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ABSTRACT

Carbon-supported iron-molybdenum sulphide catalysts were characterized by means of Moss-
bauer spectroscopy at temperatures down to 4.2 K. Thiophene hydrodesulphurization (HDS)
activity measurements were performed at 673 K in a flow microreactor operating at atmospheric
pressure. The molybdenum content was 9.5 wt.-% whereas the iron content varied from 0.6 to 9.0
wt.-%. Sequential deposition (Molybdenum first) by pore-volume impregnation was employed to
prepare oxidic catalyst precursors. The oxidic catalyst precursors were dried at 293 K in an air
flow, followed by an additional hydrogen treatment up to 393 K. The type and relative particle
sizes of the iron compounds present in the oxidic precursors and in the sulphided and reoxidized
catalysts were determined by Mossbauer spectroscopy. It was demonstrated that after sulphida-
tion for 4 h at 623 K, the composition of the sulphide catalyst depends on the iron content. Sul-
phided Fe-Mo/C catalysts contain a mixed “Fe-Mo-S” phase and “Fe-sulphide”. The former is
responsible for the observed promoting effect toward thiophene HDS. From the temperature de-
pendence of the resonant absorption areas, it was concluded that the iron atoms in the “Fe-Mo-
S” phase are located at the surface of MoS, microcrystals. The amount of “Fe-sulphide” present
in the catalyst was found to increase with increasing iron content. This “Fe-sulphide” might
partly cover the “Fe-Mo-S” phase, thus causing a decrease in the promoting effect.

“Present address: Philips Research Laboratories, P.O. Box 80000, 5600 JA Eindhoven, The
Netherlands.

0166-9834/89/$03.50 © 1989 Elsevier Science Publishers B.V.
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INTRODUCTION

Hydrotreating catalysts are widely used in the oil-processing industry. Dur-
ing a process at 573-773 K and 5-20 MPa hydrogen in the presence of a cata-
lyst, carbon-bonded impurities such as sulphur, nitrogen, oxygen and metals
(nickel, vanadium) are removed via hydrodesulphurization (HDS), hydro-
denitrogenation (HDN) and hydrometallization (HDMe) reactions. Conven-
tional hydrotreating catalysts contain alumina-supported molybdenum sul-
phide promoted by cobalt or nickel sulphide.

Over the last few years there has been growing interest in the application of
carbonaceous substrates as catalyst supports [1-14]. Potential advantages in-
clude low costs and easy metal recovery by burning off the carbon support
[1,2]. Further, carbon-supported catalysts have been shown to be less sensitive
to deactivation due to coke formation [6,8].

Moreover, it is reported that when a relatively inert support, such as carbon,
is used instead of a more reactive support such as alumina or silica, the thio-
phene HDS activity of both promoted and unpromoted MoS, catalysts in-
creases [4,5,9,10]. De Beer et al. [3] and Duchet et al. [5] have shown that in
addition to molybdenum sulphide, cobalt and nickel sulphide also possess an
interestingly high activity for thiophene HDS at atmospheric pressure when a
carbon support is used.

Visser et al. [7] and Ledoux et al. [11] reported thiophene HDS activities
for first-, second- and third-row transition metal sulphides supported on acti-
vated carbon. In accordance with the findings of Pecoraro and Chianelli [15]
for unsupported transition metal sulphides, they found that many transition
metal sulphides have a considerable thiophene HDS activity. Also for HDN
reactions interesting results are obtained with transition metal sulphides sup-
ported on activated carbon [13,14].

It is expected that in the future catalyst lifetimes will shorten because of the
heavier and more contaminated feedstocks that have to be processed. There-
fore, there is a growing need to lower the catalyst costs. In this respect, carbon-
supported iron sulphides, either as an active phase or as promoter of MoS,,
can play a role.

The properties of carbon-supported iron sulphide catalysts have been dis-
cussed elsewhere [16-18]. Preparational aspects were found to affect the thio-
phene HDS activity by causing variations in dispersion of the iron (IIT) oxide
phase and strength of the interaction between the iron (II1) oxide particles and
the carbon support in the oxidic catalyst precursors. These variations result in
differences in the dispersion of the catalytically active iron sulphide phase. It
was also established that in the freshly sulphided catalysts always the same
iron sulphide phases [“Fe-sulphide” (1) and “Fe-sulphide” (2) | were present,
irrespective of the method of preparation and the iron content.

For one carbon-supported Fe-Mo catalyst we have already studied the tran-
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sition of the oxidic precursor into the sulphided catalyst and the influence of
the sulphidation procedure on the sulphidic phase {19]. It was reported that a
mixed Fe-Mo-sulphide phase, the so-called “Fe-Mo-S” phase, is formed on
sulphidation and that the promoting effect observed for the thiophene HDS
activity is due to this “Fe-Mo-S”" phase. In analogy with the “Co-Mo-S” phase
in sulphided supported Co-Mo catalysts [20], this “Fe-Mo-S” phase is de-
fined by its isomer shift and quadrupole splitting in the Mossbauer spectrum
[21]. However, van der Kraan et al. [22] recently reported that a similar quad-
rupole splitting as ascribed to the “Co-Mo-S” phase by Topsee et al. [20] is
observed in the Mossbauer spectrum of a sulphided Co/C catalyst. Although,
from a fundamental point of view, this special type of cobalt species should not
be referred to as “Co-Mo-S” (and in the case of Fe-Mo catalysts as “Fe-Mo-
S”), we shall use this notation here.

In this paper, the relationship between the composition of carbon-supported
Fe—Mo catalysts and the catalytic properties for thiophene HDS is described.
Special attention is paid to the amount of iron atoms present in the “Fe-Mo-
S” phase and its relevance for the HDS activity. Also, the thermal stability of
the catalysts is discussed. All catalysts were characterized in their oxidic pre-
cursor, freshly sulphided and reoxidized forms using in situ Mossbauer spec-
troscopy. Catalytic activities for thiophene HDS were determined at 673 K and
atmospheric pressure.

EXPERIMENTAL
Preparation of oxidic catalyst precursors

Catalyst precursors were prepared by sequential pore-volume impregnation
of Norit RX3-extra activated carbon (surface area 1190 m? g—'; pore volume
1.0 cm® g~ !). Aqueous solutions of (NH,)¢Mo,0,,-4H,0 (Merck, >99% ) and
Fe(NO,;);-9H,0 (Baker, >99%) were used. The iron nitrate solutions were
enriched in the Mdssbauer isotope °’Fe, using reduced «-Fe, O3 (Intersales,
94.7% ®"Fe) dissolved in 2 M HNO, and the acidity was adjusted to pH 0.25.
In this way, samples with a molybdenum content of 9.5 wt.-% and iron con-
tents of 0.6, 1.8, 2.7, 5.5 and 9.0 wt.-% were prepared.

The molybdenum phase was introduced first via a two-step impregnation
followed by intermediate drying in static air according to the following proce-
dure: 1.5 h while increasing the temperature from 293 to 383 K and 16 h at 383
K. After impregnation of the iron phase, the samples were dried in flowing air
(flow-rate 100 cm® min~!) for 16 h at room temperature in order to obtain a
well dispersed iron oxide phase (particle size <4 nm) [23]. It was observed
that the catalyst precursors prepared in this way still contain hygroscopic ni-
trate anions, the presence of which caused a decrease in the thermal stability
of the iron phase particles [16,17]. Therefore, these nitrate anions were re-
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moved by subjecting the samples to an additional treatment in a hydrogen flow
(flow-rate 50 cm® min—') [17]. During this treatment the sample was kept at
313, 353 and 393 K for 24 h at each temperature.

The catalyst precursors thus obtained will be denoted as Fe (x)Mo(9.5)/C,
where x and 9.5 are the variable iron content and the constant molybdenum
content in wt.-%, respectively.

Sulphiding procedure and Missbauer experiments

Moéssbauer spectra were recorded at 293, 77 and 4.2 K with a constant-ac-
celeration spectrometer. A ’Co in Rh source, which was kept at room temper-
ature, was used. The spectra were not corrected for the varying distance be-
tween source and absorber, hence the curved background is of instrumental
origin. Doppler velocities are given relative to the NBS standard sodium nitro-
prusside (SNP) at 293 K. Magnetic hyperfine fields were calibrated with the
51.5 T field of «-Fe,0, at room temperature. The spectra were fitted by com-
puter with calculated subspectra consisting of Lorentzian-shaped lines, whereas
the curved background was accounted for by a parabola. In order to be able to
analyse the very complicated spectra, consisting of relatively very broad reso-
nant absorption lines, first the spectra were measured with good statistical
quality. Further, the spectra were fitted with the minimum set of spectral com-
ponents necessary to obtain reasonable fits between the calculated and the
measured spectra. However, one should always realize that it is impossible to
present a unique set of fitting parameters, but only a coherent set throughout
the systematic study.

Catalyst sulphidation took place in two different stainless-steel Mossbauer
in situ reactors. The design of these reactors has been described elsewhere
[24,25]. The in situ reactor used for the measurements at room temperature
or higher will be denoted as the high-temperature reactor (HTR ), and that for
measurements down to liquid helium temperatures as the low-temperature re-
actor (LTR). Different experimental procedures were used in the two reactors.
In the HTR, first the effect of exposing the catalyst to a 10 mol-% hydrogen
sulphide in hydrogen sulphiding gas mixture at room temperature was inves-
tigated. A Mossbauer spectrum was recorded at 293 K while the sample was
kept in static hydrogen sulphide-hydrogen at atmospheric pressure. Next the
same sample was subjected to various successive sulphidation treatments in a
50 cm® min ! flow of hydrogen sulphide-hydrogen. In each treatment the tem-
perature was increased linearly to the desired maximum sulphidation temper-
ature in 1 h, and was then lowered to room temperature in the same gas flow.
Mossbauer spectra were recorded at 293 K after each treatment while the sam-
ple was kept in the hydrogen sulphide-hydrogen environment at atmospheric
pressure. The samples will be denoted Fe (x)Mo(9.5)/C[z K], where z is the
maximum sulphiding temperature in Kelvin reached during the 1-h sulphiding
procedure.
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In the LTR the catalyst was heated linearly in a 50 cm® min~"' flow of hy-
drogen sulphide-hydrogen to 623 K over a 1-h period, kept at 623 K for 4 h
and cooled to room temperature in the same gas flow. Subsequently, the sep-
arate absorber holder was in situ sealed vacuum-tight and mounted in a cryos-
tat. These samples will be denoted Fe(x)Mo(9.5)/C[623 K, 4 h]. The sul-
phided catalysts were reoxidized by opening the LTR absorber holder and
exposing them to air at room temperature for at least 1 week.

Sulphiding procedure and catalytic activity measurements

Catalyst sulphiding and thiophene HDS activity testing were successively
carried out at atmospheric pressure in a quartz tubular flow reactor (diameter
0.8 cm). The catalyst samples used for the activity test had been previously
used for the Mossbauer study. Consequently, the catalyst samples (180-200
mg) had been subjected previously to a sulphidation treatment as described
above {Fe(x)Mo(9.5)/C[623 K, 4 h]}. The second sulphidation prior to the
activity test was carried out in a flow of 10 mol-% hydrogen sulphide in hydro-
gen (total flow-rate 60 cm® min~') for 70 min. In the first 60 min the temper-
ature of the catalyst was increased linearly from room temperature to 623 K.
then increased over a 10-min period to 673 K. Next, the reaction gas mixture,
consisting of 6.2 mol-% thiophene in hydrogen, was led over the catalyst at a
flow-rate of 50 cm® min—'. The reaction products were analysed by means of
an on-line gas chromatograph. Conversions measured after a 2-h run time at
673 K were used to calculate the reaction rate constants (kypg) assuming a
first-order reaction in thiophene.

RESULTS
Mossbauer measurements

Oxidic precursors

In Fig. 1, Mossbauer spectra of the Fe(9.0)Mo(9.5)/C precursor recorded
at 293, 77 and 4.2 K are shown. The spectra recorded at 293 and 77 K consist
only of a quadrupole doublet. Whereas at 4.2 K a superposition of a quadrupole
doublet and a magnetic hyperfine sextuplet is observed. Neither a contribution
of the original iron salt, Fe (NO3)4-9H,0, which would be a broadened single
line, nor a contribution of iron atoms in close contact with nitrate anions is
observed. Also, no contributions of iron molybdates such as Fe,(MoQ,); or «-
or f-FeMoO, were measured. This indicates complete decomposition of the
iron nitrate and removal of the nitrate anions. The observed temperature be-
haviour, which is observed for all Fe(x)Mo(9.5)/C oxidic catalyst precursors,
is typical of ultrafine iron (II1) oxide particles showing superparamagnetism
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Fig. 1. Mossbauer spectra of the oxidic Fe(9.0)Mo(9.5)/C catalyst precursor recorded at the
temperatures indicated.

[26]. The appearance of the magnetic hyperfine sextuplet depends on the mean
particle size and also on the temperature.

The spectra of the various oxidic catalyst precursors recorded at 4.2 K are
shown in Fig. 2. The spectral contribution of the magnetic hyperfine sextuplet
is different for the various samples. As larger particles contribute more than
smaller particles to the magnetic hyperfine sextuplet at a certain temperature
[26], Fig. 2 in fact shows that the mean particle size increases in the sequence
Fe(2.7)Mo0{(9.5)/C < Fe(1.8)Mo(9.5)/C < Fe(5.5)Mo0(9.5)/C < Fe(0.6)
Mo(9.5)/C<Fe(9.0)Mo(9.5)/C. This surprising sequence will be discussed
below.

From a comparison of the spectra shown in Fig. 2 with those of unsupported
a-Fe,0; microcrystals with a known mean particle size [26], it is concluded
that the mean particle size of the iron (IIT) oxide particles is below 4 nm for all
catalyst precursors studied. A comparison with data obtained by Jung et al.
[27] and Niemantsverdriet et al. [28] indicates that the mean size of the
iron (I11) oxide particles is below 2 nm for the oxidic catalyst precursors with
iron contents up to 5.5 wt.-%.

The quadrupole doublet observed in the spectra of the precursor material
consists of broad absorption lines. Therefore, it is reasonable to analyse these
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Fig. 2. Mossbauer spectra of the oxidic Fe (x)Mo(9.5) /C catalyst precursors recorded at 4.2 K.

spectra using two doublets. In order to obtain more detailed spectra at 293 K
they were recorded on an extended velocity scale. From the analyses it appears
that both doublets have an identical isomer shift (IS), but different quadru-
pole splittings (@S) (IS;=0.65 mm™’s, @S, =0.55 mm~'s; IS, =0.66 mm™'s,
QS,=0.92 mm 's). From previous experiments on unsupported small o-Fe,04
particles (4-7 nm), it is known that such a spectral composition is due to a
bulk- and a surface-oxide contribution [26]. The spectral component with the
largest QS value can be assigned to the surface-oxide contribution. The same
spectral composition is also observed for the oxidic precursors of carbon-sup-
ported iron catalysts [17].

Transition of the oxidic precursor into the sulphided catalyst

In addition to characterization of the fully sulphided catalysts in the LTR,
we also studied in the HTR how the oxidic precursors are converted into the
sulphided catalysts. The preliminary results of such a study on one of the cat-
alyst precursors, Fe(1.8)Mo(9.5)/C[z K], has already been presented else-
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where [19]. Because it turns out that the general behaviour of the various
catalyst precursors is similar, only the results obtained for the catalyst with
the highest iron content, Fe (9.0)Mo0(9.5) /C[z K], are presented here. In Fig.
3 Mossbauer spectra recorded at 293 K for this catalyst after various successive
hydrogen sulphide-hydrogen treatments are shown.

From Fig. 3 it is obvious that the spectrum of the oxidic catalyst precursor
has already drastically changed after the catalyst has been exposed to the hy-
drogen sulphide-hydrogen mixture at room temperature for at least 6 h. As
with Fe (1.8)Mo0(9.5)/C[293 K] [19], this spectrum has been subdivided into
four sub-spectra, one ascribed to pyrite (FeS, ), one to a high-spin Fe?’* phase
and two components which are not found during the sulphidation of Fe/C
catalysts [17]. Therefore, these latter components are ascribed to a mixed

ES/h  sulfided

|

Fe{9.0}Ko(9.5)/C [y K]

e

kY

lfreshl

intensity {10°¢ counts )

l
1.289— Y
i

122

0.97<.A%if§?¥fiid‘g£léﬁaﬂlﬁ&¥‘

0.94
P

TS SAEaast ™ '

N

13—

P
0~8&__&&dﬁﬂud&ump«$\k!\\

0,83

0.95__priieVrEmaisining,

Voa

LY »
1

nJ
xf \f

2
P e

r
!
14
1

r293 ¥1

b
J,,-Shiﬂﬁ"‘-
473 kY|

f
'3
i
!

i

k¥

2 j
y

v: % q, w F
1 .35—"‘”—‘“‘%\ , M
\ : ;

1573 K

LA

Doppler velocity { mm.s™t )

Fig. 3. In situ Méssbauer spectra recorded at room temperature of the Fe(9.0) Mo (9.5) /C catalyst
successively sulphided up to the temperatures indicated.
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TABLE 1

Isomer shifts (IS), electric quadrupole splittings (@S) and spectral contributions (A) obtained
from computer analyses of Méssbauer spectra recorded at 293 K of the Fe (9.0)Mo(9.5) /C catalyst
in hydrogen sulphide-hydrogen after various successive sulphidation treatments up to tempera-
tures in Kelvin (2) indicated

Experimental uncertainties: IS, 0.03 mm s~% @S, 0.05 mm s~} A, 5%

z High-spin Fe** “Fe-sulphide™ “Fe-Mo-S”
(X)

IS Qs A IS QS A IS Qs A 1S QS A
(mm (mm (%) (mm (mm (%) (mm (mm (mm (mm (mm (%)
s7h s Y s~ s s71) s 871y 87y sThH)

293 128 2.36 14 057 072 65 060 1.07 6 060 1.33 15

473 056 065 47 0.59 1.09 47 0.70 147 6
573 059 063 55 061 1.02 36 0.69 147 9
673 062 057 66 0.64 098 29 0.70 145 6
713 064 053 84 065 099 14 0.70 146 2

“From the appearance of a magnetically split contribution in the spectra recorded at 4.2 K in the
catalysts with an iron content of 2.7 wt.-% and higher, it is concluded that the signal referred to
as “Fe-sulphide” is due to the presence of superparamagnetic “Fe, _,S”-type particles.

sulphidic Fe-Mo compound which, following Topsee et al. [21], is denoted
“Fe—-Mo-S”. The numerical results of the computer analyses of the spectra
after the various sulphidation treatments are presented in Table 1.

It turns out that by increasing the sulphidation temperature, the spectral
contribution of the high-spin Fe?* phase decreases and finally disappears, while
the contributions ascribed in ref. 19 to pyrite and the mixed Fe-Mo sulphide
phase are still observed. However, the presence of pyrite after the sulphidation
treatments at high temperatures is surprising, especially since we know from
Mobssbauer analysis on both a model system consisting of unsupported 50-nm
o-Fe, 0, particles [29] and Fe(x)/C catalyst [17] that after sulphidation up
to 573 K or higher the initially formed FeS, is transformed into “Fe, _,S” and
“Fe—sulphide” phases respectively.

As with the Fe(x)/C catalysts [17], in addition to the spectra recorded at
293 K, in situ Mossbauer measurements at cryogenic temperatures were car-
ried out in order to obtain more detailed information on the composition and/
or mean particle size of the various iron phases present in the fully sulphided
catalysts. This was done because it is known that in addition to the isomer
shift and the quadrupole splitting, the magnetic hyperfine parameters will also
be of help in the identification of possible “Fe, _,S”-type structures [29]. The
results of these measurements are presented in the next section.

Fully sulphided catalysts
To solve the problem raised in the previous section concerning the possible
presence of FeS, after high-temperatures sulphidation, in situ Méssbauer mea-
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surements at cryogenic temperatures were carried out on the fully sulphided
catalysts. In addition, such measurements make it possible to study the tem-
perature dependence of the resonant absorption areas of the various iron phases.
This might also lead to a better knowledge of the iron phases, for instance,
whether or not the iron atoms are located at the surface of a certain phase.
The spectra recorded at 293 and 77 K only consist of a quadrupole doublet.
In Fig. 4, spectra of the sulphided catalysts recorded at 4.2 K are shown. From
the preliminary results for the Fe (1.8)Mo0(9.5) /C catalyst obtained from only
room-temperature measurements [19] it was expected that the spectra at 4.2
K would consist of three doublets, two for the “Fe-Mo-S” phase and one for
FeS,. Roughly, for the Fe(0.6)Mo0(9.5)/C[623 K, 4 h] and Fe(1.8)Mo(9.5)/
C[623 K, 4 h] catalysts such quadrupole splitted spectra are observed. How-
ever, for catalysts with a higher iron content the doublets are superimposed on
a much broadened magnetically hyperfine splitted spectrum. The higher the
iron content of the catalyst, the larger is the spectral contribution of the latter.
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Fig. 4. In situ Mossbauer spectra recorded at 4.2 K of fully sulphided Fe (x)Mo0(9.5)/C[623 K, 4
h} catalysts.
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The total width of the magnetically split contribution is similar to that of
the “Fe-sulphide” phases observed in the 4.2 K spectra of the sulphided Fe (x) /
C catalysts [17]. The appearance of the magnetically split contributions at 4.2
K indicated undoubtedly that we were not dealing with FeS, in the spectra
recorded at room temperature of the fully sulphided catalysts Fe (2.7)Mo(9.5)/
C[623 K, 4 h], Fe(5.5)Mo(9.5)/C[623 K, 4 h] and Fe(9.0)Mo(9.5)/C[623
K, 4 h]. Probably particles of “Fe,_,S”-like structures, denoted “Fe-sul-
phide”, are formed, which show superparamagnetic behaviour, owing to the
small particle sizes. It has been reported previously that the magnetically split
spectra of “Fe;_,S” structures can be described by three sextuplets [17,29].
Hence, the computer analyses of the spectra recorded at 4.2 K were carried out
using two doublets for the "Fe-Mo-S” contribution, one doublet for the su-
perparamagnetic ‘“Fe-sulphide” contribution and optionally three sextuplets
for the magnetically split “Fe—sulphide” contribution. The parameters of the
sextuplets were constrained to the values determined from the spectra of the
sulphided Fe (x)/C catalysts [17].

The results of these analyses are given in Table 2. For the Fe(0.6)Mo(9.5)/
C and Fe(1.8)Mo(9.5) /C catalysts only superparamagnetic ‘“Fe-sulphide” and
“Fe—-Mo-S” were present in the sulphided catalysts. For the catalysts with a

TABLE 2

Mossbauer parameters and spectral contributions: (A) of the sulphided Fe(x)Mo(9.5) /C[623 K,
4 h] catalysts at 4.2 K.

Experimental uncertainties: IS, 0.05 mm s—*; @S, 0.05 mms~ % A, 5%.

x(wt.-%) “Fe-Mo-S” “Fe-sulphide™

Doublet 1 Doublet 2 Doublet Sextuplet?

IS Qs A 1S Qs A IS QS A A
(mm (mm (%) (mm (mm (%) (mm (mm (%) (%)
S—l) S—l) S—l) S_l) S—l) S—l)

0.6 0.66 1.16 49 0.64 1.63 40 0.67 0.62 11 0
1.8 0.68 1.13 50 0.67 1.69 21 0.67 0.62 29 0
2,7 0.67 1.09 27 0.68 1.31 40 0.67 0.67 18 15
5.5 0.63 1.14 24 0.77 1.07 34 0.65 0.70 14 28
9.0 0.67 1.12 11 0.72 1.13 21 0.67 0.67 5 63

“From the appearance of a magnetically split contribution in the spectra recorded at 4.2 K in the
catalysts with an iron content of 2.7 wt.-% and higher, it is concluded that the signal referred to
as “Fe-sulphide” is due to the presence of superparamagnetic “Fe, _S”-type particles.

*The Mossbauer parameters of the magnetically split “Fe-sulphide” sextuplets were constrained
as follows: sextuplet 1, IS=0.89 mm s}, @5=0.09 mm s~ ', H=27.5 T; sextuplet 2, IS=0.81
mms~! QS=—0.03 mms~', H=23.7 T; sextuplet 3, IS=0.82 mms~', @S= —0.09 mm s/,
H=196T.
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Fig. 5. Influence of the recording temperature on the resonant absorption areas (A) of the “Fe-
Mo-S” and “Fe-sulphide” contributions.

higher iron content, a magnetically split “Fe-sulphide’ contribution was also
observed.

It is shown in Table 2 that the Mdssbauer parameters of one of the two
doublets attributed to the “Fe-Mo-S” phase (doublet 2) have changed as soon
as relatively large “Fe—sulphide” particles (formation of magnetic hyperfine
splitting} are observed in the spectra. Hence this iron site ascribed to the “Fe~
Mo-S” phase is influenced by the presence of “Fe—sulphide”particles.

As the “Fe-sulphide” particles are superparamagnetic, the spectral contri-
bution of the magnetic hyperfine sextuplet reflects their mean particle size.
Therefore, the mean size of these particles increases in the sequence
Fe(2.7)Mo(9.5)/C[623 K, 4 h]<Fe(5.5)Mo0(9.5)/C[623 K, 4 h] <Fe(9.0)
Mo(9.5)/C[623 K, 4 h].

Computer analyses of the 293 and 77 K spectra were carried out using the
three spectral contributions found in the 4.2 K spectra. In Fig. 5 the tempera-
ture dependence of the resonant absorption areas of the “Fe-Mo-S” and “Fe-
sulphide” components present in the Fe(0.6)Mo0(9.5)/C[623 K, 4 h] and
Fe(5.5)Mo(9.5)/C[623 K, 4 h] catalysts are given . It is observed that, as for
the other catalysts, the resonant absorption area of the “Fe-Mo-S” contribu-
tion shows the strongest temperature dependence.

Reoxidized catalysts

In Fig. 6, Mossbauer spectra of the reoxidized Fe(9.0)Mo(9.5)/C catalyst
at 293, 77 and 4.2 K are shown. In the spectra at 293 and 77 K a superposition
of two quadrupole doublets is observed. The spectrum at 4.2 K shows the pres-
ence of an additional magnetic hyperfine sextuplet. The quadrupole doublet
with the larger splitting is due to a high-spin Fe** phase. It is noticed that the
spectral contribution of this component increases strongly when the temper-
ature is lowered from 293 to 77 K. The other quadrupole doublet is due to the



229

exposed to air
T{IIY[T\\IT)

Fe{9.0)M0(9.5)/C

5.07 _""“""——-w..\: f,y-v-v""““"':

intensity ( 10° counts )

3.50— s $5 —

Doppler velocity (m.s™! )

Fig. 6. Mossbauer spectra of the Fe(9.0)Mo (9.5)/C catalyst reoxidized in ambient air at room
temperature after sulphidation, recorded at the temperatures indicated.

iron(IIT) oxide phase. The temperature behaviour observed for the iron(III)
oxide contrlbutlon is characteristic of ultrafine particles showing superpara-

magnetism [26].

In Fig. 7, Mossbauer spectra recorded at 4.2 K of all reoxidized catalysts are
shown. The central doublet in the spectra of the reoxidized Fe (0.6)Mo(9.5)/
C and Fe(1.8)Mo(9.5)/C catalysts is much narrower than that in the spectra
of the other reoxidized catalysts. From a comparison with the spectra of the
oxidic precursors (Fig. 2), it follows that such a narrow central doublet cannot
he due to an iron (11T oxide shase Henee it is concluded that in the reoxidized
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Fe(0.6)Mo0(9.5)/C and Fe(1.8)Mo(9.5) /C catalysts another iron phase must
be present. A magnetically split contribution is clearly observed only in the
spectra of the reoxidized Fe (0.6) Mo (9.5)/C and Fe(9.0) Mo (9.5} /C catalysts.
However, the magnitude of the magnetic splitting is not the same for both
catalysts. With the Fe(9.0)Mo(9.5) /C catalyst the magnetically split contri-
bution turned out to be due to iron (1I1) oxide. For the Fe (0.6) Mo (9.5) /C cat-

alyst it followed from the isomer shift (ca. 1.5 mm s 1) and the magnetlc hy-
narfina enlitting (an BAIN 00) that tha maonatinally

IJCJ. 11110 Dyllbbllls LLdL.UuUY DNJU 7 Lvilav v xxxusxxuux\/uxx p
due to highly dispersed high-spin Fe*" ions.
Although for the Fe(2.7)Mo(9.5)/C and Fe(5.5)Mo(9.5)/C catalysts no
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Fig. 8. Thiophene HDS activity measured at 673 K after a 2-h run time as a function of the iron
content for (Q) Fe(x)Mo(9.5)/C catalysts sulphided at 623 K and ( X ) the sum of the activities
of the corresponding Fe (x) /C and Mo0(9.5) /C catalysts [17,19].
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influence of the iron content on the mean iron (IIT) oxide particle size can be
detected, it can be concluded from Fig. 7 that the iron(III) oxide particles are
clearly the largest in the Fe (9.0)Mo(9.5) /C catalysts.

Catalytic activity measurements

Thiophene HDS activity (kupg) is plotted as a function of the catalyst com-
position in Fig. 8. For comparison, the sum of the activities of the Fe(x)/C
[17] and Mo(9.5)/C [19] catalysts are also included. The difference between
the activities of the Fe-Mo/C and the combined Fe/C and Mo/C catalysts will
be called the promoting effect. It is clear that the thiophene HDS activity in-
creases faster than at higher iron contents. There is a significant but moderate
promoting effect over the entire iron concentration range.

DISCUSSION
Oxidic catalyst precursors

After impregnation and drying at room temperature, followed by an addi-
tional treatment in hydrogen, the iron nitrate used to introduce the iron has
been completely transformed into iron (II1) oxide while the nitrate anions have
been removed. These results are in agreement with those found for Fe(x)/C
catalyst precursors [17]. It is striking that the mean iron (III) oxide particle
size is smallest in the Fe (2.7)Mo (9.5) /C catalyst precursor. Both a lower and
a higher iron content lead to an increase in the mean iron (III) oxide particle
size. A similar influence of the iron content on the mean iron(III) oxide par-
ticle size is observed for comparably prepared Fe(x)/C catalysts [17]. It was
proposed that in these catalysts the iron phase is transported towards the outer
pores of the support grains during the additional hydrogen treatment and that
this is followed by sintering. For lower iron contents this is more pronounced,
probably owing to the lower viscosity of the iron-containing impregnation so-
lution resulting in an inhomogeneous distribution of the iron (III) oxide phase
and a longer period during which the particle transport process takes place. A
considerable enrichment in iron (II1) oxide of the surface located near the outer
part of the support grains is observed for Fe(x)/C catalysts which are not
subjected to the additional hydrogen treatment according to Groot et al. [30],
using XPS and Missbauer measurements. For the oxidic Fe(x)Mo(9.5)/C
catalyst precursors the sequence in the mean iron(III) oxide particle size is
assumed to be due to the same mechanism.

It has been found previously that the performance of the Fe(1.8)Mo(9.5)/
C catalyst is better when more iron is present in the mixed Fe-Mo sulphide or
“Fe-Mo-S”-phase [19]. It is expected that the closer the contact between the
iron (111) oxide and molybdenum oxide in the precursor material, the easier
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the “Fe-Mo-S” phase will be formed on sulphidation. Hence the question arises
whether or not the iron(IlI) oxide phase is in close contact with the molyb-
denum oxide phase.

Information about the contact between the oxide phases is obtained by com-
paring the oxidic Fe(x)/C and Fe(x)Mo(9.5)/C catalyst precursors. It turns
out that the MUssbauer parameters of the doublets found for the Fe (x)Mo (9.5)/
C catalysts (IS;=0.65 mm s~ !, @S,=0.55 mm/s~'; IS,=0.66 mm s},
QS,=0.92 mm s~ ') differ from these found for the Fe(x) /C catalysts (IS, =0.64
mms~ !, QS,=0.63mms 1S, =064 mms~!, @S,=1.04 mm s—'). Hence, it
turns out that the iron (III) oxide is influenced by the molybdenum oxide phase.

In addition, the mean size of the iron(III) oxide particles is influenced by
the molybdenum oxide. Comparing the spectra in Fig. 2 with those recorded at
4.2 K for comparable Fe(x)/C catalysts [17], it followed that in the presence
of molybdenum oxide the mean iron (III) oxide particle size is smaller.

Further, following the suggestion of Viegers and Trooster [31] that with
small particles the resonant absorption area may be influenced by vibrations
of these particles as a whole, the temperature dependence of the resonant ab-
sorption areas of the spectra of the oxidic Fe(x)/C and Fe (x)Mo(9.5)/C cat-
alyst precursors were measured. It was observed [32,33] that the temperature
dependence of the resonant absorption area was decreased by the presence of
a molybdenum oxide phase. This can be interpreted as an increased strength
of the interaction between the support and the iron (IIT) oxide particles. More-
over, it was found that in the presence of a molybdenum oxide phase the vi-
brations were less influenced by the presence of a layer of hydrated anions
[32,33].

The observed contact between the molybdenum oxide phase and the iron (III)
oxide phase can be explained as follows. The molybdenum oxide phase is de-
posited on the activated carbon in an anionic form. Therefore, it interacts more
strongly with the positively charged support than the cationic iron oxide phase.
Also, if a molybdenum oxide phase is already present when the iron phase is
introduced, the positive iron ions will interact with the molybdenum phase and
hence the oxidic Fe(x)Mo(9.5) /C catalyst precursors probably contain small
iron (IIT) oxide particles in close contact with a highly dispersed molybdenum
oxide phase. This means that the oxidic iron phase is essentially not mono-
atomically distributed over the molybdenum oxide phase, and that we are not
dealing here with the type of bilayer structures described by Delmon [34] for
oxidic Co-Mo/Al,O; catalysts.

Sulphided catalysts
Catalyst composition as a function of iron content

Our experiments show that no oxidic iron compounds remain after the sul-
phidation procedure applied prior to the Mossbauer experiments. This indi-
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cates that the Mossbauer spectra represent a sulphidic state of the catalysts
comparable to that present during the thiophene HDS activity test.

It has been reported previously that in the Fe (1.8)Mo(9.5) /C catalyst three
sulphidic iron phases can be present, viz., “Fe-Mo-S”, Fe, _, and FeS, [19].
The presence of FeS, in this catalyst was surprising as this compound was not
found to be formed in a fully sulphided unsupported a-Fe,O; sample (particle
size 50 nm) [29]. However, the surprising presence of FeS, after sulphidation
at high temperature (T >573 K) has now been ruled out based on the results
obtained with in situ experiments at liquid helium temperature. Therefore,
only three doublets are used in the computer analyses of the room-temperature
spectra, two ascribed to “Fe-Mo-S” and one to superparamagnetic “Fe—sul-
phide”. The magnetically split hyperfine contribution is observed only in the
spectra recorded at 4.2 K for the catalysts with an iron content of 2.7 wt.-%
and higher. However, it is unlikely that the Fe(0.6)Mo0(9.5)/C([623 K, 4 h]
and Fe(1.8)Mo0(9.5)/C[623 K, 4 h] catalysts contain a different ‘“‘Fe—sul-
phide” phase than the other catalysts and it is therefore assumed that in all
catalysts the “Fe—sulphide” is “Fe,_,S”.

Remarkably, from computer analyses of the spectra of the sulphided
Fe(0.6)Mo(9.5)/C and Fe(1.8)Mo(9.5)/C catalysts recorded at room tem-
perature on an extended velocity scale, it follows that the parameter of the
“Fe-sulphide” doublet (IS=0.55 mm s~*, @S=0.58 mm s~ ') for these cata-
lysts are almost the same as those of FeS, (IS=0.58 mm s, 5=0.61 mm
s™1).

This contradiction can be explained as follows. In both FeS, and “Fe;_,S”
the iron atoms are octahedrally coordinated by sulphur atoms. This implies
that in these iron sulphides the sulphur atoms in the first coordination shell
of the iron atoms are similarly arranged. Hence, for ultrafine iron sulphide
particles which consist of only a few iron atoms and show no crystallographic
ordering there will be hardly any difference between FeS, and “Fe, _,S” with
respect to the sulphur coordination of the iron atoms. Therefore, it is only
possible to discriminate between ultrafine FeS, and “Fe, ,S” particles if the
Mossbauer spectra recorded at cryogenic temperatures show magnetic hyper-
fine splitting. As we observed this type of splitting at liquid helium tempera-
ture, it was concluded that no FeS, is present in the sulphided Fe (x)Mo(9.5)/
C[623 K, 4 h] catalysts. This conclusion results in a revision of the proposed
composition of the catalysts as reported for the Fe(1.8)Mo(9.5) /C[z K] cat-
alyst [19]. It has been established now that only two sulphidic iron phases are
present in the sulphided Fe-Mo catalysts, viz., “Fe-Mo-S” and “Fe, _,S”.

From our experiments it follows that the contribution of the iron compounds
to the spectra of the sulphided catalysts depends on the iron content and on
the temperature at which the spectrum is recorded. First, we shall discuss the
significance of the latter, and the significance of the former will be discussed
later.

It is found that for all catalysts the spectral contribution of the “Fe-Mo-S”
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phase depends most strongly on the temperature. Consequently, the “Fe-Mo—
S” phase has a lower Debye temperature than the “Fe, ,S” phase. This result
either indicates that more iron atoms are located at the surface in the “Fe-
Mo-S” phase [35], or that the particles containing the ‘“Fe-Mo-S” molecules
are more liable to vibrate as particle [36]. The latter, however, is unlikely as
already in the oxidic catalyst precursors the vibrations of the iron (III) oxide
particles are restricted by their contact with the molybdenum oxide phase (see
previous section ). The same behaviour will probably happen in the sulphided
catalysts. However, the restriction will be limited to those iron atoms which
are in contact with the molybdenum sulphide phase. As the vibrations of the
particles which contain the “Fe-Mo-S”’ molecules will cause a weaker temper-
ature dependence of the spectral contribution of the “Fe-Mo-S” phase, the
observed stronger temperature dependence can only be explained whenever
the iron atoms in these “Fe-Mo-S” molecules are located at the surface of the
catalysts. Because it has been established that MoS, microcrystals are present
in sulphided Mo/C and Co-Mo/C catalyst [37], it is concluded that in the
“Fe—Mo-~S” phase the iron atoms are located at the MoS, surface. This is in
agreement with the “Co-Mo-S” phase present in Co~-Mo/Al,Q, catalysts [38]
where the Co atoms occupy MoS, edge sites. The results presented here do not
yield a decisive picture about the nature of the two “Fe-Mo-S” sites corre-
sponding to the two different “Fe~-Mo-S” doublets. However, investigations
are in progress to establish whether or not these doublets represent different
locations of iron atoms at the surface of the MoS, microcrystals.

The influence of the iron content on the type and relative concentration of
the iron phases present in the catalyst can most clearly be seen in the spectra
recorded at 4.2 K. An additional advantage of using these spectra is that effects
of different Debye temperatures are the smallest at 4.2 K.

It is found that when the iron content increases the spectral contribution of
the “Fe-Mo-S” phase decreases, while simultaneously the spectral contribu-
tion of the “Fe,_,S” phase increases. The question arises of whether the in-
crease in the spectral contribution of “Fe; _,S” is due to a complete occupation
of all the possible “Fe-Mo-S" sites present at the edges of the MoS, micro-
crystallites. This would imply that the amount of “Fe-Mo-S”-type Fe atoms
(“Fe-Mo-S” content) would be the same in all the catalysts. The concentra-
tion (wt.-%) of iron present as “Fe-Mo-S” can be estimated by multiplying
the total iron content of the catalysts by the spectral contribution of the “Fe-
Mo-S” phase in the spectra recorded at 4.2 K (see Table 2). In this way, it
turns out that on going from Fe(0.6)Mo(9.5)/C to Fe (5.5)Mo0(9.5)/C the
proportion of “Fe-Mo-S”-type iron gradually increases from 0.5 through 1.3
and 1.8 to 3.2 wt.-% which seems to correspond to saturation of the MoS, edge
sites, as the Fe(9.0)Mo(9.5)/C catalyst appeared to contain essentially the
same amount of “Fe-Mo-S”-type iron, viz., 2.9 wt.-%. Hence, it is concluded
that the increase in the spectral contribution of the “Fe, _,S” phase is not due
to a complete occupation of “Fe-Mo-S” sites. This is unlike certain Co-Mo/
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Al, O, catalysts, for which it has been shown that segregation of Co,Sg only
starts when the edges of the MoS, microcrystals are saturated with Co atoms
forming “Co-Mo-S” [39].

Relationship between composition catalyst and thiophene HDS conversion

Thaw A N atalsrat 1o notalhlicland $land +hhn TITMC A Adlxr: A RUORPATE
HOr LO—1vi0 Cauaxyaua, it is established that the HDS cu.,uvu,y is airecuiy re-

lated to the amount of “Co-Mo-S” in the catalyst [40,41]. We have shown
that a similar relationship exists between the amount of “Fe-Mo-S”’ and the
thiophene HDS activity of a Fe(1.8)Mo0(9.5)/C catalyst [19]. Fig. 8 shows
that with Fe (x)Mo(9.5) /C catalysts which are subjected to the lower heating
rate during the sulphidation procedure (linear temperature increase from 293
to 623 Kin 1 h), a promoting effect of iron sulphide on molybdenum sulphide
can also be obtained for a wide range of iron contents. However, Topsee et al.
[40] reported that the existence of the “Fe-Mo-S” structure does not neces-
sarily imply a large promotion of the HDS activity. In fact, although “Fe-Mo-
S” structures were found in Fe-Mo/Al, O, catalysts, the HDS activity was not
promoted but rather slightly poisoned. From these results, it was proposed that
the specific activity of the unpromoted sites will be much larger than that of
the “promoted” sites [40].

Based on our present and previous [17,19] findings, it can be concluded that
the magnitude of the promoting effect on carbon-supported Fe-Mo sulphide
catalysts depends on the preparation and sulphiding conditions. Important
parameters in this respect are the method of drying the oxidic catalyst precur-
sors and the heating rate applied during the sulphidation procedure (rather
than the maximum sulphidation temperature). In accordance with this, Groot
[16], who did not subject the Fe-Mo/C catalysts to an additional drying pro-
cedure in a flow of hydrogen (at temperatures up to 393 K) and applied a faster
heating rate during sulphidation (from 293 to 673 K instead of 623 K in 1 h),
found much smaller promoting effects than those shown in Fig. 8 and, more-
over, he observed a maximum at about 4 wt.-% iron and even a negative pro-
moting effect for iron contents higher than 7 wt.-%. It has been established
[17,19,23] that under the preparation and sulphidation conditions applied by
Groot, the formation of “Fe,_,S” is facilitated at the expense of “Fe-Mo-S”
formation and that the mean “Fe, _.S” particle size is relatively large.

The data presented in Fig. 8 and Table 2 show that to a first approximation
the activity of the Fe (x)Mo0(9.5) /C catalyst correlates with the amount of iron
present in the “Fe-Mo-S” phase. The observation that the effectiveness of the
“Fe-Mo-S"’ phase decreases when its concentration increases suggests, how-
ever, that the actual situation is more complex. This is confirmed by the Mgss-
bauer data, showing an increasing formation of less active “Fe,_.S” phase
which is at least to some extent in contact with the “Fe-Mo-S” phase, as can

be inferred from the changes in the Mdssbauer parameters of the “Fe-Mo-S”
doublet 2 in Table 2. Hence it is very likely that, especially at high iron con-
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tents, the “Fe-Mo-S” phase is partly covered by “Fe,_,S” particles which are
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significantly smaller than the “Fe,_,S” particles in the corresponding Fe{(x)/
C catalysts. This might explain why the activity of the Fe-Mo/C catalysts
levels off and why the slopes of the Fe (x)Mo(9.5)/C catalyst activity curve
and the Fe(x)/C+Mo(9.5)/C reference curve become virtually the same at
the highest iron contents.

In conclusion, the effect of iron on the thiophene HDS activity of the
Fe(x)Mo(9.5)/C catalysts is determined by three factors : (1) the amount of
iron present as “Fe-Mo~-S”, (ii) the amount and dispersion of iron present as
“Fe,_,S” and (iii) the extent to which the “Fe,_,S” phase covers the “Fe-
Mo-S” sites. The most important conclusion of the results presented in this
study is that the promoting action observed for Fe{(x)Mo(9.5)/C catalysts is
due to the formation of an “Fe-Mo-S” phase. Hence, during the preparation
and sulphidation of Fe-Mo/C catalysts, care should be taken to avoid “Fe,_,S”
formation because this could lead to a decrease in “Fe-Mo-S” concentration
or to coverage of “Fe-Mo-S” sites by “Fe, _.S”.

Reoxidized catalysts

It was found that the sulphided Fe-Mo/C catalysts do not reoxidize com-
pletely to iron (IIT) oxide at room temperature. This is in contrast to sulphided
Fe/C catalysts, which are completely reoxidized to iron (III) oxide under iden-
tical conditions [17]. This indicates that in the reoxidized Fe—-Mo/C catalysts
the high-spin Fe?* phase is in close contact with the molybdenum phase. In
the two catalysts with the lowest iron content, viz., Fe(0.6)Mo(9.5)/C and
Fe(1.8)Mo(9.5)/C, this contact is so close that no iron (III) oxide is present
in the reoxidized catalysts. The parameters of the doublet observed in these
catalysts at room temperature (IS=0.68 mm s~ !, 5S=0.37 mm s~ ') and the
very weak temperature dependence of its @S value indicate that the doublet
must be ascribed to a high-spin Fe®* phase. It is therefore likely that an
Fe,(MoO,)-like phase is formed in these catalysts, especially as this phase is
not observed in reoxidized sulphided Fe (x) /C catalysts. The parameters of the
high-spin Fe?* phase, however, do not agree with those reported for «- or
B-FeMoO, [42]. Hence, it is assumed that in the presence of molybdenum an
iron (I1) oxide phase is stabilized. The most likely location of the iron (II) oxide
ions is at or near the surface of the reoxidized molybdenum sulphide phase.
This is in agreement with our observation that the spectral contribution of the
high-spin Fe?* phase increases with decreasing temperature. This implies that
the Debye temperature of the high-spin Fe®* phase is lower than that of the
iron (III) oxide phase, and Somorjai [35] has shown using LEED that in single
crystals the Debye temperature for surface atoms is lower than that for bulk
atoms.

From the reoxidized catalyst, information about the thermal stability of the
catalysts during the sulphidation procedure is obtained by comparing the mean
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particle size of the iron(III) oxide phase in the oxidic catalyst precursor (see
Fig. 2) and in the reoxidized catalyst (see Fig. 7). This comparison is consid-
ered valid because no remaining pure sulphidic contributions are observed in
the spectra. The influence of the high-spin Fe?* phase on the spectral contri-
bution of the magnetically split component is assumed to be negligible. This
assumption is based on the structure model outlined above, in which the iron (IT)
phaseis located at or near the surface of the molybdenum phase. It is concluded
that the mean iron (III) oxide particle size is smaller in the reoxidized cata-
lysts. This implies that either during sulphidation or during reoxidation a re-
dispersion of the iron phase has taken place. Comparison of the spectra in Fig.
7 with the spectra recorded at 4.2 K of reoxidized Fe(x)/C catalysts [17] in-
dicates that the iron(III) oxide particles are much smaller for the
Fe(x)Mo(9.5)/C catalysts. For the Fe(x)/C catalysts it has been demon-
strated [17] that sintering is less when the interaction strength between the
support and the iron(III) oxide particles in the oxidic catalyst precursor is
increased. As this interaction strength is larger in the Fe(x)Mo(9.5)/C than
in the Fe(x)/C catalysts [32,33] the difference in mean particle size is easily
understood.

CONCLUSIONS

This study has provided a detailed insight into the structure of carbon-sup-

ported Fe-Mo catalysts. The application of in situ Mdssbauer spectroscopy at
cryogenic temperatures has proved to be essential for the correct description
of the catalyst composition. Our results support the view that in promoted
molybdenum sulphide catalyst a “Co-Mo-S” type of phase is responsible for
the activity.
The main conclusions are the following: an Fe (x)Mo0(9.5)/C catalyst is com-
pletely sulphided during sulphidation treatment up to 623 K; under typical
thiophene HDS conditions the catalyst contains ‘“Fe-sulphide” with an
“Fe,_,S”-type structure and “Fe-Mo-S8”; the “Fe—-Mo-S” phase causes the
observed promoting effect; in the “Fe-Mo—S” phase the iron atoms are located
at the surface of MoS, microcrystals; the amount of “Fe—sulphide” in the cat-
alyst increases as the iron content of the catalyst increases, but the “Fe—sul-
phide” particles are significantly smaller than those present in the correspond-
ing Fe(x)/C catalyst; as the iron loading increases, some of the “Fe-Mo-S”
sites probably become covered by the “Fe,_,S” phase; and owing to the inter-
action between the molybdenum and iron phases, the sulphided catalysts show
high thermal stability.
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