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Abstract

1H MAS NMR, 1H spin-echo MAS NMR with Al irradiation?9Si MAS NMR, and*H — 29Sj CP MAS NMR were used to investigate
the deposition of Mo and Ni species on the surface of alumina and silica—alumina. Mo and Ni species first occupy the alumina sites and then
the silica sites. The results of temperature-programmed reduction show that the weaker interaction between the Mo and Ni species and the
silica—alumina support leads to better reducibility of the metal oxides on silica—alumina thap@#s Mo and Ni species also interact with
each other. Transmission electron microscopy proved that, after sulfidation, higher stackscadiglé@med on the silica—alumina support
than on the A}O3 support. The higher stacking is responsible for the higher hydrodenitrogenation activity of the NiMoS catalysts supported
on silica—alumina.
0 2003 Elsevier Science (USA). All rights reserved.
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1. Introduction an Mo loading below 5 atonisn? owing to the strong inter-
action with the support [19,20]. The Mo species was identi-
Supported nickel-molybdenum catalysts are extensively fied as octahedrally or tetrahedrally coordinated [21,22]. On
used in hydrotreating, one of the most important processesSiO; supports, the same octahedrally and tetrahedrally coor-
in oil refining [1]. These catalysts are usually prepared by dinated species are formed, in addition to bulk, orthorhombic
depositing molybdenum and nickel oxides on the surface of MoOgs, even at very low Mo loadings [21,23]. However, less
oxidic supports such as alumina 68l3) and silica—alumina  agreement was reached with respect to the silica—alumina-
(SiO—Al>03). The catalysts are used in the active, sul- supported catalysts.
fided state, and the nature and properties of the oxide pre- Solid-state NMR was used to characterize hydrotreating
cursors largely determine the performance of the catalysts.catalysts [4,7,24-31]. Most studies concentrated on the Mo
Many studies focused on the nature and structure of the Mostructure and the effect of additives by measuringzﬂm,
species, and the results of studies employing many charac9Mo, and3!P NMR spectralH MAS NMR was used for
terization techniques indicate that the presence of the pro-the structural investigation of hydroxyl groups on,@k-
moter atoms does not greatly affect the state of the Mo supported Mo catalysts [4,7,26]. Howevé?Si NMR was
species on the ADs surface. Since AlOz is the most com-  not used in hydrotreating catalysis, although one example
monly used support, most studies have focused on Mo 0X-was reported in a recent patent [32].
ides supported on AD3 (see, e.g., [2-7]). Several studies |y previous studies [33,34], we reported that the perfor-
dealt with SiQ-supported Mo [8-15], whereas few studies mance of NiMo catalysts supported on amorphous silica—
dealt with SiQ—Al203-supported systems [8,9,12,16-18].1t  ajymina (ASA) is outstanding in hydrodenitrogenation but
is generally accepted that Mo oxide on an® support  that a higher hydrogenation activity was found orp®d-
forms amorphous monolayers or “islands” on the@{ at supported catalysts. In the present study, we tried to under-
stand the interaction of the Mo and Ni species with the sup-
~* Corresponding author. port. Much attention was paid to the ASA-supported cata-
E-mail address: prins@tech.chem.ethz.ch (R. Prins). lysts, and A}Os-supported catalysts were studied for com-
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parison.tH MAS NMR and!H spin-echo MAS NMR with adamantane$(= 1.74 ppm). The modified Winfit software

Al irradiation were used to identify and monitor changes in Dmfit 98 was employed for deconvolution using Gaussian

the surface OH group$?Si MAS NMR and'H — 2°Si CP lineshapes. The fitting errors for our spectra were estimated

MAS NMR were used to characterize the evolution of the to be about 7%.

surface Si sites and, in turn, the Al sites. TPR was used to

elucidate the phases of Mo and Ni species in the catalysts2.3. Temperature-programmed reduction (TPR)

and TEM to study the MoSstacking of the sulfided cata-

lysts. TPR measurements were conducted with a Micromeritics
AutoChem 2910 Automated Catalyst Characterization Sys-
tem. About 0.2 g of sample was used for each measurement.

2. Experimental A mixture of 4.8 vol% h/Ar was introduced at 50 rpinin
into the sample loop and was also used as a reference gas.
2.1. Catalyst preparation The sample was heated at a rate of @y min to 900°C and

was maintained at this temperature for 30 min. The effluent

NiMo catalysts supported on alumina (Condea) and gas was passed through a viscous solution of isopropanol,
silica—alumina (Shell, containing 75 wt% SiOprepared cooled by liquid N to remove the water produced during
with the sol-gel method) were prepared by successive porereduction, and analyzed with a thermal conductive detector.
volume impregnation (Mo first) with aqueous solutions con-
taining the appropriate amounts of ammonium molybdate 2.4. Transmission electron microscopy (TEM)
tetrahydrate (Fluka) and nickel nitrate hexahydrate (Fluka).
The impregnated materials were dried overnight in air at  The catalysts were sulfided quasi in situ in a mixture of
120°C and further calcined at 500C for 4 h after each 10 vol% H,S/H». The gas flow was kept at 150 pnhin,
impregnation step (heating rate°®/min). The final cata- whereas the catalyst was heated at a rate &€/min to
lysts contained 2.9 wt% Ni and 8.8 wt% Mo, as analyzed 370°C. The temperature was then kept at 3™for 4 h.
by AAS. The AbOs-supported catalyst had a surface area Subsequently, the sample was cooled to room temperature
of 202 n?/g and a pore volume of 0.33 g with a nar- under flowing high-purity M. Then the sample was sealed
row pore size distribution, at around 5.6-nm diameter, as de-in the reactor and transferred to a glovebox.
termined by BET N adsorption. The ASA-supported cata- TEM measurements were performed using a Philips
lyst had a surface area of 296°ng and a pore volume of  CM30T electron microscope with an LaBfilament as
0.44 ml/g with a narrow pore size distribution at around 5.3 the source of electrons operated at 300 kV. Samples were

nm. mounted on a microgrid carbon polymer supported on a
copper grid by placing a few droplets of a suspension of
2.2. MASNMR measurements the ground sample im-hexane on the grid, followed by

drying under ambient conditions, all in an Ar glovebox.

All the NMR spectra were obtained at 9.4 T on a The samples were transferred to the microscope in a special
Bruker AMX-400 spectromete°Si MAS NMR spectra  vacuum-transfer sample holder under exclusion of air [36].
were recorded at 79.5 MHz using a 2-ps5/4) pulse with At least 10 representative micrographs were taken for
a 4-s recycle delay and 6000 scah. — 2°Si CP/MAS each catalyst in high-resolution mode. Typically, the length
NMR experiments were performed with a 4-s recycle delay, (1) and number of the stacks) of at least 250 slabs were
8000 scans, and a contact time of 10 ms. All #9Si measured for each catalyst.
spectra were collected using 7-mm Zrfdtors at a spinning
rate of 5 kHz; chemical shifts were referenced teM3
(cubic octamer silicic acid trimethylsilyl ester). Before the 3. Resultsand discussion
IH MAS NMR measurements, samples were dehydrated at
400°C and at a pressure below 1Pa for 15 h1H MAS 3.1. MASNMR
NMR spectra were recorded at 400.2 MHz by a spin-echo
pulse sequencé{-t-r-r—acquire), where was set to one High-resolution'H MAS NMR is a useful and straight-
rotor period and the excitation pulse length was 4.5%3s ( forward tool for characterizing the hydroxyl groups in alu-
1H{27Al} spin-echo double-resonance experiments were mina and zeolites. It can provide quantitative information
performed according to the method of van Eck et al. [35]. about the interaction between metal ions and hydroxyl
In this experiment, a spin-echo pulse was applied to the groups on the support without the difficulties associated
IH channel and aluminum was irradiated simultaneously with extinction coefficients that are encountered in IR spec-
during the firstz period. The?’Al irradiation field was troscopy. Fig. 1a illustrates théd MAS NMR spectra ob-
about 60 kHz. All the'H spectra were accumulated for 128 tained for they-Al,03 support and the NiMpAI,O3 cat-
scans with a 10-s recycle delay and using 4-mmigors alyst. As expected, there were two main peaks. The peak
spun at 10 kHz. The chemical shifts were referenced to at 1.9 ppm is attributed to the acidic hydroxyl groups on
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Fig. 1.1H MAS NMR spectra of supports and catalysts. (a)®4 support
and NiMo/Al»0g3; (b) ASA support and NiMpASA.
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the alumina surface and the other-a0.2 ppm to the basic 0 ) 100 120 140
hydroxyl groups [7,37,38]. With quantitative deconvolution

of the spectrum, a broad shoulder at around 5.2 ppm canFig. 2.29i MAS NMR andH — 29Si CF/MAS NMR spectra of (a) ASA

also be identified. It is ascribed to a small amount of phy- supportand (b) NIMBASA catalyst.

sisorbed and chemisorbed water on the alumina or silica—

alumina surface [38]. After impregnation with Mo and Ni, aluminium irradiation during the spin-echo pulse sequence
the total number of hydroxyl groups on the alumina surface applied to the proton, the signal of the proton groups that
decreased substantially, and the basic hydroxy€k® ppm are strongly coupled to aluminium will be significantly
were preferentially reduced compared to the acidic hydrox- suppressed, whereas the other protons will be unaffected.
yls at 1.9 ppm. It is agreed that Mo species adsorb preferen-Therefore, it offers the possibility of differentiating between
tially on the basic hydroxyl groups on AD3 support [7,39]. the OH signals of species close to an aluminium atom and
The preferential disappearance of the basic hydroxyl groupsthose of species which are farther away. As shown in the
at —0.2 ppm might also be due to the paramagnetic Ni in spectra of the ASA support (Fig. 1b), the intensity of the
the vicinity of hydroxyl groups. When we compare the re- peak at 2.2 ppm decreases with Al irradiation, whereas the
sults obtained here with those from only Mo supported on peak at 1.7 ppm remains unchanged. Thus, we deduced that
Al203 [7,39], however, this possibility can be excluded. The the peak at 2.2 ppm is the result of the hydroxyl protons
basic hydroxyls are preferentially occupied, also upon depo- associated with aluminium species and that at 1.7 ppm
sition of F and P on AlOs [4,24]. should be assigned to the silanol protons.

In the case of ASA, an asymmetric signal was found A quantitative analysis showed that the ratio of the sur-
in the NMR spectrum (Fig. 1b). After deconvolution, three face aluminium hydroxyl groups (AIOH) to silanol groups
lines were obtained. As indicated above, the broad line (SiOH) is 2.2 on the ASA support, whereas this ratio de-
at about 5.0 ppm can be assigned to a trace amount ofcreased to 0.5 for the NiIMASA catalyst. The surface
physisorbed and chemisorbed water on ASA [38]. The peak AIOH groups decreased in intensity by 94% after impreg-
at 1.7 ppm may be tentatively ascribed to surface silanol nation with Mo and Ni species, whereas the SiOH groups
groups, whereas the peak at about 2.2 ppm may be attributedlecreased by 72%. This indicates that Ni and Mo species
to OH groups attached to aluminium species or to anotheradsorb preferentially on the AIOH sites on the ASA support.
kind of hydrogen-bonded silanol group [40]. To clarify this, The ASA support and the NiIM@ASA catalyst were fur-
1H{?7Al} spin-echo double-resonance experiments were ther studied using®Si MAS NMR and'H — 2°Si CP/MAS
carried out, which is analogous to the dipolar dephasing NMR (Figs. 2a and 2b). After careful deconvolution of the
experiment described by Fyfe et al. [41]. Under strong 2°Si MAS NMR spectra, four peaks were obtained quantita-

ppm
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tively. The peaks at-112 and—108 ppm are ascribed to the
Si(OSiy and Si(OSi3(OAIl) groups, respectively [42—44].
The peaks at-100 and—86 ppm are ascribed to terminal
silanol groups as in Si(OH)(OSiand Si(OH}(OSi), re-
spectively [45,46]. The assignment of the silanol groups is
facilitated by the use of théH — 29Si cross-polarization
technique [45,47]. As demonstrated in Fig. 2, application of
the CP technique selectively enhances the signals1&0
and—86 ppm of silicon atoms, which are coupled with pro-
tons of hydroxyl groups by dipolaiH-29Si interaction. In
comparing the spectra of the ASA support with the ASA-

supported catalyst, a strong decrease in intensity was ob-

served at-86 ppm and a slight decrease-at00 ppm. This
indicates that Mo and Ni species interact with the silanol

groups and are adsorbed more easily on the geminal silanols.

3.2. TPR

The interactions between Mo and the supports were fur-
ther studied by TPR. To evaluate the interaction between Ni

and Mo species, catalysts containing only Ni or Mo were

measured as well (Figs. 3 and 4). Under the applied condi-

tions, all the species can be reduced. FofAO3 (Fig. 3),

the maximum reduction temperature is shown as a broad

band centered between 640 and 8@) which is a higher
temperature than for bulk NiO, which shows a single reduc-
tion peak at around 30 [8]. For Mo/Al203, two main
peaks, one at 422C and the other at 872C, and a shoul-
der were observed at 71C. The low-temperature peak
can be assigned to the partial reduction fMe-> Mo**)

of amorphous, highly defective, multilayered Mo oxides or
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Fig. 3. TPR patterns of Ni, Mo, and NiMo supported op@k.
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Fig. 4. TPR patterns of Ni, Mo, and NiMo supported on ASA.

heteropolymolybdates (octahedral Mo species) [12,21,48].
The high-temperature peak at 8@ comprises the deep re-
duction of all Mo species, including highly dispersed tetra-
hedral Mo species. The peak at 710 may be due to the
intermediate-reducible crystalline phases of orthorhombic
MoO3 and Ab(Mo00Q4)3 [18,48-50]. After incorporation of

Ni into Mo/Al»03, the TPR profile shifted to lower temper-
ature (cf. NIMg/Al>Os in Fig. 3). Peaks were observed at
370, 593, and 830C. When the Ni content and calcination
temperature of the NiMo catalysts were changed, the peak at
593°C was assigned to the reduction of Ni species [8]. Both
peaks for the Mo species shifted by 40 to 8D to a lower
temperature, indicating that the addition of Ni promoted the
reducibility of Mo. At the same time, the reduction of the Ni
species was promoted from 640 to 80D for the reduction

of Ni/Al,03 to 593°C for the reduction of the Ni species
in NiMo /Al ,0s. This suggests that there was an interaction
between Ni and Mo species.

For Ni/ASA (Fig. 4) the peak reduction temperature is
565°C, which is lower than that for NiAl2Og, indicating a
weaker interaction between Ni and the ASA support. The
TPR spectrum for MpASA shows two regions, a broad
band with peaks at 460 and 53€ and another band at
882°C. Compared with the spectrum of Ml 03 (Fig. 3),
there are more easily reducible species in the/AM8A
sample, suggesting that the interaction between the Mo
species and the ASA support is weaker than that between
the Mo species and the #D3 support. After the addition of
Ni to the Mo/ASA, the reduction peaks of the Mo species
shifted to 402 and 802C (cf. NiMo/ASA in Fig. 4).
The major part of the Mo species was reduced at a lower
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temperature. The reduction of Ni species was also promoted,
showing a maximum at 530C.

A comparison of the TPR spectra of the NiMo catalysts
supported on AlO3 and ASA (Figs. 3 and 4) showed that
there are more easily reducible Mo species in the ASA-
supported catalyst than in the &)3-supported catalyst. The
reduction peaks for both the Ni and Mo species shifted to
lower temperature. This is in agreement with the results of
Rajagopal et al. [18], who studied Mo catalysts supported
on a series of silica—alumina of different composition.
They found that the extent of reduction increases with
SiO; content, reaching a maximum at the composition
SiOx:Al203 = 75:25 (wit%) for a fixed Mo loading. A
relationship between reducibility and catalytic activity was
established for Mo-containing catalysts [19,51,52]; this may,
to some extent, explain the difference in activity caused
by the different supports. The lower hydrogenation activity
for cyclohexene over the NIMASA catalyst [33] may be
related to the higher reduction temperature (202the first
peak for NiIMog/ASA in Fig. 4) compared to the reduction
temperature for NiMgAI O3 (370°C in Fig. 3). A relation
between hydrodenitrogenation activity and reducibility has,
however, not been reported.

We also checked for Mo oxide species by XRD, but no
crystalline phases of Mo, Ni, or A{M0Q4)3 were detected
in the AlbO3- and ASA-supported catalysts. They are all
amorphous, suggesting that even though the interaction of
Mo and Ni with ASA is weaker than with ADs3, it is not
weak enough to form crystalline phases. We can not rule
out the formation of less crystalline MaQor Alo(MoQOy)3,
which can not be detected by XRD. This differs from the
results of Massoth et al. [16] and Rajagopal et al. [18]. They
found proof of three-dimensional Mo species in catalysts
with supports containing 75 wt% or more of Si@ their
silica—alumina samples. One reason may be that they used a

higher calcination temperature (540 to 580) and a longer _
28rm &

calcination time for preparing their catalysts.

Fig. 6. TEM image of sulfided NiMPASA.
3.3. TEM

of stacking is 2.6 layers and the average slab length is the
The TEM micrographs of the sulfided catalysts clearly same as that in NiMoAI,Os.

show the edge planes of Mg8ke slabs oriented in line From the distribution of Mogstacking (Fig. 7), higher
with or slightly tilted from the electron beam. Fig. 5 shows stacking was observed for the ASA-supported catalyst than
a representative TEM micrograph of sulfided NijMd20s3. for its Al,Os-supported counterpart. About 35% of the

The slabs are homogeneously distributed over thgd4l  distinguishable MoSslabs in the AJO3-supported catalyst
surface. The Moglike structures are made up of small are present as single layers, 50% as double layers, and 15%
ordered sections, which are often bent on a longer scale,in three and four layers. For the ASA-supported catalyst,
suggesting a strong interaction with the support surface.a relatively larger number of slabs present are stacked
The number of stacking layers is between 1 and 2, with an higher: fewer than 10% in single layers, 55% in double
average of 1.8 layers. The average slab length is calculatedayers, 20% in three layers, and 15% in crystallites with
to be 48 A. For NiMg/ASA (Fig. 6), the slabs tend notto be  between 4 and 6 layers. This confirms the weaker interaction
homogeneously distributed. Some nest like stacks, in which between the ASA support and the Mo species. With higher
several slabs are cross-linked, were observed in some of thestacking at the same slab length, there are more edge
micrographs. The stacks are higher than those in the case oind corner sites on the ASA-supported catalysts than on
Al>03 and can consist of up to 6 layers. The average numberthe Al,Os-supported catalyst. Analogous to the “rim-edge”
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model proposed by Daage and Chianelli for HDS [53],

L. Quetal./Journal of Catalysis 215 (2003) 7-13

A lower dispersion of the Mo species in the oxidic state,
due to the weaker interaction with the ASA support, is the
cause of the higher stacking of Mp$h the sulfidic form.
This in turn leads to a higher hydrodenitrogenation activity
over the ASA-supported catalysts.
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