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ABSTRACT (THAI) 
 สิริมาส ซื่อเลื่อม : คุณลักษณะและสมบัติการเป็นตัวเร่งปฏิกิริยาของทองแดงบน MCF-Si และ SBA-

15 ส าหรับไฮโดรจิเนชันของคาร์บอนไดออกไซด์. ( CHARACTERISTICS AND CATALYTIC 
PROPERTIES OF COPPER ON MCF-Si AND SBA-15  FOR HYDROGENATION OF CARBON 
DIOXIDE ) อ.ที่ปรึกษาหลัก : ศ. ดร.บรรเจิด จงสมจิตร 

  
ในปัจจุบันการผลิตเมทานอลจากปฏิกิริยาไฮโดรจิเนชันของคาร์บอนไดออกไซด์เป็นไปอย่าง

แพร่หลาย ตัวเร่งปฏิกิริยาที่นิยมใช้ปัจจุบันได้แก่ตัวเร่งปฏิกิริยาคอปเปอร์ออกไซด์ ซิงค์ออกไซด์ และอะลูมิเนียม
ออกไซด์ (CZA) ซึ่งเมื่อปฏิกิริยาด าเนินไปตัวเร่งปฏิกิริยาจะเกิดโค้กขึ้น ท าให้ประสิทธิภาพของตัวเร่งปฏิกิริยา
ลดลง ในงานวิจัยนี้จึงศึกษาเกี่ยวกับตัวเร่งปฏิกิริยาคอปเปอร์บนตัวรองรับเมโซพอรัสซิลิกา ซึ่งตัวรองรับชนิดนี้จะ
มีเสถียรภาพทางความร้อนสูง โดยท าการสังเคราะห์ตัวเร่งปฏิกิริยาคอปเปอร์บนตัวรองรับ MCF-Si และ SBA-15 
ซึ่งเป็นตัวรองรับเมโซพอรัสที่มีสัณฐานของรูพรุนแตกต่างกันโดยมีทรงกลมและทรงหกเหลี่ยมตามล าดับ  ด้วย
วิธีการเคลือบฝังแบบเปียก (wetness impregnation (W)) และ การเคลือบฝังแบบเอิบชุ่ม (incipient wetness 
impregnation (IW)) โดยมีอัตราส่วนน้ าหนักของคอปเปอร์ที่ 60 wt% จากนั้นน าตัวเร่งปฏิกิริยาที่สังเคราะห์
ขึ้นมาไปวิเคราะห์ลักษณะทางกายภาพและทางเคมีด้วยวิธี SEM-EDX, XRF, XRD, TEM, N2 physisorption, 
TGA, CO-chemisorption และ H2-TPR พบว่า การฝังโลหะลงบนตัวรองรับด้วยวิธีทั้งสองไม่ท าให้ลักษณะ
โครงสร้างของตัวรองรับเปลี่ยนแปลงไป  ก่อนจะน าตัวเร่งปฏิกิริยาไปท าปฏิกิริยาไฮโดรจิเนชันด้วยแก๊ส
คาร์บอนไดออกไซด์และไฮโดรเจนโดยจะแบ่งปฏิกิริยาเป็น 2 ช่วงคือ ช่วงแรกจะท าปฏิกิริยาที่อุณหภูมิ 100-400 
องศาเซลเซียส ความดัน 10 บาร์ เพื่อศึกษาอุณหภูมิที่เหมาะสมในการท าปฏิกิริยาด้วยเร่งปฏิกิริยาชนิดต่างๆ 
พบว่าที่อุณหภูมิ 300 องศาเซลเซียส ตัวเร่งปฏิกิริยาที่ถูกรองรับด้วย MCF-Si มีอัตราส่วนของเมทานอลเกิดขึ้น
มากที่สุด และที่ 400 องศาเซลเซียส ตัวเร่งปฏิกิริยาที่ถูกรองรับด้วย SBA-15 มีอัตราส่วนของเมทานอลเกิดขึ้น
มากที่สุด จากนั้นจึงน าตัวเร่งปฏิกิริยาไปท าปฏิกิริยาที่อุณหภูมิ 400 องศาเซลเซียส ความดัน 10 บาร์เป็น
ระยะเวลา 5 ชั่วโมงเพื่อท าการศึกษาการเสื่อมสมรรถภาพของตัวเร่งปฏิกิริยาต่อไป   โดยจากการศึกษาพบว่า
ตัวเร่งปฏิกิริยาที่สังเคราะห์ขึ้นทุกชนิดมีการเกิดขึ้นของเมทานอลน้อยมากเมื่อเทียบกับคาร์บอนมอนอกไซด์  
ดังนั้นจึงเหมาะแก่การใช้ในปฏิกิริยา Reverse water-gas shift (RWGS) มากกว่า  

 

สาขาวิชา วิศวกรรมเคมี ลายมือชื่อนิสิต ................................................ 
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ABSTRACT (ENGLISH) 
# # 6370302521 : MAJOR CHEMICAL ENGINEERING 
KEYWORD: MCF-Si, SBA-15, Cu catalyst, CO2 hydrogenation, RWGS reaction 
 Sirimas Suelueam : CHARACTERISTICS AND CATALYTIC PROPERTIES OF COPPER ON 

MCF-Si AND SBA-15  FOR HYDROGENATION OF CARBON DIOXIDE . Advisor: Prof. 
BUNJERD JONGSOMJIT, Ph.D. 

  
At present, the production of methanol from the hydrogenation of carbon dioxide is 

widespread. The current popular catalysts include copper oxide, zinc oxide and aluminum oxide 
(CZA) catalysts. As the reaction progresses, the catalyst forms coke. This causes the efficiency of 
the catalyst to decrease. In this study, the copper catalyst on the mesoporus silica support was 
investigated. This type of support has high thermal stability. Cu catalysts were synthesized on 
MCF-Si and SBA-15 supports with different pore morphology such as spherical and hexagonal 
shape, respectively, by wetness impregnation (W) method and incipient wetness impregnation 
(IW) with a copper loading of 60 wt%. The synthesized catalysts were then subjected to physical 
and chemical characterization by SEM-EDX, XRF, XRD, TEM, N2 physisorption, TGA, CO-
chemisorption and H2-TPR. It was found that metal impregnation of the support in both methods 
did not change the structural characteristics. Before taking the catalyst to hydrogenation with 
CO2 and H2, the reaction is divided into 2 parts: the first part was tested at a temperature range 
of 100-400°C under pressure of 10 bar, to study the optimum temperature for each catalyst. The 
Cu catalyst supported on MCF-Si had the highest ratio of methanol at 300 °C. However, the 
catalyst supported by SBA-15 had the highest selectivity of methanol at 400 °C. In the second 
part, the catalyst was then tested at 400 °C under pressure of 10 bar for 5 hours (time on stream) 
for further study of catalyst deactivation. It revealed that all synthesized catalysts produced very 
little methanol as compared to carbon monoxide. Therefore, it is more suitable for use in reverse 
water-gas shift (RWGS) reaction. 
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CHAPTER 1  
INTRODUCTION 

 

1.1. Background 
 At present, the emission of carbon dioxide from industrial plants continues to 

be continuously serious problem. Although there are laws that stipulate minimum gas 

emissions [1], the carbon dioxide emitted still creates problems with global warming. 

It is interesting to capture the carbon dioxide emitted to convert it into more valuable 

chemicals. 

 Carbon dioxide (CO2) is a precursor in many reactions and can be processed 

into a variety of other products as shown in Table 1.  For example, the production of 

urea, methanol, formaldehyde, and formic acid etc. [2]. The production of methanol 

from the hydrogenation of CO2 with hydrogen is interesting because methanol can be 

used in many applications. For example, it is used as an organic solvent, fuel, etc. 

Table 1. Products obtained by reacting with CO2 as a precursor  
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 Methanol can be synthesized by hydrogenation of CO2 via the reaction 
between carbon dioxide and hydrogen. The product substances are methanol and 
water. The CO2 hydrogenation can occur in two pathways [3]: direct CO2 hydrogenation 
[Eq.(1)] and reverse water-gas shift (RWGS) [Eq. (2)] continue with CO  hydrogenation 
[Eq. (3)] shown as follows: 

CO2 + 3H2 <—> CH3OH + H2O ΔH298K = -49.57 kJ mol-1  (1) 

CO2 + H2 <—> CO + H2O  ΔH298K = +41.27 kJ mol-1  (2) 

CO + 2H2 <—> CH3OH  ΔH298K = -90.84 kJ mol-1  (3) 

 Considering the reaction process, it is found that this reaction is exothermic and 
prefers to occur at high pressure according to Le Chatelier’s principle. So, this reaction 
cannot occur spontaneously.  Therefore, a catalyst is used to enable the reaction to 
proceed. 
 At present, catalysts are widely invented and developed. Cu-based catalysts 
have long been used in the hydrogenation of CO and CO2. The most commonly used 
catalysts in this reaction are:  copper oxide, zinc oxide and aluminum oxide catalysts 
(CuO/ZnO/Al2O3), commonly known as CZA catalyst. However, in the reaction of the 
CZA catalyst there were still problems. After the reaction, coverage of coke around 
the active site results in less catalyst stability to catalyze the reaction [4]. Therefore, 
the development of suitable catalysts is still crucial. 

Mesoporous material is a material with suitable properties as catalyst support 

in various reactions.  Due to the uniform porous nature of the material, good pore size 

distribution, large surface area and a high pore volume, framework/wall substitutions 

with various metal oxides, biocompatibility and low toxicity [5]. Therefore, the 

mesoporous materials have many types with different specific pore structure. For 

instance, MCF-Si is a silica material with a spherical porous structure, whereas SBA-15 

is a silica material with a uniform hexagonal porous structure. The difference in the 

pore structure affects its ability to be supportive. 
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In this research, the study is divided into 2 consecutive parts. Firstly, the study 

of Cu-based catalysts on different mesoporous silica supports, MCF-Si and SBA-15, 

where Cu metal precursor was impregnated onto the supports by the wetness 

impregnation method (W) and the incipient wetness impregnation method (IW) and 

then test on the CO2 hydrogenation reaction at various temperatures, under a pressure 

of 10 bar.  Secondly, a continuation from the first part, the temperature resulting in 

the catalyst's best efficiency or the highest selectivity of methanol was used to 

investigate the stability and deactivation of catalysts during CO2 hydrogenation under 

time on stream (TOS) compared with commercial CZA catalyst. 

1.2. Research objectives 
To determine the characteristics and catalytic properties of Cu-based catalysts 

on MCF-Si and SBA-15 prepared by different impregnation methods for CO2 

hydrogenation. 

1.3. Research scopes 
1.3.1. Catalyst preparation  
 Preparation of Cu-based catalysts on MCF-Si and SBA-15 supports by wetness 
impregnation (W) and incipient wetness impregnation (IW) methods using 60 wt% of 
Cu as shown in Table 2.  
Table 2. The catalyst and support material of prepared catalysts  

Catalysts Metal Support material Impregnation method %Cu (wt%) 
Cu/MCF-Si (W) Cu MCF-Si Wetness 60 
Cu/MCF-Si (IW) Cu MCF-Si Incipient wetness 60 
Cu/SBA-15 (W) Cu SBA-15 Wetness 60 
Cu/SBA-15 (IW) Cu SBA-15 Incipient wetness 60 
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1.3.2. Characterization of catalyst  
 1.3.2.1. Scanning electron microscopy (SEM) 
 1.3.2.2. Energy dispersive X-ray spectroscopy (EDX) 
 1.3.2.3. X-ray fluorescence (XRF) 
 1.3.2.4 X-ray diffraction (XRD) 
 1.3.2.5. Transmission electron microscopy (TEM) 
 1.3.2.6. N2 physisorption  
 1.3.2.7. CO chemisorption 
 1.3.2.8. Temperature-programmed reduction (H2-TPR) 
 1.3.2.9. Thermogravimetric analysis (TGA) 
1.3.3. Activity test  
 1.3.3.1. Testing the activity of catalysts in CO2 hydrogenation by temperature- 
programmed reaction at 100-400 °C under pressure 10 bar with feeding reactants 
consisting of CO2:H2 = 1:3. 
 1.3.3.2. Testing the stability and deactivation of the catalyst at the temperature 
that gives the highest yield of methanol in CO2 hydrogenation under pressure 10 bar 
with feeding reactants consisting of CO2:H2 = 1:3 for 5 hours. 
1.4. Research methodology 
 Part 1: Catalyst screening: CO2 hydrogenation using Cu-based catalyst with MCF-
Si and SBA-15 supports by temperature-programmed reaction. 
 Part 2: Stability and deactivation: CO2 hydrogenation using Cu-based catalyst 
with MCF-Si and SBA-15 supports at temperatures yielding the highest methanol 
selectivity from part 1 for 5 hours. 
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The research methodology is illustrated in Figure 1. 
 

 
 
Figure 1. The illustration of research methodology 
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1.5. Research plan 
 

Research plan 
Semester 2 of 

2021 
Semester 1 of 

2022 
Jan Mar May Jul Sep Nov 

1.Literature review       
2.Preparation of MCF-Si and SBA-15 supports       
3.Preparation of Cu-based on MCF-Si and 
SBA-15 with different impregnation method 

      

4.Characterization of all catalysts       
5.Test hydrogenation of CO2       
6.Analysis, Discussion and Conclusion       
7.Thesis writing        
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CHAPTER 2  
BACKGROUND AND LITERATURE REVIEW 

 
 
2.1. Carbon dioxide  
 Carbon dioxide (chemical formula: CO2) is a molecule composed of two 
covalent double bonds between one carbon atom and two oxygen atoms shown in 
Figure 2. Under normal conditions, it is a colorless, odorless, non-flammable, weakly 
acidic gas and soluble in water [6]. 

 
Figure 2. Molecular structure of carbon dioxide 

 CO2 can be used as a reactant in a wide variety of reactions. The properties of 
CO2 are shown in Table 3. CO2 is a useful gas. But at present there is a large amount 
of CO2 emissions from the industrial sector. This affects the environment, especially 
the problem of global warming, where CO2, which is one of the most common GHGs. 
 
Table 3. Properties of CO2 
Properties  Information  
Molecular weight  44.009 g/mol 
Density 1.799 g/L 
Boiling point  -78.48 °C 
Melting point  -56.50 °C 
Vapor pressure  5720 kPa at 20°C 
Appearance  Colorless gas 
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2.2. Methanol 
 Methanol or methyl alcohol (chemical formula: CH3OH) is an organic 

compound consisting of a methyl group (CH3) linked to a hydroxy group (OH), shown 

in Figure 3. It is a clear, volatile, toxic liquid, commonly used as a fuel solvent. 

Figure 3. Molecular structure of methanol 
 Methanol is used as a precursor to produce most formaldehyde by partial 

oxidation or use a mixture of gasoline to use as fuel and condensing methanol to 

obtain hydrocarbon or aromatic compounds. This includes methanol to hydrocarbons 

(MtH), methanol to gasoline (MtG), methanol to olefins (MtO), and methanol to 

propylene (MtP). The properties of methanol are shown in Table 4 [7]. 

Table 4. Properties of methanol 
Properties  Information  

Molecular weight  32.04 g/mol 
Density 0.792 g/L 

Boiling point  64.70 °C 
Melting point  -97.60 °C 

Vapor pressure  13.02 kPa at 20°C 
Appearance  Colorless liquid  

 
2.3. Methanol synthesis via CO2 hydrogenation 

The CO2 hydrogenation can occur in two pathways: direct CO2 hydrogenation 

[Eq.(1)] and reverse water-gas shift (RWGS) [Eq. (2)] continue with CO  hydrogenation 

[Eq. (3)] shown as follows: 
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CO2 + 3H2 <—> CH3OH + H2O H298K = -49.57 kJ mol-1   (1) 

CO2 + H2 <—> CO + H2O  H298K = +41.27  kJ mol-1  (2) 

CO + 2H2 <—> CH3OH  H298K = -90.84 kJ mol-1   (3) 

Considering the reaction process, it is found that this reaction is exothermic and 

prefers to occur at high pressure according to Le Chatelier’s principle. To make the 

reaction possible, the reaction must be done at high temperatures which increases the 

cost. Therefore, a catalysts is used to increase the likelihood of a reaction.  

The reactions in each pathways occur as shown in the figure 4 [2]. 

Figure 4. Reaction mechanism for methanol synthesis via CO2 hydrogenation 
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2.4. Mesoporous materials 
 Mesoporous material is a porous material of 2–50 nm as defined by the IUPAC, 
mainly composed of alumina and silica. Important properties of mesoporous materials 
are narrow pore size distribution and high surface area, structural/surface area 
replacement with various metal oxides, simple functionalization strategies with 
organics, biocompatibility and low toxicity. High surface area materials are developed 
for continuous use as catalysts to decrease energy consumption and industrial waste 
generation. The choice of mesoporous materials as a catalyst can significantly reduce 
costs in the industry [8].  
 2.4.1. MCF-Si 
 Mesostructured cellular foam silica (MCF-Si) is characterized by a porous silica 
sieve. The spherical shape three-dimensional (3D) arrangement provides thermal 
stability. MCF silica has pore sizes in the range of 150-500 Å. Their structure consists of 
spherical cells and windows where the cells (pore sizes: 200-500 Å) are framed by a 
disordered array of silica struts and the windows (pore sizes: 100-150 Å) interconnect 
the cells to form a continuous three-dimensional (3D) porous system [9].  

 The MCF-Si is synthesized in acidic conditions using triblock copolymer Pluronic 

123 as a pattern formed by adding a hydrophobic swelling agent such as 1,3,5-

trimethylbenzenexylene (TMB) and tetraethoxysilane (TEOS) for the source of silica.  

Three-dimensional cells and windows in MCF-Si material shown in Figure 5.  

Figure 5. Three-dimensional cells and windows in MCF-Si material 
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 2.4.2. SBA-15 
Santa Barbara Amorphous-15 (SBA-15) is a mesoporous silica sieve with high 

thermal and mechanical stability. Due to the uniform hexagonal pore structure, 2-

dimensional (2D) arrangement and narrow pore size distribution. The pore size is 

between 5-15 nanometers, thick walls, high internal surface area. It is therefore 

qualified to be used as a support in a catalyst [10]. 

Mesoporous silica SBA-15 is synthesized in acidic conditions using triblock 

copolymer Pluronic 123 as a pattern and tetraethoxysilane (TEOS) for the source of 

silica. The three-dimensional appearance of the SBA-15 is shown in Figure 6 [11]. 

Figure 6. The three-dimensional appearance of the SBA-15 
2.5. Cu-based mesoporous catalyst 
 Impregnating metals on mesoporous material support can be done in a variety 

ways. Different methods affect catalyst efficiency due  to the metal distribution. The 

containing Cu on MCF-Si shown in figure 7 [12]. 

Figure 7. The corresponding EDX maps of the combined Cu and Si signal, Cu (red), Si 
(green), and O (blue) of Cu/MCF-Si 
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 2.5.1. Wetness impregnation method (W) 

 Wetness impregnation method (W), where the precursor and support are 

dissolved in a solvent before stirring at the appropriate temperature. So that the 

dissolved metal ions in the solution form new bonds to the desired substance. The 

solvent is then evaporated and the substance is calcined to make the catalyst ready 

for use. 

 2.5.2. Incipient wetness impregnation method (IW) 

 The incipient wetness impregnation (IW), also called capillary impregnation or 

dry impregnation. A commonly used technique for synthesis of heterogeneous 

catalysts. The precursor is dissolved in a solvent before it is dripped to the dehydrated 

support. The solvent is then evaporated and the substance is calcined to make the 

catalyst ready for use.  

2.6. Literature review 
 Research on CO2 Hydrogenation reactions using mesoporous materials as 

catalysts, in the scopus database, 2000-2021 shown in table 5. 

 Table 5. The conditions and significant review  
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CHAPTER 3  
EXPERIMENT 

3.1. Materials 
 A list of chemicals that were used in the catalyst preparation is shown in table 
6. 
Table 6. The chemical used in catalyst preparation  

Chemicals Formula  Grade  Supplier  
Copper (II) nitrate trihidrate Cu(NO3)2 · 3H2O 98% Sigma-Aldrich 
Pluronic P-123 PEG-PPG-PEG - Sigma-Aldrich 
Tetraethyl orthosilicate (TEOS) Si(OC2H5)4 98% Sigma-Aldrich 
Mesitylene (TMB) C6H3(CH3)3 98% Sigma-Aldrich 

  
 The catalyst used for comparison was a CZA catalyst produced by Alfa Aesar. 
The catalyst consisted of CuO, ZnO, Al2O3 and MgO in ratios of 60-68, 22-26, 8-12 and 
1-3 % respectively.  The catalyst has a pellets form, dark brown to black appearance, 
particle size 5.4 nm x 3.6 nm and insoluble in water. 
 
3.2. Preparation of catalysts 
3.2.1. mesoporous support  
 3.2.1.1. MCF-Si 

The MCF-Si support was synthesized by mixing 2 g of Pluronic P-123 with a 
hydrochloric solution and stirred until homogeneous, then add 7 g of TMB and keep 
stirring and raised temperature to 40°C, then continued stirring for 2 hours. Secondly, 
slowly drop 4 g of TEOS solution while stirring at 40 °C for 5 min. Next, the solution is 
placed in a sealed container. It was then heated at 40 °C for 20 hours, followed by at 
100°C for another 24 hours. The resulting solution was filtered and washed with 
ethanol and DI water until the pH neutral. Finally, the white powder was dried at room 
temperature overnight. 
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 3.2.1.2. SBA-15 
The SBA-15 support was synthesized by mixing 2 g of Pluronic P-123 with a 

hydrochloric solution and stirred until homogeneous, then continued stirring for 2 
hours. Secondly, slowly drop 4 g of TEOS solution while stirring at 40 °C for 5 min. 
Next, the solution is placed in a sealed container. It was then heated at 40 °C for 20 
hours, followed by at 100°C for another 24 hours. The resulting solution was filtered 
and washed with ethanol and DI water until the pH neutral. Finally, the white powder 
was dried at room temperature overnight. 

 
3.2.2. Cu impregnation  
 3.2.2.1. Wetness impregnation method 

First, 1 g of support was dissolved in 17 ml of DI water, stirred for 30 min, and 
then 5.7 g Cu(NO3) • 3H2O was dissolved in 3 ml of water until homogeneous.  Slowly 
drop the copper solution into the support solution.  Raise the temperature to 60°C 
and continue stirring for 1 hour. The resulting solution was dehydrated at 110°C 
overnight and calcined at 500°C for 5 hours. 

 
 3.2.2.2. Incipient wetness impregnation method  

Use 0.1 g of the support to test the weight of the water dampening the support 
to calculate the weight of water required per 1 g of support. Then, after the water 
weight is obtained, weighed 5.7 g of Cu(NO3) • 3H2O and dissolved in the previously 
calculated DI water.  Then, slowly dropped onto 1 g of support and mixed until 
homogeneous and dehydrated at 110°C overnight and it was calcined at 500°C for 5 
hours. 
 
3.3. Characterization 
 3.3.1. Scanning electron microscopy (SEM) 
 Scanning electron microscopy (SEM) observation with JOEL mode JSM-6400 
was used to investigate the morphology of catalysts. 
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 3.3.2. Energy dispersive X-ray spectroscopy (EDX) 
 Energy dispersive X-ray spectroscopy (EDX) using Link Isis series 300 program 
was used to investigate elemental dispersion on surface of catalysts. 
 3.3.3. X-ray fluorescence spectrometer (XRF)  
 X-ray fluorescence spectrometer (XRF) used PANalytical MiniPal 4 EDXRF 
spectrometer equipped with a 30 kV rhodium anode tube with a helium purge facility. 
The detector was used to count X-rays intensity. XRF was used to investigate the total 
elemental in the catalysts. 
 3.3.4. X-ray diffraction (XRD) 
 X-ray diffraction (XRD) patterns were recorded on BRUKER model D8 Advance 

in the range 0.5° < 2θ < 5° and Bruker AXS Model D8 with Cu-Kα radiation (𝛾 = 0.154439 

nm) in the range 10° < 2θ < 80° to analyze crystal structure and crystallite size by 
Scherrer equation as follows: 

   𝐷 =
𝛫𝛾

𝛽𝑐𝑜𝑠𝜃
   

Where: 𝐷 = volume average crystallite site  

 Κ = unity constant factor 

  𝛾 = X-ray wavelength  

  𝜃 = the position of observe peak  

  β = X-ray diffraction broadening in half peak  

 3.3.5. Transmission electron microscopy (TEM) 
 Transmission electron microscopy (TEM) observation with  JEOL JEM-2010 
microscopy was used to investigate microstructure. The catalysts were prepared on 
the Cu grid by dispersing the catalysts in the liquid medium. The samples were then 
shaken with sonication for about 15 minutes, before dropping the samples onto the 
grid and letting it dry. 
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 3.3.6. N2 physisorption 
 N2 physisorption was used to investigate the surface area by Brunauer-Emmett-
Teller (BET) analysis. Also, the method of Barrett-Joyner-Halenda (BJH) was used to 
investigate average pore size and pore volume. The determination of N2 gas adsorption 
at liquid nitrogen temperature (-196°C) in the automation of Micromeritics ASAP 2000. 
 3.3.8. CO-chemisorption 
 The number of surface active sites and active site dispersion were determined 
by CO-chemisorption. In the first step, 0.05 g of catalyst was reduced by H2 gas at 300°C 
for 1 hour to convert CuO to Cu0. Then passing He gas at 25 mL/min for 30 minutes 

was performed. The catalyst was cooled down to 30 °C. Next, 80 µL CO gas was 
injected until the catalyst was saturated, which can be calculated the number of active 
size and active site dispersion by: 

 MSAs  = Sf × 
Vads

Vg
 ×  

100%

%M
 × NA × σm × 

m2

1018nm2  

Where  𝑀𝑆𝐴𝑆  = surface-active sites  

  𝑆𝑓   = stoichiometry factor 

𝑉𝑎𝑑𝑠   = volume adsorbed, (cm3/g) 

𝑉𝑔   = molar volume of gas at STP, 22414 (cm3/mol)  

𝑁𝐴   = Avogadro’s number, 6.023x1023 (molecules/mol)  

σm   = cross-sectional area of active metal atom, (nm2) 
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 D(%)  = Sf ×  
Vads

Vg
 ×  

m.w.

%M
 × 100%100% 

Where  𝑫(%) = active site dispersion 

 𝑆𝑓  = stoichiometry factor 

𝑉𝑎𝑑𝑠   = volume adsorbed, (cm3/g) 

𝑉𝑔   = molar volume of gas at STP, 22414 (cm3/mol)  

m.w.   = molecular weight of the metal, (a.m.u.)  

%M   = %metal, (%) 

 3.3.9. Temperature-programmed reduction (TPR) 
 The reduction behavior of catalysts was investigated by temperature-
programmed reduction (TPR). In the first step, 0.05 g of sample was pretreated by 
passing N2 gas at 300 °C for 1 hour, and then cooled down to ambient temperature. 
TPR analysis was performed from 25 to 500 °C under the flow of 10% H2/Ar with a 
ramping rate of 10 °C/min.  
 
 3.3.9. Thermogravimetric analysis (TGA) 
 The decomposition of spent catalyst was determined by thermogravimetric 
analysis (TGA). The catalyst sample of 0.02 g was analyzed by using TA Instruments 
SDT Q 600 analyzer with temperature ramp from 25-1000°C and heating rate 10°C/min 
under flowing of air 400 ml/min. 
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3.4. Activity test 
Part 1: Screening of catalysts 
 CO2 hydrogenation was performed in micro packed bed reactor.  The reaction 
system is shown in Figure 8. First, 0.1 g of catalyst and 0.05 g of quartz wool. Initially 
were packed into the packed-bed continuous flow microreactor (O.D. 1.2 cm, I.D. 1.0 
cm, height 50 cm), the catalyst was pretreated to remove moisture and impurities at 
flowing N2 at 250°C for 30 min. Next, flow H2 (40 ml/min) at 300°C for 1 hour to 
transform Cu oxides in catalysts into Cu0 metal with reduction. Then, CO2 

hydrogenation was performed [gas hourly space velocity (GHSV) = 24,000 ml/gcath] with 
temperature program from 100-400°C under pressure 10 bar and volumetric ratio of 
CO2:H2 is 1:3 balance with N2. The reaction products were also analyzed for every 100°C 
of increased temperature by using gas chromatography (GC). The CO2 was detected by 
thermal conductivity detector (TCD,Shincarbon) and methanol was detected by flame 
ionization detector (FID, Rtx-5) with conditions in Table 7.  
 

 

Figure 8. Experimental set-up for reaction test 
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Table 7. The operating condition of gas chromatography 
Gas Chromatography Shimadzu GC-2014 multidetector 

Detector  TCD FID 

Column Pack-bed column 

(Shincarbon) 

Capillary column (Rtx-5) 

Carrier gas  He N2, H2, Air 

Injector temperature  170 ºC 170 ºC 

Column temperature (Link FID) (Link TCD) 

- Initial 150 ºC 150 ºC 

- Hold 280 ºC 280 ºC 

- Cool down 150 ºC 150 ºC 

Detector temperature 150 ºC 150 ºC 

Time analysis 15 min 15 min 

Analyzed gas CO, CO2, H2, N2 CH3OH, CH4, other 

hydrocarbons 
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 The activity of catalyst is determined by the conversion of CO2 (Xi), selectivity 

of products (Sj) and yield of products (Yj), which can be calculated from the equations 

as follows: 

  𝑋𝑖 (%)  =  
[𝑛𝑖(𝑖𝑛)−𝑛𝑖(𝑜𝑢𝑡)]×100

𝑛𝑖(𝑖𝑛)
  

  𝑆𝑗(%) =  
𝑛𝑗×100

∑ 𝑛𝑗
 

  𝑌𝑗(%) =  
𝑋𝑖×𝑆𝑗

100
 

 Where  𝑛𝑖(𝑖𝑛)  = the number of mole CO2 in feed 

  𝑛𝑖(𝑜𝑢𝑡)  = the number of mole of non-reacted CO2  

  𝑛𝑗   = the number of mole of each product 

 

 Part 2: Stability and deactivation  

In order to determine the stability and deactivation of each catalyst at the 

highest selectivity temperature of methanol, the catalyst was tested with 

hydrogenation of CO2 as in Part 1, but reacted at the temperature with high methanol 

selectivity for 5 hours to determine the stability of catalysts over an extended period. 
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CHAPTER 4  
RESULTS AND DISCUSSION 

 In this chapter, characterization, and results of catalyst test in CO2 
hydrogenation are analyzed. It is divided into 3 parts: characterization, temperature-
programmed reaction, and time-on-stream reaction. 
4.1. Catalysts characterization 
 

 

 

Figure 9. The SEM-EDX images of Cu/MCF-Si (W) catalyst 
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Figure 10. The SEM-EDX images of Cu/MCF-Si (IW) catalyst 
 

 

   

Figure 11. The SEM-EDX images of Cu/SBA-15 (W) catalyst 
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Figure 12. The SEM-EDX images of Cu/SBA-15 (IW) catalyst 
 The SEM technique was used to analyze the catalyst morphology as shown in 
Figure 9-12. From the SEM micrograph at a magnification of 2.00 k, Cu impregnation 
on the support did not destroy the morphology of the MCF-Si, but there are some 
scattered non-impregnated CuO. On the other hand, the morphology of the SBA-15 
was not clearly visible because of CuO covering on the support. The EDX technique 
was used to analyze the elemental distribution on the surface of catalysts (less than 
5 microns from surface) as shown in Figure. 9-12. From the EDX micrograph, Cu metal 
was found to be well dispersed on the MCF-Si support surface by two impregnation 
methods, but in the SBA-15 support, the wetness impregnation method showed much 
less Cu dispersion, compared with the incipient wetness impregnation method. 
Corresponding, Cu content on the catalyst surface is shown in Table 8. As analyzed 
from EDX measurements, it was found that the amount of copper by wt% on the 
surface of the SBA-15 supports synthesized with the wetness impregnation method 
was the lowest.  
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Table 8. The elemental distribution of catalysts 

Type of catalysts 
Cu content (wt%) 

EDX XRF 

Cu/MCF-Si (W) 40.37 51.93 

Cu/MCF-Si (IW) 37.44 51.98 

Cu/SBA-15 (W) 16.52 49.47 

Cu/SBA-15 (IW) 46.92 59.17 

 
 Since elemental distribution studies from EDX analysis are limited, only the 
amount of Cu near external surface can be studied. Thus, all catalysts were analyzed 
by XRF method, which is the analysis of all substances in the catalyst bulk. It is shown 
in Table 8. The amount of Cu found is greater than that of the EDX analysis, indicating 
that in the catalyst impregnation, the Cu precursor penetrates well into the pore, not 
spread only on the external surface. 
 The amount of Cu found on the catalyst was less than the amount needed to 
be impregnated at 60 wt% due to the impregnation method in the moisture removal 
step. The Cu on the solution floats up to the surface of the solution. When the Cu 
solution dries, it sticks to the rim of the catalyst container. 

 However, from theoretical considerations, the Cu content on the substrate with 
the wetness impregnation method should be greater than the incipient wetness 
impregnation method because the wetness impregnation method uses water as the 
solvent and is stirred for adhesion between the Cu precursor and the substrate. Rather 
than the incipient wetness impregnation method, which is just a drop of Cu precursor 
coated on the substrate. The result of this experiment is not in accordance with the 
theory. 
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 The crystal structure of the catalyst was studied with XRD measurement. From 

Figure 13. The low angle XRD pattern analyzed at 2ө = 0.5°-5° revealed that the 
synthesized substances actually form mesoporous silica materials, types of MCF-Si and 

SBA-15. In addition, MCF-Si has a major peak at 2ө = 0.4°, which represents a spherical 
structure[40], while SBA-15 has three peaks at the (100), (110) and (200) indexes, where 
these peaks represent highly ordered two-dimensional hexagonal mesoporous 
structure [41]. It can also be confirmed that the catalyst structure still resembles a pre-
Cu-impregnated support. In other words, both methods of Cu impregnation did not 
destroy the structure of the mesoporous silica supports.  

 The wide-angle XRD is used to analyze the crystal size. Analyzing at 2ө = 10°-
80° from XRD patterns in Figure 14. shown that Cu2+ is formed, by observing the peak 

characterizing CuO at the position 2ө = 32.67°, 35.63°, 38.90°, 48.83°, 53.60°, 58.24°, 

61.59°, 66.5° and 68.19° on the catalyst[42] and no peaks of Cu2O appear at 2ө = 
43.28°, 50.40° and 74.81°[43]. Compared with XRD patterns of MCF-Si and SBA-15 

supports, it showed SiO2 peaks at 2ө = 21.8° [44] indicating that amorphous was 
decreased. It was shown that the Cu impregnation decreased the amorphous of the 
supports, which no significant differences due to different impregnation methods. 
Additionally, the crystallite size of CuO can be calculated from the Scherrer's equation 
as shown in Table 9. This showed that the crystallite size of catalysts was similar.  
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Figure 13. The low-angle XRD patterns of the MCF-Si supported (above) and the SBA-
15 supported (below) catalysts 
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Figure 14. The wide-angle XRD patterns of the catalysts 
Table 9. The crystallite size calculated from Scherrer’s equation 
Type of catalysts Crystallite size of CuO, DCu (nm) 
Cu/MCF-Si (W) 21 
Cu/MCF-Si (IW) 20 
Cu/SBA-15 (W) 22 
Cu/SBA-15 (IW) 21 

 
 The TEM analysis was applied to study the pore structure on the catalyst. 
Figure 15-16 show the TEM micrograph at a magnification of 100k indicating that the 
pore structure on the MCF-Si catalyst was 3-dimensional spherical structures [45], 
whereas SBA-15 TEM images show two-dimensional hexagonal structures [46]. No 
significant differences were observed due to different impregnation methods. 
Meanwhile, the TEM analysis images show the crystallite size, which is consistent with 
the results from XRD analysis using the Scherrer's equation as seen in Table 9, in which 
the crystallite size was approximately 20 nm. 
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Figure 15. The TEM micrograph of (a) MCF-Si, (b) Cu/MCF-Si (W) and (c) Cu/MCF-Si (IW) 
catalysts 
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Figure 16. The TEM micrograph of (a) SBA-15, (b) Cu/SBA-15 (W) and (c) Cu/SBA-15 (IW) 
catalysts 
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Table 10. The BET surface area, pore volume and average pore diameter of catalysts 
Type of 
catalysts 

BET surface areaa 
(m2/g) 

Pore volumeb 
(cm3/g) 

Average pore diameterb 
(nm) 

MCF-Si 464 0.7 6.0 
Cu/MCF-Si(W) 159 0.4 11.0 
Cu/MCF-Si(IW) 158 0.4 9.8 

SBA-15 461 1.2 10.6 
Cu/SBA-15(W) 175 0.3 7.9 
Cu/SBA-15(IW) 175 0.3 6.1 

a Determined from BET method 
b Determined from BJH desorption method 
 The N2 physisorption was used to determine the surface area, pore volume and 
average pore diameter as shown the results in Table 10. The analysis results from the 
BET method showed that when the Cu was impregnated, the surface area was 
decreased. Both impregnation methods including wetness impregnation and incipient 
wetness impregnation method had the same surface area. This revealed that the 
impregnation methods did not affect the amount of surface area. Meanwhile, the 
analysis results from the BJH method showed that after Cu was impregnated, the pore 
volume was decreased by both impregnation methods, corresponding to the surface 
area. However, from the pore size distribution analysis, it was found that after Cu 
impregnation, the pore size of MCF-Si was smaller and the pore size of the SBA-15 was 
larger. By wetness impregnation method, the pore size distribution was larger than 
incipient wetness impregnation method. 
 N2 physisorption profiles are displayed in Figure 17. demonstrating type IV 
isotherms [47] as defined by the IUPAC. Type IV isotherms are decreased by Cu 
impregnation. The catalyst with an MCF-Si support showed more type IV isotherms 
than an SBA-15 support. The results of the impregnation method showed that the 
wetness impregnation method (W) had better type IV isotherms than the incipient 
wetness impregnation method, corresponding to the pore size distribution. 
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Figure 17. N2 physisorption isotherms of MCF-Si and MCF-Si supported catalysts (above) 
and SBA-15 and SBA-15 supported catalysts (below) 
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 The number of surface active sites and active site dispersion were analyzed by 
CO-chemisorption method as shown in Table 11. The SBA-15 supported catalysts had 
more surface active sites than the MCF-Si supported catalysts, which was consistent 
with the BET analysis, and the incipient wetness impregnation had more surface active 
sites than the wetness impregnation. This was consistent with active site distribution 
where the incipient wetness impregnation method was more dispersible than the 
wetness impregnation method. At the same time, the type of support did not 
significantly affect the distribution of active sites. 
Table 11. The surface active site (Scu) and the active sites dispersion (D)  
Type of catalysts Scu (m2/g) D (%) 
Cu/MCF-Si (W) 8.6 9.11 
Cu/MCF-Si (IW) 11.4 12.01 
Cu/SBA-15 (W) 9.8 10.37 
Cu/SBA-15 (IW) 11.0 11.58 
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Figure 18. Temperature programmed reduction (H2-TPR) of catalysts 
 The reduction behavior of the catalyst is shown in Figure 18. In this analysis, 
only CuO is analyzed, since SiO2 can be reduced at temperatures above 1500 °C [48]. 
The MCF-Si supported catalysts is reduced at approximately 300°C, but the SBA-15 
supported catalysts is reduced at approximately 380°C. The causes that the MCF-Si 
supported catalysts are more efficient at reducing is due to its morphology. In the MCF-
Si supported catalyst, CuO molecules were found, but in the SBA-15 supported 
catalyst, the CuO molecules were enclosed in clusters. So, the reducibility of Cu-based 
catalysts impregnated on MCF-Si were more than SBA-15. 
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4.2. Screening catalysts  
 To study the efficiency of the catalyst, the CO2 hydrogenation reaction was 
conducted at 100-400 °C, pressure 10 bar, CO2: H2 ratio = 1:3, CO2 conversion and 
methanol selectivity were obtained at various temperatures to study the optimum 
temperature for the reaction. The result is shown in Figure 19. The figure shows the 
disappearance of CO2 converted to CO by the reverse water-gas shift (RWGS) reaction. 
Then, CO reacts with H2O to form methanol in the CO hydrogenation reaction as shown 
the selectivity in Table 12. 
  Figure 19. shows that CO2 conversion tends to increase with increasing 
temperature. In the other hand, when the temperature rises, the reaction to convert 
CO2 to CO by RWGS reaction was better. The catalyst with the highest CO2 conversion 
was Cu/MCF-Si (W), followed by Cu/MCF-Si (IW), Cu/SBA-15 (W), and Cu/SBA-15 (IW), 
respectively. The reason for the MCF-Si supported catalyst has a higher CO2 conversion 
is because the catalyst uses a lower reduction temperature. Therefore, the catalyst is 
more converted from CuO to Cu0. The RWGS reaction is more possible when an 
efficient catalyst is involved. Meanwhile, catalysts supported with SBA-15 undergo 
reduction at temperatures above 300°C, so the catalyst is inefficient or less active site 
as Cu0 enough to increase conversion of CO2 to CO. The results of the CO2 conversion 
were consistent with the results of the catalyst reduction temperature that obtained 
by H2-TPR analysis as shown in Figure 18. 
 CO and methanol selectivity shown in Table 12. also indicated the effect of 
CO hydrogenation reaction after RWGS reaction and CO2 hydrogenation. The methanol 
was formed in the catalyst supported by MCF-Si at 300 and 400 °C, but in the catalyst 
supported on SBA-15, methanol was formed only at 400 °C because of high 
temperature reduction, at 300 °C, the initial reduction temperature of the SBA-15 
supported catalyst. So, CO cannot react with H2 to form methanol at 300 °C.  
 As for the catalyst supported with MCF-Si, when the temperature was 
increased, methanol selectivity was decreased. This conflicts with CO2 conversion 
because of the RWGS reaction, which converts CO2 to CO, is endothermic. In other 
words, as the temperature increases, the reaction proceeds forward [49]. However, the 
CO hydrogenation reaction to methanol is an exothermic reaction, that is, when the 
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temperature increases, the reaction progresses even worse. For this reason, when the 
temperature increases therefore, methanol selectivity decreased.  

 

Figure 19. The CO2 conversion of catalysts reacted at 100-400 °C 
Table 12. The CO and methanol selectivity of catalysts at 300 and 400 °C  

Catalysts 
CO selectivity MeOH selectivity 

Temperature (C°) Temperature (C°) 
300 400 300 400 

Cu/MCF-Si (W) 99.16 99.71 0.84 0.29 
Cu/MCF-Si (IW) 99.24 99.85 0.76 0.15 
Cu/SBA-15 (W) 100 99.76 0 0.24 
Cu/SBA-15 (W) 100 99.67 0 0.33 
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4.3. Catalysts stability  
 The stability of the catalyst can be studied through time-on-steam CO2 
Hydrogenation or reaction at the same temperature, pressure, and ratio for a specified 
period of time. To study the CO2 condition and methanol selectivity at different times 
while the reaction was going on. 
 Figure 20. presents the CO2 conversion of catalysts during time-on-stream for 
CO2 hydrogenation at 400 °C, pressure 10 bar, CO2:H2 ratio = 1:3 for 5 hours. From 
graph, the CO2 conversion of catalyst Cu/MCF-Si (IW) was the highest, followed by 
Cu/MCF-Si (W), Cu/SBA-15 (IW) and Cu/SBA-15 (W), respectively, which was consistent 
with the results from the screening of catalyst part. The MCF-Si supported catalyst had 
a higher CO2 conversion than the SBA-15 supported catalyst based on the reduction 
behavior. Over the time of 5 hours, CO2 conversions did not tend to decrease, 
demonstrating that the stability of all types of catalysts was good. 
  

 

Figure 20. The CO2 conversion during time-on-steam of CO2 hydrogenation for 5 hours 

at 400 ºC. 
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4.4. Catalysts deactivation  

  

  

Figure 21. The SEM micrograph of (a) Cu/MCF-Si (W), (b) Cu/MCF-Si (IW), (c), Cu/SBA-15 
(W) and (d) Cu/SBA-15 (IW)  

 

Figure 22. The temperature programmed profile of spent catalysts after CO2 

hydrogenation for 5 hours at 400 ºC. 
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 From Figure 23, SEM images show the catalyst morphology after 5 hours of 
CO2 hydrogenation. The spent MCF-Si supported catalyst was the same as fresh one. 
In other words, the structure of the support was not destroyed. But in the SBA-15 
supported catalyst, the CuO covering around the support was more dispersed. This 
makes the structure of the support clearly visible, and the Cu impregnation method 
has no significant effect. 
 The catalyst deactivation analysis can be studied by TG analysis. From Figure 
24, it was found that the %weight of all catalysts increased. The increase of %weight 
is caused by the fact that in spent catalysts, there are Cu0 atoms left over from the 
reduction pretreatment before the reaction. This Cu0 oxidizes with O2 in air to form 
CuO molecules, increasing the weight of the catalyst [50]. From the analysis of H2-TPR 
as shown in Figure 18, Cu/SBA-15 (W) catalyst was used for high temperature reduction 
at 383 °C. Therefore, in pretreating the catalyst at 300 °C before reaction, the reduction 
reaction to convert CuO to Cu0 was not all possible. Therefore, Cu0 was not found in 
the catalyst and in the absence of Cu0 a %weight was decreased until the temperature 
around 380 °C. When the temperature rises to about 380 °C, Cu/SBA-15 (W) undergoes 
reduction reaction with H2 in air, producing Cu0.Then Cu0 then oxidation with O2 in air, 
forming CuO molecules, causing the %weight of the reaction to begin to increase and 
increasing steadily at temperatures above 380 °C. 
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CHAPTER 5  
CONCLUSIONS AND RECOMENDATIONS 

 
 All of catalysts were synthesized including Cu/MCF-Si (W), Cu/MCF-Si (IW), 
Cu/SBA-15 (W) and Cu/SBA-15 (IW). Cu precursor can be dispersed both on the surface 
and inside the pore. Except for Cu/SBA-15 (W) catalysts, where Cu distribution was low 
on the surface, CuO was found in all catalysts with very similar crystallite sizes. Both 
impregnation methods did not change the porous structure of the supports. The SBA-
15 supported catalyst had a greater surface area than MCF-Si, while MCF-Si had better 
pore volume, pore size distribution and isotherm IV type than SBA-15. The incipient 
wetness impregnation method has higher surface active site and active site dispersion 
values than the catalyst synthesized by wetness impregnation method. Cu/MCF-Si (W) 
has a lower reduction temperature of the catalysts, followed by Cu/MCF-Si (IW), 
Cu/SBA-15 (W) and Cu/SBA-15 (IW), respectively. 
 The CO2 hydrogenation reaction by all four catalysts began at 200 °C. The RWGS 
reaction between CO2 and H2 on Cu0, which appeared after reduction, before CO 
hydrogenation continued at 300 °C for MCF-Si supported catalysts and 400 °C for SBA-
15 supported catalysts until methanol was obtained. The decreases of CO2 in the 
system indicated that the RWGS reaction had proceeded. It depended on the reduction 
behavior of the catalyst. Different impregnation methods did not significantly affect 
the reduction behavior. However, the catalyst supported with MCF-Si uses a lower 
reducing temperature than that of SBA-15. The results of CO2 conversion were 
consistent with the reduction behavior analysis, but when increasing temperature, 
methanol selectivity decreased because the CO hydrogenation reaction is exothermic. 
Therefore, methanol selectivity was reversed with the results from the reduction 
behavior analysis and RWGS reaction. Finally, when comparing the methanol selectivity 
and CO selectivity, it was found that all catalysts were suitable for the RWGS reaction 
more than CO2 hydrogenation to methanol. 
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 The CO2 conversion of the catalyst followed the same reduction behavior as 
mentioned in part 2. It was constant throughout the reaction for 5 hours. Thus, all 
catalysts were stable to the RWGS reaction. Meanwhile, the MCF-Si supported catalysts 
yielded stable methanol selectivity over 5 hours, unlike the SBA-15 supported 
catalysts, the methanol selectivity was initially higher, but as the reaction progressed, 
the methanol selectivity continued to decrease. This indicated that the catalysts 
supported with SBA-15 is unstable to CO hydrogenation. However, all these 
synthesized catalysts were not inferior in performance to CZA commercial catalysts. 

 
RECOMENDATIONS 

1. The wetness impregnation method used in this study is incorrect. The correct 
method is after stirring, the substance must be filtered out of the solvent prior 
to dehydrating to remove the solvent. The filtered solvent must be measured 
for the Cu content to subtract from the initial Cu precursor and calculate the 
amount of copper on the support. 

2. It is interesting to study the optimum amount of Cu for impregnation in each 
type of support.  

3. The addition of promoters such as Zn and Al may able to increase the 
methanol selectivity. 

4. Changing the catalyst reducing temperature experiment affects the efficiency 
of each catalyst. 

5. Studies on the deactivation of spent catalysts should be investigated further 
with other methods such as XRF because of effects of Cu oxidation. 
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APPENDIX 
APPENDIX A. CALIBRATION 

 A.1. CO2 calibration  

 

Fig. A.1.1. the calibration of CO2 

 A.2. CO calibration 

 

Figure A.2.1. the calibration of CO 
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 A.3. Methanol calibration 

 

Figure A.3.1. The methanol calibration 
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APPENDIX B. CALCULATION OF CATALYST PROPERTIES 

 B.1. CO2 conversion 

  CO2 conversion (%) =  
CO2,in − CO2,out

CO2,in
 × 100 

 B.2. Methanol selectivity 

  MeOH selectivity (%) =  
mole of methanol

all products
 × 100 

 B.3. CO selectivity 

  CO selectivity (%) =  
mole of CO

all products
 × 100 

 B.4. Methanol yield 

  CH3OH yield (%) =  
CH3OH selectivity (%)×conversion (%)

100
 

Table B.4.1 methanol yield of CO2 hydrogenation in various temperature 

Catalysts 
Methanol yield (%) 

100°C 200°C 300°C 400°C 
CZA 0 0.637 0.052 0.013 

Cu/MCF-Si (W) 0 0 0.015 0.012 
Cu/MCF-Si (IW) 0 0 0.022 0.014 
Cu/SBA-15 (W) 0 0 0 0.007 
Cu/SBA-15 (W) 0 0 0 0.008 
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Table B.4.2 methanol yield of CO2 hydroganation at 400 °C for 5 hours 

Time 
(min) 

Methanol yield (%) 
CZA Cu/MCF-Si (W) Cu/MCF-Si (IW) Cu/SBA-15 (W) Cu/SBA-15 (IW) 

0 0.002 0.001 0.001 0.000 0.003 
16 0.001 0.001 0.003 0.000 0.006 
32 0.021 0.009 0.006 0.001 0.003 
48 0.036 0.011 0.006 0.001 0.005 
64 0.028 0.011 0.007 0.004 0.006 
80 0.027 0.011 0.006 0.003 0.005 
96 0.027 0.012 0.007 0.005 0.007 
112 0.028 0.010 0.007 0.006 0.007 
128 0.032 0.011 0.007 0.006 0.007 
144 0.030 0.011 0.007 0.006 0.007 
160 0.026 0.011 0.006 0.005 0.007 
176 0.026 0.012 0.007 0.005 0.008 
192 0.027 0.012 0.006 0.006 0.007 
208 0.033 0.012 0.006 0.005 0.006 
224 0.032 0.012 0.006 0.006 0.008 
240 0.057 0.012 0.006 0.006 0.008 
256 0.040 0.012 0.007 0.006 0.008 
272 0.053 0.012 0.007 0.005 0.008 
288 0.037 0.013 0.007 0.005 0.006 
304 0.037 0.012 0.007 0.005 0.008 
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APPENDIX C. CALCULATION OF CRYSTALLITE SIZE 

 The Scherrer equation 

  D =  
kλ

βcosθ
 

 Where;  D = Volume average crystallite size 

   K = unity constant factor (k=0.9) 

   Ө = The position of deserve peak (Ө=1.5406) 

   β = X-ray diffraction broadening in half peak (radian) 
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APPENDIX D. CO-CHEMISORPTION 

 D.1. Calculation the surface active sites 

MSAs  = Sf × 
Vads

Vg
 ×  

100%

%M
 × NA ×  σm × 

m2

1018nm2  

Where  𝑀𝑆𝐴𝑆  = surface-active sites  

  𝑆𝑓   = stoichiometry factor 

𝑉𝑎𝑑𝑠   = volume adsorbed, (cm3/g) 

𝑉𝑔   = molar volume of gas at STP, 22414 (cm3/mol)  

𝑁𝐴   = Avogadro’s number, 6.023x1023 (molecules/mol)  

σm   = cross-sectional area of active metal atom, (nm2) 

 D.2. Calculation the dispersion of active sites 

D(%)  = Sf ×  
Vads

Vg
 ×  

m. w.

%M
 × 100%100% 

Where  D(%) = active site dispersion 

 𝑆𝑓  = stoichiometry factor 

𝑉𝑎𝑑𝑠   = volume adsorbed, (cm3/g) 

𝑉𝑔   = molar volume of gas at STP, (22414 cm3/mol)  

m.w.   = molecular weight of the metal, (a.m.u.)  

%M   = %metal, (%) 
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D.3. Calculation the volume chemisorbed  

 Vads(cm3) =  
Vinj

m
 ×  ∑ (1 −

Ai

Af
)n

i=1  

 Where Vinj = volume injection (cm3) 

  M = mass of sample (g) 

  Ai = area of peak i 

  Af = area of last peak 

Table D.3.1. The area of peak of Cu/MCF-Si (W) calalyst adsorbed CO gas 

Peak no. 
Area 

Cu/MCF-Si (W) Cu/MCF-Si (IW) Cu/SBA-15 (W) Cu/SBA-15 (IW) 
1 0.12609 0.12865 0.13554 0.13122 
2 0.13069 0.12105 0.12846 0.12642 
3 0.12520 0.12431 0.11159 0.13029 
4 0.13546 0.11226 0.12465 0.11593 
5 0.12001 0.12011 0.11849 0.11206 
6 0.13319 0.14199 0.11405 0.12176 
7 0.12429 0.09593 0.14130 0.11030 
8 0.12396 0.11677 0.12001 0.11839 
9 0.12681 0.13257 0.13096 0.12484 
10 0.13923 0.11263 0.13342 0.10998 
11 0.13975 0.10022 0.14008 0.12696 
12 0.14077 0.14769 0.14360 0.1189 
13 - 0.12016 0.14395 0.11501 
14 - 0.15103 0.14416 0.13488 
15 - 0.15153 - 0.13543 
16 - 0.15347 - 0.13576 
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