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I. INTRODUCTION

HYDROTREATING
Catalysts are of tremendous importance to the modern industrialized society, they

are used in about 90% of the chemical manufacturing processes in use throughout the
world. Some of the most appealing classes of catalysts are used in the oil-processing
industry. The fastest growing group of catalysts (predicted growth rate about 12% per
annum [1]) are the sulfide catalysts which are used for hydrotreating crude oil or
coal-derived liquids.

Environmental restrictions, the ever increasing need for a more efficient utilization
of the fossil fuel feedstock and the steadily declining quality of the average crude
production have caused that sulfide catalysts already are, or soon will be the most
important group of catalysts with close to 25% of the total world catalyst market [1].
So, hydrotreating catalysts and the process technology involved are subject of
continuous research and development.

Hydrotreating can be defined as the contacting of fossil fuel feedstocks and
hydrogen in the presence of a catalyst under suitable operating conditions (5-20 MPa
at 573-723 K). The objective is to convert the feedstock to lower molecular weight
hydrocarbons, to prepare it for further conversion down stream and to improve the
quality of the ultimate products [2]. In Figure 1 a simplified flow scheme of some of
the modern applications of hydrotreating is given. Several reactions take place
simultaneously, such as hydrocracking, saturation of olefins and aromatics and the
removal of carbon-bonded impurities. These impurities are sulfur, nitrogen, oxygen
and metals (Ni, V), which are removed via so-called hydrodesulfurization (HDS),
hydrodenitrogenation (HDN), hydrodeoxygenation (HDO) and hydrodemetalization
(HDMe) reactions.
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Figure 1: Simplified Refinery flow scheme, showing Hydrotreating applications.



The study described in this thesis is focussed on the catalysts used for the HDS
reaction, which reaction is currently regarded as one of the most important
hydrotreating applications. Several sulfur containing compounds are present in fossil
fuel feedstocks, like thiols, disulfides, sulfides, thiophenes, benzothiophenes etc.
(listed in order of decreasing reactivity in HDS rate). The sulfur is removed from the
feedstock for several reasons. For example, naphta . desulfurized to prevent
sulfur-poisoning of platinum-metal containing reforming catalysts, while gasoline is
desulfuriz3d to obtain sweetened and stablized products. Nowadays, one of the most
important objectives of HDS is to prevent the pollution of the atmosphere with SO2
(acid rain).

HISTORICAL DEVELOPMENTS
Historically, sulfide catalysts have originated from those developed in pre-war

Germany for the hydrogenation of coal and coal-derived liquids. It was found, mainly
from empirical studies, that transition metal sulfides were the active catalysts and that
the best results were achieved when molybdenum or tungsten sulfide were used [3].
Since then, HDS catalysts have evolved to the nowadays indutrially applied catalytic
ensembles composed of molybdenum (tungsten) sulfide promoted by cobalt (nickel)
sulfide supported on a porous alumina carrier. The term promoter is related to the fact
that the activity of the catalytic ensemble exceeds the sum of the separate catalysts.

Over the last two decades, a considerable amount of fundamental research has
been devoted to the structure, properties and active sites of the catalysts. For a review
on these subjects we refer to [4-9]. Recently, it has become clear that there is no need
for the exclusive use of molybdenum (tungsten) sulfide to act as a catalyst. This was
most convincingly shown in a study on the dibenzothiophene HDS activity of
unsupported transition metal sulfides [10]. Furthermore, it was demonstrated that any
support with a high " *cific surface area is acceptable for HDS catalysts [11,12].
Consequently, transis.on metal sulfides supported on carbonaceous substrates have
attracted condiderable attention lately [13-23].

Potential advantages of the application of carbon as a support material include low
costs, easy metal recovery by burning off the carbon [13,14] and a relatively low
sensitivity to dcactivation due to coke formation [18,20]. Over the last few years it has
been established that when a carbon support is used the thiophene HDS activity of
both promoted and unpromoted molybdenum sulfide catalysts increases [17,19,21].
Moreover, in accordance with the findings for unsupported transition metal sulfides
[10], it was found that also when supported on carbon many transition metal sulfides
have a higher or equal thiophene HDS activity as molybdenum (tungsten) based
catalysts [17,19,22]

Because of the steadily increasing severity of hydrotreating conditions it is
expected that in the future catalyst life times will shorten. Therefore, there is a
growing need to lower the catalyst costs. In this respect, it has been proposed to use a,
disposable, low-cost catalyst in a composite bed to protect the expensive conventional
C0-M0/AI203 catalyst. In view of its properties, carbon is well suited as a support for
these catalysts. Because iron is inexpensive and abundantly present, iron sulfide,
either as active phase or as promoter of molybdenum sulfide, is the most obvious



transition metal sulfide for low-cost catalyst. This becomes even more clear, when one
realizes that iron sulfides show a certain activity in the liquefaction and HDS of coal
[24,25].

Despite the fact that it has been found that carbon-supported iron and
iron-molybdenum catalysts show some promissing properties [26], much remained
unclear. For example, whereas on the one hand carbon-supported iron sulfide catalyst
were more active for thiophene HDS than comparable molybdenum sulfide catalysts
at metal loadings up to 2.0 at/nm , on the other hand no promoter effect was observed
for the iron-molybdenum sulfide catalysts.

SCOPE AND OUTLINE OF THIS STUDY
In view of the potential properties of carbon supported iron and iron- molybdenum

sulfide catalysts it was decided to start the present research program on the properties
of iron and iron-molybdenum sulfide catalysts. The main objective has been to
describe the relations between the characteristics (composition and dispersion) of the
actual sulfide phase and the catalytic activity. In addition, attention has been paid to
the influence of preparational aspects on the characteristics of the sulfidc phase.

The catalysts have been characterized using in-situ MOssbaucr spectroscopy.
Mossbauer spectroscopy is an excellent technique for in-situ investigations of
catalysts, due to the high penetrating power of the y-radiation applied and the
sensitivity of the spectral parameters for the chemical state and and local environment
of the Mossbaucr atom. In addition it is one of the few techniques which enable one
both under ultra high vacuum and under process conditions. It has become a standard
technique for identification of the phases present in catalysts, in particular in those
cases where the catalytic system contains poorly crystallized, macrocrystalline or
amorphous phases. The characteristics of the catalysts, as determined from the
Mossbauer experiments, are related to the thiophene HDS activity of the catalysts.

Chapter three deals with oxidic catalyst precursors. A method to calculate a mean
force constant for the bond between iron(III)oxide particles and their support is
introduced and the influence of an additional H2-treatment on this mean force
constant is studied. From the results presented in this chapter a model of the structure
of the precursor material is proposed.

In chapter four the transition of iron(III)oxide into Fei-xS is studied for a (model)
system consisting of unsupported 50 nm a-Fe2O3 particles. This is done by varying
the maximum temperature at which the sample is exposed to the sulfiding agent.

The chapters five through seven are devoted to the sulfidation, characterization
and activity of carbon-supported iron and iron-molybdenum sulfide catalysts. In-situ
Mossbauer spectroscopy measurements down to 2.0 K are performed to obtain a
proper understanding of the composition and dispersion of the actual sulfide phase.

The influence of the support material and/or the addition of PO4 are the subjects of
chapters eight and nine, respectively. The results obtained for these catalysts are
compared to those for the carbon-supported ones.
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2. THEORY OF MOSSBAUER SPECTROSCOPY

INTRODUCTION
The Nuclear Gamma Resonance Technique is better known under the name of its

discoverer [1]: Mossbaucr spectroscopy. The applications of Mossbaucr's discovery
have produced so many important results in many fields, that he was rewarded the
Nobel prize for physics in 1961.

Since its discovery, Mossbauer spectroscopy has become a standard technique to
study solid state properties. Numerous texts describing the fundamentals of
Mossbaucr spectroscopy and its applications have appeared [2-8]. The application of
Mossbaucr spectroscopy to the study of catalysts has been reviewed by several
authors [9-13].

Therefore, we will only recall shortly the principles of the Mossbaucr effect. Next,
we will discuss briefly the hyperfine interactions that can be studied with Mfjssbaucr
spectroscopy. Finally, the special features of Mossbauer spectroscopy on small
particles will be described.

THE MOSSBAUER EFFECT
Let us first consider a free atom. When the nucleus emits a y-photon, it will recicve

a recoil energy due to the conservation of momentum. Consequently, the energy of the
emitted y-photon will be lower than the energy between the initial and final nuclear
slate. Likewise, in order to be absorbed, a y-photon must provide the energy
difference between the ground and exiled states plus the recoil energy transfered to
the nucleus. Generally, the recoil energy is much larger than the natural lincwidth of
the y-photon. As a result, the probability for resonant absorption of an emitted
y-pholon by an other nucleus will be very small.

It was Mossbauer who discovered that when the nuclei are embedded in a solid, a
fraction of the emission and absorption processes occurs without recoil. The existence
of this so-called recoilless fraction f explains the applicability of the Mossbauer effect
to the study of hyperfine interactions in solids.

When two nuclei are in an identical chemical environment the emission and
absorption energies overlap so, resonant absorption can occur. When the nuclei are in
different chemical environments, the emission and absorption enegics will be
different. However, by moving the source, containing the emitting nuclei, with a
velocity v, the energy of the emitted y-photon is shifted by the Doppler effect:

E = E [1 + - ] (1)
y o l c J v '

in which Eo is the energy between the ground state and the first exited level and c is
the velocity of light in vacuum.

So, by varying the velocity of the source one can "tune" the energy of the emitted
y-phoion to the energy levels in the absorber. A schematic representation of a
Mossbauer spectrometer and spectrum is shown in Figure 1. The equipment consists



of a source, an absorber and a y-ray detector. The source is moved towards and away
from the absorber with a velocity v. Measurements of the Y-rav transmission for
different positive and negative velocities results in a Mossbaucr spectrum as shown in
Figure 1. In practice, the emission and absorption arc much more complicated. If one
want to study the absorber, it is convenient to use a source having the simplest
emission spectrum, i.e. a single line. The spectrum then obtained is representative for
the absorber.

source
absorber T . d c t M t o r

/////////////////,

Figure 1: Schematic representation of a Mossbauer spectrometer and spectrum

In case of Fe the velocity range needed to study all hyperfine interactions that
are of interest in this thesis is -10 to +10 mm.s"1. Before discussing the hyperfine
interactions which can be studied by MOssbauer spectroscopy, first the conditions
under which recoilless emission and absorption occur will be considered.

The recoilless fraction f. From the precceding section it is clear that f = 0 for free
nuclei. On the other hand all transitions in a completely rigid lattice will occur
recoilfree, and f = 1. In an actual solid the value of f will lie between these two
extremes, depending on the energy Eo of the photon, the mass M of the nucleus, the
rigidity of the lattice (which can be characterized by the Dcbyc temperature 9D) and



the temperature T. From classical mechanics [14] as well as from quantum mechanics
[15-17] the following expression can be derived:

f=exp (-47T -x 2 >/ X - (2)

in which <x > is the mean-square vibrational amplitude of the atoms in the lattice,
caused by lattice vibrations, and X the wavelength of the absorbed radiation (86.02
pm). The displacement <x2>can be calculated when a model for the lattice vibrations
is assumed.

In general the Debye model is quite appropriate, this results in the following
expression for f as a function of the temperature T and the Debye temperature 8D:

- E
r r 3 O
f = exp [ - -r

• 0 + 4 { £
x, XJn X ,

e - 1

(3)

in which ku is Bollzmann's constant. It can be concluded from eq. (3) that f increases
with decreasing temperature and with increasing Debye temperature, even at T = 0
(sec Figure 2).

Temperature (K)

Figure 2: The recoilless fraction fin the Debye model as a function of temperature T
( Bo is the Debye temperature in Kelvin).



HYPERFINE INTERACTIONS
Due to the interactions of the nucleus with its surrounding the nuclear energy

levels shift and split. This is illustrated in Figure 3 for the most important hyperfine
interactions of an Fe-nucleus. Two of them are electrostatic, while the third is
magnetic.

The first electrostatic hyperfine interaction is the Coulomb interaction of the
nuclear charge with the s-electron density at the nucleus. The second electrostatic
hyperfine interaction is between the quadrupole moment of the nucleus and the
electric field gradient due to an asymmetric charge distribution around the nucleus.
Finally, when there is an internal magnetic field, the interaction with the magnetic
moment of the nucleus lifts the degeneracy of the nuclear levels.

In the next sections we will discuss the three hyperfine interactions separately. We
will limit ourselves to the Fe nucleus, as this MSssbauer isotope is used in this thesis.

The isomer shift. When considering the nucleus-electron interactions, the finite
volume of the nucleus must be taken into account as an s-electron wavefunction
implies a non-zero electron charge density within the nuclear volume. Due to the
interaction of this electron charge density with the nuclear charge, the nuclear energy
levels shift (see Figure 3). In a non-relativistic approximation we can write for the
shift of the absorption spectrum relative to the emission spectrum

Here Ze is the nuclear charge, Re and Rg are the nuclear radii in the excited and
ground stale respectively, and l\|/(0)l denotes the s-electron density at the nucleus
(a refers to the absorber and s to the source).

In case of Fe the contribution of the 4 s-electrons to the s-electron density
i\j/a(0)l will be determined by the chemical state, and because (R| - R | ) is sufficiently
large the value of 5 yields useful information about the valency of the iron in the
absorber.

It can be seen from eq. (4) that the isomcr shift is hardly temperature dependent.
However, when the source and absorber are at a different temperature there is a
second relativistic contribution to the isomer shift, due to the thermal motion of the
atoms: the second order Doppler shift (SOD). For low temperatures we can write, in
velocity units:

2 2
cSOd ~S Tl ,_.
S ( 5 )

vs and va are the mean square velocity of the vibrating atoms in the source and
absorber respectively. Like the mean square displacement <x >, also v can be
expressed as a function of temperature and 9D in the Debye model. ~
The electric quadrupole splitting. Any nucleus with a spin quantum number larger
than I = 1/2 has a non-spherical charge distribution (N.B. for the 57Fe nucleus I = 3/2
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Zeeman
splitting

+ quadrupole
effect

Z t

Quadrupole
splitting

V = 0 V=0

57
Figure 3: Energy level schemes of Fe to produce the isomer shift 8, quadrupole
splitting E and Zeeman splitting. The interaction leads to (a) a single-line spectrum, (b) a
quadrupole doublet and (c) a Zeeman split sextuplet.

in the excited and I = 1/2 in the ground state). This implies that the nuclear
quadrupole moment Q differs from zero. When such a nucleus experiences the
presence of an electric field gradient (EFG) the nucleus reacts by orienting itself with
respect to the direction of this gradient. Two orientations of the nucleus, or rather of
its quadrupole moment, are possible, hence a splitting is observed. For an Fe
nucleus in the excited state this implies that the original fourfold degeneracy is
partially removed, as can be seen in Figure 3. The quadrupole moment Q is a constant
for Fe, while the EFG is determined by the chemical environment, i.e.
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asymmetrically distributed electrons in incompletely filled shells of the atom itself
and charges on neighbouring atoms in a crystal lattice with a symmetry lower than
cubic. Therefore, the splitting, e, between the levels provides information about the
distribution of charges around the nucleus.

Magnetic hyperfine splitting. The third important hyperfinc interaction is the
nuclear Zeeman effect, due to a magnetic field at the nucleus. The magnetic field can
originate within the atom itself, within the crystal via exchange interactions or as a
result of placing the compound in an externally applied magnetic field. Because the
57Fe nucleus has a magnetic moment both in the ground state and in the excited slate,
both levels are split (see Figure 3). Due to the selection rules for Ml radiation, the
Mossbauer transition can lake place between different nuclear levels if the change in
iiie magnetic quantum number mi is 0 or ± 1. The allowed transitions for a 3/2 —> 1/2
Mossbaucr y-ray are illustrated in Figure 3.

The relative intensities of the absorption lines depend on the angle 9 between the
magnetic field and the propagation direction of the y-ray. However, for a powdered
sample the intensity ratio is 3:2:1:1:2:3.

MOSSBAUER SPECTRA OF SMALL PARTICLES
In catalytic particles it is pursued to have as much atoms as possible located at the

surface. Consequently, catalytic particles arc often only a few nanometers large.
Particles of such a small size exhibit features which are absent in Mossbaucr spectra
of bulk materials.

The occurence of superparamagnetism is one of the most studied properties of
small particles. In Mossbauer spectra it shows from the collaps of a magnetically split
spectrum into an apparently paramagnetic doublet or singlet at a temperature well
below the Curie or Necl transition temperature of the bulk material. This is caused by
fast relaxation of the magnetization vector as a whole.

Furihcr, at temperatures below the supcrmagnctic transition temperature the
hypcrfinc splitting in small particles is generally lower than in bulk materials [18,19].
The smaller the particles and the higher the temperature, the larger the reduction in
the magnetic hypcrfinc field of the supcrparamagnctic particles. In a catalytic sample,
a distribution in particle size is practically always present. This brings about that the
Mossbaucr spectrum of such a sample is often a superposition of magnetically split
spectra with different magnetic hypcrfine splittings.

Finally, a third difference between very small particles and bulk materials can be
found in the recoilless fraction (see chapter three of this thesis). In bulk materials f is
determined solely by the lattice vibrations, as described earlier in this chapter. In very
small particles however, f contains an additional contribution from the thermal motion
of the particle itself, a solid state-like Brownian motion [20] and the recoillcss
fraction can be written as [21]:

f= Halt • fpart (6)
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In this expression fiau represents the lattice contribution which can be expressed as
cq. (3) in the Dcbyc model and fPan is the recoilless fraction due to particie motion.
The latter depends upon the stiffness of the interaction between the small particle and
its surroundings.
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3. A MOSSBAUER STUDY ON PARTICLE-SUPPORT INTERACTION
IN CARBON-SUPPORTED Fe AND Fe-Mo CATALYST PRECURSORS

W.L.T.M. Ramselaar, R.H. Nussbaum and A.M. van der Kraan

ABSTRACT

A method to calculate a mean force constant for the interaction between
iron(!II)oxide panicles and their support from Mossmauer spectroscopy
measurements at various temperatures was developed and applied to oxidic
FelC and Fe-MolC catalysts precursors. The precursors were either dried
only in air at room temperature, or also subjected to an additional
Il2-trealment up to 393 K.

The additional //2-treatment resulted in an strengthening of the
interaction between the iron(III)oxide particles and their support. This was
ascribed to the removal of a layer ofhydrated anionic species, which form a
layer between the iron(III)oxide particles and their support.

A structural model for oxidic FelC and Fe-MolC catalyst precursors is
developed. It was concluded that in the Fe-MolC catalyst precursors the
iron(lll)oxide is supported by the molybdenum rather than by the carbon.

INTRODUCTION
The most applied, and thus studied, catalysts consist of small particles deposited

on a high surface area support material, e.g. Y-AI2O3. One of the reasons for applying
a support material is to maintain a minimized size of the catalytic particles during the
catalytic processes, which mostly take place at elevated temperatures. The interaction
between the support material and the catalytic particles is of great importance to
prevent sintering.

The ever increasing need for non-pollutive fuels and more efficient utilization of
fossil fuels has made hydrotreating catalysts of paramount interest. In these catalysts
the catalytic particles generally consist of M0S2 or WS2 promoted by cobalt- or
nickdsulfide. Usually Y-AI2O3 is used as support material. The influence of the
support material has been extensively studied. Thomas et al.[l,2] and Duchet et al.[3]
reported that for M0S2 or WS2 containing hydrodesulfurization (HDS) catalysts the
activity is influenced by the support. For metal loadings up to 2.0 at/nm these authors
found that the stronger the interaction between the support material and the catalytic
particles, the lower the activity per mol metal. The highest specific activity is obtained
when carbon is used as support material instead of the conventional ones, viz. y- AI2O3
or SiO2. However, the advantage of the carbon-supported catalysts decreases rapidly
as the metal loading increases. This is due to the sharp decrease in the specific activity
of the carbon-supported catalyst which occurs when the metal loading increases.
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Also for other carbon-supported HDS catalysts like Fe/C and Co/C [4,5,6] a
decrease in the specific activity is observed when the metal loading increases. For the
Fe/C catalysis [5] (this thesis, ch. 5) it was established by means of in-situ Mossbaucr
spectroscopy measurements on freshly sulfided catalysts that this is due to an increase
in the mean iron sulfide particle size.

It was found [5] (this thesis, ch. 5) that the interaction strength between the
iron(III)oxide particles and the support in the oxidic catalyst precursors influences the
mean particle size in the freshly sulfided catalysts. This indicates that it is useful to
gain knowledge of the mechanisms which influence the interaction strength between
the iron(III)oxide particle and the support in the oxidic catalyst precursor. Eventually,
such knowledge could enable us to use catalytic material as effectively as possible.

In the present study we have investigated these mechanisms in oxidic Fe/C and
Fe-Mo/C catalyst precursors. Furthermore, we present a method to calculate a mean
force constant for the interaction between iron(III)oxide particles and their support
from Mossbauer spectroscony measurements at various temperatures. From thes;
results a structural model for oxidic Fe/C and Fe-Mo/C catalyst precursors is
developed.

THEORY
It is well established [7-15] that small metal or metaioxide particles as a whole

may vibrate. Viegers and Trooster [9] have suggested that these vibrations influence
the resonant absorption area, A, in Mossbauer spectroscopy measurements. The
validity of this approach was demonstrated by Hayashi ct al. [11,12] and
Niemantsverdriet et al. [13] for small iron and iron(III)oxi(hydroxi)de particles,
respectively. Hayashi et al. [11] showed that the interaction between the particles
themselves or to their surroundings influences the intensity of the vibrations of the
particles as a whole. These authors demonstrated that the stronger the interaction, the
smaller the vibrations.

It can be assumed that the same holds for the iron(III)oxide particles present in
oxidic Fe/C and Fe-Mo/C catalyst precursors. This implies that one can obtain
information about the interaction between iron(III)oxide particles and the carbon
support by studying the resonant absorption area, A, in Mossbauer spectroscopy
measurements.

The resonant absorption area is proportional to

fa(T) = exp (-4JI2<X2>T/ X2) (1)

where fa(T) is the probability for recoilless absorption (the Mossbauer fraction ) at
temperature T, <x >T the mean-square vibralional amplitude of the absorbing nucleus
at this temperature and g the wavelength of the absorbed radiation (86.02 pm). It will
be assumed that there is no coupling between the motion of the particle as a whole and
the lattice vibrations within the particles. Then, <x >T can be divided into two parts
<x2>^u and <x2>fart, which represent the lattice vibrations within the particles and the
vibrations of the particles as a whole respectively, or
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2 2 latt 2t)art ,_,
<x >„= <x > + <x x , (2)

So, the probability for recoilless absorption satisfies the relation

latt part
f (T) - f (T) • f (T) (3)

a d d

When vibrational coupling between different particles is neglected, the motions of the
particles as a whole arc best described by a localized model.
This implies that the Einstein model is applicable. Then the mean-square vibrational
amplitude of the vibrations of the particles as a whole is given by

2 part h , 2 , , ,,,
< x >r = ~A—r* ( u + 1 ) (4)

T 4JT<M>«J)> l h<w> , . ' v '
e p ( ) - 1

where <M> is the mean mass of the particles and <ra> their mean frequency.
Planck's and Boltzman's constants are represented by h and ku respectively.
Equation (4) may be written as

2 part h<(0> , 2 , , , ~, , », 2.-1
<X 4 = 4 ^ f { f h<o>, , + X ] kBT ( <M><W>^

= r (T) — - — T (5a)
<Mxo)>

Since the Einstein model proceeds from a harmonic oscillator, a mean effective
binding force constant for the interaction between the iron(III)oxide particles and the
carbon support is defined by

2
<Mxco> (6)

17



For matters of convenience, <q>eff will be referred to as the "particle-support
interaction-strength". By substituting eqs. (3), (5a) and (6) into eq. (1) the following
expression for the probability for recoilless absorption is obtained

latt 4 2 k T
f CD = UT) • exp { -^f r ( T ) - | — } (7)

a a j2 <q>ef f

Because the resonant absorption area, A, in Mossbauer spectroscopy measurements is
proportional to fa (T) it is possible to determine <q>eff from the temperature
dependence of A according to

latt
2 A(TP° fa ( T2 ) 1
2kB [ Tf (T1> " Y ^ { l n T T ) ;(T1 > T2>

When Ti and T2 are sufficiently high ( > ^ £ — ), F(T) is equal to 1, so eq. (8) can be
written as

latt
A CT, ) - f (T

" T2> * l n la»

As can be seen from eq.s (8) and (8a) besides A at temperature Ti and T2 only
latt latt

f (T), thus <x2 s,, , must be known to obtain <q> cc .
a 1 eii

In general, the Debye model is quite adequate to describe the temperature
latt latt

dependence of <x >T [16]. In Figure 1 the temperature dependence for fa (T)
according to the Debye model is shown. It can be seen from Figure 1 that only two

latt
parameters are needed to obtain the value of fa (T) which has to be used in eq. (8) or
(8a), viz. the temperature T and the Debye temperature 0D.
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Temperature (K)

Figure 1: The recoilless fraction fin the Debye model as a function of temperature ( GD
is the Debye Temperature in Kelvin).

effIn case of small particles, the effective Debye temperature, GD , differs from that
of the bulk material. This is caused by two effects, viz. an increase in the relative
importance of surface atoms and a change in lattice spacing. Somorjai [17] has shown
that for single crystals the Debye temperature of surface atoms is about half that of
bulk atoms. Several authors [18-22] reported a change in the lattice spacing for small
particles. Schroeer's equation [21] for the effective Debye temperature in small
iron(III)oxide particles is

D JD (9)

where y is the Gruneisen constant ( = 2.0 for a-Fe2O3 [23]) and d Ihe diameter of the
eff

particle in nm. Table I shows GD calculated for small iron(III)oxide particles, using
latt

cq. (9). Also included in Table I are the corresponding values of fa (T) at 293 77 and
4.2 K.

Calculating qeff yields quantitative information about the interaction between
the iron(III)oxide particles and their support. Furthermore, from experiments which do
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latt
not influence fa (T), but which may change the intensity of the vibrations of the
panicles as a whole, any change in the resonant absorption area reflects a change in
the interaction between the iron(III)oxide particles and the carbon support.

TABLE I

eff Latt
Effective Debye temperature, 0D , and recoilless fracttion, fa(T), at 293, 77 and

4.2 K as a function of the diameter, d, of small iron(III)oxide particles following
Schroeer[21].

d
(nm)

bulk
10.0
5.0
4.0
3.0
2.5
2.0
1.5
1.0

eff
6D

(K)

500
470
440
420
395
375
340
290
185

Latt
fa (4.2)

0.933
0.928
0.924
0.920
0.916
0.911
0.903
0.887
0.828

Latt
fa (77)

0.923
0.917
0.909
0.904
0.896
0.888
0.873
0.842
0.697

Latt
fa (293)

0.838
0.820
0.799
0.782
0.759
0.738
0.692
0.607
0.295

EXPERIMENTAL
Catalyst preparation

Catalyst precursors were prepared by pore volume impregnation of Norit
RX3-extra activated carbon (surface area 1190 m g" , pore volume 1.0 cm g" ).
Aqueous solutions of (NH4)6Mo7O24.4H2O (Merck, >99%) and Fe(NO3)3.9H2O
(Baker, >99%) were used.

The iron nitrate solutions were enriched in the Mossbauer isotope Fe, using
reduced a-Fe2O3 (Intersales, 94.7% 57Fe) dissolved in 2N HNO3 and the acidity of
the solutions was adjusted to pH = 0.25. In this way samples with iron contents of 1.8,
2.7, 5.5 and 9.0 wt% were prepared.

In case of the Fe-Mo catalysts, the molybdenum phase was introduced first via a
two step impregnation with intermediate drying in static air according to the following
procedure: 1.5 h while increasing ihs temperature from 293 to 383 K and 16 h at
383 K. The dried sample contained 9.5 wt% Mo. After impregnation of the iron nitrate
solution the samples were dried for 16 h in flowing air (flow rate 100 cm3.min"'). In
this way a well dispersed <-on(III)oxide phase (particle size 4 nm) was formed [24],
The dried samples were < ivided in two portions. One portion was not subjected to any
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other treatment. The other portion was additionally treated in a H2-flow (flow rate
50 cm3.min"') for successively 24 h at 313 K, 24 h at 353 K and 24 h at 393 K.

The oxidic catalyst precursors thus obtained will be denoted Fe(x)/C(y) and
Fe(x)Mo(9.5)/C(y), where x represents the variable iron content in wt%, y the upper
drying temperature in Kelvin and 9.5 the constant molybdenum content in wt%.

Mossbauer spectroscopy measurements
Mossbaucr spectra were recorded at 293, 77 and 4.2 K with a constant acceleration

spectrometer. A Co in Rh source kept al room temperature is used. The spectra were
not corrected for the varying distance between source and absorber, hence the curved
background is of instrumental origin. Doppler velocities are given relative to
Na2Fc(CN)5NO.2H2O (SNP) at room temperature.

Resonant absorpiion areas were determined by analyzing the quadrupole splitted
spectra. Only when a magnetic hyperfine splitting was present in a spectrum, the
resonant absorpiion area was calculated by integrating the spectra after correction for
the background parabola. Measurements were carried out on powdered samples of the
oxidic catalyst precursor. The temperature dependence of the resonant absorption area
was determined for samples which were kept in an evacuated cryostat (p 5.10" 'orr).

The influence of the presence of moisture on the resonant absorption area was
studied for samples placed in a (vacuum-tight) cell which could be evacuated
(p > 1.10" torr) or filled with dried (passed over a mof-sieve) or ambient air.

RESULTS
Determination of the mean iron(III)oxide particle size

In Figures 2a, b Mossbaucr spectra of the Fe(5.5)/C(293 K) and Fe(5.5)/C(393 K)
samples recorded at 293, 77 and 4.2 K are given. In the spectra recorded at 293 and
77 K only a quadrupole doublet is observed, while at 4.2 K a superposition of a
doublet and a magnetic hyperfine sextuple! is observed. Similar results are obtained
for the other oxidic Fc(x)/C(293 K) and Fe(x)/C(393 K) catalyst precursors [5](this
thesis, ch. 5). The results are discussed in detail in ref. [5](this thesis, ch. 5), and only
those results which arc relevant to the present study are mentioned here. It is found
that in all oxidic samples the initial iron salt, Fe(NO3)3-9H2O, has completely
decomposed into iron(III)oxide. However, in the spectra recorded at 4.2 K of the
oxidic Fc(x)/C(293 K) samples a contribution due to paramagnetic iron ions, indicated
by a full bar-diagram in Figure 2a, is observed besides the iron(III)oxide contribution.
The former contribution is not found in the spectra of the oxidic Fe(x)/C(393 K)
samples. The occurence of the paramagnetic iron ions most probably indicates that
after drying in air at 293 K still nitrate anion in close contact with iron ions are
present. Apparently, these nitrate anions can be removed during the additional
H2-lrcatment.

In Figures 3a, b the Mossbauer spectra of the oxidic Fe(1.8)Mo(9.5)/C(293 K) and
Fe(l .8)Mo(9.5)/C(393 K) samples recorded at 293, 77 and 4.2 K are given.
Comparable results are obtained for other Fe(x)Mo(9.5)/C(293 K) [25] and
Fc(x)Mo(9.5)/C(393 K) [26J(this thesis, ch. 7) samples. The spectra shown in Figures
2 and 3 arc essentially the same. Hence, it is concluded that also in the oxidic
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Doppler velocity ( m.s"

Figure 2: Mossbauer spectra of the oxidic Fe(5.5)!C(293 K) and Fe(5.5/C(393 K)
precursors recorded at temperatures as indicated.

oxidic
i—i—r -i--[—j—| - i

Fo(1.8)Mo(9.5)/C(293

T i—I—I—I—I—|—r—i—i—i—r
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Figure 3: Mossbauer spectra of the oxidic Fe(l .8)Mo(9.5)/C(293 K) and
Fe(1.8)Mo(9.5)/C (393 K) precursors recorded at temperatures as indicated.
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Fc(x)Mo(9.5)/C(293 K) samples some of the iron is in close contact with nitrate
anions. Like for the Fe/C samples, also for the Fe-Mo/C samples the anionic species
can be removed by means of the additional H2-treatment.

The observed temperature dependence of the spectra is characteristic for ultrafine
iron(III)oxide particles showing superparamagnetism [27]. The appearance of the
magnetic hypcrfine sextuplet depends on the mean particle size as well as on the
temperature. As for all samples only in the spectra recorded at 4.2 K a spectral
contribution of the magnetic hyperfine sextuplet is observed, the relative spectral
contributions determine the sequence in the mean iron(III)oxide particle size.

The mean iron(III)oxide particle size is determined as follows. The spectra
recorded at 4.2 K of the oxidic samples [5,25,26] (this thesis, ch. 5&7) are compared
to those of ultrafine iron(HI)oxide particles with a known mean particle size
[27,28,29]. From this comparison it can be learned that in all oxidic samples the mean
iron(III)oxide particle size is below 4 nm. It is emphasized that for particle sizes
between 2 and 4 nm small differences in the mean particle size result in clearly
discernable differences in the spectral contribution of the magnetic hyperfine
scxtuplet. Therefore, it is reasonable to estimate the mean iron(III)oxide particle size
with an accuracy of 0.5 nm. The mean iron(III)oxide particle sizes estimated in this
way are presented in Table II.

TABLE II

Estimated upper and lower limits mean iron(III)oxide particle sizes in nm for the
various oxidic catalyst precursors.

Fe(x) /C(293 K) Fe(x) /C(393 K Fe(x)Mo(9.5) /C(293 K) Fe(x)Mo(9.5) /C(393 K)

X
(wt%)

1.8 1.5-2.0
2.7 1.5-2.0
5.5 1.5-2.0
9.0 2.0-2.5

2.5-3.0
2.0-2.5
3.0-3.5
3.5-4.0

1.0-1.5
1.0-1.5

not measured
not measured

1.0-1.5
1.0-1.5
1.5-2.0
2.0-2.5

It follows from a comparison of the spectra in Figures 2 and 3 and from Table II
that the mean iron(III)oxide particle size increases during the additional H2-treatment.
Furthermore, it is obvious that in the presence of molybdenum the mean iron(III)oxide
particle size is smaller, both before and after the additional H2-treatment. This result
indicates that the molybdenum and iron oxide phases are, at least to some extent, in
contact with each other. The somewhat surprising sequence in the mean iron(III)oxide
particle size, viz. a minimum mean iron(III)oxide particle size of samples with an iron
loading of 2.7 wt%, observed after the additional H2-treatment is discussed in detail
elsewhere [5,26] (this thesis, ch. 5&7).
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Determination "particle-support interaction-strength"
As outlined in the theory section a "particle-support interaction-strength", <q>eff,

can be calculated. In order to do this, it is necessary to determine the resonant
absorption area, A, of the iron(III)oxide phase in the Mossbauer spectra at two
different tempratures as accurately as possible.

Because the spectra recorded at 293 and 77 K only consist of a quadrupole doublet
for all Fe(x)/C(y) and Fe(x)Mo(9.5)/C(y) samples, the resonant absorption areas can
be determined quite accurately from the computer analyses of the spectra. Due to the
presence of a magnetic hyperfine sextuplet in the spectra recorded at 4.2 K, such an
analysis of the spectra is impossible. Consequently, the resonant absorption areas can
only be determined by integrating the spectra after correction for the background
parabola. In this way however, the result will be very sensilho for the exact shape of
the parabola and the absolute intensity of the non-resonant background. Therefore, we
will limit ourselves to the measurements at 293 and 77 K.

To calculate <q>eff the following procedure is followed. It can be assumed that the
interaction between the iron(III)oxide particles and their support is not larger than the

intermolecular interaction in molecular solids. For these materials it is stated that=—;—
2;rk

is typically below 10 K [30]. B

Consequently, It follows from eq. (5) that F(T) will be equal to 1 at 293 and 77 K. So,
to calculate <q>eff from A(293) and A(77) eq. (8a) can be used. The appropriate

latt
values for fa (T) are taken from Table I by using the estimated particle sizes from
Table II, and substituted in cq. (8a). In Table III the calculated values of <q>eff are
given.

In order to show how to calculate <q>eff from the resonant absorption areas at
77 and 4.2 K we have also used the measurements at 4.2 K of the Fe(x)/C(393 K)
samples. Now F(4.2) has to be determined for each sample and substituted, together

latt
with the appropriate values for fa (T), in eq. (8). The value of F(4.2) has been
calculated from the values of <q>eff reported in Table III and the mean size of the
iron(III)oxide particles, from which their mean mass <M> is known by using eqs. (6)
and (5) respectively. In Table III also the values of <q>eff which are calculated from
the resonant absorption areas at 77 and 4.2 K of the Fe(x)/C(393 K) samples are
presented. Although these values are less accurate, they are in reasonable agreement
with those determined from the spectra recorded at 293 and 77 K.

It is observed that <q>eff increases during the additional H2-treatment. This
increase is less pronounced for the molybdenum containing samples. Also, <q>cff is
larger for the molybdenum containing samples. This indicates that the molybdenum
influences the interaction between the iron(III)oxide particles and their support.
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TABLE III

Upper and lower limits of the "particle-support interaction-strength", <q>eff, for
the various oxidic catalyst precursors as determined from the resonant absorption
areas as 293 and 77 K.

Fe(x) /C(293 K) Fe(x) /C(393 K) Fe(x)Mo(9.5) /C(293 K) Fe(x)Mo(9.5) /C(393 K)

X

(wt%) (Nm"1) (Nm"1) (Nm"1) (Nm"1)

1.8 25-29 30-32(28-34)* 35-45 38-58**
2.7 22-27 28-31 (31-37)* 33-34 37-58**
5.5 24-27 30-31 (29-33)* 35-44**
9.0 24-26 29-30(26-30)* not measured 37.42**

not measured

* <q>cff determined from A(77) and A(4.2)
** N.B. The relative large spread in the result is due to the fact that for particle sizes

lalt
below 1.5 nm fa (T) depends much stronger on the temperature than for
larger particles (sec Table I and Figure 1.)

Influence of the presence of moisture
It is observed that the mass of the oxidic samples depends upon the amount of

moisture in the atmosphere. This indicates that, due to adsorption and desorption, the
amount of moisture in the sample varies, which might influence the interaction
between the iron(III)oxide particles and their support. To establish the nature of such
an influence, various oxidic precursors were subjected to a number of successive
"treatments" affecting the atmosphere in a vacuum-tight eel as listed in Table IV.

TABLE IV

Successive "treatments" in the vacuum-tight eel

"treatment" Atmosphere in vacuum-tight eel

A Fresh sample in ambient air
B evacuated (p< 1" lorr) for 1 day
C eel filled with dried air for 1 day
D eel filled with dried air for 7 days
E eel in contact with ambient air for 1 day
F eel in contact with ambient air for 7 days
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After each "treatment" a Mossbauer spectrum was recorded at 293 K. There is
experimental evidence that the "treatments" do not influence the mean iron(III)oxide
particle size. Hence, any change in the resonant absorption area is caused by a change
in the <q>eff of the interaction between the iron(III)oxide particles and their support.

The relative resonant absorption areas, AREL, after each of the "treatments" are
given in Figures 4 a and b. These are obtained by deviding the resonant absorption
area as obtained from the Mossbauer spectrum by that of the fresh oxidic sample
before the additional H2-treatment. Several observations on the interaction between
the iron(NI)oxide particles and their support can be made from Figure 4.

oxidic

li I) a

- v v

"treatment"

Figure 4: Relative resonant absorption areas, AREL, of oxidic Fe(5.5 IC(y) and
Fe(l .8)Mo(9.5) IC(y) precursors after various successive "treatments" on
vacuum-tight cell. The dotted line at AREL = J is drawn as a guide to the eye only.

For the samples which have not been subjected to the additional H2-trcatmcnt,
AREL is influenced by the possible presence of moisture. This is concluded from the
following. If the vacuum-tight eel is evacuated, i.e. moisture is removed from the
sample, AREL increases. In addition, if the (moisture-free) sample is exposed to dried
air AREL remains the same. However, as soon as the sample is exposed to ambient air,
AREL decreases. So, it is concluded that in the nitrate containing samples due to the
presence of moisture, which is adsorbed from the atmosphere, the interaction-strength
between the iron(III)oxide particles and their support weakens. It is noteworthy that
the effect of moisture is considerably less for the molybdenum containing sample.

In contrast, AREL of the samples which have been subjected to the additional
H2-treatment is not affected by the presence of moisture. Besides, the additional
H2-treatment causes an increase in the resonant absorption area of the fresh sample.
Such an increase could be due to the difference in the mean iron(III)oxide particle size
(see Tables I and II). However, the observed increase is larger than that resulting from
the difference in the mean iron(lll)oxide particle size. Hence, it is concluded that the
interaction between the iron(III)oxide particles and their support has become stronger
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after the additional H2-treatment. This is in perfect agreement with the results on the
"particle-support interaction-strength".

DISCUSSION
From our measurements it becomes clear that the interaction-strength between

iron(III)oxide particles and their support is influenced by, at least, two factors, viz.
whether or not molybdenum is present and the possible presence of moisture in
combination with nitrate anions.

From the values obtained for <q>eff (see Table III) it is concluded that the presence
of nitrate anions leads to a lower interaction-strength between the iron(III)oxide
particles and their support. In addition, the nitrate anions bring about a dependence of
the interaction-strength on the humidity of the sample. Adsorption of moisture from
the air causes a weakening of the interaction. The aforegoing can be understood as
follows.

The nitrate anions attract moisture, so they will be present as hydrated anions.
These hydrated anions could form a layer which is located in between iron(III)oxide
particles and their support. The more humid this layer, the weaker the interaction
between the iron(III)oxide particles and their support. In line with this, the
interaction-strength is both larger and indifferent to moisture in the samples which do
not contain nitrate anions, i.e. the oxidic Fe(x)/C(393 K) and Fe(x)Mo(9.5)/C(393 K)
samples. The layer of hydrated anions would also account for the fact that some of the
iron in the oxidic Fe(x)/C(293 K) and Fe(x)Mo(9.5)/C(393 K) samples is in close
contact with nitrate anions.

It follows from our experiments that the influence of moisture in combination with
the presence of nitrate anions on the interaction-strength is affected by the
composition of the samples. In the Fe(x)Mo(9.5)/C(293 K) samples, moisture affects
the interaction-strength considerably less than in the oxidic Fc(x)/C(293 K) sample.
This indicates that in the molybdenum containing sample less moisture is present in
the layer of hydratcd anions between the iron(III)oxide particles and their support.

On basis of the aforegoing, the following structure model for the oxidic
Fc(x)/C(293 K) and Fc(x)Mo(9.5)/C(293 K) samples is proposed. The iron(III)oxide
particles are not in direct contact with their support, because a layer of hydrated
nitrate anions is located in between the two. This causes a decrease in the interaction
between the iron(III)oxide particles and their support.

The higher the humidity of the layer, the more pronounced the decrease in the
interaction. In case molybdenum is present it is generally accepted that the
molybdenum oxide phase is well attached to the carbon support. Due to their
respective charges, iron(III)oxide particles will preferably be attached to the
molybdenum oxide phase rather than to the carbon support. Also, ihe molybdenum
brings about less hydrated anions.

During the additional H2-treatment, the nitrate anions are removed from the oxidic
samples. Consequently, the iron(III)oxide particles are in direct contact with their
support. In case of the oxidic Fc(x)/C(393 K) samples, the iron(III)oxide and the
carbon support are in contact with each other. However, as a result of the structure

27



model outlined above, it is expected that in the oxidic Fe(x)Mo(9.5)/C(293 K)
samples the iron(III)oxide particles are supported by the molybdenum oxide phase.

Evidence for the location of the iron(III)oxide particles on top of the molybdenum
oxide phase in the Fe(x)Mo(9.5)/C(y) samples is obtained from the determined values
of <q>eff. As mentioned before, when the catalyst precursors are subjected tc the
additional H2-treatment the nitrate anions are removed from the samples. From Table
III it follows that <q>eff is larger for the Fe(x)Mo(9.5)/C(393 K) than for the
Fe(x)/C(393 K) samples. So, the iron(III)oxide particles will be attached to different
support materials for the two kinds of catalyst precursors. Additional support for the
afore mentioned location of the iron(III)oxide particles in the oxidic
Fe(x)Mo(9.5)/C(393 K) samples is given by the following. It is found [26](this thesis,
ch. 7) that the Mossbauer parameters of the iron(III)oxide phase are influenced by the
presence of the molybdenum. This indicates that the iron- and molybdenum oxide
phase are in close contact. Finally, for COMO/AI2O3 catalysts it is supposed that in the
oxidic samples after calcination a Co-Mo bilayer is present. This model shows
similarities to that outlined above because the Mo in the Co-Mo bilayer is located
between the alumina support and the Co [31].

CONCLUSIONS
The present study has shown that useful information about the interaction-strength

between iron(III)oxidide particles and their support in oxidic Fe/C and Fe-Mo/C
catalyst precursors can be obtained by means of Mossbauer spectroscopy
measurements. The main conclusions are:

— The "particle-support interaction-strength" is influenced by the presence of nitrate
anions in the oxidic catalyst precursors.

— The presence of nitrate anions leads to a weakening of the interaction between the
iron(III)oxide particles and their support. This is ascribed to the formation of
hydrated anionic species, which form a layer between the iron(III)oxide particles
and their support.

— In the presence of molybdenum the iron(III)oxide particles are preferentially
supported by the molybdenum rather than by the carbon.

— Due to the presence of molybdenum the layer of hydrated anionic species is
reduced.
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4. A MOSSBAUER STUDY OF THE SULFIDIBILITY OF ct-Fe2O3

W.L.T.M. RAMSELAAR, V.H.J. DE BEER and A.M. VAN DER KRAAN

ABSTRACT

As a first step in the study of the sulfidation of carbon-supported iron
oxide catalyst systems the sulfiding process of a well characterized
unsupported model compound viz. a-Fe203 (mean particle diameter
= 50 nm) has been investigated with in-situ Mossbauer spectroscopy and
the Temperature-Programmed-Sulfiding (TPS) technique. Sulfidation was
carried out in a flow of10% IhS in Hi. At room temperature and
atmospheric pressure no bulk sulfidation of the a-Fe2O3 particles has been
observed. However at increasing sulfidation temperature a direct
transformation of bulk a.-Fe2O3 into iron sulfides takes place. The FelS
ratio of the iron sulfides formed during the sulfidation process is initially 2
and decreases to 1 with increasing sulfidation time and/or temperature.

INTRODUCTION
Hydrotreating catalysts are important within the oil-refining industry. The

treatment with 5-15 MPa H2 at 600-700 K in the presence of alumina-supported
Co-Mo and Ni-Mo sulfide catalysts removes carbon-bonded imparities such as S, N,
O, Ni and V via so-called hydrodesulfurization (HDS), hydrodenitrogenation (HDN),
hydrodcoxygenation (HDO) and hydrodemetallization (HDM) reactions. Recently, it
is shown that sulfidcd FC2O3 well-dispersed on a carbon support, has promising
properties as a hydrolreating catalyst [1,2].

In the preparation process of these catalysts sulfidation of the oxidic catalyst
precursor is a crucial step because it results in the formation of the actual active
catalyst. Therefore, it is important to know how this sulfidation proceeds and whether
the final result (type of sulfide and its dispersion) depends upon the sulfiding
conditions applied. In general, the sulfiding process of oxidic catalyst precursors has
hardly been studied so far. Recently, a Temperature-Programmed-Sulfiding (TPS)
technique has been developed and succesfully applied [3-8]. In the case of iron [9] or
cobalt [10,11] containing HDS catalysts, in-situ Mossbauer spectroscopy is an other
excellent technique to study the transition of oxide catalyst precursors to their sulfided
state.

As a first step in our study of the sulfidation of carbon-supported iron oxide
catalyst systems the present paper describes the sulfiding process of a well
characterized unsupported model compound viz. cc-Fe2O3. The techniques applied are
in-situ Mossbauer spectroscopy and TPS.

During sulfiding of a-Fe2O3 the following iron sulfides Fei-xS (pyrrhotites) and
FeS2 (pyrite) are formed. However, in the former a wide range of solid solutions



exists between x = 0 and x = 0.18. The non-stoichiometry of the iron-sulfide system
has been attributed to the presence of iron vacancies [12]. It has been reported that
due to variations in ordering of the iron vacancies different stable phases t t "• exist at
room temperature. This will briefly be reviewed in the following section.

THE IRON MONOSULFIDE SYSTEM
Besides the minerals troilite (FeS) and pyrrhotite (Fe7S8) the iron monosulfide

system also includes artificially prepared Fei-xS compounds with -0.02 < x < 0.18.
Above about 400 K the stoichiometric mineral troilite and the near stoichiomctric

Fei-xS compounds with -0.02 < x < 0.04 have the regular NiAs structure, which is
called the lC-type structure. Below 400 K these compounds show a hexagonal
superstructure [13] derived from the NiAs structure in such a way that the length of
the crystallographic c-axis is twice as large as that of the lC-type structure and is
therefore called the 2C-type structure. In the temperature range of 200 - 400 K the
lC-type structure as well as the 2C-type structure can exist for these compounds. In
the basic crystallographic structure the relativily large sulfur ions are hcxaBonally
close-packed, while the smaller iron ions preferentially occupy the octahedral sites
and arc arranged in layers.

It is obvious that due to the close packing of the sulfur ions the non-stoichiometry
of the iron monosulfide system has to be attributed to the presence of iron vacancies
[12]. These vacancies arc randomly distributed in the range 0 < x < 0.09. In this range
the compounds show above 200 K the lC-type and below 200 K the 2C-typc structure.
At x > 0.09 ordering of the iron vacancies leads to stable phases at room temperature
which differ with respect to the stacking sequence of iron-dcP \ ui layers. Since a
clearly defined and generally accepted convention does r ^xist the name troilite will
be used for all phases exhibiting vacancy disorder, while the term pyrrhotite will be
used for all phases exhibiting vacancy order. So, both the 1C- and 2C-type structure
will be called troilite like the stoichiomctric minera! FeS. In the composition range
where the iron vacancies are ordered the 3C- and 4C-type structure are observed at
room temperature [14-17]. The nominal composition of these stable phases
corresponds to Fe7Ss which means x = 0.125. The difference between 3C- and
4C-type structures lies in the stacking sequence of the iron-deficient layers.

The troililc-pyrrhotite system has been extensively studied by various techniques
in order to determine its magnetic as well as electric properties. As the effective
magnetic hyperfine field at an iron nucleus is dependent on the number of surrounding
iron atoms, their distances and configurations, Mossbauer spectroscopy has been used
by Igaki el al. [18] to investigate the iron vacancy distribution in single crystals of
Fei-xS in the range 0.083 < x < 0.125. These authors take into account the iron
vacancies within the third-nearest neighbouring positions and the iron sites are
designated by the number of vacancies in each of the nearest, second-nearest and
third-nearest neighbouring positions labelled by the symbols C, A and B, respectively.

In the region of vacancy order Thiel [19] has investigated by means of Mossbaucr
spectroscopy, the pyrrhotite Fe7S8 in the 3C-type structure as well as the 4C-type
structure. The temperature dependence of hyperfine interactions in the
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near-stoichiometric FeixS (troilitc) in the IC-stnjcture region as well as the
2C-struclure region has been studied by Thie! and van den Berg [20].

EXPERIMENTAL
Experiments were carried out on a mixture of 75 mg a-Fe203 (BASF, mean

particle size = 50 nm) and 225 mg SiO2 (Aerosil 300V) which was pressed into self
supporting wafers with a diameter of 22 mm, using a pressure of 8-10 MPa.

Sulfidation of the a-Fe2O3 was carried out in an in-situ Mossbauer reactor similar
to the one desert previously [21] with the only difference being that the reactor
used in the piu.scnt investigation is made of stainless steel. Sulfiding took place in a
10% H2S in H2 gas mixture at a flow rate of 1 cm /s. Before sulfidation was started,
the reactor was flushed with Ar, 1 cm /s during 30 minutes at room temperature.
During the sulfiding procedure ihe following temperature program was applied: 30
minutes at room temperature, linear increase to the desired maximum reaction
temperature in 1 h, holding at this temperature for a certain time and cooling (in the
H2S/H2 flow) to room temperature. The samples used for Mossbauer analysis will be
denoted FC2O3 (y K) where y is the maximum sulfiding temperature which in all cases
is reached within 1 h or FC2O3 (y K, z h) with z being the time during which the
sample was additionally kept at the maximum sulfiding temperature.

While the reactor was still filled with the sulfiding gas mixture the Mossbauer
experiments were performed at room temperature with a constant acceleration
spectrometer using a Co in Rh source. The spectra shown were not corrected for the
varying distance between source and absorber and hence the curved background in the
spectra is of instrumental origin. Isomer shifts are given relative to
sodiumnitroprussidc (SNP) at room temperature. Magnetic fields were calibrated with
the 51.5 T field of OC-FC2O3 at 293 K. The MOssbauer spectra have been deconvolutcd
by computer with calculated subspectra consisting of Lorentzian-shaped lines,
whereas the curved background was accounted for by a parabola.

A detailed description of the TPS equipment and procedure has been given
elsewhere [3,5]. At the start of the TPS experiment the reactor containing 38 mg
a-Fc2O3 was flushed with Ar. Then, the sulfiding gas mixture (3.3% H2S, 28.1% H2
and 68.6% Ar) was led through the reactor at about 293 K. The composition of the gas
leaving the reactor was continuously monitored. H2S was detected using a U V
detector set at 215 nm, H2 was detected by a thermal conductivity detector after H2O
and H2S has been trapped in molsieves. When the H2S uptake at room temperature
was completed the temperature of the TPS reactor was increased to about 1270 K at a
rate of 10 K/min.

RESULTS
MQssbauer spectrometry

First, the effect of H2S/H2 treatment at room temperature was studied. The
Mossbaucr spectrum obtained after 6 h exposure of the ot-Fe203 particles to the
H2S/H2 gas mixture has not been changed upon this exposure.
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Figure la: In-situ Mossbauer spectra at 293 K ofsulfided FeiO3 (y X) samples. See
Experimental for details of the sulfidation procedure and sample notation.

Figure lb: In-situ Mossbauer spectra at 293 K ofsulfided Fe2C>3 (y K, 4 h). See
Experimental for details of the sulfidation procedure and sample notation.

Figure la shows room temperature Mossbauer spectra of the samples FC2O3
(423 K), Fe2O3 (473 K), Fe2O3 (523 K), Fe2O3 (573 K) and Fe2O3 (673 K),
respectively. It is obvious that the spectral contribution of the a-Fe2O3 sextuplct is
decreasing with increasing final suifiding temperature and that this coincides with the
appearance of several newly formed six lines patterns with much smaller magnetic
hyperfine splittings. Besides these patterns of magnetically splitted components also
an electric quadrupole doublet is observed in the center of the spectra of the samples
sulfided upto473 K or 523 K.
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In order to follow how the sulfidation of a-Fe2O3 proceeds we have also continued
Ihe treatment in H2S/H2 for 4 h at the selected final sulfiding temperatures. In Figure
lb the corresponding room temperature Mossbauer spectra are shown. Comparison of
the spectra presented in Figures la and lb clearly shows that the a-Fe2O3 contribution
is decreasing with increasing sulfiding temperature as well as sulfiding time. It is also
evident that the doublet present in the center of the spectra Fe2O3 (423 K), Fe2O3
(473 K) and Fe2O3 (523 K) in Figure la and the Fe2O3 (423 K, 4 h), Fe2O3 (473 K,
4 h) spectra in Figure lb should be ascribed to a compound which is formed in the
beginning of the sulfiding process at temperatures below 473 K. When the sulfiding
process at 473 K was continued during 4 h the central doublet has nearly disappeared.
It follows from the Isomer Shift (IS) and Quadrupole Splitting (QS) values obtained
after computer deconvolulion of the spectra, that the observed doublet can be ascribed
to pyrite (FeS2) (see Tables I and II).

From the Figures la and lb it follows that both an increase in sulfiding
temperature or sulfiding time influenced the resonant absorption pattern of the newly
formed compounds with magnetic hyperfine splittings, indicating a change in
composition and/or crystallographic structure. The observed range of magnetic
hyperfine fields corresponds to that of non-stoichiometric FeixS compounds [18-20].
For the samples Fe2O3 (473 K), Fe2O3 (523 K) and Fe2O3 (423 K, 4 h), Fe2O3
(473 K, 4 h) the spectrum of the sulfidic compound consists of at least three distinct
magnetic hyperfine scxtuplcts. As result of increasing the sulfiding time and/or
temperature the differences in the observed magnetic hyperfine fields become smaller.
Besides the spectral contribution of the doublet in the center and the sextuplet of the
original a-Fc2O3 particles, we have used three different magnetic hyperfine sextuplets
in the deconvolution procedure. The numerical Mossbauer parameters, (IS, QS and the
magnetic hyperfine field Hcff) as well as the spectral contributions A deduced from the
spectra are given in Tables 1 and II.

Although the observed Fei-xS magnetic hyperfine fields tend to become less
different, the largest field component found in Fe2O3 (673 K, 4 h) is still smaller than
the magnetic hyperfine field (310 kOe) measured for the stoichiometric compound
FeS from the meteorite Cape-York. The room temperature spectra of the latter and the
FC2O3 (673 K, 4 h) sample are shown in Figure 2.

It turns out to be necessary to keep the sulfided samples in the H2S/H2 gas mixture
during the Mossbauer experiment. This is clearly demonstrated in the Figures 3 and 4.
In Figure 3 we show the in-situ room temperature spectra of the Fe2Oj (523 K, 4 h)
sample and that of the same sample after removing the H2S/H2 environment by
flowing Ar at 293 K. The small spectral contribution of the a-Fe2O3 particles
remained the same. However, the sulfidic contributions are different, indicating a
change in the composition of the sulfided sample by changing the surrounding gas
phase from H2S/H2 to Ar. Figure 4 shows spectra of the Fe2O3 (473 K, 4 h) sample
exposed to static air at room temperature for 1 week, measured at 293, 77 and 4.2 K,
respectively. By comparing the room temperature spectrum of the air-exposed sample
FC2O3 (473 K, 4 h) with the original spectrum given in Figure lb, it follows that the
exposure to air has caused the appearance of a quadrupole doublet in the center of the
spectrum. This doublet can be ascribed to an Fe +-oxide compound formed through
the reoxidalion of the sample. At 4.2 K the doublet contribution to the spectrum has
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TABLE I

Mossbauer parameters at 293 K of sulfidcd FC2O3 (y K) samples. See
Experimental for details of the sulfidation procedure and sample notation. The isomcr
shift (IS) and electric quadrupole splitting (QS) are give in (mm/s). The effective
magnetic hyperfine field (Heff) is expressed in (kOe). The spectral contribution A is
given in (%).

Sulfided Fe2O3 (y K) samples

523 K 573 K 673 K

IS
QS
Heff
A

0.69
0.07

515
16

0.71
0.09

515
12

0.73
0.10

517
7

IS 0.57
QS 0.61 FeS2
A 3

IS 0.97 0.98 1.00
QS -0.06 -0.07 -0.07

301 301 296
32 22 25

IS 0.99 1.01
QS -0.05 -0.06
Heff 277 276
A 30 44

IS 0.96 0.98 0.99
QS -0.04 -0.07 -0.09
Heff 259 257 261
A 33 36 24

IS 0.93
QS -0.10
Heff 229
A 16

Experimental uncertainties: IS = ± 0.02; QS = ± 0.05; Heff = ± 2; A = ± 5.
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TABLE II

Mossbauer parameters at 293 K of sulfided Fe2O3 (y K, 4 h) samples. See
Experimental for details of the sulfidation procedure and sample notation. The isomer
ship. (IS) and electric quadrupole splitting (QS) are given in (mm/s). The effective
magielic hyperfine field (Hcff) is expressed in (kOe). The spectral contribution A is
giver' in

y

IS
QS
Heff
A

IS
QS
A

IS
QS
Hcff
A

IS
QS
Heff
A

IS
QS
Heff
A

IS
QS
Hcff
A

423 K

0.69
0.07

516
13

0.57
0.61

21

0.95
-0.05

300
29

0.96
-0.03

255
21

0.95
-0.10

225
16

sulfided

473 K

0.70
0.07

516
9

0.57
0.61
2

0.97
-0.06

301
33

0.95
-0.04

258
37

0.93
-0.09

229
19

Fe2O3 (y K, 4

523 K

0.72
0.1

517
5

0.98
-0.07

300
28

0.99
-0.04

275
35

0.98
-0.08

258
32

h) samples

573 K

0.99
-0.06

296
36

1.00
-0.05

275
44

0.99
-0.10

259
20

673 K

1.00
-0.06

295
32

1.00
-0.06

277
43

1.00
-0.10

261
25

0C-FC2O3

FeS2

Fei-xS

Experimental uncertainties: IS = ± 0.02; QS = ± 0.05; Heff = ± 2; A = ± 5.
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Figure 2: Mossbauer spectrum at 293 K of stoichiometric troilite (FeS)from the
meteorite Cape-York, and in-situ Mossbauer spectrum at 293 K of the sulfided Fe2O3
(673 K, 4 h) sample. See Experimental for details of the sulfidation procedure and
sample notation.

disappeared while a sextuplet consisting of very broad absorption lines, indicating a
broad distribution of magnetic hyperfine fields, has appeared. This effect can be
explained by superparamagnetic behaviour of either small iron oxyde particles [1 ] or
an oxidic surface shell on larger particles [22].

Temperature-Programmed-Sulfiding
The TPS pattern of the well characterized unsupported model compound oc-Fe203

is shown in Figure 5. For clarity only the H2S partial pressure is given. Before the
start of the temperature program a H2S uptake is observed at room temperature. The
amount of H2S involved corresponds with the amount required to flush Ar from the
reactor and replace it with the H2S/H2/Ar mixture. Therefore this H2S uptake does not
indicate sulfiding of the sample at room temperature. Sulfiding starts somewhat above
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Figure 3 : Room temperature in-situ Mossbauer spectra of the sulfided
Fe2O3 (523 K, 4 h) sample and of the same sample after replacing the H2SIII2
environment by Ar at 293 K. See Experimental for details of the sulfidation procedure
and sample notation.

room temperature when an H2S uptake is observed together with an H2O production
(not shown). It follows from Figure 5 that the sulfiding is completed at about 900 K.

Between 450 K and 750 K, an H2 consumption is found, with peaks coinciding
with the "dents" in the H2S consumption peak at 460 K, 600 K and 720 K. This
indicates that H2S is produced by reduction of sulfur or of sulfur-containing species
[3,5]. The total H2S consumption corresponds with a Fe/S ratio of 1, the H2
consumption with a Fe/H ratio of about 3. These ratios are close to the values found
for FC2O3 with a larger particle size [23].

DISCUSSION
From the experimental results shown in Figure 3 it follows that even at room

temperature the Fe/S ratio of the compounds formed has changed due to the
replacement of the H2S/H2 environment by Ar. Furthermore, it is found (see Figure 4)
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Figure 4: Mossbauer spectra at 293, 77 and 4.2 K of the sulfided Fe2C>3 (473 K, 4 h)
sample exposed to air for 1 week at 293 K.

that sulfided samples become partly reoxidized after an exposure to air at room
temperature for a period of 1 week. Therefore, it is absolutely necessary to keep the
sulfided samples in the sulfiding gas mixture during characterization.

Lambert et al. [24] have reported that in the iron-sulfur system the composition of
the iron-sulfides formed depends on the H2S/H2 ratio as well as the temperature.
Using the results of these authors [24] our results indicate that the H2S/H2 ratio at the
surface of the particles will increase as a consequence of replacing the H2S/H2
gaseous environment by Ar gas.
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The temperature dependence of the oxidic contributions to the spectra of the
sulfidcd samples after exposure to air (Figure 4) can be explained by
superparamagnelic behaviour of either small iron oxide particles [1] or an oxidic
surface shell on large iron sulfide particles [22]. As supcrparamagnctic behaviour at
room temperature has not been observed for the sulfidcd samples, it is most likely that
during the sulfidation procedure the size of the particles remains rather large. So, only
the outer shell of the sulfidcd particles will become reoxidized by the air exposure.
However, in the case of carbon-supported Fe2<33 particles with a much smaller mean
particle size (< 4 nm) we observed supcrparamagnetic behaviour for the iron sulfide
phase formed during treatment in H2S/H2 (Fc(673 K, 4 h)/C) and this iron sulfide
phase could be indeed fully reoxidized by means of exposure to static air at 293 K
during 1 week [25] (this thesis, ch. 5).

From our in-silu Mossbauer as well as TPS-analysis it is concluded that the bulk of
unsupported rx-Fc2O3 particles (diameter = 50 nm) is not sulfided at room
temperature. However, since the fraction of surface atoms of such particles is only
about 5% and furthermore the effective Dcbye temperature of surface atoms is only
about half that for bulk atoms [26], sulfidalion of 'he surface iron atoms cannot be
excluded. In the case of a catalyst consisting of carbon-supported FC2O3 particles with
a much smaller mean particle size, we have observed sulfidation of the particles to a
large extent even at room temperature [25](this thesis, ch. 5). Okutani et al. [27] have
found that an exothermic reaction occurred upon addition of a H2S/H2 gas mixture to
unsupported OC-FC2O3 at room temperature in a gas circulating high-pressure (4-10
MPa) DTA apparatus. Analyzing the crystal structures by ex-situ X-ray diffraction
when this particular exothermic reaction was completed, these authors have found
diffraction lines of FcS2 and FC3S4 having about half the intensity of diffraction lines
of the major compound a-Fc2O3. As we observed the formation of bulk iron sulfides
only at higher temperatures, shown by the Mossbauer spectra in the Figures la and 1b
and the TPS-rcsults given in Figure 5, the apparent discrepancy between our results
and those of Okutani ct al. [27] may be due to the vigourous exothermic reaction at
high-pressure and the resulting local temperature increase as observed by these
authors.

All our in-situ Mossbaucr experiments clearly show a direct transformation of bulk
CX-FC2O3 into iron sulfides during the sulfidation process (see Figures la and lb). The
formation of Fe3O4 between 500 and 600 K which is reported by Okutani et al. [27]
has not been observed in our experiments at atmospheric pressure, so the reaction
scheme seems to be less complex as suggested by these authors.

McCormick et al. [28] have proposed a model for the sulfidation of FcO (Wiistitc)
wafers. They studied the sulfidation of FeO with thermogravimetric techniques and
found that during an initial transient stage a layer of FeS is formed on the wafer. It
was assumed that this FcS layer is impermeable to oxygen. Therefore, oxygen would
be conserved in the sample and there would be virtually no net oxygen transfer to or
from the gas phase whatever its oxygen potential is. The growth of the FeS layer
should proceed by the diffusion of iron from the FeO core to the FeS-gas interface
where it reacts with sulfur from the gas phase lo form FeS. They stated that the
reaction rate was limited by the diffusion of iron through the intermediate Fe3O4 layer
between FcS and FeO which grew concurrently with the FcS layer and at the expense
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Figure 5: TPS-pattern of unsupported a-Fe2O3 particles.

of the FcO core. When the FeO core was completely converted to Fe3O4 the process
stopped. Our observations clearly show that such a model of sulfidation of iron oxides
must be wrong and only follows from the assumptions made by McCormick el al. [28]
that the diffusivity of oxygen and sulfur anions in FcO and FC3O4 are orders of
magnitude less than the diffusivity of iron.

It follows from the TPS results shown in Figure 5 that sulfiding of a-Fe2O3 starts
at relatively low temperature. The simultaneous consumption of H2S and production
of H2O show that the reaction proceeds through O-S exchange which means that
o>Fe2O3 is not first reduced to Fe3O4 or FeO. From the TPS results only, it can not be
excluded that reduction proceeds via Fe (oxy)-sulfidcs. The "dents" in the H2S
consumption peak at 460 K and 600 K coupled with H2 consumption peaks may
suggest such a reduction behaviour. By combining the Mossbauer and the TPS results
it can be explained that these "dents" in the H2S consumption peak and corresponding
H2 consumption are due to lowering the sulfur content of the initially formed iron
sul fides.
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According to the spectra in Figures la and lb the formed FeS2 which is associated
with the electric quadrupole doublet in the center of the resonant absorption spectra, is
transformed into non-stoichiometric Fei-xS compounds by prolonged (4 h) sulfiding at
423 K and 473 K. The observed magnetic hyperfine fields for the sulfide compounds
in Fe2O3 (473 K, 4 h) agree with those found by Thiel [19] (302 ± 2, 252 ± 2, 228
± 2 kOe) in a sample of synthetic Fe7Ss with the 4C-type structure. By increasing the
sulfiding temperature to 523, 573 or 673 K, the differences between the observed
hyperfine fields become gradually smaller (see Figure 1b and Tables I and II). This
behaviour indicates that we approach the composition range with x < 0.09 in which
the iron vacancies in the non-stoichiometric Fei-xS compounds become no longer
ordered. So, from the measured MSssbauer spectra it follows that the mean sulfur
content of the iron-sulfur compounds formed decreases with extending the sulfidation
time and/or increasing the maximum temperature. From the quantitative analysis of
the TPS-rcsults it is shown that finally the total H2S consumption corresponds with a
Fe/S ratio of 1 which is in line with the Mossbauer effect results described above. So,
it can be concluded that the observed "dents" in the H2S consumption peak are due to
the transition of FcS2 —> Fei-xS and continuously lowering of x with extending
sulfidation time and/or increasing the maximum temperature.

The analyses of the Mossbauer spectra of the sulfided samples were carried out
using only three different magnetic hyperfine sextuplets for representation of the
sulfur compounds formed. Igaki et al. [18] have analyzed their spectra in much more
detail and have proposed an assignment of the various components of the Mtfssbauer
spectra to iron atoms with different vacancy configurations within the First, second
and third neighbouring shell labeled by the symbols C, A and B, respectively. When
an iron atom has no iron vacancy within these three neighbouring shells, this site is
denoted by O. As mentioned before, the observed magnetic hypcrfine fields in the
sulfided sample Fe2O3 (473 K, 4 h) correspond to those found by Thiel [19] in Fe7Sg
which has the 4C-typc structure. This means in terms of the nomenclature of Igaki et
al. [18] that we are dealing with the sites A2 (300 kOe), B4 (258 kOe) and B2C1
(228 kOc). The hypcrfine field of the O-site will correspond to the hyperfine field for
the sample Fei-xS with x = O in which all iron sites occupy the O-sites. We have
observed a hyperfine field of 310 kOe at room temperature for a FcS sample from the
meteorite Cape-York which has the 2C- type structure. However, for the lC-type
structure Thiel and van den Berg [20] have found a hyperfine field of 290 kOe at room
temperature. Since Ono and Ito [29] reported a hyperfine field of 276 kOe for a
lC-lype Fei-xS which because of its low x value (x = 0.047) will have a large fraction
of occupied O-sites, it seems reasonable to assign this hyperfine field of the lC-type
structure (290 kOe) to the O-site. Assuming, that iron vacancies at the C, A and B
positions contribute independently to the hyperfine field, their contribution can be
calculated by comparing the values of the hyperfine fields at the sites A2 , B4 , B2C1
with those at the O-siles. These contributions, denoted as AHA , AHB and AHc per
vacancy, become AHA = +5 kOe, AHB = -8 kOe and AHc = -46 kOe, and they are in
reasonable agreement with the different contributions reported by Igaki et al. [18].
These authors used the derived values of AHA , AHB and AHc to calculate the
hyperfine fields of the additionally iron sites which they used for deconvolution the
measured MOssbauer spectra. We believe that such an analysis of their spectra is not
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justified by the experimental accuracy, so we have analyzed the Mossbauer spectra of
the sulfide compounds formed with only three different magnetic hyperfine
sextuplets. However, it can be noted from the hyperfine fields given in Tables I and ll
that the number of iron vacancies in the Fei-xS compounds formed is decreasing by
extending the sulfidation time and/or increasing the maximum temperature. The
initially observed iron sites A2, B4 and B2C1 have been changed into the iron sites Ai,
B2 and B4, while also the spectral contributions of the different sites indicate that the
composition of the FeixS compound formed shifts towards lower values of x.

CONCLUSIONS
It has clearly been demonstrated that it is absolutely necessary to keep the samples

in the sulfiding gas mixture during characterization, ^or the model catalyst of
unsupported a-Fe2O3 particles (diameter = 50 nm) no bulk sulfidation takes place at
room temperature and atmospheric pressure. At increasing sulfidation temperature a
direct transformation of bulk a-Fe2O3 into iron sulfides has been observed without
preceding reduction steps to Fe3O4 and FeO. The Fe/S ratio of the iron sulfides
formed during the sulfidation process is initially 2 and decreases to 1 with increasing
sulfidation time and/or temperature. In-situ Mossbauer spectroscopy and the TPS
technique are complementary techniques.
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5. TOE SULFIDATION OF CARBON-SUPPORTED IRON OXIDE
CATALYSTS.

W.L.T.M. RAMSELAAR, R.H. HADDEKS, V.H.J. de BEER and
A.M. van der KRAAN.

ABSTRACT

Carbon-supported iron sulfide catalysts were characterized by means of
in-silu Mossbaucr spectroscopy at temperatures down to 4.2 K. Thiophene
hydrodesulfurization (IIDS) activity measurements were performed at 673 K
in a flow microreactor operating at atmospheric pressure. The iron content
was varied from 1.1 to 9.0 wi% Fe.

In the oxidic catalyst precursors, dried in air at 293 K, nitrate onions
were still present. These anions could be removed by means of an additional
llz-treatment up to 393 K. This treatment also led to an increase in the
interaction strength between the iron(Hl)oxide particles and the carbon
support.

It is shown that the transition from iron(III)oxide to iron sulfide, in a
ihSllhflow at different temperatures, proceeded through two intermediate
phases, viz. an oxidic high-spin Fe +-phase andFeSi.

A correlation between the I IDS activity per mol iron and the mean iron
sulfide particle size was observed, while this mean particle size depended
on the preparalional treatments of the oxidic catalyst precursors.

INTRODUCTION
Hydrotrcating catalysts arc used within the oil-refining industry for the upgrading

of fossil fuel fractions. The feedstock is passed together with hydrogen (5-20 MPa at
573-773 K) over the catalyst. Several reactions take place simultaneously, such as
hydrocracking, removal of carbon-bonded impurities like sulfur, nitrogen, oxygen and
metals (Ni and V) via so-called hydrodesulfurization (HDS), hydrodenitrogenation
(HDN), hydrodcoxygenation (HDO) and hydrodemetallization (HDMc) reactions, and
hydrogenation of olefinic and aromatic hydrocarbons. The catalyst systems currently
applied contain molybdenum sulfide promoted by cobalt- or nickel sulfidc on an
alumina support.

Over the last few years there has been a growing interest in the application of
carbonaceous substrates as catalysts supports [1-12]. Potential advantages include 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]. In addition, it is reported that when a relatively inert support, like
carbon, is used instead of a more reactive one, such as alumina or silica, the thiophene
HDS activity of both promoted and unpromoted M0S2 catalysis increases [4,5,9,10].
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Moreover, de Beer et al. [3] and Duchct et al. [5] have shown that besides
molybdenum sulfide also cobalt- and nickel sulfide poscss an interestingly high
activity for thiophene HDS at atmospheric pressure when a carbon support is used.

Recently, Vissers et al. [7] and Ledoux et al. [11] reported thiophene HDS
activities for first, second and third row transition metal sulfidcs supported on
activated carbon. These authors found many transition metal sulfides to have a
considerable thiophene HDS activity, which is in accordance with the results obtained
by Pccoraro and ChianelH [13] for unsupported transition metal sulfides. Groot et a).
[14] showed that iron sulfide catalysts on an activated carbon support for metal
loadings up to 2.0 at/nm support surface area have a higher thiophene HDS activity
at atmospheric pressure than carbon-supported molybdenum sulfide catalysts.
Furthermore, it has been shown that unsupported iron sulfide particles do have a
definite catalytic effect during coal liquefaction [15,16]. So, it is probably
advantageous to use an iron sulfide catalyst on a high surface area carbon support
during coal liquefaction processes. Groot et al. [17] have already reported that an
activated carbon-supported iron sulfide catalyst has a promising activity for the
conversion of coal extract into lower boiling fractions. This indicates that low cost
carbon-supported iron sulfide catalysts could be used in hydrotreating processes using
highly contaminated heavy feedstocks, which will cause rapid catalyst dcactivation.

In the preparation process of hydrotreating catalysts sulfidalion of the oxidic
catalyst precursor is a crucial step, because it results in the formation of the actual
active sulfide phase. Therefore, it is important to know how the sulfidation proceeds
and whether the final result (type of sulfide and its dispersion) depends on the
sulfiding conditions applied.

Therefore, the suludalion of activated carbon-supported iron oxide catalysts was
investigated using in-situ Mossbauer spectroscopy at 293, 77 and 4.2 K. Also the
influence of the drying procedure of the oxidic precursor on the thermal stability of
the catalyst was studied, by comparing the dispersion of the oxidic catalyst precursors
and the reoxidized sulfided catalysts. In addition, the relative dispersion of the iron
sulfide phase was determined via Mossbauer spectroscopy and compared to the
performance of the Fe/C catalyst for thiophene HDS measured at 673 K and
atmospheric pressure.

It is found that preparationa! aspects play an important role in the activity o! the
carbon-supported iron sulfide catalysts. The observed differences in the catalytic
activity were demonstrated to be due to variations in the dispersion of the active
sulfidc phase. The dispersion is influenced by the preparation of ihe oxidic catalyst
precursor material.

EXPERIMENTAL
Preparation of oxidic catalyst precursors

All oxidic catalyst precursors were prepared by pore volume "mpregnation
(incipient wetness) of Norit RX3-extra activated carbon (pore volume 1.0 cm3^"1;
surface area 1190 m .g" ). The impregnation was carried out using aqueous solutions
of Fc(NO3).9H2O (Baker, 98.7 %) enriched in the Mossbauer isotope 57Fc up to 10 %.
The enrichement was achieved by reducing a-Fc2O3, 94.7 % enriched in 57Fc
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(Intcrsalcs), in flowing H2 at 700 K for 4 h and next dissolving in 2N HNO3. This
solution was mixed with the impregnation solution and the acidity of this mixture was
adjusted to pH = 0.25 by adding 2N HNO3 if necessary. In this way samples with an
iron loading of 1.1, 1.8, 2.7, 5.5 and 9.0 wt% were prepared.

After impregnation, the samples were dried at room temperature. First for 2 h ir
ambient air and then for 16 h in an airflow of 100 cm3.min In this way a well
dispersed iron oxide phase ( particle size < 4nm) was formed [18]. The dried samples
were divided in two portions. One portion was not subjected to any other treatment.
The other portion was additionally treated in flowing H2 (50 cm .min" ) for
sequentially 24 h at 313 K, 24 h at 353 K and 24 h at 393 K.

The oxidic catalyst precursors will be denoted Fe(x)/C(y), in which x represents
the iron content in wt% and y the upper drying temperature in Kelvin.

Sulfiding procedure and Mossbaucr experiments
Mossbauer spectra were recorded at 293, 77 and 4.2 X with either a constant

acceleration or a constant velocity spectrometer, using a Co in Rli source at room
temperature. The spectra recorded with a constant acceleration spectrometer were not
corrected for the varying distance between source and absorber, hence the curved
background in these spectra is of instrumental origin. Doppler velocities are given
relative to Sodiumnitroprusside (SNP) at room temperature. Magnetic hyperfine fields
were calibrated with the 51.5 T field of a-Fe2O3 at 295 K. The specira were fitted by
computer with calculated subspectra consisting of Lorentzian-shaped lines, whereas
the curved background was accounted for by a parabola.

Catalyst samples (150-200 mg) were sulfided in stainless steel Mossbauer in-situ
reactors (one for measurements at and above room temperature and one for
measurements down to liquid helium temperature). The design of these reactors has
been described in detail elsewhere [19,20]. The in-situ reactor used for the
measurements at room temperature or higher will be denoted as the High-Temperature
Reactor (HTR), and the one for measurement? at cryogenic temperatures as the
Low-Temperature Reactor (LTR). Different experimental procedures were used in the
two reactors.

In the HTR at first the influence of the exposure to H2S/H2 at room temperature
was investigated by replacing the initially present air by a 10 mol% H2S in H2 gas
mixture. A MOssbaucr spectrum was recorded at 293 K while the sample was kept in
static H2S/H2 at atmospheric pressure. Next, the same sample was subjected to
various successive sulfidation treatments in a 50 cm .min" H2S/H2 flow. In each
treatment the temperature is linearly increased to the desired temperature in 1 h, and is
then lowered to room temperature in the same gas flow. MOssbauer spectra were
recorded at 293 K after each treatment while the sample was kept in the H2S/H2
environment at atmospheric pressure. The samples will be denoted Fe(x)/C(y)[z] in
which z is the maximum sulfiding temperature in Kelvin reached during the 1 h
sulfiding procedure.

In the LTR the temperature was linearly increased to 673 K over a 1 h period, kept
at 673 K for 4 h in a 50 cm .min" H2S/H2 flow and the catalyst was cooled to room
temperature in the same gas flow. Subsequently, the separate absorber holder is in-situ
scaled vacuum-tight and mounted in a cryostat. These samples will be denoted as
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Fe(x)/C(y)[673 K,4 h]. The sulfided catalysts were reoxidized by opening the LTR
absorber holder and exposing them to air at room temperature for at least one week.

Sulfiding procedure and catalytic activity measurements
Catalyst presulfiding and thiophene HDS activity testing were successively carried

out at atmospheric pressure in a quartz tubular flow reactor (diameter 0.8 cm).
Catalyst samples (200 mg) were presulfided in a flow of 10 mol% H2S in H2 (total
flow rate 60 cm3.min~1) for 1 h, while increasing the temperature linearly from 293 to
673 K. Hereafter, the reaction gas mixture, consisting of 6.2 mol% thiophene in
hydrogen, was led through the reactor at a flow rate of 50 cm .min~ . The reaction
products were analyzed by means of an on-line caschromatograph. Assuming that the
HDS reaction is first order in thiophene [21], me quasi turn-over frequency (QTOF;
expressed in mol thiophene converted per mol active metal per second) was calculated
from the conversions measured after a 2 h run.

RESULTS
Mossbauer measurements

Oxidic precursors. For the oxidic catalyst precursors we first investigated the
influence of the drying procedure on the dispersion of the iron(III)oxide phase. In
Figure la,b Mossbauer spectra of the oxidic Fe(5.5)/C(293 K) and Fc(5.5)/C(393 K)
precursors recorded at 293, 77 and 4.2 K are given. These spectra are typical for all
oxidic precursors with different iron contents.
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Figure 1 a,b: Mossbauer spectra of the oxidic Fe(5.5)/C(293 K) and Fe(5.5)/C(393 K)
precursors reco ded at temperatures as indicated. See EXPERIMENTAL for details of
sample notation.
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The spectra measured at 293 and 77 K only consist of an electric quadrupole
doublet, while in the spectra at 4.2 K a superposition of a quadrupole doublet and a
magnetic hyperfine sextuplet is observed. The observed temperature behaviour for the
Fc(x)/C(293 K) and Fe(x)/C(393 K) samples is characteristic for ultrafine
iron(III)oxide particles snowing superparamagnetism [23]. The appearence of the
magnetic hyperfine sextuplet depends on the mean particle size as well as on the
temperature. As for all samples a spectral contribution of the magnetic hyperfine
sextuplet is only observed in the 4.2 K spectra (shown in Figure 2a,b), its relative
magnitude determines the sequence in the mean particle size.
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Figure 2: Mossbauer spectra of the oxidic Fe(x)!C(293 K) and Fe(x)/C(393 K)
precursors recorded at 4.2 K. See EXPERIMENTAL for details of sample notation.

The spectra at 293 and 77 K do not show any presence of the initial iron salt
Fe(NO3)3.9H2O, the contribution of which would be a broadened single line due to
paramagnetic spin-spin relaxation [22]. However, in the 4.2 K spectra of the
Fe(x)/C(293 K) precursors a contribution due to paramagnetic iron ions., indicated by
the full bar-diagram in Figure la, is observed besides the contribution of the
iron(III)oxide. The former contribution is not found for the Fe(x)/C(393 K) precursors
as can be seen in Figure lb.
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Furthermore, it is obvious from Figure 2 that the mean size of the iron(HI)oxide
particles increases during the additional H2-treatment. Comparison of the 4.2 K
spectra in Figure 2 with those of unsupported ultrafine a-Fe2O3 particles with a
known mean particle size [23-25] learns that in all the samples measured the mean
iron(III)oxide particle size is estimated to be in the range between 2 and 4 nm.
However, it is emphasised that for particle sizes between 2 and 4 nm small differences
in the mean particle size result in clearly discernable differences in the spectral
contribution of the magnetic hypeifine sextuplet to the 4.2 K spectra. The sequence in
the mean particle size of the iron(III)oxide particles in the Fe(x)/C(393 K) catalysts is
found to be Fe(2.7)/C(393 K) Fe(1.8)/C(393 K) Fe(5.5)/C(393 K) Fe(].l)/C(393 K)
= Fe(9.0)/C(393 K). This rather remarkable dependence of the mean particle size on
the iron content of the samples will be discussed in more detail later.

In addition, it appears that the observed total resonant absorption areas of the
spectra are drastically enlarged by the additional Ffe-treatment. This indicates that the
vibrations of the entire iron(III)oxide particles, relative to the support, are less after
the additional Pfe-treatment [26]. This effect can be interpreted as an increased
strength of the bond between support and iron(III)oxide particles [27](this thesis,
ch. 3). For both series of oxidic catalyst precursors it is observed that the strength of
the interaction does not depend on the iron content.

The electric quadrupole doublet observed in the spectra of the precursor material
consists of rather broad absorption lines. Therefore, it is reasonable to analyze these
spectra using two doublets. In order to obtain more detailed spectra at 293 K they
were recorded on a more extended velocity scale. From the analyses it appears that
both doublets have an identical isomer shift (IS) but different electric quadrupole
splittings (QS) (ISi =0.64 mm/s, QSi =0.63 mm/s ;IS2 =0.63 mm/s, QS2 =1.04 mm/s).
From previous experiments with unsupported small a-Fe2O3 particles (4-7 nm) it is
known that such a spectral composition is due to a bulk and a surface oxide
contribution [23]. The spectral component with the largest QS value can be assigned
to the surface oxide contribution.

Transition of the oxidic precursor into the active sulfide phase. Figure 3 shows
spectra of the Fe(2.7)/C(393 K) catalyst recorded at 293 K after various H2S/H2-
treatments in the HTR together with that of the oxidic Fe(2.7)/C(393 K) catalyst
precursor. These experiments illustrate how the oxidic precursor is converted into a
sulfidic catalyst. The results of computer analyses of the rather complex spectra are
given in Table I together with those of the Fe(1.8)/C(393 K) and Fe(9.0)/C(393 K)
catalysts, which have been subjected to similar treatments. Various stages in the
sulfidation process can be observed.

The Mossbauer spectra, hence the composition of the catalysts, change already in
the first stage, during which the catalysts are exposed to the sulfidation gas mixture at
room temperature. From the computer analyses of the spectra it follows that the bulk-
and surface-oxide contributions should behave differently. While the bulk-oxide
contribution has completely disappeared the surface-oxide contribution would only be
partly affected by the sulfidation gas mixture. It also follows from the analyses of the
spectra that besides the remaining so-called surface-oxide contribution two other
components, one associated with the presence of FeS2 (pyrite) and a high-spin
Fe2+-phase, seem to be discernable in the spectra.
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Figure 3: Mossbauer spectra recorded at room temperature of the Fe(2.7)/C(393 K)[z]
catalyst successively sulfided to various temperatures. See EXPERIMENTAL for details
of the sulfidation procedure and sample notation.
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TABLE I

Isomer shifts (IS), electric quadrupole splittings (QS) and spectral contributions (A) obtained from computer analyses of Mbssbauer spectra recorded at 293 K in HJS/HJ after
various successive sulfidation treatments up to temperatures in Kelvin (z) indicated. Note the two possible results from the analysis of the Fe (1.8) /C(293)(573] caulyst.

z IS QS A IS QS A IS QS A IS QS A IS QS A IS QS A IS QS A IS QS A
(K) (mm/tec) (%) (mm/sec) (%) (mm/sec) (*) (mm/sec) (%) (mm/sec) (*) (mm/sec) (%) (mm/sec) (%) (mm/sec) (%)

bulk oxide surface oxide high-spin Fe2*
# FeSj Fei.xS

Fe(1.8)/C(393)[zl

fresh 0.64 0.63 52 0.63 1.04 48
293 0.63 1.06 32 1.38 2.34 26 0.57 0.61 42*
473 0.64 0.98 27 1.39 2.23 8 0.57 0.61 65*
573 0.70 0.95 22 0.57 0.61 70* 0.66 0.46 8

0.65 0.95 28 0.58 0.57 72
673 0.68 1.06 25 0.65 0.66 36 0.65 0.31 39

773 0.71 1.00 27 0.67 0.60 37 0.67 0.26 36

Fe(2.7)/C(393)[z)

fresh 0.64 0.63 54 0.63 1.04 46
293 0.66 1.03 18 1.39 2.47 17 0.57 0.61 64*
473 0.63 1.00 24 1.44 2.34 11 0.57 0.61 65*
573 0.70 0.95 15 0.58 0.61 85
673 0.69 0.97 17 0.64 0.50 83
773 0.71 0.95 17 0.66 0.47 83
Fe(9.0)/C(393)[z] ~

fresh 0.64 0.63 55 0.63 1.04 45
293
473
573
673
773 _^_^

Experimental uncertainties IS: 0.03 mm/sec, QS: 0.05 mm/sec. A: 5%.
• Values of FeS2 were constrained to IS=0.S7 mm/sec, QS=0.61 mm/sec
# N.B. On basis of the experimental evidence available it is not possible to decide at whether this so-called surface oxide is a so far unknown "Fe-Sulfide" phase with the same

Mbssbauer parameters.

0.63
0.62

1.00
0.98

16
17

1.32
1.43

2.62
2.34

11
4

0.57
0.57

0.61
0.61

76-L

79*
0.64
0.71
0.73

0.92
0.85
0.85

24
26
25

0.59
0.66
0.68

0.51
0.38
0.37

76
74
75



By increasing lhe sulfidation temperature up to 473 K the contribution of the
high-spin Fc + spectral component decreases, while the so-called surface-oxide
contribution remains about constant in intensity, hence the spectral contribution of the
FeS2 increases (see Table I). After sulfidation up to 573 K or higher temperatures, the
high-spin Fe2+-contribution to the spectra has completely disappeared, while the
parameters of the so-called surface-oxide contribution have slightly changed. The
computer analyses of the Mossbauer spectra do not show unambiguously whether FeS2
is still present after sulfidation up to 573 K. However, for all the Fe(x)/C(393 K)
catalysts presented in Table I it is found that after sulfidation up to 673 or 773 K, the
IS as well as the QS of this spectral component tend to change. The IS increases and
the QS decreases with increasing sulfidation temperatures. The parameters change to
such an extent that it can be assumed that the pyrite is converted into another
compound. Both values shift towards the values reported for Fei-xS (IS = 0.90
mm.s1; QS = 0.10 mm.s"1) [28](this thesis, ch. 4) as shown in Table I. Hence, from
these experiments it follows that:

(1) Already at room temperature the bulk-oxide compound is fully transformed
by the H2S/H2 gas mixture into FeS2 and a high-spin Fe2+-phase.

(2) The FeS2 and the rrgh-spin Fe +-phase are intermediate compounds in the
sulfidation process.

(3) The so-called surface-oxide component should nearly be unaffected by the
sulfidation up to 773 K. Only the Mossbauer parameters have canged
slightly. However, the formation of an unknown "Fe-sulfide" phase with
similar Mossbauer parameters can not be excluded.

(4) Although the Mossbauer parameters of the pyrite contribution are changed
after sulfidation up to temperatures higher than 573 K, these values do
not match the values of bulk pyrrhotite (Fei-xS; -0.02 < x < 0.18) and
troilite (FeS).

Fully sulfided catalysts. In order to determine a possible correlation between the
catalytic activity and the composition and/or mean size of the catalytic particles it is
helpful for the characterization of the fully sulfided catalysts to determine Mossbauer
parameters for the different spectral components as accurately as possible. Besides the
isomcr shift and quadrupole splitting the magnetic hyperflne parameters are well
suited for the characterization of possible Fei-xS structures [28](this thesis, ch. 4). As
no magnetic hyperfine sextuplets are observed in the spectra recorded at 293 K and
the values of the IS and QS also indicate that we are not dealing with bulk
pyrrholile-troilite structures, Mossbauer spectra have been recorded in-situ at low
temperatures.

In Figure 4 spectra of the sulfided Fe(1.8)/C(393 K) catalyst recorded at 77,4.2
and 2.0 K are given. These spectra are typical for all sulfided Fe(x)/C(293 K) and
Fe(x)/C(393 K) catalysts. Like at 293 K, at 77 K the spectrum shows only an electric
quadrupole doublet. In the spectra at 4.2 and 2.0 K a superposition of several
magnetic hyperfine sextuplets and an electric quadrupole doublet is present. The
observed magnetic hyperfine splitting indicates that no oxidic compunds are present
in the catalysts. Hence, the catalysts are fully sulfided. It is known from experiments
on sulfided 50 nm a-Fe2O3 particles that magnetically split spectra of Fei-xS
structures can be described by three hyperfine sextuplets [28](this thesis, ch. 4).
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Figure 4: in-situ Mossbauer spectra of the Fe(1.8)/C(393 K)[673 K, 4 h] catalyst
sulfided in the LTR recorded at temperatures as indicated. See EXPERIMENTAL for
details of sulfidation the procedure and sample notation.

Therefore, the computer analyses of the spectra at 4.2 and 2.0 K were carried out
using three magnetic hyperfine sextuplets and one doublet. The numerical results of
these analyses are given in Table II.

TABLE II

Isomer shifts (IS), electronic quadrupole splittings (QS), magnetic fayperfine fields (II) and spectral contributions (A)
obtained from computer analyses of Mossbauer spectra recorded at temperatures indicated of the Fe(l .8)/C(393) catalyst
sulfided in the LTR.

T Sextuple! I Sextuple! II
IS QS H A IS QS H A

(K) (mm/sec) (T) (*) (mm/sec) (T) («.)

Sextuple! Ill
IS QS H A
(mm/iec) (T) (*)

Doublet
IS QS A
(mm/sec) (%)

77
4.2 0.85 0.05 27.5 31
2.0 0.85 0.07 27.5 35

0.82 -0.05 23.6 31
0.77 -0.11 24.4 25

0.83 -0.14 19.4 20
0.83 -0.09 19.9 23

0.76 0.81100
0.74 0.92 18
0.74 0.93 17

Experimental uncertainliet H:0.5 T, A:5%.
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There arc two reasons to conclude that the iron sulfide particles show
superparamagnetism, which implies that they are very small. Firstly, magnetic
splitting is only observed at temperatures well below the magnetic transition
temperature (= 600 K) for bulk Fei-xS. And secondly, the values obtained for the
magnetic hyperfine fields are well below their saturation values for bulk Fei-xS [28]
(this thesis, ch. 4) and tend to increase with decreasing recording temperature. The
superparamagnetic behaviour enables us to compare the mean size of the iron sulfide
particles in the catalysts. Table III shows the spectral contribution of the doublet and
the mean value of the magnetic hyperfine splitting (Hmean) obtained from computer
analyses of the spectra at 4.2 K of the sulfided catalysts. From this table it appears
that the values of Hmean differ only slightly, so it can be assumed that the type of the
iron sulfide is the same for all catalysts. In addition, it can be observed from Table III
that a decrease in the spectral contribution of the doublet is accompanied by an
increase in the value of Hmean; both effects indicate an increase in the mean size of
the iron sulfide particles. Thus, we obtain a sequence in the mean size of these
particles as represented in Figure 5.
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Figure 5: Relative mcu/i size of the catalytic Fei-xS particles in the Fe(x)/C(293 K)
{673 K, 4 h] and Fe(x)/C(393 K)[673 K, 4 h] catalysts sulfided in the LTR. The dotted
lines are drawn as a guide to the eye only. See EXPERIMENTAL for details of the
sulfidation treatment and sample notation.
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It follows from Figure 5 that the additional H2-treatment influences the mean size
of the sulfided particles. For iron contents of 2.7 wt% or higher the particles are
smaller for the Fe(x)/C(393 K) than for the Fe(x)/C(293 K) catalysts. However, for
iron contents below 2.7 wt% the opposite is observed. So these experiments indicate
the following:
(1) The composition of the fully sulfided catalysts is unaffected by the iron

content and the additional H2-treatment.
(2) The mean particle size in sulfided Fe(x)/C(y) catalysts depends on the

iron content as well as on the additional H2-treatment of the catalyst.
Reoxidized catalysts. The spectra of the Fe(5.5)/C(293 K)[673,4 h] and

Fe(5.5)/C(393 K)[673,4 h] catalysts recorded at 293,77 and 4.2 K after reoxidation
(air, 293 K, > 7 days) are given in Figure 6a,b and are characteristic for all reoxidized
catalysts. No remaining sulfidic contributions can be observed. The catalysts reoxidize
completely to iron(III)oxide, which particles show superparamagnetic behaviour. The
mean size of these particles is still below 4 nm, as can be concluded from a
comparison of the spectra with thos *, of ultrafine cc-Fe2O3 particles with a known
mean particle size [23]. From the spectral contributions of the magnetic sextuplet it
follows that the sequence in mean iron(III)oxide particle size of the reoxidized
samples is the same as found for the sulfided catalysts.

TABLE III

Mean magnetic hyperfine fields (Hmean) and spectral contributions of the quadrupole
doublet (A) obtained from computer analyses of MOssbauer spectra recorded at 4.2 K
for the Fe(x) /C(293) and Fe(x) /C(393) catalysts sulfided in the LTS

X

(wt%)

1.1
1.8
2.7
5.5
9.0

Fe(x) /C(293)
Sextuplets

H(T)
mean

Doublet
A(%)

not measured
22.6
23.9
24.0
24.8

22
14
12
10

Fe(x) /C(393)
Sextuplets

H(T)
mean

4.1
23.4
22.8
23.3
24.3

Doublet
A(%)

11
18
20
18
11

Experimental uncertainties Hmean.' 0.5 T, A: 5%.
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Figure 6 a,b: Mossbauer spectra of the Fe(5.5)/C(293 K) and Fe(5.5)/C(393 K)
catalysts reoxidized in ambient air at room temperature after sulfidation in theLTR
recorded at temperatures as indicated. See EXPERIMENTAL for details of the
sulfidation and reoxidation treatments and sample notation.

Catalytic activity measurements
Thiophene HDS activities per mol Fe after 2 h runtime as a function of iron

content are presented in Figure 7. For the Fe(x)/C(293 K) catalysts the QTOF
gradually decreases with increasing iron content. For the Fe(x)/C(393 K) catalysts the
QTOF increases when the iron content is increased from 1.1 to 2.7 wt% and decreases
at higher iron contents.

So, the additional H2-treatment of the oxidic catalyst precursors results in lower
QTOF values for iron contents up to about 2 wt%, while at higher iron contents the
opposite occurs.

DISCUSSION
Oxidic catalyst precursors

From the spectra recorded at 4.2 K (see Figure 2 a,b) it becomes clear that after
drying in air at 293 K of the impregnated samples besides small iron(III)oxide
particles (particle size below 4 nm) also paramagnetic iron ions are present. During
the additional H2-treatment up to 393 K the mean iron(III)oxide particle size
increased while the spectral contribution of the paramagnetic iron ions has
disappeared. However, the particle size remains below 4 nm. From thermal
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Figure 7: Thiophene HDS activities per mol iron after 2 h runtime as a function of iron
content for Fe(x)/C(293 K) and Fe(x)IC(393 K) catalysts. The dotted lines are drawn as a
guide to the eye only. See EXPERIMENTAL for details of catalytic activity measurements
and sample notation.

gravimetric analysis (TGA) results reported by Groot et al. [29] it is known that
remaining nitrate anions will be removed by the H2-treatment. So, the occurrence of
the paramagnetic iron ions is most probably due to remaining nitrate anions in close
contact with iron ions.

In addition to the observed increase in the mean iron(III)oxide particle size, the
total resonant absorption area is drastically enlarged (by a factor of 4) after the
H2-treatment [27] (this thesis, ch. 3). This effect has been interpreted as a
strengthening of the bond between the iron(III)oxide particles and the support, in such
a way that the vibrations of the entire iron(III)oxide particles, relative to the support,
become less [27] (this thesis, ch. 3). It is also found that the resonant absorption areas
are no longer dependent on the atmosphere (e.g. humid air, dry air and vacuum)
surrounding the oxidic catalyst precursors that have been subjected to the
H2-treatment [27] (this thesis, ch. 3). Combining these phenomena with the observed
removal of the nitrate anions one can conclude that the presence of the hygroscopic
nitrate anions results in a significant weakening of the bond between the
iron(III)oxide particles and the support. This will probably facilitate sintering of the
catalytic phase during the sulfidation procedure. So, the additional H2-treatment may
result in a minimization of the mean size of the iron sulfide particles.

It is shown in Figure 2 a,b that after the H2-treatment for iron contents above 2.7
wt%, the mean iron(III)oxide particle size increases as the iron content increases.
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However, it is remarkable that for the oxidic catalyst precursors with an iron content
below 2.7 wt% the sintering of the iron(III)oxide particles drastically increases (with
decreasing iron content) during the additional H2-treatment. This paradoxal effect can
be explained as follows. From combined Mt? -sbauer and XPS measurements Groot et
al. [14] concluded that for the oxidic Fe(x)/C(293 K) catalyst precursors the
distribution of the iron(III)oxide phase over the carbon support surface is influenced
by the viscosity of the impregnation solution. At low iron contents ( up to about 5
wt%), which implies a low viscosity of the iron nitrates impregnation solution, this
results in a considerable enrichment in iron(III)oxide of the surface located near the
outer parts of the support grains. At iron contents of about 5 wt% and higher no such
inhomogeneous distribution of the iron(III)oxide phase was determined. It is
suggested that during the additional H2-treatment water together with the hygroscopic
nitrate anions are removed from the oxidic precursors giving rise to an additional
particle transport from the inner pores towards the outer pores of the support grains. In
the case of an inhomogeneous deposition of the oxidic iron phase, the outer pores of
the support grains were already enriched in iron(III)oxide, so sintering will be easier
for these precursors.

Transition of the oxidic precursor into the sulfidic catalyst
From our measurements it becomes clear that a well-dispersed iron(III)oxide phase

supported on activated carbon transforms into an iron sulfide phase, when exposed to
a H2S/H2 gas mixture. The extent to which the oxidic iron phase is sulfided and the
type of the iron sulfide phase formed after consecutive 1 h treatments depends on the
maximum temperature reached during the exposure to the H2S/H2 gas mixture.

Already at room temperature the iron(III)oxide is partly sulfided to FeS2 (see
Table I). This indicates that the observed H2S uptake at room temperature in
Temperature Programmed Sulfiding (TPS) experiments reported by Groot [29], is not
only due to physisorption, but that at least part of the H2S uptake is due to a chemical
reaction. From the analysis of the spectra after sulfidation at room temperature in
addition to FeS2 a high-spin Fe2+-phase and another spectral component have been
found. As this last component has the same IS and QS values (IS=0.64 mm/s,
QS=1.04 mm/s) as deduced for the so-called surface-oxide contribution in the spectra
of the oxidic precursors, it is ascribed to iron(III)oxide at the surface of the particles.
However, it is rather unlikely that this so-called surface-oxide phase should remain
nearly unaffected by sulfidation up to 773 K (the IS and QS value are only slightly
changed as is shown in Table I). It is more likely that a so far unknown "Fe-Sulfide"
phase is fonned with the same MOssbauer parameters. In line with such an assumption
is that no surface oxide contribution is found in the 4.2 K spectra of the fully sulfided
catalysts. However, on basis of the experimental evidence available it is not possible
to decide at which temperature this "Fe-Sulfide" phase is fonned.

During the sulfidation at room temperature we have measured the transmission of
the y-rays as a function of time at a Doppler velocity of the source corresponding to
the positive resonant absorption velocity of the high-spin Fe2+-phase. It was found
that the high-spin Fe +-phase is formed at room temperature to a large extent as soon
as the sulfiding gas mixture is present in the reactor. This formation is followed by a
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decrease in intensity due to transformation of the high-spin Fe2+-phase into an other
compound [30]. So, it turns out that the high- "pin Fe2+-phase is a transient phase.

The nature of the high-spin Fe +-phase can not be established unambigiuously. The
deduced values of the isomer shift (IS) and quadrupole splitting (QS) (see Table I) are
close to those reported for the mineral Szomolnokite, FeSO4.H2O (IS = 1.44 mm.s"1,
QS = 2.69 mm.s"1) [31]. The small differences in these parameters can easily be
explained by the small particle size. However, the formation of an Fe(II)SO4-phase,
which requires the oxidation of S " to S , is unlikely to occur under the experimental
conditions applied. Moreover, reduction in H2 of both monometallic Fe and bimetallic
Fe-Mo catalysts supported on AI2O3, S1O2 or C also results in the formation of a
high-spin Fe +-phase [32-35]. The parameters of the high-spin Fe +-phase in these
experiments are similar to those found in the present study. This indicates that the
high-spin Fe +-phase in the reduction and sulfidation experiments are of identical
nature. The fact that in the sulfidation experiments the high-spin Fe +-phase is
observed at lower temperatures than in the reduction experiments is most likely due to
the higher reactivity of the H2S/H2 gas mixture compared to H2 gas. Hence, it is
concluded that the high-spin Fe2+-phase is an oxidic transient phase.

After sulfidation up to a temperature of 573 K or higher the high-spin Fe +-phase
has disappeared, while the Mossbauer parameters of the so-called surface-oxide phase
are slightly changed (see Table I). The main component in the spectra, ascribed to
FeS2, is transformed into another sidfldic compound. From sulfidation experiments on
a model system consisting of 50 nm a-Fe2O3 particles [28] (this thesis, ch. 4) it is
known that after sulfidation at temperatures up to 523 K or higher only compounds
with a Fei-xS pyrrhotite-troilite structure are present and that the initially formed FcS2
is converted into the Fei-xS compounds. So, it can be assumed that the iron sulfide
compound present in the carbon-supported catalysts after the transformation of FcS2
will have a Fei-*S-type structure. The magnetic hyperfine fields in the Fe(x)/C(y)
catalysts, which were sulfided at 673 K for 4 h, observed at 4.2 K support this
assumption. Also, the mass decrease of the sulfided catalyst observed after sulfidation
at 573 K or higher temperatures [30], is consistent with a conversion of FeS2 into
Fei-xS. However, the isomer shifts at 293 and 4.2 K do not correspond with the values
found for bulk Fei-xS compounds [28] (this thesis, ch. 4). This may be due to an
incomplete transformation caused by the high dispersion of the catalytic particles.

The complete sulfidation to Fei-xS, observed when the temperature of the catalyst
is linearly increased to 673 K in 1 h in the H2S/H2-flow, is in agreement with results
obtained by Groot for thiophene HDS activities of Fe(x)/C(293 K) catalysts [29]. This
author found that the activity of these catalysts is not improved by extending the
sulfidation period at 673 K, which indicates that the catalysts are already completely
sulfided after the 1 h sulfidation treatment.

Sulfidic catalysts
From in-situ Mossbauer measurements of sulfided catalysts at 4.2 K it is found

that the iron sulfide phase is the same for all Fe(x)/C(y) catalysts, i.e. Fei-xS.
Therefore, it is supposed that the observed variations in the QTOF values are not
caused by differences in intrinsic activities due to different iron sulfide phases. The
existence of a relation between the QTOF and the mean size of the catalytic iron
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sulfide particles seems more likely. The mean size of the Fei-xS particles is reflected
in the spectral contribution of the superparamgnetic doublet in the spectra at 4.2 K.

Therefore, both this parameter and the QTOF value are plotted as a function of the
iron content in Figure 8 a,b. As can be seen in this figure, when the QTOF decreases
also the doublet contribution in the spectrum decreases. From this result it can be
concluded that the variations in the QTOF value are mainly caused by changes in the
mean size of the catalytic Fei-xS particles.
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Figure 8 a,b: Thiophene I IDS activities per mol iron and the spectral contribution of
the superparamagnetic doublet to the spectra at 4.2 K as a function of iron content for
Fe(x)/C(293 K) and Fe(x)IC(393 K) catalysts. The dotted lines are drawn as a guide to
the eye only. See EXPERIMENTAL for details.

Reoxidized catalysts
From measurements at 4.2 K it is found that all catalysts completely reoxidize in

air at room temperature within several days. The influence of the sulfidation
procedure on the mean particle size can be studied by comparing the mean size of the
iron(III)oxide particles of the reoxidized catalyst with that of the precursor. It should
be noted that this comparison is only valid if severe sintering or redispersion do not
occur during reoxidalion. However, this does not seem to happen because the
sequence in the mean particle size is the same for the sulfided and reoxidized
catalysts. In Figure 9 the relative mean particle size derived from the spectral
contributions of the superparamagnetic doublet to the spectra of the oxidic precursors
and the reoxidized catalysts recorded at 4.2 K are presented. It is clear that in all
catalysts sintering has taken place, and that there are significant differences in the
extent of sintering. It is remarkable that for iron contents of 2.7 wt% and higher less
sintering occurs in the Fe(x)/C(393 K) than in the Fe(x)/C(2«3 K) catalysts. This
indicates that the strengthening of the bond between the iron(III>oxide particles and
the support due to the additional H2-treatment results in a higher thermal stability for
these catalysts.
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lines are drawn as a guide to the eye only. See EXPERIMENTAL for details.

CONCLUSIONS
The present study has resulted in a better understanding of the sulfidation and

performance of carbon-supported iron sulfide thiophene hydrodesulfurization
catalysts. The main conclusions are:
- The iron(III) oxide present in oxidic Fe(x)/C(y) catalyst is already partially

sulfided as soon as the sample is exposed to a H2S/H2 gas mixture at room
temperature.

- Pyrite (FeS2) and an oxidic high-spin Fe2+-phase are intermediate compounds
during the sulfidation process.

- Under typical thiophene HDS conditions (T > 573 K, in the presence of H2S/H2)
the cstalysts only contain Fei-xS.

- The thiophene HDS activity per mole Fe (QTOF) is strongly influenced by the
mean size of the Fei-xS particles, which can be determined using in-situ
MOssbauer spectroscopy at cryogenic temperatures.

- For iron contents of 2.7 wt% and higher, strengthening the bond between the
iron(III)oxide particles and the support in the catalyst precursor leads to an
increased thermal stability. This brings about a better performance of the sulfided
catalysts.
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6. AN IN-SITU MOSSBAUER STUDY ON THE FORMATION AND
STABILITY OF THE Fe-Mo-S PHASE IN CARBON-SUPPORTED IRON
MOLYBDENUM SULFIDE HDS CATALYSTS.

W.L.T.M. Ramselaar, M.W.J. Craje, E. Gerkema, V.H.J. de Beer and
A.M. van der Kraan

ABSTRACT

The transition of an oxidic Fe-MoiC precursor into the actual active
sulfide catalyst is studied by means ofin-situ Mossbauer spectroscopy. It is
found that the composition of the sulfided catalyst is influenced by the
sulftdation method applied. A correlation between the spectral contribution
of a mixed Fe-Mo sulfide (Fe-Mo-S) phase and the activity for thiophene
I IDS is demonstrated.

INTRODUCTION
In the oil-processing industry hydrotreating is a large scale operation applied to

remove hetero-atoms such as sulfur and nitrogen from organic molecules present in
various crude oil fractions. Conventional hydrotreating catalysts contain
alumina-supported molybdenum sulfide promoted by cobalt- or nickel sulfide.

Over the last few years there has been a growing interest in exploring the use of
carbonaceous substrates as catalyst supports. Since carbon is a versatile material,
various carbon carriers can be prepared which, for certain applications, offer potential
advantages over conventional alumina carriers. For example Scaroni et al. [1] and de
Beer et al. [2] have shown that carbon-supported catalysts may better resist
deactivation due to coke deposition. De Beer et al. [3] and Duchet el al. [4] have
shown that application of a carbon instead of alumina as a support for Mo, W, Ni and
Co sulfide results in an improved thiophene hydrodesulfurization (HDS) activity. It
has been made plausible [5] that this is due to the fact that the carbon support only
serves to disperse the active material without disturbing its catalytic properties.

It is expected that in the future catalyst life times will shorten because of the
heavier feedstocks that are to be processed. Therefore, a growing need to lower the
catalysts costs exists. In this respect Groot [6] has investigated whether iron sulfide
can replace cobalt sulfide as a low cost promoter for molybdenum sulflde when using
aciivated carbon as a support. He found that by addition of iron sulflde the activity for
thiophene HDS at 673 K could be increased by a factor of 1.2. Such a rather low
promoter effect is in agreement with the findings of Harris and Chianelli [7] for
dibenzothiophene HDS at 623 K over unsupported Fe-Mo sulfide and with the results
obtained by Vaishnava et al. [8] for the conversion coal liquids over sulflded
Fe-Mo/AI2O3 catalysts.
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On the other hand Thakur [9] observed a distinct promoter effect for thiophene
HDS at 578 K over unsupported Fe-Mo catalysts. Also, a mixed Fe-Mo sulfide phase,
analogous to the "Co-Mo-S" phase responsible for the promoter effect in conventional
catalysts [10,11], is reported for unsupported and alumina-supported Fe-Mo catalysts
[12,13].

In an attempt to clarify the role of Fe in Fe-Mo sulfide catalysts we have
investigated the sulfidation process of a carbon-supported Fe-Mo catalyst with a
Fe-Mo ratio of 0.4. Special attention has been paid to the formation and stability of
the mixed Fe-Mo-sulfide phase ("Fe-Mo-S") and its relevance for thiophene HDS
activity.

Sulfided catalysts were characterized using in-situ Mossbauer spectroscopy.
Catalytic activities for thiophene HDS were determined at 623 and 673 K at
atmospheric pressure.

EXPERIMENTAL
Preparation of oxidic catalyst precursors

The catalyst precursor was prepared by pore volume impregnation of NORIT-RX3
EXTRA activated carbon (surface area 1190 m /g; pore volume 1.0 cm /g). Aqueous
solutions of (NH4)6Mo7O24.4H2O (Merck >99 %) and Fe(NO3>3.9H2O (Baker >99 %)
were used. The latter was enriched uptill 11 at% in the Mossbauer isotope Fe. In this
way a sample with a molybdenum content of 9.5 wt% and an iron content of 1.8 wt%
was prepared.

The molybdenum phase was deposited first in two steps with intermediate drying
in static air according to the following procedure: 1 h at 293 K; 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 for 1 h in static air and subsequently in flowing air (flow
rate 100 cm /min) for 16 h at room temperature. Hereafter, the samples were
subjected to an additional H2 -treatment in a 50 cm /min H2 flow. During this
procedure the sample is kept at successively 313,353 and 393 K for 24 h at each
temperature. The catalyst precursor thus obtained will be denoted as Fe(l .8)Mo(9.5)/C.

Sulfiding procedure and catalytic activity measurements
Catalyst presulfiding and thiophene HDS activity testing were successively carried

out at atmospheric pressure in a quartz tubular flow reactor (diameter 0.8 cm).
Catalyst samples (200 mg) were presulfided in a flow of 10 mol% H2S in H2 (total
flow rate 60 cm /min) for 1 h. Over this period the temperature was linearly increased
from room temperature to either 623 or 673 K. Next, the reaction gas mixture, 6.2
mol% thiophene in hydrogen, at a flowrate of 50 cm /min was led over the sulfided
catalyst. The HDS activity test was carried out at either 623 or 673 K. The reaction
products were analyzed by means of an on-line gaschromatograph. Conversions
measured after a 2 h runtime are given, since the catalyst is stabilised after this period.
The catalysts will be denoted as Fe(1.8)Mo(9.5)/C [y K,z K], where y represents the
upper temperature reached during the presulfidation program and z the temperature at
which the thiophene HDS activity test is carried out in Kelvin.
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Sulfiding procedure and Mossbauer measurements
Mo'ssbauer spectra were recorded at 293 K. A constant velocity spectrometer was

used. The Co in Rh source is kept at room temperature. Doppler velocities are given
relative to Sodiumnitroprusside at 293 K. Magnetic hyperfine fields were calibrated
with the 51.5 T field of a-Fe2O3 at 293 K. The spectra were computer analyzed with a
least-squares fitting program using Lorentzian shaped lines.

Sulfiding of the catalysts took place in a Mo'ssbauer in-situ reactor, which has been
described elsewhere [14]. However, the heating section as well as the outer container
used in this study are made of stainless steel. Before starting the sulfidation the
reactor was flushed with He, for 30 min. Sulfidation was carried out in a 60 cm /min
flow of 10 mol% H2S2 in H2 gas mixture. The samples were subjected to various
successive sulfiding treatments. In each treatment the temperature of the sample was
increased linearly over a 1 h period to the desired temperature. Hereafter the catalysts
were cooled to room temperature in the sul" ". ras mixture. Also samples sulfided
according to the two different presulfidir^ >u.i" -nts used in the thiophene HDS
activity test were studied.

The catalysts will be denoted as Fe(1.8)Mo(.,: >>/C [y K,z h], where y is the upper
temperature reached during the 1 h presulfiding period in Kelvin and z the time during
which the catalyst is kept at the maximum sulfiding temperature.

RESULTS
Catalytic activity measurements

In Figure 1 the thiophene conversions of the Fe(1.8)Mo(9.5)/C [623 K.623 K],
Fe(1.8)Mo(9.5)/C [673 K.623 K], Fe(1.8)Mo(9.5)/C [623 K.673 K] and
Fe(l .8)Mo(9.5)/C [673 K, 673 K] catalysts respectively are given. In order to allow
the estimation of the promoter effect the activities of the corresponding Mo(9.5)/C
and Fe(1.8)/C catalysts are also shown.
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Figure 1: The influence of the sulfiding and reaction temperature on the promoter
effect in a carbon-supported Fe-Mo catalyst applied for thiophene HDS. See
EXPERIMENTAL for details of the catalytic activity measurements.



It follows from Figure 1 a promoter effect of 1.50 or 1.25 exists for the
Fe(1.8)Mo(9.5)/C [623 K, 623 K] and Fe(1.8)Mo(9.5)/C [623 K, 673 K] catalysts
respectively, while for the Fe(1.8)Mo(9.5)/C [673 K, 623 K] and
Fe(1.8)Mo(9.5)/C [673 K, 673 K] catalysts much smaller promoter effects are found
(1.10 and 1.05 respectively). This implies that the presulfidation procedure influences
the properties of the catalyst.

Mossbauer measurements
Transition of the oxidic precursor into the sulfide catalyst. In Figure 2 MSssbauer

spectra at 293 K of the Fe(1.8)Mo(9.5)/C catalyst after various subsequent
H2S/H2-treatments are shown. These experiments illustrate how the oxidic precursor
is converted into the sulfidic catalyst.
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Figure 2: room temperature Mossbauer spectra ofFefl .8)Mo(9.5)/C catalyst
successively sulfided to various temperatures. See EXPERIMENTAL for details of the
sulfidation treatment.
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The doublet observed in the spectrum of the precursor material consists of rather
broad absorption lines. Therefore it stands to reason to analyse this spectrum using
two doublets. The Mfissbauer parameters of these doublets (ISi =0.65 mtn/s,
QSi =0.50 mm/s; IS2 =0.68 mm/s, QS2 =0.87 mm/s) indicate that in the precursor
material the iron is present as iron(III)oxide. It appears that these doublets have an
identical isomer shift (IS) but different electric quadrupole splittings (QS). From
experiments on unsupported small a-Fe2O3 particles it is known that such a spectral
composition is due to a bulk and a surface oxide contribution [15]. A similar result is
obtained for Fe/C catalysts [16] (this thesis, ch. 5). However, a comparison between
the results obtained for Fc(1.8)Mo(9.5)/C and Fe/C catalysts learns that the
Mossbauer parameters of the doublets differ. This indicates that the molybdenum
oxide phase influences the iron(III)oxide.

Moreover, various stages in the sulfidation proces are observed. In the first stage,
observed when the catalyst is exposed to the sulfiding gas mixture at 293 K, the
spectrum of the oxidic catalyst precursor has already drastically changed. It is found
by computer analysis, that the spectral components present in the oxidic precursor
have completely disappeared. After exposure to the H2S/H2 the spectrum can be
decomposed using four subspectra (see Table 1). These subspectra can be ascribed to
pyrite (FeS2), a high-spin Fe -phase and two components which are not found during
the sulfidation of Fe/C catalysts [16] (this thesis, ch. 5). This indicates that these
components are due to a mixed sulfidic Fe-Mo compound.

TABLE I

Computer analyses Mossbauer spectra Fc(l .8)Mo(9.5) /C after various successive treatments in H2S/H2.

H2S/H2

[293
(473
[573
[673
[773

K.O
K,0
K,0
K.O
K.O

hi
h]
hi
h]
h]

FeS2

A
(ft)

21
25
38
42
47

IS QS
(mm/s)

0.60
0.S9
0.59
0.58
0.56

0.99
1.02
1.03
1.07
1.07

"Fe-Mo-S"

A
(%)

32
42
SO
39
31

IS QS
(mm/s)

0.60
0.60
0.60
0.55
0.54

1.34
1.41
1.51
1.54
1.53

A
(ft)

28
26
12
19
22

high-spin Fe'

IS QS
(mmfc)

1.44 2.20
1.36 2.23

l*

A
(%)

19
7

Experimental uncertainties: IS:0.03 mm/s, QS: 0.05 mm/s. A: 5%
Mossbauer parameters of FeS2 are constrained to IS=0.57 tnm/s, QS=0.62 mm/s.

By increasing the sulfidation temperature up to 473 K the spectral contribution of
the high-spin Fe +-component decreases, while the other components increase their
spectral contributions.

After the H2S/H2-treatment up to 573 K, the high-spin Fe2+-component has
disappeared, while still the pyrite and the mixed Fe-Mo sulfide phase are observed.
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Sulfidation up to temperatures of 673 and 773 K does not influence the spectral
components anymore. Only a small change in their spectral contributions is found. It
is observed that the pyrite contribution to the spectra increases.

Influence sulfidation procedure.
As mentioned before the observed thiophene HDS activity of the

Fe(1.8)Mo(9.5)/C catalyst depends on the presulfidation procedure used. In order to
determine a possible change in the composition of the sul Tided catalyst Mossbauer
spectra of the Fe(1.8)Mo(9.5)/C [623 K, 0 h] and Fe(1.8)Mo(9.5)/C [673 K, 0 h] are
measured. It is worth noting that, in contrast with the samples used to study the
transition of the oxidic precursor into the sulfide catalyst, these samples have not been
subjected to any previous sulfidation treatments. It can be seen in Figure 3 that a
different sulfiding procedure leads to differences in the forced sulfidic iron phases.
The influence of the sulfidation procedure on the sulfidic state of the catalyst is even
more clear for the Fe(1.8)Mo(9.5)/C [623 K,4 h] and Fe(1.8)Mo(9.5)/C [673 K,4 h]
catalysts (see Figure 4). The computer analyses of the spectra in Figures 3 and 4 are
given in Table II.

sulfided

Feil.8)Mo(9.5)/c[y K.O h]

[673 K.O h]

sulfided

Fe(1.8)Ho(9.5)/C[y K.4 h]

Doppler velocity ( ta.s.-1 Doppler velocity ( m.s',-1

Figure 3: room temperature Mossbauer
spectra of Fe(l.8)Mo(9.5)/C catalyst
sulfided up to 623 and 673 K. See
EXPERIMENTAL for details of the
sulfidation treatment.

Figure 4: room temperature Mossbauer
spectra ofFe(1.8)Mo(9.5)IC catalyst after
sulfidation for 4 hat 623 and 673 K. See
EXPERIMENTAL for details of the
sulfidation treatment.

If during sulfidation the temperature is increased over a 1 h period to 623 K, pyrite
(FeS2) and two doublets attributed to the mixed Fe-Mo-sulfide are observed.
Extending the sulfidation treatment at 623 K for 4 h does not markedly influence the
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spectral components. Only a small increase of the spectral contribution of pyrite is
observed.

TABLE II

Computer analyses Mossbauer spectra Fe (1.8)Mo (9.5) /C after the two different prcsulfiding trsatmcnts used in the
thiophene HDS activity tests.

II2S/H2

[623K,0h]
[623K,4h]
[673K,Oh]
[673 K,4 h]

FeS2

A
(%)

39
44
17
IS

IS QS
(mm/s)

0.59
0.58
0.60
0.60

1.03
1.06
1.04
1.14

"Fe-Mo-S"

A
(%)

46
43
20
14

IS QS
(nun/!)

0.63
0.59

1.44
1.50

A
(ft)

15
13

IS QS
(mm/s)

0.76
0.78

0.62
0.59

Fei.S

A IS QS
(*) (mm/s)

32
35 0.89 0.00

H
(T)

27.2

A
(*)

18

unknown

IS QS
(mm/s)

1.08 1.56
0.94 1.65

A
(*)

31
15

Experimental uncertainties: IS:0.03 mm/s, QS:0.05 mm/s, H:0.5 T, A:5%
Mossbauer parameters of FeS2 are constrained ti IS=0.57 mm/s, QS=0.62 mm/s.

However, for the catalyst which during sulfidation has been heated to 673 K over a
1 h period the two doublets ascribed to the mixed Fe-Mo-sulfide are not observed.
Instead only one doublet with IS and QS values which lie in the same region
(IS = 0.60 mm/s, QS = 1.04 mm/s) is present. We can assume that this spectral
contribution is also due to the mixed Fe-Mo-sulfide. Besides the mixed Fe-Mo sulfide
contribution to the spectrum pyrite and two other doublets are observed. A comparison
with the results obtained for sulfided Fe/C catalysts [16] (this thesis, ch. S) indicates
that one of these doublets (IS = 0.76 mm/s, QS = 0.62 mm/s) probably represents
Fei-xS. The nature of the other doublet is not clear since its parameters resemble
neither those of the mixed Fe-Mo-sulfide nor those of Fei-xS phases. If this catalyst is
kept for 4 h at 673 K in H2S/H2 also a magnetically splitted spectral component is
observed. Due to the used Doppler velocity scale, only the inner three of the six broad
lines of the magnetically splitted spectral component can be seen in Figure 4. The
appearence of the magnetically splitted component indicates that we are dealing with
rather large particle sizes. The mean magnetic hyperfine field of this component
agrees reasonably well with that found for unsupported sulfided 50 nm a-Fe2O3
particles [17] (this thesis, ch. 4). Therefore, this component is most probably due to
Fei-xS particles. Hence, these experiments indicate that sulfidation in 1 h of the
catalyst to 673 K instead of 623 K results in the following differences :
(1) Less iron is present as a mixed Fe-Mo-sulfide phase.
(2) Some iron is present as Fei-xS.
Moreover, it is found that the mixed Fe-Mo-sulfide phase formed during the
sulfidation up to 623 K is stable during an additional 4 h treatment in H2S/H2 at 623 K.
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DISCUSSION
Transition of the oxidic precursor into the sulfidic catalyst

From our measurements it becomes clear that an oxidic carbon-supported Fe-Mo
catalyst sulfides easily, when exposed to a H2S/H2 gas mixture. The extent of
sulfidation and the composition of the sulfide phase after a 1 h treatment changes with
the temperature at which the catalyst is exposed to the H2S/H2 gas mixture.

Already at room temperature the iron(III)cxide phase is completely converted into
FeS2, a high-spin Fe2+-phase and a mixed Fe-Mo-sulfide. The nature of the observed
high-spin Fe2+-phase in the spectrum has been discussed in detail in our study on ihc
sulfidation of carbon-supported iron catalysts [16^this thesis, ch. 5).

In C0M0/AI2O3 catalysts the presence of a mixed Co-Mo-sulfide phase has been
demonstrated by Tops0c and co-workers [10,11]. These authors have called this phase
the "Co-Mo-S" phase. Since it can be assumed that the mixed Fc-Mo- sulfidc phase
has an identical structure we will call it the "Fe-Mo-S" phase and suppose that in the
"Fe-Mo-S" phase the iron atoms will occupy edge sites of M0S2 microcrystals.

From Table I it follows that at temperatures up to 573 K the spectral contributions
of the pyrite and "Fe-Mo-S" increase at the expense of the high-spin
Fe -contribution. By measuring the transmission of the y-rays as a function of time at
a constant Doppler velocity of the source corresponding to the positive resonant
absorption line of the high-spin Fe2+ doublet we found that the high-spin Fe2+-phase
is formed at room temperature to a large extent as soon as the H2S/H2 gas mixture is
present in the reactor [18]. In addition, it is also observed that the formation of this
component is followed by a transformation into an other compound. So, it seems that
the high-spin Fe2+-phase is a transient phase between the iron(IH)oxide and the
sulfidic state.

After sulfidation to 573 K or higher temperatures the high-spin Fe2+-phase has
disappeared, while the pyrite and "Fe-Mo-S" phase (already present at lower
sulfidation temperatures) remain stable during these sulfidation treatments. The A

presence of FeS2 after these high temperature sulfidation treatments is somewhat
surprising. Especially since we know from sulfidation experiments both on a model
system consisting of unsupported 50 nm cc-Fe2O3 particles [17J (this thesis, ch. 4) as
well as on Fe/C catalysts [16] (this thesis, ch. 5) that after sulfidation at temperatures
up to 573 K or higher the initially formed FeS2 is transformed into Fei-xS. In the
Mossbauer spectra of the Fe(1.8)Mo(9.0)/C catalyst after various high temperature
sulfidation steps no Fei-xS contribution could be detected. This is confirmed by in-situ
measurements at 4.2 K [19] (this thesis, ch. 7). The presence of pyrite in the sulfided
Fe(1.8)Mo(9.5)/C catalyst however, is in agreement with results obtained by Ladricre
et al. [13] for unsupported Fe-Mo catalysts with a comparable Fe/Mo ratio. These
authors explained this effect by a stabilization of the pyrite by the excess sulfur
provided by the M0S2. For this mechanism to hold the M0S2 and the FeS2 have to be
in close contact. An indication that this is the case is given by results reported by
Groot [6]. He reported XPS data which indicated that in sulfided Fe(1.8)Mo(9.5)/C
catalysts the iron is presumably at least partly covered by the M0S2.

It is observed that at high temperatures the spectral contribution of the pyrite j "
increases somewhat at the expense of the "Fe-Mo-S" phase. This implies that some '
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edge sites of M0S2 microcrystals are lost. This might be due to a sintering of the
microcrystals.

Contrary to the Mossbauer experiments on sulfided C0M0 catalysts, where the
"Co-Mo-S" phase is analyzed using one doublet, the "Fe-Mo-S" phase is analyzed
using two doublets. This is done because for all spectra an unacceptable difference
between the calculated spectrum and the experimental data was observed when only
one doublet was used. However, a comparison of the QS values of the "Fe-Mo-S"
phase and those reported for the "Co-Mo-S" phase learns that they agree with one
another [12]. Also the mean QS value of the two "Fe-Mo-S" doublets is similar to the
value reported by Ladriere et al. [13] for an unsupported Fe-Mo catalyst sulfided at
673 K (1.24 mm/s versus 1.28 mm/s). The nature of the difference between the two
"Fe-Mo-S" doublets is however not yet understood.

Formation and properties of the "Fe-Mo-S" phase.
It is found from in-silu Mossbauer measurements that the sulfidic catalysts

structure is influenced by the sulfidation procedure. In the catalyst which has been
heated to 623 K during a 1 h sulfidation procedure only pyrite and "Fe-Mo-S" are
discerned. For the catalyst heated to 673 K during the 1 h sulfidation procedure
besides these contributions 32% of the iron is pesent as Fei-xS. The amount of iron
present in the "Fe-Mo-S" phase is less (20 instead of 61%) for the latter catalyst. The
observed differences in the Mossbauer parameters of the "Fe-Mo-S" phases are such
that it is justified to assume that the "Fe-Mo-S" phases formed during both sulfidation
procedures are quite similar.

A clear difference in the activity for thiophene HDS after the two sulfidation
procedures is demonstrated. It turns out that the higher the spectral contribution of
"Fe-Mo-S" phase the higher the activity of the catalyst. Hence, it is concluded that the
"Fe-Mo-S" phase is responsible for the observed promoter effect. This is in agreement
with the properties of the "Co-Mo-S" phase in C0M0/AI203 catalysts [11].

It is found that the "Fe-Mo-S" phase, once formed, is highly stable. This is
concluded both from the experiment in which the catalyst is additionally heated to
773 K over a 1 h period (see Figure 2) as well as from the experiment where the
catalyst is kept for 4 h at 623 K or 673 K (see Figures 3 and 4). The activity
measurements support this conclusion. For the catalyst which has been sulfided to
623 K maintains its enhanced promoter effect compared to the catalyst sulfidcd to
673 K during thiophene HDS at 673 K.

So in order to maximize the contribution of the "Fe-Mo-S" phase it will be
necessary to limit the heating rate of the catalyst during the presulfidation procedure.
The rather low promoting action for thiophene HDS obtained by Groot [6] can be
explained in this way. He heated the catalysts to 673 K during a 1 h presulfidation
procedure, so his catalysts will contain only a small amount of "Fe-Mo-S" as we have
demonstrated.
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CONCLUSIONS
The present study has resulted in a better understanding of the formation and

stablity of the so-called "Fe-Mo-S" phase in carbon-supported catalysts. The main
conclusions are:
- When an oxidic Fe(1.8)Mo(9.5)/C catalyst is exposed to a H2S/H2 gas mixture the

catalyst is sulfided.
- The sulfided catalyst shows a promoter effect.
- The promoter effect is due to a so-called "Fe-Mo-S" phase.
- The amount of "Fe-Mo-S" present in the catalyst, and thus the promoting action,

depends on the sulfidation procedure.
- The "Fe-Mo-S" phase is stable under typical thiophene HDS conditions.
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7. CARBON-SUPPORTED IRON-MOLYBDENUM SULFIDE CATALYSTS.

W.L.T.M. Ramselaar, M.W.J. Craje, V.H.J. de Beer and A.M. van der Kraan.

ABSTRACT

Carbon-supported iron molybdenum sulfide catalysts were characterized
by means of Mossbauer spectroscopy at temperatures down to 4.2 K.
Thiophene hydrodesulfurization (HDS) activity measurements were
performed at 673 K in a flow microreactor operating at atmospheric
pressure.

The molybdenum content was 9.5 wt%, while the iron content was varied
from 0 *> to 9.0 wt%. Sequential deposition (Mo 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 Hi-treatment up to 393 K.

Relative particle sizes in the oxidic precursors as well as in the sulfided
and reoxidized catalysts were determined by Mossbauer spectroscopy.

It was demonstrated that after 4 h sulfidation at 623 K the composition
of the sulfide catalyst depends on the iron content of the catalyst. Sulfided
Fe-MolC catalysts contain a mixed "Fe-Mo-S"phase and Fei-xS. The
former originates the observed promoter effect toward thiophene HDS.
From the temperature dependence of the resonant absorption areas it was
concluded that the iron atoms in the "Fe-Mo-S" phase are located at the
surface ofMoSz microcrystals. As the iron content of the catalyst increased
the amount ofFei-xS present in the catalyst increased. The Fei-xS tended to
cover the "Fe-Mo-S" phase, thus causing a decrease in the promoter effect.

INTRODUCTION
Hydrotreating catalysts are widely used in the oil-processing industry. During a

process at 573-773 K and 5-20 MPa H2 in the presence of a catalyst carbon-bonded
impurities such as sulfur, nitrogen, oxygen and metals (Ni, V) are removed via
so-called hydrodesulfurization (HDS), hydrodenitrogenation (HDN),
hydrodeoxygenation (HDO) and hydrodemetallization (HDMe) reactions.
Conventional hydrotreating catalysts contain alumina-supported molybdenum sulfide
promoted by cobalt or nickel sulfide.

Over the last few years there has been a growing interest in the application of
carbonaceous substrates as catalysts supports [1-14]. Potential advantages include 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].
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Moreover, it is reported that when a relatively inert support, like carbon, is used
instead of a more reactive one, such as alumina or silica, the thiophene HDS activity
of both promoted and unpromoted M0S2 catalysts increases [4,5,9,10]. De Beer et al.
[3] and Duchet et al. [5] have shown that besides molybdenum sulfide also cobalt- and
nickel sulfide possess an interestingly high activity for thiophene HDS at atmospheric
pressure when a carbon support is used.

Recently, Vissers et al. [7] and Ledoux et al. [11] reported thiophene HDS
activities for first, second and third row transition metal sulfides supported on
activated carbon. In accordance with the findings reported by Pecoraro and Chianelli
[15] for unsupported transition metal sulfides, these authors reported that many
transition metal sulfides have a considerable thiophene HDS activity. Also for HDN
reactions promising results are obtained when transition metal sulfides are supported
on an activated carbon [13,14].

It is expected that in the future catalyst life times will shorten because of the
heavier and more contaminated feedstocks that are to be processed. Therefore, there is
a growing need to lower the catalyst costs. In this respect carbon-supported iron
sulfide, either as active phase or as promoter of M0S2, can play a role.

The properties of carbon-supported iron sulfide catalysts have been discussed
elsewhere [16,17,18] (see ch.5). Preparational aspects were found to affect the
thiophene HDS activity by causing variations in dispersion of the iron(III)oxide phase
and the strength of the interaction between the iron(III)oxide particles * :d the carbon
support in the oxidic catalyst precursors. These variations result in differences in the
dispersion of the catalytically active iron sulfide phase. It was also established that in
the freshly sulfided catalysts always the same iron sulfide phase (Fei-xS) was present,
irrespective of the way of preparation and the iron content.

For a carbon-supported Fe-Mo catalyst we studied the transition of the oxidic
precursor into the sulfide catalyst and the influence of the sulfidation procedure on the
sulfidic phase [19] (this thesis, ch. 6). It was found that a mixed Fe-Mo-sulfide phase,
the so-called "Fe-Mo-S" phase, is formed upon sulfidation. It was shown that the
promoter effect observed for the thiophene HDS activity is due to this "Fe-Mo-S"
phase.

In the present paper the influence of the composition of carbon-supported Fe-Mo
catalysts on the catalytic properties for thiophene HDS will be described. Special
attention will be paid to the amount of iron atoms present in the "Fe-Mo-S" phase in
the catalysts and their relevance for the HDS activity. Also the thermal stability of the
catalysts will be discussed. All catalysts were characterized in their oxidic precursor,
freshly sulfided and reoxidized form using in-situ MOssbauer spectroscopy. Catalytic
activities for thiophene HDS were determined at 673 K at atmospheric pressure.

EXPERIMENTAL
Preparation of oxidic catalyst prcursors

Catalyst precursors were prepared by pore volume impregnation of Norit
RX3-extra activated carbon (surface area 1190 m2.g"'; pore volume l.Ocm^g'1).
Aqueous solutions of (NH4)6Mo7.4H2O (Merck, > 99%) and Fe(NO3)3.9H2O
(Baker, > 99%) were used. The iron nitrate solutions were enriched in the Mossbauer
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isotope 57Fe, using reduced a-Fe2O3 (Intersales, 94.7 % 57Fe) dissolved in 2N HNO3
and the acidity was adjusted to pH=0.25. In this way samples with a molybdenum
content of 9.5 wt% and iron contents 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 procedure: 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. Hereafter, the samples were subjected to an additional
treatment in a fife-flow (flow rate 50 cm3.min"1). During this treatment the sample is
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.

Sulfiding procedure and Mossbauer experiments
Mossbauer spectra were recorded at 293,77 and 4.2 K with a constant acceleration

spectrometer. A Co in Rh source, which is kept at room temperature, is used. The
spectra were not corrected for the varying distance between source and absorber,
hence the curved background is of instrumental origin. Doppler velocities are given
relative to the NBS standard Sodiumnitroprusside (SNP) at 293 K. Magnetic hyperfine
fields were calibrated with the 51.5 T field of oc-Fe203 at room temperature. The
spectra were fitted by computer with calculated subspectra consisting of Lorentzian-
shaped lines, whereas the curved background was accounted for by a parabola.

Catalyst sulfidation took place in a stainless steel Mossbauer in-situ reactor. The
design of the reactor has been described elsewhere [20]. Catalyst samples (200-220
mg) were sulfided in a flow of 10 mol% H2S in hydrogen (total flow rate
50 cm^min"1) for 5 h. The temperature was linearly increased to 623 K over a 1 h
period and kept at 623 K for 4 h. Next, the catalyst was cooled to room temperature in
the same gas mixture flow. Subsequently the separate absorber was sealed
vacuum-tight and mounted in a cryostat.

The sulfided catalysts were reoxidized by opening the absorber holder and
exposing the catalysts to air at room temperature for at least one week.

Sulfiding procedure and catalytic activity measurements
Catalyst presulfidmg and thiophene HDS activity testing were successively carried

out at atmospheric pressure in a quartz tubular flow reactor (diameter 0.8 cm). The
samples used had previously been characterized using MOssbauer spectroscopy.
Consequently, the catalyst samples (180-200 mg) had been subjected to a previous
sulfidation treatment as described before. Presulfidation was carried out in a flow of
10 mol% H2S in H2 (total flow rate 60 cm3.min"1) for 70 minutes. In the first 60
minutes the temperature of the catalyst was linearly increased from room temperature
to 623 K. Hereafter, the temperature was 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'1. The reaction products were analyzed
by means of an on-line gaschromatcgrsph. Conversions measured after a 2 h runtime
at 673 K are given, since the catalyss were stabilized after this period.
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RESULTS
Mossbauer measurements

Oxidic precursors. In Figure 1 Mossbauer spectra for 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 only consist of an electric quadrupole doublet, while at 4.2 K a superposition of
'a quadrupole doublet and a magnetic hyperfine sextuplet is observed. No contribution
of the original iron salt, Fe(NO3)3.9H2O, which would be a broadened single line, is
observed. This indicates a complete decomposition of the iron nitrate. The observed
temperature behaviour, which is also observed for the other oxidic catalyst precursors,
is typical for ultrafine iron(III)oxide particles showing superparamagnetism [21]. The
appearence of the magnetic hyperfine sextuplet depends on the mean particle size as
well as on the temperature.
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Figure 1: Mossbauerspectra of the oxidic Fe(9.0)Mo(9.5)IC catalyst precursor
recorded at temperatures as indicated.

The spectra recorded at 4.2 K of the various oxidic catalyst precursors are shown
in Figure 2. It is observed that the spectral contribution of the magnetic hyperfine
sextuplet is different for the various samples. As larger particles contribute more to
the magnetic hyperfine sextuplet at a certain temperature than smaller particles [21],
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Figure 2 in fact shows that the mean particle size increases in the sequence
Fe(2.7)Mo(9.5)/C < Fe(1.8)Mo(9.5)/C < Fe(5.5)Mo(9.5)/C < Fe(0.6)Mo(9.5)/C
< Fe(9.0)Mo(9.5)/C. This surprising sequence will be discussed later on.

§

oxidic

FeUI«Q(9.5)/C
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Figure 2: Mossbauer spectra of the oxidic Fe(x)Mo(95)lC catalyst precursors
recorded at 4.2 K.

From a comparison of the spectra shown in Figure 2 with those of unsupported
(X-FC2O3 microcrystals with a known mean particle size [21] \ is concluded that the
mean particle size of the iron(III)oxide particles is below 4 nm for all can !yst
precursors being studied. A comparison with data obta' a4 by Jung et al. [22] and
Niemantsverdriet et al. [23] learns that the mean partii 0 •r-e of the iron(III)oxide
particles is below 2 nm for the oxidic catalyst p- cursors with iron contents up to
5.5 wt%.

The quadrupole doublet observed in the spectra of the precursor material consists
of rather broad absorption lines. Therefore, it is reasonable to analyze these spectra
using two doublets. In order to obtain more detailed •'pt: i/a at 293 K they were
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recorded on a more extended velocity scale. From the analyses it appears that both
doublets have an identical isomer shift (IS), but different quadrupole splittings (QS) as
is shown in Table I. From previous experiments on unsupported small a-Fe2O3
particles (4-7 nm) it is known that such a spectral composition is due to a bulk and a
surface oxide contribution [21]. The spectral component with the largest QS value can
be assigned to the surface oxide contribution. A same spectral composition is also
observed for the oxidic precursors of carbon-supported iron catalysts [17] (this thesis,
ch. 5).

TABLE I

Mossbauer parameters of the oxidic Fe(x)Mo(9.5)/C catalysts precursors at room
temperature. (A) represents the spectral contribution

X

(wt%)

1.8
2.7
5.5
8.0

doublet 1

IS

mm

0.65
0.65
0.65
0.64

QS

0.50
0.54
0.56
0.57

A

%

55
59
61
66

doublet 2

IS QS

mm.s"1

0.68
0.66
0.65
0.65

0.87
0.91
0.96
0.94

A

%

45
41
39
34

Experimental uncertainties: IS, QS= 0.05 mm.s"1: A= 5

Transition of the oxidic precursor into the sulfided catalyst. Besides the
characterization of the fully sulfided catalysts, we have also studied how the oxidic
precursors are coverted into the sulfided catalysts. The results of such a study on one
of the catalyst precursors, Fe(1.8)Mo(9.5)/C, is already presented elsewhere [19] (this
thesis, ch. 6). 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)Mo(9.5)/C, are presented here. In Figure 3 MOssbauer spu;tra
recorded at 293 K of the Fe(9.0)Mo(9.5)/C catalyst after various successive
H2S/H2-treatments are shown. The details of the used H2S/H2-treatments are given in
[19] (this thesis, ch. 6).

From Figure 3 it is obvious that the spectrum of the oxidic catalyst precursor has
already drastically changed afte the catalyst has been exposed to the H2S/H2 gas
mixture at room temperature. The spectrum has been decomposed using four
subspectra (see Table II [19] (this thesis, ch. 6)), ascribed to pyrite (FeSz), a high-spin
Fe +-phase and two components which are not found during the sulfidation of Fe/C
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catalysts [17](this thesis, ch. 5). Therefore, these latter components are ascribed to a
mixed sulfidic Fe-Mo compound.

sulfided
1 I ^
Fe(9.0)Mo|9.5)/c[y K, 0 h]

/

\ A / [573 K, 0 h]

w [673 K. 0 h]

f f773 K. 0 h]

293

Boppler velocity ( m . s ^ )

Figure 3: in-situ Mossbauer spectra of the Fe(9.0)Mo(95)lC catalyst successively
sulfided up to various temperatures as indicated, recorded at room temperature.

By increasing the sulfidation temperature, the spectral contribution of the
high-spin Fe2+-phase decreases and finally disappears, while still the contributions
ascribed to pyrite and the mixed Fe-Mo sulfide phase are observed. However, the
presence of pyrite after the high temperature sulfidation treatments is rather
surprising. In particular because we know from sulfidation experiments, both on a
model sytem consisting of unsupported 50 nm a-Fe2O3 particles [24] (this thesis,
ch. 4) and and on Fe(x)/C catalysts [17](this thesis, ch. 5) that after sulfidation up to
573 K or higher temperatures the initially formed FeS2 is transformed into Fei-xS.
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Therefore, in addition to the spectra recorded at 293 K, in-situ Mossbauer
measurements at cryogenic temperature were carried 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 sulfided catalysts. Because besides the isomer shift and the
quadrupole splitting the magnetic hyperfine parameters will help for the
characterization. The results of these measurements are presented in the next
paragraph, "Fully sulfided catalysts".

TABLE II

MOssbauer parameters of the sulfided Fe(.x)Mo(9.5)/C catalysts at 4.2 K.
(A) represents the spectral contribution.

X

(wl%)

0.6
1.8
2.7
5.5
9.0

doublet 1

IS QS

i mm.s"

0.58
0.68
0.67
0.63
0.67

1.15
1.09
1.09
1.14
1.12

"Fe-Mo-S'

A

%

35
34
27
24
11

it

doublet 2

IS QS

mm.s"1

0.62
0.68
0.68
0.77
0.72

1.62
1.60
1.31
1.07
1.13

A

%

28
32
40
34
21

"Fe-sulfide"

doublet

IS QS

mm.s"1

0.76 1.13
0.68 0.64
0.67 0.67
0.65 0.70
0.67 0.70

A

%

37
34
18
14
5

Fei-xS

sextuplct

A

%

0
0

15
28
63

Experimental uncertainties: IS.QS 0.05 mm.s"1; A 5 %.
The Mossbauer parameters of the Fei-xS sextuplets were constrained as follows:
sextuplet 1: IS = 0.89 mm.s"1, QS = 0.09 mm.s"1, H = 27.5 T
sextuplet 2: IS = 0.81 mm.s"1, QS =-0.03 mm.s"1, H = 23.7 T
sextuplet 3: IS = 0.82 mm.s'1, QS =-0.09 mm.s"1, H = 19.6 T

Fully sulfided catalysts. So, to solve the promblem raised in the previous
paragraph concerning the possible occurence of FeS2 after high temperature
sulfidation, in-situ Mossbauer measurements at cryogenic temperatures were carried
out on the fully sulfided catalysts. In addition, such measurements make it possible to
study the temperature dependence of the resonant absorption areas of the various iron
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phases. This also might lead to a better knowledge of the iron phases, for instance
whether or not the iron atoms are located at the surface in a certain phase.

The spectra recorded at 293 and 77 K only consist of a quadrupole doublet. In
Figure 4 spectra recorded at 4.2 K of the sulfided catalysts are shown. For the
Fe(0.6)Mo(9.5)/C and Fe(l .8)Mo(9.5)/C catalysts only a quadrupole doublet is
observed. However, for catalysts with a higher iron content the doublet is
superimposed on a much broadened magnetically hyperfine splitted spectrum. The
higher the iron content of the catalyst, the larger the spectral contribution of the latter.
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floppier velocity ( m.s"̂  j

Figure i: in-situ Mb'ssbauer spectra recorded at 4.2 K of the fully sulfided
Fe(x)Mo(9.S)IC catalysts.

The total width of the magnetically splitted contribution is similar to that of the
Fci-xS phase observed in 4.2 K spectra of sulfided Fc(x)/C catalysts [17] (this thesis,
ch. 5). It was found that the magnetically splitted spectra of Fei-xS structures can be
described by three scxtuplcts [17,24] (this thesis, ch. 5 &4) and that for the "Fe-Mo-S"
phase two doublets arc needed to obtain satisfactory computer analyses [19] (this
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thesis, ch. 6). Based on the results obtained for the Fe(1.8)Mo(9.5)/C catalyst at room
temperature [19] (this thesis, ch. 6) it is expected that besides the "Fe-Mo-S" doublets
two more doublets would be present in the central part of spectra, namely one due to
FeS2 and one due to superparamagnetic Fei-xS. The parameters of these iron sulfides
differ to such an extent that it is justified to use two doublets in the computer
analyses. However, from the temperature dependence of the resonant absorption areas
it follows that that such analyses lead to incorrect results. So, it is decided to use only
one doublet in the computer analyses, which doublet is ascribed to a "Fe-sulfide"
phase. Therefore, 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
"Fe-sulfide" and optionally three sextuplets for the magnetically splitted Fei-xS
contribution. The parameters of the sextuplets were constrained to the values
determined from the spectra of the sulfided Fe(x)/C catalyse [17] (this thesis, ch. 5).

The results of these analyses are given in Table II. It can be seen from this Table
that for the Fe(0.6)Mo(9.5)/C and Fe(1.8)Mo(9.5)/C catalysts only "Fe-sulfide" and
"Fe-Mo-S" are present in the sulfided catalysts. For the catalysts with a higher iron
content also a magnetically splitted Fei-xS contribution is observed.

It can be seen from Table II that the Mossbauer parameters of the two doublets
attributed to the "Fe-Mo-S" phase have changed as soon as relatively large Fei-xS
particles (formation of magnetic hyperfine splitting) are observed in the spectra. So,
the "Fe-Mo-S" phase is influenced by the presence of Fej-xS particles.

Since the Fei-xS particles are superparamagnetic the spectral contribution of the
magnetic hyperfine sextuplet reflects their mean particle size. Therefore, the mean
particle size of the Fei-xS particles increases in the sequence Fe(2.7)Mo(9.5)/C
< Fe(5.S)Mo(9.5)/C < Fe(9.0)Mo(9.5)/C.

Computer analyses of the 293 and 77 K spectra were carried out using the same
spectral contributions as found in the 4.2 K spectra. In Figure 5 the temperature
dependence of the resonant absorption areas of the spectral components present in the
Fe(0.6)Mo(9.5)/C and Fe(5.5)Mo(9.5)/C catalysts is given. It is observed that, like for
the other catalysts, the resonant absorption area of the "Fe-Mo-S" contribution shows
the strongest temperature dependence.
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Figure 5: Temperature dependence of the resonant absorption areas of the "Fe-Mo-S"
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Reoxidized catalysts. In Figure 6 MCssbauer spectra of the reoxidized
Fe(9.0)Mo(9.5)/C catalyst at 293,77 and 4.2 K are shown. In the 293 and 77 K
spectra a superposition of two quadrupole doublets is observed. In the 4.2 K spectrum
an additional magnetic hyperfine sextuplet is observed. The quadrupole doublet with
the larger splitting is due to a high-spin Fe2+-phase. It is noticed that the spectral
contribution of this component increases strongly when the temperature is lowered
from 293 to 77 K. The other quadrupole doublet is due to the iron(III)oxide phase
formed upon reoxidation. The temperature behaviour observed for the iron(III)oxide
contribution is characteristic for ultrafine particles showing superparamagnetism [21].
In Figure 7 Mdssbauer spectra recorded at 4.2 K of all reoxidized catalysts are shown.

exposed to air
i—i—i—i—r
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Figure 6: Mdssbauer spectra of the
Fe(9.0)Mo(95)tC catalyst reoxidized in
ambient air at room temperature after
sulfidation, recorded at temperatures as
indicated.

Figure 7: Mdssbauer spectra of the
reoxidized Fe(x)Mo(95)lC catalysts
recorded at 4.2 K.
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It is noted that 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 more narrow than that in
the spectra of the other reoxidized catalysts. From a comparison with the spectra of
the oxidic precursors (Figure 2) it follows that such a narrow central doublet can not
be due to an iron(III)oxide phase. Hence it is concluded that in the reoxidized
Fe(0.6)Mo(9.5)/C and Fe(9.0Mo(9.5)/C catalysts an other oxidic phase must be
present. Only in the spectra of the reoxidized Fe(0.6)Mo(9.5)/C and Fe(9.0)Mo(9.5)/C
catalysts a magnetically splitted contribution is observed. However, the magnitude of
the magnetic splitting is not ths same for both catalysts. In case of the
Fe(9.0)Mo(9.5)/C catalyst the magnetically splitted contribution is due to
iron(III)oxide. For the Fe(0.6)Mo(9.5)/C catalyst it is concluded from the isomer shift
(= 1.5 mm/sec) and the magnetic hyperfine splitting (= 530 KOe) that the
magnetically splitted contribution must be due to highly dispersed high-spin Fe2!"ions.

For the Fc(2.7)Mo(9.5)/C and Fe(5.5)Mo(9.5)/C catalysts no influence of the iron
content on the mean iron(III)oxide particle size can be detected. However, the
iron(III)oxide particles are clearly the largest in the Fe(9.0)Mo(9.5)/C catalysts.

Catalytic activity measurements
Thiophene conversions measured after a 2 h run as a function of the composition

of the catalyst are presented in Figure 8. For comparison, also the sum of the
experimentally determined activities of the Fe(x)/C [17] (this thesis, ch. 5) and
Mo(9.5)/C [19] (this thesis, ch. 6) catalysts are included. The difference between the
HDS activity of the Fe-Mo/C catalyst and the sum of the activities of the
corresponding Fe/C and Mo/C monometallic catalysts will be called the promoter
effect. It is shown that the thiophene conversion increases with increasing iron content
of the catalyst. However, at Fe contents below 1.8 wt% the activity increases more
with increasing Fe content than at higher contents. Also, above an Fe loading of 1.8
wt% the promoter effect decreases and is negligible at iron contents of 5.5 wt% and
higher.

In Figure 8 are also included thiophene HDS conversions reported by Groot [16]
for comparable Fe-Mo/C catalysts. This author applied a different presulfidation
procedure, viz. the temperature of the catalyst was increased linearly to 673 K over a
1 h period. It is obvious the thiophene HDS activities are drastically reduced in case
of a higher rate of temperature increase during the presulfidation procedure.

DISCUSSION
Oxidic catalyst precursors

After impregnation and drying at room temperature, followed by an additional
treatment in H2, the iron nitrate used to introduce the iron has completely transformed
into iron(III)oxide. It is striking that the mean iron(III)oxide particle size is smallest in
the Fc(2.7)Mo(9.5)/C catalyst precursor. Both a lov <*r and a higher iron content lead
to an increase in the mean iron(IH)oxide particle size. A similar influence of the iron
content on the mean iron(III)oxide particle size is observed for comparably prepared
Fe(x)/C catalysts [17] (this thesis, ch. 5). It has been proposed that in these catalysts
during the additional H2-treatment the iron phase is transported towards the outer
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Figure 8: Thiophene HDS conversion after 2 h runtime as a function of the iron content
for Fe(x)Mo(9.5)IC catalysts sulfided in two different ways and the sum of the
experimentally determined activities of the Fe(x)/C andMo(9.5)/C catalysts, respectively.
The dotted lines are drawn as a guide to the eyes only.

pores of the support grains and that this is followed by sintering. For lower iron
contents this occurs more pronounced, probably due to the lower viscosity of the iron
containing impregnation solution and a longer period during which the process takes
place. The sequence in the mean iron(III)oxide particle size obtained for the oxidic
Fe(x)Mo(9.5)/C catalyst precursors will be due to the same proposed mechanism.

It has been found 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 sulfide, "Fe-Mo-S"- phase [19] (this
thesis, ch. 6). It is expected that the closer the contact between the iron(III)oxide and
the molybdenum oxide in the precursor material, the easier the "Fe-Mo-S" phase will
be formed upon sulfidation. So, the question arrises whether or not the iron(III)oxide
phase is in close contact with the molybdenum oxide phase.

Information about the contact between the oxide phases is obtained by comparing
the oxidic Fe(x)/C and Fe(x)Mo(9.5)/C catalyst precursors. It turns out that the
Mossbauer parameters of the doublets found for the Fe(x)Mo(9.5)/C catalysts (see
Table I) differ from those found for the Fe(x)/C catalysts (ISi =0.64 mm.s"1, QSi
=0.63 mm.s"1; IS2 =0.64 mm.s*1, QS2 =1.04 mm.s'1). So, 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. When the spectra in Figure 2 are compared to the spectra
recorded at 4.2 K of comparable Fe(x)/C catalysts [17] (this thesis, ch. 5) it can be
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seen that in the presence of molybdenum oxide the mean iron(III)oxide particle size is
smaller.

And finally, the temperature dependence of the resonant absorption area is
influenced by the presence of a molybdenum oxide phase [25] (this thesis, ch. 3). It
was found that in the presence of molybdenum oxide the iron(III)oxide particles as a
whole vibrate less. This can be interpreted as an increased strength of the interaction
between the support and the iron(III)oxide particles. Moreover, it was found that in
the presence of a molybdenum oxide phase the vibrations are less influenced by the
presence of a layer of hydrated anions.

The differences between oxidic Fe(x)/C and Fe(x)Mo(9.5)/C catalyst precursors
outlined above can be understood by assuming that in the Fe(x)Mo(9.5)/C catalysts
the oxidic phases are in contact with each other. Because the molybdenum phase is
introduced first it is most likely that this contact is due to the fact that the
iron(III)oxide is located on top of the molybdenum oxide phase. Additional support
for this supposition is given by the following. The molybdenum oxide phase is
deposited on the activated carbon in an anionic form. So, 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 preferentially be located on top of the molybdenum phase.

Hence, it is concluded that in the oxidic Fe(x)Mo(9.5)/C catalyst precursors small
iron(IH)oxide particles are present. These particles are located on top of a, highly
dispersed, molybdenum oxide phase. This model is in agreement with the structure of
the oxidic precursor of C0-M0/AI2O3 catalysts as described by Delmon [26]. This
author showed the presence of a C0M0 bilayer in the catalyst precursors. However, it
must be realized that in the Fe(x)Mo(9.5)/C catalyst precursors studied here
iron(III)oxide particles are formed. This means that the oxidic iron phase is not
monoatomically distributed over the molybdenum oxide layer. As a monoatomic
distribution of the oxidic iron phase is requested for a bilayer, in the oxidic
Fe(x)Mo(9.5)/C catalyst precursors no true bilayer is formed.

Sulfided catalysts
Catalyst composition as a function of iron content. Our experiments show that no

oxidic iron compounds remain after the sulfidation procedure applied for the
MOssbauer experiments. This indicates that the Mossbauer spectra represent a sulfidic
state of the catalysts comparable to that present during the thiophene HDS activity test.

For the Fe(l .8)Mo(9.5)/C catalyst it has been concluded previously that three
sulfidic iron phases can be present in the catalyst, viz. "Fe-Mo-S", Fei-xS and FeS2
[19] (this thesis, ch. 6). However, the surprisingly presence of FeS2 after sulfidation at
high temperature (T > 573 K) has been ruled out by the in-situ experiments at
cryogenic temperatures. From the temperature dependence of the resonant absorption
areas of the different spectral components it was decided to use only one doublet
ascribed to "Fe-sulfide", besides the two "Fe-Mo-S" doublets in the computer
analyses. A magnetically splitted hyperfine contribution is present in the spectra
recorded at 4.2 K in the catalysts with an iron content of 2.7 wt% and higher. Hence,
the "Fe- sulfide" is due to superparamagnetic Fei-xS in these catalysts. It is unlikely
that in the Fe(0.6)Mo(9.5)/C and Fe(1.8)Mo(9.5)/C catalysts the "Fe-sulfide"
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represents a different iron sulfide phase than in the other catalysts. This implies that in
all catalysts the "Fe-sulfide" is Fei-xS.

On the other hand, from computer analyses of the spectra of the sulfided
Fe(0.6)Mo(9.5)/C and Fe(1.8)Mo(9.5)/C catalysts recorded at room temperature on an
extended velocity scale, it follows that the parameters of the "Fe-sulfide" doublet
(IS=0.55 mm/s, QS=0,58 mm/s) for these catalysts are practically those of FeS2
(IS=0.58 mm/s, QS=0.61 mm/s).

This contradiction can be explained as follows. Both in FeS2 and Fei-iS the iron
atoms are octahedrally coordinated by sulfur atoms. This implies that in both iron
sulfides the neighbouring sulfur atoms are similarly arranged. So, for ultrafine iron
sulfide particles which only consist of a few iron atoms and show no crystallographic
ordering there will be hardly any difference between FeS2 and Fei-xS with respect to
the coordination of the iron atoms. Therefore, for such particles it will be impossible
to discriminate between FeS2 and Fei-xS on basis of MQssbauer spectra which show
no magnetic hyperfine splitting. Hence, it can be concluded from these considerations
that no FeS2 is present in the sulfided Fe(x)Mo(9.5)/C 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 catalyst [19] (this thesis, ch. 6). It has been established now that
only two sulfidic iron phases are present in the sulfided Fe-Mo/C catalysts, viz.
"Fe-Mo-S"andFei-xS.

From our experiments it follows that the spectral contribution of the iron
compounds present in the sulfided catalysts depends on the iron content and on the
temperature at which the spectrum is recorded. First, we will discuss the significance
of the latter, while the significance of the former will be discussed further on in this
paragraph.

It is found that for all catalysts the spectral contribution of the "Fe-Mo-S" phase
depends most strongly on the temperature. Consequently, the "Fe-Mo-S" phase has a
lower Debye temperature than the Fei-xS phase. This result either indicates that more
iron atoms are located at the surface in the "Fe-Mo-S" phase [28], or that the particles
containing the "Fe-Mo-S" molucules as a whole vibrate more [29]. The latter
however, is rather unlikely. For, already in the oxidic catalyst precursors die
vibrations of the iron(III)oxide particles are restricted by the molybdenum oxide phase
(see previous section). The same behaviour will probably happen in the sulfided
catalysts. However, the restriction will be limited to those iron atoms which are in
contact with the molybdenum sulfide phase. So, the particles which contain the
"Fe-Mo-S" molecules will vibrate less. Because it is established by EXAFS that in
sulfided Mo/C and Co-Mo/C catalysts M0S2 microcrystals are present [31], it is
concluded that in the "Fe-Mo-S" phase the iron atoms are located at/near the surface
of MoS microcrystals. This is in agreement with the "Co-Mo-S" phase present in
C0-M0/AI203 catalysts [30] where die Co atoms occupy edge sites of the M0S2
microcrystals. The results presented here do not yield a decisive answer about the
nature of the two "Fe-Mo-S" sites. However, at present investigations are undertaken
to obtain a more detailed knowledge of the nature of die two "Fe-Mo-S" doublets. The
intention of these experiments is to establish whether or not the two doublets represent
different locations of iron atoms on the M0S2 microcrystals.

93



The influence of the iron content on the composition of the catalyst comes out
most clearly in the spectra recorded at 4.2 K. An additional advantage of using these
spectra is that possible 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 contribution of the
Fei-xS phase increases. The Fei-xS particles can possibly influence the "Fe-Mo-S"
phase. This effect is concluded from the change in the Mossbauer parameter of the
"Fe-Mo-S" doublets observed when the Fei-xS particles become large enough to give
rise to a magnetically splitted contribution.

The question arises whether the increase in the spectral contribution of the Fei-*S
particles is due to a complete occupation of possible "Fe-Mo-S" sites. This would
show from a same number of Fe atoms in the "Fe-Mo-S" phase ("Fe-Mo-S content")
in all the catalysts. The "Fe-Mo-S content" has been deduced from the total iron
content in the catalyst, the spectral contribution of the "Fe-Mo-S" phase in the spectra
recorded at 4.2 K and the assumption that one iron and one molybdenum are involved
in the "Fe-Mo-S" molecule. The results of these multiplications are given in Table III.
It turns out that as the iron loading increases the number "Fe-Mo-S" atoms increases
for Fe contents up to 5.5 wt%. Hence, it is concluded that the increase in the spectral
contribution of the Fei-xS phase is not due to a complete occupation of "Fe-Mo-S"
sites. This unlike certain CO-MO/AI2O3 catalysts, for which it is shown that
segregation of C09S8 only start when the edges of the M0S2 microcrystals are
saturated with Co-atoms forming "Co-Mo-S" [27].

At Fe contents of 5.5 wt% and higher the "Fe-Mo-S content" is almost constant,
indicating a saturation of edge sites. As a matter of fact the maximum "Fe-Mo-S
content" corresponds to a saturation of edge sites, if M0S2 microcrystals are assumed
identical to those reported by Bouwens et al. for comparable Co-Mo/C catalysts [31].

TABLE HI

Fe content in the "Fe-Mo-S" phase ("Fe-Mo-S content") as a function of the iron
content of the catalyst.

x "Fe-Mo-S content"
(wt%) (wt%)

0.6
1.8
2.7
5.5
9.0

0.4(1)
1.1(1)
1.7(2)
2.5(2)
2.7(3)
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Relation between composition catalyst and thiophene HDS conversion. For
Co-Mo catalysts it is established that the HDS activity is directly related to the
amount of "Co-Mo-S" in the catalyst [32,33]. We have shown that a similar relation
exists between the amount of "Fe-Mo-S" and the thiophene conversion of a
Fe(1.8)Mo(9.5)/C catalyst [19] (this thesis, ch. 6). Therefore, it is reasonable to
investigate the relation between the amount of "Fe-Mo-S" and the thiophene HDS
activity more closely. In this respect we have plotted in Figure 9 the thiophene
conversion as a function of the number of iron atoms in the "Fe-Mo-S" phase
("Fe-Mo-S content", see previous section). In Figure 9 we have also plotted the
thiophene conversion as a function of the Fe content in the Fei-xS phase ("Fei-xS
content") for Fe(x)/C catalysts [17] (this thesis, ch. 5). It follows from Figure 9 that
for x > 2.7 in the Fe(x)Mo(9.5)/C catalysts the dependence of the thiophene
conversion on the "Fe-Mo-S content" is similar to that on the "Fei-xS content" in the
Fe(x)/C catalysts. It is remarkable that as soon as relatively large Fei-xS particles
(showing a magnetic hyperfine splitting) are observed in the spectra recorded at 4.2 K
(see Figure 4) the increase in the thiophene conversion with the "Fe-Mo-S content" is
the same as observed for the "Fei-xS content". These results identify the "Fe-Mo-S"
phase as the promoter phase in carbon-supported Fe-Mo catalysts. However, the
promoter action diminishes by the formation of relatively large Fei-xS particles. This
is probably caused by a covering of the more active "Fe-Mo-S" sites by less active
Fei-xS particles. Two different observations support this assumption. First, the
Mossbauer parameters of the "Fe-Mo-S" doublets are influenced by the presence of
relatively large Fei-xS particles, which indicates that they are at least to some extent
in contact with each other. In addition, in the presence of relatively large Fei-xS
particles only M0S2 and Fei-xS seem to be accessible to the thiophene, as can be
concluded from the measured conversion (see Figure 8).

The fact that the Fei-xS particles tend to cover the "Fe-Mo-S" sites also explains
why the thiophene HDS activities reported by Groot [16] are well below those
obtained in this study as is shown in Figure 8. For the Fe(1.8)Mo(9.5)/C catalysts [19]
(this thesis, ch. 6) it has been shown that the sulfidation procedure with the higher
heating rate results in an increase in the amount of Fei-xS present in the catalyst at the
expense of the amount of iron present as "Fe-Mo-S". Also the mean Fei-xS particle
size becomes larger by using this sulfiding procedure. Hence, the influence of the
Fei-xS particles on the thiophene HDS activity will be more pronounced for the
catalysts that have been subjected to the higher heating rate during the sulfidation
procedure.

Summing up, it is concluded that the activity of the Fe(x)Mo(9.5)/C catalysts is
determined by three factors: (i) the amount of Fe present as "Fe-Mo-S", (ii) the
amount of Fe present as Fei-xS, and (iii) the extent to which the Fei-xS phase covers
"Fe-Mo-S" sites. The first and second factor will increase the activity, whereas the
third one will reduce the activity. Therefore, the outstanding conclusion of the results
presented in this study is that the promoter action observed for Fe(x)Mo(9.5)/C
catalysts is due to the "Fe-Mo-S" phase. However, the promoter action can be
canceled by the segregation of Fei-xS particles which cover "Fe-Mo-S" sites. Hence,
in the preparation of Fe-Mo/C catalysts it has to be pursued to make as much
"Fe-Mo-S" as possible, without a segregation of Fei-xS particles.
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Reoxidized catalysts
It is found that the carbon-supported Fe-Mo catalysts do not reoxidize completely

to iron(III)oxide at room temperature. This in contrast with carbon-supported Fe
catalysts which completely reoxidize to iron(III)oxide under identical conditions [17]
(this thesis, ch. 5). This indicates that the high-spin Fe2+-phase is in close contact with
the molybdenum phase in the reoxidized catalysts. 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"1, QS = 0.37 mm.s'1)
and the temperature dependence of its QS-value (hardly temperature dependent)
indicate that the doublet must be ascribed to a high- spin Fe +-phase. Hence, it is
likely that a Fe2(MoO4)3-like phase is formed in these catalysts. The contact between
the iron and molybdenum also shows from the presence of a high-spin Fe2+-phase, as
this phase is not observed in reoxidized Fe(x)/C catalysts. The parameters of the
high-spin Fe2+-phase, however, do not agree with those reported for a-FeMoO4 or
P-FeMoO4 [34]. Hence, it can be assumed that in the presence of molybdenum a
ferrous iron oxide phase is stabilized. The most likely location of the ferrous iron
oxide ions is at or near the surface of the reoxidized molybdenum phase. This is in
agreement with our observation that the spectral contribution of the high-spin

96



Fe2+-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 [28] has shown using LEED that in single crystals the Debye
temperature for surface atoms is lower than for bulk atoms.

From the reoxidized catalyst one can obtain information about the thermal stability
of the catalysts during the sulfidation procedure. This information is obtained from a
comparison of the mean particle size of the iron(III)oxide phase in the oxidic catalyst
precursor and the reoxidized catalyst. This comparison is considered valid because no
remaining sulfidic contributions are observed in the spectra. The influence of the
high-spin Fe2+-phase on the spectral contribution of the magnetic splitted component
is assumed to be negligible. This assumption is based on the structure model outlined
above, in which the ferrous iron phase is located at or near the surface of the
molybdenum phase. From the comparison between the oxidic catalyst precursors
(Figure 2) and the reoxidized catalysts (Figure 7) it is concluded that the mean
iron(III)oxide particle size is somewhat smaller in the reoxidized catalysts. This
implies that either during sulfidation or during reoxidation a redispersion of the iron
phase has taken place. It is most likely that this redispersion occurs during the
sulfidation of the catalyst. For, in the sulfided catalysts a "Fe-Mo-S" is present. As the
iron atoms in this phase are interacting only with Mo and S atoms, the formation of
this phase requires that the Fe atoms in the iron(III)oxide particles are rearranged.

Also the fraction of the iron which are not converted into "Fe-Mo-S" but into
Fei-xS does not show severe sintering. Comparison of the spectra in Figure 7 with the
spectra recorded at 4.2 K of reoxidized Fe(x)/C catalysts (Figure 7 a,b [17] (this
thesis, ch. 5)) learns 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 was demonstrated [17] (this
thesis, ch. 5) 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 Fv\x)Mo(9.5)/C than in the Fe(x)/C catalysts [25]
(this thesis, ch. 3) catalysts the difference in mean particle size is easily understood.

CONCLUSIONS
The present study has provided detailed insight into the structure of

carbon-supported Fe-Mo catalysts. The application of in-situ Mtfssbauer spectroscopy
at cryogenic temperatures has proved to be essential for the correct understanding of
the catalysts. Our results support the view that in promoted molybdenum sulfide
catalysts a "Co-Mo-S" type of phase is responsible for the activity. Some of the main
conclusions are the following:
- A Fe(x)Mo(9.5)/C catalyst is completely sulfided during a sulfidation treatment up

to 623 K.
- Under typical thiophene HDS conditions the catalyst contains Fei-xS and

"Fe-Mo-S".
- The "Fe-Mo-S" phase originates the observed promoter effect.
- In the "Fe-Mo-S" phase the iron atoms are located at or near the surface of M0S2

microcrystals.
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— The amount of Fei-xS in the catalyst increases as the iron loading of the catalyst
increases.

— The decrease in the promoter effect, which is observed as the iron loading
increases, is caused by the covering of "Fe-Mo-S" sites by the Fei-xS phase.

— Due to the interaction between the molybdenum- and iron phases the catalysts
show a high thermal stability
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8. THE SULFIDATION OF ALUMINA-SUPPORTED IRON AND
IRON-MOLYBDENUM OXIDE CATALYSTS

W.L.T.M. Ramselaar, V.H.J. de Beer and A.M. van der Kraan

ABSTRACT

The transition of alumina-supported Fe andFe-Mo catalysts from the
oxidic precursor into the sulfided catalysts was systematically studied by
means ofin-situ Mossbauer spectroscopy at room temperature. This enabled
the adjudication of various sulfidic phases in the sulfided catalysts.

The alumina support material prevents complete sulfidation of the iron
phase. Some of the iron diffuses into the support material at temperatures of
573 K and higher. The relative amount of iron diffused into the alumina was
reduced by higher iron contents and/or the presence of molybdenum.

Together with the formation of elemental sulfur and a lower intrinsic
activity, the incomplete sulfidation accounts for the poor HDS activity of
alumina-supported iron and iron-molybdenum sulfide catalystst.

INTRODUCTION
Transition metal sulfide catalysts are of great interest, as they are widely used in

the oil-processing industry for the removal of, environmental pollulive, hetero-atoms
like sulfur and nitrogen from crude oil fractions or coal-derived liquids. Catalysts
consisting of molybdenum or tungsten sulfide promoted by cobalt or nickel sulfide
supported on porous alumina are most commonly applied. However, it was established
ihat application of carbon as a support material results in an enhancement of the
catalytic activity for various hydrotreating reactions [1-6]. Moreover, in accordance
with the findings reported by Pecararo and Chianelli [7] for dibenzothiophene HDS
over unsupported transition metal sulfides, it was found by Visser et al. [8] and
Ledoux et al. [9] that besides M0S2 and WS2 many other transition metal sulfides
show a considerable thiophene HDS activity when supported on an activated carbon.

Groot et al. [10] reported thiophene HDS activities for carbon-, silica- and
alumina-supported iron sulfide catalysts. These authors found that carbon-supported
catalysts are much more active than those supported on alumina. Similar observations
are made for the iron molybdenum catalyst [4].

Recently, we have studied by in-situ Mdssbauer spectroscopy the sulfidation
process of carbon-supported Fe and Fe-Mo sulfide catalysts [11-13] (this thesis,
ch. 5-7). In an attempt to understand the very low thicphene HDS activity of the
alumina-supported catalysts compared to the carbon-supported ones, we have studied
these catalysts in the same way.
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EXPERIMENTAL
Preparation of oxidic catalyst precursors

The oxidic catalyst precursors were prepared by pore volume impregnation
(incipient wetness) of Ketjen 001-1.5E Y-AI2O3 (surface area 271 m .g ; pore volume
0.7 cm3.g"2). Aqueous solutions of (NH4)6Mo7O24.4H2O (Merck >99%) and
Fe(NO3)3.9H2O (Baker. >99%) were used. The iron nitrate solutions were enriched in
the Mossbauer isotope Fe, using reduced a-Fe2O3 (Intersales, 94,7% 57Fe)
dissolved in 2N HNO3 and the acidity of the impregnation solution was adjusted to
pH = 0.25.

Samples containing both molybdenum and iron were prepared by a two-step
impregnation procedure, in which the Mo phase was introduced first. After
impregnation with ammonium heptamolybdate the samples were calcined at 773 K for
4 h. Iron nitrate impregnation was followed by drying in flowing air (flow rate 100
cm .min" ) at room temperature and an additional treatment in flowing hydrogen
(flow rate 50 cnT.min" ) in order to remove completely the anionic nitrate species.
During this treatment the sample was kept at 313,353 and 393 K for 24 h at each
temperature. The samples will be denoted Fe(x)/Al2O3 and Fe(x)Mo(0.6)/Al2O3,
where x (x = 0.15,0.50,0.80) and 0.6 are the variable iron and constant molybdenum
support surface loading (atoms per nm ) respectively.

Sulfiding procedure and Mossbauer experiments
Mossbauer spectra were recorded at 293 K with a constant velocity spectrometer

using a Coin Rh source at room temperature. Doppler velocities are given relative
to sodiumnitroprusside. The spectra were fitted by computer with calculated
subspectra consisting of Lorentzian shaped lines.

Catalyst samples (200-300 mg) were sulfided in a stainless steel Mossbauer in-situ
reactor, the design of which is described in detail elsewhere [14]. In this reactor at
first the influence of the exposure to H2S/H2 at room temperature was investigated by
replacing the initially present air by a 10 mol% H2S in hydrogen gas mixture. A
Mossbauer spectrum was recorded while the sample was kept in static H2S/H2 at
atmospheric pressure. Next the same sample was subjected to various successive
sulfidation treatments in a 50 em'-min"1 flow of the H2S/H2 gas mixture. In each
treatment the temperature of the sample is linearly increased to the desired
temperature over a 1 h period, and is then lowered to room temperature. MOssbauer
spectra were recorded after each treatment while the sample was kept in the H2S/H2
environment at ambient pressure. The samples will be denoted Fe(x)/AhO3[z] and
Fe(x)Mo(0.6)/Al2O3[z] in which z is the maximum temperature reached during the 1 h
sulfidation treatment.

RESULTS
Iron-molybdenum catalysts

In Figure 1 spectra of the Fe(0.15)Mo(0.6)/Al2O3 and Fe(0.8)Mo(0.6)/Al2O3
catalysts recorded after various successive sulfidation treatments are given. In this
Figure also the spectrum of the oxidic catalyst precursor is included. These
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experiments illustrate how the precursor material is possibly converted into the
sulfidic catalyst.

The spectra in Figure 1 look very complex and the analyses are rather difficult.
Still, remarkable changes in the spectral shape occur after the different sulfidation
treatments. These changes are made visible by the vertical line at zero velocity in
Figure 1. It is obvious that upon sulfidation up to 473 K, a shift of the spectral
components to lower Doppler velocities occurs, while after sulfidation up to higher
temperatures the spectral components move back to their original positions.
Furthermore, at increasing sulfidation temperature, an increase in the spectral
contribution of high-spin Fc +-phase(s) is observed.
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Figure 1: in-silu Mossbauer spectra at 293 K ofFe(0.8)Mo(0.6)/Al2O3 and
Fe(0.15)Mo(0.6)/AkO3 catalysts after various successive sulidation treatments [z] in a
IhSlHi gas mixture. See section EXPERIMENTAL for details of the sulfidation
procedure and sample notation
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Like in case of carbon-supported catalysts [11-13] (this thesis, chs. 5-7) the
doublet observed in the spectrum of the precursor consists of rather broad absorption
lines. Therefore, it is reasonable to analyse this spectrum using two doublets. The
MSssbauer parameters of these doublets, given in Table I indicate that the iron is
present as iron(III)oxide. These doublets have an identical isomer shift (IS) but
different quadrupole splittings (QS). From previous experiments on unsupported small
Gt-Fe2O3 particles (4-7 nm) it is known that such a spectral composition is due to a
bulk and a surface oxide contribution [15]. The spectral component with the largest
QS value is assigned to the surface oxide contribution.

Roughly speaking, the shape of the spectrum already changes slightly when the
catalyst is exposed to the sulfidation gas mixture at room temperature. From the
computer analysis of the spectrum (Table I) it appears that the bulk oxide contribution
is hardly and the surface oxide contribution is only partly affected by the sulfiding gas
mixture. Besides the remaining bulk and surface oxide contributions two other
components are discernable in the spectrum. One of these components (with only a
small contribution) is a high-spin Fe2+-phase, which is also observed during the
sulfidation of carbon-supported Fe-Mo catalysts [12] (this thesis, ch. 6) and hence is
assumed to be an oxidic phase. The parameters (IS=0.50 mm.s" , QS=1.05 mm.s" ) of
the other newly formed compound do not match with those of known oxidic or
sulfidic iron compounds. For the carbon-supported catalyst it was shown previously
that the high-spin Fe +-phase is a transient phase between the iron(III)oxide and a
sulfidic .'on compound [16]. So, the question arises whether the unidentified
compound in the alumina-supported catalyst is formed out of the high-spin Fe -phase
during the sulfidation at room temperature. Therefore, we have measured the
transmission of the 7-rays as a function of time at a Doppler velocity corresponding to
the positive resonant absorption velocity of the high-spin Fe +-phase. It is found that
this Fe +-phase is formed as soon as the H2S/H2 gas mixture is present in the reactor
and that this formation is not followed by a decrease in intensity due to a
transformation into an other compound [16]. Hence, the unidentified newly formed
compound is most likely not sulfidic. From these 7-ray transmission experiments it is
also deduced that the mass increase during sulfidation at room temperature of the
Fc(0.8)Mo(0.6)/Al2O3 catalyst is larger than that of the blank support, however equal
to the mass increase for a Mo(0.6)/Al2O3 sample. Further, it is observed that the color
of the catalyst has changed from orange to brownish-black, which should, according
to Arnoldy et al. [17], indicate the formation of M0S3. However, the deduced sulfur
uptake by the catalyst at room temperature is about equal to one sulfur atom per
molybdenum atom. A conversion of molybdenum oxide into a molybdenum
(oxy)sulfide could influence the MOssbauer parameters of the iron(III)oxide in contact
with this molybdenum phase. So, the unidentified compound might be iron(III)oxide
influenced by the molybdenum (oxy)sulfide phase. After sulfidation up to 373 K the
spectrum (not shown in Figure 1) remains the same.

However, after increasing the sulfidation temperature up to 473 K a change in the
MOssbauer spectrum is observed (see Figure 1). From computer analyses (Table I) it
follows that now the bulk as well as surface oxide contribution are both completely
influenced by the molybdenum (oxy)sulfide phase following the arguments given
above. For both contributions mainly the IS is lowered as is shown in Table I.
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TABLE I

Isomer shifts QS), quadrupole splittings (QS) and spectnl contributions (A) obtained from computer analyses of Mossbauer spectra recorded at 293 K in H2S/H2 after various
successive sulfidation treatments up to temperatures in Kelvin (2) indicated.

z IS QS A IS OS A IS QS A IS QS A IS QS A IS QS A IS QS A IS OS A IS QS A
(K) (mm.s1) (%) (urn,!-') {%) (mm.s"1) (%) (mm.s"1) (%) (mm.s"1) (%) (mm.s"1) (%) (mm.s"1) (*) (mm.s1) (%) (mm.s1 )(%)

bulk oxide surface oxide high-spin Fe2t Fei.,S "Fe-MO-S"
uninfluenced Mo (0) S infl. uninfluenced Mo (0) S infl. oxidic "Fe (Il)-aluminate"

Fe(0.8)Mo(0.6)/Alj03[z]

0.62 1.07 61

0.66 1.07 36 0.S0 1.0S 24 1.31 2.3 16
0.63 1.08 37 0.4S 1.11 26 1.29 2.4 24

0.50 0.72 43 0.43 1.07 51 1.25 2.5 46
1.43 2.22 3 1.18 1.77 7 0.55 0.64 34 0.57 0.98 28 0.60 1.33 28
1.26 2.43 7 1.21 1.50 14 0.62 0.63 35 0.64 1.00 22 0.68 1.42 22
1.27 2.37 10 1.24 1.48 17 0.63 0.62 37 0.66 1.01 18 0.65 1.52 17

Fe(0.15)M0(0.6)/(AWh[z]

773 ~~~ 1.31 2.30 17 1.22 1.66 24 0.59 0.62 17 0.60 0.98 19 0.63 1.42 17

Experimental uncertainties: IS, QS» 0.05 mm.s'1; A= 5%.

fresh

293
373
473
573
673
773

0.63

0.57
0.56

0.64

0.64
0.63

39

34
33



After the sulfidation treatments up to 573 K and higher temperatures the spectrum
has again changed markedly. It turns out that all but one of the subspectra which were
present after sulfidation up to 473 K have disappeared. The only remaining
component is the oxidic high-spin Fe +-phase. Besides this Fe +-phase a second
high-spin Fe2+-phase is observed in the spectrum. This Fe2+-phase is not found during
the sulfidation of carbon-supported catalysts [11,12] (this thesis, chs. 5,6). However,
when the Fe(x)Mo(0.6)/Al2O3 catalysts are subjected to reduction treatments in H2, a
high-spin Fe -phase with similar Mossbauer parameters (IS=1.30 mm.s"1, QS=1.75
mm.s ) is formed. This high-spin Fe2+-phase seems not to reoxidizt. to iron(III)oxide
when the catalysts are exposed to air after the various successive H2-treatments up to
773 K. So, the iion atoms in this phase are strongly influenced by the alumina support.
Therefore, this high-spin Fe +-phase is ascribed to a so-called "Fe(II)-aluminate". In
Figure 2 the Mossbauer spectra recorded at room temperature of the
Fe(0.15)Mo(0.6)/Al2O3 and Fe(0.8)Mo(0.6)/Al2O3 catalysts after various successive
reduction treatments in H2 are given. In each reduction treatment the same sample is
kept for 1 h in a H2-flow (flow rate 50 cm^.min"1) at the temperature indicated,
followed by cooling to room temperature in the same gas flow. Measurements are
done while the sample is kept in H2 at room temperature.

Besides the two high-spin Fe """-phases three more subspectra seei.i to be
discernable in the spectra. The parameters of two of these doublets agree rather well
with those of the bulk and surface oxide contributions in the precursor material. It is
however rather unlikely that a more severe sulfidation treatment would cause a
reformation of the original oxidic phases. Moreover, such a reformation of the oxidic
contributions conflicts with the results of the H2-reduction experiments, as given in
Figure 2. For, the iron(III)oxide contributions have nearly disappeared after a 1 h
treatment at 573 K in H2. Hence, it is assumed that the three subspectra represent
sulfidic iron phases. By comparing of the parameters of these subspectra with those of
sulfidcd carbon-supported iron [11] (this thesis, ch. 5) and iron-molybdenum [12] (this
thesis, ch. 6) catalysts, these subspectra can be ascribed to Fei-xS and a mixed
iron-molybdenum-sulfide phase, the so-called "Fe-Mo-S" phase. By means of y-ray
transmission experiments it is determined that during sulfidation up to 673 or 773 K
the mass of the catalyst increases considerably (up to 10 wl%). Because the same
mass increase is also observed for the blank support it is concluded that considerable
amounts of elemental sulfur are formed during these sulfidation treatments. (A
sulfidation of the support material can be excluded at these temperatures.)

From Figure 1 it is concluded that no large differences between the spectra of the
two Fe(x)Mo(0.6)/Al2O3 catalysts can be observed. In Table I the results of the
computer analysis of the spectrum of the Fe(0.15)Mo(0.6)/Al2O3 catalyst after the
final sulfidation treatment up to 773 K are included. It is remarkable that the spectral
contribution of the so-called "Fe-Mo-S" phase seems to be independent of the iron
loading. So, the "Fe-Mo-S" phase is not preferentially formed.

Iron catalysts
To make a comparison between the sulfidation behaviour of Fe-Mo/Al2O3 and

Fe/Al2O3 catalysts possible, an Fe(0.5)/Al2O3 catalyst is subjected to the same series
of sulfidation treatments as used for the Fe(x)Mo(0.6)/Al2O3 catalysts. The spectra of
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Figure 2: in-situ Mbssbauer spectra at 293 K of Fe(0.8)Mo(0.6)IAhOi and
Fe(0.15)Mo(0.6)/AkO3 catalysts after various successive reduction treatments [z] in Hi

the Fe(0.5)/Al2O3 catalyst after the various successive sufidation treatments are given
in Figure 3. It turns out that the transition of the precursor material into the sulfidic
catalyst proceeds more ore less the same as for the iron-molybdenum catalyst. The
main difference, which already becomes clear from a visual inspection of the spectra
(see Figures 1 and 3) is that upon sulfidation up to 473 K in the Fe(0.5)/Al2O3 catalyst
a shift of the spectral components to lower Doppler velocities is not observed. The
results of the computer analyses of the complex spectra are given in Table II.

After exposure of the precursor material to the H2S/H2 gas mixture at room
temperature only a small contribution of an oxidic high-spin Fe2+-phase is observed
besides the spectral components ascribed to bulk and surface oxide. This is in line
with the results of y-ray transmission experiments [16], which have shown that the
high-spin Fe2+-phase is not converted into an other compound. It is also observed that
the colour of the Fe(0.5)/Al2O3 sample does not change during exposure to the
sulfidation gas mixture at room temperature.
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Figure 3: in-situ Mossbauer spectra at 293 K ofFe(05)IAhO3 catalyst after various
successive sulidation treatments [z] in a H^SIlh gas mixture. See section
EXPERIMENTALfor details of the sulfidation procedure and sample notation

After sulfidation up to 473 K it turns out that the surface oxide contribution seems
not affected by the sulfidation treatment while the IS of the bulk oxide contribution
has decreased to 0.50 mm.s'1. After sulfidation up to temperatures of 573 K or higher
the same spectral components are found in the Fe(0.5)/Al2O3 as in the
Fe(0.8)Mo(0.6)/Al2O3 catalyst. This is rather remarkable because as a result of this
the two doublets with ISi =0.66 mm.s , QSi =1.05 mm.s and IS2 =0.65 mm.s",
QS2 =1-52 mm.s"1) should be ascribed to the so-called "Fe-Mo-S" phase while no
molybdenum is involved. This should indicate that in the Fe(0.5)/AhO3 sample iron
atoms are present which are similarly coordinated by sulfur atoms as the iron atoms in
the "Fe-Mo-S"-phase. On the other hand the MSssbauer parameters of one of the
doublets ascribed to the "Fe-Mo-S" phase are about the same as those of the surface
oxide phase.

However, a stabilization of the surface oxide contribution conflicts with the results
of H2-reduction experiments on the Fe(0.5)/Al2O3 catalyst (see Figure 4). It is shown
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TABLE II

Isomer shifts flS), quadrupole splittings (QS) and spectral contributions (A) obuined from computer analyses of Mbssbtuer spectra
recorded at 293 K in H2S/H2 after various successive sulfidaiion treatments up to tempers^ -es in Kelvin (z) indicated.

z
(K)

IS QS
(mm.s"1)

A
(ft)

bulk oxide

Fe(0.5)/Al203[z]

fresh

293
373
473
573
673
773

0.60 0.5S

0.56 0.61
0.56 0.60
0.50 0.64

43

50
57
49

Fe (0.15) (A12O3[773]

773

IS OS
(mm.s )

A
(%)

surface oxide

0.61 0.95

0.62 1.03
0.60 1.00
0.58 0.99

57

44
37
40

IS
(mm

OS
.s"1)

oxidic

1.35
1.32
1.29
1.26
1.48
1.47

1.34

2.30
2.35
2.34
2.48
2.15
2.18

2.19

A
(ft)

IS QS
(mm.s"1)

high-spin Fe2<

A
(ft)

"Fe (II)-aluminate"

6
6

11
11
14
12

15

1.30
1.25
1.30

1.34

1.50
1.50
1.50

2.19

7
30
37

63

IS QS
(mm.s"1)

0.55
0.61
0.61

Fei.,S

0.60
0.64
0.61

A
(%)

38
18
15

IS QS
(mm.s"1)

0.59
0.64
0.66

0.71

0.98
1.00
1.05

1.06

A
(ft)

IS
(mn

"Fe-MO-S"

21
19
16

22

0.63
0,65
0.65

OS
. .S"5)

1.32
1.44
1.52

A
(ft)

22
18
20

Experimental uncertainties: IS, QS= 0.05 mm.s1; A= 5%.



in this Figure that the surface oxide contribution has disappeared after a 1 h treatment
at 673 K in H2. Because the reactivity of a H2S/H2 gas mixture is higher than that of
H2 gas this indicates that in the sulfidation experiments the surface oxide will be
converted into an other compound. From Table II it follows that the spectral
contribution of the "Fe(II)-aluminate" increases and that of the Fei-xS decreases
significantly when the maximum sulfidation temperature is increased to 673 K. This

1.19 —

1.06 —

1.65 _

.49 —

fiiS/1
J

Fe[x)/J

\

\

T = 2S3 K

i

sulfided
i '

U2O3[773 X]

: N -
\J x = 0.15 ,

\J °'50 -
i

-1Eoppler velocity ( HJ.S'

Figure 4: in-situ Mossbauer spectra at 293 K ofFe(05)IAW^ and Fe(0.15)IAhOz
catalysts after final sulidation treatment up to 773 K in a H2SIH2 gas mixture. See
section EXPERIMENTAL for details of the sulfidation procedure and sample notation.
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Figure 5: in-situ Mossbauer spectra at 293 K ofFe(0.15)fC, Fe(0.15)Mo(0.6)/C.
Fe(0.15)/AhO3 andFe(0.15)Mo(0.6)IAhOi catalysts after final sulfidation treatment up
tc773K.
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As is shown in Figure 5 the iron loading clearly influences the composition of the
sulfidic catalyst. The results of the computer analysis of the spectrum of the
Fe(0.15)/Al2O3 catalyst after the sulfidation treatment up to 773 K are also presented
in Table II. It is striking that in the catalyst with the lowest iron loading the spectral
contribution of the "Fe(II)-Aluminate" is noticably larger than in the other sample.
From measurements at 4.2 K of the oxidic precursor material it is known that the
dispersion of the iron is higher in the Fe(0.15)/Al2O3 than in the Fe(0.5)/Al2O3
sample [18]. Consequently, relatively more iron atoms will be in close contact with
the alumina support in the sulfided catalyst. Besides the oxidic high-spin Fe +-phase
and the "Fe(II)-aluminate" also a spectral component with the parameters of the
surface oxide contribution is observed in the sulfided Fe(0.15)/Al2C»3 catalyst.

DISCUSSION
Comparison of alumina-supported Fe and Fe-Mo catalysts
From the experimental results as shown in the Figures 1 and 3 it follows that an
asignment of the various spectral components in the catalysts after a sulfidation
treatment up to 773 K should have been impossible without the knowledge of the
spectra after sulfidation treatments at lower temperatures. The occurence of the shift
of some spectral components to lower Doppler velocities in the spectrum of the
Fe(x)Mo(0.6)/Al2O3 catalysts after the sulfidation treatment up to 473 K turned out to
be essential for the mentioned asignment. In addition only by combining the results of
H2-reduction experiments with those of H2S/H2 sulfidation experiments justified to
decide that the alumina-supported Fe and Fe-Mo catalysts became sulfided above
573 K. Only the iron atoms in the high-spin Fe2+-phases, ascribed to an oxidic and a
"Fe(II)-aluminate"-phase, were not sulfided. As a consequence of this decision it
turned out that the surface oxide contribution of the precursor material would have
about the same MOssbauer parameters (IS and QS) as one of the doublets ascribed to
the so-called "Fe-Mo-S" in the Fe-Mo catalysts. Furthermore, it appeared that this
so-called "Fe-Mo-S" phase should also occur in the alumina-supported Fe catalyts
without any molybdenum involved.

At least this last result can be called remarkable, but asks for more decisive
experimental evidence in the near future. It should be mentioned however that we
have already found in a sulfidation study of carbon-supported Fe catalysts, that after a
sulfidation treatment up to 773 K a spectral component is present with the same
Mossbauer parameters as the surface oxide contribution in the spectrum of the oxidic
precursor [11] (this thesis, ch. 5). It seemed to us unlikely that the surface oxide phase
should remain nearly unaffected by such a treatment in H2S/H2, while already at room
temperature iron sulfides are formed in these catalysts [11] (this thesis, ch. S).

From the difference in the spectral contribution of the high-spin Fe -phases
observed in the sulfided Fe and Fe-Mo catalysts it is concluded that the molybdenum
hindered the formation of the "Fe(II)-aluminate". Moreover, by increasing the surface
loading of the catalysts the spectral contribution of the "Fe(II)-aluminate" increases.
So, the relative amount of iron atoms that can be converted into a sulfidic phase
decreases with decreasing iron loading. This effect might explain why alumina-
supported Fe catalysts appear to have a surface loading threshold for HDS activity
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[10]. However, it seems rather unlikely that the very low thiophene HDS-activities for
the alumina-supported catalysts is due to the formation of "Fe(II)-aluminate", as there
are still sulfidic phases formed to a large extent in the catalysts.

Comparison of alumina- and carbon-supported catalysts
In the present study it is shown how the transformation of the precursor material

into the sulfided catalyst proceeds for alumina-supported catalysts. By comparing
these results with those obtained for carbon-supported catalysts [11,12] (this thesis,
chs. 5,6) the influence of the support material on the sulfidability is studied.

From this comparison it follows that the alumina support hinders the sulfidation of
the iron phase. For example, while after exposure of the sample to the H2S/H2 gas
mixture at room temperature no sulfidic iron compound can be discerned in the
alumina-supported catalysts, a considerable part of the iron is sulfided in the
carbon-supported catalysts. It also follows from the comparison of the carbon- and
alumina-supported catalysts that their composition under typical HDS conditions
(T > 573 K) differs. In Figure 5 a,b the spectra of carbon- and alumina-supported iron
and iron-molybdenum catalysts with an equal metal loading (0.15 at/nm2) after the
final sulfidation treatment up to 773 K are shown. These spectra illustrate the
influence of the support material on the composition of the sulfidic catalyst.

The most prominent difference between the carbon- and alumina-supported
catalysts is the fact that in the alumina-supported catalysts the iron is not completely
sulfided. This shows from presence of the "Fe(II)-aluminate" phase and the oxidic
high-spin Fe2+-phase in the sulfided catalysts. For the carbon-supported iron and
iron-molybdenum catalysts it was established that the activity increases as the amount
of Fei-xS and/or "Fe-Mo-S" in the catalyst increases [11-13] (this thesis, chs. 5-7).
Hence, the lower degree of sulfidation in the alumina-supported catalysts brings about
a lower activity. However, the degree of sulfidation of the carbon- and
alumina-supported iron catalysts differs not that much that it accounts for a difference
in activity between the two catalysts as large as observed by Groot et al. [10]. So, it is
assumed that besides the degree of sulfidation other mechanisms lower the activity of
the alumina-supported catalyst. The most obvious other mechanisms are a lower
intrinsic activity and/or covering of the potentially active phase. Van Veen et al. [19]
showed a much higher intrinsic activity for carbon-supported Co-Mo catalysts than
for silica- and alumina-supported Co-Mo catalysts. Hence, a lower intrinsic activity
might play a role. As stated before, large amounts of elemental sulfur are formed on
the alumina-supported catalysts during the sulfidation treatments up to 673 and 773 K.
The elemental sulfur could cover the potentially active phase thus causing to a
decrease in activity of the catalyst.

So, the lower activity of alumina-supported catalysts compared to
carbon-supported ones, might be explained as follows. Less iron is converted into the
actual sulfidic state, but a lower intrinsic activity and/or a covering of the potentially
active phase play the most important role.
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CONCLUSIONS
Due to a systematic study of the transition of the oxidic precursor material into the

sulfidcd catalysts, usefull information about sulfided alumina-supported Fe and
Fc-Mo catalysts has been obtained. It is found that the alumina support hinders the
sulfidation of the catalyst to such an extent that, unlike in carbon-supported catalysts,
no complete sulfidation is achieved. The degree of suliidation increases as the metal
loading of the catalyst increases. Further, it can be deduced that some of the iron may
diffuse into the alumina support under typical thiophene HDS conditions (T > 573 K
in H2S/H2), giving rise to the formation of an "Fe(II)-aluminate". The presence of
molybdenum in the catalyst hinders the formation of the "Fe(II)-aluminate".

Together with the formation of considerable amounts of elemental sulfur and a
lower intrinsic activity of the sulfidic phase(s), the incomplete sulfldation accounts for
the poor HDS activity of the alumina-supported catalysts.
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9. THE INFLUENCE OF POSPHORUS ON THE STRUCTURE AND
HYDRODESULFURIZATION ACTIVITY OF SULFIDED Co, Co-Mo, Fe
AND Fe-Mo CATALYSTS SUPPORTED ON CARBON AND ALUMINA

S.M.A.M. Bouwens, V.H.J. de Beer, R. Prins, W.L.T.M. Ramselaar, E. Gerkema and
A.M. van der Kraan

ABSTRACT

Phosphate-containing Co, Co-Mo, Fa and Fe-Mo sulfide catalysts
supported on y-AhO3 and activated carbon were evaluated for their
thiophene HDS activities. Phosphate was introduced in the form of
phosphoric acid into the catalyst systems. The thiophene HDS activity of the
carbon-supported catalysts decreased considerably in the prsence of
phosphate, while the alumina-supported catalysts were not poisoned by
phosphate present in similar conents as in the carbon-supported catalysts.

Detailed information about the influence of phosphate on the structure
of the catalyst was obtained by combined Mossbauer and XPS studies. It
was shown that in the oxidic carbon- and alumina-supported catalyst
precursors the presence of phosphate resulted in an improved dispersion of
the oxidic phase. In the sulfided carbon-supported Fe and Fe-Mo catalysts,
the presence of phosphate resulted in the formation of an
"Fe(II)-phosphate" phase, which was held responsible for the decrease in
I IDS activity. In the case of sulfided Co and Co-Mo catalysis supported on
carbon, the same poisoning mechanism was obvious. With regard to the
sulfided alumina-supported catalysts, it was found that phosphate did not
influence the structure of the metal sulfide phase.

INTRODUCTION
Hydrotreating catalysts such as alumina-supported molybdenum oxide or sulfide

promoted by Co or Ni sirifide are widely used in the oil-processing industry. The term
hydrotreating consists of several processes like hydrodesulfurization (HDS),
hydrodenitrogenation (HDN) and hydrodemetallization (HDMe). In commercial
alumina-supported Co-Mo and Ni-Mo catalysts the catalytic activity is often improved
by secondary promotors. One of the most effective modifiers of is phosphorus, present
as phosphate in the oxidic catalysts. The phosphate additive is not only describee1 as a
promotor for HDS [1-18], HDN [3-10,19-21] and HDMe [11,22] reactions but also as
a means to increase the strength at heat stability of the alumina support [23,24]
Furthermore, phosphoric acid is often used in the catalyst preparation stage since it
increases the solubility of the precursor metal salts in the impregnation solutions as a
result of which catalysts can be prepared with a single impregnation step
[5-7,12-15,25,26]. The promotion effect of phosphorus on the catalytic activity is
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sometimes explained in terms of an improved dispersion of the precursor metal salts
on the support. Because of the high solubility of the metal salts in the phosphoric-acid
containing impregnation solution, the deposition of large crystalline aggregates on the
support surface is minimized [5-7,12-15].

Nevertheless, the promotion effect of phosphorus is not universal. For instance, it
was shown that large amounts of phosphate (larger than 12 wt%) adversely affect the
HDS and HDN activity of the catalyst [7]. In case of carbon as a support material for
molybdenum sulfide catalysts, it was even shown that that phosphorus acts as a severe
poison since it drastically reduces the thiophene HDS activity of these catalyst already
at very low phosphate contents [27-29]. Recently, we studied this contradictory
behaviour of phosphorus by evaluating the properties of phosphate containing
activated carbon- and alumina-supported molybdenum sulfide catalysts [29]. The
cause of the phosphorus poisoning of the carbon-supported catalysts could not be
related to a decrease in the active phase dispersion, nor to incomplete sulfidation of
the oxidic catalyst precursor. It was suggested that it could be related to phosphine
(PH3) created by reduction of phosphate. The poisoning effect was tentatively
explained as resulting from the adsorption of phosphine on the active sites of the
catalysts, in this way deactivating these sites. The fact that the alumina-supported
molybdenum sulfide catalysts were not poisoned by phosphorus was explained by the
strong interaction of phosphate with the alumina support as a result of which
phosphate could not be reduced to phosphine. Because the latter study only concerned
molybdenum sulfide as the active phase, it is interesting to investigate if other
transition metal sulfides are subjected to the same phosphorus poisoning mechanism.
Therefore, in the present study we examined the properties of phosphate containing
Co, Co-Mo, Fe and Fe-Mo catalysts supported on alumina and on acivated carbon. It
is interesting to compare Co and Fe containing catalysts in view of their analogy with
respect to interactions with the alumina support as well as interactions with the M0S2
phase in the form of "Co-Mo-S" or "Fe-Mo-S" type stuctures, respectively. For each
type of a series with varying phosphate content and nearly constant metal content was
prepared and evaluated for their thiophene HDS activity. The iron containing catalysts
were characterized in their oxidic precursor and freshly sulfided form by using
Mttssbauer spectroscopy. This technique has proven to be a valuable tool in
determining the electronic structure of the sulfide phase [30,31]. Furthermore, X-ray
photoelectron spectroscopy and dynamic CO chemisorption were used to characterize
the catalysts.

EXPERIMENTAL
Catalyst preparation

Alumina-supported catalysts. Phosphate containing catalysts, supported on
alumina (Ketjen Grade B; surface area 270 m^g"1, pore volume 1.9 crn^g'1) were
prepared by a stepwise pore volume impregnation method in which aqeous H3PO4
(Merck p.a.) was added first, followed by the active metal salts,
(NH4)6Mo7O24.4H2O, Co(NO3)2.6H2Oand Fe(NO3>3.6H2O (all Merck p.a.),
respectively. In case of the Co-Mo and Fe-Mo catalysts, the Mo phase was introduced
first. After each metal impregnation step, the catalysts were dried in air (16 h), starting
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at 293 K and gradually increasing the temperature up to 383 K in 3 h where they were
kept overnight. Finally, the catalysts were subjected to a calcination treatment at 823
K for 2 h in air. Series of catalysts were prepared, containing a nearly constant amount
of metal(s) and varying amounts of phosphate (see Table I).

TABLE I
Schematic list of catalysts

Support material

Alumina

Carbon

Type of catalyst

Co(2.4/(A1+P(z)); z = 0,0.1 0.4,0.5
Co(2.8)-Mo(6.9)/(A1+P(z)); = 0,0.1,0.3,0.4

Fe(5.4)/(A1+P(z)); z = 0,0.4,1.3
Fe(2.8)-Mo(8.0)/(A1+P(z)); z = 0,0.5, 2.0

Co(4.3)/(C+P(z));z = 0,0.3
Co(2.6)-Mo(6.1)/(C+P(z)); z = 0,0.8

Fe(4.3)/(C+P(z)); z = 0,0.2 1.5
Fe(3.1)-Mo(8.0)/(C+P(z)); z = 0,0.3, 2.0

Co3(PO4)2/C (4.7 wt% Co) z = 0.7

Carbon-supported catalysts. The support used was an activated carbon (Norit
RX3-Extra; surface area 1190 m 2 .g ' \ pore volume 1.0 cn^.g"1). Phosphate was
introduced into the carbon support by immersing the latter in an aqueous solution of
H3PO4 (Merck p.a.). After refluxing for 1 h, when most of the phosphate was
chemisorbed by the carbon, the samples were filtered off and dried overnight in air at
383 K. Catalysts were prepared on the phosphate-containing carbon supports by pore
volume impregnation using aqueous solutions of the same metal salt components as
mentioned before.

In case of the Co(Fe)-Mo catalysts the Mo phase was introduced first. Series of
catalysts containing a nearly constant amount of active metal components and varying
amounts of phosphate were prepared. One carbon-supported cobalt catalyst was
prepared by using Co3(PO4)2.8H2O (Merck p.a.) as metal salt.
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In case of iron-containing catalysts, phosphate was intoduced by pore volume
impregnation of an aqueous solution of H3PO4 into the oxidic iron containing
catalysts.

After each impregnation, the catalysts were dried in air, starting at 293 K and
increasing the temperature up to 383 K in 3 h, where they were kept overnight. The
carbon-supported samples were not subjected to a calcination step, as this is
detrimental to the dispersion of the active phase.

Catalyst notation. The metal and phosphate contents of the precursor catalysts
were determined by means of atomic absorption spectroscopy (Perkin-Elmer 3030
A AS spectrometer) and a standard analysis procedure [32], respectively. In this
article, catalysts will be denoted Me(w)-Mo(x)/(Y+P(z)), in which Me stands for Co
and Fe, Mo stands for molybdenum in the promoted catalysts, Y denotes the type of
carrier (Al for alumina and C for carbon) and finally P stands for phosphate. The
values w and in brackets represent the the weight percentages of Co(Fe) and Mo,
respectively, z represents the molar PO4-to-Co(Fe) ratio. In Table I the different
catalysts are shown schematically.

Catalytic activity
Catalytic activity for thiophene HDS was tested in a micro flow reactor operating

at 673 K and atmospheric pressure. Catalyst samples (0.2 g) were sulfidcd in-situ in a
mixture of H2S/H2 (10 vol% H2S, flow rate 60 cm'.min"1). The following temperature
program was applied: starting at 293 K, the temperature was linearly increased at a
rate of 6 K.min" until 673, followed by extended sulfidation at 673 K for 2h. At 673
K a mixture of thiophene and H2 (6.2 vol% thiophene) was introduced at a flow rate
of 50 cm3.min''. The reaction products were analyzed by on-line chromatography.
The thiophene conversion measured after a 2 h run was taken to calculate the first
order rate constant for HDS [33]. The intrinsic catalytic activity is expressed as a
quasi-turnover frequency (QTOF: moles thiophene converted, per mol active metal
(Co or Fe, respectively) per second).

MOssbauer spectroscopy measurements
Mossbauer spectra were recorded at 293,77 and 4.2 K with either a constant

acceleration spectrometer or a constant velocity spectrometer. A Co in Rh source,
which is kept at room temperature, is used. The spectra recorded with a constant
acceleration spectrometer (the oxidic catalyst precursors) were not corrected for the
varying distance between source and absorber, hence the curved background in these
spectra is of instrumental origin. Doppler velocities are given relative to
sodiumnitroprusside (SNP) at room temperature. Magnetic hyperfine fields were
calibrated with the 51.5 T field of a-Fe2O3 at 295 K. The spectra were fitted by
computer with calculated subspectra consisting of Lorentzian-shapcd lines, whereas a
curved background was accounted for by a parabola.

Catalyst sulfidation took place in a stainless steel Mb'ssbauer in-situ reactor. The
design of this is described in detail elsewhere [34]. Catalyst sulfidation was carried
out as follows. First the reactor was flushed with a 10 mol% H2S in hydrogen gas
mixture for 30 minutes. Next, the same sample was heated to 673 K, heating rate
5.5 K per minute in a 50 cm3.min"1 flow of the sulfidation gas mixture, and is then
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lowered to room temperature in the same gas mixture flow. Mossbauer spectra were
recorded at 293 K with a constant velocity spectrometer after each treatment while the
sample was kept in the H2S/H2 environment at atmospheric pressure.

X-ray photoelectron specroscopy (XPS)
XPS spectra of the oxidic samples were recorded on a Physical Electronics 550

XPS/AES spectrometer equiped with a Mg anode (1253.6 eV) and a double pass
cylindrical mirror analyzer operating at a pass energy of 50 eV. The powdered samples
were pressed on a double sided adhesive tape. Spectra were recorde in steps of 0.2 eV.
The pressure did not exceed 6.6* 10"6 Pa and the temperature wan approximately 293
K. XPS spectra of the sulfided samples were recorded on an AEIES 200 spectrometer
with an Al anode (1486.6 eV) and a spherical analyzer operating at a pass energy of
60 eV. In order to avoid contact of the sulfided catalysts with air, a special sulfiding
reactor was used [35] which allowed transfer of the samples to a N2 flushed glove box
attached to the XPS apparatus without exposure to air. After sulfidation according to
the procedure described above, the catalyst samples were flushed with purified He for
15 min at 673 K and subsequently cooled to room temperature. The samples were
mounted on the specimen holder by means of double sided adhesive tape. Spectra
were recorded at 293 K in steps of 0.2 eV, the pressure was lower than 1.3«10"6 Pa.

The Cis peak (284.6 eV) was used as an internal standard for binding energy
calibration and the metal-over-C photoelectron intensity ratios were used to measure
the degree of dispersion of the metal (oxide or sulfide) phase on the support.
Theoretical intensity ratios were calculated according to the quantitative XPS model
described by Kuipers [36]. Electron mean free paths were calculated according to
Seah [37], electron cross sections according to Scofield [37].

Dynamic CO chemisorption
Dynamic Co Chemisorption was measured after sulfidation of the oxidic catalysts

in a thiophene/H (7.9 vol% thiophene) reaction mixture at 693 K. At the end of a 24 h
period needed for stabilization, the sulfided catalyst was susequently flushed with Ar
for 2 h at 693 K, then measured for its CO chemisorption capacity in the reactor itself
by a dynamic method. Successive pulses are run onto the sulfided catalyst held at
273 K until cumulative adsorption remained constant. For more detailed information
we refer to Bachelier et al. [39].

RESULTS
Thiophene HDS activity

In the Figures 1 and 2, the QTOF as a function of the PO4 to Co(Fe) molar ratio (z)
arc plotted for various carbon- and alumina-supported catalysts. It is clear that the
activities of the carbon-supported catalysts decrease considerably with increasing
phosphate to metal ratio. In Figure 1 it is furthermore apparent that a Co catalyst
prepared by impregnation with Co3(PO<t)2 as precursor salt, shows the same activity
trend as common carbon-supported Co catalysts. In case of the alumina-supported
catalysts, containing similar phosphate contents as their carbon-supported
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counterparts, no clear influence of phosphate on the QTOF can be discerned.
However, if any, the influence of the phosphate is to increase the QTOF value.

25

0.0 0.4 0.8 1.2

POi|/Ke molar ratio

Figure 1: QTOF values ofsulfided carbon-supported Co and Fe catalysts as a function
of the P04-to-Me ratio (z), Me = Co,Fe, in the oxidic precursor state.

80
HJS/HI sulfided

• Co*/(C«P(z)) . fo*/{AM>(z))

• Fe-Mo/(A1+P(z>)

1.0 1.5
PO|)/Ke molar rat io

2.0 2.5

Figure 2: QTOF values ofsulfided carbon-supported Co-Mo and Fe-Mo catalysts as a
function of the PO4-to-Me ratio (z), Me = Co,Fe, in the oxidic precursor state.
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Characterization by Mossbauer spectroscopy
Mossbauer spectra were recorded of the phosphate-free and phosphate-containing

Fe and Fe-Mo catalysts supported on carbon as well as on alumina, in the oxidic and
sulfided state. In each case a low and a high phosphate content was applied (see Table
I).

Oxidic precursors. The Mossbauer spectra of the oxidic Fe(5.4)/(Al+P(0)) catalyst
precursor recorded at 293,77 and 4.2 K are shown in Figure 3. The spectra recorded
at 293 and 77 K only consist of a quadrupole doublet, while in the spectrum recorded
at 4.2 K a superposition of a quadrupole doublet and a magnetic hyperfine sextuplet is
observed. No contribution of the original iron salt Fe(NO3)3.9H2O, which would be a
broadened single line due to paramagnetic spin-spin relaxation [40], is observed in the
spectra recorded at 293 and 77 K. This indicates that the iron nitrate has completely
decomposed into iron(III)oxide. The observed temperature behaviour, which is also
found for the other catalysts, is typical for ultrafine iron(III)oxide particles showing
superparamagnetism [41]. The appearance of the magnetic hyperfine sextuplet
depends both on the temperature and the mean iron(III)oxide particle size [41]. As
only in the spectra recorded at 4.2 K a spectral contribution of the magnetic hyperfine
sextuplet might be present its relative magnitude determines the sequence in the mean
iron(III)oxide particle size. Besides, this indicates that in all oxidic catalyst precursors
the mean iron(III)oxide particle size is below 4 nm [40]. The spectra recorded at 4.2 K
of the oxidic Fe(4.3)/(C+P(z)), Fe(5.4)/(A1+P(z)) and Fe(2.8)-Mo(8.0)/(A1+P(z))
oxidic catalyst precursors are shown in Figure 3. Because in the spectra recorded at
4.2 K of the Fe(3.1)-Mo(8.0)/(C+P(z)) catalysts no spectral contribution of a magnetic
hyperfine sextuplet is observed they are not presented. It is obvious from Figure 3 that
the spectral contribution of the magnetic hyperfine sextuplet is influenced by the
presence of the phosphate. It turns out that the mean iron(III)oxide particle size is
smaller when phosphate is present in the oxidic carbon and alumina-supported
catalysts. As this holds for all samples it may be assumed that for the carbon
supported Fe-Mo catalyst precursors the mean iron(III)oxide particle size is
influenced in a similar way.

Besides their size the presence of the phosphate might also influence the electronic
structure of the iron(III)oxide particles. In order to establish such an influence it is
necessary to determine the Mossbauer parameters as accurately as possible. So, the
spectra of the oxidic catalyst precursors have been recorded at 293 K on a more
extended velocity scale. The quadrupole doublet observed in these spectra consists of
rather broad absorption lines. Therefore, it is reasonable to analyse these spectra using
two doublets. The results of these analyses are given in Table II. From the analyses it
appears that both doublets have an identical isomer shift (IS) but different quadruople
splittings (QS). From previous experiments on small unsupported Gt-Fe2O3 particles
(4-7 nm) it is known that such a spectral composition is due to a bulk and a surface
oxide contribution [41]. The spectral component with the largest QS value can be
assigned to the surface oxide contribution. Further, it follows from Table II that the
presence of phosphate influences the Mossbauer parameters, especially the QS, of the
doublets. This indicates that the iron(III)oxide and the phosphate are in close contact.
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Figure 3 Mossbauer spectra of the oxidic Fe(5.4)l(Al+P(0)) catalyst precursor
recorded at 293, 77 and 42 K
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Figure 4: Mossbauer spectra recorded at 4.2 K of the oxidic catalyst precursors
(a) Fe(4.3)/(C+P(z))
(b) Fe(5.4)/(Al+P(z))
<c) Fe(2.8)-Mo(8.0)/(Al+P(z))
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TABLE II

Isomer shifts (IS), electrical quadrupole splittings (QS) and mean electrical
quadrupole splittings (QSmean) obtained from computer analyses of Mossbauer spectra
recorded at 293 K of the carbon and alumina supported-supported oxidic catalyst
precursors.
(experimental uncertainties: IS=0.05 mm/s, QS=0.05 mm/s, QSmean=0.05 mm/s)

z

0
0.2
1.5

z

0
0.4
1,3

ISi

Fe(4.3)/(C+P(z))

QSi
(mm/s)

0.64
0.64
0.69

IS,

0.63
0.63
0.49

ISa QS2

(mm/s)

0.63
0.65
0.70

Fe(5.4)/(A1+P(z))

QSi
(mm/s)

0.60
0.60
0.60

0.74
0.78
0.80

IS2

1.04
1.07
0.87

QS2

(mm/s)

0.59
0.S9
0.59

1.21
1.32
1.31

QSmw
(mm/s)

0.82
0.77
0.61

QSmein
(mm/s)

1.05
1.06
1.15

z

0
0.3
2.0

z

0

o.s
2.0

(Fe(3.1)-Mo(8.0)/(C

ISi QSi
(mm/s)

0.65
0.66
0.68

0.50
0.53
0.5S

IS2 QS2

(mm/s)

0.68
0.68
0.70

0.87
0.91
0.98

Fe(2.8)-Mo(8.0)/(A1+P(z))

ISi QSi
(mm/s)

0.60
0.60
0.60

0.76
0.82
0.79

IS2 QS2

(mm/s)

0.59
0.59
0.59

1.30
1.39
1.36

Q S n M n

(mm/s)

0.71
0.70
0.59

Q S M D

(mm/s)

1.02
1.08
1.05

Sulfided catalysts. MSssbauer spectra of the freshly sulfided catalysts are
presented in Figure 5 (carbon-supported catalysts) and Figure 6 (alumina-supported
catalysts), respectively. The spectral contribution with the smaller quadrupole
splitting, indicated by a dashed bar-diagram in the Figures 5 and 6, will be denoted the
sulfidic iron phase. For the carbon-supported catalysts it is obvious that the presence
of phosphate influences the iron phases present in the sulfided catalysts. In the
phosphate-containing catalysts, besides the sulfidic iron phase, a high-spin
Fe2+-pbase, indicated by a full bar-diagram, is present. The spectral contribution of
this phase increases with increasing phosphate content, as can be seen in Figure 5. The
results of the computer analyses of spectra of the the carbon-supported catalysts are
presented in Table HI. In this Table we have indicated the assignment of the sulfidic
iron phase to the spectral components Fei-xS and "Fe-Mo-S", as deduced from our
experiments on sulfided Fe/C [42] (this thesis, ch. 5) an Fe-Mo/C [31,43] (this thesis,
ch. 6 &7) catalysts. In the catalyst with the high phosphate content two high-spin Fe2+

doublets have been used in the analyses, whereas only one seems to be necessary (due
to the small spectral contribution) for the catalysts with the low phosphate content.
However, the parameters obtained for the latter doublet are close to the mean IS and
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Figure 5: Mossbauer spectra of the freshly sulfided catalysis supported on carbon:
(a) Fe(4.3)/(C+P(z))
(b) Fe(3.1)-Mo(8.0)/(C+P(z))

QS values of the former two doublets (of the catalyst with the high phosphate
content). Hence, the high-spin Fe2+-phase is probably not influenced by the amount of
phosphate present in the catalyst. Furthermore, the presence of molybdenum does not
influence the high-spin Fe +-phase. This can be concluded from a comparison of the
computer analysis results obtained for the Fe(4.3)/((C+P11.5)) and the
Fe(3.1)-Mo(8.0)/(C+P(2.0)) catalysts (with the high phosphate content). It is found
that the parameters of the two high-spin Fe doublets in both catalysts are about the
same, considering the experimental uncertainties.

The question arises whether this influences the sulfidic iron phase. By comparing
the results presented in Table III of the Fe(4.3)/(C+P(0)) and Fe(4.3)/(C+P(0.2))
catalysts, no distinct differences in the parameters of the Fei-xS present in both
catalysts appear to be present. Ths fact that for the Fe(4.3)/(C+P(1.5)) catalyst the
parameters of the Fei-xS differ from those in the other two catalysis, can be attributed
to its small spectral contribution as a result of which the computer fitting procedure
for this contribution is inaccurate. On the other hand, for the
Fe(3.1)-Mo(8.0)/(C+P(z)) catalysts the phosphate clearly influences the sulfidic iron
phase. It can be learned from Table III that the parameters of Fci-xS in the
phosphate-free catalyst are clearly different from those of the phosphate containing
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Figure 6: Mossbauer spectra of the freshly sulfided catalysts supported on alumina:
(a) Fe(5.4)/(Al+P(z))
(b) Fe(2.8)-Mo(8.0)l(Al+P(z))

catalysts. Furthermore, the spectral component ascribed to the "Fe-Mo-S" phase has
disappeared in the phosphate-containing catalysts.

In case of the alumina-supported catalysts, the influence of the phosphate on the
iron phases present in the sulfided catalysts is less obvious. This is related to the fact
that in the phosphate-free catalysts already a high-spin Fe2+-phase is present. In
Figure 6 it can be seen that the Doppler velocities of the positive velocity high-spin
absorption lines, indicated by arrows, are not influenced by the presence of phosphate.
From the analyses presented in Table IV, it can likewise be learned that the high-spin
Fe +-phase is not markedly influenced by the phosphate. Moreover, the parameters of
this phase clearly differ from those of the high-spin Fe2+-phase in the sulfided
carbon-supported catalysts. As regards the sulfidic iron phase in the the
Fe(5.4)/(A1+P(z)) and Fe(2.8)-Mo(8.0)/C(A1+P(z)) catalysts, no change in the
Mfissbauer parameters occurs when phosphate is present. Hence, the sole effect of
phosphate in the alumina-supported catalysts seems to be the increase of the high-spin
Fc +-phase at the expense of the sulfidic iron phase. The detailed asignment of the
various spectral components of the "sulfide iron phase" in Table IV is rather difficult.
Because this asignment seems not to be important for this study, we refer for this to
the study on the sulfidation of alumina-supported Fe and Fe-Mo catalysts [44] (this
thesis, ch. 8)
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TABLE III

Isomer shifts (IS), electrical quadrupole splittings (QS) and spectral contributions (A)
obtained from computer analyses of Mdssbauer spectra recorded at 293 K of the
carbon-supported catalysts after sulfidization at 673 K.
(Experimental uncertainties: IS=0.05 mm/s, QS=0.05 mm/s, A= 5%)

z

0
0.2
1.5

0
0.3
2.0

Fe(4.3)/(C+P(z))

sulfidic iron phase

F e i l S

ISi QSI
(xnm/s)

0.64
0.58
0.70

0.47
0.46
0.20

Fei.

ISj QS,
(mm/s)

0.61 0.57
0.52 0.46
0.51 0.42

A
(ft)

83
63
7

,S

A

39
60
13

IS2 QS2

(mm/s)

0.71 0.85
0.74 0.81

A
(ft)

17
16

IS, QS,
(mm/s)

1.50
1.43

2.16
1.9S

A
(ft)

21
52

IS2 QS2

(mm/s)

1.50 2.48

tiigh-spin2+

A
(ft)

41

Fe(3.1)-Mo(8.0)/C+P(z))

sulfidic iron phase

"Fc-Mo-S"

IS2 QS2
(mm/s)

A
(ft)

IS3 QS3
(mm/s)

0.60 1.04

A

46

IS4 QS«
(mm/s)

0.63 1.44

A
(%)

IS

high-spin Fe2*

IS, QS,
(mm/s)

1.42 2.34
1.43 2.00

A
(ft)

40
54

IS2 QS2
(mm/s)

1.49 2.53

A
(%)

32

Characterization with XPS and CO chemisorption
XPS measurements were carried out on the following catalysts Co(4.1)/(C+P(0)),

Co(4.4)/(C+P(0.3)), CO3(PO4)2/C (6.7 wt% Co) and Co(2.6)-Mo(7.6)/(C+P(0.8)), in
both the oxidic and sulfided state. In Figure 7 the Co2p3/2 spectra of these samples are
shown. From the Figures 7a and 7b it can be seen that the Co2p3/2 spectrum of the
oxidic precursor shows a pronounced shake-up structure, which decreases strongly
after sulfidation. The phosphate-containing catalysts all show a very strong shake-up
structure, which, remarkably, does not decrease much after sulfidation (except for the
Co(2.6)-Mo(7.6)/(C+P(0.8)) catalyst). This finding points to a different sulfidic
structure in Co(4.4)/(C+P(0.3)) and Co3(PO4)2/C compared to the phosphate-free
cobalt catalyst. In fact, the clear presence of a shake-up stucture in the sulfidic state of
the former catalysts might indicate the presence of an oxidic cobalt surrounding. As
regards the sulfided Co(2.6)-Mo(7.6)/(C+P(0.8)) catalysts, it can be observed (Figure
7) that the small shake-up structure is slightly more pronounced than in the sulfided
Co(4.1)/(C+P(0)) catalyst. Also the Co2p3/2 binding energy of the former catalyst is
shifted to a somewhat higher value compared to that of the latter one. Because the
Co2p3/2 binding energy of the oxidic Co phase is higher than that of the sulfidic one,
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Figure 7: XPS Co2p3/2 spectra of various cobalt-containing catalysts:
(a) Co(4.1)l(C+P(0); oxidic
(b) ; sulfided
(c) Co(4.4)/(C+P(0.3)); oxidic
(d) ; sulfidic
(e) Co3(PO4)2/C; oxidic
(f) ; sulfidic
(g) Co(2.6)-Mo(76)/(C+P(0.8)); oxidic
(h) ; sulfidic

this observation might suggest that the sulfided Co(2.6)-Mo(7.6)/(C+P(0.8)) catalyst
still contains a small fraction of oxidic cobalt atoms. The P 2p binding energy in the
catalysts appears not to change significantly upon sulfidation, its value being about
133.8 cV.

The quantitative XPS results are collected in Table V. A striking observation in this
Table is the low Co-to-C intensity ratio of the phosphate-containing catalysts in their
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TABLE IV

Isomer shifts (IS), electrical quadriupole splittings (QS) and special contributions (A)
obtained from computer analyses of MSssbauer spectra recorded at 293 K of the
alumina-supported catalysts after sulfidation at 673K.
(experimental uncertainties: IS=0.05 mm/s, QS=0.05 mm/s, A= 5%.

Fe(5.4)/(A1+P(z))

z

0
0.4
1.3

suffidic iron phase

ISi QS,
(mm/s)

0.79 0.89
0.79 0.91
0.76 1.03

A
(«,)

45
38
23

IS2 QS2
(mm/s)

0.69
0.73
0.60

0.25
0.24
0.24

A
(%)

32
34
11

IS,

£,:.-Spi

QSi
(mm/s)

1.35
1.30
1.35

1.35
1.54
1.43

nFe2

A
{%)

14
15
44

+

IS2 QS2
(mm/s)

1.26
1.27
1.31

2.37
2.40
Z36

A
(%)

9
13
22

z

0
0.5
2.0

IS, QS,
(mm/s)

0.61
0.60
0.61

0.61
0.64
O.SS

Fe(2.8)-Mo(8.0)/(A1+P(z))

sulfidic iron phase

A IS2 QS2 A
(%) (mm/s) (%)

32
33
26

IS3 QS3
(mm/s)

0.66
0.63
0.66

1.04
1.12
1.04

A
<*:

46
18
27

high-spin F

IS, QS,
(mm/s)

1.10
1.17
1.18

1.88
1.72
1.74

A
(*)

20
18
21

,}*

ISa QS2

(mm/s)

1.22
1.32
1.28

2.52
2.41
2.42

A
(%)

9
3
26

oxidic as well as in their sulfided state compared to Co(4.1)/(C+P(0)). According to
Vissers et al. [45], Co/C catalysts in general have an inhomogeneous dispersion, with
the cobalt particles deposited on the outside of the support grains. Apparently, in the
phosphate-containing cobalt catalysts the dispersion is more homogeneous. The
atomic S-to-Co ratio of the sulfided Co(4.4)/(C+P(0.3)) catalysts (0.8) is lower than
that of the sulfided Co(4.1)/(C+P(0)) catalyst (1.3-1.5), whereas in the sulfided
Co3(PO4)2/C catalyst this value is even lower (0.3). Obviously, the presence of
phosphate prevents a complete sulfidation of the cobalt phase. As regards the sulfidcd
Co(2.6)-Mo(7.6)/(C+P(0.8)) catalyst, the quantitative XPS results reveal that a
Mo-to-C ratio of 0.070, which is comparable to a sulfided phosphate-free Mo/C
catalyst [29,46]. Hence, the M0S2 phase dispersion in the phosphate-containing
Co-Mo catalyst will be about the same as in the phosphate-free Mo/C catalyst.
Furthermore, the atomic S-to-Mo ratio in the cobalt promoted phosphate-containing
catalyst is calculated to be 2.1, which indicates a M0S2 stoichiometry.

CO chemisorption experiments were performed on the phosphate-containing
Co(4.4)/(C+P(0.3)) and Co(2.6)-Mo(7.6)/(C+P(0.8)) catalysts and also on the
Co(4.1)/(C+P(0)) and Co(2.6)-Mo(7.6)/(C+P(0)) catalysts. The molar ratio CO/Co
amounted 0.25 for both phosphate-free catalysts, while for the phosphate-containing
catalysts it value was 0.15 (Co(4.4)/(C+P(0.3))) and 0.16 (Co(2.6)-Mo(7.6)/
(C+P(0.8)), respectively. It should be noted that for the Co catalysts the decrease in
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TABLE V

Quantitative results XPS measurements

Co(4.1)/(C+P(o)a Co(4.4)/C+P(0.3)) Co3(PO4)2/Cd

oxidic state

Ico/Ic 0.59
particle thickness (nm) b

sulfided state

Ico/Ic 0.31
particle thickness (nm) b
S-to-Cratioc 1.3-1.5

1.17
1.0

0.12
1.4
0.8

0.19
1.9

0.19
1.4
0.3

a The XPS data of the sulfided Co/C catalysts were taken from ref. [27].
b Because the Ico/Ic intensity ratio is larger than the theoretical monolayer

ratio, the particle thickness can not be calculated,
c The S/Co atomic ratio was calculated after subtraction of the amount of

sulfur formed due to sulfidation of the carbon support itself (IsAc = 0.003.
d This catalyst contained 6.7 wt% Co.

CO chemisorption (40%) is in agreement with the decrease in thiophene HDS activity
(50%). In case of the Co-Mo catalysts, the correlation between CO chemisorption and
thiophene HDS activity turned out to be less good.

DISCUSSION
Structure of the phosphate-containing catalysts

The Mossbauer measurements revealed that the presence of phosphate in the
oxidic carbon- and alumina-supported iron catalysts results in a better dispersion of
the iron(III)oxide phase. As regards the oxidic carbon-supported cobalt catalysts
(Co/(C+P)(z)) and Co3(PO4)2/C), the quantitative XPS results indicated the same
phenomenon. Although the procedure of introducing phosphate into the carbon-
supported cobalt and iron catalysts was different (in the latter, phosphate was
introduced after the iron salt impregnation), it can be expected that this different
procedure does not markedly influence the final state of the dried oxidic catalyst. A
second impregnation step, namely, will cause a redistribution of of the initially present
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oxide particles. The net effect will be an impregnation solution containing both
phosphate and metal (Co,Fe) ions. In this way, the improved dispersion can be related
to the enhanced solubility and stability of the phosphoric-acid containing
impregnation solution [5-7,12-15,25,26], as aresult of which the deposition of large
crystalline agregates is minimized. An alternative explanation is that, due to the
metal-phosphate interaction, transportation of the metal oxide phase towards the outer
pores of the support grains and subsequent sintering of crystalline oxide aggregates
during the drying procedure (especially overnight at 383 K) [42] (this thesis, ch. 5) is
hampered. This explanation would also explain why it is observed that in the
phosphate-containing cobalt catalysts the dispersion is more homogeneous. The fact
that the Mftssbauer experiments indicate that the iron(III)oxide is influenced by the
phosphate is in line with this explanation. On the other hand, when the MQssbauer
parameters of the oxidic iron doublets are compared (Table III) are compared to those
reported for FePO4 compounds [47], it appears that they do not match. This implies
that no typical Fe-O-P bond is formed. The influence of phosphate on the sulfided
carbon-supported catalysts is irrefutable. This was best shown in the MOssbauer
spectra of the carbon-supported Fe and Fe-Mo catalysts in which a high-spin
Fe2+-phase is formed in the presence of phosphate at the expense of the sulfidic iron
phase. Because it is possible that the high-spin Fe2+-phase is related to phosphate, its
Mossbauer parameters were compared to those reported for Fe(II)-P complexes. From
this comparison it appears that one of the doublets in Table III (IS = 1.50 mm.s~\ QS
= 2.49 mm.s"1) is the one all Fe3(PO4)2.nH2O compounds have in common [48].
Therefore, it might be assumed that the high-spin Fe2+-phase has a similar structure.
When it is supposed that all the phosphate is incorporated in the high-spin Fe2+-phase,
the stoichiometry of this phase, expressed in the PO4-to-Fe molar ratio, can be
calculated from the spectral contributions in Table III. The values of this ratio are 1
and 0.8 for the Fe(4.3)/(C+P(0.2)) and Fe(3.1)Mo/(C+P(0.3) catalysts, respectively.
Due to the inaccuracies in the determination of the spectral contributions these ratios
are not conflicting with the presence of a Fe(PO4)2-Hke stoichiometry (PO4- to-Fe
ratio = 0.7). Additional support for the a Fe(PO4)2-like or "Fe(II)-phosphate" phase
has been obtained from y-ray experiments according to the procedure described
elsewhere [49]. The latter technique is based upon the prineiple that due to the
replacement of oxygen by sulfur or by sulfur deposition on the catalyst during
sulfidation the effective mass for y-ray absorption increases. Hence, the sulfur uptake
per gram catalyst catalyst can be determined from y-ray transmission experiments
[49]. The relative sulfur uptakes, calculated in this way of the carbon-supported Fe
and Fe-Mo catalysts are presented in Table VI. It is obvious from this Table that the
sulfur uptake decreases with increasing phosphate content. This indicates that the
high-spin Fe2+-phase is not a sulfidic phase, since the decrease in its spectral
contribution is accompanied by a decrease in the total amount of sulfur present in the
catalyst. Consequently, the high-spin Fe2+-phase will be called the "Fe(II)-phosphate"
phase.

Besides the formation of "Fe(H)-phosphate" the presence of phosphate might also
influence the sulfidic iron phase. In case of the Fe(4.3)/(C+P(z)) catalysts such an
influence could not be discerned. However, in the Fe(3.1)-Mo(8.0)/(C+P(z)) catalysts
a change in the sulfidic iron phase is brought about by the addition of phosphate.
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TABLE VI

Sulfur uptake (mg per 200 mg support) for carbon-supported catalysts determined
from y-ray transmission experiments.
(sulfur uptake by the support was 7.0+0.2 mg per 200 mg, which uptake was not
corrected for)

Fe(4.3)/(C+P(z))

z

0
0.2
1.5

S uptake
(nig)

12.2+0.2
10.0+0.2
8.5+0.5

Fe(3.1)-Mo(8.0)/(C+P(z))

z

0
0.3
2.0

S uptake
(nig)

19.8+0.2
14.5±0.5
10.5±0.2

Whereas in the phosphate-free catalysts a so-called "Fe-Mo-S" phase is formed upon
sulfidation [31,43], in the phosphate containing catalysts only Fei-xS can be
discerned. This indicates that due to the presence of phosphate the interaction between
Mo and Fe is weakened to such a degree that the "Fe-Mo-S" phase can not be formed.
This is in agreement with the observation that phosphate influences the oxidic iron
phase in the catalyst precursors. For, this indicates that the interaction between Fe and
Mo has changed. Consequently, the effect of phosphate on carbon supported Fe-Mo
catalysts is twofold: i) hindrance of the formation of the active "Fc-Mo-S" phase and
ii) the formation of a "Fe(II)-phosphate" phase at the expense of sulfidic iron phases.

From the M6ssbauer experiments on the Fe(4.3)/(C+P(z)) and
Fe(3.1)-Mo(8.0)/(C+P(z)) catalysts, no indications were obtained that during
sulfidation the influence of the phosphate on the dispersion is lost. Hence, it may be
assumed that also in the sulfided carbon-supported catalysts the presence of phosphate
brings about an improved dispersion.

With regard to the sulfided carbon-supported cobalt catalysts, Co(4.3)/(C+P(z))
and Co3(PO4)2/C, the XPS results are in line with the MSssbauer findings. From the
Co2p3/2 XPS peak shapes it could be inferred that the cobalt atoms have a partly
oxidic surrounding. Furthermore, the S-to-Co atomic ratio appeared to decrease in the
presence of phosphate, and the lowest sulfur content was found when cobalt and
phosphate were present in the stoichiometric Co3(PO4)2 phase. The XPS results,
therefore, suggest that the amount of cobalt sulfide diminishes with increasing
amounts of phosphate. In this respect, the considerable decrease in CO chemisorption
of the Co(4.4)/(C+P(0.3)) catalyst compared to the Co(4.1)/(C+P(0)) catalyst also
indicates a difference in cobalt phases. The fact that the dispersion of the cobalt is
clearly changed in the presence of phosphate might indicate a close contact between
the two, possibly in the form of a cobalt-phosphate phase. This suggestion is
corroborated with the finding that the particle thickness in the sulfided
Co(4.4)/(C+P(0.3)) catalyst corresponds exactly to that in the sulfided Co3(PO4)2/C
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catalyst (1.4 nm). Concerning the chemical state of the phosphate additive, it is
instructive to note that the P 2p XPS binding energies remained the same after the
sulfidation, indicating that phosphate is still present in the sulfided catalyst.

As regards the phosphate-containing Co-Mo/C catalyst, at first sight the XPS
results seemed more indicative of a sulfidic than an oxidic surrounding of the cobalt
atoms. However, the Co 2p3/2 XPS peak is shifted in a similar way as observed for the
phosphate-containing carbon-supported cobalt catalysts. Furthermore, the CO
chemisorption capacity of the sulfided Co(2.6)-Mo(7.6)/(C+P(0.8)) catalyst appeared
to decrease considerably compared to the sulfided Co(2.6)-Mo(7.6)/(C+P(0)) catalyst.
CO chemisorption, therefore, reveals that the structure of the sulfided Co-Mo phase is
altered in the presence of phosphate. In view of the analogy between the
Co(2.6)-Mo(7.6)/(C+P(z)) and the Co(4.3)/(C+P(z)) catalysts and, not in the least,
between the Fe(3.1)-Mo(8.0)/(C+P(z)) and Fe(4.3)/(C+P(z)) catalysts, it seems
reasonable to ascribe the influence of phosphate on the carbon-supported Co-Mo
catalysts also in terms of a close contact between cobalt and phosphate, possibly in the
form of a cobalt-phosphate phase.

In case of the alumina-supported Fe and Fe-Mo catalysts, phosphate causes an
increase in the spectral contribution of a high-spin Fe +-phase, which phase is already
present in the phosphate-free catalysts. This phase could not be identified as a
"Fe(II)-phosphate" phase, like the one present in the phosphate-containing
carbon-supported catalysts. The fact that the phosphate-free alumina-supported
catalysts contain a high-spin Fe +-phase can be ascribed to iron in close contact with
the alumina support [44]. This is in line with the observation that at high phosphate
contents the spectral contribution of the high-sj/in Fe +-phase increases. Due to the
improved dispersion of the oxidic iron phase in the phosphate-containing catalyst
precursors, namely, a larger fraction of the iron atoms may come in contact with the
alumina support after sulfidation.

The sulfidic iron phases present in the alumina-supported catalysts are not
influenced by phosphate. This indicates that the iron is less influenced by phosphate
in alumina- than in carbon-supported catalysts.

Relation between structure and HDS activity
In case of the carbon-supported Fe and Fe-Mo catalysts it was found that the

decrease in thiophene HDS activity is proportional to the increase in the amount of the
"Fe(II)-phosphate" phase. Since metal oxides in general are known to be inactive in
HDS reactions [50], it may be assumed that the same holds for the "Fe(II)-phosphatc"
phase. At high phosphate contents, all the iron are present in this phase, hence the
HDS activity will reduce to zero. The latter situation was present in the
Fe(4.3)/(C+P(1.5)) catalyst. At moderate phosphate contents, part of the iron atoms
will not be complexed with phosphate and can be sulfided into the catalytically active
Fei-xS phase [42].

Concerning the Fe(3.1)-Mo(8.0)/(C+P(z)), besides the formation of a catalytically
inactive "Fe(II)-phosphate" phase, the HDS activity also decreases as the highly
active "Fe-Mo-S" phase can not be formed in the presence of phosphate. These
results, therefore, unambiguously point to a poisoning nature of the phosphate
additive. In case of the phosphate-containing cobalt and cobalt-molybdenum catalysts,
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our results suggest a similar poisoning mechanism, namely the formation of a
catalytically inactive cobalt-phosphate complex. In this respect it is instructive to note
that a cobalt catalyst prepared by the pure Co3(PO4)2 complex shows the lowest HDS
activity.

The above described mechanism of poisoning by phosphate is not consistent with a
recent study by some of us on phosphate-containing molybdenum sulfide catalysts
[29]. In the latter study it was found that the structure of the molybdenum sulfide
phase in the presence of phosphate remained essentially the same. Moreover, it was
suggested that the poisonig behaviour could be related to phosphine (PH3), created by
the reduction of phosphate. The difference between phosphate containing Co or Fe
catalysts on the one hand, and Mo catalysts on the other hand is probably related to
the ease of formation of a metal-phosphate complex. In case of the molybdenum
catalysts it was shown that a molybdophosphate complex could easily be converted
into a sulfidic molybdenum phase [29], in clear contrast with the present study which
shows that Co and Fe are complexed in a non-sulfidable phosphate structure. With
respect to the phosphate containing carbon-supported Co-Mo and Fe-Mo catalysts, our
results indicate that phosphate is primarily associated with the cobal' or iron phases.
At high phosphate contents, however, it can be expected that an addiuonal poisoning
effect due to the reduction of non-bonded phoshate to phosphine is likely to take place.

A general effect of phosphate in the catalysts described in the present work is the
improved active phase dispersion. With regard to the alumina-supported catalysts this
phenomenon probably explains why small amounts of phosphate act as a promotor in
commercial catalysts. Due to this improved dispersion, however, at high phosphate
contents a large amount of the active phase is expected to be in close contact with the
alumina support, as was observed for the Fe(5.4)/(A1+P(1.3)) and
Fe(2.8)-Mo(8.0)/(A1+P(2.0)) catalysts. Because these metal atoms might not attribute
to the catalytic activity, this could account for the decrease in activity observed when
large amounts of phosphate are present [7].

CONCLUSIONS
The thiophene HDS activity of sulfided carbon-supported Co,Co-Mo, Fe and

Fe-Mo catalysts is strongly decreased in the presence of phosphate, whereas their
alumina-supported counterparts are not poisoned under the same reaction conditions.

Combined MOssbauer and XPS studies revealed that in the oxidic catalyst
precursors (irrespective of the support) the presence of phosphate results in a better
dispersion of the oxidic phase. This improved dispersion can be related to a close
contact between the metal oxide phase and the phosphate.

In the sulfided catalyst the support material plays a dominant role in the interaction
between the phosphate and the sulfided metal phase. In case of the alumina-supported
catalysts phosphate does not influence the structure of the metal sulfide phase. With
regard to the phosphate-containing carbon-supported Fe and Fe-Mo catalysts, a
"Fe(II)-phosphate" phase is observed in the sulfided state, which phase may be held
responsible for the decrease in HDS activity. In the phosphate-containing sulfided Co
and Co-Mo catalysts supported on carbon, the same poisoning mechanism is likely to
occur.
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SUMMARY

The great current interest in sulfide catalysts has been stimulated by the fact that
these catalysts are used for hydroprocessing of crude oil fractions or coal-derived
liquids. The feedstock is passed together with hydrogen (5-20 MPa at 573-723 K) over
the catalyst. Several reactions take place simultaneously, of which hydrodesulfuriza-
tion (HDS) currently is regarded as one of the most important ones. Environmental
restrictions, the ever increasing need for a more efficient utilization of the various
fossil fuel fractions and the steadily declining quality of the average crude produced
are major factors which cause an increase in the demand for hydroprocessing capacity.
Therefore, it is expected that hydroprocessing catalysts will become the most
important of all catalyst systems with close to 25% of the total world catalyst market.
So, hydroprocessing catalysts and the process technology involved are subject of
continuous research and development.

The catalyst systems currently applied contain molybdenum (tungsten) sulfide
promoted by cobalt (nickel) sulfide on an alumina support. Over the last few years,
there has been a growing interest in the application of carbonaceous substrates as
catalyst supports. It was demonstrated that substantially more active catalysts could be
prepared on carbon support materials. Also, it was shown that carbon-supported iron
sulfide, either as active phase or as promoter of molybdenum sulfide, has interesting
possibilities for hydroprocessing highly contaminated feedstocks. Furthermore, the
use of iron instead of cobalt would result in a significant lowering of the catalyst
costs. These considerations initiated a research program on the properties of iron and
iron molybdenum sulfide catalysts using in-situ Mossbauer spcctroscopy and
thiophene HDS activity measurements. The results of these studies are presented here.
The main objective has been to characterize the actual active sulfide phase.

In chapter three we have demonstrated that valuable information about the
interaction-strength between small iron(III)oxide particles and their support can be
obtained from MOssbauer spectra recorded at different temperatures. In-situ
Mflssbauer spectroscopy has proven to be a very valuable technique to characterize
the iron and iron-molybdenum catalysts in various stages of the sulfidation process.
This is discussed and shown in the chapters four through eight of this thesis. The
effect of using alumina instead of carbon as support material is discussed in the
chapters eight and nine. In chapter nine in addition the effect of phosphate addition on
the structure and catalytic properties is treated.

The catalyst precursors are prepared by pore volume impregnation using aqueous
solutions of iron nitrate or ammonium-heptamolybdate for introducing the iron and
molybdenum phase, respectively. It is observed that at a given iron content the mean
iron(III)oxide particle size is smaller in the Fe-Mo than in the Fe samples. By
applying an additional H2-treatment up to 393 K after drying in air at room
temperature the initially remaining nitrate anions are removed. In chapter three it is
demonstrated that the additional H2-treatment strengthens the interaction between the
iron(III)oxide particles and their support. This effect may be attributed to the removal
of hydrated nitrate anions, which are most likely located between the iron(III)oxide
particles and their support. It was observed that the iron(III)oxide particles are more
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tightly bound to their support in the Fe-Mo than in the Fe samples. It is concluded that
in the former samples the iron(III)oxide is supported by the molybdenum oxide phase
rather than by the carbon.

In the preparation process of hydroprocessing catalysts sulfidation of the oxidic
catalyst precursor is a crucial step, as it results in the formation of the actual active
sulfide phase. Therefore, it is important to know whether the final result (i.e. type of
iron sulfide and its dispersion) depends upon the sulfiding conditions applied. The
transition of the oxidic precursor into the sulfided catalyst state is studied by varying
the maximum temperature at which the sample is exposed to a 10 mol% H2S in H2 gas
mixture. In the chapters four through six the results are presented for a (model) system
consisting of unsupported 50 nm a-Fe2O3 particles, and carbon-supported Fe and
Fe-Mo oxide catalyst precursors respectively. It turns out that the extent to which the
oxidic iron phase is sulfided and the type of the iron sulfide phase formed depend on
the maximum sulfiding temperature. The ultimate type of iron sulfide is formed in all
the samples during a 1 h sulfidation treatment up to 573 K or higher temperatures. In
the 50 nm a-Fe2O3 particles at a relatively low sulfiding temperature (423 K) FeS2 is
formed, which at higher sulfiding temperatures is converted into Fei-xS. The higher
the sulfiding temperature, the lower the enrichment in sulfur of the Fei-xS (x-> 0).

In the Fe/C catalysts the FeS2 is already formed upon exposure of the sample to
the H2S/H2 gas mixture at room temperature. Furthermore, it is established that the
iron(III)oxide supported on carbon is not transformed directly into FeS2, but thai
firstly an oxidic high-spin Fe2+-phase is formed out of the iron(III)oxide. This phase
is, partially, rapidly transformed into another phase, possibly FeS2. A similar
observation is made for the Fe-Mo/C catalysts. However, after the final sulfidalion
treatment the iron sulfide phase observed is influenced by the presence of the
molybdenum. A mixed iron-molybdenum-sulfide phase, the so-called "Fe-Mo-S"
phase, has been observed. At a given iron content the spectral contribution of the
"Fe-Mo-S" phase depends on the sulfidation procedure applied. By means of
thiophene HDS activity measurements (chapter six) it is established that the catalysts
show a promoter effect, i.e. the activity of the Fe-Mo/C catalyst exeeds the sum of the
activities of the separate Fe/C and Mo/C catalysts, caused by the "Fe-Mo-S" phase.

The influence of the iron content on the type of iron sulfide, its dispersion and the
thiophene HDS activity is investigated in the chapters four and six. For all the Fe/C
catalysts Fei-*S is the ultimately formed iron sulfide phase. The thiophene HDS
activity per mol iron turns out to be proportional to the mean Fei-xS particle size. For
iron contents of 2.7 wt% and higher the dispersion of Fei-xS is better in those samples
which were subjected to the additional H2-treatment. Because the mean iron(III)oxide
particle size in the corresponding catalyst precursors is the other way round, it is
concluded that less sintering occurs during the sulfidation treatment in the samples
which were additionally treated in H2. This can be attributed to the deduced
strengthening of the interaction between the iron(III)oxide particles and the support.

In case of the Fe-Mo/C catalysts, the composition of the iron sulfide phase
depends on the iron content. Two different types of iron sulfide are discernable in the
sulfided catalysts, viz. the so-called "Fe-Mo-S" phase and Fei-xS. Solely from in-situ
Mdssbauer spectroscopy measurements at cryogenic temperatures it can be
established that no Fe§2 is present in the sulfided catalysts. It is found that as the iron
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loading increases the spectral contribution of the Fei-xS phase increases. Using the
temperature dependence of the resonant absorption areas of the Fe]-xS and "Fe-Mo-S"
contributions it is concluded that iron atoms in the "Fe-Mo-S" phase are located at or
near the surface of M0S2 microcrystals. From the thiophene HDS activity
measurements it follows that the promoter effect, which originates from the
"Fe-Mo-S" phase, decreases as the iron content increases. This effect is most likely
caused by Fei-xS, which tends to cover the "Fe-Mo-S" sites present in the catalyst.

Because from a viewpoint of process technology alumina supports have certain
advantages over carbon supports, the sulfidability of alumina-supported iron and
iron-molybdenum catalysts is discussed in chapter eight. Comparison of the results in
chapter eight with those in chapters five and six clearly demonstrates that the
composition of the sulfided catalyst strongly depends on the on the type of support. It
is concluded that on an alumina support the formation of Fei-xS and "Fe-Mo-S" is
much more difficult, for example no sulfidic iron phase can be detected after exposure
of the samples to the H2S/H2 gas mixture at room temperature. Also, no complete
conversion into an sulfidic iron phase is observed after sulfidation up to temperatures
as high as 773 K. It turns out that at temperatures of 573 K and higher a considerable
amount of iron diffuses into the alumina support material, giving rise to the formation
of an "Fe(II)-aIuminate". Together with the formation of large amounts of elemental
sulfur these phenomena cause that alumina-supported Fe and Fe-Mo catalysts show a
poor HDS activity, compared to carbon-supported ones.

Because phosphate is an additive in several commercial catalysts, the influence of
the addition of phosphoric acid is studied in chapter nine for oxidic and sulfided
carbon- and alumina-supported Fe, Fe-Mo, Co and Co-Mo catalysts by using
Mossbauer spectroscopy and XPS. The presence of phosphate results in an improved
dispersion of the iron(IH)oxide phase in the precursor material. After suifidation of
the catalysts, it turns out that the support material plays a dominant role in the
interaction between the phosphate and the sulfided metal phase. In alumina-supported
catalysts the phosphate does not influence the type of metal sulfide phase. In line with
this, the thiophene HDS activity is hardly influenced by the presence of phosphate. In
carbon-supported catalysts on the other hand, an "Fe(li)-phosphate" phase is observed
in the sulfided phosphate-containing sulfided catalysts. Combining the results of the
Mo'ssbauer spectroscopy and thiophene HDS activity measurements yields that the
"Fe(II)-phosphate" causes the poisonous effect of phosphate on carbon-supported
catalysts. The same poisoning mechanism probably occurs for the carbon-supported
Co and Co-Mo catalysts.
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CONCLUSIONS

The present study has been devoted to the characterization of carbon and
alumina-supported iron and iron molybdenum sulfide hydrodesulfurization (HDS)
catalysts using MOssbauer spectroscopy and thiophene HDS activity measurements.

It is found that the carbon-supported precursor material is via a transient phase
readily transformed of the oxidic into a sulfidic phase at room temperature. From our
measurements it follows that under typical chemical reaction conditions (T > 573 K,
in the presence of H2S/H2) the carbon-supported catalysts are fully sulfided.

In the iron catalysts only Fei-xS is ultimately formed, irrespective of the iron
content of the catalyst. It is shown that as the dispersion of Fei-xS increases the
catalytic activity is enhanced. However, the mean particle size of the iron sulfide is
affected by the method of preparation of the precursor material. For iron contents of
2.7 wt% and higher the application of an additional H2-treatment up to 393 K results
in smaller particles than just drying in air at room temperature. This is attributed to the
relative increase in the bond-strength between iron(III)oxide particles and the carbon
support, as determined from measurements on the precursor material, which precludes
sintering during the sulfidation treatment.

In the iron-molybdenum catalysts two different types of iron sulfide are
discernable, viz. Fei-xS and a mixed iron-molybdenum-sulfide phase called
"Fe-Mo-S". The ratio between Fei-xS and "Fe-Mo-S" depends either upon the iron
content or at a given iron content on the sulfidation procedure applied. It is concluded
that the iron atoms in the "Fe-Mo-S" phase are located at or near the surface of M0S2
microcrystals. The iron-molybdenum catalysts show a promoter effect, which
originates from the "Fe-Mo-S", while Fet-xS reduces the promoter effect as it tends to
cover the acive "Fe-Mo-S" sites.

The importance of complete sulfidation of the iron-phase is demonstrated by
experiments on catalysts which are supported on alumina instead of carbon and/or
contain phosphate. In these catalysts full sulfidation is not achieved, as a result of
which the catalytic activity is drastically reduced.

Summarizing the results presented in this thesis it becomes clear that valuable
information on the characterization of iron and iron-molybdenum sulfide catalysts has
been obtained from in-situ MOssbauer spectoscopy. In particular the MOssbauer
spectra recorded at cryogenic temperatures have proven to be essential for a proper
understanding of the composition and dispersion of the actual active sulfide phase.
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SAMENVATTING

De grote belangstelling voor sulfidische katalysatoren wordt veroorzaakt door het
feit dat deze katalysatoren gebruikt worden bij de behandeling van fossile
koolwaterstoffen (olie en steenkool). Met name het ontzwavelen van deze
grondstoffen staat sterk in de belangstelling. Millieueisen, de dalende qualiteit. van de
aangeleverde olie en de toenemende noodzaak voor een optimaal gebruik veroorzaken
dat de vraag naar sulfidische katalysatoren sterk zal toenemen (geschat marktaandeel:
25% van de totale katalysatormarkt). Dientengevolge worden de katalysatoren en de
processen waarin ze gebruikt worden doorlopend onderzocht en verder ontwikkeld.

De huidige katalysatoren bestaan uit molybdeen (wolfraam) sulfide, gepromoteerd
door cobalt (nikkel) sulfide op een alumina dragermateriaal. Het is aangetoond dat dit
systeem niet het enige is dat gebruikt kan worden. Zo is gebleken dat het gebruik van
(actieve) kool als dragermateriaal kan resulteren in een aanmerkelijke verbetering van
de katalytische activiteit. Bovendien is aangetoond dat het zeer goekope ijzersulfide
op kool, als actieve fase of als promoter van molybdeensulfide, interessante
mogelijkheden heeft als ontzwavelingskatalysator. In dit proefschrift is het onderzoek
naar de eigenschappen van ijzersulfide katalysatoren beschreven. Bij dit onderzoek is
gebruik gemaakt van Mössbauerspectroscopie omdat deze techniek het mogelijk
maakt om onder reactie-condities (in-situ) de ijzerverbindingen te identificeren.

Alvorens de sulfidische katalysator te bestuderen is de bereiding van de oxidiache
katalysator onderzocht. Het blijkt dat er na impregnate met een waterige oplossing
van ijzernitraat en drogen in stromende lucht bij kamertemperatuur gchydrateerde
anionen achterblijven. Deze anionen kunnen verwijderd worden door middel van een
additionele droogprocedure in waterstof waarbij de temperatuur verhoogd wordt tot
393 K. Het verwijderen van de anionen leidt tot een kleinere bewegingsvrijheid van
de ijzer(III)oxide deeltjes op het dragermateriaal, hetgeen te interpreteren is als een
sterker worden van de interactie tussen de deeltjes en het dragermateriaal. Bovendien
blijkt dat in koolgedragen Fe-Mo katalysatoren het ijzer(III)oxide gedragen wordt
door het molybdeen in plaats van door de koolstof.

Bij de bereiding van sulfidische katalysatoren is de omzetting van de oxidische in
de sulfidische katalysator van groot belang, immers hier wordt de feitelijke actieve
toestand gevormd. De overgang van ijzeroxide naar ijzersulfide is onderzocht voor
een aantal ongedragen en koolgedragen systemen. Voor alle systemen is de
uiteidelijke toestand bereikt na een 1 uur durende sulfideringsprocedure, waarbij de
temperatuur lineair verhoogd wordt van kamertemperatuur naar 573 K. Dit geeft aan
dat onder chemische proces omstandigheden (T > 573 K, in een sulfidische atmosfeer)
deze systemen in hun stabiele sulfidische toestand zijn. Het blijkt dat voor een
(model) systeem bestaande uit 50 nm a-Fe2O3 deeltjes er in eerste instantie FeS2
wordt gevormdt dat vervolgens wordt omgezet in Fei-xS. Hoe hoger de temperatuur
die bereikt wordt bij de sulfiderings procedure hoe lager het zwaveloverschot in de
verbinding (x —» 0).

In de koolgedragen Fe katalysatoren wordt het FeS2 reeds gevormd als de
katalysator bij kamertemperatuur wordt blootgesteld aan een H2S/H2 gasmengsel bij
kamertemperatuur. Het blijkt dat voor deze katalysator het ijzer(III)oxide niet direct
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wordt omgezet in FeS2, maar dat er eerst een oxidische high-spin Fe +-toestand
gevormd wordt. Deze toestand wordt, gedeeltelijk, snel omgezet in een ander
toestand, mogelijkerwijs FeSj. Ook in de Fe katalysatoren wordt uiteindelijk een
Fei-xS toestand gevormd.

De overgang van oxide naar sulfide verloopt voor de koolgedragen Fe-Mo
katalysator analoog. Echter het uiteindelijk gevormde ijzersulfide wordt beïnvloed
door de aanwezigheid van het molybdeen. Een gemengde ijzer-molybdeen-zwavel
verbinding is waargenomen in deze katalysatoren. Het blijkt dat deze zogenaamde
"Fe-Mo-S" toestand een promoter toestand is, d.w.z. de activiteit van deze toestand is
groter dan die van de afzonderlijke toestanden bij elkaar opgeteld. De spectrale
bijdrage van de "Fe-Mo-S" toestand hangt, bij eenzelfde ijzergehalte, af van de
gevolgde sulfideringsprocedure.

Voor de uiteindelijke sulfidische ijzertoestand is de invloed van het ijzergehalte
van de katalysator op het gevormde ijzersulfide, de dispersie en de samenhang met de
activiteit onderzocht. Voor alle koolgedragen ijzer katalysatoren blijkt er een
soortgelijke Fei-xS toestand gevormd te worden. De dispersie van deze toestand wordt
beïnvloed door het ijzergehalte en of de katalysator al dan niet blootgesteld is aan de
additionele droogprocedure in waterstof. Voor hogere ijzergehalten blijkt de additionel
droogprocedure de dispersie van het Fei-xS te verbeteren. Dit wordt toegeschreven
aan een betere thermische stabiliteit van de ijzeroxide en -sulfide deeltjes, die
veroorzaakt wordt door de toegenomen interactie tussen de deeltjes en het
dragermateriaal. Omdat de activiteit samenhangt met de dispersie leidt dit tot een
hogere activiteit van de katalysator.

Voor de koolgedragen Fe-Mo katalysatoren hangt de samenstelling van de
ijzersulfide toestand, bij eenzelfde molybdeengehalte, af van het ijzergehalte van de
katalysator. Er kunnen twee verschillende ijzersulfide toestanden in de katalysator
onderscheiden woi ien, te weten "Fe-Mo-S" en Fei-xS. Uitsluitend door in-situ
metingen bij lage temperaturen kan vastgesteld worden dat er geen FeS2 aanwezig is
in de katalysatoren. Het blijkt dat bij toenemend ijzergehalte de concentratie van het
Fei-xS toeneemt. Door gebruik te maken van de temperatuurs afhankelijkheid van het
résonante absorptie oppervlak van de Fei-xS en "Fe-Mo-S" toestanden vinden we dat
de ijzeratomen in de "Fe-Mo-S" toestand zich op of aan het oppervlak van het
molbdeensulfide (M0S2) bevinden. Uit de activiteits metingen blijkt dat het
promotereffect van de "Fe-Mo-S" toestand afneemt naarmate de concentratie van
Fei-xS toeneemt. Dit wordt waarschijnlijk veroorzaakt door het feit dat Fei-xS de
"Fe-Mo-S" sites in de katalysator bedekt.

Omdat alumina dragermaterialen uit het oogpunt van proces technologie zekere
voordelen hebben op kool dragermaterialen, zijn ook alumina gedragen Fe en Fe-Mo
katalysatoren onderzocht. Uit een vergelijking met de resultaten verkregen voor de
koolgedragen katalysatoren blijkt dat het dragermateriaal de samenstelling van de
katalysator na sulfidering sterk beïnvloedt. De conclusie is dat een alumina drager de
omzetting van ijzeroxide in ijzer sulfide bemoeilijkt, zodanig zelfs dat na behandeling
tot 773 K (200 graden hoger dan bij de koolgedragen katalysatoren) er geen sprake is
van een volledige omzetting. Het blijkt dat bij behandelingen bij temperaturen boven
de 573 K er een aanmerkelijke hoeveelheid ijzer het dragemateriaal indiffundeert,
hetgeen aanleiding geeft tot de vorming van een "Fe(II)-aIuminaat". Bovendien
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worden er grote hoeveelheden elementaire zwavel op de katalysator afgezeL Dit alles
verklaart waarom de activiteit van ijzersulide katalysatoren op een alumina drager
veel lager is dan op een kool drager.

De invloed van het industrieel veel toegepaste additief fosfaat blijkt sterk af te
hangen van het gebruikte dragermateriaal. In de oxidische katalysator leidt het tot een
betere dispersie, ongeacht het dragermateriaal. Na sulfidering van de katalysator
bei'nvloed het fosfaat de samenstelling van de ijzersulfide toestand niet voor de
alumina gedragen katalysatoren, voor de kool gedragen katalysatoren daarentegen
wordt een "Fe(II)-fosfaat" toestand gevormd. Dit komt tot uiting in de invloed van het
fosfaat op de activiteit van de katalysator. Voor de alumina gedragen katalysatoren
wordt er geen verandering waargenomen, terwijl fosfaat voor i*" kool gedragen
katalysatoren een zwaar vergif blijkt te zijn.

Resumerend kunnen we concluderen dat door een systematische studie met behulp
van Mossbauer spectroscopie inzicht in de eigenschappen van ijzersulfide
katalysatoren is verkregen. In het bijzonder de in-situ metingen bij cryogene
temperaturen zijn van wezenljjk belang voor het begrip van de samenstelling van de
katalysator.
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