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A kinetic analysis of the hydrodesulfurization (HDS) of dibenzothiophene (DBT), a representa- 
tive model of the condensed sulfur heterocyclics found in heavy petroleum feeds, has been carried 
out. Kinetic data were generated over standard Co-MO/~-A&O, catalyst at temperatures of 285 to 
350°C by varying hydrogen partial pressure, liquid hourly space velocity, and DBT feed 
concentration. From the data, models obeying Langmuir-Hinshelwood kinetics were developed to 
account for the rate of disappearance of DBT as well as for the selectivity of product formation. 
The models imply that two types of sites on the catalyst surface are involved in the HDS reaction, 
on one of which dibenzothiophene and the reaction products biphenyl, cyclohexylbenzene, and 
hydrogen sulfide competitively adsorb and a second site on which hydrogen adsorbs. The kinetic 
models developed to account for the appearance of the products indicate that product formation 
proceeds predominantly by a parallel path mechanism. However, there is a small contribution to 
the cyclohexylbenzene production from the sequential hydrogenation of biphenyl which becomes 
significant at higher temperatures. 
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NOMENCLATURE 

energy of activation (kcal/g 
mole) 

molar flow rate of fluid at 
reactor inlet (g moles 
fluid/hr) 

heat of adsorption of hydro- 
gen (kcal/g mole) 

adsorption equilibrium con- 
stant of ith species in 
Langmuir-Hinshelwood 
expression for surface re- 
action rate (MPa-‘) 

intrinsic reaction-rate con- 
stant for surface reaction 
(g moles fluid/hr-g cata- 
lyst) 

reaction-rate constants 
liquid hourly space velocity 

(cm3 liquid feed/hr-cm3 
catalyst) 

’ Present address: Exxon Research and Engineer- 
ing Company, P.O. Box 4255, Baytown, TX 77520. 

457 

pi 

Pi’ 

r 

t 
T 
X 

W 

a 

@i 

BiPh 
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partial pressure of ith spe- 
cies (MPa) 

partial pressure of ith spe- 
cies at reactor inlet (MPa) 

reaction rate (g moles 
reactant/g catalyst-hr) 

time (hr) 
absolute temperature (“K) 
molar conversion of diben- 

zothiophene: X = ([DBT,] 
PBTl)/[DBTJ and XBiph = 
([BiPh,]-[BiPh]/[BiPhJ 

weight of catalyst in reactor 
(g catalyst) 

relative amount of diben- 
zothiophene converted to 
biphenyl: (Y = 
[BiPh]/([DBT,] - [DBT]) 

fractional coverage of cata- 
lytic sites of ith species in 
Langmuir-Hinshelwood 
expression for surface re- 
action rate 

biphenyl 
dibenzothiophene 
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CHB 
Prod 

cyclohexylbenzene 
reaction products of diben- 

zothiophene hydrodesul- 
furization, i.e., cycle 
hexylbenzene, hydrogen 
sulfide, and biphenyl 

0 value of parameter at inlet to 
reactor 

INTRODUCTION 

The growing concern with the impact of 
sulfur emissions on the environment, cou- 
pled with the need to desulfurize feedstocks 
to minimize poisoning of noble metal cata- 
lysts, has made hydrodesulfurization 
(HDS) a major petroleum process. Al- 
though HDS achieves the desired sulfur 
level in the products, the process consumes 
hydrogen in excess of the stoichiometric 
requirements for sulfur removal (I). This 
excess consumption is greater when 
heavier feeds and residua with higher levels 
and complexity of sulfur compounds are 
processed to meet growing demands for 
clean liquid fuels. 

In order to minimize the hydrogen con- 
sumption in HDS, an understanding of the 
routes for desulfurization and hydrogena- 
tion of condensed sulfur heterocyclics is 
required. To date, most studies of the HDS 
mechanism over Co-MO/A&O, catalysts 
have been limited to the atmospheric 
pressure reaction of thiophene (2-4). This 
molecule, however, is not representative 
of the condensed sulfur heterocyclics in 
heavier feeds (5). 

Considerable insight into the HDS mech- 
anism was gained from our previous study 
of the chemistry of condensed sulfur het- 
erocyclics (6). Thus for thianthrene and its 
tetramethyl derivative, both of which de- 
sulfurize easily, the reaction appears to 
occur by direct coordination of the sulfur 
with the active site of the catalyst. Analysis 
of the reaction products indicates that no 
further hydrogenation of the aromatics or 
alkylaromatic products occurs. But when 
dibenzothiophene (DBT), which is more 
difficult to desulfurize, is the feed, both 

hydrogenated and unhydrogenated prod- 
ucts are observed. We have proposed that 
these compounds are produced from a com- 
mon intermediate suggesting a parallel 
rather than sequential path for the reaction. 

In recent years the kinetics of DBT hy- 
drodesulfurization has been receiving in- 
creasing attention. Obolentsev and 
Mashkina (7) report data for the hydrode- 
sulfurization of DBT in the presence of 
added biphenyl (BiPh) and H2S. For con- 
tact times up to 6 set, the addition of 
biphenyl significantly decreased conversion 
while HZS had little effect. These results 
suggest that the rate of DBT desulfurization 
is product inhibited. There was no indica- 
tion, however, that the catalyst was 
presulfided or that the results represented 
steady-state operations. 

Bartsch and Tanielian (8) studied DBT 
hydrodesulfurization at atmospheric pres- 
sure, and detected only BiPh and H,S as 
reaction products. The kinetic model devel- 
oped to account for the disappearance of 
DBT indicated a first-order dependence on 
DBT and H2 concentration with an activa- 
tion energy of 5 kcal/mole. This low value 
for the activation energy suggests that the 
reaction of DBT was pore diffusion lim- 
ited. 

Aguilar Rios et al. (9) extended Bartsch 
and Tanielian’s study by operating with a 
finely divided catalyst to overcome pore 
diffusion limitations and studied hydrode- 
sulfurization of DBT in the gas phase at 
atmospheric pressure and low temperature, 
220-240°C. Under these conditions the pri- 
mary products were biphenyl and H$. 
They correlated their data in terms of a 
Langmuir-Hinshelwood kinetic model with 
inhibition between the DBT and the H&3. 
They explain the production of a small 
amount of cyclohexylbenzene in terms of 
the sequential hydrogenation of biphenyl. 
Unfortunately these conditions are not rep- 
resentative of those of commercial 
significance and offer little insight into the 
mechanisms under those conditions. 

Houalla et al. (20) report that the hydro- 
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desulfurization of DBT is first order with 
respect to DBT. The study was conducted 
at 300°C and 10 MPa with a feed containing 
0.06 wt% DBT. Under these conditions, 
the only product observed was BiPh. The 
low concentration of the reactants in their 
study makes it difficult to extend their find- 
ings to the present study. Houalla et al. 
(I 1) in a subsequent study of the hydrodesul- 
furization of methyl-substituted dibenzo- 
thiophenes reported pseudo-first-order 
kinetics for the HDS reaction. This study 
was carried out at a low concentration of 
the sulfur heterocycle as was their previous 
study. They also report data on the effect of 
methyl substitution on product selectivity 
which they could not reconcile with their 
sequential mechanism. 

In a study of the catalytic hydrogenation 
of mixed nitrogen, sulfur, and oxygen com- 
pounds, Rollman (12) found that the disap- 
pearance of DBT was first order with re- 
spect to H2 and DBT. The reactions were 
run at temperatures of 290-430°C and pres- 
sures of 2-10 MPa with a crushed Co- 
Mo/Al,O, catalyst. At these conditions the 
principal products were biphenyl and H2S. 
There was some production of cyclohexyl- 
benzene (CHB), which increased with tem- 
perature. Rollman concluded that this CHB 
production did not result from the sequen- 
tial hydrogenation of BiPh. This conclusion 
was based on his observation that BiPh 
added to the mixed feed did not hydrogen- 
ate. But no kinetic model was developed to 
account for the formation of the observed 
products. 

Geneste et al. (13, 24) in studies of the 
hydrodesulfurization of DBT and its oxi- 
dized sulfur analogs report conflicting data 
for the order of the reaction and reaction 
mechanism. Hence they explain the ap- 
pearance of cyclohexylbenzene in terms of 
a sequential mechanism, but report data for 
the hydrogenation of biphenyl which show 
that the cyclohexylbenzene they produced 
could not be accounted for solely by the 
sequential reaction. Moreover in their 
study they sulfided their catalyst ex situ and 

then transferred it to an autoclave. Since 
these catalysts are extremely air sensitive it 
is difficult to know if they achieved a stable 
catalyst structure or steady state in their 
study. 

EXPERIMENTAL 

Apparatus 

The runs were made in two downflow 
stainless-steel reactors contained in 
fluidized sand baths. The details of the 
reactors and flow system are shown in Fig. 
1. 

Procedure 

The standard operating conditions and 
process variables are summarized in Table 
1. A presulfided Co-MO/A&O, catalyst was 
used for both hydrogenation and desulfur- 
ization studies. In the desulfurization study 
the liquid feed was a solution of DBT in 
tetralin. The liquid feed was modified for 
the hydrogenation studies of cyclohexyl- 
benzene and biphenyl. In this case, the 
feed contained 10 wt% of the reactant in 
tetralin, to which 4 wt% thiophene was 
added to maintain the catalyst in the 
sulfided state. In all cases, the thiophene 
was completely desulfurized. 

A standard operating procedure was em- 
ployed for all desulfurization and hydroge- 
nation studies. DBT was hydrodesulfurized 
by passing a DBT solution in tetralin over 
the sulfided catalyst at the standard condi- 
tions of 3.1 MPa, 31O”C, 4000 SCF/Bbl, 

FIG. 1. Schematic drawing of experimental appa- 
ratus. Reactor A Cd. = 1.07 cm; reactor B i.d. = 1.39 
cm. 
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TABLE 1 

Operating Conditions 

Process variable Level 

Reactor loading 2.5, 5.0, 10.0 cm3 catalyst 
Particle size $&n. extrudates: 20140, 40160, 

and 60/80 mesh 
Temperature 285-350°C 
LHSV (total flow) 1-15 hr-’ 
DBT in tetrahn 2-10 wt% 
H2 concentration in He 50-100 mole% 
H,S concentration in H2 0.5, 1.0 mole% 

Standard conditions 

Total pressure 
Gas flow 
Temperature 
LHSV (total flow) 
DBT concentration in tetrahn 

3.1 MPa 
4000 SCF/Bbl 
310°C 
6 hr-* 
10 wt% 

and 6.0 hr-’ LHSV until conversion and 
product distribution reached steady state. 
This required 2 to 3 days of continuous 
operation. At that time, operating condi- 
tions were changed and the run continued 
until a steady state was reestablished (8-24 
hr). At the steady state, a minimum of three 
hourly samples of the effluent were ana- 
lyzed. Periodically, a run was made at the 
standard conditions for 24 hr to monitor 
catalyst activity. No catalyst deactivation 
was observed in any of the runs. 

The molar flow rate of DBT was varied in 
two ways. For most runs the concentration 
of DBT was maintained at 10 wt% and the 
total liquid flow rate varied. For several 
runs the total flow rate was maintained at a 
LHSV of 6.0 hr-’ and the concentration of 
DBT in the feed varied. 

Catalyst 

The catalyst was CO-MO/A-A&O, con- 
taining 3.7% COO, 13.0% MOO,, and 
1.8% SiO,. Before each run the catalyst 
was sulfided with a 10% H&S/H, mixture 
by heating at a rate of lrtO”C/hr to 300°C 
and then 25”C/hr for 2 hr. The catalyst 
was maintained at the maximum tempera- 
ture of 350°C for 1 hr. This sulfiding pro- 
cedure coupled to the high H,S concen- 

trations produced by the desulfurization 
of DBT assures that the catalyst is not 
subject to the long-term structural 
changes noted by Broderick et al. (15) 
when the H,S level is very low. 

Analysis 

The products were analyzed on an HP 
5830 A gas chromatograph equipped with a 
thermal conductivity detector using either a 
IO-foot, &in.-o.d. column packed with 3% 
SP 2260 on lOO- to 120-mesh Supelcoport or 
a 6-foot, +-in.-o.d. column packed with 
Dexsil 300 G.C. on lOO- to 120-mesh Su- 
pelcoport. Standard solutions of the reac- 
tant and products in tetralin were run for 
comparative purposes. 

Materials 

Biphenyl , cyclohexylbenzene, thio- 
phene, and dibenzothiophene were ob- 
tained from Aldrich Chemical Company. 
The first three were used without 
purification. Dibenzothiophene was dis- 
solved in tetralin and filtered to remove 
insoluble impurities. The solution was 
used without further purification. Tetralin 
was obtained from Aldrich Chemical 
Company and Matheson, Coleman and 
Bell and was found to contain toluene, 
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Starting material 

TABLE 2 

Reactions of DBT and Product+ 

Temperature (“C) Mole% conversion Mole% products 

DBT BiPh CHB 

DBT* 300 40 60.0 37.0 3.0 
310 55 45.0 50.0 5 
325 85 15.0 76.5 8.5 
350 99+ - 89.0 11.0 

BiPh’ 300 0.3 - 99.7 0.3 
310 0.7 - 99.3 0.7 
325 1.8 - 98.2 1.8 
350 3.8 - 96.2 3.8 

CHB 300-350 0 - - 100 

D Reaction conditions: 4000 SCF/Bbl, 6 LHSV, 3.1 MPa. 
*se Feed: * 10% in tetralin; c 10% in tetralin and 4% thiophene. 

decalin, and naphthalene as impurities. Kinetic rate data were obtained by vary- 
Since these compounds did not interfere ing the space velocity and monitoring con- 
with the product analysis, no attempt was version at steady-state operation. The 
made to remove them. space velocity was varied by either (i) 

RESULTS AND DISCUSSION 

Results 

In this investigation the only products 
observed were biphenyl (BiPh), cyclohexyl- 
benzene(CHB), and H$. 

Typical levels of DBT, BiPh, and CHB 
conversion and product distributions are 
given in Table 2. These results are the basis 
for the development of the parallel path 
mechanism. 

FIG. 2. The conversion of dibenzothiophene as a 
function of space velocity. Reaction conditions: 
310°C 2.6 MPa H2 partial pressure, 20/40- and 
40/60-mesh catalysts. 

changing total liquid flow rate at constant 
DBT feed concentration or (ii) changing 
DBT feed concentration at a constant total 
liquid flow rate. The conversion was found 
to be independent of the method of chang- 

.I0 - 
PREDICTED BY SEQUENTIAL 
MODEL I 

PREDICTED BY ’ 
.08 - PARALLEL MODEL II. 

.06 - 

CONVERSION OF DBT 

FIG. 3. The effect of conversion on product ratio. 
Reaction conditions: 310°C 2.6 MPa H2 pressure, 
40/6Gmesh, catalyst, k”/K = 0.07. 
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FIG. 4. The effect of hydrogen partial pressure on 
the product ratio. Reaction conditions: 325”C, 3.1 MPa 
total pressure, 6.0, hr-* LHSV. 

ing the DBT flow rate and dependent solely 
on the space velocity. These results are 
shown in Fig. 2. 

Although conversion of DBT is a func- 
tion of space velocity, selectivity, as shown 
in Fig. 3, is not. The selectivity is, how- 
ever, a function of hydrogen partial pres- 
sure and temperature as shown in Figs. 4 
and 5, respectively. 

[CHBI 
lpq 

I .oo y 

-. 
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q 
.I0 : v 
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. l/l&in. EXTRUDATE 
- . 20/40 MESH 

. N/60 MESH 

_ I &I,‘80 MESH 

.Oll I &I I .65 I .70 1.75 I.80 1 .a5 

1000/T, OK 
-1 

FIG. 5. The effect of temperature on product ratio. 
Reaction conditions: 2.6 MPa hydrogen pressure, 6.0 
hr-’ LHS V total. 

TABLE 3 

Effect of H$ on Reaction of DBT’ 

Mole% H&S 
in HP 

Mole% conversion [CHB]/[BiPh] 

0 61.3 0.068 
0.052 52.7 0.065 
0.97 49.3 0.077 

a Reaction conditions: 3WC, 3.1 MPa, 6.0 LHSV, 
10% DBT, 4000 SCF/Bbl. 

Product inhibition in the hydrodesulfur- 
ization of DBT was investigated by operat- 
‘ing with H,S added to the feed. These 
results are summarized in Table 3. It is 
evident that under these conditions H,S 
inhibits the rate of the DBT reaction, but 
has no significant effect on selectivity. 
-- In reactions over porous catalysts, such 

as CO-MO/A&O,, the overall rate of reac- 
tion may be influenced by the following 
transport steps: (i) bulk mass transfer, (ii) 
axial dispersion, and (iii) pore diffusion. 
The absence of any bed height or fluid 
velocity effects on conversion or product 
selectivity indicates that there are no bulk 
mass transfer or axial dispersion effects in 
these experiments. These data are summa- 
rized in Table 4. There does, however, 
appear to be some pore diffusional limita- 
tion on reactant disappearance and prod- 
uct formation as shown by the data in 
Table 5. 

In these experiments hydrogen is present 

TABLE 4 

Bed Height Effects in DBT Reaction’ 

Volume of 
catalyst 

bed (ems) 

Mole% conversion 
of DBT 

[CHB]/[BiPh] 

2.5b 45.0 0.138 
5.ob 43.5 0.136 

lO.ff 47.8 0.141 

D Reaction conditions: 31@‘C, 4000 SCF/Bbl, 6 
LHSV, 3.1 MPa, 10 wt% DBT in tetralin. 

b 1.07-cm-i.d. reactor. 
c 1.39cm-i.d. reactor. 
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TABLE 5 

Particle Size Effects in DBT Reaction” 

Particle size Mole% [CHB]/[BiPh] 
conversion 

of DBT 

&-in. extrudate 47.8 0.141 
catalyst 

20/40-mesh catalyst 55.5 0.096 
40/60-mesh catalyst 53.5 0.083 
60/80-mesh catalyst 53.1 0.090 

a Reaction conditions: 6 LHSV,, 3.1 MPa, 10 wt% 
DBT in tetralin. 

in great excess (the molar ratio of H2 : DBT 
is greater than 50 : 1). In the kinetic analysis 
the hydrogen partial pressure is assumed to 
be constant throughout the reactor. 

Product Formation-Kinetic Model 

The sole products of DBT hydrodesulfur- 
ization are BiPh and CHB. 

The two simplest models to account for 
the appearance of products are: 

Model I 
(Sequential) 

DBT 5 BiPh z CHB, 

Model II 
(Parallel) 

k’ BiPh 

DBT / 

\ k” CHB. 

Following the procedures outlined by 
Carberry (16), the product ratio can be 
expressed as a function of k’/k” and conver- 
sion. The experimental results and theoreti- 
cal distributions for those two models are 
shown in Fig. 3. The data clearly demon- 
strate the superiority of the parallel path 
mechanism for describing this reaction. 

In developing these models for product 
distribution the dependence of k’ and k” on 
hydrogen partial pressure was ignored 
since the data were generated at constant 
hydrogen pressure. As shown in Fig. 4, the 

product ratio, CHB/BiPh, is strongly de- 
pendent on hydrogen partial pressure. This 
dependence suggests Langmuir-Hinshel- 
wood kinetics, in which the catalyst sites 
become increasingly saturated at higher 
pressure. This requires the following 
modification of the parallel path mode: 

Model III 

k3 / 
BiPh 

DBT+H&A* 
/ 

+ 
K \kZ 

\CHB. 
The model assumes there is an active 

intermediate A* which is a precursor to the 
formation of BiPh and CHB. This is the 
mechanism postulated in our earlier paper. 
Expressing the rates in terms of Langmuir- 
Hinshelwood kinetics gives 

CHB kz K&z 
BiPh=- ks [ 1 + &zzP~z ’ 1 (1) 

This model assumes that H,S does not 
adsorb competitively with hydrogen. This 
assumption is based on the experimental 

[BiPh] 
[CHBI 

25 

OOV .8 1.0 1.2 1.4 1.6 

+, MPO“ 

Hz 

FIG. 6. Fit to product ratio to kinetic Model III. 
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I .o I I I I 

.50 - 

.I0 - odl= 25.2 Kcal/g mole _ 

.05 - 

.Ol I I I I 
1.55 1.60 1.65 1.70 1.75 I .80 

1000/T, 'K -1 

FIG. 7. Plot of the hydrogen adsorption coefficient 
vs. reciprocal temperature. 

observation that H,S does not affect prod- 
uct selectivity. 

The agreement between the model and 
the data is shown in Fig. 6. The seemingly 
poorer fit at low temperatures is a result of 
the increased error in determining [CHB] 
at low concentrations. This is reflected 
in the larger confidence limits for these 
data. 

The values for KHz and k.Jk, were calcu- 
lated from the intercepts and slopes of the 
lines in Fig. 6, and are plotted as functions 
of reciprocal temperature in Figs. 7 and 8, 
respectively. From these. data the heat of 
adsorption of hydrogen was found to be 
25.2 kcal/g mole. Values between 20 and 60 
kcal/g mole for the heat of adsorption of 
hydrogen have been reported in the litera- 
ture (17, 28). These values were obtained 
from chemisorption studies made over 
unsulfided Co and MO catalysts under non- 
reactive conditions. From the variation of 
k,/k, with temperature, an activation en- 
ergy difference E2 - Es = AE = 19.7 kcal/g 
mole was calculated. 

.OlI , , , , I 
1.55 1.60 1.65 1.70 1.75 1.80 

1000/T, "K-l 

FIG. 8. The Arrhenius plot of the ratio ofkMrinsic 

rate constants for the reactions: A + H, 2 CHB; 
k, 

A* +BiPh. 

DBT Disappearance-Kinetic Model 

The disappearance of DBT was modeled 
by fitting to Langmuir-Hinshelwood ki- 
netics. The suitability of these kinetics to 
HDS of simpler thiophenes has been shown 
by Lee and Butt (19). The following models 
were evaluated. 

Model IV 

-d(DBT) = 
dt 

Wdhr&mPH~ 
(1 + hI*PH* + KImodPmd + KDBTPDE2’ 

(2) 

i.e., dual site with competitive adsorption 
on a single type of site. 

Model V 

-&DBT) = 
dt 

KdGm&zPonT 
(1 + Krd’oa~ + KprodPprod)(l + KHzPH2) ’ 

(3) 
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i.e., two sites with competitive adsorp- 
tion of DBT and products on one site, 
adsorption of H2 on a second type of site. 

These models were evaluated utilizing a 
broad range of assumptions on the relative 
magnitudes of adsorption of the reactants 
and products. 

Of these models the best fit was obtained 
with Model V when it was assumed that 
reactants and products adsorb strongly 
(KDBTPDBT + KprodPprod > 1). This model 
gives the following integrated rate expres- 
sion for a plug flow reactor: 

$ln&= &&z Km 
(1 + KII$‘H~) &rod 

$$+ (1 -2). (4) 

The conversion data were fitted to Eq. (4), 
using values of KHz obtained from the 
model for product formation, and are 
shown in Fig. 9. These data were generated 
over the range of temperatures, hydrogen 
partial pressures, and space velocities de- 
scribed in Table 1. 

The intrinsic rate constant, k, and ratio of 
adsorption coefficients, KDBT/Kprod, were 
obtained from the slopes and intercepts of 
the lines in Fig. 9. The Arrhenius plot for 
the rate constants is shown in Fig. 10. The 
activation energy for the disappearance of 
DBT calculated was 39 kcal/g mole. This 

- i I L I I 
I .65 I .70 I .75 I .a0 I .85 

,000/T. 'K-' 

FIG. 10. Arrhenius plot of the intrinsic reaction rate 

constant for the reaction: DBT + H, 2 A*. 

agrees with the value of 36 kcal/g mole 
calculated by Rollman (12). 

When the ratio of adsorption coefficients, 
&BT/&~I 9 was plotted as a function of l/T 
the expected linear relationship was not 
observed. This suggests that the difference 
in heats of adsorption, AHDBT - AHprod, is 
changing with temperature. This change 
can be accounted for when the contribu- 
tions of the different products to the overall 
adsorption coefficient are considered. 

0 100 200 300 400 500 6W 700 

FIG. 9. The fit of the DBT conversion data to kinetic Model V. 
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.“I, .L,,_II/ 
1000,'T,°K-' 

FIG. 11. Theoretical contributions of multiple prod- 
acts to the ratio of adsorption coefficients KDBTIKDrOd. 

At low temperature, it appears that Kprod 
is dominated by a product with a heat of 
adsorption considerably greater than DBT. 
This contribution decreases rapidly with 
increasing temperature, becoming negligi- 
ble at high temperature. At these tempera- 
tures Kprod is controlled by a product having 
a heat of adsorption comparable to DBT. 
This effect is illustrated in Fig. 11. 

where 

&iphh ks 
K1 = KDBTk, ’ K2 = k3 + k&.,2 ’ 

and 

The reaction rate constant, k4, was 
evaluated from data on the hydrogenation 
of BiPh over a crushed Co-Mo/A1203 
catalyst using the following Langmuir- 
Hinshelwood model: 

Sequential Reaction-Kinetic Model 

The models developed thus far do not 
account for the observed effects of particle 
size on product selectivity. From the data 
in Table 5 it is apparent that there are 
significant diffusional effects for the larger 
&-in. extrudate catalyst particles. Since in- 
traparticle diffusion is characterized by a 
concentration gradient through the catalyst 
pellet, the effective BiPh concentration in 
the pores should be greater than the bulk 
liquid. This higher concentration of BiPh in 
the pores leads to increasing production of 
CHB by the sequential reaction pathway. 
The model developed for product selectiv- 

ity allows only for the formation of prod- 
ucts by the parallel path mechanism. A 
more complete model which allows for both 
parallel and sequential reactions is: 

Model VI 

ks 
/ 

Bigh 
2 

DBT+H,AA* 
+ t 

The integrated rate equations for a plug 
flow reactor at constant hydrogen pres- 
sure are 

[BiPhl 
DBToI 

= A((1 -x) - (1 - XYI), (3 
1 

(1 - (1 - W), (6) 

-d(BiPh) = 
dt 

Assuming BiPh is strongly adsorbed and 
KC~EPCHB can be neglected at low conver- 
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FIG. 12. Arrhenius plot for the intrinsic rate constant 

for biphenyl hydrogenation: BiPh + H, 2 CHB. 

sion, for a plug flow reactor Eq. (7) 
yields 

- PARALLEL PWS SEQUENTIAL PATH fiif2ty 1 
i 

l 20,‘40 MESH 

l 40/&l MESH 

. 60/80 MESH 

1.60 I .65 1 .70 1.75 1.80 

1000/T, OK 
-1 

FIG. 13. Product ratio predicted by parallel path 
model, and parallel plus sequential path model. 

Values of k, were calculated from Eq. (8) 
and are plotted in Fig. 12. 

The product distribution predicted by 
Model VI can be calculated if it is assumed 
that &BTIKprOd = 1. A plot of the product 
ratio, [CHB]/[BiPh], versus temperature is 
shown in Fig. 13. Included in the plot are 
the distributions predicted by the parallel 
path model and the parallel plus sequential 
path model. The latter model clearly pro- 
vides a better fit to the data. 

CONCLUSIONS 

Hydrodesulfurization of dibenzothio- 
phene to biphenyl, cyclohexylbenzene, 
and H,S over a Co-Mo/Al,O, catalyst 
fits the kinetic model: 

/ 

BiPh k3 
+H, 

DBT + HzAAA* 
+ 

I 

k 

H2 <CHB 

where A* is a steady-state intermediate. 
Most CHB is produced by reaction of A* ; 
however, there is a finite contribution from 
the sequential reaction of BiPh which in- 
creases with temperature. This model ac- 
counts for the observation by Rollman (12) 
that the production of CHB increases with 
temperature. The proposed mechanism 
also accounts for the product distribution 
reported by Bartsch and Tanielian (8) and 
Aguilar Rios et al. (9) who found primarily 
H2S and BiPh at atmospheric pressure. 
The model predicts a product ratio, 
[CHB]/[BiPh], of 0.09 at 325°C and 3.1 
MPa and a ratio of 0.005 at atmospheric 
pressure. 

The rate for DBT disappearance is de- 
scribed best by the Langmuir-Hinshel- 
wood expression: 

-d(DBT) = 
dt 
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This expression becomes first order with 
respect to DBT as its concentration de- 
creases. This accounts for the first-order 
dependence observed by Houalla et al. 
(10, ZZ) at the low DBT concentration they 
studied. 

The rate expression implies that the sur- 
face reaction involves two sites on the 
catalyst surface, one site on which DBT 
and products competitively adsorb and a 
second site for Hz adsorption. This concept 
of two sites is further established by studies 
in which the addition of H,S decreased the 
rate of conversion but did not affect prod- 
uct selectivity. The competitive adsorption 
by more than one reaction product can be 
deduced from the ratio of adsorption 
coefficients KDBT/Kprod which indicates that 
more than one product contributes to Kprod. 
This model is similar to one proposed by 
Massoth (20) for thiophene who reported 
that desulfurization involves dual sites, one 
upon which thiophene and H,S competi- 
tively adsorb and one upon which Hz ad- 
sorbs. 

The kinetic models developed to account 
for product selectivity and rate of DBT 
disappearance support the reaction mecha- 
nisms proposed in our earlier paper on the 
chemistry of condensed sulfur heterocy- 
clics. 
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