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Recent models of the Fischer-Tropsch synthesis are able to predict quite accurately the catalyst's initial activity and selectivity. However, these micro-kinetic models, rarely consider the performance loss with time on stream and in particular the heavy product selectivity loss. In this study, a deactivation model at the micro-kinetic scale is proposed to represent the effect of carburization on Fischer-Tropsch catalysts performances. Comparison of different mechanisms revealed that termination reactions were the most affected by cobalt carbide formation, before reactants adsorption or chain growth. Both activity and selectivity decline could be accurately described using linear and 2 nd order power laws expressions of active sites concentration and termination kinetic rate constants. The obtained model predicts a monotonous evolution of activity and selectivities from 10 to 80% carburization, above which an important increase of olefin selectivity is observed. The model did not indicate any change of the surface coverages after carburization.

Introduction

Fischer-Tropsch synthesis is a promising route for alternative fuel and chemicals production [START_REF] Martinelli | An overview of Fischer-Tropsch Synthesis: XtL processes, catalysts and reactors[END_REF] . Cobalt based catalysts have received particular attention because of their high selectivity toward heavy hydrocarbons [START_REF] Jahangiri | A review of advanced catalyst development for Fischer-Tropsch synthesis of hydrocarbons from biomass derived syn-gas[END_REF] , the most valuable products for fuel production. However, like in most chemical processes, the catalyst loses its activity and selectivity with time on stream 3- 5 and need to be eventually replaced. Several causes have already been identified to explain the deactivation phenomenon: carbon deposition [START_REF] Moodley | Carbon deposition as a deactivation mechanism of cobalt-based Fischer-Tropsch synthesis catalysts under realistic conditions[END_REF][START_REF] Weststrate | Fundamental issues on practical Fischer-Tropsch catalysts: How surface science can help[END_REF][START_REF] Keyvanloo | Kinetics of deactivation by carbon of a cobalt Fischer-Tropsch catalyst: Effects of CO and H2 partial pressures[END_REF][START_REF] Ahn | Catalyst deactivation by carbon formation during CO hydrogenation to hydrocarbons on mesoporous Co3O4[END_REF] sulfur poisoning [START_REF] Bartholomew | Hydrogen adsorption on supported cobalt, iron, and nickel[END_REF][START_REF] Leviness | Slurry hydrocarbon synthesis process with increased catalyst life[END_REF] carburization [START_REF] Ducreux | In Situ Characterisation of Cobalt Based Fischer-Tropsch Catalysts: A New Approach to the Active Phase[END_REF][START_REF] Claeys | In situ magnetometer study on the formation and stability of cobalt carbide in Fischer-Tropsch synthesis[END_REF][START_REF] Dai | Effect of Sodium on the Structure-Performance Relationship of Co/SiO2 for Fischer-Tropsch Synthesis[END_REF] water effects [START_REF] Hilmen | Selectivity and activity changes upon water addition during Fischer-Tropsch synthesis[END_REF][START_REF] Huber | Hydrothermal Stability of Co/SiO2 Fischer-Tropsch Synthesis Catalysts[END_REF][START_REF] Saib | Fundamental understanding of deactivation and regeneration of cobalt Fischer-Tropsch synthesis catalysts[END_REF][START_REF] Lancelot | Direct Evidence of Surface Oxidation of Cobalt Nanoparticles in Alumina-Supported Catalysts for Fischer-Tropsch Synthesis[END_REF][START_REF] Clarkson | Deactivation of alumina supported cobalt FT catalysts during testing in a Continuous-stirred tank reactor (CSTR)[END_REF] and surface reconstruction [START_REF] Saib | Fundamental understanding of deactivation and regeneration of cobalt Fischer-Tropsch synthesis catalysts[END_REF][START_REF] Somorjai | Adsorbate-induced restructuring of surfaces[END_REF] . The causes of the selectivity shift are however less documented, yet carburization and carbon deposition have recently been identified as a possible cause of deselectivation [START_REF] Hazemann | Selectivity loss in Fischer-Tropsch synthesis: The effect of carbon deposition[END_REF][START_REF] Hazemann | Selectivity loss in Fischer-Tropsch synthesis: The effect of cobalt carbide formation[END_REF] .

Numerous studies have been recently devoted to Fischer-Tropsch kinetics, and accurate models are now available in the literature [START_REF] Kwack | Development of a kinetic model of the Fischer-Tropsch synthesis reaction with a cobalt-based catalyst[END_REF][START_REF] Visconti | Detailed Kinetics of the Fischer-Tropsch Synthesis on Cobalt Catalysts Based on H-Assisted CO Activation[END_REF][START_REF] Todic | Kinetic Model of Fischer-Tropsch Synthesis in a Slurry Reactor on Co-Re/Al 2 O 3 Catalyst[END_REF][START_REF] Yang | Reaction mechanism of CO activation and methane formation on Co Fischer-Tropsch catalyst: A combined DFT, transient, and steady-state kinetic modeling[END_REF][START_REF] Azadi | Microkinetic Modeling of the Fischer-Tropsch Synthesis over Cobalt Catalysts[END_REF][START_REF] Zhou | Advanced fundamental modeling of the kinetics of Fischer-Tropsch synthesis[END_REF][START_REF] Pandey | Modeling Fischer-Tropsch kinetics and product distribution over a cobalt catalyst[END_REF] . Some of them take the deactivation phenomena into account in the proposed model, which is necessary to predict long term performances. Visconti et. al. [START_REF] Visconti | Fischer-Tropsch synthesis on sulphur poisoned Co/Al2O3 catalyst[END_REF] for instance introduced a dependency of the CO consumption rate to the sulfur content of the syngas, to represent the deactivation linked to sulfur poisoning. Ghasvareh et al. [START_REF] Ghasvareh | Effects of Co Particle Size on the Stability of Co/Al 2 O 3 and Re-Co/Al 2 O 3 Catalysts in a Slurry-Phase Fischer-Tropsch Reactor[END_REF] defined a corrective factor applied on the kinetic expression of CO consumption, which is associated with the carbon deposition rate. Sadeqzadeh et al. [START_REF] Sadeqzadeh | Deactivation of a Co/Al2O3 Fischer-Tropsch catalyst by water-induced sintering in slurry reactor: Modeling and experimental investigations[END_REF][START_REF] Sadeqzadeh | Mechanistic Modeling of Cobalt Based Catalyst Sintering in a Fixed Bed Reactor under Different Conditions of Fischer-Tropsch Synthesis[END_REF] modeled the sintering-induced deactivation using 2 nd order general power law expression, able to represent accurately the sintering rate dependency to the particles dispersion.

Most of these studies were, however, only implemented with macro-kinetic models for Fischer-Tropsch synthesis, i.e. using an empirical description of the CO consumption rate, the selectivity loss never being represented. To our knowledge, only Klinke and Broadbelt [START_REF] Klinke | Construction of a mechanistic model of Fischer-Tropsch synthesis on Ni(1 1 1) and Co(0 0 0 1) surfaces[END_REF] introduced an elementary reaction of coke generation into a micro-kinetic model, which is a first step toward deselectivation modeling. They, however, did not comment on the effect of this reaction on the overall kinetics.

The present study aims at modeling the activity and the selectivity loss in Fischer Tropsch synthesis caused by one of the most plausible deselectivation phenomenon, namely carburization.

To this aim, the cobalt catalyst was carburized in situ and the subsequent activity and selectivity loss was monitored as a function of time using a high-throughput testing facility [START_REF] Hazemann | Selectivity loss in Fischer-Tropsch synthesis: The effect of cobalt carbide formation[END_REF] . This phenomenon has indeed been identified as a possible deselectivation mechanism [START_REF] Hazemann | Selectivity loss in Fischer-Tropsch synthesis: The effect of cobalt carbide formation[END_REF] , before carbon deposition [START_REF] Hazemann | Selectivity loss in Fischer-Tropsch synthesis: The effect of carbon deposition[END_REF] or other deactivation mechanisms. The method presented in this study should, however, also be extended to the carbon deposition to propose a comprehensive deselectivation kinetic model. A micro-kinetic analysis will first be carried out to propose in fine a model able to represent the carbide-induced selectivity loss.

Material and methods

Reaction scheme and kinetics

The reaction scheme used in this study is the one published by Visconti et al. [START_REF] Visconti | Detailed Kinetics of the Fischer-Tropsch Synthesis on Cobalt Catalysts Based on H-Assisted CO Activation[END_REF] , but adapted to better represent the selectivity dependency to the CO conversion level measured experimentally.

The CH4 selectivity is generally assumed to decrease with increasing CO conversion, while the heavy compounds (C5+) selectivity increases. This behavior, also observed with the experimental data used in this study, has been explained by the increase of the water partial pressure with CO conversion [START_REF] Todic | Effect of process conditions on the product distribution of Fischer-Tropsch synthesis over a Re-promoted cobalt-alumina catalyst using a stirred tank slurry reactor[END_REF][START_REF] Zhou | Advanced fundamental modeling of the kinetics of Fischer-Tropsch synthesis[END_REF][START_REF] Frøseth | Steady state isotopic transient kinetic analysis (SSITKA) of CO hydrogenation on different Co catalysts[END_REF][START_REF] Botes | Influences of Water and Syngas Partial Pressure on the Kinetics of a Commercial Alumina-Supported Cobalt Fischer-Tropsch Catalyst[END_REF][START_REF] Lögdberg | On the selectivity of cobalt-based Fischer-Tropsch catalysts: Evidence for a common precursor for methane and long-chain hydrocarbons[END_REF] , which modifies the H2/CO ratio at the catalyst surface and thus the selectivity.

The water adsorption equilibrium was therefore added to the initial model [START_REF] Visconti | Detailed Kinetics of the Fischer-Tropsch Synthesis on Cobalt Catalysts Based on H-Assisted CO Activation[END_REF] , and the scheme presented in Table 1 was considered. The model considers only a single type of active site, a reduced cobalt surface atom, although models that distinguish active sites for methane formation and chain growth have been proposed [START_REF] Chen | Influence of Carbon Deposits on the Cobalt-Catalyzed Fischer-Tropsch Reaction: Evidence of a Two-Site Reaction Model[END_REF] .

Adsorption of H2 is assumed to be dissociative, while CO adsorption is considered molecular [START_REF] Reuel | The stoichiometries of H2 and CO adsorptions on cobalt: Effects of support and preparation[END_REF][START_REF] Bartholomew | Sulfur poisoning of cobalt and iron Fischer-Tropsch catalysts[END_REF] , H-assisted CO activation mechanism has been chosen since it gives, according to Visconti et al. [START_REF] Visconti | Detailed Kinetics of the Fischer-Tropsch Synthesis on Cobalt Catalysts Based on H-Assisted CO Activation[END_REF] , a better representation than the non-assisted one. Chain propagation is represented through the CH2 insertion mechanism, with a maximum carbon number 𝑛 equal to 50 (heavier hydrocarbons are assimilated to C50 hydrocarbons). Olefins termination reactions are reversible because of their tendency to re-adsorb [START_REF] Todic | Effect of process conditions on the product distribution of Fischer-Tropsch synthesis over a Re-promoted cobalt-alumina catalyst using a stirred tank slurry reactor[END_REF] . Methane and ethylene termination have their own kinetics, in order to represent the deviation of these products in the ASF distribution [START_REF] Van Der Laan | Kinetics and Selectivity of the Fischer-Tropsch Synthesis: A Literature Review[END_REF] . The chain growth and product terminations are considered independent of the chain length. The formation of CO2 is not accounted for in this model. CO2 selectivity under reaction conditions over a fresh catalyst amounted to 0.5% and increased to 0.6% over a carburized sample [START_REF] Hazemann | Selectivity loss in Fischer-Tropsch synthesis: The effect of cobalt carbide formation[END_REF] . The rates of each elementary reaction of the scheme (Table 1) are described using the general expression: 

𝑟 𝑘 • 𝑐  , (1) 

Reactor modeling

The reactor model used to simulate the experimental data (cf section 2.4) is a plug-flow model, considered as isothermal and isobaric, and in which phase compositions are estimated by gas/liquid equilibrium calculations. The validity of these hypotheses has already been discussed elsewhere [START_REF] Hazemann | Kinetic data acquisition in high-throughput Fischer-Tropsch experimentation[END_REF] . The reactant and product flowrates along the reactor can thus be described according to the following material balances (supplementary information):

𝜕𝐹 𝜕𝑡 1 𝛽  , • 𝑟 • 𝑆 • 𝜌 • 𝜀 𝜕𝐹 𝜕𝑧 (2) 
where corresponds to the accumulation term (molꞏs -1 ), to the convective term (molꞏm - 1 ꞏs -1 ), and ∑  , • 𝑟 • 𝑆 • 𝜌 • 𝜀 to the generation term.  , is the stoichiometric coefficient of the compound 𝑖 in the reaction 𝑗 of rate 𝑟 (mol•s -1 •gcat -1 ), 𝜌 and 𝜀 the density (gꞏm -3 ) and volume of catalyst per reactor volume respectively, and 𝑆 the reactor section (m 2 ).

𝛽 is expressed as:

𝛽 𝑆 𝐹 1 𝐾 , 𝜌 𝑀 • 1 𝛼 • 𝜀 𝑃 • 𝐾 , 𝑅 • 𝑇 • 𝛼 • 𝜀 (3) 
𝐹 being the total molar flowrate (molꞏs -1 ), 𝛼 the molar gas fraction, 𝐾 , 𝐾 • the ratio of gas and liquid flowrates where 𝐾 , the partition coefficient, is estimated by Antoine's equation [START_REF] Boyer | Development of the Fischer-Tropsch Process: From the Reaction Concept to the Process Book[END_REF][START_REF] Schweitzer | Reactor Modeling of a Slurry Bubble Column for Fischer-Tropsch Synthesis[END_REF] . 𝜌 , 𝜀 and 𝑀 are respectively the liquid density (gꞏm -3 ), liquid volume per reactor volume and liquid molar mass (gꞏmol -1 ). 𝜀 is the volume of gas per reactor volume, and 𝑃, 𝑇, 𝑅 the pressure (Pa), temperature (K) and the universal gas constant (J•mol -1 •K -1 ).

Since the adsorbed species are not moving along the bed, their material balances can be written in its simplified form:

𝜕𝑐 * 𝜕𝑡  * , • 𝑟 (4) 
with 𝑐 * (mol•gcat -1 ) corresponding to the concentration of the adsorbed species 𝑖 * at the catalyst surface.

Numerical methods

The differential Equations ( 2) and ( 4) are solved using the Livermore Solver for Ordinary Differential Equations [START_REF] Hindmarsh | TWO NEW INITIAL VALUE ORDINARY DIFFERENTIAL EQUATION SOLVERS[END_REF] , implemented as a Fortran program.

In order to fit the experimental data presented in the next section, the kinetic parameters 𝑘 of the model are estimated by minimizing the objective function 𝑓 :

𝑓 𝑤 𝑓 𝑓 (5) 
in which 𝑓 corresponds to the model-estimated value of the experimental data 𝑓 . The data to fit are the CO conversion, and the CH4, C2H4, C2H6, C3H6, C3H8, C4H8, C4H10 selectivities. The optimization weighting factor 𝑤 are all fixed to 10, except for the CO conversion for which it is fixed to 1 because of its higher order of magnitude. Starting from an initial guess, a Levenberg-Marquardt algorithm is used for local optimization.

Experimental data

The description of the Fischer-Tropsch experiments can be found in detail in [START_REF] Hazemann | Selectivity loss in Fischer-Tropsch synthesis: The effect of cobalt carbide formation[END_REF] . Briefly, 2 mm diameter reactors of a high-throughput 16-parallel reactors unit were loaded with about 350 mg of catalyst (15 wt.% Co/Siralox catalysts). The catalysts were reduced in-situ under 0.45 NL•h - 1 of pure H2, at 400°C for 16 h. Then the reduced catalysts were either tested fresh or pre-carburized

in situ, under different conditions of GHSV (1.2 -6.8 NL•h -1 •g -1 )
and syngas composition (H2/CO = 1.85 -2.12) at fixed temperature (220C°) and pressure (20 barg).

For the fresh catalyst evaluations, the different operating conditions were explored just after the reduction step, in a successive manner to avoid errors associated with the mass effect [START_REF] Hazemann | Kinetic data acquisition in high-throughput Fischer-Tropsch experimentation[END_REF] .

For the carburized catalysts evaluation, a syngas stabilization step was carried out after the reduction and the catalyst was then carburized in-situ, using two CO temperature treatments to obtain two different extents of carburization. The first treatment, carried out at 220°C, induced carburization of 32% of the cobalt, while the second treatment, carried out at 230°C, gave an extent of carburization of 48% [START_REF] Hazemann | Selectivity loss in Fischer-Tropsch synthesis: The effect of cobalt carbide formation[END_REF] . Temperature programed hydrogenation experiments showed that this carburization treatment led to very low amounts of carbon [START_REF] Hazemann | Selectivity loss in Fischer-Tropsch synthesis: The effect of cobalt carbide formation[END_REF] , which can thus be discarded as the cause of deactivation. The different operating conditions were finally explored in the same way as for the fresh catalyst.

In summary, 14 experimental data points with different GHSV and H2/CO ratios are used to optimize the kinetic parameter on the fresh catalyst, while 12 points are used for the carburized catalyst at two different extent of carburization. We have evaluated different criteria to assess the presence of mass and heat transfer limitations in a previous study [START_REF] Hazemann | Selectivity loss in Fischer-Tropsch synthesis: The effect of cobalt carbide formation[END_REF] . All criteria were fulfilled indicating intrinsic kinetic conditions.

Results and discussion

Fresh catalyst performances modeling

The ability of the model to simulate fresh catalyst performances is shown in Figure 1, which represents the parity plot of the CO conversion. The deviation of the simulated conversion regarding the experimental one is comparable to the accuracy of the measurements (10%). In line with literature [START_REF] Storsaeter | Microkinetic modelling of the formation of C1 and C2 products in the Fischer-Tropsch synthesis over cobalt catalysts[END_REF][START_REF] Ma | Fischer-Tropsch Synthesis: Influence of CO Conversion on Selectivities, H2/CO Usage Ratios, and Catalyst Stability for a Ru Promoted Co/Al2O3 Catalyst Using a Slurry Phase Reactor[END_REF][START_REF] Bukur | Effect of CO Conversion on the Product Distribution of a Co/Al2O3 Fischer-Tropsch Synthesis Catalyst Using a Fixed Bed Reactor[END_REF][START_REF] Lillebø | Fischer-Tropsch Synthesis at High Conversions on Al2O3-Supported Co Catalysts with Different H2/CO Levels[END_REF] , the CH4 and olefins selectivity decrease with increasing CO conversion while the C5+ selectivity increases. A decrease of the heavy compounds and olefins selectivity is observed with the H2/CO ratio increase, which is again coherent with experimental results and literature.

The calculated surface coverages of the catalysts at the reactor entrance is presented in Figure 3a, and at the outlet in Figure 3b. In accordance with several micro-kinetic studies [START_REF] Boyer | Development of the Fischer-Tropsch Process: From the Reaction Concept to the Process Book[END_REF][START_REF] Visconti | Detailed Kinetics of the Fischer-Tropsch Synthesis on Cobalt Catalysts Based on H-Assisted CO Activation[END_REF][START_REF] Den Breejen | On the Origin of the Cobalt Particle Size Effects in Fischer-Tropsch Catalysis[END_REF][START_REF] Storsaeter | Study of the effect of water on Fischer-Tropsch synthesis over supported cobalt catalysts[END_REF][START_REF] Kocić | Activity and selectivity loss modelling on Co based Fischer-Tropsch catalysts[END_REF] , the main adsorbed species are CO* and H*. Despite a higher fraction of H* than those generally reported (10 -30%) [START_REF] Boyer | Development of the Fischer-Tropsch Process: From the Reaction Concept to the Process Book[END_REF]243,[START_REF] Yang | Reaction mechanism of CO activation and methane formation on Co Fischer-Tropsch catalyst: A combined DFT, transient, and steady-state kinetic modeling[END_REF][START_REF] Storsaeter | Microkinetic modelling of the formation of C1 and C2 products in the Fischer-Tropsch synthesis over cobalt catalysts[END_REF] , the obtained value remains plausible for higher H2/CO ratios 51 (73%).

The OH* fraction is in good agreement with SSITKA measurements of den Breejen et al. [START_REF] Den Breejen | On the Origin of the Cobalt Particle Size Effects in Fischer-Tropsch Catalysis[END_REF] , who 160 measured values comprised in the range 5-10%. Additionally, the free sites content is similar to the one reported by Yang et al. [START_REF] Yang | Reaction mechanism of CO activation and methane formation on Co Fischer-Tropsch catalyst: A combined DFT, transient, and steady-state kinetic modeling[END_REF] . The low fraction of Cx* intermediates (corresponding to 𝑅 * in Table 1) is mainly due to the high propagation and termination rates [START_REF] Kocić | Activity and selectivity loss modelling on Co based Fischer-Tropsch catalysts[END_REF] .

Figure 2 Effect of CO conversion (left) and syngas composition (right) on selectivity 165

The surface comparison between the entrance (Figure 3a) and the outlet (Figure 3b) of the reactor clearly shows the importance of the water adsorption equilibrium in the micro-kinetic model. When the CO conversion increases (i.e. going toward the reactor outlet) the fraction of OH* species at the catalyst surface also increases due to higher generated water partial pressures.

Interestingly, this evolution occurs at the expense of the H* covering, inducing a lowering of the H*/CO* ratio at the catalyst surface. The introduction of the water adsorption equilibrium in the model creates a dependency of the H*/CO* ratio to the CO conversion level, resulting in a change in the selectivity. These results confirm the role of water adsorption on the selectivity dependency as a function of the CO conversion level [START_REF] Todic | Effect of process conditions on the product distribution of Fischer-Tropsch synthesis over a Re-promoted cobalt-alumina catalyst using a stirred tank slurry reactor[END_REF][START_REF] Zhou | Advanced fundamental modeling of the kinetics of Fischer-Tropsch synthesis[END_REF][START_REF] Frøseth | Steady state isotopic transient kinetic analysis (SSITKA) of CO hydrogenation on different Co catalysts[END_REF][START_REF] Botes | Influences of Water and Syngas Partial Pressure on the Kinetics of a Commercial Alumina-Supported Cobalt Fischer-Tropsch Catalyst[END_REF][START_REF] Lögdberg | On the selectivity of cobalt-based Fischer-Tropsch catalysts: Evidence for a common precursor for methane and long-chain hydrocarbons[END_REF] . The main mechanism of deactivation by carburization is the loss of metallic cobalt, known as the active phase in Fischer-Tropsch synthesis. It was however observed [START_REF] Hazemann | Selectivity loss in Fischer-Tropsch synthesis: The effect of cobalt carbide formation[END_REF] that the turnover frequency could also be lower on carburized catalysts. This behavior corresponds to a decreased intrinsic activity of the metallic sites, but could also be linked to the complex FT mechanism, for which a simple modification leads to more dramatic reactivity changes. Since no evolution of the particle size (i.e. dispersion) was observed after carburization [START_REF] Hazemann | Selectivity loss in Fischer-Tropsch synthesis: The effect of cobalt carbide formation[END_REF] , the loss of metallic cobalt due to carburization was assumed to be proportional to the loss of reduced cobalt surface sites. The number of active sites (𝑁 ) in the model is therefore written as:

𝑁 1 𝐷𝑂𝐶 • 𝑁 , (6) 
𝑁 , being the number of active sites of the freshly reduced catalyst.

Note, however, that this does not signify that carburization is a surface phenomenon that induces site poisoning. It might rather be interpreted as a full carburization of some particles, which induces a loss of active sites, while others remain metallic. In this sense, the model is consistent with the core-shell model we proposed [START_REF] Hazemann | Selectivity loss in Fischer-Tropsch synthesis: The effect of cobalt carbide formation[END_REF] , in which small particles would be fully carburized while larger ones only exhibit a carbide shell under their metallic surface.

The carburized catalyst performances were simulated using the same kinetic parameters values as for the fresh catalysts, and the obtained results are shown in Figure 4. Experimental CO conversions are well represented by the model, suggesting that the simple loss of active sites is the main carburization induced deactivation mechanism. However, this model does not predict the selectivity shift (Supporting information), and a change in the elementary reaction rates has to be considered. For model (B), only the values of the H2O and H2 adsorption equilibrium constants were adjusted by the optimizer. DRIFTS experiments showed that the CO adsorption strength was not affected by carburization [START_REF] Hazemann | Selectivity loss in Fischer-Tropsch synthesis: The effect of cobalt carbide formation[END_REF] , thus the CO adsorption equilibrium was not adjusted. The obtained fit (Figure S1, supplementary information) is, however, not completely satisfactory, because of the inadequate predictions of the CO conversion and olefins selectivity. For model (C), the propagation and CH4/paraffins termination rate constants were varied, and a much better fit was obtained with a residual sum of squares value divided by 2-3 compared to optimization (B). This mechanism is therefore more likely to explain deselectivation. We still verified that the combination of (B) and (C) did not improve the fit, and only a slight diminution of the residual sum of squares value was observed. A fourth optimization (D) was carried out where only termination reactions were considered (including the olefin termination rate constant). This optimization gave the best results among all the different hypotheses, and was thus repeated on the 220°C treated catalyst data. The obtained parity plots are presented on Figure 2 for both 220°C and 230°C treated catalyst. It can be seen that CO conversion, CH4, paraffins and olefins selectivity are correctly modeled considering the experimental error. The plot of residuals is given in Figure S2 (supplementary information).

These results indicate that the effect of carburization on the catalyst selectivity is not linked to the 235 modification of reactant adsorption equilibrium, but rather to a change of the intrinsic site reactivity. More precisely, the main product termination reactions are significantly accelerated.

The relative evolution of the modified rate constant on carburized catalysts compared to the fresh one is presented in Table 3. It can be noted that hydrogenation reactions (paraffins and methane termination) are much more accelerated than dehydrogenation ones (olefins termination). Additionally, the increase of the extent of carburization induces a more important rate constant evolution as illustrated on Figure 3.

A correlation can be made between the DOC and the rate constant variations. Since methane termination rate constant evolution seems to follow the paraffin rate constant, and because these two kinds of products are generated with a similar mechanism (Table 1), a unique regression was used for the two rate constants. A second order equation represents quite accurately the rate constant evolutions. Such functions were therefore chosen to model the kinetic rate constants dependency to the DOC.

Figure 3 Termination rate constant variation as function of carburization extent

Based on these regressions, methane, paraffins and olefins termination reaction rate constants can be calculated from the following equations: 260

𝑘 , 𝐷𝑂𝐶 𝑘 , 1 8.0 • 𝐷𝑂𝐶 (7) 𝑘 𝐷𝑂𝐶 𝑘 1 2.4 • 𝐷𝑂𝐶 (8) 
These Equations, together with (6), describe at the micro-kinetic scale, the carburization effect on catalyst performances. A modified model, including the extent of carburization as input variable, can thus be proposed to predict carburized catalyst performances.

Effect of carburization on catalyst performances 265

Figure 4 presents the predicted catalyst activity and selectivity as a function of its extent of carburization, at 220°C, 20 barg and H2/CO = 2.12 for different CO conversion levels.

The detrimental effect of carburization on activity is clearly visible, the CO consumption rate drops from 8.5 µmol•s -1 •g -1 on the non-carburized catalyst down to 0.3 µmol•s -1 •g -1 on the 90% carburized one. It can also be observed that the reactant partial pressures, directly linked to the CO conversion level, have a lower impact on the CO consumption rate for carburized catalysts.

Regarding the selectivity, dramatic changes are also observed when the extent of carburization increases. The methane selectivity is for instance doubled when the extent of carburization increases from 0% to 80%, while the C5+ selectivity is lowered from 80 to 65%. A surprising behavior is, however, observed above 80% of carburization. The CH4 selectivity does not increase anymore, but decreases while the C5+ selectivity slightly increases. A similar trend is moreover observed with the olefin selectivity: from 10 to 40% of carburization, the O/P ratio of C2-C5 compounds slightly decreases while above 40% this ratio increases. In particular, the O/P ratio dependency to the CO conversion level increases significantly when approaching full carburization of the catalyst, inducing a very high olefin selectivity for carburized catalysts operating at low conversion. This phenomenon could be due to olefins re-adsorption rate which was not considered as function of the extent of carburization, making the olefins adsorption equilibrium rather oriented toward desorption at high extent of carburization. However, since no experimental data are available with highly carburized catalysts (>50%), it is difficult to settle if the proposed model is valid at high extent of carburization or not. The predicted behavior is yet in line with recent findings of [START_REF] Zhong | Cobalt carbide nanoprisms for direct production of lower olefins from syngas[END_REF][START_REF] Li | Mechanism of the Mn Promoter via CoMn Spinel for Morphology Control: Formation of Co2C Nanoprisms for Fischer-Tropsch to Olefins Reaction[END_REF][START_REF] Li | Effects of Sodium on the Catalytic Performance of CoMn Catalysts for Fischer-485 Tropsch to Olefin Reactions[END_REF] , who reported the high FTO (Fisher-Tropsch to Olefins) activity of Co2C nanoprisms. It might thus be interesting to confirm the observed trend with dedicated experiments. 

Conclusion

A micro-kinetic model has been established to predict the effect of carburization on Fischer-Tropsch cobalt catalyst performance. The first step was to add the water adsorption equilibrium, to obtain an accurate representation of the evolution of the catalyst selectivity with CO conversion. Water adsorption was found to modify significantly the H*/CO* ratio at the catalyst surface, and thus the selectivity. Micro-kinetic analysis then revealed that product termination was the most affected elementary step by carburization, and not reactants adsorption or chain propagation. The evolutions of the termination kinetic rate constants were connected to the extent of carburization, well represented by a 2 nd order equation. The obtained model was able to represent quite accurately the effect of carburization on both catalyst activity and selectivity. This work offers new perspectives to predict catalyst activity and selectivity evolution with time on stream, for instance by implementing a carburization reaction into the proposed reaction
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 1 Figure 1 Parity plot of the experimental and predicted CO conversion of the fresh catalyst
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 3 Figure 3 Catalyst surface composition estimated by the model at the entrance (a) and outlet (b) of the reactor, operating at 220°C, 20 barg, H2/CO = 2.12 and 55% CO conversion
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 4 Figure 4 Parity plot of the experimental and predicted CO conversion of the carburized catalysts
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 2 Figure 2 Parity plots of carburized catalysts performances obtained with optimization D (a: CO conversion, b: CH4 selectivity, c: C5+ selectivity, d: olefins/paraffins ratio of C2-C4 compounds)
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 45 Figure 4 Carburization effect on activity and selectivity at 220°C, 20 barg and H2/CO = 2.12 for 290 different CO conversion levels (modeling results, a: CO consumption rate, b: CH4 selectivity, c: C5+ selectivity, d: olefins/paraffins ratio of C2-C4 compounds)
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 5 Figure 5 80% carburized catalyst surface composition estimated by the model at outlet of the reactor, operating at 220°C, 20 barg, H2/CO = 2.12 and 55% CO conversion

Table 1

 1 Elementary steps of the micro-kinetic model of FTS

	Step	Name	Reaction	
	(1)	H2 adsorption	𝐻	2 * ↔ 2𝐻 *
	(2)	CO adsorption	𝐶𝑂 * ↔ 𝐶𝑂 *
	(3)	CO complexation	𝐶𝑂 * 𝐻 * ↔ 𝐻𝐶𝑂 * *
	(4)	Monomer formation	𝐻𝐶𝑂 * 2𝐻 * → 𝐶𝐻 * 𝑂𝐻 * *
	(5)	Initiation	𝐶𝐻 * 𝐻 * → 𝐶𝐻 * *
	(6)	Propagation	𝑅 * 𝐶𝐻 * → 𝑅 * *	𝑛: 1 → 49
	(7)	Methane termination	𝐶𝐻 * 𝐻 * → 𝐶𝐻	2 *
	(8)	Paraffins termination	𝑅 * 𝐻 * → 𝑃	2 *	𝑛: 2 → 50
	(9)	Ethylene termination	𝐶 𝐻 * ↔ 𝐶 𝐻	𝐻 *
	(10)	Olefins termination	𝑅 * ↔ 𝑂	𝐻 *	𝑛: 3 → 50
	(11)	H2O desorption	𝑂𝐻 * 𝐻 * ↔ 𝐻 𝑂 2 *
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	𝑐 (mol•gcat -1 ) being the concentration of the reactant 𝑖 at the catalyst surface or in the liquid phase,
	 , the stoichiometric coefficient of reaction 𝑗, and 𝑘 the associated rate constant. The obtained

Table 2 .

 2 The residual sum of square values obtained after optimization are also reported in the same table. The residual sum of square obtained with the basic model considering a site loss only is put as reference (optimization A).

Table 2

 2 List of optimizations and obtained objective function values

	ref.
	reactions
	optimization

Table 3 .

 3 Impact of carburization on termination rate constants (optimization D)

	Reaction	Rate constant evolution	
		(220°C treated catalyst) (230°C treated catalyst)
	(7) CH4 termination	+62%	+178%
	(8) Paraffins termination	+101%	+225%
	(10) Olefins termination	+34%	+56%
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scheme. This work should also be extended to other deactivating phenomena, to propose a comprehensive kinetic model considering both deactivation and deselectivation issues.