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All transition metals in the first, second, third rows and some in the fourth row, supported on 
carbon at low concentration, have been tested in their sulfided form to evaluate their activity 
toward the hydrodesulfurization (HDS) reaction at four different temperatures. The first row shows 
two maxima on V/Cr and Co whatever the temperature with two orders of magnitude between the 
lowest and the highest activities (one order between Ni and Co). The second and third rows present 
a single maximum on Rh and Ir, respectively, with three orders of magnitude between the lowest 
and the highest activities. Electronic considerations have been proposed (S. Harris and R. R. 
Chianelli, J. Catal. 86, 400, 1984) to account for these different activities. A new complementary 
approach is developed by introducing the structural properties of the sulfides. o 1986 Academic 

Press, Inc 

In a preceding work (I), we found, by 
using the metal solid NMR technique, a 
new cobalt sulfide phase very active for the 
hydrodesulfurization (HDS) reaction. This 
phase can be prepared in pure form by im- 
pregnating small amounts of cobalt on an 
active carbon support and its structure is 
derived from Co&, where the octahedral 
Co atoms have disappeared and the tetrahe- 
dral ones subsist in a distorted form. A very 
active Co/C catalyst had already been 
found by Prins et al. (2, 3), and these au- 
thors have extended their studies to many 
other metals (4). Their results, showing a 
maximum of activity for Ru, Rh, It-, and OS 
sulfides, were in very good agreement with 
a preceding study made by Chianelli et al. 
(5, 6) on bulk sulfides. However, the very 
high conversion in their reaction (meaning 
uncertainties in rate determination) and the 

r To whom all correspondence should be addressed. 

high loading in metal (meaning formation of 
bulky sulfide; see (1)) led us to conclude 
that we could not use their absolute activity 
values to evaluate the activity of our cata- 
lysts. We needed these values to show the 
validity of the hypothesis (1) on the additiv- 
ity of the individual Co and MO activities. 
In addition, we wanted to check the exact 
position of the maximum found on Ru, OS 
by Chianelli and Pecoraro (5) or on Rh, Ir 
by Prins et al. (4) because, as we shall see 
in this work, its position has a fundamental 
importance. 

In the following, after presentation of the 
preparation of the catalysts and the experi- 
mental details, we examine the results of 
the HDS activity of the sulfided transition 
metal catalysts. In this latter section, we 
also refer to the bulk structure of the most 
stable transition metal sulfides for compari- 
son purposes. We are aware of the fact 
that, in their highly dispersed form, on the 
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TABLE 1 

First-Row Transition Metals 

Cat. Wt% No. of Salt 
atoms/g solvent 
of cat. 
(X 10’8) 

SC 0.175 23 

Ti 0.465 58.5 

V 0.40 47.3 

Cr 0.405 46.9 

Mn 0.39 42.8 

Fe 0.66 71.2 

CO 0.42 42.9 

CO 2.84 290.3 

Ni 0.43 44.1 

Ni 1.61 165.1 

CU 

Ztl 

0.445 

0.40 

42.2 

36.9 

Nitrate 
Wa1.X 

ACaC 
EdUUlOl 

Acaf 
EthanOl 

Nitrate 
Water 

Nitrate 
Water 

Nitrat& 

Water 

Nitrate 
Water 

Nitrate 
Water 

Nitrate 
Water 

Nitrate 
Water 

Nitrate 
Water 

Acetate 
WZ&I 

r (XW'4 E+l 
Highest conversion kcallmole 

NTR (h-l) at 20 Ton 

227°C 250°C 280°C 350°C 60 Torr 

5 17.4 67.3 635.8 
0.02% 0.066% 0.22% 0.843% 
0.046 0.16 0.62 5.88 
8.6 30.0 151.5 1,771 
0.019% 0.067% 0.323% 1.097% 
0.032 0.11 0.56 6.57 

262.1 664.5 1591 7,520' 
0.733% 1.073% 1.44% - 
1.20 3.01 7.29 34.5 

295.8 789.2 2087.5 18,510' 
0.725% 0.952% 1.764% - 
1.37 3.65 9.65 85.5 
8.5 20.6' 56.7 472.4 1,107 
0.027% - 0.152% 1.532% 1.08%* 
0.043 0.104 0.29 2.39 56 

58.4 154.9 399 2,386 
0.130% 0.387% 0.975% 1.848 
0.178 0.47 1.22 1.27 

559.7 1050 2487 10,650 20,780 
0.390% 0.349% 0.409% 0.819% 1.064% 
2.84 5.33 12.61 53.99 105.3 

4055 
2.22% 
2.90 

82.5 227.5 710.1 3,745 
0.11% 0.21% 0.420% 0.783% 
0.41 1.10 3.49 18.4 

300 912.3 2439 12,050 

0.114% 0.319 0.403 1.105% 
0.40 1.20 3.20 15.8 

3.8 11.9' 41.6 364 866.8 
0.012% - 0.12% 0.675 O.SS%b 
0.020 0.061 0.21 1.87 4.45 

10.3 18.5 47.8 452.3 927.4 
0.022% 0.038% 0.087% 0.306% 0.377% 
0.061 0.109 0.28 2.66 5.46 

26.8 

29.9 

16.3 

21.0 

19.5 

18.8 

15.0 

23.4 (<28O"C) 
16.5 (>28OQ' 

24.8 (<28O"C) 
15.8 P28O-Z) 

22.3 

20.6 

NOM. Acw, acetylacetonate. 
a Extrapolated. 
b 20 Ton and 400°C. 
c Iron(III) nitrate. 
d Calculated for six temperatures 

supported catalysts, these sulfides might 
not retain the bulk structure (particularly in 
the case of three-dimensional structures). 
However, it seems very likely that, on the 
catalysts, the basic structural units of the 
bulk structure, and particularly the sulfur 
coordination of the metals, are retained. 
This coordination number depends mainly 
upon the orbital interaction between the 
metal and the sulfur atoms, the lattice con- 
tribution being of second order. There ex- 
ists experimental evidence of this in the 
more-studied CoMo catalysts, both on MO 
sites and on Co sites. Of course, in the dis- 

persed catalysts, the units are probably dis- 
torted (bonding angles) and exhibit defects 
such as vacancies; also they can be inter- 
connected quite differently as compared to 
the bulk structure because of possible inter- 
action with the support and with the other 
metal(s) in mixed catalysts. 

Our purpose, as shall be discussed in the 
last section, is to show that besides the in- 
fluence of the electronic structure on the 
catalytic HDS activity which is evidenced 
by its serial dependence in the periodic ta- 
ble, there is also a correlation between a 
high activity of the catalyst and the possi- 
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TABLE 2 

Second-Row Transition Metals 

cat. wt% No. of 
atoms/g 
of cat. 

x IO’8 

salt 
solvent 

227°C 250°C 

r (X lo-‘@) Ekl 
Highest conversion kcal/mole 

NTR (h-‘) at 20 TOI? 

280°C 350°C 20 Ton 350°C 60 Torr 

Zr 

Nh 

MO 

MO 

MO 

MO 

RU 

Rh 

Pd 

Ag 

1.13 

0.435 

0.21 

0.79 

0.95 

3.90 

0.365 

0.775 

0.87 

0.72 

74.6 

28.2 

13.6 

49.6 

59.6 

244.7 

21.7 

45.4 

49.3 

40.2 

Nitrate 
water 

Chloride 
Ethanol 

Hepta-m 
Water 

Hepta-m 
water 

Hepta-m 
Water 

Hepta-m 
water 

ACW 
Ethanol 

ACX 

Ethanol 

ACX 

Ethanol 

Nitrate 
Water 

26.3 66.5 
0.023% 0.053% 
0.076 0.19 

110.3 210.1 
0.111% 0.193% 
0.85 1.62 

193.6” 527.3 
- 0.304% 
3.18 8.67 

724.7 1,864 

0.287% 0.470% 
3.17 8.15 

815.9 1,764 
0.255% 0.504% 
2.97 6.42 

3,052 
2.089% 
2.57 

727.5 l,w‘l 
0.116% 0.138% 
7.27 19.0 

119 37,000 
0.694% 0.755% 

57.0 177.0 
At 60 Torr + 14,200 

0.262% 
67.9 

681.8 1,841 
0.401% 0.652% 
3.00 8.10 
6.8 20.9 
0.019% 0.058% 
0.037 0.112 

191.7 

0.17% 
0.56 

460’ 

3.54 
1,819 

0.473% 
29.9 

4,830.4 
0.524% 

21.1 
5,014 

0.416% 
18.2 

5.752 28,960 
0.210% 0.631 

57.5 289.4 
170,400~ 2,485,@30” 

813 
80,700 

1.110% 
385.8 

4,575 
0.93% 

20.14 
47.1 

0.128% 

0.254 

- 

11,870 
2,485,OW 

11,870 
39,180n 

- 

172 
424 

0.795% 
2.29 

1,615 3,126 
0.321% 0.451% 
4.70 9.1 

2,149 7,5M 
0.37% 1.298% 

16.5 57.7 

23,300 38,915 
1.077% 0.803% 

101.9 170.1 
26,640 40,470 

0.953% 0.743% 
%.9 147.1 

48,660 
0.453% 

486.2 

20.7 

14.9 

23.3 

20.1 

19.3 

21.5 

26.4 

32.9 

20.1 

20.1 

Note. Hepta-m, heptamolyhdate; Acac, acetylacetonate. 
a Extrapolated. 

bility of the metal to exhibit two different 
stoichiometries (or coordinations) in the 
bulk. Our speculation is that, in the dis- 
persed catalysts, such metals exhibit a “Sa- 
batier behavior,” the two stoichiometries 
or coordinations being in a dynamic equilib- 
rium under the HDS reaction. 

EXPERIMENTAL 

Muterids. An inactive ultrapure HDS 
carbon (activated charcoal Fluka) was used 
as support. The surface area was found to 
be - 1000 m2/g and the particles were sieved 
between 0.2 and 0.5 mm. 

The salt and the solvent used for the im- 
pregnation of each metal, are reported on 
Tables 1, 2, and 3. The use of chloride was 
avoided because of the unpredictable be- 

havior of the support in the presence of 
chlorine. As an exception, the chlorides 
were used for Ta and Nb because most of 
the other salts are insoluble in neutral sol- 
vents; as for Au, salts other than AuCl are 
too unstable. 

When nitrate or ammonium salts were 
not easily available, we used the acetylace- 
tonate complexes, synthesized as already 
reported (7). The wet impregnation proce- 
dure was not used because of its inhomoge- 
neous results. The carbon was first covered 
with the pure solvent, water, ethanol, or 
methanol (3 ml, all values are reported per 
gram of carbon), a solution of the salt was 
added (2 ml), and then the mixture was 
stirred gently at 100°C until evaporation of 
the solvent was complete (-4 h). The cata- 
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\ 
: 

50 h J 
FIG. 1. Activity of MO/C catalyst versus time 

(28OT). 

lyst was left 12 h at 120°C in air, weighed 
after cooling, and introduced into the reac- 
tor. About 50 mg of material was always 
introduced; for the very active catalyst 
small amounts were mixed with unimpreg- 
nated support. 

The metal content was determined by 
atomic adsorption on two or four samples 
for each metal and the maximum of the rel- 
ative inhomogeneity was always found to 
be 52.25%. 

If one assumes an average area of 20 A2 
per metal atom in the sulfide, the total sur- 
face area of the sulfide was always kept two 
orders of magnitude below the area of the 
support in order to obtain a total disper- 
sion, with each atom of metal potentially 
accessible. By measuring the nominal turn- 
over rate (NTR), shown in Table 1, for two 
concentrations of Co and Ni and three for 
MO, we found the same values, within the 
range of experimental error, meaning that 
at least the same ratio of atom (and probably 
all) is accessible; that does not mean a 
monolayered or monodispersed phase. This 
dispersion probably depends also upon the 
nature of the carbon and it is difficult to 
compare our results with the values found 
in (2) or other works. 

Reaction. The flow apparatus, working 
under atmospheric pressure (thiophene par- 
tial pressure from 6 to 60 Torr and tempera- 
ture between 227 and 450°C), used for all 
these measurements has been described 

elsewhere (1). In order to determine the ac- 
tivity of the sulfide material for HDS, we 
decided to study the initial activity. For 
most of the metals, this initial activity, in all 
the temperature ranges we studied, is equal 
to the steady state activity, because the cat- 
alysts are not reduced after sulfidation even 
in the absence of H$S in large amounts in 
the gas phase. However, this is not true for 
the lamellar sulfides (i.e., MO, Re, and 
probably V, Nb, Ta, Th, U), where we ob- 
served a slow deactivation with time (15% 
after 1 h) due to the reduction of the sulfide; 
the initial activity is immediately restored 
after a short (30 min) pulse of 2% H2S/H2 
even at the reaction temperature of 227°C. 
For these reasons, the catalyst was kept un- 
der HzSIHZ flow between reactions (see 
Fig. 1). 

Before the first test at 227”C, the cata- 
lysts were presulfided at 450°C for 2 h under 
2% H$/H2 flow (temperature increased 
from room to 450°C at 13Wmin). We as- 
sume that all the dispersed metals are sul- 
fided after such a treatment; our NMR on 
cobalt like the XPS measurements in (4) are 
conclusive in this sense. However, we 
think that Au was not totally sulfided. 

Kinetics. The rate r (in mole/s * g. of cat- 
alyst), as the experiments were performed 
in a differential fixed bed reactor, was de- 
termined by varying the ratio o/F versus 
the conversion (Y, always kept below 1.5% 
(0, weight of catalyst; F, flow of thio- 
phene). All the catalysts were tested under 
the constant pressure of 20 Torr of thio- 
phene, a certain number were tested under 
60 Torr. The kinetical function of the thio- 
phene HDS reaction was studied by many 
authors and reviewed by Vrinat (8). In 
agreement with many of these authors, in a 
study of some very active catalysts, we 
found a complex kinetical function of the 
form r = k~ * x/(1 + x)” (x being the product 
of the thiophene pressure by the equilib- 
rium constant of adsorption and k0 = K . 
emEIRT) in the range of O-60 Torr of thio- 
phene under normal HZ pressure (the partial 
pressure of H2S being neglected because of 
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the very low conversion). Depending upon 
the nature of the metal, the curve plotting r 
versus the partial pressure of the thiophene 
in the range O-60 Torr, can either increase 
in the whole range or reach a maximum 
and then decrease (for instance, Rh, Ir, 
Pt. . .). We did not find any catalyst where 
the maximum was below 20 Tot-r and we 
found for most of them, when a maximum 
existed, that this maximum was not far 
from 20 Ton-. Thus the comparison we re- 
port in Figs. 2, 3, 4, and 5, has been estab- 
lished at this pressure. However, one must 
keep in mind that this value is not the opti- 
mum for many catalysts. 

All the catalysts have been tested at at 
least four temperatures (227, 250, 280, and 
350°C) and sometimes, in order to increase 
the accuracy of the activation energy deter- 
mination, additional temperatures have 
been used. Some points are missing either 
because of technical trouble or because of 
the impossibility of obtaining small enough 
conversions (Rh 28O”C-20 Tot-r, 35O”C- 
20 Tot-r, and 35O”C-60 Tot-r, Ir 35O”C-20 
Ton-, Pt 35O”C-20 Torr, Cr 35o”C-20 
Tort); these missing points were extrapo- 
lated using the calculated activation energy 
in order to complete the different figures. 
This energy was calculated from the equa- 
tion r = K - eeEIRt . x/(1 + x)“, where r is 
the rate of reaction (in moles/s * g of cata- 
lyst), x is already defined, and K = AC, - 
KHz * Pu2. The expression ln[K * x/(1 + x)“] 
remains virtually constant on the same cat- 
alyst at constant thiophene pressure be- 
cause of the low conversion (first order, it 
= 1) and E is the slope of the line plotting In 
r versus l/T. For most of the catalysts, the 
four points (227, 250, 280, and 35OOC) were 
perfectly aligned. For two metals, i.e., Ni 
and Re, two very distinct activation ener- 
gies were found, the one below 280°C was 
higher than the one above 280°C. Diffusion 
phenomena cannot explain this change be- 
cause the accuracy of the measured activi- 
ties was carefully checked by plotting (Y 
versus w/F. There is probably a change in 
the nature or the phase of the sulfide in the 
range of 280°C. 

RESULTS 

In the three Tables 1, 2, and 3 the nomi- 
nal turnover rates (NTRs) in molecule of 
thiphene transformed per atom of metal per 
hour are reported, (in h-l). The rates (in 
moles per second per gram of catalyst), cal- 
culated as being the slope of the line plot- 
ting the conversion (Y versus w/F and the 
highest (Y used, are also reported in these 
tables. Figs. 2-5 show, on a logarithmic 
scale, the activity (NTR) of the three rows 
of transition metals at the four tempera- 
tures studied. The general shape is close to 
that found by Chianelli and Pecoraro (5) 

ahctropolated 

a b c 
SIB WB VB VIB VIIB VII1 IB IIB 0.1 

FIG. 2. Compared activity for the three rows at 
280°C. 
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lo< 

h-’ 

0.a 

FIG. 3. Compared activity for the first row at four 
temperatures. 

and Prins et al. (4) with however very sig- 
nificant discrepancies that we shall now ex- 
amine in detail. 

Groups III and IV. Y was not studied but 
Th and U from the fourth row were added. 
SC is slightly more active than Ti but Ce has 
an activity in the same range as Fe and Ni. 
A complete study of the rare earth sulfides 
is in progress and will be published later. 
Ti, Zr, and HE together with U and Th are 
the poorest catalysts of the left side of the 
table. The values found at 280°C are the 
more accurate for these groups and show in 
fact that they are all very close (Fig. 2). The 

I 000 

FIG. 4. Compared activity for the second row at four 
temperatures. 
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FIG. 5. Compared activity for the third row at four 
temperatures. 

activity scale Th < Ti = Zr < SC = U < Hf 
< Ce already shows that there is no correla- 
tion with activation energy, respectively 
25,30,21,27,23,22, and 19 kcal/mole even 
if Ti has the highest and Ce the lowest. The 
crystalline structure of the bulk sulfide is 
also not correlated to the activity, SC& 
and Ce& (or CeS, Ce& and Ce&) are all 
cubic with a coordination of 6 for the metal 
and Ti&, ZrSz, HfSz, ThS;?, and US;! all 
layered (isostructural with Cd(OH)z or 
PbC12) with also a coordination of 6 for the 
metal atom. 

Group V. A very strong increase in 
activity (one order of magnitude at “low” 
temperature, slightly smaller at higher tem- 
perature) is observed when examining this 
group containing V, Nb, and Ta. To check 
that these metals were totally sulfided, two 
temperatures of sulfidation (450 and 600°C) 
on V were used and no difference in activ- 
ity was observed. In addition, the NMR 
study did not show any traces of oxide or 
oxidic phase, only a highly dispersed sul- 
fided phase. This group and group VI (Cr 
and W) are the only in which the first-row 
metal is more active than the second- or 
third-row metals. The fact that Nb and Ta 
have been prepared from the chloride salt 
could possibly account for this result. Pe- 
coraro and Chianelli (5) have found on bulk 
sulfides a very poor activity for these three 
metals, with Nb and Ta better than V (sec- 
ond row > third row > first row), when 
compared to the next group. When well dis- 
persed, V was found very close to Cr, Nb 
not so close to MO, and Ta quite far from 
W. The bulk sulfides VS2, NbS2, and TaS2 
have the same layered structure (iso to 
Cd(OH)2); but for Nb with Nb& and NbS, 
as for V with VS, a large range of metal- 
sulfur concentrations is available. Even 
amorphous Nb and V sulfided phases have 
been reported with probably a very fluctu- 
ating coordination (24). The very low acti- 
vation energies found for V (16.3) and Nb 
(14.9) compared to the “normal” value 
found for Ta (23.1) is consistent with the 
formation of these amorphous phases (see 
below). 
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Group VI. The activity of the three 
metals, Cr, MO, and W are very close in 
activity to the members of group V. The 
activity of MO, whatever the temperature, 
is always higher than the activity of Cr and 
W, respectively. (As discussed in the pre- 
ceding paragraph, Cr is an exception to the 
rule, with a first-row metal being more ac- 
tive than a third-row one.) MO and W 
sulfides (MoS2 and WS3 are lamellar with 
coordination of 6 for the two metals but the 
Cr-S system is very complex. The more 
stable phase under our reaction conditions 
seems to be CrS with a structure intermedi- 
ate between those of NiAs and PtS (9), both 
of which are layered sulfides but not lamel- 
lar (in a lamellar sulfide, the layers are 
bonded through van der Waals forces). The 
coordination of Cr is still 6, but in a very 
elongated octahedral which is very similar 
to the coordination 4 of Pt atoms in PtS. 
The activation energies fall in the normal 
range: 21, 18.7, and 19.4 kcahmole. 

Group VII. Tc was not studied. The very 
low activity of Mn contrasts with the high 
activity of Re, almost twice as active than 
MO. The coordination of the metal atoms is 
6 for the two Mn sulfides (MnS cubic NaCl 
type and Mn&, C2 pyrite) and for the Re 
sulfide (Re&, iso-MoSz hexagonal). Two 
important points must be emphasized in re- 
gard to Re&. First, ReS2 is a lamellar sul- 
fide with a structural change around 280°C 
(II) which could account for the important 
change in the activation energy (24.4 to 16.2 
kcahmole) which appears at this tempera- 
ture region. Second, the formation of an 
amorphous Re& phase is known to occur 
when the concentration of sulfur is high 
enough (13, 24). 

Group VZZZa. The contrast is very sharp 
between the Fe activity and the Ru and OS 
activities, almost two orders of magnitude, 
although a strictly equivalent CZ pyrite 
structure for the three sulfides with a coor- 
dination of 6 for the metal atom is the usual 
structure. However, Chianelli (24) has re- 
cently reported the existence of an amor- 
phous OS sulfide. Even if Ru and OS are 
very active, they are still one order of mag- 

nitude below Rh and Ir; an even bigger dif- 
ference is observed between Co and Fe. 
This observation contradicts the results of 
Pecoraro and Chianelli (5) on bulk sulfides, 
where the most active catalysts are Ru and 
OS. The activation energies for these three 
metals, Fe, Ru, and OS, also fall in the 
“normal” range: 18.8, 21.5, and 21.7 kcal/ 
mole. 

Group VZZZb. One finds with Co, Rh, and 
Ir the best catalysts in their respective 
rows. The structures of the sulfides of these 
three metals will be discussed later. The ac- 
tivation energy found for Co, 15 kcal/mole, 
is the lowest (with Nb); for Rh and Ir very 
high energies have been found, 26.4 and 
29.8, respectively (32.9 kcal/mole for Rh at 
60 Ton- of thiophene). When the activation 
energy for HDS reaches 30 kcal/mole, one 
can suspect the formation of metal on the 
surface by decomposition of the sulfide. 

Group VZZIc. Pd and Pt have an activity 
in the range of the MO activity when Ni is a 
very poor catalyst at the same level as Fe. 
The stable phase for Pd and Pt sulfides is 
the isostructural PdS and PtS (iso-PbO), a 
tetragonal structure where the metal has a 
coordination of 4 (10, II). The active phase 
in the Ni-S system is very controversial, 
but either Burmistrov et al. (22), who found 
a stoichiometry of 1 : 1 on SiOZ or the phase 
diagram in (13) leads us to propose the 
rhombohedral structure of the NiS(L) 
phase below 280°C and the hexagonal struc- 
ture of the NiS(H) phase above 280°C. In 
both structures, Ni atoms have a coordina- 
tion of 6. This structural change could ex- 
plain the change in activation energy at 
280°C (see below). The high temperature 
activation energy on Ni, like the Pd activa- 
tion energy, fails within the “normal” 
range; however, with Pt, we found the 
highest (36.8 kcahmole). 

Group IB, IIB. Cu, Ag, Au, and Zn have 
very low activity, equivalent to that of Mn. 
In all their stable sulfide phases, these 
metals have coordination 4. The energy of 
activation found on them, 22.3, 20.1, 20.6, 
and 18 (below 280°C) kcal/mole, are just in 
the average range and provide a very good 
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FIG. 6. Tetrahedral and octahydral sites in Co&. 

example of the lack of correlation between 
activation energy and activity. 

DISCUSSION 

The Harris and Chianelli theory (6) ex- 
plains well the difftirence in activity be- 
tween the different sulfides. They found a 
correlation between the HDS activity and 
the product of the number of d electrons in 
the HOMO by a factor B which takes into 
account the nature and the strength of the 
metal d-sulfur p covalent bond. 

The poor activity of groups III and IV 
and the increasing activity from group V 
to group VIIIa (metal with coordination 6) 
can be understood through this electronic 
description because these authors have 
used a coordination 6 cluster as a model for 
their calculation. The high activity of 
groups VIIIb and c and the poor activity of 
groups IB and IIB cannot be explained by 
this theory in its present form, because the 
metal atom has coordination 4 for all these 
sulfides except Ni. However, it is possible 
to propose a complementary approach in 
which the structural properties of the sul- 
fides are taken into account and the concept 
of Sabatier is developed. “The stability of 
the catalyst site must be balanced by the 
possibility to form a pseudostable interme- 
diate (adsorption of the reactants on the 
site) which decomposes into the reaction 
products and the original naked site.” 

The Co ml&de catalyst. In a preceding 
paper (I), because of the use of the metal- 
solid NMR, we were able to show that the 
active phase of the cobalt sulfide on the car- 

bon support is a distorted tetrahedral struc- 
ture reminiscent of the cubes containing the 
tetrahedral Co atoms in Co&& (see Fig. 6). 
To explain the high activity of this struc- 
ture, we assumed that the Harris and 
Chianelli theory (6) was applicable to a tet- 
rahedral environment and thus found, 3 
electrons in the HOMO, of t2, symmetry, a 
configuration equivalent to that found for 
MO. Naturally, we concluded that this anal- 
ogy explained the equivalent activity found 
for Co and MO. 

However, in the conclusion of the same 
paper (I), we proposed another explanation 
for the very high activity of the Co sulfide 
supported on C: the tetrahedral Co atoms 
are almost perfect Sabatier catalysts; their 
stable form is tetrahedral but they can 
adopt an octahedral configuration in order 
to stabilize either their bulk (in bulk Co&, 
8 Co atoms are tetrahedral and 1 is “slow” 
octahedral, Fig. 6), or their dispersed tetra- 
hedral cubes on MO& substrate by forming 
what we call in (I) the “rapid” octahedral 
Co (“slow” and “rapid” because of their 
long or short relaxation time in the NMR 
measurements). The adsorption of a sul- 
fided molecule (Le., thiophene) on such a 
tetrahedral phase can be compared to a 
temporary formation of an almost octahe- 
dral configuration (to be more accurate, 
two simultaneous adsorptions will give a 
proper octahedral configuration) which will 
decompose back to the tetrahedral form be- 
cause the extrastabilization is not neces- 
sary on the catalysts, being already ensured 
either by the “Co rapid” on CoMo or by 
the small pores of the support on carbon. 

In Fig. 6 is represented the crystal struc- 
ture of Co&. It is an all-face-centered cube 
(G - Fm3m) which could be simply de- 
scribed as a checkered sequence of sulfur 
cubes containing either one Co atom in oc- 
tahedral symmetry or eight Co atoms in tet- 
rahedral symmetry (I). This r phase has 
been studied by Knop et al. (15, 16) and 
B@hm et al. (27). The number of sulfides 
occurring in this kind of structure is rela- 
tively small; CogFeSs, CosNi&, CosRhSs, 
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CosRuSs, FedNbPdSs, FeJNidRhSs , Fe4N& 
Russ, and (Fe,Ni)&: In Co containing 
compounds, Co atoms occupy the tetrahe- 
dral sites, Fe, Pd, Rh, and Ru the octahe- 
dral site, Ni is randomly distributed. In the 
composed compounds where the eight Co 
atoms are replaced by four Fe and four Ni 
atoms, Fe and Ni occupy the tetrahedral 
sites. There is a lack of structural knowl- 
edge about the site occupancy in the 
pseudo-binary alloy (Fe,Ni)&. In the peri- 
odic table cobalt occupies an intermediate 
situation in terms of coordination in the sul- 
fided form. Its sulfide prefers coordination 
4 but needs some coordination 6 atoms to 
be stable (we have already developed the 
possible catalytic consequence of this be- 
havior). Nickel and iron which, when taken 
separately, prefer coordination 6, can re- 
produce when mixed (see above), a struc- 
tural behavior similar to that observed for 
Co. If our structural theory on HDS activ- 
ity is true, one can predict a high activity 
for catalysts alloying Ni and Fe, provided 
that the distorted tetrahedral structure can 
be stabilized in the absence of the octahe- 
dral cubes of the bulk either by the carbon 
support or by MO&. The first attempt to 
prepare such a catalyst has been success- 
ful. A catalyst containing 0.28 wt% of Ni 
and 0.53 wt% of Fe, i.e., 0.81 wt% metal on 
C, shows the same activity as the 0.66% Ni/ 
C catalyst. Many other experiments, vary- 
ing the concentrations and adding Rh, Ru, 
and Pd, are in progress. The large change in 
the activation energy on Ni can also be un- 
derstood if one assumes that above 280°C a 
tetrahedral Ni sulfide derived from the 7~ 
phase becomes stable enough; the high tem- 
perature activation energy, 15.8 kcal/mole, 
is very close to that found on the Co tetra- 
hedral phase, 15.0 k&/mole. Because of 
this temperature condition of existence, it 
will probably be difficult to see this Ni 
phase with the NMR analysis made at low 
temperature, unless it can be quenched. 

Rh and Ir sulfides. The Ir-S system has 
not been studied or published seriously; 
only Knop (14) has observed an unidenti- 

.Rh OS 

FIG. 7. Tetrahedral and octahedral sites in Rh$&. 

fied phase which could be related to the r 
phase (e.g., Co& in Fig. 6) or the p phase 
(e.g., Rhi& in Fig. 7) (24, 15). For this 
reason, and lacking mc:re details, we shall 
assume throughout that lr behaves like Co 
or Rh. 

The crystal structure of Rhi& is repre- 
sented in Fig. 7. It belongs to the space 
group 0; - Pm3m, isostructural with 
Pd17Se15 (18), this structure is called the p 
phase (14). The only other known sulfides 
with the same structure are RhihAgSrS and 
Rhi6PdSi5. Attempts to prepare the equiva- 
lent Ir sulfide (14) were not successful but 
that does not exclude the possibility of find- 
ing an equivalent system. 

Such a sulfide presents the same property 
as Cog&: a large number of metal atoms in 
coordination 4, sixteen, are stabilized by a 
single metal atom in coordination 6. Ac- 
cording to our hypothesis if one can stabi- 
lize the coordination 4 atoms either by car- 
bon support or by another sulfide on a 
mineral support in the same way in which it 
has been possible to stabilize the distorted 
tetrahedral phase of Co sulfide, one will ob- 
tain another very active catalyst because of 
the large number of Sabatier sites available. 
We believe that this explains the very high 
activity of Rh on carbon support. Attempts 
to prepare active Rh-MolAlzOJ and Rh- 
Re/A1203 catalysts are in progress. 

Left-hand side catalysts with coordina- 
tion 6. On MO, W, Re, or even V, Cr, and 
Nb, we believe, like most authors, that the 
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sulfur vacancies in crystalline-like MO& 
particles are very active sites, but we think 
that the ability to form a superficial amor- 
phous phase in the presence of extra sulfur 
(i.e., MO&, Re&, amorphous Cr and V 
sulfides) gives the crystalline lamellar 
MO&, ReS2, etc., the opportunity to catch 
more sulfur. It is also a good example of a 
Sabatier system. This theory will explain 
why the MO sulfide looses activity after par- 
tial reduction under Hz. If the under-stoi- 
chiometric-vacancies theory were exact, 
we would observe an increase in activity. 
This deactivation could be due to a strong 
adsorption of the thiophene on the reduced 
sites. In addition, under working condi- 
tions, the pressure of the S compounds (hy- 
drocarbon sulfide or H2S) must be selected 
in order to keep the system MO&-MO& in 
equilibrium. Many other arguments support 
the hypothesis of the role of MO&. Studies 
of the stoichiometry on active MO by differ- 
ent authors (19-21) have often shown a sul- 
fur/metal ratio 2 2, but other authors (26, 
27) have found a lower ratio. EXAFS of 
working MO catalysts (22, 23) or W cata- 
lysts (12) have shown an increase in the 
MO-S coordination number (or W-S), ap- 
proaching 6, which, on small particles of 10 
A (22) containing, for instance, 7 MO at- 
oms, involves 20 S atoms, almost the stoi- 
chiometry of MO&. 

Therefore, the coordination 6 sulfides 
without known amorphous phases, like SC, 
Ti, Zr, Ce, Ta, Th, U, and Hf, will be the 
worst catalysts for HDS. Even if Ni is on 
the right-hand side, its NiS stable sulfide 
belongs to this group because of the coordi- 
nation 6 of the metal, at least below 280°C. 
V, Cr, Nb, MO, W, and Re, all with known 
sulfur-rich amorphous phases (not solid so- 
lutions which do not involve bond forma- 
tion), will be fairly good catalysts. 

In spite of their very high activity, Ru 
and OS sulfides are not known to present 
amorphous phases. However, Chianelli 
(24) has recently reported the existence of 
an amorphous OS sulfide; if Ru can present 
the same property, these two metals will 

enter in the class of MO-type catalysts 
and their high activity will result from the 
Sabatier system where OS& crystalline is in 
equilibrium with the amorphous phase. 

Right-hand side catalysts with coordina- 
tion 4. The coordination 4 sulfides for 
which no sulfur-rich amorphous phases are 
known, must be poor catalysts for HDS. 
This is observed for Cu, Zn, and Ag. For 
Au, its poor ability to form any bond with 
any element is enough to explain its lack of 
activity. The change in the energy of activa- 
tion found above 280°C can be explained by 
the formation of metallic gold, the sulfide 
being unstable at high temperature. 

The relatively high activity found for Pd 
and Pt can be explained by the fact that PdS 
and PtS phases have the ability to form 
higher sulfides, PdS2 (C, pyrite, coordina- 
tion 4 by a pair of sulfur atoms, a pseudo-8 
coordination number) and PtS2 (Cd12 lay- 
ered, coordination 6) by simply twisting 
their crystalline atomic positions, and thus 
the ability to form another kind of Sabatier 
system. Gronvold and Rest (10) have, for 
instance, never succeeded in preparing the 
pure phase of PdS2 when starting from PdS, 
these two phases being mixed and revers- 
ible depending upon the temperature and 
sulfur concentration. 

However, for these two metals we can- 
not exclude the possibility of the reverse 
Sabatier system, i.e., reduction of PdS and 
PtS to lower sulfides or even metal. The 
very high activation energy 36.8 kcahmole, 
found on Pt catalyst would be understood if 
the HDS reaction occurred on a metallic 
surface rather than on a sulfide surface, 
where the average value falls generally in 
the neighborhood of 20 kcal/mole. This dif- 
ferent behavior can also be explained if the 
mechanism of the HDS reaction is differ- 
ent; results obtained on a single crystal of 
sulfided Pt (25) show a different adsorption 
of the thiophene molecule as compared to 
other metals. We hope that metal-solid 
NMR of Pt sulfide catalysts will allow us to 
choose between these different possibil- 
ities. 
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In order to explain the proposed relation- 
ships between amorphous phase and low 
activation energy, or between metallic 
phase and high activation energy, one must 
take into consideration some mechanistic 
hypotheses. The desulfurization mecha- 
nism goes through, at least temporarily, as 
we explain here, the formation of an extra 
sulfur-metal bond. Among many other ele- 
mentary steps, the formation of this bond 
could be the determinant of the value of the 
activation energy. Then, without going into 
further detail and intuitively, one can see 
that the formation of a metal-sulfur bond is 
“easy” with an amorphous phase, less 
“easy” with a crystalline bulk sulfide, and 
even less “easy” with a metal. 

It is obvious that the ability for all the 
active sulfides to form systems where two 
sulfidic coordinations of the metal are in 
equilibrium is a necessary but not sufficient 
condition for high HDS activity. The elec- 
tronic approach proposed by Harris and 
Chianelli (6) clearly explains the differ- 
ences in activity found between 3d, 4d, and 
5d transition metals in our study. 

The combination of these two ap- 
proaches is a fairly good example of the 
complementarity between the well-known 
concepts of geometric effect and electronic 
effect. 

CONCLUSION 

We have shown in this thorough study 
that the most active dispersed catalysts for 
the HDS reaction are based on metals 
which in their most stable bulk sulfided 
forms (under conditions similar to those of 
the HDS reaction) exhibit the possibility of 
being coordinated differently with sulfur. 
This can occur either by the existence of 
two phases with different stoichiometry (as 
the crystalline MO& and the amorphous 
MO&) or the existence in the same bulk 
structure of two sites coordinated differ- 
ently (as in Co9Ss). The speculation about 
the existence of a Sabatier system related 
to the peculiarity of such sulfides has on the 

basis of structural considerations only, led 
us to the discovery of new, very active cat- 
alysts such as the NiFe sulfide and the Rh 
(Ir) sulfide. 

A thorough study of these systems has to 
be made because one can hope to obtain 
more active catalysts with Rh or Ir than 
with Co; at low temperature, 227°C tetra- 
hedral Rh is 20 times more active than tet- 
rahedral Co and at high temperature, 
350°C it is 200 times more active! 

Mixtures of Ru and Pd (and of OS and Pt) 
also have to be explored to check the exis- 
tence of a possible effect similar to that ob- 
served when Fe and Ni are mixed. These 
systems must also be studied on supports 
other than carbon. 

Finally, the role of dispersant shown by 
Co and Ni toward MO in the sulfided form 
(which will be discussed in another publica- 
tion) should be researched with other 
metals such as Rh, Ir, and Ni-Fe . . . on 
MO, Re, W, V, Nb, and so on, which could 
form a pair similar to the “rapid” octahe- 
dral CO-MO pair which we believe is re- 
sponsible for the stability of the very dis- 
persed MO sulfided phase. 
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