing Si/Al ratio. Increased Si content in the geopolymer system was observed to
result in x-ray amorphous structure that displays a fairly broad FTIR main band that is
located at higher wave numbers. Therefore, it is observed that the system investigated in
this work have a crystalline nature at Si/Al ratio of 1.12 whereas increase in Si/Al ratio
resulted in the formation of a three dimensional geopolymeric network that display wider
FTIR bands positioned at higher frequencies. These characteristics are highly correlated

with the evolution of compressive strength in metakaolin-based geopolymers.
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Figure 2.7. The positions of the main FTIR bands in geopolymers (based on Figure

2.5) as a function of molar Si/Al ratios.

2.4. Conclusions

Metakaolin-based geopolymers with molar Si/Al ratios of 1.12, 1.77 and 2.20 were
synthesized and characterized by XRD, FTIR spectroscopy, and SEM. Compressive
strength measurements were also performed on the corresponding samples. It was observed
that samples with Si/Al ratio of 1.12 contained crystalline components, namely zeolite A
and/or sodalite. These samples were observed to be rather brittle due to their highly
crystalline nature with compressive strength values of around 1 MPa. Geopolymers with
molar Si/Al ratios of 1.77 and 2.20 revealed amorphous XRD patterns and glassy SEM
microstructures.

Main band in the FTIR spectra of these geopolymers in the region of 900-1200 cm™
is indicative of geopolymerization and it systematically moved to higher frequencies with
increasing molar Si/Al ratio. Evolution of this band is thought to be strongly correlated

with the corresponding increases in the compressive strength of these materials.
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3. RELATIONS BETWEEN THE STRUCTURAL
CHARACTERISTICS AND COMPRESSIVE STRENGTH IN FLY
ASH AND RED MUD- FLY ASH BASED GEOPOLYMERS

3.1. Introduction

Portland cement production causes greenhouse gas emissions [78,79]. On the other
hand, geopolymers arise as environmentally friendly future alternatives to cement-based
materials as they can be synthesized at fairly mild conditions with low energy costs. These
materials are tempting as they display excellent properties such as low shrinkage, acid
resistance and high mechanical strength [80,57,81,82]. Geopolymerization process
involves alkali activation of a raw material including high amounts of silicon (Si) and
aluminum (Al) by an alkali hydroxide and/or alkali silicate solution. A variety of raw
materials such as fly ash, slags, rice husk ash, red mud, metakaolin and clays can be
employed [80,10]. Sodium hydroxide (NaOH) is mostly used as a part of activating
solution to activate raw materials due to the fact that dissolution of AI** and Si** ions can
be easier in sodium hydroxide solution than potassium hydroxide solution [83-85].
Additionally, using sodium silicate solution has been shown to help producing

geopolymers with good mechanical properties.

In this part of the thesis, the employment of two industrial wastes, fly ash and red
mud, in geopolymerization is going to be investigated. Fly ash is an industrial waste
obtained from the coal combustion in thermal power plants produced about 750 million
tonnes in the world annually [38,86]. It can be classified based on its calcium content: C
type fly ash refers to compositions with Ca> 20 % by weight and F fly ash refers to
compositions including Ca< 20 % by weight [12,87]. There are numerous studies in
geopolymer literature employing Class F fly ash in geopolymerization [12,87,45,46].
However, although produced in huge amounts annually, number of studies regarding
utilization of C type fly ash in geopolymerization is rather rare. C type fly high calcium fly
ash also includes silica and alumina. Therefore, Class C fly ash contains considerable

amount of aluminosilicates in its structure; therefore its potential for utilization in
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geopolymerization a raw material should be investigated in detail [78]. On the other hand,
red mud is a spin off product of Bayer process of aluminium manufacture. 1.5-1.6 tons red
mud are obtained from every ton of aluminium production [36,88]. Red mud includes
aluminium (Al), silicon (Si) and iron (Fe) oxides and hydroxides that is used with some
materials having high amounts of Si and Al in geopolymer synthesis [36,89,12]. In this
study, high calcium lignite fly ash (C type) and red mud were used as raw materials in

geopolymerization.

The main objectives of this part of the thesis are:

e  to synthesize fly ash-based geopolymers with varying molar Si/Al ratios within the
range of 1.95-2.40,

e tosynthesize red mud and fly ash-based geopolymers with varying red mud contents,
and

e to perform detailed structural characterization on these materials employing X-ray
diffraction (XRD), Fourier Transform Infrared Spectroscopy (FTIR) and scanning
electron microscopy (SEM)

e  to correlate these structural characteristics with the results of compressive strength

measurements performed on these geopolymers.

3.2. Experimental

In this study, fly ash and red mud based geopolymers are produced. Fly ash (FA) and
red mud (RM) are obtained from Yatagan Thermal Power Plant and Seydisehir Eti
Aluminium Plant respectively. Red mud was calcined at 800 °C for 3 h by thermal
treatment in an ash furnace (Model: MT1210-B2, MagmaTherm). After calcination, red
mud is treated at 100 °C for 3 hour. Chemical compositions of fly ash and red mud used in

this study are given in Table 3.1.



Table 3.1. Chemical composition (wt %) of fly ash and red mud.

Compound Fly Ash Red Mud
SiO; 34.04 12.59
Al,O; 14.89 16.85
CaOo 26.32 1.44
Fe,03 6.78 37.45
SO3 12.23 0.25
K20 1.93 0.31
MgO 1.90 0.20
Na,O 0.43 10.55
TiO, 0.79 5.94

P20s 0.19 -

25

Sodium hydroxide (NaOH) and sodium silicate (9 % of Na,O, 28 % of SiO,, 63 % of
H,O with 1.401 g/ml of density at 20 °C) solutions were used to activate red mud and high

calcium fly ash in this study.

Two experiment sets were performed to produce geopolymers. In the first

experiment set, only fly ash is used as the raw material. NaOH and sodium silicate

solutions were used as activators to obtain geopolymer samples with different Si/Al molar

ratios of 1.95, 2.10, 2.25 and 2.40. Alkali-activated samples are poured into 4 cm X 4 cm X

16 cm iron molds using the described experimental conditions in Table 3.2.
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Table 3.2. Synthesis conditions and molar ratios used in fly ash-based geopolymer

synthesis. Geopolymer (GP) samples were named using the Si/Al molar ratio and the time

(days) the samples were cured at 60°C. For instance, GP2.10 refers to geopolymer

formulation with Si/Al ratio of 2.10 that was cured at 60 °C for 1 days and four weeks.

Geopolymer | Si/Al | Al/Na | Na/Si | Ca/Si | Ca/Al | Solid to water Thermal
ratio (g/g) treatment

GP1.95 195 | 0.83 | 0.62 | 0.82 | 1.60 1.25 1 day-60 °C +

4 weeks-25 °C

GP2.10 210 | 0.83 | 057 | 0.76 | 1.60 1.25 1 day-60 °C +

4 weeks-25 °C

GP2.25 225 | 083 | 053 | 0.71 | 1.60 1.25 1 day-60 °C +

4 weeks-25 °C

GP2.40 240 | 0.83 | 050 | 0.67 | 1.60 1.25 1 day-60 °C +

4 weeks-25 °C

In the second experiment set, fly ash and red mud based geopolymer samples were

prepared including 0, 10, 20, 30, 40 and 50 % red mud in the raw material mixture. Sodium

silicate and NaOH solutions were mixed to prepare the activating solutions that were

allowed to rest for 24 hours at room temperature. Obtained geopolymer gels were

transferred into 4 cm x 4 cm x 16 c¢cm iron molds using the described experimental

conditions in Table 3.3. They allowed to rest a day before being transferred into furnace. In

this part of study, it was intended to see the changes in structure and mechanical

performance as a function of different red mud content in these geopolymers.




Table 3.3. Synthesis conditions and molar ratios used in fly ash-red mud based geopolymer synthesis. Geopolymer (GP) samples were named

using the red mud composition. For instance, GP-RM10 refers to geopolymer formulation with red mud composition of % 10 that was cured

at 60 °C for 1 days and four weeks.

Geopolymer | Composition | Si/Al | Al/Na | Na/Si Ca/Si Ca/Al | Solid to water ratio (g/g) Thermal treatment
GP-RMO 0% RM 2.00 0.83 0.60 0.80 1.60 1.25 1 day-60°C + 4 weeks-25°C
GP-RM10 10 % RM 2.00 0.83 0.60 0.71 1.43 1.25 1 day-60°C + 4 weeks-25°C
GP-RM20 20 % RM 2.00 0.83 0.60 0.63 1.27 1.25 1 day-60°C + 4 weeks-25°C
GP-RM30 30% RM | 2.00 0.83 0.60 0.55 1.10 1.25 1 day-60°C + 4 weeks-25°C
GP-RM40 40 % RM 2.00 0.83 0.60 0.47 0.95 1.25 1 day-60°C + 4 weeks-25°C
GP-RM50 50 % RM 2.00 0.83 0.60 0.39 0.79 1.25 1 day-60°C + 4 weeks-25°C
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All produced samples were cured at 60 °C for 1 day and at 25 °C for 4 weeks. All
experimental measurements were performed on geopolymer samples at the end of this

period.

All obtained specimens were characterized by XRD (absorber: copper, model:D/Max
2200-PC, Rigaku) in order to determine the crystalline phases that were present in the
system. Powder XRD patterns were recorded on a Rigaku X-ray diffractometer
(model:D/Max 2200-PC) with Cu absorber. FTIR spectroscopy (Vertex 80v spectrometer,
resolution: 4 cm™, Bruker) analysis at 2000-400 cm™ spectral region were performed on
produced geopolymer samples to determine the vibrational spectra of the samples.
Compressive strength measurements were performed by a servo-hydraulic test machine
with capacity of 100 KN (model:MTS) and loading rate is 0.01 mm per second. SEM
images were obtained by using Zeiss Ultra Plus (FEG-SEM) scanning electron microscope
with a secondary electron (SE) detector.

3.3. Results and Discussions
3.3.1. Fly Ash-Based Geopolymers With Molar Si/Al Ratios Between 1.95-2.40

XRD patterns of fly ash and fly ash-based geopolymer samples with molar Si/Al
ratios of 1.95, 2.10, 2.25 and 2.40 is given in Figure 3.1. Lime, anhydrite and quartz seem
to be the dominating crystalline phase in fly ash. By alkali activation of fly ash the
diffraction pattern evolved into a different form. Anhydrite and lime phases disappeared
and the formation of calcium hydroxide (Ca(OH),) and calcium carbonate (CaCO3) phases
were observed on specimens with Si/Al ratio of 1.95 and 2.10 and 2.25 and 2.40,
respectively. A common broad feature of all samples that is located at about 20 of 29°
indicates the loss of crystallinity and formation of an amorphous phase within system
(Figure 3.1).
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A: Anhydrite (Ca%0.4)
C: Calcite (CaC03)
CC: Calcium Carbonate (CaCOz)
CH: Calcium Hydroxide (Ca(OH)z)
L: Lime (Ca0)
Q: Quartz (3102)
P: Portlandite (Ca(OH)2)

Figure 3.1. XRD patterns of C type fly ash and fly ash based geopolymers (a) Fly
ash, (b) GP1.95 (Si/Al ratio: 1.95), (c) GP2.10 (Si/Al ratio: 2.10), (d) GP2.25 (Si/Al ratio:
2.25), (e) GP2.40 (Si/Al ratio: 2.40).

FTIR spectra of fly ash and fly ash based geopolymers with different Si/Al molar

ratios are displayed in Figure 3.2. As it is evident from FTIR spectrum of fly ash, the low

frequency bands seen at 592, 610 and 668 cm™ are related to anhydrite presence in the

structure [90]. This fact is also consistent with the results of XRD (Figure 3.1). A broad
band located around 890 cm™ could be related to C-O vibrations [91]. The FTIR spectrum

of fly ash is dominated by an intense feature positioned at about 1100 cm™. This feature

should be related to the asymmetric stretching vibrations of Si-O-Si and Al-O-Si in the

structure [92-95].
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Figure 3.2. FTIR spectra of C type fly ash and fly ash based geopolymers (a) Fly ash,
(b) GP1.95 (Si/Al ratio: 1.95), (c) GP2.10 (Si/Al ratio: 2.10), (d) GP2.25 (Si/Al ratio:
2.25), (e) GP2.40 (Si/Al ratio: 2.40).

As a result of alkali-activation of fly ash, the FTIR patterns are significantly
transferred into a different form (Figure 3.2). First of all, the characteristic peaks indicating
anhydrite disappeared in the FTIR spectra of geopolymer specimens. The FTIR spectrum
of geopolmer with Si/Al ratio of 1.95 is dominated by two distinct broad features that are
located at about 941 and 1099 cm™, respectively. With increasing Si/Al ratios, the intensity
of the band at 945 cm™ increases systematically and these two peaks merge. It is thought
that these peaks could represent two phases, and these phases evolve with increasing Si
content in the system. The distinct feature at 1099 cm™ in this study can be related to
asymmetric stretching mode of T-O-T bonds in sodium aluminosilicate hydrate (NASH)
[96]. NASH gel is the main reaction product of alkali-activated aluminosilicates and
therefore could have been formed in this system. On the other hand, the band positioned at
945 cm™ is thought to be possibly related to calcium aluminosilicate hydrate (CASH) gel
phase [96]. CASH phase can be present in Portland Cement pastes and may exhibit an
FTIR band at 945 cm™. The FTIR spectra obtained in this part are quite consistent with the
results of a recent study [96], where NASH and CASH gel phases were investigated by
FTIR spectroscopy. It is thought that, in the presence of high CaO content, formation of
CSH or CASH phases could also be possible. Guo et al. (2010) [97] also reported the
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presence of a CSH gel phase together with a geopolymeric gel in type C fly ash-based
geopolymers. In this context, the main band at 945 cm™ could also be partly related to an
amorphous aluminosilicate gel together with CSH or CASH structures. It should be noted
that in a fly ash based geopolymer study, the main FTIR bands between 950-966 cm™ were
reported to be related to Si-O-T asymmetric stretching vibrations [98]. It should be also
noted that, as obvious from the FTIR spectra this is a complicated system where multiple
phases could be present in the structure. Furthermore, the bands positoned at around 1420
cm reveals the calcium carbonate formation [38]. This fact is consistent with the samples
as indicated from XRD patterns in Figure 3.1. The absorbtion bands located around 1660
cm™ are related to OH bending means [83] that this region represents adsorbed water
(Figure 3.2) [86].

Figure 3.3 shows scanning transmission microscopic images of C type fly ash and all
fly ash based geopolymers. Spherical cenospheres can be observed in the microstructure of
fly ash consistent with the literature [99]. However, these cenospheres vanished by alkali
activation and gel formations are observed in geopolymer samples. CSH - like gel
formation is observed in all samples supporting the hypothesis made above based on FTIR

results.
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Figure 3.3. Scanning transmission microscopic images of C type fly ash and all fly

ash based geopolymers.

Figure 3.4 displays the compressive strength values measured for the geopolymer
samples produced as a function of molar Si/Al ratios in lignite fly ash based geopolymer
structures. It is observed that geopolymer specimen with Si/Al molar ratio of 2.40 displays
the highest compressive strength value of 7.15 MPa. As it is seen from all these results,

increased Si content in the structure contributed to mechanical strength.
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Figure 3.4. The compressive strength values measured for the geopolymer samples

produced as a function of molar Si/Al ratios in C type fly ash based geopolymer structures.
3.3.2. Fly ash and Red Mud Based Geopolymers with Varying Red Mud Contents
Calcined red mud is obtained by thermal treatment at 800 °C for 3 hours. Figure 3.5

reveals the XRD patterns of calcined red mud, fly ash and fly ash-red mud based

geopolymers investigated in this study.
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Figure 3.5. XRD patterns of red mud, fly ash and fly ash-red mud based geopolymers
(a) Red mud, (b) Fly ash, (c) GP-RMO (red mud content 0 %), (d) GP-RM10 (red mud
content 10 %), (e) GP-RM20 (red mud content 20 %), (f) GP-RM30 (red mud content 30
%), (g) GP-RM40 (red mud content 40 %), (h) GP-RM50 (red mud content 50 %).

Anhydrite (CaS0Q,), lime (CaO) and quartz (SiO,) are the main crystalline
compounds observed in the XRD pattern of fly ash (Figure 3.5). Calcined red mud consists
of iron oxide (Fe;03), goethite (FeO(OH)), sodalite (NasCI(Al3Siz01,)) and quartz (SiO,)
phases (Figure 3.5). Fly ash-red mud raw material mixture prepared with different red mud
contents (0-50 % red mud) were employed in geopolymerization in this part. As it is seen
in Figure 3.5, the specimens containing 0 %, 10 % and 20 % red mud included mainly
quartz crystalline phases. However, geopolymer samples with the composition of 30 %, 40
% and 50 % red mud display phases including hematite (Fe,O3) and iron oxide (Fe,O3) in a
more distinct fashion. This can be due to remaining unreacted red mud present in these

samples. As it is seen from these diffraction patterns, as red mud content increases,
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geopolymerization process can be difficult owing to great amount of iron present in red

mud.

FTIR spectra of lignite fly ash, calcined red mud and fly ash-red mud geopolymers
with diffferent red mud compositions (0-50 %) are given in Figure 3.6. FTIR spectrum of
fly ash displays low frequency bands seen at 592, 610 and 668 cm™ that are related to
anhydrite presence in the structure [90] as supported with the results of XRD (Figure 3.5).
A broad band located around 890 cm™ is assigned to C-O vibrations [90]. The main feature
positioned at about 1100 cm™ in the FTIR spectrum of fly ash is related to the asymmetric
stretching vibrations of Si-O-Si and Al-O-Si in the structure [92-95]. Some small sharp
peaks around 1490-1666 cm™ observed in FTIR spectrum of fly ash is attributed to
presence of Ca-O structure [100]. Low frequency band at 443 cm™ in FTIR spectrum of red
mud is related with Fe-O stretching vibrations [36,76]. Moreover, low frequency band at
603 cm™ and high frequency band at 979 cm™ in the FTIR spectrum of calcined red mud
indicate Si-O stretching vibrations [100]. As a result of alkali-activation of fly ash-red mud
system, the FTIR pattern of fly ash and red mud are completely transformed into a
different form as it is seen in Fig 3.6. Similar to the previous part, this system displays the
presence of two bands that merge as a function of increased red mud content. The band at
1114 cm™ is assigned to asymmetric stretching mode of T-O-T bonds in NASH [96]. As
mentioned in the previous part alkali activation of aluminosilicates could give rise to this
phase. On the other hand, the band positioned at 941 cm™ could be assigned to a CSH or
CASH [91] gel based on the position of this band and considering the high amount of Ca in
the system. With increased red mud content in the system it was observed that the peak
located at 1114 cm™ slightly moved to lower wavenumbers, and the peak at 941 cm™
moved to higher frequencies. For the 40 or 50 % red mud containing geopolymer, the
FTIR spectra are dominated by a strong feature at about 970 cm™. Considering the large
width and the position of this band, the formation of an amorphous aluminosilicate phase is
very likely for the high red mud containing geopolymers. This fact is consistent with the
literature as geopolymers are known to give rise to a broad feature in 900-1200 cm™
region. However, Ca is still present in the system (less compared to fly ash based
geopolymer), the possibility of a minor amount of CASH or CSH phase could be still

present.
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Figure 3.6. FTIR spectra of red mud, fly ash and fly ash-red mud based geopolymers

(a) Red mud, (b) Fly ash, (c) GP-RMO (red mud content 0 %), (d) GP-RM10 (red mud

content 10 %), (e) GP-RM20 (red mud content 20 %), (f) GP-RM30 (red mud content 30

%), (g) GP-RM40 (red mud content 40 %), (h) GP-RM50 (red mud content 50 %).

The peaks around 451 cm™ in all geopolymer specimes indicate the bending
vibration of Si-O-Si bond (Figure 3.6) [99,91]. Sharp peaks around 873 cm™ and 1427 cm™

correspond to carbonate (CO3) groups demonstrates a slight carboxilation of Ca(OH), from

carbondioxide of the atmosphere [101]. Stretching vibrations of C-O (carbonate) were

observed in all obtained geopolymer samples at the peaks of between 1427 cm™ and 1450
cm™[51,36,102,103]. The band located around 1666 cm™ is associated with Ca-O structure

[100].

Scanning electron micrographs of fly ash and red mud and fly ash-red mud based

geopolymer samples are shown in Figure 3.7 and Figure 3.8, respectively. As it is shown in

Figure 3.7, spherical cenospheres can be observed in the microstructure of fly ash [99].

Red mud displayed flaky shaped particles consistent with literature (Figure 3.7) [12].
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Figure 3.7. Scanning electron micrographs of fly ash and red mud.

As a result of alkali activation, cenospheres seen in fly ash vanished and gel
formations are observed in geopolymer samples (Figure 3.8). Based on FTIR results it is
thought that CSH and CASH gel phases could have formed. SEM images display gel-like
features for specimens with red mud content 0 % - 30 %. Small microspheres are observed
in the sample produced with 30 % red mud. These microspheres show the structure of
hematite [36]. For geopolymers with red mud content 40 and 50 %, SEM miscrostructures

display glassy morphologies consistent with the broad FTIR main bands for these samples.
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Figure 3.8. Scanning electron micrographs of fly ash-red mud based geopolymer samples.

Compressive strength values for fly ash-red mud based samples as a function of red
mud composition are given in Figure 3.9. Although these values seem to be rather low for
engineering applications, it should be mentioned that the composition of 20 % red mud has
highest compressive strength value of 6.56 MPa. The possible reasons for these low

compressive strength values possibly arise from use of untreated fly ash in the
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geopolymerization or the high Fe,O3 content in red mud that possibly does not take part in

geopolymerization.
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Figure 3.9. Compressive strength values for fly ash-red mud based samples as a

function of red mud composition.

3.4. Conclusions

C type fly ash based geopolymers with molar Si/Al ratios between 1.95 and 2.40 and
fly ash-red mud based geopolymers with varying red mud contents (0-50 %) were
synthesized and characterized by XRD, FTIR spectroscopy, and SEM. Compressive
strength analysis were performed on produced samples. In C type fly ash based
geopolymers the possible presence of two phases have been identified by FTIR
spectroscopy. It was seen that FTIR spectrum of C type fly ash based geopolymer with
molar Si/Al ratio of 1.95 displays two bands located at 941 cm™ and 1141 cm™, possibly
corresponding to i) amorphous aluminosilicate gel together with calcium aluminosilicate
hydrate (CASH) and/or calcium silicate hydrate (CSH) and ii) sodium aluminosilicate
hydrate (NASH) gel, respectively. These two features were observed to merge together as
a function of increasing molar Si/Al ratio in the system with an accompanied increase in

the corresponding compressive strength values. On the other hand, structural features of fly



40

ash-red mud based geopolymers with low red mud contents are found similar to fly ash
based geopolymers. Geopolymer samples with red mud content between 0 % - 30 %
seemed to mainly include calcium aluminosilicate silicate hydrate (CASH) and/or calcium
silicate hydrate (CSH) gels together with sodium aluminosilicate hydrate (NASH) gel. The
FTIR bands corresponding to these phases merge together with increasing red mud content
in the system indicating possible interaction between phases. This possible transition from
a two-phase system into a relatively uniform phase in geopolymer system is thought to be

responsible for the increasing trends in compressive strength values.
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4. CONCLUSIONS AND RECOMMENDATIONS

4.1. Conclusions

The aim of this thesis is to understand correlations between structure and
performance of metakaolin, fly ash and red mud based geopolymers. Metakaolin based
samples with molar Si/Al ratios of 1.12, 1.77 and 2.20; class C fly ash based geopolymers
with different Si/Al molar ratios of 1.95, 2.10, 2.25, 2.40; and class C fly ash and red mud
based geopolymers with different red mud composition in the region of 0-50 % were
synthesized and characterized by XRD, FTIR spectroscopy, and SEM. Compressive

strength measurements were also performed on the all produced specimens.

It was found in first study that samples with Si/Al ratio of 1.12 consist of crystalline
components including zeolite A and/or sodalite. These samples were not mechanically
strong owing to their highly crystalline structure with compressive strength values of
around 1 MPa. XRD patterns show that geopolymers with molar Si/Al ratios of 1.77 and
2.20 have amorphous structure and glassy SEM images indicate that these samples have
glassy microstructures. FTIR spectra of these geopolymers reveal that main band in the
region of 900-1200 cm™ represents geopolymerization and as molar Si/Al ratio increases, it
moved orderly to higher frequencies. This behaviour of this band was shown to be

proportional to increases in the compressive strength values.

On the other hand, in second study, amorphous aluminosilicate gel together with
calcium aluminosilicate hydrate (CASH) or calcium silicate hydrate (CSH) and sodium
aluminosilicate hydrate (NASH) formations can be observed in C type fly ash based
geopolymer structure. In addition, similar structures can be detected in produced
geopolymer specimens with red mud content 0 % - 30 % whereas geopolymer samples
with red mud content 40 and 50 % display relatively uniform amorphous aluminosilicate
structure. Moreover, it was observed that geopolymer sample containing 20 % red mud has

highest compressive strength value of 6.56 MPa. It was detected that obtained geopolymer



42

sample with Si/Al molar ratio of 2.40 has highest compressive strength value of 7.15 MPa.

This result points out that Si contributes to forming a more stable structure.

4.2. Recommendations

Some aggregates such as sand can be mixed with raw materials used here

(metakaolin, fly ash and red mud) to increase compressive strength of samples.

Geopolymer synthesis can be performed by changing heat treatment of raw
meaterials and curing conditions. Fly ash used in geopolymer synthesis as a raw material

could be treated at different temperatures.

Different molarity of alkali activator can be used to produce metakaolin based
geopolymer samples.

Moreover, structural findings can be correlated to new physical properties such as
pore size distribution and modeling methods can be used to complement the findings of

this experimental work.

Thermal conductivities of geopolymer samples may be measured due to detect

whether they are convenient or not to be used as construction materials.
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