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NOTES

Mdssbauer and Auger Spectroscopic Studies of Supported and
Sulfided Fe—-Mo Hydrodesulfurization Catalysts

The iron-molybdenum catalysts which
are most widely used (/—4) for the oxida-
tion of methanol to formaldehyde, epoxida-
tion of olefins, and the isomerization and
oxidation of 1-butene are now being exam-
ined (5) for hydrogenation of coal extracts.
Numerous investigations (6—8) have been
carried out on these catalysts to understand
various structural features necessary for
the proper functioning of the catalysts.
Recently, Carbucicchio (9) studied Fe,O;-
MoO; supported on SiO, and AlLO;
using Mossbauer effect and found that both
Fe and Mo react with the supports. A litera-
ture survey reveals that no work on the cat-
alytic activity and the identification of the
various phases in the calcined and the sul-
fided Fe-Mo/Al,O; catalysts has been car-
ried out. In this study a series of Fe-Mo/
Al O; catalysts with different atomic ratios,
R = Mo/Mo + Fe, of 0.05, 0.25, 0.50, 0.75,
0.90, and 0.95 were prepared and character-
ized by X-ray diffraction and Mossbauer
and Auger spectroscopic techniques. The
percentge conversions of coal liquids solu-
ble in tetrahydrofuran (THF), ethyl acetate,
and pentane as a function of R values were
also determined. Evidence of the interac-
tion between the support and the active
components of the catalysts is again ob-
served. Additional evidence of the varia-
tion in the amount of different species in the
catalyst with the change in the concentra-
tion of iron atoms is also found. It is ob-
served that the activity of the Mo/Al,O; cat-
alyst is highly influenced by the presence of
Fe atoms in the samples.

EXPERIMENTAL

Preparation of the catalysts. The n-AlL,O4
support was prepared by calcining 300 g of
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—325-mesh boehmite (Conoco’s Catapal
SB) at 500°C for 16 hr. The calcined batch
was cooled in a desiccator and stored in a
tight plastic jar until used. The catalysts
were batched to contain 8.7 mole% active
component (MoO; + Fe,0s), while the
atom ratio Mo to (Mo + Fe) was varied
from 0.05 to 0.95.

The samples were prepared using Fisher
Scientific reagent-grade ferric nitrate and
ammonium heptamolybdate. The samples
were impregnated using the incipient wet-
ness technique. A double-impregnation
procedure was used in which the compo-
nent present in the greater amount was
added first. The required amount of molyb-
date or nitrate was added to deionized wa-
ter and the solution diluted to a volume of
20 ml. This was added to 25 g of the sup-
port. The mixture was stirred during the ad-
dition to ensure even distribution of the ac-
tive components. The mixture was allowed
to stand at room temperature for 3 hr and
then dried overnight at 120°C. The dried
mixture was heated at a furnace rate of
200°C/hr to 300°C and held for 2 hr. The
minor component was then added as de-
scribed above. The samples were dried
overnight at 120°C and finally calcined in an
air-purged furnace at 500°C for 16 hr. Calci-
nation of the samples was also carried out
between impregnations. Samples were also
prepared by reversing the impregnation or-
der to determine if this had any effect on
the activity of the catalysts. The catalysts
were presulfided in the autoclave runs at
ambient pressure in a 10% H,S/H, mixture
at 350°C for 4 hr using a gas flow of 100 cm?/
min.

Méssbauer spectroscopy. SFe transmis-
sion Méssbauer spectra of the calcined and
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the sulfided samples with R = 0.05, 0.25,
0.50, and 0.75 were recorded using a con-
stant-acceleration  microprocessor-based
spectrometer (Promeda). Due to a small per-
centage of iron in the remaining two sam-
ples with R = 0.90 and 0.95, their Méssbauer
spectra could not be recorded with the
same spectral quality. All the spectra were
computer fitted using an iterative nonlinear
least-squares program. A source of 180 mCi
57Co in Rh matrix was used for recording
these spectra. The isomer shifts were mea-
sured with respect to a-Fe at room temper-
ature.

X-Ray diffraction. The X-ray diffraction
patterns of the R = 0.05 and 0.25 samples
showed the presence of a-Fe,0;. In all
other samples the only crystalline material
detected was Al,O;. A summary of all the
phases observed by X-ray diffraction and
Maossbauer spectroscopy along with the
batch compositions of the samples is given
in Table 1.

Auger spectroscopy. Auger electron
spectra of all the samples were recorded
under ultrahigh vacuum (UHYV) (base pres-
sure of 2 X 10~!° Torr) conditions. Before
recording the spectra all the samples (in the
form of pellets) were sputtered using argon
gas and an ion gun operated at 2 keV and 10
mA filament current.

Autoclave runs. The coal used for this
study was IL#6 (Burning Star Mine). It
was crushed to pass 200 mesh. Seventy-five
grams of this coal was mixed with Panasol
oil in a ratio of 1: 1 and charged to an auto-
clave. The mixture was loaded and heated
at 430°C for 15 min in a hydrogen atmo-
sphere at 2000 psi. About 7.5 wt% of the
catalyst was used in the autoclave. For
each catalyst the amounts of THF, ethyl
acetate, and pentane solubles of the coal
liquid products were determined.

RESULTS AND DISCUSSION
Moéssbauer Measurements

The Fe Mossbauer spectra of the
calcined samples with R = 0.05 and 0.25
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look alike and consist of the superposition
of two six-line patterns and a broad central
doublet. The first six-line pattern (major
component) in both samples has a hyperfine
field of 505 = 6 kOe and an isomer shift (IS)
0f 0.36 = 0.03 mm s~!. This field is assigned
to the bigger particles of a-Fe,0; which
could be formed by the growth of the small
particles of a-Fe,0s, due to the calcination
at 500°C. The second six-line pattern (mi-
nor component) having a hyperfine field of
470 = 10 kOe and IS = .27 + 0.03 mm s~
also appears in the two samples. This prob-
ably is due to the presence of a small
amount of y-Fe,;0; in the samples.

The broad central doublet in the two sam-
pleshas IS = 0.33 + 0.03 mm s 'and QS =
0.95 = 0.03 mm s~! (QS = quadrupole split-
ting). This may be due to the presence of an
iron aluminate phase (/0) in the alumina
support. The distribution of Mo in these
samples cannot be determined with any
certainty with the present available data but
in view of the large quadrupole splitting for
the central doublet it is not unreasonable to
assume that some of the Mo ions are also
incorporated into the iron aluminate phase.

In the remaining two samples with R =
0.50 and 0.75, a broad and symmetric dou-
blet is observed. This doublet was com-
puter fitted in terms of two superimposed
doublets with IS = 0.37 = 0.03 and 0.35 =
0.03 mm s~! and QS = 1.01 = 0.03 and 0.73
+ 0.03 mm s~ !, respectively. The first dou-
blet with larger value of QS appears to orig-
inate from a similar species of iron alumi-
nate phase (10) in the alumina support as
observed in the previous samples. The sec-
ond doublet is attributed to the superpara-
magnetic particles of a-Fe;0;. No evidence
of the presence of a bulk phase of a-Fe,03
or y-Fe,0; was noted in the two samples,
indicating that no sintering of iron oxide
particles occurred at 500°C.

Figures 1A-D show the room-tempera-
ture Fe Moéssbauer spectra for the sulfided
samples with R = 0.05, 0.25, 0.50, and 0.75,
respectively. All the spectra, as shown in
the figure, were fitted in terms of two super-
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F1G6. 1. Room-temperature ’Fe Méssbauer spectra
of sulfided Fe-Mo/Al,O; catalysts with (A) R = 0.0S,
(B)R =0.25, (C)R =0.50, and (D) R = 0.75. The solid
lines in all spectra are the result of the computer fit
using an iterative nonlinear least-squares program.

imposed quadrupole doublets. The inner
doublet (Q,) has IS = 0.36 + 0.03 mm s~!
and QS = 0.65 = 0.03 mm s~ ! and the outer
doublet (Q;) has IS = 0.37 = 0.03 mm s™!
and QS = 1.07 = 0.03 mm s~ !. It is interest-
ing to note that the doublet Q, has Moss-
bauer parameters similar to those for the
first doublet (with large QS) for the calcined
samples. This doublet, therefore, is as-
signed to the iron aluminate phase in the
alumina support. Apparently, this phase re-
mains unaffected by sulfidation in all the
samples.

In order to identify the phase with the
doublet Q, the Mdssbauer spectra of all the
samples were recorded with a large veloc-
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ity. Such a spectrum for the R = 0.05 sam-
ple at room temperature is shown in Fig.
2(top). It consists of a central doublet (su-
perposition of Q; and Q,) and a minor com-
ponent in the form of a six-line pattern. In
the remaining three samples only a central
doublet (superposition of Q, and Q,) is ob-
served. No six-line pattern was observed
for these samples. The values of the hyper-
fine field and the IS for the six-line pattern
observed for the R = 0.05 sample were
found to be 248 + 15 kOe and 0.68 + 0.14
mm s~ respectively. These parameters are
compatible with (1/-13) the presence of a
bulk phase of a nonstoichiometric com-
pound of iron and sulfur (Fe;_,S) which
can be formed due to the reaction between
the iron oxide and H,S during sulfidation.
Such species can also be observed in the
form of superparamagnetic particles.
Therefore, the doublet Q, in all four sam-
ples has been assigned to the presence of
superparamagnetic particles of an iron sul-
fur phase.

In order to confirm the above assign-
ments, the low-temperature spectra of the
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Fic. 2. "Fe Mossbauer spectra for the sulfided
Fe-Mo/ALO; catalyst for the R = 0.05 sample at 300
and 15 K. The solid lines in both spectra are the result
of the computer fit using an iterative nonlinear least-
squares program.
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samples were also recorded. One such
spectrum for the R = 0.05 sample is shown
in Fig. 2(bottom). The spectrum shows
some relaxation effects along with the
broadening of the lines. This shows that the
relaxation time for flipping of spins of the
superparamagnetic particles is still faster
than the Larmor precession period of the
nucleus. This further suggests that the par-
ticle size of the Fe(,_,,S phase is very small.
The hyperfine field of 340 = 7 kOe observed
at this temperature is in good agreement
with the reported values (12, 13) of the hy-
perfine field for such compounds.

The amount of the phases corresponding
to the doublets Q; and Q, was estimated
from their spectral area (Fig. 1). It is inter-
esting to note that the amount of Feq_,S
phase increases slightly from 60 to 64% in
going from the R = 0.05 sample to the 0.50
sample. A dramatic increase in the amount
of this species to 80% is observed for the R
= (.75 sample. This shows that even for a
small loading of iron in the Mo/Al,O; cata-
lyst a large amount of Fe(;—,,S phase is pro-
duced when the sample is sulfided. It is im-
portant to point out that the process of
sulfidation is primarily a solid—gas interac-
tion, mostly taking place near or on the sur-
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face of the catalyst. Therefore, we can say
that the phase Fe;-,S is, most probably,
located near or on the surface of the cata-
lysts.

From the relative spectral area of the
doublet Q, due to an iron aluminate phase it
is estimated that the amount of iron in this
phase decreases slightly from 40 to 36% in
going from the R = 0.05 sample to the 0.50
sample. Once again a dramatic decrease to
20% is observed for the R = 0.75 sample.
These observations clearly indicate that the
amount of Q; and Q, phases is composition
dependent.

Auger Spectroscopy

Figure 3 shows the Auger spectrum for
the R = 0.05 sample. The spectra for the
other samples look similar to this spectrum.
From Fig. 3, the presence of Al, S, C, Fe,
and oxygen can be seen easily. The pres-
ence of all these elements shows that prob-
ably the surface is not rich in any one kind
of species and all the species are inhomoge-
neously distributed on the surface.

Catalytic Measurements

In Fig. 4 the percentage conversion of
coal liquids soluble in THF, ethyl acetate,

ole
miz
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F1G. 3. Auger spectrum of the sulfided Fe-Mo/Al,O, catalyst for R = 0.05.
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FiG. 4. Diagram showing the percentage conversion of liquefaction products in various solvents for
Fe-Mo/Al,O; catalysts with different Mo/Mo + Fe ratios. The open symbols are due to the samples
obtained by impregnation in which the component present in greater amount was added first and the
solid symbols were obtained when the order of impregnation was reversed.

and pentane as a function of R values are
shown. The conversion evidently is maxi-
mum for Mo/ALOs catalyst. It drops to a
minimum value when about 5% iron is
added to this catalyst. After adding more of
the iron, the percentage conversion almost
remains the same (close to the minimum
value). All these facts indicate that at 95%
Mo and 5% Fe a strong modification in the
catalytic behavior of Mo/Al,O; occurs.
The above-mentioned dramatic decrease
in the activity of the sulfided Mo/AlLO; cat-
alysts on adding a small amount of iron
could be due to several reasons. It could be
due to the interaction between Fe-Mo ox-
ides. According to this hypothesis during
the sulfiding process Fe and Mo interact
strongly, resulting in the change in the
structure and the activity of the catalysts.
The possibility of such an interaction dur-
ing calcination cannot be ruled out. How-
ever, the Mossbauer results do not indicate
the presence of any known Fe-Mo mixed
oxides either in the calcined or in the sul-
fided samples. Another reason for the de-
crease in the activity may be associated
with the physical blocking or covering of

the active center of the catalyst (Mo) by
Fe( S particles. As mentioned before, the
evidence for the presence of such particles
was noted by Méssbauer spectroscopy.
Also it was mentioned before that the
amount of this phase is about 80% of the
total iron in the sample. Therefore, even for
a small loading of iron the catalyst surface
would behave like that of Fe(_,S. This
probably is the reason for the sudden de-
crease in the activity of the catalyst for a
small loading of iron. The same reason
could be given for the low activity of all the
other catalysts in the present series.

Finally, the interaction of the deposited
metals or mineral matter from coal or
formed intractable carbonaceous material
(coke) with the catalyst can also cause the
decrease in the activity of the catalyst.
However, if this were true the decrease
would have been the same for all the sam-
ples.
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