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Hydrocopversion Multi-Metallic Catalysts and Methed for Making Thereof

CROSS-REFERENCE TO RELATED APPLICATIONS

[0601] Ths application claims benefit under 35 USC 119 of US Provisional Patent
Application Nos. 61/697,063 with a filing date of Sept. 5, 2012 and 61/801,683 with a filing
date of March 15, 2013,

TECHNICAL FIELD
[002] The invention relates generally to a seif-supported mixed metal sulfide (MMS)
catalyst for use in hydroprocessing, processes for preparing the catalyst, and hydroconversion

processes employing the roulti-metallic catalyst.

BACKGROUND

[603]  In the crude oil market, there 1s a premium for refineries (o process feeds
derived from more refractory crudes o high value finished products. These refractory feeds
are characterized by a higher density resulting from an increased fraction of aromatic
compounds with a low hydrogen content.  Therefore, these feeds require deeper
hydrogenation (more exiensive saturation of aromatic corapounds) to produce fuels that meet
specifications, such as viscosity, cold flow properties, cetane index, smoke point, emission
requirements. The volursetric productivity of such a process provides higher benefits to
refineries that deploy hydrogenation (HY D) catalysts powerful enough to meet the reguired
hydrogenation activity.

[604] Although hydrogenation is an important aspect of refining high density feeds,
decp hydrogenation catalysts need to deliver more than maximizing the increase in volume
between feed and refined products.  In the wake of Furopean environmeutal legislation, there
is & global trend towards more stringent legislation that mandates environmentally friendly
transportation fuels.  An exampie is the mandate that all diesel produced in and imported into
the US will have to be ultra-low-sulfur diesel (ULSD) as of December 1% 2014, This change
to transportation fuels with the low sulfur content allows for application of newer emission
control technologies that should substantially lower emissions of particulate matter from
diesel engines. Environmental mandates to remove contanunants tike sulfur frovo refined ol
products implies a need for catalysts which combine a deep hydrogenation (HYD) capability
with a decp hydrodesulfurization (HDS) activity.  This deep hydrodesulfurization activity is

particularty important in refining high-density feed stocks, because a higher density typically
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implies a higher concentration of contaminants such as organic suifur and nitrogen
roolecules, as well as metals and asphaltenes (.. multi-ring based arorvatic compounds with
a low solubility even in the most aromatic solvents}.

[005] Deep hydrodesulfurization is accomplished most efficiently through a
combination oft 1) hydrogenation (HY ), which releases sulfur atoms after saturating the
ring structure of parent aromatic compounds and 2} hydrogenolysis (HYL), which breaks the
bond between a sulfur atom and the carbon ator(s) in the sulfur containing molecule , such
as aromatic ring compounds. This implies that optimurm catalysts for the deep hydrogenation
of high-density feed stocks are expected to exhibit an appropriate balance between
hydrogenation and hydrogenolysis functions.  Catalysts that are suitable for hydroprocessing
{c.g. hydrodesulfurization and hydrodenitrogenation) generally comprise molybdenum or
tungsten sulfide or sulfocarbide, in combination with an clement such as cobalt, nickel, iron,
or a combination of thereof, Attempts have been made to modify the morphology of
hydroprocessing catalysts to provide ways to control their activity and selectivity. For
example, US Patent No. 4,528,089 discloses that catalysts prepared from carbon-containing
catalyst precursors are more active than catalysts prepared from sulfide precursors without
OTZanic groups.

[006] Considerable experimaental and modeling efforts have been underway to better
understand complex metal sulfide catalysts, including factors that control metal suifide
roorphology. US Patents 7,591,942 and 7,544,632 demonstrate that suifiding a self~supported
muiti-metallic catalyst in the presence of a surfactant amine gives a catalyst comprising
stacked layers of roolybdenurs or tungsten sulfide with a reduced number of layers n stacks.
A lower number of layers in stacks implies the presence of smaller crystals of molybdenum,
tungsten or molvbdenum tungsten sulfides, which can result in larger surface arcas avatlable
for catalysis.

[007] The saturation of aromatic compounds in distillate fractions, ¢.g. vacuum gas
oil, heavy coker gas oil or diesel fuel has also drawn attention of rescarchers. A high
arornatic content 18 associated with high density, poor fucl quality, low cetane numbers of
dicsel fuel and low smoke point values of jet fuel.  High hydrodentirogenation (HDN)
activity is typically associated with aromatic saturation activity of nickel tungsten sulfides
catalysts; while high hydrodesulfurization (HDS) activity associates with high
hydrogenolysis activity of cobalt molybdenum sulfide catalysts.

[008] There s still a need for improved catalysts with improved catalytic activity

and resistance towards deactivation, specifically self-supported mixed metal sulfide catalysts
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for use in the hydroprocessing of lower grade, more refractory hydrocarbon feeds, capable of
generating low aromatic products meeting new emission requirements. There 15 also a veed
for a better understanding of structure-performance relationships for these catalysts to design

next generation of highly active self-supported catalysts for use in hydroprocessing.

SUMMARY

[0609] In one aspect, the invention relates to 8 self-supported mixed metal sulfide
{MMS} catalyst consisting cssentially of nickel sulfide and tungsten sulfide, wherein the
catalyst contains NUW ina mole ratio of 1:3 to 4:1, on a transition metal basis. Inoue
embodiment, the catalyst further comprises a metal promoter selected from Mo, Nb, T1, and
mixtures thereof, wherein the metal promoter is present 1 an amount of less 1% {(mole).

[010] In a second aspect, the invention relates to a MMS catalyst consisting
cssentially of molybdenum sulfide and tungsten sulfide, wherein the catalyst contains at least
0.1 mol% of Mo and at least .1 mol% of W, on a transition metal basis. In one embodiment,
the catalyst 1s characterized as having an HDS reaction rate constant of at least 10% higher
than that of a catalyst comprising molybdenum sulfide alone or a catalyst comprising
tungsten sulfide alone, when compared on same metal molar basis in hydrotreating a Heavy
Coker Gas O as a feedstock at identical process conditions as indicated in Table E.

[011] In athird aspect. the invention relates to a MMS catalyst comprising
molybdenum sulfide, nickel sulfide, and tungsten sulfide, wherein the catalyst is charactenized
by an HDN reaction rate constant of at least 100 g feed hr' g catalyst ~ assuming first order
kinetics, and an HDS reaction rate constant of at least 550 g feed hr' g catalyst ' assuming
first order kinetics in hydrotreating of @ Heavy Coker Gas Ol as a feedstock with properties
indicated 1 Table A and at given process conditions as indicated in Table E. Inone
embodiment, the catalyst is characterized by an HDN reaction rate constant of at least 4 hr”’
assumning first order kinetics, and an HDS reaction rate constant of at least 5 hr'’ assuming
first order kinetics in hydrotreating of @ Heavy Vacuum Gas Ol as a feedstock with
properties indicated in Table B and at the steady state process conditions as indicated in
Table F. In another erabodiment, the catalyst is charactenized by an HY D reaction rate
constant and an HY L reaction rate constant of at least 10% higher than the rate constants of a
catalyst comprising nickel sulfide and molybdenum sulfide, or a catalyst coraprising mckel
sulfide and tungsten sulfide, when compared on same metal molar basis in hydrotreating a

diphenylether as a feedstock at identical process conditions as indicated in Table C.
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{0121 In a fourth aspect, the invention relates to a MMS catalyst comprising
roolybdenurn sultfide, mckel sulfide, and tungsten sulfide, and wherein the catalyst is
characterized as having molar ratios of metal components Ni:Mo:W in a region defined by
five points ABCDE of a ternary phase diagram, and wherein the five points ABCDE are
defined as: A (Ni=(.72, Mo=0.00, W=0.25), B (Ni=(0.25, Mo=0.00, W=0.75), C {Ni=0.25,
Mo=0.25, W=0.50), D (Ni=0.60, Mo=0.25, W=0.15}, E (Ni=0.72, Mo=0.13, W=0.15). Inone
embodiment, the catalyst is characterized having a molar ratio of metal components Ni:Mo:W
in arange oft 0.33 <= Ni/{W-+Mo}<2.57; 0.00 <Mo/(Ni+W) <0.33; and (.18 <W/(Ni+Mo)
<3.00.

{0131 In a fifth aspect, the invention relates to 8 MMS catalyst comprising
roolybdenurn sulfide, nickel sulfide, and tungsten sulfide, whereiu the catalyst is
characterized as having a multi-phased structure comprising five phases: a molybdenum
sulfide phase, a tungsten sulfide phase, a molybdenurm tungsten sulfide phase, an active nickel
phase, and a nickel] sulfide phase.  In one embodiment, the molybdenum tungsten sulfide
phase comprises at least a layer, wherein the at least a layer contains at least one of? a)
molybdenum sulfide and tungsten sulfide; b) timgsten isomorphously substituted into
molybdenum sulfide as individual ators or as tungsten suifide donaing; ¢) molybdemum
isomorphously substituted into tungsten sulfide as individual atoras or as molybdenum sulfide
domains; and d} mixtures thereof.

[014] In asixth aspect, the invention relates to a MMS catalyst comprising
molybdenum (Mo} sulfide, tungsten (W) sulfide, and nickel (Ni) sulfide, wherein the
catalyst has a BET surface area of at least 20 m”/g and a pore volume of at feast .05 cm/g.
in one embodiment, the catalyst has a BET surface area of at least 30 m’/g,

{0151 In ascventh aspect, the invention relates to a method for making a MMS
catalyst, the method comprising mixing a sufficient amount of a nickel (Ni} metal precursor, a
tungsten (W) metal precurser to produce a catalyst precursor having a molar ratio Ni:Mo:W
i relative proportions defined by 4 region of 4 ternary phase diagrarm showing transition metal
eleraental coroposition 1o ferms of nickel, molybdenum, and tungsten mol-%, wherein the
region is defined by five points ABCDE and wherein the five points are: A (Ni=0.72,
Mo=0.00, W=0.28), B (N&=0.55, Mo=0.00, W=0.45), C (Ni=0.48, Mo=0.14, W=038}, D
{Ni=0.48, Mo=0.20, W=0.33), E (Ni=0.62, Mo=0.14, W=0.24); and sulfiding the catalyst

precursor under conditions sufficient to convert the catalyst precursor into a sulfide catalyst.
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BRIEF BESCRIPTION OF THE DRAWINGS
[016] Figure 11s a ternary phase diagram showing contents of nuckel, molybdenum,
and tungsten as atomic % on 100% metal basis in self-supported catalysts optimized to have

significantly enhanced HYL, HYD, HDS and HDN activities, as compared to multi-ractallic

U

catalysts of the prior art.

[017] Frigure 2 18 a ternary phase diagram showing contents of nickel and tungsten as
atomic % on 100% metal basis in self-supported catalysts, optimized to have significantly
enhanced HYD and HDN activities.

[018] Figure 3 is a ternary phase diagraro showing contents of maolybdenum and
10 tungsten as atomic Y% on 100% metal basis in self-supported catalysts, optimized to have

significantly enhanced HYL and HDS activities.

[019] Figure 4 is an image showing the XRD pattern {counts per second as a
function of degrees 2 theta) of a spent catalyst having the composition within the optimum
compositional range of 50 mol-% Ni, 25 mol-% Mo and 25 mol-% W.

£5 [020] Frigure 5 1s an image showing the XRD pattern (counts per second as a
function of degrees 2 theta} of another spent catalyst having the compesition within the
optinum compositional range of 55 mol-% Ni, 14 mol-% Mo and 31 mol-% W.

[021] Figure 6 is an image showing the XRD pattern (counts per second as a
function of degree 2 theta) of a spent catalyst with composition of 10 mol-% Ni, 45 mol-%

20 Mo and 45 mol-% W.

[022] Figure 71s a TEM image showing crystalline NigSg and NisS; phases in the
spent catalyst with a composition of 50 wol-% Ni, 25 mol-% Mo and 25 mol-% W.

[023] Figure 8 is a TEM image showing nano-particles of nickel sulfide in the spent
catalyst with composition of 50 mol-% Ni, 25 mol-% Mo and 25 mol-% W.

25 (0241 Figure 915 8 TEM image of the spent catalyst with a composition of 50 mol-%
Ni, 25 mol-% Mo and 25 mol-% W, showing curved mulii-layer structure of molybdenum
sulfide and tungsten sulfide particles.

[025] Frigure 10 1s a TEM mmage of a spent catalyst with composition of 10 mol-%
Ni, 43 mol-% Mo and 435 mol-% W.

30 [026] Figure 11 is a graph showing Ni and W surface concentrations as determined

by XPS for differcot catalysis.

[027] Figure 12 is a graph showing BET surface arcas of freshly prepared and spent

catalysts {atter hydrotreating of coker gas ol feed).
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[028] Figure 13 is a graph comparing pore volumes of freshly prepared and spent
catalysts (after hydrotreating of coker gas oil feed for at least 0.5 hr).

(0291 Figure 14 is a pictorial representation of a surface structure of a self-supported
catalyst in the optimum compositional range consisting of 50 mol-% Ni, 25 mol-% Mo and
25 mol-% W.

[030] Figure 15 18 a pictorial representation of surface structure of a comparative
self-supported catalyst outside the optimum compositional range with 10 mol-%% Ny, 45 mol-
% Mo and 45 mol-% W.

[031] Figure 16 is a pictorial representation of a TEM, showing 0.5-3 nm NiSy
droplets on WMoy»8; layers.

[032] Fgure 17 18 a pictorial representation of surface structure of the wolybdenum
tungsten sulfide phase in any form of! 1) mtralayer atomic mixture; 2) inter-layer mixture of
tungsten sulfide and molybdenum sulfide; and 3) a muxture of individual domains of tungsten

sutfide and molybdenum sulfide.

DETAILED DESCRIPTION
[033] The following terms will be used throughout the specification and will have
the following meaunings unless otherwise indicated.

35w

[034] References to torms such as “edge,” “basal,” “rim,” and “layer,” can be found
in “Structural Studies of Catalytically Stabilized Industrial Hydrotreating Catalysts,” by De la
Rosa et al., Science Highlight November 2004,

[035] Reference to “slab” refers to the crystal morphology of single particles or
particle agglomerates of nickel sulfide.

[036] The Periodic Table referred to herein 1s the Table approved by IWPAC and the
U.S. National Burcau of Standards. An example is the Periodic Table of the Elements by Los
Alamos National Laboratory's Chemustry Division of October 2001,

[037] “Self-supported” may be used interchangeably with “bulk catalyst” or
“unsupported catalyst,” meaning that the catalyst coraposition is not of the conventional
catalyst form which consists of a catalyst depostied oun a preformed shaped catalyst support.
in one embodiment, the scif-supported catalyst is formed through precipitation. In another
embeodiment, the self-supported catalyst has a binder incorporated wnio the catalyst
composition. In yet another embodiment, the self-supported catalyst is formed from metal

compounds and without any binder.
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[638] ““One or more of” or "at least one of " when used to preface several elements
or classes of elements such as X, Y and Z or X=X, Y-Yand Z,-7,, is intended to referto a
single clement selected from X or Y or Z, a combination of elements selected from the same
common class (such as X and X3), as well as a combination of clernents selected from
different classes {such as X, Y, and 7).

[039] “Molybdenum suifide” refers to MoS,.. where ¢ has a value between § and 1,
and in one embodiment further comprises carbide, nitride, and / or sulfocarbide domans.
MoS; as used herein is by way of exemiplification for molybdenun sulfide or MoS; . in
general, and is not intended to exclude any wmolybdenurm sulfide not represented by the
formula.

{0401 “Tungsten sulfide” refers to WS, where e may have a value between § and 1,
and in one embodiment further comprises carbide, nitride, and / or sulfocarbide as well as
oxysulfide domatns. W3, as used herein 1s by way of exemphification for tungsten sulfide or
WS 1 general, and is not intended to exclude any tungsten sulfide not represented by the
formula.

(0411 “Heavy Coker Gas Oil” refers to a coker gas o1l feedstock with the following
propertics: APLof 31.4 {0.8686 ¢/mly; C of 85.7 wi%:; H of 12.246 wt%; N of 1986 ppm; S
of 1.6680 wi. %; Bromine number of 37; total aromatics of 35.2 wi. %, distributed as mono-
aromatics of 23.3 wt. % and poly-aromatics of 11.9 wt. %, with a boiling point distribution as
shown in Table A below.,

[042] Table A (Simulated Distillation)

W% (°F)
0.5 323
5 416
10 443
30 493
50 527
70 557
90 588
95 601
99 624
993 620

[043] “Heavy Vacuum Gas Oil” refers to a vacuum gas ol feedstock with the
following properties: APLof 21.1 {0.9273 g/mi}; C 0t 84.89%; Hof 11.951%; N ot 974
ppm; S of 2.335 wi. %; viscosity at 100 °F of 9.357 cst, with a botling point distribution as

shown i Table B below.
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[0644] Table B (Simulated Dnstillation)

W% °F
0.5 627
5 702
10 737
30 803
50 855
70 907
93 875
95 1002
99 1049
99.5 1063

{0451 Hydrogenolysis (HYL) reaction conditions of diphenylether (model feed) are

shown in the Table C below, and also

[046] Table C:

detatled in the Experiment section:

Reactor

1 L batch autoclave

Catalyst precursor

Organo wetallic compounds of vickel, molybdenum and

tungsten
Sulfiding agent DMDS, CS)
Feed diphenylether
Solvent hexadecane
Atomsphere H»
Stir rate 750 rpm
Temperature ramping | RT—382°Cin 2 hr
Reaction | Pressure 1800 psig
conditions | Temperature 382 °C (720 °F)
Residence time 0.5 hr
(Juench Below 100 “C within 2 min

[047] Hydrogenation (HYD)

reaction conditions for benzene (model feed) are

shown in the Table D below, and also detaiied in the Experiment section:

[048] Table D

Reactor

1 L batch autoclave

Catalyst precursor

Organo wetallic compounds of vickel, molybdenum and

tungsten
Sulfiding agent DMDS, CS)
Feed benzene
Solvent hexadecane
Atomsphere H»
Stir rate 750 rpm
Resction '?‘ernperature ramping R:E“»»»S s Z °Cin 2 hr
conditions %’ressure i 8%_ P :
Temperature 382 °C {720 °F})
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i Residence time

0.5 hr

quench

Below 100 °C within 2 min

[049] HDS and HDN reaction conditions for Heavy Coker Gas Otl (propertics in

Table A} are hsted below 1o Table E, and also detailed i the Experiroent section:

[050] Table E:

Reactor

1 L batch autoclave

Catalyst precursor

Organo metallic compounds of nickel, molybdenum and
tungsten

Sulfiding agent

BMDS, CS;

feed Heavy Coker Gas Oil
solvent Hexadecane
Atomsphere H;
Stir rate 750 rpm

Temperature ramping RT—%Z_SQ ‘f(f {40min) —250 °C (2.5hr) —343 °C (T0min)
Sulfiding ' > | =343 °C (2hr)
Conditions | Pressure 1800 psig

Quench Below 100 °C within 2 min

Terperature ramaping | RT—382 °Ciwn 2 by
conditions Temperature 382 °C {720 °F)

" | Residence time 0.5 hr
{huench Below 1060 °C within 2 min
[051] HDS and HDN reaction conditions for Heavy Vacaum Gas O (properties in

Table B) are shown in the Table F below, and also detailed in the Experiment section:

[052] Table F

Reactor

1 L batch autoclave

Catalyst precursor

Hydroxide catalyst precursor

Sulfiding agent

DMDS in straight run diesel with 2.5 wi% sulfur

Feed Heavy Vacuam Gas Gl
Atomsphere H
e e 400-500 °F for low temperature sulfiding followed by 600-700
Sulfiding | Temperature o gy 4 e ’
L F for igh teroperature sulfiding
Conditions - -
Pressure {(3-2700 psig
Temperature 700 °F
Reaction | Pressure 2300 psig
conditions | LHSV 2hr
H, to feed ratio 5000 sct/bbl, once through Hs

{0531 Mixed metal sulfide ("MMS”) catalyst refers to a catalyst containing transition

metal sulfides of molybdenum, tungsten, and nickel in one embodiment, and of nickel and
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molybdenum or nickel and tungsten in a second embodiment and molybdenum and tungsten
in yet another embodiment.

{0541 The size of crystalline domain L is determined by the Scherrer equation of L =
kA /{A(28) x cos 8 ); wherein A 1s the wavelength of incident bearn, when Cu kal 1s used,
A=1.5406 A, k=0.89; A20)is the FWHM (full width at half maximum}; and € is an angular
position of reflection peak measured 1n degrees.

{0551 “Hydroconversion” or “hydroprocessimg’” means any process that is carried
out in the presence of hydrogen, including, but not limited to, methanation, water gas shift
reactions, hydrogenation, hydrotreating, hydrodesulphurization, hydrodeunitrogenation,
hydrodeoxygenation, hydredecarboxylation, hydrodecarbonylation, hydrodemetallation,
hydrodearomatization, hydroisomerization, hydrodewaxing and hydrocracking mcluding
sclective hydrocracking. Depending on the type of hydroprocessing and the reaction
conditions, the products of hydroprocessing can show improved viscositics, viscosity indices,
saturates content, density, low temperature properties, volatilities and depolarization, etc.
The reactions include one or more of: molecular weight reduction by catalytic or thermal
cracking; heteroatom or metal removal; asphaltene or carbon residue reduction; olefin or
aromatic saturation {ASAT); and skeletal or double bond isomerization.

[056] Hydrogenolysis (“"HYL”) refers to a reaction whereby a carbon-carbon or
carbon-heteroatom single bond is cleaved or undergoes “lysis” by hydrogen. The
heteroatom is generally oxygen, sulfur, nitrogen, or a heavy wetal. Catalytic hydrogenolysis
commonly occurs in hydrodeoxygenation (HDO) to remove oxygen and hydrodesulfurization
{HDS) to reroove sulfur as the heteroatoms in o1l feedstock.,  Aun example of HDO s shown

below, wherein at least a portion of oxygen removal from phenol occurs via the direct

cleavage of the C(SP*)-0 bond to form benzenc.

(057]

[058] An example of HDS is shown below, wherein at least a portion of sulfur
removal from dibenzyithiophene occurs via the direct cleavage of the C(sp™-8 bond { “HYL”

reaction indicated by kg, to form biphenyl.

10
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[060] Hydrogenation ("HY D7), or treating with hydrogen, refers to a chemical

reaction between hydrogen and another compound, generally constituting the addition of

N

hydrogen atoms to a molecule.

Hydrogenation generally occurs in the hydrodenitrogenation

(HDN) to remove nitrogen. An example of HDN ig as illustrated below, wherein nitrogen

removal from quinoline starts from either partially hydrogenating, or fully hydrogeuating the

aromatic rings of the molecule before C-N bond breakage occur via hydrogenolysis followed

by de~amination through Hofroano ehimination:

[061]

58THG

[062)]

PCHA

PB

P ;\I G
g

C\/w

//

PCHE

23]

N Aoy

PCH

Refineries increasingly have to deal with heavier feedstocks, such as

refractory feeds containing condensed aromatic sulfur compounds of alkyl dibenzylthiophene

type.

15 desulfurize these

sulfur compounds down to below the specified levels.

With the ULSD requirements of 10-15 wppm , it also means that refineries have to

The complex sulfur

molecules behave similarly to the aromatic nitrogen species, requiring to be hydrogenated

(HYD) first before the C-5 bond cleavage (HY L)

0631 Traditionally, catalysts for hydroprocessing of refractory feedstocks comprise
¥ y yarop 8 A p

molybdenum sulfide and tungsten sulfide catalysts with some of the Mo {or W) cations

substituted by promoter metal Co or Ni. The resuitant cobalt molybdenam sulfide systern is

recognized for enhanced HY L activities as it is generally believed that the presence of cobalt

11
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facilitates the C-8 bond cleavage. On the other hand, nickel tungsten sulfide and nickel
roolybdenurn sulfide systems are recognized for enhanced HYD activities.

[064] In one embodiment, the invention relates to self-supported MMS catalysts
having optimized hydrogenation (HYD) and hydrogenolysis (HY L) activitics, and thus
outstanding HDBN grd HDS performance. The invention also relates to methods of preparation
of self-supported catalysts with balanced hydrogenation (HYD) gnd hydrogenolysis (HYL)
activities for the hydroprocessing of refractory feeds.  In one ernbodiment, the self-supported
MMS catalysts contain at least two metals from Group VIB, e.g., Mo and W, and at least a
metal from Group VI, such as Ni, and multiphase combinations thereof.

[065] Sclf-supported Catalyst Having Optimized HDS / HDN Activities: It was

discovered that 8 MMS catalysts containing vickel, tungsten, and molybdenum sulfides within
a range of optimum metal ratios cxhibit a unigue combination of both the enhanced HYL
activity of the mixed molybdenum tungsten sulfide and the enhanced HYD activity of the
mixed nickel tungsten or nickel molybdenum sulfides, and consequently enhanced
combinations of HDS and HDN activities compared to MMS catalysts of binary metal sulfide
compositions. It was also discovered that a MMS catalysts containing tungsten and
molybdenum sulfides within a wide range of compositions exhibit synergy between the
components as mantfested in improved HYL activity and therefore enhanced HDS activity
when compared to molybdenun sulfide catalysts. {t was further discovered that in a mixed
nickel tungsten sulfide catalyst systems having the nickel-to-tungsten ratio within an optimmum
range, there 18 synergy between the components such as that an active nickel phase enhances
the HYD activity of the catalyst and therefore HDN activity, as compared to cither active nickel
or tungsten sulfide catalysts. A similar effect was observed for a mixed nickel molyvbdenam
sulfide catalyst syston.

(0661 With respect to the BET surface area and pore volume (PV) characteristics, the
self-supported MMS catalyst containing molybdenurn, tungsten, and nickel sulfides in the
optimum compositional range in one embodiment is characterized as having a BET surface
arca of at least 20 m’/g, and a pore volurne of at least 0.05 em’/g.  The BET surface is at least
30 m?/g in a second embodiraent, and at least 40 m”/g in a third embodiment. The MMS
catalyst is further characterized as having minimal shrinkage, with a surface area of at least
20% of the onginal value (1.e,, a surface are reduction of less than 80%) after being exposed to
a Heavy Coker Gas Ol of at least 0.5 hrs in a hydrotreating process.  The original value refers
to the surface arca of the freshiy prepared catalyst prior to the exposure. Examination of the

XPS data for a self-supported MMSX catalysts containing molybdenum, tungsten, and nickel

12
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within an optimum composttion range shows a Ni surface concentration to Ni bulk
concentration ratio of at teast .4 mol/mol a W surface concentration to W bulk concentration
ratio of at least §.3 mol/mol n one embodiment; a Ni surface/Ni bulk concentration ratio of at
least 0.5 mol/mol; and a W surface/W bulk concentration ratio of at least 8.4 mol/mol in
another embodiment.

{0671 In one embodiment, the self-supported mixed metal sulfide catalysts exhibiting
a combination of optimum HYL and HYD performance in hydrotreating are characterized by
having an optirized Nt:Mo:W composition with a range of NY{Ni+W-+Ma) ratios of 0.25 <
Ny(MNi+Mo+W) < 0.8, a range of Mo/(Ni+Mo+W) molar ratios of 0.0 < Mo/{Ni+Mo+W)
<0.25, and a range of W/(Ni+Mo+W) molar ratios of 0.12 <W/(Ni+Mo+W) <0.75

[068] In another embodument, a self-supported catalyst exhibits optiraura perforrnance
when the relative molar amounts of nickel, molybdenum and tungsten are within a
compositional range defined by five points ABCDE in the ternary phase diagram of Figure 1,
showing the elernent contents of nickel, maolybdenum and tungsten in terms of their molar
fractions. The five points ABCDE are defined by A (Ni=0.80, Mo=0.00, W=0.20), B
{(Ni=(0.25, Mo=0.00, W=0.75), C (Ni=0.25, Mo=0.25, W=0.50), D (Ni=0.63, Mo=0.25,
W=0.123, E (Ni=0.80, Mo=0.08, W={0.12}.

(0691 In one embodiment, the molar ratio of woetal components NuMo:W is in a range
of!

0.33 < Nv{(Mo+W) < 2.57, a range of Mo/(Ni+W) molar ratios of 0.00 < Mo/(Ni+W) <0.33,
and a range of W/(Ni+Mo) molar ratios of (.IR<W/(Ni+Mo)} <3.00. In yet another
embodiment, the molar ratios of metal coraponents NiMo:W 1n a region is defined by six
points ABCDEF of a ternary phase diagram, and wherein the six points ABCDEF are defined
as: 1 A (Ni=0.67 Mo=0.00,W=0.33), B (Ni=0.67, Mo=0.10, W=0.23}, C (Ni=0.60, Mo=0.15,
W=025), D (Ni=0.52, Mo=0.15, W=0.33), E (Ni=0.52, Mo=0.06, W=0.42), F (Ni=0.58,
Mo=0.0, W=0.42). In another embodiment, the molar ratio of metal components Ni:Mo:W ina
range oft LO8<=Ni/(Mo+W)<=2.03; <= Mo/(Ni+W)<=0.18; and 8.33<=W/{(Mo+Ni1)
<=0.72.

{0701 In yet another embodiment, the molar ratios of metal corapouents NuMo:W ip
aregion is defined by four points ABCD of a ternary phase diagram, and wherein the four
points ABCD are defined as: ANI=0.67,Mo=0.00,W=0.33), B(Ni=0.58, Mo=0.0, W=0.42),
C{Ni=0.52, Mo=0.15, W=0.33), B(Ni=0.60, Mo=0(.15, W={(.25).
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{0711 In one embodiment, a bi~-metallic nickel tungsten suifide self-supported catalyst
exhibits optimum HYD and HDN performance when the relative molar amounts of nickel, and
tungsten are in an optimum range defined by E (Ni=0.25, W=0.75) and F (Ni=0.8, W=0.2} in
the ternary phase diagrarn of Figure 2, for a No'W molar ratio ranges from 1213 to 4:1, on a
transition metal basis). In yet another embodiment, the bi-metallic catalyst further
comprises a metal promoter selected frora Mo, Nb, Ti, and mixtures thereof, wherein the
roetal promoter is present in an amount of less 1% (mole).

[072] In another embodiment, a bi-metallic molybdenum tungsten sulfide self-
supported catalyst exhibits improved HYL and HDS performance coraparing to molybdenum
sulfide alone or tungsten sulfide alone when the relative molar amounts of nickel, and tungsten
are in the optimum range defined by G (Mo=0.001, W=0.999) and H (Mo=0.999 , W=0.001) in
the ternary phase diagram of Figure 3 (with at feast 0.1 mol% of Mo and at least (.1 mol% of
W, on a transition metal basis).

{0731 It is observed that the MMS catalyst containing molybdenum, tungsten, and
rickel within an optimum composition range has a variation of HDS reaction rate constant and
an HDN reaction rate constant {after normalized to surface area and Ni surface concentration)
within 20%, independent of the starting metal precursors, and independent of whether
prepared from inorganic metal salts or organo-metallic compounds as starting reagents.

{0741 In onc embodiment, the self-supported catalysts are prepared from sources of
nickel, molybdenum and tungsten in their elemental, compound, or tonic form (Mmetal
precursors”).  Examples of molybdenum precursers include but are not limited to alkali metal
molybdates {e.g. alkali metal heptarnolybdates, alkali metal orthowolybdates, alkali metal
isomolybdates), ammonium metallates of molybdenum (e.g., ammmonium molybdate and also
180-, peroxo-, di-, tri-, tetra-, hepta-, octa-, or tetradecamolybdate ), other inorganic
molybdenum compounds {e.g. molybdenum sulphate, phosphate, silicate, borate), organic
molybdenum corapounds {e.g., molybdenum naphthenate, pentacyclodienyl molybdate,
cyclopentadienyl Mo tricarbonyl dimer, ), alkali metal tungstates (e.g. alkali metal
heptatungstates, alkali roctal orthotungstates, alkal metal 1so tungstates), ammonium
roctallates of tungsten {e.g., ammoniur tungstate and also 1so-, peroxo-, di-, tui~, tetra-, hepta-
, 0Cta~, or tetradeca tungstate), other inorganic tungsten compounds {e.g. tungsten sulphate,
phosphate, sihicate, borate), organic tungsten compouuds {¢.g., tungsten naphthenate,
pentacyclodienyl tungsten dihydride), other inorganic nickel, molybderum or tungsten single
mactal or cormpounds (e.¢. ammontum salts of phosphomolybdic acids, phosphormolybdic

acid, molybdenum oxide, tungsten oxide, nickel carbonate, nickel hydroxide, nickel
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phosphate, nickel phosphite, nickel formate, nickel fumarate, nickel molybdate, nickel
tungstate, nicke] oxide, nickel alloys such as nickel-molybdenuro alloys, Raney nickel, etc ),
ionic salts {e.g., Mo--P heteropolyanion compounds, Mo-~-51 heteropolyanion compounds, W-
-P heteropolyanion compounds, W--51 heteropolyanion compounds and Ni--Mo--W
heteropolyanion compounds), and organoe metallic compounds (e.g. , cyclopentadienyl nickel,
and nickel naphthenate). In one embodiment, the raetal precursors are inorganic metal sulfides
of nickel, molybdenurm, tungsten and their combinations, ¢.g. Nia8;, NigSg, NipS, NiS, MoSs,
MoS,, WSs, WS, MoWS,, NiMoS,, NiWws5,, NiMoWS,. In another embodiment, the metal
precursors are single metal or sulfur-contaming compounds, which can be inorganic or
organic. Examples include but are not limited to, ¢.g., ammonia tetrathio molybdate,
ammonia tetrathio tungstate, and Molyvan™ A, a commercially available matenial from
R.T.Vanderbilt Co., Inc.

[075] In one cmbodiment, the MMS catalysts are prepared by sulfiding an oxide or
hydroxide catalyst precursor containing nickel, molybdenum and tungsten with a composition
mside the optimum range.  The catalyst precursor 18 optionally prepared in the presence of a

EEEE

ligand L {"ligating agent,” “chelating agent” or “complexing agent” or chelator, or chelant),
referring to a compound that has one or more pairs of electrons available for the formation of
coordinate bonds forming a larger complex.  Examples of ligands melude but are not liroited
to NHs, alkyl and aryl amines, carboxylates, carboxylic acids, aldehydes, ketones, the enolate
forms of aldehydes, the enolate forrus of ketones, and hemiacetals; organic acid addition
salts, and mixtures thereof.

[076] In one embodiment, molybdenum and tungsten metal precursors are fivst muxed
with at least one ligand, with the resulting solution mixed with the nickel metal precursor,
under reacting conditions to form a slurry (a gel or suspended precipitate). It should be
understood that the catalyst precursor preparation is not limited to agueous media, and the
addition of the metal precursors / ligand can be in any order, and can be mixed separately or
together with the optional ligand if present. In one embodiment, the reaction occurs at a
temperature between 25 - 350°C and at a pressure between 0 to 3000 psig.  The pH of the
reaction maixture can be changed to increase or decrease the rate of precipitation {cogel or
cogellation).

[077] Afier the co-precipitation step, the catalyst precursor 1s 1solated or recovere
in a liguid removal step using known separation processes such as filtering, decanting or
centrifuging, then dried to further remove water.  Binders {or diluents), pore forming agents,

and other additives known in the art can be incorporated into the catalyst precursor before
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being optionally shaped by processes known in the art, e.g., extrusion, pelleting, or pilling. In
one embodiment, the catalyst precursor 1s thermally treated or dried at a temperature between
56°C to 200°C for a hydroxide catalyst precursor.  In another embodiment, the precursor is
calcined at a temperature of at least 300"C and preferably at least 325°C after shapingln one
embodiment, the catalyst precursor is prepared from nickel, molybdenum, and tungsten metal
precursors in the form of organo-metaliic compounds of mickel, molybdenum, and tungsten, as
starting materials, 10 amounts sufficient to form a catalyst precursor containing nickel,
molybdenurm, and tungsten in the optimized compositional range.  In another embodiment, the
catalyst precursor 1s prepared by reacting at least a metal precursor, ¢.g., Ni, Mo, or W, with a
single metal sulfide or a sulfide, ¢.g., nickel tungsten sulfides, nickel molybdenum sulfides,
roolybdenam tungsten sulfides eic,, or a sulfur-containing metal compound such as Molyvan
A, forming a catalyst precursor containing nickel, molybdenum, and tungsten in the optimized
compositional range.

{0781 In one embodiment, the starting materials are first mixed in oxygen free
solvent before the addition of sulfiding agents.  Sulfiding agents such as dirocthyl disulfide
or carbon disulfide are added to the catalyst precursor to form the self-supported catalyst.
Sulfiding reaction to form mixed metal sulfides in one embodiment occurs at a temperature
between 200-450 °C and at a hydrogen pressure between 0-3000 psig.

[079] The catalyst precursor can be sulfided under conditions sufficient to at least
partially convert, and generally to substantially convert the components of the catalyst
precursor into a metal sulfide.  Suitable sulfiding conditions include heating the precursor in
an atmosphere containing a sulfiding agent, ¢.g., HyS, dimethyl disulfide, ivorganic or
organic polysulfides, etc., at a temperature ranging from 25°Cto 500°C, from 10 minutes to
1S days, and under a Hy-containing gas pressure. The sulfiding with a gaseous sulfiding
agent such as HxS can be done ex-sifit or in-situ, ¢.g., in the unit in which the catalyst will
eventually be used for hydrotreating the hydrocarbon feeds.

[080] Further details regarding methods for making the oxtde or hydroxide catalyst
precursor containing mickel, molybdenum and tungsten in the optimura compositional range,
and sulfided catalyst formed from the oxide or hydroxide catalyst precursor thereof are
described in a number of patent applications and patents, including US Patent Nos.

38,080,492, USE, 058,203, US7.964,526, 1US7,931,799, UST,964,525 , US7,544,285,
US7,615,196, US6,635,599, LIS6,635,599, US6,652,738, US7,229,548, US7,288,182,
US6,566,296, US6,860,987, USH,156,695, US6,162,350, US6,299,760, US6,620,313,
US6,758,963, US6,783,663, UST7,232,515, US7,179,366, US6,274,530; US Patent
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Publication Nos. USIO1TI0190557A1, US20090112011A1, US20090112010A1,

US200901 11686A 1, US200901 1168SAT, US200901 L1683A1, US200901116R2A1,
US20090107880A1, US200901078R6A1, US20090107883A1, US2007090024, the relevant
disclosurcs with respect to the catalyst precursor and mixed roctal sulfide catalyst
composition are included herein by reference.

[081] In onc embodiment of a sclf-supported MMS catalyst containing molybdenurn,
tungsten, and rackel in an optimam compositional range is characterized as being multiphased,
wherein the structure of the catalyst comprises five phases: a molybdenum sulfide phase, a
tungsten sulfide phase, molybdenum tungsten sulfide phase, au active nickel phase, and a
nickel sulfide phase. The molybdenum, tungsten and molybdenum tungsten sulfide phases
comprise at least a layer, with the layer comprising at least ove of a) molybdenur sulfide and
tungsten sulfide; b} tungsten isomorphously substituted into molybdenum sulfide either as
imndividual atoms or as tungsten sulfide domains; ¢) molybdenum isomorphously substituted
into tungsten sulfide either as individual atoms or as molybdenum sulfide domains; and d}
roixtures of the aforernentioned layers.

(0821 In one embodiment, the number of layers ranges from 1 - 6. Inone
embodiment, the number of layers ranges from | — 6. In another embodiment as illustrated in
Figure 17, the molybdenum tungsten sulfide phase is present as tungsten atoroically substituted
into molybdenum sulfide layers (or vise versa), forming an intralayer atomic mixture. In
another embodiment, the molybdenurn tungsten sulfide phase is preseot as an inter-layer
mixture of tungsten sulfide and molybdenum sulfide.  In yet another embodiment, it is present
as a mixtare of individual dowains of tungsten sulfide and meolybdenuro sulfide. The
molybdenum tungsten sulfide phase can be observed via TEM or XRD,

[083] The active nickel phase can be observed via TEM. The active mickel phase
comprises: a} at least one of atomic nickel {e.g., tn metallic state) and reduced nickel (e.g.,
nickel in an oxidation state lower than 2) substituied into the edge of molybdenum tungsten
sulfide phase (for a tri-metallic catalyst) or tungsten sulfide phase (for a bi-metallic Ni:W
catalyst), and b} NiSx nanoparticles {0 < x < 1) dispersed onto the molybdenum tungsten
sulfide phasc or decorating the edge of the molybdenum tungsten sulfide phase {for a tri-
metallic catalyst} or tungsten sulfide phase (for a bi-metallic Ni:W catalyst).

[084] The nickel sulfide phase comprises slabs of both NioSz and Niy§; crystals,
The large, vickel sulfide slabs serve as support for the growth of maolybdenum tungsten

sulfide {for a tri-metallic catalyst) or tungsten sulfide phase {(for a bi-metallic NUUW catalyst),
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and stabilize the dispersion of active nickel on the surface of molybdenum tungsten sulfide
{for a tri-metallic catalyst) or tungsten sulfide (for a bi-metallic NUW catalyst),.

[085] SEM examination shows that the nicke] sulfide phase comprises a plhurality of
slabs. XRD and TEM cxamunation show that the nickel sulfide phase coraprises at least one
of NigSg and NizS,. The large nickel sulfide crystalline slabs serve as support for the
rnolybdenurm tungsten sulfide and stabilize the dispersion of active nickel on the surtace of
roolybdenurn tungsten sulfide (for a tni~-metallic catalyst) or tungsten sulfide (for a bi-metallic
NIW catalyst).

[086]  Not wishing to be bound by any theory, it is believed that the molybdenum
tungsten sulfide phase acts as a support for the active nicke! phase. In turn, the nickel sulfide
phase stabilizes the dispersion of the wolybdenum tungsten sulfide phase. Molybdenur
tungsten sulfide phase envelops the nickel sulfide slabs, so that the molybdenum tungsten
sulfide layers exhibit a curved shape. Furthermore, the molybdenum tungsten sulfide phase
develops defects in its lameliar crystalline structure on basal planes, creating special sites
associated with increased HYL and/or HYD activity.  The specific interactions of multiple
phases result in a catalyst with enhanced HY D and HY L activitics and with outstanding HDN
and HDS performance. It should also be noted that different catalyst preparation routes, ¢.g.
starting frovo decomposition of catalyst precursors i the form of organo-metallic compounds
or co-precipitation of mixed metal oxohydroxide starting from oxygen-containing metal
compounds may result in catalysts with a similar metal composition but different catalytic
activities.

[087] In one embodiment, examination of the morphology of a self-supported catalyst
tuned for optimum HYL and HYD activities with 50 mol-% Ni, 25 mol-% Mo and 25 mol-%
W exhibits an XRD pattern containing peaks that are characteristic of NixS; crystaliine phase
as Ulustrated in Figure 4. As Figure 4 illustrates, the XRID pattern exhibits reflection peaks
mdicative of the presence of molybdenum tungsten sulfide (according to international
crystallographic database or ICDBD), e.g., at 14.4%,32.7°,35.5°, 49.8° and 58.3° 28 degree.

I another embodiment as tllustrated in Figure 5, the XRD pattern exhubits reflection peaks
corresponding to the presence of Niz$S, phase {according to ICDD), e.g., at 21.8°, 31.1°,
37.8°,44.3°,49.7°, 50.1° and 55.2° 28 degree.

[088] Inone erabodivoent, TEM images of the nickel sulfide phase of a self-
supported mixed metal sulfide catalyst within the optimum compositional range exhibit
lattice fringes with 4.60+0.5 A spacing, corresponding to the [002] planc of NisSy and with

2.87 A £0.5 A spacing, corresponding to [110] plane of NisS,. These observations indicate
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that the nickel suifide phases are crystalline. They further suggest that the nickel sulfide
phase serves as nucleation stie {(support) for the growth of the molybdenum tungsten sulfide
phase which stabilizes the active nickel dispersion. Iu another embodiment, TEM images
suggest that active nickel in the form of NiSy nano-particles appear to be located on the
molybdenum tungsten sulfide slabs or more likely decorating the edge of molybdenum
tungsten sulfide slabs. Figure 7 is an illustrative TEM iruage showing the presence of nickel
sulfide as a combination of large crystals of NioSg and Ni:S,. Figure 8 is another illustrative
TEM image, showing the presence of active nickel in the form of nano-particles of nickel
sulfide.

[089] XRD/TEM images illustrate how nickel sulfide supports molybdenum
tungsten sulfide.  Active mickel is in the form of NiS« nanoparticles dispersed onfo the
molybdenum tungsten sulfide and in the form of low-oxidation-state nickel substituted into
melybdenurn tungsten sulfide.

[090] Figure 9 is another TEM image showing the presence of molybdenum
tungsten sulfide particles, wherein the molybdenom tungsten sulfide particle curvature
appears to follow the curvature of the nickel sulfide particle surface. The curvature in the
molybdenum tungsten sulfide phase minimizes the height to which individual molybdenum
tungsten particles can stack, and it decreases the size of the individual molvbdenum tungsien
sulfide particles. A curvature and a reduction of size and degree of stacking in
roolybdenurn/tungsten sulfide particles leads to a higher deusity of sites active for HYD and
HYL. Inone embodiment, molybdenuny/tungsten particles exhibit a stacking degree of 1-6
{layers) and a layer diroension of 30-50 A, estimated by the Scherrer equation using the 2-4°
FWHM (full width at half max) measured at 14° and 59° 28 degree, respectively. The inter-
planar distance for the [002] planc is 6.1 A.

(0011 Frigure 106 is a pictorial representation of a TEM image showing that at the
optimumm compositional range, the morphology mixed metal sulfides consist of large {about
10-20 nm in one embodiment) nickel sulfide slabs (Ni283 or Ni8SE), with molybdenum
tungsten sulfide layers enveloping these nickel sulfide slabs. In the optimum corapositional
range, the molybdenum tungsten sulfide layers are arranged 1u stacks of about 1-4 layers with
the majority of the layers being undulating.  Active nickel sulfide (NiSx) droplets of varying
size {1-20 vm) reside at the edges of the wolybdeouro tungsten sulfide layers.

(0927 Hydrotreating Applications: The self-supported MMS catalysts containing

molybdenum sulfide and tungsten sulfide in an amount of at least 8.1 mole % of Mo and .1

mole % of W have an HDS reaction rate constant of at least 10% higher in one embodiment,
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at least 15% higher in another embodiment, than a self~supported catalyst containing
molvbdenurn sulfide alone, or a catalyst containing tungsten sulfide alone, when compared on
the same metal weight basis in hydrotreating of a Heavy Coker Gas Oil as a feedstock at
identical process conditions as indicated in Table E.  In another embodiment, a molybdenum
tungsten sulfide MMS catalyst exhibits an HY L reaction rate constant of at least 10% above
the HY L reaction rate constant of a self-supported catalyst containing molybdenum sulfide
alone, or a catalyst containing tungsten sulfide alone in hydrotreating a diphenylether, on the
same metal molar basis at the process conditions as indicated in Table C.

[0931 The self-supported MMS catalysts containing nickel and tungsten sulfides
within an optimum composition range have a high HYD activity and thereby outstanding HDN
activitics. Assuming first order kinetics, in one erobodiment, the catalyst is characterized as
having a HDN reaction rate constant of at least 4 hr” on catalyst weight hourly space velocity
basts in hydrotreating a Heavy Vacuum Gas Ol (VGO) at the steady state process conditions
as indicated in Table F.  In another embodiment, the HIDN reaction constant is at least 4.5 byt
on catalyst werght hourly space velocity basis. In another erabodiment, the catalyst is
characterized as having a HDN reaction rate constant of at least 100 g feed-hr'' g catalyst” on
hydrotreating a Heavy Coker Gas Ol under the process conditions indicated in Table E.. In
another embodiment, the catalyst is characterized as having a HDN reaction rate constaut of
at least 110 g feed-hr''g catalyst”. A nickel tungsten sulfide MMS catalyst exhibits an HYD
reaction rate constant of at least 10% in one embodiment, and at least 15% in another
embodiment, above the HYD reaction rate constant of a scif-supported catalyst containing
tungsten sulfide alone, or a catalyst containing nickel sulfide alone in hydrotreating benzene
on the same metal molar basis at the process conditions as indicated in Table D.

[094] The sclf-supported MMS catalysts containing molybdenum, tungsten, and
nickel sulfides within an optimum range have a uniquely combined high HYL activity of MMS
catalysts containing molybdenurn and tungsten sulfides, and high HYD activity of catalysts
containing nickel and molybdenum sulfides or catalysts containing nickel and tungsten sulfides,
and thereby cutstanding HDN and HDS activities.  In one erubodiment, assuming the first
order kinetics, the catalyst is characterized as having a HBN reaction rate constant of at least 4
hr' on catalyst weight hourly space velocity basis, and a HDS reaction rate constant of at least
51w on catalyst weight hourly space velocity basis in hydrotreating a Heavy VGO at steady-
state process conditions as indicated in Table F.  In another embodiment, the HDN reaction
constant at steady state conditions is at loast 4.5 hr'' on catalyst weight hourly space velocity

basis, and the HDS reaction rate constant is at least 6 hr' on catalyst weight hourly space
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velocity basis.  In another embodiment, the catalyst is characterized as having initial activity
as expressed by a HDN reaction rate constant of at least 100 g feed hr'' g catalyst”, snd a
HIS reaction rate constant of at least 550 g feed-he'-g catalyst” on hydrotreating a Heavy
Coker Gas Oil at the process conditions as indicated in Table E. In another cmabodiment, the
catalyst is characterized as having a HDN reaction rate constant of at least 110 g feed- g
catalyst” and a HDS reaction rate constant of at least 600 g feed hr''-g catalyst™.

{0951 In one embodument, the MMS catalyst containing molybdenum, fungsten, and
nickel sulfides is characterized as having a HYD reaction rate constant and a HYL reaction
rate constant of at least 10% higher thao the respective rate constants of a catalyst containing
nickel and molybdenum sulfides, or a catalyst containing nickel and tungsten sulfides, when
compared on the same metal roolar basis, in hydrotreating of a diphenylether as 4 feedstock at
similar process conditions as indicated in Table C and Table D, In another embodiment, the
HYD and HYL reaction rate constants are at least 15% higher.

{0961 The self-supported MMS catalysts having compositions within the optimum
range and cxhibiting combined high HYL and HYD activitics are particularly suitable for
hydrotreating refractory petroleum feeds such as heavy coker gas oils, LT Fining products,
atmospheric residues (AR}, vacuum gas otls (VGO), and particularly those derived from
synthetic crades.  Refractory feeds are commonly characterized as exhibiting relatively gh
specific gravity, low hydrogen-to-carbon ratios, and high carbon residue. They contain
significant amouuts of asphaltenes, organic sulfur, organic nitrogen and metals, which
increase hydrotreating difficulty and often results in the phase separation during aromatics
hydrogenation.  Such refractory feeds typically exinbit an initial boiling point in the range of
343°C (650°F) to 454 °C (850 °F), more particularly an initial boiling point above 371°C
(TO0°F).

{0971 In one embodiment, the self-supported catalyst particularly suitable for the
removal of high-boiling point sulfur specics, including sulfur species boiling above 650° F.
{343° C.}, 1 used in the production of ulira-low sulfur diesel (ULSD) hydrocracker products,
as well as in the production of naphtha acceptable as reformer feed.

(098] EXAMPLES: The following illustrative examples are intended to be non-
limiting. In the examples, cither a model feed or 2 commercial feed was used with either
organo roetatlic compounds or oxide / hydroxide precursors as starting reagents in preparation
of mixed metal sulfide catalysts catalytic reactions were carried out in order to examine the
activity of the catalysts containing cormbinations of active nickel, molvbdernum and tungsten

phases, so as to quantify the optimum ranges in terms of cheraical compositions. The structure
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and composition of the MMS was determined using analytical techuiques such as inductively
coupled plasma (ICP) atomic emission spectroscopy (ICP AES), X-Ray Photoelectron
Spectroscopy (XPS) and X-Ray Diffraction Analysis (XRI3). Surface arca was determined
by BET (BET from Brunaucr, Eramett, Teller) method using nitrogen adsorption isotherm
measurements. Additional information on structural details and chemical composition of the
rixed metal sulfide materials was obtained using Scanning Electron Microscopy (SEM) and
transmission electron microscopy (TEM).

{0997 Hydrogenolysis activity of catalysts was determined by measuring the reaction
rate of cleavage of C(sp” )0 boud in diphenylether roodel feed as shown below. Reaction rate
constant k1 is the rate constant of hydrogenolysis reaction of C{sp’)-O-bond. There was no

direct oxygen extrusion and partial hydrogenation detected.
-~ /

OH
’l%“*{@\ ”‘”“j YL N
‘ . | + “M }
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{01007 Hydrogenation activity was determined using the reaction rate of benzene raodel

feed into cycichexane, as shown below. Reaction rate constant k4 is the hydrogenation rate

constant for the benzene to cyclohexane reaction:

[6101] HYL /HYD Activity Evaluation using Model Feeds:  In the examples that

follow, HYL / HYD activitics were evaluated using model feeds, The catalysts were prepared
starting from organo-metallic compounds. After charging starting metal reagents, a sulfiding
agent, model feed compounds and hexadecane, as a diluent, were added to a 1-L batch
autoclave. The autoclave was sealed after purging with Hp for 10 min. The reaction mixture
was stirred at 750 rpm. The reactor was pre-pressurized to 1000 psig in Hy at RT, followed by
ramping to a reaction teroperature of 382 °C (720 °F) in 2 brs at a coustant beating rate. Afie
30 min of reaction at 382 °C and ~1800 psig, the reactor was quenched to below 100 °Cin ~
2 yio with cold water.  The reaction muxture was recovered froma the reactor and filtere

through 0.8 um filter to collect a spent catalyst. After washing of the spent catalyst with
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sufficient amount of heptane, the catalyst was characterized using techniques inchiding: ICP,
XRD, XPS, BET, SEM and TEM.
[0102] The HYL reaction rate constant is defined as:
1 1
1 — x{diphenylether cm’we?fﬂ?ian)'> % residence time
. 1
X moie of total catalyst metal

kay, = In(

[0103] The HYD reaction rate constant is defined as:
In( 1 \ 1
= in - - X ; ;
M= x{benzene conversion)  residence time
1
mole of total catalyst metal

kz‘i Yo

[06104] HDS / HDN Activity Evaluation using Refinery Feeds:  In g number of

examples, HDS / HDN activities of catalysts were evaluated using refinery feeds. The
catalysts were prepared from either organo- metallic compounds or hydroxide precursors.
The refivery feeds were a Heavy Coker Gas Ol and a Heavy Vacuum Gas Oil

{01057 The tests with Heavy Coker Gas Ol as the reactor feed were performed
according to the following procedure. Metal countaining starting reagents, sulfiding agents
and hexadecane solvent were loaded into a 1-L batch autoclave. The autoclave was sealed
after purging with H, for 10 min. The sulfiding reaction voixture was stirred at 750 rpm. The
reactor was pre-pressurized to 1000 psig with Hy. The reaction temperature was ramped to
250 °C (480 °F) i 40 min and then was kept constant tor 2.5 hrs, followed by a further
temperature ramp to 343 °C (650 °F) in 70 min. After 2 hr at 343 °C the reactor was
quenched with cold water to RT. Catalyst activity evaluation was carried out by hydrotreating
a Heavy Coker Gas Oil. 120 g of heavy coker gas oil were charged into the autoclave
containing a freshly prepared sulfide catalyst. The autoclave was scaled after purging with Hp
for 10 rain. The reaction wixkture was stirred at 730 rpm. The reactor was pressurized to 1000
psig with Hy at room temperature (RT) followed by ramping to a reaction temperature of 382
“C (720 °F) in 2 hrs at a constant heating rate.  After 30 win of reaction at 382 °C and ~1800
psig, the reactor was quenched to below 100 °C in ~ 2 min with cold water. The reaction
mixture was recovered from the reactor and filtered through 0.8 um filter to collect a spent
catalyst. After washing of the spent catalyst with sufficient amount of heptane, the catalyst
was characterized using ICP, XRD, XPS, BET, SEM and TEM.

[0106] The HDS reaction rate constant is defined as:
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1 N gramof feed

kyps = In g R e :
HoS (1 — x{HDSY ~ residence time  gramof catalyst

The conversion of HDS is between 30% and 67%.

[01071 The HDN reaction rate constant is defined as:

1 1 gramof feed
X

kupn = In{ X - -
fON (1 x(HDN)> residence time  gram of catalyst

The conversion of HDN is between 8% and 27%.

[0108] In exaraples describing the use of a Heavy Vacuum Gas Oil feed, g hydroxide
catalyst precursor was ground to 20-40 mesh and loaded into a fixed bed reactor. Catalyst
sulfiding was conducted following a hguid phase sulfiding procedure wherein a straight run
diesel feed contaiming 2.5 wit% DMDS was used as a sulfiding agent. Sulfiding of the catalyst
precursor occurred in two steps: a 400-300 °F low temperature sulfiding step followed by a
600-700 °F igh teroperatore sulfiding. The reaction conditions for Heavy Vacuum Gas Oil
hydrotreating were as follows: T=700 °F, P=2300 psig, LHSV=2.0 hr"', once through
hydrogen, Hy to feed ratio= 5000 sct/bbl.

[G1097 The HDS reaction rate constant is defined as:

1 liguid feed rate ("'%
- — s i LY
kyps = In{

~} X
1 - X(HDS)) catalyst weight
The conversion of HDS is greater than 95% for all tested catalysts,
[0110] The HDN reaction rate constant is defined as:
hr!
catalyst weight

1 liquid feed rate {
X
1 x(HDN)>

kHDN = h’l(\

The conversion of HDN is greater than 95% for all tested catalysts.

[0111] Example 1. Experiments were carried out according to previously described
procedures for the HYL / HY D activity evaluation of single component sulfide catalysts, e.g.,
nickel sulfide, molybdenum sulfide and tungsten sulfide. For the HYL activity evaluation,
(.93 g Molyvan A as a molybdenum source, or (.83 g cyclopentadienyl tungsten dihydride as
a tungsten source, or 2.57 g Ni naphthenate (6 wt% Ni in toluene) as a nickel source, was
charged nto 1-L batch autoclave together with reaction feed of 23.81 g diphenylether and 100
g hexadecane . No sulfiding agent was added to prepare a molybdenum sulfide catalyst.
Carboun disulfide (C5;) 0.4 g was added to suifide tungsten into tungsten sulfide. .25 gof
dimethyl disulfide (DMDS) was added to sulfide nickel into nickel sulfide.  Spent catalyst

sarnples were coliccted and characterized after reaction.
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{01127 For the HYD activity evaluation, the experiments were repeated but with 5.46
¢ benzene and 100 g hexadecane as the reaction feed.

[0113] Table 1 lists hydrogenolysis and hydrogenation activities of the single metal
catalysts NizS), MoS,, W3;. Both activities are considered to be low.

[G114] Table 1

Catalyst Hydrogenolysis activity Hydrogenation activity
combination (it mol ™y x 107 (h" mol ) x 107
Mo3, 0.8 1.0
WS» 0.9 1.4
N3, 0.2 0.2

[0115] Example 2. Experiments were carried out according to provigusly described
procedures for the HDS / HDN activity evaluation of single component sulfide catalysts, e.g.,
nickel sulfide, molybdenum sulfide, tungsten sulfide in the hydrotreatment of a Heavy Coker
Gas Oil feed. 0.93 g Molyvan A as molybderum catalyst precursor; or .83 g
cyclopentadienyl tungsten dihydride as tungsten catalyst precursor, or 2.57 g Ni
naphthenate(6 wt% Ni in toluene) as nickel catalyst precursor, was charged into 1-L batch
autoclave together with a reaction feed of 120 g of Heavy Coker Gas Gil and 100 g
hexadecane.. No sulfiding agent was added to prepare the molybdenum sulfide catalyst. 0.4
g of carbon disulfide (CS,) was added to suifide tungsten to prepare tungsten sulfide, .25 ¢
of dimethyl disulfide (DMDS) was added to sulfide nickel to prepare nickel sulfide. Spent
catalyst samples were collected and characierized after the reaction.

[0116] Table 2 lists the HDS and HDN activitics of the single metal catalysts NizS,,
MoS,, WS,. Both activities are constdered to be weak..

[0117] Table 2

Catalyst Hydrogenolysis activity Hydrogenation activity
combination (hr! mol Yy x10° (hr"“ mol ™) x 107
MoS, .8 1.0
WS, 0.9 1.4
NizS, .2 0.2

[011%] Example 3. Experiments were carried out according to provigusly described
procedures for HYL / HYD activity evaluations of molybdenuro tungsten sulfide catalysts.
For the HY L activity evaluation, Molyvan A and cyclopentadieny! tungsten dihydride at
different ratios were charged into a 1-L batch autoclave together with a reaction feed of 23 81
g diphenylether, 100 g hexadecane and carbon disulfide {C8,) sulfiding agent. The charge

ratios were 0.62 ¢ Molyvan A to 0.28 g cyclopentadienyl tungsten dihydride, and 031 g
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Molyvan A to 8.55 g cyclopentadieny] tungsten dihydride. These correspond to a Mo W
roolar ratio of 2:1 and L2 respectively.  Spent catalyst samples were collected and
characterized after the reaction.

[0119] For the HYD activity ovaluation, the experiments were repeated but with 5.46
g of benzene, 100 g of hexadecane as the reaction feed.

{01207 Table 3 lists the hydrogenolysis and hydrogenation activitics of the
molybdenum tungsten sulfide catalysts. There is a synergy between molybdenum sulfide
and tungsten sulfide as demonstrated by the increased HYL activity, whercas HYD activity
remains relatively low,

[0121] Table 3

Catalyst corabination | TS, charge | Hydrogenolysis activity | Hydrogenation activity
(Ni, Mo, W mol-%) (2) (hr'' maol !y «10° (hi mol ™) <107

0, 67,33 (.25 i1 (.4

0,33, 67 0.5 1.3 0.5

[0122] Example 4. Experiments were carried out according to previgusly described
procedurcs for HDS / HDN activity evaluation of molybdenum tungsten sulfide catalysts in
the hydrotreatment of a Heavy Coker Gas (il feedstock. 8.31 g of Molyvan A and 0.55 gof
cyclopentadienyl tungsten dihydride were charged into a 1-L batch autoclave, together with a
reaction feed of 120 g of Heavy Coker Gas Oil, 100 g of hexadecane and 0.5g of carbon
disulfide (CS;) sulfiding agent. Spent catalyst samaples were collected and characterized after
the reaction.

[0123] Table 4 hists the HDS and HDN activities of the molybdenum tungsten sulfide
catalysts. There is a synergy between molybdenum sulfide and tungsten suifide, as
demounstrated by the increased HDS activity, whereas HDN activity remains relatively low.

[0124] Table 4

Catalyst combination (Ni, HDS activity , HDN activity
Mo, W mol-%) (g feed hr'' /p catalyst) #10° | (g feed r”' /g catalyst) x10°
0, 33, 67 3.6 0.5

procedures for HYL / HY D activity evaluations.  For the HY L activity evaluation of a nickel
roolybdenurn sulfide catalyst, 0.31 g Molyvan A and 1.71 g nickel naphthenate (6 wt% Niin
toluene) were charged into 1-L batch autociave, together with a reaction feed 0f 23.81 g of
diphenylether, 100 g of hexadecane and 0.17 ¢ of dimethy! disulfide (DMDS) sulfiding agent.

Spent catalyst samples were collected and characterized after the reaction.
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{0126} For the HYD activity evaluation of the nickel molybdenum sulfide catalyst,
the above experiment was repeated but with 53.46 g of benzene, 100 g of hexadecane as the
reaction feed. Spent catalysts were collected and characterized after the reaction.

[0127] For the HYL evaluation of a nickel tungsten sulfide catalyst a combination of
(.28 g of cyclopentadienyl tungsten dihydride and 1.71 g of nickel naphthenate (6 wit% Ni in
tolucne) was charged into al-L batch autoclave together with reaction feed ot 23.81 gof
diphenylether, 100 g of hexadecane, and .17 g of dimethyl disulfide (DMDS) and 0.13 g of
carbon disulfide (CS,} suifiding agents. Spent catalyst samples were collected and
characterized after reactions.

[G128] For the HYD activity evaluation of the nickel tungsten sulfide catalyst
combination, the above experiment was repeated but with 5.46 g of benzene, 100 g of
hexadecane as the reaction feed. Spent catalysts were collected and characterized after
reactions.

[6129] Table 5 shows the HYL and HY D activities of the nickel molybdenum sulfide
and nickel tungsten sulfide catalysts. There 1s a synergy between nickel sulfide and
molybdenum sulfide or nickel sulfide and tungsten suifide, in promoting both HY L and HYD
activitics, in particular a strong HYD activity of the nickel tungsten sulfide catalyst.

[0130] Table 3

Catalyst combination {Ni, Hydrogenolysis activity | Hydrogenation activity
Mo, W mol-%) (hr' mol ™y #10° {hr'" mol ™'} x10°
67,33.0 1.0 1.2
67,0, 33 i4 2.30

[6131] Example 6: Experiments were carried out according to previously described
procedures for HDS / HDN activity evaluation of a nickel molybdenurm suifide catalyst and a
nickel tungsten sulfide catalyst in the hydrotreatroent of a Heavy Coker Gas O feed. For
nickel molybdemum sulfide catalyst, 0.31 g of Molyvan A and 1.71 g of nickel naphthenate (6
wt% Ni i toluene} were charged nto a 1-L batch autoclave together with a reaction feed of
120 g of Heavy Coker Gas Oil, 100 g of hexadecane and 0.17 g of dimethyl disulfide
(DMDS) sulfiding agent.  For nickel tungsten sulfide catalyst, 8.28 g of cyclopentadienyl
tungsten dihydride andl.71 g of nickel naphthenate {6 wtS% Ni in toluene} were charged into a
I-L batch autoclave together with a reaction feed of 120 g of Heavy Coker Gas 01, 100 g of
hexadecane and 0.17 g of dimethyl disulfide (DMDS} and 0.13 g of carbon disulfide (CS;)

sulfiding agents. Spent catalyst samples were collected and characterized after reactions.
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[G132] Table 6 summarizes the HDS and HDN activity data for the nickel
roolybdenurn sulfide and nickel tungsten sulfide catalysts. There is a synergy between nickel
sulfide and molybdemum sulfide and between nickel sulfide and tungsten sulfide in promoting
both HDS and HDN activitics, in particular g strong HDIN activity of the nickel tungsten
sulfide catalyst.

[0133] Table 6

(Catalyst combination HBDS activity HDN activity
(N1, Mo, W ruol-%) (g feed br /g catalyst ) <107 | (g feed hr'' /g catalyst ) x10°
67,33,0 5.9 1.2
67,0, 33 6.0 1.5

{01341 Example 7: Experiments were carried out according to previously described
procedures for HYL / HYD activity evaluation of a MMS catalyst countaming nickel,
molybdenum and tungsten sulfide. For the HYL evaluation, 0.23 g of Molyvan A, .21 gof
cyclopentadienyl tungsten dibydride, and 1.28 ¢ of nickel naphthenate (6 wit% Ni in tolucne)
as starting materials to prepare a MMS catalyst with 50 mol-% Ni, 25 mol-% Mo and 25 mol-
% W were charged into a of 1-L batch autoclave together with a reaction feed 0f 2381 g
diphenylether, 100 g of hexadecane , 8.13 g of dimethyl disulfide (BMDS) and 6.10 g carbon
disulfide (CSy) sulfiding agents. Spent catalyst samples were collected and characterized after
reactions.

{01357 For the HYD activity evaluation, the experiment was repeated but with a
reaction feed of 5.46 g of benzene and 100 g of hexadecane.  Spent catalysts were collected
and characterized after reactions.

{0136} Table 7 lists hydrogenolysis and hydrogenation activity data for the MMS
catalyst, showing very strong HY L and HY I} activities.

[0137] Table 7

Catalyst combination Hydrogenolysis activity Hydrogenation activity
(Ni, Mo, W mol-%) (hr' mol ™"y x10° (hr”’ mol™y x 10
50, 25,25 2.0 3.4

procedures for HDS / HDN activity evaluation of a MMS catalyst with 50 mol-% Ni, 25 mol-
Y% Mo and 25 mol-% W in the hydrotreatment of a Heavy Coker Gas Ol feeds. Table 8 lists
the HDS and HDN activity data for the MMS catalyst, showing very strong HDS and HDN

activitics of the MMS catalyst at the sclected ratio.
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[G139] Table 8

Catalyst combination HDS activity HDN activity
(N1, Mo, W mol-%]) (g feed hr'! /g catalyst) <107 (g feed br'! /g catalyst) x10°
50,25,25 6.2 1.3

[0140] Example 9:  Experiments were carried out according to previously described
procedures for HYL / HYD activity evaluation of differcut MMS catalysts of different
transition metal compositions.  In one cxperiment, .13 g of Molyvan A, 0.26 g of
cyclopentadienyl tungsten dihydride, 1.42 g of nickel naphthenate (6 wit% Ni in toluene) were
charged into a 1-L batch autoclave together with a reaction foed of 23.81 g of diphenylether
for HY L evaluation or 5.46 g of benzene for HYD evaluation, 100 g hexadecane, 0.14 g of
DMDS and 0.13 g of carbon disulfide (CS;). A target catalyst composition of a MMS catalyst
was 35 mol-% Ni, 14 mol-% Mo and 31 mol-% W.

01411 Table 9 lists the HYL and HYD activity data for the MMS catalyst showing o
that HY L and HYD activities can be optinized by changing the catalyst composition.

[0142] Table O

(atalyst combination Hydrogenolysis activity Hydrogenation activity
(N1, Mo, W mol-%) (hrt mol™) x1¢° {hr'! mol™) x16°
55,14, 31 1.9 34

[0143] Example 10: Experiments were carried out according to previously described
procedures for HDS / HDN activity evaluation of different MMS catalysts with different
metal compositions in hydrotreatment of a Heavy Coker Gas Oil feed.  The amounts of
starting materials used in catalysts preparations and catalyst activity evaluation results are as
shown i Tables 10 and 11. The results indicate that HDS and HDN activities of MMS
catalysts correlate strongly with the catalyst coraposition and there is arrange of optimum
transition metal ratios where the catalyst activity s the highest. In the tables, Molyvan A is
the Mo starting reagent; cyclopentadionyl tungsten dihydride is the W starting reagent; Ni
naphthenate (6 wi% Ni in toluene) is the Ni starting reagent.

[0144] Table 10

e HBDS :
Catalyst <107 ¢ cyclopentadienyl nickel
combination &m 4 ég Molyvan A tungsten na hﬂl:natf—‘ DMDS S,
Ni, Mo, W 1 weight (g) dihydride DRMENEIC | cight (g) |weight (g)
1o /g BAS 7 Bt () weight (g)

moi-o} catalyst) weight (g,

55,14,31 5.8 (.13 (.26 1.42 .27 .12
55,15,30 7.5 (.14 (.25 1.40 (.14 0.12
56,1529 6.9 0.14 0.25 1.43 0.14 0.12
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58,1131 5.5 (.10 (.26 1.49 (.15 .13
58,14.28 7.9 0.13 0.23 1.49 0.14 0.11
60,13,27 7.3 0.12 (.22 1.54 0.15 0.11

[(145] Table 11
. o HDN <10’ cyclopentadienyl] .
,,gfatalym 1 {gteed b [Molyvan A ) uilgsten ) nickel DMDS s,
(Ni, Mo, W | F it (g difrvdride napi'}thenate eioht (e} weieht fo
moi-%% ‘ g weight (g} 1_3 rae W’G]ght (0> weight {gHweigh (%:)
’ catalyst ) weight (g) e

55,14,31 1.3 0.13 0.26 1.42 0.14 0.12
55,15,30 1.1 0.14 0.25 1490 0.14 0.12
36,15,29 1.8 0.14 0.25 1.43 0.14 0.12
S8,11,31 1.5 (.10 .26 1.49 0.15 0.13
58,14,28 1.2 0.13 0.23 1.49 0.14 0.11
60,13,27 1.5 0.12 3,22 1.54 0.15 0.11

[0146] Example 11: Experiments were carried out according to previously described

procedures for HYL / HYD activity evaluation of different MMS catalysts with different

transition metal mol-percentages outside the optimal metal range.  The results of activity

evaluations and amounts of starting materials used o catalyst preparations are as shown iu

Table 12 and 13. The results indicate that for catalysts compositions outside of the optimum

range the HYD and HY L activities are reduced.

[0147] Table 12

Catalyst cyclopentadienyl mickel
combination HYL #10° | Molyvan A tungsten nanhthenat DMDS Sy
(Ni, Mo, W (b mol™y | weight (z) dihydride n‘ii: };;’?i; weight {ghweight (g)
mol-%) weight (g) GBS
20.,40,40 i1 .38 0.33 (.51 0.05 .16
33,33,34 1.0 0.31 0.28 0.86 0.09 0.13
55,31,14 1.1 0.29 0.11 1.42 0.14 (.06
[014K] Table 13
Catalyst Molyvan A} cyelopentadienyl nickel
combination weight (g} {tungsten dihydride| naphthenate
(Ni, Mo, W [HYD <10 (b weight (g} weight (g) DMDS S,
mol-%) " raol ) weight () fweight (g)
28,40,40 1.6 0.38 0.33 0.51 0.05 0.16
33,33,34 1.6 0.31 28 (.86 0.09 0.13
55,31,14 1.1 0.29 0.11 1.42 0.14 0.06

[0149] Example 12: Experiments were carried out according to previcusly described

procedures for HDS / HDN activity evaluation of different MMS catalysts with different
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transition metal mol-percentages in hydrotreatment of a Heavy Coker Gas Oil feed. The

activity test results and amounts of starting matenals used in catalysts preparations are a8

shown tn Table14 and 15. The results indicate that for catalysts compositions outside of the

optimum range, the HYD and HYL activities arce reduced.

{01507 Table 14

Catalyst SRS cyclopentadienyl ,
combination Hpb %10_ Molyvan ’ tfmgsten ’ nn_:kd , DMDS S
(Ni, Mo, w (g feedhr | A dihydride | PaPbthenatel ottt | weight ()
Y /g catalyst) weight {g) ROV weight (g) PR "
mol-%) weight (g} 7
9:45.5:45.5 3.9 (.42 0.38 0.23 0.04 0.18
10:10:80 4.0 (.09 .66 26 (.05 (.32
20:40:40 3.5 0.37 0.33 0.51 0.10 0.16
20:10:70 4.8 0.09 0.5% 0.51 0.10 0.28
33:33:34 5.0 0.31 0.28 0.86 0.16 0.13
{0151} Table 15
Catalyst i[? (e cyclopentadienyl ickel
c;)rnb}igiati,crl {Ni f@ﬁd 1’1;')' Mqiyva/n Atgngst@ rlapi;,henate DM DS {:S.z
Mo, W mal-%) ’ Uy weight {(g) dlhydﬂ (%e weight (g) weight (g)wveight {g)
” cz‘:taiyst } wveight (g) T
9:45.5:45.5 0.8 0.42 0.38 0.23 0.04 0.18
10:10:80 1.0 0.09 0.66 0.26 0.05 (.32
20:10:79 1.0 0.09 .58 0.51 0.10 0.28
20:40:40 0.9 (.37 0.33 0.51 0.10 0.16
27:59:15 1.0 0.55 0.12 0.69 0.13 0.06
33:33:34 1.0 0.31 .28 .86 8.16 (.13

[0152] Example 13:  In this experiment a MMS catalyst was prepared using a

hydroxide catalyst precursor containing 35 mol-% Ni, 14 mol-% Mo and 31 mol-% W. To

prepare the hydroxide catalyst precursor, NyNGOs Y, 6H,O, (NH, 36(Mo7094) 4H,0 and

{(NHa)eH: W 12040 were dissolved into water and co-precipitated by adding NH4OH according

to the procedure known in the art, ¢.g., Encyclopedia of Catalysis, for the co-precipitation

reactions of metal precursors.

{01537 0.353 g {on dry basis) of the catalyst precursor was charged into a 1-L batch

autoclave together with 100 g of hexadecane and .25 g of carbon disulfide (TS5} sulfiding

agent. During catalyst sulfiding, the reactor was sealed after purging in H; for 10 min. The

reaction mixture was mixed at 750 rpm. The reactor was pre-pressurized to 10600 psigin Hy

followed by ramping to 230 °C (480 °F) in 40 min. After reaction at the temperature for 2.5
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hrs, the reactor temiperature was further ramped up to 343 °C (650 °F} in 70 min followed by
2 hr reaction. The sulfiding mixture was then quenched to RT.

(01547 Example 14: Experiments were carried out for HYL / HY D activity
evaluation of the sulfided catalyst prepared frorm the catalyst precursor of Exaraple 13,

01557 For HYL activity evaluation, 23 .81 g of diphenylether was charged at room
temperature (RT) into the reactor containing the sulfided catalyst. The reactor was scaled
after purging in Hy for 10 mun. The reaction rowxture was raixed at 730 rpm. The reactor was
pressurized to 1000 psig in Hy at RT followed by ramping to a reaction temperature of 382 °C
{720 °F) in 2 hrs at a constaot heating rate. The reactor pressure at the reaction temperature
was kept at ~ 1800 psig. After reacting for ¥ hr at 382 °C, the reactor was quenched to below
100 °C 1o ~ 2 mio by circulating cooling water, The reaction mixture was recovered from the
reactor and filtered through 0.8 um filter paper to collect a spent catalyst for analysis /
characterization.

{01567 For the HYD activity evaluation, the above experiment was repeated but with
5.46 g of benzene as the reaction feed. The spent catalyst was collected and characterized
after reactions.

{01571 Table 16 shows the HDS and HDWN activity data for the MMS catalyst
prepared from a hydroxide catalyst precursor. The data confirm that in the optivourn
compositional range HDS and HDN activities are the highest.

[0158] Table 16

Ni,Mo, W HYL activity HYD activity
(mol-%) (hr'! mol™) x1¢° (hr! mol™) x1¢°
55, 14, 31 1.6 2.6

(01591 Example 15 Experiments were carried out for HDS / HDN activity
evaluation of the sulfided catalyst prepared frorm the catalyst precursor of Exaraple 13, For
the evaluation, 120 g of Heavy Coker Gas O feed was charged at RT 1uto the reactor
containing the sulfided catalyst. The reactor was scaled after purging in Hy for 10 ruin. The
reaction mixture was mixed at 750 ypm. The reactor was pressurized to 1000 psigin Ho at RT
followed by ramping to a reaction temperature of 382 °C {720 °F) in 2 hrs at a constant
heating rate. The reactor pressure at the reaction teroperature was ~1800 psig. After reacting
for V2 hr at 382 °C, the reactor was quenched to below 100 °C in ~ 2 min by circulating
cooling water. The reaction mixture was recovered fror the reactor and filtered through 0.8

wm filter paper to collect spent catalyst for analyses and characterization. It was noted that
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the surface arca of the spent catalyst was only about half of the catalyst prepared from an
organometallic starting material (¢.g., Molyvan A, cyclopentadienyl tungsten dihydride, and
nickel naphthenate). For a fair comparison, HDS and HDN activities were normalized by
surface arca and Ni surface/bulk concentration ratio. The results shown in Table 17 provide a
comparison of the MMS catalyst prepared from a hydroxide catalyst precursor of Example 13
to the MMS catalyst prepared from organo-metallic starting materialsof a sirnilar composition
{ 535 mol-% Ni, 14 mol-% Mo and 31 mol-% W

[0160] Table 17

Catalyst | Surface | Ni surface/ HDS HDN Normalized | Normalized
type area bulk activity {g activity HDS HDN
w’/g | concentration | feed br'/g | gfeed hr activity activity
ratio catalyst) | /g catalyst | (g twd hr' | (g feed b’
<1 ) %1 0 m) m?)
Example 44 .80 33 (.8 163 25
13
Organo- 74 0.77 58 1.3 10.2 2.3
metallic
feed

[0161] Example 16: Experiments were carried out according to previously described
procedures for HDS / HON activity evaluation of different MMS catalysts with different
transition metal percentages in hydrotreating of a Heavy Vacuurn Gas Ol feed. A hydroxide
catalyst precursor prepared using the method in the Example 13 was sulfided in a fixed bed
reactor following the previously deseribed procedure. The activity test results are as shown in
Tables IR, For the catalysts haviog compaositions within the optimum range, the HDN and
HDS activities are the highest. The HDN and HDS reaction rate constants were calculated
assuming first order kinetics on liquid weight hourly space velocity (LHSV) basis

[G162] Table 18

Catalyst HDS activity HDN activity on (hr'')
combination (b
{(Ni, Mo, W
mol-%)
46,846 7.5 Nitrogen below detection
52,14,34 7.2 114
55,5,40 8.6 7.3
56,9,35 8.5 nitrogen below detection
58,5,37 10.6 8.9
59,8,33 9.0 nitrogen below detection
59,7,34 9.0 nitrogen below detection
61,6,33 8.5 nitrogen below detection
648,28 9.0 8.2
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65,7,28 10.0 Nitrogen below detection
74,7,23 8.3 8.1

[0163] Example 17: Experiments were carried out according to proviously described
procedures for HDS / HDN activity evaluation of different MMS catalysts with different
transition metal percentages in hydrotreating of a Heavy Vacuum Gas Gil feed. A hydroxide
catalyst precursor prepared using the woethod in the Example 13 was sulfided in a fixed bed
reactor following previously described procedure. The results, as shown in Table 19, indicate
relatively low HDN activities for MMS catalysts with compositions outside the optimal
transition metal range. The HDS and HDN reaction rate constants were calculated assuming
first order kinetics on liquid weight hourly space velocity {LHSV) basis,

[G164] Table 19

Catalyst combination (Ni, | HDS activity (b | HDN activity ()
Mo, W mol-%) Y
78,11, 11 5.1 3.5
67,20,13 5.6 2.8
68,23,9 6.1 4.0

N
(91

[0165] Example 1¥: Experiments were carried out according to previcusly described
procedures for HDS / HDN activity evaluation of different MMS catalysts with different
transition metal percentages in hydrotreating of a Heavy Vacuum Gas Gil feed. A hydroxide
catalyst precursor prepared using the woethod in the Example 13 was sulfided in a fixed bed
reactor following the previously deseribed procedure. The activity test results are as shown
in Table 20. Nickel/tungsten bimetallic catalyst has high hydrogenation activity:

(0166] Table 20

Catalyst combination HDS activity (hr') HDN activity (hr™')
(N1, Mo, W mol-%}

58:0:50

7.34 Nitrogen below detection

[0167] Example 19: Experiments were carried out according to proviously described
procedures for HDS / HDN activity evaluation of different MMS catalysts with different
transition metal percentages in hydrotreating of a Heavy Vacuum Gas Otl feed. A hydroxide
catalyst precursor prepared using the method in the Example 13 was sulfided in a fixed bed
reactor following the previously deseribed procedure. The activity test results are as shown in
Table 21. NickeVroolybderur bimetallic catalyst has relatively poor hydrogenation activity.

[0168] Table 21
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Catalyst combination (N1, | HDS activity | HDBN activity
Mo, W mol-%) () (hrh
52,48,0 5.6 4.0
69,31.0 6.1 4.1

characterized by XRD and TEM.

[0170] Figure 4 shows the XRD pattern of a spent catalyst with 50 rol-% Ny, 25
mol-% Mo and 25 mol-% W , and Figure 5 shows the XRD pattern of the spent MMS
catalyst with 55 mol-% Ni, 14 mol-% Mo and 31 mol-% W, with peaks corresponding to the
crystalline Nia8; phase. Figure 6 shows the XRD pattern of a spent MMS catalyst with a sub-
optimal coraposition (10 mol-% Ni, 45 mol-% Mo and 45 mol-% W.

{61717 Figure 7 shows the TEM image of the spent MMS catalyst with 50 mol-% Ni,
25 mol-% Mo and 25 mol-% W. The image clearly shows the presence of large crystalline
NigSe and NizS,. Figure 8 is another TEM image of this spent MMS catalyst, showing nano-
particles of nickel sulfide. Figure @ is 2 TEM image of this spent MMS catalyst, showing
that molybdenom tungsten sulfide envelops the nickel sulfide consisting predominantly of
i8S, in this particular case. The curvature of molybdenum tungsten sulfide layers conforms
to that of the nickel sulfide particle. Figure 10 18 a TEM 1mage of a spent MMS catalyst with
a composition outside the optimum range{10 mol-% Ni, 45 mol-% Mo and 45 mol-%
WiThere is no detectable NixS; 1o the image.

{0172} Tables 22 and 23 show the stacking degree data for nickel molybdenum
sulfide particles, nickel tungsten sulfide particles, and nickel molybdenum tungsten sulfide
particles as well as size of slabs The stacking degree and particle dimensions are estimated by
Scherrer equation using FWHM at 14.4° and S8.3° respectively.  For a nickel molybdenum
sulfide catalyst without fungsten, the stacking degree increased fromw 4 to X by increasing the
nickei-to-molybdenum ratio from 0.2 to 4.4, By contrast, for MMS catalysts that contain
tungsten, the stacking degree remained at ~3-5 and the individual slab sizes rervained at about
30-45 A in a wide compositional range. The results illustrate the impact of tungsten on the
structare of MMS catalysts.

[G173] Table 22

Ni,Mo, W Stacking [110] Ni, Mo, W i Stacking 1]
(mol-%) degree dimension (A) | (mol-%) degree dimension (A)
17,83, 0 4.2 37.3 17,0, 83 473 321
50, 50, ¢ 3.9 42.7 54, 0, 50 3.6 37.7
64, 36, 0 5.3 40.3 64, 0, 36 3.9 36.3
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81,19, 0 8.4 59.7 | 81,0,19 51 43.9
[0174] Table 23

Ni,Mo, W | Stacking | [110] dimension | Ni, Mo, W | Stacking [110]

{(mol-%) degree (A) (mol-%)} degree dimension (A)

10, 45,45 3.2 33.7 60:20:20 4.8 43.3

20, 40, 40 3.5 36.1 64, 17,17 4.9 42.2

33,33, 33 4.4 40.8 55 14: 31 4.1 44.7

50,25, 25 4.5 42.2 55:31: 14 4.6 45.3

[0175] Example 21:  XPS data of the spent catalysts from the previous Examples
were analyzed to determine the Wi, Mo and W surface concentration at various bulk nickel,
molybdenum and fungsten concentrations. It is believed that within the optimal metal
composition range, the catalyst surface 1s enriched with W, In addition, the presence of
tungsten in molybdenum tungsten sulfide promotes the dispersion of NiS, nano-particles on
the surface.

[0176] Figure 11 is a graph comparing the ratio of Ni, W surface to bulk
concentration at different nickel, molybdenum and tungsten compositions.

{0177} Example2?: Freshly prepared catalysts and spent catalysts were examined and

analysed using the BET method. BET surface arcas and pore volumes of freshiy prepared
catalysts and spent catalysts (after hydrotreating Heavy Coker Gas Oil) were measured after a
standard pretreatment at 350 °C in N» for 12 hr.

{0178} Figure 12 18 a graph comparing the BET surface arcas of freshly prepare
catalysts and speunt catalysts {after hydrotreating Heavy Coker Gas (il feed) at varying
transition metal compositions.  Figure 13 18 a graph comparing the pore volumes of freshly
prepared catalysts and spent catalysts (after hydrotreating Heavy Coker Gas Uil feed) at
varying transition metal cormpositions. For the catalysts having a transition metal
composition outside the optivaal range, ¢.g., 10 mol-% Ni, 45 mol-%% Mo and 45 mol-% W,
the BET surface ares decreased almost an order of magoitude indicating severe surface
reconstruction.  For catalysts baving higher Ni:Mo:W molar ratios, e.g., above 1:1:1, the
surface arca reduction was noticeably smaller.

{01791 Frigures 14 and 15 are representative schemes iltustrating the surface structure
of a catalyst having a nickel, molybdenum and tungsten composition within the optimal range
{e.g., 50 mol-% Ni, 25 mol-% Mo and 25 mol-% W {oun a transition metal basis), and outside
the optimal range {e.g., 10 mol-% Ni, 45 mol-% Mo and 45 mol-% W {on a transition metal

basis), respectively,
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{01807 For the purposes of this specification and appended claims, unless otherwise
indicated, all nurobers expressing quantities, percentages or proportions, and other naomerical
values used in the specification and claims, are to be understood as being modified in all
instances by the term "about.” Accordingly, unless indicated to the contrary, the numerical
parameters set forth in the following specification and attached claims are approximations
that can vary depending upon the desired propertics sought to be obtained by the present
invention, It is noted that, as used 1o this specification and the appended clanms, the singular

LU

forms "a," "an,” and "the,” include plural references unless expressly and unequivocally
livotted to one referent. As used herein, the term "include”™ and s grammatical variants are
intended to be non-limiting, such that recitation of items in a fist is not to the exclusion of
other like items that can be substituted or added to the listed tems.

[0181] This written description uses examples to disclose the invention, including the
best mode, and also to cnable any person skilled in the art to make and use the invention.
The patentable scope is defined by the claims, and can include other examples that occur to
those skilled 1 the art. Such other exarmples are intended to be within the scope of the claims
if they have structural elements that do not differ from the literal language of the claims, or if
they include equivalent structural elements with insubstantial differences from the literal
languages of the claivaes.  All citations referred herein are expressly incorporated herein by

reference.
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CLAIMS
1. A self-supported mixed metal sulfide (MMS) catalyst consisting essentially of
nickel sutfide and tungsten sulfide, wherein the catalyst contains Ni:W in a mole ratio of 1:3

to 4:1, on a transition metal basis.

2. The self-supported MMS catalyst of claim 1, wherein the catalyst further
comprises a metal promoter selected from Mo, Nb, Ti, and mixtures thereof, wherein the

metal promoter is present tn an amount of less 1% {mole}.

3. The self-supported MMS catalyst of any of claims 1 - 2, wherein the catalyst
is characterized as having an HDN reaction constant of at least 100 g feed-hu - g catalyst ' in
hydrotreating a Heavy Coker Gas Ol as a feedstock with properties indicated in Table A and

under the process conditions as indicated i Table E, assuming first order kinetics.

4. The scif-supported MMS catalyst of claim 4, wherein the catalyst is
characterized as having an HDN reaction constant of at feast 110 ¢ feed-hr' g catalyst™ in
hydrotreating a Heavy Coker Gas Ol as a feedstock with properties indicated in Table A and
under the process conditions as indicated i Table E, assuming first order kinetics.

5. The scH-supported MMS catalyst of any of claims 1 - 2, whercin the catalyst is
characterized as having a HDN reaction rate constant of at least 4 hr™' on catalyst weight hourly
space velocity basis in hydrotreating a Heavy Vacuum Gas Ol as a feedstock with properties
indicated in Table B and under steady state process conditions as indicated in Table F,

assuming first order kinetics.

6. The seif-supported MMS catalyst of any of claims | - 2, wherein the catalyst is
characterized as having an HYD reaction rate constant of at least 15% higher thap that of a
catalyst comprising nickel sulfide alone or a catalyst comprising tungsten sulfide alone, when
compared on same metal molar basis in hydrotreating of benzene as a feedstock at identical

process conditions as indicated in Table D

7. The self-supported MMS catalyst of any of claims 1 - 2, wherein the catalyst

is characterized as having NiSy nanoparticles dispersed onto the tungsten sulfide phase.
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8. The self-supported MMS catalyst of any of clains 1 - 2, wherein the catalyst
is characterized as having a multi-phased structure comprising a tungsten sulfide phase and an

active nickel phase.

9. The sclf-supported MMS catalyst of claim &, wherein the multi-phased

structure further comprises a nickel sulphide phase.

10, The self-supported MMS catalyst of claira 9, wherein the nickel sulfide phase

comprises slabs of NigSg and Nis 8, layers.

11, The self-supported MMS catalyst of claim 9, wherein the nickel sulfide serves

as support for the tungsten sulfide phase.

12. The sclf-supported MMS catalyst of claim &, wherein the active nickel phase
comprises at feast one of atomic nickel and reduced nickel substituted into the tungsten

sulfide phase.

13, The sclf-supported MMS catalyst of claim &, wherein the active nickel phase
comprises at feast one of atoroie vickel and reduced nickel decorating the edges of the

tungsten sulfide phase.

14, The seif-supported MMS catalyst of claim &, wherein the active nickel phase
comprises NiS, nanoparticles dispersed onto the tungsten sulfide phase or decorating the

tungsten sulfide phase.

15.  The seif-supported MMS catalyst of any of claims 1 - 2, wherein the catalyst is
prepared by sulfiding a nickel ractal precursor and a tungsten metal precursor in an amount
sufficient for the catalyst to contain NuW in a mole ratio of 1:3 to 4:1, on a fransition metal

basis.

16, The self-supported MMS catalyst of claim 15, wherein the nickel metal
precursor 1s selocted from morganic metal sulfides of nickel, sulfur-containing inorganic

compounds of nickel, sulfir-containing organic compounds of nickel, nickel carbonate, nickel
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hydroxide, nickel phosphate, nickel phosphite, nickel formate, nickel fumarate, nickel
roolybdate, nickel tungstate, nickel oxide, mickel alloys, cyclopentadienyl nickel, nickel

naphthenate, and mixtures thereof.

17.  The self-supported MMS catalyst of claim 15, wherein the tungsten metal
precursor is selocted from alkali metal tungstates, arnmonium metallates of tungsten,
inorganic tungsien compounds, tungsten naphthenate, pentacyclodienyl tungsten dihydride,
tungsten oxide, W--P heteropolyanion compounds, W--51 heteropolyanion compounds,
sutfur-containing norganic compounds of tungsten, sulfur-containing orgavic compounds of

tungsten, and mixtures thereof.

IR, The seif-supported MMS catalyst of claim 17, wherein the catalyst is prepared
by sulfiding a molybdenum metal precurser and a tungsten metal precursor in an amount
sufficient for the catalyst to contain NuW in a mole ratio of 1:3 to 4:1, on a fransition metal
basis and under a Hy-containing gas pressure with at least a sulfiding agent at a temperature

ranging from 25°C to 500°C from 10 minutes to 15 days.

19, A self-supported mixed metal sulfide (MMS) catalyst consisting essentially of
molybdenum sulfide and tungsten sulfide, wherein the catalyst contains at least 0.1 mol% of

Mo and at feast §.1 mol% of W, on a transition metal basis,

20.  The sclf-supported MMS catalyst of claim 19, wherein the catalyst is
characterized as having an HDS reaction rate constant of at {east 10% higher than that of a
catalyst comprising molybderum sulfide slone or 4 catalyst corprising tungsten sulfide
alone, when compared on same metal molar basis in hydrotreating a Heavy Coker Gas (il as

a feedstock at identical process conditions as indicated in Table E.

21, The self-supported MMS catalyst of claim 20, wherein the HDS reaction rate
coustant is at least 15% higher than that of a catalyst comprising melybdenum suifide alone
or a catalyst comprising tungsten sulfide alone, when compared on the same metal molar
basis in hydrotreating of a Heavy Coker Gas Ol as a feedstock at identical process conditions

as idicated in Table E.
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22, The self-supported MMS catalyst of any of claims 19 - 20, wherein the catalyst
is characterized as having a hydrogenolysis (HYL) reaction rate constant of at least 10%
higher than a catalyst comprising molybdenum suifide alone or a catalyst comprising
tungsten sulfide catalyst slone, when corapared on same metal molar basis in hydrotreating a

~

diphenylether at identical process conditions as indicated in Table .

23, The self-supported MMS catalyst of claim 22, wherein the HYL reaction rate
coustant is at least 15% higher than that of a catalyst comprising melybdenum suifide alone
or a catalyst comprising tungsten sulfide alone, when compared on the same metal molar
basis in hydrotreating of a diphenylether as a feedstock at wdentical process conditions as

indicated in Table C.

24, The self-supported MMS catalyst of any of claims 19 - 20, wherein the
catalyst is characterized as having a molybdenum tungsten sulfide phase comprising at least a
layer containing at least one oft a} molybdenum suifide and tungsten sulfide; b} tungsten
isomorphously substituted mto molybdenum sulfide as individual atoms or as tungsten sulfide
domains; ¢} molybdenum isomorphously substituted into tungsten sulfide as individual atoms

or as molybdenum sulfide domains; and d} mixtures thercof.

25. The self-supported MMS catalyst of claim 24, wherein the molybdenum sulfide

and tungsten sulfide phase corprises 1 to 6 layers.

26.  The self-supported MMS catalyst of claim 24, wherein the at least a layer
comprises tungsien isomorphously substituted into molybdenurn sulfide as individual atoros

forming an intralayer atomic mixture.

27.  The self-supported MMS catalyst of claim 24, wherein the at least a fayer

compriscs tungsten 1somorphously substituted into molybdenur sulfide as tungsten domaius.
28.  The self-supported MMS catalyst of claim 24, wherein the at least a layer

comprises molybdenur isomorphousty substituted uto tungsten sulfide as individual atoros

forming an intralayer atomic mixture.
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29, The self-supported MMS catalyst of claim 24, wherein the at least a layer
comprises molybdenom isomorphously substituted nto tangsten sulfide as molybdenam

domains

30, The self~supported MMS catalyst of claim 24, wherem the catalyst is
characterized as having a molybdenum sulfide and tungsten sulfide phase comprising at least
two layers, and wherein the at least two layers comprise inter-layer mixtures of tungsten

sulfide and molybdenum sulfide.

Y

31, The sclf-supported MMS catalyst of claim 24, wherein the at least a layer

comprises mixtures of individual domains of tungsten sulfide and molybdenum sulfide.

32, The seif-supported catalyst of any of claims 19 - 20, wherein the catalyst is
prepared by sulfiding 8 molybdernum metal precursor and a tungsten metal precursor in an

amount sufficient for the catalyst to contain at least 0.1 wol% of Mo and 0.1 mol% of W.

33, The self-supported MMS catalyst of claiva 32, wherein the molybdenum metal
precursor is selected from molybdenum metal, alkali metal molybdates, ammonium
roetallates of molyvbdenum, molybdenum sulphate, molybdenum phosphate, molybdenum
stlicate, molybdenun borate, molybdenum naphthenate, pentacyclodienyl molybdate,
cyclopentadienyl Mo tricarbonyl dimer, anumoniurn salis of phosphomolybdic acids,
phosphomolybdic acid, molybdenum oxide, Mo--P heteropolyanion compounds, Mo--Si
heteropolyanion corapounds, norganic ractal sulfides of molybdenum, sulfur-containing
ingrganic compounds of molybdenum, sulfur-containing organic compounds of molybdenum,

and mixtures thereof.

34.  The self-supported MMS catalyst of claim 32, wherein the tungsten metal
precursor 1s selected from alkali metal tungstates, arnmonium metallates of tungsten,
inorganic tungsten compounds, tungsten naphthenate, pentacyclodienyl tungsten dihydride,
tungsten oxide, W--P heteropolyanion comapounds, W--5i beteropolyanion compounds,
sutfur-containing inorganic compounds of fungsten, sulfur-containing organic compounds of

tungsten, and mixtures thercot.
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35. The self-supported MMS catalyst of claivo 32, wherein the catalyst is prepared
by sulfiding a molybdenum metal precursor and a tungsten metal precursor under a Hy-
countaining gas pressure with at least a sulfiding agent at a teroperature rangiog from 25°C to

500°C from 10 minutes to 15 days.

36, The self-supported MMS catalyst of any of claims 19 - 20, wherein the
molybdenum sulfide is MoS;,. and the tungsten sulfide 1s WSy, and wherein ¢ has a value

between Q0 and 1.

37. A sclf-supported mixed metal suifide (MMS} catalyst comprising
roolybdenurn sulfide, nickel sulfide, and tungsten sulfide, wherein the catalystis
characterized as having an HDN reaction rate constant of at least 100 g feed hr' g catalyst
assuming first order kinetics, and an HDS reaction rate constant of at least 550 g feed hr'' g
catalyst ' assuming first order kinetics in hydrotreating of a Heavy Coker Gas Oil as a
feedstock with propertics indicated in Table A and under process conditions as indicated m

Table E.

38 The self-supported MMS catalyst of claiva 37, wherein the catalyst is
characterized as having an HDN reaction rate constant of at least 4 hr”' assuming first order
kinetics, and an HIDS reaction rate constant of at least 5 he assuming first order kinetics in
hydrotreating of a Heavy Vacuum Gas Oil as a feedstock with properties indicated in Table B

and under process conditions as indicated in Table F.

39, The self-supported MMS catalyst of any of claims 37 - 38, wherein the
catalyst is characterized as having an HY D reaction rate constant and an HY L reaction rate
constant of at least 10% higher than the rate constants of a catalyst coraprising nickel sulfide
and molybdenum sulfide, or a catalyst comprising nickel sulfide and tungsten sulfide, when
compared on same metal molar basis in hydrotreating a diphenylether as a feedstock under

process conditions as indicated 1n Table C.

40.  The self-supported MMS catalyst of claira 39, wherein the HYD reaction rate
constant and the HY L reaction rate constant each is at least 15% higher than the respective
rate constant of a catalyst coraprising nickel sulfide and roolybdenum sulfide, or a catalyst

comprising nickel sulfide and tungsten sulfide, when compared on the same metal molar basis
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in hydrotreating of a diphenylether as a feedstock under process conditions as indicated in

Table D

41.  The sclf-supported MMS catalyst of any of claims 37 - 38, wherein the
catalyst is characterized as having a multi-phased structure comprising five phases: a
rnolybdenum sulfide phase, a tungsten sulfide phase, a molybdenum tungsten sulfide phase, an

active nickel phase, and a nickel sulfide phase.

42.  The self-supported MMS catalyst of claim 41, wherein the molybdenum
tungsten sulfide phase comprises at lcast a layer which contains at least one of: a) molybdenum
sulfide and tungsten sulfide; b) tungsten isomorphously substituted into molybdenuro sulfide as
individual atoms or as tungsten sulfide domains; ¢) molybdenum isomorphously substituted
mto tungsten sulfide as individual atoms or as molybdenum sulfide domains; and d) mixtures

thereof.

43, The self-supported MMS catalyst of claim 42, wherein the molybdenum

tungsten sulfide phase corprises 1 to 6 layers,

44, The sclf-supported MMS catalyst of claim 42, whercin the at lcast a layer
comprises tungsten 1soruorphously substituted into voolybdenum sulfide as individual atoms

forming an intralayer atomic mixture.

45.  The self-supported MMS catalyst of claim 42, wherein the at least a layer

comprises tungsten isomorphously substituted into roolybdenum sulfide as tungsten domains,

46.  The sclf-supported MMS catalyst of claim 42, whercin the at least a layer
comprises molybdenom isomorphously substituted nto tangsten sulfide as individual atoms

forming an intralayer atomic mixture.
47.  The self-supported MMS catalyst of claim 42, wherein the at least a layer

compriscs molybdenum isomorphousty substituted mnto tungsten sulfide as molybdenum

domains
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48,  The self-supported MMS catalyst of claim 42, wherein the surface of the
roolybdenurn tungsten sulfide phase exhibits at least a 20% higher wolybdenuro-to-tungsten

ratio than the bulk of the molybdenum tungsten sulfide phase.

49, The self-supported MMS catalyst of claim 42, wherein the at least a layer

comprises maixtures of individual domains of tungsten sulfide and molybdenum sulfide.

50. The sclf-supported MMS catalyst of claim 41, wherein the active nickel phase
comprises at least one of atomic nickel and reduced nickel substituted 1nto the molybdenum

tungsten sulfide phase.

51, The sclf-supported MMS catalyst of claim 41, wherein the active nickel phase
comprises at feast one of atoroie vickel and reduced nickel decorating the edges of the

molybdenum tungsten sulfide phase.

52, The self-supported MMS catalyst of claim 41, wherein the active nickel phase
comprises NiS, nanoparticles dispersed onto the ruolybdenur tungsten sulfide phase or

decorating the molybdenum tungsten sulfide phase.

53.  The seif-supported MMS catalyst of claim 41, wherein the nickel sulfide phase

comprises slabs of NigSg and Nis 8, layers.

54, The self-supported MMS catalyst of claim 52, wherein the molybdenum

tungsten sulfide phase envelopes the slabs of NigSg and Ni3S, layers.

55.  The sclf-supported MMS catalyst of claim 41, wherein the nickel sulfide phase

serves as support for the molybdenum tungsten sulfide phase.

56.  The seif-supported MMS catalyst of claim 41, wherein the nickel sulfide phase

stabilizes dispersion of the active nickel phase onto the molybdenum tungsten sulfide phase.
57.  The self-supported MMS catalyst of claim 41, wherein the catalyst is
characterized by an X-ray diffraction pattern showing peaks corresponding to MoS, phase

and WS- phase.
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58, The self-supported MMS catalyst of claim 41, wherein the catalyst is

characterized by an X-ray diffraction pattern showing peaks corresponding to NiaS; phase.

59, The self-supported MMS catalyst of claim 41, wherein the catalyst is
characterized by TEM image showing lattice fringes on nickel sulfide crystals of 4.60£0.5 A

and 2.87+0.5 A.

60, The self-supported MMS catalyst of any of claims 37 - 38, wherein the catalyst

has a BET surface arca of at least 20 m™/g and a pore volume of at least 0.05 cmm'/g.

61.  The self-supported MMS catalyst of claim 60, wherein the catalyst has a BET

‘ ‘ 2, , A AE e
surface arca of at least 40 m™/g and a pore volume of at least 0.05 crn’/g.

62.  The sclt-supported MMS catalyst of any of claims 37 - 38, wherein the
catalyst after hydrotreating a Heavy Coker Gas Oil for at least 0.5 hrs, has a surface area

reduction of less than 84%.

63. The seif-supported MMS catalyst of any of claims 37 - 3§, wherein the
catalyst has a Ni surface concentration / Ni bulk concentration ratio of greater than 0.4 as

characterized by X¥PS.

64, The seif-supported MMS catalyst of claim 63, wherein the catalyst has a Ni
surface concentration / Ni bulk concentration ratio of greater than 0.5 as characterized by
XPS.

63. The seif-supported MMS catalyst of any of claims 37 ~ 3§, wherein the

catalyst has a W surface concentration / W bulk concentration ratio of greater than 0.3 as

charactenized by XPS.

3

h6. The seif-supported MMS catalyst of claim 65, wherein the catalyst has a W
surface concentration / W bulk concentration ratio of greater than 0.4 as characterized by

XP5.
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67.  The self-supported MMS catalyst of any of claims 37 - 38, wherein the
catalyst comprises molybdenum sulfide, nickel suifide, and tongsten sulfide with molar ratios
of metal components Ni:Mo:W in a region defined by five points ABCDE of a ternary phase
diagram, and wherein the five points ABCDE are defined as: A (Ni=0.72, Mo=0.00, W=0.28),
B (Ni=0.25, Mo=0.00, W=0.75), C (Ni=0.25, Mo=0.25, W=0.50}, D (Ni=0.60, Mo=0.25,
W=0.15), E (Ni=0.72, Mo=0.13, W=0.15).

68.  The self-supported MMS catalyst of any of claims 37 - 3¥, wherein the
catalyst comprises roolybdenur sulfide, nickel suifide, and tungsten sulfide with molar ratios
of metal components Ni:Mo:'W in a region defined by six points ABCDEF of a ternary phase
diagram, and wherein the six points ABCDEF are defined as: A (Ni=0.67, Mo=0.00,W={.33),
B (Ni=0.67, Mo=0.10, W=0.23), C (Ni=0.60, Mo=0.15, W=0.25), D {(Ni=0.52, Mo=0.15,
W=0.33}, E (Ni=0.52, Mo=0.06, W=0.42), F (MN:1=0.58, Mo=0.0, W=0.42).

6%.  The sclt-supported MMS catalyst of any of claims 37 - 38, wherein the
catalyst comprises molybdenum sulfide, nickel suifide, and tungsten sulfide with molar ratios
of metal components Ni:Mo:W in a region defined by four points ABCD of a ternary phase
diagram, and wherein the four points ABCD are defined as: AN&=0.67,Mo=0.00,W=0.33},
B{Ni=0.58, Mo=0.0, W=0.42), C(Ni=0.52, Mo=0.15, W=0.33}, D(Ni=0.60, Mo=0.15,
W=0.25).

76. A sclf-supported mixed metal sulfide (MMS) catalyst comprising
molybdenum sulfide, nickel sulfide, and tungsten sulfide, and wherein the catalyst is
characterized as having molar ratios of metal components Ni:Mo:W in a region defined by
five points ABCDE of a ternary phase diagram, and wherein the five points ABCDE are
defined as: A (Ni=0.72, Mo=0.00, W=0.25), B (Ni=0.25, Mo=0.00, W=0.75}, C {(Ni=0.25,
Mo=0.25, W=0.50), D (N=0.60, Mo=0.25, W=0.15), E (N1=0.72, Mo=0.13, W={.15).

71, The self-supported MMS catalyst of claivo 70, wherein the catalyst is
characterized as having a molar ratio of metal components Ni:Mo:W in a range of!
0.33 < NY(W+Mo) <2.57;
(.00 < Mo/A(Ni+W) <8.33; and
0.18 <W/(Ni+Mo) <3.00.
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72.  The self-supported MMS catalyst of claum 70, wherein the catalystis
characterized as having molar ratios of metal components Ni:Mo:W in a region defined by six
points ABCDEF of 4 ternary phase diagram, and wherein the six points ABCDEF are defined
as: A {N=0.67 Mo=0.00,W=0.33}, B (Ni=0.67, Mo=0.10, W=0.23), C (Ni=0.60, Mo=0.15,
W=0.25}, D (N1=0.52, Mo=0.15, W=0.33), E (Ni=0.52, Mo=0.06, W=0.42), F (Ni=0.58,
Mo=0.0, W=0.42}.

73, The self-supported MMS catalyst of claivo 70, wherein the catalyst is
characterized as having a molar ratio of metal components Ni:Mo:W in a range of!

LOR <=Ni/{Mo+W) <=2.03

{} <= Mo/(Ni+W) <=0.18; and

0.33 <=W/(Mo+Ni) ) <=0.72.

74.  The selt-supported MMS catalyst of claim 70, wherein the catalyst comprises
molybdenum sulfide, nickel sulfide, and tungsten sulfide with molar ratios of metal
components Ni:Mo:W in a region defined by four points ABCD of a ternary phase diagram,
and wherein the four points ABCD are defined as: ANE=(.67, Mo=0.00,W=0.33), B{Ni=0.5§,
Mo=0.0, W=0.42), C(Ni=0.52, Mo=0.15, W=0.33), D{(Ni=0.60, Mo=0.15, W=0.25).

75.  The self-supported MMS catalyst of claim 70, wherein the catalyst has a BET

‘ : 2, ~ ~ 3,
surface arca of at least 20 m*/g and a pore volume of at least 0.05 crn'/g.

76. The sclf-supported MMS catalyst of claim 75, wherein the catalyst has a BET
surface area of at Jeast 40 m”/g and a pore volume of at least 0.05 em’/g.
77.  The self-supported MMS catalyst of claim 70, wherein the catalyst after
hydrotreating a Heavy Coker Gas Ol for at least 0.5 hrs, has a surface arca of at least 20% of

original surface area before hydrotreating.
78, The seif-supported MMS catalyst of claim 70, wherein the catalyst has a Ni

surface concentration / Ni bulk concentration ratio of greater than 0.4 as characterized by

XP5.
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79. The seif-supported MMS catalyst of claim 78, wherein the catalyst has a Ni
surface concentration / Ni bulk councentration ratio of greater than 0.5 as characterized by

XPS.

80. The seif-supported MMS catalyst of claim 70, wherein the catalyst has a W
surface concentration / W bulk concentration ratio of greater than 0.3 as characterized by

XPS.

81. The seif-supported MMS catalyst of claim 80, wherein the catalyst has a W
surface concentration / W bulk concentration ratio of greater than 0.4 as characterized by

XPS.

82.  The sclf-supported MMS catalyst of claira 70, wherein the catalyst is
characterized by an HDN reaction rate constant of at least 100 g feed b g catalyst ™
assuming first order kinetics, and an HDS reaction rate constant of at least 550 g feed el ¢
catalyst ' assuming first order kinetics in hydrotreating of a Heavy Coker Gas Oil as a
feedstock with properties defined in Table A and under process conditions as defined in

Table E.

83.  The self-supported MMS catalyst of claim 70, wherein the catalyst is
characterized by an HDN reaction rate constant of at least 4 hr™' assuming first order kinetics,
and an HDS reaction rate constant of at least 5 fu™ assurning first order kinetics in
hydrotreating of a Heavy Vacuum Gas (il as a feedstock with properties defined by Table B

and under process conditions as defined by Table F.

84.  The sclf-supported MMS catalyst of claim 70, wherein the catalyst is
characterized as having a combined HY D and HY L reaction rate constant of at least 10%
higher than that of a catalyst comprising nickel sulfide and molybdenum sulfide, or a catalyst
comprising nickel sulfide and tungsten sulfide, when compared on the same metal wolar basis
in hydrotreating of a diphenylether as a feedstock under process conditions as indicated in

Table C.

§5.  The scif-supported MMS catalyst of claim 84, wherein the combined HYD

and HY L reaction rate constant is at least 15% higher than that of a catalyst comprising nickel
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sulfide and molybdenum sulfide, or a catalyst comprising nickel sulfide and tungsten sulfide,
when corapared on the same metal voolar basis 1 hydrotreating of a dipheuylether as a

feedstock under process conditions as indicated m Table Db,

86.  The self-supported MMS catalyst of claim 70, wherein the molybdenum
sulfide 1s MoS,.. and the tungsten sulfide is WS, and wherein ¢ has 2 value between O and

I.

87.  The self-supported MMS catalyst of claira 70, whereiu the catalyst has a
multi-phased structure comprising five phases: a molybdenurm sulfide phase, a tungsten sulfide

phase, a molybdenum tungsten sulfide phase, an active nickel phase, and a nickel sulfide phase.

88.  The scH-supported MMS catalyst of claira 87, wherein the molybdenum
tungsten sulfide phase comprises at least a layer, and wherein the at least a layer contains at
icast one of! a) molybdenurm suifide and tungsten sulfide; b) tungsten isomorphously
substituted into molybdenum sulfide as individual atoms or as tungsten sulfide domains; ¢}
molybdenum isomorphously substituted into tungsten suifide as individual atoms or as

melybdenuro sulfide domaius; and d) mixtures thercof.

89.  The self-supported MMS catalyst of claim 88, wherein the molybdenum

tungsten sulfide phase comprises 1 to 6 layers.

90.  The self-supported MMS catalyst of claim R¥, wherein the at least a layer
comprises tungston isomorphously substituted into molybdenum sulfide as individual ators

forming an intralayer atomic mixture.

91.  The self-supported MMS catalyst of claim R¥, wherein the at least a layer

comprises tungsten isomorphously substituted tnto molybdenurn sulfide as tungsten domains.
92.  The self-supported MMS catalyst of claim 88, wherein the at least a layer

comprises molybdenur isomorphousty substituted uto tungsten sulfide as individual atoros

forming an intralayer atomic mixture.
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893, The self-supported MMS catalyst of claim R¥, wherein the at least a layer
comprises molybdenom isomorphously substituted nto tangsten sulfide as molybdenam

domains

94.  The self-supported MMS catalyst of claim R&, wherein the molybdenum
tungsten sulfide phase corprises mnter-layer mixtures of fungsten sulfide and molvbdenum

sulfide.

95, The self-supported MMS catalyst of claira 88, wherein the at least a layer

comprises mixtures of individual domains of tungsten sulfide and molybdenum sulfide.

96.  The self-supported MMS catalyst of claim 87, wherein the active nicke!l phase
compriscs at least one of atomic nickel and reduced nickel substituted into the roolybdenura

tungsten sulfide phase.

97.  The self-supported MMS catalyst of claim 87, wherein the active nickel phase
comprises NiSy nanoparticles dispersed onto the molybdenum tungsten sulfide phase or

decorating the molybdenam tungsien sulfide phase.

98.  The self-supported MMS catalyst of claim 87, wherein the nickel sulfide phase

comprises slabs of NioS, and NizS, layers.

899, The seif-supported MMS catalyst of claim 87, wherein the nickel sulfide phase

serves as support for the molybdenum tungsten sulfide phase.

100.  The seltf-supported MMS catalyst of claira 95, wheretn the molybdenum

tungsten sulfide phase envelopes the slabs of NigSs and Ni; S, layers.

101, The self-supported MMS catalyst of claim 87, wherein the nickel sulfide phase

stabilizes dispersion of the active nicke! phase onto the molybdenum tungsten sulfide phase.

102, The self-supported MMS catalyst of claim 70, wherein the catalyst is
characterized by an X-ray diffraction pattern showing any oft peaks corresponding to MoS,

phase and WS, phase and peaks corresponding to NizS; phase.
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103, The self-supported MMS catalyst of claim 70, wherein the catalyst is
characterized by TEM image showing lattice fringes on nickel sulfide of 4.60+£0.5 A and

2.87+0.5 A,

104, A self-supported mixed metal sulfide (MMS) catalyst comprising
molybdenum suifide, nickel sulfide, and tungsten sulfide, wherein the catalyst is
characterized as having a multi-phased structure cornprising five phases: a molybdenum
sulfide phase, a tungsten sulfide phase, a molybdenum tungsten sulfide phase, an active nickel

phase, and a nickel sulfide phase.

105,  The sclf-supported MMS catalyst of claim 104, wherein the molybdenum
tungsten sulfide phase comprising at least a layer, wherein the at least a layer coutaius at least
one of: a) molybdenum sulfide and tungsten sulfide; b} tungsten isomorphously substituted
into molybdenur sulfide as individual atoros or as tungsten sulfide domains; ¢) molybdenum
isomorphously substituted into tungsten sulfide as idividual ators or as molybdenum sulfide

domains; and d) mixtures thereof.

106. The self-supported MMS catalyst of claim 103, wherein the molybdenum

tungsten sulfide phase comprises 1 to 6 layers.

107, The selfssupported MMS catalyst of claim 105, wherein the at least a layer
comprises tungsten isomorphously substituted into molybdenum sulfide as individual atoms

forming an intralayer atomic mixture.

108, The sclf-supported MMS catalyst of claim 103, wherein the at least a layer

compriscs tungsten isomorphously substituted into molybdenum sulfide as tungsten domains.

109, The selfssupported MMS catalyst of claim 105, wherein the at least a layer
comprises molybdenum isomorphously substituted into tungsten sulfide as individual atormns

forming an intralayer atomic mixture.

110, The sclf-supported MMS catalyst of claim 105, wherein the at least a layer

comprises any of. molybdenum isomorphously substituted into tungsten sulfide as
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molybdenum domains; inter-layer mixtures of tungsten sulfide and molybdenum sulfide; and

roxtares of judividual domains of tungsten sulfide and molybdenum sulfide.

111, The self-supported MMS catalyst of claim 104, wherein the active nickel phase
compriscs at least one of atomic nickel and reduced nickel substituted into the rolybdenura

tungsten sulfide phase.

112, The self-supported MMS catalyst of claim 104, wherein the active nickel phase
comprises NiSy nanoparticles dispersed onto the molybdenum tungsten sulfide phase or

decorating the molybdenam tungsien sulfide phase.

113, The self-supported MMS catalyst of claim 104, wherein the nickel sulfide

phase comprises slabs of NigSg and Nis§, layers.

114, The self-supported MMS catalyst of claim 104, wherein the nickel sulfide

phase serves as support for the molybdenum tungsten sulfide phase.

115, The selt-supported MMS catalyst of claimn 113, wherein the molybdenurm

tungsten sulfide phase envelopes the slabs of NigSg and Niz5; layers.

116, The self-supported MMS catalyst of claim 104, wherein the nickel sulfide
phase stabilizes dispersion of the active nickel phase onto the molybdenum tungsten sulfide

phase.
117, The self-supported MMS catalyst of claim 104, whercin the catalyst is further
characterized by an X-ray diffraction pattern showing peaks corresponding to MoS; phase

and W5; phase.

18, The sclf-supported MMS catalyst of claim 104, wherein the catalyst 1s further

characterized by an X-ray diffraction pattern showing peaks corresponding to Niz8, phase.
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119, The self-supported MMS catalyst of claim 104, wherein the catalyst 1s further
characterized by TEM image showing lattice fringes on nickel sulfide of 4.60+£0.5 A and

2.87+0.5 A,

120, The self-supported MMS catalyst of claim 104, wherein the catalyst has a BET

-~ - 2, . 3,
surface area of at least 20 m™/g and a pore volume of at least 0.05 cm'/g.

121, The seif-supported MMS catalyst of claim 120, wherein the catalyst has a BET

surface area of at feast 40 m¥/g and a pore volume of at least 0.05 con’/g.
122, The self-supported MMS catalyst of claim 104, wherewmn the catalyst after
hydrotreating a Heavy Coker Gas (il for at least 0.5 hrs. has a surface arca reduction of less

than 84%.

123, The self-supported MMS catalyst of claira 104, wherein the catalyst 1s further
characterized by a Ni surface concentration / Ni bulk concentration ratio of greater than 0.4 as

characterized by X¥PS.

124, The seif-supported MMS catalyst of claim 123, wherein the catalyst is further
characterized by a Ni surface concentration / Ni bulk concentration ratio of greater than 0.5 as

characterized by X¥PS.

125, The seif-supported MMS catalyst of claim 104, wherein the catalyst is further
characterized by a W surface concentration / W bulk concentration ratio of greater than 0.3 as

characterized by XPS.

26, The self-supported MMS catalyst of claim 125, wherein the catalyst is further
characterized by a W surface concentration / W bulk concentration ratio of greater than 0.4 as

charactenized by XPS.
127.  The self-supported MMS catalyst of claim 104, wherein the catalyst is

characterized as having molar ratios of metal components Ni:Mo:W in a region defined by five

points ABCDE of 4 ternary phase diagram, and wherein the five points ABCDE are defined as:
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A (Ni=0.72, Mo=0.00, W=0.28), B (Ni=0.25, Mo=0.00, W=0.75), C (Ni=0.25, Mo=0.25,
W=0,50), D (Ni=0.60, Mo=0.25, W=0.15), B (Ni=0.72, Mo=0.13, W=0.15).

128.  The self-supported MMS catalyst of clatra 127, wherein the catalyst is

U

characterized by having a molar ratio of metal components Ni:Mo:W in a range oft
0.33 < NY(Mo+W) <2.57, a range of Mo/(MNi+W) molar ratios of 0.00 < Mo/(Ni+W) <0.33,
and a range of W/Ni+Mo) molar ratios of 0. 18<W/(Ni+Mo) < 3.00.

129, The self-supported MMS catalyst of claim 127, wherein the catalyst is
10 characterized as having molar ratios of metal components Ni:Mo:W i a region detfined by six
points ABCDEF of a ternary phase diagram, and wherein the six points ABCDEF are defined
as: - A (N#=0.67,Mo=0.00,W=0.33)}, B (Ni=0.67, Mo=0.10, W=0.23}, C (Ni=0.60, Mo=0.15,
W=0.25), D (Ni=0.52, Mo=0.15, W=0.33), E (Ni=0.52, Mo=0.06, W=0.42), F (Ni=0.58,
Mo=0.0, W=0.42).

15
130.  The sclf-supported MMS catalyst of clatra 127, wherein the catalyst is
characterized as having a molar ratio of metal components Ni:Mo:W in a range of!
LOS<=Ni/{Mo+W)<=2.03
(<= Mo/(Nt+Wiy<={.18; and
20 (.33<=W/Mo+Ni} y<=0.72.

131, The self-supported MMS catalyst of claim 127, wherein the catalyst is
characterized as having ruolar ratios of woctal components NuMo:W in a region defined by
four points ABCD of a ternary phase diagram, and wherein the four points ABCD are defined

25 as) A(NI=0.67 Mo=0.00,W=033), B(N:i=0.58, Mo=0.0, W=0.42), C(N1=0.52, Mo=0.15,
W=(3.33), D{Ni=0.60, Mo=0.15, W=0.25).

132, A self-supported mixed metal sulfide (MMS) catalyst comprising

molybdenum (Mo) sulfide, tungsten (W) sulfide, and nickel (Ni) sulfide, wherein the

30 catalyst has a BET surface area of at least 20 m%/g and a pore volume of at least 0.05 cm'/g.

133,  The self-supported MMS catalyst of claim 132, wherein the catalyst has a

BET surface arca of at least 30 m“/g.
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134. The self-supported MMS catalyst of claim 133, wherein the catalyst has a

BET surface arca of at least 40 m“/g.

135, The self-supported MMS catalyst of claira 132, wherein the catalyst is
characterized as having a surface area reduction of less than 80% after hydrotreating a Heavy

Coker Gas (il for at least .5 hrs.

136.  The self-supported MMS catalyst of claim 132, wherein the catalyst is
characterized by a Ni surface concentration / Ni bulk conceuntration ratio of greater than 0.4 as

characterized by XPS.

137, The self-supported MMS catalyst of claim 136, wherein the catalyst is
characterized by a Ni surface concentration / Ni bulk conceuntration ratio of greater than 0.5 as

characterized by XPXK.

138, The self-supported MMS catalyst of claim 132, wherein the catalyst is
characterized by a W surface concentration / W bulk concentration ratio of greater than 0.3 as

characterized by XPXK.

139, The self-supported MMS catalyst of claima 132, wherein the catalyst s
characterized by a W surface concentration / W bulk concentration ratio of greater than 0.3 as

characterized by XPS,

140.  The sclf-supported MMS catalyst of claimn 139, wherein the catalyst 15
characterized by a W surface concentration / W bulk concentration ratio of greater than 0.4 as

characterized by XPS.

141, The sclf-supported MMS catalyst of claim 132, wherein the catalyst is
characterized as having molar ratios of metal components Ni:Mo:W in a region defined by five
points ABCDE of a ternary phase diagram, and wherein the five points ABCDE are defined as:
A MNi=0.72, Mo=0.00, W=0.28), B (Ni=0.55, Mo=0.00, W=(.45), C (Ni=0.48, Mo=0.14,
W=0.38), D (Ni=0.48, Mo=0.20, W=0.33), E (Ni=0.62, Mo=0.14, W=0.24).
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142, The self-supported MMS catalyst of claum 141, wherein the catalyst is
characterized as having a molar ratio of metal components Ni:Mo:W in a range of’

0.33 < N{Mo+W3 < 2.57, a range of Mo/(Niv+W ) molar ratios of 8.00 < Mo/(Ni+W)

143,  The self-supported MMS catalyst of claim 141, wherein the catalyst is
characterized as having a molar ratio of metal componcents Ni:Mo:W in a region defined by
five points ABCDE of a ternary phase diagram, and wherein the five points ABCDE are
defined as: A (N=0.72, Mo=0.00, W=0.28), B (Ni=0.55, Mo=0.00, W=0.45}, C (Ni=0.48,
Mo=0.14, W=0.38}, D (Ni=0.48, Mo=0.20, W=033), E (Ni=0.62, Mo=0.14, W=0.24}.

144, The self-supported MMS catalyst of claum 141, wherein the catalyst is
characterized having a molar ratio of metal components Ni:Mo:'W in a range of!
124 < NYW <2.68;
167 <W/Mo <o) and
(.01 <NI/(W+Mo) <2.57.

145, The self-supported MMS catalyst of claim 132, wherein the catalyst is
characterized as having a multi-phased structure cornprising five phases: a molybdenum
sulfide phase, a tungsten sulfide phase, a molybdenum tungsten sulfide phase, an active nickel

phasc, and a nickel sulfide phasc.

146.  The sclf-supported MMS catalyst of claim 145, wherein the molybdenum
tungsten sulfide phase comprises at least a layer, wherein the at least a layer contains at least
one oft a) molybdenum sulfide and tungsten sulfide; b} tungsten isomorphousty substituted
into molybdenur sulfide as individual atoros or as tungsten sulfide domains; ¢) molybdenum
isomorphously substituted into tungsten suifide as individual atoms or as molybdenum sulfide

domains: and d) mixtures thereof.

147, The self-supported MMS catalyst of claim 146, wherein the molybdenum

tungsten sulfide phase comprises 1 to 6 layers.
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148, The self-supported MMS catalyst of claim 146, wherein the at least a layer
comprises tungsten isomorphously substituted into molybdenura sutfide as judividual atoros

forming an intralayer atomic mixture.

149, The seif-supported MMS catalyst of claim 146, wherein the at least a layer

comprises tungsten isomorphously substituted into roolybdenum sulfide as tungsten domains,

150.  The self-supported MMS catalyst of claim 146, wherein the at least a layer
compriscs molybdenum isomorphousty substituted nto tungsten sulfide as individual atoms

forming an intralayer atomic mixture.

151, The self-supported MMS catalyst of claim 146, wherein the at least a layer
comprises molybdenum isomorphousty substituted into tungsten sulfide as molybdenum

dorains

152, The sclf-supported MMS catalyst of claim 146, wherein the molybdenum
tungsten sulfide phase comprises inter-layer mixtures of tungsten sulfide and molybdenum

suifide.

153,  The seif-supported MMS catalyst of claim 146, wherein the at least a layer

comprises mixtures of individual domains of tungsten sulfide and molybdenum sulfide.

154, The self-supported MMS catalyst of claim 145, wherein the active nickel phase
compriscs at least one of atomic nickel and reduced nickel substituted into edge of the

molybdenum tungsien sulfide phase.
155, The self-supported MMS catalyst of claim 145, wherein the active nickel phase
comprises NiSy nanoparticles dispersed onto the molybdenum tungsten sulfide phase or

decorating edge of the molybdenum tungsten sulfide phase.

156, The sclf-supported MMS catalyst of claim 145, wherein the nickel sulfide

phase comprises slabs of NigSg and Nis§; fayers.
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157.  The self-supported MMS catalyst of claim 145, wherein the nickel sulfide

phase serves as support for the molybdenum tungsten sulfide phase.

158, The self-supported MMS catalyst of claim 156, wherein the molybdenum

tungsten sulfide phase envelopes the slabs of NigSg and Ni35, layers.

159, The seif-supported MMS catalyst of claim 145, wherein the nickel sulfide
phase stabilizes dispersion of the active nicke] phase onto the molybdenum tungsten sulfide

phase.

160.  The self-supported MMS catalyst of claim 132, wherein the catalyst is
characterized by an X-ray diffraction pattern showing peaks corresponding to MoS, phase

and WS, phase.

161, The self-supported MMS catalyst of claim 132, wherein the catalyst is

characterized by an X-ray diffraction pattern showing peaks corresponding to Nia8; phase.

162, The sclf-supported MMS catalyst of claim 145, wherein the catalyst is
characterized by TEM image showing lattice fringes on the nickel sulfide phase of 4.60+0.5

Aand 2.87+£0.5 A,

163. A process for making a self-supported mixed metal sulfide (MMS) catalyst
comprising molybdenur sulfide, mickel sulfide, and tungsten sulfide, the process comprising:

mixing a sufficient amount of a nickel (Ni) metal precursor, a sufficient amount of a
rnolybdenurm (Mo} metal precursor, and a sufficient amount of a tungsten (W) metal
precursor to produce a catalyst precursor having a molar ratio of metal components NitMo:W
in relative proportions defined by a region of a ternary phase diagram showing frassition metal
elemental composition in terms of nickel, molybdenum, and tungsten mol-%, wherein the
region is defined by five points ABCDE and wherein the five pomnts are: A (Ni=0.72,
Mo=0.00, W=0.28), B (Ni=0.55, Mo=0.00, W=0.45), C (Ni=0.48, Mo=0.14, W=(.38), D
(Ni=(1.4%, Mo=0.20, W=0.33), E (Ni=0.62, Mo=0.14, W=0.24); and

sulfiding the catalyst precursor under conditions sufficient to convert the catalyst

precursor into a sulfide catalyst.
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164.  The process of claim 163, wherein the amounts of a Ni precursor, an Mo wmetal
precursor, and a W metal precursor are sufficient for the molar ratio Nt:Mo:W in relative
proportions defined by a region defined by six points ABCDEF of the ternary phase diagram,
and wherein the six points ABCDEF are defined as: A (Ni=0.67 Mo=0.00,W=0.331, B
{(Ni=0.67, Mo=0.10, W=0.23}, C (Ni=0.60, Mo=0.15, W=0.25}, D (N:+=0.52, Mo=0.15,
W=033), E (Ni=0.32, Mo=0.06, W=(.42), F (Ni=0.58, Mo=0.0, W=0.42).

165, The process of claim 163, wherein the amounts of a Ni metal precursor, a Mo
metal precursor, and a W metal precursor are sufficient for the catalyst precursor to have a
molar ratio of metal components Ni:Mo:W 1o a range oft §.33 SNV (Mo+W) <2.57, a range
of Mo/{Ni+W} molar ratios of 0.00 < Mo/(Ni+W)} <0.33, and a range of WAN{+Mao) molar
ratios of 0.18<W/(Ni+Mo) <3.00.

166, The process of claim 163, wherein the amounts of a Ni metal precursor, a Mo
metal precursor, and a W metal precursor are suffictent for the catalyst to have a molar ratio
of metal components Ni:Mo:'W in a range of:

1OR<=NY (Mot W i<=2.03;

O<= Mo/(Ni+W)<=0.18; and

0.33<=W/(Mo+Ni1) }<=0.72.

167.  The process of claim 163, whereim the amounts of a Ni precursor, an Mo wmetal
precursor, and a W metal precursor are sufficient for the molar ratic Ni:Mo:W in relative
proportions defined by a region defined four points ABCD of the ternary diagram, and wherein
the four points ABCD are defined as; ANi=0.67 Mo=0.00,W=0.33), B{Ni=0.58, Mo=0.0,
W=0.423, C(N=0.52, Mo=0.15, W=0.33}, D{Ni=0.60, Mo=0.15, W=0.25).

168, The process of claim 163, further comprising:
calcining the catalyst precursor to a temperature of at least 300°C prior to sulfiding the

catalyst precursor.

169.  The process of claim 163, further comprising:
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heating the catalyst precursor to a temperature of at least 150°C prior to sulfiding the

catalyst precursor,

170.  The process of any of claims 163 - 167, wherein after sulfiding, the catalyst has

a BET surface area of at least 20 m”/g and a pore volume of at least .05 cm’/g,
171, The process of any of clairos 163 - 167, wherein after sulfiding, the catalyst has

T Ny - Y
a BET surface area of at least 40 m™/g and a pore volume of at least 8.05 cm™/p.

172, The process of any of claims 163 - 167, wherein after sulfiding, the catalyst has
a MNi surface concentration / Ni bulk councentration ratio of greater than 0.4 as characterized by

XPS.

173, The process of any of claims 163 - 167, wherein after sulfiding, the catalyst has
a N1 surface concentration / Ni bulk concentration ratio of greater than 0.5 as characterized by

XPS.

174, The process of any of claims 163 - 167, wherein after sulfiding, the catalyst has
a W surface concentration / W bulk concentration ratio of greater than 0.3 as characterized by

XPS.

175, The process of claim 174, wherem after sulfiding, the catalyst has a W surface

concentration / W bulk concentration ratio of greater than 0.4 as characterized by XPS.

176.  The process of any of claims 163 - 167, wheretn after sulfiding, the catalyst
shows a multi-phased structure coraprising five phases: a molybdenum sulfide phase, a
tungsten sulfide phase, a molybdenum tungsten sulfide phase, an active nickel phase, and a

nickel sulfide phase.

177.  The process of claim 176, wherein the molybdenum tungsten sulfide phase
comprises at least a layer and wheren the at least a layer contains at least one oft a)
molybdenum sulfide and tungsten sulfide; b} tungsten isomorphously substituted into

raolybdenum sulfide as individual atoms or as tungsten sulfide domains; ¢} molybdenum
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isomorphously substituted into tungsten sulfide as idividual ators or as molybdenum sulfide

domains: and d) mixtures thereof.

178.  The process of clairn 176, wherein the active nickel phase comprises at least
one of atomic nickel and reduced nickel substituted into edge of the molybdenum tungsten

sulfide phase.

179, The process of claira 176, wherein the active nickel phase comprises NiSg
nanoparticles dispersed onto the molybdenum tungsten suifide phase or decorating edge of

the molybdenum tungsten sulfide phase.

180. The process of claimm 176, wherein the nickel sulfide phase comprises slabs of

NigSe and NizS, layers.

181, The process of any of claims 163 - 167, wherein the rolybdenurs metal
precursor is selected from molybdenum metal, alkali metal molybdates, ammonium
ractallates of molybdenum, molybdenum sulphate, molybdenum phosphate, molybdenum
siltcate, molybdenum borate, molybdenum naphthenate, pentacyclodienyl molybdate,
cyclopentadienyl Mo tricarbonyl dimer, anumoniurn salis of phosphomolybdic acids,
phosphomolybdic acid, molybdenum oxide, Mo--P heteropolyanion compounds, Mo--Si
heteropolyanion corapounds, norganic ractal sulfides of molybdenum, sulfur-containing
inorganic compounds of molybdenum, sulfur-containing organic compounds of molybdenum,

and mixtures thereof.

182. The process of any of claims 163 - 167, wherein the tungsten metal precursor
is sclected from alkali metal tungstates, ammonium roctallates of tungsten, inorganic tungsten
compounds, tungsten naphthenate, pentacyclodienyl tungsten dihydride, tungsten oxide, W--
P heteropolyanion compounds, W--S1 heteropolyanion compounds, sulfur-containing
inorganic compounds of tungsten, sulfur-containing organic compounds of tungsten, and

mmixtures thereof,

183. The process of any of claims 163 - 167, wherein the nickel metal precursor is
selected from norganic metal sulfides of nickel, sulfur-containing inorganic corapounds of

nickel, sulfur-comtaining organic compounds of nickel, nickel carbonate, nickel hydroxide,
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nickel phosphate, nickel phosphite, nickel formate, nickel fumarate, nickel molybdate, nickel
tungstate, nicke] oxide, nickel alloys, cyclopentadienyl nickel, nickel vaphthenate, and

mixiures thereof
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