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HYDROCRACKING CATALYST FOR HYDROCARBON (CIL, METHCD FOR
PRODUCING HYDROCRACKING CATALYST, AND METHOD FOR

HYDROCRACKING HYDROCARBON OIL WITH HYDROCRACKING CATALYST

BACKGROUND QF THE INVENTION

1. Field of the Invention

[0001] The present invention relates particularly to a
hydrocracking catalyst for hydrocarbon o¢il, the catalyst
being capable of producing middle distillates (kerosene and
gas oil; kerosene-gas oil) from heavy hydrocarbons, such as
vacuum gdas oil (hereinafter, also referred to as "VGOC") and
deasphalted oil {also referred to as "DAO"), in high yield.
2. Description of the Related Art

[C002] Hitherto, hydrotreating catalysts including
zeolites in which titanium and/or zirconium is carried on
(combined with) on mesopores have been used for treating
bottom oil (see, for example, Japanese Unexamined Patent
2pplication Publication Nos. 2000-334305, 2002-255537, and

2003-226519).

[0003] For example, Japanese Unexamined Patent Application

Publication No. 2000-334305 discloses a hydrogenation

catalyst including a hydrogenative metal carried on a



10

15

20

WO 2012/018819 PCT/US2011/046272

catalyst support that is composed of a zeolite in which
ultrafine particles composed of a titanium-group metal oxide
of titania or zirconia are combined with inner surfaces of
mesopores and that has an atomic ratio of aluminum to silicon
in the zeolite, i.e., [Al]/[Si], of 0.0l to 0.1 (in other
words, a molar ratio of Si0: to Al;0:; (hereinafter referred to
as a "8i0,/Al.0; molar ratio" or "a silica-alumina ratio") of
20 to 200). It is described therein that the zeolite
combined with the ultrafine particles composed of the
titanium-group metal oxide are prepared by bringing a raw-
material zeclite with mesopores into contact with an agqueous
solution of a titanium-group metal salt of titania or
zirconlia at a pH of 0.8 to 2, washing the zeolite with water,
drying the resulting zeolite, and firing the dry zeolite at
400°C to 600°C.

[0004] Japanese Unexamined Patent Application Publication
No. 2002-255537 discloses a zecolite having a high mesopore
content, an atomic ratio of aluminum to silicon, i.e.,
[AL]/[81], of 0.01 to 0.2 (in other words, a silica-alumina
ratioc of 10 to 200), a volume percent of the mesopores each
having a pore diameter of 530 to 1000 A of 30% to 50%, a
volume of the mesopores of 0.14 cc/g or more, and a
proportion of tetracoordinated aluminum atoms with respect to

all aluminum atoms of 25 atomic percent or more, in which
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metal oxide ultrafine particles of titania and/or zirconia,
which is not readily reduced, are combined with inner
surfaces of mesopores of the above zeolite, and a
hydrotreating catalyst including a hydrogenative metal
carried on a catalyst support composed of the above zeolite.
The zeclite having a high mesopore content is prepared by
bringing a raw-material zeolite into contact with a strongly
acidic agquecus seolution at a pH of 0.8 to 2, drying the
zeclite at 50°C to 200°C, and firing the dry zeolite at 350°C
to 600°C. It is described therein that it is thus possible
to prepare a zeolite in which metal oxide ultrafine particles
are combined with {carried on) inner surfaces of pores.
[0005] Japanese Unexamined Patent Application Publication
No. 2003-226519 discloses a hydrotreating catalyst for
hydrocarbon oil, the hydrotreating catalyst including a
modified zeclite in which a faujasite zeclite having a
crystal lattice constant of 24.28 A or more and 24.46 A or
less contains a metal element (titanium, zirconium, or
hafnium) in the 4th group of the periodic table, the modified
zeolite having a metal element content of 0.1% to 10% by
weight on an elemental metal basis, an A1/Si atomic ratio of
0.01 to 0.1 {in other words, a silica-alumina ratio of 20 to
200), and further containing a hydrogenative metal. It is

described therein that the modified zeolite is prepared by
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bringing a faujasite zeolite having a crystal lattice
constant of 24.28 A to 24,46 A into contact with an aqueous
sclutlon containing a water-soluble compound of an element in
the 4th group of the periodic takle under acidic conditions.
[0006] In these hydrotreating catalysts, however, the
mesopores are clogged with the carried metals, and therefore
these catalysts were not suited in a certain case to
hydrotreating (or hydrocracking) of heavy hydrocarbon oil
such as VGO and DAO.

[0007] As disclosed in WO2007/032232, hydrotreating
catalyst including as a support, a Y-type zeolite containing
2 titanium atom incorporated into a =zeoclite framework (in
cther words, a Y-type zeclite in which aluminum atoms
constituting the framework are substituted with titanium
atoms) has been developed. The above zeolite can be prepared
by treating a Y-type zeolite with an acidic agqueous solution
containing titanium at a pH of 1.5 or less, followed by
filtering, washing, and drying. Thereby, the zeolite can be
made to contain titanium atoms incorporated into a zeolite
framework structure without clogging mesopores. It is
described that when the hydrotreating catalyst including the
above zeolite as a support is applled to hydrotreating of
heavy hydrocarbon o0il, yields of middle distillates are

improved because heavy hydrocarbon oil is readily diffused
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into mesopores.

SUMMARY OF THE INVENTION

[0008] The hydrotreating catalyst including as a support,
the zeolite in which a part of aluminum atoms constituting
the zeolite framework is replaced with titanium atoms,
however, has excessively high reactivity (decomposition
activity) and excessively decomposes kerosene-gas oil, thus
disadvantageously reducing yields of middle distillates.
[0009] The present invention has been made in light of the
foregoing circumstances. It is an object of the present
inventicon to provide a hydrocracking catalyst for hydrocarbon
0il, the hydrocracking catalyst capable of providing middle
distillates in high yield, a method for producing the
hydrocracking catalyst, and a hydrocracking method using the
hydrocracking catalyst.

[C010] The hydrocracking catalyst for hydrocarbon oil
according to the present invention in accordance with the
object described above is a hydrocracking catalyst for
hydrocarbon oil comprising a hydrogenative metal component
carried on a support containing an ultra-stable ¥Y-type
zeolite, wherein the above ultra-stable Y-type zeolite is a
framework-substituted zeolite (hereinafter referred to as a

framework-substituted zeolite-1) in which a part of aluminum
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atoms constituting a zeolite framework thereof is substituted
with zirconium atoms and/or hafnium atoms.

[0011] In the hydrocracking catalyst for hydrocarbon oil
according to the present inventicn, 0.1 to 5 % by mass of
zirconium atoms and/or hafnium atoms in terms of oxides is
preferably contained in the framework-substituted zeoclite-1
described above.

[0012] In the hydrocracking catalyst for hvdrocarbon oil
according to the present invention, the framework-substituted
zeolite~l further contains preferably titanium atoms.

[0013] In the hydrocracking catalyst for hydrocarbon oil
according to the present invention, a part of aluminum atcms
constituting the zeolite framework in the framework-
substituted zeolite-l 1is replaced preferably with titanium
atoms.

[0014] In the hydrocracking catalyst for hydrocarbon oil
according to the present invention, 0.1 to 5 % by mass of
titanium atoms in terms of oxide is preferably contained in
the framework-substituted zeolite-1.

[0015] In the hydrocracking catalyst for hvdrocarbon oil
according te the present invention, the support described
above preferably contains the framework-substituted zeolite-1
and inorganic oxides excluding the above framework-

substituted zeolite-1.
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[0016] In the hydrocracking catalyst for hydrocarbon oil
according to the present invention, the incrganic oxide
described above is preferably alumina or silica-alumina.
[0017] In the hydrocracking catalyst for hydrocarbon oil
according to the present invention, the support described
above further contains preferably a framework-substituted
zeolite (hereinafter referred to as a framework-substituted
zeolite-2) in which a part of aluminum atoms constituting a
zeolite framework of the ultra-stable Y-type zeolite is
substituted only with titanium atoms.

[0018] In the hydrocracking catalyst for hydrocarbon oil
according to the present invention, when the support
described above contains the framework-substituted zeolite-2,
the above framework-substituted zeolite-2 preferably contains
0.1 to 5 % by mass of titanium atoms in terms of oxide.
[0019] In the hydrocracking catalyst for hydrocarbon oil
according to the present invention, the support described
above preferably comprises the framework-substituted zeolite-
1, the framework-substituted zeolite-2 and incrganic oxides
excluding the above framework-substituted zeclite-1 and the
above framework-substituted zeolite-2.

[0020] In the hydrocracking catalyst for hydrocarbon oil
according to the present invention, the framework-substituted

zeolite-1 contained in the support preferably has the
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following properties {(a) to (c):

{a) a crystal lattice constant of 2.430 to 2.450 nm,

(b) a specific surface area of 600 to 900 m®/g and

{c) a molar ratio of 20 to 100 in terms of Si0O; to Al:0s.
[oo021] In the hydrocracking catalyst for hydrocarbon oil
according to the present invention, a specific surface area
thereof falls preferably in a range of 200 to 450 m?/g; a
volume of pores having a diameter of 600 A or less falls
preferably in a range of 0.40 to 0.75 ml/g; and a carrying
amount of the hydrogenative metal component falls preferably
in a range of 0.01 to 40 % by mass.

[0022] The method for producing a hydrocracking catalyst
for hydrocarbon o0il in the present invention is a method for
producing a hydrocracking catalyst for hydrocarbon oil
comprising a hydrogenative metzl component carried c¢n a
support containing the framework-substituted zeolite-1l in
which a part of aluminum atoms constituting a framewcrk of an
ultra-stable Y-type zeolite is substituted with zirconium
atoms and/or hafnium atoms, and the framework-substituted
zeolite-1 described above is obtained by firxing an ultra-
stable Y-type zeolite having a crystal lattice constant
falling in a range of 2.430 nm or more and 2.450 nm or less,
a specific surface area of 600 to 900 m?/g and a molar ratio

of 20 to 100 in terms of $Si0Q; to Al;0s at 500 to 700°C,



10

15

20

WO 2012/018819 PCT/US2011/046272

preparing a suspension having a mass ratio of 5 to 15 in
terms of iigquid/sclid from the above fired ultra-stable Y-
type zeolite, adding an inorganic acid or an organic acid
thereto so that a pH of the above suspension is 1.0 to 2.0,
subsequently adding a zirconium compound and/oxr a hafnium
compound and mlixing them and then neutralizing the suspension.
[0023] In another method for producing a hydrocracking
catalyst for hydrocarbon oil in the present invention, a
zeolite obtained by firing an ultra-stakle Y-type zeolite
having & crystal lattice constant falling in a range of 2.430
nm or more and 2.450 nm or less, a specific surface area of
600 to 900 m*/g and a molar ratioc of 20 to 100 in terms of
Si0; to Al,0; at 500 to 700°C, preparing a suspension having a
mass ratio of 5 to 15 in terms of liguid/solid from the above
fired ultra-stable Y-type zeolite, adding an inorganic acid
or an organic acid thereto so that a pH of the above
suspension is 1.0 to 2.0, subsequently adding a zirconium
compound and/or a hafnium compound and a titanium compound
and mixing them and then neutralizing the mixed solution is
used as the framework-substituted zeolite-1.

[0024] According to a third aspect of the present
invention in accordance with the object described above, a
method for hydrocracking hydrocarbon oil includes

hydrocracking hydrocarbon oil with the hydrocracking catalyst
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described above.

[0025] Preferably, the method for hydrocracking
hydrocarbon ¢il according to the third aspect of the present
invention further includes filling a reactor vessel of a
hydrocracking apparatus which is a flow reactor with the
hydrocracking catalyst, and treating a hydrocarbon oil having
a boiling point of 375°C to 81l6°C (707 to 1500°F) in the
presence of hydrogen at a reactor temperature of 300°C to
500°C, a hydrogen pressure of 4 to 30 MPa, a liquid hourly
space velocity (LHSV) of 0.1 to 10 h™, and a hydrogen/oil
ratio of 500 to 2500 Nm’/m’.

[0026] Preferably, the method for hydrocracking
hydrocarbon oil according to the third aspect of the present
invention further includes filling a reactor vessel of a
hydrocracking apparatus which is a flow reactor with the
hydrocracking catalyst, and treating a hydrocarbon oil having
a boiling point of 375°C to 650°C (707 to 1200°F) in the
presence of hydrogen at a reactor temperature of 330°C to
450°C, a hydrogen pressure of 7 to 15 MPa, a liquid hourly
space velocity (LHSV) of 0.2 to 1.5 h™, and a hydrogen/oil
ratio of 1000 to 2000 Nm’/m’ to afford kercsene-gas oil.
[0027] In the method for hydrocracking hydrocarbon oil
according to the present invention, the flow reactor

described above is preferably a flow reactor selected from
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a stirring bath type reactor, a boiling bed type reactor, a
baffle-equipped slurry bath type reactor, a fixed bed type
reactor, a rotary tube ftype reactor and a slurry bed type
reactor.

[0028] In the method for hydrocracking hydrocarbon oil
according to the present invention, the hydroccarbon oil
described above contains preferably refined oil obtained from
(1) crude oil, (2) synthetic crude oil, (3) bitumen, {(4) oil
sand, (5) shell oil or (6) coal liguid.

[0029] In the method for hydrocracking hydrocarbon oil
according to the present invention, the hydrocarbon oil
described above contains refined oil obtained from crude oil,
synthetic crude oil, bitumen, oil sand, shell oil or coal
liguid, and the above refined oill is preferably any of a)
vacuum gas oll (VGO), b) deasphalted oil (DAQ) obtained from
a solvent deasphalting process or demetalled oil, ¢) light
coker gas oil or heavy coker gas olil obtained from a coker
process, d) cycle oil obtained from a fluid catalytic
cracking {(FCC) process or e) gas oil obtained from a
visbraking process.

[0030] The hydrocracking catalyst for hydrocarbon oil
according to the present invention is characterized by that
in a hydrocracking catalyst for hydrocarbon oil comprising a

hydrogenative metal component carried on a support containing
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an ultra-stable Y-type zeolite, the above ultra-stable Y-type
zeolite is the framework-substituted zeolite-1 in which a
part of aluminum atoms constituting a framework thereof is
substituted with zirconium atoms and/or hafnium atoms.

[0031] Accordingly, the hydrocracking catalyst of the
present invention makes 1t easy to diffuse heavy hydrocarbons
such as VGO, DAO and the like into mesopores thereof as
compared with conventional hydrocracking catalysts comprising
a support of a zeolite on which titanium fine particles or
zirconium fine particles are carried, and a cracking activity
of hydrocarbon oil is enhanced to make it possible to obtain
middle distillates at high yields.

[0032] Further, the hydrocracking catalyst of the present
invention has a slightly low cracking activity of hydrocarbon
olls as compared with those of conventional hydrocracking
catalysts comprising a hydrogenative metal component caxrxried
on a support comprising a framework-substituted zeolite in
which a part of aluminum atoms constituiting a framework of a
Y-type zeolite is substituted with titanium atoms, but an
excessive cracking reaction of kercsene & gas oil is
inhibited, so that middle distillates can be obtained at high
yields. Alsc, the hydrocracking catalyst for hydrocarbon oil
according to the present invention is increased the number of

active sites and therefore is provided with a high
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hydrocracking activity.

BRIEF DESCRIPTION OF THE DRAWINGS

[0033] Fig. 1 is UV-vis-NIR spectra of USY (A), USY (¢)
and Zro0,.

[0034] Fig. 2 is UV-vis-NIR spectra of USY (A), USY (D)
and Zr0;. |

[0035] Fig. 3 is UV-vis-NIR spectra of USY (A) and USY (H).
In all of USY (A), USY (H) and USY (D), peaks are observed in
the vicinity of a wavelength of 208 nm as is the case with
ZrO;. USY (c) is a spectrum of an ultra-stable Y-type
zeolite which is a raw material for USY (A), USY (G) and USY
(E).

[0036] Fig. 4 is FT-IR spectra of USY (A), USY (G), USY
{E) and USY {(c). USY (A): a peak based on Si~-C-Zr 1is
observed in the vicinity of a wavelength of 960 cm'. This
shows that USY (A) is a framework-substituted zeolite in
which a part of A1 atoms constituting a zeolite framework
of USY (A) is substituted with Zr atoms. USY (G): a peak
based on Si-0-Ti is observed in the vicinity of a wavelength
of 960 cm™*. This shows that USY (G) is a framework-
substituted zeolite in which a part of Al atoms constituting
a zeolite framework of USY (A) is substituted with Ti atoms.

USY (E): peaks based on $i-0-Zr and 8$i-0-Ti arxe observed in

13
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the vicinity of a wavelength of 960 cm™'. This shows that USY
(E) is a framework-substituted zeoclite in which a part of Al
atoms constituting a zeolite framework of USY (A) is replaced
with Zr atoms and/or Ti atoms. TUSY (¢): USY (¢) is an ultra-
stable Y-type zeolite which is a raw material for USY (A4),

UsY (G) and USY (E).

DESCRIPTION OF THE PREFERRED EMBODIMENTS

Hydrocracking Catalyst for Hydrocarbon Cil

[0037] The hydrocracking catalyst for hydrocarbon oil
according te the present invention comprises a hydrogenation-
active metal compenent carried on a suppeort containing a
framework-substituted zeclite-1 that contains zirconium atoms
and/or hafnium atoms partially constituting a framework of
an ultra stable Y-type zeolite {hereinafter, also referred to
as "USY"). 1In the present specification, “the hydrocracking
catalyst for hydrocarbon oil according to the present
invention” shall be referred to as “the hydrocracking
catalyst according to the present invention”, and “the method
for producing a hydrocracking catalyst for hydrocarbon oil
according to the present invention” shall be referred to as
“the method for producing a hydrocracking catalyst according
to the present invention”.

[0038] The hydrocracking catalyst according to the present

14



10

15

20

WO 2012/018819 PCT/US2011/046272

invention shall be explained below in details.

{1) Framework-substituted zeolite-1 (constitution)

[0039] The framework-substituted zeolite-1 in the present
invention is an ultra-stable Y-type zeolite in which silicen
atoms and aluminum atoms form a zeolite framework and in
which a part of the aluminum atoms is substituted with
zirconium atoms and/or hafnium atoms (hereinafter, the
framework—-substituted zeolite-1 in which a pazt of aluminum
atoms forming a zeolite framework is substituted only with
zirconium atoms is referred to as a “zirconium-substituted
zeolite” or “Zr-USY"; the framework-substituted zeolite-1l in
which a part of aluminum atoms forming a zeolite framework of
the framework-substituted zeolite-1 is substituted only with
hafnium atoms is referred to as a “hafnium-substituted
zeolite” or “Hf-USY”; and similarly, the framework-
substituted zeclite-1l in which a part of aluminum atoms
forming a zeolite framework is substituted only with
zirconium atoms and hafnium atoms is referred to as a
“zirconium+hafnium-substituted zeolite” or “Zr+Hf-USY").
Zirconium atoms and/or hafnium atoms which are substituted
for the aluminum atoms forming a framework of the ultra-
stable Y-type zeolite serve as constituents of the framework
of the ultra stable Y-type zeolite. In this respect,

"substitution" in the present invention differs from
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"carrying" in which zirconium atoms and/or hafnium atoms or
particles thereof are attached to the outside of the
framework of the ultra stable Y-type zeolite, and it differs
as well from "combination"™ prescribed in claim 3 of the
patent document 2 (Japanese Unexamined Patent Application
Publication No. 2002-255537) described above. In the
framework-substituted zeolite-1 according to the present
invention, zirconium atoms and/or hafnium atoms may
optionally be “carried” thereon or “combined” therewith, as
prescribed in claim 3 of the patent document 2, in the form
of, for example, an oxide.

[0040] The fact that substitution occurs can be verified
by, for example, ultraviolet, visible, and near-infrared
spectrophotometry (UV-Vis-NIR), Fourier transform infrared
specltroscopy (FT-IR), or nuclear magneiic rescnance
spectrometry (NMR). Note that in the framework-substituted
zeolite in which the framework of a PB-zeolite is substituted
by zirconium atoms, it is known that a UV spectrum indicating
the presence of zirconium atoms is shown in the range of
about 200 to about 220 nm (for example, see Fig. 3 in "B.
Rakshe et al., Journal of Catalysis 188, 252, 1899").

[0041] In the framework-substituted zeolite-1 in the
present invention, a part of aluminum atoms forming a zeolite

framework thereof has to be substituted with (I) zirconium
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atoms, (II) hafnium atoms or (III) zirceonia and hafnium atoms.
[0042] The framework-substituted zeolite-l1 in the present
invention preferably contains 0.1% to 5% and more preferably
0.2% to 4% zirconium atems and/or hafnium atoms by mass in
terms of oxide (i.e., "Zr0;" and "HfO:;") based on the
framework-substituted zeoclite-1l. Further, a range of 0.3 to
3 % by mass is more preferably recommended.

[0043] In this regard, a content range (based on oxides)
of zirconium atoms and/or hafnium atoms includes all of the
contents of zirconium atoms and/or hafnium atoms substituted
for aluminum atoms forming a zeolite framework and zirconium
atomsg and/or hafnium atoms which are not substituted for the
above aluminum atoms.

[o044] A zirconium atom and/or hafnium atom content of the
framework-substituted zeclite-1 of less than 0.1% by mass in
terms of oxide based on a mass of the framework-substituted
zeolite~1 does not result in an effective amount of a solid
acid for a hydrocracking reacter when a hydrocracking
catalyst prepared by using the above framework-substituted
zeolite-1 as a support is applied to a hydrocracking
reactor, and it is thus liable to cause a reduction in
activity of a hydrocracking reactor of hydrocarbeon oil,
[0045] Similarly, a zirconium atem and/or hafnium atom

content exceeding 5% by mass in terms of oxide based on a
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mass of the = framework-substituted zeolite-1 does not result
in an effective pore volume for a hydrocracking reactor of
hydrocarbon o0il, and it is thus liable to cause a reduction
in activity of a hydrocracking reactor of hydrocarbon oil.
[C0486] When the framework-substituted zeolite-1 in the
present invention contains the zirconium atoms and the
hafnivm atoms described above, a mass ratio (in terms of
oxides) of the zirconium atoms to the hafnium atoms shall not
specifically be restricted.

[0047] The zirconium atom and/or hafnium atom content of
the framework-substituted zeolite-1 can be measured with,
for example, an ¥X-ray fluorescence analyzer, a high fregquency
plasma emission spectrometer, an atomic absorption
spectrometer or the like.

[0048] In the framework-substituted zecolite-1 described
above, zirconium atoms and/or hafnium atoms may optionally be
“carried” thereon or “combined” therewith as prescribed in
claim 3 of the patent document 2 in the form of, for example,
oxide. In this case, zirconium atoms may be, as described
above, carried or combined in the form of zirconium oxide
particles. Aiso, hafnium atoms may be, as described above,
carried or combined in the form of hafnium oxide particles.
[0049] When the above particles are present, a particle

diameter thereof is preferably 50 nm or less. A particle
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diameter of the zirconium particles and/or hafnium particles
each described above exceeding 50 nm, in some cases, does not
result in an effective pore volume for a hydrotreating
reactor and is liable to cause clogging of pores. Thus,
activity in hydrogenation and dehydrogenation with the
hydrocracking catalyst including the zeolite described above
tends to decrease. The particle diameters of the zirconium
particles and the hafnium particles each described above can
be measured from a photograph taken with a scanning electron
microscope (SEM).

[0050] The framework-substituted zeoclite-l in the present
invention may contain titanium atoms in addition to zirconium
atoms and/or hafnium atoms, and the above titanium atoms are
more preferably contained in such a manner that titanium
atoms are partially substituted for a part of aluminum atoms
forming the zeolite framework.

[0051] To be specific, titanium atoms are contained in the
framework-substituted zeclite-1 described above in a
proportion of preferably 0.1 to 5 % by mass, more preferably
0.5 toc 4 % by mass in terms of oxide (that is, Ti0Q;) on a
mass basis of the framework-substituted zeolite-1. Also, a
proportion of 0.6 to 3 % by mass is further preferably
recommended.

foos2] In this regard, if a content of the above titanium
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atoms in the framework-substituted zeolite-1 is less than
0.1 % by mass in terms of oxide, an amount of a solid acid
which is effective for a hydrocracking reactor is not
obtained when a hydrocracking catalyst prepared by using the
above framework-substituted zeolite-1 as a support is
applied to a hydrocracking reactor, and therefore an activity
of hydrocarbon oil in a hydrocracking reactor tends to be
reduced. Similarly, if a content of titanium atoms in the
framework-substituted zeolite-1 exceeds 5 % by mass in terms
of oxide, a pore volume which is effective for a
hydreocracking reactor is not obtained when a hydrocracking
catalyst prepared by using the above framework-substituted
zeolite-1l as a support is applied to a hydrocracking reactor,
and therefore an activity of hydrocarben o©il in a
hydrogenation reacteor and a hydrocracking reactor tends to be
reduced. A content of titanium atoms in the framework-
substituted zeoclite-1 can be measured by, for example, an X-
ray fluorescence analyzer, a high frequency plasma emission
spectrometer, an atomic absorption spectrometer or the like.
(2) Framework-substituted zeolite-2 (constitution)

[0053] In the hydrocracking catalyst according to the
present invention, a framework-substituted zeolite
(hereinafter referred to as “a framework-substituted zeolite-

27) in which a part of aluminum atoms forming the ultra-
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stable Y-type zeolite is substituted only with titanium atoms
and/or an inorganic acid (limited to inorganic acids which do
not cerrespond to those used in the framework-substituted
zeolite-1) in addition to the framework-substituted zeoclite-1
described above may be contained as a support. Titanium
atoms which are not substituted for the above aluminum atoms
may be contained in the framework-substituted zeolite-2 (“the
framework-substituted zeolite-2” is referred tc as “the
titanium-substituted zeolite” or “Ii-USY").

[0054] The framework-substituted zeolite-2 can be prepared
by, for example, a method described in W02007/032232 (patent
cocument 4).

[0055] The above framework-substituted zeclite-2
preferably contains 0.1% to 5% and more preferably 0.5% to 4%
titanium atoms by mass on an oxide (i.e., "Ti0;") basis with
respect to the framework-substituted zeolite-2. A content of
0.6 to 3 % by mass is further preferably recommended.

[0056] A content range (based on oxide) of the above
titanium atoms includes all of the contents of titanium atoms
substituted for aluminum atoms forming a zeolite framework
and titanium atoms which are not substituted for the above
aluminum atoms.

[0057] In this regard, A titanium atom content of each of

the framework-substituted zeolite-2 of less than 0.1% by mass
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on an oxide basis does not result in an effective amount of a
solid acid for a hydrocracking reactor and is thus liable to
cause a reduction in an activity of hydrocarbon oil in a
hydrocracking reactor. The content exceeding 5% by mass does
not result in an effective pore volume for a hydrocracking
reactor and is thus liable to cause a reduction in an
activity of hydrocarbon 0il in a hydrogenation reactor and a
hydrocracking reactor.

[0058] The titanium content of the framework-substituted
zeolite-2 is measured with, for example, an X-ray
flucrescence analyzer, a high frequency plasma emission
spectrometer, an atomic absorption spectrophotometer or the
like. In this regard, a crystal lattice constant, a specific
surface area, a silica-alumina ratio, a crystallinity and a
volume of pores having a pore diameter of 600 A or less in
the framework-substituted zeolite-2 are selected preferably
from the same ranges as in the framework-substituted zeolite-
1.

(3} Characteristics of framework-substituted zeolite-1:
[0059] A crystal lattice constant, a specific surface area,
a molar ratio of Si0; to Al;0;, that is, a silica-alumina
ratio and the like in the framework-substituted zeolite -1 in

the present invention fall preferably in predetermined ranges.
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{a) Lattice constant (UD)
[0060] The framework-substituted zeolites-1 in the present
invention each have a cxrystal lattice constant of preferably
2.430 to 2.450 nm and more preferably 2.435 to 2.445 nm. A
crystal lattice constant of a framework-substituted zeolite
of less than 2.430 nm is liable to cause a reduction in the
activity of the hydrocracking catalyst prepared by using the
framework-substituted zeolite-1 as a support because of a
high 8i0:;/Al:0s molar rxatlo in the framework structure of the
zeolite and a small number of solid acid sites serving as
active sites for the decomposition of hydrocarbons.
[0061] A crystal lattice constant of the framework-
substituted zeoclite-1 exceeding 2.450 nm results in breakage
of the crystal structure of the framework-substituted
zeolite-1 during a hydrocracking reactor because of a low
heat resistance of the framework-substituted zeoclite-1l and is
thus liable to cause a reduction in the activity of the
hydrocracking catalyst prepared by using the framework-
substituted zeolite-1 as a support.
[0062] A crystal lattice constant of the framework-
substituted zeclite-2 described above also is preferably
2.430 to 2.450 nm, more preferably 2.435 to 2.445 nm. A
reason why the above crystal lattice constant range is

preferred is the same as in a case of the framework-
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substituted zeolite-1l.

[0063] Here, the crystal lattice constant can be measured
by reference to an ASTM method: The angle of Ko at the (111)
plane of titanium oxide (anatase) is determined using silicon
{51) serving as a primary reference material. X-ray
diffraction peaks from the (533) and (642) planes of Y
zeolite are measured using titaniuvm oxide sexving as a

secondary reference material.

(b) Specific surface area (SA):

[0064] The framework-substituted zeolite-1 in the present
invention preferably has a specific surface area of 600 to
200 m2/g and more preferably 650 to 800 m®/g. This specific
surface area is a value determined by the BET method using
nitrogen adsorption.

[D065] A specific surface area of the framework-
substituted zeolite-1 of less than 600 m’/g, in some cases,
results in a reduction in the number of solid acid sites
effective for a hydrotreating reactor, so that a catalyst
activity of the hydrocracking catalyst prepared by using the
above framework-substituted zeolite as a support is
unsatisfactory. A framework-substituted zeolite having a
specific surface area exceeding 900 m?/g is difficult to

produce.
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[D066] The framework-substituted zeolite-2 also has

preferably a specific surface area of 600 to 900 m’/g, more
preferably 650 to 800 m?/g. A reason why the above specific
surface area range is preferred is the same as in a case of

the framework-substituted zeolite-1.

(¢) Molar ratio of SiQ; to Al;Q3 (silica—-alumina ratio):

[0067] The framework-substituted zeolite-1 in the present
invention preferabkly has a molar ratic of 5iQ; to Al;0s
(silica-alumina ratio) of 20 to 100 and more preferably 25 to
80.

[c068] A silica-alumina ratic of the framework-substituted
zeolite-1 of less than 20 does not result in an effective
pore wvolume for a hydrotreating zreactor and is thus liable
to cause a reduction in activity in hydrogenation and
hydrocracking reaction with the hydrocracking catalyst
prepared by using the framework-substituted zeolite as a
support.

[0069] A gilica-alumina ratio of the framework-substituted
zeollte-1 exceeding 100 is liable to cause a reduction in
activity in a deccomposition reactor with the hydrocracking
catalyst prepared by using the framework-substituted zeolite
because of a small number of solid acid sites effective for a

hydrotreating reactor.
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[0070] The framework-substituted zeolite-2 also has
preferably a silica-alumina ratioc of 20 to 100, more
preferably 25 to 80. A reason why the above zange of the
silica-alumina ratio is preferred is the same as in a case of

the framework-substituted zeolite-1.

(d}) Crystallinity:

[0071] The framework-substituted zeolites-1 have a
crystallinity of preferably 80% or more. A crystallinity of
less than 80% does not provide a desired effect of a
hydrocracking catalyst including the framework-substituted
zeolite as a support. The framework-substituted zeolite-1
desirably has a crystallinity of 100% to 130%.

[0072] A& crystallinity of the framework-substituted
zeolite~2 tends to be the same as in a case of the framework-
substituted zeolite-1.

[0073] In this regard, the crystallinity is determined as
follows: The total height (H) of peaks from the (331), (511),
(440), (533), (642), and (555) planes of a framework-
substituted zeolite measured by X-ray diffraction is
determined. The total height (Ho) of peaks from the same
planes of a commercially available Y zeolite (SK-40,
manufactured by Union Carbide Corporaticon) is determined as a

reference. The crystallinity is determined using the
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following formula (1):

Crystallinity (%) = H/H x 100 (1)
[0074] The framework-substituted zeclite~2 also has a
crystallinity of preferxably 80% or more. A reason why the
above crystallinity range is preferred is the same as in a

case of the framework-substituted zeolite-1.

(4) Method for producing the framework-substituted zeolite-1
[0075] The framework-substituted zeolite-1 in the present
invention can be produced by, for example, a method described
below.

[0076] The framework-substituted zeolite-1 is produced by
firing an ultra stable Y-type zeolite at 500°C to 700°C, the
ultra stable Y-type zeolite having a c¢rystal lattice constant
of 2.430 to 2.450 nm, a specific surface area of 600 to 900
nF/g, and a molar ratio of S$i0, te Al;0; of 20 to 100, forming
a suspension containing the fired ultra stable Y-type zeolite,
the suspension having a liquid/soclid mass ratio of 5 to 15,
adding an inorganic acid or an organic acid so that a pH of
the above suspensicn is 1,0 to 2.0, subsequently adding a
solution containing a zirconium compound and/or a hafnium
compound and mixing them and neutralizing the solution with,
for example, an agquecus ammonia in such a wmanner that the

mixed solution has a pH of about 7. The above production
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method shall be described below in details.

a) Ultra-stable Y-type zeolite:

[0077] Ultra stable Y?type zeolite is used as one of the
raw materials for the framework-substituted zeolite-1 in the
present invention. The ultra-stable Y-type zeolite is
publicly known, and a production method therefor shall not
specifically be restricted. The ultra-stable Y-type zeclite
in the present invention means zeolite having a crystal
lattice constant (UD) falling in a range of 2.430 nm or more
and 2.450 nm or less, a specific suxface area of 600 to 200
m?’/g and a molar ratio (silica-alumina ratio) falling in a
range of 20 to 100 in terms of $iQ; to Al,0;.

[00781 In a production method for the above ultra-stable
Y-type zeolite, a Y-type zeolite (Na-Y) synthesized by a
common method is subjected to exchange of sodium ions with
ammonium ions by a conventicnal method (for example,
dispersing Y-type zeolite in water to prepare a suspension,
adding ammonium sulfate thereto, then washing the solid
matter with water, next washing it with an ammonium sulfate
aqueous solution of a temperature of 40 to 80°C, subsequently
washing it with water of 40 to 95°C and then drying it at 100
to 180°C for 30 minutes) to obtain an ammonium-exchanged Y-

type zeolite (NH4->°*° "Y) in which 50 to 70 % of Na contained
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in the Y-type zeolite is substituted with NH,.

[0079] Subsequently, a hydrogen type Y-type zeolite (HY)

is prepared by calcining the zbove ammoniuvm-exchanged Y-type
zeolite (NH.-°°* %Y) at 500 to 800°C for 10 minutes to 10
hours in a saturated vapor atmosphere. Then, an ammonium-
exchanged Y-type zeolite (NH;-%° *° ®7Y) in which 80 to 97 % of
Na contained in the initial Y¥-type zeolite (Na-¥) is ion-
exchanged with WH; can be obtained by dispersing the hydrogen
type Y-type zeolite obtained above in water of 40 to 95°C to
prepare a suspension, further adding ammonium sulfate thereto,
then stirring the suspension at 40 to 95°C for 10 minutes to
3 hours, further washing the solid matter with water of 40 to
95°C, next washing it with an ammonium sulfate aqueous
solution of 40 to 95°C, subsequently washing it with water of
40 to 80°C and then drying it at 100 to 180°C for 30 minutes
to 30 hours. 1In thils respect, the final ammonium ion
exchange rate is preferably 90% or more,

[0080] The ammonium—-exchanged Y zeolite (NHyﬁ°t°97Y) thus
obtained is calcined at 500 to 700°C for 10 minutes to 10
hours in, for example, a saturated vapor atmosphere, whereby
capable of being prepared is a ultra-stable Y-type zeclite
(USY) having a crystal lattice constant (UD) of 2.430 nm or
more and 2.450 nm or less, a specific surface area of 600 to

900 m?/g and a molar ratio (silica-alumina ratio) of $i0; to
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21,0; of 20 to 100.

[o081] It is important for obtaining the desired
framework-substituted zeolite -1 to control a crystal lattice
constant of the ultra-stable Y-type zeolite to 2.430 to
2.450nm.

[0082] In the method for producing the hydrocracking
catalyst according to the present invention, extraskeletal
aluminum (aluminum atoms which do not form the zeolite
framework) may be removed from the ultra-stable Y-type
zeolite described above which is the raw material in oxder to
obtain the ultra-stable Y-type zeolite having a crystal
lattice constant of 2.430 to 2.450 nm. Extraskeletal
aluminum can be removed by, for example, a method of
dispersing the ultra-stable Y-type zeclite described above in
warm water of 40 to 95°C te prepare a suspension, adding
sulfuric acid to the above suspension and stirring it for 10
minutes to 3 hours while maintaining the temperature at 40 to
95°C to thereby dissolve the extraskeletal aluminum. An
addition amcunt of sulfuric acid shall not specifically be
restricted as long as it is an amount by which extraskeletal
aluminum can be dissolved to a desired level. After
dissolving the extraskeletal aluminum, the suspension is
filtrated, and a residue on the filter is washed with

purified water of 40 to 95°C and dried at 100 teo 180°C for 3
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to 30 hours, whereby an ultra-stable Y-type zeolite from
which the extraskeletal aluminum is removed can be obtained.
[0083] In the method for producing the hydrocracking
catalyst according to the present invention, the ultra-stable
Y-type zeolite which is the raw material is calcined at 500°C
to 700°C, preferably 550°C to 650°C. The calcining time
shall not specifically be restricted as long as the targeted
framework-substituted zeolite-1 is obtained, and it is
calcined in a range of, for example, 30 minutes to 10 hours.
If a calcining temperature of the ultra-stable Y-type zeolite
is lower than 500°C, a framework substitution amcunt of
zirconium atoms, hafnium atoms and titanium atoms tends to be
reduced when carrying out framework substitvtion treatment by
zirconium atoms, hafnium atoms or titanium atoms at a
subseguent step as compared with a case in which calcining is
carried ocut at 500°C to 700°C. If the calcining temperature
exceeds 700°C, a specific surface area of the ultra-stable ¥-
type zeolite is lowered, and a framework substitution amount
of zirconium atoms, hafnium atoms and titanium atoms is
reduced when carrying out framework substitution treatment by
zirconium atoms, hafnium atoms or titanium atoms at a
subsequent step, so that zirconium atoms, hafnium atoms and
titaniuvm atoms come to be present in a particular form. In

respect to a calcining atmosphere of the ultra stable Y-type

3



10

15

20

WO 2012/018819 PCT/US2011/046272

zeolite, it is carried out preferably in the air.

[0084] The calcined ultra-stable Y-type zeolite is
suspended in water having a temperature of about 20°C to
about 30°C to form a suspension. With respect to the
concentration of the suspension of the ultra-stable Y-type
zeolite, the liquid/solid mass ratio is preferably in the
range of 5 to 15, and more preferably, a mass ratio of 8 to
12 is recommended.

[0085] Next, an inorganic acid or an organic acid is added
thereto so that a pH of the suspension described above is
controlled to 1.0 to 2.0, and subsequently a solution
containing a zirconium compound and/or a hafnium compound is
added and mixed. Then, the mixed solution is neutralized (pH
7.0 to 7.5) and dried desirably at 80 to 180°C, whereby the
framework-substituted zeolite-1 described above can be
obtained.

[Cc086] sulfuric acld, nitric acid, hydrochloric acid and
the like can be glven as the above inorganic acid used, and
among them, sulfuric acid, hydrochloric acid and the like are
particularly preferred. Further, carboxylic acids can
suitably be used as the organic acid described above. A use
amount of the inorganic acid or the organic acid shall not be
restricted as long as a pHE of the suspension can be

controlled to a range of 1.0 to 2.0, and it is, for example,
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a 0.5- to 4.0-fold melar amount and preferably 0.7- to 3.5-
fold molar amount based on an amount of Al:0s in the ultra-
stable Y-type zeollite, but it shall not be restricted to the
above range.

[0087] Examples of the zirconium compound described above
include zirconium sulfate, zirconium nitrate, zirconium
chloride and the like. BAmong these compounds, zirconium
sulfate, zirconium nitrate, and the like are particularly
preferred. The amount of the zirconium compound added is
preferably 0.1% to 5% by mass and more preferably 0.2% to 4%
by mass on a zirconium oxide basis with respect to the ultra-
stable Y-type zeolite described above. The addition of the
zirconium compound in an amount of less than 0.1% by mass
fzils to improve solid acid of the zeolite. The addition of
the zirconium compound in an amount exceeding 5% by mass may
cause clogging of pores of the zeolite. Usually, an aqueous
solution of a zirconium compcund prepared by dissolving the
zirconium compound in water is suitably used as the zirconium
compound.

[0088] Examples of the hafnium compound described above
include hafnium chloride, hafnium nitrate, hafnium f£luoride,
hafnium bromide, hafnium oxalate and the like., Among these
compounds, hafnium chloride, hafnium nitrate, and the like

are particularly preferred. The amount of the hafnium
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compound added is preferably 0.1% to 5% by mass and more
preferably 0.2% to 4% by mass on a hafnium oxide basis with
respect to the ultra-stable Y-type zeolite. The addition of
the hafnium compound in an amount of less than 0.1% by mass
cannot improve a solid acid of the zeolite. The addition of
the hafnium compound in an amount exceeding 4% by mass makes
the resulting catalyst expensive. Usually, an agqueous
solution of a hafnium compound prepared by dissolving the
hafnium compound in water is suitably used as the hafnium
compound .

[0089] Here, a titanium compound may be added to the mixed
solution described above. Examples of the titanium compound
include titanium sulfate, titanium acetate, titanium chloride,
titanium nitrate, and titanium lactate. BAmong these
compounds, titanium sulfate, titanium acetate, and the like
are particularly preferred. The amount of the titanium
compound added is preferably 0.1% to 5% by mass and more
preferably 0.2% to 4% by mass on an oxide basis with respect
to the ultra stable Y-type zeolite. The addition of the
titanium compound in an amount of less than 0.1% by mass
causes lack of solid acid sites of the zeolite. The addition
of the titanium compound in an amount exceeding 5% by mass
may cause clogging of pores of the zeolite. Usually, an

aqueous scolution of a titanium compound prepared by
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dissolving the titanium compcund in water is suitably used as
the titanium compound.

[0090] A pH of the above suspension has to be controlled
in advance to 1.0 to 2.0 for the purpose of preveniting
precipitation from being generated in mixing an agueous
solution of the zirconium compound, the hafnium compound or
the titanium compound with a suspension of the ultra-stable
Y-type zeolite described above.

[0091] In the case of mixing an agqueous solution of the
zirconium compound, the hafnium compound or the titanium
compound with a suspension of the ultra-stable Y-type zeolite,
preferably, the above agqueous solution is gradually added to
the suspension. After finishing addition of the agueous
solution described above to the suspension, the solution is
preferably mixed by stirring at, for example, room
temperature ({about 25°C to about 35°C) for 3 to 5 hours.
[0092] Further, after finishing the mixing described above,
the mixed solution described above is neutralized by adding
an alkali such as aqueocus ammonia and the like so that a pH
thereof is controlled to 7.0 to 7.5, whereby the framework-
substituted zeolite~l in the present invention can be
obtained.

[0093] In this regard, when only the zirconium compound

(or an agqueous solution thereof} is used as the compound (or
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an aqueous solution thereof) added to the suspension
described above, the framework-substituted zeolite-1 (Zr-USY)
in which zizconium atoms is substituted for a part of
aluminum atoms forming the framework of the ultra-stable Y-
type zeolite is formed; when only the hafnium compound {(or an
agueous solution thereof) is used, the framewcrk-substituted
zeolite-1 (HE-USY) in which hafnium atoms is substituted for
a part of aluminum atoms forming the framework of the ultra
stable Y-type zeolite is formed; and when the zirconium
compound and the hafnium compcound (or aqueous solutions
therecf) are used, the framework-substituted zeolite-1

(Zr «HE-USY) in which zirconium atoms and hafnium atoms are
substituted for a part of aluminum atoms forming the
framework of the ultra-stable Y-type zeolite is formed.

00941 When the titanium compound (or an aqueous solution
thereof) is added in combination in adding the zirconium
compound and/or the hafnium compound (or agueous solutions
thereof) fo the suspension described above, the framework-
substituted zeolite~1 (Zr+Hf+«Ti-USY) in which zirconium atoms,
hafnium atoms and titanium atoms form a part of the

framework of the ultra-stable Y-type zeolite is formed.
[0095] The resulting framework-substituted zeclite-1 is
preferably filtered, if desired, washed with water, and dried

at about 80°C to about 180°C.
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(5) Carrier:

[0096] In the hydrocracking catalyst according to the
present invention, the support described above contains the
framework-substituted zeolite-1l described above. The support
described above can contain an inorganic oxide excluding the
above framework-substituted zeclite-1 and/or the framework-
substituted zeolite-2 in addition to the framework-
substituted zeolite-1 described above.

[0097] The inorganic oxide described above typically
contains a substance serving as a granulating agent or a
binder. Usually, a known substance that is contained in a
support including the ultra-stable Y-type zeclite and that is
used as a granulating agent or the like can be used. B&As the
incrganic oxide, a hydrocracking catalyst used in the related
art and a porous inorganic oxide for use in hydrotreating
catalysts can be used. Examples thereof include alumina,
gilica, titania, silica-alumina, alumina-titania, alumina-
zlrconia, alumina-boria, phosphorus—-alumina, silica-alumina-
boria, phosphorus-alumina-boria, phosphorus—alumina-silica,
silica~alumina-titania, and silica-alumina-zirconia. In the
present invention, in particular, an inorganic oxide mainly
composed of alumina, silica-alumina is preferred.

[0098] The framework-substituted zeolite-l1l content and the

inorganic oxide content of the support can be appropriately
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determined according to the object. The support has a
framework-substituted zeolite-1 content of 2% to 80% by mass
and preferably 20% to 70% by mass and an inorganic oxide
content of 28% to 20% by mass and preferably 80% to 30% by
mass. When the framework-substituted zeolite-1 and the
framework-substituted zeolite-2 are used in combination, they
are used preferably in a proportion of less than 50 % in a
sum of the framework-substituted zeolite-1 and the framework-

substituted zeolite-2.

(6) Hydrogenative metal component:

[0089] As the hydrogenative metal component, a known metal
component for use in conventiconal hydrocracking catalysts can
be used. Examples therecf include metal components (ixon,
cobalt, nickel, rhodium, palladium, silver, iridium, platinum
or gold) in group 8 of the long periodic table and/or metal
components (chromium, molybdenum or tungsten) in group 6.
Preferred examples of the metal component include
combinations of molybdenum or tungsten in group & and ccbalt
or nickel in group 8; and metal components of the platinum
group {platinum, rhodium, palladium and the like).

[01l00] The hydrogenative metal component may be contained
in the hydrocracking catalyst in an amount (0.01 to 40 % by

mass in terms of oxide) usually used in a hydrocracking

38



10

15

20

WO 2012/018819 PCT/0S2011/046272

catalyst used in the related art. In the case of mclybdenum,
tungsten, cobalt or nickel, an amount thereof is particularly
preferably 3 to 30 % by mass in terms of oxide based on a
mass of the catalyst. In the case of the platinum group
{(platinum, rhodium, palladium and the like), an amount
thereof is‘particularly preferably 0.01 to 2 % by mass in

terms of metal.

(7} Properties of hydrocracking catalyst for hydrocarbon cil:
[0101] A gpecific surface area of the hydrocracking
catalyst according to the present invention falls preferably
in a range of 200 to 450 m?/g. Further, a range of 250 to
400 m?/g is more suitably recommended. If the above specific
surface area is less than 200 nﬁ/g, the decomposition rate is
reduced, and a yield of the middle distillate is reduced as
well. If the above specific surface area exceeds 450 m2/g,
the decomposition rate grows high, and the gas fraction tends
to be increased.

[0102] In the hydrocracking catalyst according to the
present invention, a volume of pores having a pore diameter
of 600 A or less falls preferably in a range of 0.40 to 0.75
ml/g. Further, the range of 0.45 to 0.70 ml/g is more
suitably recommended. If the above pore volume is less than

0.40 ml/g, the specific surface area is reduced. 2Accordingly,
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the decomposition rate is reduced, and a yield of the middle
distillate is reduced as well. If the above pore volume
exceeds 0.75 ml/g, the specific surface area is elevated.
Accordingly, the decomposition rate grows high, and the gas
fraction tends to be increased. In this connection, the pore
volume is determined from pore distribution cobtained by
calculating and analyzing a desorption data of nitrogen by a
BJH method.

[0103] In the hydrocracking catalyst according to the
present inventilon, the hydrocgenation-active metal component
is preferably carried thereon, as described above, in a range
of 0.01 to 40 % by mass.

[0104] An amount of zirconium or hafnium contained in the
hydrocracking catalyst according to the present invention
each is preferably 0.1 to 5 % by mass (in terms of oxide)
respectively. Further, the range of 0.5 to 4 % is suitably
recommended.

[0105] An amount of titanium opticnally contained in the
hydrocracking catalyst according to the present invention is
preferably 0.1 to 5 % by mass (in terms of oxide). Fuzrther,

the range of 0.5 to 4 % is suitably recommended.

Method for producing hydrocracking catalyst for hydrocarbon

oil:
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[0106] The hydrocracking catalyst for hydrocarbon oil
according to the present invention can be produced as
follows: for example, the framework-substituted zeolite-1l is
mixed with the inorganic oxide described zbove (or a
precursor thereof). The mixture is formed into an article
with a desired shape by & common method. The article is
dried and fired to form a support. The support is
impregnated with the hydrcgenative metal component by a
common method, dried, and fired, thereby affording the
hyvdrocracking catalyst.

[0107] Alternatively, the framework-substituted zeoclite-1
and the inoxganic oxide (or a precursor thereof) are mixed
with the hydrogenative metal component. The mixture is
formed into an article with a desired shape. The article is
dried and fired, thereby affording the hydrocracking catalyst.
[0108] The precursor of the inorganic oxide described
above shows a substance to be formed into the inorganic oxide
constituting a support of the hydrocracking catalyst by
mixing with other catalyst constitutional components and
subjecting to prescribed treatment.

[0109] Firing conditions fcr this type of catalyst used in
the related art are applied to firing of the support and the
hydrocracking catalyst. The firing temperature is preferably

in the range of 400°C to 8650°C.
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[0110] Usuvally, the hydrogenating catalyst according to
the present invention can be prepared by impregnating the
upport described above with an agueous solution containing
the hydrogenation-active metal component and calcining it at
400 to 650°C, for example, for 10 minutes to 3 hours in the

air.

Method for hydrocracking hydrocarbon oil:

[0111] The hydrocracking catalyst for hydrocarbon oil
according to the present invention is charged into a reactor
vessel of a hydrotreating apparatus (flow reactor) and
suitably used for hydrocracking hydrocarbon oil.

[0112] The hydrocarbon oll described above contains
preferably refined oil obtained frem (1) crude oil, (2)
synthetic crude oil, (3) bitumen, (4) o©il sand, (3) shell oil
or (6) coal liquid. Suitably used as the above refined oil
is oil selected from, for example, a) wvacuum gas oil (VGO),
b) deasphalted oil (DAQ) obtained from a solvent deasphalting
process or demetalled oil, ¢) light coker gas oil or heavy
coker gas oil cbtained from a coker process, d) cvcle oil
obtained from a fluid catalytic cracking (FCC) process or e)
gas oll obtained from a visbraking process.

[0113] The hydrocracking can be carried out on publicly

known conditions.
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[0114] For example, a hydrctreating apparatus which is a
flow reactor reactor apparatus is filled with the
hydrocracking catalyst described above, and hydrocarbon oil
having a boiling point of 375°C to 833°C can be treated in
the presence of hydrogen on the conditions of a reacticn
temperature of 300°C to 500°C, a hydrogen pressure of 4 to 30
MPa, a liquid hourly space velocity {LHSV) of 0.1 to 10 ht
and a hydrogen/oil ratio of 500 to 2500 Nm’/m’.

[0115] Further, a hydrotreating which is a flow reactor is
filled with the hydrocracking catalyst described above, and a
hydrocarbon oil having a boiling point of 375°C to 650°C can
be treated in the presence of hydrogen on the conditions of a
reactor temperature of 330°C to 450°C, a hydrogen pressure of
7 to 15 MPa, a liguid hourly space wvelocity (LHSV) of 0.2 to
1.5 h™! and a hydrogen/oil ratio of 1000 to 2000 ¥m’/m® to
obtain kerosene & gas oil. Capable of being suitably used as
the flow reactor described above is a flow reactor
selected from a stirring bath type reactor, a boiling floor
type reactor, a baffle-equipped slurry bed type reactor, a
fixed bed type reactor, a rotary tube type reactor and a
slurry bed type reactor.

[0116] The hydrocracking catalyst for hydrocarbon oil
according to the present invention can suitably be used

particularly for hydrocracking of high boiling fraction-
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containing hydrocarbons. The high boiling fraction-
containing hydrocarbons mean hydrocarbons in which an amount
of fractions having a boiling point of 560°C or higher
accounts for 30 % by mass or more. The high beiling
fraction-containing hyvdrocarbons include, for example, a
vacuum gas oil (VGO), a solvent deasphalted o¢il (DAQ) and the
like.

[0117] In the case where hydrocarbon oils, for example,
high-boiling-fraction—-containing hydrocarbons, are
hydrocracked using the hydrocracking catalyst for hydrocarbon
0il according to the present invention, middle distillates
can be provided in high yield because of suppression of the
excessive decomposition reactor of kerosene-gas oil, as

described above.

Apparatus for hydrotreating hydrocarbon oil:

[0118] An apparatus for hydrotreating hydrocarbon oil in
the present inventicn is not particularly limited as long as
the foregoing hydrocracking for hydrocarbon ¢il can be
performed. Various types of apparatuses may be used. An
apparatus for hydrotreating hydrocarbon oil including a first
catalyst-filled tank, a second catalyst—-filled tank, and a
third catalyst-filled tank that are connected in series is

particularly suitable. Each of the catalyst-filled tanks is
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filled with a hydrocracking catalyst for hydrocarbon oil.
[0119] The second catalyst-£f£illed tank is filled with the
hydrocracking catalyst according to the present invention.
The hydrocracking catalyst in the second catalyst-filied tank
is used in a f£illing factor of, for example, 10% to 60% by
volume with respect to the total volume of all the
hydrocracking catalysts filled into the first, second, and
third catalyst-filled tanks. However, the filling factor may

fall in a range other than the above range.

EXAMPLES

[0120] Analytical methods used in the present invention
shall be described bkelow.

[0121] 1) Composition analysis:

An X-ray fluorescence analyzer (“RIX3000” manufactured
by Rigaku Corporation) was used to carry out composition
analysis (Zr, Hf, Ti, Mo or Ni) of a sample (zeolite ox the
hydrocracking catalyst). A sample for measurement was
prepared by a glass bead method. To be specific, 5 g of the
sample was put in a vinyl chloride-made ring having an inner
diameter of 35 mm and molded by applying a pressure of 20 t
for 20 seconds by means of a pressure molding machine to
prepare the sample for measurement. Conditions of the X-ray

fluorescence analysis are shown below; target: Rh, analyzing
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crystal: LiF, detector: scintillation counter, excitation: Rh
vessel of 4 kW, measuring voltage: 55 kV, current: 70 mA,
[0122] 2) Measurement of sodium in zeolite:

An atomic absorption spectrometer (“Z5300” manufactured
by HORIBA Ltd.) was used to measure a sodium content in a
sample (zeolite). The measuring wavelength zange was
controlled to 190 to 900 nm,

[0123] 3) Crystal lattice constant:

An X-ray diffractometer (“RINT2100” manufactured by
Rigaku Corporation) was used to measure an X-ray diffractien
peak of a sample {(zeolite), and the crystal lattice constant
was calculated from the result thereof. A method for
calculating the crystal lattice constant has already been
described in the present specification. Conditions of the X-
ray diffraction are shown below; vessel: Cu-K (o ray), 26
scanning range: 20 to 50°, scanning speed: 0.01'/minute,
scanning step: 0.01°.

[0124] 4) Crystallinity:

The crystallinity was calculated from an X-ray
diffraction peak of a sample (zeolite). A calculating method
therefor has already been described in the present
specification,

[0125] 5) 8i10,/Al.03 molar ratio:

A peak intensity ratio of 8i and Al was determined from
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an ¥X-ray diffraction peak of a sample (zeolite), and it was
reduced to a melar ratio of SiQ; to Al:0:.
[0126] 6) Specific surface area and pore volume:

An adsorption measuring equipment (fully auntomatic gas
adsorption eguipment “AUTOSORB-1" manufactured by
Quantachrome Instruments Corporate) was used to subject 0.02
to 0.05 g of a sample (zeolite or the hydrocracking catalyst)
to deaeration treatment at room temperature for 5 hours, and
then an adscrption desorption isothermal curve was measured
under liquid nitrogen temperature to calculate a specific
surface area per mass using a BET equation of a multipoint
method. Further, z pore distribution and a pore wvolume (pore
diameter: 600 A or less) were calculated from a nitrogen
adsorption isothermal curve by a BJH method.

[0127] 7) Ultraviolet-visible/near-
infrared/spectrophotometry (UV-vis-NIR spectrum):

A UV-vis-NIR spectrum of zeolite was measured by means
of an ultraviolet-visible/near-infrared/spectrophotometer
{model number: JASCO V-570, manufactured by JASCO
Corporation). The sample was prepared by physically mixing
potassium bromide with the sample in a proportion of 99 : 1
and molding 50 mg of the mixture into a wafer form at a
pressure of 500 kg/cmz. Then, the molded matter was heated

up to 200°C at a heating rate of 3.0°C/minute and pre-treated
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by carrying out wvacuum evacuation for 3 hours, and then
measurement was carried out at room temperature on the
conditions of a spectral bandwidth of 10 mm and a scanning
speed of 400 nm/minute.

[0128] 8) Fourier transform infrared spectroscopy (FT-IR
spectrum) :

FT~IR spectra of a hydroxyl group of zeolite and a
framework vibration area thereof were measured by means of a
transmission Fourier transform infrared spectroscope (JIR-
7000, manufactured by JASCO Corporation). The sample was
prepared by molding 20 mg of the sample into a wafer form at
a pressure of 500 kg/cm?. Thereafter, the molded matter was
heated up to 400°C at a heating rate of 6.7°C/minute and pre-
treated by carrying out vacuum evacuation for 3 hours, and
then measurement was carried out at room temperature on the
conditions of a resolution of 4 cm™ and an integration
frequency of 500 times,

[0129] Explanations of tables:

Table 1: the properties of USY (a) te (m) used as the raw
materials were shown in Table 1.

Table 2: the properties of the framework-substituted zeclite-
1 (USY (&) to USY (F)) used in Example 1 to Example 6 were
shown in Table 2.

Table 3: the properties of the hydrocracking catalysts
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(Catalyst A to Catalyst F) prepared in Example 1 to Example 6
were shown in Table 3.

Table 4: the properties of the raw material oils used in the
test examples were shown in Table 4.

Table 5: the test results (relative cracking rates and
relative middle distillate yields) of the hydrocracking
catalysts according to the present invention were shown in
Table 5.

[0130] Example 1: Hydrocracking catalyst A

[0131] Ultra-stable ¥ zeolite

[0132] First, 50.0 kg of a NaY¥ zeolite (hereinafter, also
referred to as "NaY") having a $i0,/Al;0s molar ratio of 5.2,
a unit cell dimension (UD) of 2.466 nm, a specific surface
area (SA) of 720 nF/g, and a Na;0 content of 13.0% by mass was
suspended in 500 liter (hereinafter, also expressed as "L")
of water having a temperature of 60°C. Furthermore, 14.0 kg
of ammonium sulfate was added thereto. The resulting
suspension was stirxred at 70°C for 1 hour and filtered. The
resulting solid was washed with water. Then the solid was
washed with an ammonium sulfate solution of 14.0 kg of
ammonium sulfate dissclved in 500 1 of water having a
temperature of 60°C, washed with 500 L of water having a
temperature of 60°C, dried at 130°C for 20 hours, thereby

affording about 45 kg of a Y zeolite (NH,°°Y) in which 65% of
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sodium (Na) contained in NaY was lon-exchanged with ammonium
ion (NH.*). A content of Na,0 in NH,*’Y was 4.5 % by mass.
[0133] NH,%°Y 40 kg was fired in a saturated water vapor
atmosphere at 670°C for 1 hour to form a hydrogen-Y zeolite
(HY). HY was suspended in 400 L of water having a
temperature of 60°C. Then 49.0 kg of ammonium sulfate was
added thereto. The resulting mixture was stirred at 90°C for
1 hour and washed with 200 L of water having a temperature of
60°C, The mixture was then dried at 130°C for 20 hours,
thereby affording about 37 kg of a Y zeolite {(NH,*®Y) in which
95% of Na contained in the initial Na¥Y was ionuéxchanged with
NH;. NH,®®Y 33.0 kg was fired in a saturated water vapor
atmosphere at 650°C for 1 hour, thereby affording about 15 kg
of a ultra stable Y zeolite (hereinafter, alsoc referred to as
"JSY (a)") having a SiQ;/Al:0; molar ratio of 5.2 and a Na;0
content of 0.60% by mass. Table 1 shows physical properties
of USY (a).

[0134] Next, 26.0 kg of this USY (a) was suspended in 260
I of water having a temperature of 60°C. After 61.0 kg of
25% sulfuric acid by mass was gradually added to the
suspension, the suspension was stirred at 70°C for 1 hour.
The suspension was filtered. The resulting solid was washed
with 260 liter of deionized water having a temperature of

60°C and dried at 130°C for 20 hours, thereby affording a
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ultra stable Y-type zeolite (hereinafter, alsc referred to as
"USY (b)"). Table 1 shows physical properties of USY (b).
[0135] USY (b) was fired at 600°C for 1 hour, thereby
affording about 17 kg of ultra stakle Y-type zeoclite
{(hereinafter, also referred to as "USY (¢)"). Table 1 shcws
physical properties of USY {(c).

[0136] Preparation of zirconium-substituted zeolite: USY
(A)

[0137] First, 1 kg of USY (c) was suspended in 10 L of
water having a temperature of 25°C. The pH of the suspension
was adjusted to 1.6 with 25% sulfuric acid by mass. Then 86
g of a2 solution containing 18% zirconium sulfate by mass was
added thereto. The resulting mixture was stirred for 3 hours
at room temperature. Then the pH was adjusted to 7.2 with
15% agqueous ammonia by mass. After the mixture was stirred
for 1 hour at room temperature, the mixture was filtered.

The resulting solid was washed with 10 L of water and dried
at 130°C for 20 hours, thereby affording about 1 kg of a
zirconium-substituted zeolite (hereinafter, also referred to
as "USY (A)"). Table 2 shows physical properties of USY (A).
Fig. 1 shows a UV spectrum of USY (A).

[0138] Fig. 1 demonstrated as follows: The UV spectrum of
Zx0; derived from zirconium sulfate serving as a raw material

for USY (A) showed peaks at about 230 and about 280 nm,
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whereas the UV spectrum of USY (A) showed a peak at about 200
to 220 nm. Thus, the framework of USY (A) was substituted by
Zr.

[0139] Here, the UV spectrum of the zeolite was measured
with an ultraviolet-visible-near-infrared spectrophctometer
(JASCO V-570, manufactured by JASCO Corporation) at a band
width of 10 mm and a scanning rate of 400 nm/min. Meanwhile,
50 mg of a potassium bromide-USY (&) 99:1 mixture was formed
into a wafer-like UV-spectrum sample at a pressure of 500
kg/cm?. The sample was placed in the ultraviolet-visible-
near-infrared spectrophotometer., After pretreatment was
performed by heating the sample to 200°C at a heating rate of
3 °C/min and evacuating the sample for 3 hours, measurement
was performed at room temperature at a resolution of 4 cmt
and a number of integrations of 500,

[0140] The composition analysis of the zeolite was
performed with an X-ray fluorescence analyzer (RIX 3000,
manufactured by Rigaku Corpecration). A sample was prepared
by a glass bead method. Sodium in the zeolite was measured
with an atomic absorption spectrophotometer (Z-5300,
manufactured by HORIBA, Ltd). The crystallinity and the
crystal lattice constant were measured with an ¥X-ray

diffractometer (RINT 2100, manufactured by Rigaku

Corporation). The specific surface area and the pore volume
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were measured with a pore distributien analyzer (Autosorb,
manufactured by Quantachrome Instruments).

[C0141] Hydrocracking catalyst A

[0142] First, 40 kg of an agueocus solution of 6.8% sodium
aluminate by mass on an Al;0; basis was mixed with 40 kg of an
aqueous solution of 2.4% aluminum sulfate by mass on an Al:0;
basis. Further, the mixture was stirred at 60°C for 1 hour,
and then the product was washed with 150 L of a 0.3 mass %
ammonia agqueous solution to remove Na»30s. Next, water was
added to the product from which Na 50, was removed to adjust
an Al,0; concentration to 10% by mass. The pH was adjusted to
10.5 with 15% aqueous ammonia by mass. The mixture was
stirred at 95°C for 10 hours, dehydrated, washed, and kneaded
with a kneader, thereby providing an alumina mizture.

[0143] The resulting alumina mixture was mixed with USY

(A) in a dry mass ratio of 1:1. The mixture was kneaded with
a kneader, formed into a columnar shape having a diameter of
1.8 mm, and fired at 550°C for 3 hours, thereby affording
support A.

[0144] The support A was immersed in an aqueous solution
containing hydrogenation-active metal components and fired in
the air at 550°C for 1 hour, thereby affording hydrocracking
catalyst A, Here, the aqueous solution containing

hydrogenation-active metal components was prepared by adding

53



10

15

20

WO 2012/018819 PCT/US2011/046272

700 mL of water to 201.3 g of molybdenum trioxide (an example
of the hydrogenation-active metal component) and 90.4 g of
nickel carbonate (an example of the hydrogenation-active
metal component) and stirring the resulting mixture at 95°C
for 5 hours. Hydrocracking catalyst A contained 0.39%
zirconium by mass, 16.7% molybdenum by mass, and 3.88% nickel
by mass on an oxide basis. Table 3 shows physical properties
of hydrocracking catalyst A.

[0145] Example 2; hydrocracking catalyst B

[6146] USY (¢} 1 kg obtained in Example 1 was suspended in
10 L of water of 25°C, and a pH of the solution was adjusted
to 1.6 by sulfuric acid of 25 % by mass. Hafnium chlecxride 8
g was added and mixed, and the suspension was stirred at zoom
temperature for 3 hours. Then, the pH was adjusted to 7.0 to
7.5 by aqueous ammonia of 15 % by mass, and the suspension
was stirred at room temperature for 1 hour and then filtrated.
A matter obtained was washed with 10 L of water and dried at
130°C for 20 hours to obtain about 1 kg of a hafnium-
substituted type zeolite (hereinafter referred to as “USY
(B)"”). The properties thereof are shown in Table 2.

[0147] Further, a hydrocracking catalyst B containing USY
(B) was prepared in the same manner as in Example 1. The
properties of the hydrocracking catalyst B are shown in Table

3.
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[0148] Example 3: hydrocracking catalyst C

[0149] USY {(c) 1 kg obtained in Example 1 was suspended in
10 L of water of 25°C, and a pH of the solution was adjusted
to 1.5 to 1.7 by sulfuric acid of 25 % by mass. Zirconium
sulfate of 18 % by mass 86 g and hafnium chloride 8 g were
added and mixed, and the suspension was stirred at room
temperature for 3 hours. Then, the pH was adjusted te 7.2 by
aqueous ammonia of 15 % by mass, and the suspension was
stirred at room temperature for 1 hour and then filtrated. A
matter obtained was washed with 10 L of water and dried at
130°C for 20 hours to obtain about 1 kg of a
zirconiumchafnium-substituted type zeolite (hereinafter
referred to as “USY (C)”). The properties thereof are shown
in Table 2.

{0150] Further, a hydrocracking catalyst C containing USY
(C) was prepared in the same manner as in Example 1. The
properties of the hydrocracking catalyst C are shown in Table
3.

[0151] Example 4: hydrocracking catalyst D

[0152] USY (c) 1 kg obtained in Example 1 was suspended in
10 L of water of 25°C, and a pH of the solution was adjusted
to 1.6 by sulfuric acid of 25 % by mass. Zirconium sulfate
of 18 % by mass 86 g, hafnium chloride 8 g and titanyl

sulfate of 33 % by mass 60 g were added and mixed, and the
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suspension was stirred at room temperature for 3 hours. Then,
the pH was adjusted to 7.2 by aquecus ammonia of 15 % by mass,
and the suspension was stirred at room temperature for 1 hourx
and then filtrated. A matter obtained was washed with 10 L

of water and dried at 130°C for 20 hours te obtain about 1 kg
of a zirconiumshafniumetitanium-substituted type zeolite
{hereinafter referred to as “USY (D)”). The properties of

USY (D) are shown in Table 2, and a UV spectrum thereof is
shown in Fig. 2.

[0153] As shown in Fig. 2, it was confirmed that a UV
spectrum of Ti10; obtained from titanyl sulfate which was the
raw material had peaks in the wvicinity of 220 and 320 nm and
that USY (D) had peaks in the wvicinity of 210 to 320 nm due

to substitution of Zr and Ti.

Further, a hydrocracking catalyst D containing USY (D)
was prepared in the same manner as in Example 1. The
properties of the hydrocracking catalyst D are shown in Table
3.

[0154] Example 5: hydrocracking catalyst E

[0155] USY (c) 1 kg obtained in Example 1 was suspended in
10 L of water of 25°C, and a pH of the solution was adjusted
to 1.6 by sulfuric acid of 25 % by mass. Zirconium sulfate
of 18 % by mass 86 g and titanyl sulfate of 33 % by mass 60 g

were added and mixed, and the suspension was stirred at room
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temperature for 3 hours. Then, the pH was adjusted to 7.2 by
aqueous ammonia of 15 % by mass, and the suspension was
stirred at room temperature for 1 hour and then filtrated. A
matter obtained was washed with 10 L of water and dried at
130°C for 20 hours to obtain about 1 kg of a
zirconiumetitanium-substituted type zeclite {(hereinafter
referred to as “USY (E}”). The properties of USY (E) are
shown in Table 2,

[0156] Further, a hydrocracking catalyst E containing USY
(E) was prepared in the same manner as in Example 1. The
properties of the hydrocracking catalyst E are shown in Table
3.

[0157] Example 6: hydrocracking catalyst F

[0158] USY (c) 1 kg cobtained in Example 1 was.suspended in
10 L of water of 25°C, and a pH of the soluticn was adjusted
to 1.6 by sulfuric acid of 25 % by mass. Hafnium chloride 8
g and titanyl sulfate of 33 % by mass 60 g were added and
mixed, and the suspension was stirred at room temperature for
3 hours. Then, the pH was adjusted to 7.2 by aqueous ammonia
of 15 % by mass, and the suspension was stirred at room
temperature for 1 hour and then filtrated. A matter obtained
was washed with 10 L of water and dried at 130°C for 20 hours
to cobtain about 1 kg of a hafnium<titanium-substituted type

zeolite {hereinafter referred to as “USY (F}”). The
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properties of USY (F) are shown in Tzble 2.

Further, a hydrocracking catalyst F containing USY (F)
was prepared in the same manner as in Example 1. The
properties of the hydrocracking catalyst F are shown in Table
3.

[0158] Comparative Example 1: hydrocracking catalyst G
[0160] USY (c) 1 kg obtained in Example 1 was suspended in
10 L of water of 25°C, and a pH of the soluticn was adjusted
to 1.6 by sulfuric acid of 25 % by mass. Titanyl sulfate of
33 % by mass 60 g was added and mixed, and the suspension was
stirred at room temperature for 3 hours. Then, the pH was
adjusted to 7.2 by aqueous ammonia of 15 % by mass, and the
suspension was stirred at room temperature for 1 hour and
then filtrated. A matter obtained was washed with 10 L of
water and dried at 130°C for 20 hours to obtain about 1 kg of
a titanium-substituted type zeolite {(hereinafter referred to
as “USY (G)”). The properties of USY (G) are shown in Table
2.

[0161] Further, a hydrocracking cataiyst G containing USY
{G) was prepared in the same manner as in Example 1. The
properties of the hydrocracking catalyst G are shown in Table
3.

[Cl62] Comparative Example 2: hydrocracking catalyst H

[0163] USY (b) 1 kg before calcining obtained in Example 1
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was suspended in 10 L of water of 25°C, and a pH of the
solution was adjusted to 1.6 by sulfuric acid of 25 % by mass.
Zirconium sulfate of 18 % by mass 86 g was added and mixed,
and the suspension was stirred at room temperature for 3
hours. Then, the pH was adjusted to 7.2 by agueous ammonia
of 15 % by mass, and the suspension was stirred at room
temperature for 1 hour and then filtrated. A matter obtained
was washed with 10 L of water and dried at 130°C for 20 hours
to obtain about 1 kg of a zirconium-substituted type zeolite
(hereinafter referred to as “USY (H)”). The properties of
USY (H) are shown in Table 2, and a UV spectrum of USY (H) is
shown in Fig. 3. 1In Fig. 3, it was observed from comparison
of the UV spectra of USY (H} and USY (&) that substitution
with zirconium was accelerated by calcining.

[0164] Further, a hydrocracking catalyst H containing USY
(H) was prepared in the same mannexr as in Example 1. The
properties of the hydrocracking catalyst H are shown in Table
3.

[0165] Comparative Example 3: hydrocracking catalyst I
[0166] 2An ultra stable Y-type zeclite (hereinafter
referred to as “USY (d)”) 1 kg prepared by calcining USY (b)
obtained in Example 1 at 400°C for one hour was suspended in
10 L of water of 25°C, and a pH of the solution was adjusted

o 1.6 by sulfuric acid of 25 % by mass. Zirconium sulfate
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of 18 % by mass 86 g was added and mixed, and the suspension
was stirred at room temperature for 3 hours. Then, the pE
was adjusted to 7.2 by agqueous ammonia of 15 2 by mass, and
the suspension was stirred at room temperature for 1 hour and
then filtrated. A matter obtained was washed with 10 L of
water and dried at 130°C for 20 hours to obtain about 1 kg of
a zirconium-substituted type zeolite (hereinafter referred to
as “USY (I)”). In this regard, the properties of USY (d) are
shown in Table 1; the properties of USY (I) are shown in
Table 2; and a UV spectrum of USY (I) is shown in Fig. 3.
[0167] In Fig. 3, it was found from comparison of the UV
spectra of USY (I) and USY {(A) that substitution with
zirconium was not accelerated by calcining at 400°C.

[0168] Further, a hydrocracking catalyst I containing USY
(I) was prepared in the same manner as in Example 1. The
properties of the hydrocracking catalyst I are shown in Table
3.

[0169] Comparative Example 4: hydrocracking catalyst J
[0170] An ultra stable Y-type zeclite (hereinafter
referred to as “USY (e)”) 1 kg prepared by calcining USY (b)
obtained in Exzample 1 at 800°C for one hour was suspended in
10 L of water of 25°C, and a pHE of the solution was adjusted
to 1.6 by sulfuric acid of 25 % by mass. Zirconium sulfate

of 18 % by mass B6é g was added and mixed, and the suspension
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was stirred at room temperature for 3 hours. Then, the pH
was adjusted to 7.2 by adgueous ammonia of 15 % by mass, and
the suspension was stirred at room temperature for 1 hour and
then filtrated. A matter obtained was washed with 10 L of
water and dried at 130°C for 20 hours to c¢btain about 1 kg of
a zirconium-substituted type zeolite {(hereinafter referred to
as “US8Y (J)”). The properties of USY (e) are shown in Table
1; the properties of USY (J) are shown in Table 2; and a UV
spectrum of USY (J) is shown in Fig. 3.

[0171] Further, a hydrocracking catalyst J containing USY
(J) was prepared in the same manner as in Example 1. The
properties of the hydrocracking catalyst J are shown in Table
3.

[0172] Comparative Example 5: hydrocracking catalyst K
[0173] UsSY (¢} 1 kg obtained in Example 1 was suspended in
10 I, of water of 25°C, and a pH of the solution was adjusted
to 0.6 by sulfuric acid of 25 % by mass. Zirconium sulfate
of 18 % by mass 86 g was added and mixed, and the suspension
was stirred at room temperature for 3 hours. Then, the pH
was adjusted to 7.2 by agueous ammconia of 15 % by mass, and
the solution was stirred at room temperature for 1 hour and
then filtrated. A matter obtained was washed with 10 L of
water and dried at 130°C for 20 hours to obtain about 1 kg of

a zirconium-substituted type zeolite (hereinafter referred to
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as “USY (K)”). The properties of USY (K) are shown in Table
2.

[0174] Further, a hydrocracking catalyst K containing USY
(K} was prepared in the same manner as in Exampla 1. The
properties of the hydrocracking catalyst K are shown in Table
3.

[0175] Comparative Example 6: hydrocracking catalyst L
[0176] USY (c) 1 kg obtained in Example 1 was suspended in
10 L of water of 25°C, and a pH of the solution was adjusted
to 2.4 by sulfuric acid of 25 % by mass. Zirconium sulfate
of 18 % by mass 86 g was added and mixed, and the suspension
was stirred at room temperature for 3 hours. Then, the pH
was adjusted to 7.2 by agqueous ammeonia of i5 % by mass, and
the suspension was stirred at room temperature for 1 hour and
then filtrated. A matter obtained was washed with 10 L of
water and dried at 130°C for 20 hours to obtain about 1 kg of
a zirconium-substituted type zeclite (hereinafter referred to
as “USY (L)”). The properties of USY (L) are shown in Table
2,

[0177] Further, a hydrocracking catalyst L containing USY
(L) was prepared in the same manner as in Example 1. The
properties of the hydrocracking catalyst L are shown in Table
3.

[0178] Comparative Example 7: hydrocracking catalyst M
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[0179] USY {(a) 2 kg obtained in Example 1 was suspended in
20 L of warm water of 60°C. Suifuric acid of 25 mass % 3.7
kg was gradually added to the zbove suspension and then
stirred at 7CG°C for one hour to dissolve extraskeletal
aluminum. Then, the suspension was filtrated, and a matter
obtained was washed with 20 liter of purified water of &0°'C
and dried at 130°C for 20 hours to obtain an ultra stable Y-
type zeolite (hereinafter referred to as “USY (f)”). The
properties of USY (f) are shown in Table 1.

[0180] USY (f) thus obtained was calcined at 600°C for 1
hour to obtain about 1.5 kg of an ultra stable Y-type zeolite
(hereinafter referred to as “USY (g)”). The properties of
USY (g) are shown in Table 1.

[0181] USY (g) 1 kg thus obtained was suspended in 10 L of
water of 25°C, and a pH of the solution was adjusted to 1.6
by sulfuric acid of 25 % by mass. Zirconium sulfate of 18 %
by mass 86 g was added and mixed, and the suspension was
stirred at room temperature for 3 hours. Then, the pH was
adjusted to 7.2 by aquecus ammonia of 15 % by mass, and the
suspension was stirred at room temperature for 1 hour and
then filtrated. A matter obtained was washed with 10 L of
water and dried at 130°C for 20 hours to obtain about 1 kg of
a zirconium-substituted type zeolite (hereinafter referred to

as “USY (M)”). The properties of USY (M) are shown in Table
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[0182] Further, a hydrocracking catalyst M containing USY
(M) was prepared in the same manner as in Example 1. The
properties of the hydrocracking catalyst M are shown in Table
3.

[0183] Comparative Example 8: hydrocracking catalyst N
{0184] USY (a) 2 kg obtained in Example 1 was suspended in
20 L of warm water of 60°C. Sulfuric acid of 25 mass % 13.6
kg was gradually added to the above suspensicon and then
stirred at 70°C for one hour to dissolve extraskeletal
aluminum. Then, the suspension was filtrated, and a matter
obtained was washed with 20 liter of water of 60°C and dried
at 130°C for 20 hours to obtain an ultra stable Y¥-type
zeolite (hereinaffer referred to as “USY (h)”). The
properties of USY (h) are shown in Table 1.

[0185] USY (h) thus obtained was calcined at 600°C for 1
hour to obtain about 11 kg of an ultra stable Y-type zeolite
(hereinafter referred to as “USY (i}"). The properties of
UsY (i) are shown in Table 1.

[oiss] USY (i} 1 kg thus cbtained was suspended in 10 L of
water of 25°C, and a pH of the sclution was adjusted to 1.6
by sulfuric acid of 25 % by mass. Zirconium sulfate of 18 %
by mass 86 g was added and mixzed, and the suspension was

stirred at room temperature for 3 hours. Then, the pH was
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adjusted to 7.2 by aqueocus ammonia of 15 % by mass, and the
suspensiocn was stirred at room temperature for 1 hour and
then filtrated. A matter obtained was washed with 10 L of
water and dried at 130°C for 20 hours to obtain about 1 kg of
a zirconium-substituted type zeolite (hereinafter referred to
as “USY (N)”). The properties of USY (N) are shown in Table
2.

[0187] Further, a hydrocracking catalyst N containing USY
(N) was prepared in the same manner as in Example 1. The
properties of the hydrocracking catalyst N are shown in Table
3.

[0188] Comparative Example 8: hydrocracking catalyst ©
[0189] NH,>°Y 2 kg obtained in Example 1 was calcined at
800°C for one hour in a saturated water vapor atmosphere to
obtain about 15 kg of an ultra stable Y-type zeolite
(hereinafter referred to as “USY (3)7) having a UD of 2.425
nm. The properties of USY (Jj) are shown in Table 1.

[0150] USY (j) 1 kg thus obtained was calcined at 600°C
for 1 hour to obtain 1.5 kg of an ultra stable Y-type zeolite
(hereinafter referred to as “USY (k)”). The properties of
USY (k) are shown in Table 1.

[0191] USY (k} 1 kg thus ckbtained was suspended in 10 L of
water of 25°C, and a pH of the solution was adjusted to 1.6

by a sulfuric acid aqueous solution of 25 % by mass.
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Zirconium sulfate of 18 % by mass 86 g was added and mixed,
and the suspension was stirred at room temperature for 3
hours. Then, the pH was adjusted to 7.2 by agueous ammonia
of 15 % by mass, and the suspension was stirred at room
temperature for 1 hour and then filtrated. A matter obtained
was washed with 10 L of water and dried at 130°C for 20 hours
to obtain about 1 kg of a zirconium-substituted type zeolite
(hereinafter referred to as “USY (0)"”). The properties of
USY (0O) are shown in Table 2.

[0152] Furthex, a hydrocracking catalyst O containing USY
(0) was prepared in the same manner as in Example 1. The
properties of the hydrocracking catalyst O are sheown in Table
3.

[0193] Comparative Example 10: hydrocracking catalyst P
[0194] NHs°°Y 2 kg obtained in Example 1 was calcined at
800°C for one hour in a saturated water vapor atmosphere to
obtain an ultra stable Y-type zeolite (hereinafter referred
to as “USY (1l)”) having a UD of 2.455 nm. The properties of
USY (1) are shown in Table 1.

[0185] USY (1) thus obtained was calcined at 600°C for 1
hour to obtain about 1.5 kg of an ultra stable Y-type zeolite
(hereinafter referred to as “USY (m)”). The properties of
USY (m) are shown in Table 1.

[0196] USY (m) 1 kg thus obtained was suspended in 10 1L of
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water of 25°C, and a pH of the solution was adjusted to 1.6
by a sulfuric acid adquecus solution of 25 % by mass.
Zirconium sulfate of 18 % by mass 86 g was added and mixed,
and the suspensicn was stirred at room temperature for 3
houxrs. Then, the pH was adjusted to 7.2 by agquecus ammonia
of 15 % by mass, and the suspension was stirred at room
temperature for 1 hour and then filtrated. A matter obtained
was washed with 10 L of water and dried at 130°C for 20 hours
to obtain about 1 kg of a zirconium-substituted type zeolite
{hereinafter referred to as “USY (B)”). The properties of
USY (P) are shown in Table 2.

[0197] Further, a hydrocracking catalyst P containing USY
(P) was prepared in the same manner as in Example 1. The
properties of the hydrocracking catalyst P are shown in Table
3.

[0198] Comparative Example 1l: hydrocracking catalyst Q
[0199] USY {¢) 1 kg obtained in Example 1 was suspended in
10 L of water of 25°C, and a pH of the solution was adjusted
to 1.6 by a sulfuric acid aqueous solution of 25 % by mass.
Zirconium sulfate of 18 % by mass 8.6 g was added and mixed,
and the suspension was stirred at room temperature for 3
hours. Then, the pH was adjusted to 7.2 by aquecus ammonia
of 15 % by mass, and the suspension was stirred at room

temperature for 1 hour and then filtrated. A matter obtained
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was washed with 10 L of water and dried at 130°C for 20 hours
to obtain about 1 kg of a zirconium—-substituted type zeolite
(hereinafter referred to as “USY (Q)™). The properties of
USY (Q) are shown in Table 2.

[0200] Further, a hydrocracking catalyst Q containing USY
{Q) was prepared in the same manner as in Example 1. The
properties of the hydrocracking catalyst Q are shown in Table
3.

[0201] Comparative Example 12: hydrocracking catalyst R
[C202] USY (¢} 1 kg obtained in Example 1 was suspended in
10 L of water of 25°C, and a pH of the solution was adjusted
te 1.6 by a sulfuric acid agqueous solutlon of 25 % by mass.
Zirconium sulfate of 18 % by mass 516 g was added and mixed,
and the suspensicon was stirred at room temperature for 3
hours. Then, the pH was adjusted to 7.2 by agueous ammonia
of 15 % by mass, and the suspension was stirred at room
temperature for 1 hour and then filtrated. A matter obtained
was washed with 10 L of water and dried at 130°C for 20 hours
to obtain about 1 kg of a zirconium-substituted type zeolite
(hereinafter referred to as “USY (Q)"”). The properties of
USY (Q) are shown in Table 2.

[0203] Further, a hydrocracking catalyst Q containing USY
(Q) was prepared in the same manner as in Example 1. The

properties of the hydrocracking catalyst © are shown in Table
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[0204] Comparative Example 13: hydrocracking catalyst §
[0205] USY (c) 1 kg obtained in Example 1 was suspended in
10 L of water of 25°C, and a pH of the solution was adjusted
to 1.6 by a sulfuric acid aguecus scluticon of 25 % by mass.
Hafnium chloride 1.6 g was added and mixed, and the
suspension was stirred at room temperazture for 3 hours. Then,
the pH was adjusted to 7.2 by aqueous ammonia of 15 % by mass,
and the suspension was stirred at room temperature for 1 hour
and then filtrated. A matter obtained was washed with 10 L
of water and dried at 130°C for 20 hours to obtain about 1 kg
of a hafnium-substituted type zeolite (hereinafter referred
to as “USY (8)"”). The properties of USY (S) are shown in
Table 2.

[0206] Further, a hydrocracking catalyst S containing USY
{S) was prepared in the same manner as in Example 1. The
properties of the hydrocracking catalyst § are shown in Table
3.

[0207] Comparative Example 14: hydrocracking catalyst T
[0208] USY (c) 1 kg obtained in Example 1 was suspended in
10 L of water of 25°C, and a pH of the solution was adjusted
to 1.6 by a sulfuric acid agqueous solution of 25 % by mass.
Hafnium chloride 96 g was added and mixed, and the suspension

was stirred at room temperature for 3 hours. Then, the pH
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was adjusted to 7.2 by aqueous ammecnia of 15 % by mass, and
the suspension was stirred at room temperature for 1 hour and
then filtrated. A matter obtained was washed with 10 L of
water and dried at 130°C for 20 hours to obtain about 1 kg of
a hafnium-substituted type zecolite (hereinafter referred to
as “USY (T)”). The properties of USY (T) are shown in Table
2.

[0209] Further, a hydrocracking catalyst T containing USY
{T) was prepared in the same manner as in Example 1, The
properties of the hydrocracking catalyst T are shown in Table
3.

[0210] Comparative Example 15: hydrocracking catalyst U
[0211] USY (c) 1 kg obtained in Example 1 was suspended in
10 L of water of 25°C, and a pH of the solution was adjusted
to 1.6 by a sulfuric acid agueous solution of 25 % by mass.
Zirconium sulfate of 18 % by mass 86 g and titanyl sulfate of
33 % by mass 6.0 g were added and mixed, and the suspension
was stirred at room temperature for 3 hours. Then, the pH
was adjusted to 7.2 by agqueocus ammonia of 15 % by mass, and
The suspension was stirred at room temperature for 1 hour and
then filtrated. A matter obtained was washed with 10 L of
water and dried at 130°C for 20 hours to obtain about 1 kg of
a zirconiumetitanium-substituted type zeolite (hereinafter

referred to as “USY (U)®). The properties of USY (U) are
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shown in Table 2.

[0212] Further, a hydrocracking catalyst U containing USY
(U) was prepared in the same manner as in Example 1. The
properties of the hydrocracking catalyst U are shown in Table
3.

[0213] Comparative Example 16: hydrocracking catalyst V
[0214] USY (c) 1 kg obtained in Example 1 was suspended in
10 L of water of 25°C, and a pH of the solution was adjusted
to 1.6 by a sulfuric acid agueous solution of 25 % by mass.
Zirconium sulfate of 18 % by mass 86 g and titanyl sulfate of
33 % by mass 516 g were added and mixed, and the suspension
was stirred at room temperature for 3 hours. Then, the pH
was adjusted to 7.2 by agqueous ammonia cf 15 % by mass, and
the suspension was stirred at room temperature for 1 hour and
then filtrated. A matter obtained was washed with 10 L of
water and dried at 130°C for 20 hours to obtain about 1 kg of
a zirconiumetitanium-substituted type zeolite (hereinaftex
referred to as “USY (V)”). The properties of USY (V) are
shown in Table 2.

[0215] Further, a hydrocracking catalyst V containing USY
(V) was prepared in the same manner as in Example 1. The
propexties of the hydrocracking catalyst V.. are shown in

Table 3.
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Table 1
Usy zii;ii; i:iiiié Ssl:)ue}:cflafc:leC Cryst?llinity
ratio constant a12:ea (%)
(nm) (m°/g)
a 5.2 2.438 635 98
b 30.2 2.436 710 105
c 30.1 2.436 712 105
d 30.2 2.438 710 105
e 30.1 2.435 708 103
f 15.5 2,437 705 104
g 15.6 2.437 702 103
h 126 2.434 703 101
i 125 2,434 705 101
3 30.8 2.428 585 88
k 30.5 2.428 583 87
1 29,5 2,455 685 98
m 29.3 2.454 688 97
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Table 2
o Crystal | Specific
Slllc,:a Lattice surface Cr}‘(s‘i:al Zr0; HEfO, TiC,
UsY | alumina linity
] constant area (mass%) (mass%) [(mass%}
ratioc 2 )
{(nm} {m”/q)

Example 1 A 29.8 2.438 710 105 1.01 - -
Example 2 B 30.7 2.438 735 108 - 0.42 -
Example 3 c 30.5 2.437 716 103 0.99 0.50 -
Example 4 D 29.5 2.435 701 a8 0.98 0.42 1.03
Example 5 E 29.6 2.4386 697 83 0.96 - 0.98
Example 6 F 30.0 2.435 696 89 - .50 1.01
C ti
omparative G 29.6 2.437 598 92 - - 1.02
Example 1
Comparative

H 29.4 2.437 712 105 0.99 - -
Example 2
Comparative

I 29.7 2,439 718 102 0.99 - -
Example 3
Comparative

J 30.0 2.433 701 103 0.99 - -
Example 4
cC ti
ompazative | x | 30.1 2.436 702 105 0.98 - -
Example =
Comparative

L 30.1 2.436 708 104 1.00 - -
Example 6
Conparative

M 15.6 2,438 722 105 0.97 - -
Example 7
Comparative

N 124.0 2.432 748 102 1.01 - -
Example 8
Comparative

Q 30.8 2.428 710 101 0.98 - -
Example 9
C ti
orearaETe l B | 29.3 2.456 706 105 0.99 - -
Example 10
Comparative 29.9 2.437 714 106 0.10
Example 11 Q : : : " B
Comparative .

R 30.0 2,437 708 103 6.03 - -
Example 12
Comparative

S 30.5 2,436 733 107 - 0.13 -
Example 13
Comparative .

T 30.3 2.437 704 29 - 6.02 -
Example 14
Conparative

U 29.8 2.437 700 105 0.98 - 0.12
Example 15
Conparative

vV 30.0 2.436 696 93 0.59 - 5.04
Example 16
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Table 3
Specific 5
Zr0; H£O, TiCs MoOs NiO surface ore
Catalyst volume
(mass%) [mass%) {mnass%) (mass%) ({mass%) area
2 (ml/q)
{r’/g)
Example 1 A 0.39 - - 16.7 3.88 384 0.56
Example 2 B - 0.19 - 16.1 3.92 364 0.55
Example 3 c 0.40 0.20 - 15.0 3.%0 372 0.54
Example 4 D 0.41 0.21 0.39 16.3 3.78 380 0.56
Example 5 B 0.38 - 0.40 16.2 3.82 375 0.52
Example & F - 0.20 0.40 16.4 3.72 366 0.58
Comparative
G - - 0.41 15.7 3.84 364 0.51
Example 1
Comparative
H 0.38 - - 16.4 3.75 368 0.54
Example 2
Comparative ‘
I 0.39 - - 15.9 3.73 379 0.31
Example 3
Comparative
J 0.38 - - 16.4 3.75 368 0.54
Example ¢
Comparative
K 0.39 - - 16.2 3.80 376 0.51
Example 5
Comparative
L 0.38 - - 16.1 3.85 375 0.50
Example 6
Comparative v 0.40 16.0 3,00 5
Example 7 . - - . .9 80 0.51
Comparative
N 0.41 - - 15.7 3.83 357 0.53
Example 8
Comparative
0 0.42 - - 16.5 3.82 382 0.57
Example 2
Compazative 0.40 15.9 3.83 383 0.53
Example 10 P ) B B o ) )
Comparative 0.01 16.2 3.87 380 0.50
Example 11 Q i B B i i '
Comparative
R 2.39 - - 16.1 3.92 372 0.52
Example 12
comparative 5 0.01 16.0 3.80 384 0.51
Example 13 ) ) ) )
Comparative
T - 2.40 - 16.4 3.99 380 0.53
Example 14
Comparative
U 0.39 - 0.01 1£.9 3.81 382 0.50
Example 15
Comparative
. v 0.40 - 2.41 16.3 3.88 380 0.52
Example 16
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[0216] Test example: catalyst activity evaluation

[0217] Hydrocracking reactor was carried out on the
conditions of a hydrogen partial pressure of 13 MPa, a liquid
hourly space velocity of 0.26 hr™, a hydrogen-to-oil ratio
(hydrogen/oil ratio) of 1250 Nm®/kL and a reactor
temperature of 370°C using the catalysts A to X and
hydrocarbon oils having properties shown in Table 4 as raw
material cils by means of a fixed bed flow type reactor
equipment manufactured by Xytel Corporation toc determine
decomposition rates according to the following egqguation {2)
and middle distillate (kerosene and light oil) yields
according to the following equation (3). The catalyst
activities were evaluated according to the following
procedures 1) and 2) based on the values of the decompositiocn
rates and the middle distillate yields.

[0218] 1} A ratic of a value of a decomposition rate of
the other catalyst to a value of a decomposition rate of the
catalyst A was determined and shown in terms of a relative
decomposition rate, wherein a decomposition rate of the
catalyst A was set to 100. The results thereof are shown in
Table 5.

[0219] 2) A ratio of a yield of the middle distillate of
the other catalyst to a yield of the middle distillate of the

catalyst A was determined and shown in terms of a relative
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vield of the middle distillate, wherein a yield of the middle
distillate of the catalyst & was set to 100. The results
thereof are shown in Table 5.
[0220] Decomposition rate (%) = (content (kg) of a
fraction having
a boiling point of higher than 375°C in the produced
0il)/ (content (kg) of a fraction having a boiling point of
higher than 375°C in the raw oil) X 100
Yield (%) of the middie distillate = (content (kg) of a
fraction having a boiling point of 149 to 375°C in the
produced oil)/(content (kg) of a fraction having a boiling
point of lower than 375°C in the raw oil) X 100
In this connection, “%” means “% by mass” in both of the
decomposition rate and the middle distillate yield.
[0221] According to the results shown in Table 5, at least
one side of the decomposition rates and the middle distillate
yields in the catalysts (catalysts A to F) according to the
present invention shows high values as compared with those of
the catalysts (catalysts G to V) of the comparative examples,
and the others than the above cnes show at least the
equivalent values, This means that a superiority of the

catalysts according to the present invention is shown.
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Table 4

Specific gravity (g/ml) 0.9203
Sulfur content (mass %) 2.23
Nitrogen content (weight ppm) 815
C5 to 85°C (mass %) 0
85 to 149°C ({mass %) 0
149 to 1B5°C (mass %) 0
185 to 240°C (mass %) 1.3
240 to 315°C (mass %) 2.7
315 to 375°C (mass %) 8.0
375 to 560°C (mass %) 79.5
560°C" (mass %) 8.5
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Table 5

Relative Relative middle

Catalyst |deccmposition |distillate

rate (%) yield (%)
Example 1 A 100 100
Example 2 B 99 97
Example 3 o 99 96
Example 4 D 100 85
Example 5 E 99 86
Example 6 F 100 96
Comparative o 99 91
Example 1
Comparative
Example 2 H 28 23
Comparative
Example 3 T 7 92
Comparative
Example 4 J 26 89
Comparative
Example 5 K 28 a1
Comparative
Example © L 8 o1
Comparative M o7 91
Example 7
Comparative N 59 80
Example 8
Comparative o 59 50
Example 9
Comparative P - 92
Example 10
Comparative
Example 11 Q 23 4
Comparative
Example 12 R 28 93
Comparative 5 o8 64
Example 13
Comparative
Example 14 T o7 92
Comparative
Example 15 J 98 94
Comparative
Example 16 v 35 90
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[0222] Example 7: hydrocracking catalyst W

[0223] Silica gel having 7 mass % of silica was obtained
by addition of water glass having 8.5 mass % of silica to 25
mass % of sulfuric acid aqueous solution. ©On the other hand,
alumina slurry was obtained by mixing 40 kg of sodium
aluminium dioxide aqueous solutlon having 6.8 mass % of Al203
and 40 kg of aluminium sulfate agueous solution having 2.4
mass % of Al203. Above described silica gel and alumina
slurry were mixed in the mass ratioc of 70:30, and stirred at
60 C for 1 hour. After filtration, product was washed by 150
ml of aqueous ammonium solution of 0.3 mass % of ammonia in
ordexr to remove Na2804. Further, the product was diluted by
water to produce 10 mass % of water slurry and its pH was
controlled at 10.5 by addition of 15 mass % of aqueous
ammonium solution. Then, it was stirred at 95 C for 10 hours,
being removed of water, washed and kneaded to provide silica-
alumina product.

[0224] The silica-alumina obtained was mixed with USY (&)

in the ratio of silica-alumina : USY = 1.5 : 1 in dry mass
base, then being kneaded, extrudated tc cylinder shape of 1.8
mm diameter, dried and calecined at 550 ‘C for 3 hours to
provide support W.

[0225] Further, hydrocracking catalyst W was prepared by

the same manner as example 1. Compositions and physical
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properties of hydrocracking catalyst W are shown in the Table

PCT/US2011/046272

6.
Table 6
Inorganic Incrganic . Specific Pore
Catalyst oxide usy oxide : USY Zr0; MoO; Nio© suaxrfea:e volume
Alsuﬂiincaa: r(arlijcaisos) (mass%) | (mass%) |(mass%s)| (m*/g) (ml/g)
(mass
ratio)
Exar;ple 70:30 A 1.5:1 0.31 | 16.2 | 3.72 387 0.62
Exagple 70:30 A 2:1 0.27 | 16.3 | 3.78 365 0.58
Exagple 30:70 A 2:1 0.26 | 16.5 | 3.87 380 0.61
5
[0226] Example 8: hydrocracking catalyst X
[0227] Silica gel having 7 mass % of silica was obtained
by addition of water glass having 8.5 mass % of silica to 25
mass % of sulfuric acid agqueous solution. On the other hand,
10 alumina slurry was obtained by mixing 40 kg of sodium
aluminium dioxide aqueocus scluticon having 6.8 mass % of Al203
and 40 kg of aluminium sulfate agqueous solution having 2.4
mass % of Al203. Above described silica gel and alumina
slurry were mixed in the mass ratio of 70:30, and stirred at
15 60 C for 1 hour. After filtration, product was washed by 150

ml of agqueous ammonium solution of 0.3 mass % of ammonia in

order to remove Na2504. Further, the product was diluted by

water to produce 10 mass & of water slurry and its pH was
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controlled at 10.5 by addition of 15 mass % of agquecus
ammonium solution. Then, it was stirred at 95 “C for 10 hours,
being removed of water, washed and kneaded to provide silica-
alumina product.

[0228] The silica-alumina cbtained was mixed with USY (A)

in the ratio of silica-alumina : USY = 2 : 1 in dry mass base,
then being kneaded, extrudated to cylinder shape of 1.8 mm
diameter, dried and calcined at 550 C for 3 hours to provide
support X.

[0229] Furthex, hydrocracking catalyst X was prepared by
the same method as example 1. Compositions and physical
properties of hydrocracking catalyst X are shown in the Table
6.

[0230] Example 9: hydrocracking catalyst Y

[0231] Silica gel having 7 mass % of silica was obtained
by addition of water glass having 8.5 mass % of silica to 25
mass % of sulfuric acid aqueous solution. On the other hand,
alumina slurry was obtained by mixing 40 kg of sodium
aluminium dioxide agqueous sclution having 6.8 mass % of Al203
and 40 kg of aluminium sulfate aqueous solution Having 2.4
mass % of Al203. Above described silica gel and alumina
slurry were mixed in the mass ratio of 30:70, and stirred at
60 C for 1 hour. After filtration, product was washed by 150

ml of aqueous ammonium solution of 0.3 mass % of ammonia in
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order to remove Na2304, Further, the product was diluted by
water to produce 10 mass % of water slurry and its pH was
controlled at 10.5 by addition of 15 mass % of agueous
ammonium solution. Then, it was stirred at 95 °C for 10 hours,
being removed of water, washed and kneaded to provide silica-
alumina product.

[0232] The silica-alumina obtained was mixed with USY (A)

in the ratio of silica-aglumina : USY = 2 : 1 in dry mass base,
then being kneaded, extrudated to cylinder shape of 1.8 mm
diameter, dried and calcined at 550 ‘C for 3 hours to provide
support Y.

[0233] Further, hydrocracking catalyst Y was prepared by
the same method as example 1. Compositions and physical
properties of hydrocracking catalyst ¥ are shown in the Table
6.

[0234] Activity of the prepared catalyst W, X and Y were
evaluated by using the same method as above described.

The results are shown in Table 7.
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Table 7

Relative Rglatlve

Catalyst|decom ositionmlddle
Y P distillate
rate .
yield
(%) (%)

Example 7 [W 102 28
Example 8 [X 98 106
Example 9|Y 102 105

[0235] As can be seen in Table 7, high cracking activity
and middle distillate selectivity are obtained for the
catalysts having alumina-silica as support as well as alumina
support.

Generally speaking, in comparison with alumina, since
alumina-silica has relatively strong acidic site, it has
higher cracking activity in spite of lowexr USY zeclite
content. As a result, alumina- silica has higher middle
distillate selectivity than alumina with USY zeclite.

[0236] The present invention shall not be restricted to
the embodiments described above and can be changed as long as
the scope of the present invention is not changed. For
example, cases in which a part or all of the respective
embodiments and modification examples each described above
are combined to constitute the hydrocracking catalysts for
hydrocarbon oil according to the present invention and the
hydrotreating method in which the above catalysts are used

are included as well in the scope of right in the present
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inventicen.

[0237] For example, in the hydrocracking catalysts for
hydrocaxbon oil in the embodiments described above, the
hydrocracking catalyst for hydrocarbon oil according to the
present invention may be mixed in advance with the catalyst
(Y) to £ill the catalyst filling baths of the respective

stages with the mixed catalyst.
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CLAIMS

A hydrocracking catalyst for hydrocarbon oil comprising a hydrogenative metal
component carried on a support containing an ultra-stable Y-type zeolite, wherein the
above ultra-stable Y-type zeolite is a framework-substituted zeolite (hereinafter referred
to as a framework-substituted zeolite-1) in which a part of aluminum atoms constituting a
zeolite framework thereof is substituted with 0.1-5 mass% zirconium atoms and 0.1-5

mass% titanium ions calculated on an oxide basis.

A hydrocracking catalyst for hydrocarbon oil according to Claim 1, wherein said zeolite-1

contains from 0.1 to 5 mass% hafnium atoms as calculated as the oxide basis.

The hydrocracking catalyst for hydrocarbon oil according to Claim 1, wherein the support

contains the zeolite-1 and inorganic oxide excluding the zeolite-1.

The hydrocracking catalyst for hydrocarbon oil according to claim 3, wherein the

inorganic oxide is alumina and /or silica-alumina.

The hydrocracking catalyst for hydrocarbon oil according to Claim 1, wherein the support
further contains a titanium-substituted zeolite of which at least a part of aluminum atoms
constituting a framework of the ultra-stable Y-type zeolite is substituted only with

titanium atoms.

The hydrocracking catalyst for hydrocarbon oil according to Claim 5, wherein said
framework-substituted zeolite-2 contains from 0.1 to 5 mass% titanium atoms as

calculated as the oxide basis.

The hydrocracking catalyst for hydrocarbon oil according to Claim 5, wherein the support
comprises the framework-zeolite-1, the framework-substituted zeolite-2 and inorganic
oxide excluding the framework-substituted zeolite-1 and the framework-substituted

zeolite-2.
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The hydrocracking catalyst for hydrocarbon oil according to Claim 1, wherein the

framework- zeolite-1 has the following characteristics:

(a) a crystal lattice constaﬁt of 2.430 to 2.450 nm,
(b) a specific surface area of 600 to 900 m%/g, and
(c) a molar ratio of Si0; to A1,0; of 20 to 100.

The hydrocracking catalyst for hydrocarbon oil according to claim 8, having a specific
surface area of 200 to 450 m%g; a volume of pores having a diameter of 600 A or less of
0.40 to 0.75 ml/g; and a carrying amount of a hydrogenative metal component falls of
0.01 to 40 mass%.

A method for hydrocracking hydrocarbon oil, comprising: hydrocracking hydrocarbon oil

with the hydrocracking catalyst according to Claim 1.

The method for hydrocracking hydrocarbon oil according to Claim 10, further
comprising:

filling a hydrotreating apparatus which is a flow reactor with the hydrocracking
catalyst; and

treating a hydrocarbon oil having a boiling point of 375°C to 833°C in the
presence of hydrogen at a reactor temperature of 300°C to 500°C, a hydrogen pressure of
4 to 30 MPa, a liquid hourly space velocity (LHSV) of 0.1 to 10 h’, and a hydrogen/oil
ratio of 500 to 2500 Nm*/m>

The method for hydrocracking hydrocarbon oil according to Claim 10, further
comprising:

filling a hydrotreating apparatus which is a flow reactor with the hydrocracking
catalyst; and

treating a hydrocarbon oil having a boiling point of 375°C to 650°C in the
presence of hydrogen at a reactor temperature of 330°C to 450°C, a hydrogen pressure of
7 to 15 MPa, a liquid hourly space velocity (LHSV) of 0.2 to 1.5 h™!, and a hydrogen/oil
ratio of 1000 to 2000 Nm*/m” to afford kerosene-gas oil.
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The method for hydrocracking hydrocarbon oil according to Claim 11, wherein the flow
reactor is a flow reactor selected from the group consisting of a stirred tank, a ebullient
bed reactor, a baffled slurry tank, a fixed bed reactor, a rotating tubular reactor and a

slorry-bed reactor.

The method for hydrocracking hydrocarbon oil according to claim 11, wherein the
hydrocarbon oil comprises refined oil obtained from (1) crude oil, (2) synthetic crude oil,

(3) bitumen, (4) oil sand, (5) shale oil or (6) coal oil.

The method for hydrocracking hydrocarbon oil according to claim 11, wherein the
hydrocarbon oil comprises refined oil obtained from crude oil, synthetic crude oil,
bitumen, oil sand, shale oil or coal oil, and said refined oil is a) vacuum gas oil (VGO) ,
b) deasphalted oil (IDAQ) obtained from a solvent deasphalting process or demetalized
oil, c) light coker gas oil or heavy coker gas oil obtained from a coker process, d) cycle oil
obtained from a fluid catalytic cracking (FCC) process or €) gas oil obtained from a

visbraking process.

A method for producing a hydrocracking catalyst for hydrocarbon oil, the hydrocracking
catalyst including a hydrogenative component carried on a support containing a
framework-substituted zeolite-1 that contains zirconium atoms and/or hafnium atoms
substituting a part of aluminum atoms forming a framework of an ultra-stable Y-type

zeolite,
wherein the zeolite-1 is obtained by:
firing an ultra-stable Y-type zeolite at 500 °C. to 700°C.,

the ultra-stable Y-type zeolite having a crystal lattice constant falling in a range of 2,430
or more and 2.450 nm or less, a specific surface area of 600 to 900 mzlg, and a molar
ratio of Si0O; to Al,O5 of 20 to 100;

forming a suspension containing the fired ultra-stable Y-type zeolite, the

suspension having a liquid/solid mass ratio of 5 to 15;
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adding inorganic acid or organic acid so that a pH of the above suspension is 1.0
to 2.0,

subsequently adding a zirconium compound, forming a mixture therefrom and

neutralizing the said mixture.

The method for producing a hydrocracking catalyst for hydrocarbon oil according to
claim 16, wherein the zeolite-1 is obtained by firing at 500 to 700 °C., an ultra-stable Y-
type zeolite having a crystal lattice constant falling in a range of 2.430 nm or more and
2.450 nm or less, a specific surface area of 600 to 900 mzlg and a molar ratio of 20 to 100
in terms of SiO; to Al,Os, preparing a suspension having a mass ratio of 5 to 15 in terms
of liquid/solid from the above fired ultra-stable Y-type zeolite, adding an inorganic acid
or an organic acid thereto so that a pH of the above suspension is 1.0 to 2.0, subsequently
adding a zirconium compound and/or a hafnium compound and a titanium compound

forming a mixture therefrom and neutralizing the said mixture.
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