HYDRODESULFURIZATION CATALYST FOR HYDROCARBON OIL,
PROCESS OF PRéDUCING SAME AND METHOD FOR HYDROREFINING
Technical Field
(00017 The present invention relates to &
hydrodesulfurization catalyst having a high
desulfurization activity, used for hydrotreating
hydrocarbon o0ils, a process of producing such a
catalyst, and a method for hydrorefining hydrocarbon
oils using the catalyst.
Background Axrt
[0C02] Recently, regulations on the sulfur contents
of fuel o0ils have been tightened from environmental
viewpoint. In particular, the sulfur contents of
gasoline and gas oil have been subjected to more severe
regulations. Under these circumstances, catalysts
with a high desulfurization performance have been
developed so as to cope with these regulations.

The active sites of a desulfurization
catalyst are attributable to the sulfide of active
metals supported on the support and presumably exist
mostly edge portions of the c¢rystal structure
molybdenum diswuifide taking a laminated structure
(hereinafter referred to as "molybdenum disulfide
layexr"). For example, Patent Literature 1 discloses

that a hydrotreating catalyst having molybdenum



disulfide layers with an average number of laminated
layer of 2.5 to 5 and an average value (average length)
of 1 to 3.5 nm exhibits a high desulfurization
performance for gas oil.

It is known that a titania support exhibits
a higher desulfurization performance than an alumina
support, and thus a hydrotreating catalyst including
a titania support have been expected to be a catalyst
meeting the demands. However, titania has a problem
that it has a small specific surface area and low thermal
stability at elevated temperatures. In crder to solve
this problem, a porous titania has been developed,
which is produced by adding a growth inhibitor that
inhibits particles from growing when calcined, to
hydrosol or hydrogel of an agueous titanium oxide or
a dried product thereof and then drying and calcining
the mixture {(for examples, see Patent Literature 2).
However, there 1s a problem that the sole use of the
porous titania as a support increases the cost of the
resulting catalyst. Therefore, a hydrotreating
catalyst has also been developed, which comprises an
alumina-titania support prepared by loading a
water-solublé titania compound on an alumina support
(for example, see Patent Literature 3). However, this

hydrotreating catalyst can be less expensive but has
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a drawback that it can support titania only in an amount
corresponding to the water absorption rate of titania
and thus is poor in catalyst performances.
Alternatively, a hydrotreating catalyst has also been
developed, which comprises an alumina-titania support
prepared by mixing titania in alumina so as to be highly
dispersed therein upon preparation of the alumina (for
example, see Patent Literature 4). However, this
catalyst 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 axea and a deteriorated sharpness of
the pore distribution, causing a deterioration in
catalyst performances.
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Summary of Invention

Technical Problem
(0004} The present invention has an object to
provide a hydrodesulfurization catalyst, which
comprises a silica-alumina-titania support hawving
titania highly dispersed therein, is low in production
cost and can exhibit higher desulfurization
performances, a process of producing such a catalyst,
and a method for hydrorefining hydrocarbon oil with
this catalyst.

Solution to Problem
[0005] As the results of extensive study and
research, the present invention was accomplished on the
basis of the finding that desulfurization for
hydrocarbon oils is significantly improved by and the
above object can be achieved by using a
hydrodesulfurization catalyst for hydrorefining
hydrocarbon oils, which is produced by
pre-sulfurization of a hydrodesulfurization catalyst
Y comprising a silica-titania-alumina support
(hereinafter referred to as “silica-alumina-titania
structure”) having a specific structure, which metal
components containing at least molybdenum is
impregnated with and lcaded on together with a

chelating agent so that the average length of the
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molybdenum disulfide crystal layer is longer than 3.5
nm and 7 nm or shorter and the average number of the
laminated layers isl.0 ormoreandl.9 ocr fewer (herein,
the catalyst produced by pre~sulfurization may be
referred to "pre-sulfurized catalyst™ in order to
distinguish it from the hydrodesulfurization catalyst
Y prior to the pre~sulfurization).
[0006] That is, the present invention relates to a
hydrodesulfurization catalyst for hydrocarbon oils,
comprising a hydrodesulfurization catalyst Y
comprising & support contalning silica, alumina and
titania and at least one type of metal component
supported thereon and selected from VIA and VIII
groups of the periodic table, the catalyst Y being
pre—-sulfurized,

the total area (titania diffraction peak
area) of the diffraction peak area indicating the
crystal structure of anatase titania (101) planes and
the diffraction peak area indiceting the crystal
structure of rutile titania (110) planes in the support,
measured by X-ray diffraction analysis being 1/4 or
less of the diffraction peak area (alumina diffraction
peak area) indicating the aluminum crystal structure
assigned to y-alumina (400) planes,

the metal component comprising at least
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molybdenum,

the molybdenum being formed into molybdenum
disulfide crystal and disposed in layers on the support
by the pre-sulfurization and the molybdenum disulfide
crystal layers having an average length of longer than
3.5 nm and 7 nm ox shorter in the plane direction and
an average number of laminated layers of more than 1.0
and 1.9 or fewer.

{0007] The present invention also provides a
process of producing & hydrodesulfurization catalyst
for hydrocarbon oil, comprising:

{l1l) a first step of mixing & basic aluminum
salt aqueous solution and a mixed agqueous solution of
atitaniummineral acid salt and an acidic aluminum salt
in the presence of silicate ion so that the pH is from
6.5 to 9.5 to produce a hydrate:

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

(3) a third step of contacting the support
with an impregnating scolution containing at least one
type ¢f metal component selected from VIA and VIIT
groups of the periodic table (provided that molybdenum
is indispensably contained) and a chelating agent:

(4) a fourth step of drying the support with
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the metal supported thereon, produced by contacting the
support with the impregnating solution to produce a
hydrodesulfurization catalyst ¥Y; and

(5) a fifth step of pre-sulfurizing the
hydrodesulfurization catalyst Y,

the teotal area (titania diffraction peak
area) 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 in the support,
measured by X-ray diffraction analysis being 1/4 or
less of the diffraction peak area (alumina diffraction
peak area ) indicating the aluminum crystal structure
assigned to y-alumina (400) planes,

the molybdenum being formed into molybdenum
disuliide crystal and disposed in layers on the support
by the pre-sulfurization, and the molybdenum disulfide
crystal layers having an average length of longer than
3.5 nm and 7 nm or shorter in the plane direction and
an average number of laminated layers of more than 1.0
and 1.9 or fewer,

the impregnating solution having a peak
intensity in the range of 940 to 950cm™ 2.5 times or
more of the peak intensity in the range of 890 to 9210

em™ in the Raman spectrum.
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[0008] The present invention also xrelates to a
method for hydrorefining hydrocarbon o0il comprising
hydrotreating hydrocarbon oils with the aforesaid
hydrodesulfurization catalyst under a hydrogen
atmosphere.

Advantageous Effects of Invention
[0009] The hydrodesulfurization catalyst
(pre-sulfurized hydrodesulfurization catalyst) of the
present'invention.has the crystal lavers of molybdenum
disulfide, which will be desulfiurization active sites,
having an average length in the plane direction of
longer than 3.3 nm and 7 nm or shorter and an average
number of laminated lavers of more than 1.0 and 1.9 or
fewer and therefore can be increased in desulfurization
active site.

The process of producing the pre-sulfurized
hydrodesulfurization catalyst of the present invention
can highly disperse titanium in the support and as the
result can produce an inexpensive but high performance
catalyst using a relatively less amount of titanium,
which is more expensive than alumina and silica.

Since the interaction between the molybdenum
disulfide layers and the support can be weaken by
chelating molybdenum, even the first layer of the

molybdenum disulfide can exhibit a high
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desulfurization performance.

Brief Description of Drawings
[0010] Fig, 1 is a photograph of catalyst A in
Example 1 taken with a transmission electron
microscope.

Fig. 2 is an image view indicating the numbexr
and length in the plane direction of the crystal layer
of molybdenum disulfide.

Fig. 3 is a chart indicating the X-ray
diffraction analysis result of support a used in
Example 1.

Fig. 4 is a chart indicating the Raman
spectroscopic analysis of impregnating solution a used
in Example 1,

Description of Embodiments
foD011] The present invention will be described in
detail below.

The hydrodesulfurization catalyst for
hydrocarbon oils of the present invention is a
hydrodesulfurizatlion catalyst where a
hydrodesulfurization catalyst Y comprising at least
one or more type of metal compenent{at least comprising
molybdenum) selected from VIA and VIII groups of the
periodic table supported on a silica-alumina-titania

support having a specific structure is further
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pre-sulfurized so as to form molybdenum disulfide
crystal layers with a specific structure.

[0012) The silica~alumina-titania support used for
the hydrodesulfurization catalyst of the present
invention is charxacterized in that the total area
(hereinafter may be referred to as "titania diffraction
peak area") 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 in the support,
measured by X~ray diffraction analysis is 1/4 or less,
preferably 1/5 or less, more preferably 1/6 or less of
the diffraction peak area (hereinafter may be referred
to as "alumina diffraction peak area") indicating the
aluminum crystal structure assigned to y-alumina (400)
planes.

[0013] The titania diffraction peak area to the
alumina diffraction peak area {(titania diffraction
peak area/alumina diffraction peak area) of 1/4 or
greater indicates progzressing of crystallization of
titania, resulting in decreased fine pores, which are
effective for desulfurization. In this case, even
though the amount of titania to be loaded on the support
is increased, the resulting hydrodesulfurization

catalyst cannot exhibit a desulfurizstion performance
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as balanced with the economic efficiency of the
increased amount of titania and thus fails to be an
inexpensive catalyst with a high performance.

[0014] The diffraction peak indicating the crystal
structure of anatase titania (101) planes is measured
at 26=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 assigned to y-alumina
(400) planes is measured at 26=45.9°.

[0015] Each of the diffraction peak areasg is
calculated by fitting a graph obtained through X-ray
diffraction analysis with an X-ray diffraction device,
with a leasi square method, followed by pbaseline
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 wmaximum) when
the resulting peak strength is half (W/2) thereby
defining the product of the full width at hali maximum
and peak intensity as a diffraction peak area.
“Pitania diffraction peak area/alumina diffraction
peak area” is derived from each of the diffraction peak
areas thus obtained (see Fig. 3).

[0016] The support contains silica in the form of

8102 in an amount of preferably 1 to 10 percent by mass,
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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 1 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 carried out when the support
is formed {"second step" described below, as the case
may be), resulting in larger diffraction peak areas
indicating the crystal structures of anatase titania
and rutile titania measured by X-ray diffraction
analysis. 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.
[0017] The support contains titania in the form of
Ti0z 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 support basis.
A titania content of less than 3 percent by mass is too
less in effect achieved by addition of titania,
resulting in a catalystit that may not obtain a sufficient
desulfurization activity. A titania content of more
than 40 pexrcent 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
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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
econonmic efficiency according to the increased amount
of titania, and may not be a catalyst, which is
inexpensive and has high performances intended by the
present invention.
{0018] The silica-titania-alumina support
contains alumina in the form of Al,03 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 support basis. An alumina
content of less than 50 percent by mass is not preferable
because the resulting catalyst tends to degrade
significantly. An alumina content of more than 26
percent by mass is also not preferable because the
catalyst performances tend toc deteriorate.
[0019] The metal component (s) to be supported on the
support is selected from Group VIA (IUPAC Group 6) and
Group VIII (IUPAC Groups 8 to 10) of the periodic table.
However, it is indispensable for the support to contain
at least molybdenum.

Other than molybdenum, tungsten is

preferably used as a metal component of Group VIA of
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the periodic table. Examples of metal components of
Group VIII in the periodic table include cobkalt and
nickel.

The total content of metal component (s)
selected from Groups VIA and VIIT of the periodic table
is preferably from 1 to 35 percent by mass, more
preferably from 15 to 30 percent by mass in the form
of oxide on the hydrodesulfurization catalyst ¥ basis.
In this total content, the content of metal components
(including molybdenum) of Group VIA of the periodic
table is preferably from 1 to 30 percent by mass, more
preferably from 13 to 24 percent by mass in the form
of oxide while the content of metal components of Group
VIII of the periocdic table is preferably from 1 to 10
pexcent by mass, more preferably from 2 to 6 percent
by mass in the form of oxide. The content of molybdenum
to be supported as the indispensable component is
preferably from 1 to 25 percent by mass, more preferably
from 10 to 22 percent by mass in the form of oxide.
00207 Next, the above-described
hydrodesulfurization catalyst Y is pre-sulfurized to
produce the pre-sulfurized hydrodesulfurization
catalyst forming molybdenum disulfide crystal lavers
of a specific structure of the present invention.

The pre-sulfurization carried out in the
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present invention is a treatment wherein the
above-described hydrodesulfurization catalyst Y is
brought to contact with a mix oil of a hydrocarbon oil
and a sulfating agent or hydrogen sulfide at a
temperature of 200 to 400°C so that the metal
component (s} contained in the hydrodesulfurization
catalyst Y is in a state of sulfide.

More specificalilly, the pre~-sulfurization is
carried out by contacting (1) the hydrodesulfurization
catalyst ¥ with a mix o0il of a petroleum distillate
containing a sulfur compecund {referred to as
"hydxocarbon o0il™ in the present invention) and a
sulfating agent or (2) the hydrodesulfurization
catalyst Y with hydrogen sulfide, at a temperature of
200 to 400°C, preferably 240 to 340°C under ordinary
pressure or a hydrogen atmosphere of hydrogen partial
pressure that is greater than crdinary pressure thereby
producing a pre-sulfurized hydrodesulfurization
catalyst.

[0021] A pre-sulfurization temperature of lower
than 200°C is not preferable because desulfurization
activity would tend to degrade due to the lower degree
of sulfurization of the supported metal. A
pre~-sulfurization temperature of higher than 400°C is

not also preferable because the number of the
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molybdenum disulfide crystal layers would be
significantly increased and thus desulfurization
activity would degrade. When the mix oil is brought
into contact with the hydrodesulfurization catalyst ¥,
the initial temperature is preferably set at room
temperature to 120°C. When the mix 0il is brought into
contact with the catalyst Y after the temperature
exceeds 120°C, the effect of the chelating agent is
reduced, likely resulting in the degraded
desulfurization activity.

[0022] No particular limitation is imposed on the
sulfating agent used for the pre-sulfurization.
Examples of the sulfating agent include not only carbon
disulfide and hydrogen sulfide, but also organic sulfur
compounds such as thiophene, dimethyl sulfide,
dimethyl disulfide, dioctyl polysulfide, dialkyl
pentasulfide, dibutyl polysulfide, and mixtures
thereof, and dimethyl sulfide, dimethyl disulfide,
carbon disulfide, hydrogen sulfide are generally used.
[0023] The pre-sulfurized hydrodesulfurization
catalyst of the present invention has a structure where
molybdenum is formed inteo the crystal of molybdenum
disulfide and disposed in layers on the support, by the
above-described pre-sulfurization and the crystal

layers of molybdenum disulfide has an average length
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in the plane direction of longer than 3.3 nm and 7 nm
or shorter, preferably 3.6 nm or longer and 6.5 nm or
shorter, more preferably 3.7 nm or longer and 5.5 nm
or less and an average number of laminated layers of
more than 1.0 and 1.9 or fewer, preferably 1.1 or more
and 1.7 or fewer, more preferably 1.2 or more and 1.5
or fewer.

When the average length in the plane
direction of the molybdenum disulfide layers is 3.5 am
or shorter, the molybdenum disulfide is reduced in
crystallinity and susceptible to interaction with the
support. When the average length is 7 nm or longer,
the resulting pre-sulfurized catalyst is adversely
fewer in the number of active sites and thus fails to
exhibit a high desulfurization activity. When the
average number of laminated layers of the molybdenum
disulfide layers is more than 1.9, the resulting
catalyst £fails to exhibit a sufficient desulfurization
rerformance because the molybdenum disulfide is not
highly dispersed.

[0024] A process of producing the pre-sulfurized
hydrodesulfurization catalyst of the present invention
will be described next.

The process of producing the

hydrodesulfurization catalyst of the present invention
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compxrises: a first step of mixing a mixed agueous
solution of titanium mineral acid salt and acidic
aluminum salt (hereinafter simply referred to as "mixed
agueous solution”) and a basic aluminum salt agqueous
solution in the presence of silicate ion so that the
pH is from 6.5 to 9.5 to produce a hydrate; a second
step of producing a suppoxrt by washing, extruding,
drying and calcining the hydrate in turn; a third step
of contacting the support with an impregnating solution
containing at least one type of metal component
selected from VIA and VIII groups ¢of the periodic table
{provided that the metal component indispensably
comprises molybdenum) and a chelating agent; and a
fourth step of drying the support with the metal
supported thereon, resulting from the contact with the
impregnating solutiocon to produce a
hydrodesulfurization catalyst Y. Each of the steps
will be described below.
[0025] (first step)

First of all, in the presence of silicate ion,
a mixed sclution of a titanium nmineral acid salt and
an acidiec aluminum salt (this is an acidic agueous
soluticn) is mixed with a basic aluminum salt agueocus
solution (this is an alkaline agueous solution) such

that the pH is from 6.5 to 9.5, preferably from 6.5 to
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8.5, more preferably from 6.5 to 7.5 thereby producing
a hydrate containing silica, titania and alumina.
[0026] In this step, there are two alternative cases
{1} where a mixed aqueous solution is added to a basic
aluminum salt agueous sclution containing silicate ion
and (2) where a basic aluminum salt agueocus solution
is added to a mixed solution containing silicate ion.
In case (1), silicate ion contained in a
basic aluminum aquecus sclution may be basic or neutral.
Basic silicate ion sources may be silicic acid
compounds such as sodium silicate, which can generate
silicate ions in water. In case (2}, silicate ion
contained in a mixed agueous sclution of a titanium
mineral acid salt and an acidic aluminum salt aqueous
solution may be acidic or neutral. Acidic silicate
sources may be silicic acid compounds such as silicic
acid, which can generate silicate ilons in waterx.
[0027] Examples of the basic aluminum salt include
sodium aiuminate 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 titanivm nitrate. In particular, titanium sulfate

is preferably used because it is inexpensive.
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[0028] For example, a predetermined amount of a
basic aluminum salt agueous sclution containing basic
silicate ion is charged into a tank with a stirrer and
heated and maintained to a temperature of usually 40
to 80°C, preferably 50 to 70°C, and to the solution was
continuously added a predetermined amount of a mixed
agueous solution of a titanium mineral acid salt and
acidic aluminum salt aqueocus solution heated to a
temperature of +5°C, preferably 22°C, more preferably
+1°C of the basic aluminum salt agueous solution for
usually from 5 to 20 minutes, preferably from 7 to 15
minutes so that the pH is from 6.5 to 9.5, preferably
from 6.5 to B.5, more preferably from 6.5 to 7.5 to
produce a precipitate, which is a slurry of hydrate.
It is noted that since addition of the basic aluminum
salt agueous solution te the mixed solution for a too
long period of time would cause the production of
crystals of pseudoboehmite, bayerite or gibbsite,
which are not preferable, the addition is carried out
for desirously 15 minutes or shorter, more desirously
13 minutes or shorter. Baverite and gibbsite are not
preferable because they reduce the specific surface
area after calcination.

[0029] {second step)

The hydrate slurry produced in the first step
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is aged 1f necessary and then washed to remove the
by-produced salts thereby producing a hydrate slurry
contalining 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 for 0.5 to 10
hours, preferably 2 to 5 hours thereby producing a
silica-titania-~alumina support.

[0030] (third step)

The resulting silica-alumina-titania
support is brought into contact with an impregnating
solution containing at least one type of metal
component selected from VIA and VITII groups of the
periodic table ({provided that the metal component
indispensably contains molybdenum) and a chelating
agent.

Raw materials of the metal component are
preferably molybdenum trioxide molybdenum, ammonium
molybdate, ammonium metatungstate, ammonium
paratungstate, tungsten trioxide, nickel nitrate,

nickel carbonate, cobalt nitrate and cobalt carbonate.
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[0031) The chelating agent may be, for example,
citric acid, malic acid, tartaric acid,
ethylenediaminetetraacetic acid (EDTA),
diethylenetriamine-pentaacetic acid (DTPA),
polyethylene glycol (PEG) and tetraethylene glycol
(TEG). In particular, citric acid and malic acid are
preferably used.

The chelating agent is contained in an amount
of preferably 35 to 75 percent by mass, more preferably
55 to 65 percent by mass of the molybdenum oxide. Aan
amount of the chelating agent of more than 75 percent
by mass of the molybdenum is not preferable because the
impregnating solution containing the metal
component (s) is increased in viscosity and thus makes
it difficult to carxy out the impregnation step in the
process. An amount of less than 35 percent by mass is
not also preferable because the impregnating solution
is deteriorated in stability and further the catalyst
performance tends to degrade.

[0032] In addition to the chelating agent, the
impregnating solution preferably contains a phosphoric
compound. The chelating agent and phosphoric compound
may be contacted with the support with a conventional
manner {impregnation, immersion).

The phosphoric compound is preferably
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orthophosphoric acid (hereinafter may be simply
referred to as "phoéphoric acid"), ammonium
dihydrogenphosphate, ammonium phosphate dibasic,
trimetaphosphoric acid, pyrophosphoric acid, and
tripolyphosphoric acid, more preferably
orthophosphoric acidg.

The phosphoric compound is contained in an
amocunt of preferably 3 to 25 percent by mass, more
preferably 5 to 15 percent by mass on an oxide basis
of themolybdenum oxide. A phosphoric compound content
of more than 25 percent by mass of the molybdenum oxide
is not preferably because the resulting pre-sulfurized
hydrodesulfurization catalyst would be deteriorated in
its performance. A phosphoric compound content of less
than 3 percent by mass is not also preferable because
the impregnating solution would be poor in stability.
[0033] No particular limitation is imposed on the
method for including the above-described metal
component, chelating agent or further phosphoric
compound into the support. Any conventional method
such as impregnation (equilibrium adsorption, pore
filling, incipient wetness impregnation methods) or
ion—exchange may be used. Impregnation referred
herein is a method wherein the support is impregnated

with an impregnating solution containing active metals
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and then dried. In the impregnation method, metal
components are preferably loaded at the same time.
When metal components are loaded separately, the
resulting catalyst would be insufficient in
desulfurization activity or denitrogenation activity.
[0034] In the Raman spectrum, the impregnating
solution has a peak intensity in the range of 940 to
950 cm™ 2.5 times or more of the peak intensity in the
range of 890 to 910 cm™ (hereinafter the ratio of the
peak intensity in the range of 940 to 950 cm™ to the
peak intensity in the range of£ 820 to 310 cm ! is referred
to as "peak intensity ratie®). In the Raman spectrum,
the peak within the range of 940 to 8950 cm™" is derived
from the heptamer of molybdenum, i.e., M09024% while
the peak within the range of 890 to 910 cm™ is derived

from the monomer of molybdenum, i.e., Mo0O*"

When the
peak intensity ratio of the Raman spectrum is less than
2.5 times, the ratio of the molybdenum monomer is
increased. In this case, the molybdenum monomer has
.,a strong interaction with the support, and thus the
resulting pre-sulfurized hydrodesulfurization
catalyst is decreased in the degree of sulfurization
of molybdenum and fails to exhibit high desulfurization

activity.

[0035] The impregnating solution is adjusted to 5
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or less pH with acid so as to dissolve the metal
component(s). Whereby, the ratio of the oligomer
molybdenum in the impregnating solution can be
increased and make the peak intensity ratio 2.5 times
or more, When the peak intensity ratio is less than 2.5
times, the ratic of the molybdenum monomer is increased.
Since the molybdenum moncomer lnteracts strongly with
the support, it becomes lower in degree of
sulfurization than the molybdenum oligomer upon
pre—-sulfurization of the hydrodesulfurization
catalyst ¥, and the pre-sulfurized
hydrodesulfurization catalyst possibly fails to
exhibit high desulfurization activity.
[0036] Bach peak intensity is calculated by fitting
a graph obtained through Raman spectroscopic analysis
{Raman spectrum), with a least square method, followed
by baseline correction, and finding the height from the
maximum peak value to the bhaseline (see Fig. 4).
Generally, molybdenum in an agueous solution
exists in the form of Mo0® in the region where the pH
is from 7 to 9, and the peaks assignable to the Td
symmetrical ion of Mo0* can be found at 898 cm™, 842
cm ! and 320 cm™ in the Raman spectrum. In the region
where the pH is from 1 to 5, the changes of the monomer

ion, i.e., MoO' to Mo0702:%" and HpM070,.'"'", the
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formation of MogOz;?” and the emergence of Mog014°” have
been found. The spectrum band is located at 960 cm™*
(assignable to the stretching vibration of Mo-0) and
980 cm™!, assignable to the molybdenum oligomer. The
spectrum band having a feature in respect of Mo70,4%
is located at 218 to 222 cm™t, 360 cm ! and 944 cm™t.
f0037] {(fourth step)

The support supporting the metal
component {(s), produced by the contact with the
impregnating solution in the third step is dried at a
temperature of 200°C ox lower, preferably from 110 to
150°C for 0.5 to 3 hours, preferably 1 to 2 hours thereby
producing the hydrodesulfurization catalyst Y.

Calcination or drying at a temperature of
higher than 200°C is not preferable because the
chelating agent thermally cracks and thus the supported
metal component (s} condense.

[0038] Next, the hydrodesulfurizaticen catalyst Y
produced in the fourth step is pre-sulfurized in a
reactor thereby producing the pre-sulfurized
hydrodesulfurization catalyst of the present invention
(fifth step).

That is, in the f£ifth step, the
pre-sulfurization is carxied out by contacting (1} the

hydrodesulfurization catalyst ¥ with @ mix oil of a
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petroleum distillate containing a sulfur compound
(referred to as "hydrocarbon o0il"” in the present
invention) and a sulfating agent (for example, dimethyl
sulfide, dimethyl disulfide, and carbon disulfide) or
(2} the hydrodesulfurization catalyst Y with hydrogen
sulfide, at a temperature of 200 to 400°C, preferably
240 to 340°C under ordinary pressure or a hydrogen
atmosphere of hydrogen partial pressure that is greater
than ordinary pressure thereby producing a
pre-sulfurized hydrodesulfurization catalyst.

A pre-sulfurization temperature of lower
than 200°C is not preferable because the degree of
sulfurization of the supported metal(s) is low and the
resulting catalyst tends to be reduced in
desulfurization activity. A pre-sulfurization
temperature of higher than 400°C is not also preferable
because the number of layer of the molybdenum disulfide
crystal laminated layer would be significantly
increased and thus desulfurization activity would
degrade. When the mix c¢il is brought into contact with
the catalyst Y after the temperature exceeds 120°C, the
effect of the chelating agent is reduced, likely
resulting in the degraded desulfurization activity.
[0039] After completion of the pre-sulfurization,

the pre-sulfurized hydrodesulfurization catalyst is
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cooled to room temperature and preserved under a
nitrogen atmosphere.

By the above-described pre-sulfurization,
molybdenum 1is formed into molybdenum disulfide
crystals and disposed in layers on the support and the
molybdenum disulfide crystal lavyer has an average
length of loner than 3.5 nm and 7 nm or shorterx in the
plane direction of the crystal layer and an average
number of laminated layers of more than 1.0 and 1.9 or
fewer.

[0040] The average number of layers and length of
the molybdenum disulfide crystal laver are the values
determined by the following methods,.

BAfter completion of pre-sulfurization, the
pre-sulfurxized hydrodesulfurization catalyst is
cooled to room temperature and then preserved under a
nitrogen atmosphere. Part of the pre-sulfurized
hydrodesulfurization catalyst is pulverized to for
example 20 mesh or smaller, and a photograph of the
resulting powder is taken with a transmission electron
microscope ({(TEM)} (see Fig. 1).

The average number of laminated layers of the
molybdenum disulfide crystal layer in the
pre-sulfurized hydrodesulfurization catalyst is

determined by measuring the number laminated layer N
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of for example 20, preferably 50, more preferably 100
or more of the molybdenum disulfide layers from the TEM
photograph (see Fig. 2) and averaging out the number.
Similarly to the average number of laminated
lavers, the length of the molybdenum disulfide layex
is determined by measuring the lengths of the
molybdenum disulfide layers from the TEM photograph and
averaging out the lengths.
[0041] The method for hydrorefining hydrocarbon
oils of the present inventicon is carried out by
hydrotreating hydrocarbon oils under a hydrogen
atmosphere using the above-described pre-sulfurized
hydrodesulfurization catalyst. No particular
limitation is imposed on the hydrotreating. However,
it is usually carried out in a circulation type fixed
bed reactor into which the catalyst is filled at
elevated temperature and pressure under a hydrogen
atmosphere.
{0042] Examples of the hydrocarbon o0il used in the
present invention include straight-run gas oil or
straight-run kerxosene produced through an atmospheric
distiliation unit for crude oil; wvacuum gas oil
produced by distilling straight heavy o0il or residue
obtained from an atmospheric distillation unit, in a

vacuum distillation unit; light cycle kerosene or gas
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0il produced by fluid catalytic-cracking vacuum heavy
gas oil or desulfurized heavy oil; hydrocracked
kerosene or gas oil produced by hydrocracking vacuum
heavy gas oil or desulfurized heavy oil; and
thermal-cracked kerosene or gas oil obtained through
a thermal cracking unit such as a coker, all of which
are fractions containing 80 percent by volume or more
of a fraction whose boiling point is from 180 to 360°C.
No particular limitation is imposed on oils to be
treated in an atmospheric distillation unit. Examples
of such o0ils include petrecleum crude oil, synthetic
crude oil derived from oil sand, liquefied coal oil,
and bitumen reformed oil.

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

[0043) No particular limitation is imposed on the
reaction pressure (hydrogen partial pressure), which
is, however, preferably from 1 to 12 MPa. At a reaction
pressure of lower than 1 MPa, desulfurization and
denitrogenation activities tend to significantly
decrease. The reaction pressure is thus preferably 1

MPa or higher, more preferably 3 MPa or higher. A
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reaction pressure of higher than 12.0 MPa is not
preferable in terms of economic efficiency because
desulfurization activity does not change and hydrogen
consumption increases, resulting in a higher running
cost . The reaction pressure is thus preferably 12 MPa
or lower, more preferably 10 MPa cor lower, more
preferably 70 MPa or lower.

No particular limitation is imposed on the
liguid-space velocity, which is, however, preferably
from 0.1 to 4.0 h™, more preferably from 0.5 to 2.0
h™'. A ligquid-space velocity of less than 0.1 h™! is
not practical because the productivity is reduced due
to the reduced amount of throughput. A liquid-space
velocity of greater than 4.0 h™' is not preferable
because the decomposition of the catalyst accelerates.

No particular limitation is imposed on the
hydrogen/oil ratio, which is, however, is preferably
from 80 to 500 NL/L, more preferably from 150 to 350
NL/L. A hydrogen/oil ratio of less than 80 NL/L is not
preferable because the desulfurization activity tends
to significantly decrease. A hydrxogen/oil ratio of
greater than 500 NL/L is not alsoc preferable because
it cannot change the desulfurization activity and only
increases the running cost.

No particular limitation is imposed on the
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reaction temperature, which is, however, preferably
from 250 to 400°C, more preferably from 300 to 380°C.
A reaction temperature of lower ithan 250°C is not
practical because desulfiuwrization and denitrogenation
activities tend to significantly deteriorate. A
reaction temperature of higher than 400°C is not
preferable because the catalyst is drastically
decomposed and the catalyst life is shortened.
[o044] The il produced by hydrotreating of a
hydrocaxbon 0il according to the present invention has
a sulfur content of preferably 10 ppm by mass or less,
more preferably 8 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 c¢an decreass
significantly the sulfur and nitrogen contents of the
produced oil by hydrotreating a hydrocarbon oil using
the above-described specific hydrodesulfurization
catalyst.

The sulfur content {sulfur concentration)
referred herein is measured in accoxrdance 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
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Y"Determination of nitrogen content®.

Examples
[0045] The present invention will be described in
more details with reference to the following examples
but is not limited thereto.
{Example 1: Preparation of pre-sulfurized
hydrodesulfuxization catalyst A]
{first step)

Into a 100 L volume tank equipped with a steam
jacket were put 8.16 kg of an agqueous solution
containing sodium aluminate in an amcunt of 22 percent
by mass on an Al;03 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 S5 percent by mass on an 5i0; concentration
basis were then added, stirring. The resultingmixture
was heated at a temperature of 60°C thereby preparing
a basic aluminum salt aquecus solution. An acidic
aluminum salt agueous solution was prepared by diluting
7.38 kg of an agqueous solution containing aluminum
sulfate in an amount of 7 percent by mass on an Al,03
concentraticen basis with 13 kg of ion-exchange water
while a titaniummineral acid salt agueous solution was
prepared by dissolving 1.82 kg of 33 percent by mass

on a Ti0; concentration basis ¢f titanium sulfate in
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10 kg of ion~exchange water. These aquecus solutions
were mixed and heated to a temperature of 60°C thereby
preparing amixed agqueous solution. This mixed agqueous
solution was added at a constant rate (addition time:
10 minutes) into the tank containing therein the basic
aluminum salt aqueous solution using a rollexr pump
until the pH was 7.2 thereby preparing hydrate slurry
a containing silica, titania, and alumina.

[0D47] {second step)

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 aqueous solution.
After washing, the resulting cake-like slurry was
diluted with ion—-exchange water so that the amount of
the slurry was 10 percent by mass on an Al,;0s
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 condenserxr
and aged, stirring at a temperature of 95°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
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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 silica-alumina-titania support a
(hereinafter, simply referred to as "support a", as the
case may be). Support a contained silica in an amount
of 3 percent by mass on an Si0; concentration basis
(hereinafter also referred to as "SiQ0; concentration
of 3 percent by mass”, as the case may be), 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,0s; concentration basis, all on the support
basis.

[0048] Support a was subjected to X~ray diffraction
analysis with an X-ray diffraction apparatus “RINT
2100 manufactured by Rigaku Corporation (as the case
may be). The results are set forth in ¥ig. 3. Least
square fitting was applied to the resulting graph,
followed by baseline correction so as to find the full
width at half maximumof the peak assigned to the anatase
titania (101) planes indicated at 268=25.5°, The
product of the full width at half maximum and the peak
intensity from the baseline to the maximum peak was
defined as an anatase titania diffraction peak area.

The same procedures were carried out to find the full
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width at half maximum of the peak assigned to the rutile
titania {110) planes indicated at 28=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 titamnia 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
assigned to the vyv-alumina (400} planes indicated at
26=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 assigned to aluminum
({titania diffraction peak area/alumina diffraction
peak area=1/8, as the case may be),
[0049] {third step)

Next, 248 g of molybdenum trioxide and 98 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 a suitable reflux
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treatment so that the volume is not decreased, followed
by dissolving of 147 g of citric acid in the suspension
thereby preparing impregnating solution a.
Impregnating solution a had a pH of 1.7.

Impregnating solution a was subjected to the
Raman spectroscopic analysis with a microscopic laser
Raman spectrophotometer "LabRAM ARAMISY manufactured
by HORIBA, Ltd. {as the case may be). The results are
shown in Fig. 4. The resulting graph was subjected to
fitting with the least~square method and then baseline
correcticn thereby defining heights from the maximum
peak values around 945 cm™? and 900 cm™ to the baseline
as peak intensities. Impregnating solution a had a
peak intensity around 945 cm™' 3.1 times of the peak
intensity around 900 cm™ (that is, the peak intensity
ratio was 3.1).

[0050] (fourth step)

After 1000 g of support a was impregnated
with impregnating solution a by spray, it was dried at
a temperature of 110°C thereby producing a
hydrodesulfurization catalyst a (hereinafter, simply
referred to as "catalyst a", as the case may be). The
metal component contents of catalyst a were 1% percent
by mass of molybdenum in the form ¢f Mo0Oz; (hereinafter

also referred to as "MoO: concentration of 12 percent
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by mass", as the case may be) and 4.5 pexcent by mass
of cobalt inthe formof Co0, all on the catalyst a basis.
[0051] (£ifth step)

After 200 ml of the resulting catalyst a was
filled into a circulation type fixed bed reactor, it
was pre-sulfurized. The pre-sulfurization was
carried out by feeding a mix 01l of a straight—-run gas
0il and dimethvyl disulfide, whose sulfur content was
adjusted to 2.0 percent by weight at room temperature
and maintaining the mix oil under conditions of a
pressure of 5.0 MPa, a liquid-space velocity of 2.0h7%,
a hyvdrogen/oil ratioc of 200NL/L, and a temperature of
250°C for 8 hours and further at a temperature of 320°C
for 5 hours thereby producing pre-sulfurized
hydrodesulfurization catalyst A (hereinafter, simply
referred to as "catalyst A", as the case may be).
Properties of catalyst & are set forth in Table 1 below.

A TEM photograph of catalyst A was taken with
a transmission electron microscope H-800 manufactured
by Hitachi, Ltd. (as the case may be). The results are
shown in Fig. 1. From the resulting TEM photographs,
50 molybdenum digsulfide layers were observed to measure
the number of laminated layers and length for each
molybdenum disulfide layer and calculate the average

number of laminated layer and the average length. The
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molybdenum disulfide layers of catalyst A had an
average number of laminated layers of 1.3 and an average
length ©f 4.8 nm. The definitions of the number of
laminated layers N and length L of molybdenum disulfide
are shown in Fig. 2.
foos52] [Example 2 : Preparation of pre-sulfurized
hydrodesulfurization catalyst B]

This example is different from Example 1 in
that hydrate slurxry b was prepared by adding at a
constant rate to (1) a basic aluminum salt aqueous
soclution prepared by diluting 8.67 kg of an agqueous
soclution contalning 22 percent by mass on an Als0;
concentration basis of sodium aluminate with 37 kg of
ion-exchanged water and adding thereto, stirrxing 0.60
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) a mixed agueous
solution prepared by mixing an acidic aluminum salt
agueous solution prepared by diluting 10.90 kg of an
aqueous solution containing 7 percent bymass on an 21,03
concentration basis of aluminum sulfate with 20 kg of
ion~exchanged water and a titanium mineral acid salt
aqueous solution prepared by dissolving 0.91 kg of 33
percent by mass on a Ti0; concentration basis of

titanium sulfate in 5 kg of ion-exchanged water, until
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the pH was 7.2.

In the same manner as Example 1, support b
was prepared from hydrate slurrzy b. Support b had an
SiQ,; concentration of 1 pexrcent by mass, a TiO;
concentration of 10 percent by mass, and an Al;0;
concentration of 89 percent by mass, all on the support
basis.

As the result of X-ray diffraction analysis
carried ocut as with Example 1 (not shown, as the case
may be), the titania diffraction peak area/alumina
diffraction peak area was 1/7.

Next, 266 g of molybdenum trioxide and 111
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 a suitable reflux
treatment so that the volume is not decreased, followed
by dissolving of 167 g of citric acid in the suspension
thereby preparing impregnating sclution b.
Imnpregnating solution b had a pE of 1.7. Impregnating
solution b was subjected toc the Raman spectroscopic
analysis and found to have a peak intensity ratio of
3.2 (not shown, as the case may be).

Bfter 1000 g of support b was impregnated
with impregnating solution b by spray, it was dried at

a temperature of 110°C for one hour thereby producing
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catalyst b. The metal component contents of catalyst
b were MoO3; concentration 20 percent by mass and Col
concentration of 5 percent by mass, all on the catalyst
b basis. Catalyst b was pre~sulfurized as with Example
1 thereby producing catalyst B. Properties of catalyst
B are set forth in Table 1 below. Accoxding to a TEM
photograph of catalyst B taken as with Exzample 1 {(not
shown, as the case may be), the average number of
laminated lavyers and average length of the molybdenum
disulfide layer were 1.2 and 5.0nm, respectively.
[0053] [Example 3 : Preparatiocn of pre-sulfurized
hydrodesulfurization catalyst C]

This example is different from Example 1 in
that hydrate slurry c was prepared by adding at a
constant rate to (1) a basic aluminum salt aqueous
solution prepared by diluting 7.47 kg of an agueous
solution containing 22 percent by mass on an AlL;O3
concentration basis of scodium aluminate with 46 kg of
ion-exchanged water and adding thereto, stirring 3 kg
of a solution contalining 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
agqueous solution prepared by diluting 2.23 kg of an

agqueous soluticon containing 7 percent by mass on an Al;05
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concentration basis of aluminum sulfate with 4 kg of
ion~exchanged water and a titanium mineral acid salt
agueous solution prepared by dissolving 3.18 kg of 33
percent by mass on a Ti0O; concentration basis of
titanium sulfate in 18 kg of ion-exchanged water, until
the pH was 7.2.

In the same manner as Example 1, support c
was prepared from hydrate slurry c. Support ¢ had an
5i0; concentration of 5 percent by mass, a TiO;
concentration of 35 percent by mass, and an Al;03
concentration of 60 percent by mass, all on the support
basis.

As the result of X-ray diffraction analysis
carried out as with Example 1, the titania diffraction
peak area/alumina diffraction peak area was 1/6.

Next, 200 g of molybdenum trioxide and 84 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 a suitable reflux
treatment so that the volume 15 not decreased, followed
by dissolving of 125 g of citric acid in the suspension
thereby preparing impregnating solution c.
Impregnating solution ¢ had a pH of 1.9. Impregnating

solution ¢ had a peak intensity ratio of 2.8.

After 1000 g of support ¢ was impregnated
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with impregnating solution ¢ by spray, it was dried at
a temperature of 110°C for one hour thereby producing
catalyst ¢. The metal component contents of catalyst
Cc were MoQOi; concentration of 16 pexcent by mass and CoO
concentration of 4 percent by mass, all on catalyst c
basis. Catalyst c was pre-sulfurized as with Example
1 thereby producing catalyst C. Properties of catalyst
C are set forth in Table 1 below. According to a TEM
photograph of catalyst C taken as with Example 1, the
average number of laminated layers and average length
of the molybdenum disulfide laver were 1.4 and 4.3 nm,
respectively.
[0054] [Comparative Examplel : Preparation of
pre-sulfurized hydrodesulfurization catalyst DI
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 agqueous
selution containing 22 pexcent by mass on an Al,;0;
concentration basis of sodium aluminate with 34 kg of
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 & temperature of 60°C (2) an acidic aluminum

salt aqueous solution prepared by diluting 13.86 kg of
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an agueous solution containing 7 pexrcent by mass on an
2l,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 had an
810, concentration of 3 percent by mass, a TiOs
concentration of 0 percent by mass, and an Al;03
concentration of 97 percent by mass, all on the support
basis,

As the result of X-ray diffraction analysis
carried out as with Example 1, no diffraction peak
indicating the crystal strucitures of the anatase
titania and rutile titania was detected, and the
titania diffraction peak area/alumina diffraction peak
area was 0.

As with Example 1, catalyst d was produced
from support d and impregnating sclilution a. As with
Example 1, catalyst d was pre~sulfurized thexeby
producing catalyst D. Properties of catalyst D are set
forth in Table 1 below. According to a TEM photograph
of catalyst D, the average number of laminated layers
and average length of the molybdenum disulfide layer
were 1.2 and 4.7 nm, respectively.

[0055] [Comparative Example 2: Preparation of

pre-sulfurized hydrodesulfuxrization catalyst E]
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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 aqueous
solution prepared by diluting 7.15 kg of an agueous
solution containing 22 percent by mass on an Al,0O;
concentration basis of sodium aluminate with 49 kg of
ion—exchanged water and adding thereto, stirring 6.01
kg of a solution containing 5 percent by mass on an NaOH
concentration basis of sodium hydroxide, and further
adding 1.80 kg of a solution containing 5 percent by
mass on an 3i0; concentration basis o0f sodium silicate,
stirring, followed by heating to a temperature of 60°C
(2 a titanium mineral acid salt agueous solution
prepared by dissclving 4.68 kg of 33 percent by mass
on a TiO; concentration basis of titanium sulfate in
25.4 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 had an
8i0; concentration of 3 percent by mass, a TiO.
concentration of 50 percent by mass, and an Al:0;
concentration of 47 percent by mass, all on the suppoert
basis.

As the result of X-ray diffraction analysis
carried out as with Example 1, the titania diffraction

peak area/alumina diffraction peak area was 1/3.
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As with Exzample 1, catalyst e was produced
from support e and impregnating solution a. As with
Example 1, catalyst e was pre-sulfurized thereby
producing catalyst E. Properties of catalyst E are set
forth in Table 1 below. According to a TEM photograph
of catalyst E, the average number of laminated lavers
and average length of the molybdenum disulfide lavyer
were 1.7 and 7.4 nm, respectively.

[0056] {[Example 4: Preparaticn of pre~sulfurized
hydrodesulfurization catalyst F]

This example is different from Example 1 in
that hydrate slurry £ was prepared by adding at a
constant rate to (l} a basic aluminum salt agueous
sclution prepared by diluting 7.7% kg of an agueous
solution containing 22 percent by mass on an Al,0;3
concentration basis of sodium aluminate with 40 kg of
ion—-exchanged water and adding thereio, stirxring 4.20
kg of a solution containing 5 percent by mass on an 510,
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
agueous solution prepared by diluting 6.81 kg of an
agueous solution containing 7 percent by mass on an A1,03
concentration basis of aluminum sulfate with 12 kg of

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

In the same manner as Exzample 1, support £
was prepared from hydrate slurry £. Support £ had an
8iQ, concentration of 7 percent by mass, a TiO;
concentration of 20 percent by mass, and an Al,0s
concentration of 73 pexcent by mass, all on the support
basis.

As the result of X-ray diffraction analysis
carried out as with Example 1, the titania diffraction
peak area/alumina diffraction peak area was 1/8.

Next, 232 g of molybdenum trioxide and 97 g
of cobalt carbonate were suspended in 500 ml of
ion~exchanged water, and then heated at a temperature
of 85°C for 5% hours, applyving a suiltable reflux
treatment so that the volume is not decreased, followed
by dissclving of 145 g of citric acid in the suspension
thereby preparing impregnating solution £,
Impregnating sclution £ had a peak intensity ratio of
2.9,

ITmpregnating solution £ had a pH of 1.7.
After 1000 g of support £ was impregnated with

impregnating sclution £ by spray, it was dried at a
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temperature of 110°C for one hour thereby producing
catalyst £. The metal component contents of Catalyst
f were MoO3 concentration of 18 percent by mass and CoO
concentration of 4.5 percent by mass, all on the
catalyst £ basis. Catalyst £ was pre~sulfurized as
with Example 1 thereby producing catalyst F.
Properties of catalyst F are set forth in Table 2 below.
According to a TEM photograph of catalyst I, the average
number of laminated lavers and average length of the
molybdenum disulfide layer were 1.3 and 4.4 nm,
respectively.
[0057] [Example 5: Preparation of pre-sulfurized
hydrodesulfurization catalyst G]

This example is different from Example 1 in
that hydrate slurry g was prepared by adding at a
constant rate tc (1} a basic aluminum salt aqueocus
solution prepared by diluting 7.68 kg of an agueous
solution containing 22 percent by mass on an AlzC3
concentration basis of sodium aluminate with 38 kg of
ion-exchanged water and adding thereto, stirring 6.00
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

agueous scolution prepared by diluting 8.0 kg of an
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agueous solution containing 7 percent by mass on an A1,03
concentration basis of aluminum sulfate with 14.4 kg
of ion-exchanged water and a titaniummineral acid salt
agueous solution prepared by dissolving 1.36 kg of 33
percent by mass on a TiO; concentration basis of
titanium sulfate in 7.64 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 had an
Si0; concentration of 10 percent by mass, a TiO,
concentration of 15 percent by mass, and an Al,0;
concentration of 75 percent by mass, all on the support
basis.

As the result of ¥-ray diffraction analysis
carried out as with Example 1, the titania diffraction
peak area/alumina diffraction peak area was 1/8§.

As with Example 1, catalyst g was produced
from support ¢ and impregnating solution £. As with
Example 1, catalyst g was pre-sulfurized thereby
producing catalyst G. Properties of catalyst G are set
forth in Table 1 below. According to a TEM photograph
of catalyst G, the average number of laminated layers
and average length of the molybdenum disulfide layerxr

were 1.5 and 4.1 nm, respectively.

fO058] [Comparative Example 3: Preparation of
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pre~sulfurized hydrodesulfurization catalyst H]

This example is different from Example 1 in
that hydrate slurry h was prepared by adding at a
constant rate to (1) a2 basic aluminum salt agqueous
solution prepared by diluting 7.60 kg of an aqueous
solution containing 22 percent by mass on an Al,0;
concentration basis of sodium aluminate with 49 kg of
ion-exchanged water, followed by heating to a
temperature ¢f 60°C (2) a titanium mineral acid salt
agueous solution prepared by dissolving 4.08% kg of 33
percent by mass on a TiO; concentration basis of
titanium sulfate in 23 kg of ion~exchanged water, until
the pH was 7.2.

In the same mannexr as Example 1, support h
was prepared from hydrate slurry h. Support h had an
8i0; concentration of 0 percent by mass, a TiO»
concentration of 45 percent by mass, and an Al.0;3
concentration of 55 percent by mass, all on the support
basis,

As the result of X-ray diffraction analysis
carried out as with Example 1, the titania diffraction
peak area/alumina diffraction peak area was 1/3.

As with Example 1, catalyst h was produced
from suppeort h and impregnating solution a. As with

Example 1, catalyst h was pre-sulfurized thereby
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producing catalyst B. Properties of catalyst H are set
forth in Table 2 below.

As the result of a TEM photograph analysis
of catalyst G (not shown), the average number of
laminated layers and average length of the molybdenum
disulfide layer were 2.3 and 7.2 nm, respectively.
f0059] [Comparative Example 4: Preparation of
pre-sulfurized hydrodesulfurization catalyst I]

This example is different from Example 1 in
that hydrate slurry i was prepared by adding at a
constant rate to (l) a basic aluminum salt agueous
solution prepared by diluting 5.37 kg of an agueous
solution containing 22 percent by mass on an Al,0;
concentration basis of sodium aluminate with 41 kg of
ion-exchanged water and adding thereto, stirring 18 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) a mixed aqueous
solution prepared by mixing an acidic aluminum salt
agueous solution prepared by diluting 0.28 kg of an
agueous solutioncontaining 7 percent bymass on an A1,03
concentration basis of aluminum sulfate with 0.51 kg
of ion-exchanged water and a titanium mineral acid salt
agueous solution prepared by dissolving 2.73 kg of 33

percent by mass on a Ti0O, concentration basis of
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titanium sulfate in 15 kg of ion-exchanged watex, until
the pH was 7.2.

In the same manner as Example 1, support i
was prepared from hydrate slurry i. Support i had an
8i0Q, concentration of 30 percent by mass, a TiO;
concentration of 30 percent by mass, and an Al.0;3
concentration of 40 percent by mass, all on the support
basis.

As the result of ¥-ray diffraction analysis
carried out as with Example 1, the titania diffraction
peak area/alumina diffraction peak area was 1/8.

As with Example 1, catalyst 1 was produced
from support i and impregnating solution a. As with
Example 1, catalyst 1 was pre-sulfurized thereby
producing catalyst I. Properties of catalyst I are set
forth in Table 2 below, According to a TEM photograph
of catalyst I, the average number of laminated layers
and average length of the molybdenum disulfide layer
were 3.0 and 7.2 nm, respectively.,

[0060] [EXamplie 6 : Preparation of pre-sulfurized
hyvdrodesuliurization catalyst J)

This example is different from Example 1 in
that hydrate slurry Jj was prepared by adding at a
constant rate to (1) a basic aluminum salt agueous

solution prepared by diluting 8.08 kg of an agueous
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solution containing 22 percent by mass on an Ala0z
concentration basis of sodium aluminate with 42 kg of
ion—-exchanged water and adding thereto, stirring 1.20
kg of a solution containing 5 percent by mass on an 510,
concentration basis of sodium silicate, followed by
heating to a temperature of 60°C (2) a mixed aguesous
solution prepared by mixing an acidic aluminum salt
agueous solution prepared by diluting 5.90 kg of an
agueous solution containing 7 percent by mass on an A1;03
concentration basis of aluminum sulfate with 11 kg of
ion—exchanged water and a titanium mineral acid salt
agueous solution prepared by dissolving 2.27 kg of 33
percent by mass on a Ti0; concentration basis of
titanium sulfate in 13 kg of ion-exchanged water, until
the pH was 7.2,

In the same manner as Example 1, support j
was prepared from hydrate slurry j. Support j had an
8310, concentiration of 2 percent by mass, a TiO,
concentration of 25 percent by mass, and an Al,Q3
concentration of 73 percent by mass, all cn the support
basis.

As the result of X-ray diffraction analysis
carried out as with Example 1, the titania diffraction
peak area/alumina diffraction peak area was 1/8.

Impregnating solution j was prepared in the
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same manner except that citric acid was changed tomalic
acid and had a pH of 1.5. The peak intensity ratio of
impregnating solution j was 3.2.

As with Example 1, catalyst j was produced
from support j and impregnating soluition j. As with
Example 1, catalyst j was pre-sulfurized thereby
producing catalyst J. Properties of catalyst J are set
forth in Table 3 below. According to a TEM photograph
of catalyst J, the average number of laminated layers
and average length of the molybdenum disulfide laver
were 1.3 and 4.4 nm, respectively.

[0061] [Example 7 : Preparation of pre-sulfurized
hydrodesulfurization catalyst K]

(1) Support j of Example 6 was used. (2) Next,
235 g of molybdenum tricxide and 98 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 a suitable reflux treatment so that the volume
is not decreased, followed by dissolving of 21 g of
phosphoxic acid and 147 g of citric acid in the
suspension thereby preparing impregnating solution k.
The resuliing impregnation solution k had a pH of 1.1.
Impregnating solution k had a peak intensity ratio of

3.4.

After 1000 g of support j was impregnated
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with impregnating solution k by spray, it was dried at
a temperature of 110°C for one hour thereby producing
catalyst k. The metal component contents of catalyst
k were MoOs3 concentration of 18 percent by mass, CoO
concentration of 4.5 percent by mass, and P;0;s
concentration of 1.0 percent by mass, all on the
catalyst k basis.

Catalyst k was pre-sulfurized as with
Example 1 thereby producing catalyst K. Properties of
catalyst K are set forth in Table 3 below. According
to a TEM photograph of catalyst K, the average numberx
of laminated layers and average length of the
molybdenum disulfide layer were 1.3 and 4.3 nm,
respectively.
{0062} [Example 8 : Preparation of pre-sulfurized
hydrodesulfurization catalyst L]

(1} Support j of Example 6 was used. (2) Next,
235 g of molybdenum trioxide and 107 g of nickel
carbonate were suspended in 500 ml of 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 21
g of phosphoric acid and 147 g of citric acid in the
suspension thereby preparing impregnating solution 1.

The resulting impregnation solution 1 had a pH of 1.1.
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Impregnating solution 1 had a peak intensity ratio of
3.2.

After 1000 g of support J was impregnated
with impregnating solution 1 by spray, it was dried at
a temperature of 110°C for one hour thereby producing
catalyst 1. The metal component contents of catalyst
l were MoO3 concentration of 18 percent by mass, NiO
concentration of 4.5 percent by mass, and P,0s
concentration of 1.0 percent by mass, all on the
catalyst 1 basis.

Catalyst 1 was pre-sulfurized as with
Example 1 thereby producing catalyst L. Properties of
catalyst L are set forth in Table 3 below. According
to a TEM photograph of catalyst L, the average number
of laminated layers and average length of the
molybdenum disulfide layer were 1.3 and 3.7 nm,
respectively.

[0083] [Comparative Example 5: Preparation of
pre—-sulfurized hydrodesulfurization catalyst M]

(1) Support g of Example 5 was used. {2) Next,
492 g of molybdenum trioxide and 159 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 a suitable refiux treatment so that the

volume is not decreased, followed by dissolving of 238
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g of citric acid in the suspension thereby preparing
impregnating soluticn m. The resulting impregnation
solution m had a pH of 1.7. Impregnating solution m
had a peak intensity ratio of 3.6.

After 1000 g of support g was impregnated
with impregnating solution m by spray, it was dried at
a temperature of 110°C for one hour thereby producing
catalyst m. The metal component content of catalyst
m were MoO; concentration of 31 percent by mass and Co0
concentration of 6 percent by mass, all on the catalyst
m basis.

Catalyst m was pre-sulfurized as with
Example 1 thereby producing catalyst M. Properties of
catalyst M are set forth in Table 3 below. According
to a TEM photograph of catalyst M, the average number
of laminated layers and average length of the
molybdenum disulfide layer were 2.8 and 2.8 nm,
respectively.

[0064] [Comparative FExample 6: Preparation of
pre—-sulfurized hydrodesulfurization catalyst N]

(1) Support gof Example 5was used. (2) Next,
390 g of ammonium molybdate and 17 g of citric acid were
suspended in 500 ml of ilon-exchanged water, and then
heated at a temperature of 75°C for one hour, applying

a suitable reflux treatment 50 that the veolume is not
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decreased, followed by dissolwing of 11 g of cobalt
carbonate in the suspension thereby preparing
impregnating soluticen n. The resulting impregnation
solution n had a pE of 5.3. Impregnating solution m
had a peak intensity ratio of 2.2.

After 1000 g of support g was impregnated
with impregnating solution n by spray, it was dried at
a temperature of 110°C for one hour thereby producing
catalyst n. The metal component contents of catalyst
n were MoOs concentration of 24 percent by mass and Co0
concentration of 0.5 percent by mass, all on the
catalyst n basis.

Catalyst n was pre~sulfurized as with
Example 1 thereby producing catalyst N. Properties of
catalyst N are set forth in Table 3 below. According
to a TEM photograph of catalyst N, the averadge number
of laminated layers and average length of the
molybdenum disulfide layer were 2.5 and 2.6 nm,
respectively.

[0065] [Comparative Example 7: Preparation of
pre-sulfurized hydrodesulfurization catalyst 0]

{1) Support g of Example 5was used. (2) Next,
391 g of molybdenum trioxide and 131 g of cobalt
carbonate were suspended in 500 ml of ion-exchanged

water, and then heated at a temperature of %5°C for 5
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hours, applying a suitable reflux treatment so that the
volume is not decreased, followed by dissolving of 152
g of phosphoric acid in the suspension thereby
preparing impregnating solution o. The resulting
impregnation solution ¢ had a pH of 0.8, Impregnating
solution o had & peak intensity ratio of 3.8.

After 1000 g of support g was impregnated
with impregnating sclution o by spray, it was dried at
a temperature of 110°C for one hour thereby producing
catalyst o. The metal component contents of catalyst
o were MoOs; concentration of 25 percent by mass, Col
concentration of 5 percent by mass, and P05
concentration of 6 percent by mass all on the catalyst
¢ basis. Catalyst o was pre-sulfurized as with
Example 1 thereby producing catalyst 0. Properties of
catalyst O are set forth in Tabhle 3 below. BRccording
to the TEM photograph of catalyst 0, the average number
of laminated layers and average length of the
molybdenum disulfide layer were 3.3 and 3.0 nm,
respectively.

[006E] [Comparative Example 8: Preparation of
pre-sulfurized hydrodesulfurization catalyst P]

{1} Support ¢ of Example 3 was used. (2] Next,

88 g oi cobalt carbonate were suspended in 500 ml of

ion-~exchanged water, and then heated at a temperature
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of 95°C for 5 hours, applving a suitable reflux
treatment so that the volume is not decreased, followed
by dissolving of 132 g of citric acid in the suspension
thereby preparing impregnating solution p. The
resulting impregnation solution p had a pH of 1.8.

After 1000 g of support c was impregnated
with impregnating solution p by spray, it was dried at
a temperature of 110°C for one hour thereby producing
catalyst p. The metal component content of catalyst
p were CoO concentration of 5 percent by mass, on the
catalyst p basis. Catalyst p was pre-sulfurized as
with Example 1 thereby producing catalyst P.
Properties of catalyst P are set forth in Table 3 below.
[0067) [Example 9: Preparation of pre-sulfurized
hydrodesulfurization catalyst Q]

This example is different from Example 1 in
that (1) in a 100 L volume tank eguipped with a steamn
jacket, a mix agueous solution was prepared by diluting
7.38 kg of an agueous solution containing 7 percent by
mass on an Al,03 concentration basis of aluminum sulfate
with 27 kg of ion-exchange water, adding thereto 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, to which 1.80 kg of a solution
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containing 5 percent by mass on an $i0; concentration
basis of sodium silicate were then added, stirring,
followed by heating at a temperature of 60°C and (2)
a basic aluminum salt agueous scolution was prepared by
diluting 8.16 kg of an agueous solution containing 22
percent by mass on an 81,03 concentration basis of sodium
aluminate with 28 kg of ion-exchanged water and heated
to a temperature of 60°C, and this basic aluminum salt
aqueous solution was added at a constant rate (addition
time: 10 minutes) into the tank containing therein the
mix agueous solution using a roller pump until the pH
was 7.2 thereby preparing hydrate slurry g containing
silieca, titania, and alumina.

In the same manner as Example 1, support g
was prepared from hydrate slurry g. Support g had an
S8i0; concentration of 3 percent by mass, a TiO;
concentration of 20 percent by mass, and an Al,0;3
concentration of 77 percent by mass, 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 1/7.

As with Example 1, catalyst q was produced

from support g and impregnating scolution £. As with
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Example 1, catalyst Q was produced from catalyst g.
Properties of catalyst Q are set forth in Table 3 below.
According to a TEM photograph of catalyst Q, the average
number of laminated layers and average length of the
molybdenum disulfide layer were 1.3 and 4.4 nm,
respectively.

[0068] [Test 1]

Crude ¢il having the following properties
was hyvdrotreated with a hydrodesulfurization unit
manufactured by ZYTEL Co. using Catalysts A to Q. The
boiling point range of the crude oil was measured in
accordance with the method described in JIS K2254
“Petroleum products-Determination of distillation
characteristics”. The density at 15°C was measured in
accordance with JIS K 2249 "Crude petroleum and
petroleum products-Determination of density and
petroleum measurement tables based on a reference
temperature (15°C)". The sulfur content was measured
in accordance with JIS K 2541 "Crude oll and petroleum
products-Determination of sulfur content". The
nitrogen content was measured in accordance with JIS
K 2609 "Crude petroleum and petroleun
products-Determination of nitrogen content".

A temperature at which the produced 0il has

a sulfur content of 7 ppm by mass (hereinafter referrad
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to as “reacticn temperature”) is determined to compare

the desulfurization performance among the catalysts.

Hydrotreating reaction was carxied out under the

following conditions. The results are set forth in

Tables 1 to 3.

[Properties of Crude 0il]

[0069]

Feedstock: straight run gas oil (boiling
point range of 208 to 380°C)

Density at 15°C: 0.8493 g/cm?®

Sulfur content: 1.32 percent by mass
Nitrogen content: 105 ppm by mass
[Reactien Coﬁditions]

Liguid-space velocity: 1.0 h™t

Hydrogen pressure: 4.5 MPa

Hydrogen/oil ratio: 250 NL/L

[Table 1]
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Comparative Comparative
Exampla 1 Exarmple 2 Example 3 Examsls 1 Exampla 2
Catalyst A Catalyst B Catalyst G Catalyst B Qatalyst E
Catalyst Support a Support b Support ¢ Support d Support «
Irmpragnating Impregnsting [mpregnating Impregnating Impragrating
Solution a Selution b Solution ¢ Solution a Solution a
Support Components (Support basis)
silica , massE 3 1 § 3 3
titania mss % 20 10 35 0 50
alumina rass % 7 39 i 97 47
Leaded Components '
(On hydradosuifurization satalyst prior 1o pra~
sulfurization basis)
M0, mass % 19 20 i6 14 19
€0 mass & 4.5 § 4 45 &5
P20g , mass % 0 0 1] g [}
Chelating Agent Gitele Asld Gitric Acid Citric Acid Qitric Acid Citric Acid
PealcIntensity Ratio 31 32 2B 31 31
Average Length of Molybdenurn
Disulfide Layer . om 4.8 5 43 47 74
Average Number of Lominated Layer of
Molybdenum Disulfide Loyer 1.3 2 14 iz i7
Desulfurization Performance -
(Reaction Temperature) c 340 348 344 362 351
[00701] [Table 2]
Comparative Comparative
Example 4 Example § Exampls 3 Example 4
Catalyst F Catalyst G Catalyst H Catalyst |
Catalyst Support f Support g Support h Supporti
Impregating Impregnating Impregnating [mpregnating
Solution T Sclution £ Selution & Solution a
Support Companents (Support basis)
silca mass 7 10 0 30
titania mass 20 16 45 30
alumina mass % 73 75 55 40
Loaded Compenents (On hydredesulfurization
icatalyst prior to pre~sulfurization basis}
MoOy mass % 18 18 19 18
G0 mass % 4.5 45 4.5 45
P20s mass % ¢] 0 0 0
Chelating Agent Citric Acid Citric Acid Citric Acid Citric Acid
Peal Intensity Ratio 29 29 2.1 3.1
Ayerage Length of Molybdenum nm 44 41 79 72
Disulfide Layer
Average Number of Laminated Layer of 13 15 23 3
Molybdenum Disulfide Layer ) . ’
Desulﬁfrlzatlon Performance o 345 250 358 480
(Reaction Temperature)
(00711 [Table 3]




Comparative

Exampls 6 Example 7 Example 8 Example 5
Catalyst J Catalyst K Catalyst L Cntalyst M
Catalyst Supportj | Support] | Supportj | Supports
Impregnating Impregnating Imprepnating Imptegnating
Solution | Solution k Solution | Solution m
Support Components (Support basis)
silica mass % 2 2 2 10
titania wmass f 25 23 25 15
alumina mass % 13 73 73 75
Loaded Components {On hydrodesulfurization
catalyst prior to pre~sulfurization basis)
M2Oa mass 18 18 18 31
MiQ mass % 0 0 4.5 0
.0 mass % 45 45 Q 6
P2 05 mass 5 0 1 1 0
Chelating Agent Malic Acid Citric Acid Qitrle Acid Citric Acid
Peak Intensity Ratlo 3.2 34 3.2 38
Average Length of Molybdenum nm 44 43 37 28

Disulfide Layer

Averapge Number of Laminated Laver of
Molybdenum Disulfide Layer i3 13 13 28

Desulfurization Petformanoe

(Reaction Temperature} © S44 340 318 %61
oy | o | ey | s
Catalyst N Catalyst O Catalyst P Catalyst G
Catalyst Suppqrt £ Suppori: g » Supparﬁ & suppor_t q
[mpregnating Impregnating Impregmating Impregnating
Solution n Selution o Solutlon p Selution §
Support Qomponents (Support basis)
silica - mass® 10 10 5 3
titania . massh 15 15 35 20
alumina mass & 5 75 60 77

Loaded Components (On hydrodesulfurization
catalyst prior 1o pre~sulfurization basis)

MO mass % 24 25 4] 18
NiOQ mass % g 0 Q 0
C,0 mass % 05 5 5 45
P20s mass % a 6 a g
Chelating Agent. Citrig Acid - Gitric Acid Citric Acid
Pealk Intensity Ratio 22 3.8 - 249
A:.rerage Length of Molybdenum nm 26 20 _ a4
Disulfide Layer
Average Number of Laminated Layer of 25 a3 B 18
Molybdenum Disulfide Layer : i )
Desulﬁfrizatiun Parformance o 255 457 - 344
{Reaction Temperature)
[0072] Table 1 sets forth the results of influences
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of the varied amounts of titania in the support. An.
increase in the titania amount in the support enhances
the desulfurization performance. However, when the
amount was in excess of 40 percent by mass, the
performance was deteriorated due to the poor sharpness
of the pore distribution. When the amount of titania
is 0 percent by mass, the catalyst does not have any
effect by titania and was reduced in desulfurization
performance.

[0073] Table 2 sets forth the results of influences
of the varied amounts of silica in the suppoxt. When
the silica amount in the support was in excess of 10
percent by mass, the catalyst was deteriorated in
performance due to the poor sharpness of the pore
distribution. When the amount of silica is 0 percent
by mass, the catalyst was reduced in performance due
to less dispersiveness of titania.

[0074)] Table 3 sets forth the results of influences
of variations in metal components to be loaded. Both
nickel-melybdenum and cobali-molybdenum exhibited an
excellent desulfurization performance. The results
showed that the catalysts compxising metal components
together with a chelating agent and/oxr phosphoric acid
had an excellient desulfurization performance. For the

support production, both the method wherein an acid
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solution was added to a basic solution and the method
wherein a basic solution was added to an acid soclution
provide successfully catalysts having an excellent
desulfurization performance. However, the cataliysts
that were increased in the amount of the metal
components, short in molybdenum disulfide layers and
highly laminated were poor in desulfurization
performance. Furthermore, the catalyst prepared from
the impregnating solution which was increased in peak
intensity at 900cm™ in the Raman spectrum, depending
on the monomer, i.e., the catalyst which is lower than
the defined peak ratio was also poor in performance due
to an increased interaction between the molybdenum
disulfide containing more monomer and the suppoxt. The
catalyst prepared from the impregnating solution with
no chelating agent was poor in desulfurization
performance due to the molybdenum disulfide that was
highly laminated. The catalyst containing no
molybdenum as a metal component failed to reduce the
sulfur concentration in the produced o0il to 7 ppm by
mass even when the temperature reached the maximum
temperature at which the apparatus can measure the
sulfur content and thus the measurement was terminated.
[0075] From the above results, the catalysts of the

present invention were found to be low in a temperature
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at which the sulfur content of the produced 0il 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- or
alumina-silica~based catalysts. The catalyst of the
present invention is inexpensive and excellent in
performances.
[0076] [Preparation of catalyst R]

Support a of Example 1 was used. Next, 232
g of molybdenum trioxide and 97 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 a suitable reflux treatment so that the volune
is not decreased, followed by dissolving of 145 g of
malic acid in the suspension thereby preparing
impregnating solution r. Aftex 1000 g of support a was
impregnated with impregnating solution r by spray, it
was dried at a temperature of 110°C £or one hour thereby
producing catalyst R. The metal component contents of
catalyst R were Mo0Oj; concentration ¢f 18 percent by mass
and Co0 concentration of 4.5 percent by mass, all on
the basis 0i the catalyst prior to pre-sulfurization

{hereinafter, refer to "on the basis of catalyst ¥").
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Properties of catalyst R are set forth in Table 4.
[0077) [Preparation of catalyst 8]

Support a of Example 1 was used. Next, 235
g of molybdenum trioxide and 28 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,
applving a suitable refiux treatment so that the volume
is not decreased, followed by dissolving of 21 g of
phosphoric acid and 147 g of citric acid in the
suspension thereby preparing impregnating solution s.
After 1000 g of support a was impregnated with
impregnating soclution s by spray, it was dried at a
temperature of 110°C for one hour thexreby producing
catalyst S. The metal component contents of catalyst
S were MoO; concentration of 18 percent by mass, CcO
concentration of 4.5 perxcent by mass and P05
concentration of 1.0 percent by mass, all on the basis
of catalyst Y. Properties of catalyst S are set forth
in Table 4.
i6078] [Preparation cof catalyst T]

Support a of Example 1l was used. WNext, 235
g of molybdenum trioxide and 107 g of nickel carbonate
were suspended in 500 ml of ion-exchanged water, and
then heated at a temperature of 385°C for 5 hours,

applying a suitable reflux treatment so that the volume
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is not decreased, followed by dissclving of 21 g of
phosphoric acid and 147 g of citric acid in the
suspension thereby preparing impregnating solution t.
After 1000 g of support a was impregnated with
impregnating solution t by spray, it was dried at a
temperature of 110°C for one hour thereby producing
catalyst T. The metal component contents of catalyst
T were MoO3 concentration of 18 percent by mass, Nio
concentration of 4.5 percent by mass and Py0s
concentration of 1.0 percent by mas=, all on the basis
of catalyst Y. Properties of catalyst T are set forth
in Table 4.

[0079)] [Preparation of catalyst U]

This 1is different from Example 1 in that
hydrate slurry u was prepared by adding at a constant
rate to a basic aluminum salt agueous solution prepared
by diluting 8.82 kg ¢f an agueous solution containing
22 percent by mass on an Al,;03; concentration basis of
sodium aluminate with 34 kg of ion~exchanged water and
adding thereto, stirring 1.80 kg of a solution
containing 5 percent by mass on an 85i0; concentration
basis of sodium silicate, followsd by heating to a
temperature of 60°C, an acidic aluminum salt agueous
solution prepared by diluting 13.86 kg of an aqueous

solution containing 7 percent by mass on an Al;0s
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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 u was
prepared from hydrate slurry u. Support u had an 5iQ;
concentrationof 3 percent by mass, a Ti0; concentration
of 0 percent by mass, and an Al,;0; concentration of 87
percent by mass, 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 0.

As with Example 1, catalyst U was produced
from support u and impregnating solution r., The metal
component contents of catalyst U were MoOj3
concentration of 18 percent by mass and Co0
concentration of 4.5 percent by mass, all on the basis
of catalyst ¥. Properties of catalyst U are set forth
in Table 4.

{00801 [Preparation of catalyst V]

Catalyst V was prepared using catalyst a and
preparation method of Example 1 except that malic acid
was not used for impregnating solution r. Properties
of catalyst V are set forth in Table 4.
(008 1] [Preparation catalyst W]

This is different from Example 1 in that
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hydrate slurry w was prepared by adding at a constant
rate to a basic aluminum salt agueous solution prepared
by diluting 7.09 kg of an aqueous solution containing
22 percent by mass on an Al;03 concentration basis of
sodium aluminate with 47 kg of ion-exchanged water and
adding thereto, stirring 1.80 kg of a soclution
containing 5 percent by mass on an 5i0; concentration
basis of sodium silicate, followed by heating to a
temperature of 60°C, a titanium mineral acid salt
agueous solution prepared by dissolving 4.09 kg of 33
percent by mass on a TiC, concentration basis of
titanium sulfate in 23 kg of ion-exchanged water, until
the pH was 7.2.

In the same manner as Example 1, supporit w
was prepared from hydrate slurry w. Support w had an
8Si0, concentration of 3 percent by mass, a TiO:
concentration of 45 percent by mass, and an Al,;03
concentration of 52 percent by mass, all on the support
basis.

As the result of ¥-ray diffraction analysis
carried out as with Exanple 1 {not shown), the titania
diffraction peak area/alumina diffraction peak area
was 1/3.

As with Esxample 1, catalyst W was produced

from support w and impregnating solution w {(produced
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by changing the amount of molybdenum trioxide in
impregnating solution r from 232 g to 256 g}. The metal
component contents of catalyst W were MoO;
concentration of 20 percent by mass and Co0
concentration of 4.5 percent by mass, all on the basis
of catalyst Y. Properties of catalyst W are set forth
in Table 4.

[c082] [Example 10]

Into a circulation type fixed bed reactor
were filled 200 ml of Catalyst R. Pre-sulfurization
was completed by feeding a mix o0il of a straight-run
gas olil and dimethyl disulfide, the suliur content of
which was adjusted to 2.0 percent by weight from room
temperature and keeping it at a pressure of 5.0 MPa,
a liquid-space velocity of 2.0 h™', a hydrogen/oil ratio
of 200 NL/L, and a reaction temperature of 250°C for
8 hours and further keeping it at a temperature of 320°C
for another 5 hours.

A TEM photograph of catalyst R
{pre-~sulfurized hydrodesulfurization catalyst R)
after pre~-sulfurization was taken with a transmission
electron microscope H-800 manufactured by Hitachi,
Litd., and then 50 molybdenum layers were observed
therefrom. For each molybdenum disulfide layer, the

number of laminated lavers and length were measured to
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calculate the average number of laminated layers and
average length (as the case may be). The definitions
of the number of laminated layers N and length L of
molybdenum disulfiide are shown in Fig. 2. The
pre~sulfurized hydrodesulfuxization catalyst
contained molybdenum disulfide having an average
number of laminated layers of 1.3 and an average length
of 4.4 nm.

Aftexr pre-sulfurization, the feedstock was
switched to a straight-run gas cil{a boiling peoint of
220 to 385°C, a sulfur content of 1.27 percent by mass)
and then the desulfurization activity of the catalyst
was evaluated at a pressure of 6.0 MPa, a liquid-space
velocity of 1.5h™, a hydrogen/oil ratio of 200 NL/L,
and a reaction temperature of 340°C (hydrorefining
experiment). The sulfur content of the produced oil
is set forth in Table 4.

008317 [Example 11]

As with Example 10 except for using catalyst
S instead of catalyst R, the same pre—-sulfurization and
desulfurization activity evaluation were carried out.
The pre-sulfurized hydrodesulfurization catalyst
contained molybdenum disulfide having an average
number of laminated layers of 1.3 and an average length

of 4.3 nm. The sulfur content of the produced oil is
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set forth in Table 4.
[(0ag 4] [Example 12]

As witﬁ.Example 10 except for using catalyst
T instead of catalyst R, the same pre-sulfurization and
desulfurization activity evaluation were carried out.
The pre-sulfurized hydrodesulfurization catalyst
contained molybdenum disulfide having an average
number of laminated layers of 1.3 and an average length
cf 3.7 nm. The sulfur content of the produced oil is
set forth in Table 4.
[0085] [Comparative Example 9)

As with Example 10 except for using catalyst
U instead of catalyst R, the same pre—-sulfurization and
desulfurization activity evaluation were carried out.
The pre-sulfurized hydrodesulfurization catalyst
contained molybdenum disulfide having an average
number of laminated layers of 1.2 and an average length
"of 4.7 nm. The sulfur content of the produced oil is
set forth in Table 4.
[008¢&] [Comparative Bxample 10]

As with Example 10 except for using catalyst
V instead of catalyst R, the same pre-sulfurization and
desulfurization activity evaluation wexe carried out.
The pre-sulfurized hydrodesulfurization catalyst

contained molybdenum disulfide having an average
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number of laminated layers of 2.8 and an average length
ef 7.2 nm. The sulfur content of the produced oil is
set forth in Table 4.

{0087] [Comparative Example 11]

As with Example 10 except for using catalyst
W instead of catalyst R, the same pre~sulfurization and
desulfurization activity evaluation were carried out.
The pre-sulfurized hydrodesulfurization catalyst
contained molybdenum disulfide having an average
number of laminated layers of 1.8 and an average length
of 7.1 nm. The sulfur content of the produced oil is
set forth in Table 4.

[00887 [Comparative Exzample 12]

As with Example 10 except for keeping the
catalyst at a temperature of 410°C for 5 hours instead
of at a temperature of 320°C for 5 hours for
pre-sulfurization, the same pre-sulfurization and
desulfurization activity evaluation were carried out.
The pre-sulfurized hydrodesulfurization catalyst
contained molybdenum disulfide having an average
number of laminated layers of 3.8 and an average length
cf 4.5 nm. The sulfur content of the produced oil is
set forth in Table 4.

[0089] [Example 13]

As with Example 10 except for carrying out
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the desulfurization activity evaluation at a pressure
of 3.7 MPa, a liquid-space velocity of 0.5 h™, a
hydrogen,/oil ratio of 180 NL/L, and a reaction
temperature of 320°C, the same pre-sulfurization and
desulfurization activity evaluation were carried out.
The pre-sulfurized hydrodesulfurization catalyst
contained molybdenum disulfide having an average
number of laminated layers of 1.3 and an average length
of 4.4 nm. The sulfur content of the produced oil is
set forth in Table 4
[G090] iComparative Example 13]

As with Example 13 except for using catalyst
W, the same pre-sulfurization and desulfurization
activity evaluation were carried out. The
pre—-sulfurized hydrodesulfurization catalyst
contained molybdenum disulfide having an average
number of laminated layexrs of 1.8 and an average length
of 7.1 ﬁm. The sulfur content of the produced o0il is
set forth ian Table 4.
[0091] [Example 14]

Ls with Example 10 except for using a mix oil
{a sulfur content of 1.05 percent by weight) of 80
percent by weight of a straight-run gas o0il and 20
percent by weight of a fluid catalytic crackiag

straight-run gas ¢il {a boiling point of 170 to 360°C,
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a sulfur content of 0.19 percent by mass), the same
pre—sulfurization and desulfurization activity
evaluation were carried out. The pre-sulfurized
hydrodesulfurization catalyst contained molybdenum
disulfide having an average number of laminated layers
cf 1.3 and an average length of 4.4 nm. The sulfur
content of the produced oll is set forth in Table 4,
[00982] [Comparative Example 14}

As with Example 14 except for using catalyst
U, the same pre~sulfurization and desulfurization
activity evaluation were carried out. The
pre-sulfurized hydrodesulfurization catalyst
contained molyvbdenum disulfide having an average
number of laminated layers of 1.2 and an average length
of 4.7 nm. The sulfur content of the produced ¢il is
set forth in Table 4.
[0083] {Comparative Example 15]

As with Example 14 except for using catalyst
V, the same pre-sulfurization and desulfurization
activity evaluation were carried ocut. The
pre~sulfurized hydrodesulfurization catalyst
contained molybdenum disulfide having an average
number of laminated layers of 2.8 and an average length
of 7.2 anm. The sulfur content of the produced oil is

set forth in Table 4.
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i0094] [Comparative Example 16]

As with Example 14 except for using catalfst
W, the same pre-sulfurization and desulfurization
activity evaluation were carried out. The
pre-sulfurized hydrodesulfurization catalyst
contained molybdenum disulfide having an average
number of laminated layers of 1.8 and an average length

of 7.1 nm. The sulfur content of the produced oil is

set forth in Table 4.

[0095] [Table 4]
Lo¢ HY Comparsti & ti Comperative
Example 10 Exarrpls 11 Exampla 12 Examals iy tx 10 Examglo 11 iy is 12
Catalyst R $ T u v W R
Suppert Compeneats (Supaert basts)
sica maes % 3 3 3 a 3 a 3
Litanis rrase 20 20 0 0 20 45 20
olymine rrass ki 7 " & 77 52 7
Leaded Compantnts (G hydredesulfurization
catatyst prior to yro-sulfurization basis)
05 s s 10 18 1] ) 18 2 18
HiO mass 0 0 45 g 4] [} ¢
£,0 mast% 4.5 4.5 L) 55 45 45 45
Pl rmazsh o 1 1 3 0 ] [}
Chelating Agant Halia Acid Citrie Acid Citric Acid Halie Azid - Helic Acid Matic Acid
Averago Eength of Molybdsnum
Dicuifids Lyer nm 44 43 37 &7 72 71 45
Average Humber of Lominited Layar of
Molybdenum Disuiide Loyar ta 13 13 1z 28 %} 18
Titanin Diffraction Peak Araa £ Atumine Diffroction
Deak Arta 1/8 1/ 178 ] 1/4 753 /8
Suifur Content of Produced G nass ppm t0 9 4 <3 as 26 2§
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umlo 13 | oty | ot | vt | oty | Grody
Gatabyat R W 3] u v W
Support Componantz (Suppert bagls}
sifca mazs % 3 3 3 2 k| 3
Aitaniz mase % 20 45 20 [ b 1] 45

i mazs § 77 52 77 87 7 52
1.oaded Compenerits {On hydrodesullurization
{catalyst prior to pre=suifurization basiz)
MG

3
17
an

SitE 8

18 20 ia 18 iz z0

NiQ maseh [+ i} )] D ) 0

€.0 masa 45 45 43 45 4.5 45

Py mass o 1} 0 [s} [ 9
Chelating Agent Malic Aeid Malic Acid Halic Acid Malic Aoid - Nalis Acid
Average Length of Holybdonum
Dizulfide Layer am 44 21 44 a7 7.2 71
Average Number of Laminated Loyer of
Molybd Disidfids Loyer i3 1.8 1.8 1.2 2.8 1.8
Titonia Diffraction Peak Area / Alumine Diffraction
Pexk Area 178 i/3 1/8 ] 1/8 1/3
Sulfur Cantent of Produced Off mass ppm a 22 7 52 28 16
[0096] The results in Table 4 indicate that high

desulfurization activity can be achieved using a

hydrorefining catalyst comprising at least one type of
metal component selected from VIA and VIII groups of
the periodic table, supported together with a chelating
agent on a silica-alumina~titania support wherein the
total area 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 in the support,
measured by X-ray diffracticon analysis is 1/4 or less
of the diffraction peak area indicating the aluminum
crystal structure assignable to y-alumina {400} planes
and having been pre-sulfurized to have a molybdenum
disulfide layver having an average lengih of longer than

3.5 nm and 7 nm or shorter and an average aumber of
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laminated layers of more than 1.0 and 1.9 or fewerx.
Industrial Applicability

[0097) The pre-sulfurized catalyst of the present

invention exhibit high desulfurization activity for

hydrorefining of a gas oil fraction in particular, and

thus is significantly used in the industry because it

can hydrorefine hydrocarbon oil at a higher level.
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Claims

[Claim 1] A hydrodesulfurization catalyst for
hydrocarbon oilg, comprising a hydrodesulfurization
catalyst Y comprising a support containing silica,
alumina, and titania and at least one type of metal
component supported thereon and selected from VIB and
VIII groups of the periodic table, the catalyst Y being
pre-sulfurized,

the total area {(titania diffraction peak area) of
the diffraction peak area indicating the crystal
structure of anatase titania (101) planeg and the
diffraction peak area indicating the crystal structure
of rutile titania (110) planes in the support, measured
by X-ray diffraction analysis being 1/4 or less of the
diffraction peak area (alumina diffraction peak area)
indicating the aluminum crystal assigned to y-alumina
(400) planes,

the metal component comprising at least
molvbdenum,

the molybdenum being formed into molybdenum
disulfide crystal and disposed in layers on the support
by the pre-sulfurization and the molybdenum disulfide
crystal layers having an average length between 3.5 nm

and 7 nm in the plane direction and an average number
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of laminated layers between 1.0 and 1.9,

wherein the support contains silica in the form
of 8i0; in an amount of 1 to 10 percent by mass, titania
in the form of TiO,; in an amount of 15 to 40 percent
by mass, and alumina in the form of Al,;0; in an amount

of 50 percent by mass or more.

[Claim 2] A hydrodesulfurization catalyst according to
claim 1, wherein the content of the metal component is
from 1l to 35 percent by mass on the hydrodesulfurization
catalyst Y prior to the pre-sulfurization basis, and
the content of the molybdenum is from 1 to 25 percent
by mass in the form of MoO: on the hvdrodesulfurization

catalyst Y prior to the pre-sulfurization basis.

[Claim 3] A hydrodesulfurization catalyst according to
claim 1, wherein said pre-sulfurization is carried out
by contacting the hydrodesulfurization catalyst Y with
a mix o0il of a hydrocarbon oil and a sulfating agent

or hydrogen sulfide at a temperature of 200 to 400°C.

[Claim 4] A method for hydrorefining a hydrocarbon cil
comprising hydrotreating a hydrocarbon oil under a
hydrogen atmogphere using the hydrodesulfurization

catalyst according to claim 1.
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[Claim 5] A method for hydrorefining hydrocarbon oils
according to claim 4, wherein said hydrocarbon oil is
selected from the group consisting of straight-run gas
oil, vacuum gas oil, light cycle 0il, hydrocracked gas

0il, and thermal-cracked gas oil.

[Claim 6] A method for hydrorefining hydrocarbon oils
according to claim 4, wherein the o0il produced from the
hydrotreating of a hydrocarbon oil has a sulfur content
of 10 ppm by mass or less and a nitrogen content of 3

ppm by mass or less.

[Claim 7] A method for hydrorefining hydrocarbon oils
according to claim 4, wherein the reaction pressure is
from 1 to 12 MPa, the liquid-space velocity is from 0.1
to 4.0 h™', the hydrogen/oil ratio is from 80 to 500

NL/L and the reaction temperature is from 250 to 400°C.

[Claim 8] A process of producing an uncalcined
hydrodesulfurization catalyst for hydrocarbon oil,
comprising:

(1) a first step of mixing a basic aluminum salt
agueous solution and a mixed agueous solution of a

titanium mineral acid salt and an acidic aluminum salt
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in the presence of silicate ion so that the pH is from
6.5 to 9.5 to produce a hydrate;

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

(3) a third step of contacting the support with
an impregnating solution containing at least one type
of metal component selected from VIB and VIII groups
of the periodic table (provided that molybdenum is
indispensably contained) and a chelating agent;

(4) a fourth step of drying the support with the
metal supported thereon, produced by contacting the
support with the impregnating solution to produce an
uncalcined hydrodesulfurization catalyst Y; and

(5) a fifth step of pre-sulfurizing the uncalcined
hydrodesulfurization catalyst Y, the teotal area
(titania diffraction area) 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
in the support, measured by X-ray diffraction analysis
being 1/4 or less of the diffraction peak area (alumina
diffraction peak area) indicating the aluminum crystal
structure assigned to y-alumina (400) planes, the
molybdenum being formed into molybdenum disulfide

crystal and disposed in layers on the support by the
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pre-sulfurization, and the molybdenum disulfide
crystal layers having an average length between 3.5 nm
and 7 nm in the plane direction and an average number
of laminated layers between 1.0 and 1.9, the
impregnating solution having a peak intensity in the

1

range of 940 to 950 cm ~ 2.5 times or more of the peak

1

intensity in the range of 890 to 910 cm™* in the Raman

spectrum,

[Claim 9] A process of producing an uncalcined
hydrodesulfurization catalyst according to claim 8,
wherein the pre-sulfurization of the fifth step is
carried out by contacting the uncalcined
hydrodesulfurization catalyst Y with a mix o0il of a
hydrocarbon o0il and a sulfating agent or hydrogen

sulfide at a temperature of 200 to 400°C.

[Claim 10] A process of producing an uncalcined
hydrodesulfurization catalyst according to claim 8,
wherein said impregnating solution further contains a

phosphoric compound.

[Claim 11] A process of producing an uncalcined
hydrodesulfurization catalyst according to c¢laim 8,

wherein said chelating agent is citric or malic acid.
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[Claim 12] The process according to claim 8, wherein
the drying in step (4) is performed at a temperature

of 200°C or lower for 0.5 to 3 hours.
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