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Abstract

The effects of fluorine, phosphate and chelating agents on hydrodesulfurization (HDS) and hydrodenitrogenation (HDN)
are reviewed. All three additives enhance the activity of NiMo/Al2O3 catalysts in HDN but have only a slightly positive or
even a negative effect on the HDS activity of CoMo/Al2O3 and NiMo/Al2O3 catalysts. The positive effect on HDN is due to
the enhancement of the hydrogenation of aromatic rings. On the other hand, these three additives diminish the rates of C–N
bond breaking and alkene hydrogenation reactions.

All three additives are hard basic ligands that may interact strongly with hard acids such as coordinatively unsaturated
Al3+ cations on the alumina surface. A strong interaction with the alumina support has several effects. First, molybdate and
tungstate anions are no longer strongly bonded to the support and are predominantly present as polyanions, which can be
easily sulfided to MoS2 and WS2 crystallites. The weaker interaction with the smaller support surface also leads to larger
MoS2 and WS2 crystallites with a lower dispersion. Second, the Ni2+ and Co2+ cations will also interact more weakly with
the alumina, and this makes the formation of Ni and Co promoter atoms in the catalytically active Ni–Mo–S and Co–Mo–S
phases more efficient. Third, the weaker interaction of Mo and W with the support leads to a higher stacking of the MoS2 and
WS2 crystallites and, thus, to the more active type II Ni–Mo–S and Co–Mo–S phases. The increased stacking is beneficial
for geometrically demanding reactions such as the hydrogenation of aromatics. For less demanding reactions, such as alkene
hydrogenation, aliphatic C–N bond breaking and thiophene HDS, the loss in dispersion is important.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

In recent years, new legislation has led to a decrease
in the amounts of sulfur and nitrogen in gasoline and
diesel fuels and further decreases will be required in
the coming years. As a consequence, research into the
improvement of hydrotreating catalysts that remove
sulfur and nitrogen atoms from oil fractions by hydro-
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desulfurization (HDS) and hydrodenitrogenation
(HDN) has been intensified. Not only have the clas-
sic Co and Ni promoters of the supported MoS2 and
WS2 catalysts attracted more attention, but also many
types of additives. Three classes of additives, namely
fluorine, phosphate and chelating agents, have been
investigated extensively by industry and academia;
fluorine and phosphate have been commercialized for
many years. This chapter discusses these additives
and how they improve the catalytic properties of hy-
drotreating catalysts. It took many years before the
well-known promoting effects of these additives could
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be explained. As we will show, this was probably due
to the fact that these additives do not interact with the
catalytically active metal sulfides and that their effect
is due to secondary effects, which make it difficult to
elucidate their role. In the past decade opinions about
the roles of these three additives have converged, and
a valid overview of recent accomplishments is now
possible.

2. The effect of fluorination of the alumina
support

2.1. Effects on catalysis

Fluorine enhances the acidity of alumina and,
therefore, improves its activity for acid-catalyzed
reactions such as hydrocracking, which is used in re-
moving sulfur, nitrogen and metal atoms from heavy
feedstocks. Fluorine also has positive effects on HDS,
which depend on the loading of fluorine and the com-
position of the catalysts. For instance, the thiophene
HDS activity of NiMo/Al2O3 catalysts increased up to
a fluorine loading of 3 wt.%[1,2], whereas the activity
of CoMo/Al2O3 catalysts increased up to 0.8 wt.% F
and decreased above 2 wt.% F[3–5]. The situation is
also complex for tungsten-based catalysts. While Ben-
itez et al. hardly observed an effect of fluorine on the
thiophene HDS activity of NiW/Al2O3 catalysts[6],
Song et al. found a maximum at 4 wt.% F[7]. This dis-
crepancy may well be due not only to differences in Ni
contents and calcination temperatures, but also to the
different test conditions: Benitez et al. performed their
HDS reaction at 2 MPa and Song et al. at 0.1 MPa. At
low H2 pressure, the rate-determining step may be the
hydrogenation of the thiophene ring, while at high H2
pressure hydrogenation is not rate-determining. As
will be shown below, fluorine does indeed improve the
hydrogenation properties of hydrotreating catalysts.

Fluorine also increased the HDS conversion of di-
benzothiophene, 4-methyldibenzothiophene and 4,6-
dimethyldibenzothiophene on CoMo/Al2O3 catalysts.
It promoted the hydrogenation of the aromatic ring,
the hydrogenolysis of the C–S bond and the migration
of the methyl groups around the rings[8]. The in-
creased migration of the methyl group was attributed
to the increased acidity of the fluorinated catalysts.
However, in an industrial hydrotreating process, HDS

always occurs simultaneously with HDN. In that
case, the acidic sites are occupied predominantly by
nitrogen-containing compounds and are hardly avail-
able for the catalytic migration of the methyl groups.
This is illustrated by the simultaneous reactions of
cyclohexene ando-toluidine over an NiW/Al2O3
catalyst, in which methylcyclopentene and methyl-
cyclopentane do not form[9]. Therefore, the use of
more acidic catalysts to shift the methyl groups of
4,6-dimethyldibenzothiophene may not be the ideal
solution in the deep HDS of oil fractions.

Fluorine also has a positive effect on HDN. In
HDN, the hydrogenation of the nitrogen-containing
heterocycle (as in pyridine) or of the aromatic ring, to
which the nitrogen atom is attached (as in aniline), is
essential if substantial removal of nitrogen is to occur.
Only after this elimination of the aromaticity can the
C–N bond be broken. Fluorine increased the HDN
activity of W/Al2O3 and NiW/Al2O3 catalysts up to
1 wt.% F in the HDN of pyridine[6,10]. To understand
how fluorine affects the HDN process, it is necessary
to study its effect on the individual hydrogenation and
C–N bond breaking reactions. For that reason, the
effect of fluorine on the hydrogenation of the phenyl
ring in o-toluidine and on the C–N bond breaking in 2-
methylcyclohexylamine were investigated (Scheme 1)
[9,11]. Fluorine affected the reactions ofo-toluidine
and 2-methylcyclohexylamine to different extents.
While it significantly promoted the hydrogenation of
o-toluidine to 2-methylcyclohexylamine, it had little
effect on the HDN of 2-methylcyclohexylamine.

Not only is the removal of sulfur and nitrogen
important in industrial hydrotreating, but also the
hydrogenation of alkenes. Test reactions with cyclo-
hexene showed that fluorine increases its conversion
mainly by increasing the isomerization to methylcy-
clopentenes and methylcyclopentane on NiMo/Al2O3
[1], CoMo/Al2O3 [4] and W/Al2O3 [9] catalysts. The
conversion to the hydrogenation product cyclohexane
decreases, however. In the presence ofo-toluidine, no
isomerization products were detected due to the strong
adsorption of the basico-toluidine on the acid sites,
and fluorine had little effect on the cyclohexene hydro-
genation activities[9,11]. Similarly, the hydrogenation
of the intermediate butenes in the HDS of thiophene
decreased when fluorine was added to NiW/Al2O3 [6].

The influence of the time at which fluorine is added
has been studied as well[11–13]. Matralis et al. found



M. Sun et al. / Catalysis Today 86 (2003) 173–189 175

Scheme 1. HDN network ofo-toluidine.

that, when fluoride was added after the impregna-
tion of Co and Mo, the thiophene HDS activity was
higher than when fluoride was added before Co and
Mo [12]. Sarbak found the opposite result[13]. In
the HDN of o-toluidine over Ni–Mo catalysts, the
introduction of fluoride before Ni and Mo gave the
more active catalyst[11]. In situ fluorination was also
investigated by introducing fluorine as an organic
fluorine-containing compound into the gas phase after
preparing the catalyst in the sulfidic form. In situ flu-
orination increased both the elimination of nitrogen
from 2-methylcyclohexylamine and the isomerization
of cyclohexene but did not alter the hydrogenation of
cyclohexene. Kinetic data indicate that the intrinsic
properties of the active sites remain unchanged upon
fluorination[14].

2.2. Explanations

Many explanations have been proposed for the
effect of fluorine on hydrotreating reactions. For in-
stance, the effect of fluorine has been attributed to an
increase in acidity, to changes in the dispersion and
distribution of the active MoS2 or WS2 phases, to their
improved sulfidation and to a change in their mor-
phology. As described above, the results obtained in
different laboratories are not always consistent. Never-
theless, most investigations show that the promotional
effect of fluorine on HDS and HDN increases with
fluorine loading up to 1–3 wt.%, and that a further
increase in fluorine loading results in lower activity.

The addition of fluorine to the alumina support
increases its surface acidity and, thus, the activity for
the acid-catalyzed reactions such as isomerization and

cracking of hydrocarbons. This higher acidity, how-
ever, does not contribute directly to a higher HDN
or HDS activity; in the presence of nitrogen com-
pounds, the acidic sites are occupied by these basic
compounds and are not available for the isomeriza-
tion of cyclohexene[9]. While fluorination did not
promote the C(sp3)–N bond breaking, it improved the
hydrogenation of the phenyl ring ino-toluidine. This
indicates that the promotional effect of fluorine on
the HDN activity is due to changes in the structure of
metal sulfides rather than to a higher acidity.

The effects of fluorine on the reaction mechanism
and the catalyst structure indicate that fluorine affects
the catalytic performance by changing the metal sul-
fide phase rather than being directly involved in the
hydrotreating reactions. To clarify the role of fluorine,
it must be determined whether or not fluorine changes
the intrinsic properties of the active sites or only their
distribution. One way to answer this question would
be to determine the number of active sites as well as
their activity and to use the resulting turnover numbers
to compare the catalyst activities. Unfortunately, there
is no reliable method for determining the number of
active sites of sulfide catalysts. On the other hand, one
can determine the effects of fluorination on the rate
and equilibrium adsorption constants as well as on
the activation energy and heat of adsorption. Whereas
rate constants include the number of sites, the other
parameters depend only on the quality but not on the
number of the sites. In this way, it was found that fluo-
rine did not significantly change the activation energy
and heat of adsorption of 2-methylcyclohexylamine
ando-toluidine on the active sites[14,15]. These ki-
netic results indicate that fluorine does not change the
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Scheme 2. Structure of hydroxyl groups on the surface of alumina.

nature of the active sites but changes the dispersion
and distribution of the active phase.

How does fluoride change the morphology of the
metal sulfide particles, when it does not have a direct
interaction with them? Fluoride ions interact with the
alumina support by replacing the hydroxyl groups on
the support surface. Six types of hydroxyl groups,
with slightly different net charges, exist on the surface
of alumina (Scheme 2) [16,17]. Upon fluorination, flu-
oride ions preferentially displace the hydroxyl groups
with the higher negative charge, often referred to as
basic hydroxyl groups (Fig. 1). The total amount of
hydroxyl groups on�-alumina is around 1.4 mmol/g,
and about 15% of the hydroxyl groups are basic. At
low F loading, one fluoride ion replaces one hydroxyl
group without destroying the bulk structure of the

Fig. 1. Proton NMR of the OH groups of alumina.

support. Above 3 wt.% F, which is equivalent to full
substitution of the surface hydroxyl groups by fluoride
ions, Al–O–Al linkages are broken to accommodate
the extra fluoride ions. Finally, isolated AlF3·xH2O
is formed at high fluorine loadings[18–20]. The
dramatic decrease in surface area, caused by the de-
struction of the alumina bulk structure, is responsible
for the decrease in catalytic activity at high fluorine
loadings. 19F magic-angle spinning NMR revealed
three signals[18,20] of fluorine bonded to one, two
and three octahedral aluminum atoms (Scheme 3)
[18], corresponding to the displacement of types I, II
and III hydroxyl groups, respectively (Scheme 2).

At low loading, the molybdate and tungstate anions
also react preferentially with the basic hydroxyl groups
on the alumina support[21–23]. The fluorination of the
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Scheme 3. Structure of fluoride groups on the surface of fluorinated alumina.

alumina support leaves very few basic hydroxyl groups
and only a small number of non-basic hydroxyl groups
for the metallate anions[18]. As a consequence, the
metallate anions can only react with the small number
of non-basic hydroxyl groups. In this way, fluorina-
tion of the alumina support weakens the metal–support
interaction and leads to the formation of polymolyb-
date or polytungstate on the catalyst surface[7,24].
These polymetallates can be more easily sulfided and
form stacked (multilayered) MoS2 or WS2. In agree-
ment with these results, elemental analysis[6] and
temperature-programmed sulfidation experiments[25]
indicated a higher sulfur content in fluorinated sam-
ples, while transmission electron microscopy revealed
that fluorine increased the number of WS2 crystallites
and their stacking[10,26,27]. In contrast to these ob-
servations, XPS measurements suggested that fluori-
nation decreases the sulfidability of the active metals
[2,5,6,25]. The incongruous XPS results must be due
to the fact that XPS is a surface-sensitive technique,
which mainly measures the metal atoms on the cata-
lyst surface and is, thus, very sensitive to impurities
and re-oxidation.

The more highly stacked WS2 and MoS2 particles
are often assumed to be identical to the so-called type
II phase of WS2 and MoS2, as defined by Candia
et al. [28]. These authors observed that a classically
prepared CoMo/Al2O3 catalyst has a lower intrinsic
activity per surface Co atom than a catalyst, which
was treated in H2 and H2S at higher temperature and
referred to the first catalyst as structure type I and
the second as type II Co–Mo–S[28,29]. Since then,
many scientists consider the type I catalysts to con-
sist of sulfidic M–MoS2 particles (with M= Co or
Ni promoter atoms located at the edges of the MoS2
particles) with some Mo–O–Al linkages to the alu-
mina. Type II M–MoS2 particles are supposed to be
fully sulfided, with only a weak van der Waals inter-
action with the support[30]. As a consequence, type

II M–Mo–S particles have a higher degree of stacking
than type I particles.

Daage and Chianelli proposed that the Mo atoms at
the edges of the top layers of stacks of MoS2 layers
have a different activity than those of intermediate
MoS2 layers. From experiments with etched unsup-
ported MoS2, they deduced that only the top layers
are active for the hydrogenation of dibenzothiophene,
while the direct hydrogenolysis of the C–S bonds in
dibenzothiophene to biphenyl occurs equally well on
all MoS2 layers[31]. Steric factors may explain the
different reactivity. Adsorption in a� mode (�1(S))
should be possible at the edge Mo sites of all layers;
this adsorption mode was assumed to be necessary
for hydrogenolysis. On the other hand,� adsorp-
tion, with the aromatic ring parallel to the surface,
results in hydrogenation; this geometry is unlikely on
the Mo sites at the edges of the intermediate MoS2
layers.

Quick EXAFS (QEXAFS) and quantitative EXAFS
studies showed unequivocally that fluorine promotes
the formation of WS2 in the sulfidation of W/Al2O3
and NiW/Al2O3 catalysts (Fig. 2) [25,32]. Fluorine
substantially decreased the W–O coordination num-
ber and increased the W–S and W–W coordination
numbers corresponding to WS2, demonstrating that
fluorine facilitates the sulfidation of tungsten. The
increase in the W–W coordination number upon fluo-
rination indicates that fluorine induces the formation
of larger WS2 particles. Therefore, fluorine promotes
the formation of well-developed MoS2 and WS2 with
higher stacking and a larger particle size. These results
are supported by studies of fully sulfided W/Al2O3
and NiW/Al2O3 catalysts prepared from (NH4)2WS4
as the catalyst precursor. The addition of fluorine to
such fully sulfided catalysts still increased the activity
in the HDN of o-toluidine [9]. Thus, it is the change
in the morphology and dispersion of MoS2 or WS2
on the support surface, rather than the extent of sul-
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Fig. 2. Fourier transforms of the W LIII edgek3-weighted QEXAFS
of the sulfidation of NiW/Al2O3–F.

fidation, that affects the catalytic performance of the
fluorinated catalysts.

The change in catalyst structure as a result of fluo-
rination is reflected in a change in the catalytic perfor-
mance. Although the hydrogenation of both alkenes
and aromatics is believed to occur on sulfur vacan-
cies, fluorine has different effects on these two hydro-
genation reactions. While fluorination significantly
promotes the hydrogenation of aromatic molecules,
it has little effect on the hydrogenation of alkenes
[1,4,6,9,11]. This indicates that the hydrogenation of
the phenyl ring and the hydrogenation of alkenes oc-
cur on different catalytic sites. In agreement with this
qualitative conclusion, the equilibrium adsorption con-
stants of aromatic amines on the hydrogenation sites
of alkenes are much smaller than those on the sites of
the hydrogenation of the phenyl ring[33]. Aromatic
molecules are supposed to be� bonded to a surface
Mo or Ni atom and to take up a large amount of space,
while one surface vacancy may be sufficient for the
hydrogenation of alkenes[33,34]. The increase in the
hydrogenation of aromatic rings due to fluorine addi-
tion is ascribed to the geometrically demanding aspect
of this hydrogenation reaction. When single slabs of
MoS2 lie flat on the support, it is impossible for the
aromatic ring to adsorb in a� mode on the Mo or Ni
atoms at the MoS2 edges. If, however, several MoS2

slabs are stacked on top of each other, the aromatic
ring is able to adsorb on edge sites of the upper MoS2
slabs. Fluorination promotes the formation of larger
and more highly stacked WS2 and MoS2 particles.
This means that alkene hydrogenation and aliphatic
C–N bond breaking, which are not very demanding
reactions in terms of geometry, do not benefit from the
fluorination. There may even be a negative influence
through a loss of dispersion of the metal sulfide phase.
The increased stacking at increasing fluorine loading
has a positive influence on the highly demanding hy-
drogenation of aromatics, even though the dispersion
decreases. Eventually, at high fluorine loading, the
decrease in dispersion becomes so large that even the
hydrogenation of aromatics becomes suppressed.

3. Effect of phosphate

An exhaustive review of the influence of phospho-
rus on the properties of alumina-based hydrotreating
catalysts was published in 2000[35]. Since then, few
new insights have been reported; therefore, this section
will be briefer thanSections 2 and 4. Only the most
significant experimental results will be mentioned and
their interpretation discussed. For further details we
refer to[35] and references therein.

3.1. Effect of phosphate on the catalyst structure

Phosphorus is nearly always added as phosphoric
acid to the support during wet catalyst preparation
and in very few cases as ammonium phosphate. Phos-
phoric acid interacts strongly with the alumina sup-
port and forms an amorphous aluminum phosphate.
Between 700 and 1000◦C this phosphate reacts with
hydrogen to a Co, Ni or Mo phosphide[36]. This
means that the aluminum phosphate is resistant to re-
duction during catalyst preparation and hydrotreating
operation, during which the reduction temperature
does not exceed 500◦C. Therefore, we will speak of
the effect of phosphate rather than of phosphorus on
hydrotreating reactions.

The interaction of phosphoric acid with the alumina
is well documented. Scanning electron microscopy
coupled with surface area and electrophoretic mea-
surements demonstrated that the acid corrodes the
alumina. It solubilizes some of the alumina, which,
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after drying, leads to precipitation of AlPO4 and loss of
microporosity[37]. A non-homogeneous distribution
of the AlPO4 layer on the alumina surface is detected
on the mm scale.27Al MAS NMR has confirmed the
presence of amorphous aluminum phosphate[38]. IR
[39] and NMR[23] investigations showed that the ba-
sic as well as the more abundant acid OH groups on
the alumina surface (cf.Fig. 1) react with phosphoric
acid. The acid OH groups, which are doubly or triply
bonded to Al ions (type II or III inScheme 2), react
with phosphoric acid to a phosphate group bonded to
one Al ion and to an OH group bonded to one or two
of the other Al ions. This concurrent consumption of
types II and III sites and generation of type I sites
explains why the net consumption of the basic type I
OH groups is much slower than expected because of
their basicity[39]. The leveling off of the developing
P–OH band indicates that, at higher concentrations
of phosphoric acid, condensation to polyphosphate
occurs, as confirmed by31P NMR measurements[38].

Upon adsorption of heptamolybdate on the�-Al2O3
surface, at first only the basic OH groups react at
a ratio of about one OH group per added Mo atom
[21–23]. This indicates that molybdate is bonded by
means of one oxygen atom to the support. At higher
Mo loading, the acidic OH groups also disappear at
a ratio of two OH groups to one Mo atom, suggest-
ing that the Mo atoms are bonded to the support by
two oxygen atoms. When a heptamolybdate solution
is added to�-Al2O3, previously impregnated with
phosphoric acid and then calcined, both the basic and
the acidic Al–OH groups and the P–OH groups react.
At high Mo loading, the basic Al–OH and P–OH
groups disappeared, but a substantial part of the acidic
Al–OH groups remained. About two OH groups dis-
appeared per added Mo atom, indicating that, with
pre-impregnated phosphate too, the Mo atoms are
bonded to the support through two oxygen atoms.

The addition of phosphate to the alumina surface
not only decreases the surface area of the support and
the number of basic sites, with which molybdate or
tungstate can strongly react, but also decreases the
point of zero charge of the surface[37]. As UV diffuse
reflectance measurements demonstrated, this leads to
a higher ratio of octahedrally to tetrahedrally coordi-
nated Mo, i.e. more polymolybdate than molybdate is
present on the phosphated support[40,41]. IR spectra
indicate that isopolymolybdates (e.g. heptamolybdate)

as well as heteropolymolybdates (e.g. phosphomolyb-
dates and aluminomolybdate) form[42,43]. Temp-
erature-programmed sulfidation indicated that the
polymolybdates are easier to sulfide[41], and electron
microscopy showed that the resulting MoS2 particles
are more highly stacked in the phosphate-containing
CoMoP/Al2O3 and NiMoP/Al2O3 catalysts[44].

Diffuse reflectance spectra show that phosphate not
only changes the structure of the molybdate anions,
but also that of the Ni2+ or Co2+ cations. Phosphate
decreases the number of tetrahedrally coordinated
and increases the number of octahedrally coordinated
Ni2+ cations in the oxidic NiMo/Al2O3 catalyst pre-
cursor phase[42]. These tetrahedrally coordinated
Ni2+ cations are assumed to be located in a structure
similar to the NiAl2O4 spinel structure on the alumina
surface and are very difficult to retrieve and sulfide.
When phosphate is present on the alumina surface,
fewer Ni2+ ions are lost to the support and more are
available for promoting the MoS2 particles to form
the highly active Ni–Mo–S phase.

Phosphate has the same effects on NiW/Al2O3 cat-
alysts as on NiMo/Al2O3 catalysts. Thus, phosphate
leads to fewer tetrahedrally coordinated Ni2+ ions
[45], to polytungstate[45,46] and to higher stacking
of WS2 [46].

3.2. Effects on catalysis

Many groups have investigated the effect of phos-
phate on the HDS of thiophene. Some reported that
the activity goes through a maximum with increasing
phosphate loading[41,47,48], while others observed
a continuous decrease only[49]. The decrease at high
phosphate loading is due to the loss of surface area
of the support and the concomitant loss of dispersion
of the active sulfide phase. The diverging results at
low phosphate loading may be due to the conditions
under which the catalysts were prepared. Phosphoric
acid interacts very strongly with the alumina support;
unless special care is taken, the concentration of phos-
phate increases to a high level at the pore openings,
where the impregnating phosphoric acid first comes
into contact with the support. The phosphate on the
alumina surface interacts with the molybdate during
the subsequent impregnation with a molybdate solu-
tion, leading in turn to a non-homogeneous molyb-
date concentration[50]. Furthermore, the pH of the
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Fig. 3. Effect of the pH of the co-impregnation solution on the
Mo dispersion in MoP/Al2O3 catalyst precursors. The sharp lines
between 20 and 30◦ (2θ) are due to MoO3.

impregnating solution is also important. If the pH is
low, MoO3 may precipitate, as demonstrated by XRD
(Fig. 3) [51,52]. Finally, a high calcination tempera-
ture leads to a strong interaction between Ni and Co
cations and molybdate anions with the support and to
a decreased sulfidability and, thus, to a decrease in ac-
tivity of the ultimate catalyst. When phosphate is used
during catalyst preparation, it interacts strongly with
alumina, leaving fewer surface sites to react with the
metal ions. As a consequence, not as much Ni or Co
and Mo is lost to the support. This explains why a cata-
lyst procedure, in which phosphate is impregnated be-
fore Ni (Co) and Mo, results in more active catalysts.

Two studies addressed the effect of phosphate on
the HDS of dibenzothiophene. One microflow study
found that phosphate decreased the HDS activity of
an NiMo/Al2O3 as well as CoMo/Al2O3 catalyst
[30]. The other study, carried out in an autoclave
with a CoMo/Al2O3 catalyst, showed that a phos-
phorus loading of 0.5% led to an activity increase
of 35% in the HDS of dibenzothiophene as well as
4,6-dimethyldibenzothiophene[53].

While the effect of phosphate on the HDS of thio-
phene is, at best, only slightly positive and on the
HDS of dibenzothiophene is, at best, positive for a
Co–Mo catalyst in an autoclave, the effect on HDN
is, without doubt, positive and strong. Studies with
industrial feedstocks clearly demonstrated the posi-
tive effect [35] and studies with model compounds
indicated that phosphate in particular promotes the
hydrogenation of aromatic rings[47,49]. This hy-
drogenation of aromatic and hetero-aromatic rings is

indeed the rate-determining step in most HDN net-
works. Other reactions that take place during HDN,
such as the hydrogenation of alkenes and the breaking
of C–N bonds in aliphatic molecules, are negatively
influenced by phosphate[47].

3.3. Explanation

When oxidic samples, containing Co, Ni and Mo
oxides and phosphate supported on Al2O3, are heated
in hydrogen, Co, Ni and Mo phosphides are formed
above 700◦C [36,54,55]. During the preparation and
use of hydrotreating catalysts, the highest reduction
temperature is only 500◦C; thus, it is unlikely that
metal phosphides explain the effect of phosphate on
hydrotreating catalysis. Furthermore, with the excep-
tion of nickel, all transition-metal sulfide catalysts sup-
ported on carbon are severely poisoned by phosphate
[56]. Reduction to metal phosphide is probably much
easier on carbon than on alumina, which interacts
strongly with phosphate; it is, therefore, unlikely that
metal phosphides are responsible for the promoting
effect of phosphate, even though NiP[57] and MoP
have a high activity in HDS and HDN[54,55].

The effect of phosphate is most probably due to
a combination of factors. First, phosphate interacts
strongly with the alumina support and not only reduces
the surface area of the support, but also eliminates
sites, with which the molybdate and tungstate ions
may have interacted strongly. As a consequence, Mo
and W will be present predominantly as polyanions,
which can be sulfided more easily than the monoan-
ions to the MoS2 and WS2 crystallites. The weaker
interaction with the smaller support surface leads, on
the other hand, to larger MoS2 and WS2 crystallites, as
demonstrated by a decrease in oxygen chemisorption
with increasing P content of a sulfided MoP/Al2O3
catalyst[41]. Second, since phosphate eliminated the
stronger alumina surface sites, the Ni2+ and Co2+
cations also interact more weakly with the alumina.
They can be more efficiently sulfided and form more
Ni and Co atoms along the edges of the MoS2 and
WS2 crystallites in the catalytically active Ni–Mo–S
and Co–Mo–S phases. This may explain the maxi-
mum in NO adsorption and HDS activity of a Co–Mo
catalyst at a loading of 0.5% P[53]. At a low P load-
ing the efficiency of the catalytic use of Co increases
with P loading, while above 0.5% P the dispersion
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of MoS2 and thus of Co at the edges decreases. A
third factor, which explains the phosphate effect, is
the higher stacking of the MoS2 and WS2 crystal-
lites. The smaller surface area of the support and the
weaker interaction of Mo and W with the support, due
to the phosphate–support interaction, leads to a higher
stacking of the MoS2 and WS2 crystallites and, thus,
to the formation of the more active type II Ni–Mo–S
and Co–Mo–S phases. Similar to the positive effect
of fluorine addition on the hydrogenation of aromatic
rings (Section 2.2), the positive effect of phosphate is
ascribed to the demanding aspect of this hydrogena-
tion reaction. The aromatic ring cannot adsorb in the
� mode on the Mo or Ni atoms at the edges of sin-
gle MoS2 slabs. It can, however, adsorb on the edge
sites of the upper MoS2 slabs of stacked MoS2 slabs.
Thus, the increased stacking that occurs as a result of
increasing phosphate loading positively influences the
hydrogenation of aromatics. This explains why HDN
was positively influenced by phosphate[35,47,49].
Dibenzothiophene undergoes HDS predominantly by
direct C–S bond breaking, i.e. hydrogenolysis, and
for less than 20% by hydrogenation of one of the
aromatic rings, followed by C–S bond breaking. The
(minor) hydrogenation path in the HDS of dibenzoth-
iophene was promoted more than the hydrogenolysis
path[53], as to be expected for enhanced stacking of
the MoS2 slabs. For 4,6-dimethyldibenzothiophene
on the other hand, which reacts mainly by the hydro-
genation path, phosphate promotes the hydrogenation
path slightly less than the hydrogenolysis path. This
needs further study. For reactions which are less de-
manding in the adsorption geometry, such as alkene
hydrogenation, aliphatic C–N bond breaking and
thiophene HDS, a loss of dispersion dominates.

4. Effect of chelating ligands

4.1. Introduction

Silica-supported catalysts tend to have a lower
hydrotreating activity than alumina-based catalysts,
which can be improved by using chelating ligands
in their preparation. Chelating ligands are organic
molecules that have two or more donor atoms, with
which they can bind a metal cation and form a
“chelate” (from the Greekchelè: claw). By adding

chelating molecules to the impregnation solution, it is
possible to prepare silica-supported catalysts, which
have a similar or even higher activity than their com-
mercial �-Al2O3 counterparts in the hydrotreatment
of gas oil. Chelating molecules, such as ethylene-
diaminetetraacetic acid (EDTA), nitrilotriacetic acid
(NTA), 1,2-cyclohexanediamine-N,N,N′,N′-tetraacetic
acid (CyDTA) and ethylenediamine (EN), were used.
As early as 1986 a patent was issued for the use
of such ligands[58]. It describes the pore-volume
impregnation of a silica support with an ammonia
solution of molybdate, an Ni or Co salt and the
chelating ligand. After drying at 120◦C, the catalyst
precursor is sulfided in flowing 5% H2S/H2 at about
350◦C. A calcination step is not performed so as to
avoid destruction of the metal chelates. The result-
ing NiMo/SiO2 catalyst, prepared with NTA as the
chelating ligand, has an HDN activity that is nearly
six times higher than that of conventionally prepared
silica-based catalysts and even exceeds that of high
quality commercial alumina-based hydrotreating cat-
alysts. Since 1986, other patents have been published
which report the use of chelating agents[59–61]. In
1998 the use of phosphate and glycol additives in
the preparation of alumina-supported catalysts was
patented as well[62]. In the latter case, the metal
precursors, CoCO3 and MoO3, are dissolved in an
acidic solution of H3PO4 at 80◦C and glycol is added.
After pore-volume impregnation on�-Al2O3, the ox-
idic catalyst precursor is dried at 120◦C and then
sulfided.

Co2+, Ni2+ ions and molybdate ions are usually
added to porous supports, such as silica and�-alumina,
by pore-volume impregnation with an aqueous solu-
tion. After drying at 120–150◦C, the catalyst precur-
sor is calcined at 400–500◦C to remove nitrate and
ammonium counter ions in the form of NOx and NH3.
This leads to Co, Ni and Mo ions in an oxidic state,
and attached to the support. The interaction of the cat-
alyst precursors with the support may be prevented by
complexation of the metal ions. In this way, complete
sulfidation and preparation of the most active type II
Co–Mo–S phase are possible[63]. In the following
sections, we will discuss the effects of chelating lig-
ands on the impregnating solution, the oxidic catalyst
precursor, the sulfided active catalyst and the catalytic
activity, which are important in the preparation and
testing of the catalyst.



182 M. Sun et al. / Catalysis Today 86 (2003) 173–189

4.2. The impregnating solution

The thermodynamic equilibria between molybdate
and Ni2+ ions and chelating ligands, as a function of
pH and the Ni:Mo molar ratio, predict that, in aque-
ous solution, NTA binds preferential with the Ni2+
or Co2+ ions. Thus, the [Ni(NTA)(H2O)2]2− complex
is much more stable than [MoO3(NTA)]3− (Fig. 4).
UV-Vis and Raman measurements confirm these pre-
dictions [64]. Above a ratio NTA:Ni = 1 and in
the pH range between 2 and 8, the NTA that is not
bound to Ni2+ cations forms complexes with molyb-
date. For instance, in a solution containing Ni, Mo and
NTA at a ratio of 1:2:2, all the Ni2+ ions and half
the molybdate ions are complexed with NTA. The re-
maining Mo is present as heptamolybdate or molyb-
date anions. A bi-nuclear Co–Mo–NTA complex was
not detected in the impregnating solution. Thus, the
beneficial effect of NTA on the eventual catalyst is
not due to the formation of such a bi-nuclear com-

Fig. 4. Thermodynamic predictions of the Mo and Ni species in aqueous solution as a function of pH: (A) [Mo]tot = [NTA] tot = 1 mol/l;
(B) [Ni] tot = [NTA] tot = 0.5 mol/l.

plex, as originally proposed by van Veen et al.[63].
When EDTA is used as a chelating ligand instead
of NTA, the equilibrium composition changes only
slightly. The main difference between NTA and EDTA
is that Ni2+ or Co2+ cations can only bind one EDTA
molecule. In addition to the amino acid chelates, sev-
eral other complexing agents, such as ethylenediamine
(EN) and other diamines, crown ether and organic
acids were investigated[65]. All the agents improved
the activity of an NiMo/SiO2 catalyst in the HDS of
thiophene.

Glycols behave differently than the other complex-
ing agents because they are weakly chelating ligands.
Thus, in a solution containing Co, Mo, triethylene
glycol and phosphate,13C NMR and Raman showed
that the triethylene glycol was not bonded to the
Co2+ cations and that the Co2+ cations are present
as free aquo complexes[66]. 31P NMR and Raman
demonstrated that Mo is present as the P2Mo5O23

6−
phosphomolybdate anion.
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4.3. Impregnated support

In classic catalyst preparation, the support is im-
pregnated with an aqueous solution of metal ions, and
the resulting material is dried and calcined. When
chelating ligands are used, the calcination step is omit-
ted, because these organic compounds would other-
wise be destroyed. In the absence of chelating ligands,
the Ni2+ and Co2+ cations form aquo and amine com-
plexes in the impregnating solution. During the dry-
ing of impregnated silica, the Ni(NH3)x(H2O)6−x

2+
complexes react with silanol groups, forming Ni phyl-
losilicate layers on the silica support[67]. Similar
reactions occur during preparation of NiMoEN/SiO2
catalyst precursors.Fig. 5 shows the Ni K-edge EX-
AFS of NiMoEN/SiO2 catalyst precursors with differ-
ent EN:Ni molar ratios[65]. The signal at 3 Å in the
EN:Ni = 0 sample is due to a Si shell; it shows a strong
Ni–support interaction. Larger amounts of EN cause
a broadening of the Si shell in the Ni K-edge spectra.
This means that the ligand led to a weaker interaction
between the Ni2+ cations and the SiO2 support. Nev-
ertheless, an Ni–Si shell it still present at 3 Å, even at

Fig. 5. Fourier transforms of the Ni K-edgek3-weighted EXAFS of NiMoEN/SiO2 catalyst precursors as a function of the ethylene diamine
(EN) to Ni ratio.

EN:Ni = 3.33, because oxygen atoms of the support
replace only one or two coordinated EN molecules.
When the EN/Ni molar ratio is substantially higher
than six, however, Ni is fully coordinated by EN
molecules and the EXAFS spectra no longer show a Si
signal. In that case, EN inhibits the hydrolytic adsorp-
tion on the support and the formation of nickel silicate.

NTA behaves differently to EN. An Ni–Si interac-
tion is observed only when there is insufficient NTA
to complex all the Ni2+ cations. When there is enough
NTA, the Co2+ and Ni2+ cations are present as iso-
lated [Co(NTA)(H2O)2]− and [Ni(NTA)(H2O)2]−
ions, respectively, on the support, as shown by Möss-
bauer experiments for a Co–Mo catalyst[63] and by
reflectance UV-Vis, IR and EXAFS experiments for
Ni-containing catalysts[64]. The difference between
NTA and EN is due to the fact that NTA forms much
more stable complexes than EN, protecting the Ni2+
and Co2+ cations better and hindering their interac-
tion with the support.

As far as the Mo structure is concerned, the Raman
spectra of a ligand-free sample indicate the presence
of two Mo species, Mo7O24

6− and MoO4
2− [64]. The
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Fig. 6. Fourier transforms of the Mo K-edgek3-weighted EXAFS of NiMoNTA/SiO2 catalyst precursors as a function of the nitrilotriacetic
acid (NTA) to Ni ratio.

Mo K-edge EXAFS spectra of NiMoEN/SiO2 indicate
that increasing amounts of EN do not have a strong
effect on the Mo structure; in all cases a Mo–Mo shell
at 3 Å is observed[65]. However, when NTA is used,
the local Mo structure changes dramatically when the
NTA:Ni ratio is increased from 0.66 to 1.5 (Fig. 6).
At NTA:Ni > 1 the Mo–Mo EXAFS contribution is
no longer observed, because NTA is now available for
complexing Mo to form [MoO3(NTA)]3−. As will be
shown below, this decreases the HDS activity of the
eventual catalyst.

While chelating ligands do not interact with silica,
the situation is different with alumina. Glycol binds
only weakly to Co2+ and Ni2+ cations, but may bind
to the coordinatively unsaturated Al3+ sites on the
�-alumina surface, just as acetyl acetonate (acac)
interacts strongly with such sites[68]. These acidic
sites play a fundamental role in the anchoring of the
metal precursors on the alumina surface. They interact
very strongly with molybdate species, leading to the
formation of the less active type I Co–Mo–S phase.
The glycols probably prevent a strong metal–support
interaction by blocking the coordinatively unsaturated

alumina sites. In the presence of triethylene glycol,
the Mo EXAFS spectrum of the oxidic CoMo/Al2O3
catalyst precursor showed a strong Mo–Mo peak at
3.7 Å, indicating that most of the Mo is present as
polymolybdate[66]. In the absence of triethylene
glycol this peak was considerably smaller, indicat-
ing that the polymolybdate partially decomposed to
molybdate through interaction with the support. Since
polymolybdate is known to give a better sulfidation,
this would clarify the fact that glycols favor the for-
mation of the more active Co–Mo–S II phase.

4.4. The sulfidation step and the sulfided catalyst

The sulfidation of the oxidic catalyst precursor is
an essential step in the preparation of a hydrotreat-
ing catalyst, because the activity and structure of the
working catalyst depend on the mode of sulfidation.
In situ techniques, such as temperature-programmed
sulfidation and QEXAFS, and ex situ techniques, such
as Mössbauer emission spectroscopy and XPS, were
used to investigate the sulfiding mechanism. The Mo
XPS of a CoMo/SiO2 sample showed that a contin-
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Fig. 7. Mo 3d (a) and Co 2p (b) XPS spectra of a calcined CoMo/SiO2/Si(1 0 0) model catalyst during sulfidation.

uum of Mo sulfidation states is obtained between 50
and 175◦C (Fig. 7a). In this temperature range, Mo
is present in the oxidic VI, oxysulfidic V and fully
sulfided IV states. Above 175◦C, Mo is fully sulfided
[69]. The Co XPS of CoMo/SiO2 (Fig. 7b) shows that
the sulfidation of Co starts at 50◦C and is complete at
150◦C. Thus in a CoMo/SiO2 catalyst, the sulfidation
of Co is complete before that of Mo.

As discussed above, the chelating ligands interact
strongly with Co or Ni ions, whereas Mo is unaf-
fected. This leads to a retardation of the sulfidation
of Co or Ni [69–71]. XPS spectra of Co/SiO2 con-
taining NTA proved that the sulfidation of cobalt
starts at above 150◦C and is complete at 225◦C
(Fig. 8a). NTA starts to decompose at the same tem-
perature (Fig. 8b), enabling the sulfidation of Co.
QEXAFS of the sulfidation of NiMo/SiO2 catalyst
precursors in the presence and absence of chelating
ligands showed that the sulfidation can be divided
into four temperature regions (Fig. 9) [71]. In the
first region, Mo remained in the oxidic form. In the

second region, Mo–O and Mo–S bonds co-existed up
to 225◦C. The third region showed an intermediate
phase, containing only Mo–S and Mo–Mo contribu-
tions, which might be similar to amorphous MoS3.
The fourth range, above 225◦C, represents fully
sulfided MoS2 [72]. The QEXAFS measurements
showed that the temperature at which the Ni2+ cations
are sulfided increases as the NTA:Ni ratio increases.
Above NTA:Ni = 3, Ni is sulfided at about 270◦C. In
EDTA-containing catalyst precursors, Ni is sulfided
at about 350◦C; the same results were obtained for
1,2-cyclohexanediamine-N,N,N′,N′-tetraacetic acid
(CyDTA) as the chelating ligand[73]. In catalyst pre-
cursors prepared in the presence of EN, Ni2+ cations
are already sulfided at room temperature[71]. EN
resembles glycol rather than NTA and EDTA.

4.5. Catalytic activity and explanations

All studies of the catalytic activity of silica-suppor-
ted Co–Mo and Ni–Mo catalysts have shown that
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Fig. 8. Co 2p (a) and N 1s (b) XPS spectra of a calcined CoNTA/SiO2/Si(1 0 0) model catalyst during sulfidation.

chelating ligands improve the hydrotreating activity.
Section 4.4showed that NTA and EDTA delay the
sulfidation of Ni or Co, which occurs at a tempera-
ture at which all the Mo and W is fully sulfided to
MoS2 and WS2 [64,69,71,73]. It was argued that,
once the Ni and Co atoms are released by the chelat-
ing agent, they can move to the edges of the already
formed MoS2 and WS2 and create the Co–Mo–S
and Ni–Mo–S type II structures, which are the cat-
alytically most active phases. Furthermore, NTA and
EDTA prevent strong interactions between Ni2+ and
Co2+ cations and SiO2. The extent of the chelating
effect and, therefore, the improvement of catalytic
activity, depends strongly on the type and amount
of the chelating ligand. If more NTA and EDTA is
present than needed for the complexation of the Co2+
or Ni2+ cations, it starts to complex Mo; this leads
to a decrease in the catalytic activity due to the poor

sulfidation of Mo[65]. CyDTA has a higher complex-
ing capability than NTA and EDTA and also leads
to a higher thiophene HDS activity when used in
the preparation of CoMo/Al2O3 catalysts[74]. While
EDTA and NTA complex Co as well as Mo, CyDTA
complexes only small cations such as Co2+. Simi-
lar results were obtained in a study of the thiophene
HDS activity of NiW/SiO2 catalysts prepared in the
presence of NTA, EDTA and CyDTA[73].

The effect of chelating ligands on the hydrotreating
properties of alumina-supported catalysts has been
studied in few cases only. van Veen et al. reported
that CoMo/Al2O3 and NiMo/Al2O3 catalysts pre-
pared in the presence of NTA are about 20% less
active in the HDS of dibenzothiophene as the corre-
sponding catalysts prepared without NTA. A positive
result was obtained for the HDS of thiophene, while
NTA hardly influenced the HDN of quinoline[30].
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Fig. 9. Fourier transforms of the Mo K-edgek3-weighted EXAFS of NiMo/SiO2 catalyst precursors.

Cattaneo et al. reported that NTA strongly enhanced
the activity of an NiMo/Al2O3 catalyst for the HDN
of o-toluidine but hardly improved its activity in the
HDS of thiophene[75]. NTA is believed to cause a
decrease in the temperature of formation of the MoS2
slabs, on which the hydrogenation ofo-toluidine is
enhanced. The ligands probably bring about a change
in the sulfidation mechanism of Ni and a further
high dispersion of the promoter. The different trends
in the HDN and HDS reactions are explained by
a difference in the rate-determining steps of these
two reactions. In the HDN reaction, the hydrogena-
tion of o-toluidine is the rate-determining step. This

step is enhanced by the presence of more highly
stacked MoS2 crystallites, while for the HDS of thio-
phene the greater dispersion plays a more important
role.

5. Conclusions

Fluorine, phosphate and chelating agents have very
similar effects on hydrotreating catalysis. They all
have a strong positive effect on HDN and a slightly
positive or negative effect on HDS. In HDN, it is
especially the hydrogenation of aromatic rings that is
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promoted, while the hydrogenation of alkenes and the
breaking of aliphatic C–N bonds is rather negatively
influenced. Fluorine, phosphate and chelating agents
have in common that they are hard basic ligands that
interact strongly with hard acids such as coordina-
tively unsaturated Al3+ cations on the alumina surface
and with the Ni2+ and Co2+ cations. The strong inter-
action with the alumina support leads to the following
three effects. First, the additives reduce the surface
area of the alumina and interact with sites, with which
the molybdate and tungstate ions could have inter-
acted strongly. As a consequence, Mo and W are pre-
dominantly present as polyanions, which can be more
easily sulfided than the monoanions to the MoS2 and
WS2 crystallites. At the same time, the weaker inter-
action with the smaller surface of the alumina leads
to larger MoS2 and WS2 crystallites with a lower
dispersion. Second, since the additives eliminated the
stronger alumina surface sites, the Ni2+ and Co2+
cations also interact more weakly with the alumina.
They can be more efficiently sulfided and form more
Ni and Co atoms along the edges of the MoS2 and
WS2 crystallites in the catalytically active Ni–Mo–S
and Co–Mo–S phases. Third, the smaller surface area
and the weaker interaction of Mo and W with the sup-
port leads to a higher stacking of the MoS2 and WS2
crystallites and, thus, to the formation of the more
active type II Ni–Mo–S and Co–Mo–S phases. The
increased stacking is beneficial for aromatics hydro-
genation. For less demanding reactions, like alkene
hydrogenation and aliphatic C–N bond breaking, the
loss of dispersion dominates. The HDS of thiophene
seems to occupy an intermediate position. At low flu-
oride or phosphate loading, the better sulfidability and
incorporation of the Ni and Co promoter atoms into
the MoS2 edges enhance the HDS activity. At higher
loading, the loss of dispersion decreases the activity.

The strong interaction between chelating ligands
such as NTA and EDTA and Ni2+ and Co2+ cations
is especially important for silica-supported catalysts.
These interactions have two positive consequences. On
the one hand, they prevent strong metal–support inter-
actions that would make it difficult to sulfide the Ni
and Co promoter ions. On the other hand, the strong
interaction between chelate ligand and metal ion leads
to a sulfidation of Ni and Co at higher temperature than
that of Mo or W, so that the Ni–Mo–S and Co–Mo–S
type II structures can be formed more easily.

Phosphate is in commercial use for many years, and
fluorine is used for special hydrotreating processes.
Apart from the combination phosphate-glycol, chelat-
ing agents do not seem to have been commercialized.
The reason for this might be that phosphate has the
advantage that it binds strongly to the alumina and
is not stripped by traces of water, as is the case with
fluorine. This may also explain why fluorine is added
continuously during commercial operation. Chelating
agents are more expensive than the other two addi-
tives and are lost during the sulfidation of the catalyst
precursor. From the point of view of repeated use af-
ter regeneration, phosphate might also prove to be the
additive of choice.
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