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General introduction I. Motivation

Although already applied at industrial scale about one century ago, the Fischer-Tropsch process is gaining renewed interests as it is a key step for converting alternative feedstocks, including biomass to transportation fuels. For example, currently 140 kbarrels/day of synthetic transportation fuels are produced by Fischer-Tropsch process at PEARL (Qatar), on a Co-based catalyst. Because of the high price of Co, iron-based Fischer-Tropsch catalysts are increasingly reinvestigated. Compared to Co-based catalysts, state of the art Fe catalysts show lower activity (per volume), lower selectivity as it produces a significant and undesirable quantity of CO2 and much faster deactivation. Unfortunately, the origin of low selectivity and fast deactivation is still unclear. Typical Fe based catalysts have high metal loadings (> 70 %wt) and contain many different phases, strongly limiting the establishment of structure-activity relationships. Therefore, there is a need to develop more active, more selective and more stable Fe Fischer-Tropsch Synthesis (FTS) catalysts using rational approaches.

II. Objectives

The major aim of this thesis is to design a more active, selective and stable iron-based catalyst for the Fischer-Tropsch synthesis (FTS). In this study, the concept used is the encapsulation of well-controlled iron nanoparticles inside a silicalite-1 material (Table 1). It requires the synthesis of well-dispersed iron nanoparticles and a good control of the particles size distribution. A good control of the iron nanoparticles size should enhance the activity of the catalyst by providing a higher active surface. In addition, the use of the silicalite-1 material, as a protection around the particles, shall help to prevent or at least reduce the sintering or coalescence of particles. Furthermore, the use of silicalite-1 with a well-defined porous network shall play a role in reactants and products traffic close to the catalytic site and shall impact on Fischer-Tropsch synthesis selectivity.

Table 1 | Concept of this work and comparison with conventional catalyst (adapted from [ 1 ])

Stability and particle size control Selectivity

Stable catalyst, no sintering or coalescence, reusable, no activity loss, particle size controlled Selectivity controlled Not stable, sintering, coalescence, loss of activity No selectivity controlled

To perfectly understand the behavior and catalysis of this newly designed iron-based catalyst, the fresh and spent catalyst shall thoroughly be studied and characterized. In addition, several type of iron-based catalysts shall be studied and compared with the new catalyst. The ironbased catalysts studied in this work fall into three categories: encapsulated, supported and bulk-type catalysts (Table 2).

Table 2 | Iron-based catalyst types studied in this work

Encapsulated catalyst

Supported catalyst Bulk-type catalyst

Each catalyst shall be systematically characterized to get a precise knowledge of their structure, iron phases and morphology. Furthermore, activity, selectivity and deactivation studies shall be carried out to allow catalysts to be compared.

This study is expected to improve the understanding of iron-based catalysts and to open new pathway in rational design of iron-based catalysts for the near future.

Encapsulated iron nanoparticles in silicalite-1 Conventional catalyst Large product Large reactant

Small product Small reactant

FTS

III. Thesis outline

This thesis consists of five chapters. There is a degree of repetition in the experimental work and characterization description in each chapter. However, this should help to strengthen the reader's understanding of the work.

Chapter 1 describes the basic information and knowledge needed for a better understanding and comprehension of this study. The Fischer-Tropsch synthesis, as well as, the basic knowledge on iron-based catalysts is described.

Chapter 2 gives the general experimental procedures and equipment used all along this study.

The FTS setup and calculation formula are incorporated in this chapter.

Chapter 3 aims to describe the in-depth characterization of a certain number of iron-based catalysts references as well as the newly designed iron catalyst. The synthesis processes of the newly iron-based catalyst are described in this chapter. The characterization of the fresh and spent catalysts by various techniques such as transmission electron microscopy, X-ray diffraction, Mössbauer spectroscopy and in-situ XANES are needed to get a full understanding of the iron phases, particles size and dispersion.

Chapter 4 deals with the evolution of the different iron-based catalysts during the Fischer-Tropsch synthesis. Several FTS conditions are investigated, such as temperature, GHSV, promoters and CO2 addition in the feed. Also, additional water-gas-shift (WGS) tests are conducted for a better understanding of the iron-catalyst's behavior.

Chapter 5 aims to discuss the data of chapter 3 and chapter 4. The objectives is to relate the iron phases, particles size and dispersion of the iron-based catalysts with the Fischer-Tropsch reaction data to get a full understanding of the relationship between the structural features of the new iron-based catalyst and its catalytic performances. Nowadays Europe is facing some major energy challenges. Europe desires to focus more efficiently on increasing the part of the Biomass used in bio-based economy. In 2008, the European commission presented new targets for the members of the European Union directing on emission cuts, renewables and energy efficiency, called the "three 20 targets" and a reduction of greenhouse gas emission by 80 -95 % as targeted in the European Energy Roadmap 2050.

General introduction

Chapter 1 -State of the art -A review

An important component to achieve the new targets set by EU is the conversion of Biomass into advanced fuels, as bio-fuels by the mean of catalysis.

Heterogeneous catalysis has already a crucial role in the conversion of fossil resources into energy and transportation fuels, for example synthetic diesel is produced by Fischer-Tropsch ( 210 000 bpd Gas-to-Liquid (GtL) in Middle East and 170 000 bpd Coal-to-Liquid (CtL) in South Africa) while fluid catalytic cracking (FCC) produces gasoline from heavy fossil oils in Europe (European FCC capacity: 132 million tons).

However, the new demand from Europe for transformation of bio-resources (biomass) into liquid bio-fuels has generated new challenges in catalyst development that have so far hindered the implementation of industrial pilot-plants and facilities. Actual catalyst developments are severely hindered by increasing costs and risks when going from laboratory scale to pilot plant-level and from pilot plant to industrial-scale, constituting real barriers and increasing the time for industrialization and commercial implementation. Nevertheless the development of successful catalysts for biomass conversion is a challenging but sustainable and environmentally desirable outcome.

To increase by 20 % the share of renewable energy and, at the same time, to reduce by 20 % greenhouse gas emissions, the substitution of traditional feedstocks by biomass is one of the major possible ways. However, new challenges arise in terms of catalyst development.

Undeniably, catalytic conversion of biomass compared to fossil oil, coal and natural gas is highly complex due to its large amount of oxygen, nitrogen and sulfur containing molecules and its huge variability depending on its origin (waste, paper, wood, grass and straw). This level of complexity strengthens the need to design new, more flexible, robust and reliable catalysts before going to industrial scale.

When compared to classical feedstocks, like fossil oils and natural gas, biomass is generally more reactive towards catalytic conversion and thus required additional pretreatment/catalytic steps for conditioning and stabilization. The gasification of biomass produces hydrocarbons (methane, C2 and C3 hydrocarbons and single/multi-ring aromatics) representing some 50 % of the energy within the feedstocks, which would be wasted if not converted to useful fuels [ 2 ]. The liquefaction of biomass through pyrolysis leads to very unstable sugar and oxygenated aromatics containing liquids that must be stabilized to an optimal level by hydro-treatment before post-processing [ 2 ]. Therefore to achieve the 20 % increase in energy efficiency, it is important to deals with these critical pre-treatment steps to increase the overall energy efficiencies of the value chains from biomass to biofuels and, in the end, achieving a low carbon footprint. FASTCARD brings more knowledge and better technical performance of the catalysts, hence decreasing technological risk and consequently reducing costs and time needed for further industrialization. To meet short term European 20-20-20 objectives and long term targets of European Energy Roadmap 2050, FASTCARD aims at two major value chains for the catalytic conversion of biomass into advanced biofuels (Figure 1). The pyrolysis liquid value chain: Hydro-treating of pyrolysis oil and co-fluid catalytic cracking (co-FCC) processing.

The gasification gas value chain: Hydrocarbon reforming and CO2 tolerant Fischer-Tropsch (CO2-FTS) synthesis. FASTCARD focuses on four key catalytic steps for these two major pathways to advanced biofuels:

Hydrocarbon reforming (WP1) -The objective is to develop steam reforming catalysts either in a single step or in a two-step catalytic reforming process. The development of sulphurresistant and sintering-resistant noble metal nano-catalysts is one of the major objective of this work package.

CO2 tolerant Fischer-Tropsch (WP2) -Development of the next generation of iron-supported

Fischer-Tropsch catalysts. The challenges to address are performance robustness with respect to higher temperatures, for the diverse feedstocks with significant CO2 levels, and improved durability. Therefore as activity is controlled at the nano-particle scale, the nano-catalyst design approach allows the differentiation between active sites, helping to improve selectivity and to reduce deactivation.

Hydrotreating (WP3) -Development of the next generation catalysts for the key two levels of hydrotreating (HT), i.e. 1) bio-oil stabilization and 2) further upgrading by hydrodeoxygenation (HDO), to produce high quality co-feed to bio-FCC plants at a minimum level of treatment. Challenges to address are robustness of performance with respect to requirements of hydrogen consumption and pressure, improved durability, and control of selectivity at varying depth of oxygen removal.

Co-Fluid catalytic cracking (WP4) -The high content of oxygen-containing compounds in the bio-oil (more than 10 %wt vs. << 1 %wt for common FCC feed [ 2 ]) and the lack of hydrothermal stability of the types of catalysts of interest for the catalytic co-processing of bio-oil are the main issues. Therefore, the development of advanced nano-porous structured catalysts aiming at radically improving the catalytic performance as well as the stability of these materials in the upgrading of bio-oil is crucial and the main objectives of this package.

I.2. FASTCARD project -CO 2 tolerant Fischer-Tropsch (WP2)

The main objective of the WP2 of FASTCARD is to develop the next generation of ironsupported Fischer-Tropsch catalysts to match the requirements of small delocalized 500 to 3000 bpd Biomass-To-Liquid (BTL) industrial plants. This part of the project regroups several industrial and academic partners each of them having different tasks to fulfill (Figure 2). To develop new catalysts operating at higher temperatures conditions (> 250 °C) with a higher carbon efficiency, i.e. higher C5+ selectivity. Furthermore, the new catalysts should also improve the process efficiency and robustness to both stoichiometric and sub-stoichiometric syngas ratios.

To develop catalysts capable of benefiting from the utilization of the reverse watergas-shift reaction in CO2 rich feeds. The aim here is to reduce the process complexity by avoiding CO2 capture up-stream of the Fischer-Tropsch reactor.

To improve catalyst durability under each and every reaction conditions to avoid the need for replacement/regeneration every few months, a common feature with conventional Fe-containing Fischer-Tropsch catalysts. This will require developing a detailed understanding of the degradation/deactivation mechanisms.

To improve the new catalyst selectivity to produce optimum diesel/gasoline type hydrocarbons, allowing downstream upgrading processes to be removed or simplified.

To demonstrate that the novel catalysts can be produced using scalable industrial processes.

II. State of the art

II.1. Fischer-Tropsch synthesis (FTS)

II.1.1. A brief history of the Fischer-Tropsch synthesis

The Fischer-Tropsch (FT) reaction is the chemical heart of the gas -to-liquid technology (GtL).

This highly exothermic reaction converts synthesis gas into a large range of linear hydrocarbons, which is represented as followed: Tropsch synthesis [ 7 ]. In an US patent, they reported the syngas conversion over cobalt catalysts at a pressure above 5 atmospheres and temperature between 200 °C and 500 °C [ 8 ].

(
However the reaction was reported to be non-selective and to produce a complex mixture (aqueous solution, aldehyde, organic phases, saturated and unsaturated hydrocarbons). Due to this, the newly discovered reaction did not catch the attention of industrials who preferred to stay focused on pure and valuable products such as methanol and ammonia.

Therefore it was only after Franz Fischer and Hans Tropsch, from the Kaiser Wilhelm Institute, pioneering work in the 1920's and 1930's that this process became interesting from a commercial point of view [ 9 ]. Later on, the most promising and efficient metallic catalyst for Fischer-Tropsch were determined, the most active metals known for the Fischer-Tropsch synthesis were ruthenium, iron, cobalt and nickel [ 10,11 ]. Iron and nickel were reported as highly effective for carbon monoxide hydrogenation with a high methane selectivity in the case of nickel [ 12 ]. Cobalt appeared to be the most efficient active phase for long chain production [ 13 , 14 ]. Furthermore promoters were identified and added in the catalyst formula 

II.1.2. X-to-Liquid technologies (XtL)

XtL technologies are refinery processes (GtL, CtL, BtL, WtL…) composed of a group of technologies converting solid or gaseous carbon-based sources into products that can be useful as chemicals and fuels (naphtha, gasoline, kerosene, diesel, waxes…). A variety of carbon-based sources most commonly called feedstocks, are used. The most common one are coal (CtL), natural gas (GtL) and biomass (BtL). From Figure 4 we can see that other types of feedstock can be converted into syngas such as waste (WtL) and shale oil. The transformation of these feedstocks by XtL processes leads firstly to the production of a mixture called syngas a mixture of hydrogen (H2) and carbon monoxide (CO). Following the nature of the feedstock, several processes are being used in the industry, from the gasification of solid sources (biomass, waste…) to the reforming or partial oxidation of natural gas [ 24 , 25 ]. Usually the syngas mixture is converted into the so-called syncrude, before being upgraded in very specific valuable products such as fuel gas, diesel, kerosene… (Figure 4). 

Syncrude to products

• Refinery processes

Products

• Fuel gas, Gasoline, Naphta, Kerosene, Diesel, Waxes • Chemicals

Tropsch synthesis lies at the heart of the XtL process, however it is actually only a small part of the overall process (Figure 5). Autothermal reforming (ATR): Oxygen and carbon dioxide or steam are used in a reaction with methane to produce syngas. The exothermic reaction generally takes place in a single chamber where the methane is partially oxidized. Different syngas ratios can be obtained following the type of gases used in the process carbon dioxide gives a H2/CO ratio of 1:1 meanwhile steam gives a H2/CO ratio of 2.5:1. The reactions are described as follows: (Equation 3) and (Equation 4) using CO2 and steam, respectively:

(Equation 3) 2CH4 + O2 + CO2 → 3H2 + 3CO + H2O (Equation 4) 4CH4 + O2 + 2H2O → 10H2 + 4CO

Partial oxidation (POX) and catalytic partial oxidation (CPOX):

In POX and CPOX, the feed stream (mainly methane, CH4) is mixed with oxygen and steam and fed to a high temperature flame between 1573 and 1773 K (Equation 5). The feed is then partially combusted. The syngas produced has a H2/CO ratio close to 2, which is attractive for several chemical syntheses like direct methanol synthesis or Fischer-Tropsch synthesis.

(Equation 5)

4CH4 + O2 + 2H2O → 10H2 + 4CO ΔH298K = -22 kJ.mol -1
Syngas processing: Purification of the syngas to get rid of undesired compounds such as chlorine, sulfurous compounds… Another reaction called the water-gas shift (WGS) reaction may happen during the FT process, especially in the case of Fe-based catalyst, this reaction is reversible [ 11 , 28 , 29 ]:

(Equation 10) Water-gas-shift: ΔH298K = -41.1 kJ.mol -1

II.1.4. Product distribution and selectivity

Fischer-Tropsch synthesis is kinetically controlled and follows a polymerization mechanism, in fact CH2 group polymerizes on the catalyst surface. The product selectivities are determined by the capacity of a catalyst to catalyze the chain propagation instead of the termination reactions. Therefore the product selectivities of Fischer-Tropsch synthesis can be described with a simple statistical distribution, better known as the Anderson-Schulz-Flory (ASF) distribution [ 31 ]. When considering the ideal case, the chain growth probability (α) is independent of carbon chain length. α can be expressed by two parameters, the rate of propagation or rate of chain growth (rp, allowing the growth of CnH2n by addition of a CH2 monomer) and the rate of chain termination (rt, termination reaction leading to the final product) which gives the following formula for a given chain length n:

(Equation 11)

The mole fraction (Mn) of a hydrocarbon (Cn) which has a chain length of n carbon is expressed as followed:

(Equation 12)

The weight percent (Wn) of a Cn product containing n carbon is derived by this equation:

(Equation 13)

With m representing the monomer's mass considered, n is the unit number of monomer used (in the case of a -(CH2)-monomer, n represent the carbon number in the chain). This equation is used to determine the experimental growth probability α. We finally obtain the following equation:

(Equation 14)

The ASF plot of is used to determine the slope equal to log (α) at high n values by least square adjustment.

However the ideal ASF curve has never been observed. Generally several α are needed to describe the ASF distribution [START_REF] Sesderens | Nouvelles synthèses du méthane[END_REF][START_REF] Casci | Tropsch catalysis: The basis for an emerging industry with origins in the early 20th Century[END_REF]. In non-ideal cases, CH4 proportion is much more important. Figure 7 displays the predicted ASF distribution for the range of products. For high α values the product selectivity is shifted toward the high chain products whereas at low α values, the selectivity tends to produce smaller molecules [ 32 ]. Besides, it is essential to realize that the chain growth probability can be affected by the catalyst and the process operating conditions (temperature, pressure, H2/CO ratio…).

Selectivity in methane, and other products also depends on these conditions.

To conclude, the Fischer-Tropsch synthesis is a multifaceted and difficult process to understand, many variables can modify and enhance the FTS selectivities and activities of the reaction. Depending on the desired products, conditions need to be carefully adapted.

II.2. Iron-based FTS catalysts

Although already applied at industrial scale about one century ago, the Fischer-Tropsch process is gaining renewed interests as it is a key step for converting alternative feedstocks, including biomass to transportable fuels. Ruthenium, nickel, cobalt and iron are all catalytically active in Fischer-Tropsch synthesis, though mainly cobalt and iron are used in the gas -to-liquid process (GtL) [ 10 ]. Nickel shows undesirably high methane selectivity, while ruthenium resources are scarce and expensive, and therefore both elements are not commonly used.

Owing to its high activity for Fischer-Tropsch synthesis, its good stability towards deactivation, its high selectivity to linear products, and its low water-gas-shift (WGS) activity, cobalt remained the preferred catalyst for Fischer-Tropsch synthesis [ 28 , 33 , 34 ]. However due to the higher price of Co compared to Fe, iron-based Fischer-Tropsch catalysts are increasingly reinvestigated [ 11 ]. In addition to its relatively cheap price and availability (4 th most abundant element in the earth's crust), iron-based catalyst have additional advantages on cobalt: it is less impacted by operating conditions (pressure, temperature), it is less sensitive towards sintering, the product spectrum can be tuned to a wider range (alcohols, alkenes,…) and under high temperature the product spectrum is more directed to short-unsaturated hydrocarbons chain [ 35 ]. Also iron-based catalysts are known to be active toward the water-gas-shift reaction. This reaction consumes CO and water formed during FTS reaction to produce additional hydrogen and carbon dioxide (CO2).This particular aspect of iron-based catalysts is important when syngas with a non-stoichiometric amounts of hydrogen is used. WGS helped to counter-balance the lack or excess of hydrogen in the feed. Therefore, WGS can become a major advantage for iron catalysts when used appropriately.

Nevertheless state of the art iron catalysts show lower activity (per volume), lower selectivity as they produce a significant and undesirable quantity of CO2, and show a much faster deactivation [ 36 ]. A comparison of the main characteristics of the four metals discussed above are shown in Table 3. Besides having lower FT activity than cobalt-based catalysts, iron-based catalysts are known to be very active towards the water-gas-shift reaction (WGS), a reaction that is very limited in the case of cobalt:

(Equation 15) Water-gas-shift: ΔH298K = -41.1 kJ.mol -1 One of the main (by-)products of the FT synthesis is water. The amount of water present in the reactor during FT depends on various parameters such as conversion, reactor system and catalyst. For iron it has been shown that water and CO may oxidize iron during FT synthesis [ 11 ]. Furthermore it is well known that magnetite (Fe3O4) catalyzes the water-gas-shift reaction [ 30 ]. Therefore researchers consider that magnetite may be the phase responsible for the WGS activity of iron catalysts during FTS. 

b. Iron phases influence on activity during the Fischer-Tropsch synthesis

Generally the main challenge in designing iron-based FTS catalyst lies in developing a more active and more stable iron Fischer-Tropsch synthesis catalysts. Typical Fe based catalysts have high metal loadings (>70 %wt.) and contain many different phases, strongly limiting the establishment of structure-activity relationships. During FTS, a complex mixture of iron phases is formed. Through the different reaction steps of the Fischer-Tropsch synthesis (activation, deactivation…), metallic iron, iron oxides (hematite α-Fe2O3, maghemite γ-Fe2O3, magnetite Fe3O4, wüstite FeO…) and iron carbides (cementite Fe3C, Häggs-carbides χ-Fe5C2) are believed to coexist [ 11 , 43 ]. Even though in literature carbides iron species are believed to be the active phases for FTS, the exact role of each phases in the activation and deactivation of iron-based catalyst materials is still highly disputed and remained controversial [ 11 ]. In the following part each family of iron phases will be described and their known role in the FTS reaction explained.

Iron oxides are the most commonly found iron phases in nature. Small iron oxide crystallites, either present as hematite (α-Fe2O3), goethite (α-FeO(OH)) or magnetite (Fe3O4), may constitute the fresh FTS catalyst, however α-Fe2O3 is generally the main constituent of the fresh catalyst. There are sixteen iron oxides in total [ 43 ] which include also iron hydroxides and iron oxide hydroxides. All of them are reported in the following table (Table 4). The most commonly found iron oxides during Fischer-Tropsch synthesis are α-Fe2O3, γ-Fe2O3, Fe3O4, FeO and FeO(OH). α-Fe2O3 is generally the starting material for iron-based catalysts. In H2 atmosphere the α-Fe2O3 is reduced in Fe3O4, FeO and metallic Fe [ 44 , 45 , 46 ]. The reduced Fe3O4 is transformed continually to FeO phase, or reduced directly to metallic iron, thus we generally have Fe2O3 -> Fe3O4 -> FeO -> Fe. Under CO or syngas atmosphere these reduced iron species could be converted into different types of iron carbides (such as χ-Fe5C2, ε-Fe2.2C, and θ-Fe3C). Metallic iron can never be found in nature, as it is not stable in air. There are two forms of metallic iron, the first one can be found at low or moderate temperature (< 900 °C) and is called ferrite or α-Fe, the second one, austenite, or γ-Fe is only formed and stable at high temperature (> 900 °C). They have a body centered cubic (bcc) and face centered cubic (fcc) crystal structure, respectively. During FTS reaction, α-Fe is generally the only seen metallic iron species as FTS is generally done at a temperature range lower than the temperature of formation of austenite. α-Fe is generally formed during the reduction of the fresh catalyst (mainly α-Fe2O3) in reductive atmosphere. Metallic iron just like metallic cobalt is known for its ability to adsorb on its active surface sites and dissociate CO. This is generally leading to its transformation into various kind of carbides phases by incorporation of the carbon into the crystal interstices. Yet the exact role of metallic iron in FTS is still highly disputed [START_REF] Li | Effects of Zn, Cu, and K promoters on the structure and on the reduction, carburization, and catalytic behavior of iron-based Fischer-Tropsch synthesis catalysts[END_REF][START_REF] Wan | Promotional effects of Cu and K on precipitated iron-based catalysts for Fischer-Tropsch synthesis[END_REF]. 

c. Particle size influence on activity

The effect of crystallite size on the Fischer-Tropsch synthesis has been investigated so far mostly on the Cobalt catalyst [ 56 , 57 , 58 ]. Fe did not received as much attraction as Co. In the case of cobalt recent studies have shown a decreasing activity when the particle size decrease below 6 nm [ 56 , 57 , 58 ]. Also the turnover frequency (TOF) evolution can be seen for Co particle sizes below 6 -10 nm and then remain constant for bigger sizes.

In the case of Fe-based catalyst, a size dependency of the activity has been found, but less research on the subject has been carried out and published. Amongst the few, Mabaso et al.

have shown in their work that small iron particles (< 7 -9 nm) supported on carbon nanotubes were less active and had a higher methane selectivity compared to bigger crystallites sized catalysts [ 59 ]. Also recent studies by Park et al. showed an optimum Fe particle size of 6.1 nm in the case of Fe supported on Al2O3 catalysts (Figure 9) [ 60 ].

It has been shown that catalysts containing very small iron crystallites are not as active for the Fischer-Tropsch synthesis as catalysts containing larger crystallites [ 59 , 60 ]. Nevertheless, it is not clear yet whether this is caused by a decrease in the intrinsic activity due to the diminution in size of iron crystallites or whether the size dependency comes from the size-dependent phase transformation (iron phases are more or less reducible and sensible to FTS conditions depending on the particle size, therefore modifying the activity of the catalyst). 

II.2.2. Selectivity of Fe-based catalysts for FTS a. Product selectivity of Fe-based catalyst during FTS

The following table reports some Fe-based catalysts that can be found in literature (Table 6). Even though the literature FT tests were conducted under a variety of operating conditions (feed composition, temperature and pressure) and over different catalytic systems, CO2 generally represents a large fraction of the total selectivity of a Fe catalyst.

b. Promoters influence (K, Cu, Mn)

To improve the selectivity of iron-based catalysts, chemical promoters such as K, Cu, Mn, Zn,

Cr… have been integrated into iron-based catalyst [ 43-52 ]. K and Cu are the most commonly used chemical promoters for iron-based FTS catalysts. Extensive studies have been conducted

to discover the exact role of these promoters in the FTS reaction [ 43-46, 49, 51-53 ].

It is acknowledged that Cu can facilitate reduction of Fe oxides at low temperature and promote the formation of the active phase [ 43, 52, 54, 55 ]. While the role of Cu in facilitating catalyst reduction has been widely accepted, its influence on the FTS product distribution has not been well addressed. Some found that Cu has no effect on selectivity whereas others found that selectivity was improved or suppressed.

Several promoters like alkali metal promoters (Li, Na, K) were reported to influence the catalytic performances of iron-based FTS catalyst. K, the most widely studied promoter, is known to decrease or suppress the methane formation, to improve the olefin selectivity and shift selectivity to higher hydrocarbons chains. It also improves the dissociative adsorption of CO, strengthens the Fe-C bonds, and facilitates carbon deposition and catalyst deactivation [ 43, 45, 46, 49, 51, 56 ].

c. Particle size influence on selectivity

The different studies on effect of crystallite size on the Fischer-Tropsch synthesis revealed that the catalyst activity (c. Particle size influence on activity) was dependent of size. The same observations were made for the selectivity. In the case of iron-based catalysts, limited studies have been carried out on the subject, still Park et al. [ 60 ] reported the same kind of observation on a Fe/Al2O3 catalyst. Indeed they showed that CH4 and C2-C4 selectivity decreases with increasing particle size from 2 to 12 nm, therefore a C5+ selectivity increase with increasing particle size.

II.2.3. Deactivation of iron based catalysts

The principal challenge for iron-based catalysts in FTS reaction is to overcome their notorious high deactivation rates. Compared to cobalt-based catalysts, iron-based catalysts are known to deactivate rather quickly [ 11 ]. From an industrial or commercial point of view, the cost for replacement and/or regeneration of a catalyst is relatively high and is not something wanted.

Generally catalysts are losing their activity with time on stream. There exist many ways for a catalyst to deactivate, however the use of promoters or some supports can delay or lessen the deactivation rate [ 11 , 36 , 76 ]. Eliason and Bartholomew reported their studies on unpromoted and promoted Fe catalyst [ 36 ]. Figure 10 shows that the temperature do have an effect on the deactivation rate of the Fe catalyst, indeed it is clear when studying these graphs that an increase in temperature drastically increases the deactivation rate of the catalyst. For example, at 250 °C, the activity of the unpromoted Fe catalyst decreases by 30 % in 24 h, meanwhile at 280 °C, it decreases by 90% over the same period of time on stream. Also when comparing the promoted and unpromoted Fe catalysts, it is clearly visible that the promoted one deactivates slower than the unpromoted one. Origins of the catalyst deactivation are numerous, scientists generally ag reed on four main deactivation routes: phase transformation, sintering, deposition of carbonaceous compounds , and poisoning [ 11 ]. Those four possible causes are explained below.

a. Iron phases transformations

The first route for catalyst deactivation is believed to be the active phases (certain carbides and α-Fe, (b. Iron phases influence on activity during the Fischer-Tropsch synthesis)

transformations into less active or inert phases (oxides and different carbides phases). In literature, it is acknowledged that the active phase progressively oxidized to less FTS active phases such as magnetite (Fe3O4) believed to be FTS inactive and more WGS active. Also some are considering that the deactivation may come from the transformation of carbides phases into other carbides less FTS active [ 36 , 77 , 78 , 79 , 80 , 81 , 82 ] (Figure 11). Indeed, water strongly oxidizes metallic iron into iron oxides. Iron carbides however is known to be more resistant to oxidation by water [ 11 ].

b. Deposition of carbonaceous compounds

The second route for catalyst deactivation is believed to be the deposition of carbonaceous compounds [ 11 ], either by formation of polymeric or graphitic carbon or by carbidic carbon.

The active surface sites of the FTS catalyst can be blocked or fouled by carbon poisoning.

Under typical FTS conditions, hydrocarbons, waxes and insoluble carbonaceous compounds are formed, those carbon species lower the catalyst activity, partially block the catalyst pores, and thus limit the access to the active sites (Figure 12). Carbonaceous compounds deposition permanently block the access to active sites leading to a decrease of activity and an increase of CH4 production. The carbon deposition onto the catalyst active site can be described by the following reaction:

(Equation 9) ΔH298K = -172.4 kJ.mol (Equation 16) (Equation 17)

When temperature increases the rate of carbon deposition increases, meaning that carbon deposition is temperature sensitive. At high temperature, graphitic carbon formation is favored, leading to coke deposition. The catalyst pretreatment conditions plays an important role. Indeed, pre-reduced catalysts tend to be more prone to carbon deposition compared to fully carburized catalysts. Also it is known that carbides are progressively converted into carbon deposits [ 81 , 83 , 84 ]. 

c. Sintering and loss of catalytic surface area

The third cause for catalyst deactivation is believed to be sintering or thermal deactivation.

Iron catalysts can deactivate by loss of active surface due to sintering of the active phase. To be more exact, the small crystallites composing the active phase tend to grow into larger crystallites (Figure 13) [ 11 , 85 , 86 ]. [ 86 ] reported that high partial pressure of water in the catalyst bed reactor could be one of the cause of particles sintering and, therefore catalyst deactivation. Two mechanisms for sintering were proposed by scientists, namely the particle migration and coalescence (PMC) and the Ostwald ripening (OR) (Figure 14). PMC implicates particles mobility and diffusion in a Brownian-like motion on the catalyst surface, following by coalescence, which leads to the particles growth when they come in close proximity with each other. Ostwald ripening implicates migration and transport of ad-atoms and/or molecular species with larger particles growing at the expense of smaller particles due to surface free energy differences (large particles possess a lower free energy than small particles). 89 ], suggested that, in the case of a well particles dispersed material, the Ostwald ripening seems to occur first when mostly very small particles are present. Larger particles are therefore formed, and thus are more effectively mobile and migrate on the surface to sinter together.

d. Poisoning

The last possible route for catalyst deactivation is by poisoning [ 11 , 90 , 91 ]. Chemical poisoning consists of strong chemisorption of reactants, products or impurities on the catalyst available active sites (Figure 15). A species is considered as a poison if it competes for catalytic active sites with other species, subsequently having a stronger adsorption, preventing reactant species to adsorb on the sites and carrying out the reaction. Most well-known poisons species are oxygen, chlorine, bromine and sulfur. Sulfur species especially is known for its capacity, at 

Particles migration and coalescence

high concentration, to lower the catalyst activity during FTS, and, at low concentration, to enhance the olefin selectivity and catalyst reducibility [ 66, 67, 71, 91 ]. Poison species are generally part of the feedstock at the beginning of the entire process, several steps of cleaning and treatments of the syngas is done before the FTS reactor, however a few ppm of those species can still be leftover, leading nevertheless to the catalyst deactivation. 

II.2.4. Conclusion

Iron has unlike features, compared to cobalt or ruthenium, which can impact activity, selectivity and deactivation of the catalyst. FTS and WGS activities are controlled by the different iron phases that constitute the catalyst, however the exact role of each of these phases remain uncertain. Even though authors are still disputing the possible roles of the various phases, one's can agree that some phases tend to be more active for FTS (like metallic Fe or carbides) and for WGS (like oxides, Fe3O4). Furthermore, activity of iron-based FTS catalysts is dependent upon many different factors like FT operating condition parameters (temperature, pressure, gas partial pressure…) and particles size. The complexity of the FTS reaction combined with the complex behavior of iron phases make the study and development of iron catalysts for FTS really challenging to fully apprehend.

Furthermore the parallel reaction called the water-gas-shift reaction is happening at the same time as FTS, changing the gases partial pressure (CO, H2, CO2, H2O) in the reactor leading to a modification of the selectivity (high CO2 selectivity). Selectivity of iron-based FTS catalysts is dependent upon various factors such as FT operating condition parameters (temperature, pressure, gas partial pressure…), promoters inferences and particles size. Nevertheless, watergas-shift reaction is intrinsic to iron-based catalyst. Finally, iron-based FTS catalysts are well-known for their quick and high deactivation rates, compared to other metallic catalysts such as cobalt or ruthenium based ones. Although scientists tend to agree that there exist four main deactivation pathways responsible for the catalyst deactivation, i.e. phases transformations, sintering, carbon deposition and poisoning, the lack of knowledge and understanding in the field make the study of iron catalysts quite challenging.

II.3. Effect of CO 2 -containing syngas mixture over Fe-based catalysts in FTS

Synthesis gas or syngas derived from coal, natural gas or biomass is generally a mixture of H 2, CO, CH4 and CO2. Most of the time, CO2 is a significant component in the syngas mixture, therefore it requires expensive purification steps which increases the cost of the overall XtL process. However, due to depletion of crude oil resources, there is a need to improve the carbon utilization efficiency. Therefore, using CO2, instead of removing it, as reactant for the FTS (by adding it to the feed or by replacing directly CO) is attracting attention. R ecent studies have discussed the potential advantage if CO2 is not removed before the FTS synthesis takes place. The idea being the hydrogenation of CO2 along with CO in the Fischer-Tropsch reactor [ 92 ].

In the case of cobalt-based catalyst for the Fischer-tropsch reaction, CO2 is believed by many researchers to act as an inert diluent [ 91-96 ] at low temperature. Riedel at al. [ 97 ] noted that increasing the CO2 content (while decreasing the CO, to maintain the total pressure and inlet flow rate), shifted the usual FT product distribution toward the exclusive production of methane. They concluded that CO2 acted as a diluent for the FT reaction while it is a reactant for the methanation reaction. In the same order of idea, Zhang et al. [ 96 ] concluded from the product distributions that the CO2 and CO hydrogenation appears to follow different reaction pathways. More recently, Yao et al. [ 92 ] said that CO2 and CO mixtures can be used as feed for cobalt catalyst. They claimed that CO2 is not an inert gas but can possibly be converted into hydrocarbons products using a syngas with high CO2 content. However the exact role of CO2 on the cobalt-based catalysts FTS reaction remains controversial. Furthermore, the reason of the different reactivity of CO and CO2 on cobalt-based catalyst is still debated [ 91, 92 ].

Not only iron catalysts are known to be low cost catalysts, but they also demonstrate high activity for both FT and water-gas shift (WGS) reactions, which make them good candidates for syngas with low H2/CO ratios. Compared to cobalt-based catalysts, iron-based catalysts are good candidates for CO2 co-feeding or hydrogenation. This is principally due to either the intrinsic WGS (R-WGS) reaction of iron-based catalyst [ 94 , 96 , 99 , 100 ] or the direct hydrogenation of CO2 to hydrocarbons [ 101 ]. The formation of CO2 by the water-gas shift (WGS) reaction limits carbon utilization efficiency. Therefore, there is a need to control the WGS and to understand the impact of CO2 onto the FTS reaction. Iglesia et al. [ 99 ] explained that as the WGS reaction is a reversible reaction, the CO2 formed during this reaction can be minimized by increasing the rate of the R-WGS reaction, with the possible addition of CO2. The presence of CO2 inhibits the neat rate of WGS during FTS on iron-based catalysts. He explains that CO2 addition in the feed results in the reduction of CO2 formation during FTS and that oxygen is preferentially removed as H2O via the WGS reaction. Furthermore, the reduction of CO2 formation lowers the H2/CO ratio in the reactor which in return gives a higher C5+ and olefins selectivity in the products. Therefore, Iglesia et al. [ 99 ] claim that recycling CO2 formed during FTS can be used to improve carbon efficiency. Others research by Xu et al. [ 102 ] and Yao et al. [ 92 ] established that CO2 is hydrogenated only at low CO partial pressure due to a relevant contribution of the R-WGS under these conditions. However, when CO2 is converted, the selectivity to methane suddenly rises up with a diminution of the C2+ hydrocarbons selectivity [ 92 ]. Other researchers have found that a comparison of the product selectivity between CO and CO 2 hydrogenation on iron-based catalysts shows that CO2 hydrogenation has a higher selectivity for light hydrocarbon products with a low alpha distribution. Most of the literature on the subject report that CO2 can be effectively hydrogenated at low CO partial pressure [ 94 , 96 , 99 , 98 ]. Others claim different effects of the presence of CO2 on CO conversion and product distribution. Chun et al.

[ 103 ] observe an inhibition of the hydrocarbon yield by the CO2, also they report that the product distribution and the olefin to paraffin ratio is not affected by CO2 presence in the feed. Fletcher J. [ 104 ] carried out isotopic experiments, switching between a mixture of H2/CO/ 12 CO2 and a mixture of H2/CO/ 13 CO2 once steady state is achieved. His objective was to determine if CO2 can be directly hydrogenated to hydrocarbons or if CO2 first reacts to CO in the gas phase before adsorbing on FT catalytic sites for hydrocarbons formation. In the end, no direct CO2 hydrogenation was found, therefore he proposed that the CO2 is first transformed into CO before it can be incorporated into CH4 and any other hydrocarbons products of the FT synthesis. Further works need to be done on the exact role of the CO 2 during FTS on ironbased catalysts.

III. Fe-zeolite core-shell system for Fischer-Tropsch synthesis

The concept of coating FTS catalyst particles with zeolites to tune the product selectivity [ 65 , 105 , 106 , 107 , 108 , 109 ] was first introduced by Tsubaki and co-workers [ 105 ]. A catalyst in the form of a capsule catalyst was prepared by coating an acidic H-ZSM5 zeolite on a pre-shaped Co/SiO2 catalyst pellet (Figure 16). The cobalt catalyst was tested under Fischer-Tropsch conditions. The catalyst exhibits excellent selectivity for light chains hydrocarbons, especially for isoparaffins, while suppressing totally the long chained hydrocarbons. Tsubaki et al. use H-ZSM-5 as a coating membrane due to its molecular diffusion rate in the pores, its shape selectivity, as well as for its acidic properties. In more details, the syngas (H2 and CO) diffused inside the micropores system and reacts onto the Co/SiO2 pellet. Hydrocarbons are formed and diffused back into the H-ZSM-5 membrane, where they are cracked and isomerized by the acidic sites inside the zeolite. The low diffusion rate of long chain hydrocarbons in the zeolite membrane makes them stay in the membrane layer longer, having a higher possibility of isomerization and cracking reaction inside the zeolite. Characterization of the iron-based micro-capsuled catalyst shows a size of micro-capsule of about 1 -2 μm (Figure 18). The iron catalyst should in principle operate in the same way as the coated Co/SiO2 presented before. The mesoporous pores and channels of the microcapsuled iron-based catalyst core offer a high diffusion rate of reactants and products, while the H-ZSM-5 micropores shell with acidic sites affords to hydrocrack and isomerize long chain hydrocarbons. The spatial confinement effect of the H-ZSM-5 zeolite shell acted as an important factor in the improvement of isoparaffin selectivity. No precise information is given on the particle size distribution and morphology of the microcapsuled iron-based catalyst. In addition, no iron phase characterization was carried out in this work.

In this study, we aim at developing an iron-based catalyst with high dispersion and good control on the particles size. The size of our Fe particles encapsulated in zeolite is estimated at 3.5 nm in average, whereas for Tsubaki et al. no such information can be obtained. Also, the size of the zeolite system in our study is of 200 to 100 nm while Tsubaki designed a system 10 times larger (1 -2 μm). Furthermore, the use of non-acidic silicalite-1 zeolite, instead of H-ZSM-5, will prevent cracking and other interferences from the zeolite onto the reaction process, making the Fischer-Tropsch performances easier to link with the iron particle phase.

Consequently, the novel designed iron-based catalyst developed in our study differs from the ones that can be found in the literature, especially by the dimension of the system. 

I. Catalyst preparation

The synthesis of iron nanoparticles encapsulated in silicalite-1 catalyst is a multi-step process (Figure 19). This synthesis has been adapted from a previous study by Tuel, A. et al. [ 110 , 111 ] on noble metal. This catalyst will be denoted all along this work as Fe@hollows -silicalite-1, with @ meaning "encapsulated in", while the use of / in the name of a catalyst means "supported on". Briefly, the silicalite-1 is impregnated with an iron aqueous solution, then a dissolution-recrystallization treatment with TPAOH is carried out, finally a calcination followed by a reduction is done. The following parts described more accurately the different required steps for the synthesis of the iron nanoparticles encapsulated in silicalite-1 catalyst.

I.1. Silicalite-1 synthesis

Silicalite-1 nanocrystals are prepared from the crystallization of a clear gel containing 1M tetrapropylammonium hydroxide solution (TPAOH), tetraethyl orthosilicate (TEOS) and water.

In a typical preparation 140 mL of TEOS (0.62 mol) are dispersed in 250 mL of TPAOH (alkalifree, 1 M solution) under stirring. After a few minutes for homogenization, 200 ml of distilled water is added to the mixture, then the mixture is heated to 80 °C for 3 h and vigorously stirred to remove the alcohol formed by hydrolysis of TEOS. The resulting gel with the following composition in mole, 1 SiO2 : 0. 

I.2. Impregnation of silicalite-1 by incipient wetness

Fe/silicalite-1 samples are prepared by following the incipient-wetness impregnation method.

The pre-degassed silicalite-1 is impregnated with an aqueous solution of the metal salt iron (II) sulfate heptahydrate (Fe(II)SO4.7H2O, Fluka 99.5%). Additives like Cu and K (Cu(NO3)2.3H2O, KNO3) can also be added to the impregnation solution. In a typical wet impregnation, 1 g of silicalite-1 is impregnated with 1 ml of iron precursor aqueous solution. The mixture is stirred at 50 °C until evaporation of water is completed. The obtained solid is dried at 90 °C overnight.

The exact concentration of the impregnated solution is indicated in the synthesis description in Chapter 3.

I.3. Preparation of Fe@hollow-silicalite-1

An alkali-free TPAOH solution with a concentration of 1M is prepared by exchange of 66.6 g of TPABr with 29 g Ag2O in 250 ml water for 10 min in complete absence of light (Equation 18). The AgBr precipitate is separated by filtration on a Büchner.

(Equation 18) Ag2O + 2TPABr + H2O 2TPAOH + 2AgBr

Fe@hollow-silicalite-1 is prepared by a dissolution-recrystallization process in the presence of 

I.4. Reduction procedure of Fe@hollow-silicalite-1

The synthesized Fe@hollow-silicalite-1 is reduced under hydrogen at high temperature to form the metallic nanoparticles. Typically the sample is inserted into a quartz reactor which is then fixed in an oven. Approximately 40 mL/min hydrogen is used for the reduction of the iron. The oven is brought at 750 °C in 3 h and stay at this temperature for 3 more hours. This procedure is applied also in the case of copper dopant.

II. Characterization techniques for catalyst analysis II.1. Powder X-ray Diffraction (XRD)

Powder X-ray diffraction spectroscopy is a technique used to determine the structure of a crystal and/or solid, in other word, the different phases contained in a sample. Furthermore, by using the Debye-Scherrer equation, the mean particle size of crystallites can be estimated.

X-ray diffraction (XRD) patterns of the solid were recorded on a Bruker D8 Advance diffractometer using CuKα radiation (Figure 22). Diffraction patterns were collected between 4 and 80° (2Θ) with steps of 0.02° and 1 s per step. When the incident beam of monochromatic X-ray emitted by the X-ray source enter in contact with the material, the beam is scattered. In a crystalline structure the scattered beam undergo constructive and destructive interference. This process is called diffraction. Diffraction of Xrays by a crystal is described by Bragg's law:

(Equation 19)

is the wavelength of the incident beam ( =1.54184 Å), n is a positive integer, θ is the scattering angle and is the interplanar distance (distance between two crystallographic planes). Size and shape of the unit cell, as well as the arrangement of atoms in a crystal structure, can change the directions of diffraction and the intensity of the diffracted beam. In a powder, several small crystallites domains randomly orientated coexist, therefore the 

Figure 23 | Bragg's diffraction (left) and X-ray incident beam on randomly orientated crystallites (right).

X-ray diffraction can be used to estimate the mean particle size of crystallites in a domain between 1 to 100 nm by applying the Scherrer method: (Equation 20) K is the Scherrer constant, λ is the wavelength of the apparatus, θ is the diffraction angle and B(2θ) the peak width (FWHM).

II.2. Elementary Analysis (ICP-OES)

Elemental analysis (EA) gives information about the loading of iron in the zeolite. EA is carried out by Inductively-Coupled Plasma Optical Emission Spectroscopy (HORIBA Jobin Yvon Activa ICP-OES). The samples are first dissolved in an acid solution (mixture of HF, H2SO4 and HNO3 solutions), which is then introduced into the spectrometer. Excited atoms and ions produced from each element emit a characteristic radiation whose intensity is measured. This intensity is then correlated to the amount of each element. 

II.3. N 2 adsorption/desorption

N2 adsorption and desorption isotherms give information on the material pores and mesoporous/microporous volume. N2 adsorption and desorption isotherms are measured on an ASAP 2020 from a Micromeritics apparatus. Samples are first pretreated by calcination under vacuum (10 -9 bar) at 300 °C. After the pretreatment, the cell is put under N2 and placed under vacuum between 10 -7 -10 -8 bar at the liquid nitrogen temperature (77 K). The nitrogen pressure is then increase at different P/P0 until it comes closer to P/P0 = 1.

Apparent surface area is calculated using the BET method and the microporous volume estimated from the t-plot curve. The y-intercept of the extrapolation of the t-plots curves to x = 0 is used to determine the presence of micropores and/or mesopores in the materials.

II.4. Transmission Electronic Microscopy (TEM)

Transmission electronic microscopy gives tremendous information on the structure, morphology and localization of particles in a material. Particle size distribution and dispersion can be derived from TEM images.

II.4.1. Sample preparation

The sample is prepared first by grinding the catalyst in a mortar with a small amount of ethanol. The ethanol solution with catalyst suspension is then place for a few minutes in an ultrasonic bath in order to get a homogeneous suspension and break agglomerated particles.

A drop of this solution is deposited on a holey carbon film Cu grid. The grid is dried at room temperature. In this work, the TEM was an essential technique to verify the shape of our material as well as the localization of our particles. Most materials observed were in the range of nanometer.

II.4.2. Transmission Electronic

II.4.3. Energy Dispersive X-ray spectroscopy

The microscope is equipped with an EDX Link ISIS analyzer from Oxford Instruments. It is possible with EDX to identify the elements present in the sample. When the electron beam passes through the sample, X-ray is emitted by the material. X-rays can be detected and measured, then it is compared with the characteristic spectrum of each element. Furthermore the number of photons emitted by the species in the material is proportional to the mass concentration of these species. Therefore this techniques can be correlated with the ICP-OES elemental analysis even though being less accurate. EDX is hence used to provide the constitution of particular area in the sample or the constitution of a particles itself, in the case of alloy or bi-metallic particles.

II.4.4. Study of nano-particles with TEM

In this work, with TEM images, the size distribution and dispersion of our particles were obtained by counting around 500 particles with the help of Image J software. Two different methods of calculation of the metal particles dispersion are used here, either by following the Handbook method [ 112 ] using the average diameter to make the calculation (not a very accurate method) or by using the method of Van Hardeveld and Hartog [ 113 ]. This last one is estimated from the size distribution using a cub-octahedral model and by considering the percentage of surface atoms among the overall atoms in each metal particle.

Handbook model [ 112 ]: with TEM images the diameter of 500 particles is calculated, therefore an average value of the diameter can be calculated (this method can be use if the size distribution is quite narrow otherwise it will not be accurate). Then the dispersion can be calculated by the following formula:

(Equation 21) D is the metal particle dispersion in %, Vm is the volume occupied by an atom in bulkmetal in Å 3 , Am is the area occupied by a surface atom in Å 2 and da is the mean particle size in Å. The value for Vm and Am are taken from the table of the Handbook.

Van Hardeveld and Hartog model [ 113 ]: As explained above, this method consists of considering a cub-octahedral model and by using the Cardan method to solve third-order equation, the number of surface atoms in each metal particles can be calculated and therefore we can calculated the dispersion.

II.5. Environmental Transmission Electronic Microscopy (E-TEM)

To investigate particles localization in a material, tomography 3D reconstruction was performed with the Environmental Transmission Electron Microscope (Cs -corrected TITAN ETEM G2 FEI, 80 -300 kV) at CNRS (Figure 25). The objective was to obtain a three-dimensional spatial image of our material. 

II.6. Mössbauer spectroscopy

Mössbauer spectroscopy was carried out to identify and quantify the different iron phases present in the samples. This technique is very sensitive to iron environment and thus provides very valuable information on the environment and oxidation state of the Fe species.

A 57 Co/Rh γ-ray source and a conventional constant acceleration Mössbauer spectrometer were used for spectra collection. The integrated areas under individual de-convoluted peaks have been used to obtain the relative populations of the different iron species. Isomer shifts (IS) are given with respect to α-Fe and are calculated as quadrupole splitting (QS) with a precision of about 0.02 mms -1 . Hyperfine field relative intensity: 0.1 T. The relative areas of observed spectral components have been used to quantitatively evaluate the relative amounts of the iron species present in the catalysts. This has been done by assuming equal recoil-free fractions for all Fe species.

II.6.1. Ex-situ Mössbauer

Mössbauer spectroscopy was carried out on the fresh and spent iron catalyst directly in air.

The schematic of the setup build for the ex-situ experiment is represented in Figure 26. A Mössbauer spectrometer system consists of a γ-ray source that is oscillated toward and away from the sample by a Mössbauer drive, a collimator to filter the γ-rays, the sample, and a detector. The parameters characterizing a Mössbauer spectrum were determined by least-squares fitting and minimizing the 2 quadratic function:

(Equation 22)

N is the number of measured points, K the number of the parameters to be determined, yi,exp and yi,th respectively measured and calculated spectral values in velocity for each point i. The calculations were made using pure Lorentzian functions.

Mössbauer spectroscopy probes transition between energy states of the Fe nucleus and allows obtaining information about the atom and its surroundings owing to the existence of hyperfine interactions. These hyperfine interactions characterize each iron species and allow identifying and quantifying the iron compounds. Thes e hyperfine interactions are three:

1) The isomer shift (IS):

The isomer shift (δ) measures the difference in electron density at the nucleus in the studied absorbing sample and that at the nucleus of an atom of the source. Because all sources may be different, the isomer shift calculated is expressed related to a reference compound, in our case metallic iron. This shift in the energy levels is related to the interaction between the nucleus and s electrons which wave function overlaps the nucleus. It can be expressed by: (Equation 23)

Mössbauer drive 57 Co source γ Collimator γ
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Where Z is the atomic charge number and e the elementary charge. We have for the potential of the nuclear charge at the distance R from the center of the sphere: U= eZ/4πε0R. When increasing R by ΔR the volume of the sphere is increased by 4πR 2 ΔR. With Ψ(0) as normalized wave function of the s-electron (dimension: m -3/2 ) within the nuclear sphere, we get for the absolute value of the charge density of the electrons e: Ψ(0) 2 . Subscripts "q" and "a" denote source and absorber, respectively.

2) The electric quadrupole splitting (QS):

The 57 Fe nucleus has a positive electrical quadrupole moment. Consequently in the presence of an electric field gradient (EFG) a splitting of the excited state will occur. This splitting is proportional to the magnitude of the EFG. This EFG is due to charges arising from the asymmetrically distributed electrons in incompletely filled shells of the iron atom and to charges on neighboring atoms in the crystal lattice. The quadrupolar splitting can be expressed by: (Equation 24)

Where eQ is the electric quadrupole moment, Vzz the main tensor component, η the asymmetry parameter (η=(Vxx-Vyy)/Vzz), mI the magnetic spin quantum moment and I the nuclear state.

3) The magnetic hyperfine splitting:

The magnetic hyperfine splitting also called Zeeman splitting arises from the interaction between the nuclear magnetic dipole moment and the magnetic field H at the nucleus. It leads to the splitting of both the ground state level and the two exited states . This leads to eight possible transitions among which, only those corresponding to a change in magnetic number is 0 or +1 are allowed. There are thus six transitions and the spectrum consists of six lines often called a sextet or sextuplet.

The calculated internal magnetic field is expressed in Tesla (1 T=10 kOe).

A metallic iron foil sample is used to calibrate the apparatus, the Mössbauer spectrum is given in Figure 27 and the Mössbauer parameters (Isomeric shift (IS, mm.s -1 ), quadrupolar splitting (QS, mm.s -1 ), hyperfine field (T) and relative intensity (%)) are given in Table 7. Ex-situ Mössbauer permits to have a better signal and is easier to perform unlike in-situ Mössbauer. However the spent iron catalyst is partially re-oxidized in air, meaning that the different phases observed might not be representative of the iron phases present during and after the FTS reaction in the reactor.

II.6.2. In-situ Mössbauer

In-situ Mössbauer spectroscopy was also carried out for a more accurate characterization of the iron phases. The schematic of the setup build for the in-situ experiment is represented in 

II.7. Magnetic measurements II.7.1. Theory of magnetism

Magnetism is a physical phenomenon ruled by magnetic fields which can be characterized by repulsive and attractive forces of an object on another. Magnetism comes from two sources, the electric current (or electric magnetic moment) and the spin magnetic moments of elementary particles. Also every material can be influenced to some extent by a magnetic field. When a material is subject to a magnetic field, the material will most likely be oriented or moved depending of the force or direction of the field.

Moreover magnetic state of a material depends on various parameters such as temperature, pressure and the applied magnetic field. Furthermore magnetic behavior of a material depends also of its structure, more particularly its electron configuration. A material may display more than one form of magnetism as these variables change. There exist several type of magnetism:

Diamagnetism (DM): this type of magnetism appears in mostly all kind of materials. It is characterized by the tendency to oppose the applied magnetic field (Figure 29), and therefore being repelled by this last one. In a diamagnetic material, there are no unpaired electrons. Paramagnetism (PM): this magnetism is characterized by a material with unpaired electron in is atomic or molecular orbitals. Thus unpaired electron is free to align its magnetic moment in any direction. When an external magnetic field is applied to such material, those magnetic moments will tend to align in the same direction as the applied field and consequently strengthen it (Figure 29).

Ferromagnetism (FM):

In a ferromagnetic material, there are unpaired electrons. Alike a paramagnetic material, magnetic moments tends to be align in the same direction of the applied magnetic field, furthermore there is also a tendency for the magnetic moments to orient parallel to each other to maintain a lowered-energy state. Consequently even in the lack of an applied field, the magnetic moments in the material spontaneously line up parallel to one another (Figure 29). Also a ferromagnetic material has its own temperature, called the Curie temperature (or Curie point, Tc), which is the temperature above which the material lose its ferromagnetic properties. The most common ferromagnetic materials are cobalt, nickel, iron and their alloys. Antiferomagnetism: In this sort of magnetism, intrinsic magnetic moments of valence electrons tend to orient themselves in opposite directions. Antiferromagnetic materials have a zero net magnetic moment meaning no field is induced by them (Figure 30). This type of magnetism is less common and is mainly observed at low temperature.

Paramagnetism Diamagnetism Ferromagnetism

No field No field No field Field Field

Ferrimagnetism: alike ferromagnetic materials, ferromagnetic materials keep their magnetization in the absence of a magnetic field. Furthermore they look alike antiferromagnetic materials and have the magnetic moments of neighboring pairs of valence electrons point in opposite direction. However the intensity of magnetic moment in one of the direction is more important than the ones pointing in the other (Figure 30). Superparamagnetism (SPM): this type of magnetism is typically characteristic of small ferromagnetic and ferrimagnetic nanoparticles. This implies sizes from a few nanometers to a couple of tenth nanometers depending on the material. Moreover these nanoparticles are made of a single domain particles, which mean that the total magnetic moment of the nanoparticle can be regarded as one giant magnetic moment. In the absence of an external field, the net moment is zero. However as soon as an external magnetic field is applied, the nanoparticles are magnetized and behave similarly as a paramagnetic material with the exception that their magnetic susceptibility is much larger.

The magnetic measurement is based on the superparamagnetic particles theory. The behavior of a set of superparamagnetic particles is given by the orientation of the magnetic moment μ of a particle. The magnetic moment is proportional to the volume of the particles, thus the magnetic response becomes dependent on the particle size distribution of superparamagnetic particles. The macroscopic magnetization is given by the following equation:

(Equation 25)

M is the magnetization (cgs) dependent of the magnetic field H (T or Oe) and the temperature T (°C). Ms is the saturation magnetization (cgs or emu.g -1 or A.m -1 ), L is the Langevin function, D is the particle size diameter and fv is the particle size distribution. The behavior of superparamagnetic particles is described by the Langevin function:

(Equation 26)

With x being the following equation:

(Equation 27)

ρ is the specific volume of the material (kg.m -3 ), σs is the specific magnetization at saturation (emu.kg -1 ), H is the magnetic field (emu) and D the particle diameter (m). emu stands for electromagnetic unit and cgs for centimeter-gram-second unit system.

In this work the magnetization is measured at constant temperature but at variable external magnetic field. Generally materials contain various particles sizes, therefore the magnetic moment of those diverse particles do not orient themselves the same way in the presence of an external field, i.e. large particles first orient themselves, then by increasing the external field, the smallest ones start to align too, until the saturation magnetization Ms (Figure 31). (Equation 28)

M is the magnetization of the material in cgs, U is the tension in V and C is a constant coming from the apparatus (this constant is determined from a metallic nickel sample, here = 4300 cgs.V -1 )

During an experiment, the magnetic behavior (depending of the particles size) is characterized as a function of the magnetic field. From the measured magnetization from 1.5 T to 2 T, the saturation magnetization can be calculated by plotting , and by extrapolating at infinite field (H = ) we can determined the Ms (cgs). That way it is possible to determine the reduction degree of the catalyst, for that the following formula is used:

(Equation 29) *100

Msp(x) is the specific magnetization of the element x considered and m is the mass of this element in the sample in g. In the case of iron Msp (Fe) = 218 cgs.g -1 .

From the measured magnetization from -0.1 T to 0.2 T, the remanent magnetization Mr can be determined. The remanent magnetization is associated to the magnetization left behind in a ferromagnetic material after the external field is removed. Mr is determined by the intersection of the magnetization curve with the y axis therefore solving the equation M = Mr = f(H = 0). If Mr is inferior to 5 -10% of Ms then we can correctly apply the Langevin equation to determine the quantity of ferromagnetic material which is calculated with the following formula:

(Equation 30)

This give also information on the sintering of the catalyst, as an increase in ferromagnetic material can be attributed to sintering of smaller particles.

Finally the magnetization measurement can help estimating the average diameter size of the large (D1) and small particles (D2). For low and high magnetic fields, the reduced Langevin's equation can be used. At low magnetic field (H tends to 0) the average large particle size diameter can be determined by the following equation:

(Equation 31)

At high magnetic field (1/H tends to 0) the average small particle size diameter can be determined by the following equation:

(Equation 32)

II.7.2. Experimental setup

Magnetic measurement are being done with the Weiss extraction method, hence the sample is placed in a quartz tube which can moved up and down (with a pneumatic jack) in the uniform magnetic field induced by two electromagnets (from -0.1 T to 2 T). During the experiment an electrical voltage is created and measured with an integrated measuring coil (Figure 33). Magnetic measurement are carried out at room temperature.

The quartz reactor can be connected to different gases such as CO, H2 and Ar in order to do in-situ Fischer-Tropsch on the sample. An oven can be installed on top of the electromagnet and be heated up to 400 °C. That way FTS can be carried out at high temperature under H2/CO ratio 2:1 before being cooled down, then magnetic measurement can be made. Thus this technique help to follow the evolution of magnetic properties of the catalyst during FTS. The cell is then connected to the full setup, constituted of a feed system, with different gases, and the analysis system (XRPD, XAS and MS) (Figure 35). The heating system is placed right below the catalyst bed. 

II.8.2. Methodology of measurements

First of all XRPD and XAS measurement scans are conducted on the fresh catalyst. Helium is first introduced into the system in order to reach a pressure of 18 bars, then the syngas mixture (H2/CO = 2 and GHSV ≈ 15000 L.kgcat -1 .h -1 ) is introduced. The glass reactor temperature To start the experiment, a flow of H2/CO/N2 in the desired proportion is sent to the reactor.

The temperature is then rose up to the desired temperature of operation. Then, the pressure is applied in the system thanks to a back pressure regulator, fixed to attain 20 bars. When the desired pressure is stable, the test starts and the analysis by GC-online is started. The test is then carried on for a period of 100 hours. To stop the catalytic test, the flow of H2/CO is stopped, only the flow of N2 remains to purge the system. At the same time the back pressure regulator is closed, permitting to the pressure to drop step by step until reaching the atmospheric pressure. The system is kept at the temperature of operation for two days to fully evacuate the waxes outside the catalytic bed. The temperature of the rig and hot box is then after stopped and the all setup is cooled down. When cold, the reactor can be disconnected from the setup and open to retrieve the catalyst. The catalyst is then taken to the various analytical techniques to fully characterize it. In the case of bulk-type catalysts (the JM commercial catalyst and the nano-structured α-Fe2O3 catalyst), waxes are trapped in the hot trap set at 120 °C. As this type of catalyst produces large quantity of waxes, it is necessary to use the two traps. However, in the case of the supported catalysts and encapsulated one (Fe/hollow-silicalite-1, Fe/SiO2 and Fe@hollowsilicalite-1), the traps are not used. They produce so little waxes that the traps are bypassed.

The overall flow/products are sent to the GC-online.

III.1.2. Analytical setup

Gas chromatography (GC) is an analytical techniques that allows a qualitative and quantitative analysis of gaseous and liquids compounds. Online gas analysis is performed during FTS using an Agilent gas chromatograph (GC) thus the activity of the catalyst and the selectivity of the gaseous phase can be estimated. Detailed information concerning the columns, carrier gas and oven temperature program is given in Table 8). All analysis lines and valves were heated (150 °C) to prevent possible condensation of the products before entering the gas chromatograph.

Carbon monoxide (CO), carbon dioxide (CO2), methane (CH4), nitrogen (N2) and hydrogen (H2)

were analyzed on an Agilent J&W DB-1 column equipped with a TCD (Figure 39). N2 was used as an internal standard. 9). 

III.1.3. Catalytic data treatment and calculation

A calibration mixture with the main gases (H2, CO, N2, Ar, CO2, CH4…) is used to calibrate the different gases we will use and form during FTS. Even though the gases are delivered in Nml/min in the rig, the calculation are done in standard conditions for temperature and pressure. Therefore for the calculation the Nml/min is converted in ml/min. Chapter 2 -Experimental procedure 67 N2 is used as an inert reference gas to calculate conversions and selectivities, based on a flow rate in vs. out basis. The N2 areas are calculated by comparing the N2 responses before and during Fischer-Tropsch reaction with that of a calibrated N2 response. Thus the total flow at the outlet (Ftot,out in mL/min) of the reactor is given by: (Equation 33)

Where Ftot,in (mL/min) is the total flow at the inlet of the reactor, AN2,in and AN2,out are respectively the area of N2 before the reactor and the area of N2 after the reactor calculated with the GC-TCD analysis. In our case the total flow in (Ftot,in) represents the syngas flow (H2 + CO) and the internal standard N2, whilst the total flow in (Ftot,out) represents the unconverted (H2 + CO), N2 and any other gaseous products (CH4, CO2, C2 to C9). Normally the total gas flow out should be lower than the total gas flow in, has we are making heavier product during FTS.

The flow for each of the different gases being analyzed by GC is given by the following formula: (Equation 34)

x is a given molecule, Fx,out and Ftot,out are respectively the flow out for x and the total flow out. %Mx is the molar concentration of x in the flow.

The gas hourly space velocity, better known has GHSV, is defined has followed:

(Equation 35)
Fin,syngas, is the total flow of syngas (H2 + CO + CO2) at the reactor inlet and mcat is the mass of catalyst in the reactor.

The conversion of CO (%) is given by: (Equation 36) FCO,out and FCO,in are respectively the outlet CO flow and the inlet CO flow in ml/min. Hydrogen and CO2 conversion can also be calculated using the same formula. The CO2 conversion is only calculated when CO2 is part or when it totally replace the CO in the feed for the Water-Gas-Shift (WGS) experiments.

The selectivities (Sx, %) for the CO2 and hydrocarbons gaseous products are given by the general following formula: (Equation 37)

x is a given molecule, Fx,out and Ftot,out are respectively the flow out for x and the total flow out. n is the number of carbon in the molecule x. In this study we mainly focus on the selectivity calculation for CO2, CH4 and C1-C4 products, the remaining products selectivity (SC5+, %) is calculated by the following expression:

(Equation 38)

The olefin-to-paraffin ratio is calculated by the following formula: (Equation 39) Sx,olefin is the olefin selectivity and Sx,paraffin is the paraffin selectivity for component x.

The catalytic activities, expressed as iron time yield (FTY, in mol of CO converted to hydrocarbons per gram of catalyst per second) is calculated by the following formula: (Equation 40)

Vm is the molar volume (L/mol), the volume occupied by one mole of a substance at a given temperature and pressure and mcat the mass (g) of catalyst in the reactor. The FTY will be express has μmolCO.gcat -1 .s -1 . This formula can be extended to mole of CO converted to hydrocarbons per gram of Fe and mole of CO converted to hydrocarbons per gram of Fe at the surface of particles per second: (Equation 41) (Equation 42)

The site time yield (STY) was calculated with the following formulas: (Equation 43)

Chapter 2 -Experimental procedure 69 With iron time yield FTY in molCO.gcat -1 .s -1 and nfe,surf, the number of mol of iron at the surface of a particle per gram of catalyst (molCO.gcat -1 ). nfe,surf was calculated with the following formula:

(Equation 44) Nfe,surf is the total number of iron atom at the surface of a particle per gram of catalyst (gcat -1 ), Nfe,tot is the total number of iron atom in a particle per gram of catalyst, Na is Avogadro's constant (mol -1 ) and D is the particle dispersion (%).

III.2. Water-gas-shift testing setup

The global scheme of the experimental Water-gas-shift setup is represented in the following figure (Figure 41): This setup permits to get information on the water-gas-shift activity of a catalyst. To evaluate its capacity to produce CO2. The water-gas-shift reaction is indicated below:

(Equation 45) Water-gas-shift: ΔH298K = -41.1 kJ.mol -1

A few mg of the catalyst is typically placed in a 4 mm ID fixed-bed continuous-flow quartz reactor. The catalyst is studied at 2.2 bar with a mixture of H2O/CO with a ratio of 1:2. N2 was is added in the feed as internal standard. Water was added to the feed via a water saturator.

The flow of CO passes through the saturator and take the water to the reactor. The watergas-shift reaction can be studied at various temperature within a range of 230 °C to 450 °C. A compact GC is installed at the outlet. Gases such as H2, CO, N2 and CO2 can be analyzed and quantify.

III.3. Labelled 13 CO 2 MS and GC-MS experimental setup

A simplified scheme of the experimental setup for labelled 13 CO2 experiments is represented in the following figure (Figure 36). An empty cylinder is connected at the outlet of the Fischer-Tropsch setup presented earlier.

The Fischer-Tropsch reaction is carried out at 20 bar pressure with a H2:CO:12 CO2 ratio of 2:0.8:0.2 with a GHSV of 1.3 L.gcat -1 .h -1 syngas (H2, CO, CO2). The temperature of operation is ramped up to 250 °C and later on to 280 °C during the test. Argon (Ar) is used as an internal standard as the mass of N2 is the same as of CO (m/z = 28), therefore differentiating the two with the mass spectrometer would be impossible. The reaction was carried on for 24 h under these conditions. Then, 13 CO2 was introduced in the reactor in place of the 12 CO2. The reactor was flushed for 2 h with the H2/CO/ 13 CO2 mixture, to be sure all the 12 CO2 is replaced. The outlet gas mixture (reactants and products) are captured in the cylinder. The cylinder is then moved and connected to another setup were a MS and GC-MS are present. The cylinder is opened and the captured gas flowed into the setup. A storage valves is used to store the gas before being analysed one by one. The mass spectrometer is used to follow the 12 CO, 13 CO,

Introduction

This chapter deals with the characterization of a well-controlled iron-based catalyst. In addition, several iron-based catalysts will be characterized for comparison and better understanding. The objective is to understand the relationship between the structural features of this model catalyst and its Fischer-Tropsch catalytic performances.

To facilitate the understanding of the behavior of the well-controlled iron catalyst, several other iron-based catalysts will be used for comparison and better understanding. A commercial co-precipitate catalyst will be used as a benchmark catalyst. Other iron-based catalyst derived from the well-controlled catalyst will be investigate. More exactly, the wellcontrolled iron catalyst developed in this study will be denoted "Fe@hollow-silicalite-1", with @ meaning "encapsulated in". The iron catalyst derived from the well-controlled iron catalyst will be denoted as "Fe/hollow-silicalite-1", with / standing for "supported on". A classical iron supported on silica catalyst, denoted Fe/SiO2, will be investigated. Two bulk-type catalysts are also proposed in this study, a benchmark catalyst denoted "commercial catalyst" and a nanostructured iron catalyst denoted as "nanostructured α-Fe2O3 catalyst". All five catalysts will be studied and extensively characterized one after another.

I. Characterization of a state of the art catalyst: Commercial catalyst

A commercial iron catalyst provided by our partner Johnson Matthey (JM) was chosen as the State of the Art catalyst (SoA). This co-precipitated catalyst contains 78.4 % Fe2O3, 3.4 % CuO, The XRD analysis of the commercial catalyst shows that the commercial catalyst is not crystalized. Again XRD is not useful for the calculation of the dispersion.

I.1.3. Magnetism analysis

Magnetism Therefore, no ferromagnetic material is present in the sample. Consequently, calculating particles size with Langevin's equation is also not possible.

I.1.4. Iron phases determination by 57 Fe Mössbauer spectroscopy

Mössbauer spectroscopy was applied at room temperature to gain insight into the nature of the iron species present in the commercial catalyst. This technique permits to complete the observation made with X-Ray diffraction spectroscopy and to acquire full knowledge of the fresh catalyst before the Fischer-Tropsch reaction. The Mössbauer spectrum is given in Figure 46 and the Mössbauer parameters (Isomeric shift (IS, mm.s -1 ), quadrupolar splitting (QS, mm.s - 1 ), hyperfine field (T) and relative intensity (%)) calculated from its fit are given in Table 11. Two components can be distinguished in the spectrum for the fresh iron commercial catalyst: a magnetic sextet characterized by a magnetic field of 50.5 T (relative intensity 82 %) and a quadrupolar hyperfine doublet with a quadrupolar splitting QS = 0.78 mm.s -1 (relative intensity 18 %). The isomer shifts of these two components are similar IS = 0.33 mm s -1 and IS = 0.35 mm s -1 , which allows assigning these spectra to Fe 3+ . The sextet can be attributed without ambiguity to antiferromagnetic hematite α-Fe2O3 in relatively large particles (bigger than about 30 nm) [ 19 ]. The doublet with an isomeric shift of 0.78 mm.s -1 is also attributed to α-Fe2O3 but under the form a small superparamagnetic oxide [ 19 ]. The fresh catalyst is thus only composed of one iron phase, α-Fe2O3. The spectrum is not perfectly fitted. As a matter of fact it could have been fitted with a dis tribution of sextets rather than only one sextet. This distribution would arise from a relatively wide range of particles size. Nevertheless, the interpretation would not have changed.

I.2. Study of the commercial catalyst after FTS I.2.1. Transmission electron microscopy (TEM)

TEM images taken with the Jeol 2010 LaB6 microscope of the spent commercial catalyst are shown in Figure 47. After FTS testing, the spent catalyst was recovered from the reactor.

Therefore, the spent catalyst was in contact with air, meaning that the catalyst most likely reoxidized partially with the oxygen.

Figure 47 | TEM images of the commercial catalyst after FTS.

The commercial catalyst is strongly modified during the Fischer-Tropsch synthesis: the iron has sintered in large particles, and the structure seems more chaotic. Again, determining the average particle size and dispersion of the commercial catalyst after Fischer-Tropsch is relatively complex.

I.2.2. Iron phases determination by powder X-ray diffraction (XRD)

The X-ray diffraction pattern of the spent commercial catalyst at 250 °C and 280 °C after 100 hours on stream are displayed respectively on Figure 48 and Figure 49. Mössbauer spectroscopy was applied at room temperature to gain insight into the nature of the iron species present in the commercial catalyst. This technique permits to complete the observation made with X-Ray diffraction spectroscopy and to acquire a quantification of the phases present in the spent catalyst after the Fischer-Tropsch reaction. After FTS testing, the spent catalyst was recovered from the reactor. Therefore, the spent catalyst was in contact with air, meaning that the catalyst most likely re-oxidized partially with the oxygen. The catalyst Mössbauer spectrum was taken after 100 hours on stream at 280 °C. The Mössbauer spectrum is given in Figure 51 and the calculated hyperfine parameters are given on Table 13. The spectrum is also characterized by two doublets with IS = 0.37 mm.s -1 QS = 0.85 mm.s -1

Seven components can

(relative intensity 29 %) and with IS = 1.12mm.s -1 , QS = 2.72 mm.s -1 (relative intensity 14 %)

can respectively be attributed to ferric (Fe 3+ ) and ferrous (Fe 2+ ) cations but it is not possible to make definitive assignments as to the exact nature of the species [ 44 , 119 ], to do that we would need to carry out the Mössbauer analysis at low temperature. 

Conclusion

The co-precipitated iron commercial catalyst is mainly composed of iron oxide (78.4 %) even though some silica (15 %) is present. This bulk-type catalyst is particularly hard to characterize properly. No particle size distribution or dispersion could be calculated for the fresh catalyst due to hardly identifiable particles with TEM analysis. XRD proved to be useless as well because the material is non-crystalized. However, Mössbauer confirmed the existence of iron in the form of α-Fe2O3. During Fischer-Tropsch synthesis the co-precipitated iron commercial catalyst structure is completely transformed. Mössbauer spectroscopy and X-ray diffraction confirm the existence of several iron species as oxides (Fe3O4, FeO and Fe2O3, 72 % in contribution) and carbides (Fe5C2, 28 % in contribution). Also, as the catalyst become crystalline, XRD is used to determine the particle size distribution and the dispersion using Debye-Scherrer equation. Table 14 summarizes the essential information gained regarding the commercial catalyst. 

II. Characterization of a Fe@hollow-silicalite-1 catalyst

This part focuses on our own catalyst developed here at IRCElyon 

II.1.2. Impregnation followed by the formation of the hollow-silicalite-1

Another synthesis method is used to prepare the Fe@hollow-silicalite-1, as post-impregnation did not work. The synthesis method is detailed in. Chapter 2 -Experimental procedure -I.3.

Preparation of Fe@hollow-silicalite-1. Briefly silicalite-1 mono-crystals are impregnated with an aqueous Fe solution with a concentration such that the final yielding materials would give a 5 %wt Fe loading. The impregnated silicalite-1 is then treated to form the hollow-silicalite-1 followed by a calcination in air at 550 °C for 4 h and a reduction under H2 at 750 °C for 3 h.

The synthesis proves to be more reliable and reproducible. Figure 53 shows TEM images for three different samples (noted Fe@hollow-silicalite-1-A, -B and -C) with their respective particle size distribution. In all samples a particles size distribution between 1.5 nm to 7.5 nm with an average size of around 3.5 nm and 4.5 nm was founded, very few larges particles are observed inside and outside the zeolite.

The iron loading in these samples and the dispersion are indicated in 

Study of nano-particles with TEM)

. The Fe loading is in the same range for all samples. Most likely, some Fe is lost during the several washings after the dissolution-recrystallization in TPAOH as we should have obtained a loading close to 5 %wt. In conclusion, the synthesis of Fe@hollow-silicalite-1 seems reproducible and reliable.

Furthermore a good particles size distribution as well as a relatively high particle dis persion are obtained. Frequency (%)

Fe particle size (nm)
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II.1.3. Control of the loading of iron in hollow-silicalite-1

In the synthesis method to prepare the Fe@hollow-silicalite-1, the bulk silicalite-1 crystal is generally impregnated with an aqueous solution with a Fe content of 5 %wt. At the end of the preparation a material with about 2.7 %wt Fe is obtained. Increasing the solution concentration to 10 %wt Fe did not improve the Fe loading of the catalyst, instead larger iron particles were formed outside the zeolite (Figure 54) resulting in a really wide range of Fe particles sizes ranging between 2 nm to 50 nm. Therefore no material with a Fe loading higher than 3.4 %wt could be prepared using this experimental protocol.

II.1.4. Promoters addition to the iron in hollow-silicalite-1

The synthesis protocol for the addition of promoters to the catalyst is reported in Chapter 2 -Experimental procedure -I.1. Silicalite-1 synthesis. TEM images of the promoted Fe@hollowsilicalite-1 (denoted has FeCuK@hollow-silicalite-1, with 2.8 %wt Fe, 0.08 %wt Cu and 0.03 %wt K) are obtained to see if promoters incorporation would have an influence on the particle size distribution. No difference are observed between the unpromoted and promoted catalyst (Figure 57). With the help of the TOMO video, the four boxes were reconstructed (Figure 57). 

II.2.2. Nitrogen adsorption/desorption isotherms

Nitrogen adsorption/desorption isotherms at 77 K on bulk silicalite-1, metal-free hollow-silicalite-1 and Fe@hollow-silicalite-1 are reported in Figure 58 with their respective TEM images. The N2 adsorption/desorption isotherms are of the type IV, it shows the presence of a H2

hysteresis loop with an abrupt step around p/p0 = 0.45 -0.5 in the desorption branch (Figure 58). H2-type hysteresis loop characterizes internal porosity connected to outer surface vi a entrances smaller than 4 nm. It can be used to estimate the volume of the cavities, assuming that the walls are exclusively microporous. The presence of a hysteresis loop is generally taken as an indication for the presence of cavities in the zeolite. The enhanced N2 uptake at high P/P0 is associated with capillary condensation of nitrogen within the large cavities of the zeolite nano-crystals. The calculated specific surface area (SBET) and pore volume of the silicalite-1, hollow-silicalite-1 and Fe@hollow-silicalite-1 are listed in Table 16. The loss of specific surface area between parent silicalite-1 and hollow-silicalite-1 is mainly due to the formation of the huge cavity in the middle of the zeolite.

II.2.3. Powder X-ray diffraction (XRD)

The XRD patterns of the Fe@hollow-silicalite-1 catalyst after reduction under H2 at 750 °C and of the parent silicalite-1 are compared in Figure 59. Only a small peak (2θ = 45°, Δ) corresponding to the reduced Fe into metallic α-Fe species can be detected in the catalyst after reduction. Oxide and/or carbides are hardly detectable, if any, as the amount of iron is quite low. Also it is of note that XRD only detects crystalline materials and that amorphous phases are not observable.

II.2.4. Iron phases determination by 57 Fe Mössbauer spectroscopy

Mössbauer spectroscopy was applied to gain insight into the nature of the iron species formed after reduction under H2 at 750 °C. After reduction, the catalyst was brought back to air, therefore the catalyst most likely re-oxidized partially in air. This technique allows completing the observation made with XRD spectroscopy and acquiring full knowledge of the fresh catalyst characteristics before the Fischer-Tropsch synthesis. Mössbauer spectroscopy has been carried out on the Fe@hollow-silicalite-1 catalyst described in Figure 53. Two different types of spectrum were recorded.

The first kind of spectrum, is exemplified on Figure 60 and the hyperfine interaction parameters calculated from the spectrum are summarized in Table 17. Three components can be distinguished for the fresh catalyst spectrum after reduction under H2 at 750 °C: a magnetic hyperfine sextet with narrow lines and a hyperfine field of 33.0 T (relative intensity 22 %), a quadrupolar hyperfine doublet with IS = 0.32 mm.s -1 and QS = 0.93 mm.s -1 (relative intensity 62 %) and a hyperfine singlet (relative intensity 16 %). The sextet can unambiguously be assigned to larger metallic iron particles [ 120 , 119 , 121 ]. The singlet is assigned to the small superparamagnetic metallic iron nanoparticles (α-Fe) [ 119 ] and the doublet to Fe 3+

species probably formed at the surface of the iron nanoparticles (the center being metallic α-Fe) [ 122 , 123 ] when the catalyst was in contact with air after the reduction reaction, when the sample was recovered at room temperature. The second type of spectrum is exemplified in Figure 61 and the hyperfine interaction parameters are summarized in Table 18. Four components can be identified: a magnetic hyperfine sextet with a hyperfine magnetic field of 32.6 T (relative intensity 23 %), two quadrupolar hyperfine doublets with a IS = mm.s - 1 and QS = 0.95 mm.s -1 (relative intensity 62 %), and IS = mm.s -1 and QS = 2.52 mm.s -1 (relative intensity 10 %) and a hyperfine singlet (relative intensity 5 %). The same attribution can be made as for the first kind. In this case, the nanoparticles are much more oxidized and practically all converted into oxide characterized by the presence of both ferric and ferrous cations. This higher reduction may be indicative of a small size for the nanoparticles formed.

The two Mössbauer spectra are nearly similar in terms of iron phases (metallic and iron oxides), furthermore we have nearly the same Relative intensity for the Fe 3+ ( 62 %) and α-Fe ( 23 %) phases. The difference between the two types of spectrum is centered on the apparition, in some cases of a Fe 2+ phase. Nevertheless this does not change the interpretation regarding the fresh catalyst. The main information to remember here is the presence of principally iron oxides ( 60 %) and some metallic iron ( 40 %).

Finally, promoted (Cu, K) Fe@gollow-silicalite-1 catalyst was studied with Mössbauer, the mössbauer spectrum and the hyperfine interaction parameters can be found in Appendix 1.

II.3. Study of the Fe@hollow-silicalite-1 during FTS II.3.1. Iron phases determination by in-situ XRD and in-situ Xanes

The in-situ measurements were carried out at the European Synchrotron Radiation Facility 

II.3.2. Iron phases determination by in-situ 57 Fe Mössbauer spectroscopy

In-situ measurements were carried out at IRCElyon using homemade in-situ cell. The aim of the experiments was to study the catalyst directly in reaction conditions without having to bring back the spent catalyst to air after testing. The reaction conditions were those used for the catalytic testing except that the total pressure was only 1 bar. 20 mg of sample of the reduced Fe@hollow-silicalite-1 catalyst were beforehand analyzed at 25 °C in air (Figure 64a). The temperature was ramped up to 250 °C and 280 °C under H2/CO = 2:1 (Figure 64 -b andc). After several days of testing and data acquisition, the temperature was cooled down back to 25 °C and the catalyst brought back to air. A final spectrum was then recorded. (Figure 64d). The hyperfine interaction parameters calculated from the spectra are summarized in Table 19. Four components were distinguished in the fresh catalyst spectrum (Figure 64 -a): a magnetic hyperfine sextet with a hyperfine magnetic field of 32.9 T (relative intensity 14 %), two quadrupolar hyperfine doublets with IS = mm.s -1 and QS = 0.93 mm.s -1 (relative intensity 59 %), and IS = mm.s -1 and QS = 1.75 mm.s -1 (relative intensity 18 %) and a hyperfine singlet (relative intensity 9 %). The sextet can unambiguously be assigned to larger metallic iron particles [ 119 , 120 , 121 ]. The singlet is assigned to the small superparamagnetic metallic iron nanoparticles (α-Fe) [ 119 ] and the doublets respectively to Fe 3+ and Fe 2+ species probably formed at the surface of the iron nanoparticles [ 122 , 123 ] when the catalyst was in contact with air after the reduction reaction, when it was recovered at room temperature. Chapter 3 -Characterization of iron-based catalysts 100

The catalyst was then studied in-situ under H2/CO flow at 250 and 280 °C. Already at 250 °C, the α-Fe hyperfine sextet, corresponding to large particles, completely disappeared. These particles should most likely be oxidized by the reaction products with formation of Fe 3+ and Fe 2+ species. The oxidation reaction being limited by diffusion through the oxides layer. A metallic central core remains, which could explain the increase of the metallic singlet intensity observed at 250 °C. In the same time the small particles (singlet), which were largely oxidized are reduced by the reactants. This manifests itself with the increase of both total Fe 0 and Fe 2+ spectral intensities. Both types of particles equilibrated thus in an opposite way in the redox atmosphere of catalysis. When the temperature was increased from 250 to 280 °C the catalytic redox is activated and the catalyst is more reduced, both total Fe 0 and Fe 2+ spectral intensities increasing. Upon return to ambient temperature and atmosphere, the unstable iron nanoparticles are strongly oxidized as it could be expected. The relative intensity of the Fe 3+ species rise up from 8 to 49 %, while the relative intensity of the Fe 2+ species goes down from 54 to 30 % and the Fe 0 species down from 38 to 21 %.

The spectra obtained in-situ therefore appear to differ from the spectra obtained after catalytic testing so that no carbide has been detected. However it can be observed from the in situ experiments that the iron species evolve during the Fischer-Tropsch reaction both in terms of particle size and oxidation state. The absence of carbides may be linked to the fact that experiments were carried out at atmospheric pressure instead of 20 bars, which may limit the production of heavy FTS products that are efficient reactant for the formation of coke and carbides.

II.4. Study of the Fe@hollow-silicalite-1 after FTS II.4.1. Transmission electron microscopy (TEM)

The evolution of the particles size during the Fischer-Tropsch synthesis was investigated. As The average size of particles is increasing with time. By comparing the distribution at 100 hours and 1 month duration on stream the two distributions is nearly the same for particles of 2 to 8 nm, yet some bigger particles between larger than 12 nm can be seen after 1 month.

When observing carefully the TEM images, it seems that mainly the particles inside the big cavity and outside the silicalite-1 is growing with time. The smallest particles located in the walls seems to grow to a certain size until 100 hours and then remained unchanged. Finally, the catalyst can be described as relatively stable has it keeps a good dispersion, although a few large particles are observed after 1 month of reaction. 

II.4.2. Iron phases determination by XRD

Due to the really small amount of iron content, no iron phase could be seen with XRD.

Therefore only Mössbauer will be of some help to determine the phases.

II.4.3. Iron phases determination by 57 Fe Mössbauer spectroscopy

Since XRD analysis did not give any significant information about iron phases, it was crucial to use Mössbauer spectroscopy to characterize the spent catalyst. After FTS testing, the spent catalyst was recovered from the reactor. Therefore, the spent catalyst was in contact with air, Seven components can be distinguished for the spent catalyst spectrum: a magnetic hyperfine sextet with narrow lines and a hyperfine field of 33.0 T (relative intensity 8 %) attributed to α-Fe [ 120 , 119 , 121 ], a hyperfine singlet (relative intensity 18 %) attributed to the small superparamagnetic metallic iron nanoparticles[ 119 ], two quadrupolar hyperfine doublets with IS = mm.s -1 and QS = 1.74 mm.s -1 (relative intensity 35 %) and IS = mm.s -1 and QS = 1.05 mm.s - The relative intensity of Fe 3+ species seems to decrease with the Fischer-Tropsch synthesis. At first the relative intensity was > 60 % whereas after FTS the intensity drop to 30 %. On the contrary, the Fe 2+ species tend to increase. Also the relative intensity of α-Fe decreases from around 25 % to less than 10 %. However, the relative intensity of the singlet corresponding to really small iron particles shows no significant evolution. The apparition of the carbides phases (Fe5C2) can be noticed. Further discussion on the iron phase evolution will be added after the second type of Mössbauer spectrum description.

The second type of Mössbauer spectrum, corresponding to the second fresh catalyst spectrum studied above, is shown on Figure 67 and its hyperfine interaction parameters are summarized in Table 21. Four components can be distinguished for the spent catalyst spectrum: Two quadrupolar hyperfine doublets with a quadrupolar splitting of QS = 1.13 mm.s -1 and QS = 2.17 mm.s -1 (with a relative intensity respectively of 49 % and 7 %), a hyperfine singlet (relative intensity 18 %) and a large sextet corresponding to a field distribution centered around 18.4 T.

Again, the two doublets with an isomer shift of QS = 0.32 mm.s -1 and Qs = 1.12 mm.s -1 can be assigned respectively to Fe 3+ and Fe 2+ species [ 122 , 123 ]. The singlet is assigned to the small superparamagnetic metallic iron nano particles (α-Fe) [ 119 ]. The wide sextet could not be assigned to any kind of iron phase. This large contribution seems to correspond to small metallic iron particles (α-Fe) when considering its isomeric shift 0.09 mm.s -1 (around 0.10 mm.s -1 in literature [ 119 ]) but also looks like carbides when considering its hyperfine field around 18.4 T (between 10.0 T to 20.0 T in the literature [ 70 , 118 ]). It could also correspond to metallic iron doped with C.

The relative intensity of Fe 3+ species in this case seems to decrease slightly with the Fischer-Tropsch synthesis. It went from 60 % to around 50 % after Fischer-Tropsch synthesis. The relative intensity of Fe 2+ species and small metallic particle (Fe 0 ) did not vary. The sextet corresponding to relatively large metallic iron particle has completely disappeared. Most of it might have been transformed into these wide sextet observed after Fischer-Tropsch synthesis.

No carbides were observed.

In conclusion, in both cases, the relative intensity of Fe 3+ species and α-Fe large particles is clearly decreasing during the Fischer-Tropsch synthesis. Fe 2+ species are increasing whereas small α-Fe particles remain unchanged. Also carbides phases (Fe5C2) can be clearly identified after Fischer-Tropsch synthesis.

Fe 3+ species can be assumed to be Fe2O3 and/or Fe3O4 oxides (the only way to be sure would be to analyze the sample at really low temperature [ 124 , 125 ]). Part of Fe2O3 oxide might transformed into Fe3O4 and FeO species (corresponding to the increase of Fe 2+ species), insitu Xanes linear combination fitting seems to agree with this observation.

Conclusion

The promoted and unpromoted Fe@hollow-silicalite-1 are well-structured and show a welldefined particles size distribution as well as a relatively high particle dispersion ( > 30 %).

Accurate localization of the iron particles inside the zeolite is permitted by TEM tomography.

It reveals that the particles are located preferentially in the silicalite-1 walls. Mössbauer spectroscopy analysis reveals that the catalyst is principally a mixture of iron oxides (Fe 3+ and Fe 2+ ) and metallic iron. In-situ characterizations lack accuracy due to the really low amount of iron contained in the catalyst. Finally, the Fe@hollow-silicalite-1 proves to be relatively stable during the Fischer-Tropsch synthesis. The average particles size slightly increases, but compared to the commercial catalyst, the growth is rather minor. The main technique of interest for iron phase characterization is the Mössbauer analysis. After Fischer-Tropsch, analysis three main phases can be identified, oxides phases ( 60 %) carbides ( 10 %) and metallic iron ( 25 %). The Fe@hollow-silicalite-1 catalyst, even tough, well controlled in terms of structure and particles size, remains particularly tough to understand regarding the evolution of the iron phases, just like the commercial catalyst described previously. Table 22 summarizes the essential information regarding the Fe@hollow-silicalite-1 catalyst. Particles are mainly localized outside the hollow-silicalite-1 instead of inside as for the Fe@hollow-silicalite-1. The particle size distribution is well-defined even though wider than for the Fe@hollow-silicalite-1 catalyst. The particle distribution ranges from around 9 nm to 45 nm. The average particle size obtained is around 21.7 nm. In terms of dispersion, the Van Hardeveld and Hartog model gives 5.2 %. Finally, the Fe loading in the sample was of 4.2 %wt Fe.

III.1.2. Powder X-ray diffraction (XRD)

The XRD shown in Figure 70 is an example of a Fe/hollow-silicalite-1 catalyst after reduction under H2 at 750 °C. After reduction, the catalyst was brought back to air, therefore the catalyst most likely re-oxidized partially in air. Frequency (%)

Fe particle size (nm)

Figure 70 | X-ray diffraction spectrum of parent zeolite silicalite-1 (black line) and Fe@hollowsilicalite-1 (green line).

As the loading of iron is two time more important than in the Fe@hollow-silicalite-1 catalyst, the α-Fe peak can be easily observed this time. XRD shows a narrow peak (2θ = 45°) corresponding to the reduced Fe into metallic α-Fe. Oxide and/or carbides are hardly detectable, if any, as the amount of iron is quite low. Another really small peak corresponding to α-Fe can be observed around 2θ = 65°. All the others peaks correspond to the silicalite-1 pattern.

III.1.3. Iron phases determination by 57 Fe Mössbauer spectroscopy

Mössbauer spectroscopy was applied at room temperature to gain insight of the iron species formed after reduction under H2 at 750 °C. After reduction, the catalyst was brought back to air, therefore the catalyst most likely re-oxidized partially in air. This technique permits to 23. Three components can be identified on the fresh catalyst spectrum after reduction under H2 at 750 °C: a magnetic hyperfine sextet with narrow lines and a hyperfine field of 32.7 T (relative intensity 53 %), a quadrupolar hyperfine doublet with a quadrupolar splitting QS = 0.94 mm.s - 1 (relative intensity 53 %) and a second quadrupolar hyperfine doublet with a quadrupolar splitting QS = 2.69 mm.s -1 (relative intensity 16 %).

The two doublets with an isomer shift of IS = 0.37 mm.s -1 and IS = 1.10 mm.s -1 can be assigned respectively to Fe 3+ and Fe 2+ compounds [ 122 , 123 ]. The sextet is assigned to relatively large metallic iron particles (α-Fe) [ 120 , 119 , 121 ]. In comparison with the Fe@silicalite-1 catalyst described in part II, the Fe/hollow-silicalite-1

does not show any singlet with an isomeric shift of 0.00 mm.s -1 (corresponding to small metallic particles).

Fresh Fe@hollow-silicalite-1 and Fe/hollow-silicalite-1 catalysts are very similar in terms of iron phase composition. They are mainly composed of metallic iron and oxides (Fe 2+ and Fe 3+ species). The main difference between the two fresh catalysts is coming from their average particle size diameter, respectively 3.5 nm and 21.7 nm for Fe@hollow-silicalite-1 and Fe/hollow-silicalite-1. The proportion of α-Fe for the Fe/hollow-silicalite-1 was two times more important than in the Fe@hollow-silicalite-1 (Table 24). Alternatively, the relative amount of oxides species (Fe 3+ and Fe 2+ ) is lower. This might be explained by the fact that the particles of the Fe/hollow-silicalite-1 are quite large compared to the one of the Fe@hollow-silicalite-1 material. When looking at TEM images (Figure 72), one can observed that large particles are composed of a core and a small layer. The core of the particles is most likely composed of metallic iron, whereas the small Chapter 3 -Characterization of iron-based catalysts 113 layer all around the metallic core is mainly composed of oxides (For the particle in Figure 72, the size of the core is 15 nm and the layer 4.5 nm). The layer of iron oxide can be observed on relatively large iron particles in Fe@hollow-silicalite-1 sample. The oxide layer was most likely formed when the sample was brought back into air after reduction under H2 at 750 °C.

It is recognized that small nanoparticles (< 5 nm) are quickly oxidized when being in contact with air.

Figure 72 | Core-shell nanoparticles in a Fe@hollow-silicalite-1 catalyst However, the core of large particles is being protected by the oxide layer formed by contact with air. Therefore, the metallic core being protected by the oxide layer, it is not surprising, that the Fe/hollow-silicaite-1 catalyst has more metallic iron in proportion, as its particles are way bigger than the one from the Fe@hollow-silicalite-1. Also, it is most likely to be the iron oxide that participates in the FTS reaction instead of the metallic iron. Furthermore, Fe 2+ and Fe 3+ species were observed in both catalysts. These two species can be found in several oxide types such as Fe3O4, Fe2O3 and FeO. It is probable that the two catalysts are a mixture of several oxides, as in H2 atmosphere iron oxide is generally reduced to Fe3O4, FeO and then to metallic Fe [ 44 , 45 , 46 ].

III.2. Study of the Fe/hollow-silicalite-1catalyst after FTS III.2.1. Transmission electron microscopy (TEM)

The spent Fe/hollow-silicalite-1 catalyst transmission electron microscopy (TEM) images were taken with the Jeol 2010 LaB6 microscope. After FTS testing, the spent catalyst was recovered from the reactor. Therefore, the spent catalyst was in contact with air, meaning that the catalyst most likely re-oxidized partially with the oxygen. The images and particles size distribution are shown in Figure 73. Again, particles are mainly localized outside the hollow-silicalite-1. The particle size distribution is wider than before the Fischer-Tropsch test. The particle distribution ranges from around 7 nm ton 97 nm. The average particle size obtained is around 27.5 nm. In terms of dispersion, the Van Hardeveld and Hartog model gives 4.6 %. Some sintering occurred during the FTS reaction, as larger particles were observed. Therefore the Fe/hollow-silicalite-1 catalyst seems to be more impacted by sintering effect than the Fe@hollow-silicalite-1 catalyst that has particles inside the silicalite-1 walls.

III.2.2. Powder X-ray diffraction (XRD)

The XRD shown in Figure 74 is an example of a Fe/hollow-silicalite-1 catalyst after the Fischer-Tropsch synthesis, with direct comparison with the fresh catalyst described in the previous part. 

III.2.3. Iron phases determination by 57 Fe Mössbauer spectroscopy

Mössbauer spectroscopy was applied (at room temperature) to gain insight of the iron species. After FTS testing, the spent catalyst was recovered from the reactor. Therefore, the spent catalyst was in contact with air, meaning that the catalyst most likely re-oxidized partially with the oxygen. The catalyst Mössbauer spectrum was taken after 100 hours on stream at 280 °C. Mössbauer spectroscopy has been carried out on the Fe/hollow-silicalite-1 catalyst. The Mössbauer spectrum is displayed on Figure 75 and the hyperfine interaction parameter are summarized in Table 25. Eight components can be distinguished for the spent catalyst spectrum: a magnetic hyperfine sextet with narrow lines and a hyperfine field of 33.0 T (relative intensity 6 %), three quadrupolar hyperfine doublets with a quadrupolar splitting of QS = 1.04 mm.s -1 , QS = 1.13 mm.s -1 and QS = 1.96 mm.s -1 (with a relative intensity respectively of 23 %, 17 % and 9 %), three small sextets with a magnetic field of 11.1, 17.8 and 20.7 T (with a relative intensity respectively of 7 %, 14 % and 23 %) and a hyperfine singlet (relative intensity 1 %). the fresh and spent catalyst, the relative proportion of Fe 3+ and Fe 2+ species remains similar ( 50 %). However, the relative amounts of metallic iron after Fischer-Tropsch are quite remarkable. The amounts decrease from 53 % to less than 7 %. Also, a large amount of carbides can be identified ( 44 %). When comparing the Fe/hollow-silicalite-1 and the Fe@hollow-silicalite-1 catalyst, it can be noticed that the two catalysts are quite similar in terms of iron phases. However, the relative intensity for those phases are different. In both cases the amounts of iron oxides (Fe 3+ and Fe 2+ species) did not decrease much during Fischer-Tropsch. These observations do not mean that oxides did not transformed at all during FTS. In all cases, the significant observation is the diminution of the α-Fe sextet signal, from 23 % to 8 % for Fe@hollow-silicalite-1 and from 53 % to 6 % for Fe/hollow-silicalite-1. Also the formation of iron carbides phases is significant too, 10 % for Fe@hollow-silicalite-1 and from 44 % for Fe/hollow-silicalite-1. It is quite difficult to rightfully assume that the increasing in carbides correspond to the decreasing in metallic iron species. In literature [ 

Conclusion

The Fe/hollow-silicalite-1, even though issued from the failed synthesis for the Fe@hollowsilicalite-1 catalyst, has generated valuable information. It has a quite narrow iron particle distribution (centered on 21.7 nm) with a rather low dispersion (5.2 %). The iron phases contained in the sample are very similar to the Fe@hollow-silicalite-1, which are metallic iron and iron oxides. However, the proportion differs. The Fe/hollow-silicalite-1 catalyst has much larger metallic iron and no small metallic iron particles were observed with Mössbauer, which is logical as the particles are bigger in the Fe/hollow-silicalite-1 material.

This catalyst proves to be less stable and more sensitive to sintering than the Fe@hollowsilicliate-1 catalyst during the Fischer-Tropsch synthesis. This is most likely due to the particles being unprotected outside the zeolite walls. The iron phases obtained after the Fischer-Tropsch reaction are similar to the Fe@hollow-silicalite-1 catalyst. However the amount of iron carbides is significant (45 % in proportion) in the case of the Fe/hollow-slicalite-1. Table 26 summarizes the main information regarding the Fe/hollow-silicalite-1 catalyst. As the 2.3 %wt Fe/SiO2 X-ray diffractogram did not present any peaks, the loading of Fe was increased to better see the iron phases patterns. The diffractions peaks shown for the sample with a loading of 10.1%wt corresponds to the hematite (Fe2O3) diffraction pattern. Therefore, it can be assumed that the sample with the lowest Fe loading, is composed of the exact same phase as its counterpart with higher Fe loading.

IV.1.3. Iron phases determination by 57 Fe Mössbauer spectroscopy

Mössbauer spectroscopy was applied (at room temperature) to gain insight of the iron species formed after reduction under H2 at 750 °C. After reduction, the catalyst was brought back to air, therefore the catalyst most likely re-oxidized partially in air. Mössbauer spectroscopy has been carried out on the fresh Fe/SiO2 catalyst. The Mössbauer spectrum is displayed on Figure 78 and the hyperfine interaction parameter are summarized in Table 27. Four components can be identified on the fresh catalyst spectrum after reduction under H2 at 750 °C: a magnetic hyperfine sextet with narrow lines and a hyperfine field of 32.8 T (relative intensity 16 %), a quadrupolar hyperfine doublet with a quadrupolar splitting QS = 0.72 mm.s - 1 (relative intensity 64 %) and two quadrupolar hyperfine doublets with a quadrupolar splitting of QS = 2.48 mm.s -1 and QS = 1.83 mm.s -1 (relative intensity respectively 9 % and 11 %).

The two doublets with an isomer shift of IS = 1.10 mm.s -1 and IS = 1.02 mm.s -1 can be assigned to Fe 2+ compounds [ 122 , 123 ]. Fe 3+ is attributed to the signal with an isomeric shift of IS = 0.40 mm.s -1 . The sextet is assigned to relatively large metallic iron particles (α-Fe) [ 120 , 119 , 121 ]. Again, the Fe/SiO2 Mössbauer spectrum is not very different from the Fe/hollow-silicalite-1

and Fe@hollow-silicalite-1 catalyst. In terms of iron phases, the three catalysts are really close.

They are mainly compose of iron oxides and metallic iron, but their proportions di ffer a little.

IV.2. Study of the Fe/SiO 2 catalyst post FTS IV.2.1. Transmission electron microscopy (TEM)

The spent Fe/SiO2 catalyst transmission electron microscopy (TEM) images were taken with the Jeol 2010 LaB6 microscope. After FTS testing, the spent catalyst was recovered from the reactor. Therefore, the spent catalyst was in contact with air, meaning that the catalyst most likely re-oxidized partially with the oxygen. The images and particles size distribution are shown in Figure 79. Chapter 3 -Characterization of iron-based catalysts 123 It is rather difficult to give an accurate estimate of the particles size distribution for this sample. The fresh catalyst already had a wide distribution of iron particles. Therefore, the particles size distribution for the spent catalyst might be really similar and no real modification before-after FTS might be seen. The fresh and spent catalysts are indeed similar.

IV.1.3. Powder X-ray diffraction (XRD)

The XRD shown in 

IV.2.4. Iron phases determination by 57 Fe Mössbauer spectroscopy

Mössbauer spectroscopy was applied (at room temperature) to gain insight of the iron species. Mössbauer spectroscopy has been carried out on the spent Fe/SiO2 catalyst. After FTS testing, the spent catalyst was recovered from the reactor. Therefore, the spent catalyst was in contact with air, meaning that the catalyst most likely re-oxidized partially with the oxygen.

The catalyst Mössbauer spectrum was taken after 100 hours on stream at 280 °C. The Mössbauer spectrum is displayed on Figure 81 and the hyperfine interaction parameter are summarized in Table 28. 

Conclusion

Fe/SiO2 catalyst has a wide iron particle size distribution (centered on 16.7 nm) with a rather low dispersion (4.7 %). The sintering effect and/or particle size distribution of the spent Fe/SiO2 catalyst prove to be difficult to estimate accurately by TEM, as the catalyst looks exactly the same before and after the Fischer-Tropsch synthesis. However XRD analysis reveals an evolution in the iron phases between the fresh and spent catalysts. Besides, Mössbauer spectroscopy shows that the fresh and spent Fe/SiO2 catalysts present very similar phases to the Fe/hollow-silicalite-1 and Fe@hollow-silicalite1 catalysts, these are metallic iron and iron oxides. Only the proportion differs. Finally, the iron phase proportion of the fresh and spent catalysts, determined by Mössbauer, prove to be very similar, therefore it is difficult to evaluate the iron phase evolution. Table 29 summarizes the essential information regarding the Fe/SiO2 catalyst. Chapter 3 -Characterization of iron-based catalysts washed several times with distilled water until reaching pH = 7. At the end of the process, a nano-structured α-Fe2O3 material is recovered. The catalyst was also reduced under H2 for 6 h.

Elemental analysis shows that mainly iron oxide is present in the sample, less than 1 %wt silica remains in the sample. Study of nano-particles with TEM. The dispersion is between 9.7 and 14.5 %.

V.2. Study of the nano

V.2.2. Powder X-ray diffraction (XRD)

X-ray diffraction (XRD) patterns of the solid were recorded on a Bruker (Siemens) D5005 diffractometer using CuKα radiation. Diffraction patterns were collected at low angle between 0.45° and 3.45° and at high angle between 4 and 80° (2θ) respectively with steps of 0.01° and We can clearly see the disappearance of the SBA-15 (black spectrum) after the basic treatment on the nano-structured α-Fe2O3 catalyst (red line). We also observe that the catalyst obtained is mostly amorphous (before the reduction under H2), therefore no phase can be attributed and no calculation of the crystallites size by Debye-Scherrer equation is possible. The catalyst was reduced under H2 for 6 h and analyzed afterward with XRD, this time, the catalyst was crystallized, and the different peaks were attributed to hematite (α-Fe2O3). The Debye-Scherrer equation could be used to determine the crystallites size and the dispersion. The average crystallites size was about 11.3 nm and the dispersion, calculated with the handbook model, was 10.3 %. These results are in agreement with the dispersion calculated with TEM images (between 9.7 and 14.5).

V.2.3. Iron phases determination by 57 Fe Mössbauer spectroscopy

Mössbauer spectroscopy was applied (at room temperature) to gain insight of the iron species present in the reduced nano-structured α-Fe2O3 catalyst. The Mössbauer spectrum is given in Figure 84 and the Mössbauer parameters (Isomeric shift (IS, mm.s -1 ), quadrupolar splitting (QS, mm.s -1 ), hyperfine field (T) and Relative intensity (%)) are given in Table 30. The crystalline phase evolution suggested the transformation into α-Fe2O3 to Fe3O4 with formation of Hägg carbide (Fe5C2) and another carbide phase corresponding to Fe7C3, known as Eckstrom and Adcock carbide, also reported as an active iron carbide phase [ 11 ]. This carbide phase appeared at higher temperatures (250 °C and 280 °C) and the main diffraction peak (2θ 14.4°) became narrow and more intense with time on stream, suggesting some sintering of this carbide phase nanoparticles.

V.3.2. Iron phases evolution by in-situ XANES

Figure 86 below displays the in-situ XANES data-set evolution and the linear combination fitting results. Changes in the pre-edge and white line (main absorption shoulder) during the FTS can be observed. The first scans showed a typical pre-edge characteristic of 1s -3d electronic transitions in iron oxides compounds, however with increasing temperature, the pre-edge became more metallic and/or carbidic iron. In addition, the intensity of the white line decreased with increasing temperature, which may suggest a progressive reduction of the iron oxide phases. The linear combination fitting at 230 °C indicated the following progressive transformations: Fe2O3 Fe3O4 FeO Fe5C2. Nevertheless the fitting decreases in accuracy at higher temperatures (250 °C and 280 °C) where the Fe7C3 carbide phase starts to appear.

Figure 86 | In-situ Xanes evolution (left) and linear combination fitting of iron phases in time (right).

It is well known that the iron carbide phases are made in-situ because they can be easily oxidized by oxygen [ 11 ]. Consequently the preparation of this carbide as reference is critical here to obtain a better linear combination fitting for future works. Therefore the linear combination fitting does not take into account the Fe7C3 carbide. Also there is probably a progressive transformation of carbide phases from Fe5C2 to Fe7C3 at 250 °C. Both XRD and XANES seem to be in agreement on the evolution of iron phases during FTS. Furthermore TEM images do not permit to determine an average particle size.

V.4.2. Determination of iron phases after FTS by ex-situ XRD

The X-ray diffraction pattern of the spent nano-structured α-Fe2O3 catalyst is displayed on Figure 88. After FTS testing, the spent catalyst was recovered from the reactor. Therefore, the spent catalyst was in contact with air, meaning that the catalyst most likely re-oxidized partially with the oxygen. Following the Debye-Scherrer equation we could determine the average particle size based on the Fe3O4 peaks, an average value of 130.9 nm is obtained and using the handbook dispersion equation (Chapter 2 -Experimental procedure -II.4.4. Study of nano-particles with TEM) a dispersion of around 0.89 % is estimated.

V.4.3. Iron phases determination by 57 Fe Mössbauer spectroscopy

Mössbauer spectroscopy was applied at room temperature to gain insight of the iron species present in the nano-structured α-Fe2O3 catalyst after FTS. After FTS testing, the spent catalyst was recovered from the reactor. Therefore, the spent catalyst was in contact with air, meaning that the catalyst most likely re-oxidized partially with the oxygen. The catalyst Mössbauer spectrum was taken after 100 hours on stream at 280 °C. The Mössbauer spectrum is given in Figure 89 and the Mössbauer parameters (Isomeric shift (IS, mm.s -1 ), quadrupolar splitting (QS, mm.s -1 ), hyperfine field (T) and Relative intensity (%)) are given in Table 31.

Seven components can be identified for the spent nano-structured α-Fe2O3 catalyst. The Mössbauer spectrum is characterized by two well-defined magnetic sextet characterized by two magnetic field of 48.3 T and 45.0 T. (with a relative intensity respectively 26 % and 50 %), a quadrupolar hyperfine doublet with a quadrupolar splitting of 1.10 mm.s -1 (relative intensity 2 %), another sextet with a magnetic field of 49.2 T (relative intensity 10 %), and three welldefined sextets with a magnetic field of 10.1, 22.3 and 22.3 T (with a relative intensity of 2 %, 4 % and 5 %, respectively).

The two well-defined sextets are attributed to magnetite (Fe3O4) in relatively large particles [ 44 ]. The doublet with an isomeric shift of 0.21 mm.s -1 is attributed to ferric ion (Fe 3+ ) but it is not possible to make definitive assignments as to the exact nature of the species [ 44 , 119 ], to do that we would need to do Mössbauer analysis at much lower temperature. The sextet wi th an isomeric shift of 0.34 mm.s -1 can be attributed to Fe2O3 oxide species. The remaining sextets with an isomeric shifts of 0.23 mm.s -1 , 0.24 mm.s -1 and 0.28 mm.s -1 are attributed to iron carbides and more particularly to Hägg carbides (Fe5C2) [ 70 , 118 ]. In comparison with the fresh catalyst where only one iron phase was present, the α-Fe2O3 oxide, the spent catalyst shows various iron phases (oxides and carbides) revealing the huge difficulty to understand the behavior of iron during Fischer-Tropsch synthesis. The Mössbauer analysis is in agreement with the in-situ Xanes analysis. The same phases are observed in both cases (Fe3O4, Fe5C2). However the duration of the FTS test (time on stream) was different between the two cases, which may explain the small differences (no FeO for the Mössbauer analysis and no more α-Fe2O3 oxide for in-situ Xanes).

In-situ XRD shows the presence of Eckstrom and Adcock carbide Fe7C3. However, this phase was not incorporated in the Mössbauer spectrum of the spent catalyst (Figure 89). Therefore, another fit of the experimental spectrum was done, to add this particular phase, and see if the interpretation would change. The Mössbauer spectrum is given in Figure 90 and the Mössbauer parameters (Isomeric shift (IS, mm.s -1 ), quadrupolar splitting (QS, mm.s -1 ), hyperfine field (T) and Relative intensity (%)) are given in Table 32.

Again, the two well-defined sextets are attributed to magnetite (Fe3O4) in relatively large particles [ 44 ]. The sextet with an isomeric shift of 0.34 mm.s -1 can be attributed to Fe2O3 oxide species. The remaining sextets with an isomeric shift of 0.30 mm.s -1 , 0.25 mm.s -1 , 0.24 mm.s - 

The interpretation does not change at all by adding the Fe7C3 carbide phase. 

Conclusion

The synthesis procedure for the nano-structured α-Fe2O3 catalyst is simple and well reproducible. The iron particles are well-ordered and defined. The particle diameter varies between 8 to 12 nm with an iron dispersion of 9.7 to 14.5 %. After Fischer-Tropsch reaction the well-ordered structure is completely shattered and the dispersion drops to < 1 %. XRD, Mössbauer and XANES shows that the fresh catalyst is composed of α-Fe2O3. After testing, other types of oxides (Fe3O4, Fe2O3 and FeO) and carbides (Fe5C2 and Fe7C3) are observed. The catalyst proves to be really complex in terms of iron phases and looks very similar to the commercial catalyst. Table 33 summarizes the essential information regarding the nanostructured α-Fe2O3 filament catalyst. 

Ex-situ

Mössbauer - - α-Fe2O3 - - Fe3O4, Fe2O3, Fe5C2, Fe 3+ , (Fe7C3) 
In-situ XRD - - α-Fe2O3 - - Fe3O4, Fe5C2, Fe7C3 In-situ Xanes - - α-Fe2O3 - - Fe3O4, Fe2O3, Fe5C2, FeO
For ex-situ mössbauer: iron species in bold are in majority in the sample, iron species not in bold are in minority in the sample.

Chapter 3 -Characterization of iron-based catalysts

Conclusion

The objectives of this chapter was to characterize the well-controlled iron-nanoparticles encapsulated catalyst to facilitate the establishment of a structure-activity relationship.

Herein, transmission electron microscopy (TEM), ex-situ and in-situ X-ray diffraction (XRD), exsitu and in-situ Mössbauer spectroscopy and X-ray absorption near-edge structure spectroscopy (XANES) were the key techniques used in this study. These characterizations have enable the determination of the evolution of the iron phases during the Fischer-Tropsch synthesis and the full characterization of the fresh and spent catalysts in terms of iron phases.

Also, the particle size distribution and dispersion of iron particles have been estimated for a better understanding of the catalyst performances during the Fischer-Tropsch synthesis.

The analytical techniques used here can be divided into two categories: the first one to get information on structure and particle size, the other one to have information on the iron phases. TEM and TEM-tomography were mainly used for the determination of the particle size distribution, precise localization of the particles in the sample, and calculation of the dispersion. XRD, Mössbauer spectroscopy and XANES were used for characterizing the state of the catalyst before, during and after the Fischer-Tropsch synthesis.

The studied iron-based catalysts can also be divided into two categories: on one hand there are the bulk-type iron catalysts, such as the commercial and the nano-structured α-Fe2O3 catalysts, and on the other hand, there are the Fe supported on silica-type catalyst, with the Fe@hollow-silicalite-1,Fe/hollow-silicalite-1 and Fe/SiO2 catalysts.

For the first category, the bulk-type, it was difficult to get an accurate and/or precise information on the particle size distribution and then a proper calculation of the dispersion.

The fresh catalysts, both the commercial and the nano-structured α-Fe2O3 ones, were mainly composed of hematite (α-Fe2O3), which makes the fresh catalyst easy to understand.

However, the large amount of iron phases present after the Fischer-Tropsch reaction (carbides, oxides) enhanced the difficulty to understand the behavior of the catalyst and/or of each iron phases, during the Fischer-Tropsch synthesis. Finally, the bulk-type catalyst proved to be more impacted by sintering effect during FTS.

Introduction

This chapter deals with the catalytic performances of all the well-characterized catalysts described in details in the previous chapter (Chapter 3 -Characterization of iron-based catalysts). Catalysts were tested under Fischer-Tropsch synthesis conditions to evaluate their activity, selectivity and stability performances. More importantly, these Fischer-Tropsch tests aimed to unveil and understand the possible relationships between the structural and characteristic features of the different iron catalysts and their catalytic performances.

First of all, the Fischer-Tropsch testing rig was tuned and validated by using a Fe commercial catalyst given by our project partner Johnson Matthey. Our partner provides us with the testing conditions parameters used for Fischer-Tropsch synthesis and the catalyst performances results obtained on their own rig. The aim of this validation was to compare the activity and selectivies data of the commercial catalyst obtained on our rig with the data obtained by Johnson Matthey on their own rig. This comparison work should help to determine if there were deviations between our rig and the one from our partner.

Secondly, each catalyst studied in this study would be tested under Fischer-Tropsch synthesis conditions. However, as each of them are drastically different in terms of structure and features, especially between the bulk-type catalyst and the supported/encapsulated ones, comparison between them proves to be challenging. For an easier and more accurate comparison, all catalysts would be tested at the same pressure, temperature and H2/CO ratio conditions. However the loading of catalyst and therefore the GHSV will be adapted, so that the CO conversion could be maintained around 20 % 5 %. In that way, catalysts would be compared at quasi iso-conversion and iso-temperature. 20 % conversion allows to have decent activities and selectivities for the various catalysts.

In some cases, the water-gas-shift activity would be investigated to better understand the behavior of CO2 onto the FTS reaction and the catalysts performances.

The interpretation and discussion of the relationship between the structural and characteristic features of iron catalysts and the catalytic performances will be discussed in more details in Chapter 5. This chapter mainly focuses on the catalytic tests without relating directly to the characterization part. Firstly, the catalyst passes through a period of activation for 24 h, where CO conversion increase. Then the CO conversion and CO2 selectivity tend to stabilized. No important deactivation can be recorded during the first 100 hours on stream. The deactivation characteristics are not measurable over the time period and temperatures studied here. The conversion and selectivities are reported in Table 36. For comparison, the data results provided by Johnson Matthey are also reported in Table 36.

Light hydrocarbons selectivity (CH4 and C2-C4 fractions) is rather low compared to other state of the art catalyst which are typically > 10 % for CH4 and > 15 % for C2-C4 fractions (Chapter 1 % to 44.8 % for temperatures between 250 °C and 300 °C (however it is difficult to really compare catalysts from the literature as each of them is tested under diverse conditions and at different CO conversion levels). The low selectivities in methane and light hydrocarbons as well as the fairly amount of CO2 results in high selectivity of the desired products, here the C5+ hydrocarbon fraction (> 55 %). The C5+ selectivity is calculated by 1 -(%CH4 + %C2-C4 + %CO2).

A small discrepancy can be observed between our results and those of JM concerning the CO conversion, most likely due to GC chromatography peak integration. However, selectivities are in good agreement between the two rigs. The JM commercial catalyst is particularly watergas-shift active, as the selectivity of CO2 indicates. This high CO2 selectivity is detrimental to the C5+ selectivity.

In conclusion, selectivity and activity catalytic measurements on the commercial catalyst are in good agreement with the data performances provided by JM within experimental error.

I.1.2. Fischer-Tropsch synthesis study at a CO conversion of 20 %

Comparing catalysts accurately is difficult as they have different structures and properties.

Therefore, for this work, we decided to focus our study for a CO conversion around 20 % at 250 °C (a CO conversion between 15 to 24 % will be tolerated). As explained in the characterization chapter, the iron catalysts are quite different in terms of structure, morphology, particle size and dispersion. For this reason, the mass of catalyst and/or GHSV is adjusted for each catalyst to maintain a 20 % CO conversion at 250 °C. All other conditions such as pressure (P, bar), temperature (T, °C) and H2/CO ratio of 2:1 will not change (if particular or additional conditions are used, they will be specified in the text). The catalysts comparison will therefore be done at quasi-iso-conversion and iso-temperature.

The following conditions are used all along this chapter: The Fischer-Tropsch reaction is carried out at 20 bar pressure with a syngas mixture H2:CO in a 2:1 ratio. The operating temperature is ramped up to 250 °C, 260 °C, 270 °C and 280 °C during the test to investigate the conversion and selectivity performances of the catalyst. The catalyst is studied over a standard period of 100 h.

On Johnson Matthey FTS rig, the Fischer-Tropsch reaction was carried out at a GHSV of 1.57 Lsyngas.gcat -1 .h -1 from 250 to 270 °C and at a GHSV of 1.32 Lsyngas.gcat -1 .h -1 for 280 °C. The conversion and selectivities are reported in Table 37.

The CO conversion at 250 °C for both rigs remained in the accepted range of comparison ( 15to 24 %). The CH4 and C2-C4 selectivities are also in the same range as for the test carried out on our own rig. The activation energy of the commercial catalyst was provided by Johnson Matthey, Ea = 50 kJ.mol -1 . The apparent activation energy for the kinetic constant is low in comparison to most activation energies for Fischer-Tropsch reaction rates which are typically between 70 and 105 kJ.mol -1 [ 133 , 134 ].

On Johnson Matthey FTS rig, the JM commercial catalyst is tested again to maintain a 20% CO conversion at 250 °C for better comparison letter on. 3 g of the commercial catalyst is tested for a GHSV of 1.28 Lsyngas.gcat -1 .h -1 . The conversion and selectivities are reported in Table 38.

Under the above conditions, the CO conversion was maintained around 20 % by adjusting the GHSV (Figure 92). The CH4 and C2-C4 selectivities remained low compared to the ones from the ones derived from literature (typically > 10 % for CH4 and > 15 % for C2-C4 fractions). The 

I.1.3. Conclusion

The commercial catalyst is a typical co-precipitated iron catalyst for Fischer-Tropsch synthesis.

The catalyst proved to have a good overall selectivity to C5+ hydrocarbons, with deactivation characteristics that are not measurable over the time period and temperatures studied. The selectivity to CO2 via the well reported Water-Gas-Shift reaction has the biggest detrimental impact on the C5+ hydrocarbons fraction. To fully assess the WGS activity, WGS testing will be carried out.

I.2. Water-gas-shift testing of the commercial catalyst

Water-gas-shift tests were conducted on the commercial catalyst to evaluate its capacity to produce CO2.

(Equation 46) Water-gas-shift: ΔH298K = -41.1 kJ.mol -1 100 mg of the commercial catalyst was placed in a 4 mm ID fixed-bed continuous-flow quartz reactor. .h -1 GHSV = 1.28 L. g ca t

The catalyst was studied at 2.2 bar with a mixture of H2O/CO with a ratio of 1:2. N2 was added in the feed as internal standard. Water was added to the feed via a water saturator. The flow of CO passes through the saturator and takes the water to the reactor. The effect of temperature was studied on the iron catalyst. The operating temperature of operation was ramped up to 250 °C, 260 °C, 270 °C and 280 °C. Each temperature was maintained for 45 min.

After the 280 °C plate, the temperature was brought back to 250 °C to evaluate the impact of water on the catalyst. The CO conversion and the evolution of CO2 and H2 formation are represented in Figure 93. An impact of the temperature on the water-gas-shift activity can be observed. Increasing the temperature increases the CO conversion. Also, the formation of H2 and CO2 can be observed.

The ratio of H2 and CO2 formed is precisely of 1, which is perfectly logical as 1 molecule of CO consumed gives exactly 1 molecule of H2 and 1 molecule of CO2. Therefore the commercial catalyst is clearly a water-gas-shift active catalyst.

A diminution of the CO conversion can be noticed when comparing the conversion at 250 °C and post 250 °C. The conversion has decreased by nearly 40 %. Therefore it can be assumed that water is responsible for the catalyst deactivation.

II. Catalytic testing on the Fe@hollow-silicalite-1 catalyst

II.1. Fischer-Tropsch synthesis catalytic study

The well-controlled iron-based catalyst developed in this study denoted Fe@hollow-silicalite-1 was studied in the Fischer-Tropsch conditions detailed above.

a. Effect of temperature on Fe@hollow-silicalite-1 during FTS

The operating temperature was varied during the test to investigate the conversion and selectivity behavior of the catalyst.

At low catalyst loading

To start, a preliminary test was carried out. 440 mg of a 3.4%wtFe@hollow-silicalite-1 catalyst were loaded in the center of the reactor. The experimental data are reported in Table 39.

The Fe@hollow-silicalite-1 catalyst displays a low CO conversion (< 10 %). However in terms of selectivity the catalyst produces really low amounts of CH4 (< 4 %) and light hydrocarbons (< 5 %) at low temperatures (230 °C -250 °C). Furthermore no CO2 is produced by the catalyst.

In the end, the desired hydrocarbons fraction (C5+) is very high (> 90 %). Those preliminary results are interesting since the catalyst does not produce any CO2 in contrast to all other known Fe-catalysts [ 61 , 64 , 65 , 66 ]. This encapsulated iron-based catalyst does not show activity for the water-gas-shift reaction during Fischer-Tropsch synthesis at low temperature.

However, due to the low CO conversions of this catalyst during the FTS we have to remain cautious and critical about the interpretation. Therefore, even though this first test looked motivating, tests at a higher catalyst loading in the reactor would be necessary before making any assumption. 

At high catalyst loading

Several tests were conducted at a higher catalyst loading: 1.85 g ( 4 times more catalyst than in preliminary test, the highest loading allowed in our setup following the low density of this catalyst). Hence a 2.5%wtFe@hollow-silicalite-1 catalyst is tested. The catalyst is tested for a duration of minimum 100 h for each temperature. The experimental data are reported in Table 40.

This time the Fe@hollow-silicalite-1 catalyst displays a CO conversion at 250 °C within the range specified (between 15 -24 %). The conversion is 4 times more important than in the preliminary test. On the other hand the selectivity in CH4 and C2-C4 are quite high compared to JM commercial (between 2 % and 5 % for CH4 and 6 % to 10 % for C2-C4). An increase in temperature tends to increase selectivities in light hydrocarbons and lowering the C5+ fraction.

Again no CO2 was produced at 250 °C and 260 °C. However, when increasing temperature, the CO2 starts being produced and reaches 10 -15 % of selectivity. From these data one can conclude that the catalyst has a water-gas-shift apparent inactivity at low temperature (< 260 °C) and is WGS active at higher temperature (> 260 °C). The Fe@hollow-silicalite-1 catalyst has been tested for 150 h at each temperature and no deactivation was seen during this laps of time (Figure 94). The catalyst looks stable with time and resistant to deactivation. The olefin to paraffin ratio are indicated in Appendix 2. GHSV. Here we make the hypothesis that the rate of reaction (r) evolved linearly with the conversion, furthermore as FTS has an order in CO near 0, we can make the hypothesis that we can calculate the reaction rate and therefore determined an apparent activation energy.

The values of the energy of activation are indicated in Figure 97. The apparent activation energy for the kinetic constant is low in comparison to most activation energies for Fischer-Tropsch reaction rates which are typically between 70 and 105 kJ.mol -1

[ 133 , 134 ]. Nevertheless, the activation energy of the Fe@hollow-silicalite-1 is in the same range than the one reported for the JM commercial catalyst (50 kJ.mol -1 ).

c. Effect of Promoters on Fe@hollow-silicalite-1 during FTS

The effect of promoters (Cu, K) was studied on the iron catalyst. Several tests were carried out at a catalyst loading of 2.0 g of a 2.8%wtFe0.08%wtCu0.03%wtK@hollow-silicalite-1 catalyst.

The experimental data are reported in Table 41, the unpromoted Fe@hollow-silicalite-1 FTS results obtained previously are also reported here for a better comparison. The catalyst was tested for a duration of minimum 100 h for each temperature. The selectivities can be compared since they have been obtained at iso-temperature, iso-GHSV and iso-conversions. We can clearly see that the promoters have a significant effect on the selectivity of the catalyst. Indeed at 250 °C, a decrease in light hydrocarbons fraction (CH4 and C2-C4) can be seen (from 15.1 % to 7.3 % for CH4 and 22.7 % to 13.6 % for C2-C4 fractions)

and therefore an increase in the C5+ fraction. The decrease in selectivity for light hydrocarbons when adding promoters to the catalyst has been reported in the literature [START_REF] Cornell | The Iron Oxides[END_REF][START_REF] Cui | Effect of pretreatment on precipitated Fe-Mo Fischer-Tropsch catalysts: Morphology, carburization, and catalytic performance[END_REF][START_REF] Luo | Catalyst activation of low alpha iron catalyst[END_REF][START_REF] Bukur | Pretreatment effect studies with a precipitated iron Fischer -Tropsch catalyst in a slurry reactor[END_REF][START_REF] Shultz | Studies of the Fischer-Tropsch Synthesis. XIV. Hagg Carbide as Catalysts[END_REF][START_REF] Bezemer | Cobalt Particle Size Effects in the Fischer -Tropsch Reaction Studied with Carbon Nanofiber Supported Catalysts[END_REF]. Promoter such as K was reported to influence the catalytic performances of iron-based FTS catalyst. K is the most widely studied promoter and is known to decrease or suppress the methane formation, improve the olefin selectivity and shift selectivity to higher hydrocarbons chain. Also it improves the dissociative adsorption of CO, strengthens the Fe-C bonds, and facilitates carbon deposition and catalysts deactivation [START_REF] Cornell | The Iron Oxides[END_REF][START_REF] Cui | Effect of pretreatment on precipitated Fe-Mo Fischer-Tropsch catalysts: Morphology, carburization, and catalytic performance[END_REF][START_REF] Luo | Catalyst activation of low alpha iron catalyst[END_REF][START_REF] Bukur | Pretreatment effect studies with a precipitated iron Fischer -Tropsch catalyst in a slurry reactor[END_REF][START_REF] Shultz | Studies of the Fischer-Tropsch Synthesis. XIV. Hagg Carbide as Catalysts[END_REF][START_REF] Bezemer | Cobalt Particle Size Effects in the Fischer -Tropsch Reaction Studied with Carbon Nanofiber Supported Catalysts[END_REF]. While the role of Cu in facilitating catalyst reduction has been widely accepted, its influence on the FTS product distribution has not been well addressed. Some found that Cu has no effect on selectivity whereas others found that selectivity is improved or suppressed [START_REF] Cornell | The Iron Oxides[END_REF][START_REF] Bukur | Activation Studies with a Precipitated Iron Catalyst for Fischer-Tropsch Synthesis: I. Characterization Studies[END_REF][START_REF] Raupp | Mössbauer investigation of supported Fe and FeNi catalysts. II. Carbides formed Fischer-Tropsch synthesis[END_REF][START_REF] Datye | The nature of the active phase in iron Fischer-Tropsch catalysts[END_REF].

Therefore, the performances modifications when adding K and Cu promoters are in agreement with the literature.

The CO2 is not produced by the promoted catalyst. At 280 °C, the CO2 production of the promoted catalyst is 2 times lower than the CO2 production from the unpromoted catalyst.

The selectivities of the promoted iron-based encapsulated catalyst is coming closer to the selectivities values of the commercial catalyst (in terms of CH4 and C2-C4). Still more work needs to be done on the addition of promoters to the catalyst. The promoters loading needs to be investigated further to find the best iron-to-promoters ratio. Hence, getting better and competitive selectivities like the commercial catalyst.

The apparent activation energy (Ea) for the promoted catalyst is 45 kJ.mol -1 .

d. Conclusion

There is no apparent CO2 production for the promoted and unpromoted Fe@hollow-silicalite- Two WGS tests are carried out on the unpromoted 2.5%wtFe@hollow-silicalite-1 and the promoted 2.8%wtFe0.08%wtCu0.03%wtK@hollow-silicalite-1. The Fischer-Tropsch reaction is carried out at 20 bar pressure with a H2:CO:CO2 ratio of 2:0.8:0.2 with a GHSV of 1.0 L.gcat -1 .h - 1 syngas (H2, CO, CO2) and 0.9 L.gcat -1 .h -1 syngas (H2, CO, CO2), respectively for the unpromoted and promoted iron catalyst. The CO conversion and selectivities are showed in Table 42 below.

The selectivities can be compared because they have been obtained at iso-temperature, (quasi) iso-GHSV and (quasi) iso-conversions.

In terms of conversion and selectivities, observations and conclusions made earlier on the previous tests are still valid. This time, the CO2 behavior is of interest. In Table 42 one can observed negative value of the conversion in CO2, the "negative conversion" means that the CO2 is not converted. A negative CO2 selectivity means that the CO2 is being converted. Indeed in Table 42 we can clearly see that CO2 coming from the feed is slightly converted % at 250 °C for the unpromoted catalyst. Because CO2 is converted, the CO2 selectivity has a negative value, as less CO2 can be observed at the outlet than at the inlet. For the promoted one the CO2 conversion is less apparent. Even more interesting, the CO2 ceases to be converted and is produced after reaching 270 °C. Again this behavior is less obvious for the promoted catalyst. These observations mean that, at low temperature, in presence of CO 2, the reverse water-gas-shift seems to be happening whereas when increasing the temperature the reverse phenomena is visible, the water-gas-shift reaction. 

II.3. Water-gas-shift catalytic testing of Fe@hollow-silicalite-1 material

We saw earlier that the Fe@hollow-silicaliet-1 catalyst does not produced any CO2 at low temperature during Fischer-Tropsch synthesis. Therefore water-gas-shift tests were conducted on the Fe@hollow-silicalite-1 catalyst to evaluate its capacity to produce CO2.

(Equation 47) Water-gas-shift: ΔH298K = -41.1 kJ.mol -1 For that, 250 mg of the catalyst were placed in a 4 mm ID fixed-bed continuous-flow quartz reactor. The catalyst was studied at 2.2 bar with a mixture of H2O/CO with a ratio of 1:2. N2

was added in the feed as internal standard. Water was added to the feed via a water saturator.

The flow of CO passes through the saturator and take the water to the reactor. The effect of temperature was studied on the iron catalyst. The operating temperature was ramped up to No CO conversion was observed. Therefore no CO2 or H2 were produced during this test. This result might be explained either by the fact that we do not have water-gas-shift happening on this catalyst or that the really low loading of iron inside the sample does not permit to observe any activity under the current operating conditions.

The total iron surface area of this sample (250 mg of catalyst) was calculated using the dispersion calculated previously a value of 1.4 m 2 .g -1 is obtained. When comparing this value to the one of the commercial catalyst (1.3 m 2 .g -1 ), we can see that both are really close.

Therefore the same amount of iron surface area is present in both sample. So it can be assumed that, not seeing any water-gas-shift activity for the Fe@hollow-silicalite-1 catalyst, might not be due to the amount of iron present in the sample.

III. Fischer-Tropsch catalytic testing on the other iron-based catalysts

In this part last part, the three other iron-based catalysts studied in Chapter 3 -Characterization of iron-based catalysts are tested. A 4.2%wtFe/hollow-silicalite-1 catalyst (GHSV = 0.7 L.g cat -1 .h -1 ), 2.3%wtFe/SiO2 catalyst (GHSV = 0.3 L.g cat -1 .h -1 ) and the bulk-type nanostructured α-Fe2O3 material (GHSV = 2.25 L.g cat -1 .h -1 ) are studied by Fischer-Tropsch synthesis.

The conditions of testing are reported at the beginning of this chapter. The catalysts are tested for a duration of minimum 50 h for each temperature. The experimental data of the three catalysts are reported in Table 43.

The Fe/hollow-silicalite-1 is very close in terms of structure than the Fe@hollow-silicalite-1 catalyst. The main difference being that its particles are not encapsulated in the zeolite but are mainly localized onto the external surface of the zeolite crystals. The major interest of this catalyst is its quasi non-existence of CO2 production (1.2 %) which is really similar to the Fe@hollow-silicalite-1 (no production in this case).

The Fe/SiO2 catalyst shows very poor activity. The methane and C2-C4 hydrocarbons fractions selectivities are pretty low (< 2 % for CH4 and <2 % for C2-C4 at 250 °C). The same goes for the CO2 which is not visible on the chromatogram. The low CO2 selectivity probably comes from the low activity of this catalyst, most likely due to no or low water production and poor WGS activity. The Fe/SiO2 catalyst mass used for this test is two times higher than in the FTS test for the Fe@hollow-silicalite-1 catalyst. The loading in iron is almost identical (2.4 %wt for Fe@hollow-silicalite-1 and 2.3 %wt for Fe/SiO2). However the big difference is in the dispersion of the iron particle, which is 6 times less than for the Fe@hollow-silicalite-1 catalyst (4.7 % for Fe/SiO2 and 29 % for Fe@hollow-silicalite-1). In conclusion, the Fe/SiO2 is most likely not active. Unfortunately, the size of our reactor, did not allow to increase the mass of this catalyst to reach higher conversion levels.

The nano-structure α-Fe2O3 catalyst proved to be relatively active with good selectivities. Even though the CO conversion value are not strictly the same than the one of the commercial catalyst (33.4 % conversion for the nano-structure α-Fe2O3 and 23.7 % conversion for JM commercial catalyst), selectivities in light hydrocarbons and CH4 are of the same order of magnitude ( 2 -4 % for CH4 and 7 -10 % for C2-C4 at 250 °C). The main issue with this catalyst is its CO2 selectivity (> 20 %). 

Conclusion

The objectives of this chapter was to evaluate the Fischer-Tropsch catalytic performances (mainly activity, selectivity and stability) of well-controlled iron-based catalysts. The most important factor for the Fischer-Tropsch catalyst is the selectivity in hydrocarbons, notably the capacity to favor long chain hydrocarbons (C5+). On the contrary, a low selectivity in CH4 and light hydrocarbons is desired. For iron-based catalysts in particular, the CO2 selectivity is one of the most essential data that needs to be evaluate.

The studied iron-based catalysts can be divided into two categories: iron-based catalysts producing high amount of CO2 (> 15 %, commercial and the nano-structured α-Fe2O3 catalyst)

and iron-based catalysts producing no or very little CO2 (< 1 %, Fe@hollow-silicalite-1, Fe/hollow-silicalite-1 and Fe/SiO2 catalysts).

The first category, represented by the bulk-type catalysts, has a really high iron loading and is mainly composed of iron oxides. Both the commercial and the nano-structured catalysts are active and have a really good selectivity in light hydrocarbons (CH4 and C2-C4). However, their selectivity in the undesired CO2 product is really high (> 15 %). In terms of stability, the catalysts were not tested long enough to see any important deactivation. Through water-gasshift testing, the commercial catalyst proved to be a really good WGS catalyst.

The second category, represented by the Fe supported on silica, has really low iron loading.

However, they appeared to be active in Fischer-Tropsch conditions, probably due to their shape and high iron particle dispersion. All catalysts in this category seem to have a higher light hydrocarbons (CH4 and C2-C4) selectivity than the bulk-type catalyst. Except for the Fe/SiO2 catalyst believed to be low in activity. Both Fe@hollow-silicalite-1 and Fe/hollowsilicalite-1 despite having high CO conversion (respectively 20 % and 28 %) do not produce any or very few CO2. Even more interesting, the Fe@hollow-silicalite-1 catalysts consumed CO2 when adding some in the feed, meaning that reverse water-gas-shift (R-WGS) is occurring. This phenomena will be discussed in more details in Chapter 5 -Study of the Fe@hollowsilicalite-1 catalyst: Determination of the relationship between structural features and catalytic performances.

A summary table of the different tests conducted on all catalysts is shown in Table 44 below.

The relation between the structure and characteristics of these catalysts with their Fischer-Tropsch performances (activity, selectivity) will be fully described and discussed in chapter 5. 

Introduction

This chapter focuses on the study of the possible relationships between the structural features of the Fe@hollow-silicalite-1 catalyst and its catalytic performances. Fe@hollow-silicalite-1 catalyst proved to be particularly interesting as it does not produce any CO2 at low temperature.

Even more motivating, the catalysts consumed CO2 when adding some in the feed, meaning that reverse water-gas-shift (R-WGS) is occurring. Would the non CO2 production be due to the iron phases that composed the material or is it due to the "encapsulation" of the nano-particles inside the zeolite? This chapter aims at answering these questions. For that, the comparison with the other iron-based catalysts studied along with literature examples will provide additional information to support our arguments and point of view. In a first part, this chapter will deal with understanding and discussing the stability aspect of the Fe@hollow-silicalite-1 and with comparing it with the other iron-based catalysts. A second part will mainly focus on the understanding of the activity, in other word, the influence of the particle size and the different iron phases will be discussed. Finally, we will discuss our hypothesis that the high hydrophobicity of the silicalite-1 is at the origin of the non WGS reactivity. The last part deals with the characterization of adsorption properties as supporting evidence to our hypothesis.

I. Study of the stability of iron-based catalysts

One of the main challenges for Fischer-Tropsch catalysts is to overcome their fast deactivation, in other word increasing their stability with time on stream (TOS). As explained in Chapter 1 -

State of the art -A review -II.2. Iron-based FTS catalysts, compared to cobalt-based catalysts,

iron-based catalysts are known to deactivate rather quickly [ 11 ]. Therefore, from an industrial point of view, the cost for replacement and/or regeneration of a catalyst is relatively high and is not something desired. Consequently, more stable iron-based catalysts are required.

For a period of 100 h on stream, the Fe@hollow-silicalite-1 catalyst proved to be stable and sintering resistant. Indeed, when looking at the CO conversion with time (Figure 100), the conversion remains stable ( 17 % 5 %) for a period of more than 100 hours at 250 °C. When increasing the temperature to 260 °C, the CO conversion remains stable for more than 100 hours. This suggests that the catalyst does not deactivate during this period of time. On TEM images, the particles size distribution can be calculated, and by applying the Van Hardeveld and

Hartog model, the dispersion can be determined. When looking at the evolution of the particles size distribution with time (Figure 101), one can say that the particles are relatively stable and that no significant sintering is observed. Indeed, the average particle size evolved from 3.5 nm to 4.4 nm after 100 h on stream. The dispersion goes from 29 % to 24 %. Frequency (%)

Fe particle size (nm)

FTS TOS = 100 h
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Fe/hollow-silicalite-1 catalyst is the supported version or non-encapsulated iron nanoparticles version of the Fe@hollow-silicalite-1. Therefore, its study will provide valuable information when comparing its stability with the one of the Fe@hollow-silicalite-1 catalyst. For a period of 100 h on stream, the Fe/hollow-silicalite-1 catalyst remains stable. The CO conversion remains stable ( 27 % 3 %) during a 100 h under Fischer-Tropsch reaction conditions (Figure 102). TEM images was used again for the particles size distribution and dispersion determination.

When looking at the evolution of the particles size distribution with time ( Figure 103), the distribution is shifted toward the higher values. Indeed, the average particle size evolved from 21.7 nm to 27.5 nm after 100 hours on stream. The dispersion goes from 5.2 % to 4.6 %. Even though the difference is not large, it is significant.

The iron supported on silica, Fe/SiO2, is poorly active. No deactivation could be therefore observed in this case. The low activity probably comes from the really low iron loading (2.3%) and the really low dispersion (4.4 %) of the iron particles on the fresh catalyst. No much can be said on this catalyst regarding its deactivation, stability and evolution with time. Frequency (%)

Fe particle size (nm)

FTS TOS = 100 h
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The JM commercial catalyst, after a period of activation of 24 hours, tends to stabilize and remains stable for a 100 hours (around 30 % 2 % CO conversion, at 230 °C). No significant deactivation can be observed for this catalyst in a reasonable amount of time (Figure 104). This time, TEM images did not permit the calculation of the size distribution of the catalyst, as no well-defined particles can be observed. Also, due to its amorphous phase, the dispersion or iron particles size distribution could not be calculated by XRD (Debye-Scherrer). Only the spent crystalline catalyst could be evaluated in terms of dispersion (4.7 %) and average particles size (24.6 nm). With these information only, it is particularly difficult to conclude on the commercial catalyst stability with time. No significant deactivation can be observed during this amount of time. On the other hand, major catalyst re-structuration can be observed with TEM images (Figure 106).

Indeed, the well-defined iron particles alignment totally shattered during the reaction. The well-defined particles evolves from 8 -12 nm to an average of 131 nm. Also, the dispersion, changes from 12 % to lower than 1 %. In conclusion, the catalyst activity remains constant while the dispersion decreases. This indicates that there is most likely generation of more active iron species with time. Table 45 shows a summary of the evolution of the average particle size and dispersion of the five catalysts described beforehand.

For Fe@hollow-silicalite-1, the iron nanoparticles are localized inside the zeolite walls.

Particles are probably in small cavities inside the silicalite-1 walls. As shown previously, the particles average size is 3.5 nm for the fresh and 4.4 nm for the spent catalyst, whereas the silicalite-1 pores size are known to be around 0.55 nm (5.5 Å). Therefore, the particles are trapped inside the defect of porous network. There are two possible mechanisms that can explained sintering, namely the particle migration and coalescence (PMC) and the Ostwald ripening (OR) (Chapter 1 -State of the art -A review -c. Sintering and loss of catalytic surface area). In the first case, PMC implicates particles mobility and diffusion on the catalyst surface, following by coalescence which leads to the particles growth when they come in close proximity with each other. However, this mechanism is unlikely to happen as the particles are trapped and cannot move in the pores of the silicalite-1 due to their size. Whereas, Ostwald ripening implicates migration and transport of ad-atoms and/or molecular species with larger particles growing at the expense of smaller particles due to surface free energy differences (large particles have a lower free energy than small particles). Therefore, OR could explained the small increase in particles size observed after reaction (3.5 nm to 4.4 nm in average). The encapsulation provides sintering resistance, but cannot explain the catalyst stability alone as the iron structure may change. In terms of activity per volume of catalyst, it is evident when looking at the table, that bulk type catalysts are much better than the supported catalysts, >> 1 μmolCO.cm -3 .s -1 for bulk type catalyst and << 1 μmolCO.cm -3 .s -1 for nano-sized supported catalysts. From a structural point of view the commercial and nano-structured α-Fe2O3 catalysts are denser, therefore they require a smaller reactor than the Fe@hollow-silicalite-1 catalyst, which is 4 times less active. Indeed, the commercial catalyst has an apparent density of 0.86 g.cm -3 whereas the Fe@hollow-silicalite-1 has a 0.23 g.cm -3 density. The large cavity of the nano-boxes are responsible for the very low density. Breaking the boxes in small pieces could increase the powder density, but it cannot be achieved by grinding because of the small crystal sizes. We can observe that the activity per mass unit of iron is about 8 times larger than for the commercial catalysts, but the Fe loading is much smaller. Hence, another option for the enhancement of the volumetric and gravimetric activities would be to increase the iron loading of the Fe@hollow-silicalite-1 catalyst. Increasing the number of small particles per unit volume would certainly increase the activity of the catalyst. However this was proved to be hard to implement, as increasing the amount of iron in the impregnation solution, did not increase the loading in this kind of sample.

FTS TOS = 50 h h

The best way to relate the activity of a catalyst to its active site, is the site time yield, better known as STY. The Fe/ hollow-silicalite-1 and nano-structured α-Fe2O3 have a much more higher STY than the Fe@ hollow-silicalite-1 and commercial catalysts, respectively in the 10 -2 s -1 for the first two and 10 -3 s -1 for the others. What is noteworthy here is the STY of the Fe@hollow-silicalite-1 (3.7*10 -3 s -1 ) which is of the same order of magnitude than the commercial catalyst used in the industry whereas the Fe/hollow-silicalite-1 STY is 10 times higher than the one from the commercial catalyst. STY is a similar notion than TOF. TOF is widely used in the literature, few mention of STY can be found. The TOF is calculated by using the reaction rate whereas the STY used the conversion. Nevertheless we can generally admit that STY TOF, or is generally in the same order of magnitude. When looking at literature, the average value of TOF for iron-based catalysts seems to be between 10 -2 for large particles (> 7 nm) and 10 -3 for smaller particles (< 7 nm) [ 59 , 60 , 125 , 135 , 136 ]. Therefore, the STY value calculated in this work are of the same order of magnitude than the TOF found in literature.

Therefore in terms of active surface sites, our Fe@silicalite-1 catalyst is at the same level than the commercial catalyst.

Errors on STY calculation may originate from particle size measurements of iron in the catalyst.

Therefore, we need to be critical on the way dispersion was calculated. In the case of ironbased supported catalysts (Fe@ hollow-silicalite-1, Fe/hollow-silicalite-1 and Fe/SiO2), the particles size distribution is well-defined when observing the catalysts by TEM, therefore, the calculated dispersion is most likely accurate (Van Hardeveld and Hartog model). However, in the case of bulk-type catalysts, it was more difficult to have a precise dispersion calculation on the spent catalysts. For the commercial and nano-structured iron-based catalysts, TEM images couldn't be used to calculate the dispersion as no well-defined particles could be observed after several hours on stream. XRD was used to determine the average crystallite size, the dispersion was calculated (Handbook formula) assuming that all atoms of crystallites are accessible from the surface which is certainly not true. Indeed a particle could be made of several crystallites, therefore, the calculated dispersion is most likely overestimated. In that case, calculated STY could be underestimated and could hence be higher.

In conclusion so far, the nano-dispersed-type catalysts (encapsulated and supported ones) are actually more active than bulk-type catalysts per gram of iron which indicates that in principle supported catalysts could largely surpass bulk-type catalysts if iron high loading and high dispersion could be achieved. Furthermore in terms of active surface sites, the encapsulated Fe@hollow-silicalite-1 catalyst as similar STY than the commercial catalyst. Figure 108 shows the STY (s -1 ) as a function of the average particle size (nm) of the iron-based catalysts studied. In this figure, we can identify two groups: the nano-structured α-Fe2O3 catalyst and the Fe/hollow-silicalite-1 with a TOF in the 10 -2 order, and the Fe@hollowsilicalite-1, commercial catalyst and Fe/SiO2 catalysts with a TOF in the 10 -3 order.

The Fe@hollow-silicalite-1 catalyst has an average particle size of 3.5 nm and a STY in the order of 10 -3 . is also much lower than reported activation energy in literature. Furthermore, the iron particles of the Fe/SiO2 catalyst are not encapsulated compared to the Fe@hollow-silicalite-1.

Additionally, the Fe/SiO2 catalyst has a similar activity or STY than the Fe@hollow-silicalite-1 catalyst (respectively 3.9*10 -3 s -1 and 3.7*10 -3 s -1 ). Consequently, based on these information, it can be concluded that the Fe@hollow-silicalite-1 is not limited by diffusion.

Also, the structure sensitivity of iron-based particles could explain the activities and STY.

However for particles larger than 6 nm in size the number of corners, terraces and edges are not varying significantly. Therefore, as STY for the Fe/hollow-silicalite-1 is similar to the nanostructured α-Fe2O3, STY do not depends on the number of corners, terraces and edges. In conclusion, the different activities and STY of the iron-based catalysts cannot be explained by diffusion limitation or size sensitivity of the structure (corners, terraces and edges). Therefore, the nature of the iron phases may potentially be the major topic to follow to explain these differences.

II.2. Study of the effects of the iron phases on the activity

For catalysts with high STY (nano-structures α-Fe2O3 and Fe/hollow-silicalite-1 catalysts) (Table 47). Even though the STY is slightly higher in the case of the nano-structured α-Fe2O3 catalyst (+22%). The majority of the iron is present under the form of oxides (Fe3O4, Fe2O3, Fe 3+ , Fe 2+ species), more exactly 89 % and 48 % for the nano-structured α-Fe2O3 and the Fe/hollow-silicalite-1 catalysts respectively. In the particular case of the Fe/hollow-silicalite-1 catalyst, 7 % of metallic iron-containing can be detected. The remaining proportion is composed of carbides.

In conclusion, the nano-structured α-Fe2O3 catalyst and Fe/hollow-silicalite-1 are particularly active and exhibit a large mixture of iron phases, mainly oxides and carbides (with very few metallic iron ( 7 %) in the case of the Fe/hollow-silicalite-1).

For catalysts with low STY (commercial catalyst, Fe@hollow-silicalite-1 and Fe/SiO2 catalysts) (Table 49). The encapsulation of iron particles may prevent the formation of certain carbides or oxides phases which are known or thought to be WGS active. However, in the case of Fe/hollowsilicalite-1, we observe the same iron phases and a similar CO2 selectivity. Therefore, this first hypothesis can most likely be ruled out.

The low water content around the encapsulated iron nanoparticles inside the hydrophobic silicalite-1 may be limiting the WGS kinetic.

Hence we assume that the CO2 low selectivity arises from the peculiar adsorption properties of the silicalite-1 zeolite.

III.1. Hydrophobicity of silicalite-1

For silicalite- In this study, nano-sized silicalite-1 mono-crystals inner part was dissolved and recrystallized in presence of TPAOH in hydrothermal conditions, to form the so-called hollow-silicalite-1 structure. Burel & Tuel [ 147 ] reported that the formation of the hollow structure significantly reduced the amount of silanol groups presented in the silicalite-1 zeolite (Figure 110).

Burel & Tuel [ 147 ] show that the 29 Si NMR peak at -102.5 ppm which initially represented more than a third of the total NMR spectrum (Figure 110 Chapter 5 -Study of the Fe@hollow-silicalite-1 catalyst: Determination of the relationship between structural features and catalytic performances 188 catalyst has a Henry constant of 1.5 μmol.g -1 .Pa -1 . The lower the Henry constant, the higher the surface hydrophobicity. Therefore, it is clear when looking at these constants, that the hollow-silicalite-1 is much more hydrophobic than the parent silicalite-1 and the commercial catalyst. 

III.2. Hydrocarbons adsorption properties of silicalite-1

Another interesting property of MFI-type zeolite is their ability to preferentially adsorb Water present in the medium generally reacts with the epoxide to form the diols. However in the case of the highly hydrophobic Ti-MCM-41, water is prevented from reaching the catalytic sites and therefore forming the diols. In conclusion, Corma proves that selectivity for this reaction can be improved by increasing the catalyst surface hydrophobicity. This concept could be extended to other kind of catalysts.

By taking into account Corma et al.

[ 152 ] strategies to improve the catalytic activity of Ti-MCM-41 for the epoxidation of olefins, it is possible to explain the CO2 behavior observed on the Fe/hollow-silicalite-1 catalyst. Therefore, as the support, here the silicalite-1, was proven to be highly hydrophobic, the effect of this enhanced hydrophobicity might be in principle the same as in the case of the highly hydrophobic Ti-MCM-41 of Corma. They found out that the addition of such hydrophobic groups inside the pores of the silica improves the performance of the catalyst. Therefore a more hydrophobic environment tends to reduce the amount of water adsorbed into the mesoporous silica and thus improves the selectivity of the reaction. This work clearly proves the importance of using hydrophobic groups or having a hydrophobic environment in silica to improve heterogeneous catalysis in the case of oil and water forming reaction.

In our case, we can assume that water and hydrocarbons (oil) are produced at the iron particle active sites. Thus, due to the high affinity of oil with the hollow-silicalite-1 zeolite, the hydrocarbons diffuse slowly compared to water, which has no affinity at all. Therefore, after some time the environment near the iron particles is full of oily products. Water, being nonmiscible with the oil medium will be expelled from the environment near the iron particles (Figure 118). Consequently, water cannot react anymore with the iron particles, preventing the sintering and deactivation of the active phase. This may explain the lack of CO 2 at low temperature, the WGS cannot happen due to the non-presence of water around the iron particle. The concentration of water being particularly low around the particle, it makes sense that R-WGS could happened.

Figure 118 | Schematic of the behavior of water and oil in the Fe@hollow-silicalite-1 catalyst.

However, we saw that at higher temperature, the CO2 (> 280 °C) starts being produced. This may come from the fact that the high hydrocarbons fractions decrease with temperature.

More methane and C2-C4 gaseous fraction is produced at higher temperature. Therefore, the environment near the iron particle is not anymore full of oily hydrocarbons. Therefore, the WGS can happen again. On that, the water/oil competition is less favorable at high temperature.

III.3.2. Behavior of the catalyst at the reactor scale

From a reactor scale point of view, the water produced from the FTS reaction on the active site (iron nanoparticles), goes down the reactor. While going down in the reactor the amount of water increases. Since the hollow-silicalite-1 crystals are hydrophobic, water does not reenter into the zeolite, therefore water does not have the opportunity to get near the iron particles again. Therefore, a gradient of water is present down the tubular reactor. The hydrophobic protection prevent water from reaching the iron nanoparticles, therefore the water-gas-shift reaction can hardly happen in these conditions. As the water-gas-shift reaction needs water to form CO2, the low concentration of water close to the nanoparticles could explain the lack of CO2 during the Fischer-Tropsch reaction on Fe@hollow-silicalite-1 at low temperature. Figure 119 represents a schematic way of representing the water going through the reactor without reaching the nanoparticles inside the hydrophobic hollow-silicalite-1 catalyst.

Figure 119 | Scheme of the reactor with the Fe@hollow-silicalite-1 catalyst. Water is stopped from entering the hollow-silicalite-1 due to its high degree of hydrophobicity.
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The hollow-silicalite-1 material acts like a "membrane". Molecules such as H2, CO, CO2 and hydrocarbons can go through the zeolite membrane, whereas water is stopped and prevented from going through. The use of a hydrophobic zeolite "membrane" to prevent or remove water is similar to the in-situ H2O removal during Therefore, it is not typical to say that the zeolite acts like a membrane to remove water or at least prevent it from re-entering, to reach the iron nanoparticles. This could explain the fact that the WGS is not active at low temperature for this catalyst. The water being removed from the active site, the WGS hardly occurred. This would also explained the Reverse-WGS observed when adding some CO2 in the feed. The WGS equilibrium being disturbed by the low water concentration. Water is also known as one of the main reason of catalyst deactivation and sintering, however we saw in Chapter 3 that the Fe@hollow-silicalite-1 didn't sintered and remained stable in time. Therefore, this resistance could also come from the water being quasi non-present near the iron particles due to its removal from the active site area.

To conclude so far, at the reactor scale, the hydrophobicity of the hollow-silicalite-1 may prevent water from re-entering the zeolite to reach and deactivate the iron nanoparticles.

Therefore preventing sintering of the nano-particles. Also, due to the low concentration of water around the particles the WGS reaction hardly occurred, therefore, CO2 is not produced.

IV.2. 13 C analysis by mass spectrometer

Figure 121 represents the concentration intensity of the 12 CO2 and 13 CO2 at the outlet of the reactor. Firstly, the level of labelled CO2 is similar between the two catalysts and seems almost independent from the temperature. However, here the molecule of interest is the non-labeled CO2 ( 12 CO2). At 250 °C, the Fe@hollow-silicalite-1 catalyst seems to produce really little amount of no-labeled CO2. This could come from either the fact that WGS is still active even at this low temperature, or that, the non-labeled CO2 was not totally replaced by 13 CO2 after the 2 hours. Nevertheless, the amount of 12 CO2 remained particularly low. The increase in temperature saw the rise of the amount of CO2. Indeed, data in Chapter 4 -Study of the Fischer-Tropsch synthesis on iron-based catalysts, the results demonstrated that for the Fe@hollow-silicalite-1 catalyst, CO2 was being produced in reasonable amount at higher temperature. Therefore it is not surprising to observe 12 CO2 at 280 °C, as the 12 CO2 is produced in addition to the 13 CO2 from the feed. The commercial catalyst gives a really high amount of non-labeled CO2 at 250 °C. It is almost twice as for the Fe@hollow-silicalite-1 at 280 °C. Again, it was demonstrated in the previous chapter that bulk-type catalysts, like the commercial catalyst, produce a quite important amount of CO2.

In conclusion, the results obtained with the 12 CO2/ 13 CO2 is in agreement with those reported in Chapter 4. That is, a small amount / or no CO2 at 250 °C and a higher amount at 280 °C for the Fe@hollow-silicalite-1 catalyst.

Figure 122 represents the concentration intensity of the 12 CO and 13 CO at the outlet of the reactor. Firstly, in terms of 12 CO, the concentration intensity is less important when going from 250 °C to 280 °C. This is due to the higher conversion in 12 CO at higher temperature. The low 12 CO intensity for the commercial catalyst is due to its really high conversion. This observation is fully in agreement with the Fischer-Tropsch data in Chapter 4. Now, when looking at the 13 CO concentration, it is clear that the amount of 13 CO formed is really low. In the feed mixture, the 13 CO2 represents about 5 % of the total feed, therefore it is normal that the amount of 13 CO observed is so low. Nevertheless, the presence of the labeled 13 CO is proof of the R-WGS happening:

(Equation 48) Reverse-Water-gas-shift: Chapter 5 -Study of the Fe@hollow-silicalite-1 catalyst: Determination of the relationship between structural features and catalytic performances 201 It demonstrates that the Fe phases is WGS active, however due to the membrane presence the WGS reaction is prevented while the R-WGS is favored.

Figure 123 represents the concentration intensity of the 12 CH4 and 13 CH4 at the outlet of the reactor. Firstly, in terms of 13 CH4, the concentration intensity is more important when going from 250 °C to 280 °C. Again, as the amount of 13 CO2 converted is low the intensity of the 13 CH4 signal is particularly low too. Nevertheless, it is confirmed that some labelled C is found into CH4. For the non-labelled CH4, the figure shows a drastic increase of 12 The commercial catalyst, as proved earlier, produces really small amounts of 12 CH4. 13 CH4 is also observed, but in low quantity. In conclusion, labelled CH4 is found for both catalysts, meaning that 13 CO2 is converted, even if it is in small amount, into other products.

The % of 13 CO, 13 CH4 and 12 CO2 is given in Table 52. The % was calculated by dividing the intensity signal of species 13 X by the sum of the intensity of 12 X and 13 X.

Chapter 5 -Study of the Fe@hollow-silicalite-1 catalyst: Determination of the relationship between structural features and catalytic performances 202 What is noticeable is the high % of labelled CH4 for both catalysts at 250 °C. At higher temperature, due to the higher conversion, it is perfectly logical that all % decrease. The large amount of labelled methane is quite unexpected. Let's imagine that 13 CO2 is converted via the R-WGS reaction to form 13 CO and then by the usual FTS reaction, it is transformed into 13 CH4.

Then, as the 13 CO detected is really low, it is particularly strange to obtain such a high amount of labelled CH4. Therefore, by taking into account these results, it might not be wrong to say that, there is probably a direct conversion from the 13 CO2 to the 13 CH4 via the following equation:

(Equation 49)

A direct hydrogenation of the CO2, instead of R-WGS and then FTS, may explain the high amount of CH4. However, when looking in literature [ 164 ], researchers consider that the CO2 transformed via the combination of two routes, the R-WGS and then the CO hydrogenation. Some articles mention the direct CO2 hydrogenation route, from CO2 to CH4 [ 101 ].

Nevertheless, the objectives was to show that the labelled 13 C could be found in FTS products, which is indeed the case. Further analysis by GC-MS helped confirmed the presence (in small quantities) of labelled 13 C in products such as ethane, propane, propene… (Annexe)

In conclusion, the used of labelled 13 CO2 helped to determine if the CO2 was really being converted during the FTS reaction. Indeed, CO2 is being converted into mainly CH4, and a relatively low amount of CO, C2-C4 products. Therefore, it can be concluded that R-WGS is happening during the FTS reaction in presence of CO2 in the feed, however a direct transformation of the CO2 into CH4 might need to be added to the overall equation. The iron catalyst is therefore active in the WGS reaction. The membrane does prevent the WGS reaction but does not prevent the R-WGS from happening. As we considered that the reaction is at equilibrium, the equilibrium constant equation of Moe J. M. can help to calculate the number of mol of water at the outlet of the reactor. H2,out, COout and CO2,out, CH4,out are calculated with the GC data. The C10H22 is calculated via the least-square deviation in atom balances. The number of mol in and out of all species are respectively reported in Table 58.

With these data, we can calculate the atom balance (Table 59) for both the inlet and outlet data. If the WGS was at equilibrium, the atom balance between the inlet and the outlet of the reactor should be verified. The atom balance is reported in Table 59. The inlet and outlet atom do not match at all. Therefore the WGS at equilibrium hypothesis is wrong. Therefore, the WGS during the FTS reaction on the Fe@hollow-silicalite-1 catalyst is not at equilibrium. The same reasoning was applied on the commercial catalyst. The same conclusion was determined. Consequently, in both case the WGS is not at equilibrium during the FTS reaction. The next part will demonstrate the upper conclusion.

b) If the WGS is not at equilibrium

Again, the H2,out, COout and CO2,out, CH4,out are calculated with the GC data. However, as we considered that the reaction is not at equilibrium, the equilibrium constant equation of Moe J. M. cannot be used for the calculation of the number of mol of water at the outlet of the reactor. This time the H2O and C10H22 were calculated via the least-square deviation in atom balances. The number of mol in and out of all species are respectively reported in Table 60.

With these data, we can calculate the atom balance (Table 61) for both the inlet and outlet data. If the WGS was at equilibrium, the atom balance between the inlet and the outlet of the reactor should be verified. The atom balance is reported in Table 61. This time, in the case of the WGS not at the equilibrium, the atom balance is verified.

Therefore, on can assumed that the WGS reaction is indeed not at the equilibrium during the FTS reaction in the case of the Fe@hollow-silicalite-1 catalyst. Again, the same reasoning was made for the commercial catalyst, and the same conclusion was found. In conclusion, it was proven that the Water-Gas-shift reaction is not at the equilibrium during the Fischer-Tropsch synthesis. 

4) 13 C analysis by gas chromatography coupled with mass spectrometer
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 1 Figure 1 | FASTCARD concept [ 3 ].
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 21 Figure 2 | WP2 FASTCARD members [ 3 ].

Equation 1 )

 1 ΔH298 = -165 kJ.mol -1 The Fischer-Tropsch process was first reported by Franz Fischer and Hans Tropsch ninety years ago [ 4 ]. They discovered the process in 1923 by converting a mixture of hydrogen and carbon monoxide into hydrocarbons and water using an iron catalyst. Their work was derived from the work of Sabatier and Senderens back in 1902 when they first produced methane from a mixture of carbon monoxide and hydrogen on a nickel-based catalyst [ 5 , 6 ]. In 1913, Mittasch and Schneider from BASF were the first to roughly define what is called nowadays the Fischer-

[ 15 -

 15 19 ]. The hydrocarbon product mixture obtain after the Fischer-Tropsch process is called synthetic crude oil. It consists mostly of linear hydrocarbon chains (olefins and paraffins) with a wide boiling range. Absence of sulphur and nitrogen contaminant is generally observed.The first industrial Fischer-Tropsch plant was operated with cobalt at low temperature in Oberhausen, Germany by Ruhrchemie AG in 1936[ 20 ]. Later on in the 1950's, Sasol built the next generation of Fischer-Tropsch plant in South Africa centered on iron based catalysts[ 21 ].During the last century, many industrial companies started to be involved in this promising energy field (Shell, Sasol, Statoil, BP, ExxonMobil, PetroSA, Ras Laffan Qatar, Velocys, Rentech…) [22 , 23 ]. However due to the process complexity, many companies stopped their Fischer-Tropsch R&D activities at an early stage. Today Fischer-Tropsch synthesis plants are located in Qatar, South Africa, Nigeria and Malaysia (Figure3). Two large projects were issued lately Oryx GtL in 2008 (Sasol/Qatar Petroleum) and Pearl GtL in 2011 (Shell).
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 3 Figure 3 | World map of larger commercial Fischer-Tropsch plants.

Figure 4 |

 4 Figure 4 | Simplified XtL processes from feedstock to upgraded products.
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 5 Figure 5 | Schematic representation of a Fischer-Tropsch process [ 22 , 23 , 26 ].

Fischer-

  Tropsch synthesis: The Fischer-Tropsch synthesis is the chemical heart of the gasto-liquid process. The highly exothermic FTS reaction converts synthesis gas into a wide range of hydrocarbons. FT synthesis is basically a catalytic reaction and the active and selective catalysts for the FT reaction are mainly based on cobalt or iron. Main products of the FT synthesis are linear paraffins and α-olefins. There are several types of Fischer-Tropsch reactors in commercial use: slurry phase reactor, tubular fixed-bed reactor and fluidized-bed reactor [ 27 , 28 ]. Generally multi-tubular fixed bed and slurry phase reactors are used for low-temperature FTS (between 220 and 250 °C) to obtain long-chain hydrocarbons. High-temperature FTS (between 320 and 350 °C) is mostly being done with a two-phase fluidized systems with Fe-based catalysts to obtain short-chain hydrocarbons . In Figure 6 an example of multi-tubular fixed bed reactor for the Fischer-Tropsch synthesis is given.
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 613119 Figure 6 | Schematic representation of a multi-tubular fixed bed reactor.
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 7 Figure 7 | Example of ASF curve to determine the chain growth probability factor α. Product distribution in FTS as a function of the chain growth probability α.

  H2/CO ratio and/or partial pressure. Temperature is likely the most important parameters in FTS. Using their predicting model, Botes et al.[ 28 ] show the temperature effect of cobalt and iron, at a constant CO and H2 partial pressures, on the FTS reaction rate (Figure8).
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 8 Figure 8 | Effect of temperature on FTS reaction rate of Co-and Fe-based catalyst [ 28 ].
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 9 Figure 9 | The influence of iron particle size on activity (left) and the influence of iron particle size on the TOF (right) (280 °C and 300 °C, Space velocity = 3600 L.kg cat -1 .h -1 , H 2 :CO:Ar = 63.2:31.3:5.5, 10 bar) [ 60 ].
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 10 Figure 10 | Normalized activity of unpromoted Fe (left) and promoted Fe (right) at
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 11 Figure 11 | Schematic illustration of the deactivation by phase transformation during FTS reaction.
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 12 Figure 12 | Schematic illustration of the deactivation by carbon deposition onto the active catalytic surface.
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 13 Figure 13 | Schematic illustration of the deactivation by particles sintering.
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 14 Figure 14 | Schematic illustration of Ostwald ripening and particles migration followed by coalescence.
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 15 Figure 15 | Schematic illustration of the deactivation by poisoning.
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 16 Figure 16 | Catalytic process over bifunctional core-shell catalyst (H-ZSM-5 coated on Co/SiO 2 particles) during FTS [taken from 105 ].
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 17 Figure 17 | Synthesis schematic route of iron-based micro-capsuled catalyst established by Tsubaki et al. (taken from [ 65 ]).
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 18 Figure 18 | TEM images of the micro-capsuled iron-based catalyst (taken from [ 65 ]).
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 19 Figure 19 | Multi-step process diagram for the iron nanoparticles encapsulated in silicalite-1 catalyst synthesis.

  4 TPAOH : 35 H2O, is transferred into a Teflon-lined stainless steel autoclave and heated in an oven at 170 °C under static conditions for 3 d. The autoclave is then cooled down to room temperature and the solid is recovered by centrifugation, washed several times with distilled water until reaching a neutral pH. Finally the solid is dried Preparation of overnight. The dried-solid is crushed and calcined at 550 °C in air for 6 h to remove the organic template. Silicalite-1 nano-crystals with a uniform size of ca. 100 to 250 nm are obtained (Figure20). Generally 30 g of Silicalite-1 are synthesized in one synthesis.

Figure 20 |

 20 Figure 20 | TEM pictures of silicalite-1 nano-crystals.

  TPAOH at 170 °C as previously established in our team byTuel, A. et al. [ 110 , 111 ]. 1 g of the previously calcined Fe/silicalite-1 is dispersed in a solution containing 4.15 mL 1M free-alkali TPAOH and 3.32 mL water. The mixture is transferred in a Teflon-lined stainless steel autoclave in an oven at 170 °C for 24 h. During this process, the highly defective core of the silicalite-1 crystal is preferentially dissolved and silica species recrystallize on the outer surface in the presence of TPA+ cations (Figure21). The autoclave is then cooled down to room temperature and the solid is recovered by centrifugation, washed several times with water until reaching a neutral pH, crushed and dried at 90 °C overnight. The dried solid is calcined at 550 °C in air to remove the TPAOH template.

Figure 21 |

 21 Figure 21 | Dissolution-recrystallization process of the Fe@silicalite-1 in presence of TPAOH.

Figure 22 |

 22 Figure 22 | Bruker D8 advance pictures and scheme of the overall setup.

  ray beam can see all the interatomic planes by varying the incident angle θ by moving the source, in the end all possible diffraction peaks will be detected. The beam is deflected following a 2θ angle (Figure23).

  Microscopy apparatusTEM images were taken using a Jeol 2010 LaB6 microscope operating at 200 kV. The resolution of electron microscopy is much higher than the optical ones due to the very short De Broglie wavelength of electrons (resolution of 0.19 nm). The photo and schematic of the TEM equipment is showed in Figure24. At the top of the microscope an electron beam is emitted by an electron gun containing the emission source LaB6 single crystal. The emission source is connected to a high voltage source of 200 kV under vacuum. The beam emitted by the source is focused by various electromagnetic lenses such as the condenser, the objective and projector lenses. The first one, the condenser, is in charge of focusing the beam onto the sample. While passing through the sample, the electron beam collided with the sample's atoms which result in scattering the electrons. The scattered beam is thereafter refocused by the objective lens in order to form the sample's images. The projector lens helped to magnify the images and project them on an imaging device, here a CCD camera. Afterwards the images are recorded via a Digital Micrograph software. The contrast observed are due to the absorption of electrons by the material, and depend also of the thickness and composition of the sample.

Figure 24 |

 24 Figure 24 | Scheme (right) and photo (left) of the JEOl 2010 apparatus.

Figure 25 |

 25 Figure 25 | Photo (left) and scheme (right) of the Cs-corrected TITAN ETEM G2 FEI apparatus. Vacuum system highlighting the pressure-limiting apertures at the stages of the objective lens (OL), the condenser lenses (first (C1), second (C2) and third (C3)) and the selected area (SA) aperture. Also the image corrector (IC) and field emission gun (FEG) positions are indicated. The first and second stages are pumped by turbo-molecular pump units (TMP1 and TMP2).

Figure 26 |

 26 Figure 26 | Schematic setup of the Mössbauer for ex-situ experiments.

Figure 27 | 57 Fe

 2757 Figure 27 | 57 Fe Mössbauer spectrum of the calibration sample: Experimental spectrum (black dot) and reference α-Fe fit (green line).

Figure 28 .Figure 28 |

 2828 Figure 28. The sample is placed on a heating support inside a Mössbauer cell. The sample support can be heated up to the desired temperature. Cooling water is going through the walls of the Mössbauer cell to prevent damaging the cell and the kapton windows which allow the γ-rays to pass through the cell and the sample. Two cylinders, one containing a mixture of H2/CO of ratio 2 and another with N2 are connected to the cell. However pressure cannot be applied inside the cell, therefore all in-situ experiments were carried out at atmospheric pressure.

  water Nonetheless in a material containing paramagnetic and diamagnetic properties, the paramagnetic behavior is dominant.

Figure 29 |

 29 Figure 29 | Magnetic dipole and behavior in the presence or absence of external magnetic field.

Figure 30 |

 30 Figure 30 | Difference between spin ordering in a ferrimagnetic material (a) and an antiferomagnetic material (b).

Figure 31 |Figure 32 |

 3132 Figure 31 | Magnetization as function of external magnetic field and particle size.

Figure 33 |

 33 Figure 33 | Scheme of the magnetic measurement setup.

60 For

 60 an experiment, approximately 5 -6 mg of sample are placed in the middle of a quartz capillary reactor (catalyst bed size ≈ 1 cm) and fixed with glass wool on both side. The reactor is mounted on a stainless steel bracket support and secured on both side with a glue resistant to high temperatures. The bracket is thereafter screwed onto an in-situ cell which has an inlet and an outlet opening for gases (Figure34).

Figure 34 |

 34 Figure 34 | Experimental setup of the synchrotron apparatus, stainless steel bracket maintaining the glass reactor (up) and in-situ cell (down).

Figure 35 |

 35 Figure 35 | Experimental setup of the synchrotron apparatus, XRPD (X-Ray powder diffraction), XAS (X-ray Absorption spectroscopy), FIC (flow rate indicator/controller), PIC (Pressure indicator/controller).

  is first increased up to 230 °C with a ramp of 5 °C/min. Approximately 5 cycles of measurements (1 cycle = 1 XRPD and 6 XAS scans) were collected during this isothermal step (6 h) as explain in Figure 36. The temperature is then increased to the next operating temperature and the same procedure is repeated.

Figure 36 |

 36 Figure 36 | Experimental procedure measurements for synchrotron.

Figure 37 |

 37 Figure 37 | Iron phases references for the linear combination.

Figure 38 |

 38 Figure 38 | Experimental setup, FIC (flow rate indicator/controller), TIC (Temperature indicator/controller), TI (Temperature indicator), PIC (Pressure indicator/controller), PI (Pressure indicator).

Figure 39 |

 39 Figure 39 | TCD chromatogram of calibration mixture.

Figure 40 |

 40 Figure 40 | Typical FID chromatogram of FTS test with corresponding compounds (Table9).

Figure 41 |

 41 Figure 41 | Experimental setup for the water-gas-shift analysis tests.

Figure 42 |

 42 Figure 42 | Simplified experimental setup for the labelled 13 CO2 analysis by MS and GC-MS.

A

  well-controlled iron catalyst was synthesized to understand the Fischer-Tropsch catalysis behavior of iron-based catalyst. The preparation of this iron-based model catalyst was adapted from a previous study from Li [ 114 ]. In this work, the concept of noble metal nanoparticles encapsulated in a single-crystals hollow zeolite shell developed by Li et al. [ 115-117 ] has been extended to iron nano-particles. The zeolite shell protects the nano-particles from sintering during Fischer-Tropsch synthesis. Morphology and particles size distribution are estimated by the mean of transmission electron microscopy. Dispersion of iron in the catalyst is derived from the particles size distribution using the method from Van Hardeveld and Hartog [ 113 ]. The iron phases are characterized by various techniques such as Mössbauer spectroscopy, X-ray diffraction and in-situ X-ray absorption near-edge structure spectroscopy.

2. 6 %I. 1 .I. 1 . 1 .

 6111 K2O, 0.04 % Na2O and 15 % SiO2. The commercial catalyst is used as a benchmark catalyst in this study regarding Fischer-Tropsch performances. Study of the commercial catalyst before FTS Transmission electron microscopy (TEM) The commercial catalyst transmission electron microscopy (TEM) images were taken with a Jeol 2010 LaB6 microscope. The images are shown in Figure 43.

Figure 43 |I. 1 . 2 .

 4312 Figure 43 | TEM images of the commercial catalyst. The commercial catalyst is a co-precipitated catalyst. We mainly observed what we can called iron bulk. It is difficult to distinguish particles with TEM images. Therefore determining a particle size distribution and thus a dispersion is impossible. When taking what looks like a particle at the surface of the bulk, a size between 2 to 5 nm is obtained. However these values are not representative of the overall sample. Others techniques (like XRD and magnetism) might be better for the determination of the dispersion.

Figure 44 |

 44 Figure 44 | X-ray diffraction spectrum of the commercial catalyst.

Figure 45 |

 45 Figure 45 | Magnetic curve of the commercial catalyst.

Figure 46 | 57 Fe

 4657 Figure 46 | 57 Fe Mössbauer spectrum of the fresh commercial catalyst: Experimental spectrum (black dot), experimental spectrum fit (red line), Fe 2 O 3 (green line and purple line).

Figure 48 |

 48 Figure 48 | X-ray diffraction spectrum of the spent commercial catalyst after FTS at 250 °C.

Figure 49 |

 49 Figure 49 | X-ray diffraction spectrum of the spent commercial catalyst after FTS at 280 °C.

Figure 50 |

 50 Figure 50 | Magnetic curve of the spent commercial catalyst.

  be distinguished for the spent iron commercial catalyst after Fischer-Tropsch reaction at 280 °C. The Mössbauer spectrum is characterized by five well -defined magnetic sextets. Two of them are characterized by magnetic fields of 48.3 T and 45.1 T. (respective relative intensity 10 and 19 %) and are attributed to magnetite (Fe3O4) in relatively large particles [ 44 ]. The three other sextets with magnetic fields of 10.0, 18.3 and 22.0 T (respective relative intensity 9 , 8 and 11 %) are attributed to Hägg carbides (Fe5C2) [ 70 , 118 ].

Figure 51 | 57 Fe

 5157 Figure 51 | 57 Fe Mössbauer spectrum of the commercial catalyst: Experimental spectrum (black dot), experimental spectrum fit (red line), Fe 3 O 4 in large particles (blue line and purple line), Fe 3+ (green line), Fe 2+ (blue line) and Fe 5 C 2 carbides (brown, orange and yellow line).

Fe@hollow- 1 )Figure 52 |

 152 Figure 52 | TEM images of Fe@hollow-silicalite-1 synthesized by post-impregnation.

Figure 53 |

 53 Figure 53 | TEM images and particle size distribution of Fe@hollow-silicalite-1-A (up), Fe@hollowsilicalite-1-B (middle) and Fe@hollow-silicalite-1-C (bottom).

Figure 54 |

 54 Figure 54 | TEM images of Fe@hollow-silicalite-1 when impregnating with a 10 %wt Fe solution.

Figure 55 |II. 2 . 2 . 1 .

 55221 Figure 55 | Structural and morphologic features of (A) Fe@hollow-silicalite-1 and (B)FeCuK@hollow-silicalite-1 with their respective size distribution diagrams (C) and (D). Histograms are obtained from TEM analysis using at least 500 nanoparticles.

Figure 56 |

 56 Figure 56 | Electron tomography analysis: (A) Projection at 0° tilt, (B-E) Cross section at different depths in the plane XY, the green circle show the Fe nanoparticles represented as black dots, it can be observed that de particles are in the wall of the silicalite-1, (F) the particles size distribution having an average size of 3.5 nm.

Figure 57 |Chapter 3 -

 573 Figure 57 | Surface rendering obtained by reconstruction from the tomography video. Surface reconstruction of the material (left) and Inside of the material after turning outer surface opaque (right).

Figure 58 |

 58 Figure 58 | N 2 adsorption/desorption isotherms for silicalite-1 (Δ), hollow-silicalite-1 (◊, with an offset of 150 cm 3 /g) and Fe@hollow-silicalite-1 (○, with an offset of 100 cm 3 /g) with their respective TEM images respectively from left to right.

Figure 59 |

 59 Figure 59 | X-ray diffraction spectrum of parent zeolite silicalite-1 (black line) and Fe@hollowsilicalite-1 (green line).

Figure 60 | 57 Fe

 6057 Figure 60 | 57 Fe Mössbauer spectrum of the Fe@hollow-silicalite-1: Experimental spectrum (black dot), experimental spectrum fit (red line), α-Fe (purple line), iron oxide Fe 3+ (green line) and metallic α-Fe (blue line).

Figure 61 | 57 Fe

 6157 Figure 61 | 57 Fe Mössbauer spectrum of the Fe@hollow-silicalite-1: Experimental spectrum (black dot), experimental spectrum fit (red line), α-Fe (purple line), iron oxide Fe 3+ (green line), Fe 2+ (blue line) and metallic α-Fe (blue line).

(

  Figure 62 below displays the evolution of the XRD spectrum of the Fe@hollow-silicalite-1 catalyst with time.

Figure 62 | 97 b.Figure 63

 629763 Figure 62 | Evolution of the iron phases with time and at different temperature (°C) by in-situ XRD.

Figure 63 |

 63 Figure 63 | In-situ Xanes evolution (left) and linear combination fitting of iron phases in time (right).

Figure 64 |

 64 Figure 64 | In-situ 57 Fe Mössbauer spectrum of the Fe@hollow-silicalite-1 catalyst after FTS: a) In air at 25 °C, b) In H 2 /CO at 250 °C, c) in H 2 /CO at 280 °C, d) back to air at 25 °C. Experimental spectrum (black dot), experimental spectrum fit (red line), α-Fe in large particles (purple line), metallic α-Fe (blue line), Fe 3+ (green line) and Fe 2+ (blue line).

explained in the state of the art chapter (Chapter 1 - 3 .

 13 State of the art -A review -II.2.Deactivation of iron based catalysts -c. Sintering and loss of catalytic surface area), sintering is one of the main way of deactivation of a catalyst. Therefore determining accurately the evolution of the particles size is indispensable for characterizing fully a catalyst. Consequently, transmission electron microscopy (TEM) was carried out on the Fe@hollow-silicalite-1 catalyst at different time on stream (Figure65).

Figure 65 |

 65 Figure 65 | Evolution of the particle size distribution at different time on stream. Fresh catalyst (left TEM images and histogram), at 100 hours on stream (middle TEM image and histogram) and after one month on stream (right TEM image and histogram).

  nm, Dispersion = = 1 9 % meaning that the catalyst most likely re-oxidized partially with the oxygen. The catalyst Mössbauer spectrum was taken after 100 hours on stream at 280 °C. Again two different types of spectrum were observed after test.The first type of Mössbauer spectrum, corresponding to the first fresh catalyst Mössbauer spectrum studied above, is shown on Figure66and its hyperfine interaction parameter are summarized in Table20.

Figure 66 |

 66 Figure 66 | 57 Fe Mössbauer spectrum of the Fe@hollow-silicalite-1 catalyst after FTS: Experimental spectrum (black dot), experimental spectrum fit (red line), α-Fe in large particles (purple line), metallic α-Fe (blue line), Fe 3+ (green line), Fe 2+ (blue line) and Fe 5 C 2 carbides (brown, orange and yellow line).

Fe

  the oxidation of the nanoparticles, and three small sextets with a magnetic field of 10.0, 18.1 and 20.8 T (relative intensity respectively of 4 %, 4 % and 1 %) attributed to Hägg carbides (Fe5C2) [70 , 118 ].

Figure 67 | 57 Fe

 6757 Figure 67 | 57 Fe Mössbauer spectrum of the Fe@hollow-silicalite-1 catalyst after FTS: Experimental spectrum (black dot), experimental spectrum fit (red line), αmetallic α-Fe (blue line), Fe 3+ (green line), Fe 2+ (blue line) and unknown phase (pink line).

Chapter 3 -III. 1 .III. 1 . 1 .

 3111 Figure 69.

Figure 69 |

 69 Figure 69 | TEM images and particle size distribution of Fe/hollow-silicalite-1.

  complete the observation made with XRD spectroscopy and to acquire a complete knowledge of the fresh catalyst composition before the Fischer-Tropsch synthesis. Mössbauer spectroscopy has been carried out on the Fe/hollow-silicalite-1 catalyst. The Mössbauer Chapter 3 -Characterization of iron-based catalysts 111 spectrum is displayed on Figure 71 and the hyperfine interaction parameter are summarized in Table

Figure 71 | 57 Fe

 7157 Figure 71 | 57 Fe Mössbauer spectrum of the Fe/hollow-silicalite-1: Experimental spectrum (black dot), experimental spectrum fit (red line), α-Fe (purple line), iron oxide Fe 3+ (green line) and Fe 2+ (blue line).

Figure 73 |

 73 Figure 73 | TEM images and particle size distribution of the spent Fe/hollow-silicalite-1.

Figure 74 |

 74 Figure 74 | X-ray diffraction spectrum of the spent Fe/hollow-silicalite-1 catalyst (red line) and fresh Fe/hollow-silicalite-1 (black line).

Figure 75 | 57 Fe

 7557 Figure 75 | 57 Fe Mössbauer spectrum of the Fe/hollow-silicalite-1 catalyst after FTS: Experimental spectrum (black dot), experimental spectrum fit (red line), α-Fe in large particles (purple line), metallic Fe 0 (blue line), Fe 3+ (green line), Fe 2+ (grey and blue line) and Fe 5 C 2 carbides (brown, orange and yellow line).

Fe

  

Chapter 3 -

 3 Characterization of iron-based catalysts obtained is around 16.7 nm. In terms of dispersion, the Van Hardeveld and Hartog model gives 4.7 %. Finally the Fe loading in the sample was of 2.3 %wt Fe. IV.1.2. Powder X-ray diffraction (XRD) The XRD shown in Figure 77 displays three Fe/SiO2 catalyst with different loadings (2.3 %wt, 5.8 %wt and 10.1 %wt) after reduction under H2 at 750°C.

Figure 77 |

 77 Figure 77 | X-ray diffraction spectrum of Fe/SiO 2 at different loading.

Figure 78 | 57 Fe

 7857 Figure 78 | 57 Fe Mössbauer spectrum of the Fe/SiO 2 : Experimental spectrum (black dot), experimental spectrum fit (red line), α-Fe (purple line), iron oxide Fe 3+ (green line) and Fe 2+ (grey line and blue line).

Figure 79 |

 79 Figure 79 | TEM images of the spent Fe/SiO 2 after 100 hours on stream.

Figure 80

 80 displays three fresh Fe/SiO2 catalyst with different loadings (2.3 %wt, 5.8 %wt and 10.1 %wt) after reduction under H2 at 750 °C and the spent catalyst with a loading of 2.3 %wt.

Figure 80 |

 80 Figure 80 | X-ray diffraction spectrum of Fe/SiO 2 at different loading.

Figure 81 | 57 Fe

 8157 Figure 81 | 57 Fe Mössbauer spectrum of the spent Fe/SiO 2 : Experimental spectrum (black dot), experimental spectrum fit (red line), α-Fe (purple line), iron oxide Fe 3+ (green line) and Fe 2+ (blue line).

-structured α-Fe 2 O 3 catalyst before FTS V. 2 . 1 .

 221 Transmission electron microscopy (TEM)TEM images taken with the Jeol 2010 LaB6 microscope of the nano-structured α-Fe2O3 catalyst are shown in Figure82. Nano-filament of iron oxides can be observed with the TEM images and the particle size diameter can be determined. The particle diameter is between 8 to 12 nm. However, with the connections between particles, large well-ordered aggregates are generated.

Figure 82 |

 82 Figure 82 | TEM images of the nano-structured α-Fe 2 O 3 catalyst

1 s

 1 per step and with steps of 0.02° and 1 s per step. The X-ray diffraction pattern of the SBA-15 support, Fe@SBA-15 and the non-reduced and reduced nano-structured α-Fe2O3 catalyst are displayed on Figure 83.

Figure 83 |

 83 Figure 83 | X-ray diffraction spectrum at low angle (left) and at high angle (right): SBA-15 support (black spectrum), Fe@SBA-15 (blue spectrum), nano-structured α-Fe 2 O 3 (red spectrum) and nanostructured α-Fe 2 O 3 after reduction under H 2 (green spectrum).

Figure 84 | 57 FeTable 30 | 6 V. 3 .V. 3 . 1 .

 8457306331 Figure 84 | 57 Fe Mössbauer spectrum of the reduced nano-structured α-Fe 2 O 3 catalyst (left): Experimental spectrum (black dot) and α-Fe 2 O 3 fit (red line). Hyperfine field (T) histogram for the magnetic sextet (right).

Figure 85 |

 85 Figure 85 | Evolution of the iron phases with time and at different temperature (°C) by in-situ XRD. Fe 3 O 4 species (green dashed line), Fe 2 O 3 (blue dashed line), Fe 5 C 2 (brown dashed line) and Fe 7 C 3 (red dashed line).

Chapter 3 -V. 4 .V. 4 . 1 .

 3441 Characterization of iron-based catalysts 133 Study of the nano-structured α-Fe 2 O 3 catalyst after FTS Transmission electron microscopy after FTS TEM images taken with the Jeol 2010 LaB6 microscope of the spent nano-structured α-Fe2O3 catalyst are shown in Figure 87.

Figure 87 |

 87 Figure 87 | TEM images of the nano-structured α-Fe 2 O 3 catalyst after FTS

Figure 88 |

 88 Figure 88 | X-ray diffraction spectrum of the spent nano-structured α-Fe 2 O 3 catalyst.

Figure 89 | 57 Fe

 8957 Figure 89 | 57 Fe Mössbauer spectrum of the nano-structured α-Fe 2 O 3 catalyst after FTS: Experimental spectrum (black dot), experimental spectrum fit (red line), Fe 3 O 4 in large particles (blue line and purple line), Fe 3+ (green line), Fe 2 O 3 (blue line) and Fe 5 C 2 carbides (brown, orange and yellow line).

Figure 90 | 57 Fe

 9057 Figure 90 | 57 Fe Mössbauer spectrum of the nano-structured α-Fe 2 O 3 catalyst after FTS: Experimental spectrum (black dot), experimental spectrum fit (red line), Fe 3 O 4 in large particles (blue line and purple line), Fe 3+ (blue line) and Fe 5 C 2 , Fe 3 C and Fe 7 C 3 carbides (brown, orange, yellow line and green line).
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 523523345232334733 Fe 3 C, Fe 7 C Fe 7 C Fe 7 C Characterization of iron-based catalysts

Figure 91 |

 91 Figure 91 | Stability with time of the JM commercial catalyst at 230 °C. CO conversion in time (◊) and CO 2 selectivity in time (Δ).

Figure 92 |

 92 Figure 92 | Stability with time of the JM commercial catalyst at 250 °C. The GHSV is adjusted to maintain a 20 % CO conversion.

Figure 93 |

 93 Figure 93 | Evolution of the CO conversion (X), CO 2 formation (Δ) and H 2 formation (◊) with time for the commercial catalyst.

Figure 94 |

 94 Figure 94 | Stability with time of the Fe@hollow-silicalite-1 catalyst at 250 °C (◊) and 260 °C (◊).

Figure 95 |Figure 96 |

 9596 Figure 95 | Influence of GSHV and temperature on CO conversion.

Figure 97 |

 97 Figure 97 | Energy of activation at different GHSV.

Figure 98

 98 displays the evolution of the CO2 conversion with temperature.

Figure 98 |

 98 Figure 98 | Evolution of the CO 2 conversion with temperature and time on stream for Fe@hollowsilicalite-1 (left) and FeCuK@hollow-silicalite-1 (right)

  Figure 99.

Figure 99 |

 99 Figure 99 | Evolution of the CO conversion (◊), CO 2 formation (◊) and H 2 formation (◊) with time for the Fe@hollow-silicalite-1 catalyst.

Figure 100 |

 100 Figure 100 | Stability with time of the Fe@hollow-silicalite-1 catalyst at 250 °C (◊) and 260 °C (◊).

Figure 101 |

 101 Figure 101 | Evolution of the iron nanoparticle distribution for the Fe@hollow-silicalite-1 catalyst before (left) and after (right) Fischer-Tropsch reaction after 100 h.

Figure 102 |

 102 Figure 102 | Stability with time of the Fe/hollow-silicalite-1 catalyst at 250 °C (◊).

Figure 103 |

 103 Figure 103 | Evolution of the iron nanoparticle distribution for the Fe/hollow-silicalite-1 catalyst before (left) and after (right) Fischer-Tropsch reaction after 100 h.

Figure 104 |

 104 Figure 104 | Stability with time of the JM commercial catalyst at 230 °C (◊).

For a better understanding

  of the bulk-type catalysts' behavior and transformation during Fischer-Tropsch synthesis, the nano-structured α-Fe2O3 catalyst looks more appropriate. For a period of 50 hours of stream at 230 °C, the CO conversion remains stable ( 19 % 2 %) (Figure105).

Figure 105 |

 105 Figure 105 | Stability with time of the nano-structured α-Fe 2 O 3 catalyst at 230 °C (◊).

Figure 106 |

 106 Figure 106 | TEM images of the nano-structured α-Fe2O3 catalyst before (left) and after (right) FTS.

  Particles size is believed to have an impact on the activity of iron-based catalysts. Amongst the few, Mabaso et al. showed in their work[ 59 ] that small iron particles (< 7 -9 nm) supported on carbon nanotubes were less active and had a higher methane selectivity compared to bigger particles. Recent studies by Park et al. showed an optimum Fe particle size of 6 nm in the case of Fe supported on Al2O3 catalysts (Figure 107) [ 60 ].

Figure 107 |

 107 Figure 107 | The influence of iron particle size on the TOF (right) (280 °C and 300 °C, Space velocity = 3600 L.kg cat -1 .h -1 , H 2 :CO:Ar = 63.2:31.3:5.5, 10 bar) [ 60 ].

* 10 Figure 108 |

 10108 Figure 108 | TOF (s -1 ) vs average particle size D (nm) for the iron-based catalysts of this study

Chapter 5 -

 5 Study of the Fe@hollow-silicalite-1 catalyst: Determination of the relationship between structural features and catalytic performances 186 at the silica centers that are known has Q1 (SiO-Si-(OH)3, -83 ppm), Q2 ((SiO)2-Si-(OH)2, -91 ppm), Q3 ((SiO)3-Si-(OH)1, -101 ppm) and Q4 ((SiO)4-Si, -110 ppm) (Figure109). These silanol defects (Si-OH) allow water adsorption in the zeolite. To improve the hydrophobicity of the silicalite-1 by lowering the density of internal defects, the crystals can be synthesized by using fluorine ions as mineralizing agent under neutral conditions as a substitute to traditional OH - mineralizing agent under alkaline conditions [ 144 ,145 , 146 ].

Figure 109 |

 109 Figure 109 | 29 Si NMR spectrum of silica (SiO 2 ) [ 147 ].

  -b) drastically decreased (Figure110 -e) with the formation of the hollow structure. They estimated that approximately 80 % of the silanol population has disappeared with the formation of the hollow-structure (Figure110e). Also, after calcination of the hollow-structure the -102.5 ppm signal almost completely disappeared, therefore the NMR spectrum contains mainly Q4 species at -111 ppm (Figure110 -f). Therefore, one can argue that hollow-silicalite-1 is particularly defect free and so should be hydrophobic.

Figure 110 |

 110 Figure 110 | TEM image of the parent silicalite-1 material (a) with its corresponding 29 Si NMR spectrum (b). TEM image of the hollow-silicalite-1 material (d) with its corresponding 29 Si NMR spectrum before calcination (e) and after calcination (f) [ 147 ].

Figure 111 |

 111 Figure 111 | Water adsorption isotherms for hollow-silicalite-1 (◊), silica (SiO 2 , Δ) and the commercial catalyst (□).

Figure 112 |

 112 Figure 112 | Water adsorption isotherms for different MFI zeolite types at 35 °C [ 137 ].

  organics from water [ 137 , 148 , 149 , 150 ].Zhang et al. investigate in their study [ 137 ] the water and organic adsorption in MFI-type zeolite (silicalite-1 and ZSM-5). They show that while the water adsorption response depends significantly on the MFI-type zeolite and cations present in the framework (H + , NH4 + ), the ethanol adsorption response is relatively similar in each cases. The weak hydrophilic structural defects in silicalite-1 seem to have no apparent influence on ethanol adsorption even though their presence affects the water adsorption significantly (Figure113).

Figure 113 |

 113 Figure 113 | Water adsorption isotherms (left) and ethanol adsorption isotherms (right) for different MFI zeolite type at 35 °C [ 137 ].

Figure 114 |Chapter 5 -III. 3 .III. 3 . 1 .

 1145331 Figure 114 | Adsorption heats of linear alkanes in silicalite-1 at 300 -308 K as a function of coverage [ 151 ].

Figure 115 |

 115 Figure 115 | Reaction of olefins into epoxides followed by the diols formation in presence of water

Figure 116 |

 116 Figure 116 | Selectivity of epoxide for the silylated Ti-MCM-41 at different degrees of surface coverage.

  Another example, Shanks and MBaraka [ 153 ] worked on the design of multifunctionalized mesoporous silicas for the esterification of fatty acid with methanol. The idea here is to functionalize the mesoporous silica with hydrophobic organic groups either by post-synthesis grafting or by one-step co-condensation synthesis methods to render the silica more effective towards the esterification of fatty acid by preventing water from reaching the proximity of the active site. Previous work on esterification of fatty acid by MBaraka et al. [ 155 ], through the use of organic-inorganic hybrid mesoporous mono-functionalized silica with propylsulfonic acid and arenesulfonic acid groups, shows that the water released during the esterification reaction was affecting the extent of the reaction. Furthermore they conclude that the effect of water on the reaction may have been aggravated by the hydrophilic environment inside the pores of the mono-functionalized organic-inorganic hybrid mesoporous silica. Following the conclusion of this study, Brent and Shanks [ 153 ] decided to functionalize the mesoporous silica with hydrophobic organic groups to create a reaction environment where water would be continuously removed or, at least, could not reach the adjacent environment of the acid catalytic sites (organosulfonic acid sites) and therefore would improve the esterification of fatty acid reaction performances (Figure117).

Figure 117 |

 117 Figure 117 | Schematic of desired water exclusion process with a multi-functionalized mesoporous silica in the esterification of fatty acid with methanol [ 153 ].

  Fischer-Tropsch synthesis concept proposed by Espinoza et al. [ 156 , 157 ]. High water partial pressures can inhibit the reaction rate or can lead to accelerated catalyst deactivation, by phase transformation and sintering, therefore Espinoza et al. [ 156 , 157 ] carried out experiments under simulated non-reactive Fischer-Tropsch conditions, using microporous zeolite membrane to enhance productivity in Fischer-Tropschreactors. This concept applies a reactor such as slurry, packed bed or fluidized bed reactor, in which a suitably large membrane area is integrated, that way H2O can be removed fast enough during the reaction. The membrane is swept with a sweep gas at low pressure to maintain a high driving force across the membrane. The membrane should be highly permeable towards H2O and retain H2, CO, CO2 and hydrocarbons to avoid a costly recovery of the reactants or products from the sweep gas stream (Figure120).

Figure 120 |

 120 Figure 120 | Simplified scheme of the membrane-type reactor for in-situ H 2 O removal.

FeedChapter 5 -

 5 Study of the Fe@hollow-silicalite-1 catalyst: Determination of the relationship between structural features and catalytic performances 197 a tubular hydrophilic supported polymer membrane. Using this type of concept has three major impact:(a) to reduce H2O promoted catalyst deactivation(b) to boost the reactor productivity (c) to displace the water gas shift (WGS) equilibrium to enhance the conversion of CO2 to hydrocarbons Hence, this water removal concept is similar to the hollow-silicalite-1 concept of this study.

Figure 121 |

 121 Figure 121 | MS analysis of the concentration of 12 CO 2 and 13 CO 2 : Fe@hollow-silicalite-1 at 250 °C ( 12 CO 2 in blue line and 13 CO 2 pink line), at 280 °C ( 12 CO 2 red line and 13 CO 2 purple line) and the commercial catalyst at 250 °C ( 12 CO 2 in green line and 13 CO 2 in yellow line).

Figure 122 |

 122 Figure 122 | MS analysis of the concentration of 12 CO and 13 CO: Fe@hollow-silicalite-1 at 250 °C ( 12 CO in blue line and 13 CO pink line), at 280 °C ( 12 CO red line and 13 CO purple line) and the commercial catalyst at 250 °C ( 12 CO in green line and 13 CO in yellow line).

  CH4 from 250 °C to 280 °C.

Figure 123 |

 123 Figure 123 | MS analysis of the concentration of 12 CH 4 and 13 CH 4 : Fe@hollow-silicalite-1 at 250 °C ( 12 CH 4 in blue line and 13 CH 4 pink line), at 280 °C ( 12 CH 4 red line and 13 CH 4 purple line) and the commercial catalyst at 250 °C ( 12 CH 4 in green line and 13 CH 4 in yellow line).

Figure 126 ,

 126 Figure 126, Figure 127 and Figure 128, respectively display the % of ethane, propane and propene, at 250 °C (left) and 280 °C (right). As the concentration of labelled species is really low, all labelled species for a given molecule will be counted together. Figure 126 shows the % of labelled ethane and non-labelled ethane at the two different temperature
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  This step consists of transforming the different feedstocks (coal, natural gas and biomass) into synthesis gas called syngas (H2 + CO). For that, different technologies are used depending of the nature of the initial feedstock. Synthesis gas can be obtained from reforming of natural gas with either steam or carbon dioxide, or by partial oxidation:

	The XtL process is a complex process with several steps :	
	Natu Gasification: Steam reforming (SR): this highly endothermic process is the most commonly based
	method to produce H2 and CO. At high temperature (700 -1100 °C) and in presence
	of a metallic catalyst (generally nickel-based), steam reacts with methane to form
	syngas.			
	(Equation 2)	CH4 + H2O + ↔ 3H2 + CO	ΔH298K = 226 kJ.mol -1
		H 2 S CO 2	Synthesis gas purification	Tars Slag
	Reforming		
	H2O, O2 H O O	CH 4 CH	Separation	Fuel gas (LPG) Ethene/propene
				Naphta
			Upgrading	
			Hydro-cracking	Diesel
			Hydro-treatment	Waxes
			Isomerization	
			Reforming	Naphta
			alkylation	

Table 3 | Overview of the main characteristics of Ni-, Fe-, Co-and Ru-based FT catalysts [ 37 ] Active metal Price FT activity WGS activity Hydrogenation activity
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	Nickel (Ni)	++++	+	+/-	+++++
	Iron (Fe)	+	+	+++	+
	Cobalt (Co)	+++	+++	+/-	+++
	Ruthenium (Ru)	+++++ +++++	+/-	+++
	II.2.1.				

Activity of Fe-based catalysts for FTS a. FTS and WGS activity

  

Several parameters can influence the activity or FTS reaction rate, for instance, temperature,

  Chen et al.[ 47 ] indicated in their work that magnetite (Fe3O4) is first reduced into metallic Fe before being transformed into carbides Fe3O4 -> Fe -> FexCy whereasLi et al. [ 

48 

] reported that Fe3O4 is directly transformed into iron carbides without intermediary iron phases. In syngas mixture atmosphere it is believed that a mixture of oxides, carbides and metallic iron coexist

[ 49 ]

.

Table 4 | Iron oxides and hydroxides [ 11 ]
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	Oxides	Hydroxides	Oxide hydroxides
	Magnetite Fe3O4	Fe(OH)2	Goethite α-FeO(OH)
	Wüstite FeO	Ferrihydrite Fe5HO8.4H2O Lepidocrocite γ-FeO(OH)
	Hematite α-Fe2O3	Bernalite Fe(OH)3	Akageneite β-FeO(OH)
	Maghemite γ-Fe2O3		Feroxyhyte δ-FeO(OH)
	β-Fe2O3		δ'-FeO(OH)
	ε-Fe2O3 (Fe(III))		Schwertmannite Fe16O16(OH)y(SO4)z.nH2O
			High pressure FeO(OH)

As explain earlier, iron oxides and especially magnetite (Fe3O4) are known to be particularly WGS active. The other iron phases roles in the FTS reaction are still either not understood or unclear.

Table 5 ).

 5 

	Iron carbides: Carbides are generally formed during FTS by incorporation of carbon in the
	metallic iron crystal interstice. Iron carbides can assume many structures classified according
	to the sites occupied by the carbon atoms meaning structures with carbon atoms in trigonal
	prismatic interstices and structures with carbon atoms in octahedral interstices. Cementite (θ-
	Fe3C), Hägg carbide (χ-Fe5C2) and Eckstrom-Adcock (Fe7C3) carbides are the most known one
	[ 36 , 46 , 50 , 51 ]. However during FTS many additional carbides were observed such as ε-Fe2C, ε'-
	Fe2.2C… [ 52 , 53 , 54 , 55 ]. Most of them are reported in the following table (

Table 5 | Iron carbides and their crystal structures [ 11 ] Carbides Atomic ratio (C:Fe) Crystal lattice Interstitial occupation of carbon atom
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	Cementite θ-Fe3C	0.33	Orthorhombic	Trigonal prismatic
	Hägg carbide χ-Fe5C2	0.40	Monoclinic	Trigonal prismatic
	Eckstrom-Adcock carbide Fe7C3	0.43	Orthorhombic	Trigonal prismatic
	Hexagonal carbide ε-Fe2C	0.50	hcp to monoclinic Octahedral
	Hexagonal carbide ε'-Fe2.2C	0.45	hcp	Octahedral
	Carbides are formed during activation treatment or directly under FTS reaction conditions. In
	Fischer-Tropsch the precise role of each iron carbide phases and the hydrocarbons production
	in the catalytic reaction remain largely unclear. Even though authors claim that iron carbides
	are absolutely necessary for a FTS catalyst to be active, it is still disputed by others.

Table 6 | Selectivity of Fe-based catalyst Catalysts Conditions of operation Conversion
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						Selectivity	
		Temperature (°C)	Pressure (bar)	H2/CO	CO (%)	CO2 (%)	C5+ (%)	Reference
	Commercial cat.*	230	20	2	29	14	77	This work
	Commercial cat.*	250	20	2	44	19	72	This work
	FeCuK/ZSM-5	300	10	2	81	36	34	[ 61 ]
	FeCuK/SiO2	300	10	2	37	16	59	[ 62 ]
	FeCuK/γ-Al2O3	300	10	2	96	38	48	[ 63 ]
	Fe/α-Al2O3	300	20	1	49	39	37	[ 63 ]
	BFe (bulk-Fe)	265	19	2	32	17	47	[ 64 ]
	SFeZ4	265	19	2	23	7	47	[ 64 ]
	Fe/SBA-15	300	10	1	68	37	51	[ 65 ]
	25-Fe@C	270	13	1	72	45	-	[ 66 ]
	38-Fe@C	340	30	1	77	46	-	[ 66 ]
	*78.4%Fe2O3, 3.4%CuO, 2.6%K2O, 0.04%Na2O, 15%SiO2				

Fe Phase transformation during FTS Active phases (α-Fe, carbides…) Less active phases (oxides, some carbides…) e or

  

	α-Fe e e α-Fe α-Fe α-Fe e e α α-Fe α-Fe e α-FexCy e FexC FexCy FexCy FexCy C Cy y Fe F x FexCy FexCy FexC FexCy	Fe3O4 4 Fe3O4 Fe3O4 O4 Fe3O4 O4 Fe3O4 Fe3O4 O4 Fe3O4
		-1

Carbonaceous compounds deposition onto the active catalytic surface Carbon deposition during FTS Fe Fe Fe Fe Fe Fe Fe Iron active phases (carbides or metallic)

  

			C C
		C C C
		C	Fe	Fe	C
		Fe	Fe	Fe	C
			Fe	Fe	C C
	Fe	Fe		
	Fe Fe	Fe		
	Fe	Fe		

Sintering Iron active phases (carbides or metallic) Growth of particles

  

	Duvenhage et al.						
				Fe	Fe	Fe	
			Fe	Fe	Fe	Fe	
	Fe	Fe	Fe	Fe	Fe	Fe Fe	Fe
	Fe Fe	Fe	Fe	Fe Fe	Fe	Fe Fe	
	Fe	Fe		Fe	Fe	Fe	

Table 8 | Characteristics of the GC employed On-line GC Agilent
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	Detector 1	FID, 325 °C
	Column 1	DP-1 pona (Tmax = 300 °C), 100 m* 250 μm *0.5 μm nominal
	Sample valve temperature	250 °C
	Mode	Split
	Carrier gas	He
	Oven temperature program	Hold at -60 °C for 3 min, heat to 50 °C at 3 °C/min, heat to 270 at 4 °C/min (Run time 123 min)
	Product analysis	C1 -C9
	Detector 2	TCD, 150 °C
	Column 2	Agilent J&W DB-1 (Tmax = 300 °C), 30 m* 530 μm *1.5 μm nominal
	Sample valve temperature	180 °C
	Mode	Split
	Carrier gas	Ar
	Oven temperature program	Hold at -60 °C for 3 min, heat to 50 °C at 3 °C/min, heat to 270 at 4 °C/min (Run time 123 min)
	Product analysis	H2, CO, N2, CH4, CO2

Table 9 | Summary of the compounds analyzed by on-line GC Compounds Tr : retention time (min) Peak indicator

 9 

	Methane

Table 11 | The Mössbauer fitted parameters for the fresh commercial catalyst
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	Sample	Splitting	IS (mm.s -1 )	QS (mm.s -1 )	Hyperfine field (T)	Species	Relative intensity (%)
	Commercial	Sextet	0.35	-0.23	50.5	Fe2O3	82
	catalyst	Doublet	0.33	0.78	-	Fe2O3	18

Table 12 | The magnetism parameters for the spent commercial catalyst
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	Sample	Ms (cgs) Mr (cgs) 2Mr/Ms (%) D1 (nm) D2 (nm)
	Commercial catalyst after FTS	13.7	2.1	31.1	129.3	5.0
	I.2.3.					

Iron phases determination by 57 Fe Mössbauer spectroscopy

  

Table 13 | The Mössbauer fitted parameters for the spent commercial catalyst
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			IS	QS	Hyperfine		Relative
	Sample	Splitting	(mm.s -1 )	(mm.s -1 )	field (T)	Species	intensity (%)
		Sextet	0.27	0.04	48.3	Fe3O4	10
	Commercial	Sextet	0.64	0.01	45.1	Fe3O4	19
	catalyst	Doublet	0.37	0.85	-	Fe 3+	29
	after FTS at	Doublet	1.12	2.72	-	Fe 2+	14
	280°C	Sextet Sextet	0.22 0.25	0.00 0.00	10.0 18.3	Fe5C2 Fe5C2	9 8
		Sextet	0.27	0.00	22.0	Fe5C2	11

Table 14 | Commercial catalyst information

 14 

			Fresh catalyst		Spent catalyst
		Particle	Dispersion		Particle	Dispersion	
				Fe species			Fe species
		size (nm)	(%)		size (nm)	(%)	
	TEM	-	-	-	-	-	-
	Ex-situ XRD	-	-	-	24.6	4.7	Fe3O4, Fe5C2, FeO
	Ex-situ						Fe3O4, Fe2O3,
	Mössbauer	-	-	α-Fe2O3	-	-	Fe5C2, Fe 3+ ,
							Fe 2+
	Magnetism	-	-	Paramagnetic phases	-	-	Ferromagnetic phases
	For ex-situ mössbauer: iron species in bold are in majority in the sample, iron species not in bold are in
	minority in the sample.					

Table 15

 15 

, the dispersion is calculated following two different methods (Chapter 2 -Experimental procedure -II.4.4.

Table 15 | Fe content and dispersion of several Fe@Hollow-silicalite-1 samples

 15 

				Dispersion	Dispersion
	Sample	Fe loading	Mean diameter	Handbook	Van Hardeveld and
		(%wt)	(dva, nm)		
				model (%)	Hartog model (%)
	Fe@hollow-silicalite-1-A	3.4	3.6	37.1	29.8
	Fe@hollow-silicalite-1-B	2.5	4.5	25.8	24.0
	Fe@hollow-silicalite-1-C	2.6	3.6	36.4	30.7

Table 16 | Textural properties of silicalite-1, hollow-silicalite-1 and Fe@hollow-silicalite-1
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	Sample SBET (m 2 /g) Silicalite-1 516	421	94	0.197
	Hollow-silicalite-1	430	349	80	0.167
	Fe@hollow-silicalite-1	407	352	55	0.168

a Smicro (m 2 /g) b Smeso (m 2 /g) b Vmicro (cm 3 /g) b a Calculated using the BET method

b 

Microporous volume (Vmicro), Microporous surface area (Smicro) mesoporous surface area (Smeso) estimated form the t-plot

Table 17 | The Mössbauer fitted parameters for the fresh Fe@hollow-silicalite-1
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	Sample	Splitting	IS (mm.s -1 )	QS (mm.s -1 )	Hyperfine field (T)	Species	Relative intensity (%)
		Doublet	0.32	0.93	-	Fe 3+	62
	Fe@hollow-silicalite-1	Sextet	0.00	0.00	30.3	α-Fe	22
		Singlet	0.01	0.00	-	α-Fe	

Table 18 | The Mössbauer fitted parameters for the fresh Fe@hollow-silicalite-1
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			IS	QS	Hyperfine		Relative
	Sample	Splitting	(mm.s -1 )	(mm.s -1 )	field (T)	Species	intensity (%)
		Doublet	0.38	0.95	-	Fe 3+	62
	Fe@hollow-	Doublet	0.93	2.52	-	Fe 2+	10
	silicalite-1	Sextet	0.02	0.00	32.6	α-Fe	23
		Singlet	0.07	0.00	-	α-Fe	

Table 19 | The in-situ Mössbauer fitted parameters for Fe@hollow-silicalite-1 catalyst
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	Sample	Splitting	IS (mm.s -1 )	QS (mm.s -1 )	Hyperfine field (T)	Species	Relative intensity (%)
		Doublet	0.36	0.93	-	Fe 3+	59
	Air, 25 °C	Doublet Sextet	1.21 0.00	1.75 0.00	-32.9	Fe 2+ α-Fe	18 14
		Singlet	0.00	0.00	-	α-Fe nano	9
		Doublet	0.25	1.03	-	Fe 3+	29
	H2/CO, 250 °C	Doublet	1.00	1.27	-	Fe 2+	36
		Singlet	0.07	0.00	-	α-Fe nano	35
		Doublet	0.27	1.11	-	Fe 3+	8
	H2/CO, 280 °C	Doublet	0.96	1.24	-	Fe 2+	54
		Singlet	0.06	0.00	-	α-Fe nano	38
		Doublet	0.32	1.07	-	Fe 3+	49
	Air, 25 °C	Doublet	1.25	1.48	-	Fe 2+	30
		Singlet	0.01	0.00	-	α-Fe nano	21

Table 20 | The Mössbauer fitted parameters for the spent Fe@hollow-silicalite-1 catalyst
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			IS	QS	Hyperfine		Relative
	Sample	Splitting	(mm.s -1 )	(mm.s -1 )	field (T)	Species	intensity (%)
		Doublet	1.26	1.74	-	Fe 2+	35
		Doublet	0.32	1.05	-	Fe 3+	29
	Fe@hollow-	Singlet	0.10	0.00	-	α-Fe	18
	silicalite-1	Sextet	-0.01	0.00	33.0	α-Fe	8
	catalyst	Sextet	0.20	0.09	20.8	Fe5C2	4
		Sextet	0.18	0.00	18.1	Fe5C2	4
		Sextet	0.19	0.00	10.0	Fe5C2	2

Table 21 | The Mössbauer fitted parameters for the spent Fe@hollow-silicalite-1 catalyst
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	Sample	Splitting	IS (mm.s -1 )	QS (mm.s -1 )	Hyperfine field (T)	Species	Relative intensity (%)
	Fe@hollow-	Doublet	1.12	2.17	-	Fe 2+	7
	silicalite-1	Doublet	0.32	1.13	-	Fe 3+	49
	catalyst	Singlet Sextet	-00.5 0.09	0.00 0.00	-18.4*	α-Fe ?	4 40

*Field distribution centered around 18.4 T

Table 22 | Fe@hollow-silicalite-1 catalyst information
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			Fresh catalyst		Spent catalyst
		Mean	Dispersion		Mean	Dispersion	
		particle		Fe species	particle		Fe species
		size (nm)	(%)		size (nm)	(%)	
	TEM	3.6 -4.6	26 -37	-	4.4	24	-
	Tomography	3.5	38	-	-	-	-
	Ex-situ XRD	-	-	α-Fe	-	-	-
	In-situ XRD	-	-	-	-	-	-
	Ex-situ Mössbauer	-	-	α-Fe, Fe 3+ , Fe 2+	-	-	α-Fe, Fe 3+ , Fe 2+ , Fe5C2
	In-situ Mössbauer	-	-	α-Fe, Fe 3+ , Fe 2+	-	-	α-Fe, Fe 3+ , Fe 2+
	In-situ Xanes	-	-	FeO, Fe2O3, Fe3O4	-	-	FeO, Fe2O3, Fe3O4
	For ex-situ mössbauer: iron species in bold are in majority in the sample, iron species not in bold are in
	minority in the sample.					

Table 23 | The Mössbauer fitted parameters for the fresh Fe/hollow-silicalite-1
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			IS	QS	Hyperfine		Relative
	Sample	Splitting	(mm.s -1 )	(mm.s -1 )	field (T)	Species	intensity (%)
		Doublet	0.37	0.96	-	Fe 3+	31
	Fe/hollow-silicalite-1	Doublet	1.10	2.69	-	Fe 2+	16
		Sextet	0.00	0.00	32.7	α-Fe	53

Table 24 | The iron phases with their relative intensity determined by Mössbauer spectroscopy for the fresh Fe@hollow-silicalite-1 (left) and the fresh Fe/hollow-silicalite-1 (right) Sample Species Relative intensity (%) Sample Species Relative intensity (%)
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		Fe 3+	62		Fe 3+	31
	Fe@hollow-silicalite-1	Fe 2+ α-Fe	10 23	Fe/hollow-silicalite-1	Fe 2+ α-Fe	16 53
		Fe 0	5		Fe 0	0

Table 25 | The Mössbauer fitted parameters for the spent Fe/hollow-silicalite-1 catalyst

 25 The three doublets with an isomer shift of QS = 0.35 mm.s -1 , δ = 1.13 mm.s -1 and QS = 1.06 mm.s -1 can be assigned respectively to Fe 3+ and the other two to Fe 2+ compounds [ 122 ,

	Sample	Splitting	IS (mm.s -1 )	QS (mm.s -1 )	Hyperfine field (T)	Species	Relative intensity (%)
		Singlet	0.00	-	-	α-Fe	1
		Sextet	-0.01	-	33.0	α-Fe	6
		Doublet	0.35	1.04	-	Fe 3+	23
	Fe/hollow-	Doublet	1.13	2.81	-	Fe 2+	17
	silicalite-1	Doublet	1.06	1.96	-	Fe 2+	9
		Sextet	0.26	-	20.7	Fe5C2	23
		Sextet	0.24	-	17.8	Fe5C2	14
		Sextet	0.25	-	11.1	Fe5C2	7

123 

]. The singlet is assigned to the small superparamagnetic metallic iron nano particles (α-Fe) [ 119 ]. The sextet is assigned to larger metallic iron particles (α-Fe) [ 120 ,

119 , 121 

]. The remaining sextets with an isomeric shift of 0.26 mm.s -1 , 0.24 mm.s -1 and 0.25 mm.s -1 are attributed to iron carbides an more particularly to Hägg carbides (Fe5C2) [

70 , 118 

]. It can be noticed that between

  Tropsch synthesis) that α-Fe2O3 transformed into Fe3O4 and FeO and then in carbides without intermediate metallic iron species formation. Therefore, it is difficult to affirm that carbides formed in our case comes from metallic iron transformation. Even though iron oxides proportion remained similar before and after FTS. Understanding the behavior of iron phases before and after Fischer-Tropsch synthesis is really complex and difficult to apprehend fully.

11 

,

120 

, 121 ], it is well known that iron carbides are prepared via carburization in CO medium of metallic iron. However, de

Smit et al. [ 126 ] 

confirmed by in-situ XRD (during pretreatment steps and Fischer-

Table 26 | Fe/hollow-silicalite-1 catalyst information Fresh catalyst Spent catalyst
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					Mean		
		Particle	Dispersion			Dispersion	
		size (nm)	(%)	Fe species	particle	(%)	Fe species
					size (nm)		
	TEM	9 -45	5.2	-	7 -97	4.6	-
	Ex-situ XRD	-	-	α-Fe	-	-	-
	Ex-situ Mössbauer	-	-	α-Fe, Fe 3+ , Fe 2+	-	-	α-Fe, Fe 3+ , Fe 2+ , Fe5C2

For ex-situ mössbauer: iron species in bold are in majority in the sample, iron species not in bold are in minority in the sample.

Table 27 | The Mössbauer fitted parameters for the fresh Fe/SiO 2
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			IS	QS	Hyperfine		Relative
	Sample	Splitting	(mm.s -1 )	(mm.s -1 )	field (T)	Species	intensity (%)
		Doublet	0.40	0.72	-	Fe 3+	64
	Fe/SiO2	Doublet Doublet	1.10 1.02	2.48 1.83	--	Fe 2+ Fe 2+	9 11
		Sextet	0.05	0.00	32.8	α-Fe	16

Table 28 | The Mössbauer fitted parameters for the spent Fe/SiO 2
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			IS	QS	Hyperfine		Relative
	Sample	Splitting	(mm.s -1 )	(mm.s -1 )	field (T)	Species	intensity (%)
		Doublet	0.40	0.74	-	Fe 3+	74
	Fe/SiO2	Doublet	0.97	2.32	-	Fe 2+	15
		Sextet	0.00	0.00	32.1	α-Fe	11

The fresh and spent Fe/SiO2 catalysts do not show any significant difference. Both have the same iron phases (oxides and metallic) with nearly the same contribution. No carbide phase are observed. Therefore, it is questionable here if the catalyst really transformed during the Fischer-Tropsch reaction.

Table 29 | Fe/hollow-silicalite-1 catalyst information
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			Fresh catalyst		Spent catalyst
		Particle	Dispersion		Mean	Dispersion	
				Fe species	particle		Fe species
		size (nm)	(%)		size (nm)	(%)	
	TEM	5 -55	4.7	-	-	-	-
	Ex-situ XRD	-	-	α-Fe2O3	-	-	-
	Ex-situ Mössbauer	-	-	α-Fe, Fe 3+ , Fe 2+	-	-	α-Fe, Fe 3+ , Fe 2+
	For ex-situ mössbauer: iron species in bold are in majority in the sample, iron species not in bold are in
	minority in the sample.					

Table 31 | The Mössbauer fitted parameters for the spent nano-structured α-Fe 2 O 3 catalyst
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	Sample	Splitting	IS (mm.s -1 )	QS (mm.s -1 )	Hyperfine field (T)	Species	Relative intensity (%)
		Sextet	0.26	0.00	48.3	Fe3O4	26
	Spent nano-	Sextet	0.57	0.00	45.0	Fe3O4	50
	structured	Doublet	0.21	1.10	-	Fe 3+	2
	α-Fe2O3	Sextet	0.34	-0.22	49.2	Fe2O3	10
		Sextet	0.28	-	22.3	Fe5C2	5
	catalyst	Sextet	0.23	-	10.1	Fe5C2	2
		Sextet	0.24	-	22.3	Fe5C2	4

Table 32 | The Mössbauer fitted parameters for the spent nano-structured α-Fe2O3 catalyst Sample Splitting IS (mm.s -1 ) QS (mm.s -1 ) Hyperfine field (T) Species Relative intensity (%)
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		Sextet	0.27	0.00	48.3	Fe3O4	27
	Spent nano-	Sextet Sextet	0.57 0.35	0.00 -0.23	45.0 49.2	Fe3O4 Fe2O3	50 10
	structured α-Fe2O3	Sextet	0.30	-	22.3	Fe3C, Fe5C2, Fe7C3	6
	catalyst	Sextet	0.25	-	18.2	Fe5C2, Fe7C3	2
		Sextet	0.24	-	15.9	Fe7C3	2
		Sextet	0.14	-	10.0	Fe5C2, Fe7C3	

Table 33 |

 33 Nano-structured α

-Fe 2 O 3 catalyst information

  

			Fresh catalyst			Spent catalyst	
		Mean	Dispersion		Mean	Dispersion	
		particle		Fe Species	particle		Fe Species
		size (nm)	(%)		size (nm)	(%)	
	TEM	8 -12	9.7 -14.5	-	-	-	-
	Ex-situ XRD	11.3	10.3	α-Fe2O3	130.9	0.89	Fe3O4

Table 36 | FTS data of the validation test on the JM commercial catalyst. T (°C)
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			Conversion (%)		Selectivity (%)	
			CO	CH4	C2-C4	CO2	C5+
		230	29.0	2.4	6.0	14.5	77.1
	CNRS rig	250	43.9	2.3	6.2	19.5	72.0
		280	68.4	2.8	6.5	32.2	58.5
		230	20.5	1.9	5.4	14.1	78.6
	JM rig	250	37.1	2.0	5.8	18.9	73.2
		280	62.1	2.8	6.9	29.8	60.5

State of the art -a review a. Products selectivity of Fe-based catalyst during FTS).

  The CO2 fraction (32.2 %) at 280 °C is similar to other standard iron catalysts typically ranging from 7.4

Table 37 | Fischer-Tropsch synthesis results on the commercial catalyst (JM).

 37 

		Conversion (%)		Selectivity (%)	
	T (°C)	CO	CH4	C 2-C4	CO2	C5+
	250	16.3	2.8	6.9	15.7	74.6
	260	22.5	3.1	7.8	17.9	71.2
	270	27.8	3.5	8.1	20.2	68.2
	280	35.5	4.7	10.4	25.8	59.1

Table 38 | Fischer-Tropsch synthesis results on the commercial catalyst at GHSV = 1.28 L.g cat -1 .h -1
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		Conversion (%)		Selectivity (%)	
	T (°C)	CO	CH4	C 2-C4	CO2	C5+
	250	23.2	2.25	5.18	14.38	78.19

Table 39 | Fischer-Tropsch synthesis data on 3.4%wt Fe@hollow-silicalite-1 at GHSV = 2.2 L.g cat -1 .h -1

 39 

		Conversion (%)		Selectivity (%)	
	T (°C)	CO	CH4	C 2-C4	CO2	C5+
	230	4.6	1.5	1.9	-	96.6
	250	5.5	3.5	4.9	-	91.6
	280	7.6	11.7	15.5	-	72.8

Table 40 | Fischer-Tropsch synthesis data on 2.5%wtFe@hollow-silicalite-1 at GHSV = 0.53 L.g cat -1 .h -1

 40 

		Conversion (%)		Selectivity (%)	
	T (°C)	CO	CH4	C 2-C4	CO2	C5+
	250	19.9	15.1	22.7	-	62.2
	260	25.9	17.2	24.8	-	58.0
	270	35.1	22.4	29.2	10.0	38.4
	280	41.4	24.9	32.1	15.4	27.6

Table 41 | Fischer-Tropsch synthesis data on 2.8%wtFeCuK@hollow-silicalite-1 at GHSV = 0.45 L.g cat -1 .h -1

 41 

				FeCuK@hollow-silicalite-1	Fe@hollow-silicalite-1
				250 °C	280 °C	250 °C	280 °C
	Conversion	(%)	CO	20.0	40.8	19.9	41.4
	Selectivity	(%)	CH4 C2-C4 CO2 C5+	7.3 13.6 -79.2	18.4 34.0 9.2 38.4	15.1 22.7 -62.2	24.9 32.1 15.4 27.6

2. Fischer-Tropsch synthesis catalytic study: stoichiometry conditions H 2 :CO:CO 2 = 2:0.8:0.2

  C4 selectivities are much higher than the commercial catalyst. The catalyst remained stable with time and no deactivation was observed after a few weeks of testing. It would be interesting to investigate further the WGS reaction on this catalyst. Also adding a small amount of CO2 in the feed might help to understand the particular behavior of this catalyst.

	1 catalyst at 250 °C. Contrarily, to all other known iron-based catalysts, this Fe@hollow-
	silicalite-1 catalyst does not show apparent activity for the water-gas-shift (WGS) reaction
	during Fischer-Tropsch synthesis at low temperature. It shows a high C5+ selectivity but CH4
	and C2 -

II.

Table 42 | Fischer-Tropsch synthesis data on Fe@ and FeCuK@hollow-silicalite-1
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				Fe@hollow-silicalite-1		FeCuK@hollow-silicalite-1
				250°C 260°C 270°C 280°C 250 °C 260°C 270°C 280°C
	Conversion	(%)	CO CO2 (	23.5 6.2	29.1 4.5	37.2 -0.4	43.7 -7.0	18.8 1.2	23.0 -1.2	28.0 -2.6	33.3 -3.6
			CH4	11.8	13.9	18.3	21.7	8.9	12.9	16.7	18.0
	Selectivity	(%)	C2-C4 CO2	14.8 -6.5	16.7 -3.2	20.6 0.3	25.6 4.0	14.6 -0.6	21.2 1.4	25.7 2.4	26.9 2.4
			C5+	73.4	69.4	60.8	52.7	76.5	65.9	57.6	55.0

Table 43 | Fischer-Tropsch synthesis data on 4the three other iron-based catalysts
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		Conversion (%)		Selectivity (%)		
							Catalyst
	T (°C)	CO	CH4 C2-C4 CO2	C5+	
	250	28.4	18.0 34.5	1.2 46.3	
							Fe/hollow-silicalite-1
	280	49.2	21.9 24.1 22.5 31.5	
	250	7.0	1.2	1.8	-	97.0	Fe/SiO2
	280	9.0	4.3	6.4	-	89.4	
	230	19.0	1.9	7.3	23.5 67.3	
							Nanostructured
	250	33.4	2.8	8.6	22.2 66.3	α-Fe2O3 catalyst
	280	69.7	5.0 14.3 31.0 49.6	

Table 44 | Summary of the Fischer-Tropsch synthesis data on the iron-based catalyst studied (at 250 °C)

 44 Fe2O3 for the commercial catalyst. **The nano-structured α-Fe2O3 catalyst is mainly composed of iron oxide. ***This value of dispersion was calculated from the spent catalyst (Chapter 3).

	Nano-structured	α-Fe2O3	Bulk**	9.7 -14.5	250	2.25	33.4	2.8	8.6	22.2	66.3
	Commercial	catalyst	Bulk*	4.7***	250	1.28	23.2	2.25	5.2	14.4	78.2
	Fe/SiO2	2.3	4.7	250	0.30	7.0	1.2	1.8	-	97.0
	Fe/hollow-	silicalite-1	4.2	5.2	250	0.70	28.4	18.0	34.5	1.2	46.3
	FeCuK@hollow-	silicalite-1	2.8	27	250	0.45	20.0	7.3	13.6	-	79.2
	Fe@hollow-	Silicalite-1	2.5	29	250	0.53	19.9	15.1	22.7	-	62.2
			Fe loading (%wt)	Dispersion (%)	Temperature (°C)	.h -1 , syngas) GHSV (L.gcat -1	CO (%)	CH4 (%)	C2 -C4 (%)	CO2 (%)	C5+ (%)	* 78.4 %
	Catalysts:	Catalyst info:		Conditions of	operations:	Conversion:	Selectivity:			

Table 46 | Activities and TOFs of the different catalysts taken at steady state
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	Catalysts	Average particle size (nm)	Average dispersion (%)	Activity per volume (μmolCO.cm -3 .s -1 )	Activity (μmolCO.g -1 .s -1 ) Per g of Per g Per g of catalyst of Fe Fe surf.	STY 10 -3 (s -1 )
	Fe@hollow-silicalite-1 FeCuK@hollow-silicalite-1	4.4	24	0.09 0.09	0.4 0.4	16.4 13.3	68.3 55.2	3.7 3.3
	Fe/hollow-silicalite-1	27.5	4.6	0.18	0.8	19.0	415.0	23.1
	Fe/SiO2	16.7	4.4	0.07	0.07	3.1	67.1	3.9
	Commercial catalyst	24.6	4.7	1.1	1.2	2	44.1	2.5
	Nano-structured α-Fe2O3	130.9	0.9	2.6	3.1	5.1	569.6	28.1

Table 47 | Activities of the high STY catalysts taken at steady state after 100 hours on stream
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	Average particles/ crystallite size (nm)	Average dispersion (%)	Activity per volume (μmolCO.cm -3 .s -1 )

Activity (μmolCO.g -1 .s -1 ) STY 10 -3 (s -1 ) Per g of catalyst Per g of Fe Per g of Fe surf.

  

	Nano-structured α-Fe2O3	130.9	0.9	2.6	3.1	5.1	569.6	28.1
	Fe/hollow-silicalite-1	27.5	4.6	0.18	0.8	19.0	415.0	23.1
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Fe Mössbauer spectroscopy is the key technique to address the relationship between their nature of the phases and the activity. The two spent catalysts Mössbauer spectra are a mixture of iron phases (carbides, iron oxides and metallic iron) in different proportions (Table

48

).

Table 48 | The iron phases with their relative intensity determined by Mössbauer spectroscopy for the spent nano-structured α-Fe 2 O 3 and spent Fe/hollow-silicalite-1 catalysts

 48 

			Relative			Relative
	Sample	Species	intensity	Sample	Species	intensity
			(%)			(%)
		α-Fe	7		Fe3O4	76
	Fe/hollow-silicalite-1	Fe 3+ Fe 2+	23 25	Spent nano-structured α-Fe2O3 catalyst	Fe 3+ Fe2O3	2 10
		Fe5C2	44		Fe5C2	11

Table 49 | Activities of the low STY catalysts taken at steady state

 49 

		Average particle size (nm)	Average dispersion (%)	Activity per volume (μmolCO.cm -3 .s -1 )	Activity (μmolCO.g -1 .s -1 ) Per g of Per g Per g of catalyst of Fe Fe surf.	STY 10 -3 (s -1 )
	Fe@hollow-silicalite-1 FeCuK@hollow-silicalite-1	4.4	24	0.09 0.09	0.4 0.4	16.4 13.3	68.3 55.2	3.7 3.3
	Fe/SiO2	16.7	4.4	0.07	0.07	3.1	67.1	3.9
	Commercial catalyst	24.6	4.7	1.1	1.2	2	44.1	2.5

III. Effect of the hydrophobicity of silicalite-1 on the selectivity and especially on CO 2 .

  Therefore, the understanding of this phenomenon is of great interest, as CO 2 is one of the main reason explaining the low selectivity in hydrocarbons of iron-based catalysts. As explained earlier in this study, there are two main hypothesis to the apparent lack of WGS activity:

	The Fischer-Tropsch studies on the Fe@hollow-silicalite-1 catalyst (Chapter 4 -Part II.1.)
	demonstrated that this material had a particular behavior regarding CO2 production. Indeed,
	the major interest of this catalyst was the lack of CO2 produced during the Fischer-Tropsch
	reaction at low temperature. Furthermore when adding a little amount of CO2 in the feed, one
	can see that CO2 is consumed at low temperature probably meaning that reverse-WGS is
	happening. Furthermore, when increasing temperature, the WGS is finally happening.

  1, the hydrophobicity is mainly attributed to Si-O-Si bonds that composed the framework [ 137 , 138 ]. Several studies show that modification of the internal defect density, by composition variations or synthesis procedures, have a significant effect on water transport in zeolite and consequently have an impact on hydrophobicity [ 139 , 140 , 141 , 142 , 137 , 143 ]. Defects

can be found in the framework. Generally during the synthesis process, broken Si-O bonds react with water to form silanol species Si-O-H instead of continuous Si-O-Si network.

29 

Si NMR is the perfect technique to quantify the number of defects present inside a zeolite by looking

Table 52 | % of 13 CO, 13 CH 4 and 12 CO 2 at 250 °C and 280 °C Fe@hollow-silicalite-1

 52 

	Commercial catalyst

Table 58 | Number of mol of H 2 , CO, CO 2 , CH 4 , H 2 O and C 10 H 22 at the outlet of the reactor (if WGS at
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	equilibrium)								
	P (bar	H2/CO/CO2 T(°C)	H2,out	COout	CO2,out H2Oout CH4,out C10H22, out
	20	2/1/0	250	0,1882	0,0993	0,0000	0,0000	0,0033	0,0041
	20	2/1/0	260	0,1628	0,0827	0,0000	0,0000	0,0050	0,0043
	20	2/1/0	270	0,1535	0,0727	0,0039	0,0001	0,0088	0,0044
	20	2/1/0	280	0,1317	0,0646	0,0074	0,0003	0,0099	0,0060
	20	2/0.8/0.2	250	0,3508	0,1378	0,0420	0,0013	0,0050	0,0073
	20	2/0.8/0.2	260	0,3379	0,1277	0,0431	0,0016	0,0073	0,0080
	20	2/0.8/0.2	270	0,3064	0,1131	0,0446	0,0020	0,0123	0,0097
	20	2/0.8/0.2	280	0,2860	0,1014	0,0479	0,0026	0,0171	0,0106

Table 59 | Atom balance if the WGS was at equilibrium
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	P (bar H2/CO/CO2 T(°C)	Hin	Cin	Oin	Hout	Cout	Oout
	20	2/1/0	250	0,4886	0,1222	0,1222	0,4790	0,1433	0,0993
	20	2/1/0	260	0,4486	0,1122	0,1122	0,4396	0,1304	0,0827
	20	2/1/0	270	0,4486	0,1122	0,1122	0,4400	0,1297	0,0806
	20	2/1/0	280	0,4486	0,1122	0,1122	0,4346	0,1415	0,0797
	20	2/0.8/0.2	250	0,8994	0,2248	0,2695	0,8845	0,2577	0,2231
	20	2/0.8/0.2	260	0,8994	0,2248	0,2695	0,8843	0,2581	0,2155
	20	2/0.8/0.2	270	0,8994	0,2248	0,2695	0,8801	0,2673	0,2043
	20	2/0.8/0.2	280	0,8994	0,2248	0,2695	0,8779	0,2720	0,1998

Table 60 | Number of mol of H 2 , CO, CO 2 , CH 4 , H 2 O and C 10 H 22 at the outlet of the reactor (if WGS not at equilibrium)
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	P (bar H2/CO/CO2 T(°C)	H2,out	COout	CO2,out H2Oout CH4,out C10H22, out
	20	2/1/0	250	0,1882	0,0993	0,0000	0,0250	0,0033	0,0022
	20	2/1/0	260	0,1628	0,0827	0,0000	0,0273	0,0050	0,0022
	20	2/1/0	270	0,1535	0,0727	0,0039	0,0283	0,0088	0,0023
	20	2/1/0	280	0,1317	0,0646	0,0074	0,0354	0,0099	0,0033
	20	2/0.8/0.2	250	0,3508	0,1378	0,0420	0,0466	0,0050	0,0039
	20	2/0.8/0.2	260	0,3379	0,1277	0,0431	0,0516	0,0073	0,0042
	20	2/0.8/0.2	270	0,3064	0,1131	0,0446	0,0636	0,0123	0,0051
	20	2/0.8/0.2	280	0,2860	0,1014	0,0479	0,0695	0,0171	0,0055

Table 61 | Atom balance if the WGS was not at equilibrium
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	P (bar H2/CO/CO2 T(°C)	Hin	Cin	Oin	Hout	Cout	Oout
	20	2/1/0	250	0,4886	0,1222	0,1222	0,4876	0,1244	0,1243
	20	2/1/0	260	0,4486	0,1122	0,1122	0,4490	0,1098	0,1100
	20	2/1/0	270	0,4486	0,1122	0,1122	0,4496	0,1085	0,1088
	20	2/1/0	280	0,4486	0,1122	0,1122	0,4466	0,1150	0,1148
	20	2/0.8/0.2	250	0,8994	0,2248	0,2695	0,9000	0,2235	0,2684
	20	2/0.8/0.2	260	0,8994	0,2248	0,2695	0,9014	0,2204	0,2655
	20	2/0.8/0.2	270	0,8994	0,2248	0,2695	0,9012	0,2209	0,2659
	20	2/0.8/0.2	280	0,8994	0,2248	0,2695	0,9008	0,2216	0,2667

Hyperfine field (T)33.0Relative intensity (%)

CO2, 

CO2,[START_REF] Ishihara | Hydrogenation of carbon monoxide over SiO2-supported FeCo, CoNi and NiFe bimetallic catalysts[END_REF] CH4 and 13 CH4. A GC-MS is also used to first separate the different products and then analyze them by MS. Labeled C2, C3 and C4 were analyzed by this technique.

(relative intensity 

%) attributed to ferric and ferrous species [ 122 , 123 ] probably arising from

Relative intensity (%)

and 0.14 mm.s -1 can be attributed to iron carbides (Fe5C2, Fe3C) [70 , 118 ] but, in this case, with Fe7C3 carbides [ 132 ]. However, as the three carbides have nearly the same Mössbauer parameters, it is difficult to distinguish accurately between them.
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Table 10 | Names and types of iron-based catalyst studied in this work

Supported or encapsulated-type catalyst

Fe@hollow-silicalite-1 catalyst Fe/hollow-silicalite-1 catalyst Fe/SiO2 catalyst

Bulk-type catalyst

Commercial/benchmark catalyst (co-precipitated)

Nanostructured α-Fe2O3 catalyst (well-ordered bulk catalyst)

The first part of this chapter focuses on the iron commercial catalyst. It will help to fully understand the complexity and difficulty of characterizing properly a typical iron catalyst.

Then, the encapsulated catalyst (Fe@hollow-silicalite-1) and the two iron supported catalysts (Fe/hollow-silicalite-1 and Fe/SiO2) will be investigated. Lastly, the bulk nanostructured α-Fe2O3 catalyst, similar to the commercial catalyst, will be studied. A summary table is displayed at the end of the chapter for better comparison of all catalysts.

III. Characterization of a Fe/hollow-silicalite-1 catalyst

The synthesis procedure by dissolution-recrystallization explained in Chapter 2 -Experimental procedure -I.3. Preparation of Fe@hollow-silicalite-1, used to develop the well-controlled iron catalyst called Fe@hollow-silicalite-1 catalyst is not 100 % reproducible. Actually, Fe/hollow-silicalite-1 catalyst (Fe supported on hollow-silicalite-1) was obtained when several synthesis for Fe@hollow-silicate-1 failed (Figure 68). Several parameters playing a role during the overall synthesis process most likely still escape from our understanding and will require further investigations.

Figure 68 | Schematics of the failed synthesis process for the of Fe/hollow-silicalite-1 synthesis Therefore, it was interesting to study and compare the two catalysts as they were relatively similar. These catalysts will be first characterized by various techniques such as transmission electron microscopy, X-ray diffraction and Mössbauer spectroscopy to have an overall understanding of the catalyst's main characteristics. The first part will deal with the fresh catalyst, the second part will focus on the spent catalyst.

Chapter 3 -Characterization of iron-based catalysts

IV. Characterization of a Fe/SiO 2 catalyst

The purpose of this part is to synthesize an iron catalyst with an iron loading similar to the Fe@hollow-silicalite-1 catalyst ( 2.5 %wt Fe). A silica with a specific surface area of 750 m 2 /g is impregnated with an aqueous solution of the metal salt iron (III) nitrate nonahydrate (Fe(NO3)3.9H2O). After calcination and reduction under H2, a catalyst with iron nanoparticles supported on silica, called Fe/SiO2 is obtained. It is interesting to study and compare this catalyst with the Fe/hollow-silicalite-1 catalyst as they are relatively similar. This catalyst will be first characterized by various techniques such as transmission electron microscopy, X-ray diffraction and Mössbauer spectroscopy to have an overall understanding of the fresh catalyst. The second part will focus on the spent catalyst. Particles are localized on the silica. The particle size distribution is wide and not well -defined.

IV.1. Study of the

The particle distribution ranges from around 5 nm ton 55 nm. The average particle size Frequency (%)

Fe particle size (nm)

Chapter 3 -Characterization of iron-based catalysts

V. Characterization of a nano-structured α-Fe 2 O 3 catalyst

A well-controlled bulk-type iron-based catalyst was synthesized for better comparison with the commercial and Fe@hollow-silicalite-1 catalyst. Again this catalyst will be first characterized by various techniques such as transmission electron microscopy, X-ray diffraction and Mössbauer spectroscopy to get an overall understanding of its characteristics.

The second part will focus on the evolution of the iron phases during the Fischer-Tropsch synthesis by in-situ XRD and XANES. The last part will concentrate on the spent catalyst characterization.

V. to remove template and surfactant molecules.

V.1.2. Preparation of nanostructured α-Fe2O3

The nano-structured α-Fe2O3 is prepared following the recipe of The second category, the Fe supported on silica, was easier to characterize in terms of particle size and dispersion. The Fe@hollow-silicalite-1 catalyst has a really narrow particle size distribution and particles located inside the zeolite walls. This catalyst proved to be particularly stable during the Fischer-Tropsch synthesis, as its particles did not sinter much compared to all the other iron-based catalyst studied. In terms of iron phases, the three iron catalysts (Fe@hollow-silicalite-1, Fe/hollow-silicalite-1 and Fe/SiO2) have the same iron phases (oxides and metallic iron) before and after the Fischer-Tropsch synthesis. However the different phases contributions were not identical. Generally, iron carbides tend to be formed during the FTS, whereas the metallic iron tends to decrease in quantity. In the case of Fe/SiO 2 however, the iron phases remained nearly similar in proportion before and after the FTS.

Consequently, it is questionable whether the catalyst really transformed during the Fischer-Tropsch reaction.

A summary table of the main characteristics and features of all the studied catalysts are shown in Table 34 (for fresh catalysts) and Table 35 (for spent catalysts) below.

The relation between the structure and characteristics of these catalysts with their Fischer-Tropsch performances (activity, selectivity) will be fully described and discussed in Chapter 5

-Study of the Fe@hollow-silicalite-1 catalyst: Determination of the relationship between structural features and catalytic performances.
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Iron phases by techniques:

Ex The nano-structured α-Fe2O3 catalyst is mainly composed of iron oxide.

3

The nano-structured α-Fe2O3 does not really have well defined particles but continuous arrangement of particles connected with each other's so the particle size may not be accurate. For ex-situ mössbauer: iron species in bold are in majority in the sample, iron species not in bold are in minority in the sample.

Table 35 | Summary of the size, dispersion, Fe loading and iron phases of the spent iron catalysts (TOS = 100h)

Catalysts:

Fe@hollow-Silicalite-1

Fe/hollowsilicalite-1

Fe/SiO2

Commercial catalyst Nano-structured α-

Fe2O3

Catalyst info: The nano-structured α-Fe2O3 catalyst is mainly composed of iron oxide. 3 The average size and dispersion were calculated with Debye-Scherrer equation, these values may not be totally accurate. For exsitu mössbauer: iron species in bold are in majority in the sample, iron species not in bold are in minority in the sample.

Iron phases by techniques:

I. Catalytic testing on the iron co-precipitated commercial catalyst

The commercial iron catalyst provided by our partner Johnson Matthey (JM) was tested in Fischer-Tropsch conditions. This co-precipitated catalyst contains 78.4 % Fe2O3, 3.4 % CuO, 2.6 % K2O, 0.04 % Na2O and 15 % SiO2. The Fischer-Tropsch synthesis results were compared with those obtains at Johnson Matthey.

I.1. Fischer-Tropsch synthesis catalytic study I.1.1. Validation of rig test

Validation tests were carried out on a Fe commercial catalyst delivered by our partner Johnson Matthey. This commercial catalyst is a typical iron-based catalyst used in the industry, its

Fischer-Tropsch performances are well-known by JM. Our partner provided us with the catalyst, the testing conditions parameters and their recorded performances data. Therefore, to validate and tune our rig properly, the commercial catalyst was tested in the conditions provided, such as we could compare the performances obtained with our testing facility with the data obtained from JM. The aim was to validate the activity and selectivy measurements of the catalyst and to determine if there was any deviation between the two sets of equipment.

For that, 3 g of the commercial catalyst were loaded into a down-flow fixed bed stainless-steel reactor. Due to the low density of the sample, and for ease of post reaction characterization, no diluent was used. The sample was first pre-treated in H2 at 210 °C for 7 h. After the pretreatment process, the syngas mixture was passed through the samples. The The first part of this chapter focuses on the study of the relationships between site time yield (STY), dispersion and particles size. The second part will aim at linking the iron phases with the activity and selectivities of the iron-based catalysts.

II.1. Activity, dispersion and structure sensitivity of iron catalyst

In this part of this chapter, the activity of the different catalysts studied will be explained and compared by trying to understand the relationship between their dispersion-particles size and their activity. First of all, Table 46 shows the activity of the different catalysts considered. For better comparison between all those very different catalysts, the activity per volume of The three spent catalysts Mössbauer spectra present the same iron phases (Table 50). It can be first noticed that, again, the three catalysts present the same iron phases. The majority of the iron is present under the form of oxides (Fe3O4, Fe 3+ and Fe 2+ species), more precisely 72 %, 64 % and 89 % for the commercial catalyst, Fe@hollow-silicalite-1 and the Fe/SiO2 catalysts respectively. A small amount of carbides can be observed in the case of the Fe@hollow-silicalite-1 and commercial catalyst (relative intensity 10 % and 28 % respectively).

However no carbides can be observed in the case of the Fe/SiO2, probably due to its low conversion and low heavy hydrocarbons formation. Also, metallic iron can be detected, 26 % and 11 % for Fe@hollow-silicalite-1 and Fe/SiO2 catalysts respectively.

So far, we noted that high STY and low STY catalysts contain mainly oxides, carbides and metallic iron. However, we saw in Chapter 3 -Characterization of iron-based catalysts, with TEM and Mössbauer spectroscopy, that reduced catalysts have a core-shell structure with most likely metallic iron as the core and oxides species as the shell. Therefore it is unlikely that metallic iron of the nano-dispersed type catalysts participate to the FTS reaction. Finally, it is difficult to assume or conclude that iron phases are responsible for

Chapter 5 -Study of the Fe@hollow-silicalite-1 catalyst: Determination of the relationship between structural features and catalytic performances 183 the difference in activity between the low STY and high STY catalysts. Here we looked at the phases of the particle, however it would be necessary to investigate more carefully the surface phases of the particle, as it is the place where the reactions occur. In Fe@hollowsilicalite-1 particles case, we cannot conclude at the exact nature of the iron phase at the surface. No surface analysis technique, such as XPS, could be used to determine the exact surface phases, as the particles are localized inside the zeolite.

II.3. Study of the effects of iron phases on the CO 2 selectivity

The Fe@hollow-silicalite-1 catalyst has interesting selectivity properties. Indeed in Chapter 4

-Study of the Fischer-Tropsch synthesis on iron-based catalysts, no CO2 could be observed at 250 °C in the case of the iron nanoparticles encapsulated catalyst. Furthermore, the Fe/hollow-silicalite-1 also presents limited amount of CO2 ( 1 %) during Fischer-Tropsch reaction at 250 °C. These observations are quite surprising as iron-based catalyst are known to be particularly water-gas-shift (WGS) active. It is well known that magnetite (Fe3O4) catalyzes the water-gas-shift reaction [ 30 ]. Researchers consider that magnetite may be the phase responsible for the WGS activity of iron catalysts during FTS. However, magnetite is coexisting with other iron phases during FTS, thus it remains difficult to determine the exact impact of all phases on the CO2 selectivity of the catalyst. In these two catalysts case (Fe@hollow-silicalite-1 and Fe/hollow-silicalite-1), Mössbauer spectroscopy of the spent catalysts reveals an important amount of oxides (64 % for Fe@hollos-ilicalite-1 and 48 % for Fe/hollow-silicalite-1). Therefore, it should be expected to have a reasonable amount of CO2 formed, even in small quantities. But no such results were observed.

Bulk-type catalysts have the same kind of oxides phases than supported catalysts, however, a huge amount of CO2 was produced (> 15 %). Mössbauer analysis on the spent catalysts shows a large quantity of oxides (72 % for the commercial catalyst and 88 % for the nano-structured α-Fe2O3 catalyst).

Table 51 compared the Fe@hollow-silicalite-1, Fe/hollow-silicalite-1 and the nano-structured α-Fe2O3 catalysts in terms of catalytic performances. Both supported catalysts do not produce CO2, however their STY is not of the same order of magnitude. Even though, the nano-Chapter 5 -Study of the Fe@hollow-silicalite-1 catalyst: Determination of the relationship between structural features and catalytic performances 184 structured and the Fe/hollow-silicalite-1 catalysts have STY of the same order of magnitude, the first one produces a large quantity of CO2 whereas the second produce very low amount of CO2. Therefore, no obvious correlations can be made between activity of the catalyst and its CO2 selectivity. From all these observations, it can be concluded that the CO2 selectivity is most likely not linked to the activity, the particle size or the iron phases.

The main difference between the two categories of catalysts (bulk and silica supported) is mainly the silica support and even more in the case of the Fe@hollow-silicalite-1 where the iron nanoparticles are encapsulated. Therefore a deeper look at the silicalite-1 properties and effect on the FTS reaction is needed.

IV. Study of the CO 2 transformation mechanism using labelled 13 CO 2 ,

MS and GC-MS analysis.

It was shown all along this study, that the Fe@hollow-silicalite-1 catalyst did not present any CO2 formation at low temperature (< 260 °C). A few reason to this phenomena were exposed in the previous part, notably the hydrophobic character of the silicalite-1 hollow-zeolite.

Therefore, CO2 is supposed to be converted into products. The last remaining questions are the following: does the R-WGS reaction really occurs? Or does the silicalite-1 "membrane" prevent both WGS and R-WGS? To answer these questions, labeled 13 CO2 was used to follow the products produced during the Fischer-Tropsch synthesis. For that a gas chromatogram coupled with a mass spectrometer were used to analyze the products.

IV.1. Testing conditions and analytical apparatus

Briefly, 1.30 g of 2.5%wtFe@hollow-silicalite-1 with a particle dispersion of 29 % were loaded into a down-flow fixed bed stainless-steel reactor. The Fischer-Tropsch reaction was carried out at 20 bar pressure with a H2:CO: 12 CO2 ratio of 2:0.8:0.2 with a GHSV of 1.3 L.gcat -1 .h -1 syngas (H2, CO, CO2). The temperature of operation was ramped up to 250 °C and later on to 280 °C during the test. Argon (Ar) was used as an internal standard as the mass of N2 is the same as of CO (m/z = 28), therefore differentiating the two with the mass spectrometer would be impossible. The reaction was carried out for 24 hours under the upper condition. Then, 13 CO2 was introduced in the reactor in place of the 12 CO2. The reactor was flushed for 2 hours with the H2/CO/ 13 CO2 mixture, to be sure all the 12 CO2 is replaced. At the outlet, a cylinder is connected to capture the gases (reactants and products) at the outlet. The cylinder is then connected to another setup with a MS and GC-MS. A mass spectrometer is used to follow the 12 CO, 13 CO, 12 CO2, 13 CO2, 12 CH4 and 13 CH4. A GC-MS was also used to first separate the different products and then analyze them by MS. Labeled C2, C3 and C4 were analyzed by this technique.

The commercial catalyst was also tested under the same condition for comparison.

Overall conclusion and perspectives

The objectives of this study was to develop a more active, selective and stable iron-based catalyst for the Fischer-Tropsch synthesis. We developed an iron nanoparticles encapsulated in hollow single crystal of silicalite-1 catalyst. An average particles size of 3.5 nm was obtained.

The developed catalyst was fully characterized by various analytical techniques and compared with other iron-based catalysts.

Extensive characterizations and Fischer-Tropsch studies on various kinds of iron catalysts helped to discern some interesting aspects that might open new pathways in rational design of iron catalyst in the near future. Indeed, all along this work, it was clear that the commercial catalyst, currently used in the industry, remains the most active and interesting catalyst from an industrial point of view. However, its poor selectivity in CO2 makes it not the best ironbased catalyst possible. There is still room for improvement.

The iron nanoparticles encapsulated in hollow-silicalite-1 catalyst (Fe@hollow-silicalite-1), even though not as active as it was thought to be, has provided truly remarkable behavior due to the high hydrophobicity of the hollow-silicalite-1 as proven in this ork. The remarkable CO2 selectivity of this catalyst makes it of particular interest. The high hydrophobicity seems to prevent WGS from happening due to low adsorption of water inside the silicalite-1 support.

Therefore, the low concentration around the iron particles seems to favor the R-WGS, or at least, the non-production of CO2. Furthermore, at low temperature, the catalyst proved to be converting small amounts of CO2 into mostly CH4 and small quantities of CO, C2 and C3 species.

Its counterpart, the well-defined nanoparticles on the surface of the silicalite-1 (Fe/hollowsilicalite-1), showed a behavior in-between the encapsulated iron nanoparticles catalyst and the commercial catalyst. That is, a really low amount of CO2 produced and a good activity. The close proximity of the iron particles with the hydrophobic support is lowering the WGS activity of the Fe/hollow-silicalite-1 catalyst.

Unfortunately, the iron phase characterization did not helped to discriminate much between all the iron catalysts, as no significant difference was observed. As a conclusion, the commercial catalyst is the best iron catalyst from an industrial point of view at this point in Overall conclusion and perspectives 204 time. However it would be particularly interesting to combine the performances properties of the commercial catalyst with the hydrophobic silicalite-1 properties. Indeed, having the commercial catalyst "encapsulated" inside silicalite-1 might give a really interesting catalyst to further study.

Of course, this study is far from being complete. Most observations were explained with hypothesis and are based on literature similarities.

To further develop this study, varying promoter's types and compositions may be looked at to improve catalytic properties of the iron nanoparticles encapsulated in hollow-silicalite-1 catalyst. Also, to further prove that the hydrophobicity is the main reason non-production of CO2, silicalite-1 could be replaced by its hydrophilic counterpart, ZSM-5. Due to its hydrophilic properties, the water concentration around the iron nanoparticles should be higher, therefore WGS would be more prone to happen. One of the biggest problematic aspect in this study was the very low iron loading obtained for the newly developed catalyst. Therefore, focusing efforts on increasing the iron loading inside the Fe@hollow-silicalite-1 catalysts may help to improve the Fischer-Tropsch performances of the catalyst. Characterization of the catalyst by XRD and EXAFS would become more accurate and easier too. The increased loading would also provide some ease during catalyst upscaling as we have shown that the catalyst was having really low density.

Finally, the new information gained during this work and the various interesting aspects provided by the iron nanoparticles encapsulated in silicalite-1 catalyst, will surely help to open new pathways in rational design of iron catalysts in the near future. 

2) Olefin to paraffin ratio (Equation 50)

The equilibrium at different temperature is given in Table 56 below. Fischer-Tropsch data on the Fe@hollow-silicalite-1 catalyst were used to determine either or not the WGS reaction is at equilibrium. A few hypothesis as to be made for the calculation.

a) If the WGS is at equilibrium

Firstly, if the hypothesis that the WGS is at equilibrium. The inlet data on H2, CO and CO2 is reported in Table 57. At low temperature, no labelled ethane was observed, probably due to the really low conversion of CO. However at higher temperature, labelled ethane can be observed in small quantities ( 3 -4 %).

For propane and propene, respectively Really limited amounts of labelled butane and butane could be observed. The GC-MS analysis was also applied for the commercial catalyst, the same observation could be made. No real difference could be detected between the two types of catalysts.