WD 2006/ 009742 PCT/ US200/ 021149 -1 CATALYST COMBI NATI ON AND TWO- STEP
HYDROPROCESSI NG METHOD FOR HEAVY HYDROCARBON O L FI ELD OF THE | NVENTI ON

[ 00011 The invention relates to a nmethod of hydroprocessi ng a heavy

hydrocar boW®M0600B%e particularly, the invention relat esPCfTﬁJSéUQ‘-r@ﬂhéﬁ of
using a ( conbination of independently selected catalysts for the
processi ng of heavy oils such as vacuum resid. BACKGROUND OF THE | NVENTI ON
[ 00021 An at nospheric resid ("AR') is a heavy oil that contains 30 wt. % or
nore of species having an atnospheric boiling point of 540C and higher.
Vacuum resid ("VR') is a heavy oil that contains 60 w.%or nore of such
speci es. Such heavy oils can be hydroprodessed in order to renove
inmpurities such as sulfur, for conversion into a valuable |ight oi
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sul fur, vearious netals, nitrogen, and asphaltene. 31 As tene is an
.aggregate of condensed aronatic species, which are dlssolved or suspended
in the heavy oil. In the event that asphaltene is cracked excessively
during hydroprocessin cohesion of the cracked fragnments occurs to form
granul ar sdﬂ%ﬂéﬁ&ﬂé_diﬂlﬁﬂﬂﬂﬁé;ﬁﬂﬂ/or sedi nent. 100041 Sedinent is a deposit
whi ch can be neasured by testing a sanple according to the Shell Hot
Filtration Solid Test (SHFST) (see van Kerkvoort et al. J. Ins. Pet., 37

el U N P M G O G o NN
2006/ 00974%@%3%&@ %ﬂ:‘iﬁrtlcﬁarly, the invention relates to a method of using a

( combination of independently selected catalysts for the processing of heavy oils

such as vacuum resid.

BACKGROUND OF THE INVENTION

[0002] An atmospheric resid ("AR") is a heavy oil that contains 30 wt.% or
more of species having an atmospheric boiling point of 540°C and higher. Vacuum
resid ("VR") 1s a heavy o1l that contains 60 wt.% or more of such species. Such
heavy oils can be hydroprocessed in order to remove impurities such as sulfur, for
conversion into a valuable light o1l. Generally, hydroprocessing is used to remove

micro carbon residue ("MCR"), sulfur, various metals, nitrogen, and asphaltene.

[0003] Asphaltene is an aggregate of condensed aromatic species, which are
dissolved or suspended in the heavy oil. In the event that asphaltene is cracked
excessively during hydroprocessing, cohesion of the cracked fragments occurs to

form granular species, e.g., sludge and/or sediment.

[0004] Sediment is a deposit which can be measured by testing a sample
according to the Shell Hot Filtration Solid Test (SHFST) (see van Kerkvoort et al.,
J. Ins. Pet., 37 pages 596-604 (1951)). Sediment generally comprises species

having an atmospheric boiling point of 340°C or more, and when collected from



flash drum bottons in a refining process, conprise 0.19 to 1 wt.% based on
the weight of the bottons. Sedinent can settle, during oil refining, in
equi pnent s gat exchangers, reactors and downstre k 14@Nd
undesi r abl y“ﬁgzsotorl 9PBE o [0005] Especially in the hydrgﬁ@gie@?ib%g”%f
heavy oil containing a |arge anount of vacuumresid, sedinment would be
formed in even greater abundance and, therefore, it would be desirable to
i nprove the hydroprocessing catal yst and hydroprocessi ng nethods to achi eve
the desired level of inpurity renmoval while Kkeeping the formation of

sedi ment as | ow as possible. [0006] It is_#qomn (i.e., conventional) in the
hydr opr ocessi ng of heavy hydrocarbons that if catal ysts having different
functions are used in conbination, they can exhibit inproved perfornmance
over that exhashidren bogtomsadina eliaingprogesss cemprivg 8 9godowb M drased onfthe

i ndependent |y sel ected catal ysts having specific pore sizes is used in a

t wo- st age hywisbmﬂ%ﬁ g‘PHH"ﬁr &é%@nt&avéeﬁ@rﬁvagg @il getinmign imheaHpEnE such
fractions can,be, hi ghl Y. ocessed to prpduce a.light ofl_wt
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suppressed. [0007] Accordingly, conventional heavy oil processing generally
conprises two catalytic steps. In the first step, a catalyst with activity

for cracki nqoaeshal Egpeiallydn the by d@paddessing of artravy ioligomediaing d Brgesed to
decrease the asphaltene content to inhibit the formation of sedinent. A
second st ep aridunlof saepim uesed, sedoaertiwaild bavforrgediimen grdetenhbundaweiand,
activity to hydrodesul furize the product of the first step to produce a

desul f ur i zedhesefore] Yaovild be desixahlp teimprove thhpdpprqeessipg satalysh 28t e) |
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{0006] It 1s known (i.e., conventional) in the hydroprocessing of heavy
hydrocarbons that if catalysts having different functions are used in combination,
they can exhibit improved performance over that exhibited by individual catalysts.
When a combination of independently selected catalysts having specific pore sizes
1s used in a two-stage hydroconversion process, a vacuum resid containing heavier
fractions can be highly hydroprocessed to produce a light oil with an economically

high added-value, while the generation of sediment is suppressed.

[0007]  Accordingly, conventional heavy oil processing generally comprises two
catalytic steps. In the first step, a catalyst with activity for cracking asphaltene and,
optionally, for removing metals is used to decrease the asphaltene content to inhibit
the formation of sediment. A second step (final step) uses a catalyst having a high
desulfurization activity to hydrodesuifurize the product of the first step to produce a

desulfurized oil.

[0008]  For example, JP 7-65055B, (" '055", Gazette), discloses a
hydroprocessing method for converting the heavy portion of hydrocarbon oil

containing sulfur impurities and metallic impurities at least in two steps. This



technol ogy relates to a hydroprocessing nmethod using a catal yst containing
0.1 to5 w.%of a netal oxide for hydrodenetallization in the first step

and using %Pﬁ&ghggﬁiul furization catal yst containing 7 tlpcﬁgs%s&%"lﬁ?t ai .

nmet al oxi de ubsequent second step. In case of this ne

said to be beneficial that denetallization and hydrocracking are carried
out inthe first step and that the resid is processed by desul furization in
the second step. The reference discloses a conbination of catal ysts where
the first step catalyst has a "sea urchin” structure and the second step
catal yst has an al um na-cohering state. ver, because the anount of the
catalyst used in the first step is small, the desul furization and
,hydrogenation functions decline though the denetallization function required
in the firgchsolegyirelatespe avuulromocessing methiod using 8 eat@hdt soriainiag Acketaad hi gh
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net hod usi n@emefalliftioftafl HaAk&driSting iafe ¥ditied odt Gathel farkt §BH ahl FhatIBE eglied
fromalumna, silica and a conbinafion thereof is |loaded with a total of 2

to 25 wt . % of progé¢sied bypideswfitrixatioman dhs scoehdgtepd Thorefemdos discloshs @i um
cobalt, iron, nolybdenum nickel, tin, tungsten, and conbinations thereof.
React i on cofembingtieniod catadysts wheresthe girst siep cafalyst haso t searirebmp stactire of
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vel ocity of h{drbgkRatforBfun¥iony 8dline though the demetallization function required in the

first step 1s improved. Therefore, in the second step, since a high desulfurization

function is needed, a greater amount of catalyst is used compared to the first step.

Since a high desulfurization function is necessary in the second step, a higher

temperature is used which leads to a higher cracking rate and, consequently,

asphaltene is precipitated.

[0009]  Patent application JP 8-325580A, (" '580", Gazette), discloses a catalytic

( hydroconversion method for a heavy feedstock. The '550 reference discloses a
method using a first step catalyst, in which a carrier material selected from alumina,
silica and a combination thereof is loaded with a total of 2 to 25 wt.% of oxides of
active metals selected from cadmium, chromium, cobalt, iron, molybdenum, nickel,
tin, tungsten, and combinations thereof. Reaction conditions in the first step
include a reaction temperature of 438°C to 468°C, a hydrogen partial pressure of
105 to 245 kg/em?, and a space velocity of 0.3 to 1.0 (VE/hr/Vr). A similar catalyst
is used in the second step, where reaction conditions include a reaction temperature
of 371°C to 427°C, a hydrogen partial pressure of 105 to 245 kg/cm” and a space
velocity of 0.1 to 0.8 (V{/hr/Vr).



WO 2006/ 009742 PCT/ US2005/ 021149 -4 [0010] The' 580 patent application
di scl oses an inproved catal ytic hydroconversion nethod (i.e., HQ 1TM

avai |l abl e fmwgz for a heavy hydrocarbon upgrading. pﬁ/%s&dm%‘ﬁ‘dmm
a and the

addresses the efficient use of catalysts, the product quality,

managenent of unreactive residue by nmeans of re- circulation. The '580
patent discloses a higher reaction tenperature and | ower catalyst activity
in the first step, and a | ower reaction tenperature and higher catalyst
activity in the second step. D sadvantageously, the high tenperature
reaction of the first step leads to the thgrmal condensation of "asphaltene
and nol ecul ar fragnents such as petrol eum Such asphaltene and resins can
| ead to undesirable coking of the second-stage catal yst. Mreover,

accor di ng t J04HY' 58bBhe '§8€ patent applicabien skisstongs enagwrevaddapalytic s not wel |
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455C, a hydrogen partia a space velocity

of 0.2 to 2c@chitionr Nihk-'580npitbst disslossd Shigher Racedy tdnajeestubeshd Raedror i s
used at a reaction tenperature of 415C to 455C, a hydrogen partial pressure

of 70 to 2tatakgt eoyitypindthe feptaatep, wakdaciower ofacion temperature \dhdimgher. The
catal yst support contajns alum silica, and m xtures thereof. An oxide

a, s

of a cat al yCRBASt pCRELY it erﬁé@%ﬂfp e DissdvaniggeeusdyitheighHempeiarecobal t
i ron, nol ybdenu: i ckel i tungst.en nd m xtures.thereof, is present
on the suppdfd® 1%}"681 fg? %ﬁé@%a?ﬁ{‘)gﬁF tﬂlﬁ@@fﬁ%‘g&qsﬁtém? BE?%PE'&ﬁSIE‘% %‘ﬁfof vacuum
bottoms to 6]138}135 f@g&bﬂﬁ.sﬁﬁﬁ%b@@ol& £ Sultht PHL LRI CebiRE cBr PR ene
cohesion. detrinental®to hig

undesirable coking of the second-stage catalyst. Moreover, according to the '580

disclosure, the second-stage catalyst is not well suited for preventing the cohesion

and precipitation of asphaltene formed in the second step.

[0011]  Patent application JP 6-53875B, (" '875", Gazette), is also directed

towards a multi-step, catalytic heavy hydrocarbon conversion method. In the first
step, a fixed bed or an ebullated bed reactor is operated at a reaction temperature of
415°C to 455°C, a hydrogen partial-pressure of 70 to 211 kg/cm?, and a space

velocity of 0.2 to 2.0 (VI/hr/Vr). In the second step, an ebullated bed reactor is %
used at a reaction temperature of 415°C to 455°C, a hydrogen partial pressure of 70

to 211 kg/cmz, and a space velocity 0of 0.2 to 2.0 (VI/hr/Vr). The catalyst support
contains alumina, silica, and mixtures thereof. An oxide of a catalytically active

metal selected from cadmium, chromium, cobalt, iron, molybdenum, nickel, tin,

tungsten, and mixtures thereof, is present on the support.

[0012] The '875 patent discloses the recirculation of vacuum bottoms to achieve
a high cracking rate, without regard for asphaltene cohesion. detrimental to high
cracking rate operation is disclosed. The aim of the first stage is catalytic

demetallization, not the prevention of asphaltene precipitation.



cracking rate operation is disclosed. The aimof the first stage is
catalytic denetallization, not the prevention of asphaltene precipitation.
WO 2006/ 009742 PCT/ US2005/ 021149 5 [0013] Therefore, there is a need in the
art for a NEQ¥WIRYTdbcar bon hydroconversion process t hatPGTAVS2BIYR1x4Be
formati on of sedinent detrinmental to operation in the hydrocracki ng of
heavy oil while achieving sufficient |levels of desulfurization and
cracking. [0014] There is also a need for an effective hydroprocessing

met hod using a ( conbination of catalysts for the hydroprocessing of a
heavy hydrocarbon oil containing a |arge anount of inpurities such as

sul fur, micro carbon residue ("MCR'), netals, nitrogen, and asphaltene.
,100151 There is also a need for a hydroconversion process with inproved
asphal tene cracking, and a conbi nati on of catal ysts, which enables
production of highly desulfurized oil while decreasing the sedi nent
formation woph3pn THefeEReCtHRle isCONMAY ini the aftdba hebMMNRoShrbdhE | NVENTI ON - {
[0016] In an enbodi ment, the invention relates to a two-step, heavy oi

catal yti ¢ Hyddoarvarskomproveshihat inkibits gie foahatiosof seawnogt detepentdlitc por e
size distribution is wused in_the first reaction step (or stage or zone) to
decr ease t Hweratsuyintthe byfrporaking ebbgavneil whidesshieying subdgensiavelsafi on and
efficient asphaltene renpval,.in the first step are effective for preventing
t he precipﬂﬁ%P&E%Hanﬁggﬁapﬂ@HS: An independently sel ected second catal yst
havi ng a catal yst conposition and pore size distribution different fromthe
first catalyst of the first reaction zone is used in the second reaction

step (or stpge4Pr TRER)is b0 AEddEN B cBefi PahPdropRteSdng method using a
( combination of catalysts for the hydroprocessing of a heavy hydrocarbon oil
containing a large amount of impurities such as sulfur, micro carbon residue

("MCR"), metals, nitrogen, and asphaltene.

[0015]  There 1s also a need for a hydroconversion process with improved
asphaltene cracking, and a combination of catalysts, which enables production of
highly desulfurized oil while decreasing the sediment formation with an increase of

conversion rate.

SUMMARY OF THE INVENTION

[0016] In an embodiment, the nvention relates to a two-step, heavy oil catalytic
hydrocracking method. A first catalyst having a specific pore size distribution is
used in the first reaction step (or stage or zone) to decrease the impurities in the
heavy hydrocarbon oil. Demetallization and efficient asphaltene removal in the
first step are effective for preventing the precipitation of asphaltene. An
independently selected second catalyst having a catalyst composition and pore size
distribution different from the first catalyst of the first reaction zone 1s used in the
second reaction step (or stage or zone) for achieving a greater degree of
desulfurization and hydrogenation while inhibiting the sediment formed due to the

precipitation of the asphaltene.



desul furi zation and hydrogenation while inhibiting the sedinent forned due
to the precipitation of the asphaltene. WO 2006/ 009742 PCT/ 0S2005/ 021149

-6 [0017] Tg‘za%%%@%zjéon is based in part on the di scovery_l,%jlin@ﬁ%({o%%]%l\é/?;n a

catalyst w ific pore size distribution is used i

reaction zone, and (ii) when a catalyst having a catal yst conposition and
pore-size distribution different from the catalyst used in the first
reaction zone is used in the second reaction zone, then the catalyst
conbination allows for nore stable operation or the process with reduced
asphal tene precipitation. Mreover, using the independently sel ected
catalysts in the first and second zones |eads to a greater degree of

desul furization and hydrogenation in the process, with | ess sedi nent
formati on. 100181 More particularly, in a tw-step heavy hydrocarbon oil
upgradi ng pr.ocess, catalyst with a specific pore size distribution is
suppl i ed in 0947} rE{Se IRVEREON dhDassHdN g riey theidisrovenycthat k) phenaseatalyblene i n
t he heavy hydr.ocarhon il fe W thout this.,cr ing.. the as -f.ene woul d
For m sed monP iR prepaaedos S8 iAo i pstd 15 ol 5K o 2008 BUEtih SHen
hydr ogenati o { Raviflg hR8ralyst 8bmpba®ien anfiokéleik didtRBLLBA difréaht AbfPS i S
t hen conductzggﬁgrgga sé@%ng raeyasctlé]g? stg’f)l a\?\E roe a cé%tgp}/lsltg Vﬁ!ﬁﬁf{f{}x@% cat al yst

conposi ti on MmeGaRdyst usédih e Frstireadticmzdretie neatlin @ sebdid factien zone, then
desul furization performance is used for both desulfurization of the oil and

f or inhi bi tithg catadyst combinationatlossdiomantre sfibte dpeyhtior oothe protessspithl t ene i n
the first reaction stage allows a greater ampunt of sulfur renpval in the
second r eactieducedsasphaltenapresipitaiion Mereovsrantieg thremdependsmtlyrselasied

d ited t tal yst ich | d h i | ead t d ine.i
deposited ontlesST oty wifshygmikd aiberogl g Lokl ineln |
of hydropr ocgsS) i oFenatBAY dWHRER" BAth B sedRBERY foimAfon.

[0018]  More particularly, in a two-step heavy hydrocarbon oil upgrading
process, a catalyst with a specific pore size distribution is supplied in the first
reaction zone to efficiently crack the asphaltene in the heavy hydrocarbon oil feed.
Without this cracking, the asphaltene would form sediment. In addition to
asphaltene cracking, moderate feed hydrogenation occurs in the first stage.
Effluent from the first stage is then conducted to a second reaction step where a
catalyst with a catalyst composition and pore size distribution intended for
improving desulfurization performance is used for both desulfurization of the o1l
and for inhibiting the formation of sediment. The high removal of asphaltene in the
first reaction stage allows a greater amount of sulfur removal in the second reaction
stage and inhibits the unwanted generation of coke deposited on the catalyst, which

would otherwise lead to a decline in catalyst performance.

[0019] In one embodiment, there is provided a method of hydroprocessing a
heavy hydrocarbon oil, comprising:

a first hydroprocessing step of bringing a heavy hydrocarbon oil into contact
with a first catalyst ("Catalyst (1)") in the presence of hydrogen in a first reaction

zone of a hydroprocessing apparatus, and



a first hydroprocessing step of bringing a heavy hydrocarbon oil into
contact with a first catalyst ("Catalyst (1)") in the presence of hydrogen
in a first reaction zone of a hydroprocessi ng apparatus, and WO 2006/ 009742
PCT/ US2005M23%%809742 5 second hydroprocessi ng step of bRGIJiSa6p5/021149
hydr opr ocessed oil obtained in said first reaction zone into contact with a
second, independently selected catalyst ("Catalyst (2)") in the presence of
hydrogen in a second reaction zone. [0020] Catalyst (1) is a hydroprocessing
catal yst in which a porous inorganic carrier (also called a "support”) is

| oaded with 7 to 20 wt. % of the oxide of a Goup WVI(b) netal of the
Periodic Table and 0.5 to 6 w.%of the exide of a Goup VIII netal of the
_Periodic Table of the Elenents (Sargent-WlIlch Scientific Conpany, No.

S- 18806, 1968, i WaTall . ' : l.ght of
the catal yst?sgséa{:ﬁlg %%gﬁsﬁéﬁ%b{gﬁﬁgﬁg%#)??cg%?ﬁg)ég&at%@gdg?IS% 0Oto
.180n2/ g, (Mirsereat@dmkomoingd yohtHoewith aGebdndilin@epehdemi seledtdd catalyst por e si ze
distribution wherein (i) the proportion of the volune of the pores having
di anet er s df'C2abdysa()idimthe présencé 0fhpdrogen en baseshdoreattien zoneal pore vol une,
and (ii) the proportion of the volume of the pores having dianeters of 2000
A and nore is 10 to 30% based on the total pore volune. The pore size

di i buti s d ' b hod such ion.
Caralyst (90 o ERASDT DR e RSRR A ol A B0 ke ypo
ol i na | SPEQAIsplcaREE SopholE T IRGeS wiF i O wOKRE e pR RS G

total wei ghWi(Bf meth@feiad Pérdddic ThBlSARPOStoiGswt. 9ReEtheWxide df A Gréflp Wi of the
oxi de of a Goup VI(b) netal of the Periodic Table, and 0.5 to 6 W % of

t he' oxi de ofetal & thePeviodic Tratlalof dlie EidmeerPe ($ardemnt- WabdheSciemtsive Conmyeiny, based
on the wel hct>. SO-fIS%(r)]g, 1(:9%%?1}1%8':[}5&{22& "%zﬁ;[lg!)ﬁzgpectively, based on the weight of the

catalyst; said catalyst having (a) a specific surface area of 100 to 180m?*/ g, (b)a

total pore volume of 0.55 ml/g or more, and (¢) a pore size distribution wherein (i)

the proportion of the volume of the pores having diameters of 200 A and more is

50% or more based on the total pore volume, and (i) the proportion of the volume

of the pores having diameters of 2000 A and more is 10 to 30%, based on the total

pore volume. The pore size distribution is determined by a method such as

mercury penetration.

( [0021]  Catalyst (2) is a hydroprocessing catalyst having a silica-alumina type
carrier (or support) such as those where a silica layer i1s formed on an alumina
surface. The support contains 2 to 40 wt.% of silica based on the total weight of
the carrier. The support 1s loaded with 7 to 20 wt.% of the oxide of a Group VI(b)
metal of the Periodic Table, and 0.5 to 6 wt % of the oxide of a Group VIII metal of
the Periodic Table, respectively based on the weight of the catalyst. The catalyst
has a specific surface area of 150 to 400 m*/g, and a total pore volume of 0.3 to 1.2
ml/g. The pore size distribution as measured by a method such as mercury
penetration is such that the catalyst has a first peak of the pore size distribution in a
range of a diameter of 40 A to 200 A with the proportion of 35% to 90% of a total

pore volume, and a second peak of said pore size distribution in a range of a



has a specific surface area of 150 to 400 n2/g, and a total pore vol une of
0.3to 1.2 m/g. The pore size distribution as neasured by a nethod such as

nmercury pe i js such that the catalyst has a firs por e
S A

size distribution in a range of a dianmeter of 40 Ato

proportion of 35%to 90% of a total pore volunme, and a second peak of said
pore size distribution in a range of a WO 2006/ 009742 PCT/ US2005/ 021149 -8
di aneter of 200 A to 2000 A The catal yst contains pores of dianeter of 200
A to 1000 A which conprise 10%to 60% of said total pore volune and pores
of dianeters 1000 A or |arger, which conpkise a volune of 20%or less of
said total pore volune; and a pore volune in a pore dianeter range off 20 A

correspondin to the Bgfition 8;; the first peak in the dianmeter range of 40
A to 200 A idameter of 200uk &0 3600 he Thsrcatalystinentdins ppeesdf diasneter eB2Q Aoto 40 A

200 A. Th | h i f 80 A._[0022
o 200 T Spoe Ao B ol T SlaSo e e L2000
to 450C at . f 25 int first AW ,
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. % or nore apdhepositivaofdhe fies ipdale i MB)diaasieatngedh B0 Awb 200X ig80% @f the
conponents having a boiling point of, for exanple, 538C and higher. Such

feeds are friqreof thy pos¢ velirmeuihe by dretenrange 06 ¥0A tOZIAAL EThOESTRSPTAON OF
THE | NVENTI ON [ 0024] .In an O(gnbgfi megt . the invention is directed towards a

t wo- st age priogssBporsGameles of 704 §@ 180 frocessi ng of heavy oils such as vacuum
resid. The first and second-stage catalysts are independently sel ected.

[0022] In an embodiment, the hydroprocessing is carried out at a temperature of
350°C to 450°C at a pressure of 5 to 25 MPa in the first and second reaction zones,
and that the heavy hydrocarbon oil disposed as an ebullated bed is brought into

contact with the hydroprocessing catalyst.

[0023] Inan embodiment, the feed to the first step is an atmospheric residue
(AR) contaming 30 wt.% or more and/or a vacuum residue (VR) containing 60
wt.% or more of the components having a boiling point of, for example, 538°C and

higher. Such feeds are frequently called heavy hydrocarbon oils.

DETAILED DESCRIPTION OF THE INVENTION

[0024] In an embodiment, the invention is directed towards a two-stage process
for the catalytic processing of heavy oils such as vacuum resid. The first and

second-stage catalysts are independently selected.

[0025])  More particularly, the invention relates to a method of hydroprocessing a
heavy hydrocarbon oil containing impurities such as sulfur, metals, and asphaltene.
Feed hydrodesulfurizatioin ("HDS"), feed hydrodemetallization ("HDM"), and

asphaltene removal from the feed is accomplished while inhibiting sediment



[0025] More particularly, the invention relates to a nmethod of

hydr opr ocessi ng a heavy hydrocarbon oil containing inpurities such as

sul fur, netals, and asphaltene. Feed hydrodesul furizatioin ("HDS"), feed
‘hydr odenet WO 209600952 ("HDM'), and asphal tene renpval frBRTREFEEAYY s
acconplished while inhibiting sedi nent WD 2006/ 009742 PCT/ US200S/ 021149 -9-
formation in heat exchangers during hydrogenation. The process efficiently
produces a light oil product. 10026] The process is effective for the

hydr opr ocessi ng of a heavy hydrocarbon oil containing a | arge anount of
inpurities such as sulfur, MCR netals, njtrogen and asphaltene, especially
a heavy oil containing 80%or nore of vacuumresid fractions, while
.inhibiting sedinment formation resulting from e.g., the cohesion of

asphal t eneformnFitioptindedt SaxhangeRahicngdry dregenatGan allhe tpgodess 2 ficiamtly

hydr opr ocessi pg ca ag st used in the first reaction zone (i.e., Catalyst
(1)) and tﬁéxh§3$ﬁbﬂ {@§§WH§“Eatalyst used in the second reaction zone

(i.e., Catalyst (2)) are catalytic conpositions conprising netal oxides
having hydrogenation and/or hydrocracking activity and a carrier (also
called a " so2R}" t "The proecRds WiteBitd\for¢Ré ﬁwltdgfo&@ﬁﬁg%(gta'mmfhag@?&%ﬂ&ﬁ met al
speci es us In the catalytic conposition are selected fromone or nore

oxi des of ailGoatiiniMk @Ihrgedrabungd/igfpueinies snchmay sulfiti NESR ohetlGChitedgen | |
metal of the Periodic Table. 10029] G oup VI(b) and Goup VIII also

cor r espond ané ssEaitenel egpeaally ausasy aildon@inugR08s bhnwrglof Yacwimtread 18- gr oup
|l ong formaf the | UPAC Periodic Table (see, e.g., the "MERCK | NDEX, S.
Budavari (&actionsyp¢hile mhigiting ﬁ%mennﬁs’e)anomesdﬁngﬁ@r@%&ptf\ﬂ qahegionaf i s at

| n | fromiron | n
anat one gse]:yheaftterelgs. 0 on, cobalt and

First and Second Reaction Zone Catalvysts

[0027]  The hydroprocessing catalyst used in the first reaction zone (i.e., Catalyst
(1)) and the hydroprocessing catalyst used in the second reaction zone (i.e.,
Catalyst (2)) are catalytic compositions comprising metal oxides having
hydrogenation and/or hydrocracking activity and a carnier (also called a "support")

loaded with the catalytic composition.

( [0028]  The metal species used in the catalytic composition are selected from one
or more oxides of a Group VI(b) metal and/or one or more oxides of a Group VIII

metal of the Periodic Table.

[0029]  Group VI(b) and Group VIII also correspond respectively to Group 6 and
Groups 8 through 10 of the 18-group long form of the ITUPAC Periodic Table (see,
e.g., the "MERCK INDEX, S. Budavari (ed.); Merck & Co., Inc., 1966).

[0030] The Group VIII metal is at least one seiected from iron, cobalt and
nickel. Cobalt or nickel is preferable; nickel 1s more preferable. The Group VI(b)



ni ckel . Cobalt or nickel is preferable; nickel is nore preferable. The G oup
VI (b) WO 2006/ 009742 PCT/ US2005/ 021149 -10 netal is at |east one sel ected

from chrom Wﬂzd@h&?ﬁenum and tungsten. Ml ybdenumis pr?f;?ﬁ}%i‘(ﬁw%ﬁ?@“ The
of the ght "o

| oaded amount's respective netal oxides based on the wei each
conpl eted catalyst (100 wt.% are as descri bed bel ow. [0032] The anount of
the G oup VI(b) netal oxide |oaded on Catalyst (1) is 7 w.%to 20 w.%
preferably 8 wt.%to 16 w.% For Catalyst (2), the anount of the G oup

VI (b) netal oxide loaded in the Catalyst (2) is 5 w.%to 30 w.%
preferably 8 wt.%to 25 wt.% It has bee d:ljscovered that for Catalyst (1)
and Catalyst (2), these netal | oadings rglpresent t he best bal ance bet ween
catalytic activity and sedinent formation. (00331 The amount of the G oup
VI netal owretdbistaypeashpngselected drosm chiomiugyppaybderfuncandityngstqnl) is 0.5
w.%to 6 wt.% preferably 1 a)\(t.%to 5 wm.% For Catalyst (2), the anount
of Group VI IMOWSPU'@%F&E‘%‘PBQ ed is 0.5 wt.%to 30 wt.% preferably 1 w.%
to 10 wt.% These netal | oadings represent the best bal ance between
catalytic activity and sedinent formation of Catalyst (1) and Catal yst (2).

00341 The qa03ier STheloRH Mot RRTErBHiLd SitidIbudde Bikd 55 dhoWeRa! )

used in the catalysts are descri talys 'S pported

on a porous d¢fieaclabinplayd egaBat (100rwitl) ahe ageaREidkd beRPri ses one or nore
of alumna, silica, silica-alumna, alumna with silica-alumna dispersed

therein, silica-coated alum na, magnesia, zirconia, boria, and titania, as

wel |l as m xtures of _these oxi@td s. It is EL))referret;l for the carrier to
conpri se 80%B32lh udkheamoypt %&e@@ﬂlﬁb\( (b hmetad gxidelgaged on Catalystd 1 ptsef er abl y

a | past O oA Wk 85, pORRAR) B £S8TREY YRS BT DB, ik AhSi digRe the
Group VI(b) metal oxide loaded in the Catalyst (2) is 5 wt.% to 30 wt.%, preferably
8 wt.% to 25 wt.%. It has been discovered that for Catalyst (1) and Catalyst (2),
these metal loadings represent the best balance between catalytic activity and

sediment formation.

[0033] The amount of the Group VIII metal oxide typically loaded on the
support of Catalyst (1) is 0.5 wt.% to 6 wt.%, preferably 1 wt.% to S wt.%. For
Catalyst (2), the amount of Group VIII metal oxide loaded is 0.5 wt.% to 30 wt.%,
preferably 1 wt.% to 10 wt.%. These metal loadings represent the best balance
between catalytic activity and sediment formation of Catalyst (1) and Catalyst (2).

[0034] The carriers (also known to those skilled in the art as "supports") used in

the catalysts are described below.

[0035] Catalyst (1) is supported on a porous inorganic oxide carrier which
generally comprises one or more of alumina, silica, silica-alumina, alumina with
silica-alumina dispersed therein, silica-coated alumina, magnesia, zirconia, boria,
and titania, as well as mixtures of these oxides. It is preferred for the carrier to
comprise 80% of alumina, more preferably at ieast 90%, still more preferably at

least 95%. A carrier consisting essentially of alumina is preferred, the wording



WD 2006/ 009742 PCT/ US2005/ 021149 -11 "consisting essentially of' being
intended to nean that m nor anmounts of other conponents may be present, so
|l ong as they do not materially affect the performance of the catalyst.
Typical ly, ‘%6??96’90951‘211m na produced by means of co- preci BITA{S2005031148 odi um
al um nate and al um num sul fate can be used. The gel (pseudo-boehmte)
obtained in this case is dried, extruded and calcined to obtain an al um na
“carrier. [0036] The carrier of Catalyst (2) is preferably supported on a
silica-alumna carrier containing 20 wt.%to 40 wt.%of silica. As is
known, the silica-alumna can be obtained by controlling conditions and
operations in a nethod where silica hyd‘r]alt'e gel and alum na hydrate gel
.prepared in advance. The gels are conbined and a basic or acidic species is

added to t Fgohasmaeatemsilly 6F Xring Hieridedo roH hahinshrdhQints of Bileg al um num
conmpound and water-sol uble silicon conpound to allow co-precipitation of

,these conpeonmnehts may berprdente st lormastheyidoaot myaderdlly gffectithe f or red, and
then a silica hydrate gel is precipitated on the alum na hydrate gel.
100371 Si | ipesfoamsnes of the cotplyitudypirallys, pasrausakenipg porshised ibygneansorfdiong

Gescr | bed, PR S0 TR PR BRI FTohe REFC. 1 EDOE 540,
0038] Ca - | 1 0039
First: an AP EEPATRIERIMAER B R Aol SHRNETA B G R R R

hydr oxi de Quhi datk& 1S placed in a vessel containing tap water (which is
optionally heated), and then an acidic al um num solution of alum num
sul fate, alumnumnitrate or the like is added to the water. W) 2006/ 009742
PCT/ US2005/ 021149 _ . B

[0036] The carrier of Catalyst (2) is preferably supported on a silica-alumina

carrier containing 20 wt.% to 40 wt.% of silica. As is known, the silica-alumina

can be obtained by controlling conditions and operations in a method where silica

hydrate gel and alumina hydrate gel prepared in advance. The gels are combined

and a basic or acidic species is added to the homogeneously mixed solution

containing water-soluble aluminum compound and water-soluble silicon compound

to allow co-precipitation of these compounds. In an embodiment, an alumina

hydrate gel is formed, and then a silica hydrate gel is precipitated on the alumina

hydrate gel.

( {0037] Silica dispersion on alumina is measured by observing a bonding
condition between silica and alumina by a *°Si-NMR measuring method described,

for example, in Japanese Patent Publication No. H2-237640.
[0038] Catalyst (1) and Catalyst (2) can be prepared as follows.

{0039]  First, an alkali solution of sodium aluminate, ammonium hydroxide,
sodium hydroxide or the like is placed in a vessel containing tap water (which is
optionally heated), and then an acidic aluminum solution of aluminum sulfate,

aluminum nitrate or the like is added to the water.



-12 [00401 Alkali netal silicate, tetraal koxyl silane, orthosilicic ester,
etc., can be wused as the silica source to produce a carrier of a Catal yst

(2). It is e to use sodiumsilicate (for exanpl 5§), as
alkali met aP&‘g?@ﬁ’gﬁ@ T SN I RS s 1o r ange

of 1to2to 1 to 4. [0041] The hydrogen ion concentration (pH) of the m xed
sol ution changes with the progression of reaction. It is preferable that
when the addition of the acidic alumnumsolution is conpleted, the pHis 7
to 9, and that the mxing tenperature is 70Cto 85C for Catalyst (1) and
55C to 70C for Catalyst (2). It is prefeng@Le that the retention tinme is
0.5to 1.5 hours, nore preferably 40 to 80 ™ mnutes, in order to obtain the
desired alum na hydrate gel or. silica-alumna gel. 10042] After the al um na

hydrate gel [8040i | i Abkadl metahsiligate, tetragloxyhsitanes pahosibeic eskrgtcosanibe i s
washed, for ex l.e, . conventional tap water (optiopally. heated), to
orove. | murioed B tHe siReSCRre U podate HABTEEOT AL ARUN (lcdtisPrelTRle to yre
exanple, a i NG i i.opr t iyl kit y . of. 8 and
exanpl . 2 SAERA SRR S el 0 RS i Wl
pref er abl e g ¥t N4l b0, & WRRn FnbELRINETAEY [PRding with metal
conponents. The particles ctan have conventional shapes and di nensions,
i.e., those known in the art. For exanple, the particles may be spherical,
cylindrical, or polylobal, with a dianeter range from0.5 nmto 10 nm
Particl es wl004H di Zhehgdrogen dorbconeentatBomipnH pofthemaixied soltiomurhanges withnm
for exanple 0.9 nmto 1,1 mm d a | ength of to 10 for .exanpl e
2.5 mm to 4heprRaression %ﬂ'@fﬂ‘étﬂ‘_?fégﬂl eftrabiedhpt wﬁelmq %ldlﬂaergg%#@r%cﬁ &d for
use Tnebul |3 ng BeftiRRS! abhaita, W2 43955989742 BT/ kSR00R: SRbb 0>

is 70°C to 85°C for Catalyst (1) and 55°C to 70°C for Catalyst (2). It is preferable

that the retention time is 0.5 to 1.5 hours, more preferably 40 to 80 minutes, in

order to obtain the desired alumina hydrate gel or silica-alumina gel.

[0042]  After the alumina hydrate gel or silica-alumina gel is separated from the
solution, it is washed, for example, by conventional tap water (optionally heated),

to remove impurities in the gel.

[0043] The gel is then kneaded using, for example, a kneading machine, to
improve the moldability of the gel, and then extruded into a desired form using an
extruding machine. It is preferable to extrude into a desired form before loading
with metal components. The particles can have conventional shapes and
dimensions, i.e., those known In the art. For example, the particles may be
sphenical, cylindrical, or polylobal, with a diameter range from 0.5 mm to 10 mm.
Particles with a diameter of 0.5 mm to 3 mm, preferably 0.7 mm to 1.2 mm, for
example 0.9 mm to 1.1 mm, and a length of 2 mm to 10 mm, for example 2.5 mm
to 4.5 mm, are preferred. Cylindrical particles are preferred for use in ebullating

bed operations.



[ 0044] Finally, the extruded alum na gel grains or silica-alumna gel grains
are dried and calcined. The drying treatnent is carried out at room
tenperature to 200C in the presence of air, and the calcination treatment
is carried WEo%00938h 1o 950C, preferably 600 to 900C f FCHESINWIEE to 2
hours in the presence of air. During the calcination treatnment, water vapor
can al so be introduced to control the growh of the alum na crystallite or
silica-alum na particle. [00451 The above production nmethod can provide the
desired alumna carrier or silica-alumna carrier having the desired
surface area and a pore size distribution During kneadi ng and extruding,
an acid such as nitric acid, acetic acid &?'forn‘ic acid can be added as a
.extruding auxiliary, or water can be added to adjust the water content of

t he al um ng[0§44] or Faidllyctheaixtmided agehinafgel gerngonsidlcy-ahdhinatdehgrdingarepor e
size distribution, [10046 I n an enbodi ment, the specific surface area of the
.al um na cardnied ansf caleiaed cihmdyzémg(tqe)atmgntll@@amdgout@tzomnmmgcra@rr@ft@rab| y 130

A ggﬁgoﬁﬁﬁrﬁﬁg Prssanee Gl .anlﬁ%%algrrr%gﬁ't%mgmn@ﬁ%f i aloid)  has
i 4 400

ol b or of S HEES BEEGRAR, 0 O RUBC of 30 i LRI T R priheorhin O

to 1.2 m/ %uﬂﬁ%iﬂ@ﬂélﬁa@oﬁﬁeﬂﬂrﬁ&tt@a@r9 6‘?&@1 alg_é"ﬁe n&'rédrfc%d?@@éﬁt%l th@ the

silica-alumna carrier of the Catalyst ( .

preferably grobthvof %etaiuﬂlﬁqa)cmta%tbaﬁedlcanalnhﬁnmmgme of the car rr er
substance (100 w.9% . [00481 The follow ng nethod describes the nethod for
preparing the finished catalyst using supports prepared as descri bed above.

The( Egtzggg / [Iggigﬁgl g g (ewé grod%%aglll ethéciL tary Spov(?e ﬁxe cfesugg lun\l/}gazcglqr?e/:ro(g‘9742
silica-alumina carrier having the desired surface area and a pore size distribution.
During kneading and extruding, an acid such as nitric acid, acetic acid or formic
acid can be added as a extruding auxiliary, or water can be added to adjust the
water content of the alumina gel or silica-alumina gel, for adequately adjusting the

pore size distribution.

[0046] In an embodiment, the specific surface area of the alumina carrier of the
Catalyst (1) 15 100 mz/g to 200 mzlg, preferably 130 m®/g to 190 mzlg, and the total
pore volume is 0.55 ml/g to 1.2 ml/g, preferably 0.7 ml/g to 1.1 ml/g.

[0047]  In an embodiment, Catalyst (2), has a specific surface area of the silica-
alumina carrier of 150 m%/g to 400 m?/g, preferably 160 m*/g to 370 mZ/g, and a
total pore volume of 0.3 mi/g to 1.2 ml/g, preferably 0.35 ml/g to 0.95 ml/g. The
silica content in the silica-alumina carrier of the Catalyst (2) 1s 2.0 wt.% to 40.0
wt.%, preferably 5.0 wt.% to 25.0 wt.% based on the weight of the carrier
substance (100 wt.%).

[0048]  The following method describes the method for preparing the finished
catalyst using supports prepared as described above. The method is applicable to

Catalyst (1) and Catalyst (2).
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[0049] Al kali or acid netallic salts can be used as the netal precursor.

| npregnated |iquid made of aqueous solution of the netallic salt is | oaded
to a carri yst (1) or Catalyst (2) using a net h

i mrer si on, %ﬁ%%&ggﬁg ion, and equilibrium adsorption. Forggggﬁg 8P?§4%1xed
aqueous solution containing two or three nmetal salts can be sinultaneously
i npregnated into the carrier, or netal salt aqueous solutions can be

i npregnated sequentially. To stabilize the inpregnation solution(s), it is
preferable to add a small anobunt of anmonia water, hydrogen peroxide water,
gluconic acid, tartaric acid, citric acid,,, malic acid or EDTA

(et hyl enedi am netetraacetic acid), and tthﬁike. [ 0050] For the Goup VIII
netal s, an aqueous netal solution of an oxide, hydroxide, carbonate,
nitrate, chloride, and/or an organic acid salt can be used. Metal carbonate
and nitrate are preferred. For exanple, in the case of an aqueous solution
of nickel nil0p49k, Adkalyorand mesaliicisalis odn housed as the mgalpresyisan be used,

recals “ortabredmahiiintds Ladio sdbish ol et b BTENS 1 &
or ot er bl o e SFCARSE {0 B Ay ST MM LB o NlgR 88 i stRb, nory baat e,
an aqueous %ﬁiﬂég@io%aﬂmfeq}gui%ihﬁl X&Owon%mmx%ﬁaﬁé,%igﬁ@%aﬁi offflon

aqueous solutron o I's used. [(0051] An aqueous solution of netallic

salt can be donpiig@gaiecor thred matat s4lts dagrbe siRultanéShisty fipregnatet ngtotthe

above- nenti oned aqueous solution, and then the carrier can be dried for 0.5
hours to 16 daouersontetaliselipgnesusrseliteinsean benbipregnat¢dsqupentialiye Fod 200C
under flow ng aj.r. The catal yst can then be calcined at 200C to 80QC,
preferably @%ﬁ@l%ﬂ"@amregwwp PRSI S Preierabli tgadd 3 smolbapsuet 069742

PCT/ US2005/ 021149. - 15 100521 For b%ttert Ipe{forman(:g i]q t.he A 9¢8854id

(Cat al yst (13""&88‘%5?%&;1{? r(zgfjn peroxide water, gluconic acid, tartaric acid, Ciiric acid,

malic acid or EDTA (ethylenediaminetetraacetic acid), and the like.

[0050] For the Group VIII metals, an aqueous metal solution of an oxide,
hydroxide, carbonate, nitrate, chloride, and/or an organic acid salt can be used.
Metal carbonate and nitrate are preferred. For example, in the case of an aqueous
solution of nickel nitrate, an aqueous solution of 10 wt.% to 40 wt.% can be used,
and preferably, an aqueous solution of 25 wt.% is used. For the Group VI metals,
oxide, ammonium salt, sodium salt, and the like, can be used as a starting material;
water-soluble ammonium salt and sodium salt are preferable. For example, in the
case of water-soluble ammonium molybdate, an aqueous solution of 10 wt.% to 25

wt.% can be used; preferably an aqueous solution of 15 wt.% is used.

{0051]  An aqueous solution of metallic salt can be impregnated in a carrier for
30 to 60 minutes using the above-mentioned aqueous solution, and then the carrier
can be dried for 0.5 hours to 16 hours at a temperature between ambient
temperature and 200°C under flowing air. The catalyst can then be calcined at

200°C to 800°C, preferably 450°C to 650°C, for 1 to 3 hours in flowing air.



shoul d have the follow ng desired surface areas and pore size distributions.
(0053] The desired surface area of the Catalyst (1) is 100 n2/g to 180 n2/g,

pr ef er abl yg}(?o nﬂﬁgq,.to 170 n2/g. A surface area of greater than 180 nR/g can
be used, AYSSR° ¢he hi gher surface area can increase tHE¥RAPYEEHLi on

activity, which can increase sedinentation. 10054] The desired surface area
of the Catalyst (2) is 150 n2/g to 400 n2/g, preferably 160 n2/g to 370
n2/g. 100551 The desired surface area can be neasured by a BET nmet hod based
on the adsorption of nitrogen (N2). [00561 The total pore vol une of

Catal yst (1) (neasured by the nethod of rcury penetration) is 0.55 nl/g
or nore, preferably 0.6 m/g to 1.2 m/g; re preferably 0.6 mM/g to 1.1
.m /g, nost preferably 0.6 m/g to 0.9 m/g. The total pore volune of

Cat al yst (200062] 0. Forbegett gerformanité ¢h tie process, (CRABKAA!) ¥n8 CiRaljkd @)t o 0. 95
m /g. The catal ytic performance nmay decrease en the total pore volune is
0.3 ni /g orshoadbhave thetfallopingdesntedsarfate areas ahd goee sinodistrclautionsdesi r abl y

affect the nechanical strength of the catal yst. [0057] Mercury penetration
can be used to neasure pore volune using, for exanple, a nercury porosity

acon act aipaor Thegteited Sirtatled Bk e Gatdlhon EOR 1665 m“lﬁtﬁ L S
of the vl (RE SOV G Ooar Econ 0. i Al Aita oF SRR a0 b BRSO

total pore yeUuiehdizhoB¥esheiRuface Mealcan ﬂh&r&as@Q%hgd&%%ﬁﬁ@h h&tity, _
specification, synbol A denotes Angstrons; 1 A = 10-10m. If the proportion
of the vol uwhichfcanhrcpasesedmagntagodi anet ers of 200 A

(
{0054]  The desired surface area of the Catalyst (2) is 150 m*/g to 400 m%/g,
preferably 160 m%/g to 370 m*/g.

[0055] The desired surface area can be measured by a BET method based on the

adsorption of nitrogen (N;).

[0056]  The total pore volume of Catalyst (1) (measured by the method of
mercury penetration) is 0.55 ml/g or more, preferably 0.6 ml/g to 1.2 ml/g, more
preferably 0.6 ml/g to 1.1 ml/g, most preferably 0.6 mi/g to 0.9 ml/g. The total

( pore volume of Catalyst (2) 1s 0.3 ml/g to 1.2 ml/g or more, preferably 0.35 ml/g to
0.95 ml/g. The catalytic performance may decrease when the total pore volume 1s
0.3 ml/g or less. A total pore volume of 1.2 ml/g or more can undesirably affect the

mechanical strength of the catalyst.

[0057] Mercury penetration can be used to measure pore volume using, for
example, a mercury porosity measuring instrument such as “Auto Pore II™”,
produced by Micrometrics, at a contact angle of 140° and at a surface tension of

480 dyn/cm.



and nore is | ess than 50% based on the total pore volune, the catal ytic
performance can decline, especially the a-nhaltene cracking perfornmance,

whi ch  advergghis@bdgcts the inhibition of sedinent formtﬁc@%szﬂ(ﬂ%%% For
t he base support (i.e., not yet |oaded with the catalytic metal oxi

the proportion of the total volune of pores is 43%or nore, preferably 47%
to 70% based on the total pore volune. 100601 In an enbodi nent for

Catal yst (1), the proportion of the volune of the pores having dianeters of
2000 A and nore is 10%to 30% based on the total pore volune. If the
proportion is |less than 10% the asphaltev\ﬁsrermval performance at the
final outlet of the reactor may decline I ch can increase sedi nent
formation. |If the ortion is nore than 30% the nmechanical strength of

t he catal yst be 0’5’1 ¥ éea@p@alom envgbIme peEpdaYINgn of the
[0958] alal (}), & fahe vgiumye of Hee &

o the ot ;P&aﬁwé‘g%m@gaﬂfg@@ﬁ bited i tF Fopal PO e s SHYE & IR cedior ook

to b t o 0 ' ) th

500 and Bty B8 To Byre & B Shetitarh, KRBT A A sdhimes PR PO0

the total voighg Ofxfmeeplﬂgﬁﬁﬁmmh@golu%@mhe SD%résfhaWH dPandeBf dF 200 Ahe

Catal yst (1) 1s 82% or nore preferably ss based on the total
pore vol ume. add mokeisdesythat 50% basedoneaht taal Bitovoliae, the epmuiytion of the
total volune of the pores having dianmeters of 2000 A and nore can decrease,
whi ch | eads perfornsmrce ican daeling;, £spesiadly the centaltgnh eracking pefounandenwbidthe WO
2006/ 009742 P 3}20&8/ Oé};ﬁfx - 17 at | yst _.pores in the first reaction
zone. This i BCtp 3’1%{0768 pGHBCNHfOrRRUODacyum resi due fraction
cracking rate. [0062] For Catalyst (1), it is preferable that the total

vol une of the pores having dianeters of 500 to 1500 Ais less than 0.2

m/g. Wen tygpshpt alFoy tHe¥iRe QlipSote (i ¢., not yet loaded with the catalytic metal oxides),
the proportion of the total volume of pores is 43% or more, preferably 47% to 70%,

based on the total pore volume.

[0060]  In an embodiment for Catalyst (1), the proportion of the volume of the
pores having diameters of 2000 A and more is 10% to 30% based on the total pore
volume. If the proportion is less than 10%, the asphaltene removal performance at
the final outlet of the reactor may decline, which can increase sediment formation.
If the proportion is more than 30%, the mechanical strength of the catalyst can be
adversely affected. Preferably, the proportion of the volume of the pores having

diameters of 10,000 A and more is 0% to 1% based on the total pore volume.

[0061] Especially in the case where the feedstock to be processed contains a
large amount of vacuum residue, e.g., more than 30%, and especially more than
60%, it is preferable that the proportion of the total volume of the pores having
diameters of 100 to 1200 A of the Catalyst (1) is 82% or less, more preferably 80%
or less based on the total pore volume. If the proportion is more than 82%, the
proportion of the total volume of the pores having diameters of 2000 A and more

can decrease, which leads to insufficient diffusion of extra-heavy fractions into the



pores is greater than 0.2 m /g, catalytic performance and catal yst lifetine
can be adversely affected. It is also preferable that the pore size

distribution is such that ( the proportion of the volune of the pores having
di aneters fOAWHIR¥hd less is 25%or |ess based on the RGYE206¥REHN ol une.
A proportion greater than 25%can |ead to increased sedi nent formation.

[ 0063] For Catalyst (2), it is preferred that pore dianeter distribution has
a first peak in a dianmeter range of 40 Ato 200 A the peak representing a
pore volune of 35%to 90% preferably 40%to 80% based on the total pore
volunme. A first peak in a dianeter regionj7of 200 A or larger can lead to
reduced activity resulting froma reduction of specific surface area. The

first peak isting in,t di aneter range of 40 A.to, 200 A).. can have two
or rmrg |OC%$§W)8(H‘8§_TE‘, thFr}_gr.St,re??t‘%é?Pq‘no 1§40 Wrﬁﬁ&é??dﬁﬁ)g?%“\_?dpd of |ess
t han 35% ca¥rhc§§ ae}%idu@ ﬂéti‘og%gﬁaﬁ%\ﬁ%&a | arge pore region, which can | ead

toaloss o st nmechani ¢ nNthe pore volune is nore than 90%
catalytic activity can be adversely affected. [0064] In addition to the
first peak, the pore dianeter distribution for Catalyst (2) can have a

second peak[0i062h dFar€laalystddyat Qipréfefabie titat INOMH A, vdlasediahe hbees Haoingl pore
volume, with the proportion of such pore volune ranging from11l0%to 0%
more pref erdiBmgtezeod 580 50350B Asisdesstham8.2 mi/gl Woee theototateroluhi 108 such

wi shing to be bound by any theory or nodel, it is believed that the presence
of this  scRURYISEERE Hi %5;51@)1?% cafalyii¢ perfgrmagnceinnd Gialyedifptime Gandse

sel ectve hygdrogf gkt 63V 2008/ Q0RTAZ PV LSR0NSLO2AAI, k1 Ol oh g

nol ecul ar speci’€s’ such as asp enes an ults in

decgeased S iph&rtibAoTHd 08lund COBBRE pofés %ﬁ%&%ﬁq&&%nftl@@ }Praﬁﬂ‘?fstsiié’” of the
pore volunme with a pore dianeter of 1000 Ao arger 1s controlled to be
20% or | ess25%iroeflessdialsyd dhYhorotdlgrae vbhseel A proportion greater than 25% can

lead to increased sediment formation.

[0063] For Catalyst (2), it is preferred that pore diameter distribution has a first
peak in a diameter range of 40 A to 200 A, the peak representing a pore volume of
35% to 90%, preferably 40% to 80%, based on the total pore volume. A first peak
in a diameter region of 200 A or larger can lead to reduced activity resulting from a
reduction of specific surface area. The first peak (existing in the diameter range of
40 A to 200 A) can have two or more local maximums, i.¢., it need not be
unimodal. A pore volume of less than 35% can result in an increase of a large pore
region, which can lead to a loss of catalyst mechanical. When the pore volume is

more than 90%, catalytic activity can be advefsely affected.

[0064] In addition to the first peak, the pore diameter distribution for Catalyst
(2) can have a second peak in a diameter range of 200 A to 1000 A, based on the
total pore volume, with the proportion of such pore volume ranging from 10% to
60%, more preferably 20% to 50%, based on the total pore volume. While not
wishing to be bound by any theory or model, it is believed that the presence of this

second peak in the pore diameter distribution results in the selective hydrocracking



on the total pore volune. When the proportion of the pore volunme with a pore
di aneter of 1000 A or |arger exceeds 20% it becones difficult to prevent
strength dghﬁﬂ@&@@ﬁ&pn of the catalyst. [0066] As discus§,%(il,rUS Eﬁ5ﬁ§% (2)
is characterized by a pore size distribution having a first peak wth a
peak position in the range of 40 Ato 200 A dianeter, wth the first peak
representing pores that together contain 35%to 90% of the total pore

vol une of the catalyst. Preferably, the pores of the first peak within a
di aneter range oft 20 A fromthe peak position contain at |east 50% of the
pore volune in the dianmeter range of 40 tg 200 A. Mre preferably, the
pores of the first peak within a dianeter rtange oft 10 A fromthe peak
position contain at |east 30% of the pore volunme in the dianmeter range of
40 to 200 Aofflage moleuelar speceescshiah as asphadienesarshresinshwhialhén poneresoltsime

di stribution rela%lng_ to the first peak in the dianeter range of 40 Ato
200 A is sud§creasgd sislimge U0Bores exi st around the pores having

di aneters corresponding to the peak position. The half-value width of the
first peak is preferably 70 A or less, and nore preferably 50 A or |ess.

Ihen 1 0009 ol bl . e, e e Qs gpetmlen 1

the first p ositron | Xcessive

i ncrease of nNeODtALE Gargéralebatfroled RSbe 207 gbdst préfeblEN§Ydordeicbagddt i on
and generation of AP and fouling due to pulverization of the catal yst. Wen

the peak ham thedatlal pare valumeaWiken thelpropartiendifahe pere cdnmespondipoge t o t he
| arger WO 2006/ 009742 PC;I US2005/ 021149 -19- value is used to calculate the
pore vol une damptes 0pdPRO & erargar exeeeds@0o,dt becqsnes diffagl{ to pregeny styepgtis)

Catal yst (2),should haye a nean pore dianeter ranging from70 Ato 180 A,
preferably f’@%&'c’trﬁt“inig}(ﬁ'.ecﬂrt%B‘?[‘}e di aneter of less than 70 A can prevent
heavy

[0066]  As discussed, Catalyst (2) is characterized by a pore size distribution
having a first peak with a peak position in the range of 40 A to 200 A diameter,
with the first peak representing pores that together contain 35% to 90% of the total
pore volume of the catalyst. Preferably, the pores of the first peak within a
diameter range of + 20 A from the peak position contain at least 50% of the pore
volume in the diameter range of 40 to 200 A. More preferably, the pores of the first
peak within a diameter range of + 10 A from the peak position contain at least 30%

of the pore volume in the diameter range of 40 to 200 A.

[0067]  Such pore characteristics show that the pore volume distribution relating
to the first peak in the diameter range of 40 A to 200 A is such that homogeneous
pores exist around the pores having diameters corresponding to the peak position.
The half-value width of the first peak is preferably 70 A or less, and moré
preferably 50 A or less. When the pore volume in the pore diameter range of + 20
A corresponding to the first peak position is significantly less than 50%, an
excessive increase of unsuitable diameter pores can result in strength deterioration
and generation of AP and fouling due to pulverization éf the catalyst. When the

peak has local maximum values, the pore diameter corresponding to the larger



oil fromdiffusing in the pores of the catalyst, leading to difficulty in
hydr opr ocessi ng. When the nean pore di aneter exceeds 180 A, an inbal ance of
pore vol unes having the first and second peaks can result, |eadin

di fficul t yMh20068¥78yi ng the desired | evel of hydrodesulﬂﬂ?ﬂ%ﬁ@ﬁ@g“4%he

Hydr ogenati on Process [0069] The heavy hydrocarbon oils to be hydroprocessed
by this invention include heavy distillated oil, petrol eumresidue,

sol vent - deasphalted oil, coal- liquefied oil, shale oil, tar sand oil, and
the like, typically atnospheric residue (AR), vacuumgas oil (VG&, vacuum
residue (VR), and m xtures thereof. Prefgpably, the feed contains vacuum
resi due. [0070] In an enmbodiment, the feed contains an atnospheric residue

AR t % 0 VR 60
W bor G w@t&zs%ak@%&mwﬂ&%é’%%@f‘é‘ PRl 48 Adfamp e, 538C
and hi gher. %??bl ?q gst ock” (also called a "feed) generally conprises at
| east 2 w l:B’I/e 31 and at least | w.%of MCR (micro carbon residue).

"The sul fur content of the feedstock may be above 3 wt.% Its MCR content
may be above 2 wt.% The feedstock may contain contam nant netals, such as
ni ckel and [68681i uatdlyst(@) siculd Aeee pnesmeniore didnietef Rdgiiofrem Iméwoall%)
typically, £resent in a m)un)& of at least 20 w. p m cal cul ated on the
total of NiAaprefarablyoleAdarkidchi 4 pyreidiamatenobless than 40 A caseprevent wavy ppm

MCR b d 30 0 2006/ 009742

PCT/ (l:JggOO/edﬁ %g{ g@}s{}’[&?ﬁ@% ]r"p%?éeoim%%%éﬁ’g‘wdg ng &e @V\!Ebl“bcesm Zg can be a
t

cbul | ot of GieoRioRkeTe Wileh3e R Ay ik Beelu Liq a6 i REe BF "

uni form i tpdré vBN@h&y l*?fﬁllﬁ’g tRe MHRAPEQOATDehRs Bdh rRlil! ledlifig BRTiculty in

achieving the desired level of hydrodesulfurization.

The Hydrogenation Process

[0069]  The heavy hydrocarbon oils to be hydroprocessed by this invention
include heavy distillated oil, petroleum residue, solvent-deasphalted oil, coal-
liquefied oil, shaie oil, tar sand oil, and the like, typically atmospheric residue
{AR), vacuum gas oil (VGO), vacuum residue (VR ), and mixtures thereof.

Preferably, the feed contains vacuum residue.

[6070] In an embodiment, the feed contains an atmospheric residue (AR)
containing 30 wt.% or more and a vacuum residue (VR) containing 60 wt.% or
more of the components having a boiling point of, for example, 538°C and higher.
The "feedstock" (also called a "feed) generally compnises at least 2 wt.% of sulfur
and at least 1 wt.% of MCR (micro carbon residue). The sulfur content of the
feedstock may be above 3 wt.%. Its MCR content may be above 2 wt.%. The
feedstock may contain contaminant metals, such as nickel and vanadium. If metals
are present in the feedstock, they are typically, present in an amount of at least 20
wt. ppm, calculated on the total of Ni and V, more particularly in an amount of at

least 30 wt. ppm. MCR can be measured in accordance with ASTM D4530-03.



[0072] In an enbodi nent, the invention relates to a hydroprocessi ng net hod
i npl emented by a reaction apparatus having a first reaction zone and a
second reagld Ms bR The first reaction zone and the sei;e?ﬁjsm)%ylgy zone
in the reaction apparatus can be provided in a single reactof, or can be
provi ded by coupling two or nore reactors with Catalyst (1) and Catal yst
(2) in separate reactors. Wen the first and second reaction zones are
provided in one reactor, a boundary between the zones may be needed. In
order to renove suspended substances in feedstock, it may be desirable to
use one or nore additional hydroprocessingqatalysts havi ng shapes and
sizes different from Catalyst (1) or Catalyst (2) upstreamof the first
reaction zone. Wen used, this additional catalyst would be present in an
amount of 10 vol.%or |ess, based on the total amount of Catalyst (1) and

Catal yst (2), 007 A preferred vqolunetric ratio of Catalyst (1) and

Catal yst ( 2)[097@ heﬁ“b?ﬂgaé%‘s i%eﬁﬁrﬁw%wm%lrtgocaﬂdqe pFEACTPyidso vith 20 -

70 to 30, a r ref 49 . t g 60; 0 . 74] . n t.he .

hydr opr oces 3?’&‘?5008& g"ﬂﬂ}ﬁﬁ%@ é@l’baoﬁmgilzrl?g %‘?gﬁ égpél?lht[ag%&écgg%qeyg{s desjrable, ) pe
used in tNe 1h e} BieeRidtKelfifa RN/, it isipteRIAIE LS RY SrobPodRNtiES
prelimnary sulfurization, 1n advance, using‘sulfur containing hydrocarbon
oi |, organiegpuladefiibdds, organi c pol ysul fi des, carbon disul fides, hydrogen
sulfides, and the Ilike in the presence of hydrogen. The prelimnary

sul furizing nethod can be WO 2006/ 009742 PCT/ US2005/ 021149 -21- conducted in
the reactor where hydroprocessing is to be perforned (in situ), or it can

be conduct ed0B{Rlsi gk amempedisesnt, theinventign relatestgla hydraprosasssag method t he
invention relates t

velocity (L enaqmtgc_i %ytgé%g»&?ﬂsﬂ gp?ﬂaﬁtggggv:{%g ?@%@rel@iﬁﬁé'i? %O{‘}él) g‘r“%\% tssﬁgoe}ﬁﬁdr ogen
at a flow rabgodllofe O THRUHS CRAB S 2 CandflE QAT RPIEaBMibn 61 1 thk ActRPO O
apparatus can be provided in a single reactor, or can be provided by coupling two
or more reactors with Catalyst (1) and Catalyst (2) in separate reactors. When the
first and second reaction zones are provided in one reactor, a boundary between the
zones may be needed. In order to remove suspended substances in feedstock, it
may be desirable to use one or more additional hydroprocessing catalysts having
shapes and sizes different from Catalyst (1) or Catalyst (2) upstream of the first

reaction zone. When used, this additional catalyst would be present in an amount

of 10 vol.% or less, based on the total amount of Catalyst (1) and Catalyst (2).

[0073] A preferred volumetric ratio of Catalyst (1) and Catalyst (2) in the
process is 10 to 90 : 90 to 10, preferably 30 to 70 : 70 to 30, and more preferably 40
to 60 : 60 to 40.

[0074] In the hydroprocessing of a hydrocarbon oil, Catalyst (1) and Catalyst (2)
can be used in the reactors as oxides; however, it 1s preferable to conduct
preliminary sulfurization, in advance, using sulfur containing hydrocarbon oil,
organic sulfides, organic polysulfides, carbon disulfides, hydrogen sulfides, and the

like in the presence of hydrogen. The preliminary sulfurizing method can be



1500 NL/L, preferably 600 to 1000 NL/L, with a reaction at a pressure of 5
to 25 MPa, preferably 14 to 19 MPa, and at a tenperature of 350C to 450C,
preferably 400C to 440C. EXAMPLES [0076] Sel ected enbodi nents of the
invention Y2080 7#bed bel ow in non- Iiniting exanpl es. BSANPLORSE21149
Production of Catalyst A (corresponding to "Catalyst (1)") Production of
Carrier [0077] A sodium alum nate solution and an al um num sul fate sol ution
were simnultaneously added dropwi se into a tank containing tap water, for

m xing. During mxing, the pH was kept at 8.5 and the tenperature was kept
at 77C. The retention tinme was 70 m nutes. The addition and m xi ng produced
an alum na hydrate gel. (0078] The al unt é'hydrate gel obtained in the
.above step was separated from the solution, and washed with hot water, to
renove the ¢apaictdd i@the Reddisr WRére M@raiR0&¢sAR% 14 2o BEDHEARR (Atdd Sor it 22
100791 Fol | o ng washi ng, the gel was kneaded using a kneadi ng machi ne for
.20 mi nut es, cdrobé omrdncted ovtsideltbabiacidryentitthe gel, and then extruded using
an extruding nmachine into cylindrical grains having a dianeter of 0.9 to 1
mmand a length of 3.5 nm [00801 Finally, the extruded alum na gel was

2 houre, tol0gEhi n IBAnamndEReRl Thg BHERGR) ffies Foh Porores CamFSomal 80811 100
et ranyar at 04N a4t VR AN AR S fagaly B RB T T R Nl ebTn
hydrogen at a flow rate ratio of hydrogen to the hydrocarbon oil (H,/Oil) of 300 to
1500 NL/L, preferably 600 to 1000 NL/L, with a reaction at a pressure of 5 to 25
( MPa, preferably 14 to 19 MPa, and at a temperature of 350°C to 450°C, preferably
400°C to 440°C.

EXAMPLES

[0076] Selected embodiments of the invention are described below in non-

limiting examples.

EXAMPLE 1 - Production of Catalyst A (corresponding to “Catalyst (1))

Production of Carrier

[0077] A sodium aluminate solution and an aluminum sulfate solution were
simultaneously added dropwise into a tank containing tap water, for mixing.
During mixing, the pH was kept at 8.5 and the temperature was kept at 77°C. The
retention time was 70 minutes. The addition and mixing produced an alumina

hydrate gel.

[0078]  The alumina hydrate gel obtained in the above step was separated from

the solution, and washed with hot water, to remove the impurities in the gel.



into one hundred granms of an alum numcarrier obtained in the above step at
25C for 45 mnutes, to obtain a carrier |oaded with netal conponents.

[ 00821 Fol | Qw4 dshgdpregnati on, the | oaded carrier was dri pgdrakoe2@sihor 30
m nutes using a drier, and calcined in a kiln at 620C for 1.5 hours, to
conplete a catalyst. [00831 The anounts of the respective conponents and
the properties of the produced Catalyst A were as shown in Table 1. WD
2006/ 009742 PCT/ US2005/ 021149 -23 EXAMPLE 2 - Production of Catalyst B
(corresponding to "Catalyst (2)") Production of Carrier [00841 An agueous
sol ution of sodi um hydroxi de was added to~ tank containing tap water to
adjust pHto 13. Alum num sul fate sol uti on"was added dropwi se to the tank,
and the aforenenti oned heated aqueous sol ution of sodi um hydroxide prepared

in advance W@87%dddbol@vingiwashing, the:gdbvas kneadedusivgs kustadingmaghiae our t her
m xed with uepus solution of sodiym.h xi de a Hof 9.5 at a

t enper at ur e%gfml%l@sa%‘m%rlo& ehg "@géalrﬁﬂh‘a@/@fréﬁe gek ﬁnéaﬁ‘m YMdedIsE I g
produced al yni a&l}é . qel . 1. . S50l Ut i odi u ilicate
s added 6 kO HRCRNE S ey NG br s PRYRRH AR P bo L0 i,
hydrate gel \usdht i4 fing acid or sodium hydroxide as required, holding pH
at 9.0. Afte?%slggzgrga%% the silica-alumna hydrate gel fromthe sol ution,
washi ng was performed using an aqueous solution of amoni um carbonate so as
to make a remai ning anount of Na in filtrate 5 ppmor |ess to renove
inpurities i[008Me gEinallyabeektritied gaminagel wandiedadE2D (siond 6zhdune adibeg

machi ne for 20 m nutes, to _inprove the mol dabi Iit% of the gel, and then
extruded usiPagsenee ekavandglenehah@00°C for 2 hours, to obtain an alumina carrer.

Production of Catalyst A

[0081] 100 m! of a citric acid solution containing 17.5 g of ammonium
molybdate tetrahydrate and 9.8 g of nickel nitrate hexahydrate was impregnated
into one hundred grams of an aluminum carrier obtained in the above step at 25°C

for 45 minutes, to obtain a carrier loaded with metal components.

[0082] Following impregnation, the loaded carrier was dried at 120°C for 30
minutes using a drier, and calcined in a kiln at 620°C for 1.5 hours, to complete a

catalyst.

{0083] The amounts of the respective components and the properties of the

produced Catalyst A were as shown in Table 1.



into cylindrical grains having a dianeter of 0.9 to 1 mmand a |length of 3.5
mm Finally, the extruded silica-alumna gel was dried at 120C for 16 hours
in the presence of air, and calcined at 900C for 2 hours, to obtain an

al uni na cafMMQ WPSO0PRE  si|ica content in the obtained car FCEUSRRIS/OIHIAS W . o
WD 2006/ 009742 PCT/ US200%$/ 021149 -24- Production of Catalyst B 100871 100
m of a citric acid solution containing 20.2 g of anmonium nol ybdate
tetrahydrate and 10.9 g of nickel nitrate hexahydrate was inpregnated into
one hundred grans of an alum numcarrier obtained in the above step at 25C
for 45 mnutes, to obtain a carrier Ioadeg%mﬁth metal conponents. The | oaded

carrier was then dried at 120C for 30 minlites using a drier, and calcined in

ca kiln at 600C for 1.5 hours, to conplete a catalyst. The anmounts of the
respect i ve EX&AMBRENZ s RPnoduction mf §pasalyiseB @orraspopdingitetiCatalpsty(2)”)B were as
shown in Table 1. EXAMPLE 3 - Production of Catalyst C (corresponding to
said "Catalyst (2)") Production of Carrier [00881 An aqueous sol ution of

"sodi um hydrﬁxiﬁe was gded to a tank containing tap water to adjust pHto
13. Alumn Ton was added dropwi se to the tank, and the

af orenmenti oned heated aqueous sol ution of sodi um hydroxi de (prepared in
advance) was added for m xi ng. The aqueous sol ution obtained was further

mxed with mbmgqumm;&@hy&dmﬂoﬂbfmﬁhﬁmwdkmeivd@s addedHoqf taflk 2ofthiring
tenperature of 55C and held for 30 mnutes. Such addition and m xi ng

produced abpmater toyadijet eHyel 13.[ Ab8AhuAnsdfpte solutionlwis atdedfdrepwliseno ghd i cat e
was then added to an aqueous solution containing the alum na hydrate gel
usi ng ni t ritenkcing the adgyemeniiagert bsatertaqueous solution of sodium hydroxide

( prepared in advance was added for mixing. The obtained aqueous solution was
further mixed with aqueous solution of sodium hydroxide at pH 0f 9.5 ata
temperature of 55°C and held for 30 minutes. Such addition and mixing produced

alumina hydrate gel.

[0085]  An aqueous solution of sodium silicate was added to an aqueous solution
containing the aforementioned alumina hydrate gel using nitric acid or sodium
hydroxide as required, holding pH at 9.0. After separating the silica-alumina
hydrate gel from the solution, washing was performed using an aqueous solution of
ammonium carbonate so as to make a remaining amount of Na in filtrate 5 ppm or

( less to remove impurities in the gel.

[0086] The gel was then kneaded using a kneading machine for 20 minutes, to
improve the moldability of the gel, and then extruded using an extruding machine
into cylindrical grains having a diameter of 0.9 to 1 mm and a length of 3.5 mm.
Finally, the extruded silica-alumina gel was dried at 120°C for 16 hours in the
presence of air, and calcined at 900°C for 2 hours, to obtain an alumina carrier. The

silica content in the obtained carrier was 11.3 wt.%.



as required, holding pH at 9.0. After separating the silica-alumna hydrate
gel obtained in the aforenentioned process fromthe solution, washing was
per f or med 42 PCT/ 13S2005/ 021149 -25- using an tion
of ammoni umé?@gﬁgét}ggso as to make a remaining anount of%%?}rjlb%foiﬁfllﬁyate 5
ppmor less to renove inpurities in the gel. [0090] The gel was then kneaded
using a kneadi ng machine for 20 mnutes, to inprove the noldability of the
gel, which was then extruded using an extruding nachine into cylindrical
grains having a dianeter of 0.9 to 1 mmand a length of 3.5 mm Finally,
the extruded silica-alumna gel was dried gi 120C for 16 hours in the
presence of air, and cal cined at 900C for 2 hours, to obtain an alum na
carrier. The silica content in the obtained carrier was 11.3 w. %

Producti on dProdaictionssf CataD@d2B 100 ml of a citric acid solution containing
12.6 g of amonium nol ybdate tetrahydrate, 8.7g of nickel nitrate :
hexahydrate was inpregnated into one hundred grans of the silica-alum na

e ocar” SRR o8 o i R it B e RS0 e
catatyet . rinofafRebandtals B e B Fuickh Bitdh b ofas hiueRied ' o °
the Catal ystint ¥ed Rutfied @Faggsg bitarl @lnSindm G Fittathed i ’ﬂ%jéﬁi}\je%ﬁ){xt@ lyst

D Production of Carrier 2] A sodium alum nate solution was 'placed in a

tank cont ai nfongstraipure) &Y obtamrecanenldaded wittsmkfabtempohetits 0Thedsadwdded f or
m xing, to achieve a pH of 8.5 when the addition of the alum numsulfate
sol uti on wascarnerpwas then dried attl@ffe fen 3 minives wgngiaxdriey, ambcdeited imad kilne

retention tine 1.5 _hours. The )
at 60\6@8 for 1.5 hours, to complete a catalyst. The amounts of the respective

components and the properties of the produced Catalyst B were as shown in Table

1.

EXAMPLE 3 - Production of Catalyst C (corresponding to said “Catalyst (2)”)

Production of Carrier

[0088]  An aqueous solution of sodium hydroxide was added to a tank containing
tap water to adjust pH to 13. Aluminum sulfate solution was added dropwise to the
tank, and the aforementioned heated aqueous solution of sodium hydroxide
(prepared in advance) was added for mixing. The aqueous solution obtained was
further mixed with the aqueous solution of sodium hydroxide at pH 0f9.5 ata
temperature of 55°C and held for 30 minutes. Such addition and mixing produced

alumina hydrate gel.

[0089] An aqueous solution of sodium silicate was then added to an aqueous
solution containing the alumina hydrate gel using nitric acid or sodium hydroxide
as required, holding pH at 9.0. After separating the silica-alumina hydraté gel

obtained in the aforementioned process from the solution, washing was performed



WO 2006/ 009742 PCT/ US2005/ 021149 -26- addition and m xi ng generated an

al um na hydrate gel. Water glass (sodium silicate) as a silica source was
then m xed. The water gl ass had been placed in said tank together with the
al umi num sWQ 260G ution. In this case, the sodium sili PATASHGENREA r at i on
in the alum na gel aqueous solution was set at 1.6 w.% The silica- alum na
hydrate gel was separated fromthe solution, and washed wth hot water, to
renove the inpurities in the gel. The gel was then kneaded using a kneadi ng
machine for | hour, to inprove the noldability of the gel, and then extruded
using an extruding machine into cylindrical grains having a dianmeter of 0.9
to 1 nun and a length of 3.5 mm FinaIIyZSthe extruded silica-alum na gel
was dried at 120C for 16 hours in the presence of air, and calcined at 800C

for 2 hour%siﬁgoarpgglgéogs%oﬁiddnccﬁ-anﬁhamuﬁacmbﬁhﬁlrso athE rdkel £@nbAfihgnt in the

obt ai ned carrier wt.% Production of Catalyst D [00931 A soFution

Jobt ai ned bynsalditig NeOinnfiltate 2ppnoomiess & etk itputibied ig thef gelammoni um
nol ybdate tetrahydrate and 9.8 g of nickel nitrate hexahydrate was
i npregnated into one hundred grans of the silica-alumna carrier obtained

obove Bt O oEhe BV e it oo e A RhL g o
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sol ution argds enrBo Findllyg thenetaddedsilica-dlomine gel was dried at 120°C for 16 hours in
(

the presence of air, and calcined at 900°C for 2 hours, to obtain an alumina carrier.

The silica content in the obtained carrier was 11.3 wit.%.

Production of Catalyst C

[0091] 100 ml of a citric acid solution containing 12.6 g of ammonium
molybdate tetrahydrate, 8.7g of nickel nitrate hexahydrate was impregnated into
one hundred grams of the silica-alumina carrier obtained above at 25°C for 45
minutes, to obtain a carrier loaded with metal components. The loaded carrier was
dried at 120°C for 30 minutes using a drier and calcined in a kiln at 600°C for 1.5

i hours, to complete a catalyst. The amounts of the respective components and the

properties of the Catalyst C were as shown in Table 1.

EXAMPLE 4 - Production of Catalyst D

Production of Carrier

[0092] A sodium aluminate solution was placed in a tank containing tap water,
and an aluminum sulfate solution was added for mixing, to achieve a pH of 8.5
when the addition of the aluminum sulfate solution was completed. The

temperature during mixing was 64°C, and the retention time was 1.5 hours. The



si mul t aneously added dropwi se to a tank containing tap water, for m xing.
The m xing tenperature was 70C, and the pH during the dropw se addition was
7.5. { Sodi 3o € was added further until a final p'i‘c‘ffus%mﬁ/o‘ﬁ’?ﬁ
reached. The retention time was 70 m nutes. The resulting alumna ge? was
extruded and calcined as described for the carrier production nethod of
Catalyst D, to obtain alumna grains. Production of Catalyst E [0095] 100
m of a citric acid solution containing 17.2 g of ammoni um nol ybdate
tetrahydrate, 9.8 g of nickel nitrate hexahydrate was inpregnated into one
hundred grams of the silica-alum na carriej, obtained above at 25C for 45
m nutes, to obtain a carrier |oaded with retal conponents. The | oaded
carrier was dried and calcined as described for the catal yst production
met hod of Ceaddlityest aml mixing @eneiatedamalumlinahydroteege!. (Watteglasa(sadtum The
amounts of the respective conponents an e properties of th talyst E
were as shov§r‘|h¢%g)'lﬂétﬁ %h?&‘ SW%B@BF%WE@%PEQNBQ@DQ@Q%M&%U ?@ M6 -
Production qf t 5 . Prqduct | rier 96] A carriher w.th |arge
por s was. priga R R pliee SRbis JufRGdstB8 poim tikfee o
obtained f ofcorebratin i el A4 B AkoLOSAYEEn Wddkel BPT.6WLY NP Blical the
wa ed an

Catal yst C again, and the m xtur extru cal ci ned as escri bed

for the carrdleminy Detiate @ witsbpatael ffath ahe/SdluBon ! shdoWwhshied with dbBMasdr, to
carrier having a desired pore size distribution. Production of Catalyst F

[0098] 100 miemmfvedhe irpimtiesandhegele ol g wasithen kneddeidnising 4 kn2adngf

ammoent um machine for 1 hour, to improve the moldability of the gel, and then extruded using
an extruding machine into cylindrical grains having a diameter of 0.9 to 1 mm and
a length of 3.5 mm. Finally, the extruded silica-alumina gel was dried at 120°C for
16 hours in the presence of air, and calcined at 800°C for 2 hours, to obtain a silica-

alumina carrier. The silica content in the obtained carrier was 7 wt.%.

Production of Catalvst D

[0093] A solution obtained by adding 50 mi of 25% ammonia water to 16.4 g of
ammonium molybdate tetrahydrate and 9.8 g of nickel nitrate hexahydrate was
impregnated into one hundred grams of the silica-alumina carrier obtained above at
25°C for 45 minutes, to obtain a carrier loaded with metal components. The loaded
carrier was dried at 120°C for 30 minutes using a drier and calcined in a kiln at
540°C for 1.5 hours to complete a catalyst. The amounts of the respective

components and the properties of the Catalyst D were as shown in Table 1.



nol ybdate tetrahydrate and 9.5 g of nickel nitrate hexahydrate was

| npregnated into one hundred grans of the alumna carrier at 25C for 45
mnutes, and it was dried and cal cined as described for the production

met hod of C¥H%98¥743 to obtain a metal conponent | oaded(@di29e50211#He
anounts of the respective conponents and the properties of Catalyst F were
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EXAMPLE S - Production of Catalyst E

Production of Carrier

[0094]  Anp aluminum sulfate solution and a sodium aluminate solution were
simultaneously added dropwise to a tank containing tap water, for mixing. The
mixing temperature was 70°C, and the pH during the dropwise addition was 7.5.
Sodium aluminate was added further until a final pH of 9.5 was reached. The
retention time was 70 minutes. The resulting alumina gel was extruded and
calcined as described for the carrier production method of Catalyst D, to obtain

alumina grains.

Production of Catalyst E

[0095] 100 ml of a citric acid solution containing 17.2 g of ammonium
molybdate tetrahydrate, 9.8 g of nickel nitrate hexahydrate was impregnated into
one hundred grams of the silica-alumina carrier obtained above at 25°C for 45

E minutes, to obtain a carrier loaded with metal components. The loaded carrier was
dried and calcined as described for the catalyst production method of Catalyst D, to
obtain a metal component loaded carrier. The amounts of the respective

components and the properties of the Catalyst E were as shown in Table 1.
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EXAMPLE 6 - Production of Catalyst F

Production of Carrier

[0096] A carrier with large pores was produced according to the following

method.

{0097]  The carrier obtained for Catalyst C was ground and kneaded with the
alumina gel of the Catalyst C again, and the mixture was extruded and calcined as
described for the carrier production method of Catalyst D, to obtain a catalyst

carrier having a desired pore size distribution.

Production of Catalyst F

[0098] 100 ml of a citric acid aqueous-solution containing 17.2 g of ammonium
molybdate tetrahydrate and 9.5 g of nickel nitrate hexahydrate was impregnated
into one hundred grams of the alumina carrier at 25°C for 45 minutes, and it was
dried and calcined as described for the production method of Catalyst D, to obtain a
metal component 1oaded carmier. The amounts of the respective componehts and

the properties of Catalyst F were as shown in Table 1.
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WO 2006/ 009742 PCT/ 1JS2005/ 021149 -30- EXAMPLE 7 - Hydroprocessing [ 0099]
Table 2 shows the properties of the feedstock used. The feedstock contained
93 wt. % of GRyYBREGRLE havi ng boiling points of higher thapc§§§§ms,ﬂ2ﬁ49 w . %
of sulfur, 3300 wt. ppmof total nitrogen, 109 wt ppm of vanadium 46 w.
ppm of nickel, and 8 wt.% of asphaltene as normal heptane insoluble matter,
all based on the total weight of the feedstock. Table 2 Conposition of
Feedst ock M ddl e East vacuum resi due/ at nospheric residue R AR = 90:10

Sul fur (m.% 4.912 Nitrogen wt. m 3300 Metal (wt.ppm Vanadium 109

Ni ckel 46 Mcro Carbon Residue wt.%22.5 C7-insoluble wt.% 8.0 Vacuum
residue fractions (w.% 93 Density (g/mljgl15C 1.0298 * 1: Matter

i nsol uble in normal heptane. *2: Vacuum resi due fractions having boiling

poi nts of 538C and hjgher. *3: Measured according to distillation gas

chr omat ogr ada¥XAMBEY D- Sbysirpprogessing] Reactors were | oaded with Catal ysts A,
B, C D Eand Fin the conbinations shown in Table 3 for hydroprocessing.

[0099] Table 2 shows the properties of the feedstock used. The feedstock
contained 93 wt.% of components having boiling points of higher than 538°C, 4.9
wt.% of sulfur, 3300 wt. ppm of total nitrogen, 109 wt. ppm of vanadium, 46 wt.
ppm of nickel, and 8 wt.% of asphaltene as normal heptane insoluble fnatter, all

based on the total weight of the feedstock.

Table 2

Composition of Feedstock

Middle East vacuum residue/atmospheric residue
(VR:AR =90:10)

Sulfur (wt.%) 4.912
Nitrogen (wt.ppm) 3300
Metal (wt.ppm)

Vanadium 109

Nickel 46
Micro Carbon Residue (wt.%) 22.5
Cs-insoluble ™' (wt.%) 8.0
Vacuum residue fractions - ° (wt.%) 93
Density (g/ml; 15°C) 1.0298

*1: Matter insoluble in normal heptane.
*2: Vacuum residue fractions having boiling points of 538°C and higher.
*3: Measured according to distillation gas chromatography (ASTM D 5307).

[0100] Reactors were loaded with Catalysts A, B, C, D, E and F in the

combinations shown in Table 3 for hydroprocessing.

[0101) The feedstock with the properties stated in Table 2 in the liquid phase at

16.0 MPa was added to extra-heavy oil in the 415°C acceleration condition and



[0101] The feedstock with the properties stated in Table 2 in the liquid
phase at 16.0 MPa was added to extra-heavy oil in the 415C accel eration
condition and WO 2006/ 009742 PCT/ US2005/ 021149 -31 kept at a tenperature of
410C. Then WQ3PEH8N4has introduced at a ratio of suppli eBCHYRBYEA t he
feedstock (H2/G1) of 688 NL/L to obtain an oil product. [0102] The oil
product was collected and anal yzed to obtain VR conversion (cracking rate),
TLP (total liquid product), an anount of sedi ment generation, sulfur
concentration, and an anount of MCR (micro carbon residue). The results are
( shown in Table 3. WD 2006/ 009742 PCT/US2005/021139 32y v a EM01 ON 00
N(~ EKnnbOoOO-yoWUUr =myvwy ~wWNMOROO Op 00 OL -~a
H r Nr O0001 Vhn o 000O0 U, vk7wv t3lg aEo L my Vv. Vi inNp. C A
yj - ~-DO'0 0~ cJ 'N

kept at a temperature of 410°C. Then hydrogen was introduced at a ratio of

L]

supplied hydrogen to the feedstock (H,/Oil) of 688 NL/L to obtain an oil product.

[0102] The oil product was collected and analyzed to obtain VR conversion
(cracking rate), TLP (total liquid product), an amount of sediment generation, sulfur
concentration, and an amount of MCR (micro carbon residue). The results are

(' shown in Table 3.



_yNMr N-DIO - E

C MCL

< N E
oY

UL N NerRi&
aUkEkE -

>~ G WCO00 q o v,
e

>

QWCO L
EL
Qa

O'~y NNMNT
SpUadz

E mEXA-n o 0 £ 0 O-

U o'

~~ M C C Owo SogMos740U U u r”

DO wE--,r

(0]

~0 0Or rn

~n OOOOO0OE" OUUWLtON dy
OO0\ ON C ca cWU,

a . A
Wr

yspug Yy Aq paysiqeiss

* WUN{0NaJ JO JIMISU],, Wn{oxlad Jo anisu|
m_:::uE BuizAreue sy} Suowe (yY04E ON pue ¢/¢ 'ON uaaid) poyjew Jurzdjeue Juawlipas e 0O} I3)Jad spoylauwl yosE-dl pue $Le-dl

‘KeAnoadsal poyawl Vogg-dI PUe S/ ¢-d] U1l paqLdsap spoylsus 3yl 0 uipioooe juawipag

‘V06t-dl "sLE-d]

Aep BONEN[EAS L]XIS 3]

il 0Z1 'zl 4 Ll L1l Sl SIl uo 3onpoid ¢1L JO (%Im) Judu0d YOI

Aep uonEn{eAa YIxIs ay}

88°0 860 660 10'1 60 $6'0 680 060 uo 3onpoid 4L JO (% 14) JUiu0d Jnjing

Aep

UOEN[BAR L{IXIS 94 U0 1onpoad + DCHE

9Tl 88'0 L9°0 960 ZLl 6L°0 8L0 69°0 30 (%" 1) V6€-d] 3UaWIP3s Jusisixy

Kep uonen|eAas x1s ay) uo 1onpoid +

60°0 800 S0°0 500 60°0 80°0 800 900 DEPE JO (% 1) SLE-d] IUAWIPIS JUISIXT

Aep uonenjeas yixis ayi uo pnposd J1L

60 L0 §9°0 L0 £8°0 030 650 8F0 J0 (%1M) YO6£-dI JaUIpas Judsixy

ABp uonen[eAa Yix1s 2y; uo jonposd

§€°0 0z0 SI°0 L1'0 zz0 81°0 L1°Q 910 d1L30 (%) §LE-d] JuSwiipas Jusixy

ABD UOIIBO[BAD XIS

109 £LS Pes £9s '8¢ 1'LS £09 O'Ls ay uo jonpoxd Jo (%) UoIsIaAU0D YA

A4 154[e1RD) dq 1841 v isf|gey d1sAeie]) U skjeen  1sAeen DA | giskjee) days puooas ayj ojut payoed 1s&[eie))

d 1sA|eD q 184 EIrD V 1sATe1eD Y 1sA[e1eD) Ty isAlee) v i1sA|ee) v 1sA1eie)) | v isAjele) da=)s 15J ayy oyul payoed isdieied
9 3jdwexyg ¢ ajdwexy p dwexy ¢ ajdwexyqg 7 3qdwexyg I ajdwiexy

aanesedwo) | sanesedwo) | aapesedwo) | aaneredwory | aspeiedwo) | aapesedwor | z ajdwexy | | ajduexy

pajenjeA]] SUOHJBUIGLIO.) JSA|E)E))

£ IqeL




Udavvi Or WNc ENAOOOOOTIr+ A ~f UUEE uQms$v EO yr H
0O0~000000C OOVi CEAYyrooo00-yo0 KAmMmMUU9p 0 odp
Uc v MocdFvvoE v. ».v. Ooco0AOOUY .YY 'pdF CLo"~o0
Ao ComO&P26{PV4 0 00 37 0 .CO0. O ma E ¢ 3 > a BCT/ESHOIUNY | ow
mv Q.- a+ NNOr mrnL ryO hp~. 00C vy rtr... MM MXML
MycO Co00.. .~.~aKa~" ocecico ov%Lhcoov

[0103]  As can be seen from the results of Table 3 in the processing of vacuum
residue fractions, it is shown that compared with the comparative examples of
various catalyst combinations, Examples | and 2 can maintain high MCR removal
and also achieve high demetallization and high cracking rate, while decreasing

sediment formation.
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PCT/ US2005/ 021119 -33- [0103] As can be seen fromthe results of Table 3 in
t he processing of vacuum residue fractions, it is shown that conpared with
the conparative exanples of various catal yst conbi nati ons, Exanples 1 and 2
can maintain high MCR rempval and al so34chi eve high denetal lization and

hi gh cracking rate, while decreasing sedinent formation. -34- CLAIMS 1. A

met hod of hydroprocessi ng a heavy hydrocarbon oil, conprising: (a)
contacti nggQnsfirst hydroprocessing step the heavy hydrocarbon oil with
hydr ogen T@hlrpresence of a catalytically effective anount of a first

catal yst having activity for hydrocracking asphaltenes in the heavy
hydrocarbqgn oil, in,.order to produce, a roprocessed heavy hydrocarbon oil
navi g f ever adyRaRPLRER A TaRCRHEE Reduy WOPBBET BIropBERE and (b
contacti ng t he (d)xenQeinRGe aThst HyePYochkitpaed thOReRly hydotdtb&y sl @@aan in the
presence of a second, independently selected cat a@yst hawlgg activity for

hydr odesulhydiogen inghe pregenig af denterienlls ¢frctive pmepeat o edipiatal st Bavingvstizitn
for hydrocracking asphaltenes in the heavy hydrocarbon oil in order to produce a
hydroprocessed heavy hydrocarbon oil having fewer asphaltenes than the heavy hydrocarbon
feed, and
(b) contacting the hydroprocessed heavy hydrocarbon oil with hydrogen in the
presence of a second, independently selected catalyst having activity for hydrodesulfurizing
the hydroprocessed heavy hydrocarbon feed; wherein
(1) the second catalyst is a supported catalyst, with the support containing
about 2 wt. % to about 40 wt. % silica based on the total weight of the support,
(ii) the second catalyst is characterized by a pore size distribution having a
first peak with a peak position in the range of about 40 A diameter to about 200 A
diameter, with the first peak representing pores that together contain about 35% to
about 90% of the total pore volume of the catalyst, and
(iii) the pores of the first peak within a diameter range of about 20 A from

the peak position contain at least about 50% of the pore volume in the diameter range

of about 40 to about 200 A.

2. The method of claim 1, wherein the first catalyst comprises a porous inorganic carrier
loaded with about 7 to about 20 wt. % of the oxide of at least one Group VI(b) metal of the
Periodic Table and about 0.5 to about 6 wt. % of the oxide of at least one Group VIII metal

of the Periodic Table; the weight percents being based on the weight of the catalyst.

3. The method of claim 2 wherein the first catalyst is characterized by (a) a specific
surface area of about 100 to about 180 m”/g, and (b) a total pore volume of at least about 0.55
ml/g.



(1) the second catalyst is a supported catalyst, with the support containing
about 2 wt. %to about 40 wt. % silica based on the total weight of the
support, (ii) the second catalyst is characterized by a pore size
distribution having a first peak with a peak position in the range of about
40 A dianeter to about 200 A dianeter, with the first peak representing
pores that together contain about 35%tg_ about 90% of the total pore volune
of the catalyst, and (iii) the pores of 3T he first peak within a diameter
range of about 20 A from the peak position contain at |east about 50% of
the pore volune in the dianeter range of about 40 to about 200 A. 2. The

met hod of 4¢l ai 'Ihémemro?'c[&uhh&vﬁdréiﬁihe%tdﬂatéﬁlst EQHﬁﬁétﬁﬁ.ﬁed% Re§z4 norgani c
carrier |oaded with about 7 to about 20 wt. % of the oxi de of at |east one

Group VI ( léjstihaxtigh waereimihe praporti of theaml@nanﬂhan@m havisg dl@mamf apleagt. % of
the oxide agtf)ut%)O elg% le%ﬁ%b@t%ﬁ%{, Elésleh e%ota ?rﬁe Capeérlydgtgﬁ& | e; the

wei ght percent’s e net hod of

claim?2 vawmrthmtdfehé vdlaihe ofithe lpyres hhﬁngbﬁm&tﬁdﬂazwdstbyoﬁt@)ooa ﬁsmgdsfffo@n
surface area of abog 100 to about 180 nR/g, and (b) a total pore volunme of
at | east &Boitl0f tgmboyt30ge, baspd onhe fPF?éP%tVHBH‘%f claim2 wherein the first

catalyst is characterized by a pore size distribution wherein the
proportion of the volune of the pores having dianmeters of at |east about
200 A is & | edbt nebwmdiof R 1balwecn te sedrandicotabist qammisamhmes teaatdbutdewei n t he

2000 A r ke P Sk i oo ThBhmosbol Sttt 54 dhoat O35 01 L.

5. The metsnag. GfofGh akitle bf Whigiebie GRRpSAFGHSaIGFHIH NeHodfOTadld, #Rswaput 5 to
about 30 wt. O%of an oxide of at |east one Goup VI(b) netal of the

Peri odi c PaIseRts aﬁﬂneé-‘trem Vi(blandyGegtyp ML Malmmdes/(b@ng based ondie weighitofitheast one
G oup VI Icéfrﬂa of the Periodic Table, the weight percents of the G oup
VI (b) and Jup VIIl metal oxides being based on the wei ght of the

6. The method of claim 5 wherein the second catalyst is characterized by a specific
surface area of about 150 to about 400 m%/g, and a total pore volume of about 0.3 to about 1.2
ml/g.

7. The method of claim 5, wherein the second catalyst is characterized by a pore size
distribution having:

a second peak representing pores in a range of about 200 A diameter to about 2000 A
diameter;

pores having a diameter in the range of about 200 A to about 1000 A, wherein the
pores having a diameter in the range of about 200 A to about 1000 A contain about 10% to
about 60% of the total pore volume of the catalyst; and

wherein the pores having a diameter of at least 1000 A contain about 20% or less of
the total pore volume of the catalyst, and wherein the catalyst has a mean pore diameter in

the range of about 70 to about 180 A.

8. The method of claim 1, wherein the hydroprocessing is carried out at a temperature of
about 350 to about 450°C. and a pressure of about 5 to about 25 MPa in the first and second

reaction zones.



catalyst. 6. The nethod of claim5 wherein the second catalyst is
characterized by a specific surface area of about 150 to about 400 n2/g,
and a total pore volune of about 0.3 to about 1.2 m/g. 7. The method of
claim5, wherein the second catalyst is characterized by a pore size

di stribution having: a second peak representing pores in a range of about
200 A dianeter to about 2000 A dianeter; pores having a dianmeter in the
range of about 200 A to about 1000 A, wherein the pores having a di aneter
in the range of about 200 A to about 1000 A contain about 10%to about 60%
of the total pore volune of the catal yst; and wherein the pores having a

di aneter of at TheaRthoddPLlafin GORhEER RDIKALy RN QlbdrfsiPdiffosed Heart BliBAtePOr €
vol ume of the catalyst, and wherein the catalyst has a nean pore dianeter in
t he range bed isdivenght NG cantacbwith thedgydroprecessigcataystod of claim 1, wherein the
hydroprocessing is carried out at a tenperature of about 350 to about 450C.
and a pressure of about 5 to about 25 MPa in the first and second reaction
zones. -349. 9. Tho ettt dOdlaith 1 CvhérBinthe fobdtRkNs h@mbdesheyic siliue ¢afitiRiheOI |

di sposed as an ebullated bed is brought into_contact with the

hydr opr oc 884t 3§ vt ater yagre of| gpmpprentpheifipg akivedP&itm 1, wherein the feedst ock
is an atnospheric residue containing about 30 wt. % or nore of conponents
boi l i ng above 538C. 11. The method of claim1l, wherein the feedstock is a
vacuum r edildue Thoniethodiofi glaatyd ywvher6idl thd feedétak ismvauain reddpocvardising abdut ng

above 538%0 wt. % or more of components boiling above 538°C.



