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MTW-ZEOLITE AS SUPPORT FOR SECOND STAGE HYDROCRACKING CATALYSTS
WITH IMPROVED SELECTIVITY AND COLD FLOW PROPERTY OF DISTILLATE
PRODUCTS

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. a zeolite). The selection of the support and metals depends upon the particular
hydroprocessing process for which the catalyst is employed.
[0003] Tt 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
accompany 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 distillates such as diesel fuels. Creating new
catalyst combinations that can focus and improve the conversion and selectivity of desired
distillate products by hydrocracking processes would be of great use to the industry.

SUMMARY

[0006] 1t has been discovered that when utilizing the novel catalyst of the present process in
the second stage of a two-stage hydrocracking process improved middle-distillate production
can be achieved. This is true whether the feed is unconverted oil (UCO) or a Fischer-Tropsch
(FT) wax.
[0007] The process comprises hydrocracking a hydrocarbon feed in a first stage. The
catalyst in the first stage is a conventional hydrocracking catalyst. The product from the first

stage can then be transferred to a second hydrocracking stage. The catalyst used in the second
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stage of the present hydrocracking process comprises a base impregnated with metals selected
from Group 6 and Groups 8 through 10 of the Periodic Table. The base of the catalyst used in
the present second hydrocracking stage comprises alumina, an amorphous silica-alumina
(ASA) material, a USY zeolite and zeolite ZSM-12.
[0008] Among other factors, it has been discovered that the use of the present catalyst base of
the second hydrocracking stage catalyst, which includes ZSM-12, provides numerous
advantages. The catalyst system of the second stage results in improved yields and selectivity
in desired middle distillate and heavy distillate products, while also improving the cold
properties of the products.
BRIEF DESCRIPTION OF THE DRAWINGS

[0009] FIG. 1 graphically depicts apparent conversion (< 700 °F) vs. Catalyst Temperature for
the present second stage catalyst vs. commercial ICR 250.
[0010] FIG. 2 graphically depicts C4™ production in the second stage when using commercial
ICR 250 as compared to the present second stage catalyst.
[0011] FIG. 3 graphically depicts selectivity of light naphtha in the second stage when using
commercial ICR 250 as compared to the present second stage catalyst.
[0012] FIG. 4 graphically depicts selectivity of heavy naphtha in the second stage when using
commercial ICR 250 as compared to the present second stage catalyst.
[0013] FIG. 5 graphically depicts selectivity of light distillate in the second stage when using
commercial ICR 250 as compared to the present second stage catalyst.
[0014] FIG. 6 graphically depicts selectivity of middle distillate in the second stage when using
commercial ICR 250 as compared to the present second stage catalyst.
[0015] FIG. 7 graphically depicts selectivity of heavy distillate in the second stage when using
commercial ICR 250 as compared to present second stage catalyst.
[0016] FIG. 8 graphically depicts selectivity of total distillates in the second stage when using
commercial ICR 250 as compared to the present second stage catalyst.
[0017] FIG. 9 graphically depicts selectivity of the polycyclic index when using the present
second stage catalyst.
[0018] FIG. 10 graphically depicts the improvement in heavy diesel when using the present
second stage catalyst.

DESCRIPTION OF PREFERRED EMBODIMENTS
[0019] The present processes relate to hydrocracking a hydrocarbon feed using two stages.
Commercial hydrocracking processes typically include two sections, first stage hydrocracking

and second stage hydrocracking. A major difference between the first and second stage
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hydrocracking reactor reaction environments lies in the very low concentrations of ammonia
and hydrogen sulfide in the second stage. The first stage reaction environment is rich in both
ammonia and hydrogen sulfide generated by hydrodenitrogenation and hydrodesulfurization of
the feed. The feed for the second stage hydrocracking is typically the unconverted oil from the
first stage hydrocracking. The present catalyst is designed for the second stage hydrocracking.
[0020] The process and catalyst are designed to improve the yields and conversion of heavy
distillate (530-700 °F) (277-371 °C) and middle distillate (380-700 °F) (193-277 °C). While
the first hydrocracking stage employs a conventional hydrocracking catalyst, the key is in the
second stage catalyst. The second stage employs a particular catalyst comprising a base
comprised of alumina, an amorphous silica-aluminate (ASA), a USY 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).

[0021] 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, 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 about 55 to about 75 wt. % ASA. The Y zeolite can
be optional and can comprise from 0 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 0.1 to about 20 wt. %,
or in another embodiment, from about 0.1 to about 10 wt. % of the base. The ZSM-12
component of the base can comprise from about 0.1 to about 40 wt. % of the based on the dry
weight of the base, or in another embodiment from about 0.2 to about 10 wt. %, or from about
0.5 to about 5 wt. % of the base.

[0022] The alumina can be any alumina known for use in a catalyst base. For example, the
alumina can be y-alumina, n-alumina, 6-alumina, 6-alumina, y-alumina, or a mixture thereof.
[0023] 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.

[0024] In one embodiment, the amorphous silica-alumina material contains SiO2 in an amount
of 10 to 70 wt. % of the bulk dry weight of the carrier as determined by ICP elemental analysis,
a BET surface area of between 450 and 550 m%/g and a total pore volume of between 0.75 and

1.15 mL/g.
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[0025] In another embodiment, the catalyst support comprises an amorphous silica-alumina
material containing SiO2 in an amount of 10 to 70 wt. % of the bulk dry weight of the carrier as
determined by ICP elemental analysis, a BET surface area of between 450 and 550 m?/g, a total
pore volume of between 0.75 and 1.15 mL/g, and a mean mesopore diameter is between 70 A
and 130 A.

[0026] In another embodiment, the catalyst support is a highly homogeneous amorphous silica-
alumina material having a surface to bulk silica to alumina ratio (S/B ratio) of 0.7 to 1.3, and a

crystalline alumina phase present in an amount no more than about 10 wt. %.

(SVAl atomic ratio of the surface measwred by XPS)
(8i/Al atcmic raio of the bulk
measured by elemental analysis)

S§/8 Ravo =

[0027] 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
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.

[0028] 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-
ion mass spectroscopy (SIMS), could also be used for measurement of the surface composition.
[0029] 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
is 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.

[0030] “Zeolite USY ™ refers to ultra-stabilized Y zeolite. Y zeolites are synthetic faujasite
(FAU) zeolites having a SAR 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-
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synthesized) Na-Y zeolite precursor. Such suitable Y zeolites are commercially available from,
e.g., Zeolyst, Tosoh and JGC.

[0031] 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.

[0032] 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
OH/Si02 0.1-0.40 0.15-0.25
R/R+M+ 0.2-0.95 0.28-0.90
S102/A1203 40-00 85-500
H>O/OH- 20-300 5-100

wherein R is dimethyl pyrrolidinium, dimethy] 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° to about 150° for a period of time ranging from about 2 to 40 days.
[0033] ZSM-12 zeolites possess a definite distinguishing crystalline structure whose X-ray

diffraction pattern shows the following significant lines:

TABLE 1
Interplanar Spacing D, A Relative Intensity
11.9+02 M
10.1+£02 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
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3.20+0.06 W
3.05+0.05 W
2.54+0.03 W

{36341 These values were determined by standard techniques. The radiation was the K-alpha
doublet of copper, and a santilation counter spectrometer with a strip char pen recorder was
used. The peak heighis, 1, 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
s, where 1o, i3 the imdensity of the strongest line or peak, and & (obs.), the interplanar
spacing in &, corresponding fo the recorded lines, were calculated. In Table 1 the relative
intensities are given in terms of the symbols 7= mediwm. w= weak, and vs=very strong. It
should be wundersiood that this Xeray diffraciion patiern i characteristic of all the spacies of
ZEM-12 compositions. Too exchanges of the sodium ton with cations reveals substantially the
same pattern with some minor shifls in interplanar spacing and variation in relattve indensity.
Other minor variattons can occur depending on the silicon to aluminmuim ratio of the particular
sasuple, as well as if it has been subiected to thermal freatment.

{66351 Z5M-17 zeohites are coramercially gvailable from, 2.g., Clanant, Zeolyst, Chana
Catalyst Group.

361 As described herein, the hydrocracking catalyst of the present process contains ons or
more metals, which metals are impregnated into the above described base or support. For
sach embodiment described heramn, each metal emploved is selected from the group
consisting of elements from Group 6 and Groups 3 through 10 of the Pertodic Table, and
sxiures thereof. In one embodunent, sach ruetal 15 selected from the group consisting of
nickel (N1}, palladium (Pd), platinum (P, cobalt (Co). ron (Fey, chrovyurm (Tl

moly bdenum (Mo}, tungsten (W and nuxtures thereof. In another embadiment, the
hydrocracking catalyst contains at least one Group & metal and at feast one metal selectad
from Groups 8 through 10 of the periodie table. Exemplary metal combinations include
Ni/Mo/W, MY M, KW, Codo, Co/W, Co/W/iMo and Ni/Co/W/ kMo,

{8637} The iotal amount of metal oxide matenial in the hydrocracking catalyvst is from @1 wi
% 10 90 wi % based on the bulk dryv weight of the hvdrocracking catalyst, Inone
erahoditoert, the hydrocracking catalyst contams from 2 wit. % to 10 wi. % of nicke] oxide
and from % wi. % to 40 wi. % of tungsten oxide based on the bulk drv weight of the

hydrocracking catalyst.
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[8638] A diluent may be emploved in the formation of the hvdrocracking catalvst, Suitable
dituents imclude inorgamic oxides such as alumenum oxide and silicon oxide, titanium oxide,
clays, certa. and zivconia, and vuxture of thereof. The amount of diluent in the hvdrocracking
catalyst 15 from O wit. % 10 35 wi. % based on the bulk dry weight of the hydrocracking
catalvst. In one embodiment, the amount of diluent in the hydrocracking catalyst is from 0.1
wi 95 10 28 wi. % based on the bulk diy weight of the hvdrocracking catalyst

{6039} The hvdrocracking catalyst of the present invention can ales condain one or more
promoters selected from the group consisting of phosphorous (PY, boron (B} fluorine (F),
silicon {81}, aluminum (AL, zine (Zn), manganese (Mn), and muxtores thereof. The amount
of promoter in the hydrocracking catalyst s from 0 wi 96 1o 10 wi. % based on the bulk dry
weight of the hydrocracking catalyst. In one embodiment, the amount of prommotar in the
hydrocracking catalystis from 0.1 wt % to 5 wi. % based on the bulk dry weight of the

hydrocracking catalyst

Preparation of the Hvdrocracking Catalvat for the Second Hyvdrocracking Stage

{664¢] In one embodiment, metal deposition 1s achieved by contacting at teast the catalyst
support with an iropregnation solution. The impregoation solution contams af feast one metal
salt, such as a metal nitrate or wetal carbonate, a solvent, and has a pH between 1 and 3.5,
mclusive (1SpHES 5} Inone embodiment, the impregnation sohution further conlains a
modifying agent described herein below. In one embodiment, a shaped hvdrocracking
catalysiis prepared by:

{a) forming an extrudable mass containing the catalyst base,

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

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

{d} contacting the shaped extradate with an fropregnation solufion confamng af least
one matal salt, solvent and having a pH bebween 1 and 5.5, inclusive (15pHE5 5). and

{2y drving the imopregnaled extrudate at atemperabre safficient {o remove the
iropregonation solution solvent, 1o form a dried impregnated extrudate.
{33411 In another smbodiment. a shaped hvdrocracking catalyst is prepared by:

{a3 forming an extrudable mase containing the catalyst base,

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

{0} calomning the yoass 1o form a caloined extrudate,
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(i3 contacting the shaped extrudate with an impregnation soludion containing at least
one metal sall, solvent, and a wmodifving agent, wherein the impregnation solofion has a pH
batwean 1 and 5.3, inclosive (15pHES 5), and

{e) drving the impregnated extrudate at a teyperature below the decomposition
teroperature of the modiving sgent and sufficierd to remove the impregnation solulion
solvert, to form a dried impregnated extrudate.

{6842} in anvther embodiment, a shaped hydrocracking catalyst iz preparad by:

{a} forming an evtrudable mass containing the catalvst base,

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

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

{d} contacting the shaped extradate with an fropregnation solufion confamng af least
one metal salt, solvent, and a modifving agent, wherein the impregoation solution has a pH
between 1 and 5.5, inclusive (1 SpHES.8),

(e} drving the impregnated extrudate at a temperature below the decomposition
temperature of the modifving agent and sufficient to remove the irnpregnation solufion
solvent, to form a dried impregnated extrudate, and

(£} caleining the dried impregnated extrudale to remove the modifying agent and
sufficient to convert at least one metal mio oxide.

[8843] In one embodiment, a mild acid is usad in forming the extrudable mags containing the
catalyst base. For example, in one embodiment a diluted HNGs acid agueons sohition with
from 0.5 10 5 wit. % HNG: s used.

{33441 In one embodiment, the impregnation sclution cornprises a metal carbonate and a
medifving agent. Wickel carbonate is the preferred metal sali for use in the preparation of the
present catalyst.

{6045} The diluent, promoter and/or molecular siove (f eroploved) roay be combined with
the carrier when forming the extrodable mass. In another embodiment, the carrier and
{optionally ) the dieent, promoter and/or molecolar sieve can be impregnated before or after
heing formed into the desived shapes.

3346] For each embodiment described herein, the impregnation solution has a pH betwesn 1
and 3.5, inclusive (1ZpHS3.5) In one embodiment, the ipregnation solotion has a pH
between 1.5 and 3.3, meiosive (1. 5% pHE3.5)

{60471 Depending on the metal salls and other components used 1o forny the impregnation

solution, before the addition of a basic component the pH of the impregnation solution will
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tvpically have a pH of less than 1, and more typically a pH of about 0.5, By adding a basic
component to the impregnation solotion to affect 2 pH adiustment to | and 8.5, imclusive

(1 ZpH =55}, the acid concentration is ehiminated or reduced o a level which, during
calemation, does not acid-catalyze decompostiion of the arnmorsim nitrate at a vate rapid
enough o have g deleterious effect on the hydrocracking catalvst, Bnone erobodivent, the
acid concentration is eliminated or reduced to a level which, during calcination. does not
acid-catalvze decomposition of the ammonium nitrate at a rate rapid encugh to have a
deleterious effect on more than 10 wi. % of the bulk dry weight of the hydrocracking catalyst
{e.g. does not produce fines or fractured exirudates which account for more than 10 wi % of
the bulk dry weight of the post-caloined hvdrocracking catalyst).

3:48] The basic component can be any base which can dissolve in the solvent selected for
the fropregnation solufion and which is vot substaniially deleterious 1o the formation of the
catalyst or to the hy drocracking performance of the catalyst, meaning that the base has less
than a measureable effect on, or confer less than a matenial disadvantage 1o, the performance
of the hydrocracking eatalvst. A base which 13 not sabstaniially deleterious 1o the formation
of the catalyst will not reduce catalvst activity by more than 10° F (8.5° () based on the
performance of the hvdrocracking cataly st without pH correction.

{30491 Where the hydrocracking catalvet is to be used n the present hydrocracking progess,
one sutiable base is anwoonium hydrovide. Other exemplary bases include potassium
hydroxide. sodum hydroxide, calcium hvdroxide, and magnesium hyvdroxide.

{8658} In one embodiment, deposition of at least one of the metals 18 achisved in the
presence of a modifving agent selected from the group consisting of compounds represented

by structures (1) through {(4), including condensed forms thereof
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wherein

6511 (1) R, Roand Raare independently selected from the group consisting of hydrogen:
bydroxyl; methvl; amine; and linear or branched, substituted or unsabshinted Ci-Cs alkvl
groups, Ci-Cs atkeny] groups, Ci-Cs hydroxvalkyl groups. C-Cs slkoxvalkyi groups. -0y
aminoalkyi groups, C1-Cr oxealkvl groups, C-Os carboryalkyl groups, £1-05
aminocarboxyvalkyvl groups and C-Cs hydroxyearboxyalkyt groups;

{6652 (2) Rythrough Rie are independenily selected from the group consisting of bydrogeny
hydroxyl; and Hinear or branched, substituted or unsubstituted Co-Cs carboxyalky! groups, and
{0531 (3) Ruis selected from the group consisting of lingar or branched, sabiwaied and
vnsaturated, substiinted or ansubstituted Ci-Cs atbvl groups, Ci-Cs hydroxyalky! groups, and
Ci-Cr oxoatiyl proups.

{6884 Representative examples of modifymyg agents usefid in thiz embodiment inclade 2,3+
dibvdroxy -succinic goid, ethanedioie acid, 2-hydroxyacetic acid, 2-hydroxy -propanoic acid,
2-tvdroxypropane -1,2, 3-tricarbosyviic acid, methoxyvacetic acid, cis-1,2~ethvlene
dicarbouylic acid, hyvdroethana-1 2-dicarbonyle acid, ethane-1 2-diol, propane-1,2,3~triol,
propanedicic acid, and e-hydro-e-hydroxvpoly {oxvethyiene).

{3835 In one embodiment, the moedifving agent wsed is 2-hydroxypropane-1,2,3 -
tricarbosyvlic acid (oitric acid). Such a modifving agent provides excellent resulis, is

sconomic and readily avalable.

10
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{8656} In an aliernate embodiment, deposition of at least one of the metals s achieved in the
presence of 3 moedifving agent selecied from the group consisting of N N -is(Z-amanocethyl -
1, 2~ethane-diarping, 2-anane-3-(1 H-indol-3-yD-propancic and, henzaldehyde,
{{{carboxymethy iminafbis{ethyienentintio}{-tetra-acetic acid, 1,2-cyclohexanediamine, 2-
hydroxybenzoic actd, thiocyanate, thicselfaie, thicurea, pyriding, and quinclme.

{38871 The roodifying agent itopedes metal aggregation, therehy enhancing the activity and
selectivity of the catalyst.

{8858} For each embodiment described herein, when employed, the amount of moditving
agent in the pre-caleived hydrocracking catalystis from 2 wi % 0 18 wi 96 based on the
bulk dry weight of the hydrocracking catalvst.

166591 The calcmation of the extruded mass can vary. Typicatly, the extruded mass can be
calcined at a temperature between 752 °F (400 °C and 1200 °F (630 °C) for a peried of
between 1 and 3 howrs.

[G06¢] Non-himiting examples of suttable solvents include water and Ciio s aleobols. Uiher
suitable solvents can mciode polar solvents such as alcohols, ethers, and amines. Wateris a
preferred solvent. Tt is also preferred that the metal compounds be waler soluble and that a
solution of each be formed, or a single solution condaiming both metals be formed. The
modifving agent can be prepared in a sutiable solvent, preferably water.

{3661 The three solvent components can be mined in any sequence. That is, all three can be
blended together at the same fime, or they can be sequentially muxed inany order. Inan
smibodiment, 1t is preferred to first mix the one or more metal components in an aqueous
media, than add the modifving agent.

{66621 The amount of metal precursors and modilving agent (when emploved) in the
iropreguation solution should be selecied 1o achieve preferred ratios of metal to modifying
agent in the catalvst precursor after diving,

{68631 The calomed extrodate 15 exposed o the impregnation solution until incipient weiness
is achieved, typically for a pertod of between 1 and 100 hours (more typically between 1 and
5 hours) at room temperature to 212 °F (104 °C) while tumbling the extrudates, following by
aging for from 0.1 to 1 hours, tvpically from about 4.5 o about § hours,

{6654] The dryving step is conducted at a femperatwe sufficient to revoove the impregnation
solution solvent. but below the decomposition temperature of the modifving agent. To
another embodimerd, the dried impregnated extrudate s then calcined at a temuperature above
the decomposition temperature of the modifving agent, typically from about 500 °F €260 °Ch

to 1100 7F (890 °C), for an effective amount of time. The present invention contemplates

11
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that when the impregnated extrudate is 1o be calcined, it will undereo drving during the
period where the temperature 1s being elevated or ramped {o the intended calanation
termperature. This effective amount of time will range from about 0.5 1o about 24 hours,
typically from about | 1o about 5 hours. The calcination can be carried out in the presence of
a flowing oxy gen-containing gas such as air, a fowing inert gas such as nitrogen, or a
combmnation of ovygen-containing and inert gases.

{8065} In one embodiment, the impregnated exirudate 1s calcined at a temperature which
does niot convert the metals to metal oxides. Yet in another embodiment, the impregnated
extrodate can be calcined af a temperature sufficient to convert the metals 1o roetal oxides.
{60661 The dried and calcined hydrocracking catalysts of the present invention can be
sutfided to form an active catalyst. Sulfiding of the catalyst precursor o form the catalyst can
be performed prior to introduction of the catalvst inte a reactor (thus ex-sitn presulfiding, or
can be carried out 1o the reactor (n-situ sulfiding),

{6867 Suitable sulfiding agents include elemental sulfur, anwnonium sulfide, anynonium
polveuifide JNHi RSy, ammonium thioselfaie (NHa S (), sodium thiogulfate (Nap$:0s),
throwrea CSMNH., carbon disudfide, dimsethyl disulfide (DMDS), dumethy] sulfide (DMS),
dibutyl polvsuitide (DBPS), mercaptanes, teriary butyl polysulfide (PSTR). tertiarynonyl
polysutfide (PETN}, aqueous ammionium suifide.

[3068] Generally, the sulfiding agent is present in an amount in excess of the stoichiometric
amount requived to form the sulfided catabvat. In another embodiment, the amount of
sutfiding agent represends a sulphur to metal mole ratio of at least 3 1o 1 o produce a sulfided
catalyst.

{6669 The catalvst is converted nio an active sulfided catalvet upon contact with the
sulfiding agent at a teroperature of 130 °F 10 900 °F (66 °C 10 482 °C), from 10 manuies 1o 15
davs, and under a Ha-contaming gas pressure of 101 kPa to 25,000 kPa. If the sulfidation
ternperature i3 below the boiling point of the sulfiding agent, the process 18 generally carried
out at atmosphenic pressure. Above the boiling teroperature of the sulfiding agent/optional
conponents, the reaction is generally carried out at an increased pressure. As used herain,
completion of the sulfidation process means that at least 95% of sioichiometric sudfor
gquantity necessary 1o convert the metals into for example, CO8g, Mok, W8z, MizB2, ete., has
heen consumed.

{36701 In one embodiment, the sulfiding can be carried out to completion in the gaseous
phase with hydrogen and a sulfur-containing compound which i3 decomposable mio HiS,

Exaroples include mercaptanss, CS». thiophenes, DMS, DMDS aod switable S-containing

12
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refinery outlet gasses. The gaseous mixture of Hr and sulfur contaning compound can be the
same or different i the steps. The sulfidation wn the gaseous phase can be done in any
suitable moanner, including g fxed bod process and a rooving bed process (n which the
catalvst moves relative 1o the reactor, e.g., ebullated process and rotary fumace).

{66711 The contacting between the catalvst precursor with hiydrogen and a sulfurconiainmg
compound can be done in one step at a tempetature of 68 °F Lo 70O "F (20 °Cio 371 °Chat a
pressure of 101 kPa to 25 000 kPa for a periad of 1 to 160 hrs. Typically, suifidation is
carried out over a period of time with the temperature baing increased or ramped in
fnereroends and held over a period of time uotit completion.

{6672 1o aoother ermbodiroent sulfidation can be in the gaseous phase. The sulfidation is
done in two or more steps, with the first step bemg at a lower temperature than the
subsequent step{(sl.

G073} In one embodiment, the sulfidation is carmed out i the hgnid phase, At fust, the
catalyst precursor is brought in contact with an organic Hquid in an amount n the range of
28% 10 500% of the catalvat total pore volume. The contacting with the organic hquid can be
at a tempersture ranging from ambient 1o 248 °F (120 7). After the incorporation of an
organie haquid, the catalyst precursor 18 brought into contact with bydrogen and a sulfor-
containing compound.

{6874] In one embodiment, the organic liquid has a boiling range of 200 °F to 1200 °F (83 °C
to 649 (). Exemplary organic liquids include petroleum fractions such as heavy oils,
tabricating ot fractions hike mineral lube oil, atmospheric gas oils, vacuum gas oils, siraight
run gas cils, white spirtt, nuddie distillates like diesel, jet Dl and heating oif, naphtha, and
gasoline. In one embodunent, the orgarie Ugnd contains less than 10 wi. % sulfur, and
preforably tess than 5 wi. %,

[0075] The present catalyst is deployed in the second stage of a two-stage hydrocracking unit,
with or without intermediate stage separation, and with or without recycle. Two-stage
hydrocracking units can be operated using a full conversion configuration (meaning all of the
hydrotreating and hydrocracking is accomplished within the hydrocracking loop via recycle).
This embodiment may employ one or more distillation units within the hydrocracking loop for
the purpose of stripping off product prior to the second stage hydrocracking step or prior to
recycle of the distillation bottoms back to the first and/or second stage.

[0076] Two stage hydrocracking units can also be operated in a partial conversion
configuration (meaning one or more distillation units are positioned within hydrocracking loop

for the purpose of stripping of one or more streams that are passed on for further
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hydroprocessing). Operation of the hydrocracking unit in this manner allows a refinery to
hydroprocess highly disadvantaged feedstocks by allowing undesirable feed components such
as the polynuclear aromatics, nitrogen and sulfur species (which can deactivate hydrocracking
catalysts) to pass out of the hydrocracking loop for processing by equipment better suited for
processing these components, e.g., an FCC unit.
[0077] Two stage hydrocracking units can also be operated in a partial conversion
configuration (meaning one or more distillation units are positioned within hydrocracking loop
for the purpose of stripping of one or more streams that are passed on for further
hydroprocessing). Operation of the hydrocracking unit in this manner allows a refinery to
withdraw desirable product components such as waxy base oils to pass out of the
hydrocracking loop for processing by equipment better suited for processing these components,
e.g., isomerization units to produce high value base oil.
[0078] The hydrocracking conditions generally 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.
[0079] The use of the present catalyst as a catalyst in a second hydrocracking stage results in
much improved selectivity and yield of desirable middle distillate and heavy distillate products
relative to the use of more traditional second hydrocracking stage catalysts. For example, the
present process using the present catalyst in the second stage can provide a selectively in
distillate products having a boiling point in the range of from 380-700 °F (193-371 °C) of at
least 50 % wt. %. In another embodiment, the selectivity realized can be at least 65% or even
at least 80%. The selectivity that can be realized for heaving distillate products having a
boiling point range of 530-700 °F (277-371 °C) is at least 15 wt. %, but can also be at least 20
wt. % or even at least 25 wt. %. For middle distillate products having a boiling point in the
range of 380-530 °F (193-277 °C) a selectivity of at least 35 % can be realized, or in another
embodiment at least 45 wt. % or even at least 55 wt. %. The cold properties of the products are
also improved relative to the products obtained when using more traditional second
hydrocracking stage catalysts.

EXAMPLE 1
[0080] The following in Table 1 an example of a catalyst that can be used in the second stage
of a hydrocracker in accordance with the present process. The catalyst base is detailed, as well

as the metals in the finished catalyst.
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Table 1
Catalyst A
Base
USY Zeolite, wt% 1.5
ZSM-12, wt% 0.75
ASA, wt% 72.75
Alumina, wt% 25
Porosity by N2 uptake
Surface area, m?*/g 419
Mean mesopore diameter, A 96
Total pore volume, cc/g 0.88
Finished catalysts
Metal content, wt%
Nickel oxide (NiO) 4.6
Tungsten oxide (WO3) 314
Porosity by N2 uptake
Surface area, m*/g 245
Mean mesopore diameter, A 91
Total pore volume, cc/g 0.456
EXAMPLE 2

ZSM-12 zeolite-containing catalyst
[0081] A hydrocracking catalyst in accordance with the present process, Catalyst A above in
Example 1, was prepared per the following procedure: 72.75 parts by weight silica-alumina
powder (obtained from Sasol), 25 parts by weight pseudo boehmite alumina powder (obtained
from Sasol), 1.5 parts by weight of a zeolite Y, and 0.75 parts by weight of zeolite ZSM-12
were mixed well. A diluted HNOs acid aqueous solution (1 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.
[0082] Impregnation of Ni and W was done using a solution containing ammonium
metatungstate and nickel carbonate to the target metal loadings of 4.6 wt. % NiO and 31.4 wt.
% WOs in bulk dry weight of the finished catalyst. A modifying agent, citric acid (with acid/Ni
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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 2 hours. Then the extrudates were dried at 250 °F (121°C) for 2
hours. The dried extrudates were calcined at 400 °F (204 °C) for 1 hour with purging excess

dry air, and cooled down to room temperature.

EXAMPLE 3
[0083] The present run displays the second stage performance of the present second stage
catalyst for an unconverted oil (UCO) feed received from a first stage hydrocracker. The
results are compared to that when using a conventional, commercially available hydrocracking
catalyst, specifically ICR 250.
[0084] Table 2 contains the feed properties of the UCO feed (ABQ1695) used in this study.
The UCO feed was collected from a first stage hydrocracker.

Table 2
Physical Properties of Feed

Feeds: uco
Source First hydrocracker
API Gravity 31.0
Sulfur, ppm wt. 20.2
Nitrogen, ppm wt. 1.2
Asphaltene, ppm 156
Hydrocarbon type by 22x22

Aromatics, vol.% 13.1

Naphthenics, vol.% 64.5

Paraffinics, vol. % 22.4
D2887 Simdist, wt.%-°F

0.5/15 529/638

10/30 685/752

50/ 822

70/ 90 883/972

95/99.5 1007/1059

[0085] The second stage liquid recycle hydrocracking performance testing was conducted

using a conventional two stage hydrocracking set up.
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[0086] One hundred thirty cc of lab prepared Catalyst A from Example 1 was loaded in three
zones in a 17 diameter reactor with one preheater and two after-heaters. The catalyst extrudates
were shortened to L/D = 2-3. 80 mesh glass beads were used to fill the voids among catalyst
particles to prevent feed channeling and to improve contacting. The catalyst was sulfided with
standard sulfiding feed (NGQ1664) that was spiked with 45 ppm of TBA.

[0087] The following conditions were used in the runs:

Feed UCO feed from first stage
Designed PPC, vol% 50, 60, 70

LHSV, h1 1.5

HCR Inlet Pressure, psig 2300

Hydrogen Partial Pressure, psia ~2100

Recycle Hz Rate, SCF/BBL 5000

Reactor Temperature, °F 655-680

[0088] The UCO feed was tested. Reactor temperature was adjusted to achieve the desired per
pass conversions (PPC).

[0089] Performance of Second Stage with UCO feed from first stage —

[0090] The initial temperature after startup was set to be 680 °F to desorb the N species, which
was used to titrate acid sites of zeolites in the present catalyst. After being in operation for
approximately 250 h, the catalyst started to line out with the NH3 content in the gas phase after
the reactor was below 5 ppm. The reactor temperature as adjusted to target three PPC
conversions (50 1v%, 60 1v% and 70 1v%). Data at these PPC conversions were collected and
analyzed.

[0091] Table 3 shows individual yields and run conditions for Catalyst A in the three
conversions. Total recycle Hz rate was set at 5000 SCF/BBL with the make-up H> gas
fluctuated between 500 SCF/BBL to 750 SCF/BBL. The H2 consumption of Catalyst A is
nearly the same (~950 SCF/BBL) for three PPC conversions. These H2 consumptions are
similar to those of conventional hydrocracking catalysts such as commercial ICR 250, within

the error of margin.
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Table 3. Yield structure for the second stage hydrocracking with UCO feed.

REACTOR TEMP, °F 657 665 675
OVERALL LHSV 1.48 1.46 1.53
PER PASS CONVERSION 49.26 59.91 70.08
PRESSURE, PSIG 2300 2300 2300
H2 AVG PRESS, PSIA 2139 2129 2106
Hydrogen to Oil Ratio, SCF/B 5501 5667 5498
RECYCLE GAS, SCF/B 4973 5039 4750
NO LOSS PROD. YIELDS,
WT.%
Cq- 3.07 3.40 3.86
Cs-300 °F 20.16 22.89 24.8
300-380 °F 12.32 12.73 13.04
380-530 °F 27.2 27.26 27.51
530 °F - RCP 38.91 35.36 32.47
RECYCLE CUT POINT, °F 700 700 700
Diesel Cloud point, °C - -6 -10
TOTAL Cs- 3.07 34 3.86
TOTAL Cs+ 98.58 98.23 97.83

[0092] The apparent conversion (<700 °F, 371 °C) over the present second stage cracking

catalyst compared to commercial ICR 250 is displayed in FIG. 1. The result demonstrated that

the newly developed Catalyst A was about 6 °F more active than the commercial ICR 250

within the conversion range of 50 1v% to 75 1v%.

[0093] The yield structures of different products vs. apparent conversion (<700 °F) is displayed

in FIGS. 2-8. Less gas production was generated from Catalyst A as compared to ICR 250.

The gap was widened at higher conversions. Catalyst A also generated less light naphtha,

heavy naphtha and jet products than ICR 250, with a gap of more than 3 vol%. The loss

production in lighter fractions was compensated in heavier products. Approximately 7 vol%

gain in mid-distillates and heavy diesel with Catalyst A was observed over the commercial

catalyst ICR 250 throughout the conversion range of 50 1v% to 70 1v%. No significant

difference in kerosene production was observed between the two catalysts.

[0094] Three products were collected daily for inspections. The cold flow property of diesel
product from two catalysts was examined. The pour and cloud points of diesel collected at
60% conversion for Catalyst A were <-60 °C and -37 °C, respectively. The diesel cloud point
is 14 °C lower than that collected at the same conversion for ICR 250.

[0095] Improvement in aromatic saturation with Catalyst A was also observed. FIG. 9 shown

polycyclic Index (PCI) of unconverted oil (UCO) in term of per pass conversion. As shown in
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FIG. 9, PCI of UCO increased with increasing per pass conversion. The PCI values are 5 to 10
times lower of the UCO products generated with Catalyst A than those produced from
commercial ICR 250. This result indicates that Catalyst A does better aromatic saturation than
the commercial ICR 250.

EXAMPLE 4
[0096] This present run deploys the present catalyst for a FT wax feed received from a GTL
plant. The results are compared to that when using a conventional hydrocracking catalyst, ICR
250.
[0097] Table 2 contains the feed properties of the FT wax used in this study. The wax was
produced at a gas-to-liquids plant.

Table 4: Physical Properties of Feed

Feeds: FT Wax
Source GTL Plant
API Gravity 420
Sulfur, ppm wt. <5 ppm
Nitrogen, ppm wt. 15.6
Oxygen, wt% 0.57

D2887 Simdis, wt%-°F

0.5/5 455/595
10/30 618/694
50/ 774

70/90 875/1023
95/99.5 1216/1235

[0098] The hydrocracking stage employed Catalyst A from Examples 1 and 2.

[0099] The following conditions were used in this run:

Feed: FT Wax
Designed PPC, vol% 65

LHSV, h! 1.2

HCR Inlet Pressure, psig 1000

Hydrogen Partial Pressure, psia ~900

Recycle H> Rate, SCF/BBL 4750

Reactor Temperature, °F 668-673

[00100] The catalyst system was tested with FT wax from a commercial unit GTL unit.

Table 5 below shows the yield structure and run conditions with both Catalyst A and ICR 250.
The test results indicate that Catalyst A improves diesel yield by at least 1 wt. % over ICR 250
at 65% PPC.
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[00101]
Catalyst A. As shown in Table 5, the diesel cloud point at 65% PPC was -10 °C with Catalyst

Improvement in cold flow properties of diesel product was observed with

A as compared to -6 °C with ICR 250, a 4 °C improvement. The improvement could be more

significant if we account for the difference in the boiling range of the diesel products. As

shown in Figure 10, the diesel generated with ICR 250 contains more than 15 wt. % lighter

products than the diesel generated with Catalyst A even though both diesels have an end

boiling point of 700 °F. The improvement in cold flow property is mostly likely associated

with the addition of ZSM-12 in the new catalyst.

[00102]

compounds were detected in the products as indicated by the low PCI values.

Table 5: Yield structure with FT wax feed

Due to the high paraffinic nature of this feedstock, little or no aromatic

CATALYST ICR 250 CATALYST A
RUN NUMBERS 1 1 2 2
RUN HOURS 176-188 236-260 830-842 878-890
REACTOR TEMP, °F 662 663 673 673
OVERALL LHSV, H! 1.22 12 1.22 1.21
PER PASS CONVERSION 65.32 63.96 65.63 65.45
PRESSURE, PSIG 998 1001 1000 1000
H> AVG PRESSURE, PSIA 880 901 916 917
TOTAL GAS IN, SCF/B 4996 4763 5064 5102
RECYCLE GAS, SCF/B 4732 4519 4768 4809
NO LOSS PROD. YIELDS WT. % WT. % WT. % WT. %
Ci 0.14 0.11 0.1 0.09
C 0.05 0.05 0.05 0.05
Cs 0.38 0.43 0.41 0.38
1Cs 0.43 0.62 0.82 0.77
nCs 0.25 0.3 0.61 0.58
Cs-290 °F 12.23 12.24 10.61 10.1
290 °F - RCP 86.48 86.18 87.48 88.12
RECYCLE CUT POINT, °F 705 701 700 700
H> CONS(CHEM), SCF/B 351 325 413 410
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EXAMPLE 5
[00103] Composition of Hydrocracking Catalysts with ZSM-12
Commercially available With ZSM-12
hydrocracking catalyst
Catalyst bases Al20Os, Siral-40 (ASA), | AlOs, Siral-40 (ASA) | Al20s, Siral-40
USY 0.7%ZSM- (ASA)
12+8%USY 0.7%ZSM-
12+3%USY
NiO+WOs, wt% 32 32 32
Modifying agent Yes Same as commercial Same as commercial
catalyst catalyst
Particle density, g/cc | 1.4 14 14

[00104] Performance of Hydrocracking Catalysts with ZSM-12 with the UCO feed at a
single-stage once through (SSOT) hydrocracking application.
Base With ZSM-12
Catalyst bases AlO;3, Siral-40, AlOs3, Siral-40 AlOs3, Siral-40
Usy 0.7%ZSM-12+8% | 0.7%ZSM-12+3% USY
Usy
Catalyst 674 668 682
temperature
required for 60 wt%
conversion, °F
Diesel (300-700°F)
Cloud Point, °C -17 -18 -23
Pour Point, °C -49 -50 -49
UCO (700 °F+)
Waxy VI 140 135 130
Dewaxed VI 126 127 130
Wax Content, wt% | 17 9.1 4.4
Cloud Point, °C 41 36 16
Pour Point, °C 40 28 14

Hydrocracking UCO ABQ1695 in SSOT application: 1.5 LHSV, 2000 PSIG H2, 5000 SCF/B

[00105] ZSM-12 containing catalysts greatly improved diesel and UCO cold flow
property. It reduced the wax content in UCO without any negative impact on its V1.
Base With ZSM-12
Catalyst bases Al0Os, Siral-40, USY | Al20s, Siral-40 AlO3, Siral-40
ZSM-12+8%USY ZSM-12+3%USY
Catalyst temp 674 668 682
required for 60 wt%

conversion, °F

Average Non-Loss Yield, wt%
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Cs- 2.1 23 2.5
Cs.250 °F 11.4 10.8 10.4
250-550 °F 36.0 359 35.0
550-700 °F 16.9 174 18.7
Total Distillate 53.0 53.5 53.6
(250-700 °F)
Recalculated yield
structure with 380
°F+ diesel cut point
Cs- 2.1 2.3 2.5
Cs-250 °F 11.4 10.8 10.4
250-380 °F 16.0 153 13.9
380-700 °F 37.0 38.1 39.7
Hydrocracking UCO ABQ1695 in SSOT application: 1.5 LHSV, 2000 PSIG H2, 5000 SCF/B
[00106] Using the present catalyst, containing ZSM-12, the yield of heavy diesel is

greatly increased by over 1.5% while also improving the cold flow properties of the diesel and

remaining UCO.
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