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Sulfided alumina-supported transition metal catalysts have
been studied using temperature-programmed reduction (TPR).
The H; and H,S concentrations were determined simultaneously
and the major processes occurring were discriminated, namely
reduction of oxidic and sulfidic species and desorption of H,S.
Because of the high maximum reduction temperature and the high
hydrogen partial pressure applied, a complete description of all
species was acquired, except for the Cr and Mn catalysts which
could not be reduced below 1270 K. After sulfiding at 673 K, TPR
of alumina-supported transition metals showed that several types
of sulfur were present, viz. (i) sulfur species with a stoichiometry
in agreement with bulk thermodynamics, indicated as stoichio-
metric sulfur, (ii) a nonstoichiometric sulfur species (S,) which
was present in excess of the S/Me ratio based on bulk thermody-
namics (not identical to elemental sulfur since it is present after
purging at 673 K), (iii) S~H groups, and (iv) adsorbed H,S. The
mechanism of S, formation is discussed. The amounts of nonstoi-
chiometric sulfur mainly depended on the type of transition metal
and the pretreatment procedure. The influence of the reductibility
of the stoichiometric and nonstoichiometric sulfur species on the
hydrodesulfurisation activity is discussed. The results presented
indicate that chemisorption measurements may depend on the

pretreatment of sulfided catalysts. © 1995 Academic Press, Inc.

INTRODUCTION

In the upgrading of petroleum-based feedstocks, hy-
drotreating catalysts play a crucial role. In order to ob-
tain a better understanding of these sulfided catalysts,
elucidation of the detailed structure of these catalysts is
of utmost importance. Besides Massbauer spectroscopy,
EXAFS, and XPS, temperature-programmed reduction
(TPR) is one of the most useful techniques to study the
structure of these catalysts, provided a complete descrip-
tion of all reducible species is obtained. Scheffer et al. (1)
showed that a high hydrogen partial pressure and a maxi-
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mum reduction temperature of at least 1100-1200 K are
prerequisites needed to meet this requirement. To be able
to distinguish between the reduction of oxidic and sulfidic
species, and desorption of H,S, the H> and H-S concen-
trations should be determined simultaneously. When all
these conditions are fulfilled, the sulfiding degree and the
amount of the various oxidic and sulfidic species can be
determined. Ramachandran and Massoth (2), Wambeke
et al. (3), Scheffer et al. (1), and Mangnus (4) described
the presence of two types of sulfur on hydrotreating cata-
lysts, viz., a sulfur species behaving like the bulk ana-
logue (stoichiometric suifur) and a sulfur species (S,)
which was present in excess of the stoichiometric sulfur.

Since hydrodesulfurization (HDS) reactions are also
carried out in a hydrogen atmosphere, it is tempting to
investigate whether a direct correlation exists between
the reactivity of various sulfur species in TPR and the
HDS activity. Recently, Scheffer et al. (1) reported that,
for Mo/Al catalysts, a correlation existed between the
HDS activity and the reduction temperature of the S,
species. However, for the alumina-supported Ni, W, and
NiW systems only a weak correlation was observed (5).
In order to elucidate whether the reduction rate of S, or
even stoichiometric sulfur species influences the overall
reaction rate, a broad series of alumina-supported transi-
tion metals was selected and tested for their thiophene
HDS activity and reduction behavior. Since hardly any
fundamental information is available about the S, spe-
cies, the factors that determine the formation of this type
of sulfur have been investigated systematically with the
TPR technique. Moreover, it is clear that the reduction
behaviour of S species is of general interest, not only in
hydrotreating but also in other processes such as reform-
ing and selective hydrogenation. For this study, a repre-
sentative selection of the catalytically most interesting
transition metal sulfides has been made. The metals can
be subdivided into three groups:

— catalysts containing noble metals (Pt, Ir, and Rh);

— catalysts containing metals which are able to form
spinel structures with alumina (Co, Ni, Fe, Mn, and Cu);
and
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— metals that form a monolayer on the alumina sup-
port (Mo, Cr, and W).

EXPERIMENTAL

Catalysts. The catalysts were prepared by pore-vol-
ume impregnation or wet impregnation of a y-alumina
support (Ketjen 000-1.5E high purity, surface area 200
m?/g, pore volume 0.5 cm?/g and particle size 100-150 X
1076 m). In order to make a comparison of the different
catalysts possible, the metal content of the catalysts was
adjusted to the same value, viz., 1.8-2.0 at/nm’. After
drying the catalysts at room temperature (80-600 x 103 s)
and at 323 K (220 x 103 s) in static air, they were calcined
in dried air (40 umol/s) according to the following steps:

at 0.0167 K/s up to 373 K (isothermal for 28.8 x 103 s);
at 0.0333 K/s up to the final calcination temperature
(isothermal for 7.2 x 103 s).

The catalysts were calcined at 773 K, except for the Pt,
Ir, and Rh catalysts which were calcined at 523 K in
order to avoid extensive sintering. The metal content,
calcination temperature, method of preparation, and pre-
cursor salt applied are listed in Table 1.

TPR. The reduction study has been carried out after
the catalysts were sulfided in situ. A thermal conductivity
detector (TCD), a flame ionisation detector (FID), and a
UV-spectrophotometer (Perkin—Elmer C75, set at 195
nm) were used to measure the H, consumption, the CH,
production, and the H,S production, respectively. In or-
der to measure the changes in the H, concentration, H,O
and H,S were trapped with a molecular sieve and an
alumina-supported MoO; catalyst, respectively. A
scheme of the TPR apparatus is presented elsewhere (I,
4). From the total curve, the S/Me ratio and the sulfiding
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degree can be calculated provided (i) reduction goes to
completion and (ii) no evaporation of elemental S occurs.
The accuracy of the measurements decreases with in-
creasing peak size. Depending on the size and width of
the peak, the accuracy is about 5-15%.

The amount of catalyst applied varied between 20 and
100 mg, depending on the H,S production and the sharp-
ness of the peaks.

Preceding the reduction step, two different pretreat-
ment procedures have been applied, denoted as A and B.
The various steps are described in detail below.

I Purging of the catalyst in argon (27 umol/s) in
order to remove oxygen.

11 Sulfiding in a H,S/H, mixture for 1.8 x 10 s at
298 K.

111 Sulfiding at a heating rate of 0.083 K/s to 673 K.
v Isothermal sulfiding at 673 K for 7.2 x 10° s.
V-A Cooling to 293 in a H,S/H, mixture in 600 s.
V-B Purging of the catalyst at 673 K in Ar for 1.8 x

10° s and subsequently cooling to 293 K in about
600 s.

The sulfing mixture consisted of 15 vol.% H,S in H,.
After the reactor was cooled to room temperature the Ar
or H,S/H; flow was replaced by the reduction mixture
(67% H, in Ar). A heating rate of 0.167 K/s and a total
flow rate of 9.1 umol/s have been used. As was recently
shown, reduction of sulfides is generally thermodynami-
cally less favoured than reduction of oxides (1, 4, 9).
Under typical TPR conditions, the rate of reduction of
CoeSs, MoS; (1), WS,, and Ni;S; (5) is determined by
thermodynamics instead of kinetics. Therefore, it is rec-
ommended to perform TPR measurements under severe
conditions, i.e., high H, content, high flow rates, and

TABLE 1

Catalysts Employed

Metal content

Calcination

Catalyst Precursor (at/nm?) (wt.%) temp. (K) Method of Prep.
Cr/Al Cr(NO,), - 9H.0 1.8 3.0 773 Pore volume impregn.
W/Al (NH,)¢H.W ;04 1.9 10.0 773 Pore volume impregn.
Ni/Al Ni(NQO;), - 6H-0 1.8 3.4 773 Pore volume impregn.
Co/Al Co(NO,), - 6H,0 1.8 3.4 773 Pore volume impregn.
Mo/Al (NH,)Mo-0,; - 4H-O 1.9 6.1 773 Pore volume impregn.
Mn/Al Mn(C.H;0,), - 4H-O 1.8 33 773 Pore volume impregn.
Fe/Al Fe(NOs}); - 9H,0O 1.8 3.3 773 Pore volume impregn.
Cu/Al Cu(NO3), - 4H.0 2.0 4.0 773 Pore volume impregn.
Pt/Al HA«(PtCl,) - 6H,O 2.0 11.4 523 Wet impregn.

Ir/ Al H,(IrCly) - 6H,0 2.0 11.1 523 Wet impregn.

Rh/Al Rh(NO,); - 2H:0 2.0 6.3 523 Wet impregn.

« See Experimental for the sulfiding procedure.
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high temperature. Moreover a high concentration and as
a consequence a low fractional H, conversion has the
advantage that conversion takes place at differential con-
ditions, making a theoretical approach more easy.

Note that, for the sake of convenience, both the, H,
consumption and the H,S production are shown as posi-
tive peaks.

Activity measurements. The thiophene HDS mea-
surements have been carried out with a H,/thiophene
mixture (5.3% thiophene) at 1 x 105 Pa. Six reactors were
used simultaneously; one of these was used to measure
the thiophene concentration, whereas the others were
used for the actual activity test. The gas mixtures were
analyzed with on-line gas chromatography. Preceding the
activity test, the catalysts were sulfided at 673 K for
7.2 x 10* s. After this sulfiding step, the reactor was
flushed with Ar and cooled to 623 K. Subsequently, the
reaction mixture was passed over the reactor. The HDS
reaction rates were calculated on the basis of first-order
kinetics and plug flow conditions after the activity
reached a quasi-steady-state level (14 X 10 s).

RESULTS

In this section, only the most important peaks are de-
scribed, since in many cases it is rather speculative to
attribute the smallest peaks to the transition of distinct
species. In all TPR patterns a H; consumption peak due
to the reduction of impurities in the alumina support is
observed around 1100 K. Except for the Fe/Al catalyst,
no FID peaks are shown since methane production was
negligible for the other catalysts. ‘*Al"" designates the
alumina support.

Alumina Support

When the alumina support is “*sulfided’’ and cooled in
H,S, a broad H,S desorption peak is observed between
300 and 600 K, while hardly any H; is consumed. Be-
tween 1050 and 1200 K reduction of some impurities (sul-
fates and adsorbed organics) is observed (6).

Catalysts Containing Noble Metals Rh, Ir, and Pt

The TPR patterns are shown in Figs. 1-3. The H; and
H,S peaks are of about equal size, indicating that all sys-
tems were nearly completely sulfided (>90%).

Rh/Al. The TPR patterns of Rh/Al are shown in Fig.
1. The TPR pattern of the catalyst cooled in the sulfiding
mixture shows that H,S is produced over the whole tem-
perature range. Below 500 K, a H,S production peak is
observed simultaneously with a small H, consumption
peak (Hy/Rh = 0.11). Two large H.S production and H,
consumption peaks are observed between 500 and 900 K,
indicating a two-step reduction. A fourth broad but inter-
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esting H,S production peak occurs above 1000 K. The S/
Rh ratio, determined at the end of the temperature pro-
gram, was 1.5. The H,S production below 500 K is not
included in this ratio. Purging of this catalyst in Ar at 673
K only slightly changed the reduction pattern. The H,S
production peak below 500 K decreased, while the H,
consumption peak in this region nearly disappeared (H,/
Rh = 0.03).

Ir/Al.  The reduction patterns of Ir/Al are shown in
Fig. 2. After cooling in H.S/H,, a small H,S production
peak is present between 300 and 500 K. simultaneously
with a relatively small H, consumption peak (H./Ir =
0.06). The major part of the H,S production and H; con-
sumption is observed around 670 K. Between 900 and
1270 K a broad H,S production is observed which coin-
cides with a H, consumption peak. The S/Ir ratio deter-
mined at the end of the temperature program was 1.1 (this
ratio is calculated based on the H,S production above 500
K). Purging of this catalyst at 673 K resulted in a de-
crease of the H,S desorption. The H, consumption peck
between 300 and 500 K remained the same (H,/Ir = 0.05).

Pt/Al.  The TPR patterns of Pt/Al are shown in Fig. 3.
The patterns strongly resemble those of Ir/Al. The pat-
tern of the sample cooled in H,S/H; shows a H,S desorp-
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FIG. 1. TPR patterns of sulfided Rh/Al after cooling to room tem-
perature in H,S/H, (A) and after purging in Ar at 673 K (B). UV signal
(lower curve) and TCD signal (upper curve) are shown.
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FIG. 2. TPR patterns of sulfided Ir/Al after cooling to room temper-
ature in H,S/H, (A) and after purging in Ar at 673 K (B). UV signal
(lower curve) and TCD signal (upper curve) are shown.

tion peak between 300 and 500 K, together with a small
H, consumption peak (H,/Pt = 0.08). The major part of
the H,S production and H, consumption is observed be-
tween 600 and 800 K. Similarly to the patterns of Ir/Al
and Rh/Al, a broad H;S production peak is observed
between 1000 and 1270 K. The S/Pt ratio determined at
the end of the temperature region was about 0.95 (this
ratio does not include the H,S production at about 400
K). Purging of this catalyst at 673 K slightly changed the
reduction pattern: the H,;S production and H; consump-
tion peaks at 400 and 780 K nearly disappeared, whereas
the other peaks were hardly influenced (H,/Pt = 0.01).

Catalysts Containing Metals Able to Form Spinel
Structures with Alumina (Co, Ni, Fe, Mn, and Cu)

Col/Al. The TPR patterns of Co/Al are shown in Fig.
4. The H,S production between 800 and 1200 K is ob-
served in the same temperature region as the reduction of
the bulk compound CoySg [1]. The H, consumption is
about 10% higher than the H,S production (sulfiding de-
gree about 90%). It is remarkable that, in the TPR pattern
of the catalyst cooled in H,S/H,, a large H, consumption
and corresponding H,S production peak is observed at
ca. 500 K (H»/Co = 0.35). Both on the low and at the high
temperature side of this peak additional H,S is produced.

Purging of this catalyst in Ar at 673 K resulted in a
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FIG. 3. TPR patterns of sulfided Pt/ Al after cooling to room temper-
ature in H,S/H; (A) and after purging in Ar at 673 K (B). UV signal
(lower curve) and TCD signal (upper curve) are shown.

s
S—pper— ; ¥ 7 T T 3 Y T

400 800

temperature (K)

FIG. 4. TPR patterns of sulfided Co/Al after cooling to room tem-
perature in H,S/H; (A) and after purging in Ar at 673 K (B). UV signal
(lower curve) and TCD signal (upper curve) are shown.
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decrease of the amount of H, consumed and H,S pro-
duced around 500 K (H,/Co = 0.12).

Ni/Al. The TPR patterns of this catalyst are shown in
Fig. 5. The reduction pattern of the Ni/Al catalyst cooled
in the H,S/H, mixture shows two large sharp H,S pro-
duction peaks at 400 and 510 K. Simultaneously with the
first peak, a small H, consumption is observed, whereas
equal amounts of H, and H,S were consumed and pro-
duced, respectively, at 510 K. The H, consumed below
700 K corresponded with a H,/Ni ratio of 0.36. Above
900 K, a broad H,S production peak is observed in the
same temperature region as for the reduction of the
model compound Ni;S, (not shown). The H, consump-
tion in this temperature region is much larger than the
H,S production (sulfiding degree about 40%).

Purging of this catalyst only influenced the peak at 400
K; both the H,S and H; peaks decreased in intensity. The
other part of the TPR pattern showed only minor
changes.

Fe/Al. The TPR patterns of the Fe/Al catalyst are
shown in Fig. 6. In the pattern of the sample cooled in
H,S/H, a broad H,S production peak is observed be-
tween 300 and 800 K ; peak maxima are found at 400, 550,
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FIG. 5. TPR patterns of sulfided Ni/Al after cooling to room tem-
perature in H,S/H, (A) and after purging in Ar at 673 K (B). UV signal
(lower curve) and TCD signal (upper curve) are shown.

MANGNUS ET AL.

]
i
i
i
1
i
i
i
)
i
{
i
i
i
i
i
|
h
i
i
i
i
i
)
|
i
i
i
i
i
i
{
i
i
i
1
i
1
P
i
i
{
i
'
i

800
temperature (K)

1200

FIG. 6. TPR patterns of sulfided Fe/Al after cooling to room tem-
perature in H,S/H, (A) and after purging in Ar at 673 K (B). FID signal
(lower curve), UV signal (middle curve), and TCD signal (upper curve)
are shown.

and 700 K. Only the H,S production peak at 550 K coin-
cides with a clear H, consumption peak (H,/Fe = 0.13).
The H, consumption and CH, production peak between
800 and 900 K are ascribed to the reduction of adsorbed
organic material. The H,S production between 1000 and
1270 K is observed in the same region as the reduction of
the bulk compound FeS (not shown). The H, consump-
tion in this region far exceeds the H;S production (sulfid-
ing degree is about 50%).

Purging of this catalyst in Ar at 673 K resulted in disap-
pearance of the H,S production peak at 400 K. Similarly
to Cr/Al and Mn/Al (see below), the peaks at 550 K
increased; the H,/Fe ratio increased from 0.13 to 0.16.
The other parts of the TPR pattern were not influenced
by this purging step. The S/Fe ratio is 0.5 (H;S produc-
tion below 900 K is not included).

Mn/Al. The TPR patterns of the Mn/Al catalyst are
shown in Fig. 7. The patterns of the catalyst cooled in
H,S/H; show that the major part of the H,S production is
not accompanied by a corresponding H, consumption.
The H,S production, which appeared over a broad tem-
perature region, agreed with a H,S/Mn ratio of 1.3,
whereas the H, consumption integrated over the whole
temperature range (corrected for the H, consumed for the
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FIG. 7. TPR patterns of sulfided Mn/Al after cooling to room tem-
perature in H,S/H, (A) and after purging in Ar at 673 K (B). UV signal
(lower curve) and TCD signal (upper curve) are shown.

reduction of the impurities in the alumina support) only
amounted to a H,/Mn ratio of 0.14. The major H, con-
sumption peak, which is observed at 650 K, corresponds
with a H,S production peak.

Purging of the catalyst resulted in the disappearance of
the broad H,S production peak below 600 K. However, it
was striking that purging of this catalyst with Ar resulted
in a dramatic increase of the amount of H, consumed at
650 K (H/Mn = 0.32). Since reduction of manganese
oxides and sulfides does not go to completion, the sulfid-
ing degree cannot be calculated from these patterns.

Cu/Al. The TPR patterns of Cu/Al are shown in Fig.
8. The reduction pattern of the Cu/Al catalyst cooled in
the sulfiding mixture showed a broad H,S production
peak between 450 and 800 K (peak maxima at 500 and at
about 700 K). The H>S production peak at 500 K coin-
cides with a H, consumption peak (H,/Cu =~ 0.06). The
H,S production peak above 1000 K is observed in the
same temperature region as the reduction of the bulk
compound Cu,S (not shown). After correction of the H,
signal for the reduction of the impurities in the alumina
support, it appeared that the H, consumption was ap-
proximately 10% larger than the corresponding H,S pro-
duction (sulfiding degree >90%).
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FIG. 8. TPR patterns of sulfided Cu/Al after cooling to room tem-
perature in H,S/H; (A) and after purging in Ar at 673 K (B). UV signal
(lower curve) and TCD signal (upper curve) are shown.

Purging of this catalyst at 673 K had only a small influ-
ence on the reduction pattern, viz., the amount of H,S
produced below 800 K decreased whereas the amount of
H, consumed at 500 K hardly changed (H,/Cu = 0.06).
The S/Cu ratio amounts to 0.42.

Metals Which Form a Monolayer on the Alumina
Support (Mo, Cr, and W)

Cr/Al. The TPR patterns of Cr/Al are shown in Fig.
9. For the catalyst cooled in H,S/H,, the major part of
the H,S production is not accompanied by a H, consump-
tion. The total H,S production, which is observed over a
broad temperature region, agreed with a H,S/Cr ratio of
1.9. At about 550 K, a sharp H, consumption and corre-
sponding H,S production peak are observed (H./Cr =
0.15). Above 600 K, several broad H, consumption peaks
are seen; the integrated amount of H, consumed agreed
with a H,/Cr ratio of 0.35.

Purging in Ar at 673 K significantly changed the TPR
pattern. The H,S production peak between 300 and 500 K
has disappeared and, remarkably, the amount of H,S pro-
duced and H; consumed at about 550 K increased from a
H,/Cr ratio of 0.15 for the catalyst cooled in H,S/H; to
0.34 for the catalyst purged in Ar. Above 600 K, the H,S/
Cr ratio decreased from 1.0 to 0.65 after this purging step.
Since reduction of chromium oxides and sulfides does not
go to completion, the sulfiding degree cannot be calcu-
lated.

For comparison, the reduction of Cr,S; was also stud-
ied. XRD showed that reduction did not proceed to Cr?,
but to a mixture of CrS and CrS, 7.
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FIG. 9. TPR patterns of sulfided Cr/Al after cooling to room tem-
perature in H,S/H, (A) and after purging in Ar at 673 K (B). UV signal
(lower curve) and TCD signal (upper curve) are shown.
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FIG. 10. TPR patterns of sulfided Mo/Al after cooling to room tem-
perature in H,S/H, (A) and after purging in Ar at 673 K (B). UV signal
(lower curve) and TCD signal (upper curve) are shown.

Mo/Al. The TPR patterns of Mo/Al are shown in Fig.
10. In the TPR pattern of the catalyst cooled in H,S/H,,
the H,S production and H, consumption mainly took
place in two different temperature regions, viz., between
300 and 500 K and between 1000 and 1270 K. The H,S
production peak in the low temperature region is nearly
equal to the H, consumption peak except for a small H,S
production peak at the low temperature side of the peak
at about 400 K (H,/Mo = 0.26). The H, consumption and
H;S production peak at high temperature are observed in
the same temperature region where the reduction of bulk
MoS; was observed (1). The S/Mo ratio amounted to 1.7-
1.8, the peak at about 400 K not being included. Purging
of this catalyst at 673 K with Ar only slightly changed the
TPR pattern. The H,S production peak at the low tem-
perature side of the peak at 440 K disappeared but the
rest of the pattern did not change (H./Mo = 0.22). The
sulfiding degree amounted to 85-90%.

W/Al. The TPR patterns of W/AI are shown in Fig.
11. The reduction pattern of the W/AI catalyst, which
was cooled in H,S/H,, shows a H,S production peak
between 300 and 500 K. The shoulder at approximately
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FIG. 11. TPR patterns of sulfided W/AI after cooling to room tem-
perature in H,S/H, (A) and after purging in Ar at 673 K (B). UV signal
(lower curve) and TCD signal (upper curve) are shown.
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TABLE 2

Reduction Temperature of the S, Species and the Rate Con-
stants for the Thiophene HDS activity of the Various Catalysts
Used

Temp. max. S, Reaction rate constant

Catalyst (K) (10 * - my/kg - s}
Cr/Al 550 5.1
W/Al 450 6.9
Ni/Al 400/510 4.8
Co/Al 500 4.6
Mo/Al 420 7.2
Mn/Al 400/650 4.0
Fe/Al 580 5.0
Cu/Al 500 2.0
Pt/Al 400 25.0
Ir/Al 405 134
Rh/Al 450 12,6
CoMo/Al 400 91
NiW/Al 430 61

450 K coincides with a H, consumption peak (H,/W =
0.06). Above 1000 K, a H,S production peak is observed
which appeared in the same temperature region as the
reduction of the model compound WS, (5). Simulta-
neously, a H, consumption is observed, but the H,/H,S
ratio amounts to 2.2 instead of 1 found for the reduction
of WS,. The sulfiding degree amounted to about 55%.
Purging of this catalyst slightly changed the reduction
pattern of this catalyst. The amount of H,S produced
between 300 and 500 K decreased. The amount of H,
consumed at 450 K was not changed (Ho/W = 0.06).

Activity. The reaction rate constants of the various
catalysts for thiophene HDS are listed in Table 2. This
table shows that the catalysts can be divided into three
groups, viz., catalysts with a low activity (Ni, Co, Mn,
Cu, Fe, Cr, W, and Mo), an intermediate activity (Pt, Ir,
and Rh), and a high activity (Co-Mo and Ni-W), respec-
tively.

DISCUSSION

It will be shown in this discussion that TPR can be
applied to study several important properties of sulfided
catalysts. Since the reduction experiments are carried
out up to 1270 K, a complete picture of the reducibility of
the various species is obtained, except for chromium and
manganese catalysts. In order to reduce Cr and Mn cata-
lysts within a reasonable time scale, reaction tempera-
tures much higher than 1270 K should be applied; this is
not useful because extensive sintering and even evapora-
tion will occur.

Since both the H,S and H, concentration are measured
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continuously, it is possible to distinguish between reduc-
tion of oxidic and sulfidic species and desorption of H,S.
When the amounts of H, consumed and H,S produced
are equal, these peaks can be ascribed to the reduction of
sulfur species. A H, consumption not accompanied by a
H,S production peak is ascribed to the reduction of ox-
idic species, thus showing in a qualitative way the incom-
pleteness of sulfiding. A H>S production peak not accom-
panied by a H, consumption is ascribed to desorption of
H,S, or H,S formed by recombination of S—H groups.
Although in such a way it is not completely possible to
distinguish between desorption of H,S and reaction of S—
H groups unambiguously, we assume that a H,S produc-
tion at relatively low temperatures is due to desorption
whereas at higher temperatures recombination or hydro-
genation of S—H groups is responsible for the H,S pro-
duction. Since the heat of adsorption of H.S is expected
to vary from catalyst to catalyst it is not fully ciear up to
which temperature desorption of adsorbed H,S should be
expected.

The discussion of the reduction patterns is divided into
three parts. In the first part it is focused on the types of
sulfur (sulfur speciation) and the degree of sulfiding. Two
types of sulfur are postulated, viz., stoichiometric and
nonstoichiometric sulfur. Sulfur species with a stoichi-
ometry in agreement with bulk thermodynamics are indi-
cated as stiochiometric sulfur. When the sulfur content
exceeds the S/Me ratio calculated from thermodynamics,
it is concluded that nonstoichiometric sulfur is present.
This type of sulfur is indicated as S, in agreement with
the literature (1, 2, 4, 5). In this part of the discussion, it
is only mentioned whether S, is present. The second part
of the discussion is focused on the formation mechanism
of the S, species. In the third part the possible role of the
various species in the HDS mechanism and Kkinetics is
discussed.

Thermodynamic data for bulk compounds are used to
predict which sulfide can be formed during sulfiding and
to calculate the maximum H,S/H, ratio in TPR when
reducing a defined sulfide. When the H,S/H; ratio equals
or approaches the ratio calculated from thermodynamics
the reduction rate is restricted by thermodynamics and
can only be increased by increasing the gas flow rate (rate
of reduction = f(H,S/H,)r x flow rate). For clarity, when
the H,S/H, ratio at a certain temperature is not deter-
mined by thermodynamics, it is concluded that the reduc-
tion rate is controlled by kinetics. The thermodynamic
data are obtained from various sources (7-11).

Sulfur Speciation and Degree of Sulfiding

Pt/Al IrlAl, and Rh/Al. On the basis of the amount
of H, consumed and H;S produced it is concluded that
these catalysts were completely or nearly completely sul-
fided at 673 K. From the quantitative data it is deduced
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that PtS, IrS, and Rh,Ss are formed (due to the restricted
accuracy of the technique it is not valid to indicate the
sulfides as PtS, -, and Ir(;.,, as indicated in the literature
(12, 13)). Upon reduction, the sulfided Ir and Pt catalysts
are transformed into Ir® and Pt° in one step, without the
formation of intermediate sulfides. This is in agreement
with the literature, since no metal sulfides are known
with a lower S/Me ratio. Thermodynamic data show that
the system is not at equilibrium; therefore it is concluded
that the reduction rate is determined by kinetics. The
sharpness of the reduction peak indicates that the reduc-
tion proceeds autocatalytically, i.e., when reduced nuclei
are formed, they act as dissociation centers for H, and
catalyse the reduction of the rest of the sulfide. In con-
trast to Pt and Ir, the reduction of the sulfided Rh/Al
catalyst took place in two steps. The peak surface area
indicated that the second reduction step, between 700
and 900 K, agreed with the reduction of RhySg to Rh°.
The H,S/H, ratio at the low temperature side of this peak
agreed with the maximum H,S/H, ratio that can be
reached based on thermodynamics. The other peak be-
tween 500 and 700 K formally agrees with the reduction
of Rh;S;5 to RhyS;. Since for this transition only one rela-
tively sharp peak is observed, reduction took place with-
out the formation of intermediate sulfides such as Rh;S;.
Considering the fact that the reduction of Rh>S; is deter-
mined by Kinetics, it is not surprising that the formation
of Rh;S, is not observed. As soon as dissociation of hy-
drogen takes place, reaction proceeds to the thermo-
dynamically most stable phase under the conditions ap-
plied, i.e., RheSg. The fact that reduction took place in
two steps indicates that these sulfides are present as
small rhodium sulfide crystallites. Since Rh, Pt, and Ir
have similar chemical properties, it is reasonable to as-
sume that, at these high metal contents, Pt and Ir were
also present as small sulfide crystallites.

On all three catalysts a H,S production peak is ob-
served between 300 and 500 K. This peak is assigned to a
combination of H,S desorption and hydrogenation of a
sulfur species. Since the reduction of bulk Rh, Pt, and Ir
sulfides takes place above 500 K, the sulfur species hy-
drogenated below 500 K is definitely a nonstoichiometric
type of sulfur.

The broad H,S production peak in the high tempera-
ture region shows that small amounts of refractory S are
present. This explains why minor amounts of sulfur are
highly poisonous to metallic catalysts. The presence of
this refractory type of S can be understood as follows.
Sulfur atoms that are chemisorbed on a metallic surface
are thermodynamically more stable than comparable bulk
sulfides (14-17). Consequently, it can be expected that
the last sulfur atoms are hydrogenated at higher tempera-
tures than those of the corresponding bulk sulfides. Al-
though we believe that this type of sulfur is present on ail
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metal surfaces, we observed it only for the noble metals.
Since the reduction of the corresponding bulk sulfides
(IrS,,,, PtS,_,, and Rh,S;) takes place at low tempera-
tures it can be inferred that the stability of the metal—
sulfur bond is relatively low. Consequently, the enthalpy
of adsorption H.y of these chemisorbed sulfur species
allows it to be reduced within the temperature window
applied in this study.

ColAl, NilAl, Fel/Al, Mn/Al, and Cu/Al. Since all
these metals are able to form MeAl,O, spinel structures
at high temperatures, it is reasonable to assume that a
part of these metals is present as surface MeAl.O, spe-
cies after calcination at 773 K. The amount of spinel
formed depends on the diffusion rate of the Me?" ions
into the surface layer. Whether these species are sulfida-
ble at 673 K depends on the rate of diffusion back to the
surface. From the literature, it is expected that all surface
species are sulfidable at 673 K, except a part of the sur-
face MeAl,Oy-like species (18, 19). The amount of non-
sulfidable surface spinel species can be calculated di-
rectly from the difference in H; consumption and H,S
production, except for the Mn/Al catalyst which is not
reducible under the TPR conditions applied. The large
difference between the H, consumption and H,S produc-
tion in the TPR-S patterns of Ni/Al and Fe/Al shows that
large amounts of refractory NiAl,O, and FeAl,O, species
are present, 60 and 50%, respectively. On the Cu/Al and
Co/Al catalysts only ca. 10% of the metal species were
not sulfidable at 673 K.

On the basis of thermodynamics the following sulfides
are expected to be present after sulfiding at 673 K: Cu,S,
Co0Sg, NiS,.:, MnS, and FeS. On the basis of the TPR
data the presence of Cu,S, CogSg, NiS;,,, and FeS was
confirmed. The presence of MnS could not be confirmed
since it is not reducible below 1270 K. However, MnS
was observed after sulfiding of carbon-supported Mn (12)
and unsupported Mn (13) catalysts under comparable
conditions to those applied in this study. From our data it
follows that the extent of reduction of alumina-supported
CoySg, Cu,S, MnS, FeS, and Ni;S; is controlled by ther-
modynamics and the gas flow rate. Since these sulfides
were already present after sulfiding at 673 K except for
Ni, no additional reduction peak of bulk sulfides is ex-
pected below 800 K. As the amount of H,S produced in
this high temperature region agreed with the above stoi-
chiometry, we conclude that the H, consumption and
corresponding H,S production peak in the low tempera-
ture region has to be ascribed to the reduction of nonstoi-
chiometric sulfur. For the Ni catalyst an assignment is
more complicated since the reduction of bulk NiS parti-
cles also took place below 800 K (5). From a quantitative
analysis of the total pattern it was concluded elsewhere
(5) that the peak at 510 K is due to a combination of
reduction of NiS;,, and nonstoichiometric sulfur.



SULFIDED TRANSITION METAL CATALYSTS

Mol/Al, W/AL, and Cr/Al. The reduction patterns of
Mo/Al and W/Al have been described in detail elsewhere
(1, 5). These measurements showed that, at comparable
metal loadings, W/AI catalysts were more refractory to
sulfiding than Mo/Al catalysts. The results of the TPR
measurements in this study agreed with this conclusion;
the degree of sulfiding of the Mo/Al catalyst was 90%,
whereas that of the W/AI catalyst was only 55% after
sulfidation under identical conditions. Temperature-pro-
grammed sulfiding (TPS) measurements were in line with
these measurements (20). The reduction patterns of Mo/
Al and W/AI catalysts showed similar features. In the
high temperature region reduction of MoS, and WS, slabs
is observed, following thermodynamics (1, 5); reduction
observed in the low temperature region is ascribed to the
hydrogenation of nonstoichiometric sulfur (S,). Com-
pared to Mo/Al, the amount of S, is low for W/AI, this is
caused by incomplete sulfiding.

The TPR patterns of Cr/Al are quite different from
those of Mo/Al and W/AI catalysts since Cr is not sul-
fided to CrS, analogously to MoS, and WS,, and, in addi-
tion, the reduction of chromium sulfide to Cr° cannot
take place, because it is thermodynamically unfavoura-
ble. XRD showed that reduction at 1270 K of bulk Cr,S;
resulted in the formation of a mixture of CrS and CrS, ;7.
Consequently, we conclude that reduction of sulfided Cr/
Al catalysts cannot proceed further than formally CrS.
Since neither oxidic nor sulfidic Cr is reduced to Cr?,
even up to 1270 K, the sulfiding degree of these catalysts
cannot be calculated from these patterns. From TPS (21),
it has been concluded that even after prolonged sulfiding
at 673 K, a significant part of the catalyst is still in its
oxidic state.

The H,S production, observed over the whole temper-
ature region studied, originates from four different
sources: (i) desorption of H,S over a broad temperature
region, (ii) hydrogenation of S, at 550 K, (iii) recombina-
tion or hydrogenation of S—H groups in the high tempera-
ture region, and (iv) partial reduction of chromium sul-
fides to CrS; 7 and CrS.

It cannot be concluded from these patterns where de-
sorption of adsorbed H,S ends and recombination of S—-H
groups start. Since between 600 and 900 K much H,S still
desorbs, it is assumed that at least part of the H,S pro-
duction observed originates from adsorbed H>S. At first
sight this might be surprising; however, it is in accord
with the often broad TPD patterns reported in the litera-
ture (22).

Assignment of the peak at 550 K to the hydrogenation
of S, is not trivial. This assignment was made for the
following reasons: (i) reduction of bulk Cr,S; took place
at much higher temperatures (between 800 and 1000 K,
not shown), (ii) after purging of the catalyst in Ar at 673
K, the peak increased, and furthermore (iii) the total
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amount of H, consumed exceeds the maximum amount
expected on the basis of reduction of Cr»S; to CrS. As a
consequence, the H,S production at 550 K can be safely
ascribed to the reduction of S,. The increase of the
amount of S, after the catalyst is purged in Ar will be
discussed in the next section.

It is remarkable that in many cases part of the reduc-
tion is observed in the same temperature where reduction
of the bulk component is observed. However, in many
cases this is an artefact of the technique. Since reduction
takes place at relatively high temperatures sintering of
the sulfidic microcrystallites can be expected. Hence, re-
duction is observed in the same temperature region as
that of their bulk analogue.

Mechanism of Formation of S,

Nonstoichiometric sulfur (S,) which i1s observed in
nearly all reduction patterns in the low temperature re-
gion is not identical to elemental sulfur since it is present
even after purging at 673 K. This indicates that this type
of sulfur is at least strongly chemisorbed on the catalyst.
It was striking that in several cases (Cr, Mn, and Fe) the
amount of S, was even larger after purging in Ar at 673 K
than after cooling in the H.S/H, mixture. This result
looked rather surprising at first sight; however, a straight-
forward explanation exists. Purging of the catalyst in Ar
results in a chromatographic effect because desorption of
H, is much faster than that of H,S. This results in an
increase of the H.S/H; ratio in the pores of the catalyst,
inducing dissociation of H,S:

HzS + * —> Sx + Hz.

Whether these species are detected during TPR depends
on the desorption rate of H,S and the stability of the S,
species. The presence of S,, even after purging at 673 K,
suggests that these species are chemisorbed on coor-
dinatively unsaturated sites. This conclusion is supported
by recent work of Miiller ez al. (23). In contrast with the
above, purging in Ar of Ir, Pt, Rh, and Co catalysts re-
sulted in a decreased amount of S,. This decrease might
be the result of the fact that part of the S, sublimed during
purging or that desorption of H;S was sufficiently fast to
prevent formation of S,.

A relevant question is whether S, is already formed
during the sulfiding step or exists in a H,S/H, atmo-
sphere. To answer this question, catalysts which had been
subjected to a sulfiding step at 673 K followed by a cool-
ing step to room temperature were heated in a H,S/H-
gas mixture. The heating rate and composition of the
sulfiding mixture were the same as used in other TPS
experiments (see for details Refs. (5, 18, 21)). For Mo/Al,
Ni/Al, Fe/Al, and Cr/Al catalysts which were sulfided
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according to this method a H;S production and a H; con-
sumption peak were observed below 673 K. These peaks
are ascribed to hydrogenation of S, species. Since the S,
species are hydrogenated below 673 K in a H,S/H; envi-
ronment, it is clear that they are not present during sulfid-
ing at 673 K but are formed during the cooling stage. Only
in the case of Mn/Al catalyst, is it likely that part of the S,
species is already present at 673 K.

It cannot be precluded that S, is associated with a
phase transformation, i.e., Me,S, into Me,S, ;. Only in
three cases did thermodynamics show that a phase
boundary is passed during the cooling step in H,S/H;,
i.e., CoeSg, FeS,.., and Cu,S transformed into Co1Sq,
FeS,, and CuS, respectively. However, Mdssbauer spec-
troscopy showed that after alumina-supported Co and Fe
catalysts had been cooled in H,S/H;, Fe was still present
as FeS,., (24), while Co was most likely present as CoySy
(25). We do not expect Cu/Al to behave in a different
way. For the other catalysts no bulk sulfide transforma-
tion is thermodynamically possible at the conditions were
S, is formed. The fact that no bulk sulfide transformations
are involved supports our conclusion that S, is absorbed
on coordinatively unsaturated sites.

It will be shown that the formation of S, can be under-
stood to a large extent on the basis of thermodynamics.
In order to understand this, it is useful to consider the
energies involved in the transformation of H,S to H, and
S. In Fig. 12, the energy states (enthalpy of formation) for
the decomposition reaction of H,S into H, and elemental
S are schematically shown. From the Gibbs free energy
of reaction it can be calculated that the amount of ele-
mental S that can be formed in the temperature region
where S, is observed is negligible. When S is chemi-
sorbed on a coordinatively unsaturated site the energy

energy of reacting molecules

\ 4

reaction coordinate

FIG. 12. Sketch of the energies involved in the reaction of H,S to H,
and elemental sulfur and H, and S,. The left-hand side illustrates the
energies involved in the formation of elemental sulfur, whereas the
right-hand side represents the energies involved in the formation of the
strongly chemisorbed excess sulfur.
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level will be below that of elemental S. Due to this de-
crease, the enthalpy of reaction becomes less positive or
even negative. In the latter case the formation of S, be-
comes more favourable at low temperatures. As shown
by Bernard et al. (14), there exists a correlation between
the enthalpy of formation of the bulk sulfides and the
enthalpy of adsorption of sulfur atoms on metal surfaces.
A similar relation probably exists between the enthalpy
of adsorption for sulfur atoms on coordinatively unsatu-
rated sites and the heat of formation of bulk sulfides. The
enthalpies of formation of the metal sulfides which are
thermodynamically stable under the sulfiding conditions
applied are listed in Table 3; they are normalised to 1 mol
of sulfur. The table shows that the heat of formation of
the sulfides from Ir, Pt, and Cu are low, while those of
Mo, W, Mn, and Cr are high. The small amount of S,
formed on Cu, Ir, and Pt catalysts agrees with the low
heat of formation of these sulfides. Since the enthalpy of
formation of Rh and Ni sulfide are nearly equal, it was
expected that the amount of S, would have been the same
on both catalysts. However, the amount of S, present on
the Rh catalyst is less than that present on the Ni cata-
lyst. This difference might be due to a difference in dis-
persion.

The amount of S, formed during cooling is considered
to depend on the heat of reaction (H;), the number of
coordinatively unsaturated sites, and the activation en-
ergy for the decomposition of H,S (E,.,.1). When the tem-
perature of the reactor decreases, the equilibrium will
shift to H, and S,. However, since the reactor is cooled
fast, it might be possible that equilibrium is not reached.
The decrease of the amount of S, for the Cr, Mn, and Fe

TABLE 3

The Enthalpy of Formation of Bulk Sulfides from H,S at 298 K,
normalised to 1 mol of Sulfur According to AH; = (x/yMe +
H:S # 1/yMe,S, + Hy)

Enthalpy of formation

Catalyst Sulfide (kl/mol S) References
Ir/ Al Ir,S, 38; 49¢ (11,10)
Cu/Al Cu,S 59 (8, 10)
Pt/Al PtS 63 8, 10)
Rh/Al Rh,S; 67 8, 10)
Ni/Al NiS 73 (8-10)
Fe/Al FeS 80 9, 10)
Co/Al CoySg 86 (7, 10)
Cr/Al Cr,S; 91« (10)
Mo/Al MoS, 106; 117 (7, 11, 10)
W/Al WS, 109 (8, 10)
Mn/Al MnS 193 (8, 10)

Note. These values are calculated for the sulfides which are thermo-
dynamically stable under the sulfiding conditions applied in this study.
¢ The error in the data is 20-30%.



SULFIDED TRANSITION METAL CATALYSTS

catalysts, after they were cooled in H,S/H,, might be
caused by kinetics due to a high E,.; (Fig. 12) for the
decomposition of H,S on these catalysts. In the case that
equilibrium is reached, the amount of S, formed depends
on the heat of reaction and the number of coordinatively
unsaturated sites. Due to the complexity of the interpre-
tation of these results, additional research is needed to
confirm some parts of the model presented.

In many pretreatment procedures, catalysts are purged
with an inert gas to remove H;S. As shown in this study,
purging results in the removal of physisorbed H,S, but
depending on the type of catalyst, H,S decomposes into
H; and S,. Because these sulfur species are most proba-
bly chemisorbed on coordinatively unsaturated sites,
results obtained in chemisorption studies should be con-
sidered critically. Therefore, in chemisorption studies, it
is recommended to purge the catalyst in H; for a short
period of time just above the temperature where reduc-
tion of S, is observed. In this way it can be ruled out that
a large part of the sites is occupied by S,.

Role of Various Sulfur Species in Hydrodesulfurisation

Hydrotreating reactions are generally carried out be-
tween 600 and 670 K at pressures between 1 and 200 bar.
Since these reactions are carried out in hydrogen, during
reaction reduction of sulfur species might take place re-
sulting in vacant sites. From the TPR measurements in
combination with thermodynamics, it can be decided
which sulfur species might be participating in hydrotreat-
ing reactions. As TPR measurements showed that the
reduction of several sulfides is determined by thermody-
namics, it is interesting to calculate the H,S/H, ratio at
thermodynamic equilibrium for the sulfides that are
present after sulfiding. Since no accurate thermodynamic
data were available for Rh, the Gibbs free energy data
were calculated with tabulated and estimated C, values
according to the rule of Kopp (26). Although these values
will be subject to error, the order of magnitude is still
indicative of whether or not we have to account for re-
duction of these sulfides under reaction conditions. The
H,S/H,; ratios for the various reactions are listed in Table
4. As the H,S/H; ratio is roughly between 10~! and 1073
under HDS conditions, it can be concluded from Table 4
that reduction of RhS; gy, FeS, Cu,S, MoS,, WS,, Ni;S,,
MnS, and CosSg is not taking place during HDS reac-
tions. However, depending on the exact H,S/H; ratio in
the reactor, reduction of PtS to Pt, Rh,S; to RhS; g9, and
NiS to Ni3S, might take place; considering the TPR pat-
tern of Ir/Al, reduction of IrS,,, to Ir® might also be
possible. Due to the large error in the thermodynamic
data of the chromium sulfides no decisive conclusion can
be drawn with respect to the stable chromium phase un-
der HDS conditions. For the last category, the activity of
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TABLE 4

H,S/H, Ratio at Equilibrium during the Reduction of Sulfides
Present after Sulfiding at 673 K

Reaction® H,S/H, ratio
PtS + H, = Pt + H,S 2 x 107!
Rh153 + 1.22H2 F=4 2Rhs°89 +1.22 HIS 1 x 1072
RhSgg + 0.89H; == Rh + 0.89H,S 9 x 10°°
FeS + H, & Fe + H,S 7 x 10
Cu,S + H; 2 2Cu + H,S 3x 10°¢
3NiS + H, £ Ni;S; + H,S 2 x 1072
Ni,S, + 2H, 2 3Ni + 2H,S 5x 10°¢
COgSg + 3Hz 2 9Co + 8st 1 x 1074
MnS + H; 2 Mn + H,S 3 x 107
MoS; + 2H; & Mo + 2H,S 3 x 1077
WS, + ZH, 2 W + 2H,S 3 x 1077
Cr;S; + 066H2 2 ZCFSL” + 066st 8 x 102

Note. The H,S/H; ratio is calculated at 600 K for the various reduc-
tion steps observed during TPR.

4 Ir is not included since no data for IrS could be found.

b Since the thermodynamic data are subject to large error, conclu-
sions on the basis of this ratio should be drawn with great care.

the catalyst might undergo strong changes when the reac-
tion conditions are changed. In the case of the catalysts
that belong to the first category, the sulfur ions in the
sulfides can essentially not participate in the HDS reac-
tions. Consequently, reactions should take place on coor-
dinatively unsaturated sites, present at the surface of the
sulfides. When Rh, Pt, Ir, and Ni are used, the so-called
stoichiometric sulfur species might participate in the de-
sulfurization reactions.

From the TPR measurements, it was concluded that, in
addition to the stoichiometric sulfides, a nonstoichiome-
tric sulfur species can be present. Since these sulfur spe-
cies are much more reactive than bulk-line sulfides, it is
reasonable to assume that they play an important role in
HDS reactions rather than the stoichiometric sulfur spe-
cies. A priori, in two ways a direct role for S, can be
envisaged. Firstly, S elimination from a hydrocarbon
might take place without hydrogenation. This sulfur atom
is chemisorbed on a coordinatively unsaturated site
which is similar to S,. Secondly, the S, species, which are
chemisorbed on potentially active sites, might determine
the number of vacant sites available during HDS. There-
fore, it is tempting to correlate the reduction temperature
of these S, species with the thiophene HDS activity. In
Fig. 13, the reduction temperature of the S, species on
the various catalysts is shown as a function of the HDS
activity. CoMo/Al (4) and NiW/Al (5) catalysts are also
included. From this figure, it can be concluded that a
correlation exists between the reduction temperature of
the S, species and the HDS activity. However, it should
be noted that in the left-hand part of the curve also cata-
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FIG. 13. Relation between the reduction temperature of the S, spe-

cies and the HDS activity.

lysts are present such as Mo and W which show a rela-
tively low HDS activity. The absence of active catalysts
in the right-hand part of this figure suggests that for Co/
Al, Cu/Al, Ni/Al, Mn/Al, and Cr/Al catalysts, which re-
duce S, only above ca 500 K, the hydrogenation of S
might be the rate-limiting step in HDS.

On the catalyst which are located on the left side of
Fig. 13, apparently reducton of S, is so fast that this is not
a rate limiting step. This is supported by the fact that the
Mo/Al and W/AI catalysts hydrogenate this S, species at
low temperatures but nevertheless exhibit a relatively
low HDS activity. On these catalysts, including the com-
mercially applied catalysts, the rate limiting step there-
fore probably is the hydrogenation of the aromatic S-
containing ring or hydrogenolysis of the C-S bond,
instead of hydrogenation of S,.

CONCLUSIONS

Provided a high hydrogen partial pressure and a high
attainable reaction temperature are used, TPR is a pow-
erful technique to study the structure of sulfided alumina-
supported transition metals. Since both the H,S pro-
duction and H, consumption peak were measured simul-
taneously, a complete picture of all sulfidable species has
been obtained, except for Cr and Mn which under TPR
conditions are not completely reducible.

On the various catalysts, four different S species were
determined, viz., sulfur species with a stoichiometry in
agreement with bulk thermodynamics, indicated as stoi-
chiometric sulfur, sulfur species that could not be present
on the basis of bulk thermodynamics indicated as non-
stoichiometric sulfur or S,, S—H groups, and adsorbed
H,S.

After sulfiding at 673 K, the sulfiding degree of the
various catalysts decreased in the order Pt, Rh, Ir
(90-100%) > Mo, Cu, Co (90%) > W (55%) = Fe
(50%) > Ni (40%).

MANGNUS ET AL.

Sulfiding of the alumina-supported transition metals re-
sulted in the following stoichiometries (not including non-
stoichiometric sulfur): Rh,S;, PtS, IrS, MoS,, WS,,
NiSi.,, FeS, CoySg, and Cu,S. On the basis of the TPR
measurements and thermodynamic calculations it was
shown that reduction of the alumina-supported transition
metals was not possible under HDS conditions, except
for NiS,,,, Rh;S;3, IrS;+,, and PtS,_,. Depending on the
process conditions during hydrotreating, reduction of
these species might take place to Ni;S;, RheSg, Ir?, and
PtO.

Removal of the sulfur atoms chemisorbed on the sur-
face of reduced metal species appeared to be extremely
difficult. Whether these species are reduced within the
temperature window applied depends on the adsorption
enthalpy of the sulfur species. These sulfur species are
effective poisons in transition metal catalysed reactions.

The sulfur species indicated as S, is formed by dissoci-
ation of H,S on coordinatively unsaturated sites. The
amount of S, depends on whether the catalyst is cooled in
the sulfiding mixture or in an inert gas. When the cata-
lysts are purged in Ar at 673 K, the amount of S, formed
depends on the desorption rate of H,S and the adsorption
enthalpy of S, species. When the catalysts are cooled in
the sulfiding mixture, the amount of S, formed depends
on the activation energy for the decomposition of H,S
and the adsorption enthalpy. Since H,S is chemisorbed
on coordinatively unsaturated sites, obviously it also de-
pends on the amount of these sites.

Since on nearly all catalysts a part of the S, is still
chemisorbed on coordinatively unsaturated sites after
purging in Ar, it is recommended to purge the catalysts
with hydrogen preceding any chemisorption measure-
ments. This purging step should be carried out just above
the temperature where S, is reduced in TPR.

A weak correlation exists between the thiophene HDS
activity and the reduction temperature of the S, species
on the various catalysts. The reduction rate of sulfur spe-
cies chemisorbed on ‘“‘vacant’ sites does not influence
the overall HDS reaction rate of Rh, Pt, Ir, Mo, W, and
the conventional commercial catalysts. However, the re-
duction rate of S, species on Mn, Cr, Fe, Ni, Cu, and Co
might influence the overall HDS reaction rate.
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