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HYDROCARBON-SOLUBLE, BIMETALLIC CATALYST
PRECURORS AND METHODS FOR MAKING SAME
BACKGROUND OF THE INVENTION -
1. The Field of the Invention
The present invention is in the field of upgrading heavy oil feedstocks into
lower boiling, higher quality materials. More particularly, the invention rclates to
bimetallic catalyst precursors that can be mixed with heavy oil feedsto cks to form, in
situ, a hydrocracking catalyst and a method for making the catalyst precursors.
2. Related Technology |
World demand. for refined fossil fuels is ever-increasing and will eventually
outstrip the supply of high quality crude oil.. As the shortage of high quality crude o1l
increases, there is an increasing demand to find better ways to exploit lower quality
feedstocks and extract fuel values from them.

Lower quality feedstocks are characterized by relatively i gh quantities of

 hydrocarbons that have a boiling point of 524°C (975°F) or higher. They also

typically contain relatively high concentrations of sulfur, nitrogen and/or metals.

High boiling fractions typically have a high molecular weight and/or low
hydrogen/carbon ratio, an example of which 1s a class of complex compounds
collectively referred to as “asphaltenes”. Asphaltenes are difficult to process and
commonly cause fouling of conventional catalysts and hydroproces sing equipment.
Examples of lower quality feedstocks that contain relatively high
concentrations of asphaltenes, sulfur, nitrogen and metals include heavy crude, oil
sands bitumen, and bottom of the barrel and fesiduum left over from conventional
refinery processes (collecﬁvely “heavy 0il”). The terms “bottoim of the barrel” and
“residuum” (or “resid”) typically refer to atmospheric tower bottoms, which have a

boiling point of at least 343°C (650°F), or vacuum.tower bottoms, which have a

‘boiling point of at least 524°C (975°F). The terms “resid pitch” and ‘*‘vacuum

residue” are commonly used to refer to fractions that have a boiling point of 524°C
(975°F) or greater.

Converting heavy oil into useful end products requires extensive processing,
including reducing the boiling point of the heavy oil, increasing the hydrogen-to-
carbon ratio, and removiiig impurities such as metals, sulfur, nitrogen and carbon
forming compounds. |

When used with heavy oil, existing commercial catalytic hydrocracking
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processes become fouled or rapidly undergo catalyst deactivation. T he undesirable

reactions and fouling involved in hydrocracking hoavy oil greatly increases the

catalyst and .maintenance costs of processing heavy oils, making current catalysts

unsuitable for hydroproceséing heavy oil.

One promising technology for hydroprocessing heavy.oils uses a hydrocarbon-
soluble molybdenum salt that decomposes in the heavy oil during hydroprocessing to
form, in situ, a hydroprocessing catalyst, namely molybdenum sulfide. One such
process is disclosed in U.S. Patent No. 5,578,197 to Cyr et al. Once formed in situ,
the molybdenum sulfide catalyst is highly etfective at breaking up asphaltenes and
other complicated hydrocarbons while preventing fouling and coking. |

A significant problem with commercializing oil soluble molybdenum catalysts
is the cost of the cataljst. The catalyst 1s typically not recovered after use and 1s
therefore a significant expense to upgrading heavy oils. Even small improvements in
catalyst performance can significantly reduce the cost of hydrocracking heavy oils by
reducing the amount of catalyst used and/or by increasing the output of us able fuels.

One way to reduce the cost of oil soluble molybdenum ‘catalysts is to
substitute a portion of the molybdenum with a less expensive transition metal such as
cobalt, nickel, manganese, or iron. However, attempts to form oil-soluble, bimetallic
salts containing molybdenum have had very little success. In current processes for
manufacturing oil-soluble, bimetallic salts, the molybdenum and the second metal
(e.g., cobalt) are mixed together and reacted with an organic acid. In this reaction,
most or all of the second metal precipitates without forming the desired salt. The
precipitated metal cannot easily be mixed with heavy oil to form a hydrocracking
catalyst. = Due to problems with precipitation, oil-soluble, bimetallic catalyst
precursors for hydrocracking heavy oil are currently not readily available. |

' SUMMARY OF THE INVENTION

The present invention relates to bimetallic catalyst precursors having
hydrocarbon-soluble metal salts that can form a molybdenum sulfide catalyst in situ
for use in hydrocracking héavy oil and methods for making the catalyst precursors.
The catalyst precursor includes an oil soluble molybdenum salt that includes a
plurality of molybdenum atoms that are each bonded to a plurality of organic anions.
The catalyst precursor also includes a second transition metal salt that includes a
plurality of transition metal atoms other than molyb deﬁum (e.g., cob alf,). The second

transition metal salt is also oil soluble, having a plurality of organic anions bonded to
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each metal atom thereof, The molybdenum salts and the secondary transition metal
salts are included in the catalyst precursor in a molar ratio of the molybdenum to the
secondary transition metal of between about 98:1 and about 1:10, more preferabiy
between about 95:1 and about 1:5, even more preferably between about 10:1 and
about 1:1, and most preferably between about 8:1 and about 2:1. The preferred
secondary. transition metal is cobalt, nickel, iron, manganese, or a combination of
these.

The present invention also includes methods of making the bimetallic catalyst
precursors. Methods for making the catalyst precursors generally include (1)
providing a plurality of molybdenum atoms and a plurality of secondary transition
metal atoms (e.g., cobalt); (2) providing an organic agent comprising a plurality of
organic molecules, preferably having between 2 and 14 carbon atoms and at least one
functional group capable of reacting with the molybdenum and the secondary
transition metal atoms; (3) reacting the plurality of molybdenum atoms with the
organic agent at a.temperature between 100°C and 300°C; and (4) reacting the

"secondary transition metal atoms at a different temperature between about 50°C and

160°C.

In one embodiment, the reaction is carried out by first reacting the organic

“agent with the molybdenum atoms and then adjusting the temperature of the reaction

mixture to a second temperature. The secondary transition metal is added to the

reaction mixture and, optihbnéillg};gﬁm?additibnéfnéfﬁaﬁ}ltmo—f hofga".ﬁic agent " The reaction
of the secondary transition metal and the organic agent is carried out at the second
temperature in the presence of the molybdenum salt to form an oil soluble salt of the
secondary transition metal that is mixed with the molybdenum salt.

Alternatively, the secondary transition metal atoms can be reacted with the

organic agent in a reaction apart from the oil-soluble molybdenum salt. The metal

salt of the secondary transition mectal can then be mixed with the molybdenum salt at

a temperature below about 150°C to form a bimetallic catalyst precursor.

Reacting the molybdenum atoms with the organic agent at a different
temperature and/or in a separate reaction vessel than the reaction with the secondary
transition metal and organic agent reduces the likelihood that the secondary transition
metal will precipitate during the reaction. Whether the molybdenum or the secondary
transition metal will precipitate depends significantly on the solubility and stability of

the individual metals in the reaction mixture. Typically solubility increases with

RV PP T —— TR TR T A, -em e — P - e B N — P oy b ———1 T | ——
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increasing temperature, and stability decreases with increasing temperature. By performing

the reactions at separate temperatures and/or in separate vessels, the solubility and stability

can be optimized for both molybdenum and the secondary transition metals.

According to still another aspect of the present invention, there 1s 'provided a
bimetallic catalyst precursor suitable for forming a metal sulfide catalyst in situ for use in
hydrocracking heavy oil, comprising: a molybdenum salt comprising a plurality of
molybdenum atoms, each bonded to a plurality of organic anions, wherein the molybdenum
salt is soluble in heavy oil; and a secondary transition metal salt comprising a plurality of
transition metal atoms selected from the group consisting of cobalt, nickel, iron, manganese
and combinations thereof, each metal atom being bonded to a plurality of organié anions,
wherein the secondary transition metal salt is soluble in heavy oil, wherein the weight ratio of
the molybdenum to the secondary transition metal is between about 98:1 and about 1:10,
wherein the bimetallic catalyst precursor is soluble in heavy oil and forms an unsupported
active metal sulfide catalyst in heavy oil upon heating to above the decomposition temperature

of the molybdenum salt and the secondary transition metal salt.

According to yet another aspect of the present invention, there is provided a
method for making a bimetallic catalyst precursor suitable for forming a metal sulfide catalyst
in situ for hydroprocessing heavy oil, comprising: (i) providing a plurality of molybdenum
atoms and a plurality of secondary transition metal atoms, selected from the group consistirig

of cobalt, nickel, iron, manganese and combinations thereof, wherein at least a portion of the

secondary transition metal atoms form precipitated metal if heated together with an organic
agent at or above a precipitation temperature for the secondary transition metal atoms; (ii)
providing an organic agent comprising a plurality of organic molecules, each organic
molecule having at least one functional group that is reactive to the molybdenum atoms and
the secondary transition metal atoms; (iii) reacting the molybdenum atoms with a portidn of
the organic agent at a temperature in a range of about 100°C to about 350°C to yield a
hydrocarbon-soluble molybdenum salt comprising molybdenum atoms and organic anions;
and (iv) mixing the secondary transition metal atoms with the molybdenum salt and reacting

the secondary transition metal atoms with a second portion of the organic agent to yield a
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hydrocarbon-soluble secondary transition metal salt comprising transition metal atoms other

than molybdenum and organic anions, mixed with the molybdenum salt, to thereby form the
bimetallic catalyst precursor, wherein the reaction temperature during step (iv) is less than the
reaction temperature during step (iii) and also less than the precipitation temperature for the
secondary transition metal atoms so that the secondary transition metal atoms react with the
organic agent to form the hydrocarbon-soluble secondary transition metal salt rather than

precipitated metal.

According to a further aspect of the present invention, there is provided a
method for making a bimetallic catalyst precursor suitable for forming a metal sulfide catalyst
in situ for hydroprocessing heavy oil, comprising: providing a plurality of molybdenum atoms
and a plurality of secondary transition metal atoms, selected from the group consisting of

cobalt, nickel, iron, manganese and combinations thereof, wherein at.least a portion of the

secondary transition metal atoms form precipitated metal if heated together with an organic

agent at or above a precipitation temperature for the secondary transition metal atoms;
providing an organic agent comprising a plurality of organic molecules having between 2 and
14 carbon atoms and at least one functional group that is reactive to the molybdenum atoms
and the secbndary transition metal atoms; reacting the molybdenum atoms with a portion of
the organic agent at a temperature in a range of about 100°C to about. 350°C to yield a
hydrocarbon-soluble molybdenum salt; in a separate reaction, reacting the secondary

transition metal atoms with a second portion of the organic agent at a temperature less than
about 350°C and that is less than the precipitation temperature for the secondary transition
metal atoms so that the secondary transition metal atoms react with the organic agent to yield
a hydrocarbbn-soluble secondary transition metal salt rather than precipitated metal; and

mixing the hydrocarbon-soluble secondary transition metal salt with the hydrocarbon-soluble

molybdenum salt to yield the bimetallic catalyst precursor.

The inventors have found that bimetallic catalyst precursors manutactured
according to the present invention readily form a molybdenum sulfide based catalyst upon

decomposition in heavy oil. The catalyst precursors typically decompose to form CoS and

CoMoS. The bimetallic catalyst precursors of the present invention can be manufactured
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more economically than molybdenum-only catalyst due to the lower price of many of the

secondary transition metals (e.g., iron, nickel, cobalt, and manganese).

Surprisingly, the bimetallic catalyst precursors of the present invention also
perform better in hydrocracking processes than molybdenum-only cétalyst precursors. For
example, a 70/30 mixture of a molybdenum/cobalt catalyst precursor according to the present
invention yielded greater than 6% more product in a hydrocracking process than a
molybdenum-only catalyst precursor manufactured using a similar method and an equal

amount of metal.

It 1s currently believed that the increased hydrocracking performance is due to
the synergetic effect of Mo and Co. Cobalt has a stronger attraction for sulfur than
molybdenum. This greater attraction is due to the electronic configurations of molybdenum
and cobalt, which are [Kr] 4d°5s' and [Ar] 3d’4s?, repectively (for the ground state). Sulfur
has a greater attraction for cobalt because it can more easily react with the two 4s orbitals in
Cobalt than the one 5s' and three 4d orbitals in molybdenum. When a molecular complex 1s
formed with both molybdenum and cobalt, the cobalt becomes a promoter by attraCting the

sulfur and then transferring it to the molybdenum, which is within atomic distance.

In another embodiment, the catalyst precursors are preferably made using a
strong reducing agent such as hydrogen. The reducing agent reduces and stabilizes the
molybdenum atoms during the reaction between the organic agent, the molybdenum atoms,
and/or the secondary transition metal atoms. Preferably, at least a portion of the molybdenum
atoms are reduced to a 3+ oxidation state. Preferably, water is also removed to make the

reaction product soluble in heavy oil.

[t 1s believed that the reducing agent can be helpful in reducing the amount of

molybdenum oxides remaining in the final product and/or to reduce the amount of
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water bound to the molybdenum atoms and/or molybdenum salts. Hydrogen can be
particularly effective at removing molybdenum oxides and/or water bound to the
molybdenum salts. Catalyst precursors manufactured in the presence of hydrogen
and/or organié reducing agents under the reaction conditions described herein have
been found to have particularly good solubility and. dispersion in hydrocarbons. 1t is
believed that this increased solubility over existing catalyst precursors is due in part 1o
the elimination of molybdenum oxides and/or to removal of bound water and/or
undesired molybdenum complexes. waever, the invention is not limited to these
features of the invention.

The hydroprocessing catalyst can be used in various kinds of reactors and
hydrocracking processes to upgrade heavy oil. The hydroprocessing catalyst of the
present invention can more effectively process asphaltene molecules, reduce or
eliminate the formation of coke precursors and sediment, reduce equipment fouling,
and/or increase conversion rates as compared to conventional hydroprocessing
catalysts.

These and.other benefits of the present invention will become more fully
apparent from the following description and appended claims as set forth below.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS
I. INTRODUCTION AND DEFINITIONS

The present invention relates to hydrocarbon-soluble, bimetallic catalyst

precursors that can form a hydroprocessing molybdenum sulfide catalyst in heavy oil
feedstocks, and methods of making the catalyst precursor. The bimetallic catalyst
precursors include a plurality of molybdenum atoms and a plurality of atoms of a
secondary transition metal (e.g., coEalt). The molybdenﬁm, atoms and the secondary
transition metal atoms are each bonded with a plurality of organic anions (e.g., 2-ethyl
hexanoate) to form a mixture of an oil-soluble molybdenum salt and an oil-soluble
secondary transition metal salt. To obtain this mixture of metal salts, an organic agent
is reacted with the molybdenum at a temperature between about 100°C and about
300°C. The secondary transition metal is reacted with the organic agent at a different
temperature, typically between about 50°C and about 160°C. The molybdenum

and/or the secondary transition metals are also preferably reacted with the organic

.agent in the presence of a strong reducing agent such as hydrogen.

The terms “colloidal catalyst” and “colloidally-dispersed catalyst” shall refer

to catalyst particles having a particle size that is colloidal in sizc, e.g., less than about



10

15

20

25

30

CA 02636291 2008-07-04

WO 2007/082117 PCT/US2007/060047

6-

100 nm in diameter, preferably less than about 10 nm in diameter, more preferably
less than about 5 nm in diameter, and most preferably less than about 3 nm in
diameter. The term “colloidal catalyst” includes, but is not limited to, molecular or
molecularly-dispersed catalyst compounds.

The terms “molecular catalyst” and “molecularly-dispersed catalyst” shall
refer to catalyst compounds that are essentially “dissolved” or completely dissociated
from other catalyst compounds or molecules in a heavy oil hydrocarbon feedstock,
non-volatile liquid fraction, bottoms fraction, resid, or other feedstock or product in
which the catalyst may be found. It shall also refer to very small catalyst particles
that only contain a few catalyst molecules joined together (e.g., 15 molecules or less).

The term “blended feedstock composition™ shall refer to a heavy oil feedstock
into which an oil soluble catalyst precursor composition has becn combined and
mixed sufficiently so that, upon decomposition of the catalyst precursor and formation
of the catalyst, the catalyst will comprisé a colloidal or molecular catalyst dispersed
within the feedstock. ;

The term “h"eavy oil feedstock” shall refer to heavy crude, oil sands bitumen, -
bottom of the barrel and resid lcft over from refinery pro‘cesses (e.g., visbreaker
bottoms), and any other lower quality material that contains a substantial quantity of
high boiling hydrocarbon fractions (e.g., that boil at or above 343°C (650°F), more
particularly at or above about 524°C (975°F)), and/or that include a significant
quantity of asphaltenes that can deactivate a solid supported catalyst and/or cause or
result in the formation of coke precursors and scdimént. Examplcs of hcavy oil
feedstocks include, but are not limited to, Lloydminster heavy oil, Cold Lake bitumen,
Athabasca bitumen, atmospheric tower bottoms, vacuum tower bottoms, residuum (or
“resid™), resid pitch, vacuum residue, and nonvolatile liquid fractions that remain after
subjecting crude oil, bitumen from tar sands, liquefied coal, or coal tar feedstocks to
distillation, hot separation, and the like and that contain higher boiling fractions
and/or asphaltenes. .

I[I. COMPONENTS USED TO MANUFACTURE THE CATALYST

PRECURSORS

The manufacture of the catalyst precursors of the present invention generally |

involves reacting a plurality of molybdenum atoms with a plurality of organic agent
molecules at a first temperature and reacting a plurality of secondary transition metal

atoms with a plurality of organic agent molecules at a second temperature. If needed,



10

15

20

25

30

CA 02636291 2008-07-04

WO 2007/082117 PCT/US2007/060047

-

the reaction can be carried out in a solvent and/or in the presence of a reducing agent.

A. Transition Metal Atoms

The primary metal component of the oil catalyst precursors is molybdenum.
The molybdenum atoms are provided as a molybdenum compound that is capable of
reacting with an organic agent (e.g., a carboxylic acid such as 2-ethyl hexanoic acid)
to form a molybdenum salt. Suitable molybdenum compounds include molybdenum
halides, such as molybdenum hexafluoride and molybdenum pentachloride, the
various oxides of molybdenum, such as molybdenum dioxide, trioxide and
sesquioxide, and the like; alkali and alkali earth molybdates such as cesium
molybdate, sodium molybdate, potassiunﬁ molybdate, calcium molybdate and the like;
and ammonium molybdate or molybdic acid. In the preferred embodiment of this
invention, molybdic acid is used.

The secondary transition metal can be any transition metal other than

| molybdenum, including but not limited to tungsten, vanadium, titanium, chromium,

manganese, ifon cob alt,. and nickeL alone or in combination, with metals from the first
row transition metals of the periodic table being preferred. Even more preferred are
cobalt, nickel, and iron. Nickel or a combination of nickel and iron are preferred due
to their lower cost compared to cobalt.

The secondary transition metals are typically provided as a salt or hydroxide.
Suitable metal compounds include cobalt (II) hydroxide, nickel (II) hydroxide,
hydrated iron (II) oxide (FeO(OH)), manganese (1I) oxide. Other suitable metals
include metal halides, metal nitrates, and metal sulfates such as FeCls, Fe(NO)3, and
Feo(SO4)s.

B. Organic Agent Molecules

The organic agent is' one or more oil-soluble organic compounds preferably
having between 2 and 14 carbon atoms and a functional group suitable for reacting
with a transition metal to form the anion of an oil soluble transition metal salt (e.g., a
molybdenum salt). In a preferred embodiment, the organic agent is a carboxylic acid.
Suitable carboxylic acids include aliphatic acids, alicyclic acids, aromatic acids, and
phosphor containing acids. Suitablc aliphatic acids include butanoic acid, pcntanoic
acid, hexanoic acid, heptanoic acid, octanoic acid, decanoic acid, carboxylic acids
with side chains located at the o, P, or y positions (e.g., 2-ethyl butanoic acid, 2-
methyl pentanoic acid, 2-ethyl hexanoic acid), and the like. Alicyclic acids include

cyclohexanoic, cyclododecanoic and the like. Aromatic acid may contain one or two
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fused rings and contain from 7 to 14 carbon atoms where the carboxyl group may or
may not be attached to the ring; such as benzoic, 1 or 2 naphthoic, o-, m-, p-toluic,
phenylacetic, 1 or 2 naphthalene acetic, phenylbutyric acid, and the like. Phosphor-
containing organic compounds include 2-ethylhexyl phospﬁate I'a:nd the like. Aliphatic
acids are preferred and 2-ethyl hexanoic acid is particularly preferred for its solubility
in heavy oil and its relatively low cost.

Those skilled in the art will recognize that the organic agent molecules can be
modified during the reaction with the molybdenum atoms. For example, 1n the
reaction of a carboxylic acid with molybdenum the organic agent molecules can lose
hydrogen to become a carboxylate anion.

In some cases, the organic agent can function as a solvent for the reaction.
This is typically the case where the organic agent is a liquid under the reaction
conditions (e.g., 2-ethyl hexanoic acid). However, if needed, other solvents can be
used. The additional solvent should dissolve the organic agent and the molybdenum
atoms and/or the secondary transition; metal atoms and not interfere with the reaction
between them. Suitable solvents include decant oil, liquid paratiin wax, benzene,

toluene, xylene, naphtha, mineral oil, mineral spirits, combinations thereof, and the

like.

C. Reducing Agents
The reducing agent is added to the reaction mixture to reduce the metal atoms

to more readily form the metal salts and/or to obtain metal salts with a desired weight
% of metal in the catalyst precursor. In a preferred embodiment, a strong reducing
agent is used to reduce and/or maintain at least a portion of the molybdenum atoms in

an oxidation state below 4+. The molybdenum atoms preferably have an average

oxidation state less than about 3.8+, more preferably less than about 3.5+.

Any reducing agent that can reduce the molybdenum and/or the. secondary
transition metals can be used. In a preferred embodiment, the reducing agent is a
strong reducing agent that can reduce molybdenum to a 3+ oxidation state under the
reaction conditions described herein. Suitable reducing agents include methane,
ethane, olefins such as ethylene and propylene, aldchydes such as formaldehyde, and
hydrogen. - Hydrogen gas is a particularly preferred reducin g agent because of its
effectiveness and cost.

The suitability of the reducing agent often depends on the temperature at

which the reaction is performed. At higher temperatures (e.g., 155°C), orgamic
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reducing agents such as methane and formaldehyde have suitable reducing potential.
However, at low temperatures (e.g., below 50°C) or room temperature it can be

advantageous to use a stronger reducing agent such as hydrogen gas.

II. METHODS OF MAKING HYDROPROCESSING CATALYST

PRECURSORS

The process for making hydroprocessing catalyst precursors according to the
prescnt 1nvention cofnprises carrying out a first reaction between a plurality of
molybdenum atoms and a plurality of organic agent molecules (e.g., 2-ethyl hexanoic
acid) at a first temperature and carrying out a second reaction between a plurality of
organic agent molecules (e.g., 2—ethyi hexanoic acid) and a plurality of atoms of a
second transition metal (e.g., cobalt) at a second temperature. The reactions yicld

bimetallic, oil-soluble catalyst precursors that are suitable for in situ formation of a

-metal sulfide cafalyst in heavy oil.

The first and second reactions are independently optimized to prevent
molybdenum and/or the secondary transition metal from precipitating during the
reaction yet still obtain high yields of the metal salt. The optimal reaction
temperature depends on the particular transition metal compound and the organic
agent being reacted. The preferred temperature for reacting molybdenum comp ounds
(e.g., with 2-ethyl hexanoic acid) is typically between about 100°C and about 350°C,
more preferably between about 120°C and about 280°C, and most preferably between
about 155°C and about 260°C. |

The preferred temperature for.reacting the secondary transition metal with
the organic agent is typically between about 50°C and about 200°C, and more
preferably between about 100°C and 150°C. The particular temperature used during
the reaction will depend on the amount of metal precipitate that forms at a given
temperature for a given organic agent. In géneral, the reaction with the molybdenum
compound is performed at a higher temperature than the reaction v.vith the secondary
transiﬁon metal (e.g., cobalt). Those skilled in the art will be able to select an optimal
reaction temperature for the first and second reactions and an organic agent using the
teachings disclosed herein. :

The molybdenum salt and the secondary transition metal salt are mixed to
form a bimetallic catalyst precursor. The salts can be mixed in at least two different
ways. In one embodiment, the salts are mixed by performing the second reaction in

the presence of the molybdenum salt. In this embodiment, the molybdenum salt is
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formed and the temperature of the reaction mixture is adjusted to a temperature
suitable for the reaction with the secondary transition metal. The secondary transition.
metal compound is combined with the molybdenum salt and optionally with an
additional amount of organic agent and reacted to form the oil-soluble secondary
transition metal salt. |

In an alternative embodiment, the molybdenum salt and the secondary
transition metal salt are formed in separate vessels under suitable reaction conditions
and then mixed together at a temperature below the decomposition temperature of the
metal salts to form the bimetallic catalyst precursor. In a preferred embodiment, the
separate salts are mixed together at a temperature between ambient temperature and
about 150°C.

Using the method of the present invention, a hydro carbon-soluble, bimetallic
catalyst can be formed that has a desired ratio of molybdenum to secondary transition
metals. In a preferred embodiment, the molar ratio of molybdenum to secondary
transition metals is between 98:1 and about 1:10, more preferably between about 95:1
and about 1:5, even more preferably between about 10:1 and about 1:1, and most
preferably betwceen about 8:1 and about 2:1. Combinations of metal salts in these
ratios show significant improvement in heavy oil upgrading as compafed to
hydrocracking performed with molybdenum-only catalyst precursors.

The bimetallic catalyst precursors of the present invention have ' shown
superior results when used in a hydrocracking process as compare& to molybdenum-
only catalyst precursors. While the reasons for improved performance are not
completely known, the inventors currently believe that the second metal acts as a
promoter in the formation of the metal sulfide hydrocracking catalyst. |

In one exemplary en;bodiment of the invention, cobalt is used as the second
metal. Particularly preferred ratios of molybdenum to cobalt are between about 5:1 10
about 1:1. Tt has been found that cobalt is particularly useful to assist in the formation
of the metal sulfide hydrocracking catalysts. Bimetallic catalyst precursors containing
cobalt are believed to have improved performance over molybdegum—only catalyst
precursor because of cobalt’s ability to more easily bond with sulfur. The cobalt
atoms bond with the sulfur atoms and then transfer the sulfur atoms to the
molybdenum atoms, which are within atomic distances in the bimetallic metal salts.

The use of cobalt is also préfened for its ability to remove sulfur from heavy

oil. The cobalt is present as a sulfide salt. The sulfide salt can form a catalyst with



10

L5

20

25

30

CA 02636291 2008-07-04

WO 2007/082117 PCT/US2007/060047

211-

MoS, to make a CoMoS compound, which can promote the formation of HzS.. Sulfur
in the heavy oil that is converted to H,S by CoMoS can be easily collected from the
o1l as a gas.

Although cobalt provides excellent catalytic activity and is less expensive than
molybdenum, less expensive still are nickel and especially iron. Catalysts confaining
iron and/or nickel as the second metal have been shown to have similar or better
activity compared to conventional catalysts containing molybdenum alone. Even if
catalytic activity for a catalyst containing a mixture of molybdenum and nickel and/or .
iron is no different than a catalyst containing molybdenum alone, the tremendous cost
saving achieved by replacing the much more expensive molybdenum with the far less
expensive nickel and/or iron make the mixed catalyst an atiractive candidate from an
economic standpoint.

In a preferred embodiment, the molybdenum reaction and/or the reaction with
the secondary transition metal is carried out in a way that achieves a hydrocarbon-
soluble molybdenum salt that has molybdenum atoms with an average oxidation state
of less than 4+. In one embodiment, molybdenum salts having molybdenum atoms in
an oxidation state less than 4+ can be obtained by reacting the molybdenum

compound and the organic agent molecules in a molar ratio of molybdenum atoms to

-~ organic agent molecules of less than 1:4, preferably less than about 1:3.8, and more

preferably less than about 1:3.5. A strong reducing agent 1S included in the reaction
mixture in an amount sufficient to reduce and maintain at least a portion of the
molybdenum atoms in a 3+ oxidation state. In a preferred embodiment, the reducing
agent is hydrogen gas, which is passed fhrough or by the reaction mixture to produce
the reducing environment.

Maintaining a redﬁcing environment during the reaction can be particularly
advantageous because it causes thc rcaction between the molybdenum and the organic
agent to occur more quickly. In addition, the presence of the hydrogen reduces the
opportunity for the organic agent molecules to oxidize one another, which could
otherwise result in the formation of undesired molybdenum complexes. The presence
of the reducing agent during the reaction also helps stabilize the molybdenum atoms
in the 3+ oxidation state, which is an oxidation state that can be less stable than other
oxidation states, such as 4.

In a preferred embodiment, water is removed from the reaction mixture to

obtain a reaction product that is soluble in heavy oil and to ensurc. that the
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molybdenum reaction proceeds. The water can be removed using any technique or
combination of techniques. In a preferred embodiment, the reaction 1s carried out
under conditions that exceed the boiling point of water such that water 1s removed as
it is formed during the reaction. The water is allowed to escape from the reaction
vessel as water vapor. Where hydr“o pen and/or another gas is contacted with the
reaction mixture, the water can escape with the gas. If desired, the gas and water
vapor can be passed through a condenser to remove the water. Optionally, the gas can
then be recycled through the reaction mixture.

It is believed that the reducing agent can be helpful to reduce the amount of
molybdenum oxides remaining in final product and/or to reduce the amount of water
bound to the molybdenum atoms and/or molybdenum salts. Hydrogen can be
particularly effective at removing molybdenum oxides and/or water bound to the
molybdenum salts. Catalyst precursors manufactured in the presence of hydrogen
and/or organic reducing agents under the reaction conditions described herein have
been found to have particularly good solubility and dispersion in hydrocarbons. It is
believed that this increased solubility over existing catalyst prccursors is due in part to
the elimination of molybdenum oxides and/or to removal of bound water and/or
undesired molybdenum complexes. It can also be beneficial to purge the reaction
mixture prior to adding the reducing agent.

The use of a reducing agent can also improve the weight percent of metal in
the catalyst precﬁrs ors. The percent metal in the metal salts is directly dependent on
the number of organic anions bound to the metals and the molecular weight of the
organic anions. As the number and weight of the organic anion increases, the weight
percent of metal decreases. - As mentioned above, higher weight percent metal is
desired, so long as the catalyst precursor is soluble in hydrocarbons such as heavy oil.
The inventors of the present invention have found that the number of organic anions
per metal atom can be reduced (e.g., to 3 for molybdenum) while still maintaining
sufficient solubility in hydrocarbons such as heavy oil.

The reduced number of organic anions for at least a portion of the
molybdenum salts of the present invention results in a catalyst precursor with an
increase in weight percent of metal. For example, where the organic anion is 2-ethyl
hexanoate, a catalyst precursor having molybdenum atoms with an average oxidation
of between 3 and 4 (preferably less than about 3.8+, more preferably less than about
3.5+) can have a weight percent between 19% and 14%. Thus, the weight percent of
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molybdenum can be increased without adversely affecting solubility by reducing the
oxidation state of the molybdenum and consequently the number of organic amons
bonded thereto.

IV. HYDROCARBONS BLENDED WITH CATALYST PRECURSOR AND

LY L A AN Iy D N Y Y A A A e ————————

HYDROPROCESSING CATALYST FORMED THEREFROM

The catalyst precursors of the present invention can be included in a heavy oil
feedstock to form a blended catalyst precursor. The catalyst precursors are designed
to remain stable in a hydrocarbon up to a desired temperature. At an elevated
temperature, the catalyst precursors decompose and react with sultur in the heavy oil
to form a molybdenum sulfide hydroprocessing catalyst.

The °oil_ soluble catalyst precursors preferably have a decomposition
temperature in a range from about 100°C (212°F) to about 350°C (662°F), more
preferably in a range of about 150°C (302°F) to about 300°C (572°F), and most
preferably in a range of about 175°C (347°F) to about 250°C (482°F). These
preferred decomposition temperatures allow thé catalyst precursor to be thoroughly
mixed in a hydrocarbon (e.g., heavy oil) before decomposition occurs.

The catalyst precursor compositions can also be mixed with a diluent to form a
mixture with a desirable concentration of molybdenum salt. Examples of suitable
hydrocarbon diluents include, but are not limited to, vacuum gas oil (which typically
has a boiling range of 360~524°C), decant oil or cycle oil (which typically has a
boiling range of 360-550°C), and light gas oil (which typically has a boiling range of
200-360°C).

The weight ratio of catalyst precursor composition to hydrocarbon oil diluent
18 prefefably in a range of about 1:1000 to about 1:1, more preferably in a range of
about 1:100 to about 1:1, and most preferably in a range of about 1:30 to about 1:1
(e.g., 1:10, 1:5 or 1:3). |

The catalyst precursor composition can also be pre-mixed with a diluent prior
to mixing the precursor with the heavy oil feedstock. The catalyst precursor
composition is advantageously mixed with the hydrocarbon diluent at a temperature
below which a significant portion of the catalyst precursor composition starts to
decompose, preferably, at temperature in a range of about 25°C to about 250° Cﬁ, 1101e
preferably in range of about 50°C to about 200°C, and most preferably in a range of -
about 75°C to about 150°C, to form the diluted precursor mixture. It will be

appreciated that the actual temperature at which the diluted precursor mixture 1s
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formed typically depends largely on the decomposition temperature of the particular
precursor composition that is utilized. The precursor composition 1s preferably mixed
with the hydrocarbon oil diluent for a time ﬁperiod in a range of about 1/2 minute to
about 20 minutes, more preferably in a range of about 3/4 minute to about 10 minutes,
and most preferably in a range of about 1 minute to about 3 minutes. The actual
mixing time is dependent, at least in part, on the temperature (whi ch affects the
viscosity of the fluids) and mixing intensity. Mixing intensity 1s dependent, at least 1n
part, on the number of mixing stages (e.g., for an in-line static mixer).

Whereas it is within the scope of the invention to directly blend the catalyst
precursor composition with the heavy oil feedstock, care must be taken in such cases
to mix the components for a time sufficient to thoroughly blend the pr.ecursor
composition within the feedstock before substantial decomposition of the precursor
composition has occurred. For example, U.S. Patent No. 5,578,197 to Cyr et al.
describes a method whereby molybdenum 2-ethyl hexanoate was mixed with bitumen
vacuum tower residuum for 24 hours before the resulting mixture was heated in. a
reaction vessel to form the catalyst compound and to effect hydrocracking (see col.
10, lincs 4-43). Whereas 24-hour mixing in a i;esting environment may be entirely
acceptable, such long mixing times may make certain industrial operations
prohibitively expensive.

It has been found that pre-blending the precursor composition with a
hydrocarbon diluent prior to.blending the diluted precursor mixture with the heavy oil
feedstock grecatly aids in thoroughly and intimately blending the precursor
composition within the feedstock, particularly in the relatively short period of time

required for large-scale industrial operations to be economically viable. Forming a

. diluted precursor mixture shortens the overall mixing time by (1) reducing or

climinating differences in solubility between the more i)olar catalyst precursor
composition and the heavy oil feeds’gock, (2) reducing or climinating differences in
theology between the catalyst precursor composition and the heavy oil feedstock,
and/or (3) breaking up the catalyst precursor molecules to form a solute within a
hydrocarbon oil diluent that is much more easily dispersed within the heavy oil
feedstock. It 1s particularly advantageous to first form a diluted precursor mixturc n
the case whére the heavy oil feedstock contains water (e.g., condensed water).
Otherwise, the greater affinity of the water for the polé:r catalyst precursor

composition can cause localized agglomeration of the precursor composition,
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resulting in poor dispersion and formation of micron-sized or larger catalyst particles.
The hydrocarbon oil diluent is preferably sub stantially water-free to prevent the
formation of substantial quantities of micron-sized or larger catalyst particles. The
diluted catalyst precursor preferably has a total metal concentration between about 10
ppm and 15,000 ppm, more preferably between about 500 ppm and 10,000 ppm.

The diluted precursor mixture is then combined with the heavy oil feedstock
and mi:ié:d for a time sufficient and in a manner so as to disperse the catalyst precursor
composition throughout the feedstock in order to yield a conditioned feedstock

composition in which the precursor composition is thoroughly mixed within the heavy

- oil feedstock. In order to obtain sufﬁcie,nta mixing of the catalyst precursor

composition within the heavy oil feedstock so as to yield a colloidal or molecular
catalyst upon decomposition of the precursor composition, the diluted precursor
mixture and heavy oil feedstock are preferably mixed for a time period in a range of
about 1/2 minute to about 20 minutes, more preferably in a range from about 1 minute
to about 10 minutes, and most preferably in a range of about 2 minutes to about 5
minutes. Increasing the vigorousness and/or shearing energy of the mixXing process
senerally reduces the time required to effect thorough mixing.

Examples of mixing apparatus that can be used to etfect thorough mixing of
the catalyst precursor composition and heavy oil feedstock include, but are not limited
to, high shear mixing such as mixing created in a vessel with a propeller or turbine
imp eﬂer, multiple static in-line mixers, or one or more multi-stage centrifugal pumps.
According to one embodiment, continuous rather than batch-wise mixing can be
carried out using high energy pumps having multiple chambers within which the
catalyst precursor composition and heavy oil feedstock are churned and mixed as part
of the pumping process itself. The foregoing mixing apparatus may also be used for
the pre-mixing process discussed abqife in which the catalyst precursor composition is
mixed with the hydrocarbon oil diluent to form the catalyst precursor mixture. An
example of mixing apparatus that can be used to thoroughly blend the catalyst
precursor composition within a heavy oil feedstock is disclosed in U.S. application
Serial No. 11/374,369, filed March 13, 2006 and entitied METHODS AND MIXING
IYSTEMS FOR INTRODUCING CATALYST PRECURSOR INTO HEAVY OIL
FEEDSTOCK.

In the case of heavy oil feedstocks that are soiid or extremely viscous at room

temperature, such feedstocks may advantageously be heated in order to soften them
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and create a feedstock having sufficiently low viscosity so as to allow good mixing of
the oil soluble catalyst precursor into the feedstock composition. In general,
decreasing the viscosity of the heavy oil feedstock will reduce the time required to
effect thorough and intimate mixing of the oil soluble precursor composition within
the feedstock. However, the feedstock should not be heated to a temperature above
which significant decomposition of the catalyst precursor composition occurs until
after thorough and complete mixing to form the blended feedstock composition.
Prematurely decomposing the catalyst precursor composition generally results in the
formation of micron-sized or larger catalyst particles rather than a colloidal or
molecular catalyst. The heavy oil feedstock and diluted precursor mixture are
preferably mixed and conditioned at a tempcrature in a range of about 25°C to about
350°C, more preferably in a range of about 50°C to about 300°C, and most preferably
in a range of about 75°C to about 250°C to yield the conditioned feedstock.

After the catalyst precursor composition has been well-mixed throughout the
heavy oil feedstock so as to yield the conditioned feedstock composition, this
composition is then heated to above the tcmpcrature where significant decomposition
of the catalyst precursor composition occurs in order to liberate the catalyst metal
therefrom so as to form the final active catalyst. According to one embodiment, the
metal from the precursor composition is believed to first form a metal oxide, which
then reacts with sulfur liberated from the heavy oil feedstock to yield a metal sulfide
compound that is the final active catalyst. In the case where the heavy oil feedstock
includes sufficient or excess sulfur, the final activated catalyst may be formed in situ
by heating the heavy oil feedstock to a temperature sufficient to liberate the sulfur
therefrom. In soﬁe cases, sulfur may be liberated at the same temperature that the
precursor composition decomposes. In other cases, further heating to a higher
temperature may be required.

If the oil soluble catalyst precursor composition is thoroughly mixed -
th;oughout the heavy oil feedstock, at least a substantial portion of the liberated metazl
ions will be sufficiently sheltered or shielded from other metal ions so that they can
form a molecularly-dispersed catalyst upon reacting with sulﬁlr to form the metal
sulfide compound. Under some circumstances, minor agglomeration may occur,
yielding colloidal-sized catalyst particles. However, it is believed that taking care to
thoroughly mix the precursor composition throughout the feedstock will yield

individual catalyst molecules rather than colloidal particles. Simply blending, while
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failing to sufficiently mix, the catalyst precursor composition with the feedstock
typically causes formation of large agglomerated metal sulfide compounds that are
micron-sized or larger.

In order to form the metal sulfide catalyst, the blended feedstock composition
is preferably heated to a temperature in a range of about 200°C to about 5"00°C, more
preferably in a range of about 250°C to about 450°C, and most preferably in a range
of about 300°C to about 400°C. According to one embodiment, the conditioned
feedstock is heated to a temperature that is about 100° C less than the hydrocracking
temperature within the hydrocracking reactor. According to one embodiment, the
colloidal or molecular catalyst is formed during prehcating before thc heavy oil
feedstock is introduced into the hydrocracking reactor. According to another
embodiment, at least a portion of the colloidal or molecular catalyst is formed in sifu-
within the hydrocracking reactor itself. Once formed, in some cases, the colloidal or
molecular catalyst can be formed as the heavy oil feedstock is heated to a
hydrocracking temperature prior to or after the heavy oil feedstock is introduced 1nto
a hydrocracking reactor. The initial concentration of the catalyst rﬁetal in the
colloidal or molecular catalyst is preferably in a range of about 1 ppm to about 500
ppm by weight of the heavy oil feedstock, more preferably in a range of about 5 ppm
to about 300 ppm, and most preferably in a range of about 10 ppm to about 175 ppm.
The catalyst may become more concentrated as volatile fractions are removed from
non-volatile resid fraction. |

While the highly polar nature of the catalyst compound causes or allows the
colloidal or the molecular catalyst to associate with asphaltene molecules, it is the
general incompatibility between the highly polar catalyst comp ound and the
hydrophobic heavy oil feedstock that ncccssitates the aforementioned intimate or
thorough mixing of the oil soluble catalyst precursor composition within the heavy oil
feedstock prior to decomﬁosition of the precursor and formation of the colloidal or
molecular catalyst. Because metal catalyst compounds are highly polar, they cannot
be effectively dispersed within a heavy oil feedstock in colloidal or molecular form if
added directly thereto or as part of an aqueous solution or an oil and water emulsion

such methods inevitably yield micron-sized or larger catalyst particles.

V.  EXAMPLES

The following examples provide exemplary formulas for manufacturing

catalyst precursors according to the present invention. Examples 1-9 provide
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formulas for making bimetallic salts. In examples 1-9, the metal salts were prepared
using a condenser attached to a flask. Condensate was removed by opening a valve.
Examples 10-12 describe the use of catalyst precursors in a hydrocracking proc"ess.
Examples actually performed are described in past tense. Hypothetical examples that
can be carried out using the present invention are described in present tense.

Example 1

Example 1 describes a method for making a molybdenum-cobalt catalyst
precursor with 80:20 ratio of molybdenum to cobalt by weight. 30.0 g of molybdic
acid (Aldrich, MoOs; >85.0%) and 102.2 g of 2-ethyl hexanoic acid (Aldrich, 99%)
were mixed together in a 300 ml flask, and then heated at 200°C for 1 hour while
sturing aﬁd purging with 100 ml/min of N.. The purging was switched to a mixture
of 20% H, and 80% N, and held for 12 hours at 200°C. The reaction yielded
molybdenum 2-ethyl hexanoate with 14.7 wt% Mo.

2.8 g of cobalt(Il) hydroxide (Aldrich, Co(OH)2 > 95.0%) and 17.28 g of 2-
ethyl hexanoic acid (Aldrich, 99%) were mixed together in a 250 ml of flask, and then
heated to approximately 140°C for 8 hours. The reaction yielded cobalt 2-ethyl
hexanoate with 9.0 wt% Co. 15.0 g of the molybdenum 2-ethyl hexanoate was mixed
with 6.1 g of the cobalt 2-ethyl hexanoate at room temperature to yield a bimetallic,
oil soluble catalyst precursor with 13.0% metal by weight. |

Example 2

Example 2 describes a method for making a molybdenum-cobalt-phosphorus
catalyst precursor. 30.0 g of molybdic acid (Aldrich, MoO3 >85.0%) and 102.2 g of
2-ethyl hexanoic acid (Aldrich, 99%) were mixed together in a 300 ml flask and
heated at 200°C for 1 hour while stirring and purging with 100ml/min of Nj. The
mixture was then purged for another 12 hours with a mixture of 20% H; and 80% N>
at thc samc temperature. The reaction yielded molybdenum 2-ethyl hexanoate
containing 14.6 wt% Mo. |

2.8 ¢ of cobalt(I) hydroxide (Aldrich, Co(OH); > 95.0%) and 17.28 g of 2-
ethyl hexanoic acid (Aldrich, 99%) were mixed together in a 250 ml flask and heated
at ~140°C for 8 hours. The resulting cobalt 2-cthyl hexanoate contained 9.0wt% Co.

15.0 g of molybdenum 2-ethyl hexanoate (Mo Content =14.6wt%) was mixed
with 6.1 g of cobalt 2-ethyl hexanoate (Co Content=9.0 wt%) and 27.66 grams of 2-
ethylhexyl phosphate, thus producing molybdenum-cobalt-phosphorus catalyst.
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Example 3

Example 3 describes a method for making a molybdenum-cobalt catalyst
precursor with 80:20 ratio of molybdenum to cobalt. 30.0 g of molybdic acid
(Aldrich, MoO3; >85.0%) and 102.2 g of 2-ethyl hexanoic acid (Aldrich, 99%) were
mixed together in a 300 ml of flask and then heated to 200°C for 1 hour while stitring
and purging with 100 ml/min of N,. The purging was switched to a mixture of 20%
"Hg and 80% N, and held for 12 hours at 200°C. The reaction yielded molybdenum 2-
ethyl hexanoate with 14.6 wt% Mo. | |

15.0 g of the molybdenum 2-ethyl hexanoate was mixed with 0.91 g of cobalt
(I1) hydroxide (Aldrich, 95 wt%o) and 5.4 g of 2-ethyl hexanoic acid (Aldrich, 99%),
and then heated to 140°C and held for 3 hours. The reaction yielded an oil-soiuble,
molybdeﬁum—cob alt catalyst precursor having 13.1 wi% metal.

Example 4

Example 4 describes a method for making a molybdeﬁmn—cobalt catalyst
precursor with a metal concentration of greater than 16.5 wit%. 10.0 g of molybdic
acid (Aldrich, M003 >85.0%) and 25.5 g of 2-ethyl hexanoic acid (Aldrich, 99%)
were mixed together in a 250 ml flask and then heated to 200°C for 1 hour while
stirring and purging with 100 ml/min of N2, The muxture was then purged for another
{ hours with a mixture of 20% H, and 80% N at the same temperature. The reaction
yielded molybdenum 2-ethyl hexanoate containing 18.4 wt% Mo.

3.0 g of cobalt(Il) hydroxide (Aldrich, Co(OH), > 95.0%) and 19.8 g of 2-
ethyl hexanoic acid (Aldridh, 99%) were mixed together in a 250 m] flask and heated
at 140°C for 8 hours. The reaction yielded cobalt 2-ethyl hexanoate containing
8.7wt% Co.

12.0 g of the molybdenum 2-ethyl hexanoate was mixed with 6.3 g of above
cobalt 2-ethyl hexanoate to yield a molybdenum cobalt catalyst having 15.1 wt%

metal.

| Example 5

Example 5 describes a method for making a molybdenum- cobalt catalyét
precursor with 70:30 ratio of molybdenum to cobalt. 30.0 g of molybdic acid
(Aldrich, MoO3 >85.0%) and 102.2 g of 2-ethyl hexanoic acid (Aldrich, 99%) were
mixed together in a 300 ml flask and then heated to 200°C for 1 hour while stirring
and purging with 100 ml/min of N». The purging was switched to a mixture of 20%
H, and 80% N, and held for 12 hours at 200°C. The reaction yielded molybdenum 2-
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ethyl hexanoate with 14.6 wt% Mo.

3.0 g of cobalt(Il) hydroxide (Aldrich, Co(OH), > 95.0%) and 19.8. g of 2-
ethyl hexanoic acid (Aldrich, .99%) were mixed together in a 250 ml flask and then
heated at 140°C for 8 hours. The resulting cobalt 2-ethyl hexanoate contained 8.7
wt% Co. | |

9.08 g of the molybdenum 2-ethyl hexanoate was mixed with 6.55 g of the
cobalt 2-ethyl hexanoate to yield a molybdenum-cobalt catalyst precursor with a
70:30 ratio of molybdenum to cobalt and 12.1 wt% metal.

Example 6

Example 6 describes a method for making a molybdenum-cobalt catalyst
precursor with 95:5 ratio of molybdenum to cobalt. 10.0 g of molybdic acid (Aldrich,
MoOs >85.0%) and 25.5 g of 2-ethyl hexanoic acid (Aldrich, 99%) were mixed
together in a 250 ml flask and then heated to 200°C for 1 hour while stirring and
purging with 100 ml/min of N, The mixture was then purged for another 8 hours with
a mixture of 20% H, and 80% N, at the same temperature. The reaction yielded
molybdenum 2-ethyl hexanoate containing 18.4 wt% Mo.

3.0 g of cobalt(Il) hydroxide (Aldrich, Co(OH)2 > 95.0%) and 19.8 g of 2-
ethyl hexanoic acid (Aldrich, 99%) were mixed together in a 250 ml-flask and heated
at 140°C for 8 hours. The reaction yielded cobalt 2-ethyl hexanoate containing
8. 7wt% Co.

~ 14.2 g of the as-prepared molybdenum 2-ethyl hexanoate was mixed with 1.59
g of the cobalt 2-ethyl hexanoate to yield an oil-soluble bimetallic catalyst precursor
having molybdenum and cobalt in a ratio of 95:5 and 17.4 wt% metal.
Example 7

Example 7 deécribes a method for making a molybdenum-nickel catalyst
precursoi' with 80:20 ratio of molybdenum to nickel. 10.0 g of molybdic acid
(Aldrich, MoO; >85.0%) and 25.5 g of 2-ethyl hexanoic acid (Aldrich, 99%) were
mixed together 1n a 250 ml. flask and then heafed to 200°C for 1 hour while stirring
and purging with 100 ml/min of N, The mixture was then purged for another 8 hours
with a mixture of 20% H> and 20% N, at the same temperature. The reaction yielded
molybdenum 2-ethyl hexanoate containing 18.4 wt% Mo.

5.0 g of nickel(Il) hydroxide (STREM, Ni% = 61.6) and 15.3 g of 2-ethyl
hexanoic acid (Aldﬁch, 09%) were mixed together in a 250 ml flask and heated to
140°C for 6 hours. The reaction yielded nickel 2-ethyl hexanoate containing 16.8 wt%
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N1.
11.93 g of the molybdenum 2-ethyl hexanoate was mixed with 3.27 g of the

nickel 2-ethyl hexanoate to yield a molybdenum-nickel catalyst precursor having 18.1
wt% metal.

Example &8

Example 8 describes a method for making a molybdenum-manganese catalyst
precursor with 80:20 ratio of molybdenum to managanes. 10.0 g of molybdic acid
(Aldrich, MoO3 >85.0%) and 25.5 g of 2-ethyl hexanoic acid (Aldrich, 99%) were
mixed together in a 250 ml flask and then heated to 200°C for 1 hour while stirring
and purging with 100 ml/min of N2 The mixture was then purged for another 8 hours
with a mixture of 20% H, and 80% N3 at the same temperature. The reaction yielded
molybdenum 2-ethyl hexanoate containing 18.4 wt% Mo.

| 5.0 g of manganese (II) oxide (STREM, 99%) and 30.3 g of 2-ethyl hexanoic
acid (Aldrich, 99%) were mixed together in a 250 ml flask heated at 140°C for 8
hours. The reaction yielded manganese 2-ethyl hexanoate containing 11.5 wi’ Mn.
| 11.93 g of the molybdenum 2-ethyl hexanoate was mixed with 4.77 g of the
manganese 2-ethyl hexanoate to yield a molybdenum-manganese catalyst precursor
containing 16.4 wt% metal. -

Example 9

Example 9 describes a method for making a molybdenum-iron catalyst
precursor with 80:20 ratio of molybdenum to iron. I 0.0 g of molybdic acid (Aldrich,
MoOs; >85.0%) and 25.5 g of 2-ethyl hexanoic acid (Aldrich, 99%) were mixed
together in a 250 ml flask and then heated to 200°C :for.l hour while stirring and
purging with 100 ml/min of N, The mixture was then purged for another 8 hours with
4 mixture of 20% H, and 80% N, at the same temperature. The reaction yielded
molybdenum 2-ethyl hexanoate containing 18.4 wt% Mo.

5.0 g of iron (III) oxide (Hydrated, Aldrich, Fe wt% = 62.85) and 24.4 g of 2-
ethyl hexanoic acid (Aldrich, 99%) were mixed together 1n a 250 ml flask and heated
at 140°C for 6 hours. The reaction yielded iron 2-ethyl hexanoate containing 11.3
wi% Fe.

11.93 g of th"e molybdenum 2-ethyl hexanoate was mixe@ with 4.86 g of the
iron 2-ethyl hexanoate to yield a molybdenum-iron catalyst precursor containing 106.3

wt% metal.

Example 10
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Example 10 describes the use of the precursor of Example 1 to hydrocrack
heavy oil. 21.8 grams of catalyst precursor was mixed with 278.9 grams of decant o1l
to make a mixture with a total weight of 300.0 g and then stirred until homogenous.
The resulting precursor slurry had 9150 ppm metal. 2 grams of this catalyst
precursor célurry was mixed with 181 g of heavy oil to form the final i:eedstock, which
was fed into Reactor A under the following reaction conditions: reaction temperature
of 824.G°F, reaction pressure of 2200 psig, and a weight ratio of H; to feed oil of
19 g/ 181g. The results of the hydrocracking process are shown below in Table 1.
Example 11

Example 11 describes the use of the precur'sor of Example 2 to hydrocrack
heavy oil. 48.8 grams of catalyst precursor was mixed with 281.3 grams of decant oil
to mékc a mixture with a total weight of 300.0 g and then stirred until homogenous. '
The resulting precursor slurry had 9150 ppm metal. 2 grams of this catf;ﬂyst precursor
shury was mixed with 181 g of heavy oil to form the final feedstock, which was fed
into Reactor B under the following reaction conditions: reaction temperature of
824.56°F, reaction pressure of 2200 psig, and a weight ratio uof H,; to feed oil of
19 g/ 181g. The results of the hydrocracking process are shown below in Table 1.
| Example 12

Example 12 describes the use of the catalyst precursors of Examples 3-9 to
hydrocrack heavy oil. In independent reactions, an amount of catalyst precursor
formed in respective Examples 3-9 1s mixed with decant oil to form a mixture with a
total weight of 300.0 grams and 9150 ppm metal. The respective diluted mixtures are
stirred to form a homogenous precursor slurry 2 grams of this catalyst precursor
slurry is mixed with 181 g of heavy oil to fon:n the final feedstock, which is fed into a

reactor under the following reaction condmons reaction temperature of 825°F

reaction pressure of 2200 psig, and a weight ratio of Hy to feed oil of 19g/181g.
Example 13 (Comparative)

Example 13 describes the use of a comparison molybdenum catalyst precursof
in & hydrocracking process. 18.3 g of a comparison molybdenum 2-ethyl hexanoate
complex containing 15% molybdenum was mixed with 281.7 g of decant oil to
produce a catalyst slurry with 9150 ppm of catalyst. 2 g of this catalyst slurry was
mixed with 181 g of heavy oil to form the final feed. Catalyst precursor prepared
according to Example 13 was used as a comparison in both Reactor A and Reactor B

The results of the hydrocracking process are shown in Table 1.
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Table A: Reaction results

s et i, e PV R a—

Catalyst Sample Example 10 | Example 11 | Example 13 | Example 13
“ | (Reactor A) | (Reactor B)
Process conversion (w%) ) ] 8?5.0 — 180.8 ' 81.3 — 180.5 |
“Process HI conversion (w%) | 83.5 . 78.9 | 76.6 76.9 "_|
rProcess asphaltene conversion (w%) | 86.0 | 31.4 ) |F’7§.4 79.4 -J
| C1-C; gas yield (w%) ) 673 \ 5.91 | 4.91 | 4.91
Bottoms IBP-375°F sediment (w%) | 1.18 ) fl.:sz : 1.26 | 1.26 )

As shown in the results from the hydrocracking process, the bimetallic catalyst
precursors of the present invention show reduced sediment and improved asphaltenes
conversion. Consequently, hydrocracking performed using the catalyst precursors of
the present invention are less likely to coke up or become fouled as compared to
hydrocracking performed with existing catalyst precursors.

Examples 14-16 (Comparative)

Examples 14-16 compare the use of three different catalyst precursors
compared to a conventional molybdenum 2-ethyl hexanoate complex containing 15%

molybdenum in a pilot hydrocracking process. The catalyst precursors studied were

designated Catalyst Nano #1, Catalyst Nano # 2, and Catalyst Nano #3 and contained

the following ratios of metal:
Catalyst Nano #1: 80% Mo + 20% N1
Catalyst Nano #2: 80% Mo + 10% Ni +10% Fe
Catalyst Nano #3: 50% Mo + 30% Ni + 20% Fe

Catalyst Nano #1 was manufactured substantially according to Example 7 above.

Catalyst Nano #2 and #3 were manufactured by modifying Examples 7 and 9 above
by varying the quantities of metals to yield the ratios listed herein.

The bench tests in these examples were conducted with a single reactor having
2 nominal 2700 cc internal volume (including recycle loop), and autoclave runs were
made using a 1-liter autoclave. The main purpose of bench test was to determine the
relative performance between the three inventive catalyst precursors and the
conventional molybdenum 2-ethyl hexanoate catalyst precursor. Material recoveries
were excellent during the bench test program. The average material recovery for the
entire bench test was 99.2 wt%. During the test, residue conversion ranged from 66 to

70 wt%. Similarly, asphaltene conversion ranged from 49 to 64 W%. The sediments
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ranged from 0.19 to 0.65 wit%. The average material recovery for the entire autoclave

test was 98.9 wt%.
The feedstock that was used to conduct the comparative test was a commercial

.vacuum residuum having an API gravity of 5.1 and 91.62 wit% of constituents having
a boiling point above 975°F. A summary of the running process yields and

performance 1s provided in Table 1.
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The foregoing data indicates that Nano #2 outperformned the commercial
catalyst precursor in alinost every category. Nano #1 was as good as the commercial
catalyst precursor (within experimental error) but utilized 20% less molybdenum at a
signiﬁcaht cost sgving. Nano #3 performed slightly below the commercial catalyst

precursor but did so with only 50% of the molybdenum content, at a considerable cost

saving.

The present invention may be embodied in other specific forms without departing
from its essential characteristics. The exemplified embodiments are to be considered in all
respects only as 1llustrative and not restrictive. The scope of the claims should not be limited
by the preferred embodiments set forth in the examples, but should be given the broadest

interpretation consistent with the description as a whole.

What 1s claimed is:
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CLAIMS:
1. A bimetallic catalyst precursor suitable for forming a metal sulfide catalyst in

situ for use in hydrocracking heavy oil, comprising:

a molybdenum salt comprising a plurality of molybdenum atoms, each bonded

to a plurality of organic anions, wherein the molybdenum salt is soluble in heavy oil; and

a secondary transition metal salt comprising a plurality of transition metal
atoms selected from the group consisting of cobalt, nickel, iron, manganese, and combinations

thereof, each metal atom being bonded to a plurality of organic anions, wherein the secondary
transition metal salt is soluble in heavy oil, wherein the weight ratio of the molybdenum to the

secondary transition metal 1s between about 98:1 and about 1:10,

wherein the bimetallic catalyst precursor is soluble in heavy oil and forms an
unsupported active metal sulfide catalyst in heavy oil upon heating to above the

decomposition temperature of the molybdenum salt and the secondary transition metal salt.

2. A bimetallic catalyst precursor as in claim 1, wherein the weight ratio of the

molybdenum to the secondary transition metal is between about 95:1 and about 1:5.

3. A bimetallic catalyst precursor as in claim 1, wherein the weight ratio of the

molybdenum to the secondary transition metal is between about 10:1 and about 1:1.

4. A bimetallic catalyst precursor as in claim 1, wherein the weight ratio of the

molybdenum to the secondary transition metal is between about 8:1 and about 2:1.

5. A bimetallic catalyst precursor as in claim 1, wherein the organic anions

comprise carboxylate ions having 2 to 14 carbon atoms.

6. A bimetallic catalyst precursor as in claim 5, wherein the carboxylate 1ons are

derived from one or more carboxylic acids selected from the group consisting of butanoic
acid, pentanoic acid, hexanoic acid, heptanoic acid, octanoic acid, decanoic acid, 2-ethyl

butanoic acid, 2-methyl pentanoic acid, 2-ethyl hexanoic acid, cyclohexanoic acid,



10

15

20)

25

CA 02636291 2015-05-20

69767-46
.26 -

cyclododecanoic acid, benzoic acid, 1-naphthoic acid, 2-naphthoic acid, o-toluic acid,
m-toluic acid, p-toluic acid, phenylacetic acid, 1-naphthalene acetic acid, 2-naphthalene acetic

acid, phenylbutyric acid, and combinations thereof.

7. A diluted bimetallic catalyst precursor comprising the bimetallic catalyst

precursor of claim 1 and a hydrocarbon diluent mixed therewith.

8. A method for making a bimetallic catalyst precursor suitable for forming a

metal sulfide catalyst in situ for hydroprocessing heavy oil, comprising:

(1) providing a plurality of molybdenum atoms and a plurality of secondary
transition metal atoms, wherein the secondary transition metal atoms comprise one or more
transition metals selected from the group consisting of cobalt, nickel, iron, and manganese,
wherein at least a portion of the secondary transition metal atoms form precipitated metal if
heated together with an organic agent at or above a precipitation temperature for the

secondary transition metal atoms;

(11) providing an organic agent comprising a plurality of organic molecules,
each organic molecule having at least one functional group that is reactive to the molybdenum

atoms and the secondary transition metal atoms;

(111) reacting the molybdenum atoms with a portion of the organic agent at a-
temperature in a range of about 100°C to about 350°C to yield a hydrocarbon-soluble

molybdenum salt; and

(iv) mixing the secondary transition metal atoms with the molybdenum salt and
reacting the secondary transition metal atoms with a second portion of the organic agent to

yield a hydrocarbon-soluble secondary transition metal salt mixed with the molybdenum salt
and thereby form the bimetallic catalyst precursor, wherein the reaction temperature during
step (1v) 1s less than the reaction temperature during step (iii) and also less than the
precipitation temperature for the secondary transition metal atoms so that the secondary
transition metal atoms react with the organic agent to form the hydroéarbon-soluble secondary

transition metal salt rather than precipitated metal.
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9. A method as in claim 8, wherein the organic anions comprise carboxylate 1ons
having 2 to 14 carbon atoms.
10. A method as in claim 8, wherein the carboxylate ions are derived from one or

more carboxylic acids selected from the group consisting of butanoic acid, pentanoic acid,
hexanoic acid, heptanoic acid, octanoic acid, decanoic acid, 2-ethyl butanoic acid, 2-methyl
pentanoic acid, 2-ethyl hexanoic acid, cyclohexanoic acid, cyclododecanoic acid, benzoic
acid, 1-naphthoic acid, 2-naphthoic acid, o-toluic acid, m-toluic acid, p-toluic acid,
phenylacetic acid, 1-naphthalene acetic acid, 2-naphthalene acetic acid, phenylbutyric acid,

and combinations thereof.

11. A method as in claim 8, wherein the molybdenum atoms are provided as
molybdic acid.
12. - A method as in claim 8, wherein the reaction temperature during step (iv) 1s at

least 5°C less than the reaction temperature during step (1i1).

13. A method as in claim 8, wherein the reaction temperature during step (iv) 1s at

least 10°C less than the reaction temperature during step (iii).

14. A method as in claim 8, wherein the reaction temperature during step (1v) is at

least 25°C less than the reaction temperature during step (1i1).

15. A method as 1n claim 8, wherein the reaction of the molybdenum atoms with

the organic agent and/or the reaction of the secondary transition metal atoms with the organic

agent 1s carried out in the presence of a reducing agent.
16. A method as in claim 15, wherein the reducing agent is hydrogen gas.

17. A bimetallic catalyst precursor manufactured according to the method of any

one of claims 8 to 16.

18. A heavy oil feedstock comprising the bimetallic catalyst precursor of claim 17

mixed therewith.
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19. A method for making a bimetallic catalyst precursor suitable for forming a

metal sulfide catalyst in situ for hydroprocessing heavy oil, comprising:

providing a plurality of molybdenum atoms and a plurality of secondary
transition metal atoms, wherein the secondary transition metal atoms comprise one or more
transition metals selected from the group consisting of cobalt, nickel, iron, and manganese,
wherein at least a portion of the secondary transition metal atoms form precipitated metal if
heated together with an organic agent at or above a precipitation temperature for the

secondary transition metal atoms;

providing an organic agent comprising a plurality of organic molecules having
between 2 and 14 carbon atoms and at least one functional group that is reactive to the

molybdenum atoms and the secondary transition metal atoms;

reacting the molybdenum atoms with a portion of the organic agent at a
temperature 1n a range of about 100°C to about 350°C to yield a hydrocarbon-soluble

molybdenum salt;

In a separate reaction, reacting the secondary transition metal atoms with a
second portion of the organic agent at a temperature less than about 350°C and that is less
than the precipitation temperature for the secondary transition metal atoms so that the
secondary transition metal atoms react with the organic agent to yield a hydrocarbon-soluble

secondary transition metal salt rather than precipitated metal; and

mixing the hydrocarbon-éoluble secondary transition metal salt with the

hydrocarbon-soluble molybdenum salt to yield the bimetallic catalyst precursor.

20. A method as in claim 19, wherein the molybdenum salt is mixed with the

secondary transition metal salt at a temperature below about 100°C.

21. A method as in claim 19, wherein the organic molecules comprise a carboxylic

acid functional group.
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22. A method as in claim 19, wherein the organic molecules are derived from one
or more carboxylic acids selected from the group consisting of butanoic acid, pentanoic acid,
hexanoic acid, heptanoic acid, octanoic acid, decanoic acid, 2-ethyl butanoic acid, 2-methyl
pentanoic acid, 2-ethyl hexanoic acid, cyclohexanoic acid, cyclododecanoic acid, benzoic
acid, 1-naphthoic acid, 2-naphthoic acid, o-toluic acid, m-toluic acid, p-toluic acid,
phenylacetic acid, 1-naphthalene acetic acid, 2-naphthalene acetic acid, phenylbutyric acid,

and combinations thereof.

23. - A method as in claim 19, wherein the molybdenum atoms are provided as
molybdic acid.
24, A method as in claim 19, wherein the reaction of the molybdenum atoms with

the organic agent and/or the reaction of the secondary transition metal atoms with the organic

agent 1s carried out in the presence of a reducing agent.
23. A method as in claim 24, wherein the reducing agent 1s hydrogen gas.

26. A bimetallic catalyst precursor manufactured accordiﬁg to the method of any

one of claims 19 to 25.

27. A heavy oil feedstock comprising the bimetallic catalyst precursor of claim 26

mixed therewith.
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