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Solvent effects on hydrodesulfurization (HDS) of benzothiophene (BT) and dibenzothiophene
(DBT) catalyzed by Co~Mo/AlLO, were investigated under deep hydrodesulfurization conditions.
Data for BT and DBT are arranged by the Langmuir-Hinshelwood equation. Activation energies of
HDS of BT and DBT were approximately 21 and 24 kcal/mol respectively, in every solvent. Heats
of adsorption of BT and DBT are both estimated to be 22 kcal/mol. Significant solvent effects were
found under deep desulfurization conditions, and the values of heat of adsorption for various

solvents were estimated from the K, obtained.

INTRODUCTION

Under deep desulfurization conditions,
effects of other components in light oil can-
not be disregarded. However, studies to
date of hydrodesulfurization (HDS) have
not shed light on the retarding effects of
solvents, particularly in the cases of ben-
zothiophene and dibenzothiophene, which
are sulfur-containing key compounds in
light oil.

Although a number of kinetic studies (/-
14) have been performed on the HDS of BT
and DBT in the presence of Co-Mo/Al;0s,
there are only a few examples which cover
a wide range of temperatures and pressures
and take into account effects of reactants
and products on the rate of reaction. Fur-
ther, a mechanism of deep desulfurization
of BT and DBT and retarding effects of
components in feedstock, e.g., solvents, re-
mains unknown.

In this paper, we report retarding effects
of solvents in the Kkinetic study of deep
HDS of BT and DBT catalyzed by Co-Mo/
AlLO;. Adsorption equilibrium constants
and heat of adsorption of solvents were es-
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timated by an equation derived from the ki-
netic data.

EXPERIMENTAL

Materials. Solvents, n-heptane, toluene,
xylene, decalin, n-pentadecane, tetralin, 1-
methylnaphthalene (Kishida Chemicals), n-
hexadecane, and dibenzothiophene (Tokyo
Kasei Chemicals), were the commercial GR
grade and were further purified by passage
through a column (1.D. 20 mm; 30 cm) con-
taining activated alumina (0.063-0.200
mm). Benzothiophene (Wako Chemicals)
was distillated under vacuum before use.
Dibenzothiophene (Tokyo Kasei Chemi-
cals) was recrystallized from ethanol. Hy-
drogen (99.99%) was obtained from Tohei
Chemicals. Hydrogen sulfide in hydrogen
(H>S:H, = 3:97) was obtained from Taka-
chio Chemicals. The commercial Co-Mo/
ALO; (Co0O, 3.8 wt%; MoO,, 12.5 wt%)
was supplied as a 1/32 extrudate which was
crushed and screened to provide 0.84- to
1.19-mm granules used in this work.

Apparatus and procedure. The reactor
was a 10-mm-i.d. stainless-steel tube
packed with 0.2 g of catalyst particles di-
luted with quartz sand to 3 cc. The single
charge was used throughout the entire se-
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ries of experiments. After the catalyst bed
was heated for more than 24 h at 450°C in
air, it was presulfided with a mixture of 3%
H-S in H, flowing at 30 liter/h at atmo-
spheric pressure and 400°C for 3 h. After
these pretreatments, the reactor was cooled
in a H>S/H> stream to the expected temper-
ature and was pressurized by hydrogen.
Then, the solution containing ben-
zothiophene or dibenzothiophene was sup-
plied to the feed pump (Kyowa Seimitsu
KHD-16). A typical reaction was carried
out under the following conditions: temper-
ature, 180-310°C; total pressure, 25-100
atm; flow rate of hydrogen, H; 18 liter/h;
flow rate of solution, 14 g/h (WHSV 70
h™!); concentration of dibenzothiophene,
0.1-3.0 wt%. Conversion of DBT reached a
steady state within about 3 h. Then, sam-
ples of products were collected from a gas—
liquid separator four times every {5 min. In
the sampling period, hydrogen sulfide was
trapped through an aqueous solution of
Pb(CH;COO); - 3H,0. PbS formed was fil-
tered, dried at 120°C for 2 h, and weighed.
Sulfur removed by the conversion of DBT
was quantitatively recovered by the trans-
formation of hydrogen sulfide into PbS in
that period. Subsequently, reaction temper-
ature was changed and after 1 h sampling
was carried out in a similar manner. No
sign of deactivation of the catalyst was ob-
served during the run for 16 h.

Analytical. Reaction products were ana-
lyzed by gas chromatography with FID de-
tector (Hitachi 163) using a OV-1 capillary
column (I.D. 0.25 mm X 50 m).

Kinetic calculations. For hydrodesulfur-
ization of BT and DBT, Langmuir-Hin-
shelwood kinetics have widely been re-
ported (/-14),
rups = KupsKrPr/(1 + KyPt + Ky,sPy,s)

X KyPu/(l + KyPy), (1)
where ryps = rate of HDS; kyps = rate con-
stant of HDS; K1, Ky,s, and Ky = adsorp-
tion equilibrium constants of thiophenes,

hydrogen sulfide, and hydrogen; Py, Py,
and Py = partial pressure of thiophenes,
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hydrogen sulfide, and hydrogen. Under our
experimental conditions, the kinetic equa-
tion can be simplified for the following rea-
sons: (1) Because the amount of converted
BT or DBT was zero order with respect to
partial pressure, the hydrogen pressure
term can be included in the rate constant.
(2) Under deep desulfurization conditions,
the inhibition due to H,S is not significant
because of the low concentration of HsS in
the reactor and the constant hydrogen
sweeping. Based on the above assump-
tions, Eq. (1) can be simplified to

rups = kupsKtPr/(1 + KtP1). (2)

RESULTS

Effects of solvents on hydrodesulfurization
of benzothiophene and dibenzothiophene
were investigated and the results in the case
of 0.1 wt% of benzothiophene (BT) and
(DBT) are shown in Fig. 1. At each temper-
ature, the conversion of BT decreased in
the order toluene > decalin > n-pentade-
cane > [-methylnaphthalene. The conver-
sion of DBT also decreased in the order n-
heptane > xylene > decalin > tetralin.
Figure 2 shows the effects of initial concen-
tration of DBT on the conversion. The dif-
ferences between n-heptane, xylene, deca-
lin, and tetralin at 0.1 wt% of DBT were
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FiG. 1. Effects of solvents on conversion of ben-

zothiophene and dibenzothiophene. 50 kg/cm?;
WHSH, 70 h'; catalyst, 0.2 g; H, 18 liter/h; initial
concentration of BT, 0.1 wt%. Solvent: A, toluene; O,
decalin; V, n-pentadecane; and [], l-methylnaphtha-
lene. Initial concentration of DBT, 0.1 wt%:; solvent:
V¥, n-heptane; A, xylene: @, decalin; and W, tetralin.
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Fic. 2. Effect of initial concentration of dibenzothio-
phene on conversion of dibenzothiophene. 50 kg/cm?;
WHSH, 70 h '; catalyst, 0.2 g; H, 18, liter/h: DBT. 0.1
wi%: V, n-heptane; O, xylene: A, decalin; and ],
tetralin. DBT 1.0 wt%: ¥, n-heptane; @, xylene: A,
decalin: and W, tetralin.

larger than those at 1.0 wt% of DBT, which
shows that the effects of solvents at 0.1
wt% of DBT are larger than those at 1.0
wt%, especially at lower temperature.
Therefore, the effects of solvents become
large under deep desulfurization condi-
tions. In deep desulfurization of light oil, its
components will have a large influence on
the catalytic activity and selectivity.
Kinetic parameters were estimated by
Eq. (2). Arrhenius plots of &’ in the use of
each solvent were drawn in Fig. 3. Every
slope of BT in Fig. 3 was approximately
equal and the activation energy in the case
of every solvent was calculated to be 21
kcal/mol. A similar result was also obtained
in the case of DBT, and the activation en-
ergy was calculated to be 24 kcal/mol.
These results show that the activation en-
ergy is not affected by solvent. Heats of
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Fi1G. 3. Arrhenius Plots of k', Solvents in BT HDS:
A, toluene; O, decalin; V, n-pentadecane; and [, 1-

methylnaphthalene. Solvents in DBT HDS: ¥, n-hep-
tane: A. xylene: @, decalin: and I. tetralin.

adsorption of BT and DBT were estimated
from the van’t Hoff plots of Kgr and Kpgr
and are summarized in Tables 1 and 2.
When toluene in HDS of BT or n-heptane in
HDS or DBT, which can be regarded to
have the least retarding effect on HDS
among the four solvents, was used, heats of
adsorption of BT and DBT were both 22
kcal/mol. In contrast to the activation en-
ergy, the heat of adsorption seems to be
affected by solvents and showed a small
value when a solvent which adsorbed on
the catalyst more strongly to retard the
HDS rate was used. It is suggested that
the competitive adsorption between
benzothiophene and a solvent on the
catalyst surface would retard the HDS
reaction.

For better understanding of these results,
the retarding effects of solvents were esti-

TABLE 1

Effects of Solvent on Heat of Adsorption of BT+

Solvent Toluene Decalin  n-Pentadecane  |-Methylnaphthalene
Qur 22 16 16 10
(kecal/mol)
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TABLE 2

Effects of Solvent on Heat of Adsorption of DBT¢

Solvent n-Heptane  Xylene  Decalin  Tetralin
Qour 22 16 12 10
(kcal/mol)

“ Obtained on the basis of Eq. (2).

mated by Eq. (3) where the retarding term,
K. Pio» was introduced into Eq. (2):

runs = kupsKtPr/(1 + KtPr + KoilPso)-
)

Here K is the equilibrium adsorption con-
stant, and P, is the partial pressure of sol-
vent. In the determination of K, the val-
ues of k" and Kt obtained from Eq. (2) in the
case of toluene and n-heptane are used in
HDS of BT and DBT, respectively. It was
assumed that adsorption of toluene or
n-heptane onto active sites of HDS of the
catalyst would be much weaker than that
of BT or DBT, that is, KuenePtoluene OF
K heptancP n-hepane Could be ignored at every
temperature in comparison with KgrPyr or
KpsrPpsr. Van't Hoff plots of K, revealed
the linear relationship, and the heats of ad-
sorption of solvents calculated by the
slopes are shown in Table 3. Heats of ad-
sorption of solvents increased in the order
xylene < decalin < n-pentad cane < tetra-
lin < I-methylnaphthalene, indicating sol-
vents such as [-methylnaphthalene, which
has the high aromaticity, adsorbs competi-
tively with thiophenes such as BT or DBT
on Co-Mo/Al,O; by more than 1:1 ratio.

DISCUSSION

The kinetic study of HDS of DBT over a
wide range of temperatures and pressures
was reported by Broderick and Gates (6).
They performed the reaction of DBT with
hydrogen in the range 548-598 K and 34—
160 atm on Co-Mo/Al,O;. For hydrogenol-
ysis of DBT, they recommended the rate
eqguation

rups = kKpgrPpa1/(1 + Kppr Pper + K. Py)
X Ky, Pu/(1 + Ky, Py), (4)

where K, and P, are the adsorption equilib-
rium constant and partial pressure of hy-
drogen sulfide. For DBT hydrogenolysis in
this study, the activation energy and the
heats of adsorption of DBT, H,S, and hy-
drogen were 30, 4.5, 5.3, and —8.4 kcal/
mol, respectively. Although the important
result in this study is the firmly established
dependence of the hydrogenolysis rate on
the H; concentration, the heat of hydrogen
adsorption was the negative value. Further,
the power of two in denominator term for
DBT and H; adsorption was not justified in
relation to a reaction mechanism.

Vrinat and de Mourgues (7) reported a
vapor-phase kinetic study of DBT on Co-

TABLE 3

Heat of Adsorption of Solvents”

Solvent Xylene Decalin  n-Pentadecane  Tetralin 1-Methylnaphthalene
Quol 15 16 17 18 24
(kcal/mol)
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Mo/Al,O; industrial catalyst at 473-520 K
and 5-50 atm. The rate raw consistent with
a Langmuir-Hinshelwood mechanism with-
out the competitive adsorptions between
DBT and hydrogen, and the inhibition by
H,S, and is best expressed as

rups = kKpprPpar/(1 + KparPosr + K Py)
x KuPu/(l + KuPyu). (5)

In this study, the activation energy of HDS
and the heat of adsorption of hydrogen
were 23 and 4.5 kcal/mol, respectively.

Singhal et al. (8) reported another kinetic
study of DBT HDS over a wide range of
reaction conditions (558-623 K, 7-26 atm,
Co-Mo/Al,03). They proposed Eq. (6),
similar to Eq. (5),

rups = kKpprPpsr/(1 + KpsrPosr
+ Kpruderod) X KHZPHI/(I + KH3PH:)w (6)

where K¢ and Pp.,g mean the adsorption
equilibrium constant and partial pressure of
products. In this study, the activation en-
ergy of HDS and heat of adsorption of hy-
drogen were 39 and 25 kcal/mol, respec-
tively.

All these equations are similar to Eq. (1),
which we used. However, there are some
differences in the results. In our result, acti-
vation energy of HDS was about 24 kcal/
mol in each solvent. The result of Vrinat
and de Mourgues is closest to our results.
Because solvents does not affect the activa-
tion energy, as shown in the present study,
the differences in activation energy be-
tween the above results and ours are proba-
bly due to the reaction temperature. When
the range of temperature is relatively high,
the activation energy of HDS tends to be a
high value. Since our experiments and
Vrinat's were performed at the similar low-
est temperature range, similar results
seemed to be obtained.

Heat of adsorption of hyrogen also ap-
pears to depend on the range of hydrogen
pressure. When the range of hydrogen pres-
sure is small and relatively low, heat of ad-
sorption of hydrogen reveal a high values as
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shown by Singhal’s result. When the range
of hydrogen pressure was extended to 50
atm by Vrinat or 160 atm by Broderick,
heat of adsorption of hydrogen remarkably
decreased and the result by Broderick
showed negative value. In the present our
result, hydrogen reached the saturation of
adsorption over 25 atm at every tempera-
ture, and the rate of HDS did not change
with respect to hydrogen pressure. Al-
though these results show the mechanism
that DBT and hydrogen adsorb the separate
adsorption sites on the catalyst, we cannot
obtain Ky, and heat of adsorption of hydro-
gen from these data. In the range of hydro-
gen where Broderick performed his experi-
ments, because the rate of HDS is near zero
order reaction with respect to hydrogen
pressure and the increase of rate with an
increase of hydrogen pressure was ex-
tremely small, it seems that they could not
obtain the meaningful value of heat of ad-
sorption of hydrogen.

Heat of adsorption of DBT are affected
by solvent as shown in Table |I. When a
solvent which adsorbs strongly on a cata-
lyst in used, Qpar is estimated to be smaller
than that without solvent. The value of
QOpsr obtained by Broderick and Gates
were smaller than those obtained by us.
This would be due to the lack of consider-
ation of a solvent in the data of Broderick.
As shown in Table 2, heat of adsorption of
n-hexadecane which was used by Bro-
derick and Gates was 20 kcal/mol, largest
among the four. Therefore, it may be diffi-
cult to obtain the sure value of Qppr in the
reaction with heaviest solvents such as n-
hexadecane.

The kinetic study of benzothiophene
HDS over a wide range of temperature and
pressure was reported by Kilanowski and
Gates (/3). They performed the reaction of
benzothiophene with hydrogen at tempera-
tures 525, 575 and 605 K below 2 atm on
Co-Mo/AlLO;. They showed that Eq. (7)
below, where benzothiophene, hydrogen
sulfide, and hydrogen competitively ad-
sorbed on same adsorption sites and the re-
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tarding term, Ky, Pp,. in the denominator
was neglected, roughly fits the data at all
three temperature and that Eq. (8) below,
where benzothiophene and hydrogen ad-
sorbed on separate adsorption sites and
benzothiophene and hydrogen sulfide com-
petitively adsorbed on same adsorption
sites, reasonably fits the data at the two
higher temperatures:

rups = kKprPrrKuPu/(1 + KgrPyr
+ KsPs)* (7)

rups = kKpprPopr/(1 + KpgrPpsr + KP))
X KH:PH:/(I + KH:PH:). (8)

When Eq. (7) was used in their no-sol-
vent system, the activation energy was
20 + 3 kcal/mol and heats of adsorption
were 15 = 10 and 6 = 6 kcal/mol, respec-
tively. It was described that the uncertainty
in these latter values reflects the poorness
of fit of the data to Eq. (7) at 525°C. When
Eq. (8) was used, the values for BT and
H-S. were 19 and 13 kcal/mol, respectively.
Our results in the case of toluene showed
very close values to the results of Ki-
lanowski in both activation energy and heat
of adsorption of BT.

CONCLUSION

Under deep desulfurization conditions, the
effects of solvents were investigated. Acti-
vation energies and heats of adsorption of
BT and DBT were estimated by a
Langmuir-Hinshelwood rate equation. Al-
though activation energies were not af-
fected by solvents and were 21 and 24 kcal/
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mol, respectively, heats of adsorption of
BT and DBT were different depending on
solvents. When heats of adsorption of sol-
vents were estimated from the retarding
term K, P introduced into the denomina-
tor of the rate equation, they increased in
the order xylene < decalin < n-pentadec-
ane < tetralin < 1-methylnaphthalene.
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