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Sulfiding of a molybdena—alumina catalyst with thiophene/H, mixtures was studied by a
gravimetric technique. Thiophene conversions were separately measured using a catalytic
microreactor. Simultaneous measurements of catalyst changes and reactivity were also carried
out in a stirred, microbalance reactor. Runs were made on oxidized, prereduced and presulfided
catalysts.

The results of sulfiding the catalyst with thiophene were similar to those previously obtained
with H,S. The predominant reaction was exchange of reactive O for S, with some anion vacan-
cies also being formed. Prereduced catalysts sulfided to a lesser extent than the oxidized cata-
lyst. Thiophene conversion varied with catalyst pretreatment and time on stream.

A correlation between catalyst activity and catalyst surface concentrations is proposed based
on dual sites consisting of anion vacancies and surface sulfide-oxide sites. It is supposed that
the former are sites for thiophene adsorption and the latter for hydrogen adsorption and

transfer.
NOMENCLATURE* ko global rate constant for thio-
a proportionality constant in Eq. phene reaction (mmol/sec g)
(6). (sec g/mmol) L., L,, L, %umbfr of surfalwe sites given by
b conversion constant in Eq. (15) d- (12) (mmol/ g). )
9 (0] active oxygen remaining [2]
(g/mmol) 0 ¢ . by Eq. (7)
c fractional thiophene conversion ° S[‘;] ace oxygen given by &q.
(1] . .
. pu partial pressure of hydrogen in
C, fol;e ozn thiophene-reacted cata- reactor (atm)
yst [ ]_ . i partial pressure of thiophene in
D adsorption term in Eq. (4) [1] reactor (atm)
ko, ks surface rate constants ro global rate of thiophene reaction
(mmol/sec g) (mmol/sec g)
1[1] dimensionless; [2] mmol/mmol Mo; [3] S total sulfur on catalyst [2]
mg/g; g = grams of catalyst. Sk exchange sulfur on catalyst [2]
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St sulfur incorporated as irreversi-
bly adsorbed hydrogen sulfide
(2]

Sr* defined by Eq. (3) [2]

Se surface sulfur given by Eq. (8)
(2]

W e weight of catalyst (mng)

Wen weight of coke on catalyst [3]

W weight of molybdenum on cata-
lyst [3]

Ws weight of total sulfur on cata-
lyst [3]

AWor weight loss in reduction of oxi-
dized catalyst [3]

AW o5 weight gain in sulfidation of oxi-
dized catalyst [3]

AW ot weight gain in thiophene reac-
tion of oxidized catalyst [3]

Y activity parameter defined by
Eq. (6) [1]

O anion vacancies [2]

(O 1)+ effective anion vacancies present
after thiophene reaction as de-
fined in Eq. (10) [2]

fu.0 fraction of surface oxygen cov-
ered by adsorbed hydrigen [1]

Ou.s fraction of surface sulfur covered

by adsorbed hydrogen [1]
Or fraction of vacancies covered by
adsorbed thiophene [1]

Subscripts

R value after reduction

S value after sulfidation

S surface species

T value after thiophene reaction

INTRODUCTION

Previous papers in this series have been
concerned with characterization of reduced
(1-8) and sulfided (4) states of molyhdena—
alumina catalysts. The present paper at-
tempts to relate these studies to catalyst
activity for thiophene hydrogenolysis. Spe-
cifically, we report on changes in the state
of the catalyst under thiophene reaction
conditions and attendant catalytic activity.
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Thiophene undergoes hydrogenolysis at
moderate temperatures over an Mo/ or
CoMo/ALOs catalyst in the presence of
hydrogen to give as principal products:
butenes, butane and hydrogen sulfide.
Butadiene (5) and ethane (6) have oc-
casionally been reported in minor amounts,
Possible mechanisms for thiophene desul-
furization have becn reviewed by Mitchell
(7). Early workers held the view that hy-
drogenation to tetrahydrothiophene pre-
ceded C-8 bond cleavage. Amberg and
co-workers (8) later presented evidence
that C-S bond splitting preceded hydro-
genation. In their scheme, butadiene was a
primary product (but not gencrally ob-
served because of its rapid subsequent hy-
drogenation to butene).

A detailed mechanism scheme, based on
Amberg and co-workers’ results, has been
advanced by Lipsch and Schuit (9). Briefly,
this entails adsorption of thiophene on a
vacancy in the molybdena layer created
by prereduction of the catalyst. An essen-
tial feature of this scheme is that the re-
duced catalyst contains OH groups neigh-
boring the vacancy. Recent results have
verified the reasonableness of this postulate
(3). Two H’s are then transferred to the
carbon positions of the adsorbed thiophene
molecule. Following C-8 bond cleavage,
butadiene desorbs (or becomes further hy-
drogenated), leaving an S anion at the
vacancy. Subsequent action by hydrogen
removes the 8 as H,S and restores the
catalyst to its original reduced state.
Presumably, terminal SH groups can par-
take of the reaction as well as OH groups.
Essentially, the mechanism involves a sur-
face redox cycle, the reduced catalyst be-
coming oxidized, then reduced again, simi-
lar to (but the reverse of) those proposed
for oxidation mechanisms (70). The redox
nature is manifested in apparent changes in
Mo valence of the cations involved.

Our original intent was not to check the
validity of this mechanism. However, it
eventually beecame apparent in our char-



302

acterization studies of the reduced and sul-
fided catalyst, that we had developed a
method to measure the surface concentra-
tion of vacancics, and thus were able to
assess this or other mechanisms involving
surface catalyst concentrations. What was
required for this purpose was to extend the
previously developed method to enable
characterization of the catalyst under re-
action conditions, at the same time that
catalyst activity is monitored.

EXPERIMENTAL METHODS

The catalyst employed in these studies
was an 8.19, Mo supported on y-Al,Oj,
prepared by impregnation of a Ketjen
thermally stabilized ¥-Al,0; with ammo-
nium paramolybdate solution, followed by
calcination in air at 540°C for 16 hr. This
same catalyst had been used in the previ-
ous studies (3, 4). A standard pore size
distribution determination using N, gave
the following values: surface area, 185
m2/g; pore volume, 0.42 em?/g and average
pore radius, 4.59 nm. Catalyst particle
sizes of 20-40 mesh were used throughout.

Thiophene (Aldrich) was of 9949
purity and gave only a single peak by gas
chromatographic (gc) analysis. Air, N, and
H; were predried by passing through 4A
molecular sieves. N, was passed through
hot copper turnings and H, through a
Deoxo unit prior to the sieves. H.S was
used from a prepared mixture containing
9 vol9, H.S in Ho.

Catalysts were generally heated to con-
stant weight in an airflow for several hours
or overnight at 500°C. Following an N,
purge, the temperature was lowered to that
of the pretreatment or run condition. Pre-
treatments consisted of either a reduction
in H; or a sulfidation in H,S/H,.

Determination of catalyst changes ac-
companying prereduction, presulfidation
and reaction with thiophene were carried
out in the flow microbalance apparatus
previously described (2, 4). After the ap-
propriate treatment, the catalyst was
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purged in N to constant weight (about
1 hr). The eatalyst was subsequently ana-
lyzed for sulfur and carbon by standard
oxidation analyses. The sulfur analysis was
good to +£0.05 wt %, S. However, the carbon
analysis gave inconsistent and irreproduci-
ble results (probably because the limit of
accuracy of the method was being ap-
proached due to the low carbon content of
the samples). A gas chromatographic
method, in which CQ, 8Os and H,O
products from a 1 hr, 538°C air oxidation
were analyzed after separation, gave good
results, but only a few of the samples from
runs reported here were analyzed in that
way because most had been exhausted by
the standard analyses. The carbon values
averaged 0.45 wt9, for 2 hr runs in thio-
phene/H, (1:40) at 1 atm and 343°C; this
value was adopted for all such runs reported
here. For runs of 2 hr at 300°C a slightly
lower value, 0.40 wt9, carbon, was used.
An error of 0.1 wt9, in the carbon values
is equivalent to an error of 0.08 oxygen
atoms or vacancies per molybdenum. Since
the better carbon analyses gave values
ranging from 0.3 to 0.6 wt9, carbon,
adopting the average value should lead to
less than an crror of +0.12 in the values
for oxygen and vacancy concentrations
(per Mo). Adding uncertainties due to
sulfur analysis and retained hydrogen, the
overall error should be within 4+0.15 for
oxygen/Mo and vacancies/Mo.

Preliminary catalyst reactivity studies
were carried out in a microcatalytic reactor
under continuous flow conditions. Analysis
of reaction products was accomplished by
ge, using an n-octane on Porasil C (Dura-
pak) column at 72°C. Butadiene was not
observed in the products in any of the runs
although a small amount of ethane was
sometimes obtained, especially at the start
of a run.

For simultaneous measurement of cata-
lyst weight changes and activity, the flow
microbalance was modified to simulate a
congtant stirred tank reactor by dead-
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ending the bottom and top of the reactor
space and inserting a stirring blade for gas
agitation. The catalyst charge was con-
tained in a shallow quartz bucket above
the fan blade. The latter was connected
through a quartz shaft and Teflon bearing
to a laboratory stirrer, rotating at about
300 rpm. The reactive gas mixture entered
at the bottom, passing up the stirrer shaft
to the reactor. Reactant and products
exited at the top of the reactor volume
(about 50 ml). Gas-mixing tests were not
made on this reactor, but later studies in a
similar type of flow microbalanee reactor
(11) lead us to believe that the results ob-
tained in the current reactor were valid
within the scope of the reaction conditions
employed.

TREATMENT OF DATA?
Catalyst Stoichiometries

Catalyst stoichiometries were determined
on catalysts which had been exposed to a
thiophene~-H; mixture in the flow micro-
balance reactor. Oxidized, prereduced or
presulfided catalysts were run. Data analy-
sis basically consists of a material balance
on catalyst oxygen, sulfur and carbon,
after reaching a constant weight in an N,
purge. Therefore, the analyses pertain to
the final stable catalyst state, exclusive of
readily desorbed reactants or products.

The following gencral assumptions are
made:

1. The only active O is that associated
with the Mo in the catalyst and is in the
ratio of O/Mo = 3 for the oxidized cata-
lyst, i.c., Mo valence is +6.

2. Sulfur added is associated with the Mo.

3. The sulfur valence is always —2.

4. Hydrogen is retained only in adsorbed
H.S and in coke (as CH,).

5. Adsorbed water remaining from reac-
tion is negligible after the N, purge.

2 Complete derivations of equations given here
and in Table 1 are available from the authors.
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The validity of these assumptions has
been previously discussed (4).

a. Pretreaiment. Catalyst pretreatments
prior to reaction with thiophene consisted
of a reduction with H; or a sulfidation with
H,S/H,. Reduction removes surface oxide
ions associated with the Mo phase of the
catalyst in the form of H,O. This creates
anion vacancies which can be calculated
directly from the loss in weight of the
catalyst (4). Table 1 presents the appro-
priate equations.

In presulfiding an oxidized catalyst, ac-
tive oxide anions are partly exchanged by
sulfide anions and some vacancies are
created. It was shown earlier (4) that two
types of sulfur can exist on the sulfided
catalyst. These are exchanged sulfur, Sg,
which replaces catalyst oxygen directly,
and incorporated sulfur, S;, which is taken
to be H.S irreversibly adsorbed on vacan-
cies. A material balance in this case yields

(4):

96
Ds = By (%Ws et AWos) + %S[ (1)
16W
TABLE 1
Equations Used to Calculate Catalyst
Stoichiometries
Reduced state
96AW or
- 1A
= (14)
Or =3 — 0O (24)
Sulfided state
Oy = IF;I/L’M Ws — aWog) (3A)
96w, Sp = Os/2 4A-1)
g2 WWs ) [P=0 (
32W Sg =8 -5 (4A-2)
Og=3—8— g (hA)
Thiophene-reacted state
Cr (3Ws — AWor 4+ Wen) (6A)

T Wy

S, Sy, Sg and O same as above, unless Or > 28,

then 8; = S, Sg = 0, and

9
16Wy

S
Or (3 Ws — AWor + Wen) + 3 (7A)
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In order to solve Eq. (1) another rela-
tionship for S is needed. Recourse is made
to a previous correlation between S; and
vacancies [see Fig. 5 of Ref. (4)] which
showed that one H,S was irreversibly ad-
sorbed per three vacancies. In terms of the
sulfided catalyst, this becomes,

Sr = Os/2. 2)

Combination of Egs. (1) and (2) gives the
expression listed in Table 1 for the vacaney
concentration.

The equations in Table 1 allow calcula-
tion of the stoichiometry of the sulfided
catalyst from the experimentally measured
weight change and sulfur content. It should
be noted that only the value of 8 is ob-
tained directly from the experimental data,
the other values requiring the correlation
of Eq. (2). However, the variation in [
and O is not large if other values of S; are
assumed.

b. Reaction with thiophene. Three cases
must be considered: (a) direct reaction
with the oxidized catalyst, (b) reaction
with a prereduced catalyst and (c) reaction
with a presulfided catalyst. In all cases,
thiophene is passed over the catalyst at
temperatures in which appreciable reaction
occurs. The concern here is the effect of
such reaction on the catalyst stoichiometry.

For simplicity of treatment, all three
cases are treated the same by considering
the overall change from the original oxi-
dized state to the final thiophene-reacted
state. This avoids three separate analyses
based on original, prereduced and presul-
fided states. This is partly predicted on the
fact that the presulfided state and the
thiophene-reacted state cannot both be
determined in the same run since a sulfur
analysis is required for each, and we are
most interested in the latter state in this
study.

The following overall catalyst changes
may occur in going from the oxidized to the
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thiophene-reacted states:

1. Exchange of active oxygen for sulfur.

2. Loss of additional active oxygen with
formation of vacancies.

3. Irreversible adsorption of H,S.

4. Irreversible adsorption of coke (sulfur
free).

5. Irreversible adsorption of thiophene.

6. Irreversible adsorption of hydrocar-
bon products from the thiophene hydro-
genolysis.

In order to make the analysis tenable,
further simplifications are required. We
arbitrarily omit step (5) from consideration
since there is no analytic way that it can
be separately distinguished from a com-
bination of (4) and catalyst sulfur. Reasons
for choosing this rather than omitting (4)
are discussed more fully below. We also
omit (6) from separate consideration as it
is indistinguishable from (4) and thus (4)
can be considered to include (6) under the
term coke. We further assume coke has the
empirical formula CH,.

Material balance analysis similar to that
given above for the presulfided case yields
the expression given in Table 1. Again, the
relationship of Eq. (2), which also appears
to be valid for thiophene reaction (see
below), was employed.

RESULTS
1. Catalyst Stoichiometries

a. Prereduced catalysts. A number of
catalysts, which had been prereduced in H,
at various conditions, were subsequently
exposed to a thiophene-H, stream at 300°C.
In Table 2, data are presented for a con-
stant thiophene reaction time at varying
degrees of prereduction. Exposure to thio-
phene resulted in appreciable sulfiding of
the catalysts. Sulfiding decreased with in-
creasing extent of reduction, whereas the
oxygen content went through a maximum;
both results are similar to those obtained
with H,S/H, in earlier work (4). These
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TABLE 2
Effect of Prereduction on Stoichiometry of Thiophene-Reacted Catalysts®

Pretreatment
Temp (°C) 300 400
Time (hr) 1 b
Or 2.97 2.85
Or 0.03 0.15

Thiophene reaction®
Wg (ng/g) 21.0 17.3
AWor (mg/g) 10.5 11.9
S 0.78 0.64
Or 1.88 2.27
Ot 0.34 0.09
Or — Or(= S/) — 0.06
Sr 0.17 0.04
Sk 0.61 0.60

450 500 600 650
1 1 2 18
2.60 2.48 1.84 1.23
0.40 0.52 1.16 1.77
15.3 15.1 10.0 7.1
8.5 6.4 -14 —13.2
0.57 0.56 0.37 0.26
2.16 2.01 1.78 1.15
0.27 0.43 0.85 1.59
0.12 0.09 0.31 0.18
0.14 0.21 0.37 0.26
0.43 0.35 0 0

¢ All values in mmol/mmol Mo unless otherwise specified. Carbon = 0.40 wt%, assumed for each run.

5(0.025 atm thiophene in H, at 1 atm, 300°C, 2 hr.

effects are more clearly illustrated in Fig. 1,
where catalyst stoichiometries are plotted
as a function of degree of prereduction,
Oz. The diagonal, broken line represents
the reactive oxygen content, Og, left after
the appropriate prereduction, but prior to
thiophene reaction. Vacancy concentrations
after reaction, OO, were somewhat lower
than before, (g, mainly due to irreversible
H.S adsorption.

In order to estimate the amount of ir-
reversible H.S (S;) on the catalyst, it was
assumed that no additional reduction of
the prereduced catalysts occurred in reac-
tion with the thiophene since the latter
was carried out at a temperature below
that employed in the prereductions. Thus,

Sr* = Ogr — O, 3)

where S;* is the value of S; when no addi-
tional reduction occurs. In Fig. 2, S;*
values are plotted versus Ogr. The broken
line in Fig. 2 represents the correlation ob-
tained previously for sulfiding of prereduced
catalysts (4). The agreement of the S;*
values with the previous correlation indi-
cates the same relationship obtained in
both cases. An exception is the highly
reduced catalyst where the total amount

of sulfur added to the catalyst is much
lower than predicted. Evidently, the cor-
relation only holds up to about Og = 1.
Referring to Fig. 1, it is seen that at low
prereduction, sulfur was added mainly via
exchange with catalyst active oxygen,

Fig. 1. Variation in thiophene-reacted catalyst
stoichiometry with prereduction. Conditions given
in Table 2. X represents the species shown on the
curves.
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Fic. 2. Variation in catalyst sulfur species with
prereduction. Conditions in Table 2.

whereas this reaction decreased with in-
creasing extent of prereduction. Irreversibly
adsorbed H.S showed the opposite effect.

It is interesting to note that after reac-
tion the oxidized ecatalyst (extreme left
data points of Fig. 1) exhibited a larger
vacancy concentration than the mildly pre-
reduced catalyst, showing that catalyst re-
duction, i.e., loss of anion sites, occurred
as well as exchange with thiophene-H,
reactant. As shown below, this has impor-
tant ramifications for catalytic activity.
Account is not taken at this point of pos-
sible coverage of vacancies of coke.

b. Presulfided catalysts. The effect of
thiophene reaction on presulfided catalysts
was also studied. It was not possible to
analyze presulfidation states in the same
run that subsequent thiophene reaction was
undertaken since a separate sulfur analysis
is required on the presulfided catalyst.
Hence, companion runs were employed, in
one stopping and analyzing the catalyst
after presulfiding, and in the other con-
tinuing with the thiophene reaction and
analyzing the catalyst at the end. Data for
such a series at several temperatures are
given in Table 3.

As expected, the results show very little
additional sulfur was added to the pre-
sulfided catalyst due to subsequent reac-
tion with thiophene except for the 300°C
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presulfiding treatment which was lower
than the thiophene reaction temperature.
However, reaction with thiophene resulted
in appreciable loss in active oxygen with
consequent catalyst reduction, i.e., in-
crease in vacancy concentration. This re-
sult is most likely due to the higher partial
pressure of H, in the thiophene reaction
and the higher temperature employed
(compared to results of Table 2). The last
entry in Table 3 shows that post-H, reduc-
tion of a sulfided catalyst gave similar
results.

2. Catalyst Activities

Since it was established that cata-
lyst stoichiometry undergoes appreciable
changes in the presence of thiophene, it
was of interest to determine catalyst ac-
tivities during this transition. The micro-
catalytic reactor was used for this purpose.
Produects of reaction were identical to those
reported by many workers, viz, n-butane
and n-butenes. Isomerization was limited
to double-bond migration, no skeletal isom-
crization being detected. By-product H,S

TABLE 3

Effect of Presulfidation on the Stoichiometry of
Thiophene-Reacted Catalysts®

Pretreatment?®
Temp (°C) 400 343 300 400¢
S 1.83 1.76 1.65 1.56
Og 0.86 1.22 1.25 1.18
Os 0.31 0.02 0.11 0.26
Thiophene reaction?
N
S 1.86 1.79¢ 1.70 1.74 1.58/
Or 054 082 0.71 0.78 0.89/
Ot 0.80 0.39 0.59 048  0.53/

a All values in mmol/mmol Mo unless otherwise
specified.

®0.09 atm H,S in H; at 1 atm, 2 hr,

¢ 8.5% Mo/4-Aly0; catalyst used.

40.025 atm thiophene in H; at 1 atm, 343°C, 2 hr.

° This run was continued for 10 hr,

! This catalyst was reduced in H; at 1 atm, 400°C,
2 hr after sulfiding, in place of the thiophene reaction.
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and H,O were obtained, their concentra-
tions depending upon the degrec of sulfid-
ing of the catalyst. Thus, oxidized or mildly
reduced catalysts gave much H,O initially
and later H:S almost exclusively in line
with the catalyst stoichiometry results re-
ported above.

The variations in thiophene conversion
obtained with onstream time for three pre-
reduced catalysts arc shown in Ifig. 3.
Large differences in initial conversion were
obtained for the threc catalysts; conversion
increased with extent of reduction. How-
ever, activities converged with continued
reaction time and then crossed over. Lined-
out conversions showed the opposite trend
to the initial conversion ; now, the least re-
duced catalyst was the most active. The
most active catalysts after line-out were
those with the greatest sulfur levels.

3. Catalyst Activity and Stoichiometry

In order to follow changes in catalyst
activity and state simultaneously, the
stirred microbalance reactor was used. For
oxidized catalysts, the initial conversion
was low, but as the catalyst gained weight
the conversion increased rapidly and then
declined slowly. Reduced catalysts showed
the behavior exhibited in the fixed bed
reactor, viz, an initially high activity and
subsequent decay, with the lined-out con-
version lower than that for the oxidized
catalysts due to less sulfur being added.
The stirred microbalance reactor gave re-
sults in complete accord with those ob-
tained separately with the flow micro-
balance and microreactor.

The run shown in Fig. 4 was made to
check for catalyst stability towards changes
in reactive gases and the effect of the rela-
tive amounts of adsorbed species on eon-
versions. After 45 min, the thiophene was
turned off, leaving only H, passing over
the catalyst. A small, gradual weight loss
ensued. Upon readmitting thiophene, the
weight was quickly regained, but signifi-
cantly, the catalyst activity was higher.
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F1e. 3. Thiophene conversion vs on-stream time
for prereduced catalysts. Reaction conditions: 300°C,
250 mg catalyst, 2.8 pl (liquid) thiophene/min, 50
em? (STP) Hz/min. Prereduction conditions: H, for
2 hr at (A) 300°C, (B) 500°C and (C) 600°C. Initial
reduction states as Or/Mo were (A) 0.12, (B) 0.53
and (C) 1.15.

However, the activity slowly decayed back
to the projected line-out condition. The
catalyst was next subjected to a 99
H,S/919, H; stream, whereupon the cata-
lyst picked up additional weight due to
further sulfiding. When the thiophene/H,
stream was readmitted, the catalyst ac-
tivity was initially low, showing that ad-
sorbed H.S strongly inhibited reaction.
After the excess H,S desorbed (weight loss),
catalyst activity returned to normal.

The results of this run demonstrated a
complex interaction between catalyst and
reactant/product gases occurred, which
changes also affected catalyst conversion.
The following phenomena may be inferred :
(a) reversibly adsorbed species can be de-
tected by weight changes, (b) reactant
and/or produet show some reversible in-
hibition on the reaction rate, (c) specifically
H.S reversibly inhibits the rate, and (d)
excess HoS results in some irreversible
weight gain. The latter phenomenon is
undoubtedly due to additional catalyst
sulfiding.

From a number of runs carried out in
the flow microbalance reactor under identi-
cal reaction conditions, but with varying
pretreatments and/or run times, an attempt
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Fic. 4. Thiophene hydrogenolysis over oxidized Mo/Al,O;, 343°C.

was made to relate lined-out catalyst ac-
tivities with catalyst stoichiometries. The
latter were calculated for catalysts purged
in N, for about 1 hr after reaction (at
reaction temperature). Consequently, the
stoichiometries pertain to actual catalyst
states, exclusive of reversibly adsorbed
species, at the time the final conversion was
measured. Data for these runs are pre-
sented in Table 4. The number of vacancies
per Mo was less than one for all but the
highly reduced catalyst (next to last col-
umn). Therefore, the correlation of Fig. 2
was assumed to be valid and values for
Se and S; were calculated according to
Eqgs. (4A-1) and (4A-2). The entries in
Table 4 are discussed below. It should be
noted that presulfided catalysts gave lower
steady state conversions (at 2 hr) than
either the oxidized or prereduced catalysts.
De Beer et al. (12) found a similar trend
for their Mo/y-Al,O; catalysts.
Relationships between lined-out conver-
sions and catalyst stoichiometries are given
in Fig. 5. (Included for comparison, al-
though it was not lined out, is a run over
an oxidized catalyst, in which the thiophene
flow was stopped when the activity was
near its maximum value.) The correlation
with sulfur level gives a maximum near
S = 1, with conversions decreasing rapidly
as S approaches 2 (presulfided catalysts)

or 0 (severely prereduced catalyst). The
validity of the left curve (broken) is con-
firmed by the microcatalytic data. There is
a rough correlation with the remaining
oxygen, although the data are scattered. A
more serious reservation with this correla-
tion is that the third (remaining) oxygen
associated with Mo is believed to reside in
the second surface layer and thus, be un-
available as a catalyst site (4). Further-
more, bulk MoS, is a well-known catalyst
for hydrodesulfurization and it presumably
contains no oxygen under HDS conditions.
There is no apparent correlation with the
vacancy concentration.

DEVELOPMENT OF A CATALYST
CORRELATION

No single catalyst property correlated
directly with catalyst activity. This is not
surprising in view of the complexity of
the hydrogenolysis reaction. Carbon-sulfur
bond scission and hydrogen transfer must
both operate for sustained reaction to
oceur. Thus, it is not unreasonable to pre-
sume a dual site, one for adsorbed thio-
phene and another for adsorbed hydrogen,
would be required. There is already suffi-
cient evidence that at least two active sites
are present on the catalyst (8). In develop-
ing a model we will presume that both
sites are needed.
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TABLE 4
Catalyst Stoichiometries and Activities for Thiophene Hydrogenolysis
at Steady State 89, Mo/v-Al,05*
S 5] S S S (o] @] O ] R R or
Pretreatment temp (°C)
Calcination 500 343 500 500 500 343 343 500 500 500 600 500
Reduction — — — — — — —_ — — 400 600 —
Sulfidation 400 343 343 343¢ 300 — — — —_ — — -
Thiophene reaction, 343°C
Time (hr) 2 10 2 2 2 2 2.54 2 0.25¢ 2 2 2
Final conversion, ¢ 0.14 0.10 0.13 0.17 0.13 0.23 0.24 0.20 0.36 0.25 0.1 1]
Final sulfur,
W (mg/g) 50.1 48.4 45.9 44.2 47.1 37.0 39.7 37.8 220 32.2 13.2 1.0
Wt change,
AWor (mg/g) 19.8 24.1 20.4 16.7 22.3 15.6 19.4 20.8 10.0 11.4 —14.2 5.9
Final eatalyst stoichiometries (mmol/mmol Mo)e
Active oxygen, Or 0.34 0.82 0.71 0.56 0.78 1.02 1.11 1.36 1.88 1.05 0.60 —
Sulfur, S 1.86 1.79 1.70 1.637 1.74 1.37 1.47 1.40 0.81 1.19 049 —
Vacancies, Or 0.80 0.39 0.59 0.81 0.48 0.61 0.42 0.24 0.31 0.76 191 —
Adsorbed H-S, S 0.40 0.20 0.30 0.41 0.24 0.31 0.21 0.12 — 0.38 — -
Exchanged sulfur, Sg 1.46 1.59 1.40 1.22 1.50 1.06 1.26 1.28 — 0.81 — -—
Coke, as C4Hy, Cq 011 011 011 011 oIt 011 01l 01l — 011 011 —
Net vacancies, (OT1)1 0.69 0.28 0.48 0.70 0.37 0.50 0.31 0.13 — 0.65 180 —
Surface oxygen, Os 0 0 0 0 0 0.02 0.11 0.36 — 0.05 0 —
Surface sulfur, Sg
A. Sy inactive (.80 1.41 1.1t 0.79 1.28 1.06 1.26 1.28 — 0.81 — —
B. Sractive 1.20 1.81 141 1.19 1.52 1.37 1.47 1.40 — 1.19 — —

@ 8 = sulfidation, R = reduction, O = calcination (in air) only.

5 Pure y-Al:O; support.
¢ Average percentage C value of 0.45% used.

4 This sample was treated briefly with 9% H28/91% H: during the run so bas more sulfur than other oxide catalysts.
¢ This run was stopped at the approximate time that maximum conversion was reached, so it was not at steady state but is in-

cluded for comparison.

/ This sample was sulfided in 29 H:8/98% H: so has less sulfur than other sulfided catalysts.

¢ Reduction was so extensive in this run that it is outside the range for which 81, 8g, and 85 can be calculated.

We base our model of the active center
on the mechanism earlier proposed by
Lipsch and Schuit (9) (see Introduction).

40
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Fic. 5. Thiophene conversion vs catalyst stoichiometry. Catalysts were prereduced or pre-
sulfided under various conditions (Table 4). (O) oxidized ; (®) prereduced; (@) presulfided; (D)

short time run.

We identify vacancies as sites for thiophene
adsorption and terminal surface anions as
sites for hydrogen adsorption. Further, we
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assume that the slow step in the reaction
is a surface reaction between adsorbed
species on these sites.

Our task now is to relate catalyst activi-
ties to catalyst surface concentrations. This
involves proper analysis of the rate data
and a model of the catalyst surface.

1. Reaction Rate Analysis

We wish to relate thiophene conversions
obtained over the various catalysts in the
stirred microbalance reactor to basic reac-
tion rate constants. Although the literature
(6) is not in agreement on the precise form
of the rate expression, for our purposes a
generalized form can be used, viz,

kTpTPH
rr = ) (4)
D

where rr is the desulfurization rate, kr is a
global rate constant, pr and pm are the
partial pressures of thiophene and hydro-
gen, and D is an adsorption term. The
latter term may contain partial pressures
of thiophene, hydrogen sulfide and hydro-
gen, together with their appropriate ad-
sorption constants (6). Detailed kinetic
studies on the same catalyst [see following
article (16)] confirmed the reasonableness
of Eq. (4) for sulfided catalysts. Since the
stirred microbalance reactor operates ki-
netically as a constant stirred tank reactor
(11), the rate is given by:

FiC )
r =
' Wcat ’

where Fr is the thiophene flowrate, C is
the conversion, and W, is the catalyst
weight. Since all catalysts were run under
identical reaction conditions, and H, was
in excess, the following relationship can be
derived,

¢ Y =ak (6)
—_— = =a y
1-¢ '
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where a is a constant which depends only
on reaction conditions. Implicit in this
derivation is the assumption that the ad-
sorption constants are the same for all
catalysts at the lined-out state.

2. Catalyst Surface Concentralions

We wish to estimate surface concentra-
tions that may be involved in the reaction
from measured catalyst stoichiometries. It
is necessary to invoke a specific model of
the surface of the catalyst for this purpose.
We will use one previously proposed from
earlier studies on the sulfided catalyst (4).

Briefly, this model consists of an epitax-
ial monolayer of Mo and O extended over
the Al.O; substrate such that only two O’s
per Mo are terminal, the third residing in
the Al layer [cf. Fig. 7 of Ref. (4)]. The
terminal O’s are reactive towards reduction
(forming vacancies) and sulfidation (S ex-
change for terminal O), whereas the under-
lying O’s are much less reactive. Further,
the MoO, terminal groupings are in essen-
tially one-dimensional or chainlike struc-
tures rather than two-dimensional patches.
This model only applies for one-half or less
surface coverage of the Al,O; support.

Vacancies are assumed to be only pos-
sible at the surface, and we will limit the
correlation to catalysts with no more than
1 vacancy/Mo. Sulfur exchange for cata-
lyst active oxygen occurs preferentially on
terminal oxide anions; however, sulfur ex-
change in highly sulfided catalysts can also
occur in the second O layer, i.e., when
Or < 1. The chainlike structure allows this
deep sulfiding without serious disruption
of the surface structure, whereas a two-
dimensional structure would require ex-
tensive reorientation of the surface due to
the much larger ionic radius for 8§2- as
compared to 0%,

Only anions residing in the terminal
layer are considered possible active cata-
lyst sites for hydrogen adsorption and
transfer. We assume both terminal S or O
anions apply here, recognizing that their
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intrinsic activity may be different. Calcu-
lation of these surface sites involves two
cases as follows:

Case I: Or > 1 Case I1: Or < 1
O, =0r—1 O, =0 )
S, = Sk S, =8 — (1 —On), (8)

where the subscript “s” refers to surface

layer. In Case I, all sulfur exchanged is at
the surface and some surface oxygen re-
mains. In Case II, all O on the surface has
been removed (as vacancies or exchanged
S) and some additional O in the second
layer has also been exchanged.

In the above treatment, irreversibly ad-
sorbed H,S has not been accounted for. It
is assumed to adsorb at vacancies (thus
reducing vacancy concentration) but re-
main inactive as a hydrogen site. However,
it is possible that S; could also function as
an active site. In that case, the above
equations will still apply but with Sg re-
placed by S.

3. Effect of Coke

Before making our final correlation, we
must take into account the coke found on
all catalysts after reaction with thiophene.
If the coke covers some active sites, they
will presumably become inactive. It seems
most likely that small amounts of coke
will be adsorbed at vacancies. We will
assume coke to have the composition of
butadiene, i.e., C;H,, although other H/C
ratios will not noticeably affect our analy-
sis. The coke concentration, C,, in mmol/
mmol Mo is then given by,

QGWCH
4 = — . )
52W um

Corrcetion of vacancy coneentration for

coke can then be made according to,
(0): = O — iCy, (10)

where 7 represcnts the number of vacancies
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covered per coke molecule, and (0J); is the
effective vacaney concentration.

4. Relationship between Reaction Rate Con-
stants and Catalyst Surface Concentrations

We are now ready to make our final
correlation. We assume thiophene adsorbs
on vacancies and hydrogen on either sur-
face sulfide or oxide anion sites, For surface
reaction between adsorbed thiophene and
adsorbed hydrogen, the rate is given by,

(11)

where ks and k, are the intrinsic surface
reaction rate constants for reaction be-
tween adsorbed thiophene and adsorbed
hydrogen on a sulfide site or on an oxide
site, respectively, 61 is the {fraction of
vacancies covered by thiophene, and 6y,
and fu, o are the fraction of surface sulfide
and oxide sites covered by hydrogen. Con-
ventional treatment gives

rr = kfrbu,s + kb1bu o,

kvapTLspH kova 'I‘LopH

D

Fop

(12)

kvaLs + koLvLo
= < 5 >7’TPH, (13)
where L, 1s the total number of active
vacancies, and L; and L, are the total
numbers of surface sulfide and oxide sites.
Comparison to Eq. (4) shows that,

kr = kLo Ls 4+ k,LyLs,. (14)

Replacing L., Ls and L, by (0);, S, and
O, from earlier terminology gives,

ke = bks(O1)Ss + bk (O1):05, (15)

where b is a constant equal to (Mwu/Wy)2
Incorporating the relationship between Y
and kr given by Eq. (6) and casting into
linear form gives,

)7

O,
(T:I*)“g— = abk, + abk, <§~). (16)
T]iVs 5
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When O, = 0, Eq. (16) simplifies to,

r = abk
g - «(O1) (17)

B

Equations (16) and (17) provide conven-
ient forms to check the proposed model
with the experimental data.

4. Correlation Tests of Data

Values needed to test Egs. (16) and (17)
are given in Table 4. The value for C, is
based on an average carbon content for
all runs. Values of (Or): for 7 > 2 are un-
realistic as some negative values were ob-
tained. Values of 8, are given for two cases,
viz, Case A-S; inactive site, in which Sg is
used to caleulate S, in Eq. (8); and Case
B-8; active site, in which 8 is used in Eq.
(8).

Figure 6 displays the correlations ob-
tained for the case in which all surface
sulfur was assumed to be active, and 7 = 1.
Equally good fits were obtained for the
case in which S; was assumed inactive and
¢ = 1. Both gave a ratio of k,/k,s of about
20, indicating that oxygen sites are con-
siderably more reactive than sulfur sites.
Correlations using 7 = 0 or 2 gave poor
fits; in these cases, the intercepts of
Y/8,(0O1): versus O,/S, did not equal the
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slope of Y/S, versus (Or): as it should
according to Egs. (16) and (17).

DISCUSSION
1. Reaction of Thiophene with the Catalyst

Thiophene (with H,) is a good sulfiding
agent for the Mo/Al,O; catalyst, whether
the latter is in an oxidized or prereduced
state. Analysis of the results indicates that
the major reaction is replacement of cata-
lyst active oxide by sulfide. Since catalytic
hydrogenolysis of the thiophene occurs, we
cannot be sure whether sulfiding takes
place directly with permanent attachment
of the sulfur atom or through a secondary
sulfiding from the H,S produced in the
hydrogenolysis reaction.

Partial pressure considerations may be
invoked to explain the additional reduction
obtained upon reacting presulfided cata-
lysts with thiophene-H, mixture. In the
latter case, the H, partial pressure was
greater than that employed during the pre-
sulfiding and a separate experiment demon-
strated that postreduction of a presulfided
catalyst can indeed cause additional reduc-
tion (Table 3). It is interesting to note
that this extra reduction is not due to
sulfur loss, but rather to additional oxygen
loss,

o .2 4
0s/Ss

Fic. 6. Catalyst activity correlations with surface concentrations for Case B-S; active site.

Symbols same as for Fig. 5.
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The finding that the catalyst undergoes
significant changes in stoichiometry and sur-
face concentrations as a result of exposure
to thiophene-H, mixture has important
consequences with respect to changes in
catalyst activity. The importance of such
catalyst changes to a basic understanding
of the catalysis involved lies in the inter-
action between catalyst kinetics and reac-
tion kinetics (13). Basic reaction kinetics
must account for catalyst changes to have
fundamental significance.

2. Effect of Coke

Although carbon analyses were rather in-
accurate and inconsistent, there is no doubt
that small amounts of eoke were present
on the catalyst in all runs with thiophene.
Since no trends could be discerned between
carbon content and ecatalyst properties,
average values were used.

The nature and location of this coke is
important insofar as it may be adsorbed on
vacancies. First, we must consider whether
it is predominantly present as irreversibly
adsorbed thiophene or as coke. Little data
are available to bear on this question as
material balance caleulations cannot dis-
tinguish unequivocally between the two
possibilities. Several circumstantial facts
seem to mitigate against coke being exclu-
sively absorbed thiophene.

1. Coke alone decreased catalytic ac-
tivity. In a separate experiment, after a
catalyst steady state was obtained, the
catalyst was exposed to a butene-N, mix-
ture, whereupon an irreversible weight gain
due to coke was obtained. Upon re-estab-
lishing the former reaction conditions,
thiophene conversion was appreciably lower
than before coking. This demonstrates that
simple coke adsorbs on active sites causing
lower conversion, although a similar phe-
nomenon due to irreversibly adsorbed thio-
phene is not necessarily ruled out.

2. Coke formation is usually a slow proe-
ess, whereas irreversible thiophene adsorp-
tion would be expected to be reasonably
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fast. The gradual catalyst activity decay
observed in reaching a steady state would
thus seem to be indicative of a slow coking
process.

3. Presulfided catalysts did not show in-
creased sulfur levels after reaction with
thiophene. The average coke level obtained
would be equivalent to about 0.12 mmol
TP/mmol Mo if due to irreversibly ad-
sorbed thiophene alone. Thus, the sulfur
content of the presulfided catalyst should
have inereased by this amount, contrary
to the results of Table 3.

Seccond, since the coke does affect cata-
lyst activity, its location and form are im-
portant to catalyst correlations. It seems
reasonable to assume that it adsorbs at
free anion vacancies. It could adsorb and
affect activity on surface sulfide/oxide
sites, but activity correlations based on
this latter possibility were unsuccessful.

Coke is generally considered to form from
olefiniec structures that are too strongly
adsorbed to be saturated by hydrogena-
tion. The mode and mechanism of forma-
tion, especially the relatively long time
periods involved, are not well understood.
In order to reduce the problem to manage-
able proportions, we have arbitrarily as-
sumed a loealized molecular structure equiv-
alent to C,H,, ie., butadiene-like. Buta-
diene is known to be strongly absorbed and
could well be the coke precursor present on
the catalyst. Larger coke deposits and/or
longer reaction times could cause the coke
to recrystallize into a more graphic type
(14). We presume at the low levels of coke
obtained in our experiments and the rela-
tively short reaction period that this has
not yet occurred. The fairly constant
values obtained for coke may be due to a
small, constant number of superactive sites
(vacancics), on which the coke precursor
(butadiene) is strongly adsorbed, neither
desorbing nor hydrogenating.

Finally, based on the assumptions that
all the coke is involved in catalyst deactiva-
tion and is of the molecular form equivalent
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to C.Hy, our corrclation shows onc vacancy
occupied per molecule. Adsorption on dual
vacancies gave an unsatisfactory correla-
tion, This is not unexpected since the
number of dual vacancies would be sta-
tistically low due to the low vacancy con-
centrations present, and could not accom-
modate all the coke obtained. When dual
vacancies were considered to be the only
sites available for coke, which deactivated
them (any excess coke not causing deactiva-
tion), correlation using the remaining single
vacancy sites did not give a satisfactory fit
to the data.

3. Identification of Active Sites

The salient features of the Schuit mecha-
nism in terms of our proposed catalyst
surface stoichiometry for highly sulfided
catalysts are depicted in Fig. 7. According
to this mechanism, thiophene adsorbs on
surface vacancies and hydrogen on neigh-
boring sulfide sites. First-stage hydrogen
transfer is kinetically equivalent to reac-
tion between the two adsorbed species. If
thiophene and hydrogen are in equilibrium
with their respective adsorbed species, then
reaction should be proportional to the
product of the active sites, viz, vacancies
times sulfide sites (or oxide sites, if present).

MASSOTH AND KIBBY

This holds whether the first-stage hydro-
genation is rate determining or whether the
first-stage transfer is in equilibrium and
the second-stage transfer is rate determin-
ing (15). We cannot distinguish between
transfer of one H in each step, to form
butadiene +S (as shown), or transfer of
two H’s in cach step to form butadiene
+H,S. Also, the timing of C-8 bond
rupture is uncertain. The irreversibility of
the second-stage hydrogen transfer reac-
tion seems reasonable since butadiene is
not known to form thiophene over the
sulfided catalyst under normal hydrogenoly-
sis conditions,

In order to obtain catalyst activity cor-
relations according to this mechanism, it
was necessary to correct for vacancy poison-
ing by coke. This may be viewed as subse-
quent adsorption of butadiene on particular
vacancies which form strong chemisorptive
bonding with the butadiene. Some vacan-
cies are also occupied by strongly chemi-
sorbed hydrogen sulfide, converting va-
cancy sites to potential hydrogen sites. The
correlations do not permit establishing
whether the latter sites are active or not.

Since all surface sulfide sites are assumed
to be active in our correlation, it is neces-
sary to postulate that they all arc active

RATE CONTROLLING STEP

H C- CH
H\SH CEI\ H\(\?“S H
\ /S N\ /S
Mo 0
H}égil—;ic\:\HH H
< N\ Ny
—CaHe 0 Mo

Fi6. 7. Proposed steps in thiophene reaction.
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sites for hydrogen adsorption. Although
this situation does not apply to reduced
catalysts (3), where it appears that only
two H’s per vacancy are adsorbed (irre-
versibly), it does apply to sulfided catalysts
(4), where essentially all the sulfide has the
equivalent of 1 hydrogen.

4. Initial and Transient Activities

Since the catalyst state changes rapidly
upon exposure to thiophene/H,, it is not
surprising to find that its activity also
undergoes changes during this initial stage.
The oxidized catalyst was initially inactive,
rapidly became activated and then gradu-
ally lost activity with time. During this
process, sulfur was added and some vacan-
cies were produced. The prereduced cata-
lyst, on the other hand, started off with a
very high aetivity which rapidly dimin-
ished to a lined-out stage. During this
process, sulfur was also added but the
vacancy concentration did not change much.

The correlation developed for the steady
state catalyst can qualitatively account for
initial and transient activities. Consider
first the prereduced catalyst. Depending
upon extent of reduction, this catalyst
contains some vacancies and adsorbed H.
Upon exposure to thiophene the initial rate
constant in this case will be according to
Eq. (15),

kT = bko(DR)Os- (18)

Since k, is some 20 times larger than ke, kr
will be larger than under steady state
sulfided conditions and consequently initial
activity will be high. However, catalyst
sulfiding will begin with exchange of surface
O for 8, and some product H.S and coke
will adsorb on vacancies. Thus, catalyst
surface concentrations will rapidly change
and kr will now be given by the complete
expression of Eq. (15), where the &k, (T 1):0,
term decreases and the k(O1):S, term in-
creases with time.

The case of the oxidized catalyst is also
explicable in terms of our correlation. Since
no vacancies are present, initial catalyst
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activity will be nil. From sulfiding studies
with H.S/H, (4), it has been shown that
slight partial reduction of the catalyst
oceurs prior to sulfiding. A similar response
may be cxpected with thiophene/H,. Va-
cancies should be rapidly formed, resulting
in the rapid risc in catalytic activity ob-
served in Fig. 3. Now however, sulfur ex-
change and H,S and coke poisoning as
deseribed above for the reduced catalyst
take over, with the resultant drop in ae-
tivity to steady state.
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