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Introduction

Sulfur oxides are gaseous pollutants mainly produced during the combustion of fossil fuels and various industrial processes. Because of their toxic and corrosive character, these emissions have a negative impact on human health and on environment [START_REF] Flagan | Fundamentals of Air Pollution Engineering[END_REF]. European standards intend to reduce SO x emissions through the Industrial Emissions Directive (IED-2010/75/EU), the Medium Combustion Plant Directive (MCPD-2015/2193) and the revised National Emission Ceilings Directive (NEC-2016/2284). When the use of low-sulfur fuels is not possible, abatement technologies can be considered which are based on chemical processes that use high-carbon footprint reagents (lime, caustic soda...), [START_REF] Mathieu | Adsorption of SOx by oxide materials: a review[END_REF], [START_REF]Integrated Pollution Prevention and Control -Reference Document on Best Available Techniques for Large Combustion Plants[END_REF], [START_REF] Jacubowiez | Désulfuration des fumées[END_REF], [START_REF] Safe | SO2 emissions reduction -a new challenge for aluminium smelters[END_REF] and [START_REF] Siagi | An overview of SO2 emissions reduction techniques[END_REF]. However, such technologies are energyintensive and generate solid by-products whose reprocessing costs highly exceed those of land…ll.

Regenerable solid sorbent materials are thus a promising alternative for SO x trapping, although this approach has been hampered so far by the lack of viable and cost-e¤ective processes due to the insu¢ cient lifetime of the sorbent material. Up to now, mesoporous silicas like SBA-15, MCM-48, MCM-41, MSU-H and KIT-6 have received much attention in such trapping experiments due to their high surface area and large pore volume. Di¤erent combinations of porous materials and of metals have been designed and tested: Zn-Al mixed oxide from Zn-Al LDH in [START_REF] Wu | High-sulfur capacity and regenerable Zn-based sorbents derived from layered double hydroxide for hot coal gas desulfurization[END_REF], SmMeOx (Me = Fe, Co and Zn) on MCM-41 or SBA-15 in [START_REF] Liu | 18O2 mechanism of sulfur generation and characterization inproperties over mesoporous Sm-based sorbents for hot coal gas desulfurization[END_REF], Mn-Ca on MSU-H with di¤erent Mn/Ca molar ratios in [START_REF] Xia | High H2O-resistance CaO-MnOx/MSU-H sorbents for hot coal gas[END_REF], FeMn4Ox on MCM-41 in [START_REF] Zhang | Formation of (FexMn2x)O3 solid solution and high sulfur capacity properties of Mn-based/M41 sorbents for hot coal gas desulfurization[END_REF], nickel on mesoporous AlKIT-6 (Si/Al = 15, 25, 50, 100) in [START_REF] Subhan | The enhanced adsorption of sulfur compounds onto mesoporous Ni-AlKIT-6 sorbent, equilibrium and kinetic analysis[END_REF], among other papers, see also the references in these papers and the review [START_REF] Khan | Adsorptive removal of hazardous materials using metal-organic frameworks (MOFs): A review[END_REF]. Mesoporous materials have also been designed and functionalized to trap or release other materials: periodic mesoporous organosilicas for methylene blue trapping and anticancer drug release in [START_REF] Wu | Synthesis, bifunctionalization, and remarkable adsorption performance of benzene-bridged periodic mesoporous organosilicas functionalized with high loadings of carboxylic acids[END_REF], COOH-functionalized mesoporous silica (especially 3C-CAR-10) for heavy metal ions trapping in [START_REF] Shieh | Sizeadjustable annular ring-functionalized mesoporous silica as e¤ective and selective adsorbents for heavy metal ions[END_REF]. In a di¤erent context, crystalline mesoporous TiO 2 …lms were built in [START_REF] Chen | Fabrication and characterization of plastic-based ‡exible dye-sensitized solar cells consisting of crystalline mesoporous titania nanoparticles as photoanodes[END_REF] to serve as ‡exible dye-sensitized solar cell. Mesoporous titania thin …lms were synthesized in [START_REF] Liao | Synthesis of mesoporous titania thin …lms (MTTFs) with two di¤erent structures as photocatalysts for generating hydrogen from water splitting[END_REF] to generate hydrogen from water splitting as photocatalysts. A review of the synthesis strategies of mesoporous SBA-15 supported catalysts for catalytic reforming applications is presented in [START_REF] Singh | Advanced synthesis strategies of mesoporous SBA-15 supported catalysts for catalytic reforming applications: A stateof-the-art review[END_REF].

In the present study, a CuO/SBA-15 sorbent material was considered, as copper oxide exhibits a good activity both towards the catalyzed oxidation of SO 2 into SO 3 and the chemisorption of SO 3 as CuSO 4 , which can be converted back to CuO under a relatively mild thermal treatment (e.g. pure nitrogen at 600 C), [START_REF] Pollack | Properties of copper/alumina sorbents used for the removal of sulfur dioxide[END_REF], [START_REF] Waqif | Nature and mechanism of formation of sulfate species on Cu/Alumina sorbent-catalysts for SO2 removal[END_REF], [START_REF] Centi | Development of copper-on-alumina catalytic materials for the cleanup of ‡ue gas and the disposal of diluted ammonium sulfate solutions[END_REF], [START_REF] Yoo | Regeneration of sulfated alumina support in CuO/ -Al2O3 sorbent by hydrogen[END_REF], [START_REF] Macken | Testing of the CuO/Al2O3 catalyst-sorbent in extended operation for the simultaneous removal of NOx and SO2 from ‡ue gases[END_REF], [START_REF] Buelna | Combined removal of SO2 and no using sol gel derived copper oxide coated alumina sorbents/catalysts[END_REF], [START_REF] Gavaskar | Dry regenerable metal oxide sorbents for SO2 removal from ‡ue gases. 1. Development and evaluation of copper oxide sorbents[END_REF], [START_REF] Flores | Thermogravimetric studies on the e¤ect of support in sorbentmaterials applied to ‡ue gas desulfurization[END_REF], [START_REF] Mathieu | Mesoporous materials for the removal of SO2 from gas streams[END_REF], [START_REF] Gaudin | CuO/SBA-15 materials synthesized by solid state grinding: in ‡uence of CuO dispersion and multicycle operation on DeSOx performances[END_REF], [START_REF] Gaudin | Highly dispersed copper species supported on SBA-15 mesoporous materials for SOx removal: in ‡uence of the CuO loading and of the support[END_REF] and [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], among an abundant literature. SBA-15 is currently developed by the industrial partner of the present study for SO x trapping under the industrial conditions which are indicated below. Few milligrams of CuO/SBA-15 were placed on a silica frit inside a vertical tubular furnace whose reacting zone was held at a given isothermal temperature. A mixture of SO 2 and air was continuously injected in the reactor with the same fraction of SO 2 and the SO 2 emissions were continuously measured in the exhaust line.

The purpose of this paper is to present two global models which account for the SO 2 trapping process performed on CuO/SBA-15 sorbent material under di¤erent isothermal temperatures (between 325 and 400 C), di¤erent in ‡ow SO 2 concentrations (between 250 and 750 ppm) and di¤erent sorbent masses (between 37 and 217 mg). These experimental conditions are representative of industrial ones which are considered in gas turbines. A model with a single type of trapping sites and a model with surface and bulk trapping sites are presented. The global models which are presented intend to simulate the breakthrough curves at least up to t 75 , the time when the SO 2 emissions reach 75 ppm. The simulations returned by these two models are discussed and also compared to that returned by a model of the literature involving a unique type of trapping sites but accounting for bulk di¤usion.

These models are called global ones as they do not consider di¤erent levels inside the material. These global models only assume SO 2 to SO 3 oxidation and SO 2 =SO 3 trapping.

Only the simulation of the trapping and sulfation processes is presented in the present study. The regeneration process has been described in [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] under a reducing atmosphere (0.5 vol% of H 2 in N 2 at 300 or 400 C) and only SO 2 emissions were observed during such regeneration processes.

But this regeneration process is not simulated in the present study.

Materials and methods

Preparation of the CuO/SBA-15 sorbent material

A SBA-15 ordered mesoporous silica was synthesized following a procedure described in [START_REF] Zhao | Triblock copolymer syntheses of mesoporous silica with periodic 50 to 300 angstrom pores[END_REF]. The CuO/SBA-15 sorbent material was then prepared through a wet impregnation in water with copper nitrate trihydrate precursor to obtain a CuO loading of 14.1 wt%, as determined through XRF analysis.

The physical characteristics of this sorbent material are described in [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] and [START_REF] Berger | Matériaux adsorbants pour la désulfuration des fumées industrielles : synthèse et étude des performances en milieux gazeux complexes[END_REF].

SO 2 trapping experiments

The experimental conditions which are described below are representative of the industrial conditions which are considered in gas turbines for which the present study has been performed.

After preparation, the copper-doped CuO/SBA-15 material was a powder of micrometric size. To avoid overpressure problems due to blockage in the reactor, it was necessary to pelletize this powder (at 0.25 t cm 2 and during 2 min) and then to crush and sieve the resulting pellets to a size range 255-350 m. This sorbent material was deposited on a fused silica frit in a 6 mm diameter quartz reactor, which was placed in the isothermal zone of a vertical tubular furnace (Hermann-Moritz). The temperature was held at a constant temperature between 325 and 400 C. Di¤erent sorbent masses between 37 and 217 mg were deposited. A gaseous stream of nitrogen containing SO 2 (between 250 and 750 ppm) and O 2 (10 vol%) was injected in the reactor. The in ‡ow gas temperature was measured with a K-type thermocouple placed 0.5 cm upstream of the sorbent bed in the reactor. The gas ‡ow rate was taken equal to 14 SLPH (standard liter per hour) for a gas hourly space velocity of 25,000 h 1 . The out ‡ow gas from the reactor was sent, via a heated line, into a permeation box to further dry the gas mixture before entering the gas analyzers. The SO 2 mole fraction at the reactor out ‡ow was monitored by an UV analyzer (Rosemount X'Stream 0-2%). The SO 3 emissions were not monitored in the exhaust gas. However the true capacities of SO x trapping were checked through two complementary procedures. The …rst one is based on TGA experiments. Few successive cycles (adsorption/desorption) were performed on the sorbent material in a thermobalance using the same experimental conditions than that used for the …xed bed experiments. The mass trapped during the sorption step was observed to correspond to the mass loss during the desorption step. Moreover the adsorption capacity calculated from the TGA experiment corresponded to that obtained from the …xed bed experiment. The second procedure is based on …xed bed experiments. A reducing atmosphere (H 2 ) was used to decompose the sulfate during the desorption step. When switching from the adsorption step to the desorption step once the outlet SO 2 mole fraction was equal to 75 ppm, i.e. at the beginning of SO 2 breakthrough, the subsequent SO 2 emissions due to sulfate decomposition during the desorption step were exactly equal to the amount of SO 2 trapped during the adsorption step. This was a proof that only SO 2 is released during the desorption step and this allows to determine accurately the 'true'adsorption capacity from the desorption curve. This was also a proof that no SO 3 is emitted during the …rst part of the adsorption step (until 75 ppm SO 2 are emitted).

Experimental results

Dependence on the isothermal temperature

The evolution with respect to time of the SO 2 concentrations measured in the exhaust gas exhibits the typical shape presented in Fig. 1, according to an isothermal temperature respectively equal to 325, 350, 375 or 400 C.

The inlet SO2 concentration was taken equal to 250 ppm and around 148 mg of sorbent material were placed on the frit for each experiment.

Whatever the isothermal temperature, the whole injected SO 2 is trapped in the sorbent material during the …rst stage of the experiments. The time length of this …rst stage increases with the isothermal temperature. In a second stage, the SO 2 emissions rapidly increase and this second stage lasts until the level of SO 2 emissions approximately reaches 100 ppm. Then the increase rate is much lower in a third stage. The breakthrough curves never reach a constant level. At the end of each experiment (10,800 s), less than 250 ppm of SO 2 are indeed being emitted, which suggests that neither the trapping process nor the chemical reactions never really end. In fact, at the end of the trapping process, when the SO 2 injection was stopped, no SO 2 emissions were observed and such a behavior proves that the sulfates are very slowly being decomposed.

In parallel to the SO 2 emissions, SO 3 is also being emitted along the process. Once the saturation is reached, one should observe the balance: X SO 2;inlet = X SO 2;outlet + X SO 3;outlet . Because the SO 3 emissions were not measured, it is not possible to get an accurate estimate of this SO x balance.

Dependence on the SO 2 concentration in the injected gas

The in ‡uence of the SO 2 concentration in the injected gas on the SO 2 emissions is described in Fig. 2. Around 150 mg of sorbent material were placed on the frit and the isothermal temperature was taken equal to 350 C. These breakthrough curves present similar trends as that of Fig. 1. In Fig. 2, the SO 2 emissions start earlier with a higher increase when the injected SO 2 concentration increases.

Dependence on the mass of sorbent material

The in ‡uence of the mass of sorbent material is analyzed in Fig. 3. 250 ppm of SO 2 are continuously injected in the reactor submitted to an isothermal temperature of 350 C. When the sorbent mass increases, the SO 2 emissions start at higher times, as more sorbent is able to trap more SO 2 .

From an industrial point of view, only the …rst stage of the breakthrough curves is interesting, that is up to t 75 , the time when the SO 2 emissions reach 75 ppm. From Figs 1,2 and 3, t 75 obviously depends on the isothermal temperature, on the mass of sorbent and on the injected SO 2 concentration.

The time at which the SO 2 emissions reach 75 ppm is equal to 1638, 1903, 2970 and 4040 s, for an isothermal temperature of 325, 350, 375 and 400 C, respectively. This time increases with respect to the isothermal temperature.

The time at which the SO 2 emissions reach 75 ppm is equal to 2715, 1267 and 722 s, for an injected SO 2 concentration of 250, 450 and 750 ppm, respectively. This time strongly decreases with respect to the injected SO 2 concentration.

The time at which the SO 2 emissions reach 75 ppm is equal to 355, 516, 1034, 1531, 1611, 2060, 3908 and 5069 s, for a sorbent mass of 37, 49, 75, 101, 103, 139, 180 and 217 mg, respectively. This time strongly increases with respect to the sorbent mass.

A global model with a single type of trapping sites

Description of the model

A global mechanism is …rst proposed which accounts for the evolution of both SO 2 and SO 3 concentrations through the bed along the trapping process. The model which is here presented has already been elaborated in another context dealing with N O x trapping on heteropolyacids, see [START_REF] Labaki | Simulation of NO and NO2 sorption-desorption-reduction behaviours on Pt-impregnated HPW supported on TiO2[END_REF]. The …rst main hypothesis of this model is that the sorption rate is proportional to the number of available trapping sites. The second main hypothesis is that the oxidation and trapping processes can be directly realized on each copper site. The copper sites CuO S interact with SO 2 through a cooperative reaction:

SO 2 + 1 2 O 2 krev k dir SO 3 , SO 3 + CuO S k des k ads CuSO S 4 ;
where k ads is the adsorption constant rate (s 1 ), k dir is the oxidation constant rate (s 1 ), k rev is the reduction constant rate (s 1 ) and k des is the desorption constant rate (s 1 ). These kinetic constants may depend on the isothermal temperature but should be independent of the sorbent mass and of the SO 2 concentration injected at the entrance of the bed. The desorption reaction associated to the kinetic constant k des will be ignored in the present study.

The concentrations of SO 2 and SO 3 are supposed to evolve through the bed according to:

8 > > > > < > > > > : @X SO 2 @z (z; t) = C k rev (y 1 y (z; t)) X SO 3 (z; t) k dir (y 1 y (z; t)) X SO 2 (z; t) (X O 2 ) 0:5 ; @X SO 3 @z (z; t) = C 0 @ k rev (y 1 y (z; t)) X SO 3 (z; t) +k dir (y 1 y (z; t)) X SO 2 (z; t) (X O 2 ) 0:5 k ads (y 1 y (z; t)) X SO 3 (z; t) 1 A ; (1) 
where X SOx is the mole fraction of SO x (SO 2 or SO 3 ) in the gas phase, y 1

is the maximal saturation capacity of the material (g SO 2 g 1 sorbent ), y is the fraction of sites available for trapping (g

SO 2 g 1 sorbent ), C = V m S =DvM SO 2 ,
V m being the molar volume (m 3 mol 1 ), S the bed section (m 2 ), the sorbent material density (kg sorbent m 3 ), Dv the gas ‡ow rate (Nm 3 s 1 ) and M SO 2 the SO 2 molar weight (64.064 g mol 1 ).

The boundary conditions are: X SO 2 (0; t) = X SO 2 ;0 , a …xed value depending on the experimental conditions and X SO 3 (0; t) = 0 at the entrance of the bed.

The evolution with respect to time of the fraction y of sites available for trapping is written as:

@y @t (z; t) = k ads (y 1 y (z; t)) X SO 3 (z; t) : (2) 
The initial condition is:

y (z; 0) = 0 (g SO 2 g 1 sorbent ).
The maximal saturation capacity y 1 of the material has been determined through a thermogravimetric analysis performed in a thermobalance TA Q500: y 1 = 0:140 g SO 2 g 1 sorbent .

A coupled system of …rst-order di¤erential equations has thus to be solved, with respect to the spatial variable (along the bed height) or to time. The bed is decomposed in N z layers of thinness dz = L=N z , where L is the bed height (few centimeters). A number N t of times (t j ) j=1;:::;Nt regularly distributed along the overall experiment time length t max (approximately equal to 10,800 s) are selected which leads to a time step equal to dt = t max =N t .

In the present study N z and N t have been taken equal to 100. The two …rst equations (1) for the SO x concentrations are solved using the explicit Euler method, …rst with initial guesses of the two kinetic constants k ads and k dir (progression inside the bed). The last equation (2) for the fraction y of available copper sites is solved using the explicit Euler method with these initial values of the kinetic constants (progression with respect to time). The optimal values of the kinetic constants are then determined using the routine data…t in Scilab and minimizing a weighted di¤erence between the experimental (X SO 2 ) exp (L; t j ) and simulated (X SO 2 ) sim (L; t j ) SO 2 concentrations in the exhaust gas, taken as:

Nt X j=1 w (j) (X SO 2 ) exp (L; t j ) (X SO 2 ) sim (L; t j ) 2 ; ( 3 
)
where w is the weight function equal to 100 for the times less than t 75 and greater than 8000 s and to 1 for the other times. Thus doing, the algorithm is forced to reduce the di¤erence between the experimental and simulated breakthrough curves at the beginning (up to t 75 ) and at the end of the experiments.

Simulations for the four isothermal temperatures

For these experiments, 250 ppm of SO 2 were continuously injected at the entrance of the bed: X SO 2 (0; t) = 250 ppm and the sorbent mass which was placed in the reactor was approximately equal to 148 mg. The optimal values of the kinetic constants are given in Table 1, for each isothermal temperature.

The simulated capacity y 1;sim at t max is computed through:

(y 1 ) sim = D V M SO 2 V m m cata t max X SO 2;inlet Z tmax 0 (X SO 2 ) sim (L; t) dt ; (4) 
where m cata is the sorbent mass. This value has to be compared to the experimental capacity y 1;exp at t max computed through:

(y 1 ) exp = D V M SO 2 V m m cata t max X SO 2;inlet Z tmax 0 (X SO 2 ) exp (L; t) dt (5) 
and to the maximal saturation capacity equal to 0.140 g SO 2 g 1 sorbent .

Table 1 -Optimal values of the three kinetic constants (s 1 ) for the four isothermal temperatures, experimental ((y 1 ) exp ) and simulated ((y 1 ) sim ) capacities (g SO 2 g 1 sorbent ) of the material at t max , times t 75 at which the SO 2 emissions reach 75 ppm and maximal di¤erences (max. di¤. in ppm) between the experimental and simulated SO 2 emissions at the exit of the bed. The simulated and experimental capacities at t max increase with respect to the isothermal temperature and remain close whatever this temperature, the simulated one being always slightly greater than the experimental one.

T ( C) k ads k dir k rev ( y 
Observe that the experimental capacities (y 1 ) exp at t max never reach the maximal saturation capacity equal to 0.140 g SO 2 g 1 sorbent , but, for an isothermal temperature equal to 400 C, the simulated capacity (y 1 ) sim at t max is close to this maximal saturation capacity. This means that the trapping process in not complete at the end of the experiments.

The time t 75 at which the SO 2 emissions reaches 75 ppm is much higher in the simulations than in the experiments, whatever the isothermal temperature.

With the values of the kinetic parameters given in Table 1, the simulations obtained with this global model are presented in Fig. 4 emissions with this global model with a single type of sites, adding the pa-rameter k des with a small value (simulations not presented). But adding this parameter k des implies that when the SO 2 injection is stopped, some SO 2 emissions could still occur from the decomposition of copper sulfates. However, as already mentioned, this phenomenon has not been observed during the experiments.

A model for SO 2 trapping accounting for bulk di¤usion

In the literature, di¤erent models are proposed which intend to simulate the SO 2 trapping process on sorbent materials doped with copper. These models focus on the SO 2 emissions at the exit of the reactor and they are essentially based on the description of the chemical reaction which occurs in the gas ‡ow and of the trapping process around the sorbent material but also inside the sorbent material particle. The most complicated models indeed consider systems of equations associated to both processes. The simpli…ed models integrate the balance equations inside the particle to obtain a boundary condition at the surface of this particle. These models do not simulate the SO 3 emissions at the exit of the reactor.

In [START_REF] Lin | Removal of trace sulfur dioxide from gas stream by regenerative sorption processes[END_REF], the authors proposed a model based on the two equations:

8 > < > : @X SO 2 @t (z; t) D L @ 2 X SO 2 @z 2 (z; t) u @X SO 2 @z (z; t) = 1 " " q ( 
z; t) ; @y @t (z; t) = q (z; t) ;

where D L is the axial di¤usion coe¢ cient (cm 2 s 1 ), u is the interstitial gas velocity (cm s 1 ), " is the bed porosity, y is the SO 3 or CuSO 4 concatenation in the sorbent material (mol cm 3 ) and q is the SO 2 consumption rate by the sorbent material (mol cm 3 s 1 ). The authors gave the expression of the consumption rate q: q = k 0 P SO 2 (y 0 y) 2 = (1 + cP SO 2 ), where k 0 is the SO 2 reaction rate constant (s 1 ) to be determined, P SO 2 is the partial SO 2 pressure in the gas phase (atm), c is the sulfation rate constant (atm 1 ) and y 0 is the concatenation of active CuO available for sulfation or maximal attainable SO 3 concatenation in solid phase (mol cm 3 ). The partial SO 2 pressure P SO 2 may be written as P SO 2 = X SO 2 ;0 RT X SO 2 using the classical relation of ideal gases.

The boundary conditions are:

@X SO 2 @z (L; t) = 0 and X SO 2 (0; t) = X SO 2 ;0 + D L Lu @X SO 2 @z
(0; t). The initial conditions are: X SO 2 (z; 0) = 0 = y (z; 0).

In their paper, the authors …rst changed the variables and the unknowns to the adimensional ones:

X = C C 0 , Y = S S 0 , = z L , = tu L ;
where C 0 is the SO 2 concentration in the feed gas (mol cm 3 ), S is the CuSO 4 concatenation in the solid phase (mol cm 3 ), S 0 is the concatenation of active CuO available for trapping (mol cm 3 ) and L is the bed height (cm). They ended with the system of semilinear di¤erential equations:

8 > < > : @X @ ( ; ) @ 2 X @ 2 (z; t) @X SO 2 @ (z; t) + R (X; Y ) = 0; @Y @ ( ; ) = 1 " " R (X; Y ) ; with = D L Lu , R (X; Y ) = L u k 0 (C 0 ) 2 RT X 1 + cRT C 0 S 0 C 0 Y 2 :
The initial and boundary conditions are now written as:

X ( ; 0) = 0; Y ( ; 0) = 0; @X @ (1; ) = 0; X (0; ) D L Lu @X @ (0; ) = 0:

In their paper, the authors used a collocation method to solve this problem. A Crank-Nicolson method may also be applied for the resolution of the …rst one and an implicit Euler method for the second one. Introducing a time step d , a space mesh d and the approximate value X i;j = X (id ; jd ), the above di¤erential equations are approximated as:

8 > > > > > < > > > > > : X i;j X i;j 1 d 2 X i+1;j + X i 1;j 2X i;j d 2 2 
X i+1;j 1 + X i 1;j 1 2X i;j 1 d 2 X i+1;j X i 1;j 2d X i+1;j 1 X i 1;j 1 2d + R (X i;j ; Y i;j ) = 0; Y i;j Y i;j 1 d = R (X i;j ; Y i;j ) :
The …rst equation of this nonlinear system has to be adapted at both ends of the space interval (0; 1) according to the imposed boundary conditions. As expected, this model which accounts for bulk di¤usion returns breakthrough curves which present a smooth shape whatever the isothermal temperature. This model returns better simulations for the intermediate isothermal temperatures of 350 and 375 C than for the two extreme temperatures.

In both cases, the breakthrough curves returned by this model start earlier and do not really follow the high rates observed in the second stage of the experimental breakthrough curves. Whatever the temperature, this model predicts that SO 2 is emitted even during the …rst stage of the trapping process and such a behavior is not observed experimentally, as no SO 2 emissions occur during the …rst stage, see Fig. 1. This model suggests that di¤usional limitations are at work during the whole trapping process and this is not consistent with the experimental situation.

Other models with di¤usion have been introduced which also involve an intraparticle di¤usion, see [START_REF] Li | A numerical modelling study of SO2 adsorption on activated carbons with new rate equations[END_REF], for example.

A global model with surface and bulk trapping sites

The 

Description of the model

The trapping process is here decomposed in two possibly superimposing reaction schemes:

SO 2 is …rst oxidized to SO 3 in the gas phase. Then SO 3 is trapped on a copper site to produce CuSO 4 (cooperative scheme).

The oxidation and trapping processes are directly realized on a copper site (global scheme).

Two kinds of copper sites will be considered. First, surface sites CuO 1 can easily trap interact with SO 2 through a unique and global reaction:

SO 2 + 1 2 O 2 + CuO 1 k ads;1 k des;1 SO 3 + CuSO 1 4 :
Second, the surface CuO 1 and bulk CuO 2 sites can interact with SO 2 through a cooperative reaction:

SO 2 + 1 2 O 2 + CuO 1;2 krev k dir SO 3 + CuO 1;2 , SO 3 + CuO 1;2 k des;2 k ads;2 CuSO 1;2 4 :
No hypotheses are imposed on the distribution of the (surface or bulk) sorption sites in the material. Throughout the present study, the reverse reactions involving the kinetic parameters k des;1 and k des;2 will not be considered, see the above discussion concerning the model with a single type of trapping sites. The variations of the SO 2 and SO 3 concentrations along the bed height are expressed as follows:

8 > > > > > > > > > > > > > > > > < > > > > > > > > > > > > > > > > : @X SO 2 @z (z; t) = C 0 B B B B @ k ads;1 (y 1;1 y 1 (z; t)) X SO 2 (z; t) (X O 2 ) 0:5 k dir (y 1;1 + y 1;2 y 1 (z; t) y 2 (z; t)) X SO 2 (z; t) (X O 2 ) 0:5 +k rev y 1;1 + y 1;2 y 1 (z; t) y 2 (z; t) X SO 3 (z; t) 1 C C C C A ; @X SO 3 @z (z; t) = C 0 B B B B B B @ k dir y 1;1 + y 1;2 y 1 (z; t) y 2 (z; t) X SO 2 (z; t) (X O 2 ) 0:5 k rev y 1;1 + y 1;2 y 1 (z; t) y 2 (z; t) X SO 3 (z; t) k ads;2 y 1;1 + y 1;2 y 1 (z; t) y 2 (z; t) X SO 3 (z; t) 1 C C C C C C A : (6) 
The boundary conditions are: X SO 2 (0; t) = X SO 2 ;0 a given value at the entrance of the bed (ppm) depending on the experiments, X SO 3 (0; t) = 0 at the entrance of the bed (ppm).

The evolutions with respect to time of the fractions of sites available for trapping are respectively written as:

8 > < > : @y 1 @t (z; t) = k ads;1 (y 1;1 y 1 (z; t)) X SO 2 (z; t) (X O 2 ) 0:5 +k ads;2 (y 1;1 y 1 (z; t)) X SO 3 (z; t) ; @y 2 @t (z; t) = k ads;2 (y 1;2 y 2 (z; t)) X SO 3 (z; t) ; (7) 
where y i is the fraction of sites i (g SO 2 g 1 sorbent ) and y 1;i is the maximal saturation capacity of the material for sites i (g SO 2 g 1 sorbent ), i = 1; 2, with y 1;1 + y 1;2 = y 1 . The maximal saturation capacity y 1;1 of surface sites is a parameter to be determined for the chosen trapping experiment. y 1;1 expresses the fraction of sites which are more easily and quickly accessible for SO 2 , in complement to y 1;2 which expresses the fraction of less accessible sites. The saturation capacity of surface sites y 1;1 essentially depends on the di¤usion of the species inside the material.

The initial conditions are: y i (z; 0) = 0, i = 1; 2.

Simulations for the four isothermal temperatures

The maximal saturation capacity y 1 is equal to 0:140 g SO 2 g 1 sorbent , as determined through a thermogravimetric analysis.

The problem ( 6)-( 7) is solved with the Euler explicit method alternatively in the bed or time directions. To determine the optimal values of the kinetic parameters, the di¤erence between the experimental and simulated breakthrough curves to be minimized in the Scilab routine data…t has been chosen as

N X j=1 w (j) (X SO 2 ) exp (t j ; L) (X SO 2 ) sim (t j ; L) 2 ;
where w is the weight function equal to 100 for the times less than t 75 and greater than 8,000 s and to 1 for the other times.

The optimal values of the kinetic constants for the four isothermal temperatures but for one SO 2 concentration in the inlet gas (250 ppm) and one amount of sorbent material (148 mg) are gathered in Table 2.

Table 2 -Optimal values of the kinetic constants (s 1 ), ratio y 1;1 =y 1 (%) between the saturation capacity of surface sites CuO 1 at t max and the maximal saturation capacity of the material, times t 75 at which the SO 2 emissions reach 75 ppm and maximal di¤erence (ppm) between the simulated and experimental SO 2 concentrations at the exit of the reactor. With the optimal values of the kinetic parameters gathered in Table 2, the simulated SO 3 emissions are gathered in Fig. 7.

T ( C) k

SO 3 remains trapped in the same time range as SO 2 . The SO 3 emissions remain very low (up to 4 ppm), whatever the isothermal temperature. The simulated SO x emissions (SO 2 +SO 3 ) and the curves describing the evolution with respect to time of the fractions y 1 and y 2 of surface and bulk sites are presented in the supplementary material. The values of the experimental and simulated maximal capacities at t max and the maximal di¤erence between the experimental and simulated SO 2 concentrations at the exit of the reactor are gathered in Table 3. The maximal relative di¤erence between the experimental and simulated times t 75 at which the SO 2 emissions reach 75 ppm is at most equal to 10%, essentially for the experiment concerning 150 mg.

With this global model assuming surface and bulk trapping sites, the SO 2 emissions are quite well reproduced, whatever the amount of sorbent. Fig. 9 gathers the experimental and simulated breakthrough curves for 49 mg of sorbent placed in the reactor. The simulations returned for other sorbent masses are presented in the supplementary material.

The model with surface and bulk trapping sites again well simulates the …rst stage of the sorption process, that is up to t 75 , which is the main purpose of the present study. in N 2 , with a gas hourly space velocity of 25,000 h 1 . This maximal sorption capacity was observed to very slightly decrease with the cycle number. These experimental observations prove that the sorbent material presents almost the same performance when submitted to sorption/regeneration cycles. As a consequence, the breakthrough curves in over multiple cycles should be simulated using the model which was presented. But of course, the values of y 1 has to be changed along the di¤erent cycles to take into account the slightly decreasing sorption performance of the material. This decrease is surely linked to the diminution of the number of sorption sites available in the material along the cycles due to sintering. The regeneration process of the sorbent material under nitrogen has to be modelled.

Conclusion

Figure 1 :

 1 Figure 1: Emitted SO 2 mole fractions versus time, for the isothermal temperature of 325 (blue line), 350 (orange points), 375 (black dash) and 400 C (red long dash).

Figure 2 :

 2 Figure 2: Emitted SO 2 mole fractions for three SO 2 injected concentrations: 250 (blue line), 450 (red points) and 750 ppm (black dashed).

Figure 3 :

 3 Figure 3: In ‡uence of the mass of material on the SO 2 emissions.

  1 ) exp (y 1 ) sim t 75 max. di¤. The kinetic parameter k ads decreases with the temperature obeying an Arrhenius law k ads = 0:048 exp (47701:1=R (T + 273:15)) with a determination coe¢ cient equal to 0.99. The kinetic parameter k dir increases with the

Figure 4 :

 4 Figure 4: Experimental (blue) and simulated (red) SO 2 emissions with the global model (1 site) for isothermal temperature of 325 C.

  for the isothermal temperature of 325 C. The simulations returned for the other isothermal temperatures of 350, 375 and 400 C are presented in the supplementary material. The global model with a single type of sites gives a quite poor simulation of the SO 2 emissions. It is possible to improve the simulations of the SO 2

Figure 5 :

 5 Figure 5: Experimental (blue) and simulated (red) SO 2 emissions with the model from Lin et al. for the injected SO 2 concentration of 250 ppm and for the isothermal temperature of 325 C.

  simulations returned by the global model with a single type of trapping sites and that returned by the model which accounts for bulk di¤usion do not perfectly agree with the experimental results. The global model with a single type of trapping sites fails to simulate the adsorption curves after the breakthrough as no di¤usional limitations are accounted for. The model with di¤usion strongly underestimates the SO 2 adsorption before the breakthrough due to di¤usional limitations. Considering the two previous remarks, one could suggest that a model accounting for two types of sites should be more relevant. Hence a global model with surface (CuO 1 ) and bulk (CuO 2 ) trapping sites is now considered. Fast trapping (surface CuO 1 ) sites may indeed act in the …rst stage of the trapping process. Then low trapping (bulk CuO 2 ) sites may participate to the trapping process together with the fast trapping ones.

Figure 6 :

 6 Figure 6: Experimental (blue) and simulated (red) SO 2 emissions with the global model (2 sites) for isothermal temperature of 325 C.

Figure 7 :

 7 Figure 7: Simulated SO 3 emissions at the exit of the bed as returned by the global model with two types of sites, for the isothermal temperature of 325 (blue lines), 350 (red points), 375 (black dashed) and 400 C (yellow large dashed) and for the injected SO 2 concentration of 250 ppm and an amount of 148 mg of sorbent material.

Figure 8 :

 8 Figure 8: Experimental (blue) and simulated (red) SO 2 emissions with the global model with two types of sites, for the isothermal temperature of 400 C and for the injected SO 2 concentration of 250 ppm.

6. 3 .

 3 Simulations for di¤erent injected SO 2 concentrations and for the isothermal temperature of 400 C Three SO 2 concentrations (250, 450, 750 ppm) have been continuously injected in the …xed bed reactor containing almost the same amount of sorbent material (150 mg) and submitted to the same isothermal temperature (400 C). The global model with surface and bulk sites is used with the values of the kinetic parameters obtained for trapping experiments performed at 400 C and for a continuous injection of 250 ppm: k ads;1 = 66:6, k ads;2 = 28:4, k dir = 5:7 and k rev = 60:2 s 1 , see last line of Table 2. The experimental and simulated SO 2 concentrations at the exit of the reactor are presented in Fig. 8 for the SO 2 concentration of 250 ppm. The simulations returned for the other SO 2 concentration of 450 and 750 ppm are presented in the supplementary material.

Figure 9 :

 9 Figure 9: Experimental (blue) and simulated (red) SO 2 emissions with the global model with two types of sites, for the isothermal temperature of 400 C and for the sorbent mass of 49 mg.

A

  …rst global model with a single type of trapping sites has been proposed for SO x trapping in a sorbent material doped with copper sites. This model quite well simulated the trends of the breakthrough curves for optimal values of the kinetic constants up to the time where the SO 2 emissions reach 75 ppm. Even they are su¢ cient from an industrial point of view, the simulations of the breakthrough curves returned by this simple model do not perfectly superimpose with the experimental ones, especially for higher times. Another global model has also been proposed which is based on surface and bulk trapping sites. The simulated breakthrough curves returned by this model quite perfectly superimpose with the experimental ones, especially up to t 75 , whatever the isothermal temperature, the inlet SO 2 concentration and the sorbent mass placed in the reactor. On the basis of the results obtained in the present study, 3x3 experiments should be recommended to simulate the sorption process: two under the extreme values of each parameter and one with an intermediate value of this parameter. Once the kinetic parameters and maximal saturation capacity are determined for a given sorbent material, the model may be used to predict the SO 2 emission pro…les for all the conditions included in the range de…ned by the extreme values. The global model which was presented for SO x trapping in a SBA-15 sorbent material doped with copper sites should still be valid when considering another mesoporous sorbent material on which CuO is deposited, as the reactions which are involved should be the same than that considered in the present study. For such sorbent materials, the values of the maximal saturation capacity y 1 should be determined through TG experiments.The values of the kinetic constants should be determined by the model as returned in the present case of SBA-15. In[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 maximal SO 2 sorption capacity of the CuO/SBA-15 sorbent was measured along the cycles (up to 25 cycles), when the sorbent was submitted to a sorption process at 400 or 450 C, under a gaseous ‡ow containing 250 ppm of SO 2 and 10 vol% of O 2

  ads;1 k ads;2 k dir k rev y 1;1 =y 1 t 75 max. di¤.

	325 53:8 28:3 0:8 60:4	21:2 1718	48:5
	350 66:4 28:4 1:1 60:4	22:8 1938	62:6
	375 66:5 28:4 4:5 60:3	27:9 3069	38:2
	400 66:6 28:4 5:7 60:2	30:0 4053	14:9

Table 3 -

 3 Values of the experimental ((y 1 ) exp ) and simulated ((y 1 ) sim ) capacities (g SO 2 g 1 sorbent ) of the material at t max , times t 75 at which the SO 2 emissions reach 75 ppm and maximal di¤erences (ppm) between the simulated and experimental SO 2 concentrations at the exit of the reactor. SO 2 concent. (y 1 ) exp (y 1 ) sim t 75 max. di¤. The time t 75 at which the SO 2 emissions reaches 75 ppm obtained with the simulations is close to that observed in the experiments, whatever the inject concentration. The maximal relative di¤erence is equal to 4%. Looking at the maximal di¤erences between the experimental and simulated SO 2 concentrations at the exit of the reactor, the global model with surface and bulk trapping sites reproduces in a quite satisfying way the whole trapping process.

	250	0:101	0:097 2610	26:5
	450	0:146	0:119 1271	86:3
	750	0:184	0:130 698	123:3

6.4. Simulations for di¤erent sorbent masses and for the isothermal temperature of 400 C Di¤erent sorbent masses, between 37 and 217 mg, were placed in the reactor to test the response of the global model with surface and bulk sites with respect to this parameter. For a constant gas ‡ow rate, the space hourly velocity decreases when the sorbent mass increases. The isothermal temperature was taken equal to 400 C and the injected SO 2 concentration at the entrance of the bed was taken equal to 250 ppm, in each experiment. As these experiments were performed at 400 C and under a continuous injection of 250 ppm of SO 2 , the kinetic constants were taken from Table

2

considering the isothermal temperature of 400 C: k ads;1 = 66:6, k ads;2 = 28:4, k dir = 5:7 and k rev = 60:2 s 1 , see last line of

Table 2 .

 2 With these values of the kinetic constants, the maximal di¤erences between the experimental and simulated SO 2 concentrations at the exit of the reactor are given in Table4.

Table 4 -

 4 Experimental (y 1 ) exp and simulated (y 1 ) sim capacities (g SO 2 g 1 sorbent ) at t max , times t 75 at which the SO 2 emissions reach 75 ppm and maximal differences (max. di¤. in ppm) between the simulated and experimental SO 2 concentrations at the exit of the reactor.
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