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The thiophene hydrodesulfurization activity was measured under continuous flow conditions 
at 4OO’C and atmospheric pressure for MO- and Co-containing catalysts supported on different 
materials (y- and q-Al203 and SiOz) and using different methods of preparation. 

The results showed that all supports having a high specific surface area are suitable in HDS 
catalyst preparation. Alumina is to be preferred because it inhibits the formation of CoMoOa, 
and thus exerts a beneficial influence on catalyst preparation. The main function of the support 
is to stabilize a high degree of dispersion of the actual active component MO&. In addition 
the carrier may facilitate hydrogenation and isomerization reactions. 

INTRODUCTION 

Among the various models proposed for 
hydrodesulfurization catalyst systems the 
role assigned to the support differs in im- 
portant aspects. 

In both the “intercalation model” and 
“synergy model” described, respectively, 
by Farragher and Cossee (1) and Hagen- 
bath et al. (2) the carrier plays no role in 
the actual HDS reaction. Consequently 
there is no necessity to assume chemical 
interaction between the active species and 
the surface of the support. The carrier 
function remains limited to increasing the 
degree of dispersion of both the active 
component and the promoter. 

However, in the ‘Lmonolayer model” 
proposed by Schuit and Gates (z?) the 
molybdenum species are supposed to be 
present in a monolayer chemically bonded 
to the surface of the r-Al203 support, the 
monolayer being epitaxial to the support. 

1 Present address : Department of Chemical Engi- 
neering, McMaster University, Hamilton, Ontario, 
Canada. 

The function of the promoter is also 
strongly related to the structure of the 
carrier. Several versions of this monolayer 
model have been proposed by other in- 
vestigators, for instance Lo Jacono et al. 
(4), Kabe et al. (5), Armour et aE. (CT), 
Mitchell and Trifirb (7), Sonnemans and 
Mars (8), Seshadri and Petrakis (9), and 
Massoth (10). 

Ahuja et al. (11) have studied the in- 
fluence of the support on the hydrodesul- 
furization properties of sulfided catalysts 
containing, inter a&a, MO and Co. This was 
done at 350°C and 60 kg cm-2 Hz pressure 
using a feed which contained thiophene, 
toluene and cyclohexane. They found A1203 
and Si02-A1203 (85-15 wt%) to be better 
supports than pure SiOz at the optimum 
CO/MO ratio, which was explained in terms 
of acid functions of the carrier. From this 
model one might expect that the support 
will influence not only the typical HDS 
reactions, but also hydrogenation, isom- 
erization, and cracking reactions. Indeed 
some data given by Ahuja et al. (11) and 
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by van Sint Firt (I.$?) seem to confirm such 
an influence. 

In the investigation reported here the 
carrier effect was mainly characterized by 
thiophene desulfurization activity measurc- 
ments at 400°C and “atmospheric” pres- 
sure, on catalysts containing only MO or 
both MO and Co. The supports used were y- 
and v-AlaOs and SiO?. 

EXPERIMENTAL METHODS 

The supports used were : 

y-A1203 : Ketjcn, high purity, CK-300- 
1.5E; surface area, 181 m2 g-l; pore volume, 
0.50 cm3 g-l; average pore radius, 55 A. 

q-AlaOs : prepared according to MacIver 
et al. (13); surface area, 154 m2 g-l; port 
volume, 0.30 cm3 g-r; average pore radius, 
39 A. 

SiO,: Ketjcn, fluid silica, F-2, surface 
area 397 m2 g-l, port volume, 1.1 cm3 g-‘; 
average pore radius, 55 A. In order to 
obtain catalyst samples with high specific 
surface arca the silica support was treated 
with excess ammonia (4.5 N), washed with 
demineralized water, dried at 110°C (24 hr) 
and calcined in air at 600°C (2 hr), before 
being used in catalyst preparation. 

Unless othrrwise stated, the catalyst’s 
wcrc prepared according to the st’andard 
impregnation method described earlier (14), 
with the only difference for the SiOa sup- 
ported samples being a calcination t’cm- 
peraturc of 450°C instead of 660°C. A list 
of oxidic catalysts prepared by this stan- 
dard method is given in Tablc 1. Some 
samples wcrc prcsulfidcd in situ during 2 hr 
at atmospheric pressure and 400°C in a 
HzS/H, flow; volume ratio 6 and flow rate, 
50 cm3 min-‘. Part of thcsc samples were 
analyzed for their sulfur content as dc- 
scribed by de Beer et al. (15). 

X-Ray diffractograms were recorded on 
a Philips diffractomctcr, PW 1009, with a 
proportional counter using both Cu Ka! 
and Co KCIJ radiation in combination wit’h, 
respectively, a Ni- and Fe-filter. The diffrac- 
tograms recorded showed nearly always 

weak and broad lines, many of which are 
similar t,o those reprodurc~d by Lo ,Jacono 
et al. (4). 

Optical reflectance spectra from oxidic 
samples were rccordcd at room temperature. 
The wave numbrr range 4000-11,500 cm-l 
was maasurcd with a Zeiss spectrophotom- 
etcr PMQII in combination with mono- 
chromator M.M. 12 and reflectance at- 
tachmcnt RA 3. A Unicam ultraviolet 
spectrometer SP 8OOD fitted with cxpan- 
sion attachment SP 550 and diffuse rcflcc- 
tance unit SP S90 was used for the spectral 
range 11,500-52,500 cm-l. All the samples 
were ground in a ball mill before USC. 

The apparat’us, m&hod, and conditions 
employed for thiophenc hydrodcsulfuriza- 
tion activity measurements (continuous 
flow) were similar t,o t,hosr described before 
(Id), cxccpt for presulfidcd samples, which 
wcrc not reduced in H, prior to the activity 
t,est. Thiophcnc conversion was calculated 
as reported car&r (18). 

RESULTS 

ALUMINA-SUPPORTED CATALYSTS 

HDS Activities 

Figure 1 shows the thiophcnc conver- 
sions measured aft’er 1.5 and S hr run time 
for the Mo03-r-Alz03, COO-Mo03-r-A1203, 
and Mo03-q-A1403 catalyst’ series (Table 1, 
numbers 1-8, 9-12 and 13-20). 

Starting with the conversions mcnsurcd 
aft’cr 1.5 hr it was found that up to 4 wt% 
MoOa the y-A1203-supported samples were 
inactive. Increasing the Moos concentra- 
tion Icd to a gradual activity increase 
which was highest between 4 and S wty’ 
MOOS. Addition of 4 wt’% Co0 to the 
Mo03-r-Al~O~ samples containing, respcc- 
tively, 4, 6, S, and 12 wt% R/loo3 in- 
creased the thiophcnc conversion lcvcls 
substantially. 

With the exception of the catalyst with 
the highest MOOS content all the q-A1203- 
supported catalysts wcrc found to be more 
active than those supported on -r-Al&s. 
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TABLE 1 

List of Oxidic Catalysts Prepared 

No. support Compositiona Color 

MOO8 coo 
(wt%‘c) 

1 r-Alt03 2 
2 r-AlTOs 4 
3 r-AlnOa 6 
4 r-Al%Os 8 
5 r-A1,OB 10 
6 ?-Al,01 12 
7 r-Al,O, 14 
8 ?-Al,01 16 
9 r-Al,O, 4 

10 ~-Al?08 6 
11 r-Al,O, 8 
12 Y-AltOS 12 

13 ?-Also3 2 
14 ?l-AlnOz 4 
15 ??-AlpOa 6 
16 s-A1,03 8 
17 11-A1,03 10 
18 s-A1,03 12 
19 q-&O:, 14 
20 q-Al203 16 
21 ?-Al,03 12 

22 SiO? 2 
23 SiO, 4 
24 SiOd 6 
25 SiO? 8 
26 SiO, 10 
27 SiO, 12 
28 SiO? 14 
29 SiO? 16 
30 SiOe 12 
31 SiO2 12 
32 SiO2 12 

4 

2 
4 
6 

White 
White 
White 
White 
White 
White 
White 
White 
Gray 
Gray 
Blue-gray 
Blue 

White 120 
White 119 
White 121 
White 124 
White 117 
White 112 
White 96 
White 89 
Blue 105 

Yellow-white 272 1.82 
Pale-yellow 270 1.92 
Pale-yellow-green 261 1.99 
Pale-yellow-green 247 1.95 
Pale-yellow-green 244 1.81 
Pale-yellow-green 249 1.92 
Pale-yellow-green 227 1.68 
Pale-yellow-green 222 1.42 
Brown-pink 220 2.08 
Violet-gray 223 2.40 
Dark-gray 217 2.61 

Surface Atomic 
area ratio 

W g-‘1 StotadMOb 

162 
160 
170 
159 
155 
152 
145 
143 
153 
150 
147 
144 

1.41c 
1.26 
1.73 
1.81 
1.92 
2.00 

2.14 

2.38 

1.12 
1.56 

1.89 

1.97 

2.08 
2.36 

a Balanced by the support. 
b Analyzed after sulfidation : 50 cm3 min-’ NTP H?S/H,, volume ratio l/6, 4OO”C, 2 hr. 
c Moos-r-Also3 samples used for sulfur analysis were supported on Ketjen fluid powder r-alumina 

grade B. 

Even for the lowest MOOS concentration of the q-AlaOs-supported samples caused 
an activity could be measured, though it by smaller average particle size. (Increase 
was very low. Because of the fact that the of the flow resistance at a given flow rate 
reactor density of the ~~-A1203 used was leads to an increase of the reactor pressure 
about 30y0 higher than that of the ~-AL,OZ, and consequently to an activity increase.) 
the v-A1203 runs had a shorter contact time. The amount of Moos added in excess of 
This, however, was compensated to some 4 wt% turned out to bc highly effective if 
cxtcnt by a somewhat higher flow resistance the total Moo3 content did not exceed 
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10 wt7& For higher MoOs concentrations 
a steady activity dccreasc was observed 
which runs more or less parallel with a de- 
crease in surface area (see Table 1). 

The results obtained after 8 hr run time 
were similar to those dcscribcd above. 
There are, however, two trssctntial differ- 
cnws. In t,hc first place both t’he y- and 
q-AIXOJ-supported catalysts showed a sub- 
stantial activity dewcase’, and secondly the 
absolute as will as the relative activity 
diffcrcnces between samples with the same 
MoOa content became smaller. The latter 
phenomenon was even more pronounced 
for presulfidcd y- and r-AlJ03-supported 
samples containing 8 and 10 wt% Moos. 
The steady state conversion levels mea- 
sured for these catalysts, Ko. 4, 5, 16, and 
17 from Table 1, were, rcspcctivcly, 7.6, 
8.0, 8.2, and 9.8%. 

The same applies to the Co&Moos- 
-y-L41303 and CoO-Mo03-~-Ala03 catalysts 
both containing 12 wt,% Moos and 4 wt% 
Co0 (Table 1, 12 and 21). When measured 
in t)he initially oxidic state t,he V-AI&~- 
supported sample was found to be sub- 
stantially more active than the ~-AlnOs- 
supported one, while for the presulfidtrd 
samples no significant difference could be 
observed. 

Sulfur Ar~alyses 

The results of t’hc sulfur analyses given 
in Table 1 show that there is no significant 
diffcrcnce in sulfurizabilit’y betwrcn the 
y- and q-AIZOa-supported catalysts. [Sate 
that the S/MO rat’ios of the MoO,-r-A1,03 
series are the same as those presented 
c>arlier for catalysts prepared on Iirtjen 
fluid powder y-alumina grade B, (IG).] 
The sulfurizabilit,y of Mo03-y-AlX03 sam- 
ples with low MoOy content (2 and 4 wtYG) 
was found to be relatively low, which was 
similar to the findings for comparable 
v-Alp03-supported samples. 

For the luborut~ory prepawd COO-Mo( )3- 
y-Al& and CoO-MoC)i-V-Al& S/Co 
ratios of, respectively, 0.59 and 0.61 were 

FIG. I. Thiophene desulfurixation as a function 
of MoOl content. Conditions: 1X0 mg catalyst,, 1.5 
hr prereduced in hydrogen at 4OO”C, 50 cm8 mirl-1 
NTP H, with 6 volyi thiophene, during 1.5 and 8 
hr, 4OO’C. 

found assuming the S/MO ratio to bc the 
same as for the corresponding MoOs- 
y-AliOs and MoOs-q-Al,Oc samples. This 
is in fairly good agreement with the S/Co 
ratio of 0.63 calculated for the Kctjen CoO- 
Moos-r-Al& (16). 

Rejlectance Spectra 

The optical reflectance spectra obtained 
for the alumina-supported catalysts arc 
essentially the same as those reported by 
other investigators (4, 17, 18). The uv 
reflectance sp&ra demonstrated the prcs- 
cnce of molybdenum tctrahedrally coordi- 
nated by oxygen (peaks at ca. 46,000 and 
38,500 cm-l) for all oxidic samples sup- 
ported on alumina. No indications were 
found for the prcwncc of Moo6 oct~ahcdra ; 
i.e., no significant, broadening of the 38,500 
cm-’ charge transfer band towards low-cr 
wave numbers was obwrvod (17). 

The spectra of the oxidic COO-Moos- 
Al,03 cat’alysts (9-12 and 21, Table 1) were 
typical for t~ctrahrdrally coordinated 0x0 
Co2+ spwics in a spine1 systcim. T\VO intense 
(triple) bands, 4A.J + 41’1(F) and 4As + 4T1- 
(P), with maxima, rcspwtiwly, at 6600, 
7400, and 8000 and at 16,000, 17,000, and 
18,300 cm-’ ww observable. A third, wla- 
tivcly wwk, band around 4500 cm-’ prob- 
ably originntcs from both t,hc 4As + 41’2 
ligand field t’ransit)ion of tetrahedral Co2+ 
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wt 'I. coo - 
0 2 4 6 

ALO3 catalysts yielded reflectance spectra 
1 with bands at, respectively, 15,200, 16,700, 

and 28,000 cm-r, and at 15,200, 16,700, and 
28,500 cm-l, provided the samples were 
sulfided in situ. These results, different 
from those reported by Mitchell and Trifirb 
(7), indicate the presence of MO& which 
showed bands at 15,200-16,900 and 29,500 
cm-‘. 

X-Ray Analyses 

_ run l,me 15hr For the y- and q-alumina-supported 
run t,me 4hr catalyst series, only the Mo03-r]-ALO 

0 2 4 6 8 10 12 I4 16 samples with 14 and 16 wt% MOOS showed 
wt Vo MoOj- 

X-ray diffraction patterns significantly 
FIG. 2. Thiophene desulfurixation as a function different from those of the support. These 

of MoOa and Co0 content for initially oxidic SiOt- 
supported catalysts. Conditions: see Fig. 1 run 

diffraction patterns indicated the formation 

time 1.5 and 4 hr. 
of AL(MoO~)~ (ASTM 20-34) in both 
samples and possibly that of MoaOll (ASTM 

and a water peak (4). In addition to this, 5-337) in the sample with the highest MOOS 

a very weak band at 21,000 cm-l could be content which showed diffraction lines at 

distinguished for the cobalt-containing sam- d-values (in sequence of decreasing in- 

ples with 12 wt% MOOS. This band might tensity) of 3.77, 3.80-3.39, 4.01, 4.24, 3.50, 

be ascribed to the octahedral cobalt transi- 2.90, 3.18, and 5.69 A. With respect to the 

tion 4T,,(F) + 4T,,(P) (19, 20). The re- possible presence of MO& and or Cogs8 no 

maining bands from octahedral cobalt were conclusive information was obtained from 

not observed because of their relatively low the X-ray diffractograms of HzS/H% sul- 

extinction coefficients and the fact that fided alumina-supported catalysts. 

their positions are very close to the bands 
of tetrahedral Co2+. No significant differ- SILICA-SUPPORTED CATALYSTS 
ences were found for the spectra of the 
corresponding Co- and MO-containing cata- 

HDS Activities 

lysts supported on y- and g-ALO3 (12 and For a series of oxidic MoOa-SiOz catalysts 
21, Table 1). (22-29 Table 1) a maximum conversion 

Some indications for the presence of the level of about 17% was measured after 
black colored compound Co304 could also 1.5 hr run time for samples with a Moos 
be obtained from the spectra, especially content around 12 wt% (Fig. 2). In com- 
from those with 4, 6, and 8 wt% MOOS and parison with the alumina-supported sam- 
4 wt% Co0 (9-11, Table 1). The pertinent ples the effectiveness of small amounts of 
observations were a band shoulder at about Moos (2- and 4 wt%) was higher for the 
14,000 cm-r and a broad absorption starting silica-supported ones. In addition to this, 
around 21,000 cm-‘, the maximum of which silica seemed to improve the stability. In 
is covered by the strong and broad absorp- this respect Fig. 3 shows that as a result of 
tion band of the molybdenum species. The presulfiding in H&S/H2 there was some de- 
Co304 band intensities decreased with in- crease in conversion of the 12 wt% MoOo- 
creasing MoOa concentration. SiOa, albeit not to anywhere near the same 

Preliminary experiments with H&S/H2 extent as observed earlier (15, IS) for a 
sulfided MoO,-r-A1~0, and COO-Mdl-y- corresponding y-Alg08-supported sample. 
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This stability cffcct is also dcmonstratcd 
by the results of long run experiments 
given in Figs. 1 and 2. 

As shown in Fig. 2 introduction of, rcspec- 
tively, 2, 4, and 6 wt% Co0 in a 12 wt% 
Moos-SiOX (30-32 Table 1) led to a 
gradual activity decrease. These initially 
oxidic CoO-Moos-SiOa catalyst systems 
were found to be rclativcly stable when 
judged from the thiophcne hydrodesulfuri- 
z&ion activities measured after 1.5 and 4 
hr run time. However, as an example, for 
the catalyst containing 12 wt% Moos and 
4 wt% Co0 a substantial activity decrease 
was observed during the first 45 min of the 
run (Fig. 3). When this Coo-Mo03-SiOs 
catalyst was prcsulfidcd the steady state 
activity increased by 5 conversion ‘% (Fig. 
3). Although this absolute increase is much 
smaller than found for the corresponding 
r-AlaOs-supported sample tjhe rclativc in- 
crease is higher (16). 

The results obtained for Coo-Mo&Si& 
catalysts, all containing 4 wt% Co0 and 
12 wt% Moos, prepared by a method 
essentially different from the standard 
double impregnation method (14) is de- 
scribed below. The main results are prc- 
scnted in Fig. 3. No significant improvc- 
merit of the thiophene hydrogenolysis ac- 
tivity could be measured when Co was 
introduced into the MoOa-SiOz system by 
impregnation and drying at 110°C alone 
(t,hc calcination step being omitted). For 
such a catalyst, both prcreduccd in Hz at 
400°C and unrcduced, a steady state con- 
version lcvcl of, respectively, 6 and 4y0 
was found. However, when the Coo-MOO,- 
SiO, catalyst under consideration was sul- 
fidcd in H&S/H, at 400°C right after the 
drying step its activity was substantially 
increased (Fig. 3, curve PI). 

A similar result (19 conversion %) was 
obtained for a prcsulfided MOOS-Coo-Si& 
sample prepared according to the standard 
preparation mebhod, but with reversed im- 
pregnation sequence (Fig. 3, curve C). It 
should be mentioned that the oxidic MoOa- 
Coo-SiOa catalyst was black instead of 

FIG. 3. Thiophene desulfurization as a function 
of run time. Conditions : see Fig. 1, only the initially 
oxidic catalysts (except CoMoOa) were prereduced 
in Hz, Presulfiding: 50 cm3 mini NTP HtS/H,; 
volume ratio, l/6; 400 or 45O’C during 2 hr. (A) 
Preparation method A described earlier (16). (A’) 
Same as A but with reversed impregnation sequence. 
(B) Calcination step omitted after Co introduction. 
(C) Standard preparation method (14) but with 
reversed impregnation sequence. 

violet-gray, the color observed for the com- 
parable Coo-Moos-SiOt catalyst (31, 
Table 1). Morcovcr, this MoOa-Coo-SiOa 
catalyst did not stabilize during the period 
of testing. 

The best activities were obtained with 
Co-containing samples prepared according 
to method A [described earlier (16), with 
the precursor Moos-SiOs being calcincd 
at 45O”C], and method A’, a variant of 
method A. [Method A’: impregnation of 
a calcined (500°C) and sulfided Coo-SiOr 
with ammonium paramolybdatc solution, 
drying and additional sulfidation at 4OO”C]. 
The conversion levels measured after 1.5 hr 
run time were 35 and 437& respectively. 
As can be seen in Fig. 3, these catalysts 
were less stable than the presulfidcd Ketjen 
COO-MOO,-r-A1,03. This phenomenon was 
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even more pronounced during long run 
experiments where the activity decrease in 
the period between 1.5 and 4 hr run time 
was found to be, respectively, 1.5 and 8 
conversion ‘% for Ketjen COO-Moos-y- 
ALO and Coo-Moos-Si02 A. 

Activity tests of these type A, SiOZ-sup- 
ported catalysts with different Co0 con- 
tents, viz, 1, 2, 3, and 4 wt$!$, showed that 
1 wt% Co0 is enough to accomplish the 
same promoter effect as demonstrated in 
Fig. 3 for the Coo-Moos-Si02 A sample 
containing 4 wt% COO. As demonstrated 
before (14) for Moos--y-A1203 catalysts 
with 12 wt% MoOI the optimum HDS 
activity was reached at a Co0 content of 
4 wtyo. 

When compared with the alumina-sup- 
ported catalysts the silica-supported ones 
were found to have poor hydrogenation 
properties. For instance, samples with 
about the same steady state thiophene con- 
version showed the following differences at 
1.5 hr run time. Initially oxidic Moos-SiOz 
and Moos-y-AL03 (12 wt% MoOa) pro- 
duced, respectively, 9 and 14% butane in 
the total amount of C4-products. For the 
presulfided Coo-Moos-Si02 A, MoOa-CoO- 
SiOZ A’ and Ketjen COO-Mo03-y-AL03, 
5, 8 and 19% butane was analyzed, 
respectively. 

Sulfur Analyses 

Sulfur contents were analyzed for the 
silica-supported catalysts after sulfiding in 
situ with H,S/H,. As can be seen in Table 1 
(Nos. 22-27) an average S/MO atomic ratio 
of 1.90 is found for MoOa-SiOz samples 
with a Moos concentration up to 12 wt%. 
For increasing MoOI content a decrease 
of the S/MO ratio to 1.42 was measured. 

For the Coo-MoOa-Si02 catalysts (30- 
32, Table 1) prepared according to the stan- 
dard impregnation method, S/MO ratios 
higher than 2 were found. Assuming that 
1.92 sulfur ions are bonded to a molyb- 
denum ion (see catalyst 27, Table 1) S/Co 
ratios of 0.50, 0.75,, and 0.72 can be calcu- 

lated for the samples containing 2, 4, and 
6 wt% COO, respectively. This indicates 
that, under the sulfidation conditions ap- 
plied, the Co present in the SiOa-supported 
samples can be sulfided more completely 
than it can in the alumina-supported ones. 

Rejlectance Spectra 

Optical reflectance spectra recorded for 
Moos-SiOa catalysts showed a significant 
broadening of the 38,500 cm-l band towards 
lower wave numbers, when compared with 
the alumina-supported samples. In addi- 
tion, at Moos concentrations higher than 
10 wt% a weak shoulder around 33,000 
cm-’ could be observed, indicating the 
presence of octahedrally coordinated MO, 
viz, free Moos (17). Some spectra in the 
visible region recorded for cobalt-containing 
silica-supported samples are given in Fig. 4. 
The spectrum obtained for the COO-MoOa- 
SiO, sample, containing 4 and 12 wt’% Co0 
and MoOa, respectively, prepared according 
to the standard preparation method, showed 
bands at 17,500 and 19,500 cm-l, a shoulder 
around 13,500 cm-l and a broad charge 
transfer band (18, 19) starting at about 
21,000 cm-‘. This spectrum was very 
similar to the one recorded for a mechanical 
mixture of p-COMOOJ + SiOz (16 wt% 
P-CoMoOJ, whereas it was significantly 
different from the spectrum obtained for a 
mixture of a-CoMoOa + SiOZ (16 wt% 
a-CoMoOS, as shown in Fig. 4. This led 
to the conclusion that p-COMOOJ is the 
main cobalt-containing compound formed 
during the preparation of Coo-Moos-Si02 
[see also its color (31, Table l)]. This is 
not the case for the black Moos-Coo-Si02 
C catalyst (reversed impregnation sequence) 
which showed a ligand field band at 14,000 
cm-1 and a broad charge transfer band 
starting around 16,500 cm-l (4, Sl), like 
its precursor, Coo-SiOZ (4 wt%). The 
main cobalt compound formed here is very 
probably Co304. 

Preliminary experiments with HS/Hz 
sulfided Moos-SiOz and Coo-MoOa-SiOz 
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samples yielded similar spectra as described 
already for the corresponding alumina-sup- 
ported catalyst, indicating again the forma- 
tion of MO& as a result of sulfidation. 

X-Ray Analyses 

X-Ray analysis of oxidic Moos-SiOs 
samples (22-29, Table 1) produced evidence 
for the existence of MoOa (ASTM 5-0508) 
in sampIes wit,h a Moo3 content. of 12 wt% 
or higher. The diffraction patterns con- 
taincd lines at the following d-values (in 
order of decreasing intensity) : 3.26, 3.45, 
3.81, 2.30, 2.65, and 1.85 A. 

For all oxidic Coo-Moo,-SiO, catalysts 
prepared according to the standard double 
impregnation method (30-32, Table l), 
diffraction patterns ascribable to /&CoMoOd 
(ASTM 21-868) were obtained. For the 
sample cont’aining 6 wt% Co0 the d-values 
of the complctc set of diffraction lines ob- 
served were (in sequence of decreasing in- 
tensity): 3.36, 3.80, 3.29, 2.44, 2.66-4.66, 
and 1.57-1.65-2.02-2.32-2.80-2.84-3.13 A. 
This indicates that CosOJ (ASTM 9-418) 
was also present. Both Coo-SiO% and 

FIG. 4. Reflectance spectra for oxidio silica- 
supported catalysts. (C) see Fig. 3. 

t I ret 

FIG. 5. X-Ray diagram of sulfided B-CoMoOa. 
Conditions : H$/Hs; volume ratio, l/6 ; 50 cm3 
min-1 NTP; 4OO’C; 2 hr. *&Moo3 mentioned in 
the ASTM file should very probably be CozMo,Os. 

Moos-Coo-SiOa contained Co304 (lines at 
d-values of 2.43, 1.56-1.43, and 2.02-2.88 
A), while in the latter catalyst some 
fl-COMOO~ and MOOS might have been 
present (very weak lines at d-values of 
3.36 and 3.2663.81 A, respectively). 

From the series of H&S/H, sulfided 
Moos-SiOs catalysts only the sample with 
the highest MO content showed a very 
weak line at d = 6.14 corresponding with 
the st’rongest line of MO& (ASTM 6-97). 

The H&/H2 sulfided Coo-Moos-Si02 
(32, Table 1) as well as Coo-Moos-Si02 A 
and Mo03-Coo-Si02 A’ (see Fig. 3) might 
contain some Co&?& (ASTM 19-364), while 
for the two last mentioned catalysts the 
presence of MoS3 may also be inferred 
from the X-ray diffractograms. The lines 
observed were attributable to the strongest 
lines of Co9S8 and MO& at d = 1.76 and 
2.99 and d = 6.15, respectively. 

COBALT MOLYBDATE 

The thiophene HDS activity of 180 mg 
violet CoMo04 (surface area 6.2 m2 g-l) 
was also measured (see Fig. 3). The pre- 
reduced initially oxidic sample showed an 
extremely high starting activity which de- 
creased within a period of 40 min to a 
steady state conversion level of 17%. 
HS/Ha presulfiding followed by reduction 
in H, led to a considerable activity de- 
crease. The steady state conversion level 
reached within 30 min was 5%. 

The diffmctogram of H?S/Ha sulfided 
(standard conditions) @-CoMoO., showed 
lines at d-values given in Fig. 5. A good fit 
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for this line pattern can be made by a 
composition of the patterns obtained from 
Co&$ (ASTM 19-364) or Co&, (ASTM 
2-1338) or y-Cogs5 (ASTM 2-1459), MoSz 
(ASTM 6-97), CoMosS4 (ASTM 23-192), 
and molybditG (ASTM 21-869). 

After sulfiding which appeared to bc in- 
complete under the standard conditions 
applied here, an average S/MO ratio of 
2.10 was analyzed. 

DISCUSSION 

We will start the discussion with the SiOr 
supported catalyst. For relatively low Moot 
contents a linear relation of Mo-concen- 
tration versus HDS activity was found, in 
contrast with the alumina-supported cata- 
lysts. The maximum at about 12 wt$‘& 
MoOa might be caused by pore blocking. 
Since crystalline MOOS was observable by 
X-rays, the appropriate model for the 
Moos-Si02 catalyst is that of small MOOS 
crystals embedded in the pores of the SiOZ 
support. These MOOS crystals are con- 
verted to MO& crystals during presulfida- 
tion or in actual operation. 

At first sight the action of Co seems 
rather complicated. As far as could be ascer- 
tained by sulfur analysis, activity measure- 
ments, X-ray diffraction and reflectance 
spectroscopy, there was no interaction be- 
tween Co and the support. Catalysts with 
excellent properties were prepared by sc- 
quential impregnation, drying, and sulfida- 
tion of sulfided Moon-SiOn or Coo-SiOZ 
samples (method A or A’), while inferior 
catalysts were obtained by double impreg- 
nation with MO being the first element 
added. Somewhat better catalysts, although 
still rather inferior, were obtained by 
changing the sequence of impregnation or 
avoiding the calcination step after Co 
introduction. 

It is not entirely clear why the method of 
preparation has such a large influence, but 
it is almost certain that the differences are 

2 Mentioned as CoMoOl in the ASTM file. How- 
ever, this should very probably be COZMOPO~. 

related to the formation of COMOOJ in the 
oxidic precursor stages of the catalyst. 
Experiments with pure cobalt molybdate 
showed an initially very high catalytic 
activity but which rapidly declined and 
ended up at a very low level. Prcsulfided 
CoMoOl showed an even lower activity. 
An explanation of this lack of activity 
might be found in the nature of the reaction 
products of CoMo04 sulfidation. The ap- 
proximate composition after sulfiding was 
MO% (15%), CoMozSd (25Yo), ConfL 
(45yc) and CoaMosOs (15%). In the litera- 
ture CoMo$4 (22) is mentioned as an in- 
active compound. Nothing is known of the 
HDS properties of Co2M0308. However, 
MO& which is the main actual active com- 
ponent is only present in minor quantities. 

Any method of preparation that avoids 
the possibility of CoMo04 formation-and 
this is especially valid for methods A and 
A/--leads to Coo-Mo03-Si02 catalysts 
with activity similar to that of the Al203- 
supported ones. There can be hardly any 
doubt that those are precisely the catalysts 
of the Co promoted MO& type. It is note- 
worthy, however, that SiOz-supported cata- 
lysts invariably had considerably lower hy- 
drogenation activity than the AlzOs-sup- 
ported ones. Perhaps this is connected with 
their lower stability [see activity decrease 
as a function of run time (Fig. 3)]. We shall 
return to this problem below. 

With respect to the effectiveness for thio- 
phene HDS measured after 1.5 hr, for both 
the Mo03-~-A1203 and MoO~-~~-ALO~ cata- 
lyst series, three Moos concentration ranges 
can be distinguished, viz, wt% Moos, <4 ; 
4 < wt% Moos < 10, and wt% MOO, 
> 10 (see Fig. 1). In the low concentration 
range MO was found to be entirely (r-AL03), 
or largely (T-Al,Os), ineffective. A relatively 
high effectiveness was observed in the 
second range, while MO added in excess of 
10 wt% MoOI was found to be moder- 
ately effective (r-A1203) or even harmful 
(q-A1203), for HDS of thiophene. 

These phenomena may be rationalized 
on the basis of a variation in strengths of 
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interaction bctwcen Mo and Al surface 
species. It is reasonable t’o assume that 
the surfaces of high arca aluminas arc 
largely hct’erogencous. When added in small 
amounts MO will react prcfercntially, during 
catalyst preparation, with the more active 
surface or possibly subsurface alumina 
sites, resulting in the formation of a stable 
compound which contains very probably 
MoOa tetrahedra. This compound cannot 
be easily reduced (10) nor sulfidcd (15) 
and will therefore be inactive. These MO 
species might be barely rcmovablc on 
washing in ammonia (8, 23). Less act’ivc 
alumina sites will form weaker compounds 
with increasing Mo level. These com- 
pounds may contain both R/lo04 tctrahedra 
and Moo6 octahedra in registry with the 
alumina surface (8, 4), resulting in the 
formation of a monolayer on top of the 
carrier surface. Based on the great simi- 
larity of O-O distances in a y- and q-Ala03 
spine1 st’ructurc (2.8 A) and in a molybdate 
ion (2.8-2.9 A), both t’etrahedral and octa- 
hedral site occupation by Mo6+ ions are in 
principle eligible. However, data taken 
from reflectance spectroscopy showed that 
the formation of Moo4 tctrahcdra prepon- 
derates very strongly. This is in agreement 
with the findings of other investigators (17, 
24, 225). The readily reducible MO species 
in the monolayer are the main precursors 
of the actual active hydrodesulfurization 
sites, viz, Mo3+ surrounded by sulfur (16’). 
Furt’hcr increase of the MO concentration 
leads gradually to the formation of separate 
crystalline phases. 

Al,(Mo0J3 and possibly MoJO~~, which 
cont’ains MO in both distorted octahedra 
and tetrahedra (2G), were observable by 
XRD in two Mo03-v-A1?03 catalyst’s (14 
and 16 wt% MoOJ. The presence of 
Als(Mo04)3, consisting of Mo6+ in tctra- 
hedral and A13+ in octahedral environment, 
is mentioned in scvcral papers (8, $4, and 
27) and also the occurrence of free Moo3 
(distorted MO& octahedra) (3, 4, IO, 24). 
The presence of crystalline phases probably 
causes pore blocking and t,hcrcfore lowers 

the effcctivencss of the added MO (Fig. 1). 
It should be emphasized that several 
factors, e.g., surface area of the alumina, 
calcination temperature and time, as well as 
the way in which MO is introduced (B), may 
influence the relative fractions of Mo 
prcscnt rcspectivcly in nonreducible com- 
pounds, in the monolayer spccics, and in 
scparat’e crystalline phases. 

When compared after 1.5 hr run time 
the Mo03-r-A1,03 catalysts were found to 
bc more active than t’hc corresponding 
y-AlaOs-supported ones. An explanation 
for this phenomenon might bc found in 
differences bctwecn y- and q-Al?03 as dc- 
scribed by Lippcns (28) and Krischncr 
et al. (29). For instanccl, q-A1203 is said to 
contain rclativcly more tctrahcdral A13+ 
ions and its (111) crystal plane might bc 
the predominant surface plane, while for 
-r-A1203 it is the (110) plant. However, 
long run expcrimcnts (8 hr) showed that 
the influcncc of the support diminished 
during operation (Fig. 1) and this was 
found to be even more pronounced for 
H&/H:! presulfided samples. These ob- 
servations combined with the results of 
sulfur analysis (Table 1) indicate strongly 
t’hat Mo03-y-A1203 and Mo03-q-Also3 
catalysts in actual operation consist mainly 
of small Moss crystals on the external sur- 
faces of the support. 

WC now return to the problem of the low 
olefin hydrogenation activity of SiOZ-sup- 
ported catalyst’s in comparison with that 
of AlnOs-supported ones. For the sake of 
convcniencc further discussion is conducted 
with the help of Fig. 6. We may interpret 
the difference in terms of monolayer cata- 
lyst systems containing HDS sit’es MS (12, 
14) as well as hydrogenation sites Mn (8, 
12). The presence of both HDS sites Ia and 
hydrogenation sites In in pure sulfide sys- 
tems follows from the work of Voorhoeve 
and Stuivcr (SO-32), Hagenbach et al. (2, 

22), and Kolboc and Ambcrg (33). The In 
and 1s sites are known to be susceptible 
to poisoning by H$ and CS4. 
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FIG. 6. Scheme of active sites formed in oxidic 
and sulfided alumina-supported catalysts. (a) Co0 
= NiO, MoOa = WOS, r-A1203 = 7-A1208 # SiOz 
# c. 

It has been demonstrated in the foregoing 
pages that the greater part of the mono- 
layer is converted into MO& crystals. The 
remaining part of the MO species, very 
strongly bonded to the support, is assumed 
to be still active for olefin hydrogenation. 
This is confirmed by the low hydrogenation 
activity of SiOa-supported catalysts (no 
interaction of MO with the support) and 
both oxidic and sulfided Co0--r-A1203 
samples (12, 15 [Fig. 51) as well as by the 
low butane/total Ck-product ratio (about 
0.10) found for COO-(MO& + rA1203) and 
COO-(W&+7-A1203) catalysts (16, [Table 
a]). When MO is present in the alumina- 
supported catalysts, olefin hydrogenation 
is appreciable (12). 

It is noteworthy that addition of Co to 
a 4 wt% Mo03--r-A1203 catalyst seems to 
reduce the number of stable MO sites 
(Fig. 1). In spine1 structures Co2f ions 
apparently have a stronger preference for 
tetrahedral site occupation than Mo6+ ions. 

CONCLUSIONS 

1. Any support with a high specific sur- 
face area (e.g., y- and q-A1203, SiOz, or C) 
is acceptable for HDS catalyst systems. 

2. Alumina is to be preferred because it 
inhibits the formation of CoMoOc and thus 
exerts a beneficial influence on catalyst 
preparation. 

3. Alumina may differ from other sup- 
ports in preserving, at the surface, specific 
hydrogenation sites which are less suscep- 
tible to sulfur poisoning. 

4. The realization that supports, as 
applied throughout this investigation, do 
not contribute to the chemistry of the HDS 
reaction explains the industrial applica- 
tion of supports in which a second function 
(hydrocracking) is explicitly introduced 
(34). Further experiments in this direction 
are in progress. 
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