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Thiophene hydrodesulfmization and butene hydrogenation have been studied for presulfided 
MoO,/SiOz and WOs/Si02 catalysts using a micro-flow reactor operating at atmospheric pressure. 
The catalysts have been prepared by dry as well as wet impregnation. The oxidic precursor 
catalysts were characterized by X-ray diffraction, surface area and pore volume measurements, 
and temperature-programmed reduction. Catalysts prepared by dry or wet impregnation are essen- 
tially the same. At low metal oxide contents the catalystsare’ of the monolayer type. At higher 
metal oxide contents also bulk compounds are present, which is demonstrated by means of X-ray 
diffraction as well as temperature-programmed reduction. The maximum concentration of mono- 
layer-type compounds corresponds to approximately one transition metal atom per square nanome- 
ter of the carrier. A correlation could be established between reducibility of the oxidic monolayer- 
type catalysts and the activity for thiophene hydrodesulfurization. This correlation appears to be in 
good agreement with the one reported earlier for the analogous y-alumina-based catalysts. Butene 
hydrogenation activity of the sulfided MoOJSi02 and W0,/Si02 monolayer-type catalysts also 
correlates with reducibility of the oxidic systems. Due to the presence of bulk compounds the 
turnover frequency in hydrodesulfurization as well as hydrogenation decreases at higher metal 
oxide contents. 

INTRODUCTION 

In a previous paper (I) a relation was 
demonstrated to exist between the reduc- 
ibility of oxidic MOO&A1203 and W03/y- 
A1203 monolayer catalyst systems and the 
thiophene hydrodesulfurization (HDS) as 
well as butene hydrogenation activity of 
these catalysts in their sulfided form. It was 
concluded that temperature-programmed 
reduction (TPR) analysis can be applied as 
a time-saving preliminary screening tech- 
nique in the development of monolayer 
type oxidic precursors for HDS catalysts. 

1 This study is part of the Ph.D. thesis of R. 
Thomas, University of Amsterdam, 1981. 

* Present address: Institute for Environmental Stud- 
ies, Pree University, P.O. Box 7161, 1007 MC Amster- 
dam, The Netherlands. 

3 Author to whom correspondence should be ad- 
dressed. 

At low transition metal contents both the 
catalytic activity per mol MO or W and the 
reducibility were found to be low. These 
two effects were attributed to a strong in- 
teraction between the alumina carrier and 
the transition metal compound. 

From a practical point of view it is useful 
to investigate whether the efficiency (activ- 
ity per mol active phase) can be increased, 
for example by applying a less reactive car- 
rier material such as silica which interacts 
weakly with the active phase. Such a weak 
interaction, however, easily leads to a 
lower dispersion of the active phase, which 
can become manifest by the formation of 
crystalline material. Therefore, in order to 
determine whether TPR can be applied as a 
screening technique for catalysts which are 
not of the monolayer type, it is necessary to 
know the effect of bulk compounds on re- 
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ducibility and HDS activity. It is reasonable 
to expect that reduction kinetics for bulk 
compounds are different from kinetics of 
highly dispersed surface compounds. In the 
case of bulk compounds the reduction pro- 
cess can be described by the shrinking core 
model (2), often showing nucleation char- 
acteristics. This means that the reduction 
rate is determined at first by the formation 
of nuclei at the surface of the support parti- 
cles. For reduction of a monolayer, nuclea- 
tion is often not important and the reduc- 
tion rate will depend mainly on the 
variation in chemical properties of the sur- 
face species, such as interaction with the 
support and degree of aggregation. Thus, a 
priori, differences can be anticipated in the 
nature of the various TPR patterns, viz. re- 
duction temperature and shape of the TPR 
band. 

Obviously it is important to know the 
fraction of transition metal atoms present 
as surface or bulk compounds. The amount 
of crystalline bulk compounds can be deter- 
mined by various methods such as X-ray 
diffraction (XRD), x-ray photoelectron 
spectroscopy (XPS), Raman spectroscopy, 
and temperature-programmed reduction 
(3-7). For the MoOJ/SiOz and W03/Si02 
catalysts studied here, XPS and XRD were 
found to give consistent results (4). 

In order to be able to compare these se- 
ries of catalysts properly with alumina-sup- 
ported systems described previously (I), 
the range of calculated surface coverage 
(transition metal atoms/nm2 carrier surface) 
was kept the same for the silica- and alu- 
mina-supported catalysts. It should be 
noted that for the silica-based systems the 
calculated surface coverage is not necessar- 
ily the same as the actual surface coverage, 
since at higher metal contents crystalline 
material is also present. 

METHODS 

Catalyst preparation. Catalysts were 
prepared by impregnation of a Grace silica 
(type 62, pore volume 1.1 cm3g-*, surface 
area 360 m2g-i, particle size 180-210 pm) 

with aqueous solutions of ammonium hep- 
tamolybdate (Merck, min 99%) or ammo- 
nium metatungstate (Koch-Light, min 
99.9%). Wet and dry impregnation was car- 
ried out using 5.5 and 1.1 cm3 solution per 
gram of carrier, respectively. The impreg- 
nated samples- were dried at 393 K (16 h) 
and calcined under fluidizing conditions at 
823 K in dry air (2 h). 

X-Ray diffraction. The XRD patterns 
were recorded on a Philips PW 1050-25 ver- 
tical diffractometer. 

Speci$c surface area and pore volume 
measurements. The specific surface area 
and pore volume of the catalysts were de- 
termined according to the BET method on a 
Carlo Erba Sorptomatic instrument (nitro- 
gen adsorption at 79 K; area of N2 molecule 
0.1627 nm2). Pore volumes were also mea- 
sured via water titration. The surface areas 
and pore volumes per gram of carrier were 
calculated from the experimental values for 
the catalysts and the metal oxide contents. 

Transition metal content determination. 
MO and W content of the samples were ana- 
lyzed by means of a Perkin-Elmer 300 
atomic absorption spectrometer (AAS), by 
X-ray fluorescence (XRF) using a Philips 
1410 X-ray spectrometer, and by means of 
TPR. 

Temperature-programmed reduction. 
The size of the samples was varied with the 
MO(W) content in such a way that each 
sample contained approximately 0.2 mmol 
of transition metal ions. Samples were re- 
duced in a stream of hydrogen/nitrogen or a 
hydrogen/argon mixture (flow rate 12.5 
pmol s-‘> from 473 to 1333 K at a constant 
heating rate of 5 K min-’ in a quartz tube 
(inner diameter 4.5 mm). 

Reduction leads to a decrease in hydro- 
gen concentration, which was detected by a 
thermal conductivity cell. Each sample was 
preheated in situ in air (773 K, 1 h) in order 
to be sure that all MO and W species were 
fully oxidized, and subsequently cooled un- 
der vacuum to 473 K. 

The H2/N2 mixture (Hoek Loos, 99.9%, 
H2 mol fraction 0.67) and H2/Ar mixture 
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(Matheson, RP, H2 mol fraction: 0.69) were 
purified over a deoxygenation catalyst 
(BASF, R3 11) and molecular sieves (Merck 
3A). 

Activity measurements. Hydrodesulfur- 
ization experiments were carried out in a 
stainless-steel microflow reactor device op- 
erating at atmospheric‘ pressure and fitted 
with a quartz reactor tube (inner diameter 8 
mm). A detailed description has been pub- 
lished previously (8). 

Prior to the activity test the samples (nor- 
mally 0.5 g) were presulfided in situ in ‘a 
mixture of hydrogen (Hoek Loos 99.9%) 
and hydrogen sulfide (Matheson C.P.) at at- 
mospheric pressure. The H2S concentra- 
tion was 10 mol% and the total llow rate 42 
pmol s-l. The temperature was increased 
to 673 K according to the following pro- 
gram: 10 min at 295 K, linear temperature 
increase to 673 K in 1 h, isothermal at 673 K 
for 2 h. After the sulfiding procedure a mix- 
ture of hydrogen (Hoek Loos 99.9%) and 
thiophene (Merck, min 99%), mol fraction 
thiophene 6.2 mol%, was fed to the reactor 
at a flow rate of 35 pmol s-l. Reaction prod- 
ucts were analyzed by gas chromatogra- 
phy. HDS activity and butene hydrogena- 
tion activity were calculated from analysis 
data obtained after a run of 2 h. 

X-Ray photoelectron spectroscopy. The 
XPS spectra were recorded on a AEI ES- 
200 spectrometer, using an AlKa! source 
(14% eV) with a linewidth of 0.7 eV. The 
spectrometer was evacuated to better than 
13 PPa (10-7.Torr), and the data were col- 
lected on a PDP-8 computer. The source 
power was 180 mW and the temperature of 
the samples was kept at approximately 283 
K. The powdered samples were mounted 
on double-sided adhesive tape. 

RESULTS 

Textural Properties 

Surface areas and pore volumes are given 
in Table 1. It is clear that the preparation 
method, viz. dry or wet impregnation, is 
not critical, because only minor differences 

are observed. Also pore radius distribu- 
tions, not given in Table 1, are not sensitive 
to the preparation method applied. 

For WOJSi02 the surface area per gram 
carrier is approximately constant; for 
MoOj/SiOt a decrease is observed at in- 
creasing MO content. The same effect has 
been observed by Kerkhof et al. (9) for 
WOdSiOz and by Castellan et al. (10) for 
MoOdSiOz. For both MoO&i02 and W03/ 
SiOZ the pore volumes calculated per gram 
carrier are essentially the same. 

Transition Metal Content 

Catalyst composition expressed as 
weight percentage Mo03(W03) and MO(W) 
atom/rim* (see Table 1) are obtained by av- 
eraging the results of XRD, AAS, and TPR 
analysis, which were found to agree within 
10%. 

X-Ray Diffraction and X-Ray 
Photoelectron Spectroscopy 

In the XRD patterns, lines of crystalline 
Moo3 and W03 are present at calculated 
surface coverages above ca. 1 transition 
metal atom/rim*. However, the relative in- 
tensities of the Moo3 lines deviate from 
those reported by the JCPDS card (II); 
particularly the intensity of the line at 28 = 
25.7” is too low. From line broadening (3) it 
was derived that the crystal diameters are 
approximately 30 and 20 nm for MoOj/Si02 
and W03/Si02, respectively. For both se- 
ries the crystallite sizes are independent of 
the transition metal content, From XRD 
and XPS intensities the amount of crystal- 
line material was determined (4). Table 2 
gives the combined results. The concentra- 
tion of transition metal atoms present as 
noncrystalline material is limited to approx- 
imately 1 atom/rim*. 

Temperature-Programmed Reduction 

The TPR patterns reported here were re- 
corded using a H2/N2 mixture. Only the pat- 
tern of Moo3 was determined using a H2/Ar 
mixture. The reason was that during the re- 
duction of Moo3 in H2/N2 mixture nitride 
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TABLE 2 
Fraction of Crystalline MoOr(WOr) and Surface Concentration of 

Noncrystalline Molybdate (Tungstate) Estimated from the Combined 
Results of X-Ray Photoelectron Spectroscopy 

and X-Ray Diffraction Analysis 

Catalysts Metal content 

wt% atom/rim* (1 

Fraction of 
crystalline 

MoOs(WO3) 

Noncrystalline 
surface 

concentration 
(atom/nm2)b 

MoOdSiOz 7.1 0.89 0.10 0.8 
dry impregnation 11.7 1.54 0.25 1.2 

26.3 4.14 0.70 1.2 

MoOJSi02 6.4 0.79 0.10 0.7 
wet impregnation 12.7 1.69 0.30 1.2 

21.4 3.16 0.60 1.3 

WOJSi02 13.1 1.09 0.25 0.8 
dry impregnation 39.9 4.79 0.75 1.2 

WOJSi02 5.7 0.44 0.05 0.4 
wet impregnation 11.4 0.93 0.30 0.7 

20.7 1.88 0.45 1.0 
35.6 3.98 0.75 1.0 

LI Total number of MOW atoms divided by the carrier surface area. 
b Surface concentration of MOW atoms present as surface compounds. 

formation occurs, thus interfering with the 
reduction (I). The patterns of SiOz, W03, 
and the catalysts when reduced with H,/Ar 
were identical with the patterns obtained 
with Hz/&. For these systems it can be 
concluded that nitride formation did not in- 
terfere . 

MoOdSiOz. The TPR patterns of SiOz, 
Mo03, and MoO$30z catalysts prepared 
by dry and wet impregnation are shown in 
Fig. 1. Obviously the preparation method is 
only of minor influence on the shape of the 
patterns. Moo3 reduces at about 900 K. It is 
clear that the major part of the molybde- 
num species in the catalysts is reduced at a 
lower temperature than Mo03. The pat- 
terns essentially consist of a peak at about 
750 K and a peak at about 900 K. At the 
lowest contents only the low-temperature 
peak is observed. Both the intensity of the 
900 K peak and the sharpness of the low 
temperature peak increase with increasing 

MO content. The patterns for the catalysts 
prepared by wet impregnation show 
sharper peaks than those of the catalysts 
prepared by dry impregnation. 

From blank experiments (SiO& it can be 
concluded that the support retains a small 
amount of hydrogen (800- 1000 K) , which is 
released at higher temperatures. Since in all 
measurements a constant amount of transi- 
tion metal ions is reduced the amount of 
carrier and consequently the contribution 
of the silica pattern to the overall pattern of 
the catalyst decreases at increasing transi- 
tion metal content. 

W03Si02. The TPR patterns of SiOz, 
W03, and W03/Si02 catalysts prepared by 
dry and wet impregnation are shown in Fig. 
2. Also for these catalysts the preparation 
method hardly influences the shape of the 
patterns. In general the tungsten species on 
the catalysts reduces at higher temperature 
than W03, which reduces at approximately 
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FIG. 1. TPR patterns of SiOz, MoO3, and Mo03/SiOZ catalysts prepared by dry and wet impregna- 
tion. 

800 K. At low W content the TPR patterns mol-’ s-l) (I). All MO(W) atoms are thus 
of the catalysts consist of several bands, 
especially for the samples prepared accokd- 

assumed to be active. No significant differ- 
ences are observed in catalytic activity of 

ing to the wet impregnation method. At catalysts prepared by dry or wet impregna- 
higher W contents the patterns essentially tion. As is also observed for the alumina- 
consist of only two bands, viz. one at 800 K supported samples, the MO-based catalysts 
and another at 900-950 K. are more effective for thiophene HDS than 

the W-based ones. 
Thiophene Hydrodesulfurization Activity 

The activity of the catalysts for thio- 
phene hydrodesulfurization is shown in 
Fig. 3 as a function of the average MO(W) 
surface coverage. For comparison the rela- 
tion between HDS activity and surface cov- 
erage, established for the corresponding 
Mo03- and WOJy-A&O3 samples (I), is 
also indicated in Fig. 3. 

The activity is expressed as the first-or- 
der reaction rate constant for hydrodesul- 
furization divided by the total amount of 
transition metal atoms in the carrier (m3 

For both types of catalyst the HDS activ- 
ity clearly depends on the surface cover- 
age. It increases up to about 1 MO(W) at- 
oms/nm*, a value which is far below the 
theoretical monolayer coverage based on 
the dimensions of a Moos unit (22). (It is 
assumed that the dimensions of a W03 unit 
are the same.) A gradual decrease is ob- 
served at higher coverages, the decrease 
for MoOJSi02 being much stronger than for 
W03/Si02. The results show the same trend 
as obtained earlier with another set of ini- 
tially oxidic samples (13). Up to a surface 
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FIG. 2. TPR patterns of Si02, WO,, and W03/Si02 catalysts prepared by dry and wet impregnation. 

coverage of about 2 MO atoms/rim* and 5 W 
atoms/rim* the silica-supported catalysts 
have a higher HDS activity than those sup- 
ported on alumina. 

Butene Hydrogenation Activity 

The reaction rate constants k2 for the hy- 
drogenation of butene are calculated as re- 
ported previously (I). The hydrogenation 
reaction is considered as a consecutive re- 
action, first order in butene. In Fig. 4 cata- 
lytic activity is characterized by k& which is 
defined as the rate constant for hydrogena- 
tion, k2 (m3 butene converted) (kg cata- 
lyst)-’ s-l, divided by the number of moles 
transition metal per kilogram catalyst. For 
both series of catalysts the impregnation 
method does not influence the hydrogena- 

tion activity. MO-based catalysts are 
slightly more active in hydrogenation at low 
surface coverages. At higher coverages, 
however, the two lines intersect. The hy- 
drogenation activity vs surface coverage 
curves for the corresponding alumina- 
based catalysts (I) are also shown in Fig. 4. 

Mo03/Si02 has the same hydrogenation 
activity as MoO&A1203 up to approxi- 
mately 1 MO atom/rim*; at higher coverages 
the activity of Mo03/Si02 is much lower. 
WOJSiO2 is more active that WO&Al203 
at surface coverages below approximately 2 
W atoms/rim*. 

In Fig. 5 the ratio between hydrogenation 
and HDS rate constant is plotted as a func- 
tion of surface coverage. W-based catalysts 
are relatively better hydrogenation cata- 
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FIG. 3. Reaction rate constant k; for the hydrodesulfurization of thiophene as a function of the 
average surface coverage for sulfided MoO#iOr, W0,/Si02, MoOJ-y-A120~, and WO&-A1203 cata- 
lysts prepared by dry and wet impregnation (data for alumina-based catalysts are presented in Ref. 
UN. 

lysts than the corresponding MO-based sys- 
tems. Alumina-based catalysts hydrogenate 
relatively better than the corresponding sil- 
ica-based catalysts. 

DISCUSSION 

Textural Properties 

The observed differences in surface area 
and pore volume between the molybdenum 
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FIG. 4. Reaction rate constant ki for the hydrogena- 
tion of butene as a function of the average surface 
coverage for sulfided MoOJSi02, W09 /Si02, MOOR l-y- 
A&Or, and WOJy+&O, catalysts prepared by dry and 
wet impregnation (data for alumina-based catalysts are 
presented in Ref. (I)). 

and tungsten catalysts may be due to pore 
blocking, as the pore radius distribution of 
the catalysts and the carrier are the same. 
The relatively strong decrease in surface 
area in the case of Mo03/Si02 is probably 
caused by pore blocking during calcination 
due to redistribution of active material via 
the vapor phase as MOODY (12). 

The smaller decrease in pore volume for 
the catalysts with high transition metal con- 
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FIG. 5. Ratio between reaction rate constants from 
the hydrogenation of butene and the hydrodesulfuriza- 
tion of thiophene, k,/k,, as a function of the average 
surface coverage, for sulfided Mo0JSi02, W0,/Si02, 
MOO+A120r, and WO+y-A&O3 catalysts, prepared 
by dry and wet impregnation (data for alumina-based 
catalysts are presented in Ref. (I)). 
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tent, compared with the decrease in surface 
area, is probably due to the method applied 
to determine the pore volume, viz. titration 
with water. It is reasonable to expect that 
at 295 K water can enter (partially) blocked 
pores easier than nitrogen at 77 K, e.g., by 
dissolving part of the transition metal com- 
pound layer or by diffusing through this 
layer. In accordance with this mechanism it 
is found that for these samples pore vol- 
umes obtained from the N2 desorption iso- 
therm are smaller than those obtained by 
water titration. 

Temperature-Programmed Reduction 

MoOJSi02. The broadness of the low- 
temperature peak at low MO contents sug- 
gests a high dispersion, especially in the 
catalysts prepared by dry impregnation. 
For such monolayer-type catalysts often 
broad TPR peaks are observed, whereas 
bulk compounds in general show sharp 
TPR peaks. The explanation is that the car- 
rier material usually exhibits heterogeneity, 
causing a spectrum of activation energies 
for reduction of compounds adsorbed on 
these sites, and as a consequence there is a 
broad TPR peak. Examples are alumina- 
supported molybdenum and tungsten oxide 
(I). When the interaction between carrier 
and active phase is low, the differences in 
activation energy will be less important and 
the peaks will be relatively sharp. An exam- 
ple is Re20+A1203 (14). 

At higher MO contents the sharpness in- 
creases, indicating a lower dispersion. The 
lower dispersion at higher MO contents ulti- 
mately leads to the formation of crystalline 
Moo3 (XRD). In fact the presence of bulk 
Moo3 can also be concluded from the band 
at 900 K in the TPR patterns. From the rela- 
tive area of this band the amount of crystal- 
line MoOj can be determined. It appears, 
however, that a discrepancy exists between 
the amounts of Moos, as derived from the 
area of the TPR band at 900 K, and the 
values obtained from XRD and XPS (Table 
2). This problem was solved by means of a 
more detailed TPR study (4). From analysis 

of the TPR pattern of MoOj and a catalyst 
with high MO content (21.4 wt% MoOJ at a 
low heating rate (1 K mm-l) it was con- 
cluded that part of the low-temperature 
band is due to the reduction of crystalline 
MOOR, probably to MoOz. 

W031Si02. On basis of the broadness of 
the reduction band, and analogously to the 
MoO&Si02 system, it is concluded that at 
low W content the W compounds are 
slightly better dispersed when the dry im- 
pregnation technique is applied (Fig. 2). 
The sharp low-temperature bands in the 
patterns of the catalysts prepared by wet 
impregnation at low W contents are proba- 
bly due to bulk compounds formed from 
dissolved carrier and tungsten ions, e.g., si- 
licotungstic acid. At high W content crys- 
talline W03 is formed and the band at 800 K 
in these catalysts can be ascribed to reduc- 
tion of crystalline W03. At the highest W 
contents again a discrepancy exists be- 
tween the fraction of crystalline W03 de- 
rived from TPR and the fraction derived 
from the combined results of XRD and 
XPS. Also here part of the high-tempera- 
ture band apparently has to be assigned to 
the reduction of bulk W03 ( 7). 

On the average the reducibility of silica- 
based MO(W) catalysts is better than that of 
alumina-based catalysts. This indicates that 
on silica a weaker interaction exists be- 
tween the MO(W) species and the carrier 
than on alumina. 

Thiophene Hydrodesulfurization 

Although the applied standard sulfiding 
procedure was shown to be satisfactory in 
the case of monolayer-type supported MO 
catalysts (13, IS) it is to be expected that 
for those Mo03(W03)/Si02 catalysts which 
contain crystalline MO(W) trioxide, sulfida- 
tion is not complete (13, 16). It is however 
improbable that for the Moo3 (WOs) crys- 
tals of the present catalysts the extent of 
sulfiding is very critical. The surface of the 
active phase certainly will be sulfided (17) 
and as HDS catalysis will take place at the 
solid-gas interface it is probably not impor- 
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tant whether the interior of the crystals is 
sulfided or not. 

The activity curve for MoO&iOt (Fig. 3) 
has a maximum at rather low surface cover- 
age, which reflects the heterogeneity of the 
silica surface and its limited adsorption ca- 
pacity. The position of the maximum coin- 
cides with the surface coverage at which 
crystalline Moo3 is formed in significant 
amounts. At this coverage the maximum 
amount of surface compounds is present 
(Table 2). Adding more molybdenum only 
results in the formation of crystalline 
Mo03. 

Sulfided bulk Moo3 has a low catalytic 
activity (Table 1). The (sulfided) Moo3 
crystals on the catalysts apparently also 
have a low HDS activity per mole MO, due 
to a poor dispersion and maybe also due to 
a low reducibility. 

For W03/Si02 the thiophene hydrodesul- 
furization activity curve again shows a 
maximum at a surface coverage of about 1 
W atom/rim* and above this coverage the 
presence of W03 crystals is observed in the 
XRD patterns. However, the activity de- 
crease at higher surface coverages is less 
than in the case of MoO&SiOz series. This 
difference can be due to differences in cata- 
lytic activity of the sulfided Mo03(W0J 
crystals. As can be seen from Table 1, pre- 
sulfided unsupported W03 is much more 
active in HDS than MoOj. It should not be 
concluded, however, that this has a general 
validity, because it is likely that for these 
unsupported systems the activity is influ- 
enced by various factors, such as crystal 
size and crystal morphology. 

MoOJSi02 is more active in HDS than 
W03/Si02. This has also been reported re- 
cently by Yermakov et al. (18, 19). The 
HDS activity per mole MO(W) calculated 
for the alumina-based catalysts (Fig. 3) 
does not decline at high surface coverages. 
This is in agreement with the observation 
that no bulk compounds are formed in these 
systems. The curve for the MOO&-A120j 
systems levels off at a surface coverage of 
approximately 3 MO atoms/nm2, while the 

one for WO&41203 increases continu- 
ously up to at least 5 W atomslnm*. It has 
been suggested that this difference is due to 
a lower dispersion of the MO species in 
comparison with the tungsten species, at 
higher surface coverage (4). The finding 
that the silica-based catalysts generally are 
more active than the alumina-based cata- 
lysts is in agreement with the results ob- 
tained by Yermakov et al. (18, 29). 

Hydrogenation Activity 

The relatively higher decrease in butene 
hydrogenation activity of MoOJSi02 com- 
pared to W03/Si02 (Fig. 4) can be under- 
stood from the fact that, under the test con- 
ditions applied, sulfided W03 is more active 
in hydrogenation than sulfided MOOR (Table 
0. 

The observation that the alumina-based 
catalysts are less active than the silica- 
based catalysts at low surface coverages 
can be explained by the higher reducibility 
of the silica-based catalysts. It is well 
known that low oxidation states are to be 
preferred in order to obtain high hydroge- 
nation activity. 

The fact that at higher transition metal 
contents alumina-based catalysts are more 
active than the silica-based ones can be ex- 
plained by the presence of poorly dispersed 
crystalline Mo03(W0J in the latter cata- 
lysts. 

Relation between Hydrodesulfurization 
Activity and Reducibility 

For the monolayer-type alumina-based 
catalysts it has been established that a cor- 
relation exists between reducibility (defined 
as the temperature at which under TPR 
conditions half the amount of hydrogen re- 
quired for complete reduction of the 
Mo6+(W6+) ions to Moo(w) was consumed) 
and HDS activity (1). This correlation is 
shown in Fig. 6. 

Unlike the alumina-based catalysts the 
silica-based catalysts are not of the mono- 
layer type over the whole range of transi- 
tion metal content studied. In Fig. 6, there- 



REDUCIBILITY AND ACTIVITY OF HDS CATALYSTS 285 

f I4 
kl 

m3mol-1s~110~3 v 

I 

w 

7bo ' 9ci3 . llbcl . 13iXl 

rehctbn temperature 

K 

FIG. 6. Relation between the reaction rate constant k; for hydrodesulfurization of thiophene of 
sulfided Mo0JSi02, WOJSi02, MoO$y-A1203, and WO&A&O3 catalysts and the average reduction 
temperature (data for alumina-based catalysts are presented in Ref. (I)). 

fore, only the data of silica-based catalysts 
which do not contain crystalline material 
are plotted. Obviously for these catalysts 
the same relation between reducibility and 
HDS activity applies. 

In principle it is also possible to take into 
account the other silica-based catalysts, 
containing crystalline material. To do so, 
corrections must be made for the amount of 
crystalline material present. This applies to 
HDS activity as well as reducibility of the 
remaining monolayer-type catalysts. As a 
consequence the value of k; will rise, and 
the reducibility will be higher for the Moo31 
Si02 catalysts and lower for the W03/Si02 
catalysts. 

The corrected HDS activities of the cata- 
lysts are plotted as function of the surface 
coverage in Fig. 7. It can be seen that the 
activity of WO$Si02 monolayer catalysts 
increases with surface coverage, while the 
activity of MoOdSiOz catalysts levels off at 

surface coverages above approximately 0.5 
MO atom/rim*. It is’ striking that the shapes 
of these relations are similar to the relations 
found for MoO&41203 and WO&-A1203 
catalysts (Fig. 3). 

The present results and those previously 
obtained for analogous alumina-supported 
catalysts can be interpreted in a relatively 
simple way. The efficiency of the supported 
MO(W) phase depends on two key proper- 
ties of the oxidic precursor. The first con- 
cerns the dispersion, namely the higher the 
dispersion the higher the catalytic activity 
of the sulfided phase. The second concerns 
the sulfidation capacity; the easier sulfida- 
tion takes place, the higher the efficiency of 
the sulfided MO(W) phase. Apart from pos- 
sible differences in the intrinsic activity of 
MO and W complexes (I), the following in- 
terpretation emerges. 

Alumina is a more reactive carrier than 
silica. Under the experimental conditions 
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FIG. 7. Reaction rate constant k; for the hydrodesulfurization of thiophene as a function of the 
surface concentration, for sulfided Mo0,/Si02 and WO,/SiOr catalysts, prepared by dry and wet 
impregnation. kl as well as the surface coverage have been corrected for the amount of crystalline 
MoOj-or WOr. 

applied in this study (type of carrier, pH, 
etc.) on alumina the maximum concentra- 
tion of well-dispersed monolayer species is 
at least 5 transition metal atoms/nm2, 
whereas on silica it is limited to ca. 1 transi- 
tion metal atom/nm2. 

CONCLUSIONS 

1. The impregnation method (wet or dry) 
does not influence the performance of 
MoOJ/Si02 and W03/Si02 catalysts. 

2. At low metal oxide contents (calcu- 
lated surface area below approximately 1 
metal atom/nm2) the catalysts are of the 
monolayer type. At higher calculated sur- 
face coverages all extra MO(W) added is 
present in the form of bulk compounds. 

3. A correlation exists between the re- 
ducibility of the oxidic monolayer-type 
MoOs/Si02 and W03/Si02 catalysts and the 
hydrodesulfurization activity of the corre- 
sponding sulfided systems. The higher the 
reducibility, the higher the catalytic activ- 
ity. This correlation is the same as ob- 
served earlier for MOO&A1203 and WOj/ 
r-Al,O, catalysts. 

4. The butene hydrogenation activity of 
the sulfided MoOJSi02 and W03/Si02 

monolayer-type catalysts also correlates 
with the reducibility of the corresponding 
oxidic systems. 
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