TI TLE TARGETED PRETREATMENT AND SELECTI VE RI NG OPENI NG I N LI QUI D- FULL
REACTORS FI ELD OF THE | NVENTI ON The present invention relates to a
process fwo 2mpdneq@pocessi ng hydrocarbon feeds in |iqui detulds2eiemeises s with
a single liquid recycle | oop. BACKGROUND OF THE | NVENTI ON d obal
demand for diesel, particularly for ul %i-|OMFSU|fUF-diese| (ULSD) has
risen quickly with increased growth of Ll sportation fuels and a decrease
in the use of fuel oil. Regulations for transEortation fuel s have been
establ i shed to SORGBRREPHRETREATMENS AND SELESHYVE RINGQRENINGe| s. There
are other pending rules calling to reduce the sulfur content in off-road
di esel as well. Thus, there i bIQUBM g LNBEAGIERByYdr ocar bon feeds to use
as feedstocks for producing diesel, including ULSD. A refinery
produces a nunber of hydrocar FHELPrOBHUHE INYENTGOHN f f er ent uses and
different values. It is desired to reduce production of or upgrade | ower

val ue products t o Thegiresentdihuentisrodiates to dvroeessmor eydaiprbcassing/al ue
products are cycle oils and heavy hydrocarbons. | ~ Cycle oils have
historically *‘Wé@??&ﬁ@%f%@@%nélﬁatdélwdﬁaﬁtﬁf%wtha siggle.lig ele legeh oil's
cannot be directly blended into today's diesel fuels because of their high
sul fur content, high nitroBARKGROMND Off ANMENTKINcont ent (particularly
hi gh pol yaromatics), high density, and | ow cetane val ue. Heavy

hydr ocar bon f eeds Globalademeandfodiese wartichiadi faoultradgwpilor-sljesehd ar e
enerally ch ri zed as havi ng, hi gh asphal t ene. content, hi i scosit
I hrgh” dondPESDT Reg e ki Bt ToereaBa0 SR S et atiof fels 310 ot ew

options for th@idreHS€in MRS m@FéiQnRengéiibﬁé)\‘&t oftatieh Fedd nalew

commercial value. wuse due to recent regulations calling for nore stringent
heating oi | $eeneastablisheditasubstantially-Hpuwesthe sekbyilagelsdudiesgsfuels.

hydr odesul f urj zat i rodeni t engtion _h ee d tQ renove
sul fur and niﬂkéS%gﬁ?o%%gggﬁﬂlr&eqt@sf{agﬁg%gbdrlregi(gg?Bﬁ%gy@érdéqn[fé 9% nat i ve
hydr opr ocessirogd argehhs Welli STHUsH iregeas Kighowingady forsyarmarteetbdoe crack
heavy hydrocarbons (high density) into lighter products (lower density)

wi t h” hydr ogerto sggiasifeadstpeks fas dipdyeiae diesehtieeltding WledPhi gh in t he

hydr ocarbon m xture going into the hydrocracki ng process, the zeolitic
hydr ocr acki ng cat & sedinermapraskicpsiasueder ofrhygacarbon produateidamipgr ocr acki ng

is too severe,.significan ts, of naphtha and lighter rQcarhbons,
whi char e cotUraErbiraRan gRERH auits of Focsheilld s BrediioR etor
Convent i onal upaf&fe aS & adpreRueseesigiterdiié prsRétd. oTwbyskaaigléabf ng and
hi gh pressure hydrocracking, commonly known as trickle bed reactors,
require hydr der Yaleenpso AreaxEe ofle apd heax syeree@ddbent-o | i qui d phase
where it is available to react with a hydrocarbon feed at the surface of
the catal yst. Thedgydmbisharehisigroady beenrusediasebleadgioakuata fuel es. of

hydr ogen, mnu of which must_ be.recycled thrpough. e nsi V. dr.ogen

Comr sssor . Teyeteth I St bt S R R RV S o HiERa s
surface and ¢ricaliys bf #Racigh 8LifeNcontent, high hiebgah icoatdnt HigRLPERaEESNJ
approaches include hydrotreating and hydrocracking in a once-through fl ow
scheme as pr 690%d (B3rticHiaky Aighepolypromatics) dugusignady.randiloNcsiBN@Appr oach f or
G eater Valu%agﬂg | mproved Returns” AM 05-53, NPRA, (2005). Thakkar et al
di scl ose upgradimng a light cycle oil (LCO into a mxture of |iquefied
petrol eum gas (LP sol ine and diesel, products. Thakkar et..al. disclose
P oduc ng 5T ow s a9y o Epo el E BT TR P RR Y akkar o
al . use tradigoifi8adnd afCéeraRf chaetdized h&Hing BN aspHanese corasti ties of
hydrogen and | arge process equl pnment _such as a |arge gas conpressor for
hydr ogen gas high ¥igresityoand kighrfiensitintl odapuprosueers ofdraavydydserarb@pht ha ar e
produced in the, di L r i uct
accounts for Hﬁ'%‘@éééﬁégé?%%% ﬂéﬁgroggﬁélpg? Qt%@&ﬁ%%%%sgéj@gglregﬁaﬁ% using LCO
f eed. KKeladyelf/ lowicomié&rcidPatm. 7, 794, 585, discl oses a process for
hydrotreati ng and hydrocracki ng hydrocarbon feedstocks in a "substantially
l'iquid phase”, whiggihic§cldalilsned Rsaw1e/dre€stbehs eale Basnaskaria deatihglui d
phase than aggas hase. More speC|f|caII%, hydrogen may be present in a gas
phase up to 2060 uent thefsudfat gententof t @ﬁ@%&ﬁwooaélmn*se@amh@nt thielh anount s
are needed so that as hydrogen is consunmed, hydrogen is available fromthe
gas phase. Thus, Kokayeff's reaction systemis a trickle bed. Separation of
gases occurs after hydrocracking and before recycling a portion of the

| i quid product. Thus, hydrogen gas is lost fromthe reactor effluent, which
may be significant, as Kokayeff teaches addi ng hydrogen well above the
hydrogen saturation limt of the |iquid. It is desirable to have a
process for hydroprocessi ng hydrocarbon feeds in a smaller and sinpler

oy o o . - g, o




In the first treatnment zone, a hydrocarbon feed undergoes targeted
pretreatnment to reduce its nitrogen, sulfur and aromatics. The reduction of
t he nitrogenoronb@nt of the feed in the targeted pretreaCTAISR012024863 S
critical in order to prevent poi soni ng of the second catalyst in the second
treat ment zone. the second trea ne, e ef Luent fromthe first
treat nent zone® d&@%ntaregépé'@f‘?\?@ '89 f@ Wé’ﬁ%é 'rtgieﬂg B3 A SHET mpr ove
its cetane vakayfysr9§l to reduce its density (volume swell). BRIEF

DESCRI PTI ON OF THE FI GURE Figure 1 is a flowdiagramillustrating

one enbodi nent of %g:ig% i Nng openin rocess
of this invention. @‘Z IIE_:E%é @SW %éﬁlﬁjr%%ttlbﬁ%ggen? i Irct)vent |golr[1)

provi des a pmdas;tenﬁtomgdfnaﬂloophmbeenngsed Iy derooee botMrfa&dmtrNgeoh conpri ses
{ondr di | aont FRSRAYER TR MYRESCeREh e Han AJarShub MU G OCVBL 1 the
m xture to proo\ététﬁ)rnslc ardSabiahg whigh HRMEA Ut id\GatrAGLEY | uent / hydr ogen

m xture with a first yst first treatnment zone, to produce a first
product effl thwdtqca(rlcc)ns:(hrgtadenng/)tlrhteIrglht@tprpdodec(tomca‘rfdemerty) with h a second

and () recy VBRER o BT She HREen B S Pl R GE AV RE Ba Ty el o

product streanxfupe goFry info tHeeh)ﬁHrbét%@klngrprébéﬁs tRe CeolitRt hydirb@@Xking rati o of
fromabout 1 to about 8, wherein the first treatnent zone conprises at

| east two st &gédystimay besisoned. Jagsisdion, dRenbiyelrothaeidn G iselopi SaYeEe f ul |
reacti on zon t f ocess i s
greater than%i%ﬁéné%rttﬁaﬂfoqn?% ers%@yd@o@y C r@ﬁ”%‘ﬁ“’%@ﬁf%

Hydr ocar bon fceadiiesed haveerf \@lueiproduttd, heapbe@eoducem\/entl on include a
hydr ocarbon feed having a density of at least 0.910 g/m at a tenperature

of 15.6C, and an grghveatibhahRQ-phaddhjdepFretedsingfurifsQBediiekt 375C to about
650C. A suitable feed has an APl gravity I n the range from about 24 to

about 0. The hydeairegipgrangehighgriessive inydaicraekdn@rcaramentydfiiaayil 8ant s such as

Contont i n RN REE PRRRNS 26 e FIARRBT eV E VAR AfAYe 048, "l ot (wpp .

and/or a nit tegefersntindlliqold pease where B@DavdiBble to react Withene embodi ment,
t he hydrocarbon feed is a "heavy hydrocarbon feed", which as used herein,

nmeans a feed ydmaarkemipeshat the wﬁa&emm%@tab/@ﬁﬂhﬂawn@s are asphal t enes
tent of h d
carbon cont ot PEASR T bautBSkeYhrhiie! B BlatibBonuch AT AT ER" L bt

viscosity of red:ydlahtttroﬁgtcI@xpem&iveahyerro@ebcodrmmgswisnand nesuieinr ange of from

about 410C to, ab ut 65 The, asph es content of heavy hydrocarbons
general |y varsl'ga% g% %Wt% alyg%u %’é‘;tc%t@%@g hi gh as 25%
based on theo‘e‘ét:ﬁvat}@'ﬁt' ght of the feed I n one enbodi nent of the
invention, light cycle oil is used as the feed to produce | ow sul fur

di esel . nght cycl 15 to
about 26. Light CA@ﬁegn%tf\}lé@o%ﬁrﬁ);cggﬁnb%g?ﬁ‘om(ﬁetggﬁ%lgﬁg%ﬁg F @tlﬁg%@nge from
about 40%to WUMaGOﬁg hya\wlcghhroughcﬂomedaememy ptreposed bylfl'hehkarhe range
from about 20% 40% b and t ot al mati¢cs content in
the T ange. f r GHPLB CEIPIEORBLA NG AEpIGRaRE CTeRishy AyRPaloi | has &
density of afy RefpRs AN 0§t53aNFﬂ=@Re{2®bB?]eTH§kﬁa$ -l disclose
Sur pri singly, e process of present’ I nvention can |ower the density of
the di esel pupdrading a lghbaycle (ﬂGUC@)mhtooa mixisise atllwetﬁednmtl@ﬂeureg@fs 15. 6C,
and achi eve dE% rable di esel ulfur content of |ess
m

Phan ep. ove (ERE) i SElaBi S RRoGuss, THBRKACH] Fosh rRAIIES a2 e oy

at least 12 powRufuf €mbhvdietd (hSIYstoager heowéesd ThEkedrestap! iset he cet ane
index is at |least 27, can be from27 to 42, and nmay be even higher. O her

desirabl e pr dihitianas triskle bed masiens, phighueauiradarge«iuaniiias efiydiogere poi nt

of -10C and roduced by
distilling t%erdrtlgrld%uﬁlocé gqgﬁh\ogntghfﬁ%gergggégé ﬁéﬂ%‘ﬂ%% drsf?rgm)ved) and
renmovi ng t he hyardyemegds oieeidatidr. rS@hift@;@nDérﬁo@hﬁd ofl lightligés phadhaphtii@vi ng a
maxi mum boi |l i ng poi nt of 2000 hydrocarbons and |ight cycle
oils are a c@u%péowce@xam QéSCB?SGHMQ@ﬁB%;Hgf%@Q%gSSu-m%ﬁleée\‘ Biodyse in the
process of this invention. Such feeds are avail able, such as from
refineries, for upgrading by the liquid-full targeted pretreatnent /

sel ective ring opening process of the present invention. These and ot her
hydrocarbon feeds useful in the present jnvention are known to those
skilled in the art. The diluent conprises, consists essentially of,

or consists of recycled product stream Recycle product streamis a portl on
of the product mxture - second pr oduct effI uent - that is recycl ed and
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A colum reactor may conprise both the first treatnent zone and the second
treatnment zone. Such reactor contains at |east tw stages (catal yst beds)
for the fwoavixmweawnent zone and one or nore stages for PChaSs@coeuo3
treatment zone. Between each stage, there is a catalyst-free zone that can

be used, for exanple to add an i ssolve fresh hydrogen into .the |iquid
of 1 uent . < aCCOWgsHor G et 50, bE lshe ot et RHRER Rk PG AR Gl at  on
of aromatic ggggpounds with increased ring opening activity contributes to
hi gh hydrogen demand and consunption. In the first and second treatnent
zones, the total 3gapudbioh (MedP29s5 t & ' ater than 100
normal liters of hydrgég’nlhp%)rsql iter %?Qz]}ggg ?‘%"'%%%3‘?08‘?%%{03 t han 560
scf/ bbl . Prefhgdaditeatingrend fogdrbcraackingt hyalrotgrbon desdstecks io & he process i s

200-530 N I, (1125-30Q0 scf/bbl), more prefera 250-360 N |11 (1400-2000
scf/bbl). TheS ri‘tr'?iltyﬁ@H' PAQSé?edWQ i8ideliBgd aﬁgg‘%&%ﬁﬂée%?ﬁ WBSRi di ng al |
of the hydro I i I8 Yf t’g%%em jot Q@é\(glf such

hi gh consunpt i re]F Q?G'E%alggg'ﬁ& %hat |hsé,@ef %Hﬁer eat né{laﬁptmgggﬁﬁ}{ % d-full
reacti on zongsesentin a gasephasecesto H00Q hergent stsaturatioent Kektayefiicaghemat e

under a wde variety of conditions, frommld to extrene. Tenperature for
both the firSUh G ARLRRONE NSRPS R0 QL BRAVEI SIS O SUMES Ange 1 om

about 300C t gyyaksyén i4ZailaEgioh gaé rgﬂas@.bquusma@;@r@mwioﬁooc, and
nore preferably from about 350C to 40 Pressure for both the first

treatnent zomStenismiickdebed Separationofgnsesassyes altihyaseerackings MPa

(34.5 bar) t Y/ [ )i f: MPa (69
to 138 bar).%n% béO%P%Cgé?’%aag‘e’}téﬂ’%ﬁﬁ?é@pledy%@?gmys cdr?ggﬁqgieglté%ng may be
used in the fogtstonafite Fetarefflues whith mapee sifinietamtabs Kokaheffcat al yst is
about 10 to about 50 Wt % of the reactor contents for each reaction zone.
The hydr ocar Be@cesefding hydroggnwrll abovs therhygiragen saiyration lirgit phthe t o

provi de a Ii(ﬁEPQj hourly space velocity (LHSV) of fromabout 0.1 to about 10
hr-1, preferably, about 0.4 to about 10 hr-1, nore preferably about 0.4 to

orasent i nvent | on e Sule@fiell BHEEss sk st PRERIEISa ool ©

product wher égéds inea dimesiet amnd emusier spsem withderdreaddyd §hepbaswor gae | ow
sul fur mddle distillate fuels such as | ow sul fur diesel. The |jquid

product conpEeRaEtioadhat may rseul kofR 0§ RIOCSES TWHERTES: JiiscalSB SsiraRlei n t he

napht ha rang t - I I 9 t he
product boi l goﬁﬁ]@?%j@@éééﬁiﬂ?&ﬁ&@?ﬁg;@ﬁ@fﬁg@ﬂgghc r%%?%#@?ﬁ‘%‘?@%@g’fs t han
25% by wei ghtsutitir tliesal ingoadugéldi sndnaghieviag prdtipietdesirdblet dieselst 75% of t he
product is diesel .product. In _cqnventional processes jng opening is
Separat ed f r GRoRRTUES SHETERIOUSesEY aPdioN SOl RGrRAieconizat 48 BiPsoni ng
effect of suldtneAngmBet." RECIFRIBBYRES tORald 8 r@@@%]gtgquféﬁéeéyo%ér- Thus,
such processes require a separation step to renove hydroden sulfide and
ammoni a, espeoaiug tefinarynoydracatoomta highdr valueapredupisoduct . I n an alternative
process, gas is separated from product effluent before effluent is
recycled. Both such separ at i SUMMARYUDBJHE HIWVENISONhey may cause | oss of
hydrogen fromthe product effluent. In the present invention, hydrogen is

recycl ed with the Tregyebent ipvasticH peiviceana pdels for hyairsp@icegsingRhase
hydr ogen n the pretreatnent zone of the present invention, organic

. |
ni trogen and hygFERaareon faed, whighecomrtises (1 contagtingrthe feed withddrd t r ogenat i on)
d hyd i - i i - {1 i i
Separ ati o ofHeng A HIFRERER, 1o BrddtRbl £y dREARRIAREEN mikIBEE 12 OF e
ef fl uent of wrerpinehedgtneyen BatissdlVed sitthpmoctiore tefproviean)liguid faedt o f eedi ng

the effluent to the second (ring openjn zone. The resultjng, amonia and
hydr ogen- sul (PUROHREEI0 PdesRlieRineledkn Sikare Hih < By Gatavet A8 1 qui d
first product;.gf i td Ve r e S

conbi ned wit r];lr?rtfaés%gﬁ]% ggébrvq\?’?%ggdtéog@p%érrgﬁ %ﬁﬁa%#@%tleg Fg%félé E/nzérrggg(gh%ul fide
and r emai ni ndo pyahtungen fifst prod ot esfesmbd cp contiacting:fg finshprodsict effluenhe fir st
and second cat.al ysts fgfg no} é?xhi bit d g_ctivatti on or okiz el the catal yst
surf ace. Withri geFoL 6at@lysf 1N ASECPNT HAIBENAXS: BYErd 8 %5°'8 ASiQui d-ful |
process. By ™“télgetivE fitg-opBhRgesene, tolprbdudeatecbrd prédudiaff@nt; #id t he
hydrogen present in the process can be dissolved in the liquid. A
"liquid-full reactor” is a reactor in which all of the hydrogen is

di ssolved in the liquid phase when the |iquid phase is in contact wth the
catal yst bed. There is no gas phase. The,reactors in both the first and
second treatnent zones are liquid-full reactors. The reactors in both

the first and second treatnent zones are two-phase systens wherein the
first and second catalysts are solid phase and the reactants (feed,

oy Y O o o o o —~ 1




The main hydrogen head 17 is the source for hydrogen make-up to the first
three beds (bed 1, bed 2 and bed 3). The effluent from pretreatnent
bed 25, |IwoeoR/i03641 xed with additional fresh hydrogen ga3/uSed2we4863i ne 9
at m xing point 10 and the conbi ned substantially liquid-streamflows via

line 11 to s gond retreatrrent ed 35 bed 2 The pretreated effl uent

exits pretred@hERYCinga PErYANL0 ﬁeSGPQn predycd sfflentes eyl PPAHel 12 i s
combi ned wi t iy or eAalin tieafldhd @&‘?ﬁ(a?@)sat%%c‘r{{]b% 1akiB®f kdnibbgid Ng poi nt
14 to provide a liquid feed. The Iiquid frommxing point 14 1s fed
via line 15 toabbuk8, whergelrotjs@ﬂrsgtrbemnem zpbecco&oprlsaseatéeastdwntstagm first
ring opening, be 5is fed econd rin eni bed .55 (reactor,, 4) via

[ na 26¢ "tha B st ane SeeBhe ket AR b aisir ieg bt e eRC UL ARUE AN ne 18,
A portion of tét@ﬁaﬁbﬁhﬂ@ﬂhs{]drbgéh keded the process igrdredtdrendm neb nef@klr eat ment
bed 25 via line 19 throu 60 to mxing point 2. The ratio of fresh
hydr ocar bon flitesg Off@ddﬁﬂgﬁnl F?Gﬁél’f@ qfdeedf | uent fromline 19 is preferably
between 1 and 8. Effluent fromline 18 is sent via line 20 to control valve
70. From control \Tdnawotze$s eftmlisjienenii@w Dpelrateea$ anguRifulloroegss andr 80. Gas
products ar e#p%ﬁ%\{ed via line Tot al is renoved via line

23. Product iend %Oﬂﬂ;}re@ PPB%‘?W%%@ t"dﬁ'%ﬁi'ﬁ r@@aéowg@%e g to
separate a smﬁd.@ﬁumpmbe’ Gtgemarﬂ%r@heﬁghélgoﬁhemdwgen greeehshantl ally

| arger amount of a diesel Dbl endi ng st ock quid flow (feed,
i

di | uent, i nclti@iPrasase®pelke pisselved insthecliayid aRy hwdd‘glérgaqtlﬁnmwe dtis
illustrated d that th
:‘ eeglsdir ?u:nt m%r \g{gélﬁ é}{ﬂ%?qﬁow% %ﬁfg’geﬁ% ﬁ&@%tcéﬂ’g'rcgngezgﬁgy ?he rgact o(ras

ina domflomm@et b&gyemee, fe@dinU@érhtnwdlﬁdigmfmb(tUﬁe aits ehe airst eapdiygted herein.

EXAMPLES Anal ytical Methods and T STM St andards. All ASTM
St andards ar @ng\;BPIS&SP@dPFQﬁHCAﬁquﬁMéﬁhﬁB?ﬁ@ﬁ@Pd C@‘@XStCOnshohocken PA,
www. ast m or g. Amounts of sulfur, nitrogen and basic nitrogen are
provi ded in parts Thercatplysisdn the tateptst pre&vep?ment and theggelectmg ing- was

measur ed usi 94 r..in
Petrol eum an Igﬁﬁg\%% d%qﬁér'%%géﬁ%gﬁéﬂﬁgg%grdg%% t th%rau%gle' cence
Spectronetry g n@Qpred&Jslﬁéﬂil%Me@&oﬁﬂthe@ﬂibfb@?ﬁ%tuﬁ@@@ﬁkkel Shgndard Test
Met hod for Sulfur in Autonotive Fuels by Polarization X-ray Fl uorescence

Spect r onet r y 00baity and gomBigHion Mereg!, preferabhycambigad Wi mMAMRISRH  ur ed
ASTM T Li d

et 1ol eum Hy dr S Banden, TReAREedAEE Gt Sa (R bR ffeR el 1n H o

Chemi | um nes ositse pbefeestily eel,ebtd&irom]tﬁegﬁdtﬁxb D468ty obaldmi& Miliez/62 (2005) ,

" St andar d T?;Zi?fﬁ%t hod for 11 en .in Petrol eum and P trol eum Products by
Boat - | nl et AR GBI difRSEIQUhpilica §lUBing) 6'93 lons of tWe Bivat i ¢

cont ent vas GEAIFARA HHENGOIUSBXIHHoRE 8 el R36ABhous Siggdar d Test
Met hod for Determ nation of Aromatic’ Content and Pol ynucl ear Aronatic

Cont ent of Diossetorfipbtomtiteréef.ati on Tur bi ne Fuel s by Supercritical Fluid
Chr omat ogr aphy”, DO : 10.1520/D5186- 03R09. Boi | i ng point

di stribution (Tabllettds flm5redet1emtrﬁdmed aUBjdmgca%BGMé‘ecaodaer@o@s?@@e(aDM)
"Standard Test Method for 0|I strl bution of Petr Ieum

Distillates iPREERAIMGN! r?@ﬁ t%P Gé b%fo@éé'%h REEEYFUREHY* |

10. 1520/ D63525 94 en content'%ﬁ'tllwé d fANBEE t l‘g%‘t B%tiéﬁﬁn%ﬁ??c%r?éls‘lcrﬁ d| 7) was
determ ned using A (2008 Standard Test Met hod Bol |ng Range
Di stribution |rmbrdwtto<p|re¢entlpomn|ragqef thye semondoatatpston itz bgconddq :

10. 1520/ D2887- it S ic avit were
reasured usi NEONEIM 290 Beishsent apyasnt 2ae e Ao rom Bkl

Density, Rel aidavipeReRsid Mnd@geeé\lalse%@w'etdr éthakhicayiritg dpenidh@id al DenSI ty
Meter," DO : 10. 1520/ D4052 APl gravity" refers to Arer i can
Pet r ol eum | ndmpraxeeitgyeetane ywalugnarthta wdycadiggdansityvelomersesty). or 1ight a
petroleumliquid is conpared to water. If APl gravity of a petroleumliquid
is greater than 10, it is lighter than water and floats; if |ess than 10,
it is heavier than water and sinks. APl gravity is thus an inverse neasure
of the relative density of a petroleumliquid and the density of water, and

is used to conpare relative densities of petroleumliquids. The
formula to obtain APl gravity of petroleumliquids fromspecific gravity
(SG is: APl gravity = (141.515G - 131.5 Brom ne Nunmber is a neasure

of aliphatic unsaturation in petrol eum sanples. Brom ne Nunber was

det erm ned using ASTM Standard D1159, 2007, "Standard Test Method for

Brom ne Numbers of Petrol eum Distillates and Comrercial Aliphatic Aefins
by Electronetric Titration,” DA: 10.1520/ D1159-07. Cetane index is
useful to estl mate cet ane nunber (rreasure of conbustl on qual | ty of a d| eseI

o ., o o o - o . o o



The follow ng exanples are presented to illustrate specific enbodi nents of
the present invention and not to be considered in any way as limting the
scope of wbeoimmwedbi on. Exanples 1-3 The properti esTafS2@20as6di | ( GO
froma comercial refiner are shown in Table 1. The GO was hydroprocessed
In an experinental pilot bed reactors in series.
Each reactor was of 19 ' 2 : JRE| ¢ ubi ng and about
61 cm (24") in length with reducers to nm 1/4") on_each end Bot h ends
of the reactors wei@urei’ ista dayskagram Hu

fisatig %%ﬁ”tt@dﬁﬂé%@ft at al yst
| eakage. Bel g ers of 1 mm
gl ass beads a%\‘g%ﬁlﬁ}ﬁ%ﬁt}r?gtrﬁ%at l%/gt"fve\r/vas g m@*ﬂ 9%% 3%2%!5@3 on of the
reactor. Table 1. Properties ]

. j ﬁxanpl es 1 and 2
PropertyUni t Val ue Sul f ur wPPML9SH e DenS| ty at 15.6C
(60F) g/ 0. 9198A G avit Po nt D| tion % IBP = Initial
boi | i ng poi nt | BP24¢ ed%f%eri‘é@%%” %@Vé&ﬁﬁz%&&% &EO%@&@&SH?@@ 80504

90533 95554 $9afotarbon feed, which comprises (a) contacting the feed with (i) a
diluent and (ii) hydrogen to produce a feed/diluent/nydrogen mixture,

-

J/)

wherein the hydrogen is dissolved in the mixture to provide a liquid feed;
(b) contacting the feed/diluent/hydrogen mixture with a first catalyst in a
first treatment zone, to produce a first product effluent; (c) contacting the
first product effluent with a second catalyst in a second treatment zone, to
produce a second product effluent; and (d) recycling a portion of the
second product effluent as a recycle product stream for use in the diluent
in step (a)(i) at a recycle ratio of from about 1 to about 8, wherein the first
treatment zone comprises at least two stages, the first and second
treatment zones are liquid-full reaction zones, and the total amount of
hydrogen fed to the process is greater than 100 normal liters of hydrogen
per liter of feed.

Hydrocarbon feeds suitable for use in the present invention include
a hydrocarbon feed having a density of at least 0.910 g/ml at a
temperature of 15.6°C, and an end boiling point in the range of from about
375°C to about 650°C. A suitable feed has an API gravity in the range
from about 24 to about 0. The feed may have high levels of one or more
contaminants such as sulfur, nitrogen and metals. For example, the feed
may have a sulfur content in the range from 1500 to 25000 parts per
million by weight (wppm), and/or a nitrogen content of more than 500

wppm.

In one embodiment, the hydrocarbon feed is a “heavy hydrocarbon
feed”, which as used herein, means a feed comprising one or more
hydrocarbons, having an asphaltenes content of at least 3%, based on the
total weight of the feed, Conradson carbon content in the range of from
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product mixture — second product effluent — that is recycled and combined
with the hydrocarbon feed before or after contacting the feed with
hydrogen, preferably before contacting the feed with hydrogen. The
recycle product stream provides at least a portion of the diluent at a
recycle ratio in a range of from about 1 to about 8, preferably at a recycle
ratio of from about 1 to about 5.

In addition to recycle product stream, the diluent may comprise any
other organic liquid that is compatible with the heavy hydrocarbon feed
and catalysts. When the diluent comprises an organic liquid in addition to
the recycled product stream, preferably the organic liquid is a liquid in
which hydrogen has a relatively high solubility. The diluent may comprise
an organic liquid selected from the group consisting of light hydrocarbons,
light distillates, naphtha, diesel and combinations of two or more thereof.
More particularly, the organic liquid is selected from the group consisting
of propane, butane, pentane, hexane or combinations thereof. When the
diluent comprises an organic liquid, the organic liquid is typically present in
an amount of no greater than 90%, based on the total weight of the feed
and diluent, preferably 20-85%, and more preferably 50-80%. Most
preferably, the diluent consists of recycled product stream, including
dissolved light hydrocarbons.

In the first step of 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 first catalyst first in a first
treatment zone to produce a first product effluent.

The first treatment zone is a targeted pretreatment. By “targeted
pretreatment” it is meant herein a hydrotreating process wherein a specific
target on sulfur, nitrogen, aromatics and/or metal content in the product is
met by catalyst selection and/or controlling one or more of the reaction
conditions (e.g., temperature, pressure, space velocity, etc.). More
particularly, targeted pretreatment provides a first product effluent, which
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after the second treatment zone and separation steps, the diesel product
has specifications for a sulfur content less than 50 wppm, nitrogen content
less than 10 wppm, aromatics: polyaromatics content of less than 10 wt.%
and total aromatics content of less than 40 wt.%, and heavy metal content
of less than 1 wppm. Separation steps include removing gases from the
second product effluent and distilling to remove the naphtha product.

The targeted pretreatment process may include one or more of the
following based on the hydrocarbon feed: hydrodesulfurization,
hydrodenitrogenation, hydrodemetallation, hydrodeoxygenation, and
hydrogenation, depending on the feed, in multiple reaction stages with a
single liquid recycle loop. By “single recycle loop” is meant herein, a
portion (based on the selected recycle ratio) of the second product effluent
is recirculated from the outlet of the second treatment zone to the inlet of
the first treatment zone. Thus, all catalyst beds in the process are
included in the one recycle loop. There is no separate recycle for just the

first treatment zone or just the second treatment zone.

The first treatment zone comprises at least two stages. By “at least
two stages” it is meant herein two or more (multiple) catalyst beds in
series. Catalyst is charged to each bed. A single stage may be one
reactor containing one catalyst bed. The first treatment zone may
comprise at least two reactors each reactor containing one catalyst bed,
wherein the reactors are in liquid communication, e.g., through an effluent
line. The first treatment zone may comprise at least two catalyst beds in
one reactor, e.g., a column reactor. Other variations, including those
having more than two stages can be readily appreciated and understood
by one skilled in the art. In a column reactor or other single vessel
containing two or more catalyst beds or between multiple reactors, the
beds are physically separated by a catalyst-free zone. Preferably
hydrogen can be fed between the beds to increase hydrogen content in
the product effluent between the stages. Hydrogen dissolves in the liquid
effluent in the catalyst-free zone so that the catalyst bed is a liquid-full
reaction zone. Thus, fresh hydrogen can be added into the liquid
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feed/diluent/hydrogen mixture or effluent from a previous reactor (in
series) at the catalyst-free zone, where the fresh hydrogen dissolves in the
mixture or effluent prior to contact with the catalyst bed. A catalyst-free
zone in advance of a catalyst bed is illustrated, for example, in U.S. Patent
7,569,136.

The second treatment zone comprises one or more stages, where
“stages” is defined in the previous paragraph. The second treatment zone
provides “selective” or “enhanced” ring manipulation of aromatic
compounds. By selective or enhanced ring manipulation, it is meant
increased ring opening activity relative to hydrogenating polyaromatics to
monoaromatics or to saturated ring compounds or partially or completely
opening the saturated rings into linear or branched hydrocarbons.
Selectivity and degree of such ring manipulation is a surprising
improvement relative to the process disclosed by Thakkar et al. in the
NPRA article vide supra, page 8, line 9.

A column reactor may comprise both the first treatment zone and
the second treatment zone. Such reactor contains at least two stages
(catalyst beds) for the first treatment zone and one or more stages for the
second treatment zone. Between each stage, there is a catalyst-free zone
that can be used, for example to add and dissolve fresh hydrogen into the

liquid effluent.

Both targeted pretreatment and enhanced ring manipulation of
aromatic compounds with increased ring opening activity contributes to
high hydrogen demand and consumption. In the first and second
treatment zones, the total amount of hydrogen fed to the process is
greater than 100 normal liters of hydrogen per liter of feed (N /1) or greater
than 560 scf/bbl. Preferably, the total amount of hydrogen fed to the
process is 200-530 N I/1 (1125-3000 scf/bbl), more preferably 250-360 N /]
(1400-2000 scf/bbl). The combination of feed and diluent is capable of
providing all of the hydrogen in the liquid phase, without need for gas
phase for such high consumption of hydrogen. That is, the treatment

zones are liquid-full reaction zones.
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hydrocarbon feed is fed to the first treatment zone at a rate to provide a

liquid hourly space velocity (LHSV) of from about 0.1 to about 10 hr™",
preferably, about 0.4 to about 10 hr'!, more preferably about 0.4 to about
4.0 hr',

The liquid product produced by the process of the present invention
can be separated into a naphtha product and a diesel product wherein the
diesel product meets criteria for blending into low sulfur middle distillate
fuels such as low sulfur diesel. The liquid product comprises less than
50% by weight of total product boiling in the naphtha range (naphtha
product) and correspondingly at least 50% of the product boils in the
diesel range (diesel product), preferably less than 25% by weight of total
product is naphtha product and at least 75% of the product is diesel
product.

In conventional processes, ring opening is separated from
pretreatment as two distinct processes due to poisoning effect of sulfur
and nitrogen compounds on ring opening catalysts. Thus, such processes
require a separation step to remove hydrogen sulfide and ammonia,
especially ammonia, from a hydrotreated product. In an alternative
process, gas is separated from product effluent before effluent is recycled.
Both such separations are undesirable as they may cause loss of
hydrogen from the product effluent. In the present invention, hydrogen is
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recycled with the recycled product stream, without loss of gas phase

hydrogen.

In the pretreatment zone of the present invention, organic nitrogen
and organic sulfur are converted to ammonia (hydrodenitrogenation) and
hydrogen sulfide (hydrodesulfurization), respectively. There is no
separation of ammonia and hydrogen sulfide and remaining hydrogen
from the effluent of the pretreatment zone (first product effluent) prior to
feeding the effluent to the second (ring opening) zone. The resulting
ammonia and hydrogen sulfide after the pretreatment step are dissolved in
the liquid first product effluent. In addition, the recycled product stream is
combined with fresh feed without separating ammonia and hydrogen
sulfide and remaining hydrogen from the second product effluent. Still, the
first and second catalysts do not exhibit deactivation or coking on the

catalyst surface.

The process of this invention also operates as a liquid-full process.
By “liquid-full process”, it is meant herein that all of the hydrogen present
in the process can be dissolved in the liquid. A “liquid-full reactor” is a
reactor in which all of the hydrogen is dissolved in the liquid phase when
the liquid phase is in contact with the catalyst bed. There is no gas phase.
The reactors in both the first and second treatment zones are liquid-full

reactors.

The reactors in both the first and second treatment zones are two-
phase systems wherein the first and second catalysts are solid phase and
the reactants (feed, diluent, hydrogen) and product effluents are all in the
liquid phase. Each reactor is a fixed bed reactor and may be of a plug
flow, tubular or other design, which is packed with a solid catalyst (i.e., a
packed bed reactor) and wherein the liquid feed/diluent/hydrogen mixture
is passed through the catalyst.

Surprisingly, the process of the present invention eliminates or
minimizes catalyst coking which is one of the biggest problems with
conventional hydrocarbon feeds as defined herein. Since high hydrogen
uptake in hydrotreating heavy feeds (e.g., 100-530 l/I, 560-3000 scf/bbl)

11
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results in high heat generation in the reactor, severe cracking was
expected to occur on the surface of the catalyst. If the amount of
hydrogen available is not sufficient, the cracking can lead to coke
formation and deactivate the catalyst. The process of the present
invention makes all of the hydrogen required for reaction available in the
liquid feed/diluent/hydrogen mixture, thus eliminating the need to circulate
hydrogen gas within the reactor. Since there is enough hydrogen
available in solution and available at the catalyst surface, coking of the
catalyst is largely avoided. In addition, the liquid-full reactors of the
present invention dissipate heat much better than conventional trickle bed

reactors, also contributing to long catalyst life.

The first catalyst is a hydrotreating catalyst and comprises a metal
and an oxide support. The metal is a non-precious metal selected from
the group consisting of nickel and cobalt, and combinations thereof,
preferably combined with molybdenum and/or tungsten. The first catalyst
support is a mono- or mixed-metal oxide, preferably selected from the
group consisting of alumina, silica, titania, zirconia, kieselguhr, silica-
alumina and combinations of two or more thereof. More preferably, the

first catalyst support is alumina.

The second catalyst is a ring opening catalyst and also comprises a
metal and an oxide support. The metal is also a non-precious metal
selected from the group consisting of nickel and cobalt, and combinations
thereof, preferably combined with molybdenum and/or tungsten. The
second catalyst support is a zeolite, or amorphous silica, or a combination

thereof.

Preferably the metal for both the first catalyst and the second
catalyst is a combination of metals selected from the group consisting of
nickel-molybdenum (NiMo), cobalt-molybdenum (CoMo), nickel-tungsten
(NiW) and cobalt-tungsten (CoW).

The first and second catalysts may further comprise other materials
including carbon, such as activated charcoal, graphite, and fibril nanotube

carbon, as well as calcium carbonate, calcium silicate and barium sulfate.
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Preferably, the first catalyst and the second catalyst are in the form
of particles, more preferably shaped particles. By “shaped particle” it is
meant the catalyst is in the form of an extrudate. Extrudates include
cylinders, pellets, or spheres. Cylinder shapes may have hollow interiors
with one or more reinforcing ribs. Trilobe, cloverleaf, rectangular- and
triangular-shaped tubes, cross, and "C"-shaped catalysts can be used.
Preferably a shaped catalyst particle is about 0.25 to about 13 mm (about
0.01 to about 0.5 inch) in diameter when a packed bed reactor is used.
More preferably, a catalyst particle is about 0.79 to about 6.4 mm (about
1/32 to about 1/4 inch) in diameter. Such catalysts are commercially
available.

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

be sulfided before use (“pre-sulfiding”) or during the process (“sulfiding”)
by introducing a small amount of a sulfur-containing compound in the feed
or diluent. The catalysts may be pre-sulfided in situ or ex situ and the feed
or diluent may be supplemented periodically with added sulfur-containing
compound to maintain the catalysts in sulfided condition. The Examples
provide a pre-sulfiding procedure.

DESCRIPTION OF THE FIGURE

Figure 1 provides an illustration for one embodiment of the
hydrocarbon conversion process of this invention. Certain detailed
features of the proposed process, such as pumps and compressors,
separation equipment, feed tanks, heat exchangers, product recovery
vessels and other ancillary process equipment are not shown for the sake
of simplicity and in order to demonstrate the main features of the process.
Such ancillary features will be appreciated by one skilled in the art. Itis
further appreciated that such ancillary and secondary equipment can be
easily designed and used by one skilled in the art without any difficulty or

any undue experimentation or invention.
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(bed 1).

The main hydrogen head 17 is the source for hydrogen make-up to
the first three beds (bed 1, bed 2 and bed 3).

The effluent from pretreatment bed 25, line 8 is mixed with
additional fresh hydrogen gas fed via line 9 at mixing point 10 and the
combined substantially liquid-stream flows via line 11 to second
pretreatment bed 35 (bed 2). The pretreated effluent exits pretreatment
bed 35 via line 12. Pretreated effluent in line 12 is combined with
additional fresh hydrogen gas fed via line 13 at mixing point 14 to provide
a liquid feed. The liquid feed from mixing point 14 is fed via line 15 to first
ring opening bed 45 (bed 3). The effluent from first ring opening bed 45 is
fed to second ring opening bed 55 (reactor 4) via line 16. The effluent
from the ring opening bed 55 is removed via line 18. A portion of the
effluent from line 18 is returned to first pretreatment bed 25 via line 19
through pump 60 to mixing point 2. The ratio of fresh hydrocarbon feed
fed via line 3 to effluent from line 19 is preferably between 1 and 8.
Effluent from line 18 is sent via line 20 to control valve 70. From control
valve 70, effluent is fed via line 21 to separator 80. Gas products are
removed via line 22. Total liquid product is removed via line 23. Product
from line 23 may be fractioned (distilled) elsewhere to separate a smaller
naphtha (gasoline) blending stock from a substantially larger amount of a

diesel blending stock.
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Table 5. Oh condltlons are as lows. The total hydrogen feed | e was
356 |11 (200@refefredidhat thlerfeeéﬁdnleemétsydregaw VPgtu(el 38d lpa@cjucterﬁ‘werttsferee ratl 0

was 6. The uni run, for ours chi ve stead tate,

sanples ool | 088 R Febfiorgnd sPNALR BoBR Rie e Rl IOP P ecssA i ons vere
bat ch distil laph eonteiprted hegeifapht ha cut (maxi mum boiling )int of 200C)
and a diesel cut fromthe remaining liquid product. Results for Kanples 4
through 8 are shown in Table 5. EX88VPees i n Tabl e 5, hydrogen
consunption was extrenely high, in at_e exanpl es exceedi ng 250 nor nal

liters of H2 e [ j | | (1400 ;f/bbl). This is surprisingly
hi gh conpar eﬁaivt@g}lgtelt'@dls(‘ﬁﬁq Iétrtgusual ly )served in ULSD applications

Processes randboof T Si8)cae e TS 8roaRis e iiaPis rom ASTYE: <°

Exanpl es 4- 8 |steavetibnan Weslh CohssrockEn SPAT Wwwiessim. 9. Sul fur and
nitrogen contents were found to be at pref erred levels for a esel product

fromthis pretreataygdints of sOGORRAIGES FHPEESE nltﬁ‘igénhﬁrerﬂ)rb@ldbﬁ% Parts
conditions, in Exanples 4 and 5 (hi gher WABT or [‘ower LHSV), the esel

product s net pehanipipafeyrweightiivesen. speci fications. Density of the feed as
reduced by as nmuch as 8.5% and the cetane index increased ibstantially.
Napht ha yi el d was ﬂo@Sulfwma&&%awmdvﬂi@ASﬂ'M[MZ% (2008 EStamslald s f or

Ex | 4-8 f i
D e o TS RISAR I Silfs AR Eetblouft pb el euB ipausts RyJERe@Y Loo (o
| uabl e str equBodisle X &5 FludhEQRACHISeckeRRRKADDOI! #0150 08 into the

esel pool in an oil refinery. u)..--- .jCOL CHYoOQ)r--
CD(Oc\I L() andrASTH B722Q (2QD6();DL81})arodaTd Tesd Method dorr Sulfur.in Automotlve -

Fuels by Polarization X-ray Fluorescence Spectrometry,” DOI:
10.1520/D7220-06

4

Total Nitrogen was measured using ASTM D4629 (2007),
“Standard Test Method for Trace Nitrogen in Liquid Petroleum
Hydrocarbons by Syringe/Inlet Oxidative Combustion and
Chemiluminescence Detection,” DOI: 10.1520/D4629-07 and ASTM
D5762 (2005), “Standard Test Method for Nitrogen in Petroleum and
Petroleum Products by Boat-Inlet Chemiluminescence,” DOI:
10.1520/D5762-05.

Aromatic content was determined using ASTM Standard D5186 -
03(2009), “Standard Test Method for Determination of Aromatic Content
and Polynuclear Aromatic Content of Diesel Fuels and Aviation Turbine
Fuels by Supercritical Fluid Chromatography”, DOI: 10.1520/D5186-
03RO089.

Boiling point distribution (Table 1) was determined using ASTM
Standard D6352 (2004), “Standard Test Method for Boiling Range

1R
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Distribution of Petroleum Distillates in Boiling Range from 174 to 700°C by
Gas Chromatography”, DOI: 10.1520/D6352-04R09.

Boiling range distribution (Tables 4 and 7) was determined using
ASTM D2887 (2008), “Standard Test Method for Boiling Range
Distribution of Petroleum Fractions by Gas Chromatography,” DOI:
10.1520/D2887-08.

Density, Specific Gravity and API Gravity were measured using
ASTM Standard D4052 (2009), “Standard Test Method for Density,
Relative Density, and APl Gravity of Liquids by Digital Density Meter,”
DOI: 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 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:
API gravity = (141.5/SG) — 131.5
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 and Commercial Aliphatic Olefins by Electrometric
Titration,” DOI: 10.1520/D1159-07.

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.

1A
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Cloud point is an index of the lowest temperature of the utility of a
petroleum product for certain applications. Cloud point was determined by
ASTM Standard D2500 - 09 “Standard Test Method for Cloud Point of
Petroleum Products”, DOI: 10.1520/D2500-09

“‘LHSV” means liquid hourly space velocity, which is the volumetric
rate of the liquid feed divided by the volume of the catalyst, and is given in
hr'.

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.

‘“WABT” means weighted average bed temperature.

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.

Examples 1-3

The properties of a gas oil (GO) from a commercial refiner are
shown in Table 1. The GO was hydroprocessed in an experimental pilot
unit containing four fixed bed reactors in series. Each reactor was of 19
mm (%4") OD 316L stainless steel tubing and about 61 cm (24") 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 in the middle section of the reactor.

17
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Table 1. Properties of Gas Oil used in Examples 1 and 2

Property Unit Value
Sulfur wppm 19900
Nitrogen wppm 935
Density at 15.6°C (60°F) g/ml 0.9198
API Gravity 22.2
Boiling Point Distribution
% °C
IBP = Initial boiling point IBP 249
5 328
10 356
20 386
30 407
40 425
50 442
60 461
70 481
80 504
90 533
95 554
99 583
FBP= Final boiling point FBP 591

The first two reactors, Reactors 1 and 2, were used for targeted
pretreatment (“PT”). Reactors 1 and 2 contained a hydrotreating catalyst
for hydrodenitrogenation (HDN), hydrodesulfurization (HDS) and
hydrodearomatization (HDA). About 48.6 ml and 90 ml of catalyst were
loaded in the first and second reactors, respectively. The catalyst, KF-
860, was a NiMo on y-Al2Os support from Albemarle Corp., Baton Rouge,
LA. It was in the form of extrudates of a quadralobe about 1.3 mm
diameter and 10 mm long. Reactor 1 was packed with layers of 30 ml
(bottom) and 25 ml (top) of glass beads, while Reactor 2 was packed with

a layer of 10 ml (bottom) and 9 ml (top) of glass beads.

18
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Reactors 3 and 4 were packed with layers of 1 mm glass beads at both
ends, 10 ml at the bottom and 15 ml at the top, and contained 90 ml each
of a selective ring opening catalyst. This catalyst, KC-2610, was a NiW
catalyst on a zeolite support from Albemarle. It was in the form of
extrudates of a cylindrical shape of about 1.5 mm diameter and 10 mm

long.

Each reactor was placed in a temperature controlled sand bath in a
7.6 cm (3") OD and 120 cm long pipe filled with fine sand. Temperature
was monitored at the inlet and outlet of each reactor as well as in each
sand bath. The temperature in each reactor was controlled using heat
tapes wrapped around the 3” OD pipe and connected to temperature
controllers. After exiting Reactor 4, the effluent was split into a recycle
stream and a product effluent. The liquid recycle stream flowed through a
piston metering pump, to join a fresh hydrocarbon feed at the inlet of the

first reactor.

Hydrogen was fed from compressed gas cylinders and the flow
rates were measured using mass flow controllers. The hydrogen was
injected and mixed with the combined fresh GO feed and the recycle
product stream before Reactor 1. The combined “fresh
GO/hydrogen/recycle product” stream flowed downwardly through a first
temperature-controlled sand bath in a 6 mm OD tubing and then in an up-
flow mode through Reactor 1. After exiting Reactor 1, additional hydrogen
was injected in the effluent of Reactor 1 (feed to Reactor 2). The feed to
Reactor 2 flowed downwardly through a second temperature-controlled
sand bath in a 6 mm OD tubing and then in an up-flow mode through
Reactor 2. After exiting Reactor 2, more hydrogen was dissolved in the
effluent of Reactor 2 (feed to Reactor 3). The liquid feed to Reactors 3
and 4 followed the same pattern, with hydrogen gas injection before each

reactor.

In Example 1, both the targeted pretreatment catalyst (total 138.6
ml) and the selective ring-opening catalyst (total 180 ml) were charged to

10



,b4H'"..10.1C\I..-CD(N..- .4 .4 < 01COr--(r)cor-- Ocococococo 01 ...4
01...4...41...410...4>..i ...4N.N.N.C)c) OOl _c 1lc)c)c) O
WO 2012/109649 PCT/US2012/024863

the reactors as described above. They were dried overnight at 115°C
under a total flow of 300 standard cubic centimeters per minute (sccm) of
hydrogen. The pressure was 6.9 MPa (69 bar). The catalyst-charged
reactors were heated to 176°C with a flow of charcoal lighter fluid through
the catalyst beds. Sulfur spiking agent (1 wt % sulfur, added as 1-
dodecanethiol) and hydrogen gas were introduced into the charcoal lighter
fluid at 176°C to start to pre-sulfide the catalysts. The pressure was 6.9
MPa (69 bar). The temperature in each reactor was increased gradually
to 320°C. Pre-sulfiding was continued at 320°C until a breakthrough of
hydrogen sulfide (H2S) at the outlet of Reactor 4. After pre-sulfiding, the
catalysts were stabilized by flowing a straight run diesel (SRD) feed
through the catalyst beds at a temperature from 320°C to 355°C and at
6.9°MPa (1000 psig or 69 bar) for 10 hours.

After pre-sulfiding and stabilizing the catalysts, fresh GO feed was
pre-heated to 50°C, and was pumped to Reactor 1 using a syringe pump
at a flow rate of 2.37 ml/minute for a targeted pre-treatment LHSV of 1.0
hr'. Total hydrogen feed rate was 180 normal liters per liter (N I/l) of fresh
hydrocarbon feed (1000 scf/bbl). Reactors 1 and 2 had each a weighted
average bed temperature or WABT of 382°C. Reactors 3 and 4 were each
held under 204°C to avoid initially any selective ring-opening reactions.
Pressure was 10.8 MPa (108 bar). The recycle ratio was 5. The pilot unit
was kept at these conditions for an additional 10 hours to assure that the
catalyst was fully precoked and the system was lined-out while testing
product samples for both total sulfur and total nitrogen. Results are
provided in Table 2.

20
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Two LCO feeds froma FCC unit were hydroprocessed in the sane | ot unit
descri bedwonoxasgbes 1-8. The properties of these feedecans26iowestes i n
Tables 6 and 7. LCOL was used in Exanples 9 and 10 and had )ry simlar

roperties to the an sed in Ex les 4 to 8. L was used.in Kanples
05 and was dOSIIBRRIHIEG R $ et CRAHIG ENARL AR5 GONSHEN 00 s i f ur
and a sim |k iRIEXPYRE 1 AkHAble 2T%§Iru@ra@aammﬂ6wbs{3@bw atorgt ent  of

LCO2 was about 2 wt.% higher than that of LCOl. Table 6: Properties of LCO
f eeds used and ZEgalypatesregycle rago 'of 6k r Eyargple 3 n@SIrunE2a BiAREDT 8331C Specs

ul fur Vmp@?ngz;ggacjtgr%% ﬁ15r8ug|;r'1 hr(gg%npwag]@ RO) at a recycle ratio of 5. Results

‘e shown in Table 2.

A Total Liquid Product (TLP) sample and an off-gas sample were
)llected for each Example under the steady state conditions. The sulfur and
trogen contents for the products of both Example 1 and Example 2, neither
“which involved ring-opening, were sufficiently low to pose no risk of
Jisoning a zeolite-based ring-opening catalyst. Selective ring-opening
version (based on the average boiling point) for Example 3 was about
2%. These results show that the combined targeted pretreatment and
slective ring-opening process reduces the density of the feed much more
an that using the targeted pre-treatment process only.
xamples 4-8

A 100% light cycle oil (LCO) from a FCC unit of a petroleum refinery
aving the properties set forth in Tables 3 and 4 was hydroprocessed in the
lot unit described in Example 1, with certain modifications.

Table 3: Properties of Light Cycle Oil used in Examples 4 to 8

Property Unit Measured Preferred Diesel Specs
Sulfur content wppm 4980 <50
Nitrogen content wppm 671 <20
Density at 15.6°C g/ml 0.9409 0.860
Density at 20°C g/ml 0.9377
API Gravity g/ml 18.7
Refractive Index at 20°C 1.544
Bromine Number g/100g 5.0
Cetane Index 24.6 Increase >+12
Aromatic content

Monoaromatics wt % 22.7

Polyaromatics wt % 45.6

Total Aromatics wt % 68.3
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Table 4. Boiling Point Distribution of LCO used in Examples 4 to 8

Simulated distillation, Boiling Point

wt% °C (°F)

Initial Boiling Point (IBP) 104 (218)

5% 205 (401)

10% 237 (459)

20% 260 (500)

30% 269 (516)

40% 284 (544)

50% 297 (566)

60% 310 (589)

70% 329 (625)

80% 346 (655)

90% 362 (684)

95% 370 (699)

99% 394 (741)

End Point (EP) 414 (778)

Tables 3 and 4 show that, compared to a diesel sample, the LCO feed
higher boiling with a polyaromatic content of 45.6 wt.% and higher density.
1e “Preferred Diesel Specs” column of Table 3 provides the values
yrresponding to the preferred properties for the diesel product — a cetane
dex at least 12 points higher than that of the feed, and a density of no more
an 0.860 g/ml at 15.6°C. Other preferred properties not listed in Table 3
clude a minimum freeze point of -10°C and a minimum flash point of 62°C.

Four reactors were used in these Examples. The reactors were
acked with catalysts as described in Example 1. Reactors 1 and 2 contained
) ml each of a commercial NiMo on y-Al2Os catalyst (TK-607) for
‘etreatment. Reactors 3 and 4 contained 60 ml each of a commercial NiWW
1 alumina/zeolite catalyst (TK-951) for selective ring opening. Both catalysts
‘e available from Haldor Topsge, Lyngby, Denmark.

For each of Examples 4-8, catalysts were dried and pre-sulfided as
ascribed in Example 1 with the exception that the final temperature during
‘e-sulfiding was 349°C for the targeted pretreatment catalyst (TK-607) and
71°C for the selective ring opening catalyst (TK-951). After pre-sulfiding, the
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ed was changed to SRD to stabilize the catalyst as described in Example 1
-a constant temperature of 349°C and at a pressure of 6.9 MPa (69 bar) for
2 hours in an initial pre-coking step. The feed was then switched to the LCO
order to complete pre-coking the catalysts by feeding LCO for at least 6
yurs and testing for sulfur until the system has reached steady-state.

LCO feed was pre-heated to 93°C and pumped to Reactor 1. Certain
in conditions (feed rate — LHSV, Reactor temperatures — WABT) are
'ovided in Table 5. Other conditions are as follows. The total hydrogen feed
te was 356 I/l (2000 scf/bbl). Pressure was 13.8 MPa (138 bar). The
:cycle ratio was 6. The unit was run for 6 hours to achieve steady state.

TLP samples collected at the end of Reactor 4 under steady state
)nditions were batch distilled to remove the naphtha cut (maximum boiling
yint of 200°C) and a diesel cut from the remaining liquid product. Results for
xamples 4 through 8 are shown in Table 5.

As seen in Table 5, hydrogen consumption was extremely high, in all
e examples exceeding 250 normal liters of Hz per liter of oil, N I/l (1400
;f/bbl). This is surprisingly high compared to consumption rates usually
»served in ULSD applications which range 35 to 73 N I/l (200 to 400 scf/bbl)
‘arkash, S., Refining Processes Handbook (p. 48) Elsevier, 2003). After
:action, catalysts in Examples 4-8 showed no indications of short-term
)king.

Sulfur and nitrogen contents were found to be at preferred levels for a
esel product from this pretreatment / ring-opening process. At the more
svere conditions, in Examples 4 and 5 (higher WABT or lower LHSV), the
esel products met the preferred diesel specifications. Density of the feed
as reduced by as much as 8.5% and the cetane index increased

ibstantially. Naphtha yield was less than 23% on a weight basis.

The results for Examples 4-8 demonstrate the ability of the combined
/drotreating/ring-opening process in multiple reactors to upgrade LCO to
iluable streams with diesel properties acceptable for blending it into the

esel pool in an oil refinery.
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Two LCO feeds from a FCC unit were hydroprocessed in the same

lot unit described in Examples 1-8. The properties of these feeds are

'ovided in Tables 6 and 7. LCO1 was used in Examples 9 and 10 and had

2ry similar properties to the one used in Examples 4 to 8. LCO2 was used in
xamples 11-13 and was a slightly lighter feed than LCO1 with about 1/3 of

e sulfur and a similar nitrogen content. Total aromatic and polyaromatic
ntent of LCO2 was about 2 wt.% higher than that of LCO1.

Table 6: Properties of LCO feeds used in Examples 9 to 13

roperty Unit LCO1 LCO2 Dizgegs:cs
ulfur wppm 5200 1650 <50
litrogen wppm 680 650

lensity at 15.6°C g/ml 0.9409 0.9341 0.860
lensity at 20°C g/ml 0.9377 0.9309

Pl Gravity g/ml 18.7 19.8

lefractive Index @ 20°C 1.544 1.5413

romine Number g/100g 5.0 5.5

.etane Index 24.6 257 Increase >+12
romatics

Monoaromatics wt % 227 22.2

Polyaromatics wt % 45.6 47.8 <11%
Total Aromatics wt % 68.3 70
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Sampl es were | ected. under steady. state. TLP s es re batch stilled
to renove naf@ﬁ%spmmg@ﬁﬁi}l‘ﬁﬂaﬂwﬁl ‘PTiI%OHS?ﬂ? ?Qrf?é%é%%t&i% he esel
product. Table.8.jprauvides.results. farbath JLR.and. diesel.praducts.

Conpared to thegsimedteddrRdistionsanpl eBdihd=Raimel es 9-BallirgPvingni ficantly
reduced density and | gwey sul fur and nitrogen contents. rogen consunption
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80C, respectively. Thus,°the targeted pr eatnent / s ctive ring)ening
process can be used t@oopgrade LCO to nopsg val uabl e progugts hich nay be

used as bl ending stock for diesel fuel. Kanples 14-21 LCO2 feed
descri bed in Exanpl es 39743 was treated i4/Qhe pi | ot uni46kascribed in
Exanple 1. 40% 283 269
50% 295 281
60% 309 293
70% 327 308
80% 345 327
90% 361 351
95% 369 366
99% 401 388
End Point (EP) 423 395

The process of Examples 4-8 was repeated using four reactors.
eactors 1 and 2 contained targeted pretreatment catalyst, KF-860, NiMo on
umina support, while Reactors 3 and 4 contained ring-opening catalyst, KC-
310, NiW on zeolite. Both catalysts were obtained from Albemarle Corp.,
aton Rouge, LA. The catalysts were loaded, dried, sulfided and stabilized
ith SRD, as described in Example 1.

In Example 9, after pre-sulfiding and stabilizing the catalyst with SRD
-a diesel pressure range (6.9 MPa), LCO2 feed was pumped to Reactor 1
3ing a positive displacement pump at 2.5 ml/minute. Reaction variables for
xamples 9-13 are provided in Table 8. Total hydrogen feed rate for these
xamples was 382 |/l (2143 scf/bbl). Pressure was 138 bar (13.8 MPa). The
1it was run for 5 hours before collecting samples to achieve steady state.
or clarity, in the fourth column of Table 8 (WABT), the first number
presents the temperature of Reactors 1 and 2, and the second number
presents the temperature of reactors 3 and 4.
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Reactors 1 and 2 contained targeted pretreatnent catal yst, KF-860, hile
Reactors 3 and 4 contained selective ring-opening catal yst, KC 3210, )th
cat al yst swbnomvibbdaemar| e. The catal ysts were charged, drceds2sialotisded i d
stabilized as described in Exanmple 1. After pre-sul fiding and
stabilizing the catalyst, LCO2 feed was punped Reactor 1 using a positive
di spl acenent punp at 2.5 m/mnute. Salient iriables are provided in Table

9. For clarity, in the fourth colum of Table 9 VABT) the first nunber
represents the tgiperatur egof Reacgors 1 agd 2, he secggd nunber
represents the@t@rperatureggof reacRors 3 agd 4. To tdrodgn fegd rate was
325 1/1(1829 sgfigtbl) Pressure was 138 baf— (13.8 ) The pilot iunit was
mai nt ai ned at; keacti on conditions cbor 5 hoars to tlmeve steady state before
col | ecting anyIsérpl es. Z“«SZ 1 a)Coo )c:::§3 C)cocodpa)r, -1
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(..0..-.-.-.- -C0)C) 1 1.0(N..-QLc),c)(N(N . Results for
Exarrpl es 14 21 are shown in Table 9. TLP sanpl es vvere )1I ected and batch
di stil | edwobaorzemwese t he napht ha product (maxi num boili ngclmsuomifoz@@i)C) from
the diesel product. Properties of the diesel product are 'own in Table 9.
The napht ha praduct vari ed The results denonstrate

the process caRaBWPIeRWE¢ 8°|Lﬁf§?%&l8dﬁrcﬁe?8y§F3éev§_||-ﬁ’a%ﬁr8p|§§r%%[ﬁ;bt can be

seen from Tai@tPreibid ﬁaﬁMhBtﬂroaur& (Frfa%ﬁﬂm"ﬁ‘dlﬁhg’ sémefizo@@&rdm uﬁ@duct ion
did not achieve the preferred | evel /'m "and cetane i'ndex only

noder at el y esetprogsiet], Taligdegtoviges! resslts fm@)oémThB archdiepelgiroduels, The

T

Rel ati vel y gh@itahtlg FédRsed dbﬁsh? anetianer Bﬂlﬂﬁr)%rfd h'lﬂ@géﬁ@@ﬁfé’rﬂ’s to the feed)
i ndi cate | ss ri ng-openi ng activit rovenent in properties

of the tredfQPANCONRIMPIDGANAS @M%e%/%ﬂl V|dﬂ1%@@§0f6¢b|;)sem%@ﬂaﬂ@ indeX)- openi ng
catal yst | %P@é;ste% Wﬁ}o?g%ﬁ 7299 ﬂwt?rrpﬁw%r ibES ;ﬂgdﬁ&g 82%,7&'?"@8391 gl el

products. |ncreas In cetane Wt crease’in density

i s accept alkbmplése-13i Ndonpaongdics ainal pdyaroﬁ%ilcswvémajmh essslthaa 3oul d
convert 85-90% og the LCO feed into diesel product. le 22-25 LCO2 feed
used i n Exafdl Wk7%graspagivelysta tlp,%p@seﬂ-ﬁ@dyic fl@ﬁimpl\% -darfelos8 descri bed

| n_Exanpl e iy aﬁﬁgﬁsﬁrp%ﬁﬁﬁ't@d%‘sél Lﬁ%lf&SEﬁarﬁB% qge5§f&1% b Of Exanpl es

9-13 was repeated using four react eact ors contal ned the
targeted pN¥teedt3E0l respeatiysly, 114(18686@3 tavdeted pRetaedtorent 3 selkctivedngai ned t he

| ect el ysh o KC:2 i W ol i oD
vl | nder 5) POBHE PRI G4 RRHEPE 10 FREOR HPpUPLRais AR E0ITRa. sul 11 ded

and st abi | ing@0ma§ Héagsdd §§8|e'n6| SBBk forliesel fAdlt er pre-sulfiding and
stabilizing the Catal yst, eed was punped Reactor 1 using a positive

di spl acenent punp at 2.5 rﬂlm nute. Variables provided in Table 10. As in

Tabl es 8 an 91 t 2f1ourth colum of Table 10, *ovides the tenperature of
Reactors 1% st nunber), and the nperature of Reactors 3 and 4

(second nunber) cOfeal des@ﬁ@e@rh Egathpiey 8-13swa2 Redlel(ihdhd pasf dhbl ) .

Pressure was 138 bar (13.8 MPa). The pilot unit as maintained at reaction
condi t i ons 2$@toes! IRdiKAMRlE Tachi eve steady state, )fore collecting any

ST e PR 4 Eohbitep, Mo eipreigementtatet Kre0, -+~
hile Reactors 3 and 4 contained selective ring-opening catalyst, KC- 3210,
bth catalysts from Albemarle. The catalysts were charged, dried, sulfided
1d stabilized as described in Example 1.

After pre-sulfiding and stabilizing the catalyst, LCO2 feed was pumped
Reactor 1 using a positive displacement pump at 2.5 ml/minute. Salient
iriables are provided in Table 9. For clarity, in the fourth column of Table 9
VABT), the first number represents the temperature of Reactors 1 and 2,
1d the second number represents the temperature of reactors 3 and 4. Total
/drogen feed rate was 325 I/l (1829 scf/bbl). Pressure was 138 bar (13.8
Pa). The pilot unit was maintained at reaction conditions for 5 hours to

>hieve steady state before collecting any samples.

20



.- oc)a)co.co crilLQ
PCT/US2012/024863

COCO (-6 (.0(0 cr) Cr)CY) C)

(NJ

211

.-co CcOQ\IQl..

.- CO
_ aa)

| nOI n.

(N(N O oC)(N Qis-(D LOLCO oc)(x)cococo

O_ TD co w0 20D/1we6a90 _ a

vvvvyvCQC)

0¢

V/N 0°0¢ ¢ 02 €180 gy ¢8t Gl d1l 12
/99€
V/N 1'92 ¢ 6 #5980 9'G 00v 60 d1l 02
/128€
. . . 00t .
(L1G1) 022 G9¢ | > 8 6£98°0 SV e 1L d1L 6l
. . . e8¢ .
(L1z91) 062 9'LE | > Zl #5980 SY e 1L d1L 8l
. . . Z8¢ .
(zzol)eg8z  Lve L Zl 96980 s ¢ 60 d1L Ll
v'/€ L ol €088°0 |ssaig
(L/G1) 182 98¢ L Ll Zv98°0 G'¥ 88¢ 1L d1L 9l
1L1€
v'/€ L Gl 0088°0 |ssaig
(L191)882 ¢I¢ L €l 129870 9y \Nmmm 1L d1L Gl
9'/¢ L Ll 16180 |osaIQ
(1691) G662 67LE L Zl 96980 LY \m% 1L d1L vl
1'Ge 059 0591 L¥€6°0 2001
(19949s) I/IN  Xopu]  wddm  wddm w6 Do AU

a|dwes ajdwex
'SUOD H  BUBRD USBONIN ININS g ANsued S 1gym AgH1 DICToS SI0WEd

o ailRimaAaniin s AmaArA s A LR fA AL A



0O O(NJ(NJ(NJ(N? J Results for Exanples 22-25 are shown in Table 10.

TLP sanples were atch distilled to renove the naphtha product cut (nmaxi num
boi | i ng peonb120M094OC) from t he di esel product cut. The maphisb@z2pessduct was
hi gher in the P sanples of Exanples 22-25 (reaching up to 40% than those

o e BB o A U SRR & B SRf,™

catal yst ugkettéd aK@FRt@Pd3tillett tolfdeh Pk ppios BEddRich gnbiaienu BoRmgr! es of
Exanpl es 22- 5 were nuch higher than those obtalined in Exanples 14-21

(napht ha *oittiof 269°Gyftam thediese) product. Rropestieseithediesalwrodiest are i s

possi bl e to obtain i gher reduction jn )nsit hi.gher increase in
the cet ane‘?WHé'}](ITBBfe s?‘_hgﬁei E&%W%%LM&@%‘@@@F%% th Are i ncreased
napht ha productheresyt ddmbr¥tite th8 predetsddanthe68éd RS apgielde LThOsp product
di stribution (of naphtha and di esel *oducts) and product properties can be

changed wi tafie veluabieatreamnai isoran beseean f ablgt YruhilepsdBis @nd, t he feed

flow rate / ti : ive
Exam o warBeruebIPafoe SO EHE ERaIeR AN ReEp PRI ETns PrefarsEIRALRT, (o
sel ecti ve rgedgy/anandngtand mdgstonly Godesdtalyi iverdasadpsRigebsing ddss fifg val ue
and i nportance of the conbined two step process .oposed in this_ invention.

Prior to pefRipgihaR pf@f@”_@@r’rﬂ_@led'ﬁ%h@ CéshOVVQV%sW%_P@Mﬁ #&y18%at one _
stage coul Qtaq’@k/%irr]dg{éﬁ%sb tRANSHEY b?@'ﬁgﬁg)ﬁ ﬁc&%b&?@we’?'tﬁé@ﬂ%eﬁmd aromati c

reduction, an east two stages reactors, as defined
her ei n, werkiened &sEaamplebib!-PBetRedativety tovs incgessecinghe sethnenintibese Exanpl es.
onparative

Exanpl es A-| The. LCO feed descr.i bed..i. anpl e .4-8 was
used. The. BBBARTEEISP e PRdkingica pieser SdoRaNGBPReNs TF, anie
Reactors 1,aidemefeiepiépRetiddof thbIre@ L CtRiere E@jﬁiﬁ%bsfeﬁ?&ed, ReoMavhing,
reactor conditions are the sane as those in Exanple 4. The ,actors were

packed wittle @eleahi\@elﬂrwope@mgmmaiﬁﬁtirrﬁmma t}n@taraeumtéanld maaertiesgfdrﬂne e 4.
R 1 2 ' 6 : ' Ni 03
caralyst (H00aA ARSI el RS eSS T e Ml BROP 2 g o

carri ed outcraseeseehsiedis atcelaiig anhéd ringegsdning caandt Lséd s exgagigsat e -
-1SV, Reactor tenperature - WABT, and recycle ratio - RR) are provided in
able 11. 21 wopldanyeEBaRQ%dithgAEQ sers wio diasel pwidustt ed once t he
reactors ,ached steady state. As shown in Table 11, different conditions
were (plored to study the sulfur and nitrogen kinetics as well as to find
optimal ) naampt:@2{2% targeted pretreatnent prior to feeding the pretreated
product to e selective ring- oEgSearrl]% ng reacti on zone. The maxi mum ni trogen

content that | hORY tesAdisacdn tixpmmles O hWapaiseAdiesat dPgatiohkiniuias
deact | val | QNad RehRINRANLEY ERARRIE An¢cRBQboaRedrREln ASpRAMING 7 Tabl e 11,

the m ni mum ions to neet the nitrogen cohtent were achieved in nost of
t he onpar athepeotessngll BeanplehPsi@ vals. repéatedprsing fsirceactots. oReatioch1| eaves a

i bstanti al t _of ted i it j , t. at. th
outl ot t ne 8- gutaieq e FGe R RetRRl ol cAdSh Kriatd il RiStoBhai ne
"targeted gl &HiaRBYH/RESERLVE rihglaﬂ)e@on@ﬁéétgiysﬂm@q 0|(N|iw ol PoIRRENi ng

catal yst would we been poi soned. npar ati ve Exanples E-H consi dered
whet her i ndr @as Oy cylindessy boiht omhAdlbeaaclei oheceatalystsonere ¢hargeddecr easi ng

the LHSV toq he LNGreasi et e re uld result in neeting

t he preferr'%@’ %‘%ieeqag’g? 8%&?@@?‘??@5@?@&?@9@% "nost severe conditions,
(Exanpl e E, LHAHepbrels@fding-ahd stabfiBhgahe Taldh)st, HEMR ferdwass piMpededuced to
0.8827 g/mM _and the )tane index increased to 30.4, with relatively high

hydr ogen coR€aeief ilo#sing a positive|digplagenment pump at 2.5 ml/minute. Variables
‘e provided in Table 10. As in Tables 8 and 9, the fourth column of Table 10,
'ovides the temperature of Reactors 1 and 2 (first number), and the
mperature of Reactors 3 and 4 (second number). Total hydrogen feed rate
as 329 I/l (1851 scf/bbl). Pressure was 138 bar (13.8 MPa). The pilot unit
as maintained at reaction conditions for 5 hours to achieve steady state,
xfore collecting any samples.
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atch distilled to remove the naphtha product cut (maximum boiling point of
JO°C) from the diesel product cut. The naphtha product was higher in the
_P samples of Examples 22-25 (reaching up to 40%) than those obtained in
xamples 9-13, suggesting higher selective ring opening activity with KC-

710 catalyst used here than that observed with the KC-2610 catalyst used in
xamples 9-13. The naphtha products in the TLP samples of Examples 22-

> were much higher than those obtained in Examples 14-21 (naphtha

'oduct of about 10-15%).

These results show that it is possible to obtain a higher reduction in
ansity and a higher increase in the cetane index but that improved
arformance comes with the increased naphtha production, which lowers the
eld of diesel product. Thus, product distribution (of naphtha and diesel
'oducts) and product properties can be changed with reaction conditions
ich as temperature, pressure, the feed flow rate (LSHV), and/or recycle
tio.

omparative Examples

Comparative Examples were conducted with the targeted pretreatment
italysts only (no selective ring opening catalyst). Comparative Examples
Jstrate the value and importance of the combined two step process
'oposed in this invention. Prior to performing the Comparative Examples, it
as determined that one stage could only accomplish a small degree of
ilfur, nitrogen and aromatic reduction, and that at least two stages of liquid
Il reactors, as defined herein, were necessary. Two pretreatment stages
ere used in these Examples.
omparative Examples A-I

The LCO feed described in Example 4-8 was used. The properties of
is feed are provided in Tables 3 and 4.

Reactors 1 and 2 were used in this experiment. Except for the
llowing, reactor conditions are the same as those in Example 4. The
:actors were packed with a targeted pretreatment catalyst as described in
xample 4. Reactors 1 and 2 contained 60 ml each of a commercial NiMo on

Al>O3 catalyst (TK-607). The catalyst drying, pre-sulfiding and stabilizing
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as carried out as described in Example 4. Reaction conditions (feed rate —
1SV, Reactor temperature — WABT, and recycle ratio — RR) are provided in
able 11.

TLP samples and off-gas samples were collected once the reactors
:ached steady state. As shown in Table 11, different conditions were
plored to study the sulfur and nitrogen kinetics as well as to find optimal
nditions for targeted pretreatment prior to feeding the pretreated product to
e selective ring-opening reaction zone. The maximum nitrogen content that
in be tolerated by the ring opening catalyst without deactivation is between
yout 5 ppm and about 50 wppm. As shown in Table 11, the minimum
ynditions to meet the nitrogen content were achieved in most of the
omparative Examples A through |. If a process condition which leaves a
ibstantial amount of unreacted organic nitrogen in the product at the outlet
‘the targeted pretreatment step were to be used for the combined “targeted
‘etreatment/selective ring-opening” process, the ring-opening catalyst would
ave been poisoned.

Comparative Examples E-H considered whether increasing the severity
“the reaction conditions, i.e., decreasing the LHSV to 1 hr' and increasing
e temperature, would result in meeting the preferred diesel product
»ecifications. At the most severe conditions, (Example E, LHSV of 1.00 hr”’
1d WABT of 371°C), density was only reduced to 0.8827 g/ml and the
stane index increased to 30.4, with relatively high hydrogen consumption.
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EEO < co OOLi ju (_0a310x-1 LL2115 onparative Exanples J to O
LCO feed used in Exanples 9-10 was used. The properties of this ed are
provi ded wo 20eloe&96 and 7. Two reactors were used PPOTIUSRGI2@X4363 | ment .
The reactors were packed ith a targeted pretreatnent catal yst as descri bed
in Exanple 9. Reactors 1 id 2 contained 60 ml each of a commercial N M on
y- Al 203 catal yst dbenarl e KF-860). The catal yst drying, pre-sulfiding and
stabilizing was irried out as described in Exanple 9. TLP sanpl es and
of f-gas sanples were taken once the reactors ,ached steady-state. As shown

in Table 12, isul£yr and nitrogen kinetics erejstudied by varying the
reaction condlbtﬂrs. @nfl tizong ﬁ@ ;pr@%rea$ﬁ?nt or to feeding the
pretreated pr,ogugt oR h& rrngﬁop@nmg\:zc@e %@ctl on were (plored. Again,
maxi mum ni trdg‘éuont let;fha’t ~can—be- t of Qggal;@@l by the ring )ening catalyst
Wit hout deacti®aFiion i3 etoedd Dotk & E@mAnd about 50 ppm As shown in
Tabl e 12, nlqlnﬁﬁlcondltlod§ td &hfevE the target trogen content were
reached in C@nparctlve exanples M N, and 0 at a -1SV of 1.1 hr-1 and a
recycle ratia gf 4. .i£e§§|§g<$f€§h§]proqgcég under ese conditions is not
too high relépg.g E§ e f err esel cprpduct sul fur )ecification
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omparative Examples J to O

LCO feed used in Examples 9-10 was used. The properties of this
ed are provided in Tables 6 and 7.

Two reactors were used in this experiment. The reactors were packed
ith a targeted pretreatment catalyst as described in Example 9. Reactors 1
1d 2 contained 60 ml each of a commercial NiMo on y-Al,Os catalyst
\bemarle KF-860). The catalyst drying, pre-sulfiding and stabilizing was
irried out as described in Example 9.

TLP samples and off-gas samples were taken once the reactors
:ached steady-state. As shown in Table 12, sulfur and nitrogen kinetics
ere studied by varying the reaction conditions. Conditions for pretreatment
ior to feeding the pretreated product to the ring-opening zone section were
plored. Again, maximum nitrogen content that can be tolerated by the ring
yening catalyst without deactivation is between about 5 ppm and about 50
ppm. As shown in Table 12, minimum conditions to achieve the target
trogen content were reached in Comparative examples M, N, and O at a
1SV of 1.1 hr'' and a recycle ratio of 4.7. Density of the products under
ese conditions is not too high relative to the preferred diesel product sulfur
»ecification (0.881 vs 0.860 g/ml).
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as c) .- cr) (-6 c) ci oo<, C?21 C?1 C?1 C?1 C?1 C?1 010 00"g 0,
liti0"gg NN(N(NC) 0) "1" 001 '- - d" CON CDCDCDN' Eco C?1 .- .- 00
00 00 r w¥b2b12z09@» O0) 0) 00 00 00 E:5. di di di d di dray/uks2@202443 Lo. Lo.
NNNOOTI1H 331(0 N- CDCDN- CDO 1 <o0LOTr"-- LOLOT"-- LOCO coO
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Sel ect ed Kanpl es were chosen for illustration. Table 13 displays the
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The total aromatic reduction in a conbined "targeted pretreatnent/ )l ective
ri ng-openi ng" systemwith a single recycle loop differs fromthe sane (stem
wi t h targwoediynedsweat nent al one. Density reduction is Papruse@d/onsen

sel ective ring-opening catal yst is used after the targeted pretreatnent. In

idition, both cet ane |nde t he na htha e. hi her when t he
et bd br ovr ool ABlR T3 COBBRIS 8 dNeTneRS ThatIect MoReries JOL ARG | Doncl ty
) Crease asséiféa%‘r]%ﬂt&hlw(cbﬂ?pdrb% Eﬁé’tﬁﬁ'pf& R@)aég’a%st(tﬁé%oﬁ%ﬁﬁ% es 4 and 5 vs.
Kanple E in Table 13),; iindicate that sSelecti've ring manipulation is

occurring rgeted matraatmn@dqm selective: fing-opaphgHExamplesomdlndelgatedred in t he

targeted . efreatnent sta oug tic cont ent decr eases
ormar eq ¢ o CrEHLRRe S ohdERraia dabbt R AR e T e
case of tanggtienss, Rhéta"r@rﬂbt‘f@@bnt@hk MdehBipapbecne Meiek for Peadieseli t uration
appears to form napht heni ¢ hydrocarbons. Wen a sel ective ring)ening

cat al yst i Pdustsiindnese selest EXpgelesd pretreatment, the additional density

 duct | on_appearfol O 6AIErdIRIBRTNE N0 lind I AARRY RERIL FloRgs i nce the

taI aronmati c con el at1r’vée anobun aromati cs

, i n the sleotvd Ewgmpbamgll sgst@ndwith.a Singlereeydieiloop diffees ﬂrabn the same
Corrparlson of Exanples 9-13 with Conparatijve Exanples MO0 show m | ar
behavi or. er'?mew'”ﬂ F@rgetadew@r@fatraelah%lpn% %f%ﬁ?%t'% i$ SRBIOVEASH §he

)l ective “ﬁ%ge&'\,\ﬁr'l'”@gobeﬁ““g@ g@%‘i’lé"héé‘d LRer trh%rt Seggd @F&Fé&ﬁﬁfeﬁ?”h a | over

ynsity resu et r eat nent an tive ring-opening
i tal ysts ardditibof bothdbe cetaree |9delglaedrtheylapbthaoppld(slérammghersawmém theer sus t he
rgeted pretr

rani pul ot | GBS B RREVE B S RIpRed Wif e Peler Vb HegomsnIS Rpesbi ni ng ¢ he

targeted prelda8aladBhtiafiitwil RS FihyDpehite ORSl 'sﬂ cetBlammplesianarmd §iagl e
recycle loop with inprovements in density re I on and creases in cetane

i _ndex 8uchamm bvien@ie 13), mdlweathamlmto@mg maaipulaticnaisiadoyrg o 1V or V
O 55 o385 A b BRI bR BBl ores r hiife 12
- ' 11 111 gitddtmedt Stdge: lE(\be(?ﬂNogg& & peyhrorhati®content decreases

ompared to the feed), the mono-aromatic content stays the same.

In the case of targeted pretreatment only (Example E), most aromatic
ituration appears to form naphthenic hydrocarbons. When a selective ring-
yening catalyst is used after the targeted pretreatment, the additional density
«duction appears to indicate the opening of the naphthenic rings since the
tal aromatic content, and relative amounts of mono- and poly-aromatics
'main the same (Examples 4 and 5 vs. Example E in Table 13).

Comparison of Examples 9-13 with Comparative Examples M-O show
milar behavior. While, the extent of aromatic saturation is lower when the
slective ring-opening is combined with the targeted pretreatment, a lower
ansity results when a targeted pretreatment and selective ring-opening
italysts are both used in a single recycle loop (Example 9-13) versus the
rgeted pretreatment catalyst only (Examples M-O).

Thus, ring manipulation was achieved using a liquid-full reaction
rstem combining the targeted pretreatment and selective ring-opening
italysts in a single recycle loop with improvements in density reduction and
creases in cetane index. Such improvements provide a LCO product that
in satisfy Euro IV or V diesel demands and can be blended in a diesel pool.
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CLAIMS

What is claimed is:

1. A process for hydroprocessing a hydrocarbon feed, which comprises
(a) contacting the feed with (i) a diluent and (ii) hydrogen, to produce a
feed/diluent/hydrogen mixture, wherein the hydrogen is dissolved in the
mixture to provide a liquid feed; (b) contacting the feed/diluent/hydrogen
mixture with a first catalyst in a first treatment zone, to produce a first product
effluent; (c) contacting the first product effluent with a second catalyst in a
second treatment zone, to produce a second product effluent; and (d)
recycling a portion of the second product effluent as a recycle product stream
for use in the diluent in step (a)(i) at a recycle ratio of from about 1 to about 8,
wherein the first treatment zone comprises at least two stages, wherein the
first catalysts is a hydrotreating catalyst and the second catalyst is a ring
opening catalyst, the first and second treatment zones are liquid-full reaction
zones, and the total amount of hydrogen fed to the process is greater than
100 normal liters of hydrogen per liter of feed.

2. The process of claim 1 wherein the hydrocarbon feed is a heavy
hydrocarbon.

3. The process of claim 1 wherein the hydrocarbon feed is a light cycle
oil.

4. The process of claim 1 wherein the total amount of hydrogen fed to the

process is 200-530 I/l (1125-3000 scf/bbl).

5. The process of claim 1 wherein the total amount of hydrogen fed to the
process is 250-360 I/ (1300-2000 scf/bbl).

6. The process of claim 1 wherein both the first treatment zone and the
second treatment zone have a temperature from about 300°C to about 450°C,
pressure from about 3.45 MPa (34.5 bar) to 17.3 MPa (173 bar), and a
hydrocarbon feed rate to provide a liquid hourly space velocity (LHSV) of from
about 0.1 to about 10 hr,

7. The process of claim 6 wherein both the first treatment zone and the

second treatment zone have a temperature from about 350°C to about 400°C,
40
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z 1 %v CGralMB/MB&Eb is clained is: 1. A process for hyacoarsecessisas a
hydr ocar bon feed, which conprises (a) contacting the feed with (i) a

di luent and (i hydr ogen, od a e [qi n ro n m xture,
chLuent and (L) vl oaen L9 DB NG oo bH TG BESk 385 1A
(b) cont actIm@rééﬁba‘)ﬁ%diralté%b%w@éggnnldfhef&ﬁvgpdué%@cﬁy (LﬁS\?PéﬁFdfﬁt ina
first treatnment zone, prod uce first product effluent; contacti ng
the first prauto. Aefofabmﬁt4|w1th a second catalyst in a second t r eat ment

zone, to produce a second product effluent; and (d) recycling a portion of
t he second [@#.oducthespidcessbf algira 1rwbg|(eliretrm0id1mtt cempeisss faororgaeiciliguiche

diluent in st at a recycle ratio of from about { Q. apout 8,
wherein t he sqeced toabifaupsbSisinal boatcpeeon o AgueEiher &i n ¢ he
first catal ¥eighha dleddl neldmbihaloiabdr ABR Ifeflegiecond catalyst is a

ri ng openi ng cat al yst the first and second treatnent zones are |iquid-full
reacti on zones : t S,

greater thanrgaloo nor na #q%eF?tbg#lgﬁgﬂqﬁh '%g%gﬁéj%g?ﬁ {”3‘9“ r]%eed rng‘%#h

process of déastitwd cstelysi edshie Mwe@cmrbwhefanme beds hemaplyydiyallyocar bon. 3.

The process soefpa%t%idrgyla \c/:\Qteeﬁyeslt [PretenZeonkéydrocar bon feed is a light cycle oil.
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10.  The process of claim 1 wherein the first treatment zone comprises at
least two reactors each reactor containing one catalyst bed and wherein the

reactors are separated by a catalyst-free zone.

11.  The process of claim 9 or 10 wherein fresh hydrogen is added between

the catalyst beds to the catalyst-free zone.

12.  The process of claim 9 wherein the reactor comprises both the first

treatment zone and the second treatment zone.

13.  The process of claim 12 wherein fresh hydrogen is added between the

catalyst beds to the catalyst-free zone.

14.  The process of claim 13 wherein the feed/diluent/hydrogen mixture and
product effluents are fed from bed to bed in a downflow mode.

15.  The process of claim 13 wherein the feed/diluent/hydrogen mixture and

product effluents are fed from bed to bed in an upflow mode.

16.  The process of claim 1 wherein the first catalyst comprises a metal and
an oxide support, wherein the metal is selected from the group consisting of
nickel and cobalt, and combinations thereof combined with molybdenum
and/or tungsten, and the oxide support is selected from the group consisting
of alumina, silica, titania, zirconia, kieselguhr, silica-alumina and combinations

of two or more thereof.

17.  The process of claim 16 wherein the first catalyst support is alumina.
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4. The process of claiml1 wherein the total anpunt of hydrogen fed to the
process is 200-530 Il (1125-3000 scf/bbl). 5. The process of claim1l
wher ei n twe 2¥m@mbe4anount of hydrogen fed to the processPrInZa02886363 | |
(1300- 2000 scf/bbl) 6. The process of claim1l wherein both the first

treatment zone t he second treat one have rature from about
300C {o aboult  400(1C Biocess PCIEID L WBGEN G1eiSe PR GaalyS! GPbIEs 8 Maahoa
(173 bar), n K I ce
Vol acity { Lry dn BUBEARRLBATWHBREN 1RE ficif iBLBIECREY ok M) dhol ebhIsBAGE

cl ai m 6 wherafinickebahdtdebaltj ard combanations threreef epribined widt oralyhdesainmment zone

have a tenperature from ab t 35 C to about 40@ , 40 ress re from about
6.9 MPa (69 3695 r HgIgiEnA BEPHO™ By “EONG uPTORIBE FE Y & e to
provi de a.Il&mmgngmM{ﬂﬁyé@@ce velocity (LHSV) of from about 0.4 to about 4

hr-1 8. The process of claim1 wherein the diluent conprises an organic
I|qU|d sel eciged fy | qn@h M o i nght
distillates, %aphtrﬁrb&%ﬁggg Hgl n%lférllagjlé(;iﬁlrg % @%&Dedrgcg eﬁ%r);e%%t]%gcr: eof

The process ampiss mrletahehlehns amrmbmamort obaetas seteotas frommdheweumt I east

two catal yst_beds. in_on e bed h par at ed
by & cat al y<onrit g Akel T eRan i GUBLY). brSaP St BT I B atoRer:

treat nent zapRgSHEANNIEFaNaicob8RIinddNEn [€8RH)Or s each reactor containing one
catal yst bed and wherein the reactors are separated by a catalyst-free

zone. 1l e PrOfESmHRLs of Bl herth WREERLNS! aiideflr ogen is added
bet ween the catal yst beds to the catal yst-free“zone. . The process of
claim9 wherein the reactor conprises both the first treatnent zone and the
second treatnent zone. 13. The process of claim 12 wherein fresh hydrogen
i s added between the catal yst beds to the catalyst-free zone. 14. The
process of claim 13 wherein the feed/diluent/hydrogen m xture and product
effluents are fed frombed to bed in a downfl ow node. 15. The process of
claim 13 wherein the feed/diluent/hydrogen m xture and product effluents
are fed frombed to bed in an upflow node. 16. The process of claim1l
wherein the first catalyst conprises a netal and an oxi de support, wherein
the netal is selected fromthe group consisting of nickel and cobalt, and
conbi nati ons thereof conbined with nmol ybdenum and/ or tungsten, and the

oxi de support is selected fromthe group consisting of alum na, silica,
titania, zirconia, kieselguhr, silica-alumna and conbinations of two or
nore thereof. 17. The process of claim 16 wherein the first catalyst
support is alumna. WD 2012/ 109649PCT/ US2012/ 024863 18. The process of
claim1l wherein the second catal yst conprises a netal and an oxi de support,
wherein the netal is selected fromthe group consisting of nickel and
cobalt, and conbi nations thereof conbined with nol ybdenum and/ or tungsten
and the oxide support is a zeolite, anorphous silica, or a conbination
thereof. 19. The process of claim1 wherein the first and second catal ysts
each conprise a netal which is a conbination of netals selected fromthe
group consi sting of nickel -nol ybdenum (Ni Mb), cobalt-nol ybdenum ( CoMb),

ni ckel -tungsten (NNW and cobalt-tungsten (CoW. 20. The process of claim
1 wherein the catalyst is sulfided.
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