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Des catalyseurs abase de carbure de molybdéne ont &é éudié& pour la réction de
reformage du méhane par le CO, (RMC) et pour la réction de synthese Fischer-Tropsch
(SFT). Pour la réction de RMC, difféentes teneurs de Ni en tant que promoteur ont &é
ajoutées aux catalyseurs Mo,C/Al,O3. Les réultats indiquent que le nickel augmente l'activité
et la stabilitédes catalyseurs Mo,C/Al,O3. L'addition de nickel provoque la re-carburation des
espeses Mo oxycarbures en carbures et conduit al'augmentation rapide de I'activitélors de la

réction. Les diffé&entes méhodes de préparation ont également une influence notable.

Pour la réction de SFT, diffé&ents supports, mais aussi diffé&ents promoteurs, ont &é&
étudiés. Les résultats suggerent que I’alumine procure une trés haute sélectivité vis-avis des
oléines lé&ees. L'augmentation de la teneur en potassium diminue les activités
d’hydrogénation de CO et inhibe également les réactions de gaz a l'eau. Cependant, il est
&ident qu'elle augmente &jalement la sé@ectivitédes chames oléfines et les propriéé& de

croissance des chaines carboné.

Enfin, la réaction RMC sous pression et la réction de SFT en pré&ence de CH4 ou de
CO; ont été étudiées. Les résultats montrent que 1’augmentation de la pression conduit a un
fort dé@& de carbone sur les catalyseurs abase de carbure de NiMo et I'ajout du CH,4 ou du
CO, au gaz de synthese lors de la SFT, contribue adiminuer l'activitéd'hydrogénation du CO

et influe la distribution des produits.
Mot clé

Biogaz, Reformage du méhane par le CO,, Synthése Fischer-Tropch, Carbure de molybdéne,

Nickel, Potassium
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Abstract

Molybdenum carbide catalysts have been studied in dry methane reforming (DMR) and
in Fischer-Tropsch synthesis (FTS). For DMR, different contents of Ni promoted
Mo,C/Al,O3 catalysts were investigated. The results indicated that nickel increased the
activity and stability of Mo,C/Al,O3 catalysts. The addition of nickel promoted the
re-carburization of Mo species from oxycarbide to carbide species and led to the rapid
increase in activity during reaction. The different preparation methods also had a significant

influence on the nickel promoted Mo,C/Al,O3 catalysts.

For FTS, different supports and different promoters have been investigated for the Mo,C
based catalysts. The results suggested that alumina supported catalyst exhibited higher light
olefins selectivity. Increasing the potassium contents led to a decrease in CO hydrogenation
activities and also inhibited the water gas shift reaction. However, potassium increased the
olefin selectivity and carbon chain growth probability.

Finally, DMR under pressure and FTS in the presence of CH4 or CO, were investigated.
The results showed that an increase in pressure led to high carbon deposition over the catalyst
surface in DMR and the addition of CH4; or CO; in the syngas decreased the CO
hydrogenation activity and affected the products distribution in FTS.

Keywords:

Biogas, Dry methane reforming, Fischer-Tropsch synthesis, Molybdenum carbide, Nickel,

Potassium
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Preface

Preface

The manuscript consists of 6 chapters.

Chapter 1 mainly summarized the development of catalysts for dry methane reforming
and Fischer-Tropsch synthesis and the application of molybdenum carbide catalysts in DMR
and FTS. Analysis of literature suggested that the combination of dry methane reforming and
Fischer-Tropsch synthesis in a single process exhibited obvious advantage due to the saving
of energy consumption and facility investment. Molybdenum carbide was a promising

catalyst of both DMR and FTS, especially for the combination process.

Chapter 2 introduced the methods of catalyst preparation, characterization and

evaluation.

Before the experimental investigations, thermodynamics calculations for both dry
methane reforming and Fischer-Tropsch synthesis were performed in chapter 3. Results
showed that dry methane reforming was favourable at higher temperature, lower pressure, the
increasing of CH4/CO; ratio led to lower CH; conversion, higher CO, conversion and
enhancement of carbon deposition. Besides, Fischer-Tropsch synthesis reactions were
kinetically controlled and the products distribution may be dominated by catalysts as well as
by reaction conditions. Thermodynamically, the addition of CH, and CO; on the feedstock

slightly decreased the equilibrium conversion.

Oxidation of Mo,C is the predominant reason for deactivation of Mo,C catalysts in dry
methane reforming. Chapter 4 mainly focused on Mo,C/Al,O3 catalyst promoted with nickel,
synthesized by different preparation methods. The results indicated that addition of nickel
promoted the re-carburization of Mo from oxycarbide species to carbides species, which
resulted in excellent activity and stability. Crystallite size of nickel also played a crucial role
over dry methane reforming. At low nickel content (Ni:Mo=1:2), large nickel crystallite size
led to well stability in DMR due to better oxidation-recarburization balance. Nevertheless, at
high nickel content (Ni:Mo=1:1), large nickel crystallite size resulted in carbon deposition
because of the carbon species formation. Besides, the increase in pressure led to heavily

carbon deposition over DMR.

Catalytic performance of promoted molybdenum carbide catalysts supported by different
materials in Fischer-Tropsch synthesis was studied in chapter 5. The results revealed that all

the non-promoted Mo,C catalysts produced mainly C;-C4 light hydrocarbons. Particularly,
3
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alumina supported catalyst, which had higher concentrations of basic acid site, exhibited
higher light olefins selectivity. Compared with other promoters, potassium promoted
Mo/Al,O3 catalyst exhibited higher selectivity to light olefins and better stability from
oxidation. Increasing of potassium content decreased the activities of CO hydrogenation and
also inhibited the water gas shift reaction. However, it increased the olefin selectivity and
carbon chain growth. Furthermore, the addition of CH4or CO; in the syngas decreased the
activity and affected the product selectivity of Fischer-Tropsch synthesis.

Chapter 6 summarized the general conclusion and drew the perspectives of this thesis.
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Chapter 1 Literature review

1.1 General Introduction

Energy is the prerequisite for modernized industry system such as agriculture, transport,
manufacturing and communication industry. Typically, energy is classified as renewable
energy (which are naturally replenished on a human timescale, such as sunlight, wind, tides,
hydropower and geothermal heat) and non-renewable energy (which cannot renew itself at a
sufficient rate for sustainable economic extraction in meaningful human time-frames such as

coal, petroleum, natural gas and nuclear energy) by regeneration capacity [1, 2].

Currently, the fossil energy (includes coal, petroleum, natural gas, flammable ice and
shale gas) is the most popular used energy providing about 80% of total energy consumption,
and it will remain estimated at 77% until 2030 [3, 4]. As is well known [3-6], the large scale
anthropogenic emission of greenhouse gases from the consumption of fossil energy has been
considered as the predominant reason for climate change, the most imminent environmental
issue in current world. Moreover, the depletion of fossil energy reserves is another severe
problem the world is facing today. The development of renewable energy source, instead of

fossil energy, became the most important issue during the 21 century.

Renewable energy sources, mainly the utilization of biomass and organic waste materials
as a resource of energy, are nowadays attractive substitutes [7-9]. Compared with others
renewable energy resources like solar energy and wind energy, the obvious advantage for
biomass and organic waste is the continuous power generation capacity. Organic waste
materials, such as manure, food waste and farm waste, do not compete with food crops in
agricultural land usage [4]. Otherwise, with the worldwide economic development and
population growth, the bio-waste is increasingly produced in both developed and developing
countries [7]. For example, about 809 million tons of crop straw and 1629 million tons of
animal manure are collected every year in China, with a biogas potential of 33.5x10'° m?®
(equal to 239.22 million tons of equivalent standard coal) [10, 11]. The production of biogas
through anaerobic digestion has been evaluated as one of the most energy-efficient and

environmentally friendly technologies for the utilization of organic waste materials.

1.2 Anaerobic digestion

Technologies of biomass and organic waste valorization can be subdivided into
thermochemical, biochemical and physicochemical conversion processes. A schematic

overview is displayed in Figure 1-1.

© 2016 Tous droits réservés. lilliad.univ-lille.fr



Thése de Tong Li, Lille 1, 2016

PhD Thesis of University Lille 1

BIOMASS/ ORGANIC SOLID WASTES

Thermochemical Biochemical conversion
conversion processes processes

E i Trans- A i

xtrachc_an/ r_a_ns . Combustion Carbonisation Gasification Liguefaction Pyrolysis Fermentation haerob\c

Separation esterification digestion
Vegetable oil . Syngas Pyrolysis oil; . .

( Methanol ) ( Biodiesel ) C Heat ) ( Charcoal ) ([CO. Hal: MelhanQ(MEthand) Qemcalsj Fuelg; CBlo-ethancl) (B\ogas [CH.Q)

Physicochemical
conversion processes

Figure 1-1: Biomass and organic waste conversion technologies [4].

Anaerobic digestion, which is classified as a biochemical conversion process, is the most
simple, low cost and widely used process [12]. It is a technology based on the microbial
degradation of organic matters under aqueous condition and in the absence of oxygen. The
anaerobic digestion process is a dynamic complex system involving four digestion steps:
hydrolysis, acidogenesis, acetogenesis and finally methanogenesis [13], which are displayed

in Figure 1-2.
Organic matters
Hydrolysis

Soluble organic molecules

Acidogenesis (fermentation)

- Volatile fatty acids,,,
Y Acety’gknesis
Acetic acid G y o COz, H2
Methanogenesis Methaifiogenesis
(acetotrophic) (hy(%enotrophic)
P cHi,cOo. ‘&

Figure 1-2: Biochemical conversion pathway for anaerobic digestion process [13].
Hydrolysis is a critical rate limiting process which degrades organic matters (such as
carbohydrates, lipids, and proteins) to soluble organic molecules (such as sugars, long-chain
fatty acids and amino acids) by the hydrolytic bacteria. The generated molecules are further
broken into volatile fatty acids, alcohols, CO, and H, during the acidogenesis step by the

acidogenesis bacteria. During the acetogenesis step, these formed volatile fatty acids are

8
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further degraded into acetic acid, CO, and H,. Finally, all these intermediate products are
converted mainly into CH4, CO, and water with the digestion of methanogensic bacteria.

Three biochemical pathways take place during this latter step:
(I) Acetotrophic methanogenesis:

4CH;COOH=4C0,+4CH, Equation 1-1
(1) Hydrogenotrophic methanogenesis:

CO,+4H,=2H,0+CH,4 Equation 1-2
(111) Methylotrophic methanogenesis:

4CH;0H+6H,=4CH,+4H,0 Equation 1-3

However, it contains traces of gases such as H,S, H,, O, and N in the final composition
of the biogas.

Compared to the other valorization processes, there are several advantages for anaerobic

digestion:

() a widespread feedstock: almost every kind of natural organic matters can be
proceeded without any pre-treatment. For example, the biomass and organic waste with more
than 60% of water can be directly proceeded for anaerobic digestion without pre-treatment,
which is undesirable for others methods such as combustion, pyrolysis, gasification and

extraction process [4, 14].

(I1) Moderate operating conditions: anaerobic digestion is a microbial conversion process
in the absence of oxygen, which means it can be processed with microorganism at a gentle
temperature (normally 30-60 <€) [13]. Hence, anaerobic digestion is feasible for both large

and small-scale industrial installations [4].

(1) Less pollution: the product of anaerobic digestion (biogas), which consists of
methane, carbon dioxide and trace gases such as H,S, H,O, H,, Oy, and N, is generally
captured as energy sources. It is energy efficient and environmentally friendly because of the

low emission of hazardous pollutants [4].

(IV) High value by-product: During anaerobic digestion, about 20-95% of the feedstock
organic matter is degraded. Digestate, the residue materials of anaerobic digestion, is nitrogen

rich and normally can be used as a nutrient fertilizer [15]. A novel application is to transform

© 2016 Tous droits réservés. lilliad.univ-lille.fr
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the digestate into biochar, which can be further employed as soil enhancer or adsorbent for
purification of wastewater and flue gas [16-18].

1.3 Biogas

1.3.1 Composition of biogas

The composition of biogas strongly depends on the type of the biomass and organic
waste as well as the process conditions [19, 20]. The methane content is normally in the range
of 50-60% and the carbon dioxide content is approximately of 35-45%, the nitrogen up to
0.5-7%, the hydrogen 5-10% and traces of H,S and O, [21]. The heat value of a biogas
containing up to 75% of methane has been calculated to be in the range of 20,100-28,900
kcal.Nm™.

M. S. Muylaert et al.[21] calculated that 1 m® of purified biogas is equivalent to 1.1 L of

gasoline or 1.7 L of bioethanol (shown in Table 1-1).

Table 1-1: Energy equivalence of different energy sources with respect to raw and purified biogas [21].

Energy source Equivalent_to 1 m?® of raw Equivgl§nt to_ 1mdof
biogas purified biogas

Gasoline 0.63-0.73 L 1.10L
Ethanol 0.81-1.10L 1.70L
Petroleum gas 0.48-0.65L 1.00

Natural gas 0.45-0.61 m® 0.93m®
Wood coal 0.91-1.24 kg 1.90¢g

Electric energy 4.6-6.2 kKWh 9.4 kWh

Mineral coal 0.60-0.82 kg 1.25 kg

1.3.2 Application of biogas

Biogas can be used for various important commercial applications which can be divided

into several aspects regarding the utilization purpose [8, 22, 23].

10
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Biogas
y ¥y
Desulfurization Desulfurization Desulfurization Gas Pretreat Upgrading
A r y A A
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Natural
Heat Heat | |Power H2 Heat ||Power Fuel .
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Figure 1-3: Application of biogas [23].

1.3.2.1 Direct combustion

Due to the high content of methane, biogas can be directly used as a combustible gas.
The biogas can be directly burned in boilers or burners, which needs low equipment
investment. Thus direct combustion is particularly suitable for the utilization of the biogas
produced by small family digesters. For example, it has been widely used for household
applications such as cooking, heating and lighting on the rural area in China at 1980s. However,
the combustion process of biogas to generate heat has low value of utilization efficiency [6,
24].

1.3.2.2 Electricity production with combined heat and power production
(CHP)

Electricity production is one of the most common ways for the utilization of natural gas,
which can be also designed for the application of biogas. Boilers have the lowest quality
requirements of feedstock, while they are rarely used today due to the particularly low energy
efficiency. Combined heat and power production (CHP) is a technique widely used for the
utilization of biogas in many countries, as it is considered as an efficient way of biogas
utilization [25]. This technique leads to a production of about 33-38% of electricity and 62-67%
of heat [26]. Valorization of the produced heat is interesting economically because the
temperature of exhaust heat is at least 250 €, so heat can be used by industry processes,

agricultural activities and space heating [27].

11
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1.3.2.3 Upgrading and utilization as vehicle fuel

Biogas can be upgraded to high quality natural gas and used in vehicles. Countries like
Sweden, Germany, Switzerland and China have already carried out vehicles that used biogas
as fuels [20]. Biogas must fulfil several specifications regarding heating value and impurities.
One of the main specifications is that the gas must have a methane content of at least 97%
[23]. The process of cleaning the biogas and removing CO; is generally referred to an
upgrading and afterward, the biogas (biomethane) is considered to have a higher potential as
vehicle fuel, even when compared to other biofuels (Shown in Figure 1-4). The advantage of
biogas as the vehicles fuels is even much higher if the feedstock is organic waste instead of

energy crops [26].

:, Biomethane 5;7 600 "“‘;

BtL (Biomass-to-Liquid) 64 000 km

©
Ig Rape seed oll 23300ka +17600km'1
\ Blodiesel 23 300 km + 17 600 km*
B —
Bioethanol 22 400 km g + 14 400 km‘1
: @ * Biomethane as by product
(rape cake, mash, straw)

Vehicle fuel consumption: gasoline engine 7.4 /100km,
diesel engine 6.1 /100 km

Figure 1-4: Comparison of biofuels: range of a personal car, running on biofuel produced on

feedstock/energy crops from on hectare arable land [26].

1.3.2.4 Upgrading and injection in the natural gas grids

An efficient way of integrating the biogas into the energy sector is upgrading of biogas to
natural gas quality (biomethane) and injecting it into the existing natural gas grid [26].
Injecting upgraded biogas as biomethane into the natural gas grids widens up the
opportunities to transport and utilize biogas in the large energy consumption areas denser in
population. Countries like Sweden, Switzerland, Germany and France have standards for
injecting biogas into the natural gas grid. The standards, prescribing the limits for components
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like sulphur, oxygen, particles and steam, have the aim of avoiding contamination of the gas
grid or the end users. The main barriers for biomethane injection are the high costs of
upgrading and grid connection. In some cases biogas can be difficult to upgrade to sufficient

quality due to large content of nitrogen [23].

1.3.2.5 Fuel for fuel cells

A fuel cell is a device that converts the chemical energy into electricity through a
chemical reaction of hydrogen ions with oxygen or another oxidizing agent [28]. The basic
physical structure of a fuel cell consists of an electrolyte layer in contact with a porous anode
and cathode on both sides (Figure 1-5) [26].

Individual Fuel Cell

e /\l2

HE;cess
en
(lgr ::3“) /. Electric

Power '

Figure 1-5: Simplified scheme of a fuel cell [26].

In a typical fuel cell, the gaseous fuel (biogas) is feed continuously to the anode (the
negative electrode) compartment and an oxidant (oxygen from air) is feed continuously to the
cathode (the positive electrode) compartment. An electrochemical reaction takes place at the
electrodes, producing an electric current. Fuel cells have high electric efficiency and provide a
new pathway for biogas application. The first Molten Carbonate fuel cell for utilization of
biogas was built on Germany at 2007 [26]. The catalyst inside the fuel cells is very sensitive
to impurities. The investment costs for biogas applications in fuel cells is higher than an

application in combined heat and power production [27].
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1.3.2.6 Production of hydrogen

Biogas can also be used to produce hydrogen, which is currently recognized as a clean

energy. Usually, the production of hydrogen from biogas can occur via these two reactions:
- Dry methane reforming:

CH4+CO,=2H,+2CO Equation 1-4
- Steam methane reforming:

CH,4+H,0=3H,+CO Equation 1-5
- Partial oxidation

CH4+1/20,=CO+2H, Equation 1-6

The utilization of biogas as a feedstock for a reforming process to produce H, offers
obviously advantages. The production of hydrogen from biogas can help to reduce the
emission of both greenhouse gases. Compared with the combustion, it is not necessary for
removing CO, from biogas. The presence of CO,and humidity are advantageous for
converting biogas into H, via steam and dry reforming reactions. The use of biogas as a
renewable resource for producing H, has been widely investigated in recent years [6, 29-32].

1.4 Dry methane reforming

Dry reforming of methane, described as CH,+ CO,= 2H, + 2CO, has been intensively
studied since it was reported by Ashcroft [33]. It has two obvious advantages: (1) the reactants
of dry methane reforming are two greenhouse gases (CH, and CO,); (2) the produced syngas
is suitable for the Fischer-Tropsch synthesis [34, 35] and methanol synthesis.

The average C-H bond energy of methane molecule is 414 kJ/mol, the dissociation
energy of CHs-H is 435 kJ/mol which means that the methane has a high stability. The
efficient way to activate and convert methane molecule is a hot topic.

1.4.1 The catalysts for dry methane reforming

High activity and stability catalysts are the key factors for industrialization of dry
methane reforming. Nowadays, supported noble metal catalysts (Pt, Rh, Ru, Pd, Ir) and

supported transition metal catalysts (Ni, Co, Fe) are mostly investigated.
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1.4.1.1 Noble metals catalysts

Abundant studies about the utilization of noble metal catalysts over various supports
show their high activity and high stability due to lower carbon deposition sensitivity [36]. Pt
is one of the most widely used noble metal catalysts for dry methane reforming. Tomishige et
al.[37] compared the catalytic performance of Pt/Al,O3; and Ni/Al O3 at different reaction
temperatures in dry methane reforming. The result indicated that the CH,4 conversion over
Pt/Al,O3 was much higher than the conversion over Ni/Al,Os catalysts. O’Connor et al.[38]
investigated the mechanism on Pt/ZrO,and Pt/Al,O3 catalysts in DMR. The results suggested
that methane was firstly cracked over the surface of both catalysts; the dissociation of CO,
over Pt/Al,O; surface needed the assistance of H, while the dissociation of CO, over Pt/ZrO,
surface depends on the surface defects. Bitter et al.[39] compared different supported Pt based
catalysts and the results showed better activity in the following order: Pt/ZrO, > Pt/TiO, >
Pt/y-Al1,03. For the Pt/TiO, and Pt/y-A1,03 samples, carbon deposition covered the active
centers, which led to the rapid deactivation. The Pt/ZrO, catalyst could keep a high stability

during dry methane reforming as no carbon deposition has been observed.

Ru and Rh are also widely used for dry methane reforming [36, 40]. Carrara et al.[40]
studied La,O3 supported Ru catalyst and the result indicated that the catalysts exhibited good
stability for more than 100 h at 550-630 °C at CH4/CO,=1. Besides, the turnover frequency
(TOF), which indicated the reaction rate per unit of metal surface, was constant over a wide
dispersion range, there was no influence of properties and structures of support on the
reaction rate which depends mainly on the metal surface [41]. Djinovic et al.[36] prepared
highly porous and thermally stable 2%Rh-CeO, catalysts with a high Rh dispersed metallic
particles using structurally ordered KIT-6 SiO, by the hard template method. The catalyst
exhibited 87% and 93% of CH,4 and CO, conversion at 800 °C. In addition, a stable average
H./CO ratio equal to 0.62 was observed at 650 °C.

Solymosi et al.[42] investigated Al,O3; support for different noble metal (Ru, Pd, Rh, Pt,
Ir) catalysts. They demonstrated that the activity order was: Ru > Pd > Rh > Pt > Ir. Ashcroft
et al.[33] also compared Al,O3 supported different metal (Ni, Pd, Ru, Rh, Ir) catalysts. The
results showed that compared to Ru and Pt catalysts, the Ni, Rh and Ir catalysts had excellent
catalytic activity. At 770 °C, with loading amount of 1wt% of noble metals, they exhibited

more than 80% of conversion for both CH, and CO..
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Even though owning high activity, stability and anti-carbon deposition property, the high
price and limited reserves on earth restrict the large scale application of noble metal catalysts

for the industry, so many researches focus on the non-noble metal catalyst development.

1.4.1.2 Nickel based catalysts

In 1932, Hawk[43] found that Al,O3 supported Ni-Co catalysts showed excellent activity
over dry methane reforming. Generally, the activity order of dry methane reforming is: Ni >
Co >> Cu >> Fe [44, 45]. Nickel is a common catalyst for dry methane reforming.
Lemonidou et al. [46] prepared 5wt% Ni on calcium aluminate (molar CaO/Al,03=1/2)
catalyst by impregnation method and the CH4 and CO; conversion reached 51.3% and 57.1%
at 700 °C. Zhang et al.[47] studied composite Sn,O3 supported nickel catalysts by sol-gel
method. Due to the high dispersion of Ni nano-particles and the interface effect of the support,
reaction activity was improved obviously compared with the Ni/CaO and Ni/Sn,O; catalysts.

Nickel is known to have strong capacity for CH,; decomposition and CO
disproportionation (reactions producing carbon deposition) [48-50]. The surface carbon

formation is the primary reason for the deactivation of nickel based catalysts.

Addition of promoters is an efficient way to increase the resistance to carbon deposition
of nickel based catalysts. Hence bimetallic catalysts prepared by addition of small quantity of
noble metals, such as Ni-Pt/y-Al,03 [51, 52], Ni-Pt/MgO [53] and Ni-Rh/CeO,-Al,03 [54],
have been studied and showed high resistance to carbon deposition. The presence of
promoters can help to decrease the particle size of nickel, increasing their dispersion and
reaction activity. Compared to Ni catalysts and Pt catalysts, a Ni-Pt bimetallic catalyst
exhibits better catalytic performances [55]. Addition of Pt can promote the generation of NiO,

which improves the formation of Ni° active sites during the reduction process [56].

Promotion by alkali metals can help to decrease CH4 decomposition and improve the
adsorption of CO, on the catalyst surface, which is favourable for decreasing the carbon
deposition. Juan-Juan et al. [57] studied the effect of adding potassium over Ni/Al,O3 catalyst
and the result revealed that K could inhibit carbon deposition over the surface and improve
the catalyst stability. However, addition of K poisoned Ni species, which led obviously to a
decrease in activity. Jeong et al.[58] studied the effects of the addition of Mg, Mn, K, Cato a
Ni/HY catalyst and the results revealed that the promoters participated in the improvement of

Ni-based catalyst stability. Ni-Mg/HY catalyst showed the best carbon deposition resistance

16

© 2016 Tous droits réservés. lilliad.univ-lille.fr



Thése de Tong Li, Lille 1, 2016

Chapter 1 Literature review

capacity and stability. The addition of Mg increased the dispersion of Ni on HY surface. The
generated carbonate species over Ni-Mg-HY catalyst also restrained carbon deposition.

Rare earth metals promoters, mainly La and Ce, have been widely studied with nickel
based catalysts in dry methane reforming. The promotion of La,O3 can increase the dispersion
of Ni species and decrease Ni particle size. Moreover, La,O3 can help to decrease the
migration and aggregation of Ni particle size at high temperature condition. Mo et al.[59]
studied La,O3; promoted Ni/SiO, catalyst, prepared via an in situ self-assembled core—shell
precursor route. Nickel species were well dispersed with particle size < 3.0 nm. The addition
of La,O3 enhanced the interaction between NiO and the silica support to form a more stable
nickel silicate. The resulting Ni—La,O3/SiO, catalyst showed excellent catalytic activity and
stability without any coking behavior even after 100 hours of reaction on stream. Oemar et
al.[60] revealed that La-promoted Ni/SBA-15 catalyst had much higher catalytic activity and
stability than the non-promoted Ni/SBA-15 catalyst due to the crucial role of La to
simultaneously adsorb the CO, and to remove deposited carbon from the metallic Ni surface.

CeO; is an important oxygen-storage material that can reserve oxygen at oxygen-rich
atmosphere and release it at oxygen-poor atmosphere. This special property can improve the
carbon elimination during the reaction and enhance the stability of nickel based catalysts in
dry methane reforming. Daza et al.[61] prepared Ce-promoted Ni/Mg-Al catalyst and
investigated its catalytic performance in dry methane reforming. The results revealed that the
increase in the Ce loading between 1 and 10% caused no considerable effect in the catalytic
activity and selectivity but inhibited the coke formation. Akri et al.[62] investigated different
Ce loading in a Ni-catalyst supported on illite clay. The results indicated that the addition of
Ce increased the surface area and the dispersion of nickel particles. The best catalytic activity
and stability were obtained with the catalyst containing 15wt% of Ce apparently attributed to

its redox properties and further improvement on the nickel dispersion.

Otherwise, supports such as zeolites [63, 64], transition metal oxides [65, 66] and rare
earth metal oxide [67] can improve the dispersion of nickel species, provide strong basic site
and have interaction with nickel particles which will improve the activity, restrict carbon
deposition and decrease nickel particle sintering. Some special structures such as spinel [68,
69], perovskite [70, 71] and solid solution [72, 73] can efficiently enhance nickel dispersion

and decrease sintering of nickel particles.
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The promoters of nickel catalysts in literature and their action on dry methane reforming

are summarised in Table 1-2.

Table 1-2: summary of promoters for Ni catalyst using in dry methane reforming.

e . Promoter .
Classifications Promoters Catalysts Action
content

Ni-Pt/y-Al,Os[51] 0.04-0.4% Increased dispersion and reducibility

Pt of Ni, and also enhanced the activity
Noble metals Ni-P/MgO [53]  0.1-0.3%  and resistance of carbon deposition
Ni-Rh/CeO,-Al,04 Increased Ni reducibility and
Rh 0.5% ) -
[54] resistance to carbon deposition
KNi/AlLO; [57] 5% helped to decrease CH,
K decomposition and increase
Alkali & Ni-K/HY [58] 5% reduction of Ni while decreased
alkaline activity on DMR
metals Increased the dispersion of nickel,
Mg Ni-Mg/HY [58] 3-10%  formed carbonate species suppressed

carbon deposition

Resulted in stronger interaction

Ni-L2,0,/SIO; 1% between Ni and support, decreased

La,0, 59 the migration and aggregation of Ni
] particle size at high temperature; La
Ni-L8,0,/SBA-15 1-5% also actively adsorbed CO, and
Rare earth [60] removed the deposited carbon

metals . .
Ce-Ni/Mg-Al [61] 1-10% CeO, is an oxygen-storage material,
which can improve the carbon
CeO, elimination during the reaction and
Ce- Niflllite clay 5-20%  enhance the stability of nickel based
[62] catalysts over DMR

1.4.1.3 Molybdenum carbide catalysts

Metal carbides catalysts, especially Mo,C (molybdenum carbide) and WC (tungsten
carbide), have been proven to have excellent activity in dry methane reforming and high
resistance to carbon deposition due to their particular structure [74, 75]. The review about
molybdenum carbide in dry methane reforming will be particularly described in the section
1.6.2.
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1.4.2 The mechanism of dry methane reforming

Two mainly mechanisms for dry methane reforming have been reported. One described
that the methane molecule is adsorbed and decomposed on the active surface leading to
surface —H and —C whereas, CO, molecule directly reacts with —H to generate H,O without
adsorption and decomposition on catalyst surface. The generated H,O further react with
methane to generate syngas. This mechanism insists that it’s no obvious different for the
mechanisms between dry methane reforming and stream methane reforming due to the
existence of H,O in the dry methane reforming process. Rostrupnielsen et al.[76] investigated
CH; decomposition on the Ni/MgO catalyst and considered two steps for methane

decomposition process:

CH, +2*= CH§ +H Equation 1-7
CH; + (3-x)*=CHy, + 3x) H' Equation 1-8

Osaki et al.[77] studied the surface impulse response over Ni/MgO catalyst, the results
insist that the directly generation of H, after the adsorption and decomposition of CH,4 on the
catalyst surface. Moreover, the decomposition of CH, is the rate-determined step for dry
methane reforming. CH4/CD, isotope tracer reaction indicates the kinetic isotopic effects for
the CH,; decomposition on the Ni/MgO catalysts surface, and also proves that the

rate-determined step for dry methane reforming is CH, decomposition.

With the further studies, the mechanism considering the decomposition of CO, on the
catalysts surface was regarded more reasonable for the dry methane reforming process.
Erdohelyi et al.[78] proposed another mechanism:

CH, = CH3)"Hey) Equation 1-9
CO, +Hg,) = CO + OHyy, Equation 1-10
CH4+0(,) = CHsz(tOHy,) Equation 1-11
CH; = CHy)* Hy Equation 1-12
CHy = CHe) + He) Equation 1-13
CHy@ = C+xHg Equation 1-14
CHy@) + O = CO+x Hp, Equation 1-15
CHyga) + CO, =2 CO +x Heyy Equation 1-16
2H(, = H, Equation 1-17
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2 OHg,) = H,O + Oy, Equation 1-18

This mechanism is more reasonable for the resistance to carbon deposition. The O
species which are generated from decomposition of CO, can consume the C species generated
from CH, decomposition and produce CO. There is a competition process between carbon
deposition from CH, decomposition and consumption of carbon by CO,. So the enhancement
of CO, adsorption and decomposition ability of catalysts is a promising way to restrain carbon

deposition and to improve the CO selectivity.

1.5 Fischer-Tropsch Synthesis

The Fischer—Tropsch synthesis (FTS) is an industrially useful technology for
gas-to-liquid processes which upgrade coal, natural gas or biomass into high quality
ultra-clean fuels and other chemical products such as paraffin, olefins and alcohols.
Fischer-Tropsch synthesis is a very complex process, the reactions could take place
simultaneously between H, and CO is as follows:

1. Synthesis of paraffin:
n CO + (2n+1) Hz = CnH2n+2 +n H20 Equatlon 1-19

2. Synthesis of olefins:
n CO + 2n H, = C H,,tn H,O Equation 1-20

3. Synthesis of alcohols:
n CO + 2n H, = C H,,+;OH + (n-1) H,O Equation 1-21

Syngas has a wide spread source, which can be produced on large-scale by gasification
of coal or biomass, reforming of natural gas or biogas [79]. The FTS products are free of
sulphur, nitrogen, aromatic compounds and other toxic substances which are clean compared

to petroleum products.

Fischer-Tropsch synthesis is successfully applied industrially since the first large-scale
FT plant operated in Braunkohle-Benzin in 1936, and the capacity of primary products
approached 660 000 tons per year in Germany in 1938 [35]. After the second World War, the
Fischer-Tropsch synthesis technology was well developed in South Africa due to the oil
embargo, the first coal-based Sasol FT plant was constructed at Sasolburg in 1952 [79, 80].
The oil crisis in 1970s promoted the development of FTS technology to synthesize fuels, low
olefins and chemicals in many countries. Sasol built Sasol-11 and Sasol-1ll1 coal based

synthetic oil plants successively in 1980 and 1982 [80]. The first commercial Gas to liquid
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(GTL) built by Shell in 1993 in Malaysia, was using a FTS cobalt-based catalyst, with a
production capacity of 12 500 barrels per day (bpd). At 2006, Oryx GTL plant based on the
Sasol Slurry Phase Distillate (SPD) process with the scale of 34 000 bpd started to on-stream
at Qatar. In 2011 Shell has commissioned Pearl the largest FTS plant in the world. In addition,
BP Global and Exxon Mobil also kept pay attentions to the FTS process built pilot plants. It
can be said that FTS technology has finally come to the stage of full-scale industry and

worldwide commercialization [35].

1.5.1 The catalysts for Fischer-Tropsch synthesis

The metals of the group VIII have proven noticeable activity in the Fischer-Tropsch
synthesis [35]. Vannice et al. [81] showed that the molecular average weight of hydrocarbons
produced by Fischer Tropsch synthesis decreased in the following sequence: Ru > Fe > Co >
Rh > Ni > Ir > Pt > Pd.

Ru, Fe and Co are the typical catalysts used for Fischer Tropsch synthesis. Ru is the
most active metal for the hydrogenation of carbon monoxide. Whereas, due to the high price
and limited reserves, Ru cannot be large-scale used in the industry. Fe and Co catalysts have
been widely used in the industry. Moreover, molybdenum carbide, with a catalytic
performance similar to those of noble metals as the carbon atoms in Mo,C molecular can
denote their outermost electrons to the D electronic orbit of molybdenum atoms, results in the
same electron configuration with noble metals such as palladium and platinum. It has showed
excellent catalytic performance in Fischer-Tropsch synthesis, especially for the production of
alcohols and light olefins. The advantages of each kind of catalysts are described as follows.

1.5.1.1 Iron based catalysts

The low price is also an important advantage of the widely application for iron based
catalysts. Iron based catalysts may show an important light olefins selectivity, which acts as
key building blocks for the petrochemical industry [82]. Due to the complex phase change of
iron species during reduction step and Fischer-Tropsch synthesis, it is difficult to investigate
the relationship between iron species and FTS activity [83]. Riedel et al.[84] investigated
Fe-Al-Cu/K,0 catalysts over Fischer-Tropsch synthesis and the results indicate that the FesC,
phase is the active phase for carbon monoxide hydrogenation; metallic iron exhibits low

activity while iron oxide phase is active for water gas shift reaction. Jensen et al.[85]
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evidenced 5 different kinds of iron carbides on a Fe-MnO catalyst during Fischer-Tropsch

process.

15.1.1.1  Effect of promoters on iron based catalyst
The most widely used promoters are alkali metals (K, Na...), Cu, Mn and Mg.

Typically, alkali metals have lower electronegativity compare to iron, which is inclined
to donate electron to iron surface. This property of alkali metals promoter can help to increase
the electron density of iron, which will promote the dissociative adsorption of CO and
enhance the CO conversion. Otherwise, alkali metal promoter such as K can restrict the
adsorption of H, which will restrict the generation of CH, and profit to the carbon chain
growth. Ngantsoue-Hoc et al.[86] investigated the promotion of alkali metal over Fe/SiO,
catalysts, the results indicated that the promotion with K improved the CO hydrogenation as
well as the WGS activity. While the addition of Li, Cs and Rb decreased CO conversion. All
the alkali metals were inclined to restrict the generation of CHa.

The addition of Cu can promote the reduction of iron species, which means low
temperature of reduction is needed for the iron based catalysts. Zhang et al.[87] investigated
the promotion of Cu on the Fe-Mn-K/SiO, catalyst and the results indicated that the addition
of Cu could also enhance the carburization rate of iron, while the final extent of carburization
was not affected by the promotion of Cu. Due to the increase in the surface basicity from a
synergetic effect on the Cu and K co-promoted catalyst (FeMnCuK/SiO,), a decrease in
methane and light hydrocarbons as well as an enhancement of heavy hydrocarbons and

olefins selectivity were obtained.

Manganese is an excellent promoter for iron catalyst for olefins production by FTS.
Wang et al.[88] indicated that the addition of Mn increased the reducing and carburizing
abilities of the Fe based catalyst, which led to high CO adsorption/dissociation. As a result,
the restriction of hydrogenation on the generated olefins and enhancement of olefins

selectivity were obtained.

Pour et al.[89] investigated the promotion of Mg and Ca on a Fe/Cu/K/SiO, catalyst.
The results revealed that Ca and Mg promoters could improve the CO conversion and WGS
reaction, suppressed the formation of methane and enhanced the selectivity to olefin and

higher chain hydrocarbons.
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The promoters of iron catalysts in the literature and their action in Fischer-Tropsch

synthesis are summarized in Table 1-3.

Table 1-3: Summary of promoters for iron catalyst using in Fischer-Tropsch synthesis.

e Promoter i
Classifications Promoters Catalysts Action
content
K improved the activity of CO
K-Fe/Sio, prov Yoo
K (6] 1% hydrogenation and WGS  reaction,
Alkali metals while restricted the generation of CH,
i Li-Fe/SiO; 0.5% Li decreased CO hydrogenation activity
270
[86] but restricted the generation of CH,
Cu increased carburization rate of Fe
and surface basicity by the interaction
Fe-Mn-K/SiO, . y . Sl by ! !
Cu 1% with K, shifted products to heavy
[87] .
o hydrocarbons and increased
Transition . . .
olefin/paraffin ratio
metals - —
Increased the reducing and carburizing
Mn/Fe abilities of the Fe based catalyst, which
Mn 1-25% . i .
[88] lead to high CO adsorption/dissociation
and increase olefins selectivity
enhanced the catalysts surface basicity
while decreased the reducibility of Fe,
Mg-Cu/SiO; . Y
Mg [89] 0.5% suppressed the formation of CH, and
. promoted generation of olefin and
Alkaline
heavy hydrocarbons
metals —
Increased surface basicity of catalysts
Ca Ca-Cu/Sio, 104 and increased the catalytic activity (FTS
[89] ° and WGS), enhanced selectivity to
olefins and heavy hydrocarbons
1.5.1.1.2  Effect of support on iron based catalyst

Support is a very important component of a heterogeneous catalyst. Normally, porous

support will provide higher surface area and increase the dispersion of active phase.

Otherwise, support will also enhance the thermal stability as well as mechanical strength for

heterogeneous catalysts. SiO,, Al,O3 and TiO, are typical supports for catalysts and have been

widely used in FTS. With the development of material science, different kinds of molecular
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sieve and carbon materials with excellent structure have been reported and used as support for
FTS catalyst.

Bukur et al.[90] investigated in FTS with a SiO, support for a 100Fe/5Cu/4.2K catalyst.
The results revealed that SiO, suppressed of the reduction and carburization of iron as well as
to the decrease in the CO hydrogenation and WGS activity, while the stability increased with
the content of SiO, support.

Due to its basic and acidic properties, alumina has been widely used for iron catalyst
over FTS. Jun et al.[91] revealed that alumina support promotes the dispersion of Cu and K
promoters in an iron based catalyst which allows to increase the activity of FTS. Wan et al.[92]
revealed a strong Fe-Al,O; interaction on the Fe/Al,O3 catalyst. This Fe-Al,O3 interaction
suppressed the reduction and carburization of iron, the surface basicity of the catalyst and led

to a decrease in heavy hydrocarbons selectivity.

With the development of molecular sieves, more and more researchers focus on the
application of mesoporous and microporous support structure. Wang et al.[93] investigated
various microporous and mesoporous materials supported catalysts over FTS reaction. The
result showed that Li*-exchanged zeolite faujasite support has been proven to be very efficient
for producing Cs* hydrocarbon fuels. They proposed that the Li* cation and the supercage
structure of zeolite faujasite, both played important roles in improving the selectivities to
Cs" hydrocarbons on the Fe catalyst. Cheng et al. [94] studied the effect of pore size on iron
based catalysts supported by different kind of molecular supports (MCM-41 and SBA-15 with
different pore size) in FTS. The results showed that larger iron oxide crystallites in the
large-pore supports were easier carburized than the smaller iron oxide counterparts in
small-pore supports. Higher Fischer—Tropsch reaction rates, higher olefin, and Cs’
selectivities were observed over larger pore iron catalysts. High dispersion of iron oxide in
small-pore silica was not favorable for carbon monoxide hydrogenation because of poor iron

carburization.

As the graphene layers and tubular morphology structure and the electron-deficient
interior and electron-enriched exterior surface, Carbon Nanotubes (CNTs) has been widely
studied for an application in catalysis. Guczi et al.[95] studied a Fe/CNT catalyst prepared by
impregnation method. They found that the use of CNTs decreased CH, selectivity and
promoted the generation of olefins and higher Cs* hydrocarbons. Chen et al.[96] synthesized

iron encapsulated CNT catalysts and investigated its application in FTS. The result indicated
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that iron species encapsulated inside CNTs was preferably in a reduced state, leading to high
amount of iron carbides under the reaction conditions, which have been recognized to be
essential to obtain high FTS activity. The yield of Cs* hydrocarbons in presence of the
encapsulated iron catalyst was twice over iron catalyst outside CNT and more than 6 times
over activated-carbon-supported iron catalyst. Lu et al.[97] investigated a nitrogen doped
CNT supported iron catalysts over FTS. The result revealed that nitrogen doping increased the
catalyst basicity, which enhanced the dissociative CO adsorption and promoted lower olefin
desorption on the catalyst (light olefin selectivity of 46.7%).

1.5.1.2 Cobalt catalysts in Fischer-Tropsch synthesis

Abundant of researches have been investigated for cobalt based catalysts. Compared to
iron based catalyst, cobalt based catalyst has a better carbon chain growth capacity (high
heavy linear chain hydrocarbon selectivity), a lesser oxygenate production, a better resistance
to carbon deposition and lower WGS activity [35]. In this thesis, we mainly summarized the
effect of promoters and supports.

1.5.1.2.1  Effect of promoter over cobalt based catalyst

Promoters can improve the reducing capacity and the dispersion of cobalt species. They
can as well participate in the increase in the carbon chain growth during FTS. The main
investigations of promoters over cobalt based catalysts focused on noble metals (Pt, Pd, Ru, Ir,

Rh), Rare earth metal oxides and transition metal oxides.

Noble metals (Pt, Pd, Ru, Ir, Rh) are often used to improve the catalytic performance of
cobalt catalysts over FTS. Eschemann et al.[98] found that the catalytic performance of
Co/TiO; was strongly influenced by the addition of noble metals. The promotion by Ag, Re
and high amount of Ru led to increase the activity and the Cs* selectivity. Montes et al.[99]
investigated the promotion of small amount of Pt on a Co/TiO, catalyst prepared by
microemulsion method. The results indicated that the presence of Pt improved cobalt
reducibility, which led to the enhancement of CO conversion and Cs" selectivity.

Rare earth oxides such as CeO, and La,Og3 are also excellent promoters for cobalt based
catalysts over FTS. The studies revealed that the interaction of rare earth oxides and cobalt
can affect the adsorption properties of H, and CO and increase FTS activity and Cs'
selectivity. Haddad et al.[100] indicated that a Co/SiO, catalyst promoted by La** showed
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moderate Co-support interactions which led to enhance the reducibility of the Co species, then
to a significant increase in the activity of Fischer—Tropsch synthesis. He et al.[101]
investigated the La and Ce promoted cobalt based catalyst over Fischer-Tropsch synthesis.
The result revealed that the promotion with both metals led to a better FTS performance
compared to the un-promoted catalysts and catalysts promoted with individual rare-earth
metals. The CO conversion and the selectivity to long chain hydrocarbons are greatly

increased (Cs" selectivity was at 80.25%).

The addition of ZrO, and MnOy has been proven to increase the reducing capacity and
the dispersion of cobalt species as well as to improve the activity and product distribution.
Johnson et al.[102] indicated that Mn promotion increased the abundance of adsorbed CO
with weakened C-O bonds. The Lewis acid—base of Mn promoted the cleavage of the C-O
bond. Increasing Mn/Co ratio led to a decrease in the ratio of adsorbed H to CO on the surface
of the supported Co nanoparticles and decrease in the CH, selectivity and an increase in the
selectivity to the Cs" products. Jongsomijit et al.[103] found the addition of ZrO, prevented the
interaction between Co and alumina, and increased in the reducibility of Co to the active

catalytic metallic phase as well as an increase in the concentration of active Co surface sites.

Table 1-4 summarises the promoters of cobalt catalysts in literature and their action on

Fischer-Tropsch synthesis.

Table 1-4: Summary of promoters for cobalt catalyst using in Fischer-Tropsch synthesis.

e . Promoter .
Classifications Promoters Catalysts Action
content
Pt-Co/TiO Improved cobalt reducibility, enhanced
Pt 2 01025% P _ i, enna
[99] CO conversion and Cs™ selectivity.
Noble metals Co-Re/TiO The interaction of Re and Co lead to
Re [98] 2 0.06-0.24% synergistic effects in Co hydrogenation
and increased activity of FTS
La%**-Co/SiO, La®* promotion increased reducibility of
-180 .
[100] 2-18% Co and Co” concentration on catalyst
La,03 — surface, it increased activity, chain
Rare earth Co-La/Silica 1-5% growth capacity and olefin/paraffin ratio
metals gel [101] significantly.
Co-Ce/Sillica Increased Co reducibility and increased
CeO, 1-5% . .
gel[101] carbon chain growth capacity over FTS
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Zr-Co/y-Al,04 Decreased the interaction of Co and
ZrO, 2-11% ) .
[103] v-Al, O3, increased the reducibility of Co
Transition Increased Lewis acid sites and enhanced
metal oxides Mn-Co/SiO adsorption and decomposition of CO
MnO, 2 1-5% P omp ’
[102] decreased selectivity to CH, and

increased selectivity to Cs"

1.5.1.2.2  Support effects in cobalt based catalysts in FTS

The quality of the support can strongly affect the catalytic properties (activity, product
distribution and stability) of cobalt based catalysts over Fischer-Tropsch synthesis. The
widely used supports for cobalt mainly focused on oxides, molecular sieves and carbon

materials.

Traditional oxides supports, such as SiO,, Al,Os, and TiO,, are widely used for cobalt
due to their low price, easy preparation and high mechanical strength. Typically, traditional
oxides supports can provide high surface area, large pores channels and then can promote
dispersion of cobalt particles. However, the interactions between cobalt and supports may
strongly affect the catalytic performance of cobalt based catalyst. Zhang et al. [104] indicated
that the abundant presence of silicon hydroxyl on SiO, surface led to strong interaction of
Co-SiO; and resulted in a decrease in Co reducing capacity. The pre-treatment by acetic acid
modified the surface properties of silica support, allowing a better dispersion and increased in
the reduction degree of supported cobalt. This pre-treated catalyst showed higher CO
conversion and lower CH, selectivity. The strong interaction between Co and Al,O3 and the
generated CoAl,O4 spinel structure led to a decrease in the activity and in the heavy
hydrocarbon selectivity [105]. However, the interaction between cobalt and the TiO, support
may have a positive effect for the reaction activity. Vannice [106] found that Co supported on

TiO, generated new active sites which lead to higher activity and Cs" selectivity.

Due to its high surface area, ordered pore distribution, adjustable pore structure and high
thermostability, mesoporous molecular sieves have been widely used as supports for cobalt
based catalysts. The ordered pores structure of zeolites promoted the diffusion of reactants
and intermediates into the catalyst channels. Moreover, the abundant acidic centers can
promote the cracking of the generated heavy hydrocarbons to light hydrocarbons and can also
promote isomerization of generated linear hydrocarbons, which leads to the deviation of

product distribution from ASF distribution [107]. Yin et al.[108] prepared Hexagonal
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Mesoporous Silica (HMS) and MCM-41 molecular sieves supported cobalt catalysts and the
results indicated that the HMS supported Co catalyst showed better catalytic activity and Cs*
selectivity which might be due to its smaller domain size with shorter channels and larger
textural mesoporosity. Wang et al.[109] investigated SBA-15 supported cobalt catalysts over
Fischer Tropsch synthesis and the result suggested that due to the low cobalt reducing
capacity, the Co/SBA-15 catalyst showed a low activity. The Co crystallite size and reducing
capacity were strongly affected by the pore size of SBA-15, which affected the FTS activity

and product distribution.

1.5.2 The mechanism of Fischer-Tropsch Synthesis

The products of Fischer-Tropsch are very complex as different products can be generated
at different reaction conditions. So the mechanism of Fischer-Tropsch synthesis is also very

complex.

Reactions including dissociation of adsorbed atoms must take place to transform the CO
and H, reactants to compounds containing several C-C and C-H bonds. Numerous products
are obtained with different carbon chain length and type of functional groups. The functional
groups imply different paths and different intermediates. The relative amounts of the products
vary in function of the used catalysts, temperature and pressure of FT reaction.

At present, the Fischer-Tropsch synthesis mechanism is still controversial. The universal
issues are: dissociative or molecular adsorption of CO on the catalyst surface. Studying the
mechanism is beneficial for the studies of the carbon chain initiation, growth, products
distribution and kinetic of Fischer-Tropsch synthesis. A lot of mechanistic models have been
proposed since Fischer Tropsch synthesis was first reported. Most of the classical mechanisms

of Fischer-Tropsch synthesis are described in the following sections.

1.5.2.1 Carbide mechanism

The carbide mechanism was first reported by Fischer and Tropsch in 1926 [110]. This
mechanism suggests that the generated metal carbides from CO decomposition over catalysts
surface will be hydrogenated to methylene intermediate (-CH,-). Then the methylene
intermediate polymerizes and further reacts to generate olefins and paraffin (shown in Scheme
1-1). This is the first mechanism for Fischer-Tropsch synthesis. Craxford and Rideal [111]

confirmed this mechanism through kinetic investigation. Experiments with **C tracer, in
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which a metal carbide layer containing **C was formed on the catalyst and then reacted with
syngas, have been investigated. The carbide mechanism can explain only a minority part of
the product distribution [112]. However, some metals such as ruthenium (which is particularly
efficient in the generation of C-C bonds in Fischer Tropsch synthesis [113]), does not form
stable carbides. The carbide mechanism can well explain the generation of linear
hydrocarbons obviously, meanwhile, it cannot explain the formation of branched
hydrocarbons and oxy-compounds [114]. Moreover, the reaction rate of the generation for the
surface carbides from CO is lower than the generation of liquid hydrocarbons, which is also
inconsistent for the carbide mechanism.
+H, +H, H\ /H polymerization
cO —> ML —» |C » -CH,-CH,-CH,-

-H, |

M

Scheme 1-1: carbide mechanism.

1.5.2.2 Oxygenate (enol) mechanism

Due to the shortcoming of carbide mechanism, Anderson [115] proposed an oxygenate
mechanism which can explain the product distribution of Fischer-Tropsch synthesis. According
to him, chemisorbed CO reacts with adsorbed H, to form oxygenate intermediate HCOH
(shown in Scheme 1-2). Chain initiation starts by the generation of C, species from the
condensation and water elimination of HCOH species. The chain grows from the terminal
hydroxyl group and generates oxy-compounds such as alcohols. Hydrocarbons can be formed
from the dehydration of alcohols or from the cracking of adsorbed intermediate species. This
mechanism can explain well the generation of linear hydrocarbons and oxy-compounds.
Emmett [116-119] provided strong support for this mechanism by the **C tracer technology.
YC labelled as alcohol or alkene, was added with syngas for Fischer Tropsch synthesis. The
results indicated that the addition of alkene or alcohol was able to initiate the chain growth.
There was no obvious evidence for the existence of intermediates such as HCOH and

oxy-compound species during FTS process.
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Scheme 1-2: Oxygenate (enol) mechanism [120].

1.5.2.3 CO insertion mechanism

Based on the homogeneous phase organic-metal catalysts mechanism, Pichler [120, 121]
proposed the chain initiation from the insertion of CO over metal-hydrogen bond. The
hydrogenation of CO on the catalyst surface to generate formyl species, which can be further
hydrogenated to hydroxy-methylene species, was hypothesized. The generated
hydroxy-methylene can be further hydrogenated leading to carbene or methyl. Carbon chain
grows with repeated CO insertion and hydrogenation (shown in Scheme 1-3 ). This
mechanism can well explain the details for the formation of linear products, as well as the

generation of hydroxy-compounds, whereas, it cannot explain the generation of branched
hydrocarbons.
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12 H, adsorption |

| +CH,=CH,

(* rate controlling)

Scheme 1-3: CO insertion mechanism [120].

1.5.2.4 Carbene mechanism

With the development of the surface science instrumentation, abundant of carbides on
the catalyst surface can be observed [122-124]. This mechanism (shown in Scheme 1-4 ) can
be described by the CO decomposition on the surface to generate oxygen (Osusace) @and carbon
(Csurface) Species on the catalysts surface. Hence, Osyrace Can further react with syngas to
generate H,O and CO,, whereas, Csyface IS hydrogenated to produce methylene then
hydrocarbons by the insertion of carbene and reaction with methylene. This mechanism can
well explain the generation of branched hydrocarbons and oxy-compounds. But it cannot well
explain the deviation of Anderson-Schulz-Flory (ASF) distribution over C, species, the slight

generation of isomerization products is not coincident with the carbene mechanism [125].
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Scheme 1-4: Carbine mechanism [125].

A lot of mechanisms have been proposed for Fischer Tropsch synthesis process. Each of

these mechanisms has evidence to support it, whereas, contradictory data also exist for all of

them [113]. Hence, Fischer Tropsch synthesis system could not be controlled by only single

mechanism (the product distribution may be controlled by several mechanisms). Moreover,

the investigations of present mechanisms were mainly based on the catalyst surface reaction

or macroscopical performances for the Fischer Tropsch synthesis.

1.6 Molybdenum carbide catalysts

Transition metal carbides have been paid attention since Levy and Boudart[126] reported

that tungsten carbide exhibited catalytic properties approaching those of platinum catalysts.

Molybdenum carbide catalysts have received special attention because they are easily

prepared with high surface areas using the temperature programmed reduction method

described by Boudart et al [127]. The metal carbides have similar performances as noble

metals which may be due to their similar electronic structure.

1.6.1 Preparation methods of molybdenum carbides

The traditional methods for the preparation of molybdenum carbide involved directly

carburization of metallic molybdenum with graphitic carbon at high temperature (normally >

1000 <C), which is unsuitable for catalysts due to the very low surface area of generated

molybdenum carbide product [128]. Different preparation methods have been used for the

synthesis of high surface area molybdenum carbide materials.
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1.6.1.1 Temperature-programmed reduction method (TPR)

Temperature-programmed reduction method has been established by Volpe and Boudart
[129] in 1980s and it has been widely used to synthetize molybdenum carbide with high
surface area. Typically, the molybdenum oxide precursor is treated under hydrocarbon/H,
atmosphere in a temperature programmed process. The oxide precursor is reduced and
carburized with the increasing temperature to generate molybdenum carbide. MoO3, MoO, or
even molybdenum salt can be used as precursor and the carburization gas can be CH4, CoHg,
CsHg as well as CO. This method is easy to operate and can be used for both bulk and

supported molybdenum carbide.

Claridge et al. [75] prepared bulk Mo,C with BET surface area of 30 m?/g with TPR
method under CH4/H, mixtures at 727 <C. Frank et al. [130] prepared Mo,C/CNT by
impregnation method with CH4/H, and C,Hs/H, gases mixtures. The results revealed that
MoOj3 was reduced to MoO; in a temperature range of 400-500 <C, the partial carburization of
MoO; to MoO,Cy occurred at 500-600 <C, while the complete transformation of MoO,C, to

Mo,C occurred at the end of the carburization process after 1 h at 700 <C.

1.6.1.2 Pyrolysis method

Pyrolysis method involves the thermo-decomposition of special molybdenum compound
(such as molybdenum hexacarbonyl) under inert gaseous atmosphere and high temperature,
which is a simple method for the synthesis of molybdenum carbides catalysts. This raw
material for Mo,C is not easy to get and the insolubility of molybdenum hexacarbonyl limits

the application of supported catalysts for pyrolysis method.

Giraudon et al.[131] prepared successfully molybdenum carbides using dimolybdenum
alkyne complex by pyrolysis method under hydrogen at low temperatures (550 <C). However,
organic impurities have been detected in the generated Mo,C samples. Li et al. [132]
synthetized composite microtubes shape Mo,C/MoCO by thermal decomposition of Mo(CO)g

under well-controlled conditions, at about 600 <C under argon flow.

1.6.1.3 Direct thermal solid carburization method

Thermal solid carburization is a preparation method that converts molybdenum

compounds with carbon or carbon-containing materials at high temperature into Mo,C.
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Generally, molybdenum oxides and molybdenum salts react with specific organics
compounds to generate molybdenum-organic complexes, and then increase temperature under
inert or reducing gases atmosphere to produce molybdenum carbide. Mo,C prepared by
thermal solid carburization method usually owns high surface area. Liang et al.[133]
impregnated ammonium heptamolybdate on an ultra-high surface area carbon material (BET
surface >3000m?/g) and then increased the temperature up to 700 < under an H, flow. A
B-Mo,C supported on activated carbon support with a BET surface area of 2180 m?/g was
successfully produced. Wang et al. [128] pretreated ammonium heptamolybdate with
hexamethylenetetramine (HMT) to generate a molybdenum HMT complex, and then the
complex was calcined in argon atmosphere at 700 <C to produce a bulk p-Mo,C with a BET
surface area of 31.9 m?/g.

When compared with the TPR method, this thermal solid carburization method is simple,
does not require gas flow of alkane (CH4; or C;Hg), and slow ramp rate is not required.
However, this method is not optimized to get supported carbide catalysts or can only be used
to get carbon material supported carbide catalysts.

1.6.1.4 Chemical vapor deposition method (CVD)

Chemical vapor deposition method is a very important method for catalyst preparation
which has been used for production of molybdenum carbide. Typically, molybdenum
compound and activated carbon mixture are heated up to high temperature (800 <C) under
inert gases atmosphere. Molybdenum compound sublimates into a gas phase and is adsorbed
into activated pores, and then when increasing the temperature up to 1300 <C, further
reactions to get molybdenum carbide occur. Miyao et al.[134] synthesized successfully an

alumina-supported Mo carbide catalyst using a chemical vapor deposition (CVD) technique.

The obvious defect for the chemical vapor deposition is the difficulty to control the

operating process and limited production capacity.

1.6.2 Applications of molybdenum carbide

Since Levy and Boudart[126] reported that tungsten carbide exhibits catalytic properties
approaching those of platinum, more and more [researches focus on metal carbides. It has

been widely used in hydrodesulfurization (HDS) and hydrodenitrogenation (HDN) processes
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and also exhibits high activity for dry reforming, alkane isomerization, and CO hydrogenation
[135-137]. Many works in the literature reveal that molybdenum carbide materials are
effective catalysts for dry methane reforming. This thesis mainly describes the application of

molybdenum carbides in dry methane reforming and Fischer-Tropsch synthesis.

1.6.2.1 Application of molybdenum carbides in DMR

In 1997, York A. P. E. [74] reported that molybdenum carbide catalysts are active for
methane activation in steam reforming and CO, reforming. Mo,C have a high selectivity
towards CO and H,. No carbon deposition was observed over molybdenum carbide catalyst
during the reactions. J. B. Claridge [75] used high-surface-area molybdenum catalysts, which
were prepared by the temperature programming reduction method with methane. The results
showed that both DMR activity and CO yield were very high.

Even through the metal carbide catalysts have high activity and good resistance of
carbon deposition, the oxidation of those materials at atmospheric pressure is the primary
reason for their deactivation. A. R. S. Darujati et al.[138] investigated the oxidation process
and the effect of CO co-feed with CH, and CO, on a molybdenum carbide catalyst using
dynamically XRD system (DXRD). The result shows that CO; is a strong oxidizing agent and
the high temperature oxidation cannot be totally prevented by CO at the high concentration

employed in this study. The oxidation process may be as the following equation:
Mo,C + 5 CO, <> 2 MoO, + 6 CO Equation 1-22

The oxidation of Mo,C by CO, to form MoO, was hypothesized to be faster than the
carburization of MoO, with CH4 to form Mo,C. It is the reason of deactivation of metal

carbides. Many works study the stability of metal carbides during methane dry reforming.

Pressure is a significant factor for the catalyst stability. J. B. Claridge et al.[74]
investigated the lifetime of B-Mo,C for the dry methane reforming reaction at different
pressure and temperature. When the dry reforming reaction was carried out at elevated
pressure, high activity was maintained during more than 72 h with no observable deterioration
in activity. This suggests that the increase in pressure can be a good way to keep an excellent
stability of metal carbides during dry methane reforming.

1.6.2.1.1  Effect of support for Mo,C catalysts on dry methane reforming
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Support can improve the dispersion of molybdenum species, provide strong basic sites
and strong interaction with molybdenum particles. This could affect the catalytic performance
and stability of Mo,C catalysts over dry methane reforming. Darujati et al.[139] investigated
the stability of Mo,C in dry methane reforming over Al,O3, ZrO, and MgO supports in the
presence of Ce, K and Zr promoters. The alumina appeared to be superior compared to other
supports due to its high surface area and high thermal stability, and Mo,C/y-Al,O; had a
higher activity than a bulk Mo,C catalyst. Du et al.[140] studied the Mo,C supported on ZrO,
catalysts over dry methane reforming. Due to the Lewis acid and basic active sites on the
surface of ZrO, and enhancement of Mo species dispersion, the supported Mo,C catalysts
exhibited a higher conversion than the corresponding low surface area bulk Mo,C catalyst.
Huang et al.[141, 142] investigated the SBA-15 supported Mo,C catalysts over dry methane
reforming. The result indicated that the Ni/Mo0,C/SBA-15 catalyst exhibited a better catalytic
and anti-coking performance due to smaller metal particles, higher metal dispersion, and
better ordered pore distribution compared with Mo,C catalysts. The surface carbon of nickel
migrated to molybdenum carbide, which prevented the oxidation of molybdenum carbide and

coke deposition.

1.6.2.1.2  Effect of promoters for Mo,C catalysts on dry methane reforming

Promoters are often used to improve the activity and to enhance the stability of

molybdenum carbide catalysts over dry methane reforming.

Rare earth metals promoters, mainly La and Ce, have been widely studied on nickel
based catalysts over dry methane reforming; it is also been studied on the promotion of
molybdenum carbide catalysts. France et al.[143] investigated the effect of La promotion over
Al,O3; supported Co-Mo carbide catalysts over dry methane reforming. The addition of
lanthanum at low loading level (1 wt%) results in smaller carbide crystallite sizes compared to
catalysts containing either no lanthanum or higher lanthanum loading levels and possessed

superior catalytic properties for dry methane reforming and was stable for 100 h.

Ce was found to act as an active site for strong CO, adsorption; a redox cycle was also
proposed which accounted for CO, and CO interactions with the Ce** and Ce** oxides. It was
employed as a promoter for molybdenum carbide catalysts in the study of Darujati et al.[139]
The results revealed the promotion of Ce dramatically improved the stability of the
Mo,C/Al,O3 catalysts. Characterizations indicated that the Ce prevent oxidation of Mo,C by

CO; during reaction.
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Transition metals like Ni and Co are known to own a well CH, decomposition capacity,
which is beneficial for resistance to molybdenum carbides oxidation of during dry methane
reforming. France et al.[143] found that cobalt inserts into the Mo,C lattice, which significant
enhanced the conversion yield and stability of the catalysts. Increasing the Co loading in the
mixed metal carbides was seen to enhance the resistance of the catalyst to the reverse water

gas shift reaction.

Chaktong A.[144-146] explored a series of Ni modified Mo,C catalysts. The results
showed that the synergistic effect between nickel and molybdenum clearly improved the
stability. For Ni: Mo=1:2, the Ni-Mo,C catalyst shows high conversion and stability over a
run of 20 h. Not like the single molybdenum catalyst, the Ni promoted catalysts could even be
carburized in a flow of CH4/CO,. On the other hand, rapid decline of performance was
observed over Ni:Mo is 1:3 and 1:1. The CO,-TPO and XRD investigation indicated that on
the case of Ni: Mo=1:1, the reason of catalyst deactivation was coking rather than oxidation,
while on the case of Ni: Mo=1:3, the deactivation is mainly due to oxidation. They mentioned
that when at a proper Ni/Mo molar ratio that an “oxidation-recarburization” cycle could be
established and a stable DRM activity could be maintained as demonstrated in the case of

Ni:Mo=1:2 (as is shown in Figure 1-6) .

/ COq ‘\
COq + +Hyy

r Ni/Mo=1/2 ‘
Mo,C = | Ni
: — Balanced

Co, CH,

Only at a Ni/Mo molar ratio of 1/2, the catalytic oxidation-
reduction cycle could be established for CH,/CO,(1:1) reforming.

Figure 1-6: Catalytic oxidation—recarburization cycle over Ni-Mo,C catalyst.

1.6.2.2 Applications of molybdenum carbide in FTS

Noble metal Ru has been proven excellent performance on Fischer-Tropsch synthesis,

which is the most active metal for the hydrogenation of carbon monoxide [135]. High price
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and limited reserves on the earth restrict the large scale application of Ru catalysts on the
industry. Molybdenum carbide (Mo,C), which shows strong similarity in the catalytic
performances with those of more expensive noble metals, has been received increasing
attention during the past several decades [147]. Particularly, Molybdenum carbide has become
an attractive and promising catalyst for replacement of traditional Fischer—Tropsch (FT)
catalysts for hydrocarbon production due to its resistance for carbon deposition. The studies
of molybdenum carbides over Fischer-Tropsch synthesis mainly focus on the synthesis of

alcohols and olefins.

1.6.2.21  Use of molybdenum carbide catalysts for alcohol synthesis from syngas

The catalytic process of mixed alcohol synthesis (MAS) from coal or natural gas derived
from syngas is one of the challenging and attractive subjects in the field of C1 chemistry
[148]. Individual molybdenum carbide catalyst has been revealed to mainly generate light
alkanes [149, 150]. Addition of different promoters may therefore lead to the modification of
molybdenum carbides structure, electronic properties and reactivity of active sites. The FTS

products selectivities on molybdenum carbide catalysts can be also affected by the promotion.

Alkali metal promoters, which can increase the electron density of iron and promote the
dissociated adsorption of CO and enhance the CO conversion, have been widely studied for
the iron based catalysts over FTS. The addition of alkali metals promoter to molybdenum
carbides based catalysts was also studied by many researchers. Woo et al.[149] studied the
K,COj3 promotion in the bulk molybdenum carbide catalysts. The result revealed that
un-promoted molybdenum carbide produced mainly hydrocarbons of C1-C7. The
K,COs-promoted molybdenum carbide catalysts were shown to produce C1-C7 linear
alcohols from synthesis gas with fairly high selectivity for C,"OH. Al-Megren [151] explored
the K promotion over supported molybdenum carbide catalysts. The result indicated
potassium content has a significant effect on the catalyst performance. The addition of K
improved Mo,C dispersion on support. Shou et al.[152] indicated addition of Rb,CO; to
Mo,C/MgO substantially improved the selectivity to alcohols at the expense of hydrocarbons.

Higher alcohol synthesis was favoured at high syngas pressure and low CO conversion.

Transition metals, especially Fe, Co and Ni, have good catalytic performance for FTS,
and also been studied as promoters for molybdenum carbide catalysts in alcohols synthesis
over FTS. Griboval-Constant et al.[153] investigated Co dispersed on Mo,C over Fischer—
Tropsch reaction and compared to bulk Mo,C. It was found that bulk Mo,C gave light
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hydrocarbons, alcohols and CO,. Noteworthy activity increases with the promotion with
cobalt. The addition of Co increased the formation of heavy hydrocarbons. Xiang et al.
[135-137, 150, 154, 155] prepared a serial of different transition metals promoted K/p-Mo,C
catalysts: K/Fe/p-Mo,C, K/Co/B-Mo,C, and K/Ni/B-Mo,C. The addition of Ni and Co were
shown to result in highly active and selective catalysts towards the synthesis of mixed
alcohols, especially for the C,"OH production, but addition of Fe caused a slight increase for
methanol and decrease for C,-C,4 alcohols. The presence of Co increased the selectivity to
both higher alcohols and hydrocarbons obviously. A strong synergistic interaction between
Co and Mo was proven. The formed new phases “Co3Mo03C” and “Co,C” over Co promoted
K/B-Mo,C catalysts might be responsible for the high activity. The addition of nickel also
enhanced higher alcohols synthesis. The characterization suggested a synergistic effect of
potassium and nickel on B-Mo,C, which favoured the alcohols synthesis. The production of
alcohols appeared to be relevant to the presence of Mo*" species, whereas the formation of
hydrocarbons was closely associated with Mo?* and/or Ma® species on the surface of
-Mo,C-based catalyst. The promotion effects of Fischer-Tropsch synthesis were followed

the sequence: Ni >> Co > Fe for the activity and Ni > Co > Fe for the C," alcohol selectivity.

1.6.2.2.2  Synthesis of olefins over molybdenum carbide catalysts

As an important part of Fischer-Tropsch synthesis products, light olefins, includes
ethylene, propylene, and butylene, acts as key building blocks for the petrochemical industry
due to their widely used in variety of reactions [82]. Some studies focus on the synthesis of
light olefins over molybdenum carbides catalysts. Kim et al.[156] studied supported and
unsupported molybdenum and molybdenum carbides over FTS at atmospheric pressure. A
large amount of CO, was produced and a high paraffin/olefin ratio reflected high activities of
these catalysts for hydrogenation. As individual molybdenum carbides catalysts mainly
generated light alkanes, the studies for molybdenum carbide catalysts main concentrate on the

promoted catalysts.

Park et al. [157] investigated unsupported molybdenum carbides and the addition of
K,CO3 at atmospheric pressure, they found the molybdenum carbides catalysts produced
mostly C;-Cs paraffin. The promotion of the catalyst with 20w% K,CO;3 yielded C,-Cs
hydrocarbons consisting of 80-100% olefins and reduced methane selectivity. The selectivity
of C,-Cs olefins among all hydrocarbon products was 50-70 wt% at CO conversions up to
70%.
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Dai-Viet N et al. [158-166] investigated different metals promoted molybdenum carbide
catalyst. All catalysts were investigated at atmosphere pressure in Fischer-Tropsch Synthesis.
The result showed that Fischer—Tropsch specific reaction rate decreased in the order;
MoC,_/TiO, > MoC,-/SiO, > MoC,_,/ZrO, > MoC,_,/Al,O3 parallel to the trend for Mo
carbide production rate. Different promoters K, Na, Co, and Ce have been added to modify
the catalysts performance. The result showed that F-T activity improved with promoter
addition in the order; K-MoC,/Al,0; > Na-MoC, /Al,03 > Ce-MoC,/Al,0;3 > Co-
MoC,_/Al, 03> MoC,-/Al,O3 while chain growth probability varied with feed composition

and was enhanced by all promoters.

1.7 Hypothesized industry process for utilization of biogas by dry
methane reforming and Fischer-Tropsch synthesis analysis

As shown in the previous sections, the product of dry methane reforming is syngas,
which is at the same time a feedstock for Fischer-Tropsch synthesis. Hence, the generated

syngas from dry methane reforming can be used for the Fischer-Tropsch synthesis. The

hypothesized industry process could be summarized and is displayed in Figure 1-7.

CH,/CO, mixture

i CH, /cO, |

OMR i S ti FTS 200-400 °C
Atmosphere eparation L
Ragcton pressure Tower Reactor 10-30 bar
H, /cO 10-30 bar ‘
700-900 °C /\/<100 °C m @_
\_/ 20:400.' Separate to
Cooler Compressor Heat Exchanger products

Figure 1-7: Schematic for hypothesized industry process of dry methane reforming and Fischer-Tropsch

synthesis.

Dry methane reforming process is known as an endothermic reaction, which indicates
that higher temperature is advantageous for the syngas production. However, high
temperature obviously increases the cost and energy consumption. Thus, the reforming of
methane is generally operated at 700 — 900 °C based on the balance of reactant conversion

and manipulation cost.
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Generally, the generated syngas from DMR contains unreacted CH4 and CO,. Separation
of CH, and CO; is necessary for syngas proceed to Fischer-Tropsch synthesis. Furthermore,
the process for Fischer-Tropsch synthesis is generally operated at elevated pressure (10-30 bar)
[35]. Thus, a compressor is required for compressing the feed gas before Fischer-Tropsch

synthesis reactor (shown in Figure 1-7).

Pressure Swing Adsorption (PSA) and membrane separation, which are two common
technologies for CH, and CO; separation, are known to be operated at low temperature
[167-169]. Besides, the inlet temperature for a compressor is limited to 100 °C (higher gas
temperature will lead to lower compressor efficiency). Thus, the product gas owning high
temperature (normally 700-900 °C) from dry methane reforming process has to be cooled
down to low temperature through a cooler.

1.8 The objectives of this thesis

Dry methane reforming and Fischer-Tropsch synthesis can also be proposed to be
combined in a sequential process. The industry process for sequential dry methane reforming

and Fisher-Tropsch synthesis is proposed and shown in the Figure 1-8.

!

DMR 700-900 °C FTS 200-400 °C
Reactor 10-30 bar Reactor 10-30 bar

‘ 700-900 °C @200-400 °C ‘

g Separate to
products

CH,/CO, mixture
With pressure

Cooler

Figure 1-8: Schematic for industry process of sequential dry methane reforming and Fischer-Tropsch

synthesis in a single process.

In the sequential process, dry methane reforming and Fischer-Tropsch synthesis could be
performed at same pressure. Separation, compressing and additional heat exchange procedure
are then not needed. The sequential DMR and FTS process exhibits obviously advantage due

to the evident saving of energy consumption and facility investment.
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Catalyst plays a crucial role for this proposed process. Owning similar structure with
noble metals, molybdenum carbide has been proven good performances in dry methane
reforming and an excellent capacity for resistance toward carbon deposition. Molybdenum
carbide has been also used in Fischer-Tropsch synthesis. Molybdenum carbide ensures high
Water-Gas Shift reaction activity. This indicates that Mo,C is efficient in the case of low
H./CO ratio syngas, which is particularly applicable for the syngas generated from DMR.
Furthermore, molybdenum carbide exhibits sulphur tolerance property [170], which is a

distinct advantage as biogas always contains traces of H,S.

Additionally, using the same catalysts for both reactions of DMR and FTS is
advantageous and reduces the process cost (catalyst synthesis, activation, regeneration,

recycling).

Thus, the general goal of this thesis is to investigate the feasibility of combining dry
methane reforming and Fischer-Tropsch synthesis in a single process by developing

molybdenum carbide catalysts that can be used for both DMR and FTS.

Thus, the specific goals for dry methane reforming of this thesis are to:

» Investigate the structure, the chemical properties and the DMR catalytic

performances of nickel promoted Mo,C catalysts, supported on alumina;

» Study the interaction between Mo and alumina support as well as the catalytic

performance in DMR with the different preparation methods;

» Study the catalytic behaviours of molybdenum carbide catalysts in DMR at elevated

pressure.
The specific goals for FTS of this thesis are to:

» Study the support influence on the structure, the chemical properties and the FTS
catalytic performances of non-promoted molybdenum carbides catalysts;

» Study the effect of promoters (K, Na, Fe and Ni) on the structure, chemical
properties and FTS catalytic performance of the supported molybdenum carbides

catalysts;
» Optimize the promoter content;

» Investigate the influence of CH, and CO, containing syngas on Fischer-Tropsch

synthesis.
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2.1 Introduction

This chapter describes all the materials and equipments involved in the experiments as
well as the catalyst preparation methods, characterization techniques and catalytic
performance measurement methods for dry methane reforming and Fischer-Tropsch synthesis.
A series of different content nickel supported molybdenum catalysts promoted with different
elements (Ni, Fe, Na and K) were prepared by different methods. The catalysts were
characterized by various characterization techniques to study their physical and chemical
properties. The molybdenum-nickel promoted catalysts were tested with fixed-bed reactor to
evaluate their catalytic performance in dry methane reforming. The catalysts Ni-, Fe-, Na- and
K-promoted catalysts were evaluated in a fixed-bed reactor to study the catalytic performance

in Fischer-Tropsch synthesis.
2.2 Catalysts Preparation

2.2.1 Preparation of nickel promoted molybdenum carbide catalysts for

dry methane reforming reaction

Nickel promoted Mo,C catalysts were mainly prepared by 3 methods: Incipient wetness
impregnation, mechanical mixing method and impregnation & precipitation method. The

preparation process is as follows.
2.2.1.1 Incipient wetness impregnation

Incipient wetness impregnation is a commonly used technique for the synthesis of
heterogeneous catalysts [1]. Typically, the active metal precursor is dissolved in an aqueous or
organic solution. Then the metal-containing solution is added to a catalyst support containing
the same pore volume as the volume of the solution that was added. Capillary action draws the
solution into the pores. The catalyst can then be dried and calcined, depositing the metal on the
catalyst surface. The maximum loading is limited by the solubility of the precursor in the
solution. The concentration profile of the impregnated compound depends on the mass transfer

conditions within the pores during impregnation and drying.

Molybdenum was added to alumina support with an aqueous solution of
(NHz)sMo070,4 4H,0 (Sigma-Aldrich), which is a common precursor for Mo,C. The gamma
alumina (PURALOX NWal55, SASOL Germany) was thermally pretreated at 700 °C in air
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for 6 h to ensure thermal stability. An aqueous solution of precursors was prepared firstly. Ni
precursor Ni(NOs), 6H,O (Sigma-Aldrich) was added on the catalyst by co-impregnation
method. Nickel-molybdenum precipitation would be generated in 10 minutes after adding

nickel in the solution.

Chelating agents are known to have the properties of increasing the solubility and the
stability of the metal precursors for the preparation of supported catalysts [2, 3]. Hence, citric
acid was employed as the chelating agent to avoid the nickel-molybdenum precipitation [4].

The water absorption volume was 0.75 ml water per gram alumina measured visually.
The molybdenum solution was added in the alumina support drop by drop with stirring glass
rod by hand. The powders were matured for 2 hours, to make sure of the completed
impregnation. The impregnated catalysts were dried at 110 °C overnight, and then the samples
were calcined at 450 °C in the air with a heating rate of 1 *C/min for 6 h. At this temperature,
ammonium molybdate can be thermally decomposed to molybdenum trioxide and nickel

nitric can be thermally decomposed to nickel oxide.

(NH4)6MO7024'4H20 =7 MOO3 +6 NH4 +7 Hzo Equatlon 2-1
Ni(NO,) -6H,0 = Ni0+2 N,O5 + 6 H,0 Equation 2-2

Then molybdenum oxide were carburized to molybdenum carbide in-situ in the reactor

by CH4/H, = 1/4 gas mixture, meanwhile, nickel oxide would be reduced to metal nickel.
2.2.1.2 Mechanical mixing method

Mechanical mixing method is a second common method for the preparation of
heterogeneous solid catalysts. Typically, several active metal precursors are mixed
mechanically with supports. The catalysts can be calcined to decompose the metal to oxide
phase. The purpose for the mixture is to get uniformed distribution of the active phase.
Solvent free, low energy cost, easy to manipulate are the main advantages that make this

method interesting for solid catalyst preparation in the industry.

The Mo and Ni precursors ((NHz)sMo070,4 4H,0 and Ni(NOs), 6H,0) with an optimal
ratio were added into deionized water to prepare a green aqueous solution. As discussed

previously NiMo precipitation was generated in 10 minutes with the equation:

(NH4)6M07024 +3 NI(NO3)2 = Ni3M07024 l+6 NH4NO3 Equation 2-3
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To improve the interaction between Mo and Ni, the precipitate was aged overnight. Then
the generated liquid-solid mixture was dried at 100 °C for 12 hours to remove the water. The
generated green powder was mechanically mixed with alumina support (which has been
thermally pretreated at 700 °C in air for 6 h) with an agate mortar. And then the samples were
calcined at 450 °C in the air with a heating rate of 1 *C/min for 6 h. The catalyst was tableted
with a tableting machine for 1 minute. The pills generated from tableting were grinded and
sieved to 50-150 pm.

2.2.1.3 Impregnation & precipitation method

For the Impregnation & precipitation method, no citric acid was employed. The Mo
((NH4)sM07024 4H,0) and Ni precursor (Ni(NO3), 6H,0) with optimal ratio were added into
deionized water to prepare an aqueous solution. The aqueous solution was impregnated into
alumina support before the generation of NiMo precipitation, within the 10 minutes. After
dying at 110 °C overnight, the samples were calcined at 450 °C in the air with a heating rate of
1 °C/min for 6 h.

The catalyst nomenclature, method of preparation and nickel contents are listed in Table

2-1.
Table 2-1: Catalysts contents of nickel promoted molybdenum carbides catalysts
_ Catalysts contents Ni/Mo
Catalysts Preparation method . (wWt%) Ratio(mol)
Ni Mo
Mo/Al,O3 Incipient wetness impregnation 0 10 -
NiMo/Al,03-1:2 Incipient wetness impregnation 3.2 10 1:2
NiMo/Al,O3-1:1 Incipient wetness impregnation 6.4 10 11
Ni/Al,O3 Incipient wetness impregnation 6.4 0 -
NiMo/Al,05-1:2-M Mechanical mixture 3.2 10 1:2
NiMo/Al,05-1:1-M Mechanical mixture 6.4 10 1:1
NiMo/Al,O3-1:2-1P Impregnation & precipitation 3.2 10 1:2
NiMo/Al,03-1:1-1P Impregnation & precipitation 6.4 10 11

2.2.2 Preparation of molybdenum carbide catalysts for Fischer-Tropsch

synthesis reaction
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2.2.2.1 Preparation of SBA-15 support

SBA-15 was obtained using block copolymer (P123) poly (ethylene glycol)-block-poly
(pro-pylene glycol)-block-poly (ethylene glycol), average M , ca. 5800 (Aldrich, 43546-5) as
a template. Firstly, 6 g of P123 copolymer was dispersed in 45 g of water and 180 g of 2 M
HCI under stirring. After complete dissolving of P123, 12.75 g of tetraethylorthosilicate
(TEOS) were added to the solution. The mixture was kept at 40 “C under stirring for 24 h to
obtain a uniform solution. Then the solution was transferred into a hermetically closed
polypropylene flask and kept in an oven at 100 °C for 48 h. The gel was washed with
deionized water, dried at 100 °C for 12 h, and calcined with flow air at 550 “C for 6 h with the

temperature ramping of 1 “C /min.

2.2.2.2 Preparation of CMK-3 support

The synthesis of CMK-3 was carried out according to the procedure reported in literature
[5]. Briefly, 5 g of above-mentioned SBA-15 was added to a solution obtained by dissolving
6.25 g of sucrose and 0.7 g of H,SO, in 25 g of H,O. The mixture was transferred to a drying
oven for 6 h at 100 °C, and followed by increasing the oven temperature to 160 "C for 6 h.
After dissolving additional 4 g of sucrose, 0.45 g of H,SO,4 and 25 g of H,O, the mixture was
treated again at 100 °C and 160 °‘C using the same drying oven. The carburization was
completed by pyrolysis with heating to typically 900 “C under N,. The obtained carbon-silica
composite was washed with 1 M NaOH solution twice at 95 “C to remove the silica template.
The template-free carbon material was filtered, washed with deionized water, and dried at 120
°C overnight. The synthesized CMK-3-Na was treated with 1 M nitric acid solution at 50 °C
for 2 h to eliminate the residual Na and introduce some hydrophilic oxygenated functional

groups in order to facilitate penetration of the molybdenum precursors into the mesopores [6].

2.2.2.3 Preparation of CNTs support

Carbon nanotubes (Hydroxyl muti-wall carbon nanotubes, MFG Code: MH508-0728,
Chengdu Organic Chemicals Co. Ltd., Chinese Academy of Sciences purity > 95%,outer
diameter 20-30 nm) were treated with 65% nitric acid at 80 “C for 16 h.

2.2.2.4 Preparation of activated carbon support
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Activated carbon (CECA S. A.) was washed with 5% nitric acid at 60 °C for 4 h to
remove the ashes and impurities and then washed with deionized water and dried in the oven
at 100 "C over night.

2.2.2.5 Preparation of supported molybdenum catalysts

The non-promoted molybdenum catalysts were prepared by incipient wetness
impregnation on support by an aqueous solution of ammonium molybdate tetrahydrate
((NH4)sM07024.4H,0, Sigma-Aldrich). After being dried at 100°C overnight, the samples
were calcined at 450°C under air flow for 6 h. Particularly, the carbon materials supported

sample were calcined under N flow to avoid oxidation of carbon at high temperature.

The Ni and Fe promoted Mo/Al,O3 catalysts were prepared with the incipient wetness
co-impregnation method, citric acid was employed as the chelating agent avoid precipitation.
K and Na were added in the catalyst by a mechanical mixture method. The calcined Mo/Al,O3
samples were milled mechanically with K,CO3 (Sigma-Aldrich) or Na,COj3 (Sigma-Aldrich)
precursors in different ratio with an agate mortar, and then re-calcined at 450 °C for 6 h. The

catalyst nomenclature and contents are listed in Table 2-2.

Table 2-2: Catalysts contents of molybdenum carbides catalysts for FTS

Contents (wt%0) promoter/Mo
Catalysts promoter Mo Ratio (mol)
K Na Fe Ni
Mo/AC - - - - 10 -
Mo/SBA-15 - - - - 10 -
Mo/CNTs - - - - 10 -
Mo/CMK-3 - - - - 10 -
Mo/AlL,O; - - - - 10 -
NiMo/Al,O3-1:5 - - - 1.2 10 1.5
FeMo/Al,05-1:5 - - 1.2 - 10 1:5
NaMo/Al,05-1:5 - 0.5 - - 10 1:5
KMo/Al,05-1:5 0.8 - - - 10 1:5
KMo/Al,05-1:2 2.1 - - - 10 1:2
KMo/Al,05-1:1 4.2 - - - 10 1:1

2.3 Evaluation of catalytic performance
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2.3.1 Equipment for evaluation of dry methane reforming

Dry Methane Reforming reaction was tested with a fixed-bed setup (shown in Figure
2-1). Typically, 0.6 g catalyst was loaded in a quartz tubular reactor (2 cm inner diameter).
Prior to the catalytic tests, the molybdenum catalysts were carburized in situ at 700 °C for 2 h
with a ramp of 5 °C/min under CH4/H, mix gas flow (flow rate = 50 ml/min CH4/H, = 1:4).
Then the reactor was cooled down to 25 °C and purged with N flow for 1 h. Mixed feedstock
gas with a molar ratio of CH4/CO,/N, = 1/1/1 was switched into the catalyst bed. Nitrogen
was employed as an internal standard for calculating carbon monoxide conversion. The
temperature was increased up to 700 °C at 5 °C /min from 25 °C to reaction temperature. The
gaseous hourly space velocity (GHSV) was fixed at 6 000 mL.h™.gcat *. The effluent gases
from the reactor were analyzed on-line using a GC-1690 micro gas chromatograph equipped
with a Molecular sieve column, a PLOT U column and thermal conductivity detectors (TCD).
Activity was evaluated every 50 <C in the temperature range of 700-850 <C and stability was

measured every 20 minutes.
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| I
| Vi |
| €0 8 <o o 3% |
|
W, v |
| — R T |
| |
| N2 = |
I —&—M—-@-{:}—‘I‘T\)— |
|
; a1 |

D] Globe valve Bd Triple valve Mass flow Pressure
controller indicator

Temperature
& Magnetic valve f{j Check valve @ in:icator @a Filter

Figure 2-1: schematic diagram of setup for dry methane reforming test.
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The Conversion of CH, (Xchs) and CO; (Xcoz), the selectivity of H; (Sh2), and syngas ratios

were calculated by using equations as follows:

FbH4jn'_ FbH4put

Xepa = X 100% Equation 2-4
FCH4-,in
Feorin — F
Xcos = COZ’”;: .COZ’O”t X 100% Equation 2-5
c02,in
FHZ out .
Sy = : X 100% Equation 2-6
H2 2(FCHAL,in - FCH4,out) a
H F, i -
Ratio of — = 220 Equation 2-7
CO  Feoout

The inlet flow rate of internal standard gas N, is controlled by mass flow controller
(MFC), so the flow rate of CH,4;, CO,, H, and CO on the outlet can be calculated by

followed equations.

ACH4out fbH4 .
F = Fyz, ' Equation 2-8
CH4,out N2,in ANZ,out fhz q
Acoz,0ut feo2 .
F, =Fyoi ’ X Equation 2-9
co2,0ut N2,in Ay, OUL Fuz q
AHZout fhz .
F, = Fyyiy X : X — Equation 2-10
H2,0ut N2,in Ay, OUL Fuz q
A -
Fcoout = Fnzjin X —CoouL f_co Equation 2-11

Ay, out fn2

Where:

A: Peaks area exported from GC;
f : Calibration factor;

F: Flow rate

Therein, calibration factor f of each component was obtained by the measurement of a

standard gas on the same GC-1690 micro gas chromatograph.

2.3.2 Catalytic test for Fischer-Tropsch synthesis

Carbon monoxide hydrogenation reaction was tested in a fixed-bed setup (shown in
Figure 2-2). Typically, 0.3 g catalyst was loaded in the middle of a fixed-bed stainless steel
tubular reactor (2 cm inner diameter) between quartz wool plugs. As Fischer-Tropsch
synthesis is strong exothermic reaction, silicon carbide were filled into the reactor space
(shown in Figure 2-3) to increase the heat transfer. Moreover, a thermocouple was installed

inside of the reactor in order to control the reaction temperature accurately.
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Figure 2-2: schematic diagram of setup for dry methane reforming test.

Prior to the catalytic tests, the molybdenum catalysts were carburized in situ at 700 "C
for 2 h with a ramp of 5 °C/min under CH4/H, mix gas flow (flow rate = 50 ml/min
CHa/H,=1:4). Then the reactor was cooled down to 25 °C and purged with N, flow for 1 h. A
syngas with a molar ratio of H,/CO = 2 was switched through the reactor and the total
pressure was regulated to 10 bars. Nitrogen was employed as an internal standard for
calculating carbon monoxide conversion. The temperature was increased up to 300 °C at
1°C/min to reaction temperature. The gaseous hourly space velocity (GHSV) was
12000 mL.h™.g cat ™.

The effluent gases from the reactor were analyzed by on-line gas chromatography.
Analysis of N, CO, CO,, and CH,4 was performed using a packed CTR-1 column and a TCD
detector. Gaseous hydrocarbons (C;—C,4) and alcohols were separated in a capillary Rt-Q
PLOT column and analyzed by a Flame ionization detector (FID). The liquid products (oil
and water phases) were collected in the traps kept at 20 °C and analyzed off-line by gas

chromatography.
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Figure 2-3: schematic diagram of fixed-bed reactor of Fischer-Tropsch synthesis.

The CO conversion can be calculated by the equation:

FCO,in - FCO,out

Xco = X 100% Equation 2-12
FCO,in
F,
Scor = T —x 100% Equation 2-13
CO,in CO,out
F,
Sca = T2 X 100% Equation 2-14

FCO,in - FCO,out

Similarly, the flow rate of CO, CO, and CH, can be calculated based on inlet flow rate

of internal standard gas N by the followed equations.

ACO t fCO
,0U %

— — Equation 2-11
Az, out fnz

FCO,out = FNZ,in

ACH4 out fCH4 .
Feraout = Fnzi ' Equation 2-8
ou T Apg,out fnz
ACOZ out fCOZ -
Fcoz,0ut = Fna,i : Equation 2-9
ou T Ay, out fnz

The operation of the FID is based on the detection of ions formed during combustion
of organic compounds in a hydrogen flame. Hydrocarbons generally have molar response
factors that are proportional to number of carbon atoms in their molecule, while oxygenates
and other species that contain heteroatoms tend to have a lower response factor [7], so
selectivity of olefins and paraffin can be calculated correlated with CH4 as shown in

Equation 2-15 and Equation 2-16.
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Fej = | % Fen, Equation 2-15
ACH4

Fe;
SCj = J

=" Equation 2-16
FCO,in - FCO,out f

J: the carbon number of generated hydrocarbon
Herein, the selectivity is based on the carbon atom moles.

Moreover, alcohols calibration factors were obtained by the use of a standard solution,
which contains methanol, ethanol and hexane, on the GC-450 gas chromatograph. Thus, the
selectivity of alcohols can be calculated with the CH, correlation through the relative

calibration factors of hexane.

Aci—on U X fe,—on

Fe.—on = X F, .

CTOH T Acy, 6 X fopa Equation 2-17
S’ — FCi—OH

ci-on Feo,in — Feo,out Equation 2-18

i: the carbon numbers for generated alcohol.

Generally, for the sake of clarity, CO, is excluded from the organic product selectivity,

the CO, free selectivity can be obtained by Equation 2-19and Equation 2-20.

_ Sgj .

SCj = 1——5502 Equation 2-19
_ Sci-on _

Sci-on =7_¢ Scon Equation 2-20

2.4 Catalyst Characterizations

Different characterization techniques were employed to investigate the physical and
chemical properties of catalysts. Please note that for characterization, after carburization with
a mixture of H,/CH, = 4:1 for 2 h at 700 <C, the catalysts were passivated and removed from
the reactor. A very small amount of O, was introduced in the flowing N, (1% O;in N,) for

passivation of the samples at room temperature.
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2.4.1 Textural characteristics

Textural characteristics, which can provide the specific surface area, pore volume and
pore size of a catalyst, were measured using N, adsorption-desorption experiment at -196 <C.
Before the measurement, the catalyst was outgassed at 200 <C. The isotherms were measured
using a Micrometrics ASAP 2010 system. Surface area was calculated by BET equation. The
pore size distribution was calculated from the desorption branches of the isotherms using

Barrett-Joyner-Halenda (BJH) formula.

2.4.2 X-ray diffraction

X-ray diffraction (XRD) can analyse the existed crystallite phases on catalysts and
probably calculate the size of the crystallite. The X-ray diffraction patterns were recorded by a
Bruker D8 Advance diffractometer using Cu (Ka) radiation at room temperature from 10° to
80°with 0.02°step size and 2 s step time. Crystallite phases were determined by comparing
the diffraction patterns with those in the standard powder XRD files (JCPDS) published by
the International Center for Diffraction Data. The average crystallite size of MoO,, Mo,C and
metallic Ni were calculated according to the Scherrer equation.

_ 089y
" Bcosh

Equation 2-21

Where D is the average crystallite diameter, A is the X-ray wavelength, B: the line
broadening at half the maximum intensity (FWHM), 6 is the Bragg angle.

2.4.3 Hydrogen temperature-programmed reduction

Hydrogen temperature-programmed reduction (H,-TPR) is used to study the reducibility
of active phase on the catalysts and determine different phases through temperature of
reduction. The H,-TPR was carried out on AutoChem Il 2920 apparatus from Micromeritics
using 0.1 g of the sample under 5 vol% H diluted in Ar stream (50 ml/min). The temperature
was increased from room temperature up to 900 <C with a rate of 10 <T/min. The effluent gas

was analysed with a thermal conductivity detector (TCD).

2.4.4 Temperature-programmed desorption of CO,
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Temperature-programmed desorption of CO, (CO,-TPD) can characterize the basic sites
and determine quantitatively basicity of the catalysts. The CO,-TPD curves were carried out
on a NH3/CO,—TPD equipment (shown in Figure 2-4). 0.05 g of catalyst was loaded in a
fixed-bed quartz tubular reactor (0.5 cm inner diameter) between quartz wool plugs. The
samples were pretreated under a flow of an inert carrier gas (He) at 150 <C for 2 h to remove
the water adsorbed on the catalyst surface. The process of CO, adsorption was carried out by
the injection of CO, gas using a 6-port valve with 10 times injections in order to get CO,
saturation. The CO, desorption process was measured throughout heating the catalyst up to
700 T (15 <T/min) under a flow of He. The effluent gases at the outlet of the reactor were
analyzed by a thermal conductivity detector (TCD).

Position 1 Position 2
NHs/CO; NH3/CO>
+ Vent ‘ Vent

To To G
reactor reactnr“‘_—/ A
He
MNHs
i z Vent
CO:z >
Do Vi
He
o} {7} -ﬁ
Vent
L L7
TCD
[=<] EL‘TE: A1 Felter @ Triple valve mﬂes:h:teing

@ 6 port valve

Figure 2-4: schematic diagram for the equipment of NH3/CO,-TPD.

2.45 Laser Raman spectroscopy

Raman spectroscopy provides information about molecular vibrations that can be used
for sample phases identification. The Laser Raman spectra of the oxidized Mo-based catalysts

were run on a Dilor XY800 spectrometer with a Krypton ion laser (Spectra Physics model
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Beamlok). A laser wavelength of 532 nm and a filter with diameter of 0.6 were employed.
The dispersed radiation is received by the CCD (Charge Coupled Device) detector cooled

with liquid nitrogen. The LabSpec software allows acquisition and data processing.

2.4.6 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) can determine quantitatively the elemental
composition and chemical state of the elements that exist on the surface of a catalyst. The
XPS spectra were recorded with a VG ESCALAB 220 XL spectrometer equipped with a
monochromatic Al Ko (E = 1486.6 ¢V) X-ray source. The binding energies (BE) of Mo3d,
O1ls, Cls Ni2p and K2p were determined by computer fitting of the measured spectra and
referred to the Al 2p peak of the support at 74.6 eV, using Casa XPS software. The binding

energies were estimated within 0.2 eV.

2.4.7 Transmission electron microscopy (TEM)

Transmission electron microscopy (TEM) can observe objects with a few angstroms,
which is used to observe the microstructure of catalysts and to measure diameter of
nanoparticles. TEM measurements were performed using a TECNA microscope, operating at
a voltage of 200 kV. The sample powder was ultrasonically dispersed in ethanol and deposited
on a copper grid recovered by a carbon membrane prior to the measurements. The particle

size was measured using more than 300 particles by the software Nano Measurer.

2.4.8 Temperature programmed surface reaction

Temperature programmed surface reaction (TPSR) is able to provides information of
active phase through the initial activation temperature. The TPSR of CH4/CO, was measured
in a fixed bed reactor. Before the TPSR experiment, the catalyst was carburized with mixture
gas Hyo/CH,4 (H2/CH4 = 4:1, 50 ml/min) for 2 h at 700 °C. After cooling down to 25 °C under a
N, flow, the temperature of the reactor was raised to 850 °C at the uniform ramp of 5 *C/min
with the mixed gas with a molar ratio of CH4/CO,/N,= 1. The products of CH4/CO,-TPSR
were analyzed on line every 3 minutes (15 °C) by a GC-1690 micro gas chromatograph
equipped with a Molecular sieve column and a PLOT U column and thermal conductivity
detectors (TCD).
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249 SEM-EDS

Scanning electron microscopy (SEM-EDS) is used to observe surface properties of a
catalyst with well three-dimensional images and analyze qualitatively and quantitatively the
elementals on a catalyst surface. SEM-EDS measurements were performed using a Quanta
200 microscope with an applied voltage of 15 KV. Energy-dispersive X-ray spectroscopy
measurements (EDS) were recorded by QuanTax QX2, ROENTEC with an applied voltage of
15 KV.

2.4.10 Thermo-gravimetric analyses

Thermo-gravimetric analysis is used to analyse the chemical state of the element and the
carbon deposition on a catalysts through the decomposition or oxidation temperature and
mass change. Thermo-gravimetric analyses were measured with thermogravimetric analyzer
(TA instruments SDT 2960 simultaneous DSC-TGA). 10 mg of the sample was heated under
air atmosphere from room temperature to 850 <C at a rate of 10 <T/min and kept at 850 <C for

30 minutes.
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3.1 Introduction

Biogas, which come from anaerobic digestion of organic matters, such as farm waste,
animal mature and household garbage, is one of the most promising renewable resources [1-3].
Generally, the biogas composition contains 50-65% of methane and 35-50% of carbon dioxide,
which are strong greenhouse gases that have a great influence on the global weather [1, 4].
The development and the use of biogas are not only about recycling of resources, but can help

to decrease the greenhouse effect.

The dry methane reforming (DMR) into syngas, received lately much attention as both
CH; and CO; are consumed [5-9]. The generated syngas, with an hydrogen to carbon
monoxide ratio close to 1:1, make it suitable for the synthesis of valuable products by
Fischer-Tropsch synthesis (FTS) [10, 11]. Also, FTS is an industrially useful technology for
gas-to-liquid processes which upgrade coal, natural gas or biomass into high quality
ultra-clean fuels and other chemical products such as paraffin, olefins and alcohols. It has

become one of the most important routes of energy instead of petroleum products.

Combined DMR and FTS in a single process can be proposed as syngas is both the
product of DMR and the reactant of FTS. As is well known [12, 13], separation processes
require high energy consumption, which occupies a considerable proportion of devices and

operating cost on an industry process.

Hence, in this proposed work, the separation of unreacted CH, and CO, from DMR
product is not needed for a combined dry methane reforming and Fischer—Tropsch synthesis
process. This exhibits obviously some advantages due to the reduced energy consumption and
devices cost. Generally, the Fischer-Tropsch synthesis is performed at elevated pressure
(generally 10-30 bar) [11]. There are two ways to achieve high pressure for syngas [14]. The
first method is to perform syngas production at high pressure. The second method is to
compress the syngas after it is produced. Generally, the inlet temperature for a compressor
should be below 100 °C and a higher inlet gas temperature will lead to lower the compressor
efficiency. This implies that the outlet gas, owning high temperature (normally 700-900 °C)
from dry methane reforming process, has to be cooled down to low temperature. Additional
heat exchange procedure is needed, which obviously increases cost and heat consumption.
Thus, it should be more interesting to perform dry methane reforming under high temperature

to produce syngas.
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Thermodynamic analysis of a reaction can provide a basis for experimental and
computational studies. Moreover, it can be useful in understanding the limits and constrains of

a reaction process [15].

In this chapter, the thermodynamics calculations for dry methane reforming and
Fischer-Tropsch synthesis were studied under the same conditions of the experiments. The
thermodynamics effect of carbon deposition, pressure, CH,/CO; feed ratio and the presence of
N inert gas over dry methane reforming were also studied. In addition, as the FTS feedstock
of the sequential process, which is a product of DMR, consists of unreacted CH, and CO,,
thermodynamics effect of the presence of methane and carbon dioxide was also investigated

on Fischer-Tropsch synthesis.
3.2 Thermodynamics analysis on the literature

3.2.1 The thermodynamics of dry methane reforming

Dry methane reforming is a complex process, the main reaction is described as:
CH4 +CO,=2H, +2CO AH24g = 247 k] /mol Equation 3-1
AG® = 61770 — 67.32T [16]

This reaction is particularly endothermic. High temperature and low pressure are

required.
Reverse Water Gas Shift reaction (RWGS) occurs simultaneously as aside reaction:
H,+CO, =CO +H,0 AHY55 = —41 kJ/mol Equation 3-2
AG® = —8545 + 7.84T

The reaction balance of dry methane reforming is affected by the reverse Water-Gas Shift

reaction which leads to low H,/CO ratio.

Under conditions of stoichiometric dry methane reforming, there also exist other

reactions:
Methane decomposition:

CH;=C+2H, AHY4g = 75k]/mol Equation 3-3
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CO disproportionation (Boudouard reaction) which are considered as the main reasons of
carbon deposition on the catalysts [17].

2CO=C+CO, AHY%%g = —172Kk]/mol Equation 3-4
And CO/CO; hydrogenation reaction

CO+H,=C+H,0 AH%g = —175k]/mol Equation 3-5

CO, +2H,=C+2H,0 AHYg = —134kJ/mol Equation 3-6

Temperature is the most important factor for dry methane reforming. Wang et al.[16]
calculated the lowest reaction temperatures of the dry methane reforming, methane
decomposition and CO disproportionation and the result is shown in Table 3-1. Dry methane
reforming takes place at 640 ‘C accompanied by methane decomposition reaction, while
above 820 °C reverse water gas shift reaction and CO disproportionation reaction cannot
occur. In the temperature range of 557-700 °C carbon deposition occured from methane
decomposition or CO disproportionation reaction.

Table 3-1: Limiting temperature for different reactions of DMR

Reaction Temperature/°C
Dry methane reforming 640
- Lower temperature
Methane decomposition 557
CO disproportionation ) 700
) Higher temperature
Reverse water gas shift 820

Bradford and Vannice [18] reported that dry methane reforming reaction was favored
thermodynamically at temperature higher than 727 °C. Zhang [19] also found that methane
decomposition and CO disproportionation were the direct source for carbon deposition. When

the temperature rises from 527°C to 627°C, carbon deposition increased obviously.

As shown in Equation 3-1, dry methane reforming is a volume expansion reaction, low
pressure, which can promote the reaction balance shift to right side, is beneficial to the
reaction. Wang et al.[16] investigated the equilibrium conversion at total pressure of
0.01-0.1 atm with CO,/CH,4 = 1, and the results indicated that conversions at lower pressure
are higher than those at higher pressure. Jafarbegloo et al.[15] investigated the effect of
pressure on methane and carbon dioxide conversions at stoichiometric feed composition at
800 <TC. Increasing the pressure led to decrease in the conversion of methane and CO; reaction

which is reasonable for a volume expansion reaction.
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CH4/CO, feeding ratio is also an important factor which greatly affects dry methane
reforming reaction. Nakamura and Uchijima [20] insisted that excessed CO, among raw
materials could avoid carbon deposition at atmospheric pressure. Jafarbegloo et al. [15]
calculated the equilibrium conversion versus CH4/CO, molar ratio. Increasing CO, fraction
allows shifting the dry methane reforming toward the production of H, and CO, then methane
conversion increases. A rapid drop in conversion of carbon dioxide is observed when
CO,/CH, ratio is bigger than the stoichiometric feed ratio, because the excess CO, cannot
undergo appreciable chemical transformation due to its high stability under the reaction

conditions.

Chein et al.[14] investigated the carbon deposition of dry methane reforming at different
CO,/CH, ratio and pressure. The colorful surface (shown in Figure 3-1) represents the critical
point of carbon formation. Above the surface is a carbon-free zone while the carbon formation
zone is below the surface. At a given CO,/CH, ratio, the temperature limit for carbon
formation increases as the pressure increases. In addition, at the same pressure, temperature
limit increases as the CO,/CHy, ratio decreases. This means that using excess CO, can avoid
carbon formation at lower temperatures. Higher temperature is required to achieving

carbon-free operation at the lower CO,/CH, ratio and higher pressure condition.

1300
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Figure 3-1: Temperature limit for carbon deposition as functions of pressure and CO,/CH,[14].

As a brief summary, dry methane reforming is a strong endothermic reaction, the
equilibrium constant increases rapidly with the increase in temperature. High temperature is

beneficial for DMR activity. CO disproportionation and reverse carbon gasification reaction
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are exothermic reactions, high temperature is not suitable. Higher temperature is more
advantageous for increasing equilibrium conversion of dry methane reforming. Elevated
pressure is disadvantageous for dry methane reforming and leads to a decrease in CH4 and
CO, conversion and increase in carbon deposition and water generation. Excess of CO,

among feedstock inhibits carbon deposition during dry methane reforming.

3.2.2 The thermodynamics analysis for Fischer Tropsch synthesis

Besides, Fischer-Tropsch synthesis is a very complex process, and the reactions can take

place simultaneously between H, and CO:
Synthesis of paraffins:
n CO + (2n+1) H,=C H,,.»*+nH,0 Equation 3-7
Synthesis of olefins:
nCO + 2n H,= C,H,,+ nH,O Equation 3-8
Synthesis of alcohols:
n CO + 2n H,= C H,,+;OH + (n-1) H,O Equation 3-9
Moreover, water gas shift reaction may also occur in the Fischer-Tropsch process:
H,0+CO=CO, +H, Equation 3-10

In order to calculate the probability of product formation, Keim [21] simplified the
Fischer Tropsch synthesis system by the assumption that the reactions are independent of each
other. Calculations of Gibbs free energy on the basis of Equations (Equation 3-7 to Equation
3-10), which can indicate the spontaneity of a reaction, are shown in Figure 3-2. The results
reveal that the formation of methane is favored in a temperature range of 50-350 <C. The
probability of product formation decreases in the order: CH, >> paraffins > olefins >
oxygenated. A syngas rich in hydrogen favors the formation of paraffin, whereas a syngas rich
in carbon monoxide leads to an increased formation of olefins and aldehydes without

consideration of carbon deposition [22].
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Figure 3-2: temperature influence on the Gibbs free energy of FTS products [21].

Dry [23] indicated that the main products of Fischer-Tropsch synthesis should be CHy,
CO, and graphite at 1 bar of pressure, the calculated amounts of higher hydrocarbon were
negligible. Whereas in practice, the CH, selectivity is lower, carbon is negligible and the
heavy hydrocarbon is higher. Christoffel [24] compared the typical selectivity obtained over
iron catalysts at 327 <C, 16 bar pressure and H,/CO of 2. It is clearly indicated that the
significant difference between the Fischer Tropsch synthesis result and the thermodynamic
distribution, estimated in the same conditions, is strongly controlled by the kinetics and the
product distribution may be dominated by the type of catalyst as well as by reaction

conditions.

3.3 Modelling and simulation methodology

The Gibbs free energy (also referred to as G) is the thermodynamic potential that is
minimized when a system reaches chemical equilibrium at constant pressure and temperature
[12]. The equilibrium composition of dry methane reforming is obtained by the minimization

of Gibbs free energy with the following equation:
AGiorar = X1 1y G Equation 3-11

The equilibrium component was calculated by HSC Chemistry 6.0 software. For the
thermodynamics calculation of dry methane reforming, 6 possible compounds are considered:
CH,4, CO, Hy, CO, H,0, and carbon formation (amorphous and graphitic carbon).
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To calculate the equilibrium composition of the FTS reaction, the products was
simplified. So 27 possible compounds are considered during the simulations, including
n-alkanes and n-olefins (in the C,-Cyprange), lower alcohol (in the C;-C3 range), CO, COa,
CH4, H; and H,0 [11, 25].

3.4 Thermodynamics calculations of dry methane reforming

3.4.1 Carbon formation in DMR

As is reported in the literature [26-28], carbon formation is a common phenomenon due
to the reaction 1-3 to 1-6. It is interesting to investigate the influence of carbon formation on
the dry methane reforming. Figure 3-3 displays the equilibrium results of dry methane
reforming at CH4,/CO2/N,=1:1:1 and atmosphere pressure, with and without carbon formation

consideration.
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Figure 3-3: The influence of carbon formation on equilibrium species for dry methane reforming at
atmosphere pressure, CH,/CO,/N,=1:1:1. (A): equilibrium conversion of CH, and CO, without
considering carbon formation; (B): equilibrium mole fraction without considering carbon formation;
(C): equilibrium conversion of CH, and CO, considering carbon formation; (D): equilibrium mole

fraction considering carbon formation.
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As is shown in Figure 3-3, high reaction temperature is thermodynamically advantageous
for the dry methane reforming. Due to the reverse water gas shift reaction, the conversion of
CO; is always greater than the one of CH,. The CH4 and CO, equilibrium curves clearly
display that at higher temperature (> 800 <C) the CO2 and CH4 conversions are closer and
generate higher H,/CO ratio. The formation of H,O is close to zero at temperature above 850
°C.

The CH,; and CO, conversions curves displayed different behaviors when carbon
deposition is taking in consideration (shown in Figure 3-3 (B)). CO, produced reactions like
water gas shift reaction (Reverse Equation 3-2) and CO disproportionation reaction (Equation
3-4) are exothermic reactions and thermodynamically favored at low temperature. In contrast,
regarding methane, reactions such as dry methane reforming and methane decomposition are
endothermic and enhanced monotonically with the increase in temperature. The overall effect
is a higher methane conversion compared to carbon dioxide in the range of 250 to 850 <C.
The equilibrium components of the reacting species for dry methane reforming are presented
in Figure 3-3 (D). Upon increasing the temperature, the composition shifts to the production
of CO and H,. The coke and other components constituents approaches zero at temperature
higher than 850 <C. The H,/CO ratio decreases with increasing the temperature and

approaches to the stoichiometric 1:1 ratio.

3.4.2 Influence of Pressure on DMR

The influence of pressure on the equilibrium composition of dry methane reforming was
investigated and the result is shown in Figure 3-4. The increasing in pressure leads to a
decrease in both CH,4 and CO; conversion, indicating dry methane reforming is unfavorable at
high pressure. This is reasonable for a reaction with an increase in moles (volume expansion).
Moreover, the influence of pressure is obvious at pressure from 1 bar to 5 bar and inclined to

limiting values at increasing pressure from 5 bar to 20 bar.
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Figure 3-4: Influence of the pressure on the equilibrium conversions of CH, and CO, at
CH4/CO,/N,=1:1:1, considering carbon deposition.

The corresponding equilibrium yields of H,, CO, carbon and H,O are displayed in Figure
3-5. It is clearly indicated that the pressure has a strong influence on the equilibrium product
distribution. The H, and CO production decreases with the increase in pressure, the pressure
influence is more visible at the range of 600-900 °C, which is the common investigation
temperature range. Carbon formation is more important at high pressure as the carbon
generating reactions (Equation 3-4, Equation 3-5 and Equation 3-6) are generally volume
decreasing reactions, which are thermodynamically favorable at high pressure. At the same
temperature, water formation is higher with the increase in pressure. This may be due to
greater CO, mole fraction at higher pressure which is advantage for the CO, consumed
reactions such as reverse water gas shift reaction and CO; hydrogenation (shown in Equation

3-2 and Equation 3-6), which are also H,O produced reactions.
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Figure 3-5: Pressure influence on (a) equilibrium yield of Hy; (b) equilibrium yield of CO; (¢)
equilibrium carbon yield; (d) equilibrium yield of H,O at CH,/CO,/N,=1:1:1, considering carbon

deposition.

3.4.3 Influence of CH,/CO, ratio on DMR

As already reported [3, 4], the composition of biogas strongly depends on the type of the
biomass, the organic waste as well as the process conditions. The content of methane is
normally in the range of 50-60%, carbon dioxide 35-45%. So it is interesting to study the
effect of CH4/CO, ratio for the dry methane reforming. Different CH,/CO, ratios over the
equilibrium composition were investigated. Figure 3-6 displays the equilibrium conversion of
CH, and CO; at 10 bar and (CH4+CO,)/N, = 2:1.
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Figure 3-6: The influence of CH4/CO, ratio on the equilibrium conversion of CH, and CO, at

It is clearly shown in Figure 3-6 that CH, conversion decreases with the increase in

CH4/CO, ratio, while CO, conversion increases with the rise of CH4/CO, ratio. It is worth to

point out that the influence of CH4/CO, ratio is obvious at low temperature while it becomes

inconspicuous at the temperature range of 600-900 °C.

Figure 3-7 shows the equilibrium yield of H,, CO, H,0O and carbon formation at different

CH4/CO, ratio. There is a slight influence on the H; yield over different CH,/CO, ratio at our

research scope, specifically at elevated temperature (more than 900<C). In contrary, the CO,

H,0 vyield and carbon formation are strongly affected by the CH,/CO; ratio.

The CO vyield decreases with the increase in CH4/CO; ratio. Dry methane reforming and

reverse carbon gasification reactions are not in favor to CO production. At this high CH4,/CO,

ratio, reaction of methane decomposition is predominant which explains the increase in

© 2016 Tous droits réservés.
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carbon formation at high CH,/CO; ratio. H,O vyield is prevented by the excess of CH, and is
promoted by the excess of CO, as this later species participates in the reverse water gas shift
reaction, CO, methanation and CO, hydrogenation. Moreover, at low CH,/CO, ratio, excess

CO;, prevents the carbon formation by its oxidation property.
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Figure 3-7: The influence of CH,/CO, ratio on (a) the equilibrium yield of Hy; (b) equilibrium yield of
CO; (c) equilibrium carbon yield; (d) equilibrium yield of H,O at (CH,+CO,)/N,=2:1 and

pressure =10 bar.

3.4.4 Influence of the dilution with N,on DMR

Generally, the biogas contains 0.5-7% of nitrogen [1]. In addition, in order to calculate
the composition of the outlet gas after dry methane reforming, N, was normally employed as
an internal standard gas. So it is necessary to study the effect of the presence of this inert gas
on the dry methane reforming. Different content of N, was investigated over the dry methane

reforming equilibrium.
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Figure 3-8: Influence of the presence of N, on the equilibrium conversion of CH, and CO, at

CH,/CO,=1:1 and pressure=10 bar.

Based on the result in Figure 3-8 and Figure 3-9, N, has a positive effect on DMR
resulting in a slight increase in CH4 and CO; conversions. The addition of inert gas decreases

the partial pressure of CH; and CO,. The influence of the dilution with nitrogen on the

production of hydrogen, carbon monoxide, carbon and water was negligible.
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Figure 3-9: The influence of the presence of N, on (a) the equilibrium yield of Hy; (b) equilibrium
yield of CO; (c) equilibrium carbon yield; (d) equilibrium yield of H,O at CH,/CO,/N,=1:1:1 and
pressure = 10 bar.

3.5 Thermodynamic calculation of Fischer-Tropsch synthesis

3.5.1 Products distribution

As is shown in the Table 3-2, the equilibrium conversions of CO and H, approach 100%
at 300 °C and 20 bar. Thermodynamically, the main products are CO, and CH, (25.3% and
74.7% respectively), while the selectivities of longer chain products (the C," products) and

alcohols are negligible, which is concordant with some results in the literature [25, 29].

In practice, the CH, selectivity is lower, and higher selectivities of longer chain products
and alcohols products are observed. Besides, the product distribution strongly depends on the
catalysts. It is clearly indicated the significant difference between actual Fischer-Tropsch
synthesis results and the distribution estimated by thermodynamic consideration. This
strongly implies that Fischer Tropsch synthesis reactions are kinetically controlled and the

product distribution is dominated by catalysts [21].
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Table 3-2: Comparison between thermodynamic calculation and actual selectivity of Fischer-Tropsch

synthesis product.

Experiment results in

Iculati o ]
Compound C?e;ljlzt:/on bibliographies/ %
0
FeSiO, [30] KMoS,/Al,0; [31]
. CcO 100 76.9 21.3
conversion
H, 99.5 51.6 -
Co, 25.3 32.1 33.2
CH, 74.7 17.7 18.9
. C,-C, 2.89x107 12.9 15.9
Selectivity - "
C,-C, 2.74x10 18.3 10.7
Cs" 1.61x10™ 18.8 6.3
C-OH 9.68x10° 0 15.1

Calculation condition: H,/CO/N,=40:20:1; Temperature=300 °C; pressure=20 bar; Reaction condition:
H,/CO/N,=40:20:1; Temperature=300 °C; pressure=20 bar.

3.5.2 Influence of the presence of CH, and CO,

The influence the presence of CH4; and CO, is investigated and the equilibrium
conversion is presented in Figure 3-10. It is clearly indicated that the conversion of CO and
H, slightly decrease with the presence of CH; and CO,. This results suggests that
thermodynamically, the small amount of CH; and CO, (that could come from a
non-conversion of a part a those reactants during the DMR reaction) in the feed gas scarcely

affect the reaction equilibrium on the Fischer-Tropsch synthesis.
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Figure 3-10: Equilibrium conversions of H, and CO at different temperature (Black line: pure syngas,
Red line syngas with 5% CH, and 5% CQO,) at pressure = 10 bar and H,/CO = 1.
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3.6 Conclusion

Thermodynamic analysis of dry methane reforming via Gibbs free energy minimization
method was employed to evaluate the effect of temperature, pressure, CH4/CO, ratio and the
presence of N,. Based on the calculation results, the following conclusions are given:

- Carbon and H,O formation are not favored at high temperature: the increase in
temperature promotes the dry methane reforming reaction and the reverse water gas
shift reaction, CO disproportionation and CO/CO, hydrogenation. Thus the
generation of carbon and water formation is limited, leading to a ratio of H,/CO
approaching to the stoichiometric ratio of the DMR reaction.

- Increase in pressure is not favorable for dry methane reforming reaction. A decrease in
methane and carbon dioxide conversion as well as the H, and CO selectivity along
with the increase in water and carbon formation are observed with the pressure

increase.

- Increasing CH4/CO; ratio leads to lower CH, conversion and higher CO, conversion.
The high CH,4/CO, ratio is inclined to restrict the RWGS reaction, leading to a decrease
in H,O production, to increase the carbon formation and affect scarcely the H;

generation.

- Inert gas decreases the partial pressure of the reacting components, while no effect was

observed on the thermodynamics of dry methane reforming.

Thermodynamic analysis of Fischer-Tropsch synthesis via Gibbs free energy
minimization method was employed to estimate the products distribution and was applied for
comparison with experimental results performed in the same condition of temperature and
pressure. The calculation results indicated the Fischer-Tropsch synthesis reactions are
Kinetically controlled and the products distribution may be dominated by catalysts as well as
by reaction conditions. Thermodynamically, the addition of CH, and CO; on the feedstock

slightly decreases the equilibrium conversion especially at higher temperatures.
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4.1 Introduction

Dry methane reforming, which consumes two strong greenhouse gases CH4 and CO, and

produces important chemicals H; and CO, has been intensively studied [1].

Catalysts play a crucial role in dry methane reforming process. Noble metals, such as Ru,
Rh, Pd, Pt and Ir, display excellent catalytic performances and good stability for the dry
methane reforming, whereas, their limited resources and high cost restrict their utilization at
the industrial scales. Transition metals, such as Fe, Cu, Co especially Ni have been proven to
be efficient catalysts for dry methane reforming [2, 3]. However, carbon deposition over
transition metals is a crucial problem which is the main restriction for their application in the
industry [4].

Molybdenum carbide, which has similar electronic structure with noble metals, has been
widely used as catalyst for many reactions [5-7]. Particularly, it is becoming an attractive and
promising catalyst for replacement of traditional dry methane reforming catalysts due to its
excellent resistance for carbon deposition. However, in previous works [8-10], molybdenum
carbide catalysts exhibited stable activity only at elevated pressure. Nevertheless, at
atmospheric pressure, molybdenum carbide is easily oxidized by CO, during the dry methane
reforming reaction and generates inactive phase such as MoO,, which leads to rapid

deactivation of the catalyst:

Mo,C +5 CO, =2 MoO, + 6 CO Equation 4-1

Otherwise, MoO, can be re-carburized by CH,4 to Mo,C phase, which can be described as:

6 MoO, + 5 CH, =3 Mo,C +2 CO + 10 H,0 Equation 4-2

An oxidation-recarburization balance between MoO, and Mo,C phase exists in the case
of Mo,C based catalyst. CO, dissociation on the catalysts is usually faster than that of CHy,
particularly at the atmosphere pressure condition [11].

As is reported in the literature [12-17], Ni promotion can help to keep bulk Mo,C
catalyst from the oxidation during reaction. Many publications focus on bulk molybdenum
carbides [10, 14, 16, 17], while very few reports have been addressed so far to supported
molybdenum carbide catalysts. Besides, the preparation method is crucial as it strongly affects

the microstructure of the catalysts (such as the crystallite size of active phase) and/or the
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interaction between active phase and support (which may has a strong impact on the catalytic
behaviors).

This chapter particularly focuses on the influence of nickel promotion over alumina
supported molybdenum carbide catalysts prepared by different methods: incipient wetness
impregnation, impregnation & precipitation and mechanical mixture method. The catalyst

nomenclatures, methods of preparation and nickel contents are listed in Table 4-1.

Table 4-1: Catalysts contents of nickel promoted molybdenum carbides catalysts.

Catalysts contents Ni/Mo

Catalysts Preparation method (wt%o) Ratio(Ato
Ni Mo mic)
Mo/Al,O3 Incipient wetness impregnation 0 10 -
NiMo/Al,03-1:2 Incipient wetness impregnation 3.2 10 1:2
NiMo/Al,05-1:1 Incipient wetness impregnation 6.4 10 1:1
Ni/Al,O4 Incipient wetness impregnation 6.4 0 -
NiMo/Al,05-1:2-M Mechanical mixing 3.2 10 1:2
NiMo/Al,O5-1:1-M Mechanical mixing 6.4 10 1:1
NiMo/Al,05-1:2-1P Impregnation & precipitation 3.2 10 1:2
NiMo/Al,03-1:1-1P Impregnation & precipitation 6.4 10 1:1

The different catalysts were characterized by nitrogen adsorption, X-ray diffraction
(XRD), X-ray Photoelectron spectroscopy (XPS), Temperature Programmed Reduction of
Hydrogen (H,-TPR), Temperature Programmed Surface Reaction (TPSR), Scanning Electron
Microscopy (SEM) and Thermo Gravimetric Analysis (TGA). The catalytic performances
were evaluated in a fixed bed reactor at atmospheric pressure. Particularly dry methane

reforming under pressure was also investigated in this chapter.
4.2 Characterizations of fresh nickel promoted Mo/Al,O; catalysts

4.2.1 Textural structure

The specific surface area is an important catalyst characteristic. The textural properties of
the alumina support, calcined and carburized Mo-based catalysts and those of the Ni promoted

Mo-based catalysts are displayed in Table 4-2.

The surface area, average pore volume and diameter decreased after alumina
impregnation with molybdenum. This decrease is probably partially due to both the “dilution”
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effect of the support with molybdenum and the partial pore blockage of alumina by
molybdenum species [18]. In addition, the promotion by nickel resulted in a further decrease

in the catalyst surface area.

Table 4-2: the Physical properties of Mo carbides catalysts.

Sample rs‘fz% c\r/rtw%t;é Dn”;;s‘)
) Al,O; 138.7 0.42 6.0
f:r'ﬁ;)r;gg Mo/ALLO, 123.4 0.33 5.4
NiMo/Al,O5-1:1 115.2 0.31 51
Mo/Al,O3 119.7 0.34 5.7
Carburized NiMo/Al,03-1:1 106.6 0.31 53
samples NiMo/Al,O;-1:1-M 104.8 0.32 53
NiMo/Al,O5-1:1-1P 101.3 0.30 5.8

The BET surface area also decreased after carburization (123.4 m?/g before and 119.7
m?/g after carburization for Mo/Al,Oz catalyst; 115.2 m%g before and 104.8 m%g after
carburization for NiMo/Al,O3-1:1 catalyst). This decrease is probably attributed to the partial
pore blockage of alumina support caused by the carbon formation during carburization
process [19].

Beside, despite the preparation method of catalyst (mechanical mixing, impregnation &
precipitation or incipient wetness impregnation), the textural properties (surface area, average
pore volume and diameter) of the carburized samples remains similar. This is in accordance to

previous reports [18].

4.2.2 X-ray diffraction for oxide catalysts

X-ray diffraction patterns for calcined nickel promoted Mo/Al,O3 catalysts are shown in
Figure 4-1. The diffraction peaks at 20 of 23.3< 25.7°and 27.3° for the non-promoted
Mo/Al,O3 catalyst are attributed to the crystallographic planes of the orthorhombic MoOj;
phase (JCPDS 35-0609). The XRD peaks broadening indicates higher dispersion of
molybdenum species on the alumina support [20].

After nickel promotion by incipient wetness impregnation, no characteristic peaks of
MoO, or MoO3 were detected on the diffractograms (Figure 4-1 b and c). This suggests that

the molybdenum species were better dispersed on the alumina support, the crystallite sizes
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should be below the detection limits of X-ray diffraction [21]. The addition of nickel
promotes the dispersion of molybdenum species on the alumina support. No new diffraction

peaks corresponding to nickel-containing crystalline phases are observed.

<>NiMoO4 vMoO3 AA|203

Intensity (a.u.)

2 Theta(®)

Figure 4-1: XRD patterns of calcined nickel promoted Mo/Al,O; catalysts (a) Mo/Al,O3; (b)
NiMo/Al,0s5-1:2; (¢) NiMo/Al,03-1:1; (d) NiMo/Al,03-1:2-1P; (e) NiMo/Al,05-1:1-1P; (f)
NiMo/Al,05-1:2-M; (g) NiMo/Al,03-1:1-M.

The XRD patterns for nickel promoted Mo/Al,O3 catalysts prepared by other methods
were also investigated. For the mechanical mixture NiMo/Al,03-1:1-M catalyst (Figure 4-1 g),
the peaks at 26 of 24.0< 25.3< 28.8< 32.3< 38.6< 41.2< 43.9< 47.4< and 53.4°can be
attributed to the crystallographic planes of the monoclinic NiMoO, phase (JCPDS 35-0948).
The shape and evident intensity indicated the presence of considerable crystallite size for the
NiMoO, phase. Moreover, the same characteristic peaks of both NiMoO, and MoO; are
evidenced over NiMoO3/Al,05-1:2-M catalyst (Figure 4-1 f) with lower intensity, which may
be due to the less nickel content compared with the stoichiometric catalyst. The characteristic
peaks of MoQOj3 are visible over both catalysts prepared by impregnation & precipitation
method: NiMo/Al,03-1:1-1P and NiMo/Al,O3-1:2-IP (Figure 4-1 e and d). This indicates the
presence of greater MoOj crystallite size compared with their counterparts prepared by
incipient wetness impregnation. The crystallite size of molybdenum species increases
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following the preparation method order of: mechanical mixture > impregnation &

precipitation > incipient wetness impregnation.

4.2.3 X-ray diffraction for carburized catalysts

X-ray diffraction patterns for carburized NiMo/Al,03-1:1 catalysts prepared by the three
different methods were investigated and the results are shown in Figure 4-2. No characteristic
peaks for MoO, or MoOj3 were detected for the carburized NiMo/Al,0s-1:1 (incipient wetness
impregnation) and NiMo/Al,05-1:1-IP (impregnation & precipitation) catalysts. It is difficult
to characterize Mo,C/Al,O3 because some of the characteristic peaks of B-Mo,C overlapped
with the characteristic peaks of alumina phase. However, the other characteristic peaks of
B-Mo,C at 26 = 52.3< 61.9< 74.6< and 75.5°were not detected. No characteristic peaks for
metallic nickel or nickel oxide have been observed, which allowed to conclude that the
molybdenum carbide and nickel were highly dispersed on the alumina support, the crystallite

sizes being below the detection limits of X-ray diffraction [21].

In the catalyst prepared by mechanical mixture, the width of the XRD peaks suggests
that this catalyst presents larger crystallite size compared to the other two catalysts. Intense
peaks were detected at 20 of 34.4< 38.0< 39.4< 52.3< 61.9< 74.6< and 75.5°and can be
attributed to molybdenum carbide. Other peaks at 26 of 44.3< 51.7and 76.1“are visible and
can be attributed to metallic nickel. No characteristic peaks of molybdenum oxide or nickel
oxide were observed, which indicated that the molybdenum species were completely

converted to carbides phase during the carburization process.
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Figure 4-2: XRD patterns of carburized NiMo/Al,Os-1:1 catalyst prepared by different methods.

4.2.4 H,-TPR for oxide catalysts

To investigate the interaction between Ni, Mo species and alumina support of the

calcined catalysts, Ho-TPR experiments were employed and the results are shown in Figure

4-3.

Unsupported bulk NiO is known to be reduced to metallic Ni® in the 200 - 450 € [14, 22,
23]. However, as is shown in Figure 4-3, the reduction peak of nickel (6.4 wt%, same content
of Ni with NiMo/Al,05-1:1 catalyst) supported on alumina is shifted to the 450-750 €
temperature range, which may due to the strong interaction between NiO and the alumina
support. These strong NiO-Al,O3 interactions are caused by the dissolution and incorporation

of AI** ions in NiO crystallites [23, 24].
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Figure 4-3: H,-TPR of calcined molybdenum based catalyst, nickel based catalyst and nickel promoted
molybdenum catalysts.

Two reduction peaks are distinguished for the calcined Mo/Al,O3 catalyst. The low
temperature peak at around 490 <€ can be attributed to the partial reduction of polymolybdate
or MoO; from Mo® to Mo*" [20, 25-27]. Whereas the high temperature broad peak at
approximately 750 €€ may be due to further progress in the reduction of partially reduced
molybdenum species to metallic Mo species (Mo*" to Mo®), together with the reduction of
tetrahedrally coordinated Mo species, which were difficult to reduce due to their strong

interaction with alumina support [20, 26, 28, 29].

Similarly, nickel promoted Mo/Al,O;3 catalysts also exhibited the low temperature H,
consumption peak at the range of 400 to 450 <€ which can be attributed to the partial
reduction of polymolybdate from Mo®* to Mo** and high temperature peak at approximately
750 <€ that corresponding to second H, consumption peak of non-promoted Mo/Al,O3
catalyst. An obvious shift to lower temperature for the first peak is observed with the addition
of nickel. This may indicate that the promotion of nickel weakens the interaction between

molybdenum and alumina support.
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Particularly, a new peak at around 550 <€ is observed, which intensity varies with the
increase in the amount of nickel. This peak can be attributed to the reduction of NiMoO,
species [12, 16, 29, 30].

4.2.5 H,-TPR for carburized catalysts

The H,-TPR curves of carburized NiMo/Al,O3-1:1 catalysts prepared by the three
different methods are shown in Figure 4-4. For the carburized NiMo/Al,O3-1:1 sample, the
TCD signal indicates the presence of an intense hydrogen consumption peak between 250 -
375 <€, a smaller hydrogen consumption peak between 425-600 <C and a broad hydrogen
consumption peak between 650-900 <C. Note that some peaks can be attributed to production
of methane during the TPR experiments. Previous reports [19, 31-33] suggested that several
layers of carbon could be formed on the surface of an ideal Mo,C phase. The first peak can be
attributed to the reaction of hydrogen with oxygen (as the catalysts have been passivated
before the TPR experiment) and/or to the reduction of surface carbidic carbon. The second
peak can be attributed to the reduction of a sublayer of carbon, producing methane. The third
broad H, consumption peak can be attributed to the reduction of Mo,C phase [31, 33] along
with the reduction of graphitic carbon [34].

Carburized

Carburized NiMo/AlLO,-1:1

NiMo/AL,O,-1:1-IA

H, consumption

Carburized NiMo/AL,0,-1:1-M

—71r < r < r 71T+ 1T 1T 1T 1T 1717
100 200 300 400 500 600 700 800 900 1000 1100
Temperature (°C)

Figure 4-4: H,-TPR of carburized NiMo/Al,Os-1:1 catalyst prepared by different methods.

104

© 2016 Tous droits réservés. lilliad.univ-lille.fr



Thése de Tong Li, Lille 1, 2016

Chapter 4 Dry methane reforming over Ni promoted Mo,C based catalysts

Impregnation & precipitation method prepared sample (NiMo/Al,Os3-1:1-1P) showed
similar H, consumption curve with its counterpart prepared by incipient wetness impregnation.
However, a shift to lower temperature of the first peak and a decrease in intensity was
observed for the catalyst prepared by impregnation & precipitation method
(NiMo/Al,03-1:1-1P). This shift is probably due to the weaker interaction between Mo species
and alumina support prepared by impregnation & precipitation method.

Catalyst prepared by mechanical mixture method (NiMo/Al,O3-1:1-M) displayed a
significant different trend for the H,-TPR. Three hydrogen consumption peaks at the range of
200-400 <€, 375-475 < and 500-700 <C as well as a slight hydrogen generation peak
(negative peak) at the temperature range of 700 to 900 <C were observed. The previous two
peaks can be attributed to the reduction of Mo oxide phase generated during the passivation
step and reduction of surface carbidic carbon, respectively. The third peak may be attributed
to the gradual reduction of Mo,C phase, which is similar to molybdenum bulk carbides
catalysts reported in the literature [32, 35]. Compared with the other 2 samples, a slight shift
to lower temperature was observed, which may be due to the weak interaction between

molybdenum and alumina support prepared by mechanical mixture method.

The following peak of H, generation may be assigned to the hydrogen spillover [36, 37],
which is a common phenomenon for noble metals such as Pt [38, 39]. Hydrogen molecules
can be adsorbed and dissociated by noble metal catalyst and migrated into nonmetal support
which served as a hydrogen “reservoir”. With increasing the temperature, the hydrogen is
desorbed. As the molybdenum carbides catalyst is said to have similar structure with noble
metal, the observation of hydrogen spillover phenomena over molybdenum carbide has been
proved [36, 37, 40, 41]. It occurred during the carburization process under CH4/H, flow, with

the increase in temperature and the reduction of Mo,C.

4.2.6 X-ray Photoelectron spectroscopy for carburized catalysts

XPS technology was employed to investigate chemical states of the elements in the
carburized nickel promoted Mo,C catalysts. Before the measurements, the catalysts have been
passivated in order to be transferred from the quart reactor to the XPS cell. The results are

displayed in Figure 4-5, Table 4-3 and Figure 4-6.
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Figure 4-5: Mo 3d XPS spectra of carburized nickel promoted Mo/Al,O; catalysts prepared by different
methods.
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The Mo 3d XPS spectrum of carburized Mo/Al,O5 catalyst is illustrated in Figure 4-5.
The broad envelop of the Mo 3d signal can be decomposed in several separate overlapping

doublets indicating that Mo exist on different oxidation state:

- The peak at binding energy (BE) of 228.5 eV can be attributed to Mo?* species which
may be involved in Mo carbide [42-45].

- The peak at binding energy of 229.6 eV can be attributed to Mo** species which can
probably be associated to the MoO, species [46-48] .

- The peak at binding energy of 230.8 eV can be identified to Mo® (4 < § < 6) which
may be involved in Mo oxycarbide species [14, 46, 49].

- The one at binding energy of 232.9 eV can be attributed to Mo®* species which may be
involved in MoOg species [14, 46].

The presence of those two later species can be explained by the passivation step which
oxidized the surface Mo carbide. However, it cannot be totally excluded that the presence of

oxides can be due to incomplete carburization.

As is shown in Figure 4-5, similar XPS spectra were observed for the carburized nickel
promoted Mo/Al,Os catalysts. All the catalysts displayed intense peaks of Mo®*, Mo®', and
Mo®" species. The presence of Mo*" species strongly implied the existence of Mo,C phase on
the carburized catalysts. No characteristic peak of metallic molybdenum was detected for all
the catalysts. Particularly, no characteristic peak of Mo** species was observed for
NiMo/Al,03-1:2-M sample.

Table 4-3 displays the molybdenum species distribution obtained by XPS. The result
indicated that a considerable percentage of Mo®" species (68.1%) and a low percentage of
Mo®* species (10.3%) on the unprompted Mo/Al,Os catalyst. The addition of nickel promoter
increased the Mo®" species and decreased Mo®* species, which were obviously observed on
the carburized NiMo/Al,03-1:2 and NiMo/Al,0s-1:1 catalysts. This may imply that the

promotion of nickel improves the carburization capacity of Mo/Al,O3 catalyst.

The considerable percentage of Mo?* species suggests the presence of Mo,C phase over
carburized NiMo/Al;03-1:1-IP and NiMo/Al,03-1:2-M catalysts.
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Table 4-3: Mo species distribution ( Mo**/Mo ratio) of carburized nickel promoted Mo/Al,O; catalysts
prepared by different methods.

Mo species distribution (%)

Catalysts
Mo®*  Mo* Mo  Mo*
Position/eV 228.5 229.7 230.8 232.9

MO/A|203

Species distribution 10.3 16.8 4.8 68.1
NiMO/ALO,-1:2 Position/eV 228 229.1 230.1 232.3
Species distribution 35.5 21.8 15.6 27.1
NiMo/Al,Ox1:1 Position/eV 228.1 229.1 230.3 232.3
Species distribution 24.2 32.9 13.3 29.6
NiMO/ALO,-1:1-1P Position/eV 228.2 229.2 2304 2323
Species distribution 27.1 44.4 5.6 22.9
NiIMO/AlLOs-1:2-M Position/eV 228 229 230.2 232.5
Species distribution 25.0 30.0 0 45.0

Figure 4-6 shows the Cls XPS spectra of carburized Mo/Al,O; and Ni promoted
Mo/Al,O3 catalysts, after deconvolution of the broad envelop of the C 1s signal, 4 carbon

peaks are observed:

- The first peak at a binding energy of 282.9 eV can be attributed to the carbidic
carbon which may be characteristic of the molybdenum carbide phase [42, 44, 45,
50];

- The peak at a binding energy about 284.8 eV can be associated to C-C bond from
free carbon (such as graphitic carbon) [44, 45]. This carbon may be due to the carbon

deposition that is usually found on the surface of molybdenum carbide samples;

- The peak at a binding energy of 286.3 eV can be attributed to the C-O bond [45,
50];

- The last peak at a binding energy of 288.7 eV can be associated to the C=0 bond.
Those two later species may be due to the surface oxidation during passivation or the
carbon of oxycarbides species [42, 44, 45].

As is clearly displayed in the Figure 4-6, all catalysts showed evident carbon peaks for
free carbon (Binding energy = 284.8 eV) and oxidized carbon (Binding energy at 286.3 eV
and 288.7 eV). Besides, except the NiMo/Al,03-1:1 catalyst, characteristic peaks attributed to
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carbidic carbon were observed over all the other samples, which further proves the presence
of molybdenum oxycarbides. It needs to point out that the intensity of carbidic carbon peak
was very low. The absence of carbidic carbon peak in the NiMo/Al,O3-1:1 catalyst or the low

intensity is probably due to the surface oxidation during passivation step.

Figure 4-6: C 1s XPS spectra of carburized Mo/Al,Os and nickel promoted Mo/Al,O; catalysts
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Figure 4-7: Nickel 2p XPS spectra of carburized nickel promoted Mo/Al,O; catalysts prepared by
different methods.
Figure 4-7 shows the nickel 2p XPS spectra of carburized nickel promoted Mo/Al;0O5
catalysts prepared by different methods. Different nickel species were detected by the XPS

spectra:

- The peaks at binding energy of 852.5 eV can be attributed to metallic nickel phase
Ni° [51, 52];

- The peaks at binding energy of 855.5 eV can be attributed to Ni** species which
can be involved in NiO phase [52, 53];

- The peak at binding energy of 857 eV can be attributed to Ni—Al spinel (NiAl,O3)
phase [51, 53, 54] due to the interaction between nickel species and alumina support.

As is clearly displayed in Figure 4-7, all the samples showed peaks of metallic nickel for
the nickel promoted Mo/Al,O3 catalysts after carburization. Characteristic peaks attributed to
NiO and Ni-Al spinel were also detected for all the samples. This may suggest incomplete
reduction of nickel due to the strong interaction between nickel species and alumina support

as well due to the carburization process.
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427

(CH,/CO,)-Temperature programmed surface reaction (TPSR)

Figure 4-8 shows the (CO,-CH,)-TPSR profiles obtained over carburized Ni/Al,O3

catalyst, Mo/Al,O3 catalyst and with different amount of nickel promotion.
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molybdenum based catalyst, nickel based catalyst and Ni promoted Mo/Al,O; catalysts.
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As it is obviously shown in Figure 4-8, the initial activation temperature of methane and
carbon dioxide is about 620 <C for the non-promoted molybdenum carbide catalyst, whereas,
methane and carbon dioxide are activated at lower temperature (300 <C) over the reference

nickel catalyst.

Preparation methods have a significant influence on the TPSR curves over dry methane
reforming. For the catalyst prepared by incipient wetness impregnation, with the addition of
nickel at a Ni:Mo ratio 1:2, a slight activity is observed at 300 <C, which coincides with the
activation temperature of nickel species. This suggests the presence of metallic nickel phase.
The CH,4 and CO, conversions increased when the ratio Ni:Mo is raised to 1:1 at this same
temperature of 300 <C. Afterward, the reaction was activated again at about 620 <C which
coincide with the activation temperature of molybdenum carbide species.

The NiMo/Al,03-1:2-1P catalyst exhibited similar trend with its counterpart
NiMo/Al,03-1:2 catalyst. However, different curves were observed for the
NiMo/Al,03-1:1-1P catalyst compared with the NiMo/Al,03-1:1 catalyst by incipient wetness
impregnation method. The curves are similar to the TPSR curves of Ni supported on alumina
catalyst, with a reforming activity starting at about 300 <C. No activity decrease was detected

after reaction activated at 300 <C.

For the two samples prepared using mechanical mixing, NiMo/Al,03-1:2-M and
NiMo/Al,03-1:1-M catalysts, the reaction was activated at 300 <C and the activity increased
with increasing the temperature. Their TPSR profiles are similar to those of the reference
Ni/Al,O3 catalyst.

This implies that the dry methane reforming over the Mo,C catalysts strongly depends

on the Ni promotion, particle size and the interaction between Mo and support.
4.3 Catalytic performance over dry methane reforming

4.3.1 Catalytic performance at different temperature

The catalytic performance of different amount of nickel promoted Mo/Al,O3 catalyst was
measured in a fixed-bed tubular quartz reactor. Before the reaction, all the samples were
carburized in-situ with CH4/H; at 700 <C for 2 h. The activity was evaluated every 50 <C over
the temperature range of 700-850 <C and stability was measured for the catalyst with the

greatest conversion at 850 <C. The catalytic performances are shown in Figure 4-9.
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Figure 4-9: Effect of Ni over Mo,C/Al,O; catalysts at different reaction temperature over GHSV =

800

6000 ml.g™.h™, time on stream = 1h and atmosphere pressure.

As is shown in Figure 4-9, non-promoted molybdenum carbide catalyst showed low
activity in dry methane reforming. The methane and carbon dioxide conversion are as low as
2.9% and 6.7% respectively at 700 <C. The higher conversion of CO, than methane may be
due to the simultaneous occurrence of the reverse water gas shift reaction (CO, + H, = H,0 +
CO) [54, 55], which is also the reason for low H,/CO ratio. As expected, increasing
temperature increased dry methane reforming activity. The methane conversion and CO,
conversion reached 17.2% and 44.6% respectively at 850 <C. Furthermore, the H,/CO ratio
also increased obviously with the increase in temperature, which is in agreement with the

thermodynamic analysis [55, 56].

The results indicated that catalyst activity and H, selectivity are dependent on Ni/Mo
ratio [10]. Let us first discuss about the performance of the 3 catalysts prepared by
impregnation method. Compared to the non-promoted molybdenum carbides catalyst, the

addition of nickel increased the dry methane reforming activity

Different catalytic performances were observed for the catalysts prepared by different
methods in dry methane reforming. Compared with the incipient wetness impregnation
prepared counterpart NiMo/Al,O3-1:2, higher activity and H, selectivity were observed in the

NiMo/Al,03-1:2-1P samples prepared by impregnation & precipitation method. Significant
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influences were obtained with the increasing of nickel content over dry methane reforming.
NiMo/Al,03-1:1-1P catalyst exhibited excellent activity and H; selectivity. The CH, and CO,
conversion reached 96.0% and 95.1% along with 94.6% of H, selectivity and a H,/CO ratio of

0.92 at 850 <C. Different to the other samples, all catalysts prepared by the mechanical

mixture displayed excellent catalytic performance in dry methane reforming.

4.3.2 Stability of Ni promoted Mo/Al,O; catalysts in dry methane

reformin

g

For the further study, the stability of nickel promoted molybdenum carbide catalysts was

investigated at GHSV = 6000 ml.g.h™, at 850 <C. The stability performances were shown in

Figure 4-10.
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Figure 4-10: Lifetime of nickel promoted molybdenum carbide catalysts over dry methane reforming
at temperature of 850 < and GHSV = 6000 ml.g*.h™,

As is shown in Figure 4-10, for the non-prompted molybdenum carbide catalyst, a rapid

decline of dry methane reforming activity and H; selectivity was observed within the 4 hours

of time on stream. Then the activity remains stable around 10% conversion of CH4 and 15%

conversion of CO,.

© 2016 Tous droits réservés.
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The addition of nickel leads to an increase in the catalysts stability. At a Ni:Mo ratio of
1:2, the NiMo/Al,05-1:2 catalyst still exhibited a slight and slow decrease in activity. With a
Ni:Mo ratio of 1:1, the NiMo/Al,O3-1:1 catalyst showed a rapid increase in activity after
about 3 hours of reaction. The same test was repeated in the same condition and an identical
result was obtained. The methane and carbon dioxide conversion increased from 41% up to
96.5% and from 55% up to 93.4%, H, selectivity reached 91.3%, and the H,/CO ratio attained
0.89. It is worth pointing out that no obvious decrease in activity was observed during the 20
hours after the rapid increase. The catalytic performance means that some new phase may be

generated during the dry methane reforming test over the NiMo/Al,O3-1:1 catalyst.

Preparation methods also have a significant influence on the stability. The
NiMo/Al,03-1:2-IP catalyst exhibited similar conversions and a slightly better stability than
the counterpart catalyst prepared by incipient wetness impregnation method
(NiMo/Al;05-1:2). The NiMo/Al,03-1:2-M catalyst prepared by mechanical mixture
displayed excellent stability and product selectivities from the first hours of test and during

the 20 hours of time on stream.

Both previous catalysts prepared by impregnation & precipitation and by mechanical
mixing, when the Ni:Mo ratio increases to 1:1, showed high activity in CH4 and CO,
conversion since the beginning of the test. A blockage of the reactor was observed after 7 h
time on stream for NiMo/Al,O3-1:1-IP and after 3 h for NiMo/Al,03-1:1-M, which may be

due to high carbon deposition on these two catalysts during the dry methane reforming.
4.4 Characterizations of spent NiMo/Al,O; catalysts

4.4.1 CH,CO,-TPSR for spent NiMo/Al,Os-1:1 catalyst

As the activity changed significantly over NiMo/Al,Os-1:1 during dry methane
reforming process, it is necessary to investigate the (CO,-CH,)-TPSR for the spent catalyst
(Figure 4-11). As is obviously shown in Figure 4-11, the (CO,-CH,4)-TPSR profiles of spent
catalysts have shown different tendency compared with the fresh catalyst. The initial
activation temperature of methane and carbon dioxide was about 520 <C, which is between
the initial activation temperature of molybdenum carbide species and nickel species. This
implies that during dry methane reforming process at high temperature, a new
nickel-molybdenum mixed phase has been generated in-situ. This seems to have a beneficial
influence on the activity and stability for dry methane reforming.
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Figure 4-11: In-situ (CO,-CH,)-temperature programmed surface reaction (TPSR) of spent
NiMo/Al,Os-1:1 catalyst.

4.4.2 X-ray diffraction for spent catalysts

the results were shown in Figure 4-12 and Table 4-4.

The XRD patterns of spent nickel promoted Mo/Al,O3 catalysts were investigated and

Differently to the carburized

molybdenum carbide sample, all the spent samples exhibited evident peaks of molybdenum or

nickel.
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Figure 4-12: XRD pattern for spent nickel promoted Mo/Al,O; catalysts at 850 T for 20 hours
(Particularly, NiMo/Al,O3-1:1-1P after 7 hour test and NiMo/Al,O3-1:1-M after 3 hour test due to the

blockage of reactor).
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The promotion of nickel has significant impact on the XRD patterns for the spent
catalysts. The catalysts prepared by impregnation method indicated the growth of the
crystallite size during dry methane reforming reaction at 850 <C. The presence of
characteristic peaks of MoO, for both the spent Mo/Al,O3 and NiMo/Al,O3-1:2 catalysts was
observed. This indicated that the oxidation of molybdenum carbides takes place during
methane reforming process. The oxidation of Mo,C phase should be the reason for the
deactivation [9, 10]. A peak corresponding at 20 of 43.1°for the nickel oxide was also

detected. This suggests that Ni oxidation also occurred during the reaction.

For the spent NiMo/Al,O3-1:1 sample, no visible peaks for molybdenum oxide and
evident peaks for p-Mo,C were detected. This suggests that molybdenum carbide phase was
stable during dry methane reforming reaction at this NiMo ratio of 1:1. It's worth pointing
out that there was an apparent shift to lower angle for the Ni peaks over the
spent NiMo/Al,O3-1:1 samples, which indicates the insertion of molybdenum into nickel

lattice [57]. This result confirms the existence of a NiMo mixed phase.

Different XRD patterns were obtained over the spent catalysts prepared by different
methods. For samples prepared by the impregnation & precipitation methods, important
oxidation of Mo and Ni were observed. MoO, and NiO were observed in the low nickel
content sample (NiMo/Al;O3-1:2-IP). This is similar to the NiMo/Al,05-1:2 prepared by
impregnation method. Analogous result was obtained for NiMo/Al,03-1:1-1P comparing to
the NiMo/Al,03-1:1 catalyst.

Stable molybdenum carbide was obtained in both samples prepared by mechanical
mixture method. This was evidenced by the absence of molybdenum oxide peak and high
peaks intensity for B-Mo,C detected from XRD. For those prepared samples, it’s
worth pointing out also a shift to lower angle of XRD peaks of metallic Ni peaks which

indicates the insertion of molybdenum into nickel lattice.

The crystallite sizes estimation (from XRD measurement) for catalysts with a NiMo ratio
of 1:1 prepared by different method is displayed in Table 4-4. Both metal nickel and
molybdenum carbides exhibited different crystallite sizes among the three different catalysts.
Lower Ni crystallite sizes were obtained for the catalyst prepared by incipient wetness
impregnation (9.4 nm) followed by the catalysts prepared by impregnation & precipitation
method (13.9 nm) then by mechanical mixture. A different trend was observed for the Mo,C

crystallite size.
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Table 4-4: Crystallite size of spent NiMo/Al,O;-1:1 catalysts prepared by different methods.

Catalysts Crystallite size /nm
Size of Niat44.2 © Size of Mo,C at 39.5°
Spent NiMo/Al,03-1:1 9.4 20.5
Spent NiMo/Al,O3-1:1-1P 13.9 15.3
Spent NiMo/Al,O3-1:1-M 25.3 32.1

Smaller Mo,C crystallite size was observed for catalyst prepared by the impregnation &
precipitation method (15.3 nm) and may be due to the shorter time on stream. Higher Mo,C

crystallite size was observed for the catalyst prepared by mechanical mixing.

4.4.3 X-ray Photoelectron spectroscopy for spent catalysts

XPS was employed to investigate the element chemical states of the spent MoAl,O3 and
nickel promoted MoAl,O3 catalysts. Our goal was to investigate the reason of the rapid
increase in activity during dry methane reforming process of NiMo/Al,03-1:1 catalyst, XPS
has been performed to observe the catalyst surface at different stages of reaction: before the
increase in the activity (a test was stopped at 2 hours of time on steam), after the increase in
the activity (a test was stopped at 6 hours of time on steam) and after 20 hours test at 850 <C.
The results are displayed in Figure 4-13, Table 4-5 and Figure 4-14.

For the spent Mo/Al,Os, the molybdenum species mainly exist with Mo®*, Mo*" and
Mo®", no Mo?* belonged to molybdenum carbides was detected, which confirmed oxidation of

molybdenum during dry methane reforming. This result coincides with XRD patterns.

For the NiMo/Al,O3-1:1 catalyst, before the increase in activity (NiMo/Al,03-1:1-2h), a
low intensity peak for Mo*" was detected over Mo 3d spectrum, which may strongly suggest
the oxidation of molybdenum in dry methane reforming. While after the increase in activity,
for the spent catalysts ((NiMo/Al,03-1:1-6h and NiMo/Al,O3-1:1-20h), significant intensity
of the peak belonging to Mo?* was observed.

For the NiMo/Al,03-1:1-1P catalyst, intense peaks attributed to Mo®*, Mo®", Mo**, and
Mo®* were obtained in the Mo 3d XPS spectrum. The significant peak for Mo?* confirmed the

presence of molybdenum carbide phase.
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The molybdenum species distribution for spent catalysts obtained by XPS is shown in
Table 4-5. Compared to the catalyst surface before the increase in activity, a significant
enhancement of molybdenum carbide phase has been observed in NiMo/Al,O3-1:1 after 20
hours of time on stream (from 2.2% to 30.4% and 30.1%, respectively). This result may
suggest that molybdenum oxide phase and oxycarbide phase have been “re-carburized” into
Mo,C phase by CH,4 during the dry methane reforming [10]. The increase in Mo,C phase in
the spent catalysts may be the dominant reason for the increase in activity during the dry
methane reforming test. The results also further suggest that the addition of Ni promotes

“re-carburization” of the Mo from oxycarbide species to carbides species during the DMR.

Table 4-5: Mo species distribution ( Mo™*/Mo ratio) of spent catalysts prepared by different methods
and NiMo/Al,O;-1:1 catalyst different stages of reaction at 850 <C.

Mo species distribution (%0)

Catalysts
Mo  Mo*  Mo*  Mo*
Mo/ALO; Position/eV — 229.3 230.3 2325
Species distribution 0 16.1 9.5 74.4
NiMo/ALO;-1:1-2h Position/eV 228 229 230.7 2324
Species distribution 2.2 17.4 2.1 78.2
Position/eV 228 229.4 2304 232.6

NiMo/Al,05-1:1-6h
Species distribution 30.4 20.7 15.0 33.9

Position/eV 2281 2293 2305 2323

NiMo/Al,O5-1:1-20h
Species distribution 30.1 9.7 75 52.6

Position/eV 228 2293 2303 2325

NiMo/Al,O5-1:1-1P
Species distribution 44.7 21.9 141 19.3

Figure 4-14 shows the C1s XPS spectra of spent catalysts at different stages of reaction
at 850 <C. No carbidic carbon was detected, which further confirmed the absence of Mo,C

phase.

Compared to the catalyst surface before the increase in activity, the peak of carbidic
carbon was observed over the catalyst surface after 20 hours of time on stream. This result

coincides with the Mo 3d spectra, which proves the significant enhancement of Mo,C phase.
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Figure 4-14: C 1s XPS spectra of spent catalysts different stages of reaction at 850 <C.
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Intense peaks of carbidic carbon were confirmed from C 1s spectra for spent
NiMo/Al,03-1:1-IP catalysts, which are consistent with the Mo 3d spectra and XRD patterns.
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Figure 4-15: Normalized Ni 2p XPS spectra of spent catalysts different stages of reaction at 850 C.

Figure 4-15 shows the Ni 2p spectra of spent nickel promoted Mo/Al,O3 catalysts in
different stages of reaction. For the NiMo/Al,0Os-1:1 catalyst, compared to the fresh catalyst,
the relative peaks intensity of metallic nickel increased with the reaction time, which suggests
the increase of nickel reducibility during the reaction, more nickel was reduced into metallic
phase.

This same tendency was also observed for the spent NiMo/Al,Os-1:1-IP catalyst as after
test, on the spectra the main peak is representative of metallic nickel peak. The result suggests
the increase of nickel reducibility during the dry methane reforming reaction at high
temperature.

4.4.4 Thermo-gravimetric analysis

Thermo-gravimetric analysis of carburized and spent nickel promoted Mo,C catalysts

has been performed. With the increase in temperature under air, it is possible to get the mass
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loss due to the carbon combustion (Equation 4-3) and the mass increase due to the oxidation
of molybdenum carbides and metallic nickel (Equation 4-4, Equation 4-5 and Equation 4-6):

C(S) +0, (g) =CO, (g) AHygg = -94.1kcal/mol Equation 4-3
Mo,C(s) + 4 O,(g) =2 MoO;3(s) + CO,(g)  AH,9g = -438.1kcal/mol Equation 4-4
2 MoO,(s) + 0,(g)=2 MoOs(s) AH,gg = -74.9kcal/mol Equation 4-5
2Ni(s) + O,(g) = 2 NiO(s) AH,9g = -114.6kcal/mol Equation 4-6
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Figure 4-16: TG/DTG profiles of spent catalysts after 20 hour reaction (particularly, NiMo/Al,Os-1:1-IP
after 7 hour test and NiMo/Al,Os-1:1-M after 3 hour test due to the blockage of reactor).

The thermo gravimetric analysis results for spent Ni promoted molybdenum carbide
catalysts after 20 hours of reaction are displayed in the Figure 4-16. It can be seen that all the

samples exhibited a series of mass changes.

The weight loss below 100 <€ can be attributed to the desorption of water so the mass

loss for carbon deposition need to be calculated from 110 <€ [58].

As published in the literature, the mass loss between 110 <€ until 375 <€ along with the
heat release can be attributed to the oxidation of surface carbidic carbon [59]. It is observed
for all samples. The weight gain from about 300 <€ until 550 <€ can be attributed to the

oxidation of molybdenum carbides phase to molybdenum oxide phase [60] along with the
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oxidation of MoO, phase [61] to MoOs3 in the presence of oxygen. At higher temperature,
between 500 <€ to 690 <€, a significant mass loss is observed accompanied by an exothermal
peak, which can be attributed to the oxidation of graphitic carbon [59, 62]. The significant
mass loss around 800 €€ accompanied with the rapid endothermic process was observed for

all samples and can be attributed to the sublimation of MoOs [63, 64].

Let us discuss the influence of nickel content. The carburized NiMo/Al,05-1:1 catalyst
presents a mass loss at range of 110 € to 375 <€ and a mass gain at range of 300 € until 550
€, which indicated the existence of molybdenum carbides. The small mass loss due to the
oxidation of the graphitic carbon at the range of 500 € to 690 <€ revealed that only small
amount of carbon was generated during carburization under the CH4/H, flow in the
NiMo/Al,03-1:1 catalyst.

The spent catalysts, NiMo/Al,O3-1:1 catalyst exhibited higher mass gain compared to the
spent non promoted Mo/Al,O3 and NiMo/Al,O3-1:2 catalysts at temperature from about
300 <€ until 550 <. This indicates the presence of higher concentrations of carbides phase.
This result is in agreement with the XRD result. The greater mass loss in the range of 500 € -
690 <€ also indicated the presence of graphitic carbon in the spent NiMo/Al,O3-1:1 catalyst.
Note that in the later temperature range, no mass loss corresponding to graphitic carbon was

observed in the spent non promoted Mo/Al,Os.

A small mass gain at 580 <€ to 670 <€ along with a slowdown of heat decrease was
observed in the spent of NiMo/Al,Os-1:2 catalyst and can be attributed to the oxidation of
metallic nickel [65]. This was not observed for the NiMo/Al,O3-1:1 catalyst, due probably to
the abundant presence of graphitic carbon on this later catalyst. The mass loss from graphitic

carbon combustion overlapped the mass increase from the oxidation of metallic nickel.

The catalyst preparation method also significantly impacts the TGA curves of the nickel
promoted molybdenum carbide catalysts. The spent NiMo/Al,O3-1:2-1P catalyst exhibited
similar TGA curves to the spent NiMo/Al,O3-1:2 but a higher mass loss due to the graphitic

carbon combustion.

The amount of carbon deposition is in the order of NiMo/Al,03-1:2 (0.94%) <
NiMo/Al,03-1:2-IP (4.2%) < NiMo/Al,03-1:2-M (8.4%) and NiMo/Al,03-1:1 (3.2 %) <
NiMo/Al,O3-1:1-1P (10.2%) < NiMo/Al,05-1:1-M (14.4%).

It is interesting to note that the carbon deposition coincides with the nickel crystallite

size variation (Mechanical Mixture > Impregnation & precipitation > Impregnation). This
124

© 2016 Tous droits réservés. lilliad.univ-lille.fr



Thése de Tong Li, Lille 1, 2016

Chapter 4 Dry methane reforming over Ni promoted Mo,C based catalysts

may imply that the carbon deposition may strongly depend on the catalysts metallic nickel
crystallite size [53, 66, 67].

445 SEM-EDS

The carburized and spent nickel promoted molybdenum carbide catalysts were
characterised by SEM and EDS-mapping (shown in Figure 4-17 and Figure 4-18).

Carburized o Spent Spent
NiMo/Al,03-1:1 NiMo/Al,03-1:1 NiMo/Al,03-1:2  NiMo/Al,05-1:2-M

Figure 4-17: SEM of of Ni promoted Mo/Al,O; catalysts.

The presence of carbon was not observed for the carburized NiMo/Al,O3-1:1 sample,
which is in agreement with the XRD and TGA results. Besides, SEM mapping indicated the
high dispersion of nickel and molybdenum species on the alumina support surface. This is

consistent to the absence of nickel and molybdenum characteristic peaks over XRD.

Few carbons were observed on the spent NiMo/Al,O3-1:2 sample from the SEM
mapping images, whereas carbon species was observed on the surface of both spent
NiMo/Al,03-1:1 and spent NiMo/Al,03-1:2-M catalysts. Those catalysts exhibited excellent
catalytic performance in dry methane reforming.
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Carburized NiMo/Al,05-1:1 Spent N|Mo/AI203 1:1 catalyst

Figure 4-18: SEM mapping of Ni promoted Mo/Al,O; catalyst.

The aggregation of molybdenum species and nickel species were observed from the
SEM mapping images for all the spent samples, indicating the growth of crystallite
aggregation during dry methane reforming at high temperature, which was also proven by the
XRD results.

4.5 Dry methane reforming under pressure

As shown in previous results, NiMo/Al,03-1:2-M catalyst displays excellent catalytic
performance and stability. This catalyst was used in a fixed-bed tubular stainless steel reactor
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for dry methane reforming under pressure. Similarly, before the reaction, the sample was
carburized in-situ with CH4/H, at 700 <C for 2 h. The results of the catalytic tests under
pressure are shown in Table 4-6. Particularly, in order to excluded the influence of carbon

deposition, the catalytic data was calculated at the time on stream of 1 hour.

Table 4-6: Catalytic performance for dry methane reforming over NiMo/Al,05-1:2-M catalyst
Temperature=750C, CH,/CO,=1.

Temperature  CH; Conv. CO,Conv. CO Selec.
Pressure

I 1% 1% 1%
oo 750 695 73.7 975
700 61.9 73.0 93.9
750 44.4 57.6 875
Sbar 700 37.6 46.4 78.4
750 39.4 48.7 73.7
10bar 700 32.9 38.9 70.3

As obviously shown in Table 4-6, the NiMo/Al,03-1:2-M catalyst displays interesting
catalytic performance at atmosphere pressure. The CH, and CO; conversion reached 61.9%
and 73.0% at 700 T as well as 69.5% and 73.7% at 750<C. The high CO selectivity (93.9%
at 700C and 97.5% at 750<C) indicated the negligible carbon formation during the dry

methane reforming process at this pressure.

The pressure rise significantly affects the catalytic performance. A decrease in both CH,4
and CO, conversion were observed, which is agreement with the thermodynamics calculation
in the chapter 3. The decrease in CO selectivity implied also the enhancement of carbon

formation on the catalyst surface during the dry methane reforming at high pressure.

The stability of NiMo/Al,03-1:2-M catalyst at 5 and 10 bar is displayed in Figure 4-19.
A continuous decline of methane and CO, conversion as well as the decline of CO selectivity
was observed. Note that the increase in pressure during the DMR reaction (from originally 5
bar to 12 bar and from originally 10 bar to 13 bar) was observed. This is attributed to the
formation of high amount of coke that led to the blockage of reactor, since the enhancement

of the pressure.
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Figure 4-19: Lifetime of NiMo/Al,O3-1:2-M over dry methane reforming at 700 <C ( A: pressure =5

bar, B: pressure = 10bar ).

4.6 Discussion

It is known that molybdenum carbide presents similar electronic configuration to noble
metals, especially to Pt, and shows excellent catalytic performance for dry methane reforming.
Nevertheless, oxidation of Mo,C to MoO; phase during dry methane reforming process at
atmosphere pressure leads to deactivation. Previous reports indicated that the nickel
promotion helped to improve the stability of bulk molybdenum carbide catalysts. In this work,
we mainly focus on the promotion with different nickel contents of alumina supported

molybdenum carbide catalysts and the preparation methods.

Let us first discuss the impact of nickel content on the alumina supported molybdenum
carbide catalysts prepared by incipient wetness impregnation method. The obtained results
revealed an evident influence of nickel content on the catalyst structure and the catalytic

performances in dry methane reforming. XRD suggests that, due to the peak broadening for
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molybdenum species, molybdenum phase is highly dispersed on the alumina surface support
after calcination. The carburization at 700 €€ did not lead to an enhancement of the
molybdenum and nickel crystallite size, which was also confirmed by Ni and Mo element
distribution from SEM mapping. H,-TPR highlighted strong interaction between molybdenum
and alumina support for non-promoted samples after calcination. The addition of nickel is
supposed to weaken this interaction between Mo and alumina support. However, a strong
interaction between Ni, Mo and alumina for calcined samples has also been confirmed by the
H,-TPR.

In contrast with the literature [8, 11, 68], the catalytic data demonstrated that the
non-promoted Mo/Al,O3 catalyst showed particularly low activity in dry methane reforming.
As expected, it also displayed bad stability. XRD data of the spent non-promoted Mo/Al,O;
sample revealed the apparent enhancement of molybdenum crystallite size and existence of
MoO,, which has been regarded as the predominant reason for the low activity. Addition of
nickel leads to the increase in activity on dry methane reforming. Note that for the
NiMo/Al,03-1:2 catalyst, decrease in activity can be still observed.

The catalytic performance evolves with time on stream. A rapid increase in activity was
observed over NiMo/Al,O3-1:1 after about 3 hours of reaction, which is rarely reported in the
literature. The XRD did not detect the presence of molybdenum oxide phase in the spent
sample. Otherwise, XPS analysis indicates significant enhancement of molybdenum carbides
species. This implies the re-carburization of molybdenum species during dry methane
reforming over NiMo/Al,0s-1:1 catalyst. Besides, XPS spectra also confirm the increase of
reducibility for nickel species due to the enhancement of metallic nickel phase. Sintering of
molybdenum species and nickel species was also observed for the spent samples as the
increase in crystallite size detected by XRD, SEM as well as H,-TPR. Sintering increases the
reducibility of nickel species and produce more metallic nickel. The addition of nickel and
sintering of Ni and Mo species inclined the balance of carburization/oxidation to
re-carburization side [10, 46]. Carbon deposition has been certified on the surface of the spent
NiMo/Al,03-1:1 catalyst by many characterization techniques such as XRD, SEM and TGA

due to a faster CH, decomposition rate than the CO, decomposition.

Preparation methods also have significant influence on the structure and catalytic
performance of the nickel promoted molybdenum carbides catalysts in dry methane reforming.

XRD revealed that the crystallite size for molybdenum species followed the order of
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mechanical mixture > impregnation & precipitation > incipient wetness impregnation for the

calcined catalysts.

Catalytic data suggest the evident impact of preparation methods on the nickel promoted
molybdenum carbide catalysts. In the case of Ni:Mo = 1:2, the dry methane reforming activity
and stability followed the order: mechanical mixture > impregnation & precipitation >
incipient wetness impregnation, which coincide with the order of the calcined catalysts
crystallite size. Beside, in the case of sufficient nickel content (Ni:Mo=1:1), excellent activity
for dry methane reforming was obtained for all the three catalysts. A blockage of reactor was
observed for the catalysts prepared by impregnation & precipitation and mechanical mixture

method due to the carbon deposition, which was confirmed by XRD and TGA results.

The carbon deposition is related to the stability of these catalysts and particularly
coincides with the crystallite size of the metallic nickel. It suggests that the carbon deposition
over dry methane reforming process strongly depends on the crystallite size for the metallic
nickel. It can be concluded that the metallic nickel crystallite size strongly affects the catalytic
performance and carbon deposition. Nickel is known as one of the most effective metal to
increase CH, dissociation to H, and carbon species [54, 69, 70]. It has been proven that the
carbon formation from CHy, dissociation is strongly affected by the nickel crystallite size [53,
66].

For the dry methane reforming process, a possible redox mechanism was hypothesized
by J.B. Claridge [11]. the CO, dissociates to O* after adsorbed on the molybdenum carbides
surface, O* species which adsorbed on the molybdenum carbides surface, may further react
with Mo,C to oxycarbide species. Otherwise, methane can dissociates to C* as well as H,
after adsorbed on the Mo,C surface. The molybdenum oxycarbide species will further react
with C* species which come from CH, dissociation and generate to CO.

CO,=CO+0O* Equation 4-7
2 CO, + Mo,C =2 MoOC +2 CO Equation 4-8
CH,=C*+2H, Equation 4-9
2 MoOC + C*=Mo,C +2 CO Equation 4-10

However, the molybdenum oxycarbide species may also further react with O* species
formed from CO; dissociation, to generate to MoO, which is the reason for the molybdenum

carbide oxidation.
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MoOC + 2 O* = MoO, + CO Equation 4-11

The existence of oxycarbide species in NiMo/Al,03-1:1 catalyst before its sharp increase
in activity is proven by XPS spectra. The presence of MoO; phase in the spent non-promoted

Mo,C catalysts is also consistent with this hypothesis.

4.7 Conclusion
The Mo/Al,O3 catalyst containing different nickel contents prepared by different

methods and their catalytic behaviours in dry methane reforming were investigated in this
chapter. Non-promoted Mo,C catalysts showed low stability due to the oxidation of
molybdenum carbides during dry methane reforming. The addition of nickel has significant
influence on the catalytic performance on the molybdenum carbide catalysts. Rapid increase
in activity was observed during dry methane reforming process over NiMo/Al,O3-1:1 catalyst.
Characterizations indicated that the addition of nickel and sintering of Ni species resulted in
the re-carburization for the Mo to carbides phase and the activity increase during dry methane

reforming.

Preparation methods also have significant influence on the structure and catalytic
performance of the nickel promoted molybdenum carbides catalysts in dry methane reforming.
The catalytic performance for NiMo/Al,O3 catalysts prepared by different methods is
summarized in Table 4-7. In the case of Ni/Mo=1:2 composition, the catalyst prepared by

mechanical mixture exhibited particularly high activity and stability.

Table 4-7: Summary of catalytic performance for NiMo/Al,O; catalysts prepared by different method.

Preparation method

Ni:Mo Ratio Incipient Impregnation &  Mechanical
wetness P .
. . precipitation mixture
impregnation
Crystallite size Small Medium Large
1:2 Activity bad bad Good
Stability Oxidation Oxidation Good
Crystallite size Small Medium Large
11 Activity Good Good Good
- Carbon Carbon
Stability Good deposition deposition
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The order of the amount for carbon deposition is particularly in agreement with the order
of crystallite size for the metallic nickel. It suggests that the crystallite size for the metallic
nickel strongly affect the catalytic performance in dry methane reforming and carbon
formation capacity. At low nickel content, large nickel crystallite size results in better
oxidation-recarburization balance, which leads to good stability. Nevertheless, large nickel
crystallite size also leads to fast carbon species formation and results in significant carbon

deposition on the catalysts surface.

As last, the increase in pressure decreases the dry methane reforming activity and leads

to severe carbon deposition over NiMo/Al,O3-1:2-M catalyst.
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5.1 Introduction

Depletion of crude oil resources has led to the growing interest in the alternative
feedstocks in recent years [1, 2]. Fischer-Tropsch synthesis, which aims at converting syngas
into biofuels, is considered as one of most promising routes for renewable, clean fuels and also
chemicals [3]. Syngas can be obtained by gasification of renewable sources such as biomass
and organic waste. It can be also obtained by dry/steam reforming or partial oxidation of natural

gas and from coal gasification [4].

Light olefins (ethylene, propylene, and butylene) act as key building blocks for the
petrochemical industry [5]. Therein, ethylene has been regarded as one of the most important
indicators of the development of petrochemical industry. Light olefins are obtained in the
industry either by naphta steam cracking, ethane cracking or by methanol conversion to
olefins process (MTO). In the naphta steam cracking, the olefins are by-side products and the
selectivity to specific olefins is rather low. Ethane cracking produces only ethylene. The MTO
technology involves a number of technological steps which reduce the overall conversion
efficiency. In addition, the catalyst undergoes obvious deactivation. Thus, Fischer-Tropsch

synthesis provides a new and clean route for generation of light olefins.

Molybdenum carbide (Mo,C) has catalytic performances comparable to expensive noble
metals (Pt and Ru). This molybdenum carbide phase has been widely used in
hydrodesulfurization (HDS)[6, 7] and hydrodenitrogenation (HDN) processes [8]. It also
exhibits high activity for dry reforming, alkane isomerization, and CO hydrogenation [9-11].
Molybdenum carbide has received growing attention during the past decades as a catalyst for
carbon monoxide hydrogenation [12]. One of the major advantages of the molybdenum
carbide catalyst is its resistance to carbon deposition compared to more conventional cobalt
and iron catalysts [13, 14]. Molybdenum carbide does not contain sulfur. Differently to the
molybdenum sulfide catalysts [15], no sulfur can be found in the reaction products over
molybdenum carbide. Sulfur content can be a problem especially for production of fuels with

very strict sulfur specifications.

Selectivity however remains a major challenge of molybdenum carbide systems. The
molybdenum carbide phase mainly generates light alkanes [16, 17]. Addition of different
promoters may lead however to the modification of molybdenum carbide structure and its

electronic properties, thus influencing the reactivity.
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Previous reports [16-20] indicated that the promotion of Mo,C-based catalysts by
potassium significantly enhanced their selectivity towards alcohols, in particular under high
pressures reaction conditions. The potassium promoted molybdenum carbides catalysts also
exhibit high activity for water—gas shift (WGS) reaction. Other alkali metal and transition
metal promoters were also used [15, 21-23]. Many publications focused on the bulk
molybdenum carbides [9-11, 17, 24, 25], while very few reports have been addressed so far to
supported molybdenum carbide catalysts. High dispersion of the active phase, mechanical and
thermal stability are the major advantages of supported catalysts. In addition, the support can
modify the chemical and electronic structures of the active sites and thus affect the catalytic

performances.

This chapter particularly focuses on the effect of different supports and promoters as well
as the operating conditions on the structure and catalytic performance of supported
molybdenum carbide catalysts. At different preparation stages, the catalysts were
characterized by nitrogen adsorption, X-ray diffraction (XRD), Raman spectroscopy, X-ray
Photoelectron spectroscopy (XPS), temperature program reduction of hydrogen (H.-TPR),
temperature desorption of CO, and Transmission Electron Microscope (TEM). The catalytic

performance was evaluated in a fixed bed reactor.
5.2 Impact of different supports on the Mo,C based catalysts

5.2.1 Catalytic performance of different supported Mo carbide catalysts

Support plays a very important role on the catalytic performance in Fischer-Tropsch
synthesis. Firstly, the impact of different supports was investigated on the activity of

molybdenum carbide catalysts.

Carbon monoxide hydrogenation was conducted at 300 < and with a H,/CO ratio of 2.
Before the reaction, all the samples were carburized in-situ with CH,4/H, at 700 <C for 2 h.
The CO conversion and product selectivities were obtained at the steady state and at
is0-GHSV (12000 cm®.g™.h™). Methane, light olefins and paraffin, alcohols, heavy
hydrocarbons and carbon dioxide were the major products of the FT reaction whatever the
materials used as support of molybdenum carbide catalysts. For the sake of clarity, carbon
dioxide was included in the total selectivity calculations, but is excluded from the
hydrocarbon selectivity. The results obtained with different supported molybdenum carbide
catalysts are given in Table 5-1.
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Table 5-1: Catalysis performance of different supported Mo carbide catalysts (Catalysts were diluted
with SiC (1:5), H,/CO= 2.0, Temperature= 300 <C, Time on stream= 40 h, GHSV= 12,000 ml g*h™).

Pressure/  Xco CH distribution (% C mol) Cco,
Catalysts bar (%) =~z selectivit
CH, C,-CS C,C, Cs° C-OH y

20 29.4 435 3.2 418 9.1 2.4 45.2

10M0/A|203
10 14.4  40.0 9.0 41.7 6.7 2.5 45.8
20 185 46.3 1.6 41.6 10.6 0 38.6

10Mo/SBA-15

10 10.1 47.6 1.9 40.1 104 0 40.0
20 239 531 0.4 33.8 127 0 415

10Mo/CMK
10 145 523 15 345 117 0 429
Mo/AC 10 179 472 1.4 402 11.2 0 495
Mo/CNTs 10 29.7 488 1.0 432 80 0 41.2

As is shown in Table 5-1, all the non-promoted Mo,C catalysts produced mainly C;-Cy4
light hydrocarbons, and the selectivity to heavy hydrocarbons was negligible, which is in
agreement with previous reports [26, 27]. Due to the strong water gas shift reaction activity of

molybdenum carbide, considerable CO; selectivity was obtained with all the samples.

The reduction of pressure from 20 bar to 10 bar contributes to the decrease in CO
conversion, whereas, no significant influence on the hydrocarbons and CO; selectivities was

observed.

However, it is possible to observe that over alumina support, higher light olefins
selectivity was obtained with the decrease in pressure. The alumina supported molybdenum
carbide catalyst also generated alcohols with a selectivity of 2.5%, which was not detected for

the other supported samples.

5.2.2 Textural properties for different supported Mo based catalysts

The textural properties of the different catalysts are displayed in Table 5-2. Due to the
rich internal porous structure of commercial gamma alumina, the Al,O3 supported
molybdenum catalyst exhibits high surface area (123.4 m%/g). Besides, the average pore size
is about 5.4 nm and the pore volume is as high as 0.33 cm®/g. SBA-15 is known to own a
particular high surface area [28]. The SBA-15 supported catalyst exhibits a surface area of
1068.1 m%/g, a pore volume of 1.07 cm®g and about 7.8 nm of pores diameter. In SBA-15
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the hexagonal cylindrical pores are connected to each other by small micropores in their
walls. These textural parameters are consistent with the literature [29]. The CMK-3 support
was prepared by filling the mesopores of SBA-15 by a template with sucrose, then the
subsequent removal of the template. The latter support consists of a network of carbon rods
and has a surface very similar to the one of SBA-15 [29]. The size of the CMK-3 pores is
smaller (3.2 nm) in comparison to SBA-15 [30]. Activated carbon (AC) supported catalyst
has a relatively large surface area (522 m%(g), pore volume (0.41cm®/g) and an average pores
size similar to the alumina supported catalyst. The acid treated CNTs have uniform

diameters of about 9.0 nm and relatively high surface area (78.6 cm?/g).

Table 5-2: Physical properties of Mo-based catalysts.

sample e oy
10Mo/Al,O; 123.4 0.33 54
10Mo/SBA-15 1068.1 1.07 7.8
10Mo/CMK-3 1215.3 1.12 3.2
10Mo/AC 522.7 041 5.2
10Mo/CNTs 78.6 0.32 9.0

5.2.3 XRD for different supported Mo based catalysts

The calcined molybdenum catalysts were also characterized by X-ray diffraction and the
XRD patterns are shown in Figure 5-1. It is needed to point out that the catalysts supported by
alumina and SBA-15 were calcined under an air flow, while the catalysts supported by carbon
materials were calcined under nitrogen flow in order to avoid the oxidation of carbon

materials at high temperature.
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Figure 5-1: XRD patterns for calcined different supported molybdenum carbides catalyst (a) Mo/Al,Os;
(b) Mo/SBA-15; (c) Mo/CMK-3; (d) Mo/AC; () Mo/CNTs.

As is shown in Figure 5-1, the diffraction peaks at 20 of 23.3°25.7<and 27.3<for the
Mo/Al,O3 catalyst are attributed to the crystallographic planes of the orthorhombic MoOs3
phase (JCPDS 35-0609). The broadening of the peaks indicates a good dispersion of
molybdenum species on the alumina support [31]. Besides, characteristic peaks of
orthorhombic MoO3 phase (at 26 of 23.3°25.7< 27.3< 33.7, 39.0°and 49.2) are observed
for the calcined Mo/SBA-15 catalyst. The relative sharp shape suggests larger crystallite size

of MoO3; compared to those present in the alumina supported catalysts.

Narrow peaks at 20 of 20.9° and 26.6° for Mo/AC catalyst are attributed to the
presence of traces of quartz in the activated carbon support. The peaks at 26 of 26.0< for
Mo/CNTs are attributed to the graphitic carbon of CNTs. No characteristic peaks of MoOs
phase were detected over the three catalysts supported by carbon materials. However, the
peaks at 26 of 26.0< 36.9< 49.5< 53.1< 53.5< 60.2< 66.5°and 79.3< which are attributed to
the MoO; phase (JCPDS 32-0671), were observed for all the three carbon materials supported
catalysts. This result strongly implies that ammonium molybdate decomposes only into MoO,

instead of MoO3 on these carbon materials under the inert atmosphere.
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Figure 5-2: XRD patterns for carburized different supported molybdenum carbides catalyst (a)
Mo/Al,Os; (b) Mo/SBA-15; (c) Mo/CMK-3; (d) Mo/AC; () Mo/CNTs.

The carburized molybdenum catalysts were also characterized by X-ray diffraction.
Figure 5-2 shows the XRD patterns for the carburized molybdenum on different supports.
After the carburization, no characteristic peaks of MoO, or MoO3; were detected on the XRD
patterns for all catalysts. This suggests that the molybdenum oxide species were completely

converted in molybdenum carbide phase.

Note, however, that it is not obvious to confirm the presence of carbide in the Mo/Al,O3
and in the Mo/SBA-15 catalysts by X-ray diffraction. Some of the B-Mo,C peaks are
overlapped with the characteristic peaks of alumina. The absence of characteristic peaks of
carbide phase could be also explained by finely dispersed molybdenum carbides on alumina

and SBA-15. The crystallite sizes could be below the detection limit of X-ray diffraction [32].

For the carburized carbon materials supported catalysts (Mo/CMK-3, Mo/AC and
Mo/CNTSs), the peaks at 26 = 34.5< 38.0< 39.6< 52.3< 61.9< 69.8<and 75.0°and 76.0are
attributed to molybdenum carbide phase. This confirms that the molybdenum oxide species

were completely converted into carbide.
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5.24 CO,-TPD for different supported Mo based catalysts

CO, temperature programmed desorption is a common technique to quantitatively
characterize the basic sites of solid catalysts [33]. However, it is difficult to characterize the
carbon support materials due to the decomposition of the abundant surface oxygen complexes
over carbon materials with the release of CO, or CO at high temperature [33-35], which also
contributes to the CO, signal and leads to incorrect results. Thus, CO,-TPD was employed

only to characterize Mo/Al,03 and Mo/SBA-15 catalysts.

Mo/SBA-15

TCD Signal

\ Mo/AlL,O,

T d T g T v T T T T T T T
200 300 400 500 600 700 Isothermal

Temperature (°C)
Figure 5-3: CO,-TPD curves for carburized molybdenum carbides catalysts.

The results of the basicity of the molybdenum carbide catalysts are shown in Figure 5-3.
Both samples showed broad CO, desorption peaks from 150 <C to 700 <€. Those peaks can be
decomposed into 3 peaks after fitting by the Gauss function. The peak located in the
temperature range of 150 - 350 <€ is assigned to weak basic sites; the peak between 200 - 550
€ is assigned to moderate basic sites; the peak in the range of 400 - 700 <€ is attributed to
strong basic sites. The average amounts of CO, adsorption for the sites with different basicity

are displayed in Table 5-3.
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Table 5-3: CO, desorption amount of different material supported Mo,C catalysts in mmol/g.

CO, desorption ( mmol/g)
Samples Weak basic Moderate Strong
) Sl L total
site basic site basic site
Mo/Al,O4 0.014 0.065 0.032 0.111
Mo/SBA-15 0.004 0.036 0.028 0.068

The Mo/Al,O3 catalyst exhibits higher CO, adsorption amount, especially for weak and
moderate basic sites. The basic sites are known to have a beneficial influence on the
generation of olefins in CO hydrogenation [36]. This result is in agreement with the FT results,
for which the Mo/Al,O3 catalyst showed higher selectivity to olefins at 20 bar and even much
higher at 10 bar.

5.2.5 XPS for different supported Mo based catalysts

The carburized Mo/Al,03, Mo/CNTs and Mo/AC catalysts have been characterized by
XPS. The resulting Mo 3d spectra are shown in Figure 5-4.

Mo/AI203 232.9eV

Intensity (a.u.)

1 n 1 " 1 " 1 n 1 n 1 n 1

240 238 236 234 232 230 228 226 224

Binding Energy (eV)

Figure 5-4: Mo 3d XPS spectra of carburized Mo on different support.
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The broad envelop of the Mo 3d signal can be deconvoluted into four separate
overlapping doublets indicating the presence of different Mo oxidation states. According to
the literature, the peak at binding energy (BE) of 228.5 eV can be attributed to the Mo?*
species in the Mo carbide phase [14, 25, 37, 38]. The peak at binding energy of 229.3 eV can
be attributed to Mo*" species which involves in MoO, phase[39, 40]. The peak at 230.6 eV
can be attributed to Mo®* (4 < & < 6) which may be involved in Mo oxycarbide species and
the one at 232.6 eV can be assigned to Mo®* species corresponding to MoOj3 phase [39, 41].
The presence of those two later species can be explained by the passivation step which
oxidizes the surface Mo carbide species. It cannot be however completely excluded that the

presence of Mo®*, Mo®" and Mo*" species can be due to incomplete catalyst carburization.

As it is clearly shown in the Figure 5-4, all the catalysts display peaks of Mo®*, Mo®",
Mo*" and Mo®" species. Interestingly, no characteristic peak of metallic molybdenum was
detected. The molybdenum species distribution from XPS results (Table 5-4) reveals that the
molybdenum carbide supported on carbon materials (AC and CNTs) exhibits obviously
concentration of Mo?* species when compared to the alumina support counterpart. This may

due to the reducing property of the carbon material support.

Table 5-4: Mo™*/Mo ratio of the carburized different Mo on different support.

Mo species distribution of Mo 3d 5/2 (%)

Catalysts
Mo** Mo** Mo®* Mo®*
Mo/Al,O4 10.3 16.8 4.8 68.1
Mo/CNTs 39.0 29.4 6.1 25.5
Mo/AC 17.9 9.0 4.7 68.4

The XPS results confirm the results obtained in XRD concerning the carburization
process. Indeed the alumina supported molybdenum carbides catalyst exhibited small
molybdenum species crystallite size along with high concentration of weak and moderate
basic sites. Besides, higher olefins selectivity was obtained over this catalyst. Thus, alumina

will be particularly used for the further study.
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5.3 Impact of different promoters on the Mo/Al,O; catalysts

5.3.1 Catalytic performance in Fischer-Tropsch synthesis

The alumina supported molybdenum carbides were promoted with Na, K, Fe and Ni.
Carbon monoxide hydrogenation was conducted at 300 <C with a H,/CO ratio of 2 at 10 bar.
The CO conversion and product selectivities were obtained at the steady state and at
is0-GHSV (12000 cm®.g™*.h™). Similarly, for the sake of clarity, carbon dioxide was included
in the total selectivity calculations, but is excluded from the hydrocarbon selectivity. The

catalytic performance and stability are displayed in Table 5-5 and Figure 5-5.

Table 5-5: Catalytic performances of different promoted Mo carbide catalysts in Fischer-Tropsch

synthesis.

CH distribution (% C mol)

X CO,

Catalysts (cyco(; selec.
CH, C,-C,/ CyC, GCs5 C-OH (%)

10Mo/Al,O;4 144  40.0 9.0 41.7 6.7 2.5 45.8
NaMo/Al,O5-(1:5) 122 319 8.5 357 213 2.6 41.1
FeMo/Al,03-(1:5) 12.4 322 9.7 374 179 2.8 42.0
K(Mo/Al,05-1:5) 10.7 344 10.4 371 167 1.4 43.3
NiMo/Al,03-(1:5) 449 472 0.5 278 234 1.1 40.8

As is shown in the Table 5-5 and Figure 5-5, a decrease in CO conversion from 14.4% to
12.2%, 12.4% and 10.7% were obtained after addition of Na, Fe and K, respectively. Similarly,
a decrease in CH4, CO,, and light paraffin selectivities was also observed compared to
10Mo/Al,Os. At the same time, an increase in Cs* selectivity (from 6.7 % to 21.3%, 17.9%
and 16.7% for Na, Fe and K promaotion, respectively) was observed under these conditions. A
slight increase in light olefin selectivity was observed for the potassium and iron promoted
catalysts (from 9.0% to 10.4% and 9.7%, respectively). The Ni promoter led to an increase in
CO conversion but mainly CO,, methane and Cs are produced. Low selectivity in light

olefins (0.5%) as well as in alcohols (1.1%) is observed.

Significant enhancement of CO hydrogenation activity was observed over the nickel
promoted Mo/Al,O5 catalyst, which may due to the high hydrogenation activity of nickel
(high selectivity in CH,). The promotion of nickel seems to restrict the activity of reverse
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water gas shift reaction and to increase the carbon chain growth. The CO, selectivity was
lower while the Ni promoted catalyst showed higher Cs* selectivity.
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Figure 5-5: Lifetime of different promoted Mo/Al,Os catalysts over Fischer-Tropsch synthesis.

Besides, the Mo carbide catalyst activity is stable with the promotion of Na, Fe and K.
After a slight decrease in CO conversion within the first 5 h of test, the catalysts remained

stable during at least 40 h.

The nickel promoted catalyst presents a better CO conversion but a not a good stability
compared to the non-promoted Mo/Al,O3 carbide catalyst. A slow decrease in CO conversion

can be still observed during 40 hours of time on stream.

5.3.2 XRD patterns for different promoted Mo/Al,O; catalysts

X-ray diffraction patterns of the different calcined promoted Mo/Al,O3 catalysts are
shown in Figure 5-6. The diffraction peaks at 20 = 23.3°, 25.7 and 27.3°were observed over
the Mo/Al,0O3, NaMo/Al,03-1:5 and KMo/Al,03-1:5 catalyst and are attributed to the
crystallographic planes of the orthorhombic MoO3; phase (JCPDS 35-0609). The XRD peaks
broadening indicate the presence of small molybdenum oxide crystallites on the alumina
support [31]. However, after nickel or iron promotion, no characteristic peaks of MoO, or

MoO3 were detected in the XRD patterns. This suggests that the molybdenum species could
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be well dispersed on the alumina support [32], the crystallite sizes should be below the
detection limits of the X-ray diffraction equipment. Thus, the addition of nickel or iron
promotes the dispersion of molybdenum species on the alumina support. Besides, no new
characteristic peak was observed after the promotion, which implies that the addition of Na, K,

Fe or Ni did not lead to new crystalline phases

aMoO, A Al,O,

Intensity (a.u.)

20 30 40 50 60 70 80
2 Theta (°)

Figure 5-6: The XRD patterns for (a): calcined Mo/Al,Os; (b): calcined NaMo/Al,O3-1:5; (c): calcined
KMo/Al,03-1:5; (d): calcined FeMo/Al,Os-1:5; (e): calcined NiMo/Al,O3-1:5.

The same samples have been carburized then characterized by XRD. No characteristic
peaks of MoO, or MoO3; were detected in the XRD patterns of non-promoted and promoted
Mo carbide catalysts. Note, however, that it is not obvious to confirm the presence of carbide
in the Mo/Al,Oj3 catalysts by X-ray diffraction as some of the f-M0,C XRD peaks (26 = 52.3°,
61.9°and 75.0) are overlapped with the characteristic peaks of alumina. They could be also
finely dispersed on alumina, the crystallite sizes of molybdenum carbide should be below the

detection limits of X-ray diffraction because of peak broadening [32].
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Figure 5-7: The XRD patterns for (a): carburized Mo/Al,Os; (b): carburized NaMo/Al,05-1:5; (c):
carburized KMo/Al,0;-1:5; (d): carburized FeMo/Al,O;-1:5; (e): carburized NiMo/Al,03-1:5.

5.3.3 TPR curves for different promoted Mo/Al,O; catalysts

The H,-TPR curves of the carburized catalysts are shown in Figure 5-8. The TCD signal
indicated the presence of an intense hydrogen consumption peak between 250-450 <€, a
smaller hydrogen consumption peak between 475-600<C and a broad hydrogen consumption
peak between 650-1000 <C. Previous reports [42-45] suggested that several layers of carbon
could be formed on the surface of an ideal Mo,C phase. The first peak can be attributed to the
reduction of surface carbidic layer. We have to mention that the catalysts have been passivated
before TPR experiment. The second peak can be attributed to the reduction of a sublayer of
carbon, producing methane. The third board H, consumption peak can be attributed to the
reduction of Mo,C phase [42, 44].

A slight shift to higher temperature was observed after potassium promotion and it is
more obvious after iron addition. The promotion of iron seems to restrict the reducibility of
molybdenum species. A slight shift to lower temperature is observed for the nickel promoted
catalyst which suggests the increase in molybdenum reducibility in presence of nickel
particles [44, 46]. The presence of the promoters does not have an influence on the
reducibility of the bulk Mo,C phase.
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Figure 5-8: H,-TPR curves for carburized different promoted Mo/Al,O; catalyst.

The H; consumption measured from the TPR profiles are shown in Table 5-6. The H,
consumption measured from the TPR profiles decrease with the addition of potassium while it
increased with the promotion of Ni or Fe. The nickel and the iron are two reducible species.
So this increase in hydrogen consumption could be due partially to their reduction. The
formation of carbon layers and molybdenum reducibility seems to be hindered by the

presence of potassium.

Table 5-6: H, consumption for the different carburized promoted catalysts (mmolHz/gcatalyst)-

H, consumption

Catalysts (mmol/g)
Mo/Al,O; 1.36
K/Mo/Al,03-1:5 1.13
Ni/Mo/Al,03-1:5 1.56
FeMo/Al,Oz-1:5 1.70

5.3.4 XPS for different promoted Mo/Al,O; catalysts

XPS spectra for carburized catalysts have been recorded. The Mo 3d XPS spectra and

element distribution are displayed Figure 5-9 and Table 5-7.
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Figure 5-9: Mo 3d XPS spectra of different carburized promoted Mo/Al,O; catalysts.

As is clearly shown in Figure 5-9, after the addition of promoters, the catalysts display

similar Mo 3d spectra compared with the non-promoted Mo/Al,O3 catalyst. All the catalysts
exhibit peaks of Mo®* (228.5 eV), Mo™ (229.8 eV), Mo®" (230.5 eV) and Mo®* (232.6 eV)

species. Similarly, no characteristic peak of metallic molybdenum was detected.

listed in Table 5-7.
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Table 5-7: Element distribution (wt%) and Mo™*/Mo ratio of different promoted Mo/Al,O5 catalysts.

Element distribution (wt%b) Mo 3d 5/2 (at%)
Promoters

Catalysts Cls Al2p O1s (K, I%IF; Fe Mo3d Mo®* Mo* Mo* Mo®

or Ni)

Mo/Al,O4 96 358 388 0 15,8 | 103 168 48 681
KMo/ALL,Os-1:5 62 401 399 0.9 129 | 119 103 27 752
NaMo/Al,Os-1:5 65 406  40.0 0.7 122 | 126 98 59 717
FeMo/Al,Os-1:5 57 410 405 11 11.6 3.3 70 47 850
NiMo/Al,Os-1:5 67 401 405 1.9 10.9 42 126 30 801

As is estimated using the simple close-packed monolayer model (A close-packed
monolayer capacity of 0.12 g MoO4/100 m?) [8,9], the monolayer capacity of molybdenum on
alumina support is as low as 10.1 wt%, which is close to the theory concentration of
molybdenum in the catalyst(10wt%), suggests the presence of molybdenum monolayer on
alumina. Hence, Mo is highly dispersed on the alumina surface. Note that no big crystalline
particle of molybdenum species was detected by XRD for the carburized catalysts. The
presence of potassium seems to slightly decrease the dispersion of molybdenum (Mo/Al =
0.44 for Mo/Al,O3 and 0.32, 0.30, 0.28 and 0.27 for KMo/Al,03-1:5, NaMo/Al,03-1:5,
FeMo/Al,03-1:5, and NiMo/Al,03-1:5, respectively).

The Mo®" specie is attributed to passivation layers and is dominant among the Mo
species distribution. The relative concentration of Mo?* species attributed to Mo,C is higher
for the alkali promoted catalysts KMo/Al,O3-1:5 and NaMo/Al,O3-1:5. For the metallic
promoters such as Fe or Ni, lower concentration of Mo®* species is obtained, even compared
to the non-promoted Mo/Al,Oj3 catalyst.

Compared with non-promoted Mo/Al,O; and Na-, Fe-, and Ni-promoted Mo/Al,;O3
catalysts, the K promoted Mo/Al,Oj3 catalyst exhibits higher light olefins selectivity and better
stability from oxidation (higher Mo?" percentage on the surface even after passivation). Thus,
different potassium content promotion over Mo/Al,O3 catalyst was investigated in the

following paragraphs.
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5.3.5 Catalytic performance of Mo/Al,O; catalysts with different content of

potassium

Carbon monoxide hydrogenation was conducted at 300 <C under a total pressure of 10
bar and with H,/CO ratio of 2. The CO conversion and products selectivities were obtained at
the steady state and iso-GHSV (12000 cm®.g™.h™). Methane, light olefins and paraffins,
alcohols, heavy hydrocarbons and carbon dioxide were the major reaction products detected.
For the sake of clarity, carbon dioxide was included in the total selectivity calculations, but is
excluded from the hydrocarbon selectivity. Furthermore, in order to avoid relative error due to
low conversion, the KMo/Al,0s-1:1 catalyst has been evaluated at a lower GHSV (6000
cm®.gth?). The catalytic results obtained with non-promoted and potassium promoted

molybdenum carbide catalysts are given in Table 5-8.

Table 5-8: Fischer-Tropsch performance over non-promoted and potassium promoted Mo/Al,O;
catalysts at 300<C, 10 bar, H,/CO = 2.

CH selectivity (% C mol) CO,

selec.
CH,4 CZ:'C4: C,-C4 Cs. C-OH (%)

GHSV  Xco
cm’.g*h? (%)

Catalysts

10Mo,C/ Al,03 12000 144 40.0 9.0 415 6.9 2.6 45.4
10Mo,C-K(1/5)/Al,05 12000 10.7 34.4 10.4 371 167 14 43.3

10Mo,C-K(1/2)/Al,03 12000 5.2 235 17.3 229 360 03 39.1
10Mo,C-K(1/1)/Al,03 12000 <0.2 - - - - - -

10Mo,C-K(1/2)/Al,0; 6000 20.1 325 13.6 365 125 49 46.6
10Mo,C-K(1/1)/Al,03 6000 42 154 21.8 6.8 554 06 345

10Mo,C-K(1/2)/Al,03 4000 235 32.2 13.0 37,1 141 36 48.9
10Mo,C-K(1/1)/Al,03 4000 82 19.6 15.7 232 331 84 39.1

In agreement with previous reports [47, 48], addition of potassium significantly
influences the catalytic performance of the 10Mo,C/Al,O3 catalyst. The CO conversion at
GHSV=12 000 cm*®.g*.h™* decreased from 14.4 % to less than 0.2 % with the increase in
K/Mo ratio. Similarly, a decrease in the CH4, CO,, light paraffin and alcohol selectivities was
observed. At the same time, an increase in light olefin selectivity (from 9 % to 17.3 %) and

Cs+ hydrocarbon selectivity (from 6.9 % to 36.3 %) was observed under these conditions.
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The same trends were observed when comparing the catalytic performances at different
GHSV. The decrease in GHSV led to an increase in the CO conversion over the same catalyst
(from 5.2% at 12000 cm>.g™.h™ up to 23.5% at 4000 cm>.g™.h™ for the 10M0,C-K(1/2)/Al,03
catalyst and from less than 0.2 % at 12000 cm®.g-.h upto 8.2% at 4000 cm>.g™.h™ for the
10Mo0,C-K(1/1)/Al,05 catalyst). The selectivity to different products is also affected by the
conversion. At high CO conversion, the methane, light paraffin and CO, selectivities
increased at the expense of the olefin and Cs. hydrocarbon selectivities.
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Figure 5-10: Selectivities as functions of CO conversion on different potassium content

promoted molybdenum carbide catalysts (P=10 bar, T= 300 <C, H,/CO=2).
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At similar conversion value (5.4% at 12000 cm®.g™>.h™* for 10Mo,C-K(1/2)/Al,03 and 4.2%
at 6000 cm3.g'1.h'1 for 10M0,C-K(1/1)/Al,05), higher light olefins and Cs* selectivities along
with lower methane and light paraffin selectivities were obtained with the catalysts containing
a higher amount of potassium. As reported in the literature [49], high potassium content is

favorable for synthesis of light olefins and heavy hydrocarbons.

Figure 5-10 (a and b) presents the relations between product selectivities and carbon
monoxide conversion for all studied catalysts. The selectivities to light olefins (C2=) and Cs.
hydrocarbons decrease with an increase in CO conversion, while light paraffins (C2), methane
and carbon dioxide selectivities increase. Lower selectivity to light olefins at higher
conversion can be due to their secondary hydrogenation, while higher CH, selectivity at high
CO conversion can be probably due to hydrogenolysis of higher hydrocarbons. The increase
in CO, selectivity (Figure 5-10 a) can be assigned to the WGS reaction (CO + H,0 5 CO,
+ Hy). The alcohol selectivity reached a maximum value for 10Mo,C-K(1/1)/Al,O3 catalyst at
4000 cm>.g1.h, at CO conversion of 8.2%. The observed relatively low alcohol selectivities
on the molybdenum carbide based catalysts can be explained by the reaction pressure.
Commonly higher alcohol selectivity is obtained under high pressure reaction conditions
(P>30 bar).

H./CO ratio also significantly affects the product selectivity. Table 5-9 presents the
steady-state activity and selectivity in the CO hydrogenation on the 10Mo0,C-K(1/2)/Al,04
catalyst and 10Mo,C-K(1/1)/Al,O3 catalyst at 300<C, 10 bar, and H,/CO ratio of 1 and 2.
Once the H,/CO ratio decreased from 2 to 1, the CO conversion decreased from 20.1% to 11.4%
for 10Mo,C-K(1/2)/Al,O3 catalyst and from 15.1% to 9.6% for 10Mo,C-K(1/1)/Al,O3 catalyst.
The light olefin and Cs. selectivities increase, while methane, light paraffin and alcohol

selectivities decrease. Interestingly, the selectivity to CO, also decreases at lower H,/CO ratio.

At similar CO conversion (around 10.5%) for the different K promoted catalysts at
different H,/CO ratios (10,7% for the catalyst with K/Mo = 1/5 (Table 5-8); 11.4% for the
catalyst with K/Mo = 1/2; 9.6% for the catalyst with K/Mo = 1/1 at H,/CO =1 (Table 5-9)),
the light olefin, alcohol, Cs: hydrocarbon selectivities increase with the increase in the
potassium content and with the decrease in the H,/CO ratio. Correspondingly, at similar CO
conversion, methane and light paraffin selectivities are lower when a potassium amount is
higher and the H,/CO ratio is lower. In agreement with previous reports [49], low H,/CO ratio

is favorable for production of high hydrocarbons.
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Table 5-9: Fischer-Tropsch performance over potassium promoted 10Mo/Al,O3 catalysts at
300<C, 10 bar at various GHSV and ratio H,/CO

GHSV N CH selectivity (% C mol) CO,

Catalysts H./CO o selec.
em.ath? (%) =~ = 0
g CHs; C,-C4 C»Cs Csi C-OH (%)

6000 20.1 325 136 36,5 125 49 46.6
6000 114 161 155 16.2 465 5.7 40.6

10M0,C-K(1/2)/Al,04

2000 151 19.7 151 27,7 292 80 444
2000 96 139 171 164 456 7.0 37.2

10M0,C-K(1/1)/Al,03

R IN PN

5.3.6 Textural properties for different K content promoted Mo based

catalysts

The specific surface area is an important catalyst characteristics. The textural properties
of the alumina support, calcined and carburized Mo-based catalysts are displayed in Table
5-10. The surface area, the average pore volume and diameter decreased after alumina
impregnation with molybdenum. This decrease should due to the partial blockage of alumina
pores by molybdenum species. In addition, the promotion by potassium resulted in a further
slight decrease in the catalyst surface area while the average pore volume and diameter

remained constant.

Table 5-10: Physical properties of Mo-based catalysts.

SBET Vtotal Dmeso

Sample m’/g cm®/g nm

Al,O, 138.7 0.42 6.0

Mo/Al,O; 123.4 0.33 5.4

Calcined KMo/Al,05-1:5 117.6 0.32 5.4
catalysts

KMo/Al,05-1:2 115.3 0.32 5.3

KMo/Al,05-1:1 112.7 0.31 5.4

Carburized Mo/Al,O5 119.7 0.34 5.7

catalysts KMo/Al,O05-1:1 104.4 0.31 5.1
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The BET surface area also decreased after carburization (123.4 m?/g before and
119.7 m?/g after carburization for 10Mo/Al,O; catalyst; 112.7 m?/g before and 104.4 m?/g
after carburization for KMo/Al,03-1:1 catalyst). The average pore volume and diameter are
not influenced by the carburization process. However, after calcination or carburization, the K

promoted Mo/Al,O3 catalysts surface area remains relatively high.

5.3.7 Raman spectra for different K content promoted Mo based catalysts

The Raman spectra of the calcined KMo/Al,Os-(X) catalysts are reported in Figure 5-11.
The spectra exhibit the presence of MoOs, Al,(M00O,)3 and polymolybdates phases.

The presence of MoO3 phase in 10Mo/Al,O3 and all the KMo/Al,O3-(X) catalysts is
evidenced by the characteristic peaks of MoO3 at the Raman wavenumber of 288, 335, 664,
818 and 995 cm™ [50-54]. The Raman spectra also exhibit a band at 377 cm™ corresponding
to the Al,(MoO,); phase resulting from the interaction of molybdenum with the alumina
support [47, 55]. The relative intensity of this later band increases slightly with the increase in

K content.
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Figure 5-11: Raman spectra of the different calcined K promoted Mo/Al,O; catalysts.
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After potassium promotion, the spectra of calcined KMo/Al,Os-(X) catalysts revealed a
dominant asymmetric feature at 951 cm™ and a small band at 349 cm™, which can be assigned
to symmetric stretching of the Mo=0 bond in octahedrally coordinated Mo®* species such as
Mo4O¢>” and Mo70,4° [50, 56] . These two molybdenum species can be associated to the
K-Mo mixed phases as the relative intensity of these peaks increases along with the potassium

amount.

The Raman data suggest that K promotion of Mo/Al,O3 catalyst results in a stronger
interaction between molybdenum, potassium and alumina and may lead to the formation of
mixed K-Mo, Mo-Al and K-Mo-Al oxides.

5.3.8 XRD patterns for K promoted Mo based catalysts

X-ray diffraction patterns for the calcined Mo/Al,Os, carburized Mo/Al,O3 catalysts and
non-supported Mo,C are shown in Figure 5-12. The diffraction peaks at 26 = 23.3°, 25.7 and
27.3<for the Mo/Al,O3 and KMo/Al,O5-1:1 catalyst are attributed to the crystallographic
planes of the orthorhombic MoO3; phase (JCPDS 35-0609). The XRD peaks broadening
indicates high dispersion of molybdenum species on the alumina support [31]. Interestingly,
no new diffraction peaks are observed in the potassium promoted catalysts corresponding to
K-containing crystalline phases. However, the Raman spectra imply the existence of K-Mo
and K-Mo-Al mixed phase after K promotion. The K-containing phases could be located in

small crystalline particles, which sizes are below the detection limits of X-ray diffraction.
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Figure 5-12: XRD patterns for (a) calcined Mo/Al,Os; (b) carburized Mo/Al,Os; (c) calcined
KMo/Al,O3-1:1; (d) carburized KMo/Al,0;-1:1 and B-Mo,C (JCPDS #65-8766), y-Al,03
(JCPDS#29-0063), M0oO, (JCPDS #65-5787), MoO3 (JCPDS #35-0609).

After the carburization, no characteristic peaks of MoO, or MoO3; were detected in the
XRD patterns of the unpromoted and promoted Mo,C/Al,O3 catalysts indicating successful
molybdenum oxide conversion into the oxycarbide and/or carbides phases. Note, however,
that some of the f-M0,C XRD peaks may overlap with the characteristic peaks of alumina.
This could be a reason why Mo,C is not easily identified by XRD in the alumina supported
catalysts. Note however that even the B-M0,C characteristic peaks at 26 = 52.3< 61.9and
75.0°which are clearly distinguishable from XRD patterns of Al,O;were not detected in the
carburized catalysts. This could be indicative of very high dispersion of supported
molybdenum carbide on alumina, its crystallite sizes should be below the detection limits of
X-ray diffraction [32].

5.3.9 CO,-TPD for different K content promoted Mo based catalysts

The basicity of the molybdenum carbide catalysts was measured by CO,-TPD and the
results are shown in Figure 5-13. Similarly, all the samples exhibited weak basic sites at range

of 150 - 350 €€, moderate basic sites at range of 200 - 550 <€ and strong basic sites at range
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of 400 - 700 <€, after fitting by the Gauss function from the broad CO, desorption peak. The
intensity of the strong basic sites is slightly higher after the addition of potassium, resulting in
a slight shifted to higher temperature. However, the peaks positions are not influenced by the

increase in K content.

The intensity of the weaker and the moderate basic site peaks increases with the increase

in potassium content, resulting to a slight shift of the weaker basic site to lower temperature.

TCD Intensity

! 1 ! 1 ' 1 v I M 1 v I
200 300 400 500 600 700 Isothermal
Temperature (°C)

Figure 5-13: CO,-TPD curves of (a) Mo/Al,O3; (b) KMo/Al,03-(1:5); (c) KMo/Al,05-(1:2); (d)
KMo/AlL,O3-(1:1).

Note that the presence of basic sites was detected on the alumina support itself. The total
amount of CO, adsorption measured from the CO,-TPD (Table 5-11) confirmed that
potassium contributed to the increase in the number of the catalyst basic sites. In comparison
to the non-promoted Mo/Al,O; catalyst, the concentration of weak (150-350 <€) and strong
(200-600 <€) basic sites increased significantly with the addition of potassium. Interestingly
the concentration of the moderate basic sites did not change with the increase in K content

(0.08 mmol/g).
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Table 5-11: CO, desorption amount of carburized K promoted Mo/Al,O; catalysts in mmol/g.

CO, desorption (mmol/g)

Samples Weak basic Moderate Strong
) o N total
site basic site basic site
Mo/Al,O4 0.01 0.06 0.03 0.11
KMo/Al,04-(1:5) 0.01 0.08 0.04 0.13
KMo/Al,03-(1:2) 0.02 0.08 0.05 0.15
KMo/Al,O3-(1:1) 0.03 0.08 0.05 0.16

5.3.10 H,-TPR for carburized different K content promoted Mo based

catalysts

The H,-TPR curves of Mo/Al,O3 and KMo/Al,O3-(X) catalysts with X = 1:5 and 1:1 are
shown in Figure 5-14. The TCD signal indicated the presence of an intense hydrogen
consumption peak between 250 - 450 €€ and a smaller hydrogen consumption peak between
475 - 600 <C. Previous reports suggest [42-45] that several layers of carbon can be formed on
the surface of an ideal Mo,C phase. Note that. some molybdenum species can be oxidized
during the passivation. The hydrogen consumption of the first peak can be therefore attributed
to the reduction of oxidized molybdenum species. The second peak can be attributed to the
hydrogenation of carbidic carbon and/or hydrogenolysis of polymeric carbon. Note however
that the bulk Mo2C phase is stable in the presence of hydrogen. Lee [42] and Leclercq [44]
showed that the Mo,C structure can be maintained even after 10 h of reduction in hydrogen at
700 <.

The TPR profiles of 10Mo0,C/Al,O3 and 10Mo,C-K(1/5)/Al,03 are similar. Interestingly,
the first reduction peak slightly shifts to higher temperature with the increase in K content.
This behavior may be due to the change in the interaction between active Mo components and

support, and the presence of mixed K-Mo phases.
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Figure 5-14: H,-TPR curves of carburized Mo/Al,Os, carburized KMo/Al,Os-(1:5) and carburized

KMo/Al,Os-(1:1) catalysts.

The potassium promotion influences both the position of the TPR peaks and H,

consumptions measured from the TPR profiles (Table 5-12). The hydrogen consumption is
almost 50% smaller with the 10Mo,C-K(1/1)/Al,O3 catalyst compared to the 10Mo,C/Al,O3
counterpart. Molybdenum reducibility seems to be hindered by the presence of potassium.
This may be due to the formation of mixed K-Mo phases seen by Raman spectroscopy, but

also to the Mo,C surface covered, at least partially, by potassium.

Table 5-12 H, consumption from TPR experiments over the different catalysts (mmolH2/Jcatalyst)

Catalysts H, consumption (mmol/g)

Mo/Al,O4 0.31
K/Mo/Al,03-1:5 0.26
K/Mo/Al,03-1:1 0.17

5.3.11 TEM for different K content promoted Mo based catalysts

Figure 5-15 shows the bright field TEM images of Mo/Al, O3 and KMo/Al,03-(1:5)

catalysts. The presence of highly dispersed molybdenum carbide nanoparticles on an

amorphous material (possibly carbon) can be easily detected. The average particle size of

molybdenum carbide is ~1 nm, which is consistent with previous reports by Shou et al. [57]

© 2016 Tous droits réservés.
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or of Stellwagenand et al.[58]. Very small sizes of molybdenum carbide nanoparticles can
explain the absence of X-ray diffraction peaks of the Mo carbide phases.

10Mo0,C/Al,

20 nm

10Mo,C-K(1/5)/

Figure 5-15: TEM images of carburized Mo/Al,O3; and KMo/Al,05-1:5 catalysts.

5.4 Impact of the presence of CH, or CO,in FTS

During the dry methane reforming, the produced syngas can contains some amount of
unreacted CH, and CO,. Taking into account a conversion of 90% and the flow of CH, and
CO, at the outlet of the DMR reactor, the Fischer-Tropsch synthesis was conducted in the
presence of 5% CO, or 5% CH,, under a total pressure of 10 bar and with syngas of H,/CO
ratio of 1. The CO conversion and products selectivities were obtained at the steady state and
is0-GHSV (6000 cm®.g™*.h™). For the sake of clarity, carbon dioxide was included in the total
selectivity calculations, but is excluded from the hydrocarbon selectivity. In order to avoid
low conversion after the addition of CH, or CO,, the reaction temperature was increased to
380 <T. Particularly, the selectivity of CH4 and CO; is excluded the CH4 or CO, which was
added in syngas. The catalytic results over the KMo/Al,03-1:2 catalyst are given in Table
5-13.

As expected, the increase in reaction temperature led to a significant increase in CO
conversion (from 11.4 % at 300 <T up to 26.3% at 380 <T). The products selectivities are also
affected by the conversion. At high CO conversion, the methane, light paraffin and CO,
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selectivities increased at the expense of the olefins and Cs* hydrocarbon selectivities (from
15.5 % to 13.5 % for olefins and from 51.7 % to 18.6 % for Cs" at temperature of 300 T to
350 T, respectively). The increase in CH,4 selectivity at high CO conversion can be due to
hydrogenolysis of higher hydrocarbons or methanol hydrogenation. The increase in CO;
selectivity may be due to the WGS reaction which is more significant at higher CO

conversion.

Table 5-13: CO hydrogenation catalytic perofrmance over KMo/Al,O;-1:2 catalyst at the presence of
CH,and CO,.

CH selectivity (% mol) CO, selec
) .

Condition T/ € Xco (%) (%)

CH, C,-C,;/ CyC, Cs° C-OH

300 114 16.1 15.5 16.2 51.7 0.47 40.6

Syngas

380 26.3 36.1 135 31.8 18.6 0 47.1
5% CH, 380 15.9 42.4 15.7 26.8 15.0 0 22.5
5% CO, 380 8.9 26.9 17.5 190 36.6 0 475

The presence of CH, or CO, in the syngas affects significantly activity and products
selectivity. With the addition of 5% CH,, the CO conversion decreased from 26.3% to 15.9%
along with an increase in methane selectivity. CO, selectivity decreased significantly from
47.1% to 22.5%. Light olefins increased while Cs" selectivity decreased. Hence, the addition
of CH, in the syngas restricts the WGS reaction and the chain growth rate and promotes the
generation light olefins.

With the addition of CO,, a significant decrease in the CO conversion was observed
(from 26.3% to 8.9%). The selectivity of CO, remains constant (47.1% with pure syngas and
47.5% with syngas + CO,). In presence of additional CO; in the flux, light olefins and Cs"
selectivity increased while methane reforming decreased. The result implies that the addition

of CO; is inclined to promote the generation of light and heavy hydrocarbons.

5.5 Discussion

Let us first discuss the effect of different supports on the structure and the catalytic
performances of molybdenum carbide catalysts. The BET results are indicative of the
different surface area and pore size of the different materials used as support. The XRD
patterns of the calcined samples indicate a good dispersion of molybdenum species on the
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alumina surface, the others four catalysts exhibited relative larger molybdenum species
crystallite size. After carburization process, the absence of XRD characteristic peaks of
molybdenum oxide revealed the complete conversion of Mo oxide phase to Mo carbides
phase. As well, the presence of carbides has been pointed out by XPS. The CO,-TPD results
prove the presence of stronger basic site for the carburized Mo/Al,Oj3 catalysts. The catalytic
data of carbon monoxide hydrogenation indicated that the non-promoted Mo,C catalysts
produce mainly C;-C,4 light hydrocarbons and negligible amounts of heavy hydrocarbons in
Fischer-Tropsch synthesis, which is in agreement with previous reports [26, 27]. Due to the
strong water gas shift reaction activity of molybdenum carbides, considerable CO, selectivity
was obtained over all the samples. Note that Mo supported on alumina catalyst exhibited
higher light olefins selectivity compared to the other counterparts. It may be due to the higher
concentration of basic sites of alumina support, which is beneficial for the generation of light

olefins.

The addition of promoter has an obvious influence on the structure of the molybdenum
carbide species supported on alumina and on their catalytic performance in carbon monoxide
hydrogenation. The XRD patterns for calcined samples suggest that addition of nickel and
iron seems to increase the dispersion of molybdenum species on the alumina. Despite the
presence of promoters, the XRD of the carburized sample also indicated the completed
conversion of Mo oxide phase to Mo carbide phase and a good dispersion of carbide species.
XPS spectra showed that the addition of promoters contributed to the increase in the
interaction between the molybdenum species and the alumina support. The promotion of iron
and nickel seems to promote formation of sensitive carbide species as the less molybdenum
carbides phase over the catalysts surface measured from XPS. The catalytic data showed that
the promotion of Na, Fe and K decreased the CO hydrogenation activity and increased the
carbon chain growth. Particularly, the addition of potassium increased the light olefin
selectivity. The excellent hydrogenation capacity of nickel leads to a significant enhancement
of the CO conversion while mainly methane was produced.

Effect of promotion with different potassium content on molybdenum carbide species
supported on alumina and their catalytic performance in carbon monoxide hydrogenation

have been particularly investigated.

There are obvious interactions between K and Mo species and alumina support. The
Al>(M0oQ,); phase is observed in the calcined K-promoted samples by Raman spectroscopy.

The addition of potassium enhances the interaction of molybdenum phase with alumina
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support and results in mixed K-Mo, Mo-Al and K-Mo-Al oxides, which were detected by
Raman and H,-TPR.

XPS indicates formation of the molybdenum carbide species. TEM images indicated that
molybdenum carbide was present as very small particles highly dispersed on the alumina
support, which was also confirmed by XRD patterns due to the peak broadening for
molybdenum carbide phase. Molybdenum dispersion however remained relatively high after
the carburization. The BET results indicate that K-promoted molybdenum carbide catalysts
keep the same physical properties. However, some potassium atoms can be dissolved in
alumina matrix with the formation of potassium aluminate. The potassium incorporation also
inhibits the reduction of the carbide catalyst, resulting in a lower CO hydrogenation rate with
the increase in K content. The addition of potassium led to the increase in weak and moderate
basic sites which affects the catalytic behavior for CO hydrogenation. Liu et al. [47] have
reported that the increase in K content in a Mo catalyst contributes to increase the catalyst

basicity, thus leading to higher Cs" selectivity. This observation is consistent with our work.

It seems that moderate basicity is indispensable for the maximum olefins selectivity. The
non-promoted molybdenum carbide catalyst mainly generates methane, light paraffins and
carbon dioxide. The chain growth probability can be increased by addition of potassium and

optimization of the operating conditions.

5.6 Conclusion

Molybdenum carbide catalysts supported by different materials and promoted by
different promoters have been synthesized by temperature programmed carburization using a
mixture of H,/CH, and tested in Fischer-Tropsch synthesis. The carbon monoxide
hydrogenation catalytic data indicate all the non-promoted Mo,C catalysts produce mainly
C;:-C4 light hydrocarbons and negligible amounts of heavy hydrocarbons in Fischer-Tropsch
synthesis. Due to the strong water gas shift reaction activity of molybdenum carbides,
considerable CO, selectivity was obtained over all the samples. Particularly, the alumina
supported catalyst, which has higher concentration of basic sites, exhibits obvious higher light

olefins selectivity compared to other counterparts.

The catalytic data suggest that the promotion with Na, Fe and K decreases the CO
hydrogenation activity while increases carbon chain growth and leads to an increase in Cs

selectivity. Particularly, the promotion of potassium increases the light olefin selectivity. The
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promotion with nickel leads to a significant enhancement of the CO hydrogenation activity
while a negligible light olefin selectivity.

The characterization and catalytic data of different potassium content promoted
Mo/Al,O3 suggest that the addition of potassium promoter results in a decrease in the FT
reaction rate most probably because of the formation of more difficultly carburized
potassium-molybdenum and molybdenum-aluminum mixed oxides and electronic effects due
to the promoter. Potassium promotion leads however to higher light olefin and Cs.
hydrocarbon selectivities. Higher light olefin and Cs. hydrocarbon selectivities can be
possibly attributed to the lower hydrogenation activity of the promoted catalysts. The decrease
in the selectivity to light olefins and Cs. hydrocarbons at higher carbon monoxide conversions
was attributed to secondary hydrogenation and hydrocarbon hydrogenolysis leading to light

paraffins and methane.

The addition of CH, in the syngas restricts the WGS reaction and chain growth while
promotes the generation methane and light olefins. Furthermore, the presence of CO, in the
syngas seems to promote the generation light hydrocarbons and leads to an increase in COs,

light olefins and paraffin selectivities.
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6.1 General conclusion

Valorisation of renewable resources to fuels and chemicals is currently one of the major
societal and industrial challenges. Biogas is a product of anaerobic digestion of biomass and
organic waste and is principally composed by methane and carbon dioxide. Both methane and
carbon dioxide are relatively inert molecules. In addition, they largely contribute to the
greenhouse effect. Dry methane reforming represents one of the unique opportunities to
convert simultaneously methane and carbon dioxide into syngas which is an important
intermediate for synthesis of valuable products using Fischer-Tropsch reaction. This thesis
explored a possibility of combining dry method reforming and Fischer-Tropsch synthesis into
a single process using the same or similar catalysts on the basis of supported molybdenum

carbide.
The following catalysts were synthetized and characterized using different techniques:
- Nickel promoted Mo,C/Al,Oj3 catalysts for dry methane reforming;
- Different Mo,C promoters on various supports for Fischer-Tropsch synthesis.

The catalysts were tested in dry methane reforming and Fischer-Tropsch synthesis in a
wide range of operating conditions. In order to understand and to optimise their performances
in these reactions, the catalysts were characterized at different steps: after preparation,

activation and reaction. The obtained conclusions are summarized below.

6.1.1 Promoted Mo,C catalysts for dry methane reforming

Non-promoted Mo,C/Al,Oj3 catalyst showed low activity for dry methane reforming, the
activity decreased rapidly due to the oxidation of molybdenum carbide during the reaction.
The addition of nickel significantly enhanced both the activity and the stability of
Mo,C/Al,O3 catalyst. Particularly, a rapid increase in activity and H, selectivities was
observed during dry methane reforming over NiMo/Al,Os-1:1 catalyst. Excellent reaction
results were obtained (96.5% of CH,4 conversion, 93.4% of CO; conversion, and ratio H,/CO
= 0.89 at 850 <C). The characterization results indicated that the addition of nickel and
sintering of Ni species resulted in the re-carburization of the Mo to carbide phase and the
activity increases during dry methane reforming. Besides, Ni-Mo mixing phase, which has

been generated during the dry methane reforming, has a positive influence on the stability.
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The preparation methods played an important role in the catalytic performances. In the
case of Ni/Mo=1:2, the catalyst prepared by mechanical mixture exhibited particularly good
catalytic performance (96.5% and 94.7% of CH4 and CO; conversion respectively, H,/CO =
0.88 and steady state more than 20 h) in comparison to the catalysts prepared by incipient
wetness impregnation and impregnation & precipitation method. The order of activity and
stability were followed by mechanical mixture method > impregnation & precipitation

method > incipient wetness impregnation method.

Beside, in the case of equimolar nickel: molybdenum content (Ni:Mo=1:1), the amount
of carbon deposition particularly coincide with the metallic nickel crystallite size (mechanical
mixture method > impregnation & precipitation method > incipient wetness impregnation
method). It suggests that the crystallite size of nickel strongly affects the catalytic

performances and the carbon formation.

At low nickel content (Ni:Mo= 1:2), larger nickel crystallite size results in better
oxidation-recarburization balance, which leads to better stability over dry methane reforming.
Nevertheless, the large nickel crystallite size also leads to high amount of carbon deposition

on the catalysts surface at high nickel content (Ni:Mo= 1:1).

6.1.2 Mo,C catalysts for Fischer-Tropsch synthesis

The non-promoted Mo,C catalysts produce mainly C;-C, light hydrocarbons over
Fischer-Tropsch synthesis while the selectivity of heavy hydrocarbons was negligible. Due to
the strong water gas shift reaction activity of molybdenum carbide, considerable CO,
selectivity was obtained over all samples. Particularly, Mo,C supported on alumina leads to
better molybdenum species dispersion and stronger basic sites. This catalyst exhibited higher

light olefins selectivity compared to its other counterparts.

The addition of different promoters was investigated for Fischer-Tropsch synthesis.
Molybdenum species were well dispersed on the alumina surface. The catalytic data
suggested that the promotion with nickel led to a significant enhancement of the CO
hydrogenation activity while a negligible light olefin selectivity. However, the promotion with
Na, Fe and K contributed to the decrease in the CO hydrogenation activity while the carbon
chain growth (high Cs* selectivity) was enhanced. Particularly, the KMo/Al,O3 catalyst
exhibited better stability from oxidation (higher Mo®" percentage on the surface even after

passivation). Due to excellent hydrogenation capacity of nickel, the promotion led to a
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significant enhancement of the CO hydrogenation activity while a negligible light olefin is

produced.

The characterizations of different potassium content suggested that addition of potassium
enhanced the interaction between molybdenum and alumina support, did not affect the
particles size and dispersion, and increased the weak and moderate basic sites. The increasing
of potassium content decreased the activities of CO hydrogenation and also inhibited the
water gas shift reaction. However, the catalytic results showed that the further increase in K
content increased the olefins selectivity and carbon chain growth properties. The better

selectivity in olefins has been obtained with KMo/Al,03-(1:1) catalyst.

6.1.3 When combining dry methane reforming and Fischer-Tropsch

process can be realistic?

Catalyst stability and sufficient selectivity are the most important challenges for the

design of sequential dry methane reforming and Fischer-Tropsch process.

In this process, dry methane reforming should be conducted at elevated pressure. The
catalytic results of dry methane reforming under pressure showed that the increase of pressure
decreased the DMR activity and led to significant carbon deposition on NiMo/Al,03-1:2-M

catalyst.

Insufficient selectivity is a major problem of Fischer-Tropsch synthesis. The catalytic
data of FTS in presence of CH,; or CO, showed that the addition of CH, in the syngas
restricted the WGS reaction and the chain growth while promoted the generation of methane
and light olefins. Furthermore, the presence of CO, in the syngas seemed to promote the
generation of light olefins and long-chain hydrocarbons. Note that considerable C," (C»-C4

and Cs") hydrocarbon selectivity can be obtained in the presence of CH4 or CO,.

To summarize, carbon deposition in dry methane reforming at elevated pressure and
insufficient selectivity to valuable products in FTS are two main problems for the

combination of dry methane reforming and Fischer-Tropsch synthesis in a single process.

Hence, the research work must continue in order to establish a catalyst formulation that
should resist to carbon deposition at elevated pressure in dry methane reforming and to
optimize a catalyst formulation and the operating conditions to improve the selectivity of

Fischer-Tropsch to value-added products (e.g. olefins, oxygenates, long-chain hydrocarbons).

181

© 2016 Tous droits réservés. lilliad.univ-lille.fr



Thése de Tong Li, Lille 1, 2016

PhD Thesis of University Lille 1

This thesis contributes in a first approach to the concept of a combination direct process

to produce value-added products from biogas.

6.2 Perspectives

Based on the obtained results in this thesis, some perspectives can be proposed for

further investigation on this project.

1. As the presence of CH, or CO; in syngas influences activity and products selectivity on
Fischer-Tropsch synthesis, impact of CH, and CO; in syngas will be interesting to

investigate.

2. Combination of dry methane reforming and Fischer-Tropsch synthesis in a single process

will be necessary for the valorization of biogas.

3. Biogas generated from anaerobic digestion always contains moisture, thus, the influence
of the presence of H,O on the stability of Mo,C in dry methane reforming should be

necessary.

4. The investigation of sulfur tolerance for molybdenum carbide catalysts in dry methane
reforming and Fischer-Tropsch synthesis will be interesting as the biogas always contains

trace of H,S.

182

© 2016 Tous droits réservés. lilliad.univ-lille.fr



Thése de Tong Li, Lille 1, 2016

Chapter 6 General Conclusion and Perspectives

Acknowledgement

Firstly, I would like to express my sincere gratitude to my advisors Dr. Andrei Khodakov
and Dr Mirella Virginie for the continuous support of my PhD study and related research, for
their patience, motivation, and immense knowledge. Their guidance helped me in all the time
of research and writing of this thesis. | could not have imagined having a better advisor and

mentor for my PhD study.

Besides my advisor, | would like to thank the rest of my thesis committee: Prof. Pascal
Fongarland, Prof. Dominique Begin, and Prof. Jean-Marc Giraudon, for their insightful
comments and encouragement, but also for the hard question which incented me to widen my

research from various perspectives.

Special thanks to our technicians Johann Jezequel, G&ard Cambien, Pascale Dewalle in
UCCS-ECL and our secretary Zohra Gueroui for their help during this research. | am grateful

to Pardis Simon, Martine Trentesaux, and Olivier Gardoll for characterization analysis.

I would like to thank my colleagues Dr. Mengdie Cai, Dr Kang Cheng, Dr Mengnan Lu,
Dr. Chang Liu, Dr. Fangli Jing, Dr. Jorge Beiramar, Xiaofeng, Zhiping, Marine, Ruinian,
Yagian, Haigin, Xuemei, Jin and all the PhD students who has shared unforgettable years for
their support and help during my PhD study. And thanks to Qian, Bing, Qi, Zaidao, Xingyu,
Xiaokun, Jian, Yue and all my friends for their support and friendship.

Specially, I am grateful to my motherland and the China Scholarship Council (CSC) to

offer the financial support and opportunity for my study in France.

Last but not the least, 1 would like to thank my family: my parents, uncles, aunts and to
my brothers and sisters for supporting me spiritually throughout writing this thesis and my life
in general. Particularly, thank you very much for my wife Wenwen Dong for her consideration

and support.

183

© 2016 Tous droits réservés. lilliad.univ-lille.fr



	source: Thèse de Tong Li, Lille 1, 2016
	d: © 2016 Tous droits réservés.
	lien: lilliad.univ-lille.fr


