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Kinetic studies of the hydrodesulfurization of dibenzothiophene on a presulfided molybdena- 
alumina catalyst were carried out in a high-pressure-flow microreactor. The mechanism discussed 
is based on selective poisoning studies, using various nitrogen, polyaromatic, sulfur, and oxygen 
compounds. The nitrogen compounds inhibited the hydrogenation of dibenzothiophene because 
they adsorbed more strongly than did dibenzothiophene at lower temperatures. At higher tempera- 
tures, the nitrogen compounds also hinder the desulfurization together with the hydrogenation of 
dibenzothiophene. The sulfur and the oxygen compounds retarded all reactions of the desulfuriza- 
tion of dibenzothiophene. The reactions of the desulfurization, the denitrogenation, and the deoxy- 
genation proceed on one type of site and the hydrogenation reactions on another site. 

INTRODUCTION 

Crude petroleum and synthetic fuels 
from both oil shale and coal will be exten- 
sive in the future. Unfortunately, however, 
crude oils also contain sulfur, nitrogen, and 
oxygen compounds as impurities. 

Much work (Z-3) has been performed on 
the hydrodesulfurization process. One 
group favors a preliminary hydrogenation 
of the thiophene ring (4) and another sup- 
ports initial C-S bond cleavage leading to 
hydrocarbons and H# (5-7). The same 
kind of duality, hydrogenation and hydro- 
genolysis, exists for benzothiophene and 
dibenzothiophene found in the heavy feed- 
stocks. We have, therefore, chosen the hy- 
drodesulfurization of dibenzothiophene on 
a presulfided molybdena-alumina catalyst 
proceeded via two different reaction path- 
ways, as shown in Fig. 1 (8). 

Although in the hydrotreatment, a com- 
monly used catalyst is known to be poi- 
soned by nitrogen compounds and hydro- 
gen sulfide formed during the treatment, the 
basic mechanism of the poisoning is poorly 
understood. The effects of pyridine on the 
hydrodesulfurization activity of CoMo/ 

440 
0021-9517183 $3.00 
Copyright 8 1983 by Academic Press, Inc. 
AlI rights of reproduction in any form reserved. 

A1203 catalyst were only by Desikan and 
Amberg (I), Cowley and Massoth (9), and 
Satterfield et al. (10). These studies show 
that there were two catalytic sites, and 
pyridine apparently poisoned these sites in 
different degrees. It is not obvious that 
pyridine inhibits either hydrogenation of 
thiophene or the breaking of the C-S bond. 
Hydrogen sulfide inhibits the hydrogena- 
tion of 1-butene (21) and of biphenyl (12) 
catalyzed by a sulfided CoMo/AlzOj cata- 
lyst in the absence of thiophene. However, 
Ramachandran and Massoth (13) reported 
no effect of hydrogen sulfide on hexene hy- 
drogenation over a CoMo/A1203 catalyst, 
and Broderick et al. (12) found dibenzo- 
thiophene hydrogenation was not inhibited 
by H2S. There is practically no study on the 
effect of oxygen compounds on the hydro- 
desulfurization. 

During the course of the poisoning study, 
we noticed selective poisoning patterns 
for the hydrodesulfurization of dibenzo- 
thiophene on a molybdena-alumina cata- 
lyst. Because the selectivity pattern is char- 
acteristic of the correlation between 
hydrogenation and hydrogenolysis and the 
nature of active site, we now have deter- 



SELECTIVITY OF MOLYBDENUM CATALYST 441 

1,2,3,4,4a,9a-Hexahydro- 

dlbenzothioohene 

m - m ----- &o 
fi,2,3,&Tetrahydro- Cyclohexylbenzene 

dlbenzothioPhene 
f&j ---a m --+mC2H5 

Dibenzothiaph'eoe 
-. 

‘* @-@ 
Ethylbicyclo[4.4.0)decane Perhydro- Blcyclohexyl 

dibenzothioohene 

Biphenyl 

FIG. 1. Reaction scheme for hydrodesulfurization of dibenzothiophene. Solid arrows indicate hydro- 
genation sites poisoned by nitrogen compounds, and dashed arrows desulfurization sites poisoned by 
hydrogen sulfide. 

mined the changes in the product composi- 
tion in the hydrodesulfurization of dibenzo- 
thiophene in the presence of various 
nitrogen compounds, a low-molecular- 
weight sulfur compound, oxygen com- 
pounds, and a polyaromatic compound. 
These compounds added are given in Table 
1. 

Selectivities of a molybdena-alumina 
catalyst in hydrogenation and hydrogenoly- 
sis discussed are based on the kinetics of 
the poisoning effect on these reactions. 

EXPERIMENTAL 

Catalyst and reagents. A 12.5% MOOR/ 
A1203 catalyst was prepared by impregnat- 
ing the y-alumina support with a solution of 
ammonium paramolybdate. The solution 

was evaporated to dryness at 90°C with stir- 
ring, followed by drying at 100°C and then 
calcining at 550°C for 5 h in air. Although 
the catalyst was supplied as a l/32-in. ex- 
trudate, it was crushed and screened to pro- 
vide 0.84- to 1.19-mm granules used in this 
work. The surface area of the catalyst is 188 
m2/g. 

Dibenzothiophene was synthesized ac- 
cording to the method of Gilman and Ja- 
coby (14): mp IOOS-101°C (Ref. (14), 
99°C); elementary analysis C 78.29, H 4.40, 
S 17.31; Calcd., C 78.22, H 4.38, S 17.40. 
The other chemicals used were commercial 
reagent grade. The hydrogen was dried 
over molecular sieves (Type 13X) prior to 
use. 

Apparatus and procedure. The reactor 

TABLE 1 
The Compounds Added 

@IQ@ @I@ Gzp 
Acridine Carbazole Phenothiazine 

Phenanthrene 

Dicyclohexylatnine 

@&I@ 

Dibenzofuran Xanthene Phenol 
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was an 1 I-mm-i.d. stainless-steel tube 
packed with 2.0 g of catalyst particles. A 
single charge was used throughout the en- 
tire series of experiments. After the cata- 
lyst bed was heated for more than 24 h at 
450°C in air, the catalyst was reduced in 
situ with hydrogen at 400°C and at 100 atm 
pressure for 4 h. The catalyst was then pre- 
sulfided with a mixture of 10% HZS in HZ 
flowing at 30 liters/h at atmospheric pres- 
sure and 400°C for 3 h. After sulfiding, the 
reactor was cooled to 300°C in a H$S/Hz 
stream, and then the solution containing 5 
wt% of dibenzothiophene in xylene was 
supplied to the feed pump. A typical reac- 
tion was carried out under the following 
conditions; temperature, 300°C; total pres- 
sure, 100 atm; flow rate of hydrogen, 28 
liters/h; flow rate of solution, 15 ml/h. After 
steady state was reached in about 3 h, the 
solution containing both 5 wt% of dibenzo- 
thiophene and a poisoning compound was 
then injected instead of the former solution. 
After 2 h, samples of the products were col- 
lected 3 times every 15 min. The next feed 
then contained dibenzothiophene and a 
more concentrated compound than the pre- 
vious one. No sign of deactivation of the 
catalyst was observed during the run for 12 
h. 

Analytical. Reaction products were ana- 
lyzed by gas chromatography using 1% Sili- 
cone OV-17 on 60 to 80 mesh Uniport B. 
The column was heated from 80 to 200°C at 
a rate of lO”C/min. More thorough analyses 
were done by obtaining mp, mass spectra, 
and ir of the individual products as de- 
scribed in a previous paper (15). The initial 
concentration (wt%) of the added com- 
pounds was converted to a partial pressure 
(atm), in Figs. 8, 9, and 10, since the com- 
pounds were completely transformed into 
vapor at 300°C. 

RESULTS 

Hydrodesulfurization of Dibenzothiophene 

In the hydrodesulfurization of dibenzo- 
thiophene (5 wt%) on a presulfided molyb- 

dena-alumina catalyst at 300°C and a total 
pressure of 100 atm, the products, except 
for gaseous products, were cyclohexylben- 
zene (0.63 wt%), biphenyl (0.27 wt%), cis- 
and trans-1,2,3,4,4a,9a-hexahydrodiben- 
zothiophene (0.11 wt%), 1,2,3,4-tetrahy- 
drodibenzothiophene, bicyclohexyl (0.03 
wt%), ethylbicyclo[4.4.0]decane (0.02 
wt%). The conversion was 75%. This ob- 
servation showed that cyclohexylbenzene 
was produced greater than biphenyl, in 
contrast to the results showing much pro- 
duction of biphenyl under the similar condi- 
tions for a sulfided CoMolAlz03 catalyst 
(12, 16-18). This is probably due to the 
presence of cobalt. We studied previously a 
kinetics of dibenzothiophene hydrodesul- 
furization (8) and reported that the reaction 
proceeded in the two different reaction 
pathways: one in which cyclohexylbenzene 
was produced through hexahydrodiben- 
zothiophene, and the other in which bi- 
phenyl was produced by fission of the C-S 
bond in dibenzothiophene, as shown in Fig. 
1. We described also that biphenyl was not 
hydrogenated to yield cyclohexylbenzene 
in the presence of a small amount of di- 
benzothiophene. This mechanism is consis- 
tent with that of dibenzothiophene hydro- 
desulfurization over a MO& catalyst 
reported by Urimoto and Sakikawa (19). 

Effect of Nitrogen Compounds and a 
Polyaromatic Compound 

The changes in the product composition 
in the hydrodesulfurization of dibenzothio- 
phene at 300°C and a total pressure of 100 
atm in the presence of acridine are shown in 
Fig. 2. The amount of cyclohexylbenzene 
dropped from 0.62 wt% initially to 0.12 
wt% at 0.05 wt% acridine and then became 
0.04 wt% at 0.5 wt% acridine. All of the 
hydrogenated dibenzothiophene, bicyclo- 
hexyl, ethylbicyclo[4.4.0]decane, and cyclo- 
hexylbenzene decreased remarkably with 
an increase in acridine, while biphenyl 
increased. There were similar tendencies in 
the case of carbazole, dicyclohexylamine, 
phenothiazine, and phenanthrene. The 
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FIG. 2. Effect of acridine on the products of the FIG. 3. Effect of phenanthrene on the products of 
hydrodesulfurization of dibenzothiophene. 0, dibenzo- the hydrodesulfmization of dibenzothiophene. Dotted 
thiophene; a, 1,2,3&etrahydrodibenzothiophene; line: concentration of tetrahydrodibenzothiophene es- 
A, 1,2,3,4,4a,9a-hexahydrodibenzothiophene; 0, bi- timated because it has the same retention time as a 
phenyl; A, cyclohexylbenzene; 0, bicyclohexyl; n , product of phenanthrene hydrogenolysis. The symbols 
ethylbicyclo[4.4.O]decane. Conditions: dibenzothio- and the reaction conditions are the same as those in 
phene, 5 wt%; temperature, 300°C; total pressure, 100 Fig. 2. 
atm; weight hourly space velocity, 7. 

changes in the product composition for the phenanthrene. The degree of decrease in 
addition of phenanthrene is shown in Fig. 3. cyclohexylbenzene was in the order of acri- 
The amount of cyclohexylbenzene de- dine > carbazole > phenothiazine > dicy- 
creased gradually with an increase in clohexylamine > phenanthrene. The de- 
phenanthrene and was 0.37 wt% at 2.0 wt% gree of increase in biphenyl was in the same 

0.6fi 

Concentration of Cyclohexylbenzene (wt%) 

FIG. 4. Relationships between biphenyl and cyclohexylbenzene in the presence of the nitrogen 
compounds and phenanthrene. 0, acridine; A, carbazole; 0, phenothiazine; 0, dicyclohexylamine; 
0, phenanthrene . 
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order. The amount of cyclohexylbenzene is 
plotted vs the amount of biphenyl in Fig. 4. 
The amount of cyclohexylbenzene showed 
a linear relation to the amount of biphenyl, 
except for the case of carbazole. The devia- 
tion from the relation is probably due to the 
denitrogenation of perhydrocarbazole to bi- 
cyclohexyl as well as the hydrogenation 
even at 300°C. In the case of acridine, dicy- 
clohexylmethane produced from the hydro- 
denitrogenation of acridine was observed 
above 3 10°C. The nitrogen compound was 
found to depress also the desulfurization of 
dibenzothiophene at higher temperatures. 
However, the competitive reactions of ni- 
trogen compounds and dibenzothiophene 
were not resolved due to more complex 
problems involving the inhibition of both 
hydrogenation and desulfurization. 

Effect of Sulfur and Oxygen Compounds 

The changes in the product composition 
in the hydrodesulfurization of dibenzothio- 
phene at 300°C and a total pressure of 100 
atm in the presence of carbon disulfide and 
xanthene are shown in Figs. 5 and 6. the 
amounts of cyclohexylbenzene and bi- 

o,71 
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FIG. 5. Effect of carbon disulfide on the products of 
the hydrodesulfurization of dibenzothiophene. The 
symbols and the reaction conditions are the same as 
those in Fig. 2. 
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6. Effect of xanthene on the products of the 
hydrodesulfurization of dibenzothiophene. Dotted 
line: concentration of tetrahydrodibenzothiophene es- 
timated because it has the same retention time as xan- 
thene. The symbols and the reaction conditions are the 
same those in Fig. 2. 

phenyl decreased with an increase in car- 
bon disulfide. All amounts of the desulfur- 
ization products diminished by the addition 
of these compounds, while dibenzothio- 
phene and the hydrogenated dibenzothio- 
phene compounds raised slightly. We also 
observed similar changes in the product 
composition in the presence of phenol and 
dibenzofuran. This tendency differs from 
that with the addition of nitrogen com- 
pounds and phenanthrene. A plot of the 
amount of cyclohexylbenzene vs the 
amount of biphenyl gives a straight line in 
Fig. 7. 

DISCUSSION 

Relationship between the Formation of 
Biphenyl and the Formation of 
Cyclohexylbenzene 

The main desulfurization products in the 
hydrodesulfurization of dibenzothiophene 
were biphenyl and cyclohexylbenzene as 
described above. When nitrogen com- 
pounds were added, the amount of the de- 
sulfurization product increased but the 
others decreased. If the increasing amount 
of the product was directly proportional to 
the rate of the desulfurization, nitrogen 
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FIG. 7. Relationships between biphenyl and cyclo- 
hexylbenzene in the presence of sulfur and oxygen 
compounds..A, carbon disulfide; 0, xanthene; @, di- 
benzofuran; 0, phenol. 

compounds might be expected to accelerate 
the desulfurization of dibenzothiophene to 
biphenyl. However, there is no information 
on a direct promotion of hydrodesulfuriza- 
tion in the presence of nitrogen com- 
pounds, much less both the promotion of 
desulfurization and the simultaneous inhibi- 
tion of other reactions. Furthermore, if 
cyclohexylbenzene is produced from the 
hydrogenation of biphenyl, the changes will 
be caused by inhibiting the hydrogenation 
of biphenyl to cyclohexylbenzene in the 
presence of the nitrogen compounds. How- 
ever, this explanation is disproved on the 
basis of the previous study (8) which 
showed that hydrogenation does not take 
place during the hydrodesulfurization of di- 
benzothiophene. Hence, the phenomenon 
must be interpreted in another way. 

A kinetics of dibenzothiophene hydrode- 
sulfurization on a molybdena-alumina cat- 
alyst has been studied at temperatures of 
270-340°C and at total pressures of 25-145 
atm (8). It was shown that the best kinetic 
equations for the formation of biphenyl and 
cyclohexylbenzene were 

rBP = k&&HP#HI(l + K~HP~H 

+ KDPD + KHPH)~ (1) 

rCHB = kK6nKnP6nPHI(1 + K6nP6~ 

+ K&I + K&d*, (2) 

where r is the reaction rate; Pi is the partial 
pressure; Ki and ki are constants; BP, CHB, 
6H, D and H are biphenyl, cyclohexylben- 
zene, hexahydrodibenzothiophene, . . di- 
benzothiophene, and hydrogen. These 
equations were derived by assuming that 
the desulfurization and the hydrogenation 
occur on different sites. All of the dibenzo- 
thiophene, hydrogen, hexahydro-, and 
perhydrodibenzothiophene adsorbed com- 
petitively on the desulfurization site, while 
dibenzothiophene, tetrahydro-, and hex- 
ahydrodibenzothiophene on the hydrogena- 
tion site. The adsorption of perhydrodiben- 
zothiophene is negligible because of small 
amount of bicyclohexyl. 

The relationship between the increase in 
biphenyl and the decrease in cyclohexyl- 
benzene can be explained in terms of the 
two rate equations. Acridine was succes- 
sively hydrogenated to perhydroacridine 
but was not denitrogenated to yield dicyclo- 
hexylmethane at 300°C (20), which was not 
observed in the present study also. This in- 
dicates that acridine adsorbs only on the 
hydrogenation site. The other nitrogen 
compounds are found to adsorb almost on 
the hydrogenation site. Since the presence 
of nitrogen compounds does not influence 
adsorption on the desulfurization site, the 
sum of the adsorption of the compounds on 
the desulfurization site is approximately 
constant before and after the addition of the 
nitrogen compounds, i. e . , the denominator 
in Eq. (1) remains almost unchangeable. 
Hence, rgp increases with the increase in 
dibenzothiophene on the addition of the ni- 
trogen compounds. The decrease in rcn~ 
is interpreted from Eq. (2) in the same 
way. Furthermore, since dibenzothiophene 
and hexahydrodibenzothiophene adsorbed 
competitively on the desulfurization site, 
the increase in the formation of biphenyl 
from dibenzothiophene is correlated with 
the decrease in that of cyclohexylbenzene 
from hexahydrodibenzothiophene. The lin- 
ear relationship in Fig. 4 added strong sup- 
port for the suggestion that the desulfuriza- 
tion and the hydrogenation occur on 
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different sites on a sulfided molybdena-alu- 
mina catalyst. 

When the sulfur and the oxygen com- 
pounds were added, the amounts of both 
biphenyl and cyclohexylbenzene decreased 
in Figs. 5 and 6. If these added compounds 
adsorbed competitively with dibenzothio- 
phene and hexahydrodibenzothiophene on 
the desulfurization site, the added com- 
pounds would retard the desulfurization of 
both biphenyl and cyclohexylbenzene. 
Then the decrease in biphenyl must be in 
agreement with the decrease in cyclohexyl- 
benzene. The decreasing amount of cyclo- 
hexylbenzene is proportional to the de- 
creasing amount of biphenyl from Fig. 7. 
Thus these compounds adsorbed competi- 
tively with dibenzothiophene and hexahy- 
drodibenzothiophene on the desulfurization 
site. This relation will be explained also on 
the basis of the poisoning kinetics using 
Eqs. (1) and (2). Therefore, the relation be- 
tween biphenyl and cyclohexylbenzene 
supported the idea that hydrogenation oc- 
curs on one site and desulfurization occurs 
on another site. 

Kinetics of Selective Poisoning 

Many investigators proposed that the hy- 
drodesulfurization of thiophene was ex- 
pressed by a Langmuir-type equation. Sat- 
tertield and Roberts (7) and Moro-oka and 
Hamrin (21) proposed a similar equation 
based on a study of the hydrodesulfuriza- 
tion of thiophene over a CoMo/AlzOj cata- 
lyst at atmospheric pressure; 

r~ = ~TPTPHI(~ + KTPT + KSps)’ (3) 

where T, H, and S are thiophene, hydrogen, 
and hydrogen sulfide. This equation was on 
the basis of a single mechanism in which 
thiophene , hydrogen sulfide, and hydrogen 
adsorbed competitively on the same site. 
At higher pressure of hydrogen and a small 
amount of hydrogen sulfide, Eq. (3) was in 
agreement with our Eqs. (1) and (2). 

Very recently Singhal et al. (22) and Bro- 
derick et al. (12, 18) have reported on ki- 
netics of hydrogenation and desulfurization 

of dibenzothiophene on a sulfided CoMo/ 
A1203 catalyst, and they proposed 
Langmuir-type rate equations. Singhal et 
al. postulated that two types of sites are 
involved in the hydrodesulfurization, on 
one of which dibenzothiophene and the re- 
action products and H2S competitively ad- 
sorb and a second site on which hydrogen 
adsorbs. Broderick et al. (22) proposed that 
the reactant to be hydrogenated is 7~- 
bonded at exposed MO cations, where H2S 
undergoes weak competitive adsorption 
and bases undergo strong competitive ad- 
sorption. However, their assumption dif- 
fers from that in our studies; hydrogenation 
occurs on one site, and desulfurization oc- 
curs with competitive adsorption of hydro- 
gen on another site. 

We then studied the kinetics of the hy- 
drodesulfurization of dibenzothiophene 
poisoned by nitrogen compounds on the ba- 
sis of our assumption described above. 
Since the nitrogen compounds inhibited 
strongly the hydrogenation of dibenzothio- 
phene because of a preferential hydrogena- 
tion of the nitrogen compounds, we deter- 
mined the poisoning effect of nitrogen 
compounds on the hydrogenation of 
dibenzothiophene to tetrahydrodibenzo- 
thiophene. Dibenzothiophene, tetrahy- 
dro-, and hexahydrodibenzothiophene and 
the nitrogen compounds are assumed to ad- 
sorb competitively on one site, while di- 
benzothiophene, hexahydro-, and perhy- 
drodibenzothiophene and hydrogen adsorb 
on another site. Therefore, the formation of 
tetrahydrodibenzothiophene from dibenzo- 
thiophene was represented by 

r4H = kKDKHP&I(l + KDpD 

where 4H and Ai are tetrahydrodiben- 
zothiophene and the added compound. This 
equation is similar to that reported by Bro- 
derick and Gates (18). If the nitrogen com- 
pound is found to adsorb more strongly 
than the other compounds on the hydroge- 
nation site, K&b + K4HP4H + KbHPhH can 
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be neglected compared with KAiPAi. Then between desulfurization and denitrogena- 
K@‘A~ is approximated by KAPA and Eq. (4) tion will be discussed in detail at a next 
can be simplified as paper. 

r4H = ~'KDPDKHPHK~ + KAPA), (5) 

(P&&i) was plotted against PA at a COnStant 
pressure of hydrogen in Fig. 8. Figure 8 
showed that the relation had good linearity. 
The values of KA of acridine, carbazole, 
phenothiazine, dicyclohexylamine, and 
phenanthrene were 690,650,62,41, and 10. 
Since this order depends on the strength of 
adsorption on the active site on which hy- 
drogenation takes place, acridine and car- 
bazole adsorb more strongly than dicyclo- 
hexylamine and phenanthrene. In the case 
of phenothiazine, the plot at high pressure 
deviates from a straight line because of the 
sulfur atom in the molecule. Since the basic 
p K, of acridine, carbazole, and dicyclo- 
hexylamine are 5.6 (23), feeble (23), and 
about 11 (presumably), the relationship be- 
tween KA and p K, does not exist. This may 
be because a solution basicity p K, does not 
represent an intrinsic basicity and because 
the hydrogenated nitrogen compounds had 
a more greater pK, of the original com- 
pounds. At higher temperatures, the nitro- 
gen compounds were found to depress the 
desulfurization as well as the hydrogena- 
tion of dibenzothiophene. The relationship 

Next, we will discuss also the kinetics of 
the hydrodesulfurization of dibenzothio- 
phene retarded by the sulfur and oxygen 
compounds. The rate Eqs. (1) and (2) were 
applied to this poisoning study. Both desul- 
furization and deoxygenation are sulfuriza- 
tion of dibenzothiophene retarded by the 
sulfur and oxygen compounds. Both desul- 
furization and deoxygenation are also as- 
sumed to proceed on one type of site and 
hydrogenation on another site. The sulfur 
and oxygen compounds retard the forma- 
tion of biphenyl and cyclohexylbenzene in- 
stead of increasing the hydrogenated di- 
benzothiophene compounds in Figs. 5 and 
6. Therefore, an additional substance inhi- 

. . 
bition term “KAPA” was introduced in the 
denominator of the rate expressions (1) and 
(2). If the added oxygen and sulfur com- 
pounds absorb strongly rather than di- 
benzothiophene and the hydrogenated 
compounds on the desulfurization site, 
“Kb~pe~ + K&‘D + KHPH” in the denomi- 
nator of the above expressions is assumed 
to be negligible, and the rate expressions 
become 

rBp = kKDKHP&/(l + KAPA)’ (6) 

PA Calm) 

001 002 0.03 0. 

PA (atm) 

FIG. 8. Plot of PdP4” vs PA. The symbols are the FIG. 9. Plot of (P&‘&# vs PA. The symbols are 
same as those in Fig. 4. the same as those in Fig. 7. 
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kHB = kK6HKHP6HPH/(l + &PA)‘. (7) 
Plots Of (P&/r&* VS PA and (P&H/ 
rcu~)“* vs PA at a lower partial pressure of 
the added compound are shown in Figs. 9 
and 10, respectively. For Eq. (6), KA for 
CS2 was 12.3, dibenzofuran 11.7, xanthene 
11.2, phenol 9.2. For Eq. (7), KA for CS2 is 
7.9, dibenzofuran 6.9, xanthene 4.7, phenol 
4.7. KA for Eq. (6) was approximately one- 
half KA for Eq. (7), but the degrees for the 
two equations were similar. No relation 
held at higher pressures of the oxygen com- 
pound despite the sulfur compound. This 
seems to be negligible in the “&uP6u + 
K#D + KHPH" in the denominator of the 
expressions. Even more, when higher con- 
centrations of the oxygen compounds are 
added, the values deviate from a straight 
line from Fig. 7. This is probably due to a 
variation in the surface structure of the cat- 
alyst oxidized by the oxygen compound or 
water formed in the hydrogenolysis of the 
oxygen compound added. However, the 
linear correlation as a first approximation 
supports the assumption that both the sul- 
fur compound and the oxygen compounds 
adsorb competitively on the desulfurization 
site and then retard the desulfurization of 
dibenzothiophene and the hydrogenated 
compounds. Since the KA of carbon disul- 

0 0.01 002 003 00-s 

PA (atm) 

67, 248 (1981). 
14. Gilman, H., and Jacoby, A. L., J. Org. Chem. 4, 

108 (1938). 
FIG. 10. Plot of (P6aPnIrcna)“z vs PA. The symbols 15. Nagai, M., Sawahiraki, K., and Kabe, T., Nippon 

are the same as those in Fig. 7. Kagaku Kaishi 1980, 117. 

fide, which was easily to form hydrogen 
sulfide at this temperature, was greater than 
that of the oxygen compounds, the hydro- 
desulfurization was more inhibited by a sul- 
fur compound formed during hydrotreat- 
ment than by oxygen compounds. 

In summary, the hydrodesulfurization of 
dibenzothiophene on a molybdena-alumina 
catalyst proceeds on two different types of 
site, namely the hydrogenation site and the 
desulfurization site. Nitrogen compounds 
adsorb much more strongly than dibenzo- 
thiophene and inhibit the hydrogenation of 
dibenzothiophene on the hydrogenation 
site. Desulfurization involves competitive 
reactions of deoxygenation and denitro- 
genation. The hydrodesulfurization on a 
molybdena-alumina catalyst includes a 
dual mechanism, in which hydrogenation 
and hydrogenolysis occur. 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

Il. 

12. 

Desikan, P., and Amberg, C. H., Canad. J. Chem. 
41, 1966 (1963); 42, 843 (1964). 
Schuman, S. C., and Shclit, H., Cutal. Rev. 4,245 
(1971). 
Schuit, G. C. A., and Gates, B. C., AZChE J. 19, 

419 (1973). 
Hargreaves, A. E., and Ross, J. R. H., J. Caral. 
56, 363 (1979). 
Lipsch, J. M. J. G., and Schuit, G. C. A., J. Catal. 
15, 179 (1969). 

Massoth, F. E., and Kibby, C. L., J. Caral. 47, 
300 (1977). 
Sattetlield, C. N., and Roberts, G. W., AZChE J. 
14, 159 (1968). 
Nagai, M., and Kabe, T., Sekiyu Gakkai Shi 23, 
82, 275 (1980). 
Cowley, S. W., and Massoth, F. E., J. Catal. 51, 
291 (1978). 
Sattertield, C. N., Modell, M., and Mayer, J. F., 
AZChE J. 21, 1100 (1975). 
Lee, H. C., and Butt, J. B., J. Cam/. 49, 320 
(1977). 
Broderick, D. J., Sapre, A. V., Gates, B. C., 
Kwart, H., and Schuit, G. C. A., J. Catal. 73, 45 
(1982). 

13. Ramachandran, R., and Massoth, F. E., J. Catal. 

REFERENCES 



SELECTIVITY OF MOLYBDENUM CATALYST 449 

16. Houalla, M., Nag, N. K., Sapre, A. V., Bro- 
derick, D. H., and Gates, G. C., AJChEJ. 24,1015 

(1978). 
17. Unpublished data. 
18. Broderick, D. H., and Gates, B. C., AJChEJ. 27, 

663 (1981). 
19. Urimoto, H., and Sakikawa, N., Sekiyu Gakkai 

Shi 15,926 (1972). 

20. Nagai, M., Sawahiraki, K., and Kabe, T., Nippon 
Kagaku Kaishi 1979, 1350. 

21. Moro-oka, S., and Hamrin, C. E., Chem. Eng. 

Sci. 32, 125 (1977). 
22. Singhal, G. H., Espino, R. L., Sobel, J. E., and 

Huff, G. A. Jr., J. Catal. 67,457 (1981). 
23. Albert, A., “Heterocyclic Chemistry.” Oxford 

Univ. Press (Athlone), London/New York, 1968. 


