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Natural zeolites are plentiful and inexpensive natural minerals, which have had wide
applications in agriculture, aquaculture, soil adjustment, building materials, water
purification, and wastewater treatment. However, the utilization of natural zeolites for
catalysis purposes is limited due to low crystallinity and poor textural properties. In the
present work, we investigate methods to synthesize catalysts from low-cost natural zeolites
through facile methods, i.e. sequential milling-recrystallization, and sequential milling-
recrystallization-dealumination. These catalysts were used in dimethyl ether to olefins
conversion and n-butane isomerization.

We fabricated hierarchical mordenite nanoparticles from the low-cost natural mordenite
through high-energy ball milling followed by hydrothermal recrystallization method. The
as-received natural zeolites showed mordenite with impurity phases and low total surface
area (ca. 133 m?/g) as indicated by X-ray diffraction study and nitrogen physisorption
analysis, respectively. The as-received natural zeolites were milled by high-energy ball
milling attritor to obtain nanoparticles within the size of 20-160 nm, which were confirmed
by dynamic light scattering, field emission scanning electron microscopy, and transmission
electron microscopy technique. The X-ray diffraction study revealed that crystallinity of
the milled zeolites had decreased significantly. The crystallinity of mordenite nanoparticles
was recovered after recrystallization of the milled sample in the hydrothermal basic silicate
solution. The nitrogen physisorption study showed that the textural properties of
recrystallized mordenite nanoparticles were improved with total surface area was ca. 240
m?/g and external surface area was ca. 150 m?/g, a 6-fold increase from the parent. The
hierarchical pore system was observed in the recrystallized mordenite as the mesopore
volume increased to 0.36 mL/g from only 0.04 mL/g in the as-received natural zeolites.

A high conversion of dimethyl ether was obtained over the recrystallized mordenite
(99.7%) and milled natural mordenite (54.1%) as compared to the parent (1.2%).
Moreover, the milling only and the sequential milling-recrystallization processes improved
selectivity toward olefins and prolonged catalyst lifetime. The reduced particles size
combined with the hierarchical porosity and acidity effectively enhanced catalysts activity
and selectivity to olefins. The samples were further tested for n-butane isomerization. The
isobutane selectivity over nanoparticles mordenite fabricated by the sequential milling-
recrystallization increased to 28% as compared to 11% on the parent mordenite. Moreover,
the recrystallized mordenite nanoparticles showed better catalyst stability as compared to
the microparticles parent sample. Finally, dealumination procedures were applied to the

XiX



recrystallized mordenite nanoparticles. The total surface area of dealuminated nanoparticle
sample increased to ca. 354 m?/g. The nanoparticles mordenite obtained by the sequential
milling-recrystallization-dealumination exhibited the highest selectivity of ca. 58% to
isobutane and less deactivation rate in the n-butane isomerization.
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CHAPTER 1
INTRODUCTION

1.1 Background

Zeolites are aluminosilicates crystalline compounds with highly ordered microporous
structure filled by cations (Na*, K*, Ca?"). The cations are required to compensate extra
charge due to the replacement of tetravalent silicon with trivalent aluminum. Brgnsted acid
sites arise as the cations change to H*, which act as active sites in catalytic reactions. Zeolite
catalysts are synthesized in the laboratory under controlled temperature, composition, and
hydrothermal time. Yet, one can also find zeolites in nature. In fact, the first discovery of

zeolites was with natural zeolites from Sweden and Icelands by Cronstedt in 1756.

Figure 1.1: Author at a mining area of natural zeolites in Java, Indonesia.

Natural zeolites are abundantly available throughout the world [1]. The natural zeolites are

typically mined by a conventional open pit mining (Figure 1.1). The large deposit and



easiness of mining lead to a low price of natural zeolites (0.04 — 0.25 USD/kg) as compared

to the synthetic one (10—-20 USD/kg) [2, 3]. However, natural zeolites are mostly found in

several crystalline phases and accompanied by non-reacted volcanic glass, feldspar, quartz,
calcite, montmorillonite, calcium sulfate dihydrate, and cristobalite [4]. An example of this
is natural clinoptilolite with accessories potassium-rich phyllosilicate, alkali feldspar,
plagioclase, and quartz as presented in the XRD spectrum and electron probe
microanalyzer, Figure 1.2. Furthermore, natural zeolites can vary in composition and
crystalline phases even in the same sediment location due to the mineralogical dissimilarity
of mother volcanic tuff and different mechanism of zeolites formation [5]. The presence of
impurities and heterogeneity in the composition of natural zeolites are the main causes of

limited utilization in industrial application, particularly for catalysis purposes [1].
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Figure 1.2: (a) XRD pattern and (b) electron probe microanalyzer (EPMA) image of
natural clinoptilolite (Cpt-HEU) with impurities; i.e., CM-K = potassium-rich
phyllosilicate, Kfs = alkali feldspar, Plg = plagioclase (albite), Qz = quartz.[6]



Researchers made several attempts to upgrade natural zeolite for broader industrial
exploitation. Natural clinoptilolite-mordenite with accessories like feldspar, smectite,
vermiculite, and quartz has been successfully converted to a high cation exchange capacity
(CEC) zeolite Na-P through hydrothermal recrystallization by using sodium hydroxide
solution; however, the non-zeolite impurity phases were difficult to transform into a zeolite
phase [7]. Fusion of NaOH powder through natural clinoptilolite which contains quartz and
feldspar as traces, followed by hydrothermal recrystallization effectively dissolved the
clinoptilolite and impurity phases to be converted into a high CEC zeolite such as Na-P,
Na-X, hydroxysodalite [8] and zeolite Na-Y [9]. Watanabe et al. [10] reported that natural
mordenite and clinoptilolite with impurities quartz, feldspar, silicate was transformed to

zeolite philipsite by extending the alkali hydrothermal treatment for seven days.

Top-down methods by ball milling to improve textural properties of natural zeolites were
also reported in the literature [11] [12]. The nanosized zeolite was targeted to increase
external surface area and overcome diffusion limitation. Sequential dry and wet milling
method was investigated in order to effectively achieve nanosized particle and minimize
crystallinity reduction [11]. The wet ball milling of zeolite HY was reported to provide a
higher crystallinity as compared with dry ball milling method [12]. However, a decrease
of zeolite phase crystallinity was inescapable after the ball milling step, both the dry and
wet milling methods. Moreover, the wide particle size distribution was observed in the

milled samples within the range of nanosize to microsize.

In the past few years, Wakihara and co-workers [13, 14] developed a top-down method
combined with hydrothermal recrystallization to obtain nanosized of ZSM-5, zeolite A,

and zeolite X with high crystallinity. The parent ZSM-5 with particle size in micron size
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was milled into nanoparticle size. The demolished crystalline ZSM-5 structure was
recovered back into high crystalline ZSM-5 after hydrothermal recrystallization step
(Figure 1.3). Similarly, Yang et al. [15] have been successfully fabricated nanoparticles of
SAPO-34 through ball milling-recrystallization method with improvement in its
physicochemical properties resulted in a high methanol conversion to olefins and high

catalysts stability.

Raw ZSM-5 ball
Milled ZSM-5
2%
=
&
Ball-milling =
Recrystallization Il Crystalline part

Non crystalline part

nano ZSM-5

Figure 1.3: lllustration of nanoparticles ZSM-5 preparation through ball milling and post-
milling recrystallization [13].

The combination of top-down and hydrothermal recrystallization is a potential method to
fabricate nanoparticles from natural zeolites. However, up to date, there is no publication
on fabrication nanoparticles from natural zeolites by sequential milling-recrystallization.

The investigation of the effect of ball milling and recrystallization on natural zeolites phase



impurities is also interesting. The literature reported only for the synthetic zeolites, which
is generally high in phase purity. Furthermore, an improvement in physicochemical
properties of natural zeolites (i.e., high crystallinity, large surface area, high micropore
volume, and large mesopore volume after the milling-recrystallization) could lead to better

catalysis performance of the zeolites.

1.2 Problem Statement

Since the late 1980s, hydrothermal recrystallization method has been investigated to
improve the purity of natural chabazite by transforming the impurities erionite and
clinoptilolite into the major phase chabazite [16-18]. To date, there has been no
investigation on recrystallization of the impurity phases of natural mordenite into high-
crystalline mordenite phase. Mordenite is important for two reasons. Firstly, mordenite is
widely utilized as commercial industrial catalysts, i.e., in hydroisomerization and
alkylation. Secondly, mordenite is among the largest deposit of natural zeolites in the world
[1]. The natural mordenite is frequently found with impurity phases such as clinoptilolite,
quartz, and amorphous phase. Hence, it will be very interesting to investigate

recrystallization of low-crystalline natural mordenite into high-crystalline mordenite.

Recently, ball milling was applied to obtain nanoparticle zeolites followed by hydrothermal
recrystallization to recover the crystallinity of the nanoparticles [14, 19, 20]. However, the
technique was only applied to synthetic zeolites, which have usually high purity phases.
Applying the technique on natural zeolites with impurity phases will be beneficial to
exploit the full potential of the ball milling-recrystallization technique to fabricate
nanosized zeolites. Nanosized synthetic zeolites can be prepared either through a bottom-

up or a top-down approach; however, a bottom-up strategy is not possible to be applied to
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the natural zeolites. Hence, a top-down strategy, like ball milling, could be an appropriate

way of preparing nanoparticles from natural zeolites.

The combination of ball milling and recrystallization has the potential for preparing a more
homogeneous size of nanoparticles zeolites with high crystallinity. The size of
nanoparticles zeolites is critically determined in the first step, viz. ball-milling. The
fabrication of a high crystallinity nanoparticles mordenite through ball milling method
frequently results in a wide particle size distribution. In the sequential ball milling-
recrystallization approach, the nanoparticle size with narrow particle size distribution can
be achieved by sacrificing the crystallinity and then recovering it by recrystallization.
Hence, the investigation of the critical parameters in ball milling step is the first important

aspect to be studied.

Aluminum content in natural zeolites is typically high which lead to fast deactivation rate
and non-selective products in catalytic hydrocarbon conversion [21, 22]. In addition to the
high aluminum content, metal impurities are usually observed in the natural zeolites. Acid
dealumination could be applied to reduce the aluminum content and the metal impurities
in the natural zeolites. Partial aluminum removal from the framework could also improve

the textural properties of natural zeolites.

In summary, if we could systematically obtain the evidence derived from experiment that
the ball milling, recrystallization, and dealumination techniques improve the quality of
natural mordenite for catalytic hydrocarbon conversions, it would contribute immensely to

enhance esoteric knowledge in upgrading the natural mordenite.



1.3 Objectives

The general objective of this thesis is to investigate methods to synthesize cost-effective
catalysts from low-quality natural mordenite by recrystallization, ball milling, ball milling-

recrystallization, and sequential ball milling-recrystallization-dealumination.

The specific objectives are:

1 Investigate the recrystallization of parent natural mordenite by hydrothermal method.
2 Evaluate the effects of high-energy ball milling on natural mordenite properties.

3 Study the recrystallization of the milled natural mordenite by hydrothermal method.

4 Investigate the effects of dealumination on the structural properties of nanoparticles of

recrystallized mordenite.

5 Evaluate the catalysts for hydrocarbon conversion, viz. dimethyl ether to olefins and

n-butane isomerization in a fixed bed reactor.

1.4 OQutline of Thesis

This thesis comprises of 8 chapters, which can be grouped into 4 parts. The first two
chapters provide an introduction and the research state-of-the-art. Chapters 3-5 present
methods to fabricate high quality mordenite nanoparticles from natural zeolites. Chapters
6-7 discuss the performance of nanoparticles mordenite for specific catalytic hydrocarbon

conversions. The last part is conclusions and recommendations.

The literature review of natural zeolites is discussed in Chapter 2. The overview of natural

zeolites is discussed. This covers properties and commercial applications of natural



zeolites. Afterward, a discussion on the application of natural zeolites as catalysts is
presented. Several types of natural zeolites have the potency to be used as catalysts are
discussed thoroughly. Strategy to design catalysts from natural zeolites such as top-down

method, recrystallization, and dealumination are presented.

Chapter 3 covers the hydrothermal recrystallization of low-crystalline natural mordenite
with amorphous phase, clinoptilolite, and quartz as impurities. It is discovered that
hydrothermal recrystallization by using sodium silicate solution is effective to obtain high
crystallinity of natural mordenite. The effect of hydrothermal recrystallization time on
crystallinity is also discussed thoroughly. The comparison of recrystallized mordenite and

synthetic mordenite is presented.

Chapter 4 demonstrates the fabrication of nanoparticles mordenite by high-energy ball
milling attritor and hydrothermal recrystallization. In particular, the chapter focuses on the
effects of the relative weight of balls and water to the particle size in the milling step. The
Taguchi analysis shows that the relative weight of balls gives the most significant effects
on the parameter studies. The recrystallization recovers the crystallinity of mordenite;

however, quartz still appears as a competing phase.

Chapter 5 assesses the parameters on recrystallization hydrothermal step in the sequential
ball milling-recrystallization method. The target is to obtain mordenite nanoparticles with
high crystallinity and low impurity phase. Parameters such as recrystallization time, the
ratio of the milled sample weight to the solution, silica, and OH" concentration were varied

to study the effect on the crystallinity of the recrystallized mordenite sample.



Chapter 6-7 describes the application of nanoparticles mordenite for catalytic reactions.
Conversion of dimethyl ether to olefins over nanoparticles mordenite is discussed in
Chapter 6. The mordenite nanoparticles prepared by milling and sequential milling-
recrystallization show a higher dimethyl ether conversion and better stability as compared
to the parent natural zeolites. Chapter 7 illustrates selective n-butane isomerization over
nanoparticles of samples obtained by the sequential milling-recrystallization and the
sequential milling-recrystallization-dealumination. The better selectivity of these samples
is evidenced in the isomerization of n-butane as compared to the parent natural zeolites.
The mordenite nanoparticles prepared by the sequential milling-recrystallization-
dealumination show higher isobutane selectivity as compared to the non-dealuminated

milled-recrystallized mordenite.

Conclusions on the findings and contributions of this thesis are presented in Chapter 8.

An outlook with some recommendations for future investigation is also described.



CHAPTER 2
LITERATURE REVIEW: APPLICATION OF NATURAL
ZEOLITES IN CATALYSIS

2.1  Summary

Natural zeolites are well-known for applications in water purification and wastewater
treatment, soil adjustment, aquaculture, and building materials. However, the utilization of
the natural zeolites in catalysis field is very limited as compared to the synthetic zeolites
due to the lack of purity and inconsistency in composition. The physical and chemical
approaches to decrease impurities in natural zeolites are discussed thoroughly. Various
types of potential natural zeolites from large to small pore, i.e., mordenite, clinoptilolite,
and chabazite in several catalytic reactions are discussed with an explanation in the
modifications of natural zeolites to improve physical and chemical properties of the
catalysts. Natural zeolites utilization strategy for catalyst application is also proposed. In
the future, the role of natural zeolites in catalysis field would be important particularly in
abatement pollution through catalytic reactions, catalytic cracking of non-conventional

oils, and biomass transformation to fuel and chemicals.

2.2 Introduction

Natural zeolites are aluminosilicates hydrated crystalline compounds with micropore
structure filled by water and cations mostly alkaline (Na*, K*) and alkaline earth (Ca?")
metals which have a high ion exchange capacity, shape selectivity, and sorption properties.
The more formal definition of natural zeolite was formulated by International
Mineralogical Association as follows [23].
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A zeolite mineral is a crystalline substance with a structure characterized by a framework
of linked tetrahedra, each consisting of four O atoms surrounding a cation. This framework
contains open cavities in the form of channels and cages. These are usually occupied by
H>0O molecules and extra-framework cations that are commonly exchangeable. The
channels are large enough to allow the passage of guest species. In the hydrated phases,
dehydration occurs at temperatures mostly below about 400 °C and is largely reversible.
The framework may be interrupted by (OH, F) groups; these occupy a tetrahedron apex

that is not shared with adjacent tetrahedral.

The sedimentary tuffs of natural zeolites are found in large quantity throughout the world.
The conventional open pit mining technique is used to mine natural zeolites which makes
the exploitation cost low. Hence, natural zeolites are far cheaper than synthetic zeolites.
Natural mordenite and clinoptilolite have shown its superiority as compared to synthetic
zeolites in acid and heat resistance [24]. The latest report shows that 93 mineral species
belong to 44 different framework types (plus 3 undefined) is found in nature categorized

as zeolite according to the above definition [25].

Commercial application of natural zeolites is widely applied in water and wastewater
treatment, soil amendment, aquaculture, cement, and gas purification [1, 4, 24, 26]. The
utilization of natural zeolites for bulky gas separation is not effective; however, the gas
purification to remove traces is more effective as reported elsewhere [24]. Natural zeolites
are rarely as used for catalysis purposes as its synthetic counterpart because of the
inconsistency of composition and the presence of competing phases [27]. Only natural
erionite has been used as a catalyst in the selectoforming process developed by Mobil Oil

Corporation to boost the octane number of gasoline [28].
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In the following sections, characteristics of natural zeolites and utilization of natural
zeolites in commercial sectors are briefly discussed including application in industrial
catalytic reactions. Afterward, research activity on natural zeolites utilization in catalysis
field is presented. Finally, strategies to improve and utilize natural zeolites for catalytic

reaction purposes are proposed.

2.3 Natural Zeolites Overview

2.3.1 Properties of Natural Zeolites

Zeolite is built from the basic elements of silicon (Si) and aluminum (Al) which bond to
four oxygen atoms forming a TO4 tetrahedral structure called the primary building unit
(PBU) (Figure 2.1). The letter T represents atom Si or Al. The PBU links with other PBUs
to form secondary building units (SBU) (Figure 2.2). According to the International Zeolite
Association (1ZA), there are 23 SBU[29]. The SBU combines with other SBU to form a
zeolite framework (Figure 2.3). The IZA has published 234 zeolite frameworks [30].
Clinoptilolite (HEU), mordenite (MOR), and chabazite (CHA) are found abundantly in
nature [5]. Total world production of natural zeolites in 2008 was 2.8 million metric ton

per year with more than 60% mined in China [31].

Silicon (Si) or Aluminum (Al)

-2 Oxygen (O)

Figure 2.1: Primary building unit (TOa4).
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3 4 6 12

Figure 2.3: Examples of zeolite frameworks.

Illustration of the formation sodalite type zeolite framework (SOD) is presented in Figure

2.4 1o give a clear picture of how the zeolite framework is formed.

A ()

PBU SBU Sodalite

Figure 2.4. lllustration of sodalite framework as it builds from the basic units.
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The important properties of natural zeolites are a high capacity of hydration and
dehydration, large void space and low density after water evacuation, strong framework
structure, high cation exchange properties, uniform pore sizes, adsorption properties,
unique electrical properties, acid and basic properties [32]. Zeolites are able to selectively
remove molecules when the size and shape of the molecule does not fit into the pores. This
unique ability is called shape selectivity property. Therefore, zeolites are widely used in
the molecular separation based on the different sizes and shapes of molecules. The
selectivity of products in the catalytic reaction is also affected by the shape selectivity

property of catalyst zeolites.

Cations are weakly attached in the extraframework of zeolite structure. Therefore, the
cations can be exchanged relatively easy with a strong solution of another cation. The
cation exchange capacities (CEC) of natural zeolites is high in aluminum-rich zeolites due
to the more extraframework cations needed to balance the charge [33]. The CEC of natural
zeolites is between 200 and 400 milliequivalent/100 g which is larger than bentonite clay
and other inorganic cation exchangers [32, 33]. There are several factors governing the ion-
exchange behavior of natural zeolite; i.e., framework type, charge density of the anionic
framework, ion size and shape, ionic charge, and concentration of solution [34]. The
capability of natural zeolites to exchange cations is important in water and wastewater

treatment.

Surface acidity of zeolites, acid and basic sites, is closely related to the catalytic properties.
The acid property is more important than basic property due to the wide application of the
zeolite acid property in commercial catalytic reactions. There are two types of acid sites

i.e., Bransted acid sites (BAS) and Lewis acid sites (LAS). The acid sites are formed due
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to extra negative charge when the Si** is replaced by AI** that has to be balanced by cations
such as alkali metals, alkaline earth metals, and hydroxyl protons [35]. The hydroxyl proton
leads to the Bransted acid sites (Figure 2.5a). On the other hand, the alkali and alkaline
earth lead to the weak LAS which also could be formed by dehydration process [36] (Figure
2.5b). The catalyst activity and selectivity are dictated mainly by the surface acidity and

pore size of the zeolite.

(a) Bransted acid sites Bransted acid sites
e e
o_ O o Oo_ o_ ,
\Si/ \AI' \Si/ \Si/ \Si/ \\AI'

/A \ ' /N /o /\
o O 0/000000000

Lewis acid sites

b ‘ P o._ (o)

(®) Ssic Al s si? Csi”
/ \ / \ / \ A\ /. i\
00 d o 00 ¢d 00O

Figure 2.5 (a) Brensted acid sites dan (b) Lewis acid sites in the zeolite structure.

2.3.2 Commercial Applications of Natural Zeolites
Natural zeolites are used in wide commercial application fields such as for domestic usage,
agriculture, aquaculture, and industry. The price of natural zeolites is low 0.04 — 0.25

USD/kg for bulk applications and 1.5-3.5 USD/kg for industrial adsorbents applications

as compared to synthetic zeolites (ZSM-5 or ferrierite zeolites) within the range of 10 — 20
USD/kg [2, 3]. Natural zeolites are used in domestic applications, for pet litter, odor
removal, and drying agent. Farmers use natural zeolites in agriculture field for feed additive
of poultry, odor (ammonia) and moisture control of livestock farm, and soil amendment.

Asian fish farmers use natural zeolites in freshwater aquaculture for fish farming and fish
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transportation to control ammonium in water. Natural zeolites are used in the industry for

water and wastewater treatment, radioactive removal, pozzolana cement, and filler on

paper.

The most successful commercial application of natural zeolites in the industry is for
wastewater treatment in removing ammonium [4, 34, 37]. The ammonium source is mainly
from municipal sewage (laundry, urine, and bathroom), fertilizer factory wastewater and
agriculture runoff [34, 37]. The ion-exchange and molecular sieve properties play a vital
role in the high selectivity of ammonium removal from wastewater effluent. Some of
wastewater treatment plants are established using natural clinoptilolite to reduce the NH**

content in California (27000 m3/d) (Figure 2.6) and Virginia, USA (245000 m®/d) [38, 39].

Figure 2.6: Application of natural clinoptilolite in wastewater treatment plant at Tahoe-
Truckee USA [38].
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Natural zeolites were utilized in the past as a building material. In the 12™ century, there
were some castles built from philipsite and chabazite, which are typical of natural zeolites
abundant in Italy. Castel dell'Ovo is one example for such castles (Figure 2.7) [40]. Mayan
Pyramid at Monte Alban, Mexico was also built of natural zeolites. People in the past used
the natural zeolites for their buildings because the natural zeolites tuff are a lightweight
stone and easy to carve [1]. In addition, the micropore channels adsorbed and desorbed
water controls the microclimate of the building. In the present time, natural zeolites are still
used in construction as can be seen in Tokaj, Hungary. The natural zeolites are also used
as pozzolana cement which can save energy in cement processing up to 40% and reduce

CO- emissions [27].

Figure 2.7: Castel dell'Ovo, Naples, Italy (Photograph by Richard Nevell distributed
under the Creative Commons Attribution-Share Alike 2.0 Generic) [41].
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Some review papers regarding the application of natural zeolites in agriculture have been
published [40, 42, 43]. The Japanese farmers have been using natural zeolites in agriculture
to regulate the moisture content, remove the odor of animal wastes, and neutralize the
acidic volcanic soils [40]. Additions of amounts of clinoptilolite in poultry feed increases
the weight and health of the poultry and reduce the odor feces. The utilization of zeolites
for NH4* removal in high salinity water was not effective since the competitions with other

cations reduce the ammonium removal [26].

The application of natural zeolites in water purification, waste treatment, aquaculture,
nuclear radioactive waste are based on ion exchange properties and molecular sieving. On
the other hand, the application of natural zeolites in gas purification and separation is based
on the shape selective properties. Natural chabazite from Bowie, Arizona is commercially
used for removing chloric acid from hydrogen streams, water from chlorine gas streams,
and carbon dioxide from flue gas emissions [33]. Oxygen can be separated from nitrogen
in the air by using natural mordenite in pressure swing adsorption units. Bulky separation
of gases is not effective over natural zeolites; however, the gas purification duty to remove

traces is effective over natural zeolites such as N2O removal from air [24].

There is no commercial application of natural zeolites for industrial catalyst except natural
erionite in selectoforming process developed by Mobil Oil Corporation for removal of low
octane normal alkanes by selective hydrocracking on erionite containing about one-tenth
percent platinum [29]. The erionite has small pore channels (6-membered ring) with
aperture window 3.6 x 5.1 A This excludes the branched paraffin and large molecule
aromatics from the hydroconversion reaction [1, 44, 45]. Natural Ni-erionite configured

with a noble metal in the series reactor has been utilized as a commercial catalyst to convert
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the linear paraffins (C5 to C9) into C1 to C3 in the feed containing isoparaffins and
aromatics. Mobil Oil corporation mined the natural erionite from 1965 to 1970 for catalysts
used in oil refining and natural gas purification [46]. The selectoforming process which
used erionite was replaced by the more sophisticated ZSM-5 catalyst by introducing a new
process called M-Forming which is able to increase more octane number by producing
branched paraffin [28]. The erionite is suspected as a carcinogenic substance where the
erionite fibers can become stuck in various organs in the body increasing risks of
mesothelioma cancer [47, 48]. Therefore, natural erionite has only little attraction in

catalytic and other applications.

2.3.3 Why Is Application of Natural zeolites in Catalysis Limited?

Natural zeolites are frequently found in several zeolite phases and impurities such as
unreacted volcanic glass, K-feldspar, montmorillonite, quartz, calcite, gypsum,
cristobalite, and tridymite [33]. For example, natural zeolites from Klaten, Indonesia,
consist of mordenite as major phase and clinoptilolite and quartz as the accessories phases
[21]. Natural chabazite from Bowie, USA has phase impurities clinoptilolite and erionite
[16]. The natural zeolites from Sivas-Yavu, Turkey consists of clinoptilolite (ca. 30%),
mordenite (ca. 40%), quartz (ca. 10%), feldspar (ca. 10%) and clay (ca. 5%) [49]. The
phase zeolite impurities reduces the catalyst activity and/or selectivity of desired products
in the stringent catalytic reaction. The deficiency of purity such as the phase impurities,
metals impurities, and inconsistency of composition are the main reasons why natural

zeolites are rarely used as catalysts [1].

Cations impurities are varied in natural zeolites depending on the site location. Natural

zeolites contain many cations in the micropore channels such as Na*, K*, Ca?*, Mg?*, Fe*",
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Mn?*, etc. These cations are easily exchanged through the simple ion-exchange procedure.
However, the problem arises if metals occur in oxide form which is difficult to remove.
Metals impurities generally exist along with the natural zeolites. Metals impurities content
will be disadvantageous for some catalytic reactions despite it possibly give benefits for
other catalytic reactions. Iron impurities in natural chabazite are probably caused the metal
complexation that benefit in enhancing the removal of vanadium and nickel in catalytic

cracking of oilsands [16].

The composition of natural zeolites depends on the mining location [50, 51]. The natural
zeolites composition may also vary even in the same deposit sediment location. The
variation in composition is not acceptable in industry application particularly for a strict
qualification such as catalysis and adsorptions. Hence, it is necessary to control the
crystallinity and composition phase of natural zeolites to improve the physical and

chemical properties.

2.4  How to Improve the Purity of Natural Zeolites?

Natural zeolites impurities can be effectively reduced through physical method i.e.,
gravitational-magnetic concentration and air blower separation. The purity can be
increased by chemical methods i.e., hydrothermal interconversion and recrystallization.
These methods can significantly improve the crystallinity and composition consistency of
natural zeolites. However, it is still difficult to achieve 100% purity of natural zeolites with

reasonable economic processing cost.
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2.4.1 Physical Approach

Natural zeolites purity can be enhanced through physical methods such as crushing and
grinding, gravity separation, magnetic concentration, and air blower classification [51-53].
The density of natural zeolites is different with the constituent impurities density. For
instance, montmorillonite and quartz have a higher density as compared to the natural
clinoptilolite. The difference in the density and hardness can be exploited to improve the
purity of natural zeolite. Ibrahim and Inglethorpe [51] have successfully upgraded the low-
rank natural zeolites from Aritayn Formation in Jordan (47% zeolites, 11% calcite, 42%
pyroclasts) into high purity natural zeolites (89% zeolites) at 37% recovery through
sequential comminution-gravity-magnetic beneficiation methods. They also studied the
effect of pre-concentration method, autogenous and compression comminution on the
beneficiation effectiveness. It was revealed that autogenous milling was effective to
separate target zeolite minerals from the gangue impurities and improved the efficiency of
successive magnetic concentration. On the other hand, compression comminution was not
effective to release gangue constituents. Furthermore, the ground powder fed to magnetic
separation was not effective as well. Similarly, Yusupov et al. [52] studied physical
beneficiation method of natural zeolite from Shivyrtuisk deposit in Russia which is
clinoptilolite dominant with impurities montmorillonite, quartz, feldspar, mica, and iron
hydroxides (Figure 2.8). The separation process started by crushing, grounding, and sieving
into two classes of powder size i.e., large class size (0.1-0.2 mm) and small class size (0.05
— 0.1 mm). The iron content was reduced by applying magnetic separation after gravity
separation using table concentration. The natural clinoptilolite purity increased from 64%

to 82% with yield 78% when classified from the large size of powder natural zeolite. The
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small class size which apparently contains more impurities improved its purity from 44%
to 88% at yield 50%. Combination of common technique of mineral processing,

gravitational and magnetic separation decreased impurities significantly.

Original zeolitic tuff

Comminution

Ground Powder

‘ Gravity separation

:

Montmorillonite Zeolite concentrate |

Quartz-feldspar

concentrate concentrate

! Magnetic separation

Iron trace Zeolite concentrate 11

Figure 2.8: Gravity-magnetic separation to improve natural zeolite purity. Adapted from
ref. [52].

An air blower classification method for natural zeolite purification was studied by
Watanabe et al. [53]. The natural zeolites mined in Pohang, Korea consist of clinoptilolite
and mordenite with feldspar and illite as accessories. The air classification was effective to
decrease the impurities particularly feldspar due to the difference in density and hardness
between zeolites and feldspar. However, the amounts of metals impurities were not
affected by air classification technique. Air classification should be combined with the
magnetic separation to remove iron impurity. The investigation results show that high

purity natural zeolite can be effectively produced from low-grade natural zeolites by using

22



a simple physical approach which is widely applied in mineral processing technology, i.e.

comminution, gravity, and magnetic separation.

2.4.2 Chemical Approach

It is well-known that a zeolite phase can be transformed into other zeolite phases by
alkaline hydrothermal treatment [7, 54-58]. Interconversion of natural zeolites, consists of
several zeolite phases transform into one pure zeolite phase, will lead to a better zeolite
catalyst performance. Early attempts on interconversion of natural zeolites into other
zeolite phases was reported by Robson and Rouge [59]. Their work showed that the natural

clinoptilolite can be converted into zeolite-Y by alkaline hydrothermal treatment.

The effect of alkaline type on the hydrothermal interconversion of natural clinoptilolite to
other zeolite frameworks was reported by de las Pozas et al. [60]. The natural clinoptilolite
(85%) was obtained from Castillas, Cuba with impurities (15%) i.e., calcite,
montmorillonite, quartz, and volcanic glass. The materials were initially ion exchanged
five times with 3 M solution of NaCl or KCI at 100 °C. Subsequently, the ion-exchanged
clinoptilolite samples were subjected to 7.5 M NaOH and 0.6 M NaCl solution with liquid
to solid ratio 1 at 100 °C. It was proposed that the type of alkaline cation present in the
sample strongly affected the hydrothermal interconversion of the natural clinoptilolite. The
Na-clinoptilolite dissolves in alkaline solution into amorphous gel and recrystallized into
metastable zeolite Y at 16 h and P-zeolite after 80 h. In contrast, K-clinoptilolite dissolution
rate was slower in an alkaline solution which led to interconversion of K-clinoptilolite
directly into zeolite P crystallizes from the gel after 65 h. It is important to note that the

impurities still existed in the transformed zeolites.
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Kang et al. [7] studied interconversion of natural clinoptilolite and mordenite into zeolite
Na-P by hydrothermal in high alkaline solution; however, the impurities quartz and
feldspar hardly transformed. The cation exchange capacity of the converted sample was
418 meq/100 g, which was higher than the parent with only 175 meg/100 g. The authors
continued their work for transforming the impurities quartz and feldspar by sequential
NaOH fusion and hydrothermal method [8]. The fusion with NaOH powder at 550 °C for
2 h prior to the hydrothermal reaction was effective to convert clinoptilolite and impurities
(quartz and feldspar) to high cation exchange capacity zeolites such as zeolite Na-P, zeolite
Na-X, and hydroxysodalite. Correspondingly, Wang and Lin [9] reported the
interconversion of low-grade natural clinoptilolite into the high purity of zeolite Na-Y and
Na-P which increased the cation exchange capacity of the natural zeolites by alkali fusion
and hydrothermal method. Watanabe et al. [10] suggested that the transformation of the
natural zeolites to phillipsite, hydroxyl-sodalite and analcime depended on the

hydrothermal temperature and NaOH concentration.

Transformation of natural clinoptilolite into ZSM-5 was reported by Kartal and Onal [56]
for alkylation of benzene with ethylene reaction. Prior to the hydrothermal treatment, the
natural clinoptilolite was dealuminated by HCI to increase the silicon to aluminum ratio.
Dealuminated clinoptilolite was hydrothermally treated in NaOH solution and
tetrapropylammonium bromide (TPABr) at 180 °C for 110 h to obtain a high purity of
ZSM-5. The TPABT is used as structure directing agent. However, the use organic structure
directing agent TPABr is undesirable due to the high price and non-environmentally

friendly chemical.
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Selective transformation of impurities zeolite phase through hydrothermal chemical
method is an effective method to improve the purity of natural zeolite. The impurities,
erionite (3-5%) and clinoptilolite (5-10%), have been selectively transformed into
chabazite-like phases by dissolving and recrystallizing the natural chabazite dominant
phase in alkaline-alumina rich solution [16-18]. It was proposed that the mineral chabazite
and other crystalline accessories dissolve into the highly alkaline, aluminum-rich solution
and the Al-chabazite crystals growth from solution using the remaining chabazite crystals

as a seeding template.

Recently, we published reports on recrystallization of amorphous phase formed in the
milling process to fabricate nanoparticles mordenite into high crystalline mordenite phase
by hydrothermal method using alkaline silicate solution in relatively a short time, i.e. 2 to
8 h [61, 62]. Hydrothermal treatment time, the ratio of the milled sample weight to the
solution, silica and OH" concentrations significantly affected the crystallinity of the
recrystallized mordenite samples. It was suggested that the nano-mordenite acted as a seed
to recover the crystallinity of milled amorphous phase. This method can possibly be applied
for recrystallization of impurities amorphous silica phase of natural zeolites into high

crystalline zeolite phase.

2.5 Potential Application of Natural Zeolites in Catalysis

Erionite is the only natural zeolite having applications in fuel processing as discussed in
Section 2.3.2. Investigation of natural zeolites in catalytic applications is active especially
for natural mordenite, clinoptilolite, chabazite, and erionite which are not only available in

large deposits but also show promising results as a catalyst [49, 63, 64]. Large pore to small
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pore natural zeolite i.e. mordenite (12-MR), clinoptilolite (10-MR), chabazite (8-MR) are

discussed in the following sections.

2.5.1 Natural Mordenite

One of important commercial catalyst that occurs in nature is mordenite. The name of
mordenite was coined by How (1864) after the place of mordenite was found at Morden,
King’s County, Nova Scotia, Canada. Mordenite has a 12-membered ring (6.7 x 7.0 A) and
an 8-membered ring (3.4 x 4.8 A) [65]. The pore size allows some molecules to diffuse and
discard the other molecules which is important in product selectivity of catalytic reactions.
Synthetic mordenite has been applied as catalysts for hydroisomerization and alkylation in
industrial scale [2]. Natural mordenite has potency for nitric oxide abatement, hydrocarbon

conversion, and biomass transformation as can be seen in Table 2.1.

Table 2.1: Research on the application of natural mordenite for catalytic reactions.

Type of zeolite Origin Catalytic Modification Ref.
application
Mordenite & Sivas-Yavu, | Selective catalytic | Drying — lon- [49]
clinoptilolite Turkey reduction of nitric | exchange with
oxide with NHsNO3z—
ammonia Drying- solid
state ion-
exchange with Fe-
salts
Mordenite Palmarito, Selective catalytic | CuCl; ion- [66, 67]
Cuba reduction of nitric | exchange.
oxide by ammonia
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Mordenite Izukalite, Selective catalytic | H-MOR [68]
Japan reduction of nitric | exchanged with
oxide by ammonia | vanadium ions
and mixed with
catalyst TiO>
Mordenite Klaten, Dimethyl Ether to Milling, Acid [62, 69]
Indonesia Olefins treatment,
recrystallization,
lon-exchange
with NHsNOs,
and Calcination
Mordenite Klaten, Cracking of n- Acid treatment, [21]
Indonesia hexane lon-exchange
with NHsNOs,
and Calcination
Mordenite- Ukraine Hydroisomerization | Acid treatment— | [70, 71]
Clinoptilolite of n-hexane lon-exchange
with NHs" -
Calcination— Pd
impregnation
Mordenite Bayah, Cracking of n- Acid treatment, [72]
Indonesia hexane lon-exchange
with NH4NOg3,
and Calcination
Mordenite Tokaj, Xylene Acid treatment, [73]
Hungary isomerization lon-exchange
with NH4CI
followed by
Silver ion-
exchange
Mordenite Pacitan, Palm oil KOH [74]
Indonesia transesterification Impregnation
to biodiesel
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Mordenite Bayah, Wasted cooking oil | Desilication [75]
Indonesia transesterification

to biodiesel
Mordenite & Bayah, Glycerol Dealumination [76]
Clinoptilolite Indonesia conversion to

glycerol carbonate

The natural mordenite is not only has a low-price but also an excellent performance in the
nitric oxide abatement. Ates et al. [49] studied that the iron impurities in the natural zeolites
give advantageous than synthetic zeolite as iron is active in the nitric oxide degradation;
however, more Fe loading was needed to perform higher conversions. Cu(ll)-exchanged
natural mordenite from Cuba is an efficient catalyst for the selective catalytic reduction
(SCR) of nitric oxide (NO) by ammonia in an excess of oxygen exhibited 95% conversion
at very low temperatures (177-327 °C), and do not create N2O. Furthermore, natural
mordenite is water tolerant and retains high NO conversion despite the attendance of 100
ppm of SO, [66]. Mashami et al. studied the performance of NO conversion over
commercial V20s/TiO> catalyst mixture and V-natural mordenite and catalyst TiO> [68].
The results showed that the V-natural MOR/TiO2 showed better performance with 91%
NO conversion than the commercial V20s/TiO2 with 52% conversion at temperature 300

°C.

Moderate acid dealumination (3 M HNO3) for 6 h on the natural mordenite lead to higher
dimethyl ether conversion 17% as compared to the parent 12% [69]. The dealuminated
MOR was also showed a positive result in the hexane cracking [21]. The dealumination
opens the access into the strong Bronsted acid sites in the natural mordenite. Kurniawan et

al. [62] studied the nanoparticles derived from natural mordenite by ball milling-
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recrystallization method. The DME conversion was improved over the nanoparticles
milled MOR (54%) and nanoparticle recrystallized MOR (99%). Patrylax et al.
investigated n-hexane hydroisomerization over modified natural mordenite-clinoptilolite
after impregnated with palladium [70, 71]. Pd-natural mordenite performance was not
inferior with n-hexane conversion 74% as compared to the synthetic mordenite n-hexane
conversion 79% [70, 71]. The clinoptilolite phase as impurities was not affected the natural
mordenite performance [71]. The number and type of acid site were important properties
in the isomerization. The experiment showed that the natural mordenite impregnated with

palladium could be used as the catalyst in hydroisomerization of linear alkane.

Biodiesel synthesis over modified natural mordenite was studied from palm oil by
impregnation KOH on the mordenite [74]. The biodiesel yield was very high (95%) over
the K.O-MOR. In contrast, the desilicated mordenite without impregnation any metal base
showed a poor catalyst activity as reported elsewhere [75]. Glycerol as a byproduct of
biodiesel was studied to convert to glycerol carbonate over dealuminated zeolites [76].
Several parameters were investigated such as diameter catalyst, a catalyst to glycerol ratio
sodium bicarbonate to glycerol ratio, and water to glycerol ratio. The optimum condition
for the glycerol reaction with sodium bicarbonate was achieved at low glycerol/sodium
bicarbonate ratio using less water as a solvent, small diameter particle size (0.46 mm) and

temperature 100 °C.

2.5.2 Natural Clinoptilolite

Clinoptilolite is the most abundant natural zeolite in the world. The pore channels parallel
to the c-axis are 10-membered ring (3.0 x 7.56 A) and 8-membered ring (3.3 x 4.6 A) which
is bridged by 8-membered ring (2.6 x 4.7 A) [29]. Despite a wide application in wastewater
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treatment plant, natural clinoptilolite has no commercial application in catalysis field.

However, there are some promising results reported on the utilization of clinoptilolite as a

catalyst as listed in Table 2.2.

Table 2.2: Research on the application of natural clinoptilolite for catalytic reactions.

Type of zeolite | Origin Catalytic Modification Ref.
applications
Clinoptilolite Youngil, Depolymerization | NH4Cl ion- [77]
Korea of polyethylene exchange —
Calcination
Clinoptilolite & | Zalec, Depolymerization | Acid treatment — | [78]
Heulandite Slovenia of polyethylene NHsNO3 ion-
exchange —
aluminum
grafting
Clinoptilolite Youngil, Degradation of NH4ClI ion- [79]
Korea polystyrene exchange —
Calcination
Natural zeolites | Harrat Ash- | Degradation of No treatment [80]
Shamah, polystyrene
Saudi
Arabia
Clinoptilolite Youngil, n-butene Acid treatment — | [81, 82]
Korea isomerization NH4Cl ion-
exchange —
Calcination
Clinoptilolite Youngil, n-butene Cobalt-cation- [83]
Korea isomerization exchanged
natural
clinoptilolite
zeolite (Co—
HNZ)
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Clinoptilolite Thrace, Dehydrogenation NH4Cl ion- [84]
Greece of propane exchange —
calcination
Clinoptilolite Western Alkylation of Interconversion [56]
Anatolia, benzene with into ZSM-5
Turkey ethylene reaction
Clinoptilolite Nevada, US | Alkylations and Tandem [3]
Knoevenagel dealumination-
condensation desilication
Natural Zeolite | Indonesia, Catalytic oxidation | Co(NO3)2 ion- [85]
Australia of phenolic exchange —
calcination
Clinoptilolite Munro, Pyrolysis of peanut | Calcination — [63]
Argentina shells NH4ClI ion-
exchange—
calcination
Clinoptilolite Vranjska Pyrolysis of NaCl ion- [86]
banja, hardwood lignin. exchange— MCl»
Serbia ion exchange
(M= Ni, Cu, Zn)
— Calcination
Clinoptilolite Balikesir- Pyrolysis of olive | Calcination [87]
Bigadic, residue
Turkey
Natural Zeolite | Korea Two-stage In series use with | [88]
catalytic pyrolysis | H-ZSM5
of lignin
Clinoptilolite Kucin, a-pinene Acid [89]
Slovakia isomerization dealumination—
drying
Clinoptilolite Balikesir, a-pinene Drying — Acid [90]
Turkey isomerization dealumination—

drying
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Clinoptilolite Balikesir, a-pinene Impregnated with | [91]
Turkey isomerization HPW

Application of natural clinoptilolite in the catalytic reaction can be classified into four
groups, i.e., plastics depolymerization, hydrocarbon conversion, biomass pyrolysis, and
organic reactions. Park et.al, studied depolymerization of polyethylene over H-natural
clinoptilolite, H-ZSM-5, H-Y, and amorphous silica-alumina [77]. The natural
clinoptilolite showed the highest liquid yield (65.1%) with research octane number (RON)
90.7%. Polyethylene was depolymerized over modified natural clinoptilolite with the main
product liquid oil in the range of diesel fuel with less coke suitable for fuel additive in
internal combustion [78]. In contrast, catalytic depolymerization over calcined natural
mordenite and commercial H-USY showed product yield only slightly higher than thermal
operation due to the fast deactivation rate [92]. Clinoptilolite from Youngil, Korea
exhibited a good performance for polystyrene degradation with 99% selectivity to aromatic
[93]. The authors also compared the natural clinoptilolite with the synthetic clinoptilolite
which showed a comparable result. Rehan et al. [80] studied natural zeolites of Harrat Ash-
Shamah, Saudi Arabia and commercial zeolite SDUSY for polystyrene degradation. The
authors found that the natural zeolites produced fewer gases (12.8%) and higher liquid oil

(54%) than synthetic zeolite (gas 22.6%; liquid oil 50%).

Hydrocarbon conversion over natural clinoptilolite was reported for n-butene
isomerization, dehydrogenation of propane, and alkylation of benzene. The clinoptilolite
from Metaxades was active for propane dehydrogenation. Propylene yield over Metaxades
natural clinoptilolite comparable to the steamed Cr-modified ZSM-5 zeolite and

significantly higher compared to the other natural clinoptilolite from Pentalofos and to the
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steamed H-ZSM-5 zeolite [84]. High purity natural clinoptilolite (>97%) was treated by
sequential acid-base treatment which created hierarchical pore system with large mesopore
volume [3]. The hierarchical clinoptilolite and ZSM-5 were tested for toluene alkylation
with benzyl alcohol which showed higher selectivity and yield to (methyl) benzyl benzene

as compared to ZSM-5.

Biomass pyrolysis over natural clinoptilolite has reported in open literature exhibited
promising results [63, 86-88]. Recently, Messina et al. [63] studied pyrolysis of peanut
shells over alkaline clinoptilolite and H-protonated clinoptilolite. The H-form of
clinoptilolite produced less water and more deoxygenated bio-oil than the alkaline form
clinoptilolite. Less oxygen content in bio-oil improved its miscibility and stability with the
conventional fuels. Putun et al. [87] reported that pyrolysis of olive residue over high purity
clinoptilolite (95%) exhibited high yield of bio-oil as compared to the ZSM-5. Pyrolysis of
lignin was studied by Lee et al. [88] using natural zeolites in the pyrolysis reactor and fed
into the bed of H-ZSM-5 in the other reactor. The sequential reactors system decreased the
coke deposition in the expensive HZSM-5 and improved the product oil quality due to
increasing number of alkylphenols and pyrocatechols with a decrease in the amounts of

guaiacols, eugenols, and heavy lignin pyrolyzates.

Isomerization of a-pinene over clinoptilolite was reported by many researchers [89-91].
Turpentine from a tree (Pinus merkusii) has a major content of a-pinene compounds. The
catalysts used in the turpentine processing are phosphoric acid which is a homogeneous
catalyst. The a-pinene isomers and its oxide are essential in the chemicals industry because
they produce high-value products such as camphene, limonene, campholenic aldehyde

(CPA) widely used in flavorings and perfumes in cleaning products, cosmetics, perfumes,
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food additives, and pharmacy. As a heterogeneous catalyst, the separation of clinoptilolite

from reactants and products would be easier than a homogeneous catalyst.

2.5.3 Natural Chabazite

Natural chabazite is a small pore zeolite with 8-membered ring and aperture window 3.8 x
3.8 A [29]. Over the last 10 years, natural chabazite from Bowie, USA has been
investigated intensively for oilsands upgrading through catalytic reaction[16]. Current
commercial method for extracting bitumen of oilsands is using a large amount of hot water,
which produces high volume waste despite some is recycled. The hot water extraction
method produces bitumen with highly viscous and has to further processing by mixing with
expensive solvents or thermochemically upgraded in large capital-intensive facilities [94].
Reports in the potential of natural chabazite as catalysts for oilsands upgrading are

presented in Table 2.3.

Table 2.3: Research on the application of natural chabazite for catalytic reactions.

Type of zeolite Origin Catalytic Modification Ref.
application
Chabazite Bowie, Oilsands bitumen | Digestion in alkaline [16]
USA cracking silicate mixture —

Partially ammonium
exchange- calcination

Chabazite Bowie, Oilsands bitumen | Partially ammonium [94]
USA cracking exchange- calcination
) o Saint
Clinoptilolite Clouds,
USA
Chabazite Bowie, Oilsands bitumen | ammonium exchange— | [64]
USA cracking calcination
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Chabazite Bowie, Oilsands bitumen | ammonium exchange— | [95]
USA cracking calcination
Chabazite Bowie, Nitrogen removal | Raw form (Ca-CHA) [96]
USA from oil sand
H-form
Chabazite Bowie, Ni and V removal | Raw form (Ca-CHA) [97]
USA from oil sand
H-form CHA

Kuznicki et al. [16] pioneered research on the application of natural chabazite for oilsands
cracking. The authors use high purity of natural chabazite which obtained by converting
the phase impurities, clinoptilolite and erionite, into chabazite. The treated samples showed
an excellent performance in catalytic cracking of oilsands as its reduce the oil products
viscosity and decrease sulfur, nitrogen, nickel, and vanadium far higher as compared to the

commercial zeolite-Y.

The products of cracked oilsands can be extracted by light alkane such as pentane and
hexane which is selective in extracting more distillate oil and gas oil while retaining the
residuum in the exhausted sand [94]. Junaid et al. [64] also suggested that higher acid
strength and site density, combined with a platy shape morphology and a high fraction of
mesopore and macropore surface area lead to the higher cracking ability of natural
chabazite as compared to the more expensive zeolite-Y. Furthermore, less amount of water
(3%) mixed with low dosing natural chabazite 1-5% of the oilsands showed an excellent
residue conversion through catalytic cracking and high liquid yields at low severity
conditions which showed the economic and environmentally process as compared to

current bitumen extraction process [95].
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Recent studies showed that chabazite not only catalyzes the cracking of bitumen oilsands
but also remove nitrogen and heavy metals from bitumen effectively [96, 97]. The
capability of natural chabazite to remove nitrogen from oilsands could also potentially
applied to other petroleum feed such as heavy oil before the catalytic cracking to reduce
catalyst poisoning, pretreatment for hydrotreating to reduce hydrogen consumption, and
additive for cracking or hydrotreating catalyst [96]. The natural chabazite removed 67.5%
of vanadium from oilsands through strong adsorbents for vanadium-containing complex

aromatic structures [95, 97].

2.6 Strategy to Design Catalysts from Natural Zeolites

The most important aspect of a catalyst is the unique superior capability of a catalyst in
performing one process among other catalysts which could possibly achieve by some
modifications of certain materials. Natural zeolites usually contain some impurities even
in high content zeolitic tuff, therefore application in non-selective reactions for
environmental protection could give advantages of natural zeolites [98]. Modification of
natural zeolites is important to improve catalysts performance. The following sections
discuss various modifications and the effect on the physical and chemical properties of
catalysts derived from natural zeolites such as particle size reduction, basic treatment, acid
treatment, ion exchange and calcination. After modification, catalysts natural zeolites
might be best to use in raw feed materials contain impurities such as combustion stream,
oilsands, heavy oil, and biomass in pyrolysis reaction considering the metals impurities
still occurred in the modified natural zeolites and the type of reaction does not need a strict

catalyst requirement.
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High phase purity is important for application zeolites in catalyst and adsorption. The
Bowie natural chabazite is the best example of high-quality natural zeolites comparable
with its synthetic counterparts. The natural chabazite from Bowie, USA is found in high
purity phase, high surface area (437 m?/g), and large mesopore and macropore volume
(0.146 mL/g) [64]. The high-quality natural zeolites might be applied as a catalyst with
minimum treatment such as reducing particle size, ion-exchange, and calcination to
activate the catalyst. However, the low to moderate phase purity of natural zeolites should

be processed to improve the purity by methods discussed in Section 2.4.

Source type of feed reaction is an important consideration to employ the natural zeolites as
a catalyst. For instance, flue gas of combustion products which may contain various
impurity gases and water could be best use natural zeolites as catalysts for nitric oxide
abatement as it has a comparable performance with the synthetic zeolites. The low-cost
natural zeolites performed well for catalytic cracking of heavy oils and bitumen oilsands
which contain impurities such as sulfur, nitrogen, vanadium, nickel [94, 96, 97, 99].
Natural zeolites frequently contain some metals impurities such as Fe, which possibly
inhibited some reactions although it may become additive for other reactions such as
removal of metals impurities in catalytic cracking of oilsands [16]. They can also act as a
guard catalyst in the pretreatment section prior to the expensive commercial catalysts. The
strategy to use low-cost natural zeolites as a guard catalyst can be applied in pyrolysis of
biomass prior to treating the pyrolysis product in a separate reactor with the more expensive

commercial catalyst [88].

Post-modification techniques can also be applied to the natural zeolites to improve the

catalytic performance (Figure 2.9). Large mesopores volume is important for some
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reactions which involve bulky molecules. The short diffusion path-length to achieve the
acid sites within the micropore channels is offered by large mesopore size (2-50 nm).
Mesopores channels introduced by desilication with sodium hydroxide was reported for
aluminum-rich synthetic mordenite (Si/Al=5.7 — 10) [100]. The hierarchical class of
mordenite showed a better catalytic performance of benzene alkylation with propene to
produce cumene (isopropylbenzene) (6 times more active than its parent). The mesopore
formation allowed the large molecules such as benzene and isopropylbenzene to diffuse

more quickly into the acid sites due to its short diffusion path length.

Hierarchical
Acid treatment zeolite & high
Si/Al
Hierarchical
Basic treatment zeolite & low
Si/Al
High purity Acid-basic Hierarchical
natural zeolite treatment zeolite
lon-exchange H-Zeolite
Calcination Metals-Zeolite
Particle size .
. Nano-zeolite
reduction

Figure 2.9: Modification of natural zeolites for catalyst application.

The Bronsted acid sites are generated by ion-exchange natural zeolites with ammonium
nitrate followed by calcination to form protonated zeolites. Cracking of oilsands and heavy

oil, and biomass pyrolysis depend on the hydrogen transfer supplied by the Bronsted acid
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sites. lon-exchange natural mordenite with copper improved the performance catalyst in

selective catalytic reduction NOx with NH3 [66, 67].

Crystal sizes of zeolites play an important role in catalytic reactions. The smaller crystal
size shorten diffusion of reactants and products. One could obtain a small crystal size of
natural zeolite through top-down approach such as by ball milling method. High energy
ball milling increased the activity of zeolites small pore (NaA, CaA) due to enhancement
of the external surface area and opening the access to active sites [101]. Ball milling of K-
Na-X zeolites improves the selectivity for base catalyzed reactions due to the decrease in
the density of the strong Bronsted acid sites [102]. A systematic investigation was
successfully conducted to study the effect of ball milling on physicochemical properties of
various zeolites (synthetic mordenite, zeolite 13X, and zeolite 4A) [103]. It was suggested
that ball milling affects in destruction of crystallinity of zeolite by breaking the external
bond of Si-O-Si and Si-O-Al in their framework. Akcay et al. [12] investigated the effect
of wet ball milling on the crystallinity of zeolite. The authors concluded that the wet ball
milling led to less destruction of crystallinity as compared to the dry ball milling. Charkhi
et al. [11] combined dry and wet milling in order to obtain nanoparticles of natural

clinoptilolite.

2.7 Concluding Remarks

Natural zeolites have important application in water purification and waste treatment,
agriculture, building materials, and gas purification. However, there was only one
commercial application of natural zeolite in catalytic reactions which was natural erionite

in the selectoforming process. The impurities, inconsistency composition of natural

39



zeolites and a limited number of industrial favorable frameworks are among the main

factors of the rare application of natural zeolites as catalysts.

The purity of natural zeolites can be improved through either physical or chemical
techniques. Common physical beneficiation methods in mineral processing are potentially
applied to increase natural zeolites purity with a reasonable cost. Hydrothermal selective
recrystallization method using alkaline-aluminum rich solution or alkaline-silicate solution

showed a promising method to improve the phase purity of low-rank natural zeolites.

Natural mordenite, clinoptilolite, and chabazite are potentially developed as commercial
industrial catalysts due to its unique catalytic properties and abundant deposit. Large pore
natural mordenite has been proven effective for the isomerization linear alkane and
selective catalytic reduction NOx with NHs. Natural clinoptilolite exhibited promising
results in catalytic pyrolysis of biomass into bio-oil. Natural chabazite was an active
catalyst for catalytic cracking bitumen of oilsands and heavy oil, and removal metals

impurities in the non-conventional oil.

Hierarchical natural zeolites could be formed as a superior class of natural zeolites as it
shortens the diffusion path length for molecules to achieve the active sites. Nanoparticles
of natural zeolite are also an important class which can improve the performance of
catalysts by providing a large external surface area. Generally, the low-cost and huge
supply of natural zeolites have advantages over expensive synthetic zeolites when dealing
with raw materials with impurities which will be poisoned or quicly deactivated. Natural
zeolites purification and post-modification could improve the quality of natural zeolites

and might be comparable with synthetic zeolites in certain reactions. Therefore, further
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investigations on improving the purity, interconversion zeolite, testing in new catalytic

reactions are required to reveal more potency of the natural zeolites in catalysis field.
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CHAPTER 3
HIGH-QUALITY MORDENITE DERIVED FROM LOW-
GRADE NATURAL ZEOLITES THROUGH
HYDROTHERMAL RECRYSTALLIZATION

3.1 Summary

The as-received natural zeolites showed a mordenite (MOR) dominant phase with impurity
phases and low total surface ares (ca. 133 m?/g) as indicated by the X-ray diffraction study
and nitrogen physisorption analysis, respectively. High-quality mordenite, i.e., high
crystallinity, large surface area (ca. 327 m?/g) was obtained through hydrothermal
recrystallization of the low-grade natural mordenite followed by acid ion-exchange. The
time of hydrothermal recrystallization affected the physical and chemical properties of the
recrystallized natural mordenite. The morphology of the new mordenite crystals was
examined by field emission scanning electron microscopy which was mainly observed as
a needle shape. The n-butane isomerization in a fixed bed reactor was selected as a model
reaction to evaluate the samples catalytic properties. The n-butane conversion boosted from
3.5 % in the parent natural MOR (H-P-H) to 25 % in the recrystallized natural MOR (H-
R26-H). The yield of isobutane over the recrystallized natural MOR was 8 % which was
far higher than the parent natural MOR with only 1 %. The recrystallized natural MOR

also exhibited a comparable isobutane yield with the synthetic mordenite (ca. 7%).

3.2 Introduction

Zeolite literally means boiling stone. The term zeolite was coined by Cronstedt who found

a stone that produced steam under blowing of hot air in 1756. The framework of the zeolite
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was believed as stilbite for 250 years, despite there was no strong evidence. In 2007, Colella
and Gualtieri reported that Cronsted’s natural zeolite was composed of stellerite as the
major phase and stilbite as the impurity phase [104]. Up to date, 44 natural zeolites
framework have been identified as reported elsewhere [25]. There are a few of natural
zeolites framework in the world that have been exploited such as clinoptilolite, mordenite,
phillipsite, chabazite, and erionite as it is easily found in huge sedimentation deposits
around the world. The most successful application of the natural zeolites is in wastewater

treatment which exploits its ion-exchange properties [4, 5].

One of interesting natural zeolite framework is mordenite due to its unique pores
architecture and the wide commercial application of its synthetic counterpart in catalysis
field. The main large pore of mordenite is a 12-membered ring (MR) (0.67 x 0.70 nm) pore
parallel with smaller pore an 8-MR (0.26 x 0.57 nm). Those channels are connected by an
8-MR (0.34 x 0.48 nm) which are also called the side pocket. Mordenite is also well-known
for its strong acid sites among other zeolites. The strong acid sites primarily occur on the
8-MR side pocket [105]. However, the small pore 8-MRs are practically too small to be
accessed for most molecules. Dealumination with moderate acid on the synthetic mordenite
was reported effective to open the access to the strong Brensted acid sites on the 8-MR
side pocket and improve the performance of the catalyst in the n-hexane isomerization

[106].

Natural zeolites normally exist in a mixture of several crystalline and amorphous phases
[107]. The mordenite in nature occurred along with amorphous phase, quartz and other
zeolite phases, i.e., clinoptilolite, heulandite [62, 74, 108]. Hydrothermal recrystallization

technique applied to the amorphous milled crystals zeolite was investigated effectively to
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recover the zeolites crystalline phase [61, 109]. The natural mordenite needs to modify to
meet the quality of synthetic mordenite which is well-recognized for commercial catalysts
application such as alkylation, cracking, and isomerization. However, the literature
regarding the improvement of natural zeolites through hydrothermal recrystallization

technique is rarely reported.

Isomerization of n-butane has been attracting many researchers in the past decade in order
to investigate the potential candidate catalysts to replace the non-environmentally friendly
catalyst Pt/CI-Al2Os. Recently, the price of n-butane has been decreasing because of
increasing n-butane production from the fast growth exploitation of natural gas in shale
and tight rock formation and low demand of n-butane in the market. Hence, an alternative
chemical process is urged to convert low-price n-butane into more valuable chemical [110].
Alkylate or isooctane (2,2,4 trimethylpentane) is one of the more expensive chemicals
which derived from n-butane. Alkylate is an important component to boost octane number
which inhibits autoignition of gasoline in the engine. The process is started with n-butane
isomerization to produce isobutane by using acid catalyst, i.e., Pt/CI-Al>O3 and Pt/H-
Zeolite (Equation 3.1). Then, the isobutane is reacted with 2-butene become alkylate by

using sulfuric acid or hydrochloric acid as a catalyst (Equation 3.2).

Isomerization reaction:

CH; — CH, — CH, — CH3 - CH3 — CH — CH; (3.1)

CHs
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Alkylation reaction:

CHs
CH; — CH = CH— CH; + CH; — CH — CH; - CH; — C — CH, — CH — CH; (3.2)

CH3 CHs CH3

The rise in environmental awareness is a signal to notify the heterogeneous eco-friendly

catalyst such as natural mordenite for n-butane isomerization.

We investigated the hydrothermal recrystallization of low-rank natural zeolites to obtain
cost-effective mordenite. In addition, the ion exchange procedure with different chemicals
solution i.e. ammonium nitrate and hydrochloric acid were also examined. The catalyst

samples were tested in a fixed bed reactor for n-butane isomerization.

3.3 Experimental

3.3.1 Materials

Natural zeolites tuff was obtained from Klaten, Central Java, Indonesia. The mining
location is surrounded by three volcanoes which one of them remains active. The large size
of greenish tuff was grounded and sieved to obtain smaller particle size from 0.1 to 0.3
mm. An H-protonated form of natural zeolites was prepared by two different methods
which are discussed in Section 3.3.2. Modified natural mordenite samples were prepared
by hydrothermal recrystallization method which is described in Section 3.3.3. Afterward,
the H-protonated form of recrystallized natural zeolites samples was prepared by using HCI

as described in Section 3.3.2 as follow.
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3.3.2 lon-Exchange Procedure

We studied two different chemical sources treatment to prepare H-protonated form, i.e.,
ammonium nitrate (NHsNO3) and hydrogen chloride (HCI). The sample was ion-
exchanged with 2 M NHsNOs for 30 min at 85 °C under microwave irradiation. The
procedure was repeated to ensure complete removal of alkali metal and alkaline earth
cations. The other sample was prepared with 1 M HCI by using the same microwave
irradiation procedure. Solid particles were separated and dried overnight at 110 °C.
Afterward, the dry powder samples were calcined in static air at 550 °C for 8 h. The H-
protonated form samples were labeled as H-P-N and H-P-H for NH4NOs ion-exchanged

and HCI ion-exchanged, respectively.

3.3.3 Recrystallization

Sodium silicate solution (18SiO2/12NaOH/780H20) was applied to recrystallize the
natural zeolites at temperature 170 °C under autogenous pressure. The hydrothermal
recrystallization time was varied by 2, 14, and 26 h. The samples were labeled as R2, R14,
and R26, respectively. Afterward, samples were washed and centrifuged several times with
deionized water. The sample dried overnight at 110 °C. The H-protonated form of
recrystallized samples was prepared by using HCI as described in previous Section 3.3.2.

The protonated samples were labeled as H-R2-H, H-R14-H, and H-R26-H.

3.3.4 Synthetic Mordenite Preparation

The synthetic mordenite sample was prepared by hydrothermal method with
silicon/aluminum ratio of 15 according to the recipe, 30SiO2/Al,03/7Na;O/780H:0,
reported elsewhere [111]. Firstly, the sodium hydroxide pellets (Applichem) were

dissolved in deionized water by stirring vigorously. The sodium aluminate was added to
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the sodium hydroxide solution. After the homogeneous mixture solution, colloidal silica
(40 wt.% in water, Sigma-Aldrich), was added to the solution and stirred for a half hour.
The mixture solution was heated in an autoclave (Parr Inc.) at 170 °C for 48 h. The solution
was decanted and the sample washed with deionized water several times by centrifugation.
The sample of synthetic mordenite was dried in the oven at 110 °C for 12 h. The dried
powder was ion exchanged with 2 M NHsNOs and calcined. The sample was labeled as H-

synthetic MOR.

3.3.5 Characterization

Natural zeolites phases were identified by using powder X-ray diffraction (XRD, Miniflex-
Rigaku). The scanning rate was 3°/min from 26 of 5° to 50° with a step size 0.03°. X-ray
fluorescence (XRF) was carried out to determine elemental composition of the natural
zeolites. Field-emission scanning electron microscopy (FE-SEM, LYRA 3 Dual Beam,
Tescan) was used to study the morphology of samples. 2’ Al Magic-Angle Spin Nuclear
Magnetic Resonance (>’ Al MAS-NMR) investigations were carried out to determine the
aluminum is within the zeolites framework. Textural properties were assessed by nitrogen
physisorption (ASAP 2020-Micromeritics). Prior to analyzing, the sample was degassed
at temperature 350 °C for 6 hours under vacuum condition. Nitrogen physisorption was
conducted at cryogenic temperature -196 °C. Ammonia-temperature program desorption
(NH3-TPD, Micromeritics ChemiSoft TPx V1.02) analysis was performed to study the
samples acidity. Pyridine-FTIR (Nicolet 6700 spectrometer) studies were carried out to
determine Brgnsted and Lewis acid sites. The spectra were taken at 150 °C and 300 °C.
The amount pf pyridine FTIR adsorbed was calculated by an equation published elsewhere

[112].
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3.3.6 Catalysts Testing

The samples were tested in a fixed bed reactor for n-butane isomerization. The reactor
made of Inconel ID 5.16 mm was loaded with 0.2 g of H-protonated form samples. The
temperature was increased from room temperature to 500 °C for 30 min and dwell for 30
min under a flow rate of 10 mL/min nitrogen. The temperature was reduced to 350 °C for
30 min followed by feeding 2 mL/min of n-butane (99.5%) and 10 mL/min nitrogen under
atmospheric pressure. Products analyses were evaluated by using GC (Agilent 7890a) with
two columns (Agilent HP-INNOWax PEG and Agilent J&W GC-GasPro) and flame

ionization detectors (FID).

3.4 Results and Discussion

The crystalline phases of zeolites Klaten were observed by XRD in which three phases,
i.e., mordenite, clinoptilolite, and quartz have been identified. Mordenite was confirmed as
the major phase as compared with the other phases. The XRD pattern of natural mordenite
was consistent with the XRD pattern of synthetic mordenite. However, the peaks intensity
of natural mordenite were noticeably lower as compared to the synthetic mordenite, which
indicated a low crystallinity of the natural mordenite and high content of amorphous phase

(Figure 3.1).
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Figure 3.1: XRD patterns of (a) the as-received natural zeolites, (b) synthetic Na-MOR.

3.4.1 lon-Exchange Procedure

The intensity of diffraction peaks of H-protonated samples slightly increased as compared
with the as-received natural zeolites, which indicated higher mordenite crystallinity after
ion-exchange and calcination. The acid treatment sample showed slightly lower XRD peak
intensities than the ammonium nitrate ion-exchanged sample (Figure 3.2). It is important
to note that the acid ion-exchange with mild concentration acid (1 M HCI) and short
duration treatment retained the zeolite framework. Harsh acid concentration and longer
period time treatment on the natural mordenite decreased the crystallinity as reported in

our previous work [69].

49



(a) H-P-N (b) H-P-H

800 800 -
2600 EGOO i
L L
Fy oy
'2400 é 400
£ £
= 200 = 200
0 I\\\II\\\I{\\\I{\\II{\\\\{\I\\{I\\\{I\\\{I\\\ 0 ‘\\\{I\\\I\\\\I\\\\I\\I\{\\I\{\II\{\I\\{\I\\‘
5 10 15 20 25 30 35 40 45 50 5 10 15 20 25 30 35 40 45 50

20[] 20[°]

Figure 3.2: XRD patterns of protonated MOR by using solutions of (a) NHsNO3z and
(b) HCI.

The textural properties of the ion-exchanged samples were significantly different with
the as-received natural zeolite sample as shown in the nitrogen isotherms (Figure 3.3).
The nitrogen uptake of the acid ion-exchanged was higher than the ammonium nitrate
ion-exchanged. Micropore surface area increased from 110 m?/g in the as-received
natural zeolites sample to 159 m?/g in the NHsNO3 ion-exchanged sample and 180 m?%/g
in the HCI ion-exchanged sample (Table 3.1). The replacement of potassium (K*) and
calcium (Ca?*) cations in the as-received sample with H* in the ion-exchanged sample
increased the surface area as the H* size much smaller as compared with the K* and
Ca?". The surge of pore volume was observed in the HCI ion-exchanged sample with
0.13 cm®/g from 0.1 cm®/g in the as-received natural zeolites. This was mainly due to
partial removal of aluminum within the framework of zeolites by the acid solution
which created new micropore and mesopore channels [69, 113]. The ion-exchange
procedure by using mild concentration of hydrochloric acid gave benefits, i.e., the H-
protonated form generated along with an improvement of textural properties.
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Figure 3.3: Nitrogen isotherms of the as-received sample (As-Received) and protonated
MOR by using NHsNO3 (H-P-N) and HCI (H-P-H) solutions.

Table 3.1: Textural properties and Si/Al of the as-received sample and protonated MOR
by using NH4sNO3 (H-P-N) and HCI (H-P-H) solutions.

SBET St Sext Vtotal Vmicro Vmeso Si/AI*
Sample (m’g?)  (m’%g?) (m’g?l) (ecmig?) (ecmPg?) (cm?gl) ()
As-Received 133 110 23 0.10 0.06 0.04 6.0
H-P-N 183 159 24 0.10 0.06 0.04 7.1
H-P-H 219 180 39 0.13 0.08 0.05 13.1

*XRF

The acid ion-exchanged sample (H-P-H) exhibited a rough surface texture as compared
with the ammonium nitrate sample (H-P-N) which showed a smooth surface appearance
(Figure 3.4). The acid treatment created secondary pore which marked on the rough surface

SEM image as shown in Figure 3.4b. This fact was in agreement with the nitrogen
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physisorption study which concluded that the mesopore volume of the H-P-H sample was
higher than the H-P-N sample (Table 3.1). The hierarchical pore system, a combination of
micropore and mesopore channels, shortened diffusion path length which greatly improved

mordenite catalyst performance [114].

At )

SEM HV: 20.0 kV WD: 9.95 mm LYRA3 TESCAN

View fieid: 0.963 pm Det: SE 200nm OU .
SEM MAG: 300 kx _ Date(m/dly): 03/20117 - nm

Figure 3.4: SEM images of protonated MOR by using (a) NH4NO3z and (b) HCI
solutions.

The ion-exchange solution also affected sample acidity which studied by ammonia-TPD
(Figure 3.5). The ammonium nitrate ion-exchanged sample (H-P-N) showed a higher total
number of acid sites as compared with the acid ion-exchanged sample (H-P-H). The weak
acid sites of the H-P-H was decrease significantly as compared to the H-P-N. However,
there is a slight increase in the number of strong acid sites of the H-P-H. It is most likely
as a result of dealumination process, which also occurred during the ion-exchange using
hydrochloric acid solution. Partial removal of aluminum decreases the total acid sites of

the natural zeolites.
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Figure 3.5: NHs-TPD curves of protonated MOR by using (a) NH4NO3 and (b) HCI
solutions.

The acidity study by using pyridine-FTIR also showed a similar trend with the ammonia-
TPD in the total number acid sites (Table 3.2). The number of Bragnsted acid site (BAS) of
the H-P-N sample was higher than the H-P-H sample. However, the number of Lewis acid
sites (LAS) was slightly higher in the acid ion-exchanged sample as compared with the
ammonia ion-exchanged sample. The high number of LAS of the H-P-H suggested that the
extraframework aluminum (EFAL) formed during the acid ion-exchange procedure. On
the other hand, the aluminum within zeolites framework preserved well after the
ammonium nitrate ion-exchange which was shown by the high number of BAS and a close

silicon/aluminum ratio with the parent.
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Table 3.2: The number of acid sites of protonated MOR by using NH4sNO3 (H-P-N) and
HCI (H-P-H) solutions.

Brgnsted acid sites | Lewis acid sites BAS/LAS
(BAS) (LAS)
Sample [umol/g]* [umol/g]*
150 °C 300 °C 150°C 300°C 150 °C 300 °C
H-P-N 62 40 24 16 2.6 2.5
H-P-H 42 26 28 15 1.5 1.7

*Pyridine-FTIR

H-protonated forms of mordenite were prepared by an ion-exchange method with two

different chemical sources, i.e., hydrochloric acid (H-P-H) and ammonium nitrate (H-P-

N). We tested the catalysts in the fixed bed reactor for n-butane isomerization. High

selectivity to isobutane was exhibited over the H-P-H sample as a result of high silicon to

aluminum ratio (Si/Al= 13.1) (Figure 6). The higher n-butane conversion with 10% was

demonstrated over the H-P-N sample than the H-P-H sample with only 3.5% at time on

stream (TOS) 10 min. However, the selectivity to isobutane over the H-P-N was very poor

(ca. 14%). The high aluminum content in the H-P-N sample (Si/Al = 7.1) which also

indicated by the high BAS density is the main reason of the high n-butane conversion and

low isobutane selectivity.
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Figure 3.6: Butane conversion and products selectivity over H-P-N and H-P-H.
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The high selectivity to propane over the H-P-N suggested that the n-butane transformation
most likely followed the bimolecular pathway with disproportionation and successive
secondary reaction in the micropore structure (Route 1).[115] On the other hand, the
selectivity to isobutane was significantly high over the H-P-H sample (ca. 37%). It is not
only due to the lower content of aluminum, less acid density, but also the opening new
micropore channels during the ion-exchange with acid solution as suggested by the
nitrogen physisorption study (Table 1). This enhanced the access of n-butane into the high
strong acid sites in the side pocket of 8-MR channels. This finding was in agreement with
literature reported that the acid treatment created the access to the new micropore channels
in the side pocket.[113, 116]. Niwa et al. [105] studied that the acid sites in the 8-MR were
stronger than the 12-MR. Hence, the high selectivity to isobutane over the H-P-H is most

likely contributed through the monomolecular pathway on the strong acid sites (Route 2).

n — CyHyog) © 1= Callg(g) + Hyg)
n — C4Hggy + H* — MOR & n — C,Hy. MOR
n — C4Ho. MOR = i — C4Ho. MOR
i — C,Ho. MOR & i — C,Hg + H* — MOR
L= C4Hg(g) + Ha(g) & 1 = C4Hio(g)
i — C4Ho. MOR + 1 — CyHyg(g) © i — C4Hyo(g) + n—CyHo. MOR

Route 2. Monomolecular pathway for the n-butane isomerization. Adapted from ref. [117].

3.4.2 Recrystallization of Natural Zeolites

The recrystallization of natural zeolites showed interesting results. The recrystallized
samples exhibited higher crystallinity as compared with the as-received natural zeolites

which indicated by the high peaks intensity of XRD patterns as seen in Figure 3.7. It seems
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that the high crystallinity contributed by the new mordenite crystal growth during the
hydrothermal process. As the time of hydrothermal increased, the XRD peaks intensity
became higher which suggested a growth of new mordenite crystal along with the
hydrothermal time. However, the competitor phase identified as quartz grew faster at
longer hydrothermal time viz. 26 h. Hence, it is not suggested to recrystallize in a very long

period of time.
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Figure 3.7: XRD patterns of the as-received sample (P) and Na-MOR recrystallized
samples. Offset by 1500, 3000, 4500, and 6000 for R2, R14, R26, MOR-S respectively.

The 2’Al NMR analyses were performed to study the effect of recrystallization on the
aluminum tetrahedral within the zeolites framework (Figure 3.8). The study revealed that
the as-received natural zeolites have a small peak at 0 ppm which suggested the existence

of extraframework aluminum (EFAL). The shoulder at main peak 60 ppm was also
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detected in the parent sample. The EFAL peak and the shoulder disappeared after
hydrothermal recrystallization. The 2’ Al NMR results convinced that the aluminum within

the structure of zeolite recrystallized sample is higher than the parent natural zeolites (P).

_
I
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Figure 3.8: 2’ Al NMR spectra of the as-received sample (P) and recrystallized MOR
(R2).

The SEM images of the parent and recrystallized samples are presented in Figure 3.9. The
typical shape of natural mordenite is needles [29]. The parent sample has only a few small
size needles shape. The mordenite crystal growth was clearly seen as indicated by the more
needles shape appearance after hydrothermal recrystallization for 2 h. The crystals size
were even longer and increased in number after 14 h of recrystallization. At 26 h, the
crystals became larger like a slab. The growth of crystal mordenite was in agreement with
the XRD study that revealed the gradual increase in mordenite peak intensities along with

the hydrothermal time.
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Figure 3.9: SEM images of the protonated parent and recrystallized samples after 2-26 h
hydrothermal treatment.

The nitrogen physisorption isotherms are presented in Figure 3.10. The nitrogen uptake
was increased with the time of hydrothermal recrystallization. It was arisen as a result of
the formation of new mordenite crystal during the hydrothermal recrystallization. From the
model calculation using the t-plot method, the micropore area increased significantly from
180 m?/g in the parent (H-P-H) to 285 m?/g after 26 h hydrothermal recrystallization (H-

R26-H) (Table 3.3). The mesopore was observed in the SEM images of the acid treatment
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recrystallized samples as shown by the arrows in Figure 3.11. This is in a good agreement
with the nitrogen physisorption results which showed a higher mesopore volume at 2-14 h

of recrystallized acid treated samples.
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Figure 3.10: Nitrogen isotherms of the parent (H-P-H) and recrystallized H-MOR.

Table 3.3: Textural properties and silicon to aluminum ratio of samples.

SBET St Sext Vtotal Vmicro Vmeso SIIAI *
Sample  (m%?) (m%g?) (m’g?Y) (emig?) (ecmPg?) (ecmig) ()

H-P-H 219 180 39 0.13 0.08 0.05 13.1
H-R2-H 272 212 60 0.17 0.09 0.08 15.5
H-R14-H 313 266 47 0.17 0.11 0.06 16.0
H-R26-H 327 285 42 0.17 0.12 0.05 16.6
*XRF

60



The mesopore was observed in the SEM images of the acid treatment recrystallized
samples as shown by the arrows in Figure 3.11. This is in a good agreement with the
nitrogen physisorption results which showed a higher mesopore volume at 2-14 h of
recrystallized acid treated samples. However, the mesopore volume of the recrystallized

acid treated sample at 26 h was in similar result with the parent (Figure 3.11b).

SEM HV: 20.0 kV WD: 9.81 mm LYRA3 TESCAN| SEM HV: 20.0 kV WD: 9.82 mm LYRA3 TESCAN|

View field: 0.963 pm Det: SE 200 nm 2 OO nm View field: 0.963 ym Det: SE 200 nm 200 nm

SEM MAG: 300 kx  Date(m/dly): 03/20/17 SEM MAG: 300 kx  Date(m/dly): 03/20/17

Figure 3.11: Mesopore in the recrystallized after ion-exchange with HCI over the
recrystallized MOR samples.

The effect of hydrothermal recrystallization time to the acidity of the recrystallized samples
is studied based on the NH3-TPD and pyridine-FTIR. The total acid sites increased by the
recrystallization time as seen in the curve of ammonia-TPD results (Figure 3.12). It is
worthwhile to mention here that the number of weak acid sites were increase significantly
along with the recrystallization time. On the other hand, the number of strong acid sites
reduced after the recrystallization step. Those facts suggested that the silicon/aluminum

ratio of the samples were increase by the time of hydrothermal recrystallization. The XRF
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study confirmed that the Si/Al ratio of the recrystallized samples were increase by the
recrystallization time (Table 3.3). This was also in agreement with literature [118]. The
authors showed that increasing of Si/Al ratio led to the increasing of weak acid sites and
decreasing of the strong acid sites. The pyridine-FTIR was also performed in order to
examine the Brgnsted acid sites (BAS) and Lewis acid sites (LAS). The trend of higher
number acid sites in the recrystallized samples as compared to the parent were also
confirmed by the pyridine FTIR study. It is understandable that the number of acid sites
increase as a result of the growth of new crystals mordenite phase replacing the amorphous
phase in the as-received natural zeolites. The longer of recrystallization time leads to higher
number both of Brensted and Lewis acid sites (Table 3.4). The BAS was increase higher
than the LAS, which was indicated by the increase of BAS/LAS ratio along with the
recrystallization time. The BAS played a crucial part in the n-butane isomerization
reaction. In fact, the strong BAS favored isobutane selectivity through the monomolecular
mechanism. In contrast, the presence of LAS had a negative effect on the n-butane

isomerization [119].
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Figure 3.12: Ammonia-TPD of the protonated parent (H-P) and recrystallized samples.

Table 3.4: Brgnsted and Lewis acid sites of the parent & recrystallized samples.

Sample

Brgnsted acid
sites (BAS)
[umol/g]*

Lewis acid sites
(LAS)
[umol/g]*

BAS/LAS

[-]

150°C  300°C

150°C 300°C

150°C 300°C

H-P-H

H-R2-H
H-R14-H
H-R26-H

42 26
63 35
178 102
190 135

28 15
34 21
65 39
58 32

15 1.7
1.9 1.7
2.7 2.6
33 4.2

*Pyridine-FTIR

The recrystallized and parent acid ion-exchanged samples were tested in the fixed bed

reactor for n-butane isomerization. Conversion of n-butane increased along with the

recrystallization time (Figure 3.13). The conversion of n-butane was very low ca. 4 % at a

time on stream (TOS) 10 min in the H-P-H sample. However, the n-butane conversion

increased significantly to 25% at TOS 10 min after 26 h of hydrothermal recrystallization
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(H-R26-H). The high number of BAS in the H-R26-H sample governed the high

conversion of n-butane.

The selectivity to isobutane was decreased from 37% in the H-P-H to 31%, 30%, and 28%
in the H-R2-H, H-R14-H, and H-R26-H, respectively at relatively similar conversion (ca.
5%). The high number of weak acid sites in the recrystallized samples promoted
transformation of n-butane through bimolecular pathway, which is less selective to
isobutane product (Route 1). Owing to the highest weak acid sites density, the sample H-
R26-H showed the lowest selectivity to isobutane among other samples. Improving the
selectivity to isobutane might be achieved by shifting the bimolecular pathway to
monomolecular pathway through reducing the number of weak acid sites and open the
access to the strong acid sites in the side pocket. The strong acid sites in the side pocket of

the 8-MR could be accessed by a longer period of acid treatment.

The isobutane yield was calculated by multiplying the n-butane conversion with the
selectivity to isobutane. Despite the selectivity to isobutane in the recrystallized MOR were
slightly lower than the parent, the n-butane conversion was significantly higher than the
parent. As a result, the yield of isobutane showed remarkably higher in the recrystallized
MOR samples with ca. 8% as compared with the parent with only ca. 1% (Figure 3.14). It
can be deduced that the hydrothermal recrystallization was effective to improve the catalyst

properties of the natural zeolites.

64



(a) (b) (c) (d)
H-P-H H-R2-H H-R14-H H-R26-H

100 25

80 20

60 15

40 10

Selectivity [%]
Conversion [%]

20

0

O 0O 0O QO O O Q0 O O OO0 0O 0 O O 0 O 0 O

— <~ O m <~ O m — <~ O m — < ™~ O m

— — — —

TOS [min] TOS [min] TOS [min] TOS [min]
. BTX I BTX . BTX . BTX
o i-C5 o i-C5 e i-C5 mmi-C5
C4= C4= C4= C4=
. i-C4 . i-C4 . i-C4 mi-c4
mm C3 mmC3 . C3 mmC3
i Cl1-2 i C1-2 . Cl-2 mmCl-2

~=Conversion ~+=Conversion = ~Conversion = =Conversion

Figure 3.13: Butane conversion and products selectivity over the parent and the
recrystallized natural mordenite.
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Figure 3.14: Isobutane yield over different time of hydrothermal recrystallization.

3.4.3 Comparison of Recrystallized Natural Mordenite and Synthetic
Mordenite

The nitrogen isotherm of recrystallized natural mordenite displays different pattern as

compared with the synthetic mordenite (Figure 3.15). Higher nitrogen uptake in the low-
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pressure region as shown in the synthetic mordenite isotherm indicates a high micropore
volume of synthetic mordenite than the recrystallized natural mordenite. The isotherm of
synthetic mordenite had reached a plateau from relative pressure ca. 0.05 to 1 which
indicated a very low external surface area. There was also no hysteresis observed in the
isotherm of the synthetic mordenite which described a very low mesopore volume. In
contrast, gradual increasing nitrogen uptake from lower relative pressure ca. 0.05 and a
loop of hysteresis was detected at P/Po 0.5 to 1 which indicated a high external surface

area and large mesopore volume.
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Figure 3.15: Nitrogen isotherms of recrystallized natural mordenite and synthetic
mordenite.

Textural properties of the samples were calculated based on various model, i.e., Brunauer—
Emmett—Teller (BET) for the total surface area, t-plot method for micropore area, volume

and external surface area. It is clearly shown in Table 3.5 that the synthetic mordenite
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mainly consisted of micropore. In contrast, the recrystallized natural mordenite has not
only the micropore but also a significant amount of mesopore. The hierarchical pore
architecture was inherent from the parent of natural zeolites which enriched by the new

crystal needles shape in various size after the recrystallization.

Table 3.5: Textural properties of recrystallized natural mordenite and synthetic

mordenite.
SBET St Sext vtotal Vmicro Vmeso Si/Al
Sample (m%g?) (m%g?) (m%g?) (cm3g?) (ecmigl) (cm?gl) (-)
H-R26-H 327 285 42 0.170 0.120 0.050 16.6*
H-Synthetic MOR 420 406 14 0.170 0.168 0.002 8.8%*

*XRF, **EDX

The particle size of the recrystallized natural mordenite was smaller ca. 1-5 pm as
compared with the synthetic mordenite, ca. 5—20 pum (Figure 3.16). The morphology shape
of the recrystallized was a mixture of needles and irregular shape. On the other hand, the

synthetic mordenite was mainly a large hexagonal shape.
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Figure 3.16: SEM images of (a) recrystallized natural mordenite and (b) synthetic
mordenite.
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The ammonia-TPD curves of synthetic and recrystallized natural mordenite are presented

in Figure 3.17. It is clear that the total acid sites of synthetic mordenite was higher than the

recrystallized natural mordenite. The number of Brensted acid sites of the synthetic

mordenite was higher than the recrystallized natural mordenite (Table 3.6). However, the

Lewis acid sites of the synthetic mordenite was lower as compared with the recrystallized

natural mordenite. The high crystallinity of synthetic mordenite and high micropore

volume was correlated positively with the number of acid sites.
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Figure 3.17: Ammonia-TPD of recrystallized natural mordenite and synthetic mordenite.

Table 3.6: Brgnsted and Lewis acid sites of recrystallized natural mordenite and synthetic

mordenite.
Brgnsted acid | Lewis acid sites BAS/LAS
sites (BAS) (LAS)
Sample [umol/g]* [umol/g]* [
150°C 300°C | 150°C 300°C | 150°C 300 °C
H-R26-H 190 135 58 32 33 4.2
H-Synthetic MOR | 224 200 13 11 17.2 18.2

*Pyridine-FTIR
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Figure 3.18: Comparison of activity and products selectivity of n-butane isomerization
over (a) recrystallized natural mordenite and (b) synthetic mordenite.

The performance of recrystallized natural mordenite and synthetic mordenite for n-butane
isomerization is compared in Figure 3.18. Conversion of n-butane over the synthetic
mordenite was higher than the recrystallized natural mordenite during the initial 70 min of
reaction. However, the activity of recrystallized mordenite was higher as compared with
the synthetic mordenite after TOS 70 min reaction. The deactivation rate was higher on the
synthetic mordenite due to high Brgnsted acid sites density and high micropore volume but
very low mesopore volume. Furthermore, the crystal size of 1-D synthetic mordenite was
very large which favored the successive reactions to produce coke within the micropore
channels. The coke condensation caused blocking on the micropore resulted in the fast

deactivation rate [120]. The selectivity to isobutane over the recrystallized natural
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mordenite (28-33%) was notable consistently higher than the synthetic mordenite (18-
20%) over the time of reaction. The silicon to aluminum ratio of recrystallized natural
mordenite, ca. 16.6, was higher than the synthetic mordenite, ca. 8.8 which favored
selectivity to isobutane as reported in the open literature [115, 121]. The yield of isobutane
on the recrystallized natural mordenite was higher than the synthetic mordenite (Figure
3.19). The combination of high silicon to aluminum ratio and high micropore and mesopore
volume of the recrystallized natural mordenite gave a comparable catalyst performance

with the synthetic mordenite.
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Figure 3.19: Comparison of isobutane yield over recrystallized natural mordenite and
synthetic mordenite.

3.4.4 Mechanism of Natural Mordenite Recrystallization

The possible mechanism of low-grade natural mordenite recrystallization into high-quality
mordenite is illustrated in Figure 3.20. The aluminum source originated from the natural
zeolites which were rich in aluminum. Sodium hydroxide solution acted as mineralizer and
controlled the high basicity which was suitable for the mordenite growth. Silica addition
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into the aqueous NaOH was needed not only to prevent desilication of the parent mordenite
but also to provide silicon for the formation of new mordenite crystals. The mordenite
phase in the as-received natural zeolites acts as the seed to induce a new crystal growth of
mordenite as shown by the shape of the needle in the illustration. The temperature 170 °C
was selected for the optimum growth of mordenite phase. The amorphous phase which was
high in the as-received sample was converted into the mordenite phase as indicated by the
high peaks intensity of the XRD pattern. Finally, the mordenite phase in the recrystallized
samples become far more dominant with high purity, better textural properties, and
controlled silicon to aluminum ratio.
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Recrystallized mordenite

Natural zeolites

Recrystallization
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.':: Amorphous phase
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Figure 3.20: Mechanism of natural zeolites recrystallization.
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3.5 Concluding Remarks

The low-grade natural zeolites with mordenite as dominant phase properties were improved
by hydrothermal recrystallization technique. The recrystallized mordenite samples were
exhibited superior textural properties, high crystallinity, and a high number of acid sites as
compared with the parent natural zeolites. The H-protonated form of recrystallized natural
mordenite via acid ion-exchange showed a better catalyst performance than the parent
natural zeolites, particularly for n-butane isomerization application. The recrystallized
mordenite catalytic performance was comparable with the synthetic mordenite. The simple
recrystallization technique is potentially applied to improve properties of low-rank natural

zeolites.
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CHAPTER 4
HIGH-ENERGY BALL MILLING ATTRITOR AND
HYDROTHERMAL RECRYSTALLIZATION TO
PREPARE MORDENITE NANOPARTICLES: THE
EFFECT OF THE RELATIVE WEIGHT OF THE
BALLS AND WATER

4.1Summary

An experiment with a Taguchi L9 orthogonal design was applied on a high-energy ball
milling (HEBM) attritor to study the effects of the ball-to-powder weight ratio (B = 10, 20,
and 30 wt./wt.) and water-to-powder weight ratio (W = 4, 5, and 6 wt./wt.) on the
fabrication of nanoparticles from natural mordenite with the objective of minimizing the
size of the particles and maximizing their crystallinity, external surface area and mesopore
volume. The selected milled samples were subjected to a basic silicate solution to recover
the mordenite crystalline phase. Characterizations of the samples were achieved by
carrying out nitrogen physisorption, X-ray diffraction, dynamic light scattering, field
emission scanning electron microscopy, and transmission electron microscopy
investigations. The Taguchi analysis suggested that the ball-to-powder weight ratio was
the most significant parameter to adjust for minimizing particle size and maximizing
external surface, mesopore volume and crystallinity. The mean particle size by volume of
the B30-W5 milled sample was 220 nm and the span ([dygo—dyvo1]l/
dyo.5) of this sample was 1.2. The particle sizes ranged from 70 nm to 580 nm. About

10% of the sample by volume (dvo.1) had particles sizes less than 100 nm and 50% of the
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total number of particles (dno.s) were smaller than 100 nm. The crystalline nature of the

mordenite nanoparticles was recovered by carrying out hydrothermal recrystallization.

4.2 Introduction

Zeolites are highly microporous crystalline minerals consisting of channels and voids filled
by water and alkali or alkaline earth cations to balance the extra charge resulting from the
substitution of AI** for Si** in the tetrahedral unit [2]. Zeolites have been synthesized in
the laboratory and found in nature. The largest deposits of natural zeolites are found as
volcanoclastic rocks, which are made from volcanic ash and magma [5]. Large deposits of
natural zeolites in the western United States and other countries were discovered for the
first time in 1959, and these discoveries led to the wide applications of zeolites in industrial,
agricultural, environmental, and biological fields [33]. To date, 44 zeolite frameworks have
been discovered in nature [25]. Clinoptilolite, mordenite, phillipsite, and chabazite are the
most common zeolites and have been found as tuff deposits in vast quantities [5].
Mordenite is widely applied in the sorption and catalysis fields due to its high thermal and
acid resistance. In fact, mordenite has been commercially applied as a catalyst for

hydroisomerization, hydrocracking, alkylation and dewaxing [111, 122].

Over the past decade, fashioning zeolites into nanoparticles has been attracting
considerable attention since this process shortens the diffusion path for substrates of the
zeolite, increases the external surface area of the zeolite, makes the zeolite more stable and
raises the catalytic activity and selectivity of the zeolite [62, 123]. Zeolite nanoparticles
may be obtained either through a bottom-up approach with an appropriate selection of

hydrothermal synthesis parameters or via a top-down approach by following a milling
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procedure [124]. The use of mechanical milling to fabricate nanoparticles is interesting due
to the low cost of this method and the ease of using this method to scale up production.
Moreover, this method is carried out in the absence of any organic structure directing agent

(OSDA), and hence poses relatively few problems for the environment.

Several types of milling techniques using different dispersion media and rotators have been
developed. Two types of milling techniques are distinguished based on the dispersion
medium used: wet milling uses a solvent to disperse the powder and dry milling functions
without using a solvent. The wet milling method has some benefits over dry milling. For
example, it eliminates the amorphization of zeolites, prevents the generation of dust and
reduces the energy consumption [11, 12, 125, 126]. Two types of machines, with different
rotator parts, have been developed for milling devices: the planetary ball mill and the ball
milling attritor. Energy input into the planetary ball mill is used to rotate a heavy tank,
while the ball milling attritor directly stirs the medium by using an agitator that is more

energy-efficient than the planetary ball mill.

The problem with the top-down milling treatment approach is that the milled samples have
a large particle size distribution. For example, low-energy ball milling (400-600 rpm) that
combines the dry and wet milling techniques has been reported to result in a wide
distribution of particle sizes, from less than 100 nm to 30 pm [11]. While another
investigation of low-energy ball milling (600 rpm), one using the wet milling method,
showed a reduced loss of crystallinity during the milling step, it nevertheless also showed
a very large distribution of particle sizes, between 70 nm to 100 um [12]. Due to the broad
particle size distribution, a high-speed centrifugation step was introduced after a low-
energy ball milling treatment (at 22 rpm) in order to separate the nanosized particles from
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the micron-sized particles, and this process resulted in several grades of zeolite particle

sizes [127].

The use of high-energy ball milling (HEBM), with speeds greater than 1000 rpm, to realize
comminution has also been reported in the literature [14, 61, 102, 128]. KNaX zeolite
particles resulting from HEBM were reported to show increased product selectivity of ethyl
benzene and styrene during their catalysis of the alkylation of toluene with methanol [102],
but unfortunately the particle size was not reported. An HEBM treatment applied on small-
pore zeolites successfully improved the initial catalytic activity of the zeolite due to an
increase in its accessible surface area [101]. An issue with HEBM, however, is the
amorphization of the milled sample. HEBM has been shown to diminish the crystallinity
of ZSM-5 and other zeolites [14, 19, 61]. But combining HEBM with the recrystallization
method has successfully yielded nanosized ZSM-5 [19], and the hydrothermal
recrystallization method has been reported to effectively recover the crystallinity of the

milled samples [14, 61].

HEBM is also a common technique to combine metals into alloys and into intermetallic
compounds of nanocrystals [129, 130]. However, there are few published studies of the
effects of HEBM parameters on nanosized zeolite particles where the particles were
prepared using HEBM together with recrystallization. In this study, we used the Taguchi
L9 orthogonal design to obtain nanoparticles from natural mordenite by deploying an
HEBM attritor followed by the recrystallization method. We specifically investigated the
effect of the ratio of the weight of the ball to the weight of the powder, as well as of ratio
of the weight of water to the weight of the powder, on various features of the mordenite

nanoparticles.
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4.3 Experimental

4.3.1 Material Characterization

The parent natural zeolite was obtained from Klaten, Indonesia. The zeolite phase was
studied by using powder X-ray diffraction (XRD, Miniflex-Rigaku) with 26 from 5° to 50°.
The scanning rate and step sizes were 3°/min and 0.03° respectively. Mordenite was
identified as a predominant phase of the natural zeolite as discussed in our previous report
[69]. The morphology and particle sizes of the samples were examined by carrying out
field-emission scanning electron microscopy (FE-SEM, LYRA 3 Dual Beam, Tescan) and
transmission electron microscopy (TEM, JEOL-JEM-2100F) investigations. The particle
size distributions were measured by using a dynamic light scattering (DLS) Zetatract
(Microtract) with deionized (DI) water, pH 7, as a solvent. Nitrogen physisorption was
carried out using an ASAP 2020 (Micromeritics). Prior to adsorption, the samples were
heated up to 350 °C and kept at this temperature for six hours. Subsequently, the samples
were cooled to ambient temperature. Liquid nitrogen was used to maintain the temperature
of the sample tube at 77 K during the nitrogen gas adsorption-desorption. The micropore
volume, surface area and external surface area were estimated by using the t-plot method
[131]. Total pore volume was computed at a relative pressure (P/Po) of 0.98. Mesopore
volume was obtained by subtracting the micropore volume from the total pore volume.
Pore size distributions were estimated by using the nonlocal density functional theory

(NLDFT)-Tarazona method [132].
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4.3.2 High-Energy Ball Milling (HEBM) Attritor

To reduce the particle size, a high-energy ball milling attritor (Union Process HDDM-01)
was used together with the wet milling method employing water as the dispersion medium.
Prior to the milling, samples were ground and sieved to obtain powder particles with
dimensions of 0.1-0.3 mm. A constant 50 g mass of natural zeolite was milled by
controlling the agitator speed at 2000 rpm for 8 h. The ratio of the weight of the balls to
the weight of the powder (B) and the ratio of the weight of the water used to the weight of
the powder (W) were each varied as shown in Table 4.1. The ball was made of zirconia
(ZrO2) and had a diameter of 650 microns. The heat generated during the milling process
was dissipated by circulating cold water, maintained at 13 °C, through the jacket of the

milling tank.

4.3.3 Hydrothermal recrystallization

The selected milled samples were treated hydrothermally using an alkaline silicate solution
(18 SiO2: 12 NaOH: 780 H20) according to our previous work [61]. A mass of 1 g of
milled powder was mixed with the solution. After mixing for 15 minutes, the solution was
heated at 170 °C for 6 h in an autoclave (Parr). The slurry was centrifuged and washed
with deionized (DI) water several times until neutral pH was reached. Solid particles were

separated and dried overnight at 110 °C.
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4.3.4 Taguchi Method

The Taguchi method was used to analyze the effects of the B and W ratios (defined in
section 4.3.2). Three levels for each of these two types of ratios resulted in the L9 design
of the experiment (Table 4.1). B10-W4, for example, denotes a B ratio of 10 and W ratio
of 4. Crystallinity, particle size, mesopore volume, and external surface area values were
determined for the particles produced using the nine different combinations of B and W.
The signal-to-noise (S/N) ratio was calculated based on “the larger the better” for
crystallinity, mesopore volume, and external surface area, whereas it was calculated based

on “the smaller the better” for particle size [133].

Table 4.1: The Taguchi L9 design of the experiment

Sample Ball-to-powder Water-to-powder
weight Ratio weight ratio
B10-wW4 10 4
B10-WS5 10 5
B10-W6 10 6
B20-W4 20 4
B20-W5 20 5
B20-W6 20 6
B30-W4 30 4
B30-W5 30 5
B30-W6 30 6
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4.4 Results and Discussion

4.4.1 Particles Size Analysis

The effects of the relative weights of the balls and water on the volume-based distribution
of sizes of the zeolite particles we produced are presented in Figure 4.1. The results
suggested that the HEBM attritor effectively reduced the average size of the parent zeolite
particles, with the milled particles having nanometer to submicron dimensions.
Nanoparticles were observed in all of the milled samples, but their sizes differed for the
different ball-to-powder weight ratio (B) and water-to-powder weight ratio (W) values
used. Smaller particles tended to be produced when larger B values were used (Figures la-
c). Using a relatively greater total weight of balls led to a higher contact frequency between

the powder and the balls and resulted in the greater particles comminution.
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Figure 4.1: Effects of the relative weights of the balls and water on the particle size
distribution by volume.
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The effect of the relative amount of water used is presented in Figures 4.1d-f. Using less
water led to a narrower particle size distribution (Figures 4.1d-f). The effect of the amount
of water was more pronounced on the samples with a lower relative weight of balls. The
distributions of the sizes of the B10-W5 and B10-W6 samples were found to be wider than
that of B10-W4. The greater amount of water apparently dissolved the powder and
increased the number of paths for the balls to have contact with the zeolite powder. As the
result, the frequency of collisions between the balls likely decreased. A water-to-powder
weight ratio (W) of 4, which was the lowest W tested, yielded the smallest particles and

the narrowest size distribution.

The combination of a low relative total weight of balls and high relative weight of water,
such as in the B10-W5 and B10-W6, resulted in a bimodal distribution, and in larger
particles with a broader particle size distribution; whereas the combination of high relative
total weight of balls and low relative weight of water led to smaller particles and a narrower
size distribution. The smallest particle, less than 70 nm, was detected for the B30-W5
sample. The largest particle, at ca. 972 nm, was detected for the B10-W5 sample. The
results showed that the concentrations of the ball and water components of the suspension

controlled the comminution process.

The particle size distributions by number are shown in Figure 4.2. The particle size
distribution by number obtained using DLS is important since it is comparable with the
FE-SEM and TEM observations. In any collection of items, there tend to be more small
particles than large particles. As shown in Figure 4.2 (and similar to the above-described
results for particle size distribution by volume shown in Figure 4.1), use of the higher

relative total weight of balls generally led to an especially greater number of small
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particles: the DLS study revealed that 10 % of the particles (determined by number) had
dimensions less than 100 nm in the B10 samples for the various water-to-powder weight
ratios tested, whereas 50 % of the particles had dimensions less than 100 nm in the B20-
W5, B30-W5, and B30-W4 samples. Note, however, that only 20 % and 10 % of the
particles had dimensions less than 100 nm in the B30-W6 and B20-W6 samples,

respectively, indicating that using more water appeared to have yielded larger particles.
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We also evaluated the shapes and sizes of the milled and parent particles using SEM
(Figure 4.3). The parent natural zeolite particles were observed to be large and have
smooth external surfaces as shown in Figure 3a. The mordenite crystal shape was not clear,
as the crystallites were very small (34 nm) and agglomerated to form larger particles. The
particles resulting from milling (Figure 3b-j) showed more irregular shapes and were
smaller than the parent particles. The milled particles also showed various sizes. Such
irregularity in shape is in general important for providing intercrystalline mesoporosity. In
the current work, the particles were observed to stack on each other and create voids; this
formation was attributed to the shapes and tiny sizes of particles. It also can be seen clearly
in the SEM figures that the particles produced using the lowest relative total weight of
balls (i.e., the B10 samples) were bigger than the particles produced using the higher
relative total weight of balls (i.e., the B20 and B30 samples), consistent with the results of

the DLS study.
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Figure 4.3: FE-SEM images of (a) the parent and the milled samples (b) B10-W4, (c)
B10-WS5, (d) B10-W6, (e) B20-W4, (f) B20-W5), (g) B20-W6, (h) B30-W4, (i) B30-W5
and (j) B30-W6.
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Distributions of the sizes of the particles were also obtained from analyzing the SEM
images in Figure 4.3, and the results were used to confirm the DLS technique. The
sampling population consisted of 200 particles. The area of each particle was measured
and converted into a diameter. Particle size distributions based on the SEM images are
presented in Figure 4.4. Increasing the weight of the balls relative to the weight of the
powder led to smaller particles. In contrast, changing the water-to-powder weight ratio did
not significantly affect the particle size. In term of the qualitative comparison of the effects
of the relative weight of balls and of water used, the size measurements using the SEM

view field images were in agreement with the DLS results.
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Figure 4.4: Particle sizes distribution based on the SEM images (a) B10-W4, (b) B10-
WS5, (c) B10-W8, (d) B20-W4, (e) B20-W5), (f) B20-W6, (g) B30-W4, (h) B30-W5, and
(i) B30-We.
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A comparison of mean particle sizes determined from the SEM images and DLS data is
presented in Table 4.2. The analysis of the DLS data resulted in larger calculated sizes for
the particles than did the analysis of the SEM images. This difference may have been due
to the agglomeration/aggregation of the nanosized particles. The light scattering technique
measured the whole agglomerate or aggregate of particles instead of each individual
particle. Strong interactions between submicron-sized particles promote agglomeration.
The agglomerate of nanoparticles was noticed on the SEM images as shown in Figure 4.5.
The agglomeration was also reported when using longer milling times: after a certain
duration of milling, a continuation of the milling was indicated to result in larger rather

than smaller particles due to the compacting of the fine powder [101].

Table 4.2: Mean of particle size by DLS -SEM images and crystallite size

Sample Mean of Particle = Mean of Particle size Mean of Particle Crystallite
size + 6 Based on % o Based on size + 0 Based on  size **
Volume Number Number [nm]
DLS (nm) DLS (nm) SEM images (nm)

Parent 100-300* 34
B10-w4  277+80 200+ 68 123+ 83 20
B10-W5 353+190 176 £ 58 122 +94 23
B10-w6 343+ 148 202+71 133+ 96 22
B20-W4  245+90 139+61 76+ 54 19
B20-W5  236+90 127 £59 75+ 48 17
B20-W6 263+ 122 168 + 38 87+ 66 18
B30-w4 215+ 98 124+ 44 76 £ 45 14
B30-W5  220+96 123+47 60+ 40 13
B30-W6 280+ 126 155+57 71+50 13

* In micron size using sieve mesh 100-300 micron
** Scherrer equation

88



The particle size distribution by volume is presented in Table 4.3. In order to study the
effect of different milling conditions on particle size distribution quantitatively, the span

of the particle size distribution was calculated using the equation

dv0.9 - de.l

Span = (41)

dv0.5

Here, 10, 50, and 90% (by volume) of particles have sizes less than dvo.1, dvos, and dvo.g,
respectively. A small span is a measure of a narrow particle size distribution. The particle
size distributions of the various milled samples were found to be quite similar (Table 3).
The two smallest mean particle sizes by volume were obtained for sample B30-W4, which
showed a mean particle size of 215 nm and span of 1.3, and for B30-W5, which showed a
mean particle size of 220 nm and span of 1.2. These span values were indicative of the
narrow particle size distributions of our milled samples, and were smaller than the 2.4 span
value reported for particles of natural zeolite produced using a planetary ball mill together
with combining the dry and wet milling method [11] and the span value of 3 reported for
particles of synthetic zeolite when using only the wet milling method for 8 h [12]. The
results suggested HEBM to be effective at fabricating nanoparticles with a narrow

distribution of sizes.
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Table 4.3: Particle size distribution by volume.

Sample D, Dyos D,oo Mean by Span

(nm) (nm) (nm) volume
(nm)
B10-W4 174 262 391 277 0.8
B10-W5 157 305 620 353 1.5
B10-W6 178 318 544 343 1.1
B20-W4 124 236 368 245 1.0
B20-W5 118 227 355 236 1.0
B20-W6 143 207 478 263 1.6
B30-W4 104 189 364 215 1.3
B30-W5 105 203 356 220 1.2
B30-W6 138 258 454 280 1.2

The mechanism by which the wet milling attritor operates is that the balls impact and shear
the particles dispersed in the fluid [134]. Figure 4.5 shows a schematic of the milling
attritor and its comminution of powder. The balls roll chaotically in various directions and
exert shearing forces on the slurry. The liquid shearing and ball impact forces lead to
reductions in the particle size and also create good dispersions [135]. The high Kinetic
energy of the stirrer transfers energy into the suspension and balls to create the impacting,

rolling and sliding of the balls, and result in the grinding process.
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Figure 4.5: High-energy ball milling attritor set up and the mechanism by which it
reduces particle size.

4.4.2 Crystallinity Study

XRD patterns revealed that the crystallinity levels of the milled samples were less than
that of the parent zeolite (Figure 4.6). The peak intensities decreased gradually as the ball-
to-powder weight ratio was increased. The water-to-powder weight ratio had less of an
impact on the crystallinity of the milled samples. Amorphization of impurity phases such
as quartz was faster than that of the major mordenite phase. Peaks at 26 of 26.7° and 27.6°,
corresponding to diffraction from quartz, were not observed in the XRD patterns of the
milled samples. In contrast, peaks corresponding to the mordenite crystalline phase were
observed in the XRD patterns of all of the milled samples. This result is in agreement with
a previous report in which the grinding of natural mordenite for 6 h, even when using the

dry ball milling method, yielded milled particles still showing the XRD peaks
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corresponding to the mordenite phase [136]. In contrast, as reported elsewhere, the

synthetic mordenite was completely transformed into the amorphous phase when using the

dry method with planetary ball milling for 3 h [103]. It took a longer time to amorphize

the natural zeolite, which was due to the presence of phase impurities in the natural

zeolites [136].
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Figure 4.6: (a) XRD patterns and (b) relative crystallinity.

The crystallite size, which is an important parameter to study for the purpose of improving

the milling procedure, can be calculated by applying the Scherrer equation [137]:

= kA
~ Bcos6
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where d is the mean crystallite diameter, A the X-ray wavelength, k is the Scherrer shape
factor (0.9), B is the full-width at half-maximum (FWHM) of the diffraction peak, and 0
is the diffraction Bragg angle. The size of the parent crystal investigated was 34 nm, but
the SEM and TEM images showed larger particles due to the agglomeration of tiny crystals.
The crystallite size calculated using the Scherrer equation was found to decrease as the
ball-to-powder weight ratio was increased, but was not significantly affected by the amount
of water (Table 4.2). This trend was in agreement with the results of the DLS and SEM

studies.

4.4.3 Textural Properties According to Nitrogen Physisorption

Milling was found to affect the textural properties of the particles, as discussed elsewhere
[101]. The nitrogen isotherms of the milled samples and the parent zeolite are presented
in Figure 4.7. Three aspects of the isotherms of the milled samples differed from those of
the parent: the height of the curve in the low-pressure region, the gradient of the line in
between the low- and high-pressure regions, and the height of the curve and the hysteresis
shape in the high-pressure region. These isotherms suggested that the micropore volume,
external surface area, and the mesopore volume were greatly affected by the HEBM
attritor. The lower height of the curve in the low-pressure region of the milled samples was
attributed to the micropore volumes of the milled samples being less than that of the parent.
The greater slope of the line in between the low- and high-pressure regions of the milled
samples corresponded to their greater external surface areas. The hysteresis in the
isotherms of the milled samples was an indication of capillary condensation on the

mesopore voids.
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The B10 samples showed the smallest BET surface areas among the other milled samples
and also lower than the parent (Table 4.5). The decreasing of the micropore area was higher
than the increasing of external surface area hence the total BET surface area becomes
lower compared with the parent. In contrast, the greater BET surface areas of the B20 and
B30 samples than of the B10 samples were a result of the positive differences between the
external surface areas of the B20 and B30 samples and those of the B10 samples being
greater than the magnitude of the negative differences between micropore volumes of the

B20 and B30 samples and those of the B10 samples. The high external surface areas of the
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Figure 4.7: Nitrogen-isotherms of the milled samples and parent.
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B20 and B30 samples were attributed to these samples having formed more nanosized

particles.

Table 4.4: Textural properties of the as-received and milled natural zeolites.

Sample SBET St Sext Vtotal Vmicru Vmeso
(m’%g?) (m’%g?) (m’g?) (cmg?) (emPg?) (em’g)

Parent 133 110 23 0.099 0.055 0.044
B10-w4 117 42 75 0.280 0.018 0.262
B10-W5 118 28 90 0.323 0.012 0.311
B10-W6 107 21 85 0.290 0.009 0.281
B20-W4 142 17 125 0.468 0.007 0.461
B20-W5 133 23 110 0.425 0.009 0.416
B20-W6 138 26 110 0.438 0.011 0.427
B30-W4 162 15 148 0.462 0.006 0.456
B30-W5 163 12 150 0.488 0.005 0.483
B30-W6 164 11 154 0.430 0.006 0.424

The mesopore size distributions are presented in Figure 4.8. The different samples only
showed slight differences in the volumes of mesopores with widths between 2 nm and 12
nm. On the other hand, those samples with different ball-to-powder weight ratios showed
large differences in the volumes of mesopores with widths between 12 nm and 42 nm. As
the ball-to-powder weight ratio was increased, the mesopore volume increased (Figures
4.8a-c). The water-to-powder weight ratio had little effect on the mesopore volume (Figure
4.8d-f). Some of the mesopores formed after milling resulted from the formation of

intercrystalline mesopores due to the particles having been reduced to the nanometer level.
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The presence of intercrystalline mesopores in the milled B30-W5 sample was confirmed
by TEM images of this sample (Figure4. 9). Intercrystalline mesopores are defined as the
networks of voids in the space between nanosized crystals [138]. In the current work,
nanosized particles with dimensions between 20 nm and 40 nm were observed to
agglomerate, and to create intercrystalline mesopore voids (Figures 4.9b-c), with one such
mesopore measured to span about 10 nm (Figure 4.9d), which was in agreement with the

mesopore size distribution indicated by the NLDFT model.
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Figure 4.8: Mesopore size distribution of the milled samples.
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Figure 4.9: TEM images of the parent and the milled sample (B30-W5).

The high mesopore volume and external surface area levels of the HEBM-obtained zeolites
were due to the use of the water as a dispersant medium. Mordenite has two types of
channels: one consisting of large (6.7 x 7.0 A) 12-membered rings and the other consisting
of small (3.4 x 4.8 A) 8-membered rings. A molecule of water is relatively small, with its
longest dimension being about 2.8 A, and could thus easily enter the pores of mordenite.
This process may have promoted a deterioration of the micropore channels. Intercrystalline
mesopore with smaller volumes were created when a greater water-to-powder weight ratio
was used in the milling process. This result may have been due to a reduction in the strength
and number of interactions between the balls and the powder. Another possibility is that
the amount of kinetic energy transferred from the propeller to the ball and powder was less

when there was a greater relative amount of water.

4.4.4 Taguchi Analysis
The signal-to-noise (S/N) ratios of various measures (responses) of the milled zeolite

samples are shown in Figure 4.10. The “larger the better” approach was used for the
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calculation and interpretation of the S/N ratios of the crystallinity, mesopore volume and
external surface area levels; here a greater S/N ratio corresponds to a higher value of the
measure. On the other hand, the “smaller the better” technique was used for particle size;
here, a greater S/N ratio corresponds to a smaller particle. The ball-to-powder weight ratio
had a more significant effect on each of these four measures than did the water-to-powder
weight ratio. The high effect of the ball-to-powder weight ratio was even more pronounced
on the crystallinity and external surface area response, which each showed a linear
relationship between the mean S/N ratio and the relative weight of the balls. The water-to-
powder weight ratio showed little effect on the response, particularly for crystallinity,

mesopore and external surface area.
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Figure 4.10: Mean S/N ratios of the ball-to-powder weight ratio and water-to-powder
weight ratio (a) crystallinity, (b) particle size, (c) mesopore volume, and (d) external
surface area.
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The delta value is the difference between the maximum mean S/N ratio and the minimum
mean S/N ratio for a given response (measure) [133]. A plot of delta values, which was
constructed to indicate the significant effect of factors evaluated on the responses, is
presented in Figure 4.11. This plot showed that the delta value of the ball-to-powder weight
ratio was greater than that of the water-to-powder weight ratio for each of the four
measures. The response parameters affected by ball-to-powder weight ratio from the
largest to smallest were crystallinity > external surface area > mesopore volume > particle
size. The response parameters affected by the water-to-powder weight ratio from the
largest to smallest were particle size > crystallinity > mesopore volume > external surface

area.
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Figure 4.11: Taguchi delta plot of of the effect ball-to-powder weight ratio and water-to-
powder weight ratio on crystallinity, particle size, mesopore volume, and external surface
area.
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4.4.5 Hydrothermal Recrystallization

The crystallinity levels of the recrystallized samples were higher than those of the
corresponding milled samples and of the parent, as indicated by their XRD patterns (Figure
4.12). In fact, the peak intensity of the XRD pattern of recrystallized B30-W5 (R-B30-
W5) was double that of the parent XRD pattern and slightly greater than that of the R-
B10-W4 XRD pattern. There appeared to be more quartz in R-B10-W4 than in R-B30-
WS5, as indicated by the intensities of the peaks at 20 = 21° and 26.7°. The extents of
amorphization of the zeolites and quartz were severe when a high ball-to-powder weight
ratio was used, as indicated according to the XRD pattern of B30-WS5. The recrystallization
of the highly amorphous B30-W5 milled sample appeared to have favored the growth of
the mordenite crystal instead of quartz when the recrystallization was carried out in a basic
silicate solution at 170 °C for 6 h. This preference was probably caused by the amorphous
phase having been more reactive in the alkaline silicate solution during the hydrothermal
mordenite recrystallization. The particle size of the recrystallized sample appeared to have
depended on the particle size of the original sample. R-B30-W5 was found to consist of
more smaller particles than was R-B10-W4 (Figure 4.13), with this result attributed to the
smaller size of the particles of the corresponding milled sample (B30-W5) (Figure 3i).
Selecting appropriate HEBM parameters is the first crucial step to control the particle size
of mordenite. The recrystallized sample tended to consist of relatively more of the larger
particles due to the growth of mordenite crystals. The non-amorphous MOR in the milled
sample acted as a seed in the hydrothermal recrystallization [61]. It can be concluded that
the HEBM provided the nanoparticle feedstock and reduced the impurities for the next

step, which was the hydrothermal recrystallization.
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Figure 4.12: Effect of hydrothermal recrystallization on the crystallinity of MOR.
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Figure 4.13: Effect of hydrothermal recrystallization on the particle size of MOR.
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4.5 Concluding Remarks

A high-energy ball milling attritor was successfully used to fabricate nanosized to
submicron-sized particles from natural mordenite with water used as a dispersant. The
dimensions of the milled particles ranged from 70 nm to 580 nm with 10% of the sample
volume (dvo.1) having particles with dimensions less than 100 nm and the 50% of the
sample number (dnos) having particles with dimensions less than 100 nm. The mean
particle size by volume for B30-W5 was 220 nm and the span was 1.2. The Taguchi
analysis showed that the increasing ball-to-powder weight ratio resulted in a decrease in
particle size and increase in external surface, mesopore volume, and crystallinity.
Moreover, changing the ball-to-powder weight ratio had a greater effect on these measures
than did changing the water-to-powder weight ratio. The hydrothermal recrystallization

succeeded in recovering the crystallinity of mordenite nanoparticles.
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CHAPTER 5
MECHANOCHEMICAL ROUTE AND
RECRYSTALLIZATION STRATEGY TO FABRICATE
MORDENITE NANOPARTICLES FROM NATURAL
ZEOLITES

5.1 Summary

For the first time, we fabricated hierarchical mordenite nanoparticles from low-cost natural
zeolites through high-energy ball milling followed by recrystallization strategy. The
analysis of the as-received natural zeolites revealed that it is comprised of mordenite
(MOR) as the main phase and clinoptilolite (HEU) as the impurities phase. The natural
zeolites samples were milled by a high-energy ball milling attritor to obtain nano-zeolites
within the size of 20-160 nm, which were confirmed by field emission scanning
microscopy and transmission electron microscopy analysis. The X-ray diffraction study
revealed that crystallinity of the milled nano-zeolite has decreased significantly. The high
crystallinity of nanosized MOR with less phase HEU impurities was recovered after
recrystallization of the milled sample in the hydrothermal basic silicate solution. The
nitrogen physisorption study showed that the textural properties of recrystallized nano-
mordenite were improved with enhancements in the external surface area at 6-fold of the
parent. The hierarchical pore system was observed on the recrystallized MOR as the
intercrystalline mesopore volume increased to 0.36 cm®/g from only 0.04 cm®/g in the as-
received natural zeolites. Recrystallization time, the ratio of the milled sample weight to
the solution, silica, and the silica OH™ concentration were varied to study the effect on the

crystallinity of the recrystallized MOR sample. The developed technique has the potential
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to be applied as an efficient method to prepare better natural mordenite properties for the

industrial application.

5.2 Introduction

Low-grade natural zeolites are abundantly available inexpensively throughout the world.
However, natural zeolites are mostly found in several crystalline phases accompanied by
the nonreacted volcanic glass, K-feldspar, quartz, calcite, montmorillonite, calcium sulfate
dihydrate, and cristobalite [33]. Natural zeolites even in the same sediment location can
vary in composition and crystalline phases due to the mineralogical dissimilarity of the
mother volcanic tuff and different mechanism of zeolites formation [5]. The presence of
impurities and heterogeneity in composition of natural zeolites are the main issues of

limited utilization in industrial application particularly for catalysis applications [1, 5].

Researchers made several attempts to upgrade natural zeolites for broader industrial
exploitation. Natural clinoptilolite with accessories like feldspar, smectite, vermiculite,
and quartz has been successfully converted to a high cation-exchanged capacity (CEC)
zeolite Na-P through sodium hydroxide hydrothermal treatment; however, the impurities
were difficult to be transformed [7]. Fusion of sodium hydroxide powder through natural
clinoptilolite which contains quartz and feldspar as traces, followed by hydrothermal
treatment, effectively dissolved the clinoptilolite and impurities to be transformed to high
CEC zeolites such as Na-P, Na-X, hydroxysodalite [8], and zeolite Na-Y [9]. Natural
mordenite and clinoptilolite with impurities quartz, feldspar, silicate were successfully
converted to zeolite phillipsite by extending the alkali hydrothermal treatment for 7 days

[10].
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The nanosized zeolites have some advantageous such as high external surface area and
low diffusion limitation. The hierarchical pore system will form in the nanosized zeolites
as the voids created among the nanoparticles which are important to facilitate the fast
molecules diffusion [139]. The top-down approach is the most appropriate way to obtain
the nanosized zeolites from natural zeolites as the zeolites framework with large crystal
size has already been synthesized in nature. Dry ball milling of natural zeolites effectively
reduces the particle size; however, this causes the loss of zeolite crystallinity [103]. Wet
ball milling conditions have been investigated in order to effectively achieve particle and
minimize crystallinity destruction [11]. Wet ball milling of zeolite HY was reported to
provide higher crystallinity compared with dry ball milling. However, the decreased of the
zeolites crystallinity after the wet milling was inevitable [12]. Recently, the top-down
method combined with recrystallization has been developed to attain nanosized zeolites
with a highly crystalline zeolite by Wakihara et al. who prepared nanosized H-ZSM-5
[109], zeolite A [20], and zeolite X[140]. Another research study on the ball milling-
recrystallization method has successfully attained nanoparticles of SAPO-34 with

improved physicochemical properties for methanol to olefin application [15].

The ball-milling recrystallization method is potentially applicable for natural zeolite
preparation in order to obtain nanoparticles zeolites. In this manuscript, we fabricated
nanoparticles mordenite with a hierarchical pore system and high purity crystalline MOR
from low-cost natural zeolites by a top-down approach using ball milling and a

hydrothermal recrystallization technique.
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5.3 Experimental

5.3.1 Material Characterization

The crystalline phase was identified by X-ray diffraction (XRD, Miniflex-Rigaku) using
Cu K-alpha with angle 26 from 5° to 50°. Scanning rate was 3°/min with a step size 0.03°.
Crystallinity degrees of milled and recrystallized mordenite were calculated by main peak

relative intensities of crystalline mordenite for parent and treated zeolite as follows.

Summation of the treated samples main peak areas at 20 (5°—35°)

crystallinity =

Summation of the parent sample main peak areas at 26 (5°—-359°)

Morphology and particle sizes of samples were examined by field-emission scanning
electron microscopy (FE-SEM, LYRA 3 Dual Beam, Tescan) and transmission electron
microscopy (TEM, JEOL-JEM-2100F). Nitrogen physisorption was carried out in ASAP
2020 (Micromeritics). Prior to adsorption, the samples were heated up to 350 °C and
dwelled for 6 h. The liquid nitrogen was used to maintain the temperature of sample tube
at 77 K during the nitrogen gas adsorption-desorption. The volume of micropore, surface
area, and the external surface area were estimated by the t-plot method. Total pore volume
was computed at relative pressure (P/Po) = 0.98. Pore size distribution was estimated by
the density functional theory (DFT) method. The Nicolet 6700 spectrometer was used for
the Fourier transform infrared (FTIR) study. The samples were prepared by mixing the
powder of samples with KBr to be pelletized. The parameters of resolution 8 cm™ in the

range wavenumbers of 400-4000 cm* and 100 scans were applied during the analysis.
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5.3.2 Ball-Milling

The ball milling attritor (Union Process HDDM-01) was used to reduce the particle size
by wet milling method using water as a dispersion medium. Prior to the milling, samples
were grounded and sieved to obtain the powder between 100 to 300 um in size. A total of
50 g of natural zeolites was milled in 250 mL distilled water by controlling the agitator
speed at 3000 rpm for 8 h. The ball material was made of zirconia with fine individual ball
size of 650 um in diameter and a total weight of 1.5 kg. The heat generated from the milling
process was removed by circulating cold water at 13 °C through the jacket of the milling

tank.

5.3.3 Recrystallization

The milled sample was recrystallized by using sodium silicate solution with a ratio of x
SiO2/yNaOH/780 H20. The fumed silica (Sigma-Aldrich) was varied with a molar ratio x
=3, 9, 12, and 18. The sodium hydroxide (Applichem) was studied over a molar ratio y =
6, 12, 18. The ratio between the milled natural zeolites and the gel solution was z : 50
(wt./wt.) with z was 1, 2, and 5. The mixture solution was heated at fixed temperature 170
°C for a different period of time 2, 8, 24, and 48 h using an autoclave (Parr Inc.). The solid
was separated from the solution by centrifuge and washed several times with deionized

water. Afterward, the wet solid was dried in the oven at 110 °C overnight.

5.4 Results and Discussion

Natural zeolites rarely exist in a pure crystalline phase. The crystalline phases of natural
zeolites were observed by XRD in which three phases, i.e., mordenite (card no: 00-011-
0155), clinoptilolite (card no: 01-079-1462), and quartz (card no: 01-077-3162) have been
identified (Figure 5.1). Mordenite was confirmed as the major phase, which has often been
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found as the main phase in many locations in Java, Indonesia [141, 142]. The Klaten
zeolite occurs mainly in calcium-MOR followed by potassium-MOR form as shown on
the XRF analysis result (Table 5.1). The silicon to aluminum ratio was low at ca. 6. There
were also some metal impurities detected by XRF such as iron, phosphorus, and titanium.
The XRF and XRD studies suggested that the natural zeolites have some metal impurities

and are categorized as a nonsingle crystalline phase.

M = Mordenite (MOR)
C = Clinoptilolite (HEU)
Q= Quartz

20(°)

Figure 5.1: XRD pattern of the as-received natural zeolites from Klaten, Indonesia.

108



Table 5.1: XRF analysis of the as-received of low-rank natural mordenite.

Element Parent
(wt. %)
Al 3.5
Si 20.7
P 0.3
K 0.8
Ca 2.5
Ti 0.2
Fe 1.4
Si/Al 6

5.4.1 Ball Milling Effect on the Crystallinity of Natural Zeolites

The XRD study showed that the milling decreased the crystallinity of the natural zeolites
significantly. The relative crystallinity of the milled zeolites was calculated to be ca. 65%
of the parent crystallinity. Amorphization of the impurities phases like clinoptilolite and
quartz were faster than the major phase mordenite. It can be seen in the XRD pattern of
the milled samples that clinoptilolite and quartz no longer exist. On the other hand, the
main phase MOR was still observed as indicated by the XRD peaks of 26 22.2° and 26.4°.
The loss of crystallinity was due to the external breakage bonding Si-O-Si and Si-O-Al
bonds as reported elsewhere [103]. Recently, a report suggested that from Raman analysis
the ball milling resulted in the distorted crystal structure to form various T-O-T angle
[143]. The Al NMR analysis of the milled sample showed that the extraframework
aluminum was not detected, however, the peak intensity was broader and lower as
compared with the parent (Figure 5.2). The 2’ Al NMR result confirmed that the ball milling

distorted the aluminum tetrahedral structure in the framework.
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Figure 5.2: 2’ Al NMR of the parent and milled samples.

5.4.2 Effect of Silica and NaOH Concentration on Mordenite
Recrystallization

Silica concentration effect on the crystallinity of samples is presented in Figure 5.3. The
low concentration of silica (Si-3) yielded only 0.6 g of recrystallized sample from 1 g of
the milled sample introduced into the basic silicate solution. The XRD peaks were
attributed to the analcime and zeolite P phase. The MOR phase was not detected in the low
silica concentration solution. It was probably the silica in the amorphous phase, and MOR
crystalline parts were dissolved in the sodium low silicate concentration. The amorphous
phase was easily dissolved in the solution followed by the MOR nanoparts seeds.
Afterward, the components in the gel solution with a low silica to alumina ratio built a
more favorable framework at the hydrothermal conditions applied, which was analcime
and zeolite P. The MOR phase was favored to form as the silica ratio increased to 18.
Sample weight of the recrystallized MOR obtained was 1.2 g, which indicated there was a

growth of mordenite from the silica introduced to the solution.
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Figure 5.3: The effect of different concentrations of silica on the crystalline phase of the
recrystallized MOR (x SiO2 : 12 NaOH : 780 H-0).

The OH™ has a role as a mineralizer to transport the silica. The higher concentration of OH"
the more solubility of silica in the solution. The high alkalinity (OH" 18) resulted in the
high dissolution of the milled MOR. As the result, the crystallinity of MOR phase was low
at a high alkaline solution (OH'18) (Figure 5.4). In contrast, the moderate OH"
concentration favored the high crystallinity of the MOR phase. The function of the OH"
here is to maintained the silica on the saturation condition and hence prevent the further

dissolution of silica in the milled sample.
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Figure 5.4: The different NaOH concentrations effect on the crystallinity of the
recrystallized MOR (18 SiO; : y NaOH : 780 H»0).

The effect of silica and OH" were vital in the MOR phase recrystallization as presented in
Table 5.2. The MOR phase was obtained within the range of OH7/SiO, from 0.3 to 1.3
with the high crystalline MOR attained over the range from 0.3 to 0.7. The highest OH"

/SiO2 at 4 resulted in the growth of analcime and the zeolite P. The lowest OH/SiO. at 0.2

failed to obtain the crystalline phase.

Table 5.2: The effect of silica and OH™ molar ratio in the mordenite recrystallization

Sample SiO, NaOH OH”SiO, Phase

no. (x) (y) Crystallinity
1 3 12 4.0 Analcime + Zeolite-P  High
2 9 12 1.3 MOR Low
3 12 12 1.0 MOR Low
4 18 12 0.7 MOR High
5 18 6 0.3 MOR High
6 18 18 1.0 MOR Low
7 24 4 0.2 Amorphous Non-crystalline
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5.4.3 Effect of Hydrothermal Time on Mordenite Recrystallization

The shortest time for recrystallization to pure mordenite was observed after only 2 h of
hydrothermal treatment. We obtained the relatively short time of recrystallization as
compared with the synthetic MOR, which required longer hydrothermal treatment ca. 48
h. The fast recrystallization time was due to the nanoparts acting as seeds and the
dissolution materials growth on the surface of the seed. The pure mordenite phase was still
obtained until 6 h of hydrothermal treatment. The impurity appeared as the time of
hydrothermal treatment was prolonged to 24 and 48 h (Figure 5.5). The impurities phase
on the XRD patterns was attributed to the quartz as indicated at 26 21°and 26.7°. From the
literature, the longer time of hydrothermal treatment in the nanocrystal MOR synthesis

resulted in the larger crystal size [144].

ﬂ Quartz

48 h

24 h
6h

2h
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20[°]

Figure 5.5: The effect of hydrothermal time (2 to 48 h) on the crystalline phase of the
recrystallized MOR (18SiO2/12NaOH/780 H20).
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5.4.4 Effect of the Ratio of the Mass Sample to Solution on Mordenite
Recrystallization

Effect of sample weight is presented in Figure 5.6. The high loading of sample weight

(10%-wt) led to decrease in the crystallinity of the recrystallized sample as compared with

the low percentage of sample weight (< 4%-wt). This is probably due to some of the

amorphous dissolved in the solution during the hydrothermal treatment. Hence, as the

more sample loading introduced to the solution the higher silica concentration in the

solution that changes the optimum condition to recrystallize the MOR phase.

W-2%
A A A “m Ju UIL AL A Parent
5 10 15 20 25 30 35 40 45 50

26 []

Figure 5.6: Effect of different weight percentages of the milled to solution (W =1, 2 and
5 g) on the crystallinity of the recrystallized MOR (18SiO2/12NaOH/780 H;0).
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5.4.5 High Purity MOR of the Recrystallized Sample

The optimum condition for MOR recrystallization was at solution composition 18SiO»/
12NaOH/780H.0 for 2 h and sample weight 2%. Recrystallization resulted in a higher
intensity of mordenite peaks, which represent higher crystallinity of the sample. Relative
crystallinity of the recrystallized was 150% as compared with the parent (Table 5.3).
Moreover, some peaks, which belong to clinoptilolite and quartz in the parent, disappeared
after milling step such as the peaks on 26: 11, 19, 26.5, 28, 30, and 32 deg. The solution
composition, operation conditions, and time (2 h) were selective for mordenite crystal
phase growth as the impurity phases such as; clinoptilolite and quartz, reduced, which
resulted in high crystallinity and purity of the mordenite phase. The high magnification of
the TEM image of the recrystallized sample showed a well-faceted particle (Figure 5.8).
The TEM information was in agreement with the high crystalline MOR as shown by high

intensity of the XRD pattern of the recrystallized sample (Figure 5.7).
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Main phase = Mordenite, C = Clinoptilolite, Q = Quartz

Figure 5.7: Comparison of XRD patterns of the parent, milled nanomordenite and
selected recrystallized (18 SiO2/12 NaOH/780 H20) MOR at 2 h hydrothermal period.

Table 5.3: Crystallinity study based on the XRD analysis and Si to Al ratio

Sample Relative MOR  Main phases Si/Al
Crystallinity (XRF)
(%)
Parent 100 Mordenite, 6
Clinoptilolite &
Quartz
Milled 65 Mordenite 6
Recrystallized 150 Mordenite 9
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(a)

(b)

Figure 5.8: TEM images in high magnification of (a) the parent, (b) milled, and (c)
recrystallized.

We applied the optimum condition to recrystallize the parent sample without the milling
step in order to confirm the role of recrystallization on the phase purity of the sample. The
crystallinity of the recrystallized parent was increased as it can be seen in Figure 5.9. In
contrast, the impurities phase such as clinoptilolite and quartz were also reduced as it
dissolves and changes to the MOR phase. However, the extent of diminishing of the
impurities phase was much higher on the recrystallization of the milled one as compared
with the parent recrystallization. We can conclude here that the recrystallization step was

important not only to recover the crystallinity but also to reduce the impurities phase.
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Figure 5.9: Comparison XRD patterns of the parent and recrystallized parent.

5.4.6 FTIR Study of the Mordenite Samples

The aluminosilicate framework of the parent, milled, and recrystallized zeolites was
observed by the FTIR technique (Figure 5.10). Similar IR spectra of the parent and treated
natural zeolites were observed. The vibrational bands at 780-820 cm™ conform to the
vibration of the Al-O fragment. The main vibrational bands at about 960-1250 cm™ were
assigned to the asymmetric stretch mode of SiO4 and AlOa4, while the bands at about 1560-

1690 cm™* were attributed to the vibration of HOH. The milling step reduces the intensity

of vibrational bands at 960-1250 cm™ significantly which indicated that the breakage of
the external linkage. The low-intensity peak of zeolites after milling treatment was in
agreement with another high-energy ball milling investigation reported elsewhere, which
indicated that the loss of crystallinity was caused by the structural modifications on the

molecular level [103].
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Figure 5.10: FTIR spectra of the parent natural zeolites and modified samples.

5.4.7 Particle Size Study

The particle size was measured based on the SEM images. Particle size distribution based
on the SEM images is presented in Figure 5.11. FE-SEM micrographs of the parent have
a smooth appearance and have large particles (in a range of 1 to 6 um) sizes. After ball
milling, the particle size reduced to the nanosized range which estimated from the SEM
micrographs was in the range from 20 to 160 nm (Figure 5.12). The particle size appearing
on the SEM and TEM study might be the aggregate of some zeolite crystals as the
crystallite size that estimated from the Scherrer equation was smaller as compared with
the one from SEM and TEM particles size image (Table 5.4). The particles size was
slightly increased after the recrystallization process due to the crystal growth of MOR
nanoseeds (Figure 5.11 and 5.12). It was observed from the XRF study that the silicon to
aluminum (Si/Al) ratio of the milled sample was similar to the parent. The ball milling
process has no effect on the composition of silicon and aluminum. However, the Si/Al

ratio increased from 6 to 9 after recrystallization (Table 5.3). The XRF analysis showed
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that the silicon content was increased from 20% to 33% after recrystallization, which

means that mordenite growth was not only originated from the crushed parent crystalline,

but also from the additional silicate solution.

Table 5.4: Comparison of mean particle size by XRD, SEM and TEM

Sample XRD* SEM TEM
(nm) (nm) (nm)
Parent 32+17 2500+ 1100 -
Milled 7+4 90 £ 25 18+4
Recrystallized 25+13 95+21 82 +55

(b) M

Figure 5.11: SEM images of (a) the parent, (b) milled, and (c) recrystallized mordenite
nanoparticles.
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Figure 5.12: Particle size distribution based on SEM images of (a) the parent, (b) milled,
and (c) recrystallized sample.
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The voids were formed by the stacking of the nanoparticles created the hierarchical pore
system as indicated by the SEM and TEM study (Figure 5.11 and 5.13). The
intercrystalline mesopores are important to provide access to the acid sites on the surface
of nanoparticles in the catalytic reaction. The mesopore volume was also confirmed

through nitrogen physisorption analysis as discussed in the next section.

(b) M’?

100 nm

Figure 5.13: Intercrystalline mesopores captured on the TEM images of the milled and
recrystallized mordenite.

5.4.8 Textural Properties Study

The isotherm adsorption-desorption of the parent, milled, and recrystallized zeolite
appeared in isotherm type 1 (Figure 5.14). The surface area (Sget) was increased from 133
m?/g in the parent to 163 m?/g in the milled sample. The high surface area of the milled
sample was mainly due to the high external surface area, which improved from 23 m?/g
(the parent) to 150 m?/g (the milled) (Table 5.5). The external surface area of the milled
that increased nearly seven times of the parent indicated the small nanoparticles obtained
which also was confirmed by the SEM and TEM observation that the milling reduced the
particle sizes from large particle size into the nanosized zeolites. The mesopore volume of
the milled sample was 0.48 m?/g, which was far higher as compared with the parent sample

ca. 0.04 m?/g. The mesopore size distribution is presented in Figure 5.15. The random
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stacking of nanoparticles milled mordenite creates voids called intercrystalline mesopores
which feature a hierarchical pore system [139]. The way of nanoparticles stacking is
important in catalytic reactions as if the nanoparticles stacking in such a way created no
void, and it will lead to difficulty of the molecules to reach the surface area in the pore.
The importance of hierarchical nanosized zeolite was reported elsewhere which increases
the stability and product selectivity in the 1-butene isomerization [145] and dimethyl ether

to olefins [146].
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Figure 5.14: N2 isotherm of parent and mechanochemical treated sample (18SiO2/12
NaOH/780H20) at T = 170 °C for 2 h.
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Figure 5.15: Pore size distribution calculated by the DFT method.

Table 5.5: Textural properties of the parent, milled, and selected recrystallized milled MOR

Sa m ple SBET St Sext Vtotal Vmicro Vmeso
(m2g1) (m%g?) (m2gl) (cm3g?) (cm3g?l) (cm3g?l)

Parent 133 110 23 0.10 0.06 0.04
Milled 163 12 150 0.49 0.01 0.48
Recrystallized 240 92 148 0.40 0.04 0.36

The ball milling step effectively fabricated the nanoparticles zeolites, however, the
micropore structure was partially demolished. The micropore area was decreased
significantly from 110 m?/g to 12 m?/g after the milling process. The recrystallization
process successfully recovered the micropore structure of the MOR framework as the
micropore surface area (Si) increased from 12 m?/g of the milled to 92 m?%g of the
recrystallized mordenite. The recrystallization treatment of the parent also increased the
micropore significantly as can be seen from the isotherm (Figure 5.16). The micropore

volume was increased from 0.05 cm®/g to 0.08 cm®/g. The mesopore volume of the
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recrystallized parent remained similar as compared with the parent (Table 5.6). The
formation of the mesopore by desilication did not occur due to the composition of basic
silicate solution applied to prevent the dissolution of the silica in the framework of zeolites.
The higher micropore volume of the recrystallized parent probably caused by the
converting the impurities phases to MOR as indicated in the XRD patterns (Figure 5.16)
and the growth of mordenite crystals. It is worth mentioning here that the weight of
recrystallized parent was increased 25% from the initial parent sample, which suggested

that the growth of crystals occurred under the hydrothermal recrystallization.
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Figure 5.16: N2 isotherm of the parent and recrystallized parent
(18Si02:12NaOH:780H20) at T = 170 °C for 2 h).

Table 5.6: Textural properties of the parent and the recrystallized parent

Sample SeeT St Sext Viotal Vmicro Vmeso
(m’fg) | (m%g) | (m?g) | (cm’fg) | (cm’fg) | (cm®fg)
Parent 133 110 23 0.10 0.06 0.04
Recrystallized 213 186 27 0.12 0.08 0.04
parent
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5.4.9 Milling-Recrystallization Mechanism

The possible mechanism of recrystallization to obtain a high-quality mordenite is
illustrated in Figure 5.17. The ball milling played a significant role in demolishing
crystalline phases to some extent and provided a very small crystal size as a seed for the
recrystallization step surrounded by the noncrystalline phase. The noncrystalline phase
rearranges itself to build the mordenite phase which was controlled by the solution
composition, temperature, and time of recrystallization. In addition, the crystal growth of
mordenite occurred as the mass of the recrystallized sample was significantly higher than
the milled zeolites. As the proper hydrothermal conditions were applied on the
recrystallization step, the high purity mordenite phase with high micropore volume and

the large external surface area have been obtained instead of other impurities phases.

New crystal growth
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' Crystalline segment
& &
L == I White dots = non-MOR crystalline
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Figure 5.17: lllustration of the ball milling and recrystallization transformation of
microsized natural zeolites into nanosized MOR with high purity and crystallinity.
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5.5 Concluding Remarks

The nanoparticles of MOR were obtained by high-energy ball milling. However, the
milling caused the decrease of crystallinity. The high crystallinity and purity of nano-
mordenite were recovered after recrystallization of the milled nano-zeolite in basic sodium
silicate solution. In addition, the hierarchical pores system was also formed on the milled
and recrystallized mordenite. The textural properties of recrystallized nano-mordenite were
improved with enhancements in the external surface area, intercrystalline mesopore, and
micropore volume. The fast recrystallization time (2 to 6 h) favored the mordenite phase.
The silica and OH™ concentration determined significantly the framework of the
recrystallized sample. The high ratio of sample mass to basic silicate solution reduced the

crystallinity of recrystallized MOR.
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CHAPTER 6
CONVERSION OF DIMETHYL ETHER TO OLEFINS
OVER NANOSIZED MORDENITE FABRICATED BY
COMBINED HIGH-ENERGY BALL MILLING WITH
RECRYSTALLIZATION

6.1 Summary

Fabrication of cost-effective catalysts is one of the key strategies to monetize natural gas
derivatives such as dimethyl ether to olefins. In this study, the particle size of natural
mordenite (MOR) was reduced into micro and nanosize by high-energy ball milling with
variation in milling time. Furthermore, the selected milled MOR was recrystallized by
using silicate solution that favored the growth of mordenite phase to recover the
demolished mordenite structure. The mesopore volume and external surface area were
increased significantly after milling treatments and remained large even after
recrystallization. A high conversion of dimethyl ether was obtained over the recrystallized
MOR (99.7%) and milled natural MOR (54.1%) as compared to the parent (1.2%).
Moreover, the milling only and the milling-recrystallization processes improved selectivity
toward olefins and prolonged catalyst lifetime. The reduced particle size combined with
the hierarchical porous and acidity effectively enhanced catalysts activity and selectivity

to olefins.
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6.2 Introduction

Natural zeolites are abundant and low-cost aluminosilicate hydrated crystalline compounds
with a microporous structure filled by water and cations, mostly alkaline (Na, K) and
alkaline earth (Ca), which have a high ion exchange capacity, shape selectivity, and
sorption properties. Natural zeolites are potential catalytic materials since they have a high
surface area and acid property [32] as also shown by the synthetic zeolites. However, the
utilization of natural zeolites in industries has been limited due to impurities, non-single
phase, heterogeneity in composition [1] and limited framework occurrences. In fact, to the
best of our knowledge, there is only natural erionite that was used as commercial catalyst
fabricated from natural zeolite in petroleum refining and petrochemicals. However, some
investigations on modified natural zeolite for catalytic purposes have been reported
elsewhere [61, 62, 122]. The common methods to modify the properties of natural zeolites
are thermal treatment, dealumination, and ion exchange, which are adapted differently

according to appropriate catalytic reactions [147].

One of the important frameworks zeolites used in industrial catalysts, which also occur in
nature is mordenite (MOR). Synthetic mordenite has been applied as a commercial catalyst
for hydroisomerization and alkylation in industrial scale [2]. There are two types of
mordenite zeolite that are distinct on adsorption performance, namely, small-port and
large-port. Natural mordenite is known as a small-port mordenite, which adsorbs molecules
less than 4.2 A. Meanwhile, the commercial synthetic mordenite as a large-port can adsorb
larger molecules (more than 4.5 A) [148], which is more advantageous for industrial
applications. Transformation of the small-port into large-port mordenite can be

accomplished through the dealumination method using mild acid treatment [149, 150].
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Mordenite has a 12-membered ring (6.7 x 7.0 A) parallel with an 8-membered ring (3.4 x
4.8 A) [65]. However, the smallest pore size is not accessible; hence, practically the
mordenite has a 1-dimension (1D) zeolite channel system. The common problem of a 1D
zeolite pore system on hydrocarbon conversion is the fast deactivation due to mass-transfer
limitation and coke deposition. A highlight of different 1D pore zeolites and their

performance in dimethyl ether and methanol conversion is presented in Table 6.1.

Table 6.1: Highlight of zeolite 1D performance on olefinic target from dimethyl ether
(DME)/methanol feed.

Zeolite Feed Conversion | Olefins® | P/E* | TOS® T WHSV | Ref.
(%) selectivity | [-] [°C] [h]

Dealuminated | DME 16.9 33 0.7 5 350 1.18 [22]

mordenite (6.3) (0)] O] (60) | (350) | (1.18)

(3M-6h)

Desilicated DME 17 19 3.3 5 350 1.18 [151]

EU-1(0.25 (3) (0) ) (60) | (350) | (1.18)

M)

Desilicated- DME 48 36 2.1 5 350 1.18 [152]

dealuminated

EU-1

Milled- CHsOH 100 42 7.4 5 400 2 [25]

alkaline-acid (90) (18) (8) (500) | (400) 2

treated ZSM

22

3(ethylene + propylene). Pratio propylene to ethylene

“Time on stream. The numbers inside the bracket are data of different time on stream.

The mass-transfer properties are improved in the mesoporous system and nanosized zeolite
[139]. A hierarchical system that contains a mesoporous channel is important for catalytic

reaction because it enhances the diffusion of reactants and products and reduces coking.
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Desilication of mordenite by alkaline treatment was applied to develop the mesoporosity,
which improved the diffusion particularly for the 1D zeolite pore system [2]. Mesoporous
mordenite has been successfully synthesized for pyrolysis biomass and cracking vacuum
gasoil [153]. Another type of mesoporosity is intercrystalline mesopores, which is defined
as the void networks in the intercrystalline space of nanosized crystals [139]. The
nanosized particles can be obtained by a top-down strategy using ball milling, particularly
applied for natural zeolites [11]. For instance, milled zeolite KNaX improved the
selectivity to ethylbenzene and styrene in the alkylation of toluene with methanol due to
the reduction of the Bregnsted acid site density [102]. The application of high-energy ball
milling for small pore zeolites (NaA and CaA) effectively gave access to the active sites,
which led to an improvement in the catalyst activity [101]. Recently, selective deactivation
of the external surface of ZSM-5 to reduce the acidity on external surface by ball milling
was applied for a short time duration (3-30 min), which reduced the side reaction on the

external surface of ZSM-5 in toluene alkylation [154].

A systematic research on natural zeolite and the controlled modification to obtain a
hierarchical system for catalytic hydrocarbon conversion is rarely reported. In this work,
we examined a method to fabricate cost-effective hierarchical catalysts from natural

zeolites, which were applied in dimethyl ether to olefins reaction.

6.3 Experimental

6.3.1 Material Characterization
Natural zeolite tuff was obtained from Klaten, Indonesia. Characterization of the zeolite

phase has been conducted using X-ray diffraction (XRD, Miniflex-Rigaku). Radiation of
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Cu Ka was used with a scanning rate 3°/min and a step size 0.02° from 26 angle 5° to 50°.
The XRD pattern was compared with that of the mordenite reference in the international
zeolite association (IZA) Atlas book [155]. The relative crystallinity of zeolite was
calculated by comparing the areas of the main peaks of treated zeolites with those of the
parent zeolites. No-physisorption (Micromeritics, ASAP 2020) was used to study the pore
system in liquid nitrogen at -196 °C. Prior to adsorption analysis, samples were degassed
at 350 °C for 10 h to remove adsorbed gas and water. X-ray fluorescence (XRF) was used
for elemental analysis. The morphology of the zeolite was studied by field-emission
scanning electron microscopy (FE-SEM, LYRA 3 Dual Beam, Tescan). Transmission
electron microscopy (TEM, JEOL-JEM-2100F) was used to examine the morphology and
particle sizes of zeolite samples. Ammonia temperature-programmed desorption (NHz-
TPD, Micromeritics, Chemisoft TPx V1.02) was used to quantify the acidity of the
modified catalysts. Ammonia was desorbed by a 10 °C/min heating ramp from 120 °C to

750 °C.

6.3.2 High-Energy Ball Milling

High-energy ball milling attritor (Union Process HDDM-01) was used to reduce the
particle size by wet milling method. A 50 g sample of natural zeolite (0.1-0.3 mm) was
milled for 6 h (milled-6h), 8 h (milled-8h), and 10 h (milled-10h) in a 350 mL ethanol
(99.5% Merck) as a dispersion medium. The ball material was zirconia (ZrO2) with 0.65
mm diameter. The speed of agitator was 2000 rpm. The temperature was maintained at 13
°C by cooling water media. The optimum milled zeolite (with milling time of 8 h) was

selected for further treatment by hydrothermal recrystallization.
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6.3.3 Recrystallization

Milled natural zeolites (milled-8h) were treated hydrothermally at 170 °C for 2 h with an
autoclave (Parr) using basic silicate solution (9 SiO2: 12 NaOH : 780 H»O). The silica
source was silica gel of Sigma-Aldrich. The ratio between milled natural zeolites and the
silicate solution was 1 : 45 (wt.%). The slurry was centrifuged and washed with deionized
(DI) water several times until the neutral pH was reached. Solid particles were separated

and dried for 16 h at temperature of 25 °C (milled 8 h-Recrystallized).

6.3.4 Conversion of Dimethyl Ether to Olefins

The acid form of mordenite was prepared by ion exchange in a microwave followed with
calcination. Ammonium nitrate (NH4NOz3) solution was used to obtain NHs-MOR. The
suspension (1 g sample to 20 ml of 2 M NH4NO3) was heated from temperature 25 °C to
85 °C within 5 min and maintained for 10 min. Centrifugation at 3500 rpm for 2 min was
conducted to separate the solid from the liquid phase. The ion exchange procedure was
repeated to guarantee a high degree of ammonia protonated form. Subsequently, the wet
samples were dried for 16 h at room temperature. The dried zeolite samples were calcined
with rate 5 °C/min and maintained constant at 550 °C for 12 h in static air to obtain an acid

form of zeolite.

Catalyst testing for dimethyl ether (DME) conversion over the parent, milled, and
recrystallized natural zeolites was examined at 1 atm and 350 °C. The catalyst (0.050 g)
was placed in a fixed-bed reactor made of quartz glass with an inside thickness of 4 mm
(ID). The helium (gas carrier) and DME feed flow rates were 0.3167 and 0.0217
mmol/min. The catalyst weight to DME flow rate ratio (W/F) was controlled at 0.039

(kg.h)/mol. Reaction products were analyzed using online GC system with flame
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ionization detectors (GC-FID, Shimadzu; GC-14B) and a J and W scientific column

(Alumina PLOT).

6.4 Results and Discussion

6.4.1 Natural Zeolites

XRD patterns revealed that the as-received natural zeolite (parent) was identified as a
mordenite dominant, which coexist with clinoptilolite and quartz (Figure 6.1). An analysis
by XRF showed that the ratio of silicon to aluminum was very low (Si/Al=6), which
indicates a rich aluminum content of mordenite (Table 6.2). The pores of the parent were
filled by water and cations of potassium (K), alkaline earth (Ca) and other metal impurities
(Fe, Ti). These pore occupancies may block the molecules to enter zeolitic pore system.
Demetalation by acid treatment is a well-known treatment to remove the cations and the

aluminum on the framework of zeolite, which resulted in a higher Si/Al ratio [156].

R-Milled-8h

— et oo Milled10 h
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28]

Figure 6.1: XRD patterns of the parent and modified natural MOR zeolites.
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Table 6.2: XRF analysis of natural zeolite as-received

Oxide form %
Al,O3 6.61
SiO2 44.38
P20s 0.62
K20 0.99
CaO 3.44
TiO2 0.35
Fe20s3 1.99

The morphology of the parent natural zeolites, as can be observed from the TEM images,
were needles with 50-100 nm in width and more than 500 nm in length (Figure 6.2a). This
mordenite morphology shape is in agreement with most of the reported morphologies of
other natural mordenite found in different countries [157, 158]. This needle shape is one
of the characteristics of the small-port mordenite type which are easily blocked due to the
structural defect [149]. Plate-shape morphology was also observed on the natural zeolites
parent, which possibly attributed to the clinoptilolite phase as confirmed by the XRD

pattern.
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Figure 6.2: TEM of (a) The parent, (b) milled-6h, (c) milled-8h, (d) milled-10h samples.

The nitrogen adsorption-desorption curve shows a type | and IV isotherm (Figure 6.3).
Adsorptive (nitrogen) started to fill on the micropores at very low relative pressure (6x10°
® [-]) and created a monolayer approximately at 1x10 in relative pressure which appeared
as the rounded knee on the isotherm. The natural zeolite consists of relatively high
microporous volume as compared to other natural mordenite from different continents
such as Ukranian mordenite [147] and Chilean mordenite [159]. The nitrogen isotherm of
the parent natural zeolite within the P/P, range of 0.5-1 shows the hysteresis that is an
indication of the capillary condensation in the mesopores and macropores of the parent

mordenite.
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Figure 6.3: Nitrogen adsorption-desorption isotherms of the parent natural MOR zeolite.

6.4.2 High-Energy Ball Milling

Milling has reduced the crystallinity of all zeolite phases and led to amorphization of
natural zeolites. The intensity of the peaks was reduced after milling 6 h, which clearly
show at 26 of 9.74°, 22.22° 25.61° 26.3° and 27.6° (Figure 6.1). The crystallinity of
milled-6h was decreased to 86% as compared with the one for the parent (Table 6.3). This
attributed to the destruction of zeolite framework structure in which the external Si-O-Si
and Si-O-Al bonds were damaged after milling [103]. The crystallinity of the MOR further

decreased for 8 h milling time to 73% (Table 6.3).
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Table 6.3: Milling time effects on crystallinity.

sample crystallinity
parent 100%
milled-6h 86%
milled-8h 73%
milled-10h 75%

milled-8h-recrystallized 151%

However, further increase of milling time to 10 h has not much affected the crystallinity
negatively anymore. This was possibly originated from the limitation the large size of the
ball, which was unable to break down the tiny nanoparticles of the milled zeolites.
Moreover, the wet milling method prevented the natural mordenite structure from
collapsing completely into an amorphous phase. The result is in agreement with a
publication of the wet milling method of zeolite HY, which reported that the particle size
reduced significantly without much losing its crystallinity even for long-hour milling

treatment [12].

The effect of milling time on the morphology of natural zeolite was studied using the TEM
microscopy. The TEM images of parent zeolite showed compact and large crystals sizes

(Figure 6.2a). The high-energy ball milling reduced the crystallite size drastically and
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changed the shape of the long needle of mordenite crystals into a smaller crystal size and
more irregular forms (Figure 6.2b, ¢, and d) with a large distribution range. These
crystallites tend to agglomerate to form a larger particle size. The intercrystalline
mesopores, which were created during the milling step are also observed on the

micrographs as voids between the nanosized crystals.

Table 6.4: Physicochemical properties of the parent and treated natural zeolite.

a b b
Sample Sepr S, Sext Votal V icro NH, TPD

) gy M) @mg) 'y em'g)

Parent 133 110 23 0.099 0.055 7.0
Milled 6 h 98 31 67 0.160 0.015 4.1
Milled 8 h 80 18 62 0.178 0.009 3.1
Milled 10 h 83 18 65 0.170 0.009 3.0
Milled 8 h- 233 165 68 0.220 0.082 10.6
Recrystallized

T otal surface area was calculated using BET method within P/P, =0.01-0.3
®Micropore volume and surface area were estimated using the t-plot method.

From Figure 6.4, it can be seen that the milling process has changed the patterns of the
nitrogen isotherms, which appear lower on the left side (lower relative pressure) and higher
on the right side (higher relative pressure) as compared with the parent. The lower curve

on the left side is attributed to a destruction of the microporous system, while the higher
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curve on the right side is an indication of high mesopores and external surface area. The
longer the milling time from 6 h to 8 h, the lower the left curve of N2 isotherm, which
indicates a lower nitrogen adsorption on the microporous system due to the collapse of
some zeolite micropores (Figure 6.4). The isotherm slope of the mordenite also slightly
increased after milling step. This can be attributed to the increase of the filled multilayers

as the creation of intercrystalline mesopores on the milled zeolites.

225 - ——R-Milled-gh
o= 200 - —e-Parent I
~ —aMilled-6h
_E' 175 \illed-8h E‘
< 150 - Milled-10h
[}
2 125
a
- 100
m©
Z 75
€ 50 &
=
g 25
0 ; T T T T 1
0 0.2 0.4 0.6 0.8 1

Figure 6.4: Nitrogen adsorption isotherms of the parent and treated natural zeolites.

The micropore volume was decreased drastically from 0.055 cm3g? (for the parent) to
0.009 cm?3g? for the milled 8 h. In contrast, the external surface areas increased nearly
threefold after the milling process (Table 6.4). Some of the nanosized particles contributed
on the increment of the external surface areas. As the milling time longer, the mesopores
volume also increased up to 230% (for milled 6h) and 284% (for milled 8h) (Table 6.5).
However, it stopped to increase further at the milling time of 10 h, which has a slight

decrease of mesopore volume as compared with the milled 8 h. The agglomeration
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possibly occurred among the nanosized particles, which hence reduced its intercrystalline

mesopore volume.

Table 6.5: Mesoporous volume of parent and treated natural zeolites.

sample Vmeso™ (cm® g2) % change**
parent 0.044 0

milled-6h 0.145 230%
milled-8h 0.169 284%
milled-10h 0.161 266%
milled-8h-recrystallized 0.138 214%

*Vmeso = Viotal ~Vmicro
**0p change = (Vmilled-V parent)/V parent
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Figure 6.5: Mesopore size distribution of samples by NLDFT method.

The mesopore size distribution is presented in Figure 6.5, which is calculated by the
NLDFT method. Overall, the patterns are almost similar for all samples, except the
incremental pore volume of the parent which is the lowest among others and the different
pattern within pore width 20-100 A as compared with that of the milled and recrystallized
samples. It is clear that the milling step greatly affected the pore size distribution of zeolite.
As the particle size smaller, the intercrystalline mesopore increased on the milled zeolite.
The mesopore size created on the milled zeolite started from 23 A. The recrystallized
zeolite shows different incremental pore volume patterns between 28 A and 52 A. It is
possible that the decrease in mesopore volume of the recrystallized sample was caused by

the slight growth of crystal size during the autoclave recrystallization treatment.
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Figure 6.6: NHs TPD of parent and treated natural MOR zeolites.

The acidity of natural mordenite was affected through mechanical treatment. The acidity
curves show that the acidity decreased after milling as the milling time increased up to 8
h (Figure 6.6). The total acid of natural zeolites was reduced from 7 to 4 cm®/g after 6 h of
milling. The acidity further decreases to 3.1 cm®/g over the 8 h milled sample. This can be
attributed to the collapse of the mordenite structure and the transformation of the

crystalline phase into an amorphous phase during the milling process.

6.4.3 Recrystallization

The natural zeolite recovered its structure significantly after the recrystallization using
silicate solution in a hydrothermal treatment into purer mordenite. A milling process
followed by recrystallization using alkaline-silica solution favors the growth of mordenite
and diminished other nonmordenite phases such as clinoptilolite and quartz. It is clearly

shown on the clinoptilolite peaks at 26 17.06°, 19°, 22.5°, 29.8°, and 31.73° were no longer

appear on the XRD patterns of the recrystallized zeolite (Figure 6.7). The quartz at 26
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20.6° and 26.51° also disappeared after milling for 8 h and recrystallization. Hence, the
recrystallized natural zeolite also resulted in purer MOR as compared with the case with
the parent. The crystallinity of milled-recrystallized mordenite has raised one and a half
fold as indicated at all of the mordenite peaks. The high crystallinity after ball milling-
recrystallization of MFI and LTA framework was also reported by Wakihara and co-

workers [19, 20].
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Figure 6.7: XRD patterns revealed the disappearance of nonmordenite phases on
recrystallized samples.
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Figure 6.8: SEM images of the parent (a), milled-8h (d) and R-milled-8h (g). TEM
images of the parent (b and c), milled-8h (e and f), and R-milled-8h(h and i).

The as-received parent sample was very large in particle size, as shown in the SEM and
TEM images (Figures 6.8a, b). The high crystallinity of the parent zeolites is shown in the
regular order of lattice fringe on the TEM micrograph (Figure 6.8c). The high-energy ball
milling not only reduced the crystallite size (Figures 6.8d, €) but also destroy its
crystallinity as shown by the disorder of the lattice fringe (Figure 6.8f). The
recrystallization step has been applied to recover the crystallinity of the milled sample.
After the recrystallization step, the TEM image of the recrystallized sample shows high
crystallinity (Figure 6.8i), while retaining the nanosized crystals (Figure 6.8h). The
amorphous phase on the nanosized milled zeolites has been recrystallized with the very

tiny crystalline parts of the undestroyed zeolite that act as the seed. We noticed that the
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weight of the recrystallized sample has increased to 1.2 g from the initial 1 g of the milled
sample. Hence, the yield of zeolite in the recrystallization step was 44%. Here, the yield
of zeolite was calculated as the weight ratio of the dried recrystallized sample to the sum
of dry weights of silica gel and the milled zeolites. It is worth mentioning that the zeolite
yield in the ball milling step was almost 100%. The mesopores were observed on the SEM
image of the milled mordenite (Figure 6.8d) whereas it was not clearly seen on the
recrystallized SEM image. The TEM images revealed clearly the intercrystalline
mesopores as the results of stacking nanosized crystal on the milled and the recrystallized
mordenite (Figure 6.8e, h). The way of nanosized crystal packing is important becaus the
voids formed between the crystals provide access for the molecules to diffuse in and out

the micropores channel.

The total BET surface area was increased dramatically as the microporous pore-system
was recovered 1.5 times the parent micropore area. The increase of the micropore channel
was probably due to the conversion of the amorphous phase and the impurities phase i.e.
quartz and clinoptilolite to the MOR framework as shown in the XRD study (Figure 6.7).
The recrystallized sample exhibited higher intensity and fewer impurity peaks than the
parent. The volume of mesopores, which was created during the milling process, remained
high as compared to the volume of the parent as well as the external surface (Tables 6.4
and 6.5). A slight decrease in mesopore volume of recrystallized mordenite as compared
with that of the milled sample was probably due to the growth of the new mordenite phase
(Figure 6.5). The number of acid sites also increased significantly as compared with the
cases of the milled and parent samples (Figure 6.6). The total acid sites of recrystallized

mordenite was 10.6 cm®/g whereas the parent was only 7.0 cm®/g. The acid sites on the
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MOR micropore channels of the recrystallized sample were the main contributor to
increasing the total acid sites. The recrystallized sample presented a narrow distribution

NHs-TPD curve which probably caused by the more homogeneous of mordenite phase.

6.4.4 Qualitative Kinetics Dimethyl Ether to Olefins

The DME conversions over the parent, milled and recrystallized zeolite were 1.2%, 54.1%,
and 99.7%, respectively, as presented in Figure 6.9. It was noticed that the activity of
parent natural zeolites was far lower than the milled and recrystallized zeolites. Typically,
the molecular size of DME is within the range 4.3-5 A [160]. Natural mordenite is known
as a small-port mordenite with an effective aperture of about 4 A, which much smaller
than the effective aperture of the large-port mordenite (ca. 7 A) [149, 157, 161]. It is
needed to explain that the small-port mordenite has a similar size micropore channel with
the large-port mordenite. However, the adsorption performance of large-port mordenite is
higher than the small-port mordenite. The structural defects on the micropore channel
systems of the small-port mordenite interrupt the continuity of the micropore channel,
leading to poor adsorption performance [149, 150]. As described in Section 3.2, the
morphology of the parent mordenite was observed as a long size fibrous crystal shape. The
fibrous shape has fewer of the largest 12-membered ring channels than the plate-shaped
large-port mordenite [157]. The small-port type, long size fibrous crystal shape, 1-D pore
structure of the natural mordenite parent, and large molecular size of DME restricted the
molecules of DME from diffusing into the micropores. Moreover, the impurities and
extraframework aluminum might block the pores of the parent and limit the access to the
acid sites in the micropores. These direct us to the reasons why the DME conversion of

the parent natural zeolite was very low.
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Figure 6.9: DME conversion over parent and treated natural MOR zeolites at T= 350 °C,
P=1 bar, and W/F=0.85 h.

The nanosized particles and presence of intercrystalline mesoporosity over the milled and
the recrystallized mordenite enhance the accessibility of molecules to and from the active
sites, which induces a higher DME conversion. The parent, small-port mordenite, might
be re-formed into the large-port mordenite behavior after milling as the catalytic activity
was 45 times much higher on the milled mordenite even though the acidity was reduced
by more than a half. This fact suggested that the undestroyed acid sites on the micropore
channel of the milled mordenite were effectively reached by the DME. In contrast with the
parent that most of the acid sites were not utilized due to the small-port behavior that
excluded molecules larger than 4.2 A. The interesting catalytic activity presented over the
recrystallized mordenite at TOS 10 min showed that almost all of DME converted into the
products. This is probably due to the recovered microporous system of mordenite, which
led to a higher acidity after recrystallization. The hydrothermal recrystallization treatment

was conducted at 170 °C which favored the growth of the large-port mordenite. The first
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large-port mordenite was synthesized by Sand [148] at a temperature less than 260 °C,
whereas the small-port mordenite was synthesized under high temperature 275-300 °C. In
addition, the intercrystalline mesoporous system and the number of small particle sizes
that formed in the milling step remained high in the recrystallized mordenite which is

highly important to provide access and to shorten the diffusion path to the active sites for
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Figure 6.10: Products selectivity over parent and treated natural zeolites at TOS = 10 min.

Dimethyl ether over the parent natural mordenite was converted to light alkanes (methane,
ethane, propane, butane) and olefins (ethylene, propylene, butylene). Besides the light
alkane and olefin products, DME also transformed into traces of longer hydrocarbons
(pentane, hexane) over the milled mordenite and additionally aromatic products over the
recrystallized mordenite (Table 6.6). The selectivity to olefins over the milled-8h zeolite

was the highest (53%) as compared with that for the parent (37%) and the recrystallized
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MOR (20%) for 10 min reaction (Figure 6.10). Selectivity to olefins was highly related to
the zeolite acidity as reported elsewhere [22, 162] that the lower concentration of acid sites
favor high selectivity to light olefin products. In agreement with the reports, the reduced
acidity after the milling process led to high selectivity to olefins while the recrystallized
mordenite with a high density of acid sites showed the lowest selectivity to olefins as
compared with that of the parent and the milled mordenite. The parent showed the
moderate acidity to be between that of the recrystallized and the milled mordenite; hence
the selectivity to olefins also in between the recrystallized and the milled mordenite.
Another technique like dealumination over natural mordenite has also successfully
decreased the acidity of mordenite, which contributed a better selectivity to olefins [22].
The silicon to aluminum ratio is very important in tuning the selectivity to light olefins
and it was investigated that the high silica to alumina (280) provided the highest selectivity
to olefins [162]. Hence, the dealumination technique, with either physical or chemical

treatment will be beneficial in designing an olefin selective catalyst.
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Table 6.6: DME conversion, selectivity, and yield of products over parent and treated
samples at TOS 10 and 60 min.

sample DME = = = C~C, C aromatic  olefin
p C, C, C, 17" 5,6
((;())l)lversion %) %) (%) (%) (%) (%) yield
(%)
parent 1.2 27.6 9.7 0 62.7 0 0 0.4
(0) (0) © O (O ©0) (0 (0)
milled-8h 54.1 29.2 174 6.7 444 2.3 0 29.0
3.1 6.00 (39 (0 (90.1) (0) (0) (0.3)
milled-8h- 99.7 10.2 5.2 4.7  78.0 1.4 040 20.1
recrystallized
(12.3) (10.2) (4.8) (0) (85.1) (0) (0) (1.8)

The bracket values are data at TOS = 60 min.

The selectivity to olefins (ethylene, propylene, and butylene) over recrystallized MOR at
TOS 10 min was the lowest, whereas the selectivity to paraffin (C1-C4) was the highest
among other zeolite samples. The aromatics were also observed on the product stream of
the recrystallized MOR. These facts suggest that the secondary reaction of the olefins
through hydrogen transfer and cyclization caused the high selectivity to paraffin and
aromatic, subsequently. The high acidity favors the hydride transfer which shifts the
olefins selectivity to alkane selectivity. After 60 min of reaction, the selectivity to light
olefins over the parent and the milled zeolite decreased significantly. On the contrary, the
selectivity to light olefins over the recrystallized zeolite was relatively stable for the same
reaction time and the highest as compared with the selectivity over the parent and the

milled zeolite (Figure 6.11). This probably can be explained by the number of accessed
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acid sites being still much higher as compared with numbers for the parent and the milled
zeolite, especially due to the acid sites on the external surfaces becuase the acid sites
located on the micropores were blocked due to coke deposition. The recrystallized zeolite
has the highest acidity concentration as confirmed by the NH3-TPD result with the narrow
curve distribution on the weak acidity. The external surfaces on the recrystallized
mordenite most probably consist of the active acid sites. In contrast, the external surface
area on the milled zeolite was inactive due to the demolished MOR framework after the
milling step. It was confirmed by the lower activity of the milled MOR as compared with

that of the recrystallized mordenite.
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Figure 6.11: Products selectivity over parent and treated natural zeolites at TOS = 60 min.

As the reaction time increased, the coke deposition started to block the pore channels and
covered the acid sites. There was no activity over the parent natural zeolites after 1 h

reaction due to the coke deposition. The one-dimensional pore structure is rapidly
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deactivated due to the fast coke deposition, which inhibited dimethyl ether from entering
the micropore [163]. The catalyst lifetime increased over the milled zeolite and the
recrystallized zeolite due to the mass transfer enhancement as a result of the smaller
particle sizes and formation of hierarchical systems. This phenomenon also can be found
in another report on methanol-to-hydrocarbon conversion over H-ZSM 22, which
concluded that the increase in catalyst lifetime was favored by the reduction of the crystal
size [25]. Similarly, the wet milling of another zeolite framework (H-ZSM-5) reduced the
crystal size and the acidity, which were the main factors that improved the lifetime of

catalyst in the oxidation of benzene to phenol [164].

6.4.5 Economic Evaluation of High-Energy Ball Milling and Recrystallization
Process
The price of natural zeolite as received was only ca. $ 0.3 per kg (USD) which was
obtained from a company in Indonesia. From the literature survey, we find the synthetic
zeolite price was $ 247 /kg [165] for commercial scale in the industry. The laboratory
grade of synthetic mordenite was more expensive such as $ 558 [166] in sodium form and
720 $ /kg [167] in the ammonium form. The ball milling is an efficient unit operation
which is widely practiced in the industrial process. The recrystallization process was a
very fast hydrothermal process with 2 h only as compared with the synthetic MOR with
48 h of hydrothermal treatment. Moreover, there is no need for OSDA (organic solvent
directing agent) and alumina in the recrystallization process which will cut the chemical
cost as compared with the synthetic mordenite preparation. In addition, the OSDA free of
the recrystallization process is environmentally friendly. From our laboratory scale

calculation (Table 6.7 and 6.8), the ball milling operation cost was ca. $ 2.9 per kg and the
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recrystallization step cost was ca. $ 3.8 per kg. Hence, the recrystallized-milled mordenite

derived from natural zeolites was ca. $ 7.0 per kg which is still far cheaper than the

laboratory grade synthetic one (ca. $ 247 to 720/kg) and technical grade synthetic (ca. $

10 to 20/kg) [2].

Table 6.7: Milling operational cost calculation.

Cost per
Sample | Power | Time | Total power | Power cost | Total power cost | kg sample
(kg) (kW) (h) (kWh) (USD/kwh) | (USD) (USD/kg)
0.2 0.6 8 4.8 0.12 0.576 2.9
Table 6.8: Recrystallization cost calculation.
Cost per kg
Chemical Mass required _ Total sample
Price
Sample (kg) (kg) (USD/kg) | (USD) (USD/kg)
0.005 | Silica gel 0.00347 5 0.01735 35
NaOH 0.00154 1 0.00154 0.3
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6.5 Concluding Remarks

Hierarchical natural mordenite has been synthesized from low-cost natural zeolites through
a high-energy ball milling and a combined ball milling-recrystallization method.
Crystallinity was decreased to a certain extent with the milling time. The recrystallization
technique has recovered the zeolite microstructure while retaining the intercrystalline
mesoporous and large external surface is formed in the milling step. High conversion of
DME and selectivity to olefins was obtained over the milled MOR. The low acidity after
milling step favors high selectivity to olefins. The nanosized crystals combined with the
intercrystalline mesopores generated on the milling step effectively enhance the catalyst
activity and selectivity to olefins. An improved catalyst lifetime has been achieved over
the milled MOR zeolite and the recrystallized MOR zeolite. The recrystallized zeolite gave
the highest conversion of DME and the most stable sample in this selected process. Both
milling and milling-recrystallization routes are potential to synthesize a cost-effective

catalyst from natural zeolites.
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CHAPTER 7
SELECTIVE ISOMERIZATION N-BUTANE OVER
NANOPARTICLES MOR FROM NATURAL ZEOLITES
FABRICATED VIA SEQUENTIAL BALL MILLING-
RECRYSTALLIZATION-DEALUMINATION ROUTE

7.1  Summary

A sequential fabrication step involving mechanochemistry, recrystallization and
dealumination were developed to convert low-cost natural zeolites to mordenite (MOR).
Natural zeolites are mostly found having poor textural properties and high aluminum
content, which are not suitable for most industrial catalytic reactions. The parent natural
mordenite (MOR) within the size of 1-10 um were treated by the ball milling in order to
obtain the nanosized mordenite with size in the range of 20-160 nm. The nitrogen
physisorption study revealed that the external surface area and intercrystalline mesopore
volume of the milled nanoparticles increased by 4 and 7-fold respectively. The
recrystallization by hydrothermal treatment in basic silicate solution was applied to recover
the MOR crystallinity at 170 °C for 6 h. Recrystallized MOR zeolite were further subjected
to acid dealumination treatment for different time. The H-MOR samples were evaluated in
a fixed bed reactor for n-butane isomerization to study the particle size effect. The
isobutane selectivity over the recrystallized nanoparticle increased from 11% to 28% when
the parent microparticle was substituted by the recrystallized nanoparticles. Moreover, the

catalyst stability improved over the recrystallized nanoparticles. The dealuminated-
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recrystallized nanoparticle exhibited the highest selectivity of ca. 58% to isobutane and

less deactivation rate a result of low acid site density and small nanoparticle size.

7.2 Introduction

Natural zeolites are abundantly available around the world particularly as sedimentary
deposits around volcanic regions. Open-pit mining operation, an easy mining technique, is
being used to exploit the natural zeolites. As a result of these reasons, the cost of natural
zeolites is far cheaper than that the synthetic zeolites. However, natural zeolites have
several drawbacks, such as high impurities, poor textural properties, lower adsorption
capacity, and inconsistency composition. Consequently, natural zeolites are mostly
commercialized for applications with non-strict application and required in bulky scale.
Natural zeolites are applied as an adsorbent water purification and wastewater treatment,
as a fertilizer in agriculture, for ammonium removal in aquaculture, and as raw materials
for construction [5]. There are several types of frameworks that are frequently occurring in
nature as sedimentary rocks such as clinoptilolite (HEU), analcime (ANA), philipshite
(PHI), chabazite (CHA), and mordenite (MOR) [1]. The synthetic counterpart of the MOR

framework has a wide commercially use as industrial catalyst.

Mordenite zeolite comprises of two pore types, which are a 12-membered ring (MR) with
asize 6.5 x 7 A and an 8-MR with a compressed size of 2.6 x 5.7 A along the c-axis. The
12-MR and 8-MR are bridged by 8-MR side pockets with a size of 3.4 x 4.8 A along the
b-axis [65, 157]. However, those 8-MR are not accessible for most of the molecules; hence,
MOR is often considered as a unidimensional pore. There are two types of MOR based on
adsorption capacity, i.e., large-port and small-port. The large-port is capable of adsorbing

more molecules than the small-port, which excludes the molecules more than 4.5 A [148].
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The small-port MOR blocks large molecules as a result of the structural fault [149].
Recently, Simoncic and Amrbruster reported that both the small- and large-port MORs
have similar defects; hence, the behavior of natural MOR acting as a small-port is still
enigmatic [157]. The synthetic MOR is the large-port MOR, which is synthesized at a
temperature less than 260 °C. On the other hand, the small-port MOR is produced at a
higher temperature within 275 to 300 °C. The natural mordenite is commonly found as a
small-port type. It is well-known that dealumination is an effective technique to convert

the small-port to large-port mordenite [150, 168].

MOR is commercially used as industrial catalysts for toluene disproportionation,
amination, C»-Cs transalkylation, naphtha isomerization, ethylbenzene isomerization, and
n-butane isomerization [169]. Isomerization of n-butane to isobutane over Pt/chlorinated
alumina is an important reaction in the industry, of which isobutane is converted alkylates
[170]. The chemical is capable of improving the octane number of gasoline. Unfortunately,
Pt/chlorinated alumina is a non-regenerable catalyst and sensitive to contaminants, such as
sulfur and nitrogen [169]. One potential candidate to replace the Pt/chlorinated alumina
catalyst is Pt/H-MOR. The MOR catalyst offers some advantages, i.e., tolerate to water

and sulfur and easy regeneration.

Over the past decade, nanosized zeolites have been attracting researchers as a result of their
superiority over conventional microsized crystals. Nanoparticle MOR has a large specific
surface area, owing to its small crystal size. This gives several benefits, such as less mass
transfer limitation, prolonging the catalyst lifetime, and high catalyst activity [171]. The
nanoparticles also created intercrystalline mesopores, which are formed by the stacking of

nanoparticles. Recently, Chu et al. [93] reported that the intercrystalline mesopores of
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ferrierite zeolite increased the stability and product selectivity in 1-butene isomerization.
The nanosized zeolite is prepared through bottom-up strategies by hydrothermal synthesis
or a top-down approach by milling treatment [11, 111]. The top-down approach is a
potential method to obtain nanoparticles from natural zeolites. However, the milling
technique reduces the zeolite crystalline phase remarkably. The combination of milling
with hydrothermal recrystallization has been reported successful in producing highly

crystalline nanoparticle MOR [59, 60].

A high silicon/aluminum ratio (Si/Al) of MOR favored the isobutane selectivity and
catalyst stability in the n-butane isomerization. On the other hand, aluminum-rich MOR
favored selectivity to propane and less stability as cokes developed faster during the
reaction [121, 172, 173]. A post-modification treatment that is commonly practiced to
increase Si/Al is acid dealumination. Acid dealumination will also decrease the number of
acid sites, particularly the Bransted acid sites (BAS) and create micro- and mesopores in
the MOR framework [22, 113, 174]. The micropore volume and the strong acid sites were
responsible for the high activity in hexane isomerization [106]. The mesopore are important

to shorthening the molecule path length in the zeolite pores.

The n-butane isomerization mechanism has been studied by many researchers in which the
mechanistic pathway is still arguable whether through monomolecular or bimolecular
pathway [174-177]. Monomolecular pathway explains that the isobutane is formed through
formation of primary carbenium ions as an intermediate, which required strong acid sites
provided by a high silica to alumina ratio MOR [172]. However, the bimolecular pathway
explains that the isobutane formed through dimerization—>isomerization->cracking, which

involved C8 carbenium intermediate [175]. Recently, a study was conducted to investigate
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the butene effect on the reaction mechanism, which showed that low butene concentration
favored the monomolecular and high butene concentration favored the bimolecular
pathway [177]. Through experiment by poisoning the Brgnsted acid sites particularly on
the external surfaces area and mesopores by using 1,1,1,3,3,3-hexamethyldisilazane
revealed that the high external surface area and/or mesopore favored n-butane

isomerization through the bimolecular pathway [174].

In this work, we investigated the effect of MOR nanoparticles in n-butane isomerization.
The nanosized MOR samples were derived from low-cost natural zeolites through ball
milling-recrystallization and ball milling-recrystallization-dealumination techniques. To
the best of our knowledge, the systematic study of MOR nanoparticles for n-butane

isomerization is rarely reported

7.3 Experimental

The natural zeolite samples were modified through various treatments such as high-energy
ball milling, hydrothermal recrystallization, and acid dealumination. We also prepared
synthetic mordenite via hydrothermal as a comparison with the natural zeolites. The
flowchart of the experiment is presented in Figure 7.1. Here, the detailed explanation of

the experiment is provided as below.
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Figure 7.1: Flowchart of the experiment.

7.3.1 Material Characterization

The zeolite phase has been studied using powder X-ray diffraction (XRD, Miniflex-
Rigaku) with an angle 26 from 5° to 50°. The scanning rate was 3°/min with a step size of
0.03°. The morphology and particle sizes of samples were examined by field-emission
scanning electron microscopy (FE-SEM, LYRA 3 dual beam, Tescan). The aluminum
structure was studied by the 2’ Al magic angle spin nuclear magnetic resonance (*’Al MAS-

NMR). Elemental composition was measured by X-ray fluorescence (XRF) (Bruker).

Physisorption adsorption-desorption was carried out in ASAP 2020 (Micromeritics). The
samples were heated up to 350 °C and maintained for 6 hours before nitrogen adsorption.
Liquid nitrogen was used to maintain the temperature of the sample at -196 °C during the
nitrogen gas adsorption-desorption. Pore size distributions were estimated by density

functional theory (DFT)-Tarazona method.
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The acid strength was performed by ammonia-temperature programmed desorption (NHs-
TPD, Micromeritics ChemiSoft TPx V1.02). The sample was heated to 600 °C, dwelled
for degassing 30 min under flowing of 25 mL/min helium. Thereafter, the temperature was
decreased to 120 °C. Ammonia was introduced to the sample for 30 min and then flushed
by helium for 1 h. Subsequently, the temperature was raised at a rate 10 °C/min from 120

°C to 700 °C for ammonia desorption.

The Nicolet 6700 spectrometer was used for pyridine Fourier transform infrared
spectroscopy (FTIR) study. The samples for normal FTIR were prepared by mixing the 10
mg of samples powder with 200 mg of KBr to be pelletized. The samples for the pyridine-
FTIR study were prepared by pelletizing 20 mg of sample. The pellet was dried at 500 °C
for 30 min. After cooling to 150 °C, pyridine was introduced into the sample for 15 min,
followed by evacuating pyridine that physically adsorbed for 30 min. Spectra were taken
at 150 °C, 250 °C, and 400 °C. The parameters with a resolution of 8 cm™ in the range
wavelength of 4004000 cm™ and 100 scans were applied during the analysis. The

calculation of pyridine FTIR adsorbed followed an equation published elsewhere [112].

7.3.2 Nanosized MOR Preparation

A high-energy ball milling attritor (Union Process HDDM-01) was used to reduce the
particle size using water as a dispersion medium. The natural zeolites were obtained from
Klaten, Central Java, Indonesia. The particle size of the as-received natural zeolites was
4-5 mm. Prior to milling, the sample was crushed and sieved into a smaller size, 0.1-0.3
mm. A total of 50 g of natural zeolite was milled by controlling the agitator speed at 2000
rpm for 8 h. The ball material was made of zirconia (ZrOz), with a fine ball size of 650 pum
in diameter. The heat generated from the milling process was removed by the water
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maintained at 13 °C circulated through the jacket of the milling tank. The slurry was dried
overnight at 80 °C. The milled nanoparticle sample was called M. The dried milled powder
was ion-exchanged twice with 2 M NH4sNO3 with a ratio of 1:20 by weight at a temperature
of 85 °C under reflux and vigorous stirring action for 2h. Afterward, the powder was dried

at 110 °C overnight and calcined in static air at 550 °C for 8 h (H-M).

7.3.3 Recrystallization

The milled sample (M) was treated hydrothermally using alkaline silicate solution (18
Si02/12 NaOH /780 H.0). Fumed silica (Sigma-Aldrich) was dissolved in sodium
hydroxide solution. Afterward, 1 g of the milled powder was mixed with the alkaline
silicate solution. After mixing for 15 min, the solution was heated at 170 °C for 6 h in an
autoclave (Parr). The slurry was centrifuged and washed with deionized (DI) water several
times until neutral pH was reached. Solid particles were separated and dried overnight at
110 °C. After ammonium nitrate ion exchange and calcination, as described in section

7.3.3, the sample was labeled as H-R.

7.3.4 Acid Dealumination

The recrystallized sample (H-R) was dealuminated using 1 M hydrochloric acid to partially
remove aluminum and other metals. Dealumination was performed under reflux with
constant stirring at 350 rpm for 8 and 24 h and maintained at a temperature of 85 °C. The
sample were washed several times with deionized water. Next, the samples were dried
overnight at 110 °C and calcined for 8 h at 550 °C under static air, labeled as H-R-8 and

H-R-24 for dealumination times of 8 and 24 h, respectively.
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7.3.5 Catalysts Evaluation

The catalyst powder (0.5 g) was tested in a fixed bed reactor made of Inconel with an
inside diameter of 5.16 mm equipped with gas chromatography (GC) online analysis. The
temperature was increased from ambient temperature to 500 °C for 30 min and dwelled
for 30 min under a flow rate of 20 mL/min nitrogen. The temperature was reduced to 350
°C for 30 min, followed by feeding 2 mL/min of n-butane (99.5%) and 20 mL/min nitrogen
and dwelled for 200 min for the n-butane isomerization under atmospheric pressure. The
products was observed using GC (Agilent 7890a) with two columns (Agilent HP-

INNOWax PEG and Agilent J& W GC-GasPro) and flame ionization detectors.

7.4 Results and Discussion

7.4.1 Characterizations of the Samples

The XRD pattern of the parent sample (H-P) shows that MOR is the major phase with
several accessories, i.e., clinoptilolite (HEU) and quartz (Figure 7.2). The crystallinity of
all phases was reduced after the high-energy ball milling treatment as the intensity peaks
were decreased, as shown by the XRD pattern of H-M sample at 26 of 9.6°, 22.5°, 25.8°,
27°, and 28°. The hydrothermal recrystallization step has successfully recovered back the
MOR crystalline phase. This is indicated by the higher intensity of XRD peaks of MOR
on H-R compared to H-M and H-P. Interestingly, some peaks, which belong to HEU in
the parent, disappeared after milling and did not recover after recrystallization, such as the
peaks at 20 of 11°, 13°, 17.3°, 26.2°, and 30.5°. The solution composition, temperature, and
time applied on the hydrothermal treatment were selective to the growth of MOR crystals.

The milling-recrystallization strategy has been also successfully applied in preparing
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nanosized ZSM-5, zeolite A, and zeolite X [14, 20, 109]. Acid dealumination over the
recrystallized nanoparticles reduced the crystallinity, as showed in the XRD patterns of H-
R-8 and H-R-24 as a result of the partial aluminum removal of the MOR framework

(Figure 7.2).

5 10 15 20 25 30 35 40 45 50
26 [7]

Figure 7.2: XRD patterns of H-MOR parent and modified H-MOR samples.
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Figure 7.3: 2’ Al NMR spectra of H-MOR samples

The 2’ Al NMR spectra of H-MOR samples are presented in Figure 7.3. The parent natural
zeolite sample showed a typical zeolite tetrahedral (AlO4) peak at 55 ppm with a small
peak at O ppm attributed to the extraframework aluminum (EFAL) of the octahedral
(AlOg). The ball milling led to partial distortion of the AlO4 structure, as shown by the
higher intensity of the shoulder on the main peak at 55 ppm of the H-M curve [178]. A
slight increase of the AlOs peak at 0 ppm was also observed on the milled sample (H-M),
which indicated that the ball milling positively affected the EFAL formation. The
recrystallization step removed the AlOs peak and reduced the shoulder peak at 55 ppm,
which suggested that the tetrahedral AlO4 structured has been recovered. The peak at O

ppm in the dealuminated MOR is attributed to the EFAL formation of AlOe. The peak
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became higher as the time of acid dealumination was applied longer, as shown in H-R-24.

The intensity of AlO4 also decreased after dealumination, as shown on the peak at 55 ppm.

Recrystallization of milled nanoparticle has increased the silicon/aluminum ratio from 6
to 9 based on the XRF analysis. Silica was introduced in the recrystallization solution to
recover the crystallinity of the milled sample; hence, it was not surprising that the silica
content increased in H-R. Despite the high alkalinity, the high silica content in the
recrystallization solution avoided desilication of the milled powder. Dealumination with 1
M HCI over the recrystallized nanoparticles partially removed aluminum. The Si/Al ratio
increased from 9 to 31, when acid dealumination applied for 8 h. The longer acid treatment
time (24 h) led to less aluminum content in the sample, and the silicon/aluminum ratio of

H-R-24 increased to 39.
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Figure 7.4: Nitrogen isotherms of H-MOR samples.
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Table 7.1: Textural properties and silicon/aluminum ratio of the parent and treated
samples

SBET St sext Vtotal Vmicro Vmeso SI/AI *
Sample (m’g?) (m’%g") (m’%g?) (em?g?) (emigl) (em*g?) ()

H-P 183 160 23 0.100 0.068 0.032 6
H-M 131 31 100 0.238 0.013 0.225 6
H-R 286 215 71 0.303 0.090 0.213 9
H-R-8 333 254 79 0.340 0.105 0.235 31
H-R-24 354 272 83 0.350 0.115 0.235 39
*XRF

Textural properties of the H-MOR samples were analyzed by nitrogen physisorption
(Table 7.1). The isotherms of all samples were presented in Figure 7.4. The external
surface area increased 4-fold after the milling step from 23 to 100 m?/g, indicating that the
particle size reduced significantly. Unfortunately, the micropore was partially demolished
after the milling step, as shown by the decrease of the micropore volume. The micropores
recovered and increased after recrystallization compared to the milled and parent samples.
Dealumination increased both the micro- and the mesopore volume. It can be seen that,
after 8 h dealumination, the micropore volume increased from 0.090 cm?®/g to 0.105 cm?®/g
and the mesopore volume increased from 0.213 cm®/g to 0.235 cm®/g. Dealumination for
24 h increased the micropore volume from 0.105 cm®/g to 0.115 cm®/g, whereas the
mesopore remains unchanged. The increase in the micropore over mild acid dealumination
was also reported elsewhere as a result of the opening pore of the side pocket 8-MR and
creation of the secondary micropore of the MOR channel after aluminum removal from its

framework [106].
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Figure 7.5: Cumulative pore volume versus pore size of the parent and treated samples by
the DFT method.

The pore size distribution using the density functional theory (DFT) method is presented
in Figure 7.5. The micropore size was within the size range of 5.9 A-6.7 A, which is typical
of the MOR pore. The mesopores in the milled and recrystallized samples most likely were
voids formed as the nanosized particles stacked, which is called the intercrystalline
mesopore. It was the milling step that created the hierarchical pore system of zeolite as
nanosize was formed during the ball milling. Aluminum was partially removed after
dealumination of the recrystallized nanoparticles, creating new micropores and
intracrystalline mesopore channels. Acid dealumination increased the micropore volume

within the size range from 6.3 to 6.7 A. The mesopores started from size a 3.5 nm and
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increased gradually to 45 nm. The hierarchical pore system consisted of a micropore,

intercrystalline mesopore, and intracrystalline mesopore observed in the dealuminated

nanosized samples (H-R-8 and H-R-24) .
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Figure 7.6: Acidity of H-MOR samples by ammonia-TPD.

Table 7.2: Acid sites of the samples by NH3-TPD

Sample  Weak acid sites Strong acid WAS/SAS Total acid sites

(WAS) sites (SAS) by NH,-TPD
[umol/g] [umol/g] [-] [umol/g]
H-P 192 134 1.4 326
H-M 80 45 1.8 125
H-R 210 152 1.4 362
H-R-8 74 110 0.7 184
H-R-24 63 107 0.6 170
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Ammonia-TPD was conducted to study the acidity of samples (Figure 7.6). The weak acid
sites (WAS) are shown from 140 °C to 340 °C, and the strong acid sites (SAS) are shown
in the curve from 340 °C to 700 °C. The milling step reduced the total number of acid sites
from 326 to 125 pmol of NHas/g (Table 7.2) as a result of the collapse of the micropore
channels, as shown by the nitrogen physisorption study. After recrystallization, the total
number of acid sites increased to 362 pmol of NHas/g, which is higher than the milled and
parent samples. This fact is in agreement with the higher micropore volume of the
recrystallized sample over the milled and parent samples (Table 7.1). The dealumination
step reduced the total acid sites, both the WAS and SAS (Figure 7.6). In fact, decrease of
the WAS was observed in a significant amount compared to the SAS. Before
dealumination, the ratios of WAS/SAS of the samples (H-P, H-M, and H-R) were more
than 1. After dealumination, the ratios of WAS/SAS of the dealuminated samples were
less than 1. Niwa et al. [103] reported that the BAS in the 12-MR of MOR were weaker
than that in the 8-MR. The data suggested that the partial removal of aluminum greatly
affected the WAS in the large-pore channel 12-MR. Dealumination probably opens access
to the other SAS in the small 8-MR, which was not accessible before the aluminum
removal. As a result, the decrease of SAS was not observed in a large number, as happened
in the WAS. To further investigate the dealumination effect on the acidity, we performed

FTIR with pyridine as a probe, which is larger than ammonia.
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Figure 7.7: FTIR spectra of H-MOR samples.

FTIR study result is presented in Figure 7.7. The absorption band at 1220 cm™ was
ascribed as the asymmetric stretching vibration of external linkage and 1070 cm™ assigned
to the asymmetric stretching vibration of internal in natural mordenite [179, 180]. The

absorption band at 800 cm™ was assigned to symmetric external vibration [180].

Pyridine FTIR was conducted to identify the Brgnsted and Lewis acid types (Table 7.2).
The Brgnsted acid type was found to be dominant in all samples except H-M, which
showed the higher amount of the Lewis acid sites (LAS) as the extraframework of
aluminum formed after the sequential process of ball milling-ion exchange-calcination.
The EFAL in the milled sample was confirmed by the 2’ Al NMR study (Figure 3). The
LAS was also increased significantly after HCI dealumination for 8 h. It was due to that

the LAS created as the aluminum partially removed from the framework and formed the
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extraframework aluminum which was shown in the 2’ Al NMR analysis. The LAS over the
dealuminated sample for 24 h were higher than the 8 h acid treatment as the removal of
the aluminum from the framework became intense. Surprisingly, the Brgnsted acid sites
(BAS) over the dealuminated H-R-8 and H-R-24 were higher than the non-dealuminated
MOR (H-R). The dealumination of recrystallized MOR which derived from the small-port
natural mordenite will open the accessibility to the acid sites in the side pockets 8-MR
channel for large probe molecules such as pyridine ca. 5.7 A due to the partial removal of
aluminum of the side pockets [162]. In contrast, the small probe ammonia (ca. 3 A) was
able to penetrate into the small 8-MR channel of the non-dealuminated MOR [181]. As
the result, the acid sites concentration of the recrystallized MOR (H-R) was higher on the
ammonia-TPD analysis as compared with the dealuminated MOR. We can conclude that
the acid dealumination on MOR was important to open the access to the acid sites on the

side pockets 8-MR channel of MOR, particularly for large molecules such as pyridine.

Table 7.3: Brgnsted and Lewis acidity of the samples

Brgnsted acid sites Lewis acid sites
Sample (umol/g) (umol/g)
150°C 250°C  400°C | 150°C 250°C 400 °C

H-P 67 48 27 23 17 17
H-M 34 23 2 38 31 26
H-R 107 89 50 25 17 17
H-R-8 125 105 58 51 46 44
H-R-24 111 97 57 57 51 47

172



& & ) o .

[ ( X Y ({-,1‘{

m(" > (. as «500 nm
\ . - ) e s

SEM HV: 20.0 kv WO: 8.56 mm Legeelity LYRA3 TESCAN| SEM HV; 20.0 iV WO: 8.61 mm | 1 [

View field: 2.89 pm Det: SE 500 nm. View fleld: 2.89 pm Det: SE 500 nm

S8 AGE 100 kx| Dasmd IO SEMMAG: 100 ks Daeimidyy: 17118

/“,‘;‘~'

f
v Ll . N, €\
M ’z% 500 nm (/

SEM HV: 200 kV WD: 8.60 mm LYRA3 TESCAN|
View fleld: 2.89 pm Det: SE 500 nm
SEM MAG: 100 kx _ Date(midy): 11117116 100 kx SEM MAG: 100 kx _ Date(midly). 11/17/16

Figure 7.8: SEM images of (a) H-P, (b)H-M, (c) H-R, (d) H-R-8, and (e) H-R-24.

The scanning electron microscopy (SEM) images were studied to measure morphology and
the particle size of the samples (Figure 7.8). The parent crystal shape (H-P) was in irregular
form; however, a few of them represented the needle shape (indicated by arrows in Figure
7.8a). After the milling step, the particle shape became more regular with the spherical
dominant shape. The particle size distribution based on the SEM images is presented as
histograms in Figure 7.9. The parent H-P consisting of large a particle size was within the
range of 1 to 10 um. High-energy ball milling was effectively reduced the particle size into
nanosize with the size of 20-160 nm, with 80% of the particle size less than 100 nm (Figure

7.9b). The recrystallization process slightly increased the particle sizes as a result of the
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growth of crystalline MOR in the hydrothermal step, as confirmed by XRF with the
increasing of silica content on the sample of H-R (Figure 7.9c). The particle size
distribution of dealuminated-recrystallized 8 h (H-R-8) and 24 h (H-R-24) showed a similar

size with recrystallized MOR (Figure 7.9d and 7.9¢e). The average particle size of H-R, H-

R-8 and H-R-24 was about 90 nm.
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Figure 7.9: Particle size distribution of H-MOR samples.

7.4.2 Particle size effect on n-butane isomerization

Initially, n-butane conversion over the nanosize recrystallized (H-R) sample was slightly
higher, ca. 14%, compared to the microsized parent (H-P), ca.13%, at a time on stream
(TOS) of 10 min (Figure 7.10). It was due to the H-R sample containing slightly higher

total acid sites indicated by ammonia TPD as compared to H-P. After 50 min of reaction,

174



n-butane conversion over H-P was significantly decreased to only 0.1%. In contrast, the
catalyst deactivation over H-R was slower, with n-butane conversion remaining high, ca.
8% at TOS of 50 min. The unidimensional pore of MOR is prone to coke formation, which
blockage of the pore; hence, the molecules are unable to reach the acid sites. We observed
a more darkening color of the spent parent catalyst compared to the spent recrystallized
sample and the spent milled sample, indicating severe coke deposition in the parent
catalyst. Wulfers and Jentoft[182] studied the coke deposition on MOR in n-butane
isomerization. They found that coke mainly consisted of methyl-substituted naphthalenes,
anthracenes, tetracene and polycyclic aromatic species. The H-R nanoparticles have a
large external surface area and shorter diffusional pathway; as a consequence, the

molecules easily react on the surface and diffuse out, hence retarding the coke deposition.
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Figure 7.10: Isomerization of n-butane over (a) H-P, (b) H-M, and (c) H-R at T = 350 °C,
C4H10= 2 mL/min, N2 = 20 mL/min.
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The particle size of H-MOR has also affected the product distribution of n-butane
conversion (Figure 7.10). The n-butane transformation over nanosized H-R exhibited a
higher isobutane product with 28% as compared to the microsized H-P of only 11% at
TOS 200 min. It was the particle size that governed the higher isobutane selectivity of H-
R nanoparticles. The bimolecular mechanism was most likely the main route because it
required a high external surface area which provided in nanosized H-R. This finding is
supported by the literature discussed elsewhere [174]. The side products of the bimolecular
mechanism are propane and pentane via disproportionation. In fact, pentane and butane
will undergo a secondary reaction to produce more propane, e.g., C, + Cs < 3C5 [172].
The nanoparticle size inhibited the secondary reaction, with the pore length shorter than
that of microsized MOR. It can be seen from Figure 10 that propane selectivity at TOS of
10 min was 60% over H-R, lower than H-P of 75% at relatively similar conversion. These
facts suggested that the nanoparticle size increased the isobutane formation and decreased

the propane selectivity.

Table 7.4: Conversion of n-butane transformation and products distribution over the
mordenite catalysts at TOS = 10 min and 200 min (in the bracket).

Selectivity (%)

Conversion

Sample (%)
C1 c2 C2= Cc3 C3= i-C4 C4= i-C5
H-p 13 1 1 0 72 3 18 4 1
(1) @ @ O 6 @ an @) 6
H-M 2 0 0 2 85 2 6 5 0
() © (© © © © (0 © (0
H-R 14 0 0 2 58 2 25 7 5
() 1 @ @ @) @ @) ay @
15 0 1 2 37 1 49 7 3
HR-8 (6) © © @ @) @ 8 (9 @
17 0 1 2 31 1 54 7 3
HR24 1y © (0 (1) @) (1 (8 (9 @
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The propane selectivity was the most decreased product selectivity over TOS in the
recrystallized sample (H-R). It decreased from 58% (TOS=10 min) to 47% (TOS=200
min) (Figure 7.10c and Table 7.4). In contrast, the isobutane selectivity slightly increased
over TOS from 25% to 27%. It can be explained that the bimolecular pathway occurred
on both the mesopores/external surfaces and micropores in the fresh catalyst. The reaction
in micropores with high acid density led to high propane and low isobutane selectivities.
Over the time, the microporous channel became no longer accessible as a result of the coke
blockage on the pore, which indicated by the sharp decrease of activity at TOS = 50 min.
Practically, the butane transformation mainly occurred on the mesopores and external

surface area, which reduced the propane formation of the secondary reaction.

H-M exhibited the lowest activity since the beginning of the reaction, although the particle
size was within the nanosized range (Figure 7.10b). It was due to the total acid site in the
H-M sample being the lowest among others, as indicated by NH3-TPD. It was also
confirmed by pyridine FTIR that the BAS of H-M were the lowest among other samples.
The isomerization reaction of n-butane to isobutane was greatly affected by the BAS as
reported elsewhere [183]. At 10 min of reaction, the selectivity to propane reached the
highest at 87%, while the selectivity to isobutane was only 6%. This is probably due to the
acid sites on the external surface area being mostly damaged in the milling step; hence,
isomerization through a bimolecular reaction, which is mainly favored on the external
surface area, was reduced significantly. Only the small part of acid sites retained in the
one-dimensional (1D) micropore channel was active in the transformation of n-butane.
The catalytic activity in 1D MOR led to a high propane selectivity through the bimolecular

pathway, followed by the secondary reaction in the micropore [172]. Although the external
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surface area contributed to the reaction products, the numbers were not significant as
compared to the catalytic activity on the acid sites of the micropore. This was confirmed
through the product distribution after blockage of the micropore by coke led to catalyst
deactivation, which occurred at 50 min (Figure 7.10b). The product distribution shifted
with high selectivity to isobutane, ca. 36%, and with low selectivity to propane, ca. 32%.
This occurred most likely as a result of the decrease of the propane formation in the

micropore being much higher instead of the decrease of the isobutane product.

n-Butane transformation over H-MOR was proposed through the bimolecular mechanism
by Asuquo et al. [115] as follows: (i) formation of a butyl carbenium ion (via protonation,
hydride abstraction, and thermal cracking) (ii) formation of a Cg carbenium ion via
dimerization (iii) formation of n-butane and isobutane via isomerization, and (iv)
formation of propane and pentane via disproportionation . The intermediate large molecule
Cg carbenium ion has to be formed in the bimolecular mechanism; hence, the plausible
way of the bimolecular mechanism to take place is on the external surface area and
mesopore [184]. The product distribution is greatly affected by the mesopore presence on
dealuminated MOR which favored the selectivity to isobutane because it prevents the
secondary transformations of the reaction products during their diffusion throughout the
1D pore of MOR [172, 176]. We found that the high-density acid sites (Si/Al = 9) with a
large external surface area and high intercrystalline mesopore volume on recrystallized

MOR (H-R) increased the selectivity to isobutane compared to the parent.

A report suggested another explanation that the product distribution was also driven by the
butene concentration on the catalyst bed [177]. The low concentration of butene (<20 ppm)

favors the monomolecular mechanism, while the high concentration of butene (>120 ppm)
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favors the bimolecular mechanism. The Figure 7.10 shows that the butene concentration
was remarkably high, which led to the conclusion that the bimolecular pathway occurred
significantly with products of isobutane, propane, and pentane. The investigation of
transformation propane over MOR with a Si/Al ratio of 10 showed that the propane
conversion was very low [185], indicating the high stability of propane. For low Si/Al ratio
MOR, the bimolecular pathway most likely occurred with secondary reactions of isobutane
with pentane in the micropore channel leading to high propane. These explain why propane
selectivity was very high over the microsized particle H-P. In fact, propane selectivity over

H-R was almost double isobutane selectivity.

7.4.3 Dealumination of Nanoparticles Recrystallized MOR

The as-received natural zeolites were rich in aluminum (Si/Al = 6). The high aluminum
content, particularly when the Si/Al ratio less than 6.1, disfavored the isobutane selectivity
[172, 176]. For low a Si/Al ratio, it is necessary to have a high mesopore and a high
external surface area to obtain a high selectivity to isobutane. Dealumination with a mild
acid concentration increased the activity of MOR to convert n-butane and favored
selectivity to isobutane. The silicon/aluminum ratio was increased to 31 after 8 h of acid
dealumination. The smaller particle size gives benefit in the dealumination process as the
removal of aluminum from the pore becomes faster [18]. The ammonia TPD study
suggested that the acid sites reduced after acid dealumination (Figure 7.6). The
monomolecular reaction, which is more selective to isobutane, occurred on the high Si/Al
ratio along with the bimolecular pathway. The monomolecular pathway demands high-
strength acid sites, which provided as aluminum become more isolated (less acid site

density) based on the next nearest neighbor (NNN) theory. The dealumination also opened
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the side pocket 8-MR of the micropore as reported elsewhere [113]. The pyridine FTIR
study suggested that the accessibility of the probe molecules to the BAS in the side-pocket
8-MR was increased after the dealumination. The BAS in the 8-MR were reported stronger
than that in the 12-MR [105]. The ammonia TPD study also revealed that the ratio of
SAS/WAS increased significantly after dealumination. In addition, the micro- and
mesopore volumes of the dealuminated samples were higher than those of the
recrystallized sample. The increase in the accessibility to the high-strength acid sites in
dealuminated MOR favored the isomerization reaction through the monomolecular
pathway. Furthermore, the bimolecular pathway most likely prefers the isomerization
reaction instead of disproportionation at a low acid site concentration, as reported
elsewhere [115]. As a result, the selectivity to isobutane significantly increased to 58%
and the selectivity to propane dropped to 27% at TOS of 200 min in both of the

dealuminated nanoparticles, H-R-8 and H-R-24 (Table 7.4).
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Figure 7.11: Isomerization n-butane over (a) H-R, Brensted and Lewis acidity of the
samples (b) H-R-8 and (c)H-R-24, at T = 350 °C, C4H10= 2 ml/min, N2 = 20 ml/min.
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We found that the time of acid dealumination affected the activity and stability of the
catalyst. More aluminum was removed from the framework as dealumination applied in
a longer time of 24 h, which led to a higher silicon/aluminum ratio of 39. The nitrogen
physisorption study showed that the micropore volume increased along with the time of
dealumination. The activity of H-R-24 was higher compared to that of H-R-8 (panels b
and c of Figure 7.11). It is probably due to the increasing access to the strong BAS in the
side-pocket 8-MR of the micropore, as suggested by nitrogen physisorption, ammonia
TPD and pyridine FTIR studies (Table 7.1). In addition, the H-R-24 stability was higher
compared to that of H-R-8 because less acid concentration reduced the coke formation
rate. In fact, the H-R-24 sample showed the brightest color, which indicated that the coke
deposition is the lowest among other samples (Figure 7.12). It is worth mentioning that
there was no increase in the mesopore volume from 8 to 24 h of acid dealumination
treatment. Hence, we can conclude that the high stability of H-R-24 was most likely due

to not only the nanosized but also less acid site density, which inhibited the coke formation.
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Figure 7.12: The spent catalysts of (a) the microsized parent and nanoparticles of (b) the
milled, (c) recrystallized, (d) recrystallized-dealuminated 8 h, and (e) recrystallized-
dealuminated 24 h.

The extraframework aluminum (EFAL) in the milled sample (H-M) and the dealuminated
samples was high as indicated by the 2’ Al NMR study. The EFAL acts as LAS, which
might play a significant role in a catalytic reaction. However, the LAS in the milled sample
had no positive effect on the n-butane isomerization as shown by the low activity over the
H-M sample. This is in agreement with a study by Babiirek and Novakova [183], which
revealed that the presence of LAS in zeolites decreased the n-butane conversion and
selectivity to isobutane. The results of n-butane isomerization over H-M support the
conclusion that the high conversion of n-butane and selectivity to isobutane over the

dealuminated samples were due to the high access to strong BAS in the side pocket.
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We also investigated the performance of the dealuminated parent (H-P-8) and
dealuminated nanoparticles (H-R-8) under a temperature of 420 °C to further confirm that
the particle size was important in the n-butane isomerization. The conversion of
dealuminated nanoparticles was higher compared to that of the dealuminated parent, as
shown in Figure 7.13. It is suggested that the high external surface area of H-R-8 led the
molecules to easily reach the acid sites. The selectivity to isobutane over H-R-8 was also
higher than that over the H-P-8. This confirmed that the particle size of the sample before
dealumination was important because the performance of the n-butane isomerization

reaction was better on dealuminated nanosized MOR.
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Figure 7.13: Comparison between acid dealuminated 8 h of (a) the parent and (b) nano-
MOR in n-butane isomerization at T= 420 °C.
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Figure 7.14: Catalytic performance over nano-MOR (H-R-24) for n-butane isomerization
at different temperature (a) T= 350 °C and (b) T= 420 °C.
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Figure 7.15: Thermodynamic conversion of n-butane isomerization between 200 to 420
°C.
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The high temperature has increased the conversion of n-butane over the dealuminated
nanoparticle (H-R-8). However, selectivity to isobutane was reduced at a high temperature
(Figure 7.14). The yield of isobutane at 420 °C was slightly higher compared to that at
temperature of 350 °C. At a high temperature, the reaction rate increased; hence, the
conversion of n-butane was also higher. However, from the thermodynamic point of view,
the equilibrium conversion of n-butane isomerization to the product of isobutane decreased
along with the increase of the temperature, which indicated that n-butane isomerization is
an exothermic reaction (Figure 7.15). Another thing is that the high temperature promoted
the disproportionation pathway which produced propane and pentane [115]. Those are the
reasons why the selectivity to isobutane was decreased as the temperature increased, which

is in an agreement with the literature [115, 186].

7.5 Concluding Remarks

The MOR nanoparticles have been manufactured through ball milling from natural MOR,
followed by hydrothermal recrystallization to recover the crystallinity. The MOR
nanoparticles exhibited higher selectivity and stability in n-butane isomerization compared
to microsized MOR. The large surface area and high intercrystalline mesopore volume of
the MOR nanoparticles favored the isomerization through the bimolecular reaction
mechanism. Dealumination of the MOR nanoparticles further increased the selectivity to
isobutane. The monomolecular pathway favored the selectivity to isobutane over the
dealuminated samples as a result of the higher access to the strong acid sites in the 8-MR.
The short diffusion pathway of the nanoparticles and the low acid site density remarkably

diminished the rate of coke deposition.
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CHAPTER 8

CONCLUSIONS AND RECOMMENDATIONS

8.1 General Conclusions

Natural zeolites are well-known as a low-cost material, which has important application in
water purification and waste treatment, agriculture, building materials, and gas
purification. However, there was only one commercial application of natural zeolite in the
catalytic reaction, which was natural erionite in selectoforming process. The impurities,
inconsistency composition of natural zeolites and a limited number of industrial favorable
natural zeolite frameworks are among the main factors of rare application of natural
zeolites as catalysts. The work presented in this thesis has led to new techniques for

upgrading the quality of natural zeolites.

The low crystalline natural mordenite with impurities clinoptilolite and quartz were
effectively improved by hydrothermal recrystallization technique using basic silicate
solution. The recrystallized mordenite samples were exhibited high crystallinity, superior
textural properties, and a high number of acid sites as compared with the parent natural
mordenite. The amorphous and clinoptilolite impurity phases were dissolved and
recrystallized with assistance from mordenite parent as a template to growth new mordenite
crystals. The n-butane isomerization over recrystallized mordenite exhibited a comparable
yield with the synthetic mordenite and far higher result as compared to the parent natural
mordenite. The facile recrystallization technique is potentially applied to improve textural

properties, crystallinity, and total acid sites of low-rank natural mordenite.
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Nanoparticles zeolites offer benefits in catalysis i.e. high catalyst activity, improve product
selectivity and extend the catalyst lifetime [32, 123]. Nanosized mordenite has been
successfully fabricated through high-energy ball milling attritor from natural mordenite
with water as a dispersant. The mean particle size studied by DLS was 123 + 47 nm. The
Taguchi analysis showed that the ball to powder ratio was more pronounce on minimizing
particle sizes and loss of crystallinity and maximizing external surface, mesopore volume,
instead of the water to powder ratio. The high-energy ball milling increased remarkably
the external surface area more than 6-fold and mesopore volume 11-fold. However, the

micropore volume of the natural zeolites decreased significantly.

The high crystallinity and purity of nanosized mordenite were recovered after recrystallized
the milled nano-zeolite in basic sodium silicate solution. In addition, the hierarchical pores
system was also formed on the milled and recrystallized mordenite. The textural properties
of recrystallized nano-mordenite were improved with enhancements in the external surface
area, intercrystalline mesopore, and micropore volume. The fast recrystallization time (2
to 6 h) favored the mordenite phase. The silica and OH" concentration determined
significantly the framework of the recrystallized sample. The high ratio of sample mass to
basic silicate solution reduced the crystallinity of recrystallized MOR. We have
successfully developed a method to produce hierarchical mordenite nanoparticles from
low-rank natural mordenite through high-energy ball milling followed by recrystallization
strategy without using the harmful and expensive organic structure directing agents

(OSDA).

High conversion of dimethyl ether (DME) and selectivity to olefins was obtained over the

milled mordenite. The low acidity after milling step favored high selectivity to olefins. The
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nanosized crystals combined with the intercrystalline mesopores generated on the milling
step effectively enhance the catalyst activity and selectivity to olefins. An improvement in
catalyst lifetime has been achieved over the milled mordenite and the recrystallized
mordenite. The recrystallized zeolite gave the highest conversion of DME and the most
stable sample in this selected process. Both milling and milling-recrystallization routes are
potential to synthesize cost-effective catalyst from natural zeolites. The catalysts were also
tested for n-butane isomerization. The recrystallized mordenite nanoparticles exhibited
higher selectivity and stability in n-butane isomerization as compared to the microsized
parent. The large surface area and high intercrystalline mesopore volume of the mordenite

nanoparticles favored the isomerization through the bimolecular reaction mechanism.

Finally, the acid dealumination was applied to the recrystallized nanoparticle mordenite.
The pyridine-FTIR study suggested that the accessibility of the probe molecules to the
Brensted acid sites (BAS) in the side pocket 8-membered ring (MR) were increased after
the dealumination. The BAS in the 8-MR were reported stronger than the one in the main
channels 12-MR [105]. The monomolecular pathway which more selective to isobutane
was more pronounced due to the higher access to the strong acid sites in the 8-MR. The
short diffusion pathway of the nanoparticles and the low acid sites density remarkably

diminished the rate of coke deposition over dealuminated nanoparticles MOR.
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8.2 Recommendations

Hydrothermal recrystallization and sequential ball milling-recrystallization strategy for
other natural zeolite frameworks such as clinoptilolite and chabazite should be investigated
to complete the information on various natural zeolites framework. The effect of initial
zeolites phase composition should also be investigated as the composition of natural
zeolites depend on the deposit location. Hence, the generalize strategy of hydrothermal
recrystallization and sequential ball milling-recrystallization could be developed in order

to obtain high-quality natural zeolites.

The application of nanoparticles derived from natural zeolites in other catalytic reactions,
biomass pyrolysis and cracking of non-conventional oil, is interesting to be investigated.
High oxygen content and long polymeric biomass molecules could be restricted for the
conventional zeolites. However, the nanoparticles mordenite with high surface area offers
the external surface reaction, which could improve the biomass pyrolysis. Heavy oils and
oilsands cracking over cost-effective catalysts are interesting for the future research. The
cost-effective catalysts can be fabricated from natural zeolites through simple
recrystallization and sequential ball milling-recrystallization method. In addition, the
catalytic cracking in upgrading the “dirty” non-conventional oils will benefit the process

and environment instead of the non-catalytic thermal process.

Interconversion framework of natural zeolites into another zeolite phase is also interesting
to be explored. For examples, interconversion mordenite into faujasite and interconversion
of clinoptilolite into the ZSM-5. The successful interconversion method will open a wider

industrial application of natural zeolites.
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