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Abstract

A series of Ni-W /Al,0,-8i0, catalysts with different Al,0;/SiO, ratios were prepared and loaded in a commercial
HDS unit for a year. The catalytic properties of the freshly sulfided and spent catalysts were investigated by performing
structural analyses and model test reactions. The aggregation of the WS, slabs in the lateral direction, which was observed
by EXAFS and TEM, was a major cause of the catalyst deactivation. The addition of SiO, into the catalyst support was

found to suppress the structural changes of the catalyst.
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1. Introduction

As compared with a large number of studies
on the activities and properties of Ni-Mo and
Co-Mo [1-4] hydrodesulfurization (HDS) cata-
lysts, smaller number of papers have been pub-
lished on Ni-W catalysts [5]. In recent years,
however, increasing attention has been paid on
Ni—-W catalysts, which were reported to be su-
perior in aromatics hydrogenation (HY) to Co—
Mo or Ni-Mo catalysts [6], because of a con-
cern about the high aromatics contents in diesel
fuels [7]. In the present study, we have prepared
a series of Ni-W /Al,0,-Si0O, catalysts with
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different Al,0,/SiO, ratios by a common
preparation method. The main purpose of the
present paper is to discuss the deactivation
causes through the characterization of the used
Ni-W catalysts in a commercial hydrodesulfur-
ization unit for vacuum gas oil.

2. Experimental

2.1. Catalyst preparation

Ni~-W /8i0,-Al,0; catalysts with 6 mol-%
loading of Ni and 12 mol-% loading of W were
prepared by impregnation using mixed supports
with different Al,0,/SiO, molar ratios of
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100/0 (= Si(0)), 70,/30 (= Si(30)) and 50 /50
(=Si(50)). A canister packed by the prepared
catalysts was located in a HDS unit for vacuum
gas oil. The unit was operated for a year under
60 kg/cm® of H, pressure at a temperature
from 633 to 673 K (average 653 K) with main-
taining 0.09 wt.-% of sulfur content in the
product oil. Freshly sulfided catalysts as refer-
ences to the spent catalysts were prepared in a
flow of 5% H,S in H, at 673 K for 2 h.

2.2. Structural characterization

W L ;-edge EXAFS measurements were car-
ried out in the transmission mode at the BL-10B
of the Photon Factory in the National Labora-
tory for High Energy Physics in Japan. TEM
photographs and XPS spectra were obtained
using a Hitachi H-9000 UHR microscope and a
Phi 5000 Ci spectrometer, respectively.

2.3. Catalytic activity

The HY activities of the fresh and spent
catalysts were measured in a 50 cm® micro
autoclave using 1-methylnaphthalene (1-MN)
and diphenylmethane (DPM) as probe com-
pounds. A total yield of 1- and 5-methyltetralin
from 1-MN and a total yield of dicyclohexyl-
methane and benzylcylohexane from DPM were
indexed as ‘HY(1-MN)’ and ‘HY(DPM)’, re-
spectively. The reactions were performed at 583
K (1-MN) and 673 K (DPM) with an initial
hydrogen pressure of 6.9 MPa for 1 h.

3. Results and discussion

3.1. EXAFS

Fig. 1a shows the Fourier transformations of
the W L-edge EXAFS spectra for the fresh
and spent catalysts. Two peaks at about 2.43
and 3.35 A are assigned to W-S and W-W,
respectively. Although the features of all the
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Fig. 1. EXAFS results. (a) Fourier transforms of the fresh and
spent catalysts Si(0). (b) Change in the W-W peak magnitude of
the Fourier transformations of the EXAFS spectra during the run.

catalyst spectra are same as those of crystalline
WS,, the magnitudes of W—-S and W-W peaks
are quite different, as shown in Fig. 1b.

For the fresh catalysts, the magnitude of the
W-W peak increases as the SiO, content in the
support increases. The W—W peak magnitude in
each spent catalyst is significantly higher than
that of the corresponding fresh catalyst, indicat-
ing that the WS, slabs grow in the lateral
direction during the run. Among the spent cata-
lysts, the W—W magnitude decreases with in-
creasing SiO, content, in contrast to the fresh
catalysts. The crystal growth of the WS, slabs
during the run, which is calculated by dividing
the W—W (spent) by the W—W (fresh), is less
evident on the support with higher SiO, con-
tent, as shown in Fig. 1b.

As reported in many papers [8,9], the Al,O,
supports anchor the catalyst species more tightly
as compared to the SiO, supports. The interac-
tion between W and Al,O,, thus, leads to less
aggregated sulfide structure on the Al,O,-rich
support during the sulfiding procedure. How-
ever, Fig. 1b suggests that the WS, slabs on
Al,O, are more mobile during the run as com-
pared to those on the Al,0,-SiO, supports.

3.2. TEM

Fig. 2 shows the TEM photographs of the
fresh and spent catalysts. The fresh catalyst
Si(0) contains mostly single- or two-layer slabs,
while the other fresh catalysts with SiO, in the
supports contain three-layer or thicker slabs.
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Fig. 2. TEM photographs of the catalysts studied. In the left side,
fresh catalysts. Si(0), Si(30), Si(50) from the top. In the right side,
spent catalysts. Si(0), Si(30), Si(50) from the top.

The addition of SiO, into the catalyst support
promotes the formation of the multilayer slabs.

Fig. 2 indicates that the WS, slabs in the
spent catalysts are much larger in the lateral
direction than the slabs in the fresh catalysts.
Among the spent catalysts, the slab sizes evi-
dently decrease with increasing the SiO, con-
tent in the support. These observations are well
consistent with the results from the EXAFS
spectra which give more averaged information
including very small clusters invisible by TEM
[3]. The above results indicate that the addition
of Si0, into the catalyst support suppresses the
growth of slabs in the lateral direction.

3.3. XPS

Table 1 summarizes the semiquantitative ana-
lytical results of the catalysts. For all the cata-
lysts, irrespective of fresh or spent, the atomic
ratios of W /S are about 2.3, indicating that the
major tungsten species in the catalysts are WS,.
Some amounts of silicon species are deposited
on the catalyst during the run, as observed in
the spent Si(0) catalyst. On the assumption that
the same amount of silicon is deposited on the
other catalysts, the catalyst/support ratios are
calculated by dividing the concentration of
tungsten by that of the sum of aluminum and
silicon after the subtracting the concentration of
the deposited silicon. Higher W /(Al + Si) ratio
is observed for each spent catalyst than the
corresponding fresh catalyst, suggesting that
more coke is deposited on the support than the
catalytically active Ni—W sulfide.

The Ni/W ratio of each spent catalyst is
lower than that of the corresponding fresh cata-
lyst, as shown in Tabie 1. This implies that the
tungsten species reside on the catalysts surface,
while nickel species are covered by coke or
migrate inside during the run. The change in the
Ni/W ratio during the run, which decreases
with increasing SiO, content in the support is
presumably related to the structural change of
the active sites.

3.4. Catalytic activity and property

HY activities of the catalysts as a function of
the SiO, content are shown in Fig. 3a. Among

Table 1
Semiquantitative analysis of the fresh and spent catalysts by XPS
atom.-% W /(Al + Si) S/W Ni/W
Ols Ni 2p3 S 2p3 Al2p Si2p W 47
Si(0) fresh 509 14 7.8 36.5 ~ 34 0.09 23 0.41
spent 46.8 1.4 11.1 29.8 5.8 5.0 0.17 22 0.28
Si(30) fresh 49.0 1.7 9.7 263 9.3 4.1 0.12 24 0.41
spent 49.1 1.7 10.3 217 12.7 4.7 0.17 22 0.36
Si(50) fresh 50.1 1.2 8.7 19.7 16.3 39 0.11 22 0.32
spent 499 14 9.7 17.1 17.7 44 0.15 22 0.31

Each atomic concentration is calculated using sensitivity factors in Ref. [10] and normalized excluding carbon.
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Fig. 3. HY activities and physical properties of the catalysts. (a)
HY activities of the fresh and spent catalysts, and surface area and
WO, content of the fresh catalysts. (b) Relative HY activity,
surface area and pore volume of the spent catalysts relative to the
fresh catalysts.

the fresh catalysts, the HY(DPM) activity de-
creases as the SiO, content increases. The in-
crease in the HY(DPM) corresponds to the de-
crease in the magnitude of W-W peak in EX-
AFS spectra, indicating that the small WS, slabs
with relatively large numbers of edge sites are
needed for the enhancement of the HY(DPM)
activity. As shown in the TEM photographs, the
increase of the SiO, content in the support
causes the development of multilayered WS,
structure. Thus, the multilayered structure is not
advantageous for the HY(DPM) activity, consis-
tent with a previous discussion that the HY
active sites are located at the edge sites of MoS,
slabs having direct interaction with the support
[4].

The relative HY activities of the spent cata-
lysts relative to the fresh catalysts are shown in
Fig. 3b, together with the relative surface area
(SA) and pore volume (PV). As the SiO, con-
tent increases, the relative HY activities in-
crease in spite of the decrease in the SA and
PV. The reduction in the pore diffusion, mainly
due to coke deposition, is not the cause of the
difference in the catalyst deactivation among the
catalysts.

For the spent catalysts, the HY(DPM) activ-
ity decreases as the SiO, content increases in
spite of the small WS, slabs in the SiO,-rich
catalysts. The dependence on the SiO, content
is, however, much smaller than that among the
fresh catalysts (Fig. 3a). The interaction be-

tween W and Al,0O, is presumably more advan-
tageous for HY(DPM) activity than that be-
tween W and SiO,. However, the active sites on
Al,0; is more easily deactivated than those on
Al,0,-Si0,. As a result, the relative HY(DPM)
activity of the spent catalyst (Fig. 3b) increases
with increasing SiO, content, corresponding to
the smaller structural changes of the catalyst
observed by EXAFS, TEM and XPS.

As shown in Fig. 3b, the relative HY(1-MN)
activity of the spent catalyst increases with in-
creasing SiO, content. The tendency is in agree-
ment with that observed for the HY(DPM) ac-
tivity, indicating that the HY(1-MN) active sites
on Al,O, are deactivated to a greater extend
than those on Al,0,-Si0,. For the fresh cata-
lysts, however, the HY(1-MN) activity is less
dependent on the SiO, content than the
HY(DPM) activity, as shown in Fig. 3a. This
may imply that the catalytically active sites for
HY(1-MN) are not completely identical to those
for HY(DPM) and less sensitive to the catalyst
structures.

4. Conclusion

The EXAFS and TEM analyses have evi-
dently indicated the growth of WS, slabs in the
lateral direction during the commercial HDS
run. The WS, aggregation which decreases the
number of the catalytically active sites is found
to be a major catalyst deactivation cause. It is
also found that the addition of SiO, to the
catalyst support decreases or suppresses the
growth of WS, slabs.
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