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Hydrothermal aging effects on Cu-zeolite NH 3 -SCR catalyst

After-treatment systems for Diesel vehicles face a challenge for upcoming emission regulations.

Regarding the level of nitrogen oxides (NOx) and soot required the global catalytic activity of the exhaust line needs to be improved. Hydrothermal aging conditions explored during particulate filter regeneration are very stringent for the deNOx catalyst and can strongly reduce its durability. Ammonia Selective Catalytic Reduction (NH 3 -SCR) systems mainly based on Copper or Iron exchanged zeolite catalysts have emerged as effective technologies to reduce NOx emissions with their durability being continuously improved. In this work, we evaluated the impact of different hydrothermal treatments on a commercial copper-exchanged zeolite catalyst. The goal was to link the catalytic material property changes with catalytic performance changes as a function of both aging duration and temperature. The evolution of the zeolite structure as well as the changes of the copper state were experimentally investigated. Based on a detailed material properties analysis of Cu-zeolite, a semi detailed kinetic model of has been built to quantitatively predicted adsorption and desorption of NH 3 as a function of hydrothermal aging conditions. This work is a first step to bridge the gap between lab analysis conclusions and global reactivity observed in real conditions.

1.

Introduction

Emissions standards in transportation have focused on nitrogen oxides (NOx) abatement in the past years. Removing NOx emitted by lean-burn gasoline and Diesel engines has become one of the main challenges for car manufacturers. One preferred solution for deNOx is ammonia selective catalytic reduction (NH 3 -SCR) based systems which have already been implemented by most automotive companies. The incorporation of these systems downstream of a particulate Filter (DPF) and more recently the combination of filtration function with SCR function in a same device (SCR on filter, SCR-F) subjects the catalytic material to very high temperatures, close to 1000°C [START_REF] Kawakami | High Porosity DPF Design for Integrated SCR Functions[END_REF], due to repeated filter regenerations. Consequently, NH 3 -SCR catalysts need to provide a great efficiency over a wide temperature range and to be durable at temperatures up to 900°C to maintain a good conversion over the complete life of the system. Metal-exchanged zeolite catalysts are commonly used in passenger and light duty diesel vehicles.

Various zeolites with different pore structures have been studied for mobile applications. Copperexchanged zeolites as Cu-MFI [START_REF] Sullivan | Conditions in which Cu-ZSM-5 outperforms supported vanadia catalysts in SCR of NO x by NH 3[END_REF][START_REF] Sjövall | Identification of adsorbed species on Cu-ZSM-5 under NH3 SCR conditions[END_REF], Cu-BEA [START_REF] Auvray | Local ammonia storage and ammonia inhibition in a monolithic copper-beta zeolite SCR catalyst[END_REF], Cu-CHA [START_REF] Kwak | Excellent activity and selectivity of Cu-SSZ-13 in the selective catalytic reduction of NOx with NH 3[END_REF], and iron-exchanged zeolites as Fe-MOR [START_REF] Ma | Propene Poisoning on Three Typical Fe-zeolites for SCR of NO x with NH 3 : From Mechanism Study to Coating Modified Architecture[END_REF], Fe-BEA [START_REF] Ma | Propene Poisoning on Three Typical Fe-zeolites for SCR of NO x with NH 3 : From Mechanism Study to Coating Modified Architecture[END_REF][START_REF] Coq | The simultaneous catalytic reduction of NO and N 2 O by NH 3 using an Fe-zeolite-beta catalyst[END_REF], Fe-MFI [START_REF] Ma | Propene Poisoning on Three Typical Fe-zeolites for SCR of NO x with NH 3 : From Mechanism Study to Coating Modified Architecture[END_REF][START_REF] Long | Superior Fe-ZSM-5 catalyst for selective catalytic reduction of nitric oxide by ammonia[END_REF], Fe-FER [START_REF] Malpartida | CO and NO adsorption for the IR characterization of Fe 2+ cations in ferrierite: An efficient catalyst for NOx SCR with NH3 as studied by operando IR spectroscopy[END_REF] or a mixture of Fe-and Cu-zeolites [START_REF] Stiebels | Cu-CHA/Fe-BEA mixed zeolite catalyst and process for the treatment of NOx in gas streams[END_REF] are evaluated for NH 3 -SCR applications. Initially, the studies in literature focused mostly on finding a catalyst with good NOx conversion as a function of the operating conditions. Currently, the target is to find catalysts combining high activity at low temperatures and durability at high temperatures.

Since the work of Iwamoto [START_REF] Sato | Cu-ZSM-5 zeolite as highly active catalyst for removal of nitrogen monoxide from emission of diesel engines[END_REF] on Cu-ZSM-5, an increasing number of papers has been published, showing an increasing interest of copper-exchanged zeolites for NH 3 -SCR applications. Park et al. [START_REF] Park | Hydrothermal stability of CuZSM5 catalyst in reducing NO by NH 3 for the urea selective catalytic reduction process[END_REF] investigated the hydrothermal stability of Cu-ZSM-5 catalysts at different copper contents. The worst deactivation was found to occur for the under-exchanged samples, even for an aging temperature as low as 600°C, the optimal copper loading lying in the range 3-4 wt%. Lambert et al. [START_REF] Cavataio | Enhanced durability of a Cu/zeolite based SCR catalyst[END_REF] evaluated an improved Cu-zeolite formulation under stringent hydrothermal conditions. The latest state-of-the-art catalyst maintained, a stable deNOx activity at low temperature after ageing at temperatures up to 950°C. Olsson et al. [START_REF] Wilken | Mechanistic investigation of hydrothermal aging of Cu-Beta for ammonia SCR[END_REF] observed no significant changes of the physical structure of their Cu-BEA catalyst after aging but reactivity was altered. They subsequently focused on the oxidation state variations of copper, attributing the activity of their catalyst to Cu 2+ and Cu + sites.

There is a growing interest in copper exchanged chabazites due to their high hydrothermal stability. Hydrothermal aging impacts the zeolite structure and its redox properties as a function of the zeolite structure and consequently leads to the modification of the catalytic activity [START_REF] Ma | Characterization of commercial Cu-SSZ-13 and Cu-SAPO-34 catalysts with hydrothermal treatment for NH 3 -SCR of NOx in diesel exhaust[END_REF] [16]. The presence of water combined to high temperature in exhaust gas promotes the loss of Brönsted acidity and dealumination [START_REF] Silaghi | Challenges on molecular aspects of dealumination and desilication of zeolites[END_REF]. The dealumination process has been found to involve either an hydrolysis mechanism of Al-O bonds [START_REF] Sano | Influence of crystallinity of HZSM-5 zeolite on its dealumination rate[END_REF] [START_REF] Lutz | Investigation and modeling of the hydrothermal stability of technically relevant zeolites[END_REF] or, alternatively, the removal of framework aluminum and migration of framework silicium followed by the self-healing of a silanol nest [START_REF] Marcilly | Acido-Basic Catalysis -Application to Refining and Petrochemistry[END_REF]. Brandenberger et al. [START_REF] Brandenberger | Hydrothermal deactivation of Fe-ZSM-5 catalysts for the selective catalytic reduction of NO with NH 3[END_REF] found that the dealumination mechanism of ironexchanged ZSM-5 zeolites starts with the migration of iron from the exchange positions and then proceeds with a hydrolysis mechanism of the Al-O bonds. Copper ions in exchange positions appear to protect the zeolite structure against dealumination [START_REF] Suzuki | Inhibition of dealumination of ZSM-5 zeolites by alkali metals[END_REF], preventing hydrolysis and structure collapse in the less aged states [START_REF] Grinsted | The relation between deactivation of CuZSM-5 in the selective reduction of NO and dealumination of the zeolite[END_REF], the structure being more flexible and less prone to changes in the presence of Cu 2+ and Al 3+ cations [START_REF] Kucherov | Rearrangement of cationic sites in CuH-ZSM-5 and reactivity loss upon high-temperature calcination and steam aging[END_REF]. However, if the cation is removed from the exchange position, the migration of metallic ions induces the formation of proton exchange sites, which are more easily dealuminated under wet conditions. NOx reduction activity is connected to active copper sites, as changes in its oxidation state were reported during deactivation [START_REF] Yan | Deactivation of Cu/ZSM-5 Catalysts for Lean NOx Reduction: Characterization of Changes of Cu State and Zeolite Support[END_REF]. It was found that during aging Cu 2+ ions can be hydrolyzed to oxo-cations [START_REF] Li | Characterization of Active Species in Cu-Beta Zeolite by Temperature-Programmed Reduction Mass Spectrometry (TPR-MS)[END_REF] and that copper migrates from exchanged positions to form CuO aggregates in the zeolite porosity [START_REF] Park | Hydrothermal stability of CuZSM5 catalyst in reducing NO by NH 3 for the urea selective catalytic reduction process[END_REF]. A loss of zeolite crystallinity was also observed [START_REF] Kharas | Deactivation in Cu-ZSM-5 lean-burn catalysts[END_REF]. As a last point, dealumination promotes the redistribution of the copper ions as they show strong interaction with the alumina clusters. This interaction appears to be the most important for highly deactivated and dealuminated samples and may lead to the formation of CuAl 2 O 4 [START_REF] Bolt | Formation of Nickel, Cobalt, Copper, and Iron Aluminates from α-and γ-Alumina-Supported Oxides: A Comparative Study[END_REF].

In this work, we evaluated the impact of different hydrothermal treatments on a commercial copper-exchanged zeolite catalyst. The objective of this study is to link more precisely the catalytic material modifications with catalytic performance changes as a function of both aging duration and temperature. The mechanism evolution of the zeolite structure, the changes of the copper state and sintering were experimentally investigated.

Experimental

Materials

Parent sample

A commercial NH 3 -SCR washcoated cordierite monolith of 400 cells per square inch (CPSI) cell density was used in this study. Some cores were extracted for aging and subsequent reactivity tests. The catalyst powder used for material characterization was extracted from the monolith by a specific process based on thermal shock in liquid nitrogen. The elemental composition of the sample was determined using X-Ray Fluorescence Thermo Fisher Scientific ARL AdvantX spectrometer. The structure of the zeolite has been determined by X-ray diffraction as BEA zeolite, having a Si/Al ratio of 12 with copper loading of 2.8% (w/w) [START_REF] Kieffer | Characterisation of a Commercial Automotive NH 3 -SCR Copper-Zeolite Catalyst[END_REF].

Hydrothermal treatment

The samples were hydrothermally aged with flowing gas containing 10% oxygen and 10% water vapor introduced at 12 000 h -1 . The aging was carried out in a muffle oven at 600°C for 2 h, at 750°C for 16 h and 64 h, at 850°C for 4 h, 16 h and 64 h, and at 950°C for 1 h and 4 h (see Table 1).

1h 2h 4h 16h 64h 600°C 600_2 750°C 750_16 750_64 850°C 850_4 850_16 850_64

950°C 950_1 950_4

Table 1 -Aged samples reference-names

Catalyst characterization

Micromeritics ASAP 2420 sorption analyzer was used to measure BET surface areas by a static volumetric technique, based on the amount of nitrogen adsorbed at 77K. Prior to the adsorption measurements, the catalyst samples were degassed at 150°C in vacuum. The surface area was calculated using the Brunauer-Emmett-Teller method [START_REF] Brunauer | Adsorption of gases in multimolecular layers[END_REF] and the consistency criteria proposed by Rouquerol et al. for microporous solids [START_REF] Rouquerol | Is the BET equation applicable to microporous adsorbents?[END_REF].

Powder X-Ray Diffraction (XRD) patterns for the catalysts were observed by using a Siemens D5005 X-ray diffractometer with in the Bragg-Brentano geometry with monochromated Cu Kα1 radiation (0,15406 Å).

The 27 Al MAS NMR and 29 Si MAS NMR spectra were measured at 12 kHz using a Bruker Avance 400 spectrometer with 4 mm CPMAS probe.

H 2 -TPR experiments were performed on Micromeritics AutoChem II 2920. The samples were firstly calcined with 20% oxygen in nitrogen at 550°C for 30 minutes to remove water and cooled down to 50ºC. Temperature programmed reduction was carried out in 3% hydrogen in argon, introduced at 15 ml/min, from 50ºC up to 550°C. The samples remained at the final temperature for 30 min. The temperature rate was of 10ºC/min.

CO chemisorption was performed in a DRIFT cell under dynamic conditions on

ThermoOptek Nicolet Nexus1 spectrometer. The sample was pre-treated at 550°C with air (50 ml/min) for 2 h and cooled down to room temperature (reference spectra). A blend of 10% CO (v/v) in air was then introduced to the reactor for 1 hour (CO spectra), followed by 30 min with air.

NO adsorption was performed in IRTF in situ cell under static conditions (vacuum) on

ThermoOptek Nicolet Nexus2 spectrometer. The sample was pre-treated at 450°C for 2 h and cooled down to room temperature under dynamic vacuum (reference spectra). The NO probe molecule was then introduced in increasing amounts in the cell.

The ammonia temperature programmed desorption was carried out on bench flow reactor system using small cylindrical monoliths of 1" diameter and 2" length at 150°C and 30000 h -1

Results and Discussion

Material changes analysis

N 2 isotherm adsorption -BET surface area

For a microporous material as Beta zeolite, the evolution of either the micro-porosity or the BET surface area turns out to be an attractive descriptor of the structure aging process. In order to adapt BET analysis to microporous materials, some authors [START_REF] Rouquerol | Is the BET equation applicable to microporous adsorbents?[END_REF][START_REF] Schneider | Adsorption isotherms of microporous-mesoporous solids revisited[END_REF][START_REF] Schneider | Pore-volume and surface area in microporous-mesoporous solids[END_REF] proposed to modify the classic BET equation or, alternatively, to choose a relevant pressure range for calculation. For a pressure range of 0.05 < P/P 0 < 0.3, Snurr et al. [START_REF] Bae | Evaluation of the BET method for determining surface areas of MOFs and zeolites that contain ultra-micropores[END_REF][START_REF] Walton | Applicability of the BET method for determining surface areas of microporous metal-organic frameworks[END_REF] tested the two consistency criteria proposed by Rouquerol et al. [START_REF] Rouquerol | Is the BET equation applicable to microporous adsorbents?[END_REF] on zeolites and metal-organic frameworks (MOF's), and concluded that the BET theory is acceptable to characterize porous materials with no similarities to the flat surfaces assumed upon the derivation of the BET theory. Consequently, we used these two criteria to compute the variations of surface area induced by hydrothermal treatment. The For a given temperature of aging, the surface area is always decreasing with the increasing time, and for a given duration of aging the surface area is always decreasing with the increasing temperature.

XRD

The XRD diffractograms of Cu-Beta before and after different hydrothermal treatments are shown in Fig. 2. In the 2θ region of 5-50°, diffraction peaks at around 7.6° and 22.4° can be observed, indicating the presence of the Beta phase.

Copper agglomerates as crystalline copper compounds can be detected by XRD if the copper content is not too low. In our patterns, no peak for CuO or Cu 2 O is detected even after strong aging but regarding the low content and high dispersion of copper in the catalyst, the detection limits are probably reached. This fact does not mean that the copper does not agglomerate after The intensity of the specific peaks of BEA zeolite decreases with the hydrothermal treatment showing a loss of crystallinity. It is interesting to point out that aging at temperatures below 800°C does not lead to the collapse of the zeolite structure. By considering the fresh sample as being 100% crystalline, the crystallinity evolution of the aged samples was determined using the two main peaks 2θ = 7,6° and 22,48°of the BEA zeolite. Results are reported in 29 Si MAS NMR Fig. 3 shows the 29 Si MAS NMR spectra of the catalyst for the fresh catalyst and four hydrothermal treatments. The evolution of the coordination of Si atoms and the Si/Al of the framework, provides interesting information on the lattice structure variations. The assignment of the chemical shift of the resonances as well as the Si/Al ratio calculation are based on the work of Camblor [START_REF] Camblor | Characterization of nanocrystalline zeolite Beta[END_REF]. which is assigned to Si(3Si, 1Al) and Si(3Si,1OH) in the zeolite. After hydrothermal treatment, the intensity of the resonances near 100 ppm decreases and the peaks at -111 ppm become smaller and broader. These spectral variations are a characteristic behavior of an increase of framework Si/Al ratio mainly due to dealumination phenomena. The spectra were deconvoluted using the Dmfit software [39] using five Gaussian/Lorentzian lines centered at -115, -111, -104, -100 and -95 ppm, to compute this variation of Si/Al ratio [START_REF] Camblor | Characterization of nanocrystalline zeolite Beta[END_REF]. Based on these results, the theoretical framework Al content of each sample was computed using the chemical formula of zeolite BEA ( 29 Si MAS NMR

27 Al MAS NMR

The spectrum of the fresh sample on Fig. 4-a exhibits a resonance centered near 54 ppm which can be attributed to tetrahedrally coordinated aluminum, Al (IV), in the zeolite framework [START_REF] Maier | Steaming of zeolite BEA and its effect on acidity: a comparative NMR and IR spectroscopic study[END_REF].

No other peak was detected. The catalysts patterns of aged samples presented also a peak at 54 ppm, but the relative intensity of this peak gradually decreased with increasing aging temperature. That means that alumina are removed from their framework tetrahedral positions.

For the samples aged at temperature larger than 750°C, an increasing contribution within aging severity can be noticed around 30 ppm, as can be seen on Fig 4-b. This peak can be attributed to pentahedral extraframework aluminum, Al(V) [START_REF] Yu | Insights into the Dealumination of Zeolite HY Revealed by Sensitivity-Enhanced 27Al DQ-MAS NMR Spectroscopy at High Field[END_REF] A contribution at 0 ppm is also visible for aged samples, increasing with aging severity and is assigned to the well-ordered octahedral extraframework aluminum, Al (VI) [START_REF] Maier | Steaming of zeolite BEA and its effect on acidity: a comparative NMR and IR spectroscopic study[END_REF]. A conclusion from these experiments is that the dealumination and the collapse of the structure seem to occur simultaneously based on XRD, and 29 Si, 27 Al MAS NMR results. However, the loss of microporous volume / surface area is not directly linked to the structural collapse for the low aging conditions (i.e. at 750°C ). The evolution of copper in the zeolite needs to be investigated to understand its interaction with the framework.

IR measurement and H 2 -TPR

The evolution of Cu + and Cu 2+ species in exchanged positions species was studied by IR-CO and IR-NO respectively. For the fresh sample and the low aging conditions : 2h at 600°C and 16h at 750°C, copper is present in exchanged positions. At room temperature, two main bands are noticeable at 2179 and 2152 cm -1 on IR-CO spectra (Fig. 6), these bands are assigned to symmetric and asymmetric vibrations of Cu + -(CO) 2 on isolated Cu + [START_REF] Kefirov | Stabilization of Cu + ions in BEA zeolite: Study by FTIR spectroscopy of adsorbed CO and TPR[END_REF][START_REF] Hadjiivanov | IR study of CO adsorption on Cu-ZSM-5 and CuO/SiO 2 catalysts: σ and π components of the Cu+-CO bond[END_REF]. For the low aged sample (16h at 750°C ), the intensity of these bands decreases showing a loss of copper (I) in exchanged position.

Fig. 6. IR spectra after 30 minutes under 10% CO / air mixture at ambient temperature On IR-NO spectra for high concentration of NO (Fig. 7), the main band is observable at 1902cm -1 assigned to isolated Cu 2+ [START_REF] Parvulescu | Effect of coexchanging with a second metal upon the interaction of nitric oxide with Cu-ZSM-5[END_REF] for the sample aged at 600°C during 2h. Another band visible at 1967cm -1 can be attributed to NO coordinated to associated Cu 2+ ions [START_REF] Chakarova | Coordination state of Cu + ions in Cu-[Al] MCM-41[END_REF]. Regarding the sample aged at 750°C during 16h, the band at 1967cm -1 disappeared, whereas two contributions at 1902cm -1 and 1886cm -1 are visible. The first one is attributed to isolated Cu 2+ and the second to small particles of CuO [START_REF] Hadjiivanov | Identification of neutral and charged N x O y surface species by IR spectroscopy[END_REF]. The presence of CuO seems to be also noticeable on the aged at 2h at 600°C sample and its proportion is increasing on the aged 16h at 750°C sample.

These IR measurements allows us to conclude that the ratio between Cu + and Cu 2+ is evolving in function of aging conditions. A reduction of the proportion of Cu + is visible with toughening aging conditions.

Fig.7. IR spectra for high concentration of NO at ambient temperature

In addition, temperature-programmed reduction of hydrogen was used to investigate the effects of hydrothermal aging on the reducibility of copper species. As shown in Fig. 8, H 2 consumption collected over fresh Cu/zeolites can be divided into two reduction peaks in the range of temperature tested. The first peak, centered at 190°C, can be attributed to the reduction of Cu 2+ to Cu + in exchanged positions and the second located at 350°C, to reduction of Cu + in exchanged positions to Cu 0 [START_REF] Sárkány | Redox chemistry in excessively ionexchanged Cu/Na-ZSM-5[END_REF][START_REF] Ribeiro | Characterisation of CuMFI catalysts by temperature programmed desorption of NO and temperature programmed reduction. Effect of the zeolite Si/Al ratio and copper loading[END_REF]. The low temperature peak is only present on the fresh sample and for the sample aged for 2 h at 600°C. For this last sample, a shoulder near 250°C is also present, meaning that the reduction at low temperature involves not only the reduction of Cu 2+ to Cu + , but also the reduction of CuO to Cu 0 . For the samples aged at 750°C, the low temperature peak is shifted to a temperature around 250°C and can be attributed to the reduction of small copper aggregates [START_REF] Kefirov | Stabilization of Cu + ions in BEA zeolite: Study by FTIR spectroscopy of adsorbed CO and TPR[END_REF]. By increasing temperature and duration of aging, the consumption peaks are shifted toward higher temperatures and become broader indicating a possible formation of copper aggregates and copper aluminate species that are reduced at high temperatures. This formation is indeed likely since dealumination promotes a redistribution of the Cu 2+ ions which can strongly bind to alumina clusters creating aluminate species [START_REF] Yan | Deactivation of Cu/ZSM-5 Catalysts for Lean NOx Reduction: Characterization of Changes of Cu State and Zeolite Support[END_REF]. Regarding our results, the hydrogen consumption decreases and the copper is not completely reduced at high temperatures, as the samples get more aged. This may be explained by the loss of zeolite crystalline structure, sintering and dealumination. The collapse of the zeolite structure damages its porosity and some copper can be sequestered inside the clusters or removed from the catalyst, hence being no longer available to be reduced. This is consistent with the results from Yezerets [START_REF] Li | Characterization of Active Species in Cu-Beta Zeolite by Temperature-Programmed Reduction Mass Spectrometry (TPR-MS)[END_REF], who reported that changes on the metal oxidation state of Cu-zeolite: hydrogen consumption at high temperatures was considered to be due to bulk copper oxide or copper aluminate, formed at high temperature treatment, which also contribute to the decrease easily reducible species content. They also suggested that some copper can be sequestered inside the collapsed zeolite structure, for the more severely aged samples, becoming inaccessible to be reduced.

Combining the results of IR measurements with H 2 -TPR and assuming that no copper oxide is present in the fresh sample, we can propose to compute the evolution of the copper in the different hydrothermal aged samples. The results obtained are shown on Fig. 9. Fig. 9. Evolution of the copper content in function for the different samples

Modeling the impact of hydrothermal aging on reactivity

Surface area hydrothermal aging model

The abovementioned experiments showed that the reactivity of the catalyst is significantly impacted by the different hydrothermal treatments. An important decrease of deNOx performance is observed with the increase of aging temperature. Thus, a model have been developed to link the kinetic constants variations to the catalyst composition evolution. In order to simplify the fitting of kinetic parameters, we limit their dependency to only one variable, the surface area, instead of two, temperature of aging and aging duration. To the best of our knowledge, this approach has not been attempted yet in the case of SCR semi-detailed kinetic modeling. Consequently, we built a model of surface area evolution as a function of hydrothermal aging condition for our experiment conditions.

The decrease of normalized BET surface area (S/S 0 ) appears to follow a power law, as shown in Fig. 10. This behavior is remarkably similar to that reported by Bartholomew on the sintering kinetics of supported noble metals [START_REF] Bartholomew | Sintering kinetics of supported metals: new perspectives from a unifying GPLE treatment[END_REF]. In fact, he suggested a general power law to describe the variation of normalized surface area of the zeolite as a function of aging temperature (T) and duration (t), following the equation :

- 𝒅 � 𝑺 𝑺 𝟎 � 𝒅𝒕 = 𝒌 𝒔 � 𝑺 𝑺 𝟎 - 𝑺 𝒆𝒒 𝑺 𝟎 � 𝒎
This expression allows a wide range of solutions depending on the power 'm'. In our experimental conditions, a value of m=2 provides the most accurate representation of aging. In that case, the normalized surface area writes :

𝑺 𝑺 𝟎 = 𝑺 𝒆𝒒 𝑺 𝟎 + (𝑪 𝟏 + 𝒌 𝒔 𝒕) -𝟏
The calibration in function of the temperature of aging, T, of C 1 , k s and S eq has been done on the 8 different aging conditions using least square method, and the setting has been validated against a supplementary sample hydrothermal aged in the same conditions at 800°C for 8 hours. The results obtained are presented on Fig. 10. 

Reactor and kinetic Model

A model of reactor associated to a kinetic scheme was developed to quantify the impact of hydrothermal aging on the catalytic activity, using LMS Amesim software [START_REF] Mauviot | 0D Modelling: a promising means for after-treatment issues in modern automotive applications[END_REF]. The model is based on the work of Skarlis et al. [START_REF] Skarlis | Multisite modeling of NH 3 adsorption and desorption over Fe-ZSM5[END_REF] with a semi-detailed kinetic scheme [START_REF] Olsson | A kinetic model for ammonia selective catalytic reduction over Cu-ZSM-5[END_REF]. In our approach, the model of monolith was regarded as a series of continuously stirred tank reactors accounting for the impact of axial dispersion on macromixing without impairing CPU time.

The associated kinetic model takes into account ammonia adsorption-desorption. Five ammonia adsorption sites were proposed by Skarlis et al. [START_REF] Skarlis | Multisite modeling of NH 3 adsorption and desorption over Fe-ZSM5[END_REF] for Fe-ZSM-5, to simplify the model description only two sites were considered : σ 1 for weakly bound NH 3 , σ 2 for strongly bound NH 3 .

Table 4 -Global reactions used in the model

The reaction rates constants were described using Arrhenius formalism :

𝒌 = 𝑨 𝒆𝒙𝒑 �- 𝑬 𝒂 (𝜽, 𝑻) 𝑹𝑻 �
For the ammonia adsorption desorption on each site the global reaction rate follows the equation :

𝒓 𝒂𝒅𝒔-𝒅𝒆𝒔 = 𝒌 𝒂𝒅𝒔 𝑪 𝑵𝑯 𝟑 𝜽 𝝈𝒗𝒂𝒄𝒂𝒏𝒕 -𝒌 𝒅𝒆𝒔 𝜽 𝑵𝑯 𝟑
Adsorption was assumed to be a non-activated process, and the desorption was defined using Temkin approach widely used [START_REF] Skarlis | Multisite modeling of NH 3 adsorption and desorption over Fe-ZSM5[END_REF][START_REF] Olsson | A kinetic model for ammonia selective catalytic reduction over Cu-ZSM-5[END_REF][START_REF] Ciardelli | SCR-DeNOx for diesel engine exhaust aftertreatment: unsteady-state kinetic study and monolith reactor modelling[END_REF]:

𝑬 𝒂 𝒅𝒆𝒔𝒐𝒓𝒑 = 𝑬 𝒂 𝒅 𝟎 �𝟏 -𝜶 𝜽 𝑵𝑯 𝟑 �
The parameters adjusted were the ammonia storage capacity for each site, useful to compute NH 3 coverage, the pre-exponential factor for adsorption, the activation energy for desorption and the coverage dependence parameter.

NH 3 -TPD modeling

The reaction rate parameters for ammonia adsorption and desorption were calibrated with a least square method using NH 3 -TPD experiments for five different aging conditions : 2h at 600°C, 16h and 64h at 750°C, 4h at 850°C and 1h at 950°C. Fig. 11 shows the results of the model fitting on ammonia desorption during the temperature slope for these different aging temperatures. In our conditions, when the S/S 0 ratio is higher than 0.7, corresponding to the "low aging states", the reduction of NH 3 storage capacity seems to be directly linked to the decrease of the reducible copper content. For these low aging states, NH 3 storage capacity evolution can be computed using the following empirical equation :

𝑪 𝑵𝑯 𝟑 𝒂𝒈𝒆𝒅 = 𝑪 𝑵𝑯 𝟑 𝒇𝒓𝒆𝒔𝒉 �𝟑 𝑪𝒖 𝑯 𝟐 𝒂𝒈𝒆𝒅 𝑪𝒖 𝑯 𝟐 𝒇𝒓𝒆𝒔𝒉 -𝟐�
where 𝐶 𝑁𝐻 3 𝑎𝑔𝑒𝑑 , 𝐶 𝑁𝐻 3 𝑓𝑟𝑒𝑠ℎ are the storage capacities for the aged and fresh samples and, 𝐶𝑢 𝐻 2 𝑎𝑔𝑒𝑑 , 𝐶𝑢 𝐻 2 𝑓𝑟𝑒𝑠ℎ are the total reducible copper computed from H 2 TPR results for the aged and fresh samples.

The same trend is also visible on desorption energy and coverage factor for sites σ 1 and σ 2 , meaning that not only the number of adsorption sites is lower but also that the strength of sites is reduced.

In the "medium aging" zone, the activation energy values for desorption on σ 1 and σ 2 are kept constant, since the temperatures for maximum ammonia release are relatively constant during "medium aging", near 230°C for σ 1 and near 345°C for σ 2 . The activity decrease appears to mainly be related to the loss of adsorption capacity. For S/S 0 lower than 0.7, a simple correlation with the reduction of surface area, or active sites, can be established :

𝑪 𝑵𝑯 𝟑 𝒂𝒈𝒆𝒅 = 𝑲 � 𝑺 𝑺 𝟎 �
with K close to 300 µmol/g in our conditions.

Concerning the "strongest aging states", when S/S 0 is lower than 0.1, the values of desorption energy for σ 1 need to be reduced, meaning that globally the interactions between ammonia and adsorption site become weaker. The same reduction tendency is also observed for the coverage dependency factors, for both adsorption sites. This behavior is in accordance with the previous observations in material analysis, especially the loss of crystallinity observed on XRD patterns, which implies that the strongest adsorption sites for NH 3 are removed with the strongest hydrothermal treatment.

Conclusions

The aim of this work was to understand the global material changes phenomena appearing during deactivation, mainly surface loss, metal state changes and sintering in a Cu-beta catalyst used for NH 3 -SCR, in order to build a kinetic model accounting for deactivation.

Comparing to protonated zeolites, copper ions in exchanged positions contribute to a primary protection to dealumination. But with the increasing temperature of aging, they easily migrate due to changes in the electronic environment promoted by the presence of water and the hydrolysis of the zeolite structure induce a decrease of the crystallinity. The loss of copper species from exchanged positions promotes sintering that can occur, in the zeolite channel, or directly outside the zeolite framework. The copper sintering contributes to a loss of catalytic active sites, since the copper can be sequestered into large particles or removed from the catalyst.

This phenomenon was highlighted by the loss of reducible copper in H 2 -TPR analysis.

For the studied catalyst and under the investigated conditions, the BET surface area appears to be a relevant descriptor of the hydrothermal aging process. The BET surface area of metalexchanged zeolites can be modeled as a function of temperature and duration of hydrothermal aging by using a model initially developed to describe the evolution of metal dispersion over alumina or silica supports. The equation used for the variations of normalized surface area is applicable to our aging conditions and catalyst but its validity over a wider range of conditions needs to be assessed before it can be applied to every kind of aging process and any metal exchanged zeolite. Indeed, many parameters might have an impact on the form of the equation and parameter calibration, including the muffle oven used, the concentration of water, the structure of the zeolite, the Si/Al ratio and the metal content.

The conclusions from the material analysis have been compared to the parameters variations of a semi detailed kinetic modeling of NH 3 -TPD experiment. Two zones have been identified, the first one for the "low aging states", corresponding to the loss of reducible copper and the second "for the "medium" and "strong aging states" corresponding to the structure collapse evolution. In these zones, the global evolution of the parameters can be directly linked to material evolution.

However, the simple correlations established for ammonia storage capacity variations need to be further investigated, especially with respect to different zeolitic structures, Si/Al ratio and copper loading.

The predicted alteration of zeolite properties are well in accordance with those observed during the material analysis study, confirming the potential of this approach to deal with hydrothermal aging of Cu-zeolites for NH 3 -SCR.

As a last remark, one must keep in mind that this approach is a very simplified one, while hydrothermal aging of metal exchanged zeolites is a very complex process. Further improvement and validation of this method against a wider range of experimental conditions and smaller pore zeolites, such as Cu-SSZ-13, is part of on-going work in our group.

results obtained are shown on Fig. 1 :Fig. 1 .

 11 Fig.1. Normalized BET surface (S/S 0 ) variations in function of hydrothermal aging duration for

Fig. 2 .

 2 Fig.2. X-ray diffraction powder pattern of Cu-Beta for different hydrothermal treatments

Fig. 3 .

 3 Fig.3.29 Si MAS NMR spectra of fresh Cu-Beta sample and hydrothermal aged samples

Fig. 4 . 5 .Fig. 5 .

 455 Fig.4.27 Al MAS NMR spectra of (a) fresh and (b) aged at 850°C during 4h samples

Fig. 8 .

 8 Fig.8. Temperature-programmed reduction profiles of Cu-BEA catalysts for different

Fig. 10 .

 10 Fig.10. Normalized surface areas for different hydrothermal aging. Circle symbols correspond to

Fig. 11 .Fig. 12 .

 1112 Fig.11. Ammonia concentration during TPD experiment. Experimental data are plotted in solid

  

  

  

  

  

Table 2 .

 2 

		22.48°	7.6°	S/S 0
	Fresh	1	1	1

Table 2 -

 2 Crystallinity variations computed from peaks 2θ = 7.6° and 22.48°, and normalized

BET surface (S/S 0 ) variations

3.1.3.

Table 3 ).
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	Hydrothermal aging	600°C 2h	750°C 16h	750°C 64h	850°C 16h	850°C 64h
	S/S 0	0.96	0.74	0.63	0.1	0.05
	Framework Al [µmol/g]	1110	980	790	180	160

Table 3 -

 3 Framework aluminum content variations computed from