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FACULTÉ DES SCIENCES ET TECHNOLOGIES

RESUME

Afin d'établir des voies possibles d'utilisation de métaux nobles récupérés du combustible nucléaire tels que les platinoïdes, la présente thèse vise à étudier l'effet du rayonnement dans trois applications différentes : la catalyse hétérogène, aveccomme réaction modèlel'hydrogénation du cinnamaldéhyde (CNA) ; la photocatalyse, aveccomme réaction modèle la décoloration du méthyl orange (MO) et la régénération des catalyseurs, désactivés lors de la synthèse de l'hydroxyméthyl furfural. Des protocoles ont été élaborés pour répondre aux exigences de sécurité nucléaire : applicable en boîte à gant et sorbonne, selon le cas.

Le rayonnement β émis par le 107 Pd n'a montré aucun effet lors de l'hydrogénation du CNA, indépendamment des conditions de réaction. En revanche, la décoloration a été initiée par la présence de la radiation β sur le catalyseur en substituant de la lumière visible. Une diminution de l'absorbance (au point isosbéstique) a été observée. Ce dernier corrélait avec la quantité de catalyseur radioactif, mettant en évidence l'activation par le rayonnement β. Enfin, la régénération du catalyseur à base de Pd non radioactif a donné des résultats prometteurs après l'irradiation γ, montrant notamment une augmentation de la performance catalytique après irradiation du catalyseur désactivé. Par ailleurs, le catalyseur à base de Ru, bien que généralement peu performant, a montré une activité plus élevée que l'activité du catalyseur frais après irradiation par rayonnement .
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General context of the study

In the 1940s, the first research in the field of nuclear energy focused on the development and production of the atomic bomb. Later, this research was extended to the production of electricity. Today, 30 countries in the world have nuclear power plants for electricity production. In addition, some countries such as Denmark and Italy, which do not have nuclear facilities, use about 10% of the nuclear electricity imported from other countries [1]. France is the most nuclear-friendly country in the European Union: more than 73% of its electricity is origin from nuclear power, with 58 nuclear reactors in operation with a combined net capacity of 63.1 Gwe of electricity [2].

Electrical energy can be obtained in two ways: nuclear fusion, in which energy is released when the nuclei of atoms combine or fuse to form a larger nucleus, and nuclear fission, used by nuclear power plants, in which nuclei split to form smaller nuclei, releasing energy [3]. The production of this type of energy is more environmentally friendly, as it avoids the emission of greenhouse gases and the use of fossil fuels [4]. However, one of the disadvantages is the generation of radioactive waste from nuclear fuel. Today, companies such as Orano have reprocessing plants to recycle the spent nuclear fuel.

During the recycling process of nuclear fuels, which aims at recovering valuable materials such as uranium and plutonium, various solid particles are produced in the dissolution process. The latter consist of a mixture of noble metals and particles from the fission process, which due to their radioactive nature are currently confined [5]. These particles contain potentially interesting elements for catalysis, such as Ru, Pd and Rh. For this reason, Orano, a world leader in nuclear fuel recycling [6], is studying the possibilities of valorizing these recovered platinoid-type elements in electrochemistry and heterogeneous catalysis.

Catalysts based on Pd, Ru and Rh, are for example commonly used in hydrogenation reactions such as the hydrogenation of unsaturated aldehydes. This reaction is very attractive for research in the field of catalysis due to its industrial importance, since hydrogenated products are used in the pharmaceutical, perfumery and food industries, among others [7,8]. Oxidation reactions have also shown good performance with the use of catalysts based on these metals. On the one hand, the oxidation of benzyl alcohol for example, showed a good yield, and even a high selectivity towards aldehydes using Ru-based catalysts [9]. On the other hand, oxidation of glycerol, reported significant activity with Pd-based catalysts, which was highly dependent on the nature of the support [10].

One of the aforementioned potential routes of valorisation is the use of these metals in heterogeneous catalysis applied to model reactions such as those mentioned above. However, promising results have been reported on the effects of radiation in photocatalytic reactions [11,12]. In photocatalysis, one of the approaches that has gained more importance in recent years are the reactions that aim at the decontamination of wastewater, as is the case of the decolorization of azo dyes, compounds generally used in the textile industry. The main objective of this reaction is the removal of azo compounds from industrial effluents, which has become an environmental problem. For this purpose, TiO2-based photocatalysts are most widely used [13][14][15][16].

The present study is one of the research lines of the joint laboratory LR4CU (Laboratoire de Recherche Commun «Cycle du Combustible et Chimie de l'Uranium») created between the University of Lille, Orano, CNRS and Centrale Lille Institute. The main objective is to evaluate the influence of radioactive isotopes in catalysts, on the hydrogenation of cinnamaldehyde and the decolorization of Azo-dyes respectively. In this sense, a simple catalyst preparation and reaction protocol will be created and optimized with non-radioactive metals, in order to be implemented in the ATALANTE laboratory facilities at CEA-Marcoule with radioactive metals from the nuclear fuel recovery process. Finally, the results of the non-radioactive and radioactive tests will be analyzed and compared. In parallel, the effect of  irradiation on deliberately deactivated catalysts with the deposition of carbon molecules (humins) will also be evaluated.

Bibliography

Recoverable fines from nuclear fission

Figure 1-1 below summarises, in a very simplified way, the recycling of nuclear fuels as carried out on the Orano La Hague site. During recycling, solid particles are produced along the dissolution operation. These particles are made up of a mixture of non-soluble noble metals (palladium, rhodium and ruthenium) and particles from the fission process. The conditioning of these radioactive insolubles, which are mainly in metallic form, is carried out by vitrification in stable matrices, adapted to the activity and life cycle of the waste, in view to its final disposal [5].

However, Orano and CEA are currently developing and optimising different processes that aim to recover and purify these metals. One of the possibilities to use these metals is in the field of heterogeneous catalysis. Indeed, the use of these radioactive metals in heterogeneous catalysts could have several advantages, in particular in the expected "additional" contribution of radioactivity compared to nonradioactive metals via the formation of radicals or the limitation of deactivation by reducing the deposit of coke. Moreover, the orientation of the valorisation of radioactive metals via heterogeneous catalysis proves to be a safe alternative because the totality of the noble metal(s)

would be isolated at the end of the reaction thus avoiding any risk of contamination. radioisotopes, the most stable of which are 107 Pd with a half-life of 6.5 million years, 103 Pd with a half-life of 17 days and 100 Pd with a half-life of 3.63 days. The main mode of decay is β - emission, however for some isotopes such as 103 Pd and 100 Pd it is electron capture [17][18][START_REF] Arblaster | The Discoverers of the Palladium Isotopes[END_REF]. Of all the radioactive isotopes, the only one likely to be detected in the environment due to its long physical half-life is 107 Pd, whose reported mass activity is 1.90E+07 Bq•g -1 and a maximum beta energy of 30 keV [START_REF] Gariel | Fiche radionucléide palladium 107 et environnement[END_REF].

In catalysis, Pd is used in the automotive and chemical industry for hydrogenation and dehydrogenation reactions, or, for example, for the oxidation of primary alcohols in alkaline media [START_REF] Liu | Oxidant controlled Pd-catalysed selective oxidation of primary alcohols[END_REF].

Pd-based catalysts are commonly synthesized by impregnation techniquesusing i.e.

Palladium nitrate as precursorfollowed by heat treatments, in order to achieve loading between 0.5 and 12 wt.% [START_REF] Diaz | On the performance of Pd and Rh catalysts over different supports in the hydrodechlorination of the MCPA herbicide[END_REF][START_REF] Wu | Biopolymer-metal complex wool-Pd as a highly active heterogeneous catalyst for Heck reaction in aqueous media[END_REF] on Al2O3, SiO2 or even TiO2. Some hydrogenation reactions [START_REF] Munoz | Improved γ-alumina-supported Pd and Rh catalysts for hydrodechlorination of chlorophenols[END_REF][START_REF] Kang | Selective Hydrogenation of Acetylene on TiO2-Added Pd Catalysts[END_REF][START_REF] Tenorio | Adsorption of Pd(hfac)2 on mesoporous silica SBA-15 using supercritical CO2 and its role in the performance of Pd-SiO2 catalyst[END_REF], with monometallic Pd catalysts supported on alumina showing high activity and stability that make them, according to some authors [START_REF] Yuan | Aqueous-Phase Hydrodechlorination of 2,4-Dichlorophenol over Pd/Al 2 O 3 Reaction under Controlled pH[END_REF], a better option in different hydrogenation reactions, such as hydrodechlorination, which is a promising technology for the treatment of wastewater containing polluting chlorinated organic compounds, and hydrogenolysis [START_REF] Munoz | Improved γ-alumina-supported Pd and Rh catalysts for hydrodechlorination of chlorophenols[END_REF].

• Ruthenium Ruthenium (Ru), atomic number 44, is used as an alloy to strengthen palladium and platinum in electrodes. The Ru has 7 naturally occurring isotopes ranging from 96 Ru to 104 Ru, the most abundant being 102 Ru (31.6%) and 34 radioactive isotopes. The most stable radioisotopes are 106 Ru, 103 Ru, 97 Ru with half-lives of 373.59, 39.26, 2.9 days, respectively. The primary decay mode before the most abundant isotope, 102 Ru, is electron capture and the primary mode after is β -emission [18,[START_REF]CRC handbook of chemistry and physics: A ready-reference book of chemical and physical data: 2004-2005[END_REF][START_REF] Ronneau | Oxidation-enhanced emission of ruthenium from nuclear fuel[END_REF]. The reported mass activity for 103 Ru and 106 Ru is 1.90E+14 and 1.22E+14 Bq•g -1 respectively [30].

In organic chemistry, the Ru has been used for the reduction of the carbonyl bond and the metathesis reaction [START_REF] Nagao | Carbon-Carbon Bond Formation in the Electrochemical Reduction of Carbon Dioxide Catalyzed by a Ruthenium Complex[END_REF][START_REF] Mori | Total Synthesis of (-)-Stemoamide Using Ruthenium-catalyzed Enyne Metathesis Reaction[END_REF]. In heterogeneous catalysis, it has been used in the conversion of stearic acids to diesel-cut alkanes [START_REF] Di | Robust ruthenium catalysts for the selective conversion of stearic acid to diesel-range alkanes[END_REF], in the hydrogenolysis of sorbitol to glycols [START_REF] Leo | Sorbitol hydrogenolysis to glycols by supported ruthenium catalysts[END_REF] or in hydrogenation reactions such as hydrogenation of levulinic acid to ɣ-valerolactone [START_REF] Li | Aqueous phase hydrogenation of levulinic acid to γvalerolactone on supported Ru catalysts prepared by microwave-assisted thermolytic method[END_REF] or furfural to furfuryl alcohol [START_REF] Ramirez-Barria | Optimization of ruthenium based catalysts for the aqueous phase hydrogenation of furfural to furfuryl alcohol[END_REF].

Ruthenium catalysts are also commonly supported on alumina, silica or titanium dioxide and prepared using impregnation techniques followed by heat treatments. Metal loadings vary from 1 to 5 wt.% for liquid phase reactions [START_REF] Leo | Sorbitol hydrogenolysis to glycols by supported ruthenium catalysts[END_REF][START_REF] Li | Aqueous phase hydrogenation of levulinic acid to γvalerolactone on supported Ru catalysts prepared by microwave-assisted thermolytic method[END_REF] and can reach 10 wt.% for gas phase reactions [START_REF] Bobadilla | Does shaping catalysts modify active phase sites? A comprehensive in situ FTIR spectroscopic study on the performance of a model Ru/Al2O3 catalyst for the CO methanation[END_REF].

Catalyst and radioactivity

So far, there is little literature that accurately relates the effect of radioactivity on the catalytic activity of heterogeneous catalysts. In 1958, Balandin et al. [38] reported that the introduction of radioactive sulphur ( 35 S) significantly increased the catalytic activity of a mixture of MgSO4 + Na2SO4 catalysts during the dehydration of cyclohexanol to cyclohexene (Figure 1-2). Later in 1961, the same authors analyzed the catalytic activity of magnesium sulphate catalysts with the radioactive isotopes 35 S and 45 Ca in the same reaction (Figure 1-2) and found that this type of isotope contributed to an increase in catalytic activity: the reaction rate increased proportional to the logarithm of the amount of 35 S [40]. In contrast, Spitsyn et al. [START_REF] Vikt | Catalytic dehydration of cyclohexanol on magnesium sulfate-protactinium-231[END_REF] did not obtain the same results with the 231 Pa isotope, which did not alter the performance of the catalyst. These authors postulate that the radioactive isotope must be a constituent of the catalyst

O H + O H 2

Cyclohexanol Cyclohexene

MgSO 4 + Na 2 SO 4 and interpret that the increase in catalytic activity (Figure 1-3) is due to the continuous radiation from its nucleus to the active centers of the catalyst, which transfers energy to the cyclohexanol molecules, thereby decreasing the activation energy of the reaction [START_REF] Vikt | Use of radioactive catalysts for dehydrating alcohols[END_REF][START_REF] Balandin | On the influence of the radioactive radiation of a solid body on its catalytic properties[END_REF].

Other radioactive isotopes such as 144 Ce and 137 Cs were used on alumina catalysts by Spitsyn et al. [START_REF] Vikt | The effect of ionizing radiation on the catalytic dehydration of N-dodecyl alcohol, The Institute of Physical Chemistry[END_REF]. These authors observed an increase in catalytic activity in the dehydration reaction of n-decyl alcohol. However, in other types of reactions, for example the cracking of cumene, no favourable effect of radioactive calcium phosphate catalysts with 45 Ca and 32 P isotopes was observed compared to the non-radioactive catalyst [START_REF] Balandin | Cracking of cumene on a radioactive tricalcium phosphate catalyst[END_REF]. In this sense, the influence of radioactivity on the catalytic activity depends on the nature of the catalyst and the reaction studied [START_REF] Balandin | On the Problem of Radioactive Radiation of Sulfur-35 Influencing the Catalytic Dehydration of Cyclohexanol[END_REF].

Concerning heterogeneous photocatalysis, Jones et al. studied the transformation of CO2 into other components, using UV light or radioactive radiation to activate the catalyst (Figure 1234).

For this, yttrium-90 ( 90 Y) was selected as a source of β particles together with a strontium titanate (SrTiO3) catalyst. They showed that the conversion of CO2 to methanol and formic acid was enabled by the β emission (Table 1-1) [START_REF] Jones | Methods and products for converting carbon dioxide to one or more small organic compounds[END_REF]. [START_REF] Jones | Methods and products for converting carbon dioxide to one or more small organic compounds[END_REF].

Treatments Products Identified

Methanol

(mg•L -1 ) Ethanol (µg•L -1 ) Propanol (µg•L -1 ) Formic Acid (µg•L -1 ) 0,5M NaHCO3 - - - 487 
0,5M NaHCO3+SrTiO3 - - - 418 
0,5M NaHCO3+SrTiO3+ 90 Y 2.4 - - 785 
1.2.3. Model reaction
Although there is currently a great industrial potential related to the use of radioactive catalysts, the synthesis and reactivity measurements involve specific conditions and areas that are in line with the regulations for the management of radioactive substances. Hence, the choice of the reaction to be studied is an important stage in the development of this study, since its protocol, including the analysis of the samples, must comply with the current requirements of the ATALANTE nuclear facility (Marcoule, CEA Research Centre, France), which allow its implementation under radioactive conditions in a glove box. Specifically, the requirements that governed the search for and choice of the model reactions are described below:

• Protocol allowing easy handling in glove box.

• Low total pressures and temperatures, 10 bar and 100°C maximum.

• Preferably not requiring the use of gases such as H2 at high pressures.

• Sample analysis possible with NMR or UV-Vis spectroscopy, as these are the only two techniques available in the ATALANTE laboratory for the analysis of radioactive matter.

• Catalytic performance with low concentrations of noble metals specially Pd. with the aim of not exceeding the maximum limit of radioactive activity allowed in a glove box.

• Avoid use of highly flammable chemicals products.

Hydrogenation and oxidation reactions

Following the literature research on hydrogenation reactions catalysed by heterogeneous catalysis, a compilation of the different model reactions and their parameters is presented in Table 1-2. These reactions were selected based on the possibility of implementing a simple protocol, which in turn meets the requirements of: pressure, temperature, solvent, analysis technique, catalyst mass, type of metal and percentage of metal present in the catalyst which were described in the previous section. In green are shown the parameters that fulfil the requirements established for the choice of the model reaction and in red those that do not. For example, the hydrogenation of benzene:

although it is possible to analyse the reaction products by NMR, it was discarded due to high pressure and metal load of the catalyst exceed the acceptable limits for the development of this study. On the other hand, the oxidation of benzyl alcohol works at low pressures and low amounts of catalyst with low metal content, however, the characterization with NMR is complex, due to the superposition of the characteristic signals of each of the products, which is why it is not the most suitable reaction for the present study. This is also the case for the reduction of 4-nitrophenol and the oxidation of glycerol.

Finally, to measure the impact of radioactivity applied to heterogeneous catalysis, the hydrogenation of cinnamaldehyde has been selected as a model reaction since it handles mild reaction conditions (atmospheric temperature and pressure and low amounts of catalyst with low metallic loadings), besides, it allows the identification of reaction products with NMR, which agrees with the selection criteria. More details on this reaction will be discussed in the next section. The reaction mechanism of the hydrogenation of cinnamaldehyde is presented in Figure 1-5 [START_REF] Hajek | Ruthenium-modified MCM-41 mesoporous molecular sieve and Y zeolite catalysts for selective hydrogenation of cinnamaldehyde[END_REF].

Initially, the C=C and C=O bonds are hydrogenated, with the C=C bond being the most thermodynamically favoured. Under very severe conditions over-hydrogenation can occur, giving rise to β-methylstyrene, 1-propylbenzene or 3-cyclohexylpropane. Finally, the formation of acetals is directly linked to the polarity of the solvent. It is well known that the reaction of cinnamaldehyde (CNA) and hydrocinnamaldehyde (HCNA) with polar solvents induces C=O bond hydrogenation [START_REF] Shimizu | Effect of pore structure on catalytic properties of mesoporous silica supported rhodium catalysts for the hydrogenation of cinnamaldehyde[END_REF][START_REF] Bhogeswararao | Chemoselective Hydrogenation of Cinnamaldehyde over Pd/CeO2-ZrO2 Catalysts[END_REF][START_REF] Jiang | Particle size effects in the selective hydrogenation of cinnamaldehyde over supported palladium catalysts[END_REF][START_REF] Zhang | Studies on the hydrogenation of cinnamaldehyde over Pd/C catalysts[END_REF][START_REF] Zhao | An effective and recyclable catalyst for hydrogenation of α,β-unsaturated aldehydes into saturated aldehydes in supercritical carbon dioxide[END_REF]. However, it was observed that acetalization could be reversible with methanol over a Pd/Al2O3 catalyst [START_REF]Proceedings of the 6th Meeting on Catal. Org. Synth[END_REF]. 

Photocatalytic reactions

In order to choose the model reaction for the heterogeneous photocatalysis, it was equally important to fulfil the selection criteria so that it could be easily implemented in the ATALANTE installation. Therefore, after the literature search, the decolorization of azo-dyes, which is a reaction of great industrial interest, was directly considered. According to the literature, these reactions are carried out in liquid phase, at atmospheric pressure at low temperatures, and the energy source can be either artificial light or solar energy [START_REF] Neppolian | Solar light induced and TiO2 assisted degradation of textile dye reactive blue 4[END_REF][START_REF] Cerrón-Calle | Photoelectrocatalytic decolorization of azo dyes with nano-composite oxide layers of ZnO nanorods decorated with Ag nanoparticles[END_REF].

Moreover, monitoring and analysis of the reaction solutions is possible with UV-Vis spectroscopy, which is available in the facility [START_REF] Nezamzadeh-Ejhieh | Decolorization of a binary azo dyes mixture using CuO incorporated nanozeolite-X as a heterogeneous catalyst and solar irradiation[END_REF]. Table 1-3 shows the parameters for some examples of decolorization of different azo-dyes. 

Deactivation / Regeneration studies

With respect to the finiteness of fossil resources and growing concern for environmental protection, carbohydrates such as cellulose and starch have become indispensable raw materials for the chemical industry, as they are renewable and abundant biomass resources [START_REF] Nishimura | Synthesis of 5-hydroxymethylfurfural from highly concentrated aqueous fructose solutions using activated carbon[END_REF]. 5-Hydroxymethylfurfural (5-HMF) is a promising chemical building block derived from biomass to obtain chemical products, among which, there are some that are nowadays produced from petroleum derivatives. Among the main derivatives of 5-HMF are some monomers for the formation of polymers (furandicarboxylic, caprolactam), fine chemicals (for pharmaceuticals and agribusiness, among others) and biofuels [START_REF] Martinez | Obtención de 5-hidroxmetilfurfural a partir de glucosa proveniente de licores de corteza de pino y eucalipto, utilizando catalizadores sólidos en medio acuoso[END_REF]. 5-HMF is synthesized by dehydration of fructose, using ideally high concentration of the reactant in order to avoid huge reactors and excessive energy consumption during work-up. However, in turn, the use of highly concentrated sugar solutions accelerates intermolecular side reactions to form dark brown insoluble by-products known as humins (Figure 1234567), which compete with the desired products, restrict catalyst activity and hinder recycling [START_REF] Shen | Evolution Process and Controlled Synthesis of Humins with 5-Hydroxymethylfurfural (HMF) as Model Molecule[END_REF][START_REF] Van Zandvoort | Formation, Molecular Structure, and Morphology of Humins in Biomass Conversion: Influence of Feedstock and Processing Conditions[END_REF]. In this sense, the synthesis of 5-HMF from concentrated aqueous fructose solutions was chosen as an arbitrary reaction for the deactivation of a catalyst. The deactivated catalysts were subjected to gamma irradiation to study the potential use of irradiation for catalyst regeneration.

Objectives and approach of this work

To study of the influence of radioactivity on the catalytic performance two model reactions were selected:

1.3.1.

Heterogeneous catalysis

The first one aims to evaluate the impact of radioactivity on the model reaction of cinnamaldehyde hydrogenation, using potentially radioactive catalysts. For this purpose, the methodology proposed in general consists of:

-Synthesise monometallic, bimetallic and trimetallic catalysts based on nonradioactive Pd, Ru and Rh, with a metal loading of 5 wt.% and supported on Al2O3, by developing a simple and reproducible protocol for use in the ATALANTE facility.

-Establish and optimise a simple reaction protocol for the hydrogenation of cinnamaldehyde that meets the requirements.

-To evaluate the catalytic activity of the catalysts mentioned above, in order to screen the best formulations.

-Replicate the synthesis of the best catalyst formulation with radioactive metal and evaluate them in the model reaction at the ATALANTE facility.

-Finally, to analyse and compare the results obtained in the tests with radioactive and non-radioactive catalysts.

Decomposition of Methyl orange

The second one is aimed at evaluating the use of radioactivity as an energy source in the photocatalytic reaction by replacing the irradiation source by a radioactive metal catalyst supported on TiO2. For this purpose, the methodology proposed in a general way is as follows:

-Synthesise a monometallic catalyst based on non-radioactive Pd, with a 5% metal loading supported on TiO2 by developing a simple and reproducible protocol for use in the ATALANTE facility.

-To create and optimise a simple reaction protocol for the decolorization of methyl orange that meets the requirements.

-To evaluate the catalytic activity of the non-radioactive catalyst, in order to have a comparative reference with the radioactive catalyst.

-Replicate the synthesis of the catalyst with radioactive Pd and evaluate in absence of light in the ATALANTE facility.

-Finally, to analyse and compare the results obtained in the tests with radioactive and non-radioactive catalysts.

In addition, in order to get an idea of whether radioactive radiation impacts on catalyst regeneration, Pd and Ru-based catalysts were deliberately deactivated by deposition of humins using the synthesis of 5-hydroxymethylfurfural (5-HMF) as an arbitrary reaction, and then irradiated with γ-irradiation at 600 kGy for 2 months. Finally, the fresh, deactivated and deactivated-irradiated catalysts were evaluated on the hydrogenation of cinnamaldehyde.

The manuscript was divided as follows, 7 chapters starting with the state of the art and ending with a general conclusion.

Chapter 1 -Bibliographical introduction and objectives contained the general context of the study, a brief state of the art of the use of radioactivity in heterogeneous catalysis as well as the search and selection of the model reactions to be studied, according to the technical limitations also presented in this chapter. Finally, the objectives of our research were presented.

The catalyst synthesis method, the characterization techniques implemented and the different reaction protocols, with which the catalytic performance was evaluated, are described in chapter 2 -Experimental and analytical methods.

Chapter 3 -Catalyst characterization dedicated to present the results of the preliminary analysis of the different catalysts used in the course of the whole study.

Chapter 4 -Impact of radioactivity on the hydrogenation of cinnamaldehyde is focused on evaluating the effect of radioactivity on the hydrogenation of CNA with the use of radioactive catalyst.

Chapter 5 -Impact of radioactivity on the decolorization of azo-dyes is devoted to the results obtained in the study of the effect of radioactivity on the methyl orange decolorization model reaction, comparing the radioactive and non-radioactive catalyst.

Chapter 6 -Catalyst regeneration by gamma irradiation presents the study of the effect of gamma radiation on the regeneration of catalysts, which were evaluated in the hydrogenation of CNA.

Finally, in chapter 7 -General conclusion, the aim is to make a balance of the study taking into account the different approaches used to evaluate the effect of radioactivity in order to finally propose new perspectives to continue with the studied topic.

Chapter 2

Experimental and analytical methods

Introduction

The experimental protocols, especially the catalyst preparation and reaction protocols, are of great value due to the technical constraints and difficulties involved in operating under radioactive conditions. This is why the manner in which each step was carried out was selected in such a way that it would be simple to implement and above all, reproducible.

This chapter describes how the experiments were carried out in the course of the study. Thus, the first part shows the different unitary steps of the synthesis of the non-radioactive and radioactive catalysts, from the preparation of the support to the calcination by heat treatment, as well as the characterization techniques used. Finally, the second part presents the catalytic test tools used to study the activity of the different catalysts.

Catalyst preparation

Synthesis protocol

The different steps in the synthesis of the catalysts, from conditioning of the support to calcination, are shown in Figure 2-1. 

The support stabilisation stage

The commercial supports used in the preparation of the catalysts are: Al2O3 (SA-61138, University of Birmingham) and TiO2 (ST-61120, University of Birmingham). Before use 15 g of each support are grinded with a porcelain mortar until a fine powder is obtained. The powder obtained is then sieved to 212 µm to homogenise the grain size. Afterwards, in order to ensure the absence of moisture and impurities, the sieved products were calcined in a muffle furnace at 500°C for 6 hours, with a heating ramp of 1.4°C•min -1 . Finally, the recovered supports were stored in plastic bottles before being used for the synthesis of the catalysts.

Impregnation and drying stage

• First, the impregnation solution is prepared by solubilising a specific amount of the target metal precursor, in a volume of 15 mL of water using a 100 mL beaker. The mixture is kept stirred for 30 minutes, until a homogeneous solution is obtained, which we named S1. Afterwards, 0.5 g of support is weighed and placed in a 30 mL vial. The S1 solution is then added to the vial containing the support. This vial is kept closed under agitation for 20 hours at room temperature.

The product obtained is transferred to a 100 mL beaker allowing the evaporation of the solvent, under stirring for 6h at 60°C. The temperature of the liquid is monitored during the whole evaporation stage by means of an infrared thermometer. Finally, the beaker is covered with a perforated aluminium sheet and placed in an oven for 12 hours at 60°C. This procedure was carried out for each of the non-radioactive catalysts prepared.

Additionally, a serie of non-radioactive catalysts (5%Pd/TiO2-acid and 5%Pd/Al2O3-acid) were synthesized in order to simulate more accurately the radioactive catalysts. For this purpose, a non-radioactive solution was prepared, with the approximate composition of the recovered and purified nuclear fuel solution containing 107 Pd (Table 2-1). This solution, which we call acidic S, was used as the impregnation solution for this series of catalysts. Both the impregnation step and the other steps of the protocol were carried out following the non-radioactive catalyst synthesis protocol.

• Radioactive catalyst

The radioactive catalysts were all impregnated using a solution that was recovered and purified from spent nuclear fuel, in the framework of the studies being carried out by Orano in collaboration with CEA, for the utilisation of the fines from the recycling of nuclear fuel. The general composition of the radioactive solution is shown in Table 2-1. The synthesis of the radioactive catalyst was carried out using 17.5 mL of purified solution.

Molar mass C [g•L -1 ] M [mol•L -

According to the composition specified in Table 2-1, the solution contained 19.25 mg of Pd with 3.8 mg being 107 Pd. To obtain the catalyst with 5wt.% Pd (where 0.98wt.% are 107 Pd), 366 mg of support were required. From the mixture of the purified radioactive solution with the support in a 30 mL vial, the impregnation was carried out in a glove box following exactly the same protocol described in the previous section for the non-radioactive catalyst.

Calcination stage

The dried product is collected, grinded with a mortar until a fine powder is obtained, and calcined at 250°C for 6 hours with a heating ramp of 1.4°C•min -1 . The prepared samples are stored at room temperature in closed 10 mL vials.

Characterization techniques

Nitrogen physisorption

The phenomenon that occurs when a gas is brought into contact with the surface of a degassed solid is the formation of van der Waals bonds (physisorption). The nitrogen physisorption technique is the most commonly used for the determination of the surface areas and pore size distribution of the catalyst. As a result of the analysis, an adsorption isotherm is obtained, allowing the adsorbed volume to be found directly at a given pressure, in addition to the calculation of the surface area, pore size, and distribution, usually using the BET method, based on the Brunauer, Emmet and Teller isotherm [1,2].

The general protocol that is carried out for the surface analysis of catalysts using nitrogen physisorption is described below.

Initially, in order to obtain the actual quantity to be analyzed, the mass of each empty cell is measured with its respective cap which we will call m1, then, 50-100 mg of sample are introduced in the cell, the cell containing the powder with its support and its cap is weighed to obtain a new mass called m2. Then, the samples are degassed at 150°C for materials with Pd and Rh and at 80°C for Ru, in order to avoid any loss of Ru. After 3 hours, the degassing stops and the cells are filled with N2 gas and weighed again to obtain a mass called m3. With the samples already prepared in the next step, it is necessary to assemble the cells in the equipment (Micromeritics TriStar II plus) and to start the analysis for a duration of 12 hours, the real mass of the sample to be analyzed is calculated by the software for which it is necessary to enter the masses m1 and m3 (mR = m3-m1).

X-ray-diffraction (XRD)

X-ray diffraction (XRD) is one of the most widely used techniques for analysing the crystalline phases of any type of material. The technique involves passing an X-ray beam at an angle θ over the material to be analyzed, as shown in Figure 2-2a. The intensity of the diffracted radiation resulting from the interaction of the beam with the solid is a function of the distance between the crystal planes, the type of atoms that make up the structure and the diffraction angle θ. This results in each crystalline substance having its own diffraction patter and constitutes a true "fingerprint" of it, allowing its identification in any mixture where it is present [3,4]. 

Thermogravimetric analysis (TGA)

Thermogravimetry analysis (TGA) is a technique based on the measurement of the change in mass of a sample when subjected to a temperature change in a controlled atmosphere. This change can be a loss or a gain of mass. The analysis was notably performed to follow the thermal decomposition of the metal precursors during calcination.

TGA measurements were carried out on a SDT Q600 V20.9 Build 20. The experiments were performed under an air flow of 100 mL•min -1 , applying a temperature ramp of 5 °C•min -1 up to 800 °C.

Temperature-programmed reduction (TPR)

Temperature programmed reduction (TPR) provides information on the number and type of reducible species present on the catalyst, their reduction temperature, reduction kinetics and metal-support interactions. In the TPR technique, the catalyst is subjected to a linear increase in temperature, while a mixture of reducing gas flows through it (usually hydrogen diluted in an inert gas such as argon). The reduction can be followed by monitoring the change in the composition of the gas mixture after passing through the cell.

The experiments were conducted on an Autochem chemisorption analyzer from Micromeritics, equipped with a TCD and coupled with a mass spectrometer (Omnistar, Pfeiffer) to follow possible desorption (H2O, O2, CO2 or others). About 100 mg of calcined catalyst was introduced into a U-shaped microreactor. Before the TPR run, the catalyst was pre-treated by degassing with a heating ramp of 10 ⁰C•min -1 to 400 ⁰C and then kept at this temperature for 30 min under Ar atmosphere at 50 mL•min -1 . After return to ambient conditions, the H2-containing flow was stabilised (50 mL•min -1 , 5 vol.% H2 in Ar) and the temperature programmed reduction was performed (from room temperature to 900 ⁰C, heating ramp of 10 ⁰C•min -1 ).

X-ray Photoelectron Spectroscopy (XPS)

XPS is a technique based on the measurement of the kinetic energy of electrons emitted by a solid under the impact of a beam of X photons. The most commonly used beams are Mg and Al Kα with energies of 1253.6 and 1486.6 eV, respectively.

When a photon of energy hν interacts with an electron at a level with a binding energy (BE), the energy of the photon is completely transferred to the electron, resulting in the emission of a photoelectron with a kinetic energy (KE) [5].

The spectrum of the electrons in the nucleus in number and energy is characteristic of an atom in a given compound. XPS can analyse all elements of the periodic table except for hydrogen and helium.

The X-ray photoelectron spectroscopy (XPS) experiments were carried out in a Kratos AXIS Ultra DLD spectrometer using a monochromatic Al Kα radiation (1486.6 eV) operating at 180 W (12 mA, 15 kV). High-resolution spectra were collected using an analysis area of ≈ 300 µm × 700 µm and a 20 eV pass energy. Instrument base pressure was 5E-10 Torr. The Kratos charge compensation system was used for all analyses and the binding energies were corrected taking Alumina Al 2p peak (unresolved doublet) at 74.6 eV as reference. The C 1s/Ru 3d, O 1s, N 1s, Al 2p and Ru 3p spectra were analyzed using the CasaXPS software (version 2.3.17, Casa Software Ltd.). Spectra decomposition and quantification was performed after a Shirley type background subtraction and Gaussian-Lorentzian profiles with 70/30 Gaussian/Lorentzian proportion.

Catalytic tests protocols

In the following, step-by-step reaction protocols for both CNA hydrogenation and methyl orange decolorization are described.

Hydrogenation of cinnamaldehyde

Non-Radioactive catalyst • Preparation of the reaction solution

First, the reaction solution is prepared, for which 26 ml (20 g) of isopropanol (case: 67-63-0)

are measured with a measuring cylinder and put into a beaker. Then 650 µL (0.68 g) of cinnamaldehyde (CNA, Alfa Aesar, CAS: 104-55-2, +98% of purity) are dissolved in isopropanol, which is equivalent to an initial CNA concentration of 0.2 M, finally the mixture is stirred until a homogeneous solution is obtained. In order to analyse the initial solution (t=0), 1 mL is taken before starting the reaction.

• Set-up and operation of the PARR reactor

To start the set-up, the stirrer and the sampling line are placed, then the reactor (PARR of 30 mL maximum capacity) is loaded with the solution already prepared (25 mL) and a quantity of catalyst of 20 mg to have an initial CNA/metal mass ratio equal to 680 g•g -1 . The reactor is closed with a clamp, the screws are tightened and the closure of the valves is checked. After positioning the heating furnace, the gas inlet valve is opened, the system is purged and finally pressurised to the required pressure depending on the gas bottle used (4% or 100% of H2). The final set-up of the reactor is shown in Figure 2-3.

The system is heated and stirred (1500 rpm), the reaction time is started as the system starts to heat up. The progress of the reaction is monitored by analysing samples (1 mL) taken from the reaction mixture every 30 and 60 minutes, the samples are immediately filtered using syringe and Agilent 0.2µm nylon filters. Air flow 400 mL•min -1 The identified reaction products were calibrated to determine the concentration which is directly proportional to the area determined by peak integration. The values obtained from the analysis of the initial solution, allowed the calculation of the conversion at each point using the equation 2-1.

𝑿 𝒕 = 𝒏 𝑪𝑵𝑨 𝟎 -𝒏 𝑪𝑵𝑨 𝒕 𝒏 𝑪𝑵𝑨 𝟎 Eq. 2-1
Where 𝑋 𝑡 corresponds to the conversion at time t, 𝑛 𝐶𝑁𝐴 0 corresponds to the concentration of cinnamaldehyde in the initial sample and 𝑛 𝐶𝑁𝐴 𝑡 corresponds to the concentration of cinnamaldehyde in the sample at time t.

The selectivity can be defined by the equation 2-2.

𝑺 𝒊 = 𝒏 𝒊 𝒏 𝑪𝑵𝑨 𝟎 -𝒏 𝑪𝑵𝑨 𝒕 Eq. 2-2
Where 𝒏 𝒊 is the number of moles of product 𝑖.

Radioactive catalyst • Preparation of the reaction solution

The preparation of the reaction solution was carried out in the same way as for the nonradioactive tests.

• Set-up and operation of the PARR reactor

After a lengthy administrative procedure, the reactor for the radioactive tests, whose characteristics were similar to those of the reactor used for the non-radioactive tests, was authorised for use and handling in fume hood. As a result, the assembly and operation of the reactor was slightly different from that of the non-radioactive tests. However, these variations did not affect in any way the development of the reaction.

The main difficulty was, as expected, the transfer of the radioactive catalyst from the glove box to the fume hood. In order to avoid any contamination, the following procedure was used:

-A new glass container with a lid, previously labelled, was taken to store the catalyst for each test. The fingers of the vinyl gloves commonly used in the laboratory were cut off and a finger was used to cover and protect each container and each lid. This greatly reduced the risk of contamination as the container does not come into direct contact with the contamination in the glove box.

-The previously prepared containers were placed in a sealable bag in the glove box. 

• Analysis of the catalytic results

Contrary to the non-radioactive tests, the aliquots sampled in the course of the reaction with radioactive catalyst, were analyzed by 1 H nuclear magnetic resonance (NMR) spectroscopy, since, as mentioned in the previous chapter, this is the only analysis technique available in the laboratory where the radioactive material tests are carried out, which is why this was one of the criteria to be taken into account in the selection of the model reaction.

NMR spectroscopy is an analytical technique used to determine the molecular structure and chemical composition of a sample. It is based on the property of some nuclei to absorb energy when exposed to radio frequencies, causing a transit between energy levels resulting from the interaction of an external magnetic field with the different orientations of the nuclear spin. Thus, the intensity, shape and position of the signals in the spectrum of a given nucleus are intimately related to its molecular structure, and a detailed analysis of the spectrum provides valuable information about the structure of the parent compound.

For the preparation of each sample, 400 μl of solution + 200 μl of D2O (deuterated solvents)

were mixed. The analyses were performed in an Agilent DD2 400MHz spectrometer with the 5mm "OneNMR" equipped with Z gradients. All NMR measurements are performed at 25°C.

The processing of the spectra obtained after the analysis of each sample was performed using ChemSketch-NMR Processor Academic Edition. The H2+H3 proton peak is characteristic of carbons 2 and 3 of the aromatic ring present in both the cinnamaldehyde and the different reaction products, which means that it remains constant throughout the reaction. Thus, this peak was integrated and fixed directly to a value of 3, which corresponds to the 3 protons bound to carbons 2 and 3 (Figure 2345). This hypothesis was used to compare all the spectra taking the H2+H3 proton peak as a reference and to normalise all the other values of the integration of the other peaks.

Finally, the integration of the H6 peak characteristic of the cinnamaldehyde molecule allowed the calculation of the conversion with the help of the equation 2-3. 

Eq. 2-3

Where 𝐼 𝑡 0 is the integration value of the H6 peak at time zero and 𝐼 𝑡 𝑥 is the integration value of the peak at time x.

Decolorization of methyl orange

• Preparation of reaction solution

The solution for the decolorization reactions was prepared by dissolving the required amount of methyl orange (CAS: 547-58-0) in distilled water to obtain a concentration of 1.52E-04 M.

The mixture was stirred until a homogeneous orange coloured solution was obtained.

The reaction solutions were prepared in the same way as the non-radioactive tests and then placed in the glove box for the radioactive tests.

• Set-up and operation 30 mL of reaction solution and the amount of catalyst are placed in a 50 mL beaker on a magnetic hot plate, the beaker is completely covered with aluminium foil to avoid contact with light (Figure 23456). The start of the reaction (t0 or tinitial) is marked by stirring (400 rpm) and heating to 40°C. The reaction is monitored by taking 0.2 mL of sample every few minutes. Each sample is immediately centrifuged to separate and recover the supernatant. After the reaction time has elapsed, the heating and stirring are stopped.

For the preliminary tests carried out in the presence of light, a conventional 53 W tungsten halogen lamp was positioned over the beaker, in order to allow the light to have direct contact with the reaction mixture.

All the equipment necessary for the assembly and performance of the methyl orange decolorization tests was located in the glove box, so the only variation from the non-radioactive tests was the use of the radioactive catalyst. All tests with radioactive material were performed in the absence of light. 

• Analysis of the catalytic results

The initial solution together with all samples taken in the course of the reaction were diluted 10-fold in distilled water and analyzed with a Lambda 650 Perkin-Elmer UV-Visible Spectrometer. The absorbance intensity was used to calculate the conversion based on the Lambert-Beer Law, this law expresses the relationship between absorbance of monochromatic (fixed wavelength) and concentration of a chromophore in solution (Eq. 2-4).

𝑨 = 𝜺 • 𝒄 • 𝒅

Eq. 2-4

The absorbance of a solution is directly proportional to its concentration (𝑐), the greater the number of molecules the greater the interaction of light with them. Likewise, it depends on the distance the light travels through the solution at equal concentration (𝑑), the greater the distance the light travels through the sample the more molecules it will encounter. Finally, it depends on ε, a proportionality constant called extinction coefficient, which is specific to each chromophore. In this study, samples were analyzed in 1 cm plastic cells, the MO concentration was followed at 469 nm (ε = 1917.6 L mol -1 cm -1 ), which corresponds to the isobestic point of MO in order to eliminate the bathochromic shift in the acid pH regime as shown in Figure 2-7 [6,7]. "Peak-valley" differences in absorbance were measured to determine the concentration variations. Samples collected from the radioactive tests were analyzed by UV-vis absorption spectrophotometry (Shimadzu UV3600) in 1 cm plastic cells. Spectra were directly recorded in the glove box via optic fibers connected to the spectrometer situated outside the enclosure.

The concentration of MO was also followed at 469 nm (ε = 1917.6 L•mol -1 •cm -1 ). "Peak-valley" differences in absorbance were measured to determine the concentration variations.

Regeneration of catalyst

Catalyst deactivation

The deactivation of the catalysts as well as the hydrogenation of CNA was carried out in the PARR reactor. The reaction solution was prepared as follows: 40 g of fructose (CAS: 57-48-7)

were dissolved in 200 mL of water to obtain a 20 wt.% solution which we will call S1; 22 mL of solution S1 were mixed with 11 mL of MIBK (CAS: 108-10-1) to obtain the reaction solution Sr; finally, the mixture, which will consist of an aqueous phase and an organic phase, is stirred for 10 min at 400 rpm. To analyse the initial solution (t=0), 3 mL of Sr solution is taken before starting the reaction.

The setup and operation of the PARR reactor was carried out in a similar way as described in section 2.3.1.1. The stirrer and the sampling line were placed, then the reactor (PARR with a maximum capacity of 30 mL) was loaded with the prepared Sr solution (30 mL) and a catalyst amount of 600 mg. After closing the reactor, the system is heated to 140°C and stirred (1500 rpm approx.) at atmospheric pressure, the reaction time is started when the system starts to warm up. After 3h of reaction, the final mixture is collected and filtered and the catalyst is recovered and dried under vacuum. In order to obtain a sufficient amount of catalyst for characterization and use in the model reaction, two experiments were carried out for each catalyst 5%Pd/Al2O3 and 5%Ru/Al2O3

Catalyst irradiation

The deactivated catalysts 5%Pd/Al2O3 and 5%Ru/Al2O3 were sent for irradiation in dry medium (250 mg each) to the ATALANTE facilities at CEA de Marcoule. A GRS-D1 Gamma-Service-Médical-GmbH irradiation system with a calibrated Cs-137 irradiation source and a dose rate of approximately 0.6 kGy•h -1 was used for irradiation. Each sample was irradiated for 2 months corresponding to an approximate dose of 600 kGy, the catalysts were removed from the irradiator and sent back to the UCCS for further analysis and testing.

Introduction

The aim of this chapter is to present the results of the characterization carried out on the monometallic catalysts used in the different applications addressed in this work. In the first part, the results of the BET and XRD analyses will be shown, where the structural and textural properties of the different catalysts are evaluated, followed by the TPR analysis that sought to verify the Pd reduction in the acid catalysts, i.e. the non-radioactive catalysts synthesized with the solution similar to the radioactive solution. Then, the results of the TGA performed on the deactivated catalysts are presented in order to corroborate the presence of humins and finally, the results of the XPS analyses are shown, which allow to determine the oxidation state of the Ru-based catalysts used in the study of catalyst reactivation by -irradiation.

Table 3-1 shows the compilation of all the catalysts synthesized, specifying: the formulation, the metal loading, the reference and the application in which the catalyst was used. The synthesis of all catalysts was performed following the protocol described in section 2.2.1. This work was carried out under the supposition that, by replicating exactly the same synthesis protocol for the radioactive catalysts, they would retain the same characteristics as the nonradioactive catalyst. This is because, due to the constraints of handling radioactive material, it was technically not possible to characterise the catalyst prepared with 107 Pd.

Characterization of the catalysts

Nitrogen physisorption

Table 3-2 shows the textural properties of Pd-based catalysts supported on Al2O3. As can be seen, alumina has excellent textural properties (SBET = 240.7 m 2 •g -1 ; Vp = 0.7 cm 3 •g -1 ), which makes it an ideal support for many studies in heterogeneous catalysis [1][2][3]. Impregnation of Pd (5wt.%) on alumina decreased the specific surface area, pore volume and mean pore size by 8.7%, 14.5% and 6.9%, respectively. This behaviour can be explained by the filling of the pores of the support by the palladium active phase, which leads to a decrease of the total pore volume and, consequently, of the specific surface area.

Meanwhile, the acid catalyst (5%Pd/Al2O3-Acid), reflects a more important decrease in SBET, Vp and Dp (36%, 62.3% and 42.7% respectively), than observed with the non-acid catalyst (5%Pd/Al2O3), this decrease may be caused either by the blocking of pores by larger Pd particles or by structural rearrangement of the support. As can be seen, the shape of the isotherms is very similar for the three samples and can be classified as type IV with H3 hysteresis according to the IUPAC classification, associated with the capillary condensation that takes place in the mesopores which, according to the hysteresis presented, are not ordered [4]. The fact that also the acid catalyst exhibits the same hysteresis indicates that the structure is not fundamentally different 

Sample SBET [m 2 •g -1 ] Vp [cm
P•P 0 -1 [-] Al2O3 5%Pd/Al2O3
5%Pd/Al2O3-Acid from the parent support. On the other hand, the acid catalyst (yellow curve), presents between P/P0 = 0.4-0.7 a notable delay in desorption, which strongly suggests the presence of larger Pd particles blocking the pores, leading to a decay of the N2 desorption.

Compared to Al2O3, titanium dioxide (Table 3-3), exhibited lower specific surface area (89 m 2 •g -1 ) and pore volume (0.4 cm 3 •g -1 ). The impregnation of Pd on TiO2 caused a decrease in SBET from 89 m 2 •g -1 to 78 m 2 •g -1 (-12.4%), in Vp from 0.35 cm 3 •g -1 to 0.28 cm 3 •g -1 (-20%) and in mean pore size from 16.2 nm to 14.3 nm (-11.7%). This behaviour can be explained by the homogeneous filling of the pores of the support by the palladium active phase, which leads to a decrease of the total pore volume and, consequently, of the specific surface area. Contrary to the alumina based catalyst, the impregnation using an acid solution, did not significantly affect the textural properties in case of TiO2 as a support. hysteresis according to the IUPAC classification, which indicates the presence of mesopores [4]. Comparing the isotherms of the catalysts with their respective supports, it is evident that there is no modification of the pore shape. However, the amount of adsorbed nitrogen decreases, which means that the pore volume and the specific surface area decrease in the presence of Pd, which blocks the pores of the support as already evidenced.

. 

P•P 0 -1 [-] TiO2 5%Pd/TiO2
5%Pd/TiO2-Acid carbonaceous species of the humins type. On the other hand, a slight increase in the pore volume (0.1 cm³•g -1 vs. 0.06 cm³•g -1 ) and specific surface area (32 m²•g -1 vs. 19 m²•g -1 ) is observed after irradiation of the catalyst. This result could imply that the irradiation is decomposing the humins molecules. The deactivated ruthenium-based catalyst also shows a large decrease in pore volume and specific surface area, however, the irradiated catalyst, contrary to the Pd catalyst, does not show evidence of possible humin decomposition.

X-ray-diffraction (XRD)

X-ray diffraction was used to estimate the size of the crystals, as well as to determine the structure and crystallinity of the synthesized catalysts.

Figure 3-3 shows the diffractograms of the catalysts supported on Al2O3 with 5wt.% metal. In the case of 5%Pd/Al2O3, the XRD patterns are mostly attributable to γ-alumina (PDF 46-1131, Annex 1), which means that there are no major changes in the crystalline structure of the support due to metal impregnation. A small peak at 34°, attributed to palladium oxide (PDF 41-1107, Annex 1), indicates that when alumina was used as a support, the metal is not very well dispersed on the support surface, but presents agglomerations. In the case of 5%Pd/Al2O3-Acid the peaks at 34° and 55°, attributed to PdO, are more intense suggesting the formation of larger particles.

In this sense, the crystallite size was determined on the most intense reflection of each sample using the EVA software. For the 5%Pd/Al2O3 catalyst a crystal size of 5 nm for PdO. On the other hand, in the case of the acid catalyst, a crystal size of 7.4 nm was found for PdO. These results indicate that the impregnation using an acid solution led to the formation of larger Pd particles. These results confirm the BET analysis, where the specific area and pore size strongly decreased when the catalyst was synthesized with the acid solution. 

Temperature programmed reduction (TPR)

TPR analysis was carried out on the 5%Pd/Al2O3-Acid and 5%Pd/TiO2-Acid catalyst samples, the H2 TPR profiles are shown in Figure 3-5. As can be seen for both catalysts, hydrogen production is present, which is identified with the negative peak at 77°C. According to the literature, the presence of this negative reduction peak is related to the decomposition of Pdhydride (PdHx) that occurs after the reduction of Pd, which took place below room temperature [6]. Different studies have reported the same behaviour with this type of catalyst [7,8].

Unfortunately, it was technically not possible to perform the analysis at lower temperature, which would allow to observe the Pd reduction in detail. However, these results corroborate that in both catalysts Pd is completely reduced and that additionally the particle size is large enough to be reduced at low temperature, otherwise we would observe a hydrogen consumption between 350 and 370°C which is the reduction temperature range of the of smaller size PdO [9]. Thus, the TPR results agree with BET and XRD analyses, suggesting the formation of well dispersed Pd species. 

X-ray Photoelectron Spectroscopy (XPS)

The results of the XPS analysis performed on the samples of Ru-based catalysts used for the study of catalyst regeneration from -irradiation are shown below. Ru/Al2O3 Fresh Ru/Al2O3 Deact. The Ru/C and Al/C ratios of 7.9 and 98.8% respectively in the fresh catalyst strongly decrease (Ru/C = 0.3% and Al/C = 3%) after the deactivation of the catalyst. These results highlight the large amount of carbon that is present on the catalyst surface after deactivation. Similarly, the irradiated catalyst with Ru/C = 0.5% and Al/C = 5.4% also reflects the amount of carbon that remains on the surface even after regeneration by -irradiation.

Zone 1 Zone 2 Zone 3

Meanwhile, the Ru 3d 5/2 observed on the fresh catalyst has a BE of 283 eV, which corresponds to the energy of Ru(NO)(NO3) 3 [11]. However, after deactivating the catalyst, the Ru 3d 5/2 changes to a BE of 281.7 eV +/-0.1. This change can also be seen in the spectrum where the Ru 3d 5/2 peak shifts to a lower BE (Figure 345678). The Ru 3d 3/2 also shifts from 287.2 eV to 285.9 eV for both the deactivated and irradiated catalysts. These results suggest that there was indeed a change in the chemical environment of Ru. Unfortunately, the oxidation state of Ru cannot be clearly identified since the signal is of Ru 3d 5/2 and Ru 3p 3/2 are very weak, due to the significant carbon layer on the surface that prevents the exploitation of the results. 

Introduction

Cinnamaldehyde is the main component of cassia oil (90%) and cinnamon oil (75% of cinnamon oil contains trans-cinnamaldehyde), but is also found in low concentrations in many other essential flower oils (e.g. hyacinth) [1]. Cinnamaldehyde consists of a phenyl group attached to an unsaturated aldehyde, 2-propenal (Figure 4-1). It is used as a flavouring agent in the food industry to create flavours in chewing gum, ice cream, candies and syrups (with concentrations between 9 and 4900 ppm).

The hydrogenation of cinnamaldehyde is a reaction widely used in research and industry [2,3].

It is highly sensitive to pressure, temperature, support and active phase of the catalyst, solvent, among others, which makes it an ideal reaction to evaluate the influence of these parameters, not only on the conversion but also on the selectivity towards the products of interest. Hydrogenation of the C=C bond produces a saturated aldehyde, hydrocinnamaldehyde (HCNA), while that of the C=O bond produces an unsaturated alcohol, cinnamyl alcohol (CNOL), and the hydrogenation product of the latter, in turn, is a saturated alcohol, hydrocinnamyl alcohol (HCNOL) [4][5][6]. These products have industrial applications in pharmaceuticals and perfumery. In fact, HCNA has recently been found to be an important intermediate in the synthesis of pharmaceuticals used in the treatment of HIV [7]. Authors such as Jiang et al. [6] have reported Pd catalysts supported on Al2O3 and SiO2 with conversions above 60% and high selectivity (≈ 60%)towards C=C bond hydrogenation at 60°C and 10 bar pressure [3,8]. In addition to Pd, metals such as Ru and Rh supported metals have also been studied in the selective hydrogenation of cinnamaldehyde [3,8,12].

In the present study, the hydrogenation of cinnamaldehyde was chosen as the model reaction.

It is a versatile and easy to carry out reaction, which favours its implementation in a glove box when using radioactive catalysts.

In this chapter, we seek to evaluate the impact of radioactivity on the model reaction of hydrogenation of cinnamaldehyde, using radioactive catalysts. For this, in a first part, the behaviour of the different reaction conditions and of the commonly used efficient catalysts will be evaluated. The optimal conditions meeting the above selection criteria will then be chosen and applied to the non-radioactive catalyst, synthesized under conditions close to those of the radioactive catalyst. In the second part, the results of the tests carried out with both the nonradioactive catalyst and the radioactive catalyst will be reviewed. Finally, the study of the effect of radiation β on the hydrogenation of CNA will be concluded by comparing these last results.

Preliminary tests

4.2.1. Reaction behaviour with variation of pressure, temperature and catalyst amount.

One of the most critical steps is the determination of the reaction conditions since, as already mentioned, these conditions must fulfil the safety requirements related to the use of a radioactive catalyst mentioned in section 1.2.3 and additionally allow the evaluation of the effect of the radiation to be studied. Therefore it is important to understand the impact of the conditions, such as pressure, temperature and amount of catalyst, in order to find the most suitable ones. The tests were carried out using the procedure described in section 2.3.1.1 with the trimetallic catalyst (5%Tri/Al2O3) (Table 3-1). The procedure was validated with blank tests which showed no reactivity of the CNA without catalyst and only in the presence of the support (Al2O3).

Pressure

Figure 4-2 shows the CNA conversion results as a function of time at different values of H2 pressure for the trimetallic catalyst 5%Tri/Al2O3 of (Table 3-1). The hydrogen pressure of the system is one of the most important parameters to take into account. As can be seen in Figure 4-2, increasing the pressure increases the rate at which cinnamaldehyde is converted, confirming the literature [4]. According to the reaction, the ratio of CNA to H2 is 1:1, which means that for 5.16E-03 moles of CNA, 5.16E-03 moles of H2 are needed to convert all the CNA molecules. However, it is usual to work with an excess of hydrogen to guarantee the transfer in the system and to achieve a complete conversion. Figure 4-2 shows that at H2 pressures of 10 and even 5 bar, the hydrogen transfer allowed a complete conversion to be achieved in only 30 min. In fact, no significant differences in the evolution of the conversion were observed with the use of these two pressures. On the contrary, at a hydrogen pressure of 2 bar, a slower increase in conversion is observed, reaching 95% only after 2 hours of reaction. This behaviour is related to the limitation in hydrogen transfer, since at this pressure there are only 1.8E-03 moles of hydrogen available to react with the same 5.16E-03 moles of CNA, which does hydrogen the limiting reactant and thus the reaction slower.

Despite the limitation in hydrogen transfer, for the following preliminary tests, a pressure of 2 bar H2 was set in order to keep the pressure low enough to be implemented in the ATALANTE installations, and which in turn will allow to evaluate more clearly the effect of other parameters, in particular the possible impact of radioactivity.

Temperature

The second parameter evaluated was the reaction temperature at 2 bar hydrogen pressure and 100 mg of catalyst. Figure 4-3 shows the behaviour of the CNA conversion over time at different temperatures. On the one hand, the decrease in temperature from 130°C to 60°C (almost half) shows no difference in conversion as the reaction progresses, which is attributed to the limitation in the amount of hydrogen, discussed in the previous section, when working at low H2 pressures. If this were not the case, it would not be normal that the conversion behaviour at 130°C to 60°C would be similar. On the other hand, a large decrease in conversion (from 100% to 15%) is observed in 180 min, when the temperature is lowered from 60°C to 25°C.

These results lead us to infer that:

• Although the hydrogenation of cinnamaldehyde is efficient at room temperature [10,11], this is not an optimal temperature for our system with the 5%Tri/Al2O3 catalyst.

• The most convenient temperature for our tests is 60°C, since, in addition to complying with the restrictions of handling under radioactive conditions, it allows us to obtain "exploitable" reaction kinetics, because additionally, it is considered that we are measuring the intrinsic kinetics of the reaction. The mass of catalyst was varied between 20 and 100 mg for the same reaction conditions at fixed temperature of 60°C and 2 bar of hydrogen pression (Figure 4-4). As expected, increasing the amount of catalyst increases the conversion of cinnamaldehyde. However, increasing the amount of catalyst increases the amount of metals needed to prepare catalysts with 5% metal loading, both radioactive and non-radioactive, so 20 mg of catalyst is an amount that would economise the amount of metals available, especially the radioactive ones. Furthermore, by using 20 mg of catalyst, it is guaranteed to be below the permitted limits for handling radioactive material in a fume hood at ATALANTE.

Comparison of Pd catalyst performance with other noble metals (Ru and Rh) and their bimetallic formulations PdRu and PdRh

The performance of the model reaction with the use of monometallic and bimetallic catalysts with the above established conditions (section 4.2.1) is shown in the following. respectively. This agrees with the reports of different authors, claiming high conversions for Pd catalysts and low conversions for Rh and Ru catalysts [3,6,8,12].

The selectivity of the 5%Pd/Al2O3 catalyst at different conversions are presented in Figure 456.

As reported in other studies [8], the Pd-based catalyst shows a high selectivity towards HCNA formation, with an almost constant trend after 40% conversion, while products such as hydrocinnamylalcohol (HCNOL) and cinnamylalcohol (CNOL) are observed in small quantities and only at low conversions (X=18%). In turn, the selectivity towards product B (product not yet identified), tends to decrease at the same rate as HCNA increases, suggesting that this product is an intermediate to the formation of HCNA. As for the selectivity for the Rh and Ru catalysts, although they are highly selective to HCNA, it is also found that contrary to the Pd catalyst, they are more selective towards the HCNOL and CNOL products and less towards Prod B (Figure 4567). This result coincides with the previously mentioned fact suggesting a better selectivity of Ru towards the hydrogenation of the C=O bond Prod. B HCNA HCNOL CNOL [13], however, the selectivity shown by the Rh catalyst at 5% conversion is unexpected considering that it is known to favour the hydrogenation of the C=C bond [14,15]. Still, it shows higher selectivity towards HCNOL and CNOL than Ru. This behaviour may be due to the particle size since, as reported by several authors, claiming that a larger particle size infers a higher selectivity towards CNOL [12,14]. In order to evaluate the effect of the presence of other metals on the catalytic activity of Pd, experiments were carried out using 5%PdRu/Al2O3 and 5%PdRh/Al2O3 bimetallic catalysts.

The results of the conversion evolution of these catalysts compared to a 2.5%Pd catalyst (equivalent Pd metal loading in the bimetallic catalyst), are shown in Figure 45678.

The results show that the 5%PdRh and 5%PdRu catalysts are much less active than the 2.5%Pd catalyst, suggesting a possible inhibition of palladium by the presence of Rh and Ru in the bimetallic catalyst. This result leads us to think that it may be due to an effect of the structuring of the catalyst. However, more detailed analysis is required to explain the lack of synergy in these formulations as there is no bibliographical evidence available. 

Implementation of the radioactive catalyst

As aforementioned, the test conditions employed before were chosen with respect to the safety conditions for working in glove boxes and fume hoods under radioactive conditions:

• A temperature of 60°C, which complies with the limits for working in the aforementioned conditions.

• To use a quantity of catalyst of 20 mg which not only economises the use of mainly radioactive metals but also complies with the radioactivity limits for handling in glove boxes and fume hoods.

When implementing these conditions, two main problems were encountered:

1) The solution containing the 107 Pd precursor comes from solutions of fines formed from the dissolution of nuclear fuel. The Pd is separated from the other species and purified, however, after said treatments, traces of different species prevail in the solution (Table 2- an effect on the synthesis of the catalyst and consequently on the performance, the initial synthesis protocol had to be adapted. In order to replicate these acid conditions, the new protocol (section 2.2.1.2) consists of using an impregnation solution with a composition similar to the recovered radioactive solution (Table 2-1).

2) Although the H2 pressure for the initial experiments was chosen to be very low (2 bar), even if limited by the amount of hydrogen, safety regulations when using pressurised equipment in a radioactive environment limited the H2 pressure to below 1 bar and restricted the use of pure H2.

The impact of these two changes on the catalytic activity are detailed in the following.

Concerning the modification of the synthesis protocol, a series of characterizations were performed in order to see the impact of the acidic environment on the structure and composition of the catalyst. The nitrogen physisorption (BET) analysis presented in section 3. The results show, after 180 min of reaction, a decrease from 100 to 80% in the final catalytic activity, with the 5%Pd/Al2O3_Acid catalyst. As reported by Jiang et. al. [6], the particle size of Pd has a great influence on the hydroxylation of CNA, thus, with a larger particle size, the results showed a decrease in the conversion. In this sense, the decrease observed in this case with the acid catalyst is directly related to the increase in Pd particle size found in the characterization analyses mentioned above. Concerning the H2 pressure, in order to avoid working with pure hydrogen, it was decided to work with a mixture of 4% H2 in Ar. The decrease of the hydrogen partial pressure in the system clearly decreases the conversion.

Despite the increased reaction time, the conversion only reaches 26% at 𝑃 𝐻 2 = 0.6 bar and 14% at 𝑃 𝐻 2 = 0.4 bar H2, compared to 80% at 𝑃 𝐻 2 = 2 bar. This underlines that the hydrogen became the limiting factor of the reaction. However, it is important to mention that due to a ban on the use of pure hydrogen in a glove box and fume hood and last minute technical problems linked to pressure control, it was not possible to work with a total pressure of 15 bar (𝑃 𝐻 2 = 0.6 bar).

For this reason, it was decided to work with a total pressure of 10 bar mixture of 4% H2 in Ar, which is equivalent to a hydrogen pressure of 0.4 bar. Additionally, it was planned to test with

the gas bottle open in order to allow a constant H2 supply.

Performance of the hydrogenation of cinnamaldehyde in the fume hood system

The tests described below were carried out following the protocol described in section 2.

As mentioned in the Experimental and analytical methods chapter, the only analytical method for monitoring the reaction behaviour of the tests performed at ATALANTE was 1 H Nuclear Magnetic Resonance (NMR) spectroscopy. In this sense, and in order to validate this technique, the initial (ti) and final (tf) samples of a preliminary test, which had been analyzed with GC, were taken and analyzed with the NMR equipment at ATALANTE. Table 4-1 shows the conversion results, using the two analysis techniques on the two samples: ti and tf. Both techniques resulted in a conversion of approximately 79%, thus validating NMR as the analysis technique for the tests carried out in the reactor installed at ATALANTE. 

Samples GC Samples RMN Time Conversion (%)

ti 0 0 tf 78.9 79.6

As mentioned above, due to safety issues and technical inconveniences, 0.4 bar hydrogen pressure (10 bar total pressure) was used for the series of tests performed on the fume hood mounted reaction system. It was also mentioned that at this pressure we are strongly limited by the amount of hydrogen needed for the reaction to occur, which does it the limiting reagent.

From the point of view of catalysis and more specifically chemical engineering, with hydrogen as the limiting reagent, we would not be measuring the performance of the catalyst correctly.

Thus, the results will be exploited only for the beginning of the reaction, when the amount of hydrogen is sufficient. In this sense, we calculate the initial rate of the reaction which is the number of moles of CNA converted per minute, during the first 60 minutes.

The hydrogenation campaign at ATALANTE consisted of a series of tests, which are numbered below:

1.

Test with 5%Pd/Al2O3-acid catalyst (non-radioactive) with closed H2/Ar bottle.

2.

Test with 5%Pd/Al2O3* catalyst (radioactive) with closed H2/Ar bottle.

3.

Test with 5%Pd/Al2O3-acid catalyst (non-radioactive) with open H2/Ar bottle.

4.

Test with 5%Pd/Al2O3* catalyst (radioactive) with open H2/Ar bottle.

5.

Test with 5%Pd/Al2O3-acid catalyst recovered (non-radioactive) with open H2/Ar bottle.

6.

Test with 5%Pd/Al2O3* catalyst recovered (radioactive) with open H2/Ar bottle.

Unfortunately, at the moment of the treatment and interpretation of the results and after discarding the error of the analysis of the samples (Ea = ±1.5% max. in the conversion), it is found that the trend of the data of tests 3 and 4 is erroneous and does not coincide with the behaviour of the reaction, reason for which the results of these tests were discarded. This inconsistency could be due to technical failures at the time of the tests or even handling errors.

The results of the other tests are presented below. The rate, expressed in mol•min -1 , represents the consumption of cinnamaldehyde per minute of reaction, which is why it takes a negative value, indicating that CNA is consumed.

Results of the hydrogenation of cinnamaldehyde with non-radioactive catalysts

As one can see from these values, the test performed with the open bottle test showed a higher initial rate (5.88E-06 mol•min -1 ), which is related to the fact that there is more hydrogen available to react than in the test with the closed bottle (4.18E-06 mol•min -1 ). Since the results for the test with the open bottle was obtained using the recycled catalyst, one can clearly expect that the same test using a fresh catalyst would certainly not exhibit a lower initial rate than 5.88E-06 mol•min -1 , whereby our conclusion on the influence of the open or closed bottle is not compromised.

Results of the hydrogenation of cinnamaldehyde with radioactive catalysts

The results of tests 2 and 6 mentioned above are presented in Table 4-3. Recall that, as with the non-radioactive catalyst, the test with the fresh radioactive catalyst and open bottle had to be discarded. ). The results again evidence that the amount of hydrogen plays an important role in the initial reaction rate. Having a constant supply of hydrogen increases the H2 available to come into contact with the cinnamaldehyde, thus increasing the reaction rate.

Comparison of radioactive and non-radioactive catalysts

The comparison of the radioactive and non-radioactive catalysts is presented in Figure 4-11. over the recovered catalyst in both cases. As can be seen, the non-radioactive catalyst (green graph) has a slightly higher conversion (X=7.3%) than the radioactive catalyst (blue graph; X=6.5%) which implies that the rate is also higher (5.88E-06 mol•min -1 vs. 5.24E-06 mol•min - 1 ). However, this small difference is within the absolute error of the conversion, which is ±1.5%.

Correspondingly, it seems the β radiation yielding from the 107 Pd in the radioactive catalyst, does not have any significant effect on the hydrogenation of CNA, since this catalyst presents the same behaviour as the non-radioactive catalyst under the same conditions.

Comparably, the tests with the two catalysts and with closed bottle (Figure 4-11b) show practically the same rate and the same behaviour, reaching a conversion of 5.2% for the non-radioactive catalyst and 4.8% for the radioactive catalyst (rate of 4.18E-06 mol•min -1 vs. 4.17E-06 mol•min -1 ). Again, this difference in conversion is within the maximum absolute error value, so we can infer that the result for the two catalysts is the same, underlining that the β radiation from 107 Pd had no effect on the catalytic activity. 

Conclusion of impact of radioactivity on the hydrogenation of cinnamaldehyde

The impact of radioactivity, specifically β-radiation, on the hydrogenation of cinnamaldehyde was evaluated using an Al2O3-based catalyst, which was impregnated with a 107 Pd-containing solution.

Preliminary tests, besides allowing the optimisation of the reaction protocol, revealed technical problems (safety, permits, etc.), which, among others, did not allow the use of pure hydrogen under pressurized conditions at ATALANTE facilities. This forced us to adjust the protocol and to take the CNA consumption rate (during the first hour of reaction) for comparison between the different tests carried out. The aim was to reduce the limitation in the amount of H2 caused by the decrease in pressure.

Tests were carried out with continuous feeding of the 4% H2/Ar mixture (recovered catalyst) and without continuous feeding (fresh catalyst). In both cases, the results with the radioactive catalyst (5%Pd/Al2O3*) showed the same behaviour as the 5%Pd/Al2O3-acid catalyst. It can therefore be said that there is neither a positive nor a negative effect of the presence of βradiation in the catalyst on the hydrogenation of cinnamaldehyde.

The catalysts recovered with continuous H2 feed showed a better performance despite having completed 1 cycle of use. It would be interesting to carry out tests with fresh catalyst at the same conditions, in order to evaluate a possible effect of β-radiation on catalyst regeneration.

Unfortunately, in the present study, such tests had to be discarded and at the time of writing this manuscript it was not possible to repeat them. Thus, the influence of irradiation on the catalyst regeneration had to be studied ex-situ.

Chapter 5 Impact of radioactivity on the decolorization of azo-dyes

Introduction

Azo-dyes are by far the most important dye class for textile dyeing, especially water-soluble dyes, which are used to dye hydrophilic textiles such as cotton and viscose rayon. Cotton is the most widely used textile fabric in the world, so the tonnages of these water-soluble dyes are extremely large [1]. This is why many researches have been directed to study the toxicity and to create processes aimed at removing these non-biodegradable dyes from the effluents of these industries, as they pollute our water sources and the whole ecosystems. Today, there are several physico-chemical and biological methods for the treatment of textile wastewater.

Unfortunately, these processes have a high operational cost and are of limited applicability [2].

Heterogeneous photocatalysis is a promising advanced oxidation-reduction process in which free radicals are generated in situ due to the interaction of light and light-active catalysts (photocatalysts). In heterogeneous photocatalysis, the catalyst acts as an active surface for the generation of free radicals that are able to completely neutralize pollutants through complex mechanisms [3][4][5][6]. Moreover, the photocatalytic reaction can take place at ambient temperature and pressure without significant reduction in catalytic efficiency or production of additional sludge. Due to the sustainable characteristics of photocatalysis, it has been widely used for wastewater treatment using photocatalysts such as TiO2, ZnO or CuO [7,8]. However, compared to other semiconductor materials, TiO2 has been most widely studied due to its high photocatalytic activity, non-toxicity, low cost and chemical stability [6].

In the present study, we chose a model reaction that is widely studied and could easily be implemented to the glove box where the tests involving the handling of radioactive material must be carried out. Furthermore, as mentioned above, studies have shown promising results of proton and gamma irradiation in the decay of methyl orange [9,10].

This chapter, divided into two main parts, aims to study the impact of radioactivity, particularly the β radiation provided by 107 Pd, on the decolorization of the azo molecule -methyl orangeby radio-catalysis. In this sense, in the first part, catalytic tests with non-radioactive catalysts will be addressed, starting with preliminary tests. Subsequently, radioactive catalysts synthesized in glove boxes will be tested following protocol described in section 2.2.1, where their effect on MO decomposition will be evaluated.

Preliminary tests

This section presents the results obtained in the preliminary tests carried out for the decolorization of methyl orange (MO), using the protocol described in section 2.3.2 with the non-radioactive catalysts 5%Pd/TiO2 (Table 3-1). It is important to mention that previously, blank tests were performed with the supports and catalysts that showed no evidence of significant decolorization in the absence of photochemical initiation (light).

Optimisation of protocol and conditions

Preliminary tests allowed the optimisation of the established protocol in such a way that it was simple and reproducible under radioactive conditions as mentioned above. In addition, optimal conditions were sought to evaluate the effect of the radioactivity using the lowest amount of radioactive material. This measure was taken, not only in order to economise on the available radioactive material, but also to respect the limits for safe handling of radioactive material in glove boxes. For this purpose, tests were carried out with 20 and 50 mg of non-radioactive catalyst, with a reaction time of 2 h and photochemical initiation (light). Figure 5-1 shows the UV-Vis spectra obtained for the mentioned amounts of catalyst. For each test a different initial solution (Si) was used, which is why the curves of the initial solutions are shown in a darker colour than their respective final solutions.

The absorption in the visible band at 469 nm, besides being the isosbestic point, is attributed to the absorption of the N=N group present in MO, while the aromatic ring absorbs in the 220-270 nm range [4,11]. In this sense, the decrease of absorption in the 469nm band is related to the degradation of methyl orange. As one can see, the final solutions (Sf) for both 50 mg (blue curves) and 20 mg (green curves) show a decrease in absorbance compared to their respective initial solutions (Si). This decrease is, of course, more important when using 50 mg of catalyst (20%) than when using 20 mg of catalyst (16%). In a second series of tests, the reaction time was varied between 2 and 5 h with a fixed amount of catalyst of 20 mg (Figure 5-2). The spectra showed 33% decrease in the intensity of the 469 nm band when the reaction time was increased to 5 h (red curves) versus a 21% at 2h of reaction (grey curves).

These preliminary tests clearly show that the non-radioactive 5%Pd/TiO2 catalyst works in the presence of light, even with small amounts of catalyst (20 mg). 

Non-radioactive tests with 5%Pd/TiO2 and 5%Pd/TiO2-acid catalyst

As mentioned above, a non-radioactive catalyst with a similar composition to the radioactive catalyst was synthesized. This catalyst, referenced as 5%Pd/TiO2-acid, was tested in the decolorization of methyl orange in order to evaluate the effects of other characteristics, independent of radioactivity, possibly present later in the radioactive tests.

Figure 5-3 shows the absorbance at 469 nm during the reaction with the acid catalyst compared to the "non-acid" catalyst. The two tests were performed under the same conditions, using the maximum amount of catalyst envisaged for the radioactive tests (100 mg) in the absence of light. The behaviour of the 5%Pd/TiO2 catalyst did not show any significant variation in absorbance after 1h of reaction, and a sample was even taken after 15 days in which the solution was in contact with the catalyst. On the other hand, with the 5%Pd/TiO2-acid catalyst a decrease of the absorbance from 0.38 to 0.26 in 24h of reaction was observed, which corresponds to a total decrease of 31%, although, it is interesting to note that after 1h of reaction there is a decrease of 20% in absorbance, meaning that the main decrease takes place in the first hour. This behaviour is attributed to the adsorption of the methyl orange that takes place on the catalyst surface, more precisely over protonated TiO2.

The adsorption phenomenon of methyl orange on the TiO2 surface has been demonstrated by several authors. Guettaï et al. [4] found that the pH has a strong influence on the adsorption of Recall that the non-radioactive acid catalyst (red curve), had a 31% reduction in 24h of reaction, contrary to the non-radioactive catalyst which seems to remain constant (blue curve). The reduction observed with the radioactive catalyst is therefore a little more than three times the reduction of the non-radioactive catalyst. Discriminating the adsorption of MO by TiO2, which represents 31% of the absorbance, and taking into account that the only difference between the two catalysts (5%Pd/TiO2-acid and 5%Pd/TiO2*) is the presence of 107 Pd, we can deduce that the β radiation promotes the decomposition, i.e. on the decolorization of MO.

Effect of different amounts of radioactive catalyst on the decolorization of methyl orange

In order to confirm that the radiation was responsible for the decolorization, tests with different amounts of catalysts where performed, since the radiation doses is directly correlated to the amounts of 107 Pd. For this purpose, experiments were carried out with 20 and 50 mg of catalyst.

The results are shown below. The test increasing the amount of radioactive catalyst to 50 mg, i.e. the amount of 107 Pd and thus the amount of radiation in the system, also showed a progressive decrease in absorbance over the course of the reaction time (blue curve in Figure 56), while increasing the amount of catalyst caused the MO decay to be higher than that found with 20 mg of catalyst. In addition, a decrease in colouring was observed between the initial and final solution, although it was not the same as that of the final solution of the 100 mg catalyst test, it was noticeable to the naked eye when the sample was taken. The effect of the presence of β-radiation on the catalyst, which was observed in the decolorization of methyl orange, could be interpreted in two ways, which will be described below:

• β-radiation "replaces" UV-light

The first thing one can think about the effect of β-radiation on the decolorization is that βradiation fulfils the function of light in a traditional photocatalytic reaction (Figure 5-7), i.e.

it strikes the TiO2 surface directly and absorbs photons with an energy equal to or greater than the difference between the valence (VB) and conduction (CB) bands of the photocatalyst. This absorption of photons allows the excitation of the valence electrons e -, which consequently move from VB to CB, giving rise to positive holes h + . The h + react with H2O to form hydroxyl radicals (•OH), while the e -react with O2 to form superoxide (•O2 -).

Finally, it is •OH and •O2 -that are directly involved in the degradation of methyl orange [15]. This is an indirect effect of the β-radiation, which requires the presence of the semiconductor to decompose the MO. • β-radiation reacts directly with the MO solution It can also be thought that the β-radiation, upon contact with the aqueous solution, directly decomposes the MO. This is due to the fact that hydroxyl radicals (•OH) are the main oxidising species produced in the radiolysis of aqueous solutions [16]. Therefore, the decomposition of the MO molecule would take place via oxidative degradation, in which the •OH reacts with the -N=N-double bond, which is mainly responsible for the decolorization, according to the following reaction [10]:

-𝑁 = 𝑁 -+ • 𝑂𝐻 → -𝑁 • -𝑁(𝑂𝐻) - +𝐻 2 𝑂 → -𝑁 • -𝑁𝐻 -+ 𝑂𝐻 -
In this case it would be the β-radiation that acts directly in the decomposition, without the need for the presence of the semiconductor material, which in our case is the TiO2. Tests with a nonsemiconducting support such as SiO2 impregnated with 107 Pd, or even contacting the MO solution with a β emitter such as 90 Y, would give a good indication of the possibility of βradiation having a direct effect on the discolouration. However, at the time of writing it was not technically possible to perform such tests.

Although so far, there are no reports of photocatalytic tests with catalysts impregnated with radioactive metals with β-radiation, our results are consistent with those found in other studies, where other methods using ionising radiation to promote the decolorization of MO have been successfully tested. These studies showed, for example, that gamma irradiation promotes the decomposition of MO and that this decomposition is accelerated by increasing the dose or the exposure time of the solution [9,17,18]. Similarly, proton and electron irradiation also showed a positive effect on MO decolorization by promoting the decomposition of the molecule [9,10,17].

Conclusion of impact of radioactivity on the decolorization of methyl orange

The impact of radioactivity on the decolorization of methyl orange (azo-dye molecule) was evaluated with the use of a TiO2-based catalyst, impregnated with a solution recovered directly from nuclear fuel, containing 107 Pd, a β-emitter.

The preliminary tests allowed, on the one hand, to validate the protocol created specifically for the development of the tests under radioactive conditions. On the other hand, to evaluate with non-radioactive tests, the effect that the acidity present in the radioactive solution. As a result, it was found that MO is adsorbed on the protonated TiO2 surface at pH <6.8.

The results with the radioactive catalyst, after leaving aside the adsorption, showed an effect of the β-radiation on the decolorization of methyl orange, which is evidenced by the decrease in the absorbance value at the isosbestic point (469 nm). This decrease was more significant when the amount of catalyst was increased, which in turn increased the amount of 107 Pd present in the system. As a result, a completely transparent solution was obtained in the test where the higher amount of radioactive catalyst (100mg) was used. Additionally, it was observed that increasing the amount of 107 Pd also promoted the rate at which the MO decomposes after 1h of reaction.

It is clear that there is an effect of the presence of β-radiation on the decolorization of methyl orange, however, it could not be determined whether this is a direct effect or an indirect effect that requires the presence of a semiconductor. It would be interesting to analyse in more detail with tests where a semiconductor material is not included or where the solution is put in contact with another β-emitter.

Introduction

The deactivation of catalyst by carbonaceous species is a phenomenon widely observed in chemical industry. Classical methods for the regeneration of these deactivated catalysts are mainly based on oxidative treatment (calcination in air). Studies dating back to the 1960s showed that the irradiation of catalysts with X-rays, neutrons, protons and gamma rays affected the catalytic activity, whereby it was not clear if the latter actually affected the active sites of the catalyst or only hindered the deactivation of the catalysts [1,2]. The present study aims to determine the effect of γ-irradiation on the regeneration of deactivated catalysts. For this purpose, Pd and Ru-based catalysts with Al2O3 as a support were synthesized and deliberately deactivated by humin deposition using the synthesis of 5-hydroxymethylfurfural (5-HMF) from fructose as a model reaction. Subsequently, these deactivated catalysts were subjected to γirradiation for a given time. Finally, the catalytic activity of these irradiated catalysts in the hydrogenation of cinnamaldehyde (CNA) was evaluated and compared with fresh and nonirradiated catalysts.

Palladium catalyst tests.

In this section the results of the regeneration study for the 5%Pd/Al2O3 catalyst are presented.

The catalyst was synthesized with the usual protocol (section 2.2.1), then it was deliberately deactivated by the deposition of humins, using the synthesis of 5-HMF, a reaction known to produce these carbonaceous spices. Humins deposition was confirmed by TGA analysis, which evidenced the presence of these species on the deactivated catalyst, corresponding to a 38% mass loss the temperature range 105-500°C (section 3.2.4). The detailed protocol of the deactivation was presented in section 2.3.3.1 of the chapter "Experimental and analytical methods". Subsequently, the deactivated catalyst was submitted gamma irradiation according to the protocol (section 2.3.3.2). The three catalysts: fresh, deactivated (Deact.) and deactivated-irradiated (Deact.-IR) were tested in the hydrogenation of CNA using the protocol described above (section 2.3.1.1). The conversion results as a function of time are shown in Figure 6-1. The 5%Pd/Al2O3 catalyst, as already known, has a high catalytic activity for the hydrogenation of CNA, reaching a complete conversion after 2h of reaction. As expected, a significant decrease of the conversion of the deactivated catalyst (X=19.5% in 3h) was detected, which is directly related to the accumulation of carbon molecules (humins) on the catalyst surface, which induces losses in the catalytic activity. This result agrees with the results obtained in the BET (Table 3-4; section 3.2.1) and TGA (Figure 3-6; section 3.2.4) analyses that show the presence of these species. Meanwhile, the catalyst that was deactivated and then irradiated showed an increase in its catalytic activity, being twice as active as the deactivated catalyst (X=40%), which is a consequence of the possible decomposition of the deposed carbon molecules (humins) by the γ-irradiation. The results of the nitrogen physisorption analysis confirm this decomposition, since the analysis showed an increase in the specific area (from 19 to 32 m 2 •g - 1 ) and the porous volume (from 0.06 to 0.1 cm 3 •g -1 ), after irradiation of the deactivated catalyst. These results are in agreement with the findings of Sokol'skii et. al. [3] claming, that γirradiation restored the catalytic activity of supported Pd-, Pt-and Rh-based catalysts, which had been previously poisoned with 2-methylthiophene. The authors conclude that "Under irradiation, the catalyst-chimisorbed organosulfur compound system can reach radiolysis and then the oxidised radiolysis products with oxygen from the air lose the role of catalytic poison".

In our particular case, further analyses are needed to highlight the causes of this behaviour and to reach a concrete conclusion on the effect of γ-irradiation, whether it acts exclusively on the deposed humin species or also alters the active sites. Unfortunately, at the time of writing this manuscript, it was not possible to perform such analyses.

Ruthenium catalyst tests.

The results of the regeneration study of the 5%Ru/Al2O3 catalyst are presented below. The catalyst was synthesized, deactivated and irradiated using the same steps and protocols as for the palladium catalyst (previous section). The deposition of humins was corroborated by TGA analysis, which confirmed the presence of these species on the deactivated catalyst, with a mass loss of 53.5% (Figure 3 As with the results for the Ru-based catalyst shown in the hydrogenation chapter, the catalytic activity of the fresh 5%Ru/Al2O3 catalyst is very low (3%), in fact, it almost matches the catalytic activity of the deactivated catalyst (2%). Surprisingly, the catalytic activity observed in the test with the deactivated and then irradiated catalyst increased to 9%, which even exceeds the performance of the fresh catalyst. This unexpected result was confirmed by a repetition of the test carried out with the 5%Ru/Al2O3-Deact.-IR catalyst (red curve). Contrary to the results with the Pd-based catalyst, the BET analysis for the ruthenium catalyst did not show any significant modification neither in specific surface area nor in pore volume (Table 3-4; section 3.2.1), which suggests that the increased performance was not related to the removal of deposed carbonaceous species but to the alteration of the active site.

Correspondingly the Ru active site was analyzed by XPS in order to detect changes in the oxidation state. The results presented in section 3.2.5 allow us to deduce that:

• Indeed, the increase in yield of 5%Ru/Al2O3-Deact.-IR cannot be explained by carbon decomposition since the carbon peak remains very intense.

• Ru is no longer found as nitrate.

• Ru is not in metallic form.

Nevertheless, it would be wrong to state that Ru changes its oxidation state. What is suggested is that in both cases there is a change in the chemical environment of Ru. However, this is a hypothesis that remains to be validated, so it is not possible to conclude on the effect of the γ- irradiation on the deactivated catalyst and how this benefited to the catalytic activity. In this sense, further analysis is required with a pre-treatment to remove the carbonaceous species, such as plasma.

Conclusion of experimental and analytical methods

The impact of γ-irradiation on the regeneration of Pd-and Ru-based catalysts, arbitrarily deactivated with 5-HMF synthesis and tested in the hydrogenation of CNA, was evaluated.

Nitrogen physisorption analysis (BET) and thermogavimetric analysis (TGA) of the catalysts confirmed the presence of Humins-type carbonaceous species on the surface of the deactivated catalyst.

The deactivation of the Pd catalyst induced a decrease in conversion from 100 to 20%, however, it was observed that after γ-irradiation, the catalyst recovered a part of the initial catalytic activity reaching a conversion of 40% in 3h. The fresh and deactivated Ru catalysts showed no relevant catalytic activity, however, after γ-irradiation, the deactivated catalyst showed a slight increase in conversion. XPS analyses performed on the irradiated and non-irradiated deactivated catalysts suggest a change in the chemical environment of Ru compared to the fresh catalyst. However, no concrete conclusion was reached on the positive effect of γ-irradiation on the deactivated and irradiated Ru catalyst.

These results show positive effects of γ-irradiation on the Pd and Ru catalysts, which will require further analysis to determine the cause of their behaviour. It is also suggested to evaluate the effect of different irradiation doses.

General conclusion

In the search for a way to valorise potentially recoverable noble metals (mainly Pd, Ru, Rh)

after the dissolution process of recycled nuclear fuel, Orano has been interested in investigating possible applications where the radioactivity contained in these metals plays a beneficial role.

That is why in this doctoral thesis the effect of radiation was evaluated in different applications, namely heterogeneous catalysis, photocatalysis and regeneration of catalysts.

The bibliographic introduction showed that, although there are some works where the effect of radiation is studied (mainly developed in the 60's), there is no concrete answer of its contribution in catalytic systems. That is why in this work we present the effect of radioactivity present in catalysts supported on Al2O3 and TiO2, impregnated with 107 Pd (main mode of decay:

β-emission) on the hydrogenation of cinnamaldehyde (CNA) and the decolorization of methyl orange (MO), as well as the effect of γ-irradiation on deactivated catalysts using the synthesis of 5-Hydroxymethylfurfural. The study ranges from catalyst design, characterization and evaluation of the catalytic activity in the respective reactions.

Several protocols for the catalyst synthesis and for the reactions were elaborated and validated, especially for their implementation under radioactive conditions. These protocols, besides being simple and reproducible, rigorously complied with the technical limitations and the different safety requirements of handling radioactive substances, in this case, an acid solution, of known composition, recovered and purified from nuclear fuel, containing 107 Pd. The protocols were implemented satisfactorily in glove box and fume hood as appropriate.

The characterizations of the catalysts presented in chapter 3 showed good textural properties for the non-acidic catalysts, however, the analysis of the 5%Pd/Al2O3-acid catalyst, synthesized with a non-radioactive solution of similar composition to the 107 Pd solution, resulted in an increase in the particle size of Pd. The 5%Pd/TiO2-acid, on the other hand, showed similar characteristics to the non-acidic catalyst. The deactivation of the 5%Pd/Al2O3 and 5%Ru/Al2O3 catalysts was verified by TGA analysis which evidenced the presence of humins, a result that was also corroborated by XPS on 5%Ru/Al2O3 where a large carbon layer was seen which, in fact, did not allow to see clearly the behaviour of Ru after deactivation and irradiation.

In Chapter 4 the results of the hydrogenation of CNA were presented. Preliminary tests validated the protocol, established the optimal conditions that met the constraints for its implementation under the fume hood, and additionally showed a superior performance of the 5%Pd/Al2O3 with respect to the Ru and Rh-based catalysts. The 5%Pd/Al2O3-acid catalyst had a 20% decrease in conversion with respect to the non-acid catalyst, which was related to the increase in Pd particle size found in the characterization analyses. The results of the tests with the radioactive 5%Pd/Al2O3* catalyst were compared in terms of the initial reaction rate, where H2 is not limiting. After discarding the tests with the fresh non-radioactive catalyst, whose results did not coincide with the reaction behaviour, the results of the analyses allow concluding that the presence of β-radiation had no effect on the hydrogenation of cinnamaldehyde as there was no significant difference between the initial rate of the non-radioactive catalyst and the radioactive catalyst.

The impact of β-radiation on a photocatalytic reaction, such as MO decolorization, was presented in chapter 5. All results were compared at the isosbestic point (469nm) at which pHrelated effects are discarded. The preliminary tests allowed to validate the protocol created for the radioactive conditions and additionally to verify the adsorption effect on the TiO2 surface.

The results with the radioactive catalyst showed an effect of β-radiation on the decolorization of MO, which is evidenced by a decrease in absorbance that increases with increasing catalyst mass, i.e. 107 Pd. This effect could be due to the fact that β radiation directly decomposes the MO in solution, as β-radiation replaces the UV light that traditionally activates the reaction.

Finally, in chapter 6, the effect of γ-irradiation on the regeneration of arbitrarily deactivated Pd and Ru-based catalysts is presented. The catalytic activity evaluated in the hydrogenation of CNA showed that the Pd-based catalyst decreased its activity from 100 to 20% after deactivation and increased its activity after gamma irradiation from 20 to 40%. Whereas, in the case of Ru catalysts, the deactivated and then irradiated catalyst showed even better activity than the fresh catalyst. The XPS analysis allowed inferring that possibly, after deactivation, there is a change in the chemical environment of Ru that could explain this behaviour, however, due to the presence of the huge carbon layer on the surface, it was not possible to obtain concrete results about the oxidation state of Ru.

In conclusion, on the one hand, -radiation has no effect on the hydrogenation of CNA, however, it has an important effect on the decolorization of MO. On the other hand, gamma irradiation seems to have a positive effect on the regeneration of deactivated catalysts.

Perspectives

In this work the effect of radioactivity on the hydrogenation of CNA, the decolorization of MO and the regeneration of catalysts deactivated by the presence of humins was studied. From the results presented, it is concluded that there is no effect on the hydrogenation of CNA, on the contrary, an effect of β-radiation on the discolouration of MO and of γ-irradiation on the regeneration of catalysts is observed. In this sense, it is suggested for future work:

To implement the decolorization of MO using another β-radiation emitter in the absence of the semiconductor, to determine if the effect found is directly from the radiation on the MO or if on the contrary it requires the presence of a semiconductor such as TiO2. 
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 11 Figure 1-1:Simplified scheme of the treatment of spent fuel [5].
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 12 Figure 1-2: Dehydration of cyclohexanol.

Figure 1 - 3 :

 13 Figure 1-3: Degree of conversion of alcohol K, plotted vs. temperature over radioactive MgSO4. a) n-Amyl alcohol; b) n-hexyl alcohol; c) n-decyl alcohol; d) n-dodecyl alcohol; e) cyclohexanol; ○) non-radioactive; •) radioactive MgSO4, activity 103-105 mCi•g -1 [39].
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 14 Figure 1-4: General scheme of CO2 transformation by photocatalysis and radio-catalysis.

Figure 1 - 5 :

 15 Figure 1-5: Reaction network of cinnamaldehyde hydrogenation [67].

  selected as the azo-dye molecule for the photocatalytic model reaction, since the literature search showed good performance with the use of photocatalysts such as TiO2, Al2O3 and even supported photocatalysts such as Pd/γ-Al2O3.

Figure 1 -

 1 Figure 1-6 shows the degradation mechanism of methyl orange.
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 16 Figure 1-6: General reaction network of degradation of MO [83].
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 17 Figure 1-7: Production of chemicals from lignocellulosic biomass and the related formation of huminbyproducts by polymerization of sugars and their derivatives[START_REF] Van Zandvoort | Formation, Molecular Structure, and Morphology of Humins in Biomass Conversion: Influence of Feedstock and Processing Conditions[END_REF].
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 21 Figure 2-1:Schematic synthesis of the catalysts.

  Non-Radioactive catalystAll the prepared catalysts are impregnated in the same way with an excess of solvent. The metal precursors used are: Pd(NO3)2*xH2O (Alfa Aesar, CAS: 10102-05-3, 99.95% of purity where 39% min of Pd); Ru(NO)(NO3)x(OH)y (Alfa Aesar, CAS: 34513-98-9, 99.98% of purity where 39% min of Ru) and Rh(NO3)3 solution (Alfa Aesar, CAS: 10139-58-9, Rh 10-15% wt.%).

  The samples were analyzed in the Bruker D8 Advance Powder Diffractometer in Bragg-Brentano θ-θ configuration (Figure2-2b). The analysis was performed for 2θ values from 10° to 80°, with steps of 0.05°. The EVA software subsequently allows the determination of the crystal phases by comparing the experimental diffractogram with databases.
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 22 Figure 2-2: (a) Focusing Bragg-Brentano setup, (b) θ-θ Bragg-Brentano setup.
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 23 Figure 2-3: PARR reactor set-up for the non-radioactive hydrogenation of CNA.
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 24 Figure 2-4: Final set-up of the PARR reactor for radioactive tests.
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 2 5 shows a typical 1 H NMR spectrum of CNA hydrogenation with the identification of each of the protons present in the molecule.
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 25 Figure 2-5: Typical 1 H NMR spectrum of CNA hydrogenation.
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 26 Figure 2-6: General set-up for azo-dyes decolorization.
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 27 Figure 2-7: Isosbestic point for methyl orange. The spectra for pH 7-11 overlap and are represented by a single black line [7].
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 31 Figure 3-1: N2-physisorption isotherms for Pd catalysts supported on Al2O3.
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 3 Figure 3-1 shows the nitrogen adsorption-desorption isotherms obtained for the Pd catalysts
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 3 Figure 3-2 shows the nitrogen adsorption-desorption isotherms obtained for the Pd catalysts
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 32 Figure 3-2:N2-physisorption isotherms for Pd catalysts supported on TiO2.
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 3334 Figure 3-3: Diffractograms XRD of the Pd catalysts supported on Al2O3.
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 3532436 Figure 3-5: TPR profiles for 5%Pd/Al2O3-Acid and 5%Pd/TiO2-Acid.
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 36 Figure 3-6: TGA analysis for fresh and deactivated Pd and catalysts.
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 37 Figure 3-7: TGA analysis for fresh and deactivated Ru catalysts.
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 38 Figure 3-8: C 1s XPS spectra of Ru catalysts.
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 41 Figure 4-1:Cinnamaldehyde structure.
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 42 Figure 4-2: Evolution of CNA conversion as a function of time for different H2 pressures.(T= 130°C ; M= 2M ; mcata= 50mg ; solvent, isopropanol 5%Tri/Al2O3)
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 4344 Figure 4-3: Evolution of CNA conversion as a function of time for different temperatures. (𝑃 𝐻 2 = 2 bar ; mcat= 50mg ; M= 2M ; solvent, isopropanol 5%Tri/Al2O3)
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 454 Figure 4-5: Conversion as a function of time for 5wt.% monometallic catalysts. (𝑃 𝐻 2 = 2 bar ; T= 60°C ; M= 2M ; mcata= 20mg ; solvent, isopropanol) Figure 4-5 shows the conversion vs. time for the 5% monometallic catalysts based on Pd, Ru

Figure 4 - 6 :

 46 Figure 4-6: Selectivity vs. conversion with the catalyst 5%Pd/Al2O3. (𝑃 𝐻 2 = 2 bar H2 ; T= 60°C ; M= 2M ; mcata= 20mg ; solvent, isopropanol)

Figure 4 - 7 :

 47 Figure 4-7: Selectivity with 5%Ru/Al2O3 and 5%Rh/Al2O3 catalyst at 5% of conversion. (𝑃 𝐻 2 = 2 bar ; T= 60°C ; M= 2M ; mcata= 20mg ; solvent, isopropanol)
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 48 Figure 4-8: Conversion as a function of time for bimetallic catalysts. (𝑃 𝐻 2 = 2 bar ; T= 60°C ; M= 2M ; mcata= 20mg ; solvent, isopropanol)

  1), including nitrates, which make the recovered solution acidic. Since this could have

2 . 1

 21 showed a significant decrease in the surface properties of the catalyst synthesized with the acidic solution, possibly related to pore blockage by larger Pd particles or structural rearrangement of the support. Meanwhile, XRD analysis of the acid catalyst (Figure 3-3, section 3.2.2), showed larger Pd particles (7.4 nm), than those found in the non-acidic catalyst (5 nm). The conversion results of the new 5%Pd/Al2O3_Acid catalyst, compared to the one used in the previous tests, are shown in Figure 4-9.
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 49 Figure 4-9: Conversion comparison for the 5%Pd/Al2O3 and 5%Pd/Al2O3_Acid catalysts. (P= 2 bar 100%H2 ; T= 60°C ; M= 2M ; mcata= 20mg ; solvent, isopropanol)
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 4 10 shows the results of the tests carried out during 6 h of reaction, with pressures of 15 and 10 bar H2/Ar mixture, which corresponds to a hydrogen pressure of 0.6 and 0.4 bar respectively, compared to the test carried out with a hydrogen pressure of 2 bar.
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 410 Figure 4-10: Conversion evolution for 5%Pd/Al2O3_Acid catalyst using hydrogen pressure of 0.4, 0.6 and 2 bar. (T= 60°C ; M= 2M ; mcata= 20mg ; solvent, isopropanol)
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 4 Figure 4-11a shows the conversion after the first hour using a continuous H-supply (open bottle)
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 4111514 Figure 4-11: Comparison of radioactive and non-radioactive catalyst with (a) Open bottle and (b) Closed bottle. (P= 0.4 bar H2 ; T= 60°C ; M= 2M ; mcata= 20mg ; solvent, isopropanol)
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 51 Figure 5-1:UV-vis spectra for MO decolorization with different amounts of non-radioactive catalyst 5%Pd/TiO2. Reaction conditions: 30mL of aqueous solution MO (1.54E-4 M); 40°C; 1bar; 400rpm; 2h; light.
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 52 Figure 5-2: UV-vis spectra for MO decolorization for different reaction times with 5%Pd/TiO2Reaction conditions: 20 mg of catalyst; 30mL of aqueous solution MO (1.54E-4 M); 40°C; 1bar; 400rpm; light.
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 553 Figure 5-3: Evolution of the absorbance over time for acid and non-acid 5%Pd/TiO2 Reaction conditions: 100 mg of catalyst; 30mL of aqueous solution MO (1.54E-4 M); 40°C; 1bar; 400rpm; non-light.

Figure 5 -

 5 Figure 5-4 shows the reproducibility to validate the tests carried out in the glove box assembly.

Figure 5 - 4 : 5 . 3 . 2 . 5 - 5 ,

 5453255 Figure 5-4: Reproducibility of glove box tests with 5%Pd/TiO2* catalyst. Reaction conditions: 50 mg of catalyst; 30ml of aqueous solution MO (1,54E-4 M); 40°C; 1bar; 400rpm; non-light. 5.3.2. Effect of radioactive catalyst on the decolorization of methyl orange.
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 55 Figure 5-5: Evolution of the absorbance over time, comparison of 5%Pd/TiO2, 5%Pd/TiO2-acid and 5%Pd/TiO2* catalyst. Reaction conditions:100 mg of catalyst; 30mL of aqueous solution MO (1.54E-4 M); 40°C; 1bar; 400rpm; non-lightAs discussed previously, the acidic pH that characterises the radioactive solution recovered
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 5 Figure 5-6 summarises the results of the evolution of the absorbance of the band at 469 nm as
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 56 Figure 5-6: Evolution of the absorbance over time, comparison of different amounts of 5%Pd/TiO2* catalyst. Reaction conditions: 30ml of aqueous solution MO (1,54E-4 M); 40°C; 1bar; 400rpm; non-light.
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 572 Figure 5-7: Mechanism of photocatalytic degradation of azo-dyes by catalysts Pd-γ-Al2O3 et PdO-γ-Al2O3[15] 
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 61 Figure 6-1: Conversion as a function of time of fresh, deactivated and irradiated 5%Pd/Al2O3 catalysts. (𝑃 𝐻 2 = 2 bar ; T= 60°C ; M= 2M ; mcata= 20mg ; solvent, isopropanol)

- 7 ;

 7 section 3.2.4). The conversion results as a function of time for the fresh, deactivated (Deact.) and deactivated-irradiated (Deact.-IR) catalysts are shown in Figure 6-2.
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 62 Figure 6-2: Conversion as a function of time of fresh, deactivated and irradiated 5%Ru/Al2O3 catalysts. (𝑃 𝐻 2 = 2 bar ; T= 60°C ; M= 2M ; mcata= 20mg ; solvent, isopropanol)
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 221 Figure A2-1: Evolution of the absorbance over time for 5%Pd/SiO2-Acid Reaction conditions: 100 mg of catalyst; 30mL of aqueous solution MO (1.54E-4 M); 40°C; 1bar; 400rpm; non-light.

  

  

  

  

  Palladium is a chemical element with atomic number 46 and symbol Pd, considered as a rare metal. It exists in six stable isotopes ( 102 Pd, 104 Pd,105 Pd, 106 Pd, 108 Pd and 110 Pd) and 20

	1.2.1.1.	Recoverable metals
	• Palladium

Table 1 -1:Organic products identified

 1 

Table 1 - 2 :

 12 Compilation of parameters for different model reactions for heterogenous catalysis.

		Catalyst		Conditions	
	Model reaction NMR	Metal	Quantity [wt.%]	T [°C]	P [bar]	Solvent	mcatalyst [mg]
	Hydrogenation of benzene [46-49]	Pd Rh Ru Pd-Rh	6-8	120-170 10-40	Aqueous solution ZnSO4	2.5-20
						Toluene	
	Hydrogenation of cinnamaldehyde [50-56]	Pd Rh Ru	0.5-7	25-150	1-45	Cyclohexane Ethanol Dioxane 2-propanol	1-400
						p-xylene	
	Oxidation of	Pd					
	glycerol	Rh	1-2	40-100	3-10	Water	50-700
	[57-59]	Ru					
	Oxidation of benzyl alcohol [60-63]	Pd Ru	0.3-5	27-140	1-2	CH3CN Cyclohexane	20-200
	Reduction of 4-nitrophenol [64-66]	Pd Ru	1-3	Room T Atm.	NaBH4	0,2-10

Table 1 -3: Azo-dyes decolorization reaction parameters. Type of azo-dye Energy source T [°C] Catalyst Analysis technique

 1 

	Dye reactive blue 4 [74]	Solar	Ambient	TiO2 *	Spectrometry UV-VIS
	Eriochrome black T (EB) dye [77]	Solar	25-50	CoO-NiFe2O *	Spectrometry UV-VIS
	MB and RhB dye [76]	Solar	Ambient	Cu/nano-zeolite X *	Spectrometry UV-VIS
	Methyl orange (MO) [78-80]	Artificial	25	TiO2 * , γ-Al2O3, Pd/γ-Al2O3	Spectrometry UV-VIS
	Azure B dye [81]	Artificial	Ambient	Co(II), Cu(II)	Spectrometry UV-VIS
	Acid brown 14 [82]	Solar	25-30	ZnO * and TiO2 *	

Table 2 -

 2 

1: Composition of recovered and purified radioactive solution.

Table 2

 2 

-2.

Table 2 - 2 :

 22 GC analytical methods parameters.

		Injection mode	Split-Splitless Inlet
		Temperature	250 °C
		Carrier gas	He
	Injection		
		Pressure	17.2 psi
		Total flow	24.69 mL•min -1
		Column flow	1.69 mL•min -1
		Initial Temperature, T0	40 °C (4 min)
		T1 (rate)	170 °C (25 °C•min -1 ) / 5.2 min
		T2 (rate)	240 °C (50 °C•min -1 ) / 6.4 min
	Oven		
		Equilibration time	0.25 min
		Total program time	15.6 min
		Final temperature, TF	240 °C
		Temperature	270 °C
	Detector (FID)	H2 flow	40 mL•min -1

Table 3 - 1 :

 31 Compilation of synthesized catalysts.

	Formulation	Metal charge	Reference	Application
		5% Pd	5%Pd/Al2O3	Hydrogenation of
				CNA and catalysts
	Monometallic	5% Ru	5%Ru/Al2O3	regeneration
		5% Rh	5%Rh/Al2O3	
	Bimetallic	2.5% Pd 2.5%Ru	5%PdRu/Al2O3	Hydrogenation of CNA
		2.5% Pd 2.5%Rh	5%PdRh/Al2O3	
	Trimetallic	3.3% Pd 3.3% Ru 3.3% Rh	5%Tri/Al2O3	Pre-studies of CNA hydrogenation

Table 3 - 1 :

 31 Compilation of synthesized catalysts (Continuation).

	Formulation	Metal charge	Reference	Application
	Monometallic	5% Pd	5%Pd/TiO2	Decolorization of
	Monometallic	5%Pd	5%Pd/TiO2-Acid	Methyl orange
	Acid solution	5%Pd	5%Pd/Al2O3-Acid	Hydrogenation of CNA
	Monometallic	5%Pd (where 17% 107 Pd)	5%Pd/TiO2*	Decolorization of Methyl orange
	Radioactive			
	solution	5%Pd (where 17% 107 Pd)	5%Pd/Al2O3*	Hydrogenation of CNA

Table 3 - 2 :

 32 BET analysis results for Pd catalysts supported on Al2O3.

  3 

•g -1 ]

  

						Dp
						[nm]
	Al2O3		240.7		0.69	11.57
	5%Pd/Al2O3		220		0.59	10.8
	5%Pd/Al2O3-Acid	153.7		0.26	6.63
	adsorbed [cm					
	Volume					
	0	0,2	0,4	0,6	0,8	1

Table 3 - 3 :

 33 BET analysis results for Pd catalysts supported on TiO2.

	Sample	SBET [m

2 •g -1 ] Vp [cm 3 •g -1 ] Dp [nm]

  

	TiO2	89	0.35	16.22
	5%Pd/TiO2	78	0.28	14.32
	5%Pd/TiO2-Acid	81.6	0.23	10.76

Table 3 -

 3 

4: BET analysis results for deactivated catalysts.

Table 3 -

 3 4 shows the results of the physisorption analysis for the Pd catalysts (Table3-1)employed in the regeneration study (meaning with artificial deactivation). A large decrease in

	Sample	SBET [m

pore volume (0.06 cm³•g -1 vs. 0.55 cm³•g -1 ) and specific surface area

[START_REF] Arblaster | The Discoverers of the Palladium Isotopes[END_REF] 

m²•g -1 vs. 220m²•g -1 )

is observed for the deactivated catalyst, due to the clogging of pores by the presence of

2 •g -1 ] Vp [cm 3 •g -1 ]

  

	3 •g -1 STP]					
	[cm					
	adsorbed					
	Volume					
	0	0,2	0,4	0,6	0,8	1
						Dp
						[nm]
	5%Pd/Al2O3			220	0.59	10.8
	5%Pd/Al2O3-Deact.		19.1	0.06	5.63
	5%Pd/Al2O3-Deact.-IR		31.7	0.1	11.07
	5%Ru/Al2O3			228.3	0.5	9.52
	5%Ru/Al2O3-Deact.		3.3	0.03	33.9
	5%Ru/Al2O3-Deact.-IR		1.1	0.01	46.5

Table 3

 3 

-5 gathers the values obtained from the data processing of the C 1s spectra.

Table 3 - 5 :

 35 C 1s XPS results of Ru catalysts.

		BE [eV] and FWHM of C 1s (deconvoluted)	BE [eV] and	BE [eV] and	%	%	%
	Sample	CC-C CC-OH CO-C-O	FWHM of Ru 3d 5/2	FWHM of Ru 3d 3/2	Ru/Al	Ru/C	Al/C
	5%Ru/Al2O3_ Fresh	284.7 (1.5)	286.2 (2.1)	288.4 (1.9)	283 (1.6)	287.2 (2.1)	7.9	7.9 98.8
	5%Ru/Al2O3_ Deact.	284.6 (1.4)	286.1 (2)	288.5 (1.4)	281.7 (1.8)	285.9 (1.8)	10.3	0.3	3.0
	5%Ru/Al2O3_ Deact.-IR	284.7 (1.6)	286.2 (2.3)	288.4 (2)	281.8 (1.8)	285.9 (1.8)	9.8	0.5	5.4

Table 4 - 1 :

 41 Validation of NMR analysis.

Table 4 -

 4 2 shows the results of tests 1 and 5 mentioned above. Recall that the test with the fresh catalyst and open bottle was discarded.

Table 4 - 2 :

 42 Non-radioactive catalyst results.

	CNA	Time	Rate
	[mol]	[min]	[mol•min -1 ]

Table 4 - 3 :

 43 Radioactive catalyst resultsAs in the case of the non-radioactive catalyst, again the use of a continuous H-supply (open bottle) resulted in a higher rate (rate of 5.24E-06 mol•min -1 ) than the test with the closed bottle and fresh radioactive catalyst (rate of 4.17E-06 mol•min-1 

			CNA	Time	Rate
			[mol]	[min]	[mol•min -1 ]
	5%Pd/Al2O3*	Closed bottle	5.26E-03 5.01E-03	0 60	-4.17E-06
	5%Pd/Al2O3* recovered	Open bottle	4.80E-03 4.49E-03	0 60	-5.24E-06

  Likewise, the radioactive tests that will be discussed in the following, were carried out in a glove box following the protocol described in section 2.3.2.

	0,25 0,3 0,35 0,4 2.2.1. 5.3.1. Reproducibility test [a.u.]		
	Absorbance	0,1 0,15 0,2					5%Pd/TiO2
		0,05					5%Pd/TiO2-acid
		0				
		0	2	4	6	8	10 12 14 16 18 20 22 24
							Time [h]
	MO, which is explained by the change of the surface charge properties of TiO2 with changing
	pH values according to the following reactions:
				𝑻𝒊𝑶𝑯 + 𝑯 + ↔ 𝑻𝒊𝑶𝑯 𝟐	+ ; 𝒑𝑯 < 𝒑𝑯 𝒑𝒛𝒄
			𝑇𝑖𝑂𝐻 + 𝑂𝐻 -↔ 𝐻 2 𝑂 + 𝑇𝑖𝑂 -; 𝑝𝐻 > 𝑝𝐻 𝑝𝑧𝑐
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-After verifying that there is no contamination the containers are stored in a clean place in the fume hood ready for use.

The set-up of the reactor for the reaction is carried out in exactly the same way as described for the non-radioactive tests, taking great care when mixing the catalyst with the reaction solution.

After completion of the set-up, for safety reasons, the reactor is covered by a metal mesh with a hatch to allow sampling (Figure 234).

After each test, the reactor and each of its components were thoroughly washed with acid solution and ethanol, until practically no alpha and beta contamination were detected.

Chapter 3 Catalyst characterization

The pH of zero charge (𝑝𝐻 𝑝𝑧𝑐 ) of TiO2 is known to be close to pH = 6.8 [12], in this sense when pH is higher than 𝑝𝐻 𝑝𝑧𝑐 the TiO2 surface is negatively charged (𝑇𝑖𝑂 -), on the contrary when pH is lower than 𝑝𝐻 𝑝𝑧𝑐 the surface is positively charged (𝑇𝑖𝑂𝐻 2 + ). The pKa of methyl orange in aqueous solution is equal to 3.4 [13] and in alkaline solution, the MO molecules are negatively charged, which implies that when the pH is between 3.4 and 6.8, the number of 𝑇𝑖𝑂𝐻 2 + groups on the surface increases and the MO (which would be negatively charged) is electrostatically attracted. Consequently, the adsorption of MO increases with increasing 𝑇𝑖𝑂𝐻 2 + groups, hence with decreasing pH. Moreover, authors such as N. Barka et al. [12] and H. Ayoub et al. [14] also observed that large amounts of MO were adsorbed at pH 3.

In our case, the fact of having synthesized the catalyst with the acidic solution, similar in composition to the radioactive solution, had an effect on the surface charge of the catalyst which led to the adsorption of MO. This is reflected by the decrease in absorbance observed in the test with the acid catalyst, in contrast to the test with the "non-acidic" catalyst where the absorbance remains almost constant. Additionally, tests were performed in the absence of light with a SiO2supported catalyst (non-semiconducting support) synthesized in acidic conditions, which reported no variation in absorbance at the isosbestic point, the results are shown in Annex 2.

These results serve as a reference to evaluate the effect of the β radiation, which will eventually bring the 107 Pd present in the radioactive catalyst, which will be discussed in the following section.

Radio-catalysis decolorization activity

The results for the tests carried out with the radioactive catalysts are shown below. These catalysts (labelled 5%Pd/TiO2*) were synthesized in glove box using the 107 Pd solution recovered and purified by CEA-Marcoule (Table 2-1), as described in the protocol in section

Chapter 7 General conclusions and perspectives

Perform more detailed characterization analyses to explain the behaviour of the 5%Pd/Al2O3_Desact-IR catalyst after irradiation, in addition to evaluating the effect of different irradiation doses.

Pre-treat the catalyst to clean the surface and at the same time not affect the Ru. It would be interesting to further investigate the origin of the behaviour of the 5%Ru/Al2O3_Desact-IR catalyst, and why not, like the Pd-based catalyst, evaluate the effect of different irradiation doses.

Annexes