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ABSTRACT 

Reverse water gas shift (RWGS) is an emerging technology for CO2 utilization. The RWGS 

process catalytically converts CO2 to carbon monoxide (CO), producing syngas (a mixture of 

hydrogen (H2) and CO) which can be further used to produce higher hydrocarbons. 

Economically this route is more promising than the carbon capture technology because RWGS 

converts CO2 to valuable syngas that can offset the cost of CO2 capturing. The main challenge 

is selecting a suitable catalyst that must be highly active, selective, stable, and durable in 

converting CO2 to syngas.  

In this study, cerium oxide (ceria) prepared through the reverse microemulsion (RME) 

process is used as a base catalytic material. An extensive investigation has been conducted to 

assess the potential of the RME-based bulk ceria and supported ceria on γ-alumina towards 

RWGS reaction, including reaction tests and several characterization techniques including X-

ray diffraction (XRD), thermogravimetric analysis (TGA), Fourier transformed infrared 

spectroscopy (FTIR) to determine outlet gas composition, scanning electron microscopy-

energy dispersive X-ray spectroscopy (SEM-EDX) to determine the surface elemental 

composition, gas adsorption to determine the specific surface area (BET-SSA) and inductively 

coupled plasma optical emission spectroscopy (ICP-OES) to determine the bulk composition, 

TEM (transmission electron microscope) to look for the particle shape and find the crystalline 

planes, TPR (temperature-programmed reduction) to check the reducing abilities of the 

catalyst, CO2-TPD to find the relevant active site and in-situ FTIR studies to find the RWGS 

reaction mechanism.   

First, RWGS reaction was studied over unsupported bulk ceria (CeO2) prepared by reverse 

microemulsion (RME) method and direct precipitated method. Using a unique microemulsion 

ratio, highly porous ceria nanoparticles (RME-ceria) with targeted exposed (111) facets and 
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high specific surface area of 142 m2 gcat
-1 were successfully synthesized compared to ceria 

nanoparticles prepare via direct precipitation method (DP-ceria) with specific surface area of 

101 m2 gcat
-1. Long term stability tests (almost 100 h on stream) showed well stable activity of 

RME-ceria towards the RWGS. At lower GHSV of 10,000 ml gcat
-1 h-1, nearly equilibrium 

conversion (~ 62%) was observed which stabilizes after 70 h on stream to around 52%. 

However, DP-ceria showed significant decline in conversion from 53% to 24% in similar time 

span of 70 h. Compared to DP-ceria, RME-ceria showed excellent activity and stability at all 

conditions towards the RWGS reaction.  

Second, the RWGS reaction was studied for the first time in the field on catalysis over 

ceria-supported γ-alumina prepared via reverse microemulsion method. Three catalysts were 

prepared at three different loadings of ceria (20 wt%, 30 wt% and 40 wt%). All the catalyst 

were test for the application of RWGS reaction. Results confirm that 40% wt ceria-supported 

γ-alumina (40%Ce/Al) showed similar activity and stability as of unsupported RME-ceria. 40% 

Ce/Al showed very high specific surface area of 292.06 m2 gcat
-1, which is almost doubled 

compared to what we observe for the bulk RME-ceria. SEM results confirm the cluster like 

structure of the catalyst that leads to high porosity and high exposed surface area. Long term 

stability test at GHSV of 10,000 ml gcat
-1 h-1 showed stable 55% CO2 conversion to CO with 

100% selectivity. Finally, among all the Ce/Al catalyst formulations 40%Ce/Al catalyst 

appears as the optimum formulation for RWGS applications.  

In the third part of this Ph.D. thesis, a thorough investigation was performed for the scope 

of stainless-steel reactors in the RWGS application. It was observed that at an operating 

temperature of above 550°C in a highly active carbonaceous environment of CO-H2-H2O 

stainless steel undergoes severe corrosion known as metal dusting. This disintegration leads to 

form nanometal particles that facilitate filamentous coke formation on the steel wall. Empty 
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reactor test (without catalyst) confirms the fact that in the absence of CO, stainless steel showed 

stable behavior (no reactivity for the incoming gas mixture of H2-CO2 below 550°C and only 

4% CO2 conversion to CO even after 90 h on stream).         

Finally, suggestions for future work include the study of 40%Ce/Al using more advanced 

techniques like XPS, TME, and Raman spectroscopy for the in-depth surface analysis that 

would help to significantly enhance the activity at higher space velocities. It was also proposed 

that the effect of promoters like Cu, Co, and Fe should be studied.  Literature showed that these 

promoters significantly enhance catalyst activity at a lower temperature. Conclusively,  All the 

catalysts (unsupported and supported) showed 100%CO selectivity and stable conversion with 

excellent coking resistance.  
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Chapter 1  

Introduction 

1.1 Motivation 

In recent decades due to rapid growth in modern civilization, the energy demand increased 

rapidly too. The only instant solution to fulfill this demand was the burning of traditional fuels 

like coal, coke, natural gas, and other fossils. This leads to polluting the environment with about 

30 billion tons of CO2 every year [1]. Anthropogenic CO2 is one of the major greenhouse gases 

contributing to global warming and causing serious environmental damages due to its 

contribution to producing acidic rain and urban smog [2]. Mitigating the CO2 emission to the 

atmosphere is a major challenge. Presently the CO2 emission level is more than 60% than in 

the year 1990. According to IPCC (Intergovernmental Panel on Climate Change), in order to 

limit the upsurge of world average temperature to 2°C by 2050, there is a strong need to reduce 

CO2 emission to at least a half of its present value [3]. Therefore, there is a strong demand to 

reduce CO2 emissions.  

There are three possible pathways available to date to reduce the atmospheric CO2 

emissions: first is to directly reduce CO2 emission, second is CO2 capture and storage (CCS), 

and the third is the CO2 conversion to synthetic fuels and chemicals, which is also known as 

carbon capture and utilization (CCU). The first route needs technological advancements in 

utilizing fossil fuels or the use of carbon-free renewable energy resources. However, due to the 

rapid increase in the world population and high energy demand, it is difficult to follow this 

route. The second route is based on the direct capturing of CO2 from flue gases and its storage 

in underground geological formations. This process is well established but highly energy-

intensive, which leads to high capital and operating cost. In addition, the long-term 
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consequences of storing CO2 underground are unknown. The third route is based on converting 

CO2 directly to synthetic fuels or valuable chemicals with the help of renewable energy to 

create a closed carbon cycle [4-6]. To follow the third route, there are several approaches 

available for photo and electrochemical reduction, biological reduction, and thermo-catalytic 

reduction through renewable hydrogen conversion. Photo, electrochemical and biological 

reduction routes are viable but have major limitations such as the low CO2 solubility and the 

cost of cultivating large biological systems [7]. The thermo-catalytic conversion of CO2 to 

synthetic fuels using renewable energy sources is an alternative.  

Conversion of CO2 to synthetic fuels has a dual advantage as compared to other routes: the 

first advantage is direct CO2 emission reduction, and the second one is creating a closed carbon 

cycle to store CO2 in synthetic fuels and other valuable chemicals (excluding this carbon from 

the atmosphere). Importantly, this is subject to incorporating renewable H2 generated using 

renewable (hydro, wind, solar) or low-carbon-footprint (nuclear) electricity into this artificial 

carbon cycle. Conceptually speaking, this approach is similar to carbon fixation by 

photosynthetic organisms that utilize solar light as a source of energy to drive the natural carbon 

cycle that has established a certain level of CO2 in Earth’s atmosphere. This cycle was recently 

disrupted by human activities via releasing the carbon stored in fossil fuels over millions of 

years.  

The catalytic conversion of CO2 to valuable chemicals and fuels is more viable than the 

sequestration process because it helps in mitigating CO2 20-40 times higher (than 

sequestration) over a span of 20 years [8, 9]. However, thermo-catalytic conversion of CO2 

requires a cost-effective supply of H2. Currently, H2 is mainly produced via methane steam 

reforming, which is not a sustainable option. As an alternative, water could be used as a source 

of H2. However, the reduction of water to H2 itself requires energy. If this energy could be 

provided with a renewable source like wind, solar, tidal or hydro, then this will lead to a cost-
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competitive pathway to reduce CO2 emission by creating a closed carbon cycle [7]. Another 

issue related to this process is finding a suitable catalyst for the desired product. There are three 

main basic catalytic routes available for catalytic reduction of CO2, including reduction of CO2 

to methanol, to CO, and to higher hydrocarbons using the Fisher-Tropsch process [10]. It is 

important to select a reducing pathway before selecting a highly suitable, active, and stable 

catalyst for that process. 

Reduction of CO2 to CO using renewable H2 is of more importance because the syngas 

(CO + H2) produced can be utilized for the production of either methanol or higher 

hydrocarbons. The process of reducing CO2 to CO is known as the reverse water gas shift 

(RWGS) reaction that is an endothermic and equilibrium limited reaction. Therefore, there is a 

strong need to make an effort in developing a heterogeneous catalyst that can ensure fast 

kinetics and activity while having 100% selectivity towards the reduction of CO2 to CO [10]. 

The main goal of this project is to develop a viable cerium oxide (CeO2)-based 

heterogeneous catalyst prepared via a reverse micro-emulsion (RME) method for CO2 

reduction to CO via the RWGS reaction process with high activity, selectivity, and durability, 

as well as high resistance to deactivation and coking. To the best of the author’s knowledge, 

no prior study reported in the literature investigated the deployment of the RME-based ceria 

for the application of the RWGS reaction.   

1.2 Knowledge Gap 

As mentioned earlier, the thermo-catalytic conversion of CO2 to syngas is more 

advantageous because syngas is the basic building block for a variety of chemicals [7, 11, 12]. 

However, due to the lack of active, 100% CO selective, stable, and cost effective catalyst, the 

industrial applications of RWGS are hampered. One of the major drawbacks of this pathway is 

the thermodynamic stability of CO2; without a catalyst, CO2 molecule breaks at around 2400°C 
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[13]. Referring to industrial applications, it was revealed by the CAMERE process that there is 

a 20% higher obtained yield of methanol when CO2 is first reduced to CO (via RWGS), rather 

than hydrogenating CO2 directly to methanol [14]. Therefore, there is a strong need to find a 

catalyst that can help to overcome the thermodynamics barrier of CO2 activation at relatively 

low temperatures, e.g., up to 600C. The use of higher temperatures is unfavorable since it may 

cause fast catalyst deactivation via coking and sintering and reactor material (typically made 

from various kinds of stainless steel) degradation in a corrosive environment of the reaction 

mixture containing CO and H2 [15-17].   

For an industrial application of any catalyst, there are several parameters to be considered. 

The selection of an appropriate catalyst (for the selected reaction pathway) and the synthesis 

method are the first most essential parameters to be taken into consideration. After a 

comprehensive literature review conducted for this Ph.D. thesis, ceria (CeO2) was selected as 

a candidate catalytic material because of its high reducibility and high selectivity towards the 

RWGS reaction. Only a few publications investigated the potential of the unsupported (bulk) 

ceria for the RWGS application [18-22]. These studies reported either low selectivity to CO 

generation or low CO2 conversion to CO. Dai et al. reported the highest conversion (16% at 

580C) of CO2  to CO (100% selectivity) over the bulk ceria produced via the hard template 

method [20]. With the aim to improve the catalytic performance of ceria, the reverse 

microemulsion method (RME) has been selected due to its ability to produce nano-sized 

catalysts with a high specific surface area [23-26].  To fill the knowledge gap of the application 

of CeO2 for RWGS catalysis, the present work intended to investigate the properties and 

potential of the RME-synthesized ceria-based catalysts for the RWGS reaction application. The 

obtained results provide a new avenue for the application of ceria-based catalysts for the 

RWGS reaction. 
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1.3 Research Objectives  

Main Goal: 

The main goal of this project is to develop a highly active, selective, durable, and resistant (to 

deactivation and coking) ceria-based heterogeneous catalyst for the reduction of CO2 to CO via 

the RWGS reaction at temperatures up to 600C. 

Catalysts synthesis and their application for RWGS were systematically studied and 

thoroughly discussed. A comprehensive characterization of the synthesized catalysts has been 

conducted using a variety of analytical techniques. The specific research objectives of the 

projects are outlined below. 

Specific Objectives (RME stands for reverse micro-emulsion): 

1) Unsupported RME-ceria catalyst 

i) RME-based synthesis of a high surface area ceria (CeO2) with higher reducibility 

to reduce CO2 to CO via the RWGS reaction.  

ii) Comprehensive characterization of the RME-ceria using analytical techniques and 

investigation of its application as a catalyst for the RWGS reaction. 

2) Alumina-supported ceria catalyst synthesized by the RME method 

i) RME-based synthesis of 20, 30, and 40 wt% CeO2/-Al2O3 

ii) Comprehensive characterization of the alumina-supported ceria catalysts using a 

variety of analytical techniques. 

iii) Catalytic performance investigation to identify the optimal catalyst formulation 

(Ce loading)  

RWGS is an endothermic, equilibrium-limited, and energy-intensive reaction. It requires 

the reduction of a highly stable CO2 molecule to CO. Due to the high stability of CO2, the 



6 
 

reaction is favorable at high temperatures only. Considering the socio-economical perspective, 

it is highly necessary to develop a catalyst that can help to conduct this highly energy intensive 

process at relatively low temperatures.  

1.4 Thesis Layout 

This thesis is a critical study towards a viable catalyst for the RWGS reaction. It is 

organized in eight chapters as follows:  

Chapter 1 briefly introduces the thermo-catalytic RWGS reaction and related background 

and outlines specific objectives. 

Chapter 2 is based on a critical literature review that gives a brief introduction to the global 

CO2 emission data, different pathways for thermo-catalytic conversion of CO2, complete 

review over RWGS reaction, possibly metallic, non-metallic catalyst, and supported catalysts 

utilized in the study of RWGS.  

Chapter 3 describes the catalyst synthesis method, analytical techniques employed for 

catalyst characterization, and experimental system for catalytic performance evaluation. The 

catalytic performance experiments were performed in stainless steel reactors based on the 

initial blank experiments, confirming the non-catalytic behavior below 550°C. Chapter 7 

outlined all the experiments in detail.    

Chapter 4 provides an insight into the RWGS catalysis using the high specific surface area 

nano-ceria synthesized via the reverse micro-emulsion method (RME-ceria). This chapter also 

includes the investigation of a directly precipitated ceria (DP-ceria) for the purpose of a critical 

comparison of RME-ceria versus DP-ceria. 

Chapter 5 deals with a detailed study on various ceria loadings in the γ-alumina supported  

ceria catalyst synthesized by the RME method for RWGS application, followed by a 

comprehensive characterization to identify the optimum loading. 
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Chapter 6 discusses the effect of the calcination temperature on the catalytic activity of the 

optimized RME-ceria supported on RME-alumina. This chapter also includes a mechanistic 

study using in-situ FTIR.     

Chapter 7 investigates the coke formation in stainless steel reactors and metal degradation 

(metal dusting) of stainless steel at elevated temperatures (>550°C) under the conditions of the 

RWGS reaction. 

Chapter 8 includes general conclusions, recommendations, and contributions to the 

research. Fig. 1.1 below shows the overview of this thesis as a block diagram.  
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Figure 1.1: An overview of thesis structure. 

Introduction (Chapter 1) 
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9 
 

Chapter 2  

Literature Review 

2.1 Global GHG’s Emissions  

Planet earth is getting warmer day by day because of the natural heat trapping ability of 

greenhouse gases. Carbon dioxide, methane, nitrous oxide, and fluorinated gases (F-gases) are 

the key greenhouse gases. According to the fifth assessment report of the Intergovernmental 

Panel on Climate Change (IPCC-AR5-2014), CO2 is the major contributor towards total 

greenhouse emission globally with a leading percentage of 76%, while methane, nitrous oxide, 

and fluorinated gases contribution is 16%, 6.2%, and 2% respectively (Fig.2.1). It was reported 

that the global greenhouse gasses emission rate was +2.0%/year in 1970-80, +1.4% in 1980-

90, +0.6% in 1990-2000, and +2.2% in the decade of 2000-10. The report also outlined that the 

global greenhouse gas emission raised from 27 Gt CO2e (CO2 equivalent) to 49 Gt CO2e from 

1970 to 2010, which is almost doubled [3]. 

 

Figure 2.1: Total greenhouse gas emission presented in gigatons of CO2 equivalent from 1970-

2010 [3]. 
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2.1.1 CO2 Emission Sources  

According to the report published by IPCC (climate change 2014: mitigation of climate 

change), anthropogenic CO2 is the major greenhouse gas on the planet earth. CO2 is accounted 

for 76% of all greenhouse gas emissions around the world through human activities [3]. 

Burning fossil fuels (oil, natural gas, and coal) for power generation and transportation is the 

major source of CO2 emission worldwide. In 2017, CO2 information analysis center (CDIAC) 

published the world’s countries ranking based on the total CO2 emission in 2014 by fossil fuels 

combustion, gas flaring, and cement production. In the list, China was placed on the top, while 

the United States and Canada were ranked second and tenth respectively [27]. Table (2.1) below 

is showing the list of the first 15 countries based on the 2014 data of total CO2 emission 

expressed in thousand metric tons of carbon (TOT). Based on the total data available on the 

CDIAC website, a pie chart was made by the environmental protection agency (EPA) of the 

United States (Fig. 2.2) showing the contribution of countries towards CO2 emission in terms 

of percentages [27, 28]. 

 

Figure 2.2: Global CO2 emission from fossil fuels combustion and some industrial processes 

[28]. 
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Table 2.1 World ranking based on total CO2 emission measured in TOT (thousand metric tons) 

of carbon. 

Rank Nation CO2-TOT 

1 China 2806634 

2 United States 1432855 

3 India 610411 

4 Russian Federation 465052 

5 Japan 331074 

6 Germany 196314 

7 Islamic Republic of Iran 177115 

8 Saudi Arabia 163907 

9 Republic of Korea 160119 

10 Canada 146494 

11 Brazil 144480 

12 South Africa 133562 

13 Mexico 130971 

14 Indonesia 126582 

15 United Kingdom 114486 

 

Every year Environment and Climate Change Canada publishes its annual report titled 

“Facility greenhouse gas reporting program (GHGRP)” that maintains the data of GHG’s 

emission since 2004 to date. Based on the recently published report in 2021, CO2 accounted 

for 93% of the total GHG’s emissions in Canada. Among all sources, stationary fuel 

combustion contributed to the 76% of the total emissions in Canada, as shown in Fig. 2.3. 
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Figure 2.3: Total GHG's emission data for Canada in 2019 [29]. 

 

2.2 CO2 Mitigation: Need and Technologies  

CO2 is present in the atmosphere since day one and is an essential part of Earth’s carbon 

cycle. CO2 produced from human activities (via food chain, industrial and power generation) 

and deforestation is disturbing the natural carbon cycle. Plants and natural forests are the main 

sources of atmospheric CO2 removal via photosynthesis [7]. Due to the increasing demand for 

energy, the utilization of fossil fuels increased enormously. This enormous utilization of fossil 

fuels is disturbing the natural carbon cycle while adding extra CO2 to the atmosphere. This 

extra CO2 is acting as a heat trap, which leads to the rise in Earth’s temperature. The global 

emission of CO2 is increasing 2.2% per year, and now it's 81% above the 1970 level [3]. It was 

concluded in the fifth assessment of the intergovernmental panel on climate change (IPCC) 

published in 2017 that, to control the increase in global average temperature to 2°C by 2050, 

the CO2 emission should be cut down to 50% of the present value [3]. Mitigation of this extra 

CO2 is a major necessity of today’s world. To mitigate climate change, anthropogenic CO2 

emissions can be controlled by the following three methods: (i) direct reduction in CO2 

emission, (ii) carbon capture and storage (CCS), and (iii) carbon capture and utilization (CCU).   
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2.2.1 Direct CO2 Emission Reduction 

The first route needs technological advancement in utilizing fossil fuels or the use of carbon 

free renewable energy resources. However, due to the rapid increase in the world population 

and high energy demand, it is difficult to follow this route. In 2019, world energy consumption 

demand increased by 1.3%. According to the BP statistical review of world energy, published 

in June 2020, oil and natural gas are the major sources to fulfill the world’s energy demand. 

They accounted for about 70% of energy demand in America and Africa, about 64% in Europe 

& Eurasia, and about 98% in the Middle East. While in Asia, coal is the dominating fuel 

accounted for about 48% of regional energy consumption. The analysis clearly shows that none 

of the region (even the highly developed region like North America) is relying on renewable 

sources. For example, in North, South, and Central America, the renewable sources are not 

accounted for more than 10% of total need. Details are available in Fig. 2.4 [30]. 

 

 

Figure 2.4: World’s energy consumption by region [30]. 
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2.2.2 Carbon Capture and Storage (CCS)  

Another technology that could help to meet the climate change mitigation targets is carbon 

capture and storage (CCS). CCS is based on separating CO2 from the flue gases and storing it 

in underground geological locations. CCS is a mature technology but still needs to overcome 

some technical and economic challenges for its large-scale arrangement. One of the main 

drawbacks of this technology is the requirement of large capital with zero profit [31]. On the 

other hand, CCS has some serious technical concerns, including CO2 leakage rates (due to 

engineering factors or natural factors like earthquakes) and underground storage capacity. In 

some countries, the storage is only available offshore, which makes the process highly 

uneconomical due to extra transportation cost. UK, Norway, Singapore, Brazil, and India are 

facing this issue [31, 32]. 

2.2.3 Carbon Capture and Utilization (CCU)  

The third route in this technological sequence is carbon capture and utilization (CCU). In 

the recent decade, CCU received enormous attention because it can convert extra atmospheric 

anthropogenic CO2 to valuable chemicals and fuels, which could help in climate mitigation 

while creating an artificial carbon cycle. This gives CCU a major economic advantage over 

CCS because the product can be sold [31]. Instead of considering CO2 as a pollutant and 

sequestering it to undergrounds, it can be considered as an abundant source of carbon to 

produce fuels and valuable chemicals (e.g., methanol, urea). Due to the thermodynamic 

properties (discussed below) of CO2, its conversion to chemicals and fuels is energy-intensive, 

but on the other hand, it can be taken as a renewable source of carbon, non-toxic, and cheaply 

available in abundant amounts for low cost [33]. Therefore, energy-efficient implementation 

of CCU has a dual benefit over CCS (i.e., technical as well as economical). Technically, it will 

create an artificial carbon life cycle to help climate change, and on the other hand, the products 
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will be sold to generate revenue and can help to replace fossil fuels. Currently, urea, salicylic 

acid, methanol, and some cyclic organic carbonates are being produced on a large scale from 

CO2, while the process of CO2 conversion to other chemicals on a large scale still needs to be 

developed. The conversion of CO2 to valuable chemicals will be helpful in offsetting the 

capturing cost [34]. 

A number of techniques have been developed for the utilization of CO2 in recent decades, 

for example, direct make use of CO2, increasing oil recovery from depleted oil wells, and used 

as an energy storage fluid in the geothermal process. All these technologies are still in their 

development phase. Norhasyima et al. [35] shortlisted 5 technologies for potential utilization 

of CO2 for CCU application (Fig. 2.5). Considering the economic viability and materialization 

of CCU, they applied a minimum limit of 5 MTPA (million metric tons per annum) of CO2 

utilization.   

 

 

Figure 2.5: CO2 utilization technologies for CCU application [35]. 

 

The advantages and the major challenges that should be dealt with before the deployment 

of the above mentioned technology are tabulated below (Table 2.2) [35]. CO2 is a non-toxicinert 

gas, but a higher concentration could lead to severe environmental impacts and can cause death 

as well [35]. Environmental and health impacts of CCU technologies are not studied well yet 

due to the under-development phase of the technologies, but it needs severe attention. Among 
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all the above technologies, EOR (enhanced oil recovery) and ECBM (enhanced coal-bed 

methane) are mature technologies as many industries in the US have been inserting CO2 into 

underground locations for many years [36]. Though, the environmental pollution created by 

the process itself and the chances of CO2 leakage and its migration back to the atmosphere 

from underground locations need to be assessed from time to time [36]. There is a clear 

uncertainty related to long-term storage of CO2 because of the possibility of CO2 leakage from 

the injection well and cap rock failure [37, 38]. According to projection studies, it has been 

reported that there will be a 10% reversal of injected CO2 back to the environment for the EOR 

current projects. Drilling during the construction of geothermal wells and leakage of CO2 

during storage are the potential environmental effects caused by EGS (enhanced geothermal 

system) process [39]. Finally, a measuring, monitoring, and verification study is necessary for 

EOR, ECBM, and EGS processes to make sure there will be no leakage of CO2 from the 

underground geological locations in the long term. 

Microalgae cultivation is an attractive source to recover various compounds from waste 

water like heavy metals, oil/grease, organic and aromatic compounds, and pharmaceuticals 

waste. However, they create severe environmental impacts because of the toxic by-products 

produced during the biological actions [40]. Furthermore, large-scale uncontrolled cultivation 

could lead to blooms, disease, or pests leading to population crashes and spills of cultured algae 

into natural ecosystems [41, 42]. Mineral carbonation has the advantage over EOR, ECBM, 

EGS, and microalgae processes because there are no harmful by-products produce, and there 

is no CO2 emission because of leakage. However, there several other effects that may lead to 

soil, air, and water pollution, like mining of rocks, ore preparations, and waste disposal [43, 

44]. Finally, chemical and fuels (CAF) manufacturing technology have clear advantage over 

all CCU techniques because CAF directly converts CO2 to valuable chemicals and fuels [45, 

46]. 
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Table 2.2: CCU technologies advantages and challenges [35]. 

CO2 Utilization 

Technology 

Advantages           Challenges 

EOR and ECBM ▪ Developed technology 

▪ Imperishable storage 

▪ Large CO2 sequestration potential 

plus recovered oil and gas can 

offset the cost of CO2 capture  

• More CO2 addition to 

the atmosphere 

because of more fossil 

fuels utilization 

• Long 

commercialization 

time 

• Low CH4 cost 

• CO2 transportation cost 

• Location specific 

 

Mineral 

Carbonation 

• Raw material abundance (Mineral 

or waste) 

• Free chemicals 

• No prior CO2 separation required 

• No requirement for CO2 feed 

quality 

 

• High energy-intensive  

• Large amount of 

chemicals required 

• High mineral and 

processing cost 

Biological algae 

cultivation 

• Competitive biofuel source 

• Permanent CO2 storage 

• Efficient in low CO2 concentration 

• Not location specific 

 

• pH and Impurities 

sensitive  

Drying and growth 

controlling cost 

• Permanent sun light 

and large area required 

• High energy cost to 

construct 

photobioreactors 

• Slow and inefficient 

process 

 

Chemicals and 

Fuels 

• can replace conventional fossil 

fuels for transportation and other 

uses 

• Inefficient process 

• Requires renewable 

source of energy 

 

EGS • Good thermodynamic properties 

ensuring larger flow rates, 

reduction in circulating pumping 

power requirements, higher power 

output, and efficiency increase 

• Offsetting cost of drilling deep 

wells for EGS by CO2 storage 

• Reduce water use 

• Location Specific 

• CO2 leakage from the 

reservoir 

• High cost for access to 

CO₂, the proximity of 

the EGS relative to the 

electricity grid, and 

access to cooling water 

supply 
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Conversion of CO2 to synthetic fuels has dual advantages as compared to other routes: one 

is direct CO2 emission reduction, and the second is creating an artificial carbon cycle to store 

CO2 in terms of synthetic fuels and other valuable chemicals. This route seems to be more 

attractive because it can reduce GHGs along with the production of some valuable synthetic 

fuel, which will eventually lead to reducing the consumption of natural fossil fuels by creating 

an artificial carbon cycle. There are several approaches available to convert CO2 to chemicals 

and fuels through photo and electrochemical reduction, biological reduction, and thermo-

catalytic reduction using renewable hydrogen (Fig.2.6) [11]. 

 

 

 

Figure 2.6: Pathways to convert CO2 to chemicals and fuels [11]. 
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Photo-electrochemical and biological reduction routes are viable but have major limitations 

like low CO2 solubility and cost of cultivating a large biological system, respectively [7]. 

Therefore, thermo-catalytic conversion of CO2 to synthetic fuels using renewable energy 

sources could be a better viable option. The catalytic conversion of CO2 to valuable chemicals 

and fuel is more viable because it helps in mitigating CO2 20-40 times higher than the 

sequestration process over a span of 20 years [8, 9]. This route seems to be more attractive 

because it can reduce GHGs along with the production of some valuable synthetic fuels that 

will eventually lead to reducing the consumption of natural fossil fuels by creating an artificial 

carbon cycle.  

2.3 Thermo-Catalytic Conversion of CO2  

CO2 is a non-polar stable molecule ( ∆𝑓𝐺298𝑘 =  −396 𝑘𝐽 𝑚𝑜𝑙−1) at standard conditions 

and requires high activation energy to utilize it as a raw material in any industrial process [47, 

48]. Therefore, large energy input is required for the CO2 molecule activation and 

transformation. This barrier of high activation energy could be reduced by using homogeneous 

or heterogeneous catalysts [49-51]. Lewis's structure of CO2 shows that the central carbon is 

electrophilic, and oxygen atoms show weak Lewis basicity. The reaction of CO2 could be 

dominated by electron-donating reagents (nucleophiles). Carbamic and carbonic acids can 

easily be produced by the reaction of CO2 with alkoxide, water, and amine. On the other hand, 

CO2 molecules can also be activated with the help of nucleophilic centers on solid surfaces [8]. 

Therefore, there is a strong need to find out a catalyst that can help in overcoming the 

thermodynamic barrier of CO2 activation. 

2.3.1 Reaction Pathways for Catalytic Conversion of CO2 

CO2 conversion processes can be divided into two groups: the first one is non-reductive 

conversion (A+B) to higher carbon organic chemicals in which carbon have an oxidation state 
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of +3 or +4; the second one is the reductive conversion to low-carbon chemicals and fuels in 

which carbon retain oxidation state of +2 or lower [52]. Fig. 2.7 shows the possible routes 

below [52-54]. The most important step in these routes is the catalytic conversion path. Only 

certain reaction pathways that contribute to the development of high demand chemicals should 

be followed, e.g., organic chemicals account for about 4% of emissions, while fossil fuel 

combustion in power plants accounts for about 90% of emissions [55]. Therefore, reductive 

conversion of CO2 via hydrogen is selected for further studies. 

Several pathways available for the thermo-catalytic reduction of CO2 to valuable chemicals 

and fuels using renewable hydrogen are shown in Fig. 2.8 [12]. The most important factor in 

the implementation of these routes is the availability of cheap renewable hydrogen (r-H2). It 

can be obtained via coal and biomass gasification or through water electrolysis using 

hydroelectricity in off-peak hours. CO2 is a low energy molecule while H2 is a high energy 

molecule; hence the conversion of CO2 to fuels and chemicals via H2 reduction will be a viable 

option for renewable energy storage into chemicals for long-term use. Therefore,  much 

attention has n given to CO2 hydrogenation [12].  
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Figure 2.7: Chemical products that can be obtain from CO2 via non-reductive routes (A+B); 

and reductive routes (electro-reduction(C) and hydrogenation (D)) [52]. 
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Figure 2.8: Different possible routes to produce different hydrocarbons through CO2 

hydrogenation [12]. 

 

Fig. 2.8 shows the ultimate products that can be obtained through thermo-catalytic 

hydrogenation of CO2 are CO, methanol, and higher hydrocarbons via Fischer-Tropsch 

(olefins, LPG, gasoline, and aromatics). Therefore, it is important to select a reducing pathway 

before finding a highly suitable, active, and stable catalyst for that process. Reduction of CO2 

to CO using renewable H2 is of more importance because the CO produced can be utilized in 

either way that is to produce methanol or higher hydrocarbons. The process of reducing CO2 

to CO is known as the reverse water gas shift reaction (RWGS). Thermodynamically direct 

conversion of CO2 to methanol is more favorable. However, it was revealed by the CAMERE 

process that there is 20% higher yield of methanol obtained when CO2 is first reduced to CO 

(via RWGS) and then CO to methanol, rather than hydrogenating CO2 directly to methanol 

[14]. The RWGS reaction is an endothermic equilibrium limited reaction favorable at high 

temperatures (<700°C) [55, 56]. Therefore, there is a strong need to puteffort into developing 
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a heterogeneous catalyst that can ensure fast kinetic activity with almost 100% selectivity 

towards the reduction of CO2 to CO. 

2.4 Reverse Water Gas Shift (RWGS)  

The RWGS is a reverse reaction to water gas shift (WGS). The water gas shift reaction 

(eq.1) was originally developed to increase the production of H2 during the synthesis process 

of ammonia production. 

𝐶𝑂 + 𝐻2𝑂 ⇌ 𝐶𝑂2 + 𝐻2  (1) 

For the catalytic hydrogenation of CO2, the RWGS is considered as the key reaction because 

the CO produced can be utilized in either way to produce methanol or higher hydrocarbons. 

It’s an endothermic process with a free-energy change and enthalpy change of  ∆𝐺298 𝐾 =

28.6 𝑘𝐽/𝑚𝑜𝑙 and ∆𝐻298 𝐾 = 41.2 𝑘𝐽/𝑚𝑜𝑙 (STP): 

𝐶𝑂2 + 𝐻2 ⇌ 𝐶𝑂 + 𝐻2𝑂 (2) 

This reaction is recognized over a  century, but still there is a need to find out or to prepare 

an improved catalyst that can help to overcome the thermodynamic barriers. Due to the 

endothermic nature of the reaction, it requires high temperature, and also the reaction is 

equilibrium limited  [10]. Equilibrium can be shifted towards the right by following two 

methods: (i) increase the input concentration of either reactant (CO2 or H2) to completely 

consume the other one (while recycling of the excess) (ii) continuous removal of the water 

vapor from the reactor. The latter can be implemented with the help of a desiccator bed or by 

using hydrophilic membranes that should be only selective towards water. There are a number 

of publications available on membrane application in the Fischer-Tropsch (FT) process [57, 

58]. Kazumasa et al. [59] reported that at 1000 K, equilibrium conversion increased up to 30% 

when H2:CO2 is increased from 1 to 1.8. Another study showed that the activation energy of 

the RWGS reaction decrease from 75 to 51 kcal/mol at high temperature and pressure [60]. 
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As mentioned above, the RWGS reaction is the first step in producing fuels by CO2 

hydrogenation. In Japan, RITE, in collaboration with NIMC, ONRI, and NIRE, has proposed 

a process concept for CO2 recycle composed of four key technologies: CO2 separation and 

liquefaction process, methanol synthesis process, water electrolysis for hydrogen production 

and supply process, and transportation process [61, 62]. The key technologies are those for 

membrane separation of CO2 emitted from stationary sources, for H2 production by water 

electrolysis using electric power derived from non-fossil energy, and for methanol synthesis 

by the catalytic hydrogenation of CO2. A similar project is also running in the UK [63]. 

2.4.1 RWGS Side Reactions and Thermodynamics  

Thermodynamics studies show that there are two possible side reactions that can occur 

along with the RWGS at low temperatures. These are methanation reaction (∆𝐻298 𝐾 =

−206.5 𝑘𝐽/𝑚𝑜𝑙; eq.3),  

𝐶𝑂 + 3𝐻2 ⇌ 𝐶𝐻4 + 𝐻2𝑂 (3) 

and Sabatier reaction (∆𝐻298 𝐾 = −165.0 𝑘𝐽/𝑚𝑜𝑙; eq.4), 

𝐶𝑂2 + 4𝐻2 ⇌ 𝐶𝐻4 + 2𝐻2𝑂 (4) 

Thermodynamic studies revealed that at atmospheric pressure, the conversion of CO2 

increases by increasing the H2:CO2 ratio and temperature [59, 64] as shown in Fig 2.9 [55]. Fig. 

2.9 is representing the equilibrium composition of the reactant and product gases for the 

temperature range of 100-1000°C at a H2:CO2 ratio of 3. It can be easily seen that at low 

temperature (below 600°C), the Sabatier reaction is favorable, while above 700°C, the RWGS 

reaction is favorable as the only product above this temperature is CO. However, keeping the 

capital cost and energy losses in mind the reaction temperature should be kept as low as 

possible.  
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Apart from temperature control, continuous removal of the products can also shift the 

equilibrium towards the right. The Researcher from NASA and the Florida Institute of 

Technology has achieved 100% CO2 conversion in a membrane based reactor without a 

catalyst, which is 5 times higher than the equilibrium conversion. The operating conditions 

were 35 to 60 bar pressure and 378-380°C temperature [65, 66]. The semipermeable membrane 

helps the continuous removal of the product. Vander Wiel et al. showed that to attain higher 

CO selectivity for the RWGS, the reaction should run at low residence times (5 to 64 ms) [65]. 

 

 

Figure 2.9: Thermodynamic equilibrium composition of RWGS reaction product gas at 1 bar 

and H2:CO2 ratio of 3 [55]. 

 

2.4.2 Rationale for RWGS Catalysis and Advantages  

RWGS reaction was first observed in 1914 when two researchers Bosch and Wild were 

attempting to produce H2 over an iron oxide catalyst using steam and CO [67]. Presently, the 
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RWGS reaction is the key step in producing a variety of chemicals, especially methanol. 

According to the investigative studies of Mallapragada et al. [68], the production of fuels with 

the FTS processes, using CO and H2 as raw materials, can be deployed with greater efficiency 

when the CO is produced via RWGS from the CO2 captured from flue gas or atmosphere. The 

RWGS reaction also has a great potential for space exploration because more than 95% of 

Mars’s atmosphere contains CO2. Consequently, the RWGS is an important reaction with 

potential end-user products [65, 66]. 

Any process that generates CO still needs 2 mole H2 to convert CO to chemicals and fuels. 

Additional 1 mole H2 for converting CO2 to CO just increases the amount required from H2 

generation processes by 50%, not substantiating their existence in the overall process. In the 

future, the RWGS may be useful in space exploration because, in space technology, the 

synthetic air is produced by water electrolysis that generates pure hydrogen [56]. 

Considering the versatility of the RWGS reaction, it is necessary to develop highly active, 

selective, and stable catalysts that can help to run this reaction at low temperatures (up to 

600°C) with 100% CO selectivity. Before reviewing already deployed catalyst for reverse 

water gas shift, it is necessary to look into the thermodynamic properties of CO2. 

2.5 Carbon Dioxide Thermodynamics  

CO2 is a well-known stable molecule ( ∆𝑓𝐺298𝑘 =  −394.4 𝑘𝐽 𝑚𝑜𝑙−1). From the 

thermodynamic viewpoint, conversion of CO2 will need energy that depends upon the 

reduction of the oxidation state of carbon from +4 in CO2 to the targeted chemical substance. 

A plot of ∆𝐺𝑓
° of CO2 versus oxidation state of carbon shown below. Fig. 2.10 can be taken as 

a key step in  understanding the thermodynamics of possible conversion of CO2 [54]. 

The thermodynamic data in Fig. 2.10 clearly shows that any conversion of CO2 to a 

chemical substance that leads to reduce the O/C ratio or increase the H/C ratio (from zero) 
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needs energy, and the process will be endergonic. On the other hand, the reaction will be 

exergonic if CO2 remains in its +4-oxidation state with varying O/C ratio in the derived 

product, for example, urea, carbamates, carbonates [53]. Thermodynamically the conversion 

of CO2 is not favorable because of the existence of carbon in its most oxidized state +4 [69]. 

Consequently, this stability of CO2 is a major resistance towards the establishment of industrial 

processes for its conversion to valuable chemicals and fuels. Thermodynamically any chemical 

reaction requires a difference in Gibbs free energy of reactant and products to  happen 

(depending upon the conditions). This difference is well explained by the Gibbs-Helmholtz 

relationship (eq. 5). 

∆𝐺° =  ∆𝐻° − 𝑇∆𝑆° (5) 

 

 

Figure 2.10: Gibbs free energy of some carbon species [54]. 
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Most CO2 conversion processes are non-spontaneous, having positive Gibbs free energy 

change at standard conditions (∆𝐺° > 0). Therefore, the final stability of the product produced 

while using CO2 as a feedstock should be considered. In most cases, both terms (∆𝐻° and ∆𝑆°) 

of Gibbs energy are not in favor of CO2 conversion to other chemicals. The 𝐶 − 𝑂 bond energy 

in CO2 (a triatomic molecule) is 803 kJ/mol, which is almost doubled the bond energy of  𝑂 −

𝐻 in a similar molecule like H2O [70]. This shows that there is a significant amount of energy 

needed for the reduction of CO2. Furthermore, to calculate the equilibrium constant at the 

reaction temperature, a relationship between Gibbs energy and temperature is required (eq. 6). 

This relationship can also be given by Van’t Hoff equation (eq. 7), while p is showing constant 

pressure [54]. 

∆𝐺° = −𝑅𝑇𝑙𝑛𝐾𝑓
° (6) 

(
𝑑 ln 𝐾𝑓

°

𝑑𝑇
)

𝑝
=  

∆𝐻°

𝑅𝑇2
 (7)  

For CO2 conversion, the equilibrium constant as well as reaction heat can be calculated, 

while equilibrium conversion can be increased by increasing pressure [71]. However, change 

in temperature sometimes increase or decrease the rate of equilibrium conversion; for example, 

for the conversion of CO2 to methane, ethylene, methanol, and ethanol, the increasing 

temperature can slow down equilibrium conversion while for HCHO and HCOOH the effect 

is opposite, i.e., speed up [71]. Consequently, a higher temperature is not always favorable. 

Regrettably, many CO2 conversions have slow kinetics. Hence, to utilize CO2 as a feedstock to 

produce valuable chemicals or fuels at favorable conditions, there is a strong need to develop 

an active catalysts. 
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2.6 Reverse Water Gas Shift Catalysts  

In recent decades, several research studies have been published mainly focus on the 

conversion of CO2 to CO over heterogeneous catalysts. Researchers are struggling hard to 

develop a highly active and selective catalyst that can help to derive this high energy-intensive 

endergonic reaction (RWGS) at a lower temperature with a higher conversion rate of CO2 to 

CO and with maximum selectivity. A catalytic reaction requires the simultaneous occurrence 

of adsorption and desorption of reactant and product over the catalyst surface. Therefore, the 

selection of support material or metal promoter needs to be addressed keenly. Initially, precious 

metal catalysts were deployed for RWGS and showed promising results, but in recent decades 

transition metal catalysts have been found to show high activities towards H2 and CO2 

dissociation, which makes them of considerable interest for researchers because of their low 

cost as compared to precious metals like (Pt and Pd). 

To overcome the side reaction and enhance the RWGS selectivity towards CO, different 

mixed metal oxides along with precious metals and transition metal carbides (TMCs) have been 

utilized. The following table (2.3) is giving a comprehensive review (to the best of author's 

knowledge and research) of the catalysts that have been deployed specifically for the thermo-

catalytic RWGS reaction application since 1989 till date. Table (2.3) is divided into 7 columns 

showing reported year, catalysts, reaction temperature, pressure, H2/CO2 ratio in the inlet feed, 

CO2 conversion, and CO selectivity of the catalyst.   

2.6.1 Supported Metal Catalysts  

A solid catalyst  mainly consist of three components: 1) catalytic agent, 2) support (usually 

porous), and 3) promoter and inhibitor [72]. In catalysis, the active ingredient of catalytic 

material plays the most important role towards the final product. As discussed before, there are 

several pathways available for the catalytic conversion of CO2 depending upon the targeted 
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final product. The RWGS reaction is under study since 1914 [67]. Many different supported or 

unsupported catalysts based on noble metals, non-noble metals, and transition metal carbides 

have been deployed to study their potential towards the RWGS reaction. A comprehensive 

overview of the above-mentioned categories of catalysts is provided below. 

2.6.1.1 Noble Metal Catalysts 

In chemistry, the metallic elements that show high resistance towards corrosion and 

oxidation in moist air are known as noble metals. They are mainly comprising of platinum (Pt), 

palladium (Pd), ruthenium (Ru), rhodium (Rh), osmium (Os), iridium (Ir), gold (Au), and silver 

(Ag). It has been found that the partially filled outermost D-shell of noble metals allows them 

to easily adsorb reactants and lead them to form active intermediate compounds [73]. These 

special abilities of noble metals made them become a major class of catalysts for CO2 reduction. 

Chen et al. [74] studied the performance of Pt/TiO2 catalyst towards the RWGS reaction. 

They found that the Pt particle size and reaction conditions highly affect the selectivity of the 

catalyst towards CO or CH4. In-situ FTIR studies showed that in the presence of reactant gases 

(CO2, H2), TiO2 reduces and forms an active site at the interface with Pt as Pt-Ov-Ti3+ and this 

active site is responsible for the reduction of CO2 to CO. On the other hand, large Pt particles 

at high temperatures facilitate the further hydrogenation of CO to form CH4, as shown in Fig. 

2.11. Kattle et al. [75] also showed that the bonding energy of CO at the interface site of Pt/TiO2 

catalyst facilitates the further hydrogenation of CO to form CH4. Porosoff et al. [76] studied 

the effect of secondary metal (Ni, Co, etc.) along with Pt over CeO2 and γ-Al2O3 supports. 

They identified that there was a significant amount of CH4 formed over PtNi/CeO2 and PtNi/γ-

Al2O3 bimetallic catalyst while PtCo/CeO2 and PtCo/γ-Al2O3 were highly selective towards 

CO with a CO/CH4 ratio of 259.4 and 245.8 respectively. Apart from reducible supports (CeO2, 

TiO2, etc.), irreducible supports (such as SiO2, Al2O3, zeolites, etc.) along with Pt shows 

promising results for RWGS [76, 77]. Zhang et al. [78] and Ro et al. [79] showed that the 
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addition of second reducible support, i.e., Fe2O3 and MoOx, considerably increases the reaction 

activity while decreasing the activation energy. Yang et al. [80] also studied the promoting 

effect of K (potassium) for RWGS reaction pathways and activity over Pt-supported L-zeolite 

catalyst. They found that both activity and selectivity of RWGS increases by the controlled 

addition of potassium to Pt/L catalyst, as shown in Fig. 2.12. With the help of in-situ DRIFT 

and micro-calorimetry techniques, Pt-O(OH)-K was found to be the leading active site. The 

electronic density of this active site facilitates the formation of CO through the formate 

intermediate. 

 

 

Figure 2.11: CO2 hydrogenation over 

Pt/TiO2 catalyst at low and high temperature. 

 

 

Figure 2.12: Reaction rates and proposed 

mechanism over Kx-Pt/L catalyst [74]. 

 

Rh supported catalyst has also been studied in the hydrogenation of CO2 to alcohols, 

methane, and CO. Bando et al. [81] studied the promoting effect of Li on the catalytic activity 

of RhY catalysts. They found out that the selectivity of the catalyst towards the final product 

changes from CH4 to CO by increasing the amount of Li. To investigate the promoting of Li 

they utilize in-situ FTIR and TPR characterization techniques. Heyl et al. [82] also studied CO2 

hydrogenation over K and Ni modified Rh/Al2O3 catalyst by in-situ and operando DRIFT 
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spectroscopy. Studies showed that K-promotion significantly enhances the selectivity of the 

process towards CO. Rh-K-Ni/Al2O3 showed the highest CO formation, while unprompted 

catalysts showed preference towards CH4, as shown in Fig. 2.13. It was found that CO2 

adsorbed on the support as hydrogen carbonate rather than on the metal surface dissociative, 

shown in Fig 2.14. K also enhances CO desorption and resists further CO hydrogenation to 

CH4.  

 

 

 

Figure 2.13: CO2 conversion over K and Ni promoted 

Rh/Al2O3 catalyst [82]. 

 

 

Figure 2.14: CO2 hydrogenation 

mechanism over K and Ni promoted 

Rh/Al2O3 catalyst [82]. 

 

 

Highly dispersed supported Au nanoparticles have received great attention in catalytic 

hydrogenation of CO2 to valuable chemicals [83-85]. Upadhye et al. [86] studied the activity of 

various oxide-supported (TiO2, CeO2, Al2O3) Au catalysts towards RWGS reaction in the 

absence and presence of visible light. They showed that under visible light, the catalytic activity 

of Au supported catalyst for RWGS is 30-1300 times higher than dark conditions. TiO2 and 

CeO2 supported Au catalysts showed the maximum CO2 conversion rate (in visible light) of 
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2663 and 1417 µmol gcat
-1 min-1, respectively. There was a significant decrease in the apparent 

activation energy, from 47 kJ/mol in the dark to 35 kJ/mol in light, was observed due to the 

LSRP (localized surface plasmon resonance). Fig. 2.15 shows the effect of LSRP on the activity 

of plasmonic photo-catalysis, and Fig. 2.16 shows the proposed mechanism for LSRP enhanced 

RWGS reaction over Au/TiO2 catalyst.  

 

Figure 2.15: Effect of LSRP on the activity of plasmonic photo-catalysis [86]. 

 

 

 

Figure 2.16: proposed mechanism for LSRP enhanced RWGS reaction over Au/TiO2 catalyst 

[86]. 
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2.6.1.2 Non-Noble Metal Catalysts 

Despite the high activities of noble metal catalyst towards RWGS reaction, their large-scale 

application is still questioned due to high cost and rareness [10]. Cu received significant 

attention as an alternative due to its corrosion resistance. There are various commercial Cu 

based catalysts that are available for WGS [87-89] and methanol synthesis [90, 91]. Jurković et 

al. [92] investigated different oxide-supported (Al2O3, CeO2, SiO2,TiO2, and ZrO2) Cu catalysts 

and demonstrated the effect of support on the activity of RWGS and reaction pathway. TPR 

studies identified alumina and ceria as the most promising supports. However, zirconia shows 

the worst activity and had the worst Cu dispersion as well. Stone et al. [93] presented a 

comparative study of Cu-ZnO and Cu-ZnO/Al2O3 catalyst for RWGS reaction. They prepared 

different catalysts by varying concentrations of Cu and Zn from Cu rich to Zn rich. The result 

shows that Cu rich catalyst holds the highest activity because at high Cu/Zn ratio, dispersion 

of Cu increased in the final catalyst. Chen et al. [94-96] showed that alumina-supported Cu 

nanoparticles enhanced the adsorption of formates. They also find out that for Cu nanoparticles 

and SiO2 supported Cu; the RWGS reaction undergoes through formate formation. Also, the 

forward and reverse mechanism is independent of CO2 and CO adsorption sites. 

Nickel has excellent hydrogenation catalytic activities, which leads its catalyst to be more 

selective for methane production rather than CO. However, oxide-supported Ni nanoparticles 

with high oxygen capacities are still considered for the RWGS [73]. On the other hand, iron-

based catalyst shows significant activities towards the RWGS due to their stability. Kim et al. 

[97] investigated the catalytic activities of Fe-oxide nanoparticles for the RWGS reaction at 

600C. Characterization studies revealed that atomic C and O formed during the reaction over 

Fe-oxide surface, which then penetrates into the bulk of iron oxide and forms iron carbide. 

Consequently, the surface Fe structure remains unchanged, which leads to long term stability 

of the catalyst. Loiland et al. [98] studied the RWGS reaction over alumina supported Fe and 
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K promoted alumina supported Fe catalysts at 723 K and 753 K and atmospheric pressure. 

Both catalysts show high CO selectivity (>99%). It was found out that the addition of K 

increases the reaction rate 3 times. In-situ DRIFT studies show stable intermediate formation 

over K supported catalyst while no stable intermediates were observed on the non-prompted 

catalyst. Promoter helps better Fe dispersion along with the formation of stable intermediates 

that leads to the formation of CO.  

2.6.1.3 Atomically Dispersed Supported Metal Catalysts 

As discussed before, metal particle size plays an important role in CO2 hydrogenation 

reaction catalyst stability and selectivity [74]. Currently, single-atom dispersed catalysts are of 

much interest because of the high catalytic performance and well defined structure [99, 100]. 

Matsubu et al. [101] prepared TiO2 supported Rh catalysts containing atomically dispersed Rh 

isolated sites (Rhiso) and Rh-nanoparticles (RhNp). They observed a very strong correlation 

between turnover frequency of the RWGS and isolated Rh sites. During the reaction, induced 

disintegration of RhNp to Rhiso was observed, which leads to control of the change in reactivity 

with time. Furthermore, they demonstrated that the nanoparticles and isolated single atoms of 

the same material show different selectivity (shown in Fig. 2.17).   

 

 

Figure 2.17: Rh particles size effect on CO2 hydrogenation [101]. 
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Similarly, Kwak et al. [102] synthesized atomically dispersed alumina and MWCNT(multiwall 

carbon nanotubes) supported Pd catalyst. Alumina supported Pd shows efficient conversion of 

CO2 to CO, while MWCNT supported Pd catalyst shows poor selectivity (Fig. 2.18). However, 

the addition of La2O3 made Pd/MWCNT active for RWGS. This clearly shows that a dual 

functionality of the catalyst is needed for CO2 hydrogenation. It requires an active site of 

catalyst that can activate CO2 and a metallic component that can dissociate H2.  

 

 

 

Figure 2.18: RWGS reaction over single atom Pd on different supports and the effect of La 

dopant [102]. 

 

2.6.2 Transition Metal Carbide Catalysts 

In 1973 Levy and Boudart first show the platinum like behavior of tungsten carbide [103]. 

After this revolutionary work, transition metal carbides (TMCs) received tremendous attention 

in utilizing them for CO2 hydrogenation. TMCs behave like noble metals and are less 

expensive. Porosoff et al. [104] studied the CO2 conversion to CO over six different TMCs 

(TiC, ZrC, NbC, TaC, Mo2C, WC). They showed that the activity of carbides for CO2 

hydrogenation could be easily predicted by OBE (oxygen binding energy) because the 
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formation of the oxy-carbide and the subsequent removal of O is the main crucial steps in the 

CO2 conversion catalytic cycle. DFT studies show that for TMCs with high OBE, like TiC, it 

is not easy to remove surface oxygen to complete CO2 reduction catalytic cycle, whereas TMCs 

with low OBE, such as Mo2C are highly active in adsorbing and dissociation of CO2. Liu et al. 

[105] also show that polycrystalline α-Mo2C is a highly efficient catalyst towards RWGS. It 

gives about 16% CO2 conversion at 400C and CO selectivity of >99%. Xu et al. [106] also 

studied β-Mo2C supported metal (Cu, Ni, Co) catalyst for the hydrogenation of CO2. All the 

catalysts (Cu/β-Mo2C, Ni/β-Mo2C, Co/β-Mo2C) show high activity in CO2 hydrogenation with 

different selectivity towards CO, CH4, and hydrocarbons shown in Fig. 2.19. Cu/β-Mo2C show 

high selectivity for CO and methanol formation, while Ni/β-Mo2C and Co/β-Mo2C show very 

high activity in decomposing CO2 and leads to form CH4 and CnH2n+n hydrocarbons, 

respectively.  

 

 

Figure 2.19: Reaction selectivity of Cu/β-Mo2C, Ni/β-Mo2C, Co/β-Mo2C catalysts [106]. 

 

Zhang et al. [107] have synthesized a series of Cu/β-Mo2C catalysts via a temperature-

programmed carburization method by using Cu-MoO3 as the precursor. These catalysts exhibit 

extraordinary RWGS reaction activity (showing a mass specific conversion rate of 47.7×10−5 

mol CO2 g-cat−1 s−1) and stability (maintaining 85% of initial activity after 40 h time on stream). 
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The excellent performance of Cu/β-Mo2C in the high temperature RWGS reaction (600°C) is 

due to the strong interaction between Cu and the hexagonal β-Mo2C support, which greatly 

enhances the copper dispersion and prevents the agglomeration of Cu particles under real 

working condition. The stabilized Cu nanoparticles show great advantages over traditional Cu-

based catalysts.      

2.6.3 Mixed Metal and Metal Oxide Catalysts 

In the CAMARE process, ZnO is used as the RWGS catalyzing agent. However, ZnO starts 

losing its activity gradually when it is exposed to high flow rates and high reaction temperature. 

Joo and Jung [108] and Park et al. [109] synthesized several ZnO and ZnO/Al2O3 catalysts by 

varying the Zn/Al ratio to improve the high temperature stability. Park et al. showed that in the 

presence of large ZnO particles, the stability of ZnO/Al2O3 catalyst highly improved. 

Therefore, the ZnO/Al2O3 having Zn/Al ratio of 4 was more stable than ZnO/Al2O3 catalyst 

with Zn/Al ratio of 1. Joo and Jung found out that ZnO/Al2O3, calcined at 850°C before 

reaction, shows constant stability for 240 h at a reaction temperature of 600°C and is 100% CO 

selective. They also showed that this high stability of the ZnO/Al2O3 (calcined at 850°C) was 

due to the formation of ZnAl2O4 spinel structure that prevents the reduction of ZnO.  

Mixed oxides, such as ZnxZr1 −x O2 −y[110], Nix Ce0.75 Zr0.25−xO2[111], and 80 wt% Fe2O3–

Ce0.5 Zr0.5O2 [112], show promising results in RWGS due to their high oxygen mobility and 

high temperature reducibility. Kim et al. [113] doped Y, Zn, and Ce into barium zirconate-

based perovskite-type catalysts to catalyze the RWGS reaction. The Zn- and Y-doped barium 

zirconate (BZYZ) catalyst showed an outstanding activity for the RWGS reaction even at an 

intermediate temperature of 600°C. In contrast, the insertion of additional Ce into the BZYZ 

structure did not have any positive effect on catalytic activity for the RWGS reaction because 

of the appearance of a Zn- deficient surface structure and chemical instability of the catalyst. 
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Wang et al. [114] showed that incorporation of CeO2 with In2O3 increases the surface area of 

catalyst. CeO2 helps to adsorb dissociative H2 and intermediate carbonates while creating more 

oxygen vacancies. The interaction of In2O3-CeO2 catalyst creates a synergistic effect, which 

leads to outstanding activity for the RWGS.    

2.6.3.1 Ceria Based Catalysis for RWGS 

Recently, apart from the highly active noble metals (Pt, Pd, Rh etc.) and transition metals 

(like Cu and Ni) the rare earth metal Ce received significant attention due to its highly active 

behavior. CeO2 (Ceria) based catalysts show promising results in RWGS because of their high 

oxygen capacity. CeO2 can lose O2- atom at high temperature and reduce cerium from Ce4+ to 

Ce3+, creating an oxygen vacancy in the crystal lattice while keeping the crystalline structure. 

This oxygen vacancy acts as the leading active site for catalytic reactions [23, 115]. Table 2.3 

outlined all the potential catalysts that have been deployed so far for the thermo-catalytic 

RWGS application. It can easily be seen that only a few studies have been reported over 

unsupported ceria for the application of the RWGS reaction [18-22]. These studies reported 

either low selectivity to CO generation or low CO2 conversion to CO. 

Dai et al. [20] reported the RWGS studies over unsupported (bulk) ceria prepared using 

three different synthesis methods, including hard templet (Ce-HT), complex (Ce-CA), and 

precipitation method (Ce-PC). 50mg of each catalyst was tested for a temperature range of 

300°C-580°C in a quartz tube reactor at atmospheric pressure. Feed gas comprising of CO2 

(10.0% vol), H2 (40% vol), and Ar (50% vol) was flown over the packed bed at the GHSV of 

60,000 ml gcat
-1 h-1. All three catalysts at all temperatures showed 100% CO selectivity and 

maximum CO2 conversion of 15.9%, 9.3%, and 12.7% for Ce-HT, Ce-CA, and Ce-PC, 

respectively, at 580°C. Kovacevic et al. [22] reported the RWGS reaction activity over three 

different morphological shapes (cubes, roads, and particles) of bulk ceria. Activity tests were 

performed in a quartz tube reactor at the atmospheric pressure and at a constant temperature of 
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580°C using a feed gas (30 ml min-1) mixture of 3% H2, 37% CO2, and 60% N2. In each run, 

the amount of catalyst was adjusted to maintain the CO2 conversion less than 5% to ensure no 

discrepancy in the experiments. Nanocubes shows the maximum rate of approximately 78 

µmol gcat
- 1 min-1 CO produced. A minor deactivation was also observed in all the experiments. 

Similarly, Liu et al. [21] also studied the RWGS phenomena over bulk ceria  (cubes, rods, and 

octahedra) and Ni supported ceria (nano-cubes)  prepared via hydrothermal and wet 

impregnation method, respectively. Catalysts were tested at atmospheric pressure for the 

temperature range of 400°C-800°C. A reaction gas mixture of  H2:CO (1:1) was flown over the 

fixed bed at the rate of 100 ml min-1. All bulk ceria catalysts showed 100% CO selectivity 

above 500°C, while the ceria nanocubes showed the highest CO2 conversion at all 

temperatures. Maximum, Less than 50% CO2 conversion was observed for ceria nanocubes at 

800°C. On the other hand, Ni-supported nanoceria showed better CO2 conversion and CO 

selectivity at all temperatures. Maximum approximately 50% CO2 conversion was recorded at 

800°C. These studies show minor deactivation, low surface area, or low CO2 conversion rates 

even at a temperature as high as 800°C. Therefore, considering the potential of ceria for RWGS, 

there is a strong need to investigate the RWGS over ceria (at Temperature up to 600°C) 

prepared via a method other than already been taken, like reverse microemulsion (RME). To 

the best of the author’s knowledge, this study has not been reported in the catalysis field before.  
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Table 2.3: RWGS process performance of different heterogeneous catalysts 

year Catalyst T(°C) Pressure (bar) Feed H2:CO2 CO2 Conversion (%) CO Selectivity (%) Reference 

1989 Rh/TiO2 300 10.13 1:1 - - [116] 

 Rh-Na/TiO2 260   - -  

 Rh/Nb2O5 220   - -  

 Rh-Na/ Nb2O5 200   - -  

 Rh/MgO 200   - -  

 Rh/ Nb2O5 200  3:1 - -  

 Rh/ZrO2 200   - -  

 Rh/TiO2 300   - -  

1991 5% wt Au/ZrO2 260 17 3:1 ~12 80 [85] 

1992 Cu/ZnO 165 1 9:1 - - [117] 

1994 Pd/Al2O3 260 1 1:1 - 78 [118] 

 Pd/La2O3/Al2O3    - 70  

 Pd/PrO2/Al2O3    - 76  

 Pd/CeO2 (5)/Al2O3    - 87  

 Pd/CeO2 (10)/Al2O3    - 81  

1997 CuO/ZnO/Al2O3 250 1 6:1 17 - [119] 

1998 Li/RhY(Li:Rh = 0) 250 30 3:1 24.1 0.3 [81] 

 Li/RhY(Li:Rh = 3)    12.0 3.7  

 Li/RhY(Li:Rh = 7)    11.1 27.6  

 Li/RhY(Li:Rh = 10)    13.1 86.6  

1999 Cu-Ni/ɣAl2O3 600 1 1:1 28.7 79.7 [120] 

2000 10 wt.% Cu/Al2O3 500 1 1:9 60 - [94] 

2001 10% Cu-0.3%Fe/SiO2 600 1 1:1 12 - [64] 

2001 1 wt.% Rh/SiO2 200 50 3:1 52 88.1 [121] 

2003 9% Cu/SiO2 600 1 1:1 1 - [122] 

 9% Cu-1.9% K/SiO2    12.8 -  

2003 Cu-ZnO 240 1 CO2:H2:He ; 1:1:8 7-12 - [93] 

 Cu-Zno/Al2O3    4-15 -  

2003 ZnO (calcined 500 °C) 650 1 3:1 62.7 - [108] 

 Al2O3 (calcined 500 °C)    20 -  

 ZnO/Al2O3 (Zn: Al= 1:2) (calcined 500°C)    54 -  

 ZnO (calcined 850 °C)    49.4 -  

 Al2O3(calcined 850 °C)    22 -  

 ZnO/Al2O3 (calcined 850 °C)    41.7 100  
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Table 2.3(Contd) 

Year Catalyst T(°C) Pressure (bar) Feed H2:CO2 CO2 Conversion (%) CO Selectivity (%) Reference 

2004 0.3% Fe/SiO2 600 1 1:1 1 - [123] 

 10% Cu/SiO2    2 -  

 Cu-Fe/SiO2(Cu/Fe = 10:0.3)    15 -  

 Cu-Fe/SiO2(Cu/Fe = 10:0.8)    16 -  

2004 2% Pt/CeO2 225  4:1 13.7 - [124] 

2008 2%Ni/CeO2 400 1 1:1 7 77 [125] 

 CeO2    ~0.1 100  

2010 Mn 12% /Fe 17% /Al2O3 (wt.%) 290 13.8 3:1 37.7 10.7 (%CO Yield) [126] 

 Ce 2% / Mn 12% / Fe 17% /Al2O3 (wt.%)    38.6 11.5(%CO Yield)  

 Ce 10 % / Mn12 % / Fe 17% /Al2O3 (wt.%)    35.8 17.5(%CO Yield)  

2010 2% Rh/TiO2 270 20.26 1:1 7.89 14.5 [127] 

 2% Rh-2.5% Fe/TiO2    9.16 28.4  

 2.5% Fe/TiO2    2.65 73.0  

2010 Pt/Fe2O3@SiO2(Photo-deposition) 500  H2 , CO2, Ar ;  

2.5, 5, 2.5 mL/min 

- 100 (14%CO Yield) [78] 

 Pt/Fe2O3@SiO2(Hydrothermal)    >Photodeposition 100   

2011 Pt-Co/MCF-17 300 5.5 3:1 5 99 [128] 

 Pd/Al2O3 260 1 1:1 - 78  

 Pd/CeO2/Al2O3 260 1 1:1 - 87  

 Pd/La2O3/Al2O3 260 1 1:1 - 70  

 Pd/La-ZrO2 150 - 1:1 30 98.2  

2012 1% Pt/Al2O3  875 - 10:7 42 - [77] 

 1% Pt/TiO2  -  48 -  

2012 Pt/TiO2 300 - - 15 - [129] 

2012 CeO2-Ga2O3 500 1 1:1 11 - [130] 

2013 Fe/Al2O3 600 10 1:1 - 35(%CO Yield) [131] 

 Mo/Al2O3    - 33(%CO yield)  

 Fe-Mo/Al2O3    - 37(%CO Yield)  

2013 NiO/SBA-15 400 1 1:1 5 100 [132] 

  900   55   

2013 Ni-CeO2 750 1 1:1 40 100 [133] 

2013 Au/TiC 227-327 0.5 CO2, 4.5 H2 - - <Cu/TiC [84] 

 Cu/TiC   - - >Au/TiC  

 Ni/TiC   - - >Cu/TiC  
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Table 3(Contd) 

Year Catalyst T(°C) Pressure (bar) Feed H2:CO2 CO2 Conversion (%) CO Selectivity (%) Reference 

2013 PtNi/CeO2 300 0.04(30Torr) 3:1 10(fixed) 60.7(CO/CH4 ratio) [76] 

 Pt/CeO2     150.7  

 Ni/CeO2     27.5  

 PdNi/CeO2     31.9  

 PtCo/CeO2     259.4  

 Co/CeO2     43.0  

 PtNi/ɣ-Al2O3     62.1  

 Pt/ɣ-Al2O3     200.5  

 Ni/ɣ-Al2O3     40.1  

 PdNi/ɣ-Al2O3     46.5  

 PtCo/ɣ-Al2O3     245.8  

 Co/ɣ-Al2O3     73.9  

2014 (1 wt% NiO/CeO2)/ 50% wt SBA-15 750 1 1:1 40 100 [134] 

 (3 wt% NiO/CeO2)/ 50% wt SBA-15    45   

2014 BaZr0.8Y0.2O3 600 - 1:1 26.7 93 [113] 

 BaZr0.8Y0.16Zn0.04O3  - 1:1 37.5 97  

 BaCe0.2Zr0.6Y0.16Zn0.04O3  - 1:1 36.3 94  

 BaCe0.3Zr0.3Y0.16Zn0.04O3  - 1:1 22.3 92  

 BaCe0.7Zr0.1Y0.16Zn0.04O3  - 1:1 10.8 74  

2014 10% mol La-ZrO2  150 - 1:1 18 100 [59] 

 1% wt Pt/10% mol La-ZrO2  -  40 99.5  

 1% wt Pd/10% mol La-ZrO2  -  30 98.2  

 1% wt Ni/10% mol La-ZrO2  -  28 96.5  

 1% wt Fe/10% mol La-ZrO2  -  28 100  

 1% wt Cu/10% mol La-ZrO2  -  28 100  

2014 PtCo/CeO2 300.85 1 2:1 6.6 4.5(CO:CH4) [135] 

 PdNi/CeO2    2.5 0.6  

 Mo2C    8.7 14.5  

 7.5 wt% Co/Mo2C    9.5 51.3  

2014 Ni 550 1 3:1 47.4 74.4 [111] 

 Ni+NiCeZr (physical Mix)    48 87.5  

2014 Rh/Al2O3 403 1 4:1 - 40 [136] 

 Rh/Al-K 444   - 52  

 Rh/Al-Ba 444   - 100  

2014 Mo/ɣAl2O3 600 1 1:1 13 97 [137] 

 Ni-Mo/ɣAl2O3    35   
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Table 2.3(Contd) 

Year Catalyst T(°C) Pressure (bar) Feed H2:CO2 CO2 Conversion (%) CO Selectivity (%) Reference 

2015 Au/SiO2 300 8.1 2:1 - - [83] 

 Au-MoOx/SiO2    - -  

2015 Au-TiO2 (Deposition-Precipitation) 400 7.5 2:1 - 100 [86] 

 Au-CeO2 400   -   

 Au-Al2O3  400   -   

 Cu-TiO2 (Impregnation) 400   -   

2015 Fe-Oxide NPs 600 - 1:1 38 >85 [97] 

2015 β -Mo2C  200 20 5:1 6 39 [106] 

 Cu/ β-Mo2C    4 44  

 Ni/ β-Mo2C    8 37  

 Co/ β-Mo2C    9 31  

 β-Mo2C 250   17 34  

 Cu/ β-Mo2C    13 40  

 Ni/ β-Mo2C    21 29  

 Co/ β-Mo2C    23 24  

2015 0.5% w/w Rh/TiO2 200 - 1:10 - - [101] 

 2% w/w Rh/TiO2  -  - -  

 4% w/w Rh/TiO2  -  - -  

 6% w/w Rh/TiO2  -  - -  

2015 Ni/Ce-Zr-O 700 1 1:1 - 93 [138] 

2015 TiC 300  2:1  0.0(CO:CH4) [104] 

 ZrC     0.0  

 NbC     17.1  

 TaC     0.0  

 Mo2C     154.3  

 WC     20.1  

2016 La0.75Sr0.25FeO3 550 1 1:1 15.5 95 [56] 

2016 Pt/SiO2 200 7.1 2:1 - - [79] 

 PtMo0.15/SiO2    - -  

 PtMo0.3/SiO2    - -  

 PtMo0.45/SiO2    - -  
2016 Fe/ɣAl2O3 450, 480 1 1:1 - >99 [98] 
 Fe-K/ɣAl2O3    - >99  
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Table 2.3(Contd) 

Year Catalyst T(°C) Pressure (bar) Feed H2:CO2 CO2 Conversion (%) CO Selectivity (%) Reference 

2016 Rh/A (A = ɣAl2O3) No High Temp. Treatment 350 1 H2:CO2:N2 ; 1:1:3 ~11 ~0.2(%CO Yield) [82] 

 Rh,K/A 350   ~4 ~1.8(%CO Yield)  

 Rh,Ni/A 350   ~6.8 ~2.2(%CO Yield)  

 Rh,K,Ni/A 350   ~8.8 ~7.6(%CO Yield)  

 Rh/A (A = ɣAl2O3) High Temp. Treated at750 °C 350   ~7.8 ~0.2(%CO Yield)  

 Rh,K/A 350   ~2.2 ~1(%CO Yield)  

 Rh,Ni/A 350   ~12 ~4(%CO Yield)  

 Rh,K,Ni/A 350   ~11 ~9(%CO Yield)  

2016 In2O3 500 - 1:1 16 - [114] 

 In2O3:CeO2 = 3:1 w/w    17 -  

 In2O3:CeO2 = 1:1 w/w    20 -  

 In2O3:CeO2 = 1:3 w/w    11 -  

 In2O3:CeO2 = 1:9 w/w    9 -  

 CeO2    2.5 -  

2016 CeO2-Cubes (Hydrothermal method) 560 1 H2, CO2, N2 <5% 71 µmol . gcat
-1 min-1 [22] 

 CeO2-Rods   3%, 37%, 60  61 µmol . gcat
-1 min-1  

 CeO2-Particles (Decomposition of Ce(OH)4)     24 µmol . gcat
-1 min-1  

2016 CeO2-nanocube 800 1 1:1 ~46 100 [21] 

 CeO2-nanorod    ~43   

 CeO2-nanooctahera    ~37   

 Ni/CeO2-nanocube    ~48   

2017 Cu/β-Mo2C 300 1 2:1 ~6 96.5 [107] 

  400   ~17 97.6  

  500   ~30 99.0  

  600   ~38 99.2  

2017 Ni-CeO2 400 1 4:1 69.21 28 [139] 

 Co-CeO2    34.91 63  

 Fe-CeO2    8.69 100  

 Mn-CeO2    8.12   

 Cu-CeO2    31.34   

2017 Pt/TiO2 400 1 1:1 14.9 100 [74] 

2017 Co/CeO2 550 1 1:1 24.8 100 [140] 

2017 Fe/Al2O3 600 1 4:1 ~58 >99 [141] 

 Fe-Cu/ Al2O3    ~60 >99  

 Fe-Cs/ Al2O3    ~62 >99  

 Fe-Cu-Cs/ Al2O3    ~64 >99  
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Table2.3 (Contd) 

Year Catalyst T(°C) Pressure (bar) Feed H2:CO2 CO2 Conversion (%) CO Selectivity (%) Reference 

2017 Cu/Al2O3 360 3 1:1 ~7(%CO by Vol) - [92] 

 Cu/CeO2    ~8.5(%CO by Vol) -  

 Cu/TiO2    ~4(%CO by Vol) -  

 Cu/ZrO2    ~1.5(%CO by Vol) -  

 Cu/SiO2    ~1.5(%CO by Vol) -  

2017 0.1%Ir/TiO2 (atomic Ir) 350 1 45%H2,45%CO2,10%He 2.1 ~100 [142] 

 0.5%Ir/TiO2 (atomic Ir)    2.1 ~95  

 1%Ir/TiO2 (atomic Ir)    2.1 ~85  

 2%Ir/TiO2 (atomic Ir)    2.1 ~30  

 5%Ir/TiO2 (atomic Ir)    2.1 21.8  

 1%Ir/TiO2(nanoparticle Ir)    2.1 ~70  

 1%Pt/TiO2(nanoparticle Pt)    ~14 ~90  

 1%Au/TiO2(nanoparticle Au)    ~9 ~100  

2017 Pt/L 500 1 1:1 13.1 100 [80] 

 K80-Pt/L    27.4   

2017 Pt/mullite 550 1 1:1 22.9 83.9 [143] 

 K-Pt/mullite    30.9 99.2  

2017 Ce1.2Cu1 400 1 40%H2,10%CO2,50%Ar - 100 [144] 

 Ce1.1Cu1    -   

 Ce1Cu1.1    -   

 Ce1Cu1.2    -   

2017 α-Mo2C 400 1 H2:CO2:N2 ; 1:1:3 ~16 >99 [105] 

2018 CeO2 (Hard Templet method) 580 1 H2:CO2:Ar ; 40:10:50 16 100 [20] 

 CeO2(Complex Method)    9 100  

 CeO2(Precipitation Method)    13 100  

2018 Co NCs 250 1 CO2:H2:Ar ; 50:1:19 5.9 96.1 [145] 

 Co@CoO NCs    14.1 >99  

 Co@CoO-N NCs    19.2 >99  

2018 CuFe/Al2O3  700  1:1 42 - [146] 

2018 C/CeO2-NR(Nano-Rod) (Calcined 900 °C) 

Cu/CeO2-NS(Nano-Sphere) 

450 1 5:1 52 

42 

- [147] 

2018 Au/TiO2 

Au/Al2O3 

450 - 4:1 ~42 

~20 

100 

 

[148] 
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Table2.3(Contd) 

Year Catalyst T(°C) Pressure (bar) Feed H2:CO2 CO2 Conversion (%) CO Selectivity (%) Reference 

2018 Ni/Al 

Ni/CeAl 

NiCr/CeAl 

NiFe/CeAl 

750 1 4:1 ~59 

~60 

~70 

`72 

~95 

~95 

~85 

~95 

[149] 

2018 Ru/CeO2 (5wt.%) 

Ru/SDC(5wt.%) 

Fe/SDC(5wt.%) 

Ru20Fe80/SDC(5wt.%) 

Ru45Fe55/SDC(0.5wt.%) 

Ru45Fe55/SDC(1wt.%) 

Ru45Fe55/SDC(2wt.%) 

Ru45Fe55/SDC(3wt.%) 

Ru45Fe55/SDC(5wt.%) 

750 1 1:1 - 40(%CO Yield) 

40(%CO Yield) 

~42(%CO Yield) 

~40(%CO Yield) 

~41(%CO Yield) 

~40(%CO Yield) 

~47.5(%CO Yield) 

~51(%CO Yield) 

~50(%CO Yield) 

[150] 

2018 P20 80 (Cu20Ce80 ; N2 1bar ;Pyrolysis) 

P40 60 (Cu40Ce60 ; N2 1bar; Pyrolysis) 

Pf20 80 (Cu20Ce80 ; N2 1bar: Flash Pyrolysis) 

Pf40 60 (Cu40Ce60 ; N2 1bar; Flash Pyrolysis) 

Pf20 80(Cu20Ce80; Air 1bar; Flash Pyrolysis) 

400 1 15%H2,15%CO2,70%Ar ~4 

~0 

~9 

~1 

~17 

100 

 

 

 

[151] 

2018 2%Ni/M1 (M1 is surfactant assisted MgO) 

5%Ni/M1 

7%Ni/M1 

7%Ni/M2 (M2 is ultrasonic assisted MgO) 

10%Ni/M1 

15%Ni/M1 

400 1 1:1 ~4 

~6 

~14 

~17 

~17 

~17 

>99.5 

>94 

>79.2 

>71 

>62 

>53 

[152] 

2018 U-Cr/ZrO2 

C-Cr/ZrO2  

R-Cr/ZrO2 

C-Cr/ZrO2 

I-Cr/ZrO2 

ZrO2 

Cr2O3 

17%Cr/Al2O3 

600 1 1:1 ~36 

38.34 

~30 

38.34 

~30 

~7 

~12 

~22 

100 

 

[153] 
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Table2.3(Contd) 

Year Catalyst T(°C) Pressure (bar) Feed H2:CO2 CO2 Conversion (%) CO Selectivity (%) Reference 

2018 0.5%Ru/CeO2 

0.5%Ru/Al2O3 

0.5%Ru/TiO2 

250 1 4:1 5 

5 

5 

<98 

60 

80 

[154] 

2018 CeO2-M 

1% Co-CeO2-M 

2%Co- CeO2-M 

5%Co- CeO2-M 

10%Co- CeO2-M 

5%Co- CeO2-CP 

5%Co- CeO2-IM 

600 1 1:1 ~2.5 

~17 

~25 

~34 

~36 

~35 

~28 

100 

<99 

<99 

<99 

<98 

<99 

<99 

[155] 

2018 Fe/Al2O3 

1% CsFe/Al2O3 

2.5% CsFe/Al2O3 

5% CsFe/Al2O3 

600 1 4:1 55 (12,000GHSV) 

60 

65 

68 

~95 

~85 

~90 

~99 

[156] 

2018 CuSBA-0.2g 

SCuCe-0.2g 

SCuCe-0.05g 

300 1 3:1 ~5 

~18 

~6 

<98 

100 

100 

[157] 

2019 β-Mo2C 450 1 3:1 58 (20,000GHSV) 62 [158] 

2019 5%Cu/CeO2 

5%Fe/CeO2 

40% CuZn/Al2O3-commercial 

5%Cu0.8Fe/CeO2-DP 

5%Cu1.6Fe/CeO2-DP 

5%Cu3.2Fe/CeO2-DP 

1.6Fe/CeO2 

600  H2:CO2:Ar ; 3:3:4 ~22.5 

~16 

~11 

~24 

~27 

~26 

~21 

- [159] 

2019 Pt/TiO2 

Pt/20%CeO2-TiO2 

Pt/10%CeO2-TiO2 

Pt/5%CeO2-TiO2 

Pt/1%CeO2-TiO2 

600 1 - ~34 

~38 

~38 

~38 

~36 

100 [160] 

2019 CuSiO/CuOx 

TiO2/CuO 

SiO2/CuOx 

500 1 H2, CO2, Ar  

72%, 24%, 4%  

17.8 

6.6 

6.2 

100 [161] 
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Table2.3(Contd) 
Year Catalyst T(°C) Pressure (bar) Feed H2:CO2 CO2 Conversion (%) CO Selectivity (%) Reference 

2019 MOF-74 

Au@Pd@MOF-74-5 

Au@Pd@MOF-74-20 

Au@Pd@MOF-74-40 

Au@Pd@MOF-74-100 

Pt/MOF-74-12 

Pt/MOF-74-24 

Pt/MOF-74-24 

Pt/MOF-74-24 

Pt/MOF-74-24 

Pt/MOF-74-24 

Pt/MOF-74-24 

Pt/MOF-74-24 

Pt/MOF-74-36 

Pt/Au@Pd@ MOF-74 

Pt/ZnO 

400 

 

 

 

 

 

350 

375 

400 

 

 

 

 

 

 

 

2 

 

 

 

 

 

 

 

 

1 

4 

2 

 

 

 

 

3:1 

 

 

 

 

 

 

 

 

 

 

1:1 

5:1 

3:1 

 

 

11.2 (24,000GHSV) 

7.8 

8.2 

10.7 

10.1 

18.1 

1.9 

22.4 

33.8 

19.5 

40.6 

25.5 

33.4 

27.3 

27.4 

33.2 

99.1 

99.8 

99.3 

100 

100 

100 

100 

100 

99.7 

99.7 

99.4 

99.8 

99.5 

99.7 

99.6 

99.7 

[162] 

2019 Fe/ Al2O3 

Ni-Fe/ Al2O3 

Co-Fe/ Al2O3  

Fe/ Al2O3 

Ni-Fe/ Al2O3 

Co-Fe/ Al2O3 

Fe/ Al2O3 

Ni-Fe/ Al2O3 

Co-Fe/ Al2O3 

650 1 1:1 

 

 

3:1 

 

 

5:1 

 

 

- 

- 

- 

- 

- 

54.9 

- 

- 

- 

~27 (%COYield) 

~29 (%COYield) 

~30 (%COYield) 

~27 (%COYield) 

~37 (%COYield) 

42.8 (%COYield) 

~38 (%COYield) 

~51 (%COYield) 

~54.9 (%COYield) 

[163] 

2019 Co-400R (reduced at 400 °C) 

Co-400R 

Co-600R (reduced at 600 °C) 

Co-600R 

400 

500 

400 

500 

1 1:1 12.3 

29.4 

45.8 

54.2 

71.6 

80.9 

97.2 

99.9 

[164] 

2019 5 wt.% Ti4O7-doped SCY (SCY-b) 

Quartz Particles 

1000 1 1:1 52 

13 

47 (% CO yield) 

12 (% CO yield) 

[165] 

2019 Co-C-700 (pyrolyzed at 700 °C) 

Co-C-N-700 

450 1 2:1 ~29 

~32 

89 

90 

[166] 
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Table2.3(Contd) 
Year Catalyst T(°C) Pressure (bar) Feed H2:CO2 CO2 Conversion (%) CO Selectivity (%) Reference 

2019 Cu/ZnO/Al2O3  

(40/50/10 wt.%) 

Cu/Al2O3 

Cu/ZnO 

Ru-Cu/ZnO/Al2O3  

(0.5/39.8/49.75/9.95 wt.%) 

Ru/ZnO/Al2O3  

(0.5/82.92/16.58 wt.%) 

Ru/Al2O3  

(0.5/0.95 wt.%) 

500 3 4:1 17  

 

40 

58 

46 

 

30 

 

64 

 

100 [167] 

2019 Commercial Mo2C 

β-Mo2C 

Cu- Mo2C 

Cs- Mo2C 

Cu-Cs- Mo2C 

550 1 4:1 ~42 (12,000 GHSV) 

~59 

~57 

~52 

~59 

~85 

~85 

~95 

~99 

~80 

[168] 

2019 Fe3O4 480 1 

 

 

H2:CO2:He ; 1:1:4.6 

1:4:1.6  

4:1:1.6 

12.5 

4.4 

33.7 

100 

100 

98.6 

[169] 

2019 α- MnO2 nanowires 

δ- MnO2 nanosheets 

ε-MnO2 nanoflowers 

890 

850 

900 

1 H2:CO2:Ar ; 1:1:3 43 

50 

20 

100 

100 

100 

[170] 

2019 2%Ni/Al2O3 

5% Ni/Al2O3 

7% Ni/Al2O3 

10% Ni/Al2O3 

5% Ni-1Mg/Al2O3 

5% Ni-1K/Al2O3 

5% Ni-2K/Al2O3 

5% Ni-1Ce/Al2O3 

5% Ni-1La/Al2O3 

5% Ni-2La/Al2O3 

600  1:1 ~27(15,000GHSV) 

~31 

~32 

~32.5 

~32.5 

~33 

~34 

~32.5 

~34 

~33 

~95 

~94 

~93 

~92 

~90 

~89 

~90 

 

[171] 

2019 Ni-Co-Mo/Al2O3 400 7 - 60 100 [172] 
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Table2.3(Contd) 
Year Catalyst T(°C) Pressure (bar) Feed H2:CO2 CO2 Conversion (%) CO Selectivity (%) Reference 

2019 CeO2-NR (Nano-Rod) 

CeO2-NC (Nano-Cube) 

Cu/ CeO2-NR 

Cu/CeO2-NC 

Co/ CeO2-NR 

Co/CeO2-NC 

400 1 9:1 21.1 (20,000GHSV) 

19.3 

55 

50.1 

84.9 

87.7 

88.5 

89.8 

97 

97.5 

5.5 

3.7 

[19] 

2019 NP-Cu-R 

NP-Cr2O3/Cu-R 

400 1 20%H2, 5%CO2, 75%Ar  2 

20 

100 

100 

[173] 

2020 Ni-ZnO/MCM-41 

1%Ni ; 9%Zn (wt.%) 

2.5%Ni ; 7.5%Zn 

5%Ni ; 5%Zn 

7.5%Ni ; 2.5%Zn 

9%Ni ; 1%Zn 

600 1 1:3  

~2 

~2 

~30 

~37 

~58 

 

98.5 

85.9 

98.9 

98.4 

96.2 

[174] 

2020 Co@SiO2 

1%NiCo@SiO2 

2%NiCo@SiO2 

600 1 4:1 ~56 

~60 

~58 

~61 

~70 

~70 

[175] 

2020 15%Ni/Zno-Al2O3 (Calcined at 400 °C)  

15%Ni/Zno-Al2O3 (Calcined at 500 °C) 

15%Ni/Zno-Al2O3 (Calcined at 600 °C) 

15%Ni/Zno-Al2O3 (Calcined at 700 °C) 

600 1 1:1 ~33 

 

 

~34 

~88 [176] 

2020 Unpromoted-WC/γ-Al2O3 

K-WC/γ-Al2O3 

Na-WC/γ-Al2O3 

Unpromoted-WC “H2 Treated” 

K-WC/γ-Al2O3 “H2 Treated” 

Na-WC/γ-Al2O3 “H2 Treated” 

350 20 3:1 14.0 

5.3 

3.7 

24.3 

20.3 

13.6 

96.4 

100 

100 

88.0 

98.1 

100 

[177] 

2020 CeO2 

Ce0.93Ti0.07O2 

Ce0.88Ti0.12O2 

Ce0.9Ti0.05Ca0.05O1.95 

Ce0.85Ti0.1Ca0.05O1.95 

Ce0.9Ca0.1O1.9 

700 1 1:1 ~21 

~14 

~22 

~10 

~14 

~9 

- 

- 

- 

- 

- 

- 

[18] 
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Table2.3(Contd) 
Year Catalyst T(°C) Pressure (bar) Feed H2:CO2 CO2 Conversion (%) CO Selectivity (%) Reference 

2020 H@Z/S-Calcined 

Z/H@S-Calcined 

Cu/ZnO/SiO2 

400 30 3:1 31.4(3000 GHSV) 

~16 

~10 

100 [178] 

2020 Ni/CeZr 

FeNi/CeZr 

RuNi/CeZr 

RuFeNi/CeZr 

700  4:1 72(24000 GHSV) 

71 

72 

 

91 

 

 

[179] 

2020 Fe/CeAl (CeO2-Al2O3) 

FeMo/CeAl 

FeNi/CeAl 

FeCu/CeAl 

500 1 4:1 ~39 (30,000GHSV) 

~26 

~55 

~45 

~99 

100 

~51 

100 

[180] 

2020 Mo(1)/FAU 

Cu(1)/FAU 

Fe(1)/FAU 

Ni(1)/FAU 

500 1 1:1 14.3 (7500 GHSV) 

6.8 

5.9 

17.2 

99 

98 

 

45 

[181] 

2020 Micro-emuslsion method 

1%.wt CuO-ZnO/γ-Al2O3 (AM-1%) 

3%.wt CuO-ZnO/γ-Al2O3 (AM-2%) 

Incipient-wetness impregnation method 

1%.wt CuO-ZnO/γ-Al2O3 (IM-1%) 

3%.wt CuO-ZnO/γ-Al2O3 (IM-2%) 

400 1 1:1  

8.8 (36,000 GHSV) 

6.83 

 

5.07 

2.67 

 

100 

[182] 

2020 Cu 

CeO2-δ 

1Cu/CeO2-δ 

3Cu/CeO2-δ 

5Cu/CeO2-δ 

8Cu/CeO2-δ 

10Cu/CeO2-δ 

12Cu/CeO2-δ 

15Cu/CeO2-δ 

400 1 H2:CO2:Ar ; 4:1:5 0.14 mmol . gcat
-1 min-1  

0.40 mmol . gcat
-1 min-1 

1.15 mmol . gcat
-1 min-1 

1.27 mmol . gcat
-1 min-1 

1.62 mmol . gcat
-1 min-1 

1.77 mmol . gcat
-1 min-1 

1.51 mmol . gcat
-1 min-1 

1.40 mmol . gcat
-1 min-1 

1.29 mmol . gcat
-1 min-1 

100 [183] 

2020 Cu/CeO2-hs  

Cu/CeO2-np 

Cu/CeO2-nc 

600 1 3:1 ~50 

~39 

~10 

100 [184] 
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Table2.3(Contd) 
Year Catalyst T(°C) Pressure (bar) Feed H2:CO2 CO2 Conversion (%) CO Selectivity (%) Reference 

2020 ZnO:0.5Cu 

ZnO:1Cu 

ZnO:1.5Cu 

ZnO:3.5Cu 

ZnO:6.5Cu 

1Cu:ZnO 

600 1 3:1 38 

39 

41 

45 

42.5 

32.5 

- 

- 

- 

- 

- 

- 

[185] 

2020 β-Mo2C 

Mo2C@N-C(100) 

Mo2C@N-C(5) 

Mo2C@N-C(10) 

Mo2C@N-C(20) 

600 1 3:1 58 

59 

32 

45 

52 

>98 

 

 

>99.5 

>98 

[186] 

2020 MoxC-A 

MoxC-B 

MoxC-C 

MoxC-D 

MoxC-D1 

MoxC-E 

375 1 3:1 16.7 

21.0 

18.5 

18.3 

17.5 

15.5 

>91 

>97 

>91 

 

>97 

 

[187] 

2020 sCu/CeO2 (s = Cu metal loading per g of CeO2) 

1CuCe(rod) 
5CuCe(rod) 

10CuCe(rod) 

20CuCe(rod) 

40CuCe(rod) 

80CuCe(rod) 

400 1 H2:CO2:Ar 

 4: 1 : 95 (vol%) 

 

~27 

~35 

~36 

~42 

 

 

 

100 

[188] 

2020 Ni1 DD (Direct Decomposition method) 

Ni5Pd5 DD 

Ni1Pd9 

Pd1 DD 

Ni1 SI (Sol-immobilization method) 

Ni5Pd5 SI 

Ni1Pd9 SI 

Pd1 SI 

650 1 1:1 45 

50 

42 

34 

37 

38 

38 

11 

>99.99 

 

 

 

[189] 
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Table2.3(Contd) 
Year Catalyst T(°C) Pressure (bar) Feed H2:CO2 CO2 Conversion (%) CO Selectivity (%) Reference 

2020 Cu/CeO2/ZSM-5 Catalysts 

48CeZ 

3CuZ 

3Cu48CeZ 

5Cu48CeZ 

10Cu48CeZ 

3Cu20CeZ 

5Cu20CeZ 

10Cu20CeZ 

3Cu10CeZ 

5Cu10CeZ 

10Cu10CeZ 

600 1 5:1  

~17 

~5 

~55(continuous decline)  

~61(continuous decline) 

~50(continuous decline) 

~34(continuous decline) 

~39(continuous decline) 

~45(continuous decline) 

~20(continuous decline) 

~32(continuous decline) 

 

 

100 

[190] 

2020 L-K-Mo2C/γ-Al2O3 (Lab Scale Reactor) 

P-K-Mo2C/γ-Al2O3 

LC-P-Mo2C/γ-Al2O3 

P-K-Mo2C/γ-Al2O3 

P-K-Mo2C/γ-Al2O3 

P-K-Mo2C/γ-Al2O3 (Pilot Scale Reactor) 

P-K-Mo2C/γ-Al2O3(Lab Scale Reactor) 

P-K-Mo2C/γ-Al2O3 

Revitalized P-K-Mo2C/γ-Al2O3 

P-K-Mo2C/γ-Al2O3 

Cu-ZnO/Al2O3 

FeCrOx 

450 

 

 

 

 

 

 

600 

 

300 

300 

450 

21 

 

 

 

 

 

1 

21 

3:1 22.1 (36.7 L Kg-1 S-1) 

26.8 (36.7 L Kg-1 S-1) 

42.7 (36.7 L Kg-1 S-1) 

33.1 (18.3 L Kg-1 S-1) 

42.1 (1.80 L Kg-1 S-1) 

48.0 (1.70 L Kg-1 S-1) 

21.2 (1.80 L Kg-1 S-1) 

59.0 (3.70 L Kg-1 S-1) 

58.7 (3.70 L Kg-1 S-1) 

1.20 (36.7 L Kg-1 S-1) 

23.3 (36.7 L Kg-1 S-1) 

47.5 (36.7 L Kg-1 S-1) 

97.3 

99.3 

99.1 

99.88 

99.1 

98.9 

93.3 

98.1 

43.2 

99.2 

92.6 

48.6 

[191] 

2020 VC-1 (Vanadium Carbide) 

VC-2 

600 1 H2:CO2:N2 ; 3:1:1 ~33 

~44 

>99.95 

>99.95 

[192] 

2020 Cu-Al 

Co-Al 

Co-Al-AT (Alkaline Treated) 

400 1 H2:CO2:Ar ; 2:1:10 ~2 

~9.5 

~5 

100 [193] 

2021 ZnMnCoCa 1441 

MnCoCa 122 

ZnMnCoCa 111 

ZnMnCo 118 

700 1  ~49 

~55 

~39 

~55 

High [194] 
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Table2.3(Contd) 
Year Catalyst T(°C) Pressure (bar) Feed H2:CO2 CO2 Conversion (%) CO Selectivity (%) Reference 

2021 Pd@UiO-66 

Pd@PtNPs@UiO-66 

Pd@PtNCs@UiO-66 

Pd@PtNCs@UiO-66 

Pd@PtNCs@UiO-66 

Pd@PtNCs@UiO-66 

Pd@PtNCs@UiO-66 

400 

 

 

 

 

 

20 

 

 

10 

30 

20 

 

3:1 ~16(24,000 GHSV) 

~17 

~19 

~9 

~22 

~23(12,0000 GHSV) 

~15(36,0000 GHSV) 

52.3 

85.9 

72.3 

69.5 

86.2 

78.4 

83.9 

[195] 

2021 0Cs-CuCe 

1Cs-CuCe 

2Cs-CuCe 

3Cs-CuCe 

4Cs-CuCe 

450 1 9:1 ~60 77 

89 

95 

96 

98 

[196] 
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Chapter 3  

Selection of catalytic agent, support, synthesis method, catalysts preparation and 

experimental techniques 

3.1 Introduction 

The history of catalysis (making cheeses, bread, and wine) is 2000 years long [197], but it was J.J. 

Berzelius who first defined a catalyst scientifically in 1836 [198]. However, the definition presented 

by Ostwald in 1895 is considered as the most accurate until now [199]: “A catalyst is a substance that 

accelerates the chemical reaction without influencing equilibrium location and reaction 

thermodynamics." 

In industrial processes, the application of heterogeneous catalysis is more common than 

homogeneous catalysis because it is easier to separate the catalyst from products and unconverted 

reactants [200]. Heterogeneous catalysis is a surface phenomenon that requires the adsorption of the 

reactants on the solid surface preceded by the products desorption. Therefore, the catalytic properties 

are determined collectively by the solid particle's surface composition and electronic or geometric 

surface configurations [201]. For the following overall reaction (eq. 8), two types of catalytic reaction 

mechanisms are proposed in the literature [72]. Fig.3.1 shows the simple schematic of the mechanisms. 

According to reaction mechanism (a), one reactant needs to be chemisorbed on the solid surface to 

make an intermediate that will eventually react with the other reactant in the fluid phase to produce 

products. Similarly, according to the mechanism (b), both reactants must be chemisorbed on the 

surface and react to produce products. Where X, X1, and X2 represent the corresponding active catalytic 

sites. 

𝐴 + 𝐵 ↔ 𝐶 + 𝐷 (8) 
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Figure 3.1: Catalytic reaction mechanism (a) one reactant chemisorption (b) both reactant 

chemisorption. 

 

A catalytic reaction occurs at the solid-fluid interface and is directly proportional to the 

concentration of active sites X. This strongly emphasizes that to attain the desired reaction rate, a 

catalyst with a larger interfacial area is essential. In addition to the specific surface area, catalyst 

stability, reaction selectivity, and resistance to deactivation (due to coking, poisoning, and sintering) 

need to be considered while selecting a potential catalyst candidate for this study. Generally, a catalyst 

consists of a catalytic agent, support, and in some instances, the promoter. Therefore, for targeting the 

desired reaction, i.e., RWGS, it is essential to select a catalytic agent, support, and synthesis method 

that could help synthesize a catalyst with the smallest particle size (with larger surface area and active 

sites X), high selectivity towards CO, high stability in retaining the crystal structure and resistance to 

deactivation and coking. 

After a comprehensive literature review, CeO2 was selected as the potential catalytic agent, γ-Al2O3 

was selected as the support, and the reverse-microemulsion method (RME) was chosen as the catalyst 

synthesis method. The following sections will give a deep insight into each selection individually.    
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3.2 Catalytic Agent (CeO2) Selection 

Considering the primary goal of this study, CeO2 (ceria) was selected as the potential catalytic 

agent because of its high reducing abilities [202-204], 100% CO selectivity towards RWGS [20-22], 

and its ability to retain fluorite crystal structure after reduction [115, 205, 206]. 

Cerium is the amplest rare earth metal on the earth’s crust and is more common than lithium, cobalt, 

and copper [207]. Cerium oxide (ceria) has been the subject of several scientific studies in the field of 

heterogeneous catalysis for decades. It can lose O2- atom at high temperatures and reduce cerium from 

Ce4+ to Ce3+, creating an oxygen vacancy in the crystal lattice while keeping the crystalline structure. 

This oxygen vacancy acts as the leading active site for catalytic reactions [23, 115]. Fig. 3.2 shows a 

simple schematic of ceria having Ce4+, Ce3+, and oxygen vacancy [208].  Commercially, ceria is used 

as a catalyst support in three-way catalyst [209] and fuel cells as solid electrolyte [210, 211]. A three-

way catalyst simultaneously oxidizes hydrocarbon, CO, and NOx in exhaust gases, turning them into 

innocuous elements such as water, nitrogen, and CO2. In addition to commercial uses, ceria has been 

reported as an alternate material for CO oxidation [212-214], NO oxidation [215], hydrocarbons 

oxidation [216], steam reforming of bio-oil [217], and for low-temperature water-gas shift reaction 

[218-220].  
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Figure 3.2: Schematic of CeO2 showing Ce4+, Ce3+ and Oxygen vacancy [208]. 

High performance, selectivity, and long life are the backbone of many scientific pursuits in the 

synthesis and design of a catalyst. A catalyst surface morphology plays a vital role in the activity and 

the selectivity for a specific reaction [221]. Ceria could be synthesized in different morphological 

shapes, including cube, rod, wires, tubes, and octahedra with different exposed crystallographic plane 

facets (111), (100), (110), or (200) [205]. Fluorite structured ceria expose stable (111) planes [222, 

223].  Désaunay et al. [222] studied the H2 oxidation on three different morphological shapes of ceria: 

cubes (100), rods (110), and octahedra (111) and found that the H2 oxidation activity was highest on 

the (100) facets while the least on the (111) facets. Other studies reported the similar behavior of ceria 

rods to have the highest CO oxidation activity with activity trend of rods > cubes > octahedra [212-

214]. It has been reported that ceria nanoparticles generally have octahedral shapes with exposed (111) 

crystallographic planes [224, 225]. It has also been reported that pre-treatment of the ceria surface 

effectively changes the product selectivity. Mullins et al. showed that over fully oxidized ceria (111), 

methanol adsorption is preceded by formaldehyde and water desorption, while when ceria (111) was 

pre-reduced, desorption of CO and H2 took place [226].    

This concludes that cubes and rod-shaped ceria particles, having (100) and (110) exposed facets, 

are more active towards oxidation reactions, while ceria with (111) facet is the least active towards 

oxidation reaction. Table 2.3 outlined all the potential catalysts that have been deployed so far for the 

thermo-catalytic RWGS application. It can easily be seen that only a few studies have been reported 

over unsupported ceria (cubes, rods, particles) for the application of the RWGS reaction [18-22]. These 

studies said ceria cubes being the highest active with either low selectivity to CO or low CO2 

conversion to CO. Dai et al. reported the highest conversion (16% at 580°C) of CO2 to CO (with 100% 

selectivity) over the bulk ceria produced via the hard template method [20]. 

In the light of the above facts, it was necessary to study and explore the potential of RWGS over 

unsupported and supported high specific surface area octahedral shaped nano-ceria particles with 
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exposed (111) facets. To control the morphological structure of ceria in addition to higher surface area, 

a careful review was required for the selection of catalytic support and synthesis method.  

 3.3 Catalyst Support Selection 

Although the catalytic activity of a catalyst is essential, even more critical is the selectivity. 

Selectivity could be enhanced by supporting a catalytic agent over a porous metallic oxide that could 

significantly increase the specific surface area leading to an increase in active sites concentration on 

the exposed surface [72]. Porous materials provide specific surface areas up to several hundred m2 g-

1.  For example, α-alumina has areas ranging from 1-10 m2 g-1, while γ-alumina provides areas ranging 

from 100-300 m2 g-1. The high surface area supports also help in better dispersion of the catalytic agent 

that reduces the chance of sintering or agglomeration [72].   

Table 2.3 shows that the conversion and selectivity were significantly enhanced when the same 

catalytic agent was incorporated for the different supports. For example, Pettigrew et al. [118] 

incorporated various lanthanide oxides as support with Pd for RWGS studies and found the order of 

activity as CeO2> PrO2 > La2O3. Wang et al. [227] also reported that CeO2 supported Au shows higher 

activity than Au/TiO2 due to the higher oxygen mobility of CeO2. Kim et al. [77] showed that Pt/TiO2 

catalyst produces more CO2 conversion than Pt/Al2O3 because of the strong metal-support interaction 

and high reducibility of support. Similarly, Jurković et al. [92] also investigated the potential of Cu-

supported catalysts for the RWGS reaction and found out the order of activity as 

CeO2>Al2O3>TiO2>ZrO2=SiO2. Therefore, the selection of catalyst support is an essential step 

towards developing a highly active and selective supported catalyst for RWGS.  

After a careful literature review, γ-Al2O3 was selected as the potential porous support because of 

its higher specific surface area and CO selectivity.  
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3.4 Synthesis Method Selection 

After selecting the catalytic agent and support candidates for the study, the next significant and 

crucial step was selecting the synthesis method. 

 In conjunction with regulated shaped particles, the synthesis of nano-scale size with different 

atomic configurations or facets is an effective method to boost the selectivity, durability, and operation 

of heterogeneous catalysis [228-233]. It has been reported that limiting the size to nanoscale could 

introduce quantum effects [234-238]. Zhou and Huebner studied particle size's impact on the CeO2 

lattice and reported that a decrease in particle size from 60 nm to 4 nm results in doubling the amount 

of oxygen vacancies [239]. Soykal et al. reported that during steam reforming of ethanol, the smaller 

size ceria particles undergo higher reduction, leading to higher conversion at 450°C [240]. Zhang et al. 

also reported that for the controlled synthesis of nanocrystalline ceria (up to ~ 6 nm), the oxygen 

storage capacity (OSC) raised significantly [225]. Therefore, the synthesis of nano-sized ceria is 

essential for better activity and selectivity. 

Considering the uniqueness of the work, the following points were considered for the method 

selection: 

1) The synthesis method should be able to produce nano-size ceria with high specific surface area. 

2) The synthesis method should be able to produce ceria with exposed (111) facets. 

3) The synthesis method should be able to produce highly porous CeO2/γ-Al2O3.  

4) The most important objective is to deploy a synthesis method that has not been used for bulk 

CeO2 and supported CeO2/γ-Al2O3 applications specifically for reverse water gas shift 

(RWGS). 

After a comprehensive literature review, it was found that the reverse microemulsion method 

(RME) is the only synthesis method that fulfills all the above-mentioned requirements. There is 

literature available on the synthesis of CeO2 via  reverse microemulsion method  [23-26, 241, 242], 
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but these studies focus on different applications (especially oxidation). The corresponding 

maximum specific surface area and smallest particle size reported in these studies is 125 m2 g-1  

and 6 nm [23], ~53 nm [24], 185 m2 g-1 and 2.6 nm [25], 65 m2 g-1 and 15 nm [26], 2-3 nm [241], 

250 m2 g-1 (with low thermal stability) and 6 nm [242]. Considering the potential of RME method 

to produce high specific surface area, smaller particle size, and controlled morphology (targeted 

(111) facets), it is selected as the primary catalysts synthesis process for this Ph.D. studies.   

3.4.1 Reverse Microemulsion (RME) Method 

The microemulsion is a system that consists of water, oil, and surfactant. Though the appearance 

indicates homogeneity, in fact, the microemulsion comprises two distinct phases. In reverse 

microemulsions, oil is present as a continuous phase, while water, surrounded by surfactant molecules, 

is suspended in the oil phase. This water-in-oil mechanism is known as a reverse emulsion . Owing to 

the hydrophilic heads of surfactant molecules being drawn by the water, the tail stretches out of the 

water droplet. An additive is applied to the system to improve the reliability of both systems and is 

known as a co-surfactant. When various RMEs are added together, they behave as nano-reactors, 

restricting the number of reactants to prevent particle growth. As surfactant shell and micelles interact, 

the surfactant shell may accumulate, and the reactant may react [243]. Fig. 3.2 shows the simple 

schematic of the process [244].  
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Figure 3.3: (a) typical reverse micelle system, (b) various steps involved in one microemulsion process, 

and (c) reaction sequence involved in the two microemulsion nanoparticles synthesis [244]. 

 

3.4.2 RME Composition Selection 

Schulman et al. [245] were the first who introduces reverse microemulsion (RME) as a new 

synthesis method in 1959. They demonstrated that to obtain a transparent system, all the four 

components (surfactant, co-surfactant, oil, and aqueous phase) need to be present in a perfect ratio. 

They also reported that sometimes an extra amount of co-surfactant might add to get a completely 

transparent solution.  Later, it was reported that the Rw (molar ratio of water/surfactant) and strength 

of the aqueous phase in the final solution directly affects the mean particle size [25, 246, 247]. 

Therefore, to control the crystal growth and crystallite size, the catalyst synthesis's first necessary step 

was selecting the RME solution’s final ratio and strength of the aqueous phase. 
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As an initial guess, the RME composition (15, 10, 40, and 35% Vol. ;  Aqueous phase, surfactant, 

co-surfactant, and Oil phase, respectively ) was selected from our group's ongoing work on Mo2C at 

that time, published earlier this year, 2021 [248]. However, this formulation does not work to develop 

bulk RME-ceria, and several experiments were conducted to finalize the RME composition and 

aqueous phase strength. Considering the initial guess, for the aqueous phase to surfactant ratio of 1.5, 

the Rw appeared to be ~50, which was relatively high, leading towards bigger water droplets and 

eventually will be providing more space for reaction and crystal growth within the reverse micelles 

[25, 246, 247]. Thus, the ratio was decreased to 1, which significantly reduced the Rw to roughly 35. 

The next step was to find out the co-surfactant, oil phase ratios, and aqueous phase strength in the final 

mixture.  

Four different cerium nitrate solutions were prepared to determine the final ratio and strength, i.e., 

25, 50, 100, and 200 g/L. Targeting the total RME volume of 10 ml, surfactant, co-surfactant, and oil 

phase was mixed in a ratio of 1:4:3.5, respectively. Next, 2 ml of cerium nitrate solution of each 

strength was added to make the final solution composition of 1:1:4:3.5. All the final solutions appeared 

translucent under constant stirring, as shown in Fig. 3.4. When these RME’s were placed away from 

the stirrer plate for 5 minutes, the solutions separated into two transparent immiscible layers, as shown 

in Fig 3.5.    
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Figure 3.4: Translucent RMEs containing 25, 50, 100 and 200 g/L cerium nitrate. 

 

 

 

Figure 3.5: RMEs separated into two layers. 

 

As per the recommendation of Schulman et al. [245], extra co-surfactant was added dropwise while 

stirring. It was observed that all the RME’s instantly turns transparent with a single homogenous layer 

after adding 1, 0.5, 0.5, and 3.5ml of co-surfactant, as shown in Fig. 3.6.  
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Figure 3.6: Clear RMEs after the addition of an extra co-surfactant. 

 

RME’s having 25 and 200 g/L cerium nitrate aqueous phase requires extra co-surfactant in large 

amounts compared to the RME’s having 50 and 100g/L cerium nitrate aqueous phase. From these 

experimental observations, the cerium nitrate aqueous phase of strength 100 g/L and the ratio of the 

aqueous phase, surfactant, co-surfactant, and oil phase were selected to be 1:1:4.5:3.5, respectively, 

for the rest of the experiments. 

Moving forward with 100 g/L cerium nitrate solution, the solution molarity was found to be 0.306 

M. Further targeting 1g RME-ceria synthesis, the volume of the aqueous solution was calculated using 

the simple equation from basic chemistry (eq. 9), and it comes to 18.9 ml. To make the solution 

preparation easier for further studies, the volume was rounded off to 20ml, which eventually led to 

finalize the cerium nitrate aqueous solution strength and molarity of 94.6 g/L and 0.29 M, respectively. 

𝑔(𝑠𝑜𝑙𝑢𝑡𝑒) = 𝑀𝑜𝑙. 𝑀𝑎𝑠𝑠 × 𝑀𝑜𝑙𝑎𝑟𝑖𝑡𝑦 × 𝑉𝑜𝑙𝑢𝑚𝑒 (9) 
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3.5 Catalyst Synthesis  

To explore the potential of nano-ceria with exposed (111) crystallographic planes for the RWGS 

application, five different types of bulk and supported ceria catalysts were prepared: 

1. The baseline catalyst was prepared using the direct precipitation method and denoted as DP-

ceria. 

2. Nano-ceria was prepared via the RME method and denoted as RME-ceria. 

3. Three supported CeO2/γ-Al2O3 catalysts (20, 30, and 40%wt. ceria) were prepared via the 

RME method and denoted as 20% Ce/Al, 30% Ce/Al, and 40% Ce/Al throughout the text. 

 

Considering the main focus of the catalyst synthesis i.e. to achieve high surface area ceria, a 

calcination temperature of 275°C was selected because it has been reported  that ceria loses its surface 

almost 50% as the calcination temperature increased from 300°C to 600°C [26]. Similarly, an initial 

higher surface area is necessary to create enough oxygen vacancies over ceria to facilitate the RWGS 

reaction, as oxygen vacancies play the leading role in ceria catalysis. Another fact is that the surfactant 

Trinton X-100 has a boiling point of 270°C. Therefore, calcination temperature was initially set to 

275°C to make sure the removal of surfactant and to keep the crystalline size as small as possible. 

Detailed investigation on the effect of calcination temperature is given in chapter 6.         

 

A detailed synthesis procedure for each catalyst is presented in the upcoming respective chapters 

(4, 5, and 6). In the following section, simple schematic diagrams are presented for a quick 

understanding of the synthesis sequence.  
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3.5.1 Chemicals and gases 

Cerium nitrate hexahydrate (99.5%, Alfa Aser) and ammonium hydroxide (28-30% NH3 basis, 

Sigma-Aldrich) were used as the precursor for the preparation of RME- and DP-ceria. Aluminum 

nitrate nonahydrate (99+%, Acro organics) was used for the preparation of all CeO2/γ-Al2O3 catalysts. 

Triton X-100  (Acro organics), 2-Propanaol ( 99.9%, Sigma-Aldrich), and cyclohexane (>99%, Sigma-

Aldrich) were used as surfactant, co-surfactant, and oil phase, respectively, for the RME making.  High 

purity H2 (99.999%) and CO2 (99.9%) gases were purchased from Praxair Technology, Inc. 

 

3.5.2 DP-ceria Synthesis Schematic 

 

 

 

Figure 3.7: DP-ceria synthesis schematic: step1 mixing of aqueous phases, step2 centrifugation, step3 

collection of wet ppt, step4 drying at 150°C, step5 calcination, step6 catalyst collection. 
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3.5.3 RME-ceria Synthesis Schematic  

 

 

Figure 3.8: RME-ceria synthesis schematic: step1 adding Ce(NO3)3-RME to NH4OH-RME, step2 

centrifugation to separate ppt, step3 collection of wet ppt, step4 drying at 150°C, step5 calcination, 

step6 catalyst collection.  
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3.5.4 RME-ceria supported γ-Alumina Schematic 

 

 

 

Figure 3.9: RME-CeO2/γ-Al2O3 synthesis schematic: step1 adding Al(NO3)3-RME to NH4OH-RME, 

step2 adding Ce(NO3)3-RME,  step3 centrifugation at 3500 RPM to separate ppt, step4 collection of 

wet ppt, step5 drying at 150°C, step6 calcination, step7 catalyst collection. 
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3.6 Experimental Techniques 

3.6.1 Flow System Configuration 

 

(a) 
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Figure 3.10: Flow system configuration for catalyst performance determination (a) schematic (b) 

original setup. Abbreviations: ADC (analog-to-digital converter), BPR (back pressure regulator), IR 

(infrared), MFC (mass flow controller), PI (pressure indicator), PC (personal computer), RH (relative 

humidity), TC (thermocouple), TI (temperature indicator).   

 

Fig. 3.10(a) shows the flow sheet diagram of the original setup (Fig. 3.10(b)) for the catalyst 

performance evaluation. The flow rate of H2 and CO2 were controlled using digital mass flow 

controllers. The reactor was made by joining a 1/2″ stainless steel tube (Swagelok) with 1/4″ stainless 

steel tube (Swagelok) with the help of adapters (Swagelok). 1/2″ tube was used for the easy loading 

and unloading of the catalyst. Both tubes' joining point was clogged with quartz wool to hold catalyst 

without any escape from the system. K type thermocouple (1/8″, Omega Engineering, Inc.) was placed 

inside the reactor, directly touching the quartz wool near the catalyst bed to ensure the correct 

(b) 
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temperature measurement. The catalyst was loaded from the open side of the 1/2″ tube. A quartz wool 

ball was inserted after catalyst loading to make a catalyst sandwich between two quartz wool pieces to 

get a packed bed. Next, the reactor was placed inside the furnace while ensuring the catalyst bed should 

remain in the tube system's center. Fig. 3.11 shows the schematic and original pictures of the kinetic 

reactor.  

 

 

 

 

Figure 3.11: Kinetic reactor  (a) schematic (b) original.  

(a) 

(b) 
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The furnace was programmed for a temperature range of 300-600°C using a built-in automatic 

temperature controller. An automatic back pressure regulator was used to control the pressure in the 

system at 3 bar (absolute), a mist trap (SMC Corporation, AFM40-N02-Z-A) was installed before the 

pressure regulator to remove the water produced during the reaction, and after the pressure regulator, 

silica gel column (orange silica gel, Fisher Scientific) was installed to remove the remaining moisture 

from the outlet gases before going to IR analyzer for measurement. After complete water removal, 

gases were allowed to enter into IR-gas analyzer (R-208, Infrared Industries, Inc., USA) to measure 

the composition of CO2, CO, and CH4 in the outlet gases, on a dry basis, continuously monitored using 

an analog-to-digital converter (USB 6008, National Instruments) and LabVIEW (National 

Instruments). Fig. 3.12 shows the complete setup used to run the long-term (~100 h) stability tests 

using a 1/4″ U-shaped quartz tube in the same flow system with a small furnace (KSL-1100X, MTI 

corporation).   

 

 

 

Figure 3.12: Experimental setup configuration for long term stability tests 
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3.6.2 Catalyst Performance and Activity Test      

Before each experiment, a fresh catalyst was first reduced under a pure hydrogen environment for 

2 hours. A flow of 100 ml min-1 of H2 was provided at a temperature of 400°C for the reduction.  The 

catalyst performance was measured using total CO2 conversion and CO selectivity for the temperature 

range of 300-600°C at 3 bar absolute (in all experiments using stainless steel reactors) and a space 

velocity of 60,000 ml gcat
-1 h-1. 

GHSV (gas hourly space velocity) was calculated using the following formula:  

𝐺𝐻𝑆𝑉 =  
𝑄

𝑊𝑐
     (10) 

Where Q is the volumetric total gas flow rate, and Wc is the catalyst weight. CO2 conversion 

(XCO2
),CO selectivity (SCO), and CH4 selectivity (𝑆𝐶𝐻4

) was measure using the following formulas:  

𝑋𝐶𝑂2
=  

𝑦𝐶𝑂+𝑦𝐶𝐻4

𝑦𝐶𝑂2  +𝑦𝐶𝑂+𝑦𝐶𝐻4

    (11) 

𝑆𝐶𝑂 =  
𝑦𝐶𝑂

𝑦𝐶𝑂+𝑦𝐶𝐻4

     (12) 

𝑆𝐶𝐻4
=  

𝑦𝐶𝐻4

𝑦𝐶𝑂+𝑦𝐶𝐻4

    (13) 

 

Where yCO, yCO, and yCH4
 corresponds to mole fractions of the respective gases measured by the 

IR analyzer on a dry basis. Initially, a calibration curve was generated (while coupling the IR-cell with 

an in-line FTIR gas analyzer) for the continuous measurement of outlet gases. Calibration curves are 

presented in appendix A.  

Carbon balance is defined as the total rate of carbon fed to the reactor over the total rate of carbon 

exiting the reactor, and it can be calculated by the following eq. 14. 

𝐶𝐵 = (𝑦𝐶𝑂2
 + 𝑦𝐶𝑂 + 𝑦𝐶𝐻4

)(1 + 𝛼 − 𝑓1 − 4𝑓2)       (14) 
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Where α is the H2 to CO2 ratio, f1 and f2 are the conversions to CO and CH4, respectively.  

𝛼 =
𝐹𝐻2,𝑓

𝐹𝐶𝑂2,𝑓

      (15a) 

𝑓1 =  
𝑦𝐶𝑂

𝑦𝐶𝑂2 +𝑦𝐶𝑂+𝑦𝐶𝐻4

=  
𝐹𝐶𝑂,𝑜𝑢𝑡

𝐹𝐶𝑂2,𝑓

   (15b) 

𝑓2 =  
𝑦𝐶𝐻4

𝑦𝐶𝑂2  +𝑦𝐶𝑂+𝑦𝐶𝐻4

=  
𝐹𝐶𝐻4,𝑜𝑢𝑡

𝐹𝐶𝑂2,𝑓

   (15c) 

Eq. (14) is obtained from the carbon balance definition, eq. (15d), using eq. (15a-c) and eq. (15e) to 

define the total outlet molar flow rate (FCO,out and FCH4,out in Eq. (15e) correspond to H2 consumption 

in RWGS and methanation, according to reaction stoichiometry): 

2 4

2

,

,

( )CO CO CH t out

CO f

y y y F
CB

F

+ +
=   (15d) 

2 2 4, , , , ,4t out CO f H f CO out CH outF F F F F= + − −  (15e) 

Carbon balance (CB) was continuously monitored and recorded in all experiments (using LabVIEW). 

Deviations did not exceed 5% in all experiments, i.e., the carbon balance was in the CB = 0.95-1.05 

range. 

3.6.2.1 Mass and Heat Transfer Criteria 

The absence of interphase, Eq. (16,17), and intraparticle, Eq. (18,19), mass and heat transfer 

limitations was confirmed by calculating corresponding criteria (all symbols are listed below): 

𝑅𝑜𝑏𝑠
′  𝜌𝑏 𝑟𝑝

𝑘𝑐 𝐶𝐶𝑂2,𝑏
≪ 0.15   (Mears criterion for interphase mass transfer)      (16) 

|𝛥𝐻𝑅𝑊𝐺𝑆|𝑅𝑜𝑏𝑠
′  𝜌𝑏 𝑟𝑝

ℎ𝑇
≪

0.15𝑇𝑅𝑔

𝐸𝑎
  (Mears criterion for interphase heat transfer)      (17) 

𝑅𝑜𝑏𝑠
′ 𝜌𝑐𝑟𝑝

2

𝐷𝑚𝐶𝐶𝑂2,𝑠
≪ 1    (Weisz-Prater criterion for internal diffusion)      (18) 

|𝛥𝐻𝑅𝑊𝐺𝑆|𝑅𝑜𝑏𝑠 
′ 𝜌𝑏 𝑟𝑝

2

𝜆𝑠 𝑇𝑠
≪

0.75 𝑇𝑠 𝑅𝑔

𝐸𝑎
    (isothermal pellet criterion)       (19) 
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where  𝑅𝑜𝑏𝑠
′  is the observed reaction rate (mol kg-1 s-1), 𝜌𝑏 is the catalyst density (ml g-1), 𝑟𝑝 is the 

catalyst particle radius (m), 𝑘𝑐is the mass transfer coefficient, 𝐶𝐶𝑂2,𝑏is the gas phase bulk CO2 

concentration (mol m-3), 𝛥𝐻𝑅𝑊𝐺𝑆 is the enthalpy change (kJ mol-1), 𝑇 is the temperature, 𝑅𝑔 is the ideal 

gas constant (kJ mol-1 K-1), ℎ is the heat transfer coefficient (kJ m2 s-1 K-1), 𝐸𝑎 is the activation energy 

(kJ mol-1), 𝐷𝑚is the diffusion coefficient (m2 s-1), 𝐶𝐶𝑂2,𝑠 is the surface CO2 concentration (mol m-3), 

𝜆𝑠  solid thermal conductivity (kJ m-1 s-1 K-1), and  𝑇𝑠 surface temperature.  

Interphase mass and heat transfer coefficients (kc and h) were calculated using the following 

correlations: 

Sh =
𝑘𝑐𝑑𝑝

𝐷𝑚
= 2 + 0.6 𝑅𝑒

1

2 Sc
1

3  (20) 

Nu =
ℎ𝑑𝑝

𝜆𝑔
= 2 + 0.6 𝑅𝑒

1

2 𝑃𝑟
1

3  (21) 

 

where Sh is the Sherwood number, Re is the particle Reynolds number, Sc is the Schimdit number,  

Nu is the Nusselt number, 𝑑𝑝is the particle size (m),  Pr is Prandtl number, and 𝜆𝑔is the gas thermal 

conductivity, kJ m-1 s-1 K-1)              

Calculations were conducted for low and high conversions in the 300-600 C range and for the 

wide range of activation energies (Ea = 20-200 kJ/mol). In all cases, all transport limitations were 

completely negligible, as expected for the small size of catalyst pellets (350-425 m) used in the 

experiments. 

3.6.3 Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES) 

Catalyst composition was identified using ICP-OES (Inductively Coupled Plasma Optical 

Emission Spectroscopy). ICP-OES identifies and quantifies the elements present in the given sample 

based on their emission spectra. First, ICP produces a partially ionized gas (typically Ar, about 1% is 

ionized into plasma) using a 1-2.5 kW radio frequency power supply in a quartz torch, and then the 
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sample is introduced as aerosols into the plasma center. Sample atoms are excited by collisional 

activity that appeared due to high temperature. These exciting sample atoms or ions emit 

electromagnetic radiations of specific wavelengths while falling back to a lower energy state. The 

radiation emitted from ions is then focused onto the entrance slit of a monochromator or polychromator 

to identify and quantify the emission from different ions. The spectral lines' intensity is directly related 

to the quantity of the element present in the sample. Spectral lines are intense for the element, which 

is majorly present in the precursor. The following simple schematic diagram (Fig. 3.13) shows the 

complete working of the ICP-OES analysis procedure.   

 

 

 

Figure 3.13: ICP-OES system schematic diagram [249]. 

 

3.6.4 X-Ray Diffraction (XRD) 

X-ray diffraction (XRD) technique (D8 discover diffractometer, Bruker) was utilized to identify 

the crystallite size, crystallite structure, and the catalyst's theoretical density. XRD is based on the 

constructive interference of crystalline material with monochromic X-rays. A cathode tube generates 
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X-rays, which pass through a metallic slit to generate monochromic rays. The monochromic rays 

interact with the material under constructive interface and diffract to an angle following the Bragg’s 

law (nλ=2dSinθ) where n is a positive integer, d is the interplanar distance, λ is the wavelength of the 

incident ray, and θ is the scattering angle shown in Fig. 3.14.  

 

 

Figure 3.14: Schematic explanation of Bragg’s law 

 

 

Figure 3.15: Schematic of the X-ray diffractometer [250]. 
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XRD patterns were obtained at a scanning speed of 3 (time per step) with an increment of 0.1, and 

2 ranged from 10-90. Fig. 3.15 shows the simple schematic of the X-ray diffractometer. 

3.6.5 Brunauer Emmett Teller (BET) Specific Surface Area (SSA) 

Specific surface area (SSA) was measured using Gemini VII 2390 BET surface area analyzer 

(Micromeritics Instrument Corporation). BET is the most used technique to measure the specific 

surface area based on inert gas's adsorption over the solid surface. The concentration of the gas 

absorbed over the solid surface depends upon the thermodynamic conditions, and this effect can be 

utilized to measure the surface area of solids. 

In a typical BET surface area analyzer, the material is first heated at a temperature of 300°C under 

vacuum or by blowing an inert purge gas to remove any volatile contaminants. After removing the 

contaminants, the sample is placed under a high vacuum and a very low temperature, usually near the 

boiling point of nitrogen (-191.6°C). After achieving isothermal conditions, at this low temperature, 

an inert gas (like N2, Ar, Kr) is introduced in a controlled manner to get adsorbed over the solid surface. 

During this stage, the sample is subjected to variable pressure to get an adsorption isotherm because 

the amount of gas adsorbed is directly related to the pressure. The resulting isotherm follows the BET 

model (eq. 22) as follow 

1

𝜈(
𝑝𝑜
𝑝

)−1
=

𝑐−1

𝜈𝑚𝑐
(

𝑝𝑜

𝑝
) + 

1

𝜈𝑚𝑐
  (22) 

 

Where “po” and “p” are adsorption and saturation pressure of adsorbate at adsorption temperature, 

𝜈 is the adsorbed gas quantity and  𝜈𝑚 the quantity of monolayer adsorbed gas, and c is the BET 

constant. One adsorbed nitrogen molecule occupies the cross-sectional area (ACS) of 16.2Å. 

Therefore, BET surface (A) can be calculated using eq. 23. 
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𝐴 =
𝐴𝐶𝑆∗𝜈𝑚∗𝑁𝐴

𝑀𝑁2

  (23) 

Where NA is the Avogadro’s number, and MN2 is the molar mass of nitrogen (28 g/mol). The 

specific surface can be calculated by dividing A by sample weight. 

 

 

 

Figure 3.16: BET surface area measurement schematic [251]. 

 

3.6.6 SEM-EDS (Scanning Electron Microscopy-Energy Dispersive Spectroscopy) 

SEM-EDS was utilized to determine the surface morphology and elemental mapping of the fresh 

and spent RME and DP-ceria using a Zeiss microscope (20kV).  

SEM is a method to take high-resolution images of surfaces with the help of electron beams. The 

electron beam is generated just above the sample chamber in a column. The energy of incident electron 

rage between 100eV-30 keV. The incident electrons are concentrated into a small beam using series 

of electromagnetic lenses. After that, the small beam is focused onto the surface with the help of 

scanning coils near the column's end. Three phenomena occurred when the electron beam interacts 
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with the sample surface. The electrons are absorbed, reflected, or cause excitation. To create an image, 

SEM scanned the electron beam in a raster pattern over the surface. Typical SEM operates under a 

high vacuum (5-10 mbar). Fig. 3.17 shows a typical SME schematic. 

 

 

 

Figure 3.17: Scanning electron microscope schematic [252]. 

 

EDS (coupled with SEM) utilizes for the qualitative and quantitative chemical composition of the 

sample. When the sample surface is bombarded with the SEM electrons, the electrons are ejected from 

the surface's atoms and leaves a vacancy. These vacancies are filled by the higher energy shell electrons 

while emitting a characteristic X-ray of the respective element. The EDS detector measures the 

intensity of characteristic X-ray versus their energy. The spectrum of X-ray energy versus counts is 

evaluated to determine the elemental composition of the sampled volume. Fig. 3.18 shows a simple 

schematic of EDS. 
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Figure 3.18: Schematic of energy-dispersive spectroscopy [253]. 

 

3.6.7 TEM (Transition Electron Microscope) 

TEM utilizes high energy transmitted electron to deliver crystallographic and morphologic 

information of the sample. Therefore, TEM helps to give information about the sample's inner 

structure, while SEM is limited to the surface information of the sample. SEM and TEM's significant 

difference is the magnifying resolution; SEM is limited to ~1 nm while TEM can go up to 0.1 nm. 

Also, the TEM beam voltage (100-400keV) is much higher than SEM (up to 30keV). TEM is also 

operated at a high vacuum (5-10 mmHg). Fig. 3.19 shows a schematic of a typical TEM.  
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Figure 3.19: TEM Schematic [254]. 

 

3.6.8 Thermogravimetric Analysis (TGA) 

TGA utilizes to investigate a material’s thermal stability and find out the fraction of volatile present 

by monitoring the rate of change in weight as a function of temperature or time in a controlled specified 

condition. TGA provides multiple information about the sample, like its melting point, boiling point, 

combustion temperature, and composition of its constituents. 

A typical TGA instrument is equipped with a thermocouple programmable auto furnace, 

autosampler, and a precise weight balance. Fig. 3.20 shows a schematic of a standard TGA instrument. 

To measure the remaining carbon, nitrogen, and water content after calcination in fresh catalysts, 
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thermo-gravimetric analysis (TGA), TA Instruments TGA 55, coupled with FTIR, MultiGas 2030 

continuous gas analyzer (MKS Instruments) was performed. First, the TGA instrument was 

equilibrated at 25°C, and then the condition was left to remain isothermal for the next 10 min. After 

that, the sample was heated from 25-150°C at a ramping rate of 10°C/min, and then the temperature 

was allowed to increase from 150-800°C at a ramping rate of 2°C and at an airflow rate of 40 ml/min. 

The outlet gases of the TGA could pass through the FTIR gas analyzer to detect the CO2 and CO 

produced during the combustion process. 

 

 

 

Figure 3.20: Schematic of a typical TGA instrument [255]. 
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3.6.9 TPR (Temperature Programmed Reduction) 

 TPR is a useful technique applied to characterize metal oxides, mixed metal oxides, and supported 

metal oxides. TPR gives quantitative information about the reducibility (of oxide surface) and the 

reduced surface's heterogeneity. In TPR, a reducing gas mixture usually 3-17% H2 diluted with Ar or 

N2 flows over the oxide surface at variable temperatures. A TCD (Thermal conductivity detector) is 

equipped at the outlet, which measures the outlet gases' thermal conductivity and generates a graph 

between TCD signal vs. time or temperature. The TCD signal is then converted to the concentration 

of active gas using a level calibration. Integrating the area under the concentration vs. time (or 

temperature) yields total gas consumed. In this study, TPR was performed using an AMI-300lite 

catalyst characterization system (Altamira Instruments) to measure the extent of reduction of the 

prepared catalysts for a temperature range of 300-800°C. Fig. 3.21 shows a simple schematic of the 

process. 

 

 

 

Figure 3.21: TPR Schematic. 
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3.6.10 CO2-TPD (Temperature Program Desorption) 

Temperature-programmed desorption (TPD) is an experimental technique commonly used to 

classify catalysts and adsorbent's adsorption properties, such as their acidity and basicity. The peak 

maximum temperature is used to calculate the adsorption site's strength, as obtained from TPD 

thermograms. Peaks location helps to identify the chemical form of the functional group formed on 

the surface of the catalyst.  However, the peak location depends on various factors, including diffusion 

resistance, re-adsorption, catalyst weight, and carrier flow rate.    

Considering the RWGS reaction, the interaction of CO2 with bulk and supported ceria were 

investigated via TPD studies using AMI-300Lite, Altamira instruments, catalyst characterization 

instrument. The catalyst was initially pre-treated under the inert gas (Ar) at 400°C for 30 minutes to 

clean the surface, and then 5%CO2/He was allowed to pass on at 25°C or 150°C for adsorption for 60 

minutes. The concentration of the desorbed gases was recorded in a similar way as done in TPR. Fig. 

3. 22 shows the simple schematic of the CO2-TPD apparatus.  

 

 

 

Figure 3.22: CO2-TPD Schematic. 
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3.6.11 In-line FTIR and in-situ FTIR Reaction Mechanistic Studies  

Infrared spectroscopy is a tool that analyses the infrared spectrum after the sample's absorption or 

emission. There are several frequencies in the beam produced from the source, and it will shine to the 

sample simultaneously and be replicated many times in a short duration. The adsorbed infrared 

wavelengths and intensity depends on the chemical bond, group, and atomic weight of the atoms bound 

at both ends. Infrared spectroscopy takes advantage of the fact that molecules absorb specific 

frequencies that are unique to their structure. These absorptions have resonant frequencies, which 

means that the frequency of the absorbed radiation is the same as the frequency of the vibrating bond 

or group. The shapes of the molecular potential energy surfaces, the masses of the atoms, and the 

resulting vibronic coupling define the energies. Therefore, Infrared spectroscopy helps to identify the 

compound with the help of chemical compound bond detection. 

Two types of FTIR studies were performed during this study. First, to find the extent of coking and 

thermal stability of the catalyst, the outlet gases from TGA were allowed to pass through a gas FTIR 

analyzer (MultigasTM 2030, MKS instruments). Reference gases were set up in advance, and a single 

beam infrared passes by specially built narrow band-pass optical filters, and the intensity of the inferred 

is reduced to achieve the specified signal. To calculate stream concentration, the strength of adsorption 

was compared with the standard comparator.  

Second, to study the reaction mechanism while detecting the reaction intermediates over the 

catalyst surface, an in-situ FTIR analysis was performed using AMI-300Lite, Altamira instruments, 

catalyst characterization instruments equipped with a transition type FTIR unit.  The sample pellet, 

consisting of KBr supported catalyst, transmits the inferred signal produced from the source and then 

reaches the detector. By analyzing the catalyst's surface, one may classify the adsorbed species and the 

gas phase in the reactor. Spectra are collected at specified temperatures and at different reaction times 

to learn more about the reaction mechanism. Background spectra were obtained at the same 
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temperature as the reaction conditions in a pure atmosphere in an inert gas to prevent environmental 

disturbance. Fig. 3.23 shows the simple schematic and original picture in-situ FTIR unit.     

 

 

 

 

Figure 3.23: in-situ FTIR unit (a) schematic (b) IR-cell front view (c) IR-cell side view (d) complete 

original setup 

(a) 
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Chapter 4  

Highly selective CO synthesis via RWGS reaction over cerium oxide catalyst 

prepared via RME process 

4.1 Introduction 

Mitigating atmospheric CO2 emissions is a major challenge today. According to IPCC 

(Intergovernmental Panel on Climate Change), to limit the upsurge of world average temperature to 

2°C by 2050, there is a strong need to reduce CO2 emissions to at least half of its present value [3]. 

However, instead of considering CO2 as a pollutant, it can be taken as a renewable source of 

carbonnon-toxic, and cheaply available in abundant amounts for low cost [33]. Reverse water gas shift 

reaction has received considerable attention in the recent decade because of its versatility in catalytic 

CO2 reduction technology. Thermodynamically direct conversion of CO2 to methanol is more 

favorable. However, the CAMERE process revealed a 20% higher yield of methanol obtained when 

CO2 is first reduced to CO (via the RWGS) and then CO to methanol, rather than hydrogenating CO2 

directly to methanol [14]. 

RWGS is considered as the key reaction for the catalytic hydrogenation of CO2 because the 

produced CO can either produce methanol or higher hydrocarbons. It is an endothermic process with 

a free-energy change and enthalpy change of  ∆𝐺298 𝐾 = 28.6 𝑘𝐽/𝑚𝑜𝑙 and ∆𝐻298 𝐾 = 41.2 𝑘𝐽/𝑚𝑜𝑙 

(STP): 

𝐶𝑂2 + 𝐻2 ⇌ 𝐶𝑂 + 𝐻2𝑂 (2) 

Therefore, the RWGS reaction needs to perform at higher temperatures (around 800°C) to achieve 

higher CO selectivity and CO2 conversion [112, 134, 138]. Though, higher temperatures cause sintering 

and deactivation of catalysts [256]. Moreover, the higher energy demand makes it uneconomical for 
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industrial applications. Consequently, the development of a highly active, selective, durable, and cost-

effective catalyst that can help run this reaction at lower temperatures (<800°C) is necessary for the 

large-scale application of the RWGS. Recently, several precious metals, non-precious metals, and 

mixed oxide catalysts have been deployed for RWGS application.  

Chen et al. [74] studied the performance of Pt/TiO2 catalyst towards RWGS reaction. They found 

that the Pt particle size and reaction conditions highly affect the catalyst's selectivity towards CO or 

CH4. Kattle et al. [75] also showed that the bonding energy of CO at the interface site of Pt/TiO2 

catalyst facilitates the further hydrogenation of CO to form CH4. Porosoff et al. [76] studied the effect 

of secondary metal (Ni, Co, etc.) along with Pt over CeO2 and -Al2O3 supports and identified a 

significant amount of CH4 over Pt-Ni/CeO2 and Pt-Ni/-Al2O3 while Pt-Co/CeO2 and Pt-Co/-Al2O3 

were highly selective towards CO with a CO/CH4 ratio of 259.4 and 245.8 respectively.  

Apart from noble metals, Cu and Ni-based catalysts also shows promising activity towards the 

RWGS. Stone et al. [93] presented a comparative study of Cu-ZnO and Cu-ZnO/Al2O3 catalyst for the 

RWGS reaction. They prepared different catalysts by varying concentrations of Cu and Zn from Cu 

rich to Zn rich. Cu rich catalyst shows the highest activity because of higher Cu dispersion in the final 

catalyst. Chen et al. [94-96] show that alumina-supported Cu nanoparticles enhanced the adsorption of 

formates. They also found out that for Cu nanoparticles and SiO2 supported Cu; the RWGS reaction 

undergoes formate formation. Even the forward and reverse mechanism is independent of CO2 and CO 

adsorption sites. Nickel has excellent hydrogenation catalytic activities, which leads its catalyst to be 

more selective for methane production rather than CO. However, oxide-supported Ni nanoparticles 

with high oxygen capacities are still considered for the RWGS [73]. Porosoff et al. [104] studied the 

CO2 conversion to CO over six different TMCs ( TiC, ZrC, NbC, TaC, Mo2C, WC). They showed that 

the activity of carbides for CO2 hydrogenation could be easily predicted by OBE (oxygen binding 

energy) because the formation of the oxy-carbide and the subsequent removal of O is the main crucial 

steps in CO2 conversion catalytic cycle. Liu et al. [105] also show that polycrystalline α-Mo2C is a 
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highly efficient catalyst towards the RWGS. It gives about 16% CO2 conversion at 400°C and CO 

selectivity of >99%. Therefore, there is still a lot more to be done in developing a highly selective and 

durable catalyst for RWGS. 

Recently, apart from the highly active noble metals (Pt, Pd, Rh etc.) and transition metals (like Cu 

and Ni) the rare earth metal Ce received significant attention due to its highly active behavior. CeO2 

(Ceria) based catalysts show promising results in RWGS because of their high oxygen capacity. CeO2 

can lose O2- atom at high temperature and reduce cerium from Ce4+ to Ce3+, creating an oxygen vacancy 

in the crystal lattice while keeping the crystalline structure. This oxygen vacancy acts as the leading 

active site for catalytic reactions [23, 115]. Ceria exists in different morphologies (cube, road, and 

particle) and various crystalline planes (100,111,110). It has been reported that ceria cubes with 100 

crystalline planes have two times higher activity per surface area as compare to rods and particles [22]. 

Wang et al. [114] showed that incorporation of CeO2 with In2O3 increases the surface area of the 

catalyst. CeO2 helps to adsorb dissociative H2 and intermediate carbonates while creating more oxygen 

vacancies. The interaction of In2O3-CeO2 catalyst creates a synergistic effect, which leads to 

outstanding activity for the RWGS.  However, only a few studies have been reported solely targeting 

RWGS reaction over bare ceria.  

Dai et al. [20] reported the RWGS studies over unsupported (bulk) ceria prepared using three 

different synthesis methods, including hard templet (Ce-HT), complex (Ce-CA), and precipitation 

method (CE-PC). 50mg of each catalyst was tested for a temperature range of 300°C-580°C in a quartz 

tube reactor at atmospheric pressure. Feed gas comprising of CO2 (10.0% vol), H2 (40% vol), and Ar 

(50% vol) was flown over the packed bed at the GHSV of 60,000 ml h-1 gcat
-1. All three catalysts at all 

temperatures showed 100% CO selectivity and maximum CO2 conversion of 15.9%, 9.3%, and 12.7% 

for Ce-HT, Ce-CA, and Ce-PC, respectively, at 580°C. Kovacevic et al. [22] reported the RWGS 

reaction activity over three different morphological shapes (cubes, roads, and particles) of bulk ceria. 

Activity tests were performed in a quartz tube reactor at the atmospheric pressure and at a constant 
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temperature of 580°C using a feed gas (30 ml min-1) mixture of 3% H2, 37% CO2, and 60% N2. In each 

run, the amount of catalyst was adjusted to maintain the CO2 conversion less than 5% to ensure no 

discrepancy in the experiments. Nanocubes shows the maximum rate of approximately 78 µmol gcat
- 1 

min-1 CO produced. A minor deactivation was also observed in all the experiments. Similarly, Liu et 

al. [21] also studied the RWGS phenomena over bulk ceria  (cubes, rods, and octahedra) and Ni 

supported ceria (nano-cubes)  prepared via hydrothermal and wet impregnation method, respectively. 

Catalysts were tested at atmospheric pressure for the temperature range of 400°C-800°C. A reaction 

gas mixture of  H2:CO (1:1) was flown over the fixed bed at the rate of 100 ml min-1. All bulk ceria 

catalysts showed 100% CO selectivity above 500°C, while the ceria nanocubes showed the highest 

CO2 conversion at all temperatures. Maximum, Less than 50% CO2 conversion was observed for ceria 

nanocubes at 800°C. On the other hand, Ni-supported nanoceria showed better CO2 conversion and 

CO selectivity at all temperatures. Maximum approximately 50% CO2 conversion was recorded at 

800°C. These studies show minor deactivation, low surface area, or low CO2 conversion rates even at 

a temperature as high as 800°C. Therefore, considering the potential of ceria for RWGS, there is a 

strong need to investigate the RWGS over ceria prepared via a method other than already been taken, 

like reverse microemulsion (RME). To the best of the author’s knowledge, this study has not been 

reported in the catalysis field before. 

This study aims to synthesize high surface area ceria, utilizing the reverse microemulsion (RME) 

technology, which leads to getting high activity and selectivity towards CO via the RWGS reaction in 

the temperature range 300°C-600°C. Characterization studies (Temperature test, XRD, ICP-OES , 

TPR, SEM, HRTEM, etc.) show that the ceria produced via RME process has activity and surface area 

doubled the ceria produced through direct precipitation. 
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4.2 Experimental 

4.2.1 Catalyst Preparation 

The baseline ceria catalyst (denoted as DP-ceria) was synthesized using the direct precipitation 

method. For 1 g DP-ceria, 2.52 g of cerium nitrate hexa-hydrated (99.5% Ce(NO3)3 6H2O, Alfa Aesar) 

was dissolved in distilled water (0.29 M, 20 ml solution). The cerium solution was added slowly to 20 

ml of NH4OH solution (28-30% NH3 basis) under vigorous stirring at room temperature. Immediate 

after mixing solution appeared opaque, turned light purple after 30 min, and finally turned dark purple 

after 1 h. The final solution was centrifuged at 3500 RPM for 10 min to separate the sediments. The 

wet precipitates were collected in a petri dish and dried for 6 h under air at 150°C. The dried 

precipitates were calcined at 275°C for 4 h under the continuous airflow, pelletized (50 MPa), crushed, 

and sieved to 250-425 µm particles. The complete catalyst synthesis schematic is presented in section 

3.5.   

The ceria nano-catalyst (denoted as RME-ceria) was synthesized using the reverse microemulsion 

(RME) method. Cerium nitrate hexa-hydrated (99.5% Ce(NO3)36H2O, Alfa Aesar) was used as the 

cerium precursor, cyclohexane as oil phase, Triton X-100 as the surfactant, and propanol-2 as the co-

surfactant. To prepare 1 g RME-ceria, first two blank RME’s were prepared while mixing Triton X-

100, propanol-2, and cyclohexane in the volume ratio 1:4.5:3.5, respectively. Ce(NO3)3-RME was 

prepared while adding 20 ml of 0.29 M cerium nitrate solution to one of the blank RME under vigorous 

stirring while keeping the final RME ratio 1:1:4.5:3.5. Similarly, NH4(OH)-RME was prepared while 

adding NH4OH (28-30% NH3) under vigorous stirring as described above (Ce(NO3)3-RME). 

Ce(NO3)3-RME was added to NH4(OH)-RME slowly under vigorous stirring at room temperature. 

After mixing, the immediate solution turned orange, became yellowish-orange after 30 min, and finally 

yellow after 1 h. Precipitates were centrifuged at 3500 RPM for 10 min to separate organic phase 

followed by three times water wash and centrifugation at 3500 RPM for 10 min each to ensure 
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maximum removal of surfactant.  The wet precipitates collected in a petri dish and dried for 6 h under 

air at 150°C. The dried precipitates were calcined at 275°C for 4 h under the continuous airflow, 

pelletized (50MPa), crushed, and sieved to 250-425 µm particles. Fig. 4.1 shows the un-calcined and 

calcined DP-ceria (a & b) and RME-ceria (e & f), respectively. 

 

Figure 4.1: un-calcined, calcined, pelletized, and spent DP-ceria (a, b, c, d), RME-ceria (e, f, g, h), 

respectively. 

 

4.2.2 Catalyst Performance and Activity 

The RWGS reaction was considered as the imitate reaction to evaluate the catalytic performance 

of RME-ceria and DP-ceria. The RWGS catalytic activity tests were performed at 3 bar (absolute 

pressure) in a continuous fixed bed reactor. The reactor system was made by joining the 1/2" stainless 

steel tube (316L, Swagelok) with 1/4" stainless steel tube (316L, Swagelok) via a reducing adapter 

(served as the reactor) and straight union, as shown in schematic Fig. 4.2. Please refer to section 3.6.1 

for the complete description and experimental setup of the flow system. 

 The total CO2 conversion, CO Selectivity, and CH4 selectivity were calculated according to the 

following equations. 
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𝑋𝐶𝑂2
=  

𝑦𝐶𝑂+𝑦𝐶𝐻4

𝑦𝐶𝑂2  +𝑦𝐶𝑂+𝑦𝐶𝐻4

    (11)     

 𝑆𝐶𝑂 =  
𝑦𝐶𝑂

𝑦𝐶𝑂+𝑦𝐶𝐻4

       (12) 

𝑆𝐶𝐻4
=  

𝑦𝐶𝐻4

𝑦𝐶𝑂+𝑦𝐶𝐻4

      (13) 

Where, 𝑦𝐶𝑂, 𝑦𝐶𝑂2
, 𝑦𝐶𝐻4

correspond to mole fractions of the respective gases measured by the IR 

analyzer on dry basis. S is the selectivity of CO and CH4.   

 

 

 

Figure 4.2: Kinetic reactor schematic 
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4.2.3 Catalyst Characterization 

D8 discover diffractometer, Bruker was utilized to obtain the XRD patterns using Cu-Ka radiation 

source (λ = 1.54 Å) at 40 kV tube voltage and 40 mA of a tube current. Diffraction patterns were 

collected for the 2θ ranged 10° to 90° at a scan sped of 3 (time per step) with an increment of 0.1. 

Specific surface area (SSA) was measured using Gemini VII 2390 BET surface area analyser 

(Micromeritics Instrument Corporation). Ar was used as the purge gas, while N2 was used as the main 

adsorbing gas to find the specific surface area using the Brunauer-Emmett-Teller (BET) method.  

Inductively coupled plasma optical spectroscopy was used to verify the bulk chemical composition of 

RME-ceria (Prodigy SPEC, Leeman Labs Inc.). 

Elemental mapping and surface composition of fresh and spent catalysts were obtained using SEM-

EDX (electron microscopy coupled with energy-dispersive X-ray spectroscopy) a Zeiss microscope 

(20 kV). The HRTEM (high resolution transition electron microscopy) micrographs were also acquired 

using a Zeiss microscope (100 kV). TPR (Temperature programmed reduction) analysis was 

performed using AMI-300Lite, Altamira instruments, catalyst characterization instruments to 

investigate the extent of reduction for all fresh and spent catalysts. 10% H2/Ar mixture was blown over 

the catalyst, and the change in H2 composition was observed using a TCD (thermal conductivity 

detector) at the outlet over the temperature range of 300°C-800°C. Thermo-gravimetric analysis (TGA, 

Q500, TA Instruments), coupled with an in-line gas FTIR analyzer (MultigasTM 2030, MKS 

instruments), was performed for both fresh and spent catalysts to evaluate their thermal stability and 

extent of coking (after reaction). The temperature ramp was set to 10°C min-1 for T < 150°C and 

maintained under isothermal conditions for 1 h at 150°C. After 1 h, the temperature ramp was set to 

2°Cmin-1 for 150°C < T < 800 °C and the airflow was set to 40 ml  min-1.  
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Reaction mechanistic studies were performed for all fresh and spent catalysts using AMI-300Lite, 

Altamira Instruments, catalyst characterization instrument (In-situ FTIR reaction analysis).  The in-

situ FTIR spectra were collected in a reactor cell with KBr windows connected with inlet and outlet 

flows. The cell was placed in a FTIR spectrometer (Thermo Scientific™ Nicolet™ iS™5), and the 

temperature was controlled with a controller connected thermocouple (inside the reactor). The catalyst 

(~5 mg) was pressed to a potassium bromide pellet support. Each spectrum was collected at 4 cm-1 

resolution and 32 scans from 4000 to 800 cm-1 in absorbance mode. The sample pellets were reduced 

in 10% H2/argon at 400 °C for 1 h and then flushed with argon to remove the hydrogen. The 

background spectrum was collected under argon at the same temperature as the reaction condition. 

After the background was subtracted, reaction gas (30 ml min-1, 2% CO2/8% H2/90% argon) was 

introduced to the IR cell at the same temperature. 

4.3 Results and Discussion 

4.3.1 Catalytic Activity Performance and Stability Studies 

Two types of tests were performed to evaluate the activity and stability of the catalysts.     

4.3.1.1 Activity Test 

The activity of fresh RME- and DP-ceria were tested for RWGS reaction over the range of 300°C-

600C (from low to high) at a fixed GHSV of 60,000 ml gcat
-1 h-1. Fig. 4.3 (right plot) shows the total 

CO2 conversion and selectivity as a function of increasing temperature.  It can easily be seen that 

conversion increases with temperature. Studies showed that for ceria, the oxygen vacancy acts as the 

leading active site for catalytic reactions [23, 115].  This confirms that increasing temperature helps 

the mobility of O2- ion in the ceria lattice resulting in more oxygen vacancies. A similar effect of 

temperature on oxygen vacancies has been reported in the literature [20-22]. Three batches of each 

catalyst were tested under the same conditions to confirm the repeatability of the results. Error bars 

show the standard deviation between three measurements for three different catalyst batches. At all 
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temperatures, both catalysts show 100% CO selectivity. More than two folds conversion was recorded 

at a temperature higher than 500°C for the RME-ceria compared to the DP-ceria. At 600°C, approx. 

42% CO2 conversion was recorded for RME-ceria, while for the DP-ceria only 22% conversion was 

observed; the corresponding equilibrium conversion is about 65%. In this study, the maximum CO2 

conversion achieved ( 43% at 600C) over RME-ceria is almost 3 to 4 times the maximum CO2 

conversion reported in the literature over bulk ceria i.e., 16% at 580C [20]  and 8% at 600°C [21]  

respectively. 

 

 

 

Figure 4.3: Performance comparison of three different RME- and DP-ceria batches as a function of 

Temperature (300°C-600°C) and GHSV (5000-50,000 ml gcat
-1 h-1) at 3 bar. 

 

After the temperature activity tests, both fresh catalysts were tested for the different GHSV’s of 

the reaction gases (moving from low to high) at 600°C and 3 bar pressure using new reactors and fresh 

catalysts, Fig. 4.3 (left plot). Error bars show the results of the two different batches of each catalyst. 

Between 10,000-50,000 ml gcat
-1 h-1, both catalysts show 100% CO selectivity with significantly higher 

conversion as expected. It can be easily seen that with increasing GHSV, CO2 conversion decreases, 
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which is evident because of the high flow rates and less contact time. Sun et al. [248] observed a similar 

decline in CO2 conversion for the RWGS reaction over Mo2C catalyst when GHSV increased from 

10,000 to 50,000 ml gcat
-1 h-1. However, for the entire GHSV’s tested range, RME-ceria showed 

superior activity (almost 2 times) compared to DP-ceria.  

CO generation rates and activation energies calculated from the data presented in Fig. 4.3 (right 

plot) are shown in Fig. 4.4 as the function of reaction temperature using eq.24 and eq.25 (a linear form 

of Arrhenius law). By definition, eq. 24 represents the CO2 disappearance rate. However, in the present 

work, both catalysts showed 100% CO selectivity. Therefore, CO2 disappearance rate is equal to CO 

generation rate.     

𝑅 =  
𝐹𝐶𝑂2,𝑓 

× 𝑋𝐶𝑂2 

𝑊𝑐
  (24) 

𝐼𝑛(𝑅) = 𝐼𝑛𝐴 −  
𝐸𝑎

𝑅𝑇
 (25) 

 

 

Figure 4.4: CO generation rate mol kgcat
-1 s-1 (left plot), Arrhenius plot In(R ) Vs T-1 (right plot): 

activation energy for RME- DP-ceria are 77 kJ mol-1 and 100 kJ mol-1, respectively.  
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Fig. 4.4 shows that the CO generation rate for RME-ceria at 550°C is the same as calculated for 

DP-ceria at 600°C. Also, at all temperatures > 450°C, the rate is almost double for RME-ceria than 

DP-ceria catalyst. At 550°C, the calculated rate (0.091 mol kgcat
-1 s-1

) is nearly 77 times higher than 

reported in the literature for bulk ceria 71 µmol gcat
-1 min-1. at 560°C [22]. The activation energies for 

both catalysts were estimated using the Arrhenius plot (In(R) Vs. I/T). Only points obtained under 

differential conditions (when the conversion ~20%) were taken due to the limitation of the linear form 

of the Arrhenius equation.  For RME-ceria the average activation energy appeared around 100 kJ mol-

1, while for DP-ceria it's 80 kJ mol-1. The lesser value of calculated activation energy over DP-ceria 

(80 kJ mol-1) was obtained because the data was evaluated up to 600°C, a higher temperature than 

RME-ceria.  This fact is in direct agreement with the findings of Bustamante et al. [60]. They reported 

that the activation energy for the RWGS reaction decreased at high temperatures and pressures. 

Similarly, Mordekovitz et al. [18] reported the estimated activation energy of 66 kJ mol-1, calculated 

for the temperature range of 450°C-700°C, for the RWGS over bilk ceria. Despite the lower activation 

energy they achieved at the higher temperatures, the CO2 conversion was only ~21% at 700°C, which 

almost half of what we attained in this study over RME-ceria at 600°C (~42%).       

Another type of simple activity test was performed for each catalyst based on 3 heating-cooling 

cycles at the same conditions, i.e., a temperature range of 300°C-600°C (moving from low to high), 

3bar absolute pressure, and GHSV of 60,000 ml gcat
-1 h-1. After cycle1 (300°C-600°C), the system was 

allowed to cool down to 300°C and then exposed to the similar conditions performed before. Fig. 

4.5(a) represents the cyclic activity for RME-ceria using a brand new stainless steel reactor. Results 

show stable catalyst activity up to cycle3 (almost 42 h on stream). No CH4 or carbon formation was 

detected, which supports the fact that RME-ceria is stable and resistant to cooking. This excellent 

coking resistance of RME-ceria was later confirmed with TGA-FTIR of the spent catalyst used during 

the stability test (almost 70 h on stream).    
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Similarly, DP-ceria was subjected to similar heating-cooling cycles using a new steel reactor. 

Unlike RME-ceria, DP-ceria showed (Fig. 4.5(b)) a decline in the activity after the first cycle and 

retained the same activity for the third cycle. This activity decline for DP-ceria was later confirmed 

with XRD, BET and TEM due to a significant increase in crystallite size, a large decrease in surface 

area, and particle agglomeration during all three cycles, all catalysts showed 100% CO selectivity. 

 

 

 

Figure 4.5: Heating-Cooling cycles for RME-ceria (a) and DP-ceria r (b) at 300°C-600°C, 3 bar and 

60,000 ml gcat
-1 h-1vGHSV 

 

4.3.1.2 Catalyst Stability Tests   

Owing to a range of causes such as poisoning, sintering, and coking, catalysts may be deactivated. 

In laboratory tests, like those on CO2 conversion, the catalyst's stability is sometimes ignored. Since 

CO2 is a very stable chemical, its activation entails high temperatures, which may potentially result in 

sintering and coking. 
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The long-term stability tests were performed in a U-shaped quartz tube reactor (1/4" diameter) for 

a minimum of 70 h on the stream at atmospheric pressure, 600°C, and GHSV of 60,000 ml gcat
-1 h-1 

and 10,000 ml gcat
-1 h-1, shown in Fig. 4.6.  For   DP-ceria (Fig. 4.6(a)) initially, the CO2 conversion 

appeared around 21% at GHSV of 60,000 ml gcat
-1 h-1 (like the one observed during the activity test in 

stainless steel reactor at 3 bar, 600°C, and 60,000 ml gcat
-1 h-1). It starts declining immediately, 

continued to decrease and stabilize after 55 h on stream at around 7%. For GHSV of 10,000 ml gcat
-1 

h-1, similar declining behavior was observed. Initially, the CO2 conversion appeared very high ~53% 

preceded by continuous declining and stabilize after 60 h on stream at ~24%. This continuous decline 

happened due to the crystal growth (leading to reduced surface area), sintering, and particle 

agglomeration confirmed in line with XRD, BET-SSA, SEM and TEM. During both experiments, DP-

ceria showed 100%CO selectivity (No CH4). Additionally, no clogging or coking was observed during 

the process, which TGA-FTIR later confirmed.  

Correspondingly, the stability tests for the RME-ceria (Fig. 4.6(b)) were performed in a similar 

way as described for DP-ceria. At GHSV of 60,000 ml gcat
-1 h-1, RME-ceria showed a small decrease 

in conversion initially, but it stabilized after 20 h and remained stable at ~24%. However, at 10,000 ml 

gcat
-1 h-1 RME-ceria initially showed significantly high conversion ~62% near equilibrium conversion 

(~65%). At lower GHSV’s, a slight decline in CO2 conversion was observed, but it stabilized after 60 

h on stream at ~52%. Overall, RME-ceria shows significantly stable behaviour despite its high-

temperature exposure for 100 h on stream. This supports the fact that the reverse microemulsion 

synthesis method dramatically enhances the bulk ceria's activity and stability towards the RWGS 

reaction. At different GHSV’s, RME-ceria showed 100% CO selectivity (No CH4). Additionally, No 

clogging or coking was observed during the process, which TGA-FTIR later confirmed. At ca. 20 h 

on stream it was observed that the incoming gases were able to make a channel (as the catalyst bed 

gets flat) because of not enough amount of quartz wool on both sides of the catalyst bed. Therefore, 

without stopping the flow, the gases were bypassed and the catalyst bed was once again tightened to 
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make a pack bed. As a result, a small increase in CO2 conversion can easily be seen in Fig 4.6b at ca. 

20 h.   

 

 

 

Figure 4.6: Stability test for at least 70 h at atmospheric pressure, 600°C and GHSV of 60,000 or 

10,000 ml gcat
-1 h-1 for DP-ceria (a) and RME-ceria (b), respectively. 
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4.3.2 X-ray Diffraction and BET Studies 

Fig. 4.7 represents the XRD spectrum for un-calcined, calcined at 275°C fresh and spent (for 

standard activity tests) RME-ceria and DP-ceria samples. The XRD peaks along the (111), (200), 

(220), (311), (222), (400), (331), and (420) planes confirm that both RME-ceria and DP-ceria have 

cubic fluorite structure (JCPDS 34-0394). For un-calcined RME-ceria, XRD spectrum seems to be of 

some amorphous solid because no sharp peaks were observed. This pattern's possible reason is the 

presence of the well-mixed residual surfactant (long-chain polymeric compound). Therefore, XRD 

pattern shows that RME process incorporates surfactant in a well-mixed fashion with RME-ceria 

crystals during the crystallization process, which was unable to remove even after three times water 

washing. On the other hand, un-calcined DP-ceria shows clear sharp peaks corresponds to cubic 

fluorite crystals of pure ceria (JCPDS 34-0394). After calcined at 275°C, RME-ceria shows some clear 

peaks, but they seem flattered compared to the DP-ceria peaks. Flatter peaks are the clear indication 

of smaller crystallite size. Crystallite size for all ceria samples was calculated using the Scherrer 

equation (26) with the XRD EVA software's built-in tool. 

                      𝐷(ℎ𝑘𝑙) =  
𝐾𝜆

𝛽𝐶𝑜𝑠𝜃
                               (26) 

Where λ is the XRD wavelength, β is the full width at half-maximum (in radian), θ is the diffraction 

angle, k is a constant, and D(hkl) represents the size. For each ceria sample, the average size was 

calculated based on the (111), (220), and (311) planes. Crystallite size, specific surface area (based on 

the ceria's theoretical and bulk density), and BET-surface area are tabulated in Table 4.1. For DP-ceria, 

the lattice parameter ranged between 5.411-5.415 Å, which is closed enough to the bulk cubic CeO2 

(5.41Å) filed in the JCPDS 34-0394. On the other hand, for RME-ceria the lattice parameter ranged 

from 5.411-11.1108 Å. The higher lattice parameter indicates the presence of  more reduced form of 

CeO2, i.e., CeO2-x [225, 257]. Using the search and match tool in XRD EVA software, the RME-ceria 

contains a significant portion of the highly reduced form, i.e., CeO1.67. 
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The BET-Specific surface area was determined for (both RME-ceria and DP-ceria) un-calcined 

and calcined (at 275°C) samples. For DP-ceria, the surface area for the calcined sample is less than the 

un-calcined sample. Before calcination, the area appeared to be 103.25 m2 gcat
-1, while after calcination, 

it reduces to 101.70 m2 gcat
-1. This decrease is in a perfect match with XRD data, as for DP-ceria the 

crystallite size changed from 6.63 nm to 7.6 nm for un-calcined and calcined ceria samples, 

respectively. The agglomeration of the particles, due to calcination, reduces the exposed surface area 

of the DP-ceria samples. 

 

Table 4.1: XRD and BET analysis 

 

Sample 

Average 

Crystalline 

Size 

Theoretical 

Density(Dx) 

Pure Ceria 

Bulk 

Density 

(Db) 

SSA 

Theoretical 

Density (Dx) 

based 

SSA Bulk 

density 

(Db) based 

BET-

SSA 

nm gcat/cm3 g/cm3 m2/gcat m2/gcat m2/gcat 

D-Ceria-UC 6.63 14.34 7.22 63.11 125.34 103.25 

D-Ceria--Fresh 7.6     55.05 109.35 101.70 

D-Ceria--Spent 21.08     19.85 39.42 7.21 

RME-Ceria-UC 3.02     138.55 275.17 111.21 

RME-Ceria-Fresh 4.02     104.08 206.72 146.84 

RME-Ceria-spent 11.55     36.23 71.95 38.69 

*Theoretical Density was Calculated using the following formula Dx =8*M/(N*a3) 

Where M is the Molar mass of Ceria (172.115g/mol), N is Avogadro’s number, "a" is the lattice constant and for Pure 

CeO2 FCC crystal N*a3=96.  

* Surface area was calculated using the following formula, i.e., SSA=6000/(Dx*Dp) or SSA=6000/(Db*Dp)  
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Figure 4.7: X-Ray Diffraction Spectroscopy. 

 

On the other hand, for RME-ceria, the BET-surface area changed from 111.21 m2 g-1 to 146.84 

m2/g for un-calcined and calcined, respectively. Implies for RME-ceria: The surface area increased 

(about 35 m2 g-1) after calcination compared to DP-ceria. This increase appeared because of the 

removal of the polymeric surfactant remains. The possible explanation for this increase is; the 

surfactant molecules are thoroughly mixed with ceria samples even after washing. This mixing helps 

to create pores in ceria samples after calcination [242].  
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4.3.3 H2-TPR Studies  

In catalytic reduction reactions, the redox properties of a catalyst play a vital role. To understand 

the reduction behavior of given samples H2 temperature-programmed reduction was performed for 

both fresh and spent RME-Ceria and DP-Ceria.  The TPR results well matched with the XRD data. 

TPR results show that the total H2 consumed was 1055 µmol/g and 1232.9 µmol/g for RME-ceria and 

DP-ceria, respectively. Similarly, the %-H2 reduction calculated was 9.07% and 10.61% for RME-

ceria and DP-ceria, respectively. The smaller amount of H2 consumed and low %-H2 reduction for 

RME-ceria clearly shows that RME-ceria is already present in a highly reduced form compared to DP-

ceria. RME-ceria already has more oxygen vacancies at room temperature than DP-ceria. Implies 

RME-ceria has a greater capacity to lose more oxygen than DP-Ceria without losing its fluorite 

structure. Apart from fresh samples, TPR data of spent catalysts also shows consistency with the XRD 

and BET data. The same amount of %-H2 reduction was observed for both of the spent RME- and DP-

ceria catalysts, i.e., 7.64 and 7.66, respectively. It can be seen in Table 4.1 that the BET-SSA for the 

spent RME-ceria is 38.69 m2 g-1, while for DP-spent, it is 7.21 m2 g-1, which is almost 5 times less 

than the SSA of RME-spent. Mean similar amount of oxygen was removed from DP-ceria even though 

the exposed area was 5 times less than RME-spent. The corresponding TPR profiles are presented in 

Fig. 4.8.  
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Figure 4.8: TPR profiles for fresh and spent RME- and DP-ceria. 

 

4.3.4 SEM-EDX and ICP-OES  

Fig. 9(a) shows the SEM micrographs (zoomed 500nm) for fresh and spent catalysts. Micrographs 

for both RME and DP-ceria look similar in direct agreement with XRD data because the crystallite 

size for fresh RME and DP-ceria is 4.02 and 7.06nm, respectively. It can easily be seen from Fig.4.9(a) 

that the particles are well connected, resulting in aggregates. Micrographs for the spent samples clearly 

show the agglomeration and sintering of particles as the catalyst was exposed to a higher temperature 

(up to 600°C during the T-test). XRD and BET-SSA confirm this fact as the exposed surface area for 

both catalyst RME and DP-ceria decreased significantly. Tabrizi et al. [258] and pournajaf et al. [26] 

observed the similar surface diffusion and agglomeration of CeO2 particles with increasing 
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temperature. Higher temperatures facilitate surface diffusion that leads to neck formation and 

agglomeration. SEM micrographs show the cluster formation of nanoparticles.  To analyze the surface 

dispersion of Ce and O for the given samples, SME-EDX was performed. It can easily be seen in Fig. 

4.9(b) that Ce and oxygen are well dispersed over the surface for both RME and DP-ceria. A closer 

look also reveals that apparent oxygen concentration over the surface for RME-ceria is less than the 

DP-ceria, which directly agrees with the H2-TPR results. Therefore, RME-ceria  has more oxygen 

vacancies at room temperature than DP-ceria. The bulk composition of Ce content in the fresh RME-

ceria was determined using the ICP-OES. ICP-OES results show that the bulk Ce contents were around 

75%, close enough to the surface Ce content found for fresh RME-ceria through SEM-EDX, i.e., 73%.     
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Figure 4.9: (a)  SEM micrographs at 500 nm and (b) elemental mapping. 

 

4.3.5   HRTEM Micrographs   

To investigate more about the morphology and the shape of the ceria nano-crystals HRTEM 

micrographs were taken at 50nm and 10nm. Micrographs (Fig. 4.10) show that the particles are of 

nano-sized and uniform shape. RME-fresh seems to have small-sized nanoparticles with less 

agglomeration and high porosity than D-fresh. This fact is in direct agreement with the XRD results 

tabulated above. Fig. 4.10 shows that the particles significant agglomeration occurs after the reaction, 

leading to increased size for both RME- and the DP-ceria catalyst. This fact is also confirmed by the 

XRD data as the average crystallite sized risen from 4.02 to 11.55 nm and 7.6 to 21.08 nm for RME-

ceria and DP-ceria, respectively.  Compared to DP-ceria, the smaller increase in particle size for RME-

ceria may be attributed to surfactant molecules remains [242].  
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Fig. 4.11 giving a more close-up look on a scale of 10 nm. Micrographs obtained at this resolution 

show the dominance of particle fringes with a d-spacing of 3.2Å, which is approximately equal to 

3.12Å filed for the crystal facet (111) of fcc cubic ceria (JCPDS 34-0394). A large amount of HRTEM 

images were taken from unselected areas, fringes, and particle orientation was identified. For RME-

fresh, spent, and DP-fresh surfaces were dominated to be (111) crystal facets, while for DP-spent some 

(200) crystal facets were also observed. These facets are observed when particles are oriented along 

the (110) facets. Wang and Feng [224]  investigated the thorough particle shape analysis for ceria 

nanoparticles and revealed two crystalline structures for two different nanoparticle size range. 1) They 

found that for particles ranged 3-10nm, the particle is enclosed by (111) and (100) (equal to (200)) 

facets are dominated by truncated octahedral. 2) The larger-sized particles are dominated by octahedral 

enclosed with (111) facets. Their findings are well matched with the present studies. Fig. 4.11 reveals 

the same results for the fresh and spent catalysts. 

 

 

Figure 4.10: TEM micrographs at 50 nm for (a) RME-fresh, (b) DP-fresh, (c) RME-spent, and (d) DP-

spent 
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Figure 4.11: HRTEM micrographs at 10 nm for RME- and DP-ceria (fresh and spent) catalyst. 
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4.3.6 In-situ TGA-FTIR Studies  

The thermal behavior of the fresh and spent RME- and DP-ceria was investigated by coupling the 

TGA with an in line FTIR gas analyzer. All the samples were pre-treated under the airflow at 150°C 

for 1 h. After pre-treatment, the TGA outlet was allowed to pass through the FTIR analyzer for the 

gases' qualitative analysis. Fig. 4.12 shows that for RME-fresh, 1.8% weight loss was observed < 

450°C, attributed to the burning of the some organics in terms of carbon oxides [259, 260]. FTIR detects 

significant amounts of the CO2 and CO, confirming the fact. From 450°C-800°C further weight loss 

of 0.3% was observed, which is attributed to the loss of oxygen and the formation of the different 

reduced from CeO2-δ , as indicated by the Ce-O phase diagrams [261-264]. TGA-FTIR results of DP-

Ceria show other behavior than RME-fresh. There was no significant weight loss observed till 200°C. 

From 200°C-450°C, a weight loss of 2% was observed. This weight loss is related to the precursor's 

decomposition (-NO3) and the crystallization of the ceria nano-crystallites [265, 266]. FTIR analysis 

confirms the precursor's decomposition as a significant amount of NO2 and NO detected, as shown in 

Fig. 4.12. 

Correspondingly, the TGA-FTIR analysis of both spent RME and DP-ceria (collected after 

standard temperature test) was conducted as well. Only 0.63% and 0.75% weight loss was observed 

for RME and DP-ceria, respectively. This loss is well related to the loss of any left over CO2 on the 

catalyst and some restricting at high temperature (600°C-800°C). Like wise, to confirm the excellent 

coking resistance behavior of the as-prepared catalyst the TGA-FTIR for the spent RME- and DP-ceria 

(collected after 70 h on stream at 600°C) catalyst was performed. Results showed that no significant 

CO2 or CO was detected other than already present in the air. The experiment confirms that even after 

a long time under high temperature, the ceria did not show high deactivation due to sintering or coking. 
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Figure 4.12: TGA-FTIR analysis for fresh and spent RME- and DP-ceria. 
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4.3.7 Reaction mechanistic Studies (In-situ FTIR surface reaction analysis) 

Mechanistic studies are critical to understanding the surface reactions happening over the catalyst. 

The final reaction product produced during a catalytic reaction depends on the intermediates formed 

over the catalyst surface due to the adsorption and interaction of the reactant gases with the catalyst. 

A mixed gas feed (30 ml min-1, 2% CO2 / 8%H2 / 90% argon) introduced into the system at 400°C and 

reaction spectra were collected.  Fig. 4.13 represents the reaction spectra observed after 15 minutes of 

entering the reaction gases during the in-situ FTIR analysis of fresh and spent RME- and DP-ceria 

samples. Several peaks were detected for all samples at a similar location. Peak located at 850cm-1 for 

RME-fresh, DP-fresh, DP-spent, and peak located at 858 cm-1 for RME-spent represents the uni- or 

bidentate carbonate. Peak located at 1030 cm-1 for RME-spent, DP-fresh, DP-spent and peak located 

at 1042 cm-1 for RME-fresh represents unidentate carbonate. Similarly, peak located between 1100-

1436 cm-1 again represents the uni- and bidentate carbonate formed due to CO2 adsorption. Peak 

located in between 1501-1579 cm-1 represents the formation of inorganic carboxylate [119, 267-270]. 

The carbonate and carboxylate presence shows that the RWGS reaction follows the redox mechanism 

over the prepared unsupported RME- and DP-ceria samples as shown below (* denotes the vacancy 

site) [119]. Fig. 4.14 shows the Schematic of the reaction mechanism.  

CO2 + 2* → CO* + O* (i) 

CO* → CO(g) + *  (ii) 

H2(g) + 2* → 2H*  (iii) 

2H* + O → H2O*  (iv) 

H2O → H2O(g) + *  (v) 
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Figure 4.13: In-situ FTIR spectra over Fresh and spent RME- and DP-ceria after 15 min of reaction 

under 2% CO2 / 8% H2 / Ar. 

 

 

 

  

Figure 4.14: Schematic representation of RWGS reaction mechanism over unsupported ceria: Gray, 

blue, yellow, pink, and white circles represent carbon, hydrogen, cerium, oxygen atoms, and oxygen 

vacancies, respectively. 

CeO2(111) Top View 
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4.4 Conclusions 

In this study, we presented the synthesis of pure unsupported nanoceria (RME-ceria) via the reverse 

microemulsion method for the application of the RWGS reaction. Using a unique microemulsion ratio, 

we achieved highly porous nanoparticles with the specific surface area of 142 m2 g-1. The as prepared 

bulk nanoceria showed excellent CO2 conversion ~42% at 600°C relatively high GHSV of 60,000 ml 

gcat
-1 h-1. For comparison, a baseline catalyst was also prepared via direct precipitation method (DP-

ceria), which shows poor conversion rates and poor stability. 

RME-ceria showed well stable activity towards RWGS without deactivation. At lower, GHSV of 

10,000 ml gcat
-1 h-1, nearly equilibrium CO2 conversion (~62%) was observed initially, which stabilizes 

after 60hr to around 52%. However, for DP-ceria the deactivation was quite significant even at lower 

GHSV (10,000 ml gcat
-1 h-1). It declines from 53% to 24% in 70 h. TPR studies revealed that RME-

ceria is present in a highly reduced form even at room temperature and having more oxygen vacancies 

than DP-ceria. Oxygen vacancy is reported as the leading active site for converting CO2 to CO over 

the bulk ceria [20-22]. Also, XRD studies confirmed that even after exposing the RME-ceria at 600°C 

for several hours, the crystallite size increases from 4 nm to 11 nm, while for DP-ceria, the increase in 

crystallite size was quite significant, i.e., from 7 nm to 21 nm.  

This study's most important finding is that the RME-ceria showed 100% CO selectivity for 100 h 

on stream without any coke formation over the catalyst surface. This finding confirms the fact that 

RME-ceria with exposed (111) crystalline planes is highly stable, active, and resistant to coking and 

deactivation. 
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Chapter 5  

Selective catalytic reduction of CO2 over nanostructured ceria supported on γ-

alumina prepared via RME process 

5.1 Introduction 

In past decades, several noble and non-noble catalysts have been utilized for the thermocatalytic 

reduction of CO2. Bando et al. [80]  studied the promoting effect of Li on the catalytic activity of RhY 

catalysts. They found out that the catalyst's selectivity towards the final product changes from CH4 to 

CO by increasing the Li amount. To investigate the promotion of Li, they utilize in-situ FTIR and TPR 

characterization techniques. Heyl et al. [82] also studied CO2 hydrogenation over K and Ni modified 

Rh/Al2O3 catalyst by in-situ and operando DRIFT spectroscopy. Studies showed that K-promotion 

significantly enhances the selectivity of the process towards CO. Rh- K-Ni/Al2O3 showed the highest 

CO formation, while unprompted catalysts showed preference towards CH4. It was found that CO2 

adsorbed on the support as hydrogen carbonate rather than on the metal surface dissociative. K also 

enhances CO desorption and resists further CO hydrogenation to CH4. Highly dispersed supported Au 

nanoparticles have received significant attention in catalytic hydrogenation of CO2 to valuable 

chemicals [83-85]. Zhuang et al. [167] investigated RWGS over Ru promoted Cu/ZnO/Al2O3 catalyst. 

Ru significantly increases the stability and CO2 conversion compared to the baseline catalyst. They 

showed that CO2 conversion doubled over Ru promoted catalyst as compared to the baseline catalyst. 

Upadhye et al. [86] studied the activity of various oxide-supported (TiO2, CeO2, Al2O3) Au catalysts 

towards RWGS reaction in the absence and presence of visible light. They showed that the Au 

supported catalyst activity for RWGS is 30-1300 times higher than dark conditions under visible light. 

TiO2 and CeO2 supported Au catalysts showed the maximum CO2 conversion rate (in visible light) of 
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2663 and 1417 μmol gcat
-1 min-1, respectively. A significant decrease in the apparent activation energy, 

from 47 kJ/mol in the dark to 35 kJ/mol in light, was observed due to the LSRP (localized surface 

plasmon resonance). Kwak et al. [102] synthesized atomically dispersed alumina and MWCNT 

(multiwall carbon nanotubes) supported Pd catalyst. Alumina-supported Pd shows efficient conversion 

of CO2 to CO, while MWCNT supported Pd catalyst shows poor selectivity. However, the addition of 

La2O3 made Pd/MWCNT active for RWGS. 

Despite the high activities of noble metal catalysts towards RWGS reaction, their large-scale 

application is still questioned due to high cost and rareness [10]. Cu received significant attention as 

an alternative due to its corrosion resistance. There are various commercial Cu based catalyst are 

available for WGS [87-89]  and methanol synthesis [90, 91]. Jurković et al. [92] investigated different 

oxide-supported (Al2O3, CeO2, SiO2, TiO2 and ZrO2) Cu catalysts and demonstrated the effect of 

support on the activity of RWGS and reaction pathway. TPR studies identified alumina and ceria as 

the most promising supports. However, zirconia shows the worst activity and had the worst Cu 

dispersion as well. On the other hand, iron-based catalyst offers significant activities towards RWGS 

due to their stability. Kim et al.  [97] investigated Fe-oxide nanoparticles catalytic activities for RWGS 

reaction at 600°C. Characterization studies revealed that atomic C and O formed during the reaction 

over the Fe-oxide surface, which then penetrates the bulk of iron oxide and forms iron carbide. 

Consequently, the surface Fe structure remains unchanged, which leads to the long-term stability of 

the catalyst. Loiland et al. [98] studied RWGS reaction over alumina supported Fe and K promoted 

alumina supported Fe catalysts at 723 K and 753 K and atmospheric pressure. Both catalysts show 

high CO selectivity (>99%). It was found out that the addition of K increases the reaction rate 3 times. 

Apart from nobel and transition metals, the rare earth metal cerium (Ce) also received the 

researcher’s significant attention for its high oxygen storage capacity. Cerium oxide-based catalysts 

are well known and used commercially as three way catalyst (TWC) in automotive catalytic converters, 

in refineries for fluid–cracking, and as dehydrogenation catalyst during styrene production [271]. In 
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the early 70’s, noble metal promoted ceria supported alumina catalyst were used as the TWC in the 

automobile for CO oxidation and NOx reduction [272]. Nowadays, CeO2-ZrO2 solid solutions are used 

as TWCs [273]. Ceria supported alumina catalyst also shows some promising results towards different 

chemical reactions. Mahamulkar et al. [274] investigated the oxidation of  in-situ generated coke during 

ethylene pyrolysis. Ceria-supported catalyst shows resistance to coking compared to unsupported 

alumina and could oxidize coke at a much lower temperature than ceria alone. Aysu et al. [275] studied 

Pavlova microalgae pyrolysis to bio-oils over three different ceria supported alumina catalysts for the 

first time.  Results showed that all catalysts increased the bio-oil yield with respect to the non-catalytic 

runs and reduced the O/C ratio from 0.69 ( Pavlova sp.) to 0.1–0.15, which is close to that of crude oil. 

Wen et al. [276] studied the removal of Hg over alumina-supported ceria. The experimental results 

show that CeO2 could catalyze the HgO removal reaction and the HgO removal efficiency of CeO2/γ-

Al2O3 increases with the increase of the CeO2 loading value.  

Apart from oxidation, ceria based catalysts have shown significant activity towards CO2 reduction 

to CO. Zhou et al. [144] investigated various CeCu composite catalysts for the RWGS application and 

found that Ce1.1Cu1 show the highest stability and highest conversion rate of 1.38 mmol gcat
-1 min-1 at 

400°C with CO selectivity >0.99. Similarly, Dai et al. [20] investigated CO2 reduction over ceria 

prepared using three different methods: hard templet, complex, and precipitation method. They showed 

that all three catalyst shows 100% selectivity towards CO, while ceria prepared by hard templet method 

showed the highest CO2 conversion of 16% at 580°C. To the best of the author's knowledge, no 

investigation was ever reported for RWGS application over CeO2/γ-Al2O3. 

In this study, we attempt for the first time the potential of ceria-supported γ-alumina for the 

application of the RWGS reaction for the temperature ranger of 300°C-600°C. Three catalysts were 

prepared (via the RME method) at three different loadings of ceria (20 wt%, 30 wt% and 40 wt%). All 

the catalysts showed complete 100% CO selectivity, while the 40 wt% ceria offers the maximum CO2 

conversion.  
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5.2 Experimental 

5.2.1 Chemicals 

Cerium nitrate hexahydrate (99.5% Ce(NO3)36H2O) was purchased from Alfa Aesar, Thermo 

Fisher Scientific Inc. Aluminum nitrate nona-hydrate (99+% Al(NO3)3) and Triton X-100 surfactant 

were purchased from Acros Organics, Fisher Scientific Inc. 2-Propanol (99.9%), Cyclohexane (>99%), 

and NH4OH (28-30% NH3 basis) were purchased from Sigma-Aldrich Inc. All the chemicals were 

used as is without any further purification. All the aqueous solutions were prepared using deionized 

water. 

5.2.2 Catalyst Preparation 

20%, 30%, and 40% (by weight) CeO2/γ-Al2O3 catalysts (denoted as 20%Ce/Al, 30%Ce/Al, and 

40%Ce/Al throughout the text) prepared in three different batches each (denoted B1, B2, and B3) using 

reverse microemulsion (RME) method as described in chapter 3 and 4. In a typical synthesis, three 

blank RME’s were initially prepared while mixing Trinton X-100, 2-propanol, and cyclohexane in a 

specified ratio of 1:4.5:3.5, respectively. After, calculated amounts of Ce(NO3)3 and Al(NO3)3 were 

dissolved in deionized water to form 0.29 M and 1 M aqueous solutions, respectively (denoted as Ceaq 

and Alaq). Finally, Ceaq, Alaq, and NH4OH were poured into the respective blank RME’s to prepare the 

corresponding RME solutions denoted as Ce-RME, Al-RME, and NH4-RME. Firstly, Al-RME was 

added slowly to NH4-RME under vigorous stirring and left for 1 hour. After 1 hour, Ce-RME was 

added to the above mixture. The opaque solution immediately turned to light yellowish-brown, and 

after another hour, it turned bright yellow. The final mixture was left for several hours for gravity 

settling. After removing the clear upper solution, the settled wet precipitates were centrifuged at 3500 

RPM for 10 min followed by washing (three times) with deionized water and centrifugation at 3500 

RPM for10 min each to remove the maximum possible amount of surfactant. The wet precipitates were 
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collected in a glass petri dish and were air-dried at 150°C for 6 h. Fig. 5.1 shows each step described 

above. The full schematic of the synthesis process is presented in Chapter 3, section 3.5.4.    

 

 

 

Figure 5.1: CeO2/γ-Al2O3 catalyst preparation sequence. 

 

After drying, each catalyst was calcined at 275°C under continuous airflow in a muffle furnace for 

4 h, pelletized (50 MPa), crushed, and sieved to 250-425 µm particles. Fig. 5.2 shows calcined 

pelletized fresh (before activity test) and spent (after activity test) catalysts. 



125 
 

 

 

Figure 5.2: Calcined pelletized fresh and spent catalysts. 

 

5.2.3 Catalytic activity test 

The RWGS catalytic activities over 20%Ce/Al, 30%Ce/Al, and 40%Ce/Al were evaluated in a 

continuous flow fixed bed reactor at 3 bar absolute pressure and temperature ranged 300°C-600°C. 

The reactor system was made by joining the 1/2" stainless steel tube (316L, Swagelok) with 1/4" 

stainless steel tube (316L, Swagelok) via a reducing adapter (served as the reactor) and straight union, 

as shown in the schematic. Please refer to Fig. 3.11 for the kinetic reactor schematic and section 3.6.1 

for the complete description and experimental setup of the flow system. 

The total CO2 conversion, CO Selectivity, and CH4 selectivity were calculated according to the 

following equations.  

𝑋𝐶𝑂2
=  

𝑦𝐶𝑂+𝑦𝐶𝐻4

𝑦𝐶𝑂2  +𝑦𝐶𝑂+𝑦𝐶𝐻4

  (11)      

 𝑆𝐶𝑂 =  
𝑦𝐶𝑂

𝑦𝐶𝑂+𝑦𝐶𝐻4

   (12) 

𝑆𝐶𝐻4
=  

𝑦𝐶𝐻4

𝑦𝐶𝑂+𝑦𝐶𝐻4

  (13) 
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5.2.4 Catalyst Characterization 

The crystallite size and structure (of all CeO2/γ-Al2O3 catalysts) was measured using D8 discover 

diffractometer, Bruker with a Cu-Ka radiation source ( λ = 1.54 Å) 40 kV tube voltage and 40 mA of 

a tube current. XRD patterns were recorded for a scan speed of 3, and a step size of 0.1° with 2θ ranged 

10° - 90°. Specific surface area (SSA) was determined for all the fresh and spent catalysts using AMI-

300lite (Altamira Instruments, USA) catalyst characterization unit. Helium was used as the purge gas, 

while 10% N2/He was used as the absorbing gas to calculate the surface area using single point BET-

equation. ICP-OES (Inductively coupled plasma optical emission spectroscopy, Prodigy SPEC, 

Leeman Labs Inc) was used to measure the bulk concentration and exact loading of ceria over γ-

alumina.  

Porous structure, elemental mapping, and surface composition of fresh and spent catalysts were 

obtained using HRSEM-EDX (high resolution electron microscopy coupled with energy-dispersive X-

ray spectroscopy) a Zeiss Ultra microscope (20 kV). TPR (Temperature programmed reduction) 

analysis was performed using AMI-300Lite, Altamira instruments, catalyst characterization 

instruments to investigate the extent of reduction for all fresh and spent catalysts. 10% H2/Ar mixture 

was blown over the catalyst, and the change in H2 composition was observed using a TCD (thermal 

conductivity detector) at the outlet over the temperature range of 300°C-800°C. Thermo-gravimetric 

analysis (TGA, Q500, TA Instruments), coupled with an in-line gas FTIR analyzer (MultigasTM 2030, 

MKS instruments), was performed for both fresh and spent catalysts to evaluate their thermal stability 

and extent of coking (after reaction). The temperature ramp was set to 10°C min-1 for T < 150°C and 

maintained under isothermal conditions for 1 h at 150°C. After 1 h, the temperature ramp was set to 

2°C min-1 for 150°C < T < 800°C and the airflow was set to 40 ml min-1.  
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5.3 Results and Discussion 

5.3.1 Catalytic Activity and Stability Studies  

5.3.1.1 Catalytic Activity and Selectivity 

The catalytic activity for RWGS reaction over 20%, 30%, 40%Ce/Al, and RME-Ceria was 

evaluated as a function of increasing temperature. To assess the performance repeatability, three 

different batches of each catalyst were prepared separately and subjected to the same reaction condition 

of 300°C-600°C temperature, 3 bar absolute pressure, and GHSV of 60,0000 ml gcat
-1 h-1 using brand 

new reactors. All catalysts show 100% CO selectivity for each batch tested separately.   

A monotonic increase in CO2 conversion was observed as the reaction temperature increased from 

300°C-600°C, but no significant CO2 conversion was observed before 400°C for all the samples. Fig. 

5.3(a) represents a CO2 conversion comparison for all the catalysts. Error bars represent the standard 

deviation for three measurements taken for three different catalyst batches. 20%Ce/Al shows the least 

CO2 conversion at all the temperatures, while the rest shows almost similar conversion at all the 

temperatures except 600°C. 40%Ce/Al offers a nearly 1% higher conversion than 30%Ce/Al at 600°C 

and comparable activity (at all temperatures) to unsupported RME-ceria with just loading of 40% by 

weight over γ-alumina. This fact is precisely opposite to what Chen et al. showed for the oxidation of 

phenol over Ceria/γ-Alumina [277]. They showed that as ceria content increased from 20% the phenol 

conversion starts falling from the best value. This is proper evidence of what we observed in this study 

that 20%Ce/Al showed less CO2 reduction to CO, while 30% and 40%Ce/Al showed higher CO2 

reduction. This means the higher loading of ceria over γ-alumina prepared via the RME method has a 

superior activity for efficiently reducing CO2 to CO. A similar effect of the synthesis method for 

selective catalytic reduction of NO to NH3 was observed by Guo et al. [278]. They showed that CeO2/γ-

Al2O3 catalyst prepared by the Sol-gel method has the higher NO conversion at all temperatures ranged 

200°C-400°C compared to the same catalyst prepared via co-precipitation and wet impregnation. 
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Studies showed that in ceria-based catalysis, oxygen vacancies act as the leading active sites for 

catalytic reactions [23, 115]. The results for 30% and 40%Ce/Al showed almost similar activities to 

that of RME-ceria, which leads to the fact that both catalysts have an almost identical amount of active 

sites as that of bulk RME-ceria. This fact later confirmed with the BET and HRSEM-EDX studies that 

the specific surface area for 30%Ce/Al is more than doubled and for 40%Ce/Al is almost doubled than 

RME-ceria, also ceria is well dispersed over the surface of γ-Al2O3.     

 

 

Figure 5.3: RWGS reaction activity for three different catalyst batches: 20%Ce/Al, 30%Ce/Al  

40%Ce/Al and  RME-ceria. 

 

In addition to evaluating each catalyst at various temperatures, RME-ceria, 30%, and 40%Ce/Al 

catalysts were also assessed at different GHSVs of incoming reaction gasses at 600°C and 3 bar 

pressure to see the impact of space velocity on CO2 conversion. 20%Ce/Al catalyst was not assessed 

under various GHSV’s because of low CO2 conversion observed at all temperatures during the activity 

tets compared to 30% and 40%Ce/Al.  All catalysts show the same trend as expected, i.e., at low space 

velocities, significantly higher conversion was recorded because of higher gas-catalyst contact time. 

Fig. 5.3(b) shows that at very low GHSV’s (< 10,000), RME-ceria showed exact equilibrium 
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conversion (~65% with 100% CO selectivity), whereas 40%Ce/Al showed comparable CO2 

conversion of 62% with 100% CO selectivity. A similar effect of lower GHSV’s for RWGS has been 

reported in the literature [248].  However, for the entire  GHSV’s tested range, 30%Ce/Al showed 

lower conversion and activity relative to RME-ceria and 40%Ce/Al. 

CO generation rates and activation energies (Ea) calculated from the data presented in Fig. 3(a) 

(right plot) are shown in Fig. 5.4 as the function of reaction temperature using eq.24 and eq.25 (a linear 

form of Arrhenius law).  

𝑅 =  
𝐹𝐶𝑂2,𝑓 

× 𝑋𝐶𝑂2 

𝑊𝑐
  (24) 

𝐼𝑛(𝑅) = 𝐼𝑛𝐴 −  
𝐸𝑎

𝑅𝑇
 (25) 

 

 

 

Figure 5.4: CO generation rate mol kgcat
-1 s-1 (left plot), Arrhenius plot In(R ) vs. T-1 (right 

plot).Corresponding activation energies for 20%, 30% and 40%Ce/Al is 77.81, 89.17 and 100 kJ mol-

1 respectively,  
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Fig. 5.4(a) shows that CO generation rates for RME-ceria, 30%, and 40%Ce/Al is almost the same 

for all the temperature tested at GHSV of 60,000 ml gcat
-1

 h
-1. However, at all temperatures the rate for 

20%Ce/Al is significantly lower than the other two catalysts. Activation energies for all the catalysts 

were estimates using the Arrhenius plot (In(R) Vs. I/T) Fig 5.4(b). Only points obtained under 

differential conditions (when the conversion ~20%) were taken due to the limitation of the linear form 

of the Arrhenius equation. For 40%Ce/Al the average activation energy appeared around 97.26 kJ mol-

1, nearly equal to calculated for RME-ceria, i.e., 100 kJ mol-1
. However, for 20%Ce/Al and 30%Ce/Al, 

the calculated activation energies are 77.81 and 89.17 kJ mol-1, respectively. A similar effect of lower 

activation energy with a lower CO generation rate was observed for the DP-ceria (80 kJ mol-1) 

discussed in Chapter 4.  

To examine the reproducibility of RWGS over the as-prepared catalysts (after exposure to higher 

temperatures), a basic three heating-cooling cycle experiment was conducted for all catalysts (20%, 

30%, and 40%Ce/Al) at the same condition of 300°C-600°C (moving low to high), 3 bar, and 60,000 

ml gcat
-1 h-1. After cycle1 (300°C-600°C), the system was allowed to cool down to 300°C and then 

exposed to the similar conditions performed before. Fig. 5.5 shows the cyclic reaction activity for all 

the as-prepared catalysts using brand new reactors. Results show stable catalyst activity up to cycle-3 

(almost 42 h on stream). No CH4 or carbon formation was detected, which supports the fact all CeO2/γ-

Al2O3 (20%, 30%, and 40%) catalysts are stable and resistant to cooking, likewise RME-ceria. This 

excellent coking resistance was later confirmed with TGA-FTIR of the spent catalysts recovered after 

the cyclic test of 40%Ce/Al catalyst (almost 42 h on stream). Mahamulkar et al. [274] showed a similar 

coking resistant behavior of ceria supported alumina catalyst for the oxidation of in-situ generated 

coke during ethylene pyrolysis. They reported that ceria supported catalyst shows resistance to coking 

compared to unsupported alumina.   

Consequently, for the performed experiments, all catalysts showed 100% CO selectivity and zero-

carbon formation. However, among all the ceria supported γ-alumina catalysts, 40%Ce/Al showed 
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superior and comparable activity as of RME-ceria at all the tested conditions. Therefore, 40%Ce/Al 

being the optimum formulation of ceria supported γ-alumina was further studied for the long-term 

stability tests at different GHSV’s to confirm the stable CO2 conversion and superior coking resistant 

ability.   

 

 

 

Figure 5.5:Heating-Cooling cycles for 20% (d), 30%(c), 40%Ce/Al(b) and RME-ceria(a) at 300°C-

600°C, 3 bar and 60,000 ml gcat 
-1 h-1 GHSV. 

 



132 
 

5.3.1.2 Stability Test  

The catalyst stability is an important parameter, which is usually over looked or ignored. It is 

essential to know the catalytic stability for a preferred reaction and resistance towards sintering, 

coking, and deactivation because catalysts usually show excellent conversion for some hours but start 

losing their activity over time.   

 Among all the CeO2/γ-Al2O3 catalysts, 40%Ce/Al appeared as the optimum catalyst for the CO2 

reduction to CO under the specified reaction conditions. Considering the fact, 40%Ce/Al catalyst was 

subject to undergo two stability tests using a U-shaped quartz tube reactor (1/4" dia) for a minimum 

of 70 h on stream at atmospheric pressure, 600°C, and GHSV of 60,000 ml gcat
-1 h-1 and 10,000 ml gcat

-

1 h-1, shown in Fig. 5.6. A complete experimental setup is presented in section 3.6.1 Fig. 3.12(c). At 

GHSV of 60,000 ml gcat
-1 h-1, initially, a slight decrease in conversion was observed; however, it 

stabilized after 40 h and remained stable at ~23%, which is similar to what we observed for 

unsupported RME-ceria (Fig 4.6) at the same conditions, i.e., conversion stabilized at ~24% after a 

slight decrease.   Though, at 10,000 ml gcat
-1 h-1

, initially, a significantly high CO2 conversion ~60% 

(near-equilibrium conversion ~65%) was observed. At lower GHSV’s, a slight decline in conversion 

was recorded, but it stabilized after 23 h (earlier than RME-ceria) on stream at ~50%. However, after 

60 h on stream 40%Ce/Al regains its activity and CO2 conversion stabilizes at 53%, precisely the same 

as observed for RME-ceria (Fig 4.6).  

Overall, 40%Ce/Al shows significantly stable behavior despite its high-temperature exposure for 

70 h on stream. This supports the fact that the reverse microemulsion synthesis method dramatically 

enhances the supported ceria activity and stability towards the RWGS reaction. At different GHSV’s, 

RME prepared 40%Ce/Al catalyst showed 100% CO selectivity (No CH4). Additionally, no clogging 

or coking was observed during the process, which TGA-FTIR later confirmed.  
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Figure 5.6: Stability test for 40%Ce/Al at atmospheric pressure, 600°C and GHSV of  60,000 ml gcat
-1 h-1 and  

10,000 ml gcat
-1 h-1. 

 

5.3.2 X-ray diffraction, SSA-BET, and ICP-OES Studies  

Ceria average crystalline size over γ-alumina, specific surface area (SBET), and chemical 

composition for the fresh and spent catalysts are summarized in Table 1. 20%Ce/Al-fresh showed the 

highest surface area of 310 m2 gcat
-1. Though, a significant decrease in surface area was measured for 

the higher loading of ceria over alumina. A similar kind of decreasing SBET area, for higher ceria 

loadings was observed by Damyanova et al. [279]. They showed that at higher ceria loadings, the 

surface area decreased due to the plugging of the pores of γ-alumina with ceria. The decrease in surface 

area and thermal stability of alumina are directly related to the ceria loading. However, all CeO2/Al2O3 

catalysts showed almost doubled the surface area we reported for RME-ceria. These significantly 
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higher surface areas are evident in the catalysts highly porous structure, which was later confirmed in 

line with HRSEM.   

Literature showed that lower ceria loading helps alumina against high surface area loss by 

preventing the transformation of γ-alumina to α-alumina [280, 281]. This reason can be easily justified 

because after exposure to 600°C, the surface area loss was only 50% for 20%Ce/Al, while 30% and 

40%Ce/Al showed 70% reduction in surface area. This indicates that the surface area does not play 

any significant role in the activity of CO2 conversion over  CeO2/γ-Al2O3  catalysts as the higher 

conversion was observed over 30% and 40%Ce/Al catalyst. A similar effect has been reported in the 

literature by Chen et al. [277]. They said that the surface area of the catalyst does not affect the 

conversion of phenol. However, during the cyclic activity tests, all catalysts showed stable conversion 

at all temperatures for each coming cycle even after losing their surface area of about 50-70%. 

Considering catalysis as the surface phenomena, this behaviour of nanoceria is unusual. This unusual 

nanoceria activity is well explained and proved by Paidi et al. [282]. They studied the catalytic 

reduction of NO by CO over different morphological shapes of ceria and ceria-supported alumina 

catalysts. They showed that this superior activity of ceria is related to the reduction of Ce4+ to Ce3+ due 

to the creation of oxygen vacancies. These oxygen vacancies are highly mobile and create a oxygen 

vacancy transport within the ceria fluorite structure, leading to an increased density of Ce3+ defects in 

bulk. This effect leads them to identify the bulk ceria base activity. Therefore, they proved bulk Ce3+ 

(generate via oxygen vacancy transport) is the origin of the base activity of pure ceria, which is its 

intrinsic property. This unique property of ceria could lead to producing new materials with enhanced 

activities.    

Actual ceria loading was measured using the ICP-OES technique, and the results showed a very 

small variation in loading from the target value, as shown in Table. 5.1.    
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Table 5.1: Chemical analysis, crystallite size and specific surface area 

 

Sample 

CeO2 

 Content 

(ICP-OES) 

CeO2 

Crystallite  

size 
SBET 

Wt% nm g/m2 

20%Ce/Al-fresh 20.20 2.90 310 

20%Ce/Al-spent - 6.14 158.30 

30%Ce/Al-fresh 34.09 3.64 299.7 

30%Ce/Al-spent - 6.87 105.43 

40%Ce/Al-fresh 47.86 5.56 292.06 

40%Ce/A-spent - 7.72 97.64 

RME-Ceria-fresh 100 4.02 146.84 

RME-Ceria-spent - 11.55 38.69 

 

 

XRD patterns for all the fresh catalyst (calcined at 275°C) and spent (collected after 3cycle test) 

are shown in Fig. 5.7. All the samples show clear diffraction peaks of CeO2 except 20%Ce/Al, 

indicating a very small crystallite size of ceria particles supported over γ-alumina. This fact is well, 

matched with the crystallite sizes calculated using the built-in Scherrer equation tool in the Bruker 

XRD Eva software. It can be seen that ceria crystallite size increased as the loading increased, which 

is endorsing the results of SBET as well. The increased ceria crystallite size showing the clogging of 

pores resulting in less exposed surface area and porosity of the catalyst. This fact is well matched with 

results of SBET and HRSEM. However, this massive decrease in surface area is not related to the growth 

of ceria crystals only, because the ceria crystallites growth over spent CeO2/Al2O3  is not significant, 

as shown in Table. 1. This fact is well explained by Mohammed et al. [283]. They showed that γ-

alumina particles undergo large enlargement (from 56.26 nm to 93.84 nm) when catalyst calcination 
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temperature rise from 500°C to 650°C. This enlargement causes a decrease in pore volume and leads 

to significant decrease in surface area. This finding well matched with what we observed in this study. 

Also, The XRD peaks along the (111), (200), (220), (311), (222), (400), (331), and (420) planes 

confirm the fluorite (JCPDS 34-0394) structure of the ceria particles supported over γ-alumina. No 

Clear peaks of the γ-alumina were observed because of the low calcination temperature and showed 

the γ-alumina support's amorphous nature. However, the scan and match tool available in  Bruker 

XRD Eva software confirmed the presence of γ-alumina. Bare RME γ-alumina (prepared using the 

RME method) was calcined at 550°C to match the alumina peaks in ceria-supported γ-alumina 

samples. A slight shift of the XRD peaks in the 2θ range of 43-49 can be seen in Fig. 5.7. This shift's 

possible reason is (1) the interaction between ceria and alumina (2) alumina surface coverage by ceria 

crystallites. A similar shift of XRD pattern was observed by Damyanova et al. [279]. 
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Figure 5.7: X-ray diffraction pattern for RME-ceria-fresh (a) RME-ceria-spent (b) 40%Ce/Al-fresh (c) 

40%Ce/Al-spent (d) 30%Ce/Al-fresh (e) 30%Ce/Al-spent (f) 20%Ce/Al-fresh (g) 20%Ce/Al-spent (h) 

γ-Al2O3 (i)  

 

5.3.3 H2-TPR studies 

The TPR profiles of unsupported and γ-alumina supported ceria are shown in Fig. 5.8. Fresh 

unsupported RME-ceria showed three clear peaks (α, β, δ): the first peak α appeared at ca. 385°C, 

second β at ca. 485°C and the third δ at ca. 770°C (Fig. 5.8(a)). The first peak α corresponds to the 

surface oxygen reduction [284]. Peak β corresponds to the non-stoichiometric ceria oxide, i.e., CeO2-x  
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[285]. Various studies showed that CeO2-x could only be obtained > 500°C in air or H2 environment 

without losing the original cubic fluorite structure [286, 287]. The last peak δ is attributed to the 

complete reduction of CeO2 to Ce3O2 [286], which is completely matched with the present work as 

catalyst changed their color during the course of TPR from yellow to gray to golden yellow.  

The TPR profiles of the supported alumina ceria catalyst are different from the unsupported RME 

ceria. All three 20%, 30%, and 40%Ce/Al catalyst show a slight shift in the peak α and β compared to 

bulk RME-ceria, while the third sharp peak δ at 770°C is missing for the all. The small shift of the 

peaks can be attributed to the interaction between the ceria and alumina support [279]. For all Ce/Al 

samples, the α peak is significant and is related to the reduction of small ceria crystallite, the second 

peak is related to the well-dispersed bulk ceria over alumina support [286]. A small H2 consumption 

observed for all supported catalysts above 700°C is attributed to ceria interaction with γ-Al2O3 support 

under high temperature. This prolonged reduction at high temperatures reduced Ce4+ to Ce3+ and helps 

create new interaction with alumina support to form cerium allominate while occupying Al+3 sites in 

the first layer by the Ce3+ [288]. For all the samples broadening of reduction peak (α and β) and shift 

to H2 consumption can be seen in the low and medium temperature range. Peak β is linked to the 

reduction of large crystallites in bulk ceria. Therefore, the amount of H2 consumed for this region 

increased as the ceria loading increased and reached the maximum for pure ceria [289]. This fact is 

well-matched with the result presented in Fig. 5.8(a). Total H2 consumed for 20%, 30% , 40%Ce/Al 

and RME-ceria fresh catalyst is 350.7, 358.52, 587.94, and 1055 µmol gcat
-1, respectively.     

Fig. 5.8(a) shows that the major reduction of the samples happened in the temperature range of 

380°C-600°C and peak β appeared nearly 550°C for all the Ce/Al samples, which plays the leading 

role in creating nonstoichiometric ceria. This nonstoichiometric ceria led to more oxygen vacancies, 

more mobility of Ce3+ in the bulk that would eventually result in two folds of conversion increased 

observed for all sample when the temperature increased from 550°C to 600°C. Therefore, the initial 

reduction temperature of 400°C is essential in facilitating the RWGS reaction over the Ce/Al samples. 
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Fig. 5.8(b) showed the TPR comparison of fresh and spent 40%Ce/Al catalyst. It can easily be seen 

that for spent catalyst, the peak α is missing, which well-matched with the fact that after exposure to 

high temperature, the crystallite size increased because peak α is related to the small crystallites 

reduction  [284]. Furthermore, a small shift in peak was observed for the spent catalyst which again 

support the fact that high-temperature exposure helps in increasing the interaction of ceria and alumina. 

Finally, 40%Ce/Al spent showed a significant peak around 770°C, which was missing for the fresh 

catalysts. This again shows that after exposure to long-term high-temperature ceria and alumina 

interact, it leads to a solid solution to make CeAlO3 [279, 288].  

To investigate further, H2-TPR for the 40%Ce/Al-spent was performed coupled with the in line 

FTIR to see the reduction products output (Fig. 5.9). A very minute amount of lower hydrocarbons 

along with a strong CO signal was observed. This finding again strongly supports the high selectivity 

of the ceria-based catalyst for RWGS reaction because even in a highly reducing environment, a very 

minute amount of CH4 and a large amount of CO were observed. This shows that even in highly 

reducing environment, the as-prepared catalyst resists the reduction of already adsorbed CO2 on the 

catalyst surface to hydrocarbons especially CH4.     

 

Figure 5.8: H2-TPR-profiles (a) for all fresh catalyst (b) for 40%Ce/Al fresh vs. spent. 
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Figure 5.9: In-situ H2-TPR-FTIR profile for 40%Ce/Al-spent recovered after 3-cycle stability test. 

 

5.3.4 HRSEM-EDX Studies 

Fig. 5.10 shows the HRSEM  micrographs taken at 1 µm, 500 nm, and 300 nm (left to right) for 

the 40%Ce/Al fresh & spent catalyst. The highly porous structure of the fresh catalys can easily be 

seen in Fig. 5.10 (a,b,c). Also, in Fig. (b & c), the polyhedral growth of ceria particles over alumina 

can be seen as well. Fig. 5.10 (d, e, f) shows the micrographs for the spent sample. It can easily be seen 

that the spent sample is appeared agglomerated, and pores are clogged, which is in true agreement with 

the XRD and SBET data. Because as the catalyst exposed to the higher temperature, the crystallite size 

increased, pore volume decreased, and the surface area decreased [283, 290]. Micrographs for the fresh 
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catalyst showed the crystal growth in a cluster like structure which is attributed to the large surface 

area of the catalyst ( 292 m2 gcat
-1). However, this cluster growth makes them unstable, and particles 

agglomerate with high temperature [290], as observed in this study.    

   

 

 

Figure 5.10: SEM-EDX micrographs for 40% Fresh (a, b, c) 40%Ce/Al-spent (d,e,f). 
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Figure 5.11: SEM-EDX elemental mapping. 

 

To further investigate the dispersion and the surface elemental composition of ceria over alumina,   

EDX was performed for fresh and spent 40%Ce/Al catalyst. It can be seen that for fresh and spent 

40%ce/Al, cerium atoms are very well dispersed over the alumina surface and readily available for the 

reduction. This highly dispersed nature of ceria over alumina is well matched with the literature [279]. 

It was reported that a well dispersed monolayer of cerium atoms appeared over alumina support that 

readily available to reduce to CeO2-x. this similar fact can be seen in Fig 5.11. Elemental mapping 

shows detected impurities as C and Au which were appeared because of the carbon tape and Au 

coating.  
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5.3.5 In-Situ TGA-FTIR Studies  

To investigate the thermo-gravimetric properties and the extent of coking, in-situ TGA-FTIR was 

performed for all the samples. All samples were pretreated under air flow of 60 ml min-1 at 150°C for 

1 h and then subjected to elevated temperature as described in experimental section 5.2 . 20%, 30%, 

and 40%-fresh catalysts showed almost similar weight loss of almost 4% till 550°C with a continuous 

significant amount of evolved CO2  (Fig. 5.12). This loss might be attributed to the burning of the 

residual organic in the sample [259, 260]. From 550°C-800°C a very small change in mass was detected 

which might be attributed to the loss of the oxygen from the sample as both alumina and ceria losses 

oxygen at elevated temperature [261-263]. Similarly, fresh RME-ceria showed a 2% weight loss till 

450°C  and a very small loss till 800°C. 

To investigate the extent of coking over spent RME-ceria and 40%Ce/Al recovered after 3heating-

cooling cycle test ( 42 h on stream)  TGA-FTIR was performed under the same condition. For 

40%Ce/Al less than 2% weight loss was observed, which is attributed to the loss of the oxygen which 

the sample gained back after air exposure. During this Ph.D. study, it was observed that the spent 

catalyst starts changing its color from gray to yellow after several hours of exposure to the open air at 

room temperature. This observation strongly supports the highly reducing nature of RME prepared 

sample. For the spent 40%Ce/Al no significant signal of CO2 was observed, confirming the absence 

of any carbonaceous compounds over the spent catalyst, and highly supporting the fact that RME 

prepared 40%ceria/Al catalyst is resistant to coking.  
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Figure 5.12: TGA-FTIR for fresh & spent catalysts. 
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5.4 Conclusion 

A thorough investigation of RWGS reaction was carried out using different ceria supported γ-

alumina catalysts. All the investigation showed that with increasing loading of ceria over γ-alumina 

the catalyst's reducing abilities improved. The supported ceria has much higher surface areas compared 

to the bare ceria but it was shown that the surface area in case of the supported catalyst does not play 

any significant role in the over all conversion. Superior 40%Ceria/Al catalyst was proven to be because 

oof the bulk based activity of Ce3+.  

 XRD pattern showed that supported ceria particles correspond to the fluorite structure of pure 

ceria. It was observed that the crystallite size of ceria particle decreased from 2.9 nm to 5.56 nm as the 

ceria loading increased from 20% to 40% wt.  However, the BET-SSA results showed as the ceria 

loading increased from 20% to 30% the surface areas decreased from 310 m2 gcat
-1 to 292 m2 gcat

-1
. 

TPR data showed the with increasing loading of ceria /γ-alumina, the amount of consumed H2 

increased and reaches the maxim for the bulk pure RME-ceria. HRSEM studies show the cluster 

growth of the γ-alumina with well-dispersed ceria particles. Studies further confirm the polyhedral 

development of the ceria particles.  TGA-FTIR studies proved the stable nature and the coking 

resistance of the as-prepared ceria-supported catalyst. 40%Ce/Al catalyst showed almost equilibriu 

conversion at lower GHSV’s. 

Consequently, it can be finally concluded that the 40%Ce/Al showed superior activity towards 

RWGS (especially at low GHSV) with 100%CO selectivity and excellent coking resistance. This study 

gives a sightful work for the future application of ceria-supported γ-alumina for RWGS.  
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Chapter 6  

Effect of calcination temperature on relevant active sites, their identification and 

mechanistic studies over 40%RME-ceria/γ-alumina   

6.1 Introduction 

The conversion of CO2 to synthetic fuels via CCU technology has dual advantages. It can mitigate 

CO2 emissions directly and can help to produce synthetic fuels and other valuable chemicals. The 

catalytic conversion of CO2 to useful chemicals and fuels is more viable because it mitigates CO2 20-

40 times higher than the sequestration process over a span of 20 years [8, 9]. This route seems to be 

more attractive because it can reduce GHGs and produce some valuable synthetic fuels, which will 

eventually reduce the consumption of natural fossil fuels. Reduction of CO2 to CO using renewable 

H2 is vital because the syngas (CO+H2) produced can be utilized to make either methanol or higher 

hydrocarbons. 

A higher surface area is considered a vital step in catalysis because higher surface area provides 

more reaction sites to the incoming reaction gases to get adsorbed and undergoes a reaction faster [72]. 

Therefore, the activity of a catalyst is directly proportional to the number of active sites present on the 

surface.  A higher surface area for an active catalytic agent can be achieved by supporting it on a higher 

surface area porous metallic oxide support.  For example, α-alumina has areas ranging from 1-10 m2 

g-1, while γ-alumina provides areas ranging from 100-300 m2 g-1. The high surface area supports also 

help in better dispersion of the catalytic agent, reducing the chance of sintering or agglomeration [72]. 

Kim et al. [77] showed that Pt/TiO2 catalyst produces more CO2 conversion than Pt/Al2O3 because of 

the strong metal-support interaction and high reducibility of support. However, the surface properties 

are greatly affected by the calcination temperature as well.  
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Pournajaf et al. [26] reported that the ceria nanoparticles' surface area decreased to 50% as the 

temperature increased from 300-600°C. Also, the crystallite size increased from 5 nm to 20 nm. A 

similar effect of a large decrease in surface area was reported by Chen et al [23]. They showed that the 

surface area for ceria decreased from 125 m2 gcat
-1 to  50 m2 gcat

-1 as the calcination temperature 

increased from 200°C to 600°C. He et al [24] aslo reported that the ceria particle size increased from 

60 nm to 80 nm as the calcination temperature rises from 700°C to 900°C. Furthermore, Mohammed 

et al. [283] showed that γ-alumina particles undergo considerable enlargement (from 56.26 nm to 93.84 

nm) when catalyst calcination temperature rises from 500°C to 650°C. This enlargement causes a 

decrease in pore volume and leads to a significant reduction in surface area.    

In the previous study, we reported the excellent activity and stability of 40%Ce/Al for the 

conversion of CO2 to CO visa reverse water gas shift. Generally, catalysis is considered the surface 

phenomenon. However, in bulk RME-ceria and RME-Ce/Al catalyst bulk based activities have been 

observed. The literature strongly emphasizes the effect of calcination temperature on the catalyst 

properties, especially particle size and surface area, which are considered as the key point in catalysis. 

Therefore it is necessary to study the effect of calcination temperature on the activity and selectivity 

of the 40%Ce/Al. The present work will give an insight into the topic through the different 

characterization techniques. XRD diffraction patterns were collected to calculate the crystallite size, 

BET-SSA was performed to see the effect on the surface area. H2-TPR and CO2-TPD were performed 

to see the reducing abilities and the present active sits on the catalyst surface, respectively. In the end, 

in-situ FTIR studies were performed to determine the exact reaction mechanism over 40%Ce/Al 

catalyst.       
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6.2Experimental 

6.2.1 Catalyst Preparation 

The 40%Ce/Al catalyst was synthesized following the recipe described in section 5.2.2. The as-

prepared dried catalyst was calcined at 275, 375, 475, and 575°C under continuous airflow in a muffle 

furnace for 4 h, pelletized (50 MPa), crushed, and sieved to 250-425 µm particles. 

6.2.2 Catalytic Activity test 

The RWGS catalytic activities over as prepared 40%Ce/Al calcined at 275, 375, 475 and 575°C   

were evaluated in a continuous flow fixed bed reactor at 3 bar absolute pressure and temperature ranged 

300°C-600°C. The reactor system was made by joining the 1/2" stainless steel tube (316L, Swagelok) 

with 1/4" stainless steel tube (316L, Swagelok) via a reducing adapter (served as the reactor) and 

straight union, as shown in the schematic. Please refer to Fig. 3.11 for the kinetic reactor schematic 

and section 3.6.1 for the flow system's complete description and experimental setup. 

The total CO2 conversion, CO Selectivity, and CH4 selectivity were calculated according to the 

following equations.  

 

𝑋𝐶𝑂2
=  

𝑦𝐶𝑂+𝑦𝐶𝐻4

𝑦𝐶𝑂2  +𝑦𝐶𝑂+𝑦𝐶𝐻4

  (11)      

 𝑆𝐶𝑂 =  
𝑦𝐶𝑂

𝑦𝐶𝑂+𝑦𝐶𝐻4

   (12) 

𝑆𝐶𝐻4
=  

𝑦𝐶𝐻4

𝑦𝐶𝑂+𝑦𝐶𝐻4

  (13) 
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 6.2.3 Catalyst Characterization 

D8 discover diffractometer, Bruker was utilized to obtain the XRD patterns using Cu-Ka radiation 

source (λ = 1.54 Å) at 40 kV tube voltage and 40 mA of a tube current. Diffraction patterns were 

collected for the 2θ ranged 10° to 90° at a scan sped of 3 (time per step) with an increment of 0.1. 

Specific surface area (SSA) was determined for all the fresh and spent catalysts using AMI-300lite 

(Altamira Instruments, USA) catalyst characterization unit. Helium was used as the purge gas, while 

10% N2/He was used as the absorbing gas to calculate the surface area using single point BET-equation. 

TPR (Temperature programmed reduction) analysis was performed using AMI-300Lite, Altamira 

instruments, catalyst characterization instruments to investigate the extent of reduction for all fresh 

and spent catalysts. 10% H2/Ar mixture was blown over the catalyst, and the change in H2 composition 

was observed using a TCD (thermal conductivity detector) at the outlet over the temperature range of 

300°C-800°C. CO2-TPD studies were performed using AMI-300Lite, Altamira instruments, catalyst 

characterization instruments to investigate the relevant active sites. In one experiment, the catalyst 

sample was reduced under 10%H2/Ar for 2 h at 400°C, preceded by CO2 adsorption at 25°C for 1 h. 

However, for the other experiment, the catalyst was treated under He (without reduction) at 400°C for 

2 h, preceded with the same CO2 adsorption at 25°C for 1 h. After CO2 adsorption, the temperature 

was allowed to increase from 25°C to 800°C at a ramping rate of 10°C/min. The amount of CO2 

desorbed was monitored with an in-line TCD and FTIR gas analyzer.  

Reaction mechanistic studies were performed for all fresh and spent catalysts using AMI-300Lite, 

Altamira Instruments, catalyst characterization instrument (In-situ FTIR reaction analysis).  The in-

situ FTIR spectra were collected in a reactor cell with KBr windows connected with inlet and outlet 

flows. The cell was placed in a FTIR spectrometer (Thermo Scientific™ Nicolet™ iS™5), and the 

temperature was controlled with a controller connected thermocouple (inside the reactor). The catalyst 

(~5 mg) was pressed to a potassium bromide pellet support. Each spectrum was collected at 4-1 

resolution and 32 scans from 4000 to 800 cm-1 in absorbance mode. The sample pellets were reduced 
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in 10% H2/argon at 400 °C for 1 h and then flushed with argon to remove the hydrogen. The 

background spectrum was collected under argon at the same temperature as the reaction condition. 

After the background was subtracted, reaction gas (30 ml min-1, 2% CO2/8% H2/90% argon) was 

introduced to the IR cell at the same temperature. 

6.3 Results and Discussion 

6.3.1 XRD Diffraction and BET Studies 

Its been reported that the calcination temperature directly affects the particle size and exposed 

surface area of the catalyst. Both ceria [23, 24, 26] and γ-alumina [283] undergo particle growth when 

exposed to higher temperatures. Therefore, to study the effect of calcination temperature on the as-

prepared 40%Ce/Al catalyst XRD patterns and BET-SSA was measured for all the catalysts calcined 

at 275, 375, 475, and 575℃. Temperature above 575℃ was not considered because it has been 

reported that ceria loses almost half of its exposed surface area as calcination temperature rises from 

300℃ to 600℃ [26]. Chen et al also reported the same effect of losing 50% of the initial surface area 

by ceria particles when the calcination temperature increased from 200°C to 600°C [23]. A similar 

surface area loss for γ-alumina has been reported [283].  

Fig. 6.1 shows the XRD patterns collected for all the catalysts. All the catalysts showed flatted 

peaks indicating the nano-scaled crystallites. Crystallite size for ceria particles supported on γ-alumina 

was calculated using the Scherrer equation, as shown in Table 6.1. It can bee seen that a small increase 

in the crystallite size has been observed as the temperature rises from 275℃ to 375℃. However, the 

average size does not change further as the temperature increased from 375℃ to 475℃. This shows 

that the ceria particles supported on the γ-alumina are resisting against the size increase in this 

temperature range. A similar effect has been reported in the literature that the ceria supported on γ-

alumina helps enhance the catalyst's thermal stability [279]. Further, as the temperature rose from 

475℃ to 575℃ a large increase in the crystallite from 7nm to 16.8 nm was observed. This large 
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increase well matched with the BET-SSA results that the surface area decreased to a significant 

amount, as shown in Table.6.1. this large decrease in surface area is well-matched with studies reported 

by Pournajaf et al. [26] for ceria and Mohammed et at. [283] all for γ-alumina.   However, BET-SSA 

results showed that the surface area increased when the calcination temperature increased from 275°C 

to 375℃. This could be explained by the fact that the surfactant used in the synthesis process has a 

boiling point of 270℃. Therefore, there are quite significant chances of surfactant remains present in 

the cluster of porous γ-alumina at the calcination temperature near to boiling point. However, as the 

calcination temperature increased and the leftover organic burnt out, it increased surface area and 

porosity because the crystallite does not change at 375℃ [242].  

All the XRD patterns show clear peaks for the ceria correspond to the fluorite (JCPDS 34-0394) 

structure of the ceria particles supported over γ-alumina.  

 

Table 6.1: XRD and BET analysis 

 

Sample 

Calcination 

Temperature 

CeO2 

Crystallite  

size 
SBET 

℃ nm g/m2 

40%Ce/Al-fresh 275 5.56 292.06 

40%Ce/Al-fresh 375 7 357.35 

40%Ce/Al-fresh 475 6.79 313.70 

40%Ce/Al-fresh 575 16.8 239.75 
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Figure 6.1: XRD diffraction patterns for 40%Ce/Al fresh samples calcined at 275, 375,474, and 

575℃. 

 

6.3.2 H2-TPR Studies 

XRD and BET studies showed a significant effect of calcination temperature on the particle size 

and surface area for the as-prepared catalyst. Considering the highly reducing abilities for [202-204] 

ceria, it was of high interest to see the effect of calcination temperature on the surface reduction of the 

ceria support γ-alumina catalyst. 

Fig. 6.2 shows the TPR profiles for 40%Ce/Al catalyst calcined at different temperatures. It can 

easily be seen that the samples calcined at 275°C and 375°C showed similar TPR profiles with clear 

all three typical TPR peaks ( α, β, and δ). The first peak α corresponds to the surface oxygen reduction 
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[284]. Peak β corresponds to the non-stoichiometric ceria oxide, i.e., CeO2-x  [285]. However, in ceria 

supported on γ-alumina, the peak δ is related to the higher interaction of ceria and alumina, leading to 

a solid solution to form CeAlO3 [279, 288]. Various studies showed that CeO2-x could only be obtained 

> 500°C in air or H2 environment without losing the original cubic fluorite structure [286, 287]. The 

last peak δ is attributed to the complete reduction of CeO2 to Ce3O2 [286], which is completely matched 

with the present work as catalyst changed their color during TPR from yellow to gray to golden yellow.   

The above results are in direct agreement with XRD and BET-SSA. XRD results showed that as 

the calcination temperature increased from 275°C to 475°C, the crystallite size does not change much. 

From the TPR profiles, we can easily see that the sample calcined at 275°C 375°C, and 475°C showed 

a clear peak α related to the small ceria particles present on the alumina surface [284]. However, for 

the sample calcined at 575°C, the peak α is completely missing. The absence of peak α shows that the 

crystals are grown up due to high temperature. These results are in direct agreement with the XRD 

data. XRD data showed that as the temperature increased from 275℃ to 575℃, the crystallite size 

increased from 5.56 nm to 16.8 nm. Similarly, the sample calcined at 375°C showed a larger area under 

the curve compared to the sample calcined at 275°C. This fact is well-matched with the BET-SSA and 

the H2 consumption results. Results showed H2 consumption of 810 µmol g-1 and 587. 94 µmol g-1
  for 

sample calcined at 375°C and 275°C, respectively. The sample calcined at 575°C showed a very sharp 

peak β, which is again well matched with the XRD data because the crystallite size for this ample is 

16.8 nm. However, the sample highest amount of consumed H2, which is in agreement with the 

literature. The superior reducing ability of ceria is a well-known fact  [286, 287]. It quickly loses oxygen 

in the H2 environment and gets quickly oxidizes in the air. In this study, all the samples were calcined 

for 4 h under the air atmosphere. The highly riched oxidizing environment lead ceria to quickly oxidize 

and gain more oxygen in the lattice as the ceria has superior OSC (oxygen storage capacity) [291].  
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Figure 6.2:TPR profiles for 40%Ce/Al fresh samples calcined at 275, 375,474, and 575℃. 

 

 

Sample calcined at 275°C and 375°C showed a weak peak δ compared to the samples calcined at 

475°C and 575°C. This is again in agreement with the literature that when ceria-supported γ-alumina 

samples get exposed to higher temperatures, they create significant interaction, leading to solid 

solution formation  [279, 288]. The samples calcined at 475°C and 575°C were exposed to higher 

temperatures, which led them to create more interactions between ceria and γ-alumina that eventually 

led them to make CeAlO3. However, the interactions were weak for the samples calcined at 275C and 
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375C. Previous studies ( section 5.3.3) showed similar results when TPR profiles of fresh and spent 

40%Ce/Al calcined at 275°C were compared. Results showed a clear peak δ for the spent catalyst, 

which was missing for the fresh catalyst.  This fact could be explained with the help of literature [279, 

288]  that after exposure to 600°C the sample could have significant interactions between ceria and 

alumina, leading to a clear peak during the TPR experiments.  

6.3.3 Catalytic Activity Comparison  

XRD, BET-SSA, and TPR studies showed a significant effect of calcination on the crystallite size, 

surface area, and interaction between ceria and γ-alumina support. Therefore, it was necessary to see 

if calcination temperature affects the catalytic activity of as-prepared 40%Ce/Al catalyst. To see the 

effect, all the samples were subjected to undergo standard catalytic activity temperature test .i.e., the 

catalysts were tested for the temperature range of 300°C-600°C (moving low to high), at an absolute 

pressure of 3 bar, and a GHSV of 60,000 ml gcat
-1 h-1, as shown in Fig. 6.3.  

Fig. 6.3(a) shows the temperature test's outcome for all the samples calcined at 275, 375, 475, and 

575°C. It can be seen that all the samples showed 100%CO selectivity and almost the same CO2 

conversion at all temperatures, irrespective of initial calcination temperature. This means calcination 

does not play any role in enhancing or reducing as-prepared 40%Ce/Al catalyst activity, regardless of 

the other characterization studies results.  
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Figure 6.3: (a)Standard temperature test results at 300°C-600°C, 3bar, and GHSV 60,000 ml gcat
-1 h-1  

(b) carbon balance . 

  

This unusual behavior is well-matched with previous results reported in sections 4.3.1.2 and 5.3.1.2 

for unsupported RME-ceria, and RME-ceria supported γ-alumina. Paidi et al. [282] showed that due to 

the formation of the surface oxygen vacancy under a reducing environment, an oxygen transport within 

the fluorite structure appeared, leading to an increased density of Ce3+ defects in bulk. Therefore, they 

proved bulk Ce3+ (generate via oxygen vacancy transport) is the origin of the base activity of pure 

ceria, which is its intrinsic property. Likewise, 40%Ce/Al calcined at 275°C, all the other samples 

calcined at 375, 475, and 575°C showed zero CH4 and coke formation. Again proving the highly 

coking resistant nature of RME prepared 40%Ce/Al. For all the experiments, the carbon balance 

(measured using eq. 14) remained stable, as shown in Fig. 6.3(b). 
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6.3.4 Active Catalytic Sites and Mechanistic studies 

6.3.4.1 CO2-TPD-FTIR Studies 

CO2-TPD analysis may provide information on the nature of CO2 adsorption active sites on the 

catalyst surface. The catalytic activity of a catalyst towards CO2 reduction is directly proportional to 

the catalyst's adsorption ability for the gas phase CO2. Its been reported that the initial desorption 

temperature and a desorption peak temperature of the adsorbed gas species on the catalyst can be used 

to determine the catalyst's adsorption potential for gas species [139]. 

 

 

 

Figure 6.4: CO2-TPD-FTIR curves for 40%Ce/Al calcined at 275°C without pre-reduction (a) with 

reduction (b). 

 

To investigate the present active sites on 40%Ce/Al calcined at 275°C, two types of CO2-TPD 

experiments were performed using an in-line FTIR gas analyzer. Fig. 6.4(b) showed the results when 

the catalyst was reduced at 400°C under 10%H2/Ar for 2 h before the CO2 adsorption, while Fig. 6.4 
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(a) shows the results for the catalyst without pre-reduction. However, the catalyst was treated under 

He for 2 h to remove any pre-absorbed species on the surface before CO2 adsorption step occurs.   

Both samples showed two clear peaks (φ and ψ). Peak φ started at around 35°C and went till 

400°C with attaining its maxima at about 94°C. Peak ψ lies in the range of 400℃-800℃. Both peaks 

represent two types of adaptive sites. First leads to linear adsorption ( O=C=O—M), while the second 

leads to bridge-bonded adsorption (M—O—C—O—M) [292]. Peak φ appeared in the low-

temperature range and showed easier desorption, while peak lies in the high-temperature range showed 

difficult desorption. Fig. 6.4(a) showed a weak signal for the peak ψ, and also the corresponding FTIR 

signals showed a minute amount of CO appeared in that temperature range. This led to the presence 

of less active sites for the unreduced sample. However, the sample with pre-reduction at 400°C showed 

a strong peak ψ along with a powerful signal of CO (detected with in-line FTIR ) that appeared in the 

corresponding temperature range. This clearly shows that reduction significantly enhances more active 

sites on the surface of the as-prepared catalyst. These results well matched with the activity test results. 

In all activity tests, no significant conversion was observed for any sample. However, all samples 

showed almost two folds of conversion for each coming temperature up till 600℃. These results well 

matched with the TPR data because all the samples undergo a high level of reduction in the temperature 

range of 400C-600C, leading to more oxygen vacancies that act as the leading active sites in ceria 

catalysis. However, it is a proven fact that the formed oxygen vacancies create Ce3+ in bulk, and these 

Ce3+ atoms are mainly responsible for the bulk-based ceria activity [282]. This fact is well proved here 

because the sample with pre-reduction showed a higher CO signal in parallel to higher peak ψ.  

Some other studies showed that the functional group's chemical form influences the type of gas 

desorbed (whether it is CO2, CO, or H2O) and the peak temperatures in a TPD pattern [293]. It has 

been reported that the gases that evolved (during TPD-experiments) from the catalyst surface in the 

temperature range of 100°C-400°C are mostly due to the carboxylic functional group's presence [294]. 
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Furthermore, the gases that appeared in the temperature range of 400°C-600°C showed the presence 

of acid anhydride functional group [295-297]. 

6.3.4.2 Reaction Mechanistic Studies (In-situ FTIR Surface Reaction Analysis) 

In order to explain the surface reactions of the catalyst, mechanistic experiments are important. 

The final product generated during a catalytic reaction depends heavily on the intermedia created by 

adsorption and interaction between reactant gases and catalysis on the catalyst surface. A mixed gas 

feed (30 ml min-1, 2% CO2 / 8%H2 / 90% argon) introduced into the system at 400°C, and reaction 

FTIR spectra were collected.  Fig. 6.6 represents the reaction spectra observed at 0 min (after 

immediate entering), 1 min, 2 min, and 15 min after entering the reaction gases during the in-situ FTIR 

analysis 40%Ce/Al calcined at 275°C. 10%H2/Ar was allowed to pass over the catalyst during the 

heating ramp rate to get a reduced surface before encountering the catalyst with reaction gases. 

After 60 seconds, clear peaks appeared, showing the surface reaction and the intermediate over the 

surface. Peaks located between 1100-1436 cm-1 represent the uni- and bidentate carbonate formed due 

to CO2 adsorption [119, 267-270]. Similarly, the peaks that appeared at 1456-1489 cm-1 show the 

surface carbonate [298]. Furthermore, the peaks located between 1507-1558cm-1 show the formation 

of bicarbonates [298, 299]. However, unlike RME-ceria, some surface formate species also appeared 

at 1652-1638 cm-1 [300, 301], which clear appeared due to the presence of γ-Al2O3. Additionally, Some 

carbonyl species were also detected at 1693-1733 cm-1 [300] along with some chemisorbed CO 1843 

cm-1 [301]. Signal between 2200-2400 cm-1 showing the gas phase CO2 [302]. The presence of the 

carbonate and formates shows that the RWGS reaction follows the associative mechanism over the as-

prepared supported 40%Ce/Al catalyst (* denotes the vacancy site) [74, 142]. Fig. 6.5 shows the 

Schematic of the reaction mechanism. 
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H2(g) + 2* → H* + H*      (i) 

CO2(g)+ * → CO2*        (ii) 

CO2* + H* → HCOO*+ *      (iii) 

HCOO* (COOH* )+ * → HCO* (COH* ) + 2O *   (iv) 

HCO* (COH* )+ * → 2CO∗ + 2H*     (v) 

H* + O* → OH*+ *       (vi) 

H* + OH* → H2O*       (vii) 

H2O* → H2O(g)+ *       (viii) 

CO* → CO(g) + * .       (ix) 

 

 

Figure 6.5: Schematic representation of RWGS reaction mechanism over unsupported ceria: Gray, 

blue, yellow, pink, purple, and white circles represent carbon, hydrogen, cerium, aluminum, oxygen 

atoms, and oxygen vacancies, respectively. 
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Figure 6.6: In-situ FTIR spectra over Fresh 40%Ce/Al calcined at 275°C after 0, 1, 2 and 15 min of 

reaction under 2% CO2 /8% H2/Ar at 400°C. 

 

6.4 Conclusion 

In this study, the effect of calcination temperature on the catalytic activity and the surface properties 

of as-prepared 40%Ce/Al catalyst was thoroughly investigated. The as-prepared catalyst was calcined 

at four different temperatures of 275, 375,475, and 575°C. Using various characterization techniques, 

we confirmed the bulk based activity for 40%Ce/Al and the reaction mechanism for RWGS reaction. 

XRD results showed an appreciable increase in the crystallite size of ceria supported on γ-alumina 

i.e., it rose from 5.56 nm to 16.8 nm as the temperature increases from 275°C to 575°C. BET-SSA 
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results show similar decreasing behavior except the catalyst calcined at 375°C. The reason for this 

exception was well explained with literature that the increase in the surface area happened because of 

the burning of the leftover organic in the porous cluster of γ-alumina. H2-TPR results showed a rise in 

H2 consumption for the samples calcined at higher temperatures. This direct relation of H2 consumption 

is well-matched with the highly reducing abilities of the ceria crystal present on the surface of the γ-

alumina. 

Furthermore, to identify the surface active site and reaction mechanism followed over supported Ce/Al 

catalysts, CO2-TPD in-line with FTIR gas analyzer and in-situ-FTIR reaction mechanistic experiments 

were performed. CO2-TPD results showed an excellent agreement with the TPR and the catalyst 

activity test results. It was found that the catalyst must go under reduction to have essential active sites 

on the surface of the catalyst for the dynamic adsorption of reaction gases. Finally, in-situ FTIR 

reaction mechanistic studies were performed, and it was concluded that unlike RME-ceria, 40%Ce/Al 

showed a formate mechanism for converting CO2  CO via RWGS reaction. 
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Chapter 7  

Investigation of coke formation in stainless steel reactor and metal dusting at 

elevated temperature under RWGS reaction  

7.1 Introduction 

Metal dusting is a severe form of corrosive degradation that Fe, Co, and Ni-base high-temperature 

alloys undergo when subjected to carbon supersaturated environments (ac > 1)  [17, 303]. It’s a 

catastrophic carburization phenomenon that makes powdery coke and metal particles due to metal 

disintegration [304]. The anomaly is thought to predominantly occur in a temperature range of 400-

700°C [17, 303]. The phenomenon becomes more dominant when carbonaceous gases (CO-H2-H2O)  

pass over the catalytic metallic surfaces at elevated temperatures. It’s an annoying phenomenon, 

especially in industrial heat exchangers, because coking hinders gas flow, requires high pressure and 

temperature gradient [17]. Hochman [305, 306]   was the first who did the early study on metal dusting. 

However, Grabke et al. [307-313] and Chun et al. [314, 315] investigated more details. These studies 

reported that CO is the most potent metal dust molecule and the involvement of H2 helps to intensify 

the degradation of the metal surface. When contemplating metal dust corrosion in CO or CxHy 

(hydrocarbons) containing conditions, the following reactions can lead to the transfer of carbon to the 

metal surface [17, 303, 304, 307].    

CO + H2 ⇌ C + H2O  (27) 

2CO ⇌ C + CO2   (28) 

CxHy ⇌ y/2 H2 + xC (29) 
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Eq. (28) is known as the Boudouard reaction. However, it does not play any significant role due to 

its slower kinetics. Grabke et al. [316] and Shatynski et al. [317] showed that among all the mentioned 

reactions, Eq.(27) shows the fastest kinetics that is resulting in extreme metal dusting at elevated 

temperatures in a CO-H2 environment. In iron and steel alloys, carbon formation also occurs due to the 

solid-state reaction involving metal carbide dissolution. For iron and steel alloys following mechanism 

is proposed for the potential metal dusting[17, 306]:    

(i) Oversaturation of metal due to inward carbon diffusion formed by surface reaction (eq. (1))  

(ii) Cementite formation M3C (M = Fe, Ni) that resists further carbon penetration. 

(iii) As a result, a high carbon activity is developed at the surface, graphite nucleates locally, 

and the carbon activity is reduced to ac > 1, making cementite unstable.  

(iv)   Cementite decomposes as     M3C → 3M + C (30) 

The formed carbon atoms connected to the outer graphitic layer and the metal atoms diffuse 

and agglomerate to form small nano particles on the surface.  

(v) These metal nanoparticles act as a catalyst and facilitate the reaction (eq. 27) for additional 

carbon deposition. In most cases, filamentous carbon growth can be seen behind these metal 

particles.  

The following sequence can explain the formation of carbon filament on the metal particles free 

surface: 

CO (g) ⇌ O (ad) + C (dissolved) (31a) 

O (ad) + H2 ⇌ H2O  (31b) 

C (dissolved) ⇌ C (graphite) (31c) 

The carbon diffuses to a plane where graphite can easily nucleate and attaches to the carbon 

filament that grows from this location. Chun et al. [303] presented a simple schematic (Fig. 7.1) to 
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understand the above-mentioned mechanism included his experimental findings on the right side 

of the picture.  

 

 

 

Figure 7.1: Schematic of the proposed mechanism in metal dusting of iron and steel [303]. 
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Fig. 7.1(a) show the initial C deposition on the metal surface due to the reaction of CO and H2. Fig. 

7.1(b) show the formation of metastable Fe3C on the surface. Fig. 7.1(c) shows that the further carbon 

deposition reduces the carbon activity to 1 at the Fe3C/graphite interface, which prompted Fe3C 

dissociation. The resulted carbon atoms formed attached to graphite [303]. However, the metal 

particles generated move away from the Fe3C/graphite interface and appeared on the edges of the 

filaments [318]. 

For this Ph.D. study, CeO2 was selected as a potential catalytic agent because of its excellent 

reducing abilities [202-204], 100% CO selectivity (via RWGS reaction) [20-22], and coking resistance 

[274].  However, during different experimentation, we observe a significant amount of coke deposits 

on the downstream side of the reactor (after the catalyst bed) when old reactor systems (almost 42 h 

on stream) were used for the evaluation of as-prepared catalysts for RWGS applications. A 

comprehensive investigation was performed to find the root cause of this coking, and results prove that 

the coke formation on the downstream side has resulted from the metal dusting of stainless steel tubes 

at elevated temperatures under a highly active carbonaceous gas mixture of CO-H2-H2O. Finally, a 

safe time frame was proposed for the use of stainless steel tubing for RWGS applications at elevated 

temperatures. The given study could be used as a reference in the future to apply stainless steel alloy 

in RWGS applications.  

7.2 Experimental 

7.2.1 Materials 

1/2"  and 1/4" inch stainless steel tubes (316L alloy, ASTM A479) and reducing adapters were 

purchased from Swagelok incorporation to make kinetic reactors for the catalytic activity test. As-

prepared RME-ceria (section 4.2.1) and 40%Ce/Al (section 5.2.2) catalysts were deployed to 

investigate coking and metal dusting.  
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7.2.2 Performance and Activity  

To investigate the coke formation and metal dusting in the stainless steel kinetic reactors, under 

highly active carbonaceous environment (CO-H2-H2O), RME-ceria and DP-ceria were deployed for 

the production of syngas. The reactor system was made by joining the 1/2" stainless steel tube (316L, 

Swagelok) with 1/4" stainless steel tube (316L, Swagelok) via a reducing adapter (served as the 

reactor) and straight union. Please refer to Fig. 3.11 for the kinetic reactor schematic and section 3.6.1 

for the complete description and experimental setup of the flow system. Kinetic reactors (with and 

without catalyst bed) were evaluated for the temperature range of 300°C-600°C at 3 bar absolute 

pressure and GHSV of 60,000 ml gcat
-1 h-1. In an empty reactor test, inert quartz wool was used in place 

of the catalyst. 

 The total CO2 conversion, CO selectivity, and CH4 selectivity were calculated according to the 

following equations.  

𝑋𝐶𝑂2
=  

𝑦𝐶𝑂+𝑦𝐶𝐻4

𝑦𝐶𝑂2  +𝑦𝐶𝑂+𝑦𝐶𝐻4

  (11)      

 𝑆𝐶𝑂 =  
𝑦𝐶𝑂

𝑦𝐶𝑂+𝑦𝐶𝐻4

   (12) 

𝑆𝐶𝐻4
=  

𝑦𝐶𝐻4

𝑦𝐶𝑂+𝑦𝐶𝐻4

  (13) 

7.2.3 Characterization Studies 

D8 discover diffractometer, Bruker was utilized to obtain the XRD patterns using Cu-Ka radiation 

source (λ = 1.54 Å) at 40 kV tube voltage and 40 mA of a tube current. Diffraction patterns were 

collected for the 2θ ranged 10° to 90° at a scan sped of 3 (time per step) with an increment of 0.1. 

Elemental mapping, and surface composition of coke was obtained using HRSEM-EDX (high 

resolution electron microscopy coupled with energy-dispersive X-ray spectroscopy) a Zeiss Ultra 

microscope (20 kV). Thermo-gravimetric analysis (TGA, Q500, TA Instruments), coupled with an in-
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line gas FTIR analyzer (MultigasTM 2030, MKS instruments), was performed to determine the type of 

coke. The temperature ramp was set to 10°C min-1 for T < 150°C and maintained under isothermal 

conditions for 1 h at 150°C. After 1 h, the temperature ramp was set to 2°C min-1 for 150°C < T < 

800°C and the airflow was set to 40 ml min-1.   

7.3 Results and Discussion 

7. 3.1 Activity, Steel Dusting, and Coke Formation 

These investigations were taken into account when we found an unexpected rise in CO2 conversion 

during the 3 Heating-cooling cyclic test of RME-ceria, conducted using the old kinetic reactor (already 

28 h on stream) shown in Fig. 7.2. (a). 

In this experiment, the system was allowed to undergo a temperature change of 300℃-600℃ 

(moving low to high) at 3bar pressure and a GHSV of 60,000 ml gcat
-1 h-1 for the cycle1. After cycle1 

(300°C-600°C), the system was allowed to cool down to 300°C and then exposed to the similar 

conditions performed before. Fig. 7.2 shows that a similar stable CO2 conversion (as of the standard 

catalytic activity test of RME-ceria) was recorded during cycle1 when the old stainless steel (already 

28 h on stream) reactor was used. However, for each coming cycle, the activity increased to almost 

two folds as recorded for each corresponding temperature during the standard catalytic activity test of 

RME-ceria. Generally, catalysis is considered as the surface phenomenon, though for ceria, bulk-based 

activities have been proved [282]. However, this unusual increase in ceria catalytic activity was not 

possible even considering bulk-based activities for ceria. Consequently, This increase was regarded as 

an indication that the stainless steel reactor starts facilitating the RWGS reaction after prolonged 

exposure to elevated temperatures (up to 600℃), which was later confirmed with experimental results 

in line with the literature   [15-17, 303].  During this experiment, the CO selectivity remained 100% 

(no CH4), and the carbon balance was around 0.97. However, during the unloading of the kinetic 
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reactor (from the flow system), a very minute amount of coke flakes was observed on the downstream 

side.     

 

  

 

Figure 7.2: Kinetic reactor activity in (a) 3Heating -cooling cycle test (when the old reactor was used) 

(b) 5Heating-Cooling cycle test (when the new reactor was used) at 300℃-600℃, 3bar, and GHSV of 

60,000 ml gcat
-1 h-1. Where “X” shows conversion, the numeric letter shows the corresponding cycle, 

and the alphabets “a & b” offers the figure caption. 

    

To confirm this fact, another test based on 5heating-cooling cycles was performed using RME-

ceria (as the catalytic agent) at the same condition (described above for 3cycle test) using a brand new 

stainless steel reactor (Fig. 3.11), shown in Fig. 7.2(b). It can easily be seen that till cycle3 (almost 42 

h on stream), catalytic activity remained stable (similar to the standard activity tests described in 

section 4.2.2) at all the temperatures tested. However, for cycle4, a significant increase in CO2 

conversion was observed as the temperature reached 550℃. Similarly, for cycle5, a similar increasing 

activity trend was recorded as followed in the 3-heating-cooling cycle test. Again, a minute amount of 

Coke was observed during the unloading of the kinetic reactor. This observation is well-matched with 

the findings of Müller et al. [17] and Chun et al. [303]. They reported that under a highly active 
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carbonaceous environment of CO-H2-H2O, the iron and steel alloys undergo a degradation process 

known as metal dusting, leading to the disintegration of cementite into metal particles and carbon. 

These metal particles act as the new catalytic sites for the coke formation (eq. 31a-c). The continuous 

exposure to a temperature above 540℃ creates pits in the metal, and activation energy for coke 

formation decreased from 51kJ mol-1 to 11kJ mol-1 for Austenitic steel (contains Cr > 16%) closer to 

the 316L stainless steel used in the present studies.  

To investigate the long-term stability of 316L stainless steel alloy at 600℃ in high carbonaceous 

environment of CO-H2-H2O, standard stability tests (almost 100 h on stream) were performed using 

both RME-ceria and 40%Ce/Al (as the catalytic agent) using brand new stainless steel reactors at 

600℃, 3bar and GHSV of 60,000 ml gcat
-1 h-1. Along with CO2 conversion, CO/CH4 selectivity, and 

carbon balance, the pressure was continuously monitored to observe the kinetic reactor's clogging due 

to coke formation. Fig. 7.3(a) shows the total CO2 conversion and CO selectivity for RME-ceria, while 

Fig. 7.3(b) shows the corresponding carbon balance (CB) and pressure. Initially, 44% conversion was 

recorded (similar to what we observe during standard activity tests), but it starts decreasing and reached 

39% after 12 h. However, right after this point, the conversion increased and went to ~60% after 32 h 

on stream. CO selectivity started declining and continued to decrease till 100 h. Corresponding, 

pressure and carbon balance(CB) showed that at 38 h the pressure begins to increase while the carbon 

balance starts to fall. This increasing pressure and decreasing CB indicated that the system is building 

up with heavy coke. The pressure rises to 8 bar, and the flow through the system almost stopped. 

However, high pressure pushed the coke and made some channels for the gases to pass, and the 

pressure suddenly dropped back to the initial value of 3bar. Later, the pressure started rising again and 

reached a maximum value of 12 bar after 100 h on stream. A similar trend was observed when 

40%Ce/Al was used as the catalytic agent to produce syngas in a brand new kinetic reactor. However, 

in this experiment, an increase in CO2 conversion was observed after 6 h on stream, which is still in 

line with the results obtained during 3 cyclic test because each catalyst's performance was tested at a 
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single temperature for 110 min. Therefore, it can be accepted that 316L stainless steel could be utilized 

for the evaluation of RWGS studies for up to 6 h on stream at a single elevated temperature. However, 

for temperatures less than 500℃ it can be used for long-term activities. At the end of RME-ceria 

stability test, the reactor assembly was thoroughly investigated physically to find the exact collaging 

point in the system. Furthermore, the coke samples collected were further characterized through XRD, 

HRSEM, and TGA-FTIR to confirm the type of coke, its morphology, and metallic nanoparticles 

presence due steel dusting. 

The results obtained from stability tests are again well-matched with the literature. Chun et al. [303, 

314] studied the mechanism of Fe dusting at 550℃ under CO and H2 environment. They found that at 

H2:CO of 50:50 the rate appeared to be fastest, while at higher H2 content, the carbon formation rate 

was still higher than low H2 content. On the other hand, Müller et al. [17] studied the metal dusting of 

various alloys at different temperatures with varying CO: H2 mixtures. They reported that cementite 

decomposition becomes faster above 540℃ than any other process with lower activation energy. 

Above this temperature, the decomposition process directly depends on CO and H2 partial pressures 

and independent of H2O partial pressure. The coking formation corresponds very clearly to the reaction 

given in eq. 31(a-c), i.e., the carbon transfer from the dusting process to the metal particles by CO 

decomposition. In this high-temperature range, the reaction is only proportional to pCO. These findings 

are well-matched with the results presented above.  

.           
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Figure 7.3: Long-term stability test of kinetic reactor under CO-H2 environment using RME-ceria as 

the catalytic agent (a&b) using 40%Ce/Al as the catalytic agent (c&d).  

    

To further support the dependence of stainless steel disintegration into metallic particles and coke 

at elevated temperatures on the carbonaceous gases present in the system, an empty reactor (having 

inert quartz wool in place of catalyst) was subjected to the similar condition of standard stability test 

(600℃, 3bar, and GHSV of 60,0000 ml gact
-1 h-1). GHSV was calculated using the inert quartz wool 

weight placed inside the reactor. Fig. 7.4(a) shows the standard activity test performance for the empty 



173 
 

stainless-steel reactor, which was performed at the start of this Ph.D. study to check the stainless-steel 

reactivity towards the incoming gases. The experimental conditions were 300℃-600℃ (going low to 

high) 3bar absolute pressure and GHSV of 60,000 ml gcat
-1h-1. The initial experiments showed stainless 

steel noncatalytic behavior towards the gas mixture of H2:CO2 4:1 up to 550℃. No CO2 conversion 

was observed even for 2 h on stream at each temperature up to 550℃. Despite, a very minute (~2%) 

CO was detected at 600℃ after 2 h on stream. Results were significantly satisfied to carry on the work 

using stainless reactors as now appreciable conversion was seen even at 600℃.  However, later during 

the cyclic test, the appeared unusual activity of RME-ceria pushed to further investigate the issue. 

Therefore, a long-term stability test was performed using an empty reactor having inert quartz wool in 

place of catalyst. The kinetic reactor was subjected to a similar condition of standard stability test of 

600℃, 3bar, and GHSV of 60,0000 ml gact
-1 h-1

.  Fig. 4(b) shows the even up to 12 h on stream at 

600℃, the detected CO was not above 2%, and the amount does not increase from 4% even 80 h on 

stream. These findings again support the fact that stainless steel itself is noncatalytic up to 550℃, but 

it starts showing higher catalytic activity when its subjected to high temperature especially in a higher 

concentration of CO and H2. At a low concentration of CO, even at 600℃, there was no metal dusting 

or coke formation was observed.   
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Figure 7.4: Empty reactor test for the RWGS activity of kinetic reactor without catalyst, (a) standard 

temperature test at 300℃-600℃, 3bar, GHSV 60,000 ml gcat
-1 h-1 (b) long term stability test at 600℃, 

3bar, GHSV 60,000 ml gcat
-1 h-1. 

 

7.3.2 Kinetic Reactor Physical Investigation  

After RME-ceria long-term stability test (Fig. 3(a)), the recovered kinetic reactor was thoroughly 

investigated to locate the actual clogging point (due to coke growth) to recover catalyst and coke 

sample for further characterization. Fig. 5 shows the real images taken after opening and cutting 

different parts of the kinetic reactor assembly.   

Fig. 7.5(b) showed that when the thermocouple was taken out of the outlet of 1/4" inch tube, it was 

covered all over with black coke. A 12" inch long thermocouple was installed in a way that its tip 

touches the quartz wool, which is in touch with the catalyst bed on the other side. The first step in the 

investigation was to recover the catalyst safely. The catalyst bed was recovered after opening the 1/2" 

inch tube, as shown in Fig. 7.5(b). A few small chunks of carbon were observed in the spent catalyst, 
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which probably grew due to the synthesis gas backflow when the system pressure rises. No coke or 

metal degradation was observed on the inlet and outlet side of the catalyst bed.  
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Figure 7.5: Kinetic reactor physical investigation, (a) complete kinetic reactor with thermocouple (b) 

open upstream side of the kinetic reactor and catalyst recovery (c) downstream side of the kinetic 

reactor (the point where thermocouple touches the wool holding catalyst) 

 

Fig. 7.5(b) shows that the point where the catalytic bed touches the quartz wool was still white, 

indicating no coke formation in the assembly's upstream section. However, when the joining area of 

straight union and 1/4" tube was cut (the point at which thermocouple touches the other side of the 

quartz wool holding the catalyst bed), the end appeared completely clogged with coke grew all over 

the cross-section. The small holes in the bottom part of Fig. 7.5(c) (right and left bottom corners) 

showed the thermocouple's location in the assembly. The coke was recovered and subjected to XRD, 

HRSEM, and TGA-FTIR for in-depth analysis. This physical investigation again supports the fact that 

the metal dusting and coke formation appear in stainless steel in highly active carbonaceous zones at 

elevated temperatures.      
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7.3.3 SEM-EDX Spectroscopy 

Fig. 6 shows the SEM micrographs obtained at 1 µm and 500nm for the coke deposits collected 

after RME-ceria (Fig. 7.6(a&b)) and 40%Ce/Al (Fig. 6(c&d)) 100 h stability tests, respectively. Fig. 

7.6 shows an exact filamentous growth of the deposited coke. This filamentous structure of the coke 

is well-matched with the literature [17, 303-305, 318]. According to muller et al. , Coke grows evenly 

on the samples after metal dusting of iron and low alloy steels (as seen in Fig. 6(a)). Metal dusting and 

coke development begin locally on high alloy steels in most cases, in locations where the oxide scale 

has defects. The coke then spreads in these spots in the shape of strings, tubes, and the metal waste 

induces pit formation. They further reported that coke grows in the form of filaments over high alloy 

steels and carried metal nanoparticles on the edges. In Fig. 7.6 (b&d) small metal nano particles can 

be seen clearly at the edges of the filaments. Similarly, Chun et al. [303] and Pippel et al. [318] showed 

that the metal particles generated (as a result of cementite decomposition) moved away from the 

Fe3C/graphite interface and appeared on the edges of the filaments.   

To further investigate the presence of metal nanoparticles on the edges of the filaments, EDX for 

the collected coke was performed, as shown in Fig.7.7  Both the coke samples (collected after RME-

ceria and 40%Ce/Al stability tests) clearly showed fine nanometa particles on edges and well dispersed 

all over the filamentous network. EDX majorly detects Fe and Cr on the surface because 316L steel 

contains Cr (16-18%), the highest percent metal present.   
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Figure 7.6: SEM micrographs taken at 1µm and 500 nm for coke sample collected after stability test 

of RME-ceria (a & b) and 40%Ce/Al (c&d)  

 



179 
 

 

 

Figure 7.7: Elemental mapping and of coke sample collected after stability test of (a) RME-ceria (b) 40%Ce/Al. 

 

7.3.3 TGA-FTIR  

SEM-EDX images confirm the coke's filamentous growth and the presence of metal particles on 

the surface. However, to further confirm the coke's nature and the metallic particles' presence in the 

samples, thermogravimetric analysis with  in-line FTIR were performed. The combustion gases fro the 

TGA outlet were allowed to pass through the FTIR, and the recoded data was synchronized later with 

weight loss and temperature to recognize the coke type. 

Fig. 8 shows the TGA-FTIR plots for the coke samples collected after RME-ceria and 40%Ce/Al 

stability test. Fig. 7.8(a) shows that as the temperature reached 350℃, the weight of the sample starts 

increasing. This mass gain is attributed to the oxidation of the metallic particles present in the coke 
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sample. These metallic particles must come from the steel dusting because the spent catalyst was safely 

recovered after the stability test from the separate compartment, and there was no chance for the 

catalyst to escape and get mixed with coke growing on the downstream side of the kinetic reactor.  

Similarly,  A very slight weight increase was observed for the coke sample recovered after the 

40%Ce/Al stability test, shown in Fig. 7.8(b). These results well-matched with SEM-EDX as EXD 

detects a very minute amount of Fe and Cr for the coke collected from the kinetic reactor of  40%Ce/Al 

compared to the coke collected for RME-ceria used kinetic reactor. Furthermore, both sample shows 

similar clear sharp peaks for CO2 and CO at around 625℃. It has been reported in the literature the 

coke burns in the temperature range of 500-650℃ is filamentous coke [319-321]. The presence of 

filamentous coke and metal particles in the coke sample confirms that the coke appears as a result of 

the metal dusting of steel under a highly active carbonaceous environment at elevated temperature.    

 

 

 

Figure 7.8: TGA-FTIR plots for the coke samples collected after stability test of  (a) RME-ceria (b) 40%Ce/Al. 
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7.3.5 XRD study 

Fig. 7.9 shows the XRD diffraction pattern obtained for the sample collected after the TGA-FTIR 

of the coke. The diffraction pattern indicates the presence of all three (Fe, Cr, Ni) major components 

of the 316L steel in the final mixture in different oxides form. Iron is present in the form of magnetite 

and showed two clear peaks at 35.1° and 62.4°. However, Ni was detected as Nickle chromate, and 

chromium was detected as chromium carbide. This simple XRD scan for the recovered oxidized coke 

sample after TGA-FTIR further confirms the presence of metal particles in the coke.    

 

Figure 7.9: XRD pattern for the oxidized coke sample recovered after TGA-FTIR. 
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    7.4 Conclusion 

In this study, metal dusting of 316L stainless steel alloy under highly active carbonaceous gas 

mixture and the resulted coke formation was thoroughly investigated. Different activity tests were 

performed using RME-ceria and 40%Ce/Al as the catalytic agents for the generation of syngas. Using 

different characterization techniques, we finally proposed a time frame for the application of 316L 

steel for the study of RWGS reaction at elevated temperatures. 

 Activity test showed that 316L stainless steel does not show any reactivity towards RWGS 

reaction below 550℃. Furthermore, a very minute amount of CO (~2%) was detected during the empty 

reactor test at 600℃. The long-term stability test using an empty kinetic reactor showed that the CO 

does not go above 4% even after 80 h on stream at 600℃. However, under highly active carbonaceous 

mixtures, the activity test showed that 316L steel starts facilitating RWGS reaction due to internal 

carburization and metal dusting after 6 h on stream. Therefore, on the basis of this investigation, it was 

proposed that 316L steel is useful to study RWGS reaction below 550 for several hours, while at 600℃, 

a time limit of 6 h should be imposed. 

Studies further confirmed that the coke that appeared on the downstream side of the kinetic reactor 

is formed as a result of the metal dusting. Metal dusting facilitates the decomposition of cementite that 

leads to producing nanometal particles. These nano metal particles acts as the catalyst for the 

conversion of CO to coke via Boudouard reaction. The coke grows behind the nanoparticles in a 

filament-like structure, leading metal particles to appear on the filaments' edges.  

SEM and TGA-FTIR studies confirmed the filamentous nature of the coke formed. However, the 

XRD patterns confirm the presence of metal particles in the final sample obtained after the complete 

oxidation of the coke sample.      
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Chapter 8  

General Conclusions, contributions, and recommendations 

8.1 General Conclusions 

This chapter summarizes all the key findings of this research study. First, portion of this work 

focuses on the application of bulk ceria prepared via RME and direct precipitation method. Results 

showed the excellent activity of RME-ceria for RWGS application. The second portion deals with the 

application of ceria-supported γ-alumina catalyst. It gives a deep insight into ceria and alumina's 

synergetic effect towards the reverse water gas shift reaction. The third part is the continuation of the 

second part. It gives a comprehensive overview for effect of calcination temperature on the different 

properties of the as-prepared 40%Ce/Al catalyst. Finally, the last part deals with applications of 

stainless steel tubes in a high carbonaceous environment. With the help of different characterization 

techniques, this study recommended a timeline for the long-term use of stainless steel pipes for RWG 

applications.        

8.1.1 Highly selective CO synthesis via RWGS reaction over cerium oxide catalyst prepared via 

RME-Process 

The first part of this Ph.D. study work is related to the application of RME prepared CeO2 exposing 

(111) for conversion of CO2  to CO via RWGS reaction. To compare the results and activity of as-

prepared RME-ceria, another ceria sample was prepared using the direct precipitation method and 

named as DP-ceria. Catalyst were evaluated using various characterization techniques resulted in the 

excellent activity of RME-ceria for RWGS. The main conclusion drawn are:  

1. RME process successfully developed highly porous, high surface area ceria (142 m2 gcat
-1) with 

exposed (111) facets with polyhedral geometry. 
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2. The as-prepared bulk nanoceria showed excellent CO2 conversion ~42% at 600°C a relatively 

high GHSV of 60,000 ml gcat
-1 h-1. 

3.  At a lower GHSV of 10,000 ml gcat
-1 h-1, nearly equilibrium CO2 conversion (~62%) was 

observed initially, which stabilizes after 60hr to around 52%. 

4. XRD studies confirmed that even after exposing the RME-ceria at 600°C for several hours, the 

crystallite size increases from 4 nm to 11 nm, while for DP-ceria, the increase in crystallite size 

was quite significant i.e., from 7 nm to 21 nm. XRD studies also confirm the presence of highly 

reduced for of ceria, i.e., CeO1.67. 

5. SEM-EDX results showed the well-dispersed ceria and oxygen atoms all over the surface.  

6. TPR studies showed that RME-ceria has more oxygen vacancies at room temperature than the 

DP-ceria, which confirms the high reducing abilities of the RMe-ceria.  

7. TGA-FTIR studies for the spent catalyst (collected after long-term stability test) confirm zero 

coke in the sample. And proved the excellent coking resistance of RME-ceria.  

8. Finally, the mechanistic studies confirm that RWGS follows a redox mechanism over bulk 

RME-ceria. 

Overall, RME-ceria appeared 100%CO selectivity, with excellent coking resistance, highly stable 

conversion (especially at low GHSV), and  resistance to deactivation   

8.1.2 Selective catalytic reduction of CO2 over nanostructured ceria supported on γ-alumina 

prepared via RME 

This part of the study involved the application of RME prepared supported ceria over γ-alumina. To 

find out the optimum ceria loading, three catalysts were prepared using 20wt%, 30wt%, and 40wt% 

ceria over γ-alumina. The main conclusion drawn are: 

1. 40%Ce/Al showed excellent activity for all the conditions tests. 
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2. BET-SSA showed a very high specific area achieved for all the catalysts. Especially 40%Ce/Al with 

an initial surface area of   292.03 m2 gcat
-1 showed comparable activity at all the temperature and GHSV 

test as of RME-ceria. 

3. HRSEM studies revealed the catalyst's highly porous nature and showed the cluster-like growth of 

alumina with ceria particles well dispersed all over the γ-alumina surface.  

4. Activity tests showed that showed stable 55% conversion at low GHSV of 10,000 ml gcat
-1 h-1 for 100 

h on stream without any coke formation or significant deactivation. 

5. TGA-FTIR studies of the spent catalyst conform to the excellent coking resistance of 40%Ce/Al 

likewise RME-ceria.  

6. The most important fact discovered during this study is the bulk-based activity of ceria. It was 

confirmed that even after losing 70% of surface area, 40%ce/Al catalyst showed stable conversion test 

for all the temperatures. This excellent conversion is an intrinsic property of ceria, and it happened due 

to oxygen transport in the crystal leads to form Ce3+ in bulk.  

Finally, the 40%Ce/Al catalyst appears as the optimum formulation for RWGS applications.  

8.1.3 Effect of calcination temperature on relevant active sites, their identification, and 

mechanistic studies over 40% RME-ceria/γ-alumina 

After finding the optimum formulation for the RME-supported ceria over the γ-alumina catalyst, it was 

necessary to study the effect of calcination temperature on the activity and other 40%Ce/Al catalyst 

properties. Further, CO2 mechanism was also determined using CO2-TPD and in-situ FTIR analysis. 

The main conclusions drawn are:  

1. Calcination temperature directly affected the crystallite size and the BET-SSA of the as-

prepared 40%Ce/Al.  

2. The result showed that crystallite size increased from 5.56 nm to 16.8 nm as the calcination 

temperature rises from 275°C to 575°C.  
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3. Similarly, surface area decreased from 292.06 m2 gcat
-1 to 239.75 m2 gcat

-1  as the calcination 

temperature increased from 375°C to 575°C  

4. CO2-TPD studies showed the pre-reduction plays a vital role in enhancing the activity of the 

catalyst with a significant increase in active sites. A pre-reduction temperature of 400°C is 

necessary to start the reaction over the surface. Studies further confirm Ce/Al catalyst's bulk-

based activity because of the bridge-bonded adsorption of CO2 on the metal ions. 

5. In-situ FTIR studies confirm that 40%ce/Al showed CO2 to CO via the formate mechanism 

because of the presence of the γ-alumina.   

Finally, it was concluded that 40%Ce/Al catalyst follows the bulk based activity process as even after 

losing 70% surface, the activity remained stable and prone to coking.   

8.1.4 Investigation of coke formation in stainless steel reactor and metal dusting at elevated 

temperatures under RWGS 

The final part of this Ph.D. studies focuses on the application of stainless steel in RWGS application. 

These investigations were taken into account when we detect a suspicious increase in the catalytic 

activity of as-prepared RME-ceria. The main conclusion drawn are:  

1. Under highly active carbonaceous gas mixture of CO-H2-H2O stainless steel undergoes severe 

carrion knows as metal dusting. This disintegration leads to form nano metal particles that 

facilitate the filamentous coke formation on the steel wall.   

2. SEM-EXD, XRD, and TGA-FTIR studies confirm the presence of metal particles in coke 

samples collected. 

3. Various activity tests were performed. It was recommended that 316L stainless steel start to 

undergo metal dusting after exposure to 6 h on stream at a temperature above 550°C under the 

carbonaceous environment of H2-CO. Below 550°C, it could be used for long-term RWGS 

applications. 
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Finally, this study could be used as a guideline for the application of stainless steel alloy used at 

elevated temperatures in a highly active carbonaceous environment.     

8.2 Recommendations for Future Work  

Based on the comprehensive study for the application of RME- based ceria for RWGS applications 

following recommendation could be followed to explore further  

1. RME prepared supported ceria γ-alumina showed excellent activity and stability for the RWGS 

reaction, and this is the first study on its application for the RWGS ever studies. Therefore, it’s 

a strong need to explore the further properties of the 40%Ce/Al catalyst using XPS, TEM, and 

Raman spectroscopy. This will lead to enhance its activity even at higher GHSV’s. 

2. In catalysis, promoters sometimes play a vital role in tunning activity and selectivity. Despite 

100% selectivity, it is recommended that the Cu, CO, and Fe should be utilized to see the effect 

on the conversion at higher GSHV’s. 

3. During the course of this Ph.D. the catalyst was always synthesized in batches. However, for 

pilot scale and for further commercial-scale applications, the process needs to be modified to 

automatic or semi-automatic for quick catalyst making. 

4. Considering the highly active nature of bulk RME-ceria and 40%Ce/Al catalyst a 

comprehensive economic analysis could be considered as a separate Ph.D. or M.Sc. project to 

explore its commercial applications.  

5. Considering space explorations, the effect of the incoming gas mixture could be taken into 

account.    
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Appendix 

Appendix A 

Calibration curve for continuous measurement of outlet gases using IR-cell and LabView 

 

 

Figure S.1: Calibration curves 



211 
 

Appendix B 

 

Figure S.2: Equilibrium constants for key reactions which can occur in the metal dusting environment 

[322]. 

The above figure is presented as a supplementary source of information to quickly show the favorable 

temperature ranges for the coke formation in the metal dusting environment.  
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Appendix C 

 

Figure S.3: Arrhenius diagram of coke rate due to the metal dusting of ferritic and austenitic steel in 

H2-CO2-H2O [17]. 

 

The above figure is included as supplementary information to show that the activation energy is 

different for coke formation due to metal dusting for different temperature ranges. 


