
 

 

 

SINGLE-STEP SYNTHESIS OF DIMETHYL ETHER FROM SYNTHESIS GAS 

USING BIFUNCTIONAL CATALYST 

 

 

 

 

 

 

A THESIS SUBMITTED TO 

THE GRADUATE SCHOOL OF NATURAL AND APPLIED SCIENCES 

OF 

MIDDLE EAST TECHNICAL UNIVERSITY 

 

 

 

 

 

 

 

BY 

 

EMEL MUŞDU 

 

 

 

 

 

 

 

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS 

FOR 

THE DEGREE OF MASTER OF SCIENCE 

IN 

CHEMICAL ENGINEERING 

 

 

 

 

 

 

 

APRIL 2026





 

 

 

Approval of the thesis: 

 

SINGLE-STEP SYNTHESIS OF DIMETHYL ETHER FROM SYNTHESIS 

GAS USING BIFUNCTIONAL CATALYST 

 

submitted by EMEL MUŞDU in partial fulfillment of the requirements for the 

degree of Master of Science in Chemical Engineering, Middle East Technical 

University by, 

 
Prof. Dr. Naci Emre Altun  

Dean, Graduate School of Natural and Applied Sciences 

 

 
Prof. Dr. Yusuf Uludağ 

Head of the Department, Chemical Engineering 

 

 
Prof. Dr. Naime Aslı Sezgi  

Supervisor, Chemical Engineering, METU 

 

 

 

Examining Committee Members: 
 
Assoc. Prof. Harun Koku 

Chemical Engineering, METU 

 

 
Prof. Dr. Naime Aslı Sezgi  

Chemical Engineering, METU 

 

 
Prof. Dr. Dilek Varışlı 

Chemical Engineering, Gazi University 

 

 
Assoc. Prof. Bahar İpek Torun 

Chemical Engineering, METU 

 

 
Prof. Dr. Göknur Bayram 

Chemical Engineering, METU 

 

 

 

Date: 21.04.2026 

 



 

 

iv 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

I hereby declare that all information in this document has been obtained and 

presented in accordance with academic rules and ethical conduct. I also 

declare that, as required by these rules and conduct, I have fully cited and 

referenced all material and results that are not original to this work. 

 

  

Name Last name : Emel Muşdu 

Signature : 

 

 



 

 

v 

 

ABSTRACT 

 

SINGLE-STEP SYNTHESIS OF DIMETHYL ETHER FROM SYNTHESIS 

GAS USING BIFUNCTIONAL CATALYST 

 

 

 

Muşdu, Emel 

Master of Science, Chemical Engineering 

Supervisor : Prof. Dr. Naime Aslı Sezgi 

 

 

 

April 2026, 99 pages 

 

 

In recent years, growing concerns about fossil fuel emissions and rising global 

energy demand have led to an increase in research activity into sustainable and 

clean fuel sources. Dimethyl ether (DME) is regarded as a potentially valuable 

substitute for diesel or as an additive to LPG due to its high cetane number, clean 

combustion characteristics, and low-carbon nature.  

DME is produced from syngas in a single reactor through consecutive methanol 

formation and dehydration reactions over a bifunctional catalyst in the direct 

method. Although thermodynamic limitations of methanol synthesis have been 

largely overcome, enabling higher DME yields and the development of effective 

bifunctional catalysts remains a significant challenge. 

In this study, mesoporous silica aerogel was synthesized as a catalyst support using 

the sol-gel method. Metals, including Cu, Zn, and silicotungstic acid (STA), were 

loaded onto the synthesized silica aerogel in varying amounts using an 
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impregnation method. Various characterization methods were used to analyze the 

synthesized materials.  

Based on thermodynamic analysis, the operating conditions were determined to be 

275 °C and 50 bar, with a CO/H₂ molar ratio of 1:1. The effect of STA and Cu 

were investigated in DME production system. 

It was observed that as the Cu amount increased from 30% to 50%, the CO 

conversion was increased approximately 4.3 times. 

The highest CO conversion was found to be 77% with 47.6% DME selectivity 

using a mixture of commercial methanol synthesis catalyst (MSC) and commercial 

alumina catalyst (CA). On the other hand, the highest DME selectivity of 61.6% 

with 67.3% CO conversion was obtained in the presence of the MSC and SA-

30STA catalyst mixture.  

Keywords: Dimethyl Ether, Synthesis Gas, Silica Aerogel, STA, Bifunctional 

Catalyst 
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ÖZ 

 

ÇİFT FONKSİYONLU KATALİZÖR KULLANILARAK SENTEZ 

GAZINDAN TEK BASAMAKTA DİMETİL ETER SENTEZİ 

 

 

 

Muşdu, Emel 

Yüksek Lisans, Kimya Mühendisliği 

Tez Yöneticisi: Prof. Dr. Naime Aslı Sezgi 

  

 

 

Nisan 2026, 99 sayfa 

 

Son yıllarda fosil yakıt emisyonlara yönelik artan endişeler ve artan küresel enerji 

talebi, sürdürülebilir ve temiz yakıt kaynaklarına yönelik yapılan araştırma 

faaliyetlerinin artmasına yol açmıştır. Dimetil eter (DME), yüksek setan sayısı, 

temiz yanma özellikleri ve düşük karbonlu yapısı nedeniyle, dizelin potansiyel 

olarak değerli bir ikamesi veya LPG'ye katkı maddesi olarak görülmektedir.  

Doğrudan yöntemde, DME sentez gazından tek bir reaktörde ardışık olarak 

gerçekleşen metanol oluşumu ve dehidrasyonu reaksiyonları yoluyla çift işlevli bir 

katalizörün varlığında üretilir. Metanol sentezinin termodinamik sınırlamaları 

büyük ölçüde aşılmış olsa da, daha yüksek DME verimlerinin elde edilmesi ve 

etkili çift işlevli katalizörlerin geliştirilmesi önemli bir zorluk olmaya devam 

etmektedir. 

Bu çalışmada, mezogözenekli silika aerojel, katalizör desteği olarak sol-jel yöntemi 

kullanılarak sentezlenmiştir. Farklı miktarlarda metaller, Cu, Zn ve silikotungstik 

asit (STA) dahil olmak üzere, emdirme yöntemi kullanılarak sentezlenmiş silika 
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aerojele yüklenmiştir. Sentezlenmiş malzemeleri analiz etmek için çeşitli 

karakterizasyon yöntemleri kullanılmıştır. 

Termodinamik analize dayanarak çalışma koşulları 275 °C ve 50 bar olarak 

belirlenmiş olup, CO/H2 molar oranı 1:1'dir. STA ve Cu’nun etkisi DME üretim 

sisteminde incelenmiştir. 

Cu miktarının %30'dan %50'ye çıkmasıyla CO dönüşümünün yaklaşık 4,3 kat 

arttığı gözlemlenmiştir. 

En yüksek CO dönüşümü (%77), %47.6 DME seçiciliği ile birlikte ticari metanol 

sentezi (MSC) ve ticari alümina (CA) katalizör karışımı kullanılarak belirlenmiştir. 

Diğer yandan, en yüksek DME seçiciliği (%61,6), %67.3 CO dönüşümü ile birlikte 

MSC ve SA-30STA katalizör karışımı kullanılarak elde edilmiştir. 

Anahtar Kelimeler: Dimetil Eter, Sentez Gazı, Silika Aerojel, STA, Çift 

Fonksiyonlu Katalizör 
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CHAPTER 1  

1 INTRODUCTION  

The world's energy consumption is mostly met by fossil feedstock. However, the 

emissions caused by fossil fuels trigger the greenhouse effect and consequently 

increase the global warming. According to The International Energy Agency 

(IEA); emissions from the production, transportation, and processing of oil and 

natural gas are responsible for approximately 15% of overall energy-related 

greenhouse gas (GHG) emissions. In addition, use of oil and natural gas accounts 

for a further 40% of emissions (International Energy Agency, 2023).  

Studies on seeking alternative clean fuels have increased over the last few years. 

Dimethyl ether (DME) stands out as an important alternative in the search for 

sustainability and environmentally friendly solutions in today's energy and 

chemical industry. DME offers great advantages as a low-carbon and clean fuel 

against air pollution, carbon emissions, and climate change problems caused by the 

use of fossil fuels. Thanks to its high cetane number and clean combustion 

properties, it can be used in diesel engines and gas turbines. Using DME as a fuel 

significantly reduces harmful particulate matter and nitrogen oxides (NOx) 

emissions. In addition, as DME is a fuel that can be stored and transported in liquid 

form, it can be easily distributed and used in harmony with existing infrastructures 

such as Liquefied Petroleum Gas (LPG). 

DME can be synthesized from flexible feedstock sources such as natural gas, coal, 

biomass, and carbon dioxide. This not only increases energy security but also 

provides economic diversification by reducing dependence on fossil fuels. DME is 

also a versatile chemical compound, being used in a variety of industrial 

applications as aerosols, refrigerants, and chemical intermediates. 
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As a result, DME's environmental benefits, diversification of energy sources, and 

compatibility with existing infrastructures make it one of the clean and sustainable 

energy solutions of the future. Therefore, increasing DME production is critical for 

both reducing the global carbon footprint and developing innovative and flexible 

approaches in the energy sector. 

In this study, the aim is to produce dimethyl ether using direct synthesis method in 

the presence of a bifunctional catalyst. Mesoporous silica aerogel was used as a 

support for the catalyst.  The synthesis of the bifunctional catalyst was performed 

loading of Cu and Zn onto silica aerogel for methanol synthesis and STA for 

methanol dehydration. Activity tests of the prepared catalysts, loaded with metals 

such as Cu, Zn, and STA at different ratios, were performed in a fixed-bed reactor. 

1.1 Properties of Dimethyl Ether 

Dimethyl ether is the simplest ether with a chemical formula of CH3OCH3. It is a 

safe ether that is non-toxic, non-corrosive, non-carcinogenic, non-mutagenic, and 

non-teratogenic (Mondal & Yadav, 2019). 

There are several reasons to consider DME a non-polluting, clean fuel: (i) storing 

and handling DME is easier than other ethers since there is no formation of the 

explosive peroxides, (ii) having only C-H and C-O bonds, results in an oxygen 

content of approximately 35%, and the absence of C-C bonds in its structure leads 

to lower emissions such as carbon monoxide and unburned hydrocarbons compared 

to natural gas, (iii) the low auto-ignition temperature and high cetane number of 

DME makes it advantageous to use as an alternative to diesel fuel, as it prevents 

the emission of harmful gases such as NOx and particulate matter during 

combustion, (iv) owing to its vapor pressure of 5.1 bar at 20 
o
C, similar to vapor 

pressure of LPG (8.4 bar), liquefaction and hence storing and transporting in 

pressurized tanks in liquid form is easier (Ghosh et al., 2024; Azizi et al., 2014; 

Peinado et al., 2024). 
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Furthermore, lifetime of dimethyl ether in the troposphere is 5.1 days therefore it is 

not harmful to the ozone layer (Lotfollahzade Moghaddam & Hazlett, 2023). 

Physical and fuel properties of the dimethyl ether and other fuels are listed in Table 

1.1.  
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1.2 Usage Areas of Dimethyl Ether 

Dimethyl ether can be synthesized from different primary energy sources such as 

coal, natural gas, biomass, and CO2 and can be used for various important 

commercial applications (Figure 1.1). 

 

Figure 1.1. Sources, applications, and synthesis pathways of DME (Ghosh et al., 

2024) 

The main application area of dimethyl ether is LPG blending with the existing 

infrastructure used for LPG due to their similar properties. There is no need for 

comprehensive technological modification and safety regulation while storing and 

transporting DME. Blending compositions can be up to 20 % in volume of DME 

(Ghosh et al., 2024; Peinado et al., 2024). On the other hand, DME can be used as a 

transportation fuel to generate power replacing diesel and gas turbine fuel (Mondal 

& Yadav, 2019).  

Other than its use as fuel, dimethyl ether can also be used as a feedstock for various 

chemicals like acetic acid, methyl acetate, gasoline, light olefins, etc. Moreover, 

chemical and physical stable state of DME leads to use it as an aerosol propellant 
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by replacing main ozone layer depletion contributors such as chlorofluorocarbon 

(CFC), Freon, and R-134 (Mondal & Yadav, 2019; Azizi et al., 2014). 

Furthermore, hydrogen transport is a potential application area for dimethyl ether. 

The direct transportation of hydrogen involves significant challenges, such as the 

need for high-pressure compression and strict safety requirements. Therefore, 

storing hydrogen in a chemically more stable and easily transportable form has 

emerged as an alternative approach. Compared to direct hydrogen transportation, 

DME offers certain advantages such as easier liquefaction and low-pressure 

storage, making its storage and transportation more convenient. Storage and 

transportation of hydrogen can be achieved by steam reforming where first CO2 

hydrogenated to DME and then DME is converted back into hydrogen when 

needed (Ghosh et al., 2024; Peinado et al., 2024). 

In the world, the largest producer of DME is China and they use 90% of produced 

DME in LPG blending sector (Mondal & Yadav, 2019). Other than LPG blending, 

China use DME in various industries and products like cosmetics, lighters, or 

transportation fuel (Lotfollahzade Moghaddam & Hazlett, 2023). DME production 

units have also been evaluated or established in countries such as Egypt, Indonesia, 

South Korea, Vietnam, and India (Mondal & Yadav, 2019). 

While global DME market size was 0.2 million tons/year in the early 2000s, it was 

3 million tons/year in 2012 and 5-7 million tons/year in 2017-2018. The global 

DME market size is estimated to increase from $6.3 billion in 2020 to $10.26 

billion in 2025, at a compound annual growth rate of 10% (Lotfollahzade 

Moghaddam & Hazlett, 2023). 

1.3 Synthesis Methods of Dimethyl Ether 

DME could be synthesized from a variety of different sources, including coal, oil, 

and biomass. There are two synthesis routes by which DME can be synthesized: (1) 
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indirect synthesis or two-step process, (2) direct synthesis or one-step process. 

Figure 1.2 shows the two synthesis methods of DME. 

 

Figure 1.2 Direct and indirect paths for DME production (Lotfollahzade 

Moghaddam & Hazlett, 2023) 

The indirect process, a conventional DME synthesis method, is a combination of a 

two-step process. While methanol production from synthesis gas in the presence of 

Cu/Zn based catalysts occurs in the first reactor (R1 and R2), conversion of 

methanol to dimethyl ether by dehydration over acid catalysts is occurred in the 

second reactor (R3) (Ghosh et al., 2024; Peinado et al., 2024).  

CO + 2H2 ⇌ CH3OH                    (R1) 

CO2 + 3H2 ⇌ CH3OH + H2O                    (R2) 

2CH3OH ⇌ CH3OCH3 + H2O               (R3)   

In the direct synthesis process, reactions involving the synthesis of methanol from 

syngas and the dehydration of methanol to DME take place over a bifunctional 

catalyst in a one- reactor process (Mondal & Yadav, 2019).  
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The direct synthesis of dimethyl ether includes three different reactions: methanol 

production from syngas and CO2 (R1 and R2), methanol dehydration (R3), and the 

water-gas shift (WGS) reaction (R4) (Mondal & Yadav, 2019; Bayat & Dogu, 

2016). 

CO + H2O ⇌ CO2 + H2                                 (R4) 

The overall reaction stoichiometry of dimethyl ether production from syngas 

(CO+H2) can be expressed as R5 and R6 (Mondal & Yadav, 2019; Bayat & Dogu, 

2016). 

3CO + 3H2 ⇌ CH3OCH3 + CO2                  (R5) 

2CO + 4H2 ⇌ CH3OCH3 + H2O                (R6) 

Compared to the indirect method, the direct process has many advantages since 

while cost of refining, transportation, and process costs can be decreased, CO 

conversion and DME selectivity can be increased as a result of favorable 

thermodynamics. The consumption of the synthesized methanol results in a shift in 

the reaction towards DME production (Ghosh et al., 2024).  

Direct dimethyl ether synthesis combines methanol synthesis and it’s in situ 

dehydration simultaneously in a single reactor with a bifunctional catalyst. The 

continuous removal of methanol shifts the reaction balance towards higher DME 

production and increases the overall conversion. Compared to the indirect route, 

which requires two reactors and intermediate purification, the direct route reduces 

operational complexity, lowers hydrogen demand and lowers both capital and 

operating costs. These advantages make the direct route more practical and 

efficient for industrial DME production (Ghosh et al., 2024; Azizi et al., 2014; 

Peinado et al., 2024). 

In the early 1990s, the JFE Group, in collaboration with the University of Tokyo, 

developed an effective catalyst for direct DME synthesis. The research and 

development studies were continued by first small-scale plant (50 kg/day), then 
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large-scale plant (5 ton/day). Finally a demonstration plant (100 ton/day) was built 

to move the process toward commercialization (Ohno et al., 2006). 

The catalyst to be used in the direct production of DME needs to have two 

functions. While a catalyst with metallic properties is required for methanol 

synthesis, the one used with acidic properties is used for methanol dehydration 

(Peinado et al., 2024). 

Within this scope, dimethyl ether was synthesized in a single-step using a 

bifunctional catalyst which was supported onto mesoporous silica aerogel.  
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CHAPTER 2  

2 CATALYSTS FOR DME SYNTHESIS 

The main purpose of catalysts is to lower the activation energy required for the 

reaction to take place. Product selectivity, activity, and stability are some of the 

critical parameters to consider when selecting a catalyst. Catalysts generally have a 

porous structure containing catalytically active sites on their structure, such as 

metallic sites (e.g., Cu, Pt), metal oxide sites (e.g., TiO2), or acidic sites (e.g., γ-

alumina). The presence of different active sites promotes the reactions to occur 

with different mechanisms. A catalyst that combines two types of active sites, such 

as metallic and acidic, is called as a bifunctional catalyst. Bifunctional catalysts 

enable different reactions to occur simultaneously & efficiently within a single 

catalyst structure. 

The catalytic process involves many phenomena, including the adsorption and 

desorption of reactants and products, diffusion within the porous structure, and the 

interaction of reactant species with the active sites. It is crucial to understand and 

control these processes to improve catalyst performance, durability, and overall 

process efficiency. Moreover, the appropriate selection of both the support material 

and active phase is very important in terms of selectivity, performance, and 

stability.  

2.1 Catalyst Supports 

Catalyst supports are materials with high surface area and dispersed active sites. In 

some cases, the support material itself may also exhibit catalytic activity. Some 

commonly used catalyst supports are: silica (SiO2), alumina (Al2O3), zeolites, 

titania (TiO2), zirconia (ZrO2), carbon-based supports (e.g., active carbon), and 

mesoporous materials (e.g., silica aerogel, SBA-15, MCM-41).  
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Physical properties of the support materials, such as surface area, pore size 

distribution, and pore volume can be obtained using the nitrogen physisorption 

technique. This method is based on the adsorption and desorption of nitrogen at 

different relative pressures under isothermal conditions. According to International 

Union of Pure and Applied Chemistry (IUPAC), porous materials are classified 

into three groups based on their pore diameter, as given in Table 2.1.  

Table 2.1 IUPAC Classification of Porous Materials 

Pore Size (nm) Classification 

<2 Microporous 

2-50 Mesoporous 

>50 Macroporous 

2.1.1 Silica Aerogel 

Aerogels are nanoporous materials with unique properties such as low density, high 

porosity, and large surface area (Smirnova and Gurikov, 2018; Iswar et al., 2017). 

Thanks to having these properties together, they can be used in a variety of 

applications such as thermal insulation (Smirnova and Gurikov, 2018), laser 

experiments, waste management, electronic devices, sensors, and catalysts (Iswar 

et al., 2017; Gurav et al., 2010). Silica aerogel is the most researched of the 

aerogels because silica is both abundant and inexpensive, making it suitable for 

material synthesis in commercial applications (Akhter et al., 2021).  Silica aerogels 

were first synthesized by Samuel Stephens Kistler in 1930 (Gurav et al., 2010). 

They have become quite remarkable due to their unique properties such as high 

specific surface area (500-1200 m
2
/g), high porosity (80-99.8 %), low density 

(∼0.003 g/cm
3
), and low thermal conductivity (∼0.01 W/mK). The pore size of 

silica aerogel might change between 5 and 100 nm, with an average pore diameter 
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ranging from 10 to 40 nm (Gurav et al., 2010; Soleimani Dorcheh & Abbasi, 

2008). 

2.1.1.1 Synthesis of Silica Aerogel 

Synthesis method of aerogels comprises of three general steps: (1) gel preparation, 

(2) aging of the gel, and (3) drying of the gel. Production of silica aerogel is carried 

out by sol-gel method, which is the simplest, well-known, and most widely used 

method (Sarathchandran et al., 2024). A schematic representation of the sol-gel 

method is illustrated in Figure 2.1.  

 

Figure 2.1 The schematic representation of the typical sol-gel method (Maleki et 

al., 2014) 
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2.1.1.1.1 Gel Preparation 

In the synthesis of silica aerogel, the proper preparation of the sol is an important 

step since the properties of the silica aerogel depend on it. A variety of solvents, 

catalysts, and precursors can be used to obtain different properties. The primary 

source of silica, which will eventually undergo hydrolysis to form a gel, is the 

precursor. Generally, two types of precursor materials are used to make silica 

aerogel: silicon alkoxides and inorganic salts (Akhter et al., 2021). 

Tetramethoxysilane (TMOS), tetraethoxysilane (TEOS), polyethoxydsilane 

(PEDS), methyltriethoxysilane (MTES), methyltrimethoxysilane (MTMS), and 

aminopropyltrimethoxysilane (APTES) are some common used silicon alkoxide 

precursors (Sarathchandran et al., 2024; Akhter et al., 2021) 

The sol-gel method is a simple, inexpensive, and easily controllable process 

(Walker et al., 2023). Moreover, an important feature of this method is its capacity 

to create large surface areas and stable surfaces (Rashid et al., 2023). In the sol-gel 

method, the precursor is mixed with a solvent, and gels are formed through 

hydrolysis and condensation reactions. The rate of hydrolysis and condensation 

reactions in the sol-gel method is significantly affected by the pH of the solution. 

Therefore, it is usually necessary to use acid or base catalysts to control the rate of 

these reactions (Walker et al., 2023). 

The three reactions that take place in the sol-gel method are given below: 

Hydrolysis:  

Si(OR)4 + 4H2O         Si(OH)4 + 4ROH  

Water Condensation:   

(OR)3Si−OH + HO−Si(OR)3          (OR)3Si−O−Si(OR)3 + H2O 

Alcohol Condensation:  

(OR)3Si−OR + HO−Si(OR)3           (OR)3Si−O−Si(OR)3 + ROH 
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where R is a vinyl, alkyl, or aryl group. 

In the hydrolysis reaction, water reacts with silicon alkoxide and the alkoxide 

groups (OR) in silicon alkoxide are replaced by hydroxyl groups (OH). The Si/H2O 

ratio is a key factor in ensuring complete hydrolysis (Soleimani Dorcheh & Abbasi, 

2008). After the hydrolysis reaction, siloxane bonds (Si-O-Si) are formed via 

condensation reactions. Water or alcohol is also released as a by-product (Stolarski 

et al., 1999; Gurav et al., 2010).  

During the hydrolysis and condensation reactions, primary silica particles are 

initially formed. Thereafter, these particles bond together to form secondary 

particles. Consequently, a three-dimensional silica network is formed through the 

polymerization process. 

2.1.1.1.2 Aging of the Gel 

The produced gel is left in its mother solution for aging. This step is important for 

making the gel stronger by increasing the siloxane bonds. Moreover, it helps to 

reduce shrinkage of the gel and improve mechanical stability before drying 

(Walker et al., 2023; Thapliyal and Singh, 2014). There are two main mechanisms 

that occur simultaneously during the aging process: neck growth and Ostwald 

ripening (Mekonnen et al., 2021). In the neck growth, silica dissolved from the 

particle surface reprecipitates in the neck regions between particles. During the 

Ostwald ripening process, smaller particles dissolve and redeposit top of larger 

ones. Thus, more stable structures are formed (Soleimani Dorcheh & Abbasi, 2008; 

Sarathchandran et al., 2024; Gurav et al., 2010). 

The chemical reactions (hydrolysis and condensation) that initiate during the gel 

formation continue throughout the aging process. This makes the aerogel's main 

structure even stronger (Walker et al., 2023). Following the aging process, solvent 

exchange process is performed to reduce capillary forces and preserve the pore 

structure of the gel. Water is removed from the pores by replacing it with hexane.  
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2.1.1.1.3 Drying of the Gel  

The drying process is the final and critical step in the silica aerogel synthesis. In 

general, there are three methods for drying: (1) supercritical drying, (2) ambient 

pressure drying, and (3) freeze drying.  

Supercritical Drying 

Capillary forces play a critical role during the drying process of gels. During the 

evaporation process, surface tension within the gel pores leads to the formation of 

concave menisci. While continuous compression causes the pores to collapse, 

tension causes the gel body to collapse (Rashid et al., 2023). In the supercritical 

drying technique, capillary forces, and hence the collapse of the porous network, 

are eliminated by removing the liquid in a supercritical state (Maleki et al., 2014).  

There are two main approaches to supercritical drying: High-Temperature 

Supercritical Drying (HTSCD or HOT process) and Low-Temperature 

Supercritical Drying (LTSCD or COLD process). In the HOT process, drying is 

carried out at their supercritical points (near 260 
o
C) using organic solvents such as 

methanol or ethanol. On the other hand, in the COLD process, drying is done using 

CO2 instead of the solvent & the critical temperature of CO2 is close to the ambient 

temperature (approximately 31°C) (Maleki et al., 2014). 

Ambient Pressure Drying 

Ambient pressure drying technique is a promising alternative to supercritical 

drying technique due to its lower cost, safer nature, and continuity of process 

(Rashid et al., 2023). The method involves both surface modification, network 

strengthening, and manipulation of the contact angle to minimize capillary forces 

(Akhter et al., 2021).  

Silylation is an important process involving the replacement of the hydrogen atoms 

in hydrophilic silanol groups (Si–OH) with Si–R groups using silylating agents 

(Soleimani Dorcheh & Abbasi, 2008). Various silylating agents are available, such 
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as methyltrimethoxysilane (MTMS), phenyltrimethoxysilane (PTMS), 

trimethylchlorosilane (TMCS), and hexamethyldisilazane (HMDZ) (Wu et al., 

2011). The surface of the silica network is changed from hydrophilic to 

hydrophobic using surface modification. The synthesized silica aerogel is then 

dried at ambient pressure. As the surface becomes hydrophobic, the surface tension 

is significantly decreased, preventing the gel from shrinking during drying (Wu et 

al., 2011; Gurav et al., 2010). 

TMCS is the most widely used and well-studied silylating agent for surface 

modification. The hydroxyl group (-OH) is the primary functional group present on 

the interior pore surface of silica gels. During the surface modification, it was 

suggested that the hydroxyl group (–OH) reacted with the chlorine (Cl-) present in 

TMCS to form HCl. Subsequently, the –OSi(CH3)3 functional group was bound to 

the silica gel surface. Thus, the internal surface of the silica network changed from 

hydrophilic to hydrophobic. Furthermore, alcohols and n-hexane solvents with low 

surface tension were used to dilute the concentrations of the silylating reagents. 

The objective of this dilution was to slow down the reaction rate occurring during 

the surface modification (Wu et al., 2011). The surface modification process of 

silica aerogel using TMCS is schematically shown in Figure 2.2. 

 

Figure 2.2 The Schematic representation of surface modification of silica aerogel 

using TMCS (Sarathchandran et al., 2024). 
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Freeze Drying 

Freeze-drying is a technique where the liquid in the pores is first frozen, then 

sublimates under vacuum conditions. The substance obtained by this method is 

called a “cryogel” (Maleki et al., 2014; Soleimani Dorcheh & Abbasi, 2008). 

Unfortunately, there are some disadvantages of this technique. A long aging period 

is required to stabilize the gel network. Moreover, the gel network can be damaged 

by crystallization of the solvent within the pores. This might lead to cracks or 

powder form products. To reduce these effects, it is essential to exchange the 

solvent with one that has a low thermal expansion coefficient and a high 

sublimation pressure (Maleki et al., 2014; Gurav et al., 2010). 

2.2 Methanol Synthesis Catalysts   

The first commercial catalyst, ZnO-Cr2O3, was developed in the 1920s by Badische 

Anilin & Soda-Fabrik (BASF) for methanol synthesis. The catalyst operated under 

the harsh conditions, 300-400 
o
C and 25-35 MPa. In the1960s, Imperial Chemical 

Industries (ICI) developed the Cu–ZnO–Al2O3 (CZA) catalyst, which could operate 

under milder conditions of 200-300 
o
C and 5-10 MPa (Ebrahimzadeh Sarvestani et 

al., 2024). Afterwards, extensive research was conducted on Cu-ZnO based catalyst 

in combination with other metals (Mondal & Yadav, 2019). 

Cu–ZnO–Al2O3 (CZA), the state of art catalyst, enables relatively high conversion 

of CO/CO2 and very high methanol selectivity (approximately 99.9 %). In the CZA 

catalyst system, Cu serves as the active metal site for methanol synthesis. While 

ZnO improves the dispersion of Cu and prevents agglomeration, Al2O3 stabilizes 

ZnO and Cu and prevents from sintering (Peinado et al., 2024). 

Various metal oxides have been used as modifiers to improve the catalytic 

performance of the CZA catalyst in the methanol synthesis. Studies conducted on 

the effects of the modifiers have shown that MgO, ZrO2, and Ga2O3 are found to be 
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the most promising metal oxides in terms of enhancing the productivity of 

methanol (Ebrahimzadeh Sarvestani et al., 2024; Peinado et al., 2024). 

2.3 Methanol Dehydration Catalysts   

Generally, hydrophobic solid acid catalysts are used for the methanol dehydration, 

because water is the main by-product of DME synthesis from syngas. Moreover, 

possessing Lewis and/or Brønsted acid sites is also an important property for 

catalysts (Peinado et al., 2024). Some of the various catalysts used for methanol 

dehydration are as follows: γ-Al2O3, zeolites, heteropoly acids (HPAs), silico-

aluminophosphate (SAPO), and ion exchange resins (Lotfollahzade Moghaddam & 

Hazlett, 2023).  

γ-Al2O3 is the most commonly used catalyst for methanol dehydration due to its 

low cost, chemical and thermal stability, and moderate Lewis acidity (Hamed 

Bateni & Chad Able, 2019). However, its hydrophilic nature can negatively affect 

its catalytic activity, as the water produced in the reaction both decreases the 

acidity and competes with methanol for adsorption of the active sites (Peinado et 

al., 2024). 

Zeolites are also widely studied for DME production. Zeolites, especially those 

with high Si/Al ratios like HZSM-5, show strong Brønsted acidity and are used in 

the synthesis of DME from methanol (Peinado et al., 2024). Furthermore, they 

have high porosity and high surface area (Lotfollahzade Moghaddam & Hazlett, 

2023).  

Heteropolyacids (HPAs) are also investigated as a promising catalyst for the 

methanol dehydration reaction. They possess strong Brønsted acidity and exhibit 

high catalytic activity. Equilibrium methanol conversion with 100% DME 

selectivity can be achieved at relatively low temperatures (around 180 
o
C) (Peinado 

et al., 2024). Although the presence of water does not have a negative effect on the 
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HPAs, their low surface area is the main challenge for their use (Lotfollahzade 

Moghaddam & Hazlett, 2023).  

2.3.1 Heteropoly Acids 

Among the different structural types of heteroployacids, the Keggin structure is the 

most commonly used in catalytic applications. The general formula of the Keggin 

type is represented as H8-n [X
n+

M12O40], where X is the heteroatom (such as Al
3+

, 

P
5+

, Si
4+

), n is the oxidation state, and M is the metal ion (such as W
6+

, Mo
6+ 

) 

(Peinado et al., 2020; Mondal & Yadav, 2019). 

The presence of high Brønsted acidity in heteropolyacids is favorable in the 

synthesis of methanol dehydration to dimethyl ether. However, heteropolyacids 

generally have very low surface areas (less than 1 m²/g), which affects their 

catalytic performance. Therefore, HPAs are often used with supports as a catalyst. 

Their effective surface area can be increased by dispersing them onto supports such 

as SiO2, TiO2, ZrO2, and MCM-41(Pekmezci Karaman et al., 2020; Wesner et al., 

2025; Ciftci et al., 2012).  

Among heteropolyacids, silicotungstic acid (H4SiW12O40, HSiW, STA) and 

tungstophosphoric acid (H3PW12O40, HPW, TPA) have demonstrated relatively 

high catalytic activity with high conversion and selectivity in the DME production 

by methanol dehydration at low temperatures (140–160 °C) and atmospheric 

pressure (Wesner et al., 2025; Peinado et al., 2020).  

2.4 Catalysts and Operating Conditions in DME Production 

The selection of a catalyst is the most critical parameter affecting the reaction 

performance. Typically, commercial Cu/ZnO/Al2O3, and γ-Al2O3 solid catalysts are 

used for the synthesis of methanol and the dehydration of methanol, respectively. 
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Some examples of studies in the literature using various catalysts in DME synthesis 

are given below: 

The direct synthesis of DME from CO2 was investigated using bifunctional catalyst 

systems that combine a commercial Cu/ZnO/Al2O3 methanol synthesis catalyst and 

various supported heteropolyacids (HPAs). Both commercial and custom-

synthesized HPAs were supported on Montmorillonite K10. The catalytic activity 

tests were performed in a fixed-bed reactor operating at 250 °C & 50 bar with a 

GHSV of 10 000 h
−1

 and an H2/CO2 molar feed ratio of 3:1. The bifunctional 

catalyst, tungstosilicic acid (HSiW) supported on K10 combining with 

Cu/ZnO/Al₂O₃ methanol synthesis catalyst, showed the highest activity with a 

DME yield of 7.06% and a molar productivity of 77.84 mol DME. mol HPA⁻ ¹. 

h⁻ ¹. Further optimization showed that dispersing HSiW on ZrO2 significantly 

improved performance resulting in an increase in molar productivity to 125.44 mol 

DME. mol HPA⁻ ¹. h⁻ ¹ without a change in DME yield (Wesner et al., 2025) 

The direct production of DME from syngas was examined using bifunctional 

catalysts synthesized by impregnation of silicotungstic acid (STA) (5%, 10%, 25% 

by weight) into SBA-15 for methanol dehydration. A commercial Cu/ZnO-based 

catalyst (Hifuel R-120, HF) was used for methanol synthesis. Methanol 

dehydration and methanol synthesis catalysts were mixed with a 1:1 weight ratio 

and catalytic activity tests were performed at different operational pressures (30–50 

bars) and different reaction temperatures (200–300 ◦C) in a fixed bed stainless steel 

reactor. The total feed flow rate and molar H2/CO ratio were kept constant at 50 

ml/min and 1:1, respectively. The 25% STA incorporated catalyst 

(HF/25STA@SBA-15) demonstrated the highest CO conversion and DME 

selectivity values of 41.1% and 56.6%, respectively at 275 °C and 50 bar (Ozcan et 

al., 2022). 

Zr-MOF (UiO-66), a zirconium-based metal-organic framework (MOF), was used 

as a support for the production of DME from synthetic gas. UiO-66 was 

functionalized with 15 wt% STA and loaded with Cu. In this study, Cu-ZnO/γ-
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Al2O3 (with Cu/Zn molar ratio of 1.5) and Cu/γ-Al2O3 catalysts were used as 

references. The catalytic activity tests of the catalysts were conducted in a fixed-

bed reactor operating at a temperature of 290 °C and a pressure of 3.0 MPa. The 

feed flow rate and H2/CO molar feed ratio was kept constant at 3000 mL/gcat.h and 

2:1, respectively. The Cu/STA-UiO catalyst showed the highest DME selectivity 

(69.6%) and the highest production rate, nearly three times higher than that 

obtained with the conventional Cu-ZnO-based catalyst (Li et al., 2020). 

The performance of catalyst in which phosphotungstic acid (H3PW12O40, HPW) 

impregnated TiO2 (from 1.4 to 2.7 monolayers) was combined with Cu-ZnO(Al) 

was evaluated for the production of DME from syngas. The catalytic activity tests 

were carried out in a fixed-bed reactor with a GHSV of 30 Lsyngas.gca⁻ ¹ h⁻ ¹ at 250 

o
C and 30 bar. The flow rate of syngas was 75 NmL/min with a molar combination 

of 4.5% CO2, 22.0% CO, 58.8% H2, and 14.7% N2. It was shown that the activity 

for direct synthesis of DME was observed only in hybrids with an HPW loading 

higher than 1.4 monolayers. In all cases, the methanol yield obtained with CZA-

HPW/Ti hybrids remained lower than that obtained with CZA reference catalyst. 

The catalyst containing 2.7 monolayers (CZA-2.7HPW/Ti) achieved the highest 

selectivity (53.0%) (Millán et al., 2020). 

To produce DME from syngas, novel bifunctional catalysts were synthesized by 

impregnation of silicotungstic acid (STA) and tungstophosphoric acid (TPA) into a 

series of methanol synthesis catalysts with varying Cu/Zn/Al and Cu/Zn/Zr molar 

ratios. The catalytic activity tests of the catalysts were conducted in a fixed bed 

stainless-steel tubular reactor operating at different reaction pressures (30–50 bars) 

and different reaction temperatures (200–300 °C). The feed flow rate, the H2/CO 

molar feed ratio, and the space time were maintained at 50 ml/min, 1:1, and 0.72 

s.g/ml, respectively. At 275 °C and 50 bar, the bifunctional catalysts obtained by 

incorporating 25% and 30% STA into CZA:631 (with a molar ratio of 

Cu/Zn/Al=6/3/1) demonstrated remarkably high DME selectivity values of 59.1% 

and 63.1%, respectively. Moreover, the highest CO conversion value of 39% was 
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obtained with 30% STA incorporated CZA:631 catalyst (Pekmezci Karaman et al., 

2020). 

2.5 The Aim of the Study 

In recent years, research into alternative fuels has increased due to rising emissions 

from fossil fuel use, which result in climate change, and the rising energy demand. 

Dimethyl ether is an attractive candidate to be considered as an alternative fuel due 

to its environmental benefits and compatibility with existing infrastructure. In 

dimethyl ether production, the direct method is advantageous compared to the 

indirect method in terms of lower processing cost, higher conversion, and higher 

selectivity. 

The use of bifunctional catalyst combining both acidic and metallic functions, has 

also drawn significant attention in terms of dimethyl ether production. While 

copper-based catalysts are commonly used in the production of methanol from 

synthesis gas, heteropolyacids have become the focus of attention in the 

dehydration of methanol to dimethyl ether due to their high Bronsted acidity. 

However, heteropoly acids are used as catalysts by loading them onto a support 

since they have a low surface area. 

Silica aerogels are quite popular as catalyst supports due to their properties such as 

high specific surface area, high porosity, low density, and low thermal 

conductivity. Therefore, silica aerogel was selected as a suitable support in the 

synthesis of bifunctional catalysts for dimethyl ether production. Although studies 

have been conducted using various catalyst supports such as MCM-41 and SBA-

15, the use of silica aerogel in DME synthesis has not been documented in the 

literature.  

In general, the objectives of this study are: 

 To synthesize silica aerogel support  
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 To synthesize catalysts by loading Cu, Zn, and STA into silica aerogel 

 To characterize synthesized catalysts using various characterization 

techniques 

 To perform activity test of the synthesized catalysts 

 To investigate the effect of metal amount on the DME selectivity 

 To determine the most effective catalyst based on metal amount 
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CHAPTER 3  

3 THERMODYNAMIC ANALYSIS 

There are mainly four reactions in single-step synthesis of DME from synthesis gas 

(R1, R2, R3, and R4).  

CO + 2H2 ⇌ CH3OH         ΔH
0
= - 90.5 kJ/mol   (R1) 

CO2 + 3H2 ⇌ CH3OH + H2O        ΔH
0
= - 49.4 kJ/mol   (R2) 

2CH3OH ⇌ CH3OCH3 + H2O   ΔH
0
= - 23.5 kJ/mol   (R3) 

CO + H2O ⇌ CO2 + H2         ΔH
0
= - 41.4 kJ/mol   (R4) 

Two general direct synthesis of DME reactions resulting in the above reactions are 

expressed as (R5) and (R6) (Peinado et al., 2024; Pekmezci Karaman et al., 2020). 

3CO + 3H2 ⇌ CH3OCH3 + CO2       ΔH
0
= - 246 kJ/mol   (R5) 

2CO + 4H2 ⇌ CH3OCH3 + H2O         ΔH
0
= - 205 kJ/mol   (R6) 

The production of direct DME from syngas integrates the synthesis of methanol 

and its in-situ dehydration in a single reactor. The consumption of the synthesized 

methanol shifts reaction towards DME production and hence higher CO 

conversion. Therefore, the direct route of DME synthesis is more practical and 

allows for an increase in overall conversion (Ghosh et al., 2024; Azizi et al., 2014; 

Peinado et al., 2024). 

For determining the operating parameters, it is very important to perform a 

thermodynamic analysis of the reactions. Computational thermodynamic 

equilibrium calculations were conducted using the ASPEN Plus software, 

implementing the Gibbs Reactor model. The Peng-Robinson-Stryjek-Vera (PRSV) 

model, the modified version of Peng-Robinson equation of state (EOS), was chosen 
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because the gases are not ideal and it is notably precise at calculating the 

equilibrium of methanol to DME reaction (Sidi-Yacoub et al., 2024). Each 

component involved in the reactions was entered into the software, and the effects 

of temperature, pressure, and molar ratio of CO:H2 on CO conversion and DME 

mole fraction were studied. 

The change in CO equilibrium conversion with respect to temperature and pressure 

when the CO:H2 molar ratio is 1:1 is shown in Figure 3.1. As the reaction pressure 

increases, the CO equilibrium conversion also increases. According to the Le 

Chatelier principle, an increase in reaction pressure leads a shift in the overall 

reactions (R5 & R6) toward the product side. This shift is due to the stoichiometry 

of the reaction and results in an increase in equilibrium conversion. Therefore, a 

high operating pressure is essential to achieve high conversion in DME production 

from synthesis gas. As illustrated in Figure 3.1, the increase in CO conversion 

when the pressure rises from 50 bar to 70 bar in the range of 200-300 
o
C is 

relatively smaller than the increase that occurs when the pressure rises from 30 bar 

to 50 bar. Although there is not a significant difference between 50 bar and 70 bar 

in terms of conversion, 50 bar was selected as the reaction pressure since operating 

at 70 bar would increase operational risk and cost.   

The direct synthesis of DME from syngas requires elevated pressures (20 bar and 

above) and moderate temperatures (200–300 °C) (Dieterich et al., 2020; Peinado et 

al., 2020). The operating temperature was selected as 275 
o
C to compare with the 

results of the previous studies in the literature. 
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Figure 3.1 Effect of temperature and pressure on CO equilibrium conversion 

The composition of the synthesis gas fed into the system is also a critical parameter 

affecting the reaction, along with temperature and pressure. The maximum 

equilibrium conversion is obtained at CO to H2 molar ratios of 1:1 and 1:2 for R5 

and R6 reactions, respectively (Dieterich et al., 2020; Azizi et al., 2014). The 

dependence of the change in equilibrium conversion on the feed composition is 

demonstrated in Figures 3.2. As the CO:H2 ratio increases, a corresponding 

increase in conversion is observed up to 1:2 ratio. Beyond this ratio, the effect 

becomes negligible. 
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Figure 3.2 Effect of the CO:H2 molar ratio on CO equilibrium conversion at 50 bar 

Although conversion increases as the CO:H2 ratio increases, the DME mole 

fraction should also be taken into account to determine the optimal production 

conditions. The change in CO equilibrium conversion and DME mole fraction with 

respect to the CO:H2 ratio is shown in Figure 3.3. According the results, the highest 

DME mole fraction is obtained at a CO:H2 ratio of 1:1. Therefore, as a result of this 

thermodynamic analysis the CO:H2 feed ratio was determined to be 1:1.  

Consequently, the operating conditions for the economically viable synthesis of 

DME with higher selectivity were determined to be 275°C, 50 bar, and 1:1, for the 

temperature, pressure, and feed molar ratio (CO:H2), respectively. 
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Figure 3.3 The change in CO equilibrium conversion and DME mole fraction with 

respect to the CO:H2 molar ratio at 275 
o
C and 50 bar (Bars: DME mole fraction; 

Symbols: CO conversion) 
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CHAPTER 4  

4 EXPERIMENTAL STUDIES 

In this chapter, experimental studies consisting of catalysts synthesis, 

characterization of the synthesized catalysts, and activity tests of catalyst for 

producing DME are explained in detail. Silica aerogel was used as a support for the 

catalyst. Different amounts of Cu, Zn, and STA were impregnated into silica 

aerogel. Synthesized catalysts were analyzed by using different characterization 

methods. The activity tests of the synthesized catalysts were performed in DME 

production system. 

4.1 Synthesis of Catalysts 

Dimethyl ether production was performed using direct synthesis method with a 

bifunctional catalyst. Catalyst synthesis can be divided into two sections: synthesis 

of support material and metal loading on the support. First of all, the support 

material, silica aerogel, was synthesized. Then, the metal loading was carried out 

by impregnation method. While Cu and Zn were loaded for methanol formation, 

STA was loaded for methanol dehydration. While 30% STA by weight was loaded 

onto silica aerogel for the methanol dehydration catalyst, the weight percentages of 

metals in the methanol synthesis catalysts were set as 30%, 40%, and 50% for Cu, 

and 15%, 20%, and 25% for Zn, respectively.  

4.1.1 Synthesis Procedure of Silica Aerogel 

First of all, 1.73 g distilled water, 5.64 g absolute ethanol (Sigma Aldrich) and 

10.01 g tetraethylorthosilicate (TEOS, Merck) were mixed in an airtight beaker at 

room temperature. After dropwise addition of 62 µL of 1M hydrochloric acid (HCl, 
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37% v/v, Merck) solution to the mixed solution, the prepared solution was stirred 

on a magnetic stirrer at room temperature for 2 hours. Then, 3.85 g distilled water, 

9.92 g absolute ethanol were added into the TEOS solution, respectively. In order 

to provide gel formation, 650 µL of 1M ammonia (NH3, 25% v/v, Merck) solution 

and 800 µL of 1M ammonium fluoride (NH4F, Merck) solution were added 

dropwise to the solution while the beaker was gently shaking. Following gel 

formation, it was covered by adequate ethanol and left closed at room temperature 

for 8 hours. At the end of 8 hours, ethanol was changed with 30 ml hexane (Sigma 

Aldrich) and the gel was put into in a previously prepared water bath at 45°C. After 

two hours, hexane was replaced with 30 ml hexane and 5 g trimethylchlorosilane 

(TMCS, Merck) is added slowly to the solution. Water and HCl vapor were seen at 

that moment. The formed water was removed from the solution and the same 

amount of new hexane was added to bring the volume of hexane to 30 ml. The gel-

hexane mixture was then placed in the water bath at 45°C. After 5 hours, hexane in 

the mixture was renewed and put into the water bath of 45 ℃ for another 5 hours. 

Finally, the hexane was filtered from the mixture and the remaining gel was left 

drying in an oven at 125 °C for 2 hours. Main steps of silica aerogel synthesis are 

shown in Figure 4.1. The synthesis of all silica aerogels was carried out at different 

times to ensure its repeatability. Silica aerogel samples were named as SA.  
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Figure 4.1 Main steps of silica aerogel synthesis 

4.1.2 STA Loading on Silica Aerogel 

For STA loading, while one gram of silica aerogel was stirred in 20 ml ethanol, a 

certain amount of silicotungstic acid (STA, Sigma Aldrich) was stirred in 10 ml 

ethanol for 2 hours at room temperature. After mixing, the STA solution was added 

dropwise to silica aerogel solution. The final solution was stirred for 24 hours and 

then dried for another 24 hours at 60 
o
C.  After drying, the gel was crushed in a 

mortar. In this study, 30% STA by weight were loaded into silica aerogel. A 

sample calculation of loaded metal amount is given in Appendix A. 

4.1.3 Copper and Zinc Loading on Silica Aerogel 

Loading of metals into silica aerogel was carried out using wet impregnation 

method. While one gram of silica aerogel was stirred in 20 ml ethanol, certain 

amount of copper nitrate trihydrate (Cu(NO3)2.3H2O, Merck) and zinc nitrate 
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tetrahydrate (Zn(NO3)2.4H2O, Merck) were stirred in 10 ml ethanol separately for 2 

hours at room temperature. The Cu/Zn weight ratio was kept constant with a value 

of 2 for all synthesized catalysts. After uniform mixing of the solutions, copper and 

zinc containing solutions were added dropwise to silica aerogel solution 

simultaneously. The final solution was stirred for 24 hours and then dried for 

another 24 hours at 60 
o
C.  After drying, the gel was crushed in a mortar. Main 

steps of Cu and Zn loading procedure are shown in Figure 4.2. In this study, 

30%Cu&15%Zn, 40%Cu&20%Zn, and 50%Cu&25%Zn by weight were loaded 

into silica aerogel, separately. A sample calculation of loaded metal amount is 

given in Appendix A.  

 

Figure 4.2 Cu and Zn loading procedure 

4.1.4 Calcination of the Catalyst 

For the calcination; metal loaded silica aerogel catalyst was placed in a quartz tube 

reactor. For Cu containing catalysts, the reactor was heated from room temperature 

to 285°C with dry air with a flow rate of 65 ml/min and a heating ramp of 1°C/min. 

The catalyst was kept at 285 
o
C under dry air for 6 hours. In order to eliminate risk 

of copper sintering, calcination temperature did not exceed 285 
o
C. On the other 
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hand, only STA containing catalysts were calcined at 375 
o
C under dry air for 6 

hours. 

4.1.5 Naming of the Catalysts 

Loading of metals into silica aerogel was carried out using wet impregnation 

method. The synthesized catalysts were named in the SA-XYZT format where SA 

referred to silica aerogel, X-Z stands for metal’s weight percentage, and Y-T 

indicates the type of metal. For example, SA-30Cu15Zn shows that the catalyst 

contains 30% copper and 15% zinc by weight.  For catalysts containing only one 

metal, the naming format was taken as SA-XY and the other letters were 

disregarded.  

For the methanol formation from syngas, copper-based catalyst is widely used. 

Commercial methanol synthesis catalyst (MSC, Alfa Aesar) includes 35% copper 

and 20.7% zinc by weight (Şener, 2019). For the methanol dehydration synthesis, a 

commercial γ-alumina catalyst was used (CA, Toyo Engineering Co.). 

All synthesized catalysts are shown in Table 4.1. 

Table 4.1 List of the synthesized catalysts  

Catalyst 

Content (wt. %) 

Cu Zn STA 

SA-30STA - - 30 

SA-30Cu15Zn 30 15 - 

SA-40Cu20Zn 40 20 - 

SA-50Cu25Zn 50 25 - 
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4.2 Material Characterization Techniques 

The characterization of synthesized catalysts was performed using several 

techniques such as Fourier Transform Infrared Spectroscopy (FTIR), Nitrogen 

Adsorption/Desorption Analysis (BET), Thermogravimetric Analysis (TGA), X-

Ray Diffraction (XRD) Analysis, and Scanning Electron Microscopy (SEM). 

4.2.1 Fourier Transform Infrared Spectroscopy Analysis 

Fourier Transform Infrared Spectroscopy (FTIR) analysis was performed to obtain 

information about the bond types of synthesized materials and hence to confirm 

that the synthesized material was silica aerogel. Perkin Elmer Spectrum One device 

was used in the analysis and the FTIR spectrum was obtained for each sample 

within the range of wavenumber from 600 to 4000 cm
-1

 and a resolution of 4 cm
-1

.  

4.2.2 Nitrogen Physisorption Analysis 

Nitrogen physisorption analysis was used to determine surface area, pore volume, 

pore size distributions, and adsorption/desorption isotherms of synthesized 

materials. Micromeritics Tristar II 3020 device at METU Department of Chemical 

Engineering was used in the analysis within the range of relative pressure from 

0.0001 to 0.99. Prior to the analysis, the samples were degassed at 130 ℃ for 2 

hours under vacuum. 

4.2.3 Thermogravimetric Analysis 

Thermogravimetric analysis (TGA) was used to determine thermal stability by 

monitoring mass change of the synthesized catalysts depending on temperature. 

Analysis was performed under air atmosphere with a 50 ml/min flow rate using 
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Shimadzu DTG-60H device at METU Chemical Engineering. Samples were heated 

up to 900°C with a heating rate of 10°C/min. 

4.2.4 X-Ray Diffraction Analysis 

X-Ray Diffraction (XRD) analysis of the synthesized catalysts were performed to 

analyze crystal structure in METU Metallurgical and Materials Engineering 

Department using Bruker D8 Advance equipment with Cu anode in the range of 2θ 

value of 5°- 90° with a scanning rate of 1˚/min. The device was operated at 40 kV 

and 40 mA. 

4.2.5 Scanning Electron Microscopy Analysis 

Scanning Electron Microscopy (SEM) analysis was performed to observe the 

surface morphology of the synthesized catalysts. SEM images of the samples were 

taken using Tescan VEGA3 scanning electron microscope at METU Chemical 

Engineering Department with 10 kV or 20 kV beam voltage. The metal content of 

the catalysts was determined using Energy Dispersive X-Ray Spectroscopy (EDX) 

analysis, while the dispersion of the metals was obtained through mapping of 

backscattered electron images of the catalyst.   

4.3 Activity Tests of the Synthesized Catalysts in DME Production System 

4.3.1 DME Production System 

Activity test of the synthesized catalyst was performed in a high-pressure, 

continuous flow, lab-scale DME production system (Figure 4.3). As a construction 

material for all pipes, valves, and fittings, 1/4 inch 316 stainless steel was used. 

The tubular reactor was also made of 1/4 inch stainless steel. There were three 

mass flow controllers (MFC, OMEGA Engineering Inc.) which were used to 
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supply H2, CO, and CO2 gases at a constant flow rate to the system.  In order to 

measure inlet pressure of each gas, one pressure gauge was placed before each 

MFC. A pressure gauge (PAKKENS) was also used to measure the system pressure 

and placed after MFC outlet.  

In order to pressurize the system before running, two additional lines were built to 

enable to bypass feed section (MFCs) and reactor. The reactor bypass system is 

designed to prevent catalyst movement in the reactor by enabling the pressurization 

of the inlet and outlet streams at the same time. After the experiments, the system 

was depressurized using the reactor bypass line. Check valves, with a cracking 

pressure of 1/3 psi, were strategically installed after each MFC and line that 

bypassed the feed section. They were placed to prevent backflow which can occur 

when a line has a lower pressure than the downstream pressure. 

The adjustment of reaction pressure was performed with a needle valve. The flow 

rate of the gases was set using MFCs. The total flow rate of the gas mixture exiting 

the reactor was checked using a soap bubble meter. 

Heating tapes were used at the reactor inlet line to heat the reactants to a specific 

temperature before they entered the furnace. They were also used at the reactor 

outlet line to prevent the condensation of the products at the exit of furnace. The 

heating of the tubular reactor to the desired reaction temperature was accomplished 

via a tubular furnace. 

Analysis of the reactor effluent stream was conducted continuously using Gas 

Chromatography (GC, Varian CP3800) equipped with a Porapak Q-packed column 

and a thermal conductivity detector (TCD). As a carrier gas, argon was selected. 

The GC analysis conditions and column temperature details are provided in Tables 

4.2 and 4.3, respectively. 
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Table 4.2 GC analysis conditions 

 Temperature (
o
C) Pressure 

(psi) 

Flowrate (ml/min) Carrier gas 

TCD 200 - 30 Ar 

Column 38-170 5 - Ar 

 

Table 4.3 GC column temperature program 

Temperature (
o
C) Hold Duration (min) Heating Rate (

o
C/min) 

38 6 - 

120 1 4 

130 0.1 1 

170 0.4 20 
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4.3.2 Experimental Procedure  

The quantity of catalyst utilized was precisely 0.3 grams, positioned at the center of 

the reactor. In order to prevent movement of catalyst during the pressurization 

before starting the experiment, both ends were securely fastened with glass wool. 

Prior to the placement of the catalyst within the reactor, a physical mixture of the 

methanol synthesis catalyst and the methanol dehydration catalyst was prepared, 

with a weight ratio of 1:1. After that, the reactor was placed into the tubular 

furnace. For the reduction of catalyst, the reactor temperature was raised to 275 °C 

with a heating rate of 10 °C/min, followed by a 30-minute dwell time. The process 

was executed under ambient pressure using pure hydrogen at a volumetric flow rate 

of 12.5 ml/min. In the meantime, the inlet and outlet lines were heated to 150 °C 

and 100 °C by using heating tapes, respectively. Following the reduction, the 

hydrogen flow was turned off. The reaction temperature of the experiments was 

275 
o
C. In order to prevent the initiation of the reaction immediately, the furnace 

temperature was reduced to 130 °C. After the temperature decreased to 130°C, the 

system was pressurized with the desired gas composition (12.5 ml/min CO, 12.5 

ml/min H2) through the bypass lines and on-off valves. This process was completed 

very quickly. When the system pressure reached 50 bar, the valves on the bypass 

lines were turned off. The desired flow rates of gases were adjusted through the use 

of MFCs. The measurement of the outlet flow rate of the reactor was conducted by 

means of a soap bubble meter.  

The reaction time for each catalytic activity test was 5 hours. The reactor effluent 

was periodically analyzed via GC with a 50-minute interval during the performance 

test. At the end of 5 hours, the furnace heating was turned off and the reactor was 

left to cool down. The gases supplied to the reactor were closed and the system 

pressure was relieved through the bypass lines. In order to prevent condensation 

along the reactor line, the heating tape temperatures at both the reactor inlet and the 

outlet were gradually reduced. This procedure was conducted until a sufficient 

decrease in the temperature of the reactor was achieved. 
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Experimental conditions for DME production and catalysts that were used in the 

experiments are given in Table 4.4.  

Table 4.4 Experimental conditions for DME production 

Catalyst Temperature (
o
C) Pressure (bar) 

MSC + CA 

275 50 

MSC + CA* 

MSC + SA-30STA  

SA-30Cu15Zn + SA-30STA 

SA-40Cu20Zn + CA 

SA-50Cu25Zn + CA 

  (*repeatibility test) 
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CHAPTER 5  

5 RESULTS AND DISCUSSION 

The characterization of the synthesized catalysts and the results of their activity 

tests are given and discussed in this chapter. The characterization of all the 

catalysts used in this study was performed using different techniques to understand 

the impact of material properties on the catalytic activity. The activity tests of the 

synthesized catalysts were performed in a fixed bed reactor. 

5.1 Characterization Results of the Catalysts  

Various characterization methods were applied to determine the physical properties 

of synthesized silica aerogel which was used as a support material in the catalyst, 

and catalysts obtained by impregnating metal onto silica aerogel. Both pure and 

loaded silica aerogels are in the form of fine powder. Properties such as surface 

area, pore size distribution, pore volume, thermal stability, morphology, and crystal 

structure of the synthesized materials were investigated using Nitrogen 

Physisorption, Thermogravimetric Analysis, Fourier Transform Infrared 

Spectroscopy, X-Ray Diffraction, and Scanning Electron Microscopy. 

5.1.1 Fourier Transform Infrared Spectroscopy Analysis 

FTIR analysis was performed to confirm that the synthesized material is a silica 

aerogel. The FTIR spectra of the synthesized pure silica aerogels are illustrated in 

Figure 5.1. In the spectrum, the peaks at 772 cm
-1

 and 957 cm
-1

 correspond to Si-O 

stretching. Moreover, the peaks obtained at 695 cm
-1

, 757 cm
-1

, and 808 cm
-1

 show 

symmetrical Si-O-Si stretching vibration in silica aerogels. The peaks at 845 cm
-1 

and 1257 cm
-1

 are due to Si-C bond. Furthermore, the sharp peak around 1071 cm
-1
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with a shoulder at 1147 cm
-1 

refers to Si-O-Si stretching. Finally, a C-H stretching 

at approximately 2963 cm
-1

 is detected because of the TMCS modification. 

According to the FTIR results, the characteristic peaks similar to those found by 

Sivri et al. (Sivri et al., 2019) were obtained. Therefore, the synthesis of the silica 

aerogels was successfully performed.  

 

Figure 5.1 FTIR spectra of the synthesized pure silica aerogels 
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5.1.2 Nitrogen Physisorption Analysis  

5.1.2.1 Silica Aerogels  

The characterization of the pure silica aerogels synthesized at different times was 

performed by Nitrogen Physisorption. The nitrogen adsorption/desorption 

isotherms of the silica aerogels are shown in Figure 5.2. 

 

Figure 5.2 N2 adsorption/desorption isotherms of the synthesized silica aerogels 

(Filled circles: adsorption branch, empty circles: desorption branch) 
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relative pressure values at which hysteresis began and ended is between 0.65 and 

0.95. The observation of Type IV isotherm in the synthesized silica aerogels 

indicates the presence of mesoporous materials. 

The pore size distribution of the synthesized pure silica aerogels are given in Figure 

5.3. The synthesized silica aerogels typically consist of mesopores with pore sizes 

ranging from 2 and 50 nm. However, the presence of micropores smaller than 2 

nanometers, and macropores larger than 50 nanometers, was also observed. The 

pore size distribution was in accordance with the adsorption/desorption isotherms 

illustrated in Figure 5.2. 

 

Figure 5.3 The pore size distribution of the synthesized silica aerogels 

The physical properties of the synthesized silica aerogels are shown in Table 5.1. 

The multipoint BET surface area values varied between 844 and 1035 m
2
/g. 
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Furthermore, the BJH desorption pore volume values ranged from 3.62 to 4.57 

cm
3
/g, while the BJH desorption average pore diameter values varied between 9.7 

and 10.5 nm. The data presented in Table 5.1 were consistent with the N2 

adsorption/desorption isotherms and the pore size distribution. Consequently, the 

results demonstrated the reliability and repeatability of the silica aerogel synthesis 

method. 

Table 5.1 The physical properties of the synthesized silica aerogels 

Catalyst Support 
Multipoint BET 

Surface Area (m
2
/g) 

BJH Desorption 

Pore Volume 

(cm
3
/g) 

BJH Desorption 

Average Pore 

Diameter (nm) 

SA1 874 3.62 9.9 

SA2 844 3.63 10.2 

SA3 1035 4.57 10.5 

SA4 945 3.96 9.7 

5.1.2.2 Metal Loaded Silica Aerogels  

The nitrogen adsorption/desorption isotherms of pure silica aerogel and SA-30STA 

are shown in Figure 5.4. Both pure silica aerogel and SA-30STA showed Type IV 

isotherm with H3 type hysteresis according to IUPAC classification. While the 

hysteresis began at a value of 0.65 P/P0 in pure silica aerogel, it began at an 

approximately 0.8 P/P0 value in SA-30STA. This shows that the both materials 

were mesoporous. 
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Figure 5.4 N2 adsorption/desorption isotherms of pure SA and SA-30STA (Filled 

circles: adsorption branch, empty circles: desorption branch) 

The pore size distribution of the pure silica aerogel and SA-30STA are given in 

Figure 5.5. The pure silica aerogel typically consists of mesopores with pore sizes 

ranging from 2 and 50 nm. However, the presence of micropores smaller than 2 

nanometers, and macropores larger than 50 nanometers, was also observed. On the 

other hand, the macropores were clogged in SA-30STA due to metal loading. The 

pore size distribution was in accordance with the adsorption/desorption isotherms 

illustrated in Figure 5.4. 
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Figure 5.5 The pore size distribution of pure SA and SA-30STA 

The physical properties of the pure silica aerogel and SA-30STA are shown in 

Table 5.2. While the multipoint BET surface area value of pure silica aerogel was 

1035 m
2
/g, it decreased to 424 m

2
/g for SA-30STA. The BJH desorption pore 

volume and the BJH desorption average pore diameter values in pure SA were 4.57 

cm
3
/g and 10.5 nm, respectively. On the other hand, the BJH desorption pore 

volume and the BJH desorption average pore diameter values in SA-30STA were 

1.64 cm
3
/g and 10.2 nm, respectively. A decrease in surface area and pore volume 

was observed within the STA loading. The data presented in Table 5.2 were 

consistent with the N2 adsorption/desorption isotherms and the pore size 

distribution.  
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Table 5.2 The physical properties of pure SA and SA-30STA 

Catalyst Support 
Multipoint BET 

Surface Area (m
2
/g) 

BJH Desorption 

Pore Volume 

(cm
3
/g) 

BJH Desorption 

Average Pore 

Diameter (nm) 

SA 1035 4.57 10.5 

SA-30STA 424 1.64 10.2 

 

The nitrogen adsorption/desorption isotherms of pure SA, SA-30Cu15Zn, SA-

40Cu20Zn, and SA-50Cu25Zn are shown in Figure 5.6. Pure silica aerogel, SA-

40Cu20Zn, and SA-50Cu25Zn showed Type IV isotherm with H3 type hysteresis 

according to IUPAC classification. On the other hand, SA-30Cu15Zn catalyst 

showed Type IV isotherm with H2 type hysteresis. While the hysteresis began at a 

value of 0.65 P/P0 in pure silica aerogel, it began at an approximately 0.45 P/P0 

value in metal loaded ones. This shows that the metal loaded silica aerogels were 

mesoporous with relatively small pore sizes. 
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Figure 5.6 N2 adsorption/desorption isotherms of pure SA, SA-30Cu15Zn, SA-

40Cu20Zn, and SA-50Cu25Zn (Filled circles: adsorption branch, empty circles: 

desorption branch) 

The pore size distribution of the pure SA, SA-30Cu15Zn, SA-40Cu20Zn, and SA-

50Cu25Zn are given in Figure 5.7. The pure silica aerogel typically consists of 

mesopores with pore sizes ranging from 2 and 50 nm. However, the presence of 

micropores smaller than 2 nanometers, and macropores larger than 50 nanometers, 

was also observed. On the other hand, the macropores and larger mesopores were 

blocked in SA-30Cu15Zn, SA-40Cu20Zn, and SA-50Cu25Zn due to high amount 

of metal loading. The pore size distribution was in accordance with the 

adsorption/desorption isotherms illustrated in Figure 5.6. 
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Figure 5.7 The pore size distribution of pure SA, SA-30Cu15Zn, SA-40Cu20Zn, 

and SA-50Cu25Zn 

The physical properties of the pure SA, SA-30Cu15Zn, SA-40Cu20Zn, and SA-

50Cu25Zn are shown in Table 5.3. While the multipoint BET surface area value of 

pure silica aerogel was 1035 m
2
/g, it decreased to 210 m

2
/g for SA-30Cu15Zn, 90 

m
2
/g for SA-40Cu20Zn, and to 66 m

2
/g for SA-50Cu25Zn. The BJH desorption 

pore volume and the BJH desorption average pore diameter values in pure SA were 

4.57 cm
3
/g and 10.5 nm, respectively. On the other hand, SA-30Cu15Zn showed a 

BJH desorption pore volume of 0.21 cm
3
/g and a BJH desorption average pore 

diameter value of 2.8 nm.  SA-40Cu20Zn showed a BJH desorption pore volume of 

0.14 cm
3
/g and a BJH desorption average pore diameter value of 4.3 nm, while SA-

50Cu25Zn showed a BJH desorption pore volume of 0.11 cm
3
/g and a BJH 

desorption average pore diameter value of 4.7 nm, respectively. The blockage of 

the silica aerogel pores due to Cu and Zn loading resulted in a decrease in surface 

area, pore volume, and pore diameter. The data presented in Table 5.3 were 
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consistent with the N2 adsorption/desorption isotherms and the pore size 

distribution.  

Table 5.3 The physical properties of pure SA, SA-30Cu15Zn, SA-40Cu20Zn, and 

SA-50Cu25Zn 

Catalyst Support 
Multipoint BET 

Surface Area (m
2
/g) 

BJH Desorption 

Pore Volume 

(cm
3
/g) 

BJH Desorption 

Average Pore 

Diameter (nm) 

SA 1035 4.57 10.5 

SA-30Cu15Zn 210 0.21 2.8 

SA-40Cu20Zn 90 0.14 4.3 

SA-50Cu25Zn 66 0.11 4.7 

5.1.3 Thermogravimetric Analysis 

The thermogravimetric analysis result of the uncalcined SA-30STA catalyst is 

shown in Figure 5.8, illustrating the weight change as a function of temperature. 

There was approximately 4.3% weight loss up to 125 
o
C. The moisture within the 

material might be the reason of this loss. Between 200 
o
C and 445 

o
C, an 

approximately 2.3% weight loss occurred. This is attributed to the removal of the 

water in the structure and the removal of methyl groups above 300 
o
C. Above 445 

o
C a weight loss of 5.7% occurred. This weight loss was thought to be due to the 

removal of the main methyl groups present in the silica aerogel as a result of the 

TMCS modification. Moreover, at temperatures of 500°C and above, STA 

completely decomposes into WO3 and SiO2 (Ermiş, 2022). Consequently, a total 

weight loss of approximately 12.3% of the uncalcined SA-30STA catalyst was 

observed up to 900°C. The results indicated that the weight loss of the catalyst was 
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relatively small at temperatures between 125 and 445 
o
C. Therefore, the calcination 

temperature was selected as 375°C which is above the reaction temperature. 

 

Figure 5.8 TGA curve of the uncalcined SA-30STA catalyst 

5.1.4 X-Ray Diffraction Analysis 

XRD results of the synthesized methanol synthesis catalysts are shown in Figure 

5.9. The SA-50Cu25Zn catalyst showed XRD pattern with peaks at 2θ values of 

31.8
o
, 32.5

o
, 34.4

o
, 35.5

o
, 38.8

o
, 48.6

o
, 53.6

o
, 56.5

o
, 58.2

o
, 61.5

o
, 66.1

o
, 68.2

o
, 72.3

o
, 

and 75.2
o
.  

In XRD pattern of the SA-50Cu25Zn, the diffraction peaks at 2θ value of 32.5
o
, 

38.8
o
, 48.6

o
, 53.6

o
, 58.2

o
, 61.5

o
, 66.1

o
, 68.2

o
, 72.3

o
, and 75.2

o
 were assigned to 

CuO, while those at 2θ value of 31.8
o
, 34.4

o
, and 56.5

o
 belonged to

 
ZnO according 

to PDF cards listed in Appendix B. The broad peak in the range of 34.8
o
-36.5

o
 was 

assigned to both CuO and ZnO due to overlapping diffraction peaks. Therefore, the 

SA-50Cu25Zn catalyst was composed of CuO and ZnO phases.  
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The same peaks were observed in the both SA-30Cu15Zn and SA-40Cu20Zn 

catalysts. The only difference between them was the intensity of peaks. As the 

amount of impregnated metal increased, the intensity of the peaks also increased, 

which is an expected result.   

 

Figure 5.9 XRD patterns of the synthesized catalysts 

The crystallite sizes of CuO in the synthesized catalyst were calculated using the 

Scherrer equation. Sample calculation of the crystallite size is given in Appendix 

C. Similar CuO crystallite sizes were obtained for all the synthesized catalysts 

(Table 5.4). The crystallite size of CuO in the synthesized catalysts was found to be 

in the range of 17.7-18.9 nm. Increasing the amount of metal loading in the support 

material had almost no effect on the crystallite size of CuO. 

Table 5.4 Crystallite size of CuO in the synthesized catalysts 

Catalyst CuO Crystallite Size (nm) 

SA-30Cu15Zn 18.9 

SA-40Cu20Zn 17.7 

SA-50Cu25Zn 18.5 
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XRD result of the synthesized methanol dehydration catalyst, SA-30STA, is shown 

in Figure 5.10. In the XRD pattern, the broad peak around 2θ value of 20
o
-30

o
 was 

related with amorphous silica (Sarıyer, 2018). The observed diffraction peak at 2θ 

value of 28.1
o
 was assigned to STA (Ermiş, 2022). The XRD result showed that 

STA is highly dispersed within the silica aerogel structure. 

 

Figure 5.10 XRD pattern of the SA-30STA catalyst 

5.1.5 Scanning Electron Microscopy Analysis 

Scanning electron microscopy analysis was performed to observe the morphology 

of the synthesized catalysts. The SEM image of the SA-30Cu15Zn catalyst is 

shown in Figure 5.11. It was observed that the morphology was flower-like. 

Agglomeration of the metals over the catalyst surface was also identified in the 

regions highlighted with the boxes.  
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Figure 5.11 SEM image of the SA-30Cu15Zn catalyst 

A typical EDX spectrum of the SA-30Cu15Zn catalyst is shown in Figure 5.12. 

According to the spectrum, catalyst contained Si, O, Cu, and Zn elements. The 

weight percentages of the Cu, Zn, Si, and O were 46%, 11%, 13%, and 30%, 

respectively. Although the loading amount of Cu was 30% in the SA-30Cu15Zn 

catalyst, the EDX result showed that the weight percentage of Cu was 46%. This 

indicated that the dispersion of the Cu element was non-uniform. Moreover, the 

agglomeration of the Cu particles was seen in the SEM image of the SA-30Cu15Zn 

catalyst. Based on these results, it seems that the Zn did not have a significant 

effect on the distribution of Cu. 
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Figure 5.12 EDX spectrum of the SA-30Cu15Zn catalyst 

The elemental mapping of the SA-30Cu15Zn catalyst was performed by focusing 

on smaller particles at different parts of the catalyst to observe the dispersion of the 

metals. The backscattered electron images from different regions of the SA-

30Cu15Zn catalyst are shown in Figures 5.13a-5.14a, while the elemental mapping 

is shown in Figures 5.13b-5.14b. The distributions of the O, Si, Cu, and Zn 

elements on the support are also illustrated in Figures 5.13-5.14 c-f, respectively.  

The weight percentage of Cu element in the smaller particles at different regions of 

the catalyst ranged from 38% to 63%, with an average value of 51%. The amount 

of Cu was higher in some regions, while relatively lower amounts were observed in 

other areas. The variation in Cu weight percentage at different parts of the catalyst 

indicated that Cu was not uniformly distributed throughout the catalyst surface.  
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Figure 5.13 (a) Backscattered electron image of the SA-30Cu15Zn catalyst, b) the 

elemental mapping of the SA-30Cu15Zn catalyst in particle 1, and the distribution 

of (c) oxygen, (d) silicon, (e) copper, and (f) zinc elements in the catalyst 
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Figure 5.14 (a) Backscattered electron image of the SA-30Cu15Zn, b) the 

elemental mapping of the SA-30Cu15Zn catalyst in particle 2, and the distribution 

of (c) oxygen, (d) silicon, (e) copper, and (f) zinc elements in the catalyst 
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The SEM image of the SA-40Cu20Zn catalyst is shown in Figure 5.15. It was 

observed that the morphology was sphere-like. Agglomeration of the metals over 

the catalyst surface, formed by the coalescence of several spheres, was also 

identified in the parts indicated by the boxes.  

 

Figure 5.15 SEM image of the SA-40Cu20Zn catalyst 

A typical EDX spectrum of the SA-40Cu20Zn catalyst is shown in Figure 5.16. 

According to the spectrum, catalyst contained Si, O, Cu, and Zn elements. The 

weight percentages of the Cu, Zn, Si, and O were 25%, 18%, 25%, and 32%, 

respectively. Although the loading amount of Cu was 40% in the SA-40Cu20Zn 

catalyst, the EDX result showed that the weight percentage of Cu was 25%. This 

indicated that the Cu element was not uniformly distributed over catalyst surface. 

Moreover, the agglomeration of the Cu particles was seen in the SEM image of the 

SA-40Cu20Zn catalyst. Based on these results, it seems that the Zn did not have a 

significant effect on the distribution of Cu. 
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Figure 5.16 EDX spectrum of the SA-40Cu20Zn catalyst 

The elemental mapping of the SA-40Cu20Zn catalyst was performed by focusing 

on smaller particles to observe the dispersion of the metals. The backscattered 

electron images from different regions of the SA-40Cu20Zn catalyst are shown in 

Figures 5.17a-5.18a, while the elemental mapping is shown in Figures 5.17b-5.18b. 

The distributions of the O, Si, Cu, and Zn elements on the support are also 

illustrated in Figures 5.17-5.18 c-f, respectively.  

The average weight percentage of the Cu element in particles that were present at 

different parts of the catalyst was 53%. The amount of Cu was higher in some 

regions, while relatively lower amounts were observed in other areas. Moreover, 

the average amount of Cu was higher than the loading amount and the distribution 

was non-uniform. 
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Figure 5.17 (a) Backscattered electron image of the SA-40Cu20Zn catalyst, b) the 

elemental mapping of the SA-40Cu20Zn catalyst in particle 1, and the distribution 

of (c) oxygen, (d) silicon, (e) copper, and (f) zinc elements in the catalyst 
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Figure 5.18 (a) Backscattered electron image of the SA-40Cu20Zn catalyst, b) the 

elemental mapping of the SA-40Cu20Zn catalyst in particle 2, and the distribution 

of (c) oxygen, (d) silicon, (e) copper, and (f) zinc elements in the catalyst 
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The SEM image of the SA-50Cu25Zn catalyst is shown in Figure 5.19. It was 

observed that the morphology was sphere-like. Agglomeration of the metals over 

catalyst surface, formed by the coalescence of several spheres, was also identified 

in the parts indicated by the boxes. As the amount of Cu loading increased, the 

agglomeration was also increased compared to the SA-40Cu20Zn catalyst. 

 

Figure 5.19 SEM image of the SA-50Cu25Zn catalyst 

A typical EDX spectrum of the SA-50Cu25Zn catalyst is shown in Figure 5.20. 

According to the spectrum, catalyst contained Si, O, Cu, and Zn elements. The 

weight percentages of the Cu, Zn, Si, and O were 32%, 25%, 14%, and 29%, 

respectively. Although the loading amount of Cu was 50% in the SA-50Cu25Zn 

catalyst, the EDX result showed that the weight percentage of Cu was 32%. This 

indicated that the Cu element was not uniformly distributed over catalyst surface. 

Moreover, the agglomeration of the Cu particles was seen in the SEM image of the 

SA-50Cu25Zn catalyst. Based on these results, it seems that the Zn did not have a 

significant effect on the distribution of Cu. 
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Figure 5.20 EDX spectrum of the SA-50Cu25Zn catalyst 

The elemental mapping of the SA-50Cu25Zn catalyst was performed by focusing 

on smaller particles to observe the dispersion of the metals. The backscattered 

electron images from different regions of the SA-50Cu25Zn catalyst are shown in 

Figures 5.21a-5.22a, while the elemental mapping is shown in Figures 5.21b-5.22b. 

The distributions of the O, Si, Cu, and Zn elements on the support are also 

illustrated in Figures 5.21-5.22 c-f, respectively.  

The average weight percentage of Cu element in the particles that were present in 

different parts of the catalyst was 55%. Although the average weight percentage of 

Cu was close to the loading amount of the SA-50Cu25Zn catalyst, the weight 

percentage of Cu element in the smaller particles at different regions of the catalyst 

ranged from 31% to 78%. The amount of Cu was higher in some regions, while 

relatively lower amounts were observed in other areas. The variation in Cu weight 

percentage at different parts of the catalyst indicated that Cu was not uniformly 

distributed throughout the catalyst surface.  
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Figure 5.21 (a) Backscattered electron image of the SA-50Cu25Zn catalyst, b) the 

elemental mapping of the SA-50Cu25Zn catalyst in particle 1, and the distribution 

of (c) oxygen, (d) silicon, (e) copper, and (f) zinc elements in the catalyst 
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Figure 5.22 (a) Backscattered electron image of the SA-50Cu25Zn catalyst, b) the 

elemental mapping of the SA-50Cu25Zn catalyst in particle 2, and the distribution 

of (c) oxygen, (d) silicon, (e) copper, and (f) zinc elements in the catalyst 
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5.2 DME Production Results 

The catalytic activity tests were performed using a DME production system at 275 

°C and 50 bar, with a total flowrate of 25 ml/min and a CO:H₂ feed molar ratio of 

1:1. The experiments were conducted using a total quantity of 0.3 g of bifunctional 

catalyst. Prior to DME synthesis, the catalysts were subjected to a reduction 

procedure at 275 °C for 30 minutes. A total reaction time of 5 hours was used for 

the DME synthesis. The effluent streams of the reactor were continuously analyzed 

using GC, and the outlet stream compositions were calculated using the calibration 

factors of each component (Appendix D). 

The quantitative analysis of the chemical composition of the reactor outlet stream 

was performed using GC analysis. In addition to the presence of carbon monoxide 

and hydrogen gases; methane, carbon dioxide, formic acid (HCOOH), methanol 

(CH3OH), dimethyl ether (CH3OCH3), and ethanol (C2H5OH) were observed in the 

effluent stream of the reactor as products. The presence of these gases in the reactor 

effluent stream indicated that the following reactions could occur in the reactor: 

CO + 2H2 ⇌ CH3OH                 (Methanol synthesis reaction, R1) 

CO2 + 3H2 ⇌ CH3OH + H2O                  (Methanol synthesis reaction, R2) 

2CH3OH ⇌ CH3OCH3 + H2O      (Methanol dehydration reaction, R3) 

CO + H2O ⇌ CO2 + H2              (Water-gas shift reaction, R4) 

CO2 + H2 ⇌ HCOOH          (CO2 hydrogenation to formic acid reaction, R7) 

2CO + 4H2 ⇌ C2H5OH + H2O               (CO hydrogenation to ethanol reaction, R8) 

CO + 3H2 ⇌ CH4 + H2O                      (CO methanation reaction, R9) 

The calculation methods of the fractional conversion of CO and the selectivity of 

products are presented in Appendix E. Throughout the experiment, the areas of the 

products and reactants were measured at 50-minute intervals using the GC 
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chromatogram. Subsequently, the number of moles of each component was 

calculated. The calculation of average conversion and selectivity values was 

performed using the last four data points where the system reached steady state. 

5.2.1 Repeatability Test Results 

In order to verify the experimental reproducibility, the DME production tests were 

repeated two times at 275°C and 50 bar over the MSC and CA (1:1 weight ratio) 

catalysts. Figure 5.23 shows the average conversion as a function of time for two 

replicates, along with the standard deviation. 

 

Figure 5.23 Average CO conversion of two replicates of DME synthesis over time 

with standard deviation (T=275 
o
C, P=50 bar, CO:H2=1:1, Catalyst: MSC:CA (1:1 

by wt.)) 

According to the results, the system reached steady state within 150 minutes. The 

mean of the last four data was taken for the calculation of CO conversion and 

product selectivities. Dimethyl ether, carbon dioxide, and methane were formed as 
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the main products. Trace amounts of formic acid and ethanol were also produced. 

The average CO conversion of two experiments was calculated as 77% with a 

standard deviation of 0.3.  

The average product distribution of two runs with standard deviation is 

demonstrated in Figure 5.24. While the average mole fraction of DME was 31.6% 

with a standard deviation of 2.8, the average mole fraction of CO2 and CH4 were 

58.8% and 6.4 % with standard deviations of 1.5 and 0.6, respectively.  

 

Figure 5.24 Product distribution of two replicates of DME synthesis over time with 

standard deviation (T=275 
o
C, P=50 bar, CO:H2=1:1, Catalyst: MSC:CA (1:1 by 

wt.)) 

The average product selectivities of two runs with a standard deviation are 

demonstrated in Figure 5.25. While the average DME selectivity was 47.6%, the 

average selectivities of CO2 and CH4 were 44.4% and 4.8 %, respectively. 

The findings indicated that the data was reliable and consistent with each other. 

Thus, it can be concluded that the experiments are repeatable. 
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Figure 5.25 Product selectivities of two replicates of DME synthesis over time 

with standard deviation (T=275 
o
C, P=50 bar, CO:H2=1:1, Catalyst: MSC:CA (1:1 

by wt.)) 

The conversion, product distribution and selectivity results of the repeatability tests 

are given separately in Appendix F. 

5.2.2 Effect of Metal Loading on DME Production 

5.2.2.1 Effect of STA on CO Conversion and DME Selectivity 

The 30% STA by weight impregnated into silica aerogel support. Then, the 

synthesized catalyst was physically mixed with commercial methanol synthesis 

catalyst (MSC) with 1 to 1 weight ratio. The catalytic activity test of the mixed 

catalyst was performed at 275 
o
C, 50 bar, and CO:H2 molar ratio of 1:1. 

Dimethyl ether and carbon dioxide were the main products. Trace amounts of 

methane, formic acid, and ethanol were also produced. According to the results 

given in Appendix G, the system reached steady state within 150 minutes. The 

average CO conversion was calculated by taking the average of the last four points 

0 

10 

20 

30 

40 

50 

60 

70 

0 50 100 150 200 250 300 350 

 S
el

ec
ti

v
it

y
, 
%

 

Time, min 

DME 

CO2 

CH4 



 

 

73 

and found as 67.3% with a standard deviation of 1.5. The average selectivity of 

DME and CO2 were calculated as 61.6% and 36.7% both with standard deviation 

of 0.9. 

While the CO conversion of the commercial catalysts was 76.9%, the DME 

selectivity was 47.6%. Although the CO conversion that obtained with STA 

contained catalyst was lower than the commercial catalysts, the DME selectivity 

was higher than that was obtained with the commercial catalysts, as shown in 

Figure 5.26. It can be concluded that the STA impregnated catalyst increases the 

DME selectivity.  

 

Figure 5.26 Effect of STA impregnation into silica aerogel on CO conversion and 

product selectivities (T=275 
o
C, P=50 bar, CO:H2=1:1, Catalyst: MSC:CA or SA-

30STA (1:1 by wt.)) 

According to the results given in Appendices F and G, the MSC+SA-30STA 

catalyst showed better stability over time in both product distribution and 

selectivity compared to the MSC+CA catalyst. The γ-alumina catalyst contains 

mainly Lewis acid sites which are sensitive to water. The presence of water can 
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block the active sites of γ-alumina catalyst and hence decrease the catalytic 

activity. In contrast, HPAs possess strong Brønsted acidity and are less sensitive to 

water. Moreover, HPAs have an ability to absorb water within their structure. 

Consequently, the presence of water does not have a negative impact on their 

catalytic activity (Peinado et al., 2024). Therefore, the greater stability of the 

MSC+SA-30STA catalyst in DME production might be related to its tolerance to 

water.  

In one of literature study, DME selectivity of 63.1% and CO conversion of 39% 

were achieved using 30% STA impregnated CZA:631 catalyst with a GHSV of 

5000 mL/gcat.h at 275 °C and 50 bar (Pekmezci Karaman et al., 2020). In another 

study, 56.6% DME selectivity with 41.1% CO conversion was obtained using 

physical mixture of 25% STA impregnated into SBA-15 support and commercial 

methanol synthesis catalyst of HifuelR-120 (HF) with a GHSV of 5000 mL/gcat.h at 

275 °C and 50 bar (Ozcan et al., 2022). While the obtained DME selectivity was 

61.6%, the CO conversion was 67.3% in this study. Comparison with the previous 

studies shows that similar DME selectivity was obtained with a higher CO 

conversion value at the same operating conditions.   

The CO conversion value obtained using the MSC+SA-30STA catalyst and the 

equilibrium conversion values at different temperatures obtained from 

thermodynamic analysis are shown in Figure 5.27. The MSC+SA-30STA catalyst 

showed a lower CO conversion value than the equilibrium conversion value at 275 

o
C.  
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Figure 5.27 Comparison of CO conversion value for the MSC+SA-30STA catalyst 

with equilibrium conversion value (T=275 
o
C, P=50 bar, CO:H2=1:1) 

5.2.2.2 Effect of Cu on CO Conversion and DME Selectivity  

30%Cu and 15%Zn by weight were loaded into silica aerogel support. The 

synthesized catalyst was physically mixed with 30% by weight STA containing 

silica aerogel catalyst (SA-30STA) with 1 to 1 weight ratio. The catalytic activity 

test of the mixed catalyst was performed at 275 
o
C, 50 bar, and CO:H2 molar ratio 

of 1:1. 

The average CO conversion and product selectivities of the MSC+SA-30STA and 

SA-30Cu15Zn+SA-30STA catalysts are shown in Figure 5.28. Apart from the 

methanol dehydration reaction (R3), R4, R7, R8, and R9 reactions were also 

mostly occurring in the reactor when using the SA-30Cu15Zn+SA-30STA catalyst. 

While the average CO conversion was calculated as 2%, the average selectivity of 

DME and CO2 were found to be 26% and 51.9%, respectively. 
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2CH3OH ⇌ CH3OCH3 + H2O                (R3) 

CO + H2O ⇌ CO2 + H2                       (R4) 

CO2 + H2 ⇌ HCOOH                         (R7) 

2CO + 4H2 ⇌ C2H5OH + H2O                             (R8) 

CO + 3H2 ⇌ CH4 + H2O                                 (R9) 

When compared with the MSC+CA catalyst combination, the SA-30Cu15Zn+SA-

30STA catalyst showed both lower CO conversion and DME selectivity. The 

reason for this might be that the Cu content of the SA-30Cu15Zn catalyst was not 

sufficient for methanol formation.  

 

Figure 5.28 Effect of Cu and Zn impregnation into silica aerogel on CO 

conversion and product selectivities (T=275 
o
C, P=50 bar, CO:H2=1:1, Catalyst: 

MSC or SA-30Cu15Zn:SA-30STA (1:1 by wt.)) 

In order to observe the effect of Cu loading amount, two different catalysts were 

synthesized by loading 40%Cu&20%Zn and 50%Cu&25%Zn by weight into the 
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silica aerogel support. Then, the synthesized catalysts were physically mixed with 

commercial methanol dehydration catalyst (CA) with 1 to 1 weight ratio. The 

catalytic activity test of the mixed catalyst was performed at 275 
o
C, 50 bar, and 

CO:H2 molar ratio of 1:1. 

The average CO conversion and product selectivities of the SA-30Cu15Zn+SA-

30STA, SA-40Cu20Zn+CA, and SA-50Cu25Zn+CA catalysts are shown in Figure 

5.29. As the amount of Cu increased from 30% to 40%, the CO conversion 

increased from 2% to 7.7%. When the Cu amount was increased to 50%, the CO 

conversion increased to 8.6%. It was observed that the CO conversion increased as 

the amount of Cu was increased. When compared with the SA-30Cu15Zn catalyst, 

the SA-50Cu25Zn also showed an approximately 4.3-fold increase in the CO 

conversion. 

When the Cu amount was increased from 30% to 40%, the DME selectivity 

increased from 26% to 47%. When the Cu amount was increased to 50%, the DME 

selectivity decreased to 27.9%. The highest DME selectivity was obtained with the 

SA-40Cu20Zn catalyst. Although the Cu amount was increased, the surface area of 

the SA-50Cu25Zn catalyst was lower than that of the SA-40Cu20Zn catalyst 

according to the BET analysis results. Furthermore, SEM results showed that the 

agglomeration of the Cu particles was increased as the amount of Cu was raised 

from 40% to 50%. These changes in morphology and texture of the catalysts might 

be the reason for the increase in conversion but the decrease in DME selectivity.  

The CO2 selectivities of the SA-30Cu15Zn, SA-40Cu20Zn, and SA-50Cu25Zn 

catalysts were 51.9%, 47%, and 57.9%, respectively. On the other hand, the CH4 

selectivities of the SA-30Cu15Zn, SA-40Cu20Zn, and SA-50Cu25Zn catalysts 

were 13.6%, 3.9%, and 9%, respectively.  

The ethanol selectivities of the SA-30Cu15Zn, SA-40Cu20Zn, and SA-50Cu25Zn 

catalysts were 6.1%, 1.5%, and 2.6%, respectively, while the formic acid 
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selectivities of the SA-30Cu15Zn, SA-40Cu20Zn, and SA-50Cu25Zn catalysts 

were 2.3%, 0.7%, and 2.7%, respectively.  

 

Figure 5.29 Effect of Cu and Zn amount on CO conversion and product 

selectivities (T=275 
o
C, P=50 bar, CO:H2=1:1, Catalyst: SA-XCuZZn (X:Cu wt%; 

Z:Zn wt%):SA-30STA or CA (1:1 by wt.)) 

The average CO conversion and product selectivities of the MSC+CA and SA-

40Cu20Zn+CA catalysts are shown in Figure 5.30. While the CO conversion in the 

presence of the MSC+CA catalyst was 76.9%, the DME selectivity was 47.6%. In 

contrast, a CO conversion of 7.7% with a DME selectivity of 47% was obtained 

using the SA-40Cu20Zn+CA catalyst mixture. Almost same DME selectivity value 

was obtained using the SA-40Cu20Zn+CA catalyst compared with the MSC+CA 

catalyst. 

The surface area and average pore diameter of the MSC catalyst are 87 m
2
/g and 7 

nm, respectively (Ermiş, 2022). On the other hand, the SA-40Cu20Zn catalyst had 

a surface area of 90 m
2
/g with an average pore diameter of 4.3 nm. When 

comparing the SA-40Cu20Zn catalyst with the MSC catalyst, both had similar 

surface areas. However, the SA-40Cu20Zn catalyst showed a lower average pore 
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diameter. Moreover, the agglomeration of the Cu particles was observed in the 

SEM image of the SA-40Cu20Zn catalyst. Therefore, these might be the reason of 

the lower conversion value obtained using the SA-40Cu20Zn+CA catalyst mixture. 

 

Figure 5.30 Comparison of CO conversion and product selectivities in the 

presence of the MSC+CA (1:1 by wt.) and SA-40Cu20Zn+CA (1:1 by wt.) 

catalysts (T=275 
o
C, P=50 bar, CO:H2=1:1) 
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CHAPTER 6  

6 CONCLUSIONS  

In the context of this thesis study, pure silica aerogels were initially synthesized as 

a catalyst support by using the sol-gel method. Then, catalysts were prepared by 

loading metals including Cu, Zn, and STA onto the synthesized silica aerogels at 

differing weight percentages using impregnation method. The synthesized 

materials were characterized through a variety of methods. In order to determine 

the operating parameters, thermodynamic equilibrium analysis was performed. 

According to the equilibrium study results; temperature, pressure, and CO:H2 

molar ratio were selected as 275 
o
C, 50 bar, and 1:1, respectively. The activity tests 

of the synthesized catalysts were performed in a fixed bed reactor. The following 

key findings were obtained: 

 FTIR analysis results indicate that the synthesized silica aerogels contain 

characteristic peaks of silica aerogel. This shows that the silica aerogels were 

synthesized successfully and they are reproducible. According to the nitrogen 

physisorption analysis, the synthesized silica aerogels showed Type IV isotherms 

accompanied by H3 type hysteresis loop which is indicative of a mesoporous 

structure. The silica aerogels have multipoint BET surface area values that varied 

between 844 and 1035 m
2
/g, BJH desorption average pore diameter values ranged 

from 9.7 to 10.5 nm, and BJH desorption average pore volume values was in the 

range of 3.62-4.57 cm
3
/g.  

 According to the TGA results, the catalyst was stable in the temperature 

range to be studied. 

 It was seen that the amount of loaded Cu increased from 30% to 40%, the CO 

conversion also increased around 3.9 times. The DME selectivity also increased 
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from 26% to 47%. On the other hand, when Cu amount was increased from 30% to 

50%, the CO conversion also increased around 4.3 times. However, the DME 

selectivity was almost same. 

 The highest CO conversion was obtained as 77% with 47.6% DME 

selectivity in the activity test using commercial methanol synthesis catalyst (MSC) 

and commercial alumina catalyst (CA) mixture. On the other hand, the highest 

DME selectivity was obtained as 61.6% with 67.3% CO conversion using the MSC 

and SA-30STA catalyst mixture. 

 It is recommended to investigate the effect of the calcination conditions on 

copper loaded catalysts. Moreover, changing the method for metal loading onto 

support is also recommended to improve the catalyst performance. 
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APPENDICES 

A. Calculation of Loaded Metal Amount to Catalyst 

i. STA Loading   

The weight percentage of STA for all the synthesized catalysts was 30%. The 

calculation of the required amount of STA when 1 g of silica aerogel (SA) was 

used as a catalyst support is provided below. 

                           
       

  
 

     

  
         

                                
       

   
 

        

   
          

ii. Copper and Zinc Loading   

Catalysts were synthesized by loading varying amounts of copper and zinc. The 

copper source was Cu(NO3)2.3H2O and the zinc source was Zn(NO3)2.4H2O. The 

calculation of the required amount of Cu(NO3)2.3H2O for 30% Cu by weight and 

the required amount of Zn(NO3)2.4H2O for 15% Zn by weight when 1 g of silica 

aerogel (SA) was used as a catalyst support is provided below. The required 

amount of Cu(NO3)2.3H2O and Zn(NO3)2.4H2O for the SA-40Cu20Zn and SA-

50Cu25Zn catalysts are given in Table A.1.  
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Table A. 1 The required amount of Cu and Zn sources in the synthesized catalysts 

Catalyst 
The required amount of 

Cu(NO3)2.3H2O 

The required amount of 

Zn(NO3)2.4H2O 

SA-40Cu20Zn 3.802 g 1.999 g 

SA-50Cu25Zn 7.603 g 3.999 g 
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B. XRD Data 

XRD data of copper, copper oxide, zinc, and zinc oxide are given in Tables B.1-4. 

Table B. 1 XRD Data of Copper (Cu) 

Compound Name: Copper 

Chemical Formula: Cu 

PDF Card No: 00-004-0836 

Radiation: CuKα1 

Wavelength: 1.5405 Å 

2θ (
o
) d spacing (Å) Intensity (%) h k l 

43.30 2.09 100 1 1 1 

50.43 1.81 46 2 0 0 

74.13 1.28 20 2 2 0 

89.93 1.09 17 3 1 1 

95.14 1.04 5 2 2 2 

116.92 0.90 3 4 0 0 

136.51 0.83 9 3 3 1 

144.71 0.81 8 4 2 0 
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Table B. 2 XRD Data of Copper Oxide (CuO) 

Compound Name: Copper Oxide 

Chemical Formula: CuO 

PDF Card No: 00-041-0254 

Radiation: CuKα1 

Wavelength: 1.5405 Å 

2θ (
o
) d spacing (Å) Intensity (%) h k l 

32.51 2.75 8 1 1 0 

35.44 2.53 60 0 0 2 

35.54 2.52 100 -1 1 1 

38.73 2.32 100 1 1 1 

38.94 2.31 100  2 0 0 

46.26 1.96 3 -1 1 2 

48.74 1.87 25 -2 0 2 

53.46 1.71 7 0 2 0 

58.31 1.58 12 2 0 2 

61.55 1.50 16 -1 1 3 

65.82 1.42 12 0 2 2 

66.27 1.41 14 -3 1 1 

67.93 1.38 9 1 1 3 

68.14 1.37 14 2 2 0 

72.43 1.30 6 3 1 1 

74.99 1.26 6 0 0 4 

75.26 1.26 7 -2 2 2 

80.19 1.20 2 -2 0 4 

82.37 1.17 4 -3 1 3 

83.10 1.16 4 2 2 2 

83.68 1.15 4 4 0 0 

86.57 1.12 2 -4 0 2 

89.81 1.09 5 -1 3 1 
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Table B. 3 XRD Data of Zinc (Zn) 

Compound Name: Zinc 

Chemical Formula: Zn 

PDF Card No: 00-004-0831 

Radiation: CuKα1 

Wavelength: 1.5405 Å 

2θ (
o
) d spacing (Å) Intensity (%) h k l 

36.30 2.47 53 0 0 2 

39.99 2.31 40 1 0 0 

43.23 2.09 100 1 0 1 

54.33 1.69 28 1 0 2 

70.06 1.34 25 1 0 3 

70.66 1.33 21 1 1 0  

77.03 1.24 2 0 0 4 

82.10 1.17 23 1 1 2 

83.76 1.15 5 2 0 0 

86.56 1.12 17 2 0 1 

89.92 1.09 3 1 0 4 

94.90 1.04 5 2 0 2 

109.13 0.94 8 2 0 3 

115.80 0.91 6 1 0 5 

116.38 0.91 11 1 1 4 

124.05 0.87 5 2 1 0 

127.49 0.86 9 2 1 1 

131.84 0.84 2 2 0 4 

138.21 0.82 1 0 0 6 

138.95 0.82 9 2 1 2 
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Table B. 4 XRD Data of Zinc Oxide (ZnO) 

Compound Name: Zinc Oxide 

Chemical Formula: ZnO 

PDF Card No: 00-036-1451 

Radiation: CuKα1 

Wavelength: 1.5405 Å 

2θ (
o
) d spacing (Å) Intensity (%) h k l 

31.77 2.81 57 1 0 0 

34.42 2.60 44 0 0 2 

36.25 2.47 100 1 0 1 

47.54 1.91 23 1 0 2 

56.60 1.62 32 1 1 0 

62.86 1.48 29 1 0 3 

66.38 1.41 4 2 0 0 

67.96 1.38 23 1 1 2 

69.10 1.36 11 2 0 1 

72.56 1.30 2 0 0 4 

76.95 1.24 4 2 0 2 

81.37 1.18 1 1 0 4 

89.60 1.09 7 2 0 3 

92.78 1.06 3 2 1 0 

95.30 1.04 6 2 1 1 

98.61 1.01 4 1 1 4 

102.94 0.98 2 2 1 2 

104.13 0.98 5 1 0 5 

110.39 0.94 3 3 0 0 

116.27 0.91 8 2 1 3 

121.57 0.88 4 3 0 2 

133.92 0.84 3 2 0 5 

138.50 0.82 2 2 1 4 

142.91 0.81 3 2 2 0 
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C. Calculation of Crystallite Size 

Crystallite size of CuO was calculated using the Scherrer equation (C.1) with the 

help of the XRD data of the synthesized catalysts.  

             
   

      
  

 
 
                       (C.1) 

where;  

C: Crystal shape factor (0.89) 

λ: Wavelength (0.154 nm for CuKα1 radiation) 

B: Full width at half maximum (FWHM) in radian 

2θ: Peak angle in radian 

Particle size of CuO in the SA-30Cu15Zn catalyst was calculated from the Scherrer 

equation for the peak of 2θ at 38.7°. According to the XRD data, the FWHM was 

0.44°. Both 2θ and FWHM were converted to the radians.  
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D. GC Calibration 

Determination of GC calibration factors was performed based on the Gay-Lussac 

Law. Assuming that gases behave as an ideal gas, their volumes are proportional to 

their mole numbers at the same temperature and pressure. 

The calibration factor of CO (βCO) was taken as 1, and the calibration factor (β) for 

each component (i) was calculated using the following formula: 

  

   
 

     
       

 

where βCO is the calibration factor of CO, nCO is number of moles of CO, and ACO 

is the peak area of CO in the GC chromatogram.  

The calibration factors for the reactants and products are given in Table D.1. 

Table D. 1 Calibration factors for components in the reactor effluent stream  

Component  Calibration Factor 

CO 1.00 

CH4 0.31 

CO2 0.85 

Methanol (MeOH) 1.70 

Dimethyl Ether (DME) 0.27 

Formic Acid (FA) 0.46 

Ethanol (EtOH) 0.36 

H2 0.11 
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E. Conversion and Selectivity Calculations 

For the conversion and selectivity calculations, the first step is to determine the 

amount of CO fed into the reactor. Therefore, the total carbon balance was 

calculated by using equation E.1. CO was the only carbon source in the system and 

all carbonaceous compounds derived from CO. Since DME and ethanol contain 

two carbon atoms, the number of moles was multiplied by 2 in the calculations. 

              
     

                                      (E.1) 

The calculation of CO conversion was performed using equation E.2. 

    
         

     
 

                                      

                                          
               (E.2) 

While the selectivity of CO2, CH4, formic acid, and methanol were calculated using 

equation E.3, the selectivity of DME and ethanol were calculated by using equation 

E.4. 

   
  

         
 

  

                                      
          (E.3) 
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F. Results of Repeatability Tests 

The CO conversion, product distribution, and selectivity results for two replicates 

of the physical mixture of the MSC and CA catalysts are given in Figures F.1-3. 

 

Figure F. 1 CO conversion of two replicates of DME synthesis over time (T=275 

o
C, P=50 bar, CO:H2=1:1, Catalyst: MSC:CA (1:1 by wt.)) (Filled circles: Run 1, 

empty circles: Run 2) 
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Figure F. 2 Product distribution of two replicates of DME synthesis over time 

(T=275 
o
C, P=50 bar, CO:H2=1:1, Catalyst: MSC:CA (1:1 by wt.)) (Filled circles: 

Run 1, empty circles: Run 2) 

 

Figure F. 3 Product selectivities of two replicates of DME synthesis over time 

(T=275 
o
C, P=50 bar, CO:H2=1:1, Catalyst: MSC:CA (1:1 by wt.)) (Filled circles: 

Run 1, empty circles: Run 2) 
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G. Results of the MSC+SA-30STA Catalyst  

The CO conversion, product distribution, and selectivity results of DME synthesis 

with the physical mixture of the MSC and SA-30STA catalysts are given in Figures 

G.1-3. 

 

Figure G. 1 CO conversion of DME synthesis over time with the MSC+ SA-

30STA catalyst (T=275 
o
C, P=50 bar, CO:H2=1:1, Catalyst: MSC:SA-30STA (1:1 

by wt.))  
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Figure G. 2 Product distribution of DME synthesis over time with the MSC+ SA-

30STA catalyst (T=275 
o
C, P=50 bar, CO:H2=1:1, Catalyst: MSC:SA-30STA (1:1 

by wt.))  

 

Figure G. 3 Product selectivities of DME synthesis over time with the MSC+ SA-

30STA catalyst (T=275 
o
C, P=50 bar, CO:H2=1:1, Catalyst: MSC:SA-30STA (1:1 

by wt.))  
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