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The processes of reduction and su lphidati on of an ind ustria l Co- Mo /AllO] ca talyst have been 
studied by means of gravimetric and kinetic methods a t atmospheric prcssure. The effect of the 
pretreatment temperature on the catalytic activity for ethylenc hydrogena tion and thiophene 
hydrodesulphurization has been st udied. Two types of activc ce ntrcs, for hydrogenation and for 
hydrodesulphurization, have becn characterized on the basis of their different properties. 
-----------------_.---_._ .... _------ -_. __ ._---

The effect of the pretreatment conditions on the act ivity of Co- Mol AI 203 cata lys ts has not been 
thoroughly elucidated. It is known that the catalyst in it , oxide form is not acti ve for hydrodesul
phurization (HDS), and the data concerning the effect of reduction and sulphidation temperature 
on catalyst properties are rather contradictory. According to Ripperger and Saum 1 , the sulphiding 
should begin at about 220°C, and the final temperature must not exceed 300°C. The temperature 
used by de Beer and coworkers2 for sulphidation and reduction of the catalyst was 400°C. Har
greaves and Ross3 consider that the optimal catal ys t treatment is su lphidation at 300°C and 
further reduction at 220°C. Beranek and coworkers4 investigated the su lphidation of reduced 
catalysts at temperature l50-4S0°C and different parti al pressures of H 2 S up to 40 kPa. Almost 
all authors have found an enhanced catalytic activit y for hydrodesulphurization with increasing 
the sulphur content in the catalyst during pretrealment 2 ,3 .5 - 7. The majority of papers report 
a decrease of hydrogenation activity after sulphidat ion (e.g. 5

), though a reverse effect was also 
observed B• 

Most authors have found that the isomerization of butenes produced from thiophene decom
position proceeds rapidly. Irrespectively of the conditions of catalyst pretreatment, the contents 
of individual butenes correspond in a ll cases to the thermodynamic equilibrium3, 7. . 

Most of the investigations on catalyst composition and reaction mechanism examine the effect 
of H 2 S on the reaction rate. Ramachandran and Massoth 9 have shown that under fixed condi
tions of catalyst sulphidation the hydrogenation rate is not affec ted by the amo unt of H 2 S in the 
reaction mixture. According to Broderick and coworkers) 0, the decrease of catalyst hydrogenation 
activity in the presence of H 2S is due to structural changes. The same authors have found that 
an appropriate pretreatment may lead to a structure unaffected by H 2S. 

On the other hand, Kolboe and Amberg) 1 and Folt and Schneider) 2 found that H 2 S ad
sorption on a sulphided catalyst or its addition to the reaction mixture caused a substantial 
decrease of the desulphurization and hydrogenation activity, while the isomerization rate was not 
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changed. Decrease of rate ca used by H 25 formed by' the reaction was observed a lso in the range 
of higher conversions during thiophene decomposition. 

The present paper examines the course of reduction and sulphidation of an in

dustrial Co-Mol AI 20 3 catalyst and the efTect of sUlphidation conditions, especially 

of the temperature , on hydrogena tion and hydrodesulphuriza tion activity of the ca

talyst. 

EXPERIMENTAL 

Chemicals. Hydrogen, nitrogen an d hydrogen sulphide were of the same ol'igin and purified 
in the same way as describcd in previous paper4. Et hylene (polymerization grade, Slovna ft , 
Bratislava) containcd no admixtures detectable by gas chromatography and was used without 
any further purificatio n. Thiophene (Fluka) was used as obtained. 

Catalyst. An indust rial Co-Mol AIZOJ catalyst containing II % (wI.) MoO J and 3~~ (wt.) CoO, 
with a surface area 232 m2 /g and average pore radius 2· S nm was used. The pretreatment of the 
catalyst (dried at SOO°C in nitrogen , I h) was carried out in two stages: treatment with H2 at 
400°C and then sulphidation at tempe ratures ran ging from 2S to 42SoC with a mixture H2 : H 2 S : 
: N 2 = I : 0·13 : 0·2 . Both the cata lyst activation and catalytic activitv tests were performed at 
atmospheric pressure. 

The reduction and sulphiding of the catalyst were meas ured by a quartz balance4 in a flow of H 2 
and the sulphiding mi xture, respectively. The degree of reduction was measured by following the 
decrease in catalyst weight owing to the corresponding oxygen remo val. The degree of sulphidation 
was evaluated by the increase in catalyst weight due to the formation of sulphides or other forms 
of sulphur bound to the catalyst. By heating the sulphided sample for I h in a strea m of nitrogen, 
the physically adsorbed sulphur was removed and could be measured by the change in sample 
weight. 

For the measurelllellfs of catalytic aeticity, the catalyst samples were activated at gradientless 
conditions directly in the catalytic reactor: they were dried at SOO°C (60 min) in nitrogen, reduced 
with hydrogen at 400°C (120 min) and sulphided (ISO min) a t the required temperature. 

Ethylene hydrogenation was car ried out in a glass flow reactor at 300°C and a C 2 H 4 : Hz ratio 
1 : I. The details of the apparatus a nd procedure will be published elsewhere8

. The reaction mix
ture leaving the reactor was periodically analyzed for the content of ethane and ethylene by a gas 
chromatograph with a six-way sampling va lve and a flame ionization detector. The column (I m 
length) was packed with Porapak Q, temperature SSoC, carrier gas was nitrogen. Following the 
hydrogenation test (160-240 min), the catalyst was analyzed for sulphur content by the method 
described in previous paper4. 

Thiophene hydrodesulphuri zat ion was carried out in a flow circulation apparatus at 400°C with 
a thiophene to hyd'rogen ratio 1: 10. The composition of the reaction mixture (thiophene, H 2S, 
butenes, butane) was determined periodically by a gas chromatograph with a six-way sampling 
valve and thermal conductivity detector. The conditions of analyses were the same as those 
described in 13 . The HDS activity was expressed l:Jy the rate of thiophene decomposition and the 
hydrogenation activity by the rate of butane production. The processing of the data was performed 
by a method given int4. The standard deviation of rate values of thiophene decomposition and 
butane production over a stationary catalyst was 0·037 . 10 - 6 and 0'4 . 10 - 7 respectively (the 
ca lculations were made for the catalyst sulphided at 325°C for which the rates of thiophene de
composition and butane production were 3·OS.IO- 6 and 6·72.1O- 7 molh- 1 m- 2 , resp.). 
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RESU LTS 

The catalyst reduction at 400 'C proceeds a t a measurable rate for the first two hours, 
and is seemingly completed in abo ut 1.5 h (Fig. I).lt shou ld be noted that the reduc
tion ceases when the change in the catalyst weight correspond s to 5-6% of the to tal 
weight change for reduction to metallic coba lt a nd molybdenum, The sulphidation with 
H 2S of the pretreated catalyst is faster and in abo ut I h, irrespectively of t he temperature, 
a steady state is achieved for the given conditions (Fig, 2), The weight changes mea
sured represent 45-55~,~ from the theore tica l va lue calculated for the formation of 
MoS2 and CoS from Mo and Co prese nt . and about 80% for the formation or the 
same sulphides from Mo0 2 and Co. Abo ut 10~~ are considered to be physically ad
sorbed H 2S which can be rem oved in nitrogen stream (at the same tempera ture as 
sulphidation, see Fig, 2), A certain amount o f sulphur which is chemica lly not fi rmly 
bound to the catalyst can be removed by hydrogen strea m (see als04

), The estimat ions 
of the reduction or sulphidati on degrees from weight changes are naturally only ap
proximative since one is not sure whether water formed by reducti on or sulphidation 
was completely removed from the catalyst 

The amount of sulphur remaining after e thylene hydrogenation depends on the 
temperature of sulphidation. It is increased with the temperature ri se, especially above 
200°C (Fig. 3). A similar trend in sulphur content was observed for other commercial 
HDS catalysts after sulphidat ion and hydrogen treatment a t various temperaturcs4

. 
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FIG. 1 

Relative weight change of the ca talyst <>r as 
a function of time of hydrogen treatment at 
400°C. <>r = (Wd - W r) / Wr; Wd weight of 
catalyst dried in N 2 , Wr reduced by H 2 
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FIG, 

Relative weight change of the catalyst Os as 
a functi on of sulphida ti on time at 325°C. 
Os = (Ws - Wr) / W r; Wr weight of catalyst 
reduced in preceding operatio n, W s sulphided 
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The weight percentage of sulphur for 325 and 425c C in Fig. 3 corresponds to a S/ Mo 

atomic ra tio of J ·3 and 1'7, resp. 

In a ll cascs the su lphided catalyst is more activc as compared to the nOIl- sulphided 

one in ethylene hydrogenation. It s activity is enhanced with ri sing the sulphidation 

temperature (Fig. 4) which corresponds to an increase in the amoun t of chemically 

flrmly bound sulphur (Fig. 3). In Fig. 4, we can observe an initial increase in hydro

genation ac tivity on both curves for suJphided catalysts which can be a ttributed to 

a partial removal of sulphur from thc catalyst after the sulphiding mixture H zS/ H z 
has been replaced by the C zH 4 / H z reaction mixture. 

The study on the catalyst HDS activity al so revea ls a n increa se with increasing 

the presulphidation temperature. The sa me trend is observed for the hydrogenation 

rate o f butenes obtained during the hydrogenolysi s of thiophene. A larger relative 

increase of the hydrogenation activity with the ri se of sulphur content in the used 

catalyst is observed , compared to that or HDS activity (Table 1). 

On the other hand at the beginning of the reaction , the catalyst continues to bind 

sulphur removed from thiophene and the measured rate of HzS formation is consi

derably lower than the stationary rate. The increase of sulphur in the catalyst and of 

H zS on its surface do not cause a variation in the thiophene decomposition rate while 

that of butane formation is reduced (Fig. 5). 

Our measurements have shown that the isomeric mixture of butenes is in a thermo

dynamic equilibrium. Obviously, isomerization takes place at a considerably high 

% 

100 ·c 500 

FIG. 3 

Dependence of sulphur content (wt. % S) in 
the catalyst after 4 h of ethylene hydrogena
tion, on the presulphidation temperature 

1 0~----~5~O----~L-----~IS~0~ 

FIG. 

Conversion to ethane (mol %) us time of 
ethylene hydrogenation at 300°C. 0 Without 
catalyst presulphidation, 0 after sulphidation 
at 25"C, • after sulphidation at 375 °C 
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rate on the support and the variation in the catalyst composition has no appreciable 
efl'ect on th is reac ti on. 

DISCUSS ION 

The mere 5-6~·~ red ucti on o f the catalyst obse n -cd upon trca tmcnt wi th H z shows 
that in the stage of thi s prctrea tmcnt. Mo'; + prc, cn t ill thc ox idc ca ta ly, t is only 
partia lly reduced . Most probably a mixturc of Mo" ; . Ml) ' I and M06 + is obtained 
as demonstratcd by Pat tcrsoll and cowork crs 1 5 u, ing ESC A. 

The slilphiclation a t the partia l prcssures of J-I 2 and H 2 S uscd procecds at a high 
rate even at room temperature. Thc considcrable increasc o f thc ca talys t hydrogcn
ation activity after sulphidat ioll at 25°C ortlle reduced sa mple shows that oxys lilph ides 
are very likely present in the cata lyst, as assumed i n l 

(, . 1 7 a nd ca n be the acti ve species. 
At thi s temperature there is little probabi lity of a complete substitution of oxyge n 

TABLE I 

E!Tec t of the pres ulphidation temperature on the ra te of thi ophene decomposition ( R,) and butane 

product ion (R
b

) in mo l/ h 111 2 . Tr tempera ture of cata lys t I'educt ion by hyd rogen, Ts presu lphi

dation temperature of cata lyst , S (wt.%) amount of su lphur remaini ng in the catal ys t 

-----.---.-~ 

Tr , e T,. · C S, ... 
- ---

400 325 32 

400 375 3·5 

400 425 4·2 

FIG. 5 

R eaction rate Ri at 400°C (mol/ h m
2

) uS lime 

of reaction after catalyst presulphidation at 

325°C. 0 Thiophene decomposition, 0 pro

duction of H 2S, • production of butane 
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attached to cobalt and molybdenum. Thisassumption is supported by the fact that the 

degree of suI phi dation to MoS2 and CoS even at 425°C is not higher than 70%. 

The dependence of the amount of sulphur in the catalyst on time a nd sulphidation 

temperature is analogous to that observed by de Beer and coworkers2. The marked 

increase of hydrogenation activity upon su lphidation , even at 25°C, can be explained 

in two ways: a) either hydrogenation proceeds with a considerably higher rate on 

sulphided centres, or b) the reduction of M06 + to the lower valency state , ac ti ve in 

hydrogenat ion , proceeds much easier in the presence of H 2S or sulphur anions 

substituted for oxygen in the original form of the catalyst , than the reduction of this 

oxidic form by hydrogen alone which is rather a slow process (see a ls08.18). 

According to Desikan and Amberg l9
, the amount of reversibly adsorbed sulphur 

will exert an inhibitory effect on the catalyst activity. On the other hand, the chemical

ly firmly bound sulphur, causing a cha nge in the catalyst composition, plays im

portant role for its activity . A part of it (less firmly bound) can be removed , at the 
temperatures used, by interaction with hydrogen4. 8. 12.2o in the absence of H 2S 

or other su lphur compounds, giving rise to anionic vacancies which can act as addi

tional catalytic centres. This might be the reason of increasing hydrogenation activity 

in the initial period of ethylene reaction on freshly sulphided catalyst (Fig. 4). 
The binding of H 2S resulting from thiophene decomposition in addition to the 

catalyst presulphidation with H 2S causes no further change in HDS activity. This is 

indicative of a stable structure formed during the catalyst activation under the above 

conditions. However, the hydrogenation activity is slightly lowered (Fig. 5). 

Thus, the different effect of sulphur on catalyst activity for hydrogenation and 

HDS suggests the occurrence of two types of active centres. The experimental ob

servations leading to this view can be summarized in the following way: 0) The in

crease of activity with increasing amount of chemically bound sulphur is more 

pronounced for hydrogenation than for hydrodesuJphurization (Table J); b) HDS 

activity is not affected by H 2 S resulting from thiophene decomposition, whereas 

hydrogenation act ivity is reduced (Fig. 5) ; c) hydrogenation activity is increased 

by removal of a part of less firmly bound sulphur in hydrogen atmosphere (Fig. 4). 
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