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Abstract

In the search of selective hydrodesulfurization catalysts with low hydrogenating function, Mo and NiMo catalysts supported

on Mg±Al mixed oxides with molar ratios x�MgO/(MgO�Al2O3)�0.0, 0.05, 0.25, 0.50, 0.75 and 1.0 were prepared by the

sol±gel method. The synthesized solids were characterized by surface area, TGA, X-ray diffraction, temperature programmed

reduction (TPR), DRS, FTIR and FT-Raman spectroscopy and high resolution electron microscopy (HREM). The catalysts

were tested in the thiophene hydrodesulfurization reaction. The results indicate that even with the incorporation of small

amounts of magnesia to the alumina support, the hydrogenation function of the catalyst is substantially reduced. The changes

in the hydrodesulfurization and hydrogenation functions of the catalysts seem to be due to the formation of magnesium-

molybdate and also due to the formation of a NiO±MgO solid solution which takes away the promoting effect of Ni.

Therefore, in NiMo catalysts supported on magnesia containing supports, it is necessary to use Ni/(Ni�Mo) atomic ratios

greater than 0.3 to recover the promotion effect lost by the interaction of NiO with magnesia. The results also indicate that

only the catalysts with low magnesia content (x<0.25) show textural stability. # 1998 Elsevier Science B.V. All rights

reserved.
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1. Introduction

The need of low sulfur reformulated gasoline

requires to eliminate the sulfur compounds from all

the streams which contribute to the gasoline pool.

Most of the sulfur in a typical re®nery gasoline pool

comes from FCC naphthas which have a high ole®n

content and thus a high octane number. Elimination of

the sulfur compounds from cracked naphthas is not a

dif®cult task and, therefore, the severity of the

required HDS process is not very high. However,

during the HDS processing of cracked naphthas, sig-

ni®cant saturation of the ole®ns present in the stream

is also performed, leading to reduction of the octane.

Therefore, the problem is that on one hand we need to

perform deep hydrodesulfurization, but on the other,

we need to diminish the loss of octane which occurs

due to the simultaneous increase in the hydrogenation

function of the catalyst. Clearly, this problem points

out the necessity of new selective HDS catalysts,

which can perform an adequate hydrodesulfurization

but with low hydrogenation to avoid as much as

possible the saturation of ole®ns, which contribute

to the octane number in the product.
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To accomplish the requirements of high HDS and

low hydrogenation, catalysts with reduced acidity in

the alumina support have been proposed [1,2]. How-

ever, other supports have also been proposed. For

example, it has been reported in the literature [3] that

for unpromoted Mo catalysts supported on different

oxides the hydrogenating function varies according to:

Al2O3>TiO2>MgO>SiO2. Also, the same authors

report in the HDS of dibenzothiophene the lowest

cyclohexylbenzene to biphenyl ratio for Mo catalysts

supported on MgO, compared to those supported on

Al2O3, TiO2 and SiO2. Magnesia supported hydrode-

sulfurization catalysts have been the object of only a

few studies [1,3] and although magnesia supported

sul®des are generally reported as less active for HDS

than their alumina counterparts, they may be a good

option for hydrodesulfurization of cracked naphthas

with low ole®ns hydrogenation. Recently, it has been

reported [4] that selectivity advantages, equal to a

decrease of 10±40% in the ole®n reduction at 80%

HDS conversion, were achieved with CoMo catalysts

supported on Mg±Al supports produced from the

thermal decomposition of a crystalline hydrotalcite-

like compound of formula Mg4.5Al2(OH)13-

CO3.3�5H2O. Some patents have also suggested the

use of magnesia or mixtures of MgO with other

refractory inorganic oxides as selective catalysts for

hydrodesulfurization of cracked naphthas with low

hydrogenation [2]. However, one of the disadvantages

of MgO supported catalysts is that when in contact

with moisture, the high surface area MgO (100±

300 m2/g) is transformed to low surface Mg(OH)2

(10±30 m2/g). It appears that even upon standing at

ambient conditions MgO is converted to a mixture of

MgCO3 and Mg(OH)2 [5]. Clearly, this process can

also occur during the aqueous impregnation of the

metal salts of the active-phase precursors. This pro-

cess of loss of surface is a reversible one and the

surface area can be again increased by calcination of

the wet samples. Due to this complications, it has been

proposed in the past the use of non-aqueous proce-

dures for the impregnation of magnesia supported

HDS catalysts [1]. Clearly, it should be interesting

to ®nd a way to stabilize magnesia-containing sup-

ports, to use them in selective hydrodesulfurization

catalysts with low hydrogenation.

Thus, the object of this work will be to explore the

possibility of stabilizing high surface areas in Mo and

NiMo catalysts prepared by aqueous methods, by

incorporating different amounts of Al2O3 to the

MgO support using sol±gel procedures, and analyze

the effect on the hydrodesulfurization and hydrogena-

tion functions of the catalysts, measured in the thio-

phene HDS reaction, paying special attention to the

hydrogenation conversion.

2. Experimental

2.1. Supports and catalysts preparation

The alumina±magnesia mixed oxides (Al±Mg(x)),

with molar ratios x�MgO/(MgO�Al2O3)�0.0, 0.05,

0.25, 0.50, 0.75 and 1.0, were prepared using alumi-

num isopropoxide (Al(i-PrO)3, Aldrich, 99%) and

magnesium ethoxide (Mg(OEt)2, Aldrich, 98%) as

precursors and n-propyl alcohol as solvent. In each

synthesis, 1.5 g of Al±Mg(x) sample were prepared

according to the following procedure. The required

amount of Al(i-PrO)3 was dissolved in 300 ml of n-

propanol (Aldrich, 99.5�%, HPLC grade) at room

temperature under vigorous stirring. When the dis-

solution was over, the corresponding amount of

Mg(OEt)2 was added and the resulting solution was

stirred for 2 h. Then, 50 ml of deionized water was

added to the above solution to produce the precipita-

tion of the metallic hydroxides. The precipitates were

aged at room temperature with slow stirring for 24 h

and then vacuum ®ltered. The resulting solids, after

drying at 373 K for 24 h, were calcined in air for 24 h

at 773 K.

Mo and NiMo/Al±Mg(x) catalysts were prepared

by a standard incipient wetness technique. The

calcined supports were impregnated successively

with an aqueous solution of ammonium heptamolyb-

date and nickel nitrate according to the required

Mo and Ni loading: 2.8 at/nm2 of molybdenum and

a nickel content corresponding to an atomic ratio

r�0.3, where r�Ni/(Ni�Mo). NiMo catalysts with

r�0.4 and 0.6 were also prepared for the supports

with x�0.05 and 1.0. After each impregnation,

the solids were dried at 373 K (12 h) and ®nally

calcined at 773 K (4 h). Prior to the catalytic

activity tests the catalysts were sul®ded in situ in

a stream of 15% volume of H2S in H2 during 4 h

at 673 K.
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2.2. Catalytic activities

Catalytic activities in the thiophene hydrodesulfur-

ization reaction were determined at steady state con-

ditions, after a 12 h stabilization period using a ¯ow

microreactor operating at atmospheric pressure. In all

the experiments the feed rate of TH, F(TH), was

1.53 mmol hÿ1 and the feed rate of hydrogen was

50 mmol hÿ1. For the Mo series catalysts, the catalyst

charge, W, was 0.1 g, and 0.05 g for NiMo catalysts.

The thiophene conversion at a ®xed value of W/F(TH)

was sequentially determined at four temperatures

from 533 to 623 K in steps of 30 K. To evaluate the

hydrogenation (HYD) function, also the conversion to

butane, de®ned as moles of butane in the product per

mole of thiophene in the feed, was followed.

2.3. Catalyst characterization

The samples were characterized by nitrogen phy-

sisorption measurements, FTIR and FT-Raman spec-

troscopy, thermogravimetry (TG), X-ray powder

diffraction (XRD), UV±VIS diffuse re¯ectance spec-

troscopy (DRS), temperature-programmed reduction

(TPR) and high resolution electron microscopy

(HREM). All the characterizations were made with

the calcined samples, except the thermal analysis of

the supports in which the uncalcined samples were

used as starting materials. The surface area and pore

characteristics of supports and catalysts (in their oxide

state) were obtained using a Micromeritics ASAP

2000 system. Prior to the physisorption measure-

ments, all samples were outgassed for 3 h at 523 K.

In general, the errors found in repeated measurements

of surface area determinations were within 2±3% of

the total surface area. FTIR measurements were per-

formed with a Nicolet 510 spectrometer using KBr

pressed disks. Dehydration of the samples was

achieved by heating, under vacuum, the pressed disks

at 523 K for 1 h. The IR spectra were recorded at room

temperature, with 300 scans and 4 cmÿ1 resolution.

The laser Raman spectra were recorded in the 400±

4000 cmÿ1 range on a Nicolet 950 FT spectrometer. A

Nd-YAG laser was used as the excitation source with a

slit width setting of 4 cmÿ1. Signal detection was

achieved with an InGaAs detector. All the samples

were diluted in 50 times with KBr. Thermogravimetric

analysis was carried out in a Dupont 2000 system,

under a nitrogen ¯ow of 100 ml minÿ1 and a heating

rate of 10 K minÿ1. X-ray diffraction patterns were

recorded in the range 38�2��808 in a Philips PW

1050/25 diffractometer, using Fe-®ltered CuKa radia-

tion (��1.5418 AÊ ) and a goniometer speed of

28(2�) minÿ1. UV±VIS±NIR electronic spectra of

the samples were recorded in the wavelength range

250±2500 nm using a Cary-5E spectrophotometer

with a diffuse re¯ectance attachment. Al±Mg(X) sup-

ports were used as a reference. The value of the

Schuster-Kubelka-Munck remission function was

determined. Temperature-programmed reduction

experiments were performed in an ISRI-100 catalyst

characterization system, with catharometric detection

of hydrogen consumption. In these experiments,

125 mg samples were reduced in a stream of 70%

H2/Ar gas mixture (25 ml minÿ1) from 293 to 1273 K

at a heating rate of 10 K minÿ1. Prior to each mea-

surement the sample was pretreated in a stream of N2

at 773 K for 2 h. High resolution transmission electron

microscopy studies were performed using a Jeol 2010

microscope (resolving power 1.9 AÊ ). The solids were

ultrasonically dispersed in heptane and the suspension

was collected on carbon-coated copper grids.

3. Results and discussion

3.1. Catalytic activity

Conversion of thiophene and the production of

butane on the Mo/Al±Mg(x) catalysts, as a function

of the magnesia content, in the thiophene hydrode-

sulfurization reaction, are presented in Figs. 1 and 2.

Here, one can see that the catalysts supported on

alumina have the highest activity and that only a small

activity drop, which is practically independent of the

MgO loading, is obtained by the incorporation of

different amounts of MgO into the support formula-

tion. However, the hydrogenation of butenes to butane

is substantially reduced when small amounts of MgO

are incorporated to the alumina. Further increase in the

MgO content of the catalyst do not produce further

important changes in its hydrodesulfurization and

hydrogenation activity. In contrast, the nickel pro-

moted catalysts with a Ni/(Ni�Mo) ratio of 0.3,

Figs. 3 and 4, present a continuous and substantial

drop in HDS activity with magnesia loading. In fact,
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the activity drop is so important with magnesia load-

ing that the pure magnesia supported catalyst shows a

thiophene conversion which is similar to that of the

unpromoted Mo/Al±Mg(1.0) catalyst. This result indi-

cates the loss of the Ni promotion effect as the

magnesia loading in the catalyst increases. These

results could be rationalized by considering the pos-

sibility of formation of a NiO±MgO solid solution

Fig. 1. Thiophene conversion (%) in Mo/Al±Mg(x) catalysts: (a)

533 K, (b) 593 K and (c) 623 K.

Fig. 2. Conversion to butane (%) in Mo/Al±Mg(x) catalysts: (a)

533 K, (b) 593 K and (c) 623 K.

Fig. 3. Thiophene conversion (%) in NiMo/Al±Mg(x) catalysts: (a)

533 K, (b) 593 K and (c) 623 K.

Fig. 4. Conversion to butane (%) in NiMo/Al±Mg(x) catalysts: (a)

533 K, (b) 593 K and (c) 623 K.
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which consumes most of the nickel in the catalysts

with Ni/(Ni�Mo)�0.3, and also to the formation of a

small amount of magnesium molybdate. In line with

this suggestion, an increase in the Ni/(Ni�Mo) ratio in

the catalysts leads to a marked recovery of the HDS

activity (Fig. 5). This activity recovery is also evident

for the NiMo/Al±Mg(0.05) catalyst.

Clearly, the changes in catalytic activity and con-

version to butane observed in the Mo and NiMo

catalysts with the amount of magnesia in the support

must be related, at least in part, to the textural and

structural characteristics of the support and to its

interaction with the Mo and Ni phases.

3.2. Supports and catalysts characterization

The textural properties of the different supports and

catalysts compositions are presented in Table 1. From

this table, it is possible to see that the fresh-prepared

supports can be obtained with high speci®c surface

areas. Lower surface areas are obtained only when the

concentration of MgO in the support is beyond

x�0.50. This loss of surface area is accompanied

by an increase in pore diameter. The successive aqu-

eous impregnation of Mo and Ni to the Al±Mg(x)

support induces the formation of low surface area

Mg(OH)2 but during drying and calcination MgO is

formed again and, as the results from Table 1 show,

the surface area is restored and in some cases

increased. During this process the pore diameter

and the pore volume are decreased. It is only the pure

MgO supported catalysts which show an erratic beha-

vior. In this case, probably due to the extent of the

solubilization±recrystalization process of magnesia,

after the Mo and Ni impregnation, the surface area

is increased as also the pore diameter and the pore

volume indicating a massive textural change leading

to solids with bigger pores with thin walls.

It is important to point out that the magnesia-rich

catalysts (x>0.25) do not show textural stability and

they tend to lose surface area with time, when they are

kept at ambient conditions.

According to the XRD results (Figs. 6 and 7), it

appears that the incorporation of magnesia to the pure

alumina support renders the alumina more amorphous

since the two main peaks (I/I0�100 and 80%) corre-

sponding to interplanar distances of 1.4 and 1.98 AÊ ,

which appear clearly in the pure alumina support,

almost disappear at magnesia contents beyond

x�0.25 and instead, re¯ections corresponding to

MgO appear in the diffractogram. It seems that the

magnesium±aluminum oxide with spinel structure is

not formed at the conditions of our experiment since

Fig. 5. Conversion to butane (%) in NiMo/Al±Mg(x) catalysts with

r �0.3, 0.4 and 0.6, when (a) x�1.0 and (b) 0.05; and thiophene

conversion (%): (c) x�1.0 and (d) 0.05.

Table 1

Fresh-prepared supports, Mo and NiMo catalysts

x Al±Mg(x) oxides Mo/Al±Mg(x) catalysts NiMo/Al±Mg(x) catalysts

SBET dp a V SBET dp a V SBET dp a V

(m2/g) (AÊ ) (cm3/g) (m2/g) (AÊ ) (cm3/g) (m2/g) (AÊ ) (cm3/g)

0.00 224 79 0.45 199 70 0.35 187 71 0.33

0.05 238 58 0.35 261 42 0.27 246 44 0.25

0.25 226 58 0.33 210 43 0.23 192 44 0.21

0.50 212 63 0.33 220 35 0.19 186 41 0.19

0.75 193 93 0.44 224 34 0.19 192 45 0.22

1.00 130 104 0.34 329 69 0.56 154 150 0.58

a dp - average pore diameter.
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the main re¯ection for the spinel type oxide should

appear at 2��36.80 and is not evident in the diffrac-

togram of any of the samples. An interesting fact

observed when comparing the diffractograms of sup-

ports with those of the unpromoted and nickel-pro-

moted samples is that the incorporation of

molybdenum to the support induces a loss in the

crystallinity of the magnesia peaks which now appear

more broad and less intense. In contrast, the subse-

quent incorporation of Ni to the catalyst produces a

recovery of the magnesia phase crystallinity. These

changes indicate that some interaction between the

Mo and Ni oxides with the support is taking place. In

fact, the existence of a MgO±NiO solid solution has

been well documented [6].

Fig. 8 shows the FTIR spectra of the Al±Mg (x�0,

0.5, 1.0) supports. In the OH's region, the shift

observed in the broad band due to the free hydroxyls

of the supports, shows a gradual change in the nature

of the OH groups from pure magnesia to pure alumina.

The spectra also show, in agreement with literature

data [5], that under ambient conditions the support

contains carbonates and that their amount increases

with magnesium content. The observed bands corre-

spond to ionic CO2ÿ
3 (1439 cmÿ1), physisorbed CO2

(1526 cmÿ1) and monodentate ÿOÿ COÿ2
(1375 cmÿ1), the latter appearing only as a shoulder

Fig. 6. X-ray diffraction of Al±Mg(x) oxides: (a) x�0.0, (b)

x�0.05, (c) x�0.25, (d) x�0.50, (e) x�0.75 and (f) x�1.0.

Fig. 7. X-ray diffraction of (a) Al±Mg(1.0), (b) Mo/Al±Mg(1.0)

and (c) NiMo/Al±Mg(1.0) catalysts.

Fig. 8. FTIR spectra of the Al±Mg(x) samples: (a) x�1.0, (b)

x�0.50 and (c) x�0.0.
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in the pure magnesia sample. In the fundamental

region at 500±900 cmÿ1 the pure alumina sample

shows two broad bands assigned to vibrations Al±O

of tetrahedral (800 cmÿ1) and octahedral (603 cmÿ1)

aluminum. In the Al±Mg(0.5) mixed oxide the above

bands are not so clear but the appearance of a new

band at 673 cmÿ1 hints the existence of aluminum

with intermediate coordination between tetrahedral

and octahedral. This result is in line with the XRD

results which show a loss of crystallinity of the

alumina with the incorporation of small amounts of

magnesia to the support.

The interaction between alumina and magnesia in

the supports is also con®rmed by the thermal analysis

results (Figs. 9 and 10) which show that the loss of

weight assigned to the dehydroxylation of the dried

support samples occurs at different temperatures in the

Al±Mg(0.5), Al±Mg(1.0) and Al±Mg(0) samples

(Tmax �684, 648 and 694 K, respectively). To corro-

borate this even further, the thermogram of a mechan-

ical mixture, Al2O3±MgO, with a composition

equivalent to x�0.5, also shown in Fig. 10, reveals

a main peak at 662 K assigned to the loss of hydroxyl

groups in magnesia, and a shoulder at about 713 K

assigned to the dehydroxylation of alumina. These

peaks are clearly different from those obtained with

the mixed oxide. It appears then from the above results

that the mixed supports are composed mainly of the

corresponding mixed oxide and some small amounts

of the pure Al2O3 and MgO phases.

Regarding the Mo and Ni phases the XRD results

indicate, at this scale of measuring, good dispersion of

the metallic phases since no evidence of diffraction

lines from either Ni or Mo oxide phases were evident.

However, according to the TPR results of the unpro-

moted catalyst samples (Fig. 11), different species of

Mo are present on the catalyst surface and their

population changes with the magnesia content in

Fig. 9. Thermogravimetric analysis of Al±Mg(x) samples: (a)

x�0.0, (b) x�1.0.

Fig. 10. Thermogravimetric analysis of Al±Mg(x) samples: (a)

x�0.50, (b) mechanical mixture x�0.50.

T. Klimova et al. / Catalysis Today 43 (1998) 135±146 141



the catalyst. The assignation of the TPR hydrogen

consumption peaks has been made on the basis of

previous literature reports on Mo based catalysts

supported on alumina [7,8] and magnesia [9]. For

the pure alumina supported catalyst, two reduction

peaks with maxima at 712 and 1051 K, which corre-

spond to the presence of octahedral and tetrahedral

molybdenum species, respectively, are clearly evident.

Also, in the temperature range 773±923 K the reduc-

tion of polymeric Mo species and MoO3 is evident by

the appearance of shoulders in the peaks of octahedral

and tetrahedral Mo. As magnesia is incorporated into

the support, Mo/Al±Mg (0.05) sample, the zone of

intermediate reduction temperature begins to grow

and also, an increase in the consumption of hydrogen

is observed at high temperature (1173±1273 K). The

incorporation of more magnesia to the support (Mo/

Al±Mg (0.25) sample) de®nitely changes the distribu-

tion of the Mo species and, in this case, the peak

corresponding to species of octahedral Mo, which in

alumina appeared at 712 K, appears only as a shoulder

at 788 K. At the same time, the peak of polymeric Mo

species becomes clearly de®ned presenting a max-

imum at 844 K. Since the contribution of the high

temperature shoulder also becomes more important

with the magnesium content, it appears that in addition

to the population of new polymeric species in inter-

action with the support, more tetrahedral Mo species,

which reduce at high temperature, are produced at the

expense of octahedral Mo and possibly of highly

dispersed MoO3 species. This grow in tetrahedral

species is also evidenced by the displacement of the

high temperature maximum from 1051 K in alumina

to about 1175 K in the pure magnesia-supported cat-

alyst. These observations are well in line with the DRS

results (Fig. 12), which show that as magnesia is

incorporated to the catalyst support the absorption

edge shifts to lower wavenumbers indicating, based

on the assignations of Mo species reported previously

in the literature for alumina [10±12] and magnesia [9]

supported Mo catalysts, a diminishing of octahedral

Mo species in favor of tetrahedral ones.

The observed changes in the nature of the Mo

species with magnesium content are also evidenced

by the FT-Raman results of unpromoted Mo catalysts

(Fig. 13), which show, in the alumina supported cat-

alyst, vibrations corresponding to the presence of

MoO3 (band at 820 cmÿ1) [13±15], and that as the

magnesia content is increased this band tends to

disappear. This observation can be rationalized by

considering either a higher dispersion of the Mo

species on the magnesia containing catalysts or the

formation of a new phase of molybdenum and mag-

nesium, possibly magnesium molybdate. In line with

Fig. 11. TPR of Mo/Al±Mg(x) catalyst: (a) x�0.0, (b) x�0.05, (c)

x�0.25 and (d) x�1.0.

Fig. 12. UV±VIS spectra of Mo/Al±Mg(x) catalysts: (a) x�1.0, (b)

x�0.5 and (c) x�0.0.
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this, the band corresponding to M�O vibrations of

molybdenum oxo species in interaction with the sup-

port, and which have been reported at about 950 and

915 cmÿ1 for Mo supported on alumina and magnesia,

respectively [3], shifts from 949 cmÿ1 in the pure

alumina supported catalyst to 924 cmÿ1 in the pure

magnesia supported catalyst. This band has been

assigned to species MoO2ÿ
4 [15], and in this case

can be due to the formation of MgMoO4. In fact,

surface molybdenum species supported on magnesia

have been reported as responsible for a Raman band at

915 cmÿ1 [3] and 855, 907, 967 and 1094 cmÿ1 [16].

In the latter reference the authors indicate that the type

of Mo surface species that produce such richness in

band structure has not yet been clearly elucidated. The

difference in bands observed in the above references

might be due to the fact that in reference [3] the spectra

were taken at ambient conditions where some hydra-

tion of the samples is expected and in reference [16]

the spectra were taken under vacuum after heat treat-

ment. Therefore our results, which were also taken at

ambient conditions, should be closer to those in

reference [3]. Nevertheless, our spectra show a high

degree of complexity in the band structure.

The electron microscopy results of the catalysts in

the sul®ded state (Figs. 14 and 15) show the typical

fringes due to MoS2 crystallites with 6.2 AÊ interplanar

distances. In the alumina supported catalyst MoS2

crystallites with average lengths of about 40 AÊ and

stacking of about one to three layers are observed. In

contrast, on the magnesia containing catalysts and

specially on the pure magnesia supported catalyst,

Fig. 13. Raman spectra of Mo/Al±Mg(x) catalysts: a) x�0.0, (b) x�0.05, (c) x�0.25, (d) x�0.50, (e) x�0.75 and (f) x�1.0.
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longer crystallites are observed. This longer crystal-

lites are specially observed on the outer surface of

magnesia particles. This observations can be rationa-

lized, according to the characterization results from

the other techniques, by considering that the interac-

tion between the magnesia support and the molybde-

Fig. 14. HREM micrograph of NiMo/Al±Mg(0.0) catalyst.

Fig. 15. HREM micrograph of NiMo/Al±Mg(1.0) catalyst.
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num oxidic phases in the catalyst precursors leads

under calcination to the formation of magnesium

molybdate surface layers. These layers of magnesium

molybdate lead, under sul®dation, to the observed

continuous layers of MoS2 around the magnesia par-

ticles. The fact that these MoS2 layers are observed in

both the promoted and unpromoted catalysts, and that

they appear not only in the pure magnesia supported

catalyst, but in almost all the magnesia containing

catalysts except in those with a very low magnesia

content (x�0.5, 0.25), supports even further the idea

that a sul®dable molybdenum±magnesium phase is

formed and that a substantial part of the Ni promoter is

lost in the magnesia structure by forming a solid

solution since it is well known that Ni takes positions

at the edges of the MoS2 crystallites impeding their

lateral growth and leading therefore to smaller size

MoS2 crystallites. Moreover, unpromoted MoS2 crys-

tallites in other supports like Al2O3, TiO2, ZrO2

[17,18] have sizes between 25 and 40 AÊ whereas in

the magnesia supported catalysts crystallites of about

80 AÊ are present.

Based on the above characterizations the catalytic

activity trends for the unpromoted and promoted

catalysts can be rationalized as follows:

For the unpromoted Mo catalysts the small drop in

activity with magnesia content can be explained,

according to the TPR result, in relation to the forma-

tion of less reducible, and possible less sul®dable, Mo

species. These Mo species will be in a strong inter-

action, and in some cases will form a different com-

pound with the magnesia support.

In the case of the Ni promoted catalysts the char-

acterization results indicate the formation of a NiO±

MgO solid solution which leads, as the magnesia

content in the catalyst is increased, to a greater

de®ciency in the promotion by Ni of the Mo active

species.

The decrease in the hydrogenation/hydrodesulfur-

ization ratio with the magnesia content in the catalyst

can be rationalized in terms of the change in the size of

the MoS2 crystallites. Our HREM results indicate an

increase in the size of the MoS2 crystallites with

magnesia content which would lead to an increased

proportion of edge versus corner sites in the MoS2

crystallites. It would appear then that the hydrogena-

tion sites could be related to corner sites. In line with

this suggestion, previous results have indicated, for W

catalysts, which behave in a similar way to those based

in Mo, that the hydrogenation activity is related to the

population of metal-oxygen (M�O) terminal bonds,

rather than to the metal-oxygen-metal (M-O-M)

bridge bonds in the oxidic precursors [19]. One

may infer that the terminal bonds in the oxidic pre-

cursors would be related to the corner sites and that the

bridge bonds would be related to the edge sites in the

sul®ded MoS2 crystallites. It would appear then that

the decrease in the Mo corner sites, which results from

the growing of the MoS2 crystallites as the magnesia

content is increased, leads to a decrease in the hydro-

genation activity.

4. Conclusions

According to the above results, the following con-

clusions can be stated:

1. The use of Al2O3±MgO mixed oxides allows to

obtain magnesia-containing catalytic supports

with surface areas which are maintained during

aqueous impregnation of the active phases,

however, long range textural stability is only

achieved at low magnesia contents (x�0.05, 0.25).

2. The use of Al±Mg mixed oxides allows, in the case

of Mo/Al±Mg(x) catalysts, a substantial decrease in

hydrogenation with only a small drop in hydro-

desulfurization activity.

3. In the case of NiMo/Al±Mg(x) catalysts, a sub-

stantial drop in both, hydrodesulfurization and

hydrogenation activities with magnesia content

seems to be related to the formation of a NiO±

MgO solid solution which at high magnesia content

(x�1.0) practically cancels the Ni promotion

effect.

4. Greater catalytic activities in NiMo-magnesia-con-

taining catalysts can be achieved by increasing the

Ni/(Ni�Mo) atomic ratio in the catalyst beyond

0.3.

5. The FT-Raman and HREM results indicate that in

magnesia supported catalysts the Mo oxidic spe-

cies in interaction with the support are different

from those in alumina supported ones and lead,

under sulfidation to longer MoS2 crystallites

(�80AÊ ), which seem to be the result of MgMoO4

sulfidation.
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