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Hydrodesulphurization of benzo[b]thiophene and 2,3-dihydrobenzo[b]thiophene on Mo/alumina
and Co—Mo/alumina catalysts has been studied in a flow reactor at atmospheric pressure and
temperature 543 K. The amount of dihydrobenzo[b]thiophene formed in hydrodesulphurization
of benzo[b]thiophene and the amount of benzo[b]thiophene formed in hydrodesulphurization of
dihydrobenzo[b]thiophene were much lower on Co—Mo catalyst then on Mo catalyst. The equi-
librium constant of the hydrogenation of benzo[b]thiophene to dihydrobenzo[b]thiophene at
543 K was determined. This partial equilibrium was attained during hydrodesulphurization on
Mo catalyst irrespectively of the fed sulphur compound but was not approached during hydro-
desuiphurization on Co-Mo catalyst. Kinetic equation describing simultaneously the reaction of
both heterocycles was derived from consecutive ‘‘hydrogenation-elimination’ scheme which does
not contain step referred to as “direct hydrogenolysis of the thiophenic ring’’. It was concluded
that the effect of Co in the reaction network is localized in the section between partially hydro-
genated benzothiophene and hydrogen sulphide.

Benzo[b]thiophene (BT) is considered to be a proper model of sulphur compounds in heavier
fractions of oil and in coal. Hydrodesulphurization (HDS) of it has been studied in the literature
with the aim to elucidate the mechanism of the industrial HDS process. In our previous communi-
cation’ it was found that promotion of the Mo/Al, 05 catalyst by Ni or Co diminishes substan-
tially the amount of dihydrobenzothiophene (DHBT) during HDS of BT. We consider this pheno-
menon as important for the understanding of the role of Ni and Co in industrial Ni-Mo and
Co-Mo HDS catalysts and this paper reports our new experimental material in this direction.

Previous studies by other authors on HDS of BT, giving DHBT concentrations in the reaction
mixture, were all undertaken with Co promoted Mo catalystsz_7. The behaviour in this respect
of Ni promoted and nonpromoted Mo catalysts has not been reported.

Literature data on the reaction of DHBT under HDS conditions are very scarce and are also
limited only to Co-Mo catalysts. Simultaneous desulphurization to H,S and dehydrogenation
to BT was observed at atmospheric pressure of hydrogen3'8'9. However, dehydrogenation was
not found at pressure of hydrogen 5 MPa’,

The formation of DHBT during HDS of BT and the formation of BT during HDS
of DHBT are mutually related by the principle of microscopic reversibility. The
addition of Co or Ni to Mo catalysts suppresses the formation of DHBT in the former
case! and consequently should also suppress the formation of BT in the latter case.
The first purpose of this work was to verify experimentally this assumption.
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The literature gives no quantitative data on the equilibrium BT-DHBT-H,. (This
is partial eugqilibrium in respect to the hydrodesulphurization reaction; the total
equilibrium BT-DHBT-H,—(H,S + EB), where EB is ethylbenzene, is shifted enti-
rely to the side of H,S even at atmospheric pressure of hydrogen). Both the dehydro-
genation of DHBT to BT and the hydrogenation of BT to DHBT was observed at
atmospheric pressure of hydrogen and in the temperature range of 573—673 K3-8+9,
This suggests that partial equilibrium is strongly shifted neither to BT nor to DHBT
side. However, without reliable equilibrium constant available, it is not clear whether
the formation of DHBT and BT in HDS of BT and DHBT, respectively, is limited
by equilibrium. The second aim of this work was to determine the partial equilibrium
constant in the system BT-DHBT-H, at the temperature used in our studies.

Most other authors assume that H,S is formed during HDS of BT by two parallel
ways, the first one going through DHBT as an intermediate and the second one being
““direct hydrogenolysis™ of BT (e.g.>'7-®). We have concluded on the basis of chemical
considerations that all available facts are consistent with hydrogenation-elimination
mechanism which does not involve any “‘direct hydrogenolysis” step from BT to
H,S'°. The third purpose of this work was to show that the kinetics in the system
BT-DHBT—(H,S + EB) conforms to this hydrogenation-elimination mechanism.

This work reports on effect of promotor in Co—-Mo catalysts both in HDS of DHBT
and in HDS of BT. Atmospheric pressure of hydrogen was used in order to allow
dehydrogenation of DHBT. Our other publication!? describes the effect of promoter
in HDS of BT on Co-Mo, Ni-Mo, Co-W, and Ni-W catalysts at pressure 2-5 MPa.

EXPERIMENTAL

Catalysts are described in Table I. The laboratory catalysts were prepared by impregnation of
commercial alumina CHEROX 33-00 (Chemical Works, Litvinov, Czechoslovakia). A slurry of
alumina particles (0-16—0-25 mm) in a solution of ammonium heptamolybdate was dried in

TABLE I
Characterization of catalysts

Content, % wt

Catalyst Type Origin

MoO, CoO
Mo Mo/Al,O4 laboratory 86 -
CoMo(Iy CoMo/Al,0, laboratory 86 25
CoMo(1l) CoMo/Al, 0, CHEROX 36-01¢ 13-0 3-5

“ Manufactered by coprecipitation technology by Chemical Works, Litvinov, Czechoslovakia.
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a rotary evaporator under reduced pressure at 373 K. Cobalt was introduced by similar impreg-
nation of dried Mo/A1203 catalyst by a solution of cobalt nitrate. Catalysts were calcined for
3 h at 823 K in a flow of air. The commercial catalyst CHEROX 36-01 was crushed to 0-16 to
0-25 mm particle size. All catalysts were presulphided by the mixture H,S + H, (1 : 10) at 720 K
by the procedure described elsewhere!?, and stored on air.

Benzo[b]thiophene (BT) was supplied by Fluka and was redistilled before use. 2,3-Dihydro-
benzo[b]thiophene (DHBT) was prepared by hydrogenation of BT on Mo/C catalyst (109, wt
MoQ,, presulphided) at 2-1 MPa and 543 K. BT was fed as a solution in decane, the molar ratio
BT : decane : H, in the feed being 1:5:44. At optimum space time, the conversion of BT to
DHBT was 657, and to H,S 30%,. DHBT was isolated by rectification, its purity was determined
by GLC as better than 99% (the rest mostly BT) ard its identity was confirmed by NMR spectro-
scopy.

A glass tubular flow reactor with i.d. 4 mm was used. The apparatus worked at atmospheric
pressure and the mean pressure in the reactor was 100 kPa. The reaction temperature was
543 -+ | K. The sulphur compound was fed as a solution in decane and the molar ratio sulphur
compound : decane : H, in the feed was [:5:44. It was calculated that no liquid phase was
present in the reactor under these conditiors. The catalyst charge W was 1—30 g and the lowest
feed rate F was 0-01 mol (BT)h™ !, The condenser at the reactor outlet was cooled to 263 K and
the liquid products were analyzed by GLC (1-7 m column packed with 20% Apiezon L, on Rysorb
BLK operating at 473 K). The composition of the liquid products was followed for 2 h at each
space time W/[F (kg (cat) h mol (BT)™ Iy and was stable in this period. The data at each space
time were obtained with a fresh catalyst charge.

The results were expressed in terms of molar fractions of BT, DHBT and H,S in the reaction
mixture rs space time. Molar fractions were defined: a(BT) = n(BT)/n°(SF), a(DHBT) =
=~ a(DHBT)/n°(SF) and a(HS) = n(HS)/n°(SF), where n and »° are moles in the products and
feed, respectively, HS is H,S and SF is the fed sulphur compound (i.e. BT or DHBT). The values
of a(BT) and a(DHBT) were determined by GLC analysis and «(HS) was calculated from the
balance «(BT) + a(DHBT) +- a(HS) = 1.

RESULTS AND DISCUSSION

Two integral curves of composition vs space time W/F were measured on each catalyst,
one with BT and one with DHBT as the fed compound. The temperature, total pres-
sure and ratio sulphur compound : decane : H, in the feed were the same in all runs.
The obtained data of molar fractions vs W/F are shown in Figs 1 and 2. The molar
fractions are further replotted in Fig. 3 according to the concept of Wei and Prater'?
as reaction paths in the reaction triangle not containing space time.

Effect of Co on products distribution. The runs with BT as the starting compound
confirmed that the promoter effect observed at 2-1 MPa'*'! manifests itself also at
atmospheric pressure. The amount of DHBT on promoted catalysts was about three
times lower than on nonpromoted one (Fig. 3).

In the runs with DHBT as the starting compound, much less BT was formed on
promoted than on nonpromoted catalysts (Fig. 3). This fully confirmed out expecta-
tion based on the principle of microscopic reversibility in the system BT-DHBT-
-H,~(H,S + EB).
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The two Co-Mo catalysts exhibited nearly identical curves in Fig. 3 even when one
was prepared by coprecipitation and the second one by impregnation. This supports
our opinion that the position of reaction paths in the reaction triangel in Fig. 3 is
strongly influenced by the presence or absence of a promoter (Co or Ni) but is in-
sensitive to the details of catalyst preparation.

Thermodynamics. The position of the total equilibrium in the system BT-DHBT-
~H,—(EB + H,S) which corresponds to our initial composition is expressed in Fig. 3
by the vertex (H,S + EB). This gives no limitation to the shape of the reaction paths
from BT or DHBT to H,S. The position of the partial equilibrium BT-DHBT-H,
is expressed in Fig. 3 as a line going through the vertex (H,S + EB) and intersecting
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constants in Table II. ® Mo, © CoMo(l), constants in Table II. ® Mo, © CoMo(I),
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the line BT-DHBT in a point E. (The change of hydrogen pressure during the reaction
was neglected). Any reaction path from BT to (H,S + EB) must lie entirely inside
the triangle BT, E, (H,S + EB) and any path from DHBT to (H,S + EB) must lie
inside the triangle DHBT, E, (H,S + EB).

It is seen in Fig. 3 that on the nonpromoted catalysts the reaction paths from BT
and from DHBT to (H,S + EB) asymptotically approach each other at desulphuri-
zation conversion x(HS) about 50% (x(HS) = a(HS)/100) and merge at higher values
of it. The partial equilibrium line must be asymptotic to both the reaction path
BT-(H,S + EB) and the path DHBT—(H,S + EB) and in the region where they
merge it must be identical with them. These requirements are fulfilled by the line
(H,S + EB)-E shown in Fig. 3. The equilibrium constant K, at the temperature
543 K obtained from that line is 0-35 (K, = p*(DHBT)/p*(BT) p*(H), where p*(I)
is equilibrium pressure of the substance I expressed in relative units with reference
pressure 0-1 MPa and H is hydrogen). An alternative determination of K, from the
data in Fig. 3 will be described below.

Kinetics. The possibility to determine the surface reaction network by the analysis
of bulk phase kinetics is very limited in heterogeneous catalysis. If the surface reac-
tions are not completely rate determining, the reaction sequence observed in the bulk
phase might be completely different from the true surface reaction network. This
effect has been referred to as “adsorption disguise”'* and was analyzed several times
by other authors (e.g.}>~1¢).

In this situation the purpose of the following kinetic analysis was not to distinguish
between alternative reaction schemes. The aim was only to confirm that observed
kinetic data fit to the hydrogenation-elimination mechanism which follows from
chemical considerations*®.

(2)
DHBT

Fi1G. 3

Reaction paths in the system BT-DHBT-
—(H,S -+ EB) at temperature 543 K and total
pressure 100 kPa (the change of partial pres-
sure of hydrogen during the reaction is
neglected), the curves are calculated using
constants in Table II. Reaction paths ,
& Mo, © CoMo(I), ® CoMo(1l), — — — par-
tial equilibrium BT-DHBT-H,
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The kinetic theory used in this work is explained in detail in the classical paper by
Wei and Prater!3. Consequently, only a brief comment upon the procedure applied
is presented below and the formalism introduced in the mentioned original paper is
upheld.

The various possible representations of the hydrogenation-elimination mechanism
of HDS of BT are shown in Fig. 4. The common feature of them, which is charac-
teristic for the hydrogenation-elimination mechanism, is that the desorption of
DHBT is a side branch of the chain from BT to H,S; these schemes do not contain
any “‘direct hydrogenolysis” step. Species %y are adsorbed intermediates with no
corresponding free species. %y is assumed to be BT with one hydrogen atom added
to the thiophenic ring and %y a compound with mercapto group (the desorption of
a trace amount of the latter compounds was observed by Daly? but is neglected here).
The schemes containing and not containing nondesorbed intermediates lead in the
following kinetic analysis to the equations of the same structure and are thus in-
distinguishable. For this reason, only the simplest scheme shown in Fig. 4¢ is proces-
sed below. The change of hydrogen pressure during the reaction was neglected.

It was shown'? that, when the concentrations of adsorbed species are at steady
state (the adsorption-desorption steps are not assumed to be in equilibrium), this
reaction scheme is described by the equation

da 1
d(W/F) 1+ wia; + wya,

Ou, (1)

where « is the composition vector with elements a; = a(BT), a, = a(DHBT) and
ay = a(HS), (1 + wya; + w,a,) is the isotherm term, @« is the mass action term,
O is the pseudo monomolecular rate constants matrix and W/F is space time

a) b)
Ay

i

AL U Ay Ay Ay Az

“ ﬂ ﬂ u u n FiG. 4

=1 5= 11 =YL =Yh -
Up = Un=Un-Us U= Un=Up=Un~Us The scheme of the hydrogenation-elimination

mechanism of HDS of BT. a), b) Possible
localization of nondesorbed intermediates,

c)

A A2 A3 ¢) simplified presentation not showing non-
kg “ kay kd2ukc2 kdgukqg desorbed intermediates. A; free species, %,
ka4 2 adsorbed species, i = 1 BT, /= 2 DHBT,
Uy s Uz — Us i=3 (H,S + EB), %, nondesorbed inter-
L mediates, / rate constants
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(kg(cat) h mol™*). The clements of the matrix @ are composed from four nonzero
pseudo monomolecular constants 9, ,, 3,4, 934, 33, (mol h™* (kg(cat))~*). Constants.
w and 8 (six altogether) are complex and are composed from constants k (nine al-
together) from the scheme in Fig. 4¢ (for details see'?). Eq. (1) can be transformed
into the form

dg 1 .
d(W|[F) 1+ vby + v,b,

A8, 2)

where B is the composition vector expressed in terms of hypothetical species B;, b;
are components of vector B, A is the diagonal matrix of characteristic constants
4{(% = 0) and v are constants. Components b; are given by

by =a, + ua, (3
bz =a1 +u2a2, (4))

where u are constants, and b, = 0. Eqs (2)—(4) contain six constants vy, v,, 4;, 45,
u; and u, which are composed from nine constants k from the scheme in Fig. 4c.

Eqs (2)—(4) were applied to the data in two steps. The reaction paths in Fig. 3 which
do not contain space time W/F were fitted firstly and then the curves a = f(W/F) in
Figs 1 and 2 were calculated.

Reaction paths. Eq. (1) was transformed into

d _
dz 45 (5)

where 7 is a new time scale given by dt = d(W/F)/(1 + v,a; + v,a,), (a; = f(W[F)
and a, = f'(W/F)). Time was eliminated by dividing the second equation from the set.
forming the matrix form (5) by the third one. This gives

b, _ hib ©

db, Ayb,

b b h1/h2 .
() ®

where b} and b3 are values of b;’s for the feed. The function F(a,, a,) = 0 is then
defined by Eqs (3), (4¢) and (7) and contains three constants, uy, u, and A;[A,; u; and u,

and after integration
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must have opposite signs and 4,/4, must be positive. These constants were obtained
for each catalyst by a nonlinear fitting procedure processing simultaneously the
data from BT and DHBT runs. Their values are given in Table II and the reaction
paths calculated using them are compared with the data in Fig. 3 (a; is given by
a; =1—a; — ay).

Time dependence of composition. The integration of Eq. (2) (using Eq. (7)) gives

(o 0 )"1 bl ha/ks
+ l)l(bl - bl) + vaZ - <<_> - 1) . (8)

b
A{W/F) =In
{(W]F) b 2, \\p?

ht
0

1

This expression together with Eqs (7), (3) and (4) defines the functions G(a, (W/F)) =
= 0 and H(a,, (W|F)) = 0; a; is given by a3 = 1 — a; — a,. The constants A,
v, and v, were again obtained by a nonlinear fitting procedure using the values of
constants u,, u, and 11‘/12 obtained from fitting the reaction paths. The constant 4,
must be negative and the signs of the constants v are not restricted. The calculated
constants are given in Table II and the curves a; = f(t) obtained using them are
compared with data in Figs 1 and 2.

Conclusions from kinetic analysis. The calculated curves in Figs 1 —3 fit the data
quite well. The observed kinetics thus agrees well with the hydrogenation-elimination
mechanism of HDS which is characterized by the linear (not triangular) surface
sequence as shown in Fig. 4. The necessary condition of the validity of this mechanism
is thus fulfilled. However, this agreement is not a sufficient condition and cannot be
taken as an evidence for the hydrogenation-elimination mechanism. The scheme

TaABLE 1I

Kinetic parameters of hydrodesulphurization of benzo[b]thiophene and dihydrobenzo[b]thio-
phene at temperature 543 K and pressure of hydrogen 88 kPa

Catalyst
Constant

Mo CoMo(I) CoMo(1I)
uy [—] —4-105 —10-521 —9:576
uy [—1] 0-749 0-376 0-440
A2, [=] 7-465 3029 2:899
A, [mol (kg(cat)) " * h™1]  —1-445 —15-241 —25-424
vy [—] —0-139 —0:216 —0-610
v, [—] —0-540 0-808 5-814
a*(DHBT)/a*(BT)* 0-325 0-253 0-237

9 Equilibrium ratio given by — l/ulu2 (see text).

Collection Czechoslovak Chem. Commun. [Vol, 51] [1986]



Hydrodesulphurization of 2,3-Dihydrobenzo[b]thiophene 1203

with a triangular surface reaction network (in our case involving two parallel ways
from BT to H,S) leads to the kinetic equation of the same structure as Eq. (1)!*141°,
However, as mentioned above, the evidence for hydrogenation-elimination mecha-
nism is provided by chemical considerations.

The important result is that the same set of six constants describes simultaneously
both the reaction of BT and of DHBT. Such general correlation has not been achieved
in previous papers. Devanneaux and Maurin’ found that the reaction from BT can be
described by a simple triangular scheme of three first order reactions. We have also
observed that a triangular scheme of three or four first order reactions can separately
describe the reaction from BT and from DHBT. However, in all these cases, the set
of constants suitable for the reaction from BT was quite different from that for the
reaction from DHBT and such schemes were excluded.

The individual constants k in the scheme in Fig. 4c cannot be determined from
the obtained complex constants in Table 1I. None of the constants obtained can be
used to characterize separately ‘“‘hydrogenation” and ‘‘hydrogenolytic” activity of
the catalyst. According to the schemes in Fig. 4 these two functions are not indepen-
dent and cannot be separated.

The principle of detailed balancing must hold for the scheme in Fig. 4¢!® and the
ratio DHBT/BT in the partial equilibrium is expressed in terms of constants u as

a*(DHBT) _ 1 ©)

a*(BT) U, ’

where a* are molar fractions in partial equilibrium; these ratios obtained for three
catalysts studied are shown in Table II. The reaction paths for the Mo catalyst ap-
proach the partial equilibrium closer than those for the CoMo(I) and CoMo(II)
catalysts and are consequently more reliable for the determination of the equilibrium
ratio a*(DHBT)/a*(BT). The value of K, from the constants for the Mo catalyst is

[ -
} }
BT o= HH =DHET]
i [ [
FiG. 5 ! : } [
The localization of the effect of Co in the !SURFACE : { J[
network of HDS. Segment II is directly and GAS PHASE | ‘h T
segment I only indirectly influenced by Co; ;H.ZS:
IN is a common intermediate in both seg- EBy —— SEGMENT I
ments ——— SEGMENT I
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0-37 (the change of hydrogen partial pressure during the reaction was neglected).
This is practically the same value as obtained above from geometrical considerations.
The constants u for CoMo(I) and CoMo(II) provide K, = 0-29 and 0-27, respectively,
which is also reasonably close to this value.

The effect of Co in the reaction network. The reaction network of HDS of BT
can be divided into two segments as shown in Fig. 5. The segment I covers all steps
of the hydrogenation-dehydrogenation reaction between BT and DHBT. The seg-
ment IT leading to (H,S + EB) branches of the segment I in the point of the inter-
mediate IN which cannot be unambiguously determined from our data. This inter-
mediate can be referred to as ‘‘an intermediate with partially hydrogenated thiophenic
ring”. The existence of such intermediate is assumed also by other authors in the
HDS of thiophene!”+!®, benzothiophene®*® and dibenzothiophene'®.

On the nonpromoted catalyst, the reaction steps in segment I are faster than those
in segment II. The partial equilibrium BT-DHBT-H, is approached soon and the
rate of H,S formation is limited by an unspecified step or steps in segment II.

On the promoted catalysts, the action of Co is localized in the segment II where
it accelerates the slow step or steps. The rate of disappearance of IN in the direction
to H,S becomes competitive to the rates in segment I (rate IN -~ DHBT when BT
is starting compound and rate IN — BT when DHBT is fed) and partial equilibrium
is not attained. The rates of steps in segment I are influenced by the promoter only
indirectly. The increase with promotion of the rate of disappearance of starting
compound (BT or DHBT) is lower than that of H,S formation (Figs 1 and 2) and is
a consequence of lower concentration of IN caused by the faster reaction IN — H,S.

The addition of Co to Mo is assumed either to enlarge and stabilize the active
surface or to change also its quality (for review see e.g.?°). Our results provide a strong
evidence for the latter effect. If the nonpromoted and promoted catalysts would
differ only in quantity and not also in quality of the active surface the reaction paths
for them in Fig. 3 have had to be identical.

Conclusions. i The addition of Co to Mo catalyst suppresses the formation of
DHBT in HDS of BT and also the formation of BT in HDS of DHBT. ii The partial
equilibrium constant of hydrogenation of BT to DHBT at 543 K was determined
to be K, = 0-35. iii The kinetic data fit the hydrogenation-elimination mechanism
of HDS and the reaction of BT and of DHBT was described simultaneously by
a single set of kinetic constants. iv Cobalt directly influences only a part of the reaction
network, namely the section between partially hydrogenated BT and H,S.

The authors wish to acknowledge the assistance in comruter programming provided by Dr J.
Sedlalek.
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