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The catalytic activities of several alumina-supported monometal- 
lic sulfides covering a wide range of heats of formation or metal- 
sulfur bond energies, namely, Mn, Fe, Zn, Cu, Ni, Ru, Mo, and 
Re sulfides, have been measured for the hydrogenation of cyclo- 
hexene, the hydrodesulfurization (HDS) of benzothiophene, and 
the hydrodesulfurization of dibenzothiophene under typical hy- 
drotreating conditions. For the hydrodesulfurization of dibenzoth- 
iophene a volcano curve similar to the one reported for bulk sulfides 
(Pecoraro, T., and Chianelli, R. R., J. Catal. 67, 430 (1981)) is found 
when the HDS activities are plotted versus the metal-suffur bond 
energy, suggesting that the alumina support has no major infuence 
on the volcano curve. For cyclohexene hydrogenation and benzoth- 
iophene HDS different trends are found, suggesting that the activity 
trends depend on the nature of the reactant and/or reaction. The 
activities expressed in moles of reactant per mole of sulfided metal 
ofMn, Fe, Zn, Cu, and Ni sulfides are found to be very low, whereas 
the activities of Ru, Mo, and Re sulfides are high and of the same 
order of magnitude. © 2000 Academic Press 

INTRODUCTION 

The dibenzothiophene hydrodesulfurization (HDS) ac- 
tivity of bulk transition metal sulfides (TMS) has been 
reported to follow a so-called volcano curve when plot- 
ted against the heat of formation of the TMS (1). Simi- 
lar tendencies have been subsequently reported for HDS 
and other catalytic reactions for bulk as well as carbon- 
supported sulfides (2-10). On alumina, only a few compar- 
isons of a limited number of metal sulfides, generally noble 
metal sulfides, have been reported (9-15). 

While noble metal sulfide based catalysts are often re- 
ported as the most active sulfides, a number  of differences 
can be found in the ranking of catalysts activities depend- 
ing on the nature of the reactant, the nature of the support, 
the catalyst activation conditions, and the testing operating 
conditions. For example, bulk ruthenium sulfide as well as 
carbon-supported Ru sulfide are very active for dibenzoth- 
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iophene HDS (1, 3, 4, 16) while this does not always appear 
to be the case for alumina-supported Ru sulfide (12, 14). 
For aromatic hydrogenation (HYD) bulk ruthenium sul- 
fide is very active (2, 17), whereas for alumina-supported 
Ru sulfide a low hydrogenation activity is found (11, 13). 
For hydrodenitrogenation (HDN),  ruthenium sulfide is sel- 
dom the best catalyst (5-7, 11, 14, 18-22). Some tests with 
a real feed have been reported (9, 18, 21) and they led to 
the conclusion that Ru sulfide is often the most reactive. 
Among other factors that may influence these results, one 
major factor appears to be the sulfiding method of the sup- 
ported ruthenium sulfide (22-28). 

It appears therefore that it is not clear whether the shape 
of the volcano curve repor ted by Pecoraro and Chianelli (1) 
depends on the nature of the reactant and the nature of the 
support. In this work, we have investigated the influence 
of the nature of the reactant and reaction by measuring 
the catalytic properties for the hydrogenation of cyclohex- 
ene, the HDS of benzothiophene,  and the HDS of diben- 
zothiophene of a set of alumina-supported monometallic 
sulfide catalysts. The sulfides have been chosen to cover a 
wide range of heat of formation or preferably metal-sulfur 
bond energy, namely, Mn, Fe, Zn, Cu, Ni, Ru, Mo, and Re 
as reported in Table 1 (1, 29, 30). Most of these alumina- 
supported sulfides have also been chosen because they were 
expected to be easily sulfided under our experimental con- 
ditions. These conditions are typical of the usual hydrotreat-  
ing processes with a 6 MPa total pressure and a high H2S 
partial pressure (about 0.1 MPa). Catalysts were also char- 
acterized in their sulfided state by X-ray diffraction (XRD) 
and transmission electron microscopy (TEM). 

EXPERIMENTAL 

Catalyst preparation. All catalysts were prepared by 
pore-filling impregnation of a y-alumina support (Procata- 
tyse, 263 me/g, 0.57 cm3/g, 1.2-mm extrudates) with aqueous 
solutions of the following metallic salts: F e ( N H 4 ) 3 ( C 2 0 4 ) 3  • 

xH20,  Cu(NO3)2-3H20, Mn(NO3) .4H20,  Zn(NO3)2. 
4H20, Ni(NOB)2-6H20, RUC1B-H20, (NH4)6Mo7024- 
4H20, and NH4ReO4. For Fe/A1203, the use of iron nitrate is 
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T A B L E  1 

Me ta l  Loading and BET Surface Area of Fresh Catalysts 
and M e t a l - S u l f u r  B o n d  E n e r g y  o f  Sul f ides  

Catalyst 

exp calc 
A H  form EM_ S EM_ S 

Metal Metal  S B E T  (kcal/mol) (kcal/mol) (kcal/mol) 
(wt%) (at/nm2)" (mZ/g) (1) (29,30) (29,30) 

Mn 5.9 2.6 202 51.0 30.9 23.0 
Fe 5.6 2.4 228 24.0 31.8 31.0 
Zn  6.2 2.3 213 - -  36.5 37.5 
Cu 6.3 2.4 226 - -  40.2 42.6 
Ni 5.6 2.3 202 17.2 41.3 41.5 
Ru  7.6 1.9 - -  49.2 50.7 51.7 
Mo 8.6 2.3 231 65.8 59.7 61.9 
Re 10.2 1.4 237 42.7 60.3 62.9 

a Computed  using the a lumina B E T  surface area. 

known to lead to a poor distribution of the metal in the alu- 
mina grain (31). The same difficulty was also encountered 
with iron chloride (4). Therefore, we chose a wet impreg- 
nation of the alumina support with an aqueous solution of 
ammonium ferric oxalate. For Re/A1203 two successive im- 
pregnations were needed. For the Ru/A1203 catalyst three 
impregnations were needed to deposit the amount of Ru 
chosen. The wet samples were dried at 120°C overnight and 
calcined in air at 500°C for 3 h except for the Ru catalyst 
which was not calcined but only dried at 120°C overnight 
as recommended in the literature (32). In the following the 
catalysts will be symbolized by the chemical symbols of the 
metal deposited on the alumina support, namely Mn, Fe, 
Zn, Cu, Ni, Ru, Mo, and Re. 

The metal contents of the prepared catalysts were mea- 
sured by X-ray fluorescence and are reported in Table 1. 
Metal contents were targeted to be 2.5 at. metal/nm 2, ex- 
cept for Ru and Re which were targeted to be at 1.8 and 
1.4 at. metal/nm 2, respectively. 

Catalytic tests. The catalysts were tested for three dif- 
ferent reactions, namely, hydrogenation of cyclohexene 
(CHE), HDS of benzothiophene (BT), and HDS of diben- 
zothiophene (DBT) in a continuous flow high-pressure 
fixed bed "Catatest" unit from VINCI Technologies, 
France. The conditions used for the catalytic test were a 
total pressure of 6 MPa, a reaction temperature chosen in 
the range 250-350 ° C, a liquid hourly space velocity (LHSV) 
chosen in the range 1-24 h -1, a ratio H2/HC =450 L/L 
(STP), and a volume of 40 cm 3 of catalyst. Prior to catalytic 
testing, the catalysts were sulfided at 350 ° C for 2 h. Sulfiding, 
testing conditions, and feed compositions are summarized 
in Table 2. 

For CHE hydrogenation, the liquid products of the re- 
action were analyzed by gas chromatography using a 50-m 
CPsil5 CB column (film thickness, 1.2/zm; internal diame- 
ter, 0.32 mm) and a flame ionization detector. Temperature 
programming of the chromatograph was constant at 40°C 

for 10 min and then the temperature increases to 280°C at 
5°C/min. 

Under our experimental conditions the main products 
from CHE hydrogenation were cyclohexane and two sulfur- 
containing compounds, namely, cyclohexanethiol and cy- 
clohexane methyl sulfide. Cyclohexanethiol is considered to 
be obtained from the addition of H2S to cyclohexene due to 
the relatively high H2S partial pressure employed (Table 2). 
Cyclohexane methyl sulfide is obtained from the reaction of 
CH3SH generated from the decomposition of DMDS, em- 
ployed to generate the H2S partial pressure with cyclohex- 
anethiol. Therefore, two sets of conversion and activities 
have been defined, one for CHE transformation (rw, trans) 

and one for CHE hydrogenation (fw, hyd) , leading to the for- 
mation of cyclohexane. The HYD of CHE was found to 
be a first-order reaction under our conditions, as is usually 
found in the literature (33-35). 

For BT and DBT hydrodesulfurization, the liquid prod- 
ucts of the reaction were analyzed by gas chromatography 
using a 10-m CPsill9 CB column (film thickness, 0.2/zm; 
internal diameter, 0.25 mm) and a flame ionization detec- 
tor. Temperature programming of the gas chromatograph 
was 40°C for 2 min, and then the temperature was in- 
creased to 240°C at 25°C/min. The main products from 
BT HDS were dihydrobenzothiophene and ethylbenzene. 
Dihydrobenzothiophene is a well-known hydrogenated in- 
termediate prior to desulfurization (33, 34). Two sets of 
conversion and activities have been defined, one for BT 
transformation (Fw, trans) and one for BT true HDS (rw, hds), 
leading to the formation of ethyl benzene. HDS of BT was a 
first-order reaction under our conditions, as is usually found 
in the literature (33-35) with an activation energy of 80 k J/ 
mol (33, 36-38). 

T A B L E  2 

Experimental Conditions for Sulfiding and Catalytic Testing 

Conditions Sulfiding H Y D  of C H E  H D S  of BT  HDS of D B T  

Total pressure  6 6 6 6 
(MPa) 

Temperature  (°C) 350 250 250 350 
LHSV (h -x) 2 1 Variable Variable 
H J H C  (L/L) 350 450 450 450 

Feed Composi t ion (wt %) 
Cyclohexene - -  10 - -  - -  
Benzoth iophene  - -  - -  3 - -  
Dibenzoth iophene  - -  - -  - -  3 
Dimethyldisulfide 2 2 2 2 
Cyclohexane 98 
Decaline - -  88 95 95 

Partial Pressures  (MPa) 
Decaline 1.34 1.49 1.5 
Reactant  0.26 0.05 0.035 
Methane  0.09 0.092 0.093 
H2 4.31 4.36 4.37 
HzS 0.09 0.092 0.093 
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The main products from D B T  HDS were tetrahydrodi- 
benzothiophene, biphenyl, and phenylcyclohexane as is 
well-known (33-35). Two sets of conversion and activities 
were defined, one for DBT transformation and one for D B T  
true HDS (formation of biphenyl and phenylcyclohexane).  
The HDS of DBT has been found to be a first-order reac- 
tion in our conditions, as is usually found in the literature 
with an activation energy of 120 kJ/mol (33, 35, 39, 40). 

All conversions were determined in a steady state regime 
reached generally after 4 h on stream. First-order rates 
of reaction were computed using the following formulas 
(33-35): 

F 
rw -- ln(1 - X) in mol of reactant/kg of catalyst/h, 

W 
[1] 

o r  

Fm d 
F 

- -  - - -  ln(1 - X) in 10 _3 mol of reactant/mol 
N of metal/h, [2] 

o r  

rms = 100 • rm/r in 10 .3 mol of reactant/mol 
of metal sulfided/h, [3] 

with F being the reactant molar flow rate (mol/h), W the 
weight of the catalyst, N the moles of metal loaded in the 
reactor, and r the sulfiding degree (%) of the metal. 

Used catalysts. The used catalysts recovered after the 
tests were washed with toluene in a Soxhlet apparatus, 
stored under purified toluene, and dried before analysis. C 
and S elemental analysis were performed on a LECO  SC- 
132 apparatus for the sulfur and a C A R L O  E R B A  1106 
apparatus for the carbon. 

Catalyst ex-situ sulfiding. For the purpose of analy- 
sis, some catalysts were sulfided in all glass atmospheric 
pressure equipment  which allows one to isolate the sul- 
tided sample without exposure to air for further analysis. 
These sulfided samples will be referred to as ex-situ sup 
tided. Experimental  conditions were 2 g of catalyst, H2/H2S 
(15%), flow r a t e = 4 0  ml/h, 400°C, 2 h, and temperature  
ramp = 5°C/min. Following the sulfiding step, samples were 
cooled to room temperature and then purged in purified 
helium at a flow rate of 40 ml/min at 50°C before be- 
ing transferred into a cell sealed by means of two Teflon 
stopcocks. 

Catalyst characterization. The metal content of the pre- 
pared and used catalysts were measured by X-ray fluores- 
cence (XRF) using a Philips PW 1404 or 1480 apparatus. 
The B ET surface areas of the oxides and used samples were 
determined using Micromeritics ASAP 2000 equipment.  
B E T  surface area values are reported in Table i except for 

the Ru catalyst which was not calcined. The radial distribu- 
tions of the metals in the grains were measured by electron 
probe microanalysis (EPMA) with a Camebax electron mi- 
croprobe. EP MA  radial concentration profiles were found 
homogeneous for all oxide precursors, except for Ru show- 
ing a weakly pronounced U-shaped radial concentration 
profile. 

X-ray diffraction (XRD) analysis was carried out on a 
SIEMENS D500 diffractometer equipped with a molyb- 
denum target and a primary beam monochromator  ()~ = 
0.709 A), in transmission focusing geometry. Tested samples 
were protected against oxidation by a sealed polyethylene 
film and transferred under  helium from the glove bag to 
the spectrometer. The low-angle scattered and diffracted 
signal from the polyethylene (20 < 12.5 °) is not shown in 
the diffractograms. 

Conventional TEM images were recorded to evaluate 
changes in the morphology of the observed sulfide particles 
in the used catalysts samples. This was done using a J E O L  
100 CX instrument. Samples were recovered wet from the 
reactor and transferred to a glove bag. Ex-situ sulfided sam- 
ples prepared in a cell were opened in the glove bag. The 
samples were put on a grid in n-heptane to avoid contact 
of  the surface with air and were transferred to the micro- 
scope. To ensure a representative sampling of the particles 
morphology, at least ten images were recorded per sample 
and several hundred particles were counted and measured 
unless otherwise stated. 

RESULTS 

The catalysts prepared in this work were tested for the 
H Y D  of CHE, the HDS of BT, and the HDS of DB T af- 
ter being sulfided under the same conditions. The activities 
are reported in Table 3 in terms of rate per gram of cata- 
lyst both in the case of transformation of the reactant into 
products (rw.trans), or true hydrogenation (rw, hyd) , or  true 
h y d r o d e s u l f u r i z a t i o n  (rw, hds). The choice of reactants was 
made to be able to compare different functionalities of the 
active phases while trying to keep similar reaction condi- 
tions, especially reaction temperature  and pressure. After  
preliminary tests it appeared that the HYD of C HE and the 
HDS of BT could be determined at 250°C and 6 MPa total 
pressure. On the other hand, most catalysts studied in this 
work were found inactive at 250 ° C for the HDS of DBT and 
therefore this reaction was performed at 350°C and 6 MPa. 
At this reaction temperature,  the Mo catalyst was found so 
active that even the largest LHSV that could be employed 
with our equipment did not allow us to measure the ac- 
tivity. Therefore, for the Mo catalyst, D BT HDS activity 
measurements were made at different reaction tempera- 
tures, ranging from 280 to 320°C, and the activity at 350°C 
was obtained by extrapolation using a measured apparent 
activation energy of 120 kJ/mol. 
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TABLE 3 

Activities of the Catalysts 

Cyclohexene HYD 
(250°C, 6 MPa) 

Benzothiophene HDS 
(250°C, 6 MPa) 

Dibenzothiophene HDS 
(350°C, 6 MPa) 

Catalysts LHSV (h -1) ?'w,trans a Fw,hyd a LHSV (h -1) rw.tr~ns a rw, has a LHSV (h 1) Fw, trans a Fw,hds a 

Mn 3 1.0 0.09 1 0.02 0.015 1 0.03 0.03 
Fe 6 0.88 0.54 1 0.23 0.034 1 0.14 0.12 
Zn 3 0.47 0.009 1 0 0 1 0.01 0.01 
Cu 3 0.65 0.285 1 0.23 0.011 1 0.04 0.03 
Ni 3 2.52 1.72 1 0.25 0.060 1 0.13 0.12 
Ru 12 3.20 1.76 6 0.98 0.096 12 0.88 0.64 
Mo 12 8.6 7.40 8 2.45 0.24 24 1.71 b 1.28 b 
Re 3 4.03 3.16 4 0.75 0.19 4 0.6 0.53 

a In mmol/g of catalyst/h, trans, transformation of reactant; hyd, hydrogenation; hds, hydrodesulfurization. 
b Extrapolated from the results at 300°C. 

F r o m  Table  3 it a p p e a r s  tha t  on a g r am of  ca ta lys t  basis  the  
M o  cata lys t  is the  mos t  ac t ive  ca ta lys t  for  all  t h r ee  react ions .  
Ru,  Re,  and  in some  cases Ni  be long  to a second  g roup  of  
m o d e r a t e l y  act ive catalysts ,  w h e r e a s  Mn,  Fe, Zn ,  and  Cu 
a re  p o o r l y  act ive catalysts .  

A n u m b e r  of  e l e m e n t a l  and  s t a n d a r d  phys i co -chemica l  
ana lyses  were  p e r f o r m e d  to d e t e r m i n e  if these  d i f fe rences  
in ca ta ly t ic  p r o p e r t i e s  r e su l t ed  f rom the  loss of  me ta l ,  deac-  
t iva t ion  by  coking,  etc. In  add i t ion ,  as we a re  dea l ing  wi th  
s u p p o r t e d  sulfide catalysts ,  i t  is b e t t e r  to c o m p a r e  ca ta ly t ic  
act ivi ty  on  a m o l e s  of  su l f ided  m e t a l  basis. There fo re ,  it was 
necessa ry  to d e t e r m i n e  the  ac tua l  a m o u n t  of  sul f ided m e t a l  
in the  used  catalysts .  

The  B E T  surface  a reas  s h o w e d  no  m a j o r  change  com-  
p a r e d  to those  of  the  ox ide  p recu r so r s  (41). X R F  analysis  
r e p o r t e d  in Table  4 i nd i ca t ed  no  loss of  m e t a l  con ten t  dur-  
ing the  tes t  in all  of  the  s tud i ed  cata lys ts  excep t  for  Z n  with  
a 50% loss. A l l  u sed  ca ta lys ts  con ta ined  a smal l  a m o u n t  
of  ca rbon ,  less t han  3 w t %  excep t  for  the  Z n  ca ta lys t  wi th  
5.5 w t %  C. The  sul f ided a lumina  car r ie r  con t a ined  a b o u t  

TABLE 4 

Metals, Sulfur, and Carbon Contents of Used Catalysts 

Catalysts 

S/metal 
Metal S C S/metal (used) 
(wt%) (wt%) (wt%) (theo) a (XRF) (% sulfur) 

Alumina 0 Trace 1.1 
Mn 5.1 2.9 1.7 1 0.97 
Fe 5.3 2.4 1.3 1 0.79 
Zn 3.4 0.4 5.5 1 0.24 
Cu 6.2 1.5 0.5 0.5 0.48 
Ni 5.9 1.7 0.8 0.66 0.53 
Ru 8.4 1.8 1.0 3 0.68 
Mo 8.2 4.4 1.4 2 1.61 
Re 10.4 1.9 0.7 2 1.06 

1% of  C and  a lmos t  no  sulfur. There fo re ,  in the  fol lowing,  
de a c t i va t i on  by  c a r b o n  depos i t s  will no t  be  cons ide r ed  to  
be  a fac tor  exp la in ing  the  act ivi ty  results.  

In  Table  4, S /meta l  m o l a r  ra t ios  were  c o m p u t e d  f rom the  
m e t a l  and  sulfur  con ten t s  m e a s u r e d  by  X R F  assuming  tha t  
all  of  the  sulfur  is c o n t a i n e d  in the  m e t a l  sulf ide phase ,  a 
s o u n d  hypo thes i s  as on ly  a very  smal l  a m o u n t  of  sulfur is 
r e t a i n e d  by  the  a lumina  af te r  sulfiding. 

X R D  spec t ra  of  used  ca ta lys ts  were  also r e c o r d e d  to  
iden t i fy  the  s u p p o r t e d  sulfide phase .  N o  f ea tu re s  excep t  
) / - a lumina  were  d e t e c t e d  for  sulf ided Ni,  Mo,  Ru ,  and  R e  
ca ta lys ts  using X R D .  In  contras t ,  Mn,  Fe,  Cu, and  Z n  cata-  
lysts showed  w e l l - d e f n e d  fea tu res  in the i r  X R D  spect ra ,  
a l lowing for  the  n a t u r e  of  the  sulfide phase  to  be  ident i f ied  
and  pa r t i c l e  size to be  es t ima ted .  These  resul ts  a r e  r e p o r t e d  
in Table  5. 

In  Fig. 1, the  X R D  spec t ra  of  the  Fe  ca ta lys t  shows the  
p r e s e n c e  of  a wel l -c rys ta l l i zed  Fe~_xS p h a s e  wi th  a par t ic le  
size of  a b o u t  170 A.  X R D  analysis  of  an  ex-situ sul f ided Fe  

TABLE 5 

Sulfide Phase Detected by XRD and TEM in Used 
Sulfided Catalysts 

Catalysts 

Mean 
Sulfide Particle size Particle Particle size particle 
form range (A) shape range (A) size (A) 

(XRD) (XRD) (TEM) (TEN) (TEN) Mre/M 

Mn MnS 320 nm nm nm 0.05 
97 Fe Fel_xS 170 Needle 45 × 200 nm 0.09 
79 120 x 600 
24 Zn ZnS 100 nm nm nm 0.15 
96 Cu Cuz_xS 120 Sphere 10-150 nm 0.12 
80 Ni nd nd Sphere 12-45 25 0.39 
22 Ru nd nd Sphere 10-40 20 0.39 
80 Mo nd nd Slabs 10-80 26 0.25 
53 Re nd nd Sphere 10-40 16 0.41 

a Ni3S2, FeS, Cu2S, MnS, ZnS, MoS2, RuS2+~ (x = 1), and ReS2. Note. nd, not detected; nm, not measured. 
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FIG. 1. XRD spectra of Fe, Cu, Mn, and Zn used catalysts. 

catalyst confirmed this result and suggested the formation 
of the Fe9S11 phase. The Cu catalyst contained crystallized 
Cu2_xS with a particle size of 120 A (Fig. 1). This is in line 
with the detection of a Cuz_xS phase in a Cu/AlaO3 catalyst 
with 90% of the Cu sulfided as reported by Mangnus et al. 
using TP R  (42). Ex-si tu  sulfiding of the Cu/A1203 catalyst 
led to a XR D spectra close to that of the anilite Cu7S4 phase, 
a phase stable at high temperature (43). Well-defined MnS 
crystallites were identified by XRD in the Mn catalyst with 
a particle size of about 320 A (Fig. 1). Ex-si tu  sulfiding of the 
Mn catalyst confirmed the formation of 250-A MnS parti- 
cles. In both cases, particles of Mn203 detected in the oxide 
precursor had completely disappeared. MnS particles were 
previously identified in a bulk catalyst (1), on a carbon sup- 
port (4), and proposed on alumina (42) from TP R results. 
ZnS crystallites were clearly identified in the Zn catalyst 
with a particle size of about 100 A (Fig. 1). Ex-si tu  sulfiding 
of the Zn catalyst confirmed the formation of ZnS particles. 

T E M  analysis of sulfided Ni, Mo, Ru, Re, Fe, and Cu 
samples was then undertaken to estimate the mean parti- 
cle sizes of the sulfide phases. No TEM analyses were per- 
formed for a Mn- and Zn-based catalyst in view of their very 
low activity and the detection of well-crystallized particles 
by XRD. Nickel sulfide particles in the Ni catalyst were 
observed with difficulty in the TEM pictures. Detected par- 
ticles appear mostly spherical with a particle size in the 
range 12-45 A. Although is was not possible to count a 
large number  of particles to establish a detailed histogram 
for particle size distribution, a mean size of 25 A was roughly 
estimated. 

For the Mo catalyst, TEM pictures showed well-dispersed 
particles containing one or two MoS2 layers. The histogram 
of the molybdenum sulfide particle size distribution of the 
Mo catalyst presented in Fig. 2 indicates that the length 
of the layers varies from 8 to 80 A with a mean value of 
26 + 3 •. In very few cases large particles, 400-1300 A, com- 
posed of a core surrounded by a small MoS2 layer of 30 A 

FIG. 2. Histogram of molybdenum sulfide particle size distribution in 
a used Mo catalyst. 

were observed. This is usually attributed to reduced MoO3 
particles surrounded by MoS2. 

Spherical, homogeneously dispersed, Ru sulfide particles 
were clearly visible on the TEM pictures of the Ru catalyst. 
The histogram in Fig. 3 shows a ruthenium sulfide particle 
size from 10 to 40 A with a median diameter of 20 A. 

On the Re catalyst, numerous homogeneously dispersed 
spherical particles were detected by TEM with a particle 
size in the range 10-21 N and a median diameter around 
16 A (Fig. 4). It is assumed that these particles are ReS2, 
which has been reported for bulk Re sulfide (1), sulfided Re 
on carbon (8) and that on silica (20). Re2S7 is also reported 
to transform rather easily into ReSa (43). 

The Fe catalyst particles were difficult to count and there- 
fore no attempt has been made to establish a particle size 
distribution. On the Fe catalyst large needle-like particles 
from 45 x 200 to 120 x 600 A were found and assigned to 
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FIG. 3. Histogram of ruthenium sulfide particle size distribution in a 
used Ru catalyst. 
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FIG. 4. Histogram of the Re sulfide particle size distribution in a used 
Re catalyst. 

the hydrated iron sulfate phase. The differences in particles 
sizes between T E M  and the X R D  could be due to par- 
tial oxidation of the iron sulfide phase or to defects in the 
structure. The Cu catalyst contains ill-defined but homoge-  
neously dispersed copper  sulfide particles in the Cu catalyst 
with a size ranging f rom 10 to 150 A. 

While X R D  allowed us to identify the MnS, FeS, Cu2S, 
and ZnS sulfide phase of Mn, Fe, Cu, and Zn catalysts, it 
was assumed that the main sulfide phases were Ni3S2, RuS2, 
MoS2, and ReS2 for Ni, Ru, Mo, and Re catalysts, respec- 
tively. In the case of the Ru catalyst, however, it has been  
repor ted that the actual S/Ru ratio of an alumina-supported 
catalyst is usually closer to 3 than 2 (26, 27, 44). This is as- 
sumed to be due to the coverage of the surface of the tiny 
RuS2 particles by surface S~- groups (45). Therefore,  for the 
Ru catalyst a theoretical S/Ru ratio of 3 is assumed for the 
computat ion of the amount  of sulfided Ru in the catalyst. 

The measured S/metal molar  ratio can then be compared  
to the reference S / M  ratio to estimate the sulfiding degree 
of the metal. The values repor ted  in Table 4 indicate that the 
Ni, Mo, Fe, Cu, and Mn catalysts are rather well sulfided, Re  
is half sulfided, and Ru and Zn  are poorly sulfided. Several 
reasons can be advocated to understand the low sulfiding 
degree of Re, Ru, and Zn, such as the presence of a metallic 
phase for Ru and Re and the incorporation of the cation 
in the alumina surface layer for Zn. Using the sulfiding de- 
gree of the metals, the activities per  mole of sulfided metal  
were computed according to Eq. [3] for the three reactions 
per formed and repor ted  in Fig. 5. 

tween the two sets of results except that in Pecoraro and 
Chianelli 's work Ru sulfide was considerably more  active 
than Mo and Re sulfide. This indicates that the alumina sup- 
port  has no major  effect on the shape and position of the 
volcano curve. 

In Fig. 5A, the activities for the t ransformation of the 
three compounds,  CHE,  BT, and D B T  per mole of sulfided 
metal  can be compared  in the form of histograms. The Mn, 
Fe, Zn, Cu, and Ni catalysts are definitely much tess active 
than the Mo, Ru, and Re catalysts, whatever  the catalytic re- 
action considered. The Mo, Ru, and Re  catalysts have activ- 
ities of the same order of magnitude. However ,  the Re and 
Mo catalysts are more  active than Ru for C H E  H Y D  with 
the activity ranking Ru < Mo < Re, Re  is more  active than 
Ru for BT HDS with the activity ranking Mo < Ru < Re, 
and Ru is the most  active catalyst for D B T  H D S  with the 
activity ranking Re < Mo < Ru. 

One major  source of uncertainty in this comparison of 
sulfided catalysts activities is the actual sulfiding degree of 
the metals and in particular Ru. We have chosen a theo- 
retical value of S/Ru = 3 to evaluate the sulfiding degree of 
Ru. If  a value of 2 had been chosen, Ru would have been 
slightly less active than the Mo catalyst. On the other  hand, 
experimental  data report ing a S/Ru ratio of more  than 3 
have been repor ted in the literature (26-28, 36, 44). If a 
value of 4 for the S/Ru had been chosen, then the sulfiding 
degree of the Ru in our catalyst would have been lower and 
the activity per sulfided Ru higher. 

The low sulfiding degree of Ru in our catalyst could be 
explained by inadequate sulfiding conditions for the Ru 
catalyst as all of the catalysts have been sulfided in the test- 
ing unit using a toluene/cyclohexane/dimethyldisulfide mix- 
ture under  hydrogen pressure. Such a sulfiding method is 
not favorable for the Ru and Re  catalyst as indicated by the 
low degree of sulfiding reached, namely, 22% for the Ru 
catalysts and 53% for the Re catalyst. Note  that studies of 

TABLE 6 

Geometrical Model of Sulfide Particles 

Mo, MoS2 Ru, cfc Mn, Fe, Zn, Cu, 
slab model particle Ni, Re Cubic 

(46) (45) crystal model 

Mt 3n2+3n+l 4n3+6n2+3n+l (n+l)  3 
Msurf 6n + 12 12n 2 + 2 6n 2 + 2 
M~ 6 8 8 
M~ 6n + 12 12n - 4 12n - 4 
M f e  6n + 6 1 2 n  2 - -  12n + 6 6(n - 1 )  2 

DISCUSSION 

The activities for the H D S  of D B T  of alumina-supported 
sulfides measured in this work were first compared  to 
the activities repor ted  for bulk sulfides by Pecoraro and 
Chianelli (1). In Fig. 6, a very nice similarity is found be- 

Note. n = number of metal pairs on one side of the crystallite, Mt = 
total number of metal atoms in the crystallite, Me= number of cor- 
ner metal sites, Msurr= number of surface atoms (including corners), 
Mv = number of vertices atoms (including corners), and Mfe = number 
of edge metal sites in MoS2 (corner not included) or the number of 
external surface sites for other sulfides (corner and vertice sites not 
included). 
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FIG. 5. Catalytic activities for (1) cyclohexene hydrogenation, (2) benzothiophene hydrodesulfurization, and (3) dibenzothiophene hydrodesulfu- 
rization of Mn, Fe, Cu, Zn, Ni, Ru, Mo, and Re catalysts listed according to their increasing M-S bond energy (1, 29). (A1, A2, A3) Activities per mol 
of metal sulfide; (B1, B2, B3) activities per mol of calculated sites (see text). 

gas-phase sulfiding of Ru catalysts at atmospheric pressure 
have shown that a N2/H2S mixture is bet ter  than a H2/H2S 
mixture (44). However ,  with our equipment  such a method  
could not be employed.  

A truly significant comparison of the activity of sulfides 
should evidently be made using the activity per  site. How-  
ever, a measurement  of the number  of sites of sulfides is not 
available at the present  time. Therefore,  one can a t tempt  to 
estimate the influence of the catalyst particle morphology 
by using geometrical  models such as those developed for 
MoS2-based catalysts (46) and RuS2-based catalysts (45). 
An estimation of the geometrical number  of sites has been  
per formed in this work by using the aforement ioned geo- 

metrical models for Mo and Ru sulfides. For the sake of 
simplicity, a cubic particle model  was used for the Mn, Fe, 
Zn, Cu, Ni, and Re sulfides. The formulae giving the total 
number  of metal  a toms (Mt) as well as the number  of sup- 
posedly active metal  centers on the external planes of the 
sulfide crystallites (excluding corners and vertices), here- 
after called face/edge (Mfe) atoms, are reported in Table 6 
for the MoS2 hexagonal slab model  (46), the RuS2 cfc par- 
ticle model  (45), and the cubic particle model. When the 
amount  of sulfided metal  as well as a mean particle size 
determined f rom T E M  or XRD,  was used, an estimate of 
the geometric number  of sites per  gram of catalyst was 
made. Computed  values of Mfe/M are reported in Table 5 
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FIG. 6. DBT HDS catalytic activities of TMS per mol of metal sulfide. 
Bulk sulfides activities are taken from Pecoraro and Chianelli (1) and were 
normalized relative to Ni. 

the reactant  or  the actual hydrogena t ion  or  hydrodesulfu-  
r izat ion is taken into considerat ion.  Therefore ,  on  alumina 
the sulfide activity trends versus meta l - su l fu r  b o n d  energy 
were  found  to depend  on the na ture  of  the catalytic react ion 
per formed.  

The catalytic activities of  a lumina-suppor ted  Mn,  Fe, Zn,  
Cu, and Ni sulfides were  very low whereas  those of  alumina- 
suppor ted  Ru, Mo, and Re  sulfides were  high, whatever  
the react ion performed.  These results were  established for  
catalytic activities per  mole  of  meta l  sulfided which took  
into account  the sulfiding degree of  the catalysts as in our  
exper imenta l  condit ions Ni, Mo, Fe, Cu, and Mn  catalysts 
were  well sulfided, Re  was half  sulfided, and R u  and Zn  
were poor ly  sulfided. A n  a t tempt  to evaluate  and take into 
account  a geometr ical  n u m b e r  of  sites does not  lead to ma-  
jor  changes  in the activity ranking of  the various sulfides 
studied in this work.  

and show that  the var ia t ion is less than an order  of  magni-  
tude. In  addition, the M f e / M  correct ing factor  is not  very  
different for  Ru,  Re, and Mo, whereas  it is more  impor tan t  
for  large sulfide particles like MnS, CuS, and FeS. There-  
fore, the activity per  calculated site repor ted  in the form of 
a h is togram in Fig. 5B does no t  show major  differences with 
those repor ted  in Fig. 5A. Again ,  whatever  the reaction,  the 
activity rankings reveal  two groups  of  a lumina-suppor ted  
sulfides, the low-reactivity g roup  with Mn, Fe, Zn,  Cu, and 
Ni and the high-activity g roup  with Ru,  Mo, and Re. A com- 
parison of  the activity per  calculated site and the activity per  
mole  of  sulfided meta l  reveals only small changes  of  activ- 
ity ranking. In addit ion,  Fig. 5B shows that the difference in 
terms of  activity per  calculated site is no  longer  impor tan t  
be tween  Ru,  Re, and M o  catalyst. 

These compar isons  indicate, however ,  that  one  must  be 
cautious when compar ing  activities of  various suppor ted  
metal  sulfides because  the actual amoun t  of  sulfided meta l  
and the particle dispersion must  be taken into account.  
More  precise measu remen t s  of  the number  of  sites are 
therefore  required  to reach a definite conclusion about  the 
activity ranking of  these sulfides. 

CONCLUSION 

This s tudy has shown that  a typical volcano curve is ob- 
ta ined for the D B T  H D S  activity of  a lumina-suppor ted  Mn,  
Fe, Zn,  Cu, Ni, Ru,  Mo, and Re  sulfides versus meta l - su l fur  
b o n d  energy, which compares  well with the volcano curve 
repor ted  for bulk sulfides by  Pecora ro  and Chianelli. In  
bo th  cases R u  sulfide is the mos t  active sulfide. The alu- 
mina  suppor t  has therefore  no  effect on the existence of  
the volcano curve for  D B T  HDS.  

The trends found  for  cyclohexene hydrogena t ion  and 
benzo th iophene  H D S  were  different  f rom the D B T  H D S  
t rend and both  depend  on whe ther  the t ransformat ion  of  
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