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Abstract:

Increases in carbon dioxide emissions due to economic activity induce global
warming. The strong increase in energy demand, mainly based on oil and coal, induces
a rapid increase in CO;, in the atmosphere. Within Canada, the amount of human-
produced carbon dioxide is considerable because a large portion of energy is supplied
by burning of fossil fuels. The Reverse Water Gas Shift (RWGS) reaction is a
promising catalytic process for the utilization and subsequent activation of carbon
dioxide to carbon monoxide, which can be further converted into fuels such as
gasoline. The current thesis studies the development of nano-catalytic systems for the
RWGS reaction. Mono- and bi-metallic nanoparticles based on Cu, Fe, Ru and Pt were
prepared using a polyol synthesis method. The catalytic performance of three different
types of metal oxides (ionically conductive, mixed ionic-electronic conductive and
non-conductive) was investigated for the RWGS reaction. Conductive metal oxides
including samarium-doped ceria (SDC), ceria (CeQ,), yttria-stabilized zirconia (YSZ)
and iron III oxide (Fe,Os;) were further used as the catalyst supports and the
nanoparticles of Cu, Fe, CusFe .« (x = 50 and 95 at.%), Ru, Pt, RusoPtsp and RuyFe;« (x
=80 and 90 at.%) were subsequently deposited on them. A stoichiometric mixture of
H, and CO,, i.e. Hy/CO; = 1, was used under atmospheric pressure in the temperature
range of 300 - 600°C in order to evaluate the catalyst performance in terms of activity,
stability and selectivity. Nanoparticles deposited on ceria-based supports (CeO, and
SDC) showed superior catalytic performance compared to other metal oxides. Among
all the catalyst tested, 5 wt.% RusoPtso/CeO, showed the highest CO yield and
satisfactory stability for RWGS reaction. The second best catalytic systems were based
on RugoFe;o/CeO, and RugoFe;0/Ce0,, which are more attractive from the practical

point of view.
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Chapter 1

1.1 Introduction

The burning of fossil fuels increases the concentration of green house gases (GHG)
and leads to environmental and health hazards. Fossil fuel is still considered as the main
resource for the supply of energy in Canada, and therefore it is responsible for generation of
large amounts of carbon dioxide (COy). It is noticeable that CO, contributes over 60 percent
to GHGs, which are one of the main causes of global warming. In addition, CO, is considered
to be responsible for the disruption of the global carbon cycle that can eventually lead to
climate change. Carbon cycle is known as a complex cycle through which carbon circulates
between different carbon reservoirs such as CO; [1].

As reported by the International Panel for Climate Change (IPCC), CO, concentration
is increasing every year. Over 80% increase in CO, level has been reported from the year
2000 to the year 2004 [2]. The climate change caused by CO; has severe environmental
impacts including melting of ice sheets and consequently rise in the sea levels [3], higher
desertification, and ocean acidification because a large portion of emitted CO, is released into
the oceans [4].

In an attempt to deal with global warming as a worldwide issue, countries committed
to decrease their GHG emissions in the long run. In spite of all the integrated strategies for
CHG reduction, it is unlikely for the developed carbon emitter industries to have a major
contribution in the foreseeable future [5]. CO, is regarded as the heart of the global warming
crisis. Thus, it is important to set a science-based target for developing new technologies for
CO; capture and sequestration in the near future

Numerous technologies have been developed to undertake CO, capture and
sequestration (CCS) so that the captured CO;, would be eventually utilized, rather than adding
up to the CO; levels in the atmosphere. CO; storage is mainly referred to keeping it at an
appropriate location where it could be used in geological measurements [6]. Although CSS
has proved itself as a successful method for atmospheric carbon reduction, but it possesses a
number of problems that encourage developing effective CO, utilization techniques [7]. For

example, CCS cannot be applied to all kinds of carbon emissions since it is mainly suitable

1



for those that occur near safe sites. In addition, this approach is only well suited for large-
scale sources of carbon. Furthermore, many risks such as reservoirs leakage and other
unknown environmental impacts make this costly approach of much less interest [2].

Unlike CCS, technologies centered on carbon capture and utilization (CCU), proved
to be more effective in reducing CO, atmospheric levels [8]. This method aims at utilizing
CO; as a feedstock for the production of high value chemicals and fuels. Availability and the
low cost of CO, have attracted considerable attention to the utilization of CO, as a carbon
source. However, CO; is a very stable molecule with the enthalpy of formation of -393.51
kJ.mol™. Therefore, there is a thermodynamic energy obstacle that needs to be overcome in
order to activate CO; [9]. Using renewable sources (wind, solar, and nuclear energy and etc.)
as energy supply, CCU could be considered as a reliable approach for CO, mitigation.

The reaction of CO, with H,, also known as CO, hydrogenation is one of the effective
methods for CO; utilization that can lead to the production of a wide range of value-added
products [10]. The hydrogenation of CO, can be carried out either directly or indirectly to
yield different products and fuels. For example, the Sabatier reaction or CO, methanation is a
CO; hydrogenation reaction that directly yields methane [11]. Moreover, the methanol
synthesis is another example of direct CO, hydrogenation that can result in the formation of
methanol (CH3OH) [12]. In contrast, indirect routes often deal with a multi-stage process and
the use of hybrid catalysts active towards different processes. Throughout an indirect
hydrogenation, CO, would transform to a more reactive intermediate, for example, carbon
monoxide (CO) or methanol (CH3OH) [13]. Products of indirect CO;, hydrogenation would
eventually participate in other reactions to produce the final desirable products.

Figure 1.1 shows a number of direct and indirect CO, hydrogenation reactions. It
demonstrates the importance of CO that is produced through the Reverse Water Gas Shift
(RWGS) reaction. CO can be hydrogenated according to the Fischer-Tropsch (FT) process to
result in higher value products such as longer chain hydrocarbons and alcohols. Moreover,
CO hydrogenation can also lead to the production of methanol that can be subsequently used
in Methanol to Gasoline (MTG) process [14]. In addition, Figure 1.1 also indicates the
CAMERE process through which CO; is indirectly hydrogenated to produce methanol.
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Fig. 1.1: Direct and indirect hydrogenation reactions using H, via water electrolysis

In general, H, is mainly obtained from fossil sources [15]. Therefore, it is of the
greatest concern to supply the hydrogen need using an economical approach. On the other
hand, renewable and infinite supplies are required to ensure the sustainability of H»
production. Biotech-based researches revealed that H, could be formed from biomass, green
algae as well as cyanobacteria [16]. Nevertheless, electrolysis of water is a more promising
approach for H» production, in case the renewable sources such as wind or solar energies
provide the energy demand [17].

Figure 1.1 demonstrates that the water from the RWGS reaction can be used in the
electrolysing unit to form H,. Therefore, it is evident that both products from the RWGS
reaction (CO and H,O) can be used in order to produce fuels and value-added products.
However, it is important to use a renewable source of energy in order to make the whole

process sustainable and cost-efficient.



The production of CO through the Reverse Water Gas Shift (RWGS) reaction has
attracted renewed attention since CO can be used to produce liquid fuels and hydrocarbons.
An interesting feature of RWGS reaction is that it consumes less H, compared to other direct
CO, hydrogenation reactions such as the Sabatier reaction and methanol synthesis [18]. CO;
hydrogenation reactions powered by renewable energies (e.g. wind, solar and nuclear
energies) can be viable solutions for energy saving. Synthetic fuel (mixture of CO and H,)
and other high value products can be further used to produce energy [19]. These approaches
are capable of diminishing the need for petroleum-based fuels as well as mitigating CO;

emissions by a high percentage.

1.2 Motivation:

The growth rate of CO, is on the rise and needs to be controlled. Storage reservoirs
are finite and their capacity is not sufficient to accommodate CO, emissions in the near future
[20]. This addresses the unsustainability of the storage techniques. Whereas, CO; utilization
approaches not only reduce its atmospheric levels, but also open new doors to development
of sustainable energy and renewable fuels.

Carbon dioxide is considered as an inexpensive source of carbon. However, it is the
most stable carbonaceous material of all that is not desirable in chemical reactions due to its
lack of reactivity. In order to induce reactivity, CO, can react with H; as a reducing agent.
Hydrogenation of CO; to CO through the Reverse Water Gas Shift (RWGS) reaction is a
favourable approach to utilize CO,. A reliable H, supply and thermal energy source as well as
appropriate catalysts are required in order to activate CO, through RWGS. This reaction is
endothermic and the temperature of the reaction can go as high as 900 -1000°C [21]. It is
noticeable that less thermal energy would be required with the contribution of heterogeneous
catalysis. Moreover, appropriate RWGS catalysts must have high CO selectivity because CHy
and CH3;OH are two main by-products that could be formed along with CO in direct CO,
hydrogenation reactions [22]. Hence it can be concluded that the development of suitable
catalysts plays a determining role towards the industrialization of RWGS reaction.

To sum it up, it is essential to reduce CO, emissions. Canadian coal power plants and
other CO, emitter industries are required to implement several measures such as CO;

sequestration and concentration to avoid carrying penalties in the near future. CO can be
4



utilized in many industrial operations including Fisher-Tropsch reaction, metal fabrication,
chemical and pharmaceutical manufacturing and electronics. However, it is important to
economically optimize RWGS reaction. Therefore, highly active and selective catalysts need
to be developed to maximize CO production and simultaneously minimize other direct

hydrogenation end products such as CH4 and CH;0H.

1.2.1 The Reverse Water Gas Shift RWGS) Reaction:

CO; can be reduced to CO according to the RWGS reaction, Eq. (1.1):

CO,+H, > CO+H,0  AH%o5=41.2 kJ mol (Eq. 1.1)

RWGS is an endothermic equilibrium-limited reaction. Thermodynamically, this
reaction becomes favourable at high temperatures. In other words, there is a conversion limit
imposed by the thermodynamic nature of the RWGS reaction. It is important to note that
pressure as another operating factor, has negligible effect on catalyst behaviour up to 950 bar
[23]. Therefore, RWGS mainly occurs under atmospheric pressure and high temperatures (>
800°C). Everything considered, it is important to improve the production of CO through
RWGS reaction by the help of efficient catalytic systems operating at optimized conditions.

It is noticeable that the equilibrium conversion values of the RWGS reaction are low.
For example, only 39% of CO, conversion can take place with H,/CO,=1 at 600°C and this
value increases to 65% with H,/CO,=3 at the same temperature [24]. Therefore, elevating the
concentration of Hj is advantageous to CO, utilization since it promotes CO, consumption
and at the same time assures the formation of synthetic gas (CO/H,). However, increasing the
H,/CO; ratio can considerably alter the selectivity of the RWGS reaction. In other words,
RWGS is not the only reaction that needs to be taken into account when using CO; and H; as
reactants. The methanol synthesis reaction (Eq. 1.2) and the Sabatier reaction (Eq. 1.3) are
two main reactions that can accompany RWGS reaction [25]. The three main direct CO;

hydrogenation reactions are shown below:



H,+CO, <> CO+H,0 (RWGS reaction)  AH%o9g=+41.3 kJ.mol™ (Eq. 1.1)
3H,+C0O,>CH;0H+H,0 (Methanol synthesis) AH’y3=-167 kJ.mol" (Eq. 1.2)
4H,+CO,>CH,+2H,0  (Sabatier reaction) ~ AH29=-49.5 kJ.mol (Eq. 1.3)

According to thermodynamic considerations, methane is the second main component
that can be formed together with CO. Thus, it is important to promote the RWGS reaction
using catalytic systems that have high selectivity for CO formation. The RWGS reaction
consumes the least amount of H, compared to other direct CO, hydrogenation reactions.
Moreover, it benefits from several advantages such as facile operation, reusability of
catalysts, simple reactor design and above all, easy separation of produced chemicals.
Furthermore, low H, consumption as well as utilization of CO; as a low carbon source has
made RWGS interesting.

Nevertheless, RWGS reaction is yet challenging because it requires high thermal
energy. A commercially favourable RWGS reaction requires a renewable source of energy
for providing both heat and hydrogen. Therefore, RWGS is not still feasible on the market on
a large scale due to the problems associated with energy supply. The role of catalysts is
crucial to facilitate higher reaction yield at lower temperatures. The German Ministry of
Research and Education (BMBF) currently funds the commercial RWGS reaction, where H,

is provided by the thermal decomposition of methane [26].

1.3 Research Objective:

The development of efficient catalytic systems is essential in order to enhance the
conversion of CO; to CO through the RWGS reaction. Catalytic activity, stability and
selectivity should be taken into consideration in order to develop effective catalysts.
Throughout this study, metal nanoparticles including copper (Cu), iron (Fe), platinum (Pt)
and ruthenium (Ru) as well as conductive and non-conductive metal oxides were studied as

catalytic systems for RWGS reaction. Thus, four objectives were pursued:



Objective I: Synthesis and characterization of mono- and bi-metallic nanoparticles of the
abovementioned metals

Objective II: Investigation of the catalytic performance of three different types of
commercial metal oxides (ionically conductive, mixed ionic-electronic and non-conductive)
in RWGS reaction for further use as catalytic support

Objective III: Investigation of the catalytic performance of non-noble metal nanoparticles
including Cu, Fe and CuFe supported on active metal oxides for RWGS reaction

Objective IV: Investigation of the catalytic performance of noble metal nanoparticles

including Ru, Pt, RuPt, RuFe supported on active metal oxides for RWGS reaction

This thesis is composed of 8 chapters. Chapters 1 and 2 outline the motivation for this
thesis as well as a detailed literature review related to the research and above all, recent
advances in catalytic systems for RWGS reaction. Chapters 3 and 4 specify the first objective
of this research work, which is the synthesis and consequently the characterization of mono-
metallic nanoparticles (Cu, Fe, Ru and Pt) and bi-metallic nanoparticles (CuFe, RuFe and
RuPt) (Objective I).

Chapter 5 describes the performance of commercial metal oxides in terms of activity,
stability and selectivity. Three different kinds of metal oxides (ionically conductive, mixed
ionic-electronic and non-conductive) were evaluated in order to investigate the effect of ionic
and electronic conductivity on RWGS reaction (Objective II). These conductive metal oxides
are subsequently used in chapters 6 and 7 as catalyst supports for the deposition of mono- and
bi-metallic nanoparticles.

Chapter 6 presents the catalytic behaviour of supported non-noble metal (Cu, Fe, and
CuFe) catalysts (Objective III). Chapter 7 compares the catalytic performance of noble metal
nanoparticles including Pt, Ru and RuPt supported on various conductive oxide supports
(Objective IV). Furthermore, it intends to investigate the promoting effect of Fe with respect
to supported RuFe catalysts (Objective IV). Finally, chapter 8 summarizes the conclusion of

findings within this research and presents recommendations for future works.



Chapter 2: Literature Review

2.1 Introduction

A large amount of CO, is produced every year because of the burning of fossil fuels,
which can be turned back into fuel and value-added chemicals using several CO, utilization
techniques. In other words, CO, utilization brings many economical and environmental
benefits. The Reverse Water Gas Shift (RWGS) reaction is one of the important CO;
utilization methods, which results in the production of reactive carbon monoxide. CO is a
valuable chemical that can be used for a range of industrial applications such as the
production of synthetic fuel as well as the Fischer-Tropsch process to produce hydrocarbons
and alcohols. RWGS reaction can be economically favourable if using a renewable source of
energy and also using H, from water electrolysis. This could result in the sustainable
production of synthetic fuel that can serve the annual energy demand in the transportation
sector.

Beside a reliable energy supply, the RWGS reaction requires active, stable and
selective catalysts in order to be used in industrial practices. Currently, the German Federal
Ministry of Education and Research has put considerable money and effort into developing
high-temperature electrolysers and consequently improving the Fischer-Tropsch process that
is followed by the RWGS reaction [26]. However, more research is required in order to
design efficient catalytic systems for the RWGS reaction for further commercialization.

This thesis studies several catalytic systems in order to enhance the overall conversion
of CO; to CO through the equilibrium-limited RWGS reaction. It is essentially important to
increase the reaction yield at lower temperatures since other direct hydrogenation reactions
such as CO, methanation might occur. Therefore, the development of RWGS catalysts should
be accompanied by studying other potential reactions that might decrease the yield of the
reaction. Moreover, the equilibrium constant of the RWGS reaction is low at lower
temperatures, e.g. 600°C and below, which gives rise to much lower reaction yields. Efficient
metal catalysts and catalyst support should be identified and their properties needs to be

optimized and further promoted in order to contribute to economizing the RWGS reaction.



2.2 RWGS Application and Advantage

Carbon dioxide mitigation requires the development of efficient CO, utilization
techniques. RWGS is one of the best-known catalytic reactions to utilize carbon dioxide, Eq.

2.1:
COy+ Hyg <> CO + HiO ~ AHy95=+41.2 kJ mol™ (Eq. 2.1)

The RWGS reaction is thermodynamically and kinetically favored at high
temperatures. However, renewable sources (wind or solar energies) can provide the high
thermal input for RWGS reaction. Moreover, low-cost H, can be supplied by electrolyzing
water using renewable energy sources. Therefore, CO can lead to the production of
renewable synthetic gas (H,+CO) [27]. Carbon monoxide can be hydrogenated according to
the Fischer-Tropsch (FT) process to produce liquid hydrocarbons and alcohols. Therefore,
synthetic gas can be transformed to liquids to be further refined into gasoline and other
desirable products. Combination of RWGS and a consecutive FT process could lead to the
production of gasoline, evaluated at 2 dollars per gallon; assuming 30 dollars tax is applied
per ton of CO, emissions [28], which is lower than the current price of gasoline [29].

It is notable that steam methane reforming (SMR) and dry reforming of methane
(DRM) are two important industrial reactions that also lead to the formation of CO, Eq. 2.2
and Eq. 2.3:

CH4 + H,O < CO + 3H, (SMR)  AH’g=-206 kJ.mol (Eq. 2.2)
CO,+ CHy <> 2CO+2H, (DRM)  AH%gg =-247kJ.mol™ (Eq. 2.3)

The highly exothermic nature of these two reactions facilitates the formation of CO at
lower temperatures compared to the RWGS reaction. However, CHy is one of the reactants of
SMR and DRM reactions. CH,4 is the main component of natural gas that is considerably
more expensive than CO,. It is notable that CO, could be available at no cost or even with
financial return using appropriate capture and recycling methods [30]. Therefore, RWGS
could be considerably more cost-effective using a renewable source of energy. It has been

reported that SMR and DRM consume more energy than they generate [31].
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The RWGS reaction can be used for the production of methanol. It is important to note

that methanol can be also formed through the direct hydrogenation of CO, (32), Eq. 2.4:

3H,+CO,>CH;0H+H,0 (Methanol synthesis) AH%=-167 kJ.mol (Eq.2.4)

It is evident that the direct hydrogenation of CO, to methanol requires a large
consumption of H,, whereas the RWGS reaction (Eq. 2.1) demands much less H; to produce
methanol. Thus, methanol can be formed at lower cost through the RWGS reaction following
by CO hydrogenation using the CAMERE process [33]. Methanol can be further used as a
feedstock to produce gasoline according to the Methanol to Gasoline (MTG) process, which
can subsequently economize the transportation systems [34].

The RWGS reaction possesses several advantages compared to other direct CO,
hydrogenation reactions, namely methanol synthesis and CO, methanation. Considerable
hydrogen demand is the first drawback that makes other direct CO, hydrogenation reactions
less interesting. The CO, methanation reaction or Sabatier reaction happens according to the

Equation 2.5:

4H,+CO,>CH,+2H,0  (Sabatier reaction) ~ AH,9=-49.5 kJ.mol (Eq. 2.5)

Although less energy input is required for higher product yield through the Sabatier
reaction and methanol synthesis due to their exothermic nature, they face remarkable kinetic
obstacle due to the full reduction of CO, as opposed to the RWGS reaction. It is noticeable
that the reduction of CO, to CO only requires the transfer of two electrons (C** to C*"), while
8 electrons need to be transferred for its full reduction. Therefore less kinetic limitation is
expected in the case of RWGS reaction. Moreover, it is evident that the CO, methanation
reaction results in the production of more amounts of water, which could have an inhibitory
effect on the catalyst efficacy and the subsequent reaction yield [35]. Therefore, catalyst
deactivation could be accelerated through the CO, methanation reaction. In addition, the
production of liquid hydrocarbon fuels is more attractive due to nowadays’ growing energy

issues compared to methane production.
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2.3 Hydrogenation of CO,

Carbon dioxide as an abundant and easily available carbon source can be
hydrogenated to produce value-added products such as several chemicals and liquid fuels
[24]. In spite of the stable nature of CO,, thermodynamic pathways make it possible to
activate CO, through its reduction or reaction with other chemicals. Methanol, synthesis fuel,
dimethyl ether, methane and CO and etc. are among the products obtained through reducing
CO; with hydrogen. Combustion engines can be fuelled by these materials and more
importantly, their storage and transportation is facile [36].

Both photo-catalytic and electro-catalytic processes for CO, hydrogenation have been
investigated expansively, however when it comes to producing higher value-added products,
all these techniques fall short to different extents. Moreover, CO, can be thermo-chemically
activated through which heavier hydrocarbons can be produced [37].

Hydrogen as a high-energy source acts as a reducing agent for CO, activation.
However, considering the currently high price of hydrogen and issues associated with its
storage and transportation, other reliable sources need to be generated. Water splitting
through electrolysis has been proposed as a promising approach to achieve this possible.

It is noticeable that CO, activation routes fall into three major categories: direct
hydrogenation, methanol-mediated and non-methanol methods [38]. Indirect routes might
have several steps and can be carried out within different reactors. The RWGS reaction is
regarded as an indirect approach for hydrocarbon synthesis, while the Fischer-Tropsch
process is a direct approach. Fischer-Trospch reaction can be regarded as a modification of
CO, transformation to lighter saturated hydrocarbons by the use of tailored metal catalysts.
The products can be further used in petroleum industry as feedstock [39].

It is important to investigate the rate of the reaction between H,, CO, and CO and their
mixture in CO; hydrogenation reactions. It has been reported that CO and CO, hydrogenation
reactions follow different pathway. Moreover, methane is the dominant product in CO;
hydrogenation (over 70%) while low yield of methane is low (below10%) in the
hydrogenation of CO [40]. However, depending on the catalytic systems, similar product
yield can be obtained through both reactions. Iron and copper on alumina have been reported to
be active catalysts for both CO and CO; catalysts [41]. Generally acknowledged, although more

water vapour is produced through CO, hydrogenation, but the rate of catalyst deactivation is
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faster when CO is fed instead [31]. This suggests that the rate of CO, conversion is higher
than the rate of CO conversion in hydrogenation reactions. Considering merely CO, and H»
as the feedstock, the RWGS reaction as well as the Sabatier reaction and the methanol

synthesis are potential routes through which the reaction can proceed.

2.3.1 Methanation of CO,

The CO, methanation reaction can also be used to mitigate CO, and CO levels
through converting them to methane. A large portion of natural gas is composed of methane
(CH4). CHy4 is widely used in power plants to produce heat and energy. The large-scale
production of methane via CO; hydrogenation is known as the Sabatier reaction [42]. Carbon
dioxide needs to be fully reduced in order to produce CH4. Beside high H, consumption,
considerable amount of heat will be produced because of the exothermic nature of the
Sabatier reaction (Eq. 2.5). Heat removal techniques should be considered to resolve this
issue. This also implies that the increase in the temperature can suppress the production of
methane to the point that only little CHy4 yield is observed above 600°C. Although high H»
concentrations noticeably favour the CH4 formation, temperature is a more decisive factor as
to which product forms [43]. Therefore, it is suggested that beyond 600°C, RWGS acts as the
dominant reaction. All in all, high H,/CO, ratios increase overall CO, conversion and at the
same time increase CH4 yield, while high temperatures considerably enhance the CO yield.

Catalytic methanation of CO, has been conducted over various metals especially those
of groups 8-10 [42]. Among these, nickel-based catalysts proved themselves as the most
active catalytic systems for systems for methane production. The low price of Ni and its high
activity makes it highly of interest in the CO, methanation reaction; however, metal sintering
is a dominant phenomenon, which leads to low stability [44]. Ruthenium is another active
catalyst towards the formation of CH4 [45]. However, it has been reported that the
methanation activity of Ru and Ni is mainly dependent on metal-support interaction. Titania
(TiOy) is reported to be an effective support for Ni and Ru in the CO, methanation reaction

[46]. Alumina also proved as an efficient support for Ru and Ni in the production of methane

[47].
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2.3.2 CO, Hydrogenation to Methanol

Carbon monoxide hydrogenation was regarded as the main route for the catalytic
production of methanol until Chinchen et al. found that CO; is a far better alternative to be
hydrogenated for this purpose [48]. CO; can be directly hydrogenated to methanol using the
Equation 2.4. It also can be formed through indirect CO, hydrogenation reaction. CAMERE
process is the commercial-scale route of methanol production that takes place in two different
stages [32]. Therefore, the reactants first go through the RWGS reaction using ZnAl,O4-
based catalysts, then the products of the first step will be fed into another reactor to produce
methanol over Cu-ZnO based catalysts [49]. Methanol synthesis is a technique for CO;
mitigation. It has also wide-ranging applications such as in direct methanol fuel cells.

A major problem in CO, hydrogenation to methanol is the low selectivity of the
catalytic systems to form methanol [50]. This is because of the presence of other potential
concomitant reactions such as CH4 formation, which is thermodynamically more favourable
as well as the RWGS reaction that is kinetically more suitable. It is noticeable that higher
pressures and lower temperatures favour the formation of methanol. In view of
thermodynamics, RWGS is the dominant reaction at higher temperatures and moreover, it
does not require high pressures for improved reaction yields.

Notably, industrial catalysts for methanol formation are similar to that of RWGS
reaction [32]. Copper-based catalysts are desirable for industrial practices in terms of
catalytic activity and selectivity for the formation of methanol. Copper/ZnO-based catalysts
have proved to be of high catalytic performance towards both RWGS and methanol
production [51] [52] [48]. A kinetic study by Saito et al. over Cu/ZnO-based systems proved
that both methanol and CO could be formed through similar pathways. At low CO;
conversion, methanol and CO are two dominant components that are likely to be formed
simultaneously. The formate mechanism is thought as the dominant pathway for CH;OH

formation [53].
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2.3.3 The Fischer-Tropsch Synthesis

The fischer-Tropsch (FT) is an indirect CO, hydrogenation reaction that can lead to the
production of several valuable chemicals and fuels depending on the catalyst used as well as
the reaction conditions such as temperature and pressure [54]. For example, at moderate
temperatures and at pressures lower than 100 bar, methane production is favored compared to
higher hydrocarbons [55].

Throughout this process linear paraffin and a olefins can be formed according to the

Equations 2.6 and 2.7 [56], respectively:

(2n+1)Hy+nCO-> C,H 2+ 2+nH,0 (Eq. 2.6)
2nH2+nC09Cann+nHzO (Eq 27)

It is notable that although high products yield is an aim to achieve, but it is
accompanied by higher water formation, which has an inhibitory effect on the catalyst
activity. Introduction of oxygen into the by-products of the FT process can result in the
formation of various organic compounds such as ketones, aldehydes and alcohols according

to the Equation 2.8:

2nH,+nCO~> C,H@n12)0+ (n-1)H,O (Eq. 2.8)

The Fischer-Tropsch reaction can be carried out in high and low temperature modes.
Low temperature FT process is better suited for the formation of high molecular weight
products along with the constituents of diesel. High temperature FT occurs at above 300 °C
through which lighter hydrocarbons can be obtained [57]. Due to the currently high
consumption of fossil fuels and the limited petroleum-based supplies, the main research on
FT process is devoted to produce fuels. In view of viability, FT process currently more
effective than other non-fossil fuel based sources if the oil price exceeds $30 USD/barrel
($48/Barrel is the price at time of writing) [58].

Metals such as iron, nickel, cobalt, palladium and platinum have proved to be active
metals in the FT process [59][60]. It is notable that the catalytic support plays a crucial role
on the FT activity of the abovementioned metals. Vannice et al. reported that alumina affects
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the metal activity as per the order: Ru > Fe > Co > Pd > Pt, which is in accordance with the
order of the molecular weight of the formed products [61]. This illustrates the important role
of the catalyst on product distribution. Therefore, the performance of a FT catalyst depends
not only on its activity, but also appropriate product distribution. Ruthenium, for example,
offers the best catalytic performance and product distribution because it facilitates the
formation of higher hydrocarbons at high pressures (>1000bar) and low temperatures
(<100°C) [62]. However, Ru is approximately 31,000 times more expensive than iron [63].
Despite the good catalytic activity of iron in the FT process, high amounts of water can result
in its oxidation to magnetite (Fe;O,) and therefore make iron inactive for FT process.

Magnetite has been reported as the most active phase of iron in the RWGS reaction [64].

Table 2.1: Relative metal prices [63]

Metal Price Ratio
Iron 1

Cobalt 230

Nickel 250

Ruthenium | 31,000
Platinum 682,000

2.4 Mechanisms of the RWGS Reaction

Many studies have been undertaken on the design and development of catalytic systems
in the RWGS reaction; however, the mechanism of this reaction is yet controversial.
Nevertheless, many corroborate the existence of two potential mechanisms, namely the redox
mechanism and the formate decomposition mechanism.

According to the redox mechanism, CO, and H, would dissociatively adsorb on the
surface of the catalyst and subsequently surface CO, H and surface oxygen species would be
formed. Further desorption of carbon monoxide and H,O leads to the formation of the

products. This mechanism occurs according to the following scheme:
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COyg= CO, + O,
CO,= COyy
Hy = 2H,
H,+ 0O, = OH,
H, + OH, 2 H,0,
H>0, = H,O(y
The redox mechanism for the RWGS reaction [65]

The redox mechanism suggests alternate oxidation and reduction of the surface sites
through which oxygen adatoms (O,) would appear on the surface of the catalyst. Hence, this
route can be also regarded as “oxygen adatom mechanism”.

Another important mechanism of the RWGS reaction is the formate mechanism, which

can be modeled using the following scheme:

Hy = 2H,
COsg)+ Ha = HCOO,
HCOO, = CO, + OH,
OH, + H, = HyO,
H>0, = H,Oyy

The formate decomposition mechanism for the RWGS reaction [66]

Some studies revealed that there is a correlation between the concentration of formate
intermediate and the rate of carbon monoxide formation. Thus, it is thought that formate
affects CO production. In addition, the mechanism of formate decomposition cannot be
investigated using redox-based kinetics [66]. Therefore formate mechanism is believed to be
the dominant route for the reactions that do not study the redox ability of the catalytic
systems.

Many efforts were put into explaining the shortcomings of these two mechanisms,
which resulted in assuming that these two might occur simultaneously. However, there is not

ample evidence to corroborate this statement [67].
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Although redox and formate decomposition have been extensively studied among all
the possible mechanisms, there is another potential route through which carbonate species
follow the same pathway as formate decomposition mechanism. This mechanism is regarded

as dissociative mechanism, which can be illustrated according to the following model:

20H ", = Hy0) + 0%,
COyy + 0%, = CO5%,
CO3™, + Hy = CO, + 20H,
Hy = 2H,
2H, + O, = H,0,

The associative/carbonate mechanism for RWGS reaction [68]

In the case of carbonate mechanism for RWGS reaction, it is proposed that surface
oxygen can react with CO, and form carbonate. Goguet et al. investigated this mechanism on
a Pt/CeO; system and suggested that the formation of carbonate determines the rate of the

RWGS reaction [69].

2.5 Different Factors Affecting CO, Conversion in RWGS

2.5.1 Catalyst

Although the thermodynamic natures of the forward and the reverse shift reactions are
different, studies proved that catalysts active for the forward shift reaction, usually exhibit
good activity for the reverse shift reaction. This proved to apply to a majority of catalysts
active for the forward Water Gas Shift reaction [70]. As a result, Water Gas Shift (WGS)
active catalytic systems have been expansively studied under the RWGS reaction conditions.
Low equilibrium conversions especially at moderate temperatures (200-600°C) makes
catalysts an integral part of the RWGS reaction. It has been reported that there is a negligible
homogenous contribution to CO, conversion in the RWGS reaction below 800°C [71].
However, the product yield is noticeably increased in the gas phase in the temperature range
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of 875-1050°C without the help of any catalytic systems in RWGS reaction. Tingey et al.
reported that the homogenous RWGS reaction mainly occurs above 800°C and it proceeds
through another reaction route, namely chain-reaction mechanism [72].

Copper-based catalysts such as Cu/ZnO are regarded as industrial RWGS catalysts
[73]. Moreover, Fe-based catalysts supported on SiO, and V,0s showed very promising
results in commercial applications of the RWGS reaction [50] [74]. However, Cu- and Fe-
based RWGS catalysts are required to be stabilized in terms of structural and thermal
stability. Incorporation of alkaline metals such as K, Mg, Na and Ca has been frequently
reported to promote Cu and Fe metals in RWGS reaction [75]. Conventional shift catalysts
including iron, cobalt, copper and nickel have been studied extensively using different
catalytic supports in the RWGS reaction. Ni/CeO,, for example, showed improved RWGS
activity and CO selectivity, while Ni/Al,O; had a considerably high CH4 selectivity.
Therefore, RWGS catalytic systems are studied with respect to the interaction between the
metal and the support. Moreover, noble metals including Pt, Pd, Ru and etc. were also used
extensively studied in RWGS catalysis due to their high catalytic activity . However, it is
noticeable that the RWGS activity of these metals is mainly dependent on the catalyst
support. Reducible catalyst supports such as TiO, and CeO; play leading roles in promoting
the RWGS activity of these metals [76] [77].

2.5.2 Reactant Composition

Investigation into the RWGS reaction as well as other CO;, hydrogenation reactions,
namely CO, methanation and methanol synthesis, gives rise to the fact that H, concentration
plays a crucial role in determining the final product yield. It is generally believed that
increasing H,/CO; ratio increases the CO; conversion, however it considerably impacts the
reaction yield and mechanism [18]. Increasing the H, feed concentration is considered as one
of the approaches to boost CO production at higher temperatures (500°C and higher). This
has been used over Cu/SiO, in commercial RWGS applications [66]. Nevertheless, high H»
concentrations noticeably result in lower CO yield at lower temperatures. Many studies
proved that Ho/CO,=1 is a suitable reactant composition in the RWGS reaction [78]. The CO;

methanation reaction is the main potential hydrogenation reaction that can accompany the
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RWGS reaction. Figure 2.1 clearly shows the effect of the reactant composition on CO;

conversion and CHjy selectivity over Cu/SiO; in the RWGS reaction.
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Fig. 2.1: CO; conversion and CHy selectivity at varying H,/CO; ratios and pressures
over Cu/SiO; [43]

In order to increase the catalyst activity in RWGS reaction, an ideal operating
condition such as low H,/CO, ratios from 1 to 2 is required. High temperatures and
appropriate H,/CO, ratio is essential for high CO yield. It should be noted that increasing the
feed concentration could also result in heat and mass transfer limitations, which would

further lower the reaction 