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ABSTRACT 

 

SUSTAINABLE ZEOLITE PRODUCTION VIA SOLAR CALCINATION 

OF KAOLIN AND HALLOYSITE: STRUCTURAL EVOLUTION, PHASE 

CONTROL, AND COϜ ADSORPTION EFFICIENCY  
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July 2025, 171 pages 

 

 

The production of zeolites from natural clays offers a promising route toward low-

cost and sustainable adsorbent materials, especially for applications in carbon 

capture. However, conventional calcination processes used to activate kaolin and 

halloysite clays are highly energy-intensive and carbon-emitting. This thesis 

explores solar-driven calcination as an environmentally benign alternative for clay 

activation, aiming to reduce the carbon footprint of zeolite synthesis without 

compromising material performance. Kaolin and halloysite were subjected to 

concentrated solar thermal treatment at temperatures ranging from 700 ÁC to 1000 ÁC 

to induce structural transformations into amorphous metaforms and AlïSi spinel 

intermediates. The thermally activated products were then converted into LTA- and 

FAU-type zeolites via alkali hydrothermal synthesis. Phase evolution and porosity 

development were investigated using various characterization techniques. Special 

attention was given to kaolin, an abundant and low-cost clay that is extensively 

mined in T¿rkiye and offers strategic advantages for sustainable materials 

development. The influence of precursor type and calcination conditions on zeolite 
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formation pathways was systematically evaluated. COϜ adsorption capacities of the 

resulting zeolites were assessed at 25 ÁC and 1bar using breakthrough and 

equilibrium measurements. Results demonstrate that solar-calcined clays yield 

zeolites with comparable crystallinity, surface area, and COϜ uptake to those 

produced via conventional heating, while achieving significant reductions in thermal 

energy consumption and COϜ emissions. This work validates solar calcination as a 

viable route for scalable zeolite production and supports the integration of clay-based 

zeolites into low-cost, low-carbon COϜ capture technologies. 

 

Keywords: Solar Calcination, Kaolin and Halloysite, Zeolite 4A and 13X, AlïSi 

Spinel, COϜ Capture 
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KONTROL¦ VE COϜ ADSORPSĶYON VERĶMLĶLĶĴĶ 
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Doĵal killerden zeolit ¿retimi, ºzellikle karbon yakalama uygulamalarē i­in d¿ĸ¿k 

maliyetli ve ­evresel a­ēdan s¿rd¿r¿lebilir bir yaklaĸēm sunmaktadēr. Ancak, kaolin 

ve halloysit gibi killerin zeolit sentezi ºncesinde aktive edilmesi i­in uygulanan 

geleneksel kalsinasyon yºntemleri y¿ksek sēcaklēk gerektirmekte ve bu da ºnemli 

d¿zeyde enerji t¿ketimi ve karbon emisyonuna yol a­maktadēr. Bu tezde, kil 

aktivasyonuna yºnelik ­evre dostu bir alternatif olarak yoĵunlaĸtērēlmēĸ g¿neĸ 

enerjisiyle ger­ekleĸtirilen kalsinasyon s¿reci araĸtērēlmēĸ ve bu yºntemin malzeme 

performansēnē koruyarak karbon ayak izini azaltmadaki potansiyeli ortaya 

konmuĸtur. Kaolin ve halloysit numuneleri, 700ï1000 ÁC aralēĵēnda g¿neĸle 

ēsētēlarak amorf metaformlara ve AlïSi spinel ara fazlarēna dºn¿ĸt¿r¿lm¿ĸ, ardēndan 

alkali hidrotermal yºntemle LTA- ve FAU-tipi zeolitlere sentezlenmiĸtir. Faz 

dºn¿ĸ¿mleri ve gºzenek yapēsē ­eĸitli karakterizasyon teknikleri ile 

deĵerlendirilmiĸtir. T¿rkiyeôde bol miktarda bulunan, d¿ĸ¿k maliyetli ve end¿striyel 

a­ēdan ºnemli bir kaynak olan kaoline bu baĵlamda ºzel ºnem verilmiĸtir. ¥n iĸlem 
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koĸullarēnēn ve kil t¿r¿n¿n zeolit oluĸumu ¿zerindeki etkileri sistematik olarak 

incelenmiĸtir. Elde edilen zeolitlerin COϜ adsorpsiyon kapasiteleri, 25 ÁC ve 1 bar 

koĸullarēnda denge ve ge­iĸ testleriyle belirlenmiĸtir. Bulgular, g¿neĸle kalsine 

edilmiĸ killerden ¿retilen zeolitlerin geleneksel yºntemlerle ¿retilenlerle 

karĸēlaĸtērēlabilir performans sunduĵunu, ayrēca enerji t¿ketimi ve karbon 

emisyonlarēnē ºnemli ºl­¿de azalttēĵēnē gºstermektedir. Bu ­alēĸma, kil bazlē 

zeolitlerin d¿ĸ¿k maliyetli ve d¿ĸ¿k karbon ayak izli COϜ yakalama sistemleri i­in 

umut vadeden malzemeler olduĵunu ortaya koymaktadēr. 

 

Anahtar Kelimeler: G¿neĸle Kalsinasyon, Kaolin ve halloysite, Zeolit 4A ve 13X, 

AlïSi Spinel, COϜ Yakalama 
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CHAPTER 1  

1 INTRODUCTION   

Zeolites are crystalline microporous aluminosilicates widely recognized for their 

exceptional ion-exchange capacity, molecular sieving, and catalytic properties. 

These attributes make them indispensable in numerous applications, ranging from 

water softeners and gas separation to catalysis and environmental remediation. 

Among the diverse zeolite families, Linde Type A (LTA) and Faujasite (FAU) 

structuresðrepresented by zeolites 4A and 13X, respectivelyðare among the most 

commercially significant due to their well-defined pore geometries and accessible 

raw materials. 

Traditionally, the synthesis of such zeolites relies on laboratory-grade precursors and 

energy-intensive activation methods. However, the increasing demand for 

sustainable production routes has redirected focus toward utilizing natural 

aluminosilicate sources such as kaolin and halloysite. These clay minerals are 

abundantly available and cost-effective, and they contain the necessary Si and Al in 

an ideal ratio for zeolite formation. To enable their reactivity, these minerals must 

undergo thermal activation, typically through calcination, a process that transforms 

them into disordered, reactive meta-forms like metakaolin or metahalloysite. 

Conventional calcination methods involve prolonged exposure to high temperatures 

in fossil-fueled furnaces, contributing significantly to the overall carbon footprint of 

zeolite production. As the climate crisis intensifies, developing renewable energy-

based alternatives has become a global imperative. One such emerging strategy is 

solar-driven calcination, where concentrated solar power (CSP) or high-flux solar 

simulators are employed to thermally activate clay minerals. This approach offers 

the dual benefits of reduced greenhouse gas emissions and efficient utilization of 

solar energy, aligning with the broader goals of green chemistry and sustainable 

industrial development. 
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In this thesis, the potential of solar calcination as a viable route for producing high-

performance zeolite precursors from kaolin and halloysite is explored. Emphasis is 

placed on understanding the structural evolution of these clays under solar heating 

conditions, particularly the role of AlïSi spinel intermediates, and evaluating the 

performance of the resulting zeolites in applications such as COϜ adsorption. 

1.1 Zeolites: Structure, Classification, and Applications 

1.1.1 Structure and Framework of Zeolites 

Zeolites are microporous crystalline aluminosilicates built from a framework of SiOϞ 

and AlOϞ tetrahedra linked by shared oxygen atoms (Figure 1.1). The substitution of 

Alįϕ for Siώϕ in the tetrahedral framework creates a negative charge, which is 

balanced by exchangeable cations such as Naϕ, Kϕ, or CaĮϕ. This framework gives 

rise to an ordered system of channels and cages, typically ranging from 3 to 10 ¡ in 

diameter, which are accessible to small molecules. These structural features provide 

zeolites with unique properties, including ion exchange capacity, molecular sieving 

ability, and high surface area, making them indispensable in a variety of industrial 

processes. 

The physical and chemical properties of zeolitesðsuch as thermal stability, acidity, 

hydrophilicity, and cation exchange capacityðare closely linked to their framework 

type and Si/Al ratio. Zeolites with low Si/Al ratios, such as zeolite 4A, are highly 

hydrophilic and exhibit strong cation-exchange behavior, whereas those with higher 

Si/Al ratios are more hydrophobic and thermally stable, such as ZSM-5. These 

framework-specific traits make zeolites useful in applications ranging from catalysis 

to environmental remediation. 
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Figure 1.1. Zeolite structures and their ball-stick model [1]. 

1.1.2 Classification of Zeolite Structures 

Over 250 distinct zeolite frameworks have been identified and classified by the 

International Zeolite Association (IZA), each designated by a unique three-letter 

code (e.g., LTA, FAU, MFI). These frameworks differ in pore size, geometry, 

dimensionality (1D, 2D, 3D), and connectivity. 

Two of the most widely used frameworks, as shown in Figure 1.2 are: 

    LTA (Linde Type A):  Exhibits a cubic symmetry and contains small pore 

openings (~4 ¡). Zeolite 4A, a sodium form of the LTA-type, is widely employed as 

a water softener and in detergent formulations. 
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    FAU (Faujasite): Features a larger pore system (~8 ¡) and is used in gas 

separation, catalysis, and adsorption. Zeolite 13X, a sodium form of FAU, is 

commonly used in air purification and COϜ capture technologies. 

Other notable frameworks include MFI (ZSM-5), MOR (mordenite), and BEA (beta 

zeolite), which are frequently used in petrochemical refining and selective catalytic 

processes. 

 

Figure 1.2. The framework structure of (a) LTA and (b) FAU type zeolite [2]. 

1.1.3 Industrial Applications and Environmental Relevance 

Zeolites play a crucial role in a broad range of industries due to their unique porous 

architecture, ion-exchange capacity, and tunable surface chemistry. In the detergent 

industry, zeolite 4A has largely replaced phosphates as a phosphate-free water 

softener, owing to its high cation exchange capacity. Zeolite 13X, with its larger pore 

system, is widely used in gas separation, air purification, and COϜ adsorption 

technologies, particularly due to its ability to selectively adsorb COϜ, NϜ, and 

hydrocarbons (Figure 1.3). 

In the petrochemical and refinery sectors, zeolites serve as solid acid catalysts in 

fluid catalytic cracking (FCC), hydrocracking, and reforming processes. Their 

versatility extends to environmental remediation, including the removal of heavy 

metals, ammonium ions, and radioactive isotopes from wastewater. Additionally, 



 

 

5 

zeolites are being explored for greenhouse gas adsorption, leveraging their 

regenerability and structural stability under harsh thermal and chemical conditions. 

 

Figure 1.3. Trends in publications for zeolite-based materials and their application 

for adsorption over time [1]. 

Emerging applications in biomedicine, such as drug delivery and biosensing 

platforms, are expanding the functional scope of zeolites. Of particular relevance is 

their growing role in COϜ capture, where they are evaluated as cost-effective, 

regenerable adsorbents suitable for direct air capture (DAC) and post-combustion 

carbon capture systems. Their adjustable microporosity and ion-exchange properties 

make them ideal candidates in scalable climate mitigation strategies. 
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1.2 The Challenge of Raw Material Cost and Energy Consumption 

The industrial production of zeolites is often constrained by two major challenges: 

the cost of raw materials and the high energy demand of thermal processing. 

Conventional synthesis methods typically rely on laboratory-grade precursors such 

as sodium aluminate, colloidal silica, and sodium hydroxideðall of which are 

expensive, chemically refined, and energy-intensive to produce (Figure 1.4). This 

dependence on synthetic reagents not only raises production costs but also increases 

the environmental burden associated with their manufacture and transport. As noted 

in recent industrial assessments, the use of high-purity chemicals significantly 

contributes to the overall energy footprint and carbon emissions of zeolite 

manufacturing, with raw material preparation and calcination identified as two of the 

most critical energy-intensive steps in the process [3]. 

 

Figure 1.4. Conventional zeolite manufacturing process scheme [3].  

This reliance on costly inputs also limits the economic viability and scalability of 

zeolite production in regions where these reagents must be imported. Therefore, 

identifying natural, locally available alternatives to synthetic raw materials is 

essential for both reducing costs and advancing sustainable manufacturing practices. 

Switching to more natural and abundant raw materials like kaolin or halloysite clays 

offers a promising alternativeðbut it comes with its own challenges. When using 
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clays, the synthesis route becomes more complex. Unlike commercial precursors that 

are readily soluble and reactive in alkaline solutions, raw clays must first be 

thermally activated. This is typically achieved through calcination, a process that 

irreversibly transforms the crystalline clay into an amorphous, disordered phase 

(metakaolin or metahalloysite), which then becomes reactive enough to participate 

in zeolite formation. 

However, calcination is one of the most energy-intensive steps in clay-based zeolite 

synthesis, as well as in many other large-scale industrial applications of kaolin. 

Calcined kaolin is widely used in the ceramics, paper, polymer, and cement 

industriesðparticularly as a supplementary cementitious material (SCM) where 

metakaolin improves durability and strength. The calcination of kaolin in industry is 

commonly carried out using rotary kilns and multiple hearth furnaces (MHF) [4]. 

While this process does not produce harmful gases that pollute the environment, it 

requires a significant amount of energy, often derived from the combustion of fossil 

fuels such as oil or coal [5]. The high-temperature calcination is particularly energy-

extensive, leading to industrial drawbacks. Furthermore, the high cost of production 

of metakaolin, which ranges from $600-$700 per ton, remains a challenge due to the 

limited number of production plants, lack of attention on the significance of 

sustainable practices, and risk of poorly implemented kaolin mining [6,7]. To address 

these challenges, researchers have explored alternative methods such as 

mechanochemical activation to reduce fossil fuel dependencies [8]. 

The use of concentrated solar thermal energy (CSTE) was proposed as another 

alternative process for calcination to provide the necessary thermal energy [9]. The 

impact of using concentrated solar thermal energy on the fuel and total emissions of 

metakaolin can be estimated based on literature values. Tasiopoulou et al. evaluated 

the influence of temperature, moisture, fuel type, and process design on the 

emissions from metakaolin calcination [5]. When extrapolated to 950 ÁC, fuel-

related emissions were estimated at 301 kg COϜ/ton for lignite and 191 kg COϜ/ton 

for natural gas. In contrast, using concentrated solar thermal energy (CSTE), which 
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has a heat footprint of only 6 kg COϜ/MWh, reduces emissions to just 6 kg COϜ/ton 

of metakaolinðcorresponding to a 97% reduction. When the total lifecycle impact 

is considered, emissions drop from 716 kg COϜ/ton (coal) and 541 kg COϜ/ton 

(natural gas) to 289 kg COϜ/ton with CSTE, representing a 60% and 47% reduction, 

respectively. Figure 1.5 illustrates this comparison of fuel-related and total lifecycle 

COϜ emissions across different calcination energy sources. 

 

Figure 1.5. Comparison of COϜ emissions for metakaolin calcination using coal, 

natural gas, and concentrated solar thermal energy (CSTE). Values are shown for 

both fuel-related emissions and total lifecycle emissions, extrapolated for operation 

at 950 ÁC [10]. 

In the specific context of zeolite synthesis, calcination is essential for transforming 

crystalline kaolin or halloysite into amorphous, reactive phases such as metakaolin 

or metahalloysite. The temperature and duration of calcination strongly influence the 

structure and reactivity of the resulting material, and ultimately affect the type, 

crystallinity, and porosity of the final zeolite product. Although calcination is already 

industrially established, its energy and environmental footprint are especially 

relevant when evaluating the sustainability of clay-to-zeolite transformation 
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pathways, particularly for COϜ capture applications that aim to be carbon-efficient 

from end to end. In short, while using natural clays can reduce material costs and 

improve sustainability on paper, it introduces a new dependency on high-temperature 

processing. This makes it critical to explore alternative, low-emission heat sourcesð

such as solar thermal energyðto fully realize the environmental benefits of clay-

based zeolite synthesis. This thesis addresses this challenge by developing and 

evaluating solar-driven calcination as a viable alternative to conventional fossil-

based heating. 

1.3 Natural Clay Precursors and Their Thermal Activation for Zeolite 

Synthesis 

Among natural aluminosilicate sources, kaolin and halloysite stand out as highly 

suitable precursors for zeolite synthesis due to their global abundance, low cost, and 

ideal chemical composition. Both belong to the kaolin group of clays and consist 

primarily of hydrated aluminum silicate, with a typical Si/Al molar ratio close to 1ð

well-matched for the formation of low-silica zeolites such as zeolite 4A. Unlike 

impure clays or industrial byproducts that often require compositional adjustment, 

kaolin and halloysite can serve as direct sources of both Si and Al in zeolite synthesis, 

eliminating the need for added silica or structure-directing agents (SDAs). 

Kaolin, composed mainly of kaolinite, has a 1:1 layered phyllosilicate structure with 

alternating tetrahedral and octahedral sheets. Upon heating, kaolin undergoes 

dehydroxylation and transforms into metakaolin, an amorphous and highly reactive 

phase commonly used in clay-based zeolite synthesis. Halloysite, a structural 

polymorph of kaolinite, differs in that it often presents a tubular morphology and 

contains interlayer water, which results in a lower dehydroxylation temperature and 

different thermal transformation kinetics. Despite these morphological and structural 

differences, both minerals can be thermally activated through calcination to form 

reactive meta-phasesðmetakaolin and metahalloysiteðsuitable for hydrothermal 

zeolite crystallization (Figure 1.6). However, synthesizing zeolite 13X, which 
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requires a higher Si/Al ratio of å1.5, typically necessitates additional modifications 

such as introducing silica sources, dealumination, or alkali fusion [11ï13]. Zdretsov 

and Gerasimov highlighted that the synthesis of low-silica zeolite 4A from kaolin is 

the most viable and environmentally sustainable pathway, avoiding economically 

and environmentally challenging processes like alkali fusion and dealumination [14]. 

Their findings highlight the importance of exploring direct synthesis methods that 

minimize the need for additional silica sources while maintaining efficiency. 

 

Figure 1.6. Suggested summarized dehydroxylation for the studied kaolinites and 

halloysite [15]. 

The effectiveness of clay-based zeolite synthesis is highly dependent on the 

calcination conditions, particularly temperature and duration. The thermal treatment 

of kaolin proceeds through a series of well-defined physicochemical 

transformations, each associated with characteristic structural and compositional 

changes [16]. These stages include dehydroxylation and amorphization, spinel phase 

formation, and ultimately mullite crystallization at elevated temperatures. The first 

stage involves the dehydroxylation of kaolinite, during which structurally bound 

hydroxyl groups are removed. This endothermic reaction leads to the collapse of the 

layered structure and the formation of amorphous metakaolin: 
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Al 2O3ẗ2SiO2ẗ2H2O 
 Ј

ựựựựựựự  Al 2O3 ẗ 2SiO2 + 2H2O(g)  

Upon further heating, metakaolin undergoes an exothermic reorganization, leading 

to the crystallization of an AlïSi spinel-type phase, accompanied by the segregation 

of amorphous silica: 

2(Al2O3ẗ2SiO2) 
 Ј

ựựựựựựự  2Al2O3ẗ3SiO2 + SiO2(amorphous) 

At temperatures slightly above 1050 ÁC, the nucleation of mullite begins. The initial 

mullite phase formed is a 1:1 stoichiometry mullite (2AlϜOϝĿSiOϜ), often coexisting 

with residual silica: 

2Al2O3ẗ3SiO2 
 Ј

ựựựựự   (2Al2O3ẗSiO2) + 2SiO2 

With continued heating, mullite crystallization intensifies and transitions to a more 

stable 3:2 stoichiometry (3AlϜOϝĿ2SiOϜ), accompanied by the expulsion of free 

silica: 

3(Al2O3ẗ2SiO2) 
 Ј

ựựựựự  3Al2O3ẗ2SiO2 + 4SiO2 

These changes may significantly affect the precursorôs reactivity and, consequently, 

the composition, porosity, and phase purity of the resulting zeolite. While such high-

temperature phases have often been considered undesirable in some applications 

(e.g., cement), their influence in the context of zeolite synthesis is still being 

explored. 

In addition to their favorable chemistry, meta forms of kaolin and halloysite are 

already utilized in a variety of industries, including ceramics, cement, paper, and 

paint. Their re-purposing as precursors for value-added materials like zeolites 

contributes to circular economy strategies and aligns with broader goals of 

sustainable material sourcing. As such, they are not only technically suitable but also 

strategically important for the development of greener, more cost-effective zeolite 

production methods. 
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1.4 Solar Calcination for Sustainable Thermal Activation 

Calcination is a thermochemical process used to transform mineral phases by heating 

them to high temperatures, typically in the range of 600ï1000 ÁC. In the context of 

zeolite synthesis from natural clays, calcination is required to induce 

dehydroxylation, breakdown of the crystal structure, and generation of amorphous 

reactive phases such as metakaolin or metahalloysite. However, conventional 

calcination methods depend heavily on fossil-fueled furnaces, resulting in 

considerable energy consumption and COϜ emissions. To reduce the environmental 

impact of thermal processing, growing attention is being paid to renewable energy 

sourcesðparticularly solar thermal systemsðas alternatives for high-temperature 

materials synthesis. 

Solar calcination refers to the use of concentrated solar energy to supply the thermal 

energy required for calcination. This can be achieved through a range of 

technologies, including solar furnaces, high-flux solar simulators, and solar rotary 

kilns integrated with solar tower systems. In each case, solar radiation is either 

focused by mirrors (heliostats) or concentrated using lenses and reflectors to achieve 

localized temperatures sufficient to drive solid-state transformations in minerals. 

In solar furnaces, an array of mirrors tracks the sun and concentrates sunlight onto a 

focal point where the sample is placedðtypically within a controlled atmosphere 

chamber. These systems are well-suited for laboratory-scale studies and allow 

precise temperature ramping and monitoring. In contrast, solar simulators use high-

intensity lamps to mimic concentrated sunlight in an indoor setting, allowing year-

round experimentation under reproducible conditions. These setups are particularly 

valuable for exploring the thermal behavior of clays and other materials under solar-

like heat fluxes, without dependence on weather. 
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Figure 1.7. (a) Solar tower, (b) schematic view of exemplary solar tower and solar 

calciner located on top of solar tower, (c) rotary kiln equipped with solar simulator 

lamps, (d) inside of the rotary kiln with kaolin. 

At larger scales, solar rotary kilns have been proposed and demonstrated in pilot 

projects, particularly in cement and mineral processing industries. In these systems, 

sunlight is concentrated onto a rotating cylindrical kiln, either directly (using 

heliostats) or via solar towers that collect and redirect solar energy to a receiver. 

These systems can achieve continuous thermal processing and have the potential to 

decarbonize high-temperature industries by replacing fossil-derived heat with direct 

solar input (Figure 1.7). 

For calcining materials like kaolin and halloysite, which require controlled heating 

profiles and stable temperatures within a specific range, solar thermal systems offer 

an attractive solution. Beyond reducing emissions, they provide the thermal 

precision and flexibility needed to explore different structural transformations, 

including dehydroxylation and potential crystallization of intermediate phases. 

However, practical implementation is still emerging, and the behavior of natural 
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clays under solar thermal treatment requires further investigation, particularly in 

relation to reactivity and phase evolution. 

1.5 Zeolites for COϜ Capture Applications 

The need to mitigate rising atmospheric COϜ levels has led to the development of a 

wide range of carbon capture technologies, targeting both industrial point sources 

and ambient air (Figure 1.8). Among these, adsorption-based separation has gained 

particular attention due to its lower energy demands, modularity, and suitability for 

cyclic operation. Compared to chemical absorption methods, adsorption systems can 

reduce parasitic energy consumption by up to 30ï40%, particularly in dry or 

moderately humid environments [17]. Within this category, zeolites are among the 

most mature, selective, and industrially deployed solid adsorbents, offering a balance 

of structural stability, high COϜ selectivity, tunability, and ease of regeneration 

(Figure 1.9). 

Zeolites such as 13X (FAU-type) and 4A (LTA-type) are especially suited for COϜ 

capture under ambient or near-ambient conditions. Zeolite 13X, with its large pore 

diameter (~8 ¡) and strong quadrupole interactions, has been widely applied in post-

combustion capture, pressure swing adsorption (PSA), and even direct air capture 

(DAC) systems [18ï20]. Zeolite 4A, with smaller pores (~4 ¡), offers faster kinetics, 

size exclusion for NϜ, and high selectivity, making it suitable for indoor air 

purification and biogas upgrading. In addition to molecular sieving, COϜ uptake in 

zeolites is governed by multiple mechanisms that are shown in Figure 1.10, 

including: 

¶ Electrostatic interactions between COϜ and extra-framework cations 

(equilibrium effect) 

¶ Steric effects from pore architecture (steric sieving) 

¶ Framework flexibility in response to guest molecules (gating effect) [21]. 
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Figure 1.8. (a) The main principle of the CCS (b) the types of CO2 capture 

technologies [22]. 

The performance of zeolites can be precisely tuned through Si/Al ratio, cation 

exchange (e.g., Naϕ, CaĮϕ, Liϕ), and pore architecture. Modifying zeolites with 

amines can further enhance COϜ uptake, although mesoporosity is often required to 

preserve diffusion pathways [21]. Amine-functionalized or ion-exchanged variants 

of LTA and FAU have shown particularly high selectivity for COϜ over NϜ and CHϞ 

[23ï29]. 

Unlike chemical absorbents such as CaO or MEA, which capture COϜ through 

irreversible chemical reactions, zeolites operate via physisorptionðwhere COϜ is 

held through van der Waals and electrostatic forces. This interaction is fully 

reversible, enabling low-temperature regeneration (typically below 120 ÁC) and high 
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cyclic stability, which is critical for industrial use [17]. DAC applications using 

zeolites typically operate at 80ï100 ÁC, making them compatible with low-grade 

heat sources such as waste heat or solar thermal input [30]. 

 

Figure 1.9. Radar charts for key sorbent selection criteria. Qualitative assessment of 

key metrics for materials selection in carbon capture applications. Bold lines indicate 

average values for each property within a materials class, with error bars indicating 

typical variability for a given property within that class [17]. 

A major limitation, however, is water sensitivity. In cation-rich zeolites like 13X, 

water molecules preferentially adsorb to cation sites, reducing COϜ capacity, 

particularly in humid streams [17]. Ongoing research focuses on hydrophobic 

surface treatments, pore engineering, and desiccant pre-conditioning to mitigate this 

effect. 
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Figure 1.10. Schematic representation of the mechanisms for CO2 separation using 

zeolites. The mechanisms include A equilibrium effect, B steric effect, C kinetic 

effect, and D gating effect [21]. 

The reversibility of COϜ adsorption on zeolites not only improves energy efficiency 

but also enables integration with COϜ utilization pathways. Once desorbed in 

purified form, COϜ can be redirected into applications such as carbonated beverages, 

greenhouse enrichment, dry ice manufacturing, fire suppression, and chemical 

synthesis of methanol, urea, formic acid, dimethyl carbonate, and other value-added 

chemicals [30]. This aligns with growing interest in circular carbon systems, where 

capture and reuse occur in a closed-loop manner. 

While commercial zeolites are highly effective, their production often relies on high-

purity synthetic reagents and fossil-fueled thermal processing, which are both cost- 

and emission-intensive. Clay-based zeolites, derived from abundant minerals like 

kaolin or halloysite, present a sustainable alternative. When combined with solar-

driven calcination, these precursors can be transformed into high-performance 

zeolites with low embodied energy and reduced carbon footprint. If their adsorption 

performance can match or exceed that of conventional materials, they may offer a 
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viable route toward low-cost, scalable COϜ capture technologies that are aligned with 

sustainable manufacturing, green chemistry, and industrial decarbonization goals. 

1.6 Aims and Scope of the Thesis 

The overall aim of this thesis is to develop a sustainable pathway for zeolite 

production from natural clay minerals by integrating solar calcination into the 

synthesis process. The research addresses key challenges in conventional zeolite 

manufacturing, including the high energy demands of thermal activation, reliance on 

synthetic chemical precursors, and the environmental footprint associated with 

fossil-fueled processing. By exploring the use of kaolin and halloysiteðtwo 

abundant and compositionally suitable natural claysðas precursors, the study 

investigates how renewable energy inputs can enable low-cost, low-emission 

alternatives for producing functional zeolites. 

The scope of this work encompasses both materials processing and application 

performance. It begins by characterizing the thermal behavior of kaolin and 

halloysite under solar and conventional calcination conditions, with a focus on phase 

evolution, particularly dehydroxylation and the possible formation of AlïSi spinel 

phases. The calcined materials are then used as precursors for hydrothermal zeolite 

synthesis, targeting LTA-type (4A) and FAU-type (13X) zeolites without the 

addition of external silica or structure-directing agents. 

The synthesized zeolites are evaluated in terms of phase composition, textural 

properties, and morphology. Finally, their performance in COϜ adsorption is assessed 

under ambient conditions to determine their potential for low-cost, regenerable COϜ 

capture applications. The thesis also examines how precursor propertiesðgoverned 

by the calcination routeðaffect the final zeolite structure and adsorption behavior. 

By integrating natural mineral resources with renewable energy strategies, this 

research contributes to the broader goals of sustainable materials engineering, green 

chemistry, and carbon management technologies. It aims to demonstrate that solar-
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assisted processes can not only reduce the environmental impact of zeolite synthesis 

but also produce materials that are competitive in both performance and cost. 

The structure of this thesis is organized as follows: 

    Chapter 2: Literature Review provides a comprehensive overview of zeolite 

synthesis strategies, clay activation mechanisms, and the current state of solar 

thermal technologies applied to material processing. It also reviews the role of 

zeolites in COϜ capture and highlights key knowledge gaps this thesis aims to 

address. 

    Chapter 3: Materials and Methods details the raw materials used, calcination 

setups (conventional and solar), synthesis procedures, and characterization 

techniques employed throughout the study. 

    Chapter 4: Calcination Effects on Meta-Forms of Kaolin and Halloysite focuses 

on the structural and phase transformations observed during thermal treatment, with 

particular attention to the formation of amorphous phases and spinel structures 

relevant for zeolite crystallization. 

    Chapter 5: Solar Calcination of Kaolin and Halloysite presents the results of 

solar-driven thermal activation experiments and the structural characterization of the 

resulting meta-forms, followed by synthesis and evaluation of zeolites derived from 

them. 

    Chapter 6: COϜ Capture Performance of Solar-Derived Zeolites evaluates the 

adsorption properties of the synthesized zeolites under ambient conditions, including 

discussions on porosity, regenerability, and performance implications for scalable 

COϜ capture systems. 

    Chapter 7: Conclusions and Future Work summarizes the key findings, outlines 

the contributions of the study, and proposes directions for future research in 

sustainable zeolite production and carbon capture technologies. 
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CHAPTER 2  

2 LITERATURE REVIEW  

2.1 Kaolin and Halloysite as Precursors for Zeolite Synthesis 

2.1.1 Structural and Thermal Behavior of Kaolin and Halloysite 

Kaolin (kaolinite) and halloysite are dioctahedral 1:1 clay minerals with the same 

ideal composition (AlϜSiϜOϟ(OH)Ϟ). They differ in morphology and hydration: 

kaolinite occurs as plate-like layers, whereas halloysite often forms tubular particles 

and can incorporate interlayer water in its 10 ¡ form (halloysite-10¡), which 

collapses to a 7 ¡ form (halloysite-7¡) when dehydrated [31,32]. These structural 

differences influence their behavior upon thermal and chemical ñactivation,ò i.e. 

treatments that induce transformation of their crystal structure. This section reviews 

the structural and thermal transformations of kaolin and halloysite during such 

activation, covering raw and modified forms (acid-treated, mechanically milled). 

Emphasis is placed on the dehydroxylation process, subsequent phase transitions 

(metakaolin, spinel, mullite), and insights from characterization techniques like X-

ray diffraction (XRD), thermal analysis (DTA/TG). 

2.1.1.1 Dehydroxylation Behavior and Phase Evolution 

Upon heating, both kaolinite and halloysite undergo dehydroxylation ï the loss of 

structural OH ï typically in the mid-range of a few hundred degrees Celsius. In situ 

high-temperature XRD studies show that kaolinite dehydroxylation generally occurs 

roughly between about 425 ÁC and 675 ÁC, while halloysite dehydroxylates over a 

similar range, e.g., ~500ï650 ÁC in one synchrotron XRD study [15]. Halloysiteôs 

dehydration of interlayer water precedes this: the 10 ¡ halloysite loses its interlayer 



 

 

22 

H2O below ~300ï400 ÁC, shifting to a 7 ¡ basal spacing like kaolinite [33]. Indeed, 

halloysiteôs (001) XRD reflection (~10 ¡ at ~8.8Á 2ɗ) diminishes as temperature 

rises and a new 7 ¡ peak (~12Á 2ɗ) appears by ~300ï400 ÁC, indicating expulsion 

of interlayer water and structural contraction. Thermogravimetric (TG) curves 

typically show a major weight loss on the order of 13ï15% (the mass of water from 

OH groups) centered around 500ï600 ÁC, corresponding to dehydroxylation, while 

differential thermal analysis (DTA) or differential scanning calorimetry registers an 

endothermic peak in this range [34,35]. In halloysite, an additional minor weight loss 

(few percent) at lower temperatures accompanies the loss of adsorbed and interlayer 

water before the main dehydroxylation event [36]. 

The dehydroxylation process in kaolinite is not a one-step random event but proceeds 

through identifiable stages. In detailed mechanistic studies, three main stages have 

been described: (i) dehydroxylation ï the removal of structural OH and formation of 

water, (ii) layer collapse/delamination ï the breakdown of the layered kaolinite 

structure as hydroxyl removal disrupts hydrogen bonding and coordination, and (iii) 

metakaolin formation ï reorganization of the disordered aluminosilicate framework 

into a metastable amorphous phase [37]. These stages may overlap under continuous 

heating, but their sequence is evidenced by combined observations. For example, in 

situ XRD of kaolinite shows an initial expansion or disordering of the interlayer 

(delamination) before the complete loss of the basal reflection, then the 

disappearance of crystalline peaks as metakaolinite (X-ray amorphous) forms. In situ 

synchrotron XRD on textured kaolinite confirmed a progressive increase in the c-

axis spacing (thermal expansion) followed by collapse as dehydroxylation proceeds, 

and ultimately only broad diffuse scattering remains once metakaolin is produced 

[15]. Similarly for halloysite, XRD shows the sequence of 10 ¡ Ÿ 7 ¡ Ÿ 

amorphous: the halloysite (001) peak persists up to ~400 ÁC (7 ¡ form) then vanishes 

as the structure amorphizes between ~500ï700 ÁC [33]. 

The ease and temperature of dehydroxylation are strongly influenced by the 

mineralôs structural order. Poorly crystalline or defect-rich kaolinites dehydroxylate 

at lower temperatures (or more rapidly) than highly ordered ones [15,38]. Defects 
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(e.g. layer stacking faults or isomorphic substitutions) weaken the structural integrity 

and hydrogen-bonding, effectively ñenhancingò dehydroxylation by lowering the 

activation energy or allowing it to initiate at defect sites. In practical terms, well-

crystallized kaolin might exhibit a sharper, higher-temperature dehydroxylation 

endotherm, whereas a disordered kaolin or halloysite shows a broader, lower-

temperature range. Halloysite, by nature of its tubular morphology and often lower 

crystallinity, tends to have a somewhat more facile dehydroxylation. One study 

concluded that the kinetic mechanism of halloysite dehydroxylation is similar to 

kaoliniteôsï implying that once the interlayer water is gone, the breaking of AlïOH 

bonds follows the same nucleation and growth process as in kaolinite. Notably, 

halloysiteôs tubular structure can confer some thermal stability to the lattice up to a 

point: during heating to a few hundred ÁC the tubes remain intact (aside from losing 

interlayer water), and the strong curvature might slightly hinder layer delamination 

until sufficient OH are removed [33]. 

The product immediately after dehydroxylation is often termed metakaolinite (or 

metakaolin) and metahalloysite for halloysite. Metakaolin is X-ray amorphous 

(exhibiting at most a broad hump in XRD around 18ï30Á 2ɗ) but retains some short-

range structural memory of kaolinite. Electron diffraction or pair distribution 

function analysis reveals that the Si and Al atoms in metakaolin have not fully 

randomized ï the material contains a distorted but pseudomorphic framework 

relative to the original layers [39]. In other words, metakaolin often remains as 

porous, layer-stack remnants but without long-range periodicity. High-resolution 

electron microscopy of heated halloysite shows that even after dehydroxylation 

(~600ï800 ÁC), the tubular morphology can persist, though tubes become collapsed 

or stuck together in bundles. The inner lumen of halloysite nanotubes tends to 

collapse as the inner gibbsite-like layer is destroyed, yet the outer silicate framework 

may partially survive up to a certain temperature [33]. This results in clumped, 

crumpled tube fragments rather than a complete loss of morphology. Such 

observations underscore that dehydroxylation causes a structural collapse of the 

layer lattice (loss of the layered crystal structure), but not necessarily total 
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disintegration of particle shape immediately. Metakaolin and metahalloysite are 

highly reactive (e.g. as pozzolans in cement or as precursors for zeolites) specifically 

because they present a high-energy, amorphous aluminosilicate structure. 

Chemically, metakaolin can be viewed as an incomplete or ñdefectò spinel structure 

ï a concept proposed by Brindley & Nakahira in their seminal work. They suggested 

that metakaolin is an intermediate in an orderly recrystallization process, essentially 

a transition state on the way to a spinel-like phase [39]. The metakaolin has a high 

free energy and will start to reorganize if given enough thermal energy (even without 

any added reagents). This reorganization is what leads to the next set of 

transformations: the nucleation of new crystalline phases (the so-called spinel phase 

and eventually mullite, discussed in the next section). In summary, the structural 

collapse during metakaolin formation is characterized by: (1) loss of layered order 

(no XRD peaks of kaolinite/halloysite remain), (2) disorder in Al coordination (as 

shown by broad 27Al NMR signals for 4- and 5-coordinated Al (3) loss of OH bands 

in FTIR, and (4) morphological integrity with internal porosity (particles retain 

overall shape but become porous/amorphous) [40,41]. These features make 

metakaolin a unique solid that is amorphous yet not a random glass; it carries a 

ñmemoryò of its origin which influences how it further transforms or reacts 

chemically (for example, its outstanding pozzolanic reactivity is due to this high-

energy disordered state. 

2.1.1.2 Spinel Phase and Mullite Formation at Higher Temperatures 

When the amorphous metakaolin or metahalloysite is heated beyond ~900 ÁC, an 

exothermic reaction initiates the formation of new crystalline phases. The first of 

these is a metastable spinel-type aluminosilicate, followed at higher temperatures by 

mullite (AlϠSiϜOϛϝ) and free silica, which may crystallize as cristobalite. This 

transformation sequenceðmetakaolin Ÿ spinel-type phase Ÿ mulliteðhas been 

well documented in classic and modern studies [42ï44]. 
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The spinel phase, often described as a ɔ-AlϜOϝ-like or defect spinel structure, begins 

to crystallize around 900ï950 ÁC, as evidenced by exothermic DTA peaks and the 

emergence of new diffraction peaks in XRD [45ï48]. This transformation involves 

the segregation of Al and Si into two distinct domains: an alumina-rich spinel-type 

phase with cubic symmetry and a silica-rich amorphous phase. The spinel formation 

is energetically favorable due to the reorganization of the disordered aluminosilicate 

network into a more stable intermediate. 

A recent study has corroborated these phase changes, showing that spinel formation 

occurs independently of mullite and can persist over a broad temperature range 

(typically 925ï1050ÁC), depending on calcination conditions [49]. This 

intermediate spinel phase critically influences the physical properties of the calcined 

material, particularly pore size distribution and surface area, which are important for 

downstream applications such as zeolite synthesis or as supplementary cementitious 

materials (SCMs). However, in SCMs, spinel formation is often undesirable because 

it consumes reactive amorphous content needed for pozzolanic activity [50ï53]. 

Moreover, if calcination temperatures exceed 1000 ÁC, the spinel phase begins to 

transform into mulliteða thermodynamically stable aluminosilicate phase with an 

orthorhombic crystal structure composed of AlOϠ octahedra and Si/AlOϞ tetrahedra. 

Mullite nucleation typically begins around 1050ï1100 ÁC and is intensified by 

holding at high temperatures. This is accompanied by the crystallization of 

cristobalite, a high-temperature SiOϜ polymorph, especially when excess silica is 

present. The full reaction is often simplified as: 

Metakaolin Ÿ ɔ-AlϜOϝ (spinel) + amorphous SiOϜ Ÿ mullite + cristobalite. 

While many researchers have proposed a pure ɔ-AlϜOϝ model for the so-called spinel 

phase that forms during calcination [54ï56], other studies suggest that this phase 

incorporates varying amounts of silicon. Quantitative analyses have reported Si 

contents ranging from 3.9 to 11.5 wt% using a variety of techniques [57ï60], leading 

to its broader classification as an AlïSi spinel. Recent work by Wallez and co-

workers further supports this perspective, describing the AlïSi spinel as a transition 
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alumina with a uniform cell volume, cubic structure, and nanoscale crystallite size 

(~5 nm) [47]. In addition to its structural characterization, the kinetics of spinel 

formation have been shown to depend on calcination parameters: for instance, its 

growth rate decreases as the heating rate increases [61]. Notably, Wallez et al. have 

also shown that spinel formation continues well beyond the initial decomposition of 

metakaolin, driven by the migration of alumina from the amorphous matrix [62]. 

This dynamic interplay between emerging crystalline domains and the residual 

amorphous phase underscores the importance of finely tuned calcination conditions 

for controlling reactivity, porosity, and phase purity in the final material. 

The transition from spinel to mullite involves structural reordering and diffusion of 

residual alumina and silica species. Microscopy studies show mullite needles 

growing from the amorphous matrix through a nucleation-and-growth mechanism 

[63,64]. This process is strongly influenced by impurities such as muscovite, which 

can act as fluxing agents and shift transformation thresholds [65,66]. Despite their 

beneficial effect in some ceramics, these impurities introduce uncertainties in the 

optimal calcination windowðtypically between 900 and 1100 ÁCðfor preserving 

reactivity while avoiding premature crystallization. 

Ultimately, controlling the formation and transformation of the spinel phase is 

critical. Whether for maximizing reactivity in SCMs or tailoring intermediate phases 

for zeolite crystallization, the interplay between phase stability, crystallinity, and 

thermal history defines the functional potential of high-temperature treated kaolin 

and halloysite materials. However, to date, no in situ high-temperature XRD study 

has comprehensively captured the crystallization dynamics of the spinel phase 

directly from kaolin or halloysite precursors, leaving a gap in our mechanistic 

understanding of this key transformation. 
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2.1.2 Zeolite Synthesis from Kaolin and Halloysite 

2.1.2.1 Activation of Kaolin and Halloysite  

2.1.2.1.1 Thermal, Mechanical and Chemical Activation 

Thermal activation (calcination) of the clays creates amorphous aluminosilicates 

(meta-forms) that are ready to be used for hydrothermal synthesis of the zeolites [67ï

74]. The transformation of kaolin into metakaolin and the formation of new phases 

at different calcination temperatures have been extensively studied [43,44,65,66,75]. 

The process that results in metakaolin produces H2O rather than CO2 and thus it is 

considered a sustainable and environmentally friendly material due to no direct CO2 

release during manufacturing [76,77]. However, calcination of kaolin to produce 

reactive metakaolin has always been limited to temperatures below 900 ÁC due to 

the structural collapse of metakaolin and the abrasive nature of mullite crystals 

forming at around 1000 ÁC [4,54]. Impurities such as muscovite, a potassic mica 

mineral often found in kaolin, play a fluxing role in phase transformation dynamics, 

accelerating or decelerating the process [65,66]. On the other hand, the approximate 

temperature range at which muscovite begins to influence the structural 

reorganization of metakaolin remains uncertain. The delicate range between 900 and 

1100 ÁC is of particular interest for determining the extent of metakaolin reactivity 

with newly crystalline phases formed like spinel and mullite [63]. Other than 

calcination as a way of getting the meta-forms, there are mechanical and chemical 

activation. Mechanical grinding disrupts the crystalline layers and even breaks some 

hydroxyl bonds, yielding a disordered structure with increased surface area and 

active sites. This ñmechanically amorphizedò kaolin can, like metakaolin, serve as a 

direct precursor for zeolites. Kim et al. demonstrated that simply dry-grinding 

kaolinite enabled the hydrothermal synthesis of zeolites A and X without prior 

calcination [78]. Mechanical activation thus offers an alternative or complementary 

route to thermal activation, potentially lowering overall calcination temperatures and 
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enhancing reactivity. Intensive dry and wet grinding of kaolinite has been shown to 

induce structural disorder and amorphization, significantly increasing surface area 

and generating reactive defect sites that facilitate zeolite crystallization in alkaline 

media [79]. Specifically, Kim et al. demonstrated that prolonged grinding leads to 

the progressive transformation of kaolinite into an amorphous aluminosilicate, which 

subsequently enables the formation of zeolites Na-A and Na-X without the need for 

prior thermal calcination [79]. Wet grinding further alters the Si/Al ratio through 

mechanochemical effects, favoring the formation of higher-silica zeolites like Na-X. 

However, despite these structural benefits, mechanical activation is not inherently 

energy efficient: extended high-energy milling consumes considerable electricity, 

generates heat, and can be difficult to scale economically. As such, it is rarely 

employed alone at industrial scale and is more often explored in laboratory settings 

or in combination with thermal methods [80]. Chemical activation of kaolin (e.g. 

acid or alkali treatments) is less common for zeolite synthesis, since strong acids tend 

to leach aluminum and destroy the 1:1 structure, while bases can partially dissolve 

silica; both scenarios can disrupt the balanced SiïAl needed for zeolite frameworks. 

Mild acid leaching is sometimes used to remove iron/titania impurities from natural 

kaolin (improving purity), but aggressive leaching yields a silica-rich residue more 

suitable for amorphous silica or mesoporous materials than aluminosilicate zeolites 

[81]. In summary, thermal calcination to metakaolin or metahalloysite is the 

predominant activation method, whereas mechanical grinding provides a chemical-

free alternative to induce reactivity. In industrial contexts, a combination of methods 

may be used: for instance, flash calcination to produce metakaolin, followed by 

milling to reduce particle size and increase the surface area available for the 

subsequent hydrothermal reaction. 

2.1.2.1.2 Solar Calcination 

Research into the use of solar energy for metallurgy and materials processing has a 

long history, with intensified focus over the past 40 years. Key milestones have 
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shaped this development as seen in Figure 2.1, particularly in Europe, where 

collaborative initiatives such as Sollab (the Alliance of European Laboratories for 

Research and Technology on Solar Concentrating Systems, established in 2004) and 

research programs like SFERA (Solar Facilities for the European Research Area, 

2009ïongoing) have played a significant role in advancing solar energy applications 

within the materials field [82]. 

 

Figure 2.1. Milestones throughout the time that have contributed to the development 

of solar energy in the field of materials. 

In the 18th century, Lavoisier not only used concentrated solar energy for thermal 

decomposition experiments, such as breaking down mercury oxide, but also 

demonstrated that materials could be treated under controlled atmospheresðlike 

nitrogenðusing solar furnaces (Figure 2.2). This early work laid the conceptual 

groundwork for modern solar calcination, where concentrated sunlight and tailored 

atmospheric conditions are combined to drive high-temperature material 

transformations efficiently [82]. 
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Figure 2.2. Antoine Lavoisier operating the solar furnace [82]. 

Solar calcination has been demonstrated on multiple materials at both laboratory and 

pilot scales. Key achievements are summarized by material type: 

¶ Limestone (CaCOϝ) / Lime (CaO) Production: Limestone calcination to 

produce lime (CaO) is one of the most studied cases. Initial lab-scale tests in 

the 1980s proved feasibility, with fixed-bed and cyclone-type solar reactors 

achieving partial decarbonation [83,84]. Subsequent developments led to 

solar rotary kilns and multistage fluidized beds capable of continuous 

calcination. For instance, Meier et al. demonstrated >95% conversion at 2.3ï

7 kg/h in rotary kilns, while CNRSôs pilot-scale fluidized bed achieved >95% 

conversion of industrial limestone at 15ï25 kg/h under ~55 kW solar input 

[85]. The resulting lime showed high reactivity, and thermal efficiencies 

reached up to 29%. These systems represent the current state-of-the-art in 

pilot-scale solar lime production (Figure 2.3).  
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Figure 2.3. Solar kiln reactor to calcinate limestone [86]. 

¶ Cement Raw Meal: Given its high limestone content, cement raw meal is 

another key candidate for solar calcination. Imhofôs 25 kg/h vortex reactor 

test in the 1990s was actually on cement meal (sub-10 Õm particles) and 

proved that even fine, industrially sourced CRM can be calcined ~85% by 

solar power [87,88]. Pilot tests by DLR using directly irradiated rotary kilns 

achieved >95% calcination at 4ï12 kg/h [89]. A landmark breakthrough 

came when CEMEX and Synhelion successfully produced solar clinkerð

calcining and sintering cement meal at >1500 ÁC using a solar tower system 

[90]. This was the first proof that solar energy alone can power the full 

cement kiln process, eliminating both fuel-related and process COϜ 

emissions. Their setup includes a closed-loop heat transfer system and COϜ 

capture integration, making it a promising model for zero-carbon cement 

production (Figure 2.4). 
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Figure 2.4. Cement plant design based on solar energy [91].  

¶ Dolomite (MgCa(COϝ)Ϝ): Dolomite, with a lower decomposition range 

(650ï750 ÁC), was also explored in SOLPART and CNRS projects [92]. In 

fluidized bed setups, dolomite achieved complete calcination alongside 

limestone, especially when solar flux exceeded 45 kW [93]. Its lower 

temperature requirements make it technically less demanding than limestone, 

suggesting that solar dolime kilns may be easier to scale. 

¶ Alumina (Al(OH)ϝ Ÿ AlϜOϝ): Calcination is also crucial in the alumina 

refining process (converting aluminum hydroxide from bauxite into alumina 

at ~800ï1000 ÁC). A first-of-a-kind solar experiment in 2017 demonstrated 

alumina calcination with promising results [94]. In that study, an entrained-

flow solar reactor (closed configuration with a window) was used to calcine 

fine aluminum hydroxide (Ḑ15 Õm particles). It was operated at 0.5ï2.5 

g/min (å0.03ï0.15 kg/h) with 2ï4 kW of solar power input, reaching 

~880ÁC. The calcination successfully produced alumina, and importantly the 

solar-derived product had higher purity and better quality than 

conventionally calcined alumina. This quality improvement was attributed to 

the unique heating profile of solar (high heating rates and clean energy 
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source) . While this was a lab-scale batch experiment, it proved solar 

calcination can apply to non-carbonate minerals like metal hydroxides. No 

larger pilot of alumina is reported yet, but the concept could be extended with 

a similar reactor design or a rotating tube. Alumina contributes a smaller 

share of COϜ emissions than cement, but solar heat could help decarbonize 

alumina refining and improve product properties at the same time. 

¶ Kaolin Clay (AlϜSiϜOϟ(OH)Ϟ Ÿ metakaolin): Calcination of clays 

(dehydroxylation) is another emerging application. This idea was noted in 

solar research roadmaps (e.g. SOLPART identified kaolinite as a candidate 

for solar processing) , but it wasnôt experimentally developed until recently. 

This thesis represents the first academic study to systematically investigate 

solar calcination of kaolinite and halloysite in the context of zeolite synthesis. 

By bridging solar thermal technology with clay activation and materials 

design, it fills a critical gap in the literature and establishes a new 

interdisciplinary research direction at the intersection of sustainable 

processing and functional material development. 

2.1.2.2 Hydrothermal Synthesis Procedures (Lab-Scale vs. Industrial) 

After activation, the typical route to form zeolites is an alkaline hydrothermal 

synthesis. At lab scale, this usually involves mixing the activated clay (metakaolin 

or mechanically amorphized kaolin) with a sodium hydroxide solution (and 

sometimes additional silica or alumina sources) to form a reactive gel. The gel is 

then aged (sometimes at room temperature for hours to days) to promote nucleation, 

and subsequently heated in a closed vessel (autoclave or sealed bottle) at moderate 

temperatures (generally 60ï100 ÁC) for a specified time [74]. Metakaolin has been 

proven to be a satisfactory precursor for zeolite 4A synthesis since kaolin's chemical 

composition is well-suited for the process [68,74,95]. However, zeolite 13X 

synthesis requires either an additional silica source or post-treatment of the clay 

[11,13]. Calcination conditions carried out to convert kaolin into metakaolin are 



 

 

34 

known to affect the outcome directly. An example can be given as the formation of 

sodalite and zeolite A, zeolite A, and zeolite P at calcination temperatures of 500, 

750, and 950 ÁC respectively, while calcination at 1050 ÁC did not retrieve any 

zeolite A [96ï98]. There had been other attempts at making zeolites using 

metakaolin calcined above 900 ÁC; however, desired forms of zeolites could not be 

obtained in most cases [99]. Some of the successful attempts resulted in the 

formation of zeolite 13X with low quality and yield [97,100]. These results have 

demonstrated that the type of zeolite formed is highly dependent on metakaolin 

reactivity and thus the calcination temperature. 

On the industrial scale, the synthesis process is broadly similar in chemistry but has 

important engineering modifications. Industrial production of zeolite 4A (a common 

detergent builder) from kaolin has been practiced for decades as a cost-effective 

alternative to using pure chemicals [101]. Typically, metakaolin (from calcined 

kaolin) is combined with NaOH (and sometimes sodium silicate) in large reactors. 

Rather than small autoclaves, industries use stirred tank reactors (often stainless 

steel) where temperature (~90 ÁC) and pH are carefully controlled. The process may 

be semi-batch: for example, a large slurry batch is heated and stirred for a set time, 

then the zeolite product is filtered, washed, and dried. Continuous processes have 

also been developed, including continuous stirred-tank reactors (CSTRs) or tubular 

reactors for the crystallization step. One key difference at scale is the management 

of heat and mass transfer: the reaction is exothermic (especially the dissolution of 

metakaolin in NaOH releases heat), so cooling jackets or reflux condensers are used 

to maintain the target temperature uniformly. Seeding techniques are sometimes 

employed industrially ï a small amount of pre-made zeolite (or recycled product) is 

added to the gel to accelerate nucleation and ensure the desired zeolite topology 

dominates over competing phases. This can significantly shorten the required 

crystallization time and narrow the particle size distribution, which is important for 

product quality. 

While calcination is an effective and well-established method for activating kaolin 

at scale, producing large volumes of calcined clay in a manner that is adaptable, 



 

 

35 

economically viable, and environmentally responsible remains a critical bottleneck. 

Conventional fossil-fueled kilns contribute significantly to the overall energy 

consumption and COϜ emissions of the process. In this context, solar calcination 

represents a highly promising route for reducing the carbon footprint of zeolite 

production from clays. However, no industrial or academic studies have yet 

demonstrated a complete synthesis pathway that integrates solar-calcined clays into 

downstream zeolite crystallization, leaving a major gap in the literature and an 

opportunity for future development. 

2.2 CO2 Capture by Zeolites 

2.2.1 Overview of COϜ Adsorption by Zeolites 

Zeolites are crystalline aluminosilicates with a microporous framework that makes 

them excellent COϜ adsorbents. Their pore structures (often in the <1 nm range) and 

exchangeable cations create strong physisorptive sites for COϜ, which has a large 

quadrupole moment [102]. As a result, zeolites can selectively adsorb COϜ from gas 

mixtures ï a principle exploited in carbon capture processes like pressure swing 

adsorption (Figure 2.5). In general, COϜ isotherms on zeolites are of Type I 

(Langmuir-like), indicating micropore filling: low-pressure uptake is steep due to 

strong COϜïzeolite interactions, then plateaus as pores saturate [103]. For example, 

poorly crystalline or low-porosity samples show almost linear COϜ isotherms (little 

uptake until high pressure), whereas highly microporous zeolites uptake significant 

COϜ even at low pressures. Importantly, COϜ adsorption on zeolites is reversible and 

requires only moderate heating or vacuum for regeneration, since no chemical bonds 

are formed ï an advantage over liquid amine scrubbing. Commercial zeolites (e.g. 

13X or 5A) routinely achieve equilibrium capacities of ~3ï4 mmol COϜ per gram at 

ambient conditions (25 ÁC, ~1 bar) in dry gas, and they maintain performance over 

many cycles of adsorption/desorption [104,105]. 
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Figure 2.5. Schematic overview of the desirable properties of adsorbents for CO2 

capture [102]. 

Given that COϜ capture represents the costliest stage of the carbon capture and 

storage (CCS) process, there is a critical need to develop low-cost adsorbents to make 

large-scale deployment more economically and environmentally sustainable. In this 

context, clay minerals have emerged as promising alternatives due to their favorable 

properties in both adsorption and catalytic applications [106]. 

2.2.2 COϜ Adsorption Mechanisms in Zeolites 

As introduced in Chapter 1 (see Figure 1.10), zeolite-based COϜ adsorption is 

governed by a combination of mechanisms: equilibrium effects, steric effects 

(molecular sieving), kinetic selectivity, and gating behavior. While all four 

contribute to the overall performance of zeolites as COϜ sorbents, their relative 

importance varies with framework type, pore geometry, and cation content. 

In the case of zeolite 4A (LTA-type) and zeolite 13X (FAU-type) ð the two most 

commonly synthesized zeolites from kaolin and halloysite ð equilibrium and steric 

effects dominate, while kinetic and gating effects play a more limited role under 

ambient conditions. For zeolite 4A, the small pore openings (~4.1 ¡) impose strong 

steric constraints, enabling molecular sieving. COϜ (kinetic diameter ~3.3 ¡) readily 

diffuses into the micropores, whereas larger gases such as NϜ (~3.64 ¡) or CHϞ (~3.8 

¡) face partial exclusion. This makes 4A highly selective in equilibrium and steric 
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terms, especially in dry gas mixtures. Zeolite 13X, with larger pores (~7.4ï8.1 ¡), 

permits diffusion of COϜ, CHϞ, and NϜ alike. In this case, thermodynamic 

(equilibrium) interactions govern selectivity. The low Si/Al ratio of 13X results in a 

high cation density (typically Naϕ), creating strong electrostatic fields that interact 

favorably with the quadrupole of COϜ. These frameworkïCOϜ interactions are the 

key driver of adsorption selectivity in 13X. 

Kinetic separation is not typically emphasized for either zeolite under mild 

conditions (25 ÁC, 1 atm), as both COϜ and competing gases diffuse rapidly enough 

to reach equilibrium within practical cycle times. Gating or trapdoor effects, which 

rely on framework or cation mobility, are not generally observed in rigid frameworks 

like LTA and FAU. 

2.2.3 Zeolite 4A (LTA-type) 

Zeolite A exists in several forms, primarily distinguished by the type of charge-

balancing cations present in the framework. The most common variants include NaA 

(zeolite 4A), KA (zeolite 3A), and CaA (zeolite 5A), where sodium, potassium, or 

calcium ions, respectively, compensate for the negative framework charge. When 

Naϕ is the only extra-framework cation, the material is designated as zeolite NaA or 

4A. Substitution with Kϕ or CaĮϕ yields zeolite KA (3A) or CaA (5A). These 

numerical labels ð 3A, 4A, and 5A ð historically refer to the approximate pore 

sizes in angstroms, reflecting how the choice of cation alters the effective aperture 

of the zeolite [107]. Thus, the pore size of zeolite A can be finely tuned by cation 

exchange, influencing its separation and adsorption properties. 

Zeolite 4A, with its LTA framework, is a widely studied material for COϜ adsorption 

due to its uniform microporosity, thermal stability, and well-defined pore structure. 

The basic structure can be modified by ion exchange, amine functionalization, or 

structural engineering to enhance adsorption capacity, selectivity, or diffusion 

kinetics. The key mechanism in LTA frameworks is equilibrium adsorption, 
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dominated by quadrupolar interactions between COϜ and extra-framework cations, 

though steric exclusion and diffusional effects also play secondary roles depending 

on the modification strategy. Ahn et al. investigated the diffusion mechanisms of 

COϜ in commercial zeolite 4A pellets, concluding that micropore diffusion 

predominantly controls the adsorption kinetics within the studied temperature and 

pressure ranges [108]. 

The most prominent route for tailoring COϜ performance in LTA zeolites is cation 

substitution. Liu et al. demonstrated that partial replacement of Naϕ with Kϕ in LTA 

(yielding NaK-A) enhances COϜ/NϜ selectivity due to narrowed pore apertures and 

strengthened electrostatic interactions [109]. Tao et al. (2023a) extended this by 

systematically studying a range of monovalent and divalent cations, showing that the 

charge-to-size ratio of the cation governs both adsorption strength and accessibility. 

Small, high-charge cations (e.g., CaĮϕ, MgĮϕ) provide stronger COϜ-framework 

interactions, but may block pore access, creating a trade-off between capacity and 

kinetics [24]. In a separate study, Tao et al. evaluated these cation-exchanged LTA 

zeolites under direct air capture (DAC) conditions (400 ppm COϜ), finding that NaK-

A again offers the best compromise between selectivity and working capacity [110]. 

Bae et al. confirmed that Ca-exchanged zeolite A (CaA, or 5A) had the highest COϜ 

uptake under flue gas conditions (0.15 bar COϜ), outperforming NaA and KA due to 

optimal balancing of electrostatic interactions and pore accessibility [111]. 

Functionalizing the zeolite surface with amine groups can further enhance affinity 

toward COϜ. Bahmanzadegan et al. synthesized 4A zeolite from kaolin and 

functionalized it with TEPA and DEA, resulting in a dramatic improvement in COϜ 

capacity up to 579 mg/g, with the optimal operational variables including a 

temperature of 25.270 ÁC, pressure of 8.870 bar, and amine concentration of 11.112 

wt% compared to 4A alone [26]. A study investigated the amine modification of 

binder-containing zeolite 4A bodies, finding that iso-butylamine-modified samples 

exhibited excellent COϜ adsorption performance, suggesting potential for practical 

applications [29]. Another study developed hierarchical LTA zeolites by introducing 
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amine-functionalized mesopores, which enhanced COϜ adsorption capacity and 

improved regenerability under post-combustion conditions. Their findings 

demonstrate that combining hierarchical structuring with surface functionalization 

can significantly boost the performance of LTA zeolites for COϜ capture, up to 2.3 

mmol/g at 60 ÁC and 0.15 bar  [112]. 

Introducing mesopores into LTA frameworks can improve accessibility and 

diffusion. Chen and Ahn  reported that mesoporous zeolite 4A exhibited faster 

uptake rates and slightly enhanced capacity compared to conventional microporous 

4A, especially under dynamic flow conditions relevant to PSA operations [104]. 

Silva et al. used monosodium glutamate as a structure-directing agent to generate 

hierarchical porosity in LTA zeolites, achieving increased COϜ capacities under 

ambient pressure. Their work shows that templated mesoporosity can overcome 

diffusion limitations without compromising framework integrity [113]. 

2.2.4 Zeolite 13X (FAU-type) 

Faujasite-type (FAU) zeolites, which include synthetic X and Y zeolites, are well-

known for their excellent COϜ adsorption properties at ambient conditions. They 

possess a three-dimensional pore structure of large supercages (~1.3 nm diameter) 

accessible through 0.74 nm windows, providing high micropore volume for gas 

adsorption. Zeolite 13X (NaX) is a low-silica FAU-type zeolite (Si/Al å 1.2ï1.5) 

with a high density of exchangeable Naϕ cations. These cations act as strong 

electrostatic adsorption sites for the quadrupolar COϜ molecule, leading to high COϜ 

uptake even at low partial pressures. Indeed, zeolite 13X is one of the most widely 

studied and utilized solid adsorbents for COϜ capture, commonly used in pressure 

swing adsorption (PSA) processes for separating COϜ from gas streams (e.g. in 

hydrogen purification and flue gas treatment) [114ï117]. Its popularity stems from 

a combination of high surface area, favorable pore size for COϜ, and strong COϜ/NϜ 

selectivity at 1 atm and room temperature. For example, a conventional NaX zeolite 

can adsorb on the order of 250ï270 mg COϜ per gram at 25 ÁC and 1 bar, with 
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COϜ/NϜ selectivity often exceeding 30 [118]. This strong affinity, however, is 

accompanied by equally strong adsorption of HϜO, meaning that 13Xôs performance 

can degrade in humid conditions. Nonetheless, under dry ambient conditions FAU-

type zeolites (especially 13X) are considered benchmark materials for COϜ capture 

due to their capacity, selectivity, and stable cyclability over many adsorptionï

desorption cycles. 

Garshasbi et al. demonstrated the hydrothermal conversion of natural Iranian kaolin 

into zeolite 13X, but modified the kaolin by acid leach before the synthesis. The COϜ 

equilibrium capacity of 13X-K was reported as approximately 6.9 mmol COϜ per g 

(at near-saturation conditions), indicating that clay-derived 13X can reach COϜ 

uptakes on the order of ~300 mg/g ï comparable to commercial zeolites [13]. More 

recently, Lu et al. produced zeolite X from halloysite nanotubes via a sequence of 

purification, calcination, and hydrothermal synthesis. By systematically varying 

factors such as calcination time, NaOH molarity, and crystallization temperature, 

they identified conditions that yield highly crystalline NaX with Si/Al å 1.37. The 

best halloysite-derived sample (Z16 in their study) exhibited a COϜ uptake of 4.6 

mmol/g at 30 ÁC and 1 bar, essentially matching the 4.4 mmol/g uptake of a 

commercial 13X under the same conditions [119]. These results demonstrate that 

kaolin or halloysite-based syntheses can produce zeolite 13X with adsorption 

performance equivalent to conventional synthesis routes. 

Bezerra et al. investigated monoethanolamine (MEA) grafting on 13X and found that 

increasing MEA loading progressively filled the micropores and reduced surface 

area [27]. At room temperature, the MEA-functionalized 13X samples actually 

adsorbed less COϜ than the unmodified zeolite due to pore blockage and limited 

amine accessibility. However, the presence of amines introduced stronger adsorption 

sites that became advantageous at higher temperatures: as the adsorption temperature 

was raised (e.g. to 75ï100 ÁC), the amine-loaded 13X started to uptake more COϜ 

via chemisorption, whereas the pristine zeoliteôs capacity would normally drop with 

temperature. This behavior indicates that amine-modified zeolites can show 
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improved performance in warm conditions, though at 25 ÁC their capacity might not 

surpass the parent zeolite. In line with this, Karka et al. examined 13X impregnated 

with polyethylenimine (PEI) in varying amounts (20ï80 wt% loadings) [120]. They 

observed an optimal PEI loading (~60 wt%) and operating temperature (~75 ÁC) at 

which COϜ capacity was maximized. Excessive polymer or lower temperatures led 

to suboptimal results, again due to diffusional constraints and inactive amine at those 

conditions. In summary, amine functionalization can introduce new COϜ binding 

mechanisms on 13X, but high amine loadings tend to occlude the micropores. To 

capitalize on the stronger amineïCOϜ interactions, either moderate temperatures or 

improved pore architectures are needed. As noted by Bezerra et al., creating 

hierarchical porosity in the zeolite (micropores plus mesopores) would likely yield 

better outcomes for amine-grafted COϜ adsorbents [27]. 

Introducing mesoporosity into zeolite 13X is a strategy to improve gas diffusion and 

accommodate bulky additives. Hierarchically porous X zeolites (with micro- and 

mesopores) can be synthesized by templating or post-synthesis etching (desilication 

or dealumination), although achieving mesoporosity in a high-aluminum zeolite like 

13X requires careful control to avoid framework collapse. The motivation for 

creating mesopores is twofold: (1) to enhance kinetics and accessibility of the 

micropore volume for COϜ (especially important for PSA cycles with fast 

adsorption/desorption), and (2) to provide space for amine functional groups or other 

modifiers without drastically blocking the micropores. While specific examples in 

the literature of hierarchical 13X from clays are scarce, the concept is supported by 

studies like Bezerra et al., who suggested that amine-impregnated sorbents would 

benefit from a micro-mesoporous structure [27]. Researchers have reported that 

creating secondary mesopores in zeolite X can indeed improve the utilization of the 

internal surface area for COϜ adsorption and can lead to higher effective capacities 

in practical cycling conditions (especially when mass transfer is rate-limiting). Ji et 

al. synthesized micro-mesoporous MCM-41/13X composite materials via one-step 

and two-step crystallization routes, demonstrating that the hybrid structure combined 

the high COϜ capacity of 13X with the fast diffusion of MCM-41. The two-step 
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synthesized composite achieved a COϜ adsorption capacity of 1.2 mmol/g at 30 ÁC 

and 1 bar, outperforming both pure 13X and MCM-41, while also showing excellent 

regeneration stability over multiple cycles [121]. Methods to generate mesoporosity 

include mild base leaching or silicon extraction (taking advantage of the low Si/Al 

ratio of 13X) to carve out mesopores, or using hard templates (like carbon or polymer 

templates) during synthesis. The resulting hierarchical 13X tends to retain most of 

its intrinsic COϜ capacity while offering faster uptake kinetics and better 

performance when amines are introduced. This remains an active area of 

development aimed at marrying the high intrinsic capacity of 13X with improved 

transport and functionalization capabilities. 

The type and distribution of cations in FAU zeolites strongly influence their COϜ 

adsorption properties. In zeolite 13X, the native Naϕ cations sit at specific sites in 

the supercages and near the windows, creating electrostatic fields that polarize and 

attract COϜ. Exchanging these Naϕ with other cations can alter the adsorption 

behavior. For instance, replacing Naϕ with multivalent cations (like CaĮϕ) can 

increase the heat of adsorption by allowing a single cation to interact with multiple 

framework oxygens and potentially with more than one COϜ molecule. Bkour et al. 

showed that a Ca/Na aluminosilicate derived from kaolin had significant COϜ 

uptake, highlighting the feasibility of incorporating alkaline earth cations into X-type 

zeolites [122]. Generally, partial exchange of Naϕ with Kϕ or Liϕ tends to weaken 

COϜ affinity (useful for tuning binding energy for easier regeneration), whereas 

exchange with CaĮϕ or MgĮϕ can strengthen COϜ binding but may reduce pore 

volume if too many sites are occupied by bulky cations. In practice, the commercial 

13X used in air separation is often partially exchanged with Liϕ (to make LiX) 

because LiX offers extremely high NϜ selectivity and is favored in oxygen 

production PSA units [123]. For COϜ capture, most studies still focus on NaX or 

CaX. 

In conclusion, while zeolites like 4A and 13X are well-established COϜ adsorbents, 

no prior study has systematically evaluated COϜ capture using solar-synthesized 
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zeolites derived from both kaolin and halloysite. This work uniquely combines 

sustainable synthesis with performance testing, filling a clear gap in the literature.
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CHAPTER 3  

3 EXPERIMENTAL  

3.1 Materials 

Kaolin and halloysite were obtained from Eczacēbaĸē Esan Co. Ltd., Turkey, with 

their compositions confirmed through X-ray fluorescence (XRF) analysis. Kaolin 

primarily contained 46.1 wt% silicon dioxide (SiOϜ) and 38.3 wt% alumina (AlϜOϝ), 

while halloysite contained 44.0 wt% SiOϜ and 39.4 wt% AlϜOϝ. Sodium hydroxide 

(NaOH) pellets were purchased from Sigma Aldrich, and deionized water was 

prepared using a Milli -Q water purification system. 

3.2 Calcination Procedures 

Calcination is a critical step in the preparation of zeolite precursors, where kaolin 

and halloysite are thermally transformed into their meta-forms, enabling subsequent 

hydrothermal synthesis. This process involves controlled heating to remove 

structural hydroxyl groups and initiate phase transitions, such as the formation of 

metakaolin and metahalloysite. The calcination procedures employed in this study 

were conducted under two distinct setups: conventional furnace heating and solar-

driven methods. 

3.2.1 Conventional Calcination 

Kaolin and halloysite were placed in ceramic crucibles and calcined by heating at 10 

ÁC/min to various temperatures between 860 and 1100ÁC in a muffle furnace and 

then kept at that temperature for 1.5 h and 2 h. The samples were denoted as shown 

in Table 3.1.  
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Table 3.1 Sample names for kaolin and halloysite calcined in a muffle furnace at 

various temperatures and durations. 

Sample Name 

Clay/Clay 

Mineral 

Calcination 

Temperature (ÁC) 

Calcination 

Duration 

(hours) 

K-900-1.5h Kaolin 900 1.5 

K-950-1.5h Kaolin 950 1.5 

K-980-1.5h Kaolin 980 1.5 

K-1000-1.5h Kaolin 1000 1.5 

K-1100-1.5h Kaolin 1100 1.5 

K-860-2h Kaolin 860 2 

K-930-2h Kaolin 930 2 

K-940-2h Kaolin 940 2 

K-945-2h Kaolin 945 2 

K-950-2h Kaolin 950 2 

K-960-2h Kaolin 960 2 

K-980-2h Kaolin 980 2 

K-1000-2h Kaolin 1000 2 

H-900-1.5h Halloysite 900 1.5 

H-950-1.5h Halloysite 950 1.5 

H-953-1.5h Halloysite 953 1.5 

H-955-1.5h Halloysite 955 1.5 

H-960-1.5h Halloysite 960 1.5 

H-970-1.5h Halloysite 970 1.5 

H-980-1.5h Halloysite 980 1.5 

H-1000-1.5h Halloysite 1000 1.5 

H-1100-1.5h Halloysite 1100 1.5 

H-930-2h Halloysite 930 2 

H-940-2h Halloysite 940 2 

H-945-2h Halloysite 945 2 

H-950-2h Halloysite 950 2 
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3.2.2 Solar Calcination 

The experiments were performed at the high flux solar simulator (HFSS) of the DLR, 

Cologne-Germany. The facility can provide up to 20 kW of thermal power at the 

focal plane and consists of 10 xenon short-arc lamps [124]. The facility had three 

rotary kilns available for the solar calcination at the time. Initial trials were conducted 

to evaluate the process setup and materials compatibility. 

3.2.2.1 Preliminary Trials of Rotary Kiln and Materia lsô Compatibility 

To ensure the feasibility of solar calcination, preliminary trials involved calcining 

strips of kiln crucible materials (steel-1.4828, steel inconel-2.4816, and SiSiC 

(ceramic)) immersed in clay samples (heated to 850ÁC) and clay-alkaline mixtures 

(heated to 900ÁC) using a muffle furnace. These trials aimed to assess potential 

reactions between the kiln materials and the calcination feedstocks. In addition to 

straightforward clay calcination, clay-alkaline fusion was also tried to assess the 

possibility of yielding a product ready for one-pot synthesis of the zeolite. From these 

results, the roadmap for the solar simulator experiments was prepared, and a decision 

was made on whether to proceed with calcination or fusion in a solar simulator. 

3.2.2.2 Solar Simulator Calcination 

A view of the simulator is shown in Figure 3.1. The lamps are located on the right 

and two are operating in this case. The light is focused into the reactor on the left. 

Since the reactor is a cavity, most of the radiation is absorbed inside and heats up the 

reactor to temperatures up to 1000ÁC. The simulator acts as a replacement for on-

sun operations, where the sunlight is focused into the reactor with mirrors. This 

allows operations independent of the weather conditions and due to the light 

spectrum of the lamps being similar to the sunlight, a transfer of these results to on-

sun operations is still possible. 
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Figure 3.1. Experimental setup of the solar reactor and solar simulator. 

The reactor was a rotary kiln, which was operated in batch mode. A CAD-drawing 

of the setup and a cut-view of the reactor is shown in Figure 3.2. The reactor has an 

aperture opening of 80 mm in diameter. The inner crucible is made of high 

temperature steel 1.4828, having a diameter of 209 mm and a total length of 650 mm. 

High temperature blankets were used as insulation between the crucible and shell. 

The crucible volume is about 17 L while for the tests about 1.25 L of material were 

used, corresponding to 1 kg of clay. 
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Figure 3.2. Schematic diagram of the solar reactor (a) and construction of the tubular 

reactor with thermocouples (TC) (b). 

A total of 9 type-K thermocouples were used to measure the temperatures inside and 

outside of the reactor (Figure 3.2(b)). The positions of TC1ï5 are at 28, 60, 230, 420, 

and 470 mm from the inlet while TC6 is fixed at the aperture and TC7 is fixed at the 

housing. TC8 and 9 are also located at about 60 mm from the inlet, as shown in Fig. 

3b, to measure respectively the particle bed and gas temperature. 

For the operation, the following procedure was employed: first, the kiln was filled 

with 1 kg of kaolin or halloysite. The rotation was started at 3 rpm and the reactor 

was heated up step-wise with up to 7 lamps, corresponding to a maximum thermal 

power input of 5.6 kW. Once the desired temperature was reached, for which TC3 

was taken as the reference, the power was either reduced or maintained to stay at this 

temperature for 2 h. Afterward, the lamps were shut off and the material was taken 

out of the kiln once it cooled down. Since TC8 was in contact with calcined material, 

average temperatures of TC8 were selected to be given here. Samples calcined with 

solar simulators were named KSC-TC8avg for kaolin, HSC-TC8avg for halloysite. 

Sample names were given in Table 3.2. 
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Table 3.2.  Sample names for kaolin and halloysite calcined in a solar simulator-

powered kiln. 

Sample Name 

TC8start 

(ÁC) 

TC8max 

(ÁC) 

TC8avg

(ÁC) 

TC3start 

(ÁC) 

TC3max 

(ÁC) 

TC3avg 

(ÁC) 

KSC-740 600 760 740 550 650 640 

KSC-800 780 805 800 650 750 700  

KSC-860 860 910 860 750 800 760  

KSC-940 940 960 940 850 850 850  

KSC-960 980 1000 960 850 890 870  

KSC-980 1000 1000 980 900 980 950  

HSC-700 710 740 700 550 650 650 

HSC-820 840 850 820 750 800 770 

HSC-850 850 880 850 650 760 730 

HSC-870 870 880 870 800 850 820 

HSC-890 910 910 890 850 870 830 

HSC-1000 1100 1100 1000 900 960 950 

 

3.3 Zeolite Synthesis 

Zeolite synthesis was performed using both conventionally and solar calcined clays 

as sources of silica and alumina. The procedure involved preparing zeolite gels with 

molar ratios of 2.04SiOϜ:1AlϜOϝ:3.14NaϜO:110HϜO for kaolin and 

1.90SiOϜ:1AlϜOϝ:3.14NaϜO:110HϜO for halloysite. Calculated quantities of NaOH 

and deionized water were added to the calcined clays to form the gel in high-density 

polyethylene (HDPE) bottles. The gel was aged for 4 hours in a water bath at 60 ÁC 

with continuous agitation at 400 rpm, followed by 4 hours of static reaction in a 
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preheated oven at 100 ÁC. The resulting solid particles were centrifuged at 5000 rpm 

for 5 minutes, washed three times with deionized water, and dried at 60 ÁC overnight. 

Zeolite samples derived from conventionally calcined clays were named Z-H-

CalcinationT-CalcinationTime and Z-K-CalcinationT-CalcinationTime for 

halloysite and kaolin, respectively (Table 3.3). Zeolite samples derived from solar 

calcined clays were designated as Z-HSC-avgT and Z-KSC-avgT for halloysite and 

kaolin, respectively (Table 3.4). 

Table 3.3. Sample names for zeolites synthesized from conventionally calcined 

clays. 

Sample Name 

Clay/Clay 

Mineral 

Calcination 

Temperature 

(ÁC) 

Calcination 

Duration 

(hours) 

Aging Time 

and 

Temperature 

(hours, ÁC) 

Reaction Time 

and 

Temperature 

(hours, ÁC) 

Z-K-900-1.5h Kaolin 900 1.5 4, 60 4, 100 

Z-K-950-1.5h Kaolin 950 1.5 4, 60 4, 100 

Z-K-980-1.5h Kaolin 980 1.5 4, 60 4, 100 

Z-K-930-2h Kaolin 930 2 4, 60 4, 100 

Z-K-940-2h Kaolin 940 2 4, 60 4, 100 

Z-K-945-2h Kaolin 945 2 4, 60 4, 100 

Z-K-950-2h Kaolin 950 2 4, 60 4, 100 

Z-K-960-2h Kaolin 960 2 4, 60 4, 100 

Z-H-950-1.5h Halloysite 950 1.5 4, 60 4, 100 

Z-H-955-1.5h Halloysite 955 1.5 4, 60 4, 100 

Z-H-970-1.5h Halloysite 970 1.5 4, 60 4, 100 

Z-H-930-2h Halloysite 930 2 4, 60 4, 100 

Z-H-940-2h Halloysite 940 2 4, 60 4, 100 

Z-H-945-2h Halloysite 945 2 4, 60 4, 100 

Z-H-950-2h Halloysite 950 2 4, 60 4, 100 
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Table 3.4. Sample names for zeolites synthesized from solar-calcined clays. 

Sample Name 

Clay/Clay 

Mineral 

Calcination 

Temperature 

(ÁC) 

Calcination 

Duration 

(hours) 

Aging Time 

and 

Temperature 

(hours, ÁC) 

Reaction Time 

and 

Temperature 

(hours, ÁC) 

Z-KSC-740 Kaolin 740 2 4, 60 4, 100 

Z-KSC-800 Kaolin 800 2 4, 60 4, 100 

Z-KSC-860 Kaolin 860 2 4, 60 4, 100 

Z-KSC-940 Kaolin 940 2 4, 60 4, 100 

Z-KSC-960 Kaolin 960 2 4, 60 4, 100 

Z-KSC-980 Kaolin 980 2 4, 60 4, 100 

Z-HSC-700 Halloysite 700 2 4, 60 4, 100 

Z-HSC-820 Halloysite 820 2 4, 60 4, 100 

Z-HSC-850 Halloysite 850 2 4, 60 4, 100 

Z-HSC-870 Halloysite 870 2 4, 60 4, 100 

Z-HSC-890 Halloysite 890 2 4, 60 4, 100 

Z-HSC-1000 Halloysite 1000 2 4, 60 4, 100 

 

3.4 Characterization Tecniques 

The chemical composition of kaolin was characterized by a Rigaku ZSX Primus II 

X-ray fluorescence spectrometer (XRF).  

The crystal structure transformation and the phase compositions of the kaolin, 

metakaolins and zeolite products were analyzed by X-ray diffraction (XRD) using a 

Rigaku Miniflex operating at 40 kV and 15 mA with Bragg-Brentano geometry, Ni 

filter and CuKŬ radiation. Qualitative and quantitative (WPPF) analyses of the 

samples were done by using SmartLab Studio II software equipped with PDF 4+ 

database. The percent crystallinity calculations of the synthesized zeolites were 

calculated from the XRD results using the software. Card # 04-009-4857 and card # 

00-038-0240 were used as 100% crystallinity for Zeolite 4A and Zeolite 13X, 

respectively. Crystallite sizes were calculated with Halder-Wagner method. Low-
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angle XRD measurements were acquired with Rigaku Ultima IV operating at 40 kV 

and 30 mA with Parallel Beam geometry, adjusted slits, and CuKŬ radiation. While 

WPPF was used for zeolite quantification, this method is blind to amorphous content; 

therefore, we opted to calculate the degree of crystallinity for the quantification of 

calcined clays instead. In this approach, only the spinel phase is considered as the 

crystalline fraction, while the broad amorphous halo represents the amorphous 

contribution. Quartz, despite being present, is ignored as it does not participate in the 

relevant phase transformations. This method provides a more reliable estimation of 

the crystalline-to-amorphous ratio while minimizing uncertainties associated with 

direct amorphous quantification. To quantify the crystallinity of the precursor 

materials (calcination products), we calculated the degree of Al-Si spinel 

crystallization using integrated intensities from selected diffraction planes: 

(311) at ~37Á 2ɗ 

(400) at ~45Á 2ɗ 

(440) at ~67Á 2ɗ 

The degree of spinel crystallinity was determined as follows: 

ὈὩὫὶὩὩ έὪ ὅὶώίὸὥὰὰὭὲὭὸώ
ὍσρρὍτππὍττπ

ὍσρρὍτππὍττπὍ
 

The morphology of the kaolin, metakaolins, and zeolites was characterized by Field 

Emission Scanning Electron Microscope (FE-SEM) using an FEI Quanta 400 

instrument.  

FTIR spectra were recorded at room temperature in the mid-IR spectral range 400ï

4000 cmī1 region at 4 cmī1 resolution accumulating 16 scans using a PerkinElmer 

400 spectrometer equipped with diamond ATR (attenuated total reflectance).   

The non-isothermal kinetics experiments for the dehydroxylation of K and H were 

done using TA Instruments SDT 650 Simultaneous DSC/TGA. The analyses were 

conducted under air, from room temperature to 1300ÁC with different heating rates 
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(5, 10, 20, 30, 40 ÁC/min). Based on the Kissinger kinetic method used to analyze 

the derivative thermogravimetry  (DTG) data, activation energies (EA) and order of 

reaction (Avrami exponent, n) were calculated [37].  

Transmission electron microscopy (TEM) analysis was performed with a JEOL 

JEM-2100F operated at 200 kV. Samples were suspended and sonicated in ethanol 

for 5 min, then dropped on a carbon film-covered copper grid.  

Nitrogen adsorptionïdesorption isotherms, surface area, pore size distribution, and 

pore volume were determined through nitrogen adsorptionïdesorption 

measurements at ī196 ÁC using a Quantachrome Autosorb 1-C instrument. Prior to 

measurements, the samples were outgassed in vacuum at 250 ÁC for 8 h. The total 

surface area was calculated using the BET method. The pore size distribution in the 

mesopore range was analyzed using the BarrettïJoynerïHalenda (BJH) model based 

on the desorption branch of isotherms. Mesopore volume was calculated by 

subtracting the micropore volume (calculated by the t-plot method) from the total 

pore volume, which was determined from the amount of N2 adsorbed at P/P0 = 0.99.  

All the raw material and final product characterizations were performed in the 

Middle East Technical University (METU) Central Laboratory, Turkey. 

3.4.1 In situ High-Temperature Synchrotron XRD 

High-temperature synchrotron powder XRD (SR-XRD) data were collected using 

MS beamline at SESAME synchrotron at a wavelength of 0.82746 ¡ [125]. The MS 

beamline is a wiggler-based beamline that uses X-ray, two Rhodium coated mirrors, 

and double crystal Si (111) Kohzu monochromator, while the second crystal 

horizontal curvature is sagittal bendable. An ionization chamber in the experimental 

station is used to track the flux in time, which can be used as a scale factor correction 

for long measurements. A two-circle vertical diffractometer, equipped with high-

resolution encoders carrying a Pilatus 300K (donated by DECTRIS company) 

detector of 172 Õm pixel size at a distance of 740.4 mm from the sample. The Pilatus 
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300K area detector covering 6.4o at 740.4 mm distance from the sample was used to 

collect diffraction patterns.  

Samples kaolin and halloysite were heated in quartz capillaries mounted on a 

standard goniometer head fixed on a capillary spinner using an Oxford FMB gas 

blower (Figure 3.3). Experiments were conducted by heating clay samples up to 

400ÁC at a 5 ÁC/min ramp with data collected at every 25ÁC up to 800ÁC for 

dehydroxylation. The heating ramp was maintained at 5 ÁC/min with data acquisition 

every 5ÁC from 900 to 999ÁC for spinel crystallization.  Zeolites samples synthesized 

from conventionally calcined clays were also analyzed in synchrotron XRD using 

borosilicate capillaries at room temperature and those XRD figures were mentioned 

in figure captions. 
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Figure 3.3 Experimental setup for heating kaolin and halloysite samples in quartz 

capillaries. The capillaries are mounted horizontally on a standard goniometer head 

fixed on a capillary spinner, with controlled heating provided by an Oxford FMB gas 

blower below. 
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3.5 CO2 capture measurements 

The compact and fully automated catalyst characterization system, CatLab-2, 

developed by Specson Instruments (specsoninstruments.com), was utilized to 

conduct CO2 capture measurements, as depicted in Figure 3.4. 

 

Figure 3.4. Schematic of the analysis unit. 5 different gases can be mixed at a certain 

ratio and fed into reactor at constant flow or directly by-passed to analyzer for 

calibration by switching 3-Way valves. Reactor furnace can be set up to 900 ÁC and 

the temperature is monitored by K-type thermocouple. Outlet gas mixture is analyzed 

in real-time by residual gas analyzer. 

This system is equipped with five Bronkhorst Mass Flow Controllers (MFCs) and a 

fixed-bed quartz tubular reactor measuring 220x10x8 mm, which is connected to an 

SRS RGA 200 mass spectrometer for the capability of analyzing gases in real-time. 

Additionally, the system features an integrated furnace capable of reaching 

temperatures up to 900 ÁC, facilitating high-temperature pre-treatments to eliminate 

water from the porous structures. 
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In a standard procedure for capturing CO2, 300 mg of the sorbent is placed inside a 

quartz reactor. Before proceeding with the adsorption tests, each sorbent sample 

undergoes a thermal activation process. This involves heating the sample to 350 ÁC 

with an argon flow of 100 standard cubic centimeters per minute (sccm) for 2 h. 

Following this, the sample is cooled to ambient temperature and allowed to stabilize 

under a continuous argon flow for an additional 60 min. This outgassing phase is 

essential for eliminating previously adsorbed gases and moisture within the sorbent's 

pores. Subsequently, a mixture containing 2% CO2 in argon gas is introduced into 

the reactor at a flow rate of 20 sccm, maintaining room temperature and a pressure 

of 1 bar for 3 h. Throughout this experiment, the mass spectrometer continuously 

tracks the m/z 44 signal, providing real-time data for the dynamic breakthrough 

curves, as illustrated in Figure 3.5. 

To calculate total CO2 capture capacity in mmol/g, we routinely perform blank 

experiments with the same recipe without including the sorbent material. These 

blank tests are crucial for accounting for any inherent delays in the breakthrough 

curves that might arise from the design of the reactor or the length of the tubing 

extending from the Mass Flow Controllers (MFCs) to the mass spectrometer, 

effectively removing background influences. The CO2 capture calculation is based 

on the integration of calibrated area (S) generated by a certain concentration of CO2 

(2% diluted in Ar) gas at constant 20 sccm flow. Calibrated area (S) refers to the 

amount of total CO2 gas flowing for a certain period of time (i.e. 10 min) and can be 

calculated by equation (1): 
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Figure 3.5. Experimental outputs of each parameter during typical CO2 capture 

analysis. (a) CO2 breakthrough curve based on QMS intensity of 44 a.m.u signal, (b) 

temperature reading from K-type thermocouple standing just 5 mm above the sorbent 

material, (c) and (d) CO2 and Ar gas flow in sccm during the analysis. CCA refers to 

the CO2 Capture Area and S refers to the calibration. 

 

Ὓ
Ȣ

Ȣ װװװ Ȣ
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where Vtotal is:  
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S value is used as a reference for the calculation of total CO2 quantity based on CO2 

capture area (CCA) value specific for each sorbent material. Captured CO2 quantity 

can be calculated by equation (2): 
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ὅὥὴὸόὶὩὨװὅὕװὗόὥὲὸὭὸώὅὅὃὛ
  װ
  (2) 

The sample weight was divided by 240 mg instead of original amount of 300 mg to 

account for weight loss during the pretreatment process (2 hours at 350 ÁC), which 

involved dehydration of the material. This adjustment reflects that the COϜ capture 

material is the dehydrated sample post-treatment. Thermogravimetric analysis 

(TGA) and weighing the sample before and after outgassing during BET sample 

preparation, revealed an average weight loss of approximately 20% for the zeolites 

at 350 ÁC. This ensures accurate evaluation of the material's COϜ capture 

performance based on its actual active mass. 

 

 

 

 



 

 

61 

CHAPTER 4  

4 FROM CLAYS TO ZEOLITES: TRANSFORMATIONS, 

CHARACTERIZATION S, AND SYNTHESES 

The transformation of natural clays into high-performance zeolites involves a series 

of intricate steps, beginning with the characterization of raw materials and 

progressing through thermal calcination and subsequent hydrothermal synthesis. 

This chapter explores the structural and compositional properties of kaolin and 

halloysite, laying the foundation for their conversion into reactive meta-forms. The 

thermal transformations induced during conventional calcination are analyzed in 

detail, with a focus on the formation of Al-Si spinel and its critical role in directing 

zeolite synthesis. Finally, the synthesis of zeolites from these conventionally 

calcined clays is discussed, emphasizing the influence of precursor properties and 

process parameters on the resulting materialôs structure and porosity. 

4.1 Characterization of Kaolin and Halloysite 

Kaolin and halloysite were sourced from Eczacēbaĸē Esan Co. Ltd., Turkey. The 

chemical compositions of kaolin (K) and halloysite (H) measured and expressed in 

the form of oxides by XRF is given in Table 4.1. LOI (loss on ignition) was 

determined to be 12.5 wt% and 13.5 wt%  by TGA and Si/Al mol ratio was calculated 

to be 1.02 and 0.95 for kaolin and halloysite, respectively. 

The XRD pattern of kaolin that was used in this thesis was illustrated in Figure 4.1(a). 

Kaolinite was characterized by major peaks appearing at 12.34Á (2ɗ) and 24.88Á (2ɗ) 

with d-spacings of 7.16 and 3.58 ¡, corresponding to the (001) and (002) reflection 

planes, respectively (Card # 01-080-0885). In addition to kaolinite, the XRD pattern 

of kaolin also showed the reflection peaks of quartz (Card # 01-089-8937) and 

muscovite (Card # 07ï0042) as impurities. The presence of muscovite in the XRD 
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pattern of the kaolin is consistent with the K2O content obtained from the chemical 

analysis of the mineral (Table 4.1). Whole-powder-pattern fitting (WPPF) analysis 

on kaolin revealed that the kaolin sample contained over 96 wt% kaolinite, indicating 

high-purity kaolin. The Hinckley index (HI), which is used to differentiate between 

low and high-defect kaolinites based on their crystallinity was calculated from the 

XRD pattern [126]. The HI value obtained for the kaolin sample was 1.37 (Figure 

4.1 (b)), indicating a low defect and high structural order of kaolinite. 

Table 4.1 Chemical compositions (wt%) of kaolin (K) and halloysite (H) measured 

by XRF. 

Oxides Kaolin Halloysite 

SiO2 46.1 44.0 

Al 2O3 38.3 39.4 

K2O 0.885 0.060 

TiO2 0.814 - 

Fe2O3 0.590 0.667 

CaO 0.373 0.088 

MgO 0.142 0.115 

P2O5 0.079 0.653 

 

The micrograph captured by field emission scanning electron microscopy (FE-SEM) 

(Figure 4.2) reveals the characteristic morphology of kaolin, displaying stacked, 

layered, and booklet-like aggregates typical of kaolinite. The accompanying energy-

dispersive X-ray spectroscopy (EDX) analysis, presented in the same figure, 

indicates the elemental composition of the sample, dominated by silicon (Si) and 

aluminum (Al) along with oxygen (O). The Si/Al ratio was calculated to be 1.04 

from the EDX analysis, closely aligning with the ratio of 1.02 determined by X-ray 

fluorescence (XRF) spectroscopy. 
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Figure 4.1. XRD pattern of kaolin (a) and Hinckley index region for the 

determination of values for the calculation of HI (M: Muscovite, K: Kaolinite, Q: 

Quartz) (b). 
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Figure 4.2. Scanning electron micrograph and EDX analysis of the kaolin. 

The XRD pattern of the halloysite used in this thesis was depicted in Figure 4.3(a). 

The halloysite was characterized by prominent peaks at 11.9Á (2ɗ), 19.94Á (2ɗ), and 

24.42Á (2ɗ), corresponding to d-spacings of 7.4, 4.5, and 3.6 ¡, respectively, and 

representing the (001), (100), and (002) reflection planes (Card # 00-029-1487). The 

presence of a diffraction peak at 11.9Á, corresponding to a 7.4 ¡ interplanar distance 

(d), confirms the mineral as halloysite-7 ¡. In addition to the halloysite peaks, the 

XRD pattern also exhibited reflection peaks of quartz (Card # 01-089-8937) as an 

impurity. Quantitative analysis of the halloysite sample indicated a composition of 

>90 wt% halloysite. The microphotograph captured by the field emission scanning 

electron microscopy (FE-SEM) (Figure 4.3(b)) shows that the halloysite exhibited a 

tubular shape and a one-dimensional (1-D) hollow tube structure with consistent 

diameter. The tube diameters generally varied between approximately 40 to 100 nm, 

with the lengths averaging between 0.2 and 0.5 ɛm. The FE-SEM-EDX (Field 

Emission Scanning Electron Microscopy with Energy-Dispersive X-ray 

Spectroscopy) analysis conducted on halloysite sample was depicted in the same 
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figure. From this data, the Si/Al was calculated to be 0.94, which corroborates 

closely with the ratio of 0.95 obtained from X-ray fluorescence (XRF) spectroscopy. 

This consistency in Si/Al ratios from independent analytical methods substantiates 

the reliability of the elemental composition findings for the halloysite samples under 

study. 

 

Figure 4.3. XRD pattern of halloysite (a) and Scanning electron micrograph and 

EDX analysis of the halloysite (b) (H: Halloysite, Q: Quartz). 

4.2 Calcination-Induced Transformations in Kaolin and Halloysite 

Calcination is a critical thermal process that drives significant structural and 

compositional changes in kaolin and halloysite, transforming them into reactive 

meta-forms suitable for zeolite synthesis. During calcination, these clays undergo 

dehydroxylation, a process in which hydroxyl groups are removed, resulting in the 

collapse of their layered or tubular structures. After dehydroxylation, the material is 

considered ready for use in the synthesis of zeolites. It has been well established that 

the meta-forms of kaolin and halloysite yield zeolite 4A under appropriate 

hydrothermal conditions. However, in this study, the effects of high-temperature 

calcination, where Al-Si spinel is crystallized, are explored to evaluate its impact on 

the precursor's reactivity and its potential for producing other zeolite phases, such as 

zeolite 13X. The dehydroxylation process is first tracked using derivative 
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thermogravimetric (DTG) analysis to identify differences for structural 

transformation. Subsequently, the phase evolution at higher calcination temperatures 

is examined using XRD patterns and in situ synchrotron XRD, with a focus on the 

crystallization behavior of Al-Si spinel and its implications for zeolite synthesis. 

4.2.1 Thermal Behavior and Phase Transformations of Kaolin and 

Halloysite in Dehydroxylation Range (400-600ÁC) 

The in situ synchrotron X-ray diffraction (SR-XRD) patterns in Figure 4.4 display 

the thermal transformations of kaolin and halloysite during heating, emphasizing 

dehydroxylation and quartz phase changes. These patterns illustrate the structural 

changes occurring in the clay minerals at elevated temperatures. Figure 4.4(a) and 

Figure 4.4(c) depict the dehydroxylation processes of halloysite and kaolin, 

respectively. For halloysite (Figure 4.4a), dehydroxylation began around 400ÁC and 

completed near 500ÁC, indicated by the disappearance of the characteristic halloysite 

peaks. This phase transformation involved the loss of hydroxyl groups and the 

collapse of the tubular halloysite structure, resulting in an amorphous phase, 

metahalloysite. The presence of interlayer water in the halloysite contributed to its 

lower dehydroxylation temperature compared to kaolin, facilitating hydroxyl release 

at relatively lower temperatures. In contrast, dehydroxylation of kaolin (Figure 4.4c) 

occurred within a higher temperature range, starting around 500ÁC and completing 

near 575ÁC. The loss of the (001) diffraction peak marked the breakdown of the 

layered kaolinite structure, leading to metakaolin formation, with structural hydroxyl 

release and collapse of the octahedral aluminum layers into a disordered structure. 

The higher dehydroxylation temperature of kaolin, compared to halloysite, was 

attributed to its more ordered structure and absence of interlayer water, making the 

transformation process more energy-intensive and slower. This observation aligned 

with the high Hinckley index (HI) of 1.37 for kaolin calculated in Figure 4.1Figure 
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4.1.

 

Figure 4.4. In situ synchrotron X-ray diffraction (SR-XRD) patterns of kaolin and 

halloysite showing the thermal transformations during heating. The dehydroxylation 

of halloysite (a) begins at approximately 400ÁC and completes around 500ÁC, while 

kaolin (c) dehydroxylates at a higher temperature range, completing around 575ÁC. 

Panels (b) and (d) show the Ŭ- to ɓ-quartz phase transition in halloysite and kaolin, 

respectively, between 400ÁC and 600ÁC. 

Figure 4.4(b) and Figure 4.4(d) display the phase transitions of quartz impurities in 

halloysite and kaolin, respectively. The Ŭ-quartz in both clay samples underwent a 

reversible phase transition to ɓ-quartz as the temperature increased. For halloysite 

(Figure 4.4b), this transition occurred between 400ÁC and 600ÁC, marked by peak 

shifts and intensity changes. Similarly, the kaolin sample (Figure 4.4d) exhibited the 

Ŭ- to ɓ-quartz transformation over the same temperature range, confirming the 

consistent behavior of quartz impurities in both minerals. This phase transition, 

involving a shift in crystal symmetry from trigonal to hexagonal, appeared as a shift 

and broadening of diffraction peaks [127,128]. Although reversible and not 
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significantly altering quartz crystallinity, this transition is a crucial factor for high-

temperature applications or synthesis processes involving these clays, as it impacts 

the thermal stability of the material. 

Figure 4.5 shows the dehydroxylation behavior of kaolin and halloysite as analyzed 

by derivative thermogravimetric (DTG) analysis at heating rates of 5, 10, 20, 30, and 

40 ÁC/min. The DTG curves reveal distinct thermal events corresponding to the 

release of structural hydroxyl groups, providing insights into thermal stability and 

decomposition mechanisms [16,37]. For kaolin (Figure 4.5(a)), the DTG curves 

exhibit a single prominent dehydroxylation peak, shifting to higher temperatures 

with increasing heating rates. The peak temperatures (T_max) range from 

approximately 487.3ÁC at 5 ÁC/min to 550.92ÁC at 40 ÁC/min, indicating a delay in 

the dehydroxylation process under rapid heating, due to kinetic constraints. Higher 

heating rates required a higher temperature for the same degree of dehydroxylation, 

resulting in broader and less defined peaks, suggesting that dehydroxylation occurred 

over a wider range of temperatures. In comparison, halloysite (Figure 4.5(b)) showed 

a single dehydroxylation peak that also shifted to higher temperatures with 

increasing heating rates but within a lower range, from approximately 448.35ÁC at 5 

ÁC/min to 500ÁC at 40 ÁC/min. This indicates that halloysite is less thermally stable 

than kaolin, with its lower dehydroxylation temperature attributed to its tubular 

morphology and interlayer water presence, which facilitate hydroxyl release. 

Halloysiteôs dehydroxylation peaks were narrower than those of kaolin, indicating a 

more uniform decomposition process. These trends align with the SR-XRD patterns 

in Figure 4.4, where the disappearance of kaolinite and halloysite diffraction peaks 

corresponds to DTG-dehydroxylation temperatures, confirming the breakdown of 

crystalline structures and formation of metakaolin and metahalloysite. The higher 

dehydroxylation temperature observed for kaolin in both DTG and SR-XRD 

underscores its greater thermal stability compared to halloysite. 
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Figure 4.5. Derivative thermogravimetric (DTG) analysis of kaolin (a) and halloysite 

(b) at different heating rates (5, 10, 20, 30, and 40 ÁC/min), showing distinct 

dehydroxylation peaks that shift to higher temperatures as the heating rate increases, 

indicating kinetic constraints under rapid heating. 

 

Figure 4.6. Kissinger plots for the dehydroxylation of kaolin and halloysite, along 

with calculated Avrami exponents (n) at various heating rates. 
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Figure 4.6 displays the Kissinger plots for kaolin and halloysite dehydroxylation, 

along with the calculated Avrami exponents (n) at heating rates of 5, 10, 20, 30, and 

40 K/min. The Kissinger equation was used to determine activation energy (Ea) and 

understand the kinetic behavior of thermal decomposition. The Kissinger plots for 

both minerals show a linear relationship between ln(ɓ/TmaxĮ) and 1/Tmax, with high 

correlation coefficients (RĮ = 0.997 for kaolin and RĮ = 0.9707 for halloysite), 

indicating that dehydroxylation followed first-order kinetics. The slope of the linear 

fit was proportional to īEa/R, allowing for activation energy calculation, with values 

of 161 kJ/mol for kaolin and 168 kJ/mol for halloysite, consistent with previous 

results [37,38,129]. 

The Avrami exponent (n) is a kinetic parameter that provides information about the 

reaction mechanism and the nature of phase transformation processes, including 

nucleation and growth rates. The calculated Avrami exponents for kaolin and 

halloysite at different heating rates are shown in the table above the Kissinger plot. 

The Avrami exponent (n) for kaolin remains relatively constant, ranging between 

0.736 and 0.752, regardless of the heating rate. This indicates that the 

dehydroxylation mechanism of kaolin is not significantly influenced by changes in 

heating rate. 

The values of n<1 suggest a diffusion-controlled process, where the removal of 

hydroxyl groups is limited by the diffusion of species within the crystalline matrix. 

In contrast, the Avrami exponent for halloysite varies more significantly with the 

heating rate, ranging from 1.103 to 1.155. This suggests that the dehydroxylation 

mechanism of halloysite is more sensitive to the heating conditions. The values of 

n>1 indicate a nucleation and growth-controlled process, where the rate of 

dehydroxylation is influenced by the formation and growth of new phases (e.g., 

metahalloysite) during the thermal decomposition [15]. 
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4.2.2 Effect of Calcination Temperature and Duration on the Structural 

Evolution of Kaolin and Halloysite ( 850-1100ÁC) 

Figure 4.7 presents the XRD patterns of kaolin samples calcined between 850ï

1100ÁC for 1.5 hours (a) and 2 hours (b), illustrating phase transformations beyond 

metakaolin formation. The absence of kaolinite peaks confirms that kaolin was fully 

transformed into metakaolin at much lower temperatures (~600ÁC), leaving behind 

a diffuse halo structure between 15ï36Á (2ɗ), indicative of amorphous metakaolin. 

This amorphous phase is suggested to consist of free silica containing alumina or 

silica-rich alumina phases [130]. However, impurities such as muscovite, a potassic 

mica mineral often found in kaolin, influence phase transformation dynamics by 

acting as a fluxing agent, either accelerating or delaying transitions [65,66]. The 

muscovite peak (~9Á 2ɗ) remains relatively stable up to 860ÁC, but its intensity 

gradually diminishes between 940ï960ÁC, disappearing completely at 980ÁC, 

suggesting structural decomposition into amorphous aluminosilicates. Quartz peaks, 

in contrast, remain unaffected throughout the temperature range, confirming their 

thermal stability [66]. 

As calcination progresses beyond 940ÁC, AlïSi spinel (ɔ-alumina-type) 

crystallization begins, appearing as broad diffraction peaks at 37.4Á, 45.90Á, and 

66.94Á (2ɗ), corresponding to the (311), (400), and (440) planes of ɔ-alumina with a 

cubic structure (Card # 04-016-1445) [131]. This transition suggests that muscovite 

decomposition plays a role in the structural reorganization of metakaolin above 

900ÁC, promoting the formation of Al-Si spinel and amorphous silica rather than 

mullite [66]. Moreover, prolonged heating (2h vs. 1.5h) does not drastically alter 

phase transformation temperatures but does lead to increased crystallinity of the 

spinel phase, which could reduce the materialôs reactivity in hydrothermal zeolite 

synthesis. These findings confirm that over-calcination (Ó1000ÁC) results in highly 

crystalline phases, potentially diminishing dissolution rates in alkaline media, which 

is crucial for tailoring metakaolin reactivity in zeolite production. 



 

 

72 

 

Figure 4.7. X-ray diffraction (XRD) patterns of kaolin calcined at different 

temperatures and durations: (a) 1.5-hour calcination, (b) 2-hour calcination (Ml: 

Mullite, M: Muscovite, Q: Quartz, An: Anatase, Sp: Al-Si Spinel). 

Figure 4.8 presents the X-ray diffraction (XRD) patterns of halloysite calcined 

between 900ï1000ÁC for 1.5 hours (a) and 2 hours (b), highlighting its phase 

transformations beyond the metahalloysite stage. Unlike kaolin, which undergoes 

more gradual phase transitions during calcination, halloysite exhibits sharper and 

more immediate structural changes, with transformations occurring within a narrow 

temperature window. The disappearance of halloysite peaks confirms its complete 

transformation into metahalloysite, which is characterized by a diffuse halo between 

15Á and 36Á (2ɗ), indicative of an amorphous silica-alumina phase. Similar to kaolin, 

quartz (Q) remains thermally stable across all calcination temperatures, showing no 

significant changes in peak intensity. 
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Figure 4.8. X-ray diffraction (XRD) patterns of halloysite calcined at different 

temperatures and durations: (a) 1.5-hour calcination, (b) 2-hour calcination (Ml: 

Mullite, Q: Quartz, Sp: Al-Si Spinel). 

One of the key differences between kaolin and halloysite calcination is the abrupt 

onset of Al-Si spinel crystallization in halloysite. In kaolin, spinel formation begins 

at 940ÁC and progresses gradually, with a more extended temperature range for 

phase evolution. However, in halloysite, no spinel phase is observed at 950ÁC (1.5h), 

but at just 953ÁC (1.5h), distinct peaks appear at 37.4Á, 45.90Á, and 66.94Á (2ɗ), 

corresponding to the (311), (400), and (440) planes of gamma-alumina (ɔ-alumina). 

This sharp threshold for spinel crystallization suggests that halloysite is more 

sensitive to temperature changes, leading to a rapid structural transformation once 

the critical temperature is reached. 

Another striking difference between kaolin and halloysite is the influence of 

calcination duration. While prolonged heating has only a moderate effect on kaolin's 

phase transformation, in halloysite, even small increases in calcination time 

significantly enhance the crystallinity of the Al-Si spinel phase. This is evident in 

Figure 4.8(b), where the 2-hour calcined samples show sharper and more intense 

spinel peaks compared to their 1.5-hour counterparts. This indicates that halloysite 

not only transitions more abruptly but also responds more strongly to extended 

heating, promoting the stability of the newly formed spinel phase. 
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The structural breakdown of halloysite at high temperatures also leads to an increase 

in free amorphous silica, which can impact the final Si/Al ratio of the material. This 

effect is more pronounced than in kaolin, where the transformation from metakaolin 

to spinel is more gradual. The formation of Al-Si spinel between 925ï1050ÁC is 

accompanied by amorphous silica generation, which could influence the dissolution 

behavior of the material during zeolite synthesis [47,61,132,133]. The decrease in 

available alumina in spinel-containing halloysite samples may also alter the 

crystallization pathways of zeolites, potentially favoring silica-rich phases.

 

Figure 4.9. 27Al and 29Si MAS NMR spectra of halloysite and its calcined derivatives 

(H-900-1.5h and H-970-1.5h). 

To gain deeper insight into the structural transformations of aluminum and silicon 

during thermal treatment, solid-state magic angle spinning nuclear magnetic 

resonance (MAS NMR) spectroscopy was conducted on halloysite and its calcined 

derivatives (H-900-1.5h and H-970-1.5h), as shown in Figure 4.9. The 29Si MAS 

NMR spectra reveal a systematic shift in silicon coordination environments with 

increasing calcination temperature. Raw halloysite displays a single resonance at 

approximately ï94.2 ppm, characteristic of Qį silicon sites (i.e., Si atoms bonded to 

three other silicon atoms via oxygen bridges and one hydroxyl group). Upon 
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calcination at 900 ÁC, this peak shifts to around ï101.4 ppm, indicating a transition 

toward Qώ environments, which correspond to fully polymerized silicate structures 

such as amorphous silica or AlïSi spinel. A further downfield shift to ï111.4 ppm at 

970 ÁC suggests increased SiïOïSi connectivity, consistent with the formation of 

highly polymerized silicate phases. These changes indicate progressive silicate 

polymerization and restructuring of the Si environment, accompanying 

dehydroxylation and amorphization during calcination. 

Complementary insights were obtained from 27Al MAS NMR spectra, which track 

changes in aluminum coordination. In uncalcined halloysite, aluminum is present 

predominantly in an octahedral coordination environment, yielding a peak near 

3.6 ppmða typical signature for kaolin-type clay minerals. After calcination at 

900 ÁC, significant peak broadening occurs, with new features emerging around 

26.5 ppm and 55.7 ppm, corresponding to pentahedral and tetrahedral Al sites, 

respectively. This spectrum suggests the formation of metahalloysite/metakaolin, 

where Al coordination begins to rearrange but retains some octahedral character. 

Upon further heating to 970 ÁC, the spectrum becomes more defined, displaying a 

sharper tetrahedral Al signal at ~23.7 ppm and a broad, low-intensity feature near ï

10.6 ppm, which may reflect residual octahedral Al within a disordered matrix. 

These spectral changes confirm the progressive transformation from octahedral to 

pentahedral and finally tetrahedral coordination, a sequence that supports the 

formation of AlïSi spinel at higher temperatures. Collectively, the NMR data 

confirm the thermally driven structural reorganization of both Si and Al, 

underpinning the phase evolution critical for subsequent zeolite synthesis. 

4.2.2.1 The Effect of Calcination Temperature and Duration on Al-Si 

Spinel Crystallization 

The XRD patterns in Figure 4.10 reveal the evolution of Al-Si spinel (gamma-

alumina type, Card # 04-016-1445) as a function of calcination temperature and 

duration in both kaolin and halloysite samples. As the temperature increased from 



 

 

76 

900ÁC to 1100ÁC, the intensity of the main peaks associated with the Al-Si spinel 

phase, particularly at the (311), (400), (333), and (440) planes, became more 

pronounced, indicating a direct relationship between temperature and the 

crystallization of the spinel phase. Higher temperatures favored the growth and 

increased crystallinity of this phase. In both kaolin and halloysite, the peaks appeared 

sharper and more intense with rising temperatures, suggesting a transformation from 

an amorphous to a well-crystallized Al-Si spinel phase. However, slight variations 

in the rate of spinel development were observed, likely due to structural differences 

between kaolin and halloysite, with halloysite showing a more gradual increase in 

peak intensity. 

 

Figure 4.10. XRD patterns of kaolin and halloysite calcined at 900ï1100ÁC for 

durations of 1.5 hours and 2 hours, showing Al-Si spinel formation through peaks at 

(311), (400), (333), and (440) planes. Panels (a) and (b) represent kaolin samples 

calcined for 1.5 hours and 2 hours, respectively, at different temperatures, while 
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panels (c) and (d) represent halloysite samples calcined for 1.5 hours and 2 hours 

under similar conditions (Ml: Mullite, Q: Quartz). 

The duration of calcination significantly influenced the formation of Al-Si spinel. 

Comparison of samples calcined for 1.5 hours and 2 hours at the same temperatures 

showed that the longer calcination duration consistently resulted in more intense and 

well-defined peaks, indicating enhanced crystallization. This effect was particularly 

notable at higher temperatures, where prolonged exposure to heat promoted further 

growth of the spinel phase. Differences between kaolin and halloysite were also 

evident, with kaolin generally exhibiting more rapid crystallization, while 

halloysiteôs spinel peaks intensified at a steadier rate. Overall, both temperature and 

duration were critical factors in controlling the degree of spinel crystallization, which 

subsequently affected the textural properties of the final product. 

 

Figure 4.11. XRD patterns comparing kaolin (a) and halloysite (b) calcined at 950ÁC 

for 1.5 and 2 hours. Arrows indicate spinel peak intensities at (311), (400), and (440) 

planes, highlighting increased crystallization with extended calcination duration, 

especially pronounced in halloysite (Q:Quartz). 

In Figure 4.11, the XRD patterns for kaolin (K) and halloysite (H) calcined at 950ÁC 

for 1.5 and 2 hours are compared to examine the effect of calcination duration on the 

crystallization of Al-Si spinel. Arrows highlight key regions where the spinel peaks 

at the (311), (400), and (440) planes become more pronounced as the duration 
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increases from 1.5 to 2 hours. The increase in peak intensity suggests that extending 

the calcination duration enhances Al-Si spinel crystallization in both kaolin and 

halloysite. In kaolin (Figure 4.11(a)), the peaks are already visible at 1.5 hours and 

become sharper and more intense at 2 hours, indicating further crystallization. 

Similarly, in halloysite (Figure 4.11(b)), the spinel phase crystallized more 

noticeably after 2 hours of calcination, as evidenced by the clearer and sharper peaks 

at the (311), (400), and (440) planes. These findings emphasize the importance of 

calcination duration in promoting spinel phase development, even at a constant 

temperature. In halloysite, where the changes between 1.5 and 2 hours are more 

pronounced than in kaolin, the spinel phase crystallized more extensively within this 

short period. This suggests that spinel crystallization in halloysite is more dynamic 

and may require careful monitoring of calcination conditions to achieve the desired 

material properties. 

4.2.2.2 Study of the Al-Si Spinel Crystallization by In Situ SR-XRD 

 

Figure 4.12. In situ SR-XRD patterns for kaolin (a) and halloysite (b) during high-

temperature calcination at 900ï940ÁC, highlighting Al-Si spinel formation as a 

broad, emerging peak around 65ï67.5Á (2ɗ). 

The in situ synchrotron X-ray diffraction (SR-XRD) analysis provided insights into 

the thermal transformation mechanisms of kaolin and halloysite during high-
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temperature calcination, highlighting Al-Si spinel formation as a key intermediate 

phase. Understanding this evolution was essential for controlling the properties of 

calcined clays and optimizing their reactivity in subsequent hydrothermal processes. 

Figure 4.12 displays the SR-XRD patterns of kaolin (Figure 4.12(a)) and halloysite 

(Figure 4.12(b)) during high-temperature calcination at temperatures ranging from 

900ÁC to 940ÁC. The broad, emerging peak, indicated by arrows, corresponds to the 

formation and growth of the Al-Si spinel phase in both materials. The broad nature 

of this peak suggested that the spinel phase was poorly crystalline or amorphous at 

the initial stages of formation, evolving progressively with increasing temperature. 

For both kaolin and halloysite, a broad peak around 65ï67.5Á (2ɗ) corresponding to 

the (440) plane of Al -Si spinel (gamma-alumina type, Card # 04-016-1445) emerged 

as the temperature increased, indicating the decomposition of metakaolin and the 

reorganization of Al and Si atoms into the spinel structure. The peakôs broadness and 

diffuse nature indicated that the spinel formed in a disordered or microcrystalline 

state, with limited long-range order. The slight increase in peak intensity, highlighted 

by the arrows, pointed to a kinetically controlled evolution, where the crystallinity 

and ordering of the spinel phase gradually improved with increasing temperature.  

4.3 Zeolites from Overcalcined Clays: Structural and Textural 

Characterization 

Figure 4.13 displays the ex-situ SR-XRD patterns of zeolites synthesized from kaolin 

and halloysite calcined at different temperatures and durations. In Figure 4.13(a), the 

kaolin-derived zeolites calcined for 1.5 hours show that at 900ÁC, pure zeolite 4A is 

formed (Card # 04-009-4857), while at 980ÁC, pure zeolite 13X (Card # 00-038-

0240) is obtained. At the intermediate temperature of 950ÁC, a mixture of both 4A 

and 13X phases is present. Figure 4.13(b) shows that with 2-hour calcination, higher 

temperatures (e.g., 960ÁC) favor the formation of pure zeolite 13X, while Al-Si 

spinel becomes more prominent as kaolin calcination conditions intensify. Extending 

the calcination duration of kaolin from 1.5 hours to 2 hours at 950ÁC led to a change 
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from a mixture of 4A and 13X to pure 13X, demonstrating that both temperature and 

duration of kaolin calcination influence the resulting zeolite phases. 

The presence of both LTA (4A) and FAU (13X) at 950ÁC for 1.5 hours raises the 

question of whether these phases coexist independently or undergo a transformation 

process over time. To investigate this, extended reaction-time experiments for Z-K-

950-1.5h were conducted, tracking phase evolution using ex-situ XRD analysis. 

Figure 4.14 reveals that at early reaction stages, 4A and 13X nucleate separately 

within localized regions, leading to an apparent coexistence. However, as the 

reaction progresses, the intensity of 4A reflections decreases while 13X reflections 

become more prominent, suggesting a competitive phase formation process rather 

than static coexistence. As the reaction time increased to 72 hours, 4A decreased 

while 13X became the dominant zeolite phase. At a reaction time of 120 hours, 13X 

remained present but began recrystallizing into Na-P, indicating a second-stage 

interzeolite transformation. This recrystallization step aligns with studies on zeolite 

stability, where longer reaction durations lead to further restructuring into more 

thermodynamically stable phases [134]. 

Although hydrothermal synthesis is often considered a homogeneous process, it is 

increasingly recognized that even the most compositionally uniform precursor gels 

exhibit microenvironmental heterogeneities [135,136]. These heterogeneities were 

suggested to influence zeolite crystallization mechanisms, emphasizing the role of 

localized Si/Al variations in directing phase nucleation and growth [137]. Spatial 

variations in Al and Si distribution create localized domains that influence nucleation 

preferences, meaning that even within a well-mixed system, certain zones become 

Al -rich, while others remain Si-rich, affecting which zeolite phase preferentially 

forms in a given region. In our case, we hypothesize that 4A nucleates preferentially 

in Al-rich domains within the synthesis gel, while 13X forms in regions with lower 

alumina content due to localized Si-Al variations, resulting in their formation in 

distinct regions rather than as a single-phase system. As the reaction progresses and 

reactants become depleted, this process is no longer localizedðcompetition 



 

 

81 

intensifies, and 13X growth increasingly suppresses 4A formation, leading to an 

interzeolite transformation rather than their coexistence [138,139]. 

 

Figure 4.13. Ex-situ SR-XRD patterns of zeolites synthesized from kaolin and 

halloysite at different calcination conditions (A: Zeolite 4A, X: Zeolite 13X, Q: 

Quartz). 

For halloysite-derived zeolites in Figure 4.13(c) and (d), the patterns reveal a rapid 

formation pure zeolite 13X at higher calcination temperatures of the halloysite, with 

minimal evidence of intermediate or mixed phases of 4A and 13X, in contrast to the 

kaolin-derived samples. This finding aligns with prior observations that the 

crystallization of Al-Si spinel in halloysite is more dynamic and challenging to 

control, as spinel crystallized extensively within a short time. The rapid phase 

formation in halloysite reduced the likelihood of obtaining a stable mixture of zeolite 

phases (4A and 13X). Achieving the desired phase in halloysite requires careful 
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control of calcination conditions, as minor changes in temperature or duration lead 

to substantial shifts in phase outcome. 

 

Figure 4.14. XRD patterns of Z-K-950-1.5h synthesized with 4 hours of aging and 

subjected to varying reaction times at 100ÁC. The evolution of zeolite phases is 

shown over reaction durations from 0.5 hours to 120 hours, illustrating the gradual 

phase changes. LTA (4A) and FAU (13X) are initially present, with 4A diminishing 



 

 

83 

over time while 13X becomes more dominant.

 

Figure 4.15. XRD patterns of zeolites in the 35ï70Á range showing Al-Si spinel 

presence indicated with arrows. 

The presence of AlïSi spinel phases in the zeolite products synthesized from 

thermally treated kaolin and halloysite was confirmed through XRD analysis, as 

presented in Figure 4.15. In particular, the XRD pattern of Z-K-980-1.5 (Figure 

4.15(a)) display distinct broad reflections in the 2ɗ range of ~35ï70Á, which are 

characteristic of AlïSi spinel structures. Similar reflections were observed in the 

halloysite-derived zeolites, especially in Z-H-970-1.5 (Figure 4.15(c)), suggesting 

the persistence of spinel phase in the zeolite. These features become more 

pronounced with increasing temperature and reaction time, as shown in panels (b) 

and (d), where extended calcination durations and elevated thermal treatments of the 

clays contribute to better-defined spinel signatures in the synthesized zeolites. The 

presence of AlïSi spinel is significant because it forms as an intermediate phase 

during calcination and plays a crucial role in determining the reactivity of the 
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resulting meta-materials. Its persistence in the final zeolite products indicates 

incomplete dissolution of the calcined precursor or possible encapsulation within the 

zeolite matrix. These findings support the notion that calcination parameters and 

precursor structure strongly influence the crystallinity and composition of the 

synthesized zeolites. 

The SEM analysis of the synthesized zeolite samples revealed distinct morphological 

characteristics associated with phase composition, crystallinity, and synthesis 

conditions (Figure 4.16). In the sample containing pure zeolite 4A, Z-H-945-2h, 

well-defined cubic crystals were present, reflecting the typical morphology of zeolite 

4A. These cubic particles generally ranged from 1 to 3 ɛm, with smooth surfaces 

indicating good crystallinity. Partial deterioration and surface roughness were visible 

in samples exhibiting phase transitions or mixtures of zeolite 4A and 13X, such as 

Z-K-940-2h and Z-K-950-1.5h suggesting inter-zeolite phase changes. This 

morphological shift was characterized by the exfoliation and rounding of cubic 

edges, signaling the initial stages of transformation from zeolite 4A to 13X. In 

contrast, samples primarily consisting of zeolite 13X, such as Z-K-980-1.5h and Z-

H-970-1.5h, displayed well-formed octahedral structures typical of zeolite 13X with 

particle sizes around 1ï3 ɛm. The octahedral crystals appeared sharp and intact, 

reflecting a high degree of crystallinity and phase purity in samples subjected to 

higher temperatures or prolonged calcination. The presence of these octahedral 

forms indicated the complete transformation from zeolite 4A to 13X, which was 

achieved under optimized synthesis conditions. Additionally, halloysite-derived 

samples exhibited more dynamic morphological changes under similar calcination 

conditions. These samples showed a rapid transition from cubic to octahedral forms 

with signs of surface deterioration, as observed in Z-H-955-1.5h and Z-H-950-2h. 

SEM images of both kaolin- and halloysite-derived samples consistently showed that 

the transition from zeolite 4A to 13X was accompanied by surface irregularities, 

exfoliated layers, and partially degraded edges, indicating the intermediate stages of 

phase transformation. 
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Figure 4.16. Scanning Electron Microscopy (SEM) images of synthesized zeolites 

derived from kaolin (a) Z-K-950-1.5h, (b) Z-K-980-1.5h, (c) Z-K-940-2h, (d) Z-K-

945-2h, (e) Z-K-950-2h, and halloysite (f) Z-H-955-1.5h, (g) Z-H-970-1.5h, (h) Z-

H-945-2h, (i) Z-H-950-2h. 

Figure 4.17 shows the NϜ adsorption-desorption isotherms of the synthesized zeolite 

samples, revealing distinct porous characteristics associated with microporosity, 

mesoporosity, and phase composition. These characteristics were further analyzed 

in conjunction with Table 4.2. 
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Figure 4.17. NϜ adsorption-desorption isotherms of synthesized zeolite samples, 

illustrating microporous and mesoporous characteristics. 

In Figure 4.17(a), the isotherm of Z-K-950-1.5h reveals a classic Type I curve, 

showing a microporous structure with no hysteresis. Its modest surface area of 130 

mĮ/g and micropore volume of 0.03 cc/g reflect its high content of zeolite 4A (87%) 

alongside some 13X (13%). In contrast, Z-K-980-1.5h displays a Type IV(a) 

isotherm with an H3 hysteresis loop, characteristic of mesoporous structures, 

consistent with its 13X-spinel phase. This sample, with a larger external surface area 

of 116 mĮ/g and mesopore volume of 0.04 cc/g, offers a more accessible mesoporous 

profile, aligning with the benefits observed in similar structures for adsorption 

applications [140].   
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Table 4.2. Textural properties of the synthesized zeolites. 

a Multipoint BET 

b t-Method  

c Estimated by subtracting Vmicro from total pore volume 

 

Figure 4.17(b) covers several samples, each with unique micro-mesoporous features. 

Z-K-945-2h, for instance, displays a Type IV(a) isotherm with a slight H4 hysteresis 

loop, suggesting the presence of slit-shaped mesopores. This sample has a balanced 

micro-mesoporous structure with a substantial surface area of 426 mĮ/g and a phase 

composition of 35% zeolite 4A and 65% zeolite 13X. Z-K-950-2h, nearly fully 

converted to 13X (98%), shows a Type IV(a) isotherm with an H4 loop, marking 

well-developed mesoporosity alongside significant micropore volume (0.20 cc/g). 

Meanwhile, Z-K-960-2hôs Type IV(a) isotherm with an H3 loop reveals a highly 

interconnected mesoporous network, evidenced by its high total surface area of 573 

   
 

  
  

Sample  
STotal  

(m2/g)a 

SExt 

(m2/g)b 

SMicro  

(m2/g)b 

VTotal 

(cc/g) 

VMeso 

 (cc/g)c 

VMicro  

(cc/g)b 

 

 

XRD phases and 

zeolite 

quantification 

(%)  

  

Z-K-950-1.5h 130 56 74 0.05 0.02 0.03 
4A, 87 

13X, 13 

        

Z-K-980-1.5h 141 116 25 0.06 0.0.4 0.02 13X, 100 

        

Z-K-945-2h 426 124 302 0.20 0.05 0.15 

4A, 35 

13X, 65 

 

Z-K-950-2h 598 96 502 0.24 0.04 0.20 

4A, 18 

13X, 82 

 

Z-K-960-2h 573 140 433 0.23 0.06 0.17 13X, 100 

        

Z-H-955-1.5h 816 102 714 0.32 0.04 0.28 13X, 100 

Z-H-970-1.5h 642 166 476 0.26 0.07 0.19 13X, 100 

Z-H-950-2h 770 109 661 0.31 0.05 0.26 13X, 100 
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reaction conditions proved challenging. Unlike kaolin, halloysite tends to favor pure-

phase FAU (13X) rather than coexisting LTA and FAU, further demonstrating how 

precursor properties influence phase competition and zeolite synthesis outcomes. 

Nevertheless, mesoporosity development in halloysite-derived zeolites is still 

strongly dependent on calcination conditions. For example, increasing the 

calcination temperature by just 15ÁC (from Z-H-955-1.5h to Z-H-970-1.5h) 

significantly enhances mesoporosity, suggesting that structural modifications during 

calcination influence pore development. This subtle adjustment provides a targeted 

approach to tailoring porosity and surface properties depending on the clay precursor 

and the desired zeolitic structure. 

4.4 Conclusion 

This chapter provides a comprehensive investigation into the effects of high-

temperature calcination on the structural evolution of kaolin and halloysite, with a 

specific focus on the crystallization of Al-Si spinel and its role in directing zeolite 

formation and porosity development. By employing a combination of in situ 

synchrotron X-ray diffraction (SR-XRD), ex-situ XRD, thermal analysis, nitrogen 

adsorption-desorption (BET), and scanning electron microscopy (SEM), we 

systematically evaluated the phase transformations, crystallinity, and porosity of the 

resulting zeolites. 

The results confirm that calcination temperature and duration significantly influence 

the phase composition of the clays, with spinel crystallization emerging as a critical 

factor in phase selection during zeolite synthesis. Kaolin-derived precursors exhibit 

a progressive transformation pathway, forming LTA (4A) at lower calcination 

temperatures of the clay, transitioning into a mixture of LTA and FAU (13X) at 

intermediate conditions, and finally stabilizing as pure FAU at higher temperatures. 

Halloysite-derived precursors, in contrast, undergo a more abrupt phase transition, 

favoring the formation of distinct single-phase products (either 4A or 13X) rather 

than mixed-phase zeolites. This suggests that microstructural and compositional 
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differences between kaolin and halloysite influence their response to calcination and 

subsequent hydrothermal synthesis. 

Extended reaction-time experiments provided further insights into phase competition 

and interzeolite transformation (IZT). At early reaction stages, 4A and 13X nucleate 

separately in localized regions, appearing to coexist. However, with increasing 

reaction time, 4A diminishes while 13X grows, indicating a competitive 

transformation rather than static coexistence. Eventually, 13X undergoes further 

recrystallization into Na-P, highlighting a second-stage IZT process. These findings 

align with established crystallization mechanisms where zeolite formation is 

influenced by microenvironmental heterogeneities, with localized Al-rich and Si-

rich zones preferentially favoring different zeolite phases. 

This chapter establishes a direct correlation between precursor phase composition, 

zeolite crystallization pathways, and final material properties, offering a refined 

understanding of how calcination conditions can be optimized for tailored zeolite 

synthesis. The presence of Al-Si spinel plays a dual role in this process, extending 

beyond phase selection to enhancing mesoporosity in FAU-rich samples. The ability 

to directly synthesize low-silica FAU (13X) from high-temperature-calcined clays 

without additional silica reagents presents a sustainable and scalable approach for 

producing high-surface-area, micro-mesoporous zeolitic materials. These findings 

have important implications for industrial applications, particularly in adsorption, 

catalysis, and COϜ capture, where precise control over zeolite phase composition and 

porosity is essential. 

Building on these results, the next stage of this research investigates an alternative 

approach to calcinationðone that harnesses concentrated solar energy as a 

sustainable thermal treatment method. By shifting from conventional furnace-based 

calcination to solar-driven processing, the goal is to explore how solar energy can 

effectively drive the structural transformations of clays while reducing energy 

demands and carbon emissions. The following chapter will assess the feasibility and 
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performance of solar calcination, examining its potential as a scalable and 

environmentally friendly route for zeolite synthesis. 
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CHAPTER 5  

5 SOLARIZAT ION OF THE ZEOLITE PRODUCTION  

The transition to solar-driven calcination for zeolite production offers an 

environmentally sustainable alternative to conventional thermal treatments. This 

chapter explores the feasibility of using concentrated solar technology (CST) and 

solar simulator calcination for processing kaolin and halloysite. The study focuses 

on evaluating the calcination process, characterizing the resulting meta-clays, and 

assessing the synthesized zeolites. 

5.1 Preliminary Trials with CST 

5.1.1 Objective 

The objective of the preliminary trials was to evaluate the feasibility of using 

concentrated solar technology (CST) for calcination, identify potential challenges, 

and determine the most suitable process conditions for large-scale implementation. 

The trials focused on understanding the interaction between different kiln materials 

and the raw clays, as well as assessing whether fusion or calcination was the more 

effective approach. 

5.1.2 Experimental Setup and Findings 

The experiments were performed at DLR, Cologne-Germany. The facility is 

equipped with three rotary kilns designed to operate under high-temperature 

conditions (Figure 5.1). To evaluate the interaction between clays and kiln materials, 

initial trials were performed using crucibles made of alumina (AlϜOϝ), into which 

strips of three different kiln materialsðsteel (1.4828, 11-13% Ni, 19-21% Cr), steel 
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Inconel (2.4816, 72% Ni, 14-17% Cr, 6-10% Fe), and SiSiC (Siliconized Silicon 

Carbide)ðwere dipped. These crucibles were filled with kaolin, halloysite, and an 

alkaline mixture consisting of feldspar, NaϜCOϝ, and Al(OH)ϝ (Figure 5.2). 

 

Figure 5.1. Rotary kilns: (a) Steel, (b) Steel Inconel, and (c) SiSiC. 

The samples were heated in a muffle furnace at a controlled rate of 10 ÁC/min, with 

kaolin and halloysite calcined at 850ÁC, while the alkaline mixture was treated at 

900ÁC for 1.5 h. Post-experiment analysis was conducted using XRD, SEM-EDX, 

ICP, and XRF to detect potential material interactions, contamination, or phase 

changes. 

The trials aimed to determine the most suitable kiln material for prolonged 

calcination applications and assess whether fusion or calcination was the optimal 

approach for producing reactive meta-phases. The findings from these experiments 

guided the selection of kiln materials and process conditions for subsequent solar 

simulator calcination trials. To ensure the integrity of the kiln materials during solar 

calcination, three different crucible materials were tested: 

¶  Steel (1.4828, 11-13% Ni, 19-21% Cr):  A widely used high-temperature 

alloy. 

¶ Steel Inconel (2.4816, 72% Ni, 14-17% Cr, 6-10% Fe): Resistant to high-

temperature oxidation and corrosion. 

¶ SiSiC (Siliconized Silicon Carbide): A ceramic material with high thermal 

resistance. 



 

 

95 

 

Figure 5.2. Images of materials and dipping substrates used in the study. (a) Alkaline 

mix, (b) Kaolin, and (c) Halloysite. For each row, from left to right, the dipping kiln 

materials are Steel, Steel Inconel, and SiSiC. 

The preliminary trials with concentrated solar thermal (CST) technology for the 

fusion and calcination of natural clay sources highlighted critical challenges and 

opportunities for solar-driven zeolite synthesis. 

The primary challenge encountered during the fusion of the alkaline mixture (sodium 

feldspar, sodium carbonate, and aluminum hydroxide) was solidification (Figure 

5.3). This phenomenon, while expected due to the presence of carbonates, is 

particularly problematic for rotary kilns. In a continuous rotary kiln system, the 



 

 

96 

fusion product would solidify at the inlet, making it difficult to maintain a steady 

flow of materials and requiring frequent and labor-intensive removal. 

 

Figure 5.3. Fusion of the alkaline mix in crucibles containing different kiln materials: 

(a) steel, (b) steel-Inconel, and (c) SiSiC. The alkaline mix has solidified in all cases, 

with a noticeable greenish coloration around the strip in (a) and (b). (d) XRD patterns 

of the fusion products, showing the crystalline phases formed, including sodium 

aluminum silicate and sodium catena silicate. 

In addition to solidification, the presence of a greenish discoloration around steel and 

steel inconel strips after fusion trials raised concerns about potential contamination. 

Subsequent elemental analysis (Table 5.1), SEM-BSE imaging, and SEM-EDX 

analyses (Figure 5.4 and Figure 5.5) confirmed the presence of chromium leaching 

from the steel-based kiln materials into the zeolite precursor. This contamination 
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poses a significant issue, as the purity of zeolite materials is critical for their 

functionality in applications such as catalysis and adsorption. 

Table 5.1. Elemental composition of fusion products analyzed by ICP-OES and ICP-

MS. 

Elemental 

Analysis 

Method 

Elements Feldspar-

900(control) 

Feldspar-Steel Feldspar-Steel 

Inconel 

 Na (%) 26.6Ñ0.8 26.4Ñ0.5 26.7Ñ0.2 

 Si (%) 14.1Ñ0.2 13.8Ñ0.3 14.0Ñ0.2 

ICP-OES Al (%) 10.7Ñ0.4 10.9Ñ0.5 11.4Ñ0.1 

 Fe (ppm) 130Ñ10 191Ñ6 114Ñ10 

 Cr (ppm) - 51Ñ3 241Ñ6 

ICP-MS Pb (ppm) 1.6Ñ0.1 1.3Ñ0.1 1.4Ñ0.1 

 Mn (ppm) 1.7Ñ0.1 2.3Ñ0.1 4.7Ñ0.3 

 

XRD analysis of the alkaline fusion mixture (Figure 5.3 (d)) revealed no unexpected 

phases, with only the anticipated phases observed, similar to the results obtained 

from calcined kaolin and halloysite (Figure 5.6). However, despite the structural 

integrity of the materials, the combined challenges of solidification and chromium 

contamination led to the conclusion that fusion in a rotary kiln is not viable for CST-

based zeolite synthesis. 
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Figure 5.4. SEM and BSE-SEM images along with EDX results from two different 

locations in the fusion product of the alkaline mix in crucible containing steel kiln 

material. 

 

Figure 5.5. SEM and BSE-SEM images along with EDX results from two different 

locations in the fusion product of the alkaline mix in crucible containing steel inconel 

kiln material. 
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Figure 5.6. XRD patterns of kaolin samples calcined at 850ÁC in crucibles containing 

different kiln materials: SiSiC, Si, and steel, compared to the control sample 

(Kaoline-850). 

Given these findings, the focus shifted exclusively to the calcination process. 

Calcination trials with kaolin and halloysite demonstrated that CST could 

successfully produce meta-forms of these clays without introducing impurities or 

causing structural alterations. This method proved to be more practical and scalable, 

offering a promising pathway for the sustainable production of zeolite precursors 

using solar energy. 

In conclusion, while fusion posed significant challenges, including material 

solidification and impurity incorporation, calcination emerged as a feasible and 

efficient approach for CST-based zeolite production. This shift in focus lays the 
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groundwork for further exploration of solar-driven calcination techniques for 

industrial-scale zeolite synthesis. 

5.2 Solar Simulator Calcinations 

Solar-driven calcination is an emerging technique for sustainable material 

processing, offering a low-carbon alternative to conventional furnace-based 

methods. In the context of kaolin and halloysite activation, solar calcination provides 

a pathway to phase transformations critical for zeolite synthesis while reducing 

energy consumption and COϜ emissions. 

Compared to traditional thermal treatment, solar calcination operates under 

concentrated solar irradiation, which can result in unique heating profiles and 

reaction dynamics. Understanding how these conditions affect the dehydroxylation 

and amorphization of kaolin and halloysite is essential for optimizing subsequent 

zeolite formation. This section details the experimental setup and preliminary 

findings from solar-simulated calcination trials. 

5.2.1 Temperature Profiles 

Figure 5.7 shows the temperature profile of the test named KSC-960 with the rotary 

kiln, where the envisioned temperature was 850 ÁC maintained for 2 h at TC3. The 

reactor was heated up step-wise, starting with 1 lamp and adding another lamp every 

10 min. It can be seen that the initial temperatures inside the reactor were about 50 

ÁC, being a result of heat stored from the experiment on the previous day. Once the 

lamps were turned on, the temperatures at the aperture (TC6) and the gas (TC9) 

increased the fastest, followed by the bed temperature (TC8). All other thermocouple 

measurements were lower than these values. Once 6 lamps were operating, the power 

was maintained to achieve the desired 850 ÁC at TC3. Afterward, one lamp was shut 

down to stay as close as possible to this temperature. During calcination, TC3 

temperature slightly deviated from 850 ÁC to a maximum of 890 ÁC, giving an 
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average TC3 temperature of 870 ÁC. After 2 h at the required temperature level, all 

lamps were shut down and the experiment was completed. A rapid decrease was seen 

for all temperatures after the shutdown. During the whole experiment, the outer shell 

temperature (TC7) reached a maximum value of 76 ÁC. Rest of the temperature 

profiles are given in appendices. 

 

Figure 5.7. Solar calcination temperature profile of KSC-960. The envisioned 

temperature was 850 ÁC at TC3. The thermal power belongs to the secondary axis. 

Since the bed temperature (TC8) was critical for determining the reactivity of 

metakaolin for zeolite synthesis, its correct prediction and thus the power needed to 

reach that temperature was of key importance. In general, TC8 was about 100 ÁC 

higher than the outer surface of the crucible (TC3), which was used as the reference 

for the tests. Furthermore, a temperature drop was seen in the range of 550ï600 ÁC, 

which was in line with the endothermic dehydroxylation reaction temperature of 

kaolin occurring in the range of 450ï700 ÁC [142]. 

The unique behavior of TC8 showing the dehydroxylation in operando was the 

reason for samples to be named after accurate TC8 temperature measurements. After 

about 2 h, the bed reached a constant temperature as mentioned by the values 
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reported as TC8avg for each experiment performed at different temperatures (Table 

3.2). These temperatures were taken as reference values during the performance of 

conventional experiments. Rest of the temperature profiles are given in appendices. 

5.2.2 Characterization of the Meta Forms 

Figure 5.8 shows the scanning electron micrographs of the kaolin and metakaolins. 

The stacked layered and booklet morphology of kaolinite aggregates in kaolin was 

observed in Figure 5.8(a). As calcination progressed, the lamellar structure of 

kaolinite turned into highly disordered metakaolin with a sheet-like morphology 

(Figure 5.8(bïf)). The micrographs show the randomly oriented amorphous plates of 

metakaolin with particle size fractions between 2 and 5 ɛm. SEM images were 

consistent and comparable with the literature [71,143]. Mullite, which is generally 

identified by its very characteristic needle-like microstructure, was not observed 

even at the highest calcination temperature of 980 ÁC [144]. These results are in 

agreement with the reported data indicating that although there is no general 

agreement on the phase transformation route of kaolinite to mullite, crystalline 

mullite forms at temperatures higher than 1000 ÁC, which was not exceeded in the 

current study [66]. 

The XRD patterns of the metakaolins Figure 5.9(a) showed the diffuse halo structure 

between 15 and 36Á (2ɗ) corresponding to the formation of amorphous metakaolin, 

which was suggested to be composed of free silica containing alumina or silica-rich 

alumina phases [130]. The absence of kaolinite peaks indicated that the kaolin was 

fully transformed into metakaolin. The intensity of the muscovite peak did not 

change significantly up to 860 ÁC but started to diminish as the temperature increased 

to 940 and 960 ÁC. At 980 ÁC, the muscovite peak completely disappeared Figure 

5.9(c). The quartz peaks did not show any changes in intensity with increasing 

calcination temperature Figure 5.9(d). These results suggest that muscovite 

decomposed at high temperatures without any decomposition of quartz as impurities. 

Furthermore, as the calcination temperature increased to 940 ÁC, nanocrystallites 
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(Halder-Wagner crystallite size of 4.04 nm) of AlïSi spinel (gamma-alumina type) 

started to form (marked as GA in Figure 5.9b), appearing at 37.4Á, 45.90Á, and 

66.94Á, that matches with (311), (400) and (440) planes of gamma alumina with a 

cubic structure (Card # 04-016-1445), respectively [131]. These results indicate that 

there is an influence of muscovite on the structural reorganization of metakaolin 

above 900 ÁC, leading to the formation of AlïSi spinel Figure 5.9(b) and amorphous 

silica, without the formation of mullite. This transition was not as significant until 

940 ÁC, suggesting the final reactivity of metakaolin would be different for 

metakaolin samples calcined above this temperature. These results are consistent 

with literature stating that muscovite in kaolin can modify the decomposition of 

kaolinite and delay the formation of mullite [66]. 

 

Figure 5.8. SEM images of kaolin (a), KSC-740 (b), KSC-800 (c), KSC-860 (d), 

KSC-940 (e), and KSC-960 (f). 
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Figure 5.9. XRD patterns of metakaolins (a) and zoomed-in regions to show AlïSi 

spinel (GA: gamma alumina) formation (b), muscovite major peak (c) and quartz 

major peak (d) (M: Muscovite, Q: Quartz). 

The XRD patterns of metahalloysites show a diffuse halo pattern indicative of 

amorphous metahalloysite, composed of free silica interspersed with alumina or 

silica-alumina phases Figure 5.10(a). Calcined halloysites were fully transformed 

into metahalloysites, as evidenced by the lack of halloysite peaks. Quartz peaks were 

present in all patterns. At 870 ÁC, nanocrystallites of Al-Si spinel (gamma-alumina 

type) began to form, indicated by peaks at 37.4Á, 45.90Á, and 66.94Á (Figure 5.10 b). 

These peaks correspond to the (311), (400), and (440) planes of gamma alumina, 

respectively, with a Halder-Wagner crystallite size of 4.4 nm. The formation of Al-

Si spinel occurs in the temperature range of 925 ÁCï1050 ÁC, accompanied by the 

generation of amorphous silica, potentially increasing the Si/Al ratio in 

metahalloysite. As metahalloysite breaks down at high temperatures, the resulting 

crystalline Al-Si spinel would reduce the accessible alumina content. 

Simultaneously, liberated amorphous silica might serve as a silica source during 

zeolite synthesis nucleation. 
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Figure 5.10. (a) XRD patterns of metahalloysites and (b) an enlarged view 

highlighting the formation of AlïSi spinel (GA: gamma alumina (Al-Si spinel), Q: 

Quartz). 

The FTIR spectrum of the kaolin is shown in Figure 5.11(a). The characteristic 

absorption bands of kaolinite were located between 3500 and 3750 cmī1, which 

correspond to the stretching frequencies of OH groups [145]. Four distinct bands 

were observed at 3687, 3670, 3650, and 3620 cmī1 indicating an ordered structure 

of kaolinite [146]. This result supports the high Hinckley index value calculated from 

the XRD pattern in Figure 4.1(b). The OH deformation bands of kaolinite were 

detected at 938 and 913 cmī1 as well as minor bands for SiïO at 1115, 794, and 684 

cmī1 [147]. The peaks at 1025 and 1000 cmī1 were assigned to the stretching 

vibration of the external and in-plane SiïO groups, while the signals at 793 and 752 

cmī1 were assigned as symmetric vibrations of SiïOïSi bonds [148]. 
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Figure 5.11. FT-IR spectra of kaolin (a) and solar calcined kaolins (b). 

In the FT-IR spectra of the solar calcined kaolin samples presented in Figure 5.11(b), 

the absence of OH groups between 3500 and 3750 cmī1 confirmed the 

dehydroxylation of kaolinite into a reactive amorphous phase through calcination. 

The major peak around 1075 cmī1 was assigned to the antisymmetric stretching 

mode of SiïOïAl, and its absorption intensity increased with increasing calcination 

temperature. This suggests the formation of amorphous silica, and the bandwidth 

expansion is attributed to the higher variation of energy in the SiïOïSi bonds. The 

shoulder of the band around 1205 cmī1 was assigned to the antisymmetric stretching 

mode of SiïOïSi of (SiO4) tetrahedra. As the calcination temperature increased and 

AlïSi spinel formation occurred, this shoulder became more prominent. The peak 

around 800 cmī1 was assigned to AlïO bond stretching of (AlO4) tetrahedra and it 

had two features located at 882 and 724 cmī1. The peak around 559 cmī1 was 

assigned to AlïO bond stretching of (AlO6) octahedra and the bending mode of 

(SiO4) tetrahedra can be observed at 456 cmī1, with the intensities of both increasing 

as the calcination temperature increased. The presence of Al atoms occupying both 

the tetrahedral and octahedral sites as the calcination temperature increases, as shown 

by Pt§ļek et al. is another indication of the formation of the AlïSi spinel phase [149]. 
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5.3 Solar Zeolites 

The morphology of the zeolite products synthesized from solar-calcined kaolin at 

different temperatures was shown in Figure 5.12. The SEM micrographs of the 

zeolites synthesized from kaolin calcined at 740, 800, and 860 ÁC (Figure 5.12(a, b, 

c)) showed the formation of cubic crystals with smooth surfaces, with an 

approximate size of 2 ɛm, and characteristics of the LTA structure [150]. However, 

as the solar calcination temperature increased to 940 ÁC, a mixture of zeolite 4A and 

13X was formed with smaller particle size (Figure 5.12(d)). For the Z-KSC-940 

sample, cubic crystals of zeolite 4A in d were observed to be deformed with 

deteriorated sharp cubic edges. At a solar calcination temperature of 960 ÁC, 

octahedral crystalline form of zeolite 13X was observed in the SEM image for Z-

KSC-960 indicating a complete transformation of 4A to 13X (Figure 5.12(e)) [151]. 

The particle size of the Z-KSC-960 was estimated to be around 1ï3 ɛm, which was 

in good agreement with the literature [67]. Finally, at a solar calcination temperature 

of 980 ÁC (Figure 5.12(f)), no zeolitic structures were observed, and large chunks of 

unreacted debris were visible in the SEM image indicating synthesis failure. 

Figure 5.13 showcases the crystal morphology of the synthesized zeolites. The SEM 

images for zeolites synthesized from halloysite calcined at 700 ÁC, 820 ÁC, and 850 

ÁC (Figure 5.13 (a, b, c)) illustrate the development of cubic crystals with smooth 

exteriors, each measuring roughly 2 ɛm across, displaying features typical of the 

LTA (Linde Type A) structure. For the sample labeled Z-HSC-870 (Figure 5.13(d)), 

there was an evident presence of a combination of zeolite types 4A and 13X, 

corroborating the findings from XRD analysis. The cubic crystals of zeolite 4A 

appeared to be exfoliated, which may account for the reduced crystallinity 

percentage deduced from the XRD results. Furthermore, the SEM images for the Z-

HSC-890 and 1000 samples (Figure 5.13(e and f)) reveal the octahedral crystalline 

form of zeolite 13X. The estimated particle size of the product is approximately 2 

ɛm, with the formed zeolite crystals aggregating into conglomerates. 
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Figure 5.12. SEM images of Z-KSC-740 (a), Z-KSC-800 (b), Z-KSC-860 (c), Z-

KSC-940 (d), Z-KSC-960 (e), and Z-KSC-980 (f). 

The XRD patterns of the zeolite products synthesized from solar-calcined kaolin are 

shown in Figure 5.14. The products synthesized from kaolin calcined at 740, 800, 

and 860 ÁC resulted in high-quality zeolite 4A products, with over 94% crystallinity 

and quartz as the only impurity, present at a level below 5 wt%. Interestingly, the 

quality of the zeolites synthesized from fully metakaolin samples obtained at these 

temperatures was found to be almost identical. These findings suggest that good-

quality zeolite 4A can be synthesized from metakaolins obtained from a wide range 

of calcination temperatures using solar reactors. 

As the solar calcination temperature increased to 940 ÁC, a mixture of zeolite 4A and 

zeolite 13X was obtained for Z-KSC-940, which correlated well with SEM results. 

The quantitative phase analysis (QPA) conducted by WPPF method is shown in 

Figure 5.15(a). Accordingly, the mixture consisted of 59 wt% zeolite 13X and 41 

wt% zeolite 4A using KSC-940 as a precursor material for the synthesis. 

Interestingly, a further increase in calcination temperature to 960 ÁC resulted in 

zeolite 13X with no zeolite 4A formation. The QPA analysis also showed that an 

additional increase in calcination temperature led to a complete transformation of 4A 
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to 13X phase. The evolution of percent crystallinity values showed a similar trend 

with QPA analysis results, indicating well-crystallized zeolite 4A products (Ḑ94%) 

for Z-KSC-740, 800 and 860 samples, and pure zeolite 13X (Z-KSC-960) 

transformed from zeolite 4A with Ḑ91.4% crystallinity (Figure 5.15(b)). For the Z-

KSC-940 sample, obtained percent crystallinity values were 62.4% for zeolite 13X 

and 56.6% for zeolite 4A, which were very low compared to the other synthesized 

samples. 

 

Figure 5.13. SEM images of (a) Z-HSC-700, (b) Z-HSC-820, (c) Z-HSC-850, (d) Z-

HSC-870, (e) Z-HSC-890, (f) Z-HSC-1000. 
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Figure 5.14. XRD patterns of the synthesized zeolites Z-KSC-

740/800/860/940/960/980 (X: Zeolite 13X, A: Zeolite 4A, Q: Quartz). 

 

Figure 5.15. Weight fractional (a) and percent crystallinity changes of zeolite phases 

as a function of calcination. 

Crystallite sizes calculated using Halder-Wagner method for the blend sample of Z-

KSC-940 were 41.3 nm for zeolite 4A and 44.1 nm for zeolite 13X. These values 

were lower than those observed in pure zeolite samples, such as zeolite 4A (Z-KSC-
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740/800/860) and zeolite 13X samples (Z-KSC-960), which had average crystallite 

sizes of 49.1 and 46.4 nm respectively. The coexistence of zeolites 13X and 4A in 

the product obtained at 940 ÁC can be attributed to different nucleation and crystal 

growth mechanisms. In such cases, nucleation takes place inside the gel followed by 

crystal growth for LTA, while nucleation begins on the exterior surface and crystals 

grow by consuming the amorphous material for FAU at increased calcination 

temperatures [135]. The calculated decrease in crystallite size for the blend sample 

obtained at 940 ÁC may also be indicative of competition between nucleation and 

crystal growth during a transformation from zeolite 4A to 13X. These results suggest 

an intercrystalline transformation of LTA (4A) to FAU (13X) at elevated calcination 

temperature of kaolin for the first time. 

Murat et al. investigated zeolite synthesis from two kaolinite samples calcined at a 

temperature range of 600ï1100 ÁC differing in their structural iron content and 

crystallinity with some muscovite content [152]. The study found that the 

transformation of zeolite A to zeolite P, which is a thermodynamically more stable 

version of zeolite 13X, occurred only for kaolin samples calcined above 900 ÁC. 

However, a mixture of Zeolite A and zeolite P was not obtained in the same study. 

In addition to the muscovite presence promoting the formation of zeolite P, free 

amorphous silica formation with AlïSi spinel formation happening at 925ï1050 ÁC 

was also suggested to be the main reason for the zeolite P formation at higher 

temperatures. In the current study, the transformation from zeolite 4A to zeolite 13X 

in high purity was obtained with the clear formation of the intermediate mixture 

sample of zeolite 4A and 13X.  

Figure 5.16(a) displays the XRD patterns of the zeolite products synthesized from 

halloysite calcined using solar energy. The products obtained from halloysite 

calcined at 700 ÁC, 820 ÁC, and 850 ÁC yielded high-quality zeolite 4A products 

(Card # 04-009-4857) with a crystallinity exceeding 98%. Quartz was the only 

impurity, quantified at <5 wt%. The analysis revealed that zeolites synthesized from 

samples that were in meta forms exhibited nearly uniform quality, indicating that 

high-quality zeolite 4A can be effectively synthesized from metahalloysites 
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produced across a broad spectrum of calcination temperatures when utilizing solar 

reactors. With the solar calcination temperature reaching 870 ÁC, a blend of zeolite 

4A and zeolite 13X (Card # 00-038-0240) was produced. Notably, an increment in 

the calcination temperature led to a predominant formation of zeolite 13X, virtually 

eliminating the presence of zeolite 4A. 

Figure 5.16(b) illustrates that the blend sample Z-HSC-870 lacked any discernible 

diffraction patterns attributable to Al-Si spinel, in contrast to the samples Z-HSC-

890 and Z-HSC-1000, which are composed purely of zeolite 13X and exhibit a 

pronounced spinel structure. Notably, the intensity of the spinel features escalated 

with increasing calcination temperature, implying the incorporation of spinel 

structures within the 13X zeolite matrices. Figure 5.17 conducts a comparative 

analysis between the solar-calcined halloysite precursors and their resultant zeolite 

synthesis products. This comparison shows that the spinel content within the 

precursor of the blend sample HSC-870 was likely consumed during the zeolite 

synthesis process, as evidenced by the absence of spinel structure peaks in the 

synthesized material. Conversely, in the diffraction pattern of Z-HSC-890, the (400) 

plane of the spinel was distinctly observable, though with diminished visibility of 

other crystallographic planes, whereas in Z-HSC-1000, all characteristic peaks of the 

spinel structure were preserved, highlighting the differential impact of calcination 

temperature on the spinel phase retention within the synthesized zeolites. 
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Figure 5.16. (a) XRD patterns of the synthesized zeolites and (b) an enlarged view 

highlighting the presence of Al-Si spinel (GA: gamma alumina (Al-Si spinel)) in the 

zeolites. 

 

Figure 5.17. XRD patterns of the precursor metahalloysites and the synthesized 

zeolites from them at calcination temperatures (a) 870 ÁC, (b) 890 ÁC, (c) 1000 ÁC to 

show Al-Si spinel presence in the zeolites. 

Reflecting on the synthesis using solar-calcined kaolin, both studies indicate that 

high-quality zeolite 4A can be produced across a broad range of calcination 

temperatures using solar reactors. The halloysite-derived zeolites tend to have 

slightly higher crystallinity percentages compared to those derived from kaolin. An 

increase in calcination temperature leads to a transition from zeolite 4A to 13X in 

both cases, though the specific temperatures at which these transitions occur differ 

slightly. The findings imply that both kaolin and halloysite can be effective precursor 

materials for synthesizing high-quality zeolites using solar calcination, with specific 

temperature thresholds guiding the resultant zeolite type and quality. 
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Figure 5.18. TEM images of (a) and (b) Z-HSC-890 sample consisted of zeolite 13X 

and Al -Si spinel, (c) high magnification TEM image of Al-Si spinel fringes, and (d) 

selected area diffraction (SAED) recorded from (c). 

To investigate the occurrence and distribution of spinel within zeolite 13X, TEM 

images of the Z-HSC-890 sample are presented in Figure 5.18. The TEM image 

(Figure 5.18(a)) displayed zeolite 13X crystals predominantly exhibiting a well-

defined octahedral morphology, confirming the SEM images, indicative of their 

crystalline nature. The edges of the crystals appear sharp, with smooth faces, 

suggesting a high degree of crystallinity. Adjacent to the zeolite crystals, there were 

patches of material with a contrasting appearance, indicating the presence of a 

secondary phase such as spinel (Figure 5.18(b)). These inclusions were 

distinguishable by their different sizes, appearing as agglomerated nanoclusters, 

which have different orientations as fringes visible in high magnification (Figure 

5.18(c)). Accompanying SAED (Selected Area Electron Diffraction) pattern (Figure 

5.18(d)) revealed diffused rings arranged in a specific geometric pattern, confirming 

the nanocrystalline nature of the spinel. 
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Figure 5.19. The N2 adsorption-desorption isotherms of (a) Z-HSC samples and (b) 

Z-KSC samples. 

The effect of Al-Si spinel was also observed in the textural characteristics of the 

zeolites. Figure 5.19 shows the N2 adsorption-desorption isotherms of the 

synthesized zeolites. It's important to acknowledge that the presence of Na+ cations 

within the unit cell of zeolite LTA is known to restrict access to the zeolite's 

micropores for N2 molecules [153]. Consequently, when assessing zeolite 4A using 

N2 physisorption, one can anticipate finding markedly low values for both the 

specific surface area and micropore volume [154]. Therefore, the N2 adsorption-

desorption isotherms for the samples Z-HSC-820, Z-KSC-740, Z-KSC-800, and Z-

KSC-860, which consisted solely of pure zeolite 4A, were presented purely for 

illustrative purposes. All the other samples exhibited a very sharp initial rise in the 

quantity of N2 adsorbed at relative pressures below 0.05 P/P0, indicative of micropore 

filling. Blend samples Z-HSC-870 and Z-KSC-940 exhibited characteristic Type I(b) 

isotherm which was observed in materials that feature a wider range of pore sizes, 

encompassing larger micropores and potentially small mesopores (less than 

approximately 2.5 nm) [155]. Z-HSC-890 sample which had small amount of Al-Si 

spinel deviated from Type I(b) isotherm at high pressure range with a hysteresis. 

This type of hysteresis is called H4, and the adsorption branch now represents a 

combination of Types I and II isotherms, with the significant absorption at low 

relative pressures (P/P0) linked to micropore filling. H4 hysteresis loops are 

commonly observed in materials such as aggregated zeolite crystals, certain 
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mesoporous zeolites, and micro-mesoporous carbon structures [155]. As the Al-Si 

spinel crystallization became dominant in samples Z-HSC-1000 and Z-K-960, the 

type of isotherms turned into Type IV(a) isotherm in which capillary condensation 

was accompanied by some type of H3 hysteresis. In a recent study, empanada shape 

hysteresis obtained for some amorphous aluminosilicates was catalogued as H3(b), 

similar to samples as mentioned earlier showing an inflection point P/P0 Ḑ 0.87 and 

closure at P/P0 Ḑ 0.5 [141]. The proposed hysteresis type is effectively applicable to 

the Z-HSC-1000 and Z-K-960 samples, demonstrating that the nanocrystalline Al-

Si spinel is the cause of the hysteresis observed. It's important to recognize that the 

observed hysteresis in 13X samples does not confirm the presence of mesoporous 

zeolite 13X; rather, it suggests a combined influence of the nanocrystalline 

mesoporous Al-Si spinel and microporous zeolite 13X, as identified through TEM 

analysis. This type of system where zeolite crystals are supported on a material that 

is typically mesoporous is known as micro/mesoporous zeolitic composites (MZCs) 

or in short, zeolite composites [156ï158].  

Table 5.2 presents the textural properties of zeolites derived from solar-calcined 

kaolin and halloysite. It was observed that with increasing crystallinity in 13X 

zeolites, the mesopore volume decreased, resulting in microporosity percentages of 

68%, 71%, and 87.5% for Z-KSC-960, Z-HSC-1000, and Z-HSC-890 samples, 

respectively. The multipoint BET surface areas of these 13X zeolites were consistent 

with existing literature values. The control sample, Z-KSC-980, which contained no 

zeolites but only Al-Si spinel and quartz, exhibited no microporosity, a low surface 

area, and predominantly mesopores. 
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Table 5.2 Textural properties of synthesized zeolites. 

 

a Multipoint BET 
b t-Method  
c Estimated by subtracting Vmicro from total pore volume 
 

 

Pore diameters derived from the BJH method's desorption branches and interplanar 

distances from low-angle XRD (LA-XRD) were compared in Figure 5.20. LA-XRD 

has long been recognized as a rapid, non-destructive technique for assessing 

mesoporosity and pore size distribution in zeolitic materials, complementing 

traditional methods [159ï162]. It was worth noticing that these two methods were 

complementary to each other on the zeolites' pore size estimations in our study. 

Given in Figure 5.20(a) and (d), Z-HSC-820 zeolite 4A sample showed a pore size 

distribution in the range of 6ï11 nm, even though the zeolite 4A was known to be 

microporous. This phenomenon can be explained by the intercrystalline 

mesoporosity, often introduced during the course of crystallization generally 

generated by the aggregation of zeolite nanocrystals [163ï167]. 

         

Sample  
STotal  

(m2/g)a 

SExt 

(m2/

g)b 

SMicro  

(m2/g

)b 

VTota

l 

(cc/g

) 

VMeso 

 

(cc/g)
c 

VMicro  

(cc/g)b 

Microporosit

y (%) 

 

 

XRD 

phases 

and zeolite 

crystallinit

y %  

  

Z-KSC-940 327.2 58.0 269.2 0.13 0.02 0.11 85 
4A, 56.6 

13X, 62.4 

         

Z-HSC-870 555.8 38.8 517.0 0.22 0.01 0.21 95 
4A, 45.3 

13X, 69.6 

         

Z-KSC-960 527.8 
153.

3 
374.5 0.22 0.07 0.15 68 13X, 91.4 

Z-HSC-1000 476.0 
174.

3 
301.7 0.17 0.05 0.12 71 13X, 93.9 

Z-HSC-890 596.1 71.2 524.9 0.24 0.03 0.21 87.5 13X, 96.2 

         

Z-KSC-980 65.2 65.2 - 0.26 0.26 - 0 

Al -Si 

spinel and 

quartz 
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Figure 5.20. BarrettïJoynerïHalenda (BJH) pore size distributions (PSD) and 

interplanar distances from low-angle XRD (LA-XRD) of (a) (e) Z-HSC-820, (b) (f) 

Z-HSC-870, (c) (g) Z-HSC-890, (d) (h) Z-HSC-1000, respectively. 

In the Z-HSC-870 blend, where the spinel structure was nearly absent, the pore size 

distribution (PSD) exhibited a minor peak at 6ï9 nm (Figure 5.20(b and f)). This 

minor peak indicates the presence of small mesopores. Conversely, the emergence 

of Al-Si spinel was marked by a distinct rise in the PSD curve from 5 nm onwards, 

as observed in both Z-HSC-890 and Z-HSC-1000 samples (Figure 5.20(c and g), (d 

and h)). This rise covers a broad range of pore sizes, suggesting that the formation 

of Al-Si spinel contributes to the development of a more diverse mesoporous 

structure. Notably, in the Z-HSC-1000 sample, the PSD was narrower and more 

defined compared to Z-HSC-890, reflecting a more uniform pore size distribution. 

The non-local density functional theory (NLDFT) pore size distribution model was 

also applied to the Z-HSC-890 and Z-HSC-1000 samples. Although NLDFT 

provides a more detailed analysis of micro-mesoporous structures, the mesopore size 

distribution derived from the BJH desorption branch remains the standard for 

zeolites [104,168,169]. In this study, both methods yielded consistent results for the 

synthesized samples. 

Similar observations were made for the Z-KSC samples. For the Z-KSC-800 sample, 

which primarily consisted of zeolite 4A, a d-spacing of 13 nm indicated 
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intercrystalline mesoporosity, although this was not prominently reflected in the PSD 

(Figure 5.21(a and b)). As calcination temperatures increased, the Z-KSC-940 

sample began to show a PSD that aligns with both Figure 5.21(a and b), indicating 

the development of mesopores. The Z-KSC-960 sample, identified as zeolite 13X, 

exhibited a broad PSD distribution in Figure 5.21(a). However, the pore diameter 

derived from the BJH method's desorption branch showed a narrower distribution, 

with a dominant pore size of 6 nm, suggesting a more uniform mesoporous structure. 

 

Figure 5.21. (a) Interplanar distances from low-angle XRD (LA-XRD) and (b) 

BarrettïJoynerïHalenda (BJH) pore size distributions (PSD) of Z-KSC samples. 

5.4 Conclusion 

This chapter explored the effects of solar-driven calcination on kaolin and halloysite, 

highlighting its potential as an energy-efficient and sustainable alternative to 

conventional thermal processing. The results demonstrated that solar calcination 

effectively transforms these clay minerals into reactive meta-forms, which are 

essential precursors for zeolite synthesis. Through systematic investigation, it was 

confirmed that solar calcination achieves comparable, if not superior, thermal 

transformations to conventional methods while significantly reducing reliance on 

fossil fuel-based energy sources. Key findings from the study are as follows: 
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1) Zeolite 4A was achieved with above 90% crystallinity for all products, 

irrespective of the metaformation temperature, ranging from 740ï860 ÁC for 

kaolin and 700ï850 ÁC for halloysite. 

2) At higher temperatures (Ḑ940 ÁC for kaolin and Ḑ870 ÁC for halloysite), a 

transition phase was observed, where zeolite 13X began forming alongside 

partial crystallization of AlïSi spinel (gamma-alumina type), resulting in a 

mixed-phase product of zeolite 4A and zeolite 13X. 

3) Further increasing the calcination temperature (Ḑ960 ÁC for kaolin and 

Ḑ890ï1000 ÁC for halloysite) led to the complete formation of pure zeolite 

13X with high crystallinity. The presence of AlïSi spinel at these 

temperatures plays a crucial role in defining the textural properties of the 

final zeolite. As an intermediate phase, the spinel structure influences pore 

connectivity and framework stability, contributing to the development of 

mesoporosity in the final zeolite. 

The spinel-zeolite system synthesized in this study is classified as a 

micro/mesoporous zeolitic composite (MZC), a material that integrates both 

micropores (<2 nm) and mesopores (2ï50 nm) within a single framework. In this 

case, the partial dissolution and reorganization of spinel-like phases during zeolite 

formation led to the emergence of mesoporosity, in addition to the intrinsic 

microporosity of zeolite 13X. The synthesis of solar-derived MZCs in this study 

demonstrates the feasibility of tailoring porosity through controlled thermal 

processing. 
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CHAPTER 6  

6 COϜ ADSORPTION PERFORMANCE OF ZEOLITES FROM SOLAR -

CALCINED CLAYS  

The increasing concentration of atmospheric COϜ has driven extensive research into 

carbon capture technologies, with zeolites emerging as promising adsorbents due to 

their tunable porosity, high surface area, and selective adsorption properties. While 

conventionally synthesized zeolites have demonstrated effective COϜ adsorption, the 

sustainability of their production remains a critical concern. In this regard, solar-

driven calcination presents an energy-efficient and environmentally friendly 

alternative, reducing reliance on fossil fuel-based thermal treatments. 

This chapter explores the COϜ capture performance of zeolites synthesized from 

solar-calcined kaolin and halloysite. The influence of pre-treatment conditions, 

thermal storage effects, and dynamic COϜ breakthrough behavior is investigated in 

detail. Key experiments include thermogravimetric analysis (TGA) to examine water 

desorption during pretreatment, investigations into the effects of different purging 

gases and storage temperatures, and breakthrough tests to evaluate COϜ adsorption 

efficiency. 

6.1 Factors Influencing COϜ Adsorption Performance 

6.1.1 Effect of Pre-Treatment and Adsorption Temperature on COϜ 

Capture Performance 

Pre-treatment plays a crucial role in determining the COϜ adsorption efficiency of 

zeolites by influencing their pore accessibility, adsorption kinetics, and overall 

capacity. Pre-treatment typically involves heating the zeolite under an inert gas or 

vacuum to remove residual water and gases trapped within the pores, ensuring that 
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the adsorption sites are fully available for COϜ capture. Zeolites are highly porous 

materials, and their adsorption performance depends on the availability of active sites 

for COϜ binding. If pre-treatment is not applied, residual water and ambient gases 

occupy the pores, limiting COϜ diffusion and significantly reducing adsorption 

efficiency. This section examines the effect of pre-treatment on dynamic COϜ 

breakthrough curves and COϜ storage capacity, highlighting the importance of 

proper conditioning before adsorption experiments. 

The dynamic COϜ breakthrough curves presented in Figure 6.1 illustrate the impact 

of pre-treatment on COϜ adsorption behavior. The blue curve represents a blank 

reactor, serving as a baseline for gas flow dynamics without zeolite. The black curve 

corresponds to 13X zeolite without heat treatment, while the red curve represents 

13X zeolite with pre-treatment. The gray dashed line marks the point where the gas 

feed was switched from argon (Ar) to COϜ, and the red circles highlight when the 

first COϜ signal was detected by the NDIR (Non-Dispersive Infrared) Sensor. For 

zeolite without pre-treatment (black curve), there is almost no delay between the Ar-

to-COϜ gas switch and the detection of COϜ. This indicates that COϜ adsorption is 

limited, as some of the internal pores and cages remain occupied by residual water 

and ambient gases. As a result, the zeolite captures only 0.14 mmol/g of COϜ, 

significantly lower than its full adsorption potential. While some adsorption occurs, 

the presence of moisture prevents the material from reaching maximum capacity. 

In contrast, zeolite with pre-treatment (red curve) exhibits a significant delay 

between the gas switch and the detection of COϜ. This delay corresponds to the time 

required for COϜ to fill the available pore volume, indicating that the pre-treated 

zeolite has a much higher adsorption capacity. The COϜ storage capacity 

dramatically increases from 0.14 mmol/g (untreated) to 1.57 mmol/g (pre-treated), 

an 11-fold improvement. This enhanced performance can be attributed to increased 

pore availability and stronger COϜ interaction with active adsorption sites. The pre-

treatment step effectively removes moisture and other adsorbed species, freeing up 

the zeoliteôs internal structure for efficient COϜ capture. 
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These findings emphasize the critical role of pre-treatment in optimizing zeolite 

performance for COϜ adsorption applications. Without proper pre-treatment, zeolite 

materials remain inactive or significantly underperforming in COϜ capture. The 

results also highlight the importance of moisture control in adsorption systems, as 

residual water can severely hinder performance. 

 

Figure 6.1. Dynamic CO2 Breakthrough Curves of blank reactor (blue), 13X zeolite 

without (black) and with (red) heat-treatment. Gray dashed-line exhibits the gas 

switch from Ar to CO2. The red circles on each curve indicate the points where the 

first CO2 signal was detected by the NDIR Sensor. 

Typically, zeolite pre-treatment is performed using argon (Ar) or another noble gas 

to remove residual water and contaminants without chemically modifying the 

material. However, in this study, hydrogen (HϜ) was also used as a carrier gas during 

pre-treatment, leading to notable differences in adsorption characteristics. Unlike 
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inert gases like Ar, HϜ can interact with the zeolite framework, potentially 

influencing its pore structure, surface chemistry, or electronic properties. 

 

Figure 6.2. Breakthrough curves comparing COϜ adsorption performance of Ar-

treated (red) and HϜ-treated (blue) zeolites. 

Figure 6.2 shows that HϜ pre-treated zeolites exhibit changes in the shape of their 

COϜ adsorption curves, indicating modifications in their pore size distribution and 

adsorption kinetics. While the total COϜ storage capacity remained similar to that of 

Ar-pre-treated samples, the adsorption behavior differed. This suggests that HϜ 

treatment may induce structural rearrangements, altering the way COϜ molecules 

interact with the zeolite surface. The observed changes could stem from minor 

modifications in pore connectivity, the formation of new active sites, or alterations 

in the balance between physisorption and chemisorption mechanisms. These 

findings highlight the need for further investigation into the potential benefits of HϜ 

pre-treatment, particularly for applications requiring tunable adsorption 

characteristics or improved gas selectivity. 
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Beyond pre-treatment, the temperature at which COϜ adsorption takes place 

significantly affects the performance of the zeolites. Since COϜ capture in zeolites 

primarily relies on physisorption, adsorption capacity is highly temperature-

dependent. At higher adsorption temperatures, the thermal energy of COϜ molecules 

increases, weakening their interaction with adsorption sites and leading to lower COϜ 

uptake. In contrast, at lower temperatures, COϜ molecules have lower kinetic energy, 

enhancing their retention on the zeolite surface and increasing adsorption capacity. 

This behavior aligns with the exothermic nature of physisorption, which is more 

favorable at lower temperatures. 

 

Figure 6.3. Breakthrough curves comparing COϜ adsorption performance of the 

zeolite at 30ÁC (black) and 200ÁC (red) storage temperatures. 

Figure 6.3 confirms this trend, showing that zeolites tested at elevated adsorption 

temperatures exhibit a faster COϜ breakthrough, indicating a reduced interaction time 

between COϜ and the adsorption sites. This suggests that the material reaches 

saturation more quickly at high temperatures due to weaker adsorption forces. 

Conversely, at lower adsorption temperatures, COϜ remains adsorbed for a longer 
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duration, reflecting stronger interaction with the zeolite framework and slower 

breakthrough behavior. These findings emphasize the need for precise temperature 

control in adsorption-based COϜ capture systems, especially for industrial 

applications requiring optimized performance across varying operational conditions. 

6.1.2 Water Desorption and Weight Loss During Heat Treatment 

Water content in zeolites significantly influences their COϜ adsorption performance, 

as residual moisture competes with COϜ for adsorption sites and can block pore 

accessibility. During pre-treatment, zeolites undergo a thermal activation process in 

which adsorbed water is removed through controlled heating. The extent of water 

desorption and the resulting weight loss are crucial factors in determining the 

adsorption efficiency of the material. Thermogravimetric analysis (TG) coupled with 

mass spectrometry (MS) provides valuable insights into the desorption behavior, 

allowing us to quantify the weight loss associated with water removal and correlate 

it with COϜ capture performance. 

 

Figure 6.4. (a) TG results showing the percentage weight loss of 13X zeolite during 

heating under an NϜ atmosphere up to 400ÁC, (b) MS data recorded using the 

Specson portable RGA 200 gas analyzer, displaying the evolution of HϜO (blue) and 

COϜ (black) signals as a function of temperature (red) during heating at a ramp rate 

of 10ÁC/min. 
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The TG-MS results in Figure 6.4 illustrate the weight loss profile of 13X zeolite 

when subjected to heating under a nitrogen (NϜ) atmosphere. As the temperature 

increases, a steady decrease in mass is observed, corresponding to the desorption of 

physically adsorbed and chemically bound water molecules. 

Figure 6.4(a) shows the thermogravimetric weight loss curve, demonstrating that as 

the temperature reaches 400ÁC, a significant portion of the sample's mass is lost due 

to the removal of residual water. Meanwhile, Figure 6.4(b) presents mass 

spectrometry (MS) data, where the blue curve represents the HϜO signal, the red 

curve indicates the temperature profile, and the black curve shows the COϜ signal. 

The HϜO signal exhibits a strong desorption peak at approximately 100ï200ÁC, 

which corresponds to the release of surface-adsorbed water. As the temperature 

continues to rise, water desorption gradually decreases, indicating the removal of 

more tightly bound water molecules within the zeolite framework. By 300ï400ÁC, 

nearly all residual water is eliminated, confirming that full activation of adsorption 

sites requires heating above this range. 

Notably, the COϜ signal remains negligible throughout the heating process, 

confirming that any mass loss observed in the TGA results is solely due to water 

desorption rather than COϜ release. This highlights the importance of proper pre-

treatment in removing competing water molecules before conducting COϜ 

adsorption experiments. 

One critical implication of this desorption process is the adjustment of COϜ 

adsorption capacity calculations. Since weight loss occurs during thermal activation, 

the actual sorbent mass used for COϜ capture experiments is lower than its original 

pre-treatment weight. To accurately determine the real COϜ performance of the 

zeolites, adsorption values must be calculated based on the water-free weight rather 

than the initial sample weight. This correction is essential to avoid underestimating 

the COϜ adsorption capacity, as failing to account for weight reduction can 

misrepresent the material's true adsorption efficiency. 
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The results emphasize the importance of thorough pre-treatment to ensure complete 

removal of water before COϜ adsorption tests. Insufficient drying leaves residual 

moisture in the pores, reducing adsorption efficiency and potentially leading to 

inaccurate breakthrough measurements. Additionally, storage conditions play a role 

in maintaining zeolite activation, as exposure to humid environments can cause 

partial rehydration, diminishing the effectiveness of pre-treated samples. 

6.2 COϜ Adsorption Performance 

 

Figure 6.5. Dynamic CO2 adsorption breakthrough curves of 44 a.m.u signal 

recorded residual gas analyzer under continuous 20 sccm 2% CO2 gas flow of (a) 

zeolite 4A samples and (b) 4A + 13X and 13X samples. Red dashed-line vertical to 

the x axis corresponds to gas switch point from Ar to 2% CO2. Red circles pinned 

on CO2 curve represents the point where CO2 signal rise up. 

The breakthrough curves based on dynamic CO2 adsorption on ten kaolin and 

halloysite-based zeolite samples are shown in Figure 6.5. These curves were 



 

 

129 

recorded under exposure to a 2% CO2 in Ar mixture at ambient conditions. The red 

dashed line, intercepting the time axis at the 13080th second, represents the gas 

switch point from only Ar to the 2% CO2 mixture. The red circles on each curve 

indicate the points where the first CO2 signal was detected by the QMS. The time 

interval between the dashed line and the red circle, during which no CO2 signal is 

detected, demonstrates the filling of the available pore volume of each porous 

sorbent material. This interval reflects the CO2 adsorption capacity and efficiency of 

the different zeolite samples. 

The comparative analysis of the breakthrough curves was used to give insights into 

the dynamics of CO2 adsorption on these materials. For the 4A zeolite samples 

represented in Figure 6.5(a), a long delay between the gas switch (red dashed line) 

and the onset (red circle) may suggest a large micropore volume and/or a more 

effective adsorption affinity. The interval before CO2 was detected following its 

introduction to the zeolite serves as an indicator of how readily the CO2 molecules 

enter and are taken up by the zeolite's pores. A longer delay suggests that the CO2 is 

interacting with and being adsorbed by the zeolite's internal structure rather than 

merely occupying the space at the pore entrances. This delay can be attributed to a 

larger pore volume, which allows more CO2 to be adsorbed before it becomes 

detectable by the QMS, and a stronger adsorption affinity, whereby CO2 molecules 

are more effectively captured by the zeolite's active sites. Furthermore, the rate of 

CO2 diffusion into the zeolite is a key factor; a longer delay may indicate slower 

diffusion. While slower diffusion might seem less efficient, it can signal that more 

extensive adsorption is taking place within the material's structure, suggesting that 

the CO2 is being thoroughly incorporated into the zeolite, and not just on its surface. 

The slope of the breakthrough curves following the initial CO2 detection provides 

insight into the rate at which the zeolite approaches its maximum adsorption 

capacity. A gradual increase hints at a controlled rate of CO2 adsorption, likely due 

to the zeolite having a significant pore volume that requires a longer duration to reach 

full CO2 saturation. Observing this less steep trajectory in the curves of 4A zeolite 

samples implies a moderated adsorption rate, a characteristic that could be 
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strategically advantageous for prolonged and steady CO2 sequestration, ensuring 

consistent capture over an extended period. Saturation is reached when the curve 

levels off, indicating that no further increase in CO2 is detected, and the zeolite is 

fully saturated with CO2. A longer time to reach this saturation plateau suggests a 

larger adsorption capacity. Generally, the 4A zeolite samples exhibit a faster 

response to CO2 adsorption, while the blend (Z-HSC-870, Z-KSC-940) and 13X 

samples (Z-HSC-890, Z-HSC-1000, Z-KSC-960) in Figure 6.5(b) have a more 

gradual adsorption process, likely due to their different pore structures and 

compositions. 

 

Figure 6.6. Comparative analysis of CO2 adsorption characteristics in various zeolite 

samples. Breakthrough delay times (bar chart, left axis) are displayed for zeolite 

types 4A (blue), 4A + 13X mixtures (green), and 13X with potential mesoporous 

structures (yellow). The CO2 capture capacity for each sample is depicted by the 

connected data points (line graph, right axis). 
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The examination of CO2 adsorption efficiency across different zeolite types reveals 

a clear distinction in performance based on structural characteristics, as 

demonstrated in Figure 6.6. Starting with the 4A zeolites, their higher CO2 capture 

capacity stands out as a significant feature. This capacity is largely attributed to their 

uniform microporous structure, which facilitates dense packing and efficient 

utilization of adsorption sites. The 4A zeolites' inherent crystalline framework, 

occupied with Na+ sites, creates an environment for strong electrostatic interactions 

with CO2 molecules, thus optimizing CO2 uptake [167]. The 4A samples show a 

remarkable capability to adsorb more CO2 per gram than the other zeolites tested, 

reaching the highest value of 2.15 mmol/g. Z-KSC-960 and Z-HSC-1000, which 

have microporosity percentages of 68% and 71%, respectively. 

Figure 6.7 demonstrate a trend where a lower percentage of microporosity 

corresponds to a reduced CO2 capture capacity. This is likely due to the fewer 

micropores available for CO2 to adsorb onto, resulting in quicker saturation and a 

reduced overall capacity for CO2 capture. In contrast, Z-HSC-890, with a higher 

microporosity percentage of 87.5%, shows an improved CO2 capture capacity. This 

aligns with the expectation that more micropores provide more sites for CO2 to 

adsorb, enhancing the capture efficiency (Figure 6.7). Moreover, the presence of a 

mesoporous spinel structure within these zeolites creates a micro-meso composite, 

which offers a unique combination of small micropores and larger mesopores. This 

dual porosity can influence the diffusion dynamics of CO2, potentially enhancing the 

capture capacity and affecting the breakthrough delay as CO2 molecules have 

multiple pathways and sites for adsorption. 
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Figure 6.7. Relationship between COϜ capture capacity (mmol/g) and microporosity 

(%) for various kaolin and halloysite-based zeolite samples. 

Figure 6.8 presents an intriguing comparison of CO2 adsorption capacities among a 

series of zeolite samples, with an observable trend related to the composition of the 

zeolite type, particularly the proportion of zeolite 4A present until micro-meso 

zeolitic composites of zeolite 13X samples change the interaction between saturation 

and breakthrough adsorption capacities. Robust saturation adsorption capacities 

were reflected in the blue bars, and substantial, yet lower, breakthrough capacities in 

orange were observed in Figure 6.8. This pattern is consistent with the known 

properties of 4A zeolitesðhigh microporosity leads to an extensive capacity for CO2 

adsorption, but not all of this capacity is exploited at the breakthrough point. The 

blend samples, Z-HSC-870 and Z-KSC-940, demonstrate the impact of combining 

4A with 13X zeolites. Here, the presence of 13X begins to assert its influence, 

potentially offering a broader range of pore sizes which contributes to a different 
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adsorption behavior compared to the pure 4A samples. These samples show a high 

overall saturation capacity but a marked reduction in breakthrough capacity, 

suggesting a more complex adsorption pathway that extends beyond the initial 

breakthrough phase. Upon reaching Z-HSC-890, where 4A is no longer a 

component, a significant decline in both saturation and breakthrough capacities was 

observed. This suggests that while the 13X zeolites and their mesoporous spinel 

structures contribute positively to the adsorption process, they are less effective than 

4A zeolites in terms of overall CO2 capture. The close-ratio between saturation and 

breakthrough capacities in these samples indicates a more uniform adsorption 

process, likely due to the mesopores facilitating rapid access and saturation of CO2 

within the material. 

 

Figure 6.8. Comparison of saturation and breakthrough adsorption capacities for 

zeolite samples. The bar graph displays the CO2 adsorption capacities at saturation 

(blue bars) and at breakthrough (orange bars) for various zeolite samples. 

Figure 6.9 provides a summary of the CO2 capture capacities of different sorbent 

materials across a range of solar calcination temperatures, extending from roughly 

700 ÁCï1000 ÁC. It distinguishes two categories of sorbent performance, indicated 
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by black (Z-HSC) and red (Z-KSC) lines. Notably, the ñno zeolite, GA + Qò sample, 

exhibits minimal CO2 capture capability, underscoring the pivotal role of zeolites in 

the adsorption process. As the calcination temperature of the clays increases, the 

zeolite type changes from 4A to 13X, and CO2 capture performances decrease. The 

graph effectively illustrates how different sorbent materials are affected by 

temperature in the context of CO2 capture, which is vital for the optimization of these 

materials for CO2 capture applications.

 

Figure 6.9. The influence of solar calcination temperature on the synthesized zeolite 

type and CO2 capture capacity. 

Figure 6.9 provides a summary of the CO2 capture capacities of different sorbent 

materials across a range of solar calcination temperatures, extending from roughly 

700 ÁCï1000 ÁC. It distinguishes two categories of sorbent performance, indicated 

by black (Z-HSC) and red (Z-KSC) lines. Notably, the ñno zeolite, GA + Qò sample, 

exhibits minimal CO2 capture capability, underscoring the pivotal role of zeolites in 

the adsorption process. As the calcination temperature of the clays increases, the 
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zeolite type changes from 4A to 13X, and CO2 capture performances decrease. The 

graph effectively illustrates how different sorbent materials are affected by 

temperature in the context of CO2 capture, which is vital for the optimization of these 

materials for CO2 capture applications. 

Table 6.1 CO2 capture capacity of zeolite 4A and 13X at 25 ÁC and 1 bar. 

Clay Mineral  Zeolite Type CO2 Uptake 

(mmol/g) 

Ref. 

Kaolinite 13X 2 [13] 

Feldspar 13X 1 [13] 

Bentonite 13X 1 [13] 

Bentonite 13X 4.79 [118] 

Kaolinite 13X 2.09 [170] 

- Commercial 4A 3.64 [104] 

- Meso 4A 2.95 [104] 

- Commercial 13X 3.36 [105] 

Kaolinite  4A 2.4 [171] 

Halloysite 13X 4.3 [119] 

Basalt Rock 4A 1.9 [172] 

Kaolinite 4A 2.09 This work 

Kaolinite 13X 1.02 This work 

Halloysite 4A 2.15 This work 

Halloysite 13X 1.64 This work 

 

The performance of solar zeolites was contextualized within the existing literature 

in Table 6.1, revealing both consistencies and variances that call attention to the 

complex interplay between zeolite type, synthesis conditions, and clay mineralogy 

in determining CO2 uptake efficiency. The findings indicate that the CO2 capture 
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capacity of 4A zeolites synthesized in this work aligns closely with the capacities of 

4A zeolites reported in the literature, suggesting that our synthesis approach yields 

materials with competitive adsorption properties. However, there remains a slight 

deviation when compared to commercial 4A zeolites, potentially attributed to 

differences in porosity, surface area, impurities, and the presence of active sites 

essential for CO2 adsorption. 

The performance of 13X zeolites synthesized from the minerals demonstrated a 

broader range of CO2 uptake capacities, aligning with the variability observed in the 

literature. The variability underlines the sensitivity of 13X zeolites to the specific 

details of synthesis and post-synthesis treatments, suggesting that optimization in 

these areas could lead to significant improvements in CO2 capture performance. It 

must be clearly stated that all 13X samples except ours given in Table 6.1 had gone 

through alterations to make the precursor clay suitable for 13X syntheses, such as 

acid treatments, the addition of high-grade commercial silica, alkali fusion, and 

organic templates. Notably, the lower CO2 uptake observed in our 13X samples 

compared to the highest values reported in the literature points towards the potential 

for further enhancement through post-synthesis modifications such as ion exchange 

and surface modifications. Replacing the cations (e.g., Naϕ in 4A and 13X) with 

other cations such as Ca2+, Liϕ, or Mg2ϕ can enhance COϜ adsorption by increasing 

the electrostatic interaction between COϜ molecules and the zeolite framework 

[102,173,174]. Amine modification of zeolites has gained attention as a promising 

approach for COϜ adsorption at low pressures [29]. The synergistic interaction 

between amine groups and COϜ, along with the use of mesoporosity-inducing 

templates, makes zeolites highly effective materials for carbon dioxide capture [175]. 

The reversibility of CO2 capture is crucial for practical applications of sorbent 

materials. The highest CO2 capture sample Z-HSC-850, saturated with CO2, was 

investigated for regeneration using high-flow Argon flush and temperature-

programmed desorption (TPD) experiments. Initially, CO2 adsorption was followed 

by a high-flow (200 ml/min) Argon flush to remove weakly adsorbed CO2 species 
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from the material's surface and internal cages. Figure 6.10(a) shows the delay 

observed when switching from a 20 ml/min CO2 flow to a 200 ml/min Argon flow, 

with the shaded area indicating that approximately 96% of the captured CO2 was 

removed during the flush. For complete regeneration, the sample was heated to 

750ÁC to remove chemically bound CO2 species such as monodentate and bidentate 

carbonates. The TPD profile (Figure 6.10(b)) revealed two primary desorption peaks 

at 160ÁC and 280ÁC, confirming the effective removal of the remaining CO2. This 

demonstrates that CO2 storage in Z-HSC-850 is highly reversible under ambient 

conditions, with the majority (Ḑ96%) desorbed at room temperature using an Argon 

flush. The small fraction of CO2 requiring higher temperatures (up to 280ÁC) for 

desorption indicates that the material can be regenerated with relatively low energy 

input, enhancing its commercial viability for sustainable CO2 capture and storage 

applications. 

 

Figure 6.10. (a) Real-time CO2 desorption curve during 200 ml/min Ar flush through 

CO2-saturated Z-HSC-850 material at room temperature. CO2 signal goes down to 

zero with a delay related to CO2 desorption. (b) Temperature-programmed 

desorption of CO2 during heating up to 750ÁC with a linear ramp (10 ÁC/min). Data 

was recorded via SRS residual gas analyzer 200. 
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6.3 Conclusion 

This chapter demonstrated the COϜ adsorption performance of zeolites synthesized 

from solar-calcined kaolin and halloysite, offering a sustainable pathway for high-

performance sorbents. The influence of pre-treatment, adsorption temperature, and 

clay calcination conditions on breakthrough behavior and total COϜ capacity was 

thoroughly explored. Zeolite 4A samples exhibited the highest capture capacities, 

particularly when derived from halloysite, with up to 2.15 mmol/g, while 13X-type 

zeolites showed more gradual adsorption dynamics due to their larger pores and 

micro-meso composite structures. The study confirmed that moisture removal via 

thermal activation is essential for maximizing performance, and that even slight 

variations in synthesis and storage conditions can significantly impact COϜ uptake. 

Compared to literature data, the solar-synthesized zeolites in this work performed 

competitivelyðespecially given that no chemical or structural modifications (e.g., 

acid leaching, template addition) were applied. Importantly, regeneration 

experiments confirmed the strong reversibility of COϜ adsorption, with over 96% of 

captured gas released under mild conditions. To the best of our knowledge, this is 

the first comprehensive study to evaluate COϜ adsorption performance of zeolites 

derived exclusively from solar-calcined clays, positioning these materials as viable 

candidates for low-energy, scalable carbon capture solutions. 
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CHAPTER 7  

7 CONCLUSIONS AND FUTURE WORK  

7.1 Conclusions 

This thesis demonstrated the feasibility and potential of using concentrated solar 

thermal energy (CSTE) to activate natural clay mineralsðkaolin and halloysiteðfor 

the sustainable synthesis of zeolites aimed at COϜ capture applications. By replacing 

fossil-fueled furnaces with solar-driven calcination, this work addresses one of the 

most carbon- and energy-intensive steps in clay-based zeolite production. A series 

of solar calcination experiments, conducted between 700ï1000 ÁC, successfully 

produced amorphous meta-forms and intermediate AlïSi spinel phases that are 

reactive toward hydrothermal crystallization. 

The solar-calcined clays were used to synthesize LTA-type (zeolite 4A) and FAU-

type (zeolite 13X) materials under alkaline hydrothermal conditions. Structural 

evolution was monitored via multiple characterization techniques, revealing that 

solar calcination led to comparable or even superior phase transformations relative 

to conventional methods. The formation of spinel phases at higher calcination 

temperatures was found to significantly influence the textural and compositional 

properties of the resulting zeolites. 

Importantly, the synthesized zeolites demonstrated competitive COϜ adsorption 

capacities at 25 ÁC and 1 bar, with favorable regeneration behavior. These results 

validate the functional equivalence of solar-derived adsorbents and their 

conventionally synthesized counterparts. Furthermore, by using abundant and low-

cost raw materialsðespecially kaolin, which is widely available in T¿rkiyeðthe 

approach enables a reduction in both production cost and environmental impact, 

aligning with principles of circular economy and green chemistry. 
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This thesis contributes to the growing body of work advocating for renewable-

energy-powered materials processing and provides a blueprint for low-carbon 

adsorbent production that integrates solar heat into industrial workflows [10,176ï

178]. 

7.2 Future Work  

Building on the results of this thesis, several promising research directions emerge 

to deepen scientific understanding and broaden technological impact: 

7.2.1 Elucidating the Role of the Spinel Phase 

Although this study confirmed the formation of AlïSi spinel phases in solar and 

conventional calcined clays at Ó900 ÁC, the precise role of this phase in zeolite 

nucleation and porosity development remains unclear. Future work should focus on 

disentangling the interplay between spinel crystallization and zeolite formation 

kinetics. For instance, does the spinel phase act as a structural template, a barrier, or 

a reservoir of Al/Si species during synthesis? Advanced in situ techniquesðsuch as 

synchrotron-based XRD, solid-state NMR, or SAXS during hydrothermal 

treatmentðcould provide valuable insights into these transitions. Furthermore, 

correlating spinel crystallinity and distribution with resulting zeolite topology, phase 

purity, and surface area could help in tailoring synthesis pathways for specific 

applications. 

7.2.2 Functionalization for Catalytic Applications 

Beyond adsorption, solar-calcined clays may serve as precursors for catalytic 

materials, particularly when doped with active metal species. Incorporating 

transition metals like nickel, cobalt, or iron into the zeolite framework could yield 

bifunctional catalysts for high-temperature reactions such as dry methane reforming 



 

 

141 

(DMR). This reaction, which converts CHϞ and COϜ into syngas (CO + HϜ), is not 

only a route for COϜ utilization but also relevant for hydrogen production and 

chemical feedstock generation. Since DMR is highly endothermic and requires 

catalysts with both COϜ activation and thermal stability, spinel-containing zeolitic 

supports may offer a promising foundation. Studies should investigate metal 

dispersion, sintering resistance, and long-term stability under reactive conditions. 

7.2.3 COϜ-Loaded Solar Zeolites as Cement Additives 

An intriguing cross-disciplinary direction lies in reusing spent zeolites saturated with 

COϜ as functional additives in cement or mortar formulations. This would allow the 

sequestered COϜ to be physically retained within the construction matrix, offering a 

hybrid carbon capture and utilization (CCU) strategy. In addition, the porous nature 

of zeolites may improve cement hydration or durability properties. Initial 

investigations could assess the mechanical strength, setting time, and carbonation 

behavior of mortars incorporating COϜ-loaded zeolite 4A or 13X. If successful, this 

approach may create a closed-loop path from mineral activation to carbon capture 

and finally into durable material applications. 

7.2.4 Scaling Solar Calcination Processes 

While this work was conducted at lab-scale using a solar simulator, real-world 

deployment requires process scale-up. Future research should evaluate solar 

calcination systems under actual field conditionsðe.g., parabolic trough collectors, 

heliostat fields, or solar rotary kilns. Thermal storage integration (e.g., via molten 

salts or solid-phase ceramics) could be studied to stabilize temperature fluctuations 

and enable 24/7 operation. Furthermore, adapting reactor designs for continuous clay 

feedstock processing, material flow optimization, and dust control will be critical for 

industry relevance. Pilot-scale demonstrations would provide insights into yield, 

throughput, and operational consistency under varying solar conditions. 
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7.2.5 Environmental and Economic Assessment 

To fully quantify the benefits of solar calcination, life cycle analysis (LCA) and 

technoeconomic assessment (TEA) are essential. Future work should compare solar-

powered vs. fossil-fueled zeolite production across key metrics: COϜ emissions, 

energy consumption, cost per ton, and payback time. Sensitivity analyses can 

identify the most impactful variables (e.g., solar irradiance, raw material cost, plant 

location). These assessments will help policymakers, engineers, and investors 

evaluate the feasibility of scaling such green technologies in alignment with 

decarbonization targets. 

In conclusion, the thesis lays a solid foundation for integrating solar heat into clay 

activation and zeolite production workflows. The experimental results validate solar 

calcination not only as an energy-saving alternative but as an enabler of novel 

material functionalities. Future work should capitalize on this foundation to extend 

applications beyond COϜ capture, into catalysis, construction, and beyondð

positioning clay-derived zeolites as versatile tools for sustainable technological 

advancement.
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