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Abstract
Indirect Dimethyl Ether Production from Methanol Dehydration Reaction Using RHO and KFI-
type Zeolites

Alireza Lotfollahzade Moghaddam

The growing concern about environmental pollution necessitates the development of renewable
and eco-friendly energy sources. Dimethyl ether (DME) has emerged as a promising alternative to
diesel and LPG fuels and as a hydrogen carrier due to its favorable characteristics, such as high
cetane number, oxygen content, absence of C-C bonds, and low CO and NOx emissions during
combustion. Industrial DME production involves methanol dehydration, which requires a solid
acid catalyst.

Common catalysts used in this process include y-Al,O3 and ZSM-5 zeolite. However, y-Al,03
exhibits limited activity at lower temperatures, while ZSM-5 suffers from rapid deactivation and
coke formation. Heteropoly acids have also been investigated as solid acid catalysts, but their low
surface area limits their activity. Therefore, catalysts with increased acidity and improved
selectivity towards DME are sought to enhance conversion efficiency and stability.

In this study, the use of alternative zeolites including KFI and RHO with varying crystallization
times and template amounts was explored for methanol dehydration compared against commercial
ZSM-5 and alumina catalysts. Steady-state methanol conversion experiments were carried out at
130 - 220°C using 30% methanol in an Ar balance. Long-term stability tests lasting 100 h were
performed, and the catalysts were analyzed using SEM, EDS, XRD, BET, NH3-TPD, and TGA
techniques.

The KFI and RHO zeolites exhibited equilibrium conversion (>90%) at lower temperatures (180-
200°C) and demonstrated stability for more than 100 and 60 h, respectively. These outcomes can
be attributed to high crystallinity, optimized crystal size, and large surface area resulting from the
optimized synthesis process.
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CHAPTER 1: INTRODUCTION

The escalating levels of environmental pollution in soil, air, and water have become a severe
concern for humanity. The detrimental effects of pollution on ecosystems and human health are

increasingly evident, making it imperative to address these issues with scientific rigor and urgency
[1].

In addition to environmental pollution, ensuring a steady supply of sustainable energy sources is a
crucial concern for societies today [2]. Although fossil fuels dominate energy consumption in a
variety of industries, transportation, and households, their sustainability and renewability are in
question. The heavy reliance on fossil fuels poses risks of resource exhaustion and unstable fuel
prices, calling for more sustainable alternatives. Dimethyl Ether (DME) emerges as a viable
solution to secure a stable and sustainable energy future for our societies [3]. By transitioning
towards DME and other renewable energy sources, we can reduce our dependence on limited fossil

fuels and foster a cleaner, more reliable energy landscape for future generations.

DME can be derived from syngas (CO/CO2/Hz) through two distinct methods: direct and indirect
[4]. In both methods, two catalysts are used, one for the synthesis of methanol from syngas and
another for the subsequent dehydration of methanol into DME. In the indirect route (two steps),
the catalysts are employed in separate reactors, while the direct route (one step) combines them in
a single reactor. Each approach presents its own set of advantages and disadvantages, emphasizing
the need for active and stable catalysts for each step. While this study does not delve into the
method of combination or catalysts for methanol synthesis, it concentrates on the exploration of

catalysts for the methanol dehydration reaction.

Initially, alumina served as the solid acid catalyst in industries [5]. However, its limitations, which
will be addressed in the second chapter, prompted investigations into zeolite materials for the
dehydration process. Zeolite compounds, classified as porous materials, exist in diverse types with
varying physical and chemical properties. Their porous structure with high acidity and surface area
makes them exceptionally valuable in environmental applications like water treatment and fuel
production [6]. By employing different precursors and adjusting preparation factors, distinct types
of zeolites with specific characteristics can be obtained [7]. Consequently, modifications in

preparation parameters yield differences in pore size, acidity, crystal size, surface area, and more,
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thereby influencing zeolites' catalytic activity for DME production and offering opportunities to

enhance the overall process.

In this study, two promising zeolite framework types, KFI, and RHO, were synthesized and
investigated for the methanol dehydration reaction. Multiple catalyst characterization techniques
were employed to measure the acidity, surface area, crystallinity, crystal size, coke formation, and

composition.

The primary objective of this thesis is to develop an optimal solid acid catalyst for methanol
conversion to DME, ensuring thermodynamic conversion at low temperatures with 100% DME
selectivity and an extended catalyst lifetime while minimizing the formation of by-products.
Considering this objective, we prepared targeted catalysts using diverse preparation parameters to
modify their physical and chemical properties, including acidity and surface area. Subsequently,

their performance in methanol dehydration was evaluated through reactor experiments.
The contents of this thesis are divided into six chapters based on three manuscripts:

In the second chapter, recent developments in solid acid catalysts employed for DME production
through methanol dehydration will be reviewed as well as a discussion of DME features that make
it a promising alternative to current fossil fuels. A comprehensive review of direct and indirect
DME synthesis pathways was recently published in the Journal of Environmental Chemical
Engineering [8], for the purposes of this thesis the second chapter focuses mainly on the methanol

dehydration reaction step.

In the third chapter, the research methodologies for zeolite synthesis, the chemical reactions and
experimental conditions, and an overview of the catalyst characterization techniques used are

provided.

The fourth chapter is a manuscript that will be submitted for publication, showing the results of
RHO zeolite performance for methanol dehydration reaction. Synthesized RHO zeolites will be
discussed in terms of their methanol conversion at different temperatures, the catalyst stability,

and their physicochemical properties.



The fifth chapter is another manuscript that will be submitted for publication, which focuses on
KFTI zeolites' activity for DME production from methanol. The results of various characterization

techniques as well as reactor experiments will be discussed in detail.

In the sixth chapter, conclusions from this work and recommendations for future work in the area

of synthesizing zeolites for methanol dehydration.



CHAPTER 2: LITERATURE REVIEW

This chapter will give a review of how DME can be used as an alternative energy source, the
pathways for dimethyl ether production, and examine various catalysts investigated for DME
production. To gain insights into the catalyst activity in methanol dehydration, different catalysts
for this reaction will be reviewed which will be compared to prepared catalysts in this study.
Particular focus will be given to zeolites, as the primary focus of the work was to synthesis two
types (KFI and RHO) to apply to DME production, particularly in the second step of the DME

synthesis reaction of methanol dehydration.

2.1 DME as an alternative energy source

Human activities play a significant role in pollution generation, resulting in severe ecological
imbalances. These activities encompass a wide range of industries, such as manufacturing,
agriculture, transportation, and energy production. As these sectors expand to meet the demands
of an ever-growing global population, the magnitude of pollution caused continues to intensify.
Furthermore, the energy requirements of human activities contribute significantly to

environmental pollution [9].

Figure 1 illustrates the alarming upward trajectory of total energy consumption over the past four
decades [10]. From approximately 300 quad Btu (quadrillion British thermal units) in 1980, energy
consumption has surpassed 600 quad Btu in 2021. This exponential increase is primarily driven
by population growth, industrialization, and technological advancements, all of which demand
higher energy inputs. Even though temporary reductions in energy production were observed
during the COVID-19 pandemic (2020-2022) due to global lockdown measures, the overall trend

of escalating energy consumption remains unchanged.

As shown in Figure 1, fossil fuels, such as coal, oil, and natural gas, have long been primary energy
sources. This is due to their high energy density and ease of extraction. However, the extraction
and use of fossil fuels release a multitude of pollutants into the environment. The extraction process

can contaminate soil and water resources, causing significant environmental damage.

Moreover, fossil fuel combustion emits carbon dioxide (CO.), sulfur dioxide (SO2), nitrogen

oxides (NOx), and particulates matter (PM), contributing to air pollution and climate change [11].

4



Fossil fuel use in industries, transportation, and households contributes significantly to increasing
greenhouse gases in the atmosphere, worsening global warming and climate change. Recognizing
these harmful effects, it is urgent to transition to cleaner energy sources. Despite advancements in

renewable energy technologies, fossil fuel dependency remains deeply ingrained in global energy

systems.
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Figure 1. Energy consumption over 1980 — 2021 years including (-) total, (-) , (-) coal, (-)

, () renewable and biomass, (), nuclear sources. [10]

As the world seeks sustainable alternatives, renewable energy sources such as solar, hydro, and
others offer promising solutions. However, it is imperative to acknowledge the fluctuating nature
of these renewable sources, as they rely on specific conditions for optimal energy production [12].
In addition, hydrogen presents a potential source of energy in the future, but safe storage and

transportation will be challenging.

Recognizing the urgent need to transition to cleaner energy sources, renewable energy
technologies have gained momentum. Solar energy harnesses the abundant power of the sun to

generate electricity through photovoltaic cells or concentrated solar power systems [13].



Hydroelectric power utilizes the force of flowing water, typically in the form of dams or turbines,
to generate electricity [14]. Other renewable energy sources include wind power, which harnesses

wind kinetic energy, and geothermal energy, which taps into heat from the Earth's core.

While renewable energy sources offer significant advantages, their intermittent nature poses
challenges to maintaining a consistent energy supply. Solar energy production is dependent on
sunlight availability, which is variable throughout the day and influenced by weather patterns.
Similarly, wind power generation relies on wind current strength and consistency, which vary over
time. These fluctuations in renewable energy availability require effective energy storage and grid

integration systems to ensure a reliable and stable energy supply.

In recent years, hydrogen has emerged as a potential future energy source due to its high energy
content and low emissions. Hydrogen can be produced through various methods, such as
electrolysis, and used in fuel cells or combustion engines to generate electricity [15]. However, H»
gas poses storage and transportation challenges. It is highly flammable and requires specialized
infrastructure and safety measures for handling and distribution. To address hydrogen storage and
transportation concerns, researchers have explored alternative methods. One promising solution

involves storing hydrogen in other stable chemical forms, such as dimethyl ether (DME) [16].

DME is a clean-burning fuel that can serve as an energy source or carrier for hydrogen. It can be
produced from various feedstocks, including natural gas, biomass, or waste, reducing reliance on
fossil fuels and minimizing environmental impacts [16]. DME offers advantages such as high
energy density, low toxicity, and compatibility with existing infrastructure for storage, distribution,

and utilization.

DME has found versatile applications in various industries, serving as a propellant, coolant,
alternative energy source, and intermediate for various chemicals. While DME is widely used as
a propellant in aerosol products, its unique properties such as solvency power and water miscibility
make it an excellent choice for this application [17]. As regulations restrict the use of
hydrofluorocarbons (HFCs) in air-conditioning, heat pumps, and refrigeration systems due to their
detrimental effects on global warming and the ozone layer, DME emerges as a promising
alternative [18]. Although not commonly used as a refrigerant due to its flammability, DME
exhibits favorable thermophysical properties such as high thermal conductivity, large latent heat,

zero ozone depletion potential (ODP), and low global warming potential (GWP). The
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incorporation of DME into CO»/DME mixtures can reduce operating pressure in CO; heat
pump/refrigeration systems, improving their coefficient of performance (COP), while CO; itself

suppresses DME flammability.

In addition to its applications as a propellant and refrigerant, DME offers environmentally friendly
features when used as a fuel. Compared to diesel, DME possesses greater latent heat of
vaporization (467 kJ/kg vs. 300 kJ/kg), resulting in evaporative cooling upon injection into the
engine cylinder [19]. This cooling effect leads to lower emissions of particulate matter and nitrogen
oxides (NOx). Furthermore, DME's higher oxygen content promotes complete fuel combustion,
while its substantially higher cetane number indicates improved ignition characteristics. These
factors contribute to reduced emissions and enhanced combustion efficiency, making DME a
promising fuel option with environmental advantages. Some of the remarkable and relevant

properties of DME include [20-24]:

e high cetane index (ca. 55-60)

e lack of C—C bond

e producing no soot, no black smoke, or sulphur oxides (SOx)

e low emission of CO, nitrogen oxides (NOx)

e high oxygen content (34.8% by mass)

e auto-ignition temperature (350 °C) is quite close to the auto-ignition temperature of
conventional diesel fuel

e low boiling point (—24.9 °C) — provides fast fuel/air mixing — reduction in the ignition
delay

® non-carcinogenic, non-teratogenic, non-mutagenic, and non-toxic

Due to its similar characteristics to propane, butane, and liquefied petroleum gas (LPG), DME
holds substantial promise as a fuel option for a wide range of applications including industries,
households, and vehicles [25,26]. Its performance and pollutant emission levels have been found
to be suitable for gas turbine applications, making it a viable fuel choice in this sector [27].
Moreover, with a cetane number (55 - 60) comparable to diesel (~ 45), DME serves as a feasible
alternative to diesel [28—30]. The physical and chemical characteristics of DME, diesel and LPG
have been provided in Table 1 from literature [31]. One of the notable advantages of DME over

other suggested fuels is the minimal need for infrastructure modifications. This allows for its
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immediate utilization in existing engines [32]. Furthermore, DME plays a crucial role in the
production of various chemical compounds such as olefins, ethylidene diacetate, alkyl-aromatics,
dimethyl sulfate, acetic acid, methyl acetate, gasoline, and other hydrocarbons, emphasizing its

versatility and importance in the chemical industry [33-36].

Table 1. The physical and chemical properties of diesel, LPG, and DME for energy source applications [31]

Characteristic Diesel LPG DME
Butane Propane
Chemical formula CuHzn or
CuHont2 (Cs — CsHio CsHg CH30OCH;3
C2s)

Molecular weight 112 - 352 58.13 44.11 46.07
Cetane number 40 - 55 - 5 55-60
Stoichiometric A/F?
ratio (ke/kg) 14.6 14.8 15.7 9.0
Liquid density
(ke/m?, 20 °C) 800 - 840 610 501 660
Vapor pressure
(bar, 20 °C) <0.01 8.4 2.1 5.1
Liquid viscosity
(ke/ms, 25 °C) 2-4 0.2 0.2 0.12-0.15
Lower heating
value (MJ/kg) 28.43 45.74 46.36 42.5

2 A/F = air/fuel

The physical and chemical properties of DME make it a promising solution to addressing the
challenges posed by climate change [37]. Additionally, DME can conveniently be converted to
hydrogen (Hz) through a catalytic steam reforming process [38]. This is particularly valuable given
the increasing demand for H» as a feed for fuel cells in electric vehicles and other applications.
Using DME as a carrier becomes an appropriate method to ensure the safe transportation of
hydrogen over long distances, as it mitigates the inherent risks associated with handling pure
hydrogen [39,40]. This becomes even more significant when considering hydrogen production
through water electrolysis or excess electricity from renewable sources like wind turbines, as

CO/CO; conversion to DME offers environmental advantages [41,42].

2.2 DME production

DME production commonly involves the process of methanol dehydration, which is facilitated by

employing a solid acid catalyst. This conversion process follows a series of steps, starting with
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various resources and progressing through syngas, methanol synthesis, and ultimately DME

production. Figure 2 shows this process visually from raw material to DME.

* CO, capture
* H, from water electrolysis

* Natural Gas
* Biomass
* Coal

* Syngas: CO/H,
+ CO/COyH,
+ CO/H,

Figure 2. DME production from different feedstocks through direct and indirect methods [8]
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The indirect approach (two-step) for DME production utilizes methanol as a starting material,
whereas the direct method employs syngas [43]. Despite their differences, these routes share
chemical similarities, with methanol serving as a crucial reaction intermediate in the two-step
method. Consequently, the direct method can be viewed as process intensification where
hydrogenation and methanol dehydration reactions are consolidated into a single step, eliminating
the need for two separate steps, or chemical process units, as in the indirect approach. Specifically,
it necessitates only one reactor instead of two reactors for two-step synthesis, resulting in reduced
equipment and utility requirements. Furthermore, there is no purification step prior to the second
reactor to eliminate unreacted CO; and syngas [44]. A study by Nakyai demonstrated that the
equipment cost of the indirect route is 37% higher than that of direct production [44].

However, the indirect method can enhance production and economic efficiency through the
recycling of unreacted feed. The separation between two established reactors can prevent negative
effects associated with unreacted feed or unwanted species produced during hydrogenation.
Additionally, in situations where syngas availability is limited, methanol can be obtained from
alternative processes. As the indirect approach requires the use of two distinct catalysts, the
catalysts employed are more affordable and easily separable. In contrast, the direct route

necessitates higher technological expertise due to the particular optimal conditions required for the



first and second steps of DME production [45]. Consequently, comprehensive research into

catalysts is essential for both methods.

Copper-based catalysts have traditionally been the primary -catalysts for CO and CO;
hydrogenation to methanol in the first step of the reaction sequence [46]. The syngas required for
methanol production can be derived from different sources, including renewable resources such as
biomass, as well as non-renewable sources like coal and natural gas. Biomass gasification, a
thermochemical conversion method, offers a particularly promising approach to obtaining the
necessary syngas for subsequent methanol synthesis. This gasification process can be
accomplished through various techniques, including fixed bed, fluidized bed, entrained flow, and
transport reactor gasifiers. By utilizing biomass gasification methods, the biomass conversion into

syngas becomes feasible, paving the way for DME production [47—-49].

After the syngas is produced, it must undergo a catalytic process based on the Egs. 1-3 in order to
convert into methanol. This process includes CO and CO; hydrogenation, and the water gas shift
reaction (WGSR) [24]. The commonly used catalyst for this reaction is Cu/ZnO [50]. However,
several challenges such as fast deactivation, low conversion, and low selectivity need to be
addressed to enhance the overall efficiency of this process. One of the primary issues encountered
is the agglomeration of Cu particles in the presence of water, leading to a decrease in the catalytic

surface area available for CO/COz hydrogenation [51,52].

CO + 2H, — CH;0H AH,eq = —90.6 kJ /mol (1)
CO,+ 3H, = CH;0H + Hy0 AH,eq = —49.5 kJ /mol @)

Various methods have been proposed and investigated to improve the stability and activity of the
Cu/ZnO catalyst. For instance, one approach involves modifying Cu/ZnO with Ga to increase the
Zn® content, which has shown promising results in enhancing catalytic performance [53]. Another
strategy involves using TiO2 as a support material and incorporating 1 wt% MgO to adjust the
interaction between CuO and TiO», thereby improving dispersion and increasing the copper
surface area [54]. Furthermore, supporting Cu/ZnO on y-Al,O3 and incorporating additives such
as ZnO, ZrO», and MgO have been explored to enhance dispersion and Cu® surface area, ultimately
leading to improved catalytic properties [55]. Additionally, innovative methods like coating Cu

nanoparticles modified by La into Cu phyllosilicate nanotubes have been proposed as a means of
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enhancing catalytic performance [56]. Other modifications, such as incorporating Ce, Y, and WOs3,
as well as tuning the distance between Cu particles supported on silica, have also shown potential

in optimizing the catalytic activity [57-59].

In addition to Cu/ZnO, alternative catalysts have been investigated for CO/CO> hydrogenation.
Cu/MgO [60], 0.5-1% Pd-modified CuO—ZnO-ZrO: [61], and CuCoAl/ZnO/ZrO, [62] have
demonstrated their efficacy in facilitating this reaction. These catalysts offer potential advantages
in terms of improved conversion rates and selectivity, presenting alternative options for methanol

synthesis from syngas.

In the final step, a solid acid catalyst is required to obtain DME through Eq. 4. Traditionally, vy-
AL Os is widely recognized catalysts known for this reaction in industrial scale. However, the low
activity of this catalysts, which will be explained with detail in the next chapter, forced scientists
to use other catalysts such as MFI (ZSM-5) zeolite for methanol dehydration. As a catalyst for
industrial scale production, the conversion, selectivity, and stability are the critical factors to
analyze a catalyst. Higher conversion and selectivity can reduce the cost of separation process
which require different equipment. Also, the higher stability decreases the cost of shutting down

the reactor for replacing the deactivated reactor.

2CH;0H - CH3;0CH; + H,0 AH,9g3 = —23.4 kJ/mol 4)

In the past, industries exclusively employed the indirect route to produce DME. However, recent
studies have revealed the potential benefits of direct methods, offering advantages in mitigating
thermodynamic limitations and reducing investment costs [43]. However, both approaches rely on
the same reactions (equations 1 - 4) and require distinct catalysts for methanol synthesis and
dehydration. Hence, it is imperative to conduct thorough investigations into solid acid catalysts for
utilization in both cases. Further, the widespread use of indirect methods by most industries

underscores the importance of exploring solid acid catalysts.

2.3 Catalysts for methanol dehydration

To enhance methanol dehydration to DME, researchers have explored a range of catalysts. These
include various types of zeolites such as MFI (ZSM-5), Linde W, Y, mordenite, ferrierite, beta,
RHO, and KFI [63-65], as well as Pd/Cab-O-Sil (fumed silica) [66], AIPO (aluminophosphate)
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and SAPO (silico-aluminophosphate) [67], heteropoly acids over TiO2, BN (Boron Nitride), SiO»,
and ZrO; [68-71], modified-alumina with silica and phosphorus, and Al,03—B203 [65]. As a result
of their Lewis and Bronsted acid sites, these solid acid catalysts have the capability to convert
methanol to DME. While Bronsted acid sites encompass weak, strong, and super acids, Lewis acid
sites generally exhibit higher acidity than Bronsted acid sites in methanol dehydration reactions
[72]. Bronsted acid sites, however, have been suggested to play an essential role in DME synthesis,
as Lewis acid sites are more susceptible to water and product poisoning due to the strong

adsorption of these compounds over the Lewis type [73].

Several critical factors, including acidity strength, hydrophobicity, and porosity, influence the
activity of the catalyst, the spectrum of reaction products, and stability [23]. Each catalyst proposed
for methanol dehydration has its advantages and drawbacks. The hydrophilic properties of Al,O3
cause deactivation of the catalytic role, for instance. It also requires high temperatures for catalytic
activity due to its low acid strength. On the other hand, MFI zeolite was extensively studied and
exhibited considerable potential for this reaction, possesses high acidity and lower hydrophilicity,
enabling it to be active at lower temperatures and more tolerant to water exposure. However, its
high acidity contributes to by-product formation, leading to coke deposition on active sites and

subsequent catalyst deactivation [74].

In addition, HPAs possess strong Bronsted acidity which are beneficial to obtain high DME
production yield. However, they have the serious limitation of a low surface area (<1 m?.g"") [75]
. Therefore, investigating and evaluating various catalyst properties such as surface area, porosity,
and acidity is crucial for optimizing catalyst performance in this process. These characteristics and
the resulting catalyst performance in previous studies will be described and compared in detail in

the following paragraphs.

The conversion of methanol to DME has been the subject of numerous studies, but several
challenges persist. The major challenges in methanol dehydration include competitive water
adsorption, by-product formation, and coke deposition [76]. Developing catalysts with less
hydrophilic properties is crucial to mitigate the adverse effect of water produced in three reactions.
By-products of methanol dehydration are typically olefinic/paraftinic C2—C4 hydrocarbons, which
result in the formation of coke [77]. Methane and formaldehyde have also been observed as by-

products in DME production reactions and Lewis acid sites showed a major role in promoting
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methane production [78]. The performance of catalysts employed in this process should be
assessed based on three criteria: 1) methanol conversion rate, 2) DME selectivity degree, and 3)
catalyst stability (at high temperatures, resistance to coke deposition, and catalyst poisons). In
addition to the nature of catalysts and their structural properties, operational conditions such as
feed content, space velocity of flow, pressure, temperature, and reactor type can significantly
impact the process. Therefore, the influence of these parameters on each catalyst will be explained
while the effect of preparation methods, promoters, and post-treatment methods on three types of

catalysts will be covered.

2.3.1 Alumina as a methanol dehydration catalyst

Aluminum oxide, or alumina (Al2O3), has gained widespread recognition and application as a
catalyst for methanol dehydration for many years. Its efficacy stems from its ability to adopt
various crystal structures, influenced by the pH during alumina hydrate precipitation and the
calcination temperature. Alumina presents several crystal structures, including y-, 6-, 0-, a-, and n-
Al>03. However, in methanol dehydration reactions, the y- and n-Al2Os3 structures are commonly

preferred due to their elevated surface area and acidity.

Depending on the pH conditions, different hydrates are formed, leading to the precipitation of
bayerite or boehmite, which are subsequently subjected to calcination. Increasing the calcination
temperature for boehmite results in the formation of distinct phases in the following sequence: y-
ADLO3 < 6-Alb0O3 < 0-Al,03 < a-AlLO3 [79]. In contrast, bayerite follows this sequence with an
increased calcination temperature: n-Al,O3 < 0-Al,03; < a-Al>Os. These diverse crystal structures
of alumina exhibit varying morphologies, crystallite sizes, and other physical and chemical
properties. Among these crystalline phases, y-Al20O3 has garnered significant attention as a catalyst

for DME production due to its ability to minimize by-product formation [80].

The y-Al>0O3, the predominant phase of alumina, exhibits favorable characteristics as a support or
active part of catalysts, including excellent catalytic activity and thermal stability. However, the
presence of water generated during DME formation adversely affects y-Al,O3 performance
because of its highly hydrophilic nature. This leads to water adsorption and reduces the available
surface area for methanol molecules, hindering the catalytic process. The study of activation

energy demonstrated water's inhibitory effects on the alumina catalyst. Akarmazyan et al. reported
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activation energy of 154.8 and 113 kJ/mol when using feed with 10% and 0% water, respectively
[81]. Also, a 55 kJ/mol increase in activation energy was observed when Xu added 15% water to
the feed gas, showing water's negative effect on y-Al,O3 performance [82]. The negative effect of

water on alumina activity for methanol dehydration is shown in Figure 3 from literature [81].
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Figure 3. (A) Methanol Conversion vs. temperature over y-Al>0;3 catalyst: (a) without H>O and (b) With 10% H:O in the feed. (B)
Impact of 10% H>0 addition in the feed on methanol conversion at T = 215 °C [81].

To address this issue, extensive research has been conducted to explore various preparation

methods, promoters, and precursors. One proposed solution is the addition of silver to y-Al,O3,

which has been shown to mitigate water inhibition [83]. Yaripour et al. focused on optimizing

DME yield by studying synthesis parameters such as precipitation/aging time, mixing rate, pH,
14



and precipitation/aging temperature using design of experiments (DOE) methodologies [84]. The
results suggest that optimal catalyst synthesis involves a two-hour aging period, a mixing rate of
600 rpm, and a pH of 7.5 with precipitation at 50 °C, which obtained 74.84 % methanol conversion
at 300 °C, 16 atm, and LHSV=15.6 mL/(h.gcat).

In another study, Hosseini et al. employed four precipitants including sodium carbonate, sodium
bicarbonate, ammonium carbonate, and ammonium bicarbonate to prepare nanosized y-Al>Os3
catalysts [85]. It was observed that using (NH4)2COs as a precipitating agent resulted in the highest
DME yield. Although 100% DME selectivity was maintained within a temperature range of 250 —
375 °C, methane production increased at higher temperatures. Additionally, 375 °C was needed to
achieve equilibrium conversion, resulting in high energy consumption and by-products. Yaripour
et al also suggested that the formation of HCO3™ and CO3* in the structure leads to extra porosity

and improved performance during calcination.

Since alumina possesses weak Lewis acid sites, high temperatures (> 300 °C) are necessary to
achieve significant conversion rates. On the other hand, high temperatures also promote the
formation of undesirable by-products such as CO», CO, formic acid, and methane, which lead to
catalyst deactivation due to the formation of coke on catalyst active sites [86]. To improve catalytic
activity, researchers have investigated the employing of transition metals (e.g., Ni, Cu, Fe) as a
promoter with y-Al2Os. For instance, Armenta et al prepared the CuO-Fe>Os/y-Al2Os catalyst by
impregnation method which increased the methanol conversion from 60% (using y-Al2O3) to 70%

at 290 °C [86]. These promoters enhanced the acidity around two times (16 = 34 umol/g).

Other substances, including niobium, silica, phosphorous, titania, diboron trioxide (B203), and
hematite, have been utilized to improve y-Al,O3 catalytic performance. Promoters can be
beneficial to improve the thermal stability of alumina catalysts since satisfying methanol
conversion requires high temperatures and the catalysts should resist this condition for a long time.
For example, the addition of TiO, has demonstrated an effective impact on y-AlbO3 [82]. An
optimal presence of 3-5% TiO> in the y-AlbOs structure has been observed to benefit the process
with high conversion and selectivity [87,88]. The investigation of adsorption and conversion
processes using diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) has

revealed that Ti promotes the formation of higher acidic hydroxyl groups on the surface, thereby
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enhancing methanol adsorption and conversion. Furthermore, incorporating silica into the y-Al,O3

structure prevents alumina crystallite aggregation and reduces particle size [84].

In addition to y-Al>O3, n-Al>,O3 has also been investigated for methanol dehydration. Osman et al.
conducted a study on a silver-promoted 1n-Al>Os catalyst in the temperature range of 180-300 °C
[89]. Only 18% conversion at 250 °C revealed that n-Al;O3 similar to the y phase needed high
temperatures (>300 °C) to exhibit meaningful activity in the methanol dehydration process.
However, by incorporating silver into n-Al>O3, the number of Lewis acidic sites increased, leading
to greater catalytic activity at lower temperatures. The catalyst with 10 wt% Ag converted 39.5 %
and 84.5% of methanol at 250 and 300 °C, respectively, which grew 8-22 % compared to
unmodified Al,Os. It should be noted that higher silver loadings had a negative impact on
performance, which was attributed to the creation of giant clusters of Ag. Surface hydrophobicity
is characterized by the water contact angle (CA, 0), where hydrophilic surfaces have 6 <10°,
hydrophobic surfaces have 90° < 0 < 150°, and superhydrophobic surfaces have 6 > 150° [90]. In
the study of Ag-promoted n-Al,O3, the contact angle increased with increasing silver loading,
measuring 1.69°, 20.7°, 50.7°, and 39° for pure n-Al2O3, 1%, 10%, and 15 wt% Ag, respectively
[89]. The maximum yield was observed with 10% Ag, exhibiting the highest hydrophobicity.
During methanol dehydration, surface hydrophobicity plays a crucial role in mitigating inhibition

caused by water, which results in better performance at higher contact angles.

Furthermore, apart from y-Al,O3 and n-Al2O3, y-x-Al203 can also be employed as a catalyst in this
application. Achieving reasonable activity with y-y-Al,O3 requires high temperatures (>300 °C) to
attain approximately 80% conversion, prompting investigations into the use of promoters.
Impregnation of CuO and Fe3Os increases catalytic activity at moderate temperatures by altering
pore diameter, volume, and surface area. For instance, Fe3Ous/y-y-Al2Os presented methanol

conversions of 56% and 67% at 250 °C and 260 °C, respectively [91].

In summary, y-AlO; and n-AlO; have demonstrated superior methanol conversion to other
alumina phases, as depicted in Figure 4 [92]. However, the competitive adsorption of water at
reaction sites and the high-temperature requirement for catalytic activity continue to present

challenges for alumina catalysts.
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Figure 4. The activity of different phases of alumina including n-A120; (e), y- Al20s (0), 0- A[:O3 (W), (x + y)- Al:03 (0), 6- Al20;
(A), k- A120s3 (A) and a- AL:O3 (V) for methanol dehydration [92].

2.3.2 Heteropoly Acids as methanol dehydration catalysts

Heteropoly acids (HPAs), owing to their economic and environmental advantages, non-toxicity,
reusability, and thermal stability have triggered tremendous research interest in catalysis
applications in the past decades [93]. Also, because of their high acidity, they are another type of
material explored for methanol to DME conversion. However, their low surface area has limited
their application in various catalytic processes [94]. Keggin ions with a general formula of
[X""M2040]®™- and Dawson ions with a general composition of (X"")2M;5062*>"", discovered
in 1934 and 1953, respectively, are two types of HPAs ions. Keggin-type HPAs with the general
mentioned composition where X can be usually P or Si, with M being a transition metal such as
Mo®" or W®" and have strong Bronsted acid sites, have been assessed for DME synthesis during

recent years [95].

To address the challenge of low surface area, coating HPAs on suitable supports has been explored.
The incorporation of supports, such as TiO2, SiO2, ZrO», and CeO,, with HPAs, assists them in
providing more appropriate catalytic activity for methanol to the DME process. For example,
Peinado et al. studied these materials as support for tungstosilicic acid (HSiW) which is a type of

HPA [71]. Figure 5 shows that HSiW supported on these materials exhibited higher rates of process
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yield compared to using y-Al>O3, primarily in response to the presence of Bronsted acid sites in
the HSiW structure. The presence of Bronsted acid in HSiW was confirmed through H-NMR, NH3
adsorption isotherms, and NH3-adsorbed DRIFTS experiments [70]. Among the studied supports,
HSiW dispersed on TiO2 and ZrO> demonstrated the highest activity, with DME formation rates
of 50 mmol DME.h"!.gusiw™! at 180 °C.
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Figure 5. The a) methanol conversion (%) and b) DME production rate (mmol.h-1.gHSiW-1) using supported HSiW over SiO2,
TiO2, ZrO>, AL20s, BN, CeO: [71]

However, a rate of more than 200 mmol DME.h"!.g..! can be achieved over FER zeolite which
will be described in the next section [96]. This lower DME formation rate indicates that these
materials may be less suitable for large-scale production. Despite the high thermal stability of
HPAs, the catalytic activity rapidly decreased at temperatures above 200 °C for the methanol
dehydration process. This decline in performance is attributed to the strong interaction between
HSiW and the support, which limits proton mobility, as evidenced by reduced 1H-NMR peaks.

The strong interaction also hinders methanol molecules' access to active sites.

However, optimizing the HPA loading can address this issue [70]. In another study, Ladera et al
used DRIFT spectroscopy experiments and showed that employing a TiO» support with an
appropriate amount of HPA can weaken the interaction between available protons and water,
facilitating methanol adsorption on active sites [69]. However, HPAs, even when supported,
typically have a surface area that does not exceed 250 m?.g"! [97], and coke formation can cover
active sites, leading to rapid deactivation during dehydration [95]. Notably, the decline in catalytic
activity at higher temperatures and low pressure can be attributed to the absence of pseudo-liquid

catalysis, which is crucial for the high performance of HPAs in methanol dehydration. Pseudo-
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liquid catalysis resembles a gas-liquid system, where methanol is absorbed into the interpolyanion

space between Keggin units.

Lower temperatures favor pseudo-liquid catalysis, as elevated temperatures generally reduce gas
solubility in liquids [71]. XRD data revealed that when the reaction temperature exceeded 200 °C,
HSiW lost crystallization water and formed fully dehydrated phases, inhibiting the formation of
the secondary structure necessary for pseudo-liquid catalysis, resulting in decreased catalytic
activity. Josefine et al. studied Boron Nitride (BN) as an alternative to the typical mentioned
support for HPAs [68]. They indicated H;PW 2040 loading around 16 % on BN increased the
activity 2 and 10 times compared to bulk sample and TiO»-supported H3PW12040, respectively.
Alharbi et al. conducted another study to investigate bulk H3PW12040 (HPW) (with and without
Cs), and H4S1W 12040 (HSiW) and compared the activity against MFI. Based on the correlation
between acid strength and turnover reaction rate, they concluded that Bronsted acid plays an
imperative role in methanol dehydration [95]. The characterization analysis indicated that the
interaction between HPA and support resulted in decreasing acid strength in the order: HPW >
HSiW > Cs2.5sHo.sPW = Cs2.25Ho.7sPW > HPW/SiO; = HSiW/SiO; > HPW/TiO2 > HPW/Nb2Os >
HPW/ZrO>. Among the prepared catalysts, the best activity was observed over the 20%
HSiW/SiO2 catalyst with 89% conversion (equilibrium) and 100 % DME selectivity at 150 °C
which is shown in Figure 6. Also, the methanol conversion stability and DME selectivity were
depicted in Figure 7 which shows the catalyst was stable for 4 h under low WHSYV values. These
results present that methanol conversion over supported/unsupported HPAs is not an appropriate
option for large scale. At temperatures above 200 °C, other hydrocarbons were detected and

deactivation took place by coke production.
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2.4 Zeolites properties and synthesis

2.4.1 Introduction to zeolite properties and synthesis

Zeolites are very versatile in terms of catalytic properties, selective adsorption, and chemical
stability, which has made them widely employed in a variety of applications such as the petroleum
and chemical industries [98]. They play a crucial role in the upgrading of crude oil, particularly
role as heterogeneous catalysts for fluid catalytic cracking in the production of gasoline. They are
extensively used in petrochemical processes that involve shape-selective reactions. In addition,
zeolites are also highly effective in the synthesis of valuable chemicals and the protection of the
environment [99]. Zeolites are also cost-effective, hydrothermally stable, and environmentally

friendly, making them excellent catalysts, adsorbents, detergents, and ion exchangers [100].

Molecularly, zeolites are aluminum-silicate materials with open frameworks and well-organized
pores. Various zeolite framework types can be developed from interconnected TO4 tetrahedra
(where "T" represents tetrahedrally coordinated elements like Si, Al, or P) [101]. Currently, the
International Zeolite Association recognizes 235 zeolite framework types, which each have three-
letter codes [102]. These frameworks can be further broken down into rings of different sizes,

corresponding to the zeolites' pore openings. Some typical zeolites are depicted in Figure 8.
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Figure 8. The framework structures and pore rings of frequently utilized zeolite types across diverse applications [102].

Zeolites can be categorized into different pore sizes based on the number of atoms forming the
rings, either small (< 8 atoms), medium (10 atoms), large (12 atoms), and extra-large (>12 atoms)
[103]. In zeolite frameworks, negative charges are typically balanced by extra-framework cations,
which may be substituted with other cations. Additional species, such as water, can be eliminated
from the pores of zeolite, allowing guest species to be adsorbed selectively according to their size,
shape, and polarity. The shape-selective catalytic properties of zeolites can be attributed to their
molecular sieving effect in combination with their spatial confinement of pores and catalytically

active sites. Additionally, zeolites provide an excellent platform for stabilizing metal clusters and
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nanoparticles, resulting in multifunctional compound materials with excellent physicochemical

properties.

Zeolite synthesis takes place under hydrothermal conditions through the crystallization of a
mixture including water, silica, alumina, and other elements [99]. In order to create the initial gels,
basic agents, alkali cations, and organic compounds are combined with the mentioned mixture,
and the process occurs under autogenous pressure (< 20 MPa) at high pH levels (> 11), and
temperatures ranging from 60 to 200 °C [104]. The zeolite structure, crystallinity, and final
properties can be affected by various parameters ranging from gel concentration to operational

conditions.

The Si/Al ratio in the initial gel is a critical factor that modifies zeolite characteristics as well as
the crystallization process kinetics [105]. Typically, this ratio decreases during the synthesis and
the final product has a lower Si/Al ratio than the initial gel. Various sources of silica and alumina,
including polymeric and monomeric reagents, can be used in the synthesis process. Sodium
hydroxide (NaOH) or potassium hydroxide (KOH) are added to gels in order to improve the
dissolving properties of precursors such as Si and Al [106]. Also, these agents enhance the Si-O-
Si and Si-O-Al bonds creation. During the synthesis process, alkali cations (Na* and K*) and their
overall concentration play a vital role and need to be carefully controlled. Proper concentrations
of alkali contribute to thermodynamically stable phases, and severe crystallization conditions, such
as high temperatures and long crystallization times, can also influence phase stability. The stirring
is crucial to zeolite crystallization to achieve a uniform structure, and different stirring methods
will affect zeolite crystallization kinetics and size distribution. As a result of stirring, smaller
crystals with narrower size distributions are formed, resulting in more favorable crystallization

kinetics. Figure 9 shows methods to modify the chemical and textural properties of zeolites [99].

In zeolites, nucleation and crystallization are typically involved in the crystallization process. As
the crystallization process advances, an amorphous solid phase known as hydrogel often forms
initially. Several mechanisms have been proposed, including solution- and hydrogel-mediated
mechanisms. Nucleation and crystal growth occur solely via soluble species in a solution-mediated
mechanism, while the solid phase acts as a reservoir of nutrients. On the other hand, the hydrogel-
mediated mechanism explains the zeolite crystallization by involving the restructuring of the

amorphous solid phase which was formed in the initial stages. It is also possible to propose a
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combination of solution-mediated and hydrogel-mediated mechanisms, whereby nucleation occurs
within the hydrogel, while crystal growth proceeds via soluble species inclusion. Since there is
such a wide range of gel compositions, zeolite structures, and synthesis conditions, it is difficult

to establish a general model for zeolite crystallization [99].
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Figure 9. Common employed methods to reach a zeolite type with different chemical, textural, and transport properties [99].
Organic compounds have played a crucial role in the development of new zeolite structures,
particularly ones with a high silica content [107]. In addition to modifying gel chemistry, these
organic compounds can serve as pore-filling agents and templates. Zeolites have a highly specific
chemical structure based on the organic templates used. Furthermore, seeding has been widely
used in zeolite synthesis as a means of expediting the crystallization process by providing external
nuclei, thereby reducing the induction period associated with nucleation [108]. In the template-
free zeolite synthesis strategy, seeding is particularly effective, reducing reagent costs and
eliminating the need for organic template removal through zeolite calcination. As well as enabling
the solubilization of silicon and aluminum precursors, water plays a significant role in the
chemistry of the initially formed gel. Too much water, however, can lead to undesirable effects,
including less zeolite yield, aqueous waste streams, and high pressure [109]. To mitigate these

issues, methods have been developed to minimize the water content during zeolite crystallization,
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such as dry-gel conversion, vapor-phase transport, steam-assisted synthesis, and hydrothermal

treatment of wetness-impregnated xerogels [99].

The presence of NaOH and KOH in the initial gel results in a zeolite with sodium or potassium as
the cation (Na" or K"). By ion exchanging the zeolite with ammonium salts, then calcining to
remove ammonia, these forms can be converted to protonic forms (H"), as shown in Figure 10.

This method enables the preparation of acid-catalyzed zeolites that have a wide range of

applications.
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Figure 10. Bronsted and Lewis acid sites creation in a zeolite structure[110-113]
Zeolites are highly acidic due to their Bronsted acid types, which are linked to Al atoms in their
framework. Zeolites may, however, possess Lewis acid type that result from dehydration process
shown in Figure 10, or those that result from extra-framework aluminum species generated during
synthesis or calcination. Bronsted and Lewis acid sites in zeolite structures are depicted in Figure
10 [110-113]. The ratio of Bronsted to Lewis acid sites usually increases with higher Si/Al ratios
in the framework. A high silica zeolite will typically contain predominantly Bronsted acid sites,
while a low silica zeolite will exhibit both Bronsted and Lewis acidity. Zeolites possess stronger
and more uniform acid sites due to their crystalline nature compared to amorphous aluminosilicates
[99]. To characterize zeolite acid sites, several theoretical and experimental methods have been
used, including DRIFTs (diffuse reflectance infrared Fourier transform spectroscopy) and NHs-

TPD (temperature-programmed desorption).
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2.4.2 Zeolites for Methanol Dehydration

Zeolites have attracted considerable attention in recent years as catalysts for methanol dehydration
due to their unique properties. Extensive research has been conducted on various zeolite types to
determine the most suitable catalysts, including mordenite (MOR), MFI (ZSM-5), ferrierite (FER),
EU-1, ZSM-12, ZSM-22, SAPO-34, Beta (BEA), Y, RHO, and KFI. Based on their structure and

dimensions, zeolites can be classified into 1-D, 2-D, and 3-D categories.

Among the examined zeolites, MOR, ZSM-22, EU-1, and ZSM-12 exhibit 1-D structures.
Meanwhile, FER is characterized by a 2-dimensional structure, and MFI, Beta, KFI, RHO, and
SAPO-34 possess 3-D structures [96]. The effectiveness and lifespan of these compounds depend
on their dimensions, channel size (number of member rings), and the presence of side channels or
cages, which affect coke rate deposition. While alumina catalysts did not suffer from losing active
sites covered by heavy hydrocarbons, the strong acidity brought this problem to zeolite ones.
Research suggests that 2-dimensional structures generally inhibit coke deposition due to their high
surface area, accessibility to abundant active sites, and large channels, including a hierarchical

porous structure [114,115].

A comparison between the zeolites reveals the quick deactivation of MOR and SAPO-34. MOR
deactivates due to strong acid sites, while the deactivation of SAPO-34 can be attributed to large
chabazite cages with narrow openings [116]. Although ZSM-12, ZSM-22, and EU-1 belong to the
1-D structure category and have similar acidity, they exhibit different deactivation rates. Their
channel systems may explain this phenomenon. For instance, EU-1 zeolite with side pockets leads
to higher hydrocarbon and coke accumulation, as shown by the channel system illustrated in Figure
11 [117]. Catizzone et al. have explained how cages and side pockets contribute to coke formation
and loss of active area [96,118]. In a similar manner, Boronat et al. realized the presence of SMR
side pockets in MOR zeolite beside 12 MR channels favors hydrocarbon formation and catalyst

deactivation [119].
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Figure 11. The channel structure of a) EU-1 and b)MOR 1-D zeolites [120]

In another study, partial deactivation was observed in the 3-dimensional large channel system of
Beta, while FER-8 (Si/Al = 8) and MFI maintained relatively stable performance [112].
Quantifying the amount of coke deposited on zeolites with different structures after 60 h at 240 °C
and WHSV = 4.5 h'!, the following values were obtained: mordenite (72 mg.gcatalyst-1), ZSM-22
(31 mg.gcmlys{l), EU-1 (90 mg.gcatalyst'l), ZSM-12 (72 mg.gcata1yst'1), FER-8 (45 mg.gcamlys{l), MFI
(60 mE.geatalyst '), Beta (79 mg.geatatyst '), and SAPO-34 (149 mg.geatalyst ). It is evident that channel
diameter, channel intersections, and side-pocket size significantly influence catalyst stability.
Based on these results, FER zeolites' 2-D structure show promise to improve mass transfer and
reduce coke deposition. Additionally, zeolites with uniform 3-D structures can provide highly
active sites and stability. Besides the channel system of zeolites, several factors, including strength
and type of acid sites, pores and crystal size, external or internal acid sites, and surface area, can

affect the methanol conversion, DME selectivity, and coke formation rate.
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Also, the pore structure of zeolites influences coke-type distribution, as different types of zeolites
exhibit varying coke compositions. For example, MFI zeolites produce coke composed of tetra-
methylbenzene (20%), penta-methylbenzene (30%), and hexa-methylbenzene (50%) [72]. FER
zeolite yields mostly tetra-methylbenzene, while MOR zeolite, with its larger pores, produces
mainly 1,4-ditertbutylbenzene [72]. Thus, controlling the pore structure can manage the

deactivation mechanism caused by coking.

In addition to their high porosity, zeolites also have strong acid sites and a remarkable surface area
which is listed in Table 2. While these features enable rapid methanol conversion, they also lead
to the formation of undesirable byproducts. As explained earlier, these byproducts, called coke,
can accumulate on both the external surface and within pores. It has been observed through
characterization techniques that Bronsted acid sites account for the most zeolite acidity, which
promotes coke deposition. Consequently, Lewis/Bronsted acid site ratio plays a crucial role in coke

formation.

Table 2. The acidity and surface area of different catalysts used for methanol dehydration.

Total Concentration | Concentration
Surface density
concentration | of low temp. | of high temp. BET
Catalyst | S1/Al o o o of acid sites Ref
of acid sites acid sites acid sites (m?/g)
/umol/m?
/umol/g /umol/g /umol/g
Beta 21 529 - - 0.809 654 | [23]
Y 16 482 - - 0.583 826 | [23]
Al-SBA-15 - 229 - - 0.475 482 | [23]
Al-MCF - 147 - - 0.304 484 | [23]
MFI 16.5 209 89 146 0.537 389 | [23]
MFI/1h 256 86 144 0.642 399 | [23]
MFI1/2h 297 88 361 0.615 483 | [23]
MF1/4h 316 138 241 0.591 535 | [23]
MOR 7 1034 - - 2.971 348 | [72]
FER 7 813 - - 2.903 280 | [72]
MFI 34 439 - - 1.137 386 | [72]
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RHO ?Sj 2534 1173 1361 3.121 812 | [121]
3.5
KFI ) 1655 841 814 4.332 382 | [121]
M-FER 10 1087 - - 3.274 332 | [78]
NP-FER 10 1311 - - 4.175 314 | [78]
NC-FER 10 797 - - 2.622 304 | [78]
Nano-MFI | 26 270 - 270 0.712 379 | [122]
Meso-MFI | 26 280 - 280 0.757 370 | [122]
Con-MFI 26 250 80 170 0.718 348 | [122]
Commercial
MET 233 1456 727 729 4.18 348 | [121]
Commercial
JALOS - 346 74 272 3.09 112 | [121]
MOR 25 714 186 528 2.051 348 | [96]
ZSM-22 45 313 85 228 1.490 210 | [96]
EU-1 30 431 181 250 1.122 384 | [96]
ZSM-12 50 333 123 210 1.132 294 | [96]
FERS8 8 787 346 441 2.321 339 | [96]
FER30 30 464 135 329 1.706 272 | [96]
FER60 60 332 110 222 1.207 275 | [96]
MFI 15 602 271 331 1.672 360 | [96]
Beta 25 609 256 353 1.044 583 | [96]
SAPO-34 0.4 1174 434 740 3.173 370 | [96]
v-Al,03 - 283 74 209 1.422 199 | [96]

Migliori conducted a comparative study of MOR, MFI, and FER zeolites to evaluate their stability
under methanol dehydration [72]. The MOR zeolites with the highest acidity strength and L/B =
0.66 ratio indicated superior activity. However, this high acidity caused rapid coke formation and

deactivation of the MOR zeolite which is depicted in Figure 12. It is noteworthy to mention that
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MOR and FER catalysts achieve thermodynamic equilibrium at 220 °C, while MFI catalysts reach

thermodynamic equilibrium at 240 °C. This result was in accordance with zeolites' acidity strength.
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Figure 12. The amount of coke deposited over MOR (®), FER (O), and MFI ( &) under methanol dehydration reaction at 240 °C
[72].

In another study, Rutkowska et al. employed zeolite Beta (Si/Al~21), Y (Si/Al~16), and
mesoporous silicas (SBA-15 and MCF) to compare their performance to the H-MFI catalyst [23].
As shown in Figure 13, it can be seen that the highest methanol conversion can be achieved over
Beta and Y zeolite, which is attributed to the highest acidity concentrations exhibited in Table 2.
The catalytic activity of prepared samples was in the sequence of Beta >Y > MFI > AI-SBA-15 >
AI-MCF, which generally corresponds to acidity strength. However, DME selectivity was reduced
to lower values at temperatures above 250 °C in the case of zeolites Beta and Y while it was kept
at 100% over other catalysts. Based on analysis of catalysts’ structure and acidity, DME selectivity
originates from a combination of acidity (higher acidity triggers by-product formation) and
porosity (less microporosity). Mesoporous structure enhances diffusion limitations in the channel

for reactants and products, which results in higher selectivity.
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Figure 13. The activity of different catalysts in a) methanol conversion and b) DME selectivity at 125 — 300 °C under the flow of
20 ml/min containing 4% methanol (~ WHSV of 0.5) [23].

In a comprehensive project on various types of zeolites, activity at 220 °C was ranked as follows:
MOR > FER-8 > Beta > SAPO-34 > MFI = FER-30 > EU-1 > FER-60 > ZSM-22 > y-Al,03 >
ZSM-12 [107]. Methanol conversion followed the expected pattern based on acidity strength in
Table 2. A confirmation of Migliori's results [72], MOR zeolite deactivated quickly, while FER-8
remained stable [96]. Masih et al. investigated two other zeolite types including RHO and KFI.
They achieved equilibrium methanol conversion with 100 % DME selectivity at 200 °C over RHO
zeolite [121]. However, the stability of this catalyst was reported for 25 h.

To improve catalytic activity, stability and reduce acid strength, various methods and additives
have been employed to modify zeolites. The impact of particle size on the catalytic performance
of zeolites has been investigated [123]. Nanosized (0.1 — 0.3 pm) and microsized (3 — 10 pum) FER
and MFI catalysts were prepared. The results indicated that nanosized catalysts exhibited higher
activity than microsized catalysts. This improvement was attributed to better control of residence
time, enhanced diffusion rates, and increased efficiency of acid sites, despite microsized catalysts

having a larger specific surface area and acidity. Additionally, the nanosized FER zeolite
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demonstrated superior stability (99% DME selectivity after 20 h), higher methanol conversion,
and lower activation energy (46 kJ/mol) compared to both MFI samples [123]. The smaller crystal

size significantly improved accessibility to acid sites and diffusion rates.

In another investigation, three FER samples with different crystal sizes including 5-10 pm (M-
FER), 300-500 nm (NP-FER), and 100 nm (NC-FER) were synthesized [78]. As shown in Figure
14, reducing the crystal size from micro to nanoscale resulted in higher methanol conversion due
to enhanced accessibility to acid sites. Despite having a larger crystal size than NC-FER, NP-FER
exhibited stronger acidity (1.308 mmol.g™!) and achieved superior methanol conversion at 220.
They also calculated the turnover frequency of 86 h™! and 62 h'! for NC-FER and NP-FER,

respectively, which indicated improved mass transfer by reducing crystal size.
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Figure 14. Methanol dehydration vs. temperature using FER zeolites with different crystal sizes (M-FER = 5-10 um, NP-FER =
0.30-0.50 um, and NC-FER = 0.10 um) [78]

The effect of crystal size is not limited to FER-type zeolites. Rownaghi et. al investigated the DME
production over nano, meso, con! MFI zeolites with 0.12, 0.30, and 1.20 um crystal size to realize
the relationship between methanol dehydration level, DME selectivity with the crystal size [122].
As shown in Figure 15, at the same experiment conditions at 225 °C, the nano-MFI delivered 19%,
15.7%, and 23% increase in methanol conversion, DME selectivity, and DME yield compared to
the con-MFI zeolite. They also measured aluminum content in crystals (AC) and on the surface
(AS) by ICP and XPS analyses, respectively, and showed that the AS/AC ratio is less in the case
of nano-sized crystals. They also found a linear inverse correlation between DME selectivity and

AS/AC ratios. FER and MFI zeolites showed different correlations between AS/AC ratios and

1“Con” represents the large crystal size in um scale.
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crystal size; however, external acidity was lower in nano-size in both cases, resulting in better

activity.
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Figure 15. DME yield at 180 — 320 °C over three samples of ZSM-5 (MFI) zeolite with different crystal sizes (Con-ZSM-5 = 1.2
um, Meso-ZSM-5 = 0.30 um, and Nano-ZSM-5 = 0.12 um) [122]

Zeolites with narrow channels create favorable conditions for coke formation, leading to pore
blockage. However, the literature suggests that hierarchical mesoporosity can optimize the
interaction time between reactants (or products) and active sites of the catalyst toward more stable
catalysts [23,124,125]. Several methods have been studied to introduce mesoporosity into zeolites'
structure, including soft and hard templating routes, steam leaching, acid leaching, and alkali
treatment. Among these methods, the alkaline treatment also referred to as desilication, has
demonstrated excellent efficiency to modify zeolites' structure [124]. Krim et al. employed a two-
step treatment using NaOH and TPAOH which improved the external surface area, total acidity,
and mesoporous volume, followed by methanol conversion [126]. The alkaline treatment of
ZSM 5 zeolites was examined by Schmidt et al [125]. A solution composed of 0.5 M NaOH and
0.05 M N,N,N-trimethyl hexadecyl ammonium bromide (CTAB) was used for the process. The
results showed that hierarchical structures prepared through desilication have the potential to

exhibit increased activity and lifetime.

The duration of the alkaline treatment has been identified as a crucial factor influencing the
structural modifications of MFI to improve its catalytic activity, as highlighted by Rutkowska et
al. [23]. Modified zeolite was created by dissolving MFI in 0.1M NaOH solution and stirring at
80°C for different periods of time. The resulting samples were labeled MF1/1h, MFI /2h, and MFI

/4h, corresponding to stirring times of 1, 2, and 4 h, respectively. Methanol dehydration was
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enhanced with desilication treatment at temperatures below 250 °C, as shown in Figure 16. It was
concluded that a one-hour treatment was insufficient to induce significant alterations in the zeolite
structure. However, a four-hour stirring duration yielded substantial changes from a microporous
to a mesoporous structure, as confirmed by XRD analysis. Consequently, a two-hour treatment

resulted in the optimal development of porosity in MFI.
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Figure 16. The influence of alkaline treatment with different duration (1, 2, and 4 h) on ZSM-5 (MFI) activity toward a) methanol
conversion and b) DME selectivity [23]

Extensive characterization techniques such as Diffuse Reflectance Infrared Fourier Transform
Spectroscopy (DRIFTS), NH3-TPD, and N adsorption/desorption tests have revealed the
significant impact of the Si/Al ratio on zeolites' acid strength and properties [23]. Higher aluminum
content or desilication leads to increased acidity. Sameh et al. synthesized HZSM-5 (MF]I) zeolites
with various Si/Al ratios ranging from 25 to 400 [127]. Their results indicated that a lower Si/Al
ratio resulted in reduced crystallinity and increased surface area. Lowering the Si/Al ratio also

boosted DME selectivity and methanol conversion, particularly at low temperatures. Similarly,
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Migliori demonstrated that among Si/Al ratios ranging from 10 to 50, MFI zeolites with a Si/Al
ratio of 10 exhibited the highest activity. This finding aligns with the observations made by Sabour
for AI-HMS (hexagonal mesoporous silica) compounds, where a Si/Al ratio of 10 showed optimal
activity for methanol dehydration in Si/Al ratios of 5 to 35 [128]. In another study conducted by
Khandan et al., various zeolites including MFI, Y, MOR, FER, and Beta were assessed, supporting

a reverse correlation between zeolites' Si/Al ratio and their activity [129].

Promoters are commonly introduced into the main catalyst to enhance performance and stability,
particularly under high temperatures and in water. The acid strength of zeolites can be reduced by
adding Zr, Zn, Mg, Na, or Al. This modification is typically achieved through an impregnation
process. For instance, XRD, NH3-TPD, and NH3-FTIR analyses showed that modified H-MOR
zeolites with these elements exhibited higher stability [129]. Notably, AI-H-MOR zeolites
exhibited the highest activity compared to MFI, Y, FER, Beta, ZSM-12, ZSM-22, EU-1 zeolites,
Si0,, and y-Al>O3 for liquid and gas methanol conversion. A further modification, however, is
required to enhance long-term stability and selectivity towards DME. The incipient impregnation
of magnesium oxide up to 5% into MFI zeolites increased DME selectivity from 49% to 64%
while maintaining a methanol conversion of 96% [130]. As magnesium reacts with the bridging
hydroxyls, Mg(OH)" species form, increasing Lewis acid sites and diminishing strong Bronsted

acid sites.

In this section, we have explored various catalysts for the methanol dehydration reaction. The
ADlO3 has demonstrated stable conversion over a prolonged period, but its high operating
temperature makes it unsuitable for thermodynamically limited reactions in both direct and indirect
DME production. Heteropoly acids (HPAs) exhibited activity at lower temperatures, even below
200°C, but they suffer from fast deactivation within a few hours and loss of activity at high
temperatures, thereby limiting their use in large-scale production. In particular, hybrid catalysts
(methanol synthesis and dehydration catalysts) should be employed for direct DME synthesis at
temperatures of around 200 — 250 °C.

Zeolites, on the other hand, display different performance characteristics depending on their type
and physicochemical features. However, the minimum temperature observed for zeolites was 200
°C for 25 h of stability or 220 °C for 60 h of stability. In this study, we specifically investigated

two types of zeolites, RHO and KFI, for methanol dehydration. Several samples were synthesized
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with varying preparation parameters, and their performance at different temperatures and long-

term conversion will be discussed in the subsequent chapters.
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CHAPTER 3: METHODOLOGY

3.1 Zeolite synthesis

As previously discussed, a comprehensive synthesis effort was undertaken to prepare a range of
zeolite samples, comprising 5 KFI-type zeolites and 6 RHO-type zeolites, employing a
hydrothermal crystallization method. In this preparation process, distinct precursors were
employed, including precipitant agents such as NaOH for RHO-type zeolites and KOH for KFI-
type zeolites. Additionally, cesium hydroxide was used for RHO-type zeolites, while strontium
chloride was incorporated for KFI-type zeolites. These precursor materials were dissolved in
deionized water to form a clear colourless solution. In cases with the structure directing agent or
template, 18-crown-6 (Ci2H2406) was also added to the solution. In step the PTFE beaker

containing the solution was put on a stir plate.

Once the clear colourless solution was obtained, the aluminum source was introduced into the
solution. For KFI-type zeolites, aluminum hydroxide (Al(OH)3) was utilized, while sodium
aluminum oxide (Al2O3-NaxO) was added for RHO-type zeolites. The mixture was stirred for a
few minutes to ensure proper homogenization. Subsequently, the silicon source, colloidal silica
(40%), was gradually added dropwise and stirred for a duration of 30 minutes for KFI zeolites and
24 h for RHO zeolites. The extended stirring period allowed the silica source to be fully mixed
with the solution, initiating the nucleation process and promoting zeolite formation. As a result of

this nucleation, a gel-like slurry was created.

The resulting gel was then transferred to a 45 ml Teflon-lined stainless-steel bomb reactor, as
depicted in Figure 17. This specialized reactor facilitated the crystallization process under
autogenous pressure conditions, ensuring optimal growth and structure development of zeolite
crystals. The duration of the crystallization process varied for each sample, with specific details
regarding the synthesis conditions outlined in the dedicated synthesis sections of the respective

papers.
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Figure 17. Teflon-lined stainless-steel bomb hydrothermal reactor

It is worth noting that the selection of different precursor materials, such as cesium hydroxide and
strontium chloride, was employed to introduce specific cations into the zeolite framework, which
can influence the catalytic properties and performance of the resulting zeolite samples.
Furthermore, the hydrothermal crystallization method allowed for controlled and reproducible
synthesis of KFI and RHO zeolites, enabling subsequent investigation and comparison of their
respective performances in methanol dehydration. The gel composition and synthesis conditions
including time and temperature for KFI and RHO preparation are listed in Table 3. For example,
the 2.3 for K>O and 10 for SiO> means the molar ratio of K»0O:SiO> is 2.3:10. The samples were
labeled as KFI XTY and RHO XTY where X and Y represent the AloOs:Template ratio and

crystallization duration (days), respectively.

Table 3. The molar ratio of precursors in initial gel, hydrothermal synthesis temperature, and crystallization time for different
samples

Sample K> | Na | SrCh Cs | ALO | SiO; | 18-C- | H2O | Temperatur | Time
(0] (0] O 3 6 e (°C) (days
)
KFI _1T3 2.3 0 0.1 0 1 10 1 160 150 3
KFI _1T5 2.3 0 0.1 0 1 10 1 160 150 5
KFI 1T7 2.3 0 0.1 0 1 10 1 160 150 7
KFI _0.5T5 2.3 0 0.1 0 1 10 0.5 160 150 5
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KFI 0T5 23 0 0.1 0 1 10 0 160 150 5
RHO 0.5T6 0 1.8 0 0.3 1 10 0.5 100 110 6
RHO 0.5T8 0 1.8 0 0.3 1 10 0.5 100 110 8
RHO 0.5T10 | O 1.8 0 0.3 1 10 0.5 100 110 10
RHO 0.25T8 | 0 1.8 0 0.3 1 10 0.25 | 100 110 8
RHO 0T8 0 1.8 0 0.3 1 10 0 100 110 8
RHO_0T7 0 3.0 0 0.4 1 10.8 0 110 100 7

3.2 Methanol dehydration reactions

The methanol dehydration reaction was conducted in a laboratory-scale reactor, as illustrated in
Figure 18. The reactor was equipped with mass flow controllers to precisely regulate the flow rate
of argon (Ar) at 15.6 ml/min, ensuring a consistent gas environment during the experiment. To
introduce liquid methanol into the reactor, a syringe pump was employed, allowing for controlled
injection of methanol into the Ar stream at a rate of 0.5 ml/h, resulting in a gas feed mixture

containing 30% methanol. The reaction testing was performed at ambient pressure.
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Figure 18. The schematic view of setup for DME production

To prevent methanol condensation within the experimental setup, the tubing connecting the mass
flow controller to the tubular furnace was heated to 120°C, maintaining the gas-phase nature of
the reactants throughout the system. On top of the catalyst bed, a K-type thermocouple was
positioned to monitor the temperature during the reaction. This temperature measurement served

as a crucial parameter for assessing the catalyst's reaction kinetics and performance.

After the reaction took place, the output gas from the reactor was analyzed using a Gas
Chromatography (GC) apparatus equipped with a flame ionization detector (FID). The column
used to separate analytes was HP plot Q with length of 30 m and diameter of 0.32 mm The GC
analysis enabled the determination of the concentration of different components in the gas phase,

providing valuable insights into the reaction products and byproducts.

To evaluate the performance of the catalyst, the conversion and selectivity were calculated using

equations 5 and 6, respectively, where C; indicates the concentration of i species. These equations
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allowed for quantifying the extent of methanol conversion and the selectivity towards desired
products, providing essential metrics for assessing the catalyst's efficiency and effectiveness in the

methanol dehydration process.

CcHat(2Cc2H60)+(2Cc2H4)+(2Cc2h6)+(3Ccan6)+(3Cca3Hs)
CcH30H+CcHa+(2Cc2160)+(2Cc2H4)+(2Cc2H6)+(3Cc3H6)+(BCc3HE) +

)

Methanol Conversion (%) =

DME Selectivity (%) = 2CczHc0 (6)

CcHa+(2Cc2H60)+(2Cc2H4)+(2Cc216)+(3Cc3ns)+(3Cc3Hs)

3.3 Catalyst characterization
3.3.1 XRD

X-ray diffraction (XRD) is a widely employed technique that provides valuable insights into the
atomic and crystalline structures of materials. Researchers can analyze X-ray scattering patterns
to determine the position of atoms, their arrangement within the unit cell, and the spacing between
atomic planes by using XRD on a crystalline sample [131]. Various materials can be subjected to
this technique, including ceramics, semiconductors, minerals, polymers, metals, and polymers.
XRD has the advantage of being non-destructive, which means researchers can examine solid and
powder samples without compromising their integrity. Similar to fingerprints, each crystallized
sample has its own XRD pattern that can be used to identify the sample through XRD analysis.
Figure 19 shows the difference in obtained patterns from an amorphous one sample and a crystal

sample [132].
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Figure 19. The XRD patterns from (a) an amorphous and (b) a crystallized sample [132]

At the core of XRD lies Bragg's law, a fundamental principle governing the scattering of X-rays
by crystalline solids. X-rays interacting with crystal lattice planes produce constructive
interference (Figure 20) when the path difference between scattering X-rays equals their
wavelength. The path difference depends on the distance between the planes (d) and the angle of
incidence (0, 20) at which the X-rays strike the crystal. When Bragg's law is satisfied, diffraction
peaks emerge in the XRD pattern, providing essential information about the material's crystal
lattice and atomic arrangement. Through this powerful technique, researchers gain a profound
understanding of crystallographic information, which forms the foundation of a material's physical

and chemical properties [133].
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Bragg's Law: If the path difference = nA If the path difference = nA
A=2dsin® = nA
Where:

A: path difference between the
reflected x-ray waves

\: incident X-ray wavelength

n:aninterger (ie. 1, 2, 3, etc.)

d: distance between lattice
planes

B: angle between the incident
X-ray and the lattice plane

Figure 20. The theory of XRD and Bragg'’s law [134]

XRD can be used to study zeolite materials, as they are crystalline inorganic solids with unique
porous structures. Zeolites exhibit pronounced diffraction peaks in the XRD pattern because of
their periodic atom arrangement. Analyzing XRD data from zeolites allows researchers to identify
and quantify the crystal phases present, determine lattice parameters, and assess the degree of
crystallinity. This critical information supports the study of zeolite materials' catalytic properties,
adsorption behavior, and selectivity, making XRD an indispensable tool in zeolite research. Here,
the XRD technique was used to verity the proper formation of particular zeolite types and their

crystallinity degrees.

3.3.2 NH3-TPD

Ammonia temperature-programmed desorption (NH3-TPD) characterization is a widely used
technique in catalysis and surface science to study materials' acidic properties. It involves the
desorption of ammonia molecules from a solid surface while increasing the temperature gradually.
This method provides valuable insights into the nature and strength of acid sites on the surface of
catalysts or adsorbents. NH3-TPD is particularly useful for investigating zeolites, metal oxides,
and other porous materials, as well as heterogeneous catalysts employed in various industrial
processes [135]. Ammonia will adsorb physically and chemically on catalyst samples, called
physisorption and chemisorption. Physisorbed ammonia will desorb at very low temperatures, at

the very start of the temperature program, whereas chemisorbed ammonia will require higher
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temperatures and the temperature of desorption is related to the strength of the chemical bonds

between the ammonia and the acid sites.

In NH3-TPD (Figure 21), a sample is first pretreated under specific conditions to remove any
adsorbed or physisorbed species. For this purpose, the sample should be degassed under the flow
of pure He at high temperature. Then, a stream of ammonia gas (for example 10 vol% NH3 in He)
is passed over the sample for a few hours in order to saturate sample. In the next step, sample is
then degassed under He flow again and then as the temperature increases, ammonia molecules that
had adsorbed on the surface are thermally desorbed, and their desorption is monitored using a
detector. The desorption peaks are plotted as a function of temperature, creating a TPD profile,
which indicates the different types of acidic sites present on the material's surface and their

corresponding desorption temperatures.
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Figure 21. The common process of NH3-TPD test
The interpretation of NH3-TPD results involves analyzing the desorption peaks in the TPD profile.
NH3-TPD profiles of Cu-CHA, for example, exhibit three desorption peaks, one at low
temperatures below 200 °C corresponding to physically adsorbed ammonia, one at intermediate
temperatures between 250 °C and 350 °C, and one at temperatures higher than 400 °C. Strongly
acidic sites (Bronsted type) tend to desorb ammonia at higher temperatures, whereas weakly acidic

sites (Lewis type) desorb at lower temperatures. By comparing NH3-TPD profiles of different
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samples or catalysts, the effect of various factors on surface acidity can be assessed. For instance,
the impact of varying template amounts and crystallization time on acidity will be discussed. This
information is crucial for optimizing catalysts' performance in various chemical processes,
including catalytic cracking, hydrocracking, and selective catalytic reduction (SCR) in
environmental applications [136]. In this study, the NH3-TPD technique was used to measure the

Lewis and Bronsted type acidity of the synthesized zeolite catalysts.

3.3.3 DRIFTS

DRIFTS (Diffuse Reflectance Infrared Fourier Transform Spectroscopy) characterization is a
valuable and widely used method for investigating catalyst surface properties. It is one of the four
common IR absorption spectroscopy methods (Figure 22) used in catalyst studies, offering
valuable insights into functional groups of compounds. Figure 23 presents some functional groups
wavenumber in a spectroscopy plot. As a result of its unique absorption spectrum pattern for

different bonds and molecules, DRIFTS is suitable for both qualitative and quantitative analysis.

TIR DRIFTS

t \

Gas in Gas out

Figure 22. IR spectroscopy methods including transmission IR (TIR), diffuse reflectance Fourier transform (DRIFTS), attenuated
total reflection (ATR), and reflection-absorption IR (RAIRS) [137]
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Figure 23. Hydroxyl, nitrile, and some other functional groups in a IR spectroscopy [137].
The DRIFTS technique finds particular application in exploring zeolite acidity. To assess acidity,
the sample is dried, degassed, and then saturated with acetonitrile (CH3CN). Acetonitrile is an
excellent option for learning about Lewis and Bronsted acid sites since its interaction with acid
sites on zeolites shifts the OH frequency. Due to the overlap of several frequencies, acetonitrile's
spectral region can be complex, such as Fermi resonance between vibrations of —CN, —CH3, and
C—C bonds. To overcome this complexity, deuterated CD3CN is used as a better probe molecule,
as the CN stretching frequency in the case of CD3CN more efficiently identifies acid sites in

various catalytic materials.

Interpreting DRIFTS spectra by the surface area below peaks is useful for assessing the relative
concentration or abundance of specific functional groups or chemical species in a sample. The
peaks in the infrared absorbance spectrum correspond to the vibrational frequencies of various
chemical bonds in the sample. The area below each peak is integrated or calculated, representing
the total absorbance associated with that specific vibrational mode. In the context of analyzing
Bronsted and Lewis acid contributions, the surface area below the peaks at 2297 — 2284 cm™! and
23252310 cm! can be evaluated, respectively [138]. The interaction of CN group with Bronsted
(donating H") and Lewis (accepting electron) acid sites are depicted in Figure 24 [139]. These
interpretations provide crucial information for understanding the acidity and reactivity of catalysts
and other solid materials, contributing to advancements in various scientific and industrial

applications.
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Figure 24. The interaction of CN group in acetonitrile with Bronsted (la and 1b) and Lewis (1¢ and 1d) acid sites [139]

3.3.4 SEM

Scanning electron microscopy (SEM) is a powerful imaging technique used in materials science
and various other fields to examine samples' surface morphology and microstructure at high
resolution. SEM allows researchers to obtain detailed information about the shape,
crystallography, size, and distribution of particles in a wide range of materials. It works by
scanning a focused electron beam with energy between 0.1 and 30 keV over the specimen's surface.
The interactions between the beam and the sample produce various signals, such as secondary
electrons, backscattered electrons, and characteristic X-rays, which are detected and used to

generate SEM images [140]. Figure 25 shows a schematic drawing of an SEM instrument [141].
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Figure 25. Schematic drawing of an SEM instrument [141]

In a conventional vacuum SEM, the electron-optical column and specimen chamber must maintain
high vacuum conditions to minimize unwanted scattering. Coating insulating specimens with a
conductive layer is essential to establish an electrical discharge path, preventing surface electrical
charges resulting from beam electron impacts. In contrast, the variable pressure SEM (VPSEM)
offers a pressure range from 1 Pa to 2000 Pa in the specimen chamber. In this case, ionized gas

atoms automatically discharge uncoated insulating surfaces [140].

To perform SEM characterization of zeolite materials, the sample is first prepared by coating it
with a thin layer of a conductive material, such as gold, to enhance its surface conductivity and

prevent charging effects during imaging. The prepared sample is then placed in the SEM chamber,
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and the electron beam is scanned across its surface. As the beam interacts with the sample, various

signals are detected and used to construct detailed images of the sample's surface features.

Moreover, Energy-Dispersive X-ray Spectroscopy (EDS) is a powerful analytical technique
commonly used in conjunction with Scanning Electron Microscopy (SEM) to determine the
elemental composition of materials. EDS allows researchers to identify and quantify the different
chemical elements present in a sample based on counting the X-rays emitted when the sample is
bombarded with the electron beam from the SEM. These emitted X-rays are unique to each element
and have specific energies, enabling EDS to generate a characteristic energy spectrum that
corresponds to the elements present in the sample. By analyzing this spectrum, researchers can
gain valuable insights into the material's composition and distribution of elements, making EDS

an invaluable tool for a wide range of applications in materials science, such as zeolites [142].

In this study, SEM is used to examine the morphology of different synthesized zeolite samples and
the EDS is used to measure the Si/Al ratio. It is noteworthy to mention that considering the electron
penetration of 2 um, EDS analysis is suitable for analyzing the Si/Al ratio in zeolite samples since

it is larger than the particle size [143].

335TGA

Thermogravimetric Analysis (TGA) is a versatile and widely used analytical technique in materials
science and chemistry to study the thermal stability, decomposition, and weight changes of a
sample as a function of temperature or time. TGA is especially valuable for characterizing the
thermal behavior of materials, including polymers, composites, pharmaceuticals, and catalysts.
The technique involves subjecting the sample to a controlled temperature ramp in a controlled
atmosphere while continuously monitoring its weight changes. As the sample undergoes thermal
events, such as evaporation, decomposition, or oxidation, its weight changes are recorded,
providing valuable information about the sample's thermal properties, composition, and stability

[144].

To perform TGA, a small amount of the sample (usually a 5 - 20 mg) is placed in a crucible or
sample pan, which is then placed inside the TGA instrument. The instrument is equipped with a
precise heating system and a highly sensitive balance to measure the sample's weight. The

temperature is ramped up gradually, and the weight of the sample is continuously recorded as a
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function of temperature or time. The choice of the atmosphere (e.g., air, nitrogen, or inert gas)
depends on the specific application and the desired information. For example, an inert gas
atmosphere is used when studying the thermal degradation of materials to avoid unwanted
reactions with oxygen. Also, in the case of coke analysis, the TGA would be conducted under

synthetic air flow for coke burning.

Interpreting TGA results involves analyzing the weight loss or gain patterns over a temperature or
time range. The weight loss events observed in the TGA curve correspond to different thermal
processes occurring in the sample, such as evaporation of volatile components, decomposition of
organic materials, or oxidation of the sample. For example, in coke measurement, weight loss at
low temperatures is associated with the water desorption and drying process. In contrast, weight
loss at > 200 °C can be related to burning reactions [145]. TGA data are often complemented with
other techniques such as Differential Scanning Calorimetry (DSC) to gain a more comprehensive
understanding of the sample's thermal properties and behavior. Overall, TGA is a valuable tool for
studying thermal processes and understanding materials' behavior under different temperature
conditions. This makes it essential for research, development, and quality control in various

industries.

In this study, the use of TGA is useful to determine the amount of coke formation on zeolite
samples after the long-term (stability) reaction testing. Also, it was used to find the coke selectivity

to in methanol conversion and the rate of coke generation for various zeolite types.

3.3.6 BET surface area and pore size distribution

Nitrogen adsorption/desorption profiles, along with BET analysis, pore size distribution, and T-
plot characterization, are fundamental techniques used to investigate the porous properties of
materials, such as adsorbents, catalysts, and porous solids. These methods provide valuable
information about the specific surface area, pore size distribution, and porosity of materials, which

are crucial factors in understanding their performance in various applications.

The N> adsorption/desorption profile is obtained by measuring the amount of nitrogen gas being
absorbed onto a material's surface as a function of relative pressure at a specific temperature.
During adsorption, gas molecules accumulate on the surface and fill the available pores, leading

to an increase in the adsorbed amount. In the desorption process, the adsorbed gas is removed from

50



the surface as the relative pressure is decreased. The resulting isotherm, which represents the
equilibrium between adsorption and desorption, provides valuable data for further
characterization. Figure 26 illustrates various types of N> adsorption isotherms. Based on the
ITUPAC classification, the isotherm of type I is assigned to microporous materials, types IL, III, and
VI represent the nonporous or macroporous compounds, and types IV and V exhibit the
mesoporous structure [146]. For clarification, the terms microporous, mesoporous, and

macropores refer to pores <2 nm, 2-50 nm, and >50 nm, respectively [147].
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Figure 26. The 6 types of IUPAC classification for N2 adsorption/desorption isotherms [146].
BET analysis is based on the N> adsorption isotherm and involves determining the specific surface
area of the material. The BET method assumes that adsorption follows multilayer adsorption on a
homogeneous surface, and it utilizes a mathematical model (eq. 7) to fit the experimental data. As
defined in the BET model, Vi and Vi, represent the volume of adsorbed N> on the surface at P/Pg
and the first monolayer. In this formula, Py indicates the condensation pressure, while C represents
the BET constant. This information is vital in understanding the material's reactivity, adsorption

capacity, and catalytic performance [148].
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Pore size distribution is another analysis that can be performed through N> adsorption/desorption
profiles. Various models, such as BJH or DFT methods, can be used to determine the distribution

of pore sizes and understand how pore size impacts the material's performance in terms of
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adsorption and diffusion processes. The pore size distribution data is beneficial for optimizing the

selectivity of the catalytic process and gas adsorption and separation [149].

The T-plot method is a combination of BET and pore size distribution analyses, allowing for a
more detailed characterization of materials with complex pore structures. By plotting the amount
of adsorbed gas at a specific relative pressure against the thickness of the adsorbed gas layer,
researchers can distinguish between micropores and mesopores and obtain information about the
surface area and pore size distribution in different pore regimes. An example of a t-plot analysis is
shown in Figure 27 [150]. This approach provides a deeper understanding of the material's porosity

and allows for the tailored design of materials with specific pore structures to suit particular

applications.
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Figure 27. Calculating the Vmicropores and Sexternal by t-plot method [150].

In this study, BET surface area measurement and T-plot analysis of the pore size distribution are
used to understand the effect of the different synthesis methods on these properties and the

resultant catalytic activity.
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CHAPTER 4: DME PRODUCTION USING METHANOL OVER RHO-TYPE ZEOLITE
WITH DIFFERENT PREPARATION METHODS

4.1 Abstract
Energy supply is a significant concern that can be addressed by developing sustainable energy

sources. Dimethyl ether (DME) shows remarkable promise in this regard, as it finds applications
in diesel fuel engines, LPG systems, and serves as an excellent carrier for H». In this study, various
RHO samples were synthesized by modifying preparation parameters and evaluated for their
performance in this reaction. Through characterization analyses such as XRD, BET, NH3-TPD,
SEM, EDS, and reactor experiments, it was determined that the optimized sample with the highest
crystallization degree and optimum weak/strong acid sites ratio of 1.49 effectively addressed the
limitations of previous catalysts such as high-temperature requirements and rapid deactivation.
The RHO sample achieved the highest conversion rates at temperatures as low as 190°C,
maintaining its efficacy for several days. It was observed that the RHO sample performed superior
to common MFI (ZSM-5) zeolite for this reaction owing to its higher acidity (2561 pmol g~!
against 1942 pmol g™!) and surface area (671 m? g~! vs 233 m? g!). These findings highlight the
potential of DME as a sustainable energy source and emphasize the importance of optimizing

catalyst preparation to improve DME production efficiency and cost-effectiveness.

4.2 Introduction

The energy supply crisis will be one of the most severe problems that society will have to deal
with in the future [151]. This is because most industries and transportation fuel consumption
currently rely on fossil fuels, which are limited resources. According to the International Energy
Agency (IEA), fossil fuels contribute more than 65% of world energy consumption, while biofuels
account for 10% [152]. Additionally, governments have also passed strict laws regulating the gases
released from fossil fuel combustion because of the adverse effect these emissions have on the
climate [153]. In response to global warming and high energy demands, scientists are investigating
renewable and sustainable energy sources to replace non-renewable fossil fuels and alleviate
society's concerns. Dimethyl ether (DME) is a promising environmentally friendly chemical for

hydrogen carrier and power generation since it can be derived from biomass, natural gas, waste,
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and COz capture [51,154]. Due to its low emissions of SO», CO, and nitrogen oxides (NOX) gases
as well as PM (particulate matter), DME combustion is an effective method of reducing air
pollution. In addition, the similar features of DME compared to diesel and liquefied petroleum gas
(LPG) allow for the reuse of existing infrastructure with minimal changes, which makes it a cost-
effective alternative to fossil fuels [37]. Another use of DME is as a source of hydrogen for fuel

cell feed [155].

There are two routes through which DME can be produced: the direct method (one step) and the
indirect method (two steps) [156]. In the direct method, methanol is synthesized and dehydrated
simultaneously in a single reactor containing a bifunctional catalyst. On the other hand, the two-
step route, which has been of primary interest to industries, is performed in two separate reactors,
with a separation unit installed between reactors to separate methanol from other gases. A Cu-
ZnO-ALO; catalyst with Zr, Mn, La, and Ce promoters is commonly used in CO/CO;
hydrogenation reactions to reach methanol [157-160], whereas solid acid catalysts such as -
AlLO3, zeolites, heteropoly acid catalysts (HPAs), aluminum phosphate, have been investigated

for methanol dehydration [69,88,161].

v-Al203 is the most frequently used catalyst for the industrial methanol dehydration reaction,
however there are drawbacks such as their inactivity at low temperatures and super hydrophilicity.
These drawbacks have led researchers to seek more active and stable catalysts [162]. Other types
of alumina, such as n-, y-¥-Al>O3, or modifications by incorporating CuO, Fe>O3, ZrO2, Nb2O3,
and TiO, have been studied for this reaction but results were not improved significantly. For
example, Armenta et al. [163] examined y-x-Al.O3; modified by Fe,O3 nanoparticles and reported
46% methanol conversion at 250 °C while Hosseini et al. [85] achieved 20 % conversion over y-
¥-AlbO; at same temperature. In another study, Osman et al. evaluated the performance of a n-
Al>Os3 catalyst with a 10% Ag promoter to enhance hydrophobicity and Lewis acidity strength, but
it was unable to achieve equilibrium methanol conversion even at temperatures as high as 300 °C
[89]. Due to thermodynamic limitations for methanol dehydration at high temperatures, catalysts
with a high acidity are more suitable for achieving equilibrium conversion at temperatures below

250 °C.

Zeolites with different porous structures have demonstrated superior methanol dehydration activity

due to their high acidity, adjustable porosity, and large specific surface area [164]. Despite zeolite
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types exhibiting catalytic activity at lower temperatures and not being poisoned by water, coke
formation and by-products are the major problems associated with their use. For example,
Mordenite type zeolite presented equilibrium conversion at 220 °C, but it could not keep this
activity for more than few hours [72]. FER and MFI (ZSM-5) zeolites have demonstrated highest
activity and stability among other types for DME production. Catizzone et al. reached to 80-85 %
methanol conversion at 240 °C with weight hour space velocity (WHSV) of 4 gmeon geat 'h~! using
mentioned catalysts [123]. Migliori et al. achieved same results over FER and MFI and also
recorded 60 h stability at 200 °C [72]. In addition, Masih et al. developed RHO and KFTI zeolites
with high acidity (2.53 mmol g and 1.65 mmol g, respectively) and exhibited equilibrium
conversion at 200 °C with low WHSV of 1 gmeon gear 'h™! and 24 h stability [121]. The catalysts
showed good activity at low temperatures, but the methanol flow and stability were not suitable

for scaling up.

Furthermore, the physical and chemical properties of zeolites play a critical role in their activity
and application. A catalytic application, for example, can be affected by physicochemical
properties such as crystal size, morphology, surface area, and acidity. It is possible to modify these
characteristics during preparation by adjusting parameters such as pH, the temperature and time of
crystallization, template or structure directing agent, stirring speed, amount of water, Si/Al ratio,

and concentration of alkali metal ions [165,166].

In this study, the effect of different precursor ratios and crystallization times on the performance
of RHO zeolites for methanol dehydration is evaluated. Five RHO zeolites were synthesized with
varying conditions to investigate their effects on physical-chemical properties and catalytic activity
for methanol dehydration. Commercial catalysts including MFI, SAPO-34, and y-Al>O3 have been
used to compare the activity at the same operation condition. The reactor experiments have been
carried out at temperatures ranging between 140 and 220 °C under 4 gmeon geat ' h™! to assess the
catalysts’ activity and find the optimum temperature for highest conversion. Also, long term
experiments have been perform using the optimum catalyst and commercial ones over 100 h to

examine the stability for massive and long term production.
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4.3 Experimental
4.3.1 Catalyst synthesis

Three commercial catalysts were used as reference materials for DME production, including MFI
zeolites (Si/Al = 15 and 25, labeled MFI 15 and MFI 25, respectively) obtained from Clarient
Co., and y-Al,O; catalyst purchased from Alfa Aesar. The synthesis procedure of the employed
SAPO-34 catalyst has been explained elsewhere [167].

The materials employed in this study for the synthesis and activation of RHO zeolites included
sodium hydroxide (NaOH, 97%, ACP chemicals), sodium aluminum oxide (Al2O3.Na>O, Thermo
Fisher Scientific), 18-Crown-6 ([C2H4Ols, 99%, Thermo Scientific), cesium hydroxide
monohydrate (CsOH.H>0, 96%, Alfa Aesar), colloidal silica (SiO2, 40 w9% solutions in water,
LUDOX AS-40, Sigma Aldrich), and ammonium chloride (NH4Cl, 99.5%, Sigma Aldrich).

RHO zeolites with a Si/Al ratio of 5 were synthesized using two hydrothermal crystallization
methods, one with a template and one without, following the procedure reported in reference [168].
Initially, four catalysts were synthesized with varying Si:T (template) ratios: 10:0.5, 10:0.25, and
10:0, under hydrothermal reactor conditions for 7 and 8 days. Subsequently, the selected catalyst
based on the results of activity tests was reproduced using hydrothermal processing times of 6, §,

and 10 days.

For the first method, a solution was prepared by mixing sodium hydroxide, deionized water, and
cesium hydroxide under stirring in a 50 mL beaker. Once a clear solution was achieved, sodium
aluminum oxide and 18-Crown-6 were added sequentially, followed by 10 minutes of stirring to
obtain a clear solution. Finally, colloidal silica was added dropwise to the solution while stirring
at 1000 RPMs. The resulting gel with a composition of 1.8K»0:1A103:0.3Cs0O:0.5(18-C-
6):10S102:100H20 (for Si:T = 10:0.5 case) was stirred for 24 h. The gel was then transferred into
a Teflon vessel and surrounded with a steel bomb (Parr Instruments Acid Digestion Vessel 45 mL),
and hydrothermal crystallization was performed under pressure at 110 °C for 6, 8, and 10 days
(Thermo Scientific™ Heratherm™ General Protocol Oven). After completion, the mixture was
then filtered and washed until the filtrate reached a neutral pH, and the resulting solid was dried
overnight at 60°C for 10 h, followed by calcination at 550 °C for 3 h (Thermo Scientific™

Thermolyne™ Muffle Furnace). The zeolites obtained from this process were labeled as
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RHO XTY where X = 0.5, 0.25, 0 represents the amount of template (full, half, and zero) and Y

=6, 8, 10 indicates the duration of hydrothermal processing.

Due to the formation of an amorphous structure when the template was removed using the first
method, one additional sample was synthesized using an alternative preparation procedure. This
method followed a similar procedure to the previous one but with a different gel composition. The
NaOH, CsOH.H>20, and Al>03.Na;O powder was added sequentially to deionized water, with 10
minutes of stirring between each step. The resulting gel had a composition of
3.0K20:1.0A1203:0.4Cs0:10.8S102:110H20 and was stirred for 24 h. It was then transferred into
a Teflon vessel to undergo hydrothermal crystallization under pressure at 100 °C for 7 days. After
the hydrothermal treatment, the mixture was washed until the filtrate reached a neutral pH. The
obtained solid was dried overnight at 60 °C for 10 h and calcined at 550 °C for 3 h. The prepared
zeolite was designated as RHO 0T7.

To convert the zeolites into their active H-form for methanol dehydration, an ion-exchange process
using an NH4Cl solution was employed. The ion-exchange procedure consisted of three cycles
while in each cycle, 1 gram of zeolites was dissolved in 100 ml of 1 M NH4Cl solution and stirred
for 1.5 h at 80 °C. Subsequently, the solution was filtered, and the zeolite residue was thoroughly
washed with deionized water. To complete the transformation from the NHas-type to the H-type

zeolites, the resulting material underwent a final step of calcination at 600 °C for 5 h.

4.3.2 Characterization

The characterization of the synthesized zeolites and catalysts was carried out using various
techniques. Powder X-ray diffraction (XRD) analysis was conducted using a Rigaku SmartLab SE
X-ray diffractometer with Cu Ka radiation operating at 40 kV and 44 mA. The analysis involved
collecting patterns in the 20 range of 5° to 80°, with a scanning rate of 0.08° s’'. This analysis

aimed to confirm the completion of the crystallization process during zeolite preparation.

The textural properties, such as specific surface area and pores volume, were evaluated using N>
adsorption. The adsorption measurements were carried out using a 3FLEX Surface
Characterization (ATS Scientific Inc.) automated gas adsorption system at a temperature of liquid
nitrogen (—196 °C). Before the analysis, the degassing process was conducted for a 12 h at 150 °C.

The micropore volumes and mesopore volumes were determined by applying the Harkins and Jura

57



(T-plot analysis) and BJH model (Kruk—Jaroniec—Sayari empirical procedure) models,
respectively, and the specific surface area was measured using BET (Brunauer—Emmett—Teller)

theory.

The acidity of the samples was determined using temperature-programmed desorption of ammonia
(NH3-TPD). The NH3-TPD analysis was performed on Altamira AMI-300 equipment, measuring
the NH3 concentration with a thermal conductivity detector (TCD). Prior to the analysis, the
samples were degassed for 2 h at 300 °C with a flow of pure helium. The desorption process
involved cooling the sample to 60 °C and exposing it to a mixture of 10 vol.% NH3 and balanced
in helium gas. After an hour, unstable adsorbed NH3 was removed by purging under helium flow,
and then the desorption was carried out by gradually elevating the temperature. The ammonia
desorption profile was measured between 60 — 550 °C under a constant flow of helium (10

mL/min).

Scanning electron microscopy (SEM) was employed to study the surface morphology and particle
size distribution of the catalysts. SEM analysis was performed employing a S-3400N HITACHI
equipment at 15 kV. The samples were prepared on aluminum slabs by sputter-coating with gold
layer, for clear imaging. Additionally, the attached Link Pentafet OXFORD instrument was
employed to carry out energy-dispersive spectroscopy (EDS) to calculate the Si/Al ratio in both
the synthesized and commercial zeolites. A sample size containing 45-55 particles was measured

to determine the average particle size.

Thermogravimetric analysis (TGA/DTA) was conducted using a Netzsch TG 209 F1 instrument
to quantify the amount of coke formed on the catalysts after running the methanol dehydration
reaction for 100 h. The loaded sample holder (alumina crucible) with ~ 20 mg catalyst was heated

at temperatures between 25 °C and 900 °C at a ramp rate of 5 °C min~' under an air atmosphere

(30 mL min~! flow). Also, the process was kept at 200 °C and 600 °C for 30 min to remove water
content and coke deposited entirely. The water desorption quantity measured at temperatures
below 200 °C was utilized to create the TGA figure and determine the coke content based on the
weight of the dried catalysts. Furthermore, the investigation of the used catalysts aimed to explore
the characteristics of coke generated during methanol dehydration. To accomplish this, the zeolite
structure was digested using a 4 M KOH solution, followed by extraction of the coke utilizing

CH>Cl> as the solvent. The solvent containing the coke was then injected into a GC-MS apparatus,
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with a solvent delay of 3 minutes. The coke analysis was performed at temperatures ranging from

50 °C to 300 °C.

To assess the Bronsted and Lewis acid sites in the employed catalysts, DRIFTS (Diffuse
Reflectance Infrared Fourier Transform Spectroscopy) analysis was conducted using Nicolet™
iS50 FTIR Spectrometer. The analysis was performed at 4 cm™! optical resolution with a Mercury
Cadmium Telluride (MCT) detector. For this purpose, saturated zeolite samples were prepared by
drying at 300 °C for 2 h under N> flow. Subsequently, the samples were exposed to deuterated
acetonitrile (CD3CN) vapor in an N> gas atmosphere at room temperature for 2 h. To ensure the
removal of physically adsorbed acetonitrile, samples were purged by nitrogen flow for 2 h at 50

°C prior to conducting the DRIFTS analysis.

4.3.3 Activity experiments

The methanol dehydration process was studied in a fixed-bed quartz reactor within an electric
furnace. Two sets of experiments were conducted to examine the effects of temperature on DME
synthesis. For the zeolite samples, temperatures ranging from 130 °C to 220 °C were employed,
while for the y-Al,O3; samples, temperatures ranging from 130 °C to 310 °C were utilized under
atmospheric pressure. To analyze the input and output gas composition, a gas chromatograph (GC)
equipped with an FID detector used, employing a HP plot Q column. The catalyst temperature at
the top of the bed was monitored using a K-type thermocouple. Methanol condensation was
prevented by heating the feed gas line to 120 °C before it entered the reactor. Each experiment
involved the use of 100 mg of catalyst, which underwent pretreatment at 500 °C for zeolites and
400 °C for y- AlbOs. The pretreatment was conducted under a flow of pure argon at a rate of 20
mL min~! for 1 hour. Subsequently, the temperature was reduced to 125 °C and a mixture of
methanol and argon gas flowed. The liquid methanol was fed into the heated lines, where it was
combined with the argon flow to yield a gas mixture including 30 vol.% methanol in balance Ar.
The weight hour space velocity (WHSV) was set to 4 gmeon caualyst - h !, and the total flow rate
was set to 22 mL min~!. To ensure data collection under steady-state conditions, product analysis

was performed every 30 minutes over a period of 3 h at each temperature point.

A replicate activity test was performed with the RHO zeolite sample (RHO 0.5T8) prepared with
Si:Template = 10:0.5 and 8 days of crystallization (Figure 66). The reproducibility of results was
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also confirmed by comparing methanol dehydration over RHO 0.5T10, MFI 15, and MFI 25

catalysts at a specific temperature in two different experiments.

4.4 Results and discussion
4.4.1 Characterization

Figure 28 depict the recorded XRD profile of prepared RHO zeolites. Several peaks at 8.36, 14.4,
25.1, 26.42, 28.2, 30.32, 32.56, and 35.74° were recorded which are attributed to RHO crystal
phases and are in line with previous papers [169,170]. The comparison between XRD patterns of
the RHO 0T8 and RHO 0.25T8 evidently indicates the significant effect of the presence of the
template in the initial gel on the crystallization process. The sample without the template showed
an amorphous structure while employing the template resulted in a highly crystallized zeolite. The
crystallization process was initiated by incorporating an alternative method for removing the
template; however, not all phases were observed. The crystallization degree is an important factor
in the catalytic activity of zeolites which will be discussed later. The space between drawn
baselines and XRD patterns reveals the amorphous degree of synthesized samples. Therefore, the
best-crystalized sample was obtained by using Si:T ratio of 10:0.5 and 10:0.25 in the prepared
solution followed by 8 and 10 days of crystallization. Also, the peak at 14.4 (26) had more intensity
for zeolites with a template compared to the reference pattern and the sample without a template.
A similar peak was observed in the XRD pattern of zeolites after activation (Appendix A, Figure
53), which reveals the importance of this phase on catalyst activity. Moreover, the crystallinity of

RHO 0.5T10 was more than RHO 0.5T8 and RHO 0.25T8 in Figure 53.
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Figure 28. XRD analysis of synthesized RHO zeolites using different conditions including (a) RHO 017, (b) RHO 0.5T10, (c)
RHO 0.5T6, (d) RHO 0.5T8, (e) RHO 0.25T8, (f) RHO_0TS, (g) reference RHO [120].

A spherical shape morphology was observed in the SEM images of synthesized RHO zeolites and
commercial MFI zeolites, as shown in Figure 29. These results are consistent with XRD analysis,
demonstrating that template-assisted crystallization is a more suitable method for producing
uniform, well-structured RHO zeolites. SEM images showed that RHO zeolites have an average
particle size of 1.17 — 1.20 um when the template was added to the initial solution. Although the
alternative method for removing the template successfully achieved a crystalized structure, the
particle size of the produced zeolite was around 0.83 um which may affect adversely catalytic
activity. As a result, particle sizes can be reasonably controlled when 18-Crown-6 is present.
Additionally, MFI 15 and MFI 25 were measured to have crystal sizes of 7.70 + 0.24 um and
0.38 £ 0.01pm.
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Figure 29. SEM results of crystallized RHO zeolites including (a) RHO 0T7, (b) RHO 0.5T10, (c) RHO _0.5T6, (d) RHO 0.5T8,
(e) RHO _0.25T8, and (f) MFI_15.

The N> adsorption/desorption patterns for synthesized zeolites are shown in Figure 30. At low
relative pressure (P/Po), the isotherms showed sharp increases in adsorbed volume without
hysteresis in the adsorption/desorption loop. This can be assigned to a microporous structure based
on the ITUPAC classification [171]. Table 4 presents the chemical and physical properties of
commercial and prepared catalysts derived from different analyses. Based on the EDS analysis,
the obtained zeolites had a Si/Al ratio of 4.2 when the template was incorporated into the synthesis.
RHO _0T7, on the other hand, had a Si/Al ratio of 3.1, which is in agreement with the reported
result [121]. From this it can be observed that the template plays a significant role in retaining the
Si/Al ratio around the initial gel. Based on the BET surface area calculation, samples incorporating
the template had a surface area of more than 671 m? g~!. As shown by the lower surface area of
462 m? g~! for RHO_0T?7, a template is crucial for obtaining the maximum surface area for catalytic
activity. The nanosized particle size of MFI 25 as well as the different preparation procedures led
to a higher BET for MFI 25 than for MFI 15. A T-plot analysis for RHO 0.5T6, RHO 0.5TS,
and RHO 0.5T10 indicated that higher processing time contributed to the development of pores

with greater micro-distribution.
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Figure 30. The path of N: adsorption—desorption isotherms of synthesized zeolites: (a) RHO_0T7, (b) RHO_0.5T10, (c)
RHO 0.5T6, (d) RHO_0.5T8, (¢) RHO_0.25T8.
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Table 4. PhysicoChemical features of synthesized and commercial catalysts.

Si/Al b .
. SBET Micropore _ d Pore .

ratio * of 2 R Vmicropore . Crystal size
Sample (m distribution 3 diameter | .

aystal || & (em'g’) | § (wm)

oy |E) e &)
RHO 0.5T8 4.2 (5) 735 86.6 0.330 26.1 1.19+0.03
RHO 0.5T10 | 4.1(5) 671 87.6 0.305 25.0 1.20 +0.03
RHO 0T7 3.1(5) 462 84.2 0.201 28.2 0.80 +0.03
RHO 0.5T6 4.2 (5) 726 81.8 0.308 26.7 1.17+£0.02
RHO 0.25T8 | 4.2 (5) 689 80.5 0.287 25.7 1.18+0.02
MFI 15 14.0 (15) 233 76.4 0.184 31.5 7.70 £ 0.24
MFI 25 31.6 (25) 360 58.1 0.268 29.8 0.38 +0.01
v-Al,03 - 142 1.5 0.000 106 -

2 Determined from EDS.

b Surface areas were calculated using the BET method, with a standard error of + 2
¢ Calculated by the t-plot method.

4 Volume obtained from N, adsorption-desorption isotherms.

¢ Estimated by SEM images, with standard error

Figure 31 displays the temperature-programmed desorption (TPD) profile of NH3, while Table 5
presents the quantitative results for weak, moderate, and strong acid sites. The analysis of Figure
31 reveals prominent peaks for different samples (except MFI 25) within the temperature range
of 187 — 201 °C and 425 — 528 °C, indicating the presence of weak and medium/strong acid sites,
respectively [86]. Comparing the measured total acid sites reveals that the RHO zeolites, prepared
using a template, possess at least 466 pmol g~! more active sites than the MFI type. This property
makes them highly desirable as solid acid catalysts. Furthermore, among the RHO zeolites, namely
RHO 0.25T8, RHO 0.5T8, and RHO 0.5T10, those exhibiting a higher level of crystallization in
XRD analysis demonstrated a greater capacity for NH3 adsorption. Additionally, the RHO 0.5T10
sample displayed the highest amount of strong acidity, which is crucial for low-temperature
methanol conversion. As the amount of template used in synthesis increases, the acidity slightly

Increases.
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Figure 31. The NH3-TPD profile of activated zeolites including (a) MFI 25, (b) MFI1 15, (c) RHO 0T7, (d) RHO 0.5T10, (e)
RHO _0.5T6, (f) RHO_0.5T8, (g) RHO_0.25T8.

Table 5. Numerical result of NH3-TPD analysis for acidity measurement

Sample Weak T?weax Strong T%trong Total Weak/Strong
(umol g | (°C) (umol gy | (°C) (umol g™ | (WS ratio)
RHO 0T7 1237.5 187 1048.2 480 2285.7 1.18
RHO 0.25T8 1596.2 194 957.2 514 2553.4 1.67
RHO 0.5T8 1779.9 201 883.5 487 2663.4 2.01
RHO 0.5T6 1460.0 187 948.6 528 2408.6 1.54
RHO 0.5T10 1533.1 187 1028.3 521 2561.4 1.49
MFI 15 1167.7 194 774.7 425 1942 .4 1.51
MFI 25 643.8 172 663.9 397 1307.7 0.97

a Temperature of maximum recorded desorption of NH3.

4.4.2 Catalytic activity
4.4.2.1 RHO zeolites with different amounts of template

RHO zeolite activity will be discussed in this section as a function of template amount. The
methanol conversion rate as a function of temperature is shown in Figure 32, for RHO zeolites

with different template quantities, y-AlO3 (a widely used industrial catalyst), and SAPO-34. A
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temperature range of 130 °C to 220 °C was chosen to provide insight into methanol dehydration

catalysis at low temperatures.
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Figure 32. Methanol dehydration at various temperatures using (®) RHO _0.5T8, (+) RHO 0.25T8, (4) RHO 0T7, ( X) SAPO-
34, and () y-Al:0; catalysts with WHSV = 4 h™'.

At the lowest temperature of 130 °C, conversions below 10% were recorded for RHO 0T7, y-
ALOs;, and SAPO-34, while the RHO zeolites with templates exhibited approximately 13%
conversion under the same conditions. Generally, the methanol conversion increased with
increasing temperature until thermodynamic equilibrium was reached. The equilibrium conversion
of 87% for alumina required a minimum temperature of 290 °C. The structure of y-Al>O3 enabled
the presence of Lewis acid sites, which involve the capability of Al" to accept electrons.
Additionally, the Si-O-Al correlation in zeolites contributed to the creation of Bronsted acid sites
(OH") as well as Lewis acid sites [172,173]. Notably, water molecules displayed stronger
adsorption on Lewis acid sites than Bronsted ones, resulting in catalyst poisoning by reducing the
active surface area [73]. The combination of this phenomenon with the super hydrophilic

properties of y-Al>O3 hinders its activity at low temperatures below 220 °C.

66



While SAPO-34 initially exhibited high activity (8.3% at 130 °C), the conversion rate slope was
not as steep as for the RHO zeolites. This can be attributed to the rapid initial deactivation of
SAPO-34, leading to the loss of active sites and inhibiting a sharp increase in conversion at rising
temperatures. In contrast, a noticeable improvement in conversion curves was observed when
employing RHO zeolites. Particularly noteworthy is the fact that the template-free RHO sample
began with a 7.7% conversion at 130 °C, but eventually achieved a high conversion rate

(equilibrium) of 90.1% at 220 °C.

According to Figure 32, the catalytic activity of these zeolite samples was in the following order:
RHO 0.5T8 > RHO_0.25T8 > RHO_0TS. A similar order was observed for surface area values,
which is significant in catalysis. The more considerable differences in surface area resulted in more
significant activity variations. In addition, comparing the acidity reported in Table 5 reveals a
direct correlation between acid sites and catalytic activity. Utilizing the XRD results depicted in
Figure 28 emphasizes the importance of employing templates to attain more highly crystallized

zeolites with improved activity.

Moreover, the RHO zeolites investigated in this section showed 100% DME selectivity based on
the concentration of compounds detected by the GC analyzer. Offering the thermodynamic
conversion at low temperatures without generating by-products highlights RHO-type zeolite as a
highly effective catalyst for methanol dehydration. These findings contribute significantly to the
advancement of sustainable energy solutions by promoting the utilization of efficient catalysts in

DME production from renewable sources.

The inclusion of templates in RHO synthesis positively impacts the reaction performance. It
enhanced accessible acid sites, the degree of crystallization, and specific surface area, and
consequently optimized DME production efficiency. The influence of crystallization duration on

the selected sample (RHO 0.5T8) will be addressed in the next section.

4.4.2.2 RHO zeolites with varying hydrothermal processing time

This section discusses the influence of crystallization time on the activity of RHO zeolites for
methanol dehydration. The zeolite with a complete template exhibited superior activity compared
to other samples and was prepared by varying the hydrothermal processing time. Additionally, the
results will be compared to the two reference MFI zeolites (MFI 15 and MFI 25).
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Figure 33 illustrates the conversion curves for the RHO and MFI samples. For the MFI samples,
MFI 25 and MFI 15 reached equilibrium at 220 °C and 210 °C, respectively. The enhanced
performance of MFI 15 can be attributed to its lower Si/Al ratio, resulting in higher acidity as

presented in Table 5 [145].
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Figure 33. The activity of (LJ) RHO _0.5T10, (®) RHO 0.5T8, (A) RHO 0.5T6, (®) MFI 15, and (O) MFI 25 zeolites in
methanol dehydration reaction versus temperature with WHSV = 4 h™.

On the other hand, the activity for methanol dehydration was improved by using RHO zeolites,
particularly at low temperatures (< 170 °C). This improvement was accompanied by 100%
selectivity towards dimethyl ether (DME), highlighting the effectiveness of different zeolite types
in methanol conversion and the resulting product. It is noteworthy that the DME selectivity was
100% for all zeolite samples at 130 — 220 °C. While the slope for RHO samples was steeper than
that of MFI 15 between 130 °C and 160 °C, the opposite trend was observed between 160 °C and
190 °C, with faster conversion growth for MFI 15. A similar trend was observed for SAPO-34,
which can be attributed to rapid coke deposition during the initial hours, resulting in active site

loss. The amount of coke deposited on the catalyst follows equation 8, where C, C«, and t represent
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the coke amount at time t, maximum coke formation, and characteristic time, respectively [72]. A
potential cause of the smaller slope between 160 °C and 190 °C could be the deposition of coke
due to the higher acidity of RHO zeolites. However, due to the presence of a high amount of weak

and moderate acid sites, the catalysts continued to exhibit activity even after coke formation.

C=Cypx(l—e) ®)

The methanol conversion over samples with different processing times followed the order of
RHO 0.5T10>RHO_0.5T8 > RHO 0.5T6, demonstrating a direct correlation between synthesis
time and catalytic activity. Conversion rates of 91.2% and 91.3% were achieved using a sample
prepared with a full template and 10 days of crystallization at 190 °C and 200 °C, respectively.
These results indicate that equilibrium conversion was attained at approximately 195 °C, which is
highly desirable for methanol dehydration. The significant increase in conversion over MFI 15
resulted in higher activity compared to RHO 0.5T6 at temperatures above 190 °C. However,
RHO 0.5T10 consistently exhibited superior activity to MFI 15 across all temperature ranges.
This suggests that although a longer crystallization time reduced the surface area, it resulted in a
more suitable moderate W/S ratio, higher level of crystallinity (Figure 53), and a more stable

structure with improved accessibility to active sites for the methanol-to-DME reaction.

Furthermore, the turnover frequency (TOF) was determined for RHO and MFI zeolites using
equation 9, which takes into account various factors. In this equation, 'n', 'x', 'AS', and 'm' denote
the methanol flow rate (mol h™!), methanol conversion ([]), total acid sites (mol g~') measured by
NH;-TPD, and the weight of the catalyst loaded in the reactor, respectively. The TOF values were
depicted in Figure 34 at 130 — 170 °C for different catalysts. Since the methanol dehydration is a
thermodynamic limited reaction, providing the TOF at higher temperatures is not useful for
comparison. Based on the calculated TOF values at 170 °C, the catalysts were ranked as follows:
RHO 0.5T10 (45.3h™")>RHO 0.5T6 (40.3 h™')~RHO 0.5T8 (39.4h™") > MFI 25 (32.8h"')~
MFI 15 (32.5 h™!). These results clearly demonstrate that the optimum catalyst (RHO 0.5T10)
exhibited significantly higher acid site activity than the other prepared samples, which confirm:
(1) RHO zeolites is a more suitable catalyst for this reaction, (2) increasing crystallization time to

10 days has a beneficial effect on catalytic activity.

TOF = NmethanolXXmethanol (9)

AStotsiMcat
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Figure 34. Turnover frequency (h™) for RHO-type zeolites with different crystallization times and reference MFI zeolites
In summary, the characterization analyses demonstrated the impact of crystallization time on

surface area, crystallinity, acid sites, and W/S ratio. The longer duration of crystallization had a

positive effect on the methanol conversion to DME process.

4.4.2.3 Stability Tests

This section aims to compare the stability of the optimized RHO zeolite (RHO 0.5T10) with that
of the MFI zeolites during a continuous 100 h methanol conversion reaction. It involves analyzing
spent catalysts through SEM and TGA techniques. The long-term stability of a catalyst is a crucial

factor in assessing its viability for large-scale production.

Zeolites, due to the presence of strong acid sites, are prone to rapid deactivation caused by coke
deposition [128]. However, different zeolite types exhibit varying rates of coke formation, which
ultimately affect the catalyst's lifetime. Figure 35 demonstrates the long-term DME production
over RHO and MFI zeolites. Based on the conversion in the first 10 h of reaction, a straight line
was drawn to assess the reduction in activity. Among them, MFI 25 exhibited the least stability,
lasting only 20 h. This highlights the significance of preparation methods in process yield.
Conversely, MFI 15 maintained its conversion for approximately 60 h, similar to its initial
conversion. The abundance of weak acid sites, which are not active in heavy hydrocarbon

production, likely enabled MFI 15 to sustain methanol conversion roughly three times longer than
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MFI 25. In the case of MFI 25, particle agglomeration was observed in Figure 36, significantly
contributing to the loss of activity. However, fresh and spent RHO 0.5T10 exhibited the same
morphology and particle size.
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Figure 35. The conversion of methanol using (a) RHO _0.5T10, (b) MFI 15, (c) MFI 25, at their optimum temperatures for 100 h
continuous reaction with WHSV = 4 h™ (dash lines = conversion average over first 10 h)
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Figure 36. SEM images of used catalysts before and after 100 h reaction including (al) fresh KFI 1T7, (a2) used KFI 1T7, (bl)
fresh MFI 15, (b2) used MFI 15, (cl) fresh MFI 25, (c2) used MFI 25.

RHO_0.5T10 displayed excellent performance in long-term DME production, with less than 0.5%
activity loss over 100 h. Based on the TGA/DTA tests illustrated in Figure 37, the rate of coke
deposition on the surface was estimated at 0.33 mgcoke Zdry cat - h™', 0.25 mgcoke Cdry car ' h~!, and
0.76 mgeoke Lary cat - h~! for MFI 15, MFI 25, and RHO 0.5T10, respectively. Weight loss below
200 °C was attributed to the desorption of methanol and water from the surface. The weight loss
between 200 °C and 600 °C was assumed to be caused by coke desorption or burning. The pause
of the temperature programmed ramp to maintain temperatures at 200 °C and 600 °C ensured

complete drying and prevented catalyst structure deformation before burning off the coke.
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Figure 37. TGA pattern recorded using (a) MFI_25, (b) MFI 15, (¢c) RHO_0.5T10 catalyst after 100 h reaction.
Figure 38 illustrates Bronsted and Lewis acid sites investigated using DRIFTS analysis. Upon
saturating the samples with acetonitrile, three distinct peaks appeared in the IR spectra at
wavenumbers 2240 cm~! and 2340 cm™!. The peak at approximately 2298 cm™! can be attributed
to the acetonitrile CN group bonded to OH groups (indicative of strong Bronsted acid sites) [174].
Another peak at a higher wavenumber (~2316 cm™") corresponds to Lewis acid sites. The intensity
recorded at 2275 — 2280 cm™! is associated with terminal SiOH groups can be considered as weak
Bronsted acid sites. The estimated ratio of Lewis to strong Bronsted acid sites based on the surface

area under the mentioned peaks was in the following order: RHO (1.69) > MFI 15 (1.29) >
MFI 25 (1.18).

73



(a) MFI_25

/-
I
Y
/ BST@?Q \ Bweak
>
\

£

© - N

o = '

-g F. L //B \ weak “

0] _ strong \ ~

2 e RN e S VSN W L e, o Tt

2340 2320 2300 2280 2260 2240
Wavenumber (cm~1)

Figure 38. The assessment of Bronsted and Lewis types acidity of saturated samples with acetonitrile by FT-IR spectra (recorded
spectra = black lines, peaks deconvolution. colorful lines): (a) MFI 25, (b) MFI 15, (c) RHO 0.5T10.

Furthermore, Figure 39 presents an analysis of coke deposition on samples after a long-term
reaction. The presence of pentamethyl benzene (C11His) and hexamethyl benzene (Ci2Hig) was
detected for MFI zeolites, whereas RHO 0.5T10 showed selectivity only for Ci12His. The higher
coke formation rate and selectivity to heavier hydrocarbons in RHO zeolite can be attributed to the
presence of some strong acid sites. The temperature of the NH3-TPD test for strong acid sites was
521°C,425°C, and 397 °C for RHO 0.5T10, MFI 15, and MFI 25, respectively, which correlates

well with the coke analysis results.
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Figure 39. The composition of coke deposited on different zeolite types including (a) MFI 25, (b) MFI 25, (c) RHO 0.5T10 after
100 h reaction using dichloromethane.

The higher activity and stability of the RHO zeolite was expected since its structure possesses a
substantial number of strong acid sites. Nonetheless, due to its high W/S ratio, large surface area,
high L/B ratio. and excellent crystallization, RHO catalysts demonstrated favorable DME
production and selectivity throughout the 100 h process. The significance of this study's findings
on DME production becomes evident when taking into account the maximum stability of 60 h

observed in other zeolite types with less activity [72,175].

The noteworthy results obtained from the activity and stability tests underscore the significant
potential of the synthesized RHO zeolite, prepared using the provided method, for cost-effective
and sustainable DME production. In the synthesis of DME, this zeolite has the potential to reduce

catalyst costs by enabling long processes without sacrificing activity or selectivity.
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4.5 Conclusions

In the pursuit of a sustainable energy source, DME emerges as a significant candidate. This study
investigated the potential of nine distinct solid acid catalysts for efficient DME production at a
WHSV (Weight Hourly Space Velocity) of 4 h~!. The catalysts examined included a commercial
v-ALO3, two MFI (ZSM-5) zeolites with Si/Al ratios of 15 and 25, and six synthesized RHO

zeolites.

The RHO zeolites were prepared using three different templates, with T/Al ratios of 0, 0.25, and
0.5 under various crystallization times of 6, 8, and 10 days. Characterization analyses, such as
SEM and XRD, highlighted the significance of the template's presence in achieving well-
crystallized and uniform zeolites. Moreover, N> adsorption/desorption and BET analyses estimated
the surface area to be greater than 671 m? g~! for samples with templates. NH3-TPD and DRIFTS
tests revealed that RHO-type zeolites exhibited higher acidity strength and L/B ratio than MFI-

type zeolites. Additionally, preparation parameters affected weak to strong acid content ratios.

The activity experiments, focusing on methanol to DME conversion, demonstrated that RHO
zeolites exhibited superior performance to MFI and y-AlOs;. Among the RHO zeolites,
RHO_0.5T10, with a total acidity of 2561 pumol g~!, a weak/strong acid ratio of 1.49, and the
highest degree of crystallization, achieved equilibrium conversion at approximately 190 °C with
100% selectivity and remarkable stability for over 70 h. The synthesized RHO zeolite reduced
equilibrium conversion temperature and increased continuous reaction duration, demonstrating

significant progress in DME production by saving process costs.
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CHAPTER 5: THE EFFECT OF TEMPLATE AND CRYSTALLIZATION TIME ON
KFI-TYPE ZEOLITE ACTIVITY FOR METHANOL DEHYDRATION TO DME

5.1 Abstract

Renewable energy plays a crucial role in addressing air pollution, particularly due to the substantial
contribution of fossil fuels to transportation. DME as a renewable energy source showed the
capability to reduce CO, SOx, and NOx emissions when used in vehicles, fuel cells, and
households. This study assessed the catalytic effectiveness of KFI-type zeolites for methanol
dehydration to DME, compared with (MFI) ZSM-5 and y-ALO;3 catalysts. The template molar
concentration and crystallization time were varied to examine their influence on zeolites'
properties. Structural characterization techniques including XRD, SEM, BET, DRIFTS, NH3-
TPD, and TGA were employed to assess the impact of preparation parameters. Activity and
stability tests revealed the superior performance of KFI zeolites synthesized with a Si:template
ratio of 10:1 and 7 days of hydrothermal crystallization. As a result of its high acidity of 2466
umol g~!, the catalyst exhibited thermodynamic conversion at 180 °C and maintained activity for
> 100 h due to its mesoporous structure. These findings underscore the potential of KFI-type

zeolites as efficient DME production catalysts.

5.2 Introduction

In response to growing air pollution, global warming, and other environmental issues, scientists
are exploring effective solutions for society to maintain their standards of modern living without
harming the environment. Substituting fossil fuels that contribute substantially to air pollution
problems with renewable energy sources is an effective way to alleviate air pollution problems
[176]. Over the last decades, dimethyl ether (DME) has gained considerable attention for its
potential energy applications [177]. The physical and chemical characteristics of DME make it an
attractive candidate for a future energy source. This is due to the high cetane number (55-60), the
high oxygen content (34.8% by mass), the absence of a C—C bond, and the low emissions of carbon
monoxide (CO) and nitrogen oxides (NOx) during combustion [178,179]. Furthermore, DME fuel
is compatible with current infrastructures for LPG and diesel fuels, which is another advantage

over other renewable energy sources. DME can be produced from the CO/CO; mixture obtained
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through biomass gasification, CO; capture, and waste, making it an environmentally friendly and

sustainable fuel. [180,181].

The production of DME can be accomplished via a direct process with CO/CO»/H; as input or
through an indirect process with methanol as input, both of which require a solid acid catalyst to
facilitate the methanol dehydration reaction. Although y-Al>O3; has been the conventional solid
acid catalyst for methanol dehydration in industrial scales, it has two major drawbacks: 1) it
requires high temperatures to reach equilibrium thermodynamic conversion, and 2) poisoning due
to strong water molecules adsorption due to its hydrophilic properties [80,182]. Huber et al.
demonstrated that Lewis acid sites adsorb water stronger than Bronsted acid sites by 57 kJ mole™!,

which helps explain why alumina composed of Lewis acid sites is susceptible to water poisoning.

[73].

As a result, certain compounds such as heteropoly acids (HPA) and zeolites have found their way
into this process during the last two decades since they possess higher acidity strength and are
made up of both Lewis and Bronsted acid sites. Even though HPAs have high acidity strength
(strong Bronsted acid sites) which is desirable for methanol dehydration, their low surface area

(<10 m? g1 is a critical barrier to high activity and stability [183].

In addition to having a wide range of structures and porosities, high surface area, Bronsted and
Lewis acid sites, and chemical and thermal resistance allow zeolites to be widely used in a wide
range of applications, specifically in catalytic activity for fuel production [184,185]. The MFI
(ZSM-5) zeolite is the most common zeolite type used for DME production and showed superior
activity against the y-Al2O3 at low temperatures (< 250 °C) [82]. On the other hand, zeolites are
highly acidic, which results in the formation of coke and byproducts, which lead to catalyst
deactivation [186]. Fr example, Migliori et al. investigated the catalytic activity of MOR, FER,
and MFI catalysts and found that the MOR sample, with the highest acidity (1034 pmol g)
initially exhibited excellent activity (~87% at 220 °C), but its performance degraded within 5 h
[72]. Similarly, Y zeolites with a high acidity of 2150 pmol g~' demonstrated stability for less than
10 h in methanol conversion [187]. Another study by Catizzone et al. compared the coke deposition
and deactivation rates of Beta zeolite (BEA), MFI, and FER, revealing that BEA showed the

highest coke deposition (>60 mgcoke Zeatalyst ') and rapid deactivation [188]. Therefore, while
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acidity plays a crucial role in methanol dehydration, it needs to be carefully balanced with other

catalyst properties to achieve optimal activity.

Furthermore, factors such as porosity topology, crystal size, and the ratio of strong acid sites to
total acidity significantly impact the catalyst's performance and lifetime [189]. A research
conducted by Rownaghi et al. evaluated three MFI zeolites with crystal sizes of 1.2, 0.3, and 0.12
um and results indicated the beneficial effects of smaller crystal size (nanoscale) for facilitating
the methanol conversion process [122]. Even though all three catalysts had similar total acid
density, 19 % and 16 % enhancement were observed for methanol dehydration and DME
selectivity, respectively, changing from micro-scale to nano-sized crystals. Additionally, a similar
trend was reported by Catizzonea et al. for FER-type zeolite where nanosized FER (0.3-0.5 pum)
and microsized FER (5-10 pm) provided methanol conversion of ~87% and ~73% at 220 °C,
respectively [78]. Also, Catizzone et al. scrutinized two zeolites with a 3-D framework, including
BEA and MFI, and a 2-D zeolite, FER-type [188]. In the case of BEA and MFI zeolites,
equilibrium was reached at 260 °C and 270 °C, respectively, while for FER, temperatures over 300
°C were required. However, the 2-D FER zeolite showed 100% DME selectivity at high
temperatures (300 °C) and exhibited longer stability.

In addition, alkali treatment (desilication) through ion exchange in NaOH solution, has been
investigated to create mesoporous structures and improve catalytic activity and stability [190].
Rutkowska et al. performed alkali treatment on MFI zeolites for 1, 2, and 4 h, and they observed
that the MFI zeolite treated for 2 h achieved 83% conversion whereas the unmodified zeolite only
provided 49% methanol conversion at 200 °C. Similarly, Aloise et al. demonstrated that a 1-hour
alkaline treatment on MFI significantly increased the mesoporosity volume from 0.089 (cm® g™!)
to 0.185 (cm® g~!) [191]. This structure modification enhanced the methanol conversion at 200 °C
from 75% to 83% and sustained the DME selectivity for 80 h. However, even with the modified

MFI catalysts, high temperatures (>225 °C) were still required to achieve equilibrium conversion.

Recent studies have placed emphasis on synthesizing zeolites with tailored properties to enable
thermodynamic conversion of methanol at lower temperatures while maintaining high DME
selectivity. For instance, Masih et al. assessed the performance of KFI and RHO zeolites for
methanol dehydration at temperatures ranging from 150 — 200 °C [121]. The RHO type indicated

the equilibrium methanol conversion at 200 °C and maintained the activity for 25 h at alow WHSV
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of 1 h™!. Aside from that, there is evidence to suggest that different preparation parameters, such
as the type and amount of template (structure directing agent) and crystallization duration, have

substantial impacts on the chemical and physical properties of synthesized zeolite [192,193].

In this experimental work, the performance of lab-prepared KFI zeolites with a Si/Al ratio of 5
(~4.3), as well as two commercial (MFI) ZSM-5 zeolites with Si/Al ratios of 15 and 25, and a
commercial y-AlbO3 catalyst were studied for DME production via methanol dehydration,
employing a WHSV of 4 h~!. To the best of our knowledge, this is the first investigation into the
effect of the template and hydrothermal processing time on KFI zeolite performance for DME
formation. The results obtained using KFI with Si:AL:' T (T = template) ratio of 10:2:1 (molar ratios)
and a hydrothermal processing time of 7 days demonstrated the highest activity and stability for
methanol dehydration in the temperature range of 130 — 220 °C. These findings shed light on the

potential of tailored KFI zeolites as promising catalysts for efficient DME synthesis.

5.3 Experimental

5.3.1 Catalyst preparation

The commercial MFI (ZSM-5) zeolite with Si/Al = 15 (referred to as MFI 15) provided by
Clarient Co., the commercial MFI with Si/Al = 25 (referred to as MFI_25) purchased from Alfa
Aesar, and the y-AlxO; catalyst purchased from Alfa Aesar were employed as reference catalysts

for DME production to assess the synthesized KFI catalysts.

The KFI zeolites were prepared using a hydrothermal crystallization process based on a previously
reported procedure [168]. The materials used in this study for the synthesis and activation of
zeolites included potassium hydroxide (KOH, 85%, ACP chemicals), aluminum hydroxide
(Al(OH)3, extra pure, Thermo Scientific), 18-Crown-6 ([C2H4O]ls, 99%, Thermo Scientific),
strontium chloride hexahydrate (SrCl,.6H>0, 99%, Alfa Aesar), colloidal silica (SiO2, 40 w%
solutions in water, LUDOX AS-40, Sigma Aldrich), sodium hydroxide (NaOH, 97%, ACP
chemicals), and ammonium chloride (NH4Cl, 99.5%, Sigma Aldrich).

Initially, three KFI catalysts were synthesized with different Si:T ratios including 10:1, 10:0.5, and
10:0, using a 5-days hydrothermal reactor process. In the next step, the selected catalyst was

reproduced with 3, 5, and 7 days of hydrothermal processing time. For the synthesis of KFT (Si/Al
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=5) with a Si:T ratio of 10:1, solution A was prepared under stirring from 1.00 g of KOH, 2.33 g
of deionized water, and 0.52 g of AI(OH)3 powder. Once Al(OH)s was added, the temperature was
raised to the boiling point until a clear solution was obtained. The solution was then cooled,
weighed to correct for weight loss, and mixed with solution B, which contained 0.90 g of 18-C-6
(18-Crown-6), 0.09 g of SrCl,.6H>0, and 3.97 g of deionized water. Next, 5 g of silica source was
added dropwise to the combined solution while stirring. After 30 minutes of stirring, the final gel
with a composition of 2.3K>0:1.0A1,03:0.1SrO:1.0(18-C-6):10Si02:160H>0 was transferred into
a PTFE lined stainless steel hydrothermal reactor (Parr Instruments Acid Digestion Vessel 45 mL),
and subjected to crystallization under autogenous pressure at 150 °C for 5 days (Thermo
Scientific™ Heratherm™ General Protocol Oven). The resulting mixture was then filtered and
washed until it the filtrate reached a neutral pH, and the solid was dried overnight at 60 °C for 10
h. Afterward, the dried zeolite was calcined at 600 °C for 3 h to remove 18-Crown-6 from the
structure (Thermo Scientific™ Thermolyne™ Muffle Furnace). The same procedure was followed

with half the amount of 18-Crown-6 to synthesize KFI zeolites with a Si:T ratio of 10:0.5.

A slightly different method was employed to synthesize template-free crystallized KFI zeolites.
Solution A was similar to the previous methods and contained deionized water, KOH, and
Al(OH)3. In a separate beaker, solution B was prepared by dissolving SrCl>.6H>O in water,
followed by the dropwise addition of LUDOX AS40 while vigorously stirring for a few minutes.
The rest of the water was added to the solution and stirred for an additional 6 minutes. The two
solutions were then combined by adding solution A to solution B in a PTFE beaker, resulting in a
composition of 2.3K»0:1.0A1203:0.1SrO:10S102:160H20. The resulting mixture underwent
hydrothermal crystallization for 5 days at 150 °C. The mixture was then washed and filtered until
the filtrate reached a neutral pH and the solid was dried overnight at 60 °C for 10 h. Finally, the

solid was calcined at 600 °C for 3 h to stabilize the structure.

To obtain the H-form of zeolites, which is active for methanol dehydration, an ion-exchange was
performed with an NH4Cl solution. The process was completed in 3 cycles while in each step 1 g
of zeolites was dissolved in 100 ml of 1 M NH4Cl solution and stirred for 1.5 h at 80 °C, followed
by filtration and washing with deionized water. Finally, the calcination at 600 °C for 5 h was
carried out to change NHas-type to H-type zeolites. The obtained zeolites were labeled as KFI XTY

where X =1, 0.5, 0 shows the amount of template in the Si/Template ratio, and Y = 3, 5, 7 indicates
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the hydrothermal processing duration in days. For example, KFI 1T3 refers to a sample with initial
gel composition containing Si/Template ratio of 10:1 with 3 days of crystallization under

hydrothermal condition.

5.3.2 Characterization

Powder XRD analysis was performed using Rigaku SmartLab SE X-ray diffractometer with Cu
Ka at 40 kV and 44 mA to evaluate if the crystallization process was completed during zeolites
preparation. The pattern was collected in the 26 range between 5° and 80° while the scanning rate

was 5° min~'.

In order to study the textural properties including specific surface area and total volumes of
micropores and mesopores, the N adsorption was conducted by 3FLEX Surface Characterization
(ATS Scientific Inc.) automated gas adsorption system at liquid nitrogen temperature (-196 °C).
Before starting the analysis, samples were degassed for 12 h at 150 °C. Based on the results of N>
adsorption, the micropores volumes, the specific surface area, and mesopores volumes were
calculated using Harkins and Jura (t-plot analysis), BET (Brunauer—-Emmett—Teller), and BJH
model (Kruk—Jaroniec—Sayari empirical procedure) models. Standard error was calculated based
on standard deviation divided by square root of sample size after performing three BET tests on

the KFI 1T7 sample.

Temperature program desorption of ammonia (NH3-TPD) was performed on a Altamira AMI-300
instrument to measure the samples’ surface acidity. Samples were also degassed under pure He
flow for 120 min at 300 °C before accomplishing the analysis. Upon cooling to 60 °C, the gas
stream was changed to the mixture including 10 vol.% NH3 and He as carrier gas. The ammonium
flow was kept for 1 h, then, the sample was purged with He gas for 60 min to remove the unstable
adsorbed NH3. Finally, the desorption was conducted under the increasing temperature with 5 °C
min rate and the pattern of ammonium desorption was recorded at 60 — 550 °C under the constant

flow of helium (10 mL min™").

Additionally, scanning electron microscopy (SEM) was carried out using a S-3400N HITACHI
equipment at 15 kV to study the surface morphology of catalysts and particle size distribution. To
prepare samples for SEM, catalysts were mounted on an aluminum slab and gold layer were

sputter-coated on the samples. The average particle size was estimated by taking a sample size

82



containing 50 — 55 individual particles. Also, the Energy dispersive spectroscopy (EDS) was
performed to calculate the Si/Al ratio in synthesized and commercial zeolites using the attached

Link Pentafet OXFORD instrument.

After performing the methanol conversion over 100 h, the TGA/DTA analysis was performed on
a Netzsch TG 209 F1 analyzer to measure the deposited coke on samples. In this regard, the loaded
sample in an Al,Os crucible was heated from 25 °C to 900 °C with a ramp rate of 5 °C min~' under
the 30 mL min~' flow of air. To ensure the complete drying and burning of coke, the temperatures
were maintained at 200 °C and 600 °C for 0.5 h, respectively. The water content of catalysts,
determined by weight loss at temperatures < 200 °C, was utilized to adjust the sample mass and

present coke formation rate derived from the dried catalyst weight.

To evaluate the coke composition deposited on various zeolite types, the following procedure was
employed: 20 mg of spent catalyst (40 mg in case of KFI zeolite) was combined with 5 ml of a 4M
KOH solution to digest the zeolite structure. Subsequently, 5 mL of dichloromethane was added
to the solution to complete the extraction process. The resulting solution comprising coke was then
analyzed using a GC-MS instrument. The investigation was conducted in a temperature range of

50 — 300 °C, with a solvent delay of 3 minutes.

The diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) test was carried out to
study acid types on catalysts. The sample was first dried at 300 °C for 120 minutes under an N»
stream, and after cooling to room temperature, a N> gas flow containing approximately 10 torr of
acetonitrile-d3 (CD3CN) was passed through the dried sample. This process continued for 120
minutes to complete the saturation. Finally, the saturated sample was purged with pure N> flow for
120 minutes to desorb unstable acetonitrile-d3 molecules, and the DRIFTS analysis was performed
using a Nicolet™ iS50 FTIR instrument equipped with an MCT detector. The spectra were

recorded in the 600 — 4000 cm~! wavenumber range with an optical resolution of 4 cm™" at 50 °C.

5.3.3 Catalytic activity

The DME formation process was investigated using a fixed-bed quartz reactor within specified
temperature ranges under atmospheric pressure inside an electric furnace. For the zeolite samples,

the temperatures ranged from 130 °C to 220 °C, while for y-Al>O3, the temperature range extended
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from 130 °C to 310 °C. A gas chromatograph (GC) equipped with an FID detector, with a HP plot
Q column (30 m length, 0.32 mm ID), was used to measure both the feed and output gas
concentrations from the reactor. Additionally, a K-type thermocouple was employed to measure
the temperature of the catalyst at the top of the bed. To prevent methanol condensation, the feed

gas was heated to 120 °C between the mass flow controller and the reactor.

Each experiment utilized 100 mg of catalyst, which was placed into the reactor. Prior to the
reaction, pretreatment procedures were implemented. For y-Al>Os3, the catalyst was pretreated at
400 °C for 1 hour, while for zeolites, pretreatment was conducted at 500 °C, both under a pure Ar
flow rate of 20 mL min~!. After pretreatment, the reactor was cooled down to 125 °C, and the gas
flow was switched to a mixture of methanol and argon. The liquid methanol was injected into the
heated lines (at 120 °C) by a syringe pump, mixing with the Ar flow (as an inert gas) to achieve a
gas composition containing 30 vol.% methanol. The weight hourly space velocity (WHSV) and
total flow were adjusted to 4 gmeon gcatalyst ' h™' and 22 mL min~!, respectively. Data collection
was conducted under steady-state conditions, with product analysis performed every 30 minutes

for 3 h at each temperature setpoint.

In order to check reproducibility, the activity test was replicated for the KFI zeolite sample
(KFI_1T5) prepared with the full amount of template under 5 days of crystallization time (Figure
67). A comparison of KFI 1T7, MFI 15, and MFI 25 activity for methanol conversion at a

specific temperature in two series of tests also confirmed reproducibility.

5.4 Results and discussion
5.4.1 Characterization

The XRD-recorded patterns of synthesized KFI zeolites are depicted in Figure 40. The major picks
were observed at 20 = 9.56°, 20.24°, 21.3°, 23.4°, 27,91°, 29.53°, and 31.84°, which were also
observed for activated catalysts indicating no structural changes. These peaks are associated with
crystal phases of well-prepared KFI zeolites and in agreement with literature [194]. The effect of
the template on the crystallization of catalysts was obvious by comparing the KFI 1T5,
KFI 0.5T5, and KFI 0TS, where the synthesized zeolite without template had lower crystallinity

than the other two. The influence of this crystallization degree will be studied in the activity
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section. The best-produced samples were achieved by complete Si/Template = 10 under a 5- and

7-day synthesis process.
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Figure 40. XRD patterns of synthesized KF1Is with different template amounts and hydrothermal processing time durations
including (a) KFI _1T7, (b) KFI 1T3, (c) KFI IT5, (d) KFI 0.5T5, (e) KFI 0TS, (f) reference from literature [195].

The SEM images, as depicted in Figure 41, indicated the cube-like morphology of synthesized
KFI zeolites and the spherical shape of MFI zeolites. Also, they confirmed the results obtained
from XRD analysis which show the successful crystallization process for prepared gel except for
the sample without a template (KFI_0TS5). Based on the SEM images, the average particle sizes of
zeolites were estimated at 1.5 — 1.7 um, 2 um, and 3 pm in case of full, half, and no template used,
respectively. Therefore, the presence of a template can result in a smaller particle size. The crystal
size of 6 um and 0.49 um were also measured for MFI 15 and MFI 25 and their effect on catalytic

activity will be discussed later.
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Figure 41. SEM images of synthesized KFIs including (a) KFI 1T7, (b) KFI IT3, (c) KFI ITS5, (d) KFI 0.575, (e) KFI 0T5, (f)
MFI 15.

Figure 42 and Figure 43 show the nitrogen adsorption/desorption profile for different prepared
catalysts. The observed hysteresis in the KFI 1T7 adsorption/desorption profile, which is similar
to the type IV of the IUPAC classification, revealed the presence of mesopores in this sample
[196]. Mesopores were also observed in KFI 1T5 and KFI 0.5T5 but at a lower level.
Consequently, the higher hydrothermal crystallization time has an impact on the structure of the
final zeolite [197]. KFI 1T3 and KFI 0TS exhibited typical type-I isotherms regarding the [IUPAC
classification, which implies the microporous nature of these samples [198]. The chemical and
physical properties of commercial and prepared catalysts have been summarized in Table 6. The
EDS analysis demonstrated that the final obtained catalysts had a Si/Al of 4.3 while the value for
the initial gel was 5. However, it shows a great preparation method compared to previous studies
which reached Si/Al of 3.3 with the same starting gel composition [121]. The high BET surface
area of > 390 m? g~! was calculated for samples incorporating the template. The low surface of
205 m? g~! for KFI_0TS5 revealed the importance of a template for KFI-type zeolite synthesis. A
direct correlation was found between surface area and the amount of template or crystallization
time. Therefore, the highest surface area of 541 + 2 m? g~! was measured for KFI_1T7. Moreover,
a higher BET was observed for MFI_25 which corresponds to the nanosized particle size of this

commercial sample. The micropore volume and t-plot method results attributed to KFI 1T3,
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KFI 1T5, and KFI 1T7 revealed the positive influence of higher processing time on the

development of pores with a higher micro-distribution.
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Figure 42. N> adsorption—desorption isotherm patterns of (a) KFI _1T5, (b) KFI 0.5T5, (c) KFI_0T5 catalysts.
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Figure 43. N> adsorption/desorption isotherm patterns of KFI with different crystallization times including (a) KFI _1T7, (b)
KFI IT5, (c) KFI IT3.

Table 6. Chemical and physical properties of investigated catalysts.

Si/Al ratio ? b Surface area 4 | Pore .
SBET . Vmicropore . Crystal S1Z¢€

Sample of crystal (m.g) related to micro (cm’.g”)) diameter | (um)

(gel) £ | pores* (%) £ 1A "
KFI 0T5 4.3 (5) 186 99.0 0.108 23.2 244 +0.12
KFI 0.5T5 4.3 (5) 445 92.6 0.241 21.7 2.03 +0.03
KFI 1T5 4.3 (5) 510 90.8 0.281 22.0 1.77 £ 0.05
KFI 1T3 4.3 (5) 391 81.8 0.232 23.7 1.56 + 0.05
KFI 1T7 4.3 (5) 541 86.0 0.259 254 1.81 +£0.03
MFI 15 14.0 (15) 233 76.4 0.184 31.5 7.70 + 0.24
MFI 25 31.6 (25) 360 58.1 0.268 29.8 0.38 +0.01
v-Al,03 - 142 1.5 0.000 106 -

a Determined by EDS.

b Surface areas were calculated using the BET method, with a standard error of + 2

¢ Calculated by the t-plot method.

d Volume obtained from N, adsorption-desorption isotherms.

e Estimated by SEM images with standard error based on standard deviation divided by the sample size’s square root.
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The profile from the NH3-TPD is presented in Figure 44, and the quantitative results for weak,
moderate, and strong acid sites were summarized in Table 7. Figure 44 indicates two major peaks
at temperatures around 166 — 194 °C and 391 — 452 °C which are associated with weak and
medium/strong acid sites [68]. The lower acid sites of MFI 25 compared to MFI 15 can be
attributed to its higher Si/Al ratio. Furthermore, the KFI zeolites exhibited a greater number of
acid sites, ranging between 343 and 844 umol g~! more than MFI_15, demonstrating their potential
for increased activity. The Weak/Strong ratio was also calculated to account for the different
activity and selectivity toward coke formation among acid sites with varying strengths. Notably,
the temperatures corresponding to the recorded peaks (Tweak and Tswong) in KFI _1T7 were higher
than those observed in other synthesized samples, indicating a stronger acid site strength in this

sample.
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Figure 44. NHs-TPD pattern of (a) MFI 25, () MFI 15, (c) KFI 1T7, (d) KFI_IT3, (e) KFI_IT5, (f) KFI 0.5T5, (2) KFI 0TS
catalysts.
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Table 7. The acidity strength of synthesized and commercial zeolites ¢

Sample Weak TPweak Strong TPtong | Total Weak/Strong
(umol/g) C) (umol/g) ) (umol/g)
KFI 0T5 700.3 173 801.2 391 1501.5 0.87
KFI 0.5T5 1835.7 166 864.3 446 2700.0 2.12
KFI 1T5 1702 173 1084.9 418 2786.9 1.57
KFI 1T3 1265.8 180 1019.5 418 2285.3 1.24
KFI 1T7 1600.9 180 865.2 452 2466.1 1.85
MFI 15 1167.7 194 774.7 425 1942.4 1.51
MFI 25 643.8 172 663.9 397 1307.7 0.97

a Measured using NH3-TPD.
b Temperature of maximum recorded desorption of NH3,

5.4.2 Catalytic Activity

5.4.2.1 The effect of template

Figure 45 presents the experimental results of methanol conversion rates obtained using KFI

zeolites with varying template quantities and y-Al2O3, commonly employed catalysts in the

industry. The investigation covered a temperature range from 130 °C to 220 °C, allowing for a

comprehensive understanding of catalytic behavior.
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Figure 45. The catalytic activity of (®) KFI_IT5, (O) KFI_0.5T5, (%) KFI_0TS, and (®) y-Al:0s for methanol dehydration at
different temperature with WHSV = 4 h™'.
A methanol conversion of less than 10% was observed for all samples at the lowest temperature
of 130 °C. It was observed that as the temperature increased, there was a positive impact on
methanol conversion. As a catalyst type comparison, zeolite samples yielded 4.3 — 6.6 times more
conversion than y-Al2O3 at 190 °C. Even at the highest temperature of 220 °C, the conversion rate
over the alumina catalyst reached only approximately 40%. This lower performance can be
attributed to the weak acidity exhibited by alumina, which possesses Lewis acid sites and lacks the

strong acidity of zeolites which contain both Lewis and Bronsted acid sites.

FTIR spectroscopy analysis, provided in the literature, suggests that water adsorption on Lewis
acid sites, such as those present on y-Al>0s3, is stronger than on Bronsted ones [199]. This implies
significant competition between water molecules and methanol molecules for adsorption on the y-
AL Oj catalyst surface. This competition becomes critical in methanol dehydration since equal
moles of water and DME are produced during methanol dehydration. In contrast, higher slope of

conversion curves were observed when KFI zeolites were employed as solid acid catalysts.
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Remarkably, even the least active zeolite, KFI 0TS, exhibited a conversion of 59% at a low

temperature of 190 °C.

Analysis of the conversion rates, as reported in Table 8, revealed a specific catalytic activity order:
KFI 1T5 > KFI 0.5T5 > KFI 0TS, which aligned with the surface area and number of acid sites
order of these zeolite samples. The KFI 1T5 had 2.3 times higher conversion than KFI 0TS at
180 °C. Additionally, the results showed a reverse correlation between crystal size and catalytic
activity, consistent with previous investigations [123]. These findings suggest that the utilization
of templates in the synthesis of KFI zeolites has a beneficial effect on the degree of crystallinity,
surface area, acid sites, and crystal size, ultimately improving methanol conversion efficiency. The
results are in line with previous studies which have shown that the type and amount of template in
synthetic gel and the removal method after synthesis have profound effects on the final zeolite

activity [200,201].

Table 8. Methanol conversion at different temperature over commercial and synthesized zeolites

Sample Conversion | Conversion | Conversion | Conversion
at 160°C  [at180°C | at200°C | at220°C
KFI1T5 48.1 89.9 91.2 90.4
KFIOTS 13.8 39.4 75.7 87.7
KFI0.5T5 36.4 86.4 91.1 90.4
KFI1T3 73.6 88.1 91.3 90.5
KFI1T7 49.6 90.8 91.4 90.5
MFI 15 29.2 76.5 90.7 90.4
MFI 25 19.4 55.9 87.5 90.3

Furthermore, the analysis of the gas released from the reactor demonstrated remarkable 100%
selectivity for DME when each zeolite was employed as a catalyst. This high selectivity signifies
the potential of KFI zeolites as efficient catalysts for DME production through methanol

dehydration by reducing separation costs.

The experimental investigation illustrated in Figure 45, combined with the insights from previous
literature, emphasizes the significant impact of catalyst selection on methanol conversion
efficiency. Zeolites, particularly the KFI variants, outperformed the alumina catalyst due to their
higher acidity and unique properties. The use of templates in the synthesis of KFI zeolites further

enhanced their catalytic activity by improving crystallinity, surface area, and crystal size. These
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findings contribute to the advancement of sustainable energy solutions by promoting the utilization

of efficient catalysts in DME production from renewable sources.

5.4.2.2 The effect of hydrothermal processing duration

Among the KFI zeolites samples with different template quantities, KFI 1T5 demonstrated
superior methanol dehydration activity. To further investigate the influence of crystallization time
on the catalytic activity of KFI-type zeolites, additional tests were conducted at the same
temperature range for zeolites with varying crystallization times of 3, 5, and 7 days. Figure 46 also

shows the methanol conversion over commercial MFI zeolites for comparison.
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Figure 46. Methanol conversion versus temperature over (L) KFI 1T7, (B) KFI IT5, (X) KFI 173, (A) MFI 15, and (+)
MFI 25 for methanol dehydration at different temperature with WHSV = 4 h™.

In the case of MFI 15 zeolites, the methanol conversion reached equilibrium at 210 — 220 °C,
exhibiting superior conversion compared to previous studies involving this type of zeolite
[23,72,96,191]. This is related to various initial gel compositions and preparation parameters used
in the synthesis. For example, Migliori et al. prepared a gel with a Si/Al ratio of 25 (resulting in a

final sample with 34 ratio) which exhibited 439 pmol g! total acidity. The catalyst required
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temperatures > 240 °C for equilibrium conversion [72]. In another research, Rutkowska et al
utilized a commercial MFI zeolite with Si/Al ratio of 16.5 (close to the ratio in this study) and
achieved equilibrium conversion at 275 °C. The lower activity observed in their catalyst is
attributed to its highly microporous structure (91% of surface area related to microporosity),
whereas in this study, the catalyst has 76.4% of surface area related to microporosity due to
different preparation factors [23]. Similarly, the enhanced performance of the MFI 15 sample
compared to MFI_25 can be attributed to higher acidity (1942.4 pmol g~! and 1307.7 pmol g~!,
respectively) stemming from its lower Si/Al ratio, as observed in other investigations. In addition,

it has a higher micropore volume [175].

KFI zeolite samples with different crystallization times exhibited a shift in the conversion curve
towards lower temperatures, indicating their increased activity in methanol dehydration while
maintaining 100% selectivity for DME. KFI zeolites with full template presented at least 2.14 and
1.46 times higher DME yield than MFI 25 and MFI 15 at 170 °C, respectively. The activity results
revealed the following order: KFI 1T7 > KFI 1T5 > KFI 1T3, highlighting the significant
influence of hydrothermal processing time on the structure, surface area, and activity of the
prepared zeolites. In this regard, the sample prepared by full template and 7 days of crystallization
achieved an equilibrium conversion of ~91% at < 180 °C. While the activity improvement was
less pronounced when increasing the crystallization time from 5 to 7 days than 3 to 5 days, the
sample with a 9 day crystallization time was not investigated. Furthermore, an increase in acidity
was observed when the synthesis time was extended from 3 days to 5 days. However, a reverse
trend was observed when the synthesis time was further extended from 5 days to 7 days. Therefore,
based on these findings, it can be concluded that both 5 and 7 days of crystallization represent the

optimum synthesis times for KFI zeolite.

Achieving the highest specific surface area with 7 days of crystallization, the higher degree of
crystallinity, the formation of mesopores, and a higher W/S acid sites ratio improved the zeolite's
performance for the reaction in question. It became more suitable for methanol adsorption,
dehydration, and efficient DME desorption. Mesoporosity creation through alkaline treatment and
its beneficial effect on DME production have been studied extensively in previous projects
[126,202]. This type of porosity, which increases the external surface area as determined by the T-

plot method, enhances the accessibility of active sites for methanol molecules and facilitates the
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diffusion of coke precursors, thereby preventing active area loss. This could explain why the more

mesoporous sample with the higher crystallization time resulted in very good performance.

Additionally, it is worth mentioning that achieving an optimum value for the W/S ratio is crucial.
Excessively high W/S ratio values can result in less active catalysts at low temperatures.
Conversely, excessively low ratios can lead to rapid deactivation due to the susceptibility of strong
acid sites to coke deposition. The recorded values of around 1.85 for KFI 1T7 appear to be the

optimal ratio in this context.

Overall, the investigation of crystallization time and its impact on KFI zeolite catalytic activity
revealed the importance of both structural characteristics and mesoporous formation in
determining methanol conversion efficiency. The findings align with previous studies emphasizing

the role of porosity in enhancing methanol dehydration and DME production.

5.4.2.3 Stability tests

The production of DME as an industrial process requires a catalyst that exhibits high activity and
selectivity for methanol dehydration to DME, thereby reducing the cost of subsequent process
separation steps for the reactor's output gas. In the previous section, the KFI 1T7 catalyst
demonstrated excellent performance in meeting these requirements. However, catalyst stability is
another critical factor in evaluating a catalyst for industrial-scale applications, as it directly impacts
the need for reactor shutdowns or switching to replace or regenerate the catalyst, thereby affecting

overall process costs.

For instance, certain highly acidic catalysts, such as HPAs (heteropoly acids), exhibit strong
acidity and suitable activity at low temperatures but suffer from rapid deactivation within a few
hours of operation (~4 h) [71,95]. To assess catalyst stability, the selected KFI catalyst and two
commercial MFI samples were subjected to a continuous 100-hour reaction test. Figure 47
illustrates that MFI 15 and MFI 25 maintained stable conversion rates for 20 and 60 h of
continuous operation, respectively. The loss of active sites caused by coke formation and particle
agglomeration (Figure 48) led to adverse effects on MFI zeolite catalysts. In contrast, the methanol
conversion over the synthesized KFI-type zeolite remained stable for at least 100 h. The consistent
methanol dehydration rate after 100 h indicates high selectivity for DME and a low rate of coke

formation, as investigated in Figure 49. The estimated coke formation was 0.33 mgcoke Zcat ' h7!,
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0.25 mgeoke Zear ' h~!, and 0.20 mgeoke geat ' ™! for MFI_15, MFI 25, and KFI_1T7, respectively.
Maintaining the temperature at 200 °C facilitated the drying of the catalysts, and the weight loss
observed between 200 °C and 600 °C was attributed to the amount of coke deposited on the
catalysts. First, the lowest coke deposit value measured on KFI 1T7 revealed its exceptional
selectivity toward DME. Second, a high Weak/Strong (W/S) ratio aided the KFI sample in
retaining its catalytic activity even with coke deposition. Moreover, SEM images of fresh and used

catalysts revealed the structural stability of the KFI catalyst under process conditions.
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Figure 47. The conversion of methanol using (a) KFI1 _1T7, (b) MFI 15, (c) MFI 25, at their optimum temperatures for 100 h
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fresh MFI 15, (b2) used MFI 15, (cl) fresh MFI 25, (c2) used MFI 25.
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Figure 49. TGA path for spent (a) KFI_IT7 (b) MFI_15, (c) MFI_25 catalysts.
Moreover, to assess the activity of acid sites for methanol dehydration, the turnover frequency was
calculated at 130 — 170 °C using Equation 10, where n, x, AS, and m represent the molar flow of
methanol (mol h™'), reaction conversion (dimensionless), acid sites (mol g'), and the catalyst
weight, respectively. The results were shown in Figure 50, confirming the higher activity of acid
sites present in KFI_1T7. As summarized in Table 9, KFI with TOF of 41.8 h™! provided 1.26
times higher TOF than MFI zeolites. Therefore, the type of zeolite can have an important effect on

the methanol dehydration while both KFI and MFI possess Bronsted and Lewis acid sites.
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Figure 50. Turnover frequency calculated for KFI_IT7, MFI_15, and MFI_25 at low temperatures (130 — 170 °C)
Figure 51 illustrates the results of acidity analysis by DRIFTS for KFI 1T7 and two reference MFI
zeolites. The KFI zeolites displayed two peaks, while the MFI zeolites exhibited three peaks in the
wavenumber range of 2240-2340 cm™!, which corresponds to the vibration of CN bonds to acid
sites. According to Pelmenschikov et al., this area reveals five distinct peaks at 2278 cm™!, 2284
cm™!, 2300 cm™', 2323 cm™!, and 2332 cm™!, which are associated with CN bonds to terminal
SiOH, nonacidic sites, bridging OH groups, weak Lewis acid sites, and strong acid sites,
respectively [139]. Applying this definition, the L/B ratio was 0.39, 0.33, and 0.13 for KFI 1T7,
MFI 15, and MFI 25, respectively, which is in reverse correlation with Si/Al ratio of zeolites as
expected. The presence of huge band at 2278 cm™! for KFI_1T7 represents the importance of CN

bonds with SiOH groups while the previous papers focused on the band at 2300 cm™ [191].
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Figure 51. IR Spectra of (a) MFI 25, (b) MFI 15, and (c) KFI 1T7 after saturation with acetonitrile (recorded pattern = solid
line, after deconvolution = dash lines)

The results of the coke analysis conducted by GC-MS were presented in Figure 52. It is important
to highlight that digestion using 4 M KOH and extraction with DCM were completed, as no
insoluble compounds were observed. For MFI zeolites with 10-member ring channels, two
aromatic compounds, namely pentamethyl benzene and hexamethyl benzene, were detected, which
is consistent with the literature [123]. In contrast, the 8-member ring of KFI zeolite led to the
production of coke with a longer length and smaller diameter, resulting in compounds such as 2,6-

dimethyl nonane (Ci1H24) and 1,3-bis(1,1-dimethylethyl) benzene (Ci4H22).
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Figure 52. The results of coke analysis by GC-MS for (@) MFI 25, (b) MFI_15, (c) KFI_IT7.
Using equation 11, the selectivity of each catalyst to produce coke from methanol was estimated
based on the results of coke deposition on the catalyst by TGA analysis and the composition of
coke determined by GC-MS. In equation 2, MmeoH—Coke, 11, X, and t represent methanol converted

to coke based on the TGA result (mol), methanol flow (mol h™!), conversion (dimensionless), and
total time (100 h). The KFI 1T7 catalyst exhibited the lowest selectivity of 0.011% for coke

generation.

MpeoH-Coke (11)

S =
coke
(MMeoH X XMeoH X t) + Mpeon—coke

Table 9. Coke analysis and TOF calculated for various zeolites

Sample Coke formation | Methanol Main coke TOF at 170 °C
rate (Mg ary cat | | CONVersion compositions (h™h
h™1) selectivity to
coke (%)
KFLITY 0.20 0.011 CiaHig 4138
(aromatic)
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CiiHis
(aromatic)
Ci2His
(aromatic)
Ci1Ho4
(aliphatic)
CiaH2
(aromatic)

MFI 15 0.34 0.021 32.5

MFI 25 0.25 0.016 32.8

The presence of a mesoporous morphology in KFI zeolite played a dual role: first, enhancing
activity by providing more accessible active sites, and second, increasing stability by preventing
heavy coke deposits and pore collapse. The remarkable activity and stability test results highlight
the substantial potential of synthesized KFI zeolite, prepared using the provided method, for cost-
effective DME production. This zeolite shows promise in reducing catalyst costs by undergoing a

long process time while maintaining excellent activity and selectivity for DME synthesis [8].

5.5 Conclusions

This paper investigates the production of DME through methanol dehydration, utilizing
synthesized KFI-type zeolites in comparison to commercial MFI (ZSM-5) zeolites, a y-Al2O3
catalyst as benchmarks. Five KFI zeolites were prepared by varying the template amount (zero,
half, full) and crystallization time (3, 5, 7 days). XRD, SEM, and BET analyses revealed the
significance of the template in transforming the initial gel into zeolites with high crystallinity and
surface area. Moreover, N2 adsorption/desorption profiles indicated that a crystallization time of 7
days played a crucial role in creating a mesoporous structure. The analysis of acid sites and acidity
strength using NH3-TPD revealed the positive influence of a lower Si/Al ratio on the increased
acidity of MFI zeolites. Moreover, the synthesis parameters demonstrated a beneficial impact on
achieving an optimal sample (KFI_1T7). This sample contained a remarkable 2466 umol/g of acid
sites and a favorable weak/strong ratio of 1.85. These characteristics enable the KFI 1T7 sample
to provide thermodynamic conversion at various temperatures (weak acid sites for high

temperatures and strong ones for low temperatures) over an extended period of time.

Activity tests were conducted at temperatures ranging from 130 °C to 220 °C, using a WHSV of 4
h~! and a feed containing 30% methanol. The conversion-temperature relationship demonstrated

that zeolite with a full template and 7 days of crystallization exhibited improved methanol
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conversion, reaching equilibrium conversion at approximately 180 °C. Furthermore, the stability
of the most active KFI zeolite was compared to commercial MFI zeolites over a 100-hour methanol
dehydration reaction. The synthesized KFI 1T7 zeolite displayed stable activity over 100 h, while
the two commercial catalysts maintained stability for only 25-60 h. TGA/DTA indicated the lowest
coke formation rate (0.20 mgeoke gear ' h ') for KFI 1T7 compared to other catalysts. Also, the
highest TOF of 41.8 h™! and lowest selectivity to coke (0.011%) was calculated for optimum KFI.
Coke analysis indicated that smaller channel size of KFI than MFI zeolites led to coke composition

with smaller diameter.

These findings demonstrate the importance of template amount and crystallization time in
synthesizing KFI zeolites with enhanced activity, stability, and lower coke formation. The
KFI 1T7 zeolite shows significant potential for DME production, outperforming commercial

catalysts in terms of activity at low temperatures, stability, and coke formation.
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CHAPTER 6: CONCLUSIONS AND FUTURE WORK

6.1 Conclusions

In this comprehensive study, the potential of two types of zeolites, RHO and KFI, for DME
production from methanol was thoroughly investigated. Methanol dehydration experiments were
conducted at various temperatures to identify the most active samples from each zeolite type, and
various characterization techniques were employed to understand catalytic properties responsible

for these changes.

Among the RHO-type zeolites, the sample synthesized with a 10-day crystallization period using
a full template exhibited the highest activity. This sample achieved an impressive conversion rate
of over 91% at 190°C with more than 70 h stability. Similarly, within the KFI zeolite group, the
sample prepared with a 7-day crystallization duration and utilizing a full template displayed
superior activity compared to other synthesized KFI zeolites. Notably, this sample achieved
equilibrium methanol conversion at a low temperature of 180°C, which is a significant

advancement in the DME production process.

Subsequently, the activity of these selected zeolite samples was compared to two commercially
available MFI (ZSM-5) catalysts. This catalyst is commonly employed in industrial settings for
methanol dehydration. The KFI zeolite demonstrated exceptional stability, maintaining high
conversion rates for over 100 h of continuous reaction. Also, only a 0.5% decrease was observed

using RHO zeolite in the reactor.

To gain deeper insights into the physicochemical properties of the prepared catalysts, a set of
characterization experiments was conducted. Techniques such as XRD, BET, NH3-TPD, SEM,
EDS, and TGA were employed. The results revealed that both KFI and RHO samples exhibited
high surface areas of over 391 and 671 m? g, respectively, surpassing the surface areas of the two
MFI zeolites (233 and 360 m? g!). Furthermore, the synthesized zeolites displayed higher acidity
strength than commercial catalysts, which provides an explanation for their superior activity. The
characterization also revealed the order of coke formation as RHO > ZSM > KFI, indicating the

high selectivity of the KFI-type zeolite towards DME production. The optimum KFI sample
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exhibited the lowest coke production rate of 0.20 mgcoke Zeat ' h~! among MFI and RHO zeolites

with a high turnover frequency of 41 h™!.

Collectively, these findings underscore the high potential of KFI zeolite as an industrial catalyst
for the methanol dehydration reaction. The superior activity, stability, and physicochemical
characteristics exhibited by KFI zeolite, coupled with its high selectivity towards DME production,

make it a promising candidate for implementation in large-scale DME synthesis processes.

6.2 Future Work

Regarding the numerous applications of DME, further investigation is necessary to establish a
more cost-effective production pathway. Direct DME production has been proposed as a more
convenient approach to overcome thermodynamic limitations and reduce production costs.
Therefore, it is essential to explore the potential of hybrid catalysts combining prepared KFI zeolite
with a suitable copper-based catalyst for efficient DME synthesis from CO/CO; mixtures.
Moreover, future studies should focus on developing template-free KFI zeolite with comparable
activity. Additionally, conducting in situ methanol conversion experiments can shed light on the
mechanisms of methanol adsorption, surface reactions, formation of transitional compounds on

catalyst surfaces, and DME desorption, thereby enhancing our understanding of the process.
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APPENDICES

Appendix A: XRD Pattern of RHO Zeolites, Particle Size Distributions, and
Reproducibility Experiments
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Figure 53. XRD patters of RHO zeolites including (a) RHO 0.5T10, (b) RHO_0.5T8, and (c) RHO 0.25T6 after activation by 1
M NH4Cl solution.
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Figure 54. Particle size distribution for RHO 0.5T6 using SEM images.
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Figure 55. Particle size distribution for RHO 0.5T8 using SEM images

123



25
o 20
Q
L
5 15
G
3 10
1S
3
- - - l —
0
A
6«0%\\ '\,Qg‘b\ 5,\'09 g.’\' b.,'\' 9,,'\' '5,'\' 13\%\
\be \g?’ @9 \\.0 \\9' \»\'.3 \1\‘3 \\fb
Particle Size (um)
Figure 56. Particle size distribution for RHO 0.5T10 using SEM images
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Figure 57. Particle size distribution for RHO 0.25T6 using SEM images
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Figure 58. Particle size distribution for RHO 0T7 using SEM images.
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Figure 59. Particle size distribution for MFI 25 using SEM images.
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Figure 60. Particle size distribution for MFI 15 using SEM images.
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Figure 61. Particle size distribution for KFI1 1T3 using SEM images.
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Figure 62. Particle size distribution for KFI 1T5 using SEM images.

[13 1.4] (1.4,1.6] (1.6, 1.8] (1.8, 1.9] (1.9, 2.1] (2.1, 2.3] (2.3, 2.4]
Particle Size (um)

Figure 63. Particle size distribution for KFI _1T7 using SEM images.
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Figure 64. Particle size distribution for KFI 0.5T5 using SEM images.
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Figure 65. Particle size distribution for KFI _0T5 using SEM images.
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Figure 66. The methanol dehydration using prepared RHO 0.5T8 zeolites in two series at 130 — 220 °C with WHSV = 4 h'.
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Figure 67. The methanol conversion over two different prepared KFI _IT5 samples at 130 — 220 °C with WHSV = 4 h*.
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