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Sulfided catalysts were characterized by measuring the comsumption of O2 on reoxidation. The 
S/MO, OJMo, and e/MO ratios could be evaluated. Most of the sulfur was removed and measured as 
SO,; some SO3 was formed and trapped by the alumina as SO:‘. This was released as SO, on 
reduction with Ha. The average extent of reduction, e/MO, was calculated after correcting the 
oxygen consumed for that required to oxidize and replaced the sulfur. The oxygen removed by 
reduction and sulfiding was measured as H20, i.e., as W, and Ws, respectively. This oxygen 
removed was mostly compensated by the addition of sulfur. Reduction occurred by breaking bonds 
between bound molybdena and the alumina surface. The results obtained show that usually S/MO 5 
2 and that e/MO 2 2. It was concluded, therefore, that valence states below Mo4+ are common in 
these preparations. Parallel infrared studies were helpful in validating the procedures used. o 1985 

Academic Press. Inc. 

INTRODUCTION 

The purpose of the present work was 
twofold. First, it was desired to devise a 
simple analytical method for the characteri- 
zation of sulfided molybdena-alumina cata- 
lysts which would be independent of any 
model of the catalyst surface. Second, we 
wished to learn whether or not valence 
states below Mo4+ exist in reduced or sui- 
fided preparations. Several kinds of evi- 
dence suggest that they may. For reduced 
catalysts, measurements of the average ex- 
tent of reduction (1,2) are easy to make and 
sometimes values lower than Mo4+ are 
found. In addition, our own recent evi- 
dence (3) had suggested that the active cat- 
alytic centers are MO*+. 

A number of reviews (4-13) have been 
written concerning the surface chemistry of 
these catalysts. Despite variations effected 
by preparation and pretreatment proce- 
dures, a consistent picture has evolved for 
the raw catalyst showing small patches of 

molybdena bound to the surface of alumina 
by replacement of the surface hydroxyl 
groups (II, 24-16). On reduction or sulfid- 
ing, MO-OAl bonds are broken, the surface 
OH population being partially restored (16, 
17). 

Evidence for formation of submicrocrys- 
talline MoS2 in sulfided catalysts has been 
reported (14, 15). The active molybdena 
surface sites of both reduced and sulfided 
(3, 17) catalysts may be titrated by the 
chemisorption of O2 (28-23) or NO (2, 3, 
24-28). The uncovered alumina surface, on 
the other hand, may be distinguished spec- 
troscopically after the chemisorption of 
CO* (3, 17) and by either ir or NMR from 
the terminal hydroxyl groups (16). In these 
respects the present authors have shown 
that sulfided catalysts (3) are quite similar 
to those which have simply been reduced 
(17). Hall and LoJacono (I) showed that 
such reduction-oxidation cycles could be 
carried out reproducibly many times over 
the same catalyst sample. The average ex- 

1 On leave from the Central Research Institute for 
tent of reduction could then be calculated 

Chemistry of the Hungarian Academy of Sciences, directly from the oxygen consumed, [O,], 
Budapest, Hungary. in the reoxidation process and the number 

* To whom all correspondence should be addressed. of molybdenum atoms in the sample, i.e., 
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~/MO = 4[02]/Mo = 2[O]/Mo. (1) 

Moreover, an anion vacancy concentra- 
tion, [~/MO, was calculated from the HZ0 
produced during reduction, WR, and found 
to be a useful correlating parameter (18,24, 
25), i.e., 

O/MO = WaIMo. (2) 

Clearly, U/MO is the average number of ox- 
ygen atoms per Moo3 unit removed during 
reduction. Its interpretation based on an 
epitaxial monolayer model was straightfor- 
ward (1). More recent work (II, I&16), 
however, has lead to the idea that small 
clusters of molybdena, possibly a couple of 
layers deep, become bound to alumina. 
Hence, the meaning of this parameter is 
now less clear, especially if a recrystalliza- 
tion occurs during the reduction or sulfiding 
treatment. Nevertheless, since it increases 
monotonically with &lo and may be deter- 
mined without reoxidizing the catalyst, it 
has been used many times instead of ~/MO 
for studies of reduced catalysts as a qualita- 
tive measure of the extent of reduction. 

In the present work, we have extended 
the use of mass balances for the characteri- 
zation of sulfided catalysts. The analytical 
scheme developed permits estimation of 
e/MO, S/MO, and O,/Mo, where 0, is the 
portion of the original three reducible oxy- 
gens associated with molybdena (MoOj) 
which is retained by the catalyst after sul- 
fiding. Equation (1) will still be valid, but 
correction must be made for the oxygen 
consumed in removing sulfur from the cata- 
lyst as SO2 or SO3 (measured volumetri- 
cally). Thus we write 

elMo = 2{2[0JMo - 3[SOJ/Mo} 
= 2{[O]/Mo - 3[S02]/Mo}, (3) 

where as before 2[02] is the total oxygen (as 
atoms) consumed and 3[SOJMo takes into 
account the removal of S as SO2 and its 
replacement with an atom of oxygen. A fur- 
ther minor correction for SO3 will be added 
later. 

EXPERIMENTAL 

Catalysts. The 8% MO on Ketjen-y-alumi- 
na (CK-300) catalyst was that used in most 
of our earlier work (lot. cit.). The catalyst 
was made by the incipient wetness impregna- 
tion method and contained 4.6 ? 0.3 x 1020 
MO/g (an average of five analyses made by 
the Galbraith Laboratories). The remaining 
catalysts were prepared by the equilibrium 
adsorption method of Wang and Hall (29), 
which was designed primarily to make uni- 
form preparations for spectroscopic work. 
The loading and surface chemistry of these 
were controlled by variation of pH. The 
coverage varied from about 1 to 7 x 1020 
MO/g, so that the average surface area per 
MO varied from 200 to 40 A2. The assump- 
tion of uniform coverage with monomeric 
units is of course untrue (11, 14, 15), but 
nevertheless these figures show that in all 
cases at least half of the alumina surface 
remained uncovered. Most of the ir spec- 
troscopic work was done with a loading of 5 
x 1020 Ma/g made at pH 1.95, which is 
thought to consist of polymolybdate clus- 
ters containing seven or so molybdenum at- 
oms (29). 

Gases. Airco tank O2 (nominal purity 
99.6%) was dried by passage through a 
column filled with Linde-SA sieves and 
over anhydrous CaC12 followed by Mg 
(ClO& . Airco He (nominal purity 99.995%) 
was passed through a - 195°C trap contain- 
ing about 25 g of activated charcoal; ultra- 
pure H2 and D2 were obtained by passing 
Airco and Matheson products, respec- 
tively, through Pd-Ag alloy thimbles. The 
H2S was an Airco product of 99.5% purity; 
it was used as received. The O2 used for the 
reoxidation measurements was condensed 
and distilled between liquid nitrogen traps 
before bulb storage. Similarly, Matheson 
SO2 (anhydrous minimum purity 99.98%) 
was also given the usual freeze-pump- 
thaw distillation treatment before it was in- 
troduced into the BET system. 

Reduction and sulfiding procedures. Ap- 
proximately l-g aliquots of catalysts were 



ASSAY OF SULFIDED MOLYBDENA-ALUMINA CATALYSTS 157 

precalcined overnight at 500°C in a stream 
of flowing O2 (- 100 ml/min) followed by a 
20-min purge with He at the same tempera- 
ture. In some cases, they were then re- 
duced with Hz (-70 ml/min) for 1 h at 500°C 
and again purged with pure He before sul- 
fiding. The HZ0 formed during the reduc- 
tion was collected in a glass bead trap at 
-78°C placed downstream from the cata- 
lyst. This could be measured volumetrically 
in the attached BET system. As shown pre- 
viously (JO), these reduction conditions re- 
sulted in average values of e/MO = 1.3. In 
other cases, the calcined catalysts were sul- 
fided directly without this reduction step. 

The preparations were sulfided at 350°C 
in a stream of 10% H2S in Hz for 4 h at a 
total flow rate of -77 mYmin. This mixture 
was prepared by controlling the flow rate of 
the pure gases using Moore regulators. Fol- 
lowing this treatment, the catalyst was 
purged with He as the temperature was 
gradually raised to 5OO”C, where it was 
maintained for an additional hour. The Hz0 
formed during sulfiding, W,, was collected 
downstream in a trap thermostated at 
-78°C and measured as before. 

Reoxidation of suljided catalysts: An an- 
alytical procedure. As outlined above, the 
same techniques devised earlier (I) for re- 
duced catalysts were employed with appro- 
priate modification. An all-glass recircula- 
tion system, consisting of the catalyst, a 
pump, a liquid-nitrogen trap, and an at- 
tached BET system for manometric and 
volumetric measurements, was used. A 
measured quantity of pure O2 was circu- 
lated at -100 Torr over the catalyst and 
through the trap at - 195°C which removed 
the oxidation products. The consumption 
of 02 could be followed by observing the 
decrease in pressure. The catalyst was first 
exposed to O2 at about 25°C and the tem- 
perature was gradually raised to 200°C as 
the gas was recirculated. At the latter tem- 
perature, the consumption of O2 was rapid; 
conditions were maintained constant until 
the 02 uptake became immeasurably slow. 
The catalyst was then heated to 500°C to 

ensure complete reoxidation. The total con- 
sumption of 02 was measured and the un- 
used O2 was removed from the system by 
evacuation through the trap. The trap con- 
tained both HZ0 and SO*, but no SO3 could 
be detected by mass spectrometric analy- 
ses. The SO2 was separated from the Hz0 
by raising the temperature of the trap to 
-78°C and distilling the SO2 into another 
trap at -195°C leaving behind the H20. 
The amounts of the separated gases could 
then be determined volumetrically in the 
BET system. 

Despite the care taken, not quite all of 
the sulfur was removed from the catalyst by 
this treatment. A small amount was re- 
tained as SO:-, presumably on the uncov- 
ered alumina surface. It was found, how- 
ever, that this could be removed by 
treatment in flowing H2 at 500°C for 4 h. 
The reduction products, Hz0 and SO*, 
were collected and measured as before. At 
this point, the removal was complete as 
judged by both chemical analysis by 
Galbraith and by ESCA determinations3 
both of which showed extremely low levels 
of S equivalent to those found in blank de- 
terminations using the unsulfided catalyst. 
The oxygen consumption values were cor- 
rected for this additional sulfur (SO2) by 
subtracting 4 S02/Mo from the right-hand 
member of Eq. (3). Implicit was the as- 
sumption that this sulfur had been oxidized 
to S03, which was then “gettered” by the 
alumina surface. The effect of this correc- 
tion was to ensure that minimum possible 
values of eh4o were deduced, i.e., the total 
sulfur was calculated as the sum of the SO2 
and the SO3 and 

e/Ma = 2{2[0J/Mo 
- 3[S02]/Mo - 4[S031/Mo}. (4) 

Some supplemental ir studies were made 
to firmly establish the surface chemistry 
and, in particular, to define conditions for 

3 We thank Dr. Brian R. Strohmeier and Professor 
David Hercules of the Surface Science Center, De- 
partment of Chemistry, University of Pittsburgh, for 
the ESCA results. 
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FIG. 1. Spectra from a molybdena-alumina catalyst in the OH (A) and the sulfate (B) regions after 
various treatments. The catalyst had been prepared by the equilibrium absorption method (Refs. (II, 
29)); the platelet had a thickness of -10 mg/cm*. Treatment in O2 is denoted by O-n, reduction in HZ by 
R-n and sulfiding in 10% H2S/H2 by S-n, where n is an integer denoting the step number. Oxidations 
and reductions were carried out at 500°C. Originally the catalyst was calcined in flowing dry O2 
overnight at 500°C (O-l). Subsequent reduction and reoxidation steps were carried out for periods of 1 
h at 500°C followed by evacuation with the same conditions. Sulfiding was also for 1 h, but at 350°C 
followed by evacuation with the final temperature raised to 500°C. The scale factor x was 0.1 for S-3 
and 0.04 for all of the other spectra of the OH region. 

complete removal of sulfur from the sur- 
face. A Nicolet MX-1 FT-IR spectrometer 
operating in the absorbance mode was used 
in these experiments. The resolution was 
about 2 cm-r at all wavelengths studied. 
The self-supporting wafers had a thickness 
of about 10 mg/cm2; they were mounted on 
a quartz rack which could be moved from 
the heated portion of the tube into the opti- 
cal cell fitted with KBr windows as de- 
scribed previously (27). The assembly was 
vacuum tight and the catalyst wafer could 
be treated in various atmospheres and tem- 
peratures. 

EPR measurements were made on a few 
selected samples after reduction in H2 and 
then again after sulfiding. The spectra were 
recorded using a Varian E-115 spectrome- 
ter operating at X band (9.15 GHz). The 

EPR tube was sealed as a side arm on the 
sample treatment tube as in the experiments 
of Cirillo et al. (16) so that the samples 
could be pretreated, evacuated, reduced, 
and sulfided, as well as removed to the EPR 
apparatus, all without exposure of the cata- 
lyst to air. 

RESULTS 

Infrared spectroscopy. Spectra taken in 
the oxidized, reduced, sulfided, and reox- 
idized states of the catalyst are presented in 
Fig. 1, where the OH and sulfate regions 
may be compared in A and B, respectively. 
The OH bands were weak after the initial 
calcination at 500°C (O-l), but they ap- 
peared again strongly when the catalyst 
was reduced (R-2). On sulfiding, this region 
became very noisy; the spectrum (S-3) was 
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FIG. 2. Continuation of the experiment in Fig. 1 
through another sulfiding, oxidation-reduction cycle. 

recorded at a sensitivity lower than that 
used for the others to obtain better resolu- 
tion, i.e., x = 0.1 for S-3 and 0.04 for all of 
the others. Interestingly, on reoxidation (O- 
4) the OH region was returned nearly to its 
initial condition showing that the alumina 
OH groups, which were formed as surface 
molybdate bonds were broken during re- 
duction (16) (and were retained during sub- 
sequent sulfiding (27)), were removed (as 
H20) on reoxidation. These features were 
further confirmed with two more oxida- 
tion-reduction cycles on the same spectro- 
scopic platelet (compare O-4, O-6, O-8, and 
O-10 with each other and with O-l; also, 
compare R-5, R-7, and R-9 with R-2). 

The corresponding spectra in the sulfate 
region are particularly significant to the 
present work. All spectra were essentially 
identical except for the strong band near 
1395 cm-’ which appeared (O-4) when the 
sulfided catalyst (S-3) was reoxidized. This 
was greatly reduced in intensity by reduc- 
tion in Hz (R-5 and O-6), and in parallel 
experiments with larger amounts of catalyst 
it was observed that SO2 was released by 
this treatment. Interestingly, this process 

appears to be analogous to the reduction of 
the alumina-bound molybdena, i.e., 

0 0 HH 

An additional reduction-oxidation cycle 
(R-7 and O-8) removed more sulfur. In this 
way it was determined that a 4-h reduction 
would remove most of this sulfur. These 
experiments were continued through an- 
other cycle and the results are presented in 
Fig. 2. Because the spectrum in the OH re- 
gion after sulfiding was so noisey, the OD 
region was examined with a deuterated cat- 
alyst. These results are presented in Fig. 3. 
The reduced catalyst was first exchanged 
with D2 [60 cm3 (NTP)] at 150 Tot-r for 90 
min at 350°C followed by a l-h purge with 
He. The spectrum from this preparation is 
shown as Spectrum A; the OH region 
showed no detectable bands. The catalyst 
was then sulfided in the usual way and ex- 
changed with D2 yielding Spectrum B. Be- 
cause the noise level was greatly dimin- 
ished in this region of the spectrum, it can 
be clearly seen that the relative intensity of 
the several bands is different than with the 

\ 
\ 
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FIG. 3. Spectra of the deuterated reduced catalyst 
(A) and the sulfided catalyst (B) in the OD region. 
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reduced catalyst. The high-frequency band 
was most affected by sulfiding as was also 
observed by Topsoe (28). The strong de- 
crease in the relative intensity of the high- 
frequency band on sulfiding suggested that 
this hydroxyl might have been replaced by 
SH. However, in agreement with Topsoe, 
we could not detect any S-H vibration, 
possibly because of its low concentration 
and/or its low extinction coefficient. This 
sulfur might correspond to that which ap- 
pears as sulfate on oxidation. If this actu- 
ally occurred, then we have overcorrected 
the oxygen consumption values, thus low- 
ering the ~/MO values. 

“Sulfate-like species” have been re- 
ported (31-33) to appear on the alumina 
surface when it is heated in SO*. We con- 
firmed these experiments spectroscopi- 
cally. SO2 was adsorbed on our calcined 
support at room temperature. Bands ap- 
peared at 1149 and 1336 cm-i correspond- 
ing to the antisymmetric and symmetric 
stretching vibrations of S02, respectively 
(32). On evacuating and heating, a strong 
band was evolved at 1377 cm-l resembling 
the one at 1395 cm-l on the molybdena- 
alumina catalyst. The corresponding sym- 
metric sulfate stretching vibration at about 
1130 cm-i cannot be seen because of the 
alumina cutoff. According to Chung and 
Massoth (34), the surface sulfate is stable 
under vacuum up to 800°C but can be re- 
moved in 3 hr at 400°C in HZ. The present 
experiments confirm this observation. A 
likely source of the surface sulfate, how- 
ever, is from any SO3 formed in the reox- 
idation process. This would become selec- 
tively chemisorbed on the alumina part of 
the surface, and be released as SO2 on re- 
duction (Eq. (5)). We make this assumption 
in treating the data for these experiments, 
vide infra . 

Stoichiometric experiments. Data were 
obtained to determine the average extent of 
reduction by Eq. (4); these are listed in Ta- 
ble 1. The oxygen consumptions (Column 
3) required to reoxidize the sulfided cata- 
lysts were much larger than for reduced 

TABLE 1 

Assay of a Sulfided Molybdena-Alumina Catalyst 
(Loading 4.6 X 10” Ma/g Incipient Wetness Method) 

by Reoxidation Experiments 

1 2 4 7 
Expt Treat- [i] S ia H”0 e - -L 
No. ment % MO i.6 MO Mo 

1 a 6.86 1.63 (0.1) 0.22 3.14 
2 a 6.54 1.55 (0.1) 0.19 2.98 
3 
Average (lf;,3) 

6.93 1.70 0.10 0.13 2.86 
6.78 1.62 0.1 0.18 2.99 

4 b 5.74 1.32 0.10 0.16 2.76 
5 b 5.72 1.31 0.11 0.15 2.70 
6 b 6.15 1.46 0.05 0.03 3.14 
Average (4,5,6) 5.87 1.36 0.09 0.11 2.86 
7 C 7.30 1.88 0.15 0.26 2.12 

4 Pretreatment conditions: Oxidized overnight fol- 
lowed by a 20-min purge in He at 5OO”C, then sulfided 
for 4 h in 10% H2S/HZ mixture at 350°C and finally 
purged for 1 h with He at 500°C. 

b Catalyst was oxidized overnight and then purged 
in He for 20 min at 500°C. It was then reduced in HZ for 
1 h and again purged with He at 500°C [(e/MO)a = 1.31 
before sulfiding as in footnote a with a final purge at 
500°C. 

c Same as footnote b except sulfiding in a 10% H2S/ 
He stream. 

catalysts. According to Eq. (I), the corre- 
sponding [O]/Mo ratios for reduced cata- 
lysts having e/MO = 2 or 3 would be 1 or 
1.5, respectively. The values listed in Table 
1 fall in the range of 5.7 to 6.9, depending 
upon whether the catalysts were prere- 
duced or sulfided directly. Part of this ([O]/ 
MO = 3 to 4) may be attributed to the oxy- 
gen required to remove and replace the 
sulfur, but after correcting for this (Eq. (4)) 
a substantial deficit was left attributable to 
reduction. The average valence state of mo- 
lybdenum was evidently lowered below 
Mo4+ during sulfiding. 

The sulfur content may be assayed di- 
rectly as SOz (Columns 4 plus 5). These 
measurements should be accurate to within 
1 or 2%. The values in Column 4 corre- 
spond to the SO2 released by the circulating 
O2 while those in Column 5 were estimated 
from the SO;? released by HZ. The former 
was multiplied by 3 and the latter by 4; i.e., 
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TABLE 2 

Assay of Sulfided Molybdena-Alumina Catalysts of 
Various Loadings” by Reoxidationb 

I 2 4 1 
Expt. MO/~ x IO-‘” ,:, s i,, “to e 
NO. MO MO MO MO MO 

I 1.14 x.21 1.68 0.24 0.83 4.42 
2 3.3 7.22 1.74 0.05 0.34 3.60 
3 4.3 7.28 1.73 (0.1) 0.23 3.38 
4 4.3 7.36 1.81 0.10 0.14 3.06 
5 4.6 8.28 2.26 0.09 0.36 2.28 
6 4.6 7.45 2.01 0.13 0.40 1.80 
7 4.6 7.22 1.84 0.08 0.36 2.76 
8 5.0 7.34 2.01 0.05 0.39 2.22 

y Catalysts were prepared by the equilibrium absorption 
method; loadings were varied by control of the pH. 

b The catalysts were pretreated in flowing 02 overnight and 
then purged with He for 20 min at 500°C. The catalysts were 
then sulfided in flowing 10% HzS/H* at 350°C for I h and finally 
purged with He at 500°C. 

it was assumed that all of the sulfur was 
released as SO2 or SO3 on treatment with 
0,; the former was collected and measured 
directly while the latter was held up on the 
alumina surface and released in HZ as de- 
scribed in the ir studies. 

Measurement of HZ0 in the BET system 
was the most inaccurate of the measure- 
ments made; the error was estimated to be 
-5%. However, these measurements do 
not enter directly into the calculation of 
e/Ma by Eq. (1). The validity of these 
results therefore seems quite certain. The 
interesting conclusion is shown in Column 
7. Even after the maximum possible correc- 
tion for the amount of oxygen consumed in 
reoxidizing the sulfur was made, the re- 
duced molybdenum had an average valence 
state of 2 < ~/MO < 3. Moreover, catalysts 
prereduced to elMo - 1.3 at 500°C were 
further reduced to e/MO L 2 by sulfiding at 
350°C (Column 7, Rows, 4, 5, and 6). The 
amounts of sulfur incorporated (the sum of 
Columns 4 and 5) were lower when the cat- 
alyst was prereduced than when it was sul- 
fided directly, in agreement with a similar 
finding by Massoth (35). Indeed, where 
cross comparison could be made with his 
gravimetric data the actual S/MO values of 
Tables 1 and 2 were in fair quantitative 

agreement. Finally, the sulfur was removed 
quantitatively as shown by both chemical 
analysis and ESCA determinations of ran- 
domly selected samples of catalyst. 

An experiment was made in which He 
was substituted for H2 in the sulfiding gas 
(Row 7). The sulfur level was a little higher 
than usual but still S/MO 5 2. This catalyst 
had been prereduced, presumably to e/MO 
= 1.3. The data indicate that a further re- 
duction had occurred. This chemistry is not 
fully understood, but H2S appeared to react 
to form Hz0 + S; some of the latter con- 
densed in the cold part of the glass tube as 
the gas passed from the reactor. Overall, 
the results were quite similar to the ones 
obtained with H2S/H2 mixtures. 

The results obtained from a series of cat- 
alysts with varying loadings are reported in 
Table 2. These data, together with those of 
Table 1, provide a basis for assessing the 
reproducibility of the overall results (in- 
cluding the reduction and sulfiding steps). 
The calculations indicate that valence 
states below Mo4+ are quite common. The 
catalyst with the lowest loading (Row 1, Ta- 
ble 2) was previously shown (II) to be very 
difficult to reduce with H,; values of e/MO 
- 1.2 were obtained at 650°C. It is particu- 
larly interesting to note that this prepara- 
tion, which contained predominantly tetra- 
hedrally bound monomeric molybdena, was 
virtually destroyed by sulfiding. These data 
were checked and EPR determinations 
made to verify this finding. These data are 
listed in Table 3. The reduced sample (Row 
1) contained nearly one EPR detectable 
Mo5+ for each MO in the sample. Sulfiding, 
by increasing the extent of reduction, low- 
ered the spin density by nearly an order of 
magnitude. A similar decrease was ob- 
served on sulfiding the catalyst containing 5 
x 1020 MO/g. 

The oxygen removed as HZ0 during pre- 
reduction, W,, and sulfiding, Ws, was mea- 
sured volumetrically after evacuation of the 
ambient gas phase, first through the cata- 
lyst and then through the collection trap at 
-195 or -78°C. These data are plotted in 
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TABLE 3 

Properties of the Reduced and Reduced-Sulfided 
Catalysts (1.4 X 1020 MO/~ Cat) Data Determined 

Volumetrically by Reoxidation and by EPR 
Spectroscopy 

1 2 3 4 5 6 I 8 
Expt IO] S S, W, e Raw N’ - --- 
No. MO & MO MO MO 

1 0.46 - - 0.55” 0.93 1.9417 9 
2 6.54 1.28 0.18 0.32b 3.96 1.9406 1 

L? The amount of HzO, produced by reoxidation of 
the reduced catalyst. 

b The amount of H20, produced by reoxidation of 
the sulfided sample. 

c The relative number of spins in Experiments 1 and 
2. 

Fig. 4 from which the sum (WR + Ws)IMo 
can be calculated. These sums were found 
to fall in the range between 1.5 and 1.8, 
regardless of whether the preparation was 
prereduced in HZ or not. Thus, in agree- 
ment with Massoth (35), up to half of the 
reducible oxygen of the unreduced catalyst 
is retained after sulfiding. 

DISCUSSION 

The salient feature of the present work 
was the finding that e/MO 2 2 for the sul- 
fided catalysts, i.e., that valence states 
lower then Mo4+ were almost invariably 
present. This was surprising insofar as 
these lower valence states have not so far 
been characterized by ESCA (36). This 
finding does, however, support the tenta- 
tive conclusion of the present authors (3) 
that NO chemisorbs on Mo2+ centers as 
dinitrosyl or dimeric species. These sites 
are responsible for the dissociative adsorp- 
tion of H2 (37) and oxygen chemisorption 
(3) as well, and are therefore of direct inter- 
est to the catalytic chemists. 

The present paper may be considered 
complementary to an earlier paper by Mas- 
soth (3~9, who followed the weight changes 
on reduction and sulfiding and in addition 
made sulfur determinations on the final 

preparation by an analytical method. He 
was therefore able to characterize the S/MO 
and the O,/Mo ratios, where 0, is the por- 
tion of the original three reducible oxygens, 
which is retained on sulfiding. He could 
not, however, directly estimate the extent 
of reduction from these data. His catalyst 
was the same as used in our earlier work (I) 
and a duplicate of that used to collect the 
data of Table 1. However, he used gener- 
ally lower H2S/H2 ratios and somewhat 
milder conditions. For comparison with the 
data for the directly sulfided catalysts of 
Table 1 (the present work) we interpolate 
from his Fig. 3 the following: S/MO = 1.5, 
O&lo = 1.3, and (0, + S)/Mo = 2.8. For 
comparison with the prereduced values of 
our Table 1, we interpolate from his Fig. 4 
corresponding values of 1.1, 1.7, and 2.8, 
respectively. His values of S/MO (1.5 and 
1.1) correspond to our “average values” 
(1.72 and 1.45) as well as may be expected. 
For further comparison we must deduce 
from our data values of O,/Mo. First, maxi- 
mum values may be calculated from 

O&MO = 3 - S/MO. (6) 

Here it was assumed that initially the unre- 
duced catalyst contained three (3) reducible 

2- 

% 

0 
MO 

1 

:\, 
0 

0 

0 1 2 

WRIMO 

FIG. 4. Measurements of Hz0 removed during sul- 
fiding as a function of prereduction. W&IO is the num- 
ber of water molecules collected during the sulliding 
step and WR the number during the prereduction (when 
this was done). The accuracy of these points is esti- 
mated to be about ~5%. The line represents the least- 
squares fit of the data. 
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oxygens per molybdenum and that no oxy- 
gen is removed from the catalyst by reduc- 
tion. These “average” results, O,/Mo = 
1.28 and 1.55, may be compared with Mas- 
soth’s values of 1.3 and 1.7, respectively, 
for the directly sulfided and prereduced cat- 
alysts. 

Another approach is to deduce values 
from the oxygen known to be removed 
from the catalyst as HZ0 during reduction 
and sulfiding, WR and WS, respectively, 
i.e., 

O,/Mo = 3 - WR - Ws. (7) 

By selecting the appropriate values from 
Fig. 4, we obtained O&MO = 1.2 and 1.5 as 
“averaged values” for the directly sulfided 
and prereduced catalysts of Table 1, re- 
spectively. The corresponding values of 
(O,/Mo + S/MO) are 2.92 and 2.95, leading 
to the conclusion that little of the original 
reactive oxygen is removed form the cata- 
lyst without being compensated by the ad- 
dition of an atom of sulfur. Thus, both our 
oxygen and sulfur balances are in substan- 
tial agreement with those of Massoth. 

The finding that the (O,/Mo + S/MO) val- 
ues range from 2.7 (Massoth) to 2.9 
(present work) suggests at first sight that 
the catalysts are very little reduced (~/MO 
= 0.2 to 0.6). The determination of ~/MO by 
the reoxidation experiments show that this 
is far from true. Why? Evidently, the S and 
the 0, cannot both remain bonded to MO as 
O-” and S2. Recently, Huntley et al. (38) 
found that the EXAFS Fourier transform 
spectrum of a sulfided HDS catalyst was 
remarkably similar to that of amorphous 
MoS2 prepared by the method of Chianelli 
et al. (39). Thus, the bonding between oxy- 
gen and molybdenum is evidently largely 
(although probably not entirely) eliminated 
by sulfiding. This conjecture is supported 
by the ir data shown in Figs. 1 and 2 where 
new alumina hydroxyl groups appear when 
the oxidized catalyst is reduced and sul- 
fided. Similar earlier findings (16) for re- 
duced catalysts were obtained by both ir 
and NMR. Based on this hypothesis, values 

for the reactive oxygen remaining bound to 
molybdenum may be estimated by reducing 
the O,/Mo values by (l/2) e/Ma (as calcu- 
lated from the reoxidation data. For the di- 
rectly sulfided and prereduced catalysts of 
Table 1, the corresponding 0,lMo values of 
1.2 and 1.5 are thus lowered to -0.3 and 
+O. 1, respectively. Correction for the small 
amount of H20 generated during the reox- 
idation of the sulfided catalysts gives values 
of -0.04 and +0.23. Hence, within experi- 
mental error, these data may be satisfied by 
the assumption that bonding between the 
oxygens of the alumina lattice and the MO 
ions is almost completely eliminated on sul- 
fiding . 

A further consistency test may be made 
by assuming no residual bonding between 
oxygen and molybdenum exists and that 
e/MO is determined only by the electrons 
required to satisfy the sulfur present, i.e., 

e/MO = 6 - 2(S/Mo). (8) 

Implicit is the further assumption that all of 
the sulfur is present as S2; the possible 
presence of SH- and SZm2 is ignored. The 
values of e/MO calculated from Eq. (8) pro- 
vide an upper limit for the extent of reduc- 
tion provided only that this condition is 
satisfied. A comparison is made of the 
calculated and experimental values in Table 
4 for all of the data from Tables 1 and 2. The 
values of ~/MO calculated from Eq. (8) were 
generally lower than those determined ex- 
perimentally, suggesting that lower va- 
lence states of sulfur were actually 
present. Residual bonding to alumina oxy- 
gen was not included in the calculation. 
Had it been, the calculated values would be 
further lowered. The salient point is, how- 
ever, that these calculations still generally 
yielded e/MO 2 2.0; i.e., they were consis- 
tent with the presence of valence states of 
molybdenum lower than Mo4+. 

The presence of SH groups in sulfided 
molybdena-alumina catalysts has not yet 
been demonstrated directly by spectro- 
scopic measurements although Wright and 
co-workers (40) have presented evidence 



164 VALYON AND HALL 

TABLE 4 

Comparison of Extents of Reduction Estimated by Eq. (8) with Those Experimentally Determined in 
Reoxidation Experiments 

Data from Table 1 Data From Table 2 

Expt No. SJMO” (e~Mo)ca~c. WWcxpt. Expt No. &/MO” (e~Mo)ca~c. WWexpt 

1 1.73 2.54 3.14 
2 1.65 2.70 2.98 
3 1.80 2.40 2.86 

Av. 1.72 2.56 2.99 
4 1.42 3.16 2.76 
5 1.42 3.16 2.70 
6 1.51 2.98 3.14 

Av. 1.45 3.10 2.86 

1 1.92 2.16 4.42 
2 1.79 2.42 3.60 
3 1.83 2.34 3.38 

4 1.91 2.18 3.06 
5 2.35 1.30 2.28 
6 2.14 1.72 1.80 

7 1.92 2.16 2.76 
8 2.06 1.88 2.22 

d &/MO) = (S/MO) + (SJMo). 

obtained from inelastic neutron scattering 
data for S-H vibrations in MO&. However, 
such hydrogen should appear as Hz0 dur- 
ing reoxidation. Indeed such Hz0 was pro- 
duced (Column 6 in Tables 1 and 2), but in 
quantities too small to account for the dif- 
ferences between the calculated and experi- 
mental values of e/MO. Moreover, the ir 
spectra of Figs. 1 and 2 suggest that the 
origin of this Hz0 should be associated with 
the removal of Al-OH groups concomitant 
with rebonding of molybdena to the alu- 
mina surface. The presence of terminal di- 
sulfide linkages remains a possibility, but 
the values of S/MO % 2.0 render this expla- 
nation suspect. 

As shown previously for reduced cata- 
lysts (Z), the hydrogen held as new OH 
groups (HI) formed as the catalyst is sul- 
fided is an important factor in measuring 
the extent of reduction (see Eqs. (1) and 
(2)). This factor could not be evaluated 
quantitatively in the present work. Massoth 
did not discuss this aspect in his paper (35), 
although he obtained a representative set of 
measurements of total hydrogen contents 
of the support, unreduced, reduced, and 
sulfided catalysts by exchange with D2. We 
have found it instructive to reinterpret 
these data in the light of the findings of the 

present work. The following data have been 
extracted from his Table 2 (35). The 8% 
MO/~-Al203 catalyst after calcining and sul- 
fiding, both at 400°C contained 1.47 mmol 
H/g catalyst. The alumina support treated 
in the same way contained 1.71 mmol H/g. 
One gram of the catalyst contains 8% x 
144/96 = 12% Moo3 and therefore 0.88 g 
A1203. Hence, if the alumina is nearly com- 
pletely freed of molybdena during sulfiding, 
it should supply 1.71 x 0.88 = 1.50 mmol 
H/g catalyst, in good agreement with the 
1.47 mmol determined experimentally. 
Thus, the alumina surface was nearly com- 
pletely freed from bonding with MO. 

As pointed out above, Massoth also 
found that most of the oxygen removed on 
sulfiding was compensated by the addition 
of sulfur. The resulting anion deficit (0.3) 
taken at face value would correspond to 
e/MO = 0.6. Since we know that the compo- 
sition of the sulfide approaches MO&, this 
value is obviously much too low. The rea- 
son is that HI has been neglected. Going 
back to Massoth’s Table 2 we find that the 
total hydrogen amounts associated with the 
sulfided and unreduced catalysts, pre- 
treated in the same way, were HT/Mo = 
1.74 and 0.40, respectively. The difference, 
1.34, is H,/Mo. Thus, a value of e/MO = 
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1.34 + 0.6 = 1.94 may be deduced. Simi- 
larly a value of (~/Mo),,,~~ may be calculated 
using Eq. (8), i.e., (e/MO),,, = 6 - 2 x 1.75 
= 2.50. The true value undoubtedly lies in 
between 1.94 and 2.50. Hence, our results 
and those of Massoth are in substantial 
agreement when interpreted in this way. 
However, the physical picture evolved is 
very different from the monolayer interpre- 
tation which he presented. On sulfiding, the 
removed oxygen is mostly replaced by sul- 
fur. Reduction occurs by hydrogenolysis of 
the AI-O-MO bonds present in the unre- 
duced catalyst. A sulfur-deficient molybde- 
num disulfide is formed containing valence 
states lower than Mo4+. The submicro- 
scopic crystallites (observed by EXAFS) of 
molybdenum sulfide probably remain 
bound to the alumina surface only at an 
edge (41). The catalytic properties of this 
system should therefore not differ much 
from those of MO& (except in specific ac- 
tivity, not in turn-over number). 
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