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The reduction of sulfided hydrodesulfurisation catalysts has been studied using temperature-
programmed reduction of sulfides (TPR-S). Hydrogenation of stoichiometric sulfur of bulk CosSs
and MoS, occurs at much higher temperatures than HDS operating temperatures and is thermo-
dynamically limited under the TPR-S reduction conditions. Al,Os-supported Co and Mo catalysts
contain sulfided species which are reduced at lower temperatures than bulk CogSs and MoS;. In Co/
ALO; catalysts with a high Co content Co,S;s is found, while a small amount of a CoS surface
species is also present. High temperatures of calcination cause Co to migrate into the support, and
this Co species remains oxidic during the sulfiding treatment. On Mo/Al,Os catalysts it is found that
around 600 K a sulfided Mo monolayer species is reduced. At higher temperature, reduction is
observed of bulk-like MoS,. In Co-Mo/Al,Os catalysts the reduction of Mo occurs at nearly the
same temperature as that of Mo/Al,O;. When the Co loading is low, no separate Co sulfide phase is
detected, whereas catalysts with a high Co content contain CosSg. A high temperature of calcina-
tion leads to the formation of nonsulfidable Co species. For all supported catalysts the TPR-S
patterns indicate that some S is hydrogenated around 400 K. This S is chemisorbed on coor-
dinatively unsaturated sites of Mo and Co sulfides when the H,S pressure is sufficiently high, and it
is hydrogenated at a lower H,S/H, ratio. On Co/Al O, catalysts this S species is hydrogenated at a
higher temperature than that of the corresponding species in Mo/A1,0;. On Co-Mo/AlLOs a similar
S species is found; it is hydrogenated at a lower temperature than that found for either Co/Al,O; or
Mo/Al,Os. This is an indication of the formation of a disperse Co—Mo species. The temperature of
hydrogenation of the chemisorbed S species depends on the metal loading and the temperature of
calcination. For all Co-Mo/Al,Os catalysts, it is found that a low temperature of hydrogenation of
S corresponds with a high HDS activity. It is concluded that the capacity to hydrogenate S, which
is abstracted from S-containing compounds during the HDS reaction, is a key parameter for the
overall HDS activity of Co~Mo/AlO; catalysts. © 199 Academic Press, Inc.

INTRODUCTION

Temperature-programmed reduction
(TPR) is a valuable technique in the study
of oxidic Mo/ALO; (1), Co/ALO; (2, 3),
and Co-Mo/ALO; (4) catalysts. Detailed
information has been derived from TPR
patterns concerning the nature and the
amounts of the highly disperse species in
these catalysts. In this way TPR has been
used to clarify the effects of preparation pa-
rameters, such as metal loading and tem-
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perature of calcination, on the speciation of
the final catalyst. Furthermore, it has been
found that the HDS activity of sulfided cat-
alysts can be rationalised to a large extent
on the basis of the abundance of precursors
in the oxidic catalysts (5—8). The sulfiding
of Co/ALOs (3), Mo/ALO; (9) and Co-Mo/
AlLOs (10) catalysts has been studied using
temperature-programmed sulfiding (TPS)
and the sulfidability of the various oxidic
species has been described in detail. Sulfi-
dation causes drastic changes in the cata-
lyst, and therefore it is worthwhile to sub-
ject the same catalyst samples to TPR in
their sulfided form. To discriminate be-
tween TPR of oxidic and TPR of sulfided
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samples, the latter technique will be abbre-
viated as TPR-S.

Compared with the spectroscopic tech-
niques which have been applied to sulfided
Co-Mo/ALO; catalysts TPR-S offers the
following advantages:

—it is equally sensitive to disperse and to
nondisperse species;

—reduction of all species is observed if
the maximum temperature is high enough;

—the quantity of a species is easily ob-
tained;

—it provides a measure of chemical reac-
tivity which is closely related to catalytic
activity.

TPR-S has previously been applied to

Mo/Al,O5 (11-13), Co-Mo/ALLO5 (11, 14),.

and Ni-Mo/ALO; (11, 13). In all these
studies the fraction of S in the catalysts
which is hydrogenated in the TPR-S experi-
ment is small (10-20%), because the maxi-
mum temperature reached was 870 K or
lower. In the present work the maximum
temperature was 1250 K, which is suffi-
ciently high to completely reduce all Co and
Mo species. Furthermore, the Co and Mo
loadings and the temperatures of calcina-
tion were systematically varied. A compre-
hensive overview of the reduction behavior
of sulfided Co-Mo/Al,O; catalysts is thus
obtained.

The TPR-S results of the sulfided Co—
Mo/AlL,O; catalysts are interpreted on the
basis of TPR-S results on bulk compounds,
and relations between reducibility and HDS
activity are discussed.

EXPERIMENTAL

Materials. MoS, (Pfalz & Bauer) and
CoS0, - TH,0 (Merck, p.a.) were used as
supplied. Co,Sg was obtained by sulfiding
Co;0, (Merck, p.a.) up to 925 K.

Mo/ALO; catalysts were prepared via
pore volume impregnation using solutions
of (NH)¢M0702 - 6H,O. The catalysts
were calcined in air at 825 K unless other-
wise indicated. A detailed description of
the preparation is given elsewhere (9).

To prepare the Co/AlL,O; catalysts the
support was impregnated with aqueous so-
lutions of Co(NOs); + 6(H,0) followed by
drying in air and heating in N, or calcining
in air. Different Co loadings were obtained
by using different concentrations of cobalt
nitrate. Details are given elsewhere (3).

Co-Mo/Al,O; catalysts were prepared
starting from the Mo/Al,O; samples (4); Co
was added in the same way as for the Co/
AbLOj; catalysts (4).

Catalysts will be designated by the num-
ber of metal atoms/nm?, e.g. 1.6% CoO/
10.2% Mo0s/Al,O5 as Co(0.8)Mo(2.5)/Al.

TPR-S. The TPR-S equipment consisted
of a conventional TPR setup (2) to which a
sulfiding apparatus was added for in situ
sulfidation. A flow scheme of the TPR-S
equipment is shown in Fig. 1. The sample
was loaded in a quartz tube (inner diameter
4.5 mm) which was placed in an oven. The
sample size was varied to adjust the H, con-
sumption to 25-50 X 1076 mol.

To measure H,S a UV-spectrophotome-
ter was used (Perkin—Elmer C75, set at 200
nm) which was equipped with a flow cell.
H.S has a strong absorption around 200 nm
(I15). The spectrometer was used in absorp-
tion mode so its signal was directly propor-
tional to the H,S concentration. H,O and
NO, have only a weak absorption, but SO,
(16) and NH; (I7) may interfere with the
H,S signal. The detector was calibrated by
the reduction of a known amount of MoS;.

CH, formation was measured with a
flame ionization detector (FID). The H,

L1ZS/H2

uv
detector

reactor

Ar/Hy g

-

Fi16. 1. Flow scheme of the TPR-S apparatus.
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consumption was measured with a thermal
conductivity detector (TCD) after H,O and
H,S had been trapped in molecular sieves.
In addition to the H, concentration, the
TCD also detects NO, NO,, and CH,. NO
and NO, can be produced during decompo-
sition of the nitrates used in the preparation
of the catalysts, and CH, can be formed
during TPR from organic material which is
adsorbed on the support from the labora-
tory atmosphere (2).

The amounts of H, consumed and H,S
produced were obtained by integration of
the signals of the TCD and UV detectors
respectively.

The procedure for sulfiding of the sam-
ples was as follows. The quartz reactor was
first flushed with Ar (Matheson, UHP, puri-
fied through a BTS column) at room tem-
perature to expel oxygen. The sulfiding gas
(15.5% H,S, balance H,, Matheson) was
next led through the reactor (15 X 1076 mol/
s, 1 bar) for 300 s at room temperature.
Then the temperature was raised (0.16 K/s)
to 675 K (or a different temperature where
indicated). Sulfiding was continued at the
maximum temperature for 1800 s. The sul-
fiding gas was subsequently replaced by Ar
(37 x 107° mol/s), and after flushing for
2700 s the reactor was cooled to 300 K.
During the sulfiding and flushing proce-
dures the gases leaving the reactor were
vented.

At the start of the TPR-S run the gas flow
was switched to 67% H, in Ar as the reduc-
ing gas (15 x 107% mol/s, 1 bar) and the off-
gas were led to the TPR equipment. The
heating rate was 0.16 K/s up to 1250 K.

HDS activity. The activity of the cata-
lysts for HDS of thiophene was measured
in a microreactor under atmospheric pres-
sure. Details of the activity measurements
are given elsewhere (5).

RESULTS
Bulk Compounds

TPR-S patterns of bulk compounds are
shown in Fig. 2. For the bulk sulfides no
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Fic. 2. TPR-S patterns of bulk compounds. (a)
MoS,, (b) CoeS;, (¢) CoSO, * 7TH,0. TCD signals are
shown.

FID signal was observed. The H,S produc-
tion closely matched the H, consumption
and no other products were detected.

MoS,. It is shown in Fig. 2a that reduc-
tion of bulk MoS, starts around 1000 K, and
then the rate of reduction rises sharply. The
rate of reduction is still rising when the
maximum temperature of the TPR-S exper-
iment (1250 K) is reached, so the maximum
in the TPR-S pattern at 1250 K is an experi-
mental artifact. Reduction continues in the
isothermal stage for about 1500 s and then
the rate of reduction rapidly drops. The to-
tal H, consumption during TPR-S indicates
a degree of reduction of MoS, of around
90%. Possibly the sample contained Mo
metal. A comparison of the TCD and UV
signals shows that at approximately 700 K a
small H, consumption occurs which is not
coupled to H,S production. This indicates
that an oxygen-containing species was
present in the sample.

CosSs. To avoid reoxidation the sulfide
was prepared by in situ sulfidation of Co;0,
at a maximum temperature of 925 K. Ac-
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cording to TPS results Co30, is sulfided to
Co,S; at that temperature (3). Sulfidation of
Co(NO;), - 6H,0O gave identical TPR-S
results. Reduction of bulk CosS; (Fig. 2b)
starts around 800 K, and a peak maximum
is seen at 950 K. The total H, consumption
is 1.1 H,/Co.

CoS0O, - 7H,0. The TPR-S pattern (Fig.
2c) shows two peaks, a sharp one at 790 K
and a broader one at 1090 K. The shape and
the position of the peak at high temperature
are reminiscent of the TPR-S pattern of
CosSg, while the difference in temperature
of reduction is likely to be caused by differ-
ences in particle size and sample size. It is
therefore suggested that the sulfate is first
reduced to the sulfide at 790 K. This is in
accordance with the reported preparation
of the sulfide from the sulfate by a treat-
ment in H,S/H, at 800 K (18).

Mo/ALO, Catalysts

The TPR-S pattern of a typical Mo/ALOs
catalyst is shown in Fig. 3. No FID signal
was observed. To facilitate the description,
the TPR-S pattern is divided into three tem-
perature regions:

region I: 300-550 K. A H; consumption
peak is seen which is associated with a H,S
production peak.

region II: 550-1000 K. A continuous up-
take of H, and a production of H,S is seen,
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Fi1G. 3. TPR-S pattern of a Mo(2.2)/Al,O; catalyst.
UV signal (b) and TCD signal (a) are shown.
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Fi1G. 4. TPR-S patterns (T'CD signal) of Mo/Al,O;
catalysts calcined at 825 K. (a) AL, Os, (b) M0o(0.09)/Al,
(c) Mo(0.2)/Al, (d) Mo(0.5)/Al, (e) Mo(1.8)/Al, (f)
Mo(2.2)/Al, (g) Mo(4.5)/Al.

on which small shoulders are superim-
posed.

region I11: 1000-1250 K. The rates of H,
consumption and H,S production rise
sharply in this region and a maximum is
observed.

The total H,S production in regions II
and III is 1.85 S/Mo.

TPR-S patterns of Mo/AlL,O; catalysts
with various loadings are shown in Fig. 4.
For clarity only the TCD (H; consumption)
signals are shown. Also included is a TPR-S
pattern of the bare support after the regular
sulfiding procedure (Fig. 4a). The support
shows a small peak in region I and a sharp
peak in region III (1150 K). The latter peak
is attributed to cracking and reduction of
impurities (sulfates) in the support (2). A
similar reduction of impurities has been ob-
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Fi1G. S. Position of peak maximum in region I in
TPR-S of Mo/Al,O; catalysts.

served with oxidic samples in TPR (3) and
TPS (9). The reduction of support impuri-
ties interferes most with the catalysts with
the lowest Mo loadings (Mo(0.09)/Al and
Mo(0.2)/Al).

The TPR-S patterns of the Mo/AlLOs cat-
alysts change as higher Mo loadings are ap-
plied:

—The peak in region I shifts from 475 to
390 K as the loading is increased, in accor-
dance with previous results (/7). This is
shown more clearly in Fig. 5.

—The amount of H, consumed in region
I per Mo atom decreases from 0.6 to 0.1 Hy/
Mo toward higher loadings, as exemplified
in Table 1.

—The relative importance of region II
with respect to region III decreases as the
loading is increased to Mo(4.5)/Al.

—With increasing loading the peak maxi-
mum in region III first shifts to lower tem-
peratures, but from Mo(1.0)/Al to Mo(4.5)/
Al it shifts to higher temperature again. The
apparent shift found for the lowest loadings
is caused by reduction of support impuri-
ties.

After correction for the reduction of sup-
port impurities (100 X 10~¢ mol H,/g Al,03)
the total H, consumption in regions II and
1T is 1.85 = 0.2 H,/Mo for all Mo catalysts
studied (Table 1).

Co/AlL,Oy Catalysts

Figure 6 shows TPR-S patterns of Co/
AlO; catalysts which have been pretreated
in different ways. For convenience the
same division in temperature regions I-IIT
is made as for that of the Mo/AlL,O; cata-
lysts.

The Co/Al,O; sample of Fig. 6a has been
exposed to air at room temperature. The
two-peak pattern strongly resembles the
TPR-S pattern of CoSQ, - 7H,0 (Fig. 2¢).
CoSQ, + 7TH,O has been observed previ-
ously in air-exposed samples (10). Clearly it
is essential to perform reduction of sulfided
Co catalysts without prior exposure to the
atmosphere,

Figures 6b—6¢ show the effect of the tem-
perature of calcination on the TPR-S pat-
terns of the Co(3.84)/Al catalysts. Table 2
shows amounts of H, which are consumed.
After calcination at 825 K (Fig. 6b) H, con-
sumptions are seen in regions I and II
which are coupled to H,S productions. The
H,S production in region II is 0.8 H,S/Co.
There is a shoulder on the TCD signal at
870 K due to reduction of adsorbed impuri-
ties. The reduction in region I appears to
consist of two reduction peaks (465-490
K), both coupled with H,S production (total
0.5 H,S/Co). After calcination at 1025 K

TABLE 1

H, Consumption in TPR-S of Sulfided
Mo/Al,O; Catalysts

Mo content H, consumption
(at/nm?)
Region Region
I II + III
0.09 0.4 2.1
0.2 0.6 1.7
0.5 0.6 2.0
1.0 0.5 1.7
2.2 0.2 1.8
4.5 0.1 1.9

Note. All catalysts were calcined at
825 K. H, consumption is expressed as
mol H,/mol Mo. See text for the defini-
tions of the temperature regions.
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Fic. 6. TPR-S patterns of Co/Al,O; catalysts. (a)
Co/Al catalyst exposed to air before TPR-S; (b)
Co(3.84)/ Al calcined at 825 K;; (¢) Co(3.84)/Al calcined
at 1025 K. UV signal (upper line) and TCD signal
(lower line) are shown.

(Fig. 6¢) the TPR-S pattern is markedly dif-
ferent:

—There is only a single small peak in re-
gion I (at 475 K).

—The H,S production in region II is
smaller (0.3 H,S/Co).

—A H, consumption is seen in region IIT
which is not associated with H,S produc-
tion.

Figure 7 shows the TPR-S patterns of
Co(0.62)/Al catalysts which have been

TABLE 2
H, Consumption in TPR-S of Sulfided Co/AlLO;,
Catalysts
Co content Calcination H, consumption
(at/nm?) temperature region
(K) -_—
I II I
0.62 825 0.6 537 04
0.62 1025 0.5 1.7+ 07
3.84 825 04 12¢ —
3.84 1025 0.1 0.5 0.6

2 TPR-S pattern strongly influenced by reduction of
adsorbed organics. H, consumption is expressed as
mol Hy/mol Co. See text for the limits of the tempera-
ture regions.

calcined at different temperatures. Because
of the low Co content the TPR-S patterns
are significantly disturbed by reduction of
impurities in the support or adsorbed onto
the support from the atmosphere after cal-
cination.

I I
800 1200

Temperature (K)

Fic. 7. TPR-S patterns of Co/ALO; catalysts. (a)
Co(0.62)/Al calcined at 785 K; (b) Co(0.62)/Al
calcined at 1025 K. TCD signal (upper line) and FID
signal (lower line) are shown.
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—After calcination at 825 K, a H, con-
sumption and H,S production (at 445 K) is
seen in region 1. In region II a large peak is
seen which is associated with a signal of the
FID detector indicating CH, formation. A
large part of this peak is therefore due to
reduction of adsorbed impurities, as has
been found for the TPR of the oxidic cata-
lysts as well (2, 3). A small TCD signal is
seen in region III which is caused by reduc-
tion of impurities in the support.

—After calcination at 1025 K, H, con-
sumption and H,S production are found in
region I at a higher temperature (480 K)
than after calcination at 825 K. The signals
from the FID and UV detectors in region 11
indicate that reduction of impurities occurs,
as well as reduction of sulfided species. A
large H, consumption is found in region III
which is not related to a H,S production.

The reduction of impurities renders the
quantitative evaluation of region II in the
TPR-S patterns of the Co(0.62)/Al samples
unreliable. In region I differences are seen
with the Co(3.84)/Al samples: after calcina-
tion at 825 K only single peaks are seen,
and they occur at a lower temperature than
those of the Co(3.84)/ Al samples. After cal-
cination at 1025 K no major differences are
seen between catalysts with different load-
ings in region I.

Co-Mol/AlLO; Catalysts

The TPR-S patterns of Co~-Mo/ALOs
catalysts calcined at 785 K are shown in
Fig. 8. Also for these catalysts the patterns
-are conveniently divided into regions I-11I:

—In region I a single peak of H, con-
sumption and H,S production (0.15 H,S/
Mo or 0.4 H,S/Co) is seen for the
Co(0.80)Mo/AlL,O; catalyst at a low temper-
ature (355 K). At higher Co loadings a dou-
ble peak is seen at 370/425 K for the
Co(1.61)Mo/Al,O3 catalyst and at still
higher temperatures (405/490 K) for the
Co(4.07)Mo/Al,O; catalyst; the H,S pro-
duction in region I increases to 0.21 and
0.29 H,S/Mo, respectively.

l
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F1G. 8. TPR-S patterns of Co-Mo/ALO; catalysts
calcined at 785 K. (a) Co(0.8)Mo/Al, (b) Co(1.61)Mo/
Al, (c) Co(4.07)Mo/Al. UV signal (upper line) and
TCD signal (lower line) are shown.

—1In region II no clear peak is seen for
the Co(0.80)Mo/ALO; catalyst. At higher
loadings of Co a broad peak of H, consump-
tion and H,S production is observed, and at
the highest loading a sharp peak has devel-
oped.

—In region Il a H, consumption and
Hs,S production is seen similar to the TPR-S
patterns of the Mo/Al,O; catalysts.

The temperature of calcination also influ-
ences the TPR-S patterns strongly, as is
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FiG. 9. TPR-S patterns of Co—Mo/AlL,O; catalysts
calcined at 995 K. (a) Co(0.8)Mo/Al, (b) Co(1.61)Mo/
Al, (¢) Co(4.07)Mo/Al. UV signal (upper line) and
TCD signal (lower line) are shown.

shown in Fig. 9 for catalysts calcined at
995 K:

—Only single peaks of H; consumption
and H,S production are seen in region I.
Their size is not much influenced by the Co
content.

—No peaks are seen in region II except
for a shoulder at 810 K for the sample with
the highest Co content.

—The peak in region III is somewhat
shifted to lower temperature. The size of
the H; consumption increases as the Co
content is increased, and both the H; con-
sumption and the H,S production peak be-
come sharper.

SCHEFFER ET AL.

The quantitative TPR-S results are given
in Table 3. Except for the values referring
to region II, the H; consumption is ex-
pressed as Hy/Mo since the Mo content is
constant while the Co content is varied.

DISCUSSION
Bulk Compounds

It is instructive to compare the TPR
results on oxidic samples with the TPR-S
results on sulfided samples. The reduction
of MoS, occurs at a much higher tempera-
ture than the reduction of MoOs; the reduc-
tion of MoS, only starts at 1000 K, while
MoO; is already extensively reduced at that
temperature (19). It has been found that the
reduction of MoOj; to MoO, is kinetically
controlled under the present conditions,
while the reduction of MoO; to Mo metal is
controlled by thermodynamic limitations,
viz., by the H,O/H, ratio at which Mo
metal is thermodynamically stable (19).
Since H,S is thermodynamically less stable
than H,O (20), the reduction of MoS; is
even more likely to be thermodynamically
controlled.

TABLE 3
H, Consumption in TPR-S of Sulfided Co~Mo/ALQO;
Catalysts
Co content Calcination H, consumption
(at/nm?) temperature region
K) _—
1 II 11
0.80 785 0.2 — 2.2
0.80 995 0.5 — 2.2
1.61 785 0.3 03* 2.1
1.61 995 0.3 — 2.1
4.07 795 0.5 0.3* 27
4.07 995 0.5 — 2.7
3.7

Note. All catalysts have a Mo content of 2.49 at/
nm2. H, consumption is expressed as mol Hy/mol Mo.
H, consumptions in regions Il and III were added,
except for entries marked *, where H, consumption in
the deconvoluted peak is expressed as mol H,/mol Co.
See text for the limits of the temperature regions.
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To verify this point the H,S/H, ratio at
which MoS; is in equilibrium with Mo metal
was calculated, based on the free enthalpies
of formation of the relevant compounds
(20). The actual H,S/H, ratios at different
temperatures during the TPR-S experiment
were calculated from the TPR-S patterns.
Figure 10 shows that in general the actual
H,S/H; ratios are lower than the thermody-
namic values, but above 1000 K they ap-
proach the equilibrium values; the differ-
ence is ca. 40% at the highest temperature,
and this can well be explained by a concen-
tration gradient of H,S across the particles.
The H,S pressure within the MoS; particles
is higher than the average gas-phase pres-
sure because of slow diffusion of H,S out of
the particles. Also in TPS of MoQO; it has
been found that H,S diffusion is slower than
H, diffusion (9). It is therefore concluded
that the differences observed are due to
mass transfer limitations, and essentially
the reduction of MoS,; is thermodynami-
cally limited under the TPR-S conditions.

In TPR-S of MoS, no reduction is ob-
served below 1000 K. This contrasts with
results which have been obtained on MoS,
samples which are prepared from the de-
composition of thiosalts (21, 22). These
preparations have high surface areas and
contain nonstoichiometric sulfur up to a ra-
tio of S/Mo of 2.5. When reduction is car-

-2.5%

log(H,S/Hy)

“\\.

8 9 10 11
10000/T (1/K)

-4.5

FiG. 10. Comparison of actual H,S/H, ratio during
TPR-S of MoS; (@) and Mo/Al,O; (A) with the H,S/H,
ratio of thermodynamic equilibrium of MoS; with Mo
metal (straight line).
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F1G. 11. Comparison of actual H,S/H, ratio during
TPR-S of C09S8 (.) and CO/A1203 (A) with the HzS/Hz
ratio of thermodynamic equilibrium of CosSg with Co
metal (straight line).

ried out up to 700 K the S/Mo ratio ap-
proaches 2, in agreement with the present
results, so reduction below 700 K is clearly
related to nonstoichiometric S. The MoS,
sample studied here only contains stoichio-
metric sulfur, so clearly the abundance of
nonstoichiometric sulfur species depends
on the method of preparation (23).

The reduction of CosSg occurs at a much
higher temperature than the reduction of
Co304 (cf. Ref. (2)). A thermodynamic limi-
tation on the reduction was verified in a
way similar to the procedure used for
MoS,. The result is shown in Fig. 11. Tak-
ing into account the experimental error and
the uncertainties in the thermodynamic
properties at these high temperatures, it is
clear that the experimental H,S/H, ratios
are so close to thermodynamic equilibrium
that the reduction of CoeSg is also thermo-
dynamically controlled. This is corrobo-
rated by the peculiar shape of the peak in
TPR-S, viz., an exponential increase in the
rate of reduction and a sudden halt to the
reduction. Typical TPR peaks for kineti-
cally controlled reductions are in general
more symmetrical.

The reduction pattern of CoSO, - 7TH,0
differs widely from the patterns of Co and
Mo sulfides, so the sulfate can be easily
identified by TPR-S in samples of unknown
composition. The sharpness of the peak at
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790 K indicates that thermodynamic inhibi-
tion of reduction is absent, while the large
width of the peak at 1090 K is indicative of
thermodynamic control. Since the reduc-
tion of sulfate to sulfide is not thermo-
dynamically controlled, the widths of the
peaks confirm that CoSQy, is first reduced to
CosSs and subsequently reduced to Co
metal at a higher temperature.

Mo/ALO; Catalysts

The TPR-S results confirm that Mo/
Al Os catalysts are extensively sulfided at a
common sulfiding temperature of 675 K.
Temperatures in excess of 1000 K are re-
quired to fully reduce sulfidic Mo/AlLO;
catalysts. The reduction peak in region III,
which is found for the supported catalysts,
is also seen in the TPR-S of bulk MoS;. In
Fig. 10 the actual H,S/H, ratio during TPR-
S is compared with the thermodynamic
equilibrium ratios and it is seen that at high
temperatures the thermodynamic ratio is
approached. Therefore at high temperature
(region III) the reduction of Mo/AlLO; cata-
lysts is thermodynamically limited. This is
also similar to bulk MoS,, and it is con-
cluded that the reduction in region III is due
to the reduction of a MoS,-like species in
the catalyst. This is corroborated by the in-
crease of the peak in region III as the Mo
loading is increased, indicating that the Mo/
Al,O; catalysts more and more resemble
bulk MoS;. This agrees with the detection
of single-slab MoS, particles in Mo/Al;Os
catalysts (24-27). The accompanying H,S
production is caused by the hydrogenation
of stoichiometric sulfur.

The reduction in region II is not present
in TPR-S of bulk MoS,. Figure 10 indicates
that the H,S/H, ratio in region II is higher
than the equilibrium ratio. According to
thermodynamics this implies that MoS;
cannot be reduced to Mo metal. The reduc-
tion of other Mo bulk sulfides can also be
excluded: MoS; is not formed in H,S at 675
K (28), and the presence of Mo,S; is un-
likely because the formation of M0,S; from
MoS; is slow at these temperatures (25).

The reduction in region II is therefore as-
signed to the hydrogenation of a S species
which is more labile than stoichiometric
sulfide sulfur. The lability of the S species
indicates that the Mo species in which it
is located contains many defects or is de-
stablished through interaction with the sup-
port. Possibly this species consists of Mo
ions in a monolayer MoS, surface species
(9, 29, 30). Such species are not as stable as
crystalline MoS,, so their reduction is not
in conflict with the thermodynamic limita-
tion of MoS, reduction.

In region I Hydrogenation of a S species
which has been called S, (I12) is observed.
In previous TPR-S experiments (11, 12) a
maximum temperature has been applied
which is too low to cause hydrogenation in
regions II and III, so the peak in region I is
the only peak maximum which has been re-
ported up to now. Stuchly and Klusdcek
(14) found a similar peak at a higher tem-
perature (600 K). The peak is most proba-
bly shifted because they applied a much
lower H, pressure (0.01 bar (/4)). Peaks in
region I are not reported by Burch and Col-
lins (13), which is possibly due to the low
resolution of their TPR-S patterns.

The peak in region I in the TPR-S pattern
of this work is sharp and is found at a rela-
tively low temperature. This indicates that
S, is a well-defined and highly reactive spe-
cies. S, is not to be equated with elemental
sulfur because it has been shown that ele-
mental sulfur is catalytically hydrogenated
in a H,S/H, atmosphere at 550 K over Mo/
ALOs catalysts during sulfiding (9). As a
consequence there can be no elemental sul-
fur present in the samples, even if sulfur
were not evaporated during the Ar flush.
From Fig. 10 it can be deduced that MoS,
cannot be reduced at this temperature, so
S, is neither stoichiometric sulfur nor ele-
mental sulfur. The S, species is formed
from H,S during sulfiding in H,S/H, and
hydrogenated in pure H;. This means that
its presence depends strongly on the H,S/
H, ratio in the gas phase. The above charac-
teristics indicate that S, consists of chemi-
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sorbed S, formed by H,S decomposition on
Mo sulfide species. Also on noble metal
catalysts used for reforming S chemisorp-
tion plays an important role (31). It is well
known that O, chemisorbs on MoS; (29, 32,
33). O, chemisorption has also been re-
ported for sulfided Ni (34) and Fe (35), and
likewise the formation of chemisorbed S is
not restricted to MoS,; hydrogenation of
similar S, species has recently been ob-
served for sulfided Co (vide infra), Ni, Fe,
W, and V (36).

0O, and NO chemisorption preferentially
occur on coordinatively unsaturated sites
(29, 32, 33). For unsupported MoS; the
coordinatively unsaturated sites reside on
the edges of the MoS; slabs and not on the
basal planes (23-25, 26, 32, 33). In view of
the similarity of the sulfided Mo species
with MoS,, S, is identified as S chemi-
sorbed on the edges and corners of the
MoS; slabs. Since the S,/Mo ratio exceeds
the number of corner sites for all but the
smallest particle sizes (23), the edges are
identified as the major adsorption sites.

It follows from the simple model of the
MoS; structure (23) that most of the S at-
oms on edge and corner positions are non-
stoichiometric; i.e., they are present in ex-
cess of a S/Mo ratio of 2. Their removal
therefore generates coordinatively unsatu-
rated sites, but does not involve the reduc-
tion of Mo** ions. The present TPR-S
results are in accordance with this model
since the amount of S hydrogenated in re-
gions II and III is close to the stoichio-
metric amount, and S, is clearly present in
excess of the stoichiometric amount. The
conclusions regarding the structures of the
sulfidic species which are reduced in re-
gions I, II, and III during TPR-S agree well
with recent findings based on isothermal re-
duction studies of a Mo0S,/Al,03 catalyst
37).

The fraction of edge sites and the size of
the MoS, crystallites are inversely related
(23). The S chemisorption can therefore be
used to estimate the dispersion of the Mo
sulfide species. When the temperature of

sulfiding is fixed, it follows from the TPR-S
results that the dispersion of Mo decreases
as the Mo loading is increased (Table 1).
This is in accordance with results derived
by other techniques (24, 29).

The position of the S, peak inregionIisa
possible indication of the strength of chemi-
sorption. From Fig. 5 it is clear that S che-
misorption is strongest at low loadings of
Mo. This shows that not only the dispersion
but also the nature of the Mo sulfide species
changes as the Mo loading is varied. This
change can be an effect of the small size of
the crystallites or it can result from the in-
teraction with the support, since it is known
that the interaction is relatively stronger for
low Mo loadings (I, 4, 6, 9).

ColALO, Catalysts

From a comparison of Figs. 2b and 6b—6¢
it is clear that the catalysts with the high Co
loading contain a species which is similar to
CosSs (cf. (3, 7, 38)). This is confirmed in
Fig. 11 where it is shown that the actual
H,S/H, ratio during TPR-S approaches the
thermodynamic equilibrium ratio, as was
also found for bulk CoySg. The peak in re-
gion II is therefore ascribed to hydrogena-
tion of stoichiometric sulfide S from Co,Ss.

For the catalysts with the low loading the
TPR-S pattern is difficult to interpret be-
cause of the relatively large signals due to
reduction of organic impurities. It is inter-
esting to note that in TPR of the oxidic sam-
ple reduction of organic impuritics is also
observed but to a much smaller extent (2,
3). This does not mean that the oxidic sam-
ples are less contaminated, but it is rather
due to the catalytic effect of Co species on
hydrogenation of adsorbed organics (2): in
the oxidic catalysts Co species are ex-
tremely difficult to reduce, and oxidic spe-
cies are poor catalysts for the hydrogena-
tion of the adsorbed organics. Therefore
the organics are cracked at a higher temper-
ature instead. The TPR-S results on the
same catalysts show that Co is sulfidable,
and the sulfided Co species are reduced at a
much lower temperature than the oxidic
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species. Since both Co metal and Co sul-
fides catalyse hydrogenation of the organ-
ics, large H, consumptions are observed at
lower temperatures.

Analogous to the Mo/Al,Os catalysts, the
hydrogenation which is seen in region I is
not due to elemental S because CoySs is an
excellent catalyst for the hydrogenation of
S (39), and elemental S is expected to be
hydrogenated during the sulfiding pretreat-
ment. The reduction of stoichiometric S
from CoyS; is excluded on thermodynamic
grounds, and since the phenomenon is very
similar to the effects seen for Mo/AlLOs,
the peaks in region I are also ascribed to
hydrogenation of chemisorbed sulfur. Bulk
CosSg does not have the slab-like structure
of MoS,, so the TPR-S patterns show that
the formation of chemisorbed sulfur (S,) is
not restricted to specific edge or corner
sites. In general S chemisorption occurs on
coordinatively unsaturated sites which are
present at the surface of highly disperse
species.

The temperature at which hydrogenation
of S, occurs is in general higher than that
seen with Mo/Al,Oj; catalysts. This is prob-
ably caused by a stronger chemisorption
and not by an intrinsic catalytic effect, be-
cause CoySg is an even better catalyst for S
hydrogenation than MoS, (39).

An indication for a CoS surface phase (3,
38) is found in region I, where for some
catalysts two maxima are observed: they
are ascribed to hydrogenation of excess S
from CosSg and from CoS, respectively.

The effect of a high temperature of calci-
nation is clearly shown in the TPR-S
results. After calcination at 1025 K sulfided
species are present, but also reduction of an
oxidic Co species is seen in region III, and
the amount of Co which is sulfided is
smaller. This agrees well with TPS results
obtained on the same samples (3). From
TPR on oxidic samples it is known that a
dilute spinel phase is formed in these cata-
lysts through diffusion of Co ions into the
support (2). TPS experiments showed that
this species is sulfided at 1000 K (3). Evi-

dently back-diffusion of Co ions to the sur-
face of the support does not occur at the
temperature of the sulfiding treatment ap-
plied here. This is in accordance with the
kinetic model for solid-state diffusion
which has been derived for the diffusion of
Ni ions in ALO; (40).

Co-Mo/AlLO; Catalysts

The general features of the TPR-S pat-
terns of the Co—Mo/Al,O; catalysts are
similar to patterns of Co/Al,O; or Mo/AlLO;
catalysts. The reduction occurring in region
III is therefore largely attributed to hydro-
genation of S from MoS,-like species. After
calcination at 995 K the pattern of the Co-
Mo/AlO; catalysts differs from that of the
Mo/ Al,Os catalysts. This is of course due to
the presence of the diluted Co spinel spe-
cies in region III, in agreement with TPS
results (10). This accounts for the changes
in H, consumption since the Co spinel
phase is oxidic, but it is remarkable that
changes are also seen in the H,S produc-
tion. No Co sulfide species are reduced in
region III, and the high-temperature side of
the MoS; reduction peak has disappeared,
so it is concluded that the reduction of sul-
fided Mo is accelerated by the reduction of
the Co spinel phase. An explanation for this
phenomenon is that the Co ions diffuse
from the bulk of the support to the surface,
because obviously reduction only occurs at
the surface. As the Co ions reach the sur-
face they break up the sulfidic Mo species,
creating defects where reduction of Mo oc-
curs. H, spillover from reduced Co may
also increase the rate of reduction of sul-
fided Mo.

When the Co loading is high in supported
catalysts, reduction is seen in region II.
This is ascribed to crystalline CosSg be-
cause in TPR-S of unsupported CosSg re-
duction is observed in this region.

Interesting differences between Co-Mo/
Al O; and Co/ALO; or Mo/AlLO; are seen
in region I. For the catalysts calcined at 785
K hydrogenation of the S, species occurs at
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a temperature which is lower than in the
case of either Co/AlLO; or Mo/AlLO;. This
effect is already clearly seen for the lowest
Co loading. At higher Co loadings a double
peak is seen. This shows that at higher
loadings a separate Co species is formed,
while a limited amount (2 wt.% CoO) of Co
forms a phase with Mo. This is confirmed
by the absence of separate peaks in region
II originating from the reduction of CosSs
for Co-Mo/ALO; catalysts with low Co
loadings. This also suggests that Co is in-
corporated in a different phase, viz., a Co-
Mo species. This conclusion agrees well
with the observation of CoyS3 in catalysts
with a high loading (10), while the forma-
tion of a Co~Mo phase (‘‘CoMoS”’) is gen-
erally reported (I, 5, 7, 10, 24, 26, 41).

The temperature of the peak maximum in
region I shows that the chemisorption of S
on the Co—Mo phase is weaker than that on
the monometallic Co and Mo species. The
hydrogenation in region I serves as an indi-
cator for the formation of a Co—Mo species
and it can be seen that it is present after
calcination at 785 K. After calcination at
995 K the peak in region I resembles the
peak in Mo/AlLOs, which indicates that the
Co-Mo phase is not present. The effects of
Co loading and temperature of calcination
on the formation of the sulfided Co-Mo
phase are in complete agreement with the
trends observed for the oxidic Co-Mo
phase (the CoMoS precursor) on the basis
of TPR on oxidic Co-Mo/Al,O; catalysts
(4, 5, 8). This corroborates that interaction
of Co and Mo in sulfided catalysts origi-
nates in the oxidic precursor; i.e., the Co-
Mo phase is not formed from separate Co
and Mo species during sulfiding of the cata-
lysts.

It has been shown that the chemisorption
of S occurs on the edges of MoS, crystal-
lites. The strong effect of Co (in the Co-Mo
species) on S chemisorption strongly sug-
gests that Co is also located at or near the
edges. This position of Co is supported by
results of other techniques as well (24, 26,
33).

Relation of S chemisorption to HDS

Activity

The S, species is shown to consist of S
adsorbed on coordinatively unsaturated
sites' of Co and Mo species. The coor-
dinatively unsaturated sites are essential
for the catalytic activity, and for Mo/ALO;
catalysts a correlation has been found be-
tween the amount of O, chemisorption and
the HDS activity (29, 32, 42). A correlation
between the total amount of H,S produced
in TPR-S up to 775 K and the HDS activity
of Ni-Mo/ALO;s catalysts has also been re-
ported (13). It is therefore of interest to
consider a possible correlation between the
formation of the S, species and catalytic ac-
tivity. The HDS activities of most of these
samples have been reported elsewhere (5,
6). In Fig. 12 the amount of S, which is
hydrogenated is compared with the HDS
activity of Mo/Al,Os catalysts. The cata-
lysts were sulfided at 675 K before TPR-S
and before the catalytic test. It is seen that
both the HDS activity and the amount of S,
increase as the Mo loading is increased, but
at loadings higher than 8% MoO; the S che-
misorption does not increase further while
the activity continues to rise. It has been
found that O, chemisorption on Mo/ALO;
catalysts shows the same behaviour (29, 32,
42).
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Fig. 12. Relation between the amount of H, con-
sumption in region I during TPR-S and the HDS activ-
ity for Mo/ALQO; catalysts.
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The TPR-S experiments not only allow
the determination of the quantity of ad-
sorbed S but they also give an indication of
the ability of the catalysts to hydrogenate
the adsorbed S, by a consideration of the
temperature of the peak maximum of S; hy-
drogenation. For comparison the activity of
the catalysts is expressed as the rate of
thiophene removal per Mo atom present in
the catalyst. In Fig. 13 the HDS activity of
Mo/ALO; catalysts is plotted vs the posi-
tion of the peak in region I in TPR-S. It is
clear that a high HDS activity is associated
with a low temperature of the peak maxi-
mum. This indicates that the activity for S,
hydrogenation of a Mo/Al,O; catalyst par-
allels the activity for HDS. This is an inter-
esting result because the formation of the-S,
species in a H,S/H, mixture and its hydro-
genation in H; occur at temperatures at
which the HDS reaction is catalysed. This
means that during HDS a S, species may be
present when a sufficiently high H,S/H, ra-
tio is reached. It is likely that S, acts as a
poison by blocking the coordinatively un-
saturated sites, and therefore it is under-
standable that the rate of hydrogenation of
S, strongly influences the HDS rate.

The correlation between rate of S, hydro-
genation and HDS activity also holds for
the Co/Al,O; catalysts. The temperature of
S, hydrogenation on Co/AlLO; is higher,
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FiG. 13. Relation between the temperature of H,
consumption in region I during TPR-S and HDS activ-
ity for Mo/Al,O; catalysts.

and, as expected, the activity of Co lower
than that found for the Mo/Al,Os catalysts.

The Co-Mo/Al,O; catalysts aiso illus-
trate that the S, hydrogenation activity is
essential for HDS. The Co-Mo/Al,O;s cata-
lysts which show a single peak in region I at
low temperature are the most active cata-
lysts. Compared with Mo/Al,0; the tem-
perature of the peak maximum in region I is
lower and the HDS activity higher. It there-
fore seems that the Co—-Mo species is an
excellent catalyst for both S, hydrogenation
and HDS. The appearance of a second peak
in region I for catalysts with a high Co con-
tent signals the segregation of Co out of
CoMoS into CoSs. Indeed the activity of
those catalysts is lower since CoSg is much
less active (26).

It is tempting to relate the rate of S, hy-
drogenation to the strength of chemisorp-
tion of S. An optimal Me—S bond strength
is predicted on the basis of classical cata-
lytic theory, and the synergistic effect of Co
and Mo has been explained by the forma-
tion of S species with a bond strength inter-
mediate between Co and Mo sulfide species
(43). However, the present results show
that the rate of hydrogenation of S, is
higher for Co-Mo/AlLO; than for both Co/
Al,O; and Mo/Al,O5. Furthermore, there is
a monotonic increase in activity as the S,
species is hydrogenated at lower tempera-
ture. This suggests that the Me-S bond
strength in the CoMoS species is lower than
that in Co and Mo species.

CONCLUSIONS

Temperature-programmed reduction of
sulfides has been successfully used to eluci-
date the nature of sulfidic species on Co-
Mo/AlyO5 catalysts. The reduction of bulk
Co and Mo sulfides is more difficult than
the reduction of the corresponding oxides.
Under the TPR-S conditions the reduction
of bulk CoeSg and MoS; is thermodynami-
cally controlled.

In TPR-S of AlLO;-supported catalysts
reduction starts at lower temperatures than
those found for the bulk sulfides, due to the
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high concentration of defects in the surface
compounds. In Co/ALO; catalysts there
are indications of the presence of a highly
disperse sulfided Co species (‘““CoS”). Cat-
alysts with a high Co content also contain
Co04S;. Calcination at high temperatures
causes the diffusion of Co into the ALO;
support. TPR-S shows that these Co spe-
cies remain oxidic during practical sulfiding
treatments at 675 K.

In TPR-S of Mo/Al,O; samples the re-
duction of MoS,-like species is observed at
high temperatures. At lower temperature
the reduction is seen of a sulfidled Mo
monolayer species.

Except for the peak at low temperature
the TPR-S patterns of Co-Mo/Al,O; cata-
lysts are similar to those of Co/ALO; and
Mo/AlLO;, but at high temperatures Mo
species are somewhat easier to reduce than
in Mo/ALO;.

It has been found that during sulfiding
considerable amounts of S are chemisorbed
on Co and Mo species. When the H,S/H,
ratio is low the hydrogenation of this
chemisorbed S is observed in TPR-S. By
analogy with O, chemisorption the S chemi-
sorption is considered to occur on coor-
dinatively unsaturated sites. This is con-
firmed by the correlation which has been
established between the chemisorption of S
and the HDS activity: catalysts from which
chemisorbed S is hydrogenated at lower
temperature display the higher HDS activ-
ity. This correlation extends to Co-Mo/
Al, O, catalysts as well: the temperature of
hydrogenation is lower than in either Co/
ALO; or Mo/ALLOs and the HDS activity is
higher. This TPR-S result is a confirmation
of the formation of a mixed sulfided Co-Mo
species which differs from Co and Mo sul-
fides.
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