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ABST RACT 

59404203 : Major (CHEMICAL ENGINEERING) 

Keyword : flame spray pyrolysis, long chain hydrocarbon, carbon dioxide 
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MISS KANYARAT PIRIYASURAWONG : ONE-STEP FSP SYNTHESIS 

OF NANOCRYSTALLINE IRON-BASED CATALYST FOR CO2 

HYDROGENATION THESIS ADVISOR : ASSISTANT PROFESSOR OKORN 

MEKASUWANDUMRONG, D.Eng. 

Nanocrystalline Fe/Al2O3 and Fe-Ce/Al2O3 catalysts were prepared in 

varied Ce weight percent using the flame spray pyrolysis (FSP) technique and 

impregnation method and applied to CO2 hydrogenation for the selective production 

of long chain hydrocarbon. The catalytic properties were measured by several 

methods such as nitrogen physisorption, X-ray diffraction (XRD), X-ray 

photoelectron spectroscopy (XPS), transmission electron microscopy (TEM) and 

hydrogen temperature programmed reduction (H2-TPR). Results showed that the 

flame-catalysts had uniform spherical particles within about 4 to 25 nm, while 

morphology of impregnated catalysts exhibited iron cover on alumina support. All 

FSP-made catalysts indicated the present of α−Fe2O3, Fe3O4, FeAl2O4 and Al2O3 

phase in XRD result. Impregnated catalyst displayed α−Fe2O3 and Al2O3 phase. The 

addition of cerium to 7wt.% appeared CeO2 phase. The XPS result can confirm the 

present of several phase in XRD. Addition of small amount of Ce (3wt.% to 5wt.%) in 

flame-made Fe/Al2O3 catalyst enhanced the Fe-Ce interaction resulted in reduction 

peak of Fe2O3 shifted to lower temperature. For the reduction of impregnated 

catalysts, Ce did not affect the reduction of Fe2O3 at surface reduction but altered the 

reduction behaviors of Fe3O4 and bulk Fe2O3. The testing of Fe/Al2O3 performance for 

CO2 hydrogenation reaction at high pressure improve reaction rate, however CO 

selectivity higher than reaction at atmospheric pressure. The combination of Fe and 

small amount of Ce (3wt.% to 5wt.%) by FSP technique enhanced hydrocarbons 

formation in CO2 hydrogenation as well as their long chain hydrocarbon contents, 

while it suppressed methane formation. It probably due to Ce improve iron carbide 

formation that high activity for FT synthesis. The present of iron carbide/iron oxide in 

FSP-made catalyst was higher than impregnated catalyst, reflect to flame-made 

catalysts were selective to hydrocarbon production better than impregnated 

catalyst.  Production heavy hydrocarbons at high pressure was successfully 

synthesized using FSP-made Fe-Ce/Al2O3 catalysts with low Ce loadings (3wt.% to 

5wt.%) using CO2 as a carbon source because the Fe-Ce/Al2O3 catalysts with small 

amount of Ce content improve rate of reaction and long chain hydrocarbon selectivity. 
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CHAPTER I 

INTRODUCTION 

1.1 Motivation 

Presently, global warming and climate change have become the most serious 

problem in this era due to their impacts on all life on the earth. The most important 

greenhouse gas in the atmosphere is CO2 because it is the majority of greenhouse gas 

in the atmosphere (more than 70%). The increasing of CO2 emission is due to the 

large amount of fossil fuels consumed for energy. Amount of CO2 in the atmosphere 

will grow by 46% between 2010 and the end of century [1]. There are three ways to 

decrease the amount of CO2: the reduction of CO2 production, the storage of CO2 and 

the use of CO2 [2]. The first strategy requires increasing of energy efficiency or shift 

of primary energy source. Second strategy is storage of CO2 that has several 

technologies are available for capturing. Usage of CO2 is third strategy involves the 

production long chain hydrocarbon from CO2. In recent years the utilization of CO2 as 

a feedstock for producing chemicals has received a lot of attention such as urea 

synthesis, methanol and its derivatives, carbonates, and salicylic acid as shown in 

Figure 1. In addition, it can produce fuels that is energy consumption. CO2 

hydrogenation is a quite interesting reaction because it can convert CO2 into a highly 

valuable product. 

 

Figure 1 CO2 hydrogenation pathways to products covered 
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Flame spray pyrolysis (FSP) is process for catalyst synthesis by combustion in 

gas phase. This method is interesting pathway because it can produce high-purity 

nanocrystalline materials in one-step process, low operating cost, and suitable for 

large scale production of catalytic materials. The technique is flexible because it has a 

wide range of precursors, solvents and operating conditions, thus it can control the 

size and desired properties of the particles [3]. In the previous works, several 

researches applied this technique in order to prepare various kinds of catalysts, 

exhibiting advantages and unique properties for many reaction applications. Pawinrat 

et al. [4] prepared Au–ZnO and Pt–ZnO catalysts by FSP method and its application 

for photocatalytic degradation of dyes. Rossetti et al. [5] prepared the Ni-based 

catalysts by FSP method, which is used in the production of ethanol and glycerol from 

steam reforming reactions. They also synthesized V-based catalysts for production of 

propylene from the oxidative dehydrogenation of propane [6]. Somboonthanakij et al. 

[7] studied catalytic properties of Pd/SiO2 catalysts for 1-heptyne hydrogenation. 

Iron-based catalysts were originally used in the Fischer-Tropsch (FT) reaction. 

Several research have been applied to CO2 hydrogenation for high-value 

hydrocarbons products. The addition of ceria into the Fe catalyst used in CO2 

hydrogenation shown similar catalytic performance [8]. However, Ceria modified 

Fe/Mn/K catalysts for production value-added hydrocarbons in CO2 hydrogenation 

exhibited improvement the CO2 conversion and olefin/paraffin formation [9]. K-

promoted Fe–Co bimetallic catalysts for light olefin production from CO2 

hydrogenation illustrated enhancement CO2 conversion, significantly enhanced C2 – 

C4 olefin formation [10]. 

Alumina is the best support of iron-based for CO2 hydrogenation reaction 

because it showed high activity more than Fe/SiO2 and Fe/TiO2. It has been suggested 

that γ-Al2O3 can prevent sintering due to strong interactions of metal and support, so 

leads to a well dispersed catalyst. Furthermore, the carbides stability rise in the order 

Fe/γ-Al2O3 < Fe/SiO2 < Fe/TiO2 [11] lead to Fe/Al2O3 has the most activity phase for 

FT synthesis. 
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The aim of work is promote cerium in Fe/Al2O3 catalysts. The catalysts were 

prepared using the flame spray pyrolysis (FSP) technique. The effect of Ce loading on 

the physiochemical and catalytic properties were studied and compared to the 

conventional impregnation-made catalyst. The catalytic properties were investigated 

by several characterization which contain nitrogen physisorption, transmission 

electron microscopy (TEM), X-ray diffraction (XRD), X-ray photoelectron 

spectroscopy (XPS) and hydrogen temperature programmed reduction (H2-TPR), The 

catalysts were tested activity in carbon dioxide hydrogenation reaction which is one of 

the methods to reduce carbon dioxide emissions by converting carbon dioxide into 

valuable chemicals. 

1.2 Objective of research 

 Preparation and characterization of Fe-Ce/Al2O3 by using FSP method and its 

application as CO2 hydrogenation catalyst. 

1.3 Scope of research 

1.3.1 Catalyst preparation 

The catalysts preparation divide in two parts: Preparation method and Ce-

promoted catalyst 

Part I: Prepare the catalyst by FSP and impregnation method 

FSP technique uses the following conditions: 

a. Metal concentration in precursor is 0.5 molar 

b. Precursor feed rate is 5 ml/min. 

c. Combustion gas is methane (1.5 l/min) and oxygen (3 l/min) 

d. Oxygen dispersion feed rate is 5 l/min. 

e. The pressure drop at the capillary tip is 1.5 bars 

Impregnation method uses the following conditions: 

a. The sample is dried at 120°C 

b. Calcination temperature is 540°C for 4 h.  

Part II: Prepare Iron-based catalyst with Ce loading 

a. Fe loading content is 20 wt.% 
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b.  Ce-promoted and alumina support content is 80 wt.% that vary 0-10 wt% 

of Ce 

 1.3.2 Catalyst characterization 

1.3.2.1 N2 physisorption determine surface area, total pore volume and 

average pore diameter. 

1.3.2.2 X-ray diffraction (XRD) determines the composition, crystal phase 

and crystallite size of catalysts. 

1.3.2.3 X-ray photoelectron spectroscopy (XPS) identify elemental 

composition and state on the catalyst surface. 

1.3.2.4 Transmission electron microscopy (TEM) assign surface 

morphology and size distribution of catalysts. 

1.3.2.5 H2 temperature-programmed reduction (H2-TPR) determine 

reducibility of catalysts. 

 1.3.3 Catalytic activity tests 

The CO2 hydrogenation reaction over prepared Fe-Ce/Al2O3 catalysts was 

performed in fixed-bed reactor. The typical reaction conditions were as follows:  

1.4 Contribution of research 

 This research is present interesting strategy for decreasing amount of CO2 in 

atmosphere, which is the main cause of global warming. Ce-promoted Fe/Al2O3 

catalyst improves the CO2 hydrogenation activity and selectivity of hydrocarbon. 
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CHAPTER II 

LITERATURE REVIEWS 

The literature reviews discuss about the effect of preparation technique (FSP 

and impregnation) of Fe-based catalyst, addition promoter (Ce), the support for Fe-

base catalyst and condition of catalytic performance testing for hydrocarbon 

production. 

2.1 Study the preparation technique (FSP and impregnation method) 

Somboonthanakij et al. (2007) [7] studied the Pd/SiO2 catalysts with Pd 

loadings (0.5 to 10 wt.%) via FSP technique. The addition Pd showed increasing in 

BET surface area of the SiO2 support and pore volume of the flame-made catalysts. 

Addition Pd 0.5 to 2 wt.% in catalyst displayed increasing the average clusters sizes 

of palladium (from 0.5 to 3 nm) and it remained at 3 nm even after increasing of Pd 

loading to 10 wt.%. Increasing Pd loading from 0.5 to 5 wt.% improved the 

conversion of 1-heptyne from 42 to 75% and maintain performance until Pd loading 

was increased to 10 wt.%. FSP-made catalysts showed catalytic activities for selective 

hydrogenation of 1-heptyne higher than conventional catalyst. When Pd 

particle/cluster size increased, The TOFs of Pd/SiO2 catalyst via FSP decreased. They 

suggesting that hydrogenation activity of alkyne depends on Pd dispersion. However, 

there is no influence on selectivity of alkene. 

Choowong et al. (2011) [12] studied Co/ZrO2 catalysts were prepared by FSP 

technique with various Co loading (5 to 10 wt.%) and various precursor feed rate (3, 5 

and 8 ml/min) for CO hydrogenation. The amount of Co dopants by FSP synthesis did 

not alter the particle size of ZrO2. Increasing precursor feed rate lead to increment of 

particle size. Reduction behavior showed appearance of two main peaks; the reduction 

of Co3O4 to CoO and CoO to Co0 metal. The addition of Co resulted in the shifting of 

the second reduction peak to higher temperature. However, reduction peak were 

shifted towards a lower temperature when precursor feed rate increased. Increasing of 
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precursor feed rate and amount of cobalt in Co/ZrO2 catalysts enhance the rate of 

reaction in CO hydrogenation. Catalytic performance of FSP-made catalysts exhibited 

higher than conventional impregnation method. In addition, FSP-made catalysts 

showed selectivity to long chain hydrocarbons because interaction between Co/CoO 

and ZrO2 support of the FSP-synthesis was lower. 

Koirala et al. (2014) [13] studied influence of composition of Mn-

Na2WO4/SiO2 catalysts and condition of oxidative coupling of methane (OCM) 

reaction. The preparation method of Mn-Na2WO4/SiO2 catalyst is FSP with various 

0–5 wt.% Mn and 0–6 wt.% Na2WO. They found the amorphous of SiO2 gradually 

transformed to crystalline cristobalite, when test OCM activity at 810°C. The 

cristobalite formation, lead to specific surface area was decreased but it had only a 

marginal influence on catalytic activity. FSP-made catalysts with a composition 

1.9%Mn-3%Na2WO4/SiO2 displayed the highest C2-yield. Figure 2 show catalyst 

performance of 1.9%Mn-3%Na2WO4/SiO2 catalyst with different preparation method. 

They found methane conversion steady small increase for flame-derive catalyst and 

higher than wet-impregnated catalyst. For in term of selectivity, the initial period C2-

selectivity of different preparation catalysts showed opposite trends, wet-impregnated 
catalyst showed slightly increasing but decreasing in flame-made catalysts. However, 

at steady-state the selectivity of the FSP-made catalyst was 60% while that of the wet-

impregnated catalyst was only 49% and this at significantly lower conversion. 
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Figure  2 Catalyst performance of 1.9%Mn-3%Na2WO4/SiO2 catalyst with different 

preparation method [13] 

2.2 Study Ce loading in Fe-based catalyst 

Pérez-Alonso et al. (2008) [8] studied the effect of cerium in iron-based 

catalyst for the hydrocarbon production from CO2 at T = 300°C, P = 10 bar. The Fe-

Ce catalyst was prepared by impregnation method. The addition 5 wt.% of Ce in Fe 

catalyst did not change catalytic performance, carbon dioxide conversion and yielding 

hydrocarbons (C1– C10). However, the Fe-Ce catalyst reaches the steady-state 

operation in a shorter period of time (from 70 to 30 h) because the main role of CeO2 

in the Fe-based catalysts was to accelerate the formation and/or stabilization of 

reaction intermediates consisting in amorphous polymeric carbon species. They found 

that the CO2 conversion were not limited by the approach to the chemical equilibrium 

of the Fe and Fe-Ce catalysts in the CO2 hydrogenation reaction. 

Robert et al. (2011) [9] studied olefin production from CO2 hydrogenation 

using ceria modified Fe/Mn/K catalysts. The catalysts were preparation by incipient 

wetness impregnation method. They consider the effect of calcination temperature 

(500°C, 800°C). The reaction operate with T = 290°C, P = 15 bar. The particles size 

of ceria that calcined at 500°C were smaller than those calcined at 800 °C. Catalyst 

with doping Ce (22%) that calcined at 800°C  showed enhancement CO2 conversion 

and a 5% increase in olefin formation in comparison to the ceria-free catalyst. 

However, Catalyst which was calcined at 500°C, it displayed enhancement CO2 

conversion but olefin/paraffin ratio was similar. 

Hee-Chul et al. (2014) [14] studied attempt to define suitable amount of CeO2 

in Rh2O3/CeO2-Al2O3 catalysts for the steam reforming of gasified spent solvents. 

They load cerium up to 12 times rhodium by mass. They found the increasing of 

cerium led to improve the dispersion of rhodium nanoparticles and not effect to 

agglomeration of rhodium. The catalysts were tested in steam reforming of a gasified 

spent solvent, result shown main product is butylene. Moreover, the addition of 

cerium in rhodium catalyst can improve thermal stability because it could be used 

treating low-quality non-methane hydrocarbons without coke formation at high 

temperature (900°C). 
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Pérez-Alonso et al. (2007) [15] studied Fe–Ce catalysts were synthesized by 

wet impregnation of Ce onto Fe with various iron precursor; iron oxyhydroxide 

(referred to as FeCe-I) and hematite iron oxide (referred to as FeCe-IC). The catalyst 

performances were test in Fischer–Tropsch (FT) synthesis.  They found the behavior of 

the different catalysts could be divided into two episode. During the first one, FT activity 

of the Ce-promoted and unpromoted catalysts decreased initially, However, the sample 

FeCe–I developed more active catalyst than the Fe catalyst after the inflection point as 

shown in Figure 4. They suggest it probably because of sites with higher reactivity 

were formed as a consequence of the Fe–Ce interactions. For the XRD pattern, the 

initial time carbide phase mostly in Fe3C form and then evolved to 𝑥-Fe5C2 (Figure 3) 

that improve of the catalytic activity after 40 h on stream, so the Hägg carbide species 

(x-Fe5C2) seems to be the most active of iron phase. 

 

Figure  3 XRD patterns of Fe-Ce catalysts after different TOS [15] 
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Figure  4 Hydrocarbon formation with TOS of the different catalysts [15] 

Yang et al. (2018) [16] studied CeO2-Al2O3 support Ni-based catalysts that 

were synthesized by impregnation method. The catalyst performance were tested in 

reverse water gas shift reaction. They found addition Ce in Ni/Al2O3 catalyst enhance 

catalyst performance in the reaction.  Furthermore, Fe was promoted in Ni/CeO2-

Al2O3 catalyst lead to activity and stability higher than Ni/CeO2-Al2O3 catalyst as 

shown in Figure 5. They suggest that FeOx greatly enhances dispersion on the surface 

of nickel. In contrast, loading CrOx as promoter in Ni/CeO2-Al2O3 catalyst did not 

improve the catalyst activity in reverse water-gas shift reaction and in turn, it favours 

the CO2 methanation which is side reaction. 

 

Figure  5 The catalysts performance in term of reverse water gad shift reaction [16] 
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Stroud et al. (2018) [17] studied the effect of tin and ceria in nickel based-

catalysts (10 wt.%) supported on alumina (Al2O3) for dry and bi reforming of methane 

reaction over 20 h. The catalysts were synthesized by impregnation method. The 

small amount of Sn and Ce loading enhance the dry reforming of methane (DRM). 

Moreover, Using Sn and Ce promoter can improve stable conversion in bi reforming 

of methane (BMR) reaction. 

Fatima et al. (2017) [18] studied effect of ceria promotion on the performance 

of Co/Al2O3 catalyst for Fischere-Tropsch synthesis. The cerium-promoted in the 

cobalt catalysts via impregnation method displayed a big increase in the CO 

conversion with un-promoted (from 5.4 to 21.7%) because the degree of reduction of 

cobalt species was increased. In addition, they found that results in terms of CO 

conversion in Fishere-Tropsch synthesis of Co/Ce-Al2O3 via impregnation method 

was better than the cobalt catalysts with microemulsion-supports.  

2.3 Study Al2O3 support Fe-based catalyst 

 Riedel et al. (1999) [11] studied using Fe and Co-based catalyst via CO and 

CO2 hydrogenation. They varied type of support (SiO2, TiO2 and Al2O3) for the Fe-

based catalyst. The decarburization profiles of after H2/CO2 treatment illustrated 

stability of the carbides that increase in the order Fe/Al2O3 < Fe/SiO2 < Fe/TiO2 

(Figure 6), therefore Fe-catalyst showed Al2O3 to be the best support because it 

exhibited highest catalytic activity, hydrocarbon selectivity and rising higher 

hydrocarbon in term of CO2 hydrogenation reaction (reaction conditions ; 573 K, 1.01 

MPa, H2/CO2 = 3) as shown in Table 1. 
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Figure  6 Temperature programmed decarburisation of Fe-based catalyst with 

various support [11] 

Table  1 The activation of catalyst with various support  via CO2 hydrogenation 

reaction [11] 

Catalyst CO2 

conv.(%) 

Yield (C%) Hydrocarbon distribution (C%) 

CO HC C1 C2
= C2 C3

= C3 C4
= C4 C5> 

Fe/SiO2 6.9 4.9 2.0 80.9 - 13.7 0.12 4.5 - 1.3 0.42 

Fe/TiO2 11.5 4.1 7.4 51.7 0.07 16.7 0.57 14.9 0.51 8.8 6.8 

Fe/Al2O3 22.8 2.6 20.2 43.2 0.02 19.1 0.15 17.9 0.11 10.8 8.8 

Fe-K/Al2O3 30.4 12.3 18.1 12.7 9.7 1.8 17.0 2.1 16.9 0.28 39.4 

 

2.4 Study effect of reaction pressure 

Yeusy et al. (2016)  [19] studied influence of pressure (from 5 to 50 bar) for 

methanol production by CO2 hydrogenation on Au/ZnO catalysts. They found that a 

result of Au/ZnO catalysts in terms of methanol selectivity was increased from 49% 

to 70% with increasing pressure (from 5 bar to 50 bar).  For all Au and Cu based 

catalysts improve activity for methanol formation as well as for carbon monoxide 

formation with increasing pressure. The activity of the Au/ZnO catalyst for methanol 



 
 

 

12 

production from CO2 was slightly higher than that of the Cu/ZnO/Al2O3 catalyst 

under present reaction conditions. In addition, they studied pathway of methanol 

formation that they found the methanol yield from the reaction gas feed containing 

CO2/H2 was higher than mixture of CO/H2 at 250°C. However, increasing reaction 

temperature to 300°C resulted methanol formation from the CO2/H2 mixture lower 

than the CO/H2 mixture. Therefor they concluded that reaction temperature has an 

influence on the rate of methanol production from CO2 and CO. 

Pyoung et al. (1996) [20] studied the effect of K/Fe molar ratio (0, 0.2, 0.5, 

1.0) of Fe-K/Al2O3 catalyst by impregnation method. The catalytic activity were test 

in CO2 hydrogenation under two condition (T=300oC, P=1bar and T=400oC, P=20 

bar). In this research, Fe(NO3)3•9H2O, K2CO3 and 𝛾-Al2O3 were used precursor of Fe, 

K and Al, respectively. They found that catalyst has increased in surface basicity by 

the addition of K to the Fe/Al2O3 catalysts. The CO formation of Fe-K/Al2O3 catalysts 

was higher than Fe/Al2O3 in CO2 hydrogenation at atmospheric pressure and 300°C. 

CO formation was found to be the essential step of producing C2+ hydrocarbons. In 

addition, they found that C2+ production from CO2 were increased at the elevated 

pressure (20 bar) as shown in Table 2 and Table 3. 

Table  2 The results of CO2 hydrogenation at 1 atm and 300oC [20] 

 K/Fe molar ratio 

 0 0.2 0.5 1.0 

yield of CO 0.8 21.7 29.6 32.2 

yield of hydrocarbons 0 11.7 0.9 0.7 
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Table  3The results of CO2 hydrogenation at 20 atm and 400oC [20] 

 K/Fe molar ratio 

 0 0.2 0.5 1.0 

CO2 conversion 48.9 67.3 69.6 68.4 

selectivity (Cmol%)     

CO  12.4 6.0 3.9 4.5 

hydrocarbons  87.6 94.0 96.1 95.5 

hydrocarbon distribution (Cmol%)     

C1  48.4 18.3 16.7 18.2 

C2 olefin 0.3 7.8 10.2 11.5 

C2 parafffin 20.2 6.1 2.1 2.1 

C3 olefin  1.2 19.9 17.2 18.7 

C3 paraffm 16.2 2.8 1.8 1.8 

C4 olefin  1.5 11.2 13.7 13.9 

C4 paraffin  7.4 5.7 2.6 0.5 

C5  3.8 13.7 16.3 16.1 

C6+  0.9 14.5 19.5 17.2 

STY (Cmol /(kg h)) hydrocarbons 9.0 13.3 14.1 13.7 

chain growth probability 𝜶a 0.39 0.60 0.72 0.69 

a The chain growth probability used in Anderson-Schulz-Flory statistics. 

Xinhui et al. (2016) [21] studied CuO-Fe2O3-CeO2/HZSM-5 bifunctional 

catalyst in CO2 hydrogenation for dimethyl ether (DME) synthesis. The catalysts were 

prepared by the homogeneous precipitation method and varied CeO2 doping (1.0, 2.0, 

3.0 and 4.0 wt.%). CeO2 loading in CuO-Fe2O3 catalyst increased the amount of 

Lewis acid sites and Bronsted acid sites that can improve the acid intensity of the 

weak acid sites, which in turn promoted the catalytic performance of dimethyl ether 

from CO2. In addition, the CeO2 modified catalyst can regulate the product 

distribution for dimethyl ether production via CO2 hydrogenation. The CeO2-
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promoted CuO-Fe2O3/HZSM-5 catalyst enhance CO2 conversion and DME 

selectivity, and inhibited the production of CO and CH4. The addition of CeO2 3 wt.% 

in the catalyst was optimum for this reaction. It showed the maximum CO2 conversion 

and DME selectivity values of 20.9% and 63.1%, respectively because CeO2 contain 

3.0 wt%, the acid intensity of weak acid site became the strongest. 
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CHAPTER III 

THEORY 

3.1 Hydrocarbons synthesis 

Hydrocarbons synthesis from CO2 hydrogenation is principally a modification 

of the Fischer–Tropsch (FT) synthesis, where CO2 is used instead of CO. The 

component of catalyst for CO2 hydrogenation is analogous to FT synthesis but is 

modified to maximize the hydrocarbons formation. 

Carbon dioxide can be also hydrogenated to hydrocarbons either by direct 

(synthesis gas) or indirect routes (methanol intermediate formation) [1]. The indirect 

route can be either a multi-stage or single-stage procedure. The multi-step can be 

converted to hydrocarbons through a process involving two reaction steps that shown 

in Eqs.(1) – (3).  

The first step is the conversion of carbon dioxide to carbon monoxide via the 

reverse water gas shift (RWGS) reaction as shown in Eqs.(1). 

CO2  +  H2  ↔ CO + H2O   ∆RH573°C = 38 kJ/mol     (1) 

The carbon monoxide from RWGS reaction can then be converted to 

hydrocarbon products through Fischer-Tropsch (FT) process that shown in Eqs.(2). 

CO  +  2H2  → (CH2)  +  H2O   ∆RH573°C = -166 kJ/mol   (2) 

The direct routes for CO2 hydrogenation contributes to hydrocarbon formation 

Eq.(3). 

CO2  +  3H2 ⤍   (CH2)  +  2H2O  ∆RH573°C = -128 kJ/mol (Negligible)  (3) 

The first step is RWGS reaction that is endothermic reaction therefore this 

reaction should require higher temperatures than generally employed in Fischer-

Tropsch synthesis in order to get acceptable CO2 conversion. However, higher 

temperature affect the product selectivity of FT process. The formation of methane is 

thermodynamically favoured and as such catalysts must be improve that catalyst both 

the RWGS reaction and FT process but show a limited activity for the undesired 

direct hydrogenation of CO2 to methane. In order that obtain optimal CO2 conversion 
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values, the CO formed is rapidly conversion therefore the rate of the RWGS reaction 

should also be lower than the FT process. 

The desired product can generally be separated into four groups; methane (C1), 

short chain olefins (C2-C4), gasoline (C5-C9) and long chain hydrocarbon (C10+). 

Methane has several important uses such as the formation of compressed natural gas 

that is used in traditional gasoline/internal combustion engine automobiles as well as 

being used as a feedstock for the formation of syngas. Light olefins (C2–C4) are wide 

application in the manufacture of building blocks such as polymers, solvents, drugs, 

cosmetics and detergents. Long chain hydrocarbons are controlling the active H/C to 

suitable ratio, where excess H* at the surface. The long chain hydrocarbons can be 

direct substitutes for transport fuels with all the infrastructure for their distribution and 

use already in place 

 

3.2 Mechanism of CO2 hydrogenation 

The reaction mechanism of hydrocarbon production from CO2 hydrogenation 

(Figure 7) that in the beginning, the metal oxide was the dominate species to the 

active species of reverse water gas shift (RWGS) reaction, which was magnetite 

(Fe2O3) [22] and hematite (Fe3O4) [23], followed by H radical abstraction on the 

catalyst surface. The 1st-stage CO2 transform to carboneous group (C–O and C=O). 

After that iron oxide catalysts were exposed to CO hydrogenation reaction, the 

catalyst transformed from hematite (Fe3O4) into one or more carbides, which have 

long period of reaction time to χ-carbide. Then χ-Fe5C2 transformed to χ-Fe3C that χ-

Fe3C have thermal stability more than χ-Fe5C2, However both carbide form have high 

carburization rate, it can improve hydrocarbon selectivity. The carboneous group was 

transformed to adsorbed CH2 in this step, the Fe–CH2 radical is formed and is 

considered as C-C propagation species. Chain was propagated of the CO2 

hydrogenation reaction to long chain hydrocarbon that is considered as a major 

product [1]. 
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Figure 7 Proposed overall reaction mechanism of CO2 hydrogenation 

3.3 Role of iron carbide in formation of higher hydrocarbons 

Iron carbides form have multiple roles in FT synthesis such as hydrogenate to 

methane, initiate chain growth or can be directly converted into hydrocarbons [24]. 

The pretreatment step of Fe-based catalyst for FTS, It can convert to several phase. 

The final phase of pretreatment, Fe-based catalyst more stable phase under FTS, 

related with the performance of the catalyst. During the CO2 hydrogenation reaction, 

iron oxide first reduce from hematite (α-Fe2O3) to magnetite (Fe3O4) phase. Under 

CO2 hydrogenation reaction, iron carbide phases are formed. Carburization rate of 

metallic iron can be rapidly convert more than iron oxide form under FT process [25]. 

The iron carbide have several structure, so each carbide form has different activity for 

the reaction. -Fe2C, ’-Fe2.2C, -Fe5C2 and -Fe3C is most commonly in carbides 

form. The first iron carbide, -Fe2C and ’-Fe2.2C have been suggested to a hexagonal 

close-packed (hcp) structure, which can be classified the carbon atoms are situated in 

octahedral (O) interstices (O-carbide). The Hägg carbide (-Fe5C2) is characterized 

by a monoclinic crystal structure and -Fe3C (cementite) exhibit orthorhombic 

structure. The carbon atoms of -Fe5C2 and -Fe3C are situated in trigonal prismatic 

(TP) interstices (TP-carbide)[26]. The iron carbides can be arranged in the following 

order of increasing stability: ’-Fe2.2C < -Fe2C < -Fe5C2 < -Fe3C [27]. Hydrogen 

pretreatment of iron-based catalyst yields metallic iron (Fe0), which transform into 

iron carbide species under the FTS [25]. Moreover, the Fe phases in actual nature 

formed during the different pretreatments depends on the contact time to the reactant, 

feed composition, reactor system, and reaction conditions (temperature and pressure) 

[28]. 
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Figure  8 Surface structures of Fe2C [29] 
 

 

Figure  9 Surface structures of Fe5C2 [29] 
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Figure  10 Surface structures of Fe3C [29] 

 3.4 Flame spray pyrolysis 

 Flame Spray Pyrolysis (FSP) is the combustion process whereby 

nanostructural are formed from conversion of solution precursor in a flame, followed 

by collision and combination of the reaction products with high temperature 

surrounding [30]. 

Flame spray pyrolysis (FSP) is process for the rapid and scalable synthesis 

nanoparticle of metal oxide materials. The technique was widely applied for the 

manufacturing process owing to their novel electronic, chemical, magnetic, and 

catalytic. In conventional FSP technique, the precursor solution was fed through a 

capillary in the middle of the device. The solution feed is atomized dispersion gas fed 

with high pressure through an annular hole around the capillary tube. FSP process use 

methane and oxygen gas for combustion gas. The combustion gases which is 

concentrically arranged around the nozzle exit. Next, flow oxygen allows the liquid 

leaving the capillary to disperse. The volumetric flow rates of gas are measured and 

controlled by mass flow meters. The combustion gases are transmitted in hood that 

connected with a vacuum pump in order to store the nanostrutural material. Hood is 
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assign with a filter that deposited rather far away from the flame tip. The precursor 

solution was sprayed at high temperature resulting in the organometallic precursors 

decompose and the organic compounds under complete combustion condition. In 

these processes fully dense primary particles of nanastructural were formed. 

 

Figure  11 Nanoparticle formation by FSP process [30]. 

3.5 Particles formation and configurations by FSP 

The gas-to-particle route in FSP affect to different type of particle 

configurations [31]. These particle were occurred in sequential stages of: 

1. Dehydration of precursor spray/decomposition forming metal vapour. 

2. Nucleation leading to supersaturation. 

3. Coalescence and sintering 

4. Aggregation and agglomeration that are forming by chemical bonds and 

physical bonds, respectively. 

The multicomponent formation of particle systems are far more complex than 

single components. Possibility of particle configurations and permutations depend on 

the kinetics and thermodynamics of the component mixture. In complex systems, 
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especially those containing a large number of elements with different properties, 

integration of two or more configurations from Route I–IV are indeed possible [31]. 

 

Figure  12 Multicomponent formation with  different particle configurations by flame 

spray pyrolysis [31]. 

 FSP process has many advantages over the other methods as it is low 

operating cost, easy to control particle size which around nanopowder, simple 

processing because this technique can prepare catalyst in one-step, high production 

yield, ease of develop to mass manufacturing [32] and final product with high purity 

and relatively narrow size distribution. 
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Figure  13 The morphology of catalysts were prepared by FSP [33] 
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CHAPTER IV 

EXPERIMENT 

4.1 Catalytic preparation 

Table 4 List of chemicals prepared powder by flame spray pyrolysis and Fe loading 

method 

Chemicals  Formula  Purity (%) Manufacture  

Iron (III) nitrate Fe(NO3)3 · 9H2O  99.95  Ajax 

Aluminum nitrate nonahydrate  Al(NO3)3 · 9H2O 98.0 Fluka 

Cerium (III) nitrate hexahydrate Ce(NO3)3 · 6H2O 99.0 Sigma-Aldrich 

Ethyl alcohol C2H6O  99.9 QReC 

4.1.1 Catalyst preparation by flame spray pyrolysis techniques 

Ce-promoted Fe/Al2O3 catalysts were prepare by FSP method using Al(NO3)3• 

9H2O (Fluka, ≥ 98.0%), Ce(NO3)3•6H2O (Sigma-Aldrich, ≥ 99.0%) and 

Fe(NO3)3•9H2O (Ajax, ≥ 99.95%) as the starting precursors of Al, Ce and Fe, 

respectively. The appropriate precursor contents were dissolved in ethanol with total 

metal concentration of 0.5 M. Fe loading content was fixed at 20 wt%, whereas the Ce 

loading were varied from 0 to 7 wt%. The mixed precursor was injected through 

capillary of the gas-assist nozzle by syringe pump with 5 ml/min. Methane and 

oxygen gas were adjusted with 1.5 l/min and 3 l/min, respectively. Combustion gas 

were used to serve as a premixed flamelets for ignition and support of the spray flame. 

Oxygen disperse gas was adjusted 5 l/min forming spray droplets. The pressure drop 

across the nozzle was maintained at 1.5 bar. The catalysts prepared in this work are 

denoted as F-20Fe-xCe-Al where x represents the weight percentage of Ce in the 

catalyst. The catalysts prepared by FSP technique are denoted as F-Fe-xCe-Al where 

x represents the percentage of Ce in Fe/Al2O3 that show in Figure 14. 
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Figure 14 Diagram of preparation Fe-Ce/Al2O3 catalyst by flame spray pyrolysis 
 

4.1.2 Catalyst preparation by impregnation method 

 The precursors of Ce Fe and Al was fixed with FSP-made catalyst. Ce-

promoted and Al support were prepared by FSP techniques. Fe precursor was 

impregnated on modified support with 20 wt% of Fe. The impregnated sample was 

subsequently dried at 120°C and calcined at 540°C for 4 h. The catalysts prepared by 

this method are denoted as I-Fe/xCe-Al where x represents the percentage of Ce in 

Fe/Al2O3 that show in Figure 15. 

 

Figure 15 Diagram of preparation Fe-Ce/Al2O3 catalyst by impregnation method 
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Table 5 The nomenclature of all catalysts prepared in this research. 

Sample Preparation method Amount of Ce content 

F-Fe-Al Flame spray pyrolysis 0 

F-Fe-3Ce-Al Flame spray pyrolysis 3 

F-Fe-5Ce-Al Flame spray pyrolysis 5 

F-Fe-7Ce-Al Flame spray pyrolysis 7 

I-Fe/Al Impregnation on flame-made alumina 0 

I-Fe/3Ce-Al Impregnation on flame-made alumina 3 

I-Fe/5Ce-Al Impregnation on flame-made alumina 5 

I-Fe/7Ce-Al Impregnation on flame-made alumina 7 

Fe/Al2O3,commercial Impregnation on alumina commercial 0 

4.2 Catalytic characterization 

 4.2.1 X-ray diffraction (XRD) 

X-ray diffraction (XRD) patterns were determined the crystallite phase and 

elemental distribution of the catalyst particle using a Siemens D5000. The diffraction 

patterns were performed over the 2θ range between 20° and 80° using Cu Kα 

radiation with Ni filter. The crystallite size was calculated from line broadening 

according to Scherrer’s equation. 

4.2.2 X-ray photoelectron spectroscopy (XPS) 

The X-ray photoelectron spectroscopy (XPS) use for identify elemental 

composition and state on the catalyst surface. The experiments were carried out on 

system equipped with Kratos Amicus x-ray photoelectron spectroscopy that use for 

identify width at half maximum (FWHM) and composition of the Fe on the catalysts 

surface. The blinding energy of O 1s, Fe 2 p and Al 2p are determined. The condition 

for experimental was performed with the x-ray source at 20 mA and 12 kV (240 W), 

the resolution at 0.1 eV/step and pass energy of the analyzer was set at 75 eV under 

pressure around 1x10-6 Pa. The spectra were referenced to the C 1s emission at 285.0 

eV. 
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4.2.3 N2 physisorption 

 Specific surface area, total pore volume and average pore diameter of catalysts 

were measured at -196°C by using N2 physisorption method. The measurement of was 

performed by using Belsorpmini 2. The 0.1 g of catalyst was pretreated at 200°C for 5 

h under high vacuum. The surface area was determined using the Brunauer–Emmett–

Teller (BET) equation based on single point method. Pore volume were calculated by 

Barrett – Joyner – Halenda (BJH) analysis. 

4.2.4 Transmission electron microscopy (TEM) 

 The morphology of Fe/Al2O3 and Fe-Ce/Al2O3 sample was determined using 

JEOL JEM-2010. Transmission electron spectroscopy using energy-dispersive X-ray 

detector operated at 200 kV.  

4.2.5 H2 temperature-programmed reduction (H2-TPR) 

H2 temperature-programmed reduction (H2-TPR) measurement of the fresh 

catalysts were determined the reduction behavior and reducibility of catalyst, using 

Micromeritics Auto Chem 2910 instrument. The 0.1 g catalyst was pretreated at 

200°C for 1 h under nitrogen flow (25 ml/min), and then cooled to room temperature. 

The carrier gas composed of 10% H2/N2 as the sample was heated from room 

temperature to 800°C at a rate of 10 °C/min. 

4.3 Catalytic performance 

 A flow diagram of the CO2 hydrogenation system was shown in Figure 16. An 

apparatus consisted of a tubular reactor, temperature controller, an electrical furnace, 

the gas controlling system and two sets of gas chromatography that were flame ionize 

detector (FID) and thermal conductivity detector (TCD).  
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Figure 16 Schematic diagram of the reaction line for the CO2 hydrogenation system 

The CO2 hydrogenation over the F-20Fe-xCe-Al and I-20Fe/xCe-Al catalysts 

was conducted in fixed-bed reactor (internal diameter = 7.1 mm) with 0.3 ml catalyst 

(GHSV = 8,000 h-1). Helium was fed to the reactor for heat up to reducing 

temperature with 30 ml/min. The catalyst was reduced in hydrogen with 30 ml/min at 

450°C and atmospheric pressure  for 4 h (heating rate: 10°C/min). The catalyst was 

cooled to reaction temperature (350°C) with helium. H2/CO2 = 3 (molar ratio) was fed 

to the reactor with 40 ml/min at operating pressure. Heating tape was used for 

prevention of water in line. 

The effluent gas was analyzed on an online gas chromatograph (GC), with 

Porapack Q molecular sieve column for carbon dioxide and carbon monoxide analysis 

via Thermal Conductivity Detectors (TCD), and GC - 14B gas chromatography with 

DB-1 capillary column (size 60 m x 0.32 mm x 1 μm) for hydrocarbons products via 

Flame Ionization Detector (FID), The operation conditions for GC instrument are 

shown in the Table 6 and 7. 
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Table 6 The operating conditions of TCD gas chromatograph for the catalytic activity 

test. 

Gas chromatograph Shimadzu GC-14B 

Detector TCD 

Column Porapack Q (2 m) 

Carrier gas He 

Carrier gas flow 30 ml/min 

Injector temperature 150°C 

Detector temperature 150°C 

Column temperature 40°C 

Analysis gas CO2 and CO 
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Table 7 The operating conditions of FID gas chromatograph for the catalytic activity 

test 

Gas chromatograph Shimadzu GC-14B 

Detector FID 

Column DB-1 

Carrier gas N2 

Split/Splitless 40 ml/min 

Purge flow rate 10 ml/min 

Carrier pressure 40 kPa 

Make up pressure 50 kPa 

Injector temperature 200°C 

Detector temperature 200°C 

Column temperature 40°C (hold 10 min) ramp to 250°C 

with rate 5°C/min (hold 10 min) 

Analysis gas Hydrocarbons products 
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CHAPTER V 

RESULTS AND DISCUSSION 

 The main topic of this chapter was to investigate of the effect of preparation 

methods and Ce loading content in Fe/Al2O3 catalyst. This chapter is divided in two 

part that contain part of catalyst characterization and catalytic activity test. 

The part of characterization of catalyst contains X-ray diffraction (XRD), X-

ray photoelectron spectroscopy (XPS), N2 physisorption, transmission electron 

microscopy (TEM) and H2-temperature programmed reduction (H2-TPR). 

The part of performance of catalyst were tested activity in carbon dioxide 

hydrogenation reaction which divide in two condition that contain operation at 

T=350°C, atmospheric pressure and T=350°C, high pressure (10 bar) for study the 

effect of pressure in the reaction. 

5.1 Catalyst characterization 

5.1.1 X-ray diffraction (XRD) 

Figure 17 shows the XRD patterns of all FSP-made catalysts. FSP-made 

catalyst without promoter (F-Fe-Al) illustrates the characteristic diffraction patterns of 

a ferrite aluminate phase (FeAl2O4) at 2θ = 32.7, 37.3, 45.7, 56.3, 60.3 and 66° [34] 

and gamma alumina phase (𝛾-Al2O3) at 2θ = 45.7 and 66.6° [35]. The addition of Ce 

contents at 3 and 5 wt% in FSP-made catalyst showed no significant change and did 

not alter the crystal structure of the catalyst. However, the additional peaks of Cerium 

oxide (CeO2) at 2θ = 28.7 and 47.8° as well as the additional peaks of Fe2O3 at 2θ = 

33.2 and 35.8° were observed after Ce dopant contents were further increased to 7 

wt% [36]. This suggested that the addition of Ce in FSP-made catalysts could 

substitute Fe in FeAl2O4 structure, which ejected the Fe atom out of the structure and 

formed Fe2O3. 



 
 

 

31 

 

Figure 17 The XRD patterns of all FSP-made catalysts 

Table 8 Unit cell parameter of FeAl2O4 in FSP-made catalysts 

FeAl2O4 of standard FeAl2O4 of  FSP-made catalysts 

2theta a (Å ) 2theta a (Å) 

30.35 8.33 32.7 7.75 

35.55 8.38 37.3 8.00 

43.2 8.38 45.7 7.94 

53.5 8.39 56.3 8.01 

57.0 8.39 60.3 7.98 

62.6 8.39 66.0 8.01 

average 8.38 
 

7.94 
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 Table 8 shows value of unit cell parameter (a) of FeAl2O4 in FSP-made 

catalysts. The unit cell parameter of FeAl2O4 phase from XRD was smaller than 

FeAl2O4 standard. The complete FeAl2O4 structure contain 1:2 of Fe to Al2O3 molar 

ratio. However, the FSP-made catalysts contain 1:4 Fe to Al2O3 molar ratio that is 

defect in FeAl2O4 spinel. Some Fe2+ was substituted by Al2+. The reason for the shift 

of FeAl2O4 peak.  

The crystallite size of all FSP-made catalysts and Fe/Al2O3,commercial were 

calculated using Scherrer’s equation and the obtained results are summarized in Table 

9. The crystallite size of FeAl2O4 of FSP-made Fe/Al2O3 catalysts was around 16 nm. 

The addition Ce in FSP-made Fe/Al2O3 catalysts did not affect the crystallite size of 

FeAl2O4. Cerium oxide (CeO2) phase was appeared after Ce dopant contents were 

further increased to 7 wt.% because oxygen could be excess loading form cerium 

precursor. The crystallite site of CeO2 was around 8 nm. 

Table 9 The crystallite size of FSP-made catalysts 

Catalyst 
Crystallite size (nm) 

FeAl2O4 CeO2 

F-Fe-Al 16 - 

F-Fe-3Ce-Al 16 - 

F-Fe-5Ce-Al 16 - 

F-Fe-7Ce-Al 17 8 

The XRD patterns of impregnation-made catalyst are shown in Figure 18. The 

XRD patterns of impregnation-made catalyst without promoter (I-Fe/Al) consisted of 

the diffraction pattern assignable to hematite (𝛼-Fe2O3) [37] and gamma alumina (𝛾-

Al2O3). The diffraction peak around 33.1° corresponds to Fe2O3 and the diffractions at 

67° demonstrated in 𝛾-Al2O3 could be detected. The XRD peak intensity of 

impregnation-made catalysts decreased and the peak became wider after Ce doping 

contents increased to 3 and 5 wt%. This suggests that addition of Ce in Al2O3 in flame 

resulted in decreasing of Fe2O3 crystallite size and crystallinity. The additional peaks 
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of CeO2 were observed and the peak became sharper and higher after Ce dopant 

contents were further increased to 7 wt%. 

 

Figure 18 The XRD patterns of all impregnated- catalysts 

Table 10 exhibits the crystallite size of all impregnated- catalysts and 

Fe/Al2O3,commercial. The crystallite size of 𝛾-Al2O3 of impregnated- Fe/Al2O3 and Fe-

Ce/Al2O3 catalysts showed in range of 5 to 7 nm. The addition Ce in impregnated- 

Fe/Al2O3 catalysts did not affect the crystallite size of 𝛾-Al2O3. Cerium oxide (CeO2) 

phase was appeared after Ce dopant contents were further increased to 7 wt.% in 

Al2O3 support that represent to large of particle size of CeO2. The crystallite site of 

CeO2 was around 6 nm. 
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Table 10 The crystallite size of impregnated- catalysts 

Catalyst 

Crystallite size (nm) 

Al2O3 CeO2 

Fe/Al2O3,commercial 6 - 

I-Fe/Al 6 - 

I-Fe/3Ce-Al 7 - 

I-Fe/5Ce-Al 5 - 

I-Fe/7Ce-Al 6 6 

 

5.1.2 X-ray photoelectron spectroscopy (XPS) 

The surface composition and chemical state of the Fe/Al2O3 catalyst with 

prepared by different methods are identified by x-ray photoelectron spectroscopy 

technique and the results are shown in Figures 19 and 20. The peak of Fe (2p) can be 

divided to 2 peaks, which contain Fe 2p3/2 and Fe 2p1/2. The major Fe peak of both 

preparation catalyst are assigned to iron oxide species in two oxidation states, Fe2+ 

and Fe3+, the former octahedral and tetrahedral coordinated form. The binding energy 

of centered at about 713.6 eV can be ascribed to Fe3+ tetrahedral species in the spinal 

structure. The Fe3+ octahedral species has a binding energy of centered at about 711.5 

eV [38]. 
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Figure 19 XPS spectra Fe2p of fresh- F-Fe-Al catalyst 

 

Figure 20 XPS spectra Fe2p of fresh- I-Fe/Al catalyst 

 The Al 2p XPS spectrum for the F-Fe-Al catalyst and I-Fe/Al catalyst are 

shown in Figures 21 and 22, respectively. The peak of Al (2p) of impregnated 

catalysts showed the XPS peak of at binding energy centered about 76.3 eV, which 

could be ascribed to Al3+ species. The Al (2p) peak of flame-made catalysts shifted to 

lower binding energy that determined by the presence of two separate phases; ferrite 

aluminate (FeAl2O4) and alumina (Al2O3) on the surface [39, 40]. The binding energy 
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of centered about 73.9 eV is attributed to Al3+ species of ferrite aluminate. The peak 

at 75.3 eV corresponds to Al3+ species of alumina. It could be confirmed by XRD 

pattern of flame-made catalyst that showed in FeAl2O4 and Al2O3 phase. 

 

Figure 21 XPS spectra Al 2p of fresh- F-Fe-Al catalyst 

 

Figure 22 XPS spectra Al 2p of fresh- I-Fe/Al catalyst 

 The peak of O (1s) of impregnated catalyst are illustrated in Figure 24. The 

peak at binding energy of 533.0 eV can be attributed to O2- species of Al2O3. The 

peak of flame-made catalyst also shifted to lower binding energy (Figure 23) that 

consisted of three species; ferrite aluminate (FeAl2O4), alumina (Al2O3) and hematite 
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(Fe2O3). The oxygen spectra shows presence of O2- species in FeAl2O4 as well as a 

strong peak at 532.0 eV. The peak in flame-catalyst at 533.0 eV can be assigned to 

O2- species of Al2O3 and the peak at 531.0 eV corresponds to O2- species of Fe2O3 

[39]. It is in a good agreement with the XRD result and Al 2p XPS that confirm 

FeAl2O4, Fe2O3 and Al2O3 phase in FSP-made catalyst. 

 

Figure 23 XPS spectra O 1s of F-Fe-Al catalyst 

 

Figure 24 XPS spectra O 1s of I-Fe/Al catalyst 
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5.1.3 N2 physisorption 

The BET surface area, total pore volume and average pore diameter of FSP- 

and impregnated-made catalysts are summarized in Tables 11 and 12, respectively. 

The BET surface area of all FSP- and impregnated-made catalysts exhibited in the 

range of 11 to 21 m2/g and 51 to 125 m2/g, respectively. The total pore volume of 

FSP- and impregnated-made catalysts showed in range of 0.03 to 0.05 cm3/g and 0.1 

to 0.22 cm3/g. The surface area and total pore volume of impregnated-made catalysts 

were higher than FSP-made catalysts. The addition of Ce in FSP-made catalyst did 

not significantly affect in total pore volume and average pore diameter of FSP-made 

catalysts. In the case of impregnation-made catalysts, addition of Ce in Al2O3 support 

resulted in increasing of surface area of support, however, further increasing of Ce 

decreased the BET surface area. 

Table 11 BET surface area, total pore volume and average pore diameter of FSP-

made Fe/Al2O3 and Fe-Ce/Al2O3 catalysts. 

Catalyst Total pore volume (cm3/g) Surface area (m2/g) 

F-20Fe-Al 0.04 16.6 

F-20Fe-3Ce-Al 0.03 11.6 

F-20Fe-5Ce-Al 0.05 20.6 

F-20Fe-7Ce-Al 0.05 17.1 

Table 12 BET surface area, total pore volume and average pore diameter of 

impregnated- Fe/Al2O3 and Fe-Ce/Al2O3 catalysts. 

Catalyst Total pore volume (cm3/g) Surface area (m2/g) 

Fe/Al2O3,commercial 0.22 117.4 

I-20Fe/Al 0.12 66.8 

I-20Fe/3Ce-Al 0.12 76.2 

I-20Fe/5Ce-Al 0.16 124.5 

I-20Fe/7Ce-Al 0.10 51.8 
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The N2 adsorption/desorption isotherm of all FSP- and impregnated- catalysts 

are shown in Figures 25 to 28 and 29 to 32, respectively. All samples exhibited type II 

and the loop started at high partial pressure, which indicated the formation of a 

macroporous structure (up to 50 nm). This pore structure was a general characteristic 

of the FSP-made particles. On the other hand, the N2 adsorption/desorption isotherm 

of impregnation catalyst exhibit the type IV adsorption characteristic. The hysteresis 

loop of all impregnation catalysts were type H2(b) that started at medium partial 

pressure, which indicated the formation of a mesoporous structure (between 2 to 50 

nm) after drying and calcination processes. The adsorption/desorption isotherm of 

Fe/Al2O3,commercial catalyst was similar with impregnated-catalyst, however total pore 

volume of Fe/Al2O3,commercial was the highest from all catalysts. 

 

Figure 25 The N2 adsorption/desorption isotherm of F-Fe-Al catalyst 
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Figure 26 The N2 adsorption/desorption isotherm of F-Fe-3Ce-Al catalyst 

 

Figure 27 The N2 adsorption/desorption isotherm of F-Fe-5Ce-Al catalyst 
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Figure 28 The N2 adsorption/desorption isotherm of F-Fe-7Ce-Al catalyst 

 

Figure 29 The N2 adsorption/desorption isotherm of I-Fe/Al catalyst 
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Figure 30 The N2 adsorption/desorption isotherm of I-Fe/3Ce-Al catalyst 

 

Figure 31 The N2 adsorption/desorption isotherm of I-Fe/5Ce-Al catalyst 
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Figure 32 The N2 adsorption/desorption isotherm of I-Fe/7Ce-Al catalyst 

 

Figure 33 The N2 adsorption/desorption isotherm of Fe/Al2O3,commercial catalyst 
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5.1.3 Transmission electron microscopy (TEM) 

Figures 34 to 37 show TEM micrography images and particle size distribution 

curve of FSP-made un-promoted catalysts. The morphology of exhibited the 

agglomeration of spherical particles with the size around 7 to 19 nm as report in the 

size distribution of particles graph. The addition 3wt.% Ce in FSP-sample displayed 

the particle size of FeAl2O4 around 7 to 25 nm (Figure 35) that was similar with un-

promoted catalyst. The dopant 5% of Ce in FSP-catalyst exhibited the smaller average 

size and narrower size distribution (4 to 10 nm) than that of the other catalysts (Figure 

36). The future increase in 7wt.% of Ce, the morphology and size distribution were 

similar other FSP-made catalysts. The addition of Ce in FSP-made catalyst did not 

affect the morphology of FeAl2O4 and particle size of catalysts. The particle size 

distribution is in good agreement with the crystallite size of FeAl2O4 phase calculated 

from XRD result. 
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Figure 34 The TEM images and particle size distribution curve of F-Fe-Al catalyst 
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Figure 35 The TEM images and particle size distribution curve of F-Fe-3Ce-Al 

catalyst 
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Figure 36 The TEM images and particle size distribution curve of F-Fe-5Ce-Al 

catalyst 
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Figure 37 The TEM images and particle size distribution curve of F-Fe-7Ce-Al 

catalyst 

The morphology of impregnated- catalysts are presented in Figures 38 to 41. 

All impregnated-catalysts showed the similar morphology but there are different from 

the morphology of FSP-made catalyst. The TEM-image of all impregnated-catalyst 

presented the iron layer cover on alumina surface. The dark field on the support could 

be assigned as the iron component. This suggestion was confirmed by EDS result of 

Fe impregnated on Al2O3 (commercial) as shows in Figures 43 and 44. The dark 

regions (A) indicated the high amount of Fe/Al component. On the other hand, the 

light field (B) exhibited Fe/Al component lower than the dark field. However both 

light and dark field showed the present of Fe atom, therefore it was indicated that Fe 
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exhibited the good dispersion on alumina surface. The iron-containing located at the 

exterior surface of alumina and average size around 10-50 nm. 

 

Figure 38 The TEM images of I-Fe/Al catalyst 

 

Figure 39 The TEM images of I-Fe/3Ce-Al catalyst 



 
 

 

50 

 

Figure 40 The TEM images of I-Fe/5Ce-Al catalyst 

 

Figure 41 The TEM images of I-Fe/5Ce-Al catalyst 
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Figure 42 The TEM of Fe/Al2O3,commercial catalyst 

 

Figure 43 EDS of the dark field of Fe/Al2O3,commercial 

A 

B 



 
 

 

52 

 

Figure 44 EDS of the light  field of Fe/Al2O3,commercial 

5.1.5 Hydrogen temperature program reduction (H2-TPR) 

H2-TPR is performed to investigate the reduction behavior of the catalyst 

surface components. 

The reduction of Fe2O3 to Fe metal divided in three steps, follow by equation 

(4), (5) and (6) 

3Fe2O3 + H2   ↔   2Fe3O4 + H2O      (4) 

2Fe3O4 + 2H2   ↔   6FeO + 2H2O      (5) 

FeO + H2    ↔   Fe + H2O       (6) 

The reduction of FeAl2O4 to Fe metal, follow by equation (7) 

3FeAl2O4 + 5H2   →   3Fe + Al2O3 + 5H2O     (7) 

The reduction of CeO2 to Ce metal, follow by equation (8) 

CeO2 + 2H2 → Ce + 2H2O       (8) 
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Figure 45 Temperature program reduction of FSP-made catalysts 

The TPR profile of all FSP-made catalysts are presented in Figure 45. All 

FSP-made catalyst appeared two major reduction peak. These peak at higher 

reduction temperature indicates that there should be an interaction between Fe and its 

support (Al2O3), which affect to reduction mechanism of Fe2O3 in the Fe/Al2O3 and 

Fe-Ce/Al2O3 samples. The first peak of F-Fe-Al catalyst located at 463°C which could 

be assigned to the reduction of hematite (Fe2O3) to magnetite (Fe3O4) and some 

magnetite (Fe3O4) to wüstite (FeO) at the catalyst surface [41], following in equation 

(4) and (5), respectively. The slightly increase of Ce in FSP-made catalysts resulted in 

the shifting of first reduction peak to lower temperature, suggesting Ce may enhance 

the reduction of Fe2O3 at catalyst surface [42, 43]. However, doping with 7%Ce in 

FSP-made catalyst showed the stepwise reduction of Fe2O3 to Fe and one small 

shoulder peak at lower temperature (300°C), relating to the reduction of surface CeO2 

particles. The second peaks at high temperature (640°C) could be ascribed to the 

further reduction to FeO/Fe species, suggesting the reduction of hematite, magnetite 

at the bulk catalyst and hercynite (FeAl2O4) to iron metal (Fe0) [41], following in 

equation (7). The small amount of Ce in Fe/Al2O3 FSP-made catalyst did not effect of 

reduction to Fe metal. The further increase in 7wt.%, the peak of Fe2O3 and FeO 

reduction was shifted to higher temperature because the large particle of CeO2 cover 



 
 

 

54 

on FeAl2O4 as shows in Figure 46.  It is in a good agreement with the XRD result that 

the addition of excessive Ce (7wt.%) resulted in the formation of CeO2 phase. 

 

Figure 46 Speculation of flame-made catalyst structure 

 

Figure 47 Temperature program reduction of imprenated- catalysts 

The reduction profile of all impregnated-catalysts were exhibited in Figure 47. 

Reduction behavior of impregnated- catalysts divided three major peak. The reduction 

of Fe2O3 to Fe3O4 was appeared at low temperature (290°C to 320°C). The second 

peak corresponds to surface reduction of Fe3O4 to Fe0 at temperature around 383°C to 
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432°C. The reduction temperature of Fe/Al2O3,commercial catalyst was around 383°C 

that lower than I-Fe/Al catalyst. It seen that, the addition of Ce did not affect the 

Fe2O3 reduction that showed the different reduction behavior comparing with FSP-

catalysts. It might possibly due to the different Ce loading location. Increasing of Ce 

up to 7wt.%, the reduction peak of Fe2O3 and Fe3O4 shifted to lower temperature 

again. It probably due to CeO2 excess so, Fe-Al interaction decreased. The addition of 

Ce content, reduction temperature of Fe3O4 was higher than Ce free Fe catalyst due to 

reduction of CeO2 in Al2O3 support appeared in range of 400 to 600°C as show in 

Figures 48. The reduction at high temperature could be assigned to reduction of strong 

interaction between Fe and Al. The reduction temperature of Fe-Al interaction of 

Fe/Al2O3,commercial catalyst higher than impregnated- Fe-Al2O3 catalyst. The un-

promoted catalyst exhibited reduction peak of Fe-Al interaction at 648°C. The peak 

was shifted to lower temperature after addition of Ce. This suggests that the addition 

Ce in impregnated- Fe/Al2O3 catalyst decreased Fe-Al interaction.  
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Figure 48 Reduction behavior of Al2O3 support with 3 to 7%wt. of Ce 

The reduction of Fe2O3 and CeO2 in impregnated- catalysts represent to 

dispersion of Fe2O3 and CeO2 on Al2O3 support as show in Figure 49. The low 

amount of Ce loading, Ce and Fe2O3 well dispersed on Al2O3. The addition Ce in 

support let to metal-support interaction increased. While Fe-Al interaction decreased 

at high amount of Ce-promoted (7wt.%) because of CeO2 form to large particle. It 

could be confirm by XRD result. 
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Figure 49 Speculation of impregnated- catalysts structure 

5.2 Catalyst evaluation 

 In this topic,the effect of Ce addition in Fe/Al2O3 catalyst for difference 

preparation method on the catalytic performance at difference operation pressure are 

investigated. 

The catalyst performance was tested by CO2 hydrogenation reaction and divided 

into 2 parts, the first part was tested at atmospheric pressure and temperature = 350°C 

and the second part was tested the performance at high pressure (10 bar) and 

temperature = 350°C. The hydrocarbon products were detected by GC-FID and 

carbon monoxide was deteced by GC-TCD. 

 5.2.1 Study the effect of Ce loading 

5.2.1.1 Evaluation of FSP-made Fe/Al2O3 and Fe-Ce/Al2O3 catalysts at 

atmospheric pressure 

 Table 13 shows the catalytic performance of flame-made Fe/Al2O3 and Fe-

Ce/Al2O3 catalysts at atmospheric pressure. The hydrocarbon product of FSP-made 

Fe/Al2O3  and Fe-Ce/Al2O3 catalysts were mosly long chain hydrocarbon. The flame-
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made Fe/Al2O3 catalyst displayed the rate of reaction and CO selectivity at around 4.6 

mmol CO2/gcat·h and 62.14%, respectively. Addition of 3wt.%  Ce loading in FSP-

made catalysts slightly decreased the catalytic activity but the heavy hydrocarbon 

selectivity was increased. The rate of reaction increased to 8.4 mmol CO2/gcat·h with 

increasing cerium up to 5wt.%. However, the formation of hydrocarbon product was 

lower than catalyst with 3wt.% of Ce. The increasing of reaction rate resulted in the 

increasing of CO formation. The further increase in Ce to 7 wt.% in flame-made 

catalyst did not altered the catalytic performance. It was similar to unpromote catalyst 

which the rate of reaction was approximate 4.2 mmole CO2/gcat·h and CO and heavy 

hydrocarbon selectivities were ~66.88% and 32.43%, respectively. The suitable 

amount of Ce was 3wt.% because it showed higher catalytic activity, hydrocarbon 

selectivity and offered  higher long chain hydrocarbon. 

Table 13 Evaluation of all FSP-made catalysts for CO2 hydrogenation at atmospheric 

pressure 

Catalysts 
Rate of reaction 

[mmole CO2/gcat·h] 

Product selectivity (%) 

CO 
Hydrocarbon 

C1 C2-C4 C5-C9 C10+ 

F-Fe-Al 4.6 61.67 0.13 0 0 38.20 

F-Fe-3Ce-Al 4.0 53.71 0 0 0 46.29 

F-Fe-5Ce-Al 8.4 70.62 0.99 0.30 0 28.09 

F-Fe-7Ce-Al 4.2 66.88 0.53 0.16 0 32.43 

Figures 50 to 53 show the product selectivities and rate of reaction were 

plotted as a function of the time-on-stream (TOS) profile of FSP-made Fe/Al2O3 and 

Fe-Ce/Al2O3 catalyst. The TOS profile of all flame-made catalysts illustrated similar 

trend of product selectivities and rate of reaction which the heavy hydrocarbon 

formation slightly increased, while rate of reaction decreased until constant around 3-

4.5 h. 

The time-on-stream (TOS) profile of Ce-free Fe/Al2O3 in flame-catalyst tested 

at atmospheric pressure are illustrated in Figure 50. The initial rate of reaction 

exhibited 6.5 mmole CO2/gcat·h and slightly decreased to 4.6 mmole CO2/gcat·h and 

constant after 4.5 h of reaction time. In addition, hydrocarbon formation increased 
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(from 24.6% to 38.6%) with increasing reaction time and the hydrocarbon selectivies 

were shifted from short-chain to long chain hydrocarbon products.. 

 

Figure 50 Time-on-stream profiles of product selectivity and rate of reaction over 

F-Fe-Al catalyst at atmospheric pressure 

 Time-on-stream (TOS) profile of product selectivity and rate of reaction over 

F-Fe-3Ce-Al catalyst tested at atmospheric pressure was shown in Figure 51. The 

initial reaction rate was higher than unpromted catalyst (6.25 mmole CO2/gcat·h) and 

then decrease until constant at around 4.0 mmole CO2/gcat·h after 3 h of reaction. The 

hydrocarbon selectivity slightly increased with reaction time that showed similar trend 

with F-Fe-Al catalyst. 
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Figure 51 Time-on-stream profiles of product selectivity and rate of reaction over 

F-Fe-3Ce-Al catalyst at atmospheric pressure 

Time-on-stream profile of product selectivity and rate of reaction over F-Fe-

5Ce-Al catalyst tested at atmospheric pressure as show in Figure 52. The initial rate at 

atmospheric pressure decreased sharply to approaching at 8.4 mmole CO2/gcat·h and 

constant after 3 h. The long chain hydrocarbon increased from 11.7 to 28%. 

 

Figure 52 Time-on-stream profiles of product selectivity and rate of reaction over 

F-Fe-5Ce-Al catalyst at atmospheric pressure 

Figure 53 demonstrates time-on-stream profile of product selectivity and rate 

of reaction over addition 7wt.% of Ce in flame-made catalyst at atmospheric pressure. 
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Rate of reaction start at 6.5 mmole CO2/gcat·h and constant at ~4.1 for 4.5 h, while 

CO selectivity start at 81% and then it decreased to 66.8%. 

 

Figure 53 Time-on-stream profiles of product selectivity and rate of reaction over 

F-Fe-7Ce-Al catalyst at atmospheric pressure 

5.2.1.2 Evaluation of impregnated Fe/Al2O3 and Fe-Ce/Al2O3 catalysts at 

atmospheric pressure 

The performance of impregnated- Fe/Al2O3 and Fe-Ce/Al2O3 catalysts are 

summarized in Table 14. The impregnated Fe/Al2O3 catalyst displayed rate of reaction 

~6.6 mmole CO2/gcat·h and  CO selectivity at ~65.36%, which was higher than FSP-

catalyst. The hydrocarbon selectivity of was mainly methane with ligh and heavy 

hydrocarbon products, while FSP-made Fe/Al2O3 catalyst offered the long chain 

hydrocarbon. Rate of reaction and hydrocarbon selectivity decreased with increasing 

Ce loading from 0 to 5wt.%, however it improved the heavy hydrocarbon selectivity 

from 9.55 to 19.45%. the further increase to 7wt.%  of Ce also enhanced the reaction 

rate but hydrocarbon selectivities still further decreased. 
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Table 14 Evaluation of all impregnated-catalysts for CO2 hydrogenation at 

atmospheric pressure. 

Catalysts 

Rate of reaction 

[mmole 

CO2/gcat·h] 

Product selectivity (%) 

CO 
Hydrocarbon 

C1 C2-C4 C5-C9 C10+ 

I-Fe/Al 6.6 65.36 17.46 7.63 0 9.55 

I-Fe/3Ce-Al 5.6 82.60 0 3.66 0 13.74 

I-Fe/5Ce-Al 3.9 79.97 0.45 0.09 0 19.49 

I-Fe/7Ce-Al 8.8 84.06 4.45 0.22 0 11.27 

 Time-on-stream profile of product selectivity and rate of reaction over I-Fe-Al 

catalyst tested at atmospheric pressure are illustrated in Figure 54. The rate of reaction 

increased from 3.9 to 6.5 mmol CO2/gcat·h as TOS increased from 0.25 h to steady 

state at around 4.5 h. At the initial stage of reaction over I-Fe/Al catalyst, products 

formation consisted of methane (C1), light gas (C2-C4), gasoline (C5-C9), heavy 

hydrocarbon (C10+) and carbon monoxide (CO) at 21.08%, 17.39, 0.21%, 1.07% and 

60.25%, respectively. At the steady state of reaction, the rate of reaction and increased 

to 6.5 and the became heavy hydrocarbon selectivity improved. 

 

Figure 54 Time-on-stream profiles of product selectivity and rate of reaction over 

I-Fe/Al catalyst at atmospheric pressure 
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Time-on-stream profile of product selectivity and rate of reaction over I-

Fe/3Ce-Al catalyst tested at atmospheric pressure are shown in Figure 55. It seen that 

product selectivity contained of CO, light gas (C2-C4), long chain hydrocarbon (C10+). 

The products hardly change on stream, while rate of reaction slightly decreased after 

1.5 h on steam and constant at 5.6 mmole CO2/gcat·h. 

 

Figure 55 Time-on-stream profiles of product selectivity and rate of reaction over I-

Fe/3Ce-Al catalyst at atmospheric pressure 

At the initial stage of reaction over I-Fe/5Ce-Al catalyst, products selectivity 

consisted of methane (C1), light gas (C2-C4), heavy hydrocarbon (C10+) and carbon 

monoxide (CO) about 0.92%, 0.40, 14.57% and 84.10%, respectively. The product 

selectivity hardly change with time-on-stream at atmospheric pressure. The most 

product was carbon monoxide (79.97%) as in Figure 56.   
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Figure 56 Time-on-stream profiles of product selectivity and rate of reaction over 

I-Fe/5Ce-Al catalyst at atmospheric pressure 

Figure 57 show time-on-stream profile of product selectivity and rate of 

reaction over I-Fe/7Ce-Al catalyst tested at atmospheric pressure. It seen that, rate of 

reaction and product selectivity independed on reaction time. 

 

Figure 57 Time-on-stream profiles of product selectivity and rate of reaction over 

I-Fe/7Ce-Al catalyst at atmospheric pressure 
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5.2.1.3 Evaluation of FSP-made Fe/Al2O3 and Fe-Ce/Al2O3 catalysts at 

high pressure 

Table 15 shows the catalytic performance of  FSP-made catalysts comparing 

with Fe/Al2O3,commercial at high pressure. The activity of catalyst operated at high 

pressure was difference from the one tested at atmospheric pressure. Rate of reaction 

of FSP-made Fe/Al2O3 catalyst was around 12.0 mmole CO2/gcat·h. However, it 

showed high carbon monoxide production (~84.26%) and low hydrocarbon 

selectivity. The addition 3wt.% of Ce improved rate of reaction and hydrocarbon 

formation, which increased to 54.3% and 48.24%, respectively. The most 

hydrocarbon products was long chain hydrocarbon (34.71%). Doping with 5wt.% of 

Ce enhanced the  hydrocarbon product that mostly was heavy hydrocarbon but 

reaction rate was lower than FSP-made catalyst with 3wt.% of Ce content. The further 

increasing of Ce loading to 7wt.% resulted in the decreasing of reaction rate and 

hydrocarbon selectivity to 2.2 mmole CO2/gcat·h and 41.34%, respectively. The most 

hydrocarbon was in range of light gas (C2-C4). In comparasion with F-Fe-Al catalyst, 

reaction rate of F-Fe-7Ce-Al was lower than  F-Fe-Al, whereas hydrocarbon 

selectivity of F-Fe-7Ce-Al was higher than F-Fe-Al catalyst. In comparasion of 

Fe/Al2O3,commercial with FSP-made Fe/Al2O3 catalyst, The activity of both catalysts was 

similar, however, Fe/Al2O3,commercial was more likely promote the formation of  

methane but the hydrocarbon selectivities of F-Fe-Al catalyst were methane and 

heavy hydrocarbon. The FSP technic enhanced the formation of long-chain 

hydrocarbons because FSP process improved Fe-Ce interaction lead to well metal 

dispersion [48]. The addition Ce in flame-made Fe catalysts enhanced carburization 

rate [8, 40], which related to the increasing of hydrocarbon formation[24,49]. The role 

of carbide is form chain growth probability [50]. The performance of F-Fe-7Ce-Al 

catalyst was lower than F-Fe-3Ce-Al and F-Fe-5Ce-Al. This result was probably due 

to the high amount of Ce lead to form CeO2 formation that some parts of the interface 

between reduced and unreduced metal oxides were also covered by CeO2 [10]. 
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Table 15 Evaluation of all FSP-made catalysts for CO2 hydrogenation with high 

pressure 

Catalysts 
Rate of reaction 

[mmole CO2/gcat·h] 

Product selectivity (%) 

CO 
Hydrocarbon 

C1 C2-C4 C5-C9 C10+ 

F-Fe-Al 12.0 84.26 6.59 1.54 2.38 5.23 

F-Fe-3Ce-Al 13.6 51.76 8.42 5.04 0.07 34.71 

F-Fe-5Ce-Al 7.6 41.16 6.21 2.21 0.30 50.12 

F-Fe-7Ce-Al 2.2 58.66 5.77 22.57 0 13.00 

Fe/Al2O3,commercial 9.9 86.15 10.84 2.34 0.11 0.56 

 

 

Figure 58 Time-on-stream profiles of product selectivity and rate of reaction over 

F-Fe-Al catalyst at high pressure 

 Time-on-stream profile of product selectivity and rate of reaction over F-Fe-Al 

catalyst tesed at high pressure are illustrated in Figure 58. The initial activity, rate of 

reaction was around 29.9 mmol CO2/gcat·h. In term of products, it consisted of 

methane (16.13%), light gas (11.79%), gasoline (2.14%), kerosene (11.52%) and 

carbon monoxide (58.42%). Rate of reaction slightly and hydrocarbons selectivities 
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decreased with TOS.  Carbon monoxide was the most of product that about 84.26% at 

12 h on stream. 

 

Figure 59 Time-on-stream profiles of product selectivity and rate of reaction over 

F-Fe-3Ce-Al catalyst at high pressure 

The time-on-stream profile of product selectivity and rate of reaction over F-

Fe-3Ce-Al catalyst tested at high pressure are indicated in Figure 59. The initial rate 

of reaction was around 17.9 mmol CO2/gcat·h and CO selectivity ~58.42%. Then 

dramatically increased at 1.5 hour on stream, the reaction rate was highest (45.4 mmol 

CO2/gcat·h) and the most product was long chain hydrocarbon (55.52%). Reaction 

rate slightly decreased with increasing reaction time until constant after 15 h on 

stream, while carbon monoxide increased to ~51.76%. 
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Figure 60 Time-on-stream profiles of product selectivity and rate of reaction over 

F-Fe-5Ce-Al catalyst at high pressure 

 Figure 60 indicates time-on-stream profile of product selectivity and reaction 

rate over F-Fe-5Ce-Al catalyst tested at high pressure. It seen that was similar trend 

with F-Fe-3Ce-Al catalyst. The initial reaction rate slightly decreased after 1.5 h and 

constant at 7.6 mmol CO2/gcat·h. In term of product selectivity, carbon monoxide 

slightly increased with increasing reaction time, however the most product is heavy 

hydrocarbon that was around 50.12% at steady state on stream. 

 

Figure 61 Time-on-stream profiles of product selectivity and rate of reaction over 

F-Fe-7Ce-Al catalyst at high pressure 
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 The time-on-stream profile of product selectivity and rate of reaction over F-

Fe-7Ce-Al catalyst tested at high pressure are shown in Figure 61. The product was 

divided in 4 parts; methane, light gas, heavy hydrocarbon and carbon monoxide. The 

initial time (0.25 h), long chain hydrocarbon is mostly product (69.72%) and 

drastically decreased to 13.51% at 3 h, while CO increased continuously until 

58.66%. Reaction rate decreased from 3.4 to 2.2 mmol CO2/gcat·h. 

5.2.1.4 Evaluation of impregnated Fe/Al2O3 and Fe-Ce/Al2O3 catalysts at 

high pressure 

 Table 16 summarizes the rate of reaction and product selectivity of impregnate 

Fe/Al2O3 and Fe-Ce/Al2O3 catalysts. The reaction rate displayed in range of 4 to 8 

mmole CO2/gcat•h. Operation at high pressure of impregnated catalyst resulted in the 

increasing of CO production. For impregnated Ce-free Fe catalyst, the rate of reaction 

was around 6.7 mmole CO2/gcat•h. In term of product, CO selectivity was about 

~88.85%. The addition small amount of Ce (3wt.%) to impregnated catalyst increased 

the methane selectivity, while CO selectivity decreased. However, addition 3wt.% of 

Ce did not affect the reaction rate at high pressure. The further increasing of Ce 

doping to 5 and 7 wt% leaded to the decrease in the rate of reaction to 4.7 and 4.3 

mmole CO2/gcat•h, respectively. For the products formation were similar with Ce-

unpromoted catalyst. The CO and long chain hydrocarbon selectivity was ~85% and 

~10%, respectively. In comparison to the Fe/Al2O3,commercial catalyst, the impregnated 

Fe/Al2O3 and Fe-Ce/Al2O3 catalyst exhibited lower catalytic activity, however the 

impregnated catalyst showed higher heavy hydrocarbon. 
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Table 16 Evaluation of all impregnated-catalysts for CO2 hydrogenation with high 

pressure 

Catalysts 
Rate of reaction 

[mmole CO2/gcat·h] 

Product selectivity (%) 

CO 
Hydrocarbon 

C1 C2-C4 C5-C9 C10+ 

I-Fe/Al 6.7 88.85 0.19 2.22 0 8.74 

I-Fe/3Ce-Al 7.1 78.33 15.59 4.81 0.39 0.88 

I-Fe/5Ce-Al 4.7 85.68 3.59 2.72 0 8.01 

I-Fe/7Ce-Al 4.3 84.49 5.13 0.36 0 10.02 

Fe/Al2O3,commercial 9.9 86.15 10.84 2.34 0.11 0.56 

The time-on-stream profile of product selectivity and rate of reaction over I-

Fe/Al catalyst tested at high pressure are shown in Figure 62. Reaction rate increased 

from 1.7 to 6.7 mmole CO2/gcat·h, whereas heavy hydrocarbon decreased from 

42.02% to 13.43% and constant after 1.5 h. 

 

Figure 62 Time-on-stream profiles of product selectivity and rate of reaction over 

I-Fe/Al catalyst at high pressure 

The time-on-stream profile of product selectivity and rate of reaction over I-

Fe/3Ce-Al catalyst tested at high pressure are shown in Figure 63. TOS profile of I-

Fe/3Ce-Al was similar with I-Fe/Al but addition 3wt.% of Ce improve hydrocarbon 



 
 

 

71 

for nearby reaction rate. The reaction rate increased from 5.2 to 7.1 mmole 

CO2/gcat·h. In term of product, the product scarcely changed on stream. Hydrocarbon 

selectivity was around 21.67% that mostly product was methane (15.59%). 

 

Figure 63 Time-on-stream profiles of product selectivity and rate of reaction over 

I-Fe/3Ce-Al catalyst at high pressure. 

 Figure 64 shows time-on-stream profile of product selectivity and rate of 

reaction over I-Fe/5Ce-Al catalyst tested at high pressure. The initial activity for 

reaction was around 1.6 mmole CO2/gcat·h and increased to 4.7 mmole CO2/gcat·h 

after 1.5 h on stream. For the hydrocarbon productivity was around 14.32% that 

mostly product show in range of long chain hydrocarbon. 
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Figure 64 Time-on-stream profiles of product selectivity and rate of reaction over 

I-Fe/5Ce-Al catalyst at high pressure 

 Time-on-stream profile of product selectivity and rate of reaction over I-

Fe/7Ce-Al catalyst tested at high pressure are indicated in Figure 65. Rate of reaction 

increased from 2.2 to 4.2 mmole CO2/gcat·h after 3 h, while heavy hydrocarbon 

decreased from 76.09% to 10.42%. 

 

Figure 65 Time-on-stream profiles of product selectivity and rate of reaction over 

I-Fe/7Ce-Al catalyst at high pressure 

 Figure 66 shows time-on-stream profile of product selectivity and rate of 

reaction over Fe/Al2O3,commercial catalyst tested at high pressure. It seen that rate of 
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reaction slightly increased from 7.9 to 12.0 mmole CO2/gcat·h. For the hydrocarbon 

products at initial reaction were around 60% and drastically decreased to 16% after 6 

h on stream. 

 

Figure 66 Time-on-stream profiles of product selectivity and rate of reaction over 

Fe/Al2O3,commercial catalyst at high pressure 

 5.2.2 Study the effect of reaction pressure 

5.2.2.1 Evaluation of FSP-made Fe/Al2O3 and Fe-Ce/Al2O3 catalysts with 

difference pressure 

 These results clearly show that the increasing of pressure affect to the reaction 

rate (Figure 67). Reaction rate of F-Fe-Al and F-Fe-3Ce-Al catalysts showed similar 

trend; increasing pressure of CO2 hydrogenation reaction enhance rate of reaction. In 

term of products formation, the hydrocarbon product decreased with increasing of 

pressure over F-Fe-Al catalyst but the difference pressure over F-Fe-3Ce-Al catalyst 

hardly affect the products distribution. The addition 5wt.% of Ce did not affect the 

reaction rate, whereas increasing of pressure clearly improved hydrocarbon product. 

For increasing of pressure over F-Fe-7Ce-Al catalyst improve hydrocarbon but 

reaction rate decreased. 
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Figure 67 Activity of FSP-made Fe/Al2O3 and Fe-Ce/Al2O3 catalysts with difference 

pressure 

5.2.2.2 Evaluation of impregnated Fe/Al2O3 and Fe-Ce/Al2O3 catalysts 

with difference pressure 

Rate of reaction and CO selectivity of impregnated catalyst with difference 

pressure show in range of 3.9 to 8.8 mmole CO2/gcat·h and 65 to 89%, respectively. 

Activity of I-Fe/Al and I-Fe/Ce-Al catalysts with difference pressure are also 

displayed in Figure 68. Reaction rate over I-Fe/Al catalyst at difference pressure was 

similar, while operation at atmospheric pressure, the activity of catalyst was selective 

towards hydrocarbon formation more than the operation at high pressure. The addition 

3wt.% and 5% wt.% of Ce in Fe impregnated catalyst, rate of reaction increased with 

increasing reaction pressure, however the operating condition at atmospheric 

produced heavy hydrocarbon higher than reaction test at high pressure. The further 

increase in 7wt.% of Ce resulted in reaction rate remarkably decreased with 

increasing pressure. 
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Figure 68 Activity of impregnated Fe/Al2O3 and Fe-Ce/Al2O3 catalysts 

with difference pressure 

 5.2.3 Effect of catalyst preparation 

5.2.3.1 Effet of preparation method for catalytic activity at atmospheric 

pressure 

The different Ce loading effects of preparation methods could be due to the 

different Fe loading location. Figure 69, it seen that rate of reaction of impregnated 

catalysts at atmospheric pressure were higher than FSP-catalysts, except F-Fe-5Ce-Al 

catalyst. However, hydrocarbon selectivity from impregnated catalysts lower than 

FSP-catalysts. This result was probably due to the different Ce doping effects of 

preparation methods could be due to the different Ce loading location. The FSP 

catalyst made higher iron carbide and given more active sites for hydrocarbon 

synthesis [47]. 
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Figure 69 Activity of Fe/Al2O3 and Fe-Ce/Al2O3 catalysts with difference preparation 

method at atmospheric pressure 

5.2.3.2 Effet of preparation method for catalytic activity at high pressure 

The actcivity of Fe/Al2O3 and Fe-Ce/Al2O3 catalysts with difference catalyst 

preparation at high pressure are exhibited in Figure 70. These results clearly exhibit 

that catalytic activity at high pressure of FSP preparation technic higher than 

impregnation catalyst both reaction rate and hydrocarbon formation. The Ce-free Fe 

flame-catalyst drastically enhance reaction rate, however it small improve 

hydrocarbon formation. The addition 3wt.% and 5wt.% clearly enhance reaction rate 

and hydrocarbon formation. This was probably due to the addition Ce in flame-

catalyst increased carburization rate better than impregnation method. For catalyst 

with 7wt.% of Ce, the reaction rate from impregnated catalyst was higher than FSP-

catalyst, however hydrocarbon formation were lower than FSP-catalyst. It showed a 

good agreement with the XPS spectra of after reaction testing that the formation of 

iron carbide/iron oxide in FSP-catalyst higher than impregnated catalyst. 
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Figure 70 Activity of Fe/Al2O3 and Fe-Ce/Al2O3 catalysts with difference preparation 

method at high pressure 

Table 17 Rate of formation at high pressure of impregnated- and FSP-made catalysts 

Catalyst 

 
 

Rate of formation 

 CO C1 C2-C4 C5-C9 C10+ 

Fe/Al2O3,commercial  857.0 107.8 23.3 1.1 5.6 

F-Fe-Al  1009.3 78.9 18.4 28.6 62.6 

F-Fe-3Ce-Al  703.3 114.5 68.5 0.9 471.6 

F-Fe-5Ce-Al  314.7 47.5 16.9 2.3 383.2 

F-Fe-7Ce-Al  131.6 13.0 50.6 0 29.2 

I-Fe/Al  599.1 1.3 15.0 0.0 5.90 

I-Fe/3Ce-Al  558.4 111.2 34.3 2.8 6.2 

I-Fe/5Ce-Al  405.0 17.0 12.8 0 37.9 

I-Fe/7Ce-Al  363.7 22.1 1.6 0 43.1 
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Table 17 exhibits the rate of formation of carbon monoxide and hydrocarbons 

at high pressure. The rate of long chain hydrocarbon formation of FSP-made catalysts 

was higher than impregnated- and Fe/Al2O3,commercial catalysts. The addition of Ce of 3 

to 5 wt.% in FSP-made Fe/Al2O3 catalyst enhance higher hydrocabon formation for 

CO2 hydrogenation. 
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CHAPTER VI 

CONCLUSION AND RECCOMMENDATIONS 

6.1 Conclusions 

The addition Ce in Fe/Al2O3 catalyst were successfully for enhancement 

hydrocarbon selectivity in CO2 hydrogenation. The Fe/Al2O3 and Fe/Ce-Al2O3 

catalyst doped with various amounts of cerium were prepared by flame spray 

pyrolysis and impregnation method used to investigate the catalytic performance for 

CO2 hydrogenation with various pressure. The XRD pattern of FSP-made catalyst 

showed the present of α−Fe2O3, Fe3O4, FeAl2O4 and 𝛾-Al2O3 phase, while 

impregnated catalyst indicated α−Fe2O3, Fe3O4 and 𝛾-Al2O3 phase. The CeO2 phase 

was appeared in catalyst with 7wt.% of Ce for both preparation method. The XPS 

spectra confirm the presentation of α−Fe2O3, Fe3O4, FeAl2O4 and 𝛾-Al2O3 phase for 

flamed-made catalyst and α−Fe2O3, Fe3O4 and 𝛾-Al2O3 phase for impregnated- 

catalyst. The H2-TPR profile of FSP-made catalysts divided two peaks that contain 

peak at low and high temperature regions. The first peak was assigned to the 

reduction of iron oxide at surface catalyst. These peaks were shifted to lower 

temperature after doping with Ce, suggesting Ce increased oxygen vacancy [45]. The 

second peak was probably due to the reduction of bulk iron oxide and ferrite 

aluminate [49]. For the H2-TPR profile of impregnated catalysts divided three peak. 

The first peak was assigned to reduction of Fe2O3 at surface catalyst. The second peak 

can be ascribed to Fe3O4 at surface catalyst and the third peak corresponds to 

reduction of bulk iron oxides and strong interaction between CeO2 and Al. The 

addition of Ce doping did not affect the reduction temperature of Fe2O3 but it had 

affect to reduction of Fe3O4 at surface catalyst and bulk iron oxides. At the 5wt.% and 

7wt.% loading of Ce content appeared the peak of Ce-Al interaction reduction. In 

addition, Ce improve reducibility of catalysts. The TEM images of flame-made 

catalyst showed spherical particles size around 4 to 25 nm. The morphology of 

impregnated catalyst exhibited iron cover on alumina surface that different the flame-

catalyst.  
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The performance of the iron-based catalyst pretreated by hydrogen. The 

hydrogenation of CO2 over F-Fe-3Ce-Al and F-Fe-5Ce-Al catalysts were selective to 

produce long chain hydrocarbon. The cerium improve carburization that iron carbide 

is high activity in FT synthesis. The role of carbide is form chain growth probability. 

The flame-made catalyst improve Fecarbide/Feoxide surface ratio result in hydrocarbon 

formation increase that reflects higher Fischer-Tropsch activity compared with 

reverse water gas shift reaction. The testing of Fe-Ce/Al2O3 catalyst performance at 

high pressure leaded to higher hydrogenation activity in both rate of reaction and 

hydrocarbon selectivity. 

6.2 Recommendation 

 Mixing K-Ce promoter and/or Ni-Ce promoter in flame Fe/Al2O3 

catalyst should be studied because K- and Ni- promoted Fe base catalyst improve CO2 

conversion, while Ce enhance hydrocarbon selectivity for CO2 hydrogenation. 

 Fe-Ce catalyst in mixed support should be investigated due to the 

mixed support probably altered Fe-Ce interaction lead to activity of catalyst for CO2 

hydrogenation reaction. 
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CHAPTER VII 

PROPERTIES OF SPENT CATALYST 

7.1 X-ray photoelectron spectroscopy (XPS) of spent catalyst 

Figure 71 and Figure 72 indicate XPS spectra of F-Fe-Al and I-Fe/Al catalyst 

after performance test. The main Fe peak of all catalysts contain iron carbide and iron 

oxide form. The peak at 712.5 eV can be ascribed to Fe3+ octahedral species and the 

peak of Fe3C has a binding energy of centered at about 705.0 eV. 

Fe carbide/Fe oxide correlates to hydrocarbon selectivity. Table 18 shows the 

Fe carbide/Fe oxide surface ratio of Fe/Al2O3 after reaction test prepared with 

difference preparation methods. The flame-made catalyst showed the higher Fe 

carbide/Fe oxide ratio than impregnated one. The surface ratio of Fe carbide/Fe oxide 

at steady state affected product selectivity. Fe carbide/Fe oxide increased resulted in 

CO selectivity decreased that reflected higher Fischer–Tropsch activity compared 

with reverse water gas shift (RWGS) [47]. 

Table 18 Binding energies and relative surface concentrations of catalyst (after 

activity testing) corresponding to different states of surface iron atoms measured by 

XPS 

Catalyst Fe carbide/Fe oxide 

F-Fe-Al 0.36 

I-Fe/Al 0.19 
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Figure 71 XPS spectra Fe2p of spent F-Fe-Al catalyst 

 

Figure 72 XPS spectra Fe2p of spent I-Fe/Al catalyst 
 

7.1 X-ray diffraction (XRD) of used- catalyst 

 The XRD patterns obtained with the F-Fe-Al, F-Fe-3Ce-Al, I-Fe/Al, I-Fe/3Ce-

Al and Fe/Al2O3,commercial catalyst used in CO2 hydrogenation at high pressure. After 

the reaction the reaction, reflections ascribed to hercynite(FeAl2O4), hematite (Fe2O3), 

magnetite (Fe3O4), iron metallic (Fe0), cementite (Fe3C) and gamma alumina (𝛾-
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Al2O3) were observed in the F-Fe-Al and F-Fe-3Ce-Al catalyst. The F-Fe-3Ce-Al 

catalyst exhibited Fe3C phase more than F-Fe-Al catalyst. This result is in good 

agreement with catalytic activity. Increasing of iron carbide resulted in an increasing 

of hydrocarbon selectivity in CO2 hydrogenation. 

 

Figure 73 XRD result of spent F-Fe-Al catalyst 
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Figure 74 XRD result of spent F-Fe-3Ce-Al catalyst 

 The XRD pattern in spent catalyst of I-Fe/Al, I-Fe/3Ce-Al catalysts are shown 

in Figures 75 to 76.  The phase of hematite (Fe2O3), magnetite (Fe3O4), cementite 

(Fe3C) and gamma alumina (𝛾-Al2O3) were appeared in spent impregnated- catalysts. 

The addition of 3wt.% of Ce in impregnated- Fe/Al2O3 catalyst illustrated amount of 

Fe3C higher than un-promoted catalyst. The present of iron carbide (Fe3C) spent 

catalyst confirm FT activity both XRD and XPS result. For the phase of spent 

Fe/Al2O3,commercial displayed similar XRD pattern to impregnated- catalyst (Figure 77). 

In addition, it iron metallic could be appeared in spent Fe/Al2O3,commercial catalyst. 
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Figure 75 XRD result of spent I-Fe/Al catalyst 
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Figure 76 XRD result of spent I-Fe/3Ce-Al catalyst 
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Figure 77 XRD result of spent Fe/Al2O3,commercial catalyst 
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APPENDIX A 

CALCULATION FOR CATALYST PREPARATION 

Table 19 Chemical properties of the catalyst precursor 

Chemicals  
MW 

(g/mole) 
Formula 

MW of precursor 

(g/mole)  

Purity 

(%) 

Iron (III) nitrate nonahydrate 55.85 Fe(NO3)3 · 9H2O 404.00 99.95 

Cerium (III) nitrate hexahydrate 140.12 Ce(NO3)3 · 6H2O 434.22 99.0 

Aluminum nitrate nonahydrate  101.96 Al(NO3)3 · 9H2O 375.13 98.0 

Calculation of mixed metal oxide support prepared by flame spray pyrolysis 

For example: 

The calculation for the preparation of F-Fe-3Ce-Al, Iron (III) nitrate 

nonahydrate,  

cerium (III) nitrate hexahydrate and aluminum nitrate nonahydrate were used as 

precursor and then diluted with ethanol to a 0.5 M solution. 

The composition of the catalyst will be as follows: 

 Fe = 20 g 

 Ce = (100-20) × 
3

80
  =  3 g 

 Al2O3  = (100-20) × 
77

80
  = 77 g 

Conversion to mole fraction 

 Fe = 20 g Fe × 
1 mole Fe

55.85 g Fe
  = 0.358 mole Fe 

 Ce = 3 g Ce × 
1 mole Ce

140.12 g Ce
  = 0.021 mole Ce 

 Al2O3 = 77 g Al2O3 × 
1 mole Al2O3

101.96 g Al2O3
  = 0.755 mole Al2O3 
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 ∴ Total mole fraction = 0.358 + 0.021 + 0.755 = 1.134 mole 

Basis on 500 ml of liquid precursor with 0.5 M  

  Fe = 500 ml × 
0.5 mole

1000 ml
 × 

0.358  mole Fe

1.134 mole
       = 0.3157 mol Fe 

 Ce = 500 ml × 
0.5 mole

1000 ml
 × 

0.021 mole Ce

1.134 mole
         = 0.0189 mol Ce 

 Al2O3 = 500 ml × 
0.5 mole

1000 ml
 ×  

0.755 mole Al2O3

1.134 mole
  = 0.6655 mol Al2O3 

Calculation of usage chemical precursor 

Fe precursor = 0.3157 mole Fe ×  
404.00 g Fe precursor

1 mole  Fe
  ×  

1

0.9995
    = 31.90 g 

Ce precursor = 0.0189 mole Ce × 
434.22 g Ce precursor

1 mole  Ce
  ×  

1

0.99
           = 2.07 g 

Al2O3 precursor = 0.6655 mole Al2O3 ×  
375.13 g Al2O3 precursor

1 mole  Al2O3
  ×  

1

0.98
  =127.36 g 

Calculation of iron catalyst prepared by impregnation method 

For example:  

Calculation for the preparation of I-Fe/3Ce-Al catalyst with iron (III) nitrate 

nonahydrate as Fe precursor  

Based on 100 g of catalyst used, the composition of the catalyst will be as follows:  

Iron    = 20 g  

Support   = 100-20 

= 80 g  

For 2 g of support  

Iron required  = 2 × (20/80)  = 0.5 g 

Thus, Iron 0.5 g was prepared from iron (III) nitrate nonahydrate as  

Iron precursor required = 0.5 g Fe × 
404.00

g

mole
 Fe precursor

55.85
g

mole
 Fe

 × 
1

0.9995
 =3.619 g  
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APPENDIX B 

CALCULATION OF THE CRYSTALLITE SIZE BY XRD 

Calculation of the crystallite size by Debye-Scherrer equation  

The crystallite size was calculated from the half-height width of the diffraction 

peak of XRD pattern using the Debye-Scherrer equation. 

Scherrer equation: 

d =  
Kλ

βcosθ
 

Where   d = Crystallite size, nm  

K = Crystallite-shape factor = 0.9 

λ = X-ray wavelength, 1.5418 Å for CuKα 

β = X-ray diffraction broadening, radian 

θ = Observed peak angle, degree 

 The X-ray diffraction broadening (β) is the pure width of powder diffraction 

free from all broadening due to the experimental equipment. α-Alumina is used as a 

standard sample to observe the instrumental broadening since its crystallite size is 

larger than 2000 Å. The X-ray diffraction broadening (β) can be obtained by using 

Warren’s formula. 

Warren’s formula: 

β = √βM
2 − βS

2
 

Where   βM   =        The measured peak width in radians at half peak 

height 

   βs  =        The corresponding width of the standard material 
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Figure 78 The plot indicating the value of line broadening due to the equipment. The 

data were obtained by using α-alumina as a standard. 

For example:  

Calculation of the FeAl2O4 crystallite size of F-Fe-5Ce-Al catalyst. 

 

Figure 79 The main FeAl2O4 peak of F-Fe-5Ce-Al catalyst from XRD 

 

 

37.35 

37.47 

 

37.1 
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The half-height width of diffraction peak = 37.47°-37.1° 

      = 0.37° 

      = 0.37 × 
𝜋

180
 

      = 0.00646 radian 

The corresponding width of the standard material (Bs) at the 37.35° = 0.00075 radian  

Warren’s formula: 

                                                                  β        = √0.006462 − 0.00075 2 

         = 0.00642 radian  

    2θ   =  37.35° 

    θ     = 18.67° 

     = 18.67 × 
𝜋

180
 

= 0.326 radian 

∴ The crystallite size   =   
0.9 × 1.5418

0.00642 cos 0.326 
 

         = 228.2 Å 

                = 22.82 nm 
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APPENDIX C 

CALCULATION FOR REDUCIBILITY 

The reduction of Fe2O3 to Fe0 divided in three steps, follow by equation (C.1), (C.2) 

and (C.3) 

3Fe2O3 + H2   ↔   2Fe3O4 + H2O      (C.1) 

2Fe3O4 + 2H2   ↔   6FeO + 2H2O      (C.2) 

FeO + H2    ↔   Fe + H2O       (C.3) 

Total reducibility of Fe2O3 to Fe0; 

Fe2O3 + 3H2 --> 2Fe + 3H2O       (C.4) 

 

Molecular weight of Fe   =    55.85   g/mol Fe 

Molecular weight of CuO   =    79.545  g/mol CuO 

Integral area of hydrogen used to reduce CuO standard 0.041 g   =  4.8739 unit 

Mole of CuO     =    
0.041 g CuO 

79.545 g/mol CuO
   mole CuO 

The reducibility of copper oxide follow by equation; CuO + H2  Cu + H2O 

Mole of H2 consumption =  Mole of Cu consumption 

 Amount of H2 consumption     =    
1 × 5.154 × 10−4× A

4.8739
  mole H2 

       =    1.057 x 10-4A    mole H2 

 Integral area of the calcined catalyst     A unit 

 Let the weight of calcined catalyst used    0.1 g

  

 Concentration of Fe 20wt%  

 Mole of Fe    =    
0.1 gcat×(20wt%/100)

55.85 g/mol Fe
    mole  

 Mole of Fe3O4    =    
0.1 gcat×(20wt%/100)

3 × 55.85 g/mol Fe
    mole  
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From equation of Fe2O3 reduction (4);  

Mole of H2 consumption =  
3

2
 Mole of Fe consumption 

 Amount of H2 from theoretical =  
0.1 gcat×(20wt%/100) × 3

(2 × 55.85 g/mol of Fe)
mole 

      =    5.37 x 10-4 mole of H2 

 

Total reducibility (%) of Fe catalyst  

= 
Amount of H2 uptake to reduce 1 g of catalyst 

 H2 uptake to reduce Fe3O4 to Fe0 for 1 g catalyst
 × 100 

=  
1.057 x 10−4A 

5.37 x 10−4 mole of H2
 × 100 

 

 

 

 

 

 

 

 

 

 



 
 

 

95 

APPENDIX D 

CALCULATON OF RATE OF REACTION AND SELECTIVITY 

The catalyst performance for the CO2 hydrogenation was evaluated in terms of 

activity for rate of CO2 hydrogenation reaction and product selectivity. 

The CO2 conversion is defined as moles of CO2 converted from feed inlet:   

  CO2 conversion   =    
area of CO2 in feed – area of CO2 in product

area of CO2 in feed
                      (D.1) 

Activity of the catalyst performed in term of reaction rate which is defined following 

equation (D.2) 

Rate of reaction  =  
CO2 conversion × molar flow rate (mol/min)

weight of catalyst (g.cat)
×  

60 min

1h
                     (D.2) 

 From; n (mole) = 
V (lit)

22.4 (lit/mole) at STP
 

 Rate of reaction (mmole CO2/gcat·h)  

= 
CO2 conversion × volumetic flow rate (ml/min)

weight of catalyst (g.cat) × volume gas at 35oC (ml/mol) 
 ×  

60 min

1h
          (D.3) 

The volumetric flow rate of CO2 in this work is 10 ml/min 

Volume gas at STP condition (273K, 1atm) = 22.4 lit = 22,400 ml  

The Combined Gas Law :  
P1V1

T1

 = 
P2V2

T2

 

Determined 1 : Condition at STP (273.15K, 1atm)  

   2 : Condition at 35oC (308.15K, 1atm) 

   
1atm × 22,400ml 

273K 
 = 

1atm × V2(ml) 

308K 
 

   V2(ml)  =   
1atm × 22,400ml × 308.15K

273.15K ×1atm
   =  25,270 ml             (D.4) 
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Substitute Eq.(D.4) in Eq.(D.3); 

Rate of reaction (mmole CO2/gcat·h)  =  
CO2 conversion × 10 ml/min

weight of catalyst (g.cat) ×25,270 ml/mol 
× 

60 min

1h
     

Which area of CO2 peak obtained from GC solution program based plot on TCD (GC-

14B) 

Selectivity is product is defined as weight of product (A) form with respect to 

total area of product:   

                   Selectivity of A (%)      =     
CO2 convert to hydrocarbon 

CO2 conversion
  × 100            (D.5) 

Rate of product formation can be calculated by following equation 

Rate of formation = rate of reaction x product selectivity           (D.6) 
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