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ABSTRACT

SUSTAINABLE ZEOLITE PRODUCTION VIA SOLAR CALCINATION
OF KAOLIN AND HALLOYSITE: STRUCTURAL EVOLUTION, PHASE
CONTROL, AND COFADSORPTION EFFICIENCY

Pakabeyoj !l u, Pel in
Doctor of PhilosophyMicro and Nanotechriogy
SupervisorProf. Dr.BurcuAk at a Kur -
Co-SupervisorProf. Dr. Derek Keith Baker

July 2025 171 pages

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

cost and sustainable adsorbent materials, especially fdicapons in carbon

capture. However, conventional calcination processes used to activate kaolin and
halloysite chys are highly energyitensive and carbeamitting. This thesis

explores soladriven calcination as an environmentally benign alternativecify

activation, aiming to reduce the carbon footprint of zeolite synthesis without
compromising material perforance. Kaolin and halloysite were subjected to
concentrated solar thermal treatment at t
to inducestructural transformations into amorphous metaforms aii&iAdpinel
intermediates. The thermally activated produgere then converted into LTAnd

FAU-type zeolites via alkali hydrothermal synthesis. Phase evolution and porosity
development were invagated using various characterization techniques. Special
attention was given to kaolin, an abundant and-¢ost day that is extensively

mi ned i n Té¢rkiye and of fers strategic

development. The influence of precursgoeéyand calcination conditions on zeolite



formation pathways was systematically evaluatedF &d3orption capacities the
resul ting zeol i tes w e brareusing $reakthreughd anda t
equilibrium measurements. Results demonstrate that-cataned clays yield
zeolites with comparable crystallinity, surface area, and- Qftake to those
produced via corentional heating, while achieving significant reductions in thermal
energy consumption and G@missions. This work validates solar calcioatas a
viable route for scalable zeolite production and supports the integration-tiaday

zeolites into lowcost, lowcarbon C® capture technologies.

Keywords: Solar Calcination Kaolin andHalloysite Zeolite 4A and 13X,AlT Si
Spinel, COF Capture
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KAOL KN VE HALLOYS KT BN G! NE k L EKNASXQNSJ KLE
S! RD} R! KEREZEOLKT | RHHIK YAPISAL GE L K k RAZ
KONTROL! WAEDSORPSKYON VERKML KLKI K
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Dojkill erden zeol it creti mi, °czelli kle k
mal i yetl ve -evresel a-édan s¢grdigr ¢l ebi
ve halloysit gibi ki | erin zeol it sentezi °ncesinde
geleneksel Kasi nasyon y°ntemleri yé¢ksek séecakl] é
d¢zeyde ener ji t ¢keti mi ve karbon emisy

aktivasyonuna y?©°nellti&r n-agvrfe odaastalk byiorfj un
enerjisiyle garsyeokl sktrierciil eamr aka légién mek v
performanseéne koruyar ak kar bon ayak iz

konmukt inrve halogsit Inumuneleri, 700000 A@] @mda genecx

ésétel arak asamoAISI mepgiadfeolrd®@ngkt gelbmgrna ar
al kal i hi droterwaHAUty °pnit ezard @l it TAre sente
do°n¢gkeml eri vV e g°®zenek yapéseé -eki tli
dejenmliémdiktir. T¢grkiyedde bol miktarda b
aédan °nemli bne Baybakl|l amdaa %ael °nem v
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kokull arénén ve kil teréenegn zeol it ol ukKumu
i ncel en miedldnizeolitleriedBé d s or psi yon kaphasi tel eri,
okubbbharemge ve ge-i kK testleriyle belirlen

k

edi | mi K kill erden cretilen zeolitlerin g
karkeéel akt ér él amidluijun yp,er faymrmmamas eser ji t ¢ ke
e

mi syonl aréné %regmlnie o%l°-sgdkceg makaedir. Bu - i

zeolitlerin de¢gkegk mal i yBywdkalvaemad ¢ski¢gskt eknalrebroin

umut vadeden mal zemel er ol dujunu ortaya koy

Anahtar KelimelerG ¢, n eKalsirasyonKaolin vehalloysite,Zeolit 4A ve 13X,
Al Si Spinel, COFY akalama
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CHAPTER 1

INTRODUCTION

Zeolites are crystalline microporous aluminosilicates widely recognized for their
exceptional iorexchange capacity, molecular sieving, and catalytic properties.
These attributes makedm indispensable in numerous applications, rangiom f
water softeners and gas separation to catalysis and environmental remediation.
Among the diverse zeolite families, Linde Type A (LTA) and Faujasite (FAU)
structured represented by zeolites 4A and 13¥spectivel$y are among the most
commercially signitant due to their weltlefined pore geometries and accessible
raw materials.

Traditionally, the synthesis of such zeolites relies on laborapage precursors and
energyintensive activation methodsHowever, the increasing demand for
sustainable prodtion routes has redirected focus toward utilizing natural
aluminosilicate sources such as kaolin and halloysite. These clay minerals are
abundantly available and cesffective, and they contain the nesary Si and Al in

an ideal ratio for zeolite formatn. To enable their reactivity, these minerals must
undergo thermal activation, typically through calcination, a process that transforms
them into disordered, reactive mdtams like metakaolin or metahoysite.
Conventional calcination methods involv@longed exposure to high temperatures

in fossitueled furnaces, contributing significantly to the overall carbon footprint of
zeolite production. As the climate crisis intensifies, developing renevealeley

based alternatives has become a global intiperaOne such emerging strategy is
solardriven calcination, where concentrated solar power (CSP) orfhigtsolar
simulators are employed to thermally activate clay minerals. This approach offers
the dual benefits of reduced greenhouse gas emissiah&féinient utilization of

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

industrial development.



In this thesis, the potential of solar calcination as a viable roufgdducing high
performance zeolite precursors fraaolin and halloysite is explored. Emphasis is
placed on understanding the structural evolution of these clays under solar heating
conditions, particularly the role of ASi spinel intermediates, and évating the

performance of the resulting zeolitesajpplications such as Ga@adsorption.

1.1  Zeolites: Structure, Classification, and Applications

111 Structure and Framework of Zeolites

Zeolites are microporous crystalline aluminosilicates built frdrarmaework of Si®t

and AlOCttetrahedra linked by shared oxyggoms(Figurel.1). The substitution of

A lpjfor Siw ¢n the tetrahedral framework creates a negative charge, which is

balanced by exchangeable cations such gsfa o . ThGdrgamework gives

rise to arordered systemofehn nel s and cages, typically ran
diameter, which are accessible to small molecules. These structural features provide

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

ability, andhigh surface area, aking them indispensable in a variety of industrial

processes.

The physical and chemical properties of zealitesich as thermal stability, acidity,
hydrophilicity, and cation exchange capagitgre closely linked to their framework
type and Si/Al ratio. Zebites with low Si/Al ratios, such as zeolite 4A, are highly
hydrophilic and exhibit strong catieexchange behavior, whereas those with higher
Si/Al ratios are more hydrophobic and thermally stable, such as-ZSMese
frameworkspecfic traits make zedles useful in applications ranging from catalysis

to environmental remediation.
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Figurel.l. Zeolite structures and their baflick model1].

1.1.2 Classification of Zeolite Sructures

Over 250 dstinct zeolite frameworks have been identified and classified by the
International Zeolite Association (IZA), each designated by a unique-litiee
code (e.g., LTA, FAU, MFI). These frameworks differ in pore size, geometry,
dimensionality (1D, 2D, 3Djand connectivity.

Two of the most widely used frameworlkss shown ifrigurel.2 are:

LTA (Linde Type A): Exhibits a cubic symmetry dncontains small pore
openings (~4 j). Zeol i ttge, & Widelyanpleyeddhs um f or

a water softener and in detergent formulations.



FAU (Faujasite): Feat ures a | arger pore system

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

commonly used in air purification and GCapture technologies.

Other notable frameworks include MFI (ZSB)J, MOR (mordenite), and BEA (beta
zeolite), which are frequently used in petrochemical refiningsahettive catalytic

processes.

Zeolite A (LTA-type structure)

Figurel.2. The framework structure of (a) LTA and (b) FAU type zedkie

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, iorexchange capacity, and tunable surface chemistry. In the detergent
industry, zeolite 4A has largely replaced phosphates as a phofgeateater
softener, wing to its high cation exchange capacity. Zeolite 13X, with its larger pore
system, is widely used in gas separation, air purification, an# &iSorption
technologies, particularly due to its ability to selectively adsorlr @, and

hydrocarbongFigurel.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, includimg removal of heavy

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

(~8



zeolites are being explored for greenhouse gas adsorption, leveraging their

regenerability and structural stability under harsh thermal and chemicaliocnadit
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Figure1.3. Trends in publications for zeolHeased materials and their application

for adsorption over timgl].

Emerging applications in biomedicine, such as drug delivery and bingens
platforms, areexpanding the functional scope of zeolites. Of particular relevance is
their growing role in C® capture, where they are evaluated as-effsttive,
regenerable adsorbents suitable for direct air capture (DAC) andqrobustion
carboncapture systems.hEir adjustable microporosity and iemchange properties

make them ideal candidates in scalable climate mitigation strategies.



1.2  The Challenge of Raw Material Cost and Energy Consumption

The industrial production of zeolites is often doamed by twamajor challenges:

the cost of raw materials and the high energy demand of thermal processing.
Conventional synthesis methods typically rely on laboratjpagle precursors such

as sodium aluminate, colloidal silica, and sodium hydraxidi of which are
expensive, chemically refined, and eneiigyensive to producérigure 1.4). This
dependence on synthetic reagents not only raises production costs but also increases
theenvironmental burden associated with their nfiacture and transport. As noted

in recent industrial assessments, the use of-pighy chemicals significantly
contributes to the overall energy footprint and carbon emissions of zeolite
manufacturing, witllaw material preparation and calcination idiedi as two of the

most critical energyntensive steps in the procq8s.

At
> ":’/ - w\l/ . » Zeolite powder
p b
product

(2) Crystallization (3) Solid/Liquid separation (4) Drying {5) Calcination

" An
» > Y - » Zoolite powder
preost

(8) lon exchange (7) Solid/Liquid separation (8) Drying (9) Calcination

(1) Mixing & Aging

Figurel.4. Conventional zeolite mafacturing processchemg3].

This reliance on costly inputs also limits the economic viability scadability of
zeolite production in regions where these reégenust be imported. Therefore,
identifying natural, locally available alternatives to synthetic raw materials is

essential for both reducing costs and advancing sustainable manufacturimnggract

Switching to more natural and abundant raw materia¢siddolin or halloysite clays

offers a promising alternatidebut it comes with its own challenges. When using



clays, the synthesis route becomes more complex. Unlike commercial precursors that
are readily soluble and reactive in alkaline solutions, raw sclapust first be
thermally activated. This is typically achieved through calcination, a process that
irreversibly transforms the crystalline clay into an amorphous, disordered phase
(metakaolin o metahalloysite), which then becomes reactive enough taipate

in zeolite formation.

However, calcination is one of the most eneirggnsive steps in clalgased zeolite
synthesis, as well as in many other lasgale industrial applications of kawli
Calcined kaolin is widely used in the ceramics, paper, ety and cement
industrie® particularly as a supplementary cementitious material (SCM) where
metakaolin improves durability and strength. The calcination of kaolin in industry is
commonly carrid out using rotary kilns and multiple hearth furnaces (MHF)
While this process does not produce harmful gases thatgdfe environment, it
requires a significant amount of energy, often derived from the combustion of fossil
fuels such as oil or cofb]. The hightemperature calcination is particularly energy
extensive, leading to industrial drawbacks. Furthermore, the high cost of production
of metakaolin, which ranges ro$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 mjéjAf To address
these challenges, resehers have explored alternative methods such as

mechanochemical activation to reduce fossil fuel depend€i@ties

The use of concerated solar thermal energy (CSTE) was proposed as another
altemative process for calcination to provide the necessary thermal §8grgne

impact of using concentrated solar thermal energthe fuel and total emissions of

metakaolin can be estimatbdsed on literature values. Tasiopoulou et al. evaluated

the influence of temperature, moisture, fuel type, and process design on the
emissions from metakaolin calcinatig8]. When extrapolated to
rel ated emissions wEnenedtoirmd ti ggdifiod te 3

for natural gas.n contrast, using concentrated solar thermal energy (CSTE), which



has a heat f oo tAMWh, retluces émsiind rys 6t &kRIgnlCHOHt 6 kg |
of metakaolid corresponding to a 97% reduction. When the total lifecycle impact

is considered, emissions g0 f r om 7HL6okRg ( €®al ) Fteannd 541 kg
(natur al g aFton with €STE,8epreskenging @ €% and 47%uction,
respectivelyFigurel.5 illustrates his comparison of fualelated and total lifecycle

COFemissions across different calcination energy sources.

Coal, lignite 716

Natural gas

0 100 200 300 400 500 600 700 800
kg CO,/tonne of Metakaolin

®m Fuel emissions only ™ Total lifecycle emissions

Figure 1.5. Comparisonof COF emissions for metakaolin calcination using coal,
natural gasand concentrated solar thermal energy (CSTE). Values are shown for
both fuetrelated emissions and total lifecycle emissions, extrapolated for operation
at 9HO. AC

In the specific context of zeolite synthesis, gation is essential for transforming
crystalline kaolin or halloysit into amorphous, reactive phases such as metakaolin
or metahalloysite. The temperature and duration of calcination strongly influence the
structure and reactivity of the resulting maériand ultimately affect the type,
crystallinity, and porosity of tiafinal zeolite product. Although calcination is already
industrially established, its energy and environmental footprint are especially
relevant when evaluating the sustainability of ydiazeolite transformation



pathways, particularly for Clocapture aplications that aim to be carb@fficient

from end to endin short, while using natural clays can reduce material costs and
improve sustainability on paper, it introduces a new depe&ydenhightemperature
processing. This makes it critical to explafernative, lowemission heat souro@s

such as solar thermal eneégyo fully realize the environmental benefits of clay
based zeolite synthesis. This thesis addresses this challengevddgpiey and
evaluating soladriven calcination as a viable alterivat to conventional fossil

based heating.

1.3 Natural Clay Precursors and Their Thermal Activation for Zeolite

Synthesis

Among natural aluminosilicate sources, kaolin and halloysite standsohighly
suitable precursors for zeolite synthesis due to thelraglabundance, 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 raticselto B
well-matched for the formation of lesilica zeolites such azeolite 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 zeolitessgnth

eliminating the need for added silica or structdirecting agnts (SDAS).

Kaolin, composed mainly of kaolinite, has a 1:1 layered phyllosilicate structure with
alternating tetrahedral and octahedral sheets. Upon heating, kaolin undergoes
dehydroxyation and transforms into metakaolin, an amorphous and highly meactiv
phase commonly used in clapased zeolite synthesis. Halloysite, a structural
polymorph of kaolinite, differs in that it often presents a tubular morphology and
contains interlayer watewhich results in a lower dehydroxylation temperature and
differentthermal transformation kinetics. Despite these morphological and structural
differences, both minerals can be thermally activated through calcination to form
reactive metgphased metakatin and metahalloysité suitable for hydrothermal
zeolite crystallizabn (Figure 1.6). However, synthesizing zeolite 13X, which



requires a higher Sil/ Al ratio of &a1i. 5,
such as introdting silica sources, dealumination, or alkali fudibii 13]. Zdretsov

and Gerasimov highlighted that the synthesis ot$diga zeolite 4A fronkaolin is

the most viable and environmentally sustainable pathway, avoiding raczaily

and environmentally challenging processes like alkali fusion and dealumifiatjon

Their findings highlight the importance of exploring direct synthesis methods that

minimize the need for addunal silica sources while maintaining efficiency.
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Figure 1.6. Suggested summarized dehydroxylation for the studied kaolinites and
halloysite[15].

The effectiveness of clalgased zeolite synthesis is highlepgndent on the
calcination conditions, particularly temperature and durafibe.thermal treatment

of kaolin proceeds through a series of wifined physicochemical
transformations, each assaieid with characteristic structural and compositional
changes[16]. These stages includehydroxylation andmorphization, spinel phase
formation, and ultimately mullite crystallizatiat elevated temperatureghe 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 raeliak

10
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Upon further heating, metakaolin undergoes an exothermic reorganization, leading
to the crystallization of an ABi spineltype phase, accompanied by the segregation
of amorphousilica:

At temperatures slightly above 1050 AC,
mullite phase formed is a 1:1 stoichiometry mullite 2d. S B, ©ften coexisting

with residualsilica:

With continued heating, mullite crystallization intensifies and transitions to a more
stable 3:2 stoichiometry (3RDfL 2 ), &companied by the expulsion of free

silica:

These changes may significantly affect
the composition, porosity, and phase purity of the resulting zeolite. While sueh high
temperature phases have often been considereditaidesn some gplications

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

explored.

In addition to their favorable chemistrgneta forms ofkaolin and halloysite are
already utilized in a variety of industries, inclugineramics, cemeénpaper, and
paint. Their repurposing as precursors for valaéded materials like zeolites
contributes to circular economy strategies and aligns with broader goals of
sustainable material sourcing. As such, they are not only techrsaétyple but als
strategically important for the development of greener, moresftesttive zeolite

production methods.

11
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1.4 Solar Calcination for Sustainable Thermal Activation

Calcination is a thermochemical process used to transform mineral phasesryy heat
them to hightemperatures, typically in the range of 8000 0 0 A C. Il n the
zeolite synthesis from natural clays, calcination is required to induce
dehydroxylation, breakdown of the crystal structure, and generation of amorphous
reactive phasesuch as metakaaol or metahalloysite. However, conventional
calcination methods depend heavily on feésdled furnaces, resulting in
considerable energy consumption andFR@dnissions. To reduce the environmental
impact of thermal processing, growingedition is being @id to renewable energy
sourced particularly solar thermal systefhsas alternatives for higtemperature

materials synthesis.

Solar calcination refers to the use of concentrated solar energy to supply the thermal
energy required for calcitian. This can beachieved through a range of
technologies, including solar furnaces, hiffix solar simulators, and solar rotary
kilns integrated with solar tower systems. In each case, solar radiation is either
focused by mirrors (heliostats) or concaid using lenseand reflectors to achieve

localized temperatures sufficient to drive sadtdte transformations in minerals.

In solar furnaces, an array of mirrors tracks the sun and concentrates sunlight onto a
focal point where the sample is pladetypically within acontrolled atmosphere
chamber. These systems are vegelited for laboratorgcale studies and allow
precise temperature ramping and monitoring. In contrast, solar simulators use high
intensity lamps to mimic concentrated sunlight in adoor setting, awing 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.

12

cont



Figurel.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 thikaolin.

At larger scals, 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 directgingu
heliostats) or via dar towers that collect and redirect solar energy to a receiver.
These systems can achieve continuous thermal processing and have the potential to
decarbonize highemperature industries by replacing fosilived heat with diréc

solar input(Figurel.7).

For calcining materials like kaolin and halloysite, which require controlled heating
profiles and stable temperatures within a specifigeasolar thermal systems offer
an attractive solution. Beyond reducing emissions, theyige the thermal
precision and flexibility needed to explore different structural transformations,
including dehydroxylation and potential crystallization of intedrate phases.

However, practical implementation is still emerging, and the behaviortofaha

13



clays under solar thermal treatment requires further investigation, particularly in

relation to reactivity and phase evolution.

1.5 Zeolites for COFCapture Applications

The need to mitigate rising atmosphericfdévels has led to the development of a
wide range of carbon capture technologies, targeting both industrial point sources
arnd ambient ai(Figure 1.8). Among these, adsorptidrased separation has gained
particular attention due to its lower energy demands, modulantysuitability for

cyclic operation. Compared to chemical absorption methods, adsorption systems can
reduce parasitic energy consumptiby up to 3040%, particularly in dry or
moderately humid environmenits7]. Within this category, zeolites are among the
most mature, selective, and industrially deployed solid adsorbents, offering a balance
of structual stability, high C® selectivity, tunability, and ease of regeneration
(Figurel.9).

Zeolites such as 13X (FAtype) and 4A (LTAtype) are especially suited for GO

capture under ambient or nemmnbient conditions. Zeolite 13Xyith its large pore

di ameter (~8 j) and strong quadrupol e inter .
combustion capture, pressure swing adsorption (PSA), and even direct air capture

(DAC) systemq18i20]. Zeol i t e 4A, wi offarsfastarkindtics,r por es (
size exclusion for R and high selectivity, making it suitable for indoor air

purification and biogas upgrading. In addition to molecular sieving; @pfake in

zeolites is governed by multiple mechanisms that are showiigre 1.10,

including:

1 Electrostatic interactions between EQGnd extraramework cations
(equilibrium effect)
Steric effects from pore architecture (steric sieving)

Framework flexibility in response to guest molecules (gating eff2ii)

14



(a) Conceptual CCS System
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(b) CO, Capture Technologies
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Figure 1.8. (a) The main principle fothe CCS (b) the types of GQCapture
technologie$22].

The performance fozeolites can be precisely tuned through Si/Al ratio, cation
exchange (e.g., Na € &i¢), and pore architecture. Modifyingeolites with
amines can further enhance Edptake, although mesoporosity is often required to
preserve diffusion pathway21]. Amine-functionalized or iorexchanged variants
of LTA and FAU have shown particularly tigelectivity for C®over NFand CHt
[23i 29].

Unlike chemical &sorbents such as CaO or MEA, which capturer@®ough
irreversible chemical reactions, zeolites operate via physiso@ptidrere CQ is

held through van der Waals and electrostatic forces. This interaction is fully
reversible, enabling lowemperatureregner ati on (typically
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cyclic stability, which is critical for industrial ugd7]. DAC applications using
zeolites typically operate at B0 0 0 A C, making thegmdecompati bl e

heat sourcesuch as waste heat or solar thermal ifp0}.

Amine solutions Zeolites
a a a
g b g b
f c f c f c
e d e d e d
Metal-organic frameworks
a a a
g b g b g b
f c f c f c
e d e d e d
a: Commercial maturity e: Environmental friendliness
b: Energetic ease of regeneration f: Sorbent stability
c: Accessible CO, purity g: Sorbent affordability

d: Customizability

Figurel.9. Radar charts for key sorbent selection criteria. Qualitative assessment of
key metrics for materials selkgan in carbon capture applications. Bold lines indicate
average values for each property within a materials class, with error bars mglicati
typical variability for a given property within that clg45].

A major limitation, however, is water sensitivity. In catiooh zeolites like 13X,
water molecules preferentially adsorb to cation sites, reducing cpacity,
particularly in humid stream§l7]. Ongoing research focuses on hyatrobic
surface treatments, pore engineering, and desiccaabpaitioning to mitigate this

effect.
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Figure1.10. Schematic representation of the mechanisms far £@Paréion using
zeolites. The mechanisnmisclude A equilibrium effect, B steric effect, C kinetic
effect, andD gating effec{21].

The reversibility of C&adsorption on zeolites not only improves energy efficiency
but alsoenables integration with utilization pathways. Once desorbed in
purified form, CQrcan be redirected into applications such as carbonated beverages,
greenhouseenrichment, dry ice manufacturing, fire suppression, and chemical
synthesis of methanol, ea, formic acid, dimethyl carbonate, and other valdeed
chemicalg30]. This aligns with growing interest in circular ban systems, where
capture and reuse occur in a clotsab manner.

While commercial zeoliteare highly effective, their production often relies on high
purity synthetic reagents and foskikled thermal processing, which are both cost
and emissionntensive. Claybased zeolites, derived from abundant minerals like
kaolin or halloysite, pres¢ra sustainable alternative. When combined with solar
driven calcination, these precursors can be transformed intepbkifitrmance
zeolites with low embodied engrgnd reduced carbon footprint. If their adsorption
performance can match or exceed that@iventional materials, they may offer a
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viable route toward loveost, scalable CErapture technologies that are aligned with

sustainable manufacturing, green clstng, and industrial decarbonization goals.

1.6  Aims and Scope of the Thesis

The overall aimof this thesis is to develop a sustainable pathway for zeolite
production from natural clay minerals by integrating solar calcination into the
synthesis process. Thiesearch addresses key challenges in conventional zeolite
manufacturing, including the Higenergy demands of thermal activation, reliance on
synthetic chemical precursors, and the environmental footprint associated with
fossitfueled processing. By expiog the use of kaolin and halloysitéwo
abundant and compositionally suitable naturalysdaas precursors, the study
investigates how renewable energy inputs can enablecdsty lowemission

alternatives for producing functional zeolites.

The scope of 8 work encompasses both materials processing and application
performance. It begins by atacterizing the thermal behavior of kaolin and
halloysite under solar and conventional calcination conditions, with a focus on phase
evolution, particularly dehydrgation and the possible formation ofiAi spinel
phases. The calcined materials are theed as precursors for hydrothermal zeolite
synthesis, targeting LTAype (4A) and FAUtype (13X) zeolites without the
addition of external silica or structudéreding agents.

The synthesized zeolites are evaluated in terms of phase composition,| textura
properties, and morphology. Finally, their performance ifr@f3orption is assessed
under ambient conditions to determine their potential fordogt, regenerable OF
capture applications. The thesis also examines how precursor prapeiesrned

by the calcination rout® affect the final zeolite structure and adsorption behavior.

By integrating natural mineral resources with renewable energy strategies, this
reseach 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 alsoproduce materials that are competitive in both performance and cost.
The structure of thithesis is organized as follows:

Chapter 2: Literature Review provides a comprehensive overview of zeolite
synthesis strategies, clay activation mechanisms, hadctirrent state of solar
thermal technologies applied to material processing. It also reviews the role of
zeolites in C® capture and Ilghlights key knowledge gaps this thesis aims to

address.

Chapter 3: Materials and Methods details the raw materiagded, calcination
setups (conventional and solar), synthesis procedures, and characterization

techniques employed throughout the study.

Chapter 4: Calcination Effects on Metkorms of Kaolin and Halloysite focuses
on the structural and phase transfations observed during thermal treatment, with
particular attention to the formation of amorphous phases and spinel structures

relevant br zeolite crystallization.

Chapter 5: Solar Calcination of Kaolin and Halloysite presents the results of
solardriven thermal activation experiments and the structural characterization of the
resulting metgorms, followed by synthesis and evaluatadrzeolites derived from
them.

Chapter 6: COF Capture Performance of SolBerived Zeolites evaluates the
adsorptim properties of the synthesized zeolites under ambient conditions, including
discussions on porosity, regenerability, and performancécatipons for scalable

COFcapture systems.

Chapter 7: Conclusions and Future Work summarizes the key findingsnesit
the contributions of the study, and proposes directions for future research in

sustainable zeolite production and carbon captwlentdogies.
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CHAPTER 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 AIFSIFO4OH)Y. They differ in morphology and hydration:

kaolinite occurs as plaiée layers, whereas halloysite often forms tubular particles

and can incorporate interl ayledj)watwehi cihn
collapsestod | f or me7(jh)a |whoeyns i [BrI2]yTthaseastriectdral
di fferences influence their behavior upo

treatments that induce transformation of their crystal structure. This section reviews
the structural and theral transformation®f kaolin and halloysite during such
activation, covering raw and modified forms (atiéated, mechanically milled).
Emphasis is placed on the dehydroxylation process, subsequent phase transitions
(metakaolin, spinel, mullite), and ights from charactézation 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 dehydroxylatitwe loss of

structural OH' typically in themid-range of a fevwhundred degrees Celsius. In situ
high-temperature XRD studies show that kaolinite dehydroxylation generally occurs
roughly between about 425 AC and 675 AC,
similar range, e.g., ~506 50 A C nchrotronXBD stugy15].Hal | oy si t e 6 s

dehydration of interlayer water precedes
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HO below~3004 00 AC, shifting to a/[33.Indeehasal spac
hall oysiteéds (001) XRD reflection (~10 at
rises and a new 7 | pé&ako (Acdexmiion appear s
of interlayer water and structural contractioFhermogravimetric (TG) curves

typically show a major weight loss on the order of 15% (the mass of water from

OH groups) centered around 53600 0 AC, corresponding to dehy
differential thermal analysis (DTA) or differential scanning calorimetry registers an

endothermic peaik this rangd34,35] In halloysite, aradditional minor weight loss

(few percent) at lower temperatures accompanies the loss of adsorbetédagdr

water before the main dehydroxylation evigt].

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

through identifiable stages. In detailenechanistic studies, three main stages have

been described: (i) dehydroxylatiorthe removal of tsuctural OH and formation of

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

structure as hydroxyl removal disrupts hydrndponding and coordination, and (i)

metakaolin formatiofi reorganization of the disordered alumosilicate framework

into a metastable amorphous phigs§. These stages may overlap andontinuous

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

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

(delamination) before the complete loss of the basal reflection, then the
disappearance of crystalline peaks as metakaolint@{amorphous) forms. In situ

synchrotron XRD on textured kaolinite confirmed a progressive incredbe ia

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

and ultimagly only broad diffuse scattering remains once metakaolin is produced

[15]. Similarly for hall oysite, XRD shows th
amorphous: the halloysite (001) peak persistsuptoA400 ( 7 ; form) then va
as the structure amorphizes between 300 0 [33].C

The ease and temperature of dehydroxylation are strongly influenced by the
mi neral 6s structur al o-nch laolinitesMahydroxylgte c r y st al |
at lower temperatures (or more rapidly) than highly ordered [d%e38]. Defects
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(e.g. layer stacking faults or isomorphic substitutions) weaken the structural integrity

and hydrogefb ondi ng, effectively fAenhancingo d
activation energy or allowing it tmitiate at deéct sites In practical terms, well

crystallized kaolin might exhibit a sharper, highemperature dehydroxylation
endotherm, whereas a disordered kaolin or halloysite shows a broader, lower
temperature rangélalloysite, by nature of iteubular morphadgy 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

k a ol ii mplying tha once the interlayer water is gptiee breakingf Al OH

bonds follows the same nucleation and growth process as in kaolinite. Notably,
hall oysiteds tubular structure can confe
point: during heating to a (asigefronnleingdr ed A
interlayer water), and the strong curvature might slightly hinder layer delamination

until sufficient OH are remove@3].

The product immediately after dehydroxylation is often termed metakaolinite (or
metakaolin) and metahalloysite for halloysite. Metakaolin isa)X amorphous

(exhibiting at most a broatimp in XRDaound 183 0 A 2d) but fetains
range structural memory of kaolinite. Electron diffraction or pair distribution
function analysis reveals that the Si and Al atoms in metakaolin have not fully
randomizedi the material contains a disted but pseudunorphic framework

relative to the original layerg39]. In otherwords, metakaolin often remains as

porous, layestack remnants but without loignge periodicity. Highresolution

electron microscopy of heated halloysite shows that even after dehydroxylation
(~6008 00 AC), the t ub wsistahoughmbes fppbomé colgpsedc an  p e
or stuck together in bundle§he inner lumen of halloysite nanotubes tends to
collapse as the inner gibbsiike layer is destroyed, yet the outer silicate framework

may partially survive up to a certain temperat[88]. This results in clumped,

crumpled tube fragments rather than a ptate loss of rmarphology. 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 antbinadloysite a&
highly reactive (e.g. as pozzolans in cement or as precursors for zeolites) specifically

because they present a highergy, amorphous aluminosilicate structure.

Chemically, metakaolin can be vicwwed as an
T a concet 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 spiliked phas€g39]. The metakaolin has a high

free energy and will start to reorganize if given enougimntial energy (en without

any added reagents). This reorganization is what leads to the next set of
transformations: the nucleation of new crystalline phases (tbellsal spinel phase

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

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’Al NMR signals for 4 and 5coordinated Al (3) loss of OHands

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

overall shape but become porous/amorphoj4€),41] These features rka

metakaolin aunique solid that is amorphous yet not a random glass; it carries a
Amemoryo of its origin which influences h
chemically (for example, its outstanding pozzolanic reactivity is due to this high

energy disordred state

2.1.1.2 Spinel Phase and Mullite Formation at Higher Temperatures

When the amorphous metakaolin or metahall oy
exothermic reaction initiates the formation of new crystalline phases. The first of

these is a metastablesgl-type alumnosilicate, followed at higher temperatures by

mullite (AI'3pIFOg F and free silica, which may crystallize as cristobalite. This

transformation sequendeme t ak aol i-ny Ye sph a®& ha¥beenul | i t e

well documented in classic and modetundses[42i 44].
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The spinel phas e-AlRJp-like o defedt spimat structure, dbegiass a 9o
to crystallize around 90® 5 0 sAeBigencad by exothermic DTA gdes and the
emergence of new diffraction peaks in XRbi 48]. This transformation invaes

the segregation of Al and Si into two distinct domains: an alumdamaspineltype

phase with cubic symmetry and a sitiweh amorphous phasé&he spinel formation

is energetically favorable due to the reorganizadiotine disordered aluminosilicat

network into a more stable intermediate.

A recent studyhas corroborated these phase changes, showing that spinel formation
occurs independently of mullite and can persist over a broad temperature range
(typically 925 1050A C) , dependi ng onditons pA9.l Thisnat i on
intermediate spinel phase critically influences the physical properties of the calcined
material, particularly pore size distributiand surface area, which arepontant 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 neealegoizzolanic activitf50i 53].

Mor eover, if calcination temperatures ex
transform into mullité a thermodynamically stable aluminosilicate phase with an
orthorhombic crystal structure composed of Aligtahedra and Si/Aletrahedra.

Mullite nucleation typically begins around 10601 00 AC and is inte
holding at high temperatures. This is accompanied by the crystallization of
cristobalite, a higiemperature SiBpolymorph, especially when excess silica is

present. The full reaction is eft simplified as:
Me t a k a o-AlFOp(spiiel)a amorphous SEY mul | i te + cri stoba

Whil e many r esear ch&rG mddal fordhe paaleghspisee d a p L
phase that forms during calcinatifgdi 56], other studiesuggest 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 techn[§#e60], leading

to its broader classification as ani Al spinel. Recent work by Wallez and-co

workers further supports this perspective, describing th&iApirel as a transition
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alumina with a uniform cell volume, cubic structure, and nanoscale crystallite size
( ~5 [#47n)n 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 incrfglHedlotably, Wallez et al. have

also shown that spinel formation continues well beyond thelideicomposition of
metakaolin, driven by the migration of alumina from the amorphous nféix

This dynamic interplay between emerging crystalline domains and the residual
amorphous phase underscores the importance of finely tuned calcination conditions

for controling 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 amorphouwmatrix through a nucleatieandgrowth mechanism
[63,64] This process is strongly influenced by impurities such as muscovite, which
can act as fluxing agents and shiéinsformation threshold65,66] Despite their
bereficial effect in some ceramics, these impurities introduce uncertainties in the
optimal calcination windo@t y pi cal |y bet wedan presdéhving a n d

reactivity while avoiding premature crystallization.

Ultimately, controlling the formation and trsformation 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 potentialhagh-temperature treated kaolin

and halloysite material$lowever, to date, no in situ higamperature XRD study

has comprehensively captured the crystallization dynamics of the spinel phase
directly from kaolin or halloysite precursors, leaving a gapmur 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 creaaesorphous alumirsilicates
(metaforms) that are ready to be used for hydrothermal synthesis of the zdlites

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

at different calcination temperatures have been extensively st{#Bet¥4,65,66,75]

The pocess that results in metakaolin produce® lather than C®and thus it is

considered a sustainable and environmentally friendly material due to no direct CO
release during manufacturi@6,77] However, calcination of kaolin to produce
reactive metakaolin has al ways been | i mi
the structural collapse of metakaolin and the abrasive nafuneullite crystals
forming at d45dlulmpdries 8ugtas MuBcosjta potassic mica

mineral often found in kaolin, play a fluxing role in phase transformation dynamics,
accelerating or decelerating the prodé&s66] On the other hand, the approximate
temperature range at which muscovite begins to influence the structural
reorganization of metakaolin remains uncertdiime delicate range between 900 and

1100 AC is of particular interest for de
with newly crystalline phases formed like spinel and mull@8]. Other than

calcination as a way of getting the m&ams, 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
activesites Thi s fAmechani cal |likenmetaaolipdeiveasa 0 k ao
direct precurso for zeolites. Kim et aldemonstrated that simply dgrinding

kaolinite enabled the hydrothermal synthesis of zeolites A and X without prior
calcination[78]. Mechanical ativation thus offers an alternative or complentary

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 andharphization, significantly increasing suréaarea

and generating reactive defect sites that facilitate zeolite crystallization in alkaline
media[79]. Specifically, Kim et aldemonstrated that prolonged grinding leads to
theprogressive transformation of kaolinite into anoaphous aluminosilicate, which
subsequently enables the formation of zeolitesANand NaX without the need for

prior thermal calcinatio79]. Wet grinding further alters the Si/A&tio through
mechanochemical effects, favoringtformation of highesilica zeolites like N&X.
However, despite these structural benefits, mechanical activation is not inherently
energy efficient: extended higdnergy milling consumes considerable #ieity,
generates heat, and can be difficult tals economically. As such, it is rarely
employed alone at industrial scale and is more often explored in laboratory settings
or in combination with thermal methof®0]. Chemicalactivation of kaolin (e.qg.

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 balancédlSieeded for zeolite frameworks

Mild acid leaching is sometimes used to remove iron/titania impurities from natural
kaolin (improving purity), but aggressive leaching yields a siliclh residue more
suitable for amorphous silica or mesoporous materiads luminosilicate zeolites

[81]. In summary, thermal calcination to metakaolin or metahalloysite is the
predominant activation method, whereas mechanical grinding provides a chemical
free alternative to iuce reactivity In industrial contexts, a comlaition 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 reaat

2.1.2.1.2 Solar Calcination

Research into the use oflaoenergy 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 developmermis seen inFigure 2.1, particularly in Europe, where
collaborative mitiatives such as Sollab (the Alliance of European Laboratories for
Research and Technology on Solar Concentrating Systems, established)) iarzDO
research programs like SFERA (Solar Facilities for the European Research Area,
2009 ongoing) have playedsgnificant role in advancing solar energy applications

within the materials field32].

__ A T Antoine

| Sundrying of Siege of Syracuse: Ehrenfried Walter Von Tschirnhaus Lavoisier:
adobe bricks mirrors to destroy and Cassini: iron and silver and special
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Figure2.1. Milestones throughout the time that haemtributed to the development

of solar energy in the field of materials.

In the 18th century, Lavoisier not only dseoncentrated solar energy for thermal
decomposition experiments, such as breaking down mercury oxide, but also
demonstrated that matesatould be treated under controlled atmospldetid®
nitrogerd using solar furnace@~igure 2.2). This early work laid the conceptual
groundwork for mdern solar calcination, where concentrated sunlight and tailored
atmospheric conditions are combined to drive kmhperature material

transformations efficientl{82].
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Figure2.2. Antoine Lavoisier operating the solar furngéa].

Solarcalcination has been demonstrated on multiple materials at both labauadory

pilot scales. Key achievements are summarized by material type:

1 Limestone (CaC@ / Lime (CaO) Production: Limestone calcination to
produce lime (CaO) is one of the most stddiaseslnitial lab-scale tests in
the 1980s proved feasibility, with figebed and cyclongéype solar reactors
achieving partial decarbonatid83,84] Subsequent developments led to
solar rotarykilns and multistage fluidized beds capable of continuous
calcination For instance, Meier et al. demonstrated >95% conversioniat 2.3
7 kg/ h in rotary -gcaldfloidized badachieved>03¢R S6s pi | ¢
conversion of industrial limestone ati’s5g /kh under ~55 kW sol ar
[85]. The resulting lime showed high reactivity, and thermal efficiencies
reached up to 29%. These systems represent the currenbfdtaeart in

pilot-scale solar lime productidifrigure2.3).
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Figure2.3. Solar kiln reactor to calcinate limestoj&g].

1 Cement Raw Meal: Given its high limestone content, cement raw meal is
another key candidater solar calcinationl mhof 6 s 25 kg/ h vor
test in the 1990s was actually on cement meal-{séb Om padt i cl es
proved that even fine, industrially sourced CRM can be calcined ~85% by
solar powel[87,88]. Pilot tests by DLR using directly irr&ated rotary kilns
achieved >95% calcination at ¥ 2 Kk[8) A landmark breakthrough
came when CEMEX and Synhelion successfpligduced solar clinkér
calcining and sintering cement meal a
[90]. This was the first proof that solar energyraacan power the full
cement kiln process, eliminating both fuwelated and process ®O
emissions. Their setup includeslasedloop heat transfer system and EO
capture integration, making it a promising model for zeadon cement

production(Figure2.4).
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Figure2.4. Cement plant @sign based on solar enel@y].

1 Dolomite (MgCa(C@)F: Dolomite, with a lower decomposition range
(650750 AC), was also exploref@2l.inm SOLPART
fluidized bed setups, ttlumite achieved complete cahation alongside
|l i mestone, especially wh[e3h Itsslowera r fl ux
temperature requirements make it technically less demanding than limestone,
suggesting that solar dolime kilns may be easier to scale.

f Alumina (AI(OH) Y  AQDF): Calcination isalso crucial in the alumina
refining process (converting aluminum hydroxide from bauxite into alumina
at~8001 0 0 0 A CYf-akitdl sdilar exmeriment in 2017 demonstrated
alumina calcination with promising resu[84]. In that study, an entrained
flow solar reactor (closed configuration with a window) was used to calcine
fine aluminum hydroxide 15 Om particles). It was operated at 1025
g/min @0.030.15 kg/h) with 24 kW of solar power input, reaching
~880AC. Thecalcination successfully produced alumina, and importantly the
solarderived product had higher purity and better quality than
conventionally calcined alumin@his quality improvement was attributed to

the unique heating profile of solar (high heatintesaand clean energy
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source). While this was a lalscale batch experiment, it proved solar
calcination can apply to nezarbonate minerals like metal hydroxides. No
larger pilot of alumina is reported yet, but the concept could be extended with
a similarreactor design or a rotating tube. Alumina contributes a smaller
share of C® emissions than cement, but solar heat could help decarbonize
alumina refining and improve product properties at the same time

1 Kaolin Clay (ARSIFO%OHM Y met akaol itian)af clagsal ci n a
(dehydroxylation) is another emerging application. This idea was noted in
solar research roadmaps (e.g. SOLPART identified kaolinite as a candidate
for solarprocessing) but it wasnoét experimental]l
This thesis regesents 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 ctical gap in theliterature and establishes a new
interdisciplinary research direction at the intersection of sustainable

processing and functional material development.

2.1.2.2 Hydrothermal Synthesis Procedures (LabkScale vs. Industrial)

After activation, the tyjgal route to fom 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 sms) to form aeactive 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 00 0 A C) featime[#4]. Mepakaolin has been
proven to be a satfactory precursor for zeolite 4A synthesis since kaolin's chemical
composition is welbsuited for the proces$68,74,95] However, zeolite 13X
synthesis requires either an additional silica source ortpEziment of the clay
[11,13] Calcination conditions carried out to convert kaolin into kestén are
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known to affect the outcome directly. An example can be given as thetiimnnoé

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

750, and 950 AC respectively, whiyle calcin.
zeolite A [96198]. There had been other attempts at making zeolites using

metakaolin calcinedmove 900 AC; however, desired for m:
obtained in most casd99]. Some of the successful attempts resulted in the

formation d zeolite 13X with low quality and yiel§®7,100] These results have

demonstrated that the type of zeolitenied is highly dependent on metakaolin

reactivity and thus the calcination temperatur

On the industrial scale, the synthesis process is broadly similar in chemistry but has
important engineering modifications. Industrial production of zeolite 4A (a commo
detergent builder) from kaolin has been practiced for decades as-effeotve
aternative to using pure chemicdl$01]. 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
stte) where temperature (~90 AC) and pH are c:
be semibatch: 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 bea developed, including continuous stireohk reactors (CSTRs) or tubular
reactors ér the crystallization step. One key difference at scale is the management
of heat and mass transfer: the reaction is exothermic (especially the dissolution of
metakaolinn NaOH releases heat), so cooling jackets or reflux condensers are used
to maintainthe target temperature uniformly. Seeding techniques are sometimes
employed industrially a small amount of prenade zeolite (or recycled product) is
added to the gel taccelerate nucleation and ensure the desired zeolite topology
dominates over competinphases. This can significantly shorten the required
crystallization time and narrow the particle size distribution, which is important for

product quality.

While calcinaion is an effective and we#istablished method for activating kaolin
at scale, pragcing large volumes of calcined clay in a manner that is adaptable,
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economically viable, and environmentally responsible remains a critical bottleneck.
Conventional fossifueled kilns contribute significantly to the overall energy
consumption and CRemissions of the process. In this context, solar calcination
represents a highly promising route for reducing the carbon footprint of zeolite
production from clays. However,onindustrial or academic studies have yet
demonstrated a complete synthesis pathwayihtegrates solaralcined clays into
downstream zeolite crystallization, leaving a major gap in the literature and an

opportunity for future development.

2.2  COgz Capture by Zeolites

2.2.1 Overview of COFAdsorption by Zeolites

Zeolites are crystalline aluminosites with a microporous framework that makes
them excellent CBadsorbents. Their pore structures (often in the <1 nm range) and
exchangeable cations create strong physisorpttes gor C@, which has a large
guadrupole momeni02]. As a result, zeolites can selectively adsorb=€@m gas
mixturesi a principle exploited in carbon capture processes like pressure swing
adsorption [igure 2.5). In general, C® isotherms on zeolites are of Tgp
(Langmuirlike), indicating micropore fillinglow-pressure uptake is steep due to
strong C® zeolite interactions, then plateaus as paaturat¢l03]. For example,
poorly crystalline or lowporosity samples show almost linear &i€otherms (little
upteke until high pressure), whereas highly microporous zeolites uptake significant
COFeven at low pressurebnportantly, COFadsorption on zeolites is reversible and
requires only moderate heating or vacuum for regeneration,rsincieemical bonds

are fomedi an advantage over liquid amine scrubbing. Commercial zeolites (e.qg.
13X or 5A) routinely achieve equilibriucapacities of ~34 mmol CCFper gram at
ambient conditi ons ,&ndthey Adntain petforrbaace pveri n
many cycles of adsption/desorptiofl04,105]
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Figure 2.5. Schematic overview of the dedita properties of adsorbents for €0
captureg[102].

Given that C® capture represents tleostlieststage of the carbon capture and
storage (CCS) process, there is a critical need to develepdstradsorbents 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 applicatj@as].

2.2.2 COF Adsorption Mechanismsin Zeolites

As introduced in Chapter 1 (sdegure 1.10), zeolitebased C® adsorption is
governed by a combination ahechanisms: equilibrium effects, steric effects
(molecular sieving),kinetic selectivity, and gating behavior. While all four
contribute to the overall performance of zeolites asf-G@bents, their relative

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

In the case of zeolite 4A (LTAype) and zelite 13X (FAU-type)d the two most

commonly synthesized zeolites from kaolin and halloySitequilibrium and steric

effects dominate, while kinetic and gating effects play a more linridée under

ambient conditiong-or zeolite 4A, the smallporeopangs ( ~4. 1 ) i mpose s
steric constraints, enabling molecular sievingFC&k i net i ¢ di amet er ~3. 3
diffuses into the micropores, whereas larger gases sudh(assN8 . 6 €H®(~B.8 o r

i) face partial e x ¢l us i omequilifriom ad steeck e s 4 A hii
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terms, especially in dry gas mixtur&eolite 13X, with larger pores (~7.8 . 1 | ) ,
permits diffusion of C® CH.« and N alike. In this case, thermodynamic
(equlibrium) interactions govern selectivity. The low Si/Al ratio of 1826ults in a

high cation density (typically Mg, creating strong electrostatic fields that interact
favorably with the quadrupole of GOThese framewoikCOF interactions are the

key diver of adsorption selectivity in 13X.

Kinetic separation is not typally emphasized for either zeolite under mild
conditions (25 /&&dcorpeting gades diffase ragidly erfougiC O
to reach equilibrium within practical cycle times. Gatorgrapdoor effects, which

rely on framework or cation mobility, an®t 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 presein 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
Nadis the only extrdramework cationthe material is designated as zeolite NaA or
4A. Substitution withKd¢ o r  ¢Gieldls zeolite KA (3A) or CaA (5A). These
numerical label® 3A, 4A, and 5A0 historically refer to the approximate pore
sizes in angstroms, reflecting how the choice of caitars the effective aperture

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

exchange, influencing its separation and adsorption properties.

Zeolite 4A, with its LTA framework, is a widely studied material for&@sorption

due to its miform microporosity, thermal stability, and weléfined pore structure.

The basic structure can be modified by ion exchange, amine functionalization, or
strudural engineering to enhance adsorption capacity, selectivity, or diffusion
kinetics. The key nmmhanism in LTA frameworks is equilibrium adsorption,
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dominated by quadrupolar interactions betweerF@al extraframework cations,
though steric exclusion ardiffusional effects also play secondary roles depending
on the modification strategyahn et al.investigated the diffusion mechanisms of
COF in commercial zeolite 4A pellets, concluding that micropore diffusion
predominantly controls the adsorption kiestwithin the studied temperature and
pressure rangg408].

The most prominent route for tailoring E@erformance in LTA zeolites is cation
substitution. Liu et al. demonstrated that partial replacementdpivitaK¢in LTA
(yielding NaK-A) enhances CBNF selectivity due to narrowed pore apertures and
strengthened electrostatic interactidd®9]. Tao et al. (2023a) extended this by
systematically studying a range of monovalent and divalent cations, showing that the
chargeto-size ratio of the cation governs batsorption strength and accessibility.
Small, highc har ge c at ipo nMgprovele sironger CRframework
interactions, but may block pore access, creating a-bHd®etween capacity and
kinetics[24]. In a separate study, Tao et al. evaluated these @atairanged LTA
zeolites under direct air capture (DAC) conditions (400 pprR(fdding that Nak

A again offers the best compromise between selectivity and working cadd€ity
Bae et al. confirmed that @xchanged zeolite A (CaA, or 5A) had the highesECO
uptake under flue gas conditions (0.15 baRCOutperforming NaA and KAuk to

optimal balancing of electrostatic interactions and pore accessjhility.

Functionalizing the zeolite surface with amine groups can further enhance affinity
toward COr. Bahmanzadegamt al. synthesized 4A zeolite from kaolin and
functionalized it with TEPA and DEA, resulting in a dramatic improvement if CO
capacity up to 579 mg/gwith the optimal operational variables including a
temperature of 25. 270 AR congemtratisrsotill.212 o f
wt% compared to 4A alonf26]. A study investigated the amine modification of
bindercontaining zeolite 4A haies, finding that isdoutylaminemodified samples
exhibited excellent CBadsorption performance, suggesting potential for practical

applicationg29]. Another studydeveloped higarchical LTA zeolites by introducing
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aminefunctionalized mesopores, which enhancedrFG@sorption capacity and
improved regenerability under pestmbustion conditions. Their findings
demonstrate that combining hierarchical structuring with surfaceidmadization
can significantly boost the performance of LTA zeolites fol=€&pture up to 2.3
mmol/gat 60A @nd 0.15 baf112].

Introducing mesopores into LTA frameworks can improve accessibility and
diffusion. Chen and Ahnreported that mesoporous zeolite 4A exhibited faster
uptake rates and slightly enhanced capacity compared to conventional microporous
4A, especiallyunder dynamic flow conditions relevant to PSA operatifdrisl].

Silva et al.used monosodium glutamate as a struetlimecting agent to generate
hierarchical porosity in LTA zeolites, achieving increasegdF@apacities under
ambient pressure. Their work shows that templated mesoporosity can overcome

diffusion limitations without compromising framework integrifyl 3].

2.2.4 Zeolite 13X (FAU-type)

Faujasitetype (FAU) zeolites, which include symtic X and Y zeolites, are well
known for their excellent CBadsorption properties at ambient conditions. They
possess a thredimensional pore structure of large supercages (~1.3 nm diameter)
accessible through 0.74 nm windows, providing high micropotanve for gas
adsorption. Zeolite 13X (NaX) is a legilica FAUt ype zeol i t1l&) ( Si / Al
with a high density of exchangeable ¢§Neations. These cations act as strong
electrostatic adsorption sites for the quadrupolaF@Glecule, leading to high GO
uptake even at low partial pressures. Indeed, zeolite 13X is one of the most widely
studied and utilized solid adsorbents for Eaapture, commonly used in pressure
swing adsorption (PSA) processes for separatingr £@n gas streams (e.g. in
hydrogen pufication and flue gas treatmerf)14i 117]. Its popularity stems from

a combination of high surface areaydrale pore size for CB and strong CEBNF
selectivity at 1 atm and room temperature. For example, a conventional NaX zeolite

can adsorb on the order of 2270 mg CGp e r gram at 25 AC anc
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COHRNF selectivity often exceeding 3[118]. This strong affinity, however, is

accompanied by equally strong adsorptionBDH meani ng t hat 13X6s pe
can degrade in humid conditions. Nonetheless, under dry andumeditions FAUY

type zeolites (especially 13X) are considered benchmark ialateor CCF capture

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

desorption cycles

Garshasbi et al. demonstrated the hydrothermal convessimatural Iranian kaolin

into zeolite 13X, but modified the kaolin by acictd before the synthesis. The €O

equilibrium capacity of 13X was reported as approximately 6.9 mmolFg@er g

(at nearsaturation conditions), indicating that cldgrived 1X can reach C®

uptakes on the order of ~300 mgj/gomparable to commercial @dées[13]. More

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

purification, calcination, and hydrothermal synthesis. By sysiealigt varying

factors such as calcination time, NaOH molarity, and crystatizagemperature,

they identified conditions that .Theel d hi ghl
best halloysitaderived sample (Z16 in their study) exhibited aFdi@takeof 4.6

mmol / g at 30 AC and 1 bar, essenaially mat
commercial 13X under the same conditigh%9]. These results demonstrate that

kaolin or halloysitebased syntheses can produce zeolite 13X with adsorption

performance equivalent to conventionahtesis routes.

Bezerra et al. investigated monoethanolamine (MEA) graftiri3dnand found that

increasing MEA loading progressively filled the micropores and reduced surface

area[27]. At room temperature, the MEAInctionalized 13X samples actually

adsorbed less &xhan the unmodified zeolite due to pore blockage and limited

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

sites that becarmsdvantageous at higher temperatures: as the adsorption temperature

was raised (e.g. to ¥3 0 0 A C) , -loadédel3Xastarted to uptake more €O

via chemisorption, whereastpher i sti ne zeol i teds capacity wol

temperature. This behaviondicates that aminmodified zeolites can show
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i mproved performance in warm conditions,
surpass the parent zeolite.line with this Karka et al. examined 13X impregnated

with polyethylenimine (PEI) in varyingmounts (2080 wt% loadings)120]. They

observed an optimal PEI loading 6 wt %) and operating temp
which CCF capacity was maximized. Excessive polymer or lower temperatures led

to suboptimal results, again due to diffusional caists and inactive amine at those
conditions. In summary, amine functionalizatican introduce new (Fbinding
mechanisms on 13X, but high amine loadings tend to occlude the micropores. To
capitalize on the stronger amir@@OF interactions, either moderatemperatures or

improved pore architectures are needed. As noted by Bezemh, atreating
hierarchical porosity in the zeolite (micropores plus mesopores) would likely yield

better outcomes for amirgrafted C@ adsorbentf27].

Introducing mesoporosity into zeolite 13X is a strategy to improve gas diffusion and
accommodate bulky additives. Hieraigddly porous X zeolites (with microand
mesopores) can be synthesized by ety or postsynthesis etching (desilication

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

13X requires careful control to avoid frameworkllapse. The motivation for
creating mesopores is twofold: (1) to enhanceetiis and accessibility of the
micropore volume for CP (especially important for PSA cycles with fast
adsorption/desorption), and (2) to provide space for amine functiongsgoowther
modifiers without drastically blocking the micropores. While spe@kamples in

the literature of hierarchical 13X from clays are scarce, the concept is supported by
studies like Bezerra et al., who suggested that aimipeegnated sorbentsould
benefit from a micranesoporous structurR7]. Researchers have reported that
creating secoraty mesopores in zeolite X can indeed improve the utilization of the
internal sirface area for CPadsorption and can lead to higher effective capacities
in practical cycling conditions (especially when mass transfer idinaiteng). Ji et

al. synthesize micromesoporous MCMI1/13X composite materials via ostep

and twastep crgtallization routes, demonstrating that the hybrid structure combined
the high C@® capacity of 13X with the fast diffusion of MCMI1. The twestep
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synthesized composite achieve€€rad sor pti on capacity of 1.
and 1 bar, o ypurgldXahdVCWil,while dso shbwing excellent
regeneration stability ovenultiple cycled121]. Methods to generate mesoporosity

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

ratio of13X) to carve out mesopores, or using hard templates (like carbon or polymer
tempates) during synthesis. The resulting hierarchical 13X tends to retain most of

its intrinsic CQr capacity while offering faster uptake kinetics and better
performance when ames are introduced. This remains an active area of
development aimed at marryirtige high intrinsic capacity of 13X with improved

transport and functionalization capabilities.

The type and distribution of cations in FAU zeolites strongly influence theif C
adsorption properties. In zeolite 13X, the nativep Sations sit at specifisites in

the supercages and near the windows, creating electrostatic fields that polarize and
attract C@. Exchanging these Mawith other cations can alter the adsorption
behavior. For instance, replacing flavi t h mul t i val e ftcancati ons
increase the heat of adsorption by allowing a single cation to interact with multiple
framework oxygens and potentially with more than ond=@0lecule. Bkour et al.
showed that a&Ca/Na aluminosilicate derived from kaolin had significantFCO
uptake, highlightig the feasibility of incorporating alkaline earth cations inttype
zeolites[122]. Generally, partial exchange of flaith K¢ or Lid tends to weaken

COF affinity (useful for tuning binding energy for easier regeneration), whereas
exchangedowi than Gteehgthen CBObinding but may reduce pore
volume if too many sites are ogaad by bulky cations. In practice, the commercial

13X used in air separation is eft partially exchanged with gi(to make LiX)
because LiX offers extremely highFNselectivity and is favored in oxygen
production PSA unit$123]. For COF capture, most studies still focus on NaX or
CaxX.

In conclusion, while zeolites like 4A and 13X are wedtablished CBadsorbents,

no prior study has systematically evaluatedF@@pture using solasynthesized
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zeolites derived from both kaolin andllbgsite. This work uniquely combines

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

EXPERIMENTAL

3.1 Materials

Kaolin and halloysite were obtained from

their compositions confirntethrough Xray fluorescence (XRF) analysikaolin
primarily contained 46.1 wt% silicon dioxide (F#and 38.3 wt% alumina (ADf),
while halloysite contained 44.0 wt% St@nd 39.4 wt% AFOf. Sodium hydroxide
(NaOH) pellets were purchased from Sigmaridd, and deionized water was
prepared using 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 Afietens, eabling subsequent
hydrothermal synthesis. i 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 thys stu
were conducted under two distinct setupmventional furnace heating and selar

driven methods.

3.2.1 Conventional Calcination

Kaolin and halloysite were placed in ceramic crucibles and calcined by heating at 10
AC/ min to vari ou s860taadhld @ rirCa muffle farnabemd we e n
then kept athat temperature for 1.5 h and ZTine samples were denoted as shown

in Table3.1.
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Table 3.1 Sample names for kaolin and halloysite sad in a muffle furnace at

various temperatures and durations

Calcination
Clay/Clay Calcination Duration

Sample Name Mineral TemperatureA C)  (hours)
K-900-1.5h Kaolin 900 15
K-950-1.5h Kaolin 950 15
K-980-1.5h Kaolin 980 15
K-10001.5h Kaolin 1000 15
K-11001.5h Kaolin 1100 15
K-860-2h Kaolin 860 2
K-930-2h Kaolin 930 2
K-940-2h Kaolin 940 2
K-9452h Kaolin 945 2
K-950-2h Kaolin 950 2
K-960-2h Kaolin 960 2
K-980-2h Kaolin 980 2
K-10002h Kaolin 1000 2
H-900-1.5h Halloysite 900 15
H-950-1.5h Halloysite 950 15
H-953-1.5h Halloysite 953 15
H-955-1.5h Halloysite 955 15
H-960-1.5h Halloysite 960 15
H-970-1.5h Halloysite 970 15
H-980-1.5h Halloysite 980 15
H-10001.5h Halloysite 1000 1.5
H-11001.5h 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,
CologneGermany. The facility can provide up to 20 kWthermal power at the
focal plane anatonsists of 10 xenon sheatc lampg124]. The facilty had three
rotary kilns available for the solar calcination at the tiimi¢ial trials were conducted

to evaliate the process setup and materials compatibility.

3.2.2.1  Preliminary Trials of Rotary Kiln and Materia| s 6 Compati bi |l it

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

strips of kiln crucible materials (ste&l4828, steeiinconel2.4816, and SiSiC

(ceramic)i mmer sed in clay sampl-alalindmixeiras ed t o
(heated to 900AC) wusing a muffle furnac:¢
reactions between the kiln materials and the calcination feedstacaddition to
straightforward clay calcination, clajkaline fusion was also tried to assedss t

possibility of yielding a product ready for opet synthesis of the zeolite. From these

results, the roadmap for the solar simulator experiments was @depad 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 iRigure3.1. The lamps are located on the right

and two are operatinin this case. The light is fosed 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 1800The simulator acts as a replacement for on

sun operations, whe the sunlight is focused intbe 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 resuls to on

sun operations is still posde.
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Figure3.1. Experimental setup of the solar reactor and solar simulator.

The reactor was a rotary kiln, which was operated in batch mode. AdCAlIng

of the setup and a cutew of the reactor is sl in Figure3.2. 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 usedinsulation between the crucible and shell.
The crucible volme 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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Figure3.2. Schematic diagram of thelar reactor (a) and construction of the tubular

reactor with termocouples (TC) (b).

A total of 9 typeK thermocouples were used to measure the temperatures inside and
outside of the reactoF{gure3.2(b)). The positions of C1i 5 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 ggsetanre.

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 stepise with up to 7 lamps, corresponding to a maximum thierma
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 d 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 KSTCB8avg for kaolin, HS&IC8avg for halloysite.

Sample names we gven in Table3.2.
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Table3.2. Sample names for kaolin and halloysite calcined in a solar simulator

powered kiln.

TC8start TC8max TC8avgTC3start TC3max TC3avg
Sample Name (AC) (AC) (Ac) (AC) Ac) (Ac)

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
HSG700 710 740 700 550 650 650
HSG820 840 850 820 750 800 770
HSG850 850 880 850 650 760 730
HSG870 870 880 870 800 850 820
HSG890 910 910 890 850 870 830
HSG1000 1100 1100 1000 900 960 950

3.3  Zeolite Synthesis

Zeolite synthesis was performed using both conventionallysalad calcined clays

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

molar ratios of 2.04SiB1AIFOF:3.14N&0:110HO for kaolin and
1.90SiR1AIFOF:3.14N&0:110H0O for halloysite. Calculated quantities of NaOH

and deimized water were added to the calcined clays to form the gel irdeiggity

pd yet hyl ene (HDPE) bottles. The gel was age
with continuous gitation at 400 rpm, followed by 4 hours of static reaction in a
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preheatedoveat 100 AC. The resulting solid par
for 5 minutes, washed three times with de
Zeolite samples dared from conventionally calcined clays were nameti-Z
CalcinationFCalcinationTme and ZK-CalcinationFCalcinationTime  for

halloysite and kaolin, respectivelydble 3.3). Zeolite samples derived from solar

calcined clays were designated aBl&C-avgT and ZKSC-avgT for halloysite and

kaolin, respectivelyable3.4).

Table3.3. Sample names for zeolites synthesized from conventionally calcined

clays.
Aging Time Reaction Time
Calcination  Calcination and and
Clay/Clay  Temperature Duration Temperature Temperature
Sample Name Mineral (AC) (hour9 (hours,AC) (hours,A C)
Z-K-900-1.5h Kaolin 900 1.5 4, 60 4,100
Z-K-950-1.5h Kaolin 950 15 4, 60 4,100
Z-K-980-1.5h Kaolin 980 15 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-9452h 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 15 4, 60 4,100
Z-H-9551.5h Halloysite 955 1.5 4, 60 4,100
Z-H-970-1.5h Halloyste 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-9452h Halloysite 945 2 4, 60 4,100
Z-H-950-2h Halloysite 950 2 4, 60 4,100
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Table3.4. Sanple names for zeolites synthesized from sokdcined clays.

Aging Time Reaction Time

Calcination Calcination and and

Clay/Clay Temperature Duration Temperature Temperature
Sample Name Mineral (AC) (hours) (hours,AC) (hours,A C)
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-HSG700 Halloysite 700 2 4, 60 4,100
Z-HSG820 Halloyste 820 2 4, 60 4,100
Z-HSG850 Halloysite 850 2 4, 60 4,100
Z-HSG870 Halloysite 870 2 4, 60 4,100
Z-HSG-890 Halloysite 890 2 4, 60 4,100
Z-HSG-1000 Halloysite 1000 2 4, 60 4,100

3.4  Characterization Tecniques

The chemical composition of kaolin wakaracterized by a Rigaku ZSX Primus I

X-ray fluorescence spectrometer (XRF).

The crystal structure transformation and the phase compositions of the kaolin,

metakaolins and zeolite products were analyzedogydifraction (XRD) using a

Rigaku Miniflex operating at 48V and 15mA with BraggBrentano geometry, Ni

filter and CuKU radiation. Qualitative and
samples were done by using SmartLab Studio Il software equipped with PDF 4+

database. The percent crystallinitglaulations of the synthesized zeolites were

calculated from the XRD results using the software. Card@@¥857 and card #

000380240 were used as 100% crystallinity for Zeolite 4A and Zeolite 13X,

respectively. @stallite sizes were calculated widalderWagner 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 gebWhletry, a
WPPF was used for zeolite quaraittion, this method is blind to amdrpus 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 thdroad amorphous halo represents theormous
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 crystallineto-amorphous ratio wite minimizing uncertainties associdtavith

direct amorphous quantification. To quantify the crystallinity of the precursor
materials (calcination products), we calculated the degree o8&i Adpinel
crystallization using integrated intensities from seaddiffraction planes:

(311) dt ~37A 2

(400) at ~45A 2d

(440) at ~67A 2d

The degree of spinel crystallinity was determined as follows:

OO0 OLETMI Gl 6 & & 6o Qapp Ormm Ortm
L EO@®I Wi 0 0o &0 Ca . -
Oopp OomnmmOrT MO

The morphology of th kaolin, metakaol®, and zeolites was characterized by Field
Emission Scanning Electron Microscope {BEM) using an FEI Quanta 400

instrument.

FTIR spectra were recorded at room temperature in théRngpectral range 400
4000cm' ! region at 4cm'? resolution accumulatign 16 scans using a PerkinElmer
400 spectrometer equipped with diamond ATR (attenuated total reflectance).

The nonisothermal kinetics experiments for the dehydroxylation of K and H were
done using TA Instruments SDT 650 Simultaneo&CII GA. The analysesere
conducted under air, fromoom temperature 0 1 300AC with differe
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(5, 10, 20, 30, 40 AC/ min). Based on the Ki
the derivative thermogravimetry (DTG) data, activation ener@igsand order of

reaction (Avrami exponent, n) were calculaf@&d].

Transmission eleatn microscopy (TEM)analysis was performed with a JEOL
JEM-2100F operated at 20(/. Samples were suspended and sonicated in ethanol
for 5min, then dropped on a carbon fitovered copper grid.

Nitrogen adsorptioidesorption isotherms, surface area, mize distributionand

pore volume were determined through nitrogen adsofidesorption

measur eme ntCs uati nigl M6 Qu a n tCanstrumentrRriorfout osor b 1
measurements, the samples were outgassed in vacuum At50f ho The tBtal

surfa@ area was calculataising the BET method. The pore size distribution in the

mesopore range was analyzed using the Badethei Halenda (BJH) model based

on the desorption branch of isotherms. Mesopore volume was calculated by

subtracting the microporeolume (calculatedypthe tplot method) from the total

pore volume, which was determined from the amountxadsorbed at P42 0.99.

All the raw material and final product characterizations were performed in the
Middle East Technical University (METWWentral LaboratoryTurkey.

3.4.1 In situ High-Temperature Synchrotron XRD

High-temperature synchrotron powder XRD (SRD) data were collected using

MS beamline at SESAME synchr[@5)rTheMSat a wavel
beamline is a wigglebased beamline that usesay, two Rhodium coated mirrors,

and double crystal Si (111) Kohzu monochromator, while the second crystal

horizontal curvature is sétal bendable. An imization 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 twadrcle vertical diffractometer, equipped with high

resolution encoders carrying Pilatus 300K (dorted by DECTRIS company)

detector of 172 Om pixel size at a distance
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300K area detector covering 6at 740.4 mm distance from the sample was used to

collect diffraction patterns.

Sampleskaolin and halloysitewere 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
400AC at a 5 ALt @i nolrlaenpt ed t 4t devery 25
dehydroxyl ation. The he aminwilgdata scanigitowa s ma i
every 5AC from 900 t o 6obtes€amplassyntsepizech el cr
from conventionally calcined clays were @lanalyzed in synchrotron XRD using
borosilicate capillaries at room temperature and those XRD §gueee mentioned

in figure captions.
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Figure 3.3 Experimental setup for heating kaolin and halloysite sasnm 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 COzcapture measurements

The compact and fully automated algst characterization system, Catkab
developed by Specson Instruments (specsoninstruments.caas),utidized to

conduct CQ capture measurements, as depictefigure3.4.

K-type TC

Pressure Gauge

X

"

Quartz Reactor
Furnace

Mass Spectrometer

|f5RS parz0

SV

Figure3.4. Schematic of thanalysis unit. 5 different gases can be mixed at a certain

ratio and fed into reactor at constant flow or directlypagsed to analyzer for
calibration by switchingd3vay val ves. Reactor furnace cé
the tenperature is monitored l§-type thermocouple. Outlet gas mixture is analyzed

in reattime by residual gas analyzer.

This system is equipped with five Bronkhok&ass Flow Controllers (MFCs) and a
fixed-bed quartz tubular reactor measuring 2268 m, whch is connected to an
SRS RGA 200 mass spectrometer for the capability of analyzing gasestimeeal

Additionally, the system features an integrated furnaapalle of reaching

temperatures upto 900C, f a c i iempesaturie prigeatménts foleminate

water from the porous structures.
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In a standard procedure for capturing Z800mg of the sorbent is placed inside a
guartz reactor. Before proceedimgth the adsorption tests, each sorbent sample
undergoes a thermal activation process. Thislires heating the sample to 380C

with an argon flow of 100 standard cubic centimeters per minute (sccm)hfor 2
Following this, the sample is cooled to ambimmperature and allowed to stabilize
under a continuous argon flow for an additionaln@@. This outgassing phase is
essential for eliminating previously adsorbed gases and moisture within the sorbent's
pores. Subsequently, a mixture containing 2% @Qargon gas is introduced into
the reactor at a flow rate of 20 sccm, maintaining room temperand a pressure

of 1 bar for 3h. Throughout this experiment, the mass spectrometer continuously
tracks the m/z 44 signal, providing rémhe data for the dyamic breakthrough

curves, as illustrated iRigure3.5.

To calculatetotal CQ capture capacity in mmol/g, we routinely perform blank
experiments with the same recipathout including the sorbent material. These
blank tests are crucial for accounting for any inherent delays in the breakthrough
curves that might arise frotie design of the reactor or the length of the tubing
extending from the Mass Flow Controllers Kils) to the mass spectrometer,
effectively removing background influences. The @@pture calculation is based

on the integration of calibrated area (S) gatedl by a certain concentration of £0
(2% diluted in Ar) gas at constant 20 sccm flow. Calilwtaeea (S) refers to the
amount of total C@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 typ@@ capture
analysis. (a) Cebreakthrough curve based on QMS intensity of 44 a.m.u signal, (b)
temperature reading from-type thermocouple standing just Bmabove the sorbent
material, (c) and (d) C£and Ar gas flow in sccrduring the analysis. CCA refers to

the CQ Capture Area and S refers to the calibration.

n 8
Y 8 i 8 (1)

where Motal iS:

~

& T 0E ¢ N30 0 1
P G a "Qg pTLTT
S value is usttas a reference for the calculation of totab@Qantity ased on C®
capture area (CCA) value specific for each sorbent material. Capturegu@ttity

can be calculated by equation (2):
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The sample weight was divided by 240 mgtead oforiginal amount of 300 mtp

account for weight |l o0oss during the pretreat
involved dehydration of the material. This adjustment reflects that tHec@ture

materal is the dehydrated sample ptgatment. Thermograimetric 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 AcC. TUrates evalatian uof he matecgal's EQapture

performance based on its actual active mass.
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CHAPTER 4

FROM CLAYS TO ZEOLITES: TRANSFORMATIONS,
CHARACTERIZATION S, AND SYNTHESES

The transformation of natural clays into higerformance zeolites involves a series

of intricate steps, beginning with the charactermatof raw materials and
progressing through thermal calcination and subsequent hydrothermal synthesis.
This chapter eyores the structural and compositional properties of kaolin and
halloysite, laying the foundation for their conversion into reactivexdioems. The
thermal transformations induced duringnventionalcalcination are analyzed in
detail, with a focus on the formation of-8l spinel and its critical role in directing
zeolite synthesis. Finally, the synthesis of zeolites from tleeseentimally
calcined clays is discussed, emphasizing the influenceestipsor properties and

process parameters on the resulting mat el

4.1  Characterization of Kaolin and Halloysite

Kaolin and halloysite wecCe Lid,durkexc &g f r om
chemical compositions of kaolin (K) andlloysite (H) measured and expressed in

the form of oxides by XRF is given imable 4.1. LOI (loss on ignition) was
determined to be 12.5 wt% and 13.5 wt% by TGA&WAI 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 illustrakegure4.1(a).

Kaolinite was characterized by major peaksappei ng at 12. 34A (2d)
withds pacings of 7.16 and 3.58 |, correspol
planes, respectively (Card #-080-0885).In addition to kaolinite, th&XRD pattern

of kaolin also showed the reflection peaks of gug€Card # 01089-8937) and

muscovite (Card # GD042) as impurities. The presence of muscovite in the XRD
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pattern of the kaolin is consistent with theQKcontent obtained from tlehemical
analysis of the mineralf@ble4.1). Whole-powderpattern fitting (WPPF) analysis
on kaolin revealed that the kaolin sample contained over 96 wt% kaohwlieating
high-purity kaolin. The Hinckley index (HI), which is used to differentiate between
low and highdefect kaolinites based on therystallinity 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.

Table4.1 Chemicalcompositiongwt%) of kaolin (K) and halloysite (H) measured
by XRF.

Oxides Kaolin Halloysite
SiO, 46.1 44.0
Al203 38.3 394
K20 0.885 0.060
TiO; 0.814

FeOs 0.590 0.667
CaO 0.373 0.088
MgO 0.142 0.115
P20Os 0.079 0.653

The micrograph capturda) field emission scanning electron microscopy-&tHEM)
(Figure 4.2) reveals the characteristic morphology of kaolin, displaying stacked,
layered, and bookldike aggregates typical of kaolinite. The accompanying erergy
dispersie X-ray spectroscopy (EDX) alysis, 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, closehligning with the ratio of..02 determined by Xay
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 calculationtdf (M: Muscovite, K: Kaolinte, Q:
Quartz) (b).
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Figure4.2. Scanning electron micrograph and EDX analysis of the kaolin.

The XRD pattern of the halloysite used in this thessdepicted inFigure4.3(a).

The hall oysite was characterized by promine

24.42A (2d), -wspacespsnoifng. dpectivdly, anhd and 3. 6

representing the (001), (100), and (002) reflection planesi @@0029-1487). The

presence of a diffraction peak at 11.9A, col
(d), confirms the mineral as halloysite | . | n addoysite peaks, the t he hal

XRD pattern also exhibited reflection peaks of quartz (Gafd-089-8937) as an

impurity. Quantitative analysis of the halloysite sample indicated a composition of

>90 wt% halloysiteThe microphotograph captured by the field emissi@nsing

electron microscopy (FSEM) (Figure4.3(b)) shows that the halloysite exhibited a

tubular shape and a ocxdénensional (4D) hollow tube structure with consisie

diameter. The tube diameters generally varied between approximately 40 to 100 nm,

with the |l engths averagi nBSEMEDXWRekdn 0. 2 and
Emission Scanning Electron Microscopy with Eneljgpersive Xray

Spectroscopy) analysis condutten 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 withthe ratio of 0.95 obtained from-My fluorescence (XRF) spectroscopy.
This consistency in Si/Al ratios from indepkent analytical methods substantiates
the reliability of the elemental composition findings for the halloysite samples under
study.
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Figure 4.3. XRD pattern of halloysite (a) and Scanning electron micrdgap
EDX analysis of the halloysite (b) (H: Halloysite, Q: Quartz).

4.2  Calcination-Induced Transformations in Kaolin and Halloysite

Calcinationis a critical thermal process that drives significant structural and
compositional changes in kaolin ahdlloysite, transforming them into reactive
metaforms suitable for zeolite synthesis. During calcination, these clays undergo
dehydroxylation, a pragss in which hydroxyl groups are removed, resulting in the
collapse of their layered or tubular structurfer dehydroxylation, the material is
considered ready for use in the synthesis of zeolites. It has been well established that
the metaforms of kalin and halloysite yield zeolite 4A under appropriate
hydrothermal conditions. However, in this studye #ffects of hightemperature
calcination, where ABi spinel is crystallized, are explored to evaluate its impact on
the precursor's reactivity ans potential for producing other zeolite phases, such as
zeolite 13X. The dehydroxylation process is fitsacked using derivative
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thermogravimetric (DTG) analysis to identify differences for structural
transformation. Subsequently, the phase evolutibigaer calcination temperatures
is examined using XRD patterns and in situ synchrotron XRD, with a fottise
crystallization behavior of ASi spinel and its implications for zeolite synthesis.

421 Thermal Behavior and Phase Transformations of Kaolin and
Halloysite in Dehydroxylation Range (400600A C )

The in situ synchrotron Xay diffraction (SRXRD) patternan Figure4.4 display

the thermal transformations of kaolin and halloysite during heating, emphasizing
dehydroxylation andjuartz phase changes. These patterndrifliessthe 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 (Fige 4.4a), dehydroxylation began aroun@40C a n d

compl eted near 500AC, indicated by the disafp
peaks. This phase transformation involved the loss of hydroxyl groups and the

collapse of the tubular halloysite struay resulting in an amorphous phase,

metatalloysite. 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 contrasthyaioxylation of kaolin (Figure 4.4c)

occu red within a higher temperature range, s
near 575AC. The | oss of the (001) diffract.
layered kaolinite structure, leading to metakaolin foramtwith structural hydroxyl

release andatlapse 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 intevieer, making the

transformation procesaore energyintensive and slower. This observation aligned

with the high Hinckley index (HI) of 1.37 for kaolin calculatedFigure4.1Figure
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Figure4.4. In situ synchrotron Xay diffraction (SRXRD) patterns of kaolin and

halloysite showing the thermal transformations during hgafihe dehydroxylation

of halloysite (a) begi nzsl eatte sa pgprr owr dnad q A
kaolin (c) dehydroxyl ates at a higher te
Panel s (b) antdo-qgad?)phasentransition ih leakité and kaolin,
respectively, between 400AC and 600AC.

Figure 4.4(b) and Fige 4.4(d) display the phase transitions of quartz impurities in

hall oysite and k a-quarizimbothrcisspmeptes undemvénya T h e
reversible phase transition bequartz as the temperature increased. For halloysite
(Figure 4.4b), thistrani t i on occurred between 400AC a
shifts and intensity @nges. Similarly, the kaolin sample (Figure 4.4d) exhibited the

U t o-quértz transformation ovehe same temperature range, confirming the
consistent behavior of quartz imftigs in both minerals. This phase transition,

involving a shift in crystal symmetry from trigonal to hexagonal, appeared as a shift

and broadening of diffraction peal427,128] 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 stbility of the material.

Figure4.5 shows the dehydroxylatiobehavior of kaolin and halloysite as analyzed

by derivative thermogravimetric (DTG) analysis at heating rates of 5, 10, 20, 30, and

40 AC/min. The DTG curves reveal distinct
release of structurdlydroxyl groups, provithg insights into thermal stability and

decomposition mechanisnj$6,37] For kaolin (Figure 4.5(a)), the DTG curves

exhibit a single prominent dehydroxylation peak, shifting to higher temperatures

with increasing hating rates. The peak ngperatures (T_max) range from

approxi mately 487.3AC at 5 AC/min to 550.92
the dehydroxylation process under rapid heating, due to kinetic constraints. Higher

heating rates required a higher teargiure for the same deg 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 thatsal shifted to higher teperatures with
increasing heating rates but within a | ower
AC/ min to 500AC at 40 AC/min. This indicate
than kaolin, with its lower dehydroxylation te@erature attributed tas tubular

morphology and interlayer water presence, which facilitate hydroxyl release.

Hall oysitebébs dehydroxyl ation peaks were nar
more uniform decomposition process. These trends aligrnthgtBRXRD patterns

in Figure4.4, where the disappearance of kaolinite and halloysite diffraction peaks

corresponds to DT@ehydroxylation temperatures, confirming the breatal of

crystalline structures and fortian of metakaolin and metahalloysite. The higher
dehydroxylation temperature observed for kaolin in both DTG aneXBB

underscores its greater thermal stability compared to halloysite.
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Figure4.5. Derivatve thermogravimetric (DTG) analysis of kaolin (a) and halloysite
(b) at di fferent heating rates (5,
dehydroxylation peaks that shift to higher temperatures as the hedéngcreases,
indicating kinetic consaints under rapid heating.

Heating rate (K/min) n(kaolin) n(halloysite)
5 0.74444 1.15546
10 0.752103 1.112508
20 0.736275 1.140254
30 0.744527 1.13679
40 0.749218 1.103494
-9.0 +
~ 95 n. .. ---®---kaolin _
TF -10.0 I N ---@--- halloysite
T 104 ’6. L
115 - e . T
-12.0 . | . | . | .
0.00120 0.00125 0.00130 0.00135 0.00140

T (K

Figure4.6. Kissinger plots for the dehydroxylatiai 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 enexgsr(&

understand theiketic behavior of thermal decomposition. The Kissinger plots for

both minerals show a |inear relationship bet
correlation coefficients (R] = 0.997 for Kk
indicating that dehydroxgition followed firstorder kinetics. The slope of the linear

fit was proportional to TEa/R, allowing for
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. &ftalculated 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 heatirte.r This indicates that the
dehydroxylation mechanism of kaolin is not significantly influenced by changes in

heating rate.

The values of n<l suggest a diffusicontrolled process, where the removal of
hydroxyl groups is limited by the diffusion of specwithin 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 heatimglitions. The values of

n>1 indicate a nucleation and growtbntrolled process, where the rate of
dehydroxylation is influenced by the formation and growth of new phases (e.g.,
metahalloysite) during the thermal decomposifitii.

70



4.2.2 Effect of Calcination Temperature and Duration on the Structural
Evolution of Kaolin and Halloysite ( 8501100A C )

Figure 4.7 presents the XRD patterns of kaolin samples calciretd/den 850

1100AC for 1.5 hours (a) and 2 hours (b)
metakaolin formation. The absence of kaolinite peaks confirms that kaolin was fully
transformed nt o met akaol in at much | owed t empe
a diffuse halo structure betweenids6 A (2 d) , indicative of al
This amorphous phase is suggested to consist of free silica containing alumina or
silicarrich alumina phass[130]. Howeer, impurities such as muscovite, a potassic

mica mineral oftendund in kaolin, influence phase transformation dynamics by

acting as a fluxing agent, either accelerating or delaying transi&y86] The
muscovite peak (~9A 2d) remains relati ve
gradually diminishesbetween 9409 6 0 A C, di sappearing compl
suggestingtructural decomposition into amorphous aluminosilicates. Quartz peaks,

in contrast, remain unaffected throughout the temperature range, confirming their
thermal stability{66].

As cal cination pr ogrisSs spnel ( -dluminatype) 940AC
crystallization begins, appearing as broad diffrt i on peaks at 37. 4/
66. 94A (2d), corresponding taumihahmtha( 311) ,
cubic structure (Card # 6d16-1445)[131]. This transition suggests that masite
decomposition plays a role in the structural reorganization of metakaolin above
900AC, pr omot i n g-Sitspginel and amorphous sdiaa raidr thak |

mullite [66]. Moreover, prolonged heating (2h vs. 1.5h) does nastaally alter

phase transformation temperatures but does teddcreased crystallinity of the

spinel phase, which could reduce the mat
synthesis. These findings confirm thateeea | ci nat i on (n@ighy0 0 AC) r
crystalline phases, potentially diminishing dissolntiates in alkaline media, which

is crucial for tailoring metakaolin reactivity in zeolite production.
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Figure 4.7. X-ray diffraction (XRD) patrns of kaolin calcined at different
temperatures and duration@) 1.5hour calcination, (b) -hour calcination(Ml:

Mullite, M: Muscovite, Q: Quartz, An: Anatase, Sp=3i Spinel)

Figure 4.8 presents the Xay diffraction (XRD) patterns of halloysite calcined
between 900L 000 AC f or 1.5 hours (a) and 2
transformations beyond the metahalloysite stage. Unlike kaohichwundergoes
more gradual phase transitions during calcination, halloysite exhibits sharper and
more immediate structural ahges, with transformations occurring within a narrow
temperature window. The disappearance of halloysite peaks confirms itsestempl
transformation into metahalloysite, which is characterized by a diffuse halo between
15A and 36A ( 2 ddrphous silicdeluminatphageeSinaldr to kaolin,a m
guartz (Q) remains thermally stable across all calcination temperatures, showing
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)-hdur calcination, (b) -hour calcination(Ml:
Mullite, Q: Quartz, Sp: ABi Spinel)

One of the key differences between kaolin and halloysite calcination is the abrupt

onset of AlSi spinel crystallization in halloysite. In kaolin, spinel formation begins

at 940AC and pr ogr es sxenadedgempedatuee lrange ,for wi t h
phase evolution. However, in halloysite,
but at just 953AC (1.5h), distinct peak:s
corresponding to the (311), (400), and (440) planeswofgaa | u mi-atuminaj. o

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 differencebetween 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 die AlSi spinel phase. This is evident in
Figure 4.8(b), where the -hour calcined samples show sharper and more intense
spinel peaks compared to th&ib-hour counterparts. This indicates that halloysite
not only transitions nte@ 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 tempeeatalso leads to an increase

in free amorphous silica, which can impactfihal 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%il spinelbetween 9261 0 5 0 A C

accompanied by amorphous silica generation, whichdaafluence the dissolution

behavior of the material during zeolite synthddis,61,132,133] The decrease in

available alumina in spingontaining halloysite samples may also alter the

crystallizaton pathways of zeolites, potentially favoring s#meh phases.
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Figure4.9. 2’Al and?°Si MAS NMR spectra of halloysite and its calcined derivatives

(H-900-1.5h and H970-1.5h).

To gain deeper insight intihe structural transformations of aluminum and silicon

during thermal treatemt, solidstate magic angle spinning nuclear magnetic

resonance (MAS NMR) spectroscopy was conducted on halloysite and its calcined

derivatives (H900-1.5h and H970-1.5h), as sbwn in Figure 4.9. The 2°Si MAS

NMR spectra reveah systematic shift in silicon coordination environments with

increasing calcination temperature. Raw halloysitelayspa single resonance at

approximatelyyf9 4 . 2 pp m,

characteri sti

c

of

Qj

three other silicon atomsiar oxygen bridges and one hydroxyl group). Upon
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calcination at 900 ACOQ1t 4&i s pinpewaksitidnine & t s
toward Qoenvironments, which correspond to fully polymerized silicate structures

such as amorphous silica ofi Sl spinel A further downfield shift td 111.4 ppm at

970 AC s ug g eiftSs corinectivity ecansistemt wihi the foation of

highly polymerized silicate phases. These changes indicate progressive silicate
polymerization and restructuring of the Si envir@nt, accompanying

dehydroxylation and amorphization during calcination.

Complementary insights were obtained frétal MAS NMR spectra, which track

changes in aluminum coordination. In uncalcined halloysite, aluminum is present
predominantly in an octahead coordination environment, yielding a peak near

3 . 6 Om@pypical signature for kaolitype clay minerals. Aftecalcination at

900 AC, significant peak broadening occl
26. 5 ppm and 55. 7 pp mdral and tetraleedral Ainsitess,n g t o
respectively. This spectrum suggests the formation of metahalloysite/metakaolin,

where Al coordination begins to rearrange but retains some octahedral character.
Upon further heating to 97O0edAdBplayinglae spec
sharper tetrahedral Al s {intemsity lfeatard nedr 2 3 . 7 p
10. 6 pp may refléci residual octahedral Al within a disordered matrix.

These spectral changes confirm the progressive transformation from odtabedra
pentahedral and finally tetrahedral coordination, a sequence that supports the
formation of Al Si spinel at higer temperatures. Collectively, the NMR data

confirm the thermally driven structural reorganization of both Si and Al,

underpinning the phasevolution critical for subsequent zeolite synthesis.

4.2.2.1 The Effect of Calcination Temperature and Duration on AlSi

Spinel Crystallization

The XRD patterns irFigure 4.10 reveal the evolution of AEi spinel (gamma
alumina type, Card # 0@16-1445) as a function of calcination temperature and
duration in both kaolin and halloysite samples. As the temperature increased from
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900AC to 1100AC, t he dsocintedwithitiieABi spinel t he mai

phase, partidarly 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 thehgeowl
increased crystallinity of this phade .both kaolin and halloysite, the peaks appeared
sharper and more intense with rising temperatures, suggesting a transformation from
an amorphous to a watrystallized AtSi spinel phase. However, slight \a&rons

in the rate of spinel development weteserved, likely due to structural differences

between kaolin and halloysite, with halloysite showing a more gradual increase in
peak intensity.
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Figure 4.10. XRD patterns of kaolin and halloysite calcinad90d1 1 0 0 AC f or
durations of 1.5 hours and 2 hours, showingsA$pinel formation through peaks at

(311), (400), (333), and (440) planes. Panels (a) and (b) represent kaolin samples
calcined for 1.5 hours an2 hours, respectively, at different temparas, while
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panels (c) and (d) represent halloysite samples calcined for 1.5 hours and 2 hours
under similar conditionéMI: Mullite, Q: Quartz).

The duration of calcination significantly influenced the formatad Al-Si spinel.
Comparison of samples caled 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 effastparticularly

notable at higher temperaéis; 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

hal | oysi tebs spi neaderpaecaluarallibothtemperatufeiarald at
duration were critical factors in controlling the degree of spinel crystallization, which
subsequently affected the textural properties of the final product.

(a) Q ——K-950-2h || (b) ———H-950-2h
——K-950-1.5h ——H-950-1.5h

Intensity (arb. u.)
Intensity (arb. u.)
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Figure4ll. XRD patterns comparing kaolin (a)
for 1.5 and 2 hours. Arrows indicate spinel peak intensities at (311), (400), and (440)
planes, highlighting increased crystallizativith extended calcination duration,

especifly pronounced in halloysitéQ:Quartz)

In Figure4.11, the XRD patterns for kaolin (K) and halloysit¢Y cal ci ned at
for 1.5 and 2 hours are compared to examine the effect of calcination duration on the
crystallization of AlSi spinel. Arrows highlight key regions where the spinel peaks

at the (311), (400), and (440) planes become more pronounciu akiration
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increases from 1.5 to 2 hours. The increase in peak intensity suggests that extending
the calciration duration enhances -8l spinel crystallization in both kaolin and
halloysite. In kaolin Figure4.11(a)), the peaks are already visible at 1.5 hours and
become sharper and more intense at 2 hours, indicating further agstail
Similarly, in halloysite (Figure 41(b)), the spinel phase crystallized mao
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
tempeature. 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 rquire careful monitoring of calcination conditions to achieve the desired

material properties.

4.2.2.2 Study of the AIl-Si Spinel Crystallization by In Situ SRXRD

(b) =920 °C|
925 °C

(a)

Intensity (arb. w.)
Intensity (arb. u.)

Figure4.12. In situ SRXRD patterns fokaolin (a) and halloysite (b) during high
temperature calcination at 94 0 A C, h i g®i lspingl Hormatioy as A |
broad, emerging peak aroundi657 . 5A (2d) .

The in situ synclatron X-ray diffraction (SRXRD) analysis provided insights into

the thernal transformation mechanisms of kaolin and halloysite during-high

78



temperature calcination, highlighting-8li spinel formation as a key intermediate

phase. Understanding this evotutiwas essential for controlling the properties of

calcined clays and optiizing their reactivity in subsequent hydrothermal processes.
Figure4.12 displays the SRXRD patterns of kaolin (Figure £(a)) and hallogite

(Figure 4.22(b)) during hightemperature calcination at temperatures ranging from
900AC to 940AC. The broad, emerging peak,
formation and growth of the A$i spinel phase in both materials. The broad nature

of this peak sggested 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 arourié66. 5A (2d) corresp
the (440 plane ofAl-Si spinel (gammalumina type, Card # 0816-1445) emerged

as the temperature increased, indicating the decomposition of metakaolin and the
reorganizat on of Al and Si atoms into the spin
diffuse nature indicated &h the spinel formed in a disordered or microcrystalline

state, with limited longange order. The slight increase in peak intensity, highlighted

by the arows, pointed to a kinetically controlled evolution, where the crystallinity

and ordering of the sp@thphase gradually improved with increasing temperature.

4.3  Zeolites from Overcalcined Clays Structural and Textural

Characterization

Figure4.13displays the exsitu SRXRD patterns of zeolites synthesized from kaolin

and halloysite calcined at different temperatures and duratioRgyure4.13(a), the
kaolin-derivedzeoti es cal cined for 1.5 hours show
formed (Card #09094857), while at 980AC-03ure ze

0240) is obtained. At the intermediate t
and 13X phases is presefigure4.13(b) shows that with-hour calcination, higher
temperatures (e.g., 960AC) f avkile AI-Sit he f or

spinel becomes more prominent as kaolin calcination conditions intensify. Exgend

the calcination duration of kaolin from
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from a mixture of 4A and 13X to pure 13X, demonstrating that both tetopend

duration of kaolin calcination influence the resulting zeolite phases.

The presencef both LTA (4A) and FAU (13X) at 950
guestion of whether these phases coexist independently or undergo a transformation
process overite. To investigate this, extended reactiiome experiments for X-
950-1.5h were conductedracking phase evolution using-eku XRD analysis

Figure 4.14 reveas 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 proment, 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 begarcmestallizing into NaP, indicating a secorstage
interzeolite transformation. This recrystallization step aligns with studies on zeolite
stability, wherelonger reaction durations lead to further restructuring into more

thermodynamically stable phagé84].

Although hydrothermal synthesis is often considered a homogeneous process, it is
increasingly recgnized that even the most compositionally uniform precursor gels
exhibit microenvironmental heterogeneiti{@85,136] These heterogeneities were
suggested to influence zeolite crystallization mechanisms, emphasizing the role of
localized Si/Al variations in directing phase nucleation and grdg®df]. Spatial
variations in Al and Si distribution create localized domains that influence nucleation
preferences, meaning that even within a w@hed system, certain zones become
Al-rich, while others remain Sich, 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 13Xnfig in regions with lower
alumina content due to localized-&li variations, resulting in their formation in
distinct regions rather than as a singlease system. As the reaction progresses and

reactants become depleted, this process is no longer |adalmenpetition
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intensifies, and 13X growth increasingly suppresses 4A formation, leading to an

interzeolite transformation rather than their coexist¢h8s,139]
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Figure 4.13. Ex-situ SRXRD patterns of zeolites synthesized from kaolin and
halloysite at different calcination conditions (A: Zeolite 4A, X: Zeolite 13X, Q:
Quartz).

For halloysitederived zeolites irigure4.13(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 132gritrast to the
kaolin-derived samples. This finding aligns witbrior observations that the
crystallization of AiSi 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 alstenixture 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.
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Figure4.14. XRD patterns of ZK-950-1.5h synthesized with 4 hours of aging and

subjected to varying

_A_)LJ\AL.WJ\_JLMLLM
10 Y S W ) W W
Af\ifij S s

react.i

on

— 120h

—72h
42h
—— 16h
gh
2h
—— 1.5h
1h
0.5h

ti

me s

shown over reaction durations from 0.5 hours to 120 hours, illustratngrédual
phase changes. LTA (4And FAU (13X) are initially present, with 4A diminishing

at

100.



——Z-K-960-2h
——ZK-950-2h

over time while 13X becomes more dominant.
——— ZK-945-2h

(@) o501
] "\J . n ‘ —7K-040-2n
L Ty n

,...\
=3
—

)
AW T I\
"LJ'\'_L/A“\M | v

1
Laoo o " e
bl S Aed Mg L b WL A\,

.'\N | -"I il I‘I" b
VY WLM] "‘”\\f‘.., ,\)nu|!-! J"‘“\,_Nl \J-Jw\”\f\;"'\,-‘ ‘_ ‘ﬁ,,;.fu'\.

Intensity (arb. u.)
Intensity (arb. u.)

55 5 0 33 40 43 5 55
28 (7) 28 ()
-H-970-1.5]

@] \
_lm}. NJLMfJ‘Unlw(U\M J‘i}k I|| '}L‘, " ju :_ Jl

" ka-\j\J Y ot \_’lll‘.'

(e)]

J|} i
il M i | ;
M v W J\\MJLJJL " Jull v'r\r”\""“h»"w"‘\'}\f Ji‘r

Intensity (arb, w.)
Intensity (b, u.)

50 55 60 65 70 35 40 45 50 55
28(%) 28 (9

Figure 4.15. XRD patterns of zeolites inthe B0 A r an g e -Seshinelwi ng Al
presence indicated with aws.

The presence of ABi spinel phases in the zeolite products synthesized from
thermally treated kaolin and halloysite was confirmed through XRD analysis, as
presented irFigure 4.15. In particular, the XRD pattern of-K-980-1.5 (Figure
415@) display distinct broadi70Aef Iwdg tciho mg e
characteristic of AlSi spinel structures. Similar reflections were observethén
halloysitederived zeolites, specially in ZH-970-1.5 (Figure4.15(¢)), suggesting

the persistence of spinel phase the zeolite These features become more
pronounced with increasing temperature and reaction time, as sh@aneis(b)
and(d), wheae extendedalcinationdurationsand elevated thermal treatmeatghe
clayscontribute to bettedefined spinel signatures the synthesized zeolite§he
presence of AISi spinel is significant because it forms as an intermediate phase

during calcinabn and plays a crucial role in t#emining the reactivity of the
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resulting metamaterials. Its persistence in the final zeolite products indicates
incomplete dissolution of the calcined precursor or possible encapsulation within the
zeolite matrix. Theséindings support the notion thaglcination 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
charactestics associated with phase conipos, crystallinity, and synthesis
conditions Figure 4.16). In the sample containing pure zeolite 4AH2452h,
well-defined cubic crystals were present, reflecting the typical morphology of zeolite
4A. Theseabi ¢ particles generally ranged from 1
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-9402h and 2ZK-9501.5h suggesting intereolite phase changes. This
morphological shift was characterized by the exfoliation and rounding of cubic
edges, signaling the itral stages of transformation from zeolite 4A to 13X. In
contrast, samples primarily consistiofjzeolite 13X, such as-K-980-1.5h and Z
H-970-1.5h, displayed wellormed octahedral structures typical of zeolite 13X with
particle sizes aroundi3 & me octahledral crystals appeared sharp and intact,
reflecting a high degree of crystallinity andagle purity in samples subjected to
higher temperatures or prolonged calcination. The presence of these octahedral
forms indicated the complete transformatioant zeolite 4A to 13X, which was
achieved under optimized synthesis conditions. Additionallyloysite-derived
samples exhibited more dynamic morphological changes under similar calcination
conditions. These samples showed a rapid transition from cubatdhedral forms

with signs of surface deterioration, as observed-i-2551.5h and ZH-950-2h.

SEM images of both kaokmnd halloysitederived samples consistently showed that

the transition from zeolite 4A to 13X was accompanied by surface irrdgada
exfoliated layers, and partially degraded edges, indicating the intermediate stages of

phase transformation.
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Figure4.16. Scanning Electron Microscopy (SEM) images of synthesized zeolites
derived fom kaolin (a) Z2K-950-1.5h, (b) ZK-980-1.5h, (c) 2K-940-2h, (d) ZK-
945-2h, (e) ZK-950-2h, andhalloysite (f) ZH-955-1.5h, (g) ZH-970-1.5h, (h) 2
H-945-2h, (i) Z-H-950-2h.

Figure4.17 shows the IRadsorptiordesorption isotherms of the synthesized zeolite
samples, revealing distinct porous characteristissociated with microporosity,
mesoporosity, and phase compositibhese characteristics were further analyzed

in conjunction withTable4.2.
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illustrating microporous and mesoporous characteristics.

In Figure4.17(a), the isotherm of K-950-1.5h reveals a classic Type | curve,

showing a microporous structure with no hysteresismiodst surface area of 130

m] /g

consistent with its 13>§pinel phase. This sample, with a larger external surface area

0.

of 116

profile, aligning with the benefits observed in similar structures for atisorp

and mi

m|] /g

applications[140].

cropor e

and

mesopor e
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alongside some 13X18%). In contrast, ZK-980-1.5h displays a Type IV(a)
isotherm with an H3 hysteresis loop, characteristic of mesoporoustugs,
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Table4.2. Textural properties of the synthesized zeolites.

Srotal Sext Swlicro V Total VMeso  VMicro XRD phases and

Sample 21 \a 21 \b 2 \b zeolite
(m?gy (m¥g)> (m?%g)> (cc/g (cclgf (cclgp quantification
(%)

4A, 87

Z-K-950-1.5h 130 56 74 0.05 0.02 0.03 13X, 13
Z-K-980-1.5h 141 116 25 0.06 0.04 0.02 13X, 100

4A, 35

Z-K-945-2h 426 124 302 0.20 0.05 0.15 13X, 65

4A, 18

Z-K-950-2h 598 96 502 0.24 0.04 0.20 13X, &
Z-K-960-2h 573 140 433 0.23 0.06 0.17 13X, 100
Z-H-9551.5h 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, 1®

a Multipoint BET
b tMethod

¢ Estimated by subtracting Vmicro from total pore volume

Figure 4.7(b) covers several samples, each with unique mritesoporous features.

Z-K-9452h, for instance, displays a Type IV(a) isotherm with a slight H4 hysteresi

loop, suggesting the presence of-shiaped mesopores. This sample has a balanced
microomesoporous t ruct ure with a substantial surf
composition of35% zeolite 4A and65% zeolite 13X. ZK-950-2h, nearly fully

converted tal3X (98%), shows a Type IV(a) isotherm with an H4 loop, marking
well-developed mesoporosity alongsidignificant micropore volume (0.20 cc/g).
Meanwhile, ZK-9602 hos Type |1 V(a) i sotherm with a

interconnected mesoporous netwakidenced by its high total surface area of 573
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reaction conditions proved challenging. Unlike kaolin, halloysitels to favor pure

phase FAU (13X) rather than coexisting LTA and FAU, further detnatirsg how
precursor properties influence phase competition and zeolite synthesis outcomes.
Nevertheless, mesoporosity development in halloyleteved zeolites is stil
strongly dependent on calcination conditions. For example, increasing the
calcination temperatur e by -H-95%1s5h to 1ZB-70-1.50)f r o m
significantly enhances mesoporosity, suggesting that structural modifications during
calcination influenceore development. This subtle adjustment provides a targeted
approach to tailoring posity and surface properties depending on the clay precursor

and the desired zeolitic structure.

4.4 Conclusion

This chapter provides a comprehensive investigation into tleet® of high
temperature calcination on the structural evolution of kaolin andyiséko with a
specific focus on the crystallization of-&l spinel and its role in directing zeolite
formation and porosity development. By employing a combination o$itin
synchrotron Xray diffraction (SRXRD), exsitu XRD, thermal analysis, nitrogen
adsorptiordesorption (BET), and scanning electron microscopy (SEM), we
systematically evaluated the phase transformations, crystallinity, and porosity of the

resulting zolites.

The results confirm that calcination temperature and duration significafitlgnce

the phase composition of the clays, with spinel crystallization emerging as a critical
factor in phase selection during zeolite synthesis. Kai#ved precuiss exhibit

a progressive transformation pathway, forming LTA (4A) at lower calcimatio
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.
Halloysitederived precursors, in contrast, undergo a more abrupt phase transition,
favoring the formation of distinct singlehase products (either 4A or 13X) rather

than mixedphase zeolites. This suggests that microstructural and compositional
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differences btween kaolin and halloysite influence their response to calcination and

subsequent fgrothermal synthesis.

Extended reactictime experiments provided further insights into phase competition
and interzeolite transformation (IZT). At early reaction stag@sand 13X nucleate
separately in localized regions, appearing to coexist. Howew#r, imcreasing
reaction time, 4A diminishes while 13X grows, indicating a competitive
transformation rather than static coexistence. Eventually, 13X undergoes further
reaystallization into NaP, highlighting a seconstage IZT process. These findings
align with established crystallization mechanisms where zeolite formation is
influenced by microenvironmental heterogeneities, with localizedchl and Si

rich zones pref@ntially favoring different zeolite phases.

This chapter establishes a direct corielabetween precursor phase composition,
zeolite crystallization pathways, and final material properties, offering a refined
understanding of how calcination conditiorendoe optimized for tailored zeolite
synthesis. The presence of-8i spinel plays auhl role in this process, extending
beyond phase selection to enhancing mesoporosity infichisamples. The ability

to directly synthesize lowilica FAU (13X) from hidp-temperaturecalcined clays
without additional silica reagents presents a sustairafilescalable approach for
producing higksurfacearea, micremesoporous zeolitic materials. These findings
have important implications for industrial applications, paitirly in adsorption,
catalysis, and CEcapture, where precise control over zeglitase composition and

porosity is essential.

Building on these results, the next stage of this research investigates an alternative
approach to calcinati@dnone that harreses concentrated solar energy as a
sustainable thermal treatment method. By shifting from conventional fubzees
calcination to soladriven processing, the goal is to explore how solar energy can
effectively drive the structural transformations ofyd 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.

92



CHAPTER 5

SOLARIZAT ION OF THE ZEOLITE PRODUCTION

The transition to soladriven calcination for zeolite production offers an
environmentally sustainable alternative to conventional thermal treatments. This
chapter explores the feasibility of usingncentratedgolar technology (CST) and
solar simulator calcination for processing kaolin and halloysite. The study focuses
on evaluating the calcination process, characterizing the resultingctagsa 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 conditianiafge scale implementan.

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 eyeriments were performedt DLR, CologneGermany. The facility is
equipped with three rotary kilns designed to operate under-t@igperature
conditions(Figure5.1). To evaluate the interaction between clays and kiln materials,
initial trials were perfomed using crucibles made of alumina R&§), into which
strips of three different kiln materiéissteel (1.4828, 1:13% Ni, 1921% Cr), steel
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Inconel (2.4816, 72% Ni,417% Cr, 610% Fe), and SiSiC (Siliconized Silicon
Carbidep were dipped. These crucilevere filled with kaolin, halloysite, and an

alkaline mixture consisting of feldspar, RGOf, and Al(OH} (Figure5.2).
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L=65cm, D=62cm, V~2L L=1m,D=53cm, V~5L L=1m,D=65cm, V~7L

Figure5.1. Rotary kilns (a) Steel (b) Steel Inconel, an) SiSiC.

The samples were heated in a muffle furnace
kaolin and halloysite calcined at 850AC, wh
900AC f or-experirbentlanalysR was ttonducted using XRD, SHDX,

ICP, and XRF to detect potential material interactions, contamination, or phase

changes.

The trids aimed to determine the most suitable kiln material for prolonged
calcination applications and assess whether fusion or calcination was the optimal
approach dr producing reactive mefzhases. The findings from these experiments
guided the selection ofilk 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:

T Steel (1.4828, 1-13% Ni, 1921% Cr): A widely used hightemperature

alloy.

i1 Steel Inconel (2.4816, 72% Ni, 247% Cr, 6-10% Fe): Resistant to high

temperature oxidation and corrosion.

1 SiSIC (Siliconized Silcon Carbide): A ceramic material with high thermal

resistance.
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Figure5.2. Images of materials and dipping substrates used in the study. (a) Alkaline
mix, (b) Kaolin, and (c) Halloysite. For each row, fréeft 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
opportunitiedor solardriven zeolite synthesis.

The primary challenge encountered during the fusion of the alkaline mixture (sodium
feldspar, sodium carbonate, and aluminum hydroxide) was solidificéfigare
5.3). This phenomenon, while pgcted due to the presence of carbonates, is

particularly problematic for rotary kilns. In a continuous rotary kiln system, the
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fusion product would solidify at thimlet, making it difficult to maintain a steady

flow of materials and requiring frequentdalaborintensive removal.

( d) Sodium Aluminum Silicate % —— Feldspar-SiSiC-900/1

1 * Sodium Catena Silicate * —— Feldspar-SI-900/1
- | — Feldspar-S-900/1
* * * X —— F-900 fusion/1
| . . . =

Intensity (arb. u.)
o
b

2 Theta (deg)

Figure5.3. Fusion of the alkaline mix in crucibles containing different kiln materials
(a) steel, (b) stedhconel, 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, includdignso

aluminum silicate and sodium catena silicate.

In addition to solidification, the presemof a greenish discoloration around steel and
steel inconel strips after fusion trials raised concerns about potential contamination.
Subsequent elemental anafy¢iable 5.1), SEM-BSE imaging and SEMEDX
analysesKigure5.4 andFigure5.5) confirmed the presence of chromium leaching

from the steebased kiln materials intdhé zeolite precursor. This contamination
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poses a significant issue, as the purity of zeolite mategalsitical for their

functionality in applications such as catalysis and adsorption.

Table5.1. Elementatomposition of fusion products analyzed by {OES and ICP

MS.

Elemental Elements Feldspar- Feldspar-Steel | Feldspar-Steel
Analysis 900(control) Inconel
Method
Na (%) 26. 6 N0 26. 4N0 26. 7N0
Si (%) 14. 1NO 13.8N0O 14. 0NO
ICP-OES Al (%) 10. 7NO 10. 9NO 11. 4N0
Fe (ppm) 130N10 191N6 114N10
Cr (ppm) - 51N3 241N6
ICP-MS Pb (ppm) 1. 6K 1. 31K 1. 4N0.
Mn (ppm) 1. 7N 2. 3N0 4. 7N0.

XRD analysis of the alkaline fusion mixtufieigure5.3 (d)) revealed no unexpected
phases, with only the anticipated phases observed, similar to the results obtained
from calcined kolin and halloysit€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 viabeST-

based zeolite synthesis.
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SEM BSE-SEM EDX

Figure5.4. SEM and BSESEM images along with EDX results from two different
locations in the fusion product of the alkaline mix in crucible containing steel kiln

material.

SEM BSE-SEM EDX

Figure5.5. SEM and BSESEM 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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Figure56. XRD patterns of kaolin samples calc

different kiln materials: SiSiC, Si, and steel, compared to the control sample
(Kaoline-850).

Given these findings, the focus shiftedckesively b the calcination process.
Calcination trials with kaolin and halloysite demonstrated that CST could
successfully produce metarms of these clays without introducing impurities or
causing structural alterations. This method proved to be macéqal anl 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, calcinati@merged as feasible and

efficient approach for CSbased zeolite production. This shift in focus lays the
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groundwork for further exploration of soldriven calcination techniques for

industriatscale zeolite synthesis.

5.2 Solar Simulator Calcinations

Sola-driven cdcination is an emerging technique for sustainable material
processing, offering a lowarbon alternative to conventional furndmesed
methods. In the context of kaolin and halloysite activation, solar calcination provides
a pathway to phaseamsformatios critical for zeolite synthesis while reducing

energy consumption and G@missions.

Compared to traditional thermal treatment, solar calcination operates under
concentrated solar irradiation, which can result in unique heating profiles and
reaction dynanics. 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 star-simulaed calcination trials.

5.2.1 Temperature Profiles

Figure5.7 shows the temperature profile of the test named-R6Cwith the rotary

kiln, where the envisioned temperature was
reactor was heated gfepwise, staiihg with 1 lamp and adding another lamp every

10 min. It can be seen that the initial temperatures inside the reactor were about 50

AC, being a result of heat stored from the
lamps were turned on, éntemperaturest dhe 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 desi d 8 5 0 3. Aft@rward, ond |&@np was shut

down to stay as close as possible to this temperature. During calcination, TC3

temperature slightly deviated from 850 AC
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average TC3 temper at ureguiredftemperate leveCall Af t er
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) r eac h eRest @thenmesmperatsu m v al

profiles are given in appendices.
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Figure 5.7. Solar calcination temperature profile of K860. The envisioned

temperature was 850 AC at TC3. The t her m;

Since the bedemperature (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 import
higher ttan the outer steice of the crucible (TC3), which was used as the reference

for the tests. Furthermore, a temperature drop was seen in the range®f580 A C,

which was in line with the endothermic dehydroxylation reaction temperature of

kaolin occurringn the range o507 0 0 [142T

The unique behavior of TC8 showing the dehydroxylatioroperando washée
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 temperaiaivés (
3.2). These temperatures were taken as reference values during the performance of

conventional experiments. Rest of the temperature profiles are giappemdices.

5.2.2 Characterization of the Meta Forms

Figure5.8 shows the scanning electron micrographs of the kaolin and metakaolins.

The stacked layered drbooklet morphology of kaolinite aggregates in kaolin was

observed inFigure 5.8(a). As calcination progressed, the lamellar structure of

kaolinite tuned into highly disordered metakaolin with a sHaet morphology

(Figure5.8(bi f)). The micrographs show the randomly oriented amorpplatiss of
metakaolin with particle size fractions bet
consistent and comparable with the literatji®, 143] Mullite, which is generally

identified by its very characteristic needilee microstructure, was not observed

even at the highest c a [144i. mhede iresuits ateenmp er at ur €
agreement with the reported data indicating that although there is no general

agreement on the phase transformation route of kaolinite to mullite, crystalline

mullite for ms at temperatures higher than 1000 AC
current study66].

The XRD patterns of the metakaoligure5.9(a) showed the diffuse halo structure

bet ween 15 and 36A (2d) corr ememkaolidi ng to th
which was suggested to be composed of free silica containing alumitiaasrish

alumina phasef 30]. The absence of kaolinite peaks indicated thatkiaolin was

fully transformed into metakaolin. The intensity of the muscovite peak did not

change significantly up to 860 AC but starte
to940and® 0 AC. At 980 AC, the musdowd te peak
5.9(c). The quartz peaks did not show any changes in intensity with increasing

caldnation temperatureFigure 5.9(d). These results suggest that muscovite

decomposed &iigh temperatures without any decomposition of quartz as ingsurit

Further more, as the calcination temperature

102



(HalderWagner crystallite size of 4.04 nm) ofiAi spinel (gammalumina type)

started to form (markeds GA inFigure5.9b ) , appearing at 37. 4
66. 94A, that matches with (311), (400) a
cubic structure (Card # 62116-1445), respectivelj131]. These results indicate that

there is an influence of muscovite on the structural reorganization of metakaolin
above 900 AC, | e adiSnhsginelfFigureb.dtbpandamorphaus i on o f
silica, without the formation of mullite. Thisainsition was not as significant until

940 AC, suggesting the final reactivity
metakaolin samples calcined above this temperature. These results are rdonsiste

with literature stating that muscovite in kaolin can modifg decomposition of

kaolinite and delay the formation of mulli&6].

Figure5.8. SEM images of kaolin (a), KS40 (b), KSG800 (c), KSE860 (d),
KSC-940 (e), and KS@60 (f).
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Figure5.9. XRD patterns of metakaolins (a) and zoonriedegions to show AISi
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 indecativ

amorphous metahalloysite, composed of free silica interspersed with alumina or
silica-alumina phasefigure5.10(a). Calcined halloysites were fully transformed

into metahalloysites, as evidenced by the lddkatioysite peaks. Quartz peaks were

present in al/l patt er n sSisphél (g8nm@lum&, nanocry
typelbegan to form, indicated bRigurgh20bk s at 37. 4
Thesepeaks correspond to the (311), (400), and (440) planes of gatoméana,

respectively, with a Haldeagner crystallite size of 4.4 nmhe formation of Al

Si spinel occurs in tin®50e ALer atcwcroanpraan ga d
generation of amormus silica, potentially increasing the Si/Al ratio in

metahallgsite As metahalloysite breaks down at high temperatures, the resulting

crystalline AISi spinel would reduce the accessible alumina content.
Simultaneously, liberated amorphous silica migéitve as a silica source during

zeolite synthesis nucleation.
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Figure 5.10. (a) XRD patterns of metahalloysiteend (b) an enlarged view
highlighting the formation of AlSi spinel (GA: gamma alumina (/i spnel), Q:
Quartz).

The FTIR spectrum of the kaolin is shown Rkigure 5.11(a). The characteristic
absorption bands of kaolinite were located between 3500 and 3750 wehich
correspond to the stretching frequescad OH groupg145]. Four distinct bands
were observed at 3687, 3670, 3650, and 3620 eicaing an ordered structure

of kaolinite[146]. This result supports the high Hinckley index value calculated from
the XRD patern in Figure 4.1(b). The OH deformation bands of kaolinite were
detected at 938 and 913 cnas well as minor bands fori®) at 1115, 794, and 684
cm'! [147]. The peaks at 1025 and 1000'érwere assigned to the stretching
vibration of the external and-plane Si O groups, while the signals at 793 and 752

cm' t were assigned as symmetric vibrations 6{%iSi bondg148].
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Figure5.11. FT-IR spectra of kaolin (a) and solar calcined kaolins (b).

In the FFIR spectra of the solar calcined kaolin samples presentgdure5.11(b),

the absence of OH groups between 3500 and 3750 aronfirmed he
dehydroxylation of kaolinite into a reactive amorphous phase through calcination.
The major peak around 1075 Cnwas assigned to the antisymmetric stretching
mode of SiOi Al, and its absorptio intensity increased with increasing calcination
temperatue. This suggests the formation of amorphous silica, and the bandwidth
expansion is attributed to the higher variation of energy in th@iSi bonds. The
shoulder of the band around 1205 émasassigned to the antisymmetric stretching
mode of SiOi Si of (SiOs) tetrahedra. As the calcination temperature increased and
AlT Si spinel formation occurred, this shoulder became more prominent. The peak
around 800 cht was assigned to AD bond stretchingf (AlO4) tetrahedra and it

had two features located at 882d 724 ct. The peak around 559 &mwas
assigned to AlO bond stretching of (Al§) octahedra and the bending mode of
(SiOy) tetrahedra can be observed at 456'cwmith the intensities of botincreasing

as the calcination temperature increased. Theepee of Al atoms occupying both

the tetrahedral and octahedral sites as the calcination temperature increases, as shown

by Ptg8|l ek et al. i s anot hiéSrspinephdsdiel®.t i on
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53 Solar Zeolites

The morphology of the zeolite products synthesized from -salamed kaolin at

different temperatures was shown kigure 5.12. The SEM micrographsf the
zeolites synthesized from khRguile318(a, b,al ci ne
c)) showed the formatio of cubic crystals with smooth sades, with an
approxi mate size of 2 em, apsD]. Howewar,act er i :
asthesolac al ci nati on temperature increased ta
13X was formed with smaller particle sizBiqure 5.12(d)). For the ZKSC-940

sample, cubic crystals of zeolite 4A in d were observed taldfermed with
deteriorated sharp cubic edges. At a so
octahedral crystalline form of zeolite 13X was observed in the SEM image for Z
KSC-960 indicating @omplete transformation of 4A to 13Kigure5.12(e)) [151].

The particle size of the-KSC-960 wasestimated to be aroundd ¢ m, whi ch we
in good agreement with the literaty6d]. Finally, at asolar calcination temperature

of 9 8FuredS.C2f)), no zeolitic structures were observed, and large chunks of
unreacted debris were visible in the SEM image indicating synthesis failure.

Figure5.13 showcases the crystal morphology of the synthesized zeolites. The SEM

i mages for zeolites synthesized from hal |
A CFig(rre5.13 (a, b, ¢) illustrate the development of cubic crystals with smooth
exteriors, each measuring roughly 2 &em &
LTA (Linde Type A)structure. For the sample labeledHBC-870 (igure5.13(d)),

there was an evident presence of a combination of zeolite types 4A and 13X,
corroboratig the findings from XRD analysis. The cubic crystals of zeolite 4A
appeared to be exfoliated, which may account for the reduced crystallinity
percentage deducerbfn the XRD results. Furthermore, the SEM images for the Z

HSG-890 and 1000 sampleBigure5.13(e and j) reveal the octahedral crystalline

form of zeolite 13X. The estimated particle size of the product is ajppatedy 2

em, wi t h zeohtecrystalsraggeeghating into conglomerates.
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Figure5.12. SEM images of ZKSC-740 (a), ZKSC-800 (b), ZKSC-860 (c), £
KSC-940 (d), ZKSC-960 (e), and ZKSC-980 (f).

The XRD patterns of the zeolite products synthesized from sali@ined kaolin are
shown inFigure5.14. The products synthesized from kaolin caldira¢ 740, 800,
and 860 AC rqealtyzeolitedh productsiith avér 94% crystallinity
and quartz as the only impurity, present at a level below 5 wt%. Interestingly, the
guality of the zeolites synthesized from fully metakaolin samples @atahthese
temperatures was found to be almost identical. Thesenfisduggest that good
guality zeolite 4A can be synthesized from metakaolins obtained from a wide range

of calcination temperatures using solar reactors.

As the solar calcinationtempérair e i ncreased to 940 AC, a mi x
zeolite 13X wasbtained for ZKSC-940, which correlated well with SEM results.

The quantitative phase analysis (QPA) conducted by WPPF method is shown in
Figure5.15(a). Accordingly, the mixture consisted of 59 wt% zeolite 13X di

wt% zeolite 4A using KS@40 as a precursor material for the synthesis.

Interestingly, a further increase in calcinan t emperature to 960 AC
zeolite 13X with no zeolite 4A formation. The QPA analysis also showed that an

additional increse in calcination temperature led to a complete transformation of 4A
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to 13X phase. The evolution of percent crystalliviues showed a similar trend
with QPA analysis results, indicating wellystallized zeolite 4A product®94%)
for Z-KSC-740, 800 and 860 samples, and pure zeolite 13XKSZ-960)
transformed from zeolite 4A witD91.4% crystallinity Figure5.15(b)). For the Z
KSC-940 sample, obtained percent crystallinity valuesevé®.4% for zeolite 13X
and 56.6% for zeolite 4A, which were very low compared toother synthesized

samples.

Figure5.13. SEM images of (a) HSCG-700, (b) ZHSCG820, (c) ZHSCG-850, (d) £
HSG870, (e) ZHSCG-890, (f) ZHSCG-1000.
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Figure 5.14. XRD patterns of the synthesized zeolites -K3C-
740/800/860/940/960/980 (X: Zeolite 13X, A: Zeolite 4A, Q: Quartz).
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Figure5.15. Weight fractional (a) and percetrystallinity changes of zeolite phases
as a function of calcination.

Crystallite sizes calculated using Hald&@agner method for the blend sample ef Z
KSC-940 were 41.3 nm for zeolite 4A and 44.1 nm for zedl8X. These values
were lower than those obsed in pure zeolite samples, such as zeolite 4K&L-
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740/800/860) and zeolite 13X samplesK&C-960), which had average crystallite
sizes of 49.1 and 46.4 nm respectively. The coexistence of zeolites 13M\and

the product obt adattribatedt toalifferedt AauleathoB and erystal b e
growth mechanisms. In such cases, nucleation takes place inside the gel followed by
crystal growth for LTA, while nucleation begins on the exterior surface anthlsrys
grow by consuming the amorphous matefia FAU at increased calcination
temperature§l 35]. The calculated decrease in crystallite size for the blend sample
obtained at Bedndicativ€of competitian!bstveeen 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 firgtne.

Murat et al. investigated zeolite synthesis from two kaolinite samples calcined at a
temperature range of 6001 00 AC di ffering in their
crystallinity with some muscovite conterfl52]. The study found that the
transformation of zeolite A to zeolite P, which is a thermodynamically more stable
version of zeolite 13X, occurred only
However, a mixture of Zeolite A and zeolite P was not iole in the same study.

In addition to the muscovite presence promoting the formation of zeolite P, free
amorphous silica formation with ASi spinel formation happening at 9250 50 AC
was also suggested to be the main reason for the zeolite P formatiazhert
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.

Figure5.16(a) displays the XRD patterns of the zeolite products synthesized from
halloysite calcined using solar energy. The products obtained from halloysite
calcined at 700 A clded 8ighqualitk Geolite A grod&ts 0 A C
(Card # 04009-4857) 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 umifquality, indicating that
high-quality zeolite 4A can be effagely synthesized from metahalloysites
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produced across a broad spectrum of calcination temperatures when utilizing solar
reactors. Wi th the solar cal cndofzeblieon t emper
4A and zeolite 13X (Card # €088 0240) was prodwed. Notably, an increment in

the calcination temperature led to a predominant formation of zeolite 13X, virtually

eliminating the presence of zeolite 4A.

Figure5.16(b) illustrates that the blend sampleHSCG-870 lacked any discernible
diffraction patterns attributable to Ai spinel, in contrast to theamples HSCG

890 and ZHSGC-1000, which are composed purely of zeolite 13X and exhibit a
pronounced spinel structure. Notably, the intensity of the spinel feascatated
with increasing calcination temperature, implying the incorporation of spinel
structures within the 13X zeolite matricelSigure 5.17 conducts a comparative
analysis between the solealcined halloysit@recursors and their resaittt zeolite
synthesis products. This comparison shows that the spinel content within the
precursor of the blend sample H8Z0 was likely consumed during the zeolite
synthesis process, as evidenced by the absence of spinelirstrpebks in the
synthesizd material. Conversely, in the diffraction pattern efi3C-890, the (400)
plane of the spinel was distinctly observable, though with diminished visibility of
other crystallographic planes, whereasiH&C-1000, all characteristpeaks of the
spinel strature were preserved, highlighting the differential impact of calcination

temperature on the spinel phase retention within the synthesized zeolites.
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Figure5.16. (a) XRD pattern®f the synthesized zeolitesid (b) an enlarged view
highlighting the presence of /i spinel (GA: gamma alumina (Ai spinel)) in the

zeolites.
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Figure 5.17. XRD patterns of the precursor metahalloysisesl the synthesized
zeoltes from them at calcination temperature

show AFSi spinel presence in the zeolites.

Reflecting on the synthesis using setaicined kaolin, both studies indicate that
high-quality zeolite A can be produced acrossbmoad range of calcination
temperatures using solar reactors. The halloytéred zeolites tend to have
slightly higher crystallinity percentages compared to those derived from kaolin. An
increase in calcination temperaturads to a transition from aéte 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 higduality zeolites using solar ahation, with specific

temperature thresholds guiding the resultant zeolite type and quality.
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Figure5.18. TEM images of (a) and (b)-ASC-890 sample consisted of zeoliteXL3
andAl-Si spinel, (c) high magfication TEM image of AlSi 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 HHSG-890 sample are presentin Figure5.18. The TEM image
(Figure 5.18(a)) displayed zeolite 13X crystals predominantly exhibiting a -well
defined octahedral morphology, confirming the SEM imagedicative of their
crystalline nature. The edges of the crystappear 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 thenpeesf a
secondary phase such as spinéliggre 5.18(b)). These inclusions were
distinguishable by their different sizes, appearing as agglomerated nanoclusters,
which have different orientations as fringes visiloli high magnification Figure
5.18(c)). Accompanying SAED (Selected Area Electron Diffraction) patteigufe
5.18(d)) revealed diffused rings arranged in a specifimgetoic pattern, confirming

the nanocrystalline nature of the spinel.
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Figure5.19. The N> adsorptiondesorption isotherms of (ayASC samples and (b)
Z-KSC samples.

The effect of AISi spinel was also obsexd in the textural characteristics of the
zeolites. Figure 5.19 shows the N adsorptiordesorption isotherms of the
synthesized zeolites. It's important to acknowledge that the presencé cdtidas

within the wit cell of zeolite LTA is known to restii access to the zeolite's
micropores for M moleculeg153]. Consequently, when assessing zeolite 4A using
N2 physisorption, one can anticipate findingarkedly low values for both the
specific surface area and micropore voluph®4]. Therefore, the Nadsorption
desorption isotherms for the samplesl&C-820, ZKSC-740, ZKSC-800, and Z
KSC-860, which consisted solely of pure zeolite 4A, were presented purely for
illustrative purposes. All the other samplekibited a very sharp initial rise in the
guantity ofN> adsorbed at relative pressures below 0.05, Ri@icative of micropore
filling. Blend samples ZHSC-870 and ZKSC-940 exhibited characteristic Type I(b)
isotherm which was observed in materials tfeatture a wider range of pore sizes,
encompassing larger micropores and potentially small mesopores (less than
approximately 2.5 nm)L55]. Z-HSCG890 sample which had small amount of&il

spinel deviated from Type I(b) isotherm at high pressure range with a hysteresis.
This type of hysteresis is called H4, and the adsorption branchreesents a
combination of Types | and isotherms, with the significant absorption at low
relative pressures (RJPlinked to micropore filling. H4 hysteresis loops are

commonly observed in materials such as aggregated zeolite crystals, certain
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mesopoous zeolites, and micnmesoporous carbastructureg155]. As the AlSi

spinel crystallization became dominant in sampled$SC-1000 and 2K-960, the

type of isotherma turned into Type 1V(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 c&idlag H3(b),
similar to samples as mentied earlier showing an inflection point RIF0.87 and
closure at P/fD 0.5[141]. The proposed hysteresis type is efiegi applicable to

the ZHSCG1000 and ZK-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 sples does not confirm the presence of opesous

zeolite 13X; rather, it suggests a combined influence of the nanocrystalline
mesoporous ABi spinel and microporous zeolite 13X, as identified through TEM
analysis. This type of system where zeolite crgséaé supported on a material that

is typically mesoporous is known as micro/mesoporous zeolitic composites (MZCs)
or in short, zeolite composit¢ss56i 158].

Table 5.2 presents the textural properties of zeolites derived from-salained
kaolin and Rlloysite. It was observed that with increasing crystallinity in 13X
zeolites, the mesopore volume des®ed, resulting in microporosity percentages of
68%, 71%, and 87.5% for-KSC-960, ZHSC-1000, and ZHSGC-890 samples,
respectively. The multipoint BETusface areas of these 13X zeolites were consistent
with existing literature values. The control sam@ld&SC-980, which contained no
zeolites but only AISi spinel and quartz, exhibited no microporosity, a low surface

area, and predominantly mesopores
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Table5.2 Textural properties of synthesized zeolites.

S Sui VTota V Meso XRD
Sample Srotal (mXZ‘/ (m'glm | Vmico  Microporosit phases
P (m?/g)? P ) 9 (cc/lg  (cclg) (ccly) y (%) and zeolite
9 ) ¢ crystallinit
vy %
4A, 56.6
Z-KSC-940 327.2 58.0 269.2 0.13 0.02 0.11 85 13X, 62.4
4A, 45.3
Z-HSG870 555.8 38.8 517.0 0.22 0.01 0.21 95 13X, 69.6
ZKSC960  527.8 130 3745 022 007 015 68 13X, 91.4
Z-HSG1000 4760 L% 3017 017 005 012 71 13X, 93.9
Z-HSCG890 596.1 71.2 5249 0.24 0.03 0.21 87.5 13X, 96.2
Al-Si
Z-KSC-980 65.2 65.2 - 0.26 0.26 - 0 spinel and
quartz

aMultipoint BET
bt-Method
¢ Estimated by subtracting Vmicfoom total pore volume

Pore diameters derived from the BJH method's desorption branches and interplanar
distances from lovangle XRD (LAXRD) were compared iRigure5.20. LA-XRD

has long been recognized as a rapid,-testructive technique for assessing
mesoporosity and pore size distribution in zeolitic materials, complementing
traditional method$159i 162]. It was worth noticing that these two methods were
complementary to each other on thelites' pore size estimations in our study.
Given inFigure5.20(a) and(d), Z-HSC-820 zeolite 4A sample showed a pore size
distribution in the range ofi&1 nm, evenhough the zeolite 4A was known to be
microporous. This phenomenon care lkexplained by the intercrystalline
mesoporosity, often introduced during the course of crystallization generally
generated by the aggregation of zeolite nanocrygta 167].
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Figure 5.20. Barreti Joyner Halenda (BJH) pore size distributions (PSD) and
interplanar distaces from lowangle XRD (LAXRD) of (a) (e) ZHSG-820, (b) (f)
Z-HSC870, (c) (g) ZHSCG-890, (d) (h) ZHSC-1000, respectively.

In the ZHSC-870 blend, where the spinel structure was nearly absent, the pore size
distribution (PSD) exhibited a minor peak@®© nm Figure5.20(b andf)). This

minor peak indicates the presence of small mesopores. Conversely, the emergence
of Al-Si spinel was marked by a distinct risetie PSD curve from 5 nm onwards,

as observed in both-BSCG-890 andZ-HSC-1000 samplesHigure5.20(c andg), (d
andh)). This rise covers a broad range of pore sigeggesting that the formation

of Al-Si spinel contributes to the development of a more diverse mesoporous
structure. Notably, irthe ZHSCG1000 sample, the PSD was narrower and more
defined compared to-BSC-890, reflecting a more uniform pore size distition.

The nonlocal density functional theory (NLDFT) pore size distribution model was
also applied to the -HSG890 and ZHSG1000 samples. Although NLDFT
provides a more detailed analysis of mionesoporous structures, the mesopore size
distribution crived from the BJH desorption branch remains the standard for
zeolites[104,168169]. In this study, both methods yielded consistent results for the

synthesized samples.

Similar observations were made the ZKSC samples. For theRSC-800 sample,

which primarily consisted of zeolite 4A, a-spacing of 13 nm indicated
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intercrystaline mesoporosity, although this was not prominently reflected in the PSD
(Figure 5.21(a and B). As calcination temperatures increased, thESXLC-940
sample began to show a PSD that aligns with Baihre5.21(a and B, indicating

the development of mesopores. ThHKZC-960 sample, identified as zeolite 13X,
exhibited a broad PSD distribution igure5.21(a). However, the pore diameter
derived from the BJH method's desorptioarich showed a narrower distribution,

with a dominant pore size of 6 nm, suggesting a more uniform mesoporous structure.
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Figure 5.21. (a) Interplanar distances from leangle XRD (LAXRD) and (b)

Barreti Joyneii Halenda (BJH) pore size distributions (PSD) eK&C samples.

54 Conclusion

This chapter explored the effects of salaiven calcination on kaolin and halloysite,
highlighting its potetial as an energgfficient and sustainable alternative to
conventimal thermal processing. The results demonstrated that solar calcination
effectively transforms these clay minerals into reactive ffetas, which are
essential precursors for zeolite #yesis. Through systematic investigation, it was
confirmed that solarcalcination achieves comparable, if not superior, thermal
transformations to conventional methods while significantly reducing reliance on

fossil fuetbased energy sourcé&ey findingsfrom the study are as follows:
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1) Zeolite 4A was achieved with above 908#ystallinity for all products,
irrespective of the metaformation temperature, ranging from&400 AC f or
kaolinand 7008 50 AC for halloysite.

2) At higher temperature@40 AC for kaolin andD870 AC for halloysite), a
transition phase was observed, whagelite 13X began forming alongside
partial crystallization of AlSi spinel (gammalumina type), resulting in a
mixed-phase product of zeolite 4A and zeolite 13X.

3) Further inceasing the calcination temperatui@960 AC for kaolin and
D89G 1000AC for haloysite) led to the complete formation of pure zeolite
13X with high crystallinity. The presence of iAi spinel at these
temperatures plays a crucial role in defining theusattproperties of the
final zeolite. As an intermediate phase, the spinel streanfluences pore
connectivity and framework stability, contributing to the development of

mesoporosity in the final zeolite.

The spinelzeolite system synthesized in thisgudy is classified as a
micro/mesoporous zeolitic composite (MZC), a materiat tintegrates both
micropores (<2 nm) and mesopores5@ nm) within a single framework. In this
case, the partial dissolution and reorganization of sfikeelphases duringeolite
formation led to the emergence of mesoporosity, in addition to the sictrin
microporosity of zeolite 13X. The synthesis of salarived MZCs in this study
demonstrates the feasibility of tailoring porosity through controlled thermal

processing
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CHAPTER 6

COFADSORPTION PERFORMANCE OF ZEOLITES FROM SOLAR -
CALCINED CLAYS

The increasing concentration of atmospherid=@&s driven extensive research into
carbon capture technologies, with zeolites emerging as promising adsorbents due to
their tunable porosy, high surface area, and selective adsorption properties. While
conventionally synthesized zeolites have demonstrated effectiFad30rption, the
sustainability of their production remains a critical concern. In this regard; solar
driven calcination msens an energeefficient and environmentally friendly

alternative, reducing reliance on fossil finelsed thermal treatments.

This chapter explores the E@apture performance of zeolites synthesized from
solarcalcined kaolin and halloysite. The influen of pretreatment conditions,
thermal storage effects, and dynamicF3eakthrough behavior is investigated in
detail.Key experiments include thermogravimetric analysis (TGA) to examine water
desorptionduring pretreatmeninvestigations into the effés d different purging
gases and storage temperatures, and breakthrough tests to evaldatis@ption

efficiency.

6.1  Factors Influencing COFAdsorption Performance

6.1.1 Effect of Pre-Treatment and Adsorption Temperature on CCk

Capture Performance

Pretreatmenm plays a crucial role in determining the E@dsorption efficiency of
zeolites by influencing their pore accessibility, adsorption kinetics, and overall
capacity. Prdreatment typically involves heating the zeolite under an inert gas or

vacuum to removeesidual water and gases trapped within the pores, ensuring that
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the adsorption sites are fully available for E€pture. Zeolites are highly porous
materials, and their adsorption performance depends on the availability of active sites
for COF binding. F pre-treatment is not applied, residual water and ambient gases
occupy the pores, limiting d®diffusion and significantly reducing adsorption
efficiency. This section examines the effect of-ppemtment on dynamic O
breakthrough curves and E&Qtoragecapaity, highlighting the importance of

proper conditioning before adsorption experiments.

The dynamic CGbreakthrough curves presented-igure®6.1l illustrate the impact

of pretreatment on C®adsorption behavioiThe blue curve represents a blank
reactor, serving as a baselioe §as flow dynamics without zeolite. The black curve
corresponds to 13X zeolite without heat treatment, while the uae gepresents
13X zeolite with preareatment. The gray dashed limarks the point where the gas
feed was switched from argon (Ar) to E@nd the red circles highlight when the
first COF signal was detected by the NDIR (NBispersive Infrared) Sensdfor
zeolite without prdreatment (black curve), there is almost etagl between the Ar
to-COF gas switch and the detection of EQhis indicates that Cladsorption 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 mncU@FR
significantly lower than its full adsorption potential. While some adsorption occurs,

the presence of moisture prevents the material from reaching maximum capacity.

In contrast, zelite with pretreatment (red curve) exhibits a significant delay
between the gas switch and the detection of.J@Qis delay corresponds to the time
required for C® to fill the available pore volume, indicating that the-peated
zeolite has a much Higr adsorption capacity. The GGstorage capacity
dramatically increases from 0.14 mmol/g (untreated) to 1.57 mmol/grgated),

an 1Xfold improvement. This enhanced performance can be attributed to increased
pore availability and stronger Ginteracton with active adsorption sites. The pre

treatment step effectively removes moisture and other adsorbed species, freeing up

the zeolitebs interhtaptureestructure for effi
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These findings emphasize the critical role of-peatment in optimizig zeolite
performance for CBadsorption applications. Without proper fireatment, zeolite
materials remain inactive or significantly underperforming inF@@pture. The
results also highlight the importance of moisture control in adsorption systems, as

residual water can severely hinder performance.
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Figure6.1. Dynamic CQ Breakthrough Curves of blank reacfbtue), 13X zeolite

without (black) and with(red) heatreatment. Gray dashdithe exhibits thegas

switch from Ar to CQ. The red circles on each curve indicate the points where the
first CO; signal was detected by the NDIR Sensor.

Typically, zeolite prereatment is performed using argon (Ar) aother noble gas
to remove residual water and camiaants without chemically modifying the
material. However, in this study, hydrogerf{M/as also used as a carrier gas during
pretreatment, leading to notable differences in adsorption characteristitke U
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inert gases like Ar, H can interact with thezeolite framework, potentially

influencing its pore structure, surface chemistry, or electronic properties.

20000 ppm ] — H2-treated
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Figure 6.2. Breakthrough curves comparing €@dsorption performance of Ar

treated (red) and Htreated (blue) zeolites.

Figure 6.2 shows that HF pre-treated zeolites exhibit changes in the shdpibeir

COF adsorption curves, indicating modifications in their pore size distribution and
adsorption kinetics. Wile the total C®storage capacity remained similar to that of
Ar-pretreated samples, the adsorption behavior differed. This suggests Rhat H
treatment may induce structural rearrangements, altering the wBynGl@cules
interact with the zeolite surfac&he observed changes could stem from minor
modifications in pore connectivity, the formation of new active sites, or alterations
in the balace between physisorption and chemisorption mechanisms. These
findings highlight the need for further investigatimto the potential benefits offH
pretreatment, particularly for applications requiring tunable adsorption

characteristics or improved gsslectivity.
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Beyond pretreatment, the temperature at which FEC@dsorption takes place
significantly affects the grformance of the zeolites. Since E€apture in zeolites
primarily relies on physisorption, adsorption capacity is highly temperature
dependat. At higher adsorption temperatures, the thermal energy Bh@ecules
increases, weakening their interactwith adsorption sites and leading to lowerfcO
uptake. In contrast, at lower temperaturesF@0lecules have lower kinetic energy,
enhancingheir retention on the zeolite surface and increasing adsorption capacity.
This behavior aligns with the exothermmature of physisorption, which is more

favorable at lower temperatures.
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Figure 6.3. Breakhrough curves comparing GGadsorption performance ahe
zeol it ¢ batack( A@a) dtorapdtOmbeiaes.

Figure 6.3 confirms this trend, showing that zeolites tested at elevated adsorption
temperatures exhibit a faster E@eakthrough, indicating a reduced interaction time
between C® and the adsorptionites. This suggests dh the material reaches
saturation more quickly at high temperatures due to weaker adsorption forces.

Conversely, at lower adsorption temperaturesF @nains adsorbed for a longer
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duration, reflecting stronger interaction with theolite framework andlewer
breakthrough behavior. These findings emphasize the need for precise temperature
control in adsorptiobased C® capture systems, especially for industrial

applications requiring optimized performance across varying operationditions.

6.1.2 Water Desaption and Weight Loss During Heat Treatment

Water content in zeolites significantly influences theirf@@sorption performance,

as residual moisture competes with F2fOr adsorption sites and can block pore
accessibility. During préreatment, zeolitesnglergo 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 mateli Thermogravimetrianalysis (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 COF capture performance.
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Figure6.4. (a) TG results showing the percentage weight loss of 13X zeolite during
heating under an Mat mos pher e , (b)pMStdata rdcorded Gsing the
Specson portable RGA 200 gas analyzer, displaying tHetexoof HFO (blue) ad

COF (black) signals as a function of temperature (red) during heating at a ramp rate

of 10AC/ min.
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The TGMS results inFigure 6.4 illustrate the weight loss profile of 13X zeolite
when subjected to heating under a nitrogeh) @tmosphere. As the temperature
increases, a steady decrease in mass is observed, corresponding to the desorption of

physically adsorbed and chemically bound water mddscu

Figure6.4(a) shows the thermogravimetric weight logs\we, demonstrating that as

the temperature reaches 400AC, a&@tdsei gni f i «
to the removal of residual water. MeanwhilEigure 6.4(b) presents mass
spectrometry (MS) data, where the blue eurepresents the A signal, the red

curve indicates the temperature profile, and the black curve shows theighal.

The HFO signal exhibits a strong desorption peak at approximately21000 A C,

which corresponds to the release of suHagdsorbed waterAs the temperature

continues to rise, water desorption gradually decreases, indicating the removal of

more tightly bound water molecules within the zeolite framework. By 80D 0 A C,

nearly all residal water is eliminated, confirming that full activatiohaalsorption

sites requires heating above this range.

Notably, the C® signal remains negligible throughout the heating process,
confirming that any mass loss observed in the TGA results is salelyodwater
desorption rather than GQelease. This highghts the importance of proper pre
treatment in removing competing water molecules before conducting CO

adsorption experiments.

One critical implication of this desorption process is the adjustroénCOF
adsorption capacity calculations. Since weighs lescurs during thermal activation,

the actual sorbent mass used forR&@pture experiments is lower than its original
pretreatment weight. To accurately determine the reaF @&formance of the
zeolites, adsorption values must be calculated basedawmdtierfree weight rather

than the initial sample weight. This correction is essential to avoid underestimating
the CQF adsorption capacity, as failing to account for weight reduction can

misrepresent the material's true adsorption efficiency.
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The resultemphasize the importance of thorough-peatment to ensure complete
removal of water before (Fadsorption tests. Insufficient drying leaves residual
moisture in the pores, reducing adsorptioficeincy and potentially leading to
inaccurate breakthrohigneasurements. Additionally, storage conditions play a role
in maintaining zeolite activation, as exposure to humid environments can cause

partial rehydration, diminishing the effectiveness offpeated samples.

6.2 COFAdsorption Performance
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Figure 6.5. Dynamic CQ adsorption breakthrough curves of 44 a.msignal
recorded residual gas analyzer under continuous 20 sccm 29¢gaS@low of (a)
zeolite 4A samples and (b) 4A + 13X and 13X samples. Red diisleedertical to
the x axis corresponds to gas switch point from Ar to 2%. ®ed circles pinned

on CQ curve represents the point where &@nal rise up.

The breakthrough curves based on dynamic @@sorption on ten kaolin and

halloysitebased zeolite saples are shown irFigure 6.5. These curves were
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recorded under exposure to a 2%@QOAr mixture at ambient conditions. The red
dashed line, intercepting the time axis at the 13080th second, represents the gas
switch point fromonly Ar to the 2% C®@mixture. The rectircles on each curve
indicate the points where the first €6lgnal was detected by the QMS. The time
interval between the dashed line and the red circle, during which pci@l is
detected, demonstrates theiffig of the available pore volume of each porous
sorbent material. This interval reflects the £&@sorption capacity and efficiency of

the different zeolite samples.

The comparative analysis of the breakthrouglvesiwas used to give insights into
the dyramics of CQ adsorption on these materials. For the 4A zeolite samples
represented ifrigure6.5(a), a long delay betweendlgas switch (red dashed line)
and the onset (red circle) may suggest a large micropore volume and/aea mo
effective adsorption affinity. The interval before £®as detected following its
introduction to the zeolite serves as an indicator of how redtB\CQ molecules
enter and are taken up by the zeolite's pores. A longer delay suggests thatithe CO
interacting with and being adsorbed by the zeolite's internal structure rather than
merely occupying the space at the pore entrances. This delay edinilbuted to a
larger pore volume, which allows more €@ be adsorbed before it becomes
detectable byhe QMS, and a stronger adsorption affinity, whereby @0lecules

are more effectively captured by the zeolite's active sites. Furthermore, tioé rate
CQO diffusion into the zeolite is a key factor; a longer delay may indicate slower
diffusion. While sbwer diffusion might seem less efficient, it can signal that more
extensive adsorption is taking place within the material's structure, suggesting tha
the CQ is being thoroughly incorporated into the zeolite, and not just on its surface.
The slope of théreakthrough curves following the initial G@etection provides
insight into the rate at which the zeolite approaches its maximum adsorption
capaciy. A gradual increase hints at a controlled rate of @d¥orption, likely due

to the zeolite having a sifficant pore volume that requires a longer duration to reach
full CO. saturation. Observing this less steep trajectory in the curves of 4A zeolite

sanples implies a moderated adsorption rate, a characteristic that could be
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strategically advantageous foroppnged and steady GGequestration, ensuring
consistent capture over an extended period. Saturation is reached when the curve
levels off, indicatig that no further increase in C@& detected, and the zeolite is

fully saturated with C@ A longer timeto reach this saturation plateau suggests a
larger adsorption capacity. Generally, the 4A zeolite samples exhibit a faster
response to C®adsorptionwhile the blend (ZHSG870, ZKSC-940) and 13X
samples (ZHSCG890, ZHSCG-1000, ZKSC-960) in Figure 6.5(b) have a more
gradual adsorption process, likely due to tthdifferent pore structures and

compositions.
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Figure6.6. Comparative analysis of G@dsorption characteristics in vauis 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 CCrapture capacity foeach sample is depicted by the

connected data points (line graph, right axis).
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The examination of C@adsorption efficiency across different zeolite types reveals
a clear distinction in performance based on structural characteristics, as
demonstrated ifrigure6.6. Starting with the 4A zeolites, their higher £€apture
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 s#ts. The 4A zeolites' inherent crystalline framework,
occupied with Nasites, creates an environment for strong electrostatic interactions
with CO; molecules thus optimizing C@uptake[167]. The 4A samples show a
remarkable capability to adsorb more t&r gram than the other zeolites tested,
reaching the highest value of 2.15 mmol/gKk&C-960 and ZHSC-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 £€apture capacity. This is likely due to the fewer
micropores available for C{o adsorb onto, resulting in quicker saturation and a
reduced overall capacity for G@apture. In contrast,-ASC890, with a higher
microporosity percentage of 87.5%, showsraproved CQ capture capacity. This
aligns with theexpectation that more micropores provide more sites fof 06O
adsorb, enhancing the capture efficien€iggre6.7). Moreover, the presence of a
mesoporous spinel structure within these zeolites creates a-més@ composite,
which offers a unique combination of small micropores and larger mesopores. This
dual porosity can influence the diffusion dynamics obG®tentially enhancing the
capture capacityand affecting the breakthrough delay as.G@olecules have
multiple pathwag and sites for adsorption.
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Figure6.7. Relationship between (&gapture capacity (mmol)gnd microporosity
(%) for various kaolin and halloysiteased zeolite samples.

Figure6.8 presents an intriguing comparison of £4olsorption capacities among a
seres of zeolite samples, with an observable trend related to the composition of the
zeolite type, particularly the proportion of zeolite 4A present until riceso
zeolitic composts of zeolite 13X samples change the interaction between saturation
and brelthrough adsorption capacities. Robust saturation adsorption capacities
were reflected in the blue bars, and substantial, yet lower, breakthrough capacities in
orange were observed Figure 6.8. This pattern is consistent with the known
properties of 4A zeolités high microporosity leads to an extensive capacity fof CO
adsorption, but not all of this capacity is exploited at the breakthrough point. The
blend samples, HSG870 and ZKSC-940, demonstrate the impact of combining

4A with 13X zeolites. Here, the presence of 13X begins to assert its influence,

potentially ofering a broader range of pore sizes which contributes to a different
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adsorption behaviocrcompared to the pure 4A samples. These samples show a high
overall saturation capacity but a marked reduction in breakthrough capacity,
suggesting a more complex agsmon pathway that extends beyond the initial
breakthrough phase. Upon reachingH3G890, where 4A is no longer a
component, a significant decline in both saturation and breakthrough capacities was
observed. This suggests that while the 13X zeolitestlagid mesoporous spinel
structures contribute positively to the adsorption process atteelgss effective than

4A zeolites in terms of overall GQ@apture. The closetio between saturation and
breakthrough capacities in these samples indicates a nmifi&@nu adsorption
process, likely due to the mesopores facilitating rapid access angtisatwf CQ

within the material.
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Figure 6.8. Comparison of saturation and breakthrough adsorption capacities for
zeolite samples. The bar graph displays the: @@sorption capacities at saturation

(blue kars) and at breakthrough (orange bars) for various zeolite samples.

Figure 6.9 provides a summary of the G@apture capacities of different sorbent
materials across a range of solar calcination temperatures, extending frony roughl

700i1M®0 AC. |1t distinguishes two categor
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by black (ZHSC)anded (ZKSC) | ines. Notably, the i

n o
exhibits minimal CQ capture capability, underscoring the pivotal role of zeolites in
the adsorption process. As the calcination temperature of the clays increases, the
zeolite type changes frodA to 13X, and CQ@capture performances decrease. The
graph effectively illustrates how different sorbent materials are affected by
temperature in theontext of CQ capture, which is vital for the optimization of these
materials for Co capture applicatins.
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Figure6.9. The influence of solar calcination temperature on the synthesized zeolite
type and CQcapture capacity.
Figure 6.9 provides a summary of the G@apture capacities of different sorbent
materials across a range of solar calcination temperatures, extending from roughly
700A CI000AC. |t ditwe ategorees af sotbent performance, indicated
by black (ZHSC)andred K SC) | i nes. Not abHQ, stalhmp | fen o

exhibits minimal CQ capture capability, underscoring the pivotal role of zeolites in

the adsorption process. As the cadtion emperature of the clays increases, the
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zeolite type changes from 4A to 13X, and L&@pture performances decrease. The

graph effectively illustrates how different sorbent materials are affected by

temperature in the context of @€apture, which igital for the optimization of these

materials for CQcapture applications.

Table6.1COcapture capacity of

Clay Mineral Zeolite Type CO2 Uptake Ref.
(mmol/g)

Kaolinite 13X 2 [13]
Feldspar 13X 1 [13]
Bertonite 13X 1 [13]
Bertonite 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

zeol

t

e

4 A

The performance adolarzeolites was contextualized withihet existing literature

in Table 6.1, revealing both consistencies and variances that call attention to the
complex interplay beteen zeolite type, synthesis conditions, and clay mineralogy

in determining CQ uptake efficiencyThe findings indicate that the GCrapture
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capacity of 4A zeolites synthesized in this work aligns closely with the capacities of
4A zeolites reported ithe literature, suggesting that our synthesis approach yields
materials with competitive adsorption propes. However, there remains a slight
deviation when compared to commercial 4A zeolites, potentially attributed to
differences in porosity, surfaceear, impurities, and the presence of active sites

essential for C@adsorption.

The performance of 13X zk@s synthesized from the minerals demonstrated a
broader range of CQuptake capacities, aligning with the variability observed in the
literature. Tle variability underlines the sensitivity of 13X zeolites to the specific
details of synthesis and pesmthesis treatments, suggesting that optimization in
these areas could lead to significant improvements ip capture performance. It
must be clearlytated that all 13X samples except ours givemable6.1 had gone
through alteations to make the precursor clay suitable for 13X syntheses, such as
acid treatmentsthe addition of higlgrade commercial silica, alkali fusion, and
organic templates. Notably, the lower £@ptake observed in our 13X samples
compared to the highestluas reported in the literature points towards the potential
for further enhancement tugh postsynthesis modifications such as ion exchange
and surface modifications. Replacing the cations (e.gp,ilNdA and 13X) with
other cations such as €aLi¢, or Mg?p can enhance Cadsorption by increasing
the electrostatic interaction betweei®molecules and the zeolite framework
[102,173,174] Amine modification of zeolites has gained attention as a promising
approab for CCF adsorption at low pressurg¢®9]. The synergistic interaction
between amine groups and EQalong with the use of mesoporosihducing

templates, makes zeolites highffeetive materials for carbon dioxide capt{t&5].

The reversibility of CQ capture is crucial for practical applications of sorbent
materials. Thehighest CQ capture sample -AHSG-850, saturated with CQwas
investigated for regenerah using higkflow Argon flush and temperature
programmed desorption (TPD) experiments. Initially @@sorption was followed

by a highflow (200 ml/min) Argon flusito remove weakly adsorbed @8pecies
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from the material's surface and internal cadégure 6.10(a) shows the delay

observed when switching from a 20 ml/min £f@w to a 200 ml/min Argon flow,

with the shaded area indicating tregproximately 96% of the captured £was

removed duringhe flush. For complete regeneration, the sample was heated to
750AC to remove gsheeiesisuchaas inonodéntate and biderdate
carbonates. The TPD profileigure6.10(b)) revealed two primary desorption peaks

at 160AC and 280AC, confirming 2tThie effec
demonstrates that CGtorage in ZHSG850 is highly reversible under ambient
conditions, with the majoritylY96%) deorbeal at room temperature using an Argon

flush. The small fraction of C&x equi ring higher temperatu
desorption indicates that the material can be regenerated with relatively low energy

input, enhancing its commercial viability forstaimble CQ capture and storage

applications.
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Figure6.10. (a) Realtime CQ desorption curve during 200l/min Ar flush through
COp-saturated HSG-850 material at room temperature. £5gnal goes down to
zeo with a delay related to CGOdesorption. (b) Temperatuprogrammed
desorption of C@during heating up to 730@vith a linear ramp (1@ @nin). Data

was recorded via SRS residual gas analyzer 200.
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6.3 Conclusion

This chaptedemonstrated the (&adsorptiornperformance of zeolites synthesized
from solarcalcined kaolin and halloysite, offering a sustainable pathway for high
performance sorbents. The influence of-peatment, adsorption temperature, and
clay calcination condibns on breakthrough behaviordatotal COr 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-iyg»¢
zeolites showed more gradual adsmnmp dynamics due to their lamg@ores 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 @mfcantly impact C® uptake.
Compared to literature data, the sedgnthesized zeolites in this work performed
competitivelyd especially given that no chemical or structural modifications (e.g.,
acid leaching, template addition) were applied. Imporgantlegeneration
experiments comimed the strong reversibility of G&adsorption, with over 96% of
captured gas released under mild conditions. To the best of our knowledge, this is
the first comprehensive study to evaluateFR&@sorption performance of @ées
derived exclusively fronsolarcalcined clays, positioning these materials as viable
candidates for lovenergy, scalable carbon capture solutions.
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CHAPTER 7

CONCLUSIONS AND FUTURE WORK

7.1 Conclusions

This thesis demonstrated the feasibility andeptél of using concentrated solar

themal energy (CSTE) to activate natural clay minérdtaolin and halloysit& for

the sustainable synthesis of zeolites aimed daPture applications. By replacing
fossitfueled furnaces with solariven calcinationthis work addresses one of the

most @rborr and energyintensive steps in clalgased zeolite production. A series

of solar calcination experiments, conducted betweeri 7@00 0 A C, succes:
produced amorphous mefiams and intermediate ABi spinel phaes that are

reactive toward hydrotheral crystallization.

The solarcalcined clays were used to synthesize Lype (zeolite 4A) and FAU

type (zeolite 13X) materials under alkaline hydrothermal conditions. Structural
evolution was monitored via multipleharacterization techniques, revealitigat

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 influenbe textural and compositional

propertes of the resulting zeolites.

Importantly, the synthesized zeolites demonstrated competitivie &d€orption
capacities at 25 AC and 1 bar, with favo
validate the functional edwalence of soladerived adsorbents nd their
conventionally synthesized counterparts. Furthermore, by using abundant and low

cost raw materiase speci al ly kaol in, whi cohthei s wi d-
approach enables a reduction in both producticst aad environmental impact,

aligningwith principles of circular economy and green chemistry.
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This thesis contributes to the growing body of work advocating for renewable
energypowered materials processing and provides a blueprint forcéotaon
adsorbent production that integrates solat Imga industrial workflows[10,176

178].

7.2 Future Work

Building on the results of this thesis, several promising research directiongeemer

to deepen scientific understanding and broaden tecical impact:

7.2.1 Elucidating the Role of the Spinel Phase

Although this study confirmed the formation ofi&li spinel phases in soland
conventionalc al ci ned c¢cl ays at 09 8 phask @,zeoliteh e
nucleation and porosity developmentans 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 teenp&atégr, or

a reservoir of Al/Si species during syntle? Advanced in situ technigd@esuch as
synchrotrorbased XRD, soligstate NMR, or SAXS during hydrothermal
treatmend could provide valuable insights into these transitions. Furthermore,
correlatingspinel crystallinity and distribution with resulting Zé®topology, phase
purity, and surface area could help in tailoring synthesis pathways for specific

applications.

7.2.2 Functionalization for Catalytic Applications

Beyond adsorption, solamalcined clag may serve as precursors for catalytic
materials, partiglarly when doped with active metal species. Incorporating
transition metals like nickel, cobalt, or iron into the zeolite framework could yield

bifunctional catalysts for higtemperature reactiorssich as dry methane reforming
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(DMR). This reaction, whicltonverts CPitand CQrinto syngas (CO + B, is not

only a route for C® utilization but also relevant for hydrogen production and
chemical feedstock generation. Since DMR is highly endothermic emuaires
catalysts with both CPactivation and thermal aility, spinelcontaining zeolitic
supports may offer a promising foundation. Studies should investigate metal

dispersion, sintering resistance, and kbagn stability under reactive conditions.

7.2.3 COF-Loaded Solar Zeolites as Cement Additives

An intriguingcrossdisciplinary direction lies in reusing spent zeolites saturated with
COFas functional additives in cement or mortar formulations. This would allow the
sequestered G&0 be physically retairtewithin the construction matrix, offering a
hybrid carbo 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 stresgtting time, and carbonation
behavior of mortars incporating C@-loaded zeolite 4A or 13X. If successful, this
approach may create a clodedp path from mineral activation to carbon capture

and finally into durable material applications.

7.2.4 Scaling Soar Calcination Processes

While this work was conducted &b-scale using a solar simulator, reabrid
deployment requires process seafe Future research should evaluate solar
calcination systems under actual field conditibresg., parabolic trough deltors,
heliostat fields, or solar rotary kilns. Thernsabrage integration (e.g., via molten
salts or soliebhase ceramics) could be studied to stabilize temperature fluctuations
and enable 24/7 operation. Furthermore, adapting reactor designs fouoastclay
feedstock processing, material flow optimiratiand dust control will be critical for
industry relevance. Pilegcale 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 thebenefits of solar calcination, life cycle analysis (LCA) and
technoeconomic assessment (TEA) are essential. Future work should compare solar
powered vs. fossiueled zeolite production across key tmes: CCF emissions,
energy consumption, cost per tomdapayback time. Sensitivity analyses can
identify the most impactful variables (e.g., solar irradiance, raw material cost, plant
location). These assessments will help policymakers, engineers,naestors
evaluate the feasibility of scaling such greethnhologies 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 expentakresults validate solar
calcination not only as an energgving alternative but as an enabler of novel
material functionalities. Future work should capitalize on this foundation to extend
applications beyond CO®capture, into catalysis, constructioand beyond
positioning clayderived zeolites as versatile tools for sustainable technological

advancement.
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