| MPROVED HYDROGEN MANAGEMENT FOR HYDROPROCESSI NG UNI TS FIELD OF THE

| NVENTI ON 100011 This invention relates to inproved hydroprocessing
processes for upgrading refinery streans via the use of rapid cycle pressure
SW ng adsor pfi i.ng a cycle linme of |ess than one m f Lhcreasi ng
t he concent?% ﬁ@ﬂp§¥bhydrogen for use in hydroprocessingpﬁhﬁF@&hgﬁgiGROUND
OF 1HE | NVENTI ON [ 0002] Hydroprocessing processes are used by petrol eum
refiners to inprove the properties and hence value of many refinery streans.
Such hydroprocessing units include hydrotreating, hydrocracking,

hydr oi someri zati on and hydrogenati on prlacess units. Hydroprocessing is
general |y acconplished by contacting a hydrocarbon feedstock in a

hydr opr ocessi ng reacti on vessel, or zone, with a suitable hydroprocessing

catal yst under hydropr qaPROVEDHYDROGEN MANAGEMENTET at ure and
pressure in the presence GroR OPROCESIINGONITRAT vas to yield an
upgr aded product having thE‘Uﬁsrrgg‘andUtr—properrres, such as sul fur and
nitrogen | evels, boiling point, aromatic concentration, pour point and
viscosity index. The operating conditions and the hydroprocessing catalysts
used will i 1!&ﬁﬂ%11ﬂ£ﬂﬁﬁﬂ@fﬁ§lﬂf the resul ting hydroprocessing products.

[ 0003] Several types of hydroprocessing operations are practiced conmmercially
in refining operations. For exanple, hydrotreating is typically used to
remove het ¢goURY O ELhiSi&Bntach eltéd o iaiipdovddiHydSstocdss iy fHYees6AfoPON

f eedstreans such as naphtha, kerosené, diesel, gas oil, vacuum gas oi

(VED), andupgridihgrefibery stteame vint the tuiseof tapéd ¢ywdelptesauenswingadspdptogen and a
sui tabl e hydr.otreatj calLpalyst, at hydrotreating conditions .of tenperature,
oreseur e afi8viPBaRFISIEES pbfcsd B one FUHE e RCreaRg G CORFRGHOROE: t od | o

hydr ogen s i gﬁﬁg 50 enpl oyed to inprove ot her
propertiesﬂg%bgéaﬁgggé%%Eﬁg??ggﬁs i ﬁ%ﬁ% refmery. Hydrocracking is typically
used to renmove sul fur and nitrogen, and to reduce the boiling point of
heavi er nol ecul es by converting theminto |ighter nol ecules, by contacting

t he feedst BAKEGRE HE AR ENVENTIOND| e hydrocraci ci ng catal yst, at
hydr ocr aci ci ng process conditions. Hydrodewaxi ng and hydroi soneri zati on of
distillate and lubricating oils nodifies the nolecular structure and hence
the pour pRige2] of HydesRosabing PréSessdilaré @ PAbIENR réRRS td RARROE e
hydrogen over a suitable catalyst, at hydro emaX|n% and hydroi'sonerization
process copdipeities and Hguiseoyalex ebmamy réfoerostedams. Shuwthdrydneprocessimgumisi on

AT N AE L D e
oo BTy R0 R R IR PO IBRTL 1"

t hese hydr Byiroeaben Redsiock i Hagd@pesicbsing RALEES eeksEl)br 361w Fwith 4 easons.

Regul atory pressure in the United States, Europe, Asia, and el sewhere has
resul ted i suitablerlmgoprecessingsatalysypderdpdrenraerssing coprltoms wé eleyatedpr ocessi ng
processes fo form hydrocarban products i very Low | evels of sul.fur and
Dt her & ai | BRRGBS AL APEeRRal (B RS ot B Broarirdontifingdt @ Bable Tl oved
pour PO Nt g Rk UAGFRBIEY Ha EBErdIMBdLQ pROREESS shaPyd Sllfuspude oi I's and
t he reduced ﬁ@?ﬁet or fugl |Ieis in reasigb t he need for hydrocracicing,
agai n | eadniggemolevels| bbiting ippiit cayomatie cemmntraton, lpour paint thé visobsityubr i cat i ng
oils inmprove, the need _to remve even nore sulfyr, reduce aronatics |evels,
and i npr oviadgbulhp gperating sonditienssand the fydsoprceesing eptalystssedavileed f or

22" o by- or BitaEgee e alfyar T Vb Bk Mt BRode SRk Yo B E ver cur romt

treads to reduce aromatics in gasoline are -3- constraining the use of
catalytic reformng and thus renoving a source of hydrogen. Thus, there is
an ever gr[@3h n8ecerildypésgfhydeeprhgessing operatinng areapracticedoommendialiyt h t he

vari ous proce

.units. [0Q05 ' Lt | atively |
quant i 1 GSRFRAERBEHODh ol OLFBTe AR BHTRRESE DPIALS SRLLTN | hat

genet 2ty SRR By TR A RS By e R 0L
cont ai s sgael ek AREL, BANAGL vaches vat 6if (VGO endyebidil Byessi ng react i on

zone. Since hydrogen 1S an ifportant reactant in hydroprocessing, econonic
means to purify hydrogen in hydrogen-contnining streans used as feed streans
and/ or as recycle streans is desirable. A greater concentration of hydrogen
in either of these two types of hydrogen-containing streans allows for a
nore efficient process with higher feed throughput. [0006] The type of feed
to be processed, product quality requirenents, yield, and the anount of
conversion for a specific catalyst cycle life determ nes the hydrogen

——y



-4- efficiency of hydrogen gas recovery and hydrogen concentration, the
hydr ogen partial pressure of the recycle gas streamis inproved. This
results in an overall inproved perfornmance of the hydroprocessing process
unit as nea hese paraneters. [0007] Sonme convent] ds have
been proposéﬁéﬁﬂgﬁ*%%ﬁenpt to i nprove the hydrogen utiliggﬁﬁgﬁmgﬁﬁg’iency of
the hydroprocessing unit by increasing the concentration of the hydrogen in
the recycle gas stream Such processes typically result in significant
addi ti onal equi pnment costs and/or require significant changes in operating
conditions, such as tenperature and pré§3ure, which typically results in

i ncreased capital and operating costs. [0008] One process that has been
adopted to i nprove the hydrogen purity of the recycle streamin a

hydr opr oceszintagtingithe feedstreanewithdiydtogen asd arsaitsbie iydsateatipg icatalysCREA) . See,
for exanple, U S. Pat. No. 4,457,384 issued Jul. 3, 1984 toggu. s Crest,

I nc. Howevdpdroteatingsonditions ebleginesature, Riespis and flow fafes tgre ®f the

reactor eff r ' 5.8
kg/cn2) to %egegg%m%g}%g g {Bﬁy%{%%égﬁjﬁgﬁ?%oﬁ t g{eﬁ%aﬁ%&)ﬁ;sog%h@ﬁ é‘?ecycl e
hydrogen sttoémprearother properéias efhjdrocdbon stdéhniwin tbe réfaeery.eHydteeadkaigeous
stream nust, be subjected to conpression to return it to 2,500 psig (175.8
kg/ cn) befistpicalbyrusgd de rqmpverﬁzgﬁxﬁ@dngtmg@mwéggﬁweftb@bogmgmt ofhe net

result is that. the,capital . operating.and. qai nt enance ,cost re

Cubst ant ; altigvieh ArouGalis B ot BB et Ao Bk P RRRES i lashB g i

requi red Wgkdsus! i ; i tﬁfé‘s‘ft drRENRshd S
described in Uﬁgmgg@aﬁg%l*b@gﬁgg&%@%ﬁ%@&aggﬁgh%h |’s£i€h?corporatged her ei n
by ref er engeocdyh comditions edydredewatieg and hijdpisasuizatidn opdistilateand 50

at nfospheres and whic¢h a(lggﬁ i npcurs substanti al éapi tal investnent and

operat i ng delcating ails meshitiey theppelecylar struchuse apd bengedlig posr et pHibess ed

B Y

are conpati roprocessin IS desir at such

a process WydtdllenakinptiRlsryiseihéfdtionRodiss coMifeRs SHYdioptsuesdimg foror t he

overall econom es of the system including capital expenditures and
oper ati ng @gfenand apogwtic shlgrationiredudes dheennegnination efaometiehandelefigy by

consunption. J0OQ11], | her s, _al though varjous .hydroprocessi
processes &PB ﬁ%h%@ﬁ%&ﬁ%‘pﬁ gﬁh’}p,gcrg R fulta J(q ‘Tal%al tr?éégo"f‘?fm?‘ﬂ@g'grt f or
i nproved h)gg‘?rpﬁ{ C&aaitdgsPr ocesses that can be practiced nore efficiently
and wi th higher drﬁeactor tshroughput by conbi ning i nprovenents to hydrogen

recovery and purification with hydroprocessing units. SUWARY OF THE

| NVENTI ON 10012] In_ a _preferred enbodinent, there is provided a process for
upgr adi ng d0¢Akr oc‘gu SSE‘GF%EH‘SJPHT%EC?W Wépﬁ‘&r?)%d@§§fg‘ﬁﬂ{qge&(ﬂ¥ﬁri si ng:
a) contacti i . i i i dr ogen,
= porti on SraPhit {EERERR 2883 opBrofe IREGE RROERRSAG il rblly & S0EN,

cat al yti calihitesel €61 deverab faagois. HReguldtvsl Hpssdeemsthe Wrfitida tyes, Rirope
hydr opr ocessi ng conditions thereby resulting in a |iquid phase and a vapor

phase pr odudwia, and elsebhemdmaresulied i aitent ite) iricreasingde seyede awd/dr selgotive phase,

whi ch vapor phase cantai ng hydrgqgen apd |j ght dr qcar bons; enovi ng
at |east aby Qﬁ?sﬁPgPﬁ@%ﬁﬁeﬁﬁ? ﬁ?{y&l 9538 Pm%ﬁﬁst mé%w%ﬁ% i ni ng
make-up tr I . r 2y

pressure S\%\A&fr%]g%? s%tirlﬁg)&f?}gﬁﬁgtﬂr ?IKB?:@%’ gﬁﬁ?%%reguﬁdu#gﬁ?%lgé %}y élgtj%gir %néﬁ%w%gds and

- 6- havi ngpaut péiat amd/eikeosttyipded TiesBotd R prabesdthedties eadeddlsand il pressure
drop within each adsorbent bed of greater than about 5 inches of water per

foot of bededusadmarket for fug) ol dyincreagingithe sesd fon hydiocrasking, agaie leading phase
of step c) t6' Q g}/g%ep ﬁi’rarrc])gen demand. As the qualities of lubricating oils improve, the need

to remove even more sulfur, reduce aromatics levels, and improve pour point and

viscosity index have increased the need for hydroprocessing. Further, many
refineries receive large amounts of hydrogen as a by-product of catalytic reforming

on their site. However, current treads to reduce aromatics in gasoline are



a higher concentration of hydrogen to the hydroprocessing zone. [0013] In
anot her preferred enbodi nent, the hydrocarbon feed is selected fromthe
group consi sting of naphtha boiling range feeds, kerosene and jet fuel
boiling ran distillate boiling range feeds, resj nd crudes.
[0014] In ygﬁ)%’ﬁgﬁ’g? preferred enbodi nent, the total cykfd"@%?f}’ﬂ%ma}”the
rapid cycle pressure swing adsorption step is |less than about 15 seconds.
[0015] In still another preferred enbodiment the total cycle tine is |ess

t han about 10 seconds and the pressure drop is greater than about 10 inches
of water per foot of bed length for the3rapid cycle pressure sw ng
adsorption step. DETAILED DESCRI PTI ON OF THE | NVENTI ON [ 0016] It has been
recogni zed that by increasing the efficient use of hydrogen, existing

equi pment  cauklaibengofiie Ry 8l ctalytio ecfonaimgtdnd thiy fengdiitg a 8buich of heddgenck
resulting in higher product yields. A further advantage to the nore

ef ficient ufhusi there srancgvengrivoige need farimpraved dyidsogenmanagementizssodatedake- up
hydr ogen thatth st be provided by, for exanple, a hydrogen plant, cryo-unit
or reformer™ YRFOUFPEOTERS invention is applicable to any unit in a
petroleumrefmery that uses hydrogen as a treat-gas stream or as a recycle
stream or produces hydrogen as a prinmary product or as a side product
stream |t [0603jar t Hydtaprdoessing hhiteidearelativelydagzenpmatities off hydeogdncthatae
hydrogen as a reactant to upgrade or to -7- convert a hydrocarbon stream
to | ower botenmbtainedfromsprocessimys deat generatethydsogen; pitherasiaympiameeducd to as

hydr opr ocesgi i.tS.: T t I i | t ance of

i nproving t gg%uotf{b[s? s(‘%%ﬁ%gﬁ@rsgg ?%h)ﬂ(‘}% aﬁ%ﬁ%‘{g%gﬁ?%&c?ggéﬁg{?ﬁ e stream of
hydr opr ocessidishrofdsking N8 typitally datdidPeseadied en €8 38 Rgyélbdto fee

i ndl uded herein are:_ﬁydrofggtigg wher ei n Iightgﬁggrocarbon,ynaphtha,

di esel , di dnidronaeesssiagrreagiionrzose.afithce Aydiogen ssamimportdnd reastanéin j et , cycle
oil's, lubestack and waxes, atnmpspheric an acuum resi dua, r ol ysi s

gasol i ne,  AWATEIACRSSIE; Echomic means fo.mmely Bydfogen i hydeopeniconBaps ot o,
hydrogenat ispg, o gEe] & o S EallORMPOsGo ORI Bl s ActlrlENA, fBglopar al fins
and aromatics are saturated to naphthenegs as we as the renpval of at |east
a portion ebnéwitationiofydrdpydiweitiseiof thege Whe tygies ofhgtirdgenidongiihg eans are
converted to nore_val uable | ower boiling streans, hydroisonerization wherein
par af f i ni c sEe#p®allews fpra pers efficieat processopiah higben feedilepughpwh shing, which is
a mld hydrotreating process used particularly to replace or supplenent clay
treating of lube oils and waxes. O her hydroprocessing process that are

i ncor por at agipgd]t hiThe type of Peeah 'b@?réd&ﬁﬁeﬁ,dﬁro@ﬁé@dﬁﬁ‘litfr&ﬁ%ﬁeﬂﬂ, ichis a
catal ytic hydrocracl dng process that uses nol ecul ar” sieve catalysts to

sel ect i vel ynbinr amowtiofwaressiondeenspecificacdtalysistyotekliferdeteriiingstthe  hydr ocar bon

fractions; wax hydroj sonerizatiqn erein wax np] ecul es are, conyerted to
branched moyeRgERpartial ar@aleraﬁgw,ed%éa@mpﬁraawa M{J@&cs&sﬁm Y b

deasphal t oFSOPEryRe esshcindrie I Gp Bl Pt Bt o bydbRAL BN 03 o1
raf f mat es @@é‘sslhe\tﬂ'th&lﬁtdroyﬁ%@&i hit, Slaxe thekd rlaaRed cédtrdldeptheeat i ng,

enpl oyi ng specific bu netal sulfide hydrotreating catal ysts selected from
the group comppsitiongf the flashrd gay fipmitbe downstzeane hydiopsecessnyIskpariondr Mh

sul fide catalyst a 1 xtures ther.eof erein.the.catal yst r r epar ed
From spec; fe Attt Biifolet Sotmesifim pEE rereb Fnr Bt PrediRedieR s i <
prepared f eMaR é&%‘i!/i@%iﬁé toedor rélRidr. oA FR) e such as
N2 and sub?g’giﬁgﬁﬁsﬁg’?’?i By IR ercd BB optdtesior roiitiar, or TR © .
catal yst i $owerdpairegenfpavtialtpressare ihithkerepyele gas siream affgetivetp doweetsithe a

non- oxi di zi ng, . sul fur contai ning atnosphere. [0019] Herein, the term
" hydr ocar h§artebpeessyre of heveysiragen-gas dppul €pypoaeaitp dh¢ resetosand therelyust ri al

horei n- snapreray afeRHaRh R oo OHRRRE AR Rt o BB AR S o,

but not i ghélgg,d&ﬁ%] 3 YeW¥ life!@tk € To ﬁﬁ@?ﬁﬁﬁﬂ%ﬁ‘ﬂeﬁﬁhﬁﬁﬁwﬂﬁ% rdtim@Sent in the

hydr ocar bo term "l ght hydrocarbons” neans a hydrocarBon m xture
conpri sed pfeskurdodtley bvdropreopssontéactot hadtoe ihcteasal) slticlhcammbdon at ons i n
weight (i.e., Cl1 to C5 weight hydrocarbon conpounds). [t wl | be understood
that the tbnagsirabledfreroantoperational poigtnioiew HSeaversely; byircreasig the

i nt erchangeably herein when referring to feedstreans. [0020] Feedstreans
that can be hydroprocessed in accordance with the present invention are any
hydr ocar bonaceous feedstreans that are upgraded by hydroprocessing.
Non-limting exanples of such feedstreans include |ight hydrocarbon boiling
range feedstreans, naphtha boiling range feedstreans, kerosene and jet
boiling range feedstreans, diesel and distillate boiling range feedstreans,

,,,,, o~ a2 p— )




cont ai ni ng conponents boiling in the range from about 50F to about 450F, at
at nospheric pressure. The naphtha feedstream generally contains cracked
napht ha whi ch usually conprises 'fluid catalytic cracking unit naphtha (FCC
catal ytic napht ha), coker naphtha, hydrocracker naphtha,_resi rotreater
napht ha, dewg’tzgf‘ﬁ’%gmﬁatur al gasoline (DNG, and gasoli ng%ﬁ%g?‘s%gg nponent s
from other sources wherein a naphtha boiling range stream can be produced.
Non-limting exanples of distillate feedstreans that can be treated in
accordance with the present invention are those boiling in the range of
about 288C (550F), such as atnospheric-gas oils, vacuum gas oils,

deasphal ted vacuum and at nospheric residua, mldly cracked residual oils,
coker distillates, straight run distillates, solvent-deasphalted oils,

pyr ol ysi s- gefidias ofiHydrognqas ReddveRarRiydRidnCcaicbfirationC i idksgeand cat
cracker distillafes. "A preferred hydrotreating feedstock is a gas oil or

ot her hydr pediabpressure of therenysle ggs streaneizsmpsovedo yThie regnlts imardovaral usual |y
at least 75%b ight of its, c onents.boiling at, tenperatyres between
Sbout - 316CTRGEY Perlimaise o g BHTOP R PRSI AsRahe

accor dance Wahﬂ:tér?e present invention. [0022] Illustrative hydrocarbon
feedstreamg that are upgraded by hydrocracicing include those containing
conponents boiling above about 260C (500F), such as Fischer-Tropsch |iquids,

at nospheric gas oils, vacuumgas oils, deasphalted, vacuum and atnospheric
residua, h 11 eSome eomvantiena) meglinds haxe keen proppspdkthatatiempt o irgprove

distillate straight..run digti.ll at ol vent - deasphal ted oil s,

pyr o Iky si 3_— ﬁfyleé‘gsegi qt;%:aﬁ PR ﬁffb%zliqyrpgﬁg‘iﬁﬁ"#ﬁﬁog ‘?hgfg;g’;@x FETHTe % d _ciat
cracker di ke e oil or
ot her hydrgcﬂar bgnﬁ%%r%ct ieo hag\r/eiﬁng at I@gdggg 5%% by wengﬁt%,Hédg?\sd g;‘gtﬁyusual ly
at | east 7&%ulvyn sghifivant additional equipmresheastbaid/omgqaire signjfioant changessimove t he

end point of the desjred Er duct. One of éhe nost preferred gas, ojl
f eeds| r eanBPGARUINE EUIHHGDF, AY IEMPETIEE ARG REFSEWe: WhichdypicallygseltoBoC (500F)

W th best , I i .fh feeds containing at WO

2006/ 07902 S{ﬁ?%g%yg%égﬁgﬁ%?%t%ast 25 percent by volune of the
conponents boiling between about 315C (600F) and 538C (1000F). A preferred
heavy feedstream boils in the range from about 93C to about 565C

( 200- 1050F[0008Hy dPse preeass shat han beasadopteddoimpraverthe hydiogen paritrdfithe c, such
as wax streamsl Barti.cul arlc%/ Fi scher - Ir.opsch ﬁ/axajs and |light paraf.fins.
10023) TheFEHRSTRRTR D 8 PYGTGRIgeesSing yoilds RonvemHonal PLesUtesipg WOherein a
hydr ogen- Cwﬁ%ay)rsea fof BRImPRSULS P4t Nb. U7 IBARERANGE L11084'td BRBnsat al ysts
which are prindgrily active for the renoval of hetero atons, such as sul fur
and ni t r og€resgimnk. Howeargnroyrderagenatrpantecthe ESAnmiit, dbe piassitralof ¢hehydr ot r eat i ng
catal ysts for use in the present i ntion are agi/égqr;om convent i gnal

hydr of 1 eat TPRGIOE BRENTSER Hieam WESRATeaRSITomR bt SO0 B (1 L08 kBford) | east

G VI | .. L3y i bal t. i ckel f bl
cobal t _andbaPonl Tiesin CEa R, AifiBugh Bl RE K S Fe pTBEED oy baenum
and t ungst §fkanfédn R inBReafedtd) dboaPORINGE b, 16¢ rebybrea lr%fag&#@ RtréatiinGiike 84T f ace area

support material, preferably alumna. Q‘her siit an-édr otreating catal ysts
i ncl ude zesubjecier] toapaipressson wretueh it ta2,500pseg (W58 kglatd) hefore where the nobl e

netal is selegted from pall.adi um and platinu It is wthin the scqpe of the
present i nER lil(gwntlﬁgﬂhﬁgwgrqmgqpsgﬁgf Gtregm. PSHeé‘:thti‘% E&F&F‘Q’éﬁs be used
in the sa i : J i resent in an
amount. + ancheri s G B Ryce G0 Sk BBy it By HPLBRCN BTN, 10
about 12 Viarge%ompresser thap isviequiédiwhien Lsing ¥KosfédtionaEPRAaEENt | n an anount

rangi ng fromabout 1 to about 25 wt-% preferably fromabout 2 to about 25
wt. % As previously mentioned, typical hydrot-eating tenperatures range

vPa. (200" pOPISI": cAebr mpsed Wsscebeate HES pal! 0 LAFZBIS ST MAEREL 5 5 e

(500 psi Q)i : L&) Wa AN : elocity
bf tho.  oouEh 3BltbrobradEg NEfkih BYRARALS) MAEEe hehémbiatls ViBBRSRT, 2
active netdbps ey DSEsinidsphires pndhicherdsdinduscubstintial capital ipséstmerit t he
present invention as hydrogenation conponents are those of Goup VIII of the
Peri odi ¢ TadloperatinglvesEl enents, i.e., iron, cobalt, nickel, ruthenium
rhodium palladium osmum iridiumand platinum One or nore pronoter
nmetals can al so be present. Preferred pronoter netals are those from G oup
VB3, e.g., nolybdenum and tungsten, nore preferably nol ybdenum The anount
of hydrogenation nmetal conponent in the catalyst can vary within w de
ranges. Broadly speaking, any anount between about 0.05 percent and 30
percent by weight nmay be used. In the case of the noble netals, it is

~ - o B ——y




100281 In Conventional Pressure Swi ng Adsorption ("conventional PSA") a
gaseous m xture is conducted under pressure for a period of tine over a
first bed of a solid sorbent that is selective or relatively selective for
one or nore s, usually regarded as a contaninaat,@ﬂg%g' be
renmoved froﬁﬁ?ﬂgggggﬁstrean1 It is possible to renove t ¢ ‘%@2%?

contam nants sinul taneously but for conveni ence, the conponent or conponents
that are to be renoved will be referred to in the singular and referred to
as a contam nant. The gaseous m xture is passed over a first adsorption bed
ina first vessel and energes fromthe-3bed depleted in the contam nant that
remains sorbed in the bed. After a predetermned tine or, alternatively when
a break-through of the contam nant is observed, the flow of the gaseous

m xture is swtched to a second adsorption bed in a second vessel for the

-14- purification to continue. While the second bed is in adsorption

servi ce, t [@019pr bdbereds therefioama need forapymgrdved prodess forrenhaneispthst i on bed by
a reduction_in pressure, usuall cconpanjed by a reverse fl.ow of gas to
desor bt heCHsHmaOR BXEroBss Uifigatpn et tat are Compatible Wik PUR%.d, t he

cont am nan | S qf Redls j ' dinto
the tail gg¥£?§§F§#?#%§?&f§E|ca ﬁgdg@ﬁ%?@%ﬁ@%ga%ﬁggga???%héﬁsfggﬁﬁﬁ t oget her
Wi th a conthedlydsotgbesssatahiaugbput or the overall ecqricesies bf the syelend imchiding O
downst ream systens. The contam nant can be collected fromthe tail gas
system i n eapjtabexneagitaresand eperating srprdifueeg, thedaties inglpdingspaiaisganse as
appropriate]ivmen desar Pion is conplete, the sorbent bed may be purged with
an inert g%% EW?%%ﬁﬁmggﬁ}?nhitrogen or a purified stream of the process gas.
Pquing may be facilitated by the use of a higher tenperature purge gas
stream [0029] After, e.g., breakthrough in the second bed, and after the
first bed H#Wdlpeein othgewerds; althmghtvagipus hydrepmgessingpmpesses afeqractibedr pt i on
service, the flom/Pf t he, g eou&ﬁpiéﬁure is switched fromthe second bed to
the first BpmergiRlly fereisciille Berd ndbe ard fordmpraved hydroprocassing clie tine is

t he | engt h; ' . S 41 [ g to the
first bed Paogsh el LaibopiRpilotnbpaRtin Khd Wit HeherBleiRIEREH | 0 )
conduct ed bpcémbining isiproesnents thaydroparicaoedry and posi€idatich oyl e, i.e., after
a single regeneration of the first bed. The use of third, fourth, fifth,
etc. vessehyglrpprogerdingiwiitst o t he second vessel, as nmight be needed when
adsorption tinme is short but desorption tine is long, wll serve to increase
cycle tinme. [0030] Thus, in one configuration, a pressure swing cycle wll
include a ¢eREVAIEP ORTHE INVIENTIORPr essuri zation step, a purge step, and
finally a Tepressurtzatton step to prepare the adsorbent material for

rei ntroduction of the feed step. The sorption of the contam nants usually

t akes pl ace by physical sorptjon onto the sorpent that is nornally a porous
sol i d sucr{093¥b| Hprefegred %ﬁﬂn@m,meae sﬁnfﬁmsgtawa@cess forupgaadingaasfinity

for the c 1 t i ] ny. applications since they

ma exhibﬁ&hg_ g %?%gﬁéh&@%?%éﬁﬁﬁﬁégﬂggﬁﬁgyt30&§ﬁ¥%%$tain contam nants by

reason of thei ragconbbﬁbbtﬁfé @di@h?dﬁ@m%ﬁlfée@l B8y debpFsessY 283k with chen cal

reaction with the sorbent 17s not favored in viéew of the increased difficulty

of achi evilngirogenopa poition fwhiphdd eltainkd forhabydivgencontaimng owkeyupigasnd to t he
ed if the sorbed

rsn(;'[ Ig(rain;l gu‘;?éfﬁh%?ﬂgﬁ#q@@!ﬁ%&@h% gé’é’ggb@ ; %’Sf@g?eﬁgl)%gyﬁtﬁton porti 03 of the
o essur o Toydre ok antionk BLgte) SERELELNA BulbiBl e tnith Vpl A L et

inventioniﬁa&mﬁ;variety of reasons. For exanple, conventional PSA units are

costly to build _and operate and are nuch large in size for the anmount of
hydrogen t hat M¢eds separatmng saédblignid phesein vanor phase, adielovener phageo RCPSA.

Al so, a conventional pressur.e.sw ng.adsorption unit will generally have
cycle tinmf® %#ﬁé%EEQ%éﬁﬂﬁﬁgﬁéﬁﬁv¥ﬁﬂé§b°P9pica||y in excess of 2 to 4 mnutes
due to tinme limtatj . ' . ' j onents

t hrough the | a%er Eegs uglgﬁegg% éﬁh%h@?gﬁ{%&laﬁ?ﬂ%% gﬁ%i%t% eﬂiggui prent

conf i gur atfiydfogeaconedininggnakevey irest.gab,rthé eapbr phags prodyet, er boths kg fapidvi ng
adsorption is utilized which has cycle tinmes of |ess than one mnute. The
total cyclaycle pressureeSwving adserption anit gonisininga plurphityrafadnorpentheds andn 15
seconds, nore preferably | ess than 10 seconds, even nore preferably |ess
than 5 seconds, and even nore preferably |ess 2 seconds. Further, the rapid
cycle pressure swi ng adsorption units used can nake use of substantially

different sorbents, such as, but not limted to, structured materials such
as nonoliths. [0032] The overall adsorption rate of the adsorption




[0034] D. M Ruthven & C. Thaeron, Performance of a Parallel Passage

Absor bent Contactor, Separation and Purification Technol ogy 12 (1997) 43-60,
which is incorporated by reference, clarifies that for flow through a

nmonol ith or red adsorbent that channel width is

characteri stw?)ci)g{]&r?gé#sji on for the gas nedium Rs. U. S. pa'{(grnlﬁﬁg&éo(g??%m to
Moreau et at, which is incorporated by reference, al so describes the details
for calculating these transfer rates and associ ated coefficients for a given
adsor bent and standard stream conposition for conventional PSA. Cal cul ation
of these mass transfer rate constants s well known -17- to one of ordinary
skill in the art and may al so be derived by one of ordinary skill in the art
fromstandard testing data. [0035] Conventional PSA relies on the use of
adsor bent heviag aftotpbecle timetaf lesisharbsbolus 30 Aetdintls and b lpyessateadrbp withiyst - uct i on
constraints, conventional PSA is usual Isy conprised of 2 or_nore separate

beds that €3 adsedpenthad ofi erealss thap sbow5 inches afawater rerrfapt 9f bad langtheast

G5t s or Bt D516 Dbt Bhp 15 D el ™
relativel yamggcﬁémoﬁmﬁﬂb'mlmmﬁgw@m zondle particle size of

the adsorbent” nmaterial is general limted particle sizes of about 1 mn and
above. Ot herw se, excessive pressure drop, increased cycle tinmes, limted

desorption, and channe]in f fee terial i1l result. 036] . RCPSA
utilizes alqﬂééﬁr yP‘i/%‘P ¢! @&%Te@rﬁmd@%ﬁﬂu@‘?i‘yﬁbcﬁ@nf CENE rotary
sor ber nod i of which
i s succes sfﬂﬁéfé%%ﬂgggﬁgﬁgéﬁg%ﬂg %ﬁfggﬁ%}g% %ﬁ?@gg@gﬁ%ﬁﬁﬁeﬁ ]ejggjgﬁ s the
rotary nmodignge Cedp) dibtiitaté b@il'ﬁfg&hﬁ%ﬁeeﬂm%sﬁleis@ﬂd crudeg, rotary sorber nodule is

normal Iy conprised of tubes held between two seal plates on either end of
the rotary sorber nodule wherein the seal plates are in contact wwth a

¢ tﬂ‘é‘t ropsa TBEE " oo BRLEL Bretpird iﬁﬁhﬁﬁéﬁi%‘toéﬂéyéﬁh%ﬁl&? s digit fing.
RCPSA | : . B [
o' angener b DG e A e B bR L e aOG P vi dual

conpartnents may be passing through the characteristic steps of the conplete
cycle at aﬁ%ﬂone i cont%?rst Wi tg conventi gnal , PSA, ,the fl ow and

pLessu;e_ vEDLA) i olssty ]é%ﬂlﬂrt]h"éd’rf‘ _“’Eiﬁglb@ iment Sy total syplei type isdessthamy be
changed | r‘%@u{‘m‘{i{?naé ﬁfﬂﬁ[@%&&@ﬂﬁg@%@wf%ﬁmﬁg@{e f'g lﬁﬂcglfg% R

cycl e, whi shoot hes ou pressu 'ons encount ered
by the conpoesShedeastl fopthé rapidrdyely predsire dwing AdSorpAbAstep: 18- t he RCPSA
nodul e i ncludes val ving el enents angul arly spaced around the circul ar path
taken by the rotating sorption nodule so that each conpartnent is

successi ve s ' ropriate direction and
pressure téLQEﬁiiﬁgniﬁgﬁB re/flow direction steps in
the conpl ete RCPSA cycle. A key advantage of the RCPSA technology is a much
nore efficient use of the adsorbent material. Since the quantity of

adsor bent 10646} r eld hat béerREPognikat thaobp itiereasinglibe effigiert use of hydroged, t hat
requi red for conventional PSA technology to achieve the sane separation
quant i t i esexasimggquipmens soultike graploped terincrensecthe trenghpitlithefegdBoek of

active adsorhent.reauired. for . SA 4.S.significant | ower..t hap that for a
convent i on"ﬁf’r&ﬁ% erprodueion Saft f@ﬁ‘ﬁ?ﬁaﬂ{agﬁﬁ%%m@fc eéggl_cnp[ 0037] In an
enbodi ment pﬁ)qub i R r ' ﬁg@r QAL 1 on
activiti es‘fmg%gérﬁgc ani gg?{sggﬁg@gﬁﬁfﬂgﬁe top;é:%lr??lr%?—?gg I %g?elée%r ation of
t he rot at imgstiegsovidedBP,Ib} exanplecahydrogeniplany erycayit oomsfenthéronal  PSA

adsorbent bed materials, in particular adsorbents that are in a | oose
pell etized, particulate, beaded, or extrudate form In a preferred

nbodi t er | al. I t t
rateri o rBPRES o TF tstHRBieiGn B DpRCANS e luth HLPBOFIIERA (HARELS | COH E
of the rotgy s&ﬁﬁﬁo@éﬁ)ﬁ Alreat-gAstde8mi or dserekpElesBEadsOproditessheet s

i
. . 2
conpri sing adsorbent "material Coupled to a structured reinforcenent

mat eri al . Wydsogenablagrimaryeproduect obes asild predunt stiedm.t Has pagioutaeht material to

the reinforcenent material. Non-ljmti exanpl es of reinforcenent materi al

i ncl ude napplicableio thoss peicass ymisdhatiige ﬂgstr,oge% ata repsctant 4o HB&M&? BEtO matrix), a
nmetal wire matrix (such as a wire nmesh screen), or a netal foil (such as
alum numfoil), which can be anodi zed. Exanples of glass fiber matrices

i ncl ude woven and non-woven gl ass fiber scrinms. The adsorbent sheets can be
made by coating a slurry of suitable adsorbent conponent, such as zeolite
crystals with binder constituents onto the reinforcenment material, such as
nonwoven fiber glass scrinms, -19- woven netal fabrics, and expanded




These markedly hi gher adsorbent bed unit |ength pressure drops all ow RCPSA
adsorbent beds to be significantly nore conpact, shorter, and efficient than
conventional PSA. [0041] The achi evenent and acconmodati on of the high unit
| ength pres of the current enbodi ment all ow hi ocities
to be achiegg%£%§¢@@§ t he structured adsorbent beds. ThiEPVégﬁﬁ@gzﬁL a
greater nmass contact rate between the process fluids and the adsorbent
materials in a unit of time than can be achi eved by conventional PSA. This
results in shorter bed | engths, higher gas phase transfer rates (Tg) and
i nproved hydrogen recovery. Wth these significantly shorter bed -21-
| engths, total pressure drops of the RSCPA application of the present
invention can be maintained at total bed pressure differentials during the
feed cycl e chveladiydid¢atbonstepmi tg loweebailinp pyoduetss Suchpréfespanigs arehi | e
m nimzing the active adsorbent beds, to | ess than 5 feet in Ienﬂéh,

foot in

pref er abl y typisally raferred focasthydponreerssingamits o She gorhas deng weegniged

| ength. [QQ42], The t r v oyed dur | he RCPSA
process ar eRGTaRES ?ﬁ@’_ﬁ‘%ﬁ@%@?@?ﬂ@%@@E‘Vﬁ“’&eﬁ‘ik%%‘iefglé‘f?bet ween t he
adsorption sﬁ@ﬂmqﬁ'q@awpr&bsﬁhgmﬁits.SN%ﬁfﬁmﬁmgr:més%ﬂh@uﬁgxag@_aﬁgqsaﬂaBe the
adsorbate fraction’|l oadi ng on the adsorben ereby providing a delta

| oadi ng ef fieclidecbhdrein asephydivimatingwheteirehghtdydpeachons ngphthasdiestl,by t he
RCPSA uni t., Typi cal rgssure | evel s range, of the.fronﬁb_ ut 50 t 2300 psi a,
more pref erdififliate, 2ERYSPRENE aBd VeQuED §a5,Q1S, KErasens ot Heycliioily. Jebestock @ag
However, i p‘%’@ t il i-Ag the
feed, depr 'évgaé%?,llﬂzt%{) ﬁ%‘ﬁ%tﬁﬁgé’t& an tr%g%l?éé?gﬁd rlyéz?%g?sgﬁhg,f%dge%rh?é&ﬂ?agﬁdﬁ

de Be ndent wpgradedby therenmoval ofhdterbatgns, bytropehatiomwhedin doubildborditavel
operating pressure and tenperature of the overall streamto be separated,

st r eam conesyeriedio olgfinsgadipatafiins and aropmatics awfafigated ta ngphthegesas wele RCPSA

duct st . 6. 406 ‘6, .. 6,488,.747.. 6, 533, 846
Bnd 6. 565, A5aie 1spiovgy ek ABSrch i mucttulon; Sdperépking iRl blen G 027 0c
various asppfiny WeafcRR cdrveRBO ke fbre LAIA4RE 1dwerBbiRAP SRt . the rapid
cycle pressure swi ng adsorption systemhas a total cycle tine, Vivi!, to

stepar ?r'; e ah&dmfhuymza_ I ( i tiornwh;e;nimpara@ﬁmTh'c(donipﬁhi:jds arasemlrelnddymdmgmmfﬁl z m;},i chted f
streanm) an i.l .(exhaus e net hod gener .includes e steps o
conduct i ng%ﬂ"a@fﬁ’éﬁb@%ﬁ@]q&i’a\?i arfglalahWEﬂtEﬁjgﬂg BWgﬁsyuslﬂaqP glytq gplagg or P

per cent age i i Kl | A n)
conmponent, S‘?éRl{e)ﬁg%tf cgﬁgg?%%ﬁwblgge ?ﬁ%{ﬂg‘g e%f ic\}//ﬂelﬁlgﬁbggts}@rqﬁ gssé I}Pigg{og%% gas and

passes t he tliyt dfeOiiedrppraaet i ¢ithitbthiOinivetior inelude datatydic deéwiing Whichiieaei n t he
hydrogen product gas has a -22- purity of P%and a rate of recovery of R%

Recovery Recgtalyicthiydrocsadkingprogessithat uses mpldiscotps siove catahysts torseldetivgiyoduct to
the anmount . of hydyogen available.in the . Then the bed i.s co-currently
depr essuri E‘X@imf:éc{(égﬂxieﬁﬂfesf’%td? afefS?‘?%%gdn{R/eﬁéﬁﬁfrhyéﬂgﬁﬁ?% PFYOeBPEssuri zi ng
the bed fo %“Z% 2] [t ash 1S

rel eased fglg%mﬁ?e be G(g}% wgg%élgg}éﬁggélgéggigp (cg)ﬁgr? or é%%‘?féta gH@BlSc‘gm g. The
bed i s pur gedtalyaic eadtiomandfoonvenygal mwd highWw labsicpns.t i on of the hydrogen
product gas. Subsequently the bed is repressurized for a tinme, tRp,
typically with a portion of hydrogen product gas or feed gas , wherein the

i si g 00BY T Alfo, EbiRGacthg ahlor 60ty G Giok BEcaeh M MepfBlEa TS, 11
embodi ment sRBRY MiRSSEdistillates, iandRBlvent sitiRekd 1abe RPPSHinAfRGas $ade Giegh t hat

either the rate of recovery, R/% 80%for a product purity to feed purity
ratio, PY% Fisositylindened increased bydtydraifeatingormplpyinRospecifivotiudk metadsufidet purity

e VRETIEN e YOG T e AT
Tt e Sl B 05 R ss S haen iy

exceedi Ny aRyprERRed fom spReHicanytal sémpRkePatid Wherel the NiMs/Modulfige be as
applied at recovery ratés and/or J)url ties as |ow as desired or economcally

justifiabl eathlyst ia ppeparédcinomrthe ppidequedussor deoomppsed inlapunert atmespberenot ed t hat
it is wthin_the_scqpe, of this invention_t steps o £ CPL. ,Or tp oOf
equat i on ( §chasdNzand subssquently §18§d9‘<35@{15£k§§%z thﬂﬁfm Sg‘hfé‘ile conbi nati on.
However it is preferred that all steps in the above equation (3) be

performed or that only one of steps tea or toN be omtted fromthe total
cycle. -23-




100461 In an enbodinment the tail gas is also preferably released at a
pressure high enough so that the tail gas may be fed to another device
absent tail gas conpression More preferably the tail gas pressure is
greater than or e to 60 psig. In a nost preferred enmbodi nent, the tai
gas pressuré"‘?%ooﬂq@% 3er than or equal to 80 psig. At hi gREF/USHEYW339s ¢t he
tail gas can be conducted to a fuel header or directly to another process
unit in a refinery or petrochem cal, such as a hydroprocessing unit, a
reforming unit, a fluidized catalytic cracker unit or a nethane synthesis
unit. It is also wthin the scope of th&s invention for this particular
enbodi nent that the only step in depressuring the bed is co-current flow
That is, the counter current depressurizing step is omtted. [0047] Practice
of the pr e%ﬁﬁ‘{ g ﬁ%%?tﬂé%ﬁﬁiddﬁeé&bé%d%c@ﬁl 6§dé§1anon—oﬁﬁlzuh§‘cr easi ng
the purity of ydrog n-cont ai ni ng strean avai | abl e as makeup gas; or of
streans whisafunemttaining gioposphede.t o hlgher purlty before they are suitable as
make- up gas. (b) I'ncreasing the purity of hydrogen-containing recycle
gas streans resulting in an increase in overall hydrogen treat gas purity in

e o eact ood 2] el tre Vel Oy dRGIBLE PO RIS breRhe K dhdrhRRY, Pr oduct

covery rom Opr ocessT ng’ pur ge” gases,

ei t her mebﬁw‘éhﬂiﬁsﬁﬁ&%ﬂﬁnt@ﬁéﬁiﬁ'ﬂiﬂt%¢d}ﬁmﬁ dﬁ%?dﬁrcﬁrubhemﬁdﬁgeﬁare gas
scrubbing) or after gas scrubbing (typically <100 vppm H2S). 100481 In

hydr opr ocesttanys whereie smeld lavels{less tlsemtfr%)\ gf nerebydrocarbgh eontagnipants sedh
pressures in.the hydroproce react or Thi. s, bot |ncrease t he
reaction kPhdlutagt lmite é%rssﬁ'@w%\‘% 'P&} ‘br‘méé‘? Sl%qay . The

benefits o s avarlety
! Bgﬁx‘o%ﬁ)ron'l%ed Tk te Fgwer reac otrﬁstng%%%rggvgjr‘og Vd?l c}&‘r%educes

of ‘ways, operating a

ener gy costempgiesd eblaiocabal yehpsieris of wBbitdnto ahadt & xibod at@as &l weight i f e;
i ncreasi ng un|t feed rate; lﬁJ‘:ﬁ_rocesm ng nore Sourﬂgqel gher sul fur) feedstocks;
&g

pr ocessi ng (H-oBeto Coweight hydirpeasboreomperands) Ft sEMsrstoadsthet g termsduct

andiof 1 espdiaflty LR <SR ocindndBer 67 AR, bl aRR @Y herkth FREY, °Gr “cane

set' H2 at Iéf@ﬂuﬁf toFtadstikh@y) . and ot her neans that woul d be apparent to one
skilled in the art [ 0049] Increased H2 recovery also offers significant
potential benefits, some of which are described as foll ovvs (i) reducing

t he demand purch se nuf act or other souyrces 112 V\Athl n the
refinery; [J(ﬁ lii )Fep&@;egg@% @Pg‘ﬁﬁm%s?@ 1N AEEPTHARGES ﬂ?ﬁ)ﬁ’?’é’?
(existing); ydr ogen
recovery, Il fﬂ)% Rﬂﬁovr ng ﬁe@ﬂsﬁ%ﬂggﬁ&%uwngﬁgﬁfocessi ng for

i ncreased h?dr@?ﬁﬁ;’feéﬁﬁl .ENBx-dmitih V\Eleﬁamples%such feeddttehmisdnelu@tight porti on of
the H2 fromre |neré lueI gas ich is detrimental to the fuel gas due to
ai

hydr ogen' shydracgbon uumq:fce@ﬁwamm@hthembusmﬁ@ feegsdreams, [ i mi t ati ons
and difficltlesf urna rners, benefltsthat woul d
be appar entCPE 5 %MHES)WWEH@%P cadstresIas, figsel aft‘é%%%%‘ﬁi’ﬂb‘mﬁ Bn the

specific e%%ﬂ B‘Gh{‘% 5(9%&%] |mted to CQ2,

wat er, andeé;mmnl a ”gere%pbgf e renove @ﬁ ?icr%\dﬁgg@o% of the

scr ubbed v atpysphéd € and muhygxascﬁls; ftendRpRSH and vacuumAbsidexAfreRSisExanpl e 1
gasoline, Fischer-Tropsch liquids, raffinates, waxes, lube oils, and crudes, as well

as heavier gas oil and resid boiling range feedstreams.

[0021] For example, in the case of hydrotreating, heteroatoms such as sulﬁr and
nitrogen are typically removed from the aforementioned feed streams, whereas in
the case of hydrocracking heavier boiling range gas oil and reside type streams are
converted to lower boiling product streams. Non-limiting examples of naphtha

feedstreams that can be treated in accordance with the present invention are those



[0052] In this exanple, the refinery streamis at 480 psig with tail gas at
65 psig whereby the pressure swing is 6.18. The feed conposition and
pressures are typical of refinery processing units such as those found in
hydr opr ocessi ng or_hydrotreating applications. In this exanple typical
hydrocarboné”%%@“ﬁ@ ribed by their carbon nunber i.e. CECE ﬁﬂ?ﬂéﬁ%? c2 =
et hane etc. The RCPSA is capabl e of producing hydrogen at > 99 % purity and
> 81 %recovery over a range of flowrates. Tables la and | b show t he
results of computer sinulation of the RCPSA and the input and out put
percent ages of the different conponents%%or this exanple. Tables la and Ib
al so show how the hydrogen purity decreases as recovery is increased from
89.7 %to 91.7%for a 6 MVSCFD stream at 480 psig and tail gas at 65 psig.

- 26- Tabl esedntmifii it e Yom \typef i r om RCPSA
(67 fts) " rodrs pugiéfo?lgg?? i L S pgluc’%‘ft 122“332"‘%“3??'% gas at

65 psig. Featthospliezici pressuee)t The hdplitltiieBdstreahl geresally ddngding cravkéd yaphtlep Ti nes
in seconds are tp = 1, ta, = 0.167, tag = 0, tp --- 0.333 -thm_g 0.5 112 at
98. 6% pur i tyhickysyals eorapidses fridepalvtiocrrking witnaphdo GG catalytissi g 65 psi g

120 10 s, Aol fhBi st uthanbaigihs O %% 10 -

FEEDPRODUCTdebhitan{ze@ nafifalgdiofine (DNG), and gasoline blending components from other
sources wherein a naphtha boiling range stream can be produced. Non-limiting
examples of distillate feedstreams that can be treated in accordance with the present

( invention are those boiling in the range of about 288°C (550°F), such as

atmospheric gas oils, vacuum gas oils, deasphalted vacuum and atmospheric
residua, mildly cracked residual oils, coker distillates, straight run distillates,
solvent-deasphalted oils, pyrolysis-derived oils, high boiling synthetic oils, cycle
oils and cat cracker distillates. A preferred hydrotreating feedstock is a gas oil or
other hydrocarbon fraction having at least 50% by weight, and most usually at least
75% by weight of its components boiling at temperatures between about 316°C
(600°F) and 538°C (1000°F). Crude oils can also be feed in accordance with the

present invention.

[0022] Iliustrative hydrocarbon feedstreams that are upgraded by hydrocracking
include those containing components boiling above about 260°C (500°F), such as
Fischer-Tropsch liquids, atmospheric gas oils, vacuum gas oils, deasphalted,
vacuum, and atmospheric residua, hydrotreated or mildly hydrocracked residual
oils, coker distillates, straight run distiliates, solvent-deasphalted oils, pyrolysis-
derived oils, high boiling synthetic oils, cycle oils and cat cracker distillates. A
preferred hydrocracking feedstream is a gas oil or other hydrocarbon fraction
having at least 50% by weight, and most usually at least 75% by weight, of its
components boiling at temperatures above the end point of the desired product. One
of the most preferred gas oil feedstreams will contain hydrocarbon componens that
boil above 260°C (500°F), with best results being achieved with feeds containing at



0.2 2.6 2.9 2000 vppm 97.8 2.14 0.02 0.02 0.00 131 vppm45.9 25.0 1.0 12.3
14.9 10016 vpm 6.1605.0851. 074 480 psi g470 psig65 psig
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least 25 percent by volume of the components boiling between about 315°C (600°F)
and 538°C (1000°F). A preferred beavy feedstream boils in the range from about
93°C to about 565°C (200-1050°F.). Hydroisomerization feedstreams are typically
paraffinic, such as wax streams, particularly Fischer-Tropsch waxes and light

paraffins.

[0023]  The term "hydrotreating” as used herein refers o processes wherein a

/ hydrogen-containing treat gas is used in the presence of suitable catalysts which are
primarily active for the removal of heteroatoms, such as sulfur and nitrogen and for
some hydrogenation of aromatics. Suitable hydrotreating catalysts for use in the
present invention are any known conventional hydrotreating catalysts and include
those which are comprised of at least one Group VIII metal, preferably iron, cobalt
and nickel, more preferably cobalt and/or nickel and at least one Group VI metal,
preferably molybdenum and tungsten, either as a bulk catalyst, or supported on a
high surface area support material, preferably alumina. Other suitable
hydrotreating catalysts include zeolitic catalysts, as well as noble metal catalysts
where the noble metal is selected from palladium and platinum, It is within the
scope of the present invention that more than one type of hydrotreating catalyst be
used in the same reaction vessel. The Group VIII metal is typically present in an
amount ranging from about 2 to about 20 wt. %, preferably from about 4 to about
12 wt. %. The Group VI metal will typically be present in an ’amount ranging from
about 1 to about 25 wt-%, preferably from about 2 to about 25 wt. %. As
previously mentioned, typical hydrotreating temperatures range from about 204°C
(400°F) to about 482°C (900°F) with pressures from about 3.5 MPa (500 psig) to
about 17.3 MPa (2500 psig), preferably from about 3.5 MPa (500 psig) to about
13.8 MPa (2000 psig) and a liquid hourly space velocity of the feedstream from

about 0.1 hr' to about 10 hr'.



[ 0053) The RCPSA' s described in the present invention operate a cycle
consisting of different steps. Step 1 is feed during which product is
produced, step 2 is co-current depressurization, step 3 is counter-current

depressurization, step 4 is -27- purge, usually count er-current@gand step 5
i s repressuOHOFBRO%Y t h product. In the RCPSA' s descri bBGTHEE6M22 5y
i nstant half the total nunber of beds are on the feed step. In this exanple,

trar = 2 sec in which the feed tine, ty, is one-half of the total cycle.
Exanpl e 2 100541 In this exanple, the conditions are the sanme as in Exanple
1. Table 2a shows conditions utilizing-bbth a co-current and counter-current
steps to achi eve hydrogen purity > 99 % Table 2b shows that the
counter-current depressurization step nmay be elimnated, and a hydrogen

purity of 9%4??‘ Theé hétivembRiséraplosed id the ippsterred BidroehRRng dhedlydty of
increasing the tine of the purge cycle, tp, by the duration renoved fromthe
count er - curthe presg¢ppingention aschydsegenasipn comppnatinarethoseonfeGroupddikofthean be

N YT A SN T
e, e MR el Malath, OfSorho e A iy bt
105 psig. PoypreyeriRePesfernyd prorhiéier irefaldarephdsBirda Group VIB, e.g.,

molybdenum and tungsten, more preferably molybdenum. The amount of

hydrogenation metal component in the catalyst can vary within wide ranges.

Broadly speaking, any amount between about (.05 percent and 30 percent by

weight may be used. In the case of the noble metals, it is preferred to use about

0.05 to about 2 weight percent of such metals. The preferred method for

incorporating the hydrogenation metal component is to contact a zeolite base

material, preferably a zeolite with the Faujasite or Beta zeolite structure, with an

aqueous solution of a suitable compound of the desired metal wherein the metal is

present in a cationic form. Following addition of the selected hydrogenation metal

or metals, the resulting catalyst powder is then filtered, dried, pelleted with added
lubricants, binders or the like if desired, and calcined in air at temperatures of, e.g.,

371° -648°C. (700°-1200°F.) in order fo activate the catalyst and decompose

ammonium ions. Alternatively, the zeolite component may first be pelleted,

followed by the addition of the hydrogenating component and activation by
calcining. The foregoing catalysts may be employed in undiluted form, or the
powdered zeolite catalyst may be mixed and copelleted with other relatively less
active catalysts, diluents or binders such as alumina, silica gel, sitica-alumina
cogels, activated clays and the like in proportions ranging between 5 and 90 weight
percent. These diluents may be employed as such or they may contain a minor
proporiion of an added hydrogenating metal such as a Group VIB and/or Group
VIII metal. Additional metal promoted hydrocracking catalysts may also be
utilized in the process of the present invention which comprises, for example,

aluminophosphate molecular sieves, crystalline chromosilicates and other
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crystalline silicates. Crystalline chromosilicates are more fully described in U.S.
Pat. No. 4,363,718 (Klotz).

[0025] Hydrocracking is typically performed at a temperature from about 232°C
(450°F) to about 468°C (875°F), at a pressure from about 3.6 MPa {500 psig) to
about 20.8 MPa (3000 psig), at a liquid hourly space velocity (LHSV) from about
0.1 to about 30 hr'', and at a bydrogen circulation rate from about 337 normal

( m*/m? (2000 standard cubic feet per barrel) to about 4200 normal m*/m’ (25,000
standard cubic feet per barrel). In accordance with the present invention, the term
"substantial conversion to lower boiling products” is meant to connote the
conversion of at least 5 volume percent of the fresh feedstock to lower boiling
products. In a preferred embodiment, the per pass conversion in the hydrocracking
zone is in the range from about 15% to about 45%. More preferably the per pass

conversion is in the range from about 20% to about 40%.

[0026) The hydroisomerization of the hydrocarbon feedstock is performed in a
hydroisomerization zone which includes a hydroisomerization catalyst, the
presence of hydrogen, and which is operated under hydroisomerization conditions

( sufficient to hydrogenate diolefins to mono-olefins and to isomerize mono-olefins,
Preferably, the hydroisomerization conditions include a temperature in the range of
from about 0° F to about 500°F, more preferably from about 75°F to about 400°F,
and most preferably from 100°F to 200°F; a pressure in the range of from about
100 psig to about 1500 psig, more preferably from about 150 psig to about 1000
psig, and most preferably from 200 psig to 600 psig; and a liquid hourly space
velocity (LHSV) in the range of from about 0.01 br! to about 100 hr', more
preferably from 1 hr”! to about 50 hr”', and most preferably from 5 hrl to 15 hr'!,
Hydroisomerization of paraffinic hydrocarbons typically employs a catalyst
composed of a noble metal, alumina and chlorine, said catalyst prepared by treating
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a composite of a noble metal and alumina with an inorganic or organic salt of
aluminum, preferably aluminum nitrate, calcining the treated composite and

thereafter contacting the composite with a conventional chloride activating agent.

[0027] Wax hydroisomerization is also an important process, especially when
converting slack waxes as well as Fischer-Tropsch waxes to more valuable fuel and
lube products have acceptable pour points with a high viscosity index. Waxes are
typically hydroisomerized using a catalyst containing a hydrogenating metal
component-typically one from Group IV, or Group VIII of the Periodic Table, or
mixtures thereof. The reaction is conducted under conditions of temperature
between about S00°F to 750°F, preferably between about 570°F to 680°F, and
pressures of from about 500 to 3000 psi H, preferably from about 500-1500 psi H,,
at hydrogen gas rates from 1000 to 10,000 SCF/bbl, and at space velocities in the
range of from 0.1 to 10 v/v/hr, preferably from 0.5 to 2 v/v/hr. Following
hydroisomerization, the isomerate is fractionated into a lubes cut and a fuels cut.

The lubes cut can then be dewaxed to recover unconverted wax.

[0028] In Conventional Pressure Swing Adsorption ("conventional PSA") a

( gaseous mixture is conducted under pressure for a period of time over a first bed of
a solid sorbent that is selective or relatively selective for one or more components,
usually regarded as a contaminant that is to be removed from the gas stream. Itis
possible to remove two or more contaminants simultaneously but for convenience,
the component or components that are to be removed will be referred to in the
singular and referred to as a contaminant. The gaseous mixture is passed over a
first adsorption bed in a first vessel and emerges from the bed depleted in the
contaminant that remains sorbed in the bed. After a predetermined time or,
alternatively when a break-through of the contaminant is observed, the flow of the

gaseous mixture is switched to a second adsorption bed in a second vessel for the
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purification to continue. While the second bed 1s in adsorption service, the sorbed
contaminant is removed from the first adsorption bed by a reduction in pressure,
usually accompanied by a reverse flow of gas to desorb the contaminant. As the
pressure in the vessels is reduced, the contaminant previously adsorbed on the bed
is progressively desorbed into the tail gas system that typically comprises a large
tail gas drum, together with a control system designed to minimize pressure
fiuctuations to downstream systems. The contaminant can be collected from the

( tail gas system in any suitable manner and processed further or disposed of as
appropriate. When desorption is complete, the sorbent bed may be purged with an
inert gas stream, e.g., nitrogen or a purified stream of the process gas. Purging may

be facilitated by the use of a higher temperature purge gas stream.

{0029]  After, e.g., breakthrough in the second bed, and after the first bed has
been regenerated so that it is again prepared for adsorption service, the flow of the
gaseous mixture is switched from the second bed to the first bed, and the second
bed is regenerated. The total cycle time is the length of time from when the
gaseous mixture is first conducted to the first bed in a first cycle to the time when
the gaseous mixture is first conducted to the first bed in the immediately

[ succeeding cycle, i.e., after a single regeneration of the first bed. The use of third,
fourth, fifth, etc. vessels in addition to the second vessel, as might be needed when
adsorption time is short but desorption time is long, will serve to increase cycle

time,

[0030] Thus, in one configuration, a pressure swing cycle will include a feed
step, at least one depressurization step, a purge step, and finally a repressurization
step to prepare the adsorbent material for reintroduction of the feed step. The
sorption of the contaminants usually takes place by physical sorption onto the

sorbent that is normally a porous solid such as alumina, silica or silica-alumina that



0.334 0.5 99 88 1 0.083 0 0.417 0.5 Exanple 3 10055] This exanple shows a
10 MLVI SCED refinery stream once again containing typical conponents, as
shown in feed colum of Table 3 (e.g. the feed conposition contains 74 %

H2). The st i t 480 psig with RCPSA tail gas at 65 ' y the
absol ute pri@@?@?&sng Is 6.18. Once again the RCPSA of P?ﬁg%&@@éﬁ?

I nvention is capable of producing hydrogen at > 99 % purity and > 85 %
recovery fromthese feed conpositions. Tables 3a and 3b show the results of
this exanple. -29- Tables 3a and 3b Conposition (nol % of input and out put
fromRCPSA (53 ft3) in 112 purificationl3>-Feed is at 480 psig, 101 deg F and

Tail gas at 65 psig. Feed rate is about 10 1VII VI SCFD. Table 3a - Higher
purity Step Tines in seconds are tF= 0.583, tco = 0.083, tcN =0, tp = 0.25,

tFp = 0.25 gekanalmidi®y f5t the BeritaininandZ88Hed & fRMYhsed in many applications
since they may exhibit a significant degree of selectivity for certain contaminants
by reason of their controlled and predictable pore sizes. Normally, chemical
reaction with the sorbent is not favored in view of the increased difficulty of
achieving desorption of species which have become chemically bound to the
sorbent but chemisorption is my no means to be excluded if the sorbed materials
may be effectively desorbed during the desorption portion of the cycle, e.g., by the

use of higher temperatures coupled with the reduction in pressure.

{0031] Conventional PSA is not suitable for use in the present invention for a
variety of reasons. For example, conventional PSA units are costly to build and
operate and are much large in size for the amount of hydrogen that needs to be
recovered from such streams as compared to RCPSA. Also, a conventional
pressure swing adsorption unit will generally have cycle times in excess of one
minute, typically in excess of 2 to 4 minutes due to time limitations required to
allow diffusion of the components through the larger beds utilized in conventional
PSA and the equipment configuration and valving involved. Instead, rapid cycle
pressure swing adsorption'is utilized which has cycle times of less than one minute.
( The total cycle times may be less than 30 seconds, preferably less than 15 seconds,
more preferably less than 10 seconds, even more preferably less than 5 seconds,
and even more preferably less 2 seconds. Further, the rapid cycle pressure swing
adsorption units used can make use of substantially different sorbents, such as, but

not limited to, structured materials such as monoliths.

[0032)  The overall adsorption rate of the adsorption processes, whether
conventional PSA or RCPSA, is characterized by the mass transfer rate constant in
the gas phase (1) and the mass transfer rate constant in the solid phase (z;). A

material’s mass transfer rates of a material are dependent upon the adsorbent, the
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adsorbed compound, the pressure and the temperature, The mass transfer rate

constant in the gas phase is defined as;:
1, =Dy /RS (in cm®/sec) ¢))

where D, is the diffusion coefficient in the gas phase and R, is the characteristic
dimension of the gas medium. Here the gas diffusion in the gas phase, D,, is well
known in the art and the characteristic dimension of the gas medium, R, is defined
as the channel width between two layers of the structured adsorbent material.

[0033] The mass transfer rate constant in the solid phase of a material is defined
as:
1,=D, /RS (in cm?/sec) 2

where D is the diffusion coefficient in the solid phase and R, is the characieristic
dimension of the solid medium. Here the gas diffusion coefficient in the solid
phase, D;, is well known in the art and the characteristic dimension of the solid
medium, R, is defined as the width of the adsorbent layer.

[0034] D.M. Ruthven & C. Thaeron, Performance of a Parallel Passage
Absorbent Contactor, Separation and Purification Technology 12 (1997) 43-60,
which is incorporated by reference, clarifies that for flow through a monolith or a
structured adsorbent that channel width is a good characteristic dimension for the
gas medium, R,;. U.S. patent 6,607,584 to Moreau et al., which is incorporated by
reference, also describes the details for calculating these transfer rates and
associated coefficients for a given adsorbent and standard stream composition for

conventional PSA. Calculation of these mass transfer rate constants is well known
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6.514 3.705 480 psig 470 psig 65 psig Table 3b - Lower purity Step Tines
in seconds are tF = 0.5, tcO = 0.167, tcN =0, tp = 0.083, tie = 0.25 112 at

93 % purity and 89 % recovery 480 psi g470 psi g65 psi
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to one of ordinary skill in the art and may also be derived by one of ordinary skill in
the art from standard testing data.

[0035] Conventional PSA relies on the use of adsorbent beds of particulate
adsorbents. Additionally, due to construction constraints, conventional PSA is
usually comprised of 2 or more separate beds that cycle so that at least one or more
beds is fully or at least partially in the feed portion of the cycle at any one time in

{ order to limit disruptions or surges in the treated process flow. However, due to the
relatively large size of conventional PSA equipment, the particie size of the
adsorbent material is general limited particle sizes of about 1 mm and above.
Otherwise, excessive pressure drop, increased cycle times, limited desorption, and

channeling of feed materials will result.

[0036) RCPSA utilizes a rotary valving system to conduct the gas flow through
a rotary sorber module that contains a number of separate compartments each of
which is successively cycled through the sorption and desorption steps as the rotary
module completes the cycle of operations. The rotary sorber module is normally
comprised of tubes held between two seal plates on either end of the rotary sorber

i- module wherein the seal plates are in contact with a stator comprised of separate
manifolds wherein the inlet gas is conducted to the RCPSA tubes and processed
purified product gas and the tail gas exiting the RCPSA tubes is conducted away
from rotary sorber module. By suitable arrangement of the seal plates and
manifolds, a number of individual compartments may be passing through the
characteristic steps of the complete cycle at any one time. In contrast with
conventional PSA, the flow and pressure variations required for the
sorption/desorption cycle may be changed in a number of separate increments on
the order of seconds per cycle, which smoothes out the pressure and flow rate

pulsations encountered by the compression and valving machinery. In this form,



[ 0056] In both cases shown in Tables 3a and 3b above, although tail gas
pressure is high at 65 psig, the present invention shows that high purity
(99 %9 nay be obtained if the purge step, tp, is sufficiently increased.

-30- [00571 T blef 2§3 2b and 3a show that for both 6 MMSCED and 10 MVSCFD
flow rate condift%OA¥2 very high purity hydrogen at -99 UFPSAESHO&BI2YL acovery
I's achievable with the RCPSA. In both cases the tail gas is at 65 psig. Such
hi gh purities and recoveries of product gas achieved using the RCPSA with
all the exhaust produced at high pressure have not been di scovered before
and are a key feature of the present irnMention. 10058] Table 3c shows the
results for an RCPSA (volunme = 49 cubic ft) that delivers high purity (>
9999 H2 at high recovery for the same refinery steam di scussed in Tables 3a

and 3b. AS OREPSS miuleRbRA3e et derints AU 8hactl Hrduiid (Y birbitaPd

recovery rates can be achieved by sinmultaneously reasi ng the duration of

t he feed cypaletakefr byahel rdthtingsorpiorcyotiele sopghdtadatlk cBmphftinent isof st ep
durations on H2 purity and recovery froman RCPSA (49 ft3). Feed is at 480
psig , 101 syeepssivalypasssd togngasflovepathdn dhe sppaeprate direetiondngd pressure JOVSCFD.

Without counfele SHE LRt HERLESTal prpéégﬁ}eyﬂo%?%lﬁ\e/a{éﬁ étgpstiﬁ%e Egm})fgge N%s S
RCPSA cycle. A key advantage of the RCPSA technology is a much more
efficient use of the adsorbent material. Since the quantity of adsorbent required
with RCPSA technology can be only a fraction of that required for conventional
( PSA technology to achieve the same separation quantities and qualities. The
footprint, investment, and the amount of active adsorbent required for RCPSA is
significantly lower than that for a conventional PSA unit processing an equivalent

amount of gas.

[0037] In an embodiment, RCPSA bed length unit pressure drops, required
adsorption activities, and mechanical constraints (due to centrifugal acceleration of
the rotating beds in RCPSA), prevent the use of many conventional PSA adsorbent
bed materials, in particular adsorbents that are in a loose pelletized, particulate,
beaded, or extrudate form. In a preferred embodiment, adsorbent materials are
secured to a supporting understructure material for use in an RCPSA rotating
apparatus. For example, one embodiment of the rotary RCPSA apparatus can be in
the form of adsorbent sheets comprising adsorbent material coupled to a structured
reinforcement material. A suitable binder may be used to attach the adsorbent
material to the reinforcement material. Non-limiting examples of reinforcement
material include monoliths, a mineral fiber matrix, (such as a glass fiber matrix), a
metal wire matrix (such as a wire mesh screen), or a metal foil (such as aluminum
foil), which can be anodized. Examples of glass fiber matrices include woven and
non-woven glass fiber scrims. The adsorbent sheets can be made by coating a
sharry of suitable adsorbent component, such as zeolite crystals with binder

constituents onto the reinforcement material, such as nonwoven fiber glass scrims,
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woven metal fabrics, and expanded aluminum foils. In a particular embodiment,

adsorbent sheets or material are coated onto a ceramic support.

[0038] An absorber in a RCPSA unit typically comprises an adsorbent solid
phase formed from one or more adsorbent materials and a permeable gas phase
through which the gases to be separated flow from the inlet to the outlet of the
adsorber, the components fo be removed being fixed on the solid phase. This gas

{ phase is called "circulating gas phase" or more simply "gas phase". The solid phase
inciudes a network of pores, the mean size of which is usually between
approximately 0.02 pm and 20 um. There may be a network of even smaller pores,
called "micropores", this being encountered, for example, in microporous carbon
adsorbents or zeolites. As previously mentioned, the solid phase may be deposited
on a non-adsorbent support, the function of which is to provide mechanical strength
or support, or else to play a thermal conduction role or to store heat. The
phenomenon of adsorption comprises two main steps, namely passage of the
adsorbate from the circulating gas phase onto the surface of the solid phase,
followed by passage of the adsorbate from the surface to the volume of the solid

phase into the adsorption sites.

[0039] In an embodiment, RCPSA utilizes a structured adsorbent which is
incorporated into tubes utilized in the RSPCA apparatus. These structured
adsorbents have an unexpectedly high mass transfer rate since the gas flow is
through the channels formed by the structured sheets of the adsorbent which offers
a significant improvement in mass transfer as compared to a traditional packed
fixed bed arrangement as utilized in conventional PSA. The ratio of the transfer
rate of the gas phase (1;) and the mass transfer rate of the solid phase () in the
current invention is greater than 10, preferably greater than 25, more preferably

greater than 50. These extraordinarily high mass transfer rate ratios allow RCPSA



0.5 0.083 0 0.167 0.25 -31- Exanple [00591 In this exanple, Table 4
further illustrates the performance of RCPSA s operated in accordance with
the invention being described here. In this exanple, the feed is a typical
refinery streamand is at a pressure of 300 psig. The RCPSA of the present
i nvention i SYABMEOT82%r oduce 99 % pure hydrogen product &CTHS2@602%Hcovery
when all the tail gas is exhausted at 40 psig. In this case the tail gas can
be sent to a flash drum or other separator or other downstreamrefinery
equi pnent wi thout further conpression requirenent. Another inportant asPect
of this invention is that the RCPSA al g9.renpves COto <2 vppm which is
extrenely desirable for refinery units that use the product hydrogen
enriched stream Lower |evels of CO ensure that the catalysts in the
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hi gher pres suc at typi cal el pressure or the high
pressure of other equi pnent that processes such RCPSA exhaust. Since all the

requi Pod | AWOHT ogstauRigne Bdecraett e caric ey FUP JRBREICCATBY. Tabl e 4
and” hyar oc A iehe pretentgfoBP ] e i it llons R Gbent fo o By G BBAT "o

Feed rate ivitivaptie dtdmedBEifedts Bisopialodwith partiselatybed REBndlegy: Théd, too =
0.1, teN-=0, tp = 0.033, tRp = 0.066 112 at 99.99 % purity and 88 %

recovery REgDbarbpdcTanie desigy®d with adsorbent bed unit length pressure drops of

{ greater than 5 inches of water per foot of bed length, more preferably greater than
10 in. H,0/ft, and even more preferably greater than 20 in. H,0/ft. This isin
contrast with conventional PSA units where the adsorbent bed unit length pressure
drops are generally limited to below about 5 in. H;0/ft depending upon the
adsorbent used, with most conventional PSA units being designed with a pressure
drop of about 1 in. H,0/ft or less to minimize the problems discussed that are
associated with the larger beds, long cycle time, and particulate absorbents of
conventional PSA units. The adsorbent beds of conventional PSA cannot
accommodate higher pressure drops because of the risk of fluidizing the beds which
results in excessive attrition and premature unit shutdowns due to accompanying
equipment problems and/or a need to add or replace lost adsorbent materials.
These markedly higher adsorbent bed unit length pressure drops allow RCPSA
adsorbent beds to be significantly more compact, shorter, and efficient than

conventional PSA.

[0041] The achievement and accommodation of the high unit length pressure
drops of the current embodiment allow high vapor velocities to be achieved across
the structured adsorbent beds. This results in a greater mass contact rate between
the process fluids and the adsorbent materials in a unit of time than can be achieved
by conventional PSA. This results in shorter bed lengths, higher gas phase transfer
rates (t,) and improved hydrogen recovery. With these significantly shorter bed
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lengths, total pressure drops of the RSCPA application of the present invention can
be maintained at total bed pressure differentials during the feed cycle of about 10 to
50 psig, preferably less than 30 psig, while minimizing the active adsorbent beds to
less than 5 feet in length, preferably less than 2 feet in length and as short as less
than 1 foot in length.

[0042)  The absolute pressure levels employed during the RCPSA process are

{ not critical provided that the pressure differential between the adsorption and
desorption steps is sufficient to cause a change in the adsorbate fraction loading on
the adsorbent thereby providing a delta loading effective for separating the stream
components processed by the RCPSA unit. Typical pressure levels range of the
from about 50 to 2000 psia, more preferably from about 80 to 500 psia during the
adsorption step. However, it should be noted that the actual pressures utilized
during the feed, depressurization, purge and repressurization stages is highly
dependent upon many factors including, but not limited to, the actual operating
pressure and temperature of the overall stream to be separated, stream composition,
and desired recovery percentage and putity of the RCPSA product stream. U.S.
Patent Nos. 6,406,523; 6,451,095; 6,488,747; 6,533,846 and 6,565,635, all of
which are incorporated herein by reference, disclose various aspects of RCPSA

technology.

[0043] In an embodiment, the rapid cycle pressure swing adsorption system has
a total cycle time, tror, to separate a feed gas into product gas (in this case, a
hydrogen-enriched stream) and a tail (exhaust) gas. The method generally includes
the steps of conducting the feed gas having a hydrogen purity F%, where F is the
percentage of the feed gas which is the weakly-adsorbable (hydrogen) component,
into an adsorbent bed that selectively adsorbs the tail gas and passes the hydrogen
product gas out of the bed, for time, ty, wherein the hydrogen product gas has a



13.2 CO50 1.1 198.4 | TOTAL 0.971 0.760 0.211 300 psig 290 psig 40 psig
Exanpl e 5 [0060] Tabl es 5a and 5b conpare the performance of RCPSA' s
operated in accordance with the invention being described here. The stream
being purified has lower H2 in the feed (51% nol) and isP ¥ﬁh§?&%91
refinery/ petYOMHEAPEZ stream In both cases (correspondlﬁw’ 3rEs 5a and
5b), a counter current depressurization step is applied after the co-current
step. In accordance with the invention, Table 5a shows that high 112
recovery (81% is possible even when all the tail gas is released at 65 psig
or greater. In contrast, the RCPSA wherX2-sone tail-gas is available as | ow
as 5 psig, loses hydrogen in the counter-current depressurization such that
112 recovery drops to 56% In addition, the higher pressure of the streamin

Tabl e 5a i ng] 0 | r ' So | o f gt bl es ba
and 5b Effg%?ﬁg&?a/'t? %@&Pﬁ?g&?@ﬁ%cﬁ?@&y§§n§ﬁ%@ ‘é’?‘%&@%‘i@%%’- ied to
a feed w t thylit@eenaatmivd iatth©produdt 8 the hm¥nt sEHyesgdeni availiblelin e feéd.i nput and

output from RCPSA (31 fe) in 112 purification, Feed is at 273 psig, 122 deg
F and Feed Fhenghe bed iroea-curently depeissygized for a time, too, followed by counter-

currently depressurizing the bed for a time, tcy, wherein desorbate (tail gas or

exhaust gas) is released from the bed at a pressure greater than or equal to 30 psig.

The bed is purged for a time, tp, typically with a portion of the hydrogen product

gas. Subsequently the bed is repressurized for a time, tzp, typically with a portion
i of hydrogen product gas or feed gas , wherein the cycle time, tror, is equal to the

sum of the individual cycle times comprising the total cycle time, i.e.
tror =tpt+tco tlen +ip ttrp 3)

[0044]  This embodiment encompasses, but is not limited to, RCPSA processes
such that either the rate of recovery, R% > 80% for a product purity to feed purity
ratio, P%/F% > 1.1, and/or the rate of recovery, R% > 90% for a product purity to
feed purity ratio, 0 < P%/F% < 1.1. Results supporting these high recovery &
purity ranges can be found in Examples 4 through 10 below. Other embodiments
will include applications of RCPSA in processes where recovery rates are much
lower than 80%. Embediments of RCPSA are not limited to exceeding any specific
recovery rate or purity thresholds and can be as applied at recovery rates and/or

purities as low as desired or economically justifiable for a particular application.

[0045] It should also be noted that it is within the scope of this invention that
steps too, ton, OF tp of equation (3) above can be omitted together or in any
individual combination. However it is preferred that all steps in the above equation

(3) be performed or that only one of steps teo or tey be omitted from the total cycle.



Table 5a Step Times in seconds are tF = 0.5, tco = 0.083, teN = 0.033, tp =
0.25, tRp = 0.133 273 psig 263 psig 65-83 psig Table 5b Step Tines in sec.
are 4 = 0.667, tco = 0.167, ter, = 0.083, 4 = 0.083, tRp 4.33 [13] Tail gas
avail abl e from 5-65 PSi g, 112 at 99.9 % purity and 56 %recovert\’/
FEEDPRODUCTTHY 2068802351 "3 38.0 4.8 2.2 3.7 4000 vppm 99. §§THSpoi002291
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[0046] In an embodiment, the tail gas is also preferably released at a pressure
high enough so that the tail gas may be fed to another device absent tail gas
compression. More preferably the tail gas pressure is greater than or equal to 60
psig. In a most preferred embodiment, the tail gas pressure is greater than or equal
to 80 psig. At higher pressures, the tail gas can be conducted to a fuel header or
directly to another process unit in a refinery or petrochemical, such as a
hydroprocessing unit, a reforming unit, a fluidized catalytic cracker unit or a

methane synthesis unit. It is also within the scope of this invention for this

j—

particular embodiment that the only step in depressuring the bed is co-current flow.

That is, the counter-current depressurizing step is omitted.
[0047] Practice of the present invention can have the following benefits:

(@) Increasing the purity of hydrogen-containing stream(s) available as
makeup gas, or of streams which must be upgraded to higher purity before they are

suitable as make-up gas.

(b) Increasing the purity of hydrogen-containing recycle gas streams
resulting in an increase in overall hydrogen treat gas purity in the reactor to allow

for higher hydrotreating severity or additional product ireating.

(c) Use for H, recovery from hydroprocessing purge gases, either where
significant concentrations of H,S are present (before gas scrubbing) or after gas

scrubbing (typically <100 vppm H,S).

[0048] In hydroprocessing, increased H, purity translates to higher H; partial
pressures in the hydroprocessing reactor(s). This both increases the reaction

kinetics and decreases the rate of catalyst deactivation. The benefits of higher H,



0.00 0.00 0.00 0.0 vppm 34.2 48.8 6.9 3.4 6.2 5630 vpmm | TOTAL (1141MSCFD)
5.1421. 4903. 651 273 psi g263 psi g5-65 psig -34- Exanple 6 [00611 In this
exanpl e, Tables 6a and 6b conpare the performance of RCPSA s operated in
accordance with the invention being described here. In these cases, the feed
pressure isYOPEM3and tail gas is exhausted at either PEEURIPGPEPI 4t 100
psig. The conposition reflects typical inpurities such H2S, which can be
present in such refinery applications. As can be seen, high recovery (> 80%
) is observed in both cases with the high purity > 99 % In both these
cases, only a co-current depressurizathgn is used and the effluent during
this step is sent to other beds in the cycle. Tail gas only issues during
the countercurrent purge step. Table 6c¢c shows the case for an RCPSA operated

where sonme _of. the tail I s .,al sp. exhaustegd in a gountercurre

depr essuri ?ﬁmaiyﬂreﬁuéﬁs §%aﬁ%wm3t@0@&whﬂfwa¥%pg ﬂsr'iofﬁlialgﬂﬁ .apfﬂ%eref f1 uent
of ‘the cO- GUicfUmpERREE Which 3bduRts bferpl oot deflcabls Mol aBbESSU € (O
be able to return Tt one of the other Beds i'n the RCPSA vessel configuration
that is paahd eftetds catalgstdife] imoreadiap lunitdfeed rate; precessing m@esour (higles duri ng

the counter-current depressurjzation and the counter-current purge steps.
sulfur) feedstocks; processing higher concentrations of cracked feedstocks;

improved product color, particularly near end of run; debottlenecking existing
compressors and/or treat gas circuits (increased scf H; at constant total flow, or
same scf H; at lower total flow); and other means that would be apparent to one

{ skilled in the art.

[0049] Increased H;recovery also offers significant potential benefits, some of
which are described as follows:

(i) reducing the demand for purchased, manufactured, or other sources of H,
within the refinery; ‘

(ii) increasing hydroprocessing feed rates at constant (existing) makeup gas
demands as a result of the increased hydrogen recovery;

(iii) improving the hydrogen purity in hydroprocessing for increased
heteroatom removal efficiencies;

| (iv) removing a portion of the H; from refinery fuel gas which is detrimental

to the fuel gas due to hydrogen's low BTU value which can present combustion
capacity limitations and difficulties for some furnace burners;

(v) Other benefits that would be apparent to one knowledgeable in the art,

[0050] Depending on the specific RCPSA design, other contaminants, such as,
but not limited to CO,, water, and ammonia may also be removed from a feed. A

portion of the scrubbed vapor stream may bypass the RCPSA unit.

[0051] The following examples are presented for illustrative purposes only and

should not be cited as being limiting in any way.



[0062] In all cases the entire amount of tail gas is avail able at el evated
pressure which allows for integration with other high pressure refnery
process. This renoves the need for any form of required conpression while
produci ng high purity gas at high recoveries. In accordance with the broad
claims of tAYQ2060AIS on, these cases are only to be conBfHEPHY6/291
illustrative exanples and not limting either to the refinery, petrochem cal
or processing |ocation or even to the nature of the particul ar nol ecul es
bei ng separated. -35- Tables 6a, 6b, and 6c Exanple of RCPSA applied to a
high pressure feed. Conposition (nol 9%psof input and output from RCPSA (18
ft3) in H2 purification. Feed is at 800 psig, 122 deg F and Feed rate is
about 10.1 MVBCFD. Table 6a Step Tinmes in seconds are tp= 0.91, to) = 0.25,
tog =0, tp =0.33, tRp = 0.33 [A] Tail gas at 65 psig, 112 at 99.9%purity
and 8796re3§¥£&ﬁqu ED PRODUCT TAIL-GAS 112 74.0 99.99 29.5 d 14.3 0.01

Example 1

[0052] In this example, the refinery stream is at 480 psig with tail gas at 65 psig
whereby the pressure swing is 6.18. The feed composition and pressures are
typical of refinery processing units such as those found in hydroprocessing or
{ hydrotreating applications. In this example typical hydrocarbons are described by

their carbon number i.e. C; = methane , C, = ethane etc. The RCPSA is capable of
producing hydrogen at > 99 % purity and > 81 % recovery over a range of flow
rates. Tables 1a and 1b show the results of computer simulation of the RCPSA and

- the input and output percentages of the different components for this example.
Tables la and 1b also show how the hydrogen purity decreases as recovery is
increased from 89.7 % to 91.7 % for a 6 MMSCFD stream at 480 psig and tail gas
at 65 psig. '



37.6 C2 5.2 0.00 14.0 C3 2.6 0.00 7.4 C4+ 3.9 0.00 10.9 1120 20 vppm 55
vppm | TOTAL ( MVBCFD) 10. 187
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Tables 1a and 1b

Composition (mol %) of input and output from RCPSA (67 ft°) in H2
purification. Feed is at 480 psig, 122 deg F and Tail gas at 65 psig.
Feed rate is about 6 MMSCFD.

Table 1a - Higher purity
Step Times in seconds are tr= 1, tco=0.167, tcy =0, tp = 0.333, tgp = 0.5

H2 at 98.6% purity, 89.7% recovery

{ FEED PRODUCT TAIL-GAS
H2 88.0 98.69 45.8
C1 6.3 1.28 25.1
C2 0.2 0.01 1.0
C3 2.6 0.01 123
C4+ 29 0.00 14.8
H20 2000 vppm 65 vppm 9965 vppm
TOTAL (MMSCFD) 6.162 4.934 1.228
480 psig 470 psig 65 psig

Table 1b - Higher purity
Step Times in seconds are tg=1, tco = 0.333, tcn = 0, tp = 0.167, tgp = 0.5

H2 at 97.8% purity, 91.7% recovery

f FEED PRODUCT TAIL-GAS
H2 88.0 97.8 459
C1 6.3 2.14 25.0
C2 0.2 0.02 1.0
C3 2.6 0.02 12.3
Ca+ 2.9 0.00 14.9
H20 2000 vppm 131 vppm 10016 vpm
TOTAL (MMSCFD) 6.160 5.085 1.074
480 psig 470 psig 65 psig

[0053)

consisting of different steps. Step 1 is feed during which product is produced, step 2

is co-current depressurization, step 3 is counter-current depressurization, step 4 is

The RCPSA's described in the present invention operate a cycle




6.524 3.663 800 psig 790 psig 65 psig Tabl e 6b
Step Tines in seconds are tF = 0.91, teo = 0.25,=0, tp = 0.33, tRp = 0.33
[B] Tail gas at 100 psig, H2 at 99.93%purity and 80. 3% recovery FEED

PRODUCT TAIL-GAS 112 74.0 99. 93
WO 2006/079023 PCT/US2006/002291
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purge, usually counter-current) and step 5 is repressurization with product. In the
RCPSA's described here at any instant half the total number of beds are on the feed
step. In this example, tror = 2 sec in which the feed time, tp, is one-half of the total

cycle.

Example 2

{ [08654] In this example, the conditions are the same as in Example 1. Table 2a
shows conditions utilizing both a co-current and counter-current steps to achieve
hydrogen purity > 99 %. Table 2b shows that the counter-current depressurization
step may be eliminated, and a hydrogen purity of 99% can still be maintained. In
fact, this shows that by increasing the time of the pﬁrge cycle, tp, by the duration
removed from the counter-current depressurization step, tcy, that hydrogen

recovery can be increased to a level of 88%.

Tables 2a and 2b
Effect of step durations on H2 purity and recovery from an RCPSA (67 ft}),
‘ Same conditions as Table 1. Feed is at 480 psig , 122 deg F and Tail gas at 65
{ psig. Feed rate is about 6 MMSCEFD.

Table 2a

With counter-current depress, Intermediate pressare = 105 psig.

Purity Recovery ty tco ton tp tre
% % 8 S 5 S S
98.2 84.3 1 0.283 0.05 0.167 0.5
98.3 85 1 0.166 0.167 0.167 0.5
99.9 80 1 0.083 0.25 0.167 0.5




38.1 A 14.3 0.07 32.8 C2 5.2 0.00 12.5 C3 2.6 0.00 6.5 C4+ 3.9 0.00 9.6 H2S
20 vppm
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Table 2b

Without counter-current depress

Purity | Recovery tr tco ton - tp trp
% % 5 S 5 S 5
97.8 91.7 1 0.333 0 0.167 0.5
98.7 90 1 0.166 0 0.334 0.5
99 88 1 0.083 0 0.417 0.5
( Example 3

[0055] This example shows a 10 MMSCEFD refinery stream, once again
containing typical components, as shown in feed column of Table 3 {e.g. the feed
composition contains 74 % H;). The stream is at 480 psig with RCPSA tail gas at
65 psig whereby the absolute pressure swing is 6.18. Once again the RCPSA of the
present invention is capable of producing hydrogen at > 99 % purity and > 85 %
recovery from these feed compositions. Tables 3a and 3b show the results of this

example.

o,



0 vppm 49 vppm 800 psig 790 psig 100 psig -36- Table 6¢c Step tinmes in
seconds are tp= 0.91, teo = 0.083, to; = 0.25, tp = 0.167, tRp = 0.41 [(
Tail gas at 65-100 psig, 112 at 99.8%purity and 84% recovery FEED PRODUCT

TAIL- GAS 112 74.0 99.95 28.9 Cl
WO 2006/079023 PCT/US2006/002291

-29-

Tables 3a and 3b
Composition (mol %) of input and output from RCPSA (53 ft*) in H2

purification. Feed is at 480 psig, 101 deg F and Tail gas at 65 psig. Feed rate is
about 10 MMSCFD.,

Table 3a - Higher purity
Step Times in seconds are ty= 0.583, tco = 0.083, ten = 0, tp = 0.25, tpp = 0.25

H2 at 99.98 % purity and 86 % recovery

( FEED PRODUCT TAIL-GAS
mw 740 99.98 208
C 143 0.02 37.6
2 52 0.00 13.8
c3 26 0.00 74
Ca+ 39 0.00 11.0
H20 2000 vppm 0.3 vppm 5387 vppm
TOTAL (MMSCFD) 10.220 6.514 3.705
480 psig 470 psig 65 psig

Table 3b - Lower purity

Step Times in seconds are tg= 0.5, {cg = 0.167, ten = 0, tp = 0.083, tgp = 0.25

H2 at 93 % purity and 89 % recovery

{ FEED PRODUCT TAIL-GAS
n2 74.0 93.12 29.3
C1 14.3 6.34 31.0
C2 5.2 0.50 16.6
C3 2.6 0.02 8.9
Ca+ 39 0.00 13.4
H20 2000 vppm 142 vppm 6501 vyppm
TOTAL (MMSCFD) 10.220 7.240 2.977
480 psig 470 psig 65 psig

[0056] In both cases shown in Tables 3a and 3b above, although tail gas
- pressure is high at 65 psig, the present invention shows that high purity (99 %) may
be obtained if the purge step, tp, is sufficiently increased.



14.3 0.05 39.0 C2 5.2 0.00 13.7 C3 2.6 0.00 7.2 C4+ 3.9 0.00 10.6 H2S 20
vppm 0. 01 vppm 53 vppm
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[0057] Tables 2a, 2b and 3a show that for both 6 MMSCFD and 10 MMSCFD
flow rate conditions, very high purity hydrogen at ~99 % and > 85 % recovery is
achievable with the RCPSA. In both cases the tail gas is at 65 psig. Such high
purities and recoveries of product gas achieved using the RCPSA with all the
exhaust produced at high pressure have not been discovered before and are a key

feature of the present invention.

[0058] Table 3c shows the results for an RCPSA (volume = 49 cubic ft) that
delivers high purity (> 99%) H; at high recovery for the same refinery stream
discussed in Tables 3a and 3b. As compared to Table 3a, Table 3¢ shows that
similar purity and recovery rates can be achieved by simultaneously decreasing the

duration of the feed cycle, 1, and the purge cycle, tp,

Table 3¢

Effect of step durations on H2 purity and recovery from an RCPSA (49 ft’).
Feed is at 480 psig, 101 deg F and Tail gas at 65 psig. Feed rate is about 10

MMSCFD.
( Without counter-current depress.
Purity | Recovery ty tco ten tp try
% % 8 S S S s
95.6 87.7 0.5 0.167 0 0.083 0.25
97.6 86 0.5 0.117 0 0.133 0.25
99.7 85.9 0.5 0.083 0 0.167 0.25




| TOTAL (MVBCFD) 10.187 6.373 3.814 800 psig 790 psig 65-100 psig Exanple 7
10063] Tables 7a, 7b, and 7c conpare the performance of RCPSA' s operated in
accordance with the invention being described here. The stream bei ng
purified has_higher 117 in the feed (85 % nol) and is a th i cal
refinery/ petYBBNYA stream In these exanpl es the puri 1"5'“15?@?’8‘8% in
product is below 10 % (i.e. P/F < 1.1). Under this constraint, the nethod of
the present invention is able to produce hydrogen at > 90% recovery w thout
the need for tail gas conpression. -37- Tables 7a. 7b, and 7c Exanpl e of
RCPSA applied to a Feed with 112 concemfjration (85 mol 9% . Conposition (nol
% of input and output fromRCPSA (6.1 f9). Feed is at 480 psig, 135 deg F
and Feed rate is about 6 |VIMSCFD. Table 7a Step Times in seconds are tF=

= = = = = 0,
CS, tco %x%%’; lte%\l 0.167, tp 0.167, tRp 1.83 recovery =85 %

{0059] In this example, Table 4 further illustrates the performance of RCPSA's
operated in accordance with the invention being described here. In this example,
the feed is a typical refinery stream and is at a pressure of 300 psig. The RCPSA of
the present invention is able to produce 99 % pure hydrogen product at 83.6 %
recovery when all the tail gas is exhausted at 40 psig. In this case the tail gas can

{ be sent to a flash drum or other separator or other downstream refinery equipment
without further compression requirement. Another important aspect of this
invention is that the RCPSA also removes CO to < 2 vppm, which is extremely
desirable for refinery units that use the product hydrogen enriched stream. Lower
levels of CO ensure that the catalysts in the downstream units operafe without
deterioration in activity over extended lengths. Conventional PSA cannot meet this
CO specification and simultaneously also meet the condition of exhausting all the
tail gas at the higher pressure, such as at typical fuel header pressure or the lhigh
pressure of other equipment that processes such RCPSA exhaust. Since all the tail
gas is available at 40 psig or greater, no additional compression is required for

integrating the RCPSA with refinery equipment.



FEED PRODUCT TAIL-GAS H2 85.0 92.40 57.9 C 8.0 4.56 17.9 C2 4.0 1.79 13.1
C3 3.0 1.16 10.4
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Table 4
Composition (mol %) of input and output from RCPSA (4 ft’) in carbon
monoxide and hydrocarbon removal from hydrogen. Feed is at 300 psig, 101
deg F, and Feed rate is about 0.97 MMSCFD.
Step Times in seconds are ty= (.5, tcg = 0.1, toy = 0, tp = 0.033, tgp = 0.066

H2 at 99.99 % purity and 88 % recovery

FEED PRODUCT TAIL-GAS
: H2 89.2 99.98 48.8
( cl1 33 0.01 13.9
C2 . 2.8 0.01 139
C3 2.0 0.00 10.2
C4a+ 2.6 0.00 13.2
CO 50 1.1 198.4
TOTAL 0.971 0.760 0.211
300 psig 290 psig 40 psig

Example 5

[0060] Tables 5a and 5b compare the performance of RCPSA's operated in
accordance with the invention being described here. The stream being purified has
lower H, in the feed (51% mol) and is a typical refinery/petrochemical stream. In
both cases (corresponding to Tables Sa and 5b), a counter current depressurization
step is applied after the co-current step. In accordance with the invention, Table 5a
shows that high H, recovery (81%) is possible even when all the tail gas is released
at 65 psig or greater. In contrast, the RCPSA where some tail-gas is available as
low as 5 psig, loses hydrogen in the counter-current depressurization such that H,
recovery drops to 56%. In addition, the higher pressure of the stream in Table 5a

indicates that no tail gas compression is required.



C4+ 0.0 0.00 0.0 H20 2000 866.5 6915 | TOTAL (MVBCFD) 6.100 4.780 1.320

psi g470 psig6b psig Table 7b Step Tinmes in sec. are tF = 1, tco = 0. 333,

= 0.167, tp = 0.083, tRp = 0.417 recovery =90 %
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Tables 5a and 5b

Effect of Tail Gas Pressure on recovery., Example of RCPSA applied to a feed
with H2 concentration (51.3 mol %). Composition (mol %) of input and output
from RCPSA. (31 ft*) in 2 purification. Feed is at 273 psig, 122 deg F and
Feed rate is about 5.1 MMSCFD.

Table 5a

Step Times in seconds are ty= 0.5, tco = 0.083,
ten = 0.033, tp = 0.25, tgp = 0.133

[A] Tail gas available from 65-83 psig, H2 at 99.7% purity and 81% recovery

FEED PRODUCT TAIL-GAS
H2 51.3 95.71 201
Cl1 38.0 0.29 61.0
C2 4.8 0.00 8.0
C3 22 0.00 38
Cé4+ 3.7 0.00 6.4
H20 4000 vppm 0.7 vppm 6643 vppm
TOTAL (MMSCFD) 5.142 2.141 3.001
273 psig 263 psig 65-83 psig
Table 5b

Step Times in sec. are ty=0.667, tcg = 0.167, toy = 0.083, tp = 0.083, tgp =0.33

[B] Tail gas available from 5-65 psig, H2 at 99.9 % purity and 56 % recovery

F¥EED PRODUCT TAIL-GAS
H2 513 99.99 342
C1 38.0 0.01 48.8
C2 4.8 0.00 6.9
C3 22 0.00 3.4
Ca+ 3.7 0.00 6.2
H20 4000 vppm 0.0 vppm 5630 vppm
TOTAL (MMSCFD) 5.142 1.490 3.651
273 psig 263 psig 5-65 psig

480
tor



FEED PRODUCT TAI L-GAS 112 85.0 90.90 58.2 Cd 8.0 5.47 18.1 C2 4.0 2.23 12.9
C33.01.29 10.1
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Example 6

{0061] In this example, Tables 6a and 6b compare the performance of RCPSA's
operated in accordance with the invention being described here. In these cases, the
feed pressure is 800 psig and tail gas is exhausted at either 65 psig or at 100 psig.
The composition reflects typical impurities such H2S, which can be present in such
refinery applications. As can be seen, high recovery (> 80% ) is observed in both

( cases with the high purity > 99 %. In both these cases, only.a co-current
depressurization is used and the effluent during this step is sent to other beds in the
cycle. Tail gas only issues during the countercurrent purge step. Table 6¢ shows
the case for an RCPSA operated where some of the tail gas is also exhausted in a
countercurrent depressurization step following a co-current depressurization. The
effluent of the co-current depressurization is of sufficient purity and pressure to be
able to return it one of the other beds in the RCPSA vessel configuration that is part
of this invention. Tail gas i.e., exhaust gas, issues during the counter-current

depressurization and the counter-current purge steps.

[0062] In all cases the entire amount of tail gas is available at elevated pressure
which allows for integration with other high pressure refinery process. This
removes the need for any form of required compression while producing kigh
purity gas at high recoveries. In accordance with the broad claims of this invention,
these cases are only to be considered as illustrative examples and not limiting either
to the refinery, petrochemical or processing location or even to the nature of the

particular molecules being separated.



C4+ 0.0 0.00 0.0 1120 2000 1070.5 6823 | TOTAL (NEMSCFD) 6.120 5.150 0.969
480 psig470 psig65 psig -38- Table 7c Step Times in sec, are tp =2, tco

1. 667,

s,

=0. 333, tp =0.167, tkp =0.833 recovery = 90
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Tables 6a, 6b, and 6¢

Example of RCPSA applied to a high pressure feed. Composition (mol %) of
input and output from RCPSA (18 f’) in H2 purification. Feed is at 800 psig,
122 deg F and Feed rate is about 10.1 MMSCFD.

Table 6a

Step Times in seconds are ty= 0.91, tco = 0.25, tey = 0, tp = 0.33, tgp =0.33

[A] Tail gas at 65 psig, H2 at 99.9% purity and 87% recovery

FEED PRODUCT TAIL-GAS
H2 74.0 99.99 29.5
Cl 14.3 0.01 37.6
C2 5.2 0.00 14.0
C3 2.6 0.00 7.4
Ca+ 3.9 0.00 10.9
H20 20 vppm 0 55 vppm
TOTAL (MMSCED) 10.187 6.524 3.663
800 psig 790 psig 65 psig

Table 6b
Step Times in seconds are tp=0.91, tco = 0.25, tcy = 0, tp = 0.33, tgp = 0.33

[B] Tail gas at 100 psig, H2 at 99.93% purity and 80.3% recovery

FEED PRODUCT TAIL-GAS

H2 74.0 99.93 38.1

C1 14.3 0.07 32.8

Cc2 5.2 0.00 12,5

C3 2.6 0.00 6.5

C4+ 3.9 0.00 9.6

H28 20 vppm 0 vppm 49 yppm
TOTAL (MMSCFD) 10.187 6.062 4.125

800 psig 790 psig 100 psig



% FEED PRODUCT TAIL-GAS 112 85.0 90.19 55.2 Cd 8.0 6.21 18.8 C2 4.0 2.32
13.9 C3
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Table 6¢

Step times in seconds are ty= 0.91, {co = 0,083, tcn = 0.25, tp = 0,167, tgy = 0.41

[C] Tail gas at 65-100 psig, H2 at 99.8% purity and 84% recovery

FEED PRODUCT TAIL-GAS
H2 74.0 99.95 28.9
C1 14.3 0.05 39.0
C2 5.2 0.00 13.7
C3 2.6 0.00 7.2
’ Ca+ 3.9 0.00 10.6
{ H2S 20 vppm 0.01 vppm 53 vppm
TOTAL (MMSCFD) 10.187 6.373 3.814
800 psig 790 psig 65-100 psig

Example 7

[0063] Tables 7a, 7b, and 7¢ compare the performance of RCPSA's operated in
accordance with the invention being described here. The stream being purified has
higher H; in the feed (85 % mol) and is a typical refinery/petrochemical stream. In
these examples the purity increase in product is below 10 % (i.e. P/F < 1.1). Under
this constraint, the method of the present invention is able to produce hydrogen at >

. 90% recovery without the need for tail gas compression.



3.0 1.17 11.3 C4+ 0.0 0.00 0.0 1-120 2000 1103.5 7447 1 TOTAL (M VI SC. FD)
6.138 5.208 0.93 480 psig470 psig65 psig 39
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Tables 7a, 7b, and 7¢
Example of RCPSA applied to a Feed with H2 concentration (85 mol %) .
Composition (mol %) of input and output from RCPSA (6.1 ft’). Feed is at
480 psig, 135 deg F and Feed rate is about 6 MMSCFD.
Table 7a

Step Times in seconds are tp= 0.5, tco = 0.33, tcny = 0.167, tp =0.167, tgp = 1.83
recovery =85 %

¥EED PRODUCT TAIL-GAS

H2 85.0 92.40 : 579

Cl 8.0 4,56 17.9

C2 4.0 1.79 13.1

C3 3.0 1.16 104

C4+ 0.0 0.00 0.0

H20 2000 866.5 6915
TOTAL (MMSCFD) 6.100 4.780 1.320
480 psig 470 psig 65 psig

Table 7b

Step Times in sec. are tg= 1, top = 0.333, tey = 0.167, tp = 0.083, tgp = 0.417
recovery = 90 %

FEED PRODUCT TAIL-GAS

H2 85.0 90.90 58.2

C1 8.0 5.47 18.1

C2 4.0 2.23 12.9

C3 3.0 1.29 10.1

Cé+ 0.0 0.60 0.0

H20 2000 1070.5 6823
TOTAL (MMSCFD) 6.120 . 5.150 0.969

480 psig 470 psig 65 psig



CLAIMS |. A process for upgrading a hydrocarbon feed in a hydroprocessing
process unit, conprising: a) contacting said hydrocarbon feed in a
hydr opr ocessi ng zone with 5 hydrogen, a portion of which is obtained froma
hydr ogen- cont ai ni ng make-up gas, and a catalytically effective anpbunt of a
hydr opr OCGSS“VH&O%Q?%?H/H at hydroprocessi ng conditions t R&TASF00666239% i ng i n
a liquid phase and a vapour phase; b) separating said |iquid phase
product and sai d vapour phase, which vapour phase product contains hydrogen
and |ight hydrocarbons; 10c)renoving at |east a portion of the |ight
hydrocarbons from the hydrogen- contai pgng nake-up treat gas, the vapour
phase product, or both, in a rapid cycle pressure sw ng adsorption unit
containing a plurality of adsorbent beds and having a total cycle tinme of

| ess than about 30 seconds and a pre re.drop within each adsorbent bed of
greater than about 5 inches of wat erm-lgot of bed length; 1 5d)recycling
at least a portion of the vapour phase of step c) above having a higher
concentrati on dtejndmes émsec ard ity Fy trooh @ etsd T3330tc=0.167, trp <B3Bei n sai d
vapor phase conprises (i) at |eastré&o@erysd®% hydrocarbons and at | east 16
nmol % C4+ hydrocarbons, (ii) at |east 2000 vppmwater, or (iii) both (i) and
(i1), and wherein the purified hydrogen-containing gas streamis recovered
fromthe rapid 20 cycle pressuf€ SgERP adsor PROBUEPNE, T FAM-GAS (0] t he
vapor phase intergedi ate gas s SEu Pt 'EI‘" I .—-
recovery (R% gr er than 80% for @.product p 5 y to feed;fatio (P% F%
greater than 1.1,7{v) a rate of recggery (R® d ,J=]ater t han %for A product
purity to feed rdt4 o (PY%F% lfss than 1.1 but Deater than 9’ or (Ki) bot h
(iv) and (v). 25 The procesd of cPdim1 wherdilf the hydrodkPbon fPed is
sel'ected from t h4jroup consi sfting &P naphtha BH0 i ng range 6®eds, kerosene
and jet fuel boilH# range fedds., @08Qil| ate bdiOBiSng range 74dds. rpsides
and crudes. [3rgtel pvMSCIEDYT d ai med3gherei n t Beo&ydr ocar bop.sgeed i$ a
napht ha boi ITNg range 30 T €0 SEl ggp g 11 OM LGy GhPUP CONSEsLENT O strai ght
run naphtha, cat cracked naphtha, co e% napht ha,” hydrocracker Haphtha, resid
hydrotreater naphtha. 40 4. The process of claim2 wherein the hydrocarbon
feed is a distillate and hi gher




boiling range feed selected fromthe group consisting of cycle oils
produced fromthe Fluid Catal ytic Cracker (FCC), atnospheric and
vacuum gas oils, atnospheric and 5vacaé resi dua, pyrolysis gasoline,
Fi scher-Tropsch liquids, raffinates, es, lube oils, and crudes.

5. The procegjﬁggéglain1l wherein the hydroprocessing processing is a
hydrotreatin ss for the renoval of heteroatons fromthe

hydr ocarbon feed and wherein hydrogen 10 sulfide is also a conponent
of the vapor ggase and_wherei.n at, | east a portion of the hydrogen
sulfide i & rendVEHCSSH Iomupgrading ashwteeqs ed dha@ Iprdrenrogessing wrefgss unit,
| i ght hyd&ﬁ%ﬁﬁh@?s renoved by rapid cycle pressure swing adsorption.
6. The process of claim1l wherein the cycle tine is | ess than about
10 seconds anda)l5 tdwatggtingssaié Hydwpcarlsorgrieat ein tahawydaipendessif)y i zoabesith

Che "oyl orREER, S PPEiSS o MUEItsG eSS Bt A Hasm R taHH o e v 8 #hd a
greater téh@dlyt&@ﬂyteffggiﬂe%v\lftﬁﬁlt Bfa “ﬁr@ﬁw&%ﬁg&%ﬁé@g ?ﬁgﬁrcl:rp‘?g&tsﬁng ¢Ehditions

8. The process of "claim 1l wherein roc process Ts
hydr ocr actkpighy visultisigin a ligpidrphess 4ndre Yapeur pmsgonverted to | ower

Pydr oprocessi . pr oiebagtfs 4 diRLafast pRahetard. sul waptrpise vbish gepour
the hydr osiasdpdheedn@ire ydRipeh hi®Hght 29drobfbondie process of claim1l

wherei n the hydroprocessi ng process is hydrogenation wherein
unsat'@ at es ard ar OWBOVEE airleashggodienet td light hydridtebasofrers shohydmoygen-
one of clg] iR t.inme or

one o o i e Ty Ut B Mk P Ao A s
swing adsorption unit containing a plurality of adsorbent beds and having a total cycle
time of less than about 30 seconds and a pressure drop within each adsorbent bed of
greater than about 5 inches of water per foot of bed Iength;

15 d) recycling at least a portion of the vapour phase of step c) above having a
higher concentration of hydrogen to the hydroprocessing zone,
wherein said vapor phase comprises (i) at least 6.3 mol% C1 hydrocarbons and at
least 2.6 mol% C4+ hydrocarbons, (ii} at least 2000 vppm water, or (iii) both (i) and (ii),
and wherein the purified hydrogen-containing gas stream is recovered from the rapid.
20 cycle pressure swing adsorption zone, relative to the vapor phase intermediate gas stream,
so as to exhibit (iv) a rate of recovery (R%) greater than 80% for a product purity to feed
ratio (P%/F%) greater than 1.1, (v) a rate of recovery (R%) greater than 90% for a product
purity to feed ratio (P%/F%) less than 1.1 but greater than 0, or (vi) both (iv} and (v).

25 2. The process of claim 1 wherein the hydrocarbon feed is selected from the group
consisting of naphtha boiling range feeds, kerosene and jet fuel boiling range feeds,

distillate boiling range feeds, resides and crudes.

3. The process of claim 2 wherein the hydrocarbon feed is a naphtha boiling range
30  feed selected from the group consisting of straight run naphtha, cat cracked naphtha, coker
naphtha, hydrocracker naphtha, resid hydrotreater naphtha,



41 12. The process of claim 1l wherein the total cycle tine is |ess

t han about 10 seconds and the pressure drop of each adsorbent bed is
greater than about 10 inches of water pgr foot of bed Iength. 513.The
process of claim 12 wherein the total é@cle time is less than about 5
seconds. 14. The process of claim 12 wherein the pressure drop is
greater than about 20 inches of water per foot of bed | ength.

1015. The @r oceTte GrocbabiMclbinttiefkfi Hedh HROQFLRNRSE i Urdififilate and higher
conprises, (vii) no nore than 38.0 nol % C° hydrocarbons and no nore

than 3.9 hﬁll%@%%%ﬁ seleetsd rfsom (the igroupreonsisiieg ohancld0dis prodreediicen the
or (ix) bejfjy ((Ydtélgﬁ@r&aélyér'deC), atmospheric and vacuum gas oils, atmospheric and
S vacuum residua, pyrolysis gasoline, Fischer-Tropsch liquids, raffinates, waxes, lube oils,

and crudes,

5. The process of claim 1 wherein the hydroprocessing processing is a hydrotreating
process for the removal of heteroatoms from the hydrocarbon feed and wherein hydrogen
10 sulfide is also a component of the vapor phase and wherein at least a portion of the
hydrogen sulfide is removed in an acid gas scrubbing zone prior to having light

hydrocarbons removed by rapid cycle pressure swing adsorption,

6. The precess of claim 1 wherein the cycle time is less than about 10 seconds and

18 the pressure drop is greater than about 10 inches of water per foot of bed length,

7. The process of claim 6 wherein the cycle time is less than about 5 seconds and the

pressure drop is greater than about 20 inches of water per foot of bed length.

20 8. The process of claim 1 wherein the hydroprocessing process is hydrocracking

wherein a hydrocarbon feed is converted to lower boiling products.

9. The process of claim 1 wherein the hydroprocessing process is hydroisomerization
wherein molecules of the hydrocarbon feed are isomerized.

25
10.  The process of claim 1 wherein the hydroprocessing process is hydrogenation

wherein unsaturates and aromatics are hydrogenated,

11. The process of any one of claims 5, 8, 9 or 10 wherein the total cycle time or rapid

30  cycle pressure swing adsorption is less than about 15 seconds.
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12. The process of claim 11 wherein the total cycle time is less than about 10 seconds
and the pressure drop of each adsorbent bed is greater than about 10 inches of water per
foot of bed length.

13, The process of claim 12 wherein the total cycle time is less than about 5 seconds.

14, The process of claim 12 wherein the pressure drop is greater than about 20 inches
of water per foot of bed length,

15, The process of claim 1 wherein said vapor phase further comprises (vii) no more
than 38.0 mol% C1 hydrocarbons and no more than 3.9 mol% C4+ hydrocarbons, (viii)

no more than 4000 vppm water, or (ix) both (vii) and (viii).





