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Abstract
Global warming and energy shortage have driven modern society to search for alternative and sus-
tainable energy sources to replace with the fossil fuels.  Innovative solutions are required for mitigat-
ing CO2 emissions to the atmosphere and storing H2 due to the intermittency of the renewable energy
sources. With this thesis it is possible to cover both of these concerns at the same time while utilizing
CO2 to produce CH4 as a synthetic fuel that could also be transported into already existing infrastruc-
tures or as a chemical compound that could store H2.

Hydrotalcite-based nickel catalysts were synthesized via various techniques such as wet impregnation,
co-precipitation and sol-gel with different nickel contents utilising a one-pot synthesis approach. The
main approach of utilizing catalysts was with the washcoating of the newly synthesized catalysts in-
side the reactor tubes with a diameter of 4 mm and a length of 17.5 cm.  Catalytic performance of the
catalysts was investigated for the hydrogenation of carbon dioxide under atmospheric pressure in a
temperature range of 250-500oC. These synthesized catalysts were compared with a Ni/Al2O3 catalyst,
which was prepared as benchmark, in terms of CO2 conversion-to-CH4. Additionally, throughout this
thesis, the effect of many parameters to the performance of the catalysts had been studied, including
but not limited to, nickel content, GHSV, catalyst amount, reduction temperature and addition of Ce
as well as Zr. Furthermore, the stability of the catalysts was investigated through long-term tests.

The CO2 methanation was already initiated below 220oC (XCO2=10.2 %, SCO2=98.4 %) which was ~100oC
lower than that over Ni/Al2O3  and reached 80% conversion of CO2 at 300oC with 99.9 % selectivity of
CH4 on 15 w% Ni/Mg/Al HT by co-precipitation method. When further increment in the temperature,
at 350oC a complete conversion (99.5 %) of CO2 was achieved with ~100 % of CH4 selectivity. The cata-
lysts was also utilised as packed-beds, among those 5 w% Ni/Mg/Al HT by sol-gel showed the highest
activity at 300oC, 95.0%  conversion of CO2 with 99.8% CH4 selectivity. The performance of the cata-
lysts reduced with an increase in GHSV, while enhanced catalytic activity results obtained in the pres-
ence  of  excess  amount  of  H2 in the feeding gas mixture. Furthermore, additional catalyst amount
which was assured by repeating washcoating cycles significantly improved the activity results. Finally,
long-term tests proved good stability of the catalysts.

This superior performance of hydrotalcite-based nickel catalysts could decrease the reaction tempera-
ture of CO2 methanation to lower temperatures and replace the usage of expensive Ru based catalysts
and conventional Ni catalysts supported on various oxides.
Keywords carbon dioxide methanation, hydrogenation, CO2 utilization, CO2 conversion, nickel, hy-
drotalcite, layered double hydroxides, heterogeneous catalysis, washcoat, basic catalyst, Ni/Al2O3,
co-precipitation, sol-gel synthesis
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CHAPTER	1		 INTRODUCTION	

The demand for energy has rapidly increased in the chemical, power and

transportation industries due to the rise in population and economic growth [1-

4]. Energy production relies heavily on fossil fuels that are non-renewable energy

sources. The growing use of fossil fuels inevitably leads to an increasing amount

of carbon dioxide released into the atmosphere [2- 5]. Moreover, the rising CO2

concentration in the atmosphere has resulted in the greenhouse effect and

climate change. Therefore, growing efforts have been devoted to reducing

atmospheric CO2.  Various approaches have been developed to capture carbon

dioxide directly from either the air or the flue gas of fossil-fuelled power plants,

biomass and industrial processes [2, 4, 6, 7]. Carbon sequestration and storage

(CSS) has been implemented to capture and store CO2 underground or in deep

oceans [5, 6]. However, CSS can be challenging due to many reasons, including

the cost, the distance from safe sequestration sites, small or medium sized

sources, a diluted concentration of CO2 in  the  emitting  gas  and  having  no

information about the long-term impact on environment [2, 8].

One potential alternative to this problem would be utilization of CO2 whose cycle

is  shown  in  Figure  1 [9]. As can be seen in the figure, captured CO2 from

industrial sources or atmosphere can be converted into a variety of valuable

products with the addition of any secondary reagents to the process and the

required energy being supplied from renewable sources. Currently, the

utilization of CO2 as chemical feedstock is limited to very few processes including

synthesis of urea (mainly), salicylic acid as a pharmaceutical ingredient and

polycarbonates. CO2 conversion  into  fuels,  such  as  methane  or  methanol,  has

gained recent interest due to having many advantages. [8, 10-12]
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Figure 1: CO2 utilization cycle [9].

In recent years, the methanation reaction, known also as Sabatier reaction, has

gained great interest due to being a valuable solution for conversion of CO2

which is the most abundant GHGs, a chemical storage of excess amount of

hydrogen as well as a source of production of synthetic natural gas [1, 10, 13-18].

The Sabatier reaction catalytically hydrogenates carbon dioxide to methane. The

reaction is operated at temperatures of 250-500 oC with pressures of 1-80bar,

while utilizing catalysts. However the reaction is exothermic and thus being

limited by the equilibrium at high temperatures and favouring methane

formation at lower temperatures [10, 16]. On the basis of the equilibrium

limitations of the methanation reaction, the greatest challenge is to find a proper

catalyst for indicating high activity and selectivity towards methane at moderate

temperatures and pressures [19, 20]. Various compounds have been chosen as

catalysts for methanation reaction, including Ru and Ni with the best activities

[10,  14,  16,  21-25].  Due  to  the  high  cost  of  Ru,  Ni  remains  the  best  and  most

studied catalyst  for  CO2 methanation [15, 24, 26]. Numerous studies have been

devoted to improving the performance of Ni and to avoid sintering of the Ni

particles by controlling the particle size distribution of active metal on Al2O3

support, addition of promoters or choosing a different support materials [27-32].

A support material which can activate CO2 could  be  beneficial  for  higher  CH4

yields. Although high CO2 conversion and methane yields have been achieved

utilising Ni as active material at high temperatures, these catalysts have lower



3

activities  at  moderate  temperatures  [33-39].  Hydrotalcites  (HTs)  as  one  of  the

groups among layered double hydroxides (LDHs) have recently been utilised for

the CO2 hydrogenation reaction. However, few studies have utilised hydrotalcites

as catalysts or catalyst supports for the CO2 methanation reaction.

Therefore, the aim of this is to produce hydrotalcite-based Ni

catalysts using three preparation methods: impregnation, co-precipitation and

sol-gel, with different Ni loadings. These synthesized catalysts are compared

through CO2 methanation reaction with Ni/Al2O3 catalysts, prepared as

benchmarks, based on the performance of the catalysts. Furthermore, another

aim is to determine the effect of several parameters (i.e., gas hourly space

velocity (GHSV), the feeding compositions of reactants, reduction temperature

and catalyst amount) on the activity and selectivity of the catalysts for this

reaction. Ni-loaded Ce- and Zr-doped HTs which are commercially available will

also be tested.

In line with these objectives, the rest of this thesis is organized as follows.

Chapter 2 reviews the literature covering the details of the heterogeneous

catalytic CO2 methanation reaction, various employed reactor concepts and the

importance of some parameters that may affect the performance of catalyst

materials. Furthermore, HTs are introduced including their properties,

preparation techniques and applications. Previous studies are reviewed in terms

of  HTs  utilization  as  catalysts  for  the  CO2 methanation  reaction.  Chapter  3

describes the catalyst synthesis methods as well as the characterization analysis.

This chapter also explains the experimental setup and activity test procedures.

Chapter 4 reports and discusses the results of the activity tests at a temperature

range 250-500oC, including but not limited to the effect of feed composition as

well  as  feeding  flow  rate.  Chapter  6  concludes  the  thesis  by  discussing  the

limitations and future directions for research on this topic.
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CHAPTER	2		 LITERATURE	REVIEW	

2.1. CO2 Methanation

CO2 is  an  attractive  C1 building block due to being highly functional, abundant

and renewable carbon source. Since the storage of CO2 is costly, utilization of

carbon dioxide has gained more interest [11]. One of the utilization approaches

is methanation of carbon dioxide which can also be stated as hydrogenation of

CO2. The reaction has a range of applications including the purification of

synthesis gas for the production of ammonia and the production of natural gas

[10]. Furthermore the final product of hydrogenation of CO2 which  is  CH4 can

further be employed to transform into hydrogen by steam reforming. Another

interesting application of methanation of CO2 has been studied by the National

Aeronautics and Space Administration (NASA) regarding to converting the

atmosphere of Mars of which main component is CO2 to methane and water for

fuel and astronaut life-support systems [40].

Figure 2: Documents published about CO2 methanation  by year [41].

Recently, CO2 methanation has gained a considerable attraction in research and

development; Figure 2 shows the burgeoning number of publications dealing

with CO2 methanation for the last three decades. Advances have been
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performed specifically about hydrogenation of CO2 with  the  use  of

heterogeneous catalysts. However, methane production from CO2 has  been

studied both via biological or catalytic methanation which will be described in

following sub-sections.

2.1.1. Biological Methanation

Biological methanation proceeds in aqueous solutions at low temperatures and

pressures (20-70 o C, 1-10 bar) in reactors such as stirred tank, membrane, trickle

bed or fixed bed reactors [1, 21]. Since the reaction medium is an aqueous

solution and the solubility of the gaseous reactants in liquid is very low, specific

microorganisms such as methanogens are required as biocatalysts [13, 42, 43].

Recently, the reactor performance and operation conditions of many previous

studies on biological methanation were reviewed in terms of various parameters

in order to evaluate the efficiency and final methane content in the product [1].

The limiting steps of the methanogenesis process were observed as the internal

diffusion of hydrogen from gas to liquid phase and the amount of energy

consumed while pumping the reactants inside and the stirring.

The effective reaction rate was reported to be increased by an increase in

pressure following enhancement of solubilities or in mass transfer coefficient by

enhanced stirring. The influence of agitation on mass transfer coefficient was

studied and found that an improvement in stirring rate increased the number of

hydrogen molecules reach the liquid phase to react with carbon dioxide [44].

Furthermore pH of the solution, the pressure and stoichiometric ratio of gas

mixture (H2/CO2) were the other parameters affecting the rate of methanation

reaction. Biological methanation has advantages such as proceeding at low

temperatures and having a high tolerance for the various impurities including

sulphur and ammonia whose sources can be CO2 as well as oxygen coming from

electrolysis  of  water  [13].  Due  to  having  low  reaction  rates  biological

methanation has been investigated mostly in laboratory scale.
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2.1.2. Catalytic Methanation

Catalytic methanation of CO2 reaction which is shown in Eq. 1 was discovered by

Paul  Sabatier  in  the  beginning  of  20th century  [14].  The  reaction  which  is  a

reversible, exothermic process utilises carbon dioxide and hydrogen as reactants

for the catalytic production of methane as well as water with the typical

operating conditions of 300-550 oC from 1 to 100 bar [1, 10, 13]. The reaction is

thermodynamically favourable with a negative change in Gibbs free energy

( ), however due to being highly exothermic, a

complete reduction of carbon dioxide to methane requires low temperature.

the equilibrium to the product side. Besides the reduction of CO2 is  an  eight-

electron process with significant kinetic limitations. As a result a proper catalyst

is needed to achieve high reaction rates with high methane selectivity [10].

(1)

Figure 3: Thermodynamic equilibrium of CO2 methanation (feed gas: H2/CO2/CH4 =
4/1/1) [1].

Figure 3 presents the thermodynamic equilibrium of CO2 methanation reaction.

It is clear from the figure that, high CH4 yields are limited by the equilibrium at

temperatures above 225 oC for 1 bar and 300 oC  for  20  bar  [1].  Therefore,  low

reaction temperature, high pressure and properly selected H2/CO2 ratio are
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required to optimize the process. Last but not least, with the help of an active

catalyst it is possible to transform carbon dioxide into methane under ambient

conditions (room temperature and atmospheric pressure) with high CH4 yields.

The reactor concepts that have been used for catalytic methanation reaction

including fixed-, fluidized-bed and structured reactors will be described in

following sections.  Furthermore, the reaction mechanisms and the types of solid

catalysts utilized for this reaction will be reviewed.

2.1.3. Methanation Reactor Technologies

Catalytic methanation reaction has been studied and realized for various process

concepts including different reactor types and operating conditions [45]. The

development of catalytic methanation concepts from 1960s to 1970s and over

the last 50 years were reviewed recently [45, 21]. Figure 4 represents the

overview of different methanation concepts in terms of reactor aspects and the

state of development. Furthermore an overview of established catalytic

methanation concepts was also reported through the examples of many

companies commercially performing catalytic methanation [45]. These

commercially available methanation processes are mostly based on methanation

of CO; however, any of the technologies reported for CO methanation can be

applied for hydrogenation of CO2, as well, due to the similarity in the

thermochemistry of CO and CO2 methanation processes [21].

As shown in Figure 4, the catalytic methanation concepts are indicated in terms

of number of phases and different reactor concepts. State of developments in

each  case  is  defined  by  the  help  of  a  letter  such  as  c,  d  and  r,  referring  to

commercial, demonstration scale and research, respectively. The colour of the

boxes relates to severity of the hot spots created inside the reactors. The fixed

bed reactors with two phases have been employed commercially while fluidized

bed are in demonstration scales; besides, slurry and  structured reactors

including  microreactors  as  well  as  sorption  enhanced  reactors  are  focus  of

research activities. A list of research group working on the different reactor
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concepts  was  given  as  a  list  in  which  more  than  30  groups  worldwide  showed

interest in methanation reaction and more specifically the reactor concepts in

order to enhance the temperature control in methanation reaction [1].

Figure 4: Overview of different methanation concepts; State of development: c
commercial, d -demonstration scale, r  research [21].

2.1.3.1. Fixed-bed methanation

Fixed-bed reactors are tubular reactors which are packed with a solid catalyst

that  comprises  a  bed  in  a  fixed  position  [46].  Currently,  fixed-bed  reactors  are

used  in  adiabatic  or  polytrophic  conditions  for  catalytic  methanation  and

adiabatic fixed-bed methanation has been the most widely adopted method [45,

13, 21]. The challenge in using an adiabatic fixed bed reactor is the temperature

control owing to high amount of heat release during the methanation reaction.

One solution approach is to decrease the volume of reactors and employ a series

of adiabatic reactors with intercooling systems and sometimes with a cooling gas

circulation [13].  Furthermore adiabatic mode of operation requires a catalyst

which  is  active  for  a  broad  range  of  temperature  250-700 oC. Typical reaction

temperatures for fixed bed reactors are between 300-500 oC while temperatures

above 550 oC cause deactivation of catalysts by sintering [13].

An example of an approach to prevent the hot spots and related sintering effects

on catalyst particles, NiO catalyst with the average grain size of 0.15 up to 0.25

mm was distributed in a bed of quartz sand which had the same average grain
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size [17]. The mixture of catalysts and the sand was filled into a metallic reactor

tube of 8 mm in diameter and 100 mm in length. The reactor was placed inside

an  oven  in  order  to  maintain  an  isothermal  condition.  The  conclusion  was

conducted from the experiment that the performance of the catalyst was not

influenced by dilution effects and the long term stability of the catalyst was

sustained  as  shown  in  Figure  5.  A  similar  dilution  example  to  prevent  the  hot

spots was carried out with the help of silica glass particles having similar mesh

sizes [27].

Figure 5: Catalytic performance of Ni based catalysts diluted in quartz sand with
similar average grain size [17].

2.1.3.2. Fluidized-bed methanation

Fluidized bed reactors can accomplish multiphase reactions, in which reactants in

gas  phase  fluidizes  the  solid  catalyst  particles  inside  the  reactor  [46].   The

fluidized-bed reactors generate uniform mixing, enhance the mass transfer of gas

molecules through the pores of fine catalysts particles, and thus create almost

isothermal conditions in the reactor [13]. Heat removal is more effective in the

reactor compared to fixed-bed reactors enabling the use of a single reactor with

a rather simple design; however, catalyst particles can be damaged due to strong

collisions as well as the walls of the reactor. Furthermore, the superficial gas

velocity requires to be optimized in order to have a fluidized medium but not to
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lose  particles.  Due  to  the  possibility  to  achieve  higher  mass  and  heat  transfer

rates in fluidized-bed reactors, they have been utilized efficiently for

methanation reactions [15]. For instance, a fluidized bed reactor was used to

investigate the characteristics of the RWGS reaction with Fe/Cu/K/Al catalyst;

CO2 conversion in the fluidized bed reactor (46.8%) was higher than that in the

fixed bed reactor (32.3%) [47].

2.1.3.3. Structured reactors

Structured reactors have been promising equipment especially for research

activities in laboratory scale, due to having many advantages compared to the

drawbacks of fixed-bed reactors. The drawbacks include the hot spots and high

pressure drops due to catalyst loading as well as the particle size of catalysts

[21]. The structured reactors such as microreactors, which are special concepts

having a high surface to volume ratio, have been developed for various

applications. Microreactors consist of microchannels coated with prepared

catalysts  have  been  used  for  methanation  reactions,  as  well  [23,  48-50].  A

microreactor  was  fabricated  for  utilization  of  CO2 to  produce  fuel  on  Mars  for

space habitat [49]. Ru/TiO2-based catalyst was prepared and loaded as porous-

metal-felt placed into each channel in which it was possible to control the

temperature efficiently. Figure 6 represents a drawing of this microreactor and

its sections; an active side-wall cooling was supplied with controlling the oil flow,

which  was  used  as  a  coolant.   The  reactor  consisted  of  two  columns  of  15

microchannels, inlets and outlets for reactants/products as well as cooling oil,

having a total volume of 40.8 cm3. The counter flow of oil and reactant streams

was claimed to be helpful for the control of the temperature throughout the

reactor while a complete conversion of CO2 into methane at around 330 oC was

achieved.
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Figure 6: Illustrations of microreactor A) Sabatier microreactor, B) Single channel with
an interior catalyst-loaded porous metal felt, C) A section of microreactor with cooling
and microchannels [49].

2.1.4. Reaction mechanism of CO2 Methanation

Even though the methanation reaction has been known for a long time, the exact

reaction mechanism for CO2 methanation is still subject to debates [40]. Even the

mechanism of CO

hundred years. Different mechanisms for methanation of CO2 have been

proposed  as  two  main  divisions  [10,  16,  40].  The  first  one  starts  with  the

dissociative adsorption of CO2 to form CO and O, namely reverse water gas shift

reaction,  on  the  surface  of  the  catalyst  prior  to  methanation.  Afterward,  it

follows the same steps with the CO methanation process [24, 26, 28, 51, 52].

However, according to another proposed mechanism, reaction proceeds by the

direct hydrogenation of CO2 to methane via carbonate or formate intermediates

without the formation of CO [22, 25, 53].

Figure 7 demonstrates one of the proposed mechanisms which involve a reaction

intermediate of COads referring  the  adsorbed  CO  species  on  the  surface  of  the

catalysts. This intermediate is considered to be a side product due to having

strong bonds with the support material. Subsequently, the formate species

reacts with six adsorbed hydrogens which is not an elementary reaction. Another
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pathway included to this proposal is the formation of intermediate formate

species as hydrocarbons [54, 15, 10, 16].

Figure 7: Proposed mechanism for CO2 methanation process; where S, M and I refer to
the support, metal and metal-support interface [54].

The rate determining step in hydrogenation of CO2 was proposed to be either the

dissociation  of  CO  as  C  species  and  its  hydrogenation  or  the  formation  of  the

intermediates CHxO and their interaction with hydrogen. Elementary reaction

steps of CO2 methanation on Ni (111) catalysts was studied using Atom

Superposition and Electron Delocalization-Molecular Orbital theory [29]. The

following steps were considered to have two main parts, firstly the formation of

C species adsorbed on the surface of the catalysts and secondly the methanation

of C species. Activation energies of each step were listed next to the step number

in terms of electron volts (eV), indicating that the rate determining step as step 3

with the highest activation energy, CO dissociation to C and O.

 - 1.27 eV 

 - 2.97 eV 

 - 1.93 eV 

 - 0.72 eV 

 - 0.52 eV

 - 0.50 eV 
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However, another study reported that prior to all of the steps mentioned above;

chemisorption of CO2 on  the  catalyst  was  needed  [20].  The  dissociative

adsorption of carbon dioxide to form CO and oxygen on the catalyst surface was

proved using in situ diffuse reflectance infrared Fourier  transform spectroscopy

(DRIFTS) experiments (Fig. 8). In general, by utilizing this technique it is possible

to identify active adsorbates and follow the surface site occupancy over the

reaction. A chromatogram is further generated showing the interaction between

the catalysts and the compounds with the help of bands. Each band corresponds

to a specific interaction with respect to the value of wavenumbers and the

absorbance [55]. CO2 dissociation on the catalyst surface was proved by the

presence of the bands, which refer to the interactions between the catalyst

-Al2O3)  and  CO2 as  well  as  CO,  without  having  any  CO  as  one  of  the

reactants.

Figure 8: The results of DRIFT analysis for dissociative adsorption of CO2 [20].

2.1.5. CO2 Methanation over Solid Catalysts

As CO2 methanation studied first by Sabatier and Senderens, many metals were

employed as active materials such as Cu, Co, Pt, Pd and Ni in their early work, but

it was reported that Ni was the best metal to catalyse the methanation reaction

[14]. Subsequently, a number of compounds have been studied as

heterogeneous catalysts for hydrogenation of CO2 [15, 18, 19, 56].
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Heterogeneous catalytic reactions, in which a mixture of gaseous or liquid

compounds  reacts  on  a  solid  catalyst  surface,  have  been  used  in  almost  all

processes in energy and chemical industries [57-59]. Heterogeneous catalysts

should be prepared to meet many requirements due to the enormous market

demand. The first curial requirement is to be active and selective with respect to

the reactants and the desired products. Secondly, catalysts should accommodate

the large differences in operating conditions (e.g. temperatures), products and

the  feedstocks.  Furthermore  the  catalysts  should  be  stable  for  long  hours  and

should prevent the active sites to be poisoned irreversibly by impurities or some

side products [57, 60].

As heterogeneous catalysts, many metals especially in groups 8 to 10, such as Ni,

Pd, Pt, Co, Rh, Fe and Ru have been reported as active for methanation reaction

[16,  21].  Ru  and  Rh-based  catalysts  have  attracted  significant  interests  due  to

their high activity and selectivity in CO2 methanation reactions especially at low

temperatures [22]. However, owing to the price of Ru which is 120 times of Ni, Ni

still  is  the  most  widely  used  catalyst  for  CO2 methanation, although it can be

deactivated due to sintering at higher temperatures [19]. The activity and

selectivity of the metal catalysts have been evaluated in various methanation

studies and hence many rankings with respect to performance of the catalysts

have been proposed. One of the rankings proposed in terms of activity and

selectivity [61] given as follows:

Activity: Ru>Fe>Ni>Co>Mo

Selectivity: Ni>Co>Fe>Ru

The  performance  of  catalysts,  such  as  the  activity  and  selectivity,  depends  on

various parameters including the choice of supporting materials, loading of

active materials, employing a second metal, preparation methods, calcination

and reduction processes. The effect of supports, loading of active materials,

calcination and reduction processes on the reaction of  CO2 methanation will  be

further reviewed.
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2.1.5.1. Effect of supports

Support is a material, generally a solid with a high surface area, on which a

catalyst is deposited. Support materials mainly determine the density, nature

and the accessibility of the active sites [58]. The requirements for an excellent

support are included but not limited to the high purity, well-defined porosity,

pore size distribution and pore volume [62]. The nature of the supports has a

pivotal role due to affecting the interaction between the active metal and

support itself, and hence governs the performance of catalysts by conditioning

the activity and selectivity of the catalysts [10, 16, 53]. The main idea is to create

a better dispersion of active phase on the support materials, which needs focus

on preparation of highly dispersed metal supported catalysts with controlled

crystallite sizes. A direct measurement of the crystallite size and the dispersion of

the active metals are necessary for this purpose. The two common methods to

measure the supported crystallite size are transmission electron microscopy

(TEM) which is excellent for imaging the crystallites and X-ray diffraction line

broadening analysis (XRD) [58, 63]. Besides, the active metal dispersion can be

characterized by chemisorption analysis.

Metal catalysts have been supported by various oxides such as TiO2, Al2O3, SiO2,

CeO2, ZrO2 as well as zeolites and reported that support materials influenced the

activity  and  selectivity  of  the  catalysts  for  methanation  reaction  [10,  16].  Ni

catalyst supported on both silica gel and amorphous silica prepared by different

methods were compared in methanation in terms of turnover frequency (TOF) of

methane (amount of methane produced per number of nickel sites per second)

[15]. It was proved that high dispersion of nickel nanoparticles obtained for the

samples on amorphous silica which further had better TOF results than those on

silica gel. Both unsupported and supported Ni nanoparticles on Al2O3 were

studied with a high Ni loading (125% Ni/Al2O3). It was reported that Ni/Al2O3 had

been more active than Ni  nanoparticles  without a support  materials,  while  CO2

conversion and CH4 selectivity  at  500 oC were recorded as 71-86% and 50-50%,

respectively [27]. The reason was explained as the support might actively
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participate the adsorption process of CO2 on  its  surface  as  it  was  previously

proposed by Busca et al. [64].

Another research evaluated the effect of different supporting materials on

catalytic  properties  of  Ru  and  resulted  that  the  activities  of  catalysts  were

dependent on the Ru dispersion as well as the type of support materials [65]. The

performance of supported Ru catalysts on CO2 methanation reaction was given

in an order as Ru/Al2O3>Ru/MgAl2O4>Ru/MgO>Ru/C. Alumina supported Ru had

the highest performance while the carbon supported Ru had the lowest activity

due to covering all the active surface which is called site blocking effect.

Furthermore, loading of active metal was declared to influence both the

interaction of  metal  with the support  and the dispersion of  metal  particles  [16,

27, 35, 66]. Highly dispersed metals were analysed at low metal loadings,

whereas with highly loaded catalysts metal aggregates were observed.

Considering  that  the  reaction  taking  place  on  the  surface  of  the  catalysts,  the

dispersion of the metallic nickel might have predominant importance on the

catalytic activity.

2.1.5.2. Effect of calcination

Calcination is a thermal treatment of a material in oxidizing atmosphere for a few

hours at temperatures slightly higher than the operating temperature for the

catalysts [59].  The aim of calcination process is stabilization of physical and

chemical properties of the prepared catalysts. A calciner is employed which is a

steel cylinder rotates inside a heated furnace with a temperature range of 550-

1150 oC through a controlled air or oxygen atmosphere. The treatment stabilizes

the thermally unstable compounds such as hydroxides, carbonates or organic

compounds and transforms them into oxide forms, while it is possible to produce

new species at higher temperatures. Furthermore, pore features and crystal

structures are subjected to a change subsequent to calcination process.
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The effect of calcination on catalysts activity and selectivity in methanation were

reported for various catalysts. Ru/Ce0.8Zr0.2O2 catalysts were calcined at different

temperatures and their catalytic properties were tested in a continuous fixed-

bed reactor [30]. The prepared catalyst samples by various methods were

characterized and tested in order to understand the influence of calcination

temperatures on the structure of catalysts and subsequently to the activity. The

results regarding to the characterization of textural properties of catalysts and

H2-TPR experiments were reported. It was concluded that an increase in

calcination temperature decreased the surface area and pore volume while

increasing the pore diameter. Another study using Ni supported by Zr-Sm oxide

catalysts for various temperatures from 800 to 1000oC, claimed that as the

calcination temperature got higher the conversion increased accordingly.

However, the highest conversion was obtained at 800 oC, as further temperature

was proved to be deleterious [31]. Higher calcination temperature proved to

cause a change in textural properties of catalysts by agglomerations

consequently the Brunauer-Emmett-Teller (BET) surface area of the catalysts and

the metal dispersion got smaller.

2.1.5.3. Effect of reduction

Reduction of a catalyst material is performed in a hydrogen atmosphere to

activate or regenerate the catalysts by forming active sites; prior to reduction

processes, the reduction temperature of the metal of interest should be decided

via temperature programmed reduction (TPR) analysis [16, 21].  The influence of

reduction process on the performance of catalyst samples have been

emphasised in various studies. For instance, Jacquemin et al. proved the effect of

reduction on samples for methanation reaction, performing CO2 chemisorption

measurements on a Micromeritics ASAP2010Chemi apparatus while employing a

catalyst Rh supported on Al2O3 [20]. Figure 9 shows the results of the

measurements showing the volume of CO2 chemisorbed per gram of catalyst

with respect to pressure for both reduced and fresh catalyst samples. The fresh

catalyst, which referred to the samples employed before reduction, showed no
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production  of  methane  due  to  having  in  almost  no  active  sites  where  CO2

molecules chemisorbed on [20]. However, the reduced catalyst samples were

reported  to  have  a  significantly  higher  number  of  adsorbed  CO2 molecules

leading a major conversion to methane. Besides it was claimed that, pressure has

an augment effect on the volume of chemisorbed CO2,  specifically  for  the

reduced catalyst sample.

Figure 9: Chemisorption of CO2 on the catalyst with and without reduction process [20].

On the other hand,  recently,  HTs which are also called as LDHs or  anionic  clays

have received considerable attention as a choice of catalyst or catalyst supports

for CO2 methanation due to their various properties. HTs have a complex layered

structure, high ion exchange capacity, ability for absorption of CO2 and the

basicity [32-36, 38, 39]. Promising results for activity and selectivity toward CO2

methanation reactions make HTs attracting materials as catalyst, yet few studies

have  been  done  so  far.  Since  CO2 methanation will be catalyzed in this thesis

using  hydrotalcites-based  nickel  catalysts,  the  next  section  will  discuss  the

definition, the important features, preparation techniques and applications of

HTs.
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2.2. Hydrotalcites

LDHs are a group of minerals that have multi layers of structures. LDHs can be

divided into different classes with respect to containing compounds and

molecular structures. Being one of LDHs, HTs, whose name was derived from its

similarity to talc and its high water content, are naturally occurring anionic clays

[67]. HTs were the first type of LDH that was discovered in Snarum, Norway and

was described as white pearly lustres [68]. A map showing the distribution

profile for the sources of HTs worldwide is depicted in Figure 10 [69]. As shown

in figure,  HTs can,  in  addition to the Snarum area of  Norway,  be also mined in

almost every continent including the Ural area of Russia and Somerville, New

York [70]. Early studies about HTs were confusing due to the large number of

structures  shared  by  other  related  minerals.  For  this  reason,  HTs  were  initially

believed to be a mixture of other compounds [71]. However, HTs were

eventually accepted as a valid species after Manasse characterized HTs using

analytical, thermal and optical techniques.

Figure 10: Localities for Hydrotalcites [69].

The current general formula of HTs was derived by Manasse and later confirmed

by Foshag [71, 72] while the types of occurrences of HTs were not proposed until

much later [73]. The results showed that all the samples of HTs from different

areas had mainly mixture phases of hexagonal and rhombohedral types. The
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rhombohedral phases were classified as Hydrotalcite, while the hexagonal

phases are commonly known as manasseite. On the other hand, they are

-

[70].  Recently,  the  nomenclature  of  the  HT

supergroup of minerals has been described by Mills, while reviewing the

chemistry, polytypic variations and the structure of HTs.

Since  HT  based  Ni  catalysts  will  be  utilized  in  this  thesis,  the  next  sub-sections

will discuss the important features including unique layered structures,

preparation techniques and applications of HTs.

2.3.1. Important features of HTs

The attractive features of both natural and synthetic HTs are the unique layered

structure, basicity, ability to capture organic and inorganic anions, biomolecules

and genes, tendency to protect intercalated anions from physicochemical

degradation, memory effect as well as relative ease of synthesis [74, 75, 76, 77].

Furthermore HTs are usually chosen over other compounds due to the

versatility, simplicity, easily tailored properties and low cost of the materials [78].

These features of HTs will be explained in detail through following sections.

2.3.1.1. Layered structure

HTs have a unique layered structure (Figure 11a) consisting of brucite-like layers

which are positively charged and compensating anions that are intercalated

between the layers [79-83]. The brucite (Mg(OH)2) structure (Figure 11b) consists

of two adjacent arrays of closely-packed hydroxide anions containing octahedral

spaces between OH- layers which is filled by Mg2+ cations. HTs are differed from

brucite-like structure which is electrostatically neutral, replacing M2+ octahedral

cations with M3+ ions which lead positive charged layers. This positive charge is

balanced by anions which are intercalated between the layers. Intercalated

molecules, water typically, provides hydrogen bonding between the brucite

layers.
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HTs have the general formula of [M2+
1-x M3+

x (OH)2]  [  An-
x/n·mH2O] where,  M2+

represents divalent cations among which most commonly used ones are Mg, Co,

Cu, Ni, Ca, Zn, Mn, Fe,  whereas M3+ denotes for trivalent cations such as Al, Fe,

the  most  common  anions  are  NO3
- , Cl-, SO4

-, OH- , and water molecules fill the

remaining  space  between  layers.  The  value  of  x  is  equal  to  the  molar  ratio  of

M2+/(M2+ +  M3+)  and  m  shows  the  water  amount  [79,  84,  85].  Furthermore,

employing monovalent (Li+)  and  tetravalent  cations  such  as  Zr4
+, Sn4

+, Ti4+, Si4+

have been also reported as possible synthesis approach [79].

Figure 11: Schematic representation of Brucite and Hydrotalcite structure [85].

As many parameters have been found to affect the general formula of the HTs

with widely varied physicochemical properties can be obtained by changing the

nature  of  the  metal  cations,  the  molar  ratios  of  M2+/M3+ as  well  as  the  type  of

interlayer charge balancing anions [86, 87]. Besides, the unique structure of HTs

has been proposed to contribute to the basicity, the sorption and ion exchange

capacity of compounds.

2.3.1.2. Basicity

HTs can be used as such or after thermal treatment which is called calcination.

Calcined HTs have been widely used as solid base catalysts for various

heterogeneous reactions [79, 88]. Calcination of HTs increases not only the

surface area but also the number of defects in the material structure which

causes higher density of basic sites [89-91].
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HTs with highest basicity were found to have highest catalytic activity [89, 92].

Several different preparation techniques were employed to synthesize HTs and

the effects of these methods on the crystal size and textural properties of HTs

were  reported.  Furthermore  the  ratio  of  divalent  to  trivalent  cations  (M II/MIII),

the crystallite size of HTs and the nature of intercalated anions were early

reported as important parameters to control the basicity of the catalyst, and

hence the activity and the reaction rate [91, 93]. Basicity of the catalysts can be

quantitatively determined by CO2-TPD measurements.

2.3.1.3. Ability to capture and exchange compounds

HTs have the ability to capture various compounds due to its structure and the

interactions between the layers, between the intermaller anions and the

positively charged layers, as well as the space between these layers [79, 74].

HTs have been reported to be used as effective adsorbents for capturing CO2 [94-

100]. Capturing CO2 from flue gas has been mostly processed by pressure swing

adsorption  in  which  a  proper  adsorbent  with  the  properties  of  high  selectivity

and  adsorption  capacity  for  CO2 at high temperatures, stable capacity for

repeated adsorption/desorption cycles as well as adequate mechanical strength

after high pressure exposures are required.  It has been claimed that HTs could

meet these requirements. The adsorbent capacity of commercial HTs was tested

while  the  main  factors  affecting  the  adsorption  capacity  were  studied  at  high

temperatures [94]. It was claimed that HTs met the criteria with an adsorption

capacity greater than 0.30mmol/g at 300oC and 1 bar. For lower temperatures

the adsorption capacity of HTs was reported to be up to 2.5 mmol/g [100]. The

type of anion and cation, the calcination process, addition of another species as

promoters  reported  as  the  effecting  parameters  of  adsorption  of  CO2 [98, 101,

100].

HTs  have  been  further  utilized  as  an  ideal  material  for  the  removal  of  toxic

materials from water, soil as well as atmosphere [102]. They have been used as

such or as calcined products to treat high concentrated solutions in order to
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remove excess amount of various compounds such as chromium [103-105],

phosphate, chlorinated organic pollutants [106], fluoride [107], boron [108],

arsenic [109, 110], cadmium, lead [109], SOx [111, 112] and several dyes [113-

115]. These treatments reported as experimental studies in which kinetics and

equilibrium parameters were determined while evaluating the effect of different

parameters, including agitation speed, temperature, pH and concentration of the

solution  for  different  types  and  charge  densities  of  used  HTs  [111,  116,  117].

Furthermore the sorption capacities, sorption affinity and efficiency of the HTs as

sorbents were calculated. Several kinetic models were evaluated to fit the

experimental data adsorption isotherm were used accordingly [103, 108].

Moreover, the structural characteristics of HTs such as degree of layer

substitution, interlayer anion and crystallinity, the basal spacing and the

orientation of interlayer molecules were proved to affect the removal processes

[118]. Furthermore, removal of halides as pollutants with high concentrations in

natural waters was performed using HTs. The use of HTs as soil conditioner for

decreasing nitrate leaching, as a slow release nitrate fertilizer, and for

purification of wastewater was patented in various countries [119, 120].

HTs are excellent anion exchangers due to their lamellar structure in which

anions are trapped by the positively charged host sheets and swellable interlayer

space is highly favourable for anion diffusion [121]. The interactions between the

interlayers in LDHs are mediated by two forces: the Coulombic forces between

the  positively  charged  layers  and  the  intercalated  anions,  and  secondly  the

hydrogen bonds between the hydroxyl anions and the water molecules in the

interlayer [122, 123]. The anion exchange capacity of LDHs has been claimed to

be affected by these forces, and the ratio of metal cations, whereas not

influenced  by  the  molecular  compositions,  crystallinity  or  particle  size  of  the

material [124].

Furthermore,  it  is  also  possible  to  replace  small  interlayer  anions  such  as  NO3
-

and Cl- with larger ones in  order  to  get  an  expanded  layer  structure  [84,  125,

126]. A three dimensional structure is declared to be applicable, as zeolites,  if
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permanent porosities can be obtained within the interlayer space of HTs, then

the new materials can be considered as pillared anionic clays (PILACs) [84,87]. To

prepare PILACs highly charged and large anions were reported to be required in

order to create an interlayer with a negative charge as well as an expanded

interlayer space. Besides, highly charged anions were used to decrease the

population between the layers which make easier to find a space for guest

species [87].

2.3.2. Preparation Techniques of Hydrotalcites

HTs commercially produced by first Kyowa Chemical Industry and then Kisuma

Chemicals, and Sasol. In recent years, synthesizing techniques of HTs have

heir various aforementioned properties. HTs

can  be  tailored  by  varying  the  types  and  relative  proportions  of  the  di-  and

trivalent cations as well as the identity of the interlayer anions [127]. HTs can be

synthesized directly with a number of different techniques. The most common

preparation technique is simple co-precipitation method; however ion exchange

processes are widely employed for preparing HTs, as well. Furthermore, other

studied  methods  [128]  include  sol-gel,  hydrothermal  synthesis,  microwave

irradiation and electrochemical methods.

All of these methods used for the preparation of HTs have been reviewed with

different aspects [129]. The method of choice is depend on the purpose of usage,

in other words, the required properties are well determinative while selecting

the preparation method; for instance if HTs would be used as a catalyst, catalyst

support  or  precursor  than  high  surface  area  as  well  as  small  particle  size,

presence of structural defects and well defined composition of specific

compounds would be crucial.

Mainly methods to be employed are chosen depending on the specific

application requirements, thus desired properties of the compounds can vary

such as catalytic activity, adsorptive affinity to definite particles and surface

chemistry, furthermore cost effective, nature friendly and easy to up-scale
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methods should be used [130]. The most common preparation techniques of HTs

will be mentioned in following sub-sections.

2.3.2.1. Co-precipitation methods

The mostly employed technique to prepare HTs is co-precipitation method which

can be applied under constant or variable pH depending on the conditions [129].

During  this  method  a  mixed  solution  of  di-  and  trivalent  metal  salts  is  slowly

charged into a reactor which contains distilled water, while keeping the pH of the

solution at desired values by controlling the addition of an alkaline solution to

the reactor. The interlayer anions can either originate as OH- or  as  CO3
-. The

source of  OH- can be the alkaline solution itself  when the pH is  too high or  the

solution  of  metallic  salts  if  they  are  the  counter-anions  of  these  metals.  CO3
-

moves to interlayer if the alkaline solution is selected as potassium or sodium

carbonate  [79].  An  example  of  automated  experimental  set-up  for  co-

precipitation method is presented in Figure 12. As can be seen in the figure,

setup includes a pH meter and pH controller which make easy to create a

constant-pH solution, while addition of alkaline and metal solutions.

Many researches have used co-precipitation methods to synthesize HTs, and

further comparative studies on the effect of different parameters and variables

have been carried out as well, to understand the relationship between the

parameters and resulting structures as well as the specifications of HTs. These

properties are crystallinity, thermal stability, purity of the phase, particle size

distribution, average pore diameter and textural properties. For instance, HTs

were used as soil conditioner which could adsorb excess nitrate from the soil and

allow plants to take up required amount of N, reversibly. In order to optimize the

experimental conditions to prepare materials with best anion exchange

properties HTs were synthesized via co-precipitation methods [120].
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Figure 12: Experimental set-up for the preparation of LDHs by the co-precipitation
method [79].

It has been extensively reported in the literature that pH is one of the

determinant factor on the properties of HTs for co-precipitation methods due to

its influence on mostly the crystallinity as well as phase purity [127] while other

factors being the temperature in the reactor, aging of precipitate, flow rate and

concentrations of both alkaline and metal solutions [79]. A thermal treatment

which refers to calcination is often employed following the co-precipitation

method in order to enhance the crystallinity of the materials. However for

specific conditions while keeping the pH constant during precipitation, Valim et

al. proposed that the prepared samples without thermal treatment were less

influenced by the thermal treatment and showed the same stability with the

other thermally treated samples [127]. Thermal treatment of the prepared HTs is

the most energy consuming and the longest step in the preparation process.

Although  the  co-precipitation  method  is  most  widely  used  for  synthesize  of

catalysts, many drawbacks of this method have been reported. The method

proceeds as a very long procedure with many parameters need to be controlled

such as pH of the solutions. Furthermore this method results in a catalyst that

has a wide particle size distribution [131].
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2.3.2.2. Ion-exchange methods

Ion exchange which has been also widely used, as a method for synthesizing

LDHs has been successfully deployed for the intercalation of various anions for

different applications such as the inorganic anions (Cl- , NO3
- , SO4

2- , CO3
2-) and

organic ions e.g. dicarboxylic acid, pharmaceutical agents like para-amino

salicylic acid, and cetirizine [77, 79, 129]. This method is also referred to an

indirect  method  where  firstly  LDHs  are  prepared  with  host  anions  such  as

carbonate, nitrate or chloride ions. Subsequently, guest species which are the

desired anions are exchanged with the host anions. The ion exchange method is

mostly employed when it is preferable to exchange the inter anions with the

guest species and when the di- and trivalent cations or the anions in the alkaline

solutions are not stable [77].

Ion exchange method is a reversible process during which ions are exchanged

between an electrolyte solution and a complex material. It is a form of sorption

along with adsorption and absorption processes [79]. LDHs are widely used as

ion exchangers among others such as zeolites, montmorillonite and clays, due to

their anion exchange capacity by the inorganic as well as the organic anions, as it

was explained in detailed within Section 2.1.3. A typical example of ion exchange

process is schematized in Figure 13 where H is hydrogen, M2+ and M3+ used to

indicate di and tri-valent cations, respectively.

Figure 13: Ion-exchange process [77].
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The anion exchange reactions in equilibrium can be described with two possible

reactions given below where X is the host anions and Y is the guest species.

Exchange of anions thermodynamically depend mainly on the electrostatic

interactions between the anions and the positively charged host sheets of LDHs

as well as the free energy involved in the changes of hydration [129]. As shown in

Equation 2 the anions are univalent such as NO3
- or Cl- in which the interactions

between anions and the layers are weak, therefore it is easy to exchange the

ions, whereas the interaction in Equation 3 is strong since the anions are highly

charged (CO3  or carboxylate) but an acidic medium helps anions to be

deintercalated easily [77].

                        (2)

(3)

On the other hand the expansion of the space between the layers, which is

possible  using  a  proper  medium,  may  favour  the  ion  exchange  process  due  to

weakening  the  interactions.  An  organic  medium  for  example  can  enhance  the

exchange by organic anions, whereas an aqueous solution can favour the

exchange by inorganic anions. Exchange of interlamaller anions by organic ions

such as dicarboxylic acid anions was first reported by Kumura and Miyata who

initiated the development of industrial production methods for synthetic

hydrotalcite- [128].

Furthermore many other parameters can either enhance or slow down the rate

of ion exchange reactions including, pH of the electrolyte solutions, type of the

exchange medium, and chemical composition of the layers, washing and drying

processes. For instance higher pH values can enhance intercalation of carbonate

while a CO2-free atmosphere is constantly supplied for the process, however in

any case pH should not be kept below 4.0 which causes for basic LDH layers

themselves begin to dissolve [129].
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2.3.2.3. Hydrothermal methods

Hydrothermal methods as material preparation techniques are generally

preferred when co-precipitation or ion exchange methods are not applicable for

guest anions which have a low affinity to be intercalated while producing new

LDHs  [77,  79,  129].  Employing  this  method  can  lead  many  features  such  as  a

controllable particle size distribution of produced LDHs. The hydrothermal

temperature has been proposed as an affecting parameter for crystal structure

while pressure and the contact time have also effect on the properties of LDHs

[129].

The experimental procedure for hydrothermal methods as follows: Metal

solutions  are  mixed  with  the  anion  solution  and  the  pH  of  the  solution  is

maintained at usually between 9 and 10 for Mg/Al LDHs. Next, the prepared

solution with the specific pH is placed in a stainless steel autoclave, and warmed

up to a temperature level or rotated simultaneously [79, 129].

By hydrothermal methods very fine Ni/Al LDHs were produced in the form of

one-dimensional nanorods at 180 C and pH of 10.0 for 12 h 18 h in a 50mL

stainless Teflon-lined autoclave while the effect of pH and the reaction time

were evaluated [132]. It is reported that as the time proceeded to 18 h the

nanorods became longer and wider with a diameter of 30 70 nm and a length of

1  Another study was conducted for a wide range of temperature and

pressure values, using continuous-flow hydrothermal method to produce

nanoplate shaped LDHs with very fine and controllable particle size and shape

[131]. The new preparation method was proposed to complete the production of

LDHs within a few minutes being very rapid compare to coprecipitation methods

lasting for 10-20 hours. With a feed rate of solutions 20ml/min, it was found out

that temperature has much more influence on the products than pressure.
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2.3.2.4. Sol-Gel methods

Sol-gel method has been employed for various studies due to its cost

effectiveness and high product purity which are mostly required for sustainable

production of new materials to be suitable for large-scale applications [130, 78].

A sol is a dispersion of the solid particles which is also known as colloidal

suspension with particles size of 1-1000 nm in a liquid where gravitational forces

are negligible, yet only Brownian motions suspend the particles. A gel is a state

where  both  liquid  and  solid  are  dispersed  in  each  other,  presenting  a  solid

network containing liquid components [133, 134]. There are two distinct

reactions in the sol-gel process which are presented in the following equations:

hydrolysis of the alkoxides (Eq. 4)/alcohol groups (Eq. 5) and condensation of the

resulting hydroxyl groups (Eq. 6).

(4)

(5)

(6)

Sol-gel process consists of many steps to produce different end products for

various applications as shown in Figure 14 [134]. First of all, colloidal particles or
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a liquid alkoxide precursor is mixed with water to be hydrolysed as shown in Eqs.

4 and 5, partial and complete hydrolysis, respectively. The hydrated metal

compound interacts with the similar species in a condensation reaction forming

M-O-M bonds (Eq. 3). Further polycondensation reactions take place to create a

gel formation. Different drying processes such as solvent extraction, evaporation

or gelation, result in divergent material structures. Densification is the last step

in which final dense materials are produced by heating the porous gel or film at

high temperatures. This method has gained an increasing interest in synthesizing

hydrotalcite-like materials [135-137] for different purposes such as obtaining

materials with different sorption properties [130], as drug carriers with high

purities [138], as thin films in catalytic membrane reactions and separation

technologies.

Figure 14: Sol-Gel process [133].

Mg-Al  HTs  were  synthesized  by  sol-gel  method  to  analyse  the  effect  of

parameters to final structure and texture of materials using different aluminium

precursors (aluminium alkoxide and aluminium acetylacetonate) and higher

Mg/Al ratios which were limited to the range of 1.5-3.0 [139]. Further studies
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were conducted using variable aluminium sources in order to see the effects of

these different sources to the crystallinity of materials [136]. A correlation

between the aluminium precursors and the crystallinity was reported for

increasing crystal sizes with the order of aluminum acetylacetonate>aluminium

chloride>aluminum nitrate>aluminum sulfate.

Ni-Al HTs synthesis by sol-gel method was studied and the resulting material

properties were compared with previously prepared HTs by co-precipitation

method [137]. Crystal sizes and surface areas were reported to be affected as a

function  of  the  preparation  method.  The  samples  prepared  by  sol-gel  method

were  found  to  display  higher  BET  surface  areas  and  lower  crystals  sizes

comparing to co-precipitated samples. The reactivity of the samples obtained

after calcination of the HT precursors at different temperatures was investigated

as well. A higher reactivity of the sol-gel oxides was concluded due to a higher

dispersion  of  the  cations  and  low  dimension  of  the  crystallites.  Another  study,

reported the occurring reactions and production steps during synthesis of HTs by

sol-gel method while providing detailed information relating to the effect of

process parameters and the conversion energy from sol to gel [140].

2.3.3. Applications of Hydrotalcites

HTs are promising materials for a large number of applications in catalysis (as

catalysts or catalyst supports), medical science (as drug or bioactive molecule

carrier), cosmetics (as carriers for pigments), anion exchangers (mainly the

removal of toxic anions), adsorption (CO2 capturing), photochemistry,

electrochemistry, neutralizers (antacids), polymer stabilizers (heat stabilization in

PVC), optics and nanocomposite material engineering due to their various unique

properties [79, 74, 130]. Main applications of HTs are given in Figure 15. HTs

have been exploited aforementioned applications due to their complex layered

structure, high ion exchange capacity, variable layered charge densities, wide

range of chemical compositions, large reactive surface areas and the interlayer

space as well as the stability and homogeneity of the materials [77, 81, 82, 138].
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Furthermore HTs are known to show biodegradability which is required in

pharmaceutic applications and many of these properties can be tailored easily

for different end uses.

Figure 15: Main applications of HTs.

The most significant attention on HTs is to conduct research on the preparation

and characterization techniques for synthetic HT-like compounds to be used in

various applications. Figure 16 represents the trend of published scientific

documents relating to HTs by year from late 1960s, while Figure 17 reviews the

portion of the documents by subject areas [141]. Figures indicate that HTs have

attracted a gradually increased interest in many different fields.

Figure 16:  Documents published about HTs  by year [141].

The related published documents include mainly journal articles (83.4%),

conference papers (11.5%) and reviews (2.1%). Chemistry and Chemical
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Engineering have been the leading fields being interested in HTs, so far. Besides,

many works based on HTs have been patented and the patents related to health

were listed while emphasizing the importance of HTs in health applications as

drug carriers for controlled release and biosensors [142].

Utilizing HTs for synthesis of new materials with low dimensions has gained

tremendous interests in fundamental material science and in many applications

for various fields, including electronics, mechanical and biomedical [77, 138, 142,

143]. Low dimensioning requires a process to slice or peel of the laminated layers

into  individual  sheets  which  is  called  delamination  or  exfoliation  [75,  143].

However, the high charge density and consequently strong electrostatic

interactions between layers and interlayer anions as well as solvation molecules

make slicing individual layers challenging.

Figure 17: Documents published about HTs  by subject area [141].

HTs have been employed as catalysts in aldol condensation [89-91, 144],

oxidation of many compounds such as ethanol, methanol, selective oxidation of

glycerol,  selective  oxidative  halogenations,  and  oxidation  of  water  for  oxygen

production and several other applications [89, 145, 146]. Furthermore, HTs have

been also utilised as catalyst supports [146-148] as well as precursors [149] due

to small crystallite size and high resistance to coke formation.
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2.3. Methanation of CO2 over Hydrotalcites

Hydrotalcites have been utilized for various applications one of which is the

methanation reaction, due to their unique structures and many properties. The

applications of HTs were described in detail within Section 2.3. However, few

research  has  been  done  regarding  to  CO2 methanation  over  HTs,  so  far.  Main

inferences out of  recent studies and their  claims are crucial  prior  to decide the

approach of this study. Therefore, they will be reviewed in this section.

Figure 18: Activity of catalysts at 300oC subsequent to reduction processed at ambient

pressure and different temperatures: a)400 oC, b)450 oC, c)530 oC and d)600 oC  [35].

Methanation of CO2 at low temperatures was studied by utilizing co-precipitated

Ni Al  HTs  based  catalyst  for  CO2 methanation [35]. A variety of cation ratios

(Ni2+/Al3+:  3.0,  1.5,  0.5),  reduction  and  reaction  temperatures  were  chosen  to

evaluate the effect of Ni content on the structure as well as the activity of

catalysts. Many analyses for characterization and catalyst testing experiments

were reported in detail. For instance, amount of residual CO2 was determined in
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order to test the catalytic activity of the catalysts prepared with different cation

ratios as well as reduced at different temperatures, and the results with respect

to  GHSV  were  reported  as  shown  in  Figure  18  which  indicates  a  low  residual

concentration of CO2 and  thus  high  conversion  of  CO2. Reduction temperature

claimed to have no effect on the catalyst with highest Ni/Al ratio 3.0; however,

as the cation ratio decreased the conversion value diminished accordingly

indicating a decrease in catalytic activity. The greatest activity of catalyst was

obtained at highest reduction temperature 600 oC, resulting an order of activity

3.0NiAl>1.5NiAl>0.5NiAl. Higher reduction temperatures were shown as causes

to a change in the crystallinity and an increase in the nickel specific surface area.

Besides reduced Ni Al LDHs based catalyst was found to have good methanation

activity at low reaction temperatures between 220-400 oC.

A similar study was recently published utilizing a catalyst derived from Ni Mg Al

HTs precursors by constant-pH co-precipitation method [34]. Catalyst testing was

performed at temperatures starting from 220 oC, and proposed enhanced

conversion values. However comparing to the results that Gabrovska et al.

reported, no significant change in activity was noticed [35]. Nevertheless, it was

reported with the help of SEM images exhibiting the platelet-like crystals

(Fig.19a) that this morphology remained intact after calcination at 600oC [34].

Figure 19: SEM images of a) the HT-like precursor with 50 mol% Ni and b) the sample
calcined at 6008C in air [34].
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Another catalyst sample, Ni-Al2O3-HT was synthesized using Ni-Al hydrotalcite as

a precursor and employed for methanation of CO2 [36]. Another catalyst sample

Ni supported on -Al2O3 was further prepared by wet impregnation method in

order  to  compare  the  properties,  activity  and  stability  of  the  catalysts.  CO2

conversions were recorded higher for HT based catalyst than for the catalyst Ni

supported by alumina at low reaction temperatures. It was proposed that, the

existence  of  strong  basic  sites  could  activate  CO2 and well-dispersed as well as

highly-stable nickel nanoparticles with a narrow size distribution enhanced the

methanation activity.  In another study, lanthanum was employed to synthesize a

La promoted Ni-Mg-Al HT derived catalyst by co-precipitation method for

methanation reaction. The idea of utilizing La was explained as La can modify the

redox  properties  of  a  catalytic  material  [39].  Prepared  catalyst  samples  with

various  compositions  were  tested  in  terms  of  their  catalytic  activities  towards

methanation  of  CO2. Figure 20 shows the conversion values reported by

Wierzbicki et al. with respect to reaction temperature for different catalyst

samples, having the thermodynamic equilibrium behaviour in bold continuous

line. The conversion values calculated for lower temperatures were distant from

equilibrium predictions, nevertheless addition of La reported to enhance the

basicity and the activity of catalysts.

Figure 20: CO2 Conversion versus reaction temperature for prepared catalyst samples
(numbers indicating the weight percentage of compounds (wt. %)) [39].
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With the aim of further modifying the basicity of catalysts used in methanation

reaction, Ce and/or Zr promotors employed while synthesizing Ni-Mg-Al-HT

derived catalysts. These catalysts were tested at low reaction temperatures in

the presence of hybrid plasma [38]. Methanation reactions were carried at

temperature range between 110-430 oC, in a dielectric barrier discharge (DBD)

plasma reactor operating at atmospheric pressure with on and off plasma mode.

They claimed to get higher conversion values up to 80% in the presence of DBD

plasma even at very low temperatures, such as 110 oC while having almost

complete CH4 selectivity  (Fig.  21).  However,  addition  of  Ce  and  Zr  reported  to

show no influence on the catalytic activity.

Figure 21: CO2 methanation in the presence of DBD plasma A) CO2 conversion, B) CH4

yield [38].

As the pH values during co-precipitation influences the resulting catalyst

properties, two different pH values 8.7 and 12 were adjusted while synthesizing

Ni-Al-HT  derived  catalysts  with  high  Ni  content  [33].  Besides  a  commercial  Ni

-Al2O3 was  compared  with  the  new  prepared  catalysts.

The XRD patterns of the HT-derived catalysts were determined for dry and

calcined catalysts to clarify the effect of calcination on bulk features as given in

Figure 22.
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Figure 22: XRD patterns of the HT-derived catalysts [33].

Significant differences in their XRD profiles were obtained between dried and

calcined  catalysts,  while  dried  HT-derived  catalysts  showed  the  typical  profiles

for HTs: narrow symmetric and intense reflections of the basal (003), (006) and

(009) were observed

angles broader, small reflections of non-basal (012), (015) and (018) planes were

seen.
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CHAPTER	3		 EXPERIMENTAL	PART	

3.1. Materials

Table 1: List of materials used in catalyst preparation.

Materials name Details

Aluminum oxide -Al2O3 (SBET = 200 m2·g 1, porosity = 0.979 cm3/g=

Nickel nitrate hexahydrate Ni(NO3)26H2O (>97.0%,Sigma Aldrich)

Magnesium nitrate hexahydrate Mg(NO3)26H2O (>99.0%, Merck)

Aluminum nitrate nonahydrate Al(NO3)39H2O (>98.5%, Riedel-de Haen)

Sodium carbonate Na2CO3 (>99.5%, Merck)

Magnesium ethoxide C4H10MgO2 (98.0%, Sigma Aldrich)

Nickel (II) acetylacetonate C10H14NiO4 (95.0%, Sigma Aldrich)

Aluminum (III) acetylacetonate C15H21AlO6 (99.0%, Sigma Aldrich)

A list of materials used for the preparation of catalysts is given in Table 1, which

includes some details about the materials. All of these materials were used

without further purification.

3.2. Catalyst Preparation

Catalysts used throughout this thesis were synthesized by different preparation

methods including wet impregnation, co-precipitation and sol-gel. Subsequently,

slurries were prepared using synthesized catalysts, and they were wash-coated

to the inner surface of the reactor tubes. This chapter will describe and illustrate

these procedures including the specifications of the materials.

3.1.1. Ni/Al2O3 by the incipient wetness impregnation method

Ni/Al2O3 catalyst was prepared by the -Al2O3

support using Ni(NO3)26H2O solution as a precursor. Two batches were produced

and the targeted Ni loadings were 17.75 wt% and 25 wt%. About 30 g of support

material was weighed and dried at 150 oC for two hours while generating below
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15 mbar vacuum inside the flask. Nickel nitrate solution was prepared with the

calculated amount of precursor and ion-exchanged water which was calculated

taking into account the pore volume of the support materials. Precursor solution

was poured onto the dried support material and ensured that all of the support

material was in contact with the precursor before leaving it overnight. Afterward,

the precursor with the support was dried under vacuum in a water bath at 80 oC

while rotating the flask, till the material was dried. The resulting material

subsequently was taken out from the flask and poured in a quartz tube which

was closed from each side with the help of quartz wool, for calcination. The

catalyst was calcined under air flow at 550 oC for two hours, with a heating rate

of 5oC/min. The synthesized catalysts were named as 17.75 wt% Ni/Al2O3 and 25

wt% Ni/Al2O3, respectively.

3.1.2. Ni/Mg/Al HTs by the co-precipitation method

Ni/Mg/Al hydrotalcite catalyst was prepared by the co-precipitation method as

described by Mette et al. using a setup shown in Figure 23 [150]. Two batches of

HT-based Ni catalysts were synthesized following one-pot synthesis approach.

The Ni2+ loadings were 0.5 and 0.17 mol% where the total amount of cations was

1 mol. The materials included metal nitrates: Ni(NO3)26H2O, Mg(NO3)26H2O  and

Al(NO3)39H2O as cation sources, Na2CO3 as carbonate source and NaOH was used

for  adjusting  the  pH.  0.4  M  aqueous  metal  nitrate  solution  (0.5Ni2+/0.17

Mg2+/0.33Al3+)  and  a  precipitating  agent  solution  with  0.6M  NaOH/0.09M

Na2CO3 were prepared.

As  shown  in  Figure  23,  200ml  of  distilled  water  was  poured  into  a  three-neck

flask which was placed in a water bath and heated to 50 oC. Both of the solutions

were introduced dropwise simultaneously and controlled manually to keep the

pH constant at 8.5 while mixing the solution vigorously. Afterward, the resulting

solution  was  filtered  off  and  washed  with  distilled  water  until  the  pH  of  the

remaining water was 7. Finally, the filtered catalyst was ground finely and

calcined in air at 550oC for four hours.
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Figure 23: Setup for catalysts preparation by co-precipitation.

3.1.3. Ni/Mg/Al HTs by the sol-gel method

Ni/Mg/Al hydrotalcite catalysts were prepared by the sol-gel method as follows:

Two batches of HT catalysts were synthesized and the Ni2+ loadings were 0.5 and

0.17 mol% where the total amount of cations was 1 mol. However, the targeted

nickel loadings as weight percentages were calculated to be 15 and ~5 w%,

respectively. Figure 24 illustrates the setup used for preparation HT-based Ni

catalysts by the sol-gel method.

Magnesium ethoxide was dissolved in 200 ml of ethanol and pH of the solution

was adjusted to 3 by addition of minute amount of 35% HCl. Further, the solution

was refluxed for about 3 hours with the help of a condenser circulating cooling

water (Fig.24).  Nickel (II) acetylacetonate, and Aluminum (III) acetylacetonate

were  dissolved  in  200  ml  of  acetone  and  mixed  with  the  first  solution.

Subsequently, pH of the solution was raised to 10 with 33% ammonia solution

and left under mixing under reflux till a gel was formed. The gel was filtered off,

dried at room temperature and crushed into small particles prior to be dried in
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oven at 110oC for 2 hours. A solution was prepared with 250 ml of distilled water

and calculated amount of Na2CO3 for  ion-exchange  of  dried  HTs  and  heated  to

100oC. The dried catalyst was added and mixed vigorously for 2 hours. Finally the

excess amount of water was evaporated; the catalyst was dried under vacuum in

a water bath at 80 oC and calcined in air at 550oC for four hours.

Figure 24: Setup for catalysts preparation by sol-gel.

The catalysts prepared by the co-precipitation and sol-gel method were named

for instance 15 w% Ni/Mg/Al_co-prec_packed indicated the targeted weight

percentage of Ni, preparation method (e.g. co-prec. or sol-gel) and the way of

catalyst utilization such as packed-bed or wash-coated.

3.1.4. Ni-loaded Ce- or Zr-doped HTs by wet impregnation

Commercially available Ce- and Zr-doped HTs were used as catalyst support to

produce two catalyst batches having 5 and 15 w% Ni loadings, respectively.

Since no information such as pore volumes was available related to these

materials,  the  wet  impregnation  method  was  applied  for  the  nickel  deposition.
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An excess amount of distilled water was used for ion-exchange. The rest of the

preparation procedure was similar with that for Ni/Al2O3; however, final catalysts

were calcined in air at 550oC for four hours.

3.3. Slurry Preparation

The slurries of all catalysts were prepared following the procedure that was

developed at VTT. A mixture was prepared including the catalyst, aluminasol,

nitric acid and ion-exchanged water . The slurries were first mixed with the help

of a spoon and they were left overnight under mixing.

3.4. Wash Coating the Reactor Tubes

The reactor tubes (Inconel tubes with an inner diameter of 4mm) were cut into

pieces  of  17.5  cm  long,  and  the  inlet  as  well  as  the  outlet  of  the  tubes  were

drilled  in  order  to  create  smooth  surfaces.  Every  one  of  the  tubes  was  named

with the help of a marker showing a letter and a number e.g. A-01. Subsequently,

they were heat-treated to create a rough surface on the inner side of the tubes

which allowed a well-coated catalyst surface. After the treatment, the masses of

the tubes were noted.  The reactor tubes were wash coated as shown in Figure

25 utilizing the slurry of a catalyst.

A syringe was used to suck the slurry through the length of the tube.  The slurry

was  kept  inside  the  tube  for  a  few  seconds  and  blew  back  to  the  beaker.  The

sucking, keeping the slurry inside and blowing it back was repeated three times

in  order  to  have  enough  amounts  of  catalysts.  Then,  the  tube  was  dried.  The

catalyst amount for the first coating was noted and if the catalyst loading was

not enough another cycle including coating and drying was repeated. After each

cycle, the weight of the tubes was noted.  Finally the coated tubes were calcined,

and weighed again after leaving them to cool down to room temperature.



45

Figure 25: Setup for wash coating the reactor tubes.

3.5. Description of Catalysts Testing Setup and Activity Tests

The catalyst testing setup used throughout this thesis and the procedure

followed for performance test runs will be explained in detail within the

following sections. Furthermore equations for calculation of conversion,

selectivity and yield will be given.

3.5.1. Description of Catalysts Testing Setup

A scheme of the reactor system is shown in Figure 26 including inlet lines of the

reactant gases, a by-pass line to preheat the reactants, two places for reactor

tubes, cooling trap for the water vapour to be cooled, a gas flow meter and an
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online gas analyser. Three mass flow meters were employed and calibrated for

reactant gases which were H2, CO2, and N2, while the flow rate of the gases was

adjusted by a readout system.  A pressure indicator (max: 2.5 barg) was used to

measure the pressure inside the lines and reactors. Pressure test was performed

using N2 just after packing new reactors to test the tightness of the system and

to  find  the  points  of  leakage  with  the  help  of  a  liquid  leak  detector  solution.

Pressure tests were considered to succeed if the pressure was constant in a

range of  ±0.003  bar  for  30  seconds,  otherwise  the  joints  were tightened and

pressure test was repeated.

Figure 26: Experimental Setup for performance tests.

Two temperature resistances were fixed onto the by-pass line and the cooling

line and two more were placed and tightened with a wire onto the reactor tubes.

These resistances were controlled via an ABB temperature controller unit. K-type

thermocouples were placed inside the reactor tubes and to the line just before a

gas flow meter, as well.

Reaction mixtures with various compositions of H2, CO2,  and  N2 were properly

mixed using calibrated mass flow meters whose performances were cross-

checked with the gas flow meter at the beginning and in the end of each test run.
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The outlet gas mixtures were cooled down through the cooling system and only

dry gas compositions were measured by the online gas analyser. The online

analyser consisted of three detectors; Uras14 measuring CO, CO2 and CH4 by an

infrared photometer, Caldos17 measuring H2 in  N2 using a thermal conductivity

detector and a Magnos106 oxygen analyser. The gas analyser was calibrated to 0

vol% for all of the gases feeding pure nitrogen in. A gas standard from AGA Gas, a

mixture of CO2 (10%),  H2 (30%), CH4 (45%),  CO (5%) and N2 (10%), was used for

calibration to certain values. The data from the online gas analyser and the

temperature control unit was acquired via an external storage device.

Figure 27: Picture of a) reactors with and without fittings and b) test setup.

Packing of reactor tubes required proper fittings; hence the coated reactor tubes

had been assembled with the fittings prior to be placed to the testing setup as

shown in Figure 27a.  All of the fittings were tightened up, and aforementioned

pressure test was performed in advance of packing the temperature resistances

and insulating the reactor tubes. Finally, the reactor tubes were packed first by a

thick insulator and multilayer of packing materials which were made of quartz

wool (Fig.27b).
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3.5.2. Reduction of the Catalysts

The reactor tubes coated with catalysts were reduced prior to test runs. For the

reduction of catalysts a gas mixture of 10vol% H2/ 90vol%N2 with a feed flow rate

of 0.3 L/min was used. Reduction was performed at 450oC for Ni/Al2O3 catalysts

for two hours and at a temperature chosen from the range of 500-650oC for the

HT-based Ni catalysts for two hours. The difference in temperature was due to

the strength of Ni-Al-O bonds in catalysts, as claimed in many studies [33-39].

Different reduction temperatures were employed to determine the effect of

reduction temperature on the performance of catalysts for HT-based Ni

catalysts. Related results will be reported and discussed in Chapter 4.

3.5.3. Activity Tests

The performance of the catalysts was evaluated for gas-phase hydrogenation of

carbon dioxide to methane in a continuous plug flow reactor operating at

atmospheric pressure. The catalytic activity measurements were performed by

means of gaseous mixtures of CO2/H2/N2 with different volumetric ratios in a

temperature range 250-500oC  and  GHSV  from  8185  to  20463  h-1. Prior to the

activity tests the catalysts were reduced following the procedure described in the

previous section.

The activity tests are also called as test runs. Every test run started with setting

the temperature, feeding the appropriate composition of reactant gases into the

bypass line, measuring the gas flow rates with the mass flow meter and noting

the initial gas compositions as well as the temperature inside the reactor tubes.

Subsequently, the feed gas mixture was directed to the inlet of the reactor tube.

The instant composition of the gases and temperature values were recorded for

5 minutes interval. The test runs were terminated subsequent to observing the

equilibrium compositions for at least 20 minutes. The final mass flow rate was

measured and gases were flushed with the help of pure nitrogen flow. The

duration of a single test run could take up to two hours in total. Any change in

composition, feeding flow rates or the reaction temperature corresponded to a
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new test run. The performance of the catalysts was evaluated in terms of CO2

conversion, CH4 yield or CH4/CO selectivity. These values were calculated by the

equations given as Equation 7, 8 and 9, respectively. While calculating and

evaluating the results, it was assumed that the experimental setup was a closed

system having no leakage. The reactor was assumed as a plug flow reactor and

the catalyst coating was assumed to be uniform along the reactor tube.  A

sample sheet showing the recordings of an activity test run, a list of all test runs

and a list of reactor tubes are given in the Appendix 1, 2 and 3, respectively.

(7)

(8)

(9)

3.6. Catalysts Characterizations

X- of  5 80° was

performed  by  using  a -1 powder diffractometer

ope -1 radiation (1.54056Å). The average crystallite size was

calculated by X-ray diffraction line broadening using the Scherrer formula which

is given in equation 10. The Scherrer constant was taken as 0.89 [33].

(10)

The total surface area of the catalysts was determined for dried and calcined

samples calculated from BET equation following the adsorption isotherms.

Micromeritics TriStar 3000 equipment was used to obtain the adsorption

isotherms under a nitrogen gas at the liquid nitrogen temperature. Before the

measurements, the samples were dried at 100°C in He-flow.
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CHAPTER	4			 RESULTS	AND	DISCUSSIONS 

In order to determine the performance of HT-based Ni catalysts in the CO2

methanation reaction, this chapter presents and discusses the results of the

catalyst characterizations and activity test runs. Firstly, the characterization

results will be given. Furthermore, the results will be reported confirming the

effect  of  feed  composition,  GHSV,  catalysts  amount  and  the  reduction

temperature on the conversion of CO2 into methane.  Stability of the catalysts

will be evaluated based on the long term test runs.

4.1. Characterization results of the HT-based Ni catalysts

The specific surface area of the materials was calculated from their respective N2

adsorption isotherms, and XRD patterns were recorded as described in Section

3.6. Table 2 lists the results for the dried and calcined samples of the HT-based Ni

catalysts prepared by the co-precipitation and sol-gel methods. A clear

difference was observed between the specific surface of the dried and calcined

catalysts. This enhancement in the specific surface area after the calcination

process agrees well with those proposed by Mette et al. and explained by the

loss of materials during calcination and shrinkage of the platelets [37].

Table 2: The specific surface area and particle size of the catalysts.

Catalyst Name Specific surface area
(m2/g) BET Particle size (nm)a

5 w% Ni/Mg/Al HT_co-prec_dried 63 1.1

5 w% Ni/Mg/Al HT_co-prec_calcined 145 13.7

15 w% Ni/Mg/Al HT_co-prec_dried 1 29.2

15 w% Ni/Mg/Al HT_co-prec_calcined 119 0.9

5 w% Ni/Mg/Al HT_sol-gel_ dried 61 -
5 w% Ni/Mg/Al HT_sol-gel_calcined 65 3

15 w% Ni/Mg/Al HT_sol-gel_ dried 32 -
15 w% Ni/Mg/Al HT_sol-gel_calcined 49 4
a: calculated from the Scherrer formula
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Figure 28 shows the XRD patterns of the catalysts listed in Table 2. The dried

catalysts matched with a magnesium-aluminium-carbonate-hydroxide-hydrate

structure, while calcined catalysts matched with the nickel oxide structure.

Lower Ni content exhibited more crystalline structure in the dried catalysts, as

the peaks were sharper and stronger. In contrast, higher Ni content enhanced

the crystallinity for calcined catalysts. The XRD patterns match with those

reported previously for HT-based catalysts [34, 35, 37, 137].The particle size of

these catalysts were calculated using Equation 10, and they reported in Table 2.

The particle size of the catalysts varied in all samples, showing maximum 29 nm

size. However, these results corresponded to only one portion of the samples

detected during XRD measurements. A particle size distribution would allow for

more discussions that could have been obtained by TEM analysis.

Figure 28: Powder diffraction patterns of the catalysts prepared by the a)Co-
precipitation and b)Sol-gel method. (    : NiO)
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4.2. Temperature profile inside the empty reactor tube

As presented in Section 3.5., thermocouples were placed inside the reactor tubes

to verify that the temperature was maintained as close as possible to the set

point temperature. In order to establish the location for the thermocouples, a

temperature profile was plotted by measuring the temperature along the length

of the reactor tube starting from the inlet of the tube. For this purpose, an empty

tube, without catalyst coating, was chosen while having only nitrogen flow being

preheated  to  200oC.  The  temperature  inside  the  tube  was  set  to  300,  400  and

500oC. Measurements were started from the top (the inlet) of the reactor, and

changed for  every 1 cm. The results  are plotted in Figure 29.   The figure clearly

shows that along the 17.5 cm-length of the tube, the temperatures measured

after  7  cm  from  the  inlet  of  the  reactor  tube  were  close  to  the  set  point

temperatures in each case. As shown in the figure, the set point temperature

was achieved along only 3-4 cm of the reactor tube.

Figure 29: Temperature Profile inside the empty reactor tube (   :300oC,     :400oC,
:400oC [preheated to 250oC],    :500oC).

Furthermore, changing the preheating temperature of the feeding gas from

200oC to 250oC had no influence on the temperature distribution inside the tube.

0

2

4

6

8

10

12

14

16

18
150 200 250 300 350 400 450 500 550

Le
ng

th
of

th
e

tu
be

re
ac

to
r(

cm
)

Temperature (oC)



53

However,  in  order  to  avoid  an  unwanted  reaction  of  the  feeding  gas  mixture

before the inlet of the reactor tube, a further increase in the preheating

temperature was avoided. For this reason, during performance test runs, 250oC

was chosen as the preheating temperature. Knowledge of this temperature

gradient along the reactor tubes was thereafter used to determine the location

of the thermocouple in the reactor tubes and will be used while discussing the

activity results for the rest of the thesis.

4.3. The effect of feed composition

To study the effect of feed gas compositions, several test runs were performed

at 300oC with a feed flow rate of 0.5 L/min by varying only the volume

percentages of the reactant gases CO2 and  H2,  as  well  as  the  inert  gas  N2.  A

reactor  tube  coated  with  17.75  wt%  Ni/Al2O3 benchmark  catalyst  was  used

during these test runs. CO2 conversion and CH4 selectivity results are presented

in  Table  3.  As  can  be  seen  from  the  table,  the  excess  amount  of  H2 (ratio 1/6)

enhanced CO2 conversion and the selectivity of CH4. However, an increase in the

reactant ratio (CO2/H2) favoured CO formation, since a lower CH4 selectivity was

observed in the case of 1/2 ratio.

Table 3: Feed compositions effect.

Temp
(oC)

Feed Flow Rate
(L/min)

Feed Compositions
(vol %)

CO2/H2

ratio
CO2 Conversion

(%)
CH4 Selectivity

(%)

300 0.5

10%CO2:30%H2:60%N2 1/3 21.2 94.6

10%CO2:40%H2:50%N2 1/4 25.6 95.7

10%CO2:50%H2:40%N2 1/5 27.5 97.0

10%CO2:60%H2:30%N2 1/6 31.1 97.0

20%CO2:80%H2:0%N2 1/4 13.6 88.8

25%CO2:50%H2:25%N2 1/2 32.0 94.2

These results demonstrated that the probability of CO2 meeting with the other

reactant gas H2 and converting into CH4 was higher in the presence of an excess

amount of hydrogen. Furthermore, the CO2 conversion increased with a dilution
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of feed gas using inert nitrogen. In contrast, higher CO formation showed that

with the limited hydrogen amount, methanation reactions remained incomplete.

This observation could strengthen the findings of earlier studies proposing two-

step reaction mechanism for the dissociation of CO2 into  CO  and  O  prior  to

further reduction to CH4 [24, 26, 28, 51, 52]. Previous studies employed various

feed  gas  compositions,  yet  1/4  CO2/H2 ratio  was  the  mostly  chosen  inlet

compositions  as  the  stoichiometric  ratio  for  the  reaction  [34-36,  38,  39].

However, for some of the studies, minute CO2 was fed to methanation reaction

while having several times higher H2 flow  [17,  33].  This  helped  to  enhance  the

conversions and the selectivity results. As the highest conversion of those tested

was achieved at a 1/6 ratio, this ratio was used for the rest of the experimental

studies.

4.4. The effect of GHSV

The  effect  of  GHSV  on  the  conversion  of  CO2 into methane was studied in a

reactor coated with 17.75 w% Ni/Al2O3, at 300oC with a feed composition of

 flow rate of  reactant gases (0.3,

0.5 and 0.75 L/min). Figure 30 indicates clearly that as the gas flow rate

increased the conversion decreased.

Figure 30: The effect of GHSV to the activity of catalyst (17.75 w% Ni/Al2O3,  at 300oC
with a feed composition of 10%CO2:60%H2:30%N2).
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chance of accessibility for the reactants to collide with each other and with the

active sites. These results are consistent with previous studies investigating the

effect of GHSV [33, 35]. As the temperature was chosen to operate below

equilibrium conversion, the effect of GHSV was clear; however, with a further

increase in the reaction temperature, the difference in conversion was observed

to  diminish  due  to  the  chemical  equilibrium,  in  a  manner  identical  to  that

documented in the literature [33, 35].  Thereafter, the feeding flow rate for the

reactant  gas  mixture  will  be  used  as  0.3  L/min  with  a  composition  of

10%CO2:60%H2:30%N2 if not stated otherwise.

4.5. Performance of catalysts

Performance of catalysts on CO2 methanation was tested as it was explained in

Section  3.5.3.  The  results  for  the  performance  of  HT-based  Ni  catalysts  will  be

reported and compared with the benchmark catalyst. Furthermore, additional

effect of utilising Ce- and Zr-doped HTs as catalyst support will be discussed.

4.5.1. Catalysts prepared by different techniques

Throughout this thesis, the employed catalysts were synthesized by various

methods, including impregnation, co-precipitation and sol-gel. In order to

compare the catalytic activity of the catalysts, targeted Ni loading on catalysts

was  kept  constant  around  15  w%  of  nickel.  Figure  31  presents  the  catalytic

activity of these catalysts toward hydrogenation of CO2 into CH4 at atmospheric

pressure and a temperature range of 220-500oC.

-

2 2
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Figure  31:  Performance  of  catalysts  prepared  with  different  methods,   :  15  w%
Ni/Mg/Al HT by co-prec.,    : 17.75 w% Ni/Al2O3,    : 15 w% Ni/Mg/Al HT by sol-gel.
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4.5.2. Catalysts with different Ni loading

To establish the effect of Ni content on the catalyst performance, the same types

of catalysts mentioned in previous section were prepared by two different Ni

loading. Ni/Al2O3 catalysts,  prepared  as  benchmark,  were  synthesized  by  a

targeted Ni loading of 17.75 and 25 w%. Subsequent to wash-coating and

reduction processes, these catalysts were tested at the same temperature range

250-500oC, under atmospheric pressure. The results are shown in Figure 32. As

can be seen from the figure, the highest Ni loading on alumina support indicated

lower  activity,  while  the  catalysts  with  a  lower  Ni  content  showed  higher  CO2

conversions, especially at 350oC, the difference in CO2 conversion was clearer.



59

Figure 32: Effect of active metal content for Ni/Al2O3.

The Ni content was varied also for Ni/Mg/Al HTs prepared by the co-precipitation

and sol-gel method with targeted Ni loadings of 5.0 and 15.0 weight percent. The

results for the catalysts prepared by the co-precipitation are given in Figure 33

while the results for the catalysts prepared by the sol-gel method are reported in

Figure 34. Furthermore, selectivity results are also plotted within the figures and

noted in labels.  According to Figure 33, although Ni content was tripled to 15.0

w%, the conversion results improved only slightly.

Figure 33: Effect of active metal content for Ni/Mg/Al HT prepared by co-precipitation
method.
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Analogously, an increment in the content of Ni had no effect on the performance

of the hydrotalcite-based Ni catalyst prepared by the sol-gel method, while

showing still very low CH4 selectivity.  CO selectivity remained below 5% for the

benchmark catalysts (Fig. 32) and the catalyst prepared by co-precipitation (Fig.

33).

It  is  clear  from  the  figures  that,  higher  Ni  content  had  a  minor  effect  on  the

performance of catalysts. Moreover, an increase in Ni loading was expected to

enhance the activity of the catalysts, if the dispersion of active metal could have

been kept high enough, which could have resulted in higher amount of available

active sites for the reaction.  On the contrary, higher metal loading could possibly

create metal agglomerates in these cases, which limited the accessible surface

area of active metal. This finding agrees well with that reported for the catalysts

prepared by the impregnation method [10]. On the other hand, the result

conflicts with that established previously for Ni-Al LDH by Gabrovska et al. where

a decrease in the Ni loading resulted in a decrease of the methanation activity

[35].  Active  metal  dispersion  of  the  catalysts  could  have  been  analysed  by

characterization techniques such as, chemisorption and TEM making the

discussion more concrete.

Figure 34: Effect of active metal content for Ni/Mg/Al HT prepared by sol-gel method.
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4.5.3. Effect of catalysts amount

To determine the effect of catalyst amount the reactor tubes were coated with

several  wash-coating  cycles,  as  it  was  outlined  in  Section  3.3.   The  results  are

shown  in  Figure  35  in  terms  of  CO2 conversion at different temperatures. The

figure has the results of two different types of catalysts; a) 17.75 w% Ni/Al2O3

prepared by incipient wetness impregnation while b) 15 w% Ni/Mg/Al HT

prepared by co-precipitation method. The amounts of catalyst coating were

noted in the figure. As can be seen from the figure, a significant increase in the

CO2 conversion was achieved for both of the catalyst types. However the

increment got smaller as the temperature was risen, while the differences were

much more distinguishable at lower temperatures. This could be explained by

approaching the equilibrium at higher temperatures.

Figure 35: Effect of catalyst amount a)17.75 w% Ni/Al2O3, b)15 w% Ni/Mg/Al HT_co-
prec.

Furthermore, another conclusion from this study confirms that the active sites
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however  it  could  have  damaged  the  coating  structure.  On  the  other  hand,

analysing a plate-like stainless steel coated with the same catalysts by dip coating

could differ too much from the coated tubes to compare with the current results.

4.5.4. Addition of Ce and Zr

One  of  the  targets  was  to  evaluate  the  effect  of  addition  of  Ce  and  Zr  on  the

activity of HTs for CO2 methanation reaction. For this purpose, commercially

available  Ce-  and  Zr-doped  HTs  were  employed  as  catalyst  supports  and  Ni

loading was deposited on these materials by wet impregnation. The trials of

wash-coating of these catalysts, for which the same procedure was used for

preparing slurries, were unsuccessful. The slurries had viscous foam-like

appearance and adhesion was very poor, after drying and calcination the whole

coating peeled off, only one reactor tube which was coated using Ni-loaded Zr-

doped HT catalyst remained coated.  The reason of this successful coating might

have caused by the Ni loading; however, the other catalysts deposited with Ni

showed very poor adhesion. For this reason, their performance on the

methanation reaction was tested as packed beds created between two layers of

quartz wool inside the reactor tubes.  The results of CO2 conversion achieved by

testing these catalysts which contained Ce or Zr are reported in Figure 36. As can

be  seen  from  the  figure,  the  catalysts  showed  very  low  CO2 conversions  at

especially lower temperatures in contrast to that plotted for the catalyst

prepared by the sol-gel method. Even at higher temperatures the catalysts

containing Ce and Zr compounds were unable to reach the equilibrium

conversions. Although addition of Ce has previously been reported as beneficial

for  methanation of  CO2, Ni-loaded Ce-doped HTs remained less active than the

Ni-loaded Zr-doped HTs [19, 38]. Moreover, note in the figure that, higher Ni

loading on Ce-doped HT had no influence on the activity of the catalyst.
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Figure 36: Effect of Ce and Zr addition calcined at 550oC and reduced at 500oC.

There  could  be  two  reasons  for  these  catalysts  being  less  active  in  the  CO2

methanation reaction. The first reason could be the mass and heat transfer

limitations inside the packed beds which were observed during long test runs

that reached equilibrium slowly. However, the pressure drop remained negligible

inside the reactor tubes compared to the test runs with the 5 w% Ni/Mg/Al HT

prepared by the sol-gel method. Secondly, the calcination and reduction

temperature used for these catalysts might be inappropriately chosen. It was

observed after calcination that the colour of the samples was paler than those

samples previously calcined without containing Ce and Zr compounds. Moreover,

it was reported that calcination and reduction temperatures were chosen as

550oC and 900oC, respectively, for Ni-Ce-Zr hydrotalcite-derived catalysts [38].

4.6. Effect of reduction temperature

Different reduction temperatures were chosen to determine its effect on the

performance of catalysts for CO2 hydrogenation reaction. Reduction procedure

was explained in Section 3.4.2. The maximum temperature that could be reached

with the existing experimental setup was 650oC. For this reason, reduction
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conversion  versus  temperature  graphs  in  Figure  37.  The  types  of  catalysts  are

stated in the description of the figure.

According to the figure, the effect of reduction temperature on the performance

of catalysts was distinguishable for each type of catalysts. For 15.0 w% Ni/Mg/Al

HT prepared by co-precipitation (Fig.37a) and 17.75 w% Ni/Ce-doped HT

(Fig.37c), the higher reduction temperature improved the performance of

catalysts on methanation reaction. Once again, the discrepancy was diminished

at higher temperatures due to reaching the equilibrium while it was obvious at

lower temperatures. On the contrary, for 5 w% Ni/Mg/Al HT prepared by both co-

precipitation (Fig.37b) and sol-gel methods (Fig.37d), as the reduction

temperature raised reduced CO2 conversions were reached.

Figure 37: The effect of reduction temperature on the performance of HT-based Ni
catalysts:   :500oC,   :600oC and   :650oC a) 15.0 w% Ni/Mg/Al HT_co-prec., b) 5.0 w%
Ni/Mg/Al HT_co-prep., c) 17.75 w% Ni/Ce-doped HT and d) 5 w% Ni/Mg/Al HT_sol-
gel_packed-bed.
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Higher reduction temperature was claimed to enhance the performance of

catalysts for CO2 methanation reaction for each cases that was tested [35].

Although, this proposal was valid for two cases, the results indicated that higher

reduction temperature might cause negative effects on the performance of some

catalysts. Reasons for the enhanced performances of catalysts after reduction at

higher temperatures could be that the number of active metal sites which were

in metallic state was intensified by maintaining high temperatures for reduction

processes which was stated in previous studies, as well [35].

One reason for the negative effect of the higher reduction temperatures could

be the sintering of active metals, which reduce the total surface area of the

corresponding metal, consequently results in lower CO2 conversions. H2-TPR

analysis should have been performed to determine the optimum reduction

temperature for each catalyst that could make the highest amount of active sites

which were in metallic state available for the reactant gases to react on.

However, even though the optimum reduction temperature was known, if the

temperature was found above 650oC, which was expected according to previous

studies proposing higher reduction temperatures due to the strength of Ni-Al-O

bonds in HTs, this higher temperature would have been limited by the current

experimental setup.    Furthermore, XRD analysis should have been repeated

with the reduced catalyst to find out the presence of the metallic states of active

metals.

4.7. Stability results

For determining the stability of the catalysts showing the lifetime of catalysts,

long-term  tests  were  performed  similar  to  the  procedure  of  activity  test  runs

which was described in Section 3.5.3. The stability results showing the CO2

conversion and CH4 selectivity with respect to time are shown in Figure 38. The

figure confirms that  the HT-based Ni  catalysts  were stable during 40-hours test

run.
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First Ni/Al2O3 catalyst  was  left  for  the  stability  test  over  weekend  at  450  C  in

order to evaluate the effect of sintering of Ni catalyst. As can be seen from the

figure no distinguishable difference was observed in the activity of the catalyst.

However, that might have caused by being near to the equilibrium conditions.

For  this  reason  next  stability  test  was  performed  being  away  from  equilibrium

which was achieved setting a lower temperature, 350oC. Moreover, recording of

the  data  corresponding  to  this  test  was  unsuccessful.  Only  initial  and  final

compositions could be recorded manually which showed that after 60 hours of

operation, the catalyst lost its activity by 15% reduced CO2 conversion (from 46%

to 39%) and 21% reduced CH4 selectivity.

The next stability test evaluated the life of the 15 w% Ni/Mg/Al HT prepared by

the co-precipitation method. A long term experiment at 300oC revealed the

remarkably stable performance of the HT-based Ni catalyst under methanation

conditions  with  78%  of  CO2 conversion and 100% of CH4 selectivity.  This

excellent  stability  of  HT-based  Ni  catalyst  is  consistent  with  those  reported

previously for Ni-Al2O3-HT  catalyst  at  350oC for 20 hours [36] and (Mg,Al)Ox

supported Ni catalyst at 225oC about 50 hours [34].

Figure 38: Stability profiles.
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4.8. Packed-bed or Wash-coated

The aim for the studies was to wash-coat the reactor tube with the synthesized

catalysts and to test them in the CO2 methanation reaction. However, because of

the reasons explained in previous sections, some of the catalysts had to be

tested as packed-bed. In order to be able to interpret the results which were

reported for packed-bed and wash-coated catalysts a comparison was needed.

For this reason, the same catalysts was tested both as packed-bed (~400mg) and

wash-coated. Figure 39 provides the results of these experiments done for 5 w%

Ni/Mg/Al HTs prepared by co-precipitation and sol-gel, respectively. As can be

seen from the figure, the difference in the performance of catalysts is clear.

However, the results showed no direct correlation between these two

environments with respect to the performance of the catalysts for methanation

reaction.

Figure 39: Comparison of packed-bed and wash-coated catalysts performance
prepared by the a)co-precipitation and b) sol-gel method.

Unfortunately, the previously reported studies for CO2 methanation reactions

utilized the HT-based catalysts only as packed beds [33-36], thus no comparison
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In order to be able to compare these two environments, ideal conditions should

have been created, which could have avoided heat and mass transfer limitations

and pressure drop inside the reactors.  The packed-bed reactors tested in the

experiments exhibited pressure drop which varied with the particle size of the

catalysts and the reaction temperature (max 1 bar). Figure 40 shows a combined

plot of temperature profile inside the empty tube and the scheme of a catalyst

packed-bed inside the reactor tube. The figure clearly illustrates the temperature

variation inside the reactor tube (radial temperature variation was neglected),

for instance setting the reaction temperature to 500oC would result in a

temperature range of 250-450oC. This confirms that the results of the

performance tests revealed shifted conversion values towards higher

temperatures.

Figure  40:  Temperature  Profile  inside  the  empty  reactor  tube  (   :300oC,  :400oC,
:400oC [preheated to 250oC],    :500oC).
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4.9. Error estimation

This thesis presented the conversion and selectivity results of the compounds

which were calculated from the readings of the online gas analyser. The reaction

temperature was set to a certain value and the temperature inside the reactor

was recorded using the ABB temperature controller unit. The possible error

could originate from improper calibrations and the limitations of measurement

equipment including temperature indicators and the gas analyser.

The calibrations were performed for three mass flow meters once in the

beginning and the online gas analyser for once in a month. Since the gas flow

rate used during the experiment was rather slow it is likely to have error. The

total gas flow rate was double checked by a mass flow meter which could also be

a source of error. However, since the same feeding gas composition was

employed for all test runs, no significant difference was observed in the initial

gas compositions.

The  online  gas  analyser  ABB  AO2020  was  a  combination  of  three  different

modules.  Uras14  measuring  CO,  CO2 and  CH4 by an infrared photometer,

Caldos17 measuring H2 in  N2 using  a  thermal  conductivity  detector  and

Magnos106 was an oxygen analyser with an accuracy of ±0.05%. The analyser

was calibrated with pure nitrogen and a gas standard. The equipment itself had

limitations and calibrations could also cause some errors.

The temperature measurements and adjustments were done using the controller

unit. Unfortunately, the data was unstable in a range of ±3oC. Nevertheless, after

setting the temperature, settling of the new temperature was waited before any

measurement. In addition, the placement of the temperature indicators was

always done appropriately. The variation of temperature inside the reactor tube

was already discussed which could cause errors in CO2 conversions.

Finally, errors could occur due simply to mistakes on the part of the person

performing the work such as misreading the values on the temperature and gas
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compositions, making calculation mistakes during preparation of the catalysts.

However while recording the gas compositions and temperatures during the test

runs, a template was used including a graph of CH4 production which helped to

observe any wrong data. Furthermore, atom and mol balances were performed

in  order  to  obtain  the  CO2 conversion  and  CO/CH4 selectivity values. One

example of this excel sheet is shown in Appendix 1.
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CHAPTER	5			 CONCLUSIONS	AND	OUTLOOKS 

With  the  aim  of  evaluating  the  catalytic  performance  of  the  catalysts  for  gas-

phase hydrogenation of carbon dioxide into methane, this thesis has successfully

synthesized several hydrotalcite-based Ni catalysts based on a one-pot synthesis

approach. These catalysts were prepared with different nickel contents through

various methods, including impregnation, co-precipitation and sol-gel.

Furthermore, two batches of the Ni/Al2O3 catalyst were synthesized as

benchmarks by wetness incipient impregnation using two different nickel

loadings. These catalysts were calcined and coated to the inner side of the

reactor tubes which were made of stainless steel, 17.5 cm in length and 0.4 cm in

diameter. The reactor tubes had been previously calcined at 800oC for four hours

in order to create a rough inner surface that could enhance the adhesion of the

coating. One procedure was utilized to prepare slurries for coating the reactor

tubes; however, the procedure resulted in a foam-like slurry for the samples

containing Ce and Zr. For this reason, their performance on the methanation

reaction was tested as packed beds created between two layers of quartz wool

inside the reactor tubes.

The catalytic performance of the wash-coated catalysts for carbon dioxide

methanation  was  evaluated  in  a  continuous  plug  flow  reactor  operating  at

atmospheric pressure. The catalytic activity measurements were performed by

means of a gaseous mixture of CO2/H2/N2 at  different  volumetric  ratios  in  a

temperature range of 250-500oC and GHSV from 8185 to 20463 h-1. The

performance of the catalysts was evaluated in terms of CO2 conversion, CH4 yield

and CH4/CO selectivity.

Throughout this study, numerous test runs were performed in order to identify

the effect of various factors on the performance of catalysts prepared for the

CO2 methanation reaction. The effect of feed gas composition was studied in

order to establish the optimum composition. An excess amount of H2 was found
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to be beneficial  for  CO2 conversion and CH4 selectivity. A diluted mixture of the

same composition,

-

 Ni/Al2O3 catalyst

-

2 2

, thus confirming that the reaction had occurred not only

on the outer surface of the coating but also inside the pores and cracks of the

coating. The catalysts were also utilised as packed beds. Of these, the 5 w%

Ni/Mg/Al HT prepared by the sol-gel method showed the highest activity at

300oC, with 95.0% conversion of CO2 and 99.8% CH4 selectivity.

-

Reduction temperature has been earlier reported to be an important parameter

for determining the number of active sites in metallic states. However, due to

the limitations of the existing experimental setup, the maximum achievable

reduction temperature remained as 650oC, which was well below temperatures
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as high as ~800oC reported previously. This lower reduction temperature

reduced the probability of achieving higher CO2 conversions at lower

temperatures.

The  presence  of  Ce  and  Zr  was  studied  by  loading  Ni  on  the  commercially

available Ce- and Zr-doped HTs. Although addition of Ce has previously been

reported as beneficial for methanation of CO2, Ni-loaded Ce-doped HTs remained

less active than the Ni-loaded Zr-doped HTs. Final test runs were performed to

compare the performance of the catalysts in packed-bed or washcoated reactors

tubes. However, the results showed clear difference in experiments applying

packed beds and washcoated tubes resulting in no direct correlation between

these two environments.

In  order  to  optimize  working  conditions  for  achieving  the  best  activity  and

selectivity in the CO2 methanation reactions, the reaction temperature, feed

composition as well as the feed flow rate of the reactants were adjusted during

the test runs. Both the co-precipitation and sol-gel methods were found to yield

the highest conversion of CO2. The best results were achieved when initiating the

conversion of CO2 into  CH4 at a temperature ~100oC lower than the conditions

currently reported. The greatest challenge directly affecting the results was the

temperature variation along the reactor tube, which caused a shift in the

conversion of CO2 to higher temperatures. Therefore, future work should focus

on developing the current setup by placing the reactor tube in either an oven or

a molten salt bath, as well as increasing the length of tubes where the feeding

gas mixture is preheated.

One limitation of this study is that it was unable to exploit common techniques

for characterizing the catalyst samples. Such characterization is crucial for

heterogeneous catalysis, in order to be able to discuss the obtained results; the

different features of the samples should be identified using various techniques.

Furthermore, for improving dispersion of the active metals and controlling the

particle  size  of  the  synthesized  catalysts,  future  studies  could  utilize  advanced
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synthesis methods and other active site engineering techniques [151-153]. These

techniques  would  enable  the  active  sites  of  the  catalysts  to  be  adjusted,  thus

offering  a  breakthrough  in  the  field  of  heterogeneous  catalysis,  since  an

incremental increase in the efficiency of production processes is able to make a

tremendous change in the bigger picture. Finally, one promising direction for

future  research  would  be  to  employ  light  sources  for  initiating  reactions  using

e.g. Ce and Zr compounds, as these compounds have been highly utilized in

photocatalytic reactions in order to convert captured CO2 into methane by the

aid of sun lights.
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 APPENDIX 2.  List of Test Runs

GHSV
(h-1) Name # SP Temp P CO2 H2 N2 F

(L/min)
XCO2
%

SCH4
% Date Name of the file

13642 A-02 1 300 0 20 80 0 0.5 14 89 23.1.17
A-02_300C_0.5Lmin_ 23012017

13642 A-02 2 300 0 10 40 50 0.5 26 96 23.1.17

13642 A-02 3 300 0 10 60 30 0.5 31 97 24.1.17

A-02_300C_0.5Lmin_ 4th_
24012017

13642 A-02 4 300 0 10 50 40 0.5 28 97 24.1.17

13642 A-02 5 300 0 10 30 60 0.5 21 95 24.1.17

13642 A-02 6 300 0 25 50 25 0.5 32 97 24.1.17

8185 A-02 7 300 0 10 60 30 0.3 43 99 25.1.17
A-02_300C_0.3Lmin_ 25012017

8185 A-02 8 300 0 10 40 50 0.3 34 98 25.1.17

8185 A-02 9 300 0 10 50 40 0.3 39 99 30.1.17
A-02_300-450C_
0.3Lmin_30012017

8185 A-02 10 350 0 10 40 50 0.3 60 99 26.1.17

A-02_350C_0.3Lmin_ 26012017
8185 A-02 11 350 0 10 60 30 0.3 83 100 26.1.17

8185 A-02 12 350 0 10 50 40 0.3 75 99 26.1.17

8185 A-02 13 450 0 10 60 30 0.3 93 100 26.1.17

8185 A-03 14 450 0 10 60 30 0.3 94 100 27.1.17
A-03_450C_0.3Lmin_ 27012017

8185 A-03 15 450 0 10 40 50 0.3 62 99 27.1.17

8185 A-02 16 400 0 10 60 30 0.3 94 100 30.1.17

A-02_300-450C_
0.3Lmin_30012017

8185 A-02 17 400 0 10 40 50 0.3 68 99 30.1.17

8185 A-02 18 400 0 10 50 40 0.3 86 100 30.1.17

8185 A-02 19 450 0 10 50 40 0.3 79 99 1.2.17

A-02_450C_0.3Lmin_ 01022017
8185 A-02 20 450 0 10 40 50 0.3 62 98 1.2.17

20463 A-02 21 300 0 10 60 30 0.75 21 91 1.2.17

8185 A-02 22 250 0 10 60 30 0.3 9 93 1.2.17

8185 A-02 23 250 0 10 60 30 0.3 11 96 3.2.17

B-03_300C_0.3Lmin_ 03022017

8185 B-03 24 300 0 10 60 30 0.3 49 98 3.2.17

8185 B-03 25 350 0 10 60 30 0.3 94 100 3.2.17

8185 B-12 26 400 0 10 60 30 0.3 98 100 3.2.17

8185 B-03 27 500 0 10 60 30 0.3 37 96 3.2.17



2

GHSV
(h-1) Name # SP Temp P CO2 H2 N2 F

(L/min)
XCO2
%

SCH4
% Date Name of the file

8185 B-03 28 250 0 10 60 30 0.3 19 6.2.17 B-03_300C_0.3Lmin_ 06022017

8185 B-03 29 300 0 10 60 30 0.3 62 99 7.2.17

B-03_300C_0.3Lmin_ 07022017

8185 B-03 30 350 0 10 60 30 0.3 99 100 7.2.17

8185 B-03 31 350 0 10 60 30 0.5 86 100 7.2.17

8185 B-03 32 250 0 10 60 30 0.5 12 96 7.2.17

8185 B-03 33 300 0 10 60 30 0.5 54 100 7.2.17

8185 B-12 36 220 0 10 60 30 0.3 5 96 8.2.17

B-12_250-350C_0.3Lmin_
08022017

8185 B-12 37 300 0 10 60 30 0.3 67 99 8.2.17

8185 B-12 38 350 0 10 60 30 0.3 96 100 8.2.17

8185 B-12 39 350 0 10 60 30 0.5 83 99 8.2.17

13642 B-12 40 250 0 10 60 30 0.5 12 96 9.2.17

B-12_250-350C_0.5Lmin_
09022017

13642 B-12 41 300 0 10 60 30 0.5 69 98 9.2.17

13642 B-12 42 300 0 12.5 25 62.5 0.5 20 89 9.2.17

13642 B-12 43 250 0 10 60 30 0.3 8 76 10.2.17

B-12-B03_250-400C_0.3-
0.5Lmin_10022017

13642 B-12 44 250 0 10 60 30 0.5 11 96 10.2.17

13642 B-12 45 400 0 10 60 30 0.3 95 100 10.2.17

13642 B-12 46 400 0 10 60 30 0.5 99 100 10.2.17

8185 B-03 47 400 0 10 60 30 0.3 98 100 10.2.17

B03_220-400C_0.3-0.5Lmin_
13022017

8185 B-03 48 400 0 10 60 30 0.5 97 100 10.2.17

8185 B-03 49 220 0 10 60 30 0.3 5 98 10.2.17

8185 B-03 50 250 0 10 60 30 0.3 23 99 14.2.17

B-03_250-350C_0.3-0.5Lmin_
14022017

8185 B-03 51 300 0 10 60 30 0.3 80 100 14.2.17

8185 B-03 52 350 0 10 60 30 0.3 100 100 14.2.17

13642 B-03 53 350 0 10 60 30 0.5 95 100 14.2.17

13642 B-03 54 250 0 10 60 30 0.5 17 97 14.2.17

13642 B-03 55 300 0 10 60 30 0.5 66 99 15.2.17
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GHSV
(h-1) Name # SP Temp P CO2 H2 N2 F

(L/min)
XCO2
%

SCH4
% Date Name of the file

8185 B-12 56 250 0 10 60 30 0.3 20 99 15.2.17

B-12_250-350C_0.3-0.5Lmin_
15022017

8185 B-12 57 300 0 10 60 30 0.3 77 99 15.2.17

8185 B-12 58 350 0 10 60 30 0.3 96 100 15.2.17

13642 B-12 59 350 0 10 60 30 0.5 91 99 15.2.17

13642 B-12 60 250 0 10 60 30 0.5 15 94 15.2.17

13642 B-12 61 300 0 10 60 30 0.5 66 99 15.2.17

8185 B-03 62 220 0 10 60 30 0.3 10 98 16.2.17
B-03_220-400C_0.3-0.5Lmin_
16022017

13642 B-03 63 400 0 10 60 30 0.5 97 100 16.2.17

8185 D-01 64 300 0 10 60 30 0.3 11 25 20.2.17
B-01-D01_500C_0.3Lmin_
20022017_Reduction

8185 B-01 65 250 0 10 60 30 0.3 6 88 21.2.17

B-01-D01_250-350C_0.3Lmin_
21022017

8185 B-01 66 300 0 10 60 30 0.3 25 88 21.2.17

8185 D-01 67 250 0 10 60 30 0.3 1 30 21.2.17

8185 D-01 68 350 0 10 60 30 0.3 37 53 21.2.17

8185 B-01 69 350 0 10 60 30 0.3 62 96 22.2.17

B-01-D01_250-400C_0.3Lmin_
22022017

8185 B-01 70 400 0 10 60 30 0.3 86 99 22.2.17

8185 D-01 71 400 0 10 60 30 0.3 67 93 22.2.17

8185 D-01 72 250 0 10 60 30 0.3 4 50 27.2.17

B-01-D01_250-400C_0.3Lmin_
Reduction_27022017

8185 B-01 73 250 0 10 60 30 0.3 7 95 27.2.17

8185 D-01 74 350 0 10 60 30 0.3 85 99 27.2.17

8185 B-01 75 350 0 10 60 30 0.3 83 100 28.2.17

B-01-D01_250-400C_0.3Lmin_
Reduction_28022017

8185 D-01 76 300 0 10 60 30 0.3 72 97 28.2.17

8185 B-01 77 300 0 10 60 30 0.3 40 97 28.2.17

8185 D-01 78 400 0 10 60 30 0.3 91 99 28.2.17

8185 B-01 79 400 0 10 60 30 0.3 98 100 28.2.17

8185 D-01 80 450 0 10 60 30 0.3 89 99 1.3..17 D01_500-450C_0.3Lmin_
010320178185 D-01 81 500 0 10 60 30 0.3 81 97 1.3..17
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GHSV
(h-1) Name # SP Temp P CO2 H2 N2 F

(L/min)
XCO2
%

SCH4
% Date Name of the file

8185 A-13 82 250 0 10 60 30 0.3 4 99 3.3.17
A-13_D-02_250-500C_
0.3Lmin_ 03032017

8185 A-13 83 400 0 10 60 30 0.3 92 100 6.3.17

A-13_D-02_250-500C_
0.3Lmin_06032017

8185 A-13 84 350 0 10 60 30 0.3 60 98 6.3.17

8185 A-13 85 500 0 10 60 30 0.3 85 98 6.3.17

8185 D-02 86 250 0 10 60 30 0.3 1 0 6.3.17

8185 D-02 87 350 0 10 60 30 0.3 18 25 6.3.17

8185 A-13 88 450 0 10 60 30 0.3 58 73 6.3.17

A-13_D-02_250-500C_
0.3Lmin_07032017

8185 A-13 89 300 0 10 60 30 0.3 4 36 6.3.17

8185 D-02 90 500 0 10 60 30 0.3 59 40 7.3.17

8185 D-02 91 400 0 10 60 30 0.3 30 11 7.3.17

8185 C-13 92 250 0 10 60 30 0.3 0 0 8.3.17

C-13_C-02_250-500C_
0.3Lmin_08032017

8185 C-13 93 300 0 10 60 30 0.3 2 9 8.3.17

8185 C-13 94 350 0 10 60 30 0.3 7 6 8.3.17

8185 C-13 95 400 0 10 60 30 0.3 40 60 8.3.17

8185 C-13 96 450 0 10 60 30 0.3 60 72 8.3.17

8185 C-13 97 500 0 10 60 30 0.3 74 89 8.3.17

8185 C-02 98 250 0 10 60 30 0.3 2 21 14.3.17

C-13_C-02_250-500C_
0.3Lmin_14032017

8185 C-02 99 300 0 10 60 30 0.3 12 27 14.3.17

8185 C-02 100 350 0 10 60 30 0.3 95 100 14.3.17

8185 C-02 101 400 0 10 60 30 0.3 95 100 14.3.17

8185 C-02 102 450 0 10 60 30 0.3 87 98 14.3.17

8185 C-02 103 500 0 10 60 30 0.3 77 92 14.3.17

8185 C-02 104 250 0 10 60 30 0.3 2 39 15.3.17

C-13_C-02_250-500C_
0.3Lmin_15032017

8185 C-02 105 300 0 10 60 30 0.3 13 36 15.3.17

8185 C-02 106 350 0 10 60 30 0.3 44 71 15.3.17

8185 C-02 107 400 0 10 60 30 0.3 63 91 15.3.17

8185 C-02 108 450 0 10 60 30 0.3 74 94 15.3.17

8185 C-02 109 500 0 10 60 30 0.3 15.3.17



5

GHSV
(h-1) Name # SP Temp P CO2 H2 N2 F

(L/min)
XCO2
%

SCH4
% Date Name of the file

8185 C-13 110 250 0 10 60 30 0.3 1 67 16.3.17

C-13_C-02_250-500C_
0.3Lmin_16032017

8185 C-13 111 300 0 10 60 30 0.3 7 76 16.3.17

8185 C-13 112 350 0 10 60 30 0.3 45 86 16.3.17

8185 C-13 113 400 0 10 60 30 0.3 78 97 16.3.17

8185 C-13 114 450 0 10 60 30 0.3 86 98 16.3.17

8185 C-13 115 500 0 10 60 30 0.3 81 94 16.3.17

8185 D-12 116 250 0 10 60 30 0.3 2 40 17.3.17

D-12_E-12_250-500C_
0.3Lmin_17032017

8185 D-12 117 300 0 10 60 30 0.3 5 37 17.3.17

8185 D-12 118 350 0 10 60 30 0.3 27 60 20.3.17

8185 D-12 119 400 0 10 60 30 0.3 42 65 20.3.17

8185 D-12 120 450 0 10 60 30 0.3 60 92 20.3.17

8185 D-12 121 500 0 10 60 30 0.3 61 89 20.3.17

8185 E-12 122 250 0 10 60 30 0.3 2 29 20.3.17

D-12_E-12_250-500C_
0.3Lmin_20032017

8185 E-12 123 300 0 10 60 30 0.3 6 37 20.3.17

8185 E-12 124 350 0 10 60 30 0.3 38 62 20.3.17

8185 E-12 125 400 0 10 60 30 0.3 42 73 20.3.17

8185 E-12 126 450 0 10 60 30 0.3 60 92 20.3.17

8185 E-12 127 500 0 10 60 30 0.3 39 22 20.3.17

8185 D-12 128 250 0 10 60 30 0.3 1 30 21.3.17

D-12_E-12_250-500C_
0.3Lmin_21032017-2

8185 D-12 129 300 0 10 60 30 0.3 12 37 21.3.17

8185 D-12 130 350 0 10 60 30 0.3 25 51 21.3.17

8185 D-12 131 400 0 10 60 30 0.3 44 76 21.3.17

8185 D-12 132 450 0 10 60 30 0.3 52 82 21.3.17

8185 D-12 133 500 0 10 60 30 0.3 56 83 21.3.17
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GHSV
(h-1) Name # SP Temp P CO2 H2 N2 F

(L/min)
XCO2
%

SCH4
% Date Name of the file

8185 E-12 134 250 0 10 60 30 0.3 0 0 23.3.17

A-01_E-12_250-500C_
0.3Lmin_23032017

8185 E-12 135 300 0 10 60 30 0.3 2 56 23.3.17

8185 E-12 136 350 0 10 60 30 0.3 8 53 23.3.17

8185 E-12 137 400 0 10 60 30 0.3 25 56 23.3.17

8185 E-12 138 450 0 10 60 30 0.3 47 62 23.3.17

8185 E-12 139 500 0 10 60 30 0.3 62 75 23.3.17

8185 A-01 140 250 0 10 60 30 0.3 4 95 22.3.17

A-01_E-12_250-500C_
0.3Lmin_22032017

8185 A-01 141 300 0 10 60 30 0.3 15 95 22.3.17

8185 A-01 142 350 0 10 60 30 0.3 47 95 22.3.17

8185 A-01 143 400 0 10 60 30 0.3 78 98 22.3.17

8185 A-01 144 450 0 10 60 30 0.3 87 99 22.3.17

8185 A-01 145 500 0 10 60 30 0.3 79 97 22.3.17

8185 D-11 146 250 0 10 60 30 0.3 2 40 24.3.17

A-01_D-11_250-500C_
0.3Lmin_24032017

8185 D-11 147 300 0 10 60 30 0.3 5 52 24.3.17

8185 D-11 148 350 0 10 60 30 0.3 8 64 24.3.17

8185 D-11 149 400 0 10 60 30 0.3 47 76 24.3.17

8185 D-11 150 450 0 10 60 30 0.3 52 83 24.3.17

8185 D-11 151 500 0 10 60 30 0.3 61 89 24.3.17

8185 D-11 152 250 0 10 60 30 0.3 2 39 27.3.17

D-11_250-500C_0.3Lmin_
27032017

8185 D-11 153 300 0 10 60 30 0.3 6 36 27.3.17

8185 D-11 154 350 0 10 60 30 0.3 22 52 27.3.17

8185 D-11 155 400 0 10 60 30 0.3 - - 27.3.17

8185 D-11 156 450 0 10 60 30 0.3 51 84 27.3.17

8185 D-11 157 500 0 10 60 30 0.3 - - 27.3.17



7

GHSV
(h-1) Name # SP Temp P CO2 H2 N2 F

(L/min)
XCO2
%

SCH4
% Date Name of the file

8185 F-01 158 250 0 10 60 30 0.3 0 - 30.3.17

F-01-F-02_250-500C_0.3Lmin_
30032017

8185 F-01 159 300 0 10 60 30 0.3 3 55 30.3.17

8185 F-01 160 350 0 10 60 30 0.3 5 23 30.3.17

8185 F-01 161 400 0 10 60 30 0.3 43 81 30.3.17

8185 F-01 162 450 0 10 60 30 0.3 50 46 30.3.17

8185 F-01 163 500 0 10 60 30 0.3 68 82 30.3.17

8185 F-02 164 250 0 10 60 30 0.3 0 - 31.3.17

F-01-F-02_250-500C_0.3Lmin_
31032017

8185 F-02 165 300 0 10 60 30 0.3 5 58 31.3.17

8185 F-02 166 350 0 10 60 30 0.3 11 60 31.3.17

8185 F-02 167 400 0 10 60 30 0.3 52 79 31.3.17

8185 F-02 168 450 0 10 60 30 0.3 63 85 31.3.17

8185 F-02 169 500 0 10 60 30 0.3 73 91 31.3.17
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