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ABSTRACT

INVESTIGATION OF THE EFFECT OF SYNTHESIS PARAMETERS
AND FORMATION KINETICS ON THE STRUCTURE,
MECHANICAL PERFORMANCE AND METHYLENE BLUE
ADSORPTION OF ALKALI ACTIVATED MAGNESIUM SILICATES

Alkali activated materials (AAM), commonly referred as geopolymers, are
environmentally friendly alternatives to Portland cement with their remarkable mechanical
strength. In this thesis, the main motivation is to investigate the effects of synthesis
parameters and formation kinetics on the structure, mechanical performance, and methylene
blue (MB) adsorption properties of alkali activated magnesium silicates. The raw materials
and the SAAMs are characterized by combining X-ray fluorescence (XRF) spectroscopy, X-
ray diffraction (XRD), thermogravimetric analysis (TGA), and X-ray photoelectron
spectroscopy (XPS). Attenuated total reflectance Fourier-transform infrared (ATR-FTIR)
spectroscopic data is collected at different reaction times to shed light on the relation between
the geopolymerization Kinetics and the compressive strength. The results indicated that
increasing pretreatment temperature has a negative impact, while increasing Si/Mg ratio has
a positive impact on the compressive strength. The kinetics of geopolymerization is
quantified by fitting exponential functions to the position of the main FTIR peak over time.
The analysis demonstrated that early geopolymerization (time scales < 4 h) is a big
contributor to the compressive strength. The highest MB removal capacity was obtained as
110.42 mg/g with a molar Na/Mg ratio of 1.3, a sepiolite treatment temperature of 750 °C
and a molar Si/Mg ratio of 2.5. The ANOVA analysis showed a correlation coefficient (R?)
of 0.865 and lack of fit was found to be non-significant. From the model, the optimum values
of molar Na/Mg ratio, temperature and molar Si/Mg ratio are found to be 1.3, 697 °C and
2.4, respectively. The findings of this thesis demonstrate that SAAMSs can be economical
and sustainable alternatives for construction and wastewater treatment applications with

their remarkable mechanical strength and enhanced adsorption performance.



OZET

SENTEZ KOSULLARININ VE OLUSUM KINETiGININ
MAGNEZYUM SILIKAT BAZLI ALKALI AKTIF MALZEMELERIN
YAPISI, MEKANIK OZELLIKLERI VE METILEN MAVIiSi
ADSORPLAMA OZELLIKLERI UZERINE ETKIiSi

Alkali aktif malzemeler (AAM), yiliksek mekanik performanslartyla Portland
cimentoya alternatif olabilecek c¢evre-dostu malzemelerdir. Bu tezin amaci, magnezyum
silikat icerikli AAM’ler igin sentez kosullarinin ve olusum kinetiginin yapi, mekanik
dayanim ve metilen mavisi (MB) adsorplama &zellikleri lizerine etkilerinin aragtirilmasidir.
Bu amagla ilk olarak, istatistiksel bir deney tasarimi kullanilarak sentez kosullarinin sepiyolit
bazli AAM’lerin (SAAM) basma kuvveti iizerine etkileri incelenmistir. Ham maddeler ve
sentezlenen malzemeler, X-1sin1 floresans (XRF) spektroskopisi, X-1sin1 kirmim (XRD),
termogravimetrik analiz (TGA) ve X-isin1 fotoelektron spektroskopi yontemleriyle
karakterize edilmistir. Azaltilmis tam yansima Fourier dontistimlii kizil6tesi spektroskopisi
(ATR-FTIR) verisi degisik reaksiyon siirelerinde toplanarak jeopolimerlesme kinetigi ve
basma kuvveti arasindaki iliskinin belirlenmesi amaglanmistir. Artan sepiyolit 6n islem
sicakliginin basma kuvvetini diistirdiigii, diger taraftan artan molar Si/Mg oraninin basma
kuvveti tizerinde positif bir etkisi oldugu tespit edilmistir. Jeopolimerlesme kinetiginin
sayisal verilere dokiilmasi amaciyla, toplanan FTIR verilerinde temel bant pozisyounun
zamana bagli degisiminin iistel bir fonksiyona oturtulmustur. Yapilan analiz, erken evre
jeopolimerlesmenin (siire < 4 sa) basma kuvveti lizerindeki etkisinin oldukga yiiksek
oldugunu gostermistir. En yiiksek MB adsorplama kapasitesi Na/Mg oraninin 1.3, sepiyolit
on iglem sicakliginin 750 °C ve Si/Mg oraninin 2.5 oldugu durumda elde edilmistir. Varyans
analizi (ANOVA) sonucunda korelasyon katsayis1 (R?) 0.865 olarak belirlenmistir. Model
kullanilarak optimum sentez kosullar1 Na/Mg orani i¢in 1.3, 6n islem sicakligi i¢in 697 °C
ve Si/Mg orani i¢in 2.4 olarak tespit edilmistir. Tez sonucunda SAAM’larin yap1 ve atiksu

aritim endiistrilerinde ekonomik ve siirdiiriilebilir alternatifler olabilecekleri belirlenmistir.
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1. INTRODUCTION

Concrete is a widely used material in construction industry due to its strength and
durability [1]. Concrete is made up of cement, fine aggregate and coarse aggregate together
with water in the optimal range. Even though it has many advantages as a construction
material, one drawback of concrete is that the production of cement results in very high
amounts of Greenhouse gas emissions and requires large volumes of raw materials. It has
been estimated that production of one tone of cement requires about two tons of limestone
and shale and results in the emission of one ton of CO; and nitrogen oxide [2]. About 2
billion tons of greenhouse gas is produced annually as a result of cement production
activities and this makes up around 6% of the world's anthropogenic greenhouse gas
emissions [3]. In 2050, it is expected that the global cement demand will be 6 billion tons
[4]. Therefore, it will be of paramount importance to find alternative materials for a
sustainable construction industry. One such material that can replace cement in the concrete
is the alkali- activated materials, which results in geopolymer concrete [5]. Alkali activation
is the generic term which describes the reaction of a solid aluminosilicate under alkaline
conditions to produce a hardened binder [6]. Provis and Bernal describes alkali activated
material as a material that is formed by the reaction of an aluminosilicate precursor and an
alkali activator and a material that has similar properties to traditional cement binder. On the
other hand, geopolymer can be considered as a subset of alkali activated materials and can
be described as an alkali activated material that contains little or no calcium and that is
frequently synthesized from metakaolin or fly ash precursors [7]. A schematic representation
of synthesis is given in Figure 1.1.

The term “geopolymer” was first used by Davidovits [8]. Geopolymers can be
described as cement-free binder materials that are formed by the reaction of silica and
alumina-rich raw materials with alkaline activators [9]. Previous research has pointed out
that the use of geopolymers in place of Portland cement can result in 80% reduction in
embodied carbon [10].



Alkali activator

Aluminosilicate /
Magnesium Silicate source

Py
- Geopolymer

Figure 1.1. Schematic representation of geopolymer synthesis (Drawing created in
Chemix).

In a recent life cycle assessment study, environmental impacts of blast furnace slag,
fly ash and metakaolin- based alkali activated concretes were compared with Portland
cement concrete [11]. The results of this study indicated that alkali activated concrete mixes
can have between 57% and 39% lower global warming potential compared to Portland
cement concrete. Among the alkali activated concrete mixes, blast furnace slag- based
concrete was found as the best performer in terms of global warming potential reduction.
They also found out that contrary to the previous studies, activators contribute between 13%

to 33% to the CO2 emissions depending on the mix design.
1.1. Geopolymerization Process

The geopolymer structure is generally formulated as Mn[—(SiO2)z—AlO2 —]n where M
represents a charge balancing cation such as potassium or sodium, n is the degree of
polycondensation degree and z is Si/Al molar ratio which is typically between 1 and 3 [8],
[12]. During geopolymerization reactions, alumino-silicate oxides (AlI** in 4-fold
coordination) react with alkali polysilicates to give rise to Si-O-Al bonds. Amorphous to
semi-crystalline silico- aluminate structures, such as Poly(sialate) type (-Si—-O-Al-0O-),
Poly(sialate-siloxo) type (-Si—-O—-Al-O-Si—0O-) and Poly(sialate-disiloxo) type (-Si—-O-Al-

0O-Si-0O-Si—0-), are obtained after the geopolymerization reactions [8].

Geopolymerization reactions takes place in three main stages. In the first stage, the
dissolution of aluminosilicate materials in the alkali solution takes place to produce free
silica and alumina tetrahedron. Following this, the gelation of materials, the condensation



reaction of alumina and silica hydroxyl to form the geopolymer gel phase takes place.
Finally, as the gel phase hardens, it condenses to form a three-dimensional network that

makes the geopolymer [13, 14].

Davidovits gives the reaction mechanism of geopolymer formation as in Figure 1.2

[8].
) NaOH.KOH . O]
(81205, Alz03), + 3n H,O — s n(OH);—Si—0O—Al—(OH)s
, NaOHKOH ! e
n(OH); —Si— O —Al—(OH)s — e (NaK)-(- Sll—O—z}_l—O-)n-l— 3n H,O

o 9
(Na, K) — poly(sialate)

NaOH.KOH )
(81205,A1;02)n + 2nSi0O2+4nH, 0 ——»n(OH);—Si— O —Al-0O—-Si-(OH)s
|
(OH),

© NaOH.KOH [ [ I
n(OH);—Si—0—-Al-0-S8i-(OH);—*(Na,K)-( - Sli—O—All—O—Slj—O)n+4nH20

|
(OH): 0] (0] 0
(Na, K) — poly(sialate - siloxo)

Figure 1.2. Reaction mechanism for geopolymer formation.

1.2. Raw Materials, Properties and Application Areas of Geopolymers (Alkali
Activated Materials)

Geopolymers have a wide range of applications with construction being the most
widely known and studied area [15]. The main property of the geopolymers to be
investigated for construction applications is the compressive strength. Previous research
shows that a number of parameters including, the type of aluminosilicate source and its
composition, the type of activator and its concentration and the curing time have a strong
effect on the compressive strength [15]. The main raw materials for the synthesis of

geopolymers are fly ash, blast furnace slag and metakaolin.



Metakaolin is used as a raw material for geopolymer synthesis in many research
studies due to its high purity compared to other aluminosilicate materials, which offers easier
data interpretation. In their work, Duxson et al. investigated the effects of Si/Al ratio on the
microstructure and compressive strength of metakaolin geopolymers. They observed
through SEM investigations that the materials with Si/Al ratio < 1.4 were highly porous and
the samples with Si/Al ratio > 1.65 were largely homogeneous. They observed the highest
compressive strength at a Si/Al ratio of 1.90, beyond which the compressive strength
decreased with increasing Si/Al ratio. They attributed this decrease to the amount of
unreacted materials, which act as a defect [16]. In another study where the raw material for
the geopolymerization was metakaolin, Ozer and Soyer-Uzun investigated the effects of
Si/Al ratio on the compressive strength of metakaolin-based geopolymers in the range from
1.12 to 2.20. They characterized the samples by X-ray diffraction (XRD), Fourier-transform
infrared (FTIR) and scanning electron microscope (SEM) to get an understanding of
structure-performance relationship in the system. Their results indicated that the
compressive strength value ranges between 13-23 MPa with the highest values obtained for
a Si/Al ratio of 2.20 and lowest values obtained with a Si/Al ratio of 1.12. These results were
correlated with the microstructures of the materials. For a Si/Al ratio of 1.12, the authors
observed crystalline phases, which made them brittle, which resulted in a low compressive
strength value [17]. In another study, Lahoti et al. investigated the effects of different mix
design parameters, namely Si/Al molar ratio, water/solids mass ratio, AI/Na molar ratio and
H2>O/Na,O molar ratio on the compressive strength of metakaolin geopolymers through
experiments and statistical analysis. Their results indicated that the most significant
parameter on compressive strength is Si/Al molar ratio followed by Al/Na molar ratio. They
also found that, unlike Portland cement, the water/solids mass ratio is not the chief factor on
the compressive strength of metakaolin geopolymer [18]. The modelling study by
Muracchioli et al. investigated the relationship between the compressive strength of
metakaolin-based geopolymers and different processing conditions for both potassium and
sodium based geopolymer systems through statistical analysis and experimental data. Their
results indicated that curing time has a positive impact on compressive strength while
increasing the curing temperature leads to a decrease in the compressive strength values.
They observed a quadratic concave trend for the effects of SiO2/Al>Ozratio with
compressive strength. An increase in the SiO2/Al>O3 ratio resulted in an increase in the



compressive strength up to a certain value and above this value, further increase in

SiO2/Al>03 led to a decrease in the mechanical properties [19].

Fly ash is a by-product of coal combustion from energy generation plants. The
composition of the fly ash depends on a number of parameters such as the type of coal,
operational conditions and the cooling control [20]. The amount of fly ash that is produced
is increasing due to higher need for power production. The amount of fly ash produced
annually is around 480 million tons globally [21]. This amount ends up in landfills or
disposal ponds, which results in the leaching of heavy metals into the environment causing
health hazards [22]. Because of this reason, the number of scientific studies that use of fly
ash as a raw material for geopolymerization is increasing. The number of studies over the

years is given given in Figure 1.3.
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Figure 1.3. The number of publications with the keywords geopolymer and fly ash over the

years (Source: Web of Science).



In their study, Fernandez- Jimenez and Palomo carried out a characterization study to
investigate the potential of 5 different class F fly ash materials to be used as a raw material
for alkali activation [23]. They used chemical analysis, laser granulometry, Blaine, Brunner-
Emmett-Teller (BET) particle size distribution, XRD and 2°Si MAS NMR analysis for
characterization and compressive strength as a measure of reactivity of the fly ashes as
alkaline binders. Their results indicated that the reactive silica content, the vitreous phase
and the particle size distribution are the main factor effecting the reactivity. In their work
Ryu et al. investigated the effects of alkali activators on the compressive strength and
microstructure of fly ash geopolymer mortar through SEM, EDX, XRD , FTIR and porosity
assessments [24]. Their results indicated that chemical changes of the alkali activators had a
significant effect on the early strength of the geopolymers. They observed compressive
strength values as high as 47.5 MPa with a curing period of 91 days. Rees et al. studied the
kinetics of geopolymer formation for a fly ash geopolymer using a novel in situ attenuated
total reflectance Fourier-transform infrared (ATR-FTIR) technique [25]. They determined
the reaction rates by monitoring the intensity of bands related to geopolymer gel and the
unreacted fly ash particles. Their results indicated that an initial lag period takes place for
hydroxide-activated geopolymers, which is followed by gel evolution. They also observed
that the rate of network formation increases with increasing NaOH concentration up to a
threshold value, beyond which the rate of network formation decreases. Hadi et al. examined
the compressive strength of fly ash- based geopolymer mortar that is prepared from five
different sources of fly ash [26]. They investigated the effects of the weight ratio of alkaline
activator to fly ash content, the weight ratio of sodium silicate to sodium hydroxide and
concentration of the NaOH. Their results indicated that the optimum value for the weight
ratio of alkaline activator to fly ash content was in the range between 0.5-0.6. They also
observed that fly ash samples that have a high amount of fine particles and amorphous
components were activated with a low Na,SiOz/NaOH ratio and NaOH.

Blast furnace slag is produced as a by-product of smelting process where the oxides
within the iron minerals are reduced and the impurities are separated [27]. Blast furnace slag
is a widely used material in the synthesis of geopolymers. In their study, Aziz et al.
investigated the strength development in ground granulated blast furnace slag geopolymers
[28]. They obtained compressive strength values as high as 168.7 MPa after 28 days of

curing. They found the optimum conditions for solid/liquid ratio and alkaline activator ratio



to be 3.0 and 2.5, respectively. In their study involving fly ash and ground granulated blast
furnace slag as raw materials, Rao and Rao investigated the effects of alkaline activators of
different molarities on the final setting time and compressive strength [29]. They observed
that the compressive strength of the mortar increases with increasing percentage of ground
granulated blast furnace slag into the fly ash- of ground granulated blast furnace slag system.
Yurt used ground granulated blast furnace slag as the only binder in his study [30]. He
investigated the effects of the molarity of the alkali solution and the activation temperature
on the capillary water absorption, density, dynamic modulus of elasticity, compressive
strength, splitting tensile strength, and abrasion resistance properties. The results indicated
that alkali activated concrete can be synthesized by using ground granulated blast furnace
slag as the only raw material. He obtained a high strength cementless concrete with a

compressive strength value of 82.32 MPa.

There are also some studies that involve more than one material as the raw material
for the synthesis of geopolymers. In their study, Kaya and Soyer- Uzun studied the structure-
performance relationship in the red mud-metakaolin geopolymer system [31]. They
investigated the effects of red mud addition to the system for the range from 0 to 40 % by
XRD, FTIR, SEM and compressive strength measurements. They observed the highest
compressive strength of 51.5 MPa with metakaolin geopolymer, while increasing red mud
incorporation resulted in a decrease in the compressive strength values. Aouan et al studied
the ternary system of kaolinite, metakaolin and fly ash as aluminosilicate sources [32]. They
used augmented simplex- centroid design to prepare samples with different mixture
proportions. They observed compressive strength values in the range 7.59 to 19.48 MPa.
They used the validated cubic special model to evaluate the optimum mixture condition to
be 75% fly ash and 25% metakaolin.

Although alumina and silica containing materials are considered as the raw materials
for geopolymer synthesis, there are some studies which indicate that incorporation of MgO
can enhance mechanical properties of the geopolymer binder. In their study, Yi et al.
investigated the activating efficiency of MgO and compared with hydrated lime for ground
granulated blast-furnace slag [33]. They investigated the obtained products by means of
compressive strength, X-ray diffraction, scanning electron microscopy, Fourier transform

infrared spectroscopy, energy dispersive X-ray and thermogravimetric analysis. Their results



indicated that reactive MgO acts as an effective activating agent and yields higher
compressive strength compared to hydrated lime after 28 days of curing. In another study,
Abdalgader et al. studied the effects of reactive MgO addition on an alkali activated fly
ash/slag system [34]. They carried out compressive strength, X-ray diffraction,
thermogravimetric analysis, infrared spectroscopy and scanning electron microscopy
measurements for their investigations. In the light of their isothermal calorimetry results,
they concluded that addition of reactive MgO results in an increased hydration rate while the

strength and compositions of the samples varied with the introduction of MgO.

These studies are clear signs that Mg incorporation enhances the mechanical strength
in building materials. Considering the fact that sepiolite is rich in Mg content (around 20%
MgO), geopolymerization studies that start with sepiolite as the main raw material, looks

very promising.

The number of geopolymerization studies that use sepiolite is very limited. The results
of a web of science research with the keywords geopolymer, geopolymer and fly ash,
geopolymer and metakaolin, geopolymer and furnace blast slag and geopolymer and
sepiolite over the time period from 2000 to present is given in Figure 1.4,

An investigation of Figure 1.4 reveals that geopolymer technology is a widely studied
topic with over 12.000 publications since the year 2000. The number of publications with
aluminosilicate raw materials make up a large portion of these studies while the number of

studies that use sepiolite is around 10.
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Figure 1.4. The results of a web of science research with the keywords geopolymer,
geopolymer and fly ash, geopolymer and metakaolin, geopolymer and furnace blast slag
and geopolymer and sepiolite over the time period from 2000 to present.

In their study, Wang et al. investigated the performance of admixture of sepiolite and
fly ash modified cement mortar. Their results indicated that incorporation of sepiolite can
greatly improve the strength of mortar at various curing periods. The highest compressive
strength of 55 MPa is obtained with 30 % sepiolite addition and 56 days of curing time [35].
Kaya-Ozkiper et al. investigated the adsorption and mechanical strength of metakaolin and
sepiolite based alkali activated monoliths for methylene blue removal. They observed the
highest compressive strength of 37 MPa with the sample synthesized with 100 % sepiolite
[36].

Although there are some studies on incorporation of sepiolite into AAM synthesis, the
literature is limited for studies that use sepiolite as the main raw material of
geopolymerization. A previous study from our group reported that a sepiolite-based
magnesium silicate alkali activated (geopolymer-like) material offers potential as an
effective adsorbent for methylene blue removal from aqueous solutions along with a high
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mechanical strength, making these materials suitable candidates both for adsorption and
construction materials [37]. However, this study was only for a single composition and a
more in-depth analysis of different synthesis parameters on the mechanical strength and the

relation between the mechanical strength and geopolymerization kinetics is required.

In addition to its mechanical properties, geopolymers have chemical and fire resistant
properties, which make them suitable for a number of applications, such as fire- resistant
coatings [38] and immobilization of hazardous and radioactive waste [39, 40]. One of the

emerging area of application of geopolymers is adsorption and photocatalysis.

The results of a web of science search with the keywords geopolymer and adsorption

is presented in Figure 1.5.
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Figure 1.5. The results of a web of science search with the keywords geopolymer and

adsorption over the years.
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An investigation of Figure 1.5 reveals that research on the adsorption of materials by
geopolymers has increased significantly over the last five years. It has been suggested in
previous studies that geopolymers can be used as adsorbents for the treatment of wastewater
due to their structure [41]. A good adsorbent should have properties such as high surface
area, pore volume and suitable pore distribution [42]. As geopolymers have all these
properties, they stand out as good candidates to be adsorbents. According the to the
geopolymerization mechanism presented in Figure 1.2, geopolymers contain negatively
charged surface hydroxyl groups, which make them suitable for the adsorption of cationic
dyes [43].

In their study, Karuppaiyan et al. investigated the methylene blue removal
performance of a metakaolin- based geopolymer coated with nano copper oxide on the
surface. They studied the removal efficiency of the material in both powder and monolith
forms. The results of their study revealed that introduction of nano copper particles enhanced
the adsorption capacity in both monolith and powder forms, with the powder form having
significantly higher adsorption capacity [44]. In another study, Fumba et al. studied the
methylene orange removal capacity of kaolinite, metakaolin and activated geopolymer. They
investigated the effects of different parameters such as contact time, pH, adsorbent dosage
and initial dye concentration. Their results indicated that the equilibrium contact time is 15
minutes for kaolinite and geopolymer and 10 minutes for metakaolin. They observed the
maximum adsorption capacity of 3.076 mg/g with metakaolin, which is followed by
kaolinite and geopolymer with adsorption capacities of 1.247 and 0.3393 mg/g, respectively
[45].

Li et al. investigated the effects of synthesis condition of fly ash geopolymers on the
removal capacity of methylene blue and crystal violet. They found the optimal conditions to
be 1.2:1 weight ratio of Na/fly ash at 250-350 °C fusion temperature. Their results indicated
that the synthesized geopolymers have a much higher adsorption capacity compared to the
fly ash that is used as the raw material for synthesis [43]. In their work, Novais et al. used
fly ash- based geopolymer spheres for the first time to extract methylene blue from synthetic
wastewater. They investigated the effects of sorption time, initial dye concentration and
adsorbent amount on the dye removal efficiency and uptake by porous spheres. Their results

indicated that a faster and higher methylene blue uptake compared to the literature was
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possible with the materials of their study [46]. In another study by Novais et al., biomass fly
ash geopolymer monoliths were used for the first time as adsorbents for the removal of
methylene blue from synthetic wastewater. The maximum uptake was reported to be 15.4
mg/g, which was higher than several powdered adsorbents reported in literature. In addition
to that, the material was stated to have the potential be used directly in packed beds as
membranes, which is a major advantage compared to powdered adsorbents [47]. In another
study with fly ash geopolymers, Kaewmee et al. synthesized geopolymeric cubes by
potassium- activation at different silicate/hydroxide ratios. They obtained the highest
methylene blue adsorption capacity to be 84 mg/g with a ratio of 0.3:1. They also concluded
that incorporation of potassium into the aluminosilicate structure was the driving force for

the adsorption of methylene blue [48].

As previously mentioned, geopolymers are more suitable for the removal of cationic
species in wastewater due to their negative surface charge. However, although very few in
number, there are some studies that focus on the removal of anionic dyes with geopolymers.
One such study is done by Agisli et al., where they applied a simple and low cost surface
modification to a fly ash geopolymer for the removal of anionic Acid Blue 185 without the
need for strongly acidic conditions. They investigated the effects of the surface modifier
dosage, adsorbent dosage and the initial dye concentration and obtained the highest removal
efficiency to be 98.19 % [49]. In another study, Siyal et al. worked on the optimization of
synthesis parameters of fly ash- based geopolymers for the removal of anionic surfactant
sodium dodecylbenzene sulfonate using response surface methodology. They investigated
the effects of silica to alumina (Si/Al), sodium to alumina (Na/Al) and water to solids ratio
on the adsorption properties of geopolymers. Their results indicated that the composition of
Si/Al- 2.87, Na/Al- 1.0 and W/S- 0.35 displayed the highest adsorption capacity with a value
of 743.706 mg/g [50].

In addition to the studies that use only one precursor for the synthesis of geopolymers,
there are some studies that investigate the effects of using more than one precursor on the
adsorption properties. Aouan et al. used a simplex- augmented- centroid mixture design to
optimize the adsorptive properties of geopolymers by varying the content of the
aluminosilicate precursors. The results of their studies indicated that the special cubic models

they generated were significant and based on these models, the optimum content of the
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geopolymer was determined to be 58 % metakaolin and 42 % kaolin [51]. In their study
Kaya- Ozkiper et al. synthesized a family of sepiolite and metakaolin- based alkali activated
monoliths for methylene blue adsorption. They observed a maximum adsorption capacity of

10.3 mg/g for sepiolite monoliths and 7.8 mg/g for metakaolin monoliths [52].

1.3. Sepiolite-Based Alkali Activated Materials

Geopolymer technology is gaining interest as described in Section 1.2. Easy synthesis

with cheap and abundant materials is a major factor that can promote the use of geopolymers.

Sepiolite is a natural hydrous magnesium silicate material with the chemical formula
Si12030Mgs(OH)4(H20)48H-0 [53]. Turkey is among the countries that have a significant
amount of sepiolite reserves [54]. The structure of sepiolite is made up of a central sheet of
magnesium oxide- hydroxide that lies in between two tetrahedral silica sheets.

Because of its high surface area and unique structure sepiolite is known for its
adsorptive properties. In one study, Dogan et al. investigated the rate of adsorption under
various parameters, such as contact time, stirring speed, ionic strength, pH and temperature
for the removal of methyl violet and methylene blue. Their results indicated that the
adsorption rate of dyes on sepiolite increased with increase in initial dye concentration, ionic
strength, pH and temperature but stirring speed had no effect on the adsorption rate [55]. In
a more recent study, Largo et al. studied the potential of sepiolite as an adsorbent for the
removal of cationic (methylene blue) and anionic (Direct Red-23) dyes from aqueous
solution. They investigated the effects of adsorbent amount, the contact time, pH, ionic
strength and initial dye amount. They obtained the maximum amount of adsorbed dye to be
124.9 and 649.37 mg/g for methylene blue and Direct Red-23, respectively [56].

In order for the adsorbent material to be applicable, it is very important that it has the
necessary mechanical strength so that it will not cause any problems in the industrial units
[57]. Although sepiolite has very good adsorption properties, it provides very little
mechanical strength, which decreases the possibility of its use in the industry. Sepiolite-
based geopolymers were first introduced by Mackenzie et al., where they experimentally

showed by NMR studies that sepiolite-based geopolymers closely resembled an
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aluminosilicate geopolymer and some of the Mg in the system was located in tetrahedral
sites [58]. A previous study in our research group introduced a sepiolite geopolymer with
high methylene blue adsorption capacity and high mechanical strength. They observed a
removal capacity of 99.92 mg/g and compressive strength values of 40 MPa and concluded
that concluded that these innovative materials offer high potential for wastewater treatment
[37]. This study was based on one synthesis condition only. However, different applications
might require different adsorption and mechanical characteristics. Therefore, a more in-
depth analysis of different synthesis parameters on the mechanical strength and adsorption

properties is required.

1.4. Methodology

1.4.1. Experimental Design and Data Analysis

The experimental design was carried out as 23 central composite design (CCD). The
reason for choosing this design was that, it can be run sequentially, meaning that the design
can be divided into two subsets, the first to estimate linear and two- factor effects and the
second to estimate curvature effects [43]. CCD is efficient that allows a lot of information
about the variables to be gained in a small number of experiments. The three parameters of
interest are chosen as the molar Na/Mg ratio, pretreatment temperature of the raw material
(T) and molar Si/Mg ratio. The synthesis parameters are then correlated with the mechanical
strength measurements and methylene blue adsorption capacity to synthesize the

geopolymers with optimum mechanical strength and adsorption properties.

A predictive model was built for the estimation of methylene blue adsorption
capacities of the synthesized materials. The generated model was of the form:

Y = ap +a1A+aB+asC+asAB+aisAC+aBC+a11A? +azB? +azsC?, (1.1)

where Y is adsorption capacity(mg/g), ao is constant coefficient, a;, aii, and ajj are linear,

quadratic and interaction coefficients, A, B and C are molar Na/Mg ratio, sepiolite treatment

temperature and molar Si/Mg ratio, respectively.
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The significance of the model was validated by means of an ANOVA analysis. The
alpha value was taken to be 0.05. Backward elimination was used for the generation of the
model. By using backward elimination, the least significant term, the term with the highest
p-value, is removed from the model and the statistical analysis is repeated until all the terms

are significant.

1.4.2. Geopolymer Synthesis

The first step in the geopolymer synthesis was the treatment of sepiolite at the given
temperatures (500 — 1000 °C) for 1 hour to activate the raw material. After pretreatment and
cooling, required amounts of sodium hydroxide and sodium silicate were mixed with the

activated sepiolite to obtain the desired compositions.

After mixing, the samples were stored for ex-situ ATR-FTIR measurements. In
addition to that, geopolymer samples were poured into 1 cm x 1 cm x 1 cm cells and were

cured for 6 weeks for compressive strength measurements.

1.4.3. ATR-FTIR Data Collection

ATR-FTIR is used to understand the kinetics of sepiolite-based geopolymers.
Throughout the geopolymerization reactions, different phases, including unreacted particles,
partially reacted particles, newly formed aluminasilicate gel, liberated aluminasilicate etc.,
are present in the system. In order to investigate the geopolymerization reactions, a method
which can simultaneously analyze all these phases and which will not disrupt the balance
between these materials, is required. ATR-FTIR stands out as a very good candidate to carry
out these studies [59].

FTIR spectroscopy can be used to obtain information about different types of bonds in
a material along with ordering and network arrangement. ATR-FTIR makes it possible to
obtain data without destructive sample preparation, which makes it very useful for studying

different phases that are present in the geopolymerization reaction [59]. In fact, there are
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several studies in literature that make use of FTIR spectroscopy to monitor the reactions

taking place during geopolymerization reactions.

Hajimohammadi and van Deventer investigated the Kkinetics of one-part
geopolymerization using fly ash as the starting raw material. In their FTIR investigations,
they observed that the position of the main feature shifts to a lower wavenumber and then
increases to a certain level and stays constant throughout. This observation, along with the
data in the literature suggests that a two- stage gel formation takes place during
geopolymerization reaction of fly ash [60]. In another study, Reese et al., investigated the
effects of sodium hydroxide and silicate concentrations on structural changes of fly ash
geopolymer using attenuated total reflectance Fourier transform infrared (ATR-FTIR)
spectroscopy over 200 days. Their results indicated that there is strong correlation between
silicate concentration in the activating solution and the position of main Si-O-T (T: Al or
Si) stretching band. Furthermore, they observed that use of high order silicate in activating
solution results in rapid formation of a steady gel composition before obtaining an Al-rich
gel first [59].

The FTIR spectroscopy of the samples were collected using a Perkin Elmer Frontier
FT-IR Spectrometer. Absorbance spectra was collected in the range from 4000-650 cm™ at
a resolution of 2 cm™ and a scanning speed of 5 kHz with 16 scans. For the Kinetics studies,
FTIR data was collected for all the samples on an hourly basis in the early
geopolymerization, and on the order of days afterwards for a 30-day period.

1.4.4. Compressive Strength Measurements

Compressive strength measurements were conducted on an MTS model servo-
hydraulic test machine with capacity of 500 kN with a loading rate of 0.01 mm per second.
After synthesis, the geopolymer samples were poured into 1 cm x 1 cm x 1 cm silicon molds
and kept at room temperature for 6 weeks before compressive strength measurements. An

image of the 1 cm % 1 cm % 1 cm cubes that are synthesize are presented in Figure 1.6.
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Figure 1.6. An image of the 1x1x1 cm cubes.

1.4.5. Structural Characterization

The structure of the raw materials and the synthesized geopolymers were characterized
in detail by a number of methods including X-ray fluorescence (XRF) spectroscopy, X-ray
diffraction (XRD) spectroscopy, X-ray photoelectron spectroscopy (XPS), Brunauer
Emmett Teller (BET surface) area analysis and thermogravimetric analysis (TGA). XRF
analysis was used to determine the chemical composition of the raw materials. The
composition data is then used to synthesize the geopolymer samples with the desired
composition. XRD was used to investigate the crystal structure and amorphous character of
the samples. XRD was also used for investigating the changes in the crystal structure upon
geopolymerization reactions. XPS analysis was performed to get an understanding of the
surface chemistry, composition and binding state of the atoms. BET analysis was used to
determine the surface area of the samples, along with pore volume and pore size information.
TGA was used to determine the thermal stability of the materials. The parameters and
conditions of these characterization techniques are thoroughly presented in the relevant parts

of this thesis.
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1.4.6. Methylene Blue Adsorption Tests

For the measurement of the methylene blue removal of the synthesized materials,
firstly a methylene blue solution of known concentration is prepared. Then, a measured
amount of adsorbent is immersed into the solution and is mixed at constant speed until
equilibrium was reached. The mixing was done at room temperature and atmospheric

pressure. A snapshot of the mixing process is given in Figure 1.7.

Figure 1.7. Mixing process before the methylene blue adsorption tests.

Aliquots were collected from the methylene blue solutions and analyzed with a Flame-
S-UV-Vis-ES spectrometer (Ocean Optics, USA) by measuring the absorbance value at A =
664 nm. Removal efficiency (%) was measured as stated in the following equation:
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Ap—Ag

Removal ef ficiency (%) = % x 100 = x 100, (1.2)

o

where Co and C; are the concentration of MB solution at initial time t = 0 and at time t,
respectively. A0 and At denote to absorbance values at initial time t = 0 and at time t,

respectively [61]. The amount of MB adsorbed on adsorbents were determined by:

C,—C
qe=< "m e)xV, (1.3)

where ge is the amount of MB dye uptake by the adsorbent (mg MB dye/g adsorbent), m is
the mass of the adsorbent (g), and V is the volume of the MB solution (L).

During the course of the mixing, methylene blue is adsorbed by the adsorbent and a
change in the color of the solution takes place. An image displaying the change before and

at the end of the equilibrium time is presented in Figure 1.8.

Figure 1.8. The change in the color before and at the end of equilibrium time.
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1.5. Aim and Scope of This Work

The main goal of this thesis study is to understand the effect of the synthesis conditions
and the formation Kkinetics on the mechanical performance and methylene blue adsorption
characteristics in SAAM systems.

Alkali- activated aluminosilicate geopolymers are widely studied in the literature and
the composition that maximizes the mechanical strength is mainly known
(NaAlSi206.5.5H20) [62]. However, as mentioned earlier, the number of studies that uses
sepiolite as the raw material in alkali-activation is very limited and the optimum composition
that maximizes mechanical strength is unknown. Although it was reported by MacKenzie et
al. that magnesium silicate anologs of aluminosilicate geopolymers can be synthesized and
Mg sites seem to behave like Al and they are in tetrahedral coordination [58], there are no
studies focusing on the relationships between the synthesis condition and compressive
strength in these systems. Geopolymerization is a time-dependent process where structure
and properties vary. Kinetics of sepiolite geopolymerization and its effect on mechanical
properties are also important points to be addressed. In addition to the mechanical strength
considerations, a recent study has shown that sepiolite geopolymers demonstrate high
potential as an adsorbent [37]. However, this study was based on one synthesis condition
only. Considering the fact that different applications might require different adsorption and
mechanical characteristics, an in-depth analysis of different synthesis parameters on the
mechanical strength and adsorption is also carried out as part of this thesis.

In Chapter 2 of this thesis, the effects of synthesis parameters on the mechanical
strength of sepiolite-based geopolymers were studied by an experimental design. The
reaction kinetics of the sepiolite-based geopolymers were studied by ATR-FTIR data
collection at different reaction times for the first time in literature. The mechanical strength
data was analyzed along with the kinetic data and the relations were quantified. All of the
synthesized materials were characterized by a number of characterization tools including
XRF, XRD, TGA, XPS and the results were used to explain the way the materials behave.

The results of Chapter 2 are being prepared for publication.
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In Chapter 3 of this thesis, the effects of synthesis parameters on the methylene blue
adsorption characteristics in sepiolite- based alkali-activated materials are studied by
experimental design. The adsorption data was analyzed by statistical tools and a response
surface model was built based on the experimental data. The results are analyzed in
combination with the mechanical properties presented in Chapter 2. The results are being

prepared for publication.

The results of this thesis point out that synthesis parameters and formation Kinetics
have significant impacts on the mechanical strength and adsorption properties of magnesium
silicate alkali activated materials and these materials have huge potential in construction and

wastewater treatment applications as environmentally friendly and sustainable options.
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2. EFFECTS OF SYNTHESIS PARAMETERS ON THE KINETICS
AND MECHANICAL STRENGTH OF SEPIOLITE BASED
ALKALI ACTIVATED MATERIALS

2.1. Introduction

The risks related to climate change are increasing which is evident with the fact that
the last five years have been the warmest on record [63]. CO2 emissions are one of the major
contributors to global warming. Cement industry is one of the largest CO, emitting industries
and is responsible for 7-8% of all anthropogenic CO emissions [64]. It is the third largest
industry to produce difficult-to-eliminate emissions after load-following electricity and iron
and steel [65]. Production of cement is an energy-intensive process and CO. emissions per
ton of cement range between 800 -1000 kg [66]. Several approaches can be taken to reduce
the COz emissions originating from cement industry, such as replacing the cement by
secondary raw materials and secondary cementitious materials and using alternative fuels in
cement production [67]. Geopolymers, or alkali activated materials (AAM) in a broader
context, stand out as a promising alternative to cement as a construction material [17], [31],
[68].

Alkali activation is the term to describe the reaction of a solid aluminosilicate
(precursor) under alkaline conditions to produce a hardened binder [6]. Commonly used
cementitious materials, such as blast furnace slag, fly ash, calcined clays and pozzolans, are
suitable to be used as the precursor for the synthesis of AAMs [7] and the success with

several raw materials were shown in previous studies [69-71].

The literature is rich for the synthesis of AAMSs with raw materials containing alumina
and silica but is more limited for other raw materials, such as those containing magnesium
and silicate. There are some studies that investigate the effects of MgO content on alkali-
activated slag geopolymers. In their study, Yi et al. investigated the activating efficiency of
MgO and compared with hydrated lime for ground granulated blast-furnace slag. They
investigated the obtained products by means of compressive strength, X-ray diffraction,
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scanning electron microscopy, Fourier transform infrared spectroscopy, energy dispersive
X-ray and thermogravimetric analysis. Their results indicated that reactive MgO acts as an
effective activating agent and yields higher compressive strength compared to hydrated lime
after 28 days of curing [33]. In another study, Abdalgader et al., studied the effects of reactive
MgO addition on an alkali activated fly ash/slag system. They carried out compressive
strength, X-ray diffraction, thermogravimetric analysis, infrared spectroscopy and scanning
electron microscopy measurements for their investigations. In the light of their isothermal
calorimetry results, they concluded that addition of reactive MgO results in an increased
hydration rate while the strength and compositions of the samples varied with the
introduction of MgO [34]. In another study, Haha et al., studied the effects of MgO on
hydration and microstructure of alkali activated slags. They investigated the effects of MgO
on the interval 8-13 wt. % in presence of two different alkaline activators, NaOH and
Na>SiO3-5H20 (WG). Their results indicated that, increasing the MgO content yields higher
compressive strength and faster reaction in the firsts days. They also concluded that
increasing the MgO content in presence of WG resulted in 50-80% increase in compressive
strength after 28 days of curing [72]. Jin et al., also investigated the effects of two different
commercial reactive MgO’s on the hydration of ground granulated blast furnace slag. They
studied in the range 2.5- 20 wt.% for up to 90 days. They carried out selective dissolution,
thermogravimetric analysis, X-ray diffraction and scanning electron microscopy for their
investigations. Their results indicated that increasing amounts of MgO resulted in improved
compressive strength and based on compressive strength measurements, MgO is a better
activator compared to hydrated lime [73].

These studies are clear signs that Mg incorporation enhances the mechanical strength
in building materials. As a result of these positive findings, the number of studies that make
use of raw materials containing magnesium and silica, such as sepiolite, is increasing in the
recent years. Sepiolite is a natural hydrous magnesium silicate material with the chemical
formula Si12030Mgs(OH)s(H20)48H20 [53]. Sepiolite is a widespread and abundant
material. Spain is the world’s largest sepiolite producer and 90% of the sepiolite in Europe
comes from Spain with the remaining sepiolite mainly coming from Turkey [74]. Sepiolite
is used in a wide range of areas including catalyst support and ion adsorption [75-77] due to
its large surface area and unique structure. Despite the research in different areas, the
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literature for the use of sepiolite as a raw material in the synthesis of AAMs for construction

purposes is still limited.

In their study, Wang et al. investigated the influence of binary admixture of sepiolite
and fly ash on the performance of modified cement mortar. Their results indicated that
incorporation of sepiolite can greatly improve the strength of mortar at various curing
periods [35]. Kaya-Ozkiper et al. investigated the adsorption and mechanical strength of
metakaolin and sepiolite-based alkali activated monoliths for methylene blue removal. They
observed compressive strength values as high as 37 MPa [52]. In another study, Pu et al.
investigated the effects of sepiolite addition on compressive strength, flexural strength and
microstructure to a fly ash-metakaolin geopolymer activated by sodium silicate and sodium
hydroxide solutions. Their results indicated that addition of sepiolite up to 10% resulted in
an increase in compressive strength after 7 days of curing and an increase in flexural strength
regardless of days of curing [78]. Yan et al. investigated the effects of sepiolite addition
compressive strength, flexural strength, surface abrasion resistance, Vickers-hardness of
surface and microstructure evolution of fly ash-metakaolin geopolymer. They observed that
the optimum amount of sepiolite addition is 10% for obtaining high compressive and flexural
strength [79].

Although there are some studies on incorporation of sepiolite into AAM synthesis, the
literature is limited for studies that use sepiolite as the main raw material of
geopolymerization. In their work, MacKenzie et al. attempted to synthesize magnesium-
containing analogues of aluminosilicate geopolymers [58]. They studied the effects of
pretreatment, ie, grinding, dehydroxylation, by means of XRD, ?°Si and natural-abundance
Mg solid-state magic angle spinning (MAS) NMR spectroscopy measurements. Their
results indicated that, the products that are formed by using sepiolite as the raw material
results in structures similar to aluminosilicate geopolymers. A previous study from our group
reported that a sepiolite-based magnesium silicate alkali activated (geopolymer-like)
material offers potential as an effective adsorbent for methylene blue removal from aqueous
solutions along with a high mechanical strength, making these materials suitable candidates
both for adsorption and construction materials. However, this study was only for a single
composition and a more in-depth analysis of different synthesis parameters on the
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mechanical strength and the relation between the mechanical strength and

geopolymerization Kinetics is required.

Motivated from the potential of sepiolite-based alkali-activated materials, an
experimental design is used to investigate the effects of different synthesis parameters on the
compressive strength of these materials (SAAM) for the first time. The raw materials and
the SAAMs are characterized by XRF for their chemical composition, XRD for an
investigation of the crystalline phases, TGA for their thermal stabilities and XPS for their
surface characteristics. ATR-FTIR data is collected at different reaction times to shed light
on the relation between the geopolymerization kinetics and the compressive strength. The

results of this chapter are being prepared for publication.

2.2. Materials and Methods

2.2.1. Sample Preparation

Sepiolite was kindly supplied by Dolsan Mining, Eskisehir, Turkey. Sepiolite is treated
at 5 different temperatures for 1 h. Activating solution is prepared by mixing sodium silicate
(NazSi307) solution (%9 of Naz0, 28% of SiO. and 63% of H20; density: 1.401g/ml at 20
°C) and sodium hydroxide (NaOH) pellets. The amount used for each material is given in
Table 2.1.

Sepiolite is calcined at 500, 600, 750, 900 and 1000 °C. Powdered and sieved (#70
mesh sieve, 200 um) calcined sepiolite is mixed thoroughly with necessary amount of
activating solution to obtain desired Si/Mg and Na/Mg ratios. The mixture is then left to

curing at room conditions for 6 weeks for compressive strength measurements.

Geopolymers were synthesized with aluminosilicate precursors for a comparison of
early stage geopolymerization in aluminosilicate and magnesium silicate systems. For this
purpose, MK Imerys Metastar™ 501 was used as the metakaolin raw material and F-type

fly ash was obtained from a power plant in Adana region.
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Table 2.1. Amounts of raw materials used for geopolymer synthesis.

Molar Molar Sodium Sodium

Na/Mg Temperature Si/Mg Sepiolite Silicate | Hydroxide

ratio ) ratio ©) (9) (9)
SAAM-1 1.3 750 2.5 12 26.8 1.9
SAAM-2 15 900 3 12 36.9 1.6
SAAM-3 11 600 3 12 36.9 0.2
SAAM-4 1.3 750 2.5 12 26.8 1.9
SAAM-5 15 600 2 12 16.8 3.7
SAAM-6 11 900 2 12 16.8 2.3
SAAM-7 11 600 2 12 16.8 2.3
SAAM-8 1.3 750 2.5 12 26.8 1.9
SAAM-9 1.5 600 3 12 36.9 1.6
SAAM-10 11 900 3 12 36.9 0.2
SAAM-11 1.5 900 2 12 16.8 3.7
SAAM-12 1.3 750 2.5 12 26.8 1.9
SAAM-13 1.3 750 3.3 12 42.9 0.3
SAAM-14 1.3 750 2.5 12 26.8 1.9
SAAM-15 1 750 25 12 26.8 0.9
SAAM-16 1.3 500 25 12 26.8 1.9
SAAM-17 1.3 750 1.7 12 10.7 3.6
SAAM-18 1.6 750 25 12 26.8 3
SAAM-19 1.3 750 2.5 12 26.8 1.9
SAAM-20 1.3 1000 2.5 12 26.8 1.9

2.2.2. Experimental Design and Statistical Analysis

The experimental design is carried out as 23 Central Composite Design (CCD). CCD
design offers the advantage of running sequentially, meaning that the design can be divided
into two subsets, the first to estimate linear and two- factor effects and the second to estimate
curvature effects [80]. In addition to that, CCD is efficient that allows a lot of information

about the variables to be gained in a small number of experiments. The three parameters of
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interest are chosen as the pretreatment temperature of the raw material sepiolite (T), molar
Si/Mg ratio and molar Na/Mg ratio. The synthesis conditions for the experimental design are

given in Table 2.2.

The effects of different parameters on the compressive strength is investigated by
means of statistical analysis. For this purpose, a model of the following form is generated
Y=ao+aiA+a;B+azC+apAB+aisAC+a1sBC+anA>+azB? +assC?, (2.1)
where Y is compressive strength (MPa), ao is constant coefficient, aj, aii, and aj; are linear,
quadratic and interaction coefficients, A, B and C are molar Na/Mg ratio, sepiolite treatment
temperature and molar Si/Mg ratio, respectively.

Table 2.2. Synthesis conditions for the experimental design.

Sample name Molar Na/Mg Temperature Molar Si/Mg
ratio (°O) ratio
SAAM-1 1.3 750 25
SAAM-2 1.5 900 3.0
SAAM-3 1.1 600 3.0
SAAM-4 1.3 750 2.5
SAAM-5 1.5 600 2.0
SAAM-6 1.1 900 2.0
SAAM-7 1.1 600 2.0
SAAM-8 1.3 750 2.5
SAAM-9 1.5 600 3.0
SAAM-10 1.1 900 3.0
SAAM-11 1.5 900 2.0
SAAM-12 1.3 750 25
SAAM-13 1.3 750 3.3
SAAM-14 1.3 750 2.5
SAAM-15 1.0 750 2.5
SAAM-16 1.3 500 25
SAAM-17 1.3 750 1.7
SAAM-18 1.6 750 2.5
SAAM-19 1.3 750 2.5
SAAM-20 1.3 1000 2.5
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2.2.3. Structural Characterization

The chemical compositions of raw and calcined sepiolite were determined using X-
ray fluorescence (Bruker S8 Tiger). X-ray diffraction (XRD) measurement of the samples
were performed on a Bruker D8 Advance Diffraction system with a Cu Kal radiation source.
XRD data was collected 3 months after the samples were synthesized. The data were
recorded in the range 20 = 10-80°. The FTIR spectroscopy of the samples were collected
using a Perkin Elmer Frontier FT-IR Spectrometer. Absorbance spectra was collected in the
range from 4000-650 cm™ at a resolution of 2 cm™ and a scanning speed of 5 kHz with 16
scans. For the kinetics studies, FTIR data was collected for all the samples on an hourly basis
in the early geopolymerization, and on the order of days afterwards for a 30-day period. X-
ray photoelectron spectroscopy (XPS) analysis was conducted on a Thermo Scientific K-
Alpha X-ray Photoelectron Spectrometer and Avantage 5.9 software was utilized for XPS
data fitting. Thermogravimetric analysis (TGA) was conducted on a Perkin Elmer TGA 4000
instrument. The analysis was done in a temperature range from 25 to 900 °C at a heating rate
of 10 °C/min for raw sepiolite, calcined samples and the geopolymer samples under N2 flow.
Compressive strength measurements were conducted on a MTS model servo-hydraulic test
machine with capacity of 500 kN with a loading rate of 0.01 mm per second. After synthesis,
the geopolymer samples were poured into 1 cm x 1 cm X 1 cm silicon molds and kept at

room temperature for 6 weeks before compressive strength measurements.

2.3. Results

2.3.1. Structural Characterization of Raw Materials

The XRD patterns for as-received sepiolite along with sepiolite calcined at 600, 750
and 900 °C are given in Figure 2.1. Main crystalline phases observed in as-received sepiolite
are observed to be sepiolite and dolomite along with minor contributions from quartz. Upon
calcination at 600 °C, formation of a new feature is observed, which is attributed to calcite.
This feature represents the first step of calcinations of the dolomite to give calcite [81]. Some
structural changes take place after further heating to 750 °C. The peaks related to dolomite

and sepiolite completely disappear and some new features related to calcium magnesium
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silicate and periclase are observed. New peaks are formed after heating the sample to 900

°C, suggesting the formation of enstatite as a new crystalline phase [81, 82].
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Figure 2.1. XRD Patterns of (a) sepiolite and calcined sepiolite samples at (b) 600 °C, (c)
750 °C and (d) 900 °C (D: Dolomite, S: Sepiolite, Q: Quartz, C: Calcite, Ca: Calcium
Magnesium Silicate, P: Periclase, Di: Diopside, E: Enstatite).

The FTIR spectra of raw sepiolite and calcined sepiolite at 600 °C, 750 °C, and 900
°C are given in Figure 2.2 FTIR spectrum of raw sepiolite displays features at 3690, 3620,
3560, 3370 and 3240 cm™, which are associated with the presence of water molecules. The
band at 3690 cm™ is assigned to hydroxyl stretching vibrations of MgOH groups [83, 84].
The features at 3620 and 3560 cm™ are assigned to vibrations associated with water
coordinated to magnesium ions at the edge of structural blocks while the features at 3370,
3240 and 1640 cm™ are related to the presence of zeolitic water [84], The feature located at
1456 cm™ is associated with the stretching vibration of C-O indicating the presence
carbonate groups [81], [85]. The feature at 882 cm™ is assigned to the out- of- plane
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deformation of carbonate impurities [86]. The high intensity features located at 1008 and
976 cm™ are ascribed to Si—O in plane stretching vibration [87], while the minor contribution

at 689 cm™ is associated with translation of hydroxyls in MgsOH groupings [88].

Several changes take place in the FTIR features upon calcination of sepiolite. The
features related to the presence of water molecules significantly decrease for sepiolite
calcined at 600 °C and completely disappear for sepiolite samples calcined at 750 and 900
°C. The main features at around 1020 cm™ for sepiolite treated at 600 and 750 °C are ascribed
to Si-O-Si in plane vibrations [81]. The shoulders at around 960 and 880 cm™ for sepiolite
treated at 600 and 750 °C are related to asymmetric stretching vibrations of Si—O—Si and Si—
OH bending, respectively [89]. The intensity of the feature around 1450 cm™ decrease with
calcination and completely disappear for the sepiolite sample treated at 900 °C. Significant
differences in the FTIR spectrum are observed for the sepiolite sample calcined at 900 °C.
New features are formed at 1068 and 925 cm™ which are due to Si-O stretching vibrations
of enstatite [82]. These results are in agreement with the XRD results presented in Figure
2.1.
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Figure 2.2. FTIR spectra of sepiolite and calcined sepiolite samples at 600 °C, 750 °C and
900 °C.
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During thermal treatment of sepiolite, several transformations take place. In his study,
Kok investigated the thermal behavior of sepiolite samples by TG/DTG analysis. The results
of the study revealed that there are four distinct weight loss regions for sepiolite. The first
peak is attributed to the loss of hygroscopic and zeolitic water, while the second peak is
related to the loss of half the Mg-coordinated water and structural modification. The third
peak and fourth peak are attributed to the loss of second half of the Mg-coordinated water
still remaining in the channels and dihydroxylation of the octahedrally coordinated hydroxyl

groups, respectively [90].

The TGA curve for raw sepiolite is given in Figure 2.3 together with the sepiolite
samples calcined at 600 °C, 750 °C, and 900 °C, respectively.
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Figure 2.3. Weight loss results of (a) sepiolite and calcined sepiolite samples at (b) 600 °C,
(c) 750 °C and (d) 900 °C.
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Looking at Figure 2.3 it is seen that removal of hygroscopic water from the external
surface and zeolitic water from the voids of the structure takes place up to 220°C with a 6%
weight loss. The removal of bound water starts at a temperature of 250°C and continues up
to 700°C with a weight loss of 18%. The removal of structural water molecules continues
up to 850°C and corresponds to 1% weight loss. The weight loss values for calcined samples
are significantly lower compared to uncalcined sepiolite, as expected. The sample calcined
at 600 °C exhibits a weight loss of around 16.4%. The weight loss results for the samples
treated at 750 and 900 °C are significantly lower, with weight loss values of 2.6% and 1.1%,
respectively. The reason for this is that the removal of hydroscopic water, zeolitic water and
bound water takes place until 700 °C and these types of water are already removed from
sepiolite calcined at 750 and 900 °C. Structural water makes the 1% difference between 750
and 900 °C, and the weight loss results are in agreement with the raw sepiolite results, for

which the weight loss for structural water was around 1%.
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Figure 2.4. Mg 1s, O 1s and Si 2p XP Spectra of calcined sepiolite samples at (a)-(c) 600
°C, (d)-(f) 750 °C and (g)-(i) 900 °C.
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XPS analysis was carried out to get an understanding of the surface characteristics with
as-received sepiolite along with sepiolite samples calcined at 600, 750 and 900 °C.
Deconvoluted O 1s, Mg 1s and Si 2p spectra of the samples and the peak positions are given
in Figure 2.4.

Deconvolution of O 1s spectra revealed that the high intensity peak located at
approximately 531.8 eV is correlated with the binding energy of O 1s in Mg-O-Si
environment [91]. The feature at around 532.9 eV in all the samples are ascribed to silicate
framework oxygens [92]. The feature at around 530 eV in the spectra of calcined sepiolite

at 750 and 900 °C are related to the presence of Si—O oxygens [92].

The main contribution at around 1304 eV in the Mg 1s spectra of the sepiolite samples
is related to the Mg-O-Si bonds of sepiolite [93]. The feature at around 1303 eV in the
sepiolite samples calcined at 750 and 900 °C are ascribed to Mg—O bonds [91]. The

contribution at around 1305 eV is due to Mg*? ions occupied in tetrahedral sites [94].

Two main contributions at around 1303 and 1304 eV are observed in the Si 2p spectra
of calcined sepiolite. These contributions are correlated with Si—-O-Si and Si—-O-Mg bonding
environments [91].

2.3.2. Characterization of Geopolymers

The XRD patterns of the selected geopolymers are given in Figure 2.5. The
geopolymers are grouped together based on the raw materials that are used in the synthesis.
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Figure 2.5. XRD Patterns of geopolymers synthesized with sepiolite treated at 600 °C (D:
Dolomite, Q: Quartz).
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Figure 2.6. XRD patterns of geopolymers synthesized with sepiolite treated at 750 °C (Q:

Quartz, Ca: Calcium Magnesium Silicate, P: Periclase).
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Comparing the XRD patterns of the geopolymer samples with the XRD patterns of
calcined sepiolite in Figure 2.5, it is seen that there is a profound decline in crystalline phase.
A featureless hump that is centered around 28° is an indication of geopolymer structure [14].
The hump is observed in many of the alkali activated materials, although some crystalline

phases due to quartz, calcite and calcium magnesium silicate are still present.
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Figure 2.7. XRD patterns of geopolymers synthesized with sepiolite treated at 900 °C (Q:
Quiartz, Di: Diopside, E: Enstatite).

In addition to the raw sepiolite, the thermal behavior of the SAAM samples are also
studied by TGA analysis. The weight loss results for the SAAM samples are given in Table
2.3.
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Table 2.3. Weight loss results for different SAAM samples.

Weight loss
(%)
SAAM-1 27.80
SAAM-2 20.90
SAAM-3 30.17
SAAM-4 25.29
SAAM-5 29.15
SAAM-6 16.03
SAAM-7 31.65
SAAM-8 26.11
SAAM-9 29.15

SAAM-10 19.84
SAAM-11 23.01
SAAM-12 26.78
SAAM-13 26.42
SAAM-14 27.08
SAAM-15 29.46
SAAM-16 29.20
SAAM-17 31.84
SAAM-18 27.75
SAAM-19 25.96
SAAM-20 17.63

Looking at Table 2.3 it is seen that the weight loss is strongly correlated with the
sepiolite treatment temperature, as expected. The average weight loss is around 25% for all
the samples and the thermal stability of the geopolymer samples are high.
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2.3.3. Relations Between Synthesis Conditions and Compressive Strength

Compressive strength data is collected for geopolymer samples prepared with different
synthesis parameters. The results for the compressive strength measurements are given in

Table 2.4 along with a representation on a 3D map in Figure 2.8.
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Figure 2.8. Compressive strength results for different geopolymer samples on a 3D map.

When the compressive strength results and the XRD patterns given in Figure 2.5-2.7
are evaluated together, it is seen that geopolymers with low compressive strength, such as
SAAM-6 and SAAM-11, it is seen that these materials have higher amounts of crystalline
structures. Several reactions, including dissolution, reorientation and solidification takes
place during alkali activation [95]. The presence of high amounts of crystalline phases in
these samples is an indication that these reactions did not take place to the extent that
geopolymerization reactions are complete. This might be correlated with the lower

compressive strength results of these samples.
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Table 2.4. Compressive strength results.

Compressive Strength
(MPa)

SAAM-1 33.9
SAAM-2 31.0
SAAM-3 924
SAAM-4 43.8
SAAM-5 65.7
SAAM-6 1.5

SAAM-7 14.8
SAAM-8 24.0
SAAM-9 135.5
SAAM-10 27.1
SAAM-11 3.2

SAAM-12 34.5
SAAM-13 14.9
SAAM-14 42.6
SAAM-15 15.8
SAAM-16 13.1
SAAM-17 3.8

SAAM-18 15.8
SAAM-19 44.7
SAAM-20 21.5

The results in Table 2.4 indicate that the compressive strength depends very much on
the synthesis parameters. The compressive strength values range between 1.5 MPa and 135.5
MPa. The relation between the synthesis parameters and compressive strength is investigated
by generating a model in order to learn more about the critical parameters on compressive

strength.

The inputs for the model were the synthesis parameters and the output was the

compressive strength values. Deviations from normal distribution were observed when
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compressive strength was used in linear regression. Therefore, 1/,/Compressive Strenght

transformation was used in the modeling studies. A model of the form given in Eq 2.1 with
backward elimation was generated. The linear terms are added to the model at the end to

preserve model hierarchy. The model results are presented in Table 2.5.

Table 2.5. Model results for synthesis parameters and compressive strength.

Source DF | AdjSS | AdjMS |F-Value|P-Value
Regression 4 0.437 0.109 9.82 0.000
Temperature 1 0.107 0.107 9.64 0.007
Si/Mg Ratio 1 0.013 0.013 1.18 0.295
Si/Mg Ratio*Si/Mg Ratio 1 0.074 0.074 6.62 0.021
Temperature*Si/Mg Ratio 1 0.082 0.082 7.38 0.016
Error 15 0.167 0.011
Lack-of-Fit 10 0.165 0.017 38.16 | 0.000
Pure Error 5 0.002 0.000
Total 19 0.604
R? 72.36
Adjusted R? 64.99

The R? of the model came out to be around 0.72, which indicates that the model can
moderately explain the experimental data. Large residuals are observed especially for the
samples synthesized at temperature extremes. This indicated that the treatment temperature
range that is used in this study is too large and quadratic term is not enough to explain the
data. In order to improve the model, the current model is used as a guide to estimate the
range of synthesis conditions that could result in higher compressive strength values and
compressive strength data at these synthesis conditions is collected. The conditions are
chosen as Na/Mg ratio = 1.3, Si/Mg ratio = {2.25, 2.75} and T = {625, 675 °C}. The

synthesis conditions for the new set is presented in Figure 2.9:
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Figure 2.9. 20 samples from CCD (empty circle), 4 additional tests (full square) and

2 CCD levels (large circle) that are not used in modeling studies

A new model is generated after removing the temperature extremes (500 and 1000 °C)
and adding the new data. The results for the second model are presented in Table 2.6. An
investigation of Table 2.6 reveals that the R? value of the model significantly improved
compared to the initial model with a value around 0.95. The normal probability plot is

presented in Figure 2.10.

It is seen from Figure 2.10 that there is not a large deviation from normal distribution.
The lack of fit is significant with a p-value of 0.015, which might be a concern regarding the
adequacy of model. The updated model needs improvement with data collected in a narrower
range. However, it can be used to get an understanding of the effects of the synthesis

parameters on the compressive strength.

The obtained model is used to estimate the optimum synthesis conditions for the
highest compressive strength. The synthesis conditions that maximize the compressive
strength are estimated to be molar Na/Mg ratio = 1.4, pretreatment temperature = 600 °C,

molar Si/Mg ratio = 2.48.
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Table 2.6. Updated model results for synthesis parameters and compressive strength.

Source DF | AdjSS | AdjMS |F-Value|P-Value

Regression 7 0.648 0.093 37.21 0.000

Na/Mg Ratio 1 0.029 0.029 11.58 | 0.004
Temperature 1 0.146 0.146 58.50 | 0.000

Si/Mg Ratio 1 0.033 0.033 13.32 | 0.003
Na/Mg Ratio*Na/Mg Ratio 1 0.015 0.015 5.83 0.030
Si/Mg Ratio*Si/Mg Ratio 1 0.088 0.088 35.37 | 0.000
Na/Mg Ratio*Si/Mg Ratio 1 0.017 0.017 6.63 0.022

Temperature*Si/Mg Ratio 1 0.093 0.093 37.38 | 0.000

Error 14 0.035 0.002
Lack-of-Fit 9 0.033 0.004 8.42 0.015
Pure Error 5 0.002 0.000
Total 21 0.683
R? 94.90
Adjusted R? 92.35

Condidering the optimum conditions, it is observed that increasing pretreatment
temperature has a negative impact on the compressive strength values. The effects of
increasing temperature on compressive strength can be discussed together with the XRD
results presented in Figure 2.1. In Figure 2.1, it was observed that increasing the calcination
temperature to 900 °C resulted in formation of additional crystalline phases, namely enstatite
and diopside. A more crystalline structure might be an important factor to a more brittle

material with low compressive strength [17].
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Figure 2.10. Normal probability plot for updated model

The molar Si/Mg ratio of 2.48 predicted by the model indicates that there is a threshold
value of Si/Mg molar ratio above which the compressive strength decreases. A similar
observation is done for aluminosilicate counterparts in previous studies [19]. The presence
of Si up to a threshold value enhances Si—Si structure instead of Si—Al bonds, which results
in oligemeric silicates that have higher mechanical strength. After the threshold value,
excessive Si in the structure makes dissolution of raw material harder. The unreacted raw
material acts as a defect in the structure and causes a decrease in the compressive strength
[19].

In a previous study on the mechanism of zeolite synthesis from coal fly ash by alkali
hydrothermal reaction, it was proposed that OH- ion contributes to the dissolution of Si**
and Al*® from fly ash, while Na* ion contributes to the crystallization of zeolite [96]. The
amounts of these ions in the samples would be parallel to each other as the main source of
these ions is NaOH in the activating solution. In a sample with low Na content, the
concentration of OH~ would not be sufficient to completely dissolve Si** and Mg*2 from the
sepiolite and the low Na content would result in incomplete polymerization of the network.
This would result in unreacted sepiolite and consequently lower compressive strength. In
case of high Na content, there would be enough OH™ to dissolve Si** and Mg*? completely.

However, in this case there would be excess Na left in the sample, which would weaken the
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structure and would again result in a low compressive strength [97]. This means that lower
compressive strength results can be obtained at high and low Na content, which might

explain the optimum molar Na/Mg ratio value of 1.4 obtained from the model.

2.3.4. Relations Between Formation (Geopolymerization) Kinetics and Compressive
Strength

The chemical changes that take place during geopolymerization reactions are
investigated by collecting ATR-FTIR data over time. The FTIR spectrum of all the samples
after 1 hour, 3 hours and 1 day are given in Figure 2.11 and Figure 2.12. The FTIR data of
all the samples over the 30-day period is presented in Figure A.1-A.20 of the Appendix.

Comparing the data in Figure 2.11 and 2.12 with the FTIR spectrum of the calcined
sepiolite presented in Figure 2.2, it is seen that the position of the main feature at 1020 cm™
shifts to lower wavenumbers upon alkali activation. Shift of main feature after
geopolymerization reactions to lower wavenumbers is verified for other geopolymer samples
synthesized as part of this study along with the observations from literature. This systematic
shift to lower wavenumbers can be a result of an increase in substitution of Mg in the silicon
network [25]. Fly ash-based geopolymers (FGP) and metakaolin-based geopolymers (MGP)
are synthesized for a comparison of early stage geopolymerization with SAAMs. The

position of the main FTIR feature for early reaction times is given in Figure 2.13.
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Figure 2.11. FTIR spectra of SAAM-1 to SAAM-10 as a function of time.
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Figure 2.13. Position of main FTIR feature for fly ash and metakaolin geopolymers.

In addition to the observations of the shift to lower wavenumbers upon alkali
activation, the changes in the geopolymer samples over time is also studied. For this purpose,
the position of the main Si—O-T asymmetric stretching vibration is defined as the point of
maximum absorbance in the region 900-1200 cm™ [59] and the position of this feature over
different reaction times is monitored. Afterwards, the position of the main feature over time
is fitted to an exponential function of the form:

P, — P, _t

_
P—p

(2.2)

where 1 represents the time constant and the subscripts 0, t and e represent the position of

the main FTIR feature at t=0, any time t and the final value at equilibrium, respectively.
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The exponential function fittings for all the samples are done by non-linear least
squares fitting and the results are given in Figure 2.14- 2.15, while a summary of the values

obtained for Po, Pe and t are given in Table 2.7.
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Table 2.7. Summary of non-linear least squares fitting.

No Po Pe Tau Delta
SAAM-1 999.9 952.1 2.9 47.8
SAAM-2 1018.7 961.0 12.7 Sy
SAAM-3 1052.2 963.5 0.7 88.6
SAAM-4 999.0 951.7 3.7 47.4
SAAM-5 999.5 958.1 2.6 41.4
SAAM-6 963.8 952.2 171 11.6
SAAM-7 993.1 961.5 9.1 31.6
SAAM-8 1002.9 951.0 2.7 51.9
SAAM-9 995.4 952.5 2.8 42.9
SAAM-10 989.6 961.3 5.8 28.3
SAAM-11 977.6 950.2 14.7 27.4
SAAM-12 1004.8 950.7 2.9 54.2
SAAM-13 980.0 959.2 8.4 20.8
SAAM-14 1005.2 955.6 1.8 49.6
SAAM-15 956.7 963.1 394.8 -6.4
SAAM-16 967.7 958.6 3.1 9.1
SAAM-17 939.5 957.1 319.3 -17.6
SAAM-18 1011.3 956.8 11 94.5
SAAM-19 994.4 955.8 24 38.7
SAAM-20 1021.9 976.3 2.8 45.6

The compressive strength results are investigated in relation to the data in Table 2.7 in
order to get an understanding of how geopolymerization kinetics impact compressive strength.
For this purpose, a parameter, Delta, is defined as Po-Pe. The relationship between Delta and

the compressive strength is presented in Figure 2.16.
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Figure 2.16. Relationship between Delta and compressive strength.

An investigation of Figure 2.16 reveals that Delta and compressive strength have a
positive correlation, meaning that a higher compressive strength is observed for geopolymer
samples with higher shift in their main FTIR features. This shift indicates changes in the length
and angle of Si—O-T bonds in the gel [98]. This can be as a result of more substitution of Mg
into the geopolymer network [99]. The shift to lower wavenumbers indicates reduced time until

gel formation, which can be correlated to the higher compressive strength results.

In addition to the investigation of the relationship between Delta and the compressive
strength, the relation of Delta to the synthesis parameters is also studied. The results indicated
that the shift to lower wavenumbers increases with increasing Si/Mg ratio with a correlation
coefficient of 0.41. In the presence of higher silica concentration, liberation of more Mg-rich
species might be taking place resulting in higher Mg substitution into the geopolymer network

and a higher shift in the position of the main FTIR feature.
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In addition to these studies, the effects of T on the compressive strength is investigated.
The value of 1 indicates how fast the shift to lower wavenumbers takes place, with a low 1
meaning a more rapid change. The relationship between t and the compressive strength is

presented in Figure 2.17.
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Figure 2.17. Relationship between In(t) and compressive strength.

Looking at Figure 2.17, it is seen that lower compressive strength values are obtained for
the samples with higher 1. This means that a higher compressive strength is obtained for samples
for which the shift in FTIR peak position takes place at the early stage and more rapidly. This
result is a clear indication that early geopolymerization is a big contributor to the compressive
strength.

2.3.5. Relations Between Atomic Scale Characteristics and Compressive Strength

Atomic scale characteristics of the SAAMs are investigated by XPS analysis.
Deconvoluted Mg 1s, O 1s and Si 2p XP spectra of geopolymer samples and related peak
positions are given in Figures 2.18-2.23.

An investigation of the Si 2p spectra reveals that the Si 2p spectra of the geopolymer
samples display two main features corresponding to Si bonding in Si-O-Mg and Si—O-Si

environments [91]. A comparison of the Si 2p spectra of geopolymer samples and the calcined
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sepiolite reveals that there is a slight shift to lower binding energies upon alkali activation,

which is in agreement with previous findings [37].

The data presented in Figure 2.18-2.23 along with the data for the raw materials that are
used in the synthesis of SAAMSs points out that a shift in Mg 1s binding energy takes place upon
alkali activation. This shift can be related to transition of octahedral Mg atoms to tetrahedral
coordination [100]. This transition was previously verified Mg MAS NMR spectroscopy [58].

By making use of the data in Table 2.7 and the compressive strength measurements,
correlation between compressive strength and XPS spectra is investigated. For this purpose,
the shift in the binding energy for Mg 1s, Si 2p1 and Si 2p3 upon alkali activation is presented
in Figure 2.24.

An investigation of Figure 2.24 reveals that there is a correlation between Delta Mg 1s,
which is defined as the shift of peak Mg1s binding energy from calcined sepiolite to geopolymer
sample, and the compressive strength. The shift in binding energy can be related to the transition
of octahedral Mg atoms into tetrahedral coordination upon alkali activation [100]. This shift
can be considered as an indication of degree of geopolymerization as tetrahedral coordination
would be expected in the geopolymer structure. In this sense, higher compressive strength
values can be explained by higher degree of geopolymerization observed in XPS measurements.

This is in agreement with the FTIR results previously described in Figure 2.11-2.12.
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Figure 2.18. XPS Mg 1s spectra for SAAM-1 — SAAM-10.
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Figure 2.19. XPS Mg 1s spectra for SAAM-11 — SAAM-20.
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Figure 2.20. XPS Si 2p spectra for SAAM-1 - SAAM-10.
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Figure 2.21. XPS S i2p spectra for SAAM-11 to SAAM-20.
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Figure 2.22. XPS O1s spectra for SAAM-1 - SAAM-10.
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Figure 2.23. XPS O1s spectra for SAAM-11 - SAAM-20.
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2.4. Conclusions

In this section, an in-depth analysis of the effects of synthesis parameters on the

compressive strength of SAAMs is done for the first time. The results demonstrated that

increasing pretreatment temperature has a negative impact, while increasing Si/Mg ratio has

a positive impact on the compressive strength of the materials. The raw materials and the S-
AMMs are characterized by XRF, XRD, TGA and XPS. The comparison of the XRD

patterns of the SAAMs and the calcined sepiolite samples demonstrate that there is a

significant decline in crystalline phase upon alkali activation. The hump that is centered

around 28° is observed in many of the alkali activated materials, although some crystalline
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phases due to quartz, calcite and calcium magnesium silicate are still present. The TGA
results point out that the thermal stability of the SAAMs are high and the weight loss values
decrease with increasing sepiolite pretreatment temperature, as expected. The atomic scale
characteristics of the SAAMs is studied by XPS analysis. An investigation of the XPS results
together with the compressive strength results indicated that a shift in the peak binding
energy of Mg 1s spectra is correlated with the compressive strength measurements. The shift
in binding energy can be related to the transition of octahedral Mg atoms into tetrahedral
coordination upon alkali activation, thus a higher degree of geopolymerization and higher
compressive strength. The relation between the reaction kinetics and the compressive
strength is investigated by collecting FTIR data at different reaction times. The relation is
quantified by fitting an exponential function to the position of the main FTIR feature over
time. The results demonstrated that a higher compressive strength is obtained for samples
for which the shift in FTIR peak position takes place at the early stage and more rapidly.
This result is a clear indication that early geopolymerization is a big contributor to the

compressive strength.
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3. OPTIMIZATION OF SYNTHESIS PARAMETERS FOR SEPIOLITE- BASED
ALKALI ACTIVATED MATERIALS FOR THE REMOVAL OF METHYLENE
BLUE FROM AQUEOUS SOLUTIONS

3.1. Introduction

Industrialization and urbanization is increasing rapidly in the last few decades. Water
pollution is becoming an important global issue due to insufficient treatment of the
wastewater produced from different industries. Among different pollutants, dyes are one of
the most threatening compounds for the water resources due to their toxic and carcinogenic
nature [46]. In addition to that, dyes are harmful to the aquatic ecosystem, since they reduce
the light penetration into the water [101]. There are more than 100.000 commercially
available dyes [102] and the annual production of dyestuffs is more than 7x10° tons [103].
It is estimated that more than 10-15 % of the dyestuff used in dye manufacturing and textile
industry is released into the environment [104] and therefore it is vital to find solutions for

the removal of dyes from wastewater.

Several methods are suggested for the removal of dyes from water, such as
precipitation [105], membrane separation [106, 107], oxidation [108, 109], photocatalytic
degradation [61] and adsorption [102], [110]. Among these methods, adsorption is regarded
as a promising technique due to its economic feasibility, high efficiency, easy operation and
adsorbents regeneration [111-114]. Different types of adsorbents are used for the removal of
dyes from water, such as clays [115, 116], activated carbon [117, 118] and metal organic
frameworks [119]. Activated carbon is the benchmark material for adsorption because of its
high surface area, high stability and durability [49], [120]. Despite the unique properties of
activated carbon, its high synthesis costs and difficulties in regeneration [49], [121] has led
to extensive research for low cost alternatives. One promising alternative can be the use
geopolymers [46], [49], [52], [122, 123]. Geopolymers are extensively researched due to
their good mechanical strength, high durability, high thermal stability and toxic
immobilization [122], [124].
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Geopolymers are emerging as alternative and sustainable construction materials that
can replace Portland Cement [17], [68], [125]. Geopolymer is a three-dimensional
aluminosilicate structure with amorphous or semi-crystalline microstructure [123]. Materials
that are commonly used as cementitious materials, such as blast furnace slag, fly ash,
calcined clays and pozzolans, are suitable to be used as the precursor for the synthesis of
geopolymers [6]. The successful implementation of these raw materials were shown in
previous studies [69-71]. Even though the main application area of the geopolymers started
as construction materials, the use of geopolymers for adsorption purposes is gaining interest
[46], [49], [52], [70], [122].

One of the main reasons for geopolymers as a potential material to be used for
adsorption purposes is that, geopolymers can be synthesized from cheap and abundant raw
materials with very low synthesis costs. Because of this reason, sepiolite offers great
potential to be used as a raw material in geopolymer synthesis. Sepiolite is a natural hydrous
magnesium silicate material with the chemical formula Si12030Mgs(OH)4(H20)48H20 [53].
Sepiolite is a widespread and abundant material. Spain is the world’s largest sepiolite
producer and 90% of the sepiolite in Europe comes from Spain with the remaining sepiolite
mainly coming from Turkey [74]. Sepiolite has a unique structure formed by blocks and
channels that extend in the fibre direction. Each block is made up of two tetrahedral silica
sheets and a central octahedral magnesium sheet [126]. Its porous and fibrous structure along
with its high surface area makes the penetration of organic and inorganic ions into the
sepiolite easier [77], [127-129]. Because of its high surface area and unique structure,
sepiolite is used in a wide range of areas including catalyst support and ion adsorption [75-
77]. These studies clearly show that sepiolite offers broad potential for adsorbing water and

organic molecules.

Even though sepiolite has excellent adsorption properties, it does not offer mechanical
performance, which might limit its application. It is very important for the adsorbent material
to have the necessary mechanical strength so that it will not cause any problems in the
industrial units and it will be suitable for regeneration compared to powder adsorbents [57].
To fill in this gap, a previous study in our research group introduced a sepiolite geopolymer
with high methylene blue adsorption capacity and high mechanical strength [52]. They
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concluded that these innovative materials offer high potential for wastewater treatment and
they can contribute to circular economy as a material to be used in sustainable construction.
This study featured only one synthesis condition and focused on the effects of different
parameters, such as pH, temperature, contact time, and regeneration potential. However,
different applications might require different adsorption and mechanical characteristics.
Therefore, an in-depth analysis of different synthesis parameters on the mechanical strength

and adsorption properties is required.

In order to respond to this need, this chapter of the study focuses on an investigation
of the effects of synthesis parameters on the methylene blue adsorption properties of SAAMs
by means of an experimental design. Response surface methodology is used to determine
the optimum values of molar Na/Mg ratio, sepiolite treatment temperature and molar Si/Mg
ratio, and molar Na/Mg ratio, with the MB adsorption capacity as the output. The SAAMSs
were characterized by X-ray Diffraction (XRD), Fourier Transform Infrared Spectroscopy
(FTIR), X-ray Photoelectron Spectroscopy (XPS), Thermogravimetric analysis (TGA),
Brunauer- Emmett- Teller (BET) analysis. The obtained adsorption data can be used in
parallel with the compressive strength data presented in Chapter 3 for a more in-depth
analysis of applicability of the materials in an industrial environment. The results of this

chapter are being prepared for publication.

3.2. Materials and Methods

3.2.1. Sample Preparation

Sepiolite was kindly supplied by Dolsan Mining, Eskisehir, Turkey. Activating
solution is prepared by mixing sodium silicate (Na2SizO7) solution (%9 of Na.O, 28% of
SiO2 and 63% of H20; density: 1.401g/ml at 20 °C) and sodium hydroxide (NaOH) pellets.

Sepiolite was treated at 5 different temperatures for 1 h. The treatment temperatures
were 500, 600, 750, 900 and 1000 °C. Powdered and sieved (#70 mesh sieve, 200 um)
calcined sepiolite was mixed thoroughly with necessary amount of activating solution to
obtain desired Si/Mg and Na/Mg ratios.
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3.2.2. Structural Characterization

The chemical compositions of raw and calcined sepiolite were determined using X-
ray fluorescence (Bruker S8 Tiger). X-ray diffraction (XRD) measurement of the raw
materials and selected SAAMs were performed on a Bruker D8 Advance Diffraction system
with a Cu Kal radiation source. XRD data is collected 3 months after the samples were
synthesized. The data were recorded in the range 26 = 10-80°. The FTIR spectroscopy of
the raw materials and selected SAAMSs were collected using a Perkin Elmer Frontier FT-IR
Spectrometer. Absorbance spectra was collected in the range from 4000-650 cm™ at a
resolution of 2 cm™ and a scanning speed of 5 kHz with 16 scans. X-ray photoelectron
spectroscopy (XPS) analysis was conducted on a Thermo Scientific K-Alpha X-ray
Photoelectron Spectrometer and Avantage 5.9 software was utilized for XPS data fitting.
Thermogravimetric analysis (TGA) was conducted on a Perkin EImer TGA 4000 instrument.
The analysis was done in a temperature range from 25 to 900 °C at a heating rate of 10

°C/min for raw sepiolite, calcined samples and the selected SAAMS under N2 flow.

3.2.3. Compressive Strength Measurements

Compressive strength measurements were conducted on a MTS model servo-hydraulic
test machine with capacity of 500 kN with a loading rate of 0.01 mm per second. After
synthesis, the geopolymer samples were poured into 1 cm x 1 ¢cm x 1 ¢m silicon molds and

kept at room temperature for 6 weeks before compressive strength measurements.

3.2.4. Methylene Blue Adsorption Tests

Adsorption properties of the synthesized samples was investigated by the method
introduced in the work by Kaya-Ozkiper et al. [52]. 10 mg of powdered and sieved (#70
mesh sieve, 200 pm) adsorbent is immersed into 50 ml of methylene blue solution with a
concentration of 20 mg/L. The mixtures were stirred at 700 rpm until equilibrium was

reached. Aliquots were collected from the methylene blue solutions and analyzed with a
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Flame-S-UV-Vis-ES spectrometer (Ocean Optics, USA) by measuring the absorbance value
at A = 664 nm. Removal efficiency (%) was measured as follows [61]:

Co - Ct Ao At
1 =
C x 100 A

where Co and C; are the concentration of MB solution at initial time t = 0 and at time t,

Removal ef ficiency (%) = x 100, (3.1)

respectively. Ao and A¢ denote to absorbance values at initial time t = 0 and at time t,

respectively.

The amount of MB adsorbed on adsorbents were determined by:

c,—C
qez( "m e)xV, (3.2)

where g is the amount of MB dye uptake by the adsorbent (mg MB dye/g adsorbent), m is
the mass of the adsorbent (g), and V is the volume of the MB solution (L).

3.2.5. Experimental Design and Statistical Analysis

The effects of three parameters, namely molar Na/Mg ratio, sepiolite treatment
temperature and molar Si/Mg ratio on the adsorption of methylene blue was investigated by
Response Surface Methodology. The synthesis parameters of the SAAMSs were selected
using CCD with the adsorption capacity as the output. CCD offers the advantage of running
sequentially, meaning that the design can be divided into subsets, the first to estimate linear
and two- factor effects and the second to estimate curvature effects [80]. The levels of the
synthesis parameters were chosen by making use of previous studies for the optimum
conditions with alumina silicate analogues [62]. 20 synthesis conditions were determined in

accordance with CCD methodology and were presented in Table 2.2.
3.2.6. Construction of the Predictive Model
The data collected from the experimental design is used to build a predictive model.

The adsorption data was fit to a quadratic model with an equation of the form:
Y = ap +aiA+aB+asC+apAB+aisAC+a1sBC+anA? +ax2B? +assC? (3.3)
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where, Y is adsorption capacity(mg/g), a, is constant coefficient, a;, aii, and ajj are linear,
quadratic and interaction coefficient; A, B, and, C, are Na/Mg ratio, Temperature and Si/Mg

ratio, respectively.

The significance of the model is validated by analysis of variance (ANOVA) with a
95% confidence interval. Backward elimination is used to construct the model. Backward
elimination is a method to select a set of exploratory variables for the model. At the
beginning, the model contains all the exploratory variables and the variable with the highest
p-value is removed from the model. The procedure is repeated until all the remaining
exploratory variables are significant, meaning that p-value < alpha. The final model is

selected so that only the parameters that are significant are present in the model.

3.3. Results

3.3.1. Structural Characterization

The XRD patterns for as-received sepiolite along with sepiolite calcined at 600, 750
and 900 °C and selected geopolymer samples are given in Figure 3.1. Contributions due to
sepiolite and dolomite along with some contributions from quartz are observed in raw
sepiolite. Formation of a new feature is observed upon calcination to 600 °C. This feature is
attributed to calcite and it represents the first step of calcinations of dolomite to calcite [81].
At the 750 °C calcination temperature, the peaks related to dolomite and sepiolite completely
disappear and the formation of new features are observed. These features are attributed to
magnesium silicate and periclase. Further structural changes take place at 900 °C calcination
temperature with the formation of new peaks that can be attributed to enstatite as a new
crystalline phase [81, 82]. A comparison of the XRD patterns of calcined sepiolite with the
SAAMs reveals that there is a significant decline in the crystalline phase upon alkali
activation. SAAMs are characterized by a featureless hump that is centered around 28° [14].
The hump is present in the XRD patterns of SAAMs given in Figure 3.1, although some

crystalline phases due to quartz, calcite and calcium magnesium silicate are still present.
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Figure 3.1. XRD Patterns of sepiolite, calcined sepiolite and selected SAAMs (D:
Dolomite, S: Sepiolite, Q: Quartz, C: Calcite, Ca: Calcium Magnesium Silicate, P:

Periclase, Di: Diopside, E: Enstatite).

The FTIR spectra of raw sepiolite and calcined sepiolite at 600 °C, 750 °C, and 900
°C along with chosen SAAM’s are given in Figure 3.2. In the FTIR spectrum of raw
sepiolite, the features located at 3690, 3620, 3560, 3370 and 3240 cm™ are related with the
presence of water molecules. The high intensity features at 1008 and 976 cm™ are ascribed
to Si—O in plane stretching vibration [87]. The feature at 1456 cm™ is related to the stretching

vibrations of C-0O, which is an indication of carbon impurities [81], [85].
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Figure 3.2. FTIR spectra of sepiolite, calcined sepiolite and selected SAAMs.

Upon calcination, several changes take place in the FTIR spectrum of the sepiolite.
The features related to water decrease in intensity at 600 °C and completely disappear at 750
and 900 °C. The high intensity features at 1020 cm™ for sepiolite calcined at 600 and 750 °C
are associated with Si—-O-Si in plane vibrations. The intensity of the feature at 1456 cm™,
which is related to the presence of carbon impurities, decreases with increasing calcination
temperatures. New features at 1068 and 925 cm™ are formed for the sepiolite calcined at 900
°C. These features are associated with the formation of an enstatite phase [82]. This
observation is in agreement with the XRD results presented in Figure 3.1. A comparison of
the FTIR spectrum of the SAAMs and the raw materials which are used in the synthesis of
these materials reveal that the position of the main feature shifts to lower wavenumbers upon
alkali activation. In their study with fly ash geopolymers, Rees et al. collected in-situ FTIR

data with one minute intervals over a time period of three days. They observed a similar shift
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in the position of the main FTIR feature. They associated this shift with the formation of an
Al-enriched gel phase [25]. The shift in FTIR main position of this study suggests that a
similar mechanism to aluminosilicate system can be present for the magnesium silicate
counterparts and the shift to lower wavenumbers can be associated with an increase in
substitution of Mg in the silicon network A summary of the peak positions and the
corresponding assignments are given in Table 3.1.

In a study on the thermal behaviour of sepiolite by TG/DTG analysis, it was observed
that there are four distinct weight loss regions for sepiolite samples. The first region was
related to zeolitic water, the second region was attributed to the loss of some portion of Mg-
coordinated water. The third and fourth peak were related to the loss of remainder of the Mg-

coordinated water and dehydroxilation of octahedrally coordinated hydroxly groups [90].

The TGA curve for raw sepiolite is given in Figure 3.3 together with the sepiolite
samples calcined at 600 °C, 750 °C, and 900 °C, respectively.

A 6% weight loss is observed up to a temperature of 220 °C, which is attributed to the
removal of hydroscopic water and water from the external surface. The bound water is
removed from the structure up to a temperature of 700°C and this accounts to an 18% weight
loss. The structural water is removed from the structure up to a temperature of 850°C and
this corresponds to 1% weight loss. The weight loss for the sample calcined at 600 °C is
around 16.4%. As the sample was calcined at 600 °C, most of this loss takes place above
this temperature since the hydroscopic water, zeolitic water and some portion of bound water
was already removed during calcination. The weight loss results for the samples treated at
750 and 900 °C are significantly lower, with weight loss values of 2.6% and 1.1%,
respectively. The reason for this is that the removal of hydroscopic water, zeolitic water and
bound water takes place until 700 °C. Structural water makes the 1% difference between 750
and 900 °C, and the weight loss results are in agreement with the raw sepiolite results, which

exhibited a 1% weight loss for structural water.



Table 3.1. FTIR peak positions and assignments.

[89]

Position (cm?) Peak Assignment System
hydroxyl stretching vibrations of MgOH -
3690 groups [83,84] Sepiolite
vibrations associated with water
3620 and 3560 coordinated to magnesium ions at the Sepiolite
edge of structural blocks [84]
3370, 3240 and . .
1640 zeolitic water [84] Sepiolite
stretching vibration of C-O [47] Red mud and fly ash
geopolymer
1456
stretching vibration of C-O [51] Sepiolite
. Magnesium-aluminum
882 out- of- plan_e defo_rr_natlon of carbonate hydrotalcite-like
impurities [86]
compounds
1008 and 976 Si-O in plane stretching vibration [87] Sepiolite
689 translation of hy_droxyls in MgsOH Sepiolite
groupings [88]
1020 Si-O-Si in plane vibrations [81] Sepiolite
asymmetric stretching vibrations of Si-O- Red mud and blast
960 . furnace slag
Si [89]
geopolymers
. . _— . Red mud and blast
880 asymmetric stretching vibrations of Si-OH furnace slag

geopolymers

1068 and 925

Si-O stretching vibrations of enstatite [82]

MgO - Al,O3 — SiO,
system
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The surface characteristics of the raw materials and the SAAMs were investigated by

XPS analysis. The XPS spectra were deconvoluted and the corresponding peak positions

were presented in Table 3.2- 3.5.
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Figure 3.3. Weight loss results of (a) sepiolite and calcined sepiolite samples at (b) 600 °C,
(c) 750 °C and (d) 900 °C.

Table 3.2. XPS Mg 1s and Si 2p peak binding positions for sepiolite treated at different

tenﬂperatures.
Mg 1s Si2p

~1304eV | ~1305eV | ~1303eV | Si2p3 Si 2p1
Sepiolite
oeC | 1304.03 1305.14 102.31 102.91
Sepiolite
Sk 1303.8 1304.9 1302.72 102.39 103.12
Sgegéolge 1303.6 1304.64 1302.65 102.04 102.77
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Table 3.3. XPS O 1s and C 1s peak binding positions for sepiolite treated at different

temperatures.
O 1s C1s
~530eV | ~531eV | ~532eV | ~533eV | ~285eV | ~289 eV
Sggéojge 531.08 | 532.11 | 533.29 | 284.74 | 288.6
S?géojge 530.14 | 53152 532.93 | 28474 | 289.52
Sggéojge 530.22 | 531.39 532.71 | 284.83 | 288.55

An investigation of the Si 2p spectra reveals that the Si 2p spectra of the geopolymer
samples display two main features corresponding to Si bonding in Si-O-Mg and Si—O-Si

environments [91].

The data presented in Table 3.2 and Table 3.4 points out that a shift in Mg 1s binding
energy takes place upon alkali activation. This shift can be related to transition of octahedral
Mg atoms to tetrahedral coordination [100], which was experimentally verified by Mg
MAS NMR spectroscopy in a previous study [58].

The data presented in Table 3.2 and Table 3.4 points out that a shift in Mg 1s binding
energy takes place upon alkali activation. This shift can be related to transition of octahedral
Mg atoms to tetrahedral coordination [100], which was experimentally verified by Mg

MAS NMR spectroscopy in a previous study [58].

The percentages of Si, O, Mg, Na and C elements obtained from XPS fittings are
presented in Table 3.6.
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Table 3.4. XPS Mg 1s, Si 2p and O 1s peak binding positions for SAAMs.

Mg 1s Si2p O 1s
~1303eV | ~1300eV | Si2p3 | Si2pl | ~531eV | ~532eV | ~536 eV
SAAM-1 | 1303.98 1300.18 | 102.28 | 102.78 | 530.48 531.98 536.38
SAAM-2 | 1302.98 101.78 | 101.98 | 531.13 532.53 535.74
SAAM-3 | 1303.88 | 1300.38 | 102.48 | 103.18 | 530.48 | 532.08 | 536.38
SAAM-4 | 1303.68 | 1300.08 | 102.18 | 102.78 | 530.48 | 531.88 | 536.28
SAAM-5 | 1303.78 | 1299.98 | 102.38 | 103.08 | 530.68 | 531.78 | 536.18
SAAM-6 | 1303.48 101.78 | 102.48 | 530.56 531.45 535.23
SAAM-7 | 1303.78 | 1300.08 | 102.58 | 103.28 | 530.68 | 531.98 | 536.38
SAAM-8 | 1303.78 | 1300.08 | 102.38 | 103.08 | 530.68 | 531.88 | 536.28
SAAM-9 | 1303.28 102.08 | 102.78 | 530.79 531.42 535.29
SAAM-10 | 1303.18 102.08 | 102.78 | 530.89 532.3 535.42
SAAM-11 | 1303.38 102.18 | 102.88 | 530.83 532.22 535.44
SAAM-12 | 1303.78 1300.38 | 102.18 | 102.88 | 530.68 531.88 536.28
SAAM-13 | 1303.48 102.08 | 102.58 | 530.75 532.17 535.32
SAAM-14 | 1303.49 101.98 | 102.68 | 530.71 531.52 535.35
SAAM-15 | 1303.58 102.18 | 102.68 | 530.9 532.5 535.24
SAAM-16 | 1303.68 102.28 | 102.88 | 530.85 | 532.21 | 535.38
SAAM-17 | 1303.58 102.18 | 102.78 | 530.85 531.57 535.31
SAAM-18 | 1303.48 102.08 | 102.58 | 530.93 | 532.53 | 535.24
SAAM-19 | 1303.48 102.18 | 102.68 | 530.9 531.72 535.56
SAAM-20 | 1303.48 102.18 | 102.88 | 530.91 532.44 535.44




Table 3.5. XPS Nals and C1s peak binding positions for SAAMs.

Na 1s Cls
~1071eV | ~285¢eV | ~ 288 eV
SAAM-1 1071.63 284.83 287.8
SAAM-2 1071.02 284.52 288.78
SAAM-3 1071.77 284.84 288.04
SAAM-4 1071.55 284.86 | 288.09
SAAM-5 1071.67 284.81 288.65
SAAM-6 1071.01 284.53 288.94
SAAM-7 1071.62 284.84 288.09
SAAM-8 1071.67 284.87 288.15
SAAM-9 1070.83 284.5 289.03
SAAM-10 1071.09 284.54 288.74
SAAM-11 1071.04 284.5 288.65
SAAM-12 1071.7 284.83 288.04
SAAM-13 1070.97 284.52 288.86
SAAM-14 1070.91 284.55 288.86
SAAM-15 1071.03 284.51 288.79
SAAM-16 1071.02 284.52 288.73
SAAM-17 1071.09 284.55 288.83
SAAM-18 1070.98 284.53 288.77
SAAM-19 1071.15 284.51 288.69
SAAM-20 1071.1 284.52 288.7
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Table 3.6. Atomic percentages Si, O, Mg, Na and C elements from XPS fittings.

Si O Mg Na C
SAAM-1 27.79 36.13 8.66 6.54 18.45
SAAM-2 6.59 8.17 0.71 79.47 5.07
SAAM-3 30.25 34.99 5.91 5.84 20.56
SAAM-4 25.29 32.98 7.01 6.85 25.04
SAAM-5 18.72 36.16 6.28 10.28 25.82
SAAM-6 58.52 5.49 8.57 25.55 1.87
SAAM-7 28.71 32.90 4.85 5.51 25.92
SAAM-8 24.24 31.77 6.49 6.39 28.47
SAAM-9 26.75 7.73 1.42 59.68 4.42
SAAM-10 34.80 6.54 1.19 52.82 4.65
SAAM-11 48.96 5.43 3.00 39.73 2.89
SAAM-12 23.51 31.15 6.00 6.38 30.32
SAAM-13 5.53 13.60 3.81 68.46 8.61
SAAM-14 3.06 12.85 0.01 81.94 2.15
SAAM-15 38.79 6.82 4.86 45.93 3.60
SAAM-16 29.03 6.54 2.75 58.29 3.39
SAAM-17 42.29 6.97 7.55 40.02 3.17
SAAM-18 35.48 7.48 291 50.32 3.81
SAAM-19 54.00 5.25 6.51 31.64 2.60
SAAM-20 19.82 7.15 0.76 68.13 4.13

The data in Table 3.6 indicates that the atomic contents at the sample surface differ
widely for different SAAMs. The surface characteristics are very important for the
adsorption properties of the materials. The atomic content at the surface of the SAAMs along

with the MB adsorption properties is investigated in more detail in Section 3.3.2.

The BET surface areas, pore volumes and average pore sizes of calcined sepiolite and
SAAMs are given in Table 3.7 and Table 3.8.



Table 3.7. BET surface area, pore volume and pore size for calcined sepiolite.

BET Surface Area (m?/g) | Pore Volume (cm®/g) | Pore Size (A)
Sepiolite 600 °C 166.7 0.666 92.08
Sepiolite 750 °C 132.9 0.659 100.05
Sepiolite 900 °C 54.3 0.374 113.73
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An investigation of Table 3.7 reveals that higher surface area values are observed with

decreasing pore size. It is also seen that there is a slight decrease in surface area from 600 to

750 °C and a significant decrease at 900 °C.

The BET surface area, pore volume and the pore size results for SAAMs are presented
in Table 3.8. The results in Table 3.8 indicate that the BET surface area of the SAAMSs range
between 4.5 and 28.6 m?/g, with the highest surface area observed with SAAM-4. It is also

seen in Table 3.8 that higher BET surface area values are observed for samples with higher

pore volumes. In addition to that, a comparison between the results in Table 3.7 and Table

3.8 reveals that a significant decrease in surface area takes place upon alkali activation. This

is in agreement with the findings from the studies of Kaya-Ozkiper et al., and Walczyk et al.

[37], [92]. In the work by Walczyk et al., sepiolite was treated with NaOH to form loughlinite

and a major decrease in the surface area of sepiolite was observed [92].



Table 3.8. BET surface area, pore volume and pore size for SAAMs.
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BET Surface Area (m?/g) | Pore Volume (cm®/g) | Pore Size (A)
SAAM-1 15.3 0.024 29.54
SAAM-2 4.5 0.024 42.25
SAAM-3 8.0 0.006 28.31
SAAM-4 28.6 0.074 46.98
SAAM-5 7.4 0.029 43.43
SAAM-6 6.4 0.019 39.06
SAAM-7 4.9 0.005 35.88
SAAM-8 24.8 0.104 53.91
SAAM-9 7.8 0.015 41.08
SAAM-10 6.8 0.007 36.85
SAAM-11 55 0.006 33.04
SAAM-12 10.7 0.047 76.31
SAAM-13 12.9 0.018 47.71
SAAM-14 18.1 0.009 25.81
SAAM-15 6.6 0.026 42.97
SAAM-16 8.7 0.018 31.54
SAAM-17 17.0 0.025 36.93
SAAM-18 8.1 0.035 46.94
SAAM-19 14.5 0.019 33.74
SAAM-20 4.8 0.004 32.00
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3.3.2. Methylene Blue Adsorption Tests

The methylene blue adsorption tests were conducted on 10 mg samples immersed in
methylene blue with a concentration of 20 mg/L. The measurements were done at room

temperature. The results obtained for different SAAM samples are given in Table 3.9.

The results in Table 3.9 indicate that the adsorption properties depend very much on
the synthesis parameters. The adsorption capacity for SAAMSs ranges between 4.78 to 110.42
mg/g. The highest adsorption capacity was observed for SAAM-4 with a value of 110.42
mg/g which was synthesized at a Na/Mg ratio of 1.3, pretreatment temperature of 750 °C
and Si/Mg ratio of 2.5. The adsorption capacities of different SAAMs for MB removal is
presented in Table 3.10.

An investigation of Table 3.10 reveals that the maximum uptake value of this study is
higher than most of the alkali activated materials in literature. It is also observed from Table
3.10 that, although the adsorption properties of different alkali activated materials are widely
studied, the mechanical properties of these materials are still somewhat less explored. The
SAAMs of this study demonstrate a satisfactory performance in terms of both adsorption

and mechanical properties.



Table 3.9. Methylene blue adsorption results for different geopolymer samples.

Methylene Blue Uptake

(mg MB dyelg

adsorbent)
SAAM-1 97.67
SAAM-2 15.38
SAAM-3 56.33
SAAM-4 110.42
SAAM-5 70.50
SAAM-6 43.68
SAAM-7 65.78
SAAM-8 101.09
SAAM-9 54.76
SAAM-10 15.38
SAAM-11 4.78
SAAM-12 92.24
SAAM-13 86.25
SAAM-14 87.83
SAAM-15 66.72
SAAM-16 63.89
SAAM-17 84.68
SAAM-18 73.65
SAAM-19 98.43
SAAM-20 23.26
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Table 3.10. MB adsorption capacity of different AAMs.

Compressive
Material Adssr:);bsnt mg/g strength Reference
P (MPa)
Metakaolin powder 19.8 - [130]
geopolymer
Coal fly ash waste monolith 84 1.7 [48]
Nano copper oxide
coated metakaolin monolith 14.4 45.6 [44]
geopolymer
Nano copper oxide
coated metakaolin powder 87.2 - [44]
geopolymer
Metakaolin monolith 3.4 20.4 [131]
geopolymer
Metakaolin
geopolymer with 50%
replacement of monolith 4.9 1.6 [131]
metakaolin with
expanded glass
Metakaolin powder 43.48 i [124]
geopolymer
Biomass fly ash cyllndrl_cal 15.4 ] [47]
geopolymer monolith
spheres
Fly ash geopolymer (d=2,6 mm) 30.1 [46]
Pyrophyllite clay- powder 64.1 i [132]
derived geopolymer
Fly ash geopolymer monolith 50.7 0.55 [133]
Fly ash geopolymer powder 37.04 - [134]
Sepiolite geopolymer powder 99.92 40 [37]
: 4.78 -
This study powder 110,42 1.5-1355

The XPS atomic percentage data presented in Table 3.6 is used to investigate the
relationship between the surface characteristics and the adsorption capacity. The change of
adsorption capacity with respect to the amounts of Mg, Na and O atoms is given in Figure
3.4 to Figure 3.6.
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Figure 3.4. The change in adsorption capacity with Mg content at the sample surface.

An investigation of Figure 3.4 to Figure 3.6 reveals that Mg and O content at the
surface has a positive impact while Na content seem to have a negative impact on the MB
adsorption properties. The photocatalytic reaction mechanism for a fly ash geopolymer was
previously described by Zhang and Liu [135]. They proposed that the MB dye molecules
first ionize to cations in aqueous solution and the cations are then adsorbed by the negatively
charged [AlO4]™ tetrahedron. The metal oxide particles in the fly ash are irradiated by UV
and the transition metal ions combine with H20 molecules to produce hydroxyl radicals. In
the final step, the cations of MB adsorbed on the geopolymer framework are oxidized by

hydroxyl radicals to form the degradation products [135].
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Figure 3.5. The change in adsorption capacity with O content at the sample surface.
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The results presented in Figure 3.4 to 3.6 are in agreement with the mechanism

proposed by Zhang and Liu. Considering that the SAAMs of this work are Mg counterparts

of the fly ash geopolymers, it is possible that the increase in the Mg content results in a

higher concentration of negatively charged counterparts of [AlO4]™ tetrahedron. It is known

from previous studies that surface hydroxyl groups enhance the MB adsorption properties of

the SAAMSs with their negative charges [37]. The high amount of oxygen at the surface of is

an indication of higher surface hydroxyl groups and this might explain the positive

correlation between the oxygen content and MB adsorption results of this study.

Sodium acts as a charge-balancing agent in the geopolymer structure. The presence of

positive ions such as Na*, K™ are necessary to balance the negative charge of aluminum [16],

[136]. The presence of higher amounts of Na at the surface might be an indication that Na*
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cations and MB dye cations produced in the first step of the photocatalysis reaction are in
competition. This might explain the negative correlation between the Na content and the MB

adsorption capacity.
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Figure 3.6. The change in adsorption capacity with Na content at the sample surface.

The adsorption properties of the SAAMs were analyzed by response surface
methodology. A response surface regression with backward elimination was used to have a
predictive tool for the methylene blue uptake based on the synthesis parameters. Analysis of
variance (ANOVA) was used to investigate the significance of the model compared to
residual error. The non-significant linear terms are added to the model to maintain the model
hierarchy. The results of the ANOVA table for the adsorption capacity of SAAMSs are given
in Table 3.11.



84

It is seen in Table 3.11 that the values for the correlation coefficient (R?) and adjusted
R2were 0.865 and 0.802 respectively. These values indicate that the model and the data fit
well and the predictions made by the model can be used for the prediction of the performance
in the range that is chosen. Looking at Table 3.11, it is seen that the model is significant at
the 95% confidence level with a p-value < 0.05. Temperature, Na/Mg Ratio*Na/Mg Ratio,
Temperature*Temperature and Si/Mg Ratio*Si/Mg Ratio are the terms that are significant
with a p-value less than 0.05. The impacts of the different parameters are compared by
making use of the F-values given in Table 3.11 F-value is the ratio of the mean square for
the individual term to the mean square for the residual. The results in Table 3.11 indicate
that Temperature*Temperature with an F-value of 41.16 has the highest impact, while
Na/Mg ratio with an F-value of 0.26 has the lowest impact on the MB adsorption of the
SAAMs. Lack of fit is an important parameter to take into account while determining the
adequacy of a model. The p-value of the lack of fit is found to be 0.054, which indicates that
the lack of fit is not significant and the model is adequate. The graph between the residuals
and the probability is given in Figure 3.7 and it verifies the assumption that the model errors

are normally distributed.

The contour plots for the adsorption properties against synthesis parameters are given
in Figure 3.8-3.10. From Figure 3.8, it is seen that higher adsorption capacity can be achieved
with a Temperature in the range from 675 — 725 °C and Na/Mg ratio between 1.2-1.4. Higher
adsorption capacities are observed for Si/Mg ratio between 2.2- 2.6 and Temperature
between 675-725 °C as seen in Figure 3.9. From Figure 3.10, higher adsorption values are
seen at a much wider range of Si/Mg and Na/Mg ratios at a Temperature of 750 °C with the
ranges being 2.0-2.8 and 1.2-1.4 respectively.



Table 3.11. ANOVA results for adsorption capacity.

Source DF AdjSS | Adj MS |F-Value|P-Value
Model 6 16155.7 2692.61 | 13.86 | 0.000
Linear 3 4279.6 1426.53 7.34 | 0.004
Na/Mg Ratio 1 51.4 51.39 0.26 0.616
Temperature 1 4103.9 4103.93 | 21.12 | 0.001
Si/Mg Ratio 1 124.2 124.25 0.64 | 0.438
Square 3 11876.1 | 3958.70 | 20.38 | 0.000
Na/Mg Ratio*Na/Mg 1 3537.8 | 3537.76 | 18.21 | 0.001
Ratio
Temperature*Temperature 1 7996.1 7996.14 | 41.16 | 0.000
Si/Mg Ratio*Si/Mg Ratio 1 1182.6 1182.63 6.09 0.028
Error 13 2525.8 194.29
Lack-of-Fit 8 2225.1 278.13 4.62 0.054
Pure Error 5 300.7 60.15
Total 19 18681.5
R? 0.865
Adjusted R? 0.802
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Figure 3.9. Contour plot showing the effects of Temperature and Si/Mg ratio at Na/Mg
Ratio=1.3.

The effects of different synthesis parameters are investigated by making use of the
coded coefficients from the model. Coded units are useful to determine the factors that have
the largest impact and whether each factor has a positive or negative effect on the parameter

of interest. The model in terms of the coded variables is given as:

MB Adsorption = 99.73 — 3.04*Na/Mg Ratio — 29.00* Temperature — 4.92* Si/Mg Ratio
41.71* (Na/Mg Ratio)? — 66.00* (Temperature)? — 25.00* (Si/Mg Ratio)?. (3.4)

Based on the obtained model, a multiple response prediction is done to determine the
optimum synthesis conditions for highest MB adsorption performance. The results of this
study indicated that the optimum values for Na/Mg Ratio, Temperature and Si/Mg Ratio are
1.3, 697 °C, and 2.4, respectively.

The source of Na in the geopolymer formulations is sodium hydroxide. Sodium hydroxide
is known to enhance the dissolution of silicate and aluminosilicate minerals in aqueous
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systems [59]. Sodium hydroxide consists of Na+ and OH- ions. During geopolymerization
reactions, OH- anions attack the Si-O-T bonds in the raw material and produce Si-O bonds
[137]. Once the first bond is ruptured, the silanol groups deprotonate and the charge is
balanced by the alkali cation [59]. The optimum value of 1.3 obtained from the model
indicates that increasing the Na/Mg ratio to some extent has a positive effect on the MB
adsorption properties and beyond the optimum value, further increases results in decreased
performance. The reason for such a behavior might be that increasing Na/Mg ratios beyond

a certain value can result in a decrease in the porosity of the geopolymer due to an increase

q (mg/g)
< 30
30 - 45

45 — 60
60 - 75
75 - 90

= 90

in the setting time of the geopolymer [50].
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Figure 3.10. Contour plot showing the effects of Si/Mg ratio and Na/Mg ratio at a
temperature of 750 °C.

It is seen from Equation (3.4) that temperature has the most impact and is inversely
correlated with the MB adsorption capacity. From previous studies, it is known that the water
molecules coordinated to Mg are lost from the structure of sepiolite up to a temperature of

500 °C and after this temperature the structure starts to fold. The decrease in the adsorption
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properties can be explained by the channels becoming narrower and the superficial slots
sintering [138]. These findings are verified by the BET data surface area results presented in
Table 3.8.

The optimum value of Si/Mg molar ratio for high MB adsorption performance is found
to be around 2.4 from the obtained model. Geopolymerization reactions involve dissolution,
hydrolysis and condensation steps. It is reported in previous studies that silica content has a
major role in the geopolymerization reactions of aluminosilicate containing raw materials.
Depending on the silica content, the condensation reactions take place between aluminate
and silicate species or silicate species themselves [139] and it is reported in previous studies
that the rate of condensation between silicate species is slower than that of between silicate
and aluminate species [140]. The availability of silicate increases the rate of reaction, which
might explain the increase in the MB adsorption properties up to an optimum Si/Mg molar
ratio. Beyond this optimum value, further increases in the Si/Mg ratio may decrease the
porosity of the SAAM by blocking the pores, which might result in a decrease in the MB
adsorption capacity [50]. Similar observations were made with aluminosilicate counterparts
of the sepiolite AAMSs, such as the work by Duxson et al., where they observed that the pore

volume and the adsorption capacity decrease with increasing Si/Al ratio [16].

In addition to these studies, a model is generated for the estimation of the BET surface
area. For this purpose, the synthesis parameters are used as input. A response surface model
with backward elimination is generated. A summary of the generated model is given in Table
3.12.
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Table 3.12. Summary of the BET surface area model.

DF Adj SS | Adj MS | F-Value |P-Value

Model 4 578.084 | 144.521 7.35 0.002

Linear 2 9.733 4.867 0.25 0.784

Na/Mg Ratio 1 0.146 0.146 0.01 0.933
Temperature 1 9.587 9.587 0.49 0.496
Square 2 568.351 | 284.176 | 14.45 0.000

Na/Mg Ratio*Na/Mg Ratio| 1 304.895 | 304.895| 1550 | 0.001

Temperature*Temperature, 1 285.588 | 285.588 | 14.52 0.002

Error 15 295.078 | 19.672
Lack-of-Fit 10 66.304 6.630 0.14 0.995
Pure Error 5 228.773 | 45.755

Total 19 873.162

R? 66.21
Adjusted R? 57.19

The R? value of the model is found to be 0.66, which indicates that the model and the
experimental data moderately fit. The p-value for the lack of fit is found to be > 0.05 which
means that it is not significant and contributes to the adequacy of the model. One observation
with the model is that there are some large residuals for some of the results. This might

indicate a need to transform the output variable. For this investigation, a new model is

constructed by using 1 /\/BET surface area as the output variable. The summary of the

new model is given in Table 3.13.
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Table 3.13. Summary of the revised BET surface area model.

Source DF Adj SS Adj MS V;ue Vglue
Model 4 0.110 0.028 13.65 | 0.000
Linear 2 0.009 0.004 2.13 | 0.153
Na/Mg Ratio 1 0.000 0.000 0.01 | 0.914
Temperature 1 0.009 0.009 4,25 | 0.057
Square 2 0.102 0.051 25.16 | 0.000
Na/Mg Ratio*Na/Mg Ratio| 1 0.049 0.049 24.11 | 0.000
Temperature*Temperature| 1 0.057 0.057 28.17 | 0.000
Error 15 0.030 0.002
Lack-of-Fit 10 0.021 0.002 1.10 | 0.486
Pure Error 5 0.009 0.002
Total 19 0.141
R? 78.45
Adjusted R? 72.70

An investigation of Table 3.13 reveals that the R? value improved significantly with
the new model. In addition to that, the p-value of the lack of fit is > 0.05, which means that
the model is adequate. In addition to these, no large residuals are observed for the new model,
which indicates the validity of the model. The normal distribution plot is presented in Figure
3.11. The results indicate that there is not a large deviation from the normal distribution.
Considering all these, it can be concluded that the model is valid and can be used in the

prediction of BET surface area over the synthesis conditions that was used in this study.
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Figure 3.11. Normal distribution plot for revised BET surfaec area model.

The synthesis conditions that maximize the BET surface area are determined by the
obtained model. According to the model, a molar Na/Mg ratio around 1.3 and a treatment
temperature around 720 °C maximizes the BET surface area. The molar Na/Mg ratio of 1.3
indicates that above a threshold value, the presence of excess Na results in a decrease in the
surface area. This observation was previously made with aluminosilicate geopolymers [50].
In this study, it was stated that increase of Na in the system beyond a certain point results in
a longer setting time, which causes a decrease in porosity of the geopolymer [50]. In addition
to that, it is seen that increasing temperature has a negative impact on the surface area. It can
be related to the folding of the structure by the removal of Mg-coordinated water upon
heating.

In addition to these studies, the possibility to generate a model to estimate MB
adsorption capacity by using the XPS results and BET results as input is investigated. For
this purpose, the atomic percentages of Si, Na, O and Mg at the surface along with the shift
in binding energies for Mg 1s, Si 2p1, Si 2p3 and O 1s and BET surface area data is fed to
the model. Backward elimination is used for the generation of the model. The obtained

results are presented in Table 3.14.
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Table 3.14. Modeling results for MB adsorption.

Source DF | AdjSS Adj MS F-Value P-Value
Regression 4 14669 3667.2 22.64 0.000
Sicontent (at. %) | 1 6458 6458.1 39.88 0.000
Mg content (at. %)| 1 5757 5757.3 35.55 0.000
Delta Si 2p3 (eV) 1 2011 2010.7 12.42 0.004
Delta Si 2p1 (ev) 1 6455 6455.3 39.86 0.000
Error 13 2105 161.9
Total 17 16774
R? 87.45
Adjusted R? 83.59

An investigation of Table 3.14 reveals that a model containing both atomic percent
data and the shift in binding energy is obtained. The R? value around 0.87 indicates good fit
between the experimental results and the model. Since the model only contains XPS data,
the model makes it possible to estimate the MB adsorption properties of SAAM by XPS
data.

3.3.3. Compressive Strength Measurements

In this Chapter, MB adsorbance performance of different SAAMs were investigated.
The results indicated that with a MB uptake value of 110.42 mg/g, SAAM-4 displayed the
best performance as an adsorbent. The compressive strength results for the SAAMs were
given in Table 2.4. The compressive strength value of SAAM-4 was found to be 43.8 MPa.
Considering the adsorbance performance along with the compressive strength values, it is
seen that a novel material with very good adsorbent properties and satisfactory mechanical
strength is synthesized and these materials can be considered as sustainable and innovative

options for the removal of dye from wastewater.
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3.4. Conclusions

The effects of different synthesis parameters on MB adsorption capacities of sepiolite-
based AAMs are studied for the first time in literature. The results indicated that the AAM
that is synthesized using sepiolite treated at 750 °C with a molar Si/Mg ratio of 2.5 and molar
Na/Mg ratio of 1.3 displayed the highest MB adsorption capacity. The highest obtained
capacity of 110.42 mg/g can be considered as a benchmark value for the materials that are
used for this purpose. The adsorption data fitted well with the quadratic model with a
correlation coefficient (R?) of 0.865. The optimum values of molar Na/Mg Ratio,
temperature and molar Si/Mg Ratio are found to be 1.3, 697 °C and 2.4, respectively for
higher MB adsorption performance. It is observed from the BET analysis that samples with
higher surface area have better MB adsorption properties, while the XPS results indicated
that the amount of Mg, O and Na atoms at the sample surface has a major impact on the
adsorption properties. It was observed that an increase in the amount of Mg and O at the
sample surface resulted in higher adsorption capacities, possibly due to their negative
charges that make it easier to be adsorbed for the positively charged MB. The mechanical
strength of the SAAMs are also investigated for a more thorough investigation of the
possible use of the material in real life cases. The results indicated that SAAMs displayed
remarkable compressive strength values and they can be considered as sustainable and

innovative options for the removal of dye from wastewater.
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4. CONCLUSIONS AND RECOMMENDATIONS

4.1. Conclusions

In this thesis, the main motivation is to investigate the effects of synthesis parameters
and formation Kkinetics on the structure, mechanical performance and methylene blue (MB)
adsorption properties of alkali activated magnesium silicates. The compressive strength, MB
removal performance, and the effects of the structures of the materials on these properties
were investigated using different characterization techniques. Time- variant FTIR data is
collected to shed light on the kinetics of geopolymerization and the impacts of reaction

kinetics on mechanical performance.

In Chapter 2, an in-depth analysis of the effects of synthesis parameters on the
compressive strength of SAAMs is studied. Compressive strength values ranging from 1.5
to 135.5 MPa were obtained, indicating the huge impact of synthesis conditions on the
properties of the AAMs. The results of the study demonstrated that increasing pretreatment
temperature has a negative impact, while increasing Si/Mg ratio has a positive impact on the
compressive strength of the materials. The raw materials and the SAAMs are characterized
by XRF, XRD, TGA and XPS. The comparison of the XRD patterns of the SAAMSs and the
calcined sepiolite samples demonstrate that there is a significant decline in crystalline phase
upon alkali activation. The TGA results point out that the thermal stability of the SAAMs
are high and the weight loss values decrease with increasing sepiolite pretreatment
temperature, as expected. An investigation of the XPS results together with the compressive
strength results indicated that a shift in the peak binding energy of Mg 1s spectra is correlated
with the compressive strength results. The shift in Mg 1s binding energy can be an indication
of the transition of octahedral Mg atoms into tetrahedral coordination. This shift takes place
as a result of geopolymerization reactions and indicates a higher degree of
geopolymerization, thus higher compressive strength results. The relation between the
reaction kinetics and the compressive strength is investigated by collecting FTIR data at

different reaction times. The relation is quantified by fitting an exponential function to the
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position of the main FTIR feature over time. The results demonstrated that a higher
compressive strength is obtained for samples for which the shift in FTIR peak position takes
place at the early stage and in a more rapid pace. This result is a clear indication that early

geopolymerization is a big contributor to the compressive strength.

In Chapter 3, the effects of different synthesis parameters on MB adsorption capacities
of SAAM s are studied. The results indicated that the AAM that is synthesized using sepiolite
treated at 750 °C with a Si/Mg ratio of 2.5 and Na/Mg ratio of 1.3 displayed the highest MB
adsorption capacity. The highest obtained capacity of 110.42 mg/g can be considered as a
benchmark value for the materials that are used for this purpose. The adsorption data fitted
well with the quadratic model with a correlation coefficient (R?) of 0.865. The optimum
values of Na/Mg Ratio, Temperature and Si/Mg Ratio are found to be 1.3, 697 °C and 2.4,
respectively for higher MB adsorption performance. It is observed from the BET analysis
that samples with higher surface area have better MB adsorption properties. XPS results
indicated that the amount of Mg, O and Na atoms at the sample surface has a major impact
on the adsorption properties. It was observed that an increase in the amount of Mg and O at
the sample surface resulted in higher adsorption capacities, possibly due to their negative
charges that make it easier to be adsorbed for the positively charged MB. The mechanical
strength of the AAMs are also discussed for a more thorough investigation of the possible
use of the material in real life cases. The results indicated that AAMs displayed high
compressive strength values and they can be considered as sustainable and innovative
options for the removal of dye from wastewater.

These results shows that sepiolite, which is a cheap and abundant material, can be used
for the production of environmentally friendly construction materials with high performance
as an adsorbent for MB removal. It is also demonstrated that the mechanical strength and the
MB adsorption performance of the materials can be tuned by the synthesis parameters,
making these materials suitable for different construction and wastewater treatment

applications.
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4.2. Recommendations

In this thesis, SAAMs are studied to understand their potential applications as a
construction material and adsorbent. For future studies, the following points can be
considered. In Chapter 2, the effects of synthesis conditions on the structure and mechanical
properties is investigated in detail. The kinetics of geopolymerization reactions were
monitored and the effects of the kinetics on the mechanical strength is studied in detail. The
temperature range of this study was too wide for the generation of a predictive model for the
estimation of compressive strength based on synthesis conditions. As a further study, a
predictive model based on the synthesis conditions can be generated by choosing a
temperature range this is much narrower and collecting compressive strength data with these
synthesis conditions.

In Chapter 3, it was shown that SAAMSs have a huge potential as an adsorbent for the
removal of MB dye. The MB removal performance of the SAAM can be further studied with
the incorporation of other materials (such as anatase) to make use of the combined effects of

adsorption and photocatalysis for MB removal.

In this study, sepiolite is used as the raw material. Sepiolite is a cheap and abundant
material. However, the studies can be furthered with other waste materials, such as fly and
blast furnace slag. Their mechanical performance along with their potential as an adsorbent
can be evaluated to get a deeper understanding on the effects of raw materials. This would
also support a sustainable world by making use of waste materials and contributing to

circular economy.
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Figure A.1. FTIR data over time for SAAM-1.
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Figure A.2. FTIR data over time for SAAM-2.
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Figure A.3. FTIR data over time for SAAM-3.
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Figure A.4. FTIR data over time for SAAM-4.
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Figure A.5. FTIR data over time for SAAM-5.
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Figure A.6. FTIR data over time for SAAM-6.
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Figure A.7. FTIR data over time for SAAM-7.
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Figure A.8. FTIR data over time for SAAM-8.
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Figure A.9. FTIR data over time for SAAM-9.
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Figure A.10. FTIR data over time for SAAM-10.

126



Absorbance (a.u.)

1 T | — T T [ — T ' |
1000 1500 2000 2500 3000 3500 4000
Wavenumber (cm™)

Figure A.11. FTIR data over time for SAAM-11.
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Figure A.12. FTIR data over time for SAAM-12.
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Figure A.13. FTIR data over time for SAAM-13.
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Figure A.14. FTIR data over time for SAAM-14.
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Figure A.15. FTIR data over time for SAAM-15.
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Figure A.16. FTIR data over time for SAAM-16.
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Figure A.17. FTIR data over time for SAAM-17.
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Figure A.18. FTIR data over time for SAAM-18.
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Figure A.19. FTIR data over time for SAAM-19.
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Figure A.20. FTIR data over time for SAAM-20.
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