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USE OF MTW-ZEOLITE IN SUPPORT FOR HYDROCRACKING
CATALYSTS WITH IMPROVED SELECTIVITY AND COLD FLOW
PROPERTY OF MIDDLE DISTILLATE

BACKGROUND

[0001] Catalytic hydroprocessing refers to petroleum refining processes in which a
carbonaceous feedstock is brought into contact with hydrogen and a catalyst, at a higher
temperature and pressure, for the purpose of removing undesirable impurities and/or converting
the feedstock to an improved product. Examples of hydroprocessing processes include

hydrotreating, hy drodemetallization, hydrocracking and hydroisomerization processes.

[0002] A hydroprocessing catalyst typically consists of one or more metals deposited on a
support or carrier consisting of an amorphous oxide and/or a crystalline microporous material
(e.g. azeolite). The selection of the support and metals depends upon the particular

hydroprocessing process for which the catalyst is employed.

[0003] It is well known that zeolites play a key role in hydrocracking and hy droisomerization
reactions, and the pore structures of zeolites largely dictate their catalytic selectivity. The two

processes achieve different results and different catalysts are required.

[0004] Hydrocracking refers to a process in which hydrogenation and dehydrogenation
accompanies the cracking/fragmentation of hydrocarbons, e.g., converting heavier
hydrocarbons into lighter hydrocarbons, or converting aromatics and/or cycloparaffins
(naphthenes) into non-cyclic branched paraffins. Hydroisomerization refers to a process in
which normal paraffins are isomerized to their more branched counterparts in the presence of

hydrogen over a catalyst.

[0005] Hydrocracking is quite useful in producing distillate fuels. Creating new catalyst
combinations that can focus and improve the conversion and yield of desired distillate products

by hydrocracking processes would be of great use to the industry.

SUMMARY
[0006] It has been discovered that utilizing the novel catalyst of the present process in a
hydrocracking process improves the middle-distillate production. The process comprises

hydrocracking a hydrocarbon feed in a single stage. The catalyst used in the single stage of the
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present hydrocracking process comprises a base impregnated with metals from Group 6 and
Groups 8 through 10 of the Periodic Table. The base of the catalyst used in the single
hydrocracking stage comprises alumina, an amorphous silica-alumina (ASA) material, a USY
zeolite and zeolite ZSM-12. The base can also include a beta zeolite.

[0007] Among other factors, it has been discovered that the use of the present catalyst base,
which includes ZSM-12, realizes numerous advantages in a single hydrocracking unit. The
catalyst system results in improved selectivity for desired middle distillate products, while also

improving the cold flow properties of the products.

BRIEF DESCRIPTION OF THE FIGURES OF THE DRAWING

[0008] FIG. 1 graphically depicts improvement in cold flow properties of mid-distillate when
comparing performance of hydrocracking catalysts made with and without ZSM-12.

[0009] FIG. 2 graphically depicts improvements in cold flow properties of unconverted oil

when comparing performance of hydrocracking catalysts made with and without ZSM-12.

DESCRIPTION OF PREFERRED EMBODIMENTS

[0010] The present process relates to hydrocracking a hydrocarbon feed in a single stage. The
process is designed to improve the selectivity at comparable conversion of middle distillate
(380-530° F, 193° C-277° C), or even light distillate (300° F-380° F, 149° C-193° C). The
process is also designed to improve the cold flow properties of the distillates. The process
employs a particular catalyst in a single stage hydrocracking process, with the catalyst
comprising a base comprised of alumina, an amorphous silica-aluminate (ASA), a USY zeolite,
optionally a beta zeolite, and a ZSM-12 zeolite. The base is impregnated with catalytic metals
selected from Group 6 and Groups 8 through 10 of the Periodic Table, preferably Nickel (Ni)
and Tungsten (W). The term “Periodic Table” refers to the version of [IUPAC Periodic Table
of the Elements dated June 22, 2007, and the numbering scheme for the Periodic Table Groups
is as described in Chemical and Engineering News, 63(5), 27 (1985).

[0011] The base of the catalyst can comprise from about 0.1 to about 40 wt. % alumina base,
based on the dry weight of the base, in another embodiment from about 5 to about 40 wt. %, or
in another embodiment from about 20 to about 30 wt. % alumina. About 25 wt. % alumina can
be used in another embodiment. The base of the catalyst can also comprise from about 30 to

about 80 wt. % ASA, based on the dry weight of the base, or in another embodiment from
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about 45 to about 75 wt. % ASA. The Y zeolite can comprise from 0.5 to about 40 wt. % of the
base based on the dry weight of the base. In another embodiment, the Y zeolite can comprise
from about 1 to about 30 wt. %, or in another embodiment, from about 4 to about 20 wt. % of
the base. The beta zeolite can be optional and can comprise from 0 to about 40 wt. % of the
base based on the dry weight of the base, or from 0.5 to about 40 wt. %. In another
embodiment, the beta zeolite can comprise from about 1 to about 30 wt. %, or in another
embodiment, from about 4 to about 20 wt. % of the base. The ZSM-12 component of the base
can comprise from about 0.1 to about 40 wt. % based on the dry weight of the base, or in
another embodiment from about 0.5 to about 30 wt. %, or from about 2 to about 20 wt. % of the

base. When beta zeolite is present, the amount of ZSM-12 can be reduced.

[0012] The alumina can be any alumina known for use in a catalyst base. For example, the

alumina can be y-alumina, 1)-alumina, 6-alumina, 3-alumina, y-alumina, or a mixture thereof.

[0013] The ASA of the catalyst support is an amorphous silica-alumina material in which the

mean mesopore diameter is generally between 70 A and 130 A.

[0014] In one embodiment, the amorphous silica-alumina material comprises SiOz in an
amount of 5 to 70 wt. % of the bulk dry weight of the carrier as determined by ICP elemental
analysis, a BET surface area of between 300 and 550 m%/g and a total pore volume of between
0.95 and 1.55 mL/g,

[0015] In another embodiment, the catalyst support comprises an amorphous silica-alumina
material containing Si0 in an amount of 5 to 70 wt. % of the bulk dry weight of the carrier as
determined by ICP elemental analysis, a BET surface area of between 300 and 550 m%/g, a total
pore volume of between 0.95 and 1.55 mL/g, and a mean mesopore diameter is between 70 A
and 130 A.

[0016] In another subembodiment, the catalyst support comprises a highly homogeneous
amorphous silica-alumina material having a surface to bulk silica to alumina ratio (/B ratio) of

0.7 to 1.3, and a crystalline alumina phase present in an amount no more than about 10 wt. %.

(Si/Al atomic ratio of the surface area measured by XPS)

S/B Ratio =
(Si/Al atomic ratio of the bulk measured by elemental analysis)

[0017] To determine the S/B ratio, the Si/Al atomic ratio of the silica-alumina surface is

measured using x-ray photoelectron spectroscopy (XPS). XPS is also known as electron
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spectroscopy for chemical analysis (ESCA). Since the penetration depth of XPS is less than 50

A, the Si/Al atomic ratio measured by XPS is for the surface chemical composition.

[0018] Use of XPS for silica-alumina characterization was published by W. Daneiell et al. in
Applied Catalysis A, 196, 247-260, 2000. The XPS technique is, therefore, effective in
measuring the chemical composition of the outer layer of catalytic particle surface. Other
surface measurement techniques, such as Auger electron spectroscopy (AES) and Secondary-

1on mass spectroscopy (SIMS), could also be used for measurement of the surface composition.

[0019] Separately, the bulk Si/Al ratio of the composition is determined from ICP elemental
analysis. Then, by comparing the surface Si/Al ratio to the bulk Si/Al ratio, the S/B ratio and
the homogeneity of silica-alumina are determined. How the S/B ratio defines the homogeneity
of a particle is explained as follows. An S/B ratio of 1.0 means the material is completely
homogeneous throughout the particles. An S/B ratio of less than 1.0 means the particle surface
1s enriched with aluminum (or depleted with silicon), and aluminum is predominantly located
on the external surface of the particles. The S/B ratio of more than 1.0 means the particle
surface is enriched with silicon (or depleted with aluminum), and aluminum is predominantly

located on the internal area of the particles.

[0020] “Zeolite USY™ refers to ultra-stabilized Y zeolite. Y zeolites are synthetic faujasite
(FAU) zeolites having a SAR (silica to alumina molar ratio) of 3 or higher. Y zeolite can be
ultra-stabilized by one or more of hydrothermal stabilization, dealumination, and isomorphous
substitution. Zeolite USY can be any FAU-type zeolite with a higher framework silicon
content than a starting (as-synthesized) Na-Y zeolite precursor. Such suitable Y zeolites are

commercially available from, e.g., Zeolyst, Tosoh, and JGC.

(6821} The beta zeolite beta refers to zeolites having a 3-dimensional crystal structure with
straight 12-membered ring channels with crossed 12-membered ring channels, and having a
framework density of about 15.3 T/1000 A%, Zeolite beta has a BEA framework as described in
Ch. Baerlocher and L. B. McCusker, Database of Zeolite Structures: http:/www.iza-

structure org/databases/.

[3322] In one embodiment, the zectite beta has an OD acidity of 20 to 400 wmol/g and an
average domain size from 300 10 1500 om®. In one embodiment, the 05 acidity is from 30 to
100 umol/e.

[6823] in one embodiment the zeolite beta is svnthetically manufactured using organic

templates. Examples of three different zeolite betas are desertbed 1w Table L
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Table 1
$132/ Al Molar Ratio
Zeolite Betas {(SAR) 0D Acudity, wnolly
H-BEA-33 35 304
H-BEA-130 150 36
H-BEA-300 300 -

j6:24] The total OD acidity was determined by H/D exchange of acidic hydroxyi groups by
FTIR spectroscopy. The method to deternine the total OD acidity was adapied from the
method desenibed n the publication by Enuel § M. Hensen et al, §. Phys. Chem., C2010,
114, 8363-8374. Prior to FTIR measurement, the sample was heatad for one hour at 400-
450° €. under vacuum <1x 107 Torr. Then the sample was dosed with CeDs to emulibriom at
&6* €. Before and afler Cal¥e dosing, spectra were collected for OH and O stretching
regions.

[6625] The average domain size was determined by a combination of transmission slectron
(TEM) and digiial tmage analvas, as follows:

{3026} 1 Feobite Beta Sample Preparation:

{6627} The zeolite beta sample was prepared by embedding a small amount of the zeolite
beta in an epoxy and microtoming. The description of suitable procedures can be found in
many standard microscopy fextbooks,

166281 Step 1 A sroall represendative portion of the renlie bets powder was embedded in
gpoxy. The epoxy was allowed to cure.

{38291 Step 2. The epoxy containing a representative portion of the zeolite beta powder was
microioroed (o 80-90 nm thick. The microiome sections were collected on a 400 mesh 3 mm
copper grid, available from microscopy supply vendors.

{8630} Step 3. A sufficient laver of electrically -conducting carbon was vacuum evaporated
onto the microlomed sections o prevent the zeolite beta sample from charging under the
electron beam n the TEM.

[6631] I TEM Imaging:

{0327 Step 1. The prepared zeolite beta sample, described above, can be surveved af low
magnificatons, e.g., 250,000-1,000,000~7 {0 select g orystal in which the zechie beta channels
can ba viewed.

{6633} Step 2. The selecied recliie beta crystals were tilted onto their zone axis, focused io

near Scherzer defocus, and an 1mage was recorded >2.000,000x
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6634} 11 Image Analysis to Obtain Average Domain Sire (nm’);

{6635 Step 1. The recorded TEM digital images described previously were analyzed using
commercially available image analvsis software packages.

{3361 Step 2. The individual domains wers isolated and the domain sizes were measured in
nw, The domains where the projection was not clearly down the channel view were not
metuded in the messurements,

[B037} Step 3. A staustically relevant number of domains were measured. The raw data was
stored in a computer apreadshest program.

The arithmetic mean

{6638} Step 4. Descriptive statistics, and frequencies were determined
{dav), ot average doman size, and the standard deviation {3} were calculated using the
following equations:

The average dommn size, d a{Brnid A0

The standard deviation, s=(8d i —d oG n Y2
{6039} in one embodiment the average domain size is from 200 to 1250 nn’, such as from

1000 t0 1150 nny™.

[0040] The last component of the catalyst base is a MTW zeolite, specifically known as ZSM-
12. The ZSM-12 zeolite is a silica rich zeolite comprised of a one-dimensional 12 membered
ring channel system with unique pore openings of 5.7 Angstroms to 6.1 Angstroms. The ZSM-
12 zeolite is described in detail in U.S. Patent Nos. 3,832,449 and 4,391,785, the disclosures of

which are herein incorporated by reference in their entirety.

[0041] ZSM-12 can suitably be prepared by preparing a solution containing at least one cyclic
quaternary amine halide, sodium oxide, an oxide of silica, and optionally, an oxide of alumina
and water and having a composition in terms of mole ratios of oxides falling within the

following ranges:

Broad Preferred
OH7/Si02 0.1-0.40 0.15-0.25
R/R+M+ 0.2-0.95 0.28-0.90
Si02/Al203 40-00 85-500
H>O/0OH" 20-300 5-100
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wherein R is dimethy] pyrrolidinium, dimethyl piperidinium, or dimethyl pyridinium halide, M
is an alkali metal and maintaining the mixture until crystals of the zeolite are formed.
Thereafter, the crystals are separated from the liquid and recovered. Typical reaction
conditions consist of heating the reaction mixture to a temperature of from about 80° C to 180°
C for a period of time ranging from about 6 hours to 150 days. A more preferred temperature
range is from about 100° C to about 150° C for a period of time ranging from about 2 to 40
days.

[0042] ZSM-12 zeolites possess a definite distinguishing crystalline structure whose X-ray

diffraction pattern shows the following significant lines:

Interplanar Spacing D (A) Relative Intensity
11.9+0.2 M
10.1£0.2 M
476+0.1 W

429 +£0.08 VS
3.98 +0.08 M
3.87+0.07 VS
3.49+0.07 W
3.38+0.07 M
3.20+0.06 A\
3.05+0.05 W
2.54+0.03 W

{8643} These values were determined by standard techniques. The radiation was the K-alpha
doublet of copper, and a scintillation counter spectrorneter with a strip chart pen recorder was
used. The peak heights, ¥ and the positions as a function of 2 times theta, where theta is the
Bragg angle, were read from the spectrometer chart. From these. the relative intensities, 100
1o, where 1o, 19 the imiensity of the strongest Hne or peak, and ¢ {obs 3, the inferplanar
spacing io A, corresponding o the recorded hines, were calculated. In Table 1 the refative

intensities are given in terms of the symbols m= medium, w=weak and vs=verv sirong. It
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should be understood that this X-ray diffraction pattem is characternistic of all the species of
L£5M-12 compositions. Ion exchange of the sodium ion with cations reveals substantially the
same pattorn with some nunor shifls 1o mterplanar spacing and varation m relative micosity,
Other minor variations can occur depending on the silicon to aluminum rano of the particular
sample, a8 well a3 if 11 bas been subjecied to thermal reatment.

{044} FSM-12 zeclites are conuneraially available from, eg, Clariant, Zeolyst, China
Catalyst Group.

{80458} As desoribad herewn above, the hivdrocracking catalyst of the present single stage
hydrocracking process contains one or more metals, which wetals are iropregnaied into the
above described base or support. For each embodiment described berain, each metal
araployed is selected from the group consisting of elemenis from Group 6 and Groups
through 10 of the Pertodic Table, and rmixtures thereof. In one embodiment, each metal is
selected frovo the group consisting of nickel (M3}, palladiuro {(Pd), platmum (P}, cobalt (Coy,
iron {Fe}, chromium (1), molvbdenum (Mo}, tungsten (W}, and mixtures thereof. fn another
embodiment, the hydrocracking catalvst contains at feast one Group 6 metal and at least one
metal selected from Groups 8 through 10 of the penodic table. Exemplary metal
combinagions include Ni/Mo/W, WNi/Mo, Ny/W, Co/Mo, Co/W, Co/W Mo and MY Co/W/ Mo,
63461 The total armount of metal material in the hydrocracking catalvst is from 0.1 wi % 1o
St wi. Y based on the bulk dry weight of the hvdrocracking catalyst. In one embodiment, the
hyvdrocracking cataly st containg from 2 wi. % 1o 10 wt. % of ruckel material and from & wi. %
o 40 wi. % of tungsten material based on the bulk dry weight of the hvdrocracking catalvst.
{86471 A diluent may be emploved in the formation of the hvdrocracking catalvst. Suitable
dituents mclude inorganic oxides ouch as alumnum oxide and silicon oxide, fitaniom oxide,
clavs, ceria, and zirconia, and onuxture of thereof The amount of diluent in the hvdrocracking
catalvst 15 from 0 wt. % 10 35 wi. % based on the bulk dry weight of the hydrocracking
catalvst. In one embodiment, the amount of diluent in the hydrocracking catalyvst is from 0.1
wi % 0 28 wi % based on the bulk diy weight of the hydrocracking catalvst

{6848] The hydrocracking catalyst of the present process can also contain one or more
promoiers selected from the group consisting of phosphorous (P, boron (B} fluonine (F),
sifreon {813, alurmnum (AL, ane (Fn), manganese {Mn), and muxtures thereof. The amount
of promoter in the hydrocracking catalvst s from 0wt % to 10wt % based on the bulk dry
weight of the hydrocracking catalyst. In one embodiment, the amount of promotsr in the
hydrocracking catalyst s from 8.1 wt % to 5 wi. % based on the bulk dry weight of the

hydrocracking catalysi.
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Preparation of the Fivdrooracking Catalvat
16349] {n one embodirent. metal deposition 1s achieved by contacling at least the catalyst
support with an impregnation solution. The impregnation solution contains at least one metal

salt such as a metal nitrade or meial carbonale, solvent and has a pH between 1 and 5.5,

mechusive (1SpHES5.5). In one embodiment, the iropregnation solution further contains a
modifying agent deacribed herein below. In one embodiment, a shaped hvdrocracking
catalyst 1s prepared by

{a} forming an extrudable mass containing the catalyst base comprised of alumina, an

amorphous sibica alumina (ASA), a USY zeclite, a ZSM-12 zeclite, and optionally a beta

{b} extruding the mass to form a shaped extrudate,

{¢) calcining the mass to form a calcined extrudate,

{d} contacting the shaped extrudate with an impregnation solution containing at least
oe metal salt, solvent, and having a pH between 1 and 5.5, inclusive (15pHE5 .5}, and

{e} drving the impregnated extrudate at 2 temperature sufficient to remove the
unpregnation soluhton solvent {o form a dried 1mpregoated extrudaie.

3088 In another embodiment, a shaped hydrocracking catalystis preparad by:

{a) forming an extrudable mass containing the catalvst base comprised of alumina, an
arporphous sitica ahnina (ASAY, 2 URY rechie, 2 Z8M-12 zeolie, and oplionally a beta
seokhite,

{b} extriuding the mass to form a shaped extrudate,

{¢) calcining the mass 1o form a calcined extrudate,

{d} contacting the shaped extrudate with an fropregnaiion solution contaimng al least
one metal 5alt, solvent, and a modiving agent, wherein the impregoation solution has a pH
between 1 and 3.5, inclusive (FSpHE5.8Y, and

{g} dryving the impregnated extrudate at g temperature below the decomposition
temperature of the modifving agent but sufficient to remove the impregnation solution
solvent and form a dried tmpregnated extrudate.

{3051} In ancther embodunent, a shaped hvdrocracking catalvstis prepared by:

{23 fornung an exirudable mass containing the catalyst base comprised of alumina, an

amorphous sifica abumina (ASAY a3 USY zeolile, a Z8M-12 rzeolite, and oplionally a beta

reohite,
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{b} extrading the mass 1o form a shaped extrudate,

{c) calciming the mass to form a calcimed exirudaie,

{d} contacting the shaped extrudate with an impregnation solution containing at {east
one metal salt, solvent, and a modifying agant, wherein the impregnation sohdion has a pH

{2} drving the impregnaied extrudate at a temperabure below the decomposition
temperature of the modifving agent but sufficient to remove the Tmpregnation solution
solvent and form a dried impregnated extrudate, and

{{} calcining the dried impregnated extrudate sufficiently to remove the modifying
agent and convert at least one oetal indo oxide.
{3052} In one embodiment, a mild acid 15 used v formang the extrudable mass contatning the
catalyst base. For example in one embodiment a diduted HNGs acid agueous solution from
0.5 10 8§ wt % HNGs 1s used.
16653 1o one embodimend, the impregoation solution coraprises a roetal carbonate and 2
modifving agent. Nickel carbonate in the preferred metal carbonate for use in the preparation
of the present catalyst.
{30847 The dilvent, promoter and/or molecular siove {f eraploved) moay be combined with
the carrier when formang the exirudable mass. v another erobodiment, the carrier and
{optionally s the diluent, promuter and/or molecular sieve can be impregnated before or after
betng formed into the desired shapes.
{8685 For each embodiment desentbed herein, the impregnation solulion has a pH between 1
and 5.5, inchusive (J5pHES 53 In one subsmbodiment, the impregnation solution has a pH
between 1.5 and 3.5, molusive (1. 32pHE35)
[6086] Depending on the metal nitrates and other components used to form the impregnation
solution, before the addition of a basic component the pH of the impregnation solufion will
tvpreally have a pH of fess than 1, and more fypically a pH of about 0.3, By adding a basic
component to the impregnation solution to affact a pH adjustment to | and 5.5, inclusive
{1 ZpH=5 5), the actd concentration is shovnated or reduced 1o a level which, during
calcination, does not acid-catalyze decomposttion of the sromorium nitrate af a rate rapid
engugh to have a delaierions effect on the hvdrocracking catalyst. In ong embodiment, the
acid concentraiion s ehinunated or reduced 1o o level which, during calcination, does nat

acid-catalyre decomposition of the anwnonium ritrate at a rafe rapid enough to have a

10
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deteterious effect on more than 14 wi. % of the bulk dry weight of the hvdrocracking catalyst
{e.g. docs not produce fines or frachired exirudaies which acconnt for more than 10 wi. 9% of
the bulk dry weight of the post-caloined hyvdrocracking catalyst),

{33571 The basic component cant be any base which can dissolve in the solvent selected for
the impregnation sclution and which i3 not substaniially deleterious 1o the formation of the
catalyst o7 o the hydrocracking performance of the catalyst, meaning that the base has less
than a measurable effect on, or confer less than a materigl disadvantage fo, the performance
of the hydrocracking catalvat. A base which 18 not substantially deleterious 1o the formation
of the catalyst will not reduce catalyst activity by more than 10°F (8.5° C) based on the
performance of the hyvdrocracking catalyst without pH correction.

13581 Where the hydrocracking catalyst 15 1o be used in the present hvdrocracking process,
one swiable base 13 ammonium hydroxide. Other examplary bases include potassiam
hydroxide, sodim hydroside, calcium hydronade, and reagnesium hvdroside,

(6059} in onc embodiment, deposition of at least one of the metals 15 achieved m the
presence of a modifying agent selected from the group consisting of componds reprasentad

by struchures (1) trough (43, including condensated forms thereof:

8]
e o K 3
R,
C~—R, \
| N Ry
o R / /
? Rig N
\
Ry
(2)
R4\~ ?/RS
| - “)
R, OH—¥,,—OH
wherein:

(3660} (1) Ru, Roand Rs are independently selecied from the group consisting of hydrogan;
hydroxvl; methyl, aming; and linear or branched, substituied or unsubstituged C1-Ca atkyl

groups, C-Cralkenyl groups, C-Cshydrosyalkyi groups, C-Cs alkowyalivt groups, Cr-0s
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amincalkyi groups, C1-Cr oxeatkvl groups, C-Os carboxyalkyl groups, £1-05
arninocarboxyvalkyvl groups and C-Cs hydroxyearboxyalkyt groups;

166611 (2) Rethrough B are independently selected from the group consisting of hvdrogen;
hydroxyl, and linear or branched, substituted or unsebstitated CoCs carboxyalbyd groups: and
{03621 (3) Risis selected from the group consisting of linear or branched, sahwaied and
unsaiurated, subsiiiuted or unsubstituied Ci-Cs allyl groups, Ci-Cs hvdroxyalky! groups, and
i-Ca oxnatiyl groups.

{8663} Representative examples of modifymg agents usefd in this embodiment inclade 2,3~
dibvdroxy-succinic acid, ethanedioie acid, 2-hydroxyacetic acid, 2-hydroxy-propanoic acid,
2-tvdroxypropane-1.2 3-tnicarboxylic acid. methoxvacetic acid, cis-1. Z-ethylene dicarbowylic
acid, hydroethane-1,2-dicarbonyle acid, ethane-1,2-diol, propana-1,2,3-triol, propanediows
actd, and o-hydro-o-hydroxypolvioxveathviens).

3064} In one embodiment, the madifving agent used 18 2-hvdroxypropane-1,2,3-
tricarboxyiic acid {citric acidy. Such a modifying agent provides excellent resulis, is
economic and readily available.

(60657 Tn ap alternate embodiment, deposition of at least one of the metals is achieved in the
presence of a modifving ageot selected from the group consisting of NN -bis(2-anunoethyviy-
1,2-ethang-diamine, 2-anmins-3-{ 1 H-indol-3-v1}-propancic acid, benraldehyde,
[{{carboxymethyl nminofbis{ethyienenititio}~etra-acetic acid, 1,2-cyelohexansdiaming, 2-
hydroxybenzoie acid, thiocyanate, thiosalfate, thicwres, pyriding, and quincline

{6066} The modifving agent impeades metal aggreganion. thereby enthancing the activity and
selectivity of the catalvat,

{66671 For each embodiment desenbed herein, when employed, the amount of modifving
agent in the pre-calcined hydrocracking catalyst is from 2 wi. % {0 18 wi 9% based oo the
bulk drv weight of the hydrocracking catalyst.

130681 The calcmation of the extruded mass can vary. Typically, the extroded mass can be
calcined at 8 temperatore between 7527 F ¢400° C) and 12007 F (650° O for a peried of
between 1 and 3 howrs.

{6869 Non-lumting examples of suitable solvents include water and Cito Cs aloohols. {her
suitable solvents can mclude polar sobvenite such as aleohols, ethers, and amines. Water iz a
preferred solvent. 1t 15 also preferved that the roetal coropomnds be water soluble and that g
sofution of each be formed, or a single solution comtaining both metals be formed. The

modifving agent can be prepared in a suriable solvent, preferably water.
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{8678} The three solvent componenis can be mixad in any sequence. That ig, all three can be
blended together at the same time, or they can be sequentially mixed in any order. Tn ap
erobodiment, 1 1s preferred (o fist mix the ove or more metal components 1o gn agueous
media, than add the modifving agent.

{66711 The amount of metal precurors and modifving agent (when emploved) in the
mmpregnation solution should be selected (o achieve preferred ratios ol metal 1o modifving
agent i the catalvst precursor after diving,

{8672} The caloned extrudate 1 exposed to the tmpregnation solution wntl incipient wetness
i3 achieved, typically for a period of between 0.1 and 100 howrs {more typically between |
and 5 hours) at room temperature 1o 2127 F (100° O while tumbhng the exirudates.
fodlowing by aging for from 0.1 to 10 hours, typically from about 0.5 to about § hows.
166731 The drving step 15 conductad at 3 temperatore sufficient to remove the impregnation
sotution solvent, but below the decomposifion tevoperature of the modifying agent. In
another embodiment, the dried impregnated extrudate 15 then calcined at o temperature above
the decomposition temperature of the modifying agent, tvpicaily from about 300° F (260° )
i 11007 F (390° (), for an effective amount of time. The present invention contesplates
that when the iropregnated extrudate 15 1o be calcined, u will undergo drving during the
period where the temperature s being elevated or ramped to the mtended calcination
temperature. This effective amount of time wili range from about 0.5 1o about 24 howrs,
typically from about | o about S hours. The calcination can be carvied out in the presence of
a flowing oxvgen-containing gas such as air, a Howing mert gas such as nitrogen, ora
combination of oxygen-contaming and inert gases.

{66741 In one embodiment, the impregnated extrodate s calcined af a teraperatore which
does not convert the meials 1o metal oxides. Yetin another embodiment, the impregnated
extrudates can be caleined at a temperature sufficient to convert the metals to metal oxides.
16675] The dried and calcined hydrocracking catalysts of the present invention ¢an be
sutfided to form an active catalvet. Solfiding of the catalby st precursor (o form the catalyst can
be performed prior 1o introduction of the catalvst into a reactor {thus ex-situ presulfiding), or
can be carried oul in the reactor {in-giln sulfiding),

{66757 Suitable sulfiding agends include elemental aulfus, aromomum sulfide, aromaonium
podveutfide (NHs RS2 ammonium thiosulfate ({INH: 2800, sodium thuosutfate (NaxS20s),
thiourea {8N:Ha, carbon disuliide. dimethyl disulfide (DMDS), dimethy] sulfide (DMS),
dibutyl polysuifide (DBPS), mercaptanes, tertiarvbuly] polvsutiide (PSTEB), terharvnooyl

polvsulfide (PSTN), aqueous anwnoniurg sulfide.
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{6677} Generally, the subfiding agent i present in an amount in excess of the sioichiometric
arpount required o form the sulfided catalyst. To another erpbodivnent, the amount of
sulfiding agent represents a sulphur 1o metal moole ratio of at least 3 1o 1 1o produce a sulfided
catalyst.

{6781 The catalvst is converted into an active sulfided cataly st upon contact with the
sutfiding agent at a temperature of 1507 F 10 900° F (66° C 10 482° C), from 10 miputes to 15
davs, and under a Ho-containing gas pressure of 101 kPa to 25,000 kPa. if the sulfidation
temperatie 1S below the botling point of the sulfiding agent, the process is generally carried
ont at atmospheric pressure. Above the botling temperature of the sulfiding agent/optional
components, the reaction 15 generally carried out at an moreased pressure. As used herem,
completion of the suffidation process means that at least 95% of stoichiomeiric sulfur
guantity necessary to convert the metals into for example, C0OoSs. MoSz, WS NisSs, efc., has
been consuroed.

{6079} in one embodiment, the sulfiding can be carried ouwt to completion in the gaseous
phase with hyvdrogen and a sulfur-containing compommd which ts decomposable mto Ha8.
Examples nclude mercaptanes, U8z, thiophenes, DMS, DMDSE and auniable S-contaimng
refinery outlet gasses. The gaseous nuxiure of Ho and sulfur contairang compound can be the
same or different in the steps. The aplfidation in the gaseous phase can be done in any
sumiable manner, inchuding a fixed bed process and a moving bed process (n which the
catalyst moves relative o the reactor, e g.. ebublated process and rotary fumace),
[G080} The contacting between the catalyst precursor with hydrogen and a sulfur-containing
compound can be done in one step af a temperature of 68° F to 700 F(20° C 10 371° Chat a
pressure of 101 kPato 25,000 kPa for a period of 1 to 100 hrs, Typically, sulfidation s
carried out over a period of time with the temperature being increased or ramped in
incremerds and held over a perind of time untit completion.

13081} In another embodiment of selfidation, it can occwr in the gaseous phase. The
sutfidation i3 done i two or more steps, with the firet siep being at a lower temperature than
the subsequent step{s}.

{6632} In one embodiment, the sulfidation is carried out in the ligud phase. At first, the
cataly st precursor i3 brought in contact with an organic Hguwid 1o an amount in the range of
2% 1o 300% of the catalyst total pore volume. The contacting with the organic hquid can be
at a temperature ranging from ambient to 248° F {120° C). After the incorporation of an
organic biquid, the catalyst precursor i3 brought into contact with hydrogen and a sulfig-

containing compound.
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{6883} in one embodiment, the organic liquid has a boiling range of Z00° F 1o 1200° F(93°
o 6497 Cy. Exemplary orgame liquids inchude petrotewrn fracthions such as heavy oils,
lubricating o frachions Hike mineral lube oil, gtmosphenic gas ols, vacoum gas ous, siraight
run gas oifs, white spirit, middie distiliatas like diesel. jet fuel and heating o1l naphtha, and
gasoline. Inn one embodiment, the organic liquid contains less than 10 wt. % sulfiy, and
preferably less than 5 wi %,

[0084] The present process is a single stage hydrocracking process. The feed to a single
stage hvdrocracker has credible concenirations of nitrogen and sulfix, often as ammonia and
hydrogen salfide. Thuss, the catalvet must endore such a dity feed as the presence of the
nitrogen and sulfur can impact reaction rales, thereby leading to different product selectivity
and catalvst activity.

[0085] The present single stage hydrocracking process comprises contacting a hy drocarbon
‘eedstock with the present catalyst under hvdrocarbon conditions 1o produce an offfuent that
comprises muddle distitlates 1 a single stage. In one smbodiment. the catalvst s employved in
one or mors fixed beds in a single stage hvdrocracking unit, with recyele or without recvele
{once throughy. Optionally, the single~stage hvdrocracking wrut may employ multiple single~
stage uniis operated in parallel.

[0086] Suitable hvdrocarbon feadstocks include visbroken gas oils {V{z8), heavy coker gas
oils, gas oifs derived from residus hyvdrocracking or residue desubfurization. (ther thermally
cracked odg, deasphalied oils, Fischer-Trapsch denved feedstocks, cvele oils from an FCC
umit, heavy coal-derived distiliates. coal gasification byproduct tars, heavy shale-derived ails,
orgaric wasie oils such ax those from pulp or paper mills or from waste biomass pyrolyvais
Gt

[0087] The hydrocracking conditions include a temperature in the range of from 175° C to
485° C, molar ratios of hydrogen to hydrocarbon charge from 1 to 100, a pressure in the range
of from 0.5 to 350 bar, and a liquid hourly space velocity (LHSV) in the range of from 0.1 to
30. By using the present catalyst base, including ZSM-12, in a single stage hydrocracking
process, it has been found that an improvement in selectivity (at a comparable conversion) of
more desirable middle distillate (380-530° F) products are observed. For middle distillate
products the selectivity can be at least 20 wt. %. In other embodiments, a selectivity to middle
distillate products of at least 25 wt. %, at least 28 wt. %, or even at least 30 wt. % can be
realized. Light distillate can also show an increase. A beneficial improvement in cold flow

properties of middle distillates is also observed.
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EXAMPLE 1
[0088] The support and catalyst compositions and characteristics of Samples A, B, C and D are

shown in Table 2:

Table 2
Catalyst ID Sample A Sample B | Sample C | Sample D
Base
USY, wt% 224 16.6 16 16
Beta, wt% 5.6 83 8 0
ZSM-12, wt% 0 0 4 12
Alumina, wt% 22.6 22.6 22.6 22.6
ASA, wt% 494 52.5 494 494
Particle density, g/mL 0.83 0.85 0.87 0.87
Porosity by N2 uptake
Surface area, m?/g 503 472 458 466
Mean mesopore diameter, A 102 90 97 95
Total Pore volume, mL/g 0.886 0.818 0.808 0.836
Finished Catalyst
Metal content, wt%
Nickel oxide (NiO) 3.8 38 3.8 3.8
Tungsten oxide (WO3) 32 32 32 32
Particle density, g/mL 1.36 1.38 1.39 1.41
Porosity by N2 uptake
Surface area, m?/g 265 291 258 251
Mean mesopore diameter, A 102 91 99 99
Total Pore volume, mL/g 0.417 0.463 0.397 0.402
EXAMPLE 2

Catalyst (Sample) A - Comparative Hydrocracking Catalyst

[0089] A comparative hydrocracking catalyst was prepared per the following procedure: 49.4
parts by weight silica-alumina powder (obtained from Sasol), 22.6 parts by weight pseudo
boehmite alumina powder (obtained from Sasol), 22.4 parts by weight of zeolite Y (from
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Zeolyst, JGC, Tosoh), and 5.6 parts by weight of zeolite beta (from Clariant, Zeolyst, China
Catalyst Group, BASF) were mixed well. A diluted HNO3 acid aqueous solution (2 wt. %) was
added to the mix powder to form an extrudable paste. The paste was extruded in 1/16”
asymmetric quadrilobe shape, and dried at 250° F (121° C) overnight. The dried extrudates
were calcined at 1100° F (593° C) for 1 hour with purging excess dry air, and cooled down to

room temperature.

[0090] Impregnation of Ni and W was done using a solution containing ammonium
metatungstate and nickel carbonate basic hydrate to the target metal loadings of 3.8 wt. % NiO
and 32.0 wt. % WOs in bulk dry weight of the finished catalyst. A chelating agent, citric acid
(with acid/Ni molar ratio of 0.79), was mixed with nickel carbonate basic hydrate along with
DI water initially. The nickel/acid solution was then heated to 149° F (65° C) or above in a
water bath for the decomposition of carbonate before adding ammonium metatungstate to the
solution. The total volume of the solution matched the 103% water pore volume of the base
extrudate sample (incipient wetness method). The metal solution was added to the base
extrudates gradually while tumbling the extrudates. When the solution addition was completed,
the soaked extrudates were aged for 2 hours. Then the extrudates were dried at 250° F (121° C)
for 2 hours. The dried extrudates were calcined at 425° F (218° C) for 1 hour with purging
excess dry air, and cooled down to room temperature. This catalyst is named Catalyst A and its

physical properties are summarized in Table 2 above.

EXAMPLE 3

Catalyst (Sample) B — A Second Comparative Hydrocracking Catalyst

[0091] A comparative hydrocracking catalyst was prepared per the following procedure: 52.5
parts by weight silica-alumina powder, 22.6 parts by weight pseudo boehmite alumina powder,
16.6 parts by weight of zeolite Y, and 8.3 parts by weight of zeolite beta were mixed well. A
diluted HNOs acid aqueous solution (2 wt. %) was added to the mix powder to form an
extrudable paste. The paste was extruded in 1/16” asymmetric quadrilobe shape, and dried at
250° F (121° C) overnight. The dried extrudates were calcined at 1100° F (593° C) for 1 hour

with purging excess dry air, and cooled down to room temperature.

[0092] Impregnation of Ni and W was done using a solution containing ammonium
metatungstate and nickel carbonate basic hydrate to the target metal loadings of 3.8 wt. % NiO
and 32.0 wt. % WOs in bulk dry weight of the finished catalyst. A chelating agent, citric acid
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(with acid/Ni molar ratio of 0.79), was mixed with nickel carbonate basic hydrate along with
DI water initially. The nickel/acid solution was then heated to 149° F (65° C) or above in a
water bath for the decomposition of carbonate before adding ammonium metatungstate to the
solution. The total volume of the solution matched the 103% water pore volume of the base
extrudate sample (incipient wetness method). The metal solution was added to the base
extrudates gradually while tumbling the extrudates. When the solution addition was completed,
the soaked extrudates were aged for 2 hours. Then the extrudates were dried at 250° F (121° C)
for 2 hours. The dried extrudates were calcined at 425° F (218° C) for 1 hour with purging
excess dry air, and cooled down to room temperature. This catalyst is named Catalyst B and its

physical properties are summarized in Table 2 above.

EXAMPLE 4

Catalyst (Sample) C — A New Hydrocracking Catalyst with ZSM-12 Zeolite

[0093] A hydrocracking catalyst in accordance with the following process was prepared per the
following procedure: 49.4 parts by weight silica-alumina powder, 22.6 parts by weight pseudo
boehmite alumina powder, 16.0 parts by weight of zeolite Y, 8.0 parts by weight of zeolite beta,
and 4.0 parts by weight of zeolite ZSM-12 were mixed well. A diluted HNO3 acid aqueous
solution (2 wt. %) was added to the mix powder to form an extrudable paste. The paste was
extruded in 1/16” asymmetric quadrilobe shape, and dried at 250° F (121° C) overnight. The
dried extrudates were calcined at 1100° F (593° C) for 1 hour with purging excess dry air, and

cooled own to room temperature.

[0094] Impregnation of Ni and W was done using a solution containing ammonium
metatungstate and nickel nitrate basic hydrate to the target metal loadings of 3.8 wt. % NiO and
32.0 wt. % WOs in bulk dry weight of the finished catalyst. A chelating agent, citric acid (with
acid/Ni molar ratio of 0.79), was mixed with nickel carbonate basic hydrate along with DI
water initially. The nickel/acid solution was then heated to 149° F (65° C) in a water bath for
the decomposition of carbonate before adding ammonium metatungstate to the solution. The
total volume of the solution matched the 103% water pore volume of the base extrudate sample
(incipient wetness method). The metal solution was added to the base extrudates gradually
while tumbling the extrudates. When the solution addition was completed, the soaked

extrudates were aged for 5 hours. Then the extrudates were dried at 150° F (66° C) for 1 hour
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and then at 250° F (121° C) for 1 hour. The dried extrudates were calcined at 425° F (218° C)
for 1 hour with purging excess dry air, and cooled down to room temperature. This catalyst is

named Catalyst C and its physical properties are summarized in Table 2 above.

EXAMPLE 5

Catalyst (Sample) D — A Second New Hydrocracking Catalyst with ZSM-12 Zeolite

[0095] A new hydrocracking catalyst was prepared per the following procedure: 49.4 parts by
weight silica-alumina powder, 22.6 parts by weight pseudo boehmite alumina powder, 16.0
parts by weight of zeolite Y, and 12.0 parts by weight of zeolite ZSM-12 were mixed well. A
diluted HNO:s acid aqueous solution (2 wt. %) was added to the mix powder to form an
extrudable paste. The paste was extruded in 1/16” asymmetric quadrilobe shape, and dried at
250° F (121° C) overnight. The dried extrudates were calcined at 1100° F (593° C) for 1 hour

with purging excess dry air, and cooled down to room temperature.

[0096] Impregnation of Ni and W was done using a solution containing ammonium
metatungstate and nickel carbonate basic hydrate to the target metal loadings of 3.8 wt. % NiO
and 32.0 wt. % WOs in bulk dry weight of the finished catalyst. A chelating agent, citric acid
(with acid/Ni molar ratio of 0.79), was mixed with nickel carbonate basic hydrate along with
DI water initially. The nickel/acid solution was then heated to 149° F (65° C) or above in a
water bath for the decomposition of carbonate before adding ammonium metatungstate to the
solution. The total volume of the solution matched the 103% water pore volume of the base
extrudate sample (incipient wetness method). The metal solution was added to the base
extrudates gradually while tumbling the extrudates. When the solution addition was completed,
the soaked extrudates were aged for 5 hours. Then the extrudates were dried at 150° F (66° C)
for 1 hour and then at 250° F (121° C) for 1 hour. The dried extrudates were calcined at 425° F
(218° C) for 1 hour with purging excess dry air, and cooled down to room temperature. This

catalyst is named Catalyst D and its physical properties are summarized in Table 2 above.
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[0097] Table 3. VGO feed used for hydrocracking catalyst performance evaluation

API 21.7
Nitrogen, ppm 997
Sulfur, wt.% 221
PCI by UV 2284
MCRT, wt% 0.32
Asphaltenes, ppm 137
Hydrogen by NMR, wt% 12.27
Hydrocarbon type by MS. Vol%
Paraffins 14.9
Naphthenes 29.0
Aromatics 353
Sulfur compounds 20.0
SimDist. wt%, °F

0.5 626

5 689

10 723

15 745

20 762

30 792

40 818

50 842

60 869

70 896

80 930

90 974

95 1010

99.5 1089
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EXAMPLE 6

[0098] The various catalysts in Example 1 were used in hydrocracking the VGO feed given in
Table 3 under similar conditions. All catalyst extrudates were shortened to an L/D of 1-2, and
packed in 3/8” OD Stainless Steel reactors. A total catalyst volume of 16.0 mL was loaded into
two reactors in bench-scale units (BSUs). ICR 511 of 8.0 mL was loaded in the first reactor as
hydrocracking pretreat for hydrodenitrogenation, hydrodesulfurization and hydro-
dearomatization. ICR 511 was operated at a temperature of 710-725°F (373-385°C) to
generate whole liquid product (WLP) with a nitrogen content in the range of 5 to 50 ppm.
Hydrocracking catalysts of 8 mL prepared in Example 1 was loaded in the second reactor and
was operated at a temperature in a range of 710-780°F (373-416° C) to reach hydrocracking
conversion (<700° F or <371° C) between 20 wt% to 90 wt%.

[0099] Selected hydrocracking performance results are shown below in Table 4:

Table 4

Catalyst Sample A Sample B Sample C Sample D
Apparent Conversion
(<T00°F). wt. % 58.69 57.13 59.64 60.66
Hydrotreating CAT, °F 715 715 715 710
T at Conv., °F 720 720 720 734
LHSV of hydrotreating, h-! 2 2 2 2
LHSV of HCR, h*! 2 2 2 2
Total pressure, psig 2300 2300 2300 2300
H2 partial pressure, psia 2200 2201 2200 2197
Gas rate, scf/bbl 5850 5921 5871 5977
Selectivity, wt. %

Cs- 3.42 3.75 3.55 3.40

Cs — 180°F 7.74 8.38 6.94 7.53

180 — 300°F 15.74 15.33 15.69 16.58

300 — 380°F 12.90 11.73 12.01 13.53

380 — 530°F 27.88 26.92 28.19 28.03

530 — 700°F 31.59 33.12 32.95 30.20
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[00100] As can be seen from the foregoing results in Table 4, Samples C and D, present
catalysts used in the present process, provide a significant improvement, at comparable
conversion, in the middle distillate products (380-530° F, 193° C-277° C). An improvement in
light distillates (300-380° F) can also be seen. FIG. 1 and FIG. 2 compare the cold flow
properties achieved when using Sample B and Sample C. Sample C demonstrates products

with improved cloud point and pour point characteristics.
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