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ABSTRACT

Although biodiesel is a promising alternative source of energy, the cost of its production
remains high because of the use of expensive feedstocks and catalysts. Zeolites derived from
clay and volcanic ash as alternative sources of aluminosilicates are promising catalysts for the
biodiesel synthesis from non-edible plant oils. The aim of this study was to develop zeolite
catalysts for transesterification of Jatropha curcas and waste cooking oils. For sustainability
and cost reduction, the zeolites were hydrothermally crystallized at 100 °C using kaolin and
volcanic ash natural materials through metakaolinite and fused-metakaolinite methods. Kaolin
was supplied by the department of Inorganic Chemistry, University of Yaoundé 1 (Cameroon)
while volcanic ash was obtained from the slopes of Mt. Eburu, Nakuru County (Kenya). In the
fused-metakaolinite method, besides the partial versus full fusion, pre-treatment of clay by wet
or dry mixing with NaOH activator before fusion were also studied. The zeolite catalysts were
prepared by wet ion impregnation method using CH3COONa salt. The catalysts were tested in
the batch transesterification of Jatropha curcas and waste cooking oils. Transesterification
factors were optimized using Lis(4*) Taguchi approach. Materials used, resulting zeolites and
biodiesel products were characterized using XRD (crystallinity), SEM (morphology), EDX
(elemental), ICP-OES (elemental), TGA (thermal stability), BET (surface area and porosity),
FT-IR (functional groups) and GC-FID (qualitative and quantitative analysis). Obtained data
was analysed and organized using Minitab 18.1.0.0, OriginLab 9.80.200 and ImageJ software.
Analysis of raw materials showed that clay material was a kaolin type with high quartz impurity
at 21.03 %. Volcanic ash, on the other hand, was majorly CaO at 47.09 % and SiO; at 18.38
%. In zeolites syntheses using kaolin, zeolites Na-A and Na-X were obtained within 8 h in the
metakaolinite and fused-metakaolinite methods, respectively. High hydrogel SiO2/Al,0z molar
ratio resulted in a mixture of products and zeolite Na-Y in the metakaolinite and fused-
metakaolinite methods, respectively. In the partial versus full fusion, Na-Y with low surface
area and Na-X with high surface area were obtained from partial and full fusion methods,
respectively. In the full fusion, pre-treatment of kaolin by dry mixing before dry fusion resulted
in Na-X alongside Na-A impurity. The Na-X with high porosity comparable to that of
commercial zeolite 13X was obtained in the wet mixing before dry fusion. Wet mixing with
subsequent wet fusion resulted in poor crystallinity Na-X alongside hydroxysodalite impurity.
In zeolites syntheses using volcanic ash, zeolites Na-X, Na-P and hydroxysodalite were
obtained depending on SiO. and Na2O contents of the synthesis hydrogel. For the biodiesel
synthesis, optimal conditions for the oil conversion were methanol:oil molar ratio of 10:1,
catalyst loading of 8 %, reaction temperature of 70 °C and reaction time of 5 hours. In addition,
based on ANOVA, the contribution of the catalyst loading was the most significant at 93.79
%. The maximum FAME vyield under these conditions were 93.94 % and 95.54 % for
synthesized zeolite Na-X and natural clinoptilolite zeolite, respectively. This study has
therefore shown the importance of performing metakaolinization versus fused-
metakaolinization as well as the crucial role of NaOH content in the fusion of kaolin in zeolite
synthesis. In addition, a variety of high-quality zeolites are achievable via choice of pre-
treatment protocols. Both industrial production of zeolites, for various applications, as well as
biodiesel production, in the energy sector, are therefore expected to greatly benefit from the
findings of this study.
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CHAPTER 1

INTRODUCTION

1.1 Background of the study

The world’s demand for energy has increased in the past few years due to the increase in human
population (OECD, 2011). This has necessitated the need for advancements in technology and
industrial developments in order to maintain and improve on the supply of food and other goods
and services. According to the (BP Statistical Review of World Energy, 2019), about 80 % of
the current energy usage is sourced from natural gas, coal and oil which are non-renewable
fossil fuels. Fossil fuels have adverse impacts to the environment and has led to an increase in
the global total excess mortality rate and a decrease in the mean life expectancy arising from
chronic diseases attributed to the emissions during utilization (Lelieveld et al., 2019). Besides,
there has been an upward trend in the prices of crude oil in the recent past due to civil strife,
geopolitical and economic events especially in the regions known to produce oil in bulk (U.S.
Energy Information Administration, 2022). The upward changes in market oil prices are often
quickly reflected in prices faced by consumers and can therefore have adverse effects on
holding down the global growth. The shifts in both the demand and the cost together with the
adverse effects of fossil fuels on the environment and living organisms have necessitated the

need for alternative sources of green and sustainable energy.

Although research on renewable energy has tremendously increased in the recent years
(Lelieveld et al., 2019; Perego & Bosetti, 2010), it is only in the past few years that the
production and consumption of renewable energy have become significant. For example,
renewable sources of energy made up 7 % of the United Kingdom’s primary energy in 2018
compared to just 1 % about 10 years ago (BP Statistical Review of World Energy, 2019).

However, in comparison to other energy sources, the current world production and



consumption of renewable energy is still too low (BP Energy Outlook, 2018). In addition,
according to the (BP Statistical Review of World Energy, 2019), the African continent has the
least growth in both production and consumption of renewable energy. However, the
worldwide production and consumption of renewables are anticipated to increase in the coming
years (BP Energy Outlook, 2018) as significant technological improvement in the current

production methods are realized.

Biofuels are some of the promising renewable energy sources. Among the biofuels, biodiesel
is a promising alternative source of renewable energy for petro-diesel engines. Biodiesel is a
mixture of fatty acid alkyl esters (FAAES) derived from a fatty acid chain and a low molecular
weight alcohol, usually methanol. Biodiesel was first evaluated in the late 1970s, but it is only
in the recent years that it has received a great deal of interest (Maryam et al., 2014; Okoronkwo
et al., 2012). The current industrial production of biodiesel is expensive as it involves the use
of environmentally unclean homogeneous basic catalysts and edible oils. It is estimated that
>12 % of all the edible oils currently produced is used in the production of biodiesel
(OECD/FAO, 2019). And of all the worldwide biodiesel production, about 77 % is based on
vegetable oils (i.e., 37 % rapeseed oil, 27 % soybean oil, 9 % palm oil and 4 % others) or used
cooking oils (23 %) (OECD/FAQ, 2020). The use of edible oils has led to high prices of
biodiesel where the estimated overall cost of the feedstock takes >70 % of the total cost of the

biodiesel product.

Substitution of the current edible oils with sustainable non-edible oils which has low
commercial value to humans and the use of heterogeneous catalysts in the production process
will therefore drastically reduce the cost of production and subsequently the cost of the
produced biodiesel fuels. Jatropha curcas seed oil (JCO) and waste cooking oils (WCO) are

both non-edible oils and are therefore of low value to humans. They are therefore suitable



alternative feedstock for biodiesel production. Jatropha curcas is a deciduous hardy shrub with
a productive life span of over 40 years but having a short gestation period and can grow on
poor soils and areas of low rainfall (Anil et al., 2011; Shambhu et al., 2013). Waste cooking oil
(WCO), on the other hand, is a municipal waste which if not well disposed of ends up
increasing the operating cost of sewer water treatment in addition to the risks of ground water
contamination and the subsequent greenhouse gases emission (Tsoutsos et al., 2019). Using
WCO for biodiesel production will therefore not only lower the cost of biodiesel production
but also help in minimizing the negative environmental impacts by converting these wastes

into sustainable green energy resources.

Heterogeneous catalysts derived from materials such as alkaline earth metals, calcium oxide,
kaolinite, bio-char as well as industrial and biological wastes have been studied as possible
substitutes for the current homogenous catalysts (Abukhadra & Sayed, 2018; Chellappan et al.,
2018; Marwaha et al.,, 2018; Thangaraj et al., 2019). However, limitations to catalyst
sustainability, active sites, mass transfer and catalyst stability and regeneration are still some
of the challenges facing heterogeneous catalysts in the transesterification reactions.

Consequently, zeolites are viewed as panaceas to the limitations cited above.

Zeolites have been used in several areas including catalysis (Sousa-Aguiar, 2016), water
purification (Margeta et al., 2013) as well as soil enhancers in agriculture (Climent et al., 2010;
Weitkamp & Puppe, 1999). Because of their unique structure and properties, zeolites are
promising substitutes for use as heterogeneous catalysts in the transesterification reactions of
oils in place of conventional homogeneous catalysts. The aluminium atoms and ions in the
zeolite skeleton and porosity of zeolites supply active catalytic sites (Schwanke & Pergher,
2018) thus providing highly reactive centres for numerous acid and base-catalysed reactions.

Besides, the zeolite pore structures increase their surface area as well as making it possible for



the occlusion of guest atoms and compounds to further enhance the catalytic activities by
modifying their acidic or basic properties. Refinement of zeolite’s crystallinity, pore size as
well as the amount and composition of the guest atoms can therefore lead to catalysts with
superior quality for the desired reactions (Baroi et al., 2014; Carrero et al., 2011; Shu et al.,

2009).

Natural zeolites occur naturally in the earth’s crust where they are formed at alteration of
volcanic and other feldspathic rocks at temperatures lower than 200 °C (Alderton, 2021). The
zeolite mineral deposits may constitute important components of tuffs or clay which are easily
mined by the opencast method (Kro6l, 2020). Synthetic zeolites on the other hand are man-made
and are produced from aluminosilicate starting raw materials. Synthesis of zeolites is however
known to be influenced by several variables. Key synthesis variables such as hydrogel
aluminosilicate composition, concentration of alkaline activator as well as crystallization time
and temperature influence the zeolite structure type, chemical composition, crystallinity and
porosity of the resulting zeolites (Abdullahi et al., 2017; Foroughi et al., 2021; Johnson &
Arshad, 2014). The multiplicity of the variables means that the synthesis of zeolites can be a

complex process.

The current synthesis methods for zeolites utilize costly high purity commercial synthetic silica
and alumina sources. In order to lower the cost of production, research is ongoing to synthesize
zeolites from alternative materials like natural materials as well as agricultural and industrial
wastes, (such as rice husk, fly ash and sewage sludge) (Cheng et al., 2012; Musyoka et al.,
2014; Rios et al., 2012; Volli & Purkait, 2015; Zhang et al., 2018) which are rich in

aluminosilicates.

The challenge faced in using natural clays is that they are heterogeneous in composition and

purity because of their diverse sources in the earth crust. Some of the impurities such as quartz



and muscovite mica are very stable even at high temperature. Before the hydrothermal
synthesis of zeolites, crystalline kaolin is usually converted to amorphous phases by high
temperature pre-treatment via either calcination to form metakaolinite (MK) or fusing with an
alkaline activator to form fused-metakaolinite (F-MK). Using F-MK method over MK method
in the pre-treatment of kaolin is advantageous because it enables complete breakdown of the

kaolinite structure (Ayele et al., 2016).

Even though fusion is considered effective in the conversion of aluminosilicates to zeolite
structural building units, faujasite zeolites and hydroxysodalite (HS) alongside other impurities
such as zeolite A and quartz have been reported (Anderson et al., 2017; Ayele et al., 2016;
Belviso et al., 2013; Castro et al., 2019; Djeffal et al., 2017; Doyle et al., 2016; Ma et al., 2014;
Mezni et al., 2011; Musyoka et al., 2014; Rios et al., 2012; Zayed et al., 2017). These studies
strongly suggest that current practice, which involves pre-treatment of clays via F-MK, may be
ineffective because there is no consistency in the properties of reported zeolite structures
synthesized from kaolin. The structure types and properties varied from one study to another.
The manner and steps via which F-MK is carried out and the post modifications carried out on
the synthesis hydrogels therefore play a role in determining the resulting zeolite structure types
and their properties. Despite the attraction and huge potential of kaolinite rich clays and related
materials as a sustainable alternative source of aluminosilicates in zeolite synthesis, the
apparent differences and inconsistency in the products generated and their properties are still
an on-going challenge. It is therefore important to fully explore the conversion of
aluminosilicates in kaolin, into a form that ensures subsequent complete dissolution to a

homogeneous synthesis hydrogel.

In this study, heterogeneous zeolite catalysts have been synthesized from kaolin and Kenyan

volcanic ash, via MK and F-MK methods. The effects of NaOH concentration in the alkaline



fusion step was investigated by performing partial fusion versus full fusion of kaolin before
hydrothermal crystallization. Besides, various pre-treatment methods for kaolin with alkaline
activator prior to the fusion step were explored by subjecting the raw clay to two regimes,
namely; dry mixing with NaOH followed by dry fusion, or wet mixing with NaOH followed
by either wet or dry fusion. Both natural and synthesized zeolites were modified by the wet
impregnation method using sodium acetate salt before activation by heat. Prepared zeolite
catalysts were then tested in batch transesterification reactions of JCO and WCO. The findings
of this study could inform on the best zeolite synthesis method for use when using natural
aluminosilicates as starting raw materials. It was also to inform on the choice of pre-treatment
processes that may be applied to clay materials before fusion and hydrothermal synthesis of

zeolite

1.2 Statement of the problem

There is continued rise in selling price of conventional fossil fuels in the market and this points
to the need for search for cheap alternative fuels. In addition, with the continued depletion and
the uncertainty in sustainability of conventional fossil fuel reserves, biofuels stand to be one
of the best alternative sources of fuel. Biodiesel is a promising alternative energy source due
to its advantages over petro-diesel fuel. However, the current production methods using
feedstock materials which are also competitively used for human food production and the use

of homogeneous catalysts increase the costs of biodiesel production.

Although zeolites are promising alternative catalysts, their current production method using
commercial sources of aluminosilicate raw materials is still expensive. Natural zeolites and
synthetic zeolites, obtained from natural resources such as clay minerals and volcanic ash, are
suitable alternatives. However, the resulting zeolite types, quality and crystallinity reported in

the literature using clays and other natural materials from different sources varies even when



the same formulation and synthesis conditions are used. There is therefore need for research
on suitable methods of converting the aluminosilicates to suitable forms prior to zeolite
synthesis. Besides, to cut on the costs, there is need for research on the optimized production
of biodiesel using non-edible oils (such as JCO and WCO), natural zeolites as well as zeolites
synthesized from natural materials. The characteristics of raw materials, modified materials as
well as synthesized products also need to be investigated to identify the phases, compositions,

purities of raw materials as well as yields and the derived products.

1.3 Objectives of the study

1.3.1 General objective

The aim of this study was to synthesize and characterize zeolites using clay and volcanic ash
natural materials through metakaolinite (MK) and fused-metakaolinite (F-MK) methods in the
hydrothermal crystallization at 100 °C. Both natural and synthesized zeolites were modified
before use in optimized batch catalytic transesterification reactions of Jatropha curcas oil and

waste cooking oils with methanol.

1.3.2 Specific objectives

1. Synthesize zeolites through hydrothermal reaction using kaolin, additional silica and
volcanic ash as sources of aluminosilicates.

2. Determine the optimum conditions in the pre-treatment of kaolin for the conversion of
kaolin’s crystalline aluminosilicates to free ions to achieve high quality zeolites.

3. Determine the effects of functionalization of both the natural and synthesized zeolites,
through occlusion of Na* cations, on the catalytic activity of zeolites.

4. Determine the optimized conditions for biodiesel synthesis regarding catalyst load,

alcohol to oil molar ratio, reaction temperature and time.



5. Determine the catalytic activity of the prepared zeolite catalysts by batch

transesterification of Jatropha curcas and waste cooking oils.

1.4 Research questions

1. What are the qualities of zeolites obtained using kaolin and Kenyan volcanic ash as
sources of aluminosilicates in the hydrothermal reaction process?

2. What is the optimized pre-treatment condition for kaolin that will lead to full conversion
of the crystalline aluminosilicates of kaolin to ions?

3. What are the kaolin and Kenyan volcanic ash derived zeolites together with natural
zeolites functionalized by occlusion of Na* ions?

4. What are the optimized conditions for the transesterification of JCO and WCO using
kaolin and volcanic ash derived zeolite catalysts?

5. What are the similarities or difference in the catalytic activities exhibited by various
zeolites prepared under different conditions towards transesterification of JCO and

WCQO?

1.5 Justification of the study

Biodiesel is a renewable, biodegradable, non-toxic and carbon neutral fuel with good engine
lubricity. Using biodiesel contributes to the reduction of CO, hydrocarbons (HC) and carbon
granules (smoke) emissions. Jatropha curcas and waste cooking oils are non-edible feedstocks
thus are currently of low value to humans. On the other hand, the use of zeolites is promising
because of their high surface area due to their porosity which also makes them tunable to

increase their acidity or basicity.

Using natural materials for the production of zeolite catalysts is a sustainable and cost-effective

method considering that they are easily obtained from the environment and that clay is the most



abundant mineral in the earth's crust. Efficient conversion of the clay mineral to free silicates
and aluminates in the pre-treatment step will eliminate the current challenges with the products
obtained using different sources of natural materials leading to the production of zeolites with
equivalent or better properties to their commercial analogues. In this way, cost effective and
sustainable catalysts can be obtained for the heterogeneous catalysis of biodiesel in a more

sustainable and environmentally friendly manner.

1.6 Significance of the study

This study has led to the beneficiation and use of kaolin and volcanic ash natural materials in
the synthesis of sustainable zeolite catalysts. Sustainable optimized production of green
biodiesel fuel from non-edible sources has also been achieved. This process could therefore
significantly lower the cost of producing both zeolites and biodiesel products. The study has
also identified the best pre-treatment method for clay material with NaOH prior to
hydrothermal crystallization step. This has eliminated the current problem of variations and
inconsistencies in the types of zeolites produced and leading to the production of zeolites with
properties comparable to commercial zeolites. In overall, cost effective and sustainable
catalysts were obtained for the heterogeneous catalysis of biodiesel in a more sustainable and
environmentally friendly manner and which could minimize the current over reliance on non-

renewable petro-diesel fuels as a source of energy.



CHAPTER 2

LITERATURE REVIEW

This chapter provide detailed explanation and summaries of previous and relevant researches
that have been conducted on zeolites and their synthesis from kaolin and volcanic ash as well

as their applications in transesterification of non-edible oils of JCO and WCO.
2.1 Zeolites

Zeolites are crystalline porous aluminosilicate materials built from the tetrahedra network of
silica [SiO4]* and alumina [AlO4]* ions linked to each other by the sharing of oxygen atoms
(Baerlocher et al., 2007). The structural formula of zeolite is based on the crystallographic

formula unit expressed as (Johnson & Arshad, 2014);

Mx, [X(AlO2).y(SiO2)].wH20,

where M = an extra framework cation (usually group 1A or IlA cation),

n = the valence of the cation,

w = the number of water molecules per unit cell,

x and y = the total number of tetrahedra per unit cell
Depending on the zeolite type, the ratio y/x can be as low as 1 to as high as over 100. Figure
2.1 shows the silica and alumina linkages in the zeolite formation. The Si and Al atoms forming
the network structure are generally referred to as T-atoms, thus the zeolite structure can be
considered as an inorganic polymer built from tetrahedra TO4 units. The arrangement of the
TO4 tetrahedra during zeolite formation results into frameworks with pores and channels of
varying dimensions depending on the zeolite type. The pores and channels are occupied by the
charge balancing cations (to balance the negative charges of the Al atoms in the framework) as

shown in Figure 2.1a, and molecules of water of hydration (Johnson & Arshad, 2014).
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Dehydration of zeolites is largely reversible and occurs at temperatures mostly below 400 °C

(Colella & Wise, 2014).
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Figure 2.1; Silica and alumina linkages forming zeolite polymer structure.

Exchanging the charge balancing cations with a proton result into zeolite with both Lewis and
Bronsted acid cites as shown in Figure 2.1b. In addition, the zeolite framework may be
interrupted by the hydroxyl (-OH) or fluoride groups, which occupy a tetrahedron apex that is
not shared with adjacent tetrahedra (Colella & Wise, 2014). Zeolites exist as natural as well as

synthetic.
2.1.1 History of zeolites

The first natural zeolite mineral (stilbite) was discovered by Cronstedt, who was a Swedish
mineralogist, in 1756 (Colella & Gualtieri, 2007). The name zeolite was derived from Greek
words ‘zeo’ and ‘lithos’ meaning ‘boiling stone’ because they showed visible loss of water
when they were heated. All other minerals which showed such property were subsequently
called zeolites. Zeolites, especially chabazite was being used in sorption and molecular sieve
applications because of its stability to dehydration, large pore volume and its pore size (Milton,

1989).

11



Discovery of natural zeolites was followed by the artificial mimicking of the geological
conditions in which natural zeolites are formed (i.e., high temperature hydrothermal reactions).
The first attempt in the zeolite synthesis was made in 1862 by St. Claire-Deville (Millini &
Bellussi, 2017). However, it was not until 1940s when research on massive synthesis of zeolites
was intensified. Despite the numerous synthesis attempts, the first synthetic zeolitic material
with chabazite-like sorptive properties was synthesized in 1948 by Barrer (Barrer, 1948). The
breakthrough in zeolite synthesis led to the subsequently new discoveries and the beginning
of synthetic zeolite market. Zeolites A, B (now P), C (now HS) and X were all discovered by
the end of 1949 by Milton and co-workers at the Union Carbide Corporation (Milton, 1989;
Rabo & Schoonover, 2001). These zeolites were commercialized for gas and liquid separation
and purification of materials. By mid-1950, a reproducible method for the synthesis of pure
zeolite X had been achieved by Milton. This was followed almost immediately by the synthesis
of chabazite, by Milton, in 1950-1951 (Milton, 1989) and zeolite Y, by Breck, in 1954 (Colella
& Wise, 2014). The period between 1954-1980 saw a massive development and exploration of
zeolites with varying SiO2/Al>O3 ratios such as ZSM-5. The discovery of high silica ZSM-5 by
Mobil in 1972 (Nastro & Aiello, 1989) led to a number of catalytic uses. It is estimated that at
least 150 synthetic zeolites have been synthesized to date. However, the current interest and
research have shifted to the synthesis of zeolites using sustainable and low-cost materials such

as clay minerals and other natural and waste materials rich in aluminosilicates.

2.1.2 Zeolite frameworks

During zeolite framework formation, the TO4 tetrahedra are arranged and oriented in such a
manner that pores and channels are created in the framework. Each existing zeolite framework
is assigned a letter code by the International Zeolite Association (IZA) Structure Commission

irrespective of their composition (Baerlocher & McCusker, 2017). For example, SOD represent

12



all materials with sodalite topology. LTA represents all Linde Type A zeolite series with LTA
topology, FAU represents all faujasite zeolite series with a FAU topology while GIS represents
all gismondine zeolite series with a GIS topology. Heulandite are zeolite series with the HEU
framework topology in which the Si/Al molar ratio is < 4, besides, clinoptilolite minerals also
represents zeolites with the HEU framework topology but having a Si/Al molar ratio of > 4
(Colella & Wise, 2014). Figure 2.2 show the framework structures of hydroxysodalite zeolite

(HS) and zeolite P (GIS).

SOD (B-cage)

Figure 2.2; Framework structures of; (a). Hydroxyodalite (SOD), and (b). Gismondin (GIS)
(Images generated using CrystalMaker®).
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The hydroxysodalite framework consists of four SOD cages derived from single 6-rings
(Baerlocher et al., 2007). The SOD cages are arranged such that a 6-ring aperture is formed on
the framework. On the other hand, GIS framework is built from 4-rings and 8-rings secondary
building units, and making double crankshaft chain (DCC) or GIS cage composite building
units (Baerlocher et al., 2007). The GIS/ DCC units arranges in such a way that 8-ring pore
channels in the [100] and [010] planes are created and having pore dimensions of 3.1 x 4.5 A

and 2.8 x 4.8 A, respectively.
2.1.3 Zeolite synthesis

The primary building units (PBUs) of zeolites are the silicate [SiO4]* and aluminate [AlO4]>
ions forming the non-chiral chain like secondary building units (SBUs) (Yahaya et al., 2014)
containing up to 16 T-atoms (Mozgawa et al., 2011) linked through oxygen bridges. Some of

the selected secondary building units for zeolites syntheses are shown in Figure 2.3.
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Figure 2.3; Some selected secondary building units (SBUs) (Baerlocher et al., 2007).
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The wide variety of possible synthetic zeolite framework structures are therefore due to a large
number of ways in which the PBUs and SBUs can be linked to form various polyhedral during
zeolite formation. A wide variety of zeolite materials with desired properties and varying
framework structure, chemical composition, pore dimensions and channel distributions are
therefore obtained depending on the conditions of zeolite formation. The mechanism of

structure building for zeolites is shown in Figure 2.4.

SBU

PBUS\% . @ g
P Pl ole

SOD

Figure 2.4; Mechanism of zeolite synthesis via PBUs, SBUs and composite building units,
modified from (Lima et al., 2019).

The major requirements for zeolite synthesis are the silica and alumina sources because they
are the structural building units in zeolite formation. Other requirements are mineralizing agent
(alkali) and structure-directing agent (SDA) (Moneim & Ahmed, 2015; Taborda et al., 2011;
Zhu et al., 2014). Structure-directing agents are used as pore size and pore volume determinants
during synthesis. However, many syntheses have been achieved without SDAs and still

produced zeolites with desired properties (Sang et al., 2004; Yilmaz et al., 2013).
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Different methods have been reported for the synthesis of zeolites, these include; hydrothermal
synthesis, molten salt, microwave assisted, as well as alkali activation methods (Makgabutlane
et al.,, 2020; Park et al., 2000; Rios et al., 2012; Rios et al., 2009; Rios et al., 2007).
Hydrothermal synthesis method is the most common method as it reflects the natural conditions
in which natural zeolite minerals are formed. Hydrothermal process involves the treatment of
silica and alumina with an alkaline solution to dissolve and gelatinize the components before
crystalizing at low temperatures, usually below 350 °C, and elevated pressure, usually in an

autoclave (Krdl, 2020).

2.1.4 Natural zeolites

Natural zeolites are mainly of volcanic origin where they are formed hydrothermally. Natural
zeolites occur both in crystalline forms, in igneous and metamorphic rocks, as well as in grains
of smaller diameters accumulated in sedimentary rocks (Krol, 2020). They are formed as a
result of the reaction of volcanic ash components with the basic waters. In addition, the
formation of natural zeolites is not restricted to aluminosilicate minerals, because the
tetrahedral ‘T’ position in the framework may be occupied by cations other than Si and Al

such as Be, P, Zn or others (Colella & Wise, 2014).

Natural zeolites are a plentiful resource and are inexpensive to mine since majority of deposits
are found close to the earth's surface. According to the 2013 Handbook of Natural Zeolites, a
special publication by International Zeolite Association, there are 93 zeolite mineral species
belonging to 44 different frameworks and 3 unassigned frameworks (Colella & Wise, 2014).
Some of the minerals with their chemical formula and framework codes are listed in Table 2.1.
Some zeolites, such as chabazite, clinoptilolite, ferrierite, heulandite and phillipsite among
others consists of two or more species that are distinguished on the basis of the most abundant

of the channel cations.
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& Wise, 2014).

Table 2.1; Names, general formulae, and framework types of some accepted zeolites (Colella

Name General formula Framework-
type code
Amicite |K4N&4(Hzo)1o| [A|8Si803z] GIS
Ammonioleucite |(NH4)|[AISi206] ANA
Analcime INa(H20)| [AlSi20¢] ANA
Barrerite [Nag(H20)26| [AlsSizs072] STI
Boggsite |(Caos,Na,K)18(H20)70| [Al18Si7g0192] BOG
Chabazite series |(Caos,Na,K)x(H20)12 [AlxSi12 - xO2] X = 2.4-5.0 CHA
Chabazite-Ca |(Caos,K,Na)x(H20)12| [AlxSi12-xO24] X =2.4-5.0 CHA
Chabazite-K |(K,Na,Caos)x(H20)12| [AlxSi12-xO24] X = 3.0-4.5 CHA
Chabazite-Na |(Na,K,Caos)x(H20)12| [AlxSi12-xO24] X =2.5-4.8 CHA
Clinoptilolite series |(Na,K,Cao.5,Mgos)s(H20)20| [Al6SizOr2] HEU
Clinoptilolite-Ca |(Caos,Na,K,Sros5,Baos,Mgos)s(H20)20| [AleSizOr2] HEU
CIinoptiIoIite—K |(K,Na,Cao,s,SI’o,s,Bao,s,Mgo,s)e(Hzo)zol [A|53i30072] HEU
CIinoptiIoIite-Na |(Na,K,Cao_s,sro_s,Bao_s,Mgo_s)e(HQO)zol [A|55i30072] HEU
Epistilbite |(Ca,Na2)3(H20)15| [A|58i18043] EPI
Ferrierite series |(K,Na,Mgos,Cao.5)s(H20)20| [Al6SizO72] FER
Ferrierite-K |(K,Na,Mgo.5,Cao.s)s(H20)20| [AI6SizO7] FER
Ferrierite—Mg |(Mgo,5,K,Na,Cao,s)s(H20)20| [A|68i30072] FER
Ferrierite-Na |(Na,K,Mgo_s,cao_s)s(Hzo)zol [A|58i30072] FER
Garronite |(Cao,5,Na)6(H20)14| [A|58i10032] GIS
Gismondine |Cas(H20)18| [AlsSigO32] GIS
Gobbinsite |Nas(H20)12| [AlsSi11032] GIS
Gonnardite |(Na,Cao,5)g + x(H20)12| [Als + XSilz R xO4o] x=0.0-2.0 NAT
Harmotome |(Bao.s,Caos,K,Na)s(H20)12| [AlsSii1Os2] PHI
Heulandite series |(Cao,5,Sro,5,Bao,5,Mgo,s,Na,K)g(H20)24| [A|98i27072] HEU
Heulandite-Ca |(Cao.s,Sro5,Baos,Mgos,Na,K)e(H20)24| [AleSizzO72] HEU
Heulandite-Na |(Na,Cao.5,Sr0.5,Bao0s,Mgo.s,K)o(H20)24| [AleSizO72] HEU
Heulandite-K |(K,Cao,5,8ro,5,Bao,s,Mgo,s,Na)g(H20)24| [A|98i27072] HEU
Kirchhoffite |Cs| [BSi20s] ANA
Laumontite |C3.4(H20)1g| [A|gSi15048] LAU
Leucite |K] [AISi206] ANA
Stilbite series |(C&0,5,N&,K)9(H20)30| [A|gSi27072] STI
Stilbite-Ca |(Cao,5,Na,K)9(H20)3o| [A|98i27072] STI
Stilbite-Na |(Na,K,C8.0_5)g(H20)30| [A|gSi27072] STI
Phillipsite series |(K,Na,Caos5)x(H20)12| [AlxSis6-xO32] X = 3.8-6.4 PHI
Phillipsite-Na |(Na,K,Caos5)x(H20)12| [AlSi16 xOs2] x = 3.7-6.7 PHI
Phillipsite-K I(K,Na,Ca0.5)x(H20) 12| [AlXSiss-xOz] X = 3.8-6.4 PHI
Phillipsite-Ca |(Ca0.5,K,Na)(H20)12| [AlXSizs-xOz] X = 4.1-6.8 PHI
Pollucite |(Cs,Na)(H20)q| [AISi20¢] (Cs + n=1) ANA
Mordenite |(Na2,Ca,K2)4(H20)28| [A|3Si40095] MOR
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Mineable zeolite deposits are widespread in many countries across the world. The most
common natural zeolites are clinoptilolite-heulandite, mordenite, chabazite, analcime and
phillipsite (Marantos et al., 2012). Because of the natural environment where they are obtained,
natural zeolites may contain impurities such as metal oxides, quartz, mica as well as other types
of zeolite minerals (Kraljevi¢ Paveli¢ et al., 2018). These impurities in natural zeolites may
enhance or reduce the catalytic capability of natural zeolites (Y. Li et al., 2017; Patil & Deng,

2009).

Despite the advantages such as easy availability and low cost, natural zeolites have not been
fully utilized in various industrial applications because of the impurities, non-uniform pore
openings and channels as well as their low ion exchange capacities (De Souza et al., 2018).
However, with efficient pre-treatment and structure tuning, natural zeolites can be useful

catalysts for various chemical reactions.

2.1.4.1 Zeolite clinoptilolite (HEU)

Clinoptilolite zeolite has heulandite framework topology and a Si/Al molar ratio of > 4.
Clinoptilolite zeolites are classified by the dominant exchangeable cation such as Ca, K and
Na among other cations as shown in Table 2.1. Figure 2.5 shows the framework structure of

clinoptilolite (HEU) zeolite.

The framework structure is formed by linking 4-4=1 secondary building units. The
arrangement of the primary and secondary building units in clinoptilolite results into crystals
structures exhibiting numerous pores and channels with varying sizes. The dimensions of the
three channels found in clinoptilolite framework structure, labelled A, B and C in Figure 2.5,
are 3.1 x 7.5 A (10-ring), 3.6 x 4.6 A (8-ring) and 2.8x 4.7 A (8-ring), respectively (Baerlocher
et al., 2007). The dimensions are however, variable because of considerable flexibility of

framework. Channels A and B are parallel to each other and are intersected by channel C.
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Figure 2.5; Framework structure of clinoptilolite (HEU) zeolite (Image generated using
CrystalMaker®).

2.1.5 Synthetic zeolites

Although natural zeolite mineral species were the first to be discovered, to date there are more
than one hundred different types of zeolite structures which have been obtained synthetically
(Krél, 2020). Synthetic zeolites are the commonly used group of zeolites because of their purity

and uniformity of the particle sizes.

Despite their wide use, in comparison to the natural zeolites, the current use of costly
commercially available sources of aluminosilicates raw materials may drive the cost of
synthetic zeolite materials, and therefore the processes utilizing these zeolites, high.
Alternative natural resources and recycled wastes, such as natural clays (Musyoka et al., 2014;
Rios et al., 2012), fly ash (Volli & Purkait, 2015), volcanic ash, rice husks (Cheng et al., 2012)

and sewage sludge (Zhang et al., 2018) among others, which are rich in silica and alumina have
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been tested. Natural clays and volcanic ash that are abundant in the earth’s crust stand to be
the best substitute for the long-term sustainability. Among clays, kaolin is more preferred
because of its high aluminosilicate content and relative purity compared to other clay minerals

(Huggett, 2005). Of interest to this study are therefore kaolin and volcanic ash materials.

2.15.1 Zeolite A (LTA)

Zeolite A belong to the Linde type A (LTA) family. It is a low silica zeolite with a SiO2/Al;03
molar ratio of 1.8-2.0, and having cubical crystal particles represented by the unit cell chemical
formula: [Nai2 (H20)27|s[Al12Si12 Oas]s (Baerlocher et al., 2007). Zeolites A are classified into,
3A, 4A and 5A, representing K-A, Na-A and Ca-A zeolites, respectively. The LTA framework
structure, shown in Figure 2.6, is formed by linking 4-ring, 6-ring, 8-ring, 4-4 or 1-4-1

secondary building units.

LTA cage

Figure 2.6; Framework structure of zeolite A (LTA), (Images generated using
CrystalMaker®).
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Linde Type A (LTA) zeolite frameworks are characterized by the presence of double 4-
membered rings (D4R) and LTA cages. The arrangement of the D4R and SOD cages in the
LTA framework structure results in LTA cages with 8-ring pore openings of 4.1 x 4.1 A

dimensions (Baerlocher et al., 2007).
2.1.5.2 Zeolite X and Y (FAU)

Faujasite (FAU) zeolites comprises zeolite X and zeolite Y which have the same frameworks.
Faujasites are high silica zeolites, compared to zeolite A, with a SiO2/Al>03 molar ratio of 2.2-
3.0 and 5-10 for zeolite X and Y, respectively (Ruren et al., 2008). Their cubic particles are
represented by the unit cell chemical formula: |(Ca,MgNaz)29(H20)240|[AlssSi1340384]
(Baerlocher et al., 2007). FAU framework structure, shown in Figure 2.7, is formed by linking

4-ring, 6-ring, 4-2, 6-2, 6-6 or 1-4-1 secondary building units.

Super cage (a-cage)

Figure 2.7; Framework structure of faujasite (FAU), (Images generated using
CrystalMaker®).
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Faujasite zeolites frameworks are characterized by the presence of double 6-membered rings
(D6R), sodalite cavity and a super cage (Sen et al., 2014). The arrangement of D6R and SOD
cages in the faujasite framework structure results in super cages with 12-ring pore openings of
7.4 x 7.4 A dimensions (Baerlocher et al., 2007). Besides, each unit cell has 8 super cages, 8

SOD cavities, 16 D6Rs, 16 12-rings, and 32 single 6-rings (S6Rs) (Sen et al., 2014).

2.1.6 Modification of zeolites

In order to obtain zeolitic materials with desired properties, modifications are usually carried
out during synthesis process by varying the SiO2/Al.Oz molar ratio of the zeolite (Kosanovié¢
et al., 2011). In addition, zeolites exhibit a high concentration of active sites because of their
high porosity. The pores and channels are utilized in the post synthesis modification processes
in the occlusion of guest atoms and compounds within the zeolite structure framework to
improve zeolite properties to suit the intended applications (Baroi et al., 2014; Bi-Zeng et al.,

2003; Li et al., 2014).

The charge balancing cations can also be reversibly exchanged with other cations by passing
aqueous solutions of desired cation through the channels and voids (Georgiev et al., 2009). If
H* ions are the charge balancing cations, then Bronsted acid sites are generated, see Figure
2.1b. Besides, the AI** ions have the tendency of acquiring pairs of electrons to fill their vacant
p orbitals resulting in the formation of Lewis acid sites. In order to activate and increase their
catalytic activity as well as to remove organic elements within the zeolite framework, modified

zeolite catalysts are calcined at moderate temperatures prior to use (Helwani et al., 2016).
2.1.7 Applications of zeolites
Both natural and synthetic zeolites are widely used materials in various sectors such as

industrial, agricultural as well as health, among others. The wide area of application is due to
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their unique structure as well as chemical and physical properties. They are low density
materials possessing defined channels and chambers and exhibiting high crystallinity, ion
exchange capacity, sorption capacity of other molecules and high surface area and pore volume

(Krél, 2020).

Zeolites are used in adsorption of gasses (Wang et al., 2019; Warzybok & Warchot, 2018),
adsorption of ions from solutions (Cao et al., 2020; Pereira et al., 2018), catalysis (Dziedzicka
et al., 2016), medical applications (Kraljevi¢ Paveli¢ et al., 2018), ion exchange (Covarrubias
et al., 2006), water softening (Aragaw & Ayalew, 2018; Bessa et al., 2017) and as soil
conditioners to improve soil chemical and physical properties (Cataldo et al., 2021). Some of

the zeolite applications are summarized in Figure 2.8.
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Figure 2.8; Zeolites applications, adopted from (Krol, 2020).
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2.2 Clay minerals

Clay minerals are also crystalline aluminosilicates. However, unlike zeolites, clays have a
layered structure and is subject to swelling and shrinking as water is absorbed and removed

between its layers. The framework structures of selected clay minerals are shown in Figure 2.9.

— Octahedral layer @ Si
Tetrahedral layer 2 Al
- )
- (L:lclay) Y 8H

T

Tetrahedral layer

Octahedral layer g Si

@ Al
Tetrahedral layer @ O

QK
Potassium layer < Mg

< OH
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Figure 2.9; Framework structures of selected clay minerals; (a). Kaolin (1:1), and (b).

Montmorillonite (2:1) (Images generated using CrystalMaker®).
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The two-dimensional tetrahedral sheets are formed by TOs tetrahedra with each tetrahedron
sharing three of its vertex oxygen atoms with other tetrahedra leading to a hexagonal array in
two-dimensions (Vaculikova et al., 2011). The unshared fourth vertex of all the tetrahedra point
in the same direction and are separated from other sheets by octahedral sheets formed from

small cations, such as AI** and Mg?*, coordinated by six oxygen atoms.

Clays consisting of Si octahedral sheet sandwiched between two Al tetrahedral sheets, Figure
2.9a, are commonly referred to as 1:1 clays while those consisting of two Si tetrahedral sheets
with the unshared vertex of each sheet pointing towards each other and forming each side of
the Al or Mg octahedral sheet, Figure 2.9b, are referred to as 2:1 clays (Vaculikova et al., 2011).
Kaolin is an example of a 1:1 clay while illite and montmorillonite are 2:1 clay. The 2:1 clay

has a net negative charge compensated by the K* ions sandwiching two layers.

2.21 Kaolin

Kaolin consists of the mineral kaolinite which has a chemical formula; Al203.2Si0,.2H-0, and
SiO2/Al,0z3 molar ratio of 2 in addition to trace oxides of Fe, Ti, K, Mg and mica (Nyakairu et
al., 2001). Kaolin is formed from the decomposition or weathering of feldspars and aluminium
silicates. It exists in white, greyish-white, or slightly coloured forms. Kaolin structure (Figure
2.9a) is electrically neutral and the tetrahedra-octahedra layers are held together by van der
Waals' bonds forming a single layer. In addition, kaolin is chemically stable with a low

expansion coefficient. Water molecules, if present, sandwiches the neutral layers.

2.2.2 Synthesis of zeolites using kaolin

Kaolin materials are suitable for use as silica and alumina source in zeolite synthesis because
of their high silica and alumina contents purity. The hydrothermal reaction of raw kaolin with

NaOH solution was done by Rios and co-workers (Rios et al., 2009; Rios et al., 2007) and
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Kallai and Lapides (Heller-Kallai & Lapides, 2007; Lapides & Heller-Kallai, 2007). However,
due to its crystallinity, kaolin was not fully dissolved to free ions during the alkaline dissolution
step. A mixture of hydroxysodalite and cancrinite, products of high SiO2/Al20s ratio and low
NaOH concentrations, were therefore obtained alongside mixtures of other zeolite phases. The
composition of the products also differed from one type of clay to the other (Heller-Kallai &
Lapides, 2007). In order to overcome the problems of dissolution, the less reactive crystalline
kaolinite is converted to a more reactive amorphous phase by metakaolinization through
calcination at temperatures above its dehydroxylation temperature to metakaolinite

(Kazemimoghadam, 2016) in the reaction given by equation (1):

Si,Al,05(0H), — Al,05.285i0, +  2H,0 1)

Heat

Kaolin Metakaolinite

The reaction leads to the transformation of hydroxyls into two water molecules leaving two

oxygen atoms in the final amorphous aluminosilicate products represented by equation (2).

4 (OH)™ - 2 H,0 + 2 0% )

The challenge with MK method is that different sources of clays have different grades of
kaolinite with varying impurities such as muscovite mica and quartz among others. Quartz
impurity, for example, is thermally stable and is not easily broken down within the MK
conditions (Zhou et al., 2013). Thus, conversion of these impure materials, yet rich in silica,

through MK to pure aluminosilicate ions for the production of quality and pure zeolites is
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inefficient hence necessitating the need for pre-purification of kaolinite minerals to remove the

thermally stable impurities. This process is cumbersome and costly.

Heating kaolin at high temperature in an alkaline media in the fusion method completely breaks
down the kaolinite structure in clays to fused-metakaolinite (F-MK) (N. Li et al., 2017). It also
promotes the dry reactions between the mineral phases present in the kaolinite including quartz
and the alkaline activator leading to high dissolution of aluminates and silicates (Ayele et al.,
2016; Rios et al., 2012) in addition to producing more crystalline zeolite products (Zayed et
al., 2017). A review of studies was done where kaolin is used as a starting material for the
synthesis of zeolites via MK and F-MK methods, kaolin pre-treatment conditions as well as

the resulting products and the review is presented in Table 2.2.

The review in Table 2.2 shows that different zeolite structures are formed from the two
methods of kaolin treatment. Bahgaat et al., 2020 recently reported synthesis of zeolite Y from
impure Egyptian kaolin prepared via MK without modification of the synthesis hydrogel.
However, previous studies have shown that such MK hydrogels prepared without prior
modification of their chemical compositions in most cases favour the formation of zeolite LTA
(Ayele et al., 2016; Foroughi et al., 2021; Maia et al., 2019; Pereira et al., 2018; Rios et al.,
2012). In contrast, the fusion of kaolin to F-MK without further modification of the synthesis
hydrogel composition, and therefore having the same hydrogel composition as in the MK
hydrogels, was found in most cases to favour the formation of low silica FAU structures
(Anderson et al., 2017; Belviso et al., 2013; Mezni et al., 2011). In addition, synthesis of
hydroxysodalite (HS) and zeolite A alongside quartz and HS impurities have been reported in
some studies using F-MKs derived hydrogels used without further modification of the hydrogel
composition (Ayele et al., 2016; Belviso et al., 2013; Huggett, 2005; Musyoka et al., 2014;

Rios et al., 2012; Zayed et al., 2017).
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Table 2.2; A review of studies where kaolin was used as a starting material for the synthesis of zeolites via MK and F-MK methods.

Kaolin . Hydrogel . Zeolite % _
source Kaolin treatment modification Hydrogel composition product Cryst Aeen | Vicro) | Reference
Brazil MK at 850 °C/ 2 h Na,SiOs; 10 g MK & 15 g NaOH in 100 g of H,O Y, P* 78 % 555 n.d (Bortolatto et al., 2017)
Sigma MK at 900 °C/ 0.5 h Na;Si03.5H,0 | Na20:Alx03:Si02:H,0 = 3.75:1.0:2.5:243.7 X, AP, S n.d 436 n.d (Covarrubias et al., 2006)
Iraq F-MK at 850 °C/ 3 h Na;SiO3 50 g F-MK & 63 g Na;SiOzin 500 ml H,O Y, I n.d 390 0.11 (Doyle et al., 2016)
Egypt Patented Na,SiOs; Patented Y, Q, MK n.d n.d n.d (ElI-Mekkawi & Selim, 2012)
Nigeria MK at 600 °C/ 50 min Na;SiOs Na;O: Al;03:Si0O;: H,0 = 15: 1:15: 450 Y, I3 n.d n.d n.d (Kovo et al., 2009)
South ) ,:\OI;O;(:)NazO:&Oz:HzO =1:9.70: 7.79: S nd nd n.d
Africa F-MK at 550 °C/ 1.5 h JR ALOyNZO S0 H,0 = y — iy iy (Musyoka et al., 2014)
s 1:7.11:4.71:292.35 ' ' '

Poland MK at 800 °C/ 6 h Silica gel Na;0:SiO2:Al,03:H,0 =10:10:1:200 Y, Q, M, P* n.d n.d n.d (Warzybok et al., 2015)
Poland MK at 800 °C/ 6 h - Na;0:Si0O,:Al;03:H,0 =10:10:1:200 Y,Q n.d 686 0.26 (Warzybok & Warchot, 2018)

- MK at 600 °C/ 3 h - Si02:Al,05:Na;0:H,0 = 2:1:1:37 A Q 75 % n.d n.d
Ethiopia  "e Vi at 600 °C/ 1h - Si0z:Al,05:Na;0:H,0 = 2:1:1:37 A,S 84% | nd nd | Aveleetal, 2016)
Tunisia - Al(OH);3 S!OzZA|203ZNazoZH20 =3.4:1:10.4:319.8 S, Q K, I n.d 62 - (Mezni et al., 2011)

Fusion at 550 °C/ 2 h Al(OH)3 Si02:Al,03:Na;0:H,0 = 3.4:1:10.4:319.8 X, A*, §* n.d 293 0.12

Brazil MK at 700 °C/ 2 h - Na/Al & Si/Alof 1.64 & 1, H,O =15 mL A n.d n.d n.d (Maia et al., 2019)
Algeria F-MK at 800 °C/ 2 h fl%ug?c))(zgdfo " Naz0:Al,03:Si02:H,0 = 4.01:1:9.37:156 Y n.d 626 0.26 (Djeffal et al., 2017)

. o . SiO2/Al;,03 = 7.5-15; Na,0/SiO, = 0.5-1 - (Chandrasekhar & Pramada,
India MK at 900 °C/ 1 h Na,SiO3 and H,0/Na,0 = 20-30 Y,P,P n.d 490 n.d 2004)
Jordan MK at 650 °C/ 2 h - MK/NaOH solution of 1.0 g/25 mL AQS n.d n.d n.d (Gougazeh & Buhl, 2014)
England F-MK at 600 °C/ 1 h - 4.40 g F-MKin 21.5 mL water A n.d n.d n.d (Rios et al., 2012)
Egypt MK at 800 °C/ 6 h - 10 g MK in 100 mL of 1 M NaOH Y,P n.d n.d n.d (Bahgaat et al., 2020)
Ghana F-MK at 600 °C/ 2 h - F-MK/water in 1:5 w/w X, Q, A* n.d 389 0.84 (Anderson et al., 2017)
Brazil F-MK at 700 °C/ 2 h Na,SiOs 8.72 g MK, 16.63 g Na,SiOs, 6.28 g NaOH Y n.d n.d n.d (Castro et al., 2019)

FAU = faujasite zeolite, ANA = analcime, SDA = structure directing agent, A = zeolite A, X = zeolite X, Y = zeolite Y, Q = quartz, S = hydroxysodalite, P = philipsite, M =

muscovite, | = illite, K = kaolin, n.d = not done, Ager) = BET surface area, V,pore = t-plot micropore volume

* identified impurity, @ unidentified impurity
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On the other hand, modification of the synthesis hydrogels by addition of an extra source of
silica, resulted in high silica products in both MK and F-MK methods. Like in the unmodified
hydrogels, the reported structures and their properties, from the two treatment methods when
extra silica was used are inconsistent. The structure types varied from one study to another.
High silica faujasite X or faujasite Y structures were reported to have been formed when MK
(Bortolatto et al., 2017; Chandrasekhar & Pramada, 2004; Covarrubias et al., 2006; El-
Mekkawi et al., 2016; EI-Mekkawi & Selim, 2012; Kovo et al., 2009), or F-MK (Anderson et
al., 2017; Ayele et al., 2016; Belviso et al., 2013; Castro et al., 2019; Djeffal et al., 2017; Doyle

etal., 2016; Ma et al., 2014; Mezni et al., 2011) methods were used.

Although fusion method leads to high dissolution of aluminosilicates, the inconsistencies
therein of the synthesised zeolite products suggests that current practice involving pre-
treatment of clays via F-MK may be ineffective. The properties of the raw materials used in
the reaction mixture is important because they influence the properties of the resulting
products. Besides, the homogeneity of the starting synthesis hydrogels is important for their
effective transformation into crystalline zeolite material (Logar et al., 2009). This is the reason
why pure chemical grade reagents are used to produce homogeneous and pure zeolite materials
for industrial applications. These specifications need to be matched when using alternative
sources of aluminosilicates such as kaolin and volcanic ash. It is therefore important to fully
explore the efficient conversion of aluminosilicates in kaolin into a form that ensures complete
dissolution to a homogeneous synthesis hydrogel and subsequent conversions to zeolite

products.

In this work, various zeolites have been synthesized via metakaolinization and fused-
metakaolinization methods using kaolin clay and volcanic ash materials. Fumed silica and

sodium metasilicate pentahydrate were used where additional silica was required while sodium
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aluminate was used where additional alumina was required. The effects of NaOH
concentration, in the alkaline fusion step, on the zeolite products was also investigated by
comparing partial fusion with full fusion of kaolin before hydrothermal crystallization. In
addition, the effects of pre-treatment of kaolin with alkaline activator prior to fusion step have
been explored by subjecting the raw clay to two regimes, namely, dry mixing with NaOH
followed by dry fusion, or wet mixing with NaOH followed by wet/dry fusion. The fusion and
synthesis conditions, i.e., alkaline fusion, hydrogel composition, ageing and hydrothermal
synthesis were identical for all protocols. The findings of this study will inform on the choice
of pre-treatment processes that may be applied to clay materials before fusion and hydrothermal

synthesis of zeolites.

2.3 Factors affecting zeolite synthesis

Synthesis of zeolites is affected by a large number of modifiable factors making the process
complex. These may include the SiO2/Al,Os molar ratio, hydrogel composition, its water
content and pH, structure-directing agent, ageing period and conditions, reaction temperature
and time of both calcination and crystallization stages as well as impurities originating from
the starting materials (Abdullahi et al., 2017; Johnson & Arshad, 2014). These factors will
affect the elemental composition, pore size, and channel distribution as well as crystal

structures and sizes.

2.3.1.1 Silica to alumina (SiO2/Al203) molar ratio of the hydrogel

The SiO2/Al,03 molar ratio of the synthesis hydrogel does not necessarily dictate the type of
zeolite formed. In addition, the high SiO2/Al.0s molar ratio of precursor hydrogel does not
significantly change the SiO2/Al,O3 molar ratio of the product (Berger et al., 2005). However,

a reaction hydrogel with the correct SiO2/Al>0z molar ratio carried out under optimized
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conditions will play a significant role in giving the right type of zeolite with specific catalytic
properties. The SiO2/Al,O3 molar ratio of the synthesis hydrogel mixture for zeolites Na-A,
Na-X and Na-Y, for example, should be in the range of 1.5-2, 3-5 and 5-10, respectively
(Christidis & Papantoni, 2008; Garcia et al., 2016; Hu et al., 2017; Lutz, 2014). In their study,
Zhang et al., 2013 obtained pure zeolite Na-X using a synthesis hydrogel of SiO2/Al,03 molar
ratio of 1.5-4.0, a mixture of Na-A and Na-X using synthesis hydrogel of SiO2/Al>Os ratio

of 1.0 and pure Na-A from SiO2/Al;03 of 0.5.

The physical and chemical properties of the resulting zeolite products are also influenced by
their SiO2/Al203 ratios. A high SiO2/Al>Os ratio enhances zeolite hydrophobicity, crystallinity
as well as thermal stability (Bacariza et al., 2018; Sun et al., 2015). In addition, the number of
acid sites (Aboul-Fotouh et al., 2017) as well as the BET surface area and micropore volume

(Zhang et al., 2013) of zeolites decreases as the SiO2/Al,0s molar ratio increases.

2.3.1.2 Concentration of alkali

A high concentration of NaOH in the hydrogel produces a faster dissolution of kaolinite (Rios
et al., 2007). However, a very high concentration of NaOH and temperature leads to a mixture
of zeolites (YYang et al., 2017). In addition, when the molar ratio of Si and Al in the reaction
mixture are equal, the final product depends on the concentration of hydroxyl ions in the

synthesis hydrogel (Breck, 1974).

2.3.1.3 Reaction time and temperature

At constant SiO2/Al,0s molar ratio of the synthesis hydrogel, crystallization time and
temperature will determine the type of zeolite formed (Zhang et al., 2013). In addition, reaction
time influences the degree of crystallinity of the synthesis products. At high SiO2/Al,03 molar

ratio, LTA only forms at low reaction times and is dissolved into an amorphous aluminosilicate
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material with extended reaction time to produce FAU (Rios et al., 2007) via Ostwald’s ripening
process. Performing synthesis of zeolites at high temperature of more than 100 °C produces

small size zeolite crystals because of the increased rate of nucleation (Khan et al., 2010).

2.4 Biofuels

Biofuels are derived from several plant and animal materials such as biomass, bio-oils, and
sugars. Cellulose and starch are the two major carbohydrate supplies for sugar-based fuels.
Simple sugars such as sucrose are fermented to produce ethanol fuel, while complex
carbohydrates are hydrolysed and broken down using enzymes or conventional catalysts. On
the other hand, lignin of biomass is converted into fuels by gasification, catalytic
dehydroxygenation or pyrolysis (Maryam et al., 2014). However, of interest to the current study
is the biodiesel which has prospects of being a potential substitute for the conventional

petroleum diesel (petro-diesel) (Okoronkwo et al., 2012).

2.4.1 Biodiesel

Biodiesel differs from petro-diesel in that petro-diesel is a mixture of hydrocarbon molecules
of between 8 to 21 carbon atoms in the chain and is a product of the fractional distillation of
non-renewable fossil fuels. Biodiesel, on the other hand, is a mixture of fatty acid alcohol esters
of various carbon chains in the same range as of petro-diesel and is a product of
transesterification and/ or esterification of renewable lipid sources, containing glycerides and
free fatty acids, with low molecular weight alcohols in the presence of an enzyme, acid or

alkaline catalysts (Lotero et al., 2005; Perego & Bosetti, 2010).

Triglycerides (TGs), esters of three fatty acid chains bonded to a glycerine backbone, are not
suitable for use directly as fuels due to their high molecular weight and viscosity (Maryam et

al., 2014; Perego & Bosetti, 2010). The tangling of the fatty acid (FA) tails of glycerides
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increases the oil viscosity leading to solidification of oils, encrustations in the internal
combustion chambers and blockage of the fuel injectors at low temperatures. The longer the
FA chains the higher is the interactions. The TGs must therefore be converted to biodiesel
before use. Although the current biodiesel production is still too low, the production has been

on steady growth as shown in Figure 2.10 and is expected to continue growing in the future.
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Figure 2.10; U.S. Biodiesel production, exports, and consumption, data obtained from
(NREL, 2019).

Biodiesel is used either as a blend, where it is blended with petro-diesel and in this case, no
engine modification is required (Chhabra et al., 2017; Mohsin et al., 2014), or as pure biodiesel
(B100) in which engine modification must be done (Kakati & Gogoi, 2016). Mostly employed
blends are B10 and B20, where 10 and 20 refer to the weight per cent of biodiesel blended with
petro-diesel. For example, B10 stand for a biodiesel blend consisting of 10 % by weight of
biodiesel and 90 % by weight of petro-diesel. Research has also shown that biodiesel blends

give almost similar fuel consumption rate with petro-diesel (Kakati & Gogoi, 2016) in addition
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to improved fuel properties (Negm et al., 2017). However, with these added advantages of
using biodiesel, latest statistics have shown that only a few regions in the world, as shown in
Figure 2.11, currently led by the European Union have adopted its technology and use
(Kamzolova et al., 2011; Mizik & Gyarmati, 2021; OECD/FAO, 2020). The low consumption
of biodiesel is due to the current production technologies using edible vegetable oils and

therefore making it expensive and uneconomical for struggling or growing economies.

Thmland
(3.6%)
Argentina
(6.6%)
2% \

(2.2%)

Figure 2.11; Regional ranking of biodiesel production; data obtained from (OECD/FAO,
2020).

Actively used oils are obtained from palm (Roschat et al., 2016), soybean (Meloni et al., 2016),
sunflower (Santana et al., 2016), canola (Antonova et al., 2015), coconut (Qiu et al., 2016) and
pongamia (Jaya et al., 2015) among others. These oils are also competitively used for human
and animals food production. There is therefore, a need for alternative non-edible oils with low
value to humans such as Jatropha curcas and waste cooking oils. Jatropha curcas oil (JCO)
and waste cooking oil (WCO) are non-edible oils with low value to humans thus can be good
alternative sources of feedstock for biodiesel production. Developed zeolites will be used for

the synthesis of biodiesel using JCO and WCO.



2.5 Jatropha curcas

Jatropha curcas is a hardy shrub belonging to the family Euphorbiaceae (Meloni et al., 2016)
commonly found in most of the tropical and sub-tropical regions of the world (Singh & Padhi,
2009) with cultivation limits at 30°N and 35°S and can grow on poor soils with low rainfall
(Anil et al., 2011; Shambhu et al., 2013). It has a productive life span of 40-50 years but short
gestation period. Its seeds contain as high as over 50 % of oil content (Kumar & Das, 2018),
but with high FFAs content of >1 % (Silitonga et al., 2013). The presence of phorbol esters
which are toxic to animals (Nakao et al., 2015) renders the JCO non-edible. They are therefore
expected not to attract competition as a food oil. The oils also contain more than 75 %
unsaturated fatty acids with high palmitic, oleic and linoleic acids as shown in Table 2.3. The
composition of fatty acids generally depends on the maturity stage of the plant, the interaction
with environment and genetics (Achten et al., 2008; Sinha et al., 2015). The high content of

FFA makes JCO unsuitable for the alkaline catalysed transesterification process.

Table 2.3; Physical and chemical properties of Jatropha curcas oil (Silitonga et al., 2013).

Fatty Acid Composition Physical Properties Value
Fatty Acid Saturation Composition (%) Kinematic viscosity (mm?/s) 28.35
Lauric 12:0 0.l Density (kg/m®) 915.0
Myristic 14:0 0.1 Flashpoint (°C) 190.5
Palmitic 16:0 13.0 Calorific value (MJ/kg) 38.96
Palmitoleic 16:1 0.7 Acid value (mg KOH/qg) 12.70
Stearic 18:0 5.8 lodine value (g 1./100 g) 80.8
Oleic 18:1 44.5
Linoleic 18:2 35.4
Linolenic 18:3 0.3
Arachidic 20:0 0.2
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2.6 Waste cooking oils

Frying conditions involve high temperatures and the presence of moisture and air. Continuous
subjection of the cooking oils to these conditions results in degradation reactions due to
hydrolysis, oxidation, and polymerization of oils (Choe & Min, 2007). This results in waste
cooking oils (WCQOs) with heterogeneous physicochemical properties with the properties
depending largely on the source of waste oil (Sanli et al., 2011), for example, the fatty acids
composition of canola WCO is shown in Table 2.4. WCOs cause severe environmental
degradation, clogging of sewer lines and creating odour if not well monitored. In addition, oils
reaching the water sources increase the organic pollution load and prevent oxygen exchange in

covered surfaces.

Table 2.4; Fatty acids composition of canola waste cooking oil (Chhetri et al., 2008).

Fatty Acid Composition

Fatty Acid Saturation Composition (%)
Myristic 14:0 0.9
Palmitic 16:0 20.4
Palmitoleic 16:1 4.6
Stearic 18:0 4.8
Oleic 18:1 52.9
Linoleic 18:2 135
Linolenic 18:3 0.8
Arachidic 20:0 0.12
Eicosenic 20:1 0.84

Using WCOs will not only lower the cost of biodiesel production but also provide a better
method of converting these wastes into a sustainable green energy source and therefore reduce

pollution loads in the environment. However, as in JCOs, the major drawback in their use as
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feedstock for biodiesel production is in their high FFA and traces of water contents which are
not suitable for most catalytic esterification and transesterification reactions (Maryam et al.,

2014; Patil et al., 2012).
2.7 Biodiesel synthesis

Esterification and transesterification reactions of oils are catalysed by enzymes (Brask et al.,
2015) as well as homogeneous and heterogeneous catalysts. Homogeneous basic catalysts such
as alkalis (Rodriguez-Guerrero et al., 2013) and alkoxides (Eevera & Pazhanichamy, 2013) and
acid catalysts such as HCI (Su, 2013), H2SO4 (Patil et al., 2012), H3PO4 and organic sulfuric
acid RSOszH (Alegria & Cuellar, 2015) are the mainly used catalysts for the esterification and
transesterification reactions of oils. The general transesterification reaction of triglyceride with

methanol is shown in equation (3).

|
HZT—O—g_R1 H,C—OH H;C-0-C—R;
HC—O—C—R, + CH;OH —>» HC—OH + H3C*O—(”3—R2

H2C—O_ﬁ_R3 H2C—OH H3C—O~ﬁ—R3
. . O
Triglyceride (TG)  Methanol Glycerol Fatty acid methy esters
(FAMESs/ Biodiesel) 3)

where R1, Rz, and Rs3, are fatty acid chains.

Basic homogeneous catalysts require anhydrous conditions and feedstocks with low levels of
FFAs. The presence of FFAs and water in the feedstock during transesterification leads to loss
of catalyst, formation of soap as well as hydrolysis of the esters (Eevera & Pazhanichamy,
2013; Patil et al., 2012). In addition, homogeneous catalysts cannot be reused and the process
of purification of the resulting products is cumbersome leading to the generation of large

volumes of wastes.
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A suitable catalyst, which must be able to withstand the oils’ conditions and be able to
effectively and efficiently catalyse the reaction is therefore required. Replacing homogeneous
catalysts with heterogeneous catalysts will have the advantages of reduced corrosion and
environmental problems associated with liquid catalysts as well as reducing the processes
involved in product purification. This will significantly simplify the processes involved in

biodiesel production in addition to lowering the production costs.

2.7.1 Synthesis of biodiesel using heterogeneous catalysts

A variety of heterogeneous catalysts have been used in biodiesel synthesis. Organic polymer
functionalized with sulfonic acid groups (Gomes et al., 2016), activated carbon from the waste
of polyethylene terephthalate (PET) (Fadhil et al., 2016), zirconium containing metal-organic
frameworks (Zr-MOFs) (Cirujano et al., 2015) and sulphated zirconia are among the acid
catalysts which have been used. The proposed mechanism for heterogeneous acid catalysis in

both esterification and transesterification is given in Figure 2.12.
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Figure 2.12; Solid acid-catalyzed simultaneous esterification and transesterification of oil, as
adopted from (Yahaya et al., 2014).
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On the other hand, La,O3z and nano La;Os catalysts (Zhou et al., 2015), CaO and supported
CaO catalysts with zeolites (Roschat et al., 2016; Wu et al., 2013) and CaO-SiO; catalysts
(Chen et al., 2015) have been used as heterogeneous basic catalysts. However, in addition to
catalyst costs, catalyst surface area, stability and therefore multiple reuses and regeneration, as
well as mass transfer limitations are still some of the factors hindering applications of
heterogeneous catalysts. Furthermore, catalysts which can carry out transesterification at

conditions of high FFA is still a challenge.

2.7.2 Zeolites as heterogeneous catalysts for biodiesel synthesis

A lot of work has been done on zeolites as a heterogeneous catalyst for the transesterification
of oils to overcome the disadvantages of homogeneous catalysts currently used in the industrial
production of biodiesel. Zeolite catalysts perform better than metal catalysts (Suppes et al.,
2004). However, zeolites in their pure form show very little or no activity towards oil
conversion reactions (Kay & Yasir, 2012). For effective catalytic activity, they are modified
with specific cations to improve on their catalytic activity. Zeolites are used either as acid
catalysts or base catalysts depending on identity of species used in their modifications. The
pore size and zeolite pore distribution are also important as they play a significant role in the
mass transfer process. Bang et al., 2017 obtained a high yield of biodiesel at 92.8 % using
zeolite LTA synthesized from kaolin. Although catalysts could be used for at least three
consecutive reaction cycles, the catalyst load of 72 wt. % of triolein weight is very high and
therefore not sustainable in the long term. LTA has small pore sizes and therefore the mass

transfer of lipids is a limiting factor.

In acid catalysis, zeolites are modified using mineral acids and acidic cations including Ag, Ni,
Fe, Zn, Sn, and Ti among others, which supply either Bronsted or Lewis acid sites to the zeolite

structure, see Figure 2.1. Chung and Park used H" ion exchanged MFI type ZSM-5 and
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mordenite zeolite catalysts for esterification of oleic acid of soybean oil (Chung & Park, 2009).
H-ZSM-5 zeolites showed high catalytic activity owing to both Bronsted and Lewis acid sites.
But the smaller pores and pore distribution were limiting factors affecting ZSM-5 as catalysts
for conversion of lipids in transesterification reactions where diffusion restrictions to the mass
transfer of triglycerides in and out of zeolite porosity need to be minimized (Carrero et al.,
2011). In order to overcome the mass transfer limitations in zeolite framework structure,
dealumination was done to enhance the pore sizes and porosity (Vieira et al., 2017). However,
this practice might result in interference with the framework structure and even structure
collapse. In solving the problem of low catalytic surface area, Baroi et al. used tungsten oxide
(WO3) and 12-tungstophosphoric acid (TPA) supported on H-Y, H-B and H-ZSM-5 zeolites as
catalysts for esterification of FFAs and transesterification of TGs of green seed canola oil
(Baroi et al., 2014). The TPA impregnated H-Y zeolite showed higher catalytic activity for
esterification, while TPA impregnated H-B zeolite showed higher catalytic activity for the
transesterification reaction. Recently, commercial H-Y and ZSM-5 zeolites were compared as
acid catalysts for the esterification of palmitic acid (Prinsen et al., 2018). H-Y catalyst was
highly effective yielding 100 % conversion after 3 h at 70 °C and a 2:1 of methanol/palmitic
acid molar ratio. The reaction depended more on the porosity and the hydrophobic/hydrophilic
balance of the microporous materials and the reactants. Despite these efforts, catalysts that can
perform both esterification and transesterification reactions efficiently are still a challenge

(SathyaSelvabala et al., 2011), especially for high FFA feedstocks.

Zeolites modified with alkali cations are used as catalysts in reactions requiring basic sites. The
occlusion of the alkali metal oxide clusters in the zeolite pores through the decomposition of
their salts in thermal activation step results in a further increase in the basicity (Suppes et al.,
2004). The basic strength of the resulting catalyst increases with the increasing electropositivity

of the cation used. Alkali hydroxides have been used in loading the metal ions into the zeolite
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pores, however, this led to structure collapse and subsequent loss of active sites (Zhu et al.,
2021). Milder conditions using alkali salts are therefore employed in achieving the same effect.
Alkali acetates, chlorides, and nitrates are therefore employed in achieving the same effect

(Manadee et al., 2017; Martinez et al., 2014; Pefia et al., 2013) resulting in high ester yields.

Suppes et al., 2004 carried out transesterification of soybean oil using Na-X modified with
sodium acetate and sodium azide. It was found that the fatty acid methyl esters (FAME) yield
increased with the number of sodium ions occluded in the super cages. Ramos et al., 2008 in
their study of transesterification of sunflower oil looked at mordenite, beta and X zeolites
loaded with different metal ions through either incipient wet impregnation or ion exchange.
Zeolite X occluded with three excess sodium ions per super cage was found to be the best active
catalyst. The same results were also obtained by Manadee et al., 2017 while working on
potassium ion occlusion on Na-X zeolite catalyst for JCO. Zeolite Na-X has a high
concentration of super basic sites compared to other zeolites and the basicity increases with
increasing alkali metal concentration. Agus et al., 2014 used platinum and palladium ions. They
found that Pt and Pd impregnated into HZSM-5 zeolites not only leads to an increase in surface
area, pore diameter, and volume but also leads to improved yield and selectivity of biodiesel.

However, the costs of these two cation compounds are very high.

2.7.2.1 Optimization of biodiesel synthesis using zeolite catalysts

During synthesis, reaction conditions; temperature, catalyst concentration as well as molar
ratios of reactants, must be optimized as they have been shown to affect the catalytic process,
(Chung & Park, 2009; Fan et al., 2011; Joshi et al., 2008; Karuppasamya et al., 2013; Neha et
al., 2013; Okoronkwo et al., 2012; Shu et al., 2009; Zhang et al., 2001). Optimum esterification
and transesterification reactions have been studied by several researchers and vary depending

on the type of zeolite catalyst as well as the catalyst modification method. However, the
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optimum conditions have been found to be methanol to oil molar ratio of 10-30, catalyst
loading of 2-20 wt. % and reaction temperature and time of 60-80 °C and 6-12 h respectively,
(Kay & Yasir, 2012; Martinez et al., 2014; Pefia et al., 2013; Sun et al., 2015; Supamathanon

et al., 2011; Suppes et al., 2004; Volli & Purkait, 2015).

2.7.3 Benefits of biodiesel

Biodiesel offers a number of benefits. It is sources are renewable, environmentally benign fuel
with almost zero SOx and CO. emissions. According to Peng, 2015, biodiesel fuel has
approximately 10 wt.% oxygen content which may lower the emissions by promoting a more
complete combustion. Besides, using biodiesel fuel contributes to the reduction on CO,
hydrocarbons (HC) and carbon granules (smoke) emissions by up to 25.2, 18.57 and 19.6 %,
respectively (Peng, 2015). Biodiesel also exhibits low viscosity and possesses good engine
combustion efficiency and high lubricity and can therefore enhance engine longevity (Tan et
al., 2015). It is also effective in reducing particulate emissions from the engine when used in

blend form with petro-diesel (Maryam et al., 2014; Okoronkwo et al., 2012).

2.7.4 Disadvantages of biodiesel

Although biodiesel has shown several benefits to the environment and combustion engine, it
also has some drawbacks. The cost of biodiesel is higher than that of petro-diesel because of
the high cost of raw materials currently being used (Singh et al., 2020). Biodiesel is likely to
produce less power with high fuel consumption (7.38 % higher) than petro-diesel (Peng, 2015)
because of its low gross calorific value (energy content) in comparison to petro-diesel
(McCarthy et al., 2011). In addition, variations in quality of biodiesel obtained from various
sources have been previously observed, e.g., palm oil biodiesel is more efficient than biodiesel
produced from tallow and canola oil (Singh et al., 2020). Other disadvantages associated with

the use of biodiesel include deforestation and risk of limitation in food supply due to
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competition in land use with biodiesel plant oils (Aransiola et al., 2014), increased NOx
emissions by 10.34 % (Peng, 2015; Thangarasu et al., 2021), limited use in very cold areas due
to clogging in engine (Yeong et al., 2022) and damage the rubber houses of some engines

(Reddy et al., 2016).
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CHAPTER 3

MATERIALS AND METHODS

This chapter outlines the materials used, the research methods and the methods of data
collection. All figures and tables used in this chapter were generated in this study, unless

otherwise stated.

3.1 Materials

All chemicals and reagents used in this study were of analytical grade unless otherwise
specified. The clay material was an off-white mineral powder supplied by the Department of
Inorganic Chemistry, University of Yaoundé 1 - Cameroon. Raw natural zeolite was supplied
by the Centre for Scientific and Industrial Research (CSIR) - South Africa. Volcanic ash was
obtained from the slopes of Mt. Eburu Volcano (0°34'27.2"S 36°15'43.9"E) in Nakuru county-
Kenya. The volcanic ash used is referred to here as the Kenyan volcanic ash (KVA). Molecular
sieve 4A powder and molecular sieve 13X powder (4-8 mesh) were obtained from Alfa Aesar
Chemicals - UK. Sodium hydroxide (NaOH) pellets 99 %, potassium hydroxide (KOH) pellets
99 %, hydrochloric acid (HCI) 37 %, n-hexane >95 %, n-heptane >99.9 %, methanol >99.9 %
and chloroform >99 % were obtained from Fisher Scientific - UK. Sodium metasilicate
pentahydrate (Na2SiOz-5H20) >95 % and fumed silica powder (SiO2) of 0.007 um particle size
were obtained from Sigma Aldrich Chemicals - UK while sodium aluminate (NaAlO2) was
obtained from MP Biomedicals, LLC - USA. Magnesium sulphate (general grade) and sodium
acetate anhydrous >99 % salts were obtained from Alfa Aesar Chemicals - UK. Lithium

tetraborate (> 99.9 % trace metal basis) was from Honeywell — UK.

Fatty acid methyl esters (FAMES) references and internal standards including Supelco FAME
mix GLC-10, Supelco methyl oleate >99 % and methyl nonadecanoate >98 % were obtained

from Sigma Aldrich - UK. The 28 components standard solution containing 100 ml/L of each
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metal ion component in 5 % HNO3z and the silicon standard solution (100 ml/L) in 5 % HNO3
were obtained from Fisher Scientific - UK. Whatman filter papers grade 1 and 1.3 mm
Whatman 4.5 um polytetrafluoroethylene (PTFE) filters were obtained from Fisher Scientific

- UK. Deionized water was prepared using an Elga PURELAB Option 4463 water deionizer.

3.2 Methodologies

In this study, the words protocol and method have been used interchangeably to mean the same

thing.

3.2.1 Extraction of volcanic ash

The extraction procedure for the volcanic ash is summarized in Figure 3.1.

. -
Volcanic tuff Volcanic ash in 10 % HC1 Acid washed Volcanic ash
(KVA-10%A

Figure 3.1; Extraction of Kenyan volcanic ash material from volcanic tuff.

The raw Kenyan volcanic ash (KVA-Raw) was extracted from the volcanic tuffs by carefully
extracting the white soft solids from the rock samples. The extracted material was then ground
to powder and the powder passed through a magnetic surface to remove the magnetic
components from the ash. The resulting powder (KVA-Raw) was washed six times at room
temperature with deionized water before drying in an oven at 100 °C for 24 h. The dried powder
was further washed to remove inorganic impurities by taking 100 g of the dried powder and

magnetically stirring it at 600 rpm at room temperature in 600 ml of 10 % HCI (wt. %) for 24
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h. The resulting material was washed six times with deionized water to pH ca. 7 before drying

in the oven at 100 °C for 24 h to obtain acid-washed volcanic ash (KVA-10%A).

3.2.2  Zeolite synthesis

Synthesized zeolites were prepared from clay and volcanic ash materials as sources of
aluminosilicates through hydrothermal crystallization process at 100 °C. The clay material was
used as received. The clay was either heated at high temperature or fused with NaOH at similar
temperatures prior to hydrothermal synthesis. Modification was done through addition of
fumed silica, sodium metasilicate pentahydrate or sodium aluminate. Different protocols were

followed in carrying out the syntheses tasks as described in the following sections.

3.2.2.1 Hydrothermal crystallization of zeolites - Protocol 1

In this first protocol, zeolites were synthesized through the pre-treatment of kaolin material by
either metakaolinization in protocol la or fused-matakaolinization in protocol 1b prior to
hydrothermal crystallization step. Synthesis was based on modifications of previous reports by
Rios et al., 2012 and Rios et al., 2009. Figure 3.2 show the schematic flow of protocol 1.
Initially, zeolites were synthesized from clay material without modification of the synthesis
hydrogels. In the MK protocol 1a, the clay was calcined by heating at 10 °C/min to 750 °C and
then holding at this temperature for 8 h. The mixing of heat-treated clay (MK) and NaOH was
then done in such a way that a 1/1.2 weight ratio of MK to NaOH was achieved. Specifically,

3.1 g of MK was mixed with 34.5 ml of 2.7 M NaOH solution in a 50 ml PTFE lined autoclave.

In the F-MK protocol 1b, the clay material was dry mixed with NaOH pellets in a 1/1.2 weight
ratio by grinding in an agate motor before heating the resulting mixture as described above at
750 °C for 8 h. The resulting F-MK1 was then ground to powder. A mass of 4.4 g of the powder

was then dissolved in 21.5 ml of deionized water in a 50 ml PTFE lined autoclave. Both MK
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and F-MK syntheses batches were stirred at 25 °C for 4 h at 600 rpm to dissolve the components
and achieve a homogeneous hydrogel mixture (with Na20:SiO2:Al.03:H20 of 5.6:4.2:1:182.9)
before allowing the hydrogel to age for 24 h at 25 °C. After aging, the hydrogels were placed
in a box furnace or in an oven to crystallize at 100 °C under static conditions for different
periods of time from 8 h to 240 h. Synthesized crystals were washed with deionized water to
pH < 8 followed by drying at 100 °C for 24 h in the oven. The dried zeolites were kept in caped

vials awaiting characterization and catalytic modifications.

MK derived products;
SA-MK
FSY-MK

Hydrogel G,

F-MK derived products;
SX-a-FM

FSY-a-FM j

Protocol 1b %

\_~V

Fused-metakaolinite /<
(F-MK1)

Figure 3.2; Schematic flow for protocol 1.

The SiO2/Al>03 molar ratio of the synthesis hydrogels were also modified in both protocols 1a
and 1b by the addition of fumed silica to achieve a hydrogel Na20:SiO2:Al203:H>0 molar ratio
of 10:1:7.98:120 based on modification of previous reports (Christidis & Papantoni, 2008;
Lutz, 2014). In the MK protocol 1a, 5.5 g of MK, 11.1 g fumed silica, 8.4 g NaOH and 44.5
ml H20 while 10.0 g of F-MK, 8.0 g fumed silica and 35.1 ml H,O water was used in F-MK
protocol 1b. The resulting syntheses hydrogels were subjected to similar conditions as

described above before hydrothermal crystallization step.

3.2.2.2 Hydrothermal crystallization of zeolites - Protocol 2

In protocol 2, F-MK method was implemented by varying the amount of NaOH used in the

fusion step and modification of the hydrogel using sodium metasilicate pentahydrate
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(Na2Si03.5H20). The variation of the amount of NaOH in the fusion step was achieved through
the partial fusion (protocol 2a) based on the previously reported method (Doyle et al., 2016)
and a full fusion (protocol 2b) which was designed to match protocol 1b above. However, the
Na2O concentration was later made up in the hydrogel in protocol 2a before hydrothermal
crystallization step by the addition of compensating amount of NaOH. The syntheses hydrogels
were prepared such that a chemical composition of SiO2:Al203:Na0:H,0 of 7:1:10:282 was
achieved in all cases. The details on the experimental design are shown in the schematic flow

in Figure 3.3.
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Figure 3.3; Schematic flow for protocol 2.

In the partial fusion protocol 2a, F-MK2 was prepared by grinding in agate mortar 4 g of kaolin
with 2.4 g of NaOH pellets followed by fusion at 750 °C for 8 h. The resulting F-MK2 was
then ground to powder. Synthesis hydrogel was prepared by dissolving 5 g of powdered F-
MK2, 7.26 g of sodium metasilicate pentahydrate and 2.74 g of NaOH pellets in 46.9 ml of
deionized water. On the other hand, in the full fusion protocol 2b, the partial fusion protocol
was modified by carefully calculating and grinding the total amount of NaOH activator with
kaolin before fusion. Specifically, 4.0 g of clay mineral was mixed with 6.0 g NaOH by
grinding in agate mortar followed by fusion as described above. The resulting F-MK3 was

ground to powder. The hydrogel was then prepared by adding 6.4 g of sodium metasilicate
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pentahydrate to 6.8 g of F-MK3 before dissolving the mixture in 41.4 ml of deionized water.
The resulting hydrogels were stirred, aged and hydrothermally crystalized at 100 °C for various

duration of time between 48-168 h.

3.2.2.3 Effects of the pre-treatment methods of clay with NaOH before fusion

The effects of kaolin pre-treatment methods before fusion step were investigated by performing
three different methods of kaolin treatment methods in both wet and dry mixing of raw kaolin
with NaOH before either wet or dry fusing the resulting mixture. The first pre-treatment, also
referred to as dry mixing before dry fusion, was achieved by dry grinding raw kaolin with
NaOH pellets in agate motor before dry fusing the mixture as described above. In the second
pre-treatment method, also referred to as wet mixing before wet fusion, the mixing was
achieved by grinding kaolin in agate motor with 3.6 ml of 16.7 M NaOH for partial fusion in
protocol 2a and 7.2 ml of 20.8 M NaOH solution for the full fusion in protocol 2b, before fusing
the wet mixture. In the third pre-treatment, also referred to as wet mixing before dry fusion,
the mixing was achieved by wet mixing of kaolin with NaOH solution as described in the
second pre-treatment method above. The water content of the mixture was then removed by
drying the mixture at 100 °C for 48 h in an oven before dry fusing the resulting dry mixture.
Subsequent hydrogel preparation and hydrothermal crystallization of all fused pre-treated

mixtures were performed as described in section 3.2.1.2.

In further investigations, the three pre-treatment procedures were performed following protocol
1b above where F-MK method with additional fumed silica was used in the synthesis hydrogel.
For the first pre-treatment method (dry mixing followed by dry fusion), F-MK was prepared
by fusing a ground mixture of 6 g of kaolin with 7.2 g of NaOH pellets at 750 °C for 8 h. The
second and third pre-treatment methods were achieved by adding 7.2 ml of water in the

grinding step before wet or dry fusing the mixture at the same conditions as described above.
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Subsequent synthesis hydrogels were prepared by dissolving 10.0 g of F-MKs and 8 g of fumed
silica in 351 ml of H.O to give the same synthesis hydrogel composition of

Si02:Alx03:Na20:H20 molar ratio of 14.08:1:7.13:150.18.

3.2.2.4 Hydrothermal crystallization of zeolites - Protocol 3

In protocol 3, zeolites were synthesized using the Kenyan volcanic ash (KVA), kaolin and
sodium aluminate as sources of aluminosilicates. In the synthesis of zeolites, protocol similar
to the wet mixing method followed by dry fusion described above was used. In brief, 3.07 g of
sodium hydroxide was added to a mixture of 3.13 g of sodium aluminate and 4.69 g of KVA-
10%A. 3.5 ml of water was then added to dissolve NaOH and aid in achieving a homogenous
mixture of the materials as a paste. The paste was then dried in an oven at 100 °C for 48 h
before fusing at similar conditions as described above at 750 °C for 8 h. 6.83 g of the resulting
fused KVA-10%A material (F-KVA) was then dissolved in 50.6 ml of water followed by
starring at 600 rpm for 4 h to achieve a homogeneous hydrogel. The hydrogel was aged and
crystalized at similar conditions as described above. The washing and drying of the resulting
zeolite products were also done as described above. The effects of SiO., Al.O3, Na,O and H20O
contents of the synthesis hydrogels were also investigated by varying the

Si02:Al,03:Na20:H20 of the hydrogels as shown in Table 3.1.

Natural zeolites were crushed to fine powder in agate motor. The zeolite powder was washed
six times at room temperature with deionized water. The washed zeolite cake was then dried
in an oven at 100 °C for 24 h. 10 g of the dried powder was further washed by magnetically
stirring at 600 rpm at room temperature in 250 ml 10 % HCI (wt. %) for 24 h to remove
inorganic impurities and free the voids (Imandiani et al., 2018). The resulting zeolites were

then washed six times with deionized water to pH ca. 7 before drying in the oven at 100 °C for
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24 hours. The prepared zeolites were kept ina 5 mL vial awaiting characterization and catalytic

modifications.

Table 3.1; Variations in the synthesis hydrogels in protocol 3 and the resulting products.

Hydrogel composition

SiO7: Al,O3:Na2O:H>0 Product code

Aluminosilicate source

KVA-10%A-750C + Sodium aluminate 2.4:1.0:3.0:120.6 SZ1-c-FVA
KVA-10%A-750C + Sodium aluminate 4.1:1.0:3.0:221.1 SZ2-c-FVA
KVA-10%A-750C + Sodium aluminate 2.0:1.0:1.9:107.0 SZ3-c-FVA
KVA-10%A-750C + Kaolin 7.2:1.0:10.0:282.1 KaVo-c-FM

3.2.3 Preparation of natural zeolite

3.2.4 Modification of zeolites

Modification of both washed natural and synthesized zeolites was done through wet
impregnation with sodium acetate salt. A mass of 1 g of zeolite was mixed with 2 ml of 1.46
M CH3COONa salt solution and the mixture stirred at 600 rpm at 65 °C for 4 h. Calculation
of the cation concentration was based on the fact that 1 g of zeolite Na-X contain 3.38 x 10*°
unit cells and therefore a total of 2.7 x 10%° super cages (Mentus et al., 2009; Sen et al., 2014;
Ursini et al., 2006). The resulting zeolite was dried at room temperature for 24 h in a vacuum
before further drying in the oven at 100 °C for 24 h. The sodium salt in the modified zeolite
was decomposed by heating the dried modified zeolites in air at 5 °C/min to 500 °C and then
holding at this temperature for 4 h to give Na,O occluded zeolite. Prior to use, the calcined
zeolite catalysts were outgassed by heating at 250 °C for 20 min in a box furnace followed by

cooling in a desiccator under vacuum.
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3.3 Preparation of Lipids

3.3.1 Collection and preparation of Jatropha curcas oil

Jatropha curcas seeds were obtained from Dala Rieko in Asembo Bay, Kisumu County -
Kenya (0°11'14.2"S 34°23'12.1"E). The procedure for the Jatropha curcas oil extraction from

the seeds is summarized in Figure 3.4.

. LAUENES L8 .

1 Seed kennels

Jatropha curcas fruits § v

.......... !

Figure 3.4; Extraction of Jatropha curcas oil from the seeds.

The seeds were manually sorted by hand by removing low quality seeds and impurities by
hand-picking. The seed kennels were obtained by manually removing the seed husks from the
seeds. The seed kennels were washed in deionized water, dried in air for 24 h and then crushed
in a blender to fine powder before further drying in the oven at 100 °C for 4 hours. The dry
seeds powder was soaked in n-hexane (1 g of powder in 2 ml of hexane) in a sealed 2.5 L

Winchester glass bottle for 24 hours. Seeds fibre was filtered off, using grade 1 Whatman filter
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paper, and rinsed with extra hexane. The hexane solvent was then separated through rotor
vaporization in vacuum at 35 °C to recover the extracted oil. The prepared oil was placed in a
tightly sealed glass container and then refrigerated below 4 °C to avoid rancidity as noted by

Silitonga et al., 2013 awaiting analysis and transesterification reactions.

3.3.2 Collection and preparation of waste cooking oil

Waste cooking oil was obtained from Maseno University Kisumu Hotel, Kisumu county -
Kenya (0°06'23.6"S 34°45'09.0"E). The oil was dark brown in colour and containing suspended
solid particles. The oil was filtered to remove large suspended solids particles using 200 um
cheesecloth before washing with hot deionized water six times to remove the fine dirt and
water-soluble components. Further purification was done by dissolving the oil in n-hexane,
(1:2 oil/hexane, v/v), vigorously shaking the contents and leaving it to stand for 24 hours in a
closed glass vessel. Immiscible layers and fine solid particles were decanted off and filtered
through a grade 1 filter paper respectively. The cleaned oil was then recovered from hexane
through rotor vaporization in vacuum. The clean oil was further dried in an oven at 100 °C for
12 h before placing in a sealed container and then refrigerating below 4 °C as noted by Silitonga

et al., 2013 awaiting analysis and biodiesel synthesis.

3.3.3 Biodiesel synthesis

Transesterification reactions were performed in triplicates in a batch process by reacting JCO
and WCO with methanol in the presence of prepared zeolite catalysts as shown in Figure 3.5.
Biodiesel synthesis and preparation procedure reported by the Laboratory Analytical Procedure
developed by the National Renewable Energy Laboratory (NREL) (Van Wychen et al., 2016)
was used with some modifications in this study. In brief, the required amount of catalyst was
weighed in a 10 ml round bottomed flask. The catalyst was evacuated by heating in a box

furnace at 250 °C for 20 min before cooling in a vacuum as previously described. Required
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amount of methanol and oil was then added to the flask containing evacuated catalyst followed

by 5 ml of 10 mg/ml methyl nonadecanoate (C19:0Me) internal standard in heptane.

Transesterification reaction was done by refluxing the flask content in an oil bath while
magnetically stirring at 600 rpm. At the end of the reaction, the products were cooled to room
temperature. VVolume of 1 ml chloroform, 3 ml heptane and 3 ml deionized water were added
to the flask contents after cooling to room temperature. The flask was stoppered, vortexed for
15 s and then allowed to separate for 1 h. To the organic layer, 2 g of freshly dried MgSO4 was
added and the content vortexed before allowing to stand in a sealed vial for 3 h. The dry organic
layer was withdrawn using a 2 ml plastic syringe and filtered through a 0.45 um PTFE
membrane filter into a 2 ml GC vial for GC analysis. The vials were stored at 4 °C or -20 °C

in cases of delayed GC analysis as noted by Van Wychen et al., 2016.

Figure 3.5; Batch transesterification reaction of Jatropha curcas and waste cooking oils.
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3.3.4 Optimization of the biodiesel synthesis

The optimal transesterification parameters were achieved using a design of experiments where
a scheme of experiments in different conditions was developed using Taguchi experimental

design (Garshasbi et al., 2017).
3.3.4.1 Experimental design array

The Taguchi method is a statistical experimental design approach for multifactor process
optimization (Garshasbi et al., 2017). It is a fractional factorial design of experiments based on
orthogonal arrays to evaluate the maximum number of effects from a minimum number of runs
in an experiment while allowing for differences in the number of factor levels. Taguchi
approach is favoured over single process at a time optimization because it gives an extensive
information about the interaction between the process parameters, in addition to the optimized
condition being achieved with a limited number of experiments (Kumar et al., 2017). Taguchi
orthogonal array is represented as La(QP), where a denotes the number of experimental runs, Q

is the number of levels, and b is the number of factors being optimized.

A four level (Lis (4*) Taguchi orthogonal array design of experiments with a total of 16
experimental runs was developed in Minitab 18.1.0.0 software. Table 3.2 show the levels for

chosen independent factors. The experiments were done in triplicates.

Table 3.2; Levels of chosen independent factors in the Lis (4*) Taguchi design of experiments.

Factors Level

low high
Temperature (°C) 50 60 70 80
Oil/Methanol ratio (mol/mol) 1:5 1:10 1:15 1:20
Time (h) 0.5 2 5 8
Catalyst load (w. %) 0.5 2 5 8
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The L1s(4%) experimental design matrix used in the optimization study is show in Table 3.3.

Table 3.3; The Lis(4%) experimental design matrix developed in Minitab 18.1.0.0 software.

Experiment trial Reaction Temp Rgaction Cat load MeOH/O_iI

(°C) Time (h) (wt. %) molar ratio
1 50 0.5 0.5 5
2 50 2 2 10
3 50 5 4 15
4 50 8 8 20
5 60 0.5 2 15
6 60 2 0.5 20
7 60 5 8 5
8 60 8 4 10
9 70 0.5 4 20
10 70 2 8 15
11 70 5 0.5 10
12 70 8 2 5
13 80 0.5 8 10
14 80 2 4 5
15 80 5 2 20
16 80 8 0.5 15

3.3.4.2 Analysis of variance (ANOVA)

Taguchi method leads to the determination of the factors affecting the process. The signal to
noise ratio (S/N) is used to measure the quality characteristics deviating from the desired value.
Based on the S/N ratio, it is possible to get the optimum level of the individual process
parameters providing the highest yield of biodiesel. In this study, ‘‘larger is better’” S/N ratio,

formular shown in equation (4), was selected to attain maximum yield of biodiesel.

1
s y_2>
~ = —10 xlogyo ) le

(4)
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where y;j is the mean value of response (FAME yield), j is the trial number and n is the number

v )

of repetitions of each experiment. The term j=1m is the mean square deviation.

To identify the factor with the most significant effect on the FAME yield and the response
magnitude, statistical analysis of variance (ANOVA) of the response data was used. The basic
property in ANOVA is that the total variation is equal to the sum of the squares of the deviations
(ss) of all the condition parameters and the error components (Kumar et al., 2015). The

percentage of contribution of the factors was evaluated using equation (5).

sum of squares of fth factor

Contribution factor (%) = X 100 % (5)

total sum of squares

3.4 Characterization

3.4.1 Characterization of clay and zeolites

Powder XRD patterns were obtained in a continuous mode with 2 6 scan step size of 0.026°
using a PANalytical X-Pert Pro X-ray powder diffractometer (Almelo, Netherlands)
employing Cu-Ka radiation (A = 0.15406 nm). X-rays were generated from the Cu anode at 40
kV and a current of 40 mA. The samples were ground into powder before loading on the 20
mm XRD quartz sample holder. The diffraction of the sample was recorded over the 2 0 range
from 5° to 50° in the steps of 0.026° at room temperature. Zeolite phases were identified by
comparison with the reference XRD patterns in the zeolite database from the International

Zeolite Association (Baerlocher & McCusker, 2017) and that of commercial molecular sieve
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13X. The percentage crystallinity was estimated by comparing the peak areas of ten selected
strong peaks (at 20 of 6.15°, 10.06°, 15.51°, 20.11°, 23.34°, 26.67°, 30.35°, 30.98°, 32.06° and
33.61° for Na-X, and at 7.27°, 10.24°, 16.17°, 21.71°, 24.05°, 27.17°, 30.88°, 32.59°, 33.43°
and 34.21° for Na-A), with those of commercially available zeolite 13X and zeolite 4A,
respectively (Garcia-Soto et al., 2013). The peak areas were determined with the aid of

OriginLab 9.80.200 software.

The presence of functional groups was monitored by Infrared spectroscopy between 400-4000
cm-1 using a Bruker Alpha Attenuated Total Reflectance - Fourier Transform Infrared (ATR-
FTIR) spectrometer (Germany). About 1 mg of the solid or 0.1 pL liquid sample was placed
on the diamond crystal and the anvil lowered to enforce contact of the solid sample with the
crystal. Thermogravimetric analysis (TGA) was performed using a TA Instrument SDT Q600
thermal analyser (Canada). A mass of 10 mg of the sample was loaded to the TGA pan before
heating the sample between 25 °C and 1000 °C at 10 °C/min under flowing air (100 mL/min).
The surface morphology of the samples was explored via scanning electron microscopy (SEM)
using a Field Electron and lon (FEI) Quanta 200 3D Dual Beam focused ion beam (FIB)
microscope (USA). The powdered samples were placed on the double-sided adhesive carbon
tab mounted on the SEM pin stub. The samples were carbon or palladium coated before EDX

or SEM analysis, respectively.

Chemical composition was obtained using an energy dispersive spectrometer (EDX) during
SEM analysis (USA) and Perkin Elmer Inductively Coupled Plasma Optical Emission
Spectroscopy (ICP-OES) Optima 2000 DV (Shelton, USA) fitted with an auto sampler. For the
ICP-OES, the samples were prepared using the reported procedure by Zamechek, 2001. In
brief, 0.1 g of the sample was thoroughly mixed with 1.5 g lithium tetraborate in a 15 ml

platinum crucible. The mixture was covered and fused in a box furnace by heating at 20 °C/min
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to 1000 °C then holding at this temperature for 2 h. After cooling to room temperature, the
fused material was dissolved by placing the crucible and its content in a 100 ml beaker
containing a hot 10 % HNOz solution. The dissolution was enhanced by magnetically stirring
the hot content in the fume hood for 30 min. The beaker content was then transferred to a 250
ml volumetric flak before making to the mark using milliQ water. The Prepared solutions were
refrigerated, at similar temperatures previously stated, awaiting ICP-OES analysis. During
analysis, argon gas was used to generate the plasma for the ICP-OES. All concertation
measurements were performed in triplicate and the average value used in the subsequent
calculations. The concentrations of reference standards (multicomponent and silicon standard)

used in preparing the calibration curves are shown in Table 3.4.

Table 3.4; Concentrations for calibration curves.

Multicomponent Std Silicon Std
Concentration (mg/L)  Concentration (mg/L)
1 0.05 50
2 0.1 100
3 0.5 200
4 1 300
5 2 400
6 5 500
7 10
8 20
9 50
10 100
11 200
12 300

The concentration range for the multicomponent reference standard was extended to very low
concentrations in order to accommodate the analysis of trace elements in the samples. The
wavelengths in nm used for the analysis of Si, Al, Ti, Fe, Cu, K and Na using ICP-OES were

251.611, 396.153, 334.84, 234.349, 222.778, 766.49 and 589.592, respectively.
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Textural properties of the materials and synthesized zeolites were analysed using a
Micromeritics 3FLEX sorptometer (USA) employing N2 gas as a sorbate at liquid nitrogen
temperature (-196 °C). Approximately 100 mg of the sample was loaded into the BET ports.
The samples were outgassed under vacuum at 300 °C for 16 h prior to analysis. The surface
area was calculated using the Brunauer-Emmett-Teller (BET) method. The total pore volume
was calculated from the nitrogen uptake at close to saturation pressure (i.e., at P/Po ~ 0.99)
while micropore surface area, external surface area and micropore volume were determined
from t-plot analysis. Horvath-Kawazoe model, assuming spherical pore geometry due to the
three-dimensional pore structure of zeolites (Cheng & Yang, 1994), was used in modelling the

pore distribution of the synthesized zeolites.

3.4.2 Characterization of oils and biodiesel

Characterization of oils and biodiesel samples was done by testing the physical and chemical
properties of the oils and their corresponding FAMEs. The thermal and functional groups
analysis of the oils and biodiesel were performed using TGA and FT-IR spectroscopy as
described above. The fatty acid composition of the oils as well as the FAME content of
transesterification products were determined by gas chromatography Trace 1310, (Thermo
Scientific - USA). The GC was fitted with the flame ionization detector and SGE BP1 column
(30 m x 0.25 mm x 0.25 um) and helium used as a carrier gas. All analyses were performed in

triplicate and the average value used in subsequent calculations.

A supelco multicomponent GLC-10 reference standard was used for the optimization of GC-
FID instrument parameters and for the calibration and determination of response factor (RF).
GLC-10 consists of 20 % (wt. %) each of methyl palmitate (C16:0Me), methyl stearate
(C18:0Me), methyl oleate (C18:1Me), methyl linoleate (C18:2Me) and methyl linolenate

(C18:3Me). Other properties of oils and biodiesel products including density, acid value,
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viscosity and saponification value were analysed according to the European Norm (EN-

14214:2008, 2009) developed by the European Committee for Standardization.

3.4.2.1 Optimization of GC-FID instrument parameters

Optimization of GC-FID instrument parameters was performed before oils and biodiesel
analysis. Table 3.5 shows the optimum conditions for the GC-FID analysis obtained using
GLC-10 reference standard. The conditions were based on the better separation of the methyl
stearate (C18:0Me), methyl oleate (C18:1Me) and methyl linoleate (C18:2Me) peaks of the

GLC-10 reference standard.

Table 3.5; Optimum GC-FID conditions obtained using GLC-10 reference standard.

Parameter Conditions
GC column SGE BP1 30m x 0.25 mm x 0.25 pm
Carrier gas Helium, at 1 ml per min flow
Inlet;
Injector temperature 250 °C
Injection 1uL (auto injection)
Split ratio 10:1
Oven programme Rump; 120 °C for 1 min, then 6 °C/ min up to 250 °C
and then hold for 5 min
Detector;
Type Flame ionization
Detector temperature 280 °C
Gas H>
Flow 450 ml/min air
40 ml/min Hy
30 ml/min Helium
Total run time 28 min

The optimized GC-FID conditions were used for the subsequent characterization of oils and

transesterification products using GC-FID.
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3.4.2.2 Determination of the response factor (RF)

The response factors (RFs) for individual FAMEs in the GLC-10 reference standard were also
determined before characterization of oils and transesterification products. The RF is a measure
of the relative mass spectral response of an analyte compared to its internal standard. The
determination of RF was achieved by generating the calibration curves for each FAME
component of GLC-10 reference standard and following the method developed by Van
Wychen et al., 2016. Individual FAME peaks of the GLC-10 reference standard were identified
by their retention times from the GC spectrum generated using optimized conditions above.
Table 3.6 show the five levels of reference standards (r.s) alongside internal standards (i.s), and
their corresponding concentrations, prepared for the generation of calibration curves for the

determination of RF.

Table 3.6; Five levels of reference standards for the determination of RF.

Ref. std (r.s) level  [r.s] (mg/mL) [i.s] (mg/mL)

1 0.0099 0.025
2 0.0298 0.025
3 0.0994 0.025
4 0.2485 0.025
5 0.497 0.025

[r.s] is the concentration of the reference standard, [i.s] is the concentration of the internal standard

The RF for each FAME component was calculated using the gradients of linear plots obtained
from the calibration curves by following Laboratory Analytical Procedure (Van Wychen et al.,

2016).
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3.4.2.3 Determination of the fatty acid composition of the oils

The fatty acid composition of the oils was determined using GC-FID by following the
Laboratory Analytical Procedure (Van Wychen et al., 2016). In brief, 30 mg of oil was weighed
in a 5 ml round bottomed flask. 1.2 ml of 0.6 M HCI, 0.8 ml of 2/1 chloroform/methanol and
0.1 ml 10 mg/ml of C19:0Me internal standard was added to the flask. The content was
vortexed for 15 s followed by transesterification reaction at 85 °C for 1 h. The reaction content
was then stoppered and allowed to cool for 1 h to room temperature. A volume of 1 ml of
chloroform and 1 ml of deionized water was then added to the flask and the content vortexed
for 15 s before allowing to separate for 1 h. a mass of 2 g of dried MgSO4 was added to the
organic layer and the content vortexed for 15 s. The vial was then allowed to stand for 3 h to
separate the solids from liquid. The liquid layer was carefully withdrawn using a 2 ml syringe
and filtered through a 4.5 um PTFE membrane filter into GC vials for analysis. The vials were

tightly caped before storage at -20 °C where analysis was delayed.

The individual FAME peaks of the JCO and WCO derived FAMEs were identified by
comparing their retention times with those of the GLC-10 reference standards in their

respective GC spectra.

3.4.2.4 Determination of FAME content of transesterification products

The FAME contents of various biodiesel samples were determined using GC-FID. The FAME

yield (%) of the transesterification product was calculated using the formula in equation (6);

S FAME

FAME Yield (%) = x 100 % (6)

oil
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where > FAME is weight summation of fatty acid methyl ester content of individual fatty acids

in the biodiesel, while woj is the dry weight of the oil sample used in the transesterification.
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CHAPTER 4

RESULTS AND DISCUSSION

This chapter details the results and discusses them. All figures and tables in this chapter were

generated from this study.

4.1 Characterization of raw materials

The raw materials considered here are the clay mineral and volcanic ash which were utilized

in the subsequent sections in the synthesis of zeolites.

4.1.1 Characterization of clay material

In order to investigate the vibrational characteristics of the bonds and to identify the phases
present in the clay materials, Fourier transform infrared (FTIR) and X-ray diffraction (XRD)
spectroscopies were performed on raw and treated clay material. Figure 4.1 show the resulting
FTIR spectra of the raw and treated clay materials in metakaolinite and fused-metakaolinite
methods. The FTIR bands between 400-1100 cm™ describes the modes of vibrations of silica
and alumina groups in the clay. The bands at ca. 525 and 1025 cm™ are due to Si-O-Si bending
and stretching vibrations respectively, and similar results had also been observed by Bukalo et
al., 2017. The bands at 997 and 1114 cm™ are due to Si-O in plane and out of plane stretching
vibrations respectively, while those at 540 and 911 cm™ are due to the Al-O stretching of the
AlOe¢ octahedron and the AI-OH inner surface bending vibration respectively. The doublet
bands at ca. 792 and 751 cm™ due to Si-O from quartz phase have also been previously observed
in other studies by Saikia & Parthasarathy, 2010. The four bands between 3600-3900 cm™ are
characteristic to the triclinic layer structure of kaolin (Djomgoue & Njopwouo, 2013). In

specific, the band at ca. 3620 cm™ is due to stretching vibrations of inner -OH groups (Al-OH),
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while others at ca. 3654, 3667 and 3687 cm™ are due to stretching vibrations of surface -OH

groups.

()
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Figure 4.1; The FTIR spectra of; (a). raw clay and metakaolinite, and (b). raw clay, treated
clay and fused-metakaolinite.

In Figure 4.2a, apart from the quartz bands in the matakaolinite (MK), which were still visible

within the broad band of MK at 778 cm™, all other -OH and characteristic bands in the raw
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clay were not observed after metakaolinization. All the Si-O and Al-O-Si bands of kaolinite
shifted to higher wave numbers in MK with the new broad bands centred at 1049 and 435 cm”
! representing amorphous aluminosilicate vibrations. The FTIR spectrum for the wet mixture
of raw clay with NaOH solution in Figure 4.2b reveals masked bands of quartz and kaolinite
mineral. The kaolinite bands were however suppressed after drying out the water solvent
leading to formation of new bands. Further treatment of the dried mixture by fusion at 750 °C
eliminated the kaolinite and the quartz bands, and led to the formation of additional new bands

in the low wave number region.

Figure 4.2(a & b) show the resulting XRD patterns of raw and treated clay materials in
metakaolinite and fused-metakaolinite methods, respectively. The XRD pattern of raw clay
mineral in both Figure 4.2(a & b) reveals peaks at 2 6 of 12.4° and 24.9° corresponding to
characteristic 7.1A and 3.7A d-spacings for the kaolinite phase, which have also been reported
in other studies by Senoussi et al., 2016. Other kaolinite peaks appear at 19.9°, 20.5°, 35.0°,
36.0° and 38.5°. The other peaks at 20 of 20.9°, 26. 7°, 36.6°, 39.5°, 42.5° and 45.8° in the
pattern correspond to quartz phases. In Figure 4.2a, the expected broad peak between 2 6 of
13°-30° corresponding to newly formed amorphous aluminosilicates in metakaolinite (MK)
was masked by the intense quartz peaks. Pre-treatment of raw clay by wet mixing with NaOH
and then drying out of water solvent in Figure 4.2b led to the suppression of kaolinite peaks
and emergence of new peaks alongside quartz peaks. Kaolinite and quartz peaks were not
observed in the fused-metakaolinite (F-MK), however, there was formation of additional new
XRD peaks in the higher 26 values. The observations made in the XRD patterns are therefore
in agreement with those made in the FTIR spectra. The occurrence of new FTIR bands and the
presence of new XRD peaks in the fused-metakaolinite might imply the formation of new

phases.
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Figure 4.2; The XRD pattern of; (a). raw clay and metakaolinite, and (b). raw clay, treated
clay and fused-metakaolinite.

To explore the surface morphology of the raw clay and metakaolin materials, SEM imaging
was performed. The SEM image of raw clay and MK are shown in Figure 4.3. The SEM image
of the raw clay in Figure 4.3(a & b) depicts a pseudohexagonal platy morphology typical of

kaolinites (Hanlie et al., 2012). The kaolinite flakes are also visible in both Figure 4.3(a & b).
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The flakes and platy morphology were, however, not observed in Figure 4.3c for the MK. The
SEM image of MK also reveal some layered morphology besides the observed amorphous
phases. The layered morphology in MK might imply the presence of unconverted phases, even

after heat treatment, alongside amorphous MK phase.

Figure 4.3; SEM image of raw clay (a & b), and metakaolinite (c).

In order to determine the chemical composition of the raw and treated clay materials, ICP-OES
analysis was performed on the raw and treated materials. The chemical analysis of the raw clay
and F-MK is shown in Table 4.1. The calibration curves used in the determination of elemental

composition for Al, Si, Na, Fe, K and Cu are shown in Appendices 1-7.
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Table 4.1; Chemical composition of raw and treated clay.

Percent oxide (wt. %)

Sample Al,O3 SiO; Na.O TiO, Fe0; KO CuO LOI* SiO2/Al,O; Calculated Chemical formula
Raw clay 3034 5674 054 107 045 018 018 1049 317  FeossCloasTiessNazeoKossAliooSisse00urs s
Washed Fused- 2738 3508 3623 072 032 015 012 - 217 FeosCliozsTir 7aNazi7 soKoseAlooSisos 70us as

metakaolinite (F-MK)

Total SiO, content of raw clay = 56.74 %;

SiO2in the kaolin structure

SiO2in quartz

wt. %

35.71

21.03

* Loss on ignition
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The weight loss on ignition (LOI) for the clay material, due to dehydroxylation to MK, was
10.49 %. Apart from Ti, Fe, Na, K and Cu elements which were detected in trace amounts, the
main oxides in the clay mineral were Al2O3 (30.34 wt. %) and SiOz (56.74 wt. %). The
Si02/Al,03 molar ratio of the clay material was found to be 3.17, which was higher than the
expected value of 2 for the 1:1 kaolinite clay material (Schulze, 2005). The extra SiO> is
therefore present in the form of quartz also observed in the FTIR spectra and XRD patterns in
Figure 4.1 and 4.2, respectively. Based on the chemical formula of kaolin, calculations in the
present study showed that, of the 56.74 % of SiO2 in raw clay, 21.03 % is quartz phase while
35.71 % is the silica forming the kaolinite structure. For the washed fused-metakaolinite,
obtained by washing out excess alkali and free ions from the F-MK, the Na,O composition
significantly increased to 36.23 % while the SiO2/Al.O3 molar ration reduced to 2.17 (i.e., in
comparison with the kaolin starting material). The increase in Na2O is due to the successful
reaction of NaOH with kaolin components at high fusion temperature, while the reduction in
SiO2/Al,03 might imply leaching out of SiO: in the clay material and subsequent loss of

unreacted silica ions in the aqueous solution.

Understanding the thermal properties of a material is important because it illustrates the
response of the material when heat is supplied thus giving information on changes
accompanying physical or chemical quantities, phase transitions and initiated chemical
reactions. Thermogravimetric analysis of the raw and modified kaolin was performed in the
temperature range of 25-1000 °C to understand their thermal behaviours. Figure 4.4 shows the
thermogravimetric analysis (TA), differential thermogravimetric analysis (DTA) and
differential scanning calorimetry (DSC) curves for raw clay, F-MK and wet mixed clay with
NaOH then dried. Positive derivative of weight (DTA) curve indicates mass loss while positive

derivative of heat flow (DSC) curve indicates heat released/exothermic process.
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Figure 4.4; TGA analysis of clay; (a). raw clay, (b). wet mixed raw clay with NaOH then
dried, and (c). washed F-MK.

Raw kaolin in Figure 4.4a is stable up to 400 °C with subsequent exothermic weight loss (LOI)

of 10.49 % at 500 °C. The weight loss is due to the dehydroxylation reaction of kaolin to
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metakaolin (Michot et al., 2011). The treated clay (wet mixed with NaOH then dried) in Figure
4.4b shows a multiple step weight loss. The first step, ca. 5 % weight loss occurring between
30-500 °C, is attributed to the loss of absorbed water. The second step occurs between 500-720
°C and is due to the decomposition of NaOH and subsequent loss of associated water. The
subsequent two steps between 720-810 °C could be due to the rearrangement of atoms during
the structure building and the associated weight loss. The other steps are in the range of 810-
1000 °C might be due to change in sodium aluminosilicate phases to metastable phases. On the
other hand, ca. 12 % gradual weight loss between 50 °C and 600 °C due to the absorbed water
molecules was recorded for the F-MK. In addition, the positive derivative of heat flow for the
F-MK at ca. 900 °C, not accompanied by weight loss, is likely due the structural collapse of

the F-MK to form high temperature phases.

To explore the porosity and textural properties of raw kaolin, BET analysis by N sorption at
liquid nitrogen temperature (-196 °C) was performed. The textural properties of the raw kaolin

material are shown in Figure 4.5 and Table 4.2.
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Figure 4.5; Porosity analysis of raw kaolin material; (a). N2 sorption isotherm, and (b).
Horvath-Kawazoe pore size distribution.
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Table 4.2; Textural properties of raw kaolin material.

Specific Micropore External Micropore Total pore

Pore size
Sample Surface area surface area surfacearea  volume volume A)
(m?/g) (m?/g) (m?/g) (cm3/g) (cm®/g)
Raw-Kaolin 13 - 15 - 0.05 -

The BET isotherm of kaolin material in Figure 4.5a exhibited a reversible type Il isotherm,
showing unrestricted monolayer-multilayer adsorption up to high P/Po, with a type H3
hysteresis loop for the non-rigid aggregates of plate-like particles of clay material (Thommes
et al., 2015). The low BET surface area in Table 4.2, also observed in the BET isotherm in
Figure 4.5a, is due to the layered characteristics of kaolin clay. The pore width distribution in

Figure 4.5b reveals microporous porosity at 14.8 A for the kaolin.

4.1.2 Characterization of the volcanic ash material

The ICP-OES and X-ray fluorescence spectroscopy were performed on the raw and purified
volcanic ash to determine their chemical composition. The chemical composition of the raw
(KVA-Raw), acid-washed (KVA-10%A) and calcined (KVA-10%A-750C) volcanic ash is
shown in Table 4.3. A total of 33 % weight loss was observed as loss on ignition (LOI). The
chemical analysis of raw volcanic ash shows that its major constituents by weight percent are
CaO and SiO2 at 47.09 % and 18.38 % respectively. Other oxides of Na, Ti, Fe, K and Cu were
present in trace amounts. The CaO was eliminated by washing raw volcanic ash (KVA-Raw)
by stirring in aqueous solution of 10 % HCI (wt. %) at room temperature for 24 h to give acid-
washed volcanic ash (KVA-10%A). The composition of the resulting KVA-10%A was 99 %
SiO2 and 1% trace oxides. The composition stayed at 99 % of SiO even after heating at 750

°C.
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Table 4.3; Chemical composition of the raw, acid-washed and calcined volcanic ash.

Percent oxide (wt. %)

Sample Al,O;  SiO; NaO TiO, Fe:03 KO CaO CuO SiOJ/AIOs: LOI Method Chemical formula

KVA-Raw 0.36 18.38 - 0.15 0.03 0.03 47.09 - 88.23 33 XRF Caza2.26F€0.05 Ti0.28Ko.17Al10S144.110211.67
KVA-10%A 0.24 98.92 0.57 0.02 0.06 0.04 - 0.16 707.67 - ICP-OES  Feo.15CUo.42Tio.0sNasz 96Ko.10Al1Sizs3.810711.95
KVA-10%A-750C - 99.39 0.20 - - 0.10 - - - - SEM-EDX Cao,loNao_ssKo_zzMgo_398i1000200_85
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The surface morphology analysis by SEM of the raw and acid-washed volcanic ash are shown
in Figure 4.6. The SEM image of the raw volcanic ash in Figure 4.6a show a porous material
with a very rough topology. A non-porous amorphous material in Figure 4.6b was, however,

obtained after washing the KVVA-Raw and eliminating the CaO with 10 % HCI.

Figure 4.6; The SEM images of volcanic ash; (a). KVA-Raw, and (b). KVA-10%A-750C.

The X-ray and Fourier transform infrared spectroscopies were performed on raw and purified
volcanic ash materials in order to identify the phases present and to investigate the vibrational
characteristics of the bonds involved, respectively. Figure 4.7 show the resulting FTIR spectra
and XRD patterns of the raw (KVA-Raw), acid-washed (KVA-10%A) and calcined acid-
washed volcanic ash (KVA-10%A-750C). The bands in Figure 4.7a appearing at 449, 794 and
1062 cm™* are due to Si-O symmetric bending, in plane and out of plane stretching vibrations
of the amorphous SiO;, respectively. The band at ca. 779 cm™ is due to Si-O of quartz phase
(Saikia & Parthasarathy, 2010). The FTIR bands at ca. 712, 872, and 1412 cm™ in the KVA-
Raw are characteristics of calcite polymorph of calcium carbonate mineral and corresponds to
the in-plane bending (va), out of plane bending (v2) and symmetric stretching (vs) modes of
vibration for the calcite’s -CO3z group. Similar bands have also been reported for calcite by

other researchers, (Legodi et al., 2001; Singh et al., 2016).

76



(@) .
Fumed silica (Reference)
KVA-10%A-750C ; I
KVA-10%A ‘ /i =
! o
3400 N\l 2
KVA-Raw \ =
1 <
4 ; e
Q "
K P &
| | 1 | | 1 |
4000 3400 2800 2200 1600 1000 400
Wave numbers (cm™)
(b) ¢ Quartz
v Calcite
El
.‘_“I, 0
2
[72]
c
Q
=
= o 0
o | KVA-10%A
Q
N
™
£
.
o
=
v v
v v v
KVA-Raw Y b v Ll 'ﬂ_L
| | | L | L
10 20 30 40 50
206 (°)

Figure 4.7; (a). FTIR spectra of raw volcanic ash (KVA-Raw), acid-washed (KVA-10%A)
and calcined acid-washed volcanic ash (KVA-10%A-750C), and (b). XRD patterns of raw

volcanic ash and acid-washed volcanic ash.

Other calcium carbonate bands appear at ca. 1796, 2507 and 3695 cm™ (Kamba et al., 2013;
Singh et al., 2016). The other bands at 667 and 1015 cm™ observed here were reported for the

poorly ordered amorphous CaCOs phase (Rodriguez-Blanco et al., 2011).The calcium in the
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raw volcanic ash is therefore present inform of calcite polymorph. All the calcite bands were
eliminated by washing the raw volcanic ash with aqueous solution of 10 % HCI. The bands due
to amorphous SiO2 were masked in the KVA-Raw spectrum by the calcite bands. The resulting
FTIR spectra of the calcined volcanic ash (KVA-10%A-750C) is in good agreement with that

of fumed silica reference.

The XRD patterns of the raw and acid-washed volcanic ash is shown in Figure 4.7b. The peaks
at2 0 of 23.2°, 29.5°, 31.6°, 17.4°,39.5°,43.3°, 47.3°, 47.7° and 48.7° in the raw volcanic ash
pattern are characteristic of calcite polymorph of CaCQOs. Similar peaks were observed by
Fatimatul et al., 2019. All the calcite peaks were eliminated after washing the volcanic ash with
10 % HCI leaving behind amorphous silica phase with a broad peak between 17-34°. The other
sharp peaks in the KVA-10%A pattern at 20 of 21.1°, 26.8°, 36.7°, 39.6°, 40.3°, 42.6° and
46.0° belong to the quartz phase. The amorphous silica and the quartz peaks were however
suppressed in the XRD pattern of the KVA-Raw by the intense calcite peaks. The observations
made in the XRD patterns are therefore in good agreement with the observations made in the

FTIR spectra, SEM images and the chemical analysis for volcanic ash material.

In order to understand the thermal behaviour of the raw and the purified volcanic ash,
thermogravimetric analysis of KVA-Raw and KVA-10%A were performed. Figure 4.8 shows
the TA, DTA and DSC thermal analysis curves for the raw and acid-washed volcanic ash
materials. The raw volcanic ash in Figure 4.8a was stable up to 620 °C with only 1 % weight
loss being recorded between 20-620 °C due to the loss of small quantity of absorbed water. A
total of 33 % weight loss (LOI), due to the decomposition of calcium carbonates to calcium
oxide and subsequent loss of CO, (Kamba et al., 2013), was observed between 620-815 °C
with the integral peak appearing at 790 °C. On the other hand, only 3 % weight loss, due to
small quantity of absorbed water, was recorded for the acid-washed volcanic ash in Figure

4.8b.
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Figure 4.8; Thermograms of; (a). Raw volcanic ash (KVA-Raw), and (b). Acid-washed
volcanic ash (KVA-10%A).

The textural properties of the raw volcanic ash material by BET N2 sorption are shown in Figure

4.9 and Table 4.4.
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Figure 4.9; Porosity analysis of KVA-Raw material; (a). N2 sorption isotherm, and (b).
Horvath-Kawazoe pore size distribution.

Table 4.4; Textural properties of KVA-Raw material.

Specific Micropore External Micropore  Total pore

Pore size
Sample Surface area surface area surface area volume volume A)
(m2/g) (m2/g) (m2/g) (cm3g) (cm3/g)
KVA-Raw 97.42 5.17 92.32 0.002 0.21 12,17 & 49

A type Il adsorption isotherm was observed for KVA-Raw material showing unrestricted
monolayer-multilayer adsorption with a hysteresis loop (Thommes et al., 2015). The raw clay
material also exhibited a multi size range pore, i.e., two micropores of 12 and 17 A and a

mesopore of 49 A.
4.2 Hydrothermal crystallization products - Protocol 1

In protocol 1, the effect of metakaolinization and fused-metakaolinization on the resulting
zeolite products was investigated. The kaolin material was used for the synthesis of both MK
(in protocol 1a) and F-MK (in protocol 1b) products with and without modification of the

synthesis hydrogel composition by using additional fumed silica in the hydrogel.
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4.2.1 Metakaolinite derived product (protocol 1a)

The effect of metakaolinization on the resulting zeolites was investigated by calcining kaolin
at 750 °C before dissolving the calcined metakaolinite in concentrated NaOH solution. The
chemical rection of kaolin at 750 °C and resulting into amorphous aluminosilicates
(metakaolin) is represented in equation 1 in section 2.2.2. Based on the chemical composition
of the clay material in Table 4.1, the MK hydrogel’s Na>0:SiO2:Al203:H20 molar composition
used in protocol 1a, when clay was used without modification of the hydrogel, was calculated

tobe at 5.6:4.2:1:182.9.

To investigate the vibrational characteristics of the bonds involved in the making of the
product, FTIR spectroscopy was performed on the MK hydrogel and its resulting product. The
transformation of kaolin through MK to the MK derived product (SA-MK-48h) in protocol 1a
is shown in Figure 4.10. The FTIR bands below 1100 cm™ describes the modes of vibrations
of silica and alumina groups in the resultant product. As silica and alumina bonds of crystalline
polymer are formed, the FTIR bands of the MK at 1049 and 435 cm™ (due to O-T bonds of
amorphous aluminosilicates) in Figure 4.2a shifted to lower wave numbers at 967 and 435 cm’
Lin Figure 4.10a, respectively. The FTIR bands at 3300 and 1641 cm™ are due to hydroxyl
stretching and bending vibrations respectively, associated with the aqua-complex and water of
hydration in the zeolite pore channels (Krdl et al., 2012; Tounsi et al., 2009). The band at 543
cm® corresponds to the ring opening vibrations of the double four membered ring (D4R) for

the zeolite Na-A (Mozgawa et al., 2011).

Other bands at ca. 967 cm™, 667 cm™ and 457 cm™ are due to the asymmetric stretching,
symmetric stretching and bending vibration, respectively, of Si-O-Si(Al) bridges in the TO4
tetrahedral (Belaabed et al., 2016). In order to process and resolve the FTIR spectrum of the

MK synthesis hydrogel and to compare its characteristics with that of the product,
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deconvolution of the hydrogel spectrum was performed. The deconvoluted FTIR bands of the
aged MK hydrogel in Figure 4.10b reveals bands of preformed zeolite seeds which are

subsequently transformed into zeolite products during the hydrothermal crystallization.
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Figure 4.10; Characterization of MK product; (a). FTIR spectra of MK transformation, and
(b). Deconvoluted FTIR peaks of aged MK hydrogel.
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In order to identify the various phases present in the synthesized product, and to explore its
surface morphology, the XRD and SEM analysis were performed on the SA-MK-48h product,

respectively. The XRD patterns and SEM image of the resulting products are shown in Figure

4.11.
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Figure 4.11; Characterization of MK product; (a). XRD patterns of MK transformation, and
(b). SEM image of MK derived product.
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For the XRD pattern in Figure 4.11a, the peaks at 2 6 of 20.9°, 26. 7°, 36.6°, 39.5°, 42.5° and
45.8° belong to quartz phase and are derived from the parent kaolin (see Figure 4.2a). All the
remaining peaks at 2 6 of ca. 7.3°, 10.2°, 16.2°, 21.7°, 24.1°, 27.2°, 30.9°, 32.6°, 33.4° and
34.2° are characteristic of Linde type zeolite Na-A (LTA) (Baerlocher & McCusker, 2017).
The calculated percentage crystallinity of the synthesized Na-A was 88.1 %. In addition, the
SEM image in Figure 4.11b revealed cubic crystallite particles ranging between 0.2- 3.5 um in
size. The cubic crystals further confirm the presence of zeolite Na-A products. The particles

exhibit overgrowths and inter-growths of crystals.

4.2.2 Fused-metakaolinite derived product (protocol 1b)

The effect of fused-metakaolinization on the resulting zeolites was investigated by heating a
mixture of kaolin with NaOH at 750 °C before dissolving the F-MK in deionized water. The
proposed chemical rection of kaolin with NaOH taking place at 750 °C and resulting into

sodium aluminosilicates (fused-metakaolin) is represented in equation (7).

Si,Al,0s(OH), + 6NaOH - 2Na,SiOs + 2NaAlO, + 5H,0 @)

Kaolin Sodium aluminosilicates

Based on the chemical composition of kaolin in Table 4.1, and assuming that there was no loss
of inorganic components during fusion, the MK hydrogel’s Na20:SiO2:Al.03:H20 molar

composition used in protocol 1b was the same as in protocol 1a at 5.6:4.2:1:182.9.

To investigate the vibrational characteristics of the bonds involved in the formation of F-MK
product, FTIR spectroscopy was performed on the F-MK hydrogel and its resulting product
(SX-FM-48h). The transformation of kaolin through F-MK to the SX-a-FM-48h product in

protocol 1b is shown in the FTIR spectra in Figure 4.12. The FTIR spectra of the fusion product
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and its F-MK precursor are relatively identical. The bands positions of F-MK in Figure 4.12
shifts to higher wavenumbers as crystalline zeolite product are formed. The FTIR bands of SX-
a-FM-48h at 957, 749 and 442 cm™ arise from the asymmetric stretching, symmetric stretching
and symmetric bending vibrations of T-O bonds in the tetrahedra, respectively (Mozgawa et
al., 2011). The band at 558 cm™ is due to symmetric stretching vibrations associated with the
double six membered rings (D6R) of zeolites Na-X (Mozgawa et al., 2005). Other bands

observed at 1,644 and 3,491 cm™ are for water of hydration and are discussed in section 4.2.1.
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Figure 4.12; FTIR spectra of F-MK, aged F-MK hydrogel and the resulting SX-a-FM-48h

resulting product.

In order to identify the phases present in the synthesized product, and to explore its surface
morphology, the XRD and SEM analysis were performed on the SA-MK-48h product. The
XRD patterns and SEM image of the SX-a-FM-48h product is shown in Figure 4.13. The XRD
peaks of F-MK1 tends to shift to low 2 6 values as it is transformed to zeolite products. The
peaks at 26 of 6.15°, 10.06°, 15.51°, 20.11°, 23.34°, 26.67°, 30.35°, 30.98°, 32.06° and 33.61°

for the SX-FM-48h are characteristic of zeolite Na-X of the faujasite (FAU) family (Baerlocher

85



& McCusker, 2017). The calculated percentage crystallinity of the synthesized Na-X was at
95.9 %. The SEM image of SX-a-FM-48h in Figure 4.13b reveals octahedral shaped crystals
with varying crystallite sizes ranging from 50 nm to 800 nm. The octahedral crystals are
characteristic of zeolite X in the FAU family. The crystals were smaller in size compared to

those obtained in Figure 4.11b for zeolite Na-A synthesized in protocol 1a.
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Figure 4.13; Characterization of F-MK product; (a). XRD pattern of F-MK transformation,
and (b). SEM image of F-MK derived product.
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4.2.3 Chemical analysis of protocol 1 products

To determine the chemical composition of the products obtained in protocol 1, chemical
analysis by ICP-OES spectroscopy was performed on the products and compared to their parent
starting materials. The chemical analysis results are shown in Table 4.5. The observed silica
content of MK product (i.e., SA-MK-48h) was high as shown in the SiO2/Al,03 molar ratio of
3.25. This is higher than the expected composition for the Na-A zeolite (Hu et al., 2017). This
additional silica, also observed for the kaolin in Table 4.1 is due to the presence of
undecomposed quartz phase originating from the parent clay mineral. The chemical
composition for the zeolite Na-X product (SX-a-FM-48h) was the same as that of washed F-
MK precursor in Table 4.1 and having a SiO2/Al>0s molar ratio of 2.22. Based on the chemical
analysis data, the chemical formula of the SX-a-FM-48h product was calculated to be
Feo.91CU0.43Ti2.42Na126.67K0.424Al100Si110.890441.97, Which is consistent with other reports for the

zeolite Na-X product (Guesmi & Massiani, 2011; Olson, 1995).
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Table 4.5; Chemical composition of products obtained in protocol 1.

Percent oxide (wt. %)

Sample AlbOs TiO2 Fe:O3 KO CuO NaO SiO, SiO2/Al203 Calculated Chemical formula

SA-MK-48h 26.77  0.97 0.42 020 020 20.18 51.25 3.25 Fe1.00CUo 28 Ti2 41Na124.00K0.80Al100Si162 43054406
SX-a-FM-48h 31.86 1.16 0.45 0.13 021 2453 4164 2.22 Feo.01CUo 43 Ti2 42Na126.67K0.44Al100Si110.890441. 97
FSY-a-FM-48h 2592  0.55 0.16 0.22 0.21 20.62 5231 3.42 Feo.40CUo 51 Ti1 41Na130.89K0.92A1100Si171. 200562 28
FSY-a-FM-120h 25.21  0.63 0.16 0.19 0.21 20.72 52.89 3.56 Feo 20CUo.s52Ti1 6sNa13s.25K0 83Al100Si178.040578 53
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4.2.4 Formation of LTA versus FAU zeolite in protocol 1

It should be noted that in the first protocol (both 1a and 1b), the difference in the synthesis
procedure was in the pre-treatment method of raw kaolin by either metakaolinization or fused-
metakaolinization, the other factors including synthesis hydrogel composition remained the
same. As observed from the analysis of MK and its products in Figure 4.2, 4.3, 4.10 and 4.11,
the quartz phase in the starting kaolinite material is stable even after high temperature and
pressure treatment in the metakaolinization and hydrothermal crystallization processes. In
hydrothermal synthesis using MK route, although the nominal SiO2/Al>Os molar ratio in the
starting clay material is 3.17 (Table 4.1), the actual amount of silica ions ((SiO4)*) available in
the sodium aluminosilicate gel as primary building units is lower than the calculated nominal
concentration as some of the silica is present in the form of crystalline quartz and other phases.
Such a low concentration of silica ions in the hydrogel would be conducive for the
transformation of the aluminosilicate gel to zeolite Na-A products. On the other hand, in
protocol 1b using F-MK method, the high alkaline conditions in the fusion step at high
temperatures leads to the complete dissolution of kaolin and the decomposition of the
crystalline quartz (N. Li et al., 2017) and therefore increasing the concentration of silica ions
in the hydrogel solution. The synthesis hydrogel in this case is consequently richer in silicate
ions, which is conducive building blocks for the transformation of the aluminosilicate gel to

zeolite Na-X (FAU Na-X) products.

Alternatively, in the F-MK method, it is possible that the formation of Na-X seeds occurs early
during the fusion step, which encourages the formation of this type of zeolite. Unlike the
amorphous phase of the MK in Figure 4.2a, the XRD pattern of the F-MK material in Figure
4.13a reveals the presence of new peaks of crystals formed during the fusion step. The peaks

at 20 between 23° and 32° tends to shift to higher 2 6 values as products are formed in the
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hydrothermal crystallization step. In addition, the FTIR spectra of the fusion product and its F-
MKZ1 precursor in Figure 4.12 are relatively identical with the spectral bands of the later shifting
to higher wave numbers as the zeolite products are formed. The deconvoluted FTIR peaks of
the aged F-MKZ1 hydrogel in Figure 4.14 also reveals spectral bands at 3310, 1641, 991, 712,
566 and 423 cm™* wave numbers which appear relatively at the same positions as those observed
in the zeolite SZ-a-FM-48h (Na-X) product in Figure 4.12. These observations might imply
that the high temperature dry reaction between kaolin with NaOH result in the formation of
secondary and/ or tertiary building blocks with D6R structure that acts as seeds and are
favoured in the hydrothermal synthesis of zeolite Na-X under conditions that are similar to

those that lead to LTA zeolites via the MK route.
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Figure 4.14; Deconvoluted FTIR peaks of aged F-MK1 hydrogel.

4.2.5 Effect of crystallization time on MK derived product (protocol 1a)

The effects of hydrothermal crystallization time for the MK derived products obtained without

synthesis hydrogel modification in protocol 1a was achieved by varying the syntheses time
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between 8 and 168 h. Figure 4.15 show the FTIR spectra and the XRD patterns of the resulting

products prepared at varying hydrothermal crystallization periods.
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Figure 4.15; Analysis of MK derived products at different crystallization time; (a). FTIR
spectra of SA-MK, and (b). XRD patterns of SA-MK.
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There was no observed change in the FTIR spectra of the products obtained in Figure 4.15a. In
the XRD patterns in Figure 4.15b, apart from quartz, zeolite Na-A of more than 90 %
crystallinity was generated within 8 h of hydrothermal crystallization. However, the
crystallinity dropped to less than 70 % after 120 h, which is also reflected by the slight reduction
in XRD peak intensities with time. It is also worth noting that no phase transition was observed
for the duration of study (up to 168 h). This is in contrast to other reports where a more stable

hydroxysodalite (HS) phase was formed just after 48 h (Maia et al., 2011; Tounsi et al., 2009).

4.2.6 Effects of SiO2/Al203 molar ratio on protocol 1 product

The effects of SiO2/Al.03 molar ratio on protocol 1 was studied by modifying the chemical
composition of the synthesis hydrogels in both MK and F-MK methods using fumed silica.
The Na20:SiO2:Al.03:H20 molar composition of both MK and F-MK synthesis hydrogels was
modified to 7.1:14.1:1:150.2. Chemical analysis of the products in Table 4.5 show a significant
increase in SiO2/Al203 molar ratio from 2.22 of SX-a-FM-48h product (obtained from the
unmodified F-MK synthesis hydrogel) to 3.42 of FSY-a-FM-48h product (obtained from the
modified F-MK synthesis hydrogel). In addition, marginal increase in the SiO2/Al,0s molar
ratio from 3.42 to 3.56 was observed for the F-MK product (i.e., FSY-a-FM-120h) after

increasing its synthesis time from 48 h to 120 h.

The vibrational characteristics of the bonds involved in the making of the products obtained
from modified MK and F-MK synthesis hydrogels were explored via FTIR spectroscopy. The
FTIR spectra in Figure 4.16 shows the formation of MK and F-MK products obtained via
modified synthesis hydrogels with fumed silica. The FTIR spectra of the FSY zeolite products
in Figure 4.16a shows T-O spectral bands appearing at ca. 451, 567, 690, 769 and 972 cm™.

These bands are at slightly higher wave numbers compared to T-O bands of Na-X zeolites in
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Figure 4.12. The other bands at 1640 and 3350 cm™ are due to water of hydration and are

discussed in section 4.2.1.
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Figure 4.16; FTIR spectra of the MK and F-MK products derived from modified hydrogel;
(a). Aged F-MK2 hydrogel, and MK & F-MK derived products, and (b). Deconvoluted bands
of FSY-a-FM hydrogel.
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The deconvoluted FTIR bands of the aged F-MK hydrogel modified with fumed silica in Figure
4.16b also shows the presence of bands of preformed zeolite seeds at relative positions to those
of the FSY zeolites products. The intense bands appearing at ca. 1,016 and 1,393 cm™ (which
were missing in the deconvoluted FTIR bands of unmodified F-MK1 hydrogel in Figure 4.14)
can be attributed to the Si-OH bending and Si-O stretching vibrations of the fumed silica,
respectively. In addition, the surface morphology of the resulting zeolites was explored via

SEM imaging of the FSY-MK-48h and FSY -a-FM-48h products and are shown in Figure 4.17.

Figure 4.17; SEM images of; (a). FSY-MK-48h, and (b). FSY-a-FM-48h.

The SEM image of FSY-MK-48h in Figure 4.17a show the presence of some amorphous phases
alongside the zeolite crystals. On the other hand, octahedral crystals, which are characteristic
of faujasite structures, as large as 1 pum and exhibiting fractured segments ranging from 100-

500 nm were observed in the SEM image of FSY-a-FM-48h product Figure 4.17b.

Crystal patterns and phase identification of the synthesized zeolites were explored using XRD
crystallography. The XRD patterns of the FSY products derived from the MK and F-MK

hydrogels modified with fumed silica are shown in Figure 4.18.
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Figure 4.18; The XRD patterns of MK and F-MK products derived from modified hydrogels;
(a). MK derived products after 48 and 120h, and (b). F-MK derived products after 48 & 120h.

There was no observed significant change in crystallinity in both MK and F-MK products with
increased crystallization time from 48 h to 120 h. In the XRD patterns of MK derived product
in Figure 4.18a, apart from quartz, a mixture of zeolites was obtained in the MK method. The
XRD peaks at 2 6 of 6.4°,10.2°,12.1°, 15.8°, 18.8°, 20. 5°, 23.7°, 27.2°,29.7°,31.3° and 34.7°

are characteristic of zeolite Na-Y. Other peaks associated with cancrinite (7.9°, 13.9°, 19.1°,
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24.5° and 27.5°), Na-P (12.5°, 17.8° 28.2°and 40.2°), Na-A and Na-X, (Baerlocher &
McCusker, 2017) were also observed. In addition, the large hump at 26 of 18-45°, attributed to
the unreacted amorphous phases in the starting MK precursor, suggested that more time was
required for the complete transformation of the sodium aluminosilicate gel to occur. This
observation is in agreement with the observed SEM image of FSY-MK-48h in Figure 4.17. On
the other hand, pure phase zeolite Na-Y was obtained in the F-MK method. It is likely that
faujasite seeds (having D6R building blocks) that formed during the fusion step for the F-MK
route in protocol 1b accelerated the reaction rate so as to result in a complete gel reaction, and
therefore elimination of the hump observed in MK based products in protocol 1a, and leading

to relatively pure Na-Y phase from the rich silica hydrogel.

4.2.7 BET surface area and porosity analysis of protocol 1 products

To investigate the textural properties of the products obtained in protocol 1, BET analysis by
N2 sorption was performed. The porosity analysis of the products obtained in protocol 1 are
shown in Figure 4.19 and Table 4.6. Various types of adsorption isotherms were obtained in
protocol 1 depending on whether MK or F-MK method was followed in addition to the resultant
zeolite type. Both SA-MK-48h (i.e., zeolite Na-A alongside quartz) and FSY-MK-48h (i.e., a
mixture of zeolites) products, which were obtained from unmodified and modified MK
synthesis hydrogels in protocol 1a, respectively, exhibited a reversible type Il isotherms
having relatively weak adsorbent-adsorbate interactions with clustered adsorbed molecules
(Thommes et al., 2015). On the other hand, the SX-a-FM-48h (zeolite Na-X) and FSY-a-FMs
(zeolites Na-Y), which were obtained from unmodified and modified F-MK synthesis
hydrogels in protocol 1b, respectively, showed a reversible Type I(a) adsorption isotherms
exhibiting steep slopes at very low partial pressure (P/Po), a characteristic of microporous

materials (Thommes et al., 2015).
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Figure 4.19; Porosity analysis of the products obtained in protocol 1; (a & b). N2 sorption

isotherms, and (c). Horvath-Kawazoe pore size distribution curves.

Table 4.6; Textural properties of synthesized zeolites in protocol 1.

Specific Micropore External Micropore Total pore Pore

Sample Surface area surface area surfacearea  volume volume size
(m?/g) (m?/g) (m?/g) (cm3/g) m¥g) (A

SA-MK-48h 18 - 38 - - -
SX-a-FM-48h 307 236 71 0.1 0.3 9.3
FSY-MK-48h 17 - 36 - 0.05 -
FSY-MK-120h 10 - 17 - 0.04 -
FSY-a-FM-48h 599 445 154 0.18 0.35 9.9
FSY-a-FM-
120h 473 355 118 0.15 0.27 9.9
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Zeolites obtained through F-MK hydrogels showed high surface area, micropore surface area,
micropore volume and pore size. The Na-Y (FSY-a-FM-48h) zeolite obtained from modified
F-MK hydrogels had the highest BET surface area, micropore surface area and micropore
volume at 599 m?/g, 445 m?/g and 0.18 cm®/g, respectively. On the other hand, the zeolites
obtained through MK hydrogels (i.e., SA-MK-48h, FSY-MK-48h and FSY-MK-120h) had
very low adsorption surface area. The low adsorption of N2 on the synthesized zeolite Na-A
(SA-MK-48h) was due to its small pores of size 0.42 nm (Broni¢ et al., 2012) which hindered
the sorption of N2 molecules. Besides, the low adsorption of N2 FSY-MK-48h and FSY-MK-
120h zeolites might be due to the blockage of pores with impurities and unreacted materials. It
can also imply that the zeolite Y and X constituents of the MK products were much less than
those of small pore zeolites Na-A, Na-P, cancrinite and quartz phases, and also having hindered
sorption of N2 molecules. The fact that the N2 molecules cannot readily enter the Na-A, Na-P
and cancrinite pores means that the small pore channels were not detectable in the pore size
distribution plot in Figure 4.19b. Increasing the crystallization time from 48 h to 120 h for the
Na-Y zeolite in the modified hydrogel of protocol 1b led to a decrease in the surface area and
the pore volume from 599 to 473 m?/g and 0.18 to 0.15 cm®/g respectively. This decrease might
be because of the narowing of the pores and channels as zeolite structure continues to develop

with time. However, the zeolite median pore width remained the same at 0.99 nm.

4.2.8 Thermogravimetric analysis (TGA) of protocol 1 products

Thermogravimetric analysis of the zeolite products obtained in protocol 1 was performed in
the temperature range of 25-1000 °C to understand their thermal behaviours. Figure 4.20 shows
the TA, DTA and DSC curves for synthesized products. All synthesized zeolites were thermally

stable up to 800 °C. For the products obtained using unmodified MK and F-MK synthesis
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hydrogels a total of 17 % and 15 % of zeolite mass was lost in the SA-MK-48h and SX-a-FK-
48h products in Figure 4.20(a & b), respectively. As revealed by the derivative of heat flow
curves, the mass loss occurred in two exothermic steps. The first step at 50-180 °C resulted
into 13 % and 8 % mass loss for SA-MK-48h and SX-a-FK-48h products, respectively. This
first step is due to the loss of water of hydration and water within the crystal lattice. This was
followed by a slower second step between ca. 200-400 °C (4 %) and 200-320 °C (7 %) for SA-
MK-48h and SX-a-FK-48h products, respectively. This second mass loss is due to loss of
adsorbed water from within the zeolite micropores (Duvarci et al., 2007). The second step was
slower in zeolite Na-A than zeolite Na-X due to there being a greater diffusion barrier during
desorption of water through the narrower channels of small pore Na-A. A large mass loss of
17 % for the SA-MK-48h (i.e., Na-A) in contrast to the low BET surface area observed in

Figure 4.19 and Table 4.6 further corroborates the fact that Na-A pores hinders the N2 sorption.

The TGA analysis of the products obtained from modified hydrogels are shown in Figure
4.20(c-f). The TGA curves in Figure 4.20(c & d) for FSY-MK-48h and FSY-MK-120h
products synthesized from modified MK hydrogels at varying synthesis time exhibited multiple
weight loss steps characterized by water loss from multiple zeolites, with varying porosities,
present in the product. On the other hand, FSY-a-FM-48h and FSY-a-FM-120h products from
modified F-MK synthesis hydrogels at different synthesis time in Figure 4.20(e & f) both had
a single step weight loss of 19 % and 18 %, respectively, occurring in the 50-300 °C
temperature range. This implies that the large pores and channels of zeolite Na-Y results in the
uniform and unhindered desorption of sorbed water molecules in FSY-a-FM-48h and FSY -a-
FM-120h products. The changes in derivative of heat flow curves between 750-1000 °C (not
accompanied by weight loss) correspond to structural changes in the products formed in all

cases.
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Figure 4.20; TGA and DSC analysis of synthesized products in protocol 1; (a). SA-MK-48h,
(b). SX-a-FK-48h, (c). FSY-MK-48h, (d). FSY-MK-120h, (e). FSY-a-FM-48h, and (f). FSY-
a-FM-120h.

4.3 Hydrothermal crystallization products - Protocol 2

In protocol 2, the F-MK method was further implemented by modification of the hydrogel
using sodium metasilicate pentahydrate in both full fusion in protocol 2a and partial fusion in

protocol 2b methods. The pre-treatment methods of clay before fusion were also implemented
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by either dry mixing or wet mixing with NaOH pellets before dry fusion or wet fusion. The
products obtained from the partial fusion and the full fusion are denoted as MSY -(a/b)-FM/PF
and MSX-(a/b/c)-FM/FF, respectively. Where MSY and MSX denote zeolites related to the
zeolite Y and the zeolite X families, respectively, FM denotes fused-metakaolinite while PF
and FF represent partial fusion and full fusion, respectively. The letter a, b or ¢ denotes products
obtained via the pre-treatment of kaolin by dry mixing with NaOH before dry fusion, wet
mixing with NaOH before wet fusion or wet mixing with NaOH followed by evaporation of

the water solvent before dry fusion, respectively.

4.3.1 Characterization of the products obtained in protocol 2

Based on the chemical composition of the clay material in Table 4.1, the SiO2:Al,03:Na20:H20
composition of the hydrogel was calculated to be 7.2:1:10:282.1. The synthesis hydrogel
composition in both partial fusion (protocol 2a) and full fusion (protocol 2b) was kept the same
by adjustments where relevant. All other subsequent synthesis conditions were identical. Any
variations in the resulting zeolite structure would therefore be due to the role played by the

Na2O content at the fusion step or in the hydrothermal crystallization step.

4.3.2 Effect of NaOH concentration in the fusion step on the resultant products

The effect of NaOH concentration in the F-MK on the resultant zeolite product was
investigated by performing partial fusion vs full fusion before the hydrothermal crystallization
step. In the partial fusion method in protocol 2a, 40 % of NaOH solution (i.e., NaOH/clay
weight ratio of 6/10) was used in the pre-treatment of kaolin material before the fusion step,
the residual NaOH was then added in the resulting hydrogel to meet the hydrogel molar
composition in section 4.3.1. On the other hand, in the full fusion method in protocol 2b, all

the required NaOH for the synthesis, with the same composition as in partial fusion, was mixed
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with kaolin (i.e., NaOH/clay weight ratio of 1.5/1) in the pre-treatment stage before the fusion

step.

The chemical composition and the calculated chemical formula of the products obtained in
protocol 2 at different synthesis time are shown in Table 4.7. It is worth noting that both EDX-
SEM and ICP-OES methods of the chemical analysis showed relatively similar chemical
composition as observed in the analysis of MSX-c-FM/FF-48h using both EDX-SEM and ICP-
OES techniques. The SiO2/Al>03 molar ratios of the resulting products were not affected by
the concentration of NaOH in the fusion step, i.e., by performing either partial or full fusion,
as observed in the MSY-b-FM/PF and MSX-b-FM/FF products obtained in the partial and full
fusion, respectively. Besides, the molar composition of the products was not affected by the
crystallization time as observed in MSX-c-FM/FF-10h, MSX-c-FM/FF-24h, MSX-c-FM/FF-
48h and MSX-c-FM/FF-72h products. The SiO2/Al>03 molar ratio of the products was however
affected by the pre-treatment method of the kaolin. The wet fusion products (MSX-b-FM/FF-
48h and MSY-b-FM/PF-48h) had the least SiO2/Al,0s molar ratio of ca. 2.3, while the dry
fusion products, both in dry mixing and wet mixing, (MSX-a-FM/FF and MSX-c-FM/FF) had

slightly higher SiO2/Al>O3 molar ratio of ca. 2.5.
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Table 4.7; Chemical composition of the products obtained in Protocol 2.

Percent oxide (wt. %)

Sample Al203  SiO2 Na2O TiO2 Fe:03 KoO CuO SiO2/Al203 Method  Chemical formula

MSX-a-FM/FF-48h  30.83 49.40 16.70 1.48 0.34 0.10 0.95 2.72 EDX-SEM  Feo7Tiz1Nage.1Ko.sAl100Si1360477
MSX-a-FM/FF-96h  31.20 4891 1752 136 0.44 0.54 2.66 EDX-SEM  Feo9Ti2gNag.4Ko.2Al100S11330472.1
MSX-b-FM/FF-48h  33.01 4575 20.08 0.78 0.14 0.26 2.35 EDX-SEM  Feo3Ti1sNai00.1K1.4Al100S1117.60440.9
MSX-c-FM/FF-10h  29.94 4531 23.15 095 0.30 0.18 0.17 2.57 ICP-OES  Feo.63Cuo.37Ti2.10Na127.2Ko.66Al100Si128.420476.29
MSX-c-FM/FF-24h  30.33 44.71 2323 101 030 0.18 0.23 2.50 ICP-OES  Feo.63CuUo.48Ti2.22Na125.99K0.65Al100S1125.080469.32
MSX-c-FM/FF-48h  29.89 4496 2330 101 042 0.17 0.22 2.55 ICP-OES  Fe0.900Cuo0.47Ti2.24Na128.27K0.62Al100S1127.630476.00
MSX-c-FM/FF-48h  31.60 4850 18.74 0.90 0.21 2.60 EDX-SEM Feg4Ti1sNag7.6Ko 3Al100Si13020465.4
MSX-c-FM/FF-72h  30.02 43.79 2458 1.00 0.30 0.13 0.17 2.48 ICP-OES  Feo.63Cuo.36 Ti2.20Na134.70K0.48Al100Si123.750470.81
MSY-b-FM/PF-48h  31.87 42.83 1891 138 0.35 2.33 EDX-SEM  Feo7Ti28Nag7.6Al100S11140436.2

103



To determine the functional groups of the resulting products, FTIR spectroscopy was
performed on the F-MKs and their resulting products in both protocol 2a and 2b. The
transformation of kaolin, through fused-metakaolinite (F-MK) and its hydrogel modified with
sodium metasilicate pentahydrate to synthesized products in protocol 2 is shown in the FTIR
spectra in Figure 4.21. The FTIR analysis shows that two sets of products were obtained
depending on the protocol used in the pre-treatment of the kaolin material, i.e., partial fusion
products (Figure 4.21a) or full fusion (Figure 4.21b). The FTIR bands at 450, 675 and 970 cm”
L are due to the symmetric bending, symmetric stretching and asymmetric stretching vibration,
respectively, of aluminosilicate T-O tetrahedral bonds of zeolite (Belaabed et al., 2016). The
band at 556 cm™ is due to symmetric stretching vibrations associated with the six-member

rings (D6R) of the faujasite structure (Mozgawa et al., 2005).

Analysis of the deconvoluted bands of the aged full fusion hydrogel modified with sodium
metasilicate pentahydrate in Figure 4.21c also shows the presences of spectral bands at 1639,
991, 758 and 422 cm™, which are consistent with the bands of the formed MSX zeolites. These
deconvoluted bands are similar to those obtained from the F-MK hydrogel modified with
fumed silica in Figure 4.14. However, the Si-OH bending and Si-O stretching vibrations bands
appearing at 991 and 1,396 cm™ are less intense in Figure 4.21c, which might be an indication
of more or complete tetrahedral bonding for silica atoms in MSX hydrogels. The FTIR bands
at 3400 and 1647 cm™ are associated with the hydroxyl stretching and bending vibrations of
water of hydration present within the zeolite structure (Tounsi et al., 2009). The hydroxyl bands
are more prominent in the full fusion products obtained in protocol 2b (MSX zeolites) than in
the partial fusion products obtained in protocol 2a (MSY zeolites) because the former is more

hydrophilic, or have large pores for holding more water.
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Figure 4.21; The FTIR spectra of the products obtained in protocol 2; (a). Partial fusion (PF)
products, (b). Full fusion (FF) products, and (c). Deconvoluted FTIR peaks of the aged FF
hydrogel modified with sodium metasilicate pentahydrate.
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The SEM images of the synthesized products in Figure 4.22 show octahedral-like crystals with
smooth surfaces concealing spongy porous interior, in Figure 4.22a. According to (Ma et al.,
2014), such octahedral-like crystals are characteristic of Faujasite zeolites. Zeolite crystals,
with varying particle sizes of up to 0.5 um and 2 pum for MSX-a-FM/FF-48h and MSY-b-
FM/FF-48h products, respectively, were produced. Such size ranges are not unique as (Ye et

al., 2017) also obtained crystals in the range of 0.1 to 1.5 pm.
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Figure 4.22; The SEM images of the products obtained in protocol 2; (a). MSY-b-FM/PF-
48h, (b). MSX-a-FM/PF-48h, (c). MSX-b-FM/PF-48h, and (d). MSX-c-FM/PF-48h.

To distinguish the types of zeolites formed and their crystallinities, X-ray diffraction was

performed on the synthesized zeolites. Figure 4.23 shows the XRD patterns of zeolites obtained

in protocol 2.
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Figure 4.23; The XRD patterns of the products obtained in protocol 2; (a). Partial fusion

products, and (b). Full fusion products.

Two sets of zeolite structures were obtained depending on whether partial or full fusion was

used in the pre-treatment of the kaolin material, corresponding to the observations made in the
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FTIR spectra in Figure 4.21. The partial fusion products recorded lower intensities peaks in the

low 20 region than those of the full fusion method.

The XRD peaks of MSY-a-FM/PF-48h and MSY-b-FM/PF-48h, obtained from the partial
fusion methods, at 26 values of 6.4°, 10.3°, 11.9°, 15.6°, 17.9°, 21.4°, 23.3°, 24.6° and 27.4°
in Figure 4.23a are characteristic of zeolite Na-Y (Baerlocher & McCusker, 2017), and are
consistent with the zeolite Y product obtained by Doyle et al., 2016. On the other hand, the
XRD peaks of MSX-a-FM/FF-48h, MSX-b-FM/FF-48h and MSX-c-FM/FF-48h in Figure
4.23b, obtained from the full fusion method, exhibited slightly lower 26 values at 6.3°, 10.2°,
11.8°, 15.5°, 20.3°, 24.1°, 27.3°, 29.4°, and 30.1° which are consistent with zeolite Na-X
(Baerlocher & McCusker, 2017). In addition to the observed Na-X peaks in the XRD patterns
for the full fusion products, other peaks whose intensities depended on the method of pre-

treatment performed on the clay material were also observed.

4.3.3 Formation of zeolite Na-X versus zeolite Na-Y

Because of the high alkaline environment, faujasite dimers, oligomers or polymers building
units might be forming during the high-temperature reaction of NaOH with kaolin, also
discussed in section 4.2.4. The low amount of NaOH in the partial fusion method of protocol
2a may also be resulting in the incomplete conversion of kaolin components to less reactive
aluminosilicate components (Tchadjie & Ekolu, 2018), reaction represented in equation (1),
alongside the more reactive sodium silicate and sodium aluminate (i.e., sodium
aluminosilicates) components, see reaction in equation (7). The presence of aluminosilicates in
the hydrogel might therefore be responsible for the transformation of the faujasite building
units, during nucleation and/or crystallization, to zeolite Y. This is in agreement with the trends
in literature (Table 2.2) where zeolite Y was the main product when MK (aluminosilicate)

hydrogels were used rather than F-MK (sodium aluminosilicates) hydrogels.
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In contrast, the high alkaline environment created in the full fusion method of protocol 2b is
facilitating a complete conversion of the kaolin components to sodium aluminosilicates (Ayele
etal., 2016; N. Li et al., 2017). The resulting synthesis hydrogel, in this case, is therefore rich
in highly reactive sodium aluminosilicates rather than the less reactive aluminosilicates, the
faujasite building units formed are, in this case, transformed to zeolite Na-X. The structure of
the final product is therefore significantly influenced by the nature of the starting materials that
are present in the synthesis hydrogel. The hydrogels that are rich in aluminosilicates favour the
formation of faujasite Y, while those rich in sodium aluminosilicates favour the formation of

faujasite X structures.

4.3.4 Thermogravimetric analysis of the protocol 2 derived products

The TGA analysis of the resulting products derived from protocol 2 was performed to
understand their thermal behaviour in the temperature range of 25-1000 °C. Figure 4.24 shows
the TA, DTA and DSC curves for the zeolite products obtained in both partial and full fusion
methods of protocol 2. All zeolite products were thermally stable up to 800 °C. Up to 11 % and
23 % weight loss, for partial fusion and full fusion products, respectively, occurring between
60-400 °C as a result of desorption of water molecules from within the zeolite framework was
observed. This is an indication that zeolites generated through full fusion are more hydrophilic
and therefore retain or absorb more water in their pore channels compared to partial fusion
products. The MSY-b-FM/PF-48h and MSX-b-FM/FF-48h products, obtained through wet
fusion in the partial and full fusion categories, respectively, had the least weight loss occurring
in two exothermic steps. The MSX-c-FM/FF-48h product obtained through wet mixing
followed by the dry fusion in the full fusion recorded the highest weight loss of 23 % occurring
in a single exothermic step representing the desorption of water molecules from uniform pore

channels.
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Figure 4.24; TGA curves of the products obtained in protocol 2; (a). MSY-a-FM/PF-48h,
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FM/FF-48h.
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4.3.5 BET surface area and porosity analysis of protocol 2 products

To investigate the textural properties of the protocol 2 products, a BET analysis of the products
was performed by N2 sorption. Porosity analysis for the protocol 2 derived products is shown

in Figure 4.25 and Table 4.8.

300

—&— Commercial 13X (a)

—a— MSX-c-FM/FF-48h

—e— MSX-a-FM/FF-48h

—»— MSX-b-FM/FF-48h

MSY-b-FM/PF-48h

—e— \SY-a-FM/PF-48h
k- i 3

0.20 F (b) —— Commercial 13X
—t—MSX-c-FM/FF-48h
—4—MSX-a-FM/FF-48h
—»—MSX-b-FM/FF-48h
——MSY-a-FM/PF-48h

e
B
o

MSY-b-FM/PF-48h

dV/dw (cm®g-A)
=

Quantity Adsorbed (cm?®g STP)

0" 0.00 -
0.0 0.2 0.4 0.6 0.8 1.0 7 . ” ” 15

Relative Pressure (P/P) Pore Width (A)

Figure 4.25; Porosity analysis of the products obtained in protocol 2; (a). N2 sorption

isotherms, and (b). Horvath-Kawazoe pore size distribution curves.

Table 4.8; Textural properties of synthesized zeolites in protocol 2.

Specific Micropore External Micropore Total pore Pore

Sample Surface area surface area surfacearea  volume volume size
(m?g) (m?/g) (m?/g) (cm3/g) (cm®g) A

MSY-a-FM/PF-48h 180 58 122 0.03 0.14 9.3
MSY -b-FM/PF-48h 151 134 17 0.05 0.06 8.5
MSX-a-FM/FF-48h 376 327 49 0.13 0.22 8.7
MSX-b-FM/FF-48h 239 152 86 0.06 0.32 8.0
MSX-c-FM/FF-48h 645 579 67 0.24 0.28 8.7
Commercial 13X 772 726 46 0.30 0.27 8.7

Table 4.8 shows that the partial fusion product obtained via protocol 2a had the least specific
surface area, micropore surface area and pore volume of 180 m2/g, 58 m?/g, and 0.03 cm?/g,

respectively. On the other hand, MSX-c-FM/FF-48h product obtained via full fusion in
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protocol 2b-iii had the highest specific surface area, micropore surface area and pore volume
of 645 m?/g, 579 m?/g and 0.24 cm®/g, respectively. Pore channels of size 8.7 A were also
observed for MSX-a-FM/FF-48h and MSX-c-FM/FF-48h products. Product MSY -a-FM/PF-
48h had slightly larger pores of size 9.3 A, while MSX-b-FM/FF-48h had slightly smaller pores

of 8.0 A.

The textural properties of the MSX-c-FM/FF-48h, i.e., faujasite X product (645 m?/g and 0.24
cm?®/g) are higher than the reported values to date for similar zeolites type obtained in kaolin
and are comparable to those of commercially available zeolite 13X (772 m?/g and 0.30 cm?®/g).
The micropore volume was in the ascending order of; MSY-a-FM/PF-48h < MSY-b-FM/PF-
48h < MSX-b-FM/FF-48h < MSX-a-FM/FF-48h < MSX-c-FM/FF-48h. Comparing the
products obtained in protocol 2 with those obtained in protocol 1 (Table 4.6), the products in
protocol 2 exhibited improved properties and larger pore size than the Na-X and Na-Y zeolites
obtained in protocol 1. This might be due to the high SiO2/Al,Oz molar ratio of the products in
protocol 2. Although the MSX-b-FM/FF-48h product was of comparable composition with
other protocol 2 products, the presence of water in the wet fusion encouraged reactions or
growths of zeolite polymers that led to the narrowing of the zeolite channels and cavities, from
8.7 A for other Na-X zeolites to 8.0 A for MSX-b-FM/FF-48h product, and formation of

hydroxysodalite and other mesoporous or amorphous products.
4.3.6 The effect of pre-treatment method for kaolin

The pre-treatment of raw kaolin before the fusion step was done by either dry mixing or wet
mixing with NaOH pellets before either dry fusing or wet fusing the mixture. In the partial
fusion method, MSY -a-FM/PF-48h product was obtained through dry mixing of kaolin before
dry fusion (protocol 2a-i), while MSY-b-FM/PF-48h was obtained from wet mixing of kaolin

before wet fusion (protocol 2a-ii). On the other hand, MSX-a-FM/FF-48h, MSX-b-FM/FF-48h
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and MSX-c-FM/FF-48h were the products obtained in the full fusion method. The MSX-a-
FM/FF-48h was obtained via pre-treatment of kaolin by dry mixing before dry fusion (protocol
2b-i), MSX-b-FM/FF-48h via wet mixing before wet fusion (protocol 2b-ii) while MSX-c-
FM/FF-48h was via wet mixing followed by evaporation of the water solvent before dry fusion
(protocol 2b-iii).

The functional groups observed in the FTIR spectra in Figure 4.21a and 4.20b for the products
obtained in both partial and full fusion methods, respectively, corresponds to those of zeolite
materials (Belaabed et al., 2016; Mozgawa et al., 2005). As discussed in section 4.3.1, the XRD
patterns in Figure 4.23 for both methods further showed that zeolites Na-Y and Na-X were the
products in the partial fusion and full fusion protocols, respectively. In the partial fusion in
protocol 2a, the method of kaolin pre-treatment did not influence the resulting zeolites types
and their crystallinity as observed in the XRD patterns of MSY-a-FM/PF-48h and MSY -b-
FM/PF-48h in Figure 4.23a which were zeolite Na-Y obtained through dry mixing of kaolin
with NaOH before dry fusion and wet mixing of kaolin with NaOH before wet fusion of kaolin,
respectively. However, for the full fusion products obtained in protocol 2b, the intensity and
purity of the resulting zeolite Na-X depended on the method of pre-treatment performed on
kaolin before the hydrothermal crystallization step, Figure 4.23b. Apart from the zeolite Na-X,
low-intensity peaks at 26 of 7.3°, 16.2°, 24.1°, 27.2° and 29.9°, which are consistent with
zeolite Na-A (Belaabed et al., 2016), were also observed for the MSX-a-FM/FF-48h product
where dry mixing of kaolin with NaOH followed by dry fusion was performed in protocol 2b-
i. The MSX-b-FM/FF-48h product derived from the wet mixing of kaolin with NaOH followed
by the wet fusion in protocol 2b-ii showed zeolite-Na-X with poor crystallinity and having HS
impurity characterized by the XRD peaks at 20 values of 14.3°, 24.7°, 31.9°, 35.0° and 43.1°,

(Baerlocher & McCusker, 2017), while the MSX-c-FM/FF-48h product derived from wet
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mixing of kaolin with NaOH followed by evaporation of the water solvent before dry fusion

showed highly crystalline zeolite Na-X with no impurities.

The presence of zeolite Na-A impurity alongside zeolite Na-X in the MSX-a-FM/FF-48h
product obtained from protocol 2a-i is, therefore, an indication of an inhomogeneous dry
reaction of NaOH with kaolin during the fusion step resulting in F-MK (basically sodium
aluminosilicates) besides some heat-treated pure kaolin or MK (basically aluminosilicates) in
the fusion product. This inhomogeneous dry reaction is a result of inefficient dry mixing of the
NaOH with kaolin during the pre-treatment step. The F-MK, which forms the bulk of the
material, is thus converted to zeolite Na-X during the hydrothermal crystallization process,
while the trace MK is transformed to zeolite Na-A in the process discussed in sections 4.2.2
and 4.2.1, respectively. The product obtained via dry mixing of NaOH with kaolin followed
by dry fusion before hydrothermal crystallization step, therefore, depends on the degree of
mixing achieved. Less efficient mixing may therefore explain the presence of Na-A impurities
in previous reports involving this method (Bortolatto et al., 2017; Chandrasekhar & Pramada,
2004; Covarrubias et al., 2006; Doyle et al., 2016; EI-Mekkawi et al., 2016; EI-Mekkawi &

Selim, 2012; Kovo et al., 2009; Logar et al., 2009; Ma et al., 2014).

In both MSX-b-FM/FF-48h and MSX-c-FM/FF-48h products, a high degree of mixing was
achieved and therefore a uniform mixture of kaolin with NaOH was obtained in the wet mixing
method in the pre-treatment step, implying that the starting kaolin material was fully converted
to F-MK in the fusion step leading to the absence of zeolite Na-A in the final products.
However, the presence of water molecules in the fusion step in the wet fusion method in
protocol 2b-ii for the MSX-b-FM/FF-48h product may engender the formation of non-uniform
structural building units consisting of narrow pore zeolite seeds alongside faujasite seeds

during the wet fusion. The narrow pore building blocks are therefore responsible for the
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formation of HS alongside the poor crystallinity zeolite Na-X product arising from the faujasite
building blocks, consistent with the observed SEM image in Figure 4.22c showing very small
particles tending towards being amorphous. Although the fusion process was performed at a
very high temperature of 750 °C, the narrow pore structures which formed hydroxysodalite
might have been formed during the temperature ramping stage of the furnace when the
temperature was high enough to lead to chemical reactions of clay with NaOH and water
molecules was still present within the material to influence the reaction to small pore structures.
On the other hand, the absence of water molecules in the dry fusion of kaolin in protocol 2b-
iii for the MSX-c-FM/FF-48h may be forming uniform secondary and tertiary faujasite
building units suitable for the subsequent conversion to zeolite Na-X and leading to the

observed pure Na-X product in Figure 4.23b.

The formation of zeolite Na-X with varying impurities and crystallinities in protocol 2b, arising
because of the differences in the pre-treatment methods of kaolin before the fusion step is
further proof that the resulting zeolite structures and their purity are strongly determined in the

high-temperature reaction at the fusion step, see equation (7) in section 4.2.2.

4.3.7 Effect of crystallization time on full fusion derived products

Because of their improved quality and properties, the full fusion products were further
investigated by studying the effects of crystallization time on the resulting products. The
hydrothermal crystallization period was varied between 48 and 168 h. Figure 4.26 shows the
FTIR spectra and the XRD patterns of the resulting synthesis products from the dry mixing
followed by dry fusion and wet mixing followed by the dry fusion before hydrothermal

crystallization, in protocol 2b-i and 2b-iii, respectively, at different periods.
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Figure 4.26; The FTIR spectra and the XRD patterns of the products obtained in protocol 2b
at different crystallization time; (a). FTIR spectra of protocol 2b-i products, (b). FTIR spectra
of protocol 2b-iii products, (c). XRD patterns of protocol 2b-i products, and (d). XRD
patterns of protocol 2b-iii products.

The FTIR spectra in both protocol 2b-i and 2b-iii had the same functional groups belonging to
zeolite Na-X (Mozgawa et al., 2005). As in the case with the SX-a-FM/FF products in section
4.2.4, the XRD pattern of protocol 2b-i where dry mixing of kaolin with NaOH followed by
dry fusion method showed that zeolite Na-X was formed alongside zeolite Na-A at low
crystallization time. As crystallization time increased, Na-A was transformed via dissolution
to form greater amounts of Na-X via the process of Ostwald's ripening (Greer et al., 2009),

with Na-X being the abundant phase after 96 h. In contrast, pure zeolite Na-X phases were
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obtained even at low reaction time when the wet mixing of kaolin with NaOH followed by the
dry fusion was applied, and no phase change was observed even at prolonged reaction time.
The method leading to the formation of MSX-c-FM/FF is therefore the most efficient for the
conversion of kaolin components and the production of pure and quality zeolite products within

a short time.

4.3.8 The effect of pre-treatment method for kaolin on protocol 1b products

The effects of pre-treatment methods for kaolin on the resulting synthesized products were also
investigated on protocol 1b synthesis method which had resulted in zeolite Na-X and zeolite
Na-Y products in sections 4.2.2 and 4.2.6 using unmodified hydrogel and hydrogel modified
with fumed silica, respectively. The three pre-treatment methods, i.e., the dry mixing followed
by dry fusion, wet mixing followed by the wet fusion and the dry mixing followed by the dry
fusion was done following protocols 2b-i, 2b-ii and 2b-iii, respectively, but this time, using the
previously discussed chemical composition of the hydrogel in sections 4.2.2 and 4.2.6. The
chemical composition of the products obtained under different pre-treatment methods in

protocol 1b is shown in Table 4.9.

Table 4.9; Chemical composition of the products obtained in protocol 1b under different pre-

treatment methods.

Percent oxide (wt. %)

Sample Al2O3  SiO2 Na20 TiO2 Fe20s SiO2/Al203  Chemical formula

SX-c-FM-48h

33.1

43.0

22.8

0.8

0.3

2.20

Feo.s Ti1.5Na113.3K0.1Al100S1110.10432.3

SX-a-FM-48h 340 458 181 11 1.8 2.28 Fes.4Ti2.1Nag7.5Ko.0Al100S1114.40434.4
FSY-a-FM-48h 252 538 155 0.6 0.2 3.63 Feo.2Ti1.5Na101.4K1.2Al100S1181.50596.7
FSY-b-FM-48h 253 57.8 152 09 0.1 3.88 Feo.3Ti22Nags 8Ks.4Al100Si193.90596.9
FSY-c-FM-48h 25.7 57.6 154 0.7 0.0 3.81 Feo.1TizgNaos 5Kz 9Al100Si190.20587
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The products derived from unmodified hydrogel, i.e., SX-a-FM-48h and SX-c-FM-48h, had a
relatively similar SiO2/Al.O3 molar ratio of ca. 2.2. On the other hand, the products derived
from the hydrogels modified with fumed silica, i.e., FSY-a-FM-48h, FSY-b-FM-48h and FSY -
c-FM-48h showed high SiO2/Al>O3 molar ratios of 3.68, 3.88 and 3.81, respectively. These
observations are consistent with the observations made for the products obtained in protocol 1

as seen in Table 4.5.

The SEM images of the products obtained in protocol 1b under different pre-treatment methods

are shown in Figure 4.27 and 4.28.

Figure 4.27; The SEM images of the products obtained in protocol 1b under different pre-
treatment methods using unmodified hydrogel; (a). SX-a-FM-48h, (b). SX-b-FM-48h, and
(c). SX-c-FM-48h.
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The SEM images of the SX-a-FM-48h and SX-c-FM-48h products in Figure 4.27 exhibited
octahedral-like crystals, belonging to faujasite zeolites, with varying particle sizes. The SX-b-

FM-48h showed small crystals tending towards the amorphous phase, in agreement with the

observed SEM image of SMX-b-FM/FM-48h in Figure 4.22.

Figure 4.28; The SEM images of the products obtained in protocol 1b under different pre-
treatment methods using fumed silica modified hydrogel; (a & b). FSY-a-FM-48h, (c). FSY-
b-FM-48h, and (d). FSY-c-FM-48h.

Amorphous phases, due to unconverted raw materials, were observed for the SY-a-FM-48h
product (in Figure 4.28a). Besides, non-uniform and fractured crystals were observed for the

SY-a-FM-48h product in Figure 4.28b. On the other hand, FSY-c-FM-48h obtained from wet
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mixing before dry fusion showed fully formed and uniform crystals exhibiting relatively

smooth surfaces, Figure 4.28(c & d).

To investigate the vibrational characteristics of the bonds, identify the functional groups and
the types of zeolites and their crystallinity, FTIR and X-Ray spectroscopies were performed on
the resulting products in protocol 1b. Figure 4.29 shows the FTIR spectra and the XRD patterns

of the synthesized zeolites in protocol 1b under different pre-treatment methods.
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Figure 4.29; Analysis of the products obtained in protocol 1b under different pre-treatment

methods; (a & b). FTIR spectra and XRD patterns of the products obtained using unmodified

hydrogel, and (c & d). FTIR spectra and XRD patterns of the products obtained using fumed
silica modified hydrogel.

The FTIR spectra and the XRD patterns of the SX products obtained from unmodified hydrogel

are related to zeolite Na-X (Baerlocher & McCusker, 2017) and are the same as the product
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obtained in protocol 1b (in Figure 4.12 of section 4.2.2) under similar condition of the
unmodified hydrogel. On the other hand, the FTIR spectra and the XRD patterns of FSY
products obtained from hydrogels modified with fumed silica are related to zeolite Na-Y
(Baerlocher & McCusker, 2017) and are in agreement with the product obtained in protocol 1b

(in Figure 4.18b of section 4.2.6) under the similar condition of fumed silica modified hydrogel.

The properties of the products under protocol 1b in both unmodified hydrogels and hydrogels
modified with fumed silica were in agreement with those observed under similar pre-treatment
conditions in section 4.3.6. The Na-X product in SX-a-FM-48h obtained through dry mixing
of kaolin with NaOH followed by dry fusion before hydrothermal crystallization resulted in
the zeolite with impurities, Figure 4.29b. The SX-b-FM-48h product obtained through the wet
mixing of kaolin with NaOH followed by wet fusion before hydrothermal crystallization
resulted in Na-X zeolite with poor crystallinity besides some observed impurities. However,
the SX-c-FM-48h product obtained through wet mixing of kaolin with NaOH followed by dry
fusion before hydrothermal crystallization resulted in the pure zeolites with better properties.
Similar results were observed for zeolite Na-Y in FSY-a-FM-48h, FSY-b-FM-48h and FSY-c-

FM-48h as shown in Figure 4.29d which were obtained under similar conditions.

The surface area and textural analysis of the resulting products under different pre-treatment
conditions in protocol 1b are shown in Figure 4.30. The synthesized zeolites exhibited
reversible type | BET isotherms, Figure 4.30(a & c). The SX-b-FM-48h and FSY-b-FM-48h
products, obtained via wet fusion had the least specific surface area, micropore surface area
and pore volume of 266 m2/g, 225 m2/g and 0.09 cm?/g, respectively, for the SX-b-FM-48h and
167 m2/g, 143 m2/g, and 0.06 cm?®/g for the FSY-b-FM-48h product, see Table 4.10. On the
other hand, the SX-c-FM-48h and the FSY-c-FM-48h product had the highest specific surface

area, micropore surface area and pore volume of 617 m?/g, 566 m?/g and 0.23 cm®/g,
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respectively, for the SX-c-FM-48h product, and 845 m?/g, 549 m?/g and 0.23 cm®/g for the

FSY-b-FM-48h product.
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Figure 4.30; The surface area and textural analysis of the products obtained in protocol 1b; (a
& b). N2 sorption isotherms and Horvath-Kawazoe pore size distribution, respectively, of the
products from unmodified hydrogel, (c & d). N2 sorption isotherms and Horvath-Kawazoe

pore size distribution, respectively, of the products from fumed silica modified hydrogel.

For the products of unmodified hydrogel, the SX-a-FM-48h and SX-c-FM-48h products
recorded pore size of 9.3and 8.6 A, respectively. The SX-b-FM-48h product, on the other hand,
had a slightly lower pore size of 8.3 A. Similarly, for the products from hydrogels modified
with fumed silica, the FSY-a-FM-48h and FSY-c-FM-48h products recorded pore size of 9.9

and 9.6 A, respectively, while the FSY-b-FM-48h product recorded a slightly lower pore size
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of 8.9 A. The observed surface area and textural properties were therefore in agreement with

the observed properties of the products in section 4.2.2 under similar treatment conditions.

Table 4.10; Textural properties of synthesized zeolites obtained using different pre-treatment

methods of kaolin in protocol 1b.

Specific Micropore External Micropore Total pore Pore

Sample Surface area surface area surfacearea  volume volume size
(m?/g) (m?/g) (m?/g) (cm3/g) m¥g) (A

SX-a-FM-48h 307 236 71 0.10 0.30 9.3
SX-b-FM-48h 266 225 41 0.09 0.17 8.6
SX-c-FM-48h 617 566 51 0.23 0.34 8.3
FSY-a-FM-48h 473 355 118 0.15 0.27 9.9
FSY-b-FM-48h 167 143 24 0.06 0.09 8.9
FSY-c-FM-48h 845 549 297 0.23 0.51 9.6

4.4 Hydrothermal crystallization products - Protocol 3

In protocol 3, natural volcanic ash, kaolin and sodium aluminate were used as raw materials in
the synthesis of zeolites. Wet mixing of raw materials (KVA-10%A-750C, kaolin and NaAlOy)
with NaOH was used because it resulted in high quality zeolites with good properties in section
4.3. Based on the chemical composition in Table 4.3, KVA-10%A-750C material was taken

and subsequently used as pure silica (volcanic silica).

The products obtained in protocol 3 are denoted as SZ1-c-FVA, SZ2-c-FVA, SZ3-c-FVA and
KaVo-c-FM. The SZ1-c-FVA, SZ2-c-FVA and SZ3-c-FVA products were obtained using
synthesis hydrogels prepared from a fused mixture of KVA-10%A-750C and NaAIO, with
Na2O (i.e., FVA). The KVA and FVA denotes Kenyan volcanic ash and fused volcanic ash,
respectively. The SiO2:Al>03:Na20:H>O oxide molar ratios of the synthesis hydrogels were
calculated to be 2.38:1:3:120.65, 4.09:1:3.01:221.13 and 2:1:1.98:107 for SZ1-c-FVA, SZ2-c-
FVA and SZ3-c-FVA respectively. The KaVo-c-FM product was synthesized using a synthesis

hydrogel prepared from a fused-metakaolinite with KVA-10%A-750C added as a source of
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extra silica. The KaVo denotes a product obtained using kaolin and acid-washed volcanic ash
while FM denotes fused-metakaolin. Based on the chemical composition of the clay material
in Table 4.1, the SiO2:Al203:Na;O:H20 molar composition of the KaVo-c-FM synthesis

hydrogel was 7.2:1:10:282.1.

4.4.1 Characterization of protocol 3 derived products

The chemical composition of the products obtained in protocol 3 and the calculated chemical
formula is shown in Table 4.11. The difference between SZ1-c-FVA-48h and SZ2-c-FVA-

48h synthesis hydrogels was on the amount of SiO> used, with the SZ2-c-FVA-48h hydrogel
having greater amounts SiO>. On the other hand, the difference between SZ1-c-FVA-48h and
SZ3-c-FVA-48h synthesis hydrogels was on the amount of Na2O used, with the SZ1-c-FVA-

48h hydrogel having greater amounts Na2O.

The corresponding differences in the levels of SiO2 and Na2O of the synthesis hydrogels was
not however reflected in the SiO2 and Na2O quantities of the corresponding products. The SiO:
content of SZ1-c-FVA-48h and SZ2-c-FVA-48h products was relatively similar with both
products having the same SiO2:Al,03 molar ratio of 2.6. On the other hand, the Na;O
composition of SZ1-c-FVA-48h and SZ3-c-FVA-48h were the same at ca. 24 %. The oxide
composition of the resulting products is therefore not dictated by the synthesis hydrogel

composition but rather by the resulting products types.
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Table 4.11; Chemical composition of the products obtained in Protocol 3.

Percent oxide (wt. %)

Sample AlO3;  SiO; NaO TiO, Fe:03 KO CuO SiO2/Al203  Method  Chemical formula

SZ1-c-FVA-48h 30.27 46.71 22.63 0.01 0.07 0.13 0.17 2.62 ICP-OES  Fe0.14Cuo.35Tio.0sNa123.01Ko.48Al100S1130.930474.23
SZ2-c-FVA-48h 29.84 46.44 23.05 002 023 027 0.14 2.64 ICP-OES  Feos50Cuo.31Tio.0sNa127.09Ko.98Al100S1132.040479.25
SZ3-c-FVA-48h 34.11 40.65 2448 052 0.24 2.02 SEM-EDX Feo.44Tio.9sNa118.05Al100S1101.110413.85
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The vibrational characteristics of the bonds found in the fused volcanic ashes (F-KVAs) and
the resulting products in protocol 3 were investigated via Fourier transform infrared

spectroscopy. The transformation of F-KVA to synthesized products are shown in the FTIR

spectra in Figure 4.31.
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Figure 4.31; The FTIR spectra of the F-KVA and the derived products in protocol 3; (a).
SZ1-c-FVA-48h, (b). SZ2-c-FVA-48h, (c). SZ3-c-FVA-48h, and (d). KoVo-c-FM-48h.

Different products were obtained in protocol 3. The differences in the products are evident in
the FTIR spectral range of 400-1000 cm™. The spectral bands of various products obtained in
protocol 3 and their assignments are shown in Table 4.12. All the absorption bands for F-KVA1
and SZ1-c-FVA-48h are similar to those observed for the F-MK1 and SX-a-FM-48h and MSX-

c-FM/FF-48h products in Figure 4.13 of section 4.2.2 and Figure 4.29 of section 4.3.8 and are
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characteristic of zeolite Na-X (Mozgawa et al., 2005). Same absorption bands were observed

for both SZ2-c-FVA-48h and KaVo-c-FM-48h products.

Table 4.12; Spectral bands of the products obtained in protocol 3 and their assignments.

Spectral bands (cm™)

r 5 C D = = Assignment Reference
Single four-membered ring
419 418 420 423 (S4R) of the sodalite -
adsorption at 428 cm*
Symmetric bending vibrations
443 460 457 457 of T-O tetrahedral (Belaabed et al., 2016)
517 513 513 *
Symmetric stretching
vibrations associated with the
six-member rings (D6R) of the
562 588 591 585 585 560 faujasite structure (Mozgawa et al., 2005)
Double four-membered ring
(D4R)
601 *
Internal symmetric stretching
675 669 673 632 662 of zeolitic T-O tetrahedral (Belaabed et al., 2016)
External symmetric stretching
747 712 735 700 700 722 o Cl So T
876 874 *
Internal asymmetric stretching
965 964 962 972 972 960 vibrations of zeolitic T-O-T (Belaabed et al., 2016)
tetrahedral
1641 1444 1635 1651 1430 1644 EVZ?edr'”g vibration of adsorbed . \1ei et a1 2009)
3400 3400 3400 3400 OStretching vibration of . et al 2009)

adsorbed water

A =S5Z1-c-FVA-48h, B = F-KVA-1, C= SZ2-c-FVA-48h, D = SZ3-c-FVA-48h, E = F-KVA-2, F = KaVo-c-FM-

48h,

* = ynidentified bands

The fingerprints absorption bands at 420 cm™, 457 cm™, 700 cm™, 972 cm™ for SZ3-c-FVA-

48h product are characteristics of hydroxysodalite, which have also been observed by other

researchers (Esaifan et al., 2019; Naskar et al., 2011).

Identification of the product phases and their crystallinities were achieved via X-ray diffraction

spectroscopy was performed on the synthesized products. The XRD patterns of the products
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obtained in protocol 3 are shown in Figure 4.32. The four products had different XRD patterns.

All the XRD peaks for the SZ1-c-FVA-48h in Figure 4.32a matched those of the zeolite Na-X

reference (Baerlocher & McCusker, 2017).
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Figure 4.32; The XRD diffraction patterns of the products obtained in protocol 3; (a). SZ1-c-
FVA-48h, (b). SZ2-c-FVA-48h, (c). SZ3-c-FVA-48h, and (d). KoVo-c-FM-48h.

The XRD pattern of both SZ2-c-FVA-48h and KaVo-c-FM-48h products in Figure 4.32b and

4.32d respectively pointed to the production of a mixture of zeolites. The intense XRD peaks

at 20 values of 12.5°, 17.6°, 21.7°, 28.1°, 33.4°, 38.0° and 46.0° are characteristic of zeolite

Na-P (Baerlocher & McCusker, 2017), while the low intensity peaks at 26 values of 6.2°, 10.0°,

15.5°,18.51°, 20.2°, 23.4°, 26.8°, 29.3°, 3.4° and 32.1° among others belong to the zeolite Na-
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X (Baerlocher & McCusker, 2017). On the other hand, all the XRD peaks for the SZ3-c-FVA-
48h product in Figure 4.32¢ at 20 values of 14.2°, 20.0°, 22.5°, 24.6°, 28.5°, 32.0°, 35.1°, 38.0°,
40.8°, 43.4°, 45.8° and 48.2° belong to the HS (Baerlocher & McCusker, 2017). The XRD
findings for the SZ3-c-FVA-48h as HS relates well with the chemical analysis results which

showed that the SiO.:Al,O3 molar ratio was 2.02, typical of hydroxysodalites.

To investigate the crystallite structures and morphologies of the synthesized products, scanning

electron microscopy was performed on the protocol 3 products. The SEM images of the SZ2-

c-FVA-48h and SZ3-c-FVA-48h products are shown in Figure 4.33.

Figure 4.33; The SEM images of protocol 3 products; (a & b). SZ2-c-FVA-48h, and (c).
SZ2-c-FVA-48h.

129



The SEM image of SZ2-c-FVA-48h in Figure 4.33a consist of aggregates in spherical shapes
with sizes as large as 5 um in diameter. The spheres exhibit rugged surface morphology
consisting of prismatic particles with sharp edges and points, Figure 4.33b. Such aggregates
and morphology are characteristics of zeolite Na-P, and are consistent with other reports

(Sharma et al., 2016; Zou et al., 2016).

The few clusters of octahedral crystals among the Na-P spheres and on the surface of the
spheres belongs to the Na-X. The small number of Na-X crystals in the SEM micrograph is in
agreement with the observed low intensity for Na-X peaks in the XRD pattern in Figure 4.32b.
On the other hand, the SZ3-c-FVA-48h in Figure 4.33c consists of irregular shaped cubic and
spherical particles of sizes ranging between 50-300 nm. The irregular cubic and spherical
structures for hydroxysodalite products have also been observed by Naskar et al., 2011. The
self-assembly of hydroxysodalite particles with the progress of reaction time after 6 h to form
spherical coral-like morphology which had previously been reported (Naskar et al., 2011) was

however not observed in this case.

4.4.2 Thermogravimetric analysis of the protocol 3 derived products

To investigate the thermal stability of the zeolite products in protocol 3, TGA analysis was
performed in the temperature range of 25-1000 °C. The TA, DTA and DSC curves for each
product is shown in Figure 4.34. For SZ1-c-FVA-48h and SZ3-c-FVA-48h products in Figure
4.34(a & c), an exothermic desorption of water occurred in a single step between 25-400 °C
accompanied with 23 % and 7.5 % weight loss respectively. The single step weight loss
corresponds to the desorption of water from a uniformly distributed pores of Na-X and Na-HS
pure zeolites. The desorption of water was a slow process in the SZ3-c-FVA-48h product
because of the mass trasfer barier of the water molecuse from the small pore HS crystals

compared to large pore Na-X crystals of the SZ1-c-FVA-48h product. On other hand, multiple

130



steps of weight loss were observed in both SZ2-c-FVA-48h and KaVo-c-FM-48h products.
About 18 % of weight loss taking place in 4 steps between 25-800 °C was observed in both
cases. The multiple steps correspond to desorption of water from different pores of the Na-X
and Na-P zeolite mixture in the products. The steepest section between 25-150 °C in both SZ2-
c-FVA-48h and KaVo-c-FM-48h represent the weight loss from the large pore Na-X while the

less steep section between 150-400 °C represent desorption from small pore Na-P.
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Figure 4.34; TGA analysis of protocol 3 products; (a). SZ1-c-FVA-48h, (b). SZ2-c-FVA-
48h, (c). SZ3-c-FVA-48h, and (d). KaVo-c-FM-48h.

4.4.3 BET surface area and porosity analysis of protocol 3 products

To investigate the textural properties of the products in protocol 3, BET analysis was performed

by N sorption on the products. Porosity analysis for the products from protocol 3 is shown in
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Figure 4.35 and Table 4.13. A type Il isotherm was observed in KaVo-c-FM-48h product. All
other zeolite products showed a type I isotherm (Thommes et al., 2015). The textural properties
of the zeolite products are summarised in Table 4.13. The SZ2-c-FVA-48h product had the
least surface area and total pore volume of 12.38 m?/g and 0.04 cm®/g, respectively. On the
other hand, the SZ1-c-FVA-48h (pure Na-X) product recorded the highest surface area,
micropore surface area and pore volume of 766.41 m2/g, 644.16 m?g and 0.26 cm®/g,

respectively.
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Figure 4.35; Porosity analysis of synthesized zeolites in protocol 3; (a). N2 sorption
isotherms, and (b). Horvath-Kawazoe pore size distribution curves.

Table 4.13; Textural properties of synthesized zeolites in protocol 3.

Specific Micropore External Micropore Total pore Pore
Sample Surface area surface area surface area volume volume size
(m?g) (m?g) (m?g) (cm¥Qg) m¥g) (A
SZ1-c-FVA-48h 766.41 644.16 122.25 0.26 0.40 9.1
SZ2-c-FVA-48h 12.38 - 17.89 - 0.04 -
SZ3-c-FVA-48h 75.34 451 70.82 0.003 0.10 7.7
KaVo-c-FM-48h 78.17 14.9 63.27 0.16 0.26 -
Molecular sievel3X 772 726.60 46.32 0.30 0.34 8.7

The textural properties of SZ1-c-FVA-48h are comparable to those of commercially available

molecular 13X (772 m?/g and 0.30 cm®/g). The SZ2-c-FVA-48h and KoVo-c-FM-48h products
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recorded very low surface area and micropore volume because the Na-P zeolite, (which,
considering their intense peaks in Figure 4.32 and the SEM images in Figure 4.33, might be in
greater amounts in the mixture), have crystals with small pores of 2.9 A (Sharma et al., 2016).
In addition, low surface area and micropore volume recorded for the SZ3-c-FVA-48h product
is due to the small pore opening of the hydroxysodalite 4.2 A (Shirani Lapari et al., 2015). The
small pores in Na-P and Na-HS creates a barrier to the N sorption. Pore size of 9.1 A and 7.7
A were observed for Na-X in SZ1-c-FVA-48h and Na-HS in SZ3-c-FVA-48h products,

respectively.

4.4.4 The effects of crystallization time on the SZ3-c-FVA product

The effects of crystallization time on the hydroxysodalite synthesis were studied by performing
crystallization of SZ3-c-FVA between 10-96h. The FTIR spectra and the TGA curves of the
products at 10 h, 48 h, 72 h and 96 h are shown in Figure 4.36. The positions of FTIR bands of
the products in Figure 4.36a remained the same even with the increase in crystallization time.
There was however a slight reduction in the intensity of the peaks with the reaction progress.
The observed additional bands at 1147 and 1204 cm for the SZ3-c-FVA-10h product below
10 h of crystallization time is an indication that the reactants did not fully convert to the
products below 10 h of reaction time. In the TGA analysis in Figure 4.36b, all the products
obtained under different crystallization periods showed three stages of weight loss. The amount
of weight lost however, increased with the increase in crystallization time because the
formation of zeolite crystals and pores improved with the increase in crystallization time. The
steep weight loss in the second stage for the SZ3-c-FVA-10h also points to the possible
presence of unconverted fused volcanic ash material after just 10 h of hydrothermal

crystallization.
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Figure 4.36; Analysis of the SZ3-c-FVA products at different crystallization periods; (a).
FTIR spectra, and (b). TGA analysis curves.

The textural properties of the HS products at different crystallization periods are shown in the

BET isotherms in Figure 4.37 and Table 4.14.
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Figure 4.37; Porosity analysis of SZ3-c-FVA zeolites obtained at different crystallization
time; (a). N2 sorption isotherms, and (b). Horvath-Kawazoe pore size distribution curves.
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Table 4.14; Textural properties of SZ3-c-FVA zeolites obtained at different crystallization

time.
Specific Micropore External Micropore Total pore Pore
Sample Surface area surface area surface area volume volume size
(m?g) (m?g) (m%g) (cm/g) cm¥g) (A
SZ3-c-FVA-10h 56.58 - 130.21 - 0.11 -
SZ3-c-FVA-48h 75.34 451 70.82 0.003 0.10 7.7
SZ3-c-FVA-96h 93.43 - 126.90 - 0.14 7.7

A type | adsorption isotherm was observed for all products. There was an observed increase in
the BET surface area from 56.58 m?/g to 93.43 m?/g as the crystallization time was increased
from 10 h to 96 h. This increase is consistent with the observed increase in weight loss with

crystallization time in the TGA curves in Figure 4.36b. The observed pore size of the

hydroxysodalite after 48 h was at 7.7 A.

4.5 Characterization of natural zeolite

The chemical composition of the raw (Nat-SA-Pristine) and acid-washed (Nat-SA-10%A)

natural zeolite, by ICP-OES spectrometry, is shown in Table 4.15. The natural zeolite had a
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high SiO. content. Small quantities of Al, Na and K oxides were lost after washing the raw
natural zeolite with 10 % HCI solution. The loss of these oxides led to a marginal increase in
SiO2/Al,03 molar ratio from 10 to 12. Similar chemical composition and formula was also

reported for clinoptilolite zeolite by Mozgawa, 2001.
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Table 4.15; Chemical composition of the pristine and acid-washed natural zeolites.

Percent oxide (wt. %)

Sample Al203 SiO2  Na2O TiO2 Fex03 K20 CuO SiO2/Al203  Method Chemical formula
Nat-SA-Pristine 13.11 77.94 2.74 0.14 1.20 4.65 0.21 10.09 ICP-OES Fesg5Cu1.03Tio 72Nazs.38K38.40Al100Si504.4101206.45
Nat-SA-10%A 11.17 82.37 0.87 0.62 1.34 3.43 0.20 12.51 ICP-OES Fe764Cu1.15Ti3.66Na12.790K3s.23Al100Si625.7001444.35
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The X-ray and Fourier transform infrared spectroscopies showing the diffraction patterns and
vibration characteristics, respectively, of raw (Nat-SA-Pristine) and acid-washed (Nat-SA-

10%A) natural zeolite materials are shown in Figure 4.38.
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Figure 4.38; Analysis of the raw (Nat-SA-Pristine) and acid-washed (Nat-SA-10%A) natural
zeolite materials; (a). FTIR spectra, and (b). XRD patterns.
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Figure 4.38a shows the FTIR spectra of the Nat-SA-Pristine and Nat-SA-10%A. The broad
double bands between 3300 and 3650 cm™ together with that at 1631 cm™ are characteristic
vibrations of zeolitic water. In specific, the broad band at 3389 cm™ s attributed to the
stretching vibrations of the -OH of the bonded water, the sharp band at 3617 cm™ is attributed
to stretching modes of the -OH groups of free water of hydration, while the band at 1631 cm™
is for the bending vibrations of water (Favvas et al., 2016; Perraki & Orfanoudaki, 2004). The
spectral band at 1018 cm™ is attributed to the internal asymmetric stretching vibrations of
zeolitic T-O-T tetrahedron (Belaabed et al., 2016). The band at 447 cm™ is assigned to a T-O-
T bridges bending mode (Perraki & Orfanoudaki, 2004). The band at 790 cm ™! is attributed to
the Si-O stretching vibration (Mozgawa et al., 2005). The band at 790 cm™ also indicate that
SBU structure is formed by the single 4-membered ring (S4R) or double 4-membered (D4R),
and also 4-4-1 or 4-1 rings of clinoptilolite zeolites (Mozgawa et al., 1999). Washing the natural
clinoptilolite with 10 % HCI led to a reduction in the intensity of the bands in the region of

500-750 cm™,

The XRD peaks at 2 0 values of 9.80°, 13.08°, 17.26°, 22.26°, 25.65°, 26.77°, 29.98° and
31.97° in Figure 4.38b corresponds to clinoptilolite phases (Baerlocher & McCusker, 2017).
Other peaks appearing at 19.49°, 20.78°, 21.60°, 24.35°, 27.49° and 34.57° are impurities of

the unidentified phases. The XRD patterns are in agreement with the observed FTIR spectra.

45.1 Thermogravimetric analysis of natural clinoptilolite zeolite

The thermal property of natural clinoptilolite zeolite was investigated using thermogravimetric
analysis in the temperature range of 25-1000 °C. The TA, DTA and DSC curves for raw and
acid-washed zeolite is shown in Figure 4.39. Four steps of weight loss were observed for the
Nat-SA-Pristine zeolite. The first and second steps with a total of 6 % weight loss occurred

between 25-250 °C and are attributed to loss of superficial water.
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Figure 4.39; Thermal analysis of natural zeolites; (a). Raw (Nat-SA-Pristine), and (b). Acid-
washed (Nat-SA-10%A).

The third step occurred between 250-450 °C due to loss of water from the crystallite pore
channels and cavities. The fourth step involving 1 % of weight loss might be due to the loss of

silanol groups bound water within the zeolite pore structure. On the other hand, three steps of
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weight loss were observed for the Nat-SA-10%A zeolite. The multiple steps are due to the
desorption from multiple porosity from the HEU framework structure shown in Figure 2.5. The
first step of 4 % weight loss occurred between 25-200 °C and is due to loss of superficial water.
The second step of 3 % weight loss between 200-450 °C is due to loss of water from the pore
channels and cavities. The third step of 2.5 % weight loss is due to the loss of bound water.
Heat absorption from 900-1000 °C, in the DSC curve without weight loss is an indication of

zeolite decomposition and structural changes (Johnson et al., 2003).

4.6 Modification of zeolites

Prior to their use in the transesterification reaction of oils, zeolite catalysts were prepared by
modifying both synthesized and natural zeolites through wet ion impregnation using 1.46 M
sodium acetate (CH3COONa) salt solution (Mentus et al., 2009; Sen et al., 2014; Ursini et al.,
2006). The zeolites were stirred in the salt solution at 65 °C for 4 h before drying out the water

solvent in a vacuum at room temperature.

4.6.1 Characterization of the modified zeolite catalysts

Figure 4.40 shows the FTIR and XRD patterns of raw kaolin, as-synthesized zeolite Na-X and
its modified versions. The FTIR spectra in Figure 4.40a show an introduction of new hydroxyl
bands at 1418 and 1578 cmafter modification of both Kaolin and synthesized zeolite Na-X
(SX-a-FM-48h). The two bands shift to higher wave numbers at 1449 and 1656 cm™ in addition

to the decrease in their intensities after calcining the modified zeolite at 500 °C.

For the XRD patterns, the new XRD peaks at 2 0 of 9.14°, 19.46°, 27.54°, 31.22° and 32.51°
for the unidentified phases in the modified Kaolin (Act/Kaolin) in Figure 4.40b is due to the
Na-acetate. Modification of synthesized zeolite (SX-a-FM-48h) by impregnation with Na-

Acetate in Figure 4.40c did not destroy the zeolite crystallinity, it however, resulted in the
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reduction in intensity of the zeolite peaks. Zeolite crystallinity was retained even after using

the zeolite in the transesterification reactions.
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Figure 4.40; The XRD patterns of; (a). Raw kaolin and kaolin modified with Na-acetate, and

(b). Synthesized zeolite Na-X and zeolites modified with Na-acetate.
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The chemical composition of Act/SX-a-FM-48h zeolite in comparison to the chemical
composition of as synthesized SX-a-FM-48h zeolite is shown in Table 4.16. With the exception
of Na20, the oxide composition of both unmodified and modified zeolite Na-X is relatively the
same. The Na2O content of the modified zeolite is higher (25.7 %) than the unmodified (18.7

%) implying that Na* ions were successfully incorporated into the modified zeolite structure.

Table 4.16; The chemical composition of unmodified and modified synthesized zeolite Na-X.

Percent oxide (wt. %0)

Sample Al,O; SiO; Na,O TiO; Fe03 SiOJ/Al,O; Chemical formula
SX-a-FM-48h 31.6 48.5 18.7 0.9 0.2 2.60 Feo4Ti1.sNag7.6Al100S1130.20465.4
Act/SX-a-FM-48h  29.1 441 257 0.8 0.3 2.58 Feo.s Ti1.8Na1452Al100Si128 70486.4

The SEM images of both unmodified and modified zeolite in Figure 4.41 also show the
presence of octahedral crystals with varying crystal sizes. The crystal structures of the zeolite
were not destroyed after zeolite impregnation, which is in good agreement with the

observations made in the XRD patterns.

Figure 4.41; The SEM images of; (a). SX-a-FM-48h, and (b). Act/SX-a-FM-48h.

The textural properties and porosity analysis of the modified zeolite Na-X in comparison to

those of unmodified zeolite is shown in Figure 4.42 and Table 4.17. Figure 4.42a shows a

143



significant reduction in BET and micropore surface area from 473.34 and 428.80 m?/g to 38.92
and 0.58 m?/g, respectively after modification of zeolite SX-c-FM-48h. The reduction in
surface area is attributed to the occupation of Na,O clusters and bridges within the pores

leading to narrow pores which therefore hinders N2 sorption in the modified zeolites.
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Figure 4.42; Porosity and thermal analysis of SX-a-FM-48h and Act/SX-a-FM-48h; (a). N2
sorption isotherms, (b). Horvath-Kawazoe pore size distribution curves, and (c).

Thermogravimetric analysis curves.

The narrowing of pores is also shown by the porosity distribution curve in Figure 4.42b where

the pore width distribution of the Act/SX-a-FM-48h could not be determined.
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Table 4.17; Textural properties of unmodified and modified synthesized zeolites.

Specific Micropore External . Total
Micropore Pore
Surface surface surface pore .
Sample volume size
area area area (cm¥/g) volume A)
(m?/g) (m?/g) (m?/g) (cm®/g)
SX-a-FM-48h 473.34 428.80 4454 0.18 0.27 9.3
Act/SX-a-FM-48h (550 °C) 38.92 0.58 38.33 - 0.15 -
Spent-Act/SX-a-FM-48h (550 °C)  31.49 - 37.26 - 0.16 -

The thermal analysis curves for the modified and unmodified zeolite Na-X are shown in Figure
4.42c. A total of 18.5 % weight of zeolite, due to the absorbed water, was lost in a single step
for the SX-a-FM-48h. On the other hand, a two-step weight loss was observed for the modified
Act/SX-a-FM-48h. The first step (50-600 °C) involved 9 % weight loss due to the sorbed water,
while the second step (600-1000 °C) involved 6 % of weight loss and might be due to the
decomposition of the zeolite material. The significant reduction in weight loss due to the
absorbed water, observed in the Act/SX-a-FM-48h in comparison to that of as synthesized SX-
a-FM-48h, is therefore in good agreement with the observations made in the BET and porosity

analysis.

4.7 Transesterification of Jatropha curcas and waste ccoking oils

Transesterification of JCO and WCO with methanol under various reaction conditions in the

presence of prepared zeolite catalysts was performed in batch processes.

4.7.1 ldentification of GC peaks and determination of response factor (RF)

Using response factors while performing quantitative analysis using GC are important because
they eliminate variability in the instrument response. Individual FAME components of the JCO

and WCO were identified by comparing their retention times with those of the GLC-10
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reference standard. Figure 4.43 shows the gas chromatographs of the GLC-10 reference

standard, JCO and WCO obtained from the GC-FID analysis.
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Figure 4.43; GC chromatographs of; (a). Supelco FAME mix GLC-10 reference standard,

(b). Jatropha curcas oil, and (c). waste cooking oil.

The calibration curves used in the calculations of the GC-FID response factors are shown in

Appendices 8-12. The RFs were calculated using the formula;
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Ap(is) X [1.5]
Response factor (RF) = 2242~ ——
P (RF) Ap(rs) X [L5]

(8)

where (Aps) is the average peak area of individual FAME in the reference standard, Aps) is

the average peak area of the internal standard, [i.s] is the concentration of internal standard,

while [r.s] is the concentration of reference standard (components of GLC-10).

On linearization of equation (8), the response factor is calculated using the formula;

Apay xIrsl o 1 y=mx+c

RF = = -
Ap(r.s) [i.s]

RF = (slope x [i.s])™!

i
Where slope = —2L9__ 1
Ap(i.s) X [T.S] Ap(i.s)

9)

(10)

i.e., slope of 2222 s [r.s] curves in Appendices 8-12.

The calculated RFs for each FAME component of the GLC-10 reference standard are

summarized in Table 4.18.

Table 4.18; GC-FID response factors for each FAME component of GLC-10 reference

standard.
FAME Retention time, Rt, (min)  Response Factor (RF)
Methyl palmitate (C16:0Me) 17.0 1.0122
Methyl stearate (C18:0Me) 19.5 1.2116
Methyl linoleate (C18:2Me) 19.6 1.2316
Methyl oleate (C18:1Me) 19.7 0.9053
Methyl linolenate (C18:3Me) 20.1 1.0202

4.7.2 Optimization of transesterification reaction

The L1s(4%) experimental design matrix used in the optimization study of transesterification of

JCO and the response values (FAME yield (%)), S/N ratio and predicted FAME yield are

shown in Table 4.19.
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Table 4.19; The Lis(4%) experimental design matrix with FAME yield response values and

S/N ratio.
Experiment R_elz_actlon Reaction Cat. MeOH/Oil FQK/IQE Std S/IN Plr:(fll\zgd
. emp . load molar L .
trial °C) Time (h) (Wt. %) ratio content Deviation ratio content
(%) (%)
1 50 0.5 0.5 5 3.95 0.04 11.92 251
2 50 2 2 10 8.80 0.08 18.89 10.45
3 50 5 4 15 46.76 0.17 33.40  47.79
4 50 8 8 20 65.09 0.29 36.27  68.87
5 60 0.5 2 15 10.24 0.26 2020 14.01
6 60 2 0.5 20 3.31 0.19 10.35 4.33
7 60 5 8 5 55.03 0.57 3481  56.68
8 60 8 4 10 61.25 0.59 35.74  54.80
9 70 0.5 4 20 56.59 0.32 35.05 58.25
10 70 2 8 15 64.40 0.03 36.20 58.10
11 70 5 0.5 10 5.77 0.18 15.21 9.54
12 70 8 2 5 10.17 0.06 20.14  11.20
13 80 0.5 8 10 67.55 0.71 36.59  68.59
14 80 2 4 5 35.70 0.53 31.05 3948
15 80 5 2 20 27.97 0.27 2893 2151
16 80 8 0.5 15 4.86 0.26 13.71 6.52

The main effects plot for the means data and S/N ratios are shown in Figure 4.44. From both

data mean and S/N ratio plots in Figure 4.44, it is evident that catalyst loading has the strongest

influence on oil transesterification. A higher mean of the control factor is an indication of its

stronger effect at that level on the FAME yield. The highest FAME vyield was observed at

catalyst loading of 8 %. It can also be seen that for the catalyst loading the increase in FAME

yield was very steep as compared to other parameters where the extent of rise was very low.

The ranking of parameters tested from the S/N ratio response in Table 4.20 also show that

catalyst loading had the highest influence on the FAME vyield followed by reaction time,

methanol to oil molar ratio and finally the reaction temperature.
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Figure 4.44; The main effects plot for (a). data mean, and (b). S/N ratios for the FAME vyield.

Table 4.20; Response Table for Signal to Noise Ratios.

Level Reaction Temp (°C) Reaction Time (h) Cat loading (wt. %) Methanol/Oil molar ratio

1 25.12 25.94 12.80 24.48
2 25.28 24.12 22.04 26.61
3 26.65 28.09 33.81 25.88
4 27.57 26.47 35.97 27.65
Delta 2.45 3.96 23.17 3.17
Rank 4 2 1 3

Because ‘larger is better’ was selected in determination of optimum conditions, the highest
points in the mean of S/N ratios plots, in Figure 4.44, were taken as the optimum conditions
for the transesterification process. This would imply that 20:1, 8 % by mass, 80 °C and 5 hours
are the optimum mole ratio of methanol:oil, catalyst loading, reaction temperature and
reaction time, respectively. However, the slopes of temperature and methanol to oil molar ratio

plots in Figure 4.44 are very low because of their low significance in the transesterification
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process, see the rankings of the factors at the bottom of Table 4.20. In addition, the difference
in the FAME yields when moving from 70 to 80 °C temperature and from 10:1 to 20:1
methanol:oil molar ratio is less than 1 % in both cases. Therefore, in this study, 70 °C and 10:1
was selected as the optimum temperature and methanol to oil molar ratio, respectively.
Selection of lower temperature and molar ratio of materials could lower the cost of energy and
materials in the production process without impacting on the transesterification efficiency. The
optimum conditions for the transesterification reaction of oils were therefore found to be 10/1
as the mole ratio of methanol/oil, 8 % by mass as catalyst loading, 70 °C as the reaction

temperature and 5 hours as the reaction time.

To test the accuracy of the chosen model, a plot of actual versus predicted yields was made.

Figure 4.45 show a plot of experimental FAME yield vs predicted FAME vyield.
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Figure 4.45; A plot of experimental FAME yield vs predicted FAME vyield.

The closeness of points to the 45° regression line and high R? values show the model fits well

the experimental data. The difference between the R? and adjusted R? values is also less than
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the acceptable margin of 0.2 thereby indicating that the experimental data are therefore accurate

(Olubunmi et al., 2020).

4.7.2.1 Analysis of variance (ANOVA)

The analysis of variance provides statistical parameters for analysis of the significance of every
transesterification parameter and their impacts on the FAME yield. The Fischer’s test (F-test)
value denotes the significance of a particular experimental factor, a high F-test value is obtained
when the experimental data fits well with the model chosen or when the noise is high (Dhawane
etal., 2016). The high F-test value is verified by the probability value (P-value). P-value below

0.05 show that F-value is due to the well fit of the model and not due to noise.

ANOVA results are shown in Table 4.21. The contribution from the catalyst loading is more
significant at 93.79 %, other factors; reaction time, methanol to oil molar ratio and reaction
temperature have very low significance at 2.14 %, 1.43 % and 1.10 % respectively. The catalyst
loading has the highest F-value (60.82) and the least P-value of 0.003), confirming its highest
significance among the four actors considered. The model is therefore significant and can be

used to optimize the transesterification of oils using Na-acetate modified zeolites as a catalyst.

Table 4.21; Analysis of Variance for SN ratios.

Source DF SeqSS AdjSS AdjMS F P %SS

Reaction Temp (°C) 3 16.40 16.40 5.467 0.71 0.607  1.09807
Reaction Time (h) 3 32.02 32.02 10.674 1.39 0.397 2.143914
Cat load (wt. %) 3 1400.78  1400.78 466.927 60.82 0.003 93.78988
MeOH/Oil molar ratio 3 21.29 21.29 7.098 0.92 0.525 1.425482
Residual Error 3 23.03 23.03 7.678 1.541984
Total 15 1493.53 100

DF; Degrees of freedom, Seq SS: Sequential sum of squares , Adj SS: Adjusted sum of squares, Adj
MS: Adjusted mean squares, F: Fischer’s test value, P: Probability value, %SS: Percent sum of squares
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4.7.3 Characterization of JCO, WCO and transesterification product

In order to investigate the vibrational characteristics and determine the functional groups of the
oils and their derived biodiesel products, FTIR spectroscopy was performed on JCO, WCO and
their respective biodiesel and glycerol products. The FTIR spectra of the oils and their derived
products are shown in Figure 4.46. The spectra of JCO and WCO and their products are the
same. Besides, in the formation of biodiesel, glycerol backbone of the triglyceride (of the oil)
is removed and replaced by the light weight methanol in the hydrocarbon chain. As shown in
Figure 4.46, the FTIR spectra of the oil is therefore expected to be largely similar to that of
biodiesel (FAMESs). The small differences are however observed in region between 400-1500
cm. According to (Rafati et al., 2019), the observed bands at 1198 and 1435 cm™ in the
biodiesel spectra (which are missing in the triglyceride spectra) are associated with the bending
and stretching vibrations of —OCHs group. In addition, the band at 1160 cm™ for the
triglyceride, corresponding to the stretching vibration of the C-O group attached to —CH> of
the glycerol backbone, slightly shifts to the peak at 1167 cm™ for the FAMEs, corresponding

to the stretching vibration of C-O group attached to —CHjs of the introduced methanol.

The observed spectral bands were assigned as follows; the broad band at 3320 and 1568 cm
(-OH stretching vibration), 3009 cm™ (unsaturated carbon chain =C-H stretching vibration),
bands at 2918 cm™ and 2850 cm™ (saturated carbon chain -CH2 symmetrical and asymmetrical
stretching vibration), 1744 cm™ (-C=0 stretching vibration), 1463 cm™ and 1378 cm™ (bending
vibration of -CH2 and -CHgs, respectively), 1223, 1160 and 1095 cm™ (-C-O stretching
vibrations) and the band at 722 cm ™! (cis -CH=CH- out of plane bending vibrations) (Lerma-
Garcia et al., 2010). The absence of the -OH bands in triglyceride and biodiesel spectra
indicates the lack of, corresponding to OH group, indicates the lack of mono and diglycerides

as well as unreacted glycerol and methanol in the oils and biodiesel (Rafati et al., 2019).
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Figure 4.46; FTIR analysis of oils and the derived biodiesel and glycerol product; (a). JCO,
and (b). WCO.

To investigate the thermal properties and to check the organic purity of the oils, TGA analysis

were performed on JCO and WCO. Figure 4.47 shows the TGA analysis curves for JCO and

WCO.

153



100 (@) Weight (%)
IRy —-— Deriv. Weight (% /°C)
g /I\-,‘ -

— — Deriv. Heat Flow (W/(g-°C))

Weight (%)

((9,°B)/m) Mol 4 yeaH “ALRQ /(D,/%) % JUBIaM "AlLI2Q

0 200 400 600 800 1000
Temperature (°C)

Weight (%
100 (b) De'_g Ge) {25
~ — - — Deriv. Weight (% /°C)
5 — — Deriv. Heat Flow (W/(g-°C))
AW

80

Weight (%)
3

IS
(=)

((9,°B)/M) Mol4 3e2H "AlIRQ /(D0/%) % WBI2A “ALIRA

0 200 400 600 800 1000
Temperature (°C)

Figure 4.47; TGA analysis of oils; (a). JCO, and (b). WCO.

Three stages of wight loss for the oils due to carbonization and subsequent burning off of the
carbon was observed in in both cases. The 100 % weight loss for both JCO and WCO implies
that inorganic impurities in WCO were successfully removed during its cleaning and that both
oils were purely organic without inorganic components. The individual fatty acid constituents
(FAME content) of JCO and WCO, which were identified in their respective GC

chromatographs in Figure 4.43(b & c), were calculated using the formula;
FAME = [lS] X Ap(ME) X RFME/Ap(i.S) (11)
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Where; FAME = Fatty acid methyl ester content of individual fatty acid
Apvi) = Peak area of the individual methyl ester in the sample
RFwme = Response factor of the respective reference standard, calculated in

Table 4.18

The calculated fatty acid composition of JCO and WCO are summarized in Table 4.22. The
FAME composition of JCO oil and WCO are different with the major contents of JCO being
methyl linoleate and methyl oleate while those of WCO were methyl palmitate and methyl
oleate. However, the composition of individual oils was consistent with those reported in

literature, (Abbaszadeh-Mayvan et al., 2018; Ewunie et al., 2021; Singh et al., 2021).

Table 4.22; Summary of individual FAME constituents of the JCO and WCO.

Composition (%)

FAME Waste
Jatropha curcas i

cooking
Methyl palmitate (C16:0Me) 13.7 41.7
Methyl stearate (C18:0Me) 6.3 5.1
Methyl oleate (C18:1Me) 37.2 38.7
Methyl linoleate (C18:2Me) 41.2 8.8
Others 1.6 5.7
Total 100 100

4.7.4 FAME Yields from batch transesterification using optimal conditions

Batch transesterification reactions of JCO and WCO using optimum conditions obtained in
section 4.7.2, that is; methanol:oil molar ratio of 10:1, catalyst loading of 8 %, reaction
temperature of 70 °C and reaction time of 5 h was performed with various developed catalysts.
The total FAME vyield (%) from individual batch reaction was calculated using the formula in
equation (6). The FAMEs yield from various batch transesterification reactions are summarized

in Table 4.23.
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Table 4.23; Summary of biodiesel yields obtained using optimum transesterification
conditions with various prepared catalysts.

Catalyst FAME Yield (%0)

Code Type Oil Type 1t 2nd
KOH -JCO Homogeneous - KOH JCO 91.56 +£1.10

KOH - WCO Homogeneous - KOH WCO 89.21 £ 0.53

Act/Kaolin Kaolin JCO 13.40 £ 0.25

Act/MK Metakaolinite JCO 11.96 + 0.05

Act/F-MK Fused-metakaolinite JCO 15.47 +0.21

Act/Zeolite 3A Molecular sieve Na-A JCO 34.81 £ 2.64

Act/Zeolite 13X Molecular sieve 13-X JCO 75.03 £0.77

Act/Zeolite Y Commercial Na-Y JCO 46.08 £0.17
Act/SA-MK-48h Na-A JCO 32.36 £0.31

*SX-a-FM-48h Na-X JCO 16.78 £ 0.35
Act/SX-a-FM-48h Na-X JCO 83.63+£0.89 80.12+1.04
Act/SX-a-FM-48h Na-X WCO 79.25+1.35
Act/SX-a-FM-96h Na-X JCO 82.66 £ 0.21
Act/SX-a-FM-168h Na-X JCO 79.07 £ 0.26
Act/SX-b-FM-48h Na-X JCO 20.04 £0.21
Act/SX-c-FM-48h Na-X JCO 87.41+£0.05 86.54+0.43
Act/SX-c-FM-48h Na-X WCO 89.98 + 0.51
Act/FSY-c-FM-48h Na-X JCO 55.04 +0.33
Act/MSX-a-FM/FF-48h Na-X JCO 79.12+1.20 77.40+0.06
Act/MSX-a-FM/FF-48h Na-X WCO 83.45+£0.79
Act/MSX-b-FM/FF-48h Na-X JCO 77.51 £ 0.99
Act/MSX-c-FM/FF-10h Na-X JCO 79.12+1.20
Act/MSX-c-FM/FF-48h Na-X JCO 93.94+0.25 91.37%0.62
Act/MSX-c-FM/FF-48h Na-X WCO 91.07+1.21
Act/MSX-c-FM/FF-72h Na-X JCO 87.84 £ 2.67

Act/MSY -a-FM/PF-48h Na-Y JCO 18.34 + 0.05

Act/MSY -b-FM/PF-48h Na-Y JCO 19.73 £ 0.02
Act/MSY-c-FM/PF-48h Na-Y JCO 20.05+0.24 18.86 +0.54
Act/SZ1-c-FVA-10h Na-X JCO 92.82+192 89.08+0.85
Act/SZ1-c-FVA-48h Na-X JCO 82.02 £ 0.60
Act/SZ2-c-FVA-48h Na-P & Na-X JCO 42.43+£0.16
Act/SZ3-c-FVA-48h Na-HS JCO 70.05+0.23
Act/KoVo-c-FM-48h Na-P & Na-X JCO 54.43 + 0.86
Act/Nat-SA-10%A Clinoptilolite JCO 95.54+1.54
Act/Nat-SA-10%A Clinoptilolite WCO 92.62 + 0.95

* SX-a-FM-48h: Zeolite was used as synthesized without modification
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The catalytic conversion of oils using homogeneous KOH catalyst was performed to act as a
bench mark for the subsequent heterogenous catalysis. The FAMES yield under homogeneous
transesterification was high at 91.56 and 89.21 % for the conversion of JCO and WCO,
respectively (Table 4.23). The catalytic conversion of oils using raw kaolin, MK and F-MK,
without converting them to zeolites, as well as using unmodified zeolites (*SX-a-FM-48h) are
very low at 13.40 %, 11.96 %, 15.47 % and 16.78 %, respectively, see Table 4.23. Their
conversions to zeolite products before use is therefore justified. The performance of both JCO

and WCO in terms of their conversions to biodiesel was fairly the same.

The Na occluded natural zeolite clinoptilolite and zeolite-X generally performed better than
other zeolite types. In addition, zeolites synthesized via wet mixing of kaolin with NaOH before
dry fusion recorded better FAME Yyields (see -c- coded zeolites in Table 4.23) compared to
other zeolites obtained via other kaolin pre-treatment methods. The performance of the
synthesized zeolite types was in the order; natural clinoptilolite, Na-X, hydroxysodalite (Na-
HS), Na-Y, Na-P & Na-X mixture and lastly Na-A. Among the synthetic zeolites, Na-X related
zeolite (MSX-c-FM/FF-48h) recorded the highest yield at 93.94 % while Na-A related zeolite
(SA-MK-48h) recorded the least yield at 32.36 %. The highest yields for each zeolite type were

however higher than their commercial zeolite analogues.

Although the choice of kaolin pre-treatment method with NaOH before fusion directly
impacted on the surface properties, such impact was not observed in terms of zeolite
transesterification performances. For example, wet mixing followed by dry fusion of kaolin
resulted in zeolites MSX-c-FM/FF-48h, SX-c-FM-48h and SZ1-c-FVA-48h which showed
very high surface area and pore properties as were observed in Table 4.8, 4.10 and 4.13. The
same was however not duplicated by the zeolite FSY-c-FM-48h (Na-Y) which recorded just
55.04 % conversion. In addition, SZ3-c-FVA-48h (Na-HS) which showed very low surface

area and pore properties in Table 4.13 recorded fairly good biodiesel conversion at 70.05 %.
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The performance of zeolites does not therefore depend on the surface area and porosity of
zeolites but rather on the alumina content of the zeolite catalyst. Hydrophilic catalysts with
high Al/Si content performed better than the hydrophobic catalysts with high SiO2/Al;03
content. This might be because the higher the Al in the zeolite structure the higher the Na ions
occluded in the structure, and thus the higher the active catalytic sites for the zeolite. The
surface area and porosity analysis of the modified zeolite in Table 4.17 also showed significant
reduction of surface area and porosity, yet their catalytic conversions to biodiesel was high.
The high conversion would only imply that most of catalytic activity of the zeolite catalysts

are taking place on the surface of the catalyst and not on the blocked pore structure.

Other properties of the derived biodiesel in comparison with the European Norm (EN-

14214:2008, 2009) are shown in Table 4.24.

Table 4.24; Properties of JCO and the derived biodiesel in comparison with the EN-14214

standard.

Jatropha - EU biodiesel specifications
Property curcasoil 20Ul e 14214:2008, 2000)
Ester content (wt. %) 93.9 - 96.5
Density (g/ml) 0.91 0.86 0.86-0.90
Kinematic viscosity (mm?/s) 39.63 3.05 3.5-5.0
lodine value (g 12/100g) 105.01 101.00 <120
Acid value (mg KOH/qg) 4.86 0.50 <0.50
Saponification value (mg KOH/qg) 175.00 n.d’ -
Linolenic acid methyl ester (wt. %) <1.6 12.0

"n.d = not done

There is a significant decrease in important properties of viscosity and acid value of the
transesterification product to values within biodiesel specifications. The properties tested for
the JCO are also consistent with the properties which have been reported in literature (Kibuge

et al., 2015; Singh et al., 2021). Except for the ester (FAME) content, all the other tested
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parameters were within the biodiesel specifications. This shows that zeolites derived from less
expensive natural clay minerals and volcanic ash are promising catalysts for the
transesterification of non-edible plant oils with high free fatty acids such as JCO and WCO.
The low ester content of synthesized biodiesel (93.94 %) in the present study, with reference
to biodiesel specification in Table 4.24, might be an indication of more catalyst load (wt. %)
required for the complete conversion within the shortest reaction time. This is can also be seen
by the steep catalyst loading curve in the mean data and S/N ratio plots in Figure 4.44. It may
also signify the need to fine tune the zeolites further to increase their catalytic surface area

where transesterification reactions are taking place.

4.7.4.1 Regeneration of zeolite catalysts

Regeneration study for the selected zeolite catalysts was performed by washing the zeolite
catalysts used in the transesterification of JCO with heptane six times. The washed catalyst was
dried at 100 °C for 12 h before calcining at 500 °C at similar conditions described above. Such
a catalyst when tested showed very small loss in activity in the second reuse of the catalysts,
see Table 4.23. The zeolite catalysts obtained in this study are therefore suitable for use in

multiple catalytic transesterification activity for the JCO.
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CHAPTER 5

SUMMARIES, CONCLUSIONS AND RECOMMENDATIONS

5.1 Summaries

The clay material consists of SiO at 56.74 %, Al>Oz at 30.34 % and trace oxides of Na, Ti, Fe,
Cu and K. The SiOg is in the form of kaolinite mineral at 35.71 % and quartz phase at 21.03
%. All the kaolin bands and peaks except those for quartz phase were eliminated by heating
the clay at high temperature of 750 °C. The quartz phase was however, eliminated by fusing
clay with NaOH where new FTIR bands and XRD peaks were formed in the lower wave
numbers and higher 2 6 values, respectively. Raw clay is thermally stable up to 400 °C with
subsequent exothermic weight loss of 10.49 % at 500 °C occurring in a single step during
dehydroxylation reaction. In contrast, the dried wet mix of clay with NaOH had multiple steps
of weight loss. The kaolin material exhibits a type Il adsorption isotherm with a type H3

hysteresis and porosity at 14.8 A.

Raw volcanic ash (KVA) consists of CaO at 47.09 %, in the form of calcite polymorph, and
SiO> at 18.38 %. A total of 33 % of its weight is lost on ignition (LOI). Other oxides of Al, Ti,
Fe, K, Cu and Ca are also present in trace amounts. Calcite is, however, eliminated by washing
the KVA with 10 % HCI, resulting in > 99 % amorphous silica and traces of quartz phase. Raw
volcanic ash is thermally stable up to 620 °C where a total of 33 % of weight loss (LOI) occurs
between 620-815 °C with the integral peak at 790 °C. On the other hand, only 3 % weight loss,

due to small quantity of absorbed water occur for the acid-washed volcanic ash.

In the synthesis of zeolites in protocol 1, FAU and LTA zeolites of high crystallinity are
synthesized from kaolin material. For gels of the same chemical composition and under
identical synthesis conditions, the resulting zeolite type depended on the pre-treatment method,

namely MK or F-MK, which was applied to kaolin material prior to the hydrothermal
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crystallization step. Both zeolites Na-A and Na-X were obtained separately within 8 h of
crystallization in the MK and F-MK methods respectively. The hydrothermal crystallization
time required for the preparation of FAU zeolites from kaolin was significantly reduced when
the fusion route was followed. At lower SiO2/Al>Os of the synthesis hydrogel, i.e., when kaolin
was used without additional silica, apart from the drop in crystallinity to less than 70 % after
120 h for the Na-A obtained in MK method, no phase change was observed even after 168 h
of reaction. On the other hand, HS impurity was formed beyond 48 h of reaction in the F-MK
method. At elevated SiO2/Al>O3 of the synthesis hydrogel, i.e., when additional fumed silica
was used, a mixture of zeolite products (Na-X, Na—P, analcime) were obtained in the MK

method, while Na-Y was the dominant phase in the product obtained in the F-MK method.

Besides, zeolites obtained through F-MK hydrogels in protocol 1 showed high surface area,
micropore surface area, micropore volume and pore size. The Na-Y (FSY-a-FM-48h) zeolite
obtained from modified F-MK hydrogels had the highest BET surface area, micropore surface
area and micropore volume at 599 m?/g, 445 m?/g and 0.18 cm®/g, respectively. On the other
hand, the zeolites obtained through MK hydrogels had very low sorption properties. Increasing
the crystallization time from 48 h to 120 h for the Na-Y zeolite in the modified hydrogel of
protocol 1b led to a decrease in the surface area and the pore volume from 599 to 473 m?/g and
0.18 to 0.15 cm®/g respectively. However, the zeolite median pore width remained constant at

0.99 nm.

In the synthesis of faujasite zeolites in protocol 2, the resulting zeolite structure not only
depended on the hydrogel composition and the synthesis conditions but also on the fusion
conditions, i.e., the amount of NaOH used in the fusion step. Two sets of products were
obtained depending on the protocol used in the pre-treatment of the kaolin material. For

hydrogels with the same concentrations of starting materials, partial fusion of the kaolin,
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involving limited quantities of NaOH led to the formation of zeolite Na-Y, while full fusion
led to the formation of zeolite Na-X. The resulting zeolite type depended on the nature of the
silica and alumina components of the synthesis hydrogel. Various pre-treatment procedures on
kaolin did not affect the zeolite Na-Y products obtained in the partial fusion protocol. The
influence of pre-treatment procedures on kaolin before fusion step on the nature of zeolite
products was however observed in the full fusion protocol. Wet mixing followed by wet fusion
results in undesired reactions that lead to the undesirable formation of hydroxysodalites as
impurities in Na-X and Na-Y products. Dry mixing, on the other hand, results in a non-uniform
mixture leading to the formation of zeolite Na-X alongside zeolite Na-A as an impurity. The
best pre-treatment method was wet mixing of kaolin followed by removal of the solvent via
drying before the fusion step, which resulted in high quality Na-X and Na-Y zeolites with
textural properties comparable to those of commercially available zeolite. Both NaOH
concentration in the fusion step and crystallization time did not affect the SiO2/Al,03 molar
ratio of the resulting products. The ratio was however affected by the mode of kaolin pre-

treatment with NaOH.

Except for the wet fusion product in the full fusion method, all protocol 2 products exhibited a
reversible type | isotherm for microporous adsorbents. The wet fusion products, in both partial
fusion and full fusion protocols, had the least specific surface area, micropore surface area and
pore volume. On the other hand, the products obtained in wet mixing of kaolin with NaOH
before dry fusion in the full fusion protocol had the highest specific surface area, micropore

surface area and pore volume which are comparable with those of their commercial analogues.

In the synthesis of faujasite zeolites using calcined acid-washed volcanic ash and sodium
aluminate as a starting material in protocol 3, the resulting product depended on the SiO; and

Na20 content of the synthesis hydrogel. Low silica hydrogel resulted in either pure Na-X or

162



pure hydroxysodalite while high SiO2 content resulted in a mixture of Na-X and Na-P zeolites.
For the low SiOz hydrogel, low Na2O content in the hydrogel resulted in pure hydroxysodalite
while high Na2O content in the hydrogel resulted in pure Na-X zeolite. The silicon and
aluminium oxide composition of the products is not dictated by the synthesis hydrogel
composition but rather by the resulting products types. In addition, the conversion of the raw
materials to hydroxysodalite is enhanced with increased crystallization time, leading to a

corresponding improvement in the product properties.

Except for the Na-X and Na-P zeolite mixture obtained from a hydrogel prepared using acid-
washed volcanic ash and fused-metakaolinite, all other products in protocol 3 exhibited a
reversible type | isotherms. The Na-X and Na-P zeolite mixture (i.e., SZ2-c-FVA-48h and
KoVo-c-FM-48h) had the least specific surface area and micropore volume. On the other hand,
pure Na-X product (i.e., SZ1-c-FVA-48h) had the highest specific surface area, micropore
surface area and pore volume which are comparable with those of commercial molecular sieve
13X. All zeolite products synthesized in protocol 3 were also thermally stable at least up to 800
°C. A single step weight loss was observed for the Na-X zeolite of SZ1-c-FVA-48h and
hydroxysodalite of SZ3-c-FVA-48h products, accompanied with up to 23 %and 11 % weight
loss, respectively. On the other hand, a multi-step weight loss, accompanied with 18 % weight

loss, was observed for the SZ2-c-FVA-48h and KaVo-c-FM-48h products.

In the analysis of natural zeolites, both raw and acid-washed natural zeolites were confirmed
by the FTIR and XRD analysis to be of clinoptilolite (HEU) type. The clinoptilolite zeolites
exhibited high crystallinity alongside some unidentified phases. The raw natural zeolite had a
high SiO2/Al>03 molar ratio of 10 which was further increased to 12 by washing the raw
clinoptilolite zeolite with 10 % HCI solution. Four steps of weight loss were observed for the

Nat-SA-Pristine zeolite. On the other hand, three steps of weight loss were observed for the
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Nat-SA-10%A zeolite. Approximately 10 % of weight loss was observed in both cases. In
addition, the decomposition of clinoptilolite zeolites and structural changes took place at

temperature between 900-1000 °C.

In the modification of zeolites, apart from the reduction in XRD intensities for the modified
zeolite, the FTIR, XRD and SEM analysis showed that there was no change in functional
groups, crystallinity as well as crystallite structures of zeolites impregnated with sodium
acetate. It however, resulted in the reduction in intensity of the zeolites peaks. Zeolite
crystallinity was maintained even after its first use in the transesterification reactions. Analysis
of chemical composition of the modified zeolites also showed that Na ions were successfully
incorporated into the modified zeolite structure. Modification of zeolites however, resulted in
significant reduction in BET and micropore surface area from 473.34 and 428.80 m?/g to 38.92
and 0.58 m?/g, respectively. A two-step weight loss was also observed in the TGA analysis of
the modified zeolites. Besides, a significant reduction in weight loss, due to absorbed water,

was observed for the modified zeolites.

In the transesterification of JCO and WCO to biodiesel, Using the Taguchi L1s(4*) experimental
design approach, the optimum conditions for the transesterification reaction of JC oil were
found to be 10/1 as the mole ratio of methanol/oil, 8 % by mass as catalyst loading, 70 °C as
the reaction temperature and 5 hours as the reaction time. Besides, based on ANOVA the
contribution from the catalyst loading was more significant at 93.79 %, other factors, namely;
reaction time, methanol to oil molar ratio and reaction temperature had very low significance
in the reaction at 2.14 %, 1.43 % and 1.10 % respectively. The best separation of FAME
components of GLC-10 reference standard was achieved from the optimized GC-FID
conditions. In addition, varying response factors were obtained for the different FAME
components of GLC-10 reference standard. The FAME composition of JCO oil and WCO are

different. The major contents of JCO were methyl linoleate and methyl oleate while those of
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WCO were methyl palmitate and methyl oleate. The catalytic conversion of oils using raw
kaolin, MK and F-MK materials, without converting them to zeolites, as well as using
unmodified zeolites are very low at low at 13.40 %, 11.96 %, 15.47 % and 16.78 %,

respectively.

The Na occluded natural zeolite clinoptilolite and zeolite-X performed slightly better than other
zeolite types. The yields for each zeolite type were higher than their commercial zeolites
analogues. In addition, zeolites Na-X performed better than other zeolite types. Zeolites
synthesized via wet mixing of kaolin with NaOH before dry fusion recorded better FAME
yields compared to other synthesized zeolites. The performance of the synthesized zeolite types
was in the order; natural clinoptilolite, Na-X, Na-HS, Na-Y, Na-P & Na-X mixture and lastly

Na-A.

5.2  Conclusions

Analysis of materials used in this study have shown that the clay material was of kaolin type
but having high quartz levels at 21.03 %. Raw Kenyan volcanic ash, on the other hand, consist
of silica (SiO2) and calcite (CaCOs) at 18.38 and 47.08 %, respectively. The volcanic ash can
be used as pure silica when calcite is removed by simple treatment of the raw volcanic ash with

10% HCI acid solution.

The findings from the study have shown that a variety of quality and pure zeolite products can
be obtained from the abundant and inexpensive natural aluminosilicate resources such as
kaolin and volcanic ash by choice of either the fusion or metakaolinization routes and by
selecting the right synthesis hydrogel composition with no change in hydrothermal synthesis

conditions.
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Various pre-treatment conditions have also been studied and the best pre-treatment method was
found to be the one where wet mixing of kaolin followed by removal of the water solvent via
drying at 100 °C before the fusion step is performed. This operation results in production of
quality Na-X, Na-Y/ Na-HS zeolites having properties comparable to those of commercially
available zeolites. This study has therefore identified synthesis protocols that enable use of
sustainable and less expensive kaolin and volcanic ash as a raw material for the production of

pure and high-quality zeolite materials.

Functionalization of zeolites via wet Na* ion impregnation using CH3COONa with subsequent
activation by heat at 500 °C did not destroy the zeolite crystallite structures, instead, it resulted
into significant increase in Na,O content of modified zeolite. In addition, functionalization was

found to be important because it resulted into zeolites with high catalytic activities.

Transesterification parameters using kaolin and volcanic ash derived zeolite catalysts were
successfully optimized via Taguchi method. The best conditions for the transesterification
reaction of the oils were found to be 10/1 as the mole ratio of methanol/oil, 8 % by mass as
catalyst loading, 70 °C as the reaction temperature and 5 hours as the reaction time. Besides,
the catalyst loading was the most significant factor affecting the transesterification process at

93.79 %.

Under optimized conditions, both modified natural and synthetic zeolites exhibited high
catalytic performance; natural zeolite clinoptilolite and synthetic zeolite Na-X showed FAME
conversions of 95.54 and 93.94 %, respectively. The FAME yields were higher than those of
commercial zeolites equivalents (for example, 93.94% for Act/MSX-c-FM/FF-48h (Na-X)

against 75.03 % for molecular sieve 13X), unmodified zeolites and raw materials.
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5.3 Recommendations

The importance of performing metakaolinization versus fused-metakaolinization as well as the
crucial role of NaOH content in the fusion of kaolin in the zeolite synthesis has been shown.
Zeolites derived from clay and volcanic ash as alternative sources of aluminosilicates are

therefore promising catalysts for the biodiesel synthesis from non-edible plant oils.

The use of kaolin clay and volcanic ash as sustainable aluminosilicates for the synthesis of
zeolites is recommend. This is because high quality zeolites are obtained from abundant and
less expensive natural aluminosilicate resources such as kaolin and volcanic ash. A variety of
quality zeolites are achievable via the method of fusion or metakaolinization routes using
natural kaolin or volcanic ash materials. MK method is recommended for the production of

zeolite Na-A, while fusion method is recommended for FAU zeolites.

Efficient pre-treatment method allows for the complete conversion of kaolin into suitable
ingredients before the hydrothermal crystallization step. Pre-treatment by wet mixing of kaolin
or volcanic ash with NaOH before dry fusing the mixture and subsequent hydrothermal
crystallization is recommended because it results into pure zeolite Na-X, Na-Y or Na-HS with

high surface and pore properties comparable to commercial zeolites.

Modification of zeolites via wet Na* ion impregnation and activation by heat at 500 °C is
recommended as it retains zeolite crystallites and functional groups while giving high catalytic
conversion of oils to biodiesel. In addition, among the zeolites used, zeolites Na-X and natural
zeolite clinoptilolite are more suitable catalysts and are therefore recommended for use in the

transesterification reactions because they lead to high FAME conversion.

167



A study to determine the sustainability and cost of producing biodiesel from renewable biomass
sources and catalyzed by zeolites obtained from natural materials is recommended. The data

will inform on viability of starting business of biodiesel production.

5.4 Suggestions for future research

The wet mixing followed by dry fusion method of kaolin pretreatment in the zeolites synthesis
should be investigated further using other sources of kaolin and other types of natural

aluminosilicates and the results compared to what have been reported.

More work should be done on zeolites synthesis using purely a mixture of kaolin and volcanic
ash as sources of aluminosilicates (without additional materials). This will lead to zeolites

being formed purely from natural materials.

Other cation other than Na* ion should be investigated in the modification of developed zeolites

in order to compare their resulting catalytic activities with the reported data.

Further optimization of catalyst loading should be carried out because it was the most

significant factor in the transesterification process.
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APPENDICES
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Appendix 1; ICP-OES Calibration curve for analysis of silicon (Si) elemental
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Appendix 2; ICP-OES Calibration curve for analysis of aluminium (Al) elemental
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Appendix 3; ICP-OES Calibration curve for analysis of sodium (Na) elemental
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Appendix 4; ICP-OES Calibration curve for analysis of titanium (Ti) elemental
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Appendix 5; ICP-OES Calibration curve for analysis of iron (Fe) elemental
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Appendix 6; ICP-OES Calibration curve for analysis of potassium (K) elemental
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Appendix 7; ICP-OES Calibration curve for analysis of copper (Cu)elemental
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Appendix 8; Plots of the average peak area of methyl palmitate (C16:0Me) FAME in GLC-10
reference standard (Ap(s)) and the ratio of its average peak area to average peak area of methyl
nonadecanoate (C19:0Me) internal standard (Ap.s)/Apqis)) at different concentration levels.

172



C18:0Me - R, =19.53 min
10 = 25
| | Plot Avg. Area (a.u) Area (r.s) /Area (i.s)
Equation y=-0.10573 + 17.51883%x  y =-0.12405 + 33.01428"x
Intercept -0.10573 £ 0.07028 -0.12405 + 0.10135
8 | | Slope 17.51883 + 0.27787 33.01428 + 040085 | 20
R-Square (COD) 0.98925 0.99956
B
2
ERls {157
s B
— o
2 =
= )
1< 4F H110 &
£
2 * Apry 19
" Apis/Aps)
0 1 1 | 1 | 1 | 1 | 0
0.0 0.1 0.2 0.3 0.4 0.5
Conc. (mg/mL)

Appendix 9; Plots of the average peak area of methyl stearate (C18:0Me) FAME in GLC-10
reference standard (Ap(s)) and the ratio of its average peak area to average peak area of methyl

nonadecanoate (C19:0Me) internal standard (Ap.s)/Apqis)) at different concentration levels.
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Appendix 10; Plots of the average peak area of methyl oleate (C18:1Me) FAME in GLC-10
reference standard (Ap(s)) and the ratio of its average peak area to average peak area of methyl
nonadecanoate (C19:0Me) internal standard (Ap.s)/Apqis)) at different concentration levels.
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Appendix 11; Plot of the average peak area of methyl linoleate (C18:2Me) FAME in GLC-10
reference standard (Ap(s)) and the ratio of its average peak area to average peak area of methyl

nonadecanoate (C19:0Me) internal standard (Ap.s)/Apqis)) at different concentration levels.
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Appendix 12; Plots of the average peak area of methyl linolenate (C18:3Me) FAME in GLC-
10 reference standard (Apes)) and the ratio of its average peak area to average peak area of
methyl nonadecanoate (C19:0Me) internal standard (Apsy/Aps) at different concentration

levels.
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