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ABSTRACT

Carbon dioxide (CO2) plays an important role in the natural carbon cycle. However,
increase in CO, emissions causes global warming and climate changes because of the so-called
‘greenhouse effect’. Therefore, the chemical recycling of CO> to alternative fuels offers a
prospective solution for these environmental concerns and provides new opportunities for
sustainable future. In this view, conversion of CO; into liquid fuels is a promising approach.
Among possible alternative products, such as methanol, hydrocarbons, and dimethyl ether
(DME), DME can be used as an intermediate to produce several value-added products or as an
alternative fuel. And it is the simplest ether without any C—C bonds; it is a colorless, nontoxic,
and environmentally friendly. Because of its similar physical and chemical properties, it has a
potential of substituting liquid petroleum gas (LPG). Besides, it is considered as a prospective
future synthetic fuel owing to its high cetane number, more complete combustion, and low

emission of toxic gases, such as SOx, NOx

The aim of this thesis is to develop an efficient catalyst for the conversion of CO; into
DME. For this purpose, here, MCM-41-supported tungstophosphoric acid (TPA) and a
commercial CuO-ZnO-Al,O3 methanol synthesis catalyst were physically mixed and the
mixing ratios and reaction conditions were optimized for the highest DME production rate from
CO- hydrogenation in a single-pass flow reactor. Data demonstrated that the highest DME space
time yield was achieved at a TPA loading of 60 wt% in the TPA/MCM-41 catalyst and at a
CuO-Zn0O-Al>,03: TPA/MCM-41 mixing ratio of 4:1 using a gas hourly space velocity of 40 000
mL CO2 gea* h™? with an H2:CO; ratio of 3:1 at 250 °C and 45 bar. At these conditions, the
physical mixture provided a DME production rate of 1551.5 gome kgeat* h%, to the best of our
knowledge, is more than twice of the rate reported previously as the highest rate for DME
production from CO hydrogenation in a single-pass. Data suggested that this high performance
was originated from the high density of acid sites in TPA/MCM-41 catalyst owing to
exceptionally high surface area of MCM-41 offering a monolayer dispersion of TPA clusters
even at a TPA loading of 60 wt%. Having a high density of acid sites in the physical mixture
with a methanol synthesis catalyst offers a high efficiency in subsequent conversion of
methanol into DME in a single pass reactor. Considering that this high DME production rate
was obtained in a physical mixture containing a commercial methanol synthesis catalyst,
optimized specifically for synthesis gas, results of this thesis present a broad potential of



TPA/MCM-41 solid acid catalysts for single-pass DME production from CO2 hydrogenation,
when used together with a methanol synthesis catalyst specifically designed for CO:>
hydrogenation.



OZET

Karbon dioksit (CO) dogal karbon dongiisiinde 6nemli bir rol oynamaktadir. Ancak,
CO, emisyonlarindaki artis, ‘sera etkisi’ denilen kiiresel 1sinmaya ve iklim degisikligine neden
olmaktadir. Bu nedenle, CO.'in alternatif yakitlara ve katma degeri yiiksek kimyasallara geri
doniisiimii bu ¢evresel kaygilar i¢in ileriye doniik bir ¢6ziim sunmakla birlikte siirdiiriilebilir
gelecek igin yeni firsatlar da sunmaktadir. Bu kapsamda CO>'in s1v1 yakitlara doniisiimii umut
verici bir yaklasimdir. Bu yondeki ilk ¢alismalar metanol sentezi iizerine gerceklestirilmistir.
Yakin zamanda metanoliin hibrit sistemler kullanilarak olefinlere, aromatiklere, yiiksek
hidrokarbonlara ve dimetil etere (DME) doniistimii {izerine ¢alismalar yiiriitilmektedir. Bu
iiriinler arasinda DME hem alternatif bir yakit hem de yiiksek katma degerli kimyasallar
tiretmek i¢in bir ara iiriin olarak kullanilmasi bilyiik bir avantaj sunmaktadir. C-C bagi olmayan
bu en basit eter, renksiz, toksik olmayan ¢evre dostu bir tiriindiir. Benzer fiziksel ve kimyasal
ozellikleri nedeniyle, siv1 petrol gaz1 (LPG) katki malzemesi olarak kullanilma potansiyeline
sahiptir. Ayrica, yliksek setan sayisi, daha fazla yanma ve SOx, NOx gibi diisiik toksik gaz
emisyonlar1 gibi 6zellikleri nedeniyle gelecekte kullanilabilecek sentetik bir yakit olarak kabul

edilmektedir.

Bu tez galismasinda, CO2'In DME’e doniistiiriilmesi igin etkili bir katalizor sistemi
gelistirilmistir. Bu amagla, MCM-41 destekli tungstofosforik asit (TPA) ve ticari CuO-ZnO-
Al>,O3 metanol sentezi katalizorii ile fiziksel olarak karistirilip tek gegisli bir akig reaktoriinde
en yiiksek DME iiretim hizi i¢in karisim oranlar1 ve reaksiyon kosullari optimize edilmistir.
Elde edilen veriler ile en yiiksek DME iiretim hizinin elde edilmesi icin TPA/MCM-41 asit
katalizoriinde agirlikga %601k bir TPA yiiklemesi ile 4:1'lik bir CuO-ZnO-Al.O3:TPA /
MCM-41 fiziksel karisim oraninda elde edilmesi gerektigi ve bu katalizoriin 250 °C ve 45 bar
altinda H2:CO; 3:1 besleme oran1 ile 40 000 mL CO; gear* saat™ akis test kosullar1 altinda
gergeklestirilmesi gerektigi saptanmistir. Optimize edilen reaksiyon kosullari altinda elde
edilen katalizor ile 1551.5 gpme Kgkar* saat™ DME iiretim hizi saglamistir. Elde edilen veriler,
bu yiiksek performansin, %60'lik bir TPA yiliklemesinde TPA kiimelerinin énemli derecede
yiksek ylizey alanina sahip MCM-41 iizerinde tek tabakali bir dagilimina imkan sunmasiyla
TPA/MCM-41 Kkatalizoriindeki yiiksek asit bolgesi yogunlugundan kaynaklandigini
gostermektedir. Bu yliksek DME f{iretim hizinin, 6zellikle sentez gazi i¢in optimize edilmis

ticari bir metanol sentezi katalizorii igeren fiziksel bir karisimda elde edildigini gbz oniine



alarak, sonuglarimiz 6zellikle CO2 hidrojenlemesi igin tasarlanmis bir metanol sentezi
katalizorii ile birlikte kullanildiginda CO:2 hidrojenlemesinden tek gegisli DME {iretimi i¢in
TPA/MCM-41 kat1 asit katalizorii kullanimina yonelik biiyiik bir potansiyel sunmaktadir.

Vi
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Chapter 1: Introduction

Chapter 1

INTRODUCTION

Carbon dioxide, which causes global warming and climate change, is known as the
primary responsible gas for greenhouse effect. In this regard, to reduce the CO emissions the
Intergovernmental Panel on Climate Change (IPCC) and the United Nations Conference on
Climate Change (COP21, Paris, 2015) highlighted the need of precaution by at least half of the
current value by 2050 with the aim of limiting the global average temperature increase to at
least of 2 °C [1].

Reducing CO2emissions is a long and comprehensive job. In this respect, there are three
possible feasible strategies; reduction of CO2 amount produced, storage of CO>, and usage of
CO:2 [2,3]. As a first strategy, less carbon contain energy is needed for energy efficient
improvements by shifting from fossil fuels to renewable energy [4, 5]. CO2 storage is the second
approach which includes the new development of capture methods [6-9]. In addition to these,
as a third approach, hydrogenation reaction has been recognized during many years as one of
the most significant chemical conversions of COy; it also provides a great possibility for
sustainable energy [10, 11]. In this view, the conversion of CO: into liquid fuels is a promising
approach. Among possible alternative products, such as methanol (MeOH), hydrocarbons, and
dimethyl ether (DME), DME can be used as an intermediate to produce several value-added

products or as an alternative fuel.

Hydrogenation of CO, into DME has gained a tremendous attention in this regard,
because DME offers a good prospect both as an alternative fuel and as an intermediate for the
production of several value-added products (gasoline, aromatics, and olefin). DME is the
simplest ether and it is not toxic or carcinogenic molecule. It has a boiling point of -25 °C,
however it can be liquefied at room temperature under a pressure of approximately 0.5 MPa
[12]. Its chemical and physical properties are similar to liquid petroleum gas (LPG) so it can be
blended with LPG [13]. In addition to this, DME has also been recognized as an auto
transportation fuel alternative to diesel fuel owing to its physicochemical properties like high
cetane number, lower auto-ignition temperature, low-emission of NOy, SOy etc.

1
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DME production, however, usually requires a two-step process, where methanol
produced over metallic-based catalyst in the first step, then methanol is dehydrated to yield
DME on a solid acid catalyst, such as zeolites or alumina. For the direct synthesis of DME, the
catalyst functionalities of CO2 activation for methanol synthesis and in-situ dehydration step
are integrated using multifunctional systems. Currently, several investigations are now focusing
on using zeolites for the methanol dehydration step. However, heteropoly acids can be good
candidates for this purpose. Heteropoly acids, particularly Keggin-type-heteropoly acids, has
drawn a growing attention in a class of solid acids because of their intrinsic characteristics such
as high Bronsted acidity, excellent redox stability, and environmentally friendly properties
which make them promising catalysts for acid-catalyzed reactions [14]. In this study, our aim
is to assess the potential of heteropoly acids (HPAS), particularly Keggin-type-heteropoly acids,
as the acid function of the physical mixture for the direct conversion of CO> into DME.

The research described in this dissertation focuses on the development of an efficient
catalyst for the conversion of CO2 into DME. For this purpose, the commercial MeOH synthesis
catalyst, CuO-ZnO-Al>O3, was mixed with a solid acid catalyst, made of mesoporous silica
supported heteropoly acids, as a physical mixture and considered for the serial conversion of
CO: first into MeOH on the methanol synthesis catalyst and then to DME on the solid acid
catalysts upon a single-pass in the reactor using direct DME synthesis. The paragraphs below
set out the content of the chapters that follow.

Chapter 2 comprises of a literature review on CO emission, strategies for the reduction
of CO2, which include carbon capture storage and carbon capture utilization processes, and
dimethyl ether fuel properties and its applications.

Chapter 3 provides a literature review on CO2 hydrogenation reactions for direct and
indirect dimethyl ether synthesis and catalysts for CO2-to- MeOH and MeOH dehydration

processes.

Chapter 4 introduces the experimental component of the investigation, including sample
preparation techniques, characterization methods, and catalytic testing system details that were

used in this study.

Chapter 5 presents the detailed characterization of various mixing of MeOH synthesis
catalyst and solid acid catalyst samples. Also, this chapter reports the consequences of changing

of MeOH synthesis catalyst and solid acid catalyst ratio, TPA loading of solid acid catalyst and
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reaction conditions, such as temperature and GHSV on their catalytic performances of them for

DME production under CO2 hydrogenation conditions.
Chapter 6 concludes with future directions and outlook of this thesis.

The most significant finding of this thesis is that the physical mixture of the catalysts
considered here provides a record high DME production rate, offering opportunities for further
improvement of this rate by the application of this concept of using mesoporous silica supported
heteropoly acids as the acid component of the physical mixture to other methanol synthesis

catalysts specifically designed for CO2 hydrogenation
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Chapter 3: Literature Review on Reactions and Catalysts of Carbon Dioxide Hydrogenation
for Dimethyl Ether Synthesis

Chapter 2

LITERATURE REVIEW ON CARBON DIOXIDE EMISSIONS, STRATEGIES FOR
REDUCTION OF CARBON DIOXIDE AND DIMETHYL ETHER AS AN
ALTERNATIVE FUEL

2.1 Carbon Dioxide Emissions

In today’s world, increasing population and economic growth bring an increase in global
energy consumption as well. Currently, fossil fuels such as coal, gas, and oil are the major
energy sources and dominate encompassing between 80 to 90 percent of total energy
consumption. The International Energy Outlook 2019 (IEO2019) project by the U.S. Energy
Information Administration expect to increase global energy usage by 28 percent between 2015
and 2040. While IEO02019 expects non-fossil fuels such as renewables or nuclear fuels to grow
quicker than fossil fuels, fossil fuels still account for over three-quarters of global total energy
consumption by 2040 [1]. Fuels are based on hydrocarbons and energy production from fossil
fuels by burning hydrocarbons accounts for the greenhouse gas (GHG) emissions, capable of
absorbing and emitting thermal radiation in the Earth’s atmosphere and greenhouse gas mainly
consist of CO- of nearly 75%. Cement and steel production industries along with vehicles, and
coal-based power plants are considered as the main sources of CO2 emission [2]. Compared to
other fossil fuels, CO, emissions from power plants are associated with elevated coal

consumption, which has the largest carbon content per unit of energy produced.

The CO; concentration in the atmosphere remained stable until the late 17" century.
After that, CO, emissions have been growing since pre-industrial time and CO> concentration
is increasing constantly from 280 ppm (parts per million) before the industrial revolution in the
mid-1800s to 412 ppm in 2019 recently, and CO: average growth is 2 ppm/year in the last 10
years [3-5]. The change in CO2 concentration over the past 1000 years is summarized in Table
2.1[6].
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Table 2.1 Change in CO2 concentration of last 1000 years [6].

CO2 Period Increase
concentration (ppm) Year (year) (ppm)
270-280 1000-1800 800 10
280-310 1800-1950 150 30
315-330 1958-1973 15 15
330-380 1973-2006 33 50
380-412 2006-2019 13 32

That much increasing in CO2 emissions at the atmosphere causes global warming and
climate changes. Also, despite their considerable size, fossil fuel reserves are limited.
Therefore, the chemical recycling of CO to alternative fuels offers a prospective solution both
for environmental concern and fossil fuel depletion [7-9].

2.2 Strategies for Reduction of Carbon Dioxide

To discover alternatives to reduce greenhouse gas emissions, it is essential to know
worldwide driving factors of CO2 emissions. A need for more sustainable development has been
developed by increasing social awareness of environmental issues. CO2 emissions are growing
with every year. Such high emissions forced governments to implement CO2 emissions

reduction strategies [10].

The Intergovernmental Panel on Climate Change (IPCC) and the International Climate
Agreement, which is the United Nations Conference on Climate Change (COP21) hold on in
Paris in December 2015 have emphasized the need for reducing the CO2 emissions. According
to this agreement, the aim is to keep the global temperature increase within a maximum of 2 °C

so this would significantly reduce risks the impacts of climate change [10].

During the last decades, several strategies and technologies have been developed
concerning capture and storage of carbon dioxide (CCS) and, capture and utilization (CCU) of
carbon dioxide [11]. The negative environmental impact associated with burning fossil fuels

has brought economic and scientific interest to reduce CO2 emissions as well.
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2.2.1 CO2 Capture and Storage (CCS)

Continuous progress has been made in the technology of CO, capture over the past
decades [12]. Power plants, refineries and several large-scale iron, steel, and cement
manufacturing plants are the primary targets for the enforcement of the capture techniques. The
methods of CO> capture and separation are widely split into physical and chemical processes

like absorption, membrane adsorption or chemical looping.

For industrial scale application, enhanced oil recovery is the most popular technique.
Using this method, CO> can be injected into oil wells to move oil out of the wells and oil can
be recovered [13]. The storage of captured CO2 in empty oil areas is an alternative storage
technique. However, it needs special care because of any accidental leakage and apart from the
technical difficulties, it needs a considerable amount of financial investment.

2.2.2 CO2 Capture and Utilization (CCU)

Capture and utilization technology are used for CO- to create crucial products. The most
beneficial method is that if CO captured from the sources is utilized in an energy efficient
manner, the global warming impact of many of high economic value processes will be
minimized. In addition, hydrogenation reaction has been verified for many years as one of the
most significant chemical conversions of COg; it also provides a sustainable development in the
energy and environmental industries. Indeed, the hydrogenation method not only decreases the
growing quantity of CO; in the atmosphere but also results in fuels and valuable chemicals
being produced [14]. However, because of the high thermodynamic and kinetic stability of COy,
it was not used with its fullest potential until today [15, 16]. That’s why, using efficient catalyst
and selective pathways are necessary to get high production rate of desired products. In this
view, many research activities are focusing on the development of these new catalytic
technologies, one of them is the conversion of CO- into liquid fuels, which is a very promising
approach. And the transformation of CO- into chemicals and fuel-alternatives or fuel additives
would be an excellent option to achieve large scale CO> reduction. For example, CO2 can be
converted into chemicals and fuels by the reduction of synthesis gas, MeOH, urea,
polycarbonate etc. Since fuel market demand is higher than organic chemicals, catalytic
conversion of CO> to fuels, instead of organic chemicals, will play a significant role in policies

to manage CO> emission. In addition, CO2 emissions are mainly connected with fossil fuel
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consumption, so CO»-synthesized fuels can replace the fossil fuels and help to close the open
carbon cycle. CO- can be utilize for the production of fuels, by reverse water gas shift reaction
(RWGS) and subsequent Fischer-Tropsch synthesis. For example, like this path CO2 conversion
to methanol is a promising approach because methanol is a platform molecule for various
valuable chemicals, such as DME which can act as a fuel itself as well. Recently, DME
production from CO. using MeOH dehydration process is getting attention because of its

numerous fuel properties, which are more described in Chapter 2.3.

2.3 Dimethyl Ether as an Alternative Fuel

2.3.1 Dimethyl Ether Properties

DME is the simplest ether having a chemical formula of CH3OCH3 without any C-C
bonds and it is also known as methoxy methane. It is non-toxic, non-carcinogenic [17],
colorless, and volatile organic compound. It is in gas form at standard temperature and pressure.
Its other physical properties are summarized in Table 2.2. Like liquefied petroleum gas (LPG),

it can be stored and transported easily since it can be liquefied at 5 bar or -25 °C [18].

Table 2.2 Properties of dimethyl ether [17,18].

Properties

Chemical Structure CH3OCHz3
Molecular weight (g mol™?) 46
Liquid density (g cm?®) 0.67
Vapor pressure (bar) 5.3
Cetane number 55-60
Boiling point (°C) -24.9
Carbon Content (wt%) 30.8

Heat of Evaporation (kJ mol™) 21.5
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2.3.2 Applications of Dimethyl Ether

Currently, DME has many applications, with tremendous attention from both the
industry and the academia. Especially, it can be used as a fuel and it can be used for the
manufacturing of chemical products as a chemical intermediate. Its applications are mentioned

briefly below.

DME is considered as a non-petroleum based clean compression ignition fuel. After the
beginning of 1980’s it has been used as an additive for ignition aid in diesel engines [18]. Unlike
other transportation fuels, such as diesel, DME can be considered as environmentally friendly.
Because of its high oxygen content (35 %), soot formation is reduced. Also, there is no nitrogen
and sulfur content compounds, so it produces no SOx and NOx emissions after burning. In
addition to this, in the atmosphere, DME can be easily decomposed into CO> and H20, which
make it so attractive as an environmentally friendly fuel. Cetane number, an indication of the
combustion quality of diesel fuel, is around 60 for DME which is relatively higher than that of
diesel [19-21]. However, the only drawback of it, because of the lower heating values,
approximately 1.5 times volume of DME is required to meet the same amount of heating value
for diesel. DME engines and vehicles development have already been completed and tested in
China and Sweden. For example, Volvo Trucks fueled by DME in 2013 and very recently Ford
Motor Company introduced world’s first production passenger car which is powered fully by
DME in 20109.

DME can also be used as a chemical feedstock and an intermediate for the production
of value-added products, such as light olefins [22], propylene[22], methyl acetate[23, 24], acetic
acid, formaldehyde, dimethyl sulphate, and gasoline [25].

Also as a substitute fuel properties, DME can be used for electric power generation and
it can be used for domestic heating and cooking purposes as well [26]. Thanks to its similar
LPG like properties, DME can be blended with LPG up to 50 vol.% with only a slight decrease
in thermal efficiency and DME can reduce LPG consumption for cooking and heating purposes
[27].

Apart from its fuel properties, DME can also be used as aerosol propellant.
Decomposition of DME in the atmosphere takes place very easily and has no concern over
ozone layer depletion, so it can be a good alternative to harmful chloro-fluoro carbons, which
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are using for propellant applications recently. With this property, DME can also be used in

cosmetic industry for hair sprays, deodorants, antiperspirant, and in various spray cans as well.
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Chapter 3

LITERATURE REVIEW ON REACTIONS AND CATALYSTS OF CARBON
DIOXIDE HYDROGENATION FOR DIMETHYL ETHER SYNTHESIS

3.1 Carbon Dioxide Hydrogenation Reactions for Dimethyl Ether Synthesis

Basically, there are two main paths for the production of dimethyl ether (DME); an
indirect two-step process and a direct one-step process. In the two-step process, firstly,
methanol (MeOH) is synthesized from syngas over a metallic catalyst, then the methanol
condensation occurs in a secondary step on an acid catalyst located in a different reactor. On
the other hand, in the direct one-step process, multifunctional catalysts combining a metallic

catalyst with an acid catalyst are used in only one reactor.

Conventionally, in two-step process, the synthesis of DME from syngas or pure carbon
dioxide requires the combination of two different catalytic functions: selective hydrogenation
of CO2 to methanol and methanol dehydration into DME. Methanol is produced industrially
from syngas which can be described by following equations which are exothermic and they
both result in a stoichiometric decrease of total number of molecules, so they are

thermodynamically limited and favored at low temperatures and high pressures;

Methanol synthesis: CO2 + 3Hz <> CH30H + HoO  AHaesk = -49.5 kJ mol* (Eq 3-1)

Methanol synthesis: CO + 2H,«» CH30H AHa9s k = -90.6 kJ mol* (Eq 3-2)

Reverse water gas shift reaction: CO, + Hy<» CO + H20  AHazesk = 41.2 kI mol?! (Eq 3-3)

12



Chapter 3: Literature Review on Reactions and Catalysts of Carbon Dioxide Hydrogenation
for Dimethyl Ether Synthesis

The dehydration of methanol into DME is a commercial route. The dehydration reaction
takes place at a temperature range of 250 — 400 °C and at a pressure of 20 bar. After reaction
takes place, at least two different columns are used for DME purification to remove water and
unreacted methanol, if any. The reaction is limited by equilibrium and it is exothermic and

equimolar with a standard enthalpy of -23.4 kJ/mol at 298 K.

Methanol dehydration: 2CH30OH <> CH30CH3 + H:O  AH2gsk =-23.4 kJ/mol  (Eq 3-4)

The direct one-step process was admitted to the beginning of the 1990s because of the
stringent requirements of environmental regulations. For this process, DME can be synthesized
directly from syngas or pure CO using multifunctional catalytic system that allows both

methanol synthesis and methanol dehydration in a single reactor.

In recent years, the feasibility of using one-step process is getting more attention because
of two main reasons. The first reason comes from the thermodynamic point of view. Indirect
two-step method has higher thermodynamic limitations than the direct one-step process has.
The MeOH consumption throughout the MeOH dehydration to DME reaction breaks the
equilibrium and the reaction shifts to the right side [1]. MeOH synthesis form CO. is favored at
low temperature and high pressure. Therefore, these restrictions can be reduced by producing
DME at the same time with co-producing of it since the equilibrium constant of MeOH
dehydration process is much higher than that of MeOH synthesis reaction [2] or another
efficient way to by-pass it, is the continuous removal of MeOH from reaction system with
physically. Using the MeOH synthesis and dehydration of MeOH process in tandem, the
thermodynamics is compelled to shift towards the desired way. Therefore, co-production of
DME can provide a higher CO2 conversion and a higher selectivity than using MeOH synthesis
catalyst only. Also, water is formed by the MeOH dehydration and it can be removed from the
process with water gas shift reaction (WGS) and equilibrium composition shifts towards the
desired direction [3]. In addition, with the result of thermodynamic analysis, temperature
control and heat removal are required because of the exothermic nature of DME synthesis
reactions. Consequently, according to thermodynamics point of view, production of DME
directly from CO simultaneously is an efficient and promising process for commercial

applications. The second reason is that the direct method is more economical than indirect
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method. The purification of MeOH synthesis reaction, transportation of MeOH into second
reactor, and a separate unit for methanol dehydration reaction to DME are necessary for the
indirect method and they are costly. Therefore, the direct method reduces the investment and

operational cost.

3.2 Catalysts of Carbon Dioxide Hydrogenation for Dimethyl Ether Synthesis

In recent years, when taking consideration of the fast advancement and the growing
accomplishments of DME synthesis, detailed and critical respective research papers have been
published regarding the catalytic synthesis of DME [4, 5]. As mentioned earlier in this chapter,
gas phase DME could be synthesized in either two-step indirect process or one-step direct
process. In both two, process performances such as feed conversion, product distribution or
deactivation of the catalyst are strongly affected by catalyst properties. In this part, catalytic
system of dimethyl ether production with the effect of both metal and acid catalyst properties
on process have been discussed.

3.2.1 Metal Catalyst for Methanol Synthesis from Carbon Dioxide

Catalytic reduction of CO. into MeOH is a significant step towards creating a
sustainable society and it holds as the main technology for CO- utilization system. MeOH can
be served as a platform molecule in chemical industries and as an alternative to fossil fuels [6,
7]. Patart et al. [8, 9] reported MeOH synthesis from syngas using solid acid catalysts in 1921
for the first time. On the other hand, BASF [10] introduced the first large scale industrial
methanol production using ZnO/Cr,0s3 catalyst under the conditions of 300-360 °C and 150-
250 bars in 1923. However, this catalyst was poisoned by sulfur, chlorine like impurities
coming from feed gas easily. After that at the beginning of the 1960s, Imperial Chemical
Industries [11] developed a more selective and stable MeOH synthesis catalyst based on copper-
zinc oxide and then Johnson Matthey held and licensed this technology. The process was
performed at 200-300 °C and 50-100 bar reducing the formation of byproducts using Cu-ZnO-
Al>03 catalysts.

In the literature, there are several catalytic systems for the activation of CO,. Among

these studies, copper-based catalysts have been extensively studied with using promoters
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because of its improved and better activity [12]. According to the research on heterogeneous
catalysts for the hydrogenation of CO> the following order of catalytic activity was identified
[13];

Cu>>Co=Pd=Re>Ni>Fe>>Ru=Pt>Ir=Ag=Rh=Au

In general, copper-based catalysts are the most active ones for methanol synthesis from
carbon dioxide. However, the catalytic activity depends on metal dispersion, the use of
promoter or the choice of support material etc. in any case. Although the main product is carbon
monoxide, Cu-ZnO-Al,O3 catalyst is still used for industrial purposes [14-16]. In recent years,
much effort has been made into understanding of active site of Cu-ZnO-Al.0z [16-20].
However, it is still under debate. Schlogl et al. claim that the synergy between Cu and ZnO
resulting from the powerful metal-support interaction has recently been ascribed to CuzZn alloy
formation where Zn ions were suggested to be the active sites at the step edges of Cu
nanoparticles and also Zn coverage was associated quantitatively with the activity [16]. On the
other side, recently again the same research group’s TEM images suggested that metal-support
interaction between Cu-ZnO has resulted in the encapsulation of ZnO over Cu particles on the
catalyst which create new active site for MeOH synthesis [17]. The main role of ZnO is that
acting as a geometric spacer between Cu particles and resulting in higher number of active sites
with Cu metal in ideal dispersion for Cu/ZnO catalyst [21]. Additionally, when AI** have been
added to Cu-ZnO to enhance the stability along with Cu dispersion and metal surface area and
this result indicates that CuO-ZnO-Al;Os is an excellent candidate for synthesis of methanol
[22]. Also, CO2 hydrogenation mechanism of CuO-ZnO-Al2Os is that firstly Ha dissociate at
metallic copper, and ZnO site responsible for CO adsorption while Al2Oz is using for support
and spacer of copper particles. The formation of reactive intermediate on the ZnO has been
reported as the rate limiting step [12].

On the basis of the catalyst for MeOH synthesis of Cu/ZnO model, various promoters
have been reviewed to improve the CO, hydrogenation performance for methanol synthesis.
Zhang et al. [23] investigated the promoter effect of SiO,, TiO2 on CuO-ZnO-Al,Os3 catalyst.
The findings indicated that the CuO dispersion can be improved by all promoters. SiO2-TiO>
promoted catalyst’s CO2 conversion enhanced to 15.8% to 23.3% and selectivity of methanol
boosted 40.7% to 41.2% compared to bare CuO-ZnO-Al;03. Apart from the Al.O3, Ga>O3 has
been also investigated as Cu-Zn-Ga»O3 for MeOH synthesis catalyst [24]. It is found that the
particle size of Ga>Os is crucial for promoting the effect of methanol synthesis. For example,
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small Ga;Os particles favored Cu® formation which enhanced the catalytic performance.
However, C1-C2 hydrocarbons can be catalyzed by Ga>Oz, so it reduced desired product
selectivity [25]. Moreover, Cu-ZnO-ZrO> type catalyst has also been extensively studied [26-
30]. The major advantage of the catalyst is superior water tolerance. Also, because of the acid
character of CO., the basic locations are required and ZrO2 enhanced basicity of the catalyst, so
CO2 conversion increases [31].

Even though, it is accepted that Cu-ZnO exhibits a unique functionality for CO>
activation, it is also needed for further development of catalyst for other metal oxides for
methanol synthesis. For example, catalysts with noble metals as active components are
frequently used for MeOH synthesis reaction. Bahruji et al.[32] investigated the Pd/ZnO
catalyst. The findings showed that during the reaction PdZn alloy is created and it reduces
production of CO by RWGS site reaction. Alternatively in the literature, there are different
catalytic systems [33] which used Ag[13, 34], Au[35], Mo[36] as active species for methanol

synthesis as well.

Recently, oxygen-deficient materials used as active sites are getting attention for
methanol synthesis. Ge et al. [37] studied the defective surface of In,03z (110) with surface
oxygen vacancies for MeOH synthesis from CO. using DFT calculations. Their interesting
findings demonstrated that mechanism for MeOH formation in Ovs oxygen defective site on Da4
surface is much more favorable for CO; activation than previously reported copper-based
catalyst. This Ovs Oxygen defective site stabilizes intermediates from MeOH formation
mechanism and it leads to assist COz activation. Martin et al. [38] proposed In203/ZrO- catalyst

which accomplished excellent nearly 100% methanol selectivity and 1000 h stability.

Up to now, tertiary CuO-ZnO-Al203 is very recognized and optimized technology for
COq activation and the MeOH synthesis. Since methanol synthesis over copper-based catalyst
is very well known, recently much of the efforts in the research concerning DME synthesis have
been devoted to study of the MeOH dehydration catalyst.

3.2.2 Acid Catalysts for Dehydration of Methanol

As mentioned earlier, DME is produced with MeOH dehydration reaction using an acid

catalyst. For this purpose, alumina and zeolites have been used in MeOH dehydration
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extensively. On the other hand, heteropoly acids can be a good candidate for this reaction as

well.

One of the solid acid catalysts which is recognized as the efficient MeOH dehydration
catalyst is y-Al2O3 because of its low cost, high surface area, good thermal, and mechanical
stability [39]. In addition to these, y-Al>O3 can also provide high DME selectivity even if the
reaction takes place at higher temperatures with the help of the presence of less strong Lewis
acid sites which do not allow to produce side products such as hydrocarbons. However, there
are some drawbacks, such as low hydrothermal activity or strong surface hydrophilic ability. A
significant amount of water is produced during the reaction and y-Al2O3, mostly Lewis site,
tends to adsorb water strongly, causing deactivation of the catalyst. Therefore, y-Al2O3 could

not be a good option for DME production by CO2 hydrogenation.

In addition to the conventional alumina, the other family of solid acid catalyst for
dehydration catalysts for DME synthesis is zeolites. Zeolite catalysts are commonly employed
as dehydration catalysts for DME because of their advantages of being regenerable and their
stability over a wide range of temperature and high hydrothermal stability [40]. It is generally
stated that at a temperature range between 240 - 280 °C, HZSM-5 indicates a much greater
activity than y-Al2Os3 and on Cu-based catalyst, zeolites have more advantages in
thermodynamics point of view than y-Al,O3 does [41]. Also, the HZSM-5 is hydrophobic
compared to y-Al2O3 [42, 43]. However, HZSM-5 has strong Brensted acid sites that it can
further convert DME into hydrocarbons as side products, therefore some modifications should
be made to improve DME selectivity for HZSM-5 [44].

There are very few studies that are using supported heteropoly acids (HPAS) for the
dehydration of MeOH. Because they have high Brensted acidity and tunable acid properties,
they are good candidates for production of DME starting with the MeOH. However, heteropoly
acids should be supported on metal oxide carriers to be able to utilize them in catalytic
applications efficiently because of their low surface area. Ladera et al. [45, 46] pointed out that
TiO2 supported HPAs can enhanced the availability of methanol molecules to acidic site of the
catalyst for MeOH dehydration process. Because of the high Brensted acidity exhibited, HPAs
generally give high catalytic performance than other strong catalysts, such as zeolites-ZSM-5,
do particularly at low temperatures. For example, Alharbi et al. [47] showed that HPAs exhibit
catalytic performances usually better than other solid catalysts for MeOH dehydration. They
compared HPAs with ZSM-5 (Si/Al = 10-120) and findings suggested that heteropoly acids
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offer up to one order of magnitude increase in turnover frequency for methanol to DME
conversion. They explained this superior performance of HPAs by having higher acid site

strength.

3.2.3 Multifunctional Catalyst for Direct Dimethyl Ether Synthesis

For direct DME synthesis, the catalyst must be active for both MeOH synthesis and its
dehydration. Over the past few years, direct DME synthesis from syngas or CO2, combining
with MeOH synthesis and dehydration of MeOH in a single step, has been extensively studied.
Direct DME synthesis from CO. mainly relies on the acidity of the dehydration component
which is a solid acid catalyst in the catalyst system. In this system, it is beneficial for catalyst
which is being inactive for RWGS side reaction and possible hydrocarbons formation from
methanol conversion. For example, if the acidity amount of the catalyst is not enough, methanol
in the system could not be dehydrated sufficiently. On the other hand, if acidity is too high, the
newly formed DME could be convert into hydrocarbons [48] or even coke formation could be
seen as well [44, 49]. In addition to optimizing the acidity of dehydration component,
optimizing the composition and reaction conditions of two functional components is a very
essential point for preparing an active catalyst system for the direct DME synthesis. Also, a
huge amount of water formed during the CO2 hydrogenation into DME should be considered
because it limits both the formation and the dehydration of methanol thermodynamically and it
leads to a lower DME yield [43].

In Table 3.1, the catalysts reported for the direct hydrogenation of CO, to DME in the

literature are summarized.

Table 3.1 Summary of the catalysts reported for the direct hydrogenation of CO, to DME.

T P GHSV Xcoz Some STYome

O (bar)  H,/CO/N, (MlcooGea ™) (%) (%) (9omeKgearth™) Ref.
Cu-Zn-Zr/FER 260 50 9/3/1 2030 26 55.7 600 [50]
Cu-Zn-Zr/FER 280 50 9/3/1 2030 30 62 752 [51]
CuO-Fe20s-ZrO2/HZSM-5 260 30 5/1 250 28.4 64.5 86 [52]
PAZn/TiO2/ZSM-5 270 20 3/1/1 720 11 323 48 [53]
Cu-ZnO-ZrO2/HZSM-5 243 30 9/3/1 2076 15 25 147 [54]
CuO-Zn0O-ZrO2/WOx/Al203 260 30 9/3/1 3000 18.9 15.3 164 [29]
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CuO-Zn0-Al20s/HZSM-5 260 30 9/3/1 346 273 67.1 120
CuO-Zn0-ZrO2/WOx/ZrO2 260 30 9/3/1 1000 215 29 271
Cu-Zn-Zr/MFI 240 50 9/3/1 2307 24 49.3 513
Cu-Zn-Ga/FER 260 30 9/3/1 2030 21.1 34.9 282
Cu-Zn-Al/HZSM-5 260 50 31 750 31 65 285
Cu-Zn-Al/Al;,03 260 50 31 750 20 82 232
Cu-Zn-Al-Zr/ZSM-5 260 30 31 400 25 233 43
Cu-Zn-Al/ZSM-5+CNTs 260 30 31 450 46.2 45.2 177
CuO-Zn0-Zr02/S04*-Zr0> 260 20 9/3/1 3750 17.2 25.6 311
Cu0O-ZnO-Al203/HZSM-5 260 42 311 381 30.5 72 158
Cu-Zn-Zr-V/ZSM-5 270 30 311 1050 323 57.8 370
Cu-Zn-Zr-Pd/ZSM-5 200 30 3/1 450 18.7 73.6 117
CuO-TiO2-ZrO2/HZSM-5 250 30 311 375 15.6 47.5 52
Cu-Zn-Al-La/HZSM-5 250 30 3/11 750 438 71.2 441
Cu/Zn/Al Amorphous Si-Al 266 30 3/1 450 47.1 42.4 170
Cu-Mo/HZSM-5 240 20 311 375 124 77.2 68
CuO-Fe203-Ce02/HZSM-5 260 30 4/1 375 20.9 63.1 93
Cu-Fe-Ce/HZSM-5 260 30 4/1 375 18.1 52 67
Cu-Fe-La/HZSM-5 260 30 4/1 375 17.2 51.3 62

[55]
[56]
[28]
[57]
[58]

[58]
[59]
[60]
[61]
[62]
(63]
[64]
[65]
[66]
[67]
(68]
[69]
[70]
[70]

In the first study for direct conversion of CO2 into DME, y-Al.O3 was used with Cu-
Zn0O-Al>O3 system in a physical mixture. However, Xu et al. [71] demonstrated that the
presence of water produced during the reaction has a significant inhibitory impact on the
activity of y-Al,Oz as already mentioned in Section 3.2.2. However, the physical combination
of y-Al>03z as an acid catalyst with Cu-ZnO MeOH synthesis catalyst was used extensively in
the literature [58]. H-ZSM-5 zeolite, having both Lewis and Brensted acid sites and water
resistance, offers an improvement in long term stability during the reaction than y-Al.O3 does.
Therefore, they are extensively used for direct DME synthesis from CO,. And Aguayo et al.
[72] examined the deactivation character of Cu-ZnO-Al,Oz/y-Al203 and Cu-ZnO-Al>,03/ZSM-
5 hybrid catalysts. When using HZSM-5, it was investigated that zeolites as a solid acid
component were less prone to deactivation by coke compare to alumina. Dubois et al. [73]
stated that different combination of MeOH synthesis catalyst and different Si/Al ratio of zeolites
and they reported that Si/Al=6 of Y-zeolite and Si/Al=10 of were proved to be efficient to
achieve high DME selectivity and high yield of MeOH and DME. Frusteri et al. [28]
demonstrated that role of acid sites of multifunctional catalysts of Cu-Zn-Zr with HZSM-5
zeolite with range of Si/Al is 27-127. They investigated that it is possible to tune the
performance of catalyst and deactivation properties with playing of acidic character of zeolite.
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If catalyst has a high Si/Al ratio, it exhibits a high water resistance; however, it has a low
capacity to convert MeOH into DME. On the other hand, catalyst which has a low Si/Al ratio
shows a high capacity for the dehydration of methanol, but it has a low DME selectivity with

poor resistance in presence of water.

These explanations show it is required that a more detailed understanding of the basic
mechanism and relationships between the active species of metallic and acid sites of the

multifunctional catalysts.
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Chapter 4

MATERIALS AND METHODS

4.1 Materials

The commercial methanol synthesis catalyst (MSC), CuO-ZnO-Al;Os (Alfa Aesar
product no. 45776) was studied in this thesis. Tungstophosphoric acid (TPA - HzPW12040) and
mesoporous silica (MCM-41, reagent grade, ~1000 m?/g) were purchased from Sigma Aldrich.
H> (99.999 % - Air Liquid) and CO2 (9.99 % - Linde) were used as reactant.

4.2 Catalyst Preparation

Methanol synthesis catalyst was prepared after crushing and sieving into grain size of
75 mesh.

A set of TPA/MCM-41 solid acid catalysts (SAC), with a TPA:MCM-41 weight ratio
of 30:70, 40:60, 60:40, 80:20 (wt:wt), was prepared by impregnation as before [1]. In short,
TPA was dried at 90 °C under vacuum for 3 h and then impregnated on MCM-41, which was
freshly calcined at 520 °C for 5 h in air. TPA was dissolved in water and mixed on a magnetic
stirrer at 100 rpm at room temperature for 15 min. Following the mixing period, freshly calcined
MCM-41 was added into the solution. The solution was then mixed for 24 h and dried at 110
°C for 5 h. The dried powder was calcined in air at 250 °C for 4 h.

To prepare the physical mixture of catalysts, the commercial 75 mesh-sized MSC and
as-prepared SAC (< 75 mesh) with various TPA loadings were mixed together by simple
shaking-mixing in a vessel. The obtained physical mixture of MSC and SAC was denoted as
MSC:SAC (x:y), where x:y defines the mixing ratio as the ratio of the amount of methanol
synthesis catalyst to that of the TPA/MCM-41. The ratios considered in this study are 2:1, 3:1,
and 4:1 (wt:wt), while the total amount of the physical mixture was set to 0.2 g.
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4.3 Catalyst Characterization Methods

4.3.1 X-Ray Diffraction

X-ray diffraction (XRD) is a common technique for the qualitative study of crystal
structures and atomic spacing of a compound. X-ray diffraction is based on constructive
interference of monochromatic X-rays and a crystalline sample. These X-rays are generated by
a cathode ray tube, filtered to produce monochromatic radiation, collimated to concentrate, and
directed toward the sample. The interaction of the incident rays with the sample produces
constructive interference when conditions satisfy Bragg’s law: nk =2dsin 0 where n is an
integer, A is the wavelength of the X-rays, d is the interplanar spacing generating the diffraction,
and 0 is the diffraction angle. This law relates the wavelength of electromagnetic radiation to
the diffraction angle and the lattice spacing in a crystalline sample. These diffracted X-rays are
then detected, processed, and counted. By scanning the sample through a range of 2u angles,
all possible diffraction directions of the lattice should be attained due to the random orientation
of the powdered material. Conversion of the diffraction peaks to d-spacings allows
identification of the compound because each compound has a set of unique d-spacings.

Typically, this is achieved by comparison of d-spacings with standard reference patterns [2].

In this study, A Bruker D8 Discover X-Ray Diffraction instrument was used with a Cu
Kal radiation source with an employed wavelength of 1.5418 A for XRD analysis. Power rating
values of the instrument were 40 kV and 40 mA. To detect the diffracted X-rays, a 1D detector
(Vantec-1) was used and the divergence slit was set to 1 mm. A 20 range between 10-90° with
a step size of 0.01263° was used. The samples were prepared by placing approximately 10 mg
of catalyst on a double-sided tape, which was attached to a glass slide. Then, the glass side was
loaded on to the sample holder. For phase definition, ICDD PDF-4 2018 database was used by
subtracting the background.

4.3.2 Ammonia-Temperature Programmed Desorption Measurements (NHs-
TPD)

Temperature programmed desorption (TPD) is a common technique to determine the
impact of adsorbed material conduct on the kinetic and thermodynamic parameters of surface

desorption process or decomposition reaction. It is very powerful tool for evaluation of active
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sites and understanding of the mechanism of catalytic reaction which consist of adsorption,
surface reaction and desorption. In theory, the catalyst sample is degassed firstly, then gas
molecule like ammonia is adsorbed on catalyst sample, after that sample is heated with using
specific temperature program in a stream of inert gas. Some of the reaction products desorb
from surface while increasing with temperature and the amount of base desorbed is detected by
gas chromatography or mass spectrometry [3, 4]. NH3-TPD is a commonly used method for

quantitatively determining the number of acid sites and acidic strength of catalysis.

In this study, A Micrometrics AutoChem Il 2920 instrument equipped with a thermal
conductivity detector and an MKS Cirrus 2 mass spectrometer was used to perform NHs-TPD
measurements. Approximately 0.1 g of catalysts were loaded into a U-shaped quartz
microreactor for each measurement. Catalysts were pretreated at 250 °C for 2 h under helium
flow (50 cm® min't). Then, they were treated in flowing pure NH3 (50 cm® min™) at 40 °C for
1 h. The physisorbed NHz was removed under helium flow for 1 h at 100 °C. Samples were
heated up to 700 °C with a ramp rate of 3 °C min*, while the exit gas stream was monitored by
a thermal conductivity detector (TCD). Using the Origin Lab software, the features in the
spectrum of NHs-TPD was then deconvoluted into individual components and the calculated
areas under each curve were used to quantify the acid site amount using the pre-calibrated

signals collected by the TCD.

The active sites for dehydration of MeOH to DME are acid sites which is a very
significant feature for the multifunctional catalysts working in direct DME synthesis reaction.
For solid acid catalyst, it is essential to choose the base probe sample to obtain TPD
measurements and typically a small base molecule like ammonia which has strong basicity,
ability to absorb selectively on sites of different acid strengths and to detect of acidic sited even

located into very narrow pores [5].

4.3.3 Fourier Transform Infrared (FTIR) Spectroscopy

Fourier transform infrared (FTIR) is a non-destructive spectroscopy technique to
identify the functional groups of the sample via an infrared light sources to measure absorption.
The fundamental theory is that light at different frequencies is absorbed by the bonds between
different elements. FTIR offers specific information for vibration and rotation of bonding and

molecular structures of the chemical and it represents a fingerprint of sample. Therefore,
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molecular species can be determined qualitatively. Also, it is possible determine amount of
material present via amount of the peak in the spectrum quantitatively. Molecules are
continuously vibrating with stretching or bending modes in order to absorb IR radiation. IR
radiation has enough energy to vibrate them and IR radiation can be absorbed only at certain
wavelengths. Chemical bonds vibrate at unique frequencies, absorbing radiation at wavelengths
that match their vibration modes when subjected to infrared radiation. Measuring the absorption
of radiation as a function of frequency creates raw data then Fourier transform which is a
mathematical process convert raw data into readable spectrum. This spectrum can be used to

identify functional groups.

FTIR measurements were collected using a Bruker Vertex 80v FTIR spectrometer
equipped with a vacuum chamber in transmission mode. The samples were packed between
two KBr windows in a sample holder. For each measurement, an average of 256 scans were
averaged where resolution was set to 4 cm™ under vacuum. Before each measurement, 128

background scans were collected.

4.3.4 Brunauer-Emmet-Teller (BET), Barrett-Joyner-Halenda (BJH) Analyses

The theory of BET relies on the physical adsorption of gas molecules such as nitrogen
on a solid surface to evaluate the material's specific surface area. The quantity of absorbed gas
on the surface is calculated according to a monolayer. Tests are performed at liquid nitrogen
temperature and the theory of BET is used for calculations.

In this study, Brunauer-Emmet-Teller (BET) and Barrett-Joyner-Halenda (BJH)
analyses were done by using a Micrometrics ASAP 2020 physisorption analyzer For each
experiment 100 mg samples were degassed at 250 °C for 4 h. N2 adsorption was applied at -

196 °C using t-method between 0.091 and 0.4 P/Po to determine surface areas.

4.4 Catalytic Performance and Product Analysis by Micro-Gas Chromatography

Catalytic performance tests for CO. hydrogenation were carried out in homemade high-
pressure flow reactor system which is showed in Fig. 4. The design and construction of the
system is one of the main aim of this study. The reactant gas mixture set by Bronkhorst (model

no: F-201CV-1KO0) mass flow controllers (MFCs). The temperature of the reactor was measured
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in the middle of the fixed-bed with a movable thermocouple. After reactor outlet, all tubings
were heated to avoid condensation of the water formed in the reaction. Catalytic performance
tests were carried out in a once-through '4”-stainless-steel fixed-bed flow reactor, loaded with
0.2 g of physical mixing catalysts, diluted with inert same-sized a-Al>03 (0.8 g) (Sigma Aldrich
A1522), which was calcined at 1200 °C for 5 h prior to use. Quartz wool was used to fix the
sample in the reactor. Blank experiments confirmed that there was no activity of the reactor
filled with glass beads and quartz wool at the reaction conditions considered. The reactor was
located in a 3-zone furnace (Thermcraft,model no: XST-3-0-12-3C2-E26-X) with three
independent temperature controllers, operating at a total pressure of 45 bar and a temperature
range from 220 to 250 °C at a gas hourly space velocity (GHSV) ranging between 7000 and 40
000 mL CO2 geart ht and a gas mixture containing a gas mixture of H2:CO2 with a molar ratio
of 3:1. Prior to each experiment, the catalyst was reduced in situ in flowing Hz (100 mL min)
for 2 h at 5 bar and 250 °C. The CO2 conversion and yields of products over the physical mixing

catalysts reached a pseudo-steady state after 2 h.

The product stream was analyzed by online Agilent 490 Micro Gas Chromatography
(Micro GC) System equipped with four independent analytical channels. Micro GC is very
compact and miniaturized instrument. Each channel has own micro-machined injector,
electronic carrier gas control, narrow-bore analytical column and micro thermal conductivity
detector. The first channel consists of two series 5 m PBQ and 10 m Molecular Sieve 5A PLOT
with inner diameter of 0.25 mm ID molecular sieve column for detection of Hz, CO, CHya;
second channel has PoraPLOT U (0.25 mm ID, 10 m) for detection of CO,, C2-C3
hydrocarbons and oxygenated molecules like methanol and DME; third channel has Alumina
KCI PLOT (0.25 mm ID, 10 m), for detection of C2-C6 hydrocarbons; and forth column has
8m CP-Sil 5 CB (0,15 mm ID) columns for detection of C6-C12 hydrocarbons. All channel has
back flush option to protect column against from carbon dioxide and moisture. High purity
argon (99.999%) for Molecular Sieve 5A PLOT column and helium (99.999 %) for PoraPLOT
U, Alumina KCI PLOT and CP-Sil 5 CB columns were using as carrier gases.
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Fig. 4.1 Homemade high-pressure flow reactor system for CO2 hydrogenation reaction.

The reactor system which is shown in Fig.4.1 has six independent MFCs (Bronkhorst;
F-201CV-1KO0) with a range of 0-500 mL min for CO2, Hz, Ar, CH4, CO, O2 gases. All MFCs
are calibrated using 10 mL-glass bubble meters. CO,, H2 and Ar gases are connected to system,
after gas regulator all gas lines connected to 15-micron line-type filters and check-valves in

order not to back flow.
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Fig. 4.2 (A) Pneumatic valve for Hy; (B) CO and H; detectors; (C) Control Panel of alarm.

Hydrogen cylinder’s regulator also connected to pneumatic valve which is shown in Fig.
4.2 (A). Also, CO and CH4 have pneumatic valve as well. During the reaction, if an unexpected
hydrogen leakage occurs or the production of a high amount of CO, the detectors which shown
in Fig. 4.2 (B) detect these gases and the audio and visual alarm from the control panel in Fig.
4.2 (C) directly interrupts the gas flow through the pneumatic valves. Leak test of the system
was done up to 70 bar with overnight by using 5% H2:N2 mixture. During the leak tests, leak
was detected via Draeger brand mobile gas detector, which was calibrated to CO2, Hz, Ar, CHg,
CO, Oa.

Inside pressure of the reactor were measured by WIKA-wireless (0-100 bar) brand
digital manometer. Reactor pressure was regulated with an Equilibar (model no: BPR; EPR
3000) back-pressure regulator. After the BPR, we have two options either we can collect
products as liquid using condenser which is shown in Fig. 4.3 and chiller (HUBER-Minichiller

600 OLE) or as gas sample by heating all lines. In this study, we collected gas product.
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Reactor outlet

Condenser

Needle valve

Fig. 4.3 Condenser which connected to chiller to collect liquid products in the reactor system.

Reaction products and unconverted COz and H, were analyzed by the Micro GC as
mentioned above. Products detection limits of the Micro GC were summarized in Table 4.1.
For analysis, we calibrated all gas sample and MeOH. Calibrations for each gas was done by
mole-based amounts corresponding to area percent on the Micro GC chromatogram. The
methods which was used in calibration was summarized in Table 4.2 The Simply, all gas (CO.,
H», CO, and DME) samples were sent to the reactor at different flow rates set by the mass flow
controllers. Only MeOH was calibrated by using a Tedlar-bag®. For this purpose, a known
amount of liquid MeOH was injected into a Tedlar-bag filled with argon. And then heated
MeOH vapor was sent directly to the inlet of Micro GC. Corresponding areas were obtained
from the Micro GC, then calibration lines were created. Calibration equation constants are given
in Table 4.3.
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Table 4.1 Detection limits of gas components with the Micro GC.

Gas Components

Mix. Detection

Max. Detection

Channel and Column for Analysis

Limit (ppm) Limit (vol.%0)
CO2 5 100 Channel 2: PoraPLOT U
CcoO 30 100 Channel 1: Molecular Sieve 5A PLOT
H2 5 100 Channel 1: Molecular Sieve 5A PLOT
CHs4 30 100 Channel 1: Molecular Sieve 5A PLOT
Ar 30 100 Channel 1: Molecular Sieve 5A PLOT
N2 30 100 Channel 1: Molecular Sieve 5A PLOT
02 30 100 Channel 1: Molecular Sieve 5A PLOT
MeOH (CH30H) 5 100 Channel 2: PoraPLOT Q
DME (CH30CHs) 5 100 Channel 2: PoraPLOT Q
Light Olefins (C2-C3) 5 100 Channel 2: PoraPLOT Q
C2-C6 Hydrocarbons 5 100 Channel 3: Alumina KCI PLOT
C6-C12 Hydrocarbons 5 100 Channel 4: CP-Sil 5 CB
Formaldehyde(CH20) 100 100 Channel 2: PoraPLOT Q
H20 500 1 Channel 2: PoraPLOT Q
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Table 4.2 Agilent 490 Micro GC calibration method properties of columns.

Description Channel 1 Channel 2 Channel 3 Channel 4
Carrier Gas Argon Helium Helium Helium
10m Al,O3/KCI

o 5m PBQ + 10m MS5A 10m PPQ Heated ] 8m 5CB

Description . Heated Injector )
Heated, BF, UM Injector, Backflush Heated Injector
Backflush

Injector Temperature (°C) 110 110 110 110
Injection Time (ms) 40 10 10 70
Backflush Time (s) 60 10 30
Column Temperature (°C) 80 100 100 130
Pressure Mode Static Static Static Static
Initial Pressure (kPa) 150 205 70 205
Detector State ON ON ON ON
TCD temp limit check ON ON ON ON
Invert Signal ON OFF OFF OFF
Sensitivity Auto Auto Auto Auto
Sampling Frequency (Hz) 100 100 100 100
Run Time (s) 600 600 600 600
Acquisition Delay (s) 0 0 0 0
Stabilizing Time (s) 5 5 5 5
Sample Time (s) 30 30 30 30
Sample Line Temperature (°C) 110 110 110 110
Continuous Flow OFF OFF OFF OFF
Flush Cycle 1 cycle 1 cycle 1 cycle 1 cycle

Table 4.3 Calibration equation constants for the gas compounds using Micro GC method which

is summarized in Table 4.2. (y=mx+n; x=area under the GC chromatogram peak, y=moles of

component).
Components Calibration Equations m n R?
COz y = 8,6009037*10°° x - 2,7957281*10°  8,6009037*10°  -2,7957281  9,9948388*10
H: y = 5,0550715*107 x + 3,7852410*10"  5,0550715*107 3,7852410*10" 9,9937602*10*
CO y = 7,1854997*10°° x + 2,1546737*10  7,1854997*10° 2,1546737*10 9,9770292*10"
MeOH y = 7,4266616*10°° x + 3,3245744*102  7,4266616*10° 3,3245744*102 9,9918434*10
DME y = 5,7569209*10°° x + 8,5484259*10°%  57569209*10° 8,5484259*10°% 9,9955320*10
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Chapter 5

CONVERSION OF CO2 INTO DIMETHYL ETHER ON A PHYSICAL MIXTURE OF
TPA/MCM-41 AND CuO-Zn0O-Al.03!

5.1 Introduction

Carbon dioxide (CO3) plays an important role in the natural carbon cycle [1]. However,
the increase in CO2 emissions causes global warming and climate changes because of the so-
called ‘greenhouse effect’. Therefore, the chemical recycling of CO2 to alternative fuels offers
a prospective solution for these environmental concerns and provides new opportunities for
sustainable future [2-4]. In this view, conversion of CO2 into liquid fuels is a promising
approach [5]. Much effort is now being put on CO> conversion to methanol (MeOH) [6, 7],
because MeOH can be directly utilized in fuel cells or can be served as a platform molecule in
many different chemical industries [8, 9].

Very recently, there appeared several promising reports of utilizing these methanol
synthesis catalysts in different physical mixtures with catalyst possessing acid function to
synthesize various products catalysts [10-12]. In these studies, the MeOH produced on the
methanol synthesis catalyst is used as a platform molecule and converted into valuable products
on the acid catalyst via well-known mechanisms such as methanol-to-hydrocarbons, methanol-
to-olefins, and methanol-to-aromatics [13-16]. Among these examples, physically mixing an
In,0s-based catalyst having a superior selectivity to methanol (~100%) from CO- hydrogenation
[17] with HZSM-5, Gao et al. [15] demonstrated that Cs—C11 hydrocarbons can be produced with a
considerably very high selectivity of 78.6% under 340 °C and 30 bar. In the proposed reaction
pathway, CO; first was converted to methanol on the In.Os surface, which was further transformed

into higher chain hydrocarbons on HZSM-5. In a different study, a methanol synthesis catalyst,

1 The contents of this chapter have been prepared for publication in a scientific journal. The manuscript including
this information presented in the chapter will soon be submitted to a catalysis journal. It has been reformatted
to meet the requirements of this thesis.
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ZnZrO, was mixed with SAPO-34 to obtain an exceptionally high selectivity to lower olefins
of in the range of 80-90% at 380 °C and 20 bar [13]. Moreover, Ni et al. [16] illustrated that a
physical mixture of ZnAlOx with HZSM-5 provided 73.9% selectivity for aromatics with trace

amount of CH4 formation under 320 C and 30 bar.

In this study, we aimed at contributing these efforts focusing specifically on the
production of dimethyl ether (DME) as the final product. We focused on DME because it can
be used as an intermediate to produce several value-added products (gasoline, aromatics, and
olefins) or as an alternative fuel [18-20]. And it is the simplest ether without any C—C bonds; it
is a colorless, nontoxic, and environmentally friendly [21]. Because of its similar physical and
chemical properties, it has a potential of substituting liquid petroleum gas (LPG) [22]. Besides,
it is considered as a prospective future synthetic fuel owing to its high cetane number, more

complete combustion, and low emission of toxic gases, such as SOx, NOx [23].

In the literature, the synthesis of DME from synthesis gas (a mixture of CO and Hz with
trace amount of CO>) is a common process [24-28]. Conventionally, there are two main paths:
a two-step and a direct process. In a two-step process, first MeOH is synthesized over a metallic
catalyst, and then DME is produced on an acid catalyst by the dehydration of MeOH in a
subsequent second reactor. In the direct one-step process, on the other hand, a multifunctional
catalyst combining a metallic function with acid function is used in a single-pass reactor [19].
In the recent years, the single-pass process is becoming very attractive as it offers opportunities
for improving the conversion by continuously removing methanol from the system, thereby

reducing the thermodynamic limitations.

In the studies focusing on the CO> hydrogenation, the dehydration of MeOH into DME
is conducted mostly over y-alumina or zeolites. Among these two solid acid catalysts, the
catalytic performance and the lifetime of y-Al>Os are greatly limited by its low activity and
hydrothermal stability [29]. As in the case of production of other hydrocarbons from COa,
extensive studies have been undertaken to use zeolites as an acid catalyst for the DME synthesis
in the literature. Among the zeolites, H-ZSM-5 is the most widely studied one [25, 30-46],
because of its high performance. However, it also offers a considerable amount of side products,
such as hydrocarbons, and even coke are easily produced during DME synthesis [26-28]. As a
result, the catalytic activity of H-ZSM-5 rapidly decreases owing to the formation of coke or to

deactivation by the presence of water [9,27]. Therefore, there is a strong need for investigating
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the potential of different solid acids providing the acid function in the physical mixture for the
DME production from CO> hydrogenation.

For this purpose, our aim here is to assess the potential of heteropoly acids (HPAS),
particularly Keggin-type-heteropoly acids, as the acid function of the physical mixture for the
direct conversion of CO2 into DME. We chose HPAs because of their inherent characteristics,
such as high Brensted acidity, excellent redox stability, and environmentally friendly properties
[47]. And more importantly, they were shown to offer up to one order of magnitude increase in
the turnover frequency for the dehydration of MeOH into DME compared to that of HZSM-5
[48]. For this purpose, we chose the tungstophosphoric acid (TPA) as the HPA, as it offers the
highest acid strength among the commercially available HPAs [49]. However, the TPA has a
very low surface area; thus, it needs to be dispersed over high surface area supports. We recently
demonstrated that MCM-41, a high surface area mesoporous silica, with a surface area in the
order of 1000 m? g%, is an excellent platform for the dispersion of TPA at exceptionally high
TPA loadings [49]. Our data on isobutene oligomerization showed that catalytic properties of
the TPA can be tuned by the choice of TPA loading on MCM-41. Based on these previous
results, we posit that such a family of TPA/MCM-41 (SAC) catalyst can offer a high potential
for assessing the performance of HPAs as an acid function to convert CO> into DME in a single-

pass.

For this purpose, we used an ordinary commercial catalyst, CuO-ZnO-Al.03, as the
methanol synthesis catalyst (MSC) component of the physical mixture. Even though this
commercial catalyst was mainly optimized for the synthesis of methanol from the synthesis gas,
we chose it here as the MeOH synthesis catalyst from CO> hydrogenation, because its catalytic

properties are well-documented for this reaction as well [50, 51].

We systematically investigated different mixing ratios, TPA loadings, and reaction
conditions to optimize the DME production rate from CO> hydrogenation. Results illustrated
that a physical mixture of MSC:SAC prepared at a mixing ratio of 4:1 (wt:wt) including 60
wt% TPA-loaded SAC provided a DME production rate of 1551.5 gome Kgeat* h2, to the best
of our knowledge, more than twice of the highest value ever reported in the literature on the
direct conversion of CO> into DME. Considering that this high DME production rate was
obtained in a physical mixture containing a commercial MeOH synthesis catalyst, optimized

specifically for synthesis gas, our results present a broad potential of TPA/MCM-41 solid acid
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catalysts, especially when used together with a methanol synthesis catalyst specifically
designed for high performance in CO2 hydrogenation.

5.2 Results and Discussion

5.2.1 Characterization of TPA/MCM-41 Catalysts

Table 5.1 shows the morphological properties of the SACs prepared at different TPA
loadings. As shown in Table 5.1, results from the BET and BJH analyses revealed that the
surface area and pore volume decreased from 520 m?/g and 0.45 cm®/g to 90 m?/g and 0.05
cm?®/g, respectively, with an increase in TPA loading from 30 to 80 wt%. These decreases in
surface area and pore volume of the SACs with increasing TPA loading indicates that the TPA

clusters were located inside the MCM-41, consistent with our previous findings [49].

Table 5.1 Results of BET and BJH analyses of the as-prepared TPA/MCM-41 catalysts [49].

Surface area Pore volume
TPA Loading (%) (M/g) (cm¥g)
30 520 0.45
40 490 0.37
60 280 0.19
80 90 0.05

Fig. 5.1 compares the XRD patterns of SACs prepared at different TPA loadings from
20 =10 to 90°. Accordingly, the bulk TPA has very sharp and distinct characteristic peaks at
24, 35, 38, 53, and 60°, consistent with previous reports characterizing this HPA [52]. However,
these features were not detectable in the data of SAC (30:70, wt:wt), indicating that the TPA
clusters were highly dispersed at 30 wt% with strong distortions present in their structure, as
reported before [49]. Data further indicated that the TPA features started to appear when the
TPA loading increased beyond 40 wt%. However, intensity of these features showed slight
variations confirming the presence of interaction between TPA and MCM-41 because of
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possible changes in electronic environment or orientations of the planes. Based on these results,
we infer that there might be some interactions between the TPA clusters and MCM-41. These

interactions were investigated in more detail by FTIR spectroscopy.
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Fig. 5.1 XRD patterns of (a) pristine MCM-41; (b) 30 wt% TPA loaded SAC; (c) 40 wt%-TPA
loaded SAC; (d) 60 wt%-TPA loaded SAC; (e) 80 wt%-TPA loaded SAC; (f) bulk TPA.

Fig. 5.2 illustrates the FTIR spectra of MCM-41, TPA, and supported SAC catalysts
prepared at different TPA loadings. Four characteristic bands of TPA were observed at 1076
cm (asymmetric vibrations of P-O of tetrahedral PO4), 965 cm™ (stretching modes of the
terminal W=0), 881 cm™ (octahedral corner-sharing W—Op-W), and 770 cm™ (octahedral
edge-sharing W-OcW). The presence of these characteristic bands on the spectra of SACs with
a TPA loading of 40, 60, and 80 wt% indicate the presence of TPA species on the support [53].
However, the IR features of TPA clusters were not detectable in SAC with a TPA loading of
30 wt%, indicating a strong distortion of the TPA cluster, as reported previously by Kocaman
et al.[49], Zhang et al.[54], and Berry et al.[55]. These groups independently reported the
presence of significant differences in the FTIR spectra of the supported HPAs compared to their
bulk counterparts. Accordingly, the characteristic bands were shifted and appeared weaker in

intensity. In particular, the band at 805 cm™ characterizing the vibration of W—Oc—W was
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shifted linearly to higher wavenumbers, indicating the presence of strong interactions between

the TPA clusters and the support [49].
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Fig. 5.2 FTIR spectra of SACs with a TPA loading of (a) 30 wt%; (b) 40 wt%,; (c) 60 wt%; (d)
80 wit%; and of pristine (e) TPA, (f) MCM-41.

Next, we focused on determining the acid site density in each SAC by NHs-TPD

measurements.
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Fig. 5.3 NHs-TPD profile of the as-received TPA obtained (under a helium flow of 50 cm®min-

! with ramp of 3 °C min™).

The NHs desorption profile of the as-received TPA given in Fig. 5.3 shows three
different peaks. Data suggest that the TPA cluster has acid sites with different acidic properties
characterized by small and broad two peaks centered at 151 and 313 °C, followed by another
sharp peak at 590 °C. The supported TPA samples were also characterized by similar peaks as
summarized in Table 5.2. Because MeOH dehydration into DME on HPAs was reported to be
favored on weak acid sites [56], we considered the variation of acid sites associated with the

low temperature (LT) desorption peak.
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Table 5.2 Determined acid sites peak positions and number of acid sites of the SACs

determined by NH3-TPD analysis.

Catalyst Loading Low Temperature Number of Acid Sites Determined
Desorption Peak from LT Desorption Peak
(%)
(°C) (mmolH"/g)

30 176 0.103
40 174 0,154
60 173 0.174
80 178 0.157
100 151 0.129
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Fig. 5.4 Variation of the number of acid sites by low temperature desorption with the

corresponding TPA loading.

Fig. 5.4 presents the variation of the number of acid sites associated with low
temperature desorption peaks with increasing TPA loading in the corresponding SAC. The data
show a volcano-type variation giving a peak at a TPA loading of 60 wt%. According to

Kocaman et al. [49], the average TPA thickness rises exponentially if the TPA loading exceeds
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50 wt%, suggesting a multilayer formation at significantly high TPA loadings. Consistently,
our data indicate the presence of a monolayer TPA on the surface of the MCM-41 up to a TPA
loading of 60 wt%. The consequent decrease in acid site density at a TPA loading of 80 wt% is

associated with the coverage of acid site with as a second layer.

5.2.2 Catalytic Performance Results

In the absence of any SAC addition, the commercial MSC was tested for CO;
hydrogenation at 250 °C and 45 bar and at a space velocity of 40 000 mL CO; gecar*h™. Data
suggested a CO2 conversion of 9.2% producing MeOH and CO with the corresponding
selectivities of 41.1% and 58.9%, respectively. When the MSC was mixed with SAC with a
TPA loading of 40 wt.% at a mixing ratio of MSC:SAC = 3:1, the CO> conversion decreased
from 9.2 to 5.8% at the same space velocity of 40 000 mL CO2 gear*h™, where geat represents
the total weight of the physical mixture (200 mg). The product analysis indicated a decrease in
MeOH selectivity to 17.1% and a slight increase in the selectivity of CO to 63.9%. The data
further indicated the presence of DME in the product stream with a selectivity of 19%. We infer
that the decrease in the selectivity of methanol was associated with its subsequent conversion
into DME on the SAC present in the physical mixture (Fig. 5.5).
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Fig. 5.5 Effect of acid function (SAC) addition (45 bar; H2:CO3, 3:1; GHSV, 40 000 mL CO-
Jear L hY; MSC:SAC, 3:1; SAC, 40:60 (wt:wt))
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Fig. 5.6 demonstrates the variation of these results with temperature in a range from 220
to 250 °C at 45 bar and at a constant space velocity of 40 000 mL CO2 gear * ™! on the same
physical mixture. In Fig.5.6 (B) the conversion of CO; tends to increase linearly with
temperature, as expected. Thermodynamically, being an exothermic reaction, it is more
favorable to synthesize DME at a lower reaction temperature [57]. This inference is consistent
with the report of Shen et al. [58] demonstrating DME equilibrium yields decreased with
temperature for any feed composition of H2:CO.. Consistently, our data showed that a decrease
in reaction temperature resulted in an increase in DME selectivity from 19% at 250 °C to 25%
at 220 °C. On the other hand, the CO selectivity rapidly increases from 25.5% at 220 °C to
63.9% at 250 °C. We infer that such a high CO production at high temperatures is mainly
associated with the contribution of the endothermic reverse water gas shift (RWGS) reaction
[59]. In other words, this trend can be explained as follows: under the conditions of CO>
hydrogenation, two competing reactions consume CO., one is the synthesis of dehydration of
MeOH and the other one is the RWGS reaction, a progressive increase of the reaction
temperature leads to an increase in the equilibrium conversion of the endothermic RWGS
reaction [60]. Overall, when considering the DME production rate in Fig.5.6 (B), the space
time yield of DME (STYpwme) shows a progressive increase as a function of reaction temperature
reaching a maximum value of 834.4 gome kg h't at 250 °C [58]. Thus, we set the reaction
temperature to 250 °C, as it provides the highest DME production rate compared to lower
temperatures, even though the selectivity for DME was not the highest at this temperature. Here,
we note that because we activated our catalysts at 250 °C, we set the maximum temperature for

our operation to 250 °C.
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Fig. 5.6 Influence of reaction temperature A) on product selectivity (MSC@250 means that
as-received commercial catalyst was performed at 250 °C using (45 bar; H2:COg, 3:1; GHSV,
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MSC:SAC=3:1, SAC, 40:60 (wt:wt)).
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To optimize the DME production rate further, the effect of space velocity on the
activity—selectivity pattern of the MSC:SAC (3:1, wt:wt) with a SAC having a TPA loading of
40 wt% was investigated by varying the space velocity from 40 000-7 000 mL CO2 gear* h* at
250 °C and 45 bar. Fig. 5.7 summarizes the results of these measurements. Data showed that as
the space velocity decreases from 40 000 to 7 000 mL CO; gear! h, the CO, conversion
increases from 5.8 to 12.8% (Fig.5.7. (A)), as expected. On the other hand, Fig.5.7 (B)
illustrates the influence of space velocity on the product distribution. Accordingly, the DME
selectivity increases from 13.8 to 19.0% with a decrease in CO selectivity from 76.0 to 63.9%
with increasing space velocity. Fig.5.7 (A) further demonstrates the variation of STY pme with
increasing space velocity. Accordingly, the STYpwme increases from approximately 233.2 mL
CO2gearth™ t0 834.4 mL CO; gear* ! as the space velocity increases from 7000 to 40 000 mL
CO2 gear’* hL. This increase in STYpwme with space velocity is consistent with the report of
Bonura et al. [61]. Based on these results, we set the space velocity as the highest value that we
can reach within our limitations (40 000 mL CO; gea* h™?) to be able to reach the highest DME

production rate.
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Fig. 5.7 Influence of space velocity on (A) CO2 conversion and STYpme and (B) on selectivity,
(at 250 °C; 45 bar; H2:COg, 3:1; MSC: SAC=3:1, SAC, 40:60 (wt:wt), where gcat represents the

total amount of the physical mixture).

Next, we focused on optimizing the ratio of MSC amount over SAC amount present in
the physical mixture for high STYpwme. Fig. 5.8 shows the variation of CO> conversion, product
selectivities, and STYpwme with varying MSC:SAC ratios of 2:1, 3:1, and 4:1 (wt:wt) at a fixed
total amount of physical mixture of 0.2 g and a fixed space velocity of 40 000 mL CO2 gear 2
1. Accordingly, as the ratio of MSC:SAC in the physical mixture increases, the CO conversion
also increases, as expected. However, this gradual increasing trend in CO2 conversion was not
valid on the product selectivities. Figure 5.8 (B) shows that the selectivities for MeOH, CO,
and DME first changed from 19, 56.7, 24.3% to 17.1, 63.9, 19% respectively, with an increase
in MSC:SAC ratio from 2:1 to 3:1. As the ratio further increases to 4:1, the corresponding
selectivities were 33.6, 37.3 and 29.1% respectively. These changes in product selectivities
suggest changes in STYpwme as presented in Fig 5.8 (A). Accordingly, the STYpwme reaches a
maximum value of 1340.0 gome kg™ hat an MSC:SAC ratio of 4:1.
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These results demonstrated that the ratio of MSC:SAC in the physical mixture is an
important parameter in determining the STYpwme. Having a higher amount of MSC in the
mixture helps to maintain a higher amount of CO2 conversion; however, this approach reduces
the amount of acid sites available for dehydrating MeOH product in the catalyst bed. One way
of increasing the number of available acid sites without compromising from high MSC:SAC
ratios is increasing the TPA loading in the SAC. To investigate the effect of TPA loading in
SAC catalyst we set the MSC:SAC ratio to 4:1 and varied the TPA loading in SAC and tested
the performance of the physical mixture at 250 °C and 45 bar with a space velocity of 40 000
mL CO2 gear* L. Fig. 5.9 demonstrates the results of these measurements. Data showed that
the lowest CO2 conversion was at 30 wt%, might be associated with strong structural distortions
on the TPA clusters as indicated by the FTIR and XRD results. Fig. 8 (A) further showed that
the COz conversion first increased from 5.5 to 8.9% with an increase in TPA loading from 30
to 60 wt%, however it then decreased 7% when the TPA loading was further increased to 80
wit%. At this highest TPA loading considered, the DME selectivity was the lowest (18.2%). The
decrease in COz conversion and DME selectivity with an increase in TPA loading from 60 to
80 wt% might be related with the inaccessibility of the acid sites because of the accumulation
or multilayer formation of the TPA clusters at these extremely high TPA loadings [49]. Besides,
Raimando et al. studied the structure-activity relationships on different Al,Os-based acid
catalysts and concluded that dehydration was preferred in larger pores [62]. Thus, we infer that
this decrease in dehydration performance at 80 wt% TPA loading might also be related with the

decrease in pore volume with the increase in TPA loading, as shown above.
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Aiming at elucidating the links between the acid characteristics of these catalysts and
the corresponding STYpwme, we considered the variation of STYpme with increasing acid site
density. Fig. 5.9 (B) illustrates that STYpwme increases linearly with the amount of acid sites.
Data present a perfect correlation with an R? value of 1.0, when only the SAC catalysts with a
monolayer distribution of TPA clusters are considered. Based on these results we infer that the
number of active acid sites directly available for the dehydration of MeOH is another important
factor influencing the STYpme. In this respect, the MCM-41 support offers an excellent
platform for the monolayer dispersion of TPA clusters even at an extremely high TPA loading
of 60 wt% owing to its exceptionally high surface area.

Table 5.3 presents a comparison of STYpme values with the literature. The comparison
indicates that the STY ome value of 1551.5 gome kg™ h™* presented here in Fig. 5.9(B) obtained
on a physical mixture of MSC:SAC prepared at a mixing ratio of 4:1 (wt:wt) including 60 wt%
TPA-loaded SAC is, to the best of our knowledge, more than twice of the highest value ever
reported for the direct conversion of CO2 into DME [45]. We note that the MSC that we
considered here is optimized specifically for the conversion of synthesis gas, and thus, we
envision that the STYpwme can be improved even further when the supported TPA catalysts that
is presented here is used together with a methanol synthesis catalyst specifically designed for

high performance in CO> hydrogenation.

Table 5.3 Summary of the catalysts reported for the direct hydrogenation of CO> to DME.

Catalyst T P GHSV Xcoz SomE STYbpme

(°C) (bar)  H2/CO2/N2 (mlcozgeartht) (%) (%) (gomekgeartht) Ref.
Cu-Zn-Zr/FER 260 50 9/3/1 2030 26 55.7 600 [33]
Cu-Zn-Zr/FER 280 50 9/3/1 2030 30 62 752 [45]
CuO-Fe203-ZrO2/HZSM-5 260 30 5/1 250 284 64.5 86 [37]
PdZn/TiO2/ZSM-5 270 20 3/1/1 720 11 32.3 48 [63]
Cu-ZnO-ZrO2/HZSM-5 243 30 9/3/1 2076 15 25 147 [61]
CuO-ZnO-ZrO2/WOx/Al203 260 30 9/3/1 3000 18.9 15.3 164 [64]
CuO-ZnO-Al203/HZSM-5 260 30 9/3/1 346 27.3 67.1 120 [34]
CuO-Zn0O-ZrO2/WOx/ZrO2 260 30 9/3/1 1000 215 29 271 [65]
Cu-Zn-Zr/MFI 240 50 9/3/1 2307 24 49.3 513 [31]
Cu-Zn-Ga/FER 260 30 9/3/1 2030 211 34.9 282 [60]
Cu-Zn-Al/HZSM-5 260 50 31 750 31 65 285 [66]
Cu-Zn-Al/Al203 260 50 31 750 20 82 232 [66]
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Cu-Zn-Al-Zr/ZSM-5 260 30 31 400 25 233 43 [67]
Cu-Zn-Al/ZSM-5+CNTs 260 30 3/1 450 46.2 452 177 [68]
CuO-Zn0-Zr02/SO2-Zr02 260 20 9/31n 3750 17.2 25.6 311 [69]
CuO-Zn0O-Al,0s/HZSM-5 260 42 3/1 381 30.5 72 158 [70]
Cu-Zn-Zr-V/ZSM-5 270 30 3/1 1050 32.3 57.8 370 [43]
Cu-Zn-Zr-Pd/ZSM-5 200 30 3/1 450 18.7 73.6 117 [39]
CuO-Ti02-Zr02/HZSM-5 250 30 3/1 375 15.6 475 52 [41]
Cu-Zn-Al-La/HZSM-5 250 30 3/1 750 43.8 71.2 441 [71]
Cu/zn/Al Amorphous Si-Al 266 30 3/1 450 47.1 424 170 [72]
Cu-Mo/HZSM-5 240 20 31 375 12.4 77.2 68 [73]
CuO-Fez03-Ce02/HZSM-5 260 30 41 375 20.9 63.1 93 [44]
Cu-Fe-Ce/HZSM-5 260 30 411 375 18.1 52 67 [38]
Cu-Fe-La/HZSM-5 260 30 4/1 375 17.2 51.3 62 [38]
CuO-Zn0-Al,03:TPA/MCM-4 250 45 3/1 40 000 8.9 23.1 1551.5 This work
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Chapter 6

CONCLUSION AND OUTLOOK

Over the past centuries, CO2 emissions have increased in an unprecedented rate by the
burning fossil fuels. CO. is one of the main players of the greenhouse gases emitted from human
operations into the Earth's atmosphere. The growing quantity of greenhouse gasses generated
over the centuries by human civilization has an adverse effect on climate change. Therefore,
the reduction of CO2 concentration in the atmosphere has become a main target globally. The
chemical conversion of CO2 not only mitigates atmospheric CO2 emissions into the Earth's
environment but also generates carbon compounds that can be used as precursors for chemical
and fuel manufacturing. In this respect, CO2 hydrogenation is a powerful and feasible method.
Production of DME from CO hydrogenation has been received a considerable attention in the
recent years as a potential diesel fuel replacement used in combustion engines. Extensive works
have been carried out to enhance the techniques of DME synthesis and the catalysts. Therefore,

this thesis focuses on development of an efficient catalyst for the conversion of CO; into DME.

In this thesis, the direct hydrogenation of CO, to DME has been studied in a single-pass
fixed-bed reactor. For this purpose, a homemade high-pressure flow reactor system was
designed equipped with Micro GC which was calibrated for all hydrogenation products. CO>
hydrogenation reaction carried out under a suitable temperature and pressure of 250 °C, 45 bar
and the appropriate gas hourly space velocity of 40 000 mL CO2 geat * h  with a feed ratio of
H>:CO2 = 3:1. A homemade MCM-41 supported heteropoly acid (tungstophosphoric acid)
catalyst in a physical addition to commercially available CuO-ZnO-Al,O3 were used as the
catalysts. Detailed characterization of both metal catalyst CuO-ZnO-Al;O3 and acid catalyst
TPA/MCM-41 catalysts were performed by conducting XRD, NHs-TPD, FTIR, BET analysis
methods. The catalytic behavior of the mixed CuO-ZnO-Al,O3 (MSC) and TPA/MCM-
41(SAC) catalysts has been assessed, considering the influence of temperature (220-250 °C),
gas hourly space velocity (7000-40 000 mL CO2 gear* h'Y), different metallic and acidic mixing
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ratio (MSC: SAC= 2:1, 3:1, 4:1(wt:wt)), finally different TPA loading on MCM-41 (weight
ratio of 30:70, 40:60, 60:40, 80:20 (wt:wt)) on the activity-selectivity pattern. The results
disclosed that the highest DME space time yield was achieved at a TPA loading of 60 wt% in
the TPA/MCM-41 catalyst and at a CuO-ZnO-Al203: TPA/MCM-41 mixing ratio of 4:1 using
a gas hourly space velocity of 40 000 mL CO2 gear* h™* with an H2:CO ratio of 3:1 at 250 °C
and 45 bar. Consequently, under these conditions DME production rate of 1551.5 g pme KQcat~
1 was obtained. To the best of our knowledge, this value of DME production rate is the

highest ever reported for single-pass DME production from CO> hydrogenation.

In conclusion, heteropoly acids are very promising materials as an acid catalyst for direct
CO. -to-DME synthesis. Here we put the potential of heteropoly acid catalysts which was mixed
with the commercial methanol synthesis catalyst for the production of DME. CO:»
hydrogenation process is very popular topic for both academia and industry. Therefore, there

are many things to do as the future work that are briefly discussed below:

Using special design metal catalysts for CO2 hydrogenation: It is important to note
that, here, to be able to a assess the potential ofacid catalyst activity, we used an ordinary
commercial methanol synthesis catalyst, CuO-ZnO-Al>0s, for CO> activation to produce
methanol. It’s very well-known and catalytic properties are well-documented for this reaction
as well, however this catalyst is designed for CO hydrogenation not for CO2 conversion.
Therefore, specially design catalysts for CO> hydrogenation are needed. For example, it is
known that CuO and ZrO: have very great metal support interaction from the literature.
Modification of CuO based catalyst which exhibits a high degree of synergistic effect can be
good candidate for using promoters to improve the catalytic performance. Because of the
thermodynamics point of view, it is hard to activate the CO2. The promoters can boost the
absorption of COz on catalyst surface and Ha dissociation, so CO2 conversion can be enhanced.
Also, for CuO-based catalyst, CuO particle size can be a parameter for catalytic activity. In
preparation step by playing with calcination temperature, different particle size of CuO catalysts
can be synthesized and their catalytic performances can be studied for CO2 hydrogenation
reaction. Apart from the CuO-based catalyst, there is an increasing trend for using oxygen
deficient metal oxides on which CO: activation is more favorable and they can give nearly
100% selectivity to MeOH, so they can be studied as a future work. In addition to these, for this

reaction the main challenge is deal with produced water during reaction, it causes deactivation
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of catalyst. Therefore, use of hydrophobic catalyst or in-situ removal of water from reaction

can enhance the activity, selectivity of the catalyst which can be stable over time.

Using different HPAs as an acid catalyst: In this study, we only used one type of
heteropoly acid which is tungstophosphoric acid. However, among the wide range of Keggin-
type heteropoly acids, tungstosilicic acid (H4SiW1204) molybdophosphoric acid
(H3PMo12040), are also commercially available and their all redox and acid properties different
from each other and their chemical composition can be tuned as well. According to their
different acidic strength, they can exhibit different catalytic activity. Therefore, to able to see
the potential of the heteropoly acid family, they can be used on different supports to investigate
their performance on CO»-to-DME.

Considering the effect of proximity of metal and acid sites and catalyst bed
configuration: In this work, we mixed acid and metal catalyst physically. However, it is known
that from literature, catalytic activity can be affected by the integration manner of the active
components. For example, it can be tried shortening the distance between the components by
preparing a powder mixture or pelleting of two components then grinding to examine the effect
of intimate contact. Even it can be separated these two components in the reactor by preparing
dual bed first with acid component packed below metal component and separated by quartz
wool. Apart from the acid and metal function proximity, even proximity of metallic function
components (Cu-Zn for our case) can be examined since proximity of adsorption sites might

affect the catalytic performance.

64



Chapter 1A: Conversion of CO;into Dimethyl Ether on a Physical mixture of TPA/MCM-41
and Cu0-Zn0-Al,03; Appendix

Chapter Al

CONVERSION OF CO2 INTO DIMETHYL ETHER ON A PHYSICAL MIXTURE OF
TPA/MCM-41 AND CuO-Zn0O-Al203

In this part the commercial methanol synthesis catalyst’s (MSC), CuO-ZnO-Al>03 (Alfa

Aesar product no. 45776) characterization is presented.

Al.1 Catalyst Characterization Methods
Al.1.1 Thermogravimetric Analysis (TGA)

TGA analysis was studied by Perkin EImer TGA 4000 model instrument. Before the
sample loading Platinum pans were used and tared. TGA analyses of approximately 25 mg of
sample was performed. First, sample was heated to 150 °C under nitrogen flow with a
temperature ramp of 5 °C min waited 1 h under that conditions. After 1 h, sample was cooled
to room temperature under same flow. Then, temperature was then increased up to 800 °C by a

heating rate of 2 °C min™.

Al.1.2 X-Ray Fluorescence (XRF)

Elemental composition was measured by a Bruker S8 Tiger XRF Spectrometer in
standardless mode working under He atmosphere with a 18 mm mask. Sample was loaded in to
a sample cup with a thin film support (Prolene film with 4pm thickness). A 4 KW, Rh anode
X-ray tube was used to generate X-rays for the measurement. SpectraPlus Eval2 VV2.2.454 was

used to interpret data.
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Al.1.3 X-Ray Diffraction (XRD)

A Bruker D8 Discover X-Ray Diffraction instrument was used with a Cu Kal radiation
source with an employed wavelength of 1.5418 A for XRD analysis. Power rating values of
instrument were 40 KV and 40 mA. To detect diffracted X-rays, 1D detector (Vantec-1) was
used and divergence slit was set to 1 mm. The range between 10-90° with step size 0.01263°
was used for 20 value. XRD samples were prepared by approximately 10 mg of catalyst was
placed on double sided tape which was attached to glass slide. Then, the glass side was put on
sample holder. For phase definition, ICDD PDF-4 2018 database was used by subtracting the

background.

Al.1.4 Brunauer-Emmett-Teller (BET) and Barrett-Joyner-Halenda (BJH)

analyses

Using BET and BJH analyses, surface area and pore volume of sample were recorded
using a Micrometrics ASAP 2020 physisorption analyzer at liquid nitrogen temperature -196
°C. For each experiment 0.5 g samples were degassed at 200 °C for 12 h.

Al1.1.5 Temperature Programmed Reduction with Hydrogen (H2-TPR)

AutoChem 11 2920 instrument was employed for TPR analysis. Approximately 0.1 g
sample was placed in U-shape quartz reactor. For drying part, sample was heated to 160 °C
under helium flow (50 ml min) with a temperature ramp of 5 °C min™*. The sample was hold
1 h at 160 °C under the mentioned flow. After 1 h, sample was cooled to room temperature
under same flow. After drying, sample was heated to 700 °C reached with a Temperature ramp
of 5 °C min™ under 10%H.-Argon mixture. The effluent gas stream was recorded by TCD
signals. Using the Origin Lab software, the spectrum of H>-TPR was deconvoluted and

calculated corresponding areas.

Al1.1.6 Temperature Programmed Desorption with Hydrogen (H2-TPD)

A Micrometrics AutoChem Il 2920 instrument equipped with a thermal conductivity

detector and an MKS Cirrus 2 mass spectrometer was used to perform Hz- TPD measurements.
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Approximately 0.1 g of catalysts were loaded U-shaped quartz microreactor for measurement.
Catalysts were pretreated at 160 °C for 1 h under helium flow. After 1 h, sample was cooled to
room temperature under same flow. The catalyst was first reduced at 300 °C for 2 h in a flow
of 10% Ha-Ar (50 ml min™t) by temperature ramp 5°C min™*. After cooling down to 50 °C, the
catalyst was saturated with pure 10% Hz-Ar (50 ml min') at 50 °C, for 1 h and then flushed
with helium to remove the physical adsorbed molecules then started to record TCD signals.
Under helium flow, sample were heated up to 700 °C with a ramp rate of 5 °C min* while exit
gas was monitored by TCD signals. Using the Origin Lab software, the spectrum of Ho-TPD

was deconvoluted and calculated corresponding areas.

Al.1.7 Temperature Programmed Desorption with Ammonia (NHs-TPD)

A Micrometrics AutoChem Il 2920 instrument equipped with a thermal conductivity
detector and an MKS Cirrus 2 mass spectrometer was used to perform NHs- TPD
measurements. Approximately 0.17 g of catalysts were loaded U-shaped quartz microreactor
for measurement. Catalysts were pretreated at 250 °C for 2 h under helium flow (50 cm?® min-
1. Then, they were introduced to NH3 flow (50 cm® mint) at 40 °C for 1 h. Excess NH3z was
removed for 1 h at 100 °C under helium flow. Sample was heated up to 700 °C with a ramp rate
of 3 °C min while exit gas was monitored by TCD signals. Using the Origin Lab software, the
spectrum of NHs-TPD was deconvoluted and calculated corresponding areas under the curves

to quantify the acid amount using calibrated TCD signals.

A1.1.8 Temperature Programmed Desorption with Nitrogen (N2-TPD)

A Micrometrics AutoChem 11 2920 instrument equipped with a thermal conductivity
detector and an MKS Cirrus 2 mass spectrometer was used to perform N2- TPD measurements.
Approximately 0.23 g of catalysts were loaded U-shaped quartz microreactor for measurement.
Sample was heated up to 800 °C with a ramp rate of 2 °C min™* under nitrogen flow (50 ml min-
1) while exit gas was monitored by TCD signals. Using the Origin Lab software, the spectrum

of N2-TPD was deconvoluted and calculated corresponding areas.
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Al.2 Catalyst Characterization Results and Discussion
Al1.2.1 Thermogravimetric Analysis (TGA)

Thermal stability of commercial CuO-ZnO-Al;O3 catalyst was analyzed by TGA.
Figure Al.1 showed the results of the TGA measurement.
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Fig. ALl.1 TGA analysis of commercial CuO-ZnO-Al0:s.

According to the TGA result, the thermal decomposition of the commercial methanol
catalyst takes place in three steps. In the first stage, the decomposition which occurs until the
drying process at 150 °C belongs to the removal of the water which is physically attached to
the surface of the catalyst. Two further peaks are observed at 275 °C and 725 °C where thermal
degradation occurs.
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Al.2.2 X-Ray Fluorescence (XRF)

Chemical composition of CuO-ZnO-Al>Osobtained by XRF are provided in Table A1.1.
Both the elemental composition and the element oxides of the sample were determined as
weight percent (%).

Table Al.1 Chemical composition of the commercial CuO-ZnO-Al,O:s.

Oxides Weight % Elements Weight %
CuO 64.1 Cu 67.3
Zn0O 25.6 Zn 26.1

Al203 9.05 Al 5.8
MgO 1.25 Mg 0.8

Al.2.3 X-Ray Diffraction (XRD)

Fig. Al.2 presents the XRD patterns of CuO-ZnO-Al;Os catalyst from 26 = 10 to 90°.
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Fig. Al.2 XRD pattern of commercial CuO-ZnO-Al0:s.
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According to the database, the signals of CuO are 26 = 35.51 °, 38.96 °, 48.31 ° (PDF
00-048-1548). The signals of ZnO are defined as 26 = 32.50 °, 62.54 °, 68.71 ° [1].

Al.2.4 Brunauer-Emmett-Teller (BET)

BET analysis of CuO-ZnO-Al203 catalyst was also carried out. Results were shared in
Table Al.2 and showed in Fig. A1.3.

Table Al1.2 BET analyses of the commercial CuO-ZnO-Al,0s.

BET surface area 106 m? g
Langmuir surface area 172 m? gt
BJH Adsorption cumulative volume of pores 0.18 cm3 g!
BJH Desorption cumulative volume of pores 0.2cmig?
BJH Adsorption average pore diameter 7.2nm
BJH Desorption average pore diameter 6.3 nm
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Fig. A1.3 N2 adsorption and desorption isotherms of commercial CuO-ZnO-Al,Oa.
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As shown in Fig. A1.3, CuO ZnO-Alz0s catalyst is compatible with Type-IV according
to adsorption isothermal types. Type-1V adsorption generally shows the pore structure in the
form of an ink bottle. As given in Table Al.2, it reveals meso porous structure with an average
pore diameter of 7 nm. Also, as can be seen in Fig. A1.3, adsorption and desorption isotherms

followed by different paths, so it generated adsorption hysteresis.

Al1.2.5 Temperature Programmed Reduction with Hydrogen (H2-TPR)

The reduction behavior of the commercial methanol synthesis was studied by Ho-TPR.

The corresponding reduction profiles are shown in Fig. A1.4 and Fig. AL5.
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Fig. Al1.4 TPR patterns of commercial CuO-ZnO-Al20:s.
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Fig. ALl.5 Detailed analysis of TPR patterns of commercial CuO-ZnO-Al,O3 (the separated
peaks are given in different colors).

The reduction behavior of commercial methanol synthesis catalyst between 50-700 °C
was investigated, and the reduction temperature of CuO under the above conditions was
observed with a sharp peak formation at 190 °C in Fig A1.4 [2]. Due to the high thermal stability
of ZnO, it gives a large and quite small peak at about 518 °C in the TPR analysis [3, 4]. Detailed
analysis of the reduction process in Fig. AL1.5 shows that the hydrogen consumption curves are
divided into multiple sections. Here, the peak of low temperature at 168 °C indicates highly
dispersed CuO, while the peaks at 184 °C and 190 °C correspond to the reduction in bulk CuO
[5].

Al1.2.6 Temperature Programmed Desorption with Hydrogen (H2-TPD)

H>—TPD was also studied. H>—TPD pattern is shown in Fig. A1.6 while quantitative data
are reported in Table A1.3.
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Fig. A1.6 Detailed analysis of Ho-TPD patterns of commercial CuO-ZnO-AlOs (the separated

peaks are given in different colors which indicate green: o; red: *; blue: p2 peaks).

Table A1.3 The maximum temperature and H> desorption amount over commercial

Cu0O-Zn0O-Al,0:s.

Peak a Peak B (B* and p?)
Temperature _ Temperature _
H. desorption (umol gt) H. desorption (umol g)
(°C) (°C)
409 -
198 246.8 3498.6
497

As shown in Fig. Al1.6, the H>-TPD curve of the catalyst shows the two main hydrogen
desorption peaks that combine at about 198 ° C and 409 and 497 ° C. According to the literature,
the peak at low temperature corresponds to the desorption of atomic hydrogen in the copper
regions and the broad peak at high temperature corresponds to the desorption of strongly
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adsorbed hydrogen at the ZnO surface [6]. Al.Oz does not adsorb hydrogen and therefore it

does not affect the adsorption of hydrogen in other regions [7].

Al1.2.7 Temperature Programmed Desorption with Ammonia (NH3-TPD)

The NHs-TPD of the CuO-ZnO-Al,O3 was measured to determine the surface acidity
which shown in Fig.A1.7.
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Fig. A1.7 NH3-TPD patterns of commercial CuO-ZnO-Al,Os.

The NHs-TPD curve in Fig. AL1.7 shows the adsorption peaks which are indicating the
presence of weak, moderate, strong acid sites on catalyst surface. NH3 adsorption in Lewis acid
sites is stronger than Brensted acid sites [8]. Accordingly, the low temperature adsorption peaks
indicate the Bronsted acid sites, while the high temperature peak belongs to the Lewis acid sites.
Desorption peaks of weak acid site at 164 °C and 252 °C which may be ascribed to the Brensted
acid sites obtained from surface hydroxyl groups in ZnO or Al2O3z and Lewis acid sites are
obtained from the cations of Al-O-M?* (M = Zn, Cu) species [9].
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Al1.2.8 Temperature Programmed Desorption with Nitrogen (N2-TPD)

The thermal decomposition of the commercial methanol synthesis catalyst under
nitrogen gas flow was investigated which is shown in Fig. A1.8
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Fig. A1.8 N2-TPD patterns of commercial CuO-ZnO-Al0:s.

When thermal decomposition of the commercial methanol catalyst under nitrogen gas
flow is examined according to Fig. A1.8 by N2-TPD, peaks formation are observed at
temperatures of 53, 90, 196, and 408 °C. The first two peaks formed at low temperatures
correspond to the physically adsorbed water molecules.
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