HYDRODESULFURIZATION CATALYST FQOR HYDROCARBON OIL,
PROCESS OF PRODUCING SAME AND METHOD FOR HYDROREFINING

Technical Field
rooo1i} The present invention relates to a
hydrodesulfurization catalyst for hydrocarbon oil, a
process of producing the catalyst, and a method for
hydrorefining hydrocarbon oils, more specifically to
a hydrodesulfurization catalyst having a high
desulfurization activity, comprising an active
component supported on a silica~titania~alumina
support, used for hydrotreating hydrocarbon o0ils in
particular gas oil fractions, a process of producing
such a catalyst, and a method for hydrorefining
hydrocarbon oils using the catalyst.

Background Art
[0002] Recently, a demand has been rapidly
increased for a clean liquid fuel with a low sulfur
content. In response to this demand, various methods
for producing clean fuels have already been studied in
the fuel o0il industry. Due to a regulation requiring
diesel fuel in particular to contain 10 ppm by mass ox
less of sulfur, petroleum companies have, therefore,
created systems to produce a clean fuel with improved
catalysts or installation of more facilities.

The main base oil of diesel fuel is generally
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a gas oil fraction distilling from an atmospheric
distillation tower or a cracker. Production of a low
sulfur content clean diesel fuel thus requires the
sulfur to be removed with a hydrorefining unit.

Typically, gas o0il is hydrorefined in a
hydrogen flow in a fixed-bed reactor filled with a
desulfurization catalyst under high temperature and
pressure conditions.

[0003] Conventionally, a catalyst comprising an
active metal component selected from Groups VIA and
VIII in the periodic table supported on a support of
a porous inorganic oxide such as alumina,
alumina-silica, titania, or alumina-titania has been
widely used as a catalyst used for the purpose of
hydrotreating a hydrocarbon oil.

The titania support is known to exhibit a
higher desulfurization performance than the alumina
support but has a problem that it has a small specific
surface area and low thermal stability at elevated
temperatures. A titania-containing catalyst is known
to be produced by a process wherein a titania support
is prepared using titania gel (see Patent Literature
1 below) or wherein an alumina-titania support is
prepared by loading a water-soluble titania compound

on an alumina support (see Patent Literature 2 below).



The catalyst described in Patent Literature 1 contains
a large amount of titania, which is expensive and
increase the production cost and bulk density compared
with a catalyst comprising a conventional alumina
support. Since the catalyst described in Patent
Literature 2 can support titania only in an amount
corresponding the water absorption rate of titania, it
is expensive to be produced industrially because
loading step is necessarily repeated so as to load
titania in a large amount on a support. A method has
been proposed wherein titania is mixed and highly
dispersed in alumina upon preparation of thereof (see
Patent Literature 3). This method enables titania to
be highly dispersed in alumina but has disadvantages
that as the content of titania increases,
crystallization thereof is likely to accelerate,
resulting in a catalyst with a decreased specific
surface area and a deteriorated sharpness of the pore
distribution. Furthermore, the catalyst is not a
catalyst having sufficient properties that can cope
with a regulation of 10 ppm sulfur content.

As described above, an improvement in a
desulfurization catalyst has been vigorously carried
out to produce a clean fuel. Despite of research and

development for a long period of time, a catalyst
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technology satisfying a higher desulfurization
activity has not been achieved yet. It may be because
a plurality of desulfurization passages and active site
structure effective therefor are not clear and
variation in support composition affects differently
desulfurization activity.

Citation List

Patent Literature
[0004] Patent Literature 1: Japanese Patent
Laid~Open Publication No. 2005-336053

Patent Literature 2: Japanese Patent
Laid-Open Publication No. 2005-262173
Patent Literature 1: Japanese Patent

Laid-Open Publication No, 10-118495

Summaxry of Invention

Technical Problem
[0005] The present invention has an object to
provide an inexpensive and high-performance
nhydrodesulfurization catalyst comprising a support
containingmainly alumina, and silica and titania, with
a high specific surface area and a process of producing
such a catalyst as well as a method for hydrorefining
a hydrocarbon o0il using the hydrodesulfurization
catalyst.

Solution to Problem



[0006] As the results of extensive study and
research, the present invention was accomplished on the
basis of the finding that a hydrodesulfurization
catalyst comprising a silica-titania-alumina support
having a specific structure, and having specific
properties was significantly improved in
desulfurization performance for a hydrocarbon oil.
[0007] That is, the present invention relates to a
hydrodesulfurization catalyst for a hydrocarbon oil
comprising at least one type of metal component
selected from Groups VIAand VIII in the periodic table,
supported on a silica-titania-alumina support where
the total of the diffraction peak area indicating the
crystal structure of anatase titania (101) planes and
the diffraction peak area indicating the crystal
structure of rutile titania (110) planes is 1/4 ox less
of the diffraction peak area indicating the aluminum
crystal structure ascribed to y—-alumina (400) planes,
as measured by ¥-ray diffraction analysis, the catalyst
having (a) a specific surface area (SA) of 150 mz/g oxr
greater, (b) a total pore volume (PVo) of 0.30 ml/g or
greater, (c)} an average pore diameter (PD) of 6 to 15
nm (60 to 150 A), and (d) the ratio of the pore volume
(PVp) of pores having diameters within *30 percent of

the average pore diameter (PD) being 70 percent ozx
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greater of the total pore volume (PVo).

[0008] The present invention also relates to a
process of producing the foregoing catalyst
comprising:

a first step of producing a hydrate by mixing a
basic aluminum salt aqueous solution and a mixed
agueous solution of a titanium mineral acid salt and
an acidic aluminum salt such that the pH is form 6.5
to 9.5;

a second step of producing a support by in turn
washing, extruding, drying and calcining the hydrate;
and

a third step of loading at least one type of metal
component selected from Groups VIA and VIII in the
periodic table, on the support.

The present invention also relates to a
method for hydrorefining a hydrocarbon 0il, comprising
hydrotreating a hydrocarbon oil under a hydrogen
atmosphere using the foregoing hydrodesulfurization
catalyst.

Advantageous Effects of Invention
[0003] The catalyst of the present invention is
extremely advantageous because it exhibits a high
desulfurization activity in hydrotreatment of a

hydrocarbon oil, in particular gas oil fraction. The
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process of producing a catalyst according to the
present invention can highly disperse titanium in a
support and thus can produce an inexpensive catalyst
with high performances even with a small amount of
titanium, which is more expensive than alumina and
silica. The method for hydrotreating of the present
invention can remove large amounts of sulfur and
nitrogen from a hydrocarbon oil.

Brief Description of Drawing
{00101 Fig.l is & graph showing the X-ray
diffraction analysis results of support a in Example
1.

Description of Embodiments
[00111] The present invention will be described in
detail below.

The catalyst of the present invention
comprises at least one type of metal component selected
from Groups VIA and VIII in the periodic table,
supported on a silica-titania-alumina support where
the total of the diffraction peak area indicating the
crystal structure of anatase titania (101l) planes and
the diffraction peak area indicating the crystal
structure of rutile titania {(110) planes is 1/4 or less
of the diffraction peak area indicating the aluminum

crystal structure ascribed to y-alumina (400) planes,



as measured by X-ray diffraction analysis, the catalyst
having (a) a specific surface area {(SA) of 150 m?/g or
greater, (b) a total pore volume (PVo) of 0.30 ml/g or
greater, (¢) an average pore diameter (PD) of 6 to 185
am (60 to 150 A), and (d) the ratio of the pore volume
{PVp) of pores having diameters within #30 percent of
the average pore diameter (PD) being 70 percent or
greater of the total pore volume (PVo).

{0012} The silica-titania-alumina support of the
hydrodesulfurization catalyst of the present invention
contains silica in the form of $5i0; in an amount of
preferably 1 to 10 percent by mass, more preferably 2
to 7 percent by mass, more preferably 2 to 5 percent
by mass on the support basis. A silica content of less
than one percent by mass decreases the specific surface
areas of the resulting catalyst and causes titania
particles to be likely to aggregate upon calcination
of the support, resulting in larger diffraction peak
areas indicating the crystal structures of anatase
titania and rutile titania. A silica content of more
than 10 percent by mass causes the resulting support
to be poor in sharpness of the pore distribution and
thus possibly to fail to obtain a desired
desulfurization activity.

f0013] In the present invention, the
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silica-titania—-alumina support contains titania in the
form of TiO; in an amount of preferably 3 to 40 percent
by mass, more preferably 15 to 35 percent by mass, more
preferably 15 to 25 percent by mass on the basis of the
weight of the support. A titania content of less than
3 percent by mass is too less in effect achieved by
addition of titania, resulting in a catalyst that may
not obtain a sufficient desulfurization activity. A
titania content of more than 40 percent by mass is not
preferable because not only the mechanical strength of
the resulting catalyst is reduced but also the specific
surface area is reduced due to the increased tendency
for titania particles to accelerate in crystallization
upon calcination of the support and thus the resulting
catalyst may not exhibit a desulfurization performance
corresponding to the economic efficiency according to
the increased amount of titania, and may not be a
catalyst, which is cheap and has high performances
intended by the present invention.

[0014] The silica-~titania-alumina support
contains alumina in the form of 2Al,0; in an amount of
preferably 50 to 96 percent by mass, more preferably
58 to 83 percent by mass, more preferably 70 to 83
percent by mass on the basis of the weight of the support.

An alumina content of less than 50 percent by mass is
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not preferable because the resulting catalyst tends to
degrade significantly. An alumina content of more than
96 percent by mass'is also not preferable because the
catalyst performances tend to deteriorate.

{00151} The hydrodesulfurization catalyst of the
present invention comprises one or more type of metal
compeonent selected from Group VIA (IUPAC Group 6) and
Group VIITI (IUPAC Groups 8 to 10) in the periodic table,
supported on the above-described support.

Examples of metal components of Group VIA in
the periodic table include molybdenum (Mo} and tungsten
{(W). Examples of metal components c;f Group VIII in the
periodic table include cobalt (Co) and nickel (Ni).
These metal components may be used alone or in
combination. In view of catalyst performances, the
metal components are preferably combinations such as
nickel-molybdenum, cobalt-molybdenum,
nickel-molybdenumn-cobalt, nickel-tungsten,
cobalt-tungsten, and nickel-tungsten-cobalt, more
preferably combinations such as nickel-molybdenum,
cobalt-molybdenum, and nickel-molybdenum-cobalt.
[0016] The metal component({s) are supported in the
form of oxide in an amount of preferably 1 to 35 percent
by mass, more preferably 15 to 30 percent by mass on

the catalyst basis. The metal component of Group VIA
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in the periodic table is supported in the form of oxide
in an amount of preferably 10 to 30 pexcent by mass,
more preferably 13 to 24 percent by mass while the metal
component of Group VIII in the periodic table is
supported in the form of oxide in an amount of preferably
1 to 10 percent by mass, moxre preferably 2 to ¢ percent
by mass.

[0017] In the case where the hydrodesulfurization
catalyst of the present invention contains a metal
component of Group VIA in the periodic table, the metal
component is preferably dissolved in acid. The acid
is preferably an inorganic acid and/or an organic acid.
Examnples of the inorganic acid include phosphoric acid
and nitric acid. More preferred is phosphoric acid.
The organic acid is preferably a carboxylic acid.
Examples of the carboxylic acid include citric acid,
malic acid, tartaric acid, and gluconic acid.

In the case of using phosphoric acid, it is
contained in an amount of preferably 3 to 25 percent
by mass, more preferably 10 to 15 percent by mass on
an oxide basis, of 100 percent by mass of the metal
component of Group VIA in the periodic table. A content
of more than 25 perxcent by mass is not preferable because
catalyst performances would be poor. A content of less

than 3 pexcent by mass is also not preferable because
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stability of the resulting metal component solution to
be loaded would be deteriorated.

It the case of using an orxganic acid, it is
contained in an amount of preferxably 35 to 75 percent
by mass, more preferably 55 to 65 percent by mass of
the metal component of Group VIA in the periodic table.
A content of more than 75 percent by mass is not
preferable because a solution containing the metal
component (hereinafter may be referred to as
“metal-containing solution for loading”) is increased
in viscosity and thus renders it difficult to be
impregnated during the process. A content of less than
35 percent by mass is also not preferable because the
stability of the metal-containing solution for loading
would be poor and catalyst performances tends to
deteriorate.

[0018] No particular limitation is imposed on the
nethod for including the above-described metal
component or further an inorganic acid (phosphoric acid
or the like) and/or an organic acid solution in the
above~described support. Any conventional method may
be used such as impregnation (equilibrium adscrption,
pore-~filling, incipient-wetness methods) and ion
exchange method using a compound containing the metal

component or further using an inorganic acid
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{phosphoric acid) and/or an organic acid.
Impregnation used herein refers to a method wherein a
support is impregnated with a solution of a metal
component, dried and then calcined.

{0019] In impregnation, metal components of Groups
VIA and VIII in the periodic tables are preferably
loaded simultaneously. Separate loading of the metal
components would result in insufficient
desulfurization and denitrogenation activities.
Loading by impregnation is carried out in the
coegistence of acid, preferably an inorganic acid
and/or an organic acid, more preferably phosphoric acid
and/or an organic acid because the resulting catalyst
will be enhanced in desulfurization and
denitrogenation activities as the metal component of
Group VIA in the periodic table is highly dispersed on
the support. Thereupon, phosphoric acid and/or an
organic acid are preferably added in an amount of 3 to
25 percent by mass (an oxide basis) and an amount of
35 to 75 percent by mass, respectively of 100 percent
by mass of the metal component of Group VIA in the
periodic table. Examples of the organic acid include
carboxylic acid compounds, specifically citriec acid,
malic acid, tartaric acid, and gluconic acid.

[0020) The desulfurization catalyst of the present
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invention has necessarily a specific surface area (SA)
of 150 m*/g or greater, preferably 170 n?/g or greater,
as measured by BET method. A specific surface area (SA)
of smaller than 150 m?/g is not preferable because the
number of active site for desulfurization would be
decreased. Whilst, no particular limitation is
imposed on the upper limit. However, a specific
surface area (SA) of greater than 250 m?®/g would tend
to decrease the catalyst strength and thus is
preferably250rﬁ/gcn:smaller,morepreferablyZBOrﬁ/g
or smaller.

[0021] The hydrodesulfurization catalyst of the
present invention has necessarily a total pore volume
(PVo) of 0.30 ml/g or greater, preferably 0.35 ml/g or
greater, as measured by mercury intrusion technique
(mercury contact angle: 135 degrees, surface tension:
480 dyn/cm). No particular limitation is imposed an
the upper limit of the total pore volume, which is,
however, preferably 0.60 ml/g or smaller, more
preferably 0.50 ml/g or smaller because a total pore
volume of greater than 0.60 ml/g would likely cause the
resulting catalyst to be decreased in strength.
[0022] Furthermore, the hydrodesulfurization
catalyst has necessarily an average pore diameter (P2D)

of 6 to 15 nm (60 to 150 A), preferably 6.5 to 11 nm.
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A catalyst with an'average pore diametexr (PD) of less
than 6 nm would have too small pores and thus be poor
in reactivity with a feedstock while a catalyst with
an average pore diameter of greater than 15 nm would
be difficult to be produced and tend to be poor in
catalyst performances because of its toco small specific
surface area. The total pore volume {(PVo) refers to
pores with a poxre diametex of 4.1 nm (41 A) or greater,
which is the guantitative limit in measurement while
the average pore diameter {PD) refers to a poxre diameter
corresponding to 50 pexcent of the total pore volume
(PVo) .

foo231 In the hydrodesulfurization catalyst, the
ratio (PVp/PVo) of the pore volume of the pores having
a pore diameter within +#30 percent of the average pore
diameter (PVp)} in the total pore diameter (PVo) is
necessarily 70 percent or more, preferably 80 percent
or more, and the pore distribution is sharp. When the
PVp/PVo is less than 70 percent, the pore distribution
is too broad and thus the resulting catalyst may not
obtain a desired desulfurization performance.

{00241 For the support of the hydrodesulfurization
catalyst of the present invention, the total of the
diffraction peak area indicating the crystal structure

of anatase titania {101) planes and the diffraction

_15_



peak area indicating the crystal structure of rutile
titania (110) planes (hereinafter also refexrred to as
“titania diffraction peak area”) is necessarily 1/4 ox
less, preferably 1/5 or less, more preferably 1/6 or
less of the diffraction peak area indicating the
aluminum crystal structure ascribed to y~alumina (400)
planes, as measured by X-ray diffraction analysis.
When the titania diffraction peak area to the alumina
diffraction peak area (titania diffraction peak
area/alumina diffraction peak area) is greater thanl1/4,
crystallization of titania accelerates and thus the
number of the pores effective for the reaction is
decreased. Therefore, even if the amount of titania
is increased, the resulting catalyst can not exhibit
a desulfurization performance as balanced with the
economy and fails to be an inexpensive catalyst with
high performances intended by the present invention.
[0025] The diffraction peak indicating the crystal
structure of anatase titania (101} planes is measured
at 20=25.5° while the diffraction peak indicating the
crystal structure of rutile titania (110) planes is
measured at 26=27.5°. The diffraction peak indicating
the aluminum crystal structure ascribed to v-alumina
(400) planes is measured at 26=45.9°.

Each of the diffraction peak areas is
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calculated by fitting a graph obtained through X-ray
diffraction analysis with an X~ray diffraction device,
with a least square method, followed by baseline
correction, and £finding the height (peak intensity W)
from the maximum peak value to the baseline so as to
derive the peak width (£full width at half maximum) when
the resulting peak strength is half (W/2) thereby
defining the product of the full width at half maximum
and peak intensity as a diffraction peak area.
“Pfitania diffraction peak area/alumina diffraction
peak area” is derived from each of the diffraction peak
areas thus obtained.

{0026] A process of producing the
hydrodesulfurization catalyst of the present invention
will be described next.

The process of producing the
hydrodesulfurization catalyst of the present invention
comprises: a first step of producing a hydrate by mixing
a mixed aqueous solution of a titaniummineral acid salt
and an acidic aluminum salt (hereinafter simply
referred to as “mixed agqueous solution”) with a basic
aluminum salt aqueous solution in the presence of
silicate ion such that the pH is form 6.5 to 8.5; a second
step of producing a support by in turn washing,

extruding, drying and calcining the hydrate; and a
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third step of loading at least one type of metal
component selected from Groups VIA (IUPAC Group 6) and
VIII (IUPAC Groups 8 to 10) in the periodic table on
the support. Each of the steps will be described below.
[0027] (First Step)

First of all, in the presence of silicate ion,
a mixed solution of a titanium mineral acid salt and
an acidic aluminum salt (this is an acidic aqueous
solution) is mixed with a basic aluminum salt aqueous
solution (this is an alkaline agueous solution) such
that the pH is form 6.5 to 9.5, preferably from 6.5 to
8.5, more preferably from 6.5 to 7.5 thereby producing
a hydrate containing silica, titania and alumina.
[0028] Inthis step, there are two alternative cases
(1) where a mixed aqueous solution is added to a basic
aluminum salt agueous solution containing silicate ion
and (2) where a basic aluminum salt agueous solution
is added to a mixed solution containing silicate ion.

In case (1), silicate ion contained in a

basic aluminum aqueous solution may be basic or neutral.
Basic silicate ilon sources may be silicic acid
compounds such as sodium silicate, which can generate
silicate ions in water. 1In case (2), silicate ion
contained in a mixed agueous solution of a titanium

mineral acid salt and an acidic aluminum salt agqueous

-18-~



solution may be acidic or neutral. Acidic silicate
sources may be silicic acid compounds such as silicic
acid, which can generate silicate ions in water.
[00289] Examples of the basic aluminum salt include
sodium aluminate and potassium aluminate. Examples of
the acidic aluminum salt include aluminum sulfate,
aluminum chloride, and aluminum nitrate. Examples of
the titanium mineral acid salt include titanium
tetrachloride, titanium trichloride, titanium sulfate,
and titaniumnitrate. In particular, titanium sulfate
is preferably used because it is inexpensive.

[0030] For example, a predetermined amount of a
basic aluminum salt agqueous solution containing basic
silicate ion is charged into a tank with a stirrer and
heated and maintained to a temperature of usually 40
to 90°C, preferably 50 to 70°C,and to the solution was
continuously added a predetermined amount of a mixed
aqueous solution of a titanium mineral acid salt and
acidic aluminum salt agueous solution heated to a
temperature of *5°C, preferably +2°C, more preferably
+1°C of the basic aluminum salt aqueous solution for
usually from 5 to 20 minutes, preferably from 7 to 15
minutes so that the pH is from 6.§ to 8.5, preferably
from 6.5 to 8.5, more preferably from 6.5 to 7.5 to

produce a precipitate, which is a slurry of hydrate.
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It is noted that since addition of the basic aluminum
salt aqueous solution to the mixed solution for a too
long period of time would cause tThe production of
crystals of pseudoboehmite, bayerite or gibbsite,
which are not preferable, the addition is carried out
for desirously 15 minutes oxr shorter, more desirously
13 minutes or shorter. Bayerite and gibbsite are not
preferable because they reduce the specific surface
area after calcination.

[0031] (Second Step)

The hydrate slurry produced in the first step
is aged if necessary and then washed to remove the
by-produced salts thereby producing a hydrate slurry
containing silica, titania and alumina. The resulting
hydrate slurry is further heated and aged if necessary
and then formed into an extrudable kneaded product by
a conventional method, such as heat-kneading. The
extrudable product is extruded into a desired shape by
extrusion and thendried at a temperature of 70 to 150°C,
preferably 90 to 130°C and calcined at a temperature
of 400 to 800°C, preferably 450 to 600°C fox 0.5 to 10
hours, preferably 2 to 5 hours thereby producing a
silica~titania-alumina support.

[0032] (Third Step)

On the resulting silica-titania-alumina
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support is loaded at least one type of metal component
selected from Groups VIA and VII in the periodic table
with a conventional manner (impregnation, immersion)
as described above. The support with the metal
component loaded thereon is then calcined at a
temperature of usually 400 to B0O®°C, preferably 450 to
600°C for 0.5 to 10 hours, preferably 2 to S5 hours
thereby producing a hydrodesulfurization catalyst
according to the present invention.

Raw materials of the metal component are
preferably nickel nitrate, nickel carbonate, cobalt
nitrate, cobalt carbonate, molybdenum trioxide,
ammonium molybdate, and ammonium paratungsten.
[0033] Next, an explanation will be given of a
method for hydrorefining a hydrocarbon oil according
to the present invention.

In this method, a hydrocarbon oil is
hydrotreated under hydrogen atmosphere and high
temperature and pressure conditlons using the
above-described hydrodesulfurization catalyst, which
is £illed into a fixed-bed reactor.

[0034] Hydrocarbon oils used in the present
invention are preferably gas oil fractions. Examples
of the gas oil fractions include straight-run gas oil

produced through an atmospheric distillation unit for
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crude oil; vacuum gas oil produced by distilling
straight heavy 0il or residue obtained from an
atmospheric distillation unit, in a vacuum
distillation unit; light cycle oil produced by fluid
catalytic-cracking vacuum heavy gas oil or
desulfurized heavy oil; hydrocracked gas oil produced
by hydrocracking vacuum heavy gas o0il or desulfurized
heavy olil; and thermal-cracked gas oil obtained through
a thermal cracking unit such as a coker, all of which
are fractions containing 70 percent by volume or more
of a fraction whose boiling point is from 260 to 360°C.
No particular limitation is imposed on oils to be
treated in an atmospheric distillation unit. Examples
of such oils include petroleum crude oil, synthetic
crude o0il derived from oil sand, liguefied coal oil,
and bitumen reformed oil.

The value of the distillation
characteristics (boiling point) referred herein is
measured in accordance with the method described in JIS
K2254 “Petroleum products—-Determination of
distillation characteristics™,.

[0035] The method for hydrorefining a hydrocarbon
0il according to the present invention is preferably
carried out undexr the following reaction conditions.

f0036] No particular limitation is imposed on the
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reaction temperature, which is, however, preferably
from 300 to 420°C, more preferably from 320 to 380°C.
A reaction temperature of lower than 300°C is not
practical because desulfurization and denitrogenation
activities tend to significantly deteriorate. A
reaction temperature of higher than 420°C is not
preferable because the catalyst is drastically
decomposed and the reaction temperature is close to the
operating temperature limit (usually 425°C) of the
reactor.

[0037] No particular limitation is imposed on the
reaction pressure (hydrogen partial pressure), which
is, however, preferably from 3.0 to 15.0 MPa. At a
reaction pressure of lower than 3.0 MPa,
desulfurization and denitrogenation activities tend to
significantly decrease. The reaction pressure is thus
preferably 3.0 WMPa or higher, more preferably 4.0 MPa
oxr higher. A reaction pressure of higher than 15.0 MPa
is not preferable because hydrogen consumption
increases, resulting in a higher running cost. The
reaction pressure is thus preferably 15.0 MPa or lovwer,
more preferably 10.0 MPa or lower, more preferably 7.0
MPa or lower.

[0038] No particular limitation is imposed on the

liguid hourly space velocity, which is, however,
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preferably from 0.5 to 4,0 h"!, more preferably from
0.5 to 2.0 h™*. & liquid hourly space velocity of less
than 0.5 h™* is not practical because the productivity
is reduced due to the reduced amount of throughput. A
ligquid hourly space velocity of greater than 4.0 h7}
is not preferable because the decomposition of the
catalyst accelerates.

f0039] No particular limitation is imposed on the
hvdrogen/oil ratio, which is, however, is éreferably
from 120 to 420 NL/L, more preferably from 170 to 340
NL/L. A hydrogen/oil ratio of less than 120 NL/L is
not preferable because the desulfurization rate
decreases. A hydrogen/oil ratio of greatexr than 420
NL/L is not also preferable because it can not change
the desulfurization activity and only increases the
running cost.

[0040] The oil produced by hydrotreating of
hydreocarbon oil according to the present invention has
a sulfur content of preferably 10 ppm by mass or less,
more preferably B8 ppm by mass or less, more preferably
7 ppm by mass or less. The oil has a nitrogen content
of preferably 3 ppm by mass or less, more preferably
one ppm by mass. The present invention can decrease
significantly the suifur and nitrogen contents of the

produced 0oil by hydrotreating hydrocarbon oil using the
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above-described specific hydrodesulfurization
catalyst.

The sulfur content (sulfuxr concentration)
referred herein is measured in accordance with the
method described in JIS K2541 “Determination of sulfur
content”. The nitrogen content {(nitrogen
concentration) referred herein is measured in
accordance with the method described in JIS K2609
“Determination of nitrogen content”.

Exanmnples
[0041] The present invenition will be described in
more details with reference to the following examples
but is not limited thereto.
[0042) [Preparation of Hydrodesulfurization
Catalyst al

Into a 100 L volume tank equipped with a steam
jacket were put 8.16 kg of an aqueous solution
containing scodium aluminate in an amount of 22 percent
by mass on an 21203 concentration basis. The solution
was diluted with 41 kg of ion-exchange water, to which
1.80 kg of a solution containing sodium silicate in an
amount of 5 pexrcent by mass on an Si0Oz concentration
basis were then added, stirring. The resultingmixture
was heated at a temperature of 60°C thereby preparing

a basic aluminum salt aqueous solution. An acidic
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aluminum salt agqueous solution was prepared by diluting
7.38 kg of an aqueous solution containing aluminum
sulfate in an amount of 7 percent by mass on an Al,O0;
concentration basis with 13 kg of ilon-exchange water
while a titaniuvmmineral acid salt agueous solution was
prepared by dissolving 1.82 kg of 33 percent by mass
on a Ti02 concentration basis of titanium sulfate in
10 kg of ion-exchange water. These agueous solutions
were mixed and heated to a temperature of 60°C thereby
preparing a mixed agueous solution. This mixed aqueocus
solution was added at a constant rate (addition time:
10 minutes) into the tank containing thexein the basic
aluminum salt aqueous solution using a roller pump
until the pH was 7.2 thereby preparing Hydrate Slurzry
a containing silica, titania, and alumina.

[0043] The resulting Hydrate Slurry a was aged,
stirring at a temperature of 60°C for one hour, and then
dewatered with a flatsheet filter and washed with 150
L of a 0.3 percent by mass ammonium agueous solution.
After washing, the resulting cake-like slurry was
diluted with ion-exchange watexr so that the amount of
the slurry was 10 percent by mass on an Al,;0;3
concentration basis and then adjusted in pH to 10.5 with
15 percent by mass of ammonium water. The slurry was

transferred to an aging tank with a reflux condenser
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and aged, stirring at a temperature of 35°C for 10 hours.
The resulting slurry was dewatered and then
concentrated and kneaded to have a certain moisture
level with a double-armed kneader with a steam jacket.
The resulting kneaded product was extruded into a
cylindrical shape with a diameter of 1.8 mm with an
extruder and dried at a temperature of 110°C. The dried
extruded products were calcined at a temperature of
550°C in an electric furnace for 3 hours thereby
producing Support a. Support a contained silica in an
amount of 3 pexcent bymass on a S10; concentration basis,
titania in an amount of 20 percent by mass on a TiO,;
concentration basis, and aluminum in an amount of 77
percent by mass on an Al;03 concentration basis, all
on the support basis.

[0044] Support a was subjected to X-ray diffraction
analysis with an ¥X-ray diffraction apparatus “RINT
2100” manufactured by Rigaku Corporation (the same is
applied to the following examples). The results are
set forth in Fig. 1. Least square fitting was applied
to the resulting graph, followed by baseline correction
s0 as to find the full width at half maximum of the peak
ascribed to the anatase titania (101) planes indicated
at 26=25.5°. The product of the full width at half

maximum and the peak intensity from the baseline to the
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maximum peak was defined as an anatase titania
diffraction peak area. The same procedures were
carried out to find the full width at half maximum of
the peak ascribed to the rutile titania (110) planes
indicated at 26=27.5°, and the product of the full width
at half maximum and the peak intensity from the baseline
was defined as a rutile titania diffraction peak area.
The total of the anatase titania diffraction peak area
and rutile titania diffraction peak area was defined
as a titania diffraction peak area. It is noted that
no rutile titania peak was not detected in Support a.
Furthermore, the full width at half maximum of the peak
ascribed to the y-alumina (400) planes indicated at
20=45.9° was also found, and the product of the full
width at half maximum and the peak intensity from the
baseline was defined as an alumina diffraction peak
area. For Support a, the diffraction peak area
indicating the crystal structures of the anatase
titania and rutile titania was 1/8 of the diffraction
peak area of the crystal structure ascribed to aluminum
(titania diffraction peak area/alumina diffraction
peak area=1/8, and the same is applied to the
following) .

[0045] Next, 306 g of molybdenum trioxide and 68 g

of cobalt carxbonate were suspended in 500 ml of
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ion-exchanged water, and then heated at a temperature
of 95°C for 5 hours, applying a suitable reflux
treatment so that the volume is not decreased, followed
by dissolving of 68 g of phosphoric acid in the
suspension thereby preparing an impregnation solution.
After 1000 g of Support a was impregnated with this
impregnation solution by spray, it was dried at a
temperature of 250°C and calcined at a temperature of
550°C in an electric furnace for one hour thereby
producing Hydrodesulfurization Catalyst a
{hereinafter also referred to as “Catalyst a” and the
same is applied to the following examples). Catalyst
a contained the following metal components, 22 pexcent
by mass of MoQO;, 3 percent by mass of Co0O, and 3 pexrcent
by mass of P30s, all on the catalyst basis. Properties
of Catalyst a are set forth in Table 1 below.
[0046] [Example 2: Preparation of
Hydrodesulfurization Catalyst b]

This example is different from Example 1 in
that Hydrate Slurry b was prepared by adding at a
constant rate to (1) a basic aluminum salt agueous
solution prepaxed by diluting 8.49 kg of an agueous
solution containing 22 percent by mass on an Al,0s
concentration basis of sodium aluminate with 37 kg of

ion-exchanged water and adding thereto, stirring 1.80
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kg of a solution containing 5 percent by mass on an Si0;
concentration basis of sodium silicate, followed by
heating to a tenperature of 60°C (2) a mixed agueous
solution prepared by mixing an acidic aluminum salt
aqueous solution prepared by diluting 10.62 kg of an
agqueous solution containing 7 percent by mass on an Al,03
concentration basis of aluminum sulfate with 19 kg of
ion-exchanged watexr and a titanium mineral acid salt
agueous solution prepared by dissolving 0.91 kg of 33
percent by mass on a TiO; concentration basis of
titanium sulfate in 5 kg of ion-exchanged water, until
the pH was 7.2.

[0047] In the same manner as Example 1, Support b
was prepared from Hydrate Slurry b. Support b
contained silica in an amount of 3 percent by mass on
an 85i0; concentration basis, titanium in an amount of
10 percent by mass on a TiO; concentration basis, and
aluminum in an amount of 87 percent by mass on an Al,0;
basis, all on the support basis.

As the result of X-ray diffraction analysis
carried out as with Example 1 (not shown), no
diffraction peak indicating the crystal structures of
the anatase titania and rutile titania was detected,
and the titania diffraction peak area/alumina

diffraction peak area was less than 1/4.
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As with Example 1, Catalyst b was produced
using Support b, Catalyst b contained 22 pexcent by
mass of MoC3, 3 percent by mass of Co0, and 3 percent
by mass of P;05, all on the catalyst basis. Properties
of Catalyst b are set forth in Table 1 below.

[0048] [Example 3: Preparation of
Hydrodesulfurization Catalyst c¢]

This example is different from Example 1 in
that Hydrate Slurry ¢ was prepared by adding at a
constant rate to (1) a basic aluminum salt aqueous
solution prepared by diluting 7.82 kg of an agueous
solution containing 22 percent by mass on an Al,0;
concentration basis of sodium aluminate with 44 kg of
ion-exchanged water and adding thereto, stirring 1.80
kg of a solution containing 5 percent by mass on an $i0;2
concentration basis of sodium silicate, followed by
heating to a temperature of 60°C (2) a mixed aqueous
solution prepared by mixing an acidic aluminum salt
aqueous solution prepared by diluting 4.14 kg of an
agueous solution containing 7 percent by mass on an Al;0;3
concentration basis of aluminum sulfate with 7 kg of
jon-exchanged water and a titanium mineral acid salt
aqueous solution prepared by dissolving 2.73 kg of 33
percent by mass on a TiO; concentration basis of

titanium sulfate in 15 kg of ion-exchanged water, until
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the pH was 7.2.

In the same manner as Example 1, Support c
was prepared from Hydrate Slurrxy c¢. Support c¢
contained silica in an amount of 3 percent by mass on
an S1i0; concentration basis, titanium in an amount of
30 percent by mass on a TiO; concentration basis and
aluminum in an amount of 67 percent by mass on an A1:03
basis, all on Tthe support basis.

As the result of X-~ray diffraction analysis
carried out as with Example 1(not shown), the titania
diffraction peak area/alumina diffraction peak area
was 1/5.

As with Example 1, Catalyst c¢ was produced
using Support c. Catalyst c contained 22 percent by
mass of MoO3, 3 percent by mass of Co0, and 3 percent
by mass of P;0s5, 2all on the catalyst basis. Properties
of Catalyst ¢ are set forth in Table 1 below.

[0049] [Comparative Example 1l: Preparation of
Hydrodesulfurization Catalyst d]

This example is different from Example 1 in
that Hydrate Slurry d was prepared by adding at a
constant rate to (1) a basic aluminum salt aqueous
solution prepared by diluting 8.82 kg of an aqueous
solution containing 22 percent by mass on an A1,03

concentration pbasis of sodium aluminate with 34 kg of
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ion~exchanged water and adding thereto, stirring 1.80
kg of a solution containing 5 percent by mass on an SiO,
concentration basis of sodium silicate, followed by
heating to a temperature of 60°C (2) an acidic aluminum
salt agueous solution prepared by diluting 13.86 kg of
an aqueous solution containing 7 perxcent by mass on an
Al,03 concentration basis of aluminum sulfate with 25
kg of ion-exchanged water, until the pH was 7.2.

In the same manner as Example 1, Support d
was prepared from Hydrate Slurry d. Support d
contained silica in an amount of 3 percent by mass on
an 5102 concentration basis, titanium in an amount of
0 pexrcent by mass on a TiO; concentration basis and
aluominum in an amount of 97 percent by mass on an Al;03
concentration basis, all on the suppoxt basis.

As the result of X-ray diffraction analysis
carried out as with Example 1 (not shown), no
diffraction peak indicating the crystal structures of
the anatase titania and rutile titania was detected,
and the titania diffraction peak area/alumina
diffraction peak area was less than 1/4.

As with Example 1, Catalyst d was produced
using Support d. Catalyst d contained 22 percent by
mass of MoOsz, 3 percent by mass of CoO, and 3 percent

by mass of P05, all on the catalyst basis. Properties
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of Catalyst d are set forth in Table 1 below.
[0050] fComparative Example 2: Preparation of
Hydrodesulfurization Catalyst e]

This example is different from Example 1 in
that Hydrate Slurry e was prepared by adding at a
constant rate to (1) a basic aluminum salt agqueous
solution prepared by diluting 7.09 kg of an agueous
solution containing 22 percent by mass on an Al,0;
concentration basis of sodium aluminate with 47 kg of
ion-exchanged water and adding thereto, stirrxing 1.80
kg of a solution containing 5 percent by mass on an $i0;
concentration basis of sodium silicate, followed by
heating to a temperature of 60°C (2) a titanium mineral
acid salt aqueous solution prepared by dissolving 4.083
kg of 33 percent by mass on a Ti0; concentration basis
of titanium sulfate in 23 kg of ion-exchange water,
until the pH was 7.2.

In the same manner as Example 1, Support e
was prepared from Hydrate Slurry e. Support e
contained silica in an amount of 3 percent by mass on
an 810, concentration basis, Ttitanium in an amount of
45 percent by mass on a TiQOz concentration basis and
aluminum in an amount of 52 percent by mass on an Al,;03
concentration basis, all on the support basis.

As the result of X-ray diffraction analysis
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carried out as with Example 1 (not shown), the titanisa
diffraction peak area/alumina diffraction peak area
was 1/3.

As with Example 1, Catalyst e was produced
using Support e. Catalyst e contained 22 percent by
mass of MoQz, 3 percent by mass of Co0, and 3 percent
by mass of P05, all on the catalyst basis. Properties
of Catalyst e are set forth in Table 1 below.

[0051] [Example 4: Preparation of
Hydrodesulfurization Catalyst £]

This example is different from Example 1 in
that Hydrate Slurrxy f was prepared by adding at a
constant rate to (l) a basic aluminum salt aqueous
solution prepared by diluting 7.79 kg of an agueous
solution containing 22 percent by mass on an Alz0;
concentration basis of sodium aluminate with 40 kg of
ion-exchanged water and adding thereto, stirring 4.20
kg of a solution containing 5 pexcent by mass on an Si0;
concentration basis of sodium silicate, followed by
heating to a temperature of 60°C (2) a mixed agueous
solution prepared by mixing an acidic aluminum salt
aqueous solution prepared by diluting 6.81 kg of an
agueous solution contailning 7 percent bymass on an 21,03
concentration basis of aluminum sulfate with 12 kg of

ion—exchanged water and a titanium mineral acid salt
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aqueous solution prepared by dissolving 1.82 kg of 33
percent by mass on a TiO, concentration basis of
titanium sulfate in 10 kg of ion~exchanged water, until
the pH was 7.2.

In the same manner as Example 1, Support £
was prepared from Hydrate Slurry £. Support f
contained silica in an amount of 7 percent by mass on
an Si0s concentration basis, titanium in an amount of
20 percent by mass on a TiO; concentration basis and
aluminum in an amount of 73 percent by mass on an Al,03
concentration basis, all on the support basis.

As the result of X-ray diffraction analysis
carried out as with Example 1l(not shown), the titania
diffraction peak area/alumina diffraction peak area
was 1/8.

As with Example 1, Catalyst £ was produced
using Support f£. Catalyst £ contained 22 percent by
mass of MoO3, 3 percent by mass of Co0O, and 3 percent
by mass of Py0s, all on the catalyst basis. Properties
of Catalyst £ are set forth in Table 2 below.

{oos2] [Example 5: Preparation of
Hydrodesulfurization Catalyst gl

This example is different from Example 1 in

that Hydrate Slurry g was prepared by adding at a

constant rate to (1) a basic aluminum salt agueous
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solution prepared by diluting 7.52 kg of an agueous
solution containing 22 percent by mass on an Al,0;
concentration basis of sodium aluminate with 40 kg of
ion-exchanged water and adding thereto, stirring 6.00
kg of a sclution containing 5 percent by mass on an Si0O;
concentration basis of sodium silicate, followed by
heating to a temperature of 60°C (2) a mixed agueous
solution prepared by mizing an acidic aluminum salt
aqueous solution prepared by diluting 6.38 kg of an
agqueous solution containing 7 percent bymass on an 21,03
concentration basis of aluminum sulfate with 11 kg of
ion—exchanged water and a titanium mineral acid salt
agueous solution prepared by dissolving 1.82 kg of 33
percent by mass on a TiO; concentration basis of
titanium sulfate in 10 kg of ion-exchanged water, until
the pH was 7.2.

In the same manner as Example 1, Support g
was prepared from Hydrate Slurry g. Support g
contained silica in an amount of 10 percent by mass on
an 810, concentration basis, titanium in an amount of
20 percent by mass on a TiO, concentration basis and
aluminum in an amount of 70 percent by mass on an Alz03
concentration basis, all on the support basis.

As the result of X~ray diffraction analysis

carried out as with Example 1 (not shown), the titania
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diffraction peak area/alumina diffraction peak area
was 1/8.

As with Example 1, Catalyst g was producedg
using Support g. Catalyst g contained 22 percent by
mass of MoOs, 3 percent by mass of Co0, and 3 percent
by mass 0f P;0s, all on the catalyst basis. Properties
of Catalyst g arevset forth in Table 2 below.

[0D53] [Comparative Example 3: Preparation of
Hydrodesulfurization Catalyst h]

This example is different from Example 1 in
that Hydrate Slurry h was prepared by adding at a
constant rxate to (1) & basic aluminum salt agueous
solution prepared by diluting 8.43 kg of an agueous
solution containing 22 percent by mass on an Al,03
concentration basis of sodium aluminate with 41 kg of
ion—~exchanged waterxr, followed by heating to a
temperature of 60°C (2) a mixed agueous solution
prepared by mixing an acidic aluminum salt agueous
solution prepared by diluting 7.81 kg of an aqueous
solution containing 7 percent by mass on an Al,Oj
concentration basis of aluminum sulfate with 14 kg of
ion~exchanged water and a titanium mineral acid salt
agqueous solution prepared by dissolving 1.82 kg of 33
percent by mass on a TiO, concentration basis of

titanium sulfate in 10 kg of ion-exchanged water, until
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the pH was 7.2.

In the same manner as Example 1, Support h
was prepared from Hydrate Slurry h. Support h
contained silica in an amount of 0 percent by mass on
an 510, concentration basis, titanium in an amount of
20 percent by mass on a TiO; concentration basis and
aluminum in an amount of 80 percent by mass on an Al,;0;3
concentration basis, all on the support basis.

As the result of X~ray diffraction analysis
carried out as with Example 1 (not shown), the titania
diffraction peak area/alumina diffraction peak area
was 1/4.

As with Example 1, Catalyst h was produced
using Support h. Catalyst h contained 22 percent by
mass of MoOj3, 3 percent by mass of Co0, and 3 percent
by mass of P205, all on the basis of the catalyst.
Properties of Catalyst h are set forth in Table 2 below.
[0054] (Comparative Example 4: Preparation of
Hydrodesulfurization Catalyst i]

This example is different from Example 1 in
that Hydrate Slurry i was prepared by adding at a
constant rate to (1) a basic aluminum salt agqueous
solution prepared by diluting 7.07 kg of an agueous
solution containing 22 percent by mass on an Al,03

concentration basis of sodium aluminate with 40 kg of
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ion~exchanged water and adding thereto, stirring 2.00
kg of a solution containing 5 percent by mass on an Si0,
concentration basis of sodium silicate, followed by
heating to a temperature of 60°C (2) a mixed agueous
solution prepared by mixing an acidic aluminum salt
aqueous solution prepared by diluting 5.67 kg of an
aqueous solution containing 7 percent by mass on an AL,0;4
concentration basis of aluminum sulfate with 10-kg of
ion-exchanged water and a titanium mineral acid salt
aqueous solution prepared by dissolving 1.82 kg of 33
percent by mass on a TiO; concentration basis of
titanium sulfate in 10 kg of ion-exchanged water, until
the pH was 7.2.

In the same manner as BExample 1, Support i
was prepared from Hydrate Slurry 1. Support i
contained silica in an amount of 15 percent by mass on
an Si0,; concentration basis, titanium in an amount of
20 percent by mass on a TiO; concentration basis and
aluminum in an amount of 65 percent by mass on an Al,0;3
concentration basis, all on the support basis.

As the result of X-ray diffraction analysis
carried out as with Example 1 {(not shown), the titania
diffraction peak area/alumina diffraction peak area
was 1/8.

As with Example 1, Catalyst i was produced

_40_



using Support i. Catalyst i contained 22 percent by
mass of MoO3, 3 percent by mass of CoQ, zand 3 percent
by'mass.of P20s, all on the catalyst basis. Properties
of Catalyst i are set forth in Table 2 below,
[0055] [Example 6: Preparation of
Hydrodesulfurization Catalyst J]

Support a produced in Example 1 was used as
a support.

Next, 278 g of molybdenun trioxide and 114
g of cobalt carbonate were suspended in 500 ml of
ion—~exchanged water, and then heated at a temperature
of 95°C for 5 hours, applying thereto a suitable reflux
treatment so that the volume is not decreased, followed
by dissolving therein 68 g of phosphoric acid and 76
g of nitric acid thereby preparing an impregnation
solution. After 1000 g of Support a was impregnated
with this impregnation solution by spray, it was dried
at a temperature of 250°C and calcined at a temperature
of 550°C in an electric furnace for one hour thereby
producing Hydrodesulfurization Catalyst j. Catalyst
j contained 20 percent by mass of MoOs, 5 percent by
mass of Co0, and 3 percent by mass of P;0s5, all on the
catalyst basis. Properties of Catalyst j are set forth
in Table 3 below.

[0056] [Example 7: Preparation of

-41—



Hydrodesulfurization Catalyst k]

Support a produced in Example 1 was used as
a support.

Next, 278 ¢ of molybdenum trioxide and 114
g of cobalt carbonate were suspended in 500 ml of
ion-exchanged water, and then heated at a temperature
of 95°C for 5 hours, applying thereto a sulitable reflux
treatment so that the volume is not decreased, followed
by dissolving therein 68 g of phosphoric acid and 174
g of malic acid thereby preparing an impregnation
solution. After 1000 g of Support a was impregnated
with this impregnation solution by spray, it was dried
at a temperature of 250°C and calcined at a temperatuxe
of 550°C in an electric furnace for one hour thereby
producing Hydrodesulfurization Catalyst k. Catalyst
k contained 20 pexrcent by mass of MoOz, 5 percent by
mass of Co0, and 3 percent by mass of P05, all on the
catalyst basis. Properties of Catalyst k are set forth
in Table 3 below.
(0057] [Example 8: Preparation of
Hydrodesulfurization Catalyst 1]

Support a produced in Example 1 was used as
a support.

Next, 267 ¢ of molybdenum trioxide and 109

g of cobalt carbonate were suspended in 500 ml of



ion—-exchanged water, and then heated at a temperature
of 95°C for 5 hours, applying thereto a suitable reflux
treatment so that the volume was not decreased,
followed by dissclving therein 167 g of malic acid
thereby preparing an impregnation solution. After
1000 g of Support a was impregnated with this
impregnation solution by spray, i1t was dried at a
temperature of 250°C and calcined at a temperature of
550°C in an electric furnace for one hour thereby
producing Hydrodesulfurization Catalyst 1. Catalyst
1l contained 20 percent by mass of MoOsz, 5 percent by
mass of Co0O, and 0 percent by mass of Py05, all on the
catalyst basis. Properties of Catalyst 1 are set forth
in Table 3 below.

[0058] [Example 9: Preparation of
Hydrodesulfurization Catalyst m]

Support a produced in Example 1 was used as
a support.

Next, 306 g of molybdenum trioxide and 76 g
of nickel carbonate were suspended in 500 ml of
ion—exzchanged water, and then heated at a temperature
of 95°C for 5 hours, applying thereto a suitable reflux
treatment so that the volume was not decreased,
followed by addition and dissolve of 68 g of malic acid

thereby preparing an impregnation solution. After
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1000 g of Support a was impregnated with this
impregnation solution by spray, it was dried at a
temperature of 250°C and calcined at a temperature of
550°C in an electric furnace for one hour therxeby
producing Hydrodesulfurization Catalyst m. Catalyst
m contained 22 pexrcent by mass of MoO;, 3 percent by
mass of Ni0QO, and 3 percent by mass of P05, all on the
catalyst basis. Properties of Catalystmare set forth
in Table 3 below.
[0059] [Example 10: Preparation of
Hydrodesulfurization Catalyst n]

This example 1is different from Example 1 in
that Hydrate Slurry n was prepared by adding at a
constant rate to {1) a mixed aqueous solution prepared
by mixing an acidic aluminum salt agqueous solution
prepared by diluting 7.17 kg of an agueous solution
containing 7 percent by mass on an Al;0;3 concentration
basis of aluminum sulfate with 13 kg of ion-exchanged
water and a titanium mineral acid salt agueous solution
prepared by dissolving 1.82 kg of 33 percent by mass
on a TiO, concentration basis of titanium sulfate in
10 kg of ion-exchanged watexr, and further 1.88 kg of
& solution containing 4.8 percent by mass on a Si0;
concentration basis of silicic acid (2} a basic

aluminum salt agueous solution prepared by diluting



8.22 kg of an aqueous solution containing 22 percent
by mass on an Al,0; concentration basis of sodium
aluminate with 41 kg of ion-exchanged water, followed
by heating to a temperature of 60°C, until the pH was
7.2,

In the same manner as Example 1, Support n
was prepared from Hydrate Sluxrry n. Support n
contained silica in an amount of 3 percent by mass on
an S$i0; concentration basis, titanium in an amount of
20 percent by mass on a TiO; concentration basis and
aluminum in an amount of 77 percent by mass on an AlyQOj3
concentration basis, on the suppoxrt basis. As the
result of ¥X-ray diffraction analysis was carried out
as with Example 1 (not shown), the titania diffraction
peak area/alumina diffraction peak area was 1/7.

As with Example 1, Catalyst n was produced
using Support n. Catalyst n contained 22 percent by
mass of MoO3, 3 percent by mass of Co0, and 3 percent
by mass of P20s, all on the catalyst basis. Properties
of Catalyst n are set forth in Table 3 below.

{0060] [Test 1]

Crude o0il having the following properties
was hydrotreated with a hydrodesulfurization unit
manufactured by ZYTEL Co. using Catalysts a to n. A

temperature at which the produced oil has a sulfur

...45...



content of 7 ppm by mass (hereinafter referred to as

“reaction temperature”) is determined to compare the

desulfurization performance among the catalysts.

Hydrotreating reaction was carried out under the

following conditions. The results are set forth in

Tables 1 to 3.

[0061]

[Properties of Crude Q0il]

Feedstock : straight run gas oil
(boiling point range 208 to 3380°C)
Density at 15°C: 0.8493 g/cm®

Sulfur content : 1.32 percent by mass
Nitrogen content: 105 ppm by mass
[Reaction Conditions])

Liquid hourly space velocity: 1.0 hr™?
Hydrogen pressure: 4.9 MPa

Hydrogen/oil ratio: 250 NL/L

[Table 1]

~46-



Example 1 | Example 2 | Example 3 GE:;’::;? : i}'e GEDZ; ?:;?:i‘z'e
Catalyst Catalyst a Catalyst b Catalyst ¢ Catalyst. d Catalyst e
Support Components
silica mass % 3 3 3 3 3
titania mass % 20 10 30 0 45
alumina mass % 717 87 67 97 52
Loaded Components
MgO; (catalyst basis) mass % 22 22 22 22 22
CoO (catalyst basis) mass % 3 3 3 3 3
P,0; (catalyst basis) mass % 3 3 3 3 3
P,0s mass % 13.6 13.6 136 13.6 136
{ basis of 100 mass % of VIA metal )
Properties
PV, ml/ g 0.43 0.45 0.4 0.47 0.26
SA m*/ g 203 212 181 228 132
PD A 75 75 75 75 105
PD, PV, % 91 89 88 30 78
Desulfurization Performance
Reaction Temperature c 342 347 342 363 365
[Table 2]




Example 1 | Example 4 | Example § Cg::::;f:i;e Oggﬁzr: izs
Catalyst Catalyst a Catalyst f Catalyst g | Catalyst h Catalyst i
Support Components
silica mass % 3 7 10 0 15
titania mass % 20 20 20 20 20
alumina mass % 77 73 70 80 65
Loaded Cormpanents
MoO;, (catalyst basis) mass % 22 22 22 22 22
Gy0 (catalyst basis) mass % 3 3 3 3 3
P20 (catalyst basis) mass % 3 3 3 3 3
P50z mass % 13.8 13.6 13.6 13.6 13.6
( basis of 100 mass % of VIA metal )
Properties
PV, mi/g 0.43 0.51 0.53 0.42 0.57
8A mt/ g 203 221 233 171 235
FD A 75 20 g5 90 95
PD, , BV, % 91 82 76 89 62
Desulfurization Performance
Reaction Temperature °c 342 350 352 361 354
[Table 3]




Example § | Example 7 | Example 8 | Example 9 | Example 10
Catalyst Gatalyst j Catalyst k Catalyst | Catalyst m Catalyst n
{Support a) | (Supporta) | (Supporta) | {(Supporta) | (Support n)
Support Components
silica mass % 3 3 3 3 3
titania mass % 20 20 20 20 20
alumina mass % 77 77 77 77 77
Loaded Components
MpQ; (catalyst basis) mass % 20 20 20 22 22
NiO (catalyst basis) mass % 0 0 3 0
Cy0 (catalyst basis) mass % 5 5 5 0 3
P,05 (catalyst basis) mass % 3 3 0 3 3
P,0s mass % 15.0 15.0 ] 13.8 13.6
{ basis of 100 mass % of VIA metal )
%;ii?::ii:;l;h‘:;:?;;gr?:l:c?:;)ld nitric acid malic acid malic acid none none
Properties
PV, ml/g 0.43 043 044 043 0.47
SA mt/g 201 204 2089 204 219
PD A 75 75 78 75 95
PDy /PVYe % 91 % 91 91 82
Desulfurization Performance
Reaction Temperature °C 343 343 344 344 347

[0062]

of the varied amounts of titania in the support.

Table 1 sets forth the results of influences

An

increase in the titania amount in the support enhances

the desulfurization performance. However, when the
anount was in excess of 40 percent, the performance was
deteriorated due to the poor sharpness of the pore

distribution. Table 2 sets forth the results of

influences of the varied amounts of silica in the
support. When the silica amount in the support was in
excess of 10 percent, the performance was deteriorated

due to the poor shaxrpness o0f the pore distribution.



Table 3 sets forth the results of influences of
variations in metal components to be supported. Both
nickel-molybdenum and cobalt-molybdenum exhibited an
excellent desulfurization performance. The results
showed that the catalysts comprising metal components
together with phosphoric aclid and/or an organic acid
had an excellent desulfurization performance. For the
support production, both the method wherein an acid
solution was added to a basic solution and the method
wherein a basic solution was added to an acid solution
provide successfully catalysts having an excellent
desulfurization performance.

From the above results, the catalysts of the
present invention were found to be low in a temperature
at which the sulfur content of the produced oil was 7
ppm by mass and to be excellent in desulfurization
activity. The support used in the present invention
comprises inexpensive alumina as the main component'and
thus does not increase significantly the production
cost, compared with conventional alumina- ox
alumina-silica-based catalysts. The catalyst of the
present invention i1s inexpensive and excellent in
performances.

f0063] [Example 11]

A reaction tube (inner diameter of 20 mm)
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filled with catalyst a (100 ml) was installed in a fixed
bed flow type hydrodesulfurization unit. Thereafter,
Catalyst a was pre-sulfurized for 48 hours using a
straight~run gas oil containing dimethyl disulfide, so
that the sulfur content was 1.5 percent by mass, under
conditions where the catalyst layer average
temperature was 350°C, the hydrogen partial pressure
was 5.0 MPa, the liguid houxly space velocity was 1.0
h™!, and the hydrogen/oil ratio was 200 NL/L.

After pre-sulfurization, a straight run gas
oil from the Middle East (properties thereoi set forth
in Table 4 below) was run through the catalyst under
a hydrogen atmosphere for hydrotreatment undex
conditions where the reaction temperature was 350°C,
the hydrogen partial pressure was 5.0 MPa, the liquid
hourly space velocity was 1.0 h™*, and the hydrogen/oil
ratio was 200 NL/L. The hydrotreatment conditions and
properties of the produced oil are set forth in Table
5.

[0064] [Example 12]

As with Example 11 except that the reaction
temperature was 335°C, a straight-run gas 0il from the
Middle East (properties thereof set forth in Table 4
below) was hydrotreated. The hydrotreatment

conditions and properties of the produced oil are set
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foxrth in Table 5.
[0065] [Example 131

As with Example 11 except that the hydrogen
partial pressure was 4.0 MPa, a straight-run gas oil
from the Middle East (properties thereof set forth in
Table 4 below) was hydrotreated. The hydrotreatment
conditions and properties of the produced o0il are set
forth in Table 5.
[0066] [Example 14]

As with Example 11 except for using Catalyst
c in place of Catalyst a, a straight-run gas oil from
the Middle Bast (properties thereof set forth in Table
4 below) was hydrotreated. The hydrotreatment
conditions and properties of the produced ¢oil are set
forth in Table 5.
[0067] [Example 15]

As with Example 11 except for using a light
cycle oil (properties thereof set forth in Table 4
below) in place of the Middle East straight-run gas oil,
the gas o0il was hydrotreated. The hydrotreatment
conditions and properties of the produced oil are set
forth in Table 5.
[0068] [Comparative Example 5]

A reaction tube (inner diameter of 20 mm)

filled with catalyst e (100 ml) was installed in a fixed
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bed flow type hydrodesulfurization unit. Thereafter,
Catalyst e was pre-sulfurized for 48 hours using a
straight-run gas oil containing dimethyl disulfide, so
that the sulfur content was 1.5 percent by mass, underx
conditions where the catalyst layer average
temperature was 350°C, the hydrogen partial pressure
was 5.0 MPa, the liquid hourly space velocity was 1.0
h™!, and the hydrogen/oil ratio was 200 NL/L.

After pre-sulfurization, a straight-run gas
0il from the Middle East (properties thereof set forth
in Table 4 below) was run through the catalyst under
2 hydrogen atmosphere for hydrotreatment under
conditions where the reaction temperature was 350°C,
the hydrogen partial pressure was 5.0 MPa, the liquid
hourly space velocity was 1.0 h™*, and the hydrogen/oil
ratio was 200 NL/L. The hydrotreatment conditions and

properties of the produced cil are set forth in Table

5.

[0069] [Table 4]
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Hydrocarbon Oil
Properties of Hydrocarbon Oil Analysis Method | Middle East | )
Straight Run |Light Cycle Oil
Gas Oil

Ratic of fraction of 260 to 360°C hoiling poin ~ vol % 80 85

10% distillation tamperature C JIS K2254 270.0 264.0

90 % distillation tamperature °c 3450 34790

Density @15°C g/m’ JIS K2249 0.8483 0.8854

Sulfur Content mass % JIS K2541 1.32 0.3

Nitarogen Content mass ppm JIS K2609 105 116

[Table 5]
Example | Example | Example | Example | Example | Comparative
11 12 13 14 15 Example §
Middle East | Middle East | Middle East | Middle East Light Cyel Middie East
Hydrocarhon Qil Stralght—Run | Straight~-Run | Straight~-Run | Straight-Run g O'ch e Straight—Run
Gas Oil Gas Oil Gas Oil Gas Ol ' Gas Oil

Catalyst Catalysta | Catalysta | Catalysta | Catalystc | Catalysta | Catalyste
Reaction Temperature °C 350 335 350 350 350 350
Hydrogen Partial Pressure Mpa 5.0 50 40 50 50 5.0
Liquid Hourly Space Velooity  h™' 1.0 10 1.0 1.0 1.0 1.0
Hydrogen/Qil Ratio NL/L. 200 200 200 200 200 200
Sulfer Content mass ppm 4 i0 8 8§ 10 85
Nitogen Content mass ppm i 2 3 1 2 10

{0070]

Examples 11 to 15 satisfying the

reguirements of the method for hydrorefining a

hydrocarbon oil of the present invention are confirmed

to be able to decrease sulfur and nitrogen contents at

a higher level and be excellent in desulfurization

activity.

Industrial Applicability

[0071]

The hydrodesulfurization catalyst of the

present invention has higher desulfurization activity
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in particular for hydrotreatment of gas o0il fractions

and thus are extremely used for industrial purposes.
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CLAIMS

A hydrodesulfurization catalyst for a hydrocarbon oil comprising at least one type of metal
component selected from Groups VIA and VII in the pericdic table, supported on a
silica-titania-alumina support where the total of the diffraction peak area indicating the
crystal structure of anatase titania (101) planes and the diffraction peak area indicating the
crystal structure of rutile titania (110) planes is 1/4 or less of the diffraction peak area
indicating the aluminum crystal structure ascribed to y-alumina (400) planes, as measured
by X-ray diffraction analysis, the catalyst having (a)} a specific surface area (SA) of 150 m/g
or greater, (b) a total pore volume (PVo) of 0.30 ml/g or greater, (¢) an average pore
diameter (PD) of 6 1o 15 nm (60 to 150 A), and (d) the ratio of the pore volume (PVp) of
pores having diameters within+30 percent of the average pore diameter (PD) being 70
percent or greater of the total pore volume {PVo), wherein said silica-titania-alumina
support contains silica in the form of Si0» in an amount of 1 to 10 percent by mass, titania
in the form of TiO; in an amount of 15 to 35 percent by mass, and alumina in the form of

AlO; in an amount of 55 to 84 percent by mass, all on the support basis.

The hydrodesulfurization catalyst for a hydrocarbon oil according to claim 1, wherein said
metal component selected from Groups VIA and VIII in the periodic table is selected from

the group consisting of molybdeum, tungasten, cobalt, and nickel.
The hydrodesulfurization catalyst for a hydrocarbon oil according to claim 1, wherein said

metal component selected from Groups VIA and VIII in the pericdic table is supported in an

amount of | to 35 percent by mass in the form of oxide on the catalyst basis.
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The hydrodesulfurization catalyst for a hydrocarbon oil according to claim I, wherein the
total of the diffraction peak area indicating the crystal structure of anatase titania (101)
planes and the diffraction peak area indicating the crystal structure of rutile titania (110)
planes is less than 1/5 of the diffraction peak area indicating the aluminum crystal structure

ascribed to y-aluniina (400) planes.

A method for hydrorefining a hydrocarbon oil wherein a hydrocarbon oil is hydrotreated

under a hydrogen atmosphere using the hydrodesulfurization catalyst according to claim 1.

The method for hydrorefining a hydrocarbon oil according to claim 5, wherein said
hydrotreatment is carried out at a reaction temperature of 300 to 420 “C., a hydrogen partial
pressure of 3.0 to 15.0 Mpa, a liquid hourly space velocity of 0.5 to 4.0h™', and a

hydrogen/oil ratio of 120 to 420 NL/L.

The method for hydrorefining a hydrocarbon oil according to claim 5, wherein said
hydrocarbon oil is selected from the group consisting of straight-run gas oil, vacuum gas oil,

light cycle oil, hydrocracked gas oil, and thermal cracked gas oil.

The method for hydrorefining a hydrocarbon oil according to claim 5, wherein said
hydrocarbon oil contains 70 percent by volume or more of a fraction having a boiling point

of 260 10 360 C.

The method for hydrorefining a hydrocarbon oil according to claim 5, wherein an oil
produced by hydrotreatment of said hydrocarbon oil contains sulfur in an amount of 10 ppm

by mass or less and nitrogen in an amount of 3 ppm by mass or less.
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