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The primary effect in the hydrodesulfurization of dibenzothiophene by transition metal sulfides is 
“electronic,” i.e., it is related to the position the metal occupies in the periodic table. This effect, 
which determines the ability of the transition metal sulfides to catalyze the HDS reaction, varies 
over three orders of magnitude across the periodic table. The first-row transition metal sulfides are 
relatively inactive, but the second- and third-row transition metals show maximum activity with Ru 
and OS. HDS activity as a function of periodic position yields typical “volcano” plots. 

INTRODUCTION 

Hydroprocessing catalysts based upon 
the transition metal sulfides have been 
widely used for over 60 years and catalysts 
such as Co/Mo/Al,O, remain the industry 
“workhorses” in hydroprocessing of petro- 
leum-based feedstocks (I ). Applications 
have included sulfur removal (hydrodesul- 
furization), nitrogen removal (hydrodeni- 
trogenation), and product quality improve- 
ment (hydrotreating, hydroconversion). 
Original interest (prior to WW II) in these 
catalysts centered on their activity in the 
hydrogenation of coal liquids which contain 
considerable amounts of sulfur maintain- 
ing the transition metal in the sulfided 
state. Co, Ni, MO, W sulfides and their 
mixtures were recognized as the most ac- 
tive and least expensive of the transition 
metal sulfides (2). Later (post-WW II) 
their major uses shifted to hydroprocess- 
ing of sulfur- and nitrogen-containing pe- 
troleum-based feedstocks with Co- and 
N&promoted MO and W catalysts usually 
supported on AlzOs. Today, however, as 
petroleum feedstock supplies dwindle, the 
processing of “dirtier” feeds containing 
larger amounts of sulfur, nitrogen, and 
metals increases. In order to achieve this 
in the future, a new generation of transi- 

1 Author to whom correspondence should be ad- 
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tion metal sulfide-based catalysts are 
needed which have higher activities, 
greater selectivity to desired products, 
and greater resistance to poisons. In spite 
of the past and future importance of 
sulfide catalysts, little is understood re- 
garding the general fundamental basis for 
an origin of their catalytic activity. A 
starting point for this understanding lies 
in the knowledge of the solid-state prop- 
erties of the transition metal sulfides, in 
particular the relation between bulk prop- 
erties and surface behavior. Perhaps the 
most explicit solid-state picture of the 
sulfided form of these catalysts is the 
“pseudo-intercalation” model proposed 
by Voorhoeve and Stuiver (3) for Ni-pro- 
moted WSe catalysts. In this picture an- 
ion vacancies at the edge of WS, crystals 
are electronically promoted via charge 
transfer from intercalated Ni atoms of the 
W atoms in the bulk WE&. Yet progress 
in confirming this model has been ham- 
pered by lack of understanding of the bi- 
nary transition metal sulfides themselves, 
especially in catalytic environments. 

The binary sulfides are quite complex in 
their own right. A recent publication de- 
scribes the low-temperature precipitation 
of an amorphous MO& (4). When annealed 
in H,S/H, at 4OO”C, this amorphous phase 
converts into an unusual poorly crystalline 
form, termed the “rag” structure, consist- 
ing of several stacked but highly folded and 
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disordered S-MO-S layers (5). The deter- 
mination of this structure demonstrates the 
flexible and macromolecular nature of lay- 
ered transition metal dichalcogenides and 
provides a basis for understanding the rela- 
tionship between its highly broadened X- 
ray diffraction pattern and relatively low 
BET surface area. Thus the method of 
preparation and pretreatment significantly 
effects the morphology of the layered di- 
chalcogenides. This work has been ex- 
tended (6) to correlate the HDS activity of 
MoS, catalysts (prepared by varied 
methods) and their edge-plane specific 0, 
chemisorption capacity. The O2 chemisorp- 
tion distinguishes among catalysts of differ- 
ent preparations and reflects the wide varia- 
tions in the edge/basal plane ratio among 
the various preparations. 

In this paper, the results of a systematic 
study of the hydrodesulfurization (HDS) 
activity (for dibenzothiophene) of simple 
binary sulfides are discussed. The HDS 
activity is correlated with the position of 
the metal sulfide occupied in the periodic 
table and the heat of formation of the bulk 
sulfides. The objective of this work is to 
establish a link between the solid-state 
chemistry and physics of uniformly pre- 
pared bulk sulfides and their HDS activity. 

EXPERIMENTAL 

Hydrodesulfurization Activity Evaluation 

1. Materials 

All the chemicals were used without 
further purification. The dibenzothio- 
phene, biphenyl, Tetralin, and quinoline 
were purchased from Aldrich Chemical 
Co. The Decalin was obtained from 
MCB. The 15% H&I-& mixture was pur- 
chased from Scientific Gas Company. 

2. Feed 

The standard organosulfur feed was pre- 
pared by dissolving 4.4 g of dibenzothio- 
phene (DBT) in 100 cm3 of hot Decalin. 
This solution contained about 5 wt% DBT 

or 0.8 wt% S. The hot solution was filtered 
and 1 cm3 of decane was added. 

3. Operation Procedure 

The hydrodesulfurization evaluations 
were done in a Carberry-type autoclave. 
The reactor was designed to allow a con- 
stant flow of hydrogen through the feed 
during the activity evaluation and also to 
permit liquid sampling during operation. 

The catalyst (1 g) was pressed under 
15,000-20,000 psi and then meshed through 
lo/20 mesh (2.0/0.841 mm) or 20/40 mesh 
(0.841/0.420 mm) sieves. In a typical HDS 
run, the catalyst basket was charged with a 
mixture of 1 g of the catalyst and 10 g of 
l/l&n. spheroid porcelain beads. The re- 
mainder of the basket was filled with more 
beads. The reactor system was then flushed 
with helium for about 30 min. After the 
helium flush, the switch was made to 15% 
H,S/H,. The catalyst was presulfided for 90 
min at 25-400°C with a flow rate of 50-60 
cm/min. The catalyst system was stirred 
during the pretreatment. The reactor was 
cooled (400-25°C) under flowing H$S/H,. 
When cool, the H&S/H, flow was termi- 
nated and the Hz flow started at a rate of 
100 cm3/min. At this point the reactor was 
charged with 100 cm3 of the DBT/Decalin 
feed. The reactor was then set to the de- 
sired pressure and temperature and a gc 
sample was taken. Another gc sample was 
taken when the reactor reached the desired 
temperature and again at 1-hr intervals 
thereafter. 

4. Gas Chromatography 

The products were analyzed with a 
Perkin-Elmer 900 gas chromatograph. The 
operating conditions were: detector, flame 
ionization; columns, 10 ft, l/S in. 10% 
SP2100, 80/100 Supelcoport, D2668 Su- 
pelco; injection rod, 350°C; manifold, 
25OPC; program temperatures, lOO-300°C; 
heating rate, 16-24”C/min. 

CATALYST PREPARATION 

Of prime concern in this study is the 
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uniform preparation of the transition metal 
sulfides across the periodic table. The tech- 
nique which was developed to achieve this 
has been previously described for the 
Group IV-VII transition metal sulfides (4) 
and for Group VIII (7). This technique 
involves the precipitation from nonaqueous 
solution of the amorphous transition metal 
sulfide starting with the corresponding tran- 
sition metal halide and a sulfide source. 
This procedure yields materials of moder- 
ate surface area (-10-60 m”/g). Prior to 
activity testing, the catalysts are pretreated 
in H2S for 1 hr at 400°C washed with 12% 
acetic acid to remove LiCl produced in the 
reaction, then treated again at 400°C in 15% 
H,S/H,. This procedure converts the amor- 
phous sulfides to the poorly crystalline 
sulfide phase shown in Table 1 (as deter- 
mined from X-ray diffraction). 

Examples of preparations for some of the 
most active catalysts are included. All 
other preparations are done in an analogous 
fashion and the reader is referred to Refs. 
(4, 5, 7) for further details. 

1. Group VII Suedes 

ReS2, ReS, was prepared from either the 
penta- or tetrachloride. In a typical prepa- 
ration, 2.0 g ReCl, were dissolved in 100 ml 
of the ethyl acetate and 1.12 g L&S were 
added with stirring. After 4 hr of stirring, 
the solution was filtered to yield a black 
powder, amorphous ReS,. The solid was 
heat treated in a tube furnace for 2 hr in H2S 
or 15% H,S/H, at 400°C for 2 hr. Once 
precipitated and heat treated, the materials 
were stable enough to wash with 12% ace- 
tic acid to remove the residual LiCl. The 
material was then heat treated with H2/H2S 
(l-15% H,S) at 400°C for 1 hr. X-Ray 
analysis showed the product to be poorly 
crystalline ReS, (yield 1.46 g, theoretical 
1.55 g). A typical analysis for ReSz was: 
theoretical, Re = 74.39, S = 25.61; ob- 
served, Re = 74.40, S = 25.49. If the 
pentachloride, ReCl,, was used a sulfur- 
rich product, Re&., was obtained at room 
temperature. However, it decomposed to 
the stoichiometric sulfide after heat treat- 
ment at 400°C in 15% H&S/H,. 

TABLE 1 2. Group VIZI Sulfides 

Stable Binary Sulfides 

HIS (400”CJa H,/lS% HIS (400YJ0 HDS reactor” 

C& 
MoS, 
ws* 
MnS 
ReS, 
Fe& 
RuS2 
ass, 
cos* 
RGh 
IrS, 
NiSl 
PdS 
PtS 

Cr& Cr& 
MO& MO& 
WSI W% 
MnS MnS 
ReS, ReS, 
FeS, FeS, 
RuS, RuS,-, 

- OS0 + s 
coos* Co& 
WS3 Rhs% 

- IrO + S 
NiS, NixSo 
PdS PdS 
PtS PtS 

D Predicted stable phase by thermodynamic calcula- 
tions (8) and confirmed by X-ray diffraction. 

bStable phases were determined by X-ray diffrac- 
tion; reaction condtions: T = WC, P = 450 psi, gas = 
Ht. 

Rust. RuS, may be prepared from RuCl, 
or RuCl, (RIC/ROC). In a typical prepara- 
tion 7.4 g of RuCl, was dissolved in 100 ml 
of ethyl acetate and 2.80 g L&S (Ventron) 
was added with stirring. After 4 hr of stir- 
ring, the solution was filtered yielding a 
black powder which was still wet with ethyl 
acetate. The filtrate was partially green 
indicating suspended particles of RuS,. The 
sample was then heat treated in pure H&S at 
400°C for 1.5 hr, cooled to room tempera- 
ture, washed with 12% acetic acid, filtered, 
and heated again in 15% H,S/H, for 1.5 hr. 
This procedure yielded pure RuS, as deter- 
mined by X-ray diffraction and chemical 
analysis. If pure HPS were used the RuS, 
would contain excess sulfur. 

OS&, Four grams of OsC1, was added to 
100 ml of ethyl acetate yielding a greenish 
solution. Then 1.12 g of L&S was added as 
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the solid and the solution turned black with 
stirring. The solution was filtered and a 
black powder was obtained which was 
treated at 400°C in a stream of H,/15% H,S 
for 2 hr. The resulting black powder 
weighed 2.80 g (theoretical = 3.10 g) with 
a BET surface area of 20 m’/g. X-Ray 
analysis indicated that the OS& was a 
previously unknown layered compound 
which could be converted to the known 
pyrite type by heating under vacuum at 
600°C (9). 

Rh.#3. Rh& was prepared from RhCI, in 
analogous fashion to the catalysts de- 
scribed above: 

2 RhCl, + 3 L&S --, Rh,S, + 6 LiCl. 

X-Ray analysis before and after reaction 
indicated the presence of Rh,SB which had a 
BET surface area of 15 m*/g. 

ZrS,, It-Cl, (2.00 g) was dissolved in 175 
ml of ethyl acetate. To this 0.55 g of L&S 
was added neat with the color changing 
from a dark brown to gold. After stirring for 
3.5 hr a golden powder was recovered. 
Then 1.8 g of the product was heat 
treated in 15% H,S for 2 hr, washed in 
12% acetic acid then reheated in 15% 
KS for 2 hr yielding a black powder. X- 
Ray diffraction yielded a very diffuse 
powder pattern indicating IrS,r with the 
pyrite structure. 

PdS and PG. Both platinum and palla- 
dium were fairly inactive in the model reac- 
tion and thus their activities were not 
greatly affected by the methods of prepara- 
tions. Thus, for this group commercially 
(Ventron) available compounds were also 
activity tested. PdS and PtS are the stable 
species in the reactor. PdS was prepared 
from the dichloride in a manner similar to 
that for the compounds previously de- 
scribed: 

PdCl, + L&S + PdS + 2 LiCl. 

PtS was prepared in this manner but was 
also prepared from the tetrachloride. This 
reaction led to chemical results differing 

from previous examples: 

PtC1, + 2 L&S s PtS, + 4 LiCl, (a) 
acetate 

Pts, s PtS. (b) 

PtCl, (1.0 g) was dissolved in 200 ml of 
ethyl acetate and then divided into samples. 
A loo-ml sample was allowed to stand; 
upon standing the solution began to darken 
and precipitation began to occur. A golden 
film began to form, as well as crystals. The 
crystals when examined under polarized 
light were highly pleochroic, transmitting 
light perpendicular but not parallel to their 
long axes indicating the formation of a Pt 
chain complex. Preliminary chemical anal- 
ysis indicates a PtCl,:LiCl:ethyl acetate 
complex. Treatment of the remaining por- 
tion of the solution with L&S as in previous 
examples yielded PtS after heat treating. 

RESULTS 

Catalytic Materials 

Composition. The technique used for the 
preparation of the transition metal sulfides 
(TMS) was developed as part of a program 
to investigate their solid-state (4, 5) and 
catalytic properties (6). Since aqueous pre- 
cipitation caused hydrolysis of the transi- 
tion metal ion with resulting hydroxide and 
oxide formation, the Group IV-VII sulfides 
required a nonaqueous preparation. This 
tendency to form the hydroxide or oxide 
diminishes across the transition series; thus 
Group VIII sulfides can be precipitated 
from aqueous solution. The non-aqueous 
precipitation offers a uniform method of 
preparation for Group IV through Group 
VIII sulfides and removes the factor of 
oxide and hydroxide formation. 

The initial composition of the amorphous 
sulfide is dependent on the starting halide 
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as shown below: 

ReCI, + 2.5 Li,S s Req., + 5 LiCl, (14 

Reks s Re$,, + 0.5 s”, (lb) 

ReCl, + 2 Li, S 3 ReS, + 4 LiCl, W 

ReS, (amorphous) z ReS, (poorly crystalline). (2b) 

Particularly in the case of Re&, the final 
products display significant differences in 
catalytic hydrodesulfurization. The origin 
of this difference is undoubtedly the result 
of the anisotropic micromorphology of the 
layered structure of ReSz as in the case of 
MO& (6). Initial results show that the effect 
of anisotropy is less important in a com- 
pound such as Ru&, but further work must 
be done to confirm this result. Because of 
these effects, catalysts are prepared from 
the tetrachloride where possible. 

Further treatment is necessary to gener- 
ate the catalysts to be evaluated. Once 
precipitated, the materials are heat treated 
at 400°C in H,S (or H,S/H,) and then 
washed with 12% acetic acid to remove 
residual LiCl. A second treatment with 
H,S/H, (l-15% H&S) at 400°C produces the 
final catalyst. This final heat treatment of- 
ten produces the sulfide phase which is 
stable under catalytic conditions as shown 
in Table 1. The exceptions are OS&, Ir&, 
Co!&, Fe&, and Ni&. Under reaction con- 
ditions, OsS, and IrS, are reduced to the 
metal and Co!& Fe&, and NiS2 are con- 
verted to the metal-rich sulfides as shown in 
Table 1. 

Physical properties. Knowledge about 
amorphous and poorly crystalline transition 
metal sulfides in the literature is extremely 
sparse. A preliminary study using X-ray 
line-broadening techniques and BET sur- 
face area measurement attempts to explain 
the nature of the HDS catalysts. Most 
information deals with Group VI and VII 
layered sulfides and Group VIII materials. 
The particle sizes are calculated using 

kA D = particle diameter in A = - 
P cos 0’ (3) 

where k = 1.05 for most spherical and 
cubic particles. For the layered materials 
this value may be erroneous for the in- 
plane vectors (9). 
A = 1.5418 A, 
p = linewidth at half-height in radians. 

X-Ray and BET data for some of the 
fresh and activity-tested cataysts are sum- 
marized in Table 2. The crystalline sizes 
vary vastly, (14 to 324 A), while the surface 
area variation is significantly less (11 to 73 
m*/g). With the exceptions of Rh&, PdS, 
and PtS, where the crystalline sizes (as 
obtained by X-ray line broadening) agree 
with the BET surface area, the other crys- 
tallite sizes indicate higher surface areas 
than actually measured by BET techniques. 

Layered Sulfides 

In the case of the Group IV-VI layered 
sulfides, the MO& and ReSz systems are 
characterized in detail. The catalytic MO!& 
exists in a poorly crystalline “rag” struc- 
ture (5). Line-broadening analyses suggest 
an average X-ray crystalline size of 28 A in 
the c direction and 78 8, in the a direction. 
Crystallites of these dimensions should 
have surface areas of several hundred 
square meters per gram but the actual cata- 
lyst has a BET surface area of 50 m*/g. 
Transmission electron miscoscopy indi- 
cates that the a-axis dimension is several 
thousand angstroms. Thus for these mate- 
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TABLE 2 

Physical Properties of Fresh and HDS Activity-Evaluated Binary Sulfides 

Sulfide 

Fresh 
MO& 

ReS, 

OS& 
IrS,+, 

Activity-Evaluated 
MO& 

ws* 

ReS, 

OS0 + s 
RuS2 
Rh& 
Ire + S 
PdS 
PtS 

Structure hkl P Particle 
size 
(A) 

Layered 100 2.1 46 
110 2.2 49 
002 2.8 34 

Layered 110 2.2 49 
002 3.3 29 

Layered 101 2.9 35 
Pyrite 200 7.0 14 

Layered 100 2.2 44 
002 2.0 46 

Layered 100 2.0 - 

002 
Layered - - - 
Metal 101 2.9 35 
Pyrite 200 1.2 90 
W% 200 0.6 162 
Metal 110 1.2 82 
PdS 200 0.3 324 

Cooperite 110 0.5 202 

BET surface 
area 

W/g) 

50 

7 

15 
73 

17 

- 

- 
15 
52 
15 
15 
- 

11 

rials, the X-ray measurements represent 
the average unstrained repeat distances (or- 
der length) within the rags. 

ReS, which is prepared from ReCl, and 
pretreated at 400°C in H,S/H, exists as 
spheres in the range 0. l-l .O pm illustrated 
by SEM in Fig. 1. The calculated surface 
area of these spheres, -10 m*/g. agrees 
with the measured BET areas. A compari- 
son between the powder diffraction pat- 
terns of crystalline ReS, and the non- 
aqueous-prepared ReS, (after the 400°C 
H&S/H, pretreatment) indicates that the 
latter is also a “poorly crystalline” layered 
material; see Fig. 2. X-Ray line-broadening 
measurements give the local areas of order 
to be 74 A (100) by 35 A (002). 

Group VZZZ Sulfides 

For the Group IV-VII transition metals 
the most stable phase is the layered 
disulfide. However, for the Group VIII 
metals the stable sulfide phase is dependent 

on the sulfur partial pressure as shown in 
Table 1. A brief description of the Group 
VIII catalysts after the HDS reaction is 
included. 

Ruthenium disu&de. A well-defined py- 
rite X-ray pattern with no shift in lattice 
parameters from pure RuS~.~ is obtained for 
the activity-evaluated catalyst. The average 
particle size of the crystallites is - 100 A 
(line-broadening analyses). Although the 
pyrite structure is stable at 400°C in pure 
I-&S, 15% I-&S/H,, and under reactor 
conditions, the sulfur content varies. For 
example, in pure l&S the RuS, contains 
excess sulfur; under reactor conditions a 
considerable sulfur deficiency occurs, 
yielding a formula of RuS,,,. 

Osmium disuljide. Osmium disulfide is 
isolated in a layered structure by the non- 
aqueous precipitation followed by a heat 
treatment with pure H,S at 400°C. The X- 
ray spectrum appears very similar to ReS, 
(Fig. 2), but with different lattice parame- 



FIG. 1. ReS, spheres SEM. 

- Triclinic Fle% 

- Non-Aqueous Pmpmtion of R+ 

t l/l< 

60 40 30 20 -_ 

28 
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ters. Previously, OsS, was not known to 
exist in a layered structure but was re- 
ported to have a pyrite structure. In 15% 
H,S/HP or under reactor conditions, the 
layered OsS, converts to a material which 
gives an osmium metal powder pattern. The 
X-ray lines are very broad and indicate 
an average crystallite size of -35 A. Al- 
though the existence of OS metal as the 
stable phase is supported by X-ray crys- 
tallography and thermodynamic calcula- 
tions, the final catalyst still contains sul- 
fur. The nature of this phase is still under 
investigation. 

Iridium sulfide. The fresh iridium sulfide, 
IrS, (determined by chemical analysis), dis- 
plays substantial amorphous character. The 
X-ray pattern shows that IrS, can have the 
pyrite structure with a crystallite size of 14 
A. Iridium sulfide, like the OS&, converts 
to the metal plus sulfur under reactor condi- 
tions. 

Hydrodesulfurization Activity 

At 400°C the product of the HDS of DBT 
consists of biphenyl, except in the case of 
RuSz where some cyclohexylbenzene is 
formed. In order to obtain the rate con- 
stants, the disappearance of DBT, up to 50 
mole% conversion (or the appearance of 
product(s)) is plotted against time. In this 
regime, linear concentration-vs-time plots 
are obtained; see Fig. 3. Thus, in the ab- 
sence of knowledge about the true kinetics 
under our conditions (although preliminary 
data suggested that the order of the reaction 
is less than 1) the zero-order rate constants 
(slopes of the linear concentration-vs-time 
plots) provide a relative measure of the 
catalytic activity; see Table 3. 

Maximum activity is obtained with the 
second- and third-row transition metals: in 
particular, the Group VIII metal sulfur sys- 
tems are most active on a per gram of 

TABLE 3 

HDS Activity (at 400°C) and Thermodynamic Properties of the Sulfides 

Stable phase Stable phase AH formation (IO) Molecules of DBT Molecules of DBT Molecules of DBT 
HZ/ 15% I-I.$ reactor (k&/mole of metal) converted converted/mmole converted/g-set x 10’6 

(400°C) (400°C) M%ec x 10’0 metal-set x lW8 wm 
(400°C) ~400°C~ 

Ti 
V 
Cr 
MU 
Fe 
co 
Ni 

Zr 
Nb 
MO 
TC 
RU 

Rh 
Pd 
Sn 

Hf 
Ta 
W 
Re 

OS 
Ir 
Pt 
AU 

TiS, 
w 
cb53 
MnS 
FeS 
c&l 
NiS, 

ZrS, 
NbS, 
MoS, 

- 

RuS, 

R4S, 
PdS 
SnS 

HfS, 
TaS, 
Ws, 
ReS, 
06 
6 
PtS 
Al@ 

- 
vs, 
c&s 
MnS 
FeS, 
c%% 
Ni& 

- 
- 

MO& 
- 

RuS-, 

R4%, 
Pds 

- 

- 

6 
ReS, 

OS0 + s 
Ire + s 
PtS 
AllO 

91.3 2 8 
- 

80? 15 
51 -t 5 
24 * 1 

22.6 -c 1 
17.2 IT 1 

138 + 5 
84.8 f 4 
65.8 + 1 
53.5 + 5 
49.2 + 5 

31.4 
16.9 -t 1.5 

- 

- 
84.6 -c 4 

62 + 4 
42.1 + 3 

35.3 k 3 
31 
19.9 + 1 

0.1 
- 
0.1 
0.4 
- 
0.3 
0.4 

- 
0.3 
- 
3.9 

4.7 
1.1 
- 

- 
- 
- 
1.3 

5.7 
4.5 
0.6 
- 

1.4 0.7 
1.1 1.0 
4.8 4.7 
0.6 0.7 
1.1 0.9 
1.4 1.5 
1.5 1.6 

1.2 0.8 
1.7 1.1 
8.0 5.0 

- - 
379.5 230 

106.1 70.0 
12.5 9.0 
1.6 0.5 

- - 
1.1 0.4 
3.2 1.0 

39.4 20.0 

216.3 85.0 
171.8 67.0 
16.0 11.0 

1.4 0.1 
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FIG. 3. Kinetic data for second- and third-row transition metals at 350°C. 
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catalyst basis. The order observed is 

Second Row RuS, > R&S, 
> PdS > MO& > NbS, > ZnS, 

Third Row Os” + S > I? + S 
> ReS, > PtS > WS, > TaS. 

This variation of the HDS activity per gram 
with periodic position is best illustrated in 
Fig. 4 and per millimole of metal in Fig. 5. 
The first-row metal sulfides are much less 
active than their second- and third-row 
members. In this case two maxima in HDS 
activity are attained. Chromium or Cr.& in 
Group VI displays the highest activity per 
gram and represents the first maximum. 
The Group VIII2 and VIII3 sulfides, CosS8 
and Ni& constitute the second maximum. 

When normalized to surface area (Fig. 6) 
only slight changes occur in the curves. For 
example ! the most active catalysts at the 
peak of the curves change position; Rh 
becomes slightly more active than Ru, OS 
becomes more active relative to Ir, etc. 
Also the trends in the first-row activities 

become smoother. Maximum HDS activity 
is still attained by the second and third-row 
Group VIII, and VIII, metals but the order 
within the groups is changed. 

Second Row Rh& = RuS, > PdS > MO&, 
Third Row OS + S > IrO + S 

> ReS, > PtS. 

In the case of the first-row metal sulfides, 
surface area normalization results in maxi- 
mum HDS activity occurring for Groups 
VII and VIII sulfides, MnS and Ni&, 
respectively. These changes are not consid- 
ered significant because the hydrodesulfur- 
ization activities of the sulfides do not, in 
general, correlate to BET surface areas due 
to specific morphological effects of struc- 
tural and geometric origin. Thus, at this 
writing the normalization of the activity to a 
per metal basis or per gram basis best 
reflects the intrinsic activity of the transi- 
tion metal sulfides. The nature of the transi- 
tion metal in the sulfide (primary effect) 
dominates the role of anisotropy. 

,016 

I I I I I I I I I 
IV v VI VII VIII, VIII2 VIII3 IB 

PERIODIC POSITION 

FIG. 4. Periodic trends for HDS of DBT/gram of catalyst at 400°C. 
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- 0 1st ROW 

RU 400°C - 
_ A 2nd ROW 

l 3rd ROW 

Group VIII,-, sulfides. The only exception 
is the activity improvement displayed by 
ReSz when prepared from the tetrachloride 
instead of the pentachloride. The trends at 
350°C are identical to those at 400°C. This 
effect of starting halide and preparative 
technique in general is a subject for further 
research. 

I I I I I I 1 
IV v VI VII VIII1 VIII2 VIII3 I6 

PERIODIC POSITION 

FIG. 5. Periodic trends for HDS of DBT/millimole 
of catalyst at 400°C. 

Another set of HDS data obtained at a 
lower temperature, 3WC, and smaller par- 
ticle size, 0.841/0.42 mm eliminates the 
mass transfer effects present at the higher 
temperature. Under these conditions, a va- 
riety of products are obtained: biphenyl, 
cyclohexylbenzene, and bicyclohexyl. 
Zero-order rate constants are calculated; 
see Figs. 7 and 8 and Table 4. 

Maximum is obtained with RuS, in the 
second row and with ReS, in the third row: 

Second Row RuSz > Rh& > MO&, 
Third Row ReS, > OS + S > If + S 

>PtS>W~. 

The variation of the HDS activity with 
periodic position is shown in Fig. 8 normal- 
ized to millimole of metal. ‘1s in the activity 
evaluation at 4OO”C, maximum activity is 
obtained with the second- and third-row catalyst at 400”~. 

FIG. 6. Periodic trends for HDS of DBT/mZ of 

DISCUSSION 

The catalysis literature contains nu- 
merous examples of model reactions which 
display periodic maxima or “volcano” rela- 
tionships. Sinfelt has reviewed broad rela- 
tionships between catalytic activity of 
various metals in hydrogenation, 
hydrogenolysis, isomerization, hydrocar- 
bon oxidation, and ammonia synthesis-de- 
composition reaction and their positions in 
the period table (12). The Group VIII tran- 
sition metals display the maximum activity 
when compared to Groups IV-VII and 

101 1 I 1 I I _ 
- 0 1st ROW 400°C 
_ . 2nd ROW 
_ . 3rd ROW 

- Ti 

PERIODIC POSITION 
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VII VIII, VIII2 VIII3 

~ERIOOIC POSITION 

FIG. 7. Periodic trends for HDS of DBT/gram of catalyst at 350°C. 

Groups I and IIB. Within Group VIII, the 
maxima fluctuate. In general the activity 
correlates with the electronic configuration 
of the d orbitals as “percentage d charac- 
ter” (of the metallic bond based on Paulings 
valence bond theory) or with the strength of 
the metal adsorbate bond. 

In the case of transition metal sulfide 
catalysis, two studies are available which 
correlate activity with periodic position of 
the metal. Dowden (12) observed a twin- 
peaked pattern when catalytic activity for 
the reaction 

CS,+ 4H,+CH,+ 2H2S 

is plotted against the periodic position of 
the first-row transition metals. Maxima oc- 
cur at Cr.& and between Co& and NiS. 
The study was not extended to the second- 
and third-row sulfides. Wakabagashi ef al. 

(23) recently discussed the HDS of thio- 
phene over alumina-supported metals but 

found no smooth variaton of activity proba- 
bly because of the superimposed effect of 
the A&O3 support. They did, however, re- 
port high activity in Group VIII, particu- 
larly for Pt and Pd. These authors assert 
that the outer-shell d electrons and the 
atomic radii of the metals are the relevant 
factors in HDS activity. In addition the first 
long period displays the twin-peak phenom- 
enon previously described by Dowden. 

Many authors (14-26) recognize a rela- 
tion among catalytic activity, the heat of 
adsorption of a reacting molecule, and the 
heat of formation of the corresponding 
compound. This relation, which is the well- 
known priniciple of Sabatier (17), states 
that compounds exhibiting maximum activ- 
ity for a given reaction will have intermedi- 
ate heats of formation. For sulfides catalyz- 
ing the HDS reaction the compounds 
exhibiting maximum activity will have in- 
termediate heats of formation presumably 



A 2nd ROW 
. 3rd ROW 

. Ru 1 

I I I I I I I 
IV v VI VII Vllll VIII* VIII3 I6 

PERIODIC POSITION 

FIG. 8. Periodic trends for HDS of DBT/millimole 
of catalyst at 350°C. 

Molecules of DBT 
converted/mmole 
metakec x IO’S 

(350°C) 

because the stability of the surface complex Group Metal 

formed by the sulfur-bearing molecule will 
be intermediate. Figure 9 illustrates that the 
heats of formation and, thus the metal 
sulfur bond strengths of the transition metal 

IV Ti 
V V 

sulfides decrease continuously across the VI Cr 

periodic table. For the second and third 
VU Mn 
VIII, Fe 

transition series the most active catalysts VIII* CO 

have intermediate values of the heat of 
VIII. Ni 
IV Zr 

formation (30-55 kcal/mole); see Fig. 10. V Nb 

This suggests that the strength of the 
VI MO 
VII TC 

metal-sulfur bond at the surface of the VIII, RU 

catalyst must not be too strong or too 
VIII, Rh 
VIII, Pd 

weak to obtain the maximum desulfuriza- IV Hf 

tion rate. This seems to be consistent 
V TZI 
VI W 

with the commonly accepted idea that VII Re 

sulfur vacancies on the surface of the cat- 
VIII, OS 
VIII2 Ill 

alyst are the active HDS sites (1). But VIII, Pt 

this cannot be the entire picture since 
MnS in the first transition series falls 
within the required range for (5 1 
kcal/mole) but shows very low activity. 

- - 
- - 

- - 
- - 

- - 

I.2 1.4 

I.1 1.0 
- - 

- - 

15.2 10 
- - 

251b 155’ 

90 59 
- - 
- - 
- 

4.8 1.5 
137.3, 25.Y 70, 13c 

146.2 57 
91.4 38 

9.5 4.2 

~1 fate constants were calculated in a manner similar to that for the 
con~tfum in Table 3. 

b The value represented the average of several runs. 
c The latter rhenium sulfide, r. = 13. was prepared from ReCL while 

the former. I,, = 70. was wewed from ReCI.. 
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Figure 11 shows Pauling percentage d 
character for the transition metals plotted 
against HDS activity at 400°C. The correla- 
tion which holds for the second and third, 
as well as the first row, is very good. This is 
true in spite of the fact that we do not know 
why this should be so. Perhaps percentage 
d character is just another reflection of the 
periodicity of the transition metal sulfides. 
Nevertheless, it remains a challenge to 
those interested in the fundamentals of ca- 
talysis to explain the origin of such correla- 
tions, which appear so frequently in catal- 
ysis. 

From a solid-state chemistry point of 
view, the second- and third-row Group IV- 
VII sulfides are similar, very stable, lay- 
ered structures with the metal occupying 
an octahedral (Ti, Zr, Hf, Te, Re) or tri- 
gonal prisomatic (Nb, Ta, Mi, W) coordi- 
nation site. Elemental analyses indicate 
minimal sulfur deficiency in the activity- 

TABLE 4 

HDS Activity (at 350°C) of Bulk Sulfide@ 

Molecules of DBT 
converted/g-see x lOi8 

(350°C) 
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FIG. 9. Heat of formation of the transition metal sulfides as a function of periodic position (10). 

evaluated materials. Once the Group 
VIII,-, metals are considered, the sulfide 
chemistry becomes very complex and 
each metal-sulfur system has its own 
unique chemistry. The structures and 
S/M ratios vary enormously. 

The use of the non-aqueous precipitation 
standardizes the catalyst preparation. In 
addition, several novel amorphous and 
poorly crystalline layered structures are 
identified: poorly crystalline MoS, is lo- 
cated in a “rag structure” (5); OS& is 
prepared in a layered structure as opposed 
to a pyrite structure. Finally, because this 
preparation results in solids which contain 

a substantial portion of amorphous mate- 
rial, the surface area predicted via X-ray 
line-broadening techniques and the BET 
surface area do not agree for several mate- 
rials, e.g., MO&, ReS,. Thus in these cases 
the activity does not correlate as well with 
BET surface area as it does with a chemi- 
sorphic technique, such as dynamic 0, che- 
misorption (6). 

CONCLUSION 

The primary effect in the hydrodesulfur- 
ization of DBT by transition metal sulfides 
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FIG. 10. HDS activity/millimole of catalyst as a function of heat of formation of bulk sulfide. 

is “electronic” as it is in many other transi- 
tion-metal-catalyzed reactions. The stable 
states of the catalysts under these condi- 
tions are either the bulk transition metal 
sulfides, or the surface sulfides as in the 
case of OS and Ir. The ability of the tran- 
sition metal sulfides to catalyze this reac- 
tion varies over three orders of magni- 
tude across the periodic table. The first- 
row transition metal sulfides are relatively 
inactive, but the second- and third-row 
transition metals show maximum activity 
near Ru and OS, yielding a typical “vol- 
cano” plot. The most active sulfide cata- 
lysts are those containing metals with 
maximum d character as shown in Fig. 11 
as has been noted in other transition- 
metal-catalyzed reactions. In agreement 
with other transition-metal-catalyzed reac- 
tions, the heats of formation for maxi- 

mum activity must take on inermediate 
values. The most effective catalysts ap- 
pear to be those which have the ability to 
form and regenerate sulfur vacancies 
most easily within the catalytic environ- 
ment. 

The activity does not, in general, relate 
to BET surface area measurements, caus- 
ing an uncertainty in the precise shape of 
the activity curves. Future work will con- 
centrate on this secondary effect in hydro- 
desulfurization catalysis and turnover num- 
bers are necessary in order to define the 
precise shape of the periodic trend curves. 
Nevertheless, the periodic trends presented 
in this report form the basis for understand- 
ing transition metal sulfide catalysts and for 
optimizing their properties for the stringent 
demands of future hydroprocessing appli- 
cations. 
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FIG. 11. Periodic trends versus Pauling % d character. 
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