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The kinetics were studied of the hydrogenations of cyclohexene and benzene and the 
hydrogenolysis of carbon disulfide on mixed sulfide catalysts. Comparison of bulk and 
alumina-supported Ni-W-S shows that the same types of active sites are present in the 
two catalysts. Anion-vacancies appear to be the active centers. The alumina carrier has 
no effect on the intrinsic properties of the sites; only their numbers increase by dispersion 
of the sulfide. Centers active in the conversion of cyclohexene, benzene, or carbon disul- 
fide appear to be different. Simultaneous hydrogenation of cyclohexene and carbon 
disulfide shows that t,he hvdrorrenation sites are blocked by hydrogen sulfide, but particu- 
larly by carbon disulfide.” - 

NOhlENCLATURE 

Indices n = 1, 2, 3, 4 indicate the com- 
pounds benzene, cyclohexene, carbon di- 
sulfide, and hydrogen sulfide, respectively. 

pre-exponential factor in rate equation 
apparent activation energy 
volume fraction in liquid feed 
liquid feed rate 
hydrogenat#ion rate constant, dependent 
on sulfur content of the feed 
same, independent of sulfur content of 
the feed 
adsorption equilibrium constant 
partial pressure at’ the entrance of the 
catalyst bed 
weight of catalyst in the reactor 
fractional conversion 
act’ivity ratio 
fractional coverage of the active sites 
“threshold” value of reciprocal space 
velocity 

1. INTRODUCTION 

Mixed sulfide catalysts, such as cobalt- 
molybdenum sulfide and nickel-tungsten 

* Present Address: Bell Telephone Laboratories, 
Murray Hill, New Jersey 07974. 

sulfide have attracted interest as hydro- 
cracking, hydrodesulfurization, and hydro- 
genation catalysts (1). This study aimed at 
finding the clue to their favorable catalytic 
properties in hydrogenation and hydrogen- 
olysis reactions. 

Commercially used catalysts, mostly pre- 
pared by impregnation of a carrier or by 
coprecipitation, are characterized by a 
poorly developed crystal structure. Their 
physical and structural properties are diffi- 
cultly accessible to measurements. In the 
present investigation, therefore, “bulk” 
model compounds of a much better de- 
veloped structure were prepared from the 
elements at high temperature. These were 
used to study the relation between the 
catalytic properties and the structural and 
physical characteristics of the ternary sul- 
fides under consideration. A close similarity 
between the catalytic behavior of bulk and 
supported sulfides was found and this is the 
subject of the present paper. Hydro- 
genations of benzene, and particularly 
cyclohexene [Eqs. (1) and (a)] were used as 
test reactions. 

C&H, + 3H2 -+ C&H,*, 0) 

CaKo + Hz ---) CJL?. (2) 
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Carbon disulfide, added to the feed to main- 
tain a steady-state sulfur content of the 
catalyst, is hydrogenolyzed rapidly to hy- 
drogen sulfide, Eq. (3): 

CS2 + 4H, ---f C& + 2HzS. (3) 

This reaction is very much faster than (1) 
but of comparable velocity as (2). This 
latter fact makes it possible to study 
reactions (2) and (3) simultaneously. 

2. EXPERIMENTAL PROCEDURES 

Catalysts 
The commercial catalyst used (BASF 

No. 8376) contains 22.6% w tungsten and 
3.8% w nickel as sulfides supported on 
alumina. The atomic ratio Ni: W is 0.53. A 
specific surface area of the sulfided catalyst 
of 143 m2/g was determined by the Brunauer 
et al. (2) nitrogen adsorption method. The 
catalyst pellets were crushed before use, to 
particles smaller than 50 p. 

The bulk model catalyst is prepared by 
heating tungsten disulfide and nickel (molar 
ratio 2 : 1) in an evacuated quartz tube for 
20 hr at 800°C cooling, homogenizing the 
contents of the tube, firing for another 80 hr 
at 8OO”C, and cooling slowly to room tem- 
perature. Immediately before use the cata- 
lyst is ground in a ball mill to particles 
smaller than 50 p. Samples of 0.80, 0.86 
and 0.95 m”/g specific surface area were 
used in the hydrogenations of cyclohexene/ 
carbon disulfide, carbon disulfide/pentane, 
and benzene/carbon disulfide, respectively. 
These surface areas were determined with 
the Shell-Perkin Elmer Sorptometer. During 
the initial stages of the hydrogenation/ 
hydrodesulfurization process the fresh cata- 
lyst (NiW&$) takes up additional sulfur to 
reach a steady-state sulfur content de- 
pending on the sulfur content of the feed. 

Materials 

In the preparation of NiW& catalysts 
specpure nickel (ex Johnson-Matthey), spec- 
pure tungsten and tungsten disulfide (ex 
Sylvania) were used. In the hydrogenation 
tests pure benzene (ex Noury-Baker, 
<0.0030/, w sulfur, evaporation residue 
0.001% w, <0.017% w water), redistilled 

gas-chromatographically pure cyclohexene 
and pure carbon disulfide (ex Union Chimi- 
que Belge, <0.02% w water) were used. 
Hydrogen was freed from oxygen by passing 
it through a BTS activat,ed copper catalyst 
at 400°C; it was predried with Linde 4A 
sieves. 

Hydrogenation Procedure 
The kinetic parameters were determined 

with a microflow technique, at a fixed 
pressure of 48 atm and a hydrogen/hydro- 
carbon molar ratio of 35. Samples of 0.1 to 
5 g of catalyst, possibly diluted with quartz 
powder, were packed in the reactor. Further 
variables were : temperature 200-400°C; 
space velocities 0.14-36 ml of liquid feed/g 
of catalyst/hr; benzene and cyclohexene 
conversions l-95%, carbon disulfide con- 
version always 100%. 

Conversions in the empty reactor were 
negligible up to 400°C. 

Analysis 
The reactor e&rent was analyzed by gas- 

liquid chromatography over a column of 
dihexyl dinitrodiphenic ester. Automatic 
sampling and injection was used. 

3. ANALYSIS OF THE KINETIC BEHAVIOR 
OF THE HYDROGENATION PROCESS 

To characterize the catalytic properties of 
the nickel-tungsten sulfide catalysts the rate 
constants for the hydrogenation reactions 
have to be extracted from the variation of 
hydrocarbon conversion with space velocity. 

For benzene a simple first order rate law 
(see Nomenclature above) was found (Eq. 
4) : 

fiFcl~, = k1p,(l - z&0V~ (4) 
From the integrated form of (4) it is possible 
to determine kl in a plot, of ln(1 - zr) 
versus the reciprocal space velocity W/F 
Ok 5). 

k w -ln(l - Q) = --$?. F 

(zl=OatW=O). (5) 

The hydrogenation of cyclohexene/carbon 
disulfide mixtures is more complicated in 
that the lines ln(1 - 22) versus W/F are 
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straight only at lower space velocities, or 
higher W/F values (see Fig. 1). This indi- 
cates that, the reaction is first order in 
cyclohexene, but is inhibited in the first part 
of the catalyst bed. Figure 1 shows the 
inhibition to be more severe as more 
carbon disulfide is admixed with the feed. 
Hence it is supposed that preferential ad- 
sorption of CSZ blocks the hydrogenation 
sites. Conversion of CS2 into less strongly 
adsorbing H& in the first part of the cata- 
lyst bed results in higher cyclohexene hydro- 
genation rates at higher W/F values. The 
difference in adsorption strength of CSZ and 
H&3 has been found earlier on platinum 
black and on nickel sulfide (S-5). 
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The cyclohexene/carbon disulfide con- 
version kinetics is analyzed on the basis of 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 

these observations. Assuming rather in- 
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significant coverage of active sites with FIG. 1. Hydrogenation of cyclohexene-carbon 

cyclohexene, the first order rate law for disulfide mixtures on AbOa-supported nickel- 

cyclohexene conversion is : tungsten sulfide. 

dxz - = k’z(l - x,)(1 - 0, - 84)~~. 
dW/Fp 

(6) 

As hydrogenolysis of carbon disulfide in 
pentane over t’he model NiW& catalyst 
shows zero order kinetics (Table l), it is 
assumed that its conversion is controlled by 
reaction of hydrogen with chemisorbed 
carbon disulfide : 

The differential equat’ions (6) and (7) must 
be solved simultaneously for the boundary 
conditions x2 = x3 = 0 for W/F2 = W/F3 = 
0. Adsorption equilibria for carbon disulfide 
and H2S are given by 

e3 
1 - & - eq = K3p3U - X3), (8) 

e4 
1 - e, - e4 

= 2&P323. 

To obtain a relation between W/F, and x2 
we solve 03 and t$ from Eqs. (8) and (9) and 
substitute these in Eqs. (6) and (7). Inte- 
grating and combining the resulting equa- 
tions yields 

(10) 
Equation (10) is depicted in Fig. 2, showing 
its initial and final slope, its asymptote, and 
the intercept 7. of the asymptote with the 
W/F axis. As the conversion rate for carbon 
disulfide is much higher than the rate of 

TABLE 1 
HYDROGENOLYSIS OF CARBON DISULFIDE ON BULK Ni-W-S 

Reactants Temp (“C) 
Rate constant [ml Reaction order -% (kcal/ 

CSZ (m2 cat.)-’ hr-I] in CSt mole) 

CS2 (10a/~ v) in pentane, Hz (190 250 
mol/mol CSZ)~ 273 

CS2 (1 and 4% v) in cyclohexene” 275 

0 Specific surface area of catalyst 0.86 m2/g. 
b For details see text. 

0.053 
0.17 -0 29 

0.03 -0 32 
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FIG. 2. Kinetics of cyclohexene-carbon disulfide 
conversion, Eq. (10). 

cyclohexene conversion, the exponent of 

go; * 
xZ) in the term between braces in Eq. 
1s rather large. This means that with 

increasing x2 the term will rapidly approach 
unity, causing Eq. (10) to near its asymptote 
rapidly also. From the ratio of initial and 
final slopes of Eq. (10) in Fig. 2, it can be 
inferred that KS is rather bigger than 2K4. 
Therefore, the expression for the asymptote 
can be simplified to 

W -= 
F 

-“(l :2p’ In(1 - x2) + g 
3 

= 2 ln(1 - x2) + $ (11) 
3 

This asymptote describes the hydrogenation 
of cyclohexene after all CS2 has been con- 
verted into HzS. Applying Eq. (11) to the 
experimental results yields k2, which is de- 
pendent on p3 or the sulfur content of the 
feed, and also yields k’,. 

The validity of this analysis of the curves 
in Fig. 1 is shown by the proportionality 
found experimentally between the intercept 
7. and the sulfur content of the feed, f3 (see 
below). Moreover, the rate constants and 
activation enerw for the carbon disulfide 

The kinetic behavior of the cyclohexene/ 
carbon disulfide hydrogenation process on 
this catalyst also fits the kinetic analysis in 
the previous section. Some experiments are 
shown in Fig. 3. Values for kz and Jc’) were 
again determined from the slope and inter- 
cept of curves like those in Fig. 3. 

Results for kz for 1 and 4% v CS2 in the 
feed are given in Fig. 4, curves IV and V, 
respectively. Here, as in the case of the 
alumina-supported catalyst, the activation 

VY energy appears to depend on the tempera- 
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hydrogenolysis extracted from Eq. (11) 
agree satisfactorily with independently de- 
termined values (Table 1). 

4. RESULTS FOR BULK AND 
ALUMINA-SUPPORTED Ni-W-S 

Alumina-Supported Catalyst 
The hydrogenation of cyclohexene/carbon 

disulfide mixtures on the BASF 8376 catalyst 
is an example of the kinetic behavior de- 
scribed in the previous section, including the 
effects of the sulfur content of the feed on the 
slope of the ln(1 - xZ) versus W/F2 curves 
and on the magnitude of the intercept 7. 
(see Fig. 1). Measurements with 1% v and 
10% v CS2 in the feed were performed in the 
range of 214 to 329°C and yielded rate con- 
stants k2 spanning two orders of magnitude. 
These are shown in curves I and II of the 
Arrhenius plot in Fig. 4. Comparing these 
curves shows the marked effect of t#he sulfur 
content of the feed. The Arrhenius curves are 
nonlinear, indicating an activation energy 
that depends on temperature (Table 2). 

The rate constant for hydrogenolysis of 
carbon disulfide, k’a, is calculated from the 
intercepts 7. and presented in Fig. 5, curve I, 
in an Arrhenius plot. The value of k’3 is 
seen to be independent of the sulfur content 
of the feed. The activation energy is constant 
at Es = 32 kcal/mole, the pre-exponential 
factor is AS = 4.4 X lOI ml CS2 per g cata- 
lyst and per hour. 

The hydrogenation of benzene on this 
catalyst proved to be slower than the cyclo- 
hexene hydrogenation by a factor of about 
300 at 280°C. The rate constant /cl, for 1% v 
CS2 in the feed, is given as curve III in Fig. 4. 

Bulk Model Catalyst 
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TABLE 2 
ACTIVATION ENERGIES FOR HYDROGENATIONS OF BENZENE, CYCLOHEXENE, .~ND 

CARBON DISULFIDE 

Test 

C& 
cs2 
Cd&o 

Bulk Ni-W-S catalyst 

Activat,ion energy 
Temp (“C) (kcal/mole) 

280-350 32 
280 28 
300 22 
320 19 
360 15 
400 15 

Ni-W-S/A120a catalyst 

Activation energy 
Temp (“C) (kcal/mole) 

300-400 17 
210-330 32 

230 46 
260 36 
280 28 
300 22 
320 19 

ture. At constant temperature, the rate 
constants are shown to depend on the CSZ 
content of the feed. 

For carbon disulfide, the hydrogenation 
rate constants k’a calculated from 70 are 
plotted in Fig. 5, curve II. Points for 1 and 
4% v CSZ are shown to fit the same line, 
establishing again the linear relation between 
7a and f3 required by Eq. (11). The activation 
energy is E3 = 32 kcal/mole, the same value 

r -.4 0.8 ‘.L ‘.6 2.0 

i‘:-,,pa L. SPICE “ELOClTI ; h g CaT. trnli6H,D, ’ 

FIG. 3. Hydrogenation of cyclohexene (1% v 
CS2) on bulk Ni-W-S. 

as found for the BASF 8376 catalyst. The 
pre-exponential factor is Aa = 13 X 10” ml 
CS2 per m2 catalyst surface area and 
per hour. Benzene with 1% v CS2 was 
hydrogenated over this catalyst at 4OO”C, 
yielding a rate constant of k, = 0.16 ml 
(m2 cat.)-’ hr-1 atm-‘. 

5. DISCUSSION 

Nature of the Active Sites 
The rate constants kl and k2 for benzene 

and cyclohexene, respectively, are valid when 
TEMPERATURE, “C 

‘loo 360 320 280 240 200 III,, I I I, I 4- II -4 

-2 

1.5 1.6 1.7 1.8 1.9 z.0 2.1 
1000/T (OK1 

FIG. 4. First order rate constants for benzene and 
cyclohexene hydrogenation. 
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TEMPERATURE, “C 

360 320 280 240 200 

II ’ ’ ’ I / I T I 

IO’ I q m Ni-W-S/A1203KMSFI 
1.0 10 IO’ 

B AND %” cs2 8 

6 II 0. NL-W-S (BULK) 
1.0 AND 4.0 % v csp 6 

Fro. 5. Zero order rat,e constants for carbon di- 
sulfide hydrogenolysis. 

the CS2 in the feed has been converted to 
hydrogen sulfide. Hence, the influence of the 
sulfur content of the feed on the rate con- 
stants reflects the effect of the hydrogen sul- 
fide partial pressure. Comparison in Fig. 4 of 
curves for higher and lower sulfur contents of 
the feed, shows clearly that an increase in 
hydrogen sulfide part.ial pressure decreases 
the rate. The apparent activation energy 
does not change, however, only the pre- 
exponential factor. This appears from the 
fact that curves for different sulfur contents 
can be made to coincide by simple vertical 
displacement of one relative to the other. 
This has been done to const,ruct Fig. 6. Thus 
it is the number of active sites and not their 
intrinsic activity that is affected by HB. The 
active sites are evidently sulfur deficient 
metal centers in the surface of the catalyst. 
These anion vacancies are in equilibrium 
with the hydrogen sulfide and hydrogen 
pressures via the equation 

q + KS(g) -c Scads.) + Ha(g), 02) 

FIG. 6. Cyclohexene hydrogenation rate con- 
stants, supported and bulk NGW-S, with 1.0, 4.0, 
and 10% v CSZ in the feed. 

with U denoting a vacancy. The centers 
active in the hydrogenations of benzene and 
cyclohexene, however, cannot be identical, 
as their numbers are affected differently by 
the dispersion of the sulfide catalyst on a 
carrier (see below). 

Efects of the Alumina Currier 
The Arrhenius curves in Fig. 4 for the 

hydrogenation of cyclohexene on the bulk 
and the alumina-supported catalyst,s can 
all be made to coincide by appropriate verti- 
cal displacements (see Fig. 6). Evidently, 
the hydrogenation process on t,he two cata- 
lysts is characterized by the same, tem- 
perature-dependent, activation energy. The 
difference in rate is brought about by the 
difference in the number of active sites. The 
similarity of the sites on the two catalysts is 
further substantiated by the analogous 
kinetics and sulfur-dependence of the re- 
action on bulk and supported Ni-W-S. The 
effect of the carrier is exclusively to stabi- 
lize a much greater dispersion of the sulfide, 
The same observat,ion holds for the carbon 
disulfide hydrogenolysis : the Arrhenius lines 
for this reaction on t’he two catalysts are 
parallel, with an activation energy in both 
cases of 32 kcal/mole (Fig. 5). Our data for 
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benzene are not sufficient for a similar con- 
clusion; but, in view of the results for the 
other two reactions, no specific effect of the 
carrier on the activity of the benzene sites is 
expected either. In hydrocracking, on the 
other hand, the acid function of the support 
is expected to be important. 

The effect of the dispersion on alumina on 
the number of active sit#es for each test 
reaction is determined by comparing the 
number of sites in 1 g of sulfide supported on 
alumina with the number of sites in 1 m2 of 
unsupported sulfide surface area. For this 
purpose we define: 

a. = 
rate [ml(g cat)-l hr-‘1 on supported catalyst 

rate [ml(m2 cat)-l hr-‘1 on bulk catalyst ’ 

with n = 1,2,3 for benzene, cyclohexene, or 
carbon disulfide, respectively. For the sup- 
ported catalyst the rate is expressed per gram 
of nickel-tungst,en sulfide (and not per 
gram of alumina-cont’aining catalyst as in 
the figures). The a-values, which are in- 
dependent of the temperature, are given 
below. 

Reaction 

GHG 
CeHm 
cs2 

Specific surface 
area of bulk 

Activity ratio catalyst (m2 g-l) 

al = 15 0.95 
cy2 = 180 0.80 
q = 100 0.80 

Although the difference between the activity 
ratios for carbon disulfide and cyclohexene 
may not be too significant, it is quite evident 
that the dispersion of sulfide on a carrier 
influences the number of hydrogenation sites 
much less for benzene than it does for 
cyclohexene. One further point deserves 
attention. There is no doubt that dispersion 
of the catalyst on alumina in the form of 
particles which are mainly amorphous to 
X-rays increases the specific surface area of 
the sulfide by much more than a factor 15. 
The low LY~ value (see above) is an indication 
that we deal with crystal features (faces, 
edges, corners, etc.) of widely different 
activity. The relat,ive contribution of active 

sites for benzene hydrogenation to the total 
surface area may be larger in bulk than in 
alumina-support’ed nickel-tungsten sulfide. 

Diflusion Limitations 

The apparent activation energy for the 
cyclohexene hydrogenation Es is dependent 
on temperature (Fig. 6). Nevertheless, it is 
considered unlikely that the reaction is 
limited by diffusion. First, at any given 
temperature, Ez is independent of the 
changes in reaction rate caused by variations 
in the CS, content, and also independent of 
the specific surface area of the catalyst. 
Secondly, t,he activation energy for the even 
faster CS2 hydrogenolysis in these same 
catalysts does not depend on temperature 
(Fig. 5). Moreover, calculations following 
Yoshida et al. (6) show that no significant 
temperature or concentration gradients are 
to be expected. 

6. CONCLUSIONS 

In previous sections the act,ivities of 
nickel-tungsten sulfide, in the form of a 
bulk high-temperature preparation and as an 
alumina-supported industrial catalyst were 
compared in the hydrogenations of cyclo- 
hexene and benzene mixed with carbon 
disulfide. This study allows the following 
conclusions regarding the nature of the 
active sites in Ni-WS and the effect of the 
alumina carrier. 

The active centers for hydrogenation of 
cyclohexene and benzene are sulfur-deficient 
metal sites, or anion vacancies, the activit,y 
of which does not depend on the coverage of 
the surface with sulfur. Their number de- 
creases with increasing sulfur content of the 
feed, as they are reversibly blocked by 
hydrogen sulfide, but particularly by carbon 
disulfide. Centers act’ive in the hydrogena- 
tions of benzene and cyclohexene are dif- 
ferent. Active sites present in bulk and in 
alumina-supported nickel-tungsten sulfide 
are the same; the alumina carrier does not 
affect their intrinsic activity, but increases 
their number. This is particularly effective 
for cyclohexene hydrogenation. This study 
shows that bulk nickel-tungsten sulfide may 
be used in further studies of the mechanism 
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of t.he catalytic activity and may be regarded 
as representative for supported sulfide. The 
unraveling of the hydrogenation kinetics for 
cyclohexene-carbon disulfide mixtures shows 
the conversion of cyclohexene to be first 
order in cyclohexene, whereas the hydro- 
genolysis of carbon disulfide is zero order 
in C% 
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