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General Introduction

GENERAL INTRODUCTION

Fossil fuels have enormously contributed in the development of the industrial sector and the
global economy. Nevertheless, petroleum resources are limited and, in addition, their use has
significantly affected the environment through the emission of pollutants contributing, among
other problems, in global warming. Alternatively, hydrogen (Hz) and carbon monoxide (CO)
play a significant role in the production of food, fuel and chemicals. Indeed, important
applications of hydrogen include ammonia synthesis, hydrotreating, hydrocracking and fuel
cells, and both hydrogen and carbon monoxide are essential reactants for methanol and
Fisher-Tropsch syntheses of alkanes. These processes require large amounts of H> and CO in
order to achieve large capacity production. Consequently, multiple pathways have been
considered for the generation of hydrogen and carbon monoxide; among them, one can list the
catalytic steam reforming, dry reforming, partial oxidation and auto-thermal reforming. These
processes mainly rely on the reforming of methane that is widely available in natural gas and

in emissions from gasification of biomass.

In Lebanon, in particular, studies have recently shown that the Lebanese offshore is rich in
natural gas. In addition, the garbage crisis in Lebanon is an alarming situation that requires
great attention and urgent solution. In the absence of waste management strategies and
national awareness campaigns about the importance of recycling, measures should be taken as
soon as possible to conserve the natural image of our country. In this context, the waste
utilization and conversion into higher-value products, like liquid fuels and electricity, is
extremely important. On one hand, it can reduce the environmental impact of the trash crisis

and can limit, on the other hand, the elevated energy cost paid by the industrial sector.

The present study is applied for the reaction of dry reforming of methane. So far, this process
still encounters difficulties related to the existing catalysts. Indeed, the most active and stable
catalysts, based on noble metals, are expensive while cheaper catalysts, based on transition
metals, particularly nickel, suffer from carbon deposition and active phase sintering under the
reaction conditions. It is thus important to develop performing and stable catalysts while

ensuring reasonable cost.

The recent publications available are interested in mesoporous supports that seem to exert a
confinement effect on the supported metal particles, preventing their sintering and hence
contributing in their superior stability. However, the preparation methods do not provide a

1
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complete internal deposition of the metals inside the pores. Therefore, in this work, we will
check if the confinement effect, particularly on silica-based mesoporous materials, is a key
parameter for enhanced catalytic stability. We will also investigate the potential beneficial
effect of forming very small metal nanoparticles highly dispersed inside the support towards

better coke resistance.

The research was conducted in a joint PhD - or “cotutelle” thesis - between the Laboratoire de
Réactivité de Surface at the Université Pierre et Marie Curie (France) and the Department of
Chemical Engineering at the University of Balamand (Lebanon), on the basis of alternating

six months periods.

The manuscript is divided into six main chapters. Chapter I is an introductory chapter that will
provide a general overview on reforming processes and on the dry reforming of methane, in
specific. It also details the successive efforts carried out in literature to improve the

characteristics of the catalysts in the domain.

Chapter Il describes the experimental work and characterization methods used in this thesis. It
will thus describe (i) the preparation of the samples and (ii) the characterization techniques
used at different stages of synthesis and activation. The chapter also contains the setup and
conditions of catalytic dry reforming test in addition to an evaluation of the thermodynamic

equilibrium of the reaction under varying experimental conditions.

Chapter 111 is intended to study if the confinement of nickel nanoparticles inside a SBA-15
silica support is important for a good catalytic stability. The support is synthesized in small
batch and impregnated with different nickel loadings using the two solvents method. The
samples are characterized in order to evaluate the porosity of the supports and impregnated
samples as well as the nature, size, dispersion and reducibility of nickel nanoparticles. The
reduced catalysts are next evaluated in dry reforming of methane at 500°C. The chapter also

considers the effect of Ce addition on these catalysts.

Chapter 1V focuses on the extension of the study towards a larger scale synthesis and the
comparison of the resulting catalysts to commercial silica-based mesoporous supports with
different textural properties. Finally, the successful amelioration of the SBA-15 synthesis by
application of hydrothermal treatment is considered. In this chapter, the catalysts are tested in

methane dry reforming at 650°C, which is closer to the industrial conditions.
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In Chapter V, we will show that the variation of the nickel deposition method, the nature of
the nickel precursor salt and the conditions for thermal activation are all strategies that affect
the final dispersion of nickel particles and the consequent catalytic activity and stability. The
use of a promoter/dopant with nickel will also be analyzed. The chapter ends with a

preliminary evaluation of the use of mesoporous CeO; as support instead of SBA-15.

Chapter VI details the careful evaluation of carbon deposition on the spent catalysts. It also
considers the effects of more severe reaction conditions like higher gas hourly space velocity

and higher pressure.

The manuscript ends with a summary of the main results of this work in addition to proposed

perspectives for future research.

Finally, supplementary data are provided in three appendixes. Appendix 1 reports a non-
exhaustive bibliography on catalysts used in dry reforming of methane, Appendix 2 gives
insights about the attributions of the NiO reduction peaks and Appendix 3 introduces

preliminary attempts for shaping Ni/SBA-15 catalysts into solid bodies.
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CHAPTER I

Literature Review

Hydrogen (H2) and carbon monoxide (CO) are important reagents for the production of food,
fuel and chemicals. The large quantities required can be produced via different reactions of
reforming of methane. In this chapter, we will present the common methane resources and detail
the various pathways for the production of H> and CO from methane. Next, we will explain our
particular interest in dry reforming of methane that uses CO- as co-reactant. The subsequent state
of the art presents a summary of the progress achieved in the preparation of highly performing
catalysts for dry reforming of methane. Based on this brief review, the general comments

deduced will lead to the formulation of the objectives of the present thesis.
I.1 Methane dry reforming: general context

|.1.1 Methane resources

The abundance, availability and consequently low price of methane are all elements that increase
its potential in the production of Hz and CO, which can later replace oil resources and contribute in
the energy supply. Methane is found in natural resources such as natural gas and shale gas (natural

gas trapped within shale formations) as well as in renewable ones like biogas from biomass.

e Natural gas

Facing the excessive increase in energy demand, natural gas currently plays an important
energetic role due to its large world proven reserves. In opposition to the depleting oil reserves,
the annually published BP statistical Review of Word Energy reported an increase of the proved
natural gas reserves from 118.4 trillion cubic meters in 1993 to about 185.7 trillion cubic meters
in 2013 (Fig. 1-1). According to the estimations, this quantity is sufficient to meet 55 years of
global production.! The increasing proved reserves are predominantly located in the Middle East
and Europe & Eurasia regions (Fig. 1-1). In Lebanon, in particular, recent reports have shown
that the Lebanese offshore is petroliferous and highly prospective. While the Ministry of Energy
and Water has suggested the potential existence of 2.7 trillion cubic meters of gas reserves,?®

4
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other investigations postulated the existence of only 0.7 trillion cubic meters of gas reserves.*
Regardless of the exact numbers, the quantity of natural gas in Lebanon remains very significant

compared to a total area of only 10452 Km?, equivalent to <0.002% of the world total area.

In details, methane is the essential component of natural gas (70-98%). Depending on its origin,
the latter can also contain traces of hydrocarbons (ranging from ethane to heptane) and other
impurities such as sulfur compounds (H.S), nitrogen compounds, carbon dioxide (COz) or heavy

metals (Hg, Pb, As), that should be removed before use.®

W Middle East
M Europe & Eurasia
M Asia Pacific 6.3
Africa
North America
B 5. & Cent. America

47 78

.89

2013
Total 185.7
trillion cubic
metres

74

2003
Total 155.7
trillion cubic
metres

85
| 1993
Total 118.4
trillion cubic
metres

Figure I-1: Distribution of proved reserves (in percentage, %) in 1993, 2003 and 2013 [Source:
BP statistical Review of Word Energy, 2014%]

e Biomass

Biomass includes wood, agricultural crops, municipal organic wastes or any other organic matter
derived from plants or animals available on a renewable basis. The methods available for the
conversion of complex organic compounds in biomass can be divided into two main categories:
thermo-chemical and biological conversion routes.® The thermo-chemical routes include
gasification or combustion in the presence of oxygen (or air) and pyrolysis or torrefaction in an
oxygen-free environment. The biological conversion is a four-phase enzymatic process that
comprises hydrolysis, fermentation, acetogenesis, and methanogenesis.”® Biomass is thus a
potential renewable energy source, for both the rich and the developing countries. In Lebanon, in
particular, 1.6 million tons of wastes are generated per year with an annual increase of 1.5%. If
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the processes of conversion of methane (which will be detailed below) are well-optimized,

biomass can become an important feedstock for reforming processes.
1.1.2 Pathways for methane-to-syngas conversion

Since large amounts of natural gas are mainly found in remote areas,’ its full exploitation is thus
hindered due to cost ineffective gas transportation. Because of its low density, it is not easy to store
natural gas or transport it by vehicles. Indeed, gas pipelines are impractical across oceans, since the
gas needs to be cooled down and compressed, as the friction in the pipeline causes the gas to heat
up. This challenge increases the need for onsite gas-to-liquids conversion. Consequently, the
conversion of methane into heavier — more easily transportable — compounds, such as liquid fuels,

represents an attractive and challenging target, offering economical and energetic benefits.

Methane can be converted into useful products via two distinct routes: the direct and indirect
conversions. The direct conversion is a one-step reaction of methane with oxygen. However, this
process is very difficult and requires very severe conditions because of the strong C-H bond that
is very stable and hard to break.!®!! This use of direct methane conversion in industry is
consequently restricted. Alternatively, the most prominent use of methane in the chemical
industry is through the indirect process that consists on first converting methane to synthesis gas,
often referred to as syngas, which can be later converted into the desired products. Syngas is, in
fact, a mixture of hydrogen and carbon monoxide in varying amounts, depending on its way of
production. This amount (commonly identified as H2:CO molar ratio) should be adapted with

respect to the subsequent intended application, as will be detailed below.

Different methods can be used in order to convert methane into syngas, the main ones being:
steam reforming, partial oxidation, auto-thermal reforming and dry reforming (Table 1-1).%2
Despite their advantages that will be presented below, these techniques are not yet fully
controlled. Only steam and auto-thermal reforming are currently industrialized.
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Table 1-1: Methane reforming reactions'3'4

_ _ AHYgg ¢ Main
Reaction Equation H2:CO o
(KJ.mol?) application
Steam reforming CHa(g) + H20(g) 206 3 Hydrogen
of methane (SRM) — 3Hz(g) + CO(g) production
Partial oxidation CHyg) + %OZ(g) 36 ) Methanol
of methane (POM) — 2Ha@) + CO(g) synthesis
Auto-thermal CHyg + EOZ(Q) + (1-x)H20g) ) Dependent
] 206.2-241.8x* | variable .
reforming (ATR) — (3- x)Hz(g + CO on the ratio
Dry reforming CHa(g) + CO2(g) 047 . Fischer-Tropsch
of methane (DRM) — 2Hzg) + 2COg) Synthesis

*x is a variable between 0 and 1

e The catalytic steam reforming of methane (SRM) generates syngas with a high H./CO
ratio (value of 3), which makes this process the most widespread for hydrogen
production.’® This reaction is highly endothermic and requires temperatures as high as
800°C. Industrially, it is performed at elevated pressures greater than 10 bar.6:1’

e Partial oxidation of methane (POM) produces a lower H,:CO ratio (around 2), adequate for
methanol synthesis (2H2 + CO — CH3OH).*8° However, this process is highly exothermic
and results in the formation of hot spots on the reactor, leading to difficulties in process
control.?%?! Furthermore, the need for "on-site" oxygen production further complicates the
process. Thus, it is not yet industrially applied for converting methane to syngas.°

e These two previous processes can be combined in order to obtain the auto-thermal reforming
(ATR)*22 in which methane first undergoes combustion in the presence of oxygen in order to
obtain CO2, CO and H0, then the resultant gases are passed over the catalyst in the bottom
section of the reactor to produce syngas. The non-catalytic partial oxidation step is operated at
temperatures around 1900°C whereas the temperature in the catalytic steam reforming zone is

between 900 and 1200°C and the pressure is in the range of 20-35 bars.
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In dry reforming of methane (DRM), also known as CO- reforming of methane, steam is
replaced by carbon dioxide (compared to SRM). This process is also endothermic and
requires high temperatures (>640°C) in order to achieve high conversions.?®?* However, it
results in an equimolar product feed (H2:CO ratio of 1) that can be directly used for the
production of liquid hydrocarbons via Fischer-Tropsch Synthesis (FTS),® as will be

detailed below.

Other recently emerging methods for methane-to-syngas conversion include:

Bi-reforming that is a combination of steam and dry reforming: it produces an H.:CO molar
ratio of 2, called “metgas”, that can be used for the preparation of methanol and subsequently
derived hydrocarbon products.’® Compared to dry reforming, the presence of steam in bi-
reforming can facilitate the oxidation of carbon species.?® Nevertheless, this process requires
lots of energy because it is highly endothermic.

Tri-reforming that is a combination of steam reforming, dry reforming and partial
oxidation. This process is advantageous because: (1) it offers the possibility of controlling
the H2:CO molar ratio in the product by varying the relative amounts of gas reagents, (2) it
is less endothermic due to the occurrence of partial oxidation and (3) it can reduce coke
formation due to the presence of oxidants (H.O and O2).2” However, the need for oxygen

and steam production further complicates the process.

1.1.3 Advantages of dry reforming of methane

Among the most important applications of syngas, the Fischer-Tropsch synthesis (FTS) is of

particular interest. This process converts syngas into a mixture of valuable products,?®

particularly alkanes (CnHan+2, with n>2), that can be further refined to synthetic fuels, lubricants

and petrochemicals.

The production of alkanes by FTS is represented by the general reaction:

nCO + (2n+l)Hz — CqHans2 + NH0 (Eq. 1)

However, it is always accompanied by the water gas shift reaction:

nH20 + nCO < nCO2 + nH> (Eq. 2)
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Thus, the final overall reaction becomes:

2nCO + (n+l)H2 — CnH2n+2 + NCO2 (Eq. 3)

To obtain alkanes by FTS, the required initial H2:CO reactant ratio is therefore (n + 1):2n.
Although the value of n can vary, this means that the H>:CO ratio in the used syngas should be
lower than one.? In the case of steam reforming, such desired ratio below 1 cannot be achieved
directly, but only after application of additional treatments like the use of selective membranes,
which is expensive and time consuming. Then, a more convenient and more direct solution is to
use methane dry reforming that gives the lowest H2:CO ratio (Table I-1), readily utilizable for
the production of energy resources (hydrocarbons) by FTS.

Dry reforming of methane followed by FTS is thus an interesting gas-to-liquid pathway. In
addition to the energetic and economic benefits offered by this conversion, already discussed at
the beginning of section 1.2, dry reforming of methane provides an important supplementary
advantage related to the protection of the environment. Indeed, facing the climate change and the
resulting gradual increase of the earth’s temperature, humanity is strongly concerned by the
reduction of greenhouse gas emissions. In specific, an increasing concern is focused over the rise
of carbon dioxide into the atmosphere.?* Indeed, CO, emissions have increased by 90 ppm in about
200 years since 1800.2° More recently (from 1975 to 2002), they have increased by about 1.5 ppm
per year. According to the EPA report,® the greenhouse gases globally emitted in 2012 included
82% of CO, and 9% of CHa. These emissions are mainly related to electricity generation,
transportation and industry. Accordingly, dry reforming of methane offers a highly recommended
advantage, related to the simultaneous conversion of both methane and carbon dioxide into

higher-value products.
1.1.4 Main and side reactions during dry reforming of methane

The reaction of methane dry reforming, which will be in the core of this research, is recalled in
Table 1-2 that also emphasizes on the side reactions that can occur simultaneously and thus
influence the equilibrium of DRM. The reverse water gas shift (RWGS) reaction consumes
hydrogen and produces more carbon monoxide, thus resulting in a lower H2:CO molar ratio.
Methane decomposition and Boudouard or CO disproportionation reaction result in solid carbon

formation.



Chapter | Literature Review

Table 1-2: Methane dry reforming and associated side reactions

. . AH (2)98 K
Reaction Equation Effect on DRM
(KJ.mol?)
c
8
= Dry reforming
o CHag+CO2(9—2H2(+2C0O) 247 -
p of methane (DRM)*
'3
p
Reverse water gas shift Lower
: CO2(g)+H2(g—CO)+H20(g) 41 .
% reaction (RWGS) H>:CO ratio
% " Carbon
5 Methane decomposition CHag—Cs)+2H2(g) 75 )
= formation
-;,9, Boudouard or CO Carbon
) ] ) ) 2C0Og)—C)+CO0O2() -171 .
disproportionation reaction formation

* Theoretical Ho/CO product ratio of 1

The thermodynamics of the DRM reaction will be discussed in details at the end of Chapter 1l
(section 11.4). However, preliminary equilibrium plots calculated at 1 atm using an equimolar inlet
feed ratio (Fig. I-2) show that water generation (by RWGS) and carbon deposition (by methane
decomposition and/or Boudouard reaction) remain significant at temperatures up to about 800°C.*3
Accordingly, a temperature as high as 900°C is needed in order to favor the DRM reaction over all
the side reactions and to obtain the desired H2:CO molar ratio with full reactants conversions.
Moreover, because of the high stability of the two reactants molecules, this reaction hardly takes

place without a catalyst.
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Figure 1-2: Thermodynamic equilibrium plots for DRM at 1 atm and inlet feed ratio of CO2/CH4
= 1. (a) Assuming no carbon formation occurs (b) assuming that carbon formation occurs®!

1.2 Methane dry reforming catalysts: general overview

Based on literature, catalytic activation of DRM is always carried out on reduced metal(s)
dispersed on a support. According to proposed mechanisms, methane is first adsorbed on the
catalyst surface and decomposes into hydrogen and partially hydrogenated CHyx species or
adsorbed carbon.?® Shah & Gardner®? described that carbon dioxide can either participate in the
reforming reaction directly from the gas phase (Eley-Rideal mechanism) like on some alumina-
supported catalysts®334 or simultaneously adsorb on the catalyst surface and dissociate into CO
and adsorbed oxygen (Langmuir-Hinshelwood mechanism). In the latter case, it was proposed
that CO> reacts with the adsorbed hydrogen to form CO and adsorbed hydroxyl groups. These
groups react with CHyx at the metal-support interface in order to form CHxO which then
dissociates into CO and H2.%® Consequently, each constituent of the catalyst plays a role in the
mechanism of reaction.®® Depending on the nature of the support and the consequent metal-
support interactions, different activities can be obtained during the reforming reaction,* as will
be detailed below.

A non-exhaustive bibliography on catalysts used in dry reforming of methane is summarized in
brief tables in the appendix of this thesis, mainly including the reaction conditions employed along
with the initial and final reactants conversions and H>:CO molar ratios obtained. Table A-1 focuses

on non-nickel-based catalysts, such as cobalt and noble metals and Table A-2 concerns supported
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Ni-based catalysts. The promotion of Ni-based catalysts with noble metals is evoked in Table A-3,
while other promoters are listed in Table A-4. In general, most of the reported catalysts consist of a
metal such as Ni, Ru, Rh, Pd, Ir, Pt or Co, on an oxide support like SiO2, Al.O3, MgO, TiO,, CaO,
Ce0y, ZrOy, or Lay0s."3

1.2.1 High performance of noble metals

Among the DRM catalysts, researchers agree that noble metals (Rh, Ru, Pt, Ir and Pd) are the
most active and resistant to carbon deposition.31:3336:37.383940 Taple A-1 of the Appendix reports
few bibliographic data on catalysts based on noble metals. The catalytic activity and stability of
different noble metals decreased in the following order: Rh~Ru>Ir> Pd >Pt.*"4! Although Rh
and Pt are among the most studied elements,*1:424344.4546:47.48 the most efficient catalysts were
those containing Rhodium (Rh) and Ruthenium (Ru). However, despite their excellent activity,
stability and selectivity, the high cost of noble metals and their restricted availability hinder their
industrial application. In fact, the price of noble metals does not only depend on the nature of the
metal, but also on the type of precursor. In comparison to nickel, the price of noble metals can be
1500-15000 times higher.

Consequently, noble metals are most often used in bimetallic systems, as shown in Table A-3 of
the Appendix. Doping of catalysts with noble metals in small quantities remains more economic
than the use of these precious metals as active phases. The addition of Pt*3, Pd*®, Ru*® or Rh%!2
to Ni-based catalysts improved carbon resistance during the dry reforming reaction. The Ni-Rh
clusters formed on mesoporous Al,03,> SiO2** and boron nitride® supports enriched the surface
of the catalysts with Ni and enhanced the reforming activity. The main advantage of these noble
metals is associated with their H spillover effect, when H2 molecules dissociate on the surface of
the noble metal to hydrogen species, which are highly mobile and can diffuse easily on adjacent
ones via the support surface.*®°657 This improves the reducibility of metal oxides and ameliorates

the catalytic stability by limiting heavy coke formation.
1.2.2 Use of transition metals and importance of nickel

Non-noble metals like Ni and Co became attractive alternatives due to their lower cost and higher
availability.>®° Indeed, studies on methane dry reforming over Ni and Co catalysts started as early
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as the 1920s by Fischer and Tropsch.!' However, these catalysts were subjected to severe
deactivation due to carbon deposition. Thus, people quickly dropped the research on such
application. Later, few studies in the 1980s reported that these active phases were relatively active
on SiO; supports, in opposition to CuO and FesO4 catalysts that deactivated rapidly.®® Succeeding
studies used silica®-®? and alumina®>%2%® as supports. Nevertheless, the conversions obtained did

not meet the equilibrium values and side reactions continued to affect the final conversions.

At the beginning of the 21% century, the increased concerns about global warming and the
depletion of petroleum oil reserves promoted renewed interests in dry reforming of methane.
Since then, the importance of this topic of research continuously increased with time. We
statistically considered the articles obtained by looking for either the words “CO- dry reforming”
using the Web of Science search engine, or “Methane dry reforming” using Google Scholar (Fig.
[-3). Some variations are observed between the two search engines, however, the trend is the
same. The resulting bar-charts reveal a significant increase in the number of publications after
2010, up to mid-2016.

Furthermore, statistics were done on some of the most studied elements in dry reforming of
methane obtained by looking for “Methane dry reforming” and the corresponding metal using
Google Scholar (Fig. 1-3). The plot shows that Ru, Rh and Pt are no longer greatly studied, due
to their high cost, as discussed earlier. In opposition, extensive studies are concerned with the use
of Co and more importantly Ni.

In this literature, Co-based catalysts usually show lower coke deposition in comparison to Ni-
based systems;54656667 however they remain less performing in DRM.*® Therefore, Ni-based
catalysts are considered as the most promising alternatives among the non-noble metals. Indeed,
close resemblance in the catalytic activity was obtained on Rh and Ni-based catalysts;*! however,
Ni-based catalysts are subjected to heavy coke deposition and consequent catalytic deactivation.
Therefore, several approaches are being studied in literature in order to increase the stability of
these catalysts and enhance their coke-resistance. The studies mainly focus on the nature of
supports, catalyst preparation methods and addition of promoters. These topics will also be

important concerns of this thesis.
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Figure 1-3: Number of publications on DRM from 2000 to mid-2016 based on the topic
or on the nature of the metal active phase

1.2.3 Existing industrial processes

Because of its low cost and important activity, nickel is already involved into two existing
industrial processes, in which a part can be viewed as dry reforming of methane, as described by
Shah et al.3?

e A graded Ni-based catalyst bed is used in the CALCOR process (Caloric Gmbh). Various
levels of activity and catalyst geometries are employed to minimize carbon deposition.

However, in this case, the dry reforming of natural gas (or of liquefied petroleum) takes
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place in presence of excess CO.. In addition, syngas is produced with a high
concentration of carbon monoxide (CO).

e Ni-based catalysts are also implemented in the SPARG (sulfur passivity reforming)
process, created by Haldor-Topsoe. This process operates at 915-945°C and coke
deposition on the catalyst is minimized in this case by pre-treatment of the catalyst with
sulfur. However, this process uses mixtures of CO> and H2O and hence it is rather
considered as a combined dry and steam reforming process.®® Moreover, it produces

different syngas compositions with Ho/CO ratios not lower than 1.8.

Consequently, there is still no industrial application consisting on dry reforming of methane that
uses CH4 and CO- to produce an equimolar H2:CO syngas mixture, best adapted for FTS. Because
of its endothermic aspect, the high energy cost required can be compensated by the use of solar
energy, which is an abundant renewable source, to generate the heat required for the reaction.5%
However, the main reason that still hinders the commercialization of the dry reforming process is
related to the unavailability of cheap and effective catalysts that can resist active phase sintering

and carbon deposition, especially under the high temperatures required for the reaction.
1.3 Ni-based catalysts for methane dry reforming

Active phase sintering causes an increase in the metal particle size and a significant reduction of
its surface area, leading to lower catalytic activity. The reduction of nickel particles size
promotes carbon resistance. In literature, different critical particle sizes have been selected for
the inhibition/reduction of carbon formation, like 7 nm on Ni/alumina aerogel,”* 10 nm on Ni-
Mo/SBA-15% and Ni/Al,03-La203,”® and 15 nm on Ni/meso-Al;03™ and Pt/Ni-MCM-41.%
Baudouin et al. studied the impact of nickel particle size in the range of 1.6 to 7.3 nm on dry
reforming of methane at 500°C.”™ However, this range remained below the threshold determined
by other authors and this explains why they found an independent relationship between catalytic
activity and particle size in their study. Thus, it is generally agreed that the dispersion of active
metal (Ni) is of particular importance for an efficient nickel reforming catalyst. When nano-sized
nickel particles were obtained with narrow distribution in Ni/SBA-15 catalysts, the catalytic

activity was even higher than that on Ru-catalysts for ammonia decomposition.”® Nonetheless,
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the formation of well-dispersed active metals in supported catalysts is greatly affected by metal

precursors, loading techniques and supporting materials.

In general, nickel nitrate is the most commonly used precursor due to its commercial availability,
low cost, high solubility in water and easy decomposition at moderate temperatures.’”’®
Nevertheless, other precursors like nickel chloride, acetate, citrate or formate are tested as

We”.27’79’80’81’82’83’

8485 The use of chloride precursors generates large particles, as observed on
Ni/Al03,3* Ni/TiO2,2 Ni/CeO,,%” and Fe/SBA-15"° whereas nitrate and acetate precursors
appear to be efficient for small particles formation, good metal dispersion and subsequent high

catalytic activities.®38182

The catalyst preparation procedure can also play an important role in the dispersion of the active
phase. For instance, different preparation techniques such as impregnation (co-impregnation or
sequential, in the case of bimetallic catalysts), precipitation, direct synthesis (also known by
single-step or one-pot synthesis), ion exchange, plasma treatment and many more are
reviewed.88731 While plasma treatment is quite expensive, other procedures are preferred due to
their simplicity and their possible implementation in laboratory as well as in industry. The
incipient wetness impregnation, in particular, is the most widely used method but it does not

always lead to good metal dispersion.®

Furthermore, the selection of catalytic supports plays a critical role in enhancing the catalytic
activity and suppressing carbon formation.8” In dry reforming of methane, non-porous supports
mainly consisting of Al.O3, MgO, CeO: and/or ZrO,, microporous supports like zeolites and
mesoporous supports including Al.O3, CeO2 and/or ZrO;, MCM-41, SBA-15 and MgO were

tested. The differences of reactivity of Ni-species on these supports are detailed below.
1.3.1 Structural approaches to limit nickel sintering and coke resistance

The initial CH4 and CO2 conversions of some bibliographic data on Ni-based catalysts are
plotted as a function of reaction temperature (Fig. 1-4), regardless of the test conditions
(particularly nickel content, space velocity and reagents feed dilution). The majority of the
studies evaluated the dry reforming reaction at temperatures between 600 and 800°C, while a
limited number of tests were performed in the range of 400-500°C. In general, the plots show

that low conversions are obtained on Ni-based catalysts involving non-porous supports (yellow
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points). While the use of mesoporous supports (blue points), in particular, is in favor of high
reactants conversions. For instance, several authors found lower catalytic stability when using
non-porous supports like bulk LaNiO3,% Ni-CaO-Zr0,* and Ni/MgO-Al.Os catalysts.”* The
deactivation was mainly attributed to metal particles sintering on non-porous supports. In
addition, the study of the effects of the support phase (Al2Os, SiO2 and MgO) on DRM*®? indicated
that the pore structure of the support and metal-support interaction significantly affected the
catalytic activity and coking resistance. The catalyst with well-developed porosity exhibited higher
catalytic activity.

In the same direction, Zhang et al. succeeded in stabilizing nickel particles inside phyllosilicate
(PS) nanotubes and obtained catalysts with excellent performances and coke resistance in ethanol
steam reforming.%® The introduction of nickel particles in PS nanotubes maintained the Ni size
between 6 and 7 nm and increased the resistance of metal particles towards carbon deposition.
Similarly, Ma et al. found that nickel nanoparticles located inside carbon nanotubes are more
reducible and resistant to sintering as well as catalytically more active and stable than those loaded
outside the nanotubes.®* A better metal dispersion is thus achieved on porous materials due to their
higher surface area, inducing improved accessibility of reactants to the metal active phase.

100
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Figure 1-4: Some bibliographic data reporting the initial (a) CH4 and (b) CO- conversions over
Ni-based catalysts using non-porous or mesoporous supports
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e Macroporous and microporous supports

During dry reforming of methane at 400°C,%® an analogous deactivation was observed on both
non-structured and macro-structured Ni/La20s3-ZrO; catalysts. The deactivation was mainly
caused by the presence of graphitic carbon on both catalysts in addition to reoxidation of Ni into
NiO on the macro-structured sample. The latter was also the reason behind the deactivation of
nickel supported on naturally available macropous diatomites.’® Microporous supports received
some attention in dry reforming of methane because of their well-defined structure, high surface
area and high affinity for CO». The stability of 3 to 7 wt% Ni on zeolites A, X, Y and ZSM-5 at
700°C slightly varied between the various supports.®” Frontera et al.% investigated the effect of
silylation treatment before Ni impregnation on the support by substituting the OH groups with
larger organosilane ones. This procedure allowed the formation of smaller and more reducible
nickel species which improved the CH4 conversion and reduced coke deposition. However, the
microporous zeolites are characterized with high acidity, that limits their exploitation in the

reforming processes.

e Mesoporous supports

In the last ten years, mesoporous supports gained the greatest attention among porous materials.
High catalytic activity and long-term stability were obtained on ordered mesoporous NiO-Al,O3
composite oxides,*® attributed to the higher number of active sites for the reactants on the
mesoporous wall surfaces and the stabilization of the active sites by the alumina matrix due to
the confinement effect induced by the mesopores. Newnham et al. prepared Ni-incorporated
mesoporous alumina materials with different Ni loadings (7, 10 and 15 wt%),”* which displayed
high stability compared to conventional materials with the same compositions. The high stability
of the catalysts was attributed to the sintering resistance of Ni nanoparticles under the used
conditions, due to a strong Ni-support interaction and/or active metal particles being confined to
the mesoporous channels of the support. Similarly, a recent study on mesoporous ZrO;'®
demonstrated that a well-defined mesoporous structure can maintain Ni particle size at around 7
nm throughout the test, thus keeping high catalytic performance for more than 80 hours. Whereas
a poorly defined mesoporous structure can result in activity loss due to the formation of large Ni
particles, of about 15 nm, during reaction. The superior thermal stability of the catalyst was

attributed to the “anchoring effect” of the mesoporous structure and the formation of multiple
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points of contact between the metal and the support. Thus the well-formed mesoporous structure
can impose a spatial restriction on Ni particles, preventing their sintering and resulting in better
stability during reaction.!®® Consequently, it appears that the textural properties of the
mesoporous supports can have an influence on the stability of the catalyst, as will be discussed in

succeeding chapters.

e SBA-15 mesoporous supports

The synthesis of silica-based mesoporous materials was pioneered by the discovery of MCM-41
in 1992,1%2 followed by the invention of SBA-15 in 1998.1% More recently (in 2009), Liu et al.1%
showed that the catalysts supported on SBA-15 were more stable in dry reforming of methane
than those supported on MCM-41 due to high structural stability of SBA-15, much uniform
mesopore distribution and unique pore structure. In the same way, Wang et al.® obtained higher
initial CHs and CO2 conversions on LaNiO3/MCM-41 than on LaNiOs/SBA-15 catalysts.
However, the superior performance of LaNiOz/SBA-15 in the long-term stability was credited to
the maintained hexagonal mesoporous arrangement of SBA-15 in comparison to a structure
collapse of MCM-41. The authors further reported that SBA-15 supports can minimize heat
diffusion problems of the highly endothermic dry reforming reaction and thus prevent the

formation of cold points in the catalytic bed.

At the beginning of this PhD research, very few studies were concerned with the use of SBA-15
as supports in dry reforming of methane.’?1%51% |t js only after 2013 that this type of materials
started to be reported for this application, owing to their high specific surface areas (600-1000
m2.gY), uniform two-dimensional hexagonal pore arrangements, interconnected porosity, large
tunable pore sizes (5-30 nm) and thick pore walls (3-7 nm). All these properties can give way to

improved dispersion of metal particles and better accessibility of reactants to the active sites.

When clay is molded to form a bowl, it is the empty space that makes the bowl useful. In analogy
with this image, the essence in working with porous materials can be visualized. We can shape
them, generate pores in varying sizes and structures and finally exploit the surface and the empty
space for various applications. In this direction, we were interested to study the stabilization of
Ni inside SBA-15 systems in dry reforming of methane. First, the studies were conducted at

500°C. This temperature limits carbon formation, as previously seen on the thermodynamic
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curves, and favors lower energy consumption. Furthermore, to the best of our knowledge, few

works dealing with the stability behavior of Ni-based catalysts at low temperatures have been

pUbI ished 62,75,95,107,108,109

1.3.2 Chemical approaches to enhance carbon resistance

In addition to the above mentioned criteria, the stabilization of nickel particles inside porous
channels can be accomplished through the addition of a second metal. This metal can either
enhance the dispersion by reducing the metal particle size or improve coke resistance through the

modification of the surface basicity of the support or its redox properties.

e Addition of promoters: effect of basicity

Concerning the non-noble metal promotion, the major metals usually studied in literature are
cerium, lanthanum and magnesium (Table A-4 of the Appendix). Various promoters (La, Mg,
Co, and Zn) were studied on Ni/SiO- catalysts in dry reforming of methane.*'° All the promoters
presented a significant improvement of the catalytic activity. Indeed, the addition of promoters
influences the dispersion of Ni particles and their interaction with the support, providing thus
more active sites for the reforming process to take place. In particular, the addition of Mg and La
reduces the contribution of the reverse water-gas shift reaction (RWGS), increasing thus the
hydrogen yield.!*® Furthermore, these two promoters improve the electronic properties of the
catalyst and increase the basicity of the support. Basic supports favor the activation of CO2 on the
surface of the support rather than the metallic site. Consequently, CO strongly adsorbs on the La
or Mg species while CHs decomposes on the Ni particles.*®!! Therefore, no filamentous or
encapsulating carbon was observed on the spent Ni/8MgO-SBA-15 catalyst. Whereas on
Ni/SBA-15 catalyst, the Ni particles were separated from the surface by the carbon filaments and
remained accessible on the tips. However, as more filaments were formed, the catalyst particles

were destroyed and the reactor plugged during the long-term test.

e Addition of promoters: effect of redox properties

In general, like other promoters, the addition of ceria causes an enhancement of Ni nanoparticles
dispersion and a consequent improvement of stability.!!2113114.115116117.118 More particularly,

CeOz is characterized by excellent low-temperature redox properties (Ce** < Ce®*) that promote
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the formation of oxygen vacancies. The high oxygen storage capacity and increased surface
oxygen mobility facilitate carbon gasification on metallic particles.!t3114119.120 1n addition,

reduced Ce>O3 can spontaneously reduce NiO to Ni, maintaining high Ni activity.

These positive effects of CeO, addition were observed in Rh/MgO systems for partial oxidation
of methane!? and in Pt/ZrO, systems for both partial oxidation and combined reforming of
methane.*?? In ethanol steam reforming, the CeNi/SBA-15 catalysts possessed homogeneous Ni-
Ce distribution and increased Ni-CeO; interface.’?® This strong interaction between nickel
particles and ceria, together with the confinement inside the SBA-15 support, retained the small
nickel particle size (5.2 nm), revealing excellent sintering-resistance. In the same direction, the
performances of ceria-doped mesoporous Ni/SBA-16 in DRM were increased through metal-
support interactions.'?® The presence of Ce inhibited the migration of Ni particles to the external

surface of the support and prevented structural collapse of SBA-16.

Nevertheless, despite the improved nickel dispersion and catalytic stability, comparable coke
deposition was observed with and without Ce. Similarly, carbon nanotubes formation was
observed on Ce-enriched Ni/SBA-15 catalyst.!*® It was reported that the Ce/Si atomic ratio had
to be kept below 0.04 to avoid pore blocking. Moreover, the formation of clustered layers of
ceria-zirconia mixed oxides and NiO phases on SBA-15 supports'!* also led to partial or
complete blockage of the pores. Therefore, low metal dispersion and very slight enhancement of
the catalytic stability were obtained, in spite of the presence of ceria. In steam reforming of
methane, high CHs conversion and CO selectivity were obtained on both Ni/SBA-15 and
Ni/CexZr1-«02/SBA-15 catalysts.’?* The excellent stability of the unpromoted catalysts at 800°C

was rather owed to the porous structure of SBA-15 that prevented nickel particles aggregation.
1.4 Aim of this work

The above literature review reveals the importance of dry reforming of methane as an
advantageous process that deserves attention for industrial implementation. Nowadays, the
economical Ni-based catalysts have a great potential in such applications. From most recent data,
the occlusion of small nickel nanoparticles inside high surface area mesoporous supports, which
is not yet well achieved, could hinder their sintering and improve their carbon resistance. When

more metal active sites are available for the reactants, higher catalytic activity and selectivity
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towards H, and CO products can be obtained. Otherwise, promoters can alternatively contribute
in the mechanism of reaction by either improving the basicity of the support for better reactants
adsorption or enhancing the redox properties of the catalyst for better carbon oxidation.
Consequently, the type of support, the preparation method, and the use of promoters or dopants

are all factors that seem to greatly affect the final results.

The focal target of the present doctoral study relies on the evaluation of the effect of confinement
of nickel particles inside a well-defined mesoporous structure towards high performance in dry
reforming of methane. We will examine first if the occlusion of nickel particles inside accessible
pores is a key parameter for enhanced catalytic stability. Then, we will consider the potential effect
of forming very small metal nanoparticles highly dispersed inside mesoporous supports (mainly

silica-based ones) in order to achieve better resistance to nickel sintering and to carbon deposition.

The confinement effect of nickel particles inside silica-based materials (mainly SBA-15) was
evaluated through the variation of the synthesis parameters such as the grain morphology of the
support, the nickel precursor salt, the nickel deposition method on the support... The synthesis of
mesoporous CeO> support using SBA-15 as the hard template was also considered in order to
combine the properties of mesoporous SBA-15 silica support with the benefits of CeO, oxides.
The best catalysts were also tested under more severe conditions: longer test durations, higher
temperatures and under pressure. Throughout the study, the evaluation was not only limited to
the effects on the catalytic performances in dry reforming of methane but also included the
effects on the physico-chemical properties of the resulting catalysts, at different stages of
preparation and activation. In addition to these main objectives, other important aspects were
also covered during this work like the setup of the catalytic test at the University of Balamand
and the validation of the SBA-15 extrapolation synthesis into larger batches.
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CHAPTER 11l

Experimental Part

Chapter I1 describes the experimental part of this PhD thesis research. It is presented in four main
parts. The first one describes the methods applied for materials preparation, the second one details
the various characterization techniques used to identify the physico-chemical properties of the
samples (before and after catalytic test), and the third one is devoted to the conditions of catalytic
dry reforming test. The fourth one ends the chapter with an assessment of the thermodynamic
equilibrium of the reaction under varying experimental conditions, evaluated in order to correctly

position and discuss the catalytic performances with respect to expected equilibrium values.
1.1 Materials Preparation

Most of the synthesized or selected supports were silica-based materials. The metal precursor
salts (in the form of aqueous solutions) were first added to the supports, then calcination in air
was applied to form supported metal oxides. Next, reduction was carried out under hydrogen to
convert the supported metal oxides into metal nanoparticles, which are the active phases of the
reaction of methane dry reforming. Accordingly, the first part of this section describes the
preparation of the various supports, next the methods employed for the deposition of the active
phase on the supports are detailed.

11.1.1  Supports

The different supports used for Ni deposition, either synthesized or commercial, are listed below.
Their specific synthesis conditions or their commercial origins are detailed in the subsequent
sections a, b and c. The detailed quantities of reagents used, the nomenclature of the supports and
their major characteristics are also summarized at the end of this section, in Table I1-1.

e Two batches of mesoporous SBA-15 (SBA-A1 and SBA-A2) were synthesized on small scale

(4 g), without hydrothermal treatment (see below), to carry out preliminary catalytic studies,
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e One batch of mesoporous SBA-15 was synthesized at larger scale, which allowed
preparingl0 g of support without hydrothermal treatment (SBA-Az) and around 60 g of
support with hydrothermal treatment (SBA-B1),

e One batch of mesoporous SBA-15 support (SBA-B>) was prepared on small scale while
changing the concentration of the initial HCI solution, in order to change the grain
morphology, as reported by Choi et al.,!

e Two synthesized mesoporous CeO> supports (CeO2-A and CeO,-C) were prepared via
hard-template method in order to evaluate the interesting properties of ceria-based
materials (as will be detailed later),

e Several commercial silica supports (either non-porous or mesoporous with various grain
morphologies) were selected as reference materials for comparison, based on their

structural and morphological properties.
a) SBA-15 silica supports syntheses

All synthesized SBA-15 silica supports were prepared according to the well-known method
developed by Zhao et al.? in 1998 based on the cooperative sol-gel self-assembly mechanism

well reported in literature (Fig. 11-1).34°

The surfactant used was the triblock copolymer poly (ethylene glycol)-poly (propylene glycol)-
poly(ethylene glycol), known as P123 with typical molecular weight of 5800 g.mol™ (Sigma Aldrich,
435465, 9003-11-6). Briefly, under acidic medium (0.3 or 1.9M HCI), the P123 containing
hydrophobic tails and hydrophilic heads self-assemble into spherical micelles (step 1-Fig. 11-1) that
are later elongated and transformed into micellar rods upon addition of tetraethylorthosilicate (TEOS
from Sigma Aldrich, 86578, 78-10-4) as silica source (step 2-Fig. 11-1). For all syntheses, the TEOS
to P123 molar ratio was maintained around 60. Next, these cylinders begin to aggregate into a two-
dimensional hexagonal structure (step 3-Fig. 1I-1). The condensation of the silica results in cross-

linking and covalent bonding between the coronas and thus SBA-15 grains are formed.

Based on this procedure, the resulting material can be either directly filtered and calcined or
submitted to a hydrothermal treatment (often carried out at 95°C) before filtration and calcination. As
usually done,® the SBA-15 silica supports will be called SBA-A when prepared without
hydrothermal treatment or SBA-B when subjected to hydrothermal treatment at 95°C. The
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calcination step is performed to remove the organic template and obtain the final mesoporous SBA-
15 support. In this work, this calcination was done in air at 500°C (heating rate of 2°C.min™%) for 9
hours in a muffle furnace (Nabertherm, LE6/11).

The first preliminary preparations were carried out on small scale (Fig. 11-2A) to obtain around 4
g of calcined material, as frequently reported in literature.123456 These supports were named
SBA-A: and SBA-A; (Table II-1). In order to have a greater SBA-15 quantity, sufficient for
allowing comparative experiments starting from the same support material, a larger scale
preparation was carried out using a 4L double-jacketed reactor (Fig. 11-2B), leading to 10 g of
SBA-Asz and 60 g of SBA-B; (Table 11-1).

Without Hydrothermal

Spherical Cylindrical 2D Hexagonal

) treatment
“Vdgl’::‘k"b"H - micelle micelle structure

Hydrophilic ydrophilic (Step 1) (Step 2) (Step 3)

b S PPO
HiC H
B
/070~
iC CHs

block block
CHs
o 0.
H 0 OH
20 70 20
e
C s Ol

H.

TEOS

With Hydrothermal
treatment

Figure 11-1: Schematic illustration of the synthesis mechanism of mesoporous silica support’®

(A) Small scale (B) Large scale

_______

4g of support 60 g of support

Figure 11-2: Small scale (A) and large scale (B) reactor setups for support preparation
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b) Mesoporous CeO: support synthesis

The mesoporous CeO» support was prepared using the hard template method (Fig. 11-3), also
known as nanocasting, which consists in using a hard porous structure to shape the materials.®°
Thus, the precursor is first introduced inside the channels of the hard template, where it is shaped
according to the morphology and structure of the template, and later the template is removed.

In our case, two SBA-15 silica supports were used as the hard templates: an SBA-A prepared
under analogous conditions as SBA-A: and SBA-A; (without hydrothermal treatment) and SBA-
C subjected to hydrothermal treatment at 130°C. The addition of cerium nitrate to the SBA-15
was done using two solvents impregnation. In details, 1g of SBA-15 was first stirred in 20 ml
hexane for 15 min and then 1.5 ml of cerium solution (prepared by dissolving 9g of cerium
nitrate in 10 ml of distilled water) was added drop by drop to the suspension (step 1-Fig. 11-3).
The resulting supports were left to dry in air for 24hours and were next calcined at 450°C
(heating rate 0.5°C.min) for 5 hours, leading to the formation of Ce/SBA-15. The same
procedure was repeated again for a second impregnation of Ce and the 2Ce/SBA-15 sample was
obtained (step 2-Fig. 11-3). After calcination, the SBA-15 template needs to be removed in order
to keep only the shaped CeO:znanoparticles (step 3-Fig. 11-3).

Step 1 Step 2 Step 3
Cerium nitrate Cerium nitrate Silica removal
impregnation  Ce/SBA-15 - impregnation 1 2Ce/SBA-15 bcaNe O;’a Ce0,
on SBA-15 on SBA-15 y N
Calcination Calcination Calcination

Figure 11-3: Process of preparation of mesoporous CeO2 support

According to literature, silica removal is usually done using a 2M NaOH aqueous solutiont1213
and we chose to also apply this procedure. Thus, 50 ml of NaOH (2M) solution were added to 1 g
of calcined 2Ce/SBA-15 and stirred for 2 hours before centrifugation at ambient temperature. Next,
different procedures are reported''?1® and therefore many trials were done before selecting the

optimum conditions for this step:
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e Washing after centrifugation resulted in loss of material and only trace amounts of
cerium were collected after filtration.

e The duration of centrifugation was minimized from 20 min to 5 min at 3000 rpm.

e It was noticed that the temperature of centrifugation played an important role in the
separation of the two phases, thus it was decreased from 35 to around 20°C.

Consequently, after many attempts, the optimum conditions adopted were based on the
centrifugation at 3000 rpm for 5 min at 20°C, followed by drying for 24 hours and then
calcination at 450°C (heating rate 0.5°C.min*) for Shours. The resulting support was named
Ce02-A or CeO»-C, depending on the type of initial SBA-15 used.

c¢)  Commercial supports

Reference silica materials were selected based on their textural properties and used for
comparison with the synthesized supports (Table I1-1). These commercial silica-based supports
are the following:

e SiO2 is a nonporous fumed silica (Sigma Aldrich, 381276, 112945-52-5), used to study
the effect of porosity,

e meso-SiO2 is a mesoporous silica (Sigma Aldrich,748161, 7631-86-9) composed of
spherical grains with a pore size of 4 nm, used to study the effect of grain morphology,

e com-SBA-15 is a mesoporous SBA-15 (Sigma Aldrich, 777242, 7631-86-9), used to

compare the synthesized mesoporous SBA-15 support to the commercial one.
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Table 11-1: Nomenclature and synthesis conditions of supports

11-1(a) Synthesized mesoporous SBA-15 supports”

Available
P123 | HCI | HCI | TEOS TEOS Hydrothermal
Support Name o amount after
(9) (M) | (mD) | (ml) Addition treatment o
calcination(g)
SBA-A: Burette
8.0 19 | 252 | 184 4
SBA-A Drop by drop None
SBA-As Peristaltic 10
115 1.9 | 3620 | 364.5 Pump and
SBA-B: 15 ml.min-L 95°C/48h 60
SBA-B> 106 | 0.3 | 200 | 24.6 Rapid 95°C/24h 5

“ All syntheses done at 35°C

11-1(b) Synthesized mesoporous CeO:2 support

o ] Available amount after
Support Name Characteristic Preparation method o
calcination (g)
Ce02-A Mesoporous Hard template using SBA-A 1
Ce0.-C Mesoporous Hard template using SBA-C 1

11-1(c) Commercial silica-based supports

Support Name | Reference number (Sigma Aldrich) | CAS Number Characteristic
SiO; 381276 112945-52-5 Non-porous silica
meso-SiO2 748161 7631-86-9 Spherical silica grains
com-SBA-15 777242 7631-86-9 Mesoporous SBA-15

11.1.2  Addition of metal salts

The previously mentioned supports were used for the deposition of the precursor metal salts. The
precursor salts employed in this work are mentioned in Table 11-2 with their formulas and

product numbers. The nature of the used nickel precursor salt, in particular, will be specified
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between parentheses in the nomenclature of the samples at the end of this section (Table 11-3).
Specifically, “N” will refer to nickel nitrate, “CI” to nickel chloride and “A” to nickel acetate.
The deposition of precursors on the supports, in the form of aqueous solutions, was done mainly
using the two solvents impregnation (2S). Two additional techniques were employed for
comparison: incipient wetness impregnation (IW1) or direct synthesis (DS). The nickel content
was varied between 2.5 and 7.5 wt% on the SBA-A: and SBA-A> supports, between 6.2 and 16
wt% on the CeO: supports, and was maintained at 5.0wt% in the remaining samples, as specified
in the name of each sample (Table 1I-3). A “Ni-free” Nio/SBA-A2 sample was also prepared by
submitting the SBA-A; support to the two solvents procedure but without metal addition (to be
used for comparative purposes). In addition to the main active phase (Ni), additional phases (like
Rh, Ce, La and Mg) were also carried out for enhancement of the properties, as will be detailed
in the corresponding chapters. The co-impregnation was applied for adding 6 wt% Ce, Mg and
La with 5.0 wt% Ni, whereas0.1 or 0.5 wt% Rh were added to the calcined Niso/SBA-B1(N).

Table 11-2: Precursor salts used for impregnation

Precursor salt Linear formula Product number CAS
(Sigma Aldrich) Number

Nickel (I1) nitrate hexahydrate Ni(NO3)..6H20 72253 13478-00-7
Nickel (I1) acetate tetrahydrate Ni(OCOCHpz)2.4H20 72225 6018-89-9
Nickel (1) chloride hexahydrate NiCl2.6H20 31462 7791-20-0
Rhodium (I11) nitrate hydrate Rh(NO3)3.xH20 83750 10139-58-9
Cerium (I11) nitrate hexahydrate Ce(NOs3)3.6H20 238538 10294-41-4
Lanthanum (111) nitrate hexahydrate La(NOs)s.6H.0 331937 10277-43-7
Magnesium (I1) nitrate hexahydrate Mg(NO3z)2.6H.0 237175 13446-18-9

a) Two solvents impregnation (2S)

The two solvents or double solvents impregnation method is an attractive technique that is
reported to favor the homogeneous deposition of the metal oxide precursors inside the porosity
of the support.t*41516 |ndeed, n-hexane is an organic solvent poorly miscible with water. When

the silica grains are suspended in the solvent, only one/two layers of water remain attached to
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silica walls inside the pores. Later, when the aqueous solution is added drop-by-drop, it easily

penetrates inside the pores leading to a high dispersion of the initial salt.

Practically speaking, the required amount of metal precursor salt is dissolved in a volume of
water equal to the porous volume of the support. From N2 sorption (detailed in section 11.2), an
average porous volume of 1.2 ml/g of support is considered for the impregnation of the
hydrothermally treated supports, 0.7 ml/g of non-treated SBA-15 supports, 1 ml/g of com-SBA-
15 and 4 ml/g of SiO». The support is stirred for 15 minutes in n-hexane and then the aqueous
solution containing the desired metal is added dropwise to the support with manual stirring.
Finally, after drying overnight the hexane is evaporated and the dried powder is calcined at
450°C (thin bed conditions, heating rate 0.5°C.min*) for 5 hours in order to remove the nitrates

or chlorides and keep the metal oxides.
b) Incipient wetness impregnation (IWI)

Another impregnation technique, commonly reported in literature!’” owing to its simplicity, is the
incipient wetness impregnation (also known as dry impregnation) in which the volume of metal
precursor aqueous solution is equal to the pore volume of support. In order to work under similar
conditions, an average porous volume of 1.2 ml/g of support is here also chosen for

impregnation. The same calcination conditions mentioned before are used in this case.
c) Direct synthesis (DS)

While the two previous impregnation techniques are post-synthesis procedures, direct synthesis
or single-step procedure appears as an interesting way to save time and energy. To test this
method, the procedure by Park et al. is adapted® while maintaining the same TEOS to P123 molar
ratio of 60. This synthesis consists on dispersing 10g of P123 in 322 ml of distilled water under
agitation at 300 rpm at 40°C, maintained using silicone oil bath. After complete dissolution, 52 g
of 2M HCI solution are added and the agitation and heating are kept overnight. Afterwards, the
addition of 20.5 g of TEOS is followed by the addition of 21 g of nickel nitrate and the resulting
solution is kept at 40°C without agitation for 24 hours. Next, the solution is transferred for
hydrothermal treatment in Nalgene bottles at 95°C for another 24hours. Finally, the solution is
filtered and the powder left to dry in air overnight before calcination. The resulting calcined
sample is referred to as Niso/SBA-15(DS).
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Table 11-3: List of Ni-based samples prepared by two-solvents method

Nickel Meta! Order of
Support Sample Name precursor Content (Wt%) . t'
salt Ni Co-metal impregnation
Ni2s/SBA-A1(N) 25 -
SBA-A; Nis.o/SBA-A1(N) Nitrate 5.0 - Only Ni
Ni7s/SBA-A1(N) 7.5 -
Nio/SBA-A2(N) - 0 - -
Niz,sCGe/SBA-Az(N) 25 6
SBA-A; _ . i
Nis 0Ces/SBA-A2(N) Nitrate 5.0 6 Ce then Ni
Ni7,5C€6/SBA-A2(N) 75 6
SBA-A; Nis o/SBA-A3(N) -
Nis.o/SBA-B1(N) Nitrate -
Nis o/SBA-B1(R)? - Only Ni
Niso/SBA-B1(ClI) Chloride -
Niso/SBA-B1(A) Acetate -
Nis,oCGe/SBA-Bl(N) 5.0
SBA-B: NisoMgs/SBA-B1(N) 6 Co-impregnation
Nis oLas/SBA-B1(N) Nitrate
Nis oRho.1/SBA-B1(N) 0.1 )
_ Ni then Rh
le,oRho,s/SBA-Bl(N) 0.5
Ni5A0/SBA-Bl(N|W|)b - Only Ni
Rho,s/SBA-Bl - - 0.5 Only Rh
SBA-B; Nis o/SBA-B2(N) 5.0 -
CeO2-A Nig 2/CeO2-A(N) 6.2 -
Ce0,-C Nig2/Ce0,-C(N) ' -
Ce0,-C Ni1s/CeO2-C(N) ) 16 - Only Ni
i Nitrate
com-SBA-15 Nis.o/com-SBA-15(N) -
meso-SiO; Nis.o/meso-SiOz(N) 50 -
SiO, Ni5.0/SiO2(N) ' -
SBA-15 Nis.o/SBA-15(Nps)° - -

aSample directly reduced without calcination

bSample prepared by incipient wetness impregnation
¢Sample prepared by direct synthesis
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1.2 Characterization techniques

The properties of the samples at different stages of synthesis and activation (calcined, reduced
and spent after reaction) were evaluated using different characterization techniques. In this
section, the principle of each technique, the operating conditions, then the resulting type of
information that can be obtained will be described. The specificity and complementarity of the

various methods will be underlined along the descriptions.
11.2.1 N adsorption-desorption isotherms

Principle: Some of the textural properties of the samples can be evaluated by nitrogen sorption.
Fig. 11-4 illustrates the ASAP 2020 (Micromeritics) apparatus used in this work, with both degas
and analysis schematics of the equipment. Degas, or vacuum outgassing, is first performed in
order to remove all physisorbed species from the surface of the sample. Then, the N isotherms
are collected using point-by-point procedure. Nitrogen gas is introduced in successive amounts,
the system is allowed sufficient time to reach equilibrium pressure, and then each point on the
isotherm is determined by measuring the volume of nitrogen gas (Vexp)adsorbed (or desorbed).
This procedure is done at a constant temperature (liquid N2, ~77K or -196.15°C) over a range of

relative pressures(P/Po) between 0 and 1.

Different types of isotherms can be obtained, depending on the textural properties of the samples.
Detailed description of each type can be found in the recently updated technical IUPAC report
published in 2015.8

In our work, the isotherms mainly encountered are (i) type Il isotherm given by physisorption of
gases on nonporous or macroporous adsorbents and (ii) type 1V(a) isotherm given by mesoporous
adsorbents (Fig. 11-5a). The inflection point (marked as point B on the isotherms) corresponds to
monolayer coverage of the surface. Further increase in relative pressure results in multi-layer

coverage. A typical feature of type IV(a) isotherms is the final saturation plateau up to P/Po = 1.

Furthermore, when adsorption and desorption plots do not coincide, a hysteresis loop is observed
and is attributed to mesoporous structure (type 1V(a) isotherms). The hysteresis loops are also
classified according to their shapes into 6 characteristic types (Fig. 11-5b). These will be further

described in the following chapters, depending on the results obtained.
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Figure 11-4: Schematic of degas and analysis on the ASAP 2020
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Procedure: In our case, around 40-60 mg of powder is used for measurement. Prior to
experiment, the sample is first degassed in vacuum (1.3 Pa) for 2hours at 250°C. For the
expression of results, we have chosen to fix the y-axis of all isotherms at a maximum of 800
cm?®/g at standard temperature and pressure of N, adsorbed, in order to facilitate the comparison

between samples.

Type of information: The evaluation of surface area is done using the commonly known

Brunauer—Emmett-Teller (BET) method for relative pressures between 0.05 and 0.30:

C _1,€-np
Vexp(PO_P) Vm Vm PO

Where:
- Vm is the volume of monolayer of gas adsorbed

- C is the BET constant, characteristic of the interaction between the nitrogen molecule and
the surface, related to the heat of adsorption of nitrogen on the surface. A sharp point B is

indicative of a high value of C and thereby of a high adsorbent-adsorbate interaction.

The BET plot of C/Vexp (Po-P) as a function of P/Po generates a line whose y-intercept

corresponds to 1/Vm and its slope can be used to determine C.

Next, the total BET surface area (Seer) is obtained from Vi by applying:

ViuNgA
Sper = %

Where:
- Na is Avogadro’s number (6.023 x 102 molecules.mol™)
- A is the area of a single adsorbed nitrogen molecule (16.2 A?)
- V is the molar volume of N2 (22414 cm®.mol™).

The total pore volume (Vp) is derived from the amount of N, adsorbed at a relative pressure
close to unity, when all pores are assumed to be filled with nitrogen in the bulk liquid state. The
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pore size distribution is estimated using the Barett, Joyner, Halenda (BJH) method, based on the

Kelvin equation.

To determine the micropore volume (Vmicro) and external surface area (SA), the t-plot method
is used. The volume adsorbed is plotted against the thickness of the adsorbed layer (t)that is
determined by:

Vexp

E=tm;
m

where tm is the thickness of a monolayer, for nitrogen tm = 3.54 A. The intercept of the low linear
region with the y-axis corresponds to the micropore volume, while the slope of the higher linear

region corresponds to the external surface area.
11.2.2  Scanning Electron Microscopy (SEM)

Principle: Micrographs are produced by scanning the specimen with a focused beam of
electrons. The electrons interact with atoms in the sample; secondary ones are generated and
emitted from the surface of the specimen by inelastic scattering interactions with beam
electrons, generating images that can be used for information about the surface topography and
composition. In addition to this secondary electron detection mode, SEM can also operate in
backscattered mode, for a better visualization of external particles. By collecting retro-diffused
or back-scattered electrons (emitted by elastic scattering interactions), contrast between areas
with different chemical compositions can be observed since heavy elements backscatter

electrons more strongly than light elements, and thus appear brighter in the image.

Procedure: The SEM images are observed on a Hitachi SU-70 Scanning Electron Microscope
with a Field Emission Gun (SEM-FEG). A low voltage of 1 keV is employed at a maximum
distance up to 2.4 mm between the electron source and the sample, without the need to cover the
sample with a carbon or gold conducting film previous to observations. The images are recorded
in a mixed mode to obtain simultaneous information on the surface morphology of the grains
(70% of secondary electrons signal) and on the external Ni-based species, if present (30% of

retro-diffused signal).
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Type of information: The shape of the grains (width, height and thickness) and the external

particles are observed by SEM. Any modification of grain morphology upon thermal treatments
can be identified, using this technique. On the spent samples, after reaction, carbon deposition
(in the form of single or multi-walled carbon nanotubes) can be also viewed by SEM.

11.2.3  Transmission Electron Microscopy (TEM)

Principle: A beam of electrons goes through an ultra-thin specimen. Depending on the thickness,
density and chemical composition of the sample, electrons are absorbed. An image can thus be
formed from the interaction of the electrons transmitted with the sample. When high-resolution
images are obtained, the reticular distance can be measured and used to identify the nature of the
particle, based on the reticular distance found on the ICDD (International Center for Diffraction
Data) sheets. TEMs can also be equipped with energy dispersive spectroscopy (EDS) that can
reveal the chemical composition of the specimen. If the incident beam has enough energy, it may
eject a core-level electron energy (Ea) from an atom. The electron vacancy at the core level is
filled by a higher-level electron energy (Eb). As a result of this electron transition, an X-ray of
energy (Eb-Ea), characteristic of the element, is emitted. The resulting spectra may contain

different peaks at various energies, indicative of the presence of different elements.

Procedure: TEM images are collected using a 2010 JEOL JEM-200 electron microscope operating
at 200 keV (LaB6 gun) equipped with an energy dispersive spectroscopy (EDS). Few milligrams
of powder are diluted in ethanol and deposited on a copper grid coated with a 10 nm carbon

membrane.

Type of information: The morphology of the support (pore widths and distribution) and the

dispersion of the supported particles are studied by TEM. Light and dark areas on the images are
influenced by the thickness of the observed specimen. When the electron beam is parallel to the
main axis of the silica grains, the 2D hexagonal structure of the SBA-15 can be observed (Fig. I1-
6). When the beam is perpendicular to the main axis of the grains, the mesoporous channels of
the SBA-15 are seen as an alternating pattern of light and dark grey. The supported particles
appear in dark on the grey silica walls owing to their higher electronic density. Their distribution
along the channels of the support or on the external surface can thus be easily distinguished. A
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statistical counting of at least 500 particles is done to estimate the average particles diameter size

by using a software named Comptage de particules, LRS.

Figure 11-6: TEM images of SBA-15 when the electron beam is (a) perpendicular or (b) parallel
to the main axis of the pores?

11.2.4  X-ray diffraction (XRD)

Principle: The X-ray beam is directed towards the sample and the intensity of the diffracted rays is
collected. To explain the phenomena, a simple 2D scheme is in general proposed (Figure 11-7). In this
scheme, if a single line of equidistant atoms is considered, the Bragg relation can be introduced and
the angle between the incident rays and the sample is identical to the angle between the reflected rays
and the sample. If a second line of atoms is considered, it will also diffract the incident beam and
constructive interactions will result in an increased diffracted intensity. A diffratogram is thus
collected by plotting the diffracted intensities as a function of angles. On this plot, each family of

reticular planes, identified by Miller hkl indices, will give a characteristic diffraction peak.

Incident
beam

Reflected

dsinf
Figure I1-7: Principle of X-ray diffraction
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The Bragg relation is applied to convert the observed angles(0) into reticular distance (d)

between the planes:
2dsind =nAi
Where:
- 0 is half the diffraction angle,
- n is the order of diffraction (equal to 1 in this case),
- A is the wavelength of the radiation.

Several databases exist in order to attribute the peaks to a specific crystalline phase based on the
positions of peaks and their relative intensities. Thus the composition and crystal structure of the
solid can be determined by comparing the diffraction pattern with known patterns, the ICDD
(International Center for Diffraction Data). The crystalline phases identified in the present work
are listed in Table 11-4.

Table 11-4: Main phases identification and characteristics

] . ICDD Main diffraction
Phase identified Structure
reference number peaks
73-1523
) Face-centered
NiO 89-5881 37, 43,62, 76, 81° ) ]
cubic lattice (Fm-3m)
04-0835
_ 65-0380 Face-centered
Ni? 44,52, 76° ) )
65-2865 cubic lattice(Fm-3m)
81-0792 Face-centered
CeO> 28, 33, 47, 56, 69° ) )
75-5980 cubic lattice (Fm-3m)
Rh 75-3848 44° cubic lattice (Fm-3m)

Procedure: For small angles, the diffractogarms are collected between 0.5 and 5° either on the
SWING beamline of synchrotron SOLEIL'® or on a Brilker D8 diffractometer (at LRS, Paris,
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Bragg-Brentano, CuKa = 1.5418A) using a step size of 0.01° at 1s per step and operating at 30 kV
and 10 mA. For wide angles, the diffractograms are registered between 5 and 90°, either on the
same Briiker D8 diffractometer as above but using a step size of 0.03° at 1s per step, or on a
Panalytical XPert® diffractometer (at UOB, Lebanon) with still the same Cu Ko radiation, 30 kV
and 10 mA conditions, and using a step size of 0.04° at 500s per step. The profiles shown on Fig.
[1-8 correspond to results obtained for the same sample using the last two mentioned
diffractometers. When the signal registered on the Bruker equipment is multiplied by 3, the
background noise is more important; the measurement made with the Panalytical is less noisy but
has implied much longer measurements (500 s and not 1s by step). However, the intensity of the
peaks and their full width at half maximum are comparable with the two equipments. This implies

that the calculated average particle sizes will be the same regardless of the equipment used.

—Panalytical
’ﬁ\‘ —Bruker
. -/ 1 Briiker (x3)
>
- \
>
p= )
(%] A
c A |
g w]
= \,
| \JH\
15 35 55 75

2 theta (°)

Figure 11-8: XRD profiles obtained on different diffractometersfor the same sample

Type of information: The XRD were done to evaluate the crystallinity and phase identification of

the samples. Typical X-ray diffractograms obtained at low and wide angles are shown in Fig. IlI-
9. The small angle X-ray diffraction allows the assessment of structure and crystallinity of
supports. For example, mesoporous SBA-15 materials with periodically ordered pores give a
profile analogous to the one in Fig. 11-9(a). The three diffraction peaks can be associated to (100)
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(110) and (200) planes formed by regular mesopores. The unit cell parameter (a) is calculated

from the most intense (100) peak position based on the following geometric relationship:

2
a= ﬁd(mo)
(a)  vNiO (b)

Intensity (a.u.)

P
E "‘\-Jlﬁll v

0.7 1.7 2.7 3.7 4.7 15 35 55 75
26 (°) 26 (°)

Figure 11-9: Typical X-ray diffractograms of (a) SBA-15 silica support at small angle and (b)
nickel oxide on SBA-15 at wide angle

The narrow peaks observed on the wide angle XRD (Fig. 11-9(b)) are attributed to NiO particles.
The wide angle XRD can be used to calculate the average diameter (D) of crystalline particles

estimated based on the full width at half maximum (FWHM), using Scherrer equation:

092
~ B cos6

Where:

- 0.9 is a dimensionless factor used for spherical particles,
- A is the wavelength (1.54 A),

- O is the Bragg angle

- 3 is the line broadening at half the maximum intensity, calculated from the Warren

equation:
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— 2 2
.8 = \/Bmeasured - ﬁreference

with Breference:O.].S °or 0.003 rad.
11.2.5  Temperature-programmed reduction (TPR)

Principle: A constant gas flow is passed through the sample placed inside a quartz reactor (blue
circuit on Fig. 11-10). The sample is heated based on a predetermined temperature ramp. This
technique is based on the measurement of the quantity of hydrogen consumed as a function of
temperature through the variation of the Thermal Conductivity Detector (TCD) signal. During

the reaction, water is generated:
NiO ) + Hz (g — Ni®( + H20 (g

Therefore, a bath of ice and NaCl salt is usually used to trap this water and ensure the detection

of the sole reduction process.

Procedure: The measurements are performed on an AutoChem 2920 (Micromeritics). 100 mg of
powder is supported on quartz wool inside a U-tube quartz reactor and the temperature is
increased from room temperature up to 900°C (heating rate of 10°C.min™) under a flow of 5 vol

% Ha/Ar (20 mL.min) at atmospheric pressure.
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Figure 11-10: Schematic representation (left) and typical profile of TPR (right)
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Type of information: The reducibility of oxide particles is evaluated by temperature-programmed

reduction. In general, a typical TCD signal (Fig. 11-10, right figure) shows different reduction
peaks whose temperatures give an idea on the reducibility of supported nickel, that depend on the
nature of the species and on the degree of interaction of the particles with the support. Greater
interaction requires higher reduction temperatures. The total amount of hydrogen consumed is
measured by integrating the area of the signal, while the integration of the compositing peaks

reveals the relative percentages of the present species.
11.2.6 Thermogravimetric analysis coupled to mass spectrometry (TGA-MS)

Principle: Thermogravimetric differential thermal analysis (TGA) measures both heat flow &
weight changes in a material either as a function of increasing temperature, or isothermally as a
function of time, under a controlled atmosphere. As the temperature increases, various
components of the sample are decomposed and the corresponding weight loss is calculated.
Changes in weight can be more clearly distinguished in the first derivative TGA curve. The
effluent gases from the TGA equipment are transferred to the MS where the components can be
identified. The results from thermogravimetric analysis may be presented by mass versus
temperature (or time) curve, referred to as the thermogravimetric curve, or rate of mass loss

versus temperature curve, referred to as the differential thermogravimetric curve.

Procedure: Measurements are performed on a SDT Q600 (TA Instruments) having a horizontal
dual beam balance design, coupled to a Thermostar GDS 301T3 mass spectrometer (Pfeiffer). The

samples are heated from room temperature to 900°C at a rate of 10°C.min"* under air (50 ml.min).

Type of information: This technique is mainly used in this work for the study and quantification

of carbon deposition. Higher weight loss indicates higher carbon deposition. In all cases, as seen
in Fig. 1I-11, the major weight loss takes place at high temperatures (~600°C) due to the
oxidation of carbon:

C )+ 02 — CO2 ()

The exothermic aspect of the reaction is reflected by the positive increase in heat flow curve. The
oxidation is verified by the formation of CO through the increase of the MS signal

corresponding to the mass 44 (Fig. 11-11).
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Figure 11-11: Typical TGA-MS curves of spent Ni/SBA-15 catalyst

[1.2.7  Raman spectroscopy

Principle: In Raman spectroscopy, the sample is illuminated with a monochromatic laser beam
which interacts with the molecules and originates a scattered light. The majority of the scattered
light is of the same frequency as the excitation source; this is known as Rayleigh or elastic
scattering. A very small amount of the scattered light (ca. 10-5% of the incident light intensity) is
shifted in energy from the laser frequency due to interactions between the incident electromagnetic
waves and the vibrational energy levels of the molecules in the sample. Plotting the intensity of
this "shifted" light versus frequency results in a Raman spectrum of the sample. Every band in the
Raman spectrum corresponds directly to a specific vibrational frequency of a bond within the
molecule. This technique consists on localized analysis on the surface of the sample, with very
limited depth.

Procedure: An optical microscope (Kaiser Optical System, objective: 50x) is used to focus the
laser beam and the spectra are recorded in the 50-3500 cm™ range in our study. Each analysis is

the result of 30 acquisitions of 10s. The laser power is set at 7 mW, to avoid fluorescence effect.
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Type of information: The crystallinity of the deposited carbon is evaluated using the Raman

experiments. Atypical spectrum of our spent catalysts is shown in Fig. II-12, indicative of
carbon-containing materials. Indeed, graphene is the fundamental building block of carbon
materials. Graphite, in particular, consists of stacks of sp? bonded planar graphene sheets with
the main band, known as the G band, located at 1582 cm™ in the Raman spectrum.??! Carbon
nanotubes are rolled up graphene sheets in the form of hollow tubes; they can form single-wall or
multi-wall nanotubes, depending on the number of wrapped graphene layers. For such materials,
an additional prominent band, known as the D band, is observed at around 1350 cm™ in the
Raman spectrum. It indicates the presence of some disorder to the graphene structure. This band
is often referred to as the disorder band or the defect band and its intensity relative to that of the
G band is often used as a measure of the quality of nanotubes. A higher Ip/lg ratio points out high
disorder in the structure while a lower one reveals high degree of crystallinity.
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Figure 11-12: Typical Raman spectrum of spent Ni/SBA-15 catalyst

11.2.8  Temperature programmed hydrogenation (TPH)

Principle: During Temperature Programmed Hydrogenation coupled to mass spectrometry
(TPH/MS), carbon deposits are hydrogenated according to the following equation:

Cs) + 2Hz2 () — CHa g)
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Procedure: These experiments are done using the same AutoChem 2920 coupled to a MKS mass
spectrometer as that described in section 11.2.5. Typically, 30-40 mg of spent catalysts are
deposited on quartz wool in a quartz reactor and the temperature is increased up to 900°C (heating
rate of 10°C.min) under a flow of 5 vol % Ha/Ar (30 mL.min') at atmospheric pressure.

Type of information: TPH-MS is an interesting way for quantification of coke and identification

of its type. The quantity of carbon deposited can be calculated from the quantity of hydrogen
consumed during reaction while the nature of the deposited carbon can be assessed from the

temperature of formation of CHa.
11.2.9  X-ray photoelectron spectroscopy (XPS)

Principle: The sample is introduced into a first chamber (called the inlet chamber) where it is
evacuated through secondary pumping. Once vacuum is reached (<107 mbar), the sample is
transferred to the analysis chamber and XPS study can begin. A monochromatic X-ray (usually
Al or Mg Ka radiation) is used to irradiate the sample and excite the electrons. Electrons from
core energy levels of different atoms in the sample are ejected after X-ray bombardment and are
called photoelectrons. They are collected by an electron analyzer that measures their kinetic
energy (Ex), which can be then converted into binding energy (Eg), given the incident energy of
the X-ray beam (hv):

hv=Ek + Eg

Thus the XPS spectra can be plotted as the emitted photoelectron intensity versus binding

energy. Each energy peak on the spectrum corresponds to a specific element.

Procedure: XPS spectra are collected on an Omicron (ESCA+) X-ray photoelectron
spectrometer using an Al Ko (hv = 1486.6 ¢V) X-ray source. After collection, the binding
energies are calibrated with respect to the C components of the Cls peak (binding energy =

284.7 eV). All spectra processing is carried out using the Casa XPS software package.

Type of information: The elemental composition of a surface of material can be provided by XPS

up to a depth of 10 nm.
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11.3 Catalytic test

An important aspect in this work was the setup of the catalytic test that was not yet established at
the University of Balamand. After positioning the equipment with the adequate gas delivery
system, the operating reaction conditions are optimized, the effluent gas analysis method by

chromatography is created and the results obtained are validated.

Two instruments are employed for this end: a Microactivity-Reference Catalytic Reactor (MAR,
Fig. 11-13) and a Microactivity-Efficient Catalytic Reactor (EFFI, Fig. 11-14) from PID Eng &
Tech company, Spain. The EFFI reactor resembles the MAR equipment since both are equipped
with the same type of reactors, furnaces, mass flow controllers...but the main advantage of the
EFFI reactor is that it has two reactors. These reactors can be mounted in parallel, where two
completely independent catalytic reactions can take place. This can be interesting if the second
reactor is to be operated under regeneration mode, for example. When both reactors are used in
series, the outlet of the 1 reactor can be used as a feed for the second one. The principle of both

instruments is the same.
11.3.1  General description of the equipment

The dry reforming reaction takes place in gas phase, inside a tubular vertical fixed bed reactor.

Three main parts can be distinguished:

e The first zone corresponds to the gas delivery system. The required gases (5 vol%H2/Ar,
10 vol% CHa/Ar, 10 vol% COo/Ar, Ar, and He) are positioned and connected to the
specific mass flow controllers. Pure argon and helium inert gases are needed in order to
purge the system while the remaining feeds of H., CH4 and CO: are required as reactants.

e Zone 2 is referred to as the hot box that houses the reactor. The hot box allows the system
to be kept at temperatures up to 180°C owing to an electric forced convection heater, in
order to avoid possible condensation in the lines. Once the gases are preheated, the
streams merge and flow to a 6-port valve that can be switched into two possible flow
paths: either towards the reactor or towards the system’s gas outlet (by-passing the
reactor). The second option is used to obtain the initial equilibrium gas concentrations

before reaction.
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e Zone 2’ designates the fixed bed tubular reactor. The flow inside the reactor is up-down,
whereby the reactant mixture is fed through the upper part of the reactor and the effluent
stream is collected from the lower part. When the flow of reactants is directed towards
the reactor, it passes through filters, positioned at both the inlet and outlet of the reactor
that can protect the arrangement of valves from possible finely-separated catalyst
particles. The thermocouple is inserted through the upper end and is in contact with the
catalyst bed. The inside of the reactor is fitted with a porous plate on which the catalyst is
usually deposited between two layers of quartz wool, so that it is always on the same
position and subjected to the same temperature. This ascertains the reproducibility of the
reaction conditions over different catalytic experiments.

e At the reactor outlet, the remaining reactants (if any) and reaction products pass out of the
hot box to the liquid-gas separator which acts as a condenser by means of a Peltier cell.
This cell allows the condensation of liquids at low temperature. The upper part of the
separator features the outlet for gases, which are reintroduced into the hot box, directed to
the pressure control system, then towards subsequent analysis by chromatography for

accurate monitoring of the reaction (zone 3).

Finally, it is important to note that the experiments are programmed in various sessions. The first
and last sessions always correspond to secure shutdown of the system. Subsequent sessions
correspond to the operating conditions under which the experiment is to be performed, and their

duration should be sufficient in order to allow the system to reach stable operating settings.

55



Chapter 11 Experimental Part
? ................ .
Thermocouple 1_’
Tubularreactor "_’
Porous plate
Porous plate
support
®n APID
EngaTech

www.pidengtech.com

[-le=={F

Figure 11-13: General scheme of the MAR system
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Zone 3

Figure 11-14: General scheme of the EFFI system

11.3.2  Operating procedure

The catalytic test takes place in different consecutive steps illustrated in Fig. 11-15, starting from
the calcined sample.

e Leak test

This test is executed by introducing an inert gas flow in the system until reaching a certain
pressure (working pressure or higher). Once the required pressure is attained, the gas inlet and
remaining valves are closed. The pressure in the system is supposed to remain constant over a

period of time; otherwise, a soapy solution is used to locate possible leaks.
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o Catalyst pretreatment

The initial step of the reaction consists of the catalyst pretreatment by hydrogen, to convert
nickel oxides into metallic nickel, which is the active phase of the reaction. During in-situ
reduction, a 30 ml.min? flow of 5 vol% HJ/Ar is passed through the reactor while the
temperature is increased from room temperature up to 650°C (heating rate of 10°C.min™) and

then maintained at this temperature for 2 hours to ensure a complete reduction of nickel species.
e Catalyst activity and stability

After this step, the reactor is allowed to cool to about 200°C without any flow. During this bypass,
reactants gas streams, composed of 10% CH4/Ar at 28 ml.min™ and 10% CO/Ar at 32 ml.min?,
are directed towards the system’s gas outlet. This is important in order to stabilize the detector,
reach stable operating conditions of 200°C and 1 bar and obtain the initial reactants concentrations
in the feed. After these two hours, the feed is switched to the reactor and the activity of the catalyst
is evaluated in dry reforming of methane while increasing the temperature from 200 to 800°C at a
rate of 5°C.min. Finally, the temperature is lowered to a defined value (500 or 650°C) under the
reactants stream and maintained under these conditions for stability assessment.

10% CH,/Ar, 10% CH4/Ar,
5% H,/Ar, 10% CO,/Ar, 10% CO,/Ar,
30 ml/min, 60 ml/min, 60 ml/min
800
700 650°C/2h 650°C
;J 600
o 500 - =
= €
o
'E 400 Y
@ =
S 300 S
E b ~
2 200 £
E °E 2
100 = s & E
>
o =¥ Reduction © @ Activity © Stability
Time (h)

Figure 11-15: Variation of temperature with time during reduction, activity and stability
measurements
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11.3.3  Effluent gas analysis

The effluent stream from the MAR reactor is analyzed in a micro-GC Inficon3000 apparatus
equipped with a thermal conductivity detector (TCD) and two columns in parallel while the
effluent streams from the EFFI reactor are analyzed in an Agilent 490 Micro GC equipped with
four independent channels, two for each reactor. The detection of Ha (retention time: 0.86 min),
CHa (retention time: 2.1 min), and CO (retention time: 3.25 min) takes place on the Molecular
Sieve column with argon carrier and the detection of CO> (retention time: 0.65 min) on the plot-
U column with helium carrier (Fig. 11-16). For optimum analysis, the columns, injector and

sample inlet temperatures are set at 60°C and 25 psi.

For the calibration of the Micro-GCs, a certified gas standard mixture including the target
compounds is used. The mixture is composed of 13% methane, 13% carbon dioxide, 26% carbon
monoxide, 26% hydrogen and balanced with argon. To generate a multipoint calibration,
different gas concentrations are needed. For that reason, a range of dilutions with argon is used to
collect the points. Once the calibration curve is generated, the peak area is plotted versus
concentration for each compound, using linear regression. The correlation factor (r?) for the line
created must be greater than 0.95 for the calibration to be acceptable. It should be noted that the
expected concentrations of the reactants and products are within the concentration range of the
multipoint calibration. As shown in Fig. 11-16, the peaks are well defined and based on the
calibration done, the concentrations of the main reactants and products are directly obtained.
Column regeneration is performed from time to time to remove any adsorbed molecules and

impurities.
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Figure 11-16: Micro-GC response and analysis report of an injection during the activity

measurement of Ni/SBA-15 sample

11.3.4  Expression of results

The conversions during the activity and stability measurements are calculated as follows:

CH4in - CH4out

CH,conversion (%) = 100 x (1)
CH4in
CO,i —CO

CO,conversion (%) = 100 x —= 2out (2)
COZin

H,
H,:CO mol tio = — 3
5 molar ratio = —- (3)

The initial conversions are obtained during the bypass stage.
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The activity is evaluated as the variation of CHs and CO2 conversions and H2:CO molar ratio as
a function of temperature while the stability tests are performed at a fixed temperature and the
conversions and H2:CO molar ratio are evaluated as a function of time.

11.3.5  Validation and reproducibility of the test

Once the test is setup correctly and the experiments run fluently, several verifications were
required to check the reproducibility of results.

e The dry reforming test was repeated on different dates using the same catalyst under
same experimental conditions. The results on Fig.11-17 show similar catalytic behavior

during the increase of temperature and during stability test at 650°C for 20 hours.

Conversion (%)

250 350 450 550 650 10 20 30 40 50 60
Temperature (°C) Time (h)

Figure 11-17: Activity (a) and stability (b) measurements of the same catalyst repeated
after few months

e Two types of reactors were employed in this work: the quartz reactor mainly used for
atmospheric pressure applications and the metallic Hastelloy-X reactor that can support
higher temperatures and pressures. The use of quartz reactor and metallic Hastelloy-X reactor

resulted in analogous results for both activity and stability measurements (Fig. 11-18).
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Figure 11-18: Activity (a) and stability (b) measurements of the same catalyst repeated
using different type of reactors

Few tests are performed on the EFFI reactor during this work but a validation of the results

that can be obtained from this equipment is required. Therefore, two different catalysts are
compared during activity and stability at 650°C for a certain time. The conversions and

H2:CO molar ratios obtained using the EFFI reactor are very close to those obtained on the

MAR reactor, as shown in Fig. 11-19, which confirms the efficiency of both equipment.
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Figure 11-19: Comparison of conversions and H2:CO molar ratios of (a,a’) Ni/SiO2 and (b,b’)
Ni/SBA-15 using the MAR (red) and EFFI (blue) microreactors
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1.4 Thermodynamics of the reaction

Before performing the dry reforming tests, it is important to evaluate the thermodynamic
equilibrium of this reaction in order to get an idea about the expected values under the used
conditions.

The thermodynamic data are thus calculated using the HSC chemistry software (version 7.0). In
fact, HSC chemistry is a thermodynamic calculation software where H stands for enthalpy, S for
entropy and C for heat capacity. It can be used to study the effects of different variables on the
chemical system at equilibrium. For example, if the raw materials, amounts and other conditions
of a chemical process are provided, the software will give the amounts of products as a result.
Therefore, different cases are studied in order to evaluate the effect of gas dilution, carbon

deposition and pressure on the reaction of dry reforming of methane between 200 and 1000°C.
11.4.1 Effect of dilution

As mentioned previously, diluted test conditions are adopted in this study, mainly due to security
concerns when handling compressed gases. The results of the evaluation of CHs4, CO2, Hz, CO
and H>O components under pure and diluted feed conditions are shown in Fig. 11-20. They are
expressed in terms of number of moles of reactants and products and in terms of reactants

conversions and H2:CO molar ratio as a function of temperature.

As expected under both conditions, with the increase of temperature, the number of moles of
CHs and CO:; reactants decreased while that of the products increased. Under pure reactant feed
conditions (Fig. 11-20a,a’), the reaction starts to take place after 400°C and the production of
water from the reverse water gas shift reaction occurs between 400 and 800°C. After 900°C,

almost full conversion is obtained with an H2:CO molar ratio equal to one.

When argon is added to the feed in a molar ratio CH4:CO2:Ar = 5:5:90 (Fig. 11-20b,b”), the
reactants conversions start to increase from around 300°C and full conversions are achieved at
800°C. Further dilution, using CH4:CO2:Ar = 1:1:98, induces an additional decrease in the
corresponding temperatures and an H2:CO molar ratio equals to unity is obtained at around
600°C instead of 900°C observed in the absence of any dilution. Therefore, it is clear that the

dilution of the feed with an inert gas shifts the equilibrium towards lower temperatures and thus
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higher conversions can be achieved at lower energy. This agrees with the findings of

Parkhamenko et al.?? who obtained higher conversions under more diluted feed conditions.
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Figure 11-20: Variation of (a,b) number of moles of reactants and products and (a’,b’) reactants
conversions and H2:CO molar ratio as a function of temperature using (a,a”) CH4:CO2 = 50:50
and (b,b”) CH4:CO2:Ar = 5:5:90

11.4.2 Effect of carbon deposition

It is commonly known that the occurrence of the dry reforming of methane is usually
accompanied with different side reactions like water gas shift reaction, Boudouard reaction and
methane decomposition. Therefore, it is important to get equilibrium data while taking into
consideration carbon deposition during reaction (Boudouard reaction and methane

decomposition). This case is not frequently reported in literature and deserves special attention.

Based on this assessment, the results are obtained with and without dilution (Fig. 11-21). When a
pure equimolar feed of reactants is introduced, the variation of number of moles of all the
components (CH4, CO2, Hz, CO, H20 and C(s)) as well as the reactants conversions and H2:CO
molar ratio are plotted as a function of temperature. The addition of C(s) to the calculations
changes the shape of the curves classically obtained. Apparently, the production of CO,, from
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the Boudouard reaction, takes place between 500 and 700°C and thus the number of moles of
CO:2 increases in this range of temperature and its conversion is reduced. The consumption of
CHa in the dry reforming reaction and the methane decomposition results in the rapid decrease of
the number of moles of methane and almost full conversion is obtained at around 700°C in this
case. Both water and carbon are produced from 200°C and their quantity is reduced as the
temperature increases. This means that at elevated temperatures the occurrence of the side
reactions is limited and the main dry reforming reaction is favored, with an H>:CO molar ratio of
about 1.1 reached at 1000°C.

The effect of dilution in this case (Fig. 11-21b) is only observed at temperatures lower than 700°C

where higher conversions are obtained when argon is added to the feed for the same temperature.
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Figure 11-21: Variation of (a) number of moles of reactants and products and (b) reactants

conversions and H2:CO molar ratio as a function of temperature (full lines: CH4:CO = 50:50 and
dashed lines: CH4:CO2:Ar = 5:5:90)
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11.4.3 Effect of pressure

On an industrial level, it is always preferred to work using pressurized systems. The effect of
pressure on the evolution of the dry reforming reaction is evaluated using equimolar pure
reactants feed at 1 and 9 bars and the results are plotted on Fig. 11-22 in terms of conversions and
H>:CO ratio as a function of temperature. While 50% CH4 and CO> conversions are obtained at
640 and 600°C, respectively at 1 bar, the values are shifted towards 760 and 680°C, respectively
at 9 bars. At 1000°C, full reactants conversions are not achieved at 9 bars nor an H2:CO molar
ratio of one. This indicates that working at high pressures shift the equilibrium towards higher

temperatures.

100

Conversion (%)

Temperature (°C)

Figure 11-22: Variation of reactants conversions and H.:CO molar ratio as a function of
temperature (full line: P=1 bar; dashed lines: P=9 bars)

Indeed, according to Le Chatelier’s Principle, if a dynamic equilibrium is disturbed by a change in
the conditions, the position of equilibrium moves to counteract this change. Therefore, any increase
of pressure should be counteracted by producing fewer molecules of gases. Recalling that the dry
reforming reaction (CHs + CO2 « 2H> + 2CO) reacts two molecules of reactants in order to form 4
molecules of products, this means that a change in pressure will eventually shift the equilibrium

towards the reactants, to the left. Consequently, working at low pressures allows higher
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conversions to be obtained at lower temperatures and at 1bar, the water formation appears to be
limited to 700°C.

The prepared samples will be activated and tested in dry reforming of methane, based on the
mentioned conditions. The results obtained will be compared to the thermodynamic values
expected under the used experimental conditions. The different catalytic behaviors between the
samples will be interpreted based on their characterizations after calcination, activation and

catalytic test, as will be detailed in the following chapters.
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CHAPTER 111

Active and Stable Ni/SBA-15 Catalysts at 500°C

As mentioned in Chapter I, the substitution of expensive yet performing noble metals by cheaper
transition metals, especially nickel, is nowadays attractive due to economic and accessibility
constraints. However, as also described, Ni-based catalysts suffer from heavy carbon deposition

and particles’ sintering during reaction, which limit their commercialization.

In this context, the aim of this chapter is to study the stability of nickel particles inside SBA-15
mesoporous supports. We recall that the organized SBA-15 mesoporous silica is advantageous
because of its ordered channel system with high internal surface area and pore volume that give
high capability to disperse and stabilize oxide and metal nanoparticles. This choice is also based
on recent results reporting promising behaviors of Ni-based SBA-15 catalysts in DRM.%23 In
these works, however, the catalysts were prepared by classical incipient wetness impregnation®-2
and nickel depositions both inside and outside the pores were observed. Thus, our purpose here
is to use the two solvents impregnation method to prepare improved Ni/SBA-15 catalysts with
active Ni nanoparticles highly dispersed all over the support and predominantly (if not fully)

located at the interior of the mesoporous channels.

Furthermore, various authors reported a promoting effect of ceria in such catalysts due to (i)
enhancement of Ni nanoparticles dispersion, reactivity and stability,%24>%7 (ii) high redox
potentials of Ce(IV)/Ce(lll) species and (iii) high availability and mobility of oxygen atoms that
inhibit coke formation. Therefore, we promoted some samples with ceria in order to check the

enhancement it can add, especially when nickel is well dispersed on the support.
I11.1 Material preparation

As already presented in section I1.1 (Tables 11-1 and 11-3) and recalled in Table I1I-1, the SBA-A1
and SBA-A: silica supports were prepared at laboratory scale and impregnated with nickel and/or
cerium nitrate using the two solvents method. The two supports were prepared without applying a
hydrothermal treatment step (SBA-15 being then commonly referred to as SBA-A). In order to
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consider the effect of cerium addition, 6 wt% Ce were impregnated on the SBA-A> support before
the addition of nickel. On both series, the effect of nickel loading was evaluated by varying the
nickel content between 2.5, 5.0 and 7.5 wt%. Each metal impregnation was followed by calcination
of the dried sample in air at 450°C for Shours. The resulting calcined samples were named
Nix/SBA-A1(N) and NixCes/SBA-A2(N), where x represents the weight percent of nickel used.
Finally, as a reference, SBA-A> was submitted to the two solvents procedure but without metal
addition in order to obtain the Ni-free Nio/SBA-A2(N) sample.

Table 111-1: Nomenclature and synthesis conditions of the samples

Metal content (wt%b) Order of
Support Sample Name ) ) Calcination
Ni Ce impregnation
Ni2s/SBA-A1(N) 2.5 -
SBA-A1 Nis.o/SBA-A1(N) 5.0 - Only Ni
Ni7s/SBA-A1(N) 7.5 -
Nio/SBA-A2(N)* - - - 450°C / 5h
Ni25Ces/SBA-A2(N) 2.5 6
SBA-A;
Nis0Ces/SBA-A2(N) 5.0 6 Ce then Ni
Ni75Ces/SBA-A2(N) 7.5 6

*Ni-free sample prepared by two solvents procedure without metal addition

I11.2 Physico-chemical properties of supports and calcined samples

In this part, we will be primarily interested in the properties of the two used supports before

moving to the evaluation of the impregnated samples.
111.2.1. Textural properties of the SBA-A; and SBA-A; supports

The textural properties of the supports were evaluated by nitrogen physisorption (Fig. 111-1). For
easier comparison, the isotherms of the impregnated samples are also shown on the same figure
and the porosity and surface area values estimated from these curves are reported in Table 111-2,

in which the grey lines correspond to the properties of the supports. We have also chosen to
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represent the curves at a scale that will be kept constant in the all the manuscript to facilitate
comparisons from one chapter to another.

The isotherms for both SBA-A:1 and SBA-A: supports (Fig. Ill-1a and a’) are of type 1V(a), with a
H1 hysteresis loop typical of well-ordered porous materials with parallel mesopores. The surface
areas and pore volumes are estimated to 455 m2.g* and 0.51 cm®.g™ for SBA-A; and 632 m2.g™
and 0.62 cm®.g? for SBA-A., respectively (Table 111-2). In SBA-A4, a lower adsorbed volume is
observed in comparison to SBA-A, especially at P/Po below 0.035 (Fig. Ill-la and a’
respectively). This indicates a smaller content of micropores in the former silica sample.

Hence, although these batches were prepared under similar conditions, slightly different textural
properties were observed on both supports. This can be explained by the absence of
hydrothermal condensation step during the synthesis of these parent samples (due to practical
laboratory reasons), which makes them more sensitive to structural shrinking during calcination.?
Indeed, it was reported that a hydrothermal treatment increases pore sizes, decrease wall
thicknesses and improves the thermal stability of the material > Thus the variances observed
between both supports can be related to the absence of this aging step. More precisely, this can
be due to variations in the rate of TEOS addition, which is difficult to control when a simple
drop-by-drop manual addition using the burette is applied.

A complementary explanation can also be considered in view of the low-angle X-ray
diffractograms (Fig. 111-2). Indeed, the (100), (110) and (200) diffraction peaks characteristic of
highly ordered hexagonal mesoporous supports structure (p6mm)*? are shown for both silica
supports. Indeed, these diffraction peaks are less intense for SBA-Aiand moreover split in two
contributions (red arrows on the figure). Considering the most intense (100) diffraction peak,
these contributions correspond to unit-cell parameters of 110.6 and 106.6 A suggesting that
SBA-A: is a physical mixture of partially uncalcined (less porous) and calcined (porous) silica
grains. This could be due to incomplete organic removal during SBA-A: calcination, leading to

lower porosity compared to SBA-Ao.
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Figure I11-1: N2 adsorption-desorption isotherms for (a) SBA-Ax, (b) Ni2s/SBA-A1(N), (c)
Niso/SBA-A1(N), (d) Ni7s/SBA-A1(N) and (a’) SBA-A,, (a”) Nio/SBA-A2(N), ()
Nis0Ces/SBA-A2(N), (d”) Niz5Ces/SBA-A2(N) calcined samples
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Figure I11-2: Low-angle XRD profiles of the calcined SBA-A: and SBA-A: silica supports. Red
arrows highlight the split of the peaks for the SBA-A1 sample.
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[11.2.2. Porosity of calcined impregnated samples

Concerning the Nix/SBA-A1(N) and NixCes/SBA-A2(N) impregnated samples (Fig. IlI-1b,c,d,c’

and d’), the N2 sorption results still present a type 1VV(a) isotherm, characteristic of well-ordered
mesoporous materials with parallel and cylindrical mesopores. However, the shape of the
hysteresis loop is modified, since a systematic deformation of the desorption branch is observed
when Ni (and eventually Ce) is deposited. This is typical of partial plugging and limited access to
the mesopores, which is in strong agreement with the hypothesis of metal species deposition inside
the pores.™® The surface areas of Nix/SBA-A1(N) series are between 320 and 350 m2.g™ while those

of the NixCes/SBA-Az(N) series range between 420 and 470 m2.g! (Table 111-2). Moreover, both

series reveal comparable pore volumes in the range of 0.4-0.5 cm®.g™%. Thus, in spite of successive

impregnation and calcination steps, relatively high pore volumes and surface areas are still detected

after Ni and Ce deposition.

Table I11-2: Textural properties of the calcined Nix/SBA-A1(N) and NixCes/SBA-A2(N) series

sample Name Total Surface area | Pore volume | Mean Pore size
(m”.g?) (cm®.g™t) A
SBA-A; 455 0.51 42
Ni2s/SBA-A1(N) 348 0.43 40
Nis o/SBA-A1(N) 320 0.38 40
Nizs/SBA-A1(N) 348 0.47 41
SBA-A: 632 0.62 41
Nio/SBA-A2(N) 571 0.58 41
Ni25Ces/SBA-A2(N) n.d. n.d. n.d.
Nis0Ces/SBA-A2(N) 419 0.38 38
Ni7.5Ces/SBA-A2(N) 468 0.42 38

n.d. not determined

Furthermore, when SBA-A: (Fig. Ill-1a’) was submitted to the two solvents procedure (without

metal addition) to give Ni-free Nio/SBA-A2(N), the pore volumes and pore diameters slightly
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decreased (Fig. 111-1a’’ and Table 111-2). This reveals some textural instability of the mesoporous
silica during metal impregnation and calcination. However, the effect is very limited since 90%
of the pore volumes and surface areas are preserved. Besides, the mean pore diameter remains
unchanged. In contrast, the mean pore diameter decreases from 42 A to 40 A (about 5%) and
from 41 A to 38 A (around 8%) in the Nix/SBA-A1(N) and NixCes/SBA-A2(N) series (Table I11-
2), respectively. The more important decrease on the samples containing both Ni and Ce species

further supports the presence of oxide nanoparticles inside the pores.

Moreover, regardless of the Ni content, the porosity loss is almost of the same order of
magnitude. It is slightly accentuated in the NixCes/SBA-A2(N) series, due to the combination of
(i) the repetition of impregnation treatments that may have provoked some additional silica

collapse and (ii) the co-presence of Ce and Ni species in these samples.
111.2.3. Identification and size of supported nanoparticles

Wide-angle X-ray diffractograms were registered in order to identify the nature and structure of
the deposited nickel species and estimate their size in the calcined samples (Fig. I11-3).

Intensity (a.u.)

15 25 35 45 55 65 75 85
2 theta (°)

Figure 111-3: X-ray diffractograms of calcined (a) Ni2s/SBA-A1(N), (b) Nizs/SBA-A1(N), (c)
Ni25Ces/SBA-A2(N) and (d) Niz5Ces/SBA-A2(N)
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First, the broad signal observed on all diffractograms at around 22° is due to diffusion by
amorphous silica walls. Second, the narrower diffraction peaks visible in the Nix/SBA-A1(N)
series (Fig. 111-3a and b) at 37, 43 and 63°, correspond to nickel oxide nanoparticles (ICDD 04-
0835). Their relative positions correspond to (111), (012) and (110) indexations and agree with a
face-centered cubic lattice (Fm-3m) having a unit cell parameter equal to 4.17 A. Third, the
intensity of these diffraction peaks increases with increasing nickel content, in line with a higher
amount of nanoparticles in the metal richer samples. Forth, the width of the peaks does not
significantly vary from one sample to another, indicating that the mean particle size remains
comparable regardless of the Ni content. From standard FWHM analysis of the peak situated at
43°, the average size of NiO crystallographic domains is in the range of 5-7 nm (Table I11-3)
which is interestingly significantly smaller than the sizes reported in literature (always above 10
nm) for Ni-based nanoparticles supported on SiO2** or even on mesoporous SBA-

152:16.17.18.19.20 \jjth or without promoter.

Table 111-3: Estimated average particles size (nm) for the calcined and spent catalysts

Calcined Catalysts Spent Catalysts
@ CeO2 @ NiO Ni/Si @ Ni° Ni/Si
Support Sample Name ) )
XRD atomic atomic
Tem | XRD? TEMP | ratio® | XRD?* | TEMP | ratioP
Ni2s/SBA-A1(N) - 7 6 0.04-0.07 | n.d. 8 0.04-0.09
SBA-A1 Niso/SBA-A1(N) - 5 5 0.07-0.08 8 n.d. n.d.
Ni7s/SBA-A1(N) - 5 6 0.09-0.17 4 5 0.16-0.19
Ni25Ces/SBA-A2(N) 5 6 7 0.04-0.14 | n.d. n.d. | 0.03-0.05
SBA-Az | NisoCes/SBA-A2(N) 5 5 7 0.05-0.20 | n.d. n.d. n.d.
Niz5Ces/SBA-A2(N) 5 5 5 0.12-0.32 5 n.d. | 0.08-0.35

@Calculated using Sherrer equation
®From TEM images of calcined and spent catalysts
n.d. not determined
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In the NixCes/SBA-A2(N) series of samples (Fig. 111-3c and d), a NiO pattern as above is present
in addition to new peaks at 20 = 28, 33, 47, 56 and 69° characteristics of face-centered cubic
CeO; crystalline nanoparticles with a cell parameter of 5.41 A (ICDD 75-5980). Using FWHM,
the average size of the coherent domains for CeO2 nanoparticles is found near5 nm, in the same
range as for NiO nanoparticles. Therefore, well dispersed NiO and CeO. crystalline
nanoparticles co-exist in the silica grains and the introduction of ceria before nickel in SBA-A>

porous channels did not modify the characteristics of NiO nanoparticles formation.
111.2.4. Location of the supported nanoparticles

The location and dispersion of the supported NiO and CeO> species is further viewed by electron
microscopy both in scanning (Fig. 111-4) and transmission (Fig. 111-5) modes. The scanning mode
mainly reveals the grain morphologies and the external particles deposition, whereas by
transmission, both internal and external particles are distinguished. Therefore, it is interesting to
couple the results of these two complementary techniques for a better assessment of the

nanoparticles location.

e Internal location of NiO and CeO» nanoparticles

First, on the SEM images of the non-impregnated supports, most of the silica grains are mainly
elongated (Fig. 111-4a) while others are apparently shorter (Fig. I11-4b). This irregular shape of
the grains is due to the irregular rate of TEOS addition, using the burette. On the images
recorded in a partial retro-diffused mode for the impregnated samples (Fig. I11-4c), the heavier
elements (here Ni) appear more brilliant. The detection of these bright spots on the surface of the
grains indicates that they are located outside the silica grains.

Second, on the TEM micrographs taken parallel (Fig. 111-5a and b) or perpendicular (Fig. 111-5c) to
the main axis of the silica grains, the linear channel system is still well identified, even after Ni
impregnation and calcination. Indeed, the grain seen perpendicularly (Fig. 111-5c), with its main
elongation axis parallel to the electron beam, clearly reveals the regular 2D hexagonal order between
mesopores. Thus, in agreement with porosity data, the linear porous system and the nanosized
hexagonal pore apertures characteristic of the SBA-15 structure are well preserved in the prepared
catalysts. Few amorphous silica deposits originating from the support syntheses or the two solvents

deposition step are also noticed at the surface of the silica grains, but in low amounts (Fig. 111-5a).
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Figure I11-5: TEM micrographs of calcined Ni7s/SBA-A1(N) samples showing highly dispersed
NiO nanoparticles in the SBA-15 pores: observations of isolated particles (a,a’) along or (b)
perpendicular to the channels, (c) particles aligned along the channels and (d) high resolution
image of a NiO nanoparticle
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Third, on these micrographs (Fig. 111-5), the dispersed Ni-based nanoparticles appear in dark on
the grey silica walls owing to their higher electronic density. They are present inside the pores
(Fig. I11-5a, b and c) and are most often aligned along the channels, forming worm-like curved
lines (Fig. 111-5b). In agreement with XRD, they show a reticular do1> distance of 2.1 A typical of
NiO (zoom in Fig. I11-5d). Moreover, their mean size is about 5-6 nm (Table 111-3), slightly
higher than the pore diameters (Table I11-2). Thus, the channel walls effectively contribute to
high nickel dispersion by restricting the growth of the supported particles. As a result, the
channels are partially filled, in line with the decrease in pore volumes discussed above. This
illustrates the efficiency of the two solvents impregnation procedure towards predominant
deposition of the metal species inside the channels. Nevertheless, few bigger particles are
identified on the surface of the silica grains on Nizs/SBA-A1(N) with high Ni content (Fig. I1l-
6a), as also viewed by SEM (Fig. 111-4c).

Fourth, on the NixCes/SBA-A2(N) series, the nickel oxide nanoparticles are predominantly located
inside the pores, with almost no particles visible outside (Fig. 111-6b and c). This was coupled with the

presence of small CeO> nanoparticles shaped into small dots (Fig. I11-6b and c), along the channels.

Cu lo Cu |
R u
Ny B e oy o

Figure 111-6: TEM micrographs and corresponding EDS showing (a) external and internal NiO
nanoparticles in Nizs/SBA-A1(N), (b) a Ce-rich grain in Ni>sCes/SBA-A2(N) and (c) co-presence
of Ni and Ce on a grain of Ni2sCes/SBA-A2(N)
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e Heterogeneous dispersion of NiO and CeO» nanoparticles

In view of the TEM images of the various samples, the pores of some silica grains appeared empty
while others were highly loaded with nanoparticles. Chemical analysis by EDS was used on some
TEM micrographs to get qualitative information on the nanoparticles dispersion (Fig. 111-6). On the

Nix/SBA-A1(N) series, the local atomic Ni/Si ratios were as follows:

e between 0.04 and 0.07 on Ni2s/SBA-A1(N),
e around 0.08 on Niso/SBA-A1(N),
e between 0.09 and 0.17 on Nizs/SBA-A1(N).

Based on the amount of Ni impregnated on each sample, the atomic Ni/Si ratios are expected to be
at 0.034, 0.068 and 0.1 for x = 2.5, 5.0 and 7.5, respectively. Thus, taking into account that some
silica grains remain empty, the experimental and theoretical values are in good agreement.
Nevertheless, these atomic ratios were not constant on all the loaded grains of the same sample.
Indeed, this ratio did not vary from one grain to another, but also changed in a same grain
depending on the zone. Consequently, the NiO nanoparticles are not homogeneously distributed

among the silica grains in the Nix/SBA-A1(N) series.

This observation was also valid on the NixCes/SBA-A2(N) series. In this case, some grains were
enriched with only Ce or Ni-species (Fig. 111-6b) whereas others contained both elements (Fig.
I11-6¢). Moreover, Ce was even more heterogeneously dispersed because the atomic Ce/Si ratio
was as high as 0.16 in some grains. This value is much higher than the value of 0.025 expected
for 6 wt% Ce loading.

[11.2.5. Reducibility of calcined samples

Because the reduced metal nanoparticles constitute the active phase during the dry reforming
reaction, it is important to evaluate the reducibility of NiO and consider the influence of Ce
addition on Ni. For this purpose, the H>-TPR experiments were carried out using 5 vol% H/Ar and
the resulting profiles are shown in Fig. 111-7. It is known that NiO is directly reduced to Ni°® without
passing by intermediate oxides.?However, the TPR profiles (Fig. 111-7) indicate that, in all
catalysts, the reduction took place at two ranges of temperature: 200-450 and 450-650°C. Similar
to previous findings,20?22324 the low temperature peak is assigned to the reduction of large NiO
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nanoparticles in weak interaction with the support while that at high temperature rather
corresponds to small NiO nanoparticles in stronger interactions with the silica walls. No significant
difference in the nickel reduction process between the samples with only Ni (Fig. I11-7a and b) and
with Ni and Ce (Fig. IlI-7cand d) was noted. On all samples, the NiO nanoparticles are fully

transformed into metallic Ni° at 650°C.
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Figure 111-7: H2-TPR profiles for (a) Ni2s/SBA-A1(N), (b) Niso/SBA-A1(N), (c) Ni25Ces/SBA-
A2(N) and (d) NisoCes/SBA-A2(N) samples

Summary of section 111.2: Physico-chemical properties of supports and impregnated samples

» The SBA-A: and SBA-A> supports prepared under identical conditions, without
hydrothermal treatment, show close textural properties.

> Reasonable surface areas (320-470 m2.g™) and pore volumes (0.4-0.5 cmi.g?) are
maintained after metal addition, on both Nix/SBA-A1(N) and NixCes/SBA-A2(N) series
of calcined samples.

» Good dispersion of NiO nanoparticles (5-7 nm) is always observed, in addition to CeO-
nanoparticles (5 nm) in the NixCes/SBA-A2(N) calcined samples.

» The distribution of NiO and CeOznanoparticles between the mesoporous silica grains is
heterogeneous.

> Complete reduction of NiO to Ni° is reached at 650°C, with no significant difference in
the reduction process upon addition of Ce.
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I11.3 Catalytic performance in dry reforming of methane

For the assessment of the catalytic performance in dry reforming of methane, the samples are
first reduced in-situ (in the catalytic reactor) under 5% Hj/Ar at 650°C for 2 hours, in order to
completely convert metal oxides into active metals (Fig. 11I-8 zone 1). Afterwards, the
temperature is cooled down to 200°C, and then the flow is switched to that of the reactants. The
catalytic performance is primary evaluated while increasing the temperature from 200 to 800°C
(light-off curves, Fig. 111-8 zone 2). Next, stability measurements are conducted at constant
temperature of 500°C for 12 hours (Fig. I11-8 zone 3). The choice of this stability temperature

value is explained later in section 111.3.2.
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Figure 111-8: Temperature profile during reduction and subsequent catalytic activity and stability tests

[11.3.1 Catalytic activity

During catalytic activity evaluation, the evolutions of the conversions of CHs (Fig. 111-9A) and
CO2 (Fig. 111-9B) as well as of the Ho/CO molar ratio (Fig. 111-9C) were recorded as a function of
temperature. For simplicity, we report on the graphs the values for the catalysts containing the
lowest (Ni2s/SBA-A1(N)) and the highest nickel loading (Nizs/SBA-A1(N) and NizsCes/SBA-
A2(N)), in addition to the thermodynamic data (red curves) expected under the used diluted
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conditions. Table I11-4 details the values obtained during light-off experiments at 500 and 650°C

for all samples.
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Figure I11-9: Variation of (A,A’) CH4 conversions, (B,B’) CO2 conversions and (C,C”) H2:CO
molar ratios as a function of (A,B,C) temperature and (A’,B’,C’) time-on-stream at 500°C on
100 mg of Ni2s/SBA-A1(N), Nizs/SBA-A1(N) and Ni7sCes/SBA-A2(N) (CH4:CO2 = 1:1, GHSV
=52.8 L.g.h). Red curves correspond to equilibrium data calculated under the used conditions

First, the regular increase of both CH4 and CO> conversions with temperature (Fig. 111-9A, B)
validates the endothermic character of the reaction. Their increase is in agreement with the increase
in equilibrium curves, calculated with the HSC chemistry software when considering the
experimental CHs and CO; dilution conditions applied at 1 bar. However, the CHa conversions

appear closer to the equilibrium values than the CO. conversions. For all catalysts, they are slightly

82



Chapter Il Active and Stable Ni/SBA-15 Catalysts at 500°C

higher than those of CO> (Fig. 111-9 and Table I11-4). This may indicate the occurrence of some
methane decomposition (CHs — 2H; + C) as secondary reaction,>2%2728 which produces H,. This

side reaction causes an increase of the H.:CO molar ratio, as demonstrated on Fig. 111-9C.

Second, for all Ni-containing SBA-A: catalysts, the CH4 conversions are between 40% and 65%
at 500°C and close to 100% at 650°C (Table I111-4 and Fig. I11-9A). For comparison, a reference
Niso/SiO2(N) catalyst was prepared by incipient wetness impregnation of 5 wt% Ni on non-
porous fumed silica support, as previously detailed in Chapter Il (Table 11-3). At 650°C, the CH4
and CO2 conversions only reached a maximum of 85 and 73%, respectively on this sample.
These values were even obtained at lower space velocity the one used for the SBA-15 supported
catalysts (Table 111-4). Consequently, higher conversions were achieved on all Nix/SBA-A1(N)
samples than on Niso/SiO2(N). This can be related to the mesoporous structure of the SBA-15

silica support, as will be further detailed later.

Third, a slight increase in reactants conversions is observed with the increase of nickel loading
from 2.5 to 5.0 wt% (Table I11-4). The conversions measured with 7.5 wt% nickel loading are
almost identical to those at 5 wt% loading. The slight amelioration of the catalytic activity with
the increase of nickel content from 2.5 to 7.5 wt% is very low compared to the active phase
content that is three times higher. Furthermore, upon addition of Ce, similar trends in the light-
off curves are observed with and without Ce (Fig. I11-9 and Table I11-4). Hence, the activity levels
obtained on all Nix/SBA-A1(N) and NixCes/SBA-A2(N) samples are quite comparable, due to the fact
that, under the conditions employed, and in view of the good catalytic performances of the samples,
the thermodynamic equilibrium is reached. Consequently, no major differences are observed
between samples since (i) even with the lower Ni content, sufficient active sites are present for the
reactants when using 100 mg of powder and (ii) the presence of Ce in the NixCes/SBA-A2(N) series
cannot enhance the "apparent” catalytic activity compared to the Ce-free samples since it is already
maximum. This could have been also the case in recent reports?>?® claiming the absence of the
promoting effect of ceria frequently reported on Ni-based catalysts in DRM at high reaction
temperatures (above 700°C).12456

In order to allow better comparison between samples, more severe conditions were applied and
20 mg of catalyst were tested (Table I11-4). The gas hourly space velocity (GHSV) was thus
increased from 52.8 to 264 L.gl.hl. Again, the results show comparable CHs and CO;
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conversions obtained when using 20 or 100 mg of catalyst (Table 111-4) showing that even more
drastic conditions should be needed to allow proper comparison. Nevertheless, comparison with
the nickel free samples show that Ni° plays an essential role in the reaction since neither the
SBA-15 support alone, nor a Ces/SBA-A> sample tested for comparison, are active.

Being close to the thermodynamic equilibrium limits the possibilities of comparison and
analysis of the effect of Ce addition and Ni loading. However, the results obtained show good
catalytic behaviors of Nix/SBA-A1(N) and NixCes/SBA-A2(N) series of samples in DRM.
Indeed, the CHs and CO> conversions obtained are even much better than those recently
reported!21825404142 o Nij-based SBA-15 materials prepared with classical methods of
impregnations and higher Ni loading (Fig. 111-10) and tested at even lower space velocities. In
details, more than 80% CH4 conversion is achieved at 600°C in our work whereas at the same
temperature it reached only 45% on 12% Ni/SBA-15* and varied between 5 and 65% for other
10% Ni/SBA-15 catalysts.2184941 With the Ceria or Ceria-zirconia (CZ) promotion, the CH4
conversion exceeded 96% in our work while only 44 and 60% conversions were achieved for
12% NiCe/SBA-15! and 10% Ni/CZ/SBA-15%?° catalysts, respectively. Furthermore, an
almost equimolar H> and CO composition is attained on our catalysts, as for a 10%Ni-
CZ/SBA-15 material?, while the H»:CO ratio was between 0.7 and 0.8 (i.e. notably lower than
1) on Ni-Ce/SBA-15' and ceria-doped Ni/SBA-16 catalysts.*? It is worth adding that in most of
these papers an equimolar feed ratio (CH4:CO2=1) was employed, but the authors did not
specify if a pure or diluted feed was used. This could affect the activity comparisons since, as
mentioned in section 11.4.1, the dilution favors higher conversions for a given temperature.
Unfortunately, eventual differences in experimental conditions could not be considered here in
details, due to the absence of precisions in bibliography. In spite of this, the comparison shows
high potential of Ni/SBA-15 catalysts in DRM.
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Table 111-4: Conversion (%) and selectivity of the catalysts (as deduced from light-off curves)

GHSV (L.g1h?) 52.8 264
Support | remperature (°C) 500 650 500 650
Sample name CHs | CO2 | H2:CO | CH4 | CO2 | H2:CO | CH4 | CO2 | H2:CO | CH4 | CO2 | H2:CO
Ni25/SBA-A1(N) 40 42 0.85 97 | 85 1.01 42 | 38 0.85 86 | 80 1
SBA-A:1 Nis.o/SBA-A1(N) 54 56 0.96 98 | 88 1.03 48 | 44 0.85 97 | 84 0.97
Nizs/SBA-A1(N) 64 57 0.9 97 | 87 1.03 46 | 40 0.85 88 | 80 1
Ni2s5Ces/SBA-A2(N) | 46 32 n.d. 95 | 78 n.d. 32 | 26 0.83 86 | 82 1.02
SBA-A2 | NisoCes/SBA-A2(N) 61 56 0.96 98 | 88 1.01 46 | 49 0.85 92 | 86 1.02
Ni75Ces/SBA-A2(N) 64 60 1 98 | 86 1.09 46 | 42 0.87 94 | 85 1.03
SiO» Nis o/SiO2(N)* 53 | 47 | nd. | 8 | 73 | 1.05

n.d. not determined
* GHSV of 21.1 L.g'l.h'l
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Figure 111-10: Comparison of the conversions of CHs (A,A’) and CO2 (B,B’) at 600°C on
Ni/SBA-15 catalysts without (A,B) and with Ce (A’,B’): this study (black columns, samples with
5 wt% Ni) and bibliographic data (grey columns, catalysts with Ni contents between 10 and 12
wit%). * Samples containing zirconia

86



Chapter Il Active and Stable Ni/SBA-15 Catalysts at 500°C

111.3.2  Catalytic stability and selectivity

After assessment of the catalytic activity, the temperature is reduced and maintained at 500°C in
order to follow the catalytic stability for 12 hours (Fig. 111-8 zone 3). Few works dealing with the
stability behavior of Ni-based catalysts at low temperatures have been published.30:31:3233:34.35
This medium temperature was chosen in this section because it gives intermediate conversions
(40-60%, not too high) that are appropriate to study the evolution of activity with time. Even if
moderate conversions are achieved at such temperatures, the efficiency of the system can be
increased by using membrane reactors that selectively remove hydrogen and shift the equilibrium
towards the products.®®3"% Thus, operating at 500°C would allow using such catalysts in
membrane reactors where the hydrogen permeation flux declines if the membrane is submitted to

temperature above 550°C.%

For all samples, around 65% CH4 conversions (Fig. 111-9A”) and 60% CO- conversions (Fig. I11-
9B’) were maintained during the test, with H2:CO ratios (Fig. 111-9C”) close to unity. Thus high
activity is achieved on all the catalysts at the applied temperature. Moreover, slightly better
conversions are obtained at 500°C compared to those during light-off curve, regardless of the
nickel content. This can be due to differences in heat and mass transfer between the transition
and steady state regimes. Furthermore, this can indicate some beneficial transformation of the
nickel species (for instance better reduction) and/or enhanced accessibility of reactants after

intermediate heating of the samples at high temperature.

After 12 hours, the conversions are almost unchanged, indicating the high stability of the
catalysts. Besides, not only the stability but also the selectivity towards DRM is excellent at
500°C, regardless of the sample and the catalytic step, as seen from the H.:CO ratios close to
one. On Ni7s5Ces/SBA-A2(N), the CH4 conversion (Fig. 111-9A°) remained slightly higher than
the desired value, in accordance with the occurrence of methane decomposition, that increases
the H2:CO molar ratio (Fig. 111-9C’).
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Summary of section 111-3: Ni(Ce)/SBA-A catalytic performance in dry reforming of methane

> For all Nix/SBA-A1(N) catalysts, the CH4 conversions are between 40% and 65% at
500°C and close to 100% at 650°C.

» A slight increase in reactants conversions is observed with the increase of nickel loading
from 2.5 to 7.5 wt% and the addition of Ce does not apparently enhance the catalytic
activity. This is because the thermodynamic equilibrium is reached under the test
conditions used.

» Comparable CH4 and CO: conversions are obtained when using 20 or 100 mg of catalyst,
suggesting limited accessibility hindrance to the active sites and/or diffusional limitations.

» The catalytic results obtained show better catalytic behaviors than those reported on
Ni/SBA-15 prepared with classical methods of impregnations and higher Ni loading and
tested at lower GHSV.

I11.4 Physico-chemical properties of spent catalysts

After catalytic measurements, the spent catalysts were characterized by XRD and TEM in order
to check the preservation of the dispersion of the Ni-based and Ce-based nanoparticles during the

catalytic run.

First, in the spent catalysts (after 12hours at 500°C), diffraction peaks at 44, 52 and 76° are
observed for all samples (Fig. 111-11), assignable to metallic Ni® with a face-centered cubic lattice
(Fm-3m) and a unit cell parameter of 3.51 A (ICDD 71-4655). The presence of Nio.9sCoo2 (ICDD
74-5561) with typical diffraction peaks at the same position cannot be excluded. These signals

confirm the preservation of the reduction state of the nickel active phase in the DRM reaction.

More importantly, the mean crystallite sizes of the Ni particles calculated using the Scherrer
equation on these samples are between 5 and 8 nm (Table I11-3), which is very close, only
slightly higher, than the sizes identified before test for the NiO particles in the calcined samples
(Table 111-3). Therefore, if present, the sintering of the supported nanoparticles during reduction
and reaction remains very limited. Moreover, with respect to Ce, the CeO> peaks are no longer
detected after test. Either no peaks or very small ones assignable to partially reduced CeO1675
(ICDD 89-8430) are found, depending on the sample. This suggests cerium spreading upon
reductive thermal treatments possibly in the form of Ce3* or Ce** ions and/or formation of non-

crystalline phases.
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Figure 111-11: X-ray diffractograms of spent (a) Nizs/SBA-A1(N), (b) Ni2sCes/SBA-A2(N) and
(c) Ni7.5Ces/SBA-A2(N)

Second, the TEM images confirm the preservation of the mesoporous channel system and the
ordered hexagonal structure after test (Fig. 111-12a,b), as well illustrated by representative images
of Niso/SBA-A1(N) (Fig. 111-12a,b) and Ni7sCes/SBA-A2(N) (Fig. 111-12c). No major difference in
particles dispersions between Nix/SBA-A1(N) and NixCes/SBA-A2(N) catalysts is observed.
Similar to the calcined samples, no external Ni particles are observed on the spent catalysts. The
nickel nanoparticles are well maintained inside the pores of the SBA-15 silica support.

In addition, very limited carbon deposition was observed on the spent catalysts, after catalytic run at
the medium temperature of 500°C. Few carbon nanotubes were formed at the interface between the
NiC%ctive species and the support.“’ In such case, the nickel metal particles are progressively pushed
away from the surface, which can occur with particles deposited outside the pores, as was indeed
observed - although rarely - on the spent Ni-richest Nizs/SBA-A1(N) catalyst (Fig. 111-12e). As
reported elsewhere, some kinds of carbon nanotubes do not affect the stability of the catalysts.?” This
agrees with the previous assumption of methane decomposition, which takes place at a very small
extent. In contrast, such carbon nanotubes formation is totally hindered inside the SBA-15 pores due

to steric constraints and to the stabilization of the small Ni° nanoparticles that remain strongly

89



Chapter Il Active and Stable Ni/SBA-15 Catalysts at 500°C

attached and blocked inside the pores. An additional confirmation of the preservation of the nickel
dispersion after catalytic run is further given by the atomic Ni/Si ratio values (EDS analyses) that
stayed globally comparable to those after calcination in both Ni/SBA-A1(N) and NiCes/SBA-A>(N)
series (Table 111-3).

Figure 111-12: TEM micrographs of the spent catalysts after heating at 800°C and 12h at 500°C
under reactants: Ni° dispersed in SBA-15 grains in (a,b) Niso/SBA-A1(N), and (c) Niz5Ces/SBA-
A2(N) (d) high resolution image of a Ni° nanoparticle and (e) carbon nanotube grown between
the support and a nickel nanoparticle
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Consequently, the high activity of both Nix/SBA-A1(N) and NixCes/SBA-A2(N) series of
catalysts can be explained by the excellent Ni dispersion seen after calcination and maintained
after reduction and catalytic testing, as demonstrated by TEM and XRD. Thus it appears that the
SBA-15 support exerts a very positive confinement effect for high catalytic stability. The
confinement limits the growth of Ni particles to few nanometers during pre-treatment and
reaction and results in a better Ni dispersion. Consequently, the number of accessible Ni°
nanoparticles inside the pores and therefore of available active sites increases (even if some
nickel is not easily accessible). Compared to previous bibliographic reports on Ni/SBA-15

20,4041,43444546.47 the effect is here strongly accentuated owing to the two solvents metal

catalysts,
deposition method used for the catalysts preparation that permitted a significant increase of the

dispersion of nickel deep inside the pores.*34849:50

Summary of section 111-5: dispersion of Ni and CeO> nanoparticles after test

> The excellent Ni° dispersion was maintained on all catalysts after test.

> Limited Ni°sintering (5-8 nm) and carbon deposition were observed on the spent catalysts.

» The use of SBA-15 mesoporous silica support limits the growth of Ni particles to few
nanometers.

I11.5 Conclusion

To sum up, high dispersion of nickel and cerium inside the channels of mesoporous SBA-15 is
obtained using the two solvents deposition method. The catalysts reduced and tested in DRM show
good activity up to 800°C and high stability at 500°C. After reaction, Ni metallic particles, stable
in air, are still well dispersed inside the pores while no ceria is detected. Under the experimental
conditions tested here, the thermodynamic equilibrium is reached. Therefore, the variation of Ni
loading and the addition of Ce to Ni/SBA-15 did not affect the "apparent™ catalytic performance in
dry reforming of methane. In addition, limited interaction between Ce and Ni was obtained on our
samples, since Ni and Ce species were present on separate grains of the support. This can be due to

the sequential impregnation method employed.

Promising results were obtained when using mesoporous SBA-15 silica supports to stabilize the Ni

nanoparticles. However, different small batches had to be prepared in this part of the work to
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obtain sufficient quantities of SBA-15. The absence of hydrothermal treatment and the variations
in TEOS addition rates (due to manual addition) caused some variations in the textural properties
of the supports. Consequently, the SBA-15 support preparation scale should be enlarged in order to
have one large batch with sufficient quantity of support for further experiment. The materials also
should be tested under more severe conditions, to be more realistic (closer to industrial scale). This

will be the concern of the following chapter.

ﬁutcome of this part of the doctoral work: \
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Doi: 10.1016/j.micromeso.2015.08.034

Marie-Nour Kaydouh, Nissrine El Hassan, Anne Davidson, Sandra Casale, Henri
El Zakhem, Pascale Massiani, Comptes Rendus Chimie, 18 (2015) 293-301.

Doi: 10.1016/j.crci.2015.01.004

Poster at the AWAP conference, “Stable promoted Ni/SBA-15 catalysts for dry
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Oral presentation at the GECat conference, “Des catalyseurs stables pour le
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CHAPTER IV

Influence of Textural Properties

The previous chapter described the active and stable Ni/SBA-15 catalysts for dry reforming of
methane at 500°C. The SBA-15 silica support stabilized small nickel metallic nanoparticles inside
the pores, thus inhibiting their sintering during reaction. Coke formation was moreover very limited,
possibly due to the medium temperature applied. However, the SBA-15 preparation on small scale
(49 of calcined material) was not sufficient to prepare different samples and therefore, two syntheses
were needed. The absence of hydrothermal treatment and irregular manual addition of TEOS
produced some inconsistencies between the resulting supports. Furthermore, even if already
satisfying, the surface areas and pore volumes of the impregnated samples obtained were not very
high (350-600 m?.g™). Consequently, in order to obtain sufficient quantities of support prepared
under exactly the same conditions, it was important to pass towards a larger scale preparation. In

addition, a peristaltic pump was used for a more regular TEOS addition.

In order to avoid changing more than one parameter at a time, the SBA-15 support was first
prepared on a larger scale (14 times larger) and in experimental conditions close to the previous
ones (1.9M HCI, without hydrothermal treatment). Hence, it was possible to compare the new
support, prepared on a larger scale, to the one obtained by smaller synthesis, for validation of the
preparation. This comparison will be done in the first part of this chapter. Next, the nickel
impregnated samples prepared from the same synthesized SBA-15 batch will be compared to Ni-
loaded samples prepared on several available commercial silica-based supports, having different
textural and morphological properties. This comparison includes the evaluation of the physico-
chemical properties of the samples and their activity and selectivity in dry reforming of methane.
In the last part of the chapter, an amelioration of the SBA-15 synthesis by the application of a
hydrothermal treatment will be considered. Perspectives will concern further possible

modifications of the synthesis of Ni-based SBA-15 catalysts.
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For clear comparison between samples, an intermediate nickel loading of 5 wt% was fixed for the
rest of the study. Furthermore, in order to be more realistic and study the catalysts under more severe

conditions (closer to industrial conditions), the dry reforming stability tests were performed at 650°C.

The same methodology as that used in the previous chapter is adopted here for samples description.
Thus, in each section, the characterization results of the calcined samples are first presented, based
on experimental data that are concisely grouped in one figure that includes the N2 sorption
isotherms of the supports (solid lines) and their corresponding impregnated samples (dashed lines)
in addition to the TPR profiles and XRD patterns. The related quantitative values are reported in
tables in which grey lines correspond to data of the supports. Next the results obtained during the

methane dry reforming reaction are presented and discussed.
IV.1 Comparison between small and larger SBA-15 syntheses

In the previous chapter, the SBA-A1 and SBA-A: supports were prepared on small scale using a
250 ml beaker (Fig. 11-1A) and simple manual techniques for the addition of TEOS (with a burette).
The larger scale preparation of SBA-As, using a 4L double-jacketed reactor (Fig. 11-1B), was
achieved by multiplying the reactants proportions by 14. The addition of TEQS, in this case, was
performed at a rate of 15 ml.min* using a peristaltic pump and stirring was fixed at 120 rpm. The
obtained batch was not subjected to hydrothermal treatment and was thus directly calcined after
filtration. At this stage, it is important to make sure that the larger synthesis maintains the same
textural properties as the smaller one. The comparison in this part will be limited to the SBA-A:
support which was impregnated with Ni, since the SBA-A» support was also impregnated with Ce

which is not in the scope of this chapter.

The textural porosity is one of the most important properties to evaluate. The N2 sorption isotherms
of SBA-A: (small synthesis) and SBA-As (large synthesis) supports (Fig. 1V-1a,b) present a type
IV(a) isotherm with a hysteresis loop at P/Po between 0.04 and 0.06, typical of mesoporous
structures. Interestingly, both supports have similar surface areas in the range of 450-500 m2.g*
(Table 1V-1), and comparable mesoporous surface areas (290-330 m2.g). The higher microporous
area (Table 1VV-1) on SBA-As indicates that the mesopores are connected with more micropores in
this case. In addition, smaller pore diameters, and consequently lower pore volumes, are observed in

SBA-Az in comparison to SBA-A:. However, slightly different shapes of hysteresis loops are
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observed between both supports. In fact, it is known that parallel adsorption and desorption branches
reflect narrow range of uniform cylindrical mesopores.® Thus, different arrangement of mesopores
are detected on the two supports. These variances can be due to: 1) TEOS rate and way of addition
and 2) absence of an applied condensation hydrothermal treatment, as already discussed in the

previous chapter.
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Figure 1V-1: (a, b) N2 sorption isotherms of SBA-A1, SBA-Az and their impregnated samples, (c) X-
ray diffractograms and (d) TPR profiles of calcined Nis.o/SBA-A1(N) and Niso/SBA-As(N) samples

The impregnation of 5 wt% nickel by two solvents method on the two supports did not change the
mesoporous structure of the resulting samples. Despite the fact that more important decline in surface
area and pore volume is observed after addition of Ni on SBA-A: (Fig I\VV-1a), very similar textural
properties were still observed on both Niso/SBA-A1(N) and Niso/SBA-A3(N) samples. Thus, the

extrapolation of the support preparation scale does not significantly affect the resulting porosity.
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Table 1V-1: Characteristics of calcined samples prepared at different scales

Total Meso- Micro- _ TPR
Pore Mean des. | NiO
Sample Surface | porous | porous _ ] (% of total area)
volume Pore size | Size?
Name area area area 250-450 | 450-700
(cm®.g?) (nm) (nm)
(m2g?h) | (mg?h) | (m*g?) °C °C
SBA-A; 455 326 129 0.51 4.2 - - -
Niso/SBA-Ay(N) 320 249 71 0.38 4.0 5 25 75
SBA-A; 522 290 232 0.35 3.5 - - -
Nis o/SBA-A3z(N) 436 262 174 0.30 3.6 6.2 25 75

4Calculated from XRD, using Scherrer equation

With respect to the nature and size of the particles obtained on SBA-As3, the XRD patterns confirm
the formation of NiO nickel oxides (Fig. IV-1c). Based on the Scherrer equation, these
nanoparticles are estimated to be in the range of 5-6 nm, as already observed on calcined
Niso/SBA-A1(N) (Fig 1V-1c and Table IV-1). Therefore, the dispersion of NiO nanoparticles is
not greatly affected by the different supports preparation scales and experimental conditions (in

particular the way of adding TEQOS, either manually or automatically).

Furthermore, the reduction of the calcined Niso/SBA-A3(N) sample under 5% H2/Ar is in
accordance with that of the Niso/SBA-A1(N) sample. Indeed, two main reduction peaks are
observed on both profiles (Fig. IV-1d); the first one in the temperature range of 250-450°C and
the second between 450 and 700°C. Interestingly, the relative quantification of the two peaks is
identical on both samples (Table IV-1). This means that the reduction behavior of nickel oxides

into metallic nickel is also not modified.

Accordingly, we can conclude that the extrapolation of the SBA-15 synthesis scale maintains
comparable physico-chemical properties as the one prepared on smaller scale. Next, it would have
been important to compare the catalytic activity of both samples. However, the catalytic tests
performed on Niso/SBA-A1(N) were conducted in a U-shaped fixed bed quartz reactor using
diluted test conditions (CH4:CO2:Ar = 1:1:98) that were no longer applied (and no longer
available) in the present chapter. Indeed, in parallel with the larger scale synthesis, the MAR

catalytic reactor was mounted, as described in section 11.3, to replace the previous installation and
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allow handling the test in more severe catalytic conditions. Since the diluted conditions previously
employed were hard to apply on the MAR catalytic reactor, it was unfortunately not possible to
compare the activity of the Niso/SBA-A1(N) and Niso/SBA-A3(N) catalysts under the same
operating conditions in methane dry reforming test. From their comparable physicochemical

properties, we can nevertheless assume that their performances are similar.

Summary of section IV.1: Comparison between small and larger SBA-15 syntheses

» The extrapolation of the SBA-15 preparation quantity from small scale (SBA-A1) to larger
scale (SBA-A3) maintains comparable textural properties, as well as nickel oxide
dispersion and reducibility behavior of impregnated samples similar as the ones of samples
prepared on the small scale synthesized support.

» The comparison of catalytic activity in dry reforming of methane was unfortunately
impossible, due to a technical problem (replacement of the reactor at the time of the
experiments).

IV.2 Comparison between synthesized SBA-As and commercial supports

Once the extrapolation validated, the properties of the prepared SBA-As support of bimodal
porosity (connected mesopores and micropores) are compared to easily accessible commercial

silica-based supports with different textural properties, as previously introduced in section 11.1:

e com-SBA-15 (a commercial mesoporous SBA-15 support) used as a reference
e Non-porous SiO2 used to check the effect of textural porosity

e meso-SiO2 used to study the effect of grain morphology (spherical grains)

These different supports were impregnated with 5 wt% nickel using either two solvents or incipient

wetness impregnation methods (Table 11-3).
IV.2.1 Porosity of calcined samples

The N2 sorption isotherms of SBA-As and Niso/SBA-A3(N) (previously shown) are reported in

comparison to those of the commercial supports and their impregnated samples (Fig. 1VV-2a-d and
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Table 1V-2). Table V-2 also reports the values of four additional samples that will be discussed

in the following section.

The SBA-A3, meso-SiO, and com-SBA-15 supports and their equivalent impregnated samples
present a typical type IV(a) isotherm, characteristic of mesoporous materials while both the SiO;
support and the Niso/SiO2(N) sample display, as expected, typical isotherms of nonporous or
macroporous solids (Fig. IV-2b). However, it appears that synthesized SBA-As3 is less porous than
the commercial mesoporous supports. Its surface area (522 m2.g™?) is situated between that of non-
porous SiO2 (239 m2.g1) and the ones of com-SBA-15 (701 m2.g™t) and meso-SiO, (980 m2.g™). In
addition, among these porous samples, the SBA-As support and the Niso/SBA-Az(N) sample present
the smallest pore volumes with pore widths in the range of 3.4-3.5 nm while the mean pore diameters

are significantly larger on com-SBA-15 support and Niso/com-SBA-15 sample (around 6.5-6.7 nm).

Table 1\V-2: Textural properties of the calcined samples

Total Meso- Micro-
Pore Mean ads. | Mean des.
Sample Surface | porous | porous
volume | Poresize | Pore size
Name area area area (g (nm) (m)
(m2gh) | (m*.g?) | (m’.g™)
SBA-A; 522 290 232 0.35 3.4 3.5
Niso/SBA-A3(N) * 436 262 174 0.30 3.5 3.6
SiO, 239 - - - - -
Nis o/SiOz(N) ** 247 - - - 3 5
meso-SiO- 980 966 14 1.19 34 4.0
Nis o/meso-SiOz(N) * 779 739 40 0.93 3.3 3.8
com-SBA-15 701 640 61 1.04 6.7 6.6
Niso/com-SBA-15(N) * 529 480 49 0.75 6.5 6.3
SBA-B; 832 678 154 0.97 6.4 6.0
Niso/SBA-B1(N)* 620 551 69 0.71 5.7 55
SBA-B; 915 750 165 1.04 6.4 6.2
Niso/SBA-B2(N)* 706 556 150 0.80 6.3 6.0

* Prepared by two solvents impregnation

** Prepared by incipient wetness impregnation
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Furthermore, the shape of the hysteresis loop is not the same for all mesoporous samples. On one
hand, SBA-As, Niso/SBA-A3(N) (Fig. 1V-2a), meso-SiO2 and Niso/meso-SiO2(N) (Fig. 1V-2c)
show type H2(a) hysteresis loop that is usually obtained in the case of pore-blocking/percolation
in a narrow range of pore necks or in the case of cavitation-induced evaporation.l? The absence of
parallel adsorption and desorption branches in the hysteresis loops of these samples indicates the
absence of cylindrical uniform mesopores. The Niso/SBA-A3(N) and Niso/meso-SiO2(N) are thus
characterized by a poor porosity. On the other hand, both com-SBA-15 and Nis.o/com-SBA-15(N)
samples present a type H1 hysteresis loop (Fig. 1V-2d), indicating narrow distribution of uniform
mesopores or of ink-bottle pores. In spite of these differences, the trend is similar on all
mesoporous samples upon addition of nickel oxide, with a decrease in surface area, pore volume
and mean pore diameter (Fig. IV-2a,b,c,d and Table 1VV-2), indicative of either metal deposition
inside the pores or partial pore plugging, as already discussed in the previous chapter.

IV.2.2 Size, dispersion and reducibility of supported nanoparticles

The different textural properties of calcined samples appear to influence the nickel nanoparticles size
and dispersion, as revealed by XRD measurements (Fig. 1\VV-2e). As in chapter Il1, all diffractograms
are composed of a broad signal at around 22° corresponding to X-rays diffusion by amorphous silica
walls and of narrower diffractions peaks at 37, 43, 63, 75 and 79° attributed to nickel oxide

nanoparticles (ICDD 78-4374) compatible with a rhombohedral crystal system (R-3m).

The width of these diffractions peaks and their overall intensities significantly vary from one
sample to another, indicating that the mean size of nickel oxide nanoparticles is not identical on
all supports (Fig. IV-2e and Table 1V-3). From the FWHM analysis of the most intense diffraction
peak at 43°, the average size of the NiO crystallographic domains increases in the following order:
Niso/meso-SiO2(N) (3.6 nm) < Niso/com-SBA-15(N) (3.9 nm) < Niso/SBA-A3(N) (6.2 nm) <
Nis.o/SiO2(N) (9 nm). This increasing order is in accordance with the decrease in surface area of
the supports. Thus, among the porous supports, the higher dispersion on meso-SiO2 in comparison
to com-SBA-15 is due to the higher surface area of the former and its smaller pore diameters.
Despite the comparable pore diameters of SBA-Az and meso-SiO, the lower dispersion achieved
on the former is in line with its lower surface area. The absence of mesoporous structure on the

non-porous SiOz support results in the poorest dispersion.
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Figure IV-2: (a, b, c, d) N2 sorption isotherms for the calcined supports and impregnated
samples, (e) X-ray diffractograms and (f) TPR profiles of calcined impregnated samples
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Table 1V-3: Mean particles size for calcined, reduced and spent samples

Ni® size Ni' size
Sample NiO size
Reduced Spent
name (nm)
(nm) (nm)
Nis.o/SBA-A3(N) 6.2 - -
Nis.o/SiO2(N) 9.0 - 7.6
Nis.o/meso-SiOz(N) 3.6 - 7.7*
Niso/com-SBA-15(N) 3.9 3.8 4.3
Nis.o/SBA-B1(N) 6.0 6.4 6.3
Niso/SBA-B2(N) 6.4 5.7 55

* Estimated from TEM images

The lower NiO dispersion on SBA-A3z in comparison to the remaining mesoporous Supports is
further depicted on the TEM images of the calcined supports (Fig. 1V-3). First, the Niso/SBA-
Az(N) sample appears to be composed of linked elongated grains of about 700-800 nm width (Fig.
IV-3a). Second, external particles appear on the outer surface of the SBA-Asz support (Fig. 1V-3a)
in addition to very small particles that can be dispersed either inside the channels or on the surface.
In fact, the alignment of these small nanoparticles along the channels of the support allows us to
confirm their internal presence inside the pores (Fig. IV-3a’). The evaluation obtained by TEM is
thus compatible with the one obtained by XRD and validates the average particle size of 6.2 nm
estimated by XRD. Indeed, the presence of micropores connecting the mesopores in SBA-As
(support synthezised without hydrothermal treatment) can cause particles diffusion to the external

surface, throughout the various thermal treatments applied.

On the mesoporous com-SBA-15 and meso-SiO; supports, the high dispersion of nickel oxides is
validated by the presence of very small particles homogeneously distributed inside the grains of
the support (Fig. IV-3b’,c’). However, these grains do not show the same morphology because the
Nis.o/com-SBA-15(N) support appears to be formed of elongated grains of 700-800 nm in length
and 500-600 nm in width (Fig. IV-3b) while the meso-SiO2 support is composed of spherical grains
of 200-300 nm in diameter (Fig. I\VV-3c). The last TEM image (Fig. IVV-3d) reveals the amorphous
aspect of the Nis o/SiO2(N) sample without any well-defined shape and validates the formation of
large NiO nanoparticles (Fig. IV-3d’), as also viewed by XRD (Table I1V-3).
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Figure IV-3: TEM images of (a,a’) Niso/SBA-A3(N), (b,b’) Niso/com-SBA-15(N), (c.c’)
Nis 0/meso-SiOz(N) and (d,d’) Niso/SiO2(N) calcined samples
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Furthermore, these differences in NiO dispersion, observed by XRD and TEM, on the various
supports result in different reducibility behaviors during Ho-TPR (Fig. IV-2f). Although the four
samples show two main reduction peaks, these peaks are centered at different temperatures. The
reducibility of nickel oxides on the non-porous SiO> support is achieved upon reaching 500°C
while the signal is shifted towards higher values for nickel oxides on the mesoporous supports.
This is probably due to the presence of nickel oxide nanoparticles inside the channels of the
mesoporous supports. Niso/com-SBA-15(N) is the only sample that shows a reduction peak
centered at around 600°C, which suggest the formation of Ni species in stronger interaction with

silica like surface Ni-silicate.®

Summary of section 1V.2.1 and IV.2.2: Physico-chemical properties of Ni-based samples
supported on synthesized SBA-Asz and on commercial supports

» The mesoporous SBA-A3z support (with connected mesopores) synthesized without
hydrothermal treatment is less porous than the remaining mesoporous commercial
supports and this remains valid for the impregnated samples.

» The different textural properties of the supports significantly affect the dispersion and
reducibility of the NiO nanoparticles. The main observations are as follow:

Nis.o/SBA-A3(N): mesoporous sample, elongated grains, NiO = 6.2 nm

Nis.0o/SiO2(N): nonporous/macropous sample, NiO =9 nm

Nis.o/com-SBA-15(N): mesoporous sample, elongated grains, NiO = 3.9 nm

Nis.o/meso-SiO2(N): mesoporous sample, spherical grains, NiO = 3.6 nm

(@]

o O O

IV.2.3 Catalytic activity and stability

To check the influence of these different textural properties (and consequent changes in Ni
dispersion) on the catalytic performance of the samples, the dry reforming tests were performed
as detailed in section 11.3. Briefly, 100 mg of powder was positioned inside the tubular fixed bed
reactor of the recently installed MAR microactivity reactor. After in-situ reduction of the sample
at 650°C for 2 hours, as before, the temperature is cooled down to 200°C and the reactants are
introduced. The dilution of the reactants feed was set to CH4:CO2:Ar = 5:5:90 (lower dilution than

before) and the gas hourly space velocity (GHSV) was fixed at 36 L.g™.h™* for practical reasons.
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The evolution of CH4 and CO» conversions as well as the H.:CO molar ratio are followed while
increasing the temperature from 200 up to 800°C (Figure IV-4A,B,C). The thermodynamic curves,
used for comparison, are adapted to the new dilution ratio employed, as previously discussed in
section 11.4.1. No major differences between samples are revealed during the catalytic activity
measurements. The increment in both reactants conversions and H2:CO ratios follows the same trend
as the thermodynamic equilibrium curves (dashed lines on the figure) expected under the used
conditions. These equilibrium curves correspond to the simulation of the main methane dry
reforming reaction with the simultaneous reverse water gas shift, without considering carbon
deposition. The differences between the experimental results and simulated ones might be due to the
occurrence of side reactions (Boudouard reaction or methane decomposition). Also, heat and mass
transfer could play a role, as already suggested in the previous chapter, since the measurements are
done in dynamic mode, without waiting for temperature stabilization. In addition, the H2:CO also
increases with the increase of temperature (Figure IV-4C). At low temperature values, the reaction
does not take place and no products are formed; consequently, the H2:CO molar ratio becomes
significant only after the increase of reactants conversions. At high temperatures, the increase of the
H>:CO molar ratio beyond the equilibrium values can be explained by a higher quantity of H> formed

due to methane decomposition (CHs — 2H> + C).

From these data, it is concluded again, as in the last chapter, that thermodynamic equilibrium is
reached under the used reaction conditions. Despite this, the behavior during catalytic stability after
decreasing the temperature and maintaining it at 650°C is no longer the same (Fig. IV-4A’,B’,C").
First, higher levels of conversions at stable state are achieved on both mesoporous Niso/SBA-
As3(N) and Niso/com-SBA-15(N) catalysts in comparison to non-porous Niso/SiO2(N) on which
conversion decrease takes place (purple curves). This agrees with the fact that large metal particles
were formed on the surface when non-porous SiOz was used as support, leading to poorer active
phase dispersion. This result reveals the important influence of the mesoporous structure towards
catalytic activity and stability, in agreement with other published work on this subject.*>® As
reported, the mesoporous structure enhances metal dispersion and mainly limits metal growth up to

the pore size, thus preventing the sintering effect of the high temperature employed during the test.
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Figure 1V-4: Evolution of (A,A’) CHa conversion, (B,B’)CO2 conversion and (C,C”) H2:CO
ratio as a function of temperature (A,B,C) and time at 650°C (A’,B’,C")at 1bar, 36 L.g*.h"* and
CH4:CO2:Ar = 5:5:90 (dashed lines represent thermodynamic data under the used conditions)

Second, the conversions over Niso/SBA-A3(N) are slightly higher than those over Niso/com-SBA-
15(N) while, on the contrary, the H.:CO ratio is closer to the equilibrium value on Niso/com-SBA-
15(N). These data reveal the higher selectivity of Niso/com-SBA-15(N) catalyst towards the main
dry reforming reaction and the occurrence of side reactions (RWGS and methane decomposition)
on Niso/SBA-A3(N) that increase the H2:CO ratio. This is in agreement with the SEM/TEM images
of the spent catalysts (Fig. 1V-5) that show important carbon deposition on Niso/SBA-A3(N)
catalyst (Fig. IV-5a). In opposition, no carbon deposition is seen on the spent Niso/com-SBA-
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15(N) catalyst (Fig. 1VV-5b) on which good dispersion of the active sites is maintained inside the

uniform mesoporous arrangement.

Third, severe deactivation is observed on the mesoporous Niso/meso-SiOz(N) catalyst (with less
ordered mesoporous structure) during the test during 12 hours, with a decrease from 75 to 30% and
from 70 to 45% for CH4 and CO> conversions, respectively. The CO. conversion increased during
the first few hours of the stability test prior to a drastic decrease. This is associated to the occurrence
of reverse water gas shift reaction (CO2 + H, — CO + H20) on this sample, as also reflected by the
H>:CO ratio greater than one in the first 5 hours of the stability test. Furthermore, in view of the TEM
images of spent Niso/meso-SiO2(N) (Fig. 1V-5c), an increase of the metal particles size is observed
(Table 1V-3). The dispersion of these particles on the meso-SiO; support is also altered since many
particles are observed on the external surface of the grains. This implies a migration of the metallic
nickel particles to the outer surface of the meso-SiO> support, during either the reduction or the
reaction steps. The presence of short pores in the spherical grains in this case could have caused this
Ni® metal expulsion. More importantly, the mesoporous structure which is not well organized on this
sample further contributed in the lower stability of the nickel nanoparticles inside the pores. Once
outside the silica pores, the nickel particles are easily subjected to high carbon deposition (Fig. IV-
5c¢), hindering the accessibility of reactants to these active sites and causing deactivation. These data
correlate with the quick decline in conversions and rapid deactivation observed on this catalyst.

Further details on carbon deposition will be thoroughly provided in Chapter VI.

Figure IV-5: (a) SEM image of spent Niso/SBA-Az(N) and TEM images of spent (b) Nis.o/com-
SBA-15(N) and (c) Nis.o/meso-SiO2(N)
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Consequently, it appears that a well-defined mesoporous structure, having high surface area and
narrow pore size distribution, is essential to obtain superior catalytic activity. This structure allows
good confinement of nickel nanoparticles inside the pores, preventing their sintering and blocking
carbon deposition on their surface. Nevertheless, the morphology of silica grains forming the
support also plays an important role in the catalytic stability. While spherical grains tend to
facilitate the expulsion of the metallic particles to the external surface of the support, elongated
grains permit their better confinement and occlusion inside the channels, as in com-SBA-15
support. However, such a commercial catalyst is expensive and is not adequate for industrial use.
Therefore, in the next part, an improvement of the SBA-15 batch prepared in the lab through

hydrothermal treatment will be evaluated and compared to the best commercial catalyst seen.

Summary of section 1V.2.3: Catalytic performance of the catalysts

> A well-defined mesoporous structure is necessary for a superior catalytic activity.

» The short pores in spherical grains and their less organized mesoporous structure reduced the
stability and confinement of nickel particles inside the pores and caused rapid catalyst
deactivation.

» Among the studied supports, the com-SBA-15, with the highest surface area and pore
volume compared to SBA-A syntheses, appears to be most suitable for the dry reforming
reaction under the experimental conditions employed.

V.3 Improvement of the synthesized SBA-15 support

The previous part showed the superior activity, stability and selectivity of highly dispersed nickel
supported on commercial SBA-15 catalyst. Furthermore, the size of the silica grain seemed to
affect the stability of the catalysts. Therefore, in this part, we will try to improve the SBA-15
synthesis, by applying a hydrothermal treatment during the preparation, to obtain an enhanced

catalytic activity and selectivity. For this purpose, two SBA-15 silica supports are prepared:

e the SBA-B1, hydrothermally treated at 95°C in order to obtain different diameters of
mesopores and different pore connections than the SBA-As,
e the SBA-B2, prepared similarly to SBA-B1 but under less acidic conditions, to obtain more

elongated silica grains, as already observed in previous studies within the group (PhD
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thesis of N. El Hassan, UPMC, 2008). The last suggestion might either provide improved
contact time between reactants and active phase, leading to higher catalytic performance

or lower accessibility to the active sites, leading to lower performance.

To facilitate comparisons, the data of com-SBA-15 and Niso/com-SBA-15(N) samples (same as
in the previous part) are reported again on the figures.

IV.3.1 Physico-chemical properties of the samples

The porosity of the resulting samples was first analyzed by N2 sorption (Fig. 1V-6). Similar to
com-SBA-15 and Niso/com-SBA-15(N) (Fig. IV-6a), the synthesized SBA-B: and SBA-B>
supports and their impregnated samples (Fig. IV-6b and c) present a type 1V(a) isotherm with a
type H1 hysteresis loop, characteristic of well-ordered mesoporous structure. As expected, the
application of a hydrothermal treatment during preparation of the SBA-B supports generated
higher surface areas (700-900 m2.g™) and pore volumes (0.7-1 cm®.g™*) compared to the samples
of the previous SBA-A series (obtained without hydrothermal treatment step). These values
decreased upon addition of nickel oxide (Table 1V-2), the tailing at relative pressures between 0.6
and 0.4 being more pronounced on Niso/SBA-B2(N) than on Niso/SBA-B1(N). This can be
associated to pore structures containing both open and partially blocked mesopores, as recently
reported in the updated ITUPAC report.2? While no details are provided about the synthesis of the
commercial SBA-15, it appears that this sample has the lowest microporosity in comparison to
Niso/SBA-B1(N) and Niso/SBA-B2(N), suggesting the presence of more connections between

mesopores on the latter.

The wide angle XRD patterns obtained for the calcined samples (Figure 1VV-6d) show again the
contributions at 37, 43, 63, 75 and 79° typical of nickel oxide nanoparticles (ICDD 78-4374).
Regardless of the similar textural properties, the dispersion of nickel oxides and metallic nickel
particles varied depending on the support. Slightly larger NiO particles are formed on both
Niso/SBA-B1(N) and Niso/SBA-B2(N) samples (Table 1VV-3) in comparison to those on Niso/com-
SBA-15(N) sample. This remains also valid for the Ni® metallic nanoparticles (ICDD 65-0380),
detected on the reduced samples (Figure 1VV-6e) with characteristic diffraction peaks at 44, 52 and
76°, attributable to a face-centered cubic lattice (Fm-3m). The lower microporous connections
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between the mesopores on Niso/com-SBA-15(N) could have contributed in better occlusion of the

nickel nanoparticles and in prevention of their migration or movement inside the pores.
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Figure 1V-6: (a, b, c) N2 sorption isotherms for calcined samples, X-ray diffractograms of (d)

calcined and (e) reduced samples and (f) TPR profiles of calcined impregnated samples
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Furthermore, the reducibility of nickel oxides on the SBA-15 supports also takes place in two main
reduction peaks (Figure 1\V-6f). The first peak is at around 350-400°C for all samples while the
second peak is centered near 500°C for Niso/SBA-B1(N) and delayed to 600°C for both Niso/SBA-
B2(N) and Niso/com-SBA-15 samples. The higher reduction temperature can suggest higher metal-
support interaction; however, all nickel oxide particles on Niso/SBA-B1(N) appear to be reduced up
to 650°C for 2 hours (conditions adopted for the catalytic test) while this is not the case on the
remaining samples. Therefore, an easier reduction of nickel oxides can be proposed on Niso/SBA-
B1(N) sample compared to the remaining samples. The longer grains of Niso/SBA-B2(N) sample

could be the reason behind the retarded nickel oxide reduction on this sample.

IV.3.2 Catalytic activity and stability

During catalytic testing in dry reforming of methane (Fig. 1\V-7), the activity of Niso/SBA-B1(N)
catalyst is identical to that of Niso/com-SBA-15(N) but is slightly better than that on Niso/SBA-
B2(N), especially at elevated temperatures. The lower performance of Niso/SBA-B2(N) is more
pronounced during the stability test. Indeed, lower reactants conversions and lower stability are
observed on this sample after 20 hours. This can be related to the longer grains on Niso/SBA-
B2(N), which delayed the reduction of nickel oxides as shown above and affected the catalytic
performance of this sample. More importantly, Niso/SBA-B1(N) catalyst revealed higher
conversions than those on Niso/com-SBA-15(N) catalyst; around 76 and 80% CHs and CO-
conversions were respectively maintained for about 90 hours under stream at 650°C. These results
suggest that nickel supported on synthesized SBA-B material can be as active as nickel supported on
commercial SBA-15 and even more stable for long duration in dry reforming of methane. Despite that
the preparation procedure for commercial SBA-15 is not known (data not provided by the supplier),
the hydrothermally treated SBA-B1 support appear to be very promising in such application. It is worth
noting that during this PhD thesis, | contributed in a project consisting on the synthesis of three
dimensional SBA-16 support containing micropores and cage like mesopores and its use to confine
Ni nanoparticles for dry reforming of methane. The results further revealed the superior catalytic
performance of Ni/SBA-B over Ni/SBA-16 catalysts.

Furthermore, it is interesting to recall that, on one hand, poorer performance was obtained when using
meso-SiO- as support with spherical grain morphology and, on the other hand, lower conversions were

attained when using SBA-B, support with longer silica grains. Consequently, it seems that there exists
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a certain optimum for grain length above which the catalytic activity and stability are no longer
enhanced. Experiments are still in progress in this direction. The TEM micrographs of the SBA-B;
support and its impregnated sample will validate the shape of these grains and will allow better
evaluation of the effect of grain length on the catalytic activity and stability.

100

CH, Conversion (%)

CO, Conversion (%)

H,:CO ratio

— Nis o/com-SBA-15(N)
— Ni, o/SBA-B,(N)
— Ni, o/SBA-B,(N)

200 300 400 500 600 700 © 20 40 60 80
Temperature (°C) Time (h)

Figure IV-7: Variation of (A,A’) CHs conversion, (B,B’) CO2 conversion and (C,C”) H2:CO ratio

as a function of temperature (A,B,C) and time at 650°C (A’,B’,C”) at 1bar, 36 L.g~.h! and
CH4:CO2:Ar = 5:5:90 (dashed lines represent thermodynamic data under the used conditions)

After test, the spent Niso/SBA-B1(N) maintained good active phase dispersion, as seen by TEM

(Fig. 1\V-8a). Some carbon deposition was detected only on the external particles of this sample
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(Fig. IV-8b), in the form of carbon nanotubes having average diameters of about 20-30 nm. In
opposition, much larger carbon nanotubes (average diameters of 40-50 nm) were observed on the
surface of the spent Niso/meso-SiO2(N) (Fig. 1V-5c). Nickel oxide nanoparticles were much
smaller on Niso/meso-SiO2(N) (3.6 nm) than on Niso/SBA-B1(N) sample (6.2 nm); nevertheless,
carbon nanotubes appeared much thinner on Niso/SBA-B1(N) than on Niso/meso-SiO; catalyst.
Indeed, S. de Llobet et al. studied the effect of carbon morphology on catalyst deactivation in the
decomposition of biogas using Ni, Co or Fe supported on Al,O3 catalysts.” They reported that the
diameter of filamentous carbons depends on the diameter of nickel particles. Therefore, more
particles sintering took place on Niso/meso-SiO2(N) than on Niso/SBA-B1(N). As mentioned

earlier, carbon deposition will be discussed in more details in Chapter V1.

W

Figure 1V-8: TEM images showing of spent (a,b) Niso/SBA-B1(N) catalysts

IV.3.3 Effect of hydrothermal treatment

The hydrothermal treatment applied to the SBA-15 support improved the textural properties of the
support, which contributed in the enhancement of the catalytic performance. This improvement can
be explained in view of the small-angle XRD results (Fig. I1V-9) of the reduced Niso/SBA-B1(N)
and the Niso/SBA-A3(N) samples. On the former, the three well-resolved diffraction peaks,
indexed as (100), (110) and (200), are characteristic of the highly ordered p6mm hexagonal
mesoporous structure.® On the Niso/SBA-As(N) reduced sample, the (110) and (200) diffraction
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peaks are not detected while the (100) diffraction peak is shifted towards higher angles. This shift
is reflected by a lower dioo Spacing of about 7.8 nm, in comparison to 9.3 nm in the case of
Nis.o/SBA-B1(N) sample. In addition, the (100) diffraction peak is much less intense on Nis o/SBA-
Az(N) than on Niso/SBA-B1(N), suggesting that the structure is much less developed without
hydrothermal treatment. This is in agreement with previous reports showing that the hydrothermal
treatment causes the formation of more condensed silica walls and larger pore diameters.®101!
Consequently, the microporous area (connections between mesopores) IS more important on
Niso/SBA-A3(N) than on Niso/SBA-B1(N) (Table 1\V-2). Therefore, during thermal treatments
(calcination, reduction...), external particles are easier to form on the surface of Nis o/SBA-A3z(N),
because of these microporous connections. These particles become thus more prone to carbon
deposition due to lower metal-support interaction. Hence, the hydrothermal treatment is important
because it increases the thermal stability of the support and ameliorates the confinement of nickel

nanoparticles inside the pores, leading to higher catalytic activity during methane dry reforming.

: —— Nis o/SBA-B,(N)
— 1 (100)
>
3 =
=
|
C
I |
= (110) (550
0.8 1.3 1.8 2.3 2.8
2 theta (°)

Figure 1V-9: Small-angle XRD of reduced Niso/SBA-B1(N) and Niso/SBA-A3(N) samples
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Summary of section 1V.3: improvement of the SBA-15 synthesis

> The catalyst supported on synthesized SBA-B:, hydrothermally treated at 95°C, can be as
active as the one supported on commercial SBA-15 and even more stable for long duration
in methane dry reforming.

» While elongated grains result in better stability than the spherical ones, an optimum grain
length exists, above which the catalytic activity and stability are no longer enhanced.
Further experiments are on-going in this direction to clarify this point.

> The hydrothermal treatment does not only improve the thermal stability of the support but
also the occlusion of nickel nanoparticles inside the porosity.

1VV.4 Conclusion

The preparation of SBA-As support at larger scale (14 times greater) maintained comparable
textural properties as the SBA-A1 prepared at small scale. However, the resulting SBA-A3 support
and impregnated sample were less porous than other mesoporous commercial supports. The
differences in porosities on these supports resulted in different dispersions of the nickel active
phase and consequently different catalytic behavior. Thus, not all commercial silica-based supports

were efficient in order to obtain highly dispersed nickel nanoparticles.

The textural and morphological properties of the supports played an important role in the dispersion
of nickel oxides, their reducibility into metallic nickel and the consequent catalytic performance in
dry reforming of methane. It turned out that the porous structure is essential in order to maintain
good active phase dispersion. The spherical grain morphology of meso-SiO2 support and less ordered
mesoporous structure reduced the stability of nickel nanoparticles inside the pores and facilitated
their expulsion towards the external surface, leading to severe deactivation. Consequently, the highly
organized mesoporous Niso/com-SBA-15(N) catalyst marked the highest activity and stability.

However, for economic reasons, this catalyst cannot be commercialized.

The hydrothermal treatment at (95°C) applied to obtain SBA-B; improved the mesoporous
structure of the support and resulted in higher surface areas. Thus comparable activity and even
better stability were obtained when nickel was dispersed on SBA-B:. The latter was highly stable
at 650°C for more than 90 hours under reactants stream. Due to its large specific surface area and

pore volume together with uniform and ordered mesopores distribution, the SBA-15 matrix
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stabilizes the nickel nanoparticles inside the pores. The spatial restriction due the confinement
effect blocks the nanoparticles inside the porous channels, thus inhibiting their sintering and

limiting coke formation during reaction.

Nevertheless, additional ameliorations can still be experienced on the Ni/SBA-15 catalyst in an attempt
to further limit carbon deposition and achieve even better durability in dry reforming of methane. These
improvements can be carried out during preparation of the catalyst (like changing the nickel precursor

salt, method of deposition, reduction...), as will be detailed in the following chapter.

éutcome of this work: \

e K. Jabbour, M.N. Kaydouh, N. El Hassan, H. El Zakhem, S. Casale, P. Massiani,
A. Davidson, IEEE conference paper
DOI: 10.1109/MedG0.2015.7330318

e Participation in the 11th conference and exhibition of the Lebanese Industrial
Research Achievements (LIRA) program, Lebanon 2014.

e An article regarding the effects of grain morphology and length of silica grains is
under preparation.

e The results demonstrating the superior catalytic performance of Ni/SBA-15 over

\ Ni/SBA-16 catalysts are under publication. /
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CHAPTER V

Influence of Preparation Procedure

As seen in the previous chapter, the application of a hydrothermal treatment reduced the microporous
connections between mesopores and resulted in higher mesoporous area of the resulting Nis o/SBA-
B1(N) sample. The catalytic activity and stability was thus improved. Nevertheless, some carbon
deposition was still observed on this catalyst, due to the presence of few external particles on the
surface of the support. The preparation procedure can play an important role in the dispersion of the
active phase and the consequent activity and stability of the resulting catalysts. In this chapter, the
same SBA-B; support will be used to prepare nickel-based catalysts while modifying: (i) the nickel
deposition method, (ii) the nature of the nickel precursor salt, (iii) the activation procedure (direct
reduction without prior calcination), and (iv) the type of promoter/dopant added to nickel. The
chapter finally considers the possibility of using mesoporous CeO> as a support for nickel species,
instead of SBA-15.

In each part of the chapter, we will first show the catalytic test results on the prepared samples,
next their physicochemical properties will be presented to explain the catalytic performances. The
Nis.o/SBA-B1(N) sample (already studied in Chapter 1V) is used as reference, for comparison with

the new samples.
V.1 Effect of nickel addition method

Nickel was deposited in previous chapters using the two solvents method in order to favor internal
deposition of the active phase in the porous support. However, this was not completely achieved due
to some particles migration through micropores to the external surface of the support. Therefore, in
this section, other deposition methods will be tested in an attempt to improve the nickel dispersion.
The techniques used are simple, cheap and less time-consuming. In details, the two solvents
technique (Niso/SBA-B1(N) sample) will be compared: (i) to classical incipient wetness
impregnation which consists on simple addition of metal precursor aqueous solution to the support

(Niso/SBA-B1(Niwi) sample) and (ii) to the direct synthesis procedure (also known as one-pot
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synthesis) consisting on direct addition of nickel salt before TEOS decomposition-condensation

during the SBA-15 support preparation (Niso/SBA-B1(Nps) sample).
V.1.1 Catalytic activity and stability

The calcined samples are first evaluated in methane dry reforming reaction. After in-situ reduction
of the catalysts at 650°C under 5% Hz/Ar for 2 hours, the reactor was cooled down to about 200°C
and catalytic measurements were carried out while increasing the temperature again to around
750°C. The variations of CH4 and CO; conversions as a function of temperature are shown in Fig.
V-1(left). On the three catalysts, the conversions gradually increased with increasing temperature,
following again the same trend as that thermodynamically expected, but with a slight shift possibly
due to the dynamic character of light-off curve measurements (increasing - meaning not yet stable
- temperature), as discussed earlier. They started to increase after 400°C, until reaching around
92% CHj4 conversion and 94% CO> conversion. This was accompanied with a similar increase in
the H2:CO molar ratio, up to around 1.1.

After lowering the temperature and maintaining it at 650°C, an approximate decrease of 15-20%
of the reactants conversions was observed on Nis.o/SBA-B1(Nps) within 12 hours. The most stable
catalyst was Nis o/SBA-B1(N) on which an average of 75 and 82% CH4 and CO> conversions were
respectively maintained for more than 90 hours. The Niso/SBA-B1(Niwi) catalyst showed

intermediate conversions, between the above two catalysts.
V.1.2 Porosity of calcined samples

The superior stability of the Niso/SBA-B1(N) catalyst prepared by two solvents method can be
first explained by the textural properties of the calcined impregnated samples analyzed and
compared by N2 sorption (Fig. V-2A,B,C and Table V-1). The formation of the mesoporous
structure is verified by the type IV(a) isotherm on all samples (Fig. V-2A), regardless of the
preparation method. The surface area, pore volume and pore size on Niso/SBA-B1(Nps) were
larger than on Niso/SBA-B1(N) and even much larger than on Niso/SBA-B1(Nwi) (Table V-1).
Similar results were reported on Ni/SBA-15 and CuNi/SBA-152 prepared by direct synthesis in

comparison to incipient wetness impregnation.
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Figure V-1: Variation of CH4 conversion, CO> conversion and H2:CO molar ratio as a function
of temperature (left) and time at 650°C (right) at 1 bar, 36 L.g™2.h"t and CH4:CO2:Ar = 5:5:90

Nevertheless, parallel adsorption and desorption branches were observed on Niso/SBA-B1(N)
sample along with a narrow pore size distribution (Fig. V-2B,C). This reveals homogeneous filling

of the pores by the particles due to the two solvents procedure. On the contrary, the use of incipient
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wetness impregnation or direct synthesis resulted in the formation of more blocked mesopores, as
indicated by the pronounced tailing at relative pressures between 0.6 and 0.4.2 This observation is
further supported by the pore size distribution during both adsorption and desorption (Fig. V-2B,C
and Table V-1). Indeed, a broad distribution is obtained on Niso/SBA-B1(Nmwi) and even much
broader on Niso/SBA-B1(Nps) sample, indicating a heterogeneous distribution of oxides inside the
pores. On Nis o/SBA-B1(Nbs), the much larger pore size distribution can be explained by the presence
of partially filled macropores, seen on the isotherm at high relative pressures between 0.8 and 1 (Fig.
V-2A), in addition to some mesopores blocked by metals.

Table V-1: Textural properties of calcined samples

fotal Meso- | Miero- Pore Mean ads. | Mean des.
Sample Name surface | porous | porous volume pore size pore size
area area area (cm?.g) (am) (am)
(m*g?) | (m*.g?) | (m*.g?)

SBA-B; 832 678 154 0.97 6.4 6.0
Niso/SBA-B1(N) 620 551 69 0.70 5.7 5.5
Niso/SBA-B1(Nwr) 503 443 60 0.58 5.2 4.8
Niso/SBA-B1(Nps) 677 501 176 0.76 7.0 6.6
Niso/SBA-Bi(R) 509 445 64 0.66 6.4 6.0
Niso/SBA-B1(Cl) 545 491 54 0.68 5.7 53
Niso/SBA-Bi(A) 549 495 54 0.70 5.8 5.5
Nis oCes/SBA-B1(N) 567 458 109 0.54 5.0 4.7
NisoMge/SBA-B1(N) 585 531 54 0.62 5.2 4.9
NisoLas/SBA-B1(N) 572 485 87 0.58 4.4 4.9
NisoRho.1/SBA-B;(N) 623 515 108 0.65 54 5.1
Nis oRhos/SBA-B1(N) 596 496 100 0.65 5.7 5.5

124




Chapter V Influence of Preparation Procedure

800

— SBA-B, (A)
11— NiS.O/SBA-Bl(N)

500 1 Nis o/SBA-B,(Nyy)
17— Nis o/SBA-B,(Nps)

(D)

Quantity Adsorbed (cm3¥g STP)
.
o
o

(=)

0 0.2 04 0.6 0.8 1
Relative Pressure (P/P,)

TCD Signal (a.u.)

16

u Adsorption (B)

T T T T T 1

0 150 250 350 450 550 650
10 4 Temperature (°C)

/\&,

15 25 35 45 55 65 75 85
g - 2 theta (°)

12 1

wul

R~ (=21 oo
L L 1

[

LN

| Desolrption' (C)

Intensity (a.u.)

—
-

—_
o
L

dVv/dlog(w) Pore Volume (cm3g)
=]

0 - T | I R

3 5 7 9 11 13 15
Pore Width (nm)

Figure V-2: (A) N2-sorption isotherms, (B) adsorption and(C) desorption pore size distributions

of calcined samples, (D)TPR profiles, (E) X-ray diffractograms of the reduced samples (A : Ni%)
prepared using different nickel addition methods
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Pore blockage by metals similar to that in Niso/SBA-B1(Nps) could have been as well the reason
for the lower performance of CuNi/SBA-15 catalysts prepared by direct synthesis in ethanol steam
reforming.2 However, despite the similar conditions used, these data disagree with the ones
previously reported by Park et al.* that showed narrow pore size distributions on samples prepared
by DS or IWI. These variances can be related to small details of preparation, like the stirring rate

or order of addition of nickel nitrate and TEOS.

V.1.3 Reducibility of the samples
Concerning the reducibility of nickel oxides on these samples, their TPR profiles (Fig. V-2D)
always showed a first reduction peak between 300 and 400°C, attributable to the reduction of
nickel oxides with weak interaction with the support. The second reduction peak was centered at
around 480°C for both Niso/SBA-B1(N) and Niso/SBA-B1(Nps), but at 520°C for Niso/SBA-
B1(Nwi) demonstrating easier reducibility of NiO nanoparticles on the former samples. On
Niso/SBA-B1(Nps), a third peak, observed with a maximum at 560°C, can be assigned to the
reduction of nickel oxides incorporated inside the porous system of the SBA-15 support during

preparation or to the reduction of surface nickel silicates in strong interaction with the support.*®

V.1.4 Size and dispersion of the supported nanoparticles

After reduction, the X-ray diffractograms of the reduced samples (Fig. V-2E) show again the three
main diffraction peaks of metallic Ni° nanoparticles with a face-centered cubic lattice (Fm-3m),
positioned at 44, 52 and 76° (ICDD 65-0380). This indicates complete NiO reduction at 650°C.

The intensity of the diffraction peaks varied with respect to the preparation method and followed
the same order as for the pore size distribution (Fig. V-2B,C). Thus, the largest Ni° particles (Table
V-2) were found on Niso/SBA-B1(Nps) which had the broader pore size distribution while
Nis.o/SBA-B1(N) showed the smallest Ni° nanoparticles in agreement with its narrow pore size
distribution. These data are not in accordance with previous reports that reported better metal
dispersion on NiCeAl catalyst prepared by direct synthesis.® In their study, the authors proposed
that the enhanced dispersion obtained by direct synthesis resulted in better catalytic activity and
stability in dry reforming of methane. Nevertheless, in another work, the use of the two solvents

method for the deposition of cobalt on SBA-15, in comparison to impregnation, was shown highly
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effective, giving homogeneous cobalt oxide deposition inside the pores and resulting in higher

conversions during cyclohexanol oxidation.’

The data found in this section correlate with the findings in Chapter 1V regarding the essential need
of a well-defined mesoporous structure, as in Niso/SBA-B1(N), in order to achieve high and stable
conversions. Indeed, on our samples, it was shown above that the catalytic stability was maintained
on the samples in the following decreasing order: Niso/SBA-B1(N) > Niso/SBA-B1i(Nwi) >
Niso/SBA-B1(Nps). The latter showed the lowest ordered mesoporous structure. In addition, this
order was in accordance with the decreasing sequence of Ni® metal particle size: Nis o/SBA-B1(N) <
Nis.o/SBA-B1(Niwi) < Nis o/SBA-B1(Nps). Thus, the better Ni dispersion of Niso/SBA-B1(N) should

be one important reason of the higher catalytic activity and stability of this sample.

Table V-2: Particles size after calcination, reduction and catalytic test

NiO | Ni’size | Ni’size
Sample Name Size* | Reduced” | Spent”
(nm) (nm) (nm)
Niso/SBA-BI(N) | 6.0 6.4 6.3
Niso/SBA-B(Nmw1) | n.d. 7.0 nd.
Niso/SBA-Bi(Nps) | n.d. 7.4 nd,
Niso/SBA-B;(R) ] 44 47
Niso/SBA-Bi(Cl) | 9.0 8.2 10.3
Niso/SBA-Bi(A) | n.d. 2.9 3.7
NisoCes/SBA-Bi(N) | n.d. 33 -
NisoMgg/SBA-BI(N) | 5.6 55 5.6
NisoLas/SBA-B1(N) n.d. 59 n.d.
NisoRho/SBA-BI(N) | 6.7 6.7 n.d.
NisoRhos/SBA-B|(N) | 7.0 6.5 6.4

estimated from the diffraction peak at 43°
bestimated from the diffraction peak at 44°
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Summary of section V.1: Effect of nickel addition method

» Under the used conditions, the catalyst prepared by two solvents method was the most
active and stable catalyst and this can be attributed to its narrow pore size distribution, and
to the smaller metallic Ni° particles well dispersed inside the pores of the SBA-15 support.

» The incipient wetness impregnation and direct synthesis procedures resulted in more
heterogeneous pore size distribution and in the formation of larger particles and
consequently leading to lower catalytic performances.

V.2 Effect of nickel precursor and pre-treatment

Based on the above results, the two solvents procedure is applied in the following for the deposition
of nickel precursors inside the support. In order to promptly expose the positive confinement effect
of nickel particles inside porous systems, different nickel precursors were used to reach different
particle sizes and dispersions. Particularly, nickel chloride is reported to generate large external
nickel particles®®1%1112 while nitrate and acetate nickel precursors favor internal dispersion of
small nanoparticles.>*® As explained in Chapter 11, the samples prepared using nickel chloride,
nickel acetate and nickel nitrate are denoted Niso/SBA-B1(Cl), Nis.o/SBA-B1(A) and Nis.o/SBA-
B1(N), respectively. Furthermore, Ni/SBA-15 catalysts prepared in literature**>16 are commonly
calcined for some time then reduced under a reducing atmosphere (in general hydrogen) in order
to obtain the active phase. Few studies®®'” evaluate the importance of such thermal treatments and
their impact on the dispersion of the active phase and its consequent activity and stability.
Therefore, in this section, the Niso/SBA-B1(N) catalyst classically calcined at 450°C for 5 hours
at 0.5°C.min! then reduced in-situ at 650°C for 2 hours before test is compared to another one
prepared under similar conditions but directly reduced in-situ at 600°C for 10 min without prior
calcinations (Nis.o/SBA-B1(R) sample) in order to favor particularly small reduced nanoparticles.

V.2.1 Catalytic activity and stability

During catalytic activity measurements (Fig. V-3), the Niso/SBA-B1(A) catalyst showed slightly
lower performance than Niso/SBA-B1(N) while Niso/SBA-B1(R) followed the same trend as
Nis.o/SBA-B1(N).
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Figure V-3: Variation of CH4 conversion, CO> conversion and H2:CO molar ratio as a function
of temperature (left) and time at 650°C (right) at 1 bar, 36 L.g™-.h™ and CH4:CO2:Ar = 5:5:90

As expected, Niso/SBA-B1(Cl) was clearly the least active amongst all tested catalysts. On this
catalyst, a temperature of at least 500°C was needed in order for the reaction to begin and at 750°C,

the CH4 and CO» conversions only reached about 58 and 66%, respectively. These trends remained
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also valid for the catalytic stability results. Indeed, Niso/SBA-B1(N), Niso/SBA-B1(A) and
Niso/SBA-B1(R) preserved high CO2 and CH4 conversions near 80-85% and 80%, respectively.
The catalytic performances of Niso/SBA-B1(CI) were much lower, with initial CO, and CHs
conversions close to 50% and 40%, respectively.

V.2.2 Porosity of calcined samples

The evaluation of the textural properties of calcined samples by N» sorption (Fig. V-4A,B,C)
remarkably shows that the shape of the isotherm remained the same regardless of the nickel
precursor used. This interestingly demonstrates the reproducibility of the two solvents method.
The surface areas and pore volumes of Niso/SBA-B1(N), Niso/SBA-B1(Cl) and Niso/SBA-B1(A)
samples were around 550-620 m2.g™ and 0.68-0.70 cm?.g?, respectively with pore sizes between
5.3 and 5.7 nm (Table V-1 and Fig. V-4A). Likewise, a type 1V(a) isotherm was still obtained in
the case of direct reduction and therefore such treatment did not affect the mesoporous structure
of the resulting sample. However, the directly reduced Niso/SBA-B1(R) catalyst revealed slightly
lower surface area and pore volume than those of the calcined Niso/SBA-B1(N) sample. The
average pore widths of Niso/SBA-B1(R) were similar to those of the initial SBA-B silica support

(Fig. V-4B,C), indicating good filling of the channels in this case without major pore blockage.

V.2.3 Reducibility of the samples

The NiO reduction on Niso/SBA-B1(N) and Niso/SBA-B1(Cl) took place in two main steps, at
around 350 and 480°C (Fig. V-4D), assigned (as mentioned before) to the reduction of large NiO
particles in weak interaction with the support and smaller NiO nanoparticles in strong interactions
with the support,'®1920 respectively. However, the NiO reduction profile on Nis o/SBA-B1(A) was
shifted towards higher temperatures, suggesting higher interaction of oxides with the support. This
decreased reducibility on Niso/SBA-B1(A) can be also explained by the presence of surface nickel
silicates, in strong interaction with the support, which formation would be favored by the presence
of carbon derivatives in the sample (prepared using nickel acetate) that generates highly

exothermic reaction during calcination.*®
V.2.4 Size and dispersion of the supported nanoparticles

Similar to the previous observations on the XRD profiles of the calcined, reduced and spent
samples (Fig. V-4E,F,G), the narrow peaks at 37, 43, 62, 76, and 81° (Fig. V-4E) on the
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diffractograms of calcined samples correspond to NiO nanoparticles (ICDD 73-1523) with a face-
centered cubic lattice (Fm-3m) while those at 44, 52 and 76° (Fig. V-4F,G) for reduced and spent

samples correspond to metallic Ni° nanoparticles (ICDD 65-0380) with a face-centered cubic

lattice (Fm-3m). While the same nickel loading (5 wt%) was used for all samples, the intensities

of the diffraction peaks were not the same. The absence of NiO characteristic peaks on the calcined

Niso/SBA-B1(A) indicates the formation of very small nickel oxide nanoparticles or nickel

silicates on this sample, which are also barely observable on TEM micrographs (Figure V-5a).

Nevertheless, their presence did not seem to affect the catalytic performance, since comparable
conversions were obtained on both Niso/SBA-B1(A) and Niso/SBA-B1(N) catalysts.
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During thermal decomposition of the nickel nitrate precursor in air (calcination treatment), the
generation of oxygen radicals (NO2/O;) can lead to some NiO sintering.'? For this reason, slightly
better nickel dispersion can be obtained upon using the nickel acetate precursor,?! unless the catalyst
was directly reduced in H, atmosphere without calcination. In this case, no oxygen radicals are
formed even if nickel nitrate was used as precursor. In this direction, the elimination of the
calcination step before reduction, during the preparation of our Nis o/SBA-B1(R) sample, contributed
in the formation of smaller nickel particles (Table V-2). Indeed, the mean sizes of NiO and Ni°
maintained the following ascending order: Niso/SBA-B1(A) < Niso/SBA-B1(R) < Niso/SBA-B1(N)
< Niso/SBA-B1(Cl). This order is in agreement with the TEM images taken on the reduced (Figure
V-5a-d) and spent samples (Figure VV-5a’-d”). Similar results were also obtained by direct reduction
on Ni/Al,Os catalysts for DRM?* and Ni/SBA-15 catalysts for the hydrogenation of naphthalene.®
Consequently, the direct reduction without prior calcination emerges as a promising route to save
energy, time and money while forming highly stable catalysts for dry reforming of methane.
Nevertheless, this procedure does not seem to be attractive from an industrial point of view due to
problems of nickel reoxidation upon contact with air, especially when the catalyst is activated in a
reactor and transferred to another one for reaction, as is usually the case in industries. More detailed
investigations can be thus anticipated regarding this issue, to check the stability of the metallic

phase under such conditions.

Furthermore, large Ni® nanoparticles of about 9 nm were found on Niso/SBA-B1(Cl) and they were
predominantly localized on the external surface of the support (Figure V-5d), similar to what is
classically reported when using nickel chloride as precursor nickel salt.?? It is worth noting that,
after nickel chloride impregnation on the SBA-B1 support, the calcination of the dried powder at
450°C for 5 hours (0.5°C.min™t) was sufficient to remove all chloride ions from the sample. This

was confirmed by the absence of the characteristic Cl peak in the EDS analysis (Fig. V-6).
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(a)

Figure V-5: TEM images of (a,a’) Niso/SBA-B1(A), (b,b’) Niso/SBA-B1(R), (c,c’) Nis.o/SBA-
B1(N) and (d,d’) Nis.o/SBA-B1(Cl) before (a,b,c,d) and after (a’,b’,c’,d”) dry reforming tests
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Figure V-6: TEM micrograph of calcined Nis_o/SBA-Bl(CI) sample with corresponding EDS of
the indicated area

The formation of large external particles when using chloride precursors is due to the high volatility
of nickel chloride during reduction, resulting in the vaporization of nickel particles and their
subsequent agglomeration to form large crystals.’%2 Even if an average Ni° particles size of 10.3 nm
was estimated by XRD after reaction, the TEM images of the spent Niso/SBA-B1(CIl) show the
simultaneous presence of very small nanoparticles inside the channels of some grains, on one hand,
and the aggregation of large nickel clusters, of about 50 nm in diameter, on the external surface of
the support, on the other hand. Consequently, the nickel particles formed were very large. As will be
discussed in Chapter VI, these particles are even too large to induce the formation and growth of
carbon nanotubes. Therefore, the rapid continuous deactivation in this case can be mainly attributed
to (i) lower initial active surface area accessible to the reactants, (ii) absence of confinement of nickel
particles inside well-defined mesoporous channels and consequently (iii) higher mobility of metallic

phase leading to (iv) continuously reduced accessible surface area.

Large particles were also found in literature when using nickel chloride on CeO- and SiC,%° TiO,®
and Al,O3 supports.22® As obtained in our study, the large particles resulted in lower catalytic
conversions due to lower number of active sites and high degrees of deactivation due to weaker
metal-support interaction. Alternatively, the smaller metal particles formed on the samples prepared
using nickel nitrate or nickel acetate favored good catalytic activity and stability in tri-reforming of
methane, selective CO methanation® and glycerol steam reforming.?® In dry reforming of methane

in particular, Wang et al.8 reported similar reactants conversions on Ni/Al.Os catalyst prepared using
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nickel nitrate but, in their case, the tests were conducted using lower space velocity of 18 L.g™.h!
and higher temperature (700°C). While both nickel nitrate and nickel acetate precursor salts favor
good dispersion of the active phase inside the support, nickel nitrate remains cheaper than nickel

acetate and this explains its wider use in research and industrial work.

Summary of section V.2: Effect of nickel precursor and pre-treatment

» The Niso/SBA-B1(Cl) prepared using nickel chloride showed severe deactivation during
DRM, that could be attributable to strong nickel sintering due to important nickel location
outside the mesoporous silica grains. In opposition, the Niso/SBA-B1(A) prepared using
nickel acetate, Nis.o/SBA-B1(N) prepared using nickel nitrate and Nis o/SBA-B1(R) directly
reduced without calcination maintained high Ni dispersion and high CO; and CHs
conversions during DRM reaction.

» Regardless of the nickel precursor, comparable textural properties were obtained and
Nis.o/SBA-B1(A) revealed the highest metal-support interaction.

» The mean nickel particle size in ascending order was the following: Niso/SBA-
B1(A)<Nis o/SBA-B1(R)<Nis o/SBA-B1(N)<Nis o/SBA-B1(Cl).

» Although beneficial, the direct reduction is not highly recommended in industry;
consequently, nickel nitrate — cheaper than nickel acetate — remains an efficient precursor
for a good metal dispersion.

V.3 Effect of promoters/dopants

In order to achieve better stabilities, researches have tried to control the metal nanoparticles size
by adding a promoter, doping with noble metals and/or modifying surface basicity of the
support.2#2526 To cover this aspect, 6 wt% Ce, Mg or La were co-impregnated with 5 wt% Ni on
the SBA-B1 support, to obtain Nis.oCes/SBA-B1(N), NisoMgs/SBA-B1(N) and Nis.olLas/SBA-
B1(N), respectively. Moreover, to test the interest of doping with noble metals, the Niso/SBA-
B1(N) sample was doped with 0.1 (NisoRho1/SBA-Bi(N) sample) and 0.5 wt% Rh
(Nis.oRhos/SBA-B1(N) sample).
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V.3.1 Catalytic activity and stability

The same operating conditions as those mentioned previously were used to perform the DRM test.
During the increase of temperature from 200 up to 750°C (Fig. V-7A), both reactants conversions
and H2:CO molar ratios increased, following the shape of the thermodynamic curves. Under the
used operating conditions, the conversions on both NisoMge/SBA-B1(N) and NisolLas/SBA-B1(N)
catalysts were close to those on Niso/SBA-B1(N) catalyst, while a slight improvement was
observed upon addition of Ce. The higher performance of the Ce-containing NisoCes/SBA-B1(N)
sample was even more distinctly observed during stability measurements at 650°C (Fig. V-7B),

especially in terms of CH4 conversion.

With respect to Rh, the conversions were identical when considering light-off curves, on the
Nis.o/SBA-B1(N), NisoRho.1/SBA-B1(N), NisoRhos/SBA-B1(N) or Rhos/SBA-B; catalyst (Fig. V-
7A’). However, during stability measurements at 650°C (Fig. V-7B’), the use of the Ni-free
Rho.s/SBA-B catalyst resulted in lower conversions and inferior stability. The addition of 0.1 wt%
Rh did not seem to affect the catalytic behavior of Niso/SBA-B1(N). Alternatively, an enhanced
stability was obtained on NisoRhos/SBA-B1(N) catalyst in comparison to the remaining samples

for 60 hours.
V.3.2 Porosity of calcined samples

In view of the N2 sorption data of the calcined samples (Fig. V-8A), the co-impregnation of 6 wt%
Ce, Mg or La with Ni resulted in an important decrease of both surface areas and pore volumes
(Table V-1). In addition, the shape of the hysteresis loop was also altered, with more inclined
adsorption and desorption branches. This can be explained by the partial pore plugging due to the
presence of oxides in the pore apertures, as demonstrated by the braod pore size distirbution, in
adsoprtion and desorption, over these samples (Fig. V-8B,C). Consequently, a more heterogeneous
pore size ditribution was obtained over co-impregnated samples due to the distrubiton of both Ni

and the second metal (Ce, Mg or La) inside the channels of SBA-B1 porous support.

The addition of 0.1 and 0.5 wt% Rh to Niso/SBA-B1(N) did not greatly affect the shape of the N2
isotherms. The surface area and pore volume (Table V-1) did not evolve neither, most probably
because of the low amount of rhodium added (only 0.1 and 0.5 wt%).
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V.3.3 Reducibility of the samples

During H2-TPR (Figure V-8D, the co-impregnated NisoCes/SBA-B1(N) and NisolLas/SBA-B1(N)
revealed the two Hz consumption peaks like those on Niso/SBA-B1(N), that are in the range of 250-
400°C and 400-600°C, respectively. Thus, as previously shown in Chapter I, no significant
difference in the nickel reduction process was noted upon addition of Ce. The use of Mg apparently
shifted the TPR profile towards higher temperatures. Nevertheless, on all these samples, the second
peak was always more important than the first one. Based on the attribution of the lower temperature
peak to the reduction of large NiO crystals, and the one at higher temperatures to the reduction of
smaller particles,*2"? it can be suggested that the majority of NiO particles on these samples are
small in addition to few larger ones weakly interacting with the support.

Concerning the effect of Rh on the reducibility of Ni/SBA-15 catalysts, the two NiO reduction
peaks on the NisoRho1/SBA-B1(N) and NisoRhos/SBA-B1(N) samples appear to be shifted
towards lower values, i.e. 200-350°C and 400-550°C, respectively (Figure V-8D). This can be
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related to the H> spillover effect of rhodium, when H> molecules dissociate on the surface of the
noble metalto hydrogen species, which are diffused to adjacentones via the support
surface.?®303132 Fyrthermore, the reduction peak at around 110°C is only observed on the
Nis oRhos/SBA-B1(N) sample and can be assigned to the reduction of Rh203 species or isolated
RhO species.®* The absence of this peak on the NisoRho.1/SBA-B1(N) sample is due to the very
low amount of rhdoium added in this case. Consequently, Rh improves the reducibility of NiO and
Ni-silicate by increasing the amount of metallic Ni during reaction, leading to superior behavior

compared to the remaining samples.*

V.3.4 Structural ordering of reduced and spent catalysts

For all reduced (Fig. V-8E) and spent (Fig. V-8F) samples, the small-angle XRD showed the well-
resolved (100) diffraction peak and the smaller (110) and (200) ones characteristic of the highly
ordered p6mm hexagonal mesoporous structure.3®=728 The conservation of these peaks before and
after caralytic reaction validates the preservation of the 2D hexagonal structure. However, the

positions of these peaks are not identical on all samples.

Based on the (100) diffraction peak, the unit cell parameter was estimated to be 9.3 nm on both
Niso/SBA-B1(N) and NisoCes/SBA-B1(N), 9.6 nm on NisoMgs/SBA-B1(N) and 9.7 nm on
NisoLas/SBA-B1(N). After reaction, the Ce-containing sample maintained the same unit cell
parameter while a shrinkage was observed on Niso/SBA-B1(N), NisoMge/SBA-B1(N) and
NisolLas/SBA-B1(N) to 8.9, 9.3 and 9.4 nm, respectively. This indicates some collapse of the
porous structure, as also demonstrated by the lower intensity of the diffraction peaks, espacially
on NisoMgs/SBA-B1(N). Consequently, the changes in relative intensity between the first (100)
diffraction peak and those at higher angles suggest changes in pore wall thickness,3*4° that can be

related to the movement of particles inisde the pores.

On NisoRhos/SBA-B1(N), the unit cell parameter was estimated to around 8.9 nm and maintained
at this valut after reaction. The maintenance of the well-ordered hexagonal structure on both
NisoCes/SBA-B1(N) and NisoRhos/SBA-B1(N) samples is one of the possible explanations of their
superior stability in DRM.
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Figure V-8: (A) N2 sorption isotherms, (B) adsorption and (C) desorption pore size distributions
of calcined samples, (D) TPR profiles, small-angle XRD of (E) reduced and (F) spent catalysts
and wide-angle XRD of (G) calcined, (H) reduced and () spent samples (*: NiO, A: Ni°)

V.3.5 Size and dispersion of supported nanoparticles

The crystalline phases formed and the mean particle diameter sizes were obtained from the wide-
angle XRD patterns (Fig. V-8G,H,I), which are similar to previously obtained diffractograms with
narrow peaks typical of NiO nanoparticles (ICDD 73-1523) with a face-centered cubic lattice (Fm-
3m) for calcined samples (Fig. V-8G) and peaks of metallic Ni® nanoparticles (ICDD 65-0380)
with a face-centered cubic lattice (Fm-3m) on both reduced (Fig. V-8H) and spent (Fig. V-8I)
samples. Although not clearly distinguished, the peaks at 29, 34, 48, 57, and 70° on calcined
NisoCes/SBA-B1(N) are assignable to cerium oxide (ICDD 81-0792) with a face-centered cubic
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lattice (Fm-3m). The characteristic peaks of Mg, La or Rh oxides on the corresponding

impregnated samples are not visible, suggesting good dispersion of these oxides in the support.

More importantly, the widths of the observed diffraction peaks varied from one sample to another,
indicating that the mean size of metallic nickel and nickel oxides is not identical on all supports (Fig.
V-8G,H,l and Table V-2). In general, the order in NiO nanoparticles size (that will be precised
below) was almost maintained for metallic Ni° nanoparticles on reduced samples, without major
sintering of the active phase during reduction. Furthermore, the width of the diffraction peaks did
not vary between reduced and spent catalysts, indicating once again the beneficial confinement effect
of the SBA-15 mesoporous support in the prevention of particles growth.

From the FWHM analysis of the peak at 43°, the average size of NiO crystallographic domains
decreased in the following order: Niso/SBA-B1(N) > NisoMgs/SBA-B1(N) > Nis oCes/SBA-B1(N)
> NisoLas/SBA-B1(N). The co-impregnation of promoters with Ni contributes in the reduction of
the nickel particles size. This is in line with the previous observation of majorly small NiO particles

based on the TPR profiles.

Contrary to what was found earlier in Chapter 11, the promotion with Ce in this chapter contributed
in the formation of smaller NiO particles, similar to what is usually reported in literature 14243
Although being close to the thermodynamic equilibirum during the catalytic teste, the enhanced
stability observed on NisoCes/SBA-B1(N) can be mainly related to the use of co-impregnation in
this chapter in comparison to sequential impregnation (NisoCes/SBA-A> sample) in Chapter 111
(sample prepared by addition of cerium oxide precursor to SBA-15 support, calcination then
addition of nickel nitrate to the resulting Ces/SBA-A2). The latter procedure resulted in
heterogeneous ditribution of Ni and Ce on the support, since some grains contained only Ce-
species while others were only filled with NiO. However, on the co-impregnated NisoCes/SBA-
B1(N) sample, both Ni and CeO- nanoparticles are found homogeneously dispersed on the grains
of the support, as validated by EDS measurements (Fig. V-9). This intercation between the two
species was important for the reduction of the NiO nanoparticles size and the enhancement of the
catalytic perfomance. Similar interactions due to homogeneous Ni-Ce distribution were also
observed on CeNi/SBA-15 catalysts for ethanol steam reforming.** In both cases, the strong

interaction between nickel particles and ceria, together with the confinement of SBA-15 support,
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retained the small nickel particles size, revealing excellent sintering-resistance and high catalytic
activity.

In a similar manner, the average size of NiO crystallographic domains decreased in the following
order: Ni5,oRho_5/SBA-Bl(N) > Ni5,0Rh0,1/SBA-Bl(N) > Nis,o/SBA-Bl(N). The addition of Rh
slightly increased the NiO particles size, probably because rhodium was added in the second place

after nickel deposition on SBA-B and calcination.

=
=
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Figure V-9: TEM micrographs of calcined NisoCes/SBA-B1(N) sample with corresponding EDS
of the indicated areas

On the TEM images of the spent NisoCes/SBA-B1(N) catalyst (Fig. V-10a), almost no carbon
deposition is observed, in agreement with the highest stablility of this catalyst. In opposition, some
carbon deposition is seen on spent NisoRhos/SBA-B1(N). Nevertheless, similar to previous
observations on Niso/SBA-B1(N), good dispersion of metallic nickel particles is maintained for the
particles located inside the grains (Fig. V-10b). Carbon deposition is only detected on the external
particles (Fig. V-10b’). This suggests that the confinement of Ni nanoparticles inside the pores of the
SBA-15 support favors their carbon-resistance as will be indeed discussed in details in Chapter VI.
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Figure V-10: TEM images of spent (a) NisoCes/SBA-B1(N) and (b,b’) NisoRhos/SBA-B1(N)
catalysts

Summary of section V.3: Effect of promoters/dopants

» The addition of Ce or Rh to Ni/SBA-15 resulted in an amelioration of the catalytic stability
in dry reforming of methane at 650°C for more than 60 hours.

» While the addition of Ce did not affect the reduction behavior of NiO, the H> spillover
effect of Rh was reflected by a shift of the reduction profile towards lower temperatures.

> The preservation of the 2D hexagonal mesoporous structure was validated by small-angle
XRD.

> The superior perfomance of NisoCes/SBA-B1(N) and Nis oRhos/SBA-B1(N) was attributed
to the formation of small metallic nickel particles well-dispersed inside the pores of SBA-
15 support and associated to low carbon deposition observed by TEM.

V.4 Influence of the nature of support — preliminary results

Mesoporous SBA-15 revealed important advantages related to the good confinement of metallic
nickel particles, limiting both sintering and carbon deposition and contributing in the superior
catalytic performance in dry reforming of methane. Moreover, the addition of either Ce or Rh
resulted in an improvement of the catalytic stability for reasons clarified above. Nevertheless,
cerium is much cheaper than noble metals, therefore, it is much more preferred from an economic
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point of view. Consequently, the idea of the following part is to combine the benefits of both
mesoporous SBA-15 support and CeO; oxides in the formulation of a mesoporous CeO> support

than can stabilize nickel particles and maintain high catalytic activity throughout the test.

In order to achieve this goal, three catalysts were prepared according to the hard-template
procedure described in Chapter II:

e Nig2/CeO2-C(N), prepared from SBA-C template (hydrothermally treated at 130°C for 24
hours) with 6.2 wt% Ni loading,

e Nig2/CeO2-A(N), prepared from SBA-A template (not subjected to hydrothermal
treatment) with 6.2 wt% Ni loading,

e Nis/CeO2-C(N), prepared from SBA-C template (hydrothermally treated at 130°C for 24
hours) with 16 wt% Ni loading.

V.4.1 Catalytic activity and stability

As before, after reduction at 650°C for 2 hours, the catalytic activity was measured between 250
and 750°C (Fig. V-11A,B). The reactants conversions and H2:CO ratios start to increase with
temperature after 500°C. This temperature is higher than the one usually encountered on the
previous Ni/SBA-15 samples studied. While Nis2/CeO2-C(N) and Nis.2/CeO2-A(N) show similar
performances, the increment of nickel loading on Niis/CeO2-C(N) catalyst enhances the catalytic
activity and favors higher conversions and higher H2:CO ratio. Nevertheless, these values remain

lower than the expected ones, calculated under the used operating conditions.

At steady-state operations (Fig. V-11A’,B’), i.e. at constant temperature of 650°C, all the catalysts
are relatively stable for 12 hours under reactants stream. Although all catalysts showed limited
levels of conversions and H.:CO ratio, quite far from equilibrium, their values depended greatly
on the nature of the template employed and on the nickel loading. The conversions and H2:CO
ratios decreased in the following order: Niis/CeO2-C(N) > Nie2/CeO2-C(N) > Nis2/CeO2-A(N).
This order suggests that the samples prepared from the SBA-C template (Nis2/CeO2-C(N) and
Ni1s/CeO2-C(N) samples) were more active than the one issuing from the SBA-A template
(Nis2/CeO2-A(N) sample). The increase in nickel loading favors higher conversions of CHs and

COy, in agreement with more numerous active metal sites.
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Figure V-11: Variation of CHjs (filled circles) and CO2 (empty circles) conversions and H2:CO
ratio as a function of temperature (A,B) and time at 650°C (A’,B’) at 1 bar, 7200 mL.g.h" and
CH4:CO2:Ar = 5:5:90

V.4.2 Porosity of calcined samples

The evaluation of the textural properties by N2 sorption show type 1V (a) isotherm for all samples,
revealing the mesoporous aspect of the samples (Fig. V-12A). However, the shape of the hysteresis
loop varies depending on the sample. In details, both Nig2/CeO,-C(N) and Ni1s/CeO2-C(N) samples
present an H1 type hysteresis loop, but the adsorption and desorption branches of the Niie/CeOo-
C(N) sample are more parallel while the loop is more inclined for Nis2/CeO2-C(N) sample. This
indicates a more uniform mesoporous arrangement on the Niis/CeO2-C(N) sample.*® On the other
hand, the Nis2/CeO2-A(N) sample presents a type H3 hysteresis loop, attributed to the formation of
partially filled macropores.
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Figure V-12: (A) N2 sorption isotherms, (B) TPR profiles and (C) XRD patterns of Ni/CeO-
samples

The use of SBA-A as hard-template for the Nis2/CeO2-A(N) preparation resulted in a material with
very low surface area (Table V-3), while the samples issuing from SBA-C template (Nig2/CeO2-
C(N) and Ni1s/CeO2-C(N)) had similar surface areas, regardless of the nickel content (~30 m2.g2).
Consequently, the use of SBA-C template appears to be more convenient for such preparations since
the hydrothermal treatment decreases the microporosity and results in larger pore sizes and more
condensed silica walls,*®47 as explained earlier. The larger pores provide more space to

accommodate the nickel particles and maintain the mesoporous structure.

The lower performance of these catalysts in comparison to the previous SBA-15 supported materials
can be thus explained by their poor mesoporous structure not well-defined. In addition, the surface
areas of the resulting samples were unfortunately lower than those usually reported in literature. In
fact, NiO/CeO, samples prepared from KIT-6 hard-template had surface areas of 80-110 m2.g*,*8

Ag/Ce0,-HP sample prepared from SBA-15* had a surface area also within this range while even
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higher value was obtained on Au/CeQ,-48 sample resulting from MCM-48.%° These differences can
be mainly related to different preparation conditions. The lower values obtained in this study can be
explained first by the two filling cycles of CeO- that were done before silica removal and second by

the consecutive calcination steps applied after each cycle and after silica removal.

Table V-3: Characteristics of Ni/CeO, samples

BET ) Total
Mesoporous | CeO2 NiO
Surface _ _ Hydrogen
Catalyst Volume Size? SizeP )
Area Consumption
(cm¥g) | (nm) (nm)
(m?/g) (umol/g)
Nie.2/CeO2-A(N) 9 0.03 4.3 Not detected 5607
Nig.2/CeO2-C(N) 29 0.08 4.6 5.6 6600
Ni1s/CeO2-C(N) 28 0.11 5.7 10.0 16445

dCalculated using Scherrer equation, based on the diffraction peak at 47°
bCalculated using Scherrer equation, based on the diffraction peak at 43°

V.4.3 Reducibility of the samples

Insights on the reducibility of NiO particles, revealed by H>-TPR (Fig. V-12B), are as follows. First,
the CeO; support presents a small reduction peak at 550°C, attributable to surface reduction of Ce**
to Ce* 5! whereas the main reduction peak does not appear before 800°C.5252 Second, the reduction
profiles of Nig2/CeO2-C(N) and Nis2/CeO2-A(N) samples are quite identical, due to the similar
nickel loading, also reflected by comparable hydrogen consumption (Table V-3). The increase in
nickel loading in Ni1e/CeO2-C(N) from 6.2 to 16 wt% caused an increase of hydrogen consumption,
due to the increment of NiO content on the support. Furthermore, complete reduction of NiO is

observed on all samples up to 650°C, the temperature that will be used to activate the catalysts.
V.4.4 ldentification and size of the supported nanoparticles

The nature of the crystalline phases obtained on the calcined samples was identified by XRD (Fig.
V-12C), as before. For the three samples, the diffraction peaks detected at 28, 33, 47, 56, 59 and 69°,
are attributed to CeO; particles (ICDD 75-8371) with a cubic lattice (Fm-3m). The remaining
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diffraction peaks detected are attributed to NiO particles (ICDD 75-0197) having a cubic structure
(Fm-3m). On Nie2/CeO2-A(N) sample, the NiO characteristic peaks were not detectable, whereas
their size increased on the remaining samples with increasing nickel loading (Table V-3). The
crystallite size domains of the CeO: particles were almost the same on all samples, due to the similar
preparation method employed.

The evaluation of the spent Nis.2/CeO>-C(N) catalyst by XRD (Fig. V-12C) reveals diffraction
peaks at 44, 52 and 76° attributable to Ni° particles (ICDD 01-1258) having cubic structure (Fm-
3m). The widths of these peaks is very small, indicative of massive active phase sintering from 4.3
nm of NiO on the calcined sample to 56.2 nm of Ni° on the spent catalyst. This phenomenon
suggests a possible collapse of the mesoporous structure, which will be validated by further

experiments like low-angle XRD, N sorption and TEM.

Summary of section V.4: Influence of the nature of support — preliminary results

» The hard-template method using SBA-15 was employed to prepare the mesoporous
CeO:s.

» Ni/CeO2 samples with low surface areas were obtained, but the mesoporous structure
was better defined when the SBA-15 template was hydrothermally treated at 130°C.

» Although low levels of conversion were obtained on these catalysts, they were rather
stable at 650°C for at least 12 hours.

» The amelioration of the synthesis of such materials might allow them to become potential
candidates for this type of applications.

V.5 Conclusion

Different activities and stabilities were observed on the various catalysts studied, depending on the
preparation procedure.

First, by varying the nickel deposition method on SBA-B, the most stable catalyst was the one
prepared by two solvents method. Its superior performance was attributed to its well-defined
mesoporous structure, narrow pore size distribution, easier reducibility of NiO and formation of

the smallest Ni® nanoparticles.
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Second, the use of nickel chloride salt generated large nickel particles on the external surface of
the support. Their lack of confinement facilitated their mobility and resulted in large nickel clusters
during reaction, leading to rapid catalyst deactivation. The use of nickel nitrate, nickel acetate or
direct reduction without calcination allowed high conversions to be reached and maintained. The
formation of surface nickel silicates in strong interaction with the support on the sample prepared
using the acetate precursor salt did not improve the catalytic activity. The direct reduction can be
a promising route that still faces industrial concerns, mainly related to nickel reoxidation upon

contact with air.

Third, the addition of Mg or La did not ameliorate the performance of Niso/SBA-B1(N). However,
the stability of the latter was enhanced through Ce-promotion or Rh-doping. On one hand, rhodium
improved the reducibility of NiO due to its H> spilover effect whereas on the other hand, the co-

presence of Ni and Ce on the same silica grains was important for the enhancement of stability.

Forth, the use of SBA-15 as a hard template for the preparation of mesoporous CeO; support is a
promising strategy. However, the experimental procedure still needs to be improved in order to
achieve better structured mesoporous materials with higher surface areas for increased dispersion

of the active phase.

These studied parameters help in the elaboration of a stable catalyst that can maintain high CH4
and CO2 conversions for long time. The Niso/SBA-B1(N) sample prepared by two solvents
impregnation using nickel nitrate remains among the most promising catalysts. However, it is
important to check if the stable catalysts can still maintain high activity under more severe
conditions (lower space velocity, higher pressure...). These tests will constitute one of the main
objectives of the following chapter. Furthermore, throughout the study we have shown that carbon
deposition (on external particles) varied depending on the structure of the support and the methods
of preparation of the catalyst. This challenging problem in dry reforming of methane will be
addressed in more details in Chapter VI, based on the characterizations of the various spent

catalysts obtained.
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CHAPTER VI

Carbon Analysis and More Severe Reaction conditions

We have seen in the previous chapter that the use of two solvents method, nickel nitrate precursor
salt and direct reduction are all factors that contribute in the good dispersion of small Ni
nanoparticles inside the SBA-15 support, for a suitable catalyst in dry reforming of methane. The
Nis.o/SBA-B1(N) marked superior catalytic performances in comparison to the remaining catalysts,
regardless of the carbon deposition on the external support surface. In this last chapter of the thesis,
we will carefully examine carbon deposition on all studied catalysts and we will analyze in more
details the carbon deposition behavior with time on the Niso/SBA-B1(N) sample. In addition, the
latter will be tested under more severe reaction conditions like higher space velocities.
Furthermore, since the NisoRhos/SBA-B1(N) catalyst showed a better stability than Niso/SBA-
B1(N), it will be evaluated at higher pressure and after regeneration.

V1.1 Carbon analysis on spent catalysts

Many researchers have been interested in the study of the growth of carbon filaments and the
formation of carbon systems with defined shapes (sheets, nanotubes...).1? Helveg et al. focused on
the growth of carbon nanofibers, in particular, and observed an elongation of the Ni particle due to
the formation of graphene layers at the interface.® After some time, the nickel particle contracts to
its initial spherical shape. The growth of the nanofiber continues with this periodic

elongation/contraction manner and it only stops when the particle becomes completely encapsulated.

Considering the metallic nickel nanoparticles well-confined inside the SBA-15 porosity described
in previous chapters, such carbon growth process cannot be considered because of the limited
space inside the pores that prevents any carbon nanotube formation around the metal particle. In
opposition, external nickel particles induce the diffusion of carbon on their surface.* The kind of
carbon species formed on these particles is influenced by the metal-support interaction.>® In
details, when the Ni metallic particle is away from the support, it can be easily encapsulated with
carbon to form shell-like deposits (Fig. VI-1). This type completely covers the nickel particle,
blocking the reaction and causing deactivation.” In the case of weak metal-support interaction, the
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metallic Ni particle can be lifted with the carbon nucleation to form carbon nanotubes (Fig. VI-1).

The Ni particle on top of such nanotubes remains accessible, allowing the reaction to proceed.3°

This type is not toxic but can cause plugging of the pores or even of the reactor, and sometimes

catalyst cracking.

CH, + CO,

Shell-like

\  carbon deposit
\

C Ni,C

c 7 N
Catalyst support

Influence of the metal-support interaction on the mode of growth of carbon deposit. Strong metal-support interaction.

Figure VI-1: Influence of metal-support interaction on the mode of growth of carbon deposit®

In dry reforming of methane, the reaction equilibrium for the main DRM reaction (R1) is

influenced by the simultaneous reverse water-gas shift reaction (RWGS, R2). At 650°C, carbon

deposition on the surface of the catalyst can be generated by CH4 decomposition (R3) and/or

Boudouard reaction (R4).1° This carbon deposition can be either gasified by the water formed

during RWGS (R5) or accumulated on the catalyst leading to activity loss.!

CHa g + CO2(g) — 2Hz(g) + 2CO (g)
CO2 (g + Hz2(g) > H20(q) + CO ()
CHas @ — C 9 + 2Hz()
2C0O (g — C ) + CO2(y)

C (5) + H20 (g) — CO/CO2 (g) + H2 (g

(R1)
(R2)
(R3)
(R4)
(R5)
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Consequently, the catalyst deactivation rate depends greatly on the difference in rates of formation
and gasification of carbon.'? If the rate of carbon gasification (R5) is equal to or greater than that of

its formation (R3, R4), carbon will not accumulate and stable activity will be maintained.™

During the present study, we have demonstrated that the occlusion of nickel nanoparticles inside
well-defined porosity is an essential element for excellent stability of the catalysts. The
confinement of nanoparticles inside the porous channels of the SBA-15 mesoporous supports does
not only prevent active phase sintering but also inhibits carbon formation on the internal particles.
In opposition, carbon deposition is highly promoted on external nanoparticles present outside the
porous system (Fig. VI-2), as particularly observed on the poorly structured Niso/SBA-Az(N) and

Nis.o/meso-SiO2(N), due to the weak metal-support interaction on the external surface.

(R3,R4) > R5 |
on external particles

No C(s) deposition on
internal particles

Figure VI-2: lllustration of carbon deposition and gasification rates

By analogy, the external particles can be compared to nanoparticles on non-porous supports. On
such systems, many authors attributed the reduction of carbon deposition to the decrease of metal
particle size, as explained and illustrated by Zhang et al.** over Ni-Co bimetallic catalyst (Fig. VI-
3). When the particle size exceeds 20 nm, only Ni-C formed near the periphery can react with CO-
adsorbed on the support while the remaining carbon on the surface accumulate with time, causing
deactivation. If the particle size is lower than 10 nm, all Ni-Cs can easily react with adsorbed CO,,

leading to continuous carbon formation and gasification.
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Figure VI-3: Conceptual model of carbon removal and carbon formation over the Ni-Co
bimetallic catalyst for CO, reforming of CH4**

VI.1.1 Effect of stability test duration

As observed in Chapter IV, the Niso/SBA-B1(N) catalyst was stable at 650°C and carbon
deposition was only detected on the surface and associated to the presence of external nickel
nanoparticles. In this part, the process of carbon deposition with time under reactants stream is
evaluated on this sample.

For this purpose, each catalytic test was done at the same operating conditions as before using each
time 100 mg of fresh catalyst (equivalent to 36 L.g™t.h™%), but varying the duration time of the stability
test. Thus, after reduction of the sample, the activity is evaluated from 200 up to 750°C, followed by
stability measurements at 650°C, and the experiment is stopped after 0, 5, 20, 60, and 90 hours at
this steady temperature. The resulting spent catalysts are named Niso/SBA-B1(N)-x, where X
corresponds to the duration of the stability test. For example, Nis o/SBA-B1(N)-0 refers to the catalyst
evaluated after O hours under reactants stream (after only activity evaluation up to 750°C) and
Niso/SBA-B1(N)-5 to the one evaluated after 5 hours under reactants stream. These spent catalysts
were characterized by TGA-MS, Raman, XRD and the results are coded as follows:

e Red data correspond to Niso/SBA-B1(N)-0
Blue data correspond to Nis.o/SBA-B1(N)-5
Green data correspond to Nis.o/SBA-B1(N)-20
Purple data correspond to Nis.o/SBA-B1(N)-60
Orange data correspond to Nis.o/SBA-B1(N)-90
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Figure VI-4: Evolution of (A,B) CHs (filled circles) and CO2 conversions (empty circles) and
(A’,C’) H2:CO ratio as a function of temperature (A,A’) and time at 650°C (B,B’) at 1 bar, 36
L.g.h" and CH4:CO2:Ar = 5:5:90

The catalytic test results (activity, stability and selectivity) are reported in Figure V1-4 to recall the
reproducibility of the tests performed in the MAR microactivity reactor. The repeated tests confirm
the very close values of reactants conversions and H2:CO molar ratios. At 750°C (Fig VI-4A,A’),
the samples reached around 90% CH4 and CO: conversions and an H2:CO molar ratio of about
1.1. At 650°C (Fig VI-4B,B’), the reactants conversions are maintained at almost 80 and 85%,

respectively with an H2:CO molar ratio close to unity.

The carbon formation on the spent catalysts after reaction was first quantified by TGA-MS (Fig. VI-
5). The difference in the weights of initial and final spent catalysts after heating from room
temperature to 900°C at a rate of 10°C.min"t under air are reported in terms of percentage of weight
loss as a function of test duration time at the steady temperature of 650°C (Fig. VI-5A). Around 5%
weight loss is observed on Niso/SBA-B1(N)-5, then this percentage remains almost constant as the
stability time increases. This indicates that carbon accumulation mainly takes place during the first

few hours of the test then it seems to stabilize with time. A similar trend was found on a Ni/MgO-
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AN catalyst during DRM reaction at 750°C under 15 bars, but with much more significant carbon
deposition within 10 hours.'® The peak corresponding to the MS signal of mass 44 (Fig. VI-5B)
validates the gasification of coke into CO>. The same form of the signal is observed between 500
and 730 °C for all the samples, corresponding to the elimination of carbon nanotubes by oxidation
as reported by Braga et al.*® This is in agreement with the formation of carbon nanotubes, observed
by TEM on Niso/SBA-B1(N)-90 in Chapter IV.
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Figure VI-5: (A) Percentage weight loss during TGA and (B) MS signal for mass 44

Furthermore, the nature of the supported particles and their size is evaluated by XRD (Fig. VI-6).
As before, the narrow peaks observed at 44, 53 and 76° are characteristic of the crystalline Ni°
phase. Regardless of the stability test duration, the widths of these peaks remains almost constant.
Using Scherrer equation, the average sizes of metallic nickel particles are estimated to be in the
range of 6-6.5 nm, similar to the nickel nanoparticles size on the reduced sample. This points out
that no sintering took place and the size of the metallic nanoparticles was maintained as the
quantity of carbon stabilized with time.
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Figure VI-6: X-ray diffractograms of spent (a) Niso/SBA-B1(N)-5, (b) Niso/SBA-B1(N)-20, (c)
Nis.o/SBA-B1(N)-60 and (d) Niso/SBA-B1(N)-90 catalysts

Summary of section VI1.1.1: Effect of stability test duration

> During the first few hours of the catalytic methane dry reforming reaction, carbon
accumulation takes place exclusively on external particles.

> Later, the quantity of deposited carbon remains stable, once all external nickel
nanoparticles are trapped at the tip of the formed nanotubes.

> The nickel nanoparticles occluded and stabilized inside the pores of the SBA-15 support
are well protected against sintering and carbon deposition. Hence, their catalytic
performance is maintained.

V1.1.2 Carbon quantification on spent catalysts

The above carbon guantification was helpful in the comprehension of carbon deposition behavior.
Therefore, the quantity of carbon deposited after reaction on several of our spent catalysts was
assessed by TGA-MS. The recorded weight loss is plotted as a function of temperature (Fig. VI-
7A) while setting the final weight (carbon free catalyst) as 100%. The data show a first weight loss
up to 150°C (250°C for NisoMge/SBA-B1(N)) attributed to the removal of adsorbed water, as
confirmed by the MS signal for mass 18 (not shown). A more important weight loss takes place
between 550 and 650°C and corresponds to the oxidation of carbon species into CO>, as validated
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by the MS signal for mass 44 (Fig. VI-7B) and the exothermic peak in the DTA profiles in this
temperature range (not shown). The results reveal analogous carbon deposition (of about 6%) on
the spent NisoMge/SBA-B1(N), Nis.o/SBA-B1(N) and NisoRhos/SBA-B1(N) which were tested for
12,90 and 60 hours under reactants stream, respectively. This agrees with the previous observation
of constant carbon accumulation after few hours of the test. Furthermore, this is also in accordance
with previous findings stating that the stability of the catalyst is affected by the type of carbon

deposition rather than its quantity.*”18
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Figure VI-7: (A) Percentage weight loss and (B) MS signal for mass 44 MS signal during TGA
of spent catalysts

V1.1.3 Carbon structure on spent catalysts

Based on the previous findings, we will focus more on the type of carbon deposits on the spent
catalysts rather than their quantity. During this PhD thesis, the type of deposited carbon was
characterized by TPH, Raman and XPS.

During the hydrogenation of the spent catalysts by TPH (Figure VI-8), carbon is gasified into CHa.
The temperature of formation of methane reflects the reactivity of surface carbon, meaning that
higher hydrogenation temperature corresponds to harder to remove carbon species.*® In general, Ca
(superficial graphene-like carbon) are hydrogenated at low temperatures (<400°C), CB (carbon
nanotubes) at intermediate temperatures (400-600°C) and Cy at elevated temperatures (>650°C).202
The latter is the most inert type (most difficult to react with H,) that can cause severe deactivation.

160



Chapter VI Carbon Analysis and More Severe Reaction Conditions

Based on this classification, Cy was only observed during the hydrogenation of the Nis o/SBA-A3(N)
catalyst with low organized mesoporous structure (Figure VI-8). The absence of Cy on the remaining
samples explains their relatively high performance in general. On Niso/SBA-B1(N), the deposited
carbon was majorly in the form of Ca, with some Cp. This is in agreement with the maintained good
dispersion of nickel nanoparticles inside the pores without carbon deposits and the few carbon
nanotubes observed on the external nanoparticles. The Niso/SBA-A3(N) and Niso/SBA-B1(N)
catalysts only differed by the hydrothermal treatment applied at 95°C on the SBA-B1 support. Thus,
the less-developed mesoporous structure (without hydrothermal treatment) was subjected to higher
carbon deposition, mainly in the form of Cy, that results in lower catalytic performance.”?>?3 This
result further supports the necessity of hydrothermal treatment during the SBA-15 support synthesis

for enhancement of the mesoporous structure and better stability, as discussed in Chapter 1V.

Similar to Niso/SBA-B1(N), the presence of Cp (carbon nanotubes) on NisoMgs/SBA-B1(N) and
NisoRhos/SBA-B1(N) catalysts is in agreement with the TGA data reported in the previous section.
Interestingly, almost no carbon deposition is detected on Niso/SBA-B1(R) catalyst. The latter was
remarkably stable at 650°C with almost full internal deposition of nickel particles inside the pores,
as seen by TEM (Fig. V-5b”). This result further consolidates the idea that the occlusion of the
nickel active phase inside the pores allows the dry reforming reaction to be carried out without

carbon deposition.

Ni; o/SBA-A4(N)
—— Nig o/SBA-B, (N)

Nis o/SBA-B,(R)
—— Nig ;Mg/SBA-B,(N)
—— Nis oLag/SBA-B, (N)
—— Ni; oRh, </SBA-B, (N)

50 150 250 350 450 550 650 750 850
Temperature (°C)

Figure VI-8: MS signal for mass 16 during TPH of spent catalysts
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Further insights on the kind of deposited carbon on the surface of the catalysts can be obtained by

XPS.

The XPS spectra of C1s core electrons (Fig. VI-9A) confirm: (i) the low carbon deposition
on the spent Niso/SBA-B1(R) and NisoCes/SBA-B1(N) and (ii) the accumulation of
different types of carbon on the surface of Niso/SBA-B1(N) and NisoRhos/SBA-B1(N)
catalysts during the methane dry reforming reaction. Indeed, the central peak observed at
around 284.6 eV corresponds to graphitic carbon species (-C—C-).2* The small peak at
286.5 eV can be attributed to graphitic-like carbon (C=0 and C-0), originating from the
activation of CO, on the metallic and/or support surface.? The shoulder at around 283 eV
correspond to silicon carbide (SiC) species, according to the NIST X-ray photoelectron
spectroscopy database. However, some authors attributed this peak to amorphous carbon
in the form of nickel carbide (NixC) species,?* serving as reaction intermediate. Pawelec et
al.?® reported that the chemical nature of these carbon species is graphitic (sp? carbon), and
specified that these species grow above the surface without physical contact with the
catalyst surface. This is in agreement with the carbon nanotubes observations on the TEM
micrographs of Niso/SBA-B1(N) and NisoRhos/SBA-B1(N) catalysts after reaction.

The absence of Ni signals on Niso/SBA-B1(N) and NisoRhos/SBA-B1(N) (Fig. VI-9B) is
in accordance with the coverage of the surface nickel nanoparticles by carbon deposits, as
confirmed from the Cls spectra and the preceding results. On the Ni2p spectra of
Niso/SBA-B1(R) and NisoCes/SBA-B1(N) spent catalysts, two spin-orbit peaks at about
856 and 874 eV are noticed, corresponding to Ni2psz and Ni2pis, respectively.?” Their
accompanying satellites are not clearly observed. The major peak at 856 eV is attributed to
Ni2* whereas the small shoulder at 853 eV is identified as metallic Ni. Keeping in mind
that XPS is a surface analysis technique (<10 nm), the NiO present on the surface of these
catalysts can be due to oxidation of the outermost nickel nanoparticles upon contact with
air® while most of the metallic Ni® nanoparticles remained inside the pores of the silica
support, as confirmed by XRD in Chapter V. The additional peaks at 882 and 886 eV on
NisoCes/SBA-B1(N) spent catalyst are related to Ce* and Ce®" ions, respectively.?® The
presence of these two species is related to the redox properties of CeOx.
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Figure VI-9: XPS spectra of (A) C1s and (B) Ni 2p core electrons of spent catalysts

Further clarification on the type of carbon deposition is also given by Raman spectroscopy. A
representative Raman profile (Fig. VI-10A) of the spent catalysts show two main peaks: the G-
band near 1600 cm™ is assigned to the in-plane displacement of carbon atoms (C sp?) in the
hexagonal sheets and the D-band at around 1310 cm™ indicative of the presence of disordered
graphite.}” The latter can refer to defects such as pentagons and heptagons in graphite,
carbonaceous impurities with sp® bonding, broken sp? bonds in the sidewalls or amorphous
carbonaceous products. The G’-band at 2620 cm™ is characteristic of long-range order in a sample.
The absence of Radial Breathing Mode (RBM) at low Raman shift and the presence of an intense
D-band indicate the presence of multi-walled rather than single-walled carbon nanotubes. The
higher intensity of the D-band illustrates the presence of carbonaceous disordered species as by-
products of the reaction. Furthermore, its intensity relative to that of the G-band is often used as a
measure of the quality of nanotubes. A low value of I/l points out on higher crystallinity, while

a higher ratio suggests on the higher disorder within the crystalline structure.

The evaluation of the crystallinity of deposited carbon on Niso/SBA-B1(N) as a function of
stability test duration reveals the presence of the D-band and G-band on the Raman profiles (Fig.
VI-10B). This indicates the presence of carbon nanotubes, in accordance with the results obtained
by TGA-MS (section VI.1.1). After 5, 60 or even 90 hours, the samples maintain the ratio of
intensities of the two bands (Io/lg) in the range of 1.6-1.7. This means that limited defects are

formed in the carbonaceous structure. In addition to the equilibrium in the quantity of carbon
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deposition and the size of metallic nickel particles (section VI.1.1), the crystallinity of the formed

carbon is also conserved as the quantity of carbon equilibrates.
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Figure VI-10: (A) Representative Raman spectrum, (B) Raman spectra of the spent Nis o/SBA-
B1(N) after different stability test durations and (C) Raman spectra of the remaining spent catalysts

On the remaining samples (Fig. VI-10C), the ratio of intensities of the D and G-bands (Ip/lg) vary
depending on the sample. The highest Ip/lg ratios (Table VI-1) are obtained on the spent
Nis.0/SiO2(N), Niso/SBA-B1(Nps) and Niso/SBA-B1(Niwi) catalysts, indicative of high degree of
defects in the carbonaceous structure. On the non-porous structure or the poorly defined
mesoporous structures, more defects due to graphitic sheets with more distorted angles than the
straight tubes are present in the carbonaceous structure.’” These distortions can limit the accessibility

to the active surface area, leading to lower catalytic activity.

The addition of promoters (like Ce, Mg or La) or dopants (like Rh) and the direct reduction treatment
without calcination favor the reduction of the Ip/lg ratio. More specifically, the Niso/SBA-B1(R),
NisoCes/SBA-B1(N) and NisoRhos/SBA-B1(N) catalysts are characterized with the lowest Ip/lg
ratios (Table VI-1). This points out the formation of highly ordered carbon nanotubes on these
samples (if any) which are rather straight nanotubes with concentric parallel carbon sheets.” This

observation further justifies their superior catalyic perfomance at 650°C.
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Table VI-1: Ip/lc in Raman spectra of the spent catalysts

Sample Name In/lc Sample Name In/lc

Nis0/SiO2(N) 2.0 Niso/SBA-B1(N) 1.6
Niso/SBA-B1(Nps) 1.9 NisoLas/SBA-B1(N) 1.5
Nis.o/SBA-B1(Nwi) 1.8 NisoMge/SBA-B1(N) 1.4

Nis,ocedSBA-Bl(N) 1.0

NisoRhos/SBA-Bi(N) | 1.0

Niso/SBA-B/(R) 0.95

Summary of section VI.1.2 and V1.1.3: Quantity and nature of carbon deposition on the spent
catalysts

> Regardless of the test duration time, the quantity of carbon deposited on the spent
NisoMge/SBA-B1(N), Niso/SBA-B1(N) and NisoRhos/SBA-B1(N) was almost the
same. This is in agreement with the constant carbon accumulation as the stability time
increases and validates that the catalytic stability is affected by the type of carbon
deposition rather than its quantity.

> The type of carbon deposition was affected by the porosity of the support. The non-
porous or poorly defined mesoporous structures result in the formation of either Cy inert
carbon or Cf carbon nanotubes with high degree of defects, which cause deactivation.

» The addition of Ce or Rh and the direct reduction treatment without calcination favor
the formation of highly ordered carbon nanotubes (if any) which do not affect the
catalytic activity.

V1.2 Study of more severe reaction conditions

VI1.2.1 Effect of gas hourly space velocity (GHSV)

Despite this very limited carbon deposition, the use of 100 mg of the Niso/SBA-B1(N) catalyst in
the reaction of methane dry reforming resulted in high reactants conversions and remarkable
stability at 650°C (Fig. VI-4). Under similar conditions, many catalysts were able to reach
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conversions close to the expected thermodynamic values, due to the presence of sufficient number
of stable active sites for the reaction. Subsequently, it is important to check if this comparable
behavior remains also valid under more severe conditions. For this reason, the following part will

evaluate the most stable catalysts at different gas hourly space velocities.

In the following part, the selected catalysts are tested at different space velocities as indicated in their
nomenclature. For example, Niso/SBA-B1(N)-36 indicates that the catalyst is tested at 36 L.g™t.h?
(100 mg, 60 ml.min"* reactants flow), Nis.o/SBA-B1(N)-72 is tested at 72 L.g™.h (50 mg, 60 ml.min"
! reactants flow), and Niso/SBA-B1(N)-180 is tested at 180 L.g2.h? (20 mg, 60 ml.min* reactants
flow). More generally, the results are represented as follow:

e Blue data for GHSV =36 L.gt.h!
e Red data for GHSV =72 L.gt1.h?
e Green data for GHSV =180 L.gt.h*

In addition, the curves shown in purple for the Niso/SBA-B1(N) catalyst are equivalent to a GHSV

of 72 L.g™L.h"1 obtained using 100 mg of catalyst and 120 ml.min"* reactants flow.

For reproducibility, the tests were repeated at least two times using the same quantity of catalysts
under the same conditions and the resulting data are drawn on the same graph using gradients of the
same color (Fig. VI-11). With respect to this issue, the data show that blue curves (using 100 mg of
catalyst) coincide with each other while slight differences are observed between the green curves
(using 20 mg of catalyst) during activity measurement and more pronounced variations are noted on
these curves during stability assessment. This reveals that the use of 100 mg of catalysts is good for
well reproducible tests whereas using 20 mg of powder is too low and the results in this case can be
quite misleading. This can be explained by some heterogeneous filling of the grains or also by the
low volume of powder formed inside the reactor, the loss of this powder in the quartz wool bed, and
the changes in temperature gradient among the powder. Consequently, it appears more logical to

compare the use of 100 and 50 mg of catalysts, rather than 20 mg.
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represent thermodynamic data under the used conditions)
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As expected for all samples, the reactants conversions and H2:CO molar ratios decrease with
increasing GHSV by the reduction of the catalyst weight used, due to the consequent reduction of
the total number of active sites in the catalytic bed (Fig. VI-11). These observations are valid during
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both activity and stability evaluations (Fig. VI1-12). At 36 L.g™.h* (blue curves-100 mg of powder),
the thermodynamic equilibrium is attained. When the tests are conducted at 72 L.gv.h? (red
curves-50 mg of powder), the catalysts depart from equilibrium and more variances can be detected
between the samples. At 650°C, a reduction of about 25-30% in reactants conversions is observed
upon increasing the GHSV by 2 folds (i.e. when passing from 100 to 50 mg). Thus very limited

diffusional limitations occur; all active sites are accessible and exploited during DRM reaction.

Moreover, at 650°C, the Niso/com-SBA-15(N)-72 catalyst is the most stable and only loses about
4% of its activity within 20 hours. The remaining samples are less stable and the reactants
conversions decrease by about 20% over Niso/SBA-B1(N)-72 and Niso/SBA-B1(R)-72 samples
within 20 hours. Nevertheless, the final conversions after 20 hours of time-on-stream on
Niso/SBA-B1(N)-72 and Niso/SBA-B1(R)-72 catalysts remain higher than those on Niso/com-
SBA-15(N)-72 catalyst. This further validates the superior performance of the catalysts prepared
using SBA-B: as support.

Summary of section V1.2: Effect of gas hourly space velocity

» The catalytic tests performed on 20 mg of powder are not reproducible. This quantity
is very low and can be easily dispersed in the quartz wool bed and subjected to different
temperature gradients.

> At 650°C, using 50 mg of catalyst, the final conversions on the Niso/SBA-B1(N) and
Niso/SBA-B1(R) catalysts are higher than those on the Niso/com-SBA-15(N) catalyst
after 20 hours. This validates the superior performance of the samples prepared using
the synthesized SBA-15 support rather than the commercial one.

VI1.2.2 Effect of pressure

In general, methane is stored and transported under high pressures, while methanol and Fischer-
Tropsch synthesis are also performed under high pressures of H and CO reactants. Therefore, from
an economical point of view, it is highly desirable to run dry reforming of methane at high
pressures, %3 even if the reaction is thermodynamically limited in this case. In order to prevent the
cost and time of depressurizing the system, the industrial applications encourage the research under

pressure. In this section, among the best catalysts, the NisoRhos/SBA-B1(N) sample is selected for
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assessment of its behavior under high pressure. This choice is done because this catalyst presented a
better stability than Niso/SBA-B1(N) at 650°C, under atmospheric pressure.

At 9 bars, the results are very promising (Figure VI-13): the H2:CO molar ratio is maintained
around one while both CH4 and CO> conversions are preserved at values near 50% and 60%,
respectively compared to 80% CH4 conversion and 85% CO conversion at atmospheric pressure.
This decrease in conversions is expected in such systems at high pressures according to Le
Chatelier’s Principle discussed earlier at the end of Chapter Il. Nevertheless, this decrease in
conversions is not as drastic as the one observed over Ni/MgO-AN catalyst on which the CH4 and
CO2 conversions dropped from 83% and 85% at atmospheric pressure to 25% and 28% at 15 bars,
respectively.!® Furthermore, it should be noted that these conversions are very close to the
equilibrium conversions expected under similar experimental conditions, unlike the behavior
observed by others on 0.5 wt% Co/TiO; catalyst that did attain equilibrium at 20 bars.? In addition,
higher temperature and higher space velocity were also required in order to achieve comparable
results with a 7mol% Co-MgO catalyst.>® Therefore, these results reveal the superior performance

of the NisoRhos/SBA-B1(N) catalyst, that appears very promising for up-scaling.
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Figure VI-13: Evolution of CH4 conversion (blue), CO- conversion (red) and H2:CO molar ratio
(green) as a function of time on NisoRhos/SBA-B1(N) catalyst at 650°C, 9 bar and CH4:CO2:Ar =
5:5:90 (black data represent thermodynamic data under the used conditions)
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Summary of section V1.3: Effect of pressure

> The NisoRnos/SBA-B1(N) catalyst, which was more stable than the Nis o/SBA-B1(N), was
tested at 9 bars, using 100 mg of powder.

» The results show not only that high CH4 and CO. conversions are maintained during
the test, but also that they are close to the equilibrium conversions.

» This catalyst is thus promising for up-scaling and further experiments under industrial
conditions.

V1.2.3 Effect of regeneration

After decline of the catalytic activity to a critical level, regeneration of the catalyst is usually the
preferred solution. In reforming, deactivation is mainly caused by carbon and coke deposition that
can be removed through gasification with hydrogen or oxygen. In order to test this point, the
NisoRhos/SBA-B1(N) catalyst that showed a deactivation at GHSV = 72 L.gl.h? (50 mg of

powder) was selected to study the effect of regeneration as follows:

1. Usual catalytic test (60 ml.min, 72 L.gt.h%, 1 bar, CH4:CO2:Ar = 5:5:90) performed at
650°C for 20 hours

2. Reactor cooling to 200°C without flow

3. Hydrogenation: temperature increase up to 650°C (rate of 5°C.min™) for 2 hours under 5
vol% Hy/Ar (30 ml.min™)

4. Repetition of the catalytic under the same conditions (60 ml.min?, 72 L.gt.h?, 1 bar,
CH4:CO2:Ar = 5:5:90)

Based on the previous TPH results shown in section VI1.1.3 for the spent NisoRhos/SBA-B1(N)
catalyst, the selection of the temperature of 650°C for 2 hours was reasonable in order to gasify
the deposited carbon. The results in Figure V1-14 show that the conversions and H2:CO molar ratio
after regeneration match the values of the fresh catalyst. Indeed, at 650°C, comparable CH4 and
COz conversions are obtained before and after regeneration. Furthermore, the regenerated catalyst
was less prone to deactivation and enhanced stability was observed on this sample during the 20
hours on stream. This potential result can be extended to the remaining promising catalysts, if an

industrial commercialization is to be considered afterwards.
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Figure VI-14: Evolution of CH4 conversion (blue), CO- conversion (red) and H2:CO molar ratio
(green) as a function of time at 650°C, 1 bar and CH4:CO2:Ar = 5:5:90, before (solid lines) and
after (dashed lines) regeneration of NisoRhos/SBA-B1(N) catalyst

Summary of section V1.4: Effect of regeneration

» The potential NisoRnos/SBA-B1(N) catalyst, test using 50 mg of powder, was
regenerated at 650°C under Ha/Ar.

» The results demonstrate that, after regeneration, comparable CH4 and CO> conversions
are obtained.

V1.3 Conclusion

Carbon deposition is a major challenge in dry reforming applications that results in loss of catalytic
activity. In this work, we have shown that the occlusion of nickel nanoparticles inside well-ordered
pores enhances the stability of the catalysts. The deposition of carbon is restricted to the external

nanoparticles, due to their weak metal-support interaction.

With the increase of stability test duration on Niso/SBA-B1(N), at steady temperature of 650°C,
carbon accumulation takes place during the first few hours of the test and then remains constant

afterwards, once all external nickel nanoparticles are trapped at the tip of the formed nanotubes.
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The type of carbon deposition on the catalysts was found to depend on the structure of the support
and the catalyst preparation method. On non-porous or poorly defined mesoporous structures, the
higher carbon deposition resulted in lower catalytic performance. In this case, carbon was not easy
to remove, it was characterized with defects in the form of graphitic sheets with distorted angles that
limit the accessibility to the active surface area, leading to lower catalytic activity. Alternatively, the
use of promoters or dopants and the direct reduction of uncalcined samples limit carbon deposition

and favor the formation of highly ordered carbon nanotubes on these samples (if any).

Under more severe reaction conditions, the Niso/SBA-B1(N) and Niso/SBA-B1(R) catalysts
showed higher conversions than those on the Niso/com-SBA-15(N) catalyst after 20 hours at
650°C, using 50 mg of powder. This confirms the superior performance of the samples prepared
using the synthesized SBA-15 support rather than the commercial one. Furthermore, the most stable
Nis.oRhos/SBA-B1(N) sample maintained high CH4 and CO2 conversions at high pressures. The
regeneration of this catalyst (using 50 mg of powder) was able to preserve the same conversion

values after 20 hours.

The dispersion of small nickel nanoparticles fully inside the pores of well-defined mesoporous
structure inhibits active phase sintering, carbon deposition and provides high reactants
conversions. The promising results obtained in this work, even under more severe conditions, can

be further exploited for future scale-up activity as will be detailed in the following conclusion.
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Conclusion and Perspectives

Even though more than 300 papers were published on dry reforming of methane till mid-2016,
this challenging reaction still faces many obstacles related to (i) sintering of the active phase
with consequent reduction of the metal active surface area and (ii) carbon deposition on the
catalyst surface leading to active sites poisoning. Both aspects result in continuous catalyst

deactivation and loss of activity.

During this PhD thesis, we have successfully installed and validated the catalytic methane
dry reforming test which was not yet established at the University of Balamand in Lebanon.
With few adjustments, it constitutes now a useful tool for the assessment of the activity and

stability of catalysts even in other reforming reactions as well.

More importantly, during this work, we have shown that a key parameter for the prevention of
active phase sintering is the use of a mesoporous support, characterized with high surface area
and pore volume. Indeed, mesoporous channels impose a spatial restriction on metal particles
and prevent their sintering. In addition, the occlusion of nickel nanoparticles inside the
porous channels of the mesoporous support favors high activity and stability, since it hinders

the deposition of carbon in such a constrained space.

However, we have seen that not any mesoporous support can be suitable for good confinement
of the active phase. In fact, an accentuated catalytic deactivation was observed when using poorly
defined mesoporous structures, like the commercial meso-SiO; silica support and the SBA-A
support synthesized in the absence of hydrothermal treatment step. In this case, the less ordered
pore distribution does not stabilize nickel particles inside the pores, which results in their
migration to the external surface and subsequent carbon deposition together with nickel sintering.
Consequently, the use of a well-organized mesoporous silica support with a rather elongated

grain morphology was more adequate for a better confinement effect.

The application of a hydrothermal treatment during the synthesis of SBA-15 support also
appears of strong importance since it enhances the support crystalline order while limiting
interconnections between mesopores, therefore reducing the possibility of nickel oxides
migration to the outer surface during thermal treatments. The hydrothermal treatment (at
95°C) carried out in the present PhD thesis work thus reduced these pore connections and

resulted in improved internal deposition of nickel oxides. However, a complete internal
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deposition was not yet fully achieved and the few external Ni° particles formed were
exclusively prone to carbon deposition in the form of carbon nanotubes during the first few
hours of the test. Their quantity remained constant afterwards, once all external nickel
nanoparticles are sintered and trapped at the tip of formed nanotubes. Nevertheless, the catalytic
performances are maintained due to the conservation of good nickel dispersion, the majority
of nickel nanoparticles being occluded and stabilized inside the pores. For future studies,
the application of hydrothermal treatments at higher temperatures (e.g. 130°C) could probably
lead to even better supports with no interconnections between mesopores for improved stability

of the active phase.

In addition to the well-structured mesoporous support, an improved stability is achieved by
controlling the deposition method of nanoparticles inside the well-defined mesoporous
structure. The use of nickel chloride as precursor salt is not appropriate since it causes external
deposition of large nickel particles, and subsequent activity loss. Alternatively, both nickel
nitrate and nickel acetate precursor salts favor good dispersion of the active phase inside the

support. The former is more convenient (cheaper) for wider use in research and industry.

Moreover, better dispersion of small nanoparticles inside the pores can be also achieved through
the direct reduction treatment to uncalcined samples. In fact, the reduction of the number of
steps required for the formation of a catalyst is always advantageous to save time, energy and
money. It would thus be important to continue on this route by (i) trying to improve the direct
synthesis method employed in this study in order to obtain enhanced mesoporous materials,
without macroporosity and (ii) further evaluating the effect of direct reduction on the active phase
dispersion while varying the reducing atmosphere (pure Hz, Ho/He, NO) and/or the heating rate.

Furthermore, other procedures also beneficial for the suppression of carbon formation include
the addition of noble metals like Rh in small quantities or the addition of promoters like
Ce. Itis important to note that the addition of Ce was only beneficial when both Ni and Ce were
co-impregnated and both dispersed inside one grain of the support. The enhancement of redox
properties of the support through the preparation of mesoporous CeO> using SBA-15 as hard
template could be also advantageous. However, this preparation is not yet well controlled and
further ameliorations should be realized to obtain better structured materials with high surface
area. For this purpose, we can try to avoid the progressive calcination steps after each

impregnation and lower nickel loading for better assessment of the activity.
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The previous results are summarized in the schematic illustration below that shows the
beneficial confinement effect of nickel nanoparticles inside the pores of the SBA-15
mesoporous support. Complete deactivation due to encapsulation by inert carbon was not
observed on our samples. On the external particles, carbon was mainly deposited in the form of

carbon nanotubes.

Schematic illustration of the effect of nickel particles location on DRM reaction

On internal particles:

DRM reaction favored
inside the pores

On external particles:
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Ni on tip

Complete
deactivation

®NieCOHeO

Furthermore, the stable catalysts obtained in this study also maintained good stability under
more severe reaction conditions, especially at high pressure. For an industrial application, it
would be interesting to perform additional tests at high pressures and for longer durations,
followed by detailed characterization of the spent catalysts afterwards. It would be also
beneficial to find suitable regeneration methods (adequate flow, temperature, time...) to
recover the catalytic activity. Shaping of the powders, which was initiated at the end of this
PhD thesis, is also an interesting industrial topic that is not frequently reported in literature. An
extrapolation of the study towards larger scales imply the focus on catalyst shaping and its

effects on catalytic activity. In order to pass from an idea up to plant testing (as shown in the
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scheme below),* the research consumes time and money. The required optimization of the result
after testing can even bring back the research to its initial stages. Catalytic scale up is important
for the successful implementation of new catalytic technologies. However, the pathway from

research catalyst to technical catalysts for pilot and plant testing is never easy.

Typical sequence of interactive tasks followed in a catalyst development program
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In the industry, it is widely acknowledged that there is a growing need for more environmentally
friendly processes. In this direction, methane dry reforming reaction presents a great potential
due to the consumption of greenhouse gases into higher value products. In addition, for future
studies, the template removal by calcination during the SBA-15 preparation could be replaced by
more “eco-friendly” methods like solvent extraction, during which the copolymer surfactant is
removed without decomposition and can be recovered and reused?2. Furthermore, biomass as a

renewable source is expected to replace natural gas for the production of syngas. Therefore, it
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is interesting to continue the study of dry reforming of methane while adapting the feed
composition, so that it resembles the product composition from biomass gasification or
pyrolysis. Indeed, the conversion of biomass mainly generates CH4, CO2, H> and CO, in

addition to C2H4 and C2Hs, in various proportions*>6.78,
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Table A-1: Literature data of some non-nickel-based catalysts and their performances in dry reforming of methane

Test conditions

Ni Ni spent Reactor, catalyst weight, pressure | X(CHa)i | X(CO2)i . Time | X(CHa)t | X(CO2)t }
0, .
Ref | Catalyst Name | type | Metal | (wt%0) (nm) (nm) Reduction (%) (%) (H2:CO); ) (%) (%) (H2:CO)¢
Reaction (CH4:CO,=1)
Fixed-bed quartz reactor, n.d., atm
! 0.3Pt/Al,04 Pt 0.3 500°C, Hz, 50 ml/min, 2h 0 4 0
(CH4CO), 15.6 L/g.h, 650°C
Pt(0.5%)/Al,03 0.5 Flow equipment, 170 mg, n.d. 78 92 0.75 | 108 18 30 0.4
2 - Pt 750°C, Ha,3h
Pt(0.2%)/Al,03 0.2 (CH4:COy), 20 mL/min, 700°C 42 50 6 8 10
0.4PY/ALOzIM | 3 Fixed-bed SS reactor, 100 mg, atm 73 67
3 S| Pt 4 700°C, 3%H,/He, 30 ml/min, 2h 14
04PUAIZOME | - o 40%(CH4:CO,)/He, 30 L/g.h, 700°C 66 66
Co/Al;04 § Co 10 56 66 36.9 50.3
Ru/Al;O4 Ru 39.2 51.9 36.9 63.8
4 Pt/Al,O3 Pt 5 800°C, Hz, 1h 26.5 31.1 4 11 17
Pd/Al;05 Pd 100%(CH4:COz), 60 L/g.h, 800°C 388 | 412 127 | 158
Ir/Al;O3 Ir 25.6 38.1 26.6 39.3
Rh/Yas3-8 Rh 84.4 85.2 84.8 85.5
4Co-MCM-41 Co 4 42+16|16.1+57 Fixed-bed reactor, n.d., atm 68 10 28
5 750°C, Hy, 2h
Fixed-bed reactor, n.d., atm
6 0.5% Pt/MgO 2 Pt 0.5 750°C, Hy, 2h 20 28 50 20 28
3 50%(CH4:CO2)/He, 50 L/g.h, 750°C
2% Rh-CeO, § Hastelloy-C reactor, 150 mg, 1.2 bar 0.66 21 42 50 0.62
l . 3 Rh 2 400°C, 20%H,/He, 1h
2% Rh-CeO, = 100%(CH4:CO,), 16 L/g.h 48.6 57 0.73 70 441 50.1 0.7
0.5Rh/MCF 0.5 72 72 0.93 72 70 0.93
1Rh/MCE 1 Fixed-bed SS reactor, 40 mg, atm 78 78 0.94 76 76 0.92
8 Rh 450°C, Hy,1h 100
2Rh/MCF 2 40%(CH4:CO2)/N, 135 Lig.h, 750°C | 82 87 0.93 82 87 0.94
3Rh/MCF 3 90 93 0.95 92 93 0.92
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Table A-2: Literature data of some nickel-based catalysts and their performances in dry reforming of methane

Test conditions

Ni Ni [ Nispent| Reactor, catalyst weight, pressure | X(CHa)i | X(COz2)i . | Time | X(CHa)t | X(CO2)¢ }
Ref| Catalyst Name |type wtoe) | (vm) | (nm) Reduction (%) (%) (H2:CO); ) (%) (%) (H2:CO)¢
Reaction (CH4:CO,=1)
LaNiO3 15 17 65 81 0.82
LazNiOg4 7 10 80 90 0.84
1%Ni/La,03 1 12 n.d., 20 mg, n.d. 32 48 0.47
o 5%Ni/La;0s 5 700°C, Hy, 1h 15 59 73 0.66
17%Ni/La203 17 19 20%(CH42C02)/H8, 300 L/g.h, 700°C 62 75 0.84
LaNiO3 18 60 75 0.68
LazNiO4 20 80 90 1.03
Ni(10%)/Al,03 Flow equipment, 170 mg, n.d. 70 77 6 70 77
2 e 10 750°C, Hy, 3h
Ni(10%)/Al,03 (CH4:COy), 20 mL/min, 700°C 68 92 0.6 108 68 90 0.6
Fixed-bed quartz reactor, 20 mg, atm
10 NM522 10 750°C, 5%Hy/Ar, 2h 90 14 80
20%(CH4:CO,)/Ar, 150 L/g.h, 750°C
OPrT500 § 17 16 Fixed-bed quartz reactor, 50 mg, n.d. 0 0 37 48 0.67
1 5 10 10%H./Ar, 30 ml/min 5
OPrT800 2— 17 17 100%(CH4CO2), 96 L/gh, 700°C 0 0 30 36 0.55
3 Quartz reactor, 50 mg, atm
4 Ni/Al,Os 10 800°C, Hy, 1h 715 77.1 4 67.4 73.7
100%(CH4:CO»), 60 L/g.h, 800°C
Fixed-bed quartz reactor, 100 mg, atm
121 596Ni/NP-5Mg95Al 5 800°C, 33%H,/N2, 30 ml/min, 2h 81 77 0.85 100 50 47 0.7
(CH4:COy), 15 L/g.h, 700°C
Ni/y-Al,03 10 60.8 62.9 31.8 29.2 0.88
Ni/MgO/Al;03 10 81 94.4 76.7 88.37 0.9
Ni/MgAl;04 1 72.2 85.2 10 66.1 77 0.78
Ni/MgAl,04 3 Fixed-bed quartz reactor, 50 mg, atm 78.2 835 78 839 0.9
13 - 750°C, Hy, 1h ' ' ' '
Nl/MgAIZO4 5 100%(CHACOZ), 50 L/gh, 7500C 826 877 829 887 099
Ni/MgAl,O4 5 83 87 55 82.5 88
Ni/MgAl;04 10 83.8 91.8 10 84.7 92.6 0.98
Ni/MgAI204 15 83.7 935 85.3 96.2 0.91
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Table A-2: Continued

Test conditions
Ni Ni | Nispent Reactor, catalyst weight, pressure X(CHa)i | X(COy)i ) | Time | X(CHa)t | X(COz2)s .
Ref | Catalyst Name | type wte) | (om) | (nm) Reduction (%) (%) (H2:CO)i ) (%) (%) (H2:CO)¢
Reaction (CH4:CO,=1)
Fixed-bed quartz reactor, 100 mg,1.5MPa
14 Ni/MgO-AN 8.8 850°C, Hy, 20 ml/min, 1h 38 33 50 23 25
(CH4:CO), 16 L/g.h, 750°C
Ni-Ce-ZrO, 30 _ _ 96 96 20 82 82
y Ni-Ce-ZrO, 15 Fixed-bed microreactor, n.d., n.d. 95 95 35 83 90
- 700°C, 5%H./N3, 2h
Ni-Ce-ZrO, 10 67%( CH4:CO2)/N2, 108 L/g.h, 800°C? | 85 86 20 4 80
Ni-Ce-ZrO, 5 81 83 20 73 75
Ni/MgO-AN Fixed-bed quartz reactor, 100 mg, atm 87 88 87 88
16 . 8.8 850°C, Hz, 20 ml/min, 1h 50
Nl/MgO-AN (CH4C02), 16 L/gh, 7500cb 37 33 23 25
4Ni/Al,03 IM 23 Fixed-bed SS reactor, 100 mg, atm 67 50
8 ] 10 700°C, 3%H./He, 30 ml/min, 2h 14
ANi/Al,0s ME 14 40%(CH4:CO2)/He, 30 L/g.h, 700°C 65 58
Ni/CeZr (imp) Fixed-bed quartz reactor, 100 mg, n.d. 18 42 16 40
17 | NiCeo6Zr297 (S9) 5 750°C,100%H,, 4h 19 45 24 16 40
NiCexZrie: (59) | o 100%(CH4:CO), 12 L/g.h, 650°C° 18 13 15 36
>
g Fixed-bed quartz reactor, 250 mg, atm
18 Ni/SiO; o 10 17 800°C, Ho/Ar, 60 ml/min, 1h 10 17.9 23.3
5 100%(CH4:COy), 14.4 L/g.h, 800°C
= Fixed-bed quartz reactor, 50 mg, atm
19 Ni-Al 33 26 650°C, 50%H>/N> 34 43 4 48 64
33%(CH4:CO2)/N,, 360 L/g.h, 700°C
SAA10 2.1 6.3 61 66 47 54
SAALS 3.3 71 Fixed-bed quartz reactor, 50 mg, atm 64 69 30 55 62
20 SAA20 3.9 7.4 700°C, Ha, 2h 69 73 66 67
SAA25 7.9 8.3 50%(CH4:CO2)/N2, 48 L/g.h, 700°C 70 75 66 71
ICN 10 |10.15 66 68 5
Ni-ZrLa Fixed-bed quartz reactor, 10 mg, atm 05 |9.8+05|129+06| 0.58
2 ] 5 500°C, 25%H2/He, 100 ml/min, 2h
Ni-ZrLa 209(CH4:CO,)/He, 600 L/g.h, 450°C 21 14 0
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Test conditions
Ni Ni | Nispent| Reactor, catalyst weight, pressure | X(CHa)i | X(COy)i . | Time | X(CHa)t | X(CO2)s .
Ref| Catalyst Name |type wtoe) | (nm) | (nm) Reduction (%) (%) (H2:CO); h) (%) (%) (H2:CO)¢
Reaction (CH4:CO,=1)
Ni/Al 23 Fixed-bed quartz reactor, 30 mg, atm
22 Ni/Ce(3)Al 5 22 24 750°C, Hy, 1h 78 20 70
Ni/Ce(5)Al 19 23 (CH4:CO2)/He, 200 L/g.h, 750°CH 62 53
Ni/CeZr Fixed-bed quartz reactor, 100 mg, n.d. | 7> 40
23 Ni/CeZrRh 5 750°C, 5%H./Ar, 2.5 ml/min, 4h 79 90 70
Ni/CeZrRu 20%(CH4:COy)/Ar, 3 L/g.h, 750°C 87 75
Fixed-bed quartz reactor, 300 mg, atm
24 Ni/CeO, 10 800°C, 100%H>, 60 ml/min, 2h 81.85 90 0.9 100 | 65.18 80 0.82
73%(CH4:CO,)/N,, 13.6 L/g.h, 760°C
NiAl 11 Fixed-bed reactor, 50mg, n.d. 82 89 8 85
25 NiAIMg 4 750°C, 5%Hy/Ar, 1h 82 90 24 81 89
NiAlCe 30%(CH4:CO3)/He, 60 L/g.h, 750°C 85 92 83 90
3 Fixed-bed SS reactor, 200 mg, atm
%6 N-NiCaZzr S 600°C, 10%H2/N2, 60 ml/min, 1h 57 32 13.3
i 100%(CH4:CO), 36 L/g.h, 700°C
. o
Ni/a-Al>Os z Fixed-bed quartz reactor, 20 mg, atm | 253 37
2 Ni-Al/a-Al,03 5 650°C, Hz/Ar, 100 ml/min, 1h 40 50
(Ni/y-ALO3)k (CH4:COy), 450000h, 650°CH 25 57
Ni/Ce-ZrO,/6-Al,03 98 20 78
Ni/6-Al,O3 3 98 20 62
Ni/y-Al2Os Fixed-bed microreactor, n.d., n.d. 92 12 80
28 | Ni/Ce-Zr02/0-Al,03 6 700°C, 5%H2/N3, 2h 97 98 20 97 98 0.96
Ni/Ce-Zr0,/6-Al;0s 9 409%(CH4:CO2)/N, 60 L/g.h, 800°C | og 99 20 | 98 99 0.97
Ni/Ce-ZrO»/6-Al,03 12 97 98 20 97 98 0.96
Ni/Ce-ZrO»/6-Al,03 15 97 98 20 97 98 0.96
NiAl SS reactor 50 mg, atm 35 0.93 18
29 ) 33 800°C, Ha, 50 ml/min, 1h 11
NiAIPP (CH4:CO»), 630°C 38 54
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Table A-2: Continued

Test conditions
Ni Ni | Ni spent Reactor, catalyst weight, pressure X(CHa)i | X(COy)i . | Time | X(CHa)t | X(CO2)s .
Ref Catalyst Name | type wtoe) | (nm) | (nm) Reduction (%) (%) (H2:CO); h) (%) (%) (H2:CO)¢
Reaction (CH4:CO>=1)
NiAI-1A 94 90 87 91
NiAl-1B Quartz reactor, 180 mg, n.d. 87 o1
30 NiAI-2A 10 7.6 500°C, 100%H., 60 ml/min, 2h 89 6 86 92
NiAI-2B 20%(CH.:CO3)/He, 20 L/g.h, 700°C 85 92
NiAl-3* 10.1 87 84 91
LaNiOs Fixed-bed quartz reactor, 200 mg, atm 85 85
81 LagsCap2NiO3 600°C, Hz, 20 ml/min, 4h 55 24 56
Lao.8cao.2Ni0.6C00.403 20%(CH4ZC02)/AI‘, 24 L/g.h, 700°C 60 67
§ Quartz reactor, 50 mg, atm
32 OMO g 700°C, 100%H2, 30 ml/min, 1h 34.9 77 0.6 6 55.9 69.4 0.4
i 40%(CH4:CO,)/He, 48 L/g.h, 700°C
5% Niy-ALOs | 2| 5 _ 59.2 | 8228 | 0.89
7% Ni/y-Al,03 7 Fixed-bed quartz reactor, 200_ mg, atm [ 5g g5 81.95 0.89
33 - 500°C, 100%H;, 40 ml/min, 1h 8
10% Nl/"{-A'zOS 10 912%(CH4C02)/AR, 12 L/gh, 700°C® 61.26 81.63 0.82
15% Ni/y-Al,03 15 64.72 | 81.87 0.92
Plug flow reactor, 60 mg, atm
84 Ni/MgAl;O4 8.8 700°C, 8%H2/He, 2h 10 20 20 5 10
100%(CH4:CO3), 20 L/g.h, 675°Cf
Fixed-bed quartz reactor, n.d., atm
1 10Ni/Al,03 10 500°C, Hy, 50 ml/min, 2h 40 4 0
(CH4:COy), 15.6 L/g.h, 650°C
2] Quartz microreactor, 100 mg, atm
35 5Ni/SiO, g 5 600°C, Hy, 1h 72 77 24
o (CH4:COy), 30 L/g.h, 700°C
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Table A-2: Continued

Test conditions
Ref Catalyst Name type (Wl;l(:/o | (r'1\lrr|1 | NI( rs],pme)nt Reactor, cat?ele);sltJ (\:/;/iilght, pressure X(((ao-)h)i X(&(Sz)i (H2:COY); T(lrr]T;e X(((o:/(l)';4)f X(((o:/gz)f (H2:CO)r
Reaction (CH4:CO,=1)
3%Ni/zeolite A 3 7 10 0 0
5%Ni/zeolite A 5 35 50 0 0
7%Ni/zeolite A 7 70 80 13 20 0.31
3%Ni/zeolite X 3 75 80 20 25
5%Ni/zeolite X 5 77 80 60 70
» | 7%Niizeolite X L7 5439 FiXEd'begofgng':z?fl’ﬂ mg, atm 85 85 s |12 80 | 127
3%Ni/zeolite Y 3| 3 0 O 20 o 88 88 62 70
5%Ni/zeolite Y g 5 H00(ERCCOR), SO LIGR T00°C —, 92 92 92
7%Ni/zeolite Y g 7 54.39 92 92 92 92 1.79
3%Ni/ZSM-5 3 90 92 58 70
5%Ni/ZSM-5 5 72 80 63 73
7%Ni/ZSM-5 7 27.28 90 92 58 70 1.03
Ni-S1 Quartz reactor, 200 mg, atm 73 85 1.2 56 83 1.22
87 Ni-S111 5 400°C, Hz, 20 ml/min, 1h 70 80 1.2 25 61 84 1.25
Ni-S111S (CH#CO), 30 L/g.h, 700°C 75 82 1.05 72 80 1.05
Ni/MCM-41 Quartz flow reactor, 100 mg, n.d. 32 a7 4 28 40
8 Ni/MCM-41 n.d. 29 42 14 20 33
Ni/MCM-41 24 (CH4:COy)/Ar, 36 L/g.h, 600°C 32 47 4 33 40
Ni/yttria-doped SBA-15 " 35.3 36 42 0.5 21 15 0.3
Ni/yttria-doped SBA-15 | 3 20.4 Fixed-bed quartz reactor, n.d., atm 50 52 0.61 31 32 0.58
3 | Nifyttria-doped SBA-15 §- 18.4 700°C, 100%H,, 60 ml/min, 0.5h 57 60 0.63 6 50 51 0.58
Ni/yttria-doped SBA-15 § 18.6 100%(CH4:CO,), 15000 h*, 750°C 53 51 0.63 41 33 0.6
Ni/yttria-doped SBA-15 25.3 50 49 0.61 41 39 0.62
Ni/SBA-15 172 | 17 | Fixed-bed quartz reactor, 100 mg, atm | 63 62 1 40 | 4 37 0.82
40 Ni/8MgO-SBA-15 10 10.8 12 700°C, Hy, 1h 71 66 1.13 40 66 62 0.84
Ni/8MgO/SBA-15-IMP 11.6 | 13.3 (CH4:CO2), 36 L/g.h, 700°C 70 65 1.1 40 63 50 0.82
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Table A-2: Continued

Test conditions

100%(CH.:CO5), 12.9 L/g.h, 700°C

Ni Ni | Ni spent Reactor, catalyst weight, pressure X(CHa)i | X(COy)i . | Time | X(CHa)t | X(CO2)t .
Ref Catalyst Name type wt2e) | (nm) | (nm) Reduction (%) (%) (H2:CO); ) (%) (%) (H2:CO)¢
Reaction (CH4:CO,=1)
Fixed-bed quartz reactor, 400 mg, atm
4 Ni/SBA-15 12 | 206 | 223 800°C, 20%H./N2, 3h 97.2 60
(CH4:COy), 4 L/g.h, 800°C
13% Ni/ZrO, (comm) 50 3 30
13% Ni/ZrO; (Reflux) 75 5 62
13% Ni/ZrO, (HY) 13 67 5 33
13% Ni/ZrO, (CP) 70 3 53
13% Ni/ZrO, (AL) 75 55
5% Ni/ZrO; (AL) _ 75 71 58 58
5Ni/CeO, (CTAB) Fixed-bed reactor, n.d., atm 78 80 67 67
42 _ 700°C, 5%H2/N;
5Ni/Ce.4Zro60, (CTAB) (CH4:CO,), 37.6 L/g.h, 700°C 62.5 61.8
5Ni/Ceo5Zre50, (CTAB) 63 g 61.5
5Ni/Ceo6Zr0.40, (CTAB) " 5 64 62.8
5Ni/CEo,egZI’o,3202 (CTAB) § 64 60.5
5Ni/C€o,7gzI’o,2202 (CTAB) g— 63.5 61.5
5Ni/C€o,35ZI’o,1502 (CTAB) é 65 62.2
5Ni/C€o,922I’o,0202 (CTAB) 63.5 61.5
5Ni/CZ100 _ 25 21 35
5NI/CZ75 Fixed-bed plug flow reactor, 10(_) mg, atm 49 34 48
43 - 5 800°C, 10%H2/N2, 40 ml/min, 1h 24
SNi/CZ44 100%(CH4:CO), 30 L/g.h, 700°C 46 31 45
5Ni/CZ28 51 38 52
Quartz reactor, 50 mg, atm
4 Ni/Yas3-8 800°C, H,, 1h 4 62 68
100%(CH4:CO5), 60 L/g.h, 800°C
Quartz reactor, 120 mg, atm
4 Ni-MCM-41 2 19.5 27 750°C, He, 2h 94 0.98 72 50 0.88
50%(CH4:CO,)/He, 50 L/g.h, 750°C
Fixed-bed quartz reactor, 200 mg, atm
4 Ni/SBA-15 48 | 10.7 600°C, 20%H:/Ar, 2h 72 85 1 50 66 81 0.95
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Test conditions

Ni Ni | Nispent| Reactor, catalyst weight, pressure | X(CHa)i | X(COy)i . | Time | X(CHa)i | X(CO2)s .
Ref | Catalyst Name | type wtoe) | (nm) | (nm) Reduction (%) (%) (H2:CO); h) (%) (%) (H2:CO)¢
Reaction (CH4:CO,=1)
Fixed-bed quartz reactor, 300 mg, atm
46 | 10%Ni/SBA-15 10 800°C, 3%H2/Ar, 50 ml/min, 3h 52 87 0.8 30 39 70 0.75
209%(CH,:CO,)/Ar, 20 L/g.h, 600°C
Fixed-bed quartz reactor, 100 mg, atm
12 5%Ni/OMA 5 800°C, 33%H2/N2, 30 ml/min, 2h 77 77 0.8 100 75 75 0.8
(CH4:COy), 15 L/g.h, 700°C
C-NiCazr 9.3 Fixed-bed SS reactor, 50 mg, atm 72 84 0.9 73 84 0.91
% CN-NiCazr 104 600°C, 10%H./N, 60 ml/min, 1h 30 52 0.5 40 34 56 0.52
I-NiCazr 13.12 100%(CH4:CO), 96 L/g.h, 700°C 60 73 0.8 48 65 0.67
Fixed-bed quartz reactor, 100 mg, atm
4 Ni-MCM-41 9.7 550°C, Hz, 3h 4 28 39 0.63
669 (CH,:CO,)/Ar, 36 L/g.h, 600°C
Ni-ZrO,-CR-10 10 7.3 60 66 52 60
Ni-ZrO,-CR-15 "g’ 15 7.2 7.3 93 96 93 96
Ni-ZrO,-CR-20 § 20 | 124 Fixed-bed quartz reactor, 500 mg, atm | 93 95 10 o1 9
# INi-ZrO,-CR-25| & 25 13.2 700°C, 10%H2/Ar, 100 ml/min, 1h 93 94 85 90
Ni-Zr0,-C b3 15 15.3 (CH4:COZ), 24 L/g.h, 750°C 76 926 52 61
Ni-ZrO.-1IMP 15 15.5 90 98 69 77
Ni-ZrO,-CR-15 15 7.2 7.3 86 87 0.95 80 86 87 0.94
Ni/Yasl-2 <10 12.1 85.6 86.8 84.4 85.7
Ni/Yas3-8 <10| 105 85.8 86.6 85 86
Ni/y-Al,O3 106 | 183 78.2 81.6 4 76.5 80.6
Ni/o-Al20s 543 | 725 | Fixed-bed quartz reactor, 50 mg, atm | /1.5 il 67.4 3.7
49 Ni/SiO; 10 |48.8| 59.1 800°C, Hy, 1h 69.4 72.7 61.5 68.6
Ni/MgO <10| <10 | 100%(CH4CO), 60 L/g.h,800°C | 78 | 751 652 | 727
Ni/La,03 79.1| >100 66.1 66.2 1 56.7 63.4
Ni/CeO; 875| 945 62.5 69.8 4 51.6 63
Ni/ZrO, 9.7 15.2 9.8 15.2
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Table A-2: Continued

Test conditions

Ref| Catalyst Name |type (Wl;l;/o | (rl]\lr:] | NI( sg:a)nt Reactor, cat?ele);sltJ (\:/;/iilght, pressure X((E)I/(I)—;za)i X(((O:/Sz)i (H2:COY; T(lrr]T;e X((E;o-;zx)f X((E):/?)Z)f (H2:CO)r
Reaction (CH4:CO,=1)

Ni/Al,03 228 | 33 74.7 78.9 72.9 77.7
Ni/Mgo.2Al0.80x 16.8 | 193 78.5 82.6 80.8 84.3
Ni/Mgo3Al0.70x 153 | 184 85 86.3 86.3 87.2
Ni/Mgo.4Alo60x 116 | 147 | Fixed-bed quartz reactor, 50 mg, atm | 847 86.1 85.1 86.8

%0 | Ni/MgosAlosOx 10 [119| 124 800°C, Hy, 4h 83.6 85.4 4 84.4 86.2
Ni/Mgo.sAlo20x 94 | 107 | 100%(CH.CO), 60 L/g.h, 800°C | g5 7 85 83.7 85.9
Ni/MgO 54.1 64.1 54.7 64
Ni/o-Al,03 543 | 725 71.5 77.1 67.4 73.7

Ni/MgO 67.8 75.1 65.2 72.7

Ni/Yas3-8 <10| 27.8 86.4 | 87.3 84.9 86.2

Ni/Yas3-8 <10| 272 Quartz reactor, 50 mg, n.d. 86.4 | 87.3 85.1 86

51 Ni/Yas3-8 w | 10 |<10| 196 800°C, Hy, 1h 86.5 87.5 4 85.5 86.5

Ni/Yas3-8 § <10| 162 | 100%(CH4CO),60L/g.h,800°C | g58 | 865 85 86

Ni/Yas3-8 g <10| 105 85.8 86.6 85 86

M-NiCaZr § Fixed-bed SS reactor, 200 mg, atm 60.9 32 55.7

2 : 600°C, 10%H,/N2, 60 ml/min, 1h
M-NiCazr 100%( CH+:CO), 36 L/g.h, 700°C | 76 86 00 | 78 87
5Ni/SiO; 5 |76 64 75 0.6 24 50 62 0.6
. | 1ONi/SiO; 10 |92 Inconel Feactor, 109 mg, n.d. 60 74 0.6 24 46 60 11
5Ni-CNTs/SiO; 5 |69 (CH#:CO), 4.8 |_2,’g_h’ 650°C 40 48 0.6 24 38 47 0.6
10Ni-CNTs/SiO, 10 | 9.9 44 52 0.6 24 50 59 0.6
6.7%Ni/meso-SiO; 6.7 |214 6 and 30 0.9-1
3.1%Ni-Si0; 3.1 | 41 _ 6 0.9-1
o | 6.2%Ni-SiO; 62 | 62 Fixed-bed 95 reactor, 30 mg, atm 6 0.9-1
6.7%Ni-SiO; 6.7 | 7.7 40%(CH&:CO3)/N, 9 Lig.h, 650°C 6 and 30 0.9-1
8.8%Ni-SiO; 8.8 | 105 6 and 30 0.9-1
13.2%Ni-SiO; 132 | 14 6 0.9-1
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Test conditions

100%(CH4:CO3), 15 L/g.h, 700°C

Ni Ni |Nispent| Reactor, catalyst weight, pressure | X(CHa)i | X(COy)i ) | Time | X(CHa)t | X(CO2)s )
Ref | Catalyst Name | type Wto%) | (nm) (nm) Reduction (%) (%) (H2:CO)i ) (%) (%) (H2:CO)¢
Reaction (CH4:CO,=1)
Fixed-bed quartz reactor, 200 mg, atm
% | 4.8Ni/SBA-15 4.8 600°C, 20%H2/Ar, 2h 67 81 50 50 75
100%(CH.:CO>), 34.5 L/g.h, 800°C
Fixed-bed quartz reactor, 100 mg, atm
55 NiAl 7 9 7.4 700°C, Hy, 1h 55 0.9 80 45 0.8
(CH4:COy), 36 L/g.h, 700°C
Ni/mSiO,-S 10.1 Fixed-bed quartz reactor, 150 mg, n.d. 90 96 1.03 88 93 1
56 . 800°C, 10%H./N2, 30 ml/min, 1h 20
Ni/mSiOo-1 12.2 (CH4:CO»), 6 L/g.h, 750°C 88 96 1 82 90 0.94
NCZ-0.5 9.3 65 50
NCZ-1 93 Fixed-bed quartz reactor, 100 mg, atm 83 77
57 650°C, 25%H3/N2, 80 ml/min, 1h 50
NCZ-12 9.3 100%(CH4:CO), 48 L/g.h, 750°C? 87 82
NCZ-2 9.3 95 93
Ué Fixed-bed reactor, 100 mg, atm
58 Ni/SiO; 5 5 15 650°C, Hy, 20 ml/min, 2h 61 70 0.9 12 59 69 0.9
S (CH,:COy), 21.1 L/g.h, 650°C
§ Fixed-bed quartz reactor, 50 mg, atm
% 1 0.3Ni/MCM-41 500°C, 10%H:/N2, 50 ml/min, 1h 28 40 12 9 18 0.69
40%(CH4:CO2)/N2, 120 L/g.h, 550°C
1INi-SBA-15 1
SNi-SBA-15 8.4 Fixed-bed quartz reactor, n.d., atm 9 0.92 8 0.88
80 | BNi/SBA-15 19.4 750°C, Hy, 2h 79 0.92 72 65 0.62
5Ni-MCM-41 > 7.3 50%(CH4ZC02)/H6, 50000 h'l, 750°C 75 55 0.44
5Ni/MCM-41 14 75 71 0.78
Fixed-bed reactor, n.d., atm
5 | 4Ni-MCM-41 4 41+1)| 83%2 750°C, Hy, 2h 68 10 25
50%(CH4:CO,)/He, 50 L/g.h, 750°C
Fixed-bed reactor, 200 mg, atm
6 5% Ni/MgO 5 11.04 650°C, Hy, 30 ml/min, 4h 68 75 50 68 75
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Test conditions
Ni Ni Nispent| Reactor, catalyst weight, pressure | X(CHa)i | X(CO2)i ) | Time | X(CHa)t | X(CO2)s )
Ref| Catalyst Name |type Wwt%) | (nm) (nm) Reduction (%) (%) (H2:CO)i ) (%) (%) (H2:CO)¢
Reaction (CH4:CO,=1)
NCZ 85 75
N NCZ(1.25) Packed-bed reactor, 160 mg, n.d. 85 86
5 700°C, 5%H2/N2, 100 ml/min, 3h 8
NCZ(0.8) 80%(CH.:CO2)/Na, 0.773 L/g.h, 800°C | 8° 85
NCZ(0.5) 85 82
Ni/AW2 3 24 Fixed-bed reactor, 100 mg, atm 34 43 0.78 31 41 0.76
58 ] g_ 5 650°C, Hz, 20 ml/min, 2h 12
Ni/MN3 g 11 (CH«:CO,), 21.1 Lig.h, 650°C 39 49 0.88 28 39 0.79
§ Fixed-bed quartz reactor, 200 mg, atm
121 59Ni/OM-5Mg95Al 5 600°C, 20%H./Ar, 2h 80 81 0.8 100 75 76 0.8
100%(CH4:COy), 12.9 L/g.h, 700°C
I-Ni/CNTs 7.1£17 Fixed-bed quartz reactor, n.d., atm 70.2 83.4 0.91 65.4 78.8 0.84
62 ] 10 N 500°C, 5%H3,40 ml/min, 2h 8
O-Ni/CNTs 75+1.1 90%(CH4COz)/Ar, 1 gh/m0|, 750°C 58.9 75.6 0.84 50.1 66.1 0.78

2 CH4:C02=0.96

b test at 1.5MPa

¢ CH4:CO,=7:3

4 CH4:C0,=0.5

¢ CH4:C0,=0.93

fCH4:C0,=2.38

* test performed without reduction
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Table A-3: Literature data of some nickel-based catalysts promoted with noble metals and their performances in dry reforming of methane

Test conditions

Co-
. Ni |Nispent| Reactor, catalyst weight, pressure | X(CHa)i | X(COy)i . Time | X(CHa)t | X(CO2)s }
0, .
Ref Catalyst Name type | Ni (wt%) metal | (nm) | (nm) Reduction (%) (%) (H2:CO)i ) (%) (%) (H2:CO)¢
Reaction (CH4:CO,=1)
Rh-Ni/Ce(3)Al 20 23 | Fixed-bed quartz reactor, 30 mg, atm | 90 20 85
2 . 5 Rh 750°C, Hy, 1h
Rh-Ni/Ce(5)Al 20 24 (CH,-CO3)/He, 200 L/g.h, 750°C? 85 20 80
NiAuAl Au | 6.6 82 89 24 | 78 86
Fixed-bed reactor, 50mg, n.d.
2 NiPtAl 4 Pt | 62 750°C, 5%H2/Ar, 1h 86 92 24 | 85 90
30%(CH4:CO,)/He, 60 L/g.h, 750°C oL
NiAuPtAl AuPt | 6.1 87 92 24 83
0.3Pt-10Ni/Al,Os 2 10 126 | 12.8 78 72 0.85 4 75 75 0.85
0.3Pt-15Ni/Al,05 8| 15 Fixed-bed quartz reactor, n.d., atm | 53 50 115 | 4 55 42 0.9
1 5 Pt 500°C, Hz,50 ml/min, 2h 1 08E
0.2Pt-10Ni/Al,03 < 10 (CH4:COy), 15.6 L/g.h, 650°C 43 50 0.8 4 45 :
0.2Pt-15Ni/Al,05 15 19.8 | 201 32 40 1.1 4 0 0 0
Flow equipment, 170 mg, n.d.
2 | Pt(0.5%)Ni(10%)/Al,0s 10 Pt 750°C, H,, 3h 78 95 063 | 108 | 78 98 0.63
(CH4:CO5), 20 mL/min, 700°C
0.04Pt4Ni/Al,O3 IM 13 Fixed-bed SS reactor, 100 mg, atm 74 14 68
3 : 10 Pt 700°C, 3%H,/He,30 ml/min,2h 70
0.04PtANI/Al,0s ME 8 | 40%(CH:CO;)/He, 30 L/g.h, 700°C 2 14
3.75Ni-1.25Rh/SiO; 3.75 81 82 24
2.5Ni-2.5Rh/SiO, p 2.5 Quartz microreactor, 100 mg, atm 82 83 24
% | 1.25Ni-3.75Rh/SiO;, S| 125 Rh 600°C, Ha, 1h 83 84 24
5Rh/5|02 Q. 0 (CH4COZ), 30 L/gh, 700°C 84 84 24
2.5Ni-2.5Rh/Si02 (n) 2.5 84 85 24
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Table A-3: Continued

Co- Test conditions
. Ni Ni spent Reactor, catalyst weight, pressure | X(CHa)i | X(CO2)i Time | X(CHa)t | X(CO2)t
0, . . .
Ref| Catalyst Name |type | Ni (wt%o) metal | (nm) (nm) Reduction (%) (%) (H2:CO)i ) (%) (%) (H2:CO)¢
Reaction (CH4:CO,=1)
Rh@Ni/MCM-41 Quartz flow reactor, 100 mg 34 46 14 15 43
38 Rh n.d.
; 37
Rh-Ni/MCM-41 (CH4:CO,)/Ar, 36 L/g.h, 600°C 34 42 141 25
0.01Rh-Ni/Yas3-8 Quartz reactor, 50 mg, atm 4 64 71
s - Rh 800°C, Hy, 1h 76
0.1Rh-Ni/Yas3-8 1009%(CH4:CO5), 120 L/g.h, 800°C 4 70
0.5RU@Ni-MCM-41 134 34 44 4 35 38
) Fixed-bed quartz reactor, 100 mg, atm 38
47 | 1IRU@Ni-MCM-41 RuU 19 550°C, Hy, 3h 28 44 4 35
3 %(CHy: A L/g.h °
3RU@NI-MCM-41 | B 17.2 66%(CH.:CO)/Ar, 36 Lig:h, 600°C | 46 4 35 43
o
S Fixed-bed reactor, n.d., atm
5 | 0.8Pt/4Ni-MCM-41 %’ 4 Pt |47+11|126+6.9 750°C, Ha, 2h 88 72 90
50%(CH4:CO2)/He, 50 L/g.h, 750°C
5% Ni-0.1% Pt/MgO 5 Pt 8.44 Fixed-bed reactor, 200 mg, atm 80 82 50 80 82
o ) 650°C, Hz, 30 ml/min, 4h 82
5% Ni-0.3% Pt/l\/lgO 9.34 100%(CH4COZ) 15 L/gh 700°C 75 82 50 75
0.2PdNi/MCM-41 25 32 12 | 22 30 0.83
Fixed-bed quartz reactor, 50 mg, atm
5 | 0.3PdNI/MCM-41 Pd 500°C, 10%H2/N2, 50 ml/min, 1h 36 54 12 | 35 50 0.81
40%(CH4:CO,)/Na, 120 L/g.h, 550°C 20 081
0.4PdNi/MCM-41 30 42 12 28 .
8 CH4:C0O2=0.5
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Table A-4: Literature data of some nickel-based promoted catalysts and their performances in dry reforming of methane

Test conditions

Ni Co- | Ni |Nispent| Reactor, catalyst weight, pressure | X(CHa)i | X(COz2); . | Time | X(CHa)t | X(CO2)t }
Ref| Catalyst Name |type Wt26) | metal | (nm) | (nm) Reduction (%) (%) (H2:CO)i ) (%) (%) (H2:CO)¢
Reaction (CH4:C0O,=1)
Fixed-bed quartz reactor, 100 mg, n.d.
63 LaNiO3 10 La 700°C, Hy, 1h 45 56 1.05 60 25 37 0.78
(CH4:COy), 36 L/g.h, 700°C
0.5K-Ni/MgO-ZrO; _ 87 87
0.9K-Ni/MgO-ZrO, Fixed-bed quartz reactor, 20 mg, atm 85 81
10 - 10 K 750°C, 5%H,/Ar, 2h 14
1.4K-Ni/MgO-ZrO, 209%(CH4:CO2)/Ar, 150 L/g.h, 750°C | 12 69
1.9K-Ni/MgO-ZrO, 65 65
1PrT500 16 15 0 0 42 51 0.64
3PrT500 13 14 _ 0 0 45 56 0.62
5PrT500 15 15 Fixed-bed quartz reactor, SQ mg, n.d. 0 0 45 47 0.67
1 10 Pr 10%Hy/Ar, 30 ml/min 5
lPI’T800 18 17 100%(CH4COZ), 96 L/gh, 70000 O O 35 38 053
3PrT800 . 16 15 0 0 38 43 0.57
5PrT800 § 15 | 15 0 0 35 40 0.58
Ni-La/SiO; 2‘ La 8 83.5 86.5
Ni-Mg/SiO, — Mg 18 74.6 78.6
Ni-Co/SiO, Co 25 37.5 50.3
Ni-Zn/SiO, Zn 14 | Fixed-bed quartz reactor, 250 mg, atm 32.8 43.9
18 Ni-La(0.25)/SiO, 10 800°C, H2/Ar, 60 ml/min, 1h 63.5 74 10 54.1 66.4 0.57
Ni-La(1)/SiO, 100%(CH4:COy), 14.4 L/g.h, 800°C | 491 | 60.9 409 | 526 0.42
Ni-La(5)/SiO; La 91.7 93.1 90.8 92.8 0.7
Ni-La(10)/SiO, 89.1 91.3 88.4 90.5 0.65
Ni-La(15)/SiO, 90 91.4 88.2 91.2 0.67
Ni-Al-La 11.3 _ 43 49 58 66
Ni-Al-La 121 Fixed-bed quartz reactor, 50 mg, atm 51 55 4 64 71
9 - 33 | Lax0s 650°C, 50%H2/N>
Ni-Al-La 24.3 | 33%(CH4:CO2)/N2, 360 Lig.h, 700°C |4 61 55 61
Ni-Al-La 31.2 74 40
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Table A-4: Continued

Test conditions
Ni Co- | Ni |Nispent| Reactor, catalyst weight, pressure | X(CHa)i | X(CO2); ) | Time | X(CHa)t | X(COz2)s .
Ref Catalyst Name type wt%%) | metal | (nm) | (nm) Reduction (%) (%) (H2:CO)i ) (%) (%) (H2:CO)¢
Reaction (CH4:C0O,=1)
NiSng.00s/SiOz 0.87 0.38 0.2
. NiSno.s/SiO 0.83 23 n.d., 50 mg, n.d. 0.3 0.15
- - Sn 500°C, 50%H,/N3, 8h 25
len013/S|OZ 082 23 40%(CH4COZ)/N2, 37 L/gh, 5000Cﬁ 015 008
NiSno 32/SiO; 0.85 2.8 0.05 0.02
OM1 88.3 84 1 86.1 81.6 1
OM3 90.3 85.5 1 6 87.6 83.3 1
OM5 Quartz reactor, 50 mg, atm n 86.9 1 68 86.1 1
82 OM10 Ce 700°C, 100%H>, 30 ml/min, 1h 92.3 89.4 1 88.6 87.2 1
OoM3 40%(CH4:CO3)/He, 48 L/g.h, 700°C 100 95 0.67 100 97 95 0.9
OM3 90 88 1.35 20 90 85 14
OM3 85 88 0.95 92 60 0.7
Ni-Ca-ZrLa Fixed-bed quartz reactor, 10 mg, atm 05 |9.1+£05|12.0+06| 0.67
21 ) § 5 CaO 500°C, 25%H,/He, 100 ml/min, 2h
Ni-Ca-ZrLa 5 209%(CH4:CO,)/He, 600 L/g.h, 450°C | 17 14 4
Ni/Ce0,-3Ag g 24.92 45 0.47 20.96 40 0.42
i . pd
" Ni/Ce0,-24Ag 10 A atm 12.87 19 0.35 100 11.76 17 0.31
Ni/Ce0,-3Ag g 800°C, 100%H2, 60 ml/min, 2h 29.47 25 0.46 23.09 22 0.42
Ni/Ce0,-6Ag 73%(CHa:CO2)/N2, 13.6 LIg.h, 760°C ™58 587 50 0.37 23.04 19 0.36
Ni/Ce0,-24Ag 22.96 19 0.34 18.37 18 0.32
10% Ni/La,0s-y-Al,03 La 57.5 80
1%Ce-3%La>03-10% Ni/y-
AlO3 Fixed-bed quartz reactor, 200 mg, 76.79 | 97.15 1.01
3%Ce-3%La>03-10% Ni/y- atm
® Al,0; 10 | La- 500°C, 100%H,, 40 ml/min, th | /727 | 97.05 | 109 | g
5%Ce-3%La,03-10% Ni/y- Ce 91.2%(CH4:CO)/Ar, 12 L/g.h,
ALO. 700°CP 7717 | 968 | 115
7%Ce-3%La;03-10% Ni/y- 2709 | 9404 | 110
Al,O4
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Table A-4: Continued

Test conditions
Ni Co- Ni |Nispent| Reactor, catalyst weight, pressure | X(CHa)i | X(COy)i . | Time | X(CHa)i | X(CO2)s .
Ref Catalyst Name type wto%)| metal | (nm)| (nm) Reduction (%) (%) (H2:CO); ) (%) (%) (H2:CO)¢
Reaction (CH4:CO,=1)
LaNiOy/SBA-15 77| Fixed-bed quartz reactor, 100 mg, nd. |73 70 1.08 70 62 0.97
63 LaNiOs/MCM-41 10 La 125 700°C, Ha, 1h 80 70 1.08 | 60 75 60 0.94
LaNiO4/SiO; 14.4 (CH4:COy), 36 L/g.h, 700°C 68 64 1.03 47 45 0.87
0.7Mo1Ni/SBA-15 157 | 209 | Fixed-bed quartz reactor, 400 mg, atm | %41 250
a 0.5Mo1Ni/SBA-15 12 Mo 107 | 205 800°C, 20%H2/N2, 3h 94.3 0.96 | 600 | 943 0.96
0.3Mo1Ni/SBA-15 195| 217 (CH4:CO2), 4 Lig.h, 800°C 95.5 130
2Ni-1Zr/MCM-41 1.93 Zr 154 | 21 Quartz reactor, 120 mg, atm 92 0.98 92 1
“ 2Ni-1Ti/MCM-41 1.95 Ti 498 | 21 750°C, He,2h 11 008 | 72 0
2Ni-1IMn/MCM-41 1.92 Mn 33 | 16 | 90%(CHA:CO2)/He, 50 Lig.h, 750°C | g 0.08 0
Ni/SBA-15-CD(1/1) 24.2 82 90 0.85 70 83 0.82
. (72}
Ni/SBA-15-CD(1/8) 3 8.6 Fixed-bed quartz reactor, 200 mg, atm |82 90 0.82 77 87 0.87
% | Ni/SBA-15-CD(1/33) g | 48 CD 600°C, 20%H,/Ar, 2h 85 95 0.85 | 50 84 95 0.83
Ni/SBA-15-CD(1/50) | & 100%(CH4:CO2), 12.9 L/g.h, 700°C | g3 95 0.85 82 95 0.89
Ni/SBA-15-CD(1/60) 79 93 0.83 77 93 0.82
59%Ni/CZ/SBA-15 5 42 48 0.7 40 45 0.7
10%Ni/CZ/SBA-15 10 Fixed-bed quartz reactor, 300 mg, atm | 5q 65 0.78 40 58 0.75
46 T Cz 800°C, 3%Hy/Ar, 50 ml/min, 3h 30
15%Ni/CZ/SBA-15 15 20%(CH4:CO2)/Ar, 20 L/g.h, 600°C | 51 58 0.75 40 48 0.75
10%Ni/CZ/SBA-15 m.I. 10 48 51 0.75 39 42 0.7
Fixed-bed quartz reactor, 100 mg, atm
47 | 1IMg@1Ru@Ni-MCM-41 Mg 19 550°C, Ha, 3h 32 45 1 38 40 0.95
669%(CH.:CO,)/Ar, 36 L/g.h, 600°C
IM2S Fixed-bed quartz reactor, 300 mg, atm 49 56 0.77 42 48 0.73
65 IM1S 10 | Ce02-Zr0, 800°C, 3%H,/Ar, 50 ml/min, 3h 45 51 0.8 24 40 42 0.76
oM 20%(CH+:COZ)/AT, 20 Lig.h, 600°C [ 42 1 0.85 61 pos 0.84
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Table A-4: Continued

Test conditions
Ni Co- Ni | Nispent| Reactor, catalyst weight, pressure | X(CHa)i | X(CO2)i . | Time | X(CHa)t | X(CO2)s )
Ref Catalyst Name type wto)| metal |(m)| (nm) Reduction (%) (%) (H2:CO)i ) (%) (%) (H2:CO)¢
Reaction (CH4:CO,=1)
4.8Ni/5Nd/SBA-15 90 95 88 92
4.8Ni/10Nd/SBA-15 Nd Fixed-bed quartz reactor, 200 mg, atm | 88 95 88 95
54 4.8Ni/20Nd/SBA-15 4.8 600°C, 20%H2/Ar, 2h 84 91 50 80 90
4.8Ni/10La/SBA-15 La 100%(CH4:CO), 34.5 L/g.h, 800°C | g5 92 85 92
4.8Ni/10Ce/SBA-15 Ce 89 92 86 92
NiCeAl (R=1) 3 78 | 58 |Fixed-bed quartz reactor, 100 mg, atm | 80 0.95 80 80 0.95
%5 NiCeAl (R=2) =4 7 Ce 7.6 7.6 700°C, Hz, 1h 80 0.92 80 75 0.87
o . o
NiCeAl-IMP (R=1) 2 96 | 82 (CH4CO), 36 L/g.h, 700°C 45 092 | 80 38 0.87
2 Fixed-bed quartz reactor, 150 mg, n.d.
56 NiCe/mSiO,-S 9.2 Ce 800°C, 10%H2/N2, 30 ml/min, 1h 90 98 1 20 90 97 1
(CH4:COy), 6 L/g.h, 750°C
LaNiOs/SBA-15 La Fixed-bed quartz reactor, 200 mg, atm | 90 88
81 LagsCap2NiO3/SBA-15 10 La-Ca 600°C, Hz, 20 ml/min, 4h 77 24 82
LagsCao2NiosC00.403/SBA-15 La-Ca-Co 20%(CH.:CO)/Ar, 24 Lig.h, 700°C | g7 86
8CH4:C0O2=1.3

® CH,:C0,=0.93
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APPENDIX 2

Attribution of NiO Reduction Peaks

It is known that NiO is directly reduced to metallic Ni° without passing by intermediate
oxides.! Accordingly, the reduction peaks at different temperatures on the TPR profiles are
attributed to the reduction of different Ni species. In order to clarify the attribution of each
reduction peak, a series of TPR-XRD experiments were done (Fig. A-1). In details, the TPR
experiments were done several times under the same operating conditions (5 vol % H/Ar at
20 mL.mint, heating rate of 10°C.mint) while stopping the experiments at the temperatures
marked by dashed lines on the TPR profiles (Fig. A-1). The resulting reduced (green dashed
lines on Fig. A-1) or partially reduced (blue or red dashed lines on Fig. A-1) samples were
directly analyzed by XRD, in order to determine the oxidation state of nickel species.

Before any hydrogen consumption (T<250°C), the only diffraction peaks observed on the
XRD of all samples at 37, 43 and 63° correspond to nickel oxide (Fig. A-1A,D,G,J). After
complete reduction (T>700°C), narrow diffraction peaks are observed at 44, 52 and 76°,
typical of metallic Ni° phase (Fig. A-1C,F,1,L). The absence of NiO characteristic peaks
reveals the complete reduction of NiO, regardless of the sample.

Moreover, the XRD profiles of the partially reduced samples reveal the co-existence of both
nickel oxide species and metallic Ni° species (Fig. A-1B,E,H,K). The decrease of intensities of
the NiO characteristic diffraction peaks, especially the one at 260 = 37°, indicates that the first
peak observed in the range of 250-420°C on the TPR profiles is well ascribed to the reduction
of NiO species. This behavior is detected over the four samples, however the decrease is more
pronounced on Niso/SBA-B1(N) and NisoRhos/SBA-B1(N) samples. On the other hand, the
diffraction peak at 37° remains significant after partial reduction of Niso/SBA-B1(Cl) and
Niso/SiO2(N) samples. Manukyan et al. studied the kinetics and structural transformations of
bulk NiO crystals during their reduction by hydrogen.? At our operating temperatures, they
report the formation of a complex polycrystalline Ni/NiO porous structure. Their findings can
be used to explain the differences obtained between the samples. Indeed, Niso/SBA-B1(Cl) and
Nis.o/SiO2(N) samples contain large NiO particles with an average particle size of 9 nm and

their full reduction to Ni° requires some time. Consequently, at intermediate temperature (near
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400°C), a partial fraction of the biggest NiO crystals is reduced while the remaining part (small
crystallites) is responsible for the NiO diffraction peak that remains detectable by XRD at 37°.
Thus both Ni® and NiO characteristic peaks are detectable by XRD.

Accordingly, it appears logical to attribute the TPR peak observed at low temperatures to the
reduction of large NiO crystals, and the one at higher temperatures to the reduction of smaller
particles highly dispersed on the support.®>*® The larger particles are evidently in weak
interaction with the support while the smaller ones are strongly attached to the support.

Therefore, many use the degree of metal-support interaction to correlate the peaks in TPR.8"8:9
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Figure A-1: TPR profiles and XRD patterns of (A,B,C) Niso/SBA-B1(N), (D,E,F)
Nis oRhos/SBA-B1(N), (G,H,I) Niso/SBA-B1(Cl) and (K,L,M) Nis0/SiO2(N) samples
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APPENDIX 3
Catalyst Shaping

Structuring and shaping of powders into solid bodies is essential from an industrial point of
view, but it is not an easy task. Shaping methods include pelletizing, extrusion, spheronization
or granulation. In general, powders can be compacted dry (mainly for pelletizing) or in the
presence of a liquid, normally water, to form a paste (for extrusion, spheronization and wet
granulation). Beside maintaining the high catalytic performance of the laboratory study, the
shaped catalysts should also have the required mechanical strength and chemical stability to
ensure smooth operation and long lifetime in industrial reactors. Additives should thus be
employed to facilitate shaping and/or to enhance the properties of resulting catalysts. For
example, binders (like natural clays: bentonite and sepiolite) are used to increase the
mechanical strength upon hardening and plasticizers (like methyl cellulose, polyethylene
glycol or water) are added to decrease the viscosity of mixtures in order to facilitate
processing. These additives can alter the composition, structure, porosity, and performance of
the catalysts.!

During this thesis, preliminary attempts for shaping Ni/SBA-15 catalysts were done using
bentonite as binder and methyl cellulose as plasticizer, as found in literature.?3* The resulting
mixtures were sometimes too dry to form a paste (Fig. A-2a), or too wet to form separate
extrudates (Fig. A-2b,b’) or even too thick to pass through the die (Fig. A-2c). A relatively
good mixture (Fig. A-2d,d’) apparently resisted the thermal treatment during calcination at
450°C for 2 hours (0.5°C.min™) and the extrudates did not break (Fig. A-2e,e’). However,
these resulting extrudates were not tried in dry reforming of methane. A more developed and

better focused study should be conducted in this direction.
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Figure A-2: Multiple trials for the extrusion of Ni/SBA-15 catalysts
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Abstract

Although economically and environmentally advantageous, the methane dry reforming process using
supported nickel based catalysts still faces problems of active phase (a transition metal) sintering and
of carbon deposition, which result in catalytic activity loss. This thesis is focused on the study of the
confinement effect of nickel in mesoporous silica-based catalysts for syngas production by reforming
of methane with CO.. In this study, the samples were characterized by N, sorption, XRD, TEM/SEM,
TPR, in addition to Raman, XPS, TPH/MS, TGA/MS for the spent catalysts. The results indicate that a
well-structured mesoporous support with high surface area and large pore volume is important for better
dispersion and stabilization of the active phase inside the porosity. The mesoporous SBA-15 silica
support (prepared in large quantity), composed of elongated grains, appear to be suitable for the
purpose. Moreover, it is demonstrated that the formation of small nickel particles well-confined inside
the pores favors carbon resistance. This can be achieved by applying hydrothermal treatment to the
support, using two solvents method for Ni deposition, using direct reduction of uncalcined samples,
adding Rh in small quantities or promoting with Ce, provided that Ni and Ce are in interaction.

Keywords: confinement, nickel nanoparticles, mesoporous SBA-15, methane dry reforming

Résumeé

« Effet de confinement du nickel dans des catalyseurs a base de silice mésoporeuse pour
la production de gas de synthése par reformage du méthane avec le CO2»
Malgré ses avantages économiques et environnementaux, le procédé de reformage a sec du méthane sur

des catalyseurs au nickel supporté se heurte encore a des problemes de frittage de la phase active (un
métal de transition) et de dépdt de carbone, ce qui entraine une diminution de ’activité catalytique.
Cette theése porte sur I'étude de I'effet de confinement du nickel dans des catalyseurs a base de silice
mésoporeuse pour la production de gaz de synthése par reformage du méthane par le CO,. Dans cette
étude, les échantillons ont été caractérisés par physisorption de N,, DRX, MET/MEB, RTP, et, en plus,
par Raman, SPX, HTP/SM, ATG/SM pour les catalyseurs aprés test catalytique. Les résultats montrent
qu'un support mésoporeux bien structuré ayant une grande surface spécifique et un grand volume poreux
est important pour une meilleure dispersion et stabilisation de la phase active a I'intérieur de la porosite.
La silice mésoporeuse de SBA-15 (préparée en grande quantité), composée de grains allongés, semble
étre appropriée pour atteindre cet objectif. Il est de plus démontré que la formation de petites particules
bien confinées a l'intérieur des pores favorise la résistance au dép6t de carbone. Ceci peut étre obtenu
en imposant un traitement hydrothermal au support, en utilisant la méthode deux solvants pour le dépot
de Ni, en passant & une réduction directe des échantillons non calcinés, en ajoutant du Rh en faibles
quantités ou en utilisant du Ce comme promoteur, a condition que le Ni et Ce soient en interaction.

Mots clés : confinement, nanoparticules de nickel, SBA-15 mésoporeuse, reformage a sec du méthane

212



