TI TLE HYDROPROCESSI NG OF HEAVY HYDROCARBON FEEDS | N LI QUI D- FULL REACTORS
5FI ELD OF THE | NVENTI ON The present invention relates to a process
for hydropoaoesssiyg heavy hydrocarbon feeds in single-prasais2étiigssod: f ul |
reactors. BACKGROUND OF THE | NVENTI ON Heavy hydrocarbon m xtures contain
conpounds wi th high boiling 10points, \ﬂiﬁ are generally characterized as
havi ng hi gh asphal tene content, high LEsi ty and hi gh density. Today,
producers of hea‘\_/légk%()jrocar bon m xtures have few options for their use, and

the options avai RRQCESBING QP HEAWY dHWRBQGARBON FEEDS Wal t enes are
present in heavy hydrocarbon nj ] m een referred to literally
as the "bottom of the barrel™ ”}I’?l%‘li[fﬁpg ﬁ%lﬁﬁéﬁcﬁgt is, asphaltenes are
present in heavy hydrocarbon m xtures such as vacuum resi dues after higher
val ue products, for exanple, naphtha (for gasoline) and diesel (for diesel
fuel), are renoved. The heavy LEROGR" I | | may further undergo

sol vent-&easphal ting to produ } DAO), 20which can be
used, for exanple, as a feed to a fluid catalétic cracking (FCC) unit.

Some heavy hydr ocd1eRigSANkINYPRUOTLFRIAIES dQ 2OFRSS IIOYPIRATORRSINABEY oi | ) ,
which is a !rﬁ)ﬁr eﬁ,ggn@éédsbigaﬂgé;tggjd}«%\gg}/@é&g_f@ppeddt ted use because of its

hi gh vi scosit’'y (needs to e use, and cannot be used in
today's 25 vehicles) and § sl i of contam nants such
asksul ]Ic-llcj)r- Heavy hydrocar BAEKE %mlsl FHJI-ﬁéf]fW@ %%Nker units to produce
coke. wever, cqker unifs are genera inefficien ensjivye to operate
and suscept | bi e deerpdsieabPaaBRld ot rambRiRU WO AR blingle o hi gh
ar omat i ¢joCorgcits, 8hd asdhahéNeeharsbditddeneRaiBY ikt H56HthiRReIntshtf uel s,

30but sul fur, nitrogen and netal content may be too high to neet quality

aﬂd em'hSﬁ i grhigfﬂ disgasigisand high densétsrvqu@adL pragusers @i mawésyohmgarb@nup%r aded
Lar ge vol uma T eR B gl eRbens st iPedReorii Pis ERhomlaliRpifiay” = "o

hydr ocar bon reiaxivelydswaseiniveroiallvalge (expensive) reactors are used. High
hydr ogen 5Suptake that occurs in hydroprocessi ng heavy hydrocarbon m xtures

results in high hegihzenes aké preseMircRe®dmydsshrbohimixanks apakide of the
catal yst, and catalyst deactivation. Hi gh hydrogen input also results in

tremendods HBeanogéerrediy/ieeallyas e “petiamrefdhe bierrgh in wilnatringutinat isar ge

eavy. 10nyarBonpiBcs, Alerbres¥L MRy AR08 ShiRls e St a5 Yablo aner er
l'imtations rdgieuks dfteehigher ghlue mrogaatisy fdrlexantl@giaphiies sfoe gayelir) @nd need

to recycle feed). , Hydr opr ocessi ng_of m xtures containing relatively
hi gh asphal tHeRel diondianel fuelhare rempyed .y ThefreayyinydrocappRn HEIRSMEN ni ng
m xtures nu ﬂﬁ’cﬁ@r@ | L i 4t be fed
to a react oﬁpﬂﬁ%%ver,Bg\ggé\%rnm%ﬁg%%ﬁﬁ? Ecggg:[]ogﬁ\é%aﬁcelgag aH#” 8rdr]!18(g)éa‘5(?£gat es and
cl og pi pes. wisiphabhdressat, dorad e plepas atfeed éaatfivichtatabdicadrgskisg (FQC) udi ng
by mechani sns_in which the asphaltenes form coke deposits or sinply

preci pitate WH-the catal yst surfaces. (See, for exanple, Absi-Halabi, et
al., 20 Appl. Catal. 72 (1991) 193-215 and Vogelaar, et al., Catalysis
Today, 154 (2010)Someheayy hydmiareem ruxturesiaie Wes a%iﬁﬁ'%f%’ oliNe el ng

f eeds havi ng.:Ri.gh: t : i A I her,
renoval of %?"?’r@@'é’ﬁ??%n"“@%ﬂ%ﬁp ’eﬁéevsmé]gd@g%@?gber{rdelgh @li&ﬁj ;séj&a‘e,l{: %uﬁjﬁ@;en in
asphal t enes high nisicosiyy (Eedsitode heatbe befavaruseabngd cannot be used in today’s

25  vehicles) and its relatively high content of contaminants such as sulfur.
Heavy hydrocarbon mixtures may be fed to coker units to produce coke.
However, coker units are generally inefficient, expensive to operate and
susceptible to frequent process upsets and shutdowns, often due to high
aromatic content of asphaltenes. Asphaltenes may be used as solid fuels,

30  but sulfur, nitrogen and metal content may be too high to meet quality and

emission standards.



25rings, which require a first hydrogenation step prior to renoving the
nitrogen. Steric effects may further hinder nitrogen renoval. (See,

Trytten, w02a12/05839ad. Enq. Chem Res., 29 (1990), 725-730T)us2011/05803hus,
conventi onal processes for hydr oprocessi ng heavy hydrocarbons has nany

di sadvant ages. | I uite ex ensi ve 30 react ors, large
conpressors, costls 31‘ (¥r %PE”&@'X%? MaYeRe Hi('] #@rta B9 cost to shut down
and to repl HRY ékﬂ%@ésﬁ@%étﬁbéé §u9@§§Wytﬁﬁitﬁ,fbtlﬁgtét‘tdyﬁ}c)rocrﬁlaﬁfng Aefge
additional inefficiencies due to recycle of feéd because of lNow

conver si ons.vaBimes of bydiogen asalrequirechfor hygeoproeessing haavahydracabotont ent

t diff t f t A nunb fh hyd b
i xtur es. ar dMPh 20y BABR (PRRNE repsiom RErUSRE 8L MERR Y ca el rry
oi I (CSOs | suptakemat ocbydringse hgoaes@mg BeaWnhgdirocarddrembetiesresats a f 1 uid

catal ytic cracki nﬁ (FCC) wunit. O represents about 6% of the FCC feed.
Heavy hydr odami@h ﬁ@tﬂ%@tl@hwmﬁﬁ §abée$}ét inveaid ¢iin® Pf thesgrtalysiaand

bi t unen-deri E‘te@é’ | ;{lﬁ%ﬁa f | nds
extraction pérégc sses‘%t'g?ﬁ?rf er rgg rﬁﬁ;&%&%ﬁ @ﬁts rtﬁgtn%nldoﬁge derived
from ot her pryaecegeresedyole, mldhreummeglaemm%nuecem aa@meheetﬂ
Therefore, there is a need to devel op process for_treati ng heavy

9

hydr ocar bon THiNace) 88d hugh h%‘ﬂﬂOS?P)gaﬁtﬁ%@)orﬁ%'PHdJOﬁ@ A YRREAR lPne%i\é’phal t ene
contents,, es and

difficul t| wﬂwﬁér?%m& %?gf)ér/@(?gésﬁ?ﬁg%‘gtregggi%”edsm%%‘%%ﬁﬁg?ént i nvention 15
provi des a pimitamsstdueupgheiddigheasgoditydiave amgimpasxcomessiandneédifo i ncr ease
t he val ue thatvga? %ﬁ derived fromsuch m xtures. SUMVARY OF THE | NVENTI ON
The present FRYERITHN: provi des a process for treating a heavy hydrocarbon
feed which conprises gc%ge ontactln the feed wwth (i) a diluent 20and (ii)
hydr ogen to pr odUddrgp¥ éﬁ'ﬂQIQféﬂ't( 9%?6@@W'ﬂ9i@'@?‘@'ymﬁﬁhqtﬁéehydrogen

i s dissolve o] ting the
feed/ dil uen%dﬁ&ﬁtﬁ?gﬁhﬁugrﬁ/ c’gﬁlvc\:nﬂ[th‘ﬂs%ﬁaﬁerlté %hﬁl | g%IX&JPéSdF@%F ?gr eactor, to
produce 1a prhedated prioxtouuss togprdv(de)a fleicytbat can bemexﬂ to amezaxttot hEeloprepdyct

W ih 25the fEd tiére?ﬂ@@?ggﬁéafqtnégiq%ﬁaﬁ%ﬁbgisé‘éﬁgs A8 69 HBsS: | step (a) ar

a recycl e ragfdihditenas bad dRoHRnoWPId ddtiilate ééta%@%u'inchﬁﬁlng“b?re' n the feed
has an asphal tene content of at |east 3% based on the total weight of the

feed; and whieedhanigipdrinydich hefasphatieaes o odteedep@aanﬂsmplyat | east 160

o ol " cofBpePERte B inc BaPhygt e, ERaBRlf RbdiyialE gLe " "
stream 4on t%@IC@quz (@AY ap3(B)5 artdWo@ee@rremlbe:atém@crtca@vvmsm t he

di l uent and é en separately in either order, that 1s, (1) first with
diluent to (PBHALeS8-2&RN/Thereiert trafkionakortians afgraning Tesds Baxng t o

produce a fgg@%%tsép.@[gr{ehy&{t @éﬁﬁmﬂéd(' i) first wwth hydrogen to

produce a f rogen mx ure an en Wth diluent to produce a

feed/diluent/hydr xture. rabl d i.s.first contacted W th
the dil uent. The STGUEBEr 8 Buet GERGRN MoRbosn HikaeS s HoTeodRBa o f ul|
reactors, i ryiffeLch NwysliergRnadphaRERES R miathly Bentairtd il Hlé®@romatic  The heavy
hydr ocar bon feed has a vi scosi té of at least 5 centipoise (cP), a density
of at | st rows. MyiGhresuirg a tigpBydrnogesation see Qr_rpzctq:)remgmgatheend boi i ng
point in th 0 The
feed al so his{rgg%?omeréﬁeﬁ%mﬁﬁﬂg ﬁ@égﬁ%g@%e& cﬁt‘t"ég @éetlﬁ(egﬁﬁ%l ‘phat i c
unsatu rati et adf IMh&EdeShenofRed., Po§$99®), 7p5a3er)abl y at | east 10. The
catal yst is a hydroprocessing catal yst conprising one or nore non-precious
nmetal s sel ected fTH ebevaitRHAl gw@essésfwwtdrcspr@tseésu d@ﬁbaw nol ybdenum and
tungsten and conbinati ons of two or nore thereof; 15t he catalyst is
support ed omydregaibonghaginmaity. disedyariager, Itas ze@altytwteoexrwn@mtﬁlafgeu on of

two or npre r%ggfo?g,flarglal':cwﬂ)t%@sgt%,sg&g%mcycle of both feed and hydrogen,

cost to shut down and to replace and/or regenerate deactivated catalyst).

There are additional inefficiencies due to recycle of feed because of low



The present invention provides a process for hydroprocessi ng a heavy

hydr ocar bon feed, which conprises (a) contacting the feed with (i) a

20di | uentweardi12(asB396hydr ogen to produce a feed/ di | uent/ hpdragen 1/05s08ur e,
wherein the hydrogen is dissolved in the mxture to provide a liquid feed;

(b) contactin thefee ent/ hydro en mxt th a.catalyst, in a
|t ot ar | lyerns  glibusthetes i StageM el ped AaatE PoRE ol  ng a
portion of thes@isitielitiesXérssmasysteheycl e product stream by conbining the
recycle 25product streamw th the feed to provide at |east a portion of the
di luent in step (@huﬁ{beﬁoﬁéé{\ﬁ}s' &@Eb%dn%&trég%??%a fidgavpput 1 to about

10. The diluent conprises essenti a or consists of recycled
pr oduct streaﬁmeﬂ'dseearhcdaeﬂwdnmumesas@llaafle@Bkurlqmntmog)fs ahebepst 3% based on

t he total i ght the feed. K The d h I t t | t
5P, a dendMUPGATDIR TESSUNSHe ke patains Bt Bl raBhie GroetResar)  “and
an_end boi | it ROSOE rebReddis BBAGEE Blof(the PCRPRIdd. 4305 Rf@BLaippabout Yooc

(1300F). The feed al so has a brom ne nunber of at l[edst” 5, preferably at
| east 10. Hydixtyren cap alsebeiderivee froonokhsands, é\tbaiimmen derieeflihoayyegas anount

of at |east 16 9 f/h I . Preferabl en is f inp _an anount
oqutval ent 3 QO s PRIOTA08S. 5081 Servs i aciit 84Rshes o5y el 's30 1 1)
(2000- 3000 sida\iiHydroddtbbh fedtispa tbeldefﬁﬂeﬁlfﬂfmldthéﬁ&obé@eesf@bl%ldrhat

hydr ogen sol ubi |t| es in 5heavy@cgdr ocarbon m xtures in the presence of the
di | uent &t Hydheypradueysengra eapeadat ures of 250-450C are unexpectedly high

and therefore, operation of the process of the present invention, which
uses |iquid-full Thesefooe dheie is awryde@gbdewles@l p/rede$31fotrhr@a|tlhglhie@vyi S

i si 'y eff t b st tt h
SUeel bt o RSkt RatRuialyahogs Bavidh telekie¥inigh ARSnATHRE (o 12Ve
di esel m xt Lﬁcﬁltéhtsewhlz:ﬂ éilﬁ‘flﬁ@tléb (:ﬂ!fové%Ié_REld"i/%i'i‘If@%Le{S| iﬁﬁée@éleﬁﬁﬁﬂogen per liter

of diesel at 1000 ?‘h .9 MPa and 3500 i gh hydrogen solubility is
i mport ant asﬂlfﬁﬁe'élﬁﬁr\l@ @KWI" y‘dflo@&ﬁﬂ@@rmgf@r@QQS$Q§quTh%§rQ’ﬁe@hIWGHUO@S of

ryar ogen'™ o FIERBERaPToRee BLPParReR e ) ALtk RRa T o .

sat ur at e ol dfitrease tiegoaieestbhf ¢can baiderioge fronasdcheiialresont ani nants, and for
cracki ng. The process of this invention operates as a |liqui d-fuI I

process. By "liquid-full prSesMARYIOFTHERMVENTION that all of the
hydr ogen present in the process 1s dissolved rnTrquid. Simlarly, a

liquid-full react i nis

di ssol ved in the qu%r;%g@nf]fglggﬁ%n B%“id%gsééﬁfoﬁsg fe;%% [ Heaurh | ty in the
liquid, a |ihygirocdrodh fegedobih mpmls&:se(aéxpetaoedgtthe feed with (i) @i diluent n
hydroproceSS| ydrocarb risin in.t pr esent
ventt ol - redl brdBRE REPENE SRy cmninyRtidRn B0 wnsfe e 10" n
l'iquid-full Hpegssis dissaN&d trpth@&ﬂtxtdreetogp‘ﬁomeraqm FEAE WIPEArRACtRaUI r ement
for hydroproce55|ng a heavy hydrocarbon feed of the hydrogen required
in the hydrdpedeed Ilu@wtéfwdmgecmmmumutm alstadalysid in 8 liguislsiyll veactph tohe |i qui d

o e et o BRI P SRS el Bl o gl e oot
avoi ded and dg& cééyel@e@d&@@e@e@himdmbmwy bl regyitlo pesdgastrarst withssol ve in
the liquid feed and then transport to urface of the catalyst) is

unnecessdry.theiesd B?rp@w%atdﬁﬁ%tra p@ﬁ@@cﬁf tB?ﬂ'é‘h‘%’f PSR at @ §EYElRi ckl e bed
systems wi t holibe, QtrBﬁQéi?)P%rofne%Lﬁelnﬁrﬁbdd? 10k '\Hﬁer‘élrﬁﬁgsfé@%%gsarf or large

hydr ogen conpressor drogen rec he overal | capital
cost for hychscmmebeleeson@nheaaylehym%caabemoﬁeleelﬂaotelswg'rgembf merfeéchd

conpared to conventi onal t i ckl e bed dr oprocessi n olo or even
o Ty have edk LAysERGER S fed 0 SR BPUET GLASRoITERE 1 ¢ one
"'ydrolorC’C‘af’rﬁld"r‘&g?]en?l i e d19& u g@(ﬁﬂ% cfBY); PARFGPErdiR de bfu&r Eoibstgut i n

the presence "of ydrogen, 1nc ut not liTmted to, hydrogenation,
hydr ot r et i r&ﬁsehgxalboralfesub@mustsamreoyclempctrdumestreamgdnethe @pntactlng step

hydr odeoxyge ?tthg?éeé% Qe OB AL AL AT the T SRANY }*(')gzeantseopeirately in

either order, that is, (i) first with diluent to produce a feed/diluent mixture and




10hydr oi soneri zati on, and hydrocracki ng. "FCC' as used herein neans a
fluid catalytic cracker, or the process of fluid catal ytic cracking.

"Bi t umren"wao01easeddkerein refers to a m xture of organi c Poatusee1alossoshat are
hi ghly vi scous, and conposed prinarily of highly condensed pol ycyclic
15aromati c drocar,bo tura or . crude bjtunen.is a sticky,
Lar-Tike §orliPb BUnEpashia Rlticb o GadidikelvalORER Fy XD 11 Tal: *be
heated or diy ﬁ?dr%@faﬁﬁ@ p‘rédd&e'éfééo?ﬁ% r@gén?ﬁi@%e%h@ tRer$ Yithcflught to
natural | y-occurring~bitunen fined bitinen is the residual (bottom
fracti on obtRriPdece bjeed/ddwerdﬁe/dr@@m mixters. olﬁreiera@iwtﬂe feed is fiBt Feeds

A heavy hydroc on f. d t hat conprises one of dr ocar bons,
therai i t he PEMARAwiEie dunt ofite bifiesk ¥ BraF rE it ol BUSOEHTR ¢ he
total weisght|igefd-iunaeheris, id hehiets RPdiogenas prsyEine i thef lidusdphiade.dr ocar bons
generally varies over a range of from about 3%to about 15% 25 and

somet i tes can be P Realy fraSioohased nas o sl alr Ry AhniipbRe eed.  The

Conr adson carbon content” i's in the range of from about 25% t 0 about 8.0%
by wei ght, HaBad densltye)ftattleast\s@iodig/mofataHerTme@turerh‘e5®°éb612€BE) @nd scosity

of at least 5 cP,.a. .density t 900 kgl e ature of 50C
(1206 Can aue RIS Retstvle Hhe, Pinas Sttard e tPe B Gl FIBBEERLAOR) *50 to
about 700C (ARPER)300TRS. THe f@eava{s@hdée%bhﬂﬁ'e RamberWweighkehi ng poi nt,

high viscosity, high density relative to |ighter refinery streams such as

mi ddl e diost jingligatien aﬁma@lm@ﬁﬁg@saturat@n Qﬂw@ed@ﬂéa efyatdeasidapyeipiaiivahr bon
m xtures (a 88%'“ on conprising two or nore heavy hydrocarbons) at
standard terrperature and pressure ( STP, about 15. SC (60F) and 1 at nosphere

(101 kPa)) typic i\ X B/ge om about g rTE out 1075 kg/ nB; the
viscosity at STP ﬁ\é?%é 'Sr% @pfﬁ"&ﬁﬁséﬂ@o‘éﬂ oS .@9’1‘8”%18819994%“8 5t he API
gravity typingH- bbéckﬁ&%étd‘lé §@b@%ﬁo@5hé@r@ﬂ9@én§stmg of nicRélecdisall, l ng point
for a heavy hydrocarbon feed varies over a ran? from about 200C t o about
700C (400F- 1f’BQ|(V|3§19nldﬁcﬁrtﬁoﬁuﬂ%ﬁﬁﬁ‘rm?d@(wbtrﬁﬁoéﬁ@ byee pr mpredereof,oand heavy
hydr ocar on about 700C
(1300F). lg O‘Itﬁ%)rggk% % I§S{J/§P(}f£$d 6&%%09%&%@5@?}2@%&%@2% 0%8%332%/6)/ qr?ydrocar bon
feeds avai l edainquamryofmmowmbr@mereef whi ch are suitable to be upgraded by
the liquid-full hydroprocessing process of the present invention. One

exanpl e of a heavy hydrocar bonpETadLEP PESCRIPTI®N sl urry oil (CS0), which
is produced in an oil refinery as the bottons iraction of an 15FCC unit.

Catalyst fines armSeRAAE PlehliGbididdsE hBtbRy @ildBEesdiPpCal |y by
settling, before t IS use Large vol unes o O'are avallable from
FCC units. FFmavgmmmarborm&erhwﬂmh gowpriges (&) camtactmgytheEdeed miiths(i)ias

t ed| 0,000 netric t t pd d.CSO i bout
1157000 b S1gh P LR b S AReoflbyBusdRERTR S 2 S0about
800, 000 t pd,wrardirGHe fir@@éwts 981084 trnghe(Pi@ure tblptbddEeat R|Wid Feedo(BEKI NG
and Light Oefins Production Plus Latest Refining Technol ogy Devel opnent s

and Li censi r@ntaotmrtbeéewdllwﬁlhygmg@ ofpEenyith sceatalyals ire@iguidafulio399

2501 ontt i n 0P gPaRB YR TERO R BB 38, foy iR BB 1 T ea ™5y
sul fur and rgrbdoganixamretasnd rédyate p@ﬂubﬂswmlbvamrﬁbmtr@ tharrecygiear uses. For
exanple, for use as a feed to an nitrogen content nust be |ess

than 1709 pe{?rPQU@e?trerﬁnl‘ W'tbﬁh%%@ﬁ tQ Broéﬂﬂﬂ et |8é§tc% podion tae diluentrac

cat al yst { treat
CSO tBCI)SSOpr L%QFB @)Iaé}gir PéeC?MElréeraB{)?r‘fﬁisréﬂgé OIf/Q’P 0 g {roe Icﬁgﬁfﬁﬁﬁmﬁérﬂg use
as a feed fmonm@esncmsslstasassbatlalt;eait edconsistisaif reaycléﬁmmcmchstreamen cont ent
of less tha

dit t th d b
Peete T nel adEe. GedS apiasehaliens oo il L iea % haseaian heamalegior ] "
thermal cr ac&ﬂ"tﬁ@ FESQOTS fod Rk SisolAH DREWIPHI athe\,‘é’étcﬁ £ uaas.anef &

hydr ocracki ng, straight run cut
30 least 900 kg/m® at a temperature of 50°C (120°F), and an end boiling point in
the range of from about 450°C (840°F) to about 700°C (1300°F). The feed

also has a bromine number of at least 5, preferably at least 10. Hydrogen is




froma crude oil unit, and m xtures of two or nore thereof. Such heavy

5hydr ocarbons are known to those skilled in the art. The heavy
hydr ocar bwo zbmus39may al so i nclude bitunmen, including biPCurasnoesssoact ed
fromoil sands. sands are |arge deposits of naturally occurring

t f bit t d, nd ot h |
found on thdS 'eﬁﬂ%”eorii%t?rigcg%%ﬁwcmme@ PURERS 3Bt G IB1R0G0 sands
and separ at agfbboMHBRrobI) e ngmp.@e@a% bR laheoned efqm.\faeént% 180- Seweyl ar gest

oi | sands deposits are ouné/dl n Canada and Venezuel a. Catal yst

catal yst is (41860 30@0t8¢é/bh9dmp¢ peafersbty 3p0-GS3644 (90Q-B0Q0 isal/e).i on to
catal yze reaction of hydrogen with the heavy hydrocarbon feed to provide
150ne or nore of Inebluielpresmtlrweuheautmmbeﬂn fouotlthel Rfdrogen aodbditiesdt i ¢
car bon- carg]on doubl e b r enpv or reducfttbon of quur ni t rogen,

oxygen, vy y@fq‘F@r 9'3) PANEENY ﬁsor?ﬁe'?%o 3@"596 & acking (reduction
of ol ecul arnyRsBikbss T forfBLANBEONIBRUSRC A IAPBERA nighiand nvent i on

conprise a metal 20and an oxi de support. The netal I's a non-precious netal
sel ect ed fr dhetdieregopearatioorafitee precess atitiek presemnd invebion, whieh usesbi nat i ons

t hereof . N c¢kel d/ or cob s t al | ined with rml denum or
tungst en orqgupoﬁ@ rﬁﬁf; 0om M athé}ygmgé/rgglgfs%lyégllnﬂ% léq%’t'glsuf%r's bnbi nati on of
netal s sel ecdpgleht. 0By tHIGhURRIHBgERRBILBIIINIL @fméa@tktelhaml ySslapup 6N M)

cobal t- 25nol ybdenum (CoMp)’, nickel -tungsten (Ni W and cobalt-tungsten

(Cowy. 10 hyrregemeaval tacs ssedpbasdhahinem Ricak dieqs) orikiuraiee. (:7)@ de is a
Tono- or i XSRUBBLA! 1551 imeP 1o SERNBAL 9By Mler YA BPI606 ey’ - The
grou u | ca

oxide can b ected fromt nsi s m na,

titania, zirgompa ahd%@PQwhH;grshydrogealsummay wmwmmtraatt'reanmgof two or
nore t hereof. For 30$) Boses of this invention, silica-al um na i ncl udes
zeolites. PdraavydysF @'éf%ﬁdsc@ﬂb.'lr?%p@h YP'P'FG@SFS?‘CMQE%%T Of his invention

o orPalt Iloredany RorRURAeN LB 18 Pidh AYAHLER pREUBRAROMydtdenis

ni ckel - nol yb um supporte
may furtiser rcemd}eldiisebrerantihgmemay@nydedcxarbmfaﬁdisrtg ﬁaarelxamplesmarwahe activated
char coal , g;ojé) |te and flbl’l nanot ube car bon 5cal ¢i um

car bonat &, ST SHl SESGR, oM TaSR Gomantaanienand P Gasibt or ey

be used with the active nmetal in the process of the present invention.

Sui tabl e netal prigfoROCess REINRIEVEPt9N epaiaies ?‘Sa?ﬂdlq'ql'qurb@ré’%s? aPKali netals
d al kal I 2
i, “copper . 1Gap {0 BRI, iR thestt el ol st (IREOGER R 48 1)
met aI s (Fe, pracessis ctissol\Féfd inl [rquidNi SlrﬁmbrIyPa)Ilqu‘ﬂ}ﬁJIIcmaaﬂoyss 8 reagtoalnso be
ted with fl d/ hosph Th talyst ig.activated
Dy v anich A5 R 3RSl REREGI S piae, L8, Wt v e

hydrotreati ﬂﬁ/dﬁ’é‘%ﬁ’? é&[]&l|tyT|h€thé%éldY%tllq%ﬁﬂfLmepr%@é@\Vv%QIot% BLp é’éiéd% a
vari ety of ways known iIn art. Preferably, a pref orrre (e.g.,

al ready cal dciew@d)‘flqmtam hwriqumo¢®smge@|f hawty hydaogarbons.he netal oxide is
preferably cal ci ned before application of the active netal. The nethod of
pl acing the acti \Burpnslaglyo'm thieepresestt inventitm, iasreasdonabletandaklatiSelyer al

t hod k t t. ) i t.abl t al t | abl
Commoror o emabiscPierabe 51 ag Ot g Eofeeh i hetb srsiahe ol os. mor e
pref er ably $iaRsGerPashd A RUSHREkAYoSIREbhglsnamant he calalyst

an extrudate. Extrudates include c pell ets and
spheres. q/lhyrdd@carbhamw malf ohtheehyarbpewréauiead mrtbemydmmneemngmr e

i nforci b haped
[ ubes. " or oodeaniPn aalafe bl i ok ol St tiedd AN, ThE"haped
cat al yst pardyidebgen- an@émuée@naﬁtufr@@r@@lttbalu%al&tar(uﬁlﬂwpr&e@éow@bout 0.5

inch) in dianeter when a packed bed reactor is used. Mre preferably, the
cat al yst parfresert ingentiosut Hydregen gasueoircuatiomis qugtidas and gckiobesdout 1/ 4

i nch) i nsod' ach‘aetrgfon (in which hydrogen gas must dissolve in the liquid feed and then
transport to the surface of the catalyst) is unnecessary. Smaller and simpler
reactor systems replace large trickle bed systems with the attendant

requirement in trickle bed systems for large hydrogen compressors to



The catal yst may be sul fided before and/or during use by contacting 30t he
catalyst with a sul fur-containing conpound at an el evated tenperature.

Sui t abl e wWOl2b1wosgaat ai ni ng conpounds i ncl ude thiols, sulPCirasgo1idssal fides,
H25, or conbinati ons of two or nore thereof. The catal yst can be sul fided

bef t d | fid d t t
("sul 11 di ng"Te856% heeBaeer iy ds taep. Brstisrabfatib 6p¥ R cont ai ning. compound

into the he rM@&Q%ﬁ@%QaWWdRfcaﬁbdrﬂfé'é’ds id b?eé%@tr@HMééd HBrYng?ed to
pre- sulflded insitu or ex situ and feed oOr | uent may be suppl enment ed

peri odi cal | ;cqmventl@mméhﬂcmajbed)rhy@lmr@cawgg cteﬁmmgy Qreevedi a8 aiay have
catalyst in ,a sulfi d q%rersul fiding is particularly

advant ag_eoustme??(pt L&/[i{u soggsﬁjﬂpybdenum The Exanpl es provide a
pre-sul fidi gg Er.tocedure Process The hydroprocessi ng process of the present

i nvention f roprocessi ng a heavy hydrocarbon feed conprises (a)

contacting a feed having an asphal tene content of at |least 3% based on the
total weight of th'é‘df%ace%"ﬂgquﬂ)'s%j H?ﬂ%ﬁleaﬁﬁ@ndlﬁr?cﬁ%ﬂ‘@@@ncqrﬂeﬁroduce a

f eed/ di | uent e leth( r n the

m xture to perci)wwg%ngh é?ﬁgdrg@%ﬁ 9”%' ont Wﬁ‘ggﬁﬁgé W{)%ent Phydr ogen
m xture vmtFhwdrcteealngshydrddesuEﬁlzalmdhf/dﬂoldenmmgboatlom0 produce a product

m xt ure; ecycl i i f.th roduct m xture as a recycle

b oduct st r daodsebenaIMRE T e SHRGRRATR RN, | 1 step (o). In
step (C)y thdr&8YMeRizRIicH Wid F)dr8érackingconbi ned with the feed at a recycle
ratio in a range of from about 1 to about 10, preferably 1 to 5. The feed

has a viscosity o at a
tenperature of 50 an en @?@F‘n@”@p‘?‘gsw gcgta@eas?k?%%rgtégu@%ggc (840F)
to about 70Qﬁfmk86£15)ytlc'ﬂnaclcmg al yst conprises nickel and/or cobalt,
preferably combined with nol ybdenum or tungsten, and a netal oxide support.

Hydrogen is fed i‘Bitamepqids\edrHeraimrefdrs @ aahixi@asdf okghid n4tea8Isshkl bbl ) .
25In the process of the present invention, a feed is contacted with a

di | uent and H§AVGYKNISCOHB, andEOMRASER PEBIANACPERIRYcoNdgNsed ROtEYEiEn and
then with t hen with
hydr ogen@t orbgr o?lﬁlgzpygr e%rggl'l ugm%mg?é@gﬂwﬁﬁx{d&@bﬁmgﬁrg a%’ﬂgk);

feed/ di | uenttéhykb ﬁganofrpettalewniwhicbriﬂ s@tmdk ehdl lrneavymalwmuStloepeatéaice a
30product m xt The djl uﬁ:gt Co S, consists essen iall

consi sts of @ Mﬁ%b%f%%ﬂc\!‘{' PVWe 862 sPHEQ Nty Vnoicng'i“}gortl on of
t he product e e@qﬁ, r{@dd(g;pcar bon feed
before or aft{ﬂgﬁ%nﬁgﬂﬁ%dngﬁ%ﬁ%ﬁﬁe W t ﬁwgdg?ﬁﬁfré\%ﬁ@f%%b efore

cont acti ng tfresctibasddisiiltdtionyafrongdemodt a recycle rati o of from about 1 to
about 10. The recycle product stream provides at |east a portion of the

di l uent mt e&gemisycle ratio in a range of fromabout 1 to about 10,
preferably at a recycle ratio of fromabout 1 to about 5. 5ln addition to
recycl e product A pheaw hydi}@cdtddw@tedwﬁ feSdNidt TOnfitsestdiey oraheani ¢ 1iquid
that is conpatible with the heav ydrocarbon fee When the dil uent
conpri ses afysFeeaibens.i wergin e a‘é@ﬁtha@rﬁrt ashhadtenecpotesd of Bblaast 3%.r eam
preferably t rﬂ]aﬂ\ i \

relatively hig 8so ub P%I%@wto? e%tj ﬁ%%@ﬁ%ﬁ@g éﬁm?%ﬁg%é%%v?i qui d

10sel ect ed fhyalmmctdrbogs gepentadiysresés ngeoé rangd bf frgar oAt 396 $o aboght5%,
distillates, %ha di esel and. combi ngtl ons of two or nore thereof. Mire
particul&r | yanq %‘i‘@ﬁﬁlcénlqeq%ﬁ RigNsas;&P e PaFeY PBNE fRIaGVEIgHt ebWE sting of

propane, butragg, TlPi%rt‘B @?’éﬁfbnonocforﬁé’ﬂtﬁ‘s ”ﬁ"‘EHé’ g R aPFﬂ\ﬂ?@.z%k%?tdj' | uent
CIUI ) y

conpri ses an organic he organic Iiqui |s typl ca present in an
anmount of naabbd Bl day weight debmstdad total thghtmxfd*he mq:;hThmfeedHeaé eged and

di | t, f 1- 80% 0% t ly, th
Qi1 nemt” conahsdBibr AL RS a5%, A LG Bndialingt £ re BT o5- 00
| 'i ght hydr 0%“01?,0(71 0°Ifr)h§nFHrﬁiS&ﬂﬁng ﬁUIﬁmrf Pl rBhQé'df'%nﬂaBé&Qﬁﬁ)?Cf (Bu0°F)

hydr opr ocessi n%pg 1/3/ Edrocar on feed in which hydrogen is m'xed
and/ or filasHed géOﬂ%ﬁ( Q0iF).héhesetiheavyphyrogarbepdrasge highrbaibngit i on.

point, high viscosity, high density relative to lighter refinery streams such as
middle distillates and vacuum gas oils. The density of heavy hydrocarbon



The feed may be contacted with hydrogen to forma feed/ hydrogen m xture in
advance of contacting the feed/ hydrogen m xture with the diluent to produce
a feed/ diwoent2dsgadsogen m xture. The diluent is preferalpCy/Bd3aontsst ed with
the feed prior to contacting the feed with hydrogen. In this preferred

process, the f?ed/ il uent xture is then contacted with hydrogen to forma
eed di | uentTHHIES SR AOMPAETIoR. oM SRS AraPT TRHE MERdY SUEP SRRt 5 ¢ hen
contacted widthnddie tér’ﬁp@?ér‘tﬁFe aﬂ'@%ré“s%!u?é ¥§TP' sboa! 1. 5‘@ €6G°F§%h€r1 whi ch, under

operating conditions, 'is 30a |iqui reactor. i qui d-full reactor”
i s meant t heatmosphere G@H{H@)ﬁ afrputtaéwlrgnge%ﬁrom aaptga%)Od@(ge tombheut €&t or is a

(Focd,  hyar oot MRty % s PbkRly S Reb b R Mot B AREe™ ©

di | uent) sar ethalAPug“ramt;etybicauy¢arﬁxj@§ﬁomT§tﬁ>th6Qb@bousoa fixed bed reactor
and may be of a plug flow, tubular or other design, which is packed with a

solid catalyst (ipfe boﬁng??éfﬁﬁbrbﬁﬁeé\%ﬂﬁ)t/d}bba%ﬂ ﬂé@&rv@h@s bbérb'rﬁh@@

feed/ di | uent/ hydrogen mXxture I s passed hrough the catalyst.” In the
presence of frare ab@utaQQQ%C mwabwumc (400%--flgea°F)eand somespongiaglyded t o
produce a product. mxtuc[«ﬂe Uﬁefu cfrt al I)E)ﬁ)ts are desc i bed herf i habove.

It shoul d be TR BB {914 NEAY BEIRERIMXIEBIN G/ 2REELTIONY e packed

bed or two qibdmu80t@Y840P) € abedis70PE(1300Pwy. € beds nay be in 10series or
in parallel or a combination thereof. Fresh hydrogen can be added into the

liquid fged/ diluerHdr8yre %Q%rr‘leg?i ésifst‘gPés %hd%@@our@b@bf Hfaa@)aﬁi?dr'b%ﬁﬂfd?f to

permt the added hydrogen to ve In the mxture.
hydr opr ocesJeads praitsiis, roainy friom refmenes,omhlcbrqme|sgéabledmb@cmpgfgded1@yl iquid

feed/ di | uent dr 0 mxture w.th cataly |dfuII reactor at 15
el evat ed terf{as?f'awg@”maroqugg%m%pfczfeﬁff@?h;ﬁ8@@9& VEREOT Nt o pr oduct

m xtures. Tenperatures ra om ag@J 0 about] 450 Ipre'ferably at
300C to 400C, no ”%Pé@@P ?aé‘lz oga eeﬁr‘%@s‘iﬁ%@ FSIWG¥ Ol r om 500 t o

2500 psi 0. (3080} Krich Rrbdted B 81 30hrer} 990ns 0oABRR Rstinsi 0 13.9

MPa). A wide range of sultable catalyst concentrations may be 20used.
Pr ef er ablsy, kGe wlt d03tatyst EnaDaresEaratedban thad Ge hottomsdeadtiont s.

Hydr ocar bon f eed SV i call a fromO,1 to 10 hr-1, eferably, 0.5
Lo 10 hr- 1, NOEENGPErerit Pae hE TS b8 L vAimEs iGIP e he
process of tdigijBblesSRith AW eRits OFof kkampl, 85e eapatif) o Weid Fefnaky L oki ng
which is one of the big ﬁlest probl ems Wi th 25conventi onal hydr opr ocessi ng of

heavy hydr od#lilsds re y 8bauglel A0g1900yaebigdans pearay |(t|@dhﬁﬂdo@5§hlsl ng heavy
et (e, 095300p] b, 80917000 5614 B LB ckpo el gl cgener at on

in the reactor, severe K ng s expe surface of

the cat a,zloystabduft 800®(mntpdnian@f38®¢h“ algeuit m/emcbtml ek’ FEIb@ @aﬂa tigst is not
sufficient, coke formation may 3 cur, leading to catal eactivation.

The process @RCking Frekight Oi'@fkﬂérﬁFPGHC‘h%[kBBJSd»%teﬂa'Be@“ng teﬁenplpqm d
feed/di| “e”tﬂﬁé\Yéié BRisBRY PicBnsif? ﬂdr&ﬁﬁrg@ﬁ%&@u@ﬁmb%@hpﬁﬂ}/for reaction,

thus elimnatring e need to cIr rogen gas-w ‘he reactor.
Al t hough hycBangbeastermtRArIQ@%l@O(l&))an an issue for hydroprocessing of
heavy hydrocar bons, because there is enough hydrogen avail able in solution,

coking of the cat@éysic lagyd wigeleg o’:i‘GS(d@@allébléIOSOﬂsrt?plctahl;Eubédwis@-fU||
reactors of the present invention dissipate heat much better th

convent i ¥nalblend kaiP OW8RJeRAdYCESughasg Na: §tqil- y@%e of §3§C? is lzpitey BYlged
Hydr ogen sol ég@[\r/ W h"
frequently h&ﬁﬂ# bh%{ﬁ]‘gni:b %tg%{%ng%{j&ﬁﬁed&éll td o(gg%rglﬁénég R0
t enper at ur esammblerfess:ee@s a teedetbi areBCEsurit, giitragerBéoritent (280be tdsbbl )  of
oil or nore. Thi S surprisin and ecause it was ex t hat, hydr ogen
Tosol ubi 11 £y OB R SEHIOBSAB TG AP RosReVATIeR Of e CORIHY P
Surprisingly, the process of th|s invention can be used to treat CSO to
30  produce a product with higher value to a refinery, including use as a feed for

FCC units, as the treated product can have a nitrogen content of less than
1700 ppm.



solubility, hydroprocessing a heavy hydrocarbon m xture was expected to
result in relatively | ow conversion, even at high recycle ratios (e.qg.

hi gher t o 200/053396t hus nmaking |iquid-full reactors | es®Crasp@tiliossose (nore
expensi ve to operate) than conventional trickle bed reactors. (See, Cai, et
al . Fuel, 80 15(2001),.1055-1063; and Ri azi, and Ropm , .Che Eng. Sci. 62
(2007), 6649- 665§U)a dition t°|9§§/aeﬂl§£ﬁ)‘§ét’lé§y?rr9&agb9{§fﬂ?€§i"gﬂuﬁg]%éfapgred to treat
heavy hydr oGbRG8S c¥RUIctiefi8d'dilr Srodit Romesay iR efrREYsrheking DroSesd| greater
than 10 in a liquid-full reactor, which would make hydroprocCessing in a

| i qui d-full odeeidtam heayy o dryidrotieatidgeanddon ydrooiackingi simaigst rymed t hr ough
the reactor. The.present i.nventi rovides a r onabl e and

ol at i vel y. JIRTE FudS SRS AR ryRtEEs P by Y ik BotebE ST Bré L

surpri si ngl ynyaipbsarbonsard kivd\en ey eHox@eskilRNaURBtEron requi rement to produce
the desired product. That is, since sufficient hydrogen is available in the
hydr ogen- di | uent -firegedlyhytirSearbdn MBUS dySalss thdid BifuheAuheiHg T eact or
in the process of the present invention, no additional hydrogen gas is
requi red andiexpemexivactgddronzoil sendat Cirsandstare fergatdepesitaoénatusalyed.

Hence, by using t he process ,of this inventioq I%%ﬁg %{ickle bed reactors
can be repl & rrw; WEHES |%’F“%&’%ﬂr§?89’?8¥& 0 ﬁﬁwoéga'?i'cpl ug flow,

tubul ar or ghBefialREhaEch the AN @escsISBilumER 8s BXKPEERE fRIm tieoipr esent
invention also elimnates or mnimzes the need to have a high furnace duty

such as & Ié{%@siﬂ*@h‘é@arﬁ@ﬂﬁm tmpﬁjeriogmmnﬁ%@llpweé Q)U’W@mg og
hydr opr oces s, g ppRCaRds Aas6SHs AR hlhG'] EaReda FAC M4 h hydr ogen gas
circulation. | e present i nAventron, ftor exanple, heat” and unused
hydr ogen is ;atrLi Ed in the recycle product stream whereas in conventional
processes u S ydrogen separates fromthe product and a conpressor is

used to bring hydrogen ressure to operatin ressure. . . Mbst
eacti ons. 1 hy b ERGBELE SRErEnR YRIGPERETHRG RICCER P! S IVEBNT® a gr eat
deal of heatca‘tégﬂé’P@J&ibﬁcbf't&fd%&f‘erf\ﬁﬁﬁtﬂ% healy Fﬁ&o@é%%earﬂd Rvige. a

f | uent xture -

certain vol une reactor efflt - product ul i's recycled back to
the fronts oforteher meee obredustior iy ohsatprasivngbotit olefincand doeralisccanbom 10

fresh feed and hydrogen. The recycle prpduct stream absorbs sone of the
heat gener at B APHES anEes reFialel Sr RdbietEh s bl b BeR:

feed- di | uentiqggiPeesthet xbrtenin8Gbridip thedeéPand SFR&IR] (feuétih & control | ed
by controlling the fresh feed tenperature and the anobunt of recycle.
Product 15THBOlgCUldnidteightxt ure of hydroprocessed heavy hydrocarbon feed in
the present invention has reduced viscosity, density, sulfur and nitrogen
contents, Conradsdre catalysts usadindtp paibcessesf tbisnneentjonarhpase ameetabsed
cetane index. The viscosit the, product m xture of the present invention
o 50"ty cAinc s eNGBeuPPPlm b UEl A os Sanebies ol ansiat SeReRd R B oauct

m xture has g%odﬁ'&@héi‘étig%of hRRREPSRIECAD dndl chetihatldHPdtHesédB.Nigkel has a AP

gravity of from about 25 to about 0. The asphal tenes content of the product
mxture is rangiereepdaligmtupicaly eambinediwith mofydzdenyen o ibdgsten@na@ ure has a

Conradson c¢ r t,0. 19 3% T rpduct

25 xt ure. haoDBet sTeet i RBY 1P st 8 £e5hiAthn B5R0C (apout
300F to abouweldctédfom THeegrooptadnisisting of nidkel-ngbdenune geiMe0apisaltids i n
hydr ocarbon feeds are significantly reduced through the hydroprocessing
process §f tmelypeesent(GoMnnicsal-tungsten (NiW)gpd déﬂgﬂﬁﬁﬂﬁﬁﬂvban be
further processed, such as for exanple, 30in a residue cracking unit, such
as a FCC unit, afthe metasaregupperted ghiasroXidesuppert (haskiideaisanmodpesel ) .

The renoved | r ! ] xt t i | 'I'FE,V bl ended
into gasoli nde(rﬂ%}é@g‘g&aﬁﬂ%@%h@é\ggf‘rf?ina(aﬂ?@i ‘ﬂ@%ﬁi@&ﬁé‘a %ﬁ?éoefpet oﬁ»gﬁ?n
refinery. BExAMRidSclbprldyirornahe Medliposndsthgler alantid,Hi\¢a, temis diicardiad hourly
space velocity, which is the volunetric
kieéselguhr, silica-alumina and combinations of two or more thereof. For
30  purposes of this invention, silica-alumina includes zeolites. Particularly

useful catalysts in the process of this invention are cobalt-molybdenum



rate of the liquid feed divided by the volune of the catalyst, and is given

in hr-1. "WABT" neans wei ghted average bed tenperature. Amount s
of sul f urwonntvwsg®a, basic nitrogen, netals (alum num PCOMUS2@005%0BE]
silicon, vanadiunm are provided in parts per mllion by weight, wpm 130

et or mi nat | GHEGP EH BT EBRBARPMTAGO 408 A1kar alpcenhenupmarieh e s

det erm ned Ryajuidihg{NMNo/A 'IE@)K?M | ecting soI ids, which were then burned and
wei ghed. 15ASTM St andar ds ASTM St andards are avail abl e from ASTM

I nt ernati onal , t?ﬂ% Specific
Gravity and API V\?}mfv%gﬁ)\%g@ﬁggﬁfébdﬂ I ng ﬁ\t@_ﬁ%t%pglﬁ nClHd@r@iB%‘gOOQ),

" St andar d Tmhl@dm:td/ateﬁ cHiE’neah; grapmtleaendélb@bmmmybe gatboRPlsWelvas y of

Li qui ds by D| i.tal Dﬁ@ fﬁﬁ ug/ 052- 09. " API
gravity" oref %U’F‘ocel& ??t@aﬁalﬁm §|“8ﬁtﬁ|€f bAYPSWRR/ity, which is a measure
of how heavy or light a petroleumliquid is conpared to water. |f API
gravity of a pet r@pnallyi alEPierPEer@'ﬁ@éP@NS?ﬁéMthl@e aqtlvragnﬂabmf@e t han wat er

and floats; ngf)ﬁégséf %Bﬁfr‘e&&wt ihbertdnh @\ﬂa%r e H@Zﬂ gf?@@t%%qﬂclﬁbgk ) AP

gravity is us an I nverse neasure t he ensity of ‘a petrol eum
i quid and tGeubersandyll ofetalat(alkali amstaissandsal@alire eawﬂpm@aisebattlcwmrbjrena ties
of petroleu i n.APl gravit et rol eum

7l i ds 1 r otuE SRy RRIPEY OB N CoBReT Al v 2 f@fﬂ%@mf 1315

AP gravipty theredft ahg @%@abﬂﬂu@\%ﬁ%ﬂﬁ@% SHIELRA, ZP% ) Pd. gaﬁ%r d Test
Met hod for Density, Relative Density and APl G'avi'ty of Liquids by Digital

Density Met eqatalyg{SThEY atS@rbﬁaDIiCamtbd WS fluaines ot keedl/orRpkjosphiogys. DA :

10. 1520/ D4052- 09. p s cont r ef .to the caontent of

asphal tenes 1iF il R, By SEU R GRr gl dh S AR ecu ar

wei ght conpcguaﬂgcth@qgtoaﬁ@r{)@ym fegerigds oil . Asphal tene content is
determ ned as a percent ‘of a hydrocarbon mxture that is hept ane insol ubl e

and vas det er i nerhdiediagsASTYLSIABGAL 5ROy B0A0AKER0S oy SAgALY Test

Met hod for 10Determ nation of enes t ane I n Crude
Pet r ol eurh aritie Ret. rRiedenabBr, aoprefcn:meduetg aleeacalzmlmeeebrr@mwme is usetni | i ne

ol PO ok Shgiab! el clE bPIRI RULSTTESR ST B

" Standard TegdtivdBhétadsThe meRbd bn9|alamg1ﬂ1eadtﬂuvéﬂr?f@té| a5 A hl*slﬂ@xia@' i§to®f
Pet r ol eum Products and Hydrocarbon Solvents,"” DO : 10.1520/ D0611-07.

Basi ¢ ni t r ogsiicalaSeyetadmetheds ase kpowsvire: amdManyoraeble caielys)s arest andar d

Test Met hod S f Petrol eum Products by Potentionetric
Perchloric é\% a@?tcﬁagyﬁgpcséllyp : 10. 1520/ D2896- 07A. 20" Conr adson carbon” is

also referred to 0, carhon.resi VER, a i,S a neasure
ot the dr bon + odraaa0ks e GrElyat RN IGRIGHET b b les, otk PESFAY 5 Tan
i ndi cation Osfhatp@@ d@ﬁ@tét aByt QW%ﬁﬁfo@“ﬁQ%’éﬁtdﬁ@%téﬁfst idRY thRUbRAS €S
her ei n, Conradson carbon _and are used i nterchangeab Conr adson car bon

or MR i s deff@mexiaglaiei Fytradatasinglsta eubindersusets 200 sphemsarfadingerest

Met hod f or t

Y0. 1520/ Das30ezS Ma) haVe AR iRRAaRARH Biig b e Ry rptFiove.

unsat urat i orcmnrerwah‘rr@bm@umraaidetﬂan@lerrsh@pwm msftﬁffdems“fr@@edSl ng ASTM
St andard D1159, 2007, "Standard Test d for Brom ne

Pet r ol etdh ch‘s?ttt'r“WtétC@é‘ pHsRA- CBFﬁféFQQ'hFh%hW ¢q§a|¢y)steparrt]|§led§ qiEpé'EQrQ&'ret ric
Titration," BG4t 13 mm (about 0.01 to about 0.5 inch) in diameter when a packed

bed reactor is used. More preferably, the catalyst particle is about 0.79 to
about 6.4 mm (about 1/32 to about 1/4 inch) in diameter.

The catalyst may be sulfided before and/or during use by contacting
30 the catalyst with a sulfur-containing compound at an elevated temperature.
Suitable sulfur-containing compounds include thiols, sulfides, disulfides, H2S,
or combinations of two or more thereof. The catalyst can be sulfided before



10. 1520/ D1159- 07. Refractive Index (R') was determ ned using ASTM
Standard D1218 (2007), "Standard Test Method for Refractive |Index and

Ref ract i weoDhpss®son of Hydrocarbon Liquids,” DA : 10. P620/SBL2D8082RO7.
Cetane Index is useful to estimte cetane nunber (neasure of 5conbustion
quality of a diesel fuel) when a test engine.is _not available or, if sanple
d'%e 12 oo i cPhedidiind of sulnp 88 By epuapr B8 g cRa B RaacY vas
determ ned hyirdidthPaadriar dmbhRBdr & 30BHontamirREHhPol kS Intd/RidIAEadPr

Cal cul ated Cetane I'ndex by Four Variable Equation,” DA : 10.1520/ D4737-09a.
10Boi | i ng pdiyerochrbeniferd dodilyanit alheraatalystmayake pes-suliitiadd s AgeASTM

St andard D7169 (2005 " St andard Test Met hod for, Boiling Point Distribution
of Sl es WtiARO G Red S HEAEY B EEhah G4 ARty MRt R
Resi dues sby ddifah cdrtaengicoround &SRR eieaditalyst PCh Sul}i@eé&@%ﬂﬂlﬂ?ﬁﬂa@- 05.

15Boi ling range distribution (data, Table 9) was determ ned using ASTM
D2887 (2008)Pressfiginaisirarictlapyasyantageopsiwhaiythraielysi QMPHIAS on of

Pet r ol eum Fragt i " Dok [ )2887- 08,
The fol | owi 1goReanaraL TREERIBER A4 B presetidnd PdeEs "erbodi ment s of

t he present Envention and not to be considered in any way 20as limting the
scope of th tion. Exanple 1. Heavy Gas G| (HGO from G| Sands

e e e P e S B AR IoRt oy Sancs
Tabl e 1. pr qURTroBBY o Ny I O rBO RG] LORREEY (ORSrt s st | 5°
Proper t yUni thasingeaneshbaltentecouankoft it east43% Shagas oTtheatotali weighof tBesi ¢
T o0en A 7 o S AR R bR 3RS0 RiE) b, (oor)
wPPm wPPm wWhRiugeMyvhefdih the hydrogen is dissolved in the mixture to provide a liquid
feed; (b) contacting the feed/diluent/hydrogen mixture with a catalyst, in a
15 liquid-full reactor, to produce a product mixture; and (c) recycling a portion of
the product mixture as a recycle product stream to provide at least a portion
of the diluent in step (a). In step (c), the recycle product stream is combined
with the feed at a recycle ratio in a range of from about 1 to about 10,
preferably 1 to 5. The feed has a viscosity of at least 5 cP, a density of at
20 least 900 kg/m® at a temperature of 50°C, an end boiling point of at least
from about 450°C (840°F) to about 700°C (1300°F). The catalyst comprises
nickel and/or cobalt, preferably combined with molybdenum or tungsten, and
a metal oxide support. Hydrogen is fed in an equivalent amount of at least
160 1/1 (900 scf/bbl).

25 In the process of the present invention, a feed is contacted with a
diluent and hydrogen. The feed can be contacted first with hydrogen and
then with the diluent or preferably, first with the diluent and then with
hydrogen to produce a feed/diluent/hydrogen mixture. The
feed/diluent/hydrogen mixture is contacted with a catalyst to produce a

30  product mixture. The diluent comprises, consists essentially of, or consists
of recycle product stream. Recycle product stream is a portion of the
product mixture that is recycled and combined with the hydrocarbon feed

before or after contacting the feed with hydrogen, preferably before

10



%w%C 41700 3474 1120 0.97 0.28 ND 1.67 0.9929 0.9958 39.4 1.9 95 17.1
The HGO was hydroprocessed in an experinmental pilot unit containing a set

of three WDxer/isei96r eactors in series. Each fixed bed reattuseomassodf 19 5mm
(3/4") OD 316L stainless steel tubing and about 50 cm (19") in length with
reducers to 6 mm (1/4"). on each end. Both ends of the reactor re first
capped wi t h SPETa SR Tedd WRBTHAFOGER o 3 SR SRRl TReT GROLPG REBALt mesh,
the reactor syoretige P@(S}éﬁ,ﬂpt‘ﬂdh'ét LRV RNhDrefidés BN st pIreaist e MRIEAt 80E'S.

Cat al yst was packed i'nto the mddle of the tubi ng. 10The first reactor
(React or #1)regygie aatireth & range of fiew ahoudlyietaboot 461 priederabiyl aifa racyaled r enove

nmetals (such_as N.., V., Si).., The rd bed catal yst was N -M on - Al 203
cat al ys'g fr(fﬁﬁ?)oﬁrgm %PPL&;IEQ%}%Q@% Technol ogi eg, Houst on, TX (RKI— 410).
This catal yst was fol |l.owed b hydrotreati ng catal yst also of N -M on
TN 203 sapport - AnenetBie Rbude sfodiy siEem fos fueitivar oaPeERe S6Y) . bot h
catal ysts wabteldigailidtid Hat WesipbtiSie RIS RufoddoBmibang. A | ayer

o
of -1.2 cmdeep of 1 di ameter gl ass beads separated the guard bed
cat al yst fr divhenéherdiduentreomprisgseit atgasic liquidkiraaddition 1o theneecyaledo of t he

vol ume of guar ed catalyst to.the vol.une af. hydrotreati cat al yst

cont ai ned | rpraavatﬂ?e@én’r éfqrglplg tt\%gr@mc ﬂguﬁ IS aégg&c{ Wrwéljfﬂg%lr tor #3
wer e packed pust dirdiatiedly hih Solobiligl aSfe dierdE ndy 6rhpris@ds .ordéniBliigaid t he top
and 10 mMl at the bottom and contained only the hydrotreating catal yst

(Criterildn celestodfropNtEo@PUPERRRIstiag@f digh recaieensi lighi diifiptasat ur e
controll ed t i B_C ' I " i,11ed
with fine sjﬂ%ﬁ%ﬁ%%ﬁ%&?%@ﬁ%rﬁ%ﬁ%%ﬁgﬁoﬁ @p P% ﬁ%‘?ﬁf{“eW%%ﬁgg@fa@ * of each
reactor as vaeélorganic nigeieidd seetedfrbm thehgolprpasisting ef papavenbuiinegd usi ng
heat tape, which was connected _to_ten‘ger ature controllers. Heat tape was

wr apped ar oM@ hexaReRioRMRIPRLANS thgradie MR theyditkiant ceawIises aect i ons

of the react - : i MBS liddhi - t LAtEnSGA oftfRPesS to
mai nt ai n desc? ggil-g?@#ppog}@% gf\ges ||r|1d{tr“ﬁgé)| Il%ylygrﬁgs?ﬁﬁgﬁgﬁt et ofOft e reactors.
Aft er exist i gre&eadhar 98%, pbked loadhe rtetat weight of e feeddarct dildent,ur e was spli t

into a recycl e_produc tream and oduct . recycl e _product stream
loweq ¢ hr oISk 89 PRB RO RUBISSAEEHP-HRfie MAS! REeC0 e S har ged
the stream tQpbNCY eI dridléestiody dhacamgoRe rabivethesies yghe product
stream served as diluent in this Exanple. Hydrogen was fed from
conpr essed dusiresdrbaaders and the fl ow was neasured using mass flow

controllers. Hydrogen was injected via an in-line tee fitting prior to
React or #1. The hidr pgseniasentioredrovmidds @ peoddSe foremgbrapramedsingea r ecycl e

product stream HGQ feed/ hydrpgen/r cl e product strea i xture flowed
ownwar dly. {HEMANIEGbaR TeashBeract nYdesah §imaad ShHP ashea aSethen T n an
up-fl ow md%i?ﬁ‘f%@d'?@%%\%e%gdroﬂén% PNitldnng Reactor #1, additional
hydrogen was added to and dissolved in the product of Reactor #1 (the feed

to Reactor #2), aﬂ{% t B‘f@% : 1 | I 25
fl owed downwardly 't fregggrﬁﬁgggecggn %%tgﬁd@%&cgjnﬁf@l%g%@%ng@h and
t hen in an upixturevin mddentdobogitadearther fegd/hydfagen miittiengitiRéeectituent2, nore
hydr ogen was added to_,an i ssplved in the produ of .Reactor #2 (the feed
3 Reactor seprodues 8 ity A et g The BhuSbis B HAmbgen 11 owed
downwar disy t i I a den in an
30 upe1 1 ow KRR SR Je e BREI G bR R e A Y AT Ta i)
and t he hydrprefesead prgcess,dhg deed/diwent noigture s thenecantaedd ovithy yarhgeat 130C
under a flo f 200 standard cubic centimeter [ M Nkt scc of
i trogen. e Tt adeatfeathyeiBbdh BRRMGEG TEG TR o BN B Fhedl ped
above. The qatiadrysdntabRadeth frRacatarst. were heated to 230C with a flow
charcoal lighter fluid through the catalyst beds. A sulfur spiking agent (1
wt % sul fur, add ] [ i itinh&oduced
into the char coaﬁﬂIef‘gaI;[térg/?pI‘gl ul dﬁatg r%%@?@é%@“??ﬂ?ﬁﬂ%’ﬁg't'tmﬂg’ e
cat al yst®. Thkiqyiddsls aastaraB 6 lQuidriull(reecorpisimeant tbe réacto) is The t enperature
of the reactors S i?creafsed sgrﬁldual JI'PI to ?fZO.C

substantially frée of a gas’phase. The reactoris a two phase system

wherein the catalyst is a solid phase and the reactants (feed, hydrogen,
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(610F). Pre-sulfiding was continued at 320C until breakthrough of hydrogen
sul fide (H2S) was observed at the outlet of Reactor #3. After presulfiding,
t he cat alwyetomrass®sabi | i zed by flowi ng a straight run dipesalS2Q1$RE}03f eed
through the catalysts in the reactors at a tenperature varying from 10 320C

610F) to 35 d o a temp 69 om 10
gppro;i mat ol §$15 r}o@proguct% (olg es;g@g%e@ Lnypmg%g%%g%%&tgf or ar) or
catal yst wi tlfau%é’ée aThé esRItosd tdLBEd F'élad%re&ﬁd'ﬁ%gr@@g]ea bﬁiggﬂcM?a) t he

heavy gas oil 0) feed m xture was pre-heated to 50C, and Eurrped to
React or #1 dgbulgr ar othey diesigs, pinigh @tpa‘qked/mﬁt@sohd pataystiileri a@a@ edhe total

hyd f t 1/ h d bon feed. Th
omorat ur o 5 BRE i Eind SineteiiuneouECead i oSl SO NHES B edBerc nns
about 10.58 NRrUghShe dasaligst. 1A S prabencEitd theeelyst batidiueas tde Bed The

reactors were run under the above conditions for three days to assure that
t he cat al ystreaﬁ@ with hyﬂinogeprt@@meaa]arqdn@t syxstueen Wasful catalysdeierani th t he
heavy feed é&sr;]te é}ﬁ Ne. both total sulfur and total nitrogen. A
Total Li qui uct t sanpl e and an off-gas sanple were collected

e 18y ko Tl BT A

hydr ogen f egthoked Héﬂcbﬁ%%ﬁmoﬁ&qn@flblegﬁédstWWdWrdh@@@Be@@ﬁWﬁélrpn (H2
cons.) was calculated to be 161 1/1(904 scf/bbl) Such h rate of

hydr ogenlOc or&ligstar & PREAlGHOT appmhl@aiwutherequdm@hdw&ﬁ@@%cm beiagiedr
hyd b d
consumt i on T eI KeR el ATRog8h rikbuce YEine DY Babk Pofdor 8500

scf/bbl). Sysdmiitab erwbdshy@i’odjsfﬂfcﬂ@eslolvemstr@mimurd_ nvol vi ng hi gh heat
generation may also result in |localized tenperature spikes on catal yst

surface in tradi tT@ﬁ)'{drbbfd‘délsgln@qﬁoééﬁbﬂh% m@éﬁ%ﬁé&ﬁnpné@@d@ﬁl@cﬁﬁg coke
formati on. This exa t herefore, denonstrates he i d-full

hydr opr oces sthﬂ@qu@af@eewueamwrgge@ m&@s%f/\umqataly%tdnfaolwqulcﬂnf@bltqaﬁg)r &i gh

St 11 ot ot P S sEBRRIRE Y SR M cEodRet ReatRORRIFOUET, o, ,

The sul fur angturesr @Qndregtawg@‘frémeabwzsepmlt@ab@bi435@@ gleraiglyt he
test were found to be 2856 ppm and 1327 ppm respectively. The TLP 5sanpl e

with anitr Cﬁjéi@%@r‘toéhﬁ)p Gf rrmtstzprquﬁabhaat MK 0 IEBC. eldrassurasgenge

specificati n of m an uct .m xtu S jtable for use
as feed to éé% Ri %%ﬂ’f %‘QKBJH?%@'{PO%&P@ES aEf;( {W%@dﬂo%‘@d cracki ng
catal yst. Tf(e IgHeP1 30MPS). cm'W.eétrmgiéi@f é@%d@béta@é@%bhe@rﬁat}%@; rhay 6B

distilled 10to take a naphtha cut (Initial Boili'ng Point, IBP, of 177C) and

a di esel20c utuqeﬂﬂ?reu‘efaelzystt)e eajalyst isi 1) tch20 pit §al0f theyfegictbraiontentsut i ons

Compound Fr AT BEREOHE AR, NV f5iadusd s 38t Bt} avo. o

Napht ha C5/ @70 Kr35@ford.peéferably 0.5 to 5.0 hr'.

Surprisingly, the process of the present invention eliminates or

minimizes catalyst coking which is one of the biggest problems with

25  conventional hydroprocessing of heavy hydrocarbon feeds. Since high
hydrogen uptake in hydrotreating heavy feeds (e.g., 160-535 I/, 900-3000
scf/bbl) results in high heat generation in the reactor, severe cracking is
expected to take place on the surface of the catalyst. If the amount of
hydrogen available to the catalyst is not sufficient, coke formation may

30  occur, leading to catalyst deactivation. The process of the present invention
makes available in the liquid feed/diluent/hydrogen mixture, all of the
hydrogen required for reaction, thus eliminating the need to circulate
hydrogen gas within the reactor. Although hydrogen solubility has been an

12



Di esel 177-343C (350-650F)16.118.0 Heavy fraction 343C+ (650F+) 76.480. 1
Total (C5+ for vol 9% 101. 3100.8 15 The first colum in Table 2 shows
t he amourwoah124B8396NH3, | i ght hydrocarbons (HCs), napht raT/use@smsssoand t he
heavy HCs in ternms of wei ght percent of the fresh feed. The total is

greater than_ 100% to tlon to, the feed. The second colu
expresses orlfSH qﬁ’é% Eﬁﬂracm Reayy NHoRHRNRRD e%“@?éﬁe@nﬁ KO
fraction (3 é érf'a&ﬁfa‘ﬁe FP]fsd@ﬂlélﬂ%okﬁfgctﬁ’frthé%téﬂlsttlé‘ﬁargé %voﬁﬂiﬁ n the total
yi el d of a_gdmro uct is greater than 100% (even with not counting all

t he gases) momethaélﬁglot fullgeactoes otlbe prgseretdw@ulomﬁilasmtegfa@atu nj ection
(vol unme swel | s beneficial e refiner ecayse

{ ¥ anspor ¢ at BNC BaEr tiPn EFENEY ) gickie BB T8N, PGS BRaliite i vas

anal yzed sf orprgRngetly, sul fur and nitrogen content, and for several other

| nportant fuel properties. The results are prOV|ded In 5Table 3. Table 3.

TP 05/ 1770 1770 Sl B e e M . & <03
Sul fur, wppmhzh” 3aqE0dly Mgss tNan r1(8dér610(i)\ppf|/bbl) of oil at operating
temperatures and pressures, sometimes as high as 36 |/l (200 scf/bbl) of olil
or more. This is surprising and because it was expected that hydrogen
10 solubility in heavy hydrocarbons mixtures was much lower. With low
solubility, hydroprocessing a heavy hydrocarbon mixture was expected to
result in relatively low conversion, even at high recycle ratios (e.g., higher
than 10:1), thus making liquid-full reactors less competitive (more expensive
to operate) than conventional trickle bed reactors. (See, Cai, et al. Fuel, 80
15 (2001), 1055-1063; and Riazi and Roomi, Chem. Eng. Sci. 62 (2007),

6649-6658.)

It was expected the consumption required to treat heavy
hydrocarbons would require use of very high recycle ratios of greater than
10 in a liquid-full reactor, which would make hydroprocessing in a liquid-full
20  reactor uncompetitive due to low conversion per pass through the reactor.

The present invention provides a reasonable and relatively small
recycle ratio of 1-10, preferably 1-5, which is surprisingly able to meet the
hydrogen consumption requirement to produce the desired product. That is,
since sufficient hydrogen is available in the hydrogen-diluent-feed mixture,

25  which is fed to the liquid-full reactor in the process of the present invention,
no additional hydrogen gas is required and expensive gas recirculation unit
operations are avoided. Hence, by using the process of this invention, large
trickle bed reactors can be replaced by much smaller and simpler reactors

such as a plug flow, tubular or other reactors.

30 Advantageously, the process of the present invention also eliminates
or minimizes the need to have a high furnace duty such as a large preheat
furnace which is required in a conventional hydroprocessing process based

13



35 282 1599 1327 MCR, % 0.17 N, ppm <1 V, ppm <2 APl Gavity
43.3 28.3 18.6 21.3 Aniline Point, C 32 69 62 Cetane | ndex
WO 2012/058396 PCT/US2011/058031

on trickle bed reactors with hydrogen gas circulation. In the present
invention, for example, heat and unused hydrogen is carried in the recycle
product stream whereas in conventional processes unused hydrogen
separates from the product and a compressor is used to bring hydrogen

5  pressure to operating pressure.

Most reactions in hydroprocessing are highly exothermic and as a
result, a great deal of heat is generated in the reactor. In the present
invention, a certain volume of reactor effluent - product mixture — is recycled
back to the front of the reactor as recycle product stream and blended with

10  fresh feed and hydrogen. The recycle product stream absorbs some of the
heat generated in the reactor. Thus, the temperature of the feed-diluent-
hydrogen mixture and the reactor temperature can be controlled by
controlling the fresh feed temperature and the amount of recycle.

Product

15 The product mixture of hydroprocessed heavy hydrocarbon feed in
the present invention has reduced viscosity, density, sulfur and nitrogen
contents, Conradson carbon, and asphaltenes content, with an increased

cetane index.

The viscosity of the product mixture of the present invention is

20  typically reduced from about 10-50 cP to about 1-5 cP. The product mixture
has a density of from about 900 to about 1075 kg/m®, and has a API gravity
of from about 25 to about 0. The asphaltenes content of the product
mixture is reduced from 1-10 % to about 0.1-1%. The product mixture has a
Conradson carbon (MCR) of from about 0.1% to about 3%. The product

25  mixture has a boiling point range from about 150°C to about 600°C (about
300°F to about 1100°F). The contents of sulfur and nitrogen compounds in
hydrocarbon feeds are significantly reduced through the hydroprocessing
process of the present invention.

The product mixture can be further processed, such as for example,
30 in a residue cracking unit, such as a FCC unit, after removing the lighter
fractions (naphtha and diesel). The removed lighter product mixtures of

14



33 The results for this Exanpl e shows the heavy fraction (343C+)
of the hydroprocessed conposite sanple (TLP) had | ess than 1700 ppm of 10
ni t rogen.wohwey/ossdve sul fur content in the heavy fracti orCras201edssoet by
nore than 93 % the asphaltene and the Oonradson Carbon (MCR) contents were

duced b th d tud d the feed. Th
neavy 1 ract AP GLAR o MEN peRIBROR e Cama NG AUPRS! b6 OBr Y o for use

as a feedst ogfgitPs@Bamsn lér'bétrdéurﬁl}eﬁrhéryr efinery W|thout poi soni ng the FCC
15cat al yst. The diesel fraction may be Sold as heating oil or may be

bl ended into an ultra-low sul fur di %Mﬁglgg) pool after further treatnent

to reduce its sulfur content. This en denonstrates that a | ow
quality heav . M s dss gl 9 O may be upgraded by deep-hydrotreating
in a liquid- |l es 2-13 Exanple 1 was repeated
under varying praQq ,,condltlon n Exanpl es 2-13. Twel ye additional data
boi nt's vt e ool 1 cEriy, Tafks b pofiy $BEP YRIoBTT it Har el s

1 through 3 rhieot{BefiR@fH 68 divided %é%ﬂﬂﬁ@fyfﬂ@éatms{ @ndns gramhes 4
through 13 the H2 feed was 1501/1 (850 scf/bbl). Tabl'e 4. Summary of

Exanpl es 1 thiroeugh 13 Exanpl e Number LHSV hr-1 WABT C Densitywr g/ L Sul fur
wppm Ni trogen wppm % S% NAsphal t enes Conyers. Conyers.w% H2 Cons. /1
(scf/bbl) Feed “WABT” means weighted average bed temperature.

Amounts of sulfur, nitrogen, basic nitrogen, metals (aluminum, iron,

10 nickel, silicon, vanadium) are provided in parts per million by weight, wppm.
3C aromaticity was determined by NMR spectroscopy.

“Ash, filtered” means determination of the ash content of a liquid
material. Ash, filtered was determined by filtering and collecting solids,
which were then burned and weighed.

15 ASTM Standards. All ASTM Standards are available from ASTM

International, West Conshohocken, PA, www.astm.org.

Density, Specific Gravity and API Gravity were measured using
ASTM Standard D4052 (2009), “Standard Test Method for Density, Relative
Density, and API Gravity of Liquids by Digital Density Meter,” DOI:
20 10.1520/D4052-09.

“API gravity” refers to American Petroleum Institute gravity, which is a
measure of how heavy or light a petroleum liquid is compared to water. If
API gravity of a petroleum liquid is greater than 10, it is lighter than water
and floats; if less than 10, it is heavier than water and sinks. API gravity is
25  thus an inverse measure of the relative density of a petroleum liquid and the
density of water, and is used to compare relative densities of petroleum
liquids.

The formula to obtain API gravity of petroleum liquids from specific
gravity (SG) is:

30 API gravity = (141.5/SG) — 131.5

15



NA NA 0.9958 41696 3474 NA NA >3.0 NA 1 1.5 387 0.9269 2856 1327 93.2
61.8 <0.3 161 (904) 2 1.5 387 0.9237 2559 1282 93.9 63.1 <0.3 163 (914) 3
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API gravity is determined using ASTM Standard D4052 (2005),
“Standard Test Method for Density, Relative Density and AP| Gravity of
Liquids by Digital Density Meter,” ASTM International, West Conshohocken,
PA, 2003, DOI: 10.1520/D4052-09.

5 “Asphaltenes content” refers to the content of asphaltenes in a feed.
Asphaltenes are highly polar and high molecular weight compounds that are
found in crude oil. Asphaltene content is determined as a percent of a
hydrocarbon mixture that is heptane insoluble and was determined using
ASTM Standard D6560, 2000 (2005), “Standard Test Method for

10  Determination of Asphaltenes (Heptane Insolubles) in Crude Petroleum and
Petroleum Products,” DOI: 10.1520/D6560-00R05.

Aniline Point provides an estimate of the aromatic hydrocarbon
content of mixtures of hydrocarbons. Aniline was determined using ASTM
Standard D611, 2007, “Standard Test Methods for Aniline Point and Mixed

15 Aniline Point of Petroleum Products and Hydrocarbon Solvents,” DOI:
10.1520/D0611-07.

Basic nitrogen was determined using ASTM Standard D2896 (2007a),
“Standard Test Method for Base Number of Petroleum Products by
Potentiometric Perchloric Acid Titration,” DOI: 10.1520/D2896-07A.

20 “Conradson carbon” is also referred to as percent micro carbon
residue or %MCR, and is a measure of the carbon residue value of
petroleum materials, which serves as an indication of the material to form
carbonaceous deposits. For purposes herein, Conradson carbon and MCR
are used interchangeably. Conradson carbon or MCR is determined using

25 ASTM Standard D4530, 2007, “Standard Test Method for Determination of
Carbon Residue (Micro Method),” DOI: 10.1520/D4530-07.

Bromine Number is a measure of aliphatic unsaturation in petroleum
samples. Bromine Number was determined using ASTM Standard D1159,
2007, “Standard Test Method for Bromine Numbers of Petroleum Distillates

30 and Commercial Aliphatic Olefins by Electrometric Titration,” DOI:
10.1520/D1159-07.

16
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92.8 61.4 <0.3 147 (823) 5 2.0 387 0.9334 4431 1779 89.2 49.5 <0.3 NA 6
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10

15

20

25

Refractive Index (RI) was determined using ASTM Standard D1218
(2007), “Standard Test Method for Refractive Index and Refractive
Dispersion of Hydrocarbon Liquids,” DOI: 10.1520/D1218-02R07.

Cetane Index is useful to estimate cetane number (measure of
combustion quality of a diesel fuel) when a test engine is not available or if
sample size is too small to determine this property directly. Cetane Index
was determined by ASTM Standard D4737 (2009a), “Standard Test Method
for Calculated Cetane Index by Four Variable Equation,” DOI:
10.1520/D4737-09a.

Boiling point distribution (data, Table 6) was determined using ASTM
Standard D7169 (2005), “Standard Test Method for Boiling Point Distribution
of Samples with Residues Such as Crude Oils and Atmospheric and
Vacuum Residues by High Temperature Gas Chromatography”, DOI:
10.1520/D7169-05.

Boiling range distribution (data, Table 9) was determined using ASTM
D2887 (2008), “Standard Test Method for Boiling Range Distribution of
Petroleum Fractions by Gas Chromatography,” DOI: 10.1520/D2887-08.

The following examples are presented to illustrate specific
embodiments of the present invention and not to be considered in any way
as limiting the scope of the invention.

Example 1. Heavy Gas Qil (HGO) from Qil Sands

A heavy gas oil (HGO) was prepared by aqueous extraction of an oil
sands ore containing bitumen. Several extraction fractions were collected

to provide the heavy gas oil having the properties provided in Table 1.
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Table 1. Properties of the Heavy Gas Oil used in Examples 1 through 13

Property Unit Value
Asphaltene content wt% >4
Sulfur wppm 41700
Total Nitrogen wppm 3474
Basic Nitrogen wppm 1120
Aluminum wppm 0.97
Iron wppm 0.28
Nickel wppm ND
Vanadium wppm 1.67
Density at 20°C g/mL 0.9929
Density at 15°C (60F) g/mL 0.9958
'3C aromaticity % 39.4
MCR (Conradson carbon) wt% 1.9
Aniline Point °C 95
Bromine Number g Br2/100 g 17.1

The HGO was hydroprocessed in an experimental pilot unit containing
a set of three fixed bed reactors in series. Each fixed bed reactor was of 19
5 mm (%") OD 316L stainless steel tubing and about 50 cm (19") in length with
reducers to 6 mm (%4") on each end. Both ends of the reactors were first
capped with metal mesh to prevent catalyst leakage. Below the metal mesh,
the reactors were packed with layers of 1 mm glass beads at both ends.
Catalyst was packed into the middle of the tubing.

10 The first reactor (Reactor #1) contained a guard bed catalyst to
saturate olefins and remove metals (such as Ni, V, Si). The guard bed
catalyst was Ni-Mo on y -Al>Os3 catalyst from Criterion Catalysts &
Technologies, Houston, TX (RN-410). This catalyst was followed by a
hydrotreating catalyst also of Ni-Mo on y -Al2O3 support in the same Reactor

15 #1 (Criterion Catalyst DN-200). Both catalysts were extrudites of about 1.3
mm diameter and 10 mm long. A layer of ~1.2 cm deep of 1 mm diameter
glass beads separated the guard bed catalyst from the hydrotreating catalyst
in Reactor #1. The ratio of the volume of guard bed catalyst to the volume of

hydrotreating catalyst contained in all three reactors was 5.
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Reactor #2 and Reactor #3 were packed with layers of 1 mm glass
beads at both ends, 44 ml at the top and 10 ml at the bottom, and contained
only the hydrotreating catalyst (Criterion Catalyst DN-200).

Each reactor was placed in a temperature controlled sand bath having

5 7.6cm (3") OD and 120 cm long pipe filled with fine sand. Temperatures
were monitored at the inlet and outlet of each reactor as well as in each
sand bath. The temperature was controlled using heat tape, which was
connected to temperature controllers. Heat tape was wrapped around the
sand bath containing the heating and reaction sections of the reactor. The

10  pipe was wrapped by two separate heat tapes to maintain desired
temperatures in the inlet and the outlet of the reactors. After exiting Reactor
#3 (the last reactor), the product mixture was split into a recycle product
stream and product. The recycle product stream flowed through an Eldex
triple head piston metering pump, which discharged the stream to combine

15 with fresh hydrocarbon feed. The recycle product stream served as diluent
in this Example.

Hydrogen was fed from compressed gas cylinders and the flow was
measured using mass flow controllers. Hydrogen was injected via an in-line
tee fitting prior to Reactor #1. The hydrogen was mixed with the HGO feed

20 and the recycle product stream. HGO feed/hydrogen/recycle product stream
mixture flowed downwardly through a first temperature-controlled sand bath
and then in an up-flow mode through Reactor #1. After exiting Reactor #1,
additional hydrogen was added to and dissolved in the product of Reactor #1
(the feed to Reactor #2), and the feed to Reactor #2 with dissolved hydrogen

25  flowed downwardly through a second temperature-controlled sand bath and
then in an up-flow mode through Reactor #2. After exiting Reactor #2, more
hydrogen was added to and dissolved in the product of Reactor #2 (the feed
to Reactor #3), and the feed to Reactor #3 with dissolved hydrogen flowed
downwardly through a third temperature-controlled sand bath and then in an

30  up-flow mode through Reactor #3.

Both the guard catalyst (18 mL) and the hydrotreating catalyst (total
90 mL) were dried overnight at 130°C under a flow of 200 standard cubic
centimeters per minute (sccm) of nitrogen. The dried catalysts were
charged to the reactors as described above. The catalyst-charged reactors
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Tabl es 5 andhirotreating pressure range (6.9 MPa), the heavy gas oil (HGO) feed
mixture was pre-heated to 50°C, and was pumped to Reactor #1 using a
15  syringe pump at flow rate of 2.25 mL/minute. The total hydrogen feed rate
was 180 I/l (1000 scf/bbl) of fresh hydrocarbon feed. The temperature of the
reactors (WABT) was 387°C (728°F), and the pressure was about 10.8 MPa
(1560 psig, 109 barg). The recycle ratio was 4.25. The reactors were run
under the above conditions for three days to assure that the catalyst was
20  fully precoked and the system was lined-out with the heavy feed while
testing for both total sulfur and total nitrogen.

A Total Liquid Product (TLP) sample and an off-gas sample were
collected under the steady state conditions. The sulfur, the nitrogen, and
overall material balances were measured by using a GC-FID. From the total

25  hydrogen feed and hydrogen in the off-gas, the hydrogen consumption (H-
cons.) was calculated to be 161 I/l (904 scf/bbl).

Such a high rate of hydrogen consumption is not experienced in
hydroprocessing of lighter hydrocarbon mixtures such as diesel or jet fuel
where a typical hydrogen consumption may be in the range of 35 to 55

30  liter/liter (200 to 300 scf/bbl). Such high rates of hydrogen consumption
involving high heat generation may also result in localized temperature
spikes on catalyst surface in traditional trickle bed reactors, eventually
leading to coke formation. This example, therefore, demonstrates that the
liquid-full hydroprocessing reactors could be successfully used for injecting
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Table 5: Properties of the Clarified Slurry G| Sanple PropertyUnitMasured
Target Sul furwppnml36005800 Total NitrogenwppnB81251700 Basic N trogenwPPnil38
Ash, fil twoedws839080. 003 API G avityg/ nmi2.122. 2 Speci PCE/US2011/058031

Gravi tyg/ nmLl. 05920. 9208 Density at 15.6Cg/ nmL1l. 05820.9199 Density at

50Cg/ m_1. 0390 Refractive |Indexl.5748 Carbon Type Saturateswt, %18.5

Aromat | cswt UGB epaY By SROSTRRCHN SR aabRN TORETRS AHEOT6Ie B85 Tabl o

6. Boiling %ﬂﬁﬂier@\%ﬁé,d teiihaPmRl deXadheesh FBENkSt in an oil refinery.
o,11.11.11.11172. 12712112, 111122. 1211222, 111111171. 11112212, 11111711, 111111210 1111

111. 1111111, 1111 ersulfur endinitragarn contentsiofithe I samplerqaltected during 11. 11111
SRR . SLg}J lrjf‘ﬁte ?%ﬁ%&%hbﬁ@lgg?e 5825t Tand 1327 BOM ra%h el 8l Grid pniti al
5 sample with a nitrogen content of 1327 ppm was within desired nitrogen
specification of 1400 ppm and thus the product mixture was suitable for use
as feed to an FCC unit where it would not poison the zeolite-based cracking
catalyst.
The TLP sample collected during this experiment was batch distilled
10  to take a naphtha cut (Initial Boiling Point, IBP, of 177°C) and a diesel cut

(177°C to 343°C) to obtain the product yield distributions provided in

Table 2.

Table 2. Product distribution for TLP of Example 1
Compound/Fraction Weight %  Volume %
H.S 4.2
NH3 0.3
C1 0.4
Co 0.4
Cs 0.4
Cas 0.9
Naphtha Cs/177°C (350°F) 2.2 2.7
Diesel 177-343°C (350-650°F) 16.1 18.0
Heavy fraction 343°C+ (650°F+) 76.4 80.1
Total (Cs. for vol%) 101.3 100.8

15
The first column in Table 2 shows the amount of H2S, NHs, light
hydrocarbons (HCs), naphtha, diesel and the heavy HCs in terms of weight
percent of the fresh feed. The total is greater than 100% due to H: injection
to the feed. The second column expresses only the liquid products of
20  naphtha, diesel and heavy fraction (343°C+) in terms of volume percentage
of the feed. Again the total yield of liquid product is greater than 100% (even

with not counting all the gases) because the density of the feed is reduced

21



(459) 3% 293 (560) 5% 324 (616) 10% 359 (678) 20% 393 (740) 30% 410 (771)
40% 423 (793) 50% 434 (813) 60% 446 (835) 70% 461 (862) 80% 480 (896)
WO 2012/058396 PCT/US2011/058031

via Hz gas injection (volume swell). This is beneficial to the refiner because
the transportation fuels are sold by volume.
Each liquid cut was analyzed for density, sulfur and nitrogen content,

and for several other important fuel properties. The results are provided in

5 Table 3.
Table 3. Product Properties for Example 1
Cut Range Naphtha Diesel Heavy Fraction TLP
Cs/177°C  177°C/343°C 343°C+ Sample
Asphaltenes, wt% <0.1 <0.1 <04 <0.3
Sulfur, wppm 23 317 3065 2856
Nitrogen, wppm 35 282 1599 1327
MCR, wt% 0.17
Ni, ppm <1
V, ppm <2
API Gravity 43.3 28.3 18.6 21.3
Aniline Point, °C 32 69 62
Cetane Index 33

The results for this Example shows the heavy fraction (343°C+) of the

hydroprocessed composite sample (TLP) had less than 1700 ppm of

10 nitrogen. Thus, the sulfur content in the heavy fraction was reduced by more
than 93 %, the asphaltene and the Conradson Carbon (MCR) contents were
reduced by more than an order of magnitude as compared to the feed. The
heavy fraction (343°C+) of the TLP, therefore, seems to be suitable for use
as a feedstock to an FCC unit in an oil refinery without poisoning the FCC

15 catalyst. The diesel fraction may be sold as heating oil or may be blended
into an ultra-low sulfur diesel (ULSD) pool after further treatment to reduce
its sulfur content. This example then demonstrates that a low quality heavy
HC mixture such as CSO may be upgraded by deep-hydrotreating in a
liquid-full reactor.

20
Examples 2-13

Example 1 was repeated under varying process conditions in
Examples 2-13. Twelve additional data points were collected, and the
results are provided in Table 4. In Examples 1 through 3 the H, feed was
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hydroprocessing process of this invention. Having a TLP with a total

nitrogen content of less than 1400 ppm in the TLP is important to meet the
10  desired specification of 1700 ppm (by weight) of maximum nitrogen in the
343°C+ fraction. Therefore, the product samples shown in Table 4 are
suitable to be used as feed into an FCC unit at a refinery, without poisoning
zeolite-based FCC catalysts. Examples 4 through 13 were conducted to

obtain kinetic information for the process.

15 The high hydrogen consumption illustrated in Examples 1 through 13
demonstrate the ability of liquid-full hydroprocessing reactors to be able to
handle such high levels of heat generation experienced while upgrading the
low-grade heavy hydrocarbon feeds without compromising the life and
activity of the solid hydroprocessing catalyst due to coke formation.
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repeat ed under varying process conditions in Exanples 15-20. The recycle
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modifications to the unit. The properties of this feed are provided in Tables 5
and 6.

Table 5: Properties of the Clarified Slurry Oil Sample

Property Unit  Measured Target
Sulfur wppm 13600 5800
Total Nitrogen wppm 3125 1700
Basic Nitrogen wppm 138
Ash, filtered wt% 0.008 0.003
API Gravity g/mL 2.1 22.2
Specific Gravity g/mL 1.0592 0.9208
Density at 15.6°C g/mL 1.0582 0.9199
Density at 50°C g/mL 1.0390
Refractive Index 1.5748
Carbon Type

Saturates wt % 18.5

Aromatics wt % 46.2

Polars wt % 23.5

Asphaltenes wt % 11.8

MCR wt % 4.96

15
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Table 6. Boiling Point Distribution of CSO Feed Sample

Simulated distillation, Boiling Point
wt% °C (°F)
Initial Boiling Point (IBP) 204 (399)
1% 237 (459)
3% 293 (560)
5% 324 (616)
10% 359 (678)
20% 393 (740)
30% 410 (771)
40% 423 (793)
50% 434 (813)
60% 446 (835)
70% 461 (862)
80% 480 (896)
90% 516 (961)
99% 571 (1060)
End Point (EP) 613 (1135)

Tables 5 and 6 show that the CSO feed mixture is extremely heavy

and low value, having an asphaltene content of 12%, a Micro-Carbon

5 Residue (or Conradson Carbon) of 5%, a density of 1058 kg/m® at 15.5°C
(60°F) and a final boiling point of 613°C (1135°F). It has a total sulfur
content of 1.4 wt% and a total nitrogen content of more than 0.3 wt%. The
goal is to hydrotreat this feed mixture to determine whether it would be
feasible to upgrade it enough to be able to feed it to an FCC unitin a

10  petroleum refinery. The “Target” column provides the values the
corresponding properties should have for the product to be an acceptable
feed to an FCC unit. These values could be achieved via reduction in
density, sulfur, nitrogen, asphaltenes, and MCR contents, accompanied by a
high hydrogen uptake.

15 Only two reactors were used in this experiment (Example 14). The
reactors were packed with a hydrotreating catalyst as described in Example
1. No guard bed catalyst was used. That is, only Reactors #2 and #3 were
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used. Each of Reactor #2 and Reactor #3 contained 60 mL of a commercial
Ni-Mo on y -Al>,Os3 catalyst (TK-561) available from Haldor Tops@e, Lyngby,
Denmark. The process of Example 1 was repeated.

Catalysts were dried and pre-sulfided as described in Example 1.

5  The feed was then changed to SRD to stabilize the catalyst as described in
Example 1 at a temperature varying from 320°C (610°F) to 355°C (670°F)
and at pressure of 6.9 MPa (1000 psig or 69 bar) for one day as a an initial
pre-coking step. The feed was then switched to CSO in order to complete
the pre-coking of the catalyst by feeding CSO for at least 8 hr and testing for

10 sulfur until the system was lined-out. The process of Example 1 was
repeated using CSO as the feed to produce a product mixture having
reduced viscosity, density, sulfur and nitrogen content, carbon residue and
asphaltenes content.

More specifically, the CSO feed was pre-heated to 50°C and pumped

15  to the pilot unit using a syringe pump at flow rate of 1.50 ml/minute, to
achieve a LHSV of 0.75 hr”" based on the total catalyst volume. The total
hydrogen feed rate was 320 I/l (1800 scf/bbl). Temperature of the reactors
(WABT) was 343°C (650°F), and the pressure was 138 bar (2015 psia, 14
MPa). The recycle ratio was 8.2. The unit was run for 12 hours to achieve

20 steady state.

A Total Liquid Product (TLP) sample and an off-gas sample were
collected under the steady state conditions. Results are provided in Table 7.
Sulfur, nitrogen, and overall material balances were measured by using a
GC-FID. Hydrogen consumption was calculated from the hydrogen feed and

25  hydrogen in the off-gas, to be approximately 210 I/l (1200 scf/bbl). Sulfur
and nitrogen contents of the sample were found to be ~3900 ppm, and 800
ppm, respectively. The density (at 60°F or 15.5°C) of the feed at was
reduced from 1058 kg/m® to 1001 kg/m?® in the product mixture. Both the
reduction of sulfur and nitrogen were found to be at excellent levels for the

30  product from this deep hydrotreating process to be fed to an FCC unit.
Specifically the nitrogen was much lower than 1700 ppm level considered to
be the limit for the FCC catalyst. The sulfur level was reduced from about
13,600 ppm to below 4000 ppm, below the target level of 5800 ppm. Again
the sample was reduced in asphaltenes content from about 12 wt% to that

26



385 0.9799 13 538 437 <1 234 (1315) 15As can be seen in Table 7, hydrogen
consunption was extrenely high, in sone exanpl es exceedi ng 250 nor nal
liters ofwbopassister of oil, N1/1 (1400 scf/bbl), whi edTiGS261088085i ngl y
hi gh conpared to consunption rates usually observed in ULSD applications

whi ch 35 tg 55, N 00 to 300 scf/ At ] dj ti
T s
conversi on af| By bﬁdﬁro@é‘éélﬂgsoa%ﬂﬂgté GyarEdcesuchhedyy A RAFVADE How that the

hydrotreated products of are potentially acceptable to be blended in an
FCC feed formixturehde highly ueluagle s&mnﬁs thee mltteaﬁ@@ avdiiendedoifta he f eed
was reduced E%%fn tﬂa@ an orﬂ of magni tude and the density was reduced
by as much J i f FELATPET dﬁﬁﬁrlzed on Table 7 thus show that a CSO
stream mgy be successfully deep-hydrotreated in a liquid-full reactor to
reduce its sulfur, nitrogen, and asphaltenes content, to reduce its
density aft dzxamerlgpsdnal  al H2 uptake. It is surprising such a high H2
uptake in this h L |y

i nt ai ni ng t emparaIpE o BpOGRES AGELUaTihd acBeS UaRRGS Y o has
been previ oustamplesdsuz0.emThd recycﬂe ratld wad &l fpdhHa@immes 145—2(&n$lxe 21.

Hydr ocarbon feed derived fromoil shale (shale oil) . A heayy hydrocarbon

feed was obta3ddHanal Ak B@IntSs\Nﬁweechgect%eWﬁerent OpéFath‘lgl GRNCHIRNSIPripPle

distillagtio it 0
Tabl es gltoanghg U%MB/ éfh@é (ﬁeé?@g'ge}aﬁ?fﬁ@ @t hgﬁ% ?gﬁrge?ﬁ?aganﬁﬁgéﬁé%ﬁqhé
Proper t yUni trealltsefordplaatplen d4 tomugarROnaredgirovidsdl if draiery. by wei ght 7300 Tot al

Ni t rogenppm by wei ght 1200 Oxygenwt . %6. 97 Metal s Siliconppm by wei ght <10
Ni ckel ppm by wei ght <1 Vanadi unppm by wei ght <1

Table 7. Summary of Examples 14 through 20

Example LHSV Density®™" APl Sulfur  Nitrogen  Asphaltenes H,Cons. N

Number hr’ WABT *C g/cc Gravity wppm wppm wit% 111 (scf/bbl)
Feed 1.0582 2 13600 3125 12

14 0.75 343 1.0012 10 3904 804 <1 209 (1171)

15 0.75 357 0.9966 10 2630 678 <1 225 (1264)

16 0.76 371 0.9869 12 1266 505 <1 260 (1458)

17 1.50 371 1.0008 10 2450 865 <1 206 (1156)

18 1.50 357 1.0102 8 4372 1179 <1 169 (947)

19 0.50 371 0.9817 13 973 475 <1 244 (1373)

20 0.50 385 0.9799 13 538 437 <1 234 (1315)

15 As can be seen in Table 7, hydrogen consumption was extremely

high, in some examples exceeding 250 normal liters of Hz per liter of oil, N I/I
(1400 scf/bbl), which is surprisingly high compared to consumption rates
usually observed in ULSD applications which range 35 to 55 N I/l (200 to 300
scf/bbl). At more severe conditions, higher WABT or lower LHSV, the

20 density reduction and the higher conversion of sulfur and nitrogen
(Examples 15, 16 19 and 20) show that the hydrotreated products of CSO
are potentially acceptable to be blended in an FCC feed for further
upgrading. Again the asphaltenes content of the feed was reduced by more
than an order of magnitude and the density was reduced by as much as 8%.

25 The results summarized on Table 7 thus show that a CSO stream

may be successfully deep-hydrotreated in a liquid-full reactor to reduce its
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passed thrmfgﬂlu1 ReBETdIP wAtelz 3&8'?%” EhE S %sti%er} BiioV& S educe heavy

metal s and en@eRtaredtieiick(dyed egeaxipagnati on) and to saturate ol efinic
doubl e bonds. The pretreated sanple was then hydroprocessed in a continuous
fashion in fixed bed Reactors #2 and #3 as described in Exanple 1.

Speci ficall 4 al i ; - 0 .punped to
15React or #ylgg_rﬁ'@e?éljl ovﬁ y@r{ogaf)@%gfel\%?ﬁle?ﬁgtaZﬁ%trﬁ;‘agtéﬁ?%vgs mé?%%gf\)/ of 3.0 hr-1
based on the tota\ heavyhystocadiamfeed Wdsadbtajrdidoigen dilesithle By ehevasal 250
1/1(1400 scf/bbl). The tenperature of the reactors was 316C (600F) , and
the pressur €ragtdNgngsimpiesgistiidion of ®ilshgte) Thejieed Bag M&Piopereshas 5.

Resul ts @re pEQussterh Tabdadl s14l§- The product m xture had

Table 8. Properties of the Shale Oil Sample

Property Unit Value
Asphaltenes content wt % 4.1
Sulfur ppm, by weight 7300
Total Nitrogen ppm, by weight 1200
Oxygen wt. % 6.97
Metals

Silicon ppm, by weight <10

Nickel ppm, by weight <1

Vanadium ppm, by weight <1
MCR wt % 3.5
Density at 50°C g/ml 0.9367
Density at 20°C g/ml 0.9600
Bromine Number g Br,/100g 91.6
Refractive Index @ 20°C 1.590
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20significantly |lower viscosity, a reduced density of 886 kg/nB8 at 20C
sul fur content of 1169 ppm and nitrogen content of 1000 ppm as shown in
Tabl e 8. Wotal2/t3§3s0gen consunpti on was estimated at 23@Crius2¢11885»31
scf/bbl). The asphaltenes content was reduced again by nore than an order a
magni t ude (from above 4%t o_bel aw 0.3% . _The oxygen_.content was al so
reduced from 5 about 7%\%}%? ﬁ?‘ﬁm %W/%)%Pé%f'ﬁ)%tr‘f}/"?Qgsri@?.&#he hydr ot r eat ed
sanpl e was nuch thinner (| &8EViISTOUS) N THE. "™ The feed was so
viscous that it required toEW&\{'RBa‘("% t?@ﬁ@ llgﬂln})% r.to punp it to the
process. The experinent has shogp that the hiqgl y-viscous shale oil sanple
was successfully hydrotreated tgo/a pr oduct tqgg coul d be used as a bl ending
10f eedst ock for a #2 heating oiY”r a diesel el . Exanples 22 - 27
Exanpl e 21 was repeated under diOP6erent procd®9$ conditions. Six additional
data points were coll ected. Ex?@%e conditi o%6and results are 15provi ded
in Table 10. Al Exanples 21-27 were run at & space velocity (LHSV) of 3.0
hr-1 and at a recycle ratio of 33%. Table 1026%ummary of Exanples 21
t hrough 27 Exanpl e Nunber WABT 4go2 Feed N 1/hpgscf/bbl) Density2c g/cc
Asphal tenes wt % Rl at 20C Sul fusroo/ppm Ni t roge%OIZPm Feed 0. 9600

(o]

60% 324
70% 347
80% 372
90% 408
95% 432
99% 459

EP 466

The process of Example 1 was repeated using three reactors.
Reactor #1 contained guard bed catalyst, KF-647, and Reactors #2 and #3
5  contained hydroprocessing catalyst, KF-860, both of which are Ni-Mo
supported on y -Al,Os, from Albemarle Corp., Baton Rouge, LA. All other
steps were the same. The catalysts were dried, sulfided and stabilized with
SRD, as previously described in Examples 1 and 14.
The feed was first passed through Reactor #1 as a pretreatment to
10  remove/reduce heavy metals and oxygen content (hydrodeoxygenation) and
to saturate olefinic double bonds. The pretreated sample was then
hydroprocessed in a continuous fashion in fixed bed Reactors #2 and #3 as
described in Example 1.
Specifically, the shale oil feed was preheated to 50°C, and pumped to
15 Reactor #1 at a flow rate of 2 mL/minute to achieve a LHSV of 3.0 hr' based
on the total catalyst volume. Total hydrogen feed rate was 250 I/ (1400
scf/bbl). The temperature of the reactors was 316°C (600°F) , and the
pressure was 93 bar (1350 psia, 9.3 MPa). The recycle ratio was 5.
Results are provided in Table 10. The product mixture had
20  significantly lower viscosity, a reduced density of 886 kg/m® at 20°C, sulfur
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4.1 1.5900 7300 1200 21 340 210 (1200) 0.8864 <0.3 1.4927 1200 1000 22 360
210 (1200) 0.8823 <0.3 1.4916 900 966 23 370 210 (1200) 0.8747 <0.3 1.4906
500 915 203F/@3FD6( 1500) PCT/US2011/058031

10

15

20

25

content of 1169 ppm and nitrogen content of 1000 ppm as shown in Table 8.
Total hydrogen consumption was estimated at 230 I/ (1300 scf/bbl). The
asphaltenes content was reduced again by more than an order a magnitude
(from above 4% to below 0.3%). The oxygen content was also reduced from
about 7 wt % to below detection (<0.1%). The hydrotreated sample was
much thinner (less viscous) than the feed. The feed was so viscous that it
required to be heated to 50°C in order to pump it to the process. The
experiment has shown that the highly-viscous shale oil sample was
successfully hydrotreated to a product that could be used as a blending
feedstock for a #2 heating oil or a diesel fuel.

Examples 22 - 27

Example 21 was repeated under different process conditions. Six

additional data points were collected. Example conditions and results are
provided in Table 10. All Examples 21-27 were run at a space velocity
(LHSV) of 3.0 hr" and at a recycle ratio of 5.0.

Table 10. Summary of Examples 21 through 27

Example WABT H, Feed Density*™® Asphaltenes RI Sulfur  Nitrogen
Number °C N I/l (scf/bbl) glcc wit% at20°C ppm ppm
Feed 0.9600 4.1 1.5900 7300 1200
21 340 210 (1200) 0.8864 <0.3 1.4927 1200 1000
22 360 210 (1200) 0.8823 <0.3 1.4916 900 966
23 370 210 (1200) 0.8747 <0.3 1.4906 500 915
24 370 270 (1500) 0.8666 <0.3 1.4856 250 634
25 360 270 (1500) 0.8591 <0.3 1.4833 160 540
26 370 270 (1500) 0.8610 <0.3 1.4837 90 420
27 385 270 (1500) 0.8597 <0.3 1.4852 60 N/A

As shown in Table 10, as the severity of the hydroprocessing was
increased by increasing the reactor temperature, the sulfur and the nitrogen
contents of the product were also decreased. In Example 23, the hydrogen
consumption was getting close to the hydrogen feed, hence the hydrogen
feed rate was increased from 214 1/l (1200 scf/bbl) to 267 I/1 (1500 scf/bbl)
which helped reduce the sulfur content in the product from 500 ppm to 250

ppm. In Example 27, the sulfur content was reduced to 60 ppm from 7300
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0. 8666 <0.3 1.4856 250 634 25 360 270 (1500) 0.8591 <0.3 1.4833 160 540 26
370 270 (1500) 0.8610 <0.3 1.4837 90 420 27 385 270 (1500) 0.8597 <0.3

1. 4852 60Wt/2M2/383s shown in Table 10, as the severity @®CTUSR011/058031

hydr opr ocessi ng was

ppm in the feed. The nitrogen content of the product sample from Example
27 was not measured (“N/A”). The asphaltenes content of all the samples in
Examples 21 through 27 were again reduced by more than an order of

magnitude.

5 The same catalyst was used throughout the series of Examples.
Activity was maintained — that is no deactivation occurred - after all the

above experiments.

These Examples than showed that a heavy hydrocarbon mixture
derived from oil shale may be successfully treated in a liquid-full
10 hydrotreating reactor to upgrade it so that it could be used as a blending

stock for a fuel.

Comparative Example. Light Cycle Qil (LCO) from a Refinery Fluid Catalytic

Cracking Unit

15 A Light Cycle Oil (LCO) sample from an FCC Unit of a petroleum
refinery, with the properties disclosed in Table 11, was hydroprocessed in
the pilot unit described in Example 1, with certain modifications to the unit.

Table 11: Properties of the Light Cycle Oil Feed and Product Samples

Property Unit Feed Product
Asphaltene content wt% <01 <01
Sulfur wppm 2350 35
Total Nitrogen wppm 835 3
Aromatics

Mono- wt % 21.6 28.2

Poly- wt % 38.6 6.4

Total wt % 60.2 34.6
MCR wt.% <0.1 <0.1
API Gravity 18.2 25.7
Specific Gravity 0.9455 0.9004
Density at 15.6°C g/mi 0.9446 0.8995
Bromine No. g/100g 8.6 <1.0
Refractive Index 1.5407 1.4910

20
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I ncreased by increasing the reactor tenperature, the sulfur and the
nitrogen contents of the product were al so decreased. In Exanple 23, the
hydr ogen woneiamssisen was getting close to the hydrogen fPegdiS2tianss®3t he
hydrogen feed rate was increased from214 11l (1200 scf/bbl) to 267 11|
(1500 scf/bbl) 25 i.ch hel ped reduce the sulfur conte in the product
from 500 ppmto ﬁ%ﬁw&re?ﬁo Q%l"‘@r%’?egﬁ@@m iS‘?th?nt rERELOSMRIEed t o

60 ppm fromp3QREd vii1a hdidiRatifg Gataiist 4 deRIBRIGR B@RpIOH . INKe gRaRAUCt
sanpl e from Exanple 27 was not neasured ("N A"). The asphaltenés content of
al | the sanplesscatalyskwaplused?2 Mhahisowgly Reaclore#agad#d waicesedbyEaeh e t han

d f i tud ) d th h h ' f
Exanpl os. - AdTOTGONER RA R as Bt APy FanedmoRPa Mg 85 ° °
after alls thg,@bextelyxPEKIGUF Sailable from P@&ﬁ)rmbﬁﬁﬁrﬁw Ceton@d. t hat a

heavy hydrocarbon m'xture derived fromoil shale may be successfully
treated in alhe Bi@icess of Exaoweii svasegpeatpd adeasing e grfplygts afd so that it

coul d be us ' - for a fuel. Conparative Exanple. Light
Cycle G (L @g?ﬂé@lﬁg ?Q{E)&@ﬁtil uid Catalytic Cracking Unit 15A Light

Cycle Ol (LCO e framan EFCC Unit of a petroleumrefinery., with the
o oper {1 es. di sl SeuAYERWRR BB I et e B LB TR T
descri bed i npilxanphaislalsotrebteewitRiSRDRdiddseabé@ S EkAmMple1 Wt . Tabl e 11:
Properties of the Light Cycle Ol Feed and Product Sanples Property Unit

Feed Pro@ucttemperailferaryishiremt 320°6 (€4 09F 0. 30550 (BiP° MM 2lawessweTat al
N trogen V‘P%@%ﬁ’léa %1 (’ﬁfd)ﬂ?ib'o?%g bar) for one day for stabilizing the catalyst and as

an initial precoking step. The feed was then switched to LCO. The process
of Example 1 was repeated using LCO as the feed to produce a product
mixture having reduced viscosity, density, sulfur, nitrogen, residue, and

15 asphaltenes content.

More specifically, the LCO feed was pumped to the pilot unit using a
syringe pump at flow rate of 4.0 ml/minute, to achieve a LHSV of 2.0 hr™
based on the total catalyst volume. The total hydrogen consumption was
250 I/1 (1400 scf/bbl). Temperature of the reactors (WABT) was 371°C

20 (700°F), and the pressure was 138 bar (2000 psia, 13.8 MPa). The recycle
ratio was 6.0. The unit was run for 12 hours to achieve steady state. A
Total Liquid Product (TLP) sample and an off-gas sample were collected
under the steady state conditions. Sulfur, nitrogen, and overall material
balances were measured by using a GC-FID. Hydrogen consumption was

25  calculated from the hydrogen feed and hydrogen in the off-gas, to be
approximately 225 I/l (1265 scf/bbl). Sulfur and nitrogen contents of the
sample were found to be 35 ppm, and 3 ppm, respectively. The density (at
60°F or 15.5°C) of the feed at was reduced from 945 kg/m® to 900 kg/m? in
the product.

30 It was surprising to find out that our more difficult heavy HC feeds
used in Examples 1 through 27 above were as easily upgraded to more
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Mono- Wt % 21.6 28.2 Poly- Wt % 38.6 6.4 Total wt % 60.2 34.6 MCR wt. % <0.1
<0.1 API Gavity 18.2 25.7 Specific Gavity 0.9455 0.9004 Density at
15. 6C g/ mvOQ)2404$8396. 8995 PCT/US2011/058031

valuable HC mixtures by hydrotreating them in liquid-full reactors as the
much easier-to-treat feed of an LCO shown in Comparative Example A
above.
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Brom ne No. g/100g 8.6 <1.0 Refractive Index 1.5407 1.4910 20

Only two reactor beds were used for this Exanple. The reactors were packed
wi th a hywoaovramsisng cat al yst as described in Exanpl e 1PCRwSguasnasobed
catal yst was used. That is, only Reactors #2 and #3 were used. Each of
React or #2 and Reactor #3 contai ned 62 ghggf a coomercial N-Mo ony - 5
Al 203 catal yst (TK-607) available fr r Topsoe, Lyngby, Dennmark. The
process of Exanple 1 was repeated for |oading the catal ysts and pressure
testing the pilot unit. Cat al yst was again dried, sulfided as

descri bed i erEéﬂ’g)F%IﬂEedTge pilot unit was al so treat ed with SRD as

descri bed i 10 tenperature varying from 320C (610F) to 355C
(0700 o 2t oreesur o Blodhe® TR RO Brflng i %cgn%ﬁﬂaf g

th tched to LCO .Th 1 t LCO
the feed foepr03dezacodntap@raqﬂ’&f’cf%eétvwma@%ntrﬁ@aay S T

sul fur, nit rf@g@ﬁanué@tﬂ%ﬂ@ger@ﬁﬂxt&@wa@mg%@%\j@ﬂk didéuieed pewief i cal |y,
t he LCOfeed was punp to the EI|O'[ unit usi'ng a syringe punp at flow rate

of 4.0 nl/nimxtwe to@r@wde@\/léq@ 888V of 2.0 hr-1 based on the total catalyst
vol unme. The total hydrogen consunption was 250 1/1(1400 scf/bbl).
Tenperature of tHb) ceratecthng;tf(&/ﬁBﬂi)dinest/BVdrﬁgEﬁ(rﬁi@tDFQ withral cataéyspriessur e was
138 bar (20Q0 ta, 13.8 MPa re atio S 6.0. The unit was run
for 12 hour '%gjsﬁ@‘ﬁ?éet&rst?e%@“%% Qtpéog%& &,,rei_laa\gad Product (TLP) sanple
and an of f-gas sarrgl e were col | ected under the stead state condl tions.

Sul fur, MWitrogen, (Chif§YeNRg aporian ahtngiPreayelipixtun FREYS(® @IEGt usi ng a

GC- FI D. Hydrg d and
hydrogen in t%%%??%gggmﬁlh be aal% o?r)‘g'tcg ﬁgaz@ ﬂ}&{%ﬁg%%?ﬁﬂ%ﬁg% Sul fur
and nit rogedeasinat pottionaf thé dilsentph stepe(a a"taLnedyd:Ie rbo Bba pgmge ahior® ppm
respectivel y den3| H (at 60F or 15.5C) of the feed at was reduced from
945 kg/ 8 t FRR6 Ot he product. 301t was surprising to find out that

our nore diffi cult hea HC f eeds used in Exan*Eelgle 1 throu h 27 above were
as easily upgrade¥arginihedeed aegam asnbeltengcep tlﬁﬁ/ahkﬁ?%?/‘eé’@ﬁﬁg OMhem i n

I|qU|deI h Car .t f. f ovn i
conpar at' ve PEREHRETE LI e RN LBl R Bl o Bativelont
amount of at least 160 I/l (900 scf/bbl); and wherein the diluent comprises,

consists essentially of, or consists of recycled product stream.

2. The process of claim 1 wherein hydrogen is feed in an
equivalent amount of 180-530 I/l (1000-3000 scf/bbl).

20 3. The process of claim 2 wherein hydrogen is feed in an
equivalent amount of 360-530 I/l (2000-3000 scf/bbl).

4. The process of claim 1 wherein the feed is first contacted with
the diluent to produce a feed/diluent mixture and then the feed/diluent
mixture is contacted with hydrogen to provide the feed/diluent/hydrogen

25  mixture.

5. The process of claim 1 wherein the heavy hydrocarbon feed
has a viscosity of at least 5 cP, a density of at least 900 kg/m® at a
temperature of 50°C (120°F), an end boiling point in the range of from about
450°C (840°F) to about 700°C (1300°F), and the Conradson carbon content
30 is in the range of from about 0.25% to about 8.0% by weight.
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1. A process to treat a heavy hydrocarbon feed conprising: 5(a) contacting
the feed with (i) a diluent and (ii) hydrogen to produce a

f eed/ di | \wot20teyds3dgen m xture, wherein the hydrogen is @csaskaedssonlt he

m xture to provide a liquid feed; (b) contacting the

feed/ di | uent/ hydrogen i xture with a catalyst, in a liguid-full reactor, to
produce a pr oduct® mi xtﬂlreer&ﬁaS 9%)?'@}”‘r1e\ﬁ’6%'lyq.'r|’151edh%\fytrﬂﬂﬁoﬁ‘?r%f’ﬂé(e%‘ﬂfduct

m xture as %d&%@lfr%nPﬂ@Q#‘éhp%dn%%ﬁ‘ﬂw@bf%ﬁWibﬂ's‘ﬂﬂr& BE BiRENEN LoREpduUct stream
with the feed to provide at least a portion of the diluent 'in step (a) at a
recycl e rat irotiuctacoaligeeded orl pprioglbetirom heavayliherroal eaekisg wroeesst eed has
an asphal tene content of at.least. 3% based on, 15 the total, weight of the
eed: "and wigparer 0,k o LSARGrsihg T Rf0: MhrerckinBuhfo@ht i flat 160
11 (900 sscfitdmla) gruag iy, ah8 niiRRiréé bEETS of A1BRE tisereof.consi st s essential Iy
of, or consists of recycled product stream 2. The process of claim1
wherei n_hydrogen s fegh hicals 8fkiaya!oRhe@IPHY h&dvyl8Rir888bh!feéd RO0- 3000
scf/bbl). 203. The process of claim2 wherein hydrogenis feed in an

equi val ent dbuman extraaged 53 dll sapd®00- 3000 scf/ bbl). 4. The process
of claim1l wherein the feed is first contacted with the diluent to produce
a feed/diluent m&t ur elrengrackes of biairh elewheidinérg catakstia dydsoprooessingd W t h
hydrogen to provide the feed/djluent/hydrogen 25m xture. . 5. The

o ocess of * PRAHPICIMETNG oLHE ! B8P ey P GaaP SRR EeteRis o VR y of a
least 5 P, RURNShG LoRibirftion§aRéredPO0akgid calalyt ICSRHHIY &n aTmets= (120F),
an end boiling point in the range of from about” 450C (840F) to about 700C
(1300F), andrtrhixedanetatioxidecarzigolitec ona@omizgoaton of teeor magetheiredt om about
0.25%to about 8.0% by weight. WD 2012/ 058396PCT/ US2011/ 058031 6.
The process of cl@i m ITheheroeess bhelaireBayhenaitn teamietal i$ eednitsnstdrect ed from
the group consj sti of clarjified slurry oil, bitunmen  coker product, coal
i quef i ed oimstals selaeciFasihe SIRHRFensiSHiG Rl niEkekaRoNaosR B Aol o dct
from heavy QidoaltiHeQbHEARLMNEIMEY AlckBYAMBSIACINING artl éltungsancut 5from a
crude oil uﬁﬁt,a andgmaxturgs of fwg or Qgre t elr c?f. ng. 'rllhe process
of clai ms5 e@\Vé¢).n t he heavy hydrocarbon feed is bitunen extracted fromoil
sands. 8. The process of claim1 wherein the catalyst a

hydr opr ocessi ng cid al yRie parpss of olgira whateirs ¢eegiond- 6r oixddimegaioup

consi sting of_nickﬁl and 10cobhal t, and conpi nations. thereof, and the

catal yst 1 s SFHEaREING SHICRpHENIG ZITRPR B KiesEUNGGIiRa-aldMIBR LT Be, or a

combi nat i on QfniMBtEH oot RereHereof. 9. The process of claim38
wherein the netal 1s a con‘%i nat 1 on o? netal s selected fromthe group

consi sting of nickel- Y} = yhd (

ni ckel -tungst en ((:]K‘IW I@{né/da%o%gﬂof B&%gtfgﬁmggkngB Bﬂgmolggy%)é process
of clai mo9 vdutficing tHeheatatysbby gontacking-thetafalyst wdth a sulédrcconmainingi | i ca,
titania, zirconia, kieselguhr, silica-alumna or a conmbination of two or
mor e t her eof€OMpound atjan efeNatas lsEReEaecl aim 1 further conprising, prior
to step (a), 20sul fiding the catalyst by contacting the catalyst with a
sul f ur - cont ai ni ng! ZonpBigerosesapf eieéndt Waereime wcyele ratio is 11092, The
process of claim1 wherein the recycle ratiois 1 to 5. 13. The
process of clai m1B.whelte prockes of Claimt! wbersis the dituentgonsists erseansistal | y of

t he product rs%%%ﬁél? gftthga%d 20 1réelc‘lgl1éas rocess of claim1 wherein the dil uent
conpri ses art y produ y ’

25 14.  The process of claim 1 wherein the diluent comprises an
organic liquid selected from the group consisting of light hydrocarbons, light
distillates, naphtha, diesel and combinations of two or more thereof.

15.  The process of claim 1 wherein the reactor is a single packed

bed reactor.
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organic liquid selected fromthe group consisting of |ight hydrocarbons,
light distillates, naphtha, diesel and conbinations of two or nore thereof.
15. The prwoesrw/iB8396] ai m 1 wherein the reactor is a singlPeTamekaedssvetl
reactor. WD 2012/ 058396PCT/ US2011/ 058031 16. The process of claim1

baral o1 or i n a Gonbi TR PORCSREY M | WhETSH YA Tereions Bieof mi¥ect ai m 16

wher ei n fres(ﬁwmﬂépﬁé‘ékéogo@djéjlﬁc&e?‘%std?% batflel QF m%@Bm'bﬂ‘?é%’bﬁ&h@%f 518. The
process of claim1 wherein tenperature ranges from about 250C to about

450C pressure raﬁges\x BPo%eé?To? Blar @}Sw%’r%br( ﬁ@?qh?q@;@%ﬁ i838ed AN

hydr ocar bon feed (LHS ranges from e process of claim
18 wherei n ttheprebdlueach magts Hdadom about 300C to 400C; pressure ranges
from6.9 to 13.9 MPa (1000 to 2000 10psi g).

5 18.  The process of claim 1 wherein temperature ranges from about
250°C to about 450°C; pressure ranges from 3.45 to 17.25 MPa (500 to
2500 psig), and hydrocarbon feed (LHSV) ranges from 0.1 to 10 hr™.

19.  The process of claim 18 wherein temperature ranges from
about 300°C to 400°C; pressure ranges from 6.9 to 13.9 MPa (1000 to 2000

10 psig).
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