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Introduction

SOx (i.e. SO2 and SO3) compounds, which mainly stem from the combustion of fossil fuels in power units or industrial plants, are known to be a major source of atmospheric pollution. Their emissions in the atmosphere are responsible of numerous effects on the environment, leading to acid smog formation and acid rains [START_REF] Ineris | Dioxyde de soufre (SO2). Fiche Données Toxicologiques Environnementales Substances Chimiques[END_REF]. This category of pollutant is also deemed to be responsible of adverse effects on the human health since a direct relation between SOx emissions and mortality has been drawn since many years [START_REF] Tsimpidi | Response of inorganic fine particulate matter to emission changes of sulfur dioxide and ammonia: the eastern United States as a case study[END_REF]. Much efforts have been made since 1990 in the European Union, resulting in a drop by 88% of SOx emissions [START_REF] Citepa | Dioxyde de soufre -SO2[END_REF], but these compounds are still representing an issue as they contribute to the formation of noxious secondary aerosols in urban areas within a synergy with particulate matter [START_REF] Tsimpidi | Response of inorganic fine particulate matter to emission changes of sulfur dioxide and ammonia: the eastern United States as a case study[END_REF].

Therefore, substantial efforts are still required to further enforce SOx abatement. In this respect, the European Union (EU) implemented a number of regulatory tools such as the Industrial Emissions Directive (IED-2010/75/EU) [START_REF]75/EU du Parlement Européen et du Conseil du 24 Novembre 2010 relative aux émissions industrielles (prévention et réduction de la pollution)[END_REF], the Medium Combustion Plant Directive (MCPD-2015/2193) [START_REF]Directive (UE) 2015/2193 du Parlement Européen et du Conseil relative à la limitation des émissions de certains polluants dans l'atmosphère en provenance des installations de combustion moyennes[END_REF] and the revised National Emission Ceilings Directive (NEC-2016/2284) [START_REF]2284 du Parlement Européen et du Conseil concernant la réduction des émissions nationales de certains polluants atmosphériques, modifiant la directive 2003/35/CE et abrogeant la directive 2001/81/CE[END_REF]. In response to more stringing regulations and in order to avoid the complete switch to low-sulphur fuels, which is a very expensive and restrictive solution, SOx abatement technologies have been widely implemented for the last decades.

These efficient technologies, referred to as FGD (Flue Gas Desulphurisation) processes, are however based on chemical reactions that involve high-carbon footprint reagents (lime, soda, etc.) [START_REF] Jacubowiez | Désulfuration des fumées[END_REF]. Moreover, they are energy-intensive and generate solid by-products that are barely reprocessed and rather landfilled, due to high reprocessing costs. Solid and regenerable SOx adsorbents are therefore a much greener alternative but are, to date, still hampered by a short lifetime which limit their use at an industrial scale. Indeed, these adsorbents need to face harsh conditions prevailing at the exhaust of combustion equipment items, especially in terms of temperature as high as 400°C and flue gas composition. One of the hardest obstacles these days is therefore to maintain a good SO2 adsorption capacity and a good regenerability of this adsorbent along multiple adsorption and regeneration cycles without substantial loss of performance in these specific conditions. In order to be cost-effective, such an adsorption-based process should also allow the upcycling of captured SOx species into a high-value gas for chemical applications (e.g. H2SO4 production).

In this context, numerous studies have been focused on the use of SOx adsorbents involving copper oxide [START_REF] Centi | Development of copper-on-alumina catalytic materials for the cleanup of flue gas and the disposal of diluted ammonium sulfate solutions[END_REF][START_REF] Centi | Combined DeSOx/DeNOx reactions on a copper on alumina sorbent-catalyst. 2. Kinetics of the DeSOx reaction[END_REF][START_REF] Deng | Synthesis, Stability, and Sulfation Properties of Sol-Gel-Derived Regenerative Sorbents for Flue Gas Desulfurization[END_REF][START_REF] Bahrin | Kinetic study on the SO2 Adsorption using Adsorbent[END_REF][START_REF] Gaudin | Formation and role of Cu + species on highly dispersed CuO/SBA-15 mesoporous materials for SOx removal: An XPS study[END_REF][START_REF] Gaudin | Highly dispersed copper species supported on SBA-15 mesoporous materials for SOx removal: Influence of the CuO loading and of the support[END_REF][START_REF] Gaudin | CuO/SBA-15 materials synthesized by solid state grinding: Influence of CuO dispersion and multicycle operation on DeSOx performances[END_REF][START_REF] Gaudin | Synthesis of Cu-Ce /KIT-6 materials for SOx removal[END_REF][START_REF] Gaudin | Synthesis of CuO/SBA-15 adsorbents for SOx removal applications, using different impregnation methods[END_REF] as an active phase, as this oxide exhibits (1) a good catalytic activity towards SO2 oxidation into SO3 and (2) a good ability to chemisorb SO3 as CuSO4. The sulphated active phase can be thereafter converted back to CuO under a mild thermal treatment under N2 at 600°C for instance [START_REF] Gaudin | Highly dispersed copper species supported on SBA-15 mesoporous materials for SOx removal: Influence of the CuO loading and of the support[END_REF]. In order to improve the reactivity and the stability of such an active phase, several supports were assessed, such as alumina [START_REF] Centi | Development of copper-on-alumina catalytic materials for the cleanup of flue gas and the disposal of diluted ammonium sulfate solutions[END_REF][START_REF] Centi | Combined DeSOx/DeNOx reactions on a copper on alumina sorbent-catalyst. 2. Kinetics of the DeSOx reaction[END_REF][START_REF] Deng | Synthesis, Stability, and Sulfation Properties of Sol-Gel-Derived Regenerative Sorbents for Flue Gas Desulfurization[END_REF][START_REF] Bahrin | Kinetic study on the SO2 Adsorption using Adsorbent[END_REF] and activated carbons [START_REF] Tseng | Carbon materials as catalyst supports for SO2 oxidation: Catalytic activity of CuO-AC[END_REF][START_REF] Tseng | Catalytic removal of SO2, NO and HCl from incineration flue gas over activated carbon-supported metal oxides[END_REF][START_REF] Tseng | Study of SO2 adsorption and thermal regeneration over activated carbon-supported copper oxide catalysts[END_REF]. However, both these types of supports are precluded from an industrial application due to the lack of chemical inertia towards SO2 (for Al2O3) and a low thermal stability (for activated carbons). Organised Mesoporous Silicas (OMS) thus appear as suitable supports for the copper-based active phase, thanks to their high thermal and chemical stabilities under sulphation conditions and their large specific surface areas that allow a high-dispersion of the active phase. In previous work [START_REF] Berger | Long-term activity of a CuO/SBA-15 type SOx adsorbent: Impact of the regeneration step[END_REF][START_REF] Berger | Role of the process conditions on the sulphation and stability of a CuO/SBA-15 type SOx adsorbent in cycling operations[END_REF], we developed a CuO (15 wt.%)/SBA-15 type SOx adsorbent that exhibits a good and stable adsorption capacity around 50 mgSO2/gads along 10 cycles at 400°C (for a 75 ppm of SO2 exhaust concentration). We found that the adsorption capacity was not impacted by both the SO2 and O2 mole fraction in the gas to be processed. Such a stability was obtained by performing the regeneration step under a reductive gas stream (0.5 vol.% of H2 in N2) isothermally with the adsorption step. These capacities were obtained with a very challenging GHSV (Gas Hourly Space Velocity) of 25000 h -1 that roughly corresponds to the fast exhaust gas flow of industrial gas turbines.

However, these lab-scale studies were performed under rather standard conditions where only SO2 and O2 were present in the gas to be processed, while in practice, the copper-based adsorbent will have to face up much more complex gaseous mixtures which will contain various regulated pollutants such as CO, CO2, NO and NO2. To the best of our knowledge, no study has dealt so far with the use of supportedcopper on silica adsorbents under such conditions. Only few studies have been focused on combined DeSOx and DeNOx processes with as a Al2O3 support for the copper-based active phase [START_REF] Centi | Combined DeSOx/DeNOx reactions on a copper on alumina sorbent-catalyst. 2. Kinetics of the DeSOx reaction[END_REF][START_REF] Centi | Combined DeSOx/DeNOx reactions on a copper on alumina sorbent catalyst. 1. Mechanism of SO2 Oxidation-Adsorption[END_REF][START_REF] Centi | Combined DeSOx/DeNOx reactions on a copper on alumina sorbent-catalyst. 3. DeNOx behavior as a function of the surface coverage with sulfate species[END_REF],

where NH3 was added in the gaseous matrix to further reduce NO2 into N2. The influence of carbonbased pollutants (e.g. CO and CO2) on the copper-based active phase during chemical-looping combustion reactions were also investigated [START_REF] Noorman | Experimental investigation of a CuO/Al2O3 oxygen carrier for chemical-looping combustion[END_REF] but there is as yet, no information about a potential influence of these compounds onto SO2 adsorption. The CuO/SBA-15 adsorbent behaviour towards SO2 adsorption under the presence of NO, NO2, CO or CO2 thus remains unclear to date and needs to be studied with regards to a scale-up perspective. In this work, the CuO/SBA-15 adsorbent was assessed as a SOx trap material under simulated flue gas stream from gas turbines, containing NO, NO2, CO or CO2. The objective of this study is to investigate the SO2 adsorption performance in the presence of such regulated pollutants. The reaction paths for potential synergy between these pollutants are also discussed. The results will provide more understanding upon the adsorbent behaviour for SO2 adsorption under more complex gaseous mixtures.

Experimental section 2.1. Preparation and characterisation of the adsorbent

The synthesis of the SBA-15 mesoporous silica and of the CuO/SBA-15 adsorbent have already been fully described elsewhere [START_REF] Berger | Structure-performance relationship in CuO/SBA-15-type SOx adsorbent: evolution of copper-based species under different regenerative treatments[END_REF]. In brief, the adsorbent was prepared by wet impregnation of the support in water, with a sufficient amount of copper nitrate trihydrate precursor to obtain a CuO loading of 15 wt.%. The CuO/SBA-15 adsorbent was then obtained after a calcination step under air at 500°C. The SBA-15 support also pseudo-impregnated (same impregnation method but in the absence of copper precursor) and calcined at 500°C and the CuO/SBA-15 adsorbent are denoted hereafter as SBA-500 and CuO/SBA, respectively. X-Ray Diffraction analyses of the adsorbents were performed in a reflection mode on a PANalytical X'Pert diffractometer (Cu Kα radiation, λ = 1.5418 Å) equipped with a X'Celerator detector. Measurements were performed for 2θ angle values in the 0.6-2.5° range for low-angle measurements, and for 10-50° range for wide-angle ones, by step of 0.02°2θ, with a time of 220 seconds by step. A glass support was used as sample holder.

Nitrogen physisorption analyses were performed on a Micromeritics Tristar apparatus. The samples were first outgassed at 90°C for 15 h under vacuum. Specific surface areas were determined according to the BET (Brunauer-Emmett-Teller) method. Total pore volumes were measured at p/p 0 = 0.98 and micropore volumes were determined using the t-plot method.

However, according to the work of Galarneau et al. [START_REF] Galarneau | Validity of the t-plot method to assess microporosity in hierarchical micro/mesoporous materials[END_REF], this method seems to be inappropriate for the determination of the micropore volume of these solids. Therefore, the latter was also determined from the adsorbed volume (in cm 3 /gSiO2 STP) at p/p 0 = 0.005.

SO2 adsorption performance

SO2 adsorption performance over multiple cyclic adsorption and regeneration experiments was assessed in a fixed-bed reactor coupled with a gas analysis system. Detailed description of the experimental set-up has already been described elsewhere [START_REF] Berger | Role of the process conditions on the sulphation and stability of a CuO/SBA-15 type SOx adsorbent in cycling operations[END_REF]. For the experiments where NOx compounds are injected, the SO2 monitoring signal from the UV analyser is corrected from the interference using a µ-GC and an interference curve.

The adsorption steps were performed under several conditions as described in Table 1. The dynamic SO2 adsorption capacity ( expressed in milligrams of adsorbed SO2 per gram of adsorbent) was obtained through the integration of the SO2 breakthrough curves until 75 ppm of SO2 are detected. This integrated value is obtained as follows:

75 = 0 - 0 10 3

SO2

Where is the gas volumetric flow rate in L/h (SLPH -Standard Liter Per Hour), and are respectively the inlet and outlet SO2 mole fraction in ppm, ! is the molar volume of a gas (22.4 L/mol at 0 °C and 1 atm), is the mass of adsorbent within the fixed-bed in g, "#$ is the molecular mass of SO2 (64 g/mol), and and % (in h) are respectively the starting time and the time at which 75 ppm of SO2 are detected.

The regeneration steps were performed isothermally with the previous adsorption step, under a 14 L/h (SLPH) gaseous flow of 0.5 vol.% of H2 in N2 during 1200 seconds, according to our previous work [START_REF] Berger | Long-term activity of a CuO/SBA-15 type SOx adsorbent: Impact of the regeneration step[END_REF]. The total SO2 adsorption capacity ( &'( , the amount of SO2 chemisorbed during the whole adsorption step (expressed in mgSO2/gads) was obtained from the integration of the Temperature Programmed Desorption curve (TPD curve) from the start of the desorption step until less than 5 ppm of SO2 were detected on the analyser, as follows:

)*+ = , 0 10 3 × SO2
Where &'( is the total SO2 chemisorption capacity of the adsorbent in mgSO2/gads, is the outlet SO2 concentration in ppm, and and . (in h) are respectively the starting time and the time at which the SO2 concentration reaches less than 5 ppm.

The copper sulphation ratio (SR, expressed in %) is defined as the ratio between SO2-adsorbed species (in molSO2/gads) to the CuO content in the adsorbent (in molCuO/gads). Errors on the adsorption capacities are obtained by means of the propagation of uncertainty method.

Results and discussion

SO2 adsorption performance along cycling experiments

Under standard conditions

In order to assess the SO2 adsorption performance of the CuO/SBA adsorbent, the material was first tested under standard conditions (CuO/SBA-SO2 sample: 250 ppm of SO2, 10 vol.% of O2, balance N2, 400°C, GHSV 25000 h -1 , 14 L/h (SLPH), 10800 seconds under sulphation gas stream) before being subjected to different gas mixtures as described in Table 1. The SO2 breakthrough and TPD curves for the CuO/SBA-SO2 sample are reported in Figures 1 and2a respectively.

The evolution of the dynamic (from the integration of the SO2 breakthrough curve) and total (from the integration of the TPD curve) SO2 adsorption capacities is reported in Figure 3. As previously observed [START_REF] Berger | Long-term activity of a CuO/SBA-15 type SOx adsorbent: Impact of the regeneration step[END_REF][START_REF] Berger | Role of the process conditions on the sulphation and stability of a CuO/SBA-15 type SOx adsorbent in cycling operations[END_REF], the SO2 mole fraction at the end of the experiment is equal to 170 ppm whereas 250 ppm of SO2 are injected (Figure 1). This observation suggests that a part of SO2 is still oxidised by the copper-based active phase yielding SO3 which cannot be monitored by the SO2 UV analyser. For the first cycle, the dynamic adsorption capacity of the adsorbent (CuO/SBA-SO2 sample) at a 75 ppm SO2 mole fraction reaches 47 mgSO2/gads (SR = 39%). After the first regenerative treatment (under 0.5 vol.% of H2 in N2 at 400°C), this capacity increases to 57 mgSO2/gads (SR = 48%) and stays pretty stable until the 5 th cycle at 55 mgSO2/gads (SR = 45%). Such an evolution in the dynamic adsorption capacity is consistent with our previous work [START_REF] Berger | Long-term activity of a CuO/SBA-15 type SOx adsorbent: Impact of the regeneration step[END_REF][START_REF] Berger | Role of the process conditions on the sulphation and stability of a CuO/SBA-15 type SOx adsorbent in cycling operations[END_REF]. Conversely, the total adsorption capacity (from the integration of the TPD curve) progressively increases along the cycles from 73 mgSO2/gads (SR = 60%) at the first cycle to 88 mgSO2/gads (SR = 72%) at the 5 th one (see Figure 3). Such an evolution has been previously assigned to beneficial changes in the adsorbent porosity along the cycles, allowing the access to new copper-based active sites [START_REF] Berger | Long-term activity of a CuO/SBA-15 type SOx adsorbent: Impact of the regeneration step[END_REF].

In the presence of CO and CO2

The SO2 adsorption performance of the CuO/SBA adsorbent have been investigated in the presence of CO and CO2, respectively, in the adsorption gas mixtures. Each gas was injected separatively in order to assess its own influence on the SO2 adsorption capacities. For the CuO/SBA-CO sample (which underwent sulphation under 250 ppm of SO2, 10 vol.% of O2, 180 ppm of CO, balance N2, 400°C, 14 NL/h, GHSV 25000 h -1 , see Table 1), the SO2 breakthrough curves (Figure 4) do not exhibit dramatic changes compared to those of the CuO/SBA-SO2 sample ones.

The dynamic adsorption capacities are quite similar, regarding the uncertainty of the measurement, whether CO is present or not in the gaseous mixture (Figure 3). As with the CuO/SBA-SO2 sample, the dynamic adsorption capacity slightly increases from 41 mgSO2/gads (SR = 34%) to 50 mgSO2/gads (SR = 41%) between cycle #1 and cycle #2 and stays constant at 49 mgSO2/gads (SR = 40%) until the 5 th cycle. A progressive increase in the total adsorption capacity (from 69 mgSO2/gads -SR = 57% -to 85 mgSO2/gads -SR = 70%) is also observed between cycle #1 and cycle #5. One can conclude that the presence of CO in the gaseous matrix does not interfere with the SO2 adsorption phenomenon.

It is worthy to note that the injected CO mole fraction (i.e. 180 ppm) in the adsorption gas mixture was deliberately maximised since the rightful CO mole fraction at the exhaust of combustion engines rarely exceeds 20 ppm of CO at full load but can raise up to 180 ppm at low load, especially when natural gas is used as the fuel [START_REF] Pavri | Gas Turbine Emissions and Control[END_REF]. No emission of CO is observed during the adsorption step since 180 ppm of CO2 are monitored during the whole adsorption step. Moreover, CO2 starts to emerge at the begining of the adsorption step (Figure 4 insert). This indicates that the full fraction of CO is oxidised into CO2 during the adsorption step. This finding is consistent with the literature since the catalytic activity of CuO towards CO oxidation into CO2 was already reported [START_REF] Huang | CO Oxidation Behavior of Copper and Copper Oxides[END_REF].

For the CuO/SBA-CO2 sample (250 ppm of SO2, 10 vol.% of O2, 4 vol.% of CO2, balance N2, 400°C, 14 NL/h, GHSV 25000 h -1 ), no change in the adsorption behaviour is observed (Figure 5).

During all the adsorption step, the CO2 fraction in the gas mixture does not change and stays constant at 4 vol.%. Due to the uncertainty of the CO2 gas analyser and with regard to the large injected CO2 mole fraction (i.e. 40 000 ppm), it is not expected to observe any variation. Such an assumption is nevertheless corroborated with the previous experiment (where 180 ppm of CO2 stemming from the CO oxidation were monitored during all the adsorption steps and no change was observed, see Figure 4).

Moreover, both the evolution of the dynamic (from 47 mgSO2/gads -SR = 39% -to 50 mgSO2/gads -SR = 42%) and total adsorption capacities (from 69 mgSO2/gads -SR = 57% -to 83 mgSO2/gads -SR = 69%) along the cycles are consistent with the CuO/SBA-SO2 sample (see Figure 3). One may thus conclude that the presence of either CO or CO2 does not impact the SO2 adsorption performance of the CuO/SBA adsorbent.

In the presence of NO2 and NO

The SO2 adsorption performance of the CuO/SBA adsorbent has been assessed in a first time in the presence of 200 ppm of NO2. The SO2 breakthrough curves in these conditions (250 ppm of SO2, 10 vol.% of O2, 200 ppm of NO2, balance N2, 400°C, 14 NL/h, GHSV 25000 h -1 ) are reported in Figure 6. For the sake of clarity, only the SO2 monitoring is presented in this figure. When injecting 200 ppm of NO2, the CuO/SBA adsorbent exhibits a different behaviour compared to that of the CuO/SBA-SO2 sample. Indeed, an increase by 25% of the dynamic adsorption capacity, during the first cycle (from 47 mgSO2/gads -SR = 37% -for the CuO/SBA-SO2 sample to 59 mgSO2/gads -SR = 49% -for the CuO/SBA-NO2 one, see Figure 3) is observed, in the presence of NO2 during the adsorption step. Unexpectedly, such an increase is not consistent with the total adsorption capacity as only an increase by 6% is observed (from 73 mgSO2/gads -SR = 60% -for the CuO/SBA-SO2 sample to 77 mgSO2/gads -SR = 64% -for the CuO/SBA-NO2 one, see Figure 3). That discrepancy is due to two competitive SO2 adsorption mechanisms as it will be further discussed below. It is worthy to note that no deactivation occurs along the cycles; and even a significant increase in the total adsorption capacity and in the sulphation ratio is observed. This finding shows that the presence of NO2 in the gaseous adsorption matrix enhances the SO2 adsorption capacities of the CuO/SBA adsorbent. In the first part of the adsorption step (during 3000 seconds in average, where no SO2 emission is observed, see Figure 7), one can note that a part of NO2 is reduced into NO through the catalytic action of copper oxide. When the same experiment is carried out in an empty reactor (which does not contain any material able to catalytically reduce NO2 into NO), the full injected fraction of NO2 is detected at the exhaust of the adsorption system. Moreover, one should note that the NO/NO2

ratio is approximately equal to 1.0 during that initial stage, whatever the cycle (see Figure 8).

These values are consistent with those determined through thermodynamic calculations (Figure 8, insert) according to the work of Garin et al. [START_REF] Garin | Mechanism of NOx decomposition[END_REF].

Indeed, in the presence of 10 vol.% of O2 in the gaseous stream and at 400°C, the NO/NO2 ratio at the equilibrium should be around 1.0 (Figure 8, insert), which is close to our experimental value (Figure 8). This is a clear evidence that copper oxide is able to simultaneously oxidise SO2 into SO3, chemisorb it as CuSO4 and catalyse the NO2 reduction into NO. For instance, during the second cycle, the initial stage of the adsorption step (where no SO2 emissions are observed) lasts 3000 seconds. However, after 2300 seconds, a sudden increase in the NO/NO2 ratio is observed (Figure 8). At 3000 seconds (breakthrough time), the NO/NO2

ratio is approximately equal to 8.0. Since only NO2 was injected during this experiment and that thermodynamic calculations does not allow the NO/NO2 ratio to exceed approximately 1.0 at 400°C, it is thus clear that NO is produced through a reaction involving both NO2 and SO2.

A direct reaction between NO2 and SO2, yielding NO and SO3 has been reported in the literature [START_REF] Wendt | Catalysis of SO2 oxidation by nitrogen oxides[END_REF], but at higher temperature (i.e. more than 600°C) and thus this reactionnal scheme cannot be consistent with our observations. Liu et al. [START_REF] Liu | Synergistic reaction between SO2 and NO2 on mineral oxides: a potential formation pathway of sulfate aerosol[END_REF] has recently reported a synergistic reaction between SO2 and NO2 on mineral oxides. In this mechanism, gaseous NO2 and SO2 are adsorbed onto the metal oxide surface, to form NO2-adsorbed and sulphite species. The authors then argue that NO2-adsorbed species dimerise into N2O4 through the catalytic action of S (VI) species. The autoionisation of N2O4 species leads to NO + NO3 -ones, which are able to oxidise sulphites to sulphates, and yielding NO + NO2 -species. The latter species are eventually converted to nitrate and gas phase NO. Due to the low copper nitrate decomposition temperature (i.e. 270°C), one may assume that nitrate species are further decomposed into NO and NO2. Such a synergistic mechanism seems to be consistent with the experimental observations. Indeed, with regards to the NOx mole balance along the cycles (Figure 9), one can note that only 180 ppm of NOx species (i.e. NO2 + NO) in average are detected during the first stage of the SO2 breakthrough curves (until 3000 seconds in average), while 200 ppm of NO2 are injected. This discrepancy may be explained by the formation of the NO2-adsorbed species mentioned above.

However, in the breakthrough zone (3000 seconds in average), the total NOx mole fraction in the gas stream reaches 230-250 ppm (Figure 9). Since 200 ppm of NOx species are still injected, such a difference may be explained by the decomposition of NO + NO2 -and nitrates species in the gas phase, as mentioned by Liu et al. [START_REF] Liu | Synergistic reaction between SO2 and NO2 on mineral oxides: a potential formation pathway of sulfate aerosol[END_REF]. Such decomposition at the breakthrough point (3000 s), should be explained by the decrease of the amount of active sites, necessary to SOx trapping at this stage of the adsorption step.

These authors have finally concluded that this synergistic effect (between NOx species and SO2 towards the sulphate formation) cannot be observed onto sulphated particles due to the accessibility of the SO2 adsorption sites (lack of surface oxygen sites). That second sulphation pathway can thus explain the enhanced SO2 adsorption capacities obtained in the presence of 200 ppm of NO2 in the adsorption gas mixtures. At the end of the sulphation step, the NO/NO2 ratio decreases down to 0.5 (see Figure 8). As the major part of copper oxide has been converted into CuSO4, the copper-based active phase is not able anymore to catalyse the NO2 reduction into NO. This is a clear indication that the partial reduction of NO2 into NO is catalysed by copper oxide. The synergistic effect between NO2 and SO2 is not altered with the adsorbent cycling since both the dynamic and total adsorption capacities similarly evolve, with regards to the CuO/SBA-SO2 adsorbent, along five successive adsorption and regeneration experiments (from 59 mgSO2/gads to 68 mgSO2/gads for the dynamic adsorption capacity, and from 77 mgSO2/gads to 96 mgSO2/gads for the total adsorption ones, see Figure 3). The TPD curves obtained during the regeneration of the CuO/SBA-NO2 (Figure 2b) are similar to those obtained with CuO/SBA-SO2, indicated a relatively fast regeneration of the sulphated adsorbent in both cases.

Similar changes of the adsorbent behaviour towards SO2 adsorption, but in a lower extent, are also observed when the adsorbent is submitted to an adsorption step under 250 ppm of SO2, 10 vol.% of O2, 200 ppm of NO (balance N2) at 400°C and with a GHSV of 25000 h -1 (Figure 10). In this case, the evolution of the dynamic and total adsorption capacities are a bit lower than those of the CuO/SBA-NO2 ones (from 63 mgSO2/gads at the 1 st cycle to 59 mgSO2/gads for the last one for the dynamic adsorption capacities, and from 74 mgSO2/gads at the 1 st cycle to 87 mgSO2/gads for the last one for the total adsorption ones). As NO is injected in an oxidising atmosphere (in the presence of 10 vol.% of O2), one may await that part of it could be oxidised into NO2 and therefore the adsorbent would behave towards SO2 adsorption in the same way.

Influence of the presence of regulated flue gas pollutants on the textural and structural properties of the adsorbent

In order to evidence any species which may have formed during the adsorption step between the regulated flue gas pollutants (CO, CO2, NO or NO2) and the copper-based active phase, all the aged CuO/SBA-15 adsorbents (which underwent several adsorption and regeneration cycles) were characterised after a last sulphation step. The full characterisation of the initial CuO/SBA adsorbent and the regenerated one (which undergoes several successive adsorption and regeneration cycles under standard conditions, denoted hereafter as CuO/SBA-R) have been already described in previous work and are not further discussed there [START_REF] Berger | Long-term activity of a CuO/SBA-15 type SOx adsorbent: Impact of the regeneration step[END_REF][START_REF] Berger | Role of the process conditions on the sulphation and stability of a CuO/SBA-15 type SOx adsorbent in cycling operations[END_REF]. However, for the sake of clarity, their XRD patterns (Figure 11 and Figure 12), their N2 physisorption isotherms (Figure 13) and their corresponding textural properties (Table 2), are reported for comparison purposes.

Figure 11 reports the low-angle XRD patterns of the sulphated adsorbents, as well as the fresh and regenerated ones (CuO/SBA and CuO/SBA-R samples, respectively). For all the adsorbents (fresh, regenerated or sulphated), the mesopore network of the SBA-15 silica is maintained, since three diffraction peaks characteristic of the (100), ( 110) and (200) reflection planes of the ordered structure (hexagonal symmetry, space group P6mm) are observed. Except for the fresh adsorbent (CuO/SBA sample) for which the lattice parameter ahex is equal to 104 Å, all the aged adsorbents (sulphated or regenerated) exhibit a slight decrease in this parameter to 101 Å on average. These observations are consistent with previous work [START_REF] Berger | Long-term activity of a CuO/SBA-15 type SOx adsorbent: Impact of the regeneration step[END_REF][START_REF] Berger | Role of the process conditions on the sulphation and stability of a CuO/SBA-15 type SOx adsorbent in cycling operations[END_REF]. Figure 12 shows the wide-angle XRD patterns of the sulphated adsorbents and of the fresh one. As expected, all the sulphated adsorbents exhibit diffraction peaks that are characteristic of a copper (II) sulphate pentahydrate phase (peaks at 15.4°, 16.2°, 18.8°, 22.2°, 24.1° and 27.0°2θ, ICDD N° 00-011-0646). Interestingly, no diffraction peak of a different copper-based phase is evidenced on the XRD patterns. This indicates that only SO2 was chemisorbed by the CuO/SBA adsorbent and no further crystallised species were formed when the CuO/SBA adsorbent is in contact with regulated flue gas pollutants. However, one of those hypothetical species could be amorphous and would not be detected. Curiously, no copper oxide phase is detected. As the CuO/SBA-R sample clearly presents diffraction peaks that are characteristic of metallic copper, one may await that the reoxidation of the latter during the subsequent adsorption step would lead to crystallised copper oxide. Since the sulphation ratio is not equal to 100%, such a phase is expected. This seems to indicate that amorphous and transient copper oxide is formed during the adsorption step, or the active phase is highly dispersed and would not be detected during this step.

In a previous work, we have evidenced the presence of diffusional limitations of the gas transport into the porosity [START_REF] Berger | Long-term activity of a CuO/SBA-15 type SOx adsorbent: Impact of the regeneration step[END_REF]. These limitations were assigned to the formation of copper sulphate clusters in the porosity network during the adsorption step. This observation is clearly supported by the N2 physisorption isotherms of all the sulphated adsorbents (Figure 13 and Table 2). Indeed, whatever the gas composition and the presence of regulated pollutants in the adsorption gas stream, all the sulphated adsorbents exhibits a similar N2 physisorption isotherms. For all these adsorbents, the hysteresis shape presents an elongation of the desorption branch to lower relative pressures, which is probably due to the partial plugging of the mesopores with copper sulphate clusters that were evidenced with wide-angle XRD (Figure 12).

Furthermore, the textural properties of the sulphated adsorbents are relatively similar whatever the sulphation conditions as no significant changes in these properties are observed. In all the cases, a decrease in the specific surface area (from 523 m 2 /gSiO2 for the CuO/SBA sample to 312-328 m 2 /gSiO2 for the sulphated ones, see Table 2) and a drop of the mesopore volume (from 0.66 cm 3 /gSiO2 for the CuO/SBA sample to 0.44-0.46 cm 3 /gSiO2 for the sulphated ones, see Table 2) are observed. For the CuO/SBA-R adsorbent (which is regenerated and does not contain any copper sulphate cluster anymore in the porosity), the specific surface area and the mesopore volume (346 m 2 /gSiO2 and 0.48 cm 3 /gSiO2, Table 2) are pretty similar to the sulphated adsorbents. This may indicates that, despite the presence of copper sulphates particles at the surface of the silica support (Figure 12), the whole mesoporosity of the adsorbent is still, but hardly, accessible during the sulphation step.

Although the IUPAC recommends determining the pore diameter on the desorption branch of the isotherm [START_REF] Thommes | Physisorption of gases, with special reference to the evaluation of surface area and pore size distribution (IUPAC Technical Report)[END_REF], in our case the shape of the hysteresis does not allow to do that. Therefore, in this particular case, the pore diameter is discussed below as trends with regards to the adsorption branch. A slight shift to lower relative pressures can be observed between the CuO/SBA-R sample (which is regenerated) and the sulphated ones. This indicates a slightly lower pore diameter in the case of the sulphated adsorbents. However, as the pore diameter is determined at the entrance of the mesopore mouths, such a decrease in the pore diameter may be explained by the presence of copper sulphate particles, which partially plug the mesopore entrance and artificially decrease the mean pore diameter.

As a conclusion, neither the presence of CO and CO2, nor the presence of NOx species in the gas to process, modify the textural and structural properties of the CuO/SBA adsorbent along the adsorption and regeneration cycles. Indeed, whatever the gas composition and the presence of regulated flue gas pollutants, no change in these properties is observed compared to the CuO/SBA-SO2 adsorbent.

Conclusion

An experimental investigation has been conducted on the SO2 adsorption using a CuO/SBA-15 type SOx adsorbent in the presence of a simulated flue gas stream containing either CO, CO2, NO or NO2 regulated flue gas pollutants. The results show that:

-The SO2 adsorption performance is not altered when CO (180 ppm) or CO2 (4 vol.%) is injected in the gas to be processed. Both the dynamic and total adsorption capacity stays constant with regards to the adsorbent which undergoes sulphation under « optimal conditions » containing only SO2 and O2.

Moreover, all the injected CO is readily oxidised into CO2 in contact with the copper-based species during all the adsorption steps, showing an oxidation catalytic activity of the active phase along 
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Figure 1: SO2 breakthrough curves of the CuO/SBA-SO2 adsorbent submitted to five adsorption (250 ppm of SO2, 10 vol.% of O2, balance N2, 400°C, 14 NL/h, GHSV = 25000 h -1 , 10800 seconds) and regeneration (0.5 vol.% of H2 in N2, 400°C, 14 NL/h, GHSV = 25000 h -1 , 1200 seconds) cycles, as described in Table 1. All the SO2 breakthrough have been normalised to an adsorbent mass of 150 mg. of O2, balance N2, 400°C, 14 NL/h, GHSV = 25000 h -1 , 10800 seconds) and regeneration (0.5 vol.% of H2 in N2, 400°C, 14 NL/h, GHSV = 25000 h -1 , 1200 seconds) cycles, as described in Table 1. All the SO2 breakthrough curves have been normalised to an adsorbent mass of 150 mg. seconds) and regeneration (0.5 vol.% of H2 in N2, 400°C, 14 NL/h, GHSV = 25000 h -1 , 1200 seconds) cycles, as described in Table 1. All the SO2 breakthrough have been normalised to an adsorbent mass of 150 mg. seconds) and regeneration (0.5 vol.% of H2 in N2, 400°C, 14 NL/h, GHSV = 25000 h -1 , 1200 seconds) cycles, as described in Table 1. All the SO2 breakthrough have been normalised to an adsorbent mass of 150 mg. The SO2 monitoring signal from the UV analyser was corrected from the interference using a µ-GC and an interference curve. seconds) and regeneration (0.5 vol.% of H2 in N2, 400°C, 14 NL/h, GHSV = 25000 h -1 , 1200 seconds) cycles, as described in Table 1. All the SO2 breakthrough curves have been normalised to an adsorbent mass of 150 mg. The SO2 monitoring signal from the UV analyser was corrected from the interference using a µ-GC and an interference curve.

Figure 11: N2 Low-angle XRD patterns of the CuO/SBA adsorbent before and after multicycle adsorption and regeneration experiments, as described in Table 1.

Figure 12: Wide-angle XRD patterns of the CuO/SBA adsorbent before and after multicycle adsorption and regeneration experiments, as described in Table 1. For the CuO/SBA-R sample, the CuKα1 radiation was used and the spectrum was collected from 30° to 50°2θ. in Table 1. Each isotherm was shift along Y-axis by 260 cm 3 /g STP). 
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Figure 7

 7 Figure 7 reports, for one cycle, the SO2 breakthrough curve with NOx monitoring.

-

  The injection of NO (200 ppm) or NO2 (200 ppm) in the adsorption gas stream enhances the SO2 adsorption capacities of the CuO/SBA-15 adsorbent thanks to their contribution to a second SO2 adsorption mechanism. Such a finding represents a major advance, as copper-based

Figure 2 :

 2 Figure 2: TPD curves of the CuO/SBA-SO2 (a) and CuO/SBA-NO2 (b) adsorbents submitted to five adsorption (250 ppm of SO2, 10 vol.% of O2, with 200 ppm of NO2 in the case of CuO/SBA-NO2, balance N2, 400°C, 14 NL/h, GHSV = 25000 h -1 , 10800 seconds) and regeneration (0.5 vol.% of H2 in N2, 400°C, 14 NL/h, GHSV = 25000 h -1 , 1200 seconds) cycles.

Figure 3 :

 3 Figure 3: Evolution of (a) the dynamic SO2 adsorption capacity (which stems from the integration of the SO2 breakthrough curves) and (b) of the total adsorption capacity (which stems from the integration of the TPD curves).

Figure 4 :

 4 Figure 4: SO2 breakthrough curves (insert: zoom on the first 60 seconds of the first adsorption step) of the CuO/SBA-CO adsorbent submitted to five adsorption (250 ppm of SO2, 180 ppm of CO, 10 vol.%

Figure 5 :

 5 Figure 5: SO2 breakthrough curves of the CuO/SBA-CO2 adsorbent submitted to five adsorption (250 ppm of SO2, 4 vol.% of CO2, 10 vol.% of O2, balance N2, 400°C, 14 NL/h, GHSV = 25000 h -1 , 10800

Figure 6 :

 6 Figure 6: SO2 breakthrough curves of the CuO/SBA-NO2 adsorbent submitted to five adsorption (250 ppm of SO2, 200 ppm of NO2, 10 vol.% of O2, balance N2, 400°C, 14 NL/h, GHSV = 25000 h -1 , 10800

Figure 7 :

 7 Figure 7: Typical SO2 breakthrough curve of the CuO/SBA-NO2 adsorbent submitted to an adsorption step under 250 ppm of SO2, 200 ppm of NO2, 10 vol.% of O2, balance N2, at 400°C and with a GHSVof 25000 h -1 , during 10800 seconds. The SO2 breakthrough curves has been normalised to an adsorbent mass of 150 mg. The SO2 monitoring signal from the UV analyser was corrected from the interference using a µ-GC and an interference curve.

Figure 8 :

 8 Figure 8: Evolution of the NO/NO2 ratio in the gas phase along the adsorption cycles for the CuO/SBA-NO2 adsorbent (submitted to an adsorption step under 250 ppm of SO2, 200 ppm of NO2, 10 vol.% of O2, balance N2, at 400°C and with a GHSV of 25000 h -1 , during 10800 seconds) and (insert) thermodynamic calculations of the NO/NO2 ratio at the equilibrium of the NO + ½ O2 ↔ NO2 reaction at 10 vol.% of O2, according to reference [29].

Figure 9 :

 9 Figure 9: NOx mole balance in the gas phase during the adsorption steps for the CuO/SBA-NO2 adsorbent (submitted to an adsorption step under 250 ppm of SO2, 200 ppm of NO2, 10 vol.% of O2, balance N2, at 400°C and with a GHSV of 25000 h -1 , during 10800 seconds).

Figure 10 :

 10 Figure 10: SO2 breakthrough curves of the CuO/SBA-NO adsorbent submitted to five adsorption (250 ppm of SO2, 200 ppm of NO, 10 vol.% of O2, balance N2, 400°C, 14 NL/h, GHSV = 25000 h -1 , 10800

Figure 13 :

 13 Figure 13: N2 physisorption isotherms (↑ = adsorption branch and ↓ = desorption branch) of the CuO/SBA adsorbent before and after multicycle adsorption and regeneration experiments, as described

Figure 1 Figure 2

 12 Figure 1

Figure 5 Figure 6

 56 Figure 5

Figure 7 Figure 8 Figure 9 Figure 10

 78910 Figure 7

Figure 11 Figure 12

 1112 Figure 11

Figure 13

 13 Figure 13

  

Table 1 :

 1 Sample nomenclature as a function of the gas composition used for the adsorption step.

Table 2 :

 2 Textural properties of the CuO/SBA adsorbent before and after multicycle adsorption and regeneration experiments, as described in Table1.

adsorbents, especially in post-combustion units, need to face complex gaseous matrix where SO2 adsorption performance has to be maintained.
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