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Structural changes and catalytic performances of hydrodesul-
furization (HDS) Co–Mo catalysts, supported on amorphous alu-
minosilicate (ASA) and amorphous SiO2 were investigated as a
function of the amount of sodium ions added to the supports. The
catalysts were prepared according to the incipient wet impregnation
method using (NH4)6Mo7O24 as molybdenum precursor and CoCl2
or Co(NO3)2 as cobalt precursor. Structural and morphological char-
acterisations of the materials were performed with X-ray diffrac-
tion (XRD) and surface area measurements (BET). In the case of the
ASA-supported catalysts, increasing the amount of sodium resulted
in a gradual decrease of the catalyst surface areas and allowed for-
mation of the β-CoMoO4 phase. In the SiO2-supported catalysts,
the β-CoMoO4 phase formed in the absence of sodium. Moreover,
addition of the alkali ions to the amorphous silica induced the phase
transition to cristobalite resulting in a drastic decrease of the surface
area. The catalytic behaviour of the materials was tested in the HDS
of thiophene carried out in a continuous-flow system at atmospheric
pressure, in a range of temperature between 603 K and 673 K. Un-
like the silica-supported catalysts that were strongly inhibited by
the addition of sodium, the ASA-supported catalysts exhibited a
maximum of the HDS activity in correspondence with a specific
amount of sodium. A correlation between structure and activity is
proposed. c© 2000 Academic Press

Key Words: Mo–Co catalysts; ASA and SiO2 supports; HDS of
thiophene; sodium dopant.

posed for the Co–Mo HDS catalysts (1), the assumption of
1. INTRODUCTION

The hydrodesulfurization (HDS) process, used to re-
move sulfur from petroleum feed-stocks, is generally car-
ried out in the presence of alumina-supported MoS2 cata-
lysts (1). However, most of the industrial catalysts contain
cobalt which was shown to improve the catalytic activity
of molybdenum (2). The promotion by Co is thought to
occur through an electron transfer from the promoter to
the molybdenum, reducing its oxidation state (3). It also
accelerates the sulfiding of MoO3 by supplying spillover
hydrogen (4). Among the different physical models pro-
1 To whom correspondence should be addressed. Fax: ++39
0916809399. E-mail: anna@ictpn.pa.cnr.it.
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a Co–Mo–S structure is generally the most favoured one.
Using Mossbauer spectroscopy, it was shown that the cobalt
atoms are located at the MoS2 crystallite edges forming
the so-called “Co–Mo–S” structure which includes a fam-
ily of structures with different Co concentrations (5). A
correlation between the variation in HDS activity and the
amount of Co present as Co–Mo–S was observed (5, 6).
Both single- and multiple-slab Co–Mo–S structures were
observed depending on the preparation and activation pa-
rameters, presence of additives, type of support, metal load-
ing, etc. The single-slab model is called Type I and inter-
acts more strongly with the support; the multiple-slab form,
called Type II, is fully sulfided, exhibits a weak support in-
teraction of the van der Waals type, and is considered the
most active form (1, 7). The explanation for the more active
nature of the Co–Mo–S sites as compared to MoS2 or Co9S8

was found within the bond energy model (8) which predicts
a weakening of the Mo–S bond due to a strong Co–Mo inter-
action. Moreover, it was shown that the metal–sulfur bond
strength was lower in the Type II Co–Mo–S site. The amount
of Co–Mo–S structure observed in a given catalyst is deter-
mined by the MoS2 edge dispersion (1). Mossbauer and
EXAFS spectroscopy studies showed that the local struc-
ture of Co promoter atoms in the active Co–Mo–S structure
is dependent on the type of support (7, 9). Studies on the
role of the support disclosed both negative and positive
effects of the strong interaction between the support and
the active phase of the catalysts. Alumina interacts strongly
with the active phase, facilitating redispersion during oper-
ation and during regeneration (10); however, due to the
strong interactions with supported Mo it favors the forma-
tion of the relatively less active Type I Co–Mo–S (1). The
use of a less interacting support, like silica, tends to form
the Type II Co–Mo–S; however, its superior surface acid-
ity may induce coke formation during the HDS reactions
(10, 11). Addition of secondary promoters to supported
Co–Mo has been investigated aiming to affect the disper-
sion of the final active site (11, 13). Recently, an increase
of the thiophene HDS activity was observed upon addition
of a small amount of barium to alumina-supported Ni–Mo
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catalysts (14). Moreover, several patents have reported on
the promotion by alkali ions of the HDS selectivity with
respect to the hydrogenation of olefins (15, 16).

Co–Mo catalysts supported on amorphous aluminosili-
cate (ASA), and on amorphous SiO2 previously doped with
various amount of sodium ions, are here investigated. The
preparation method of the two-step pore volume impreg-
nation was adopted. Structural and morphological charac-
terisations of the catalysts and corresponding precursors
were obtained with X-ray diffraction and surface area mea-
surements (BET). The catalytic behaviour was tested in the
HDS of thiophene. The aim of the study was to find a cor-
relation between the catalytic performance and the alkali
ion-induced structural modification at the level of the oxi-
dised precursor species.

2. EXPERIMENTAL

2.1. Supports and Catalysts Preparation

Amorphous aluminosilicate (ASA) (from Aldrich
Chemical Co.) constituted of 86% SiO2, 13% Al2O3, and
1% minor oxide components (surface area of 430 m2/g, pore
volume of 0.62 ml/g) and amorphous SiO2 (from Aldrich
Chemical Co. with surface area of 546 m2/g, pore volume
of 0.92 ml/g) were used as supports. A variable amount of
sodium was added by incipient wetness impregnation with
an aqueous solution of NaNO3 of appropriate concentra-
tion. After evaporation of the water at room temperature
for about 10 h, the paste was dried at 343 K for 2 h and
then calcined at 773 K overnight. The obtained supports
are listed in Tables 1 and 2 along with the sodium content
as derived from atomic absorption spectroscopy (AAS) and
with the specific surface area obtained by the nitrogen ph-
ysisorption method using an automated BET apparatus.

The Mo–Co catalysts were prepared by incipient wet-
ness impregnation. The atomic ratio Co/Mo equal to 0.4,
corresponding to the best HDS activity (1), was used in
all cases. The procedure involved impregnation with an
(NH4)6Mo7O24 ·4H2O aqueous solution at pH 8, followed

TABLE 1

Sodium Content and Specific Surface Area
(S) Measurements of the Sodium-Doped ASA
Supports

Support Wt% Na S (m2/g)

ASA 0 430
1.0-Na-ASA 1.0 380
2.0-Na-ASA 2.0 364
3.2-Na-ASA 3.2 322
4.1-Na-ASA 4.1 300
7.2-Na-ASA 7.2 74

11.7-Na-ASA 11.7 44
ET AL.

TABLE 2

Sodium Content and Specific Surface Area
(S) Measurements of the Sodium-Doped SiO2

Supports

Support Wt% Na S (m2/g)

SiO2 0 546
1.0-Na-SiO2 1.0 96
2.0-Na-SiO2 2.0 22
3.2-Na-SiO2 3.2 25
4.1-Na-SiO2 4.1 9
7.2-Na-SiO2 7.2 6
11.7-Na-SiO2 11.7 6

by 2 h of drying at 343 K and overnight calcination at 773 K.
Thereafter the second impregnation with an aqueous solu-
tion of CoCl2 or Co(NO3)2 followed by the same steps as
before was carried out. The ASA-supported catalysts were
prepared from both cobalt precursors; the silica-supported
ones were prepared from cobalt nitrate only. The adopted
sequence was chosen on the basis of previous studies show-
ing for alumina-supported catalysts better HDS perfor-
mance in the case of Mo preceding Co impregnation (17).
The concentrations of Mo and Co were obtained by AAS.
The catalysts, labeled according to the sodium content, are
listed in Tables 3 and 4 along with their composition and
specific surface areas. For comparison two catalysts with-
out cobalt, ASA-Mo and 3.2-Na-ASA-Mo, were prepared
and analysed.

2.2. Structural Characterization

The X-ray diffraction measurements were performed
with a Philips X-ray diffractometer using Ni-filtered Cu Kα
radiation. A proportional counter and a 0.05◦ step size in 2θ

TABLE 3

ASA-Supported Catalysts Composition,a Atomic Ratio (Na/Mo),
and Specific Surface Area (S)

Catalyst Wt% Na Wt% Mo Wt% Co Na/Mo S (m2/g)

ASA-MoCo 0 6.4 1.6 0 266
ASA-Mo 0 6.4 0 0 390
3.2-Na-ASA-Mo 2.6 6.4 0 0 200
1.0-Na-ASA-MoCo 0.9 6.5 1.6 0.6 188
2.0-Na-ASA-MoCo 1.8 6.5 1.7 1.1 211
3.2-Na-ASA-MoCo 2.6 6.5 1.6 1.8 180
4.1-Na-ASA-MoCo 3.6 6.5 1.6 2.3 215
7.2-Na-ASA-MoCo 6.4 6.0 1.5 4.5 50
11.7-Na-ASA-MoCo 10.5 5.8 1.5 7.6 9

Note. The values refer to the samples prepared with CoCl2 as cobalt
precursor.

a The weight percentages of Na are derived from the atomic adsorption

measurement values of Table 1 corrected for the increased mass due to
the addition of MoO3 and CoO.
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TABLE 4

Silica-Supported Catalysts Composition,a Atomic Ratio (Na/Mo),
and Specific Surface Area (S)

Catalyst Wt% Na Wt% Mo Wt% Co Na/Mo S (m2/g)

SiO2-MoCo 0.0 6.6 1.3 0 450
1.0-Na-SiO2-MoCo 1.0 6.6 1.8 0.6 69
2.0-Na-SiO2-MoCo 2.2 6.3 1.6 1.5 14
3.2-Na-SiO2-MoCo 3.1 6.0 1.6 2.1 18
4.1-Na-SiO2-MoCo 4.4 6.2 1.5 3.0 7
7.2-Na-SiO2-MoCo 7.3 6.2 1.5 4.9 2
11.7-Na-SiO2-MoCo 11.9 6.0 1.7 8.3 1

were used. Tube voltage and current were 35 kV and 15 mA.
The scanning range was between 10 and 80 2θ . The catalysts
were analysed in the oxidised state, after sulfidation at 673 K
for 2 h and after being used in the HDS reaction. The as-
signment of the various crystalline phases was based on the
JPDS powder diffraction file cards (18). Information on
the size of the MoS2 crystallites was obtained from the line
broadening using the Scherrer equation (19).

The microstructural characterization was performed with
a Carlo Erba Sorptomat 1900 instrument. The fully com-
puterised analysis of the adsorption isotherm of nitrogen
on the samples cooled in liquid nitrogen allowed us to ob-
tain, through the BET approach, the specific surface areas
of the samples. By analysis of the desorption curve, using
the Dollimore and Heal calculation method, the pore size
volume distribution was also obtained (20).

2.3. Catalytic Activities

The hydrodesulfurization of thiophene was carried out in
the vapour phase using a continuous-flow microreactor. An
amount of 200 mg of catalyst (sieve fraction 210–430 µm),
diluted with inert particles of SiC, in order to limit the ra-
dial thermal gradient, was placed inside a quartz reactor
(8 mm /s). The absence of intraparticle transport effects
was checked by testing different particle sizes. Blank ex-
periments with only the supports resulted in the complete
absence of catalytic activity. Prior to the HDS measure-
ments the catalyst was sulfided in a 50 ml/min flow of 10%
H2S in H2, while the temperature was raised to 673 K with a
heating rate of 7 K/min and kept at this temperature for 2 h.
Thereafter the reactor was cooled to the reaction tempera-
ture of 603 K under flowing (30 ml/min) N2. Meanwhile, by
letting H2 flowing through a vessel containing thiophene at
283 K, a gas mixture of 5.2 vol% of thiophene in H2 was ob-
tained. This mixture was let into the reactor at atmospheric
pressure with a flow rate of 46 ml/min (weight hourly space
velocity (WHSV)= 13,800 h−1). The products were anal-
ysed by using a Carlo Erba GC 8340 gas chromatograph

equipped with a packed column, 2 m long with an inner
diameter of 5 mm, filled with squalene, using a flame ion-
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ization detector. The chromatogram contained peaks corre-
sponding to the C4 products and to thiophene. The different
components of C4 were not separated; therefore only the
total C4 signal was considered in the activity calculations.
The instrumental response factors, checked experimentally,
were found to be the same for the products and for thio-
phene within the limits of the experimental accuracy. The
fractional conversion was calculated from the ratio of the
peak area of the products over the sum of the peak areas of
the products and thiophene. The rate constant and the spe-
cific reaction rate were calculated from the conversion un-
der steady-state conditions. Duplicate runs were performed
and the reproducibility was better than 5%. Measurements
of the conversion rates at different temperatures allowed
us to determine the activation energy for each catalyst. De-
activation was checked by experiments with ascending and
descending temperature.

3. RESULTS

3.1. HDS Activity

Thiophene HDS conversion data were collected at 40 min
interval over a period of 16 h. A plateau of steady-state con-
ditions was reached after about 8 h. The analysis of the data
was performed assuming a first-order reaction with respect
to thiophene (hydrogen in large excess) and neglecting the
inhibitor effect of H2S (21). Accordingly, the reaction rate
is given by the following equation,

r = kCthio, [1]

where k is the rate constant and Cthio is the thiophene con-
centration. By considering

Cthio = C0(1− x), [2]

where x is the fractional conversion, C0 is the initial thio-
phene concentration, and by using the integral mode of a
tubular plug-flow reactor (22), k (ml g−1 s−1) is obtained as

k = − ln(1− x)/τ, [3]

where τ is the space time given by the mass of the catalysts
(g) divided by the volumetric reagent gas flow F0 (ml s−1):

τ = g/F0. [4]

In Table 5 the catalytic activity results obtained under
steady-state conditions at 603 K in terms of rate constant
and specific rate (defined per grams of catalysts) are listed
for all catalysts along with the activation energy calculated
in the range 603–633 K. In all cases, as shown in Fig. 1 for the
3.2-Na-ASA-MoCo sample, above this temperature range

deviation from the linearity in the Arrhenius plot occurred,
with a distinct decrease of the activation energy at higher
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TABLE 5

Catalytic Activity Results in HDS of Thiophene at 603 K

k r Eatt

Catalyst (ml s−1 g−1) (10−7 mol s−1 g−1) (kJ/mol)

ASA-Mo 0.050 1.10 76
ASA-MoCo 0.193 (0.150) 4.05 (3.23) 85 (82)
1.0-Na-ASA-MoCo 0.377 (0.307) 7.57 (6.58) 79 (72)
2.0-Na-ASA-MoCo 0.427 (0.381) 8.64 (8.13) 86 (79)
3.2-Na-ASA-MoCo 0.397 (0.412) 8.07 (8.80) 77 (75)
4.1-Na-ASA-MoCo 0.323 (0.364) 6.53 (7.74) 79 (73)
7.2-Na-ASA-MoCo 0.015 (0.012) 0.32 (0.27) 50 (45)
11.7-Na-ASA-MoCo 0.005 0.11 N.d.a

3.2-Na-ASA-Mo 0.103 2.00 73
SiO2-MoCo 0.500 9.70 73
1.0-Na-SiO2-MoCo 0.018 0.40 41
3.2-Na-SiO2-MoCo 0.007 0.16 35

Note. Activation energies Eatt were calculated in the temperature range
603 K≤T≤ 633 K. The values in parentheses refer to the ASA samples
prepared with CoCl2 as cobalt precursor.

a Not determined.

temperature. The dependence of the rate constant on the
wt% Na is given in Fig. 2 for the MoCo catalysts. The ASA-
MoCo catalysts, regardless of the cobalt precursor, exhibit
a maximum activity at 3 wt% of sodium in the support.
In contrast to the ASA-supported samples, the silica cata-
lysts undergo a drastic decrease of activity upon addition
of sodium.

Conversions at the beginning of the reaction were also
considered in order to determine the initial deactivation.
For this purpose a percentage of deactivation defined as

%d = 100× (xi − xf)/xi, [5]

with xi and xf being the conversion under the initial and
stationary conditions, was calculated. The variation of %d
versus wt% Na is plotted in Fig. 3 for the Mo–Co catalysts.
FIG. 1. Arrhenius plot for 3.2-Na-ASA-MoCo catalyst.
ET AL.

FIG. 2. Variation of the rate constant, k, versus wt% Na for the ASA-
and the SiO2-supported catalysts. Samples prepared from both cobalt pre-
cursors, CoCl2 and Co(NO3)2, are included.

In all cases sodium slows down the deactivation process
of the catalyst. In this respect, the catalytic behaviour of
the two nonpromoted catalysts, ASA-Mo and 3.2-Na-ASA-
Mo, is worth mentioning. Whereas the initial state activities
were the same, the steady-state activities, given in Table 5,
differ by a factor of 2 in favor of the sodium-doped sample.

3.2. Support and Catalyst Characterization

As indicated in Tables 1 and 2, addition of sodium to
ASA and silica induced a decrease of the specific surface
area. A relationship between the pore size distribution and
the sodium content is shown in Figs. 4 and 5 where the most
abundant percentages of the pores, those with sizes between
10–50 Å and between 100–300 Å versus sodium loading,
are given for the two series of supports, ASA and SiO2,
FIG. 3. Variation of the percentage of initial deactivation, d%, versus
wt% Na for the ASA- and SiO2-supported catalysts.
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FIG. 4. Relative percentage of pores of dimension between 10–50 Å
and 100–300 Å for the undoped and sodium-doped ASA supports.

respectively. In the first case, the introduction of sodium
did not modify the amorphous diffractogram of the ASA,
characterised by a broad feature at around 2θ = 22◦; an in-
crease of the large size pores fraction occurred when the
sodium loading was above 3 wt%. In the case of silica the
change in pore size distribution occurred already upon ad-
dition of 1 wt% Na. As pointed out recently, sodium acts
as a structural promoter by favouring the transition from
amorphous silica to α-cristobalite, characterised by smaller
BET surface areas, at temperatures quite below the nor-
mal transition temperature (24). As indicated by the X-ray
diffractograms, shown later, such a transition becomes visi-
ble for sodium contents above 3 wt%. Plots similar to those
of Figs. 4 and 5 were obtained for the corresponding cal-
cined catalysts.
FIG. 5. Relative percentage of pores of dimension between 10–50 Å
and 100–300 Å for the undoped and sodium-doped SiO2 supports.
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FIG. 6. Variation of the surface area with the catalyst preparation
sequential steps. Two supports, ASA and 3.2-Na-ASA, are considered.
The term “aged” refers to the catalyst after the HDS reaction.

Structural changes after each step in the preparation
of the ASA-supported catalysts were followed by X-ray
diffraction measurements and by BET measurements. The
surface area variation is shown in Fig. 6 for two supports,
ASA and 3.2-Na-ASA. Most of the surface area reduction
is because of the metal loading, whereas very little varia-
tion occurs upon sulfiding and after reaction. The catalyst
supported on the blank ASA was amorphous as the orig-
inal support. In contrast, the sodium-containing catalysts
showed different crystalline phases. After Mo impregnation
and subsequent calcination, Na2Mo2O7 and Na2MoO4 were
formed in agreement with literature (13, 23). As shown in
Fig. 7 for some selected sodium-doped ASA catalysts, fur-
ther loading with cobalt led to the formation of the violet
β-CoMoO4 (JPDS file No. 21-868) which occurred only in
the presence of sodium. With increasing sodium, reflections
relative to Na2Mo2O7 and β-CoMoO4 phases are observed

FIG. 7. Diffractograms of calcined (a) 3.2-Na-ASA-MoCo, (b) 7.2-

Na-ASA-MoCo, and (c) 11.7-Na-ASA-MoCo (CoCl2 was used as Co pre-
cursor).
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FIG. 8. Diffractograms of calcined (a) SiO2-MoCo, (b) 1.0-Na-SiO2-
MoCo, (c) 2.0-Na-SiO2-MoCo, (d) 3.2-Na-SiO2-MoCo, (e) 4.1-Na-SiO2-
MoCo, and (f) 7.2-Na-SiO2-MoCo.

(Fig. 7b). However a high sodium loading seems to decrease
substantially the formation of theβ-CoMoO4 oxide in favor
of sodium-containing phases (Fig. 7c). Quite different pat-
terns, shown in Fig. 8, are obtained for the silica-supported
catalysts. Differently from the ASA series, reflections
attributable to the β-CoMoO4 phase, not well crystallised,
are visible also in the absence of sodium. Upon increasing
the sodium content, the diffractograms of the relative sam-
ples show only sodium molybdate species. The H2S/H2 gas
treatment at 673 K of all samples produced MoS2 particles
characterised by diffraction peaks at 2θ = 33◦ and 2θ = 59◦

indicated in Fig. 9 and attributed respectively to the (100)
and (110) reflections of hexagonal structure (25). Within the
limit of the XRD technique yielding average information,
the absence of the MoS2 (002) reflection in the low-angle
region may suggest that, at the sulfiding temperature and
pressure used, the crystalline order along the vertical axis
was missing (10). This result agrees with previous work (26)
FIG. 9. Diffractograms of the sulfided (a) Asa-MoCo, (b) 3.2-Na-
ASA-MoCo, and (c) 7.3-Na-ASA-MoCo.
ET AL.

in which the formation of tridimensional MoS2 particles on
MoCo/Al2O3 catalysts was observed only at high H2/H2S
gas pressure. For all samples, regardless of the sodium con-
tent, the size of the particles along the basal plane, esti-
mated from the width of the (100) reflection (19, 25), was
between 60 and 80 Å. Exposure to reaction conditions did
not cause a significant change of the XRD line broadening
and therefore similar MoS2 sizes were calculated.

4. DISCUSSION

The results described above indicate that the effect of
Na+ on the HDS activity of Mo–Co catalysts depended on
the type of support. In the case of aluminosilicate, the ad-
dition of the alkali ions promoted the HDS activity up to a
sodium loading of 4 wt%, exhibiting a maximum at around
3 wt% Na. Such behaviour occurred under initial as well as
stationary conditions. In contrast, the addition of sodium
to silica resulted in a brusque decrease of the HDS activ-
ity of the supported Mo–Co catalysts. The contradiction
with a previous study, which concluded that Na completely
depressed the HDS activity of similar catalysts supported
on aluminosilicate (11), was only apparent since that study
referred to samples in which the additive ions were im-
pregnated on the finished Co–Mo catalysts; with the same
impregnation procedure as used here, only a catalyst con-
taining 5 wt% Na was investigated (11).

The diffractograms of the sulfided catalysts were all sim-
ilar, and could not explain the different catalytic behaviour
between the two series of samples. In contrast, the struc-
tures of the oxidised catalysts were affected differently by
the presence of sodium. As evidenced by the diffractograms
of the sodium-doped ASA-supported catalysts, addition of
sodium in amounts between 1 wt% and 7 wt% resulted
in the formation of the β-CoMoO4 phase. In analogy with
what was observed in alumina-supported catalysts (27), al-
though to a small degree, because we are dealing with an
aluminosilicate (28), the absence of β-CoMoO4 in the un-
doped ASA-MoCo catalyst could also be attributed to the
stronger interaction between the individual metals and the
support as compared to the interaction between Co and Mo
(27). Na+, by suppressing the ASA support acidity through
the decrease of the OH groups (29), and therefore decreas-
ing its interaction with the supported elements, may allow
for the formation of the β-CoMoO4 species. From the en-
hanced reducibility of the Co2+ in sodium-doped Co-Mo-
Al2O3 catalysts, the formation ofβ-CoMoO4 was previously
attributed to the presence of sodium (30). Contradictory
statements exist about the importance of this species. Some
authors reported that β-CoMoO4 formation during the cal-
cination step leads to the inactive Co9S8 (31). Other studies
considered this intermediate oxide as a precursor to the

active CoMoS Type II phase (1, 32). Indeed both species,
the oxidised and the sulfided, are characterised by Mo in
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tetrahedral coordination and Co in octahedral coordination
(5, 32). In this respect, it seems plausible to attribute the
presently observed effect of sodium to the formation of
the β-CoMoO4 leading to the active CoMoS phase. This is
also supported by the improved catalytic behaviour of the
3.2-Na-ASA-MoCo with respect to the 3.2-Na-ASA-Mo
catalyst. Different from the ASA catalysts, sodium is not
needed to form the precursor β-CoMoO4 species in the
silica-supported samples.

In both series, the presence of sodium affects the initial
catalyst deactivation. As shown in Fig. 3, the percent de-
activation decreased with sodium, drastically in the silica-
supported samples and gradually in the aluminosilicate-
supported catalysts. Generally speaking, deactivation is
caused either by coke formation, strictly related to the acid-
ity of the support, or by sintering of the active phase, both
factors leading to a diminished number of available catalytic
sites (1, 33). On the basis of the invariance of the MoS2 par-
ticle dimension, and the slight reduction of surface area
(Fig. 6), significant sintering of the catalyst during the reac-
tion may not have occurred. Therefore, it is likely that the
main reason for the initial catalyst deactivation arises from
coke deposition. As mentioned before, the alkali ions would
neutralise the acidity of the support, therefore decreasing
the formation of coke (15). Moreover, a comparison of the
initial deactivation plot (Fig. 3) and the variation of the
pore size distribution with sodium content, shown in Figs. 4
and 5 for the ASA and SiO2 supports, respectively, indi-
cates that the catalysts which deactivated less contained the
largest fraction of large pores which were not likely to be
clogged by coke. The higher HDS activity, under stationary
conditions, of the 3.2-Na-ASA-Mo as compared to the ac-
tivity of ASA-Mo catalyst (Table 5) can also be attributed
to reduction of catalyst deactivation.

Additional information on the possible structural effect
of sodium could be obtained from the experimental activa-
tion energies listed in Table 5. Small variations of their val-
ues are ascribable to experimental uncertainty. However,
overall, it can be stated that the samples with the lowest
catalytic activities have the lowest activation energy. A de-
crease in this quantity is observed for all catalysts above
633 K (Fig. 1). Assuming a Langmuir–Hinshelwood model
for the HDS reaction of thiophene, the measured activation
energy, Eapp, does not correspond to the real activation en-
ergy of the rate-limiting surface reaction step, Erls, but is
closely related to it by the following equation,

Eapp = Erls+ (1− θ)1Hads, [6]

with θ denoting the surface coverage by thiophene and
1Hads representing the heat of adsorption of thiophene.
At low temperatures when the coverage is close to 1, the
two values coincide; at high temperatures the coverage de-

creases and therefore a decrease of the measured activation
energy is usually observed (34). In some cases, however,
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such variation is ascribed to different catalytic sites being
activated at different temperatures (35). In the present
study, assuming that the real activation energy for the pro-
cess is the same for all catalysts, and therefore that the cat-
alytic sites are similar, the low Eapp values found for the
lowest activity catalysts, which contain the largest amount
of sodium, could be attributed to a decrease of the thio-
phene surface coverage caused by sodium.

In conclusion, addition of a certain amount of sodium
ions to the ASA support of Mo–Co catalysts, although caus-
ing a slight decrease of the support surface area, favours
the formation of the active-phase precursor, β-CoMoO4,
and therefore is beneficial for the HDS activity. The con-
sequent reduction of the support acidity decreases the ini-
tial deactivation likely caused by coke. However, an excess
of sodium is detrimental for the activity due to excessive
covering of the active sites. Different behaviour occurs in
the silica-supported catalysts, where the formation of the
active-phase precursor, β-CoMoO4, does not require the
presence of sodium. Moreover, the surface area decreases
noticeably as a result of the sodium driven transition from
amorphous SiO2 to α-cristobalite. Consequently, no posi-
tive effect whatsoever arises from sodium addition but only
structural changes leading to sintering of the surface area.

5. CONCLUSION

The present study indicates that sodium ions added to
the aluminosilicate support of MoCo catalysts play a role
in determining the activity, under initial and stationary con-
ditions, of the HDS reaction of thiophene. The increase of
HDS activity with increasing sodium up to 3.2 wt% may be
associated with the promoted formation of β-CoMoO4, a
likely precursor of the active CoMoS phase. In the silica-
supported catalysts, the formation of such phase does not
require the presence of sodium which, by causing the amor-
phous cristobalite phase transition, lowers the surface area.
By comparing the activation energies for the HDS reaction
on the sulfided catalysts, the decline of activity with a large
amount of sodium is ascribed to a decrease of the surface
coverage by thiophene. For all catalysts sodium is beneficial
for the decrease of the initial deactivation.
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