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Kinetics of hydrogenat ion of cyelohexene on a sulfided Ni-W/ALO 3 catalyst  
has been s~udied with a flow mieroreaetor under normal  atmospheric pressure: 
The reaction rate  is found to be zero and first order with respect to eyelohexene 
and hydrogen partial  pressures, respectively, in the temperature  range 
250-350 ~ 

~HeTHKa FNApHpOBaHNg ~K2OFeKCeHa Ha cy~B~HOM KaTa~N3aTope Ni - -  
W/A120 a .ccae~oBanacb B UpOTOqHOM MaKp0peaKT0pe npH aTMOC~epHOM ~a~ae- 
HHH. CKOp0CTb peaK~HH H~eeT Hy~eBo~ H nepBH~ Hop~AOK HO nap~HaaSHOMy 
~aB~eHHm ~HKfloFeKceHa H BoA0p0~a, C0OTBeTCTBeHHO, B HHTepBaae TeMnepaTyp 
250--350 ~ 

INTRODUCTION 

Hydrogenation of cyclic olefins and aromatic hydrocarbons are industrially 
impor tan t  reactions and are efficiently done on sulfided hydroprocessing 
catalysts like Ni--W/A120 a [1, 2]. Although the kinetics and mechanism of 
hydrogenation of olefins have extensively been studied on metallic catalysts 
[3], similar studies on sulfided catalysts, especially under normM atmospheric 
pressure, are scarce. The multifunctional nature of these catalysts leads to 
difficulties in understanding the mechanism of the hydroprocessing reactions. 
Recent studies indicate that  hydrogenation reactions occur on sites which are 
different from the HDS or H D N  sites [4]. Therefore, this simple reaction was 
s tudied in order to throw some light on the mechanism of the hydrogenation 
reactions. 

E X P E R I M E N T A L  

An all-glass flow mieroreaetor system (operable a t o n e  atmosphere pressure), 
.connected with a gas chromatograph was used to s tudy the reaction. A six-way 
.sampling valve interfaced with the reactor and the GC column allowed san~- 

* To whom correspondence should be addressed. 
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pling of the effluent gas and analysis with the help of a 2 m stainless steel ~ 
column packed with 10% SE-52 on Chromosorb wax. A thermal conductivi ty 
detector was used for this purpose. 

High purity hydrogen (99.9%), further treated with Pd 'Deoxo' catalyst and 
zeolite molecular sieve (4A), was passed through two saturators containing 
pure cyelohexene maintained at appropriate temperature to achieve the desired 
partial pressure. Nitrogen was used as diluent whenever necessary. 

A Harshaw Ni-W/A1203 catalyst (W: 10%, Ni: 6%, S.A.: 230 mYg -1) was 
used for the reaction. Sulfiding of the oxide precursor of the catalyst was done 
by passing hydrogen saturated at 25 ~ with carbon disulfide through the  
eatalyst in the following sequence. The gas mixture was passed for 15 rain 
at 100 ~ and then the catalyst was heated up to 400 ~ (at 4 ~ per rain) 
while still in contact with the sulfiding gas mixture. Sulfiding was continued 
at  400 ~ for 2 h, whereafter the temperature was brought down to the reaction 
temperature and CS~/I~I 2 flow gas stopped. The catalyst was flushed at  the~ 
reaction temperature by I-I.~ until no CS 2 could be detected in the effluent gas. 
At this stage the catalyst was ready to be contacted with the reaction gas 
mixture. 

A fresh catalyst was used for each temperature and the useful data were col- 
lected under steady state and in absence of any external and internal diffusion 
effects. Cyclohex~ne was the predominant product formed. Traces of methyl-  
cyclopentane were detected only at  the very high conversion level. 

RESULTS AND DISCUSSION 

The rates were calculated directly from the equation: 

r=x/(W/F) 
where r = rate; x = fractional conversion ; W = mass of catalyst ; and F = total  ~ 
gas flow. A pl0t of x vs. (W/F) showed a linear correlation up to a conversion 
of 20% at all the temperatures studied. For the kinetic experiments, the con- 
version was kept well within this level in order to be able to apply the ,,differ- 
ential reactor" conditions for the t reatment  of the rate data. The effect of partial 
pressures of cyelohexene (po) and hydrogen (PH) on the rate is shown in Figs. 1 
and 2, respectively, as a function of temperature. The rate was found to be. 
zero and first order with respect to pe and p~, respectively. 

Of significance is the fact tha t  the straight lines in Fig. 2 do not pass through 
the origin when the rate is extrapolated to zero partial pressure of hydrogen. 
This will be discussed later. From all the facts noted above, the following ra te  
equation is proposed for the process : 

- - k  0 1 r = k 0 • lP~P~, 

where k 0 and kl are constants for a particular temperature. Since p~ = 1, the. 
final form of the rate equation becomes: 

r = k 0 + klp~i, 
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Fig. 1. Ra t e  of hydrogenat ion  of oyclohexene as a function of Pc at  various t empera -  
tures. PH = 590.0 Tort ,  to ta l  p = 760.0 Torr, W =0.2 g, F = 80.0 ml/min 
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Fig.  2. ]Rate of hydrogenat ion  of eyelohexene as a function of Pit  a t  various tem- 
peratures.  Pc--84.0 Tort ,  to ta l  p = 760.0 Tort ,  W =0.2 g, F - - 8 0 . 0  ml/min 

T h e  c o n s t a n t  k 0 is  i n d i c a t i v e  o f  s o m e , , r e s i d u a l "  a c t i v i t y  o f  t h e  c a t a l y s t  e v e n  
in  t h e  a b s e n c e  o f  h y d r o g e n  in  t h e  r e a c t i o n  gas  m i x t u r e .  Th is  was  v e r i f i e d  to  
b e  t r u e  b y  p a s s i n g  a m i x t u r e  o f  c y e l o h e x e n e  a n d  n i t r o g e n  ( i n s t e a d  o f  h y d r o g e n )  
o v e r  a f r e s h l y  s u l f i d e d  c a t a l y s t  w h e n  s o m e  h y d r o g e n a t i o n  was  n o t e d .  
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The apparent energy of activation of the process was found to be 35.5 kJ/mol. 
In contrast to our findings, a first order rate with respect to p~ and a much 
higher energy of activation were reported by Voorhoeve and Stuiver [5]. 
However, they performed the reaction under high pressure (48 arm) and al- 
ways in the presence of CS 2 which did strongly adsorb on the catalyst surface. 
However, low energies of activation comparable to what we found, have 
widely been reported for the hydrogenation of olefins on metallic catalysts [3]. 

Recent MES and EXAFS studies [6] on sulfided catalysts have revealed 
that  small one-dimensional crystallites (10--20 A) of WS 2 remain in highly 
dispersed condition on alumina surface. The eoordinatively unsaturated sites 
(W 3+ ions) on the edges of these crystallites are identified as the active sites 
for hydrogenation of cyclohexene [5J. Wright et al. [7] have reported tha t  on 
WS 2 catalysts, hydrogen adsorbs dissociatively on the exposed sulfide ions. 
They also speculated tha t  part  of hydrogen adsorbs on the exposed W 3 + ions 
and then migrates to the remote S ions by some 'spillover' mechanism. Based 
on these observations, we are tempted to believe that  strongly adsorbed 
eyelohexene (as indicated by the zero order dependence of rate on p~) reacts 
with dissoeiatively adsorbed hydrogen which remain as SH groups on the 
catalyst  surface. The low energy of activation, then, might suggest tha t  the 
rate is probably controlled by some kind of surface migration or spillover of 
hydrogen akin to the type envisaged by Wright et al. [7]. 

The 'residual' activity, as indicated by the positive values of k 0, can be ration- 
alized by the fact that  the surface of a freshly sulfided catalyst remains filled 
with SI:I groups which are formed during the sulfiding step. These SH groups, 
as indicated earlier, take part  in the reaction. 

Thanks are due to Dr. G. Thyagarajan, Director of RRL,  Hyderabad, for- 
permission to publish this work. 
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