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Abstract

Phosphate-containing hexagonal mesoporous silica (P/HMS) materials were used as supports of hydrotreating CoMo catalysts. Two series of
catalysts were prepared by sequential and simultaneous impregnation of PZHMS substrates with cobalt and molybdenum salts solutions. Both bulk
and surface structures of calcined and sulphided samples were determined by several techniques (Sggt, XRD, UV-vis, TPD-NHj;, TPR, FTIR of
adsorbed NO and pyridine, HRTEM and XPS). The activity of P-containing CoMo catalysts was examined in hydrodesulphurization (HDS) of
dibenzothiophene (DBT) and compared to that of a conventional commercial CoMo/Al,O; catalyst. It was found that the dispersion of oxide and
sulphide Co and Mo species depends on the presence of phosphate and also on the sequence of Co and Mo incorporation being co-impregnation
more favourable than sequential impregnation. HRTEM analysis of sulphided samples (673 K) showed that larger stacking degree of MoS, phase
and better dispersion of Co and Mo species are achieved by co-impregnation. Activity tests revealed that sequential incorporation of Mo and Co is
less effective for S-removal from DBT than co-impregnation. Contrary to sequential impregnation, the presence of P,Os (up to 1.5 wt.%) on
support surface enhanced S removal from DBT on the catalysts prepared by co-impregnation but the selectivity in this reaction was not influenced
by phosphate and catalyst’s preparation method. A close parallelism between active phase surface exposure and catalytic response was found.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Government regulations call for the production and use of
more environmental friendly fuels with lower contents of
sulphur and aromatics. The European Union intends to reduce
sulphur content to 10 ppm by 2009 for diesel and gasoline [1].
Since several decades ago the mixed transition metal sulphides
(TMS) such as Ni(Co)-Mo supported on high surface area -
Al,O3 material are commercially applied catalysts for the
sulphur removal from heterocyclic compounds present in heavy
oil fractions. However, the demand for lower sulphur content in
fuels requires utilization of new materials as catalyst supports.
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In order to improve the catalyst properties, the phosphorous
addition to commercial Co(Ni)Mo catalysts is a common
practice. The beneficial effect of phosphate on the hydro-
desulphurization (HDS) activity of sulphided Co(Ni)Mo/Al,O5
catalysts was claimed in few patents [2—4]. The effect of the
phosphate incorporation on the activity of Al,Oz-supported Mo
and NiMo catalysts was studied for HDS of model compounds
such as thiophene [5-14], dibenzothiophene [15], methyl-
substituted DBT [16,17] as well as with real feeds such as gas
oil [15]. However, employing model compounds such as
thiophene and dibenzothiophene (DBT), the results were
contradictory [5—14]. Thus, no detectable promotion effect of
phosphorus in the HDS of thiophene was reported for MoP/
Al,Oj5 catalysts [11-14]. Similarly, phosphate-modified cata-
lysts showed a lower activity than the P-free ones in HDS of
DBT and real feeds [15,16]. Several proposals have been
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advanced in literature in order to explain the HDS activity
improvement over alumina-supported catalysts containing
phosphate. The most frequently proposed explanations are:
(i) phosphate acts as a second promoter [18]; (ii) enhancement
of solubility of molybdate by formation of phosphomolybdate
complexes which led to easier catalyst preparation [8,19]; (iii)
formation of lower amount of inactive Co/Ni species [8,20];
(iv) improved dispersion of the active phase [7,8,21,22]; (v)
formation of stacked layers easier to sulphide [9,23]; (vi) lower
catalyst deactivation during on-stream operation [24].

The influence of the catalyst preparation method on the
structure of phosphorus containing CoO-MoQO3/Al,0j; catalysts
was studied by Moulijn and co-workers [25,26]. The authors
found that the influence of P on the distribution of the Mo
species depends on the P content and the sequence of
impregnation (co-impregnation of Co, Mo and P or sequential
impregnation being P incorporated first). The authors observed
that, irrespectively of the order of P incorporation, the Co
interaction with MoO; and AIPO, species forming Co-Mo-O-P
phase occurs. The reducibility of the Co*-jons in this phase
was decreased compared to the reducibility of these ions in the
Co-Mo-O phase because the stronger polarization of the Co-O
bond by P>* [25]. Moreover, the sulphidation of Co/Ni was
found to be more difficult due to an interaction between the
metal atoms and aluminium phosphate phase formed on the
alumina support surface [26]. Interestingly, the “>Mo NMR
study of CoMo/vy-Al,0; catalysts performed by Edwards and
Ellis indicated the catalysts prepared by sequential impregna-
tion showed larger lines broadening than those prepared by co-
impregnation [27]. This indicate that cobalt in the former
systems might form isolated clusters whereas the formation of
mixed Co-Mo phases during co-impregnation occurs. Employ-
ing the quantitative *'P and 2’Al solid state NMR, Kraus and
Prins [28] studied the effect of impregnation procedures on the
structures of oxidic phosphorus-containing NiMo/Al,O5; and
CoMo/Al,Oj catalysts. In case when the Co/Ni and phosphorus
were separately deposited on the catalyst surface, the
aluminium phosphate (AIPO,) was detected. The formation
of this phase was found to be favoured in nickel-containing
samples whereas the creation of Co-Mo-P compounds was
favoured in samples containing cobalt [28].

Recently, for hydrotreating catalysts a large variety of new
mesoporous silica-based carriers, such as MCM-41 and HMS,
etc., have been intensively studied [29-34]. In comparison to
MCM-41, the textural characteristics of hexagonal mesoporous
materials (HMS) have certain advantage due, in part, to its larger
textural mesoporosity and wormhole mesostructure which offers
better transport for reactants and products. Contrary to alumina,
the formation of silica phosphates on this siliceous material
seems unlikely because silica surface contains OH groups which
are less reactive than those on Al,O3 [35]. Indeed, the high
temperature needed (above 873 K) in silica may cause shrinkage
by forming phosphosilicate [36]. Thus, one might expect rather
that the PO,>~ anions on surface of silica might react with Co
and/or Mo forming respective phosphates.

Within the above framework, this work was undertaken with
the aim to examine the influence of both: the catalyst

preparation method (sequential impregnation versus co-
impregnation) and the presence of phosphate species on the
structures of calcined and sulphided CoMo catalysts supported
on hexagonal mesoporous silica (HMS) and how these
structures determine the performance for the HDS reaction
of DBT. The physicochemical properties of pure supports
and CoMo catalysts has been evaluated by various techniques
(N, adsorption—desorption at 77 K, XRD, UV-vis DRS, TPD-
NH;, TPR, FTIR of NO, XPS, HRTEM) and their activity
compared with those of a conventional commercial CoMo/
Al,Oj5 catalyst.

2. Experimental
2.1. Preparation of supports and catalysts

The HMS molecular sieve was prepared at room temperature
following a procedure similar to that reported by Zhang et al.
[37]. Tetraethylorthosilicate (TEOS, 98%, Aldrich) was used as
the neutral silica precursor, dodecylamine (DDA, 98%,
Aldrich) and mesitylene (MES, 97%, Aldrich) were used as
a neutral structure director and swelling agent, respectively. In a
typical synthesis the surfactant (DDA) and the corresponding
amount of water were mixed at vigorous stirring to obtain a
homogeneous solution. MES was added to the surfactant
solution and stirred for 15 min. Then, TEOS was added to the
surfactant-auxiliary solution and the mixture was allowed to
react under stirring at room temperature for about 20 h. The
solid residue was filtered, exhaustively washed with distilled
water and dried first in air at room temperature and then at
373 K for 24 h. Finally, the sample was calcined at 813 K in air
for 6 h. The absence of remaining surfactant in the synthetized
support was confirmed by XPS technique. The phosphate-
modified HMS was achieved via incipient wetness impregna-
tion of parent HMS material with aqueous solutions of H;PO,
of appropriate concentrations to obtain P/HMS substrates
with P,Os loadings of 0.5, 1.0, 1.5, 2.0 wt.%. After water
evaporation at room temperature, the solid was dried at 383 K
overnight and then calcined at 773 K for 3 h.

Two series of CoMo catalysts were prepared by sequential
and co-impregnation via incipient wetness method. Employing
sequential impregnation, the molybdenum salt (ammonium
heptamolybdate tetrahydrate, Aldrich) was introduced first.
Then the Mo/P/HMS (and Mo/HMS reference) impregnates
were dried overnight at 383 K in air and then calcined for at
773 K in air for 3 h. Finally, the Mo-loaded samples were then
impregnated with a cobalt salt (cobalt (I) nitrate hexahydrate,
Aldrich, 98%). The concentrations were calculated to achieve
Mo and Co loadings of 10.0 and 3.0 wt.%, respectively, which
correspond to a Co:Mo molar ratio of 1:3. Drying and
calcination were the same than above. Co-impregnated
catalysts were prepared in a similar manner but adding
simultaneously both molybdate and cobalt salts to impregnant
solution. The catalysts will be referred to hereafter as Co/Mo/
P(x)/HMS and CoMo/P(x)/HMS for sequentially impregnated
and co-impregnated samples, respectively (x refers to P,Os
loadings of 0.5, 1.0, 1.5 or 2.0 wt.%.
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2.2. Catalysts characterization

The BET specific surface areas were determined from
nitrogen adsorption/desorption isotherms at 77 K using an
Autosorb 1 (Quantachrome) equipment. Before adsorption, the
samples were degassed under argon flow at 473 K for 2 h. The
error bar in BET measurements was +3%.

Powder X-ray diffraction patterns of the supports and
catalysts were recorded on a DMAX 2100 Rigaku diffract-
ometer using Cu Ka radiation in the 26 range of 0.5-80°.

The UV-vis diffuse reflectance spectra of the oxide samples
were recorded in the range of 200—700 nm at room temperature
using a Varian Cary 3 UV-vis spectrometer equipped with an
integration sphere. The respective support in each catalyst was
used as a reference.

For high magnification TEM study, the sulphide (673 K)
catalysts were crushed and ultrasonically dispersed in acetone
at room temperature and then spread on a holey carbon-copper
microgrid. TEM images were collected on a Joel TEM-3000F
microscope operating at 300 kV.

The acidity of the supports was determined by temperature-
programmed desorption (TPD) of ammonia using a Micro-
meritics 2900 equipment provided with a TCD and interfaced
to a data station. The samples of 50 mg were degassed in a He
flow (Air Liquide, 99.996%) at 383 K for 1 h. Then, the
ammonia-saturation was performed with flowing 5% NH3/He
mixture at 400 K for 0.5 h. After equilibration in argon flow for
1 h at 353 K, the samples were heated at 10 K/min up to
1200 K, and the TCD signal of ammonia desorption was
recorded.

The acidity of sulphided catalysts was followed by FTIR of
adsorbed pyridine carried out on Nicolet 510 FTIR spectro-
photometer. After sulphidation at 673 K, the samples were
degassed at 723 K for 0.5 h and cooled to ambient temperature
prior to contact with ca. 2 Torr of pyridine. Physically adsorbed
pyridine was removed by degassing at 393 K for 1 h. More
details are elsewhere reported [34].

TPR experiments were conducted on the Micromeritics
2900 equipment. Prior to reduction, the oxide catalysts (ca.
50 mg) were heated at a rate of 20 K/min up to a final
temperature of 673 K, and kept for 2 h at that temperature under
a flow of He to remove water and other contaminants. The
catalysts were cooled to ambient temperature in the same flow
of He; then reduced in flowing gas containing 10 vol.% H; in Ar
at a total flow rate of 50 ml/min, and finally heated at a rate of
15 K/min up to a final temperature of 1300 K.

The FTIR spectroscopy of adsorbed NO was used to
determine the relative dispersion and sulphidation degree of Co
(and Mo) phases after in situ sulphidation at 673 K. Self-
supporting wafers of the catalysts with thickness of 12 mg/cm?
were prepared by pressing the powdered samples at a pressure
of 7 x 10° kg/crn2 for 10 min. The samples were degassed at
673 K for 2 hin an IR cell having greaseless stopcocks and KBr
windows. Once the samples were cooled down to ambient
temperature, they were exposed to 20 mbar of NO for 5 min and
subsequently the spectrum was recorded on a Nicolet 510 FTIR
spectrophotometer at a resolution of 4 cm™'. Then the samples

were degassed at 673 K for 2h to remove adsorbed NO
molecules and the spectrum of the catalyst was recorded. The
net IR spectrum of the adsorbed NO was obtained by
subtracting the spectrum of the sample degassed at 673 K
from the one recorded upon adsorption of NO.

The X-ray photoelectron spectra of the ex situ sulphided
(673 K for 4 h) catalysts were recorded on a VG Escalab 200R
spectrometer equipped with a hemispherical electron analyzer
and an Mg Ko (hv = 1253.6 V) X-ray source was used. The
freshly sulphided CoMo catalysts were kept under i-octane in
order to avoid exposure to air and then placed in a copper holder
mounted on a sample-rod in the pre-treatment chamber of the
spectrometer. The samples were degassed at 10~ mbar and
then transferred to the ion-pumped analysis chamber, where
residual pressure was kept below 7 x 10~° mbar during data
acquisition. The binding energies (BE) were referenced to the C
Is peak (284.9 eV) to account for charging effects. The areas of
the peaks were computed after fitting of the experimental
spectra to Gaussian/Lorentzian curves and removal of the
background (Shirley function). Surface atomic ratios were
calculated from the peak area ratios normalized by the
corresponding atomic sensitivity factors [38].

2.3. Catalytic activity

Prior to the catalytic test, the catalysts were sulphided at
673 K for 4h under a Hy/H,S gas flow (15%H,S, v/v) at
atmospheric pressure. HDS of DBT was carried out in a Parr
model 4522 high-pressure batch reactor. One gram of the
catalyst with particle size 0.25-0.3 mm was introduced in the
reactor together with the reactant mixture (6.6 g of DBT in
150 ml of decaline; [DBT], = 0.239 mol/L). The reactor was
pressurized to 3.1 MPa with hydrogen and then heated to 623 K
at a rate of 10 K/min. The stirring of the reaction mixture was
sufficiently intensive to exclude external diffusion limitations
(checked by varying amount of catalyst and the power of
stirring (1000, 800 and 700 rpm). Samples for chromatographic
analysis were taken during the course of each run to determine
conversion-time dependence. Reaction run time was extended
to 5 h. After reaction, the used catalyst was separated from the
products by decantation. The reaction products were analyzed
using a Perkin-Elmer Auto-system chromatograph with a 2.5 m
long x 1/8 in. diameter packed column containing chromosorb
W-AW 80/100 mesh 3% OV-17 (phenyl methyl silicone 50%
phenyl) as a separating phase. Estimated error in activity
measurements was £2%.

3. Results
3.1. Textural properties of supports and catalysts

The specific surface areas of the bare supports and CoMo-
loaded catalysts were calculated from the N, adsorption-
desorption isotherms at 77 K (not shown here) by applying the
BET equation [39]. The variation of BET specific area with the
P,0s5 content is shown in Fig. 1. BET areas of pure supports are
rather high, somewhat around 900 m*/g, and quite similar
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Fig. 1. BET area for bare supports and calcined CoMo catalysts vs. P,Os
content.

irrespective the P,Os loading. The BET area drops strongly
upon incorporation of CoMo phases. This drop depends on both
preparation method and P,O5 loading and is much larger for the
catalysts prepared by sequential than by co-impregnation.

Fig. 2 shows the pore size distributions, calculated by the
BJH method to the desorption branch of the nitrogen isotherms,
of the plain supports and all the calcined catalysts. Considering
the relatively large average pore size of the supports (see
Fig. 2), one may expect that aqueous solutions of ammonium
heptamolydate (AHM) may penetrate the inner structure of
mesoporous HMS material. Thus, the significant drop in the
BET area observed for the catalysts prepared by sequential
impregnation is probably due to the pore occlusion by the
formerly deposited molybdenum oxide species and/or the
occupation of the pore walls by MoOj;. Similarly, irrespectively
of the catalyst preparation method, the pore entrance blocking
by P,Os5 phases located on the support surface may explain the
additional decrease in BET surface area raising P,O5 content.
This conclusion is corroborated by a larger average pore size of
the catalysts prepared by sequential impregnation with respect
to those prepared by co-impregnation (see Fig. 2(b and c)). The
narrower and more uniform pore size distribution of the
catalysts prepared by co-impregnation with respect to those
prepared by successive impregnation suggest that the supported
species are more uniformly distributed on the former than on
the latter. The bulk Mo/Si and Co/Si atomic ratios calculated
from the nominal metal oxides content are compiled in Table 2.
For all catalysts, these values are much larger than those
obtained from XPS measurements indicating that precursors of
the active phases are mainly located within the inner catalyst
structure.

3.2. Acid properties of the pure supports and sulphided
catalysts

Temperature-programmed desorption of ammonia was
carried out in order to compare the acidity of plain HMS
material before and after modification by phosphate. The TPD-
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Fig. 2. Pore diameter distribution of supports (a) and calcined catalysts
prepared by successive impregnation (b) and co-impregnation (c).

NHj; profiles of the synthesized materials with varying amounts
of phosphate are displayed in Fig. 3. In order to obtain the acid
distribution, the experimental TPD curves were fitted by
Gaussian distribution analysis (not shown here), in which three
peaks were used to represent the weak (7 < 550 K), medium
(550 K < T < 750 K) and strong (T > 750 K) acidities, respec-
tively [40]. The presence of phosphate phase on the surface of
HMS material led to formation of weak acid sites which amount
increased raising P-content in the support. The P(0.5)/HMS
material clearly shows two peaks in the low temperature region
(T < 550 K) which could be related to different nature of the
acid sites rather than to changes in textural parameter since
BET area remains essentially unchanged along the phosphate
range explored. For all P-containing HMS supports, the
medium acidity apparently decreased with respect to P-free
HMS material. With exception of the P(1.5)/HMS substrate, the
other P-containing materials show lower amount of strong acid
sites than P-free HMS. The P(1.5)/HMS support shows larger
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Fig. 3. NH;-TPD profiles of pure supports. The inlet show the FTIR spectrum
of adsorbed pyridine on sulphided CoMo/P(1.5)/HMS catalyst.

amount of strong acid sites than P(2.0)/HMS material although
the latter contains larger amount of weak acid sites.

The acid properties of the freshly sulphided catalysts were
examined by FTIR of chemisorbed pyridine. As an example,
the IR spectrum of the CoMo/P(1.5)/HMS catalyst is presented
in inlet of Fig. 3. All catalysts showed two strong bands at ca.
1448 and 1597 cm™' arising from pyridine coordinatively
bonded on Lewis acid sites [16,33] and absence of the band at
ca. 1550 cm ™' ascribed to Brgnsted acidity.

3.3. X-ray diffraction (XRD)

The XRD revealed that the incorporation of phosphate on
the HMS substrate does not change its structure (XRD patterns
not shown here). This is not the case when alumina instead
HMS is employed as carrier of the active phases because
phosphate reacts to a large extent on the surface layers of the
alumina substrate and forms a well dispersed AIPO, compound
[18,33,34]. The reasons for this lies in the fact that the siliceous
HMS substrate is much less reactive than alumina and hence
phosphate remains deposited as a separate phase on the HMS
substrate. Fig. 4 shows the diffractions patterns of the selected
oxide Co/Mo and CoMo catalysts. All samples showed the
characteristic diffraction peaks associated with the HMS
wormhole structure, indicating that the HMS structure does
not suffer major changes after deposition of Co and Mo. The
XRD patterns of all catalysts display two low intensity peaks at
the background of the silica at 26.5° and 23° 26. These peaks are
assigned to B-CoMoQ, crystallites (JCPDS card 21-868). In
addition, the presence of a minor proportion of MoOj;
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Fig. 4. XRD diffraction profiles of calcined catalysts.

crystallites cannot be precluded. It can also be noted that
reflection lines of B3-CoMoO, (and MoOs3) phase are more
intense in the sequentially impregnated catalysts on the
substrates containing high P-loadings. This finding point out
to the presence of larger crystallites of B-CoMoQO, (and MoO3)
phase, which is consistent with the lower BET area of these
samples (cf. Fig. 1). For all catalysts, the Co;(PO,), phase, if
exists, appeared to be (X-ray) amorphous.

3.4. UV—vis diffuse reflectance spectra (DRS)

The coordination environment of Co?* and Mo®" ions in
the oxide catalysts was studied by UV—vis diffuse reflectance
spectroscopy. UV—vis DR spectra of the catalysts prepared
by sequential and co-impregnation are compared in Fig. 5.
Irrespectively of the impregnation methodology employed,
all oxide catalysts displayed similar spectra. The strong band
at about 300 nm observed in all spectra can be assigned to
charge transfer transition from the oxygen ligands to Mo®*
ions in octahedral coordination [41,42]. The visible part of
the spectra contains a shoulder at about 400 nm, which is
assigned to Co** in an octahedral coordination [43].
Additionally, a broad band in the region 450-650 nm is
observed. Using Gaussian distribution analysis (not shown
here), three absorption bands at 446, 489 and 653 nm
ascribed to tetrahedral cobalt (II) ions are observed [44-47].
It is suggested that tetrahedral Co®* ions belong to the
Co0,Si04 phase which is formed at temperatures above 623 K.
As stated above, XRD revealed that the 3-CoMoO, phase
prevails in the P-containing samples. A similar conclusion
can be also derived from DR spectra. Irrespective of the
method of catalyst preparation, the intensity of the band at
400 nm is much intense than that 450—650 nm. Because the
d—d transition in octahedral coordination is less probable
than that in tetrahedral coordination, the difference in the
intensity of the bands is possible when the concentration of
the octahedral species is much higher than that of the
eventually formed tetrahedral species of Co*.
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Fig. 5. UV-vis DR spectra of calcined catalysts prepared by sequential
impregnation (solid line) and co-impregnation (dotted line). As reference,
the DR spectrum of the Mo/HMS catalyst is included. The spectrum of each
support was subtracted from the spectrum of the corresponding catalyst.

3.5. Temperature-programmed reduction (TPR)

Some clues on the effect of phosphate and preparation
method on the catalyst structure can be derived from the
reduction profiles of cobalt and molybdenum species. TPR
profiles of the P-free and P-containing catalysts prepared by
sequential and co-impregnation are presented in Fig. 6. The
TPR profiles of high P-content CoMo catalysts prepared by co-
impregnation were very different from that of catalysts
prepared by sequential impregnation. There is a strong
influence of P-loading on the reduction profiles of catalysts
prepared by sequential impregnation. All the catalysts show a
narrow peak centred at ca. 903 K with a large shoulder
extending in the temperature range 839-1113 K. The former
peak is indicative of the formation of only one type of species
on the catalyst surface. Since this peak is similar to the one
reported for CoMoO, [48,49], it could be inferred that the
CoMoO, phase is formed on all the samples and therefore a
strong Co—Mo interaction is expected to be developed in a
common crystalline structure. The large hydrogen consump-
tion observed in the temperature range 839-1113 K probably
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Fig. 6. TPR profiles for oxide catalysts prepared by sequential impregnation
(solid line) and co-impregnation (dotted line).

contain peaks belonging to the two-step reduction of MoOj;
(MoO; — MoO, — Mo%), which are located at higher
temperatures than those of Co species. In agreement with
XRD profiles, the amount of reducible Mo oxide species
without interaction with the support and/or with cobalt oxide
gradually increase upon increasing P,O5 loading from 1.5 to
2.0 wt.%. Thus, the reduction profiles of Co/Mo/P(1.5)/HMS
and Co/Mo/P(2.0)/HMS catalysts show H,-consumption peaks
at 834, 918 and 1042 K. The P-free catalyst (Co/Mo/HMS)
prepared by sequential impregnation shows the lowest
reduction temperature among the catalysts studied. For this
catalyst, the shift of peak temperature might indicate the high
dispersion of cobalt oxide species. Contrary to the catalysts
prepared by sequential impregnation, the high P-content
catalysts prepared by co-impregnation did not show individual
peaks in high temperature region. The narrow peak at 829 K as
well as large hydrogen consumption between 873 and 1073 K
is due to CoMoOy, species and two steps reduction of Mo®*
oxide species interacting strongly with the support, respec-
tively.

Finally, one may note that for all catalysts the molybdenum
oxide was so finally dispersed on the supports that a strong
metal-support interaction increased the reduction temperature
to a broad zone starting from ca. 800 K. In comparison with P-
free catalysts, the TPR profile of the P-containing catalysts
showed more intense reduction peak in this high temperature
region indicating that phosphate increases the total reducibility
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of catalysts being this effect more marked in case of catalysts
prepared by co-impregnation.

3.6. High-resolution electron microscopy (HRTEM)

The slabs dimension and staking of MoS, phase for sulphide
CoMo/P(1.5)/HMS and Co/Mo/P(1.5)/HMS catalysts was
studied by high resolution electron microscopy. The TEM
images of these two representative samples are shown in
Fig. 7(a and b), respectively. For both catalysts, typical MoS,
slabs randomly distributed on the support can be identified from
their typical fringes. The distance between two slabs ca. 0.6 nm
was in accordance with that expected for crystalline MoS,. The
TEM images of catalyst prepared by co-impregnation
(Fig. 7(a)) indicate smaller MoS, crystallites (ca. 2.8 nm
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Fig. 7. HRTEM images of fresh sulphided CoMo/P(1.5)/HMS (a) and Co/Mo/
P(1.5)/HMS (b) catalysts.

versus 5.7 nm) and larger stacking (2—7 versus 2—4) than in its
homologous prepared by sequential impregnation (Fig. 7(b)).
Thus, it can be concluded that the main effect of sequential
impregnation is formation of a larger planar MoS, slabs which
results in a lower dispersion of MoS, phase, in good agreement
with XPS analyses (see below).

3.7. FTIR of adsorbed NO

The FTIR spectra of the fresh sulphided CoMo/P(1.5)/HMS
and Co/Mo/P(1.5)/HMS catalysts are displayed in Fig. 8. As
expected from our previous works [50,51], two mayor bands
around of 1870 and 1800 cm ™' are observed together with a
very broad one located at lower frequency region. For the
catalyst prepared by co-impregnation, the decomposition of the
IR spectra into Gaussian peaks shows the presence of bands
around 1877, 1856, 1801, 1787, 1672 and 1618 cm ™! whereas
for the catalyst prepared by successive impregnation the
position of the bands were: 1872, 1852, 1795, 1773, 1680 and
1622 cm ™', The assignments of this bands has been made
considering that the spectra of NO chemisorbed on sulphided
Co/Al,05 sample shows the bands at 1857 and 1792 cm ™! (the
symmetric and anti-symmetric stretching vibration modes,
respectively, of a dinitrosyl adsorbed on sulphide Co®" sites).

Co™-(0)
-_——

Co?H(S)

Absorbance (cm"I )

1 1 1 l 1 l 'l l il
1900 1800 1700 1600

Wavenumber (cm™)

Fig. 8. FTIR spectra of adsorbed NO on sulphided (673 K) samples: CoMo/
P(1.5)/HMS (a) and Co/Mo/P(1.5)/HMS (b) catalysts.
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Similarly, sulphide Mo/Al,Oj3 catalyst shows the doublet bands
around 1740 and 1652 cm™' (the symmetric and anti-
symmetric stretching vibrations of NO, respectively, adsorbed
on sulphide Mo** sites) [51]. On this basis, the doublet bands
around 1672 and 1618 cm™' was assigned to dinitrosyl species
adsorbed on sulphide Mot sites, with two different Mo-S
environments. Moreover, the low intensity of the former band
confirms the location of Co species on the molybdenum
sulphide since the presence of non-sulphided Mo species was
excluded by XPS measurements discussed below.

For both catalysts, the presence of the absorption bands
around 1877 and 1801 cm™' can be due very likely to
adsorption on non-sulphided Co" sites, i.e., C0,Si0, and/or B-
CoMoQ,, whereas the doublet around 1856 and 1787 cm ™!
arise from dinitrosyls adsorbed on Co®*-S species. Thus,
irrespective of the method of catalyst preparation, these spectra
confirm the presence of both sulphide and non-sulphide Co**
species in both samples together with a small contribution of
MoS, species.

When comparing these spectra of catalyst prepared by co-
impregnation with that of sulphide CoMo/Al,O5 catalyst [51]
and the successive-impregnated one, it is clear that the bands of
NO adsorbed on MoS; sites in the co-impregnated sample is
shifted toward lower wavenumber region (from 1680 to
1672 cm™"). However, in good agreement with XPS data
discussed below, this shift is so small that one may suppose the
formation of a “CoMoS”” mixed phase. Additionally, one may
to note that for both catalysts the intensities ratio of the bands at
around 1680 and 1780 cm™' was similar (0.32 versus 0.28).
This may indicate the similar amount of coordinatively
unsaturated sites (CUS) formed on MoS, phase of both
samples.

3.8. Surface analysis of sulphide catalysts

The effect of P incorporation on HMS structure and the
impregnation methodology of CoMo on the chemical state of
the elements and their relative proportions at the surface of
sulphided catalyst were studied by XPS technique. The BE
values of the Mo 3ds/,, Co 2p, P 2p and S 2p core levels are
summarized in Table 1. As example, the Mo 3d and Co 2p core-
level spectra of sulphided CoMo/P(1.5)/HMS and Co/Mo/
P(1.5)/HMS catalysts are shown in Fig. 9(a and b), respectively.

Table 1
Binding energies (eV) of the fresh sulphided (673 K) CoMo catalysts

Catalyst Mo 3ds;, Co 2p3p Si2p P2p S2p
CoS, Co™-0

Co/Mo/HMS* 228.7 778.2 (30) 780.9 (70) 103.0 134.0 162.1

CoMo/HMS" 228.6 778.2 (45) 780.8 (55) 103.1 134.1 162.1

Co/Mo/P(1.5)/HMS" 228.7
CoMo/P(1.5)/HMS" 228.8

Co/Mo/P(2.0)/HMS* 228.7
CoMo/P(2.0)/HMS" 228.8

778.2 (34) 780.8 (66) 103.2 134.0 162.2
778.3 (54) 780.9 (46) 103.0 134.1 162.1

778.3 (42) 780.8 (58) 103.2 134.1 162.1
778.3 (45) 781.0 (55) 103.2 134.0 162.2

* Prepared by sequential impregnation.
® Prepared by co-impregnation.
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Fig. 9. Co 2p (a) and Mo 3d (b) core-level spectra of the fresh sulphided CoMo/
P(1.5)/HMS and Co/Mo/P(1.5)/HMS catalysts.

After sulphidation at 673 K, all sulphided CoMo catalysts
showed the S 2p peak with binding energy at 161.2 £ 0.1 eV,
which is characteristic of S*~ ions. Additionally, the P 2p peak
at 134.0 eV is indicative of phosphate species [31]. For all
catalysts, the Mo 3ds/, core level spectra showed BE values at
228.7-228.8 eV, which is close to that of CoMo,S, species
(228.7eV) [52]. No other peaks placed at higher binding
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Table 2
Surface atomic ratios of the fresh sulphided (673 K) catalysts®

Catalyst Mo/Si atomic Co/Si atomic Co/Si atomic (CoS,) Co/Mo atomic P/Si atomic S/(Mo + Co) atomic
Co/Mo/HMS" 0.013 (0.072) 0.007 (0.035) 0.0022 0.57 0.0 1.26
CoMo/HMS* 0.017 (0.072) 0.011 (0.035) 0.0050 0.66 0.0 1.39
Co/Mo/P(1.5)/HMS® 0.018 (0.073) 0.011 (0.036) 0.0037 0.61 0.023 1.54
CoMo/P(1.5)/HMS* 0.020 (0.073) 0.013 (0.036) 0.0071 0.66 0.031 1.77
Co/Mo/P(2.0)/HMS® 0.015 (0.074) 0.009 (0.036) 0.0037 0.58 0.034 1.62
CoMo/P(2.0)/HMS* 0.017 (0.074) 0.011 (0.036) 0.0048 0.62 0.037 1.67

2 Theoretical bulk atomic ratio, as calculated from nominal metal contents,
® Prepared by sequential impregnation.
¢ Prepared by co-impregnation.

energies belonging to oxy-sulphide species, i.e., M00,S,? ", or
unreduced Mo®" ions were found. On the contrary, the Co 2p
core-level spectra of sulphided catalysts display two contribu-
tions: a minor one at 778.2-778.3 eV indicative of CoS, species
[52], and another at 780.8—781.0 eV indicative of Co** jons in
the Co,Si0, phase. In good agreement with XRD data of the
calcined CoMo catalysts, the latter peak confirmed that during
calcination, a fraction of Co is lost at the HMS interface by
forming Co,Si0,4 phase by solid state reaction.

In addition, the calculation of the difference between the Co
2ps» binding energy and the Mo 3d binding energy was
performed [53]. For all catalysts this difference was 549.5—
549.6 eV, which is relatively far from the value of 550.0 eV
reported in literature for catalysts possessing the cobalt atoms
located in a decoration position of MoS, phase [53]. Moreover,
the BE of Co 2ps5, core level was found to be much lower than
those expected for Co located in the catalytically active
“CoMoS” phase [54,55].

Table 2 compiles the Mo/Si, Co/Si, Co/Mo and P/Si surface
atomic ratios of fresh sulphided catalysts. Irrespectively of the P-
content, the co-impregnated samples display not only a slightly
higher sulphidation degree of Co species but also somewhat
better surface exposure of Co and Mo phases than their
sequentially impregnated counterparts. In addition, the CoMo/
P(1.5)/HMS sample showed a little better surface exposure of Mo
and Co species than the other catalysts studied. Considering the
S/(Mo + Co) atomic ratio, which is a measure of the
extent of sulphidation of CoMo phases (Table 2), the following
trend can be established: CoMo/P(1.5)/HMS > CoMo/P(2.0)/
HMS > Co/Mo/P(2.0)/HMS > Co/Mo/P(1.5)/HMS > CoMo/
HMS > Co/Mo/HMS. Thus, irrespectively of the catalyst
preparation method employed, the presence of P,Os species
on the support surface has positive effect on the sulphidation
degree of Mo and Co species being this effect larger for the
catalysts prepared by co-impregnation.

3.9. Catalytic properties

The catalysts were tested in the HDS reaction of DBT in a
batch reactor under hydrogen pressure of 3.8 MPa at 623 K.
The commercial CoMo/Al,O5 catalyst was used as reference.
DBT conversion and selectivity of catalysts as a function of
P,Os5 loading are presented in Fig. 10(a and b), respectively.

are given in parenthesis.

Whichever the methodology employed in catalyst preparation,
both P-free samples showed very close activity at reaction time
of 5 h (see Fig. 10(a)). On the contrary to P-free samples, the
presence of phosphate on the HMS substrate determines
different catalytic behaviours depending on the way by which
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Fig. 10. Total DBT conversion (a) and product distribution (b) at reaction time
of 5 h in the HDS of DBT over CoMo/P/HMS catalysts as a function of P,Os
content. The DBT conversion data of an industrial sample is included.
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Table 3

Comparison of the selectivities during HDS of DBT over Co/Mo/HMS and CoMo/P(1.5)/HMS catalysts with those of commercial CoMo/Al,O5

Catalyst (%) DBT conversion (%)/(reaction time (h))
DBT THDBT BP CHB

Co/Mo/HMS? 46.2 3.1 38.3 124 53.8 (5.0)

CoMo/P(1.5)/HMS" 46.5 2.0 40.4 11.1 53.5 (2.5)

CoMo/Al,O3 46.4 34 35.0 15.2 53.6 (5.0)

 Prepared by sequential impregnation.
® Prepared by co-impregnation.

CoMo phases were incorporated being the catalysts prepared by
co-impregnation clearly more active than those prepared by
sequential impregnation. However, for catalysts prepared by
co-impregnation an increase in activity was observed for the
P,Os5 content up to 1.5 wt.% and then the decrease in activity
occurs. Similarly, the limited increase in DBT HDS activity was
reported by Kwak et al. [16] for the P-modified CoMo/y-
alumina catalysts, but the limit of P,O5 for y-alumina was much
lower than in case of the silicecous HMS material (0.5
P205 wt.% versus 1.5 P205 Wt%)

For all catalysts, the reaction products identified by GC were
biphenyl (BP), cyclohexylbenzene (CHB) and tetrahydrodi-
benzothiophene (THDBT) (Fig. 10(b)). Hydrocracking pro-
ducts, such as benzene and cyclohexane, were not detected. The
time course of product distribution (did not shown here)
demonstrated that CHB increased with reaction time. Such
increase might indicate that CHB is produced mainly from
THDBT. In Table 3 are compared the selectivities of the Co/
Mo/HMS and CoMo/P(1.5)/HMS catalysts with those of a
commercial CoMo/Al,O; sample obtained at the same DBT
conversion (ca. 54%). Both home-made catalysts and
commercial one presented the same selectivity. Thus, product
distribution did not depend on the sequence of metal
incorporation and presence of phosphate. Scheme 1 shows
the DBT HDS reaction pathways derived from product
distribution. HDS reaction of DBT proceeds through two
different pathways, a hydrogenation (HYD) route and a direct
desulphurization route (DDS). For all catalysts, including the
commercial one, BP was the main product (DDS route) and
significant amounts of CHB (HYD route) were also formed.

—
S
iHYD Sk
S

Scheme 1. Simplified dibenzothiophene HDS reaction scheme.

Though CHB is mainly produced from the transformation of
THDBT, selectivity did not depend on the P,Os5 content.

As all activity batch reactions were extended for 5 h, it is not
possible to get reliable information on catalyst deactivation. Our
unpublished TGA results on coke formation on the CoMo/P/
HMS catalysts used in reaction of HDS of 4,6DMDBT indicate
that the deactivation of those systems is a complex process [56].
Thus, contrary to the Al,Os-supported catalysts [57-59],
incorporation of phosphate into HMA material leads to coke
formation being the P-free sample the one which showed about
two times less coke formation than the other P-containing ones.
Since the amount of coke formed did not follow the trend of P,O5
content in the catalysts, this indicates that coke formation on
those systems is a complex process. A more detailed study on the
catalyst deactivation is in progress [56].

4. Discussion

In this study the morphology and activity of the CoMo/P(x)/
HMS catalysts depend on the presence of phosphate species on
the surface of HMS carrier as well as on the catalyst preparation
method employed. The better catalytic behaviour of CoMo/
P(x)/HMS catalysts prepared by co-impregnation with respect
to Co/Mo/P(x)/HMS counterparts prepared by successive
impregnation seems to be linked with the morphology of the
Co/Mo phases formed after calcination/sulphidation. This
connection can be understood by considering that the active
phases formed after sulphidation at 673 K have their origin in
the oxide precursors. Thus, the surface properties of P(x)/HMS
substrates and the corresponding CoMo-loaded oxide catalyst
precursors are discussed in a first instance.

With respect to phosphate incorporation, the TPD-NH;
measurements confirmed that phosphate induced changes in the
acid sites distribution of P(x)/HMS supports. After calcination
at 813 K, the P(x)/HMS substrates showed a lower quantity of
medium and strong strength acid sites and a larger quantity of
weak acid sites than the P-free HMS sample (Fig. 3). Thus, in
line with previous work [60], the distribution of surface OH
groups in supports is largely modified in the presence of P,Os
phase on the support surface. Since the surface OH groups are
particularly important for the distribution of Mo species and the
type of Mo species formed, it has been proposed that a large
amount of P,O5 phase (above 1.5 wt.%) on the catalyst surface
influenced negatively on the Mo distribution because most of
the —OH groups can be removed upon interaction with
phosphate groups. In other words, the presence of phosphate
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alters the isoelectric point of the HMS surface (pH ca. 3). As in
the sequential impregnation of P(x)/HMS supports were firstly
impregnated with molybdate solutions, a phosphomolybdate
such as PoM0sO,® ™ mi ght be formed. During adsorption on the
HMS surface these complexes decompose because of the
preferential adsorption of the molybdate ions on basic sites and
of the phosphate ions adsorption on more acidic sites [61]. After
calcination in air at 773 K, Mo-O-Mo species, and even MoO;
crystallites, are formed on the support surface. Then impreg-
nation of Mo/HMS catalysts with cobalt salt solution results in
the formation of Co-species in the close vicinity of Mo-species.

On the other hand, a simple electrostatic model may account
for the formation of 3-CoMoQO, phase in the co-impregnated
samples. During impregnation of P-modified HMS substrates
with the molybdate solution it is likely that the surface of plain
P/HMS support becomes positively charged (presence of P-OH
groups). In parallel, the following ionic equilibrium occurs in
the molybdate solution:

Mo,0,,"" +4H,0 < TMoO4> + 8H"

This means that the adsorption of polymolybdate
(M0,0,4" ") ions should be favoured by low pH. In such case,
the polymolybdate ions adsorbed through electrostatic forces
with OH groups of the support surface may then facilitate the
adsorption of positively charged Co®* ions on its neighbour-
hood. Such a topology would be particularly suited to
formation of a (-CoMoO, phase upon calcination, as
confirmed by XRD and TPR measurements. In favour of this
interpretation is the formation of a very low quantity of (-
CoMoQO, phase in the phosphorous-free sample prepared by
co-impregnation.

The UV-vis DR spectra of all calcined Co/Mo/P(x)/HMS
samples revealed that Co?* ions are mainly octahedrally
coordinated by oxide ions. This result is consistent with the
observation by XRD of B-CoMoQO, phase whose proportion
was found to increase upon raising the phosphate content on the
HMS substrate. A similar effect has previously been reported
for alumina-supported catalysts [62]. Upon sulphidation at
673 K, both Co sulphide and CoMo,S, phases are developed
and their surface exposure depends on the phosphate loading.
The lower exposure of sulphide Mo and Co species found in the
P-free sample suggests that agglomeration of Co sulphide and
CoMo,S, phases takes place along sulphidation. The combined
XPS and activity measurements indicate that DBT conversion
increases almost linearly with an increase of the surface
exposure of CoS, species (Fig. 11), with the only exception of
the P-free Co/Mo/HMS sample. Indeed, the sequentially
impregnated catalysts displaying a lower Co/Si ratio are less
active than the corresponding co-impregnated counterparts.
The comparison of bulk and surface exposure of Co/Mo species
in the catalysts (Table 2) indicates that, irrespectively of the
method of catalyst preparation employed, all catalysts possess
active phases located mainly within the inner pore structure.
This agrees with the N, adsorption—desorption data which show
a large decrease of BET surface area after Co and Mo
incorporation (Fig. 1). Such decrease is larger in the catalysts
prepared by sequential impregnation than on their counterparts
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Fig. 11. DBT conversion vs. surface exposure of CoS, species as determined
from XPS of sulphided CoMo catalysts.

prepared by co-impregnation. This might indicate that the
correlation observed between surface exposure of cobalt
sulphide and catalyst activity is due to a preferential location
of the active components on the outer surface. For all sulphided
catalysts, the FTIR spectra of adsorbed pyridine confirmed the
presence of only Lewis acidity and this increases with an
increase in P,Os content. This contrasts with the increase of
Brgnsted acidity reported previously for sulphided CoMo/
Al,Oj catalysts with a large P-content (the single P(OH),-O-Al
occurs at high P concentration on alumina, and hence the
Brgnsted acidity of the catalyst increases) [16]. Since this is not
case of our siliceous HMS material modified by P, it can be
concluded that the dispersion of active phase achieved in our P-
containing HMS systems is much better than that reported for
alumina-supported catalysts [16].

An examination of catalyst structures and performance
indicate that several factors have to be considered to explain the
enhancement of HDS activity of P-loaded HMS supports to
which CoMo phases were incorporated by co-impregnation.
These include: (i) the larger BET surface area (Table 1); (ii) the
enhancement of reducibility of oxide precursors (TPR data);
(iii)) improved sulphidation degree of cobalt species (see
percentage of CoS, given Table 1); (iv) improved surface
exposure of the active phases, as it was already observed for P-
modified CoMoS/Al,O3 [16] (Table 2); (v) formation of
stacked molybdenum layers easier to sulphide (derived from
HRTEM); (vi) the formation of a larger amount of the
coordinatively unsaturated sites (CUS) in MoS, phases. The
sulphide co-impregnated CoMo/P(1.5)/HMS sample was found
to be the most active among the catalyst studied (Fig. 10(a)).
Taking into account the XPS data of freshly sulphided catalysts,
this is because the Mo and Co surface exposure was higher for
the P(1.5)/HMS support (Table 2). Similar optimum in DBT
HDS activity due to optimized dispersion of molybdenum
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species was reported for CoMo/P/Al,O; catalysts modified by P
[24]. Howeyver, the limit of the P,O5 content on the alumina was
found to be much lower than in case of our HMS catalysts
(0.5 wt.% versus 1.5 wt.%). For the larger P,Os content on
alumina, the decrease in activity was explained in terms of the
formation of relatively stable Co-Mo-P phase [24]. In this
study, the comparison of HRTEM micrographs of sulphide co-
impregnated CoMo/P(1.5)/HMS sample (Fig. 7(a)) with its
sequentially impregnated counterpart (Co/Mo/P(1.5)/HMS)
(Fig. 7(b)) revealed the presence of smaller MoS, slabs (ca.
2.8 nm versus 5.7 nm) and larger stacking (number of layers 2—
7 versus 2—4) on the former. The larger columns of MoS, phase,
presumably decorated by Co atoms at the edges, are more active
than smaller ones, still having bigger basal sections. Thus, it
appears that the probability of formation of S-vacancies, which
are known to be active in HDS reaction, is favoured on the
sulphide co-impregnated CoMo/P(1.5)/HMS sample. This
catalyst showed larger activity in the HDS reaction of DBT
than the commercial CoMo/Al,O; catalyst (84.5% versus
53.6% conversion), still containing a higher metal-loading.

5. Conclusions

This study revealed that the morphology of the sulphide
phases depends on the method of catalyst preparation as well as
on the presence of P,Os species on the surface of HMS support
being the former factor more important than the latter. For the
oxide catalysts, TPR results showed that both phosphate and co-
impregnation increases the total reducibility of catalysts.
Irrespectively of the sequence of impregnation, all sulphide
catalysts showed only Lewis acidy and this increases after
phosphate incorporation. The catalysts prepared by sequential
impregnation of Co and Mo salts on the P(x)/HMS supports
were less active in hydrodesulphurization of dibenzothiophene
than catalysts prepared by co-impregnation. Contrary to
sequential impregnation, the addition of phosphate to HMS
support up to 1.5 wt.% of P,Os is positive when catalysts were
prepared by co-impregnation. Incorporation of Co and Mo salts
by co-impregnation on the P(1.5)/HMS substrate led to a much
more active catalyst (84.5% conversion) in the HDS reaction of
DBT than the commercial CoMo/Al,O5 catalyst (53.6%), still
containing a higher metal-loading. As revealed by photoelec-
tron spectroscopy, this difference in catalytic performance is
linked with the larger surface exposure of both Co and Mo
sulphide phases in co-impregnated catalysts. In addition,
comparison of HRTEM micrographs for the most active CoMo/
P(1.5)/HMS catalyst and its sequentially impregnated Co/Mo/
P(1.5)/HMS counterpart revealed smaller MoS, slabs (ca.
2.8 nm versus 5.7 nm) and larger stacking (number of layers 2—
7 versus 2-4).
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