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HYDROCRACKING CATALYST FOR HEAVY 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 high
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 drodemetalization, 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] Hydrocracking is a catalytic chemical process used in petroleum refineries for
converting the high-boiling constituent hydrocarbons in petroleum crude oils to more valuable
lower-boiling products such as gasoline, kerosene, jet fuel and diesel oil. The process takes
place in a hydrogen-rich atmosphere at elevated temperatures (260 — 425° C) and pressures (35
— 200 bar).

[0004] Many current hydrocracking catalysts maximize jet fuel and total middle distillate
yields. Hydrocracking catalysts with better heavy distillate selectivity would be well received
in the industry.

SUMMARY
[0005] It has been discovered that utilizing the novel catalyst of the present process in a
hydrocracking process improves the heavy distillate production. The process comprises
hydrocracking a hydrocarbon feed in a single stage. The catalyst used in the single stage of the
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 a beta zeolite. The catalyst also comprises specifically citric acid.
[0006] Among other factors, it has been discovered that the use of the present catalyst

realizes numerous advantages in a single stage hydrocracking unit. The catalyst system results
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in improved selectivity for desired heavy distillate products. A synergy between the presence

of the metals and citric acid, together with the present base components, has been discovered.

DESCRIPTION OF PREFERRED EMBODIMENTS

[0007] The present process relates to hydrocracking a hydrocarbon feed in a single step. The
process is designed to improve the yields and conversion of heavy diesel (boiling point of 530-
700° F). The process employs a particular catalyst comprising a base comprised of alumina, an
amorphous silica-aluminate (ASA), a USY zeolite and a beta 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), often as salts or oxides. 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). The base is impregnated with citric acid. The citric acid, in
combination with the metals, especially Nickel, and the present base components, has been
found to provide an improved selectivity for heavy distillate products (boiling point of 530-
700° F) (277-371° C).

[0008] 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 10 to about 30 wt. % alumina. About 20 wt. % alumina can
be used in another embodiment. The base of the catalyst can also comprise from about 20 to
about 80 wt. % ASA, based on the dry weight of the base, or in another embodiment from
about 20 to about 30 wt. % ASA. The Y zeolite can comprise from 20 to about 60 wt. % of the
base based on the dry weight of the base. In another embodiment, the Y zeolite can comprise
from about 25 to about 55 wt. %, or in another embodiment, from about 30 to about 50 wt. %
of the base. The beta 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 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.

[0009] Overall, the final catalyst composition in one embodiment comprises from 10 to 30 wt.
% alumina, or in another embodiment from 10 to 20 wt. % based on the dry weight of the
catalyst. In one embodiment, the silica-alumina (ASA) can also be present in an amount from
10 to 30 wt. %, or in another embodiment from 10 to 20 wt. % based on the dry weight of the
catalyst. The Y zeolite in one embodiment comprises from 20 to 50 wt. %, or in another

embodiment from 30 to 50 wt. % of the catalyst composition based on the dry weight of the
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catalyst. The beta zeolite, in one embodiment, can comprise from 5 to 20 wt. %, or in another
embodiment from 5 to 10 wt. % of the catalyst composition, based on the dry weight of the
catalyst.

[0010] 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.

[0011] 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,

[0012] In one embodiment, the amorphous silica-alumina material comprises SiOz 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.

[0013] In another embodiment, the catalyst support is an amorphous silica-alumina material
containing SiO» 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 m2/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.

[0014] In another subembodiment, 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. %.

(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)

[0015] 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.

[0016] 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.
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[0017] 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.

[0018] “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-
synthesized) N-Y zeolite precursor. Such suitable Y zeolites are commercially available from,
e.g., Zeolyst International, Tosoh Corporation, and JGC Catalyst and Chemicals Ltd. (JGC
CO).

[0019] The 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 A3. 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/.

{6628} In one embodiment, the zeolite beta has an GO acidity of 20 to 400 pmol/g and an
average dorain size from %00 to 1500 nm?. In one embodiment, the O acidity is from 30 o
100 umol/g.

166211 1o one embodivent the zeolite beta 18 synthetically manufactured using organic

temptates. Exaroples of three different zeolite betas are described 1n Table 1

TABLE 1

810/ AL Molar Batwo

Zeolite Betas (BAR) 0B Acidity, wmolly
H-BEA-35 33 304
H-BEA-13¢ 150 36
H-BEA-300 3 Nt measured
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{8622} The iotal O acidity was determuned by H/D exchange of acidic hvdroxyl groups by
FTIR spectroscopy. The method {0 determine the total 0D acidity was adapted from the
method deseribed 1o the publication by Ermel J. M Hensen et al | ¥ Phys Chem, C2010,
114, 363-8374. Prior 1o FUIR measuremertd. the sample was heated for one hour at 400-
450° €. ander vacoam <1 %17 Torr. Then the sample was dosed with CsDie to squilibrium at

80° C. Before and after Cel3s dosing

2, spactra were collected for OH and OD siretching
regions.

{8623} The average domain size was detenmined by a combination of transnussion electron
{TEM) and digital image analysis, as follows:

166241 1. Zeolite Beta Sarople Preparation:

16251 The zeolite beta sample was prepared by embedding a small amount of the zeclite
beta iy an epoxy and microtoming. The description of suitable procedures can be Found in
many standard microscopy text books,

{6826 Step 1. A small representative portion of the zeolite beta powder was embeddad in
epoxy. The epoxy was allowed 1o qurg,

{B627] Step 2. The epoxy contairung a representative porhion of the zeolite beta powder was
macrotomed to 80-90 nnvthick. The microtome seclions were collectied on a 400 mesh 3 rom
copper grid, available from nucroscopy supply vendors.

{0287 Step 3. A sufficient ayer of electricallv-conducting carbon was vacuum evaporated
onto the nucrotomed sections to prevent the zeolite beta sample frovo charging under the
electron beant in the TEM.

{6629} 1l. TEM imaging:

{66301 Step 1. The prepared zeolite beta sarple, desertbed above, was sweveved at fow
magnifications, e.g. 2530,000-1 000,000x to select a crvstal in which the zeolite beta channels
can be vigwad.

168311 Step 2. The selacted zeolile beta crystals were tilted onto their zone axis, focused to
near Scherzer defocus, and an fimage was recorded 22,000,0007,

(6632} UL Image Analysis to Obtain Average Donmain Size (nm’):

{8633} Step 1. The recorded TEM digital images deacribed previously were analy red using
commercially available image analvsis software packages.

{66341 Step 2. The mdividugl doroains wore iselated and the domain sizes were measured n
e, The domains where the projection was not clearty down the channel view were not

wcluded i the measurements,
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{6635 Step 3. A statistically relevant mumber of domains wers measured. The raw daia was
siored in a computer spreadshest program.

The arithmetic mesn

166361 Step 4. Descriptive statistics, and frequencies were determined
{da}, or average domain sive, and the standard deviation (3} were calculated using the
following equations:

The average domam sive, d »={a 1 dYE R )

The standard deviation, s=(&{d i —d o ¥{an Y2
6637} In one embodiment the average domain size is from 200 to 12530 nw’, such as from
1000 t6 1150 mm?,
160381 As described herem above, the hyvdrocracking catalyst of the present process containg
one o more metals, which metals are impregnated into the above deseribed base or support.
For each embodument described herein, each metal emploved i3 selected from the group
consisting of elemenis from Group 6 and Groups 8 through 10 of the Pertodic Table, and
mixtures thereof. In one embodiment, each metal is selected from the group consisting of
nickel (M1, patiadivm (Pd}, platinem (Piy, cobalt (Co), iron (Fg), chromium (Cr),
mctybdemen (Mo), tungsien (W), and owxtures thereof. In another embodiment, the
hydrocracking catalvst contans at least one Group 6 roetal and af least one metal selected
from Groups 8 through 10 of the pertodic table. Exemplary metal combinations include
Ny/Mo/W, Ni/Mo, MW, Co/Mo, Co/W, Co/W/Mo and NyCo/W/ Mo,
{30391 The total amount of metal salt matenial in the byvdrooracking catalystis from 8.1 wi %
o 20 wi. % hased on the bulk div weight of the hydrocracking catalvst. In one embodiment,
the hvdrocracking catalyst contains from 2 wi. % to 10 wt. % of nickel salt and from & wt. %
10 40 wi % of tungeten salt based on the bulk drv weight of the hydrocracking catalysi.
166461 A diluent may be emploved in the formation of the hydrocracking catalvst. Suitable
diluents include inorpanic oxides such as alununum oxide and silicon eoude, titantum oxide,
claye, ceria, and zirconia, and mixture of thereof. The amount of diluent in the hydrocracking
catalvat is from 0 wi. 96 10 35 wi. % based on the bulk dry weight of the hydrocracking
catalyst Irr one erobodiment, the ammount of difuent in the hvdrocracking catalyst is from 0.1
wi. % 10 25 wi. 9% based on the bulk dry weight of the hydrocracking catalyst.
{66411 The hvdrocracking catalyst of the present process can also confain one or more
provooters selected from the group consisting of phosphorous (), boron (B), fluorine (F),
silicon {51}, aluminun (Al zing Zn), manganese (Mn}. and nuxtures thereof. The amound
of promoter in the hydrocracking catalyst is from O wi % o 10 wi. 96 based on the bulk dry

weight of the hydrocracking catalvet In one ewbhodiment, the amount of promoter n the
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hydrocracking catalvst is from 0.1 wi. % 10 5 wi. 9% basaed on the bulk dry weight of the

hydrocracking catalvst

Preparation of the Hydrocracking Catalyst

{36421 In one embodiment, metal deposition i achigved by contacting af Ieast the catalyst
support with an wpregnation solution. The tmpregnation solution contains at least one roetal
salt such as a metal nitrate or metal carbonate, solvent and has a pH betwesn 1 and 8.5,
mmchusive (1SpHES 53 Mot importantly, the impregnation sohition further containg ciifric
acid. In one embodiment, a shaped hydrocracking catalyst is prepared by:

{a} forming an extrudable mass containing a catalvst base comprised of aluming, an
amorphous sihiea alumina (A8A), a USY zeolite and a beta zeohie,

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

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

(3 conmtacting the shaped extrudate with an tmpregnation sobudion contaming at least
one metal sall, solvent, eitric acid, and baving a pH between 1 and 5.5, inchusive
(1 ZpHZ5.5}, and

{ey diving the impregnated exirudate at a temperature sufficient fo remove the
impregnation solution solvent, to form a dried bupregnated extrudate.

{8843} In ancther embodiment, a shaped hvdrocracking catalvst i3 prepared by:

{a} forming an extrudable mass containing a catalyst base comprised of aloming, an
aroorphous silica alurming {ASA), a USY rechie, and a beta zeohie,

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

{c3 calcining the mass to form a calcined extrudate,

{d} contacting the shaped extrudate with an fropregnation solufion contaiming at least
one metal salt, solvent, and ciine acid. wherein the tmpregnation solution bas a pH between |
and 5.3, inclusive (1 Z2pHES.5), and

{g} drving the impregnated extrudate at g temperature below the decomposition
temperature of the ciric acid but sufficient to remove the impregnation solution, solvent and
form a dried impregnated extrudate.

0044 In another embodiment, a shaped hydrocracking catalyvst s prepared by:

{=) fornung an extrudable mass containing a catalyst base comprised of alununa, an

amorphous sifica alumina (ASAY a USY zeoliie, and a beta zeolite,

{b} extrading the mass 1o form a shaped extrudate,
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(¢} calcining the mass to form a calcined exirudaie,

{3} contacting the shaped extrudate with an impregnation soluion contaming at least
one metal salt, solvent, and citric acid, wherein the impregnanon solution has a pH betweern |
and 5.5, inchusive (15pHE5 .83,

{2} drying the tmpregnated exirudate at a terperature below the decoroposiiion
ternperature of the citric acid but sufficient to remove the impregnation solwtion soivent, and
form a dried tmpregnated extrudate, and

() calciniog the dued impregnated extrudate sufficiently to convert at least one mwetal
into oxide.

{3045} In one embodiment, a mild acid 13 used in forming the extrudable mass containing the
catalvst base. For example in one embodiment a diluted HNGs acid agqueous sohition from
0.5 105 wi Y% HMNO: s used.

{8846} In one embodiment, the impregnation solution comyprises & metal carbonate. Nickel
carbonate in the preferred metal carbonate for use in the preparation of the present catalyst.
{66471 The diluent, promoter and/or molecudar sieve (f emploved) may be combined with
the carrier when forming the extrudable mass. In another embodiment, the carrier and
{opticnally) the diluent, promoter and/or molecudar sieve can be impregnated before or after
being formed into the desired shapes.

{B048} For each erobodiment described herein, the rropregnation solution has a pH between |
and 5.5, mclusive (15pHSS5.5). In one embodiment, the impregnation solution has a pH
hetween 1.5 and 3.5, inclusive {1.35pHEZE3.5)

8497 The impregoation solution st also comprise cine acid. The presence of cifric acid,
n combination with the metals and base componenis, has been found 1o provide a favored
selectvity for heavy distillate producis. For gach embodiment described herein, the amount
of eitric acid m the pre-calcined hyvdrocracking catalyst 1s from 2 wi. % to 18 wi. % based on
the bulk dry weight of the hvdrocracking cataly st

{30501 Depending on the metal salls, citne acud, and other componenis used fo form the
impregnation solution, before the addition of a hasic component the pH of the impregnation
solution will typically have a pH of less than 1, and more typically a pH of about 0.5 By
adding 8 hasic component to the impregoanon solution 1o affect a pH adjustmentto T and 5.5,
inclusive (1 SpHE35.5), the acid concentration is shiminated or reduced {0 a fevel which,
durmg calcination, does not acid-cataly ze decomposition of the armsmonium vitrate gf a rate

rapid encugh to have a deleterious effect on the hvdrocracking catalvst. In one embodiment,
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the acid concentration is elinvunated or redoced to a level which, during calomation, does not
acid~catalyze decomposition of the amwooniurs nitrate 8t a rate rapid encugh to have a
defeterious effect on more than 10 wi. % of the bulk dry weight of the hydrocracking catalyst
{e.g. does not produce fings or fractured exirudates which account for more than 10 wi % of
the bulk dry weight of the post-calcined hvdrocracking catalyst),

{6051} The basic componend can be anv base which can dissolve 1 the solvent selected for
the impregnation sofution and which is not substantially deletenious to the formation of the
cataly st or to the hydrocracking performance of the catalvst, meaning that the base has less
than a measureable effect on, or confer lese than a matenial disadvantage 1o, the performange
of the hydrocracking catalyst A base which 13 not substanyially deleterious to the forroation
of the catalvst will nod reduce catalvst activity by more than 10° F (5.57 () based on the
performance of the hvdrocracking cataly st without pH correction.

{3052} Where the hydrocracking catalvst s 1o be used n the present hyvdrocracking process,
one suiiable base is anunonium hyvdrowide, Other exemplary bases include potassium
hydroxide, sodivm hydroxide, calcium hydroxide, and magnesium hvdroxide,

{66531 The calanation of the extruded wass can vary. Typicatly, the exiruded mass can be
caleined at a temperature between 732° F {4007 C) and 1200° F {6507 C) for a period of
betwese: 1 and 3 howss.

541 Non-limiting examples of suttable solvents inchude water and Cito Ca aleobols. Other
sutiable solvents can mclude polar solvenis such as alcohols, ethers, and avunes, Walteris a
preferred solvend. It is also preferred that the metal compounds be water soluble and that
solution of cach be formed, or a single solution containing both metals be formed. The
smodifying agent can be prepared i a suitable solvent, preferably waier,

166551 The three solvent components can be mived in any sequence. That ig, all three can be
blendad together at the same time, or thev can be sequentially mixed m any order. Inan
smbodiment, 111 preferred 1o first mix the one or more meial componanis in an aguesus
wedia, then add the modifying agent.

{6056} The amount of metal precursors and ciiric acid in the fropregnation solufion should be
selected to achieve preferred ratios of metal o citric acid m the cataly st precursor after
drying.

166571 The calomned extrudate 15 exposed to the unpregnation solution unt! mmcipient wetness
is achieved, typically for a period of between .1 and 100 hours (more tvpically between 1
and 5 hours} at room temperatwe to 212° F {1007 € while tumbling the extrodates,

following by aging for from 0.1 10 10 hours, typieally from about 6.5 to about 5 howrs,
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{8658} The drying step i3 conducted at a temperature sufficient 1o remove the impregnation
solution solvent, but below the decomposttion temperature of the modifving agent. Tn
another erahodirnent, the dried impregnated exirudate 1¢ then calcined at a teruperature above
the decornposition termperature of the modifying agent, typically from about 300° F (260° C}
to 1300° F (5907 ), for an effective amount of time. The present invention contemplaies
that when the impregnated exirudaie is {0 be caleimed, 1t will undergo drving durning the
period where the temperatire is being elevated or ramped to the intended calcination
temperature. Thiz effective amount of time will range from about €5 1o about 24 hours,
tvpteally from about | 1o sbowt 5 howrs. The calcination can be carried out i the presence of
a flowing owygen-containing gas such as air, 2 flowing inert gas such as nitrogen, or a
combination of oxvgen-containing and inert gases.

166591 In one embodiment, the impregnated extrudats is calcined at a tamperatre which
does not convert the metals 1o metal oxides. Yet m another embodiment, the impregnated
extrudates can be calcined af a teroperature sufficient to convert the metals o metal oxides.
{8660} The dried and caloined hvdrocracking catalysts of the present invention can be
sutfided to form an active catalyst. Sulfiding of the catalvst precursor fo form the catalvst can
be performed priot to itroduction of the catalvst into a reactor (thus ex-situ presulfiding), of
can be carried out in the reactor {in-stiu sulfiding}.

jE6l] Swiable sulfiding agenis inchude elemental sulfiwr, ammoninm solfide, ammoniom
polysuifide (ENFa 285, anvmonium thiosulfate ((NH: 805}, sodium thiosulfate (Nax8205),
thiourea C8MNHa, carbon disulfide, dimethy! disulfide (DMDS), dimethy] sulfide {DMS),
dibutyl polvsuifide {BBPS}, mercaptanes, tertiary botvl polysulfide (PSTE), lertiarynonyl
polventfide (PSTN), aqueous ammonium sulfide.

168632] Geoerally, the sulfiding agent is present 1o an amound in excess of the sioichiometric
araod requirad to form the sulfided catalvst. In another smbodiment, the aromut of
sutfiding agent represents a sulphur to metal mole ratio of at teast 3 10 1 1o produce a sulfided
catalvst

{6063} The catalvst is converted indo an active sulfided catalyst upon comtact with the
suffiding agent at a temperatare of 130° F to 900° F {667 C 10 4827 C}, from 10 munutes 1o 15
davs, and umder a Flz-containing gas pressure of 101 kPa to 25,000 kPa. If the selfidation
ermperature 15 below the bothing pownt of the sulfiding agent, the process 1s generally camed
out at atmospheric pressure. Abova the botling temperature of the sulfiding agent/optional
components, the reaction is generally carried o at an increased pressure. As used heran,

completion of the sulfidation process means that at least 95% of stoichiometric salfur

10
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guantity necessary 1o convert the metals info for example, C{s8z, Mok, WHa, Mizhs, eic., has
begn consumed.

{60641 1o one embodiment, the sulfiding can be carried out to completion m the gaseous
phase with hydrogen and a sulfur-containing compound which is decomposable o HiS,
Examples inclode mercapianes, U8, thiophenes, DMS, DMDS and suitable S~conlaining
refinery outlet gasses. The gaseocus mixture of Hy and sutfur contaning compound can be the
same or different in the steps. The sulfidation in the gaseous phase can be done in any
suitable manner, incloding a fixed bed process and a moving bed process {in which the
catalyst moves relative o the reactor, e.g., ebullated process and rotary fumace).

166651 The contacting between the cataly st precursor with hydrogen and a sulfur-containing
compound can be done m one step at a temoperate ol 68 F Lo 700 F 207 C i 371° Oy st &
pressure of 101 kPa to 25,000 kPa for a period of 1 10 100 hrs. Tvpically, sulfidation 15
carried out over a period of time with the temperature being noreased or ramped in
increments and held over a period of nme untif completion.

{8666} In ancther embodiment of sulfsdation, it can occur in the gaseous phase. The
suffidation is done in fwo or more steps, with the fust step being at a tower teraperature than
the subsequent step(s).

{33671 In one embodiment, the sulfidation is carried out in the liguid phase. At first, the
catalyst precursor is brought in contact with an organic lguid in an amount in the range of
209 to S00% of the catalyst total pore vohune, The contacting with the organic ligpad can be
at a tempearature ranging from ambient to 248° F (120° ). After the incorporation of an
organic hquid, the catalyst precursor 1s brought o contact with hvdrogen and a sulfor-
contaning compound.

166681 1o one embodirend, the organic hquid has a botbimg range of 200° Fio 12007 F (93° C
to 6497 ). Exenmplary organic liguids mclude petroleurn fractions such as heavy oils,
lubricating ol fractions like minaral hube oil, atmospheric gas otls, vacuum gas oils, straight
run gas oifs, white spirit, suddie distiliates ke diesed, jet fuel and heating oil, naphthas, and
gasoline. In one embodiment. the organic liguid contains less than 10 wi % sulfur, and
preferably fess than 5 wi. %.

[0069] The present process is a single stage hydrocracking process. The hydrocracking
process coraprises condacting a hydrocarbon feedstock with the present catalvet under
hydroeracking conditions 1o produce an effluent that comprises heavy {830° F-700° )
disiiflates in a single stage. In one embodiment, the cafaly st is emploved in one or more fixed

beds wy a single stage hydrocracking unif, with recvele or without reovele {once through,

11
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Optionally, the single-stage hy drocracking umit may emplov multiple single-stage uniis
operated in parailel.

[0070] Suitabie hydrocarbon feaedstocks mchude visbroken gas oils (VGE), heavy coker gas
oils. gas otls derived from residus hydrocracking or residue desulfurization. Gther thernally
cracked oils, deasphalied oils, Fischer-Tropsch derived feedstocks, cvcle otls from an FOC
umit, heavy coal-derived distillates, coal gasification byproduct tars. heavy shale-derived oils,
organic waste oils such as those from pulp or paper mills or from waste biomass pyrolysis
units.

[0071] 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 in a single stage hydrocracking process, it has been
found that an improvement in more desirable heavy distillate (530-700° F; 277-371° C)
products are observed. A selectivity is observed which provides a yield greater than 16 wt. %
based on the weight of the product at about 55 wt. % synthetic hydrocracking conversion to
less than 700°F (371° C). In another embodiment, the yield is greater than 16.5 wt. %. In one
embodiment, the yield is from about 16 to about 20 wt. %. The yield is at least 16% greater at
about 55 wt. % conversion compared to the comparative catalyst Sample A prepared without
the use of zeolite beta and citric acid. An overall enhanced amount of distillates boiling in the
range 380-700° F (193-371° C) and also in the range of 300-700° F (149-371° C) is also
achieved. In the range of from 380-700° F (193-371° C), the yield can be at least 32.5 wt. %,
and in one embodiment from 32.5-36 wt. %, at 55 wt. % conversion. The enhanced yield is at

least 2% greater in comparison at about 55 wt. % conversion.

EXAMPLES
Example 1: Catalyst (Sample) A — Comparative Hydrocracking Catalyst

[0072] A comparable hydrocracking catalyst was prepared per the following procedure: 21.0
parts by weight silica-alumina powder (obtained from Sasol), 23.0 parts by weight pseudo
boehmite alumina powder (obtained from Sasol), 56.0 parts by weight of zeolite Y (from
Zeolyst, JGC CC, Tosoh) were mixed well. A diluted HNO3 acid aqueous solution (3 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
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were calcined at 1100° F (593° C) for 1 hour with purging excess dry air, and cooled down to

room temperature.

[0073] Impregnation of Ni and W was done using a solution containing ammonium
metatungstate hydrate (AMT) and nickel nitrate hexahydrate to the target metal loadings of 4.0
wt. % NiO and 25.1 wt. % WOs in bulk dry weight of the finished catalyst. The catalyst was
dried at 212° F (100° C) for 2 h and calcined at 950° F (510° C) for 1 h. This catalyst is named

Catalyst A and its physical properties are summarized in Table 2 below.

Example 2: Samples B and C Synthesis

[0074] Two hydrocracking catalyst samples (Sample B and Sample C) were synthesized as

follows:

[0075] Catalyst base synthesis, the two Samples B and C share the same base prepared as

follows:

[0076] Mix the powders of 21.0 part (dry basis) silica-alumina powder (obtained from Sasol),
23.0 parts (dry basis) pseudo boehmite alumina powder (obtained from Sasol), 45.0 parts by
weight (dry basis) of zeolite Y (from Zeolyst, JGC CC, Tosoh), and 11.0 part of zeolite beta
(obtained from Clariant, China Catalyst Group, Zeolyst) with diluted HNOs to get a mixture
with 53 wt. % volatiles and 3 wt. % HNO3 (total dry base weight is used for calculation). Then
the mixture was extruded in 1/16” cylinder (L) 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.

[0077] Sample B synthesis with impregnation of metals and citric acid: A solution was made
at 50° C that contains 30 g citric acid, 17.5 g nickel carbonate (51 wt. % NiO), and 58.8 g ATM
with a volume that equals the water-pore volume of 150 g of the above catalyst base. The
metal solution was then impregnated into 150 g (dry basis) of the above catalyst base at 122° F
(50° C) for 1 h. Then the catalyst was dried at 212° F (100° C) for 2 h.

[0078] Sample C synthesis with impregnation of metals but no citric acid: A solution was made
at room temperature that contains 38.8 g nickel nitrate hexahydrate, and 58.8 g ATM with a
volume that equals the water-pore volume of 150 g of the above catalyst base. The metal
solution was then impregnated into 150 g (dry basis) of the above catalyst base at room
temperature for 1 h. The catalyst was dried at 212° F (100° C) for 2 h and calcined at 950° F
(510°C) for 1 h.
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[0079] The physical properties and chemical composition of the two samples are listed in

Table 2, along with Sample A. They are similar to each other but Sample B’s pore volume is

smaller than that of Sample C.

[0080] Table 2. The physical properties and catalyst composition of three samples.

Catalyst Sample A Sample B Sample C
Citric NiW Non Citric NiW
Base description
BET SSA, m2/g 367 367 368
N2 PV, cc/g 0.38 0.36 0.40
Catalyst composition wt%
Alumina 15.0 15.0 15.0
Silica Alumina 16.0 16.0 16.0
Zeolite Y 39.8 319 31.9
Zeolite Beta 0 7.9 7.9
NiO 4.0 4.0 4.0
WOs; 25.1 251 251

Example 3: Hydrocracking Test

[0081] All three samples were tested under the same test protocol (50/50 vol% ICR 511/

catalyst sample, straight run VGO feed, 2300 psig total pressure, 6000 SCFB H: rate). The

concentration of nitrogen in the effluent liquid after the hydrocracking pretreat catalyst ICR 511

was controlled at about 20 ppm.

[0082] The properties of the straight run VGO feedstock are summarized in Table 3:

TABLE 3: Properties of the straight run VGO feed.

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

IBP 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
EP 1089

[0083] The testing results are summarized in Table 4.

[0084] It is clear that beta zeolite with citric acid helps improve the yields of heavy distillate

(530-700° F), as well as the total distillate (300-700° F). The synergistic effect of the addition

of citric acid into the beta contained catalyst system particularly improves the selectivity to

heavy distillate (530-700° F).

TABLE 4: The product yield comparison at 55 wt. % conversion.

Catalyst Sample B Sample C Sample A
Citric NiW Non Citric NiW

R1 Catalyst Temp., °F | 715 715 715

R2 Catalyst Temp., °F 705 710 705

LHSV R1/R2, h! 2.0/2.0 2.0/2.0 2.0/2.0

Total Pressure, psig 2315 2320 2298

Inlet H» Pressure, psia 2214 2219 2198
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Hydrogen to oil ratio, 5880 5881 5883
SCFB

Synthetic Hydrocracking | 56.08 55.94 55.91
Conversion ( <700 °F),

Wt%

No Loss Yields, wt.%

Methane 0.08 0.07 0.08
Ethane 0.10 0.09 0.11
Propane 0.44 0.44 048
1-Butane 0.98 1.00 0.96
n-Butane 0.58 0.61 0.57
C5-180°F 3.83 4.06 4.45
180-300°F (82-149° C) 11.00 11.33 11.88
300-380°F (149-193° C) | 8.54 8.56 8.82
380-530°F (193-277° C) | 16.08 16.57 16.41
530-700°F (277-371° C) | 16.89 15.57 14.52
700° F+ 41.02 41.25 41.28
Total distillate (380-700° | 32.97 32.14 30.93
F) %
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