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Introduction.

Reducing the emission of pollutants coming from petroleum feedstocks is one of the highest priorities for the oil industry in order to comply with the enforcement of more and more drastic worldwide environmental legislations. Hydrodesulfurization (HDS) process is the most effective technology able to remove sulfur from petroleum feedstock through a catalytic process [START_REF] Berhault | Metal sulfides: novel synthesis methods and recent developments[END_REF]. Catalysts commonly used in hydrodesulfurization consist of MoS2 or WS2 slabs promoted by Co or Ni and supported on γ-Al2O3 [START_REF] Bej | [END_REF]. However, the development of more efficient HDS catalysts able to remove refractory molecules such as dibenzothiophenes and alkyldibenzothiophenes is necessary [3]. In this respect, the HDS activity of MoS2 catalysts promoted by Ni or Co depends on the formation of the "CoMoS" or "NiMoS" active phases [4].

The development of more active and selective HDS catalysts requires more efficient NiMoS phases. Main options to improve the activity of NiMo/Al2O3 hydrodesulfurization catalysts are based on: 1) the use of new additives or chelating agents (for example citric acid, oxalic acid, acetic acid, maleic acid, EDTA and CyDTA) [5][6][7][8][9], 2) the use of new polyoxometalates as precursors of the active phase [10] and 3) the use of new supports to replace the traditional γ-Al2O3 or its modification by additives or other oxides (for example, Mg-Al2O3, TiO2-Al2O3, Al-SB1-15, P2O5-Al2O3, B-Al2O3, F-Al2O3, Mn-Al2O3) [11][12][13][14][15][16][17][18][19][20][21][22].

In this respect, Al2O3 support modification by cerium could be an interesting alternative to achieve high active hydrodesulfurization catalysts. Indeed, ceria-based catalysts are extensively investigated because they exhibit the so-called "oxygen storage capacity" (OSC) [23]. Ceria has the ability to donate and accept oxygen by changing its oxidation state from Ce 4+ to Ce 3+ [24,25]. Moreover, ceria-based solids are an important class of catalysts for a variety of reactions and applications due to the presence of a high concentration of oxygen vacancies on which surface reactions can occur [26][27][START_REF] Trovarelli | Catalysis by Ceria and Related Materials[END_REF]. Additionally, ceria is used in exhaust gas devices and as a promotor for fluid catalytic cracking process [29,30]. Barteau [31] mentioned three parameters for understanding the surface chemistry of metal oxides: 1) the redox properties of the oxide, 2) the coordination environment of the surface atoms and 3) the oxidation state at the surface. For this reason, cerium oxide is considered as an ideal material for testing and understanding the influence of these different parameters [32].

In our previous work, the importance of the link between the oxidation state of the dopant added to the Al2O3 support (in this case, manganese) and its influence on the Mo oxide species formed in HDS catalysts has been demonstrated [19]. In this respect, studying elements that can easily change their oxidation states is an interesting topic to develop in the context of HDS applications. The variation of oxidation state of the cerium cation is one of the most important characteristics of cerium oxide catalysts [32]. Cerium can present +1, +3 and +4 oxidation states [33]. Therefore, cerium may change from Ce 3+ to Ce 4+ depending on the surrounding chemical environment [34]. Moreover, Subhan et al. [35] mentioned that Ce 4+ would be able to capture sulfur species from fuels.

One major drawback of CeO2 generally results from the formation of supports with relatively low surface areas (60-120 m 2 /g) [24,36]. Therefore, new synthetic routes for preparing cerium oxides need to be explored in order to improve their textural properties [37]. One way to achieve this purpose is generally to incorporate ceria into other matrix oxide systems.

However, even if widely investigated, the preparation of ceria-containing mixed oxide materials with sufficiently high specific surface areas still remains to be achieved [38][39][40][41][42][43][44]. In this respect, integrating CeO2 into an Al2O3 support is a valuable option for HDS applications. Indeed, synthesis of new mixed oxides containing alumina provides an easy way to prepare catalysts with high thermal stability, high surface areas and suitable mechanical properties as requested for HDS supports. Consequently, mixing Al2O3 and CeO2 allows to take advantage of the favorable characteristics coming from both components. To our knowledge, only one attempt was made in the literature to add Ce to an Al2O3 support for preparing CoMo HDS catalyst [45]. However, the use of non-optimized sulfidation conditions led to unfavorable sulfidation degrees particularly for the Co promotor leaving open the fact that Ce was really beneficial for improving the HDS performance of aluminasupported CoMo catalysts.

Therefore, the objective of the present study is to evaluate for the first time the influence of adding cerium to Al2O3 used as a support of NiMo HDS catalysts. Different Al2O3 supports covered with 1 and 5 mol% of CeO2 were first synthesized before being co-impregnated with nickel and molybdenum precursors at two different pH of impregnation (7 or 9). The resulting NiMo species were then characterized at different steps of the preparation, after drying and after calcination steps. Acidic properties have also been determined at the sulfide state before evaluation in the hydrodesulfurization of dibenzothiophene.

Experimental.

Synthesis of the Ce-Al2O3 supports.

The reactants used for the catalysts synthesis were as follows: aluminum isopropoxide Al(OC3H7)3 (Sigma-Aldrich, 98%+%), 1-propanol (Sigma-Aldrich >99.8%), cerium sulfate tetrahydrate Ce(SO4)2.4H2O (Merck, 98%), nickel nitrate hexahydrate Ni(NO3)2.6H2O (J.T.

Baker, ACS Reagent), ammonium heptamolybdate tetrahydrate (NH4)6Mo7O24.4H2O (Fluka, >99%), ammonium hydroxide NH4OH (J.T. Baker, ACS reagent), and deionized water (18.2

MΩ.cm).

The Al2O3 solid was prepared by the sol-gel method [11]. 40.85 g of aluminum isopropoxide was dissolved in 380 mL of 1-propanol. The gel was obtained by hydrolysis with dropwise addition of deionized water (20 mL). The gel was then dried at 120 °C for 12 h and calcined under air at 600°C (5°C/min) for 4 h. Addition of cerium on the alumina surface was carried out using the incipient wetness impregnation method. Al2O3 with 1 mol% Ce as CeO2 was prepared by impregnating 1.0 g Al2O3 with a solution of 0.0242 g of cerium sulfate dissolved in 2.5 mL of water. Solid was then dried at 120°C for 4 h and calcined at 550°C (5°C/min) for 4 h. This support is named AlCe1. In the case of 5 mol% of Ce as CeO2, 1.0 g of Al2O3 was impregnated with a solution of 0.1262 g of cerium sulfate dissolved in 2.5 mL of water. The solid was then dried and calcined using similar conditions to those described before for AlCe1. This support is called AlCe5.

Synthesis of the NiMo catalysts supported on Ce-Al2O3.

NiMo/AlCe1 and NiMo/AlCe5 were prepared by co-impregnation using the incipient wetness method with 14.0 wt% of MoO3 and a 0.3=Ni/(Ni+Mo) molar ratio. Two different pHs (7 or 9) were used during the impregnation of the Ni and Mo precursor solutions. For the impregnation solution at pH=7, nickel nitrate hexahydrate (0.1412 g) and ammonium heptamolybdate tetrahydrate (0.1997 g) were dissolved in deionized water (1.5 mL) before impregnation onto 1.0 g of support. The same conditions were used for the impregnation at pH=9, except that the pH was adjusted with NH4OH solution (0.5 M). After the impregnation step, catalysts were first dried at 120°C for 4 h before being calcined under air at 400°C (5°C/min) for 4 h. NiMo catalysts were named NiMo/AlCe1 pH=7, NiMo/AlCe1 pH=9, NiMo/AlCe5 pH=7 and NiMo/AlCe5 pH=9, respectively, and suffixes -D and -C were used to indicate dried and calcined samples, respectively.

Catalyst characterization.

AlCe1 and AlCe5 were characterized by N2 physisorption and zeta-potential measurements.

N2 physisorption was carried out on an ASAP 2020 Micromeritics apparatus. Samples were treated at 300°C for 4 h under vacuum at P=3.0 x 10 -5 mm Hg before analysis. Specific surface area was determined using the ASAP 2020 (v.3.) software and the Brunauer-Emmett-Teller (BET) method. Zeta-potential measurements of colloidal solutions were carried out using a Malvern ZetaSizer Nano series equipment. Colloidal solutions were prepared by dispersing 0.05 g of sample in 200 mL of a 0.01 M NaNO3 electrolyte solution at 25°C. Different solutions were prepared in the pH=1-9 range using 0.01 M HNO3 and 0.01 M NH4OH aqueous solutions, respectively. Catalysts at the oxide state were analyzed using UV-vis diffuse reflectance (UV-vis DRS) and Raman spectroscopies. Raman spectra were recorded on a BWTEK i-Raman Plus apparatus equipped with a microscope (100, 50 and 20 ×), a 532 nm laser excitation source and an HQE-CCD detector. For each spectrum, an average of 10-50 scans was obtained with a laser power of 0-50 mW in the 1500-100 cm -1 range with 3 cm -1 resolution. Attention was paid to avoid any structural modification induced by the Raman analysis. UV-vis DRS spectra were acquired on a Perkin-Elmer Lambda 35 equipment using Spectralon SRS-99-010 (99 % reflectance) tablet as reference. Data are displayed using the Kubelka-Munk

(F(R∞)) function: ∞ ∞ ∞ - = R R R F 2 ) 1 ( ) (
7 in which R∞ is the reflectance at infinite depth. UV-vis DRS spectra were obtained at wavelengths ranging from 200 to 1100 nm with 1 nm resolution.

Acid properties of sulfided catalysts were analyzed using Fourier-transform infrared spectroscopy (FTIR) of adsorbed pyridine [46] varying the adsorption temperature at constant pyridine amount. Infrared spectra were obtained on a Perkin Elmer Frontier FT-IR spectrometer. Protocol procedure is similar to the one reported previously by Vázquez-Garrido et al. [21]. For this purpose, 17 mg of samples were pressed into disks with a radius of 0.6 cm and a thickness of 5 x 10 -3 cm. The disks were placed on a sample holder inside a tubular cell equipped with calcium fluoride (CaF2) windows. The disks were then re-sulfided in situ with a 4 L/h flow of 10 mol % H2S/H2 mixture at T = 300 °C for 4 h. The temperature was then decreased to 80°C under a 4 L/h flow of N2. Cell temperature was increased to 200°C (5°C/min) and the system was kept under ultra-high vacuum (P = 1.9 x 10 -8 bar) for 5 h using a Pfeiffer turbomolecular pump. Then, temperature was decreased to 80°C and the vacuum valve was closed. At this temperature, pyridine contained in a capillary tube was added stepwise into the closed cell for 30 min. Pressure was then decreased to P = 1 x 10 -5 bar in order to remove the pyridine in excess using an Edwards E2M2 pump for 30 min. IR analyses were performed with 30 µL of pyridine to determine the strength of the acid sites using different temperatures of desorption (80, 100, 120, 140 and 160 °C).

The value of integrated absorbances was obtained using the Perkin Elmer Spectrum Software.

Lewis acidity was measured using the area of the adsorption band at 1435-1470 cm -1 while Brønsted acidity was measured considering the area of the adsorption band at 1515-1565 cm - 1 [47]. The procedure used to calculate the concentration of Lewis acid sites is similar to the one reported by Emeis [48]. Acidity of the Lewis and Brønsted sites was calculated using the IMEC values reported by Emeis as follows:

𝐶𝐶(𝑥𝑥) = 𝐼𝐼𝐼𝐼𝐼𝐼𝐶𝐶(𝑥𝑥) -1 𝐼𝐼𝐼𝐼(𝑥𝑥) 𝜋𝜋𝑅𝑅 2 𝑚𝑚
Where 𝐶𝐶(𝑥𝑥): Brønsted and Lewis acid concentration (μmol/gcat), 𝐼𝐼𝐼𝐼𝐼𝐼𝐶𝐶(𝑥𝑥): integrated molar extinction coefficients, 𝐼𝐼𝐼𝐼(𝑥𝑥): integrated adsorbance values, R: disk radius, 𝑚𝑚: catalyst weight in g

Catalytic evaluation tests.

Calcined catalysts were sulfided with a 4 L/h flow of 10 mol % H2S/H2 gas mixture at 400° C (5°C/min) for 4 h. Catalysts were labeled: NiMo/AlCe1 pH=7-S, NiMo/AlCe1 pH=9-S, NiMo/AlCe5 pH=7-S and NiMo/AlCe5 pH=9-S respectively, where -S indicates sulfided samples.

Catalysts were evaluated in the hydrodesulfurization of a gasoline model (500 ppm S corresponding to a mixture of 0.37 M dibenzothiophene/n-heptane). Hydrodesulfurization tests were performed in a fixed-bed continuous microreactor with 0.01 g of calcined samples at 30 bars. Reactor was fed with 0.3 cm 3 /min (STP) of liquid and 35 cm 3 /min (STP) of H2.

Heptane was selected as the solvent because under these reaction conditions (P = 30 bars, T = 300°C), all reactants are in the gaseous phase [49].

The reaction procedure can be described as follows: the stable activity of a fresh sulfided catalyst was achieved after 12 h of reaction at T = 280°C with 0.12 cm 3 /min liquid flow.

Immediately after stabilization, the liquid feed was increased to 0.3 cm 3 /min for 2 h. The reactor temperature was then raised to 300, 320 and 340°C every 2 h. Liquid samples were analyzed by gas chromatography on a Perkin Elmer AutoSystem instrument with flame ionization (FID) detector and a HP Ultra 2 (30 m x 0.32 mm id.) column. Dodecane was added in the same molar amount as DBT to be used as an internal standard.

Main reaction products were biphenyl (BP) and cyclohexylbenzene (CHB).

Conversion was calculated as follows:

DBT i i DBT DBT DBT DBT A A A C C C x + = - = ∑ ∑ 0 0
where, CDBT0 and CDBT are the DBT molar concentrations (mol.L -1 ) in the feed and at the outlet of the reactor, respectively. Ai = chromatographic areas of BP or CHB products.

Reaction rates were calculated considering a first order kinetic and a differential reactor as follows:

𝑟𝑟 𝐷𝐷𝐷𝐷𝐷𝐷 = 𝑘𝑘𝐶𝐶 𝐷𝐷𝐷𝐷𝐷𝐷 t x k DBT ) 1 ln( - - = 9 0 0 DBT DBT F C V t = ) 1 ln( 0 0 DBT C DBT DBT x m F r - - =
and 𝐶𝐶 𝐷𝐷𝐷𝐷𝐷𝐷 = 𝐶𝐶 𝐷𝐷𝐷𝐷𝐷𝐷0 (1 -𝑥𝑥 𝐷𝐷𝐷𝐷𝐷𝐷 ).

The pseudo-first-order constant is then obtained:

0 0 DBT c DBT C m F k - = ln(1 -𝑥𝑥 𝐷𝐷𝐷𝐷𝐷𝐷 )
The pseudo first order reaction is:

) 1 ln( 0 0 DBT C DBT DBT x m F r - - =
where r DBT0 reaction rate (mol.s -1 .g -1 ), k the rate constant (s -1 ), t the time, FDBT0 the molar flow of the DBT feed (mol.s -1 ), CDBT0 the molar concentration of the DBT feed (mol.s -1 ), mc the catalyst weight (g), xDBT the DBT conversion.

The reference catalyst for activity measurements was a Ni-Mo/γ-Al2O3 catalyst containing 3 wt.% NiO and 14 wt.% MoO3. The solid presents a BET surface area of 250 m 2 /g and a pore volume of 0.48 cm 3 .g -1 .

Results.

Characterization of the AlCex supports.

N2 physisorption.

Figure 1 shows the N2 adsorption-desorption isotherms of the alumina, AlCe1 and AlCe5 supports. All supports present type IV isotherms associated with the presence of a mesoporous distribution. H1 hysteresis loops suggests the presence of solids consisting of particles crossed by nearly cylindrical channels or made or aggregates or agglomerates of spheroidal particles [50]. The analysis of Figure 1 shows that adding CeO2 to Al2O3 leads for AlCe1 to a less developed hysteresis loop finishing at lower P/P0 values than for Al2O3 only.

This indicates a loss of porosity and a partial blocking of the biggest pores by CeO2.

Increasing further to 5 mol % Ce leads to an even lower developed hysteresis loop confirming that increased amount of CeO2 blocks progressively more pores of the Al2O3 support. This effect is accompanied by a serious decrease of the amount of adsorbed N2.

Table 1 shows the textural properties of the Al2O3, AlCe1 and AlCe5 supports. BET measurement for Al2O3 indicates a specific surface area of 430 m 2 /g. One can notice that after addition of cerium, the specific surface areas decreases as soon as the cerium concentration increases confirming observation made on isotherms. AlCe1 and AlCe5 supports exhibit similar surface areas values respectively of 164 and 159 m 2 /g. Moreover, values for porous volumes decrease drastically from 1.4 cm 3 /g for Al2O3 to 0.7 and 0.3 cm 3 /g when adding 1 and 5 mol % Ce, respectively suggesting that the addition of ceria on the alumina surface results in a significant blocking of the alumina porosity. Average pore size values first increase from 13.0 to 16.2 nm when adding 1 mol % Ce before decreasing to 8.4 nm when 5 mol % Ce is used.

Zeta-potential measurements.

Figure 2 shows the zeta potential curves of the different supports. For pH below 7, the zeta potential remains more or less constant whatever the amount of ceria added suggesting that the different supports are structurally stable in the 1-7 pH range. In the pH=10-14 range, the zeta potential became negative for the three supports. Point of zero charge values, obtained from the intersection of the zeta-potential curve with the pH axis, can be associated with the net surface pH of the oxide [START_REF] Hunter | Zeta Potential in Colloid Science: principles and applications[END_REF].

Table 2 reports the net surface pH values of the alumina and of the AlCe1 and AlCe5 supports. The point of zero charge (PZC) or net surface pH of alumina has a value of 7.8 in agreement with other similar studies [52]. Additionally, PZC values of alumina-ceria supports depend on the preparation method and the precursors used [53]. In this case, AlCe1 and AlCe5 supports have similar net surface pH values respectively of 8.6 and 8.9. These values are higher than those reported previously in the literature for pure CeO2 (pH~7) [53,54]. These results suggest a modification of the surface charge of the alumina due to the presence of cerium. Therefore, PZCs are slightly shifted to higher values as expected when adding a basic component as cerium oxide [55,56].

UV-vis diffuse reflectance (UV-vis DRS) spectroscopy.

To study the influence of the Ce content during its impregnation on alumina, the AlCe1 and AlCe5 supports were studied after the calcination step at 550°C by UV-vis DRS (Figure 3).

For comparison purposes, the UV-vis DR spectrum of the pure alumina is also reported. UV-vis DRS profiles are only dominated by contributions coming from ceria. In both cases, AlCe1 and AlCe5 show an intense band in the 250-400 nm range with a maximum at 325-328 nm which is associated with an O 2- Ce 4+ charge transfer process [57][58][59]. This band shows an increased intensity when the Ce content is increased, as in the AlCe5 support.

Additionally, the asymmetry of the 325 nm transfer charge band suggests the presence of a minor contribution at 250 nm due to O 2-Ce 3+ charge transfer process [43]. This result looks reasonable due to the cerium ability to rapidly change its oxidation state from Ce 3+ to Ce 4+ according to the environment conditions and the oxidation/reduction processes [34].

Raman spectroscopy analysis.

The AlCe1 and AlCe5 supports were also analyzed by Raman spectroscopy after calcination at 550°C. Figure 4 shows the Raman spectra of AlCe1 and AlCe5 supports. Both solids present the same characteristic bands. The bands at 1088 and 980 cm -1 can be associated to asymmetric and symmetric S-O stretching vibrations characteristic of sulfate species coming from the cerium sulfate salt precursor [60,61]. Additionally, a band at 650 cm -1 is also observed. This band is related to the presence of oxygen vacancies in the CeO2 lattice [44,62]. Contributions at 250, 199 and 132 cm -1 are associated to the CeO2 phase [63]. 

3.2.Characterization of the

UV-vis diffuse reflectance spectroscopy analysis.

Figure 5a shows the UV-vis DR spectra of the NiMo/AlCe1 after impregnation at pH=7 and after drying and calcination steps. After the drying step, the UV-vis DR spectrum is dominated by a broad band centered at 260 nm characteristic of tetrahedral Mo oxide species [64] while the charge transfer band at 328 nm due to ceria is not detected anymore. This suggests that a well dispersed state of Mo species covering CeO2 is obtained after the drying step. Calcination results in the appearance of a second maximum at 295 nm in plus of the signal at 260 nm showing the formation of octahedral Mo oxide species. Interestingly, the band at 328 nm due to ceria reappears showing that the calcination step leads to a partial uncovering of the CeO2 surface by Mo oxide species.

In the case of the impregnation at pH=9 (Figure 5b), after the drying step, two maxima are observed at 260 and 295 nm showing already the formation of more polymerized octahedral Mo oxide species than at pH=7 while a discernible shoulder at 328 nm due to the O 2- Ce 4+ charge transfer band is now detected. The dispersion of the Mo oxide species is therefore lower in this case than at pH=7. After calcination, the signal at 295 nm due to octahedral Mo species becomes more intense than the 260 nm contribution due to tetrahedral entities suggesting an even more polymerized state of molybdenum oxide. Comparison to the pH=7 case after calcination confirms a higher polymerization of Mo oxide species after impregnation at pH=9. This is also accompanied by an even higher exposition of CeO2 at the surface resulting in an increasing intensity of the band at 328 nm suggesting that the loss of dispersion of Mo oxide species is amplified after calcination. About nickel species, only two contributions at 660 and 760 nm can be detected in the case of the dried samples showing the presence of nickel octahedral species. In the case of the calcined NiMo/AlCe1 catalyst, whatever the pH of impregnation, three contributions at 700-710, 790 and 860 nm can be observed showing a high distortion of the nickel octahedral species after calcination.

Raman spectroscopy analysis.

Mo species present on the NiMo catalyst supported on AlCe1 were also analyzed by Raman spectroscopy after impregnation at pH 7 or 9 and after the drying and calcination steps. Figure 6A shows the Raman spectra of NiMo/AlCe1 after impregnation at pH=7 at the dried (-D) and calcined (-C) states. At the dried state, the NiMo/AlCe1 pH=7-D first shows a band at 1044 cm -1 characteristic of nitrate ion species coming from the nickel salt [13,65]. A broad massif with a maximum at 945 cm -1 is also found and is characteristic of Mo7O24 6-species [18]. This result looks reasonable since the impregnation solution at pH=7 is expected to favor the formation of Mo7O24 6-species. Additionally, the bands related to the CeO2 phase at 650, 200 and 145 cm -1 are still detectable [44,61].

After calcination, the NiMo/AlCe1 pH=7-C catalyst still presents a wide asymmetric band from 700 to 1000 cm -1 but with a maximum shifting to 955 cm -1 suggesting the presence of both Mo7O24 6-and Mo8O26 4-species [66]. This result confirms the formation of more polymerized Mo oxide species after calcination. A slight contribution can be noticed around 820 cm -1 and is generally associated with asymmetric M-O-Mo stretching vibrational modes [67]. Finally, the bands related to CeO2 at 650, 200, and 145 cm -1 become more intense confirming the previous observations made by UV-vis DR spectroscopy showing some uncovering of CeO2 by Mo oxide species at the catalyst surface.

Figure 6b shows the Raman spectra of NiMo/AlCe1 impregnated at pH=9, after drying and calcination steps. Similarly, to the NiMo/AlCe1 pH=7-D catalyst, the NiMo/AlCe1 pH=9-D presents a broad massif around 945 cm -1 characteristic mainly of Mo7O24 6-species, and one band at 1044 cm -1 related to nitrate ion species coming from the nickel nitrate salt. In the case of NiMo/AlCe1 pH=9-C, the calcination step once again results in a shift to 955 cm -1 related to the formation of both Mo7O24 6-and Mo8O26 4-species confirming the formation of more polymerized Mo oxide entities. However, a careful examination reveals that after impregnation at pH 9, a less asymmetric tail is also observed than for NiMo/AlCe1 pH=7 C suggesting a lower contribution of less polymerized Mo oxide species in this case in agreement with previous UV-vis DR results. This is confirmed by the net observation this time of a less overlapped 820 cm -1 contribution. Finally, the contributions at 200 and 145 cm -1 become intense showing a stronger uncovering of CeO2 by Mo oxide species in the case of the pH 9 impregnation confirming once again UV-vis DR observations. Interestingly, the signal at 650 cm -1 remains modest suggesting that increasing the Ce content does not necessarily lead to a higher proportion of oxygen vacancies on CeO2 [44,61].

Characterization of NiMo catalysts supported on AlCe5 impregnated at pH=7

or 9.

UV-vis diffuse reflectance spectroscopy analysis.

Figures 7a and7b show the UV-vis DR spectra of the NiMo/AlCe5 catalysts after impregnation at pH=7 or 9 and followed by drying and calcination steps. In the case of the impregnation at pH=7 (Figure 7a), after impregnation and drying, a maximum is detected at 268 nm which is attributed to Mo tetrahedral oxide species. However, if one compares the DR spectrum with the one obtained for NiMo/AlCe1 at the same pH, one should note that in the present case, the charge transfer band due to molybdenum oxide species is broader with more contribution at higher wavelength, i.e more polymerized octahedral Mo oxide species.

Similarly, the band at 328 nm is more clearly defined showing a higher presence at the surface of the ceria phase as expected from the higher Ce content. After calcination, this latter contribution at 328 nm largely dominates confirming a loss of the dispersion of Mo oxide species after calcination. This is also accompanied by a higher proportion of Mo octahedral species giving rise to a more intense contribution than the 260 nm signal due to tetrahedral Mo species. This shows once again that the calcination step favors the polymerization of Mo oxide species.

In the case of the impregnation at pH=9 (figure 7b), after impregnation and drying steps, the contribution at 328 nm appears higher than at pH=7 showing a lower dispersion of Mo oxide species following a basic impregnation procedure. In terms of Mo oxide species, the broad signal observed appears similar to the pH=7 case. After calcination, the contribution at 328 nm due to ceria becomes even higher confirming the detrimental effect of the calcination step on the dispersion of Mo oxide species. Moreover, the signal due to Mo oxide species remain similar to the pH=7 case showing the formation of a majority of Mo octahedral species giving rise to a contribution around 300 nm. About nickel species, similar conclusions can be reached than for the preceding case with AlCe1. Nickel octahedral species give rise to two signals at 660 and 760 nm whatever the pH of impregnation after the drying step while calcination induces a distortion of the nickel octahedral species with three contributions at 710, 790-800, and 860-870 nm.

Raman spectroscopy analysis.

Figures 8a and 8b report the Raman spectra of NiMo/AlCe5 after impregnation at pH=7 or 9 followed by drying and calcination steps. After impregnation at pH=7 (Figure 8a), the Raman spectrum shows a complex profile with contributions from both CeO2 and Mo oxide species.

First of all, a signal at 1044 cm -1 is observed and results from the presence of nitrate impurities. The CeO2 phase results in contributions at 650, 465, 250, 203 and 130 cm -1 [44,62,63]. Molybdenum oxide species give rise to a broad signal in the 1000-800 cm -1 range with two distinct contributions at 930 and 955 cm -1 . The 955 cm -1 band is characteristic of the presence of both Mo7O24 6-and Mo8O26 4-species [66] while the 930 cm -1 signal corresponds to MoO4 2-entities. These contributions are accompanied by their respective asymmetric Mo-O-Mo stretching modes of vibration at 845 and 810 cm -1 corresponding to Mo7O24 6-/Mo8O26 4-and MoO4 2-species respectively. This also goes along with a broad signal at 345 cm -1 due to Mo=O bending vibrational modes mainly due to MoO4 2-species.

After the calcination step, the Raman spectrum becomes even more complex. First, the optimum for the Mo=O stretching vibration bands now moved to 966 cm -1 showing the formation of more polymerized Mo oxide entities with a predominance of Mo8O26 4-species. This is accompanied by a detectable shoulder at 1005 cm -1 characteristic of MoO3 clusters [18,19]. Moreover, the asymmetric profile of the massif due to M=O stretching vibrations bands suggest the occurrence of less polymerized Mo oxide species like Mo7O24 6-or MoO4 2- but in a lesser proportion than at the dried state. These bands are once again associated with signals at 845 and 810 cm -1 due to asymmetric Mo-O-Mo stretching vibrations of Mo7O24 6- /Mo8O26 4-and MoO4 2-species respectively. The Mo=O bending vibration at 345 cm -1 present some additional contributions at higher wavenumber in agreement with the formation of more polymerized Mo oxide entities after the calcination step. An interesting point to note is also the appearance of new contributions at 770, 700, 660, 610 and 280 cm -1 while the signal at 465 cm -1 due to bulk CeO2 disappears. These features reflect a strong interaction occurring between Ce and the Al2O3 surface after calcination at a high cerium content like here. The additional features observed at the calcined state are in fact due to interacting tetragonalized Ce species dispersed on alumina and characteristic of an incipient formation of CeAlO3 [68].

This effect is generally associated with a less intense and more broadened F2g mode at 465 cm -1 becoming hardly detectable in our case.

Figure 8b reports the Raman spectra of NiMo/AlCe5 pH=9 at the dried and calcined states.

After drying, the 1044 cm -1 band due to nitrate impurities is once again present. Mo=O stretching vibrations give rise to two distinct signals at 935 and 945 cm -1 due respectively to MoO4 2-and Mo7O24 6-species. These bands are associated with two asymmetric Mo-O-Mo stretching vibrations at 870 and 810 cm -1 and with the 345 cm -1 Mo=O bending signal. If compared to the NiMo/AlCe5 pH=7-D case, one should note slightly less polymerized Mo oxide entities in NiMo/AlCe5 pH=9-D. Moreover, signals due to CeO2 appear much less significant after impregnation at pH=9 with only detectable contributions at 200 and 132 cm - 1 . After calcination, only broad signals can be noticed. Mo=O stretching bands give rise to a low intense broad signal with a maximum at 966 cm -1 and a shoulder at 1005 cm -1 like for NiMo/AlCe5 pH=7-C showing mainly the presence of Mo8O26 4-and MoO3 clusters. The formation of less crystalline Mo oxide species compared to the pH=7 case also results in less intense signals in the 770-600 cm -1 range due to tetragonalization of Ce species. This indicates a lower propensity in this case of cerium species to interact with alumina.

Catalysts characterization at the sulfide state using infrared spectroscopy of adsorbed pyridine.

The acidity of the different catalysts at the sulfide state was studied using Fourier-transform infrared spectroscopy (FTIR) with pyridine as a molecule probe. Bands related to the v(19b) vibration mode of adsorbed pyridine are the most used in IR characterization to analyze the Lewis or Brønsted acid sites [46,47]. This technique can be used to distinguish the Lewis acid sites from Brønsted ones. For instance, the band located at 1445 cm -1 is related to Lewis acidity while the signal at 1543 cm -1 is related to Brønsted acid sites [46][47][48][69][70][71].

The FTIR spectra of pyridine adsorbed on the NiMo/AlCe1 pH=7 -S catalyst at different temperatures of desorption (80, 100, 120 140 and 160° C) are shown in Figure 9. It should also be noted that similar infrared spectra were obtained for all the catalysts series. All the catalysts exhibit the 1445 cm -1 band related to Lewis acidity. However, adsorption bands around 1550 cm -1 characteristic of Brønsted acidity cannot be observed here. Using the method reported by Emeis [48], the concentration of Lewis sites was determined for all the different catalysts considering the integrated absorbance of the 1445 cm -1 Lewis acid band as well as integrated molar extinction coefficient (IMEC) values [21].

Figure 10 shows the concentration of Lewis acid sites as a function of the temperature of desorption. It should be noted that the NiMo/AlCe5 catalysts, whatever the pH of impregnation, present high Lewis acid concentration. In the case of NiMo/AlCe1 catalysts, the pH of impregnation influences significantly the amount of Lewis acid sites with a lower concentration for NiMo/AlCe1 pH=9. At a temperature of desorption of 100°C, the Lewis acid concentrations are CLA = 0.26, 0.20, 0.27 and 0.28 µmol/g for NiMo/AlCe1 pH=7-S, NiMo/AlCe1 pH=9-S, NiMo/AlCe5 pH=7-S and NiMo/AlCe5 pH=9-S catalysts, respectively. Therefore, one should note that except for NiMo/AlCe1 pH=9, the concentration of Lewis acid sites does not differ notably among all the catalysts studied here.

3.5.Dibenzothiophene hydrodesulfurization on the NiMo catalysts supported on

AlCex supports.

The effect of adding Ce to Al2O3 on the hydrodesulfurization catalytic performance of the resulting NiMo/AlCex (x=1 or 5) catalysts was evaluated in the HDS of dibenzothiophene (DBT). The HDS of DBT leads to two main products, biphenyl (BP) and cyclohexylbenzene (CHB) obtained through to parallel reaction pathways, the so-called direct desulfurization (DDS) route and the hydrogenating (HYD) route [72]. Results are reported in Table 3.

Marked differences can be noticed in terms of HDS performance depending on the pH of impregnation used and the cerium content. The most active HDS catalyst corresponds to the NiMo catalyst prepared at a pH of impregnation of 9 with 1 mol % Ce content. Its reaction rate reaches a value of 14.9 x 10 -7 molDBT/gcat.s which is 62 % higher than for the NiMo/Al2O3-S reference without cerium. The second most active NiMo catalyst was also prepared at a pH of impregnation of 9 but with a Ce content of 5 mol %. The reaction rate observed in this case, 14.4 x 10 -7 molDBT/gcat.s is almost equivalent to the one observed for NiMo/AlCe1 pH=9-s suggesting that 1) cerium, if added in optimized conditions, can help to improve significantly the HDS response and 2) that increasing the Ce content from 1 to 5 mol % plays only a negligible role on the HDS performance. Strikingly, the pH of impregnation used for preparing the NiMo catalysts supported on AlCex supports has a strong effect on the HDS catalytic properties. Indeed, the least active HDS catalysts are those prepared at a pH of impregnation of 7. In this respect, the lowest activity was reached by NiMo/AlCe5 pH=7-S with a value of 9.9 x 10 -7 molDBT/gcat.s only slightly better than for the NiMo/Al2O3-S reference prepared without Ce. Decreasing the cerium content to 1 mol % like for NiMo/AlCe1 pH=7-S leads to a better final HDS activity (11.0 x 10 -7 molDBT/gcat.s) but still much lower than for the NiMo catalysts supported on AlCex supports using a pH of impregnation of 9. This analysis therefore shows two different effects of cerium depending on the pH of impregnation used. At a pH of impregnation of 7, increasing the Ce content has a deleterious effect on the HDS catalytic activity and only a quite limited beneficial effect can be expected at 1 mol % Ce. At a pH of impregnation of 9, a marked beneficial role of cerium can be observed as soon as 1 mol % Ce but without more improvement if Ce is added in higher amount. These results can be more clearly understood if one looks both to the UVvis and Raman spectroscopies results.

In the case of the NiMo catalysts supported on AlCe1, the analysis of both UV-vis DR (figures 5A and B) and Raman (figures 6A and B) shows that the impregnation performed at pH=7 led to a mixture mainly of octahedral Mo7O24 6-and Mo8O26 4-species and to a minor amount of tetrahedral MoO4 2-species. Moreover, a clear contribution from the CeO2 phase can also be noticed on the Raman spectrum with formation of oxygen vacancies suggesting some interaction occurring with the alumina support. Therefore, NiMo/AlCe1 pH=7 shows more or less dispersed Mo oxide species but also the formation of a poorly dispersed CeO2 phase on the surface of the Al2O3 support interacting partly with it.

In the case of the impregnation at pH=9, the analysis of both UV-vis DRS (Figure 5B) and Raman (Figure 6B) shows that the impregnation under basic conditions leads as expected to the formation of more polymerized Mo oxide entities. However, the difference in terms of Mo oxide species remains relatively limited when comparing to the pH=7 case suggesting that the Mo dispersion achieved after calcination plays only a limited role in explaining the differences in HDS catalytic activity. On the contrary, the analysis of Raman results shows clearly the almost complete disappearance of any signal coming from the CeO2 phase demonstrating here that the impregnation of the Mo and Ni precursors at pH=9 help to redisperse in an optimal way the CeO2 phase on the Al2O3 surface. These results strongly suggest that optimizing the dispersion of the ceria phase onto the alumina support is a strong requirement necessary here to achieve improved HDS performance. This situation is even more accentuated in the case of the NiMo catalysts supported on AlCe5 when comparing the results obtained after impregnation at pH=7 (Figures 7A and8A) or at pH=9 (Figures 7B and8B). Once again, the comparison between the UV-vis DR spectra for NiMo/AlCe5 pH=7-C and NiMo/AlCe5 pH=9-C (Figure 7) shows only a negligible effect of the pH of impregnation on the type of Mo oxide species with essentially similar signals for 3. This also demonstrates that optimized conditions for the formation of a well dispersed ceria phase on alumina provides a way of improving the HDS performance of NiMo catalysts.

Conclusions.

The addition of cerium to an Al2O3 support prepared by the sol-gel technique for synthesizing NiMo hydrodesulfurization catalysts was herein evaluated in order to determine the influence of both the pH of impregnation (7 or 9) or the Ce content (1 or 5 mol% as CeO2) on the final dispersion of Mo oxide entities and on the degree of interaction of Ce with the Al2O3 support.

The description achieved on the final state of Mo and Ce was then correlated to catalytic results for the hydrodesulfurization of dibenzothiophene.

Results clearly demonstrate that the pH of impregnation used for preparing the NiMo/AlCex catalysts has a more significant influence on the final HDS performance than the Ce amount used. At a pH of impregnation of 7, the addition of 1 mol% Ce only increases slightly the HDS performance compared to the NiMo/Al2O3 reference while adding Ce up to 5 mol% has a deleterious effect. On the opposite, using a pH of impregnation of 9 leads to a strong beneficial effect on the HDS activity even at a loading of 1 mol% Ce. Finally, only negligible variation of acidic properties were generally observed ruling out any role played by acidity in the present case.

Deep analysis of both UV-vis DR and Raman results show that the dispersion of Mo oxide species cannot explain differences observed in HDS. Strikingly, the pH of impregnation drastically influences the state of Ce from a poorly dispersed CeO2 phase when using a neutral pH of impregnation to a very highly dispersion onto Al2O3 when using basic conditions for impregnation. Therefore, optimized conditions of preparation leading to very highly dispersed CeO2 phase onto Al2O3 leads to a strong improvement of the HDS activity of NiMo catalysts. This study shows that doping Ce in a highly optimized way onto Al2O3 support is an interesting option to achieve highly active NiMo HDS catalysts. 
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 2 → Mo 6+ charge transfer band processes showing that the more or less degree of polymerization of Mo oxide species cannot explain by itself the difference observed in HDS activity. On the opposite, the analysis of Raman results shows strikingly marked differences depending on the pH of impregnation. While signals for Mo=O stretching vibrations show the formation in both cases mainly of Mo8O26 4-species, confirming UV-vis DR results, the main difference comes from the Raman signals due to cerium. At a pH of impregnation of 7, distinct intense Raman signals of cerium interacting with Al2O3 can be noticed suggesting the formation of highly crystallized Ce species in interaction with the support. Using a pH of impregnation of 9 leads on the opposite to a quasi-absence of signals due to CeO2 (interacting or not with Al2O3) even at such a high Ce content of 5 mol % demonstrating the formation of a very well dispersed CeO2 phase onto the Al2O3 support. This last situation therefore leads to optimized conditions for obtaining improved HDS catalytic properties as shown in Table
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 1 Figure 1. N2 adsorption-desorption isotherms of the a) Al2O3, b) AlCe1 and c) AlCe5 supports calcined at 550 °C.
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 2 Figure 2. Zeta-potential curves of the a) Al2O3, b) AlCe1 and c) AlCe5 supports calcined at 550 °C.
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 3 Figure 3. UV-vis diffuse reflectance spectra of alumina, AlCe1 and AlCe5 supports calcined at 550°C.
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 4 Figure 4. Raman spectra of AlCe1 and AlCe5 supports calcined at 550°C.

Figure 5 .

 5 Figure 5. UV-vis diffuse reflectance spectra of NiMo catalysts supported on AlCe1, dried at 120°C (-D) and calcined at 400°C (-C), a) impregnated at pH=7 and b) impregnated at pH=9.

Figure 6 .

 6 Figure 6. Raman spectra of NiMo catalysts supported on AlCe1, dried at 120°C (-D) and calcined at 400°C (-C), a) impregnated at pH=7 and b) impregnated at pH=9.

Figure 7 .

 7 Figure 7. UV-vis diffuse reflectance spectra of NiMo catalysts supported on AlCe5, dried at 120°C (-D) and calcined at 400°C (-C), a) impregnated at pH=7 and b) impregnated at pH=9.

Figure 8 .

 8 Figure 8. Raman spectra of NiMo catalysts supported on AlCe5, dried at 120°C (-D) and calcined at 400°C (-C), a) impregnated at pH=7 and b) impregnated at pH=9.

Figure 9 .

 9 Figure 9. FTIR spectra of pyridine adsorbed at temperatures of 80, 100, 120, 140 and 160 °C on the NiMo/AlCe1 pH=7-S catalyst.
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 10 Figure 10. Concentration of the Lewis acid sites (CLA) as a function of temperature for NiMo sulfide catalysts supported on AlCex.

Figure 1

 1 Figure 1

30

 30 

Figure 2 31

 2 Figure 2

Figure 3 32

 3 Figure 3

Figure 4 33 Figure 5 34 Figure 6 35 Figure 7 Figure 10

 33534635710 Figure 4

  

  

  

Table 1 .

 1 Textural properties of alumina, AlCe1 and AlCe5 supports.

	Support Specific surface	Porous volume	Average pore size
		area (m 2 /g)	(cm 3 /g)	(nm)
	Al2O3	430	1.4	13.0
	AlCe1	164	0.7	16.2
	AlCe5	159	0.3	8.4

Table 3 .

 3 DBT hydrodesulfurization results (P=30 bars H2, 500 ppm S) of the NiMo catalysts supported on AlCex supports (T° reaction: 300°C, LHSV=4.2 h -1 ).

	Catalyst	Conversion	r x 10 -7	DDS selectivity	Ea
		(%)	(mol/gcat.s)	(%)	(Kcal/mol)
	NiMo/Al2O3-S	20	9.2	95	16
	NiMo/AlCe1-S pH=7-S	25	11.0	93	21
	NiMo/AlCe1-S pH=9-S	35	14.9	94	21
	NiMo/AlCe5-S pH=7-S	23	9.9	92	20
	NiMo/AlCe5-S pH=9-S	33	14.4	93	20
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