- 1 - HYDROTREATI NG PROCESS W TH | MPROVED HYDROGEN MANAGEMENT FI ELD OF THE
| NVENTI ON [0001] This invention relates to an i nproved hydrotreating process
for renoving sul fur fromnaphtha and distillate feedstreans. This inproved
process util \wgLmogeBppdr ot reating zone, an acid gas rennva%.ﬁﬁgﬁmmﬁ "
pressure swi ng adsorption zone having a total cycle tine o ess than about
1 mnute for increasing the concentration of hydrogen utilized in the
process. BACKGROUND OF THE | NVENTI ON [ 0002] Hydrotreati ng processes are used
by petroleumrefiners to renove heteroatons, such as sulfur and nitrogen,
from hydrocarbonaceous streans such asinaphtha, kerosene, diesel, gas oil,
vacuumgas oil (VA , and reduced crude. Hydrotreating severity is selected
to bal ance desired product yield against the desired | ow | evel s of

het er oat ons. | ncreasi ng r eguEYDROTREATENEG PRROUESSUNI t ed St at es and abroad
has resulted in a trengrtg IMEROVEDHYDROGENVANAGEMENGCt i ve
hydrotreating processeés T0O ToOrm nydrocar bon products nhaving very low | evel s
of sulfur. [0003)Hydrotreating is generally acconplished by contacting a
hydr ocar bona¥HliP OEJdEE INNENTI®Mydr otreati ng reacti on vessel, or zone,

ith it drotreati t t. d hydr ot ti diti f
of cvated t enUPA Y AT iRl SIS o/ b 0 LSRR BB ens cont ai i ng
treat gas torghdlish lRF ﬂeﬁpﬁaph&ﬁiaamismatéfe‘éhmd?ﬂs.ewﬁis ifbroved Fifbl&:essThe

operating conditions and the hydrotreating catal ysts used will influence the
qual ity of t Helizeasdiydiotgatingdrone raaackiap Feseryet zone, anda prefsgOing i s

convent i onal ygdoion AR La IAARFIS Kink o el Bhah M50 T e BleelbFaIE GRS | N9 and
ot her forns of Hydroprocessing, tO separate an recyé?e at '1eas portion
of the unreatieedniepdruigest iydrigee utihekiah thegtredspr oduct so that it can be
conbined with the fresh treat gas (al so known as make-up gas) and the

hydr ocarbon feed. This separation is acconplished in, for exanple, a flash
drum or sepagalCHGRETED GPHH i&?ﬁN@ﬁo&he hydrotreating reactor. It is also
desirable to Tmprove the purrty (concentration) of hydrogen in the recycle
stream Thus[0002] ha#lydesreatihgpmyosskesaie tded bypeirolowpreafnedetogrnanc ed

efficiencies, of hydrogen utilization wth little additional ener

consunpt 1 on EEORPPROTER 4h hlc 481 BEGEFh femL b P e H e HERce. o
oper ati on of ndphehah¥etbgiink eBédel) gaSHUivVRERIRL gas!dil (VGO RbSPrelessd dr@fe0gni zed t hat
by |ncrea5|nﬁ the efficient use of hégrogen, exi sting equi prent coul d be

enpl oyed t o Hidpaexmgshecrithisciglisisdto balanoadesird psedickyieldagamstie i n hi gher
product vyi el gs; r e E&' i thl.p.zati on of
hvdrogen’ i o Snisedloy TebltEr BAABRLRAT hclecbilf Rk chosklyBah tunleB™ 07 Do
provi ded by, Sthiet amkabtpadhasaeduitdd dgemerd ta idcresinglyywversiahd/of HMG)dhe type of
feedstock to be prqcessed, product quality requirepents, yield, and the
amount of coPXHEREsRHRE PECestesigelerm f TE%?E‘?;H%EP‘?W%‘% Y&y 9% KVEIF Aes t he
hydrogen parg;ifgt pressure required for the operation of a hydrotreating
unit. The unit's operating pressure and the treat gas purity determ ne the
hydr ogen partial pressure of the hydrotreating unit. Since there is limted

control over coppasi tion of the, flashed fraomthe downstream

hydr ot r eat erm@@ar al ﬁro&ea?qggggew%%acf?{g&hs)l}gtﬁbg?ﬁ%%%&si tion of the
recycl e fl asiydgaardonfitcoss fdeBstbokdh AaK ArofrRbtingeadiof V846eE oblkddeWitBkY del i vered
to the hydrotreater reactor. Wen recycle is used, a relatively |ower

hydr ogen” parivitable bydegesting oatalysbunder hidratrepting sopdiiensci pleyetedel y | owers t he
partial pre [ I NSk . and

t her eby advztrglgig%;?&g? %@%ﬁf@ggﬁ;@ rati %%%%%g%ge Wt &%Z %Sg@f}héta% pr oduct
- 3 - quantd prgdendiagjug khet desirablced] s sulfiy cCThe dpefating ebnditidios anfiftiset this | ower

mer onsed, VRREREBEE G A B G e PR A P SH BRG], cwy

Conversely,Ig&ﬁkﬁgreasing the efficiency of hydrogen gas recovery and

hydr ogen concentration, the hydrogen partial pressure of the recycle gas
streamis inproved. This results in an overall inproved perfornance of the
hydrotreati ng process unit as nmeasured by these paranmeters. [0006] Sone-
conventional nethods have been proposed that attenpt to inprove the hydrogen
utilization efficiency of the hydrotreating unit by increasing the
concentration of the hydrogen in the recycle gas stream Such processes
typically result in significant additional equipnment costs and/or require
significant changes in operating conditions, such as tenperature and
pressure, which typically results in increased capital and operating costs.

[ 0007] One process that has been adopted to inprove the hydrogen purity of
the recycle streamin a hydroprocessing unit is conventional pressure sw ng
adsorption. See, for exanple, U S. Pat. No. 4,457,384 issued Jul. 3, 1984 to

e~ A B




[ 0008] Anot her nethod is described in U S. Pat. No. 4,362,613 to MaclLean

whi ch uses nenbranes with pressure drops up to 150 atnospheres and which

al so incurs substantial capital investnent and operating costs. [0009] There
i s thereforewe 2o®adof20r an i nproved process for enhanci ngpdhgs6dsfobHoency of
hydrogen utilization by neans that are conpatible with existing
hydrotreating units. It is desired that such a process woul d not adversely
affect the hydrotreater throughput or the overall econom es of the system

i ncluding capital expenditures and operating expenditures, the latter

i ncl udi ng mai nt enance and energy consg@nption. [0010]1n other words, although
various hydrotreating processes are practiced comercially, there is still a
need in the art for inproved hydrotreating processes that can be practiced
nore ef fici o004y anidisdohbedtiogiler.e.lamomao thdse ekijépintthe StbMiRIotFatingE

| NVENTI ON [Ogljdelg one en‘godi ment, the presept ioﬁver’lti on inclu gls a process
for renovi ngns 8t ﬁorﬁ’ﬁ_ﬂfa BRTOFRSEIBEJG SERAEAE PRAMCAY S, B 6RShP BBTIOR Qb e .
conpri si ng: ea%ﬂ%?%?éggilnttﬁ@h)%l?f%&%gﬂ%h& &?ﬁlatfmca} xibv‘gﬁmiﬁ&%mezone wi th

hydrogen and a cata l'y effective anmount of . ydrotreating catal yst
under hydr otfresltrieatggas (akabi kniowmsas niredce-elp \eas)emd Ithd ygiracartmnHyel: cEhisat ed pr oduct

conprised of a liquid pha nd vapor p e.cont ai ni ng hydr.ogen and |i ght

hydr ocar bonéfpmﬁjoqgéﬁ%ﬁggpﬁﬁ&%t‘ﬁﬁT F’ifﬁzlpie’ 6R§§édﬁlwrtsl‘?8ar9§’55¥ss hase fromthe

hydr ot r eat edioRin@@dsed of the hydrER®iting edctod NIt iNEE aGaEBI RS ichpraRR tHRpuMaPOr phase
a

in arapid cycle pressure swin dsorption unit containing a plurality of

adsor bent bdernceritation) &f hydragen inythe recyclaistress Ehey, itdiapbednate gesd @htbabout 30
seconds and g , @?&%&rc%lhgﬁct%ﬁ 8#%%46}1'5{] gﬁg{]%(?ge%q{tﬁi‘ié}§on%§h ﬁ&le%ﬁ%ﬁgﬂ than about

5 inches of "water per 100 0 produce pur rrecycl e gas

wi th a hi ghesnergydongeaiption asdwithaitivaduddelateridis teffagts bh eheviapatenpitase; and d)
recycling at |east fa portion of the purifjed recycle gas to the

hydr ot r eat | ri§eZHfR 01 the GYPireatEg SanBmert b s been rgREnIEsHbaIdY bons are
e ah v o . .
removed from@eni RO RNR! dth)aroPREk @x%@é@gﬂr@bﬁ g&gﬁ ipgd eﬁ%ﬁg@d fy essure

SwWi ng adsorption unit containing a aral i r bent and having a
total cycl e itdrease dife themghput afithefeadsto8i0 reseltiog dshighet producegieldse Adr op wi t hi n

et ne v, b gt e ook iR SYlelon BE R Bl *of
l ength, to E
concentrati qre Aowt bPmbkafp hi@obtthRaRIk: 66 plodidel by, fHRkeplgas, and the

hydrogen utilized in the hydrotreaing zone is conprised of at |east a
portion of thydrogeR plntee oigtkenibp gas. [0013]1n still another embodinent, the
present invention includes a process for renoving sul fur and ot her

het eroatons from a hydrocarbon feed, conprising: a) contacting the

hydr ocar bon [0@05) i nTie thysclstieédsaick Bebe procesiid, Iprdimdtr@gﬁgrzaqﬂr@ndﬁ&t alytically
ef fective ampunt of a hydrotreating catal yst under hydrotreating conditions
t hereby resuigldagdithe ameuplpheonxemsod o bipgeific caiyst @@i} life dgtermiges @e phase and

a vapor phasgafd | BhiNGed rg@ﬁg Y/ PoAiE ilﬂ%r ] dr ocar bons;
wherei n at ?@as%e%ﬁ%rgr {}?gn%gfr edﬁgﬂ%gﬁgﬁl@ a ap r |ﬁ%ﬁ$¢rgﬂg{ef§% gas
produced by unélsmpematng pgbsurdardrtbe tredi gaspurity detarrhine thegedrapentpaitial ng nmake- up
gas in a rapid cycl ressure swi.ng,.adsprption.containing.a plurality of
adsor bent béﬁ%ss‘é}%d’fﬁ’i&yﬁ@%ﬁa?‘?ﬁ%“' %PE eég IF Heligte %ogngro{]ﬁvaeg Bhout

composition of the flashed gas from the downstream hydrotreater separator or flash

drum, the hydrogen composition of the recycle flash gas limits the hydrogen partial

pressure ultimately delivered to the hydrotreater reactor. When recycle is used, a

relatively lower hydrogen partial pressure in the recycle gas stream effectively

lowers the partial pressure of the hydrogen gas input component to the reactor and

thereby adversely affects the operating performance with respect to product



-6- 30 seconds and a pressure drop within each adsorbent bed of greater
than about 5 inches of water per foot of bed |length; and wherein the
purified nake-up gas has a hi gher hydrogen concentration by vol % than the

hydr ogen- co [aN! ke-up gas; b) separating the |iqui t he
vapor phasen%gggkﬁﬁgﬁﬁydrotreated product; and c) recyclﬁﬁgﬂgé&vﬁgggza
portion of the vapor phase to the hydrotreating zone. [0014] 1 n one preferred
enbodi ment, the total cycle tine of the rapid cycle pressure sw ng
adsorption process is |less than about 10 seconds and the pressure drop is
greater than about 10 inches of mater_Fer foot of bed length. [0015]In
anot her preferred enbodinent, the total cycle tine of the rapid cycle
pressure swi ng adsorption process is |less than about 5 seconds the pressure
drop is greab@mtib i GRRN! catblydt R6E1E Bifed bteabtTsBithis 169ér pREfolifshck 8RO D
[0016] I n stil'l arother preferred enbodi ment, the hydrotreating catalyst
contai ns at bpeaslingamessute of Sisdiydrotreatikgteactoniray $o bhincreasedi whichsih bea,
silica-alum pa 8.12€ lite, ang a nu#fggLar ﬁ§eve. BRI%F DESCRI PTI ON OF THE
FI GURES [ 001HCS R RR A5 B R BT B Pt hERRETRL & AE B e r r ed
enmbodi ment  officieacpofig@fdgeh RYEREHRRY WiE)Rdjed chideRhatamptbied@tiogen i s utili zed
in the hydrogen-containing recycle gas stream of a single stage
hydr ot r eat i nparti#lipresspug@f §1e 1eg s sirean i igprayed s Thig refale iean evertll one
preferr ed emyagl e Akl PIEISHoLNEEbAR: WIPLh RO HpsBPP! | calion T
utilized in e hydrogen-containrng nmaké-‘up gas stream o Ssingl e stage
hydr ot r eat i nparatéters, - 7 - DETAI LED DESCRI PTI ON OF THE | NVENTI ON [0019] I n
an enbodi ment, a process is provided for hydrotreating a hydrocarbon feed.
Non-limting exanples of a hydrocarbon feed include both naphtha and/or
distillate baphbng KaMIIEARGGRIRAAC RANDEEEIDoseliR hitbihbt BImBAEP! €S of
such naphtha feedstreans are those containing conponents boiling in the
range from athobyd®eeh ntdizatienefiaoey ¢fithobydradeativg abid by i8@si@g theat at nospheri c
pressure. The napht.ha fgedstock eral I,y contain ne or nore. cracked
apht has. suctaanRtr af BERS RO AAPERRySH sfriteaRn sHENE Pre wRPE)Y | <
napht ha), cokgil: maphiificn: MdHaar afkhend s ih‘@/orrr@%ﬁld s(fjghfﬁdahfaﬂhﬁs imapht ha,
debut ani zed natural gasoline (DNG, and gasoline blendi ng components from
ot her sour ce@Pefiag sppditionsafichisn tameneratig apd peresuse, veieh wpisaleresiléfdoced. I n
anot her enbod] - be comprised of kerosene and jet fuel
AR eabiif PR EARETY, "S00 1o ’

fractions boi ‘:I ng i out 300 to about 500 F (about 149 to
about 260 C). In still another enbodinent, distillate feedstreans can be

hydr ot ted h th il in the r. bout 450, t bout 800F
Pt S CEpoh, 830228 BT A ot 95U PR i B0
deasphal t ed NaruutRindtFRAPRRELS Gl i bahvetfidll YreahiRkady oRRANAl Of IS,

t
coker distillates, straig run distillates, solvent-deasphalted oils,

pyr ol ysi s- dedeyfod exarhge, IWSghatbNe. 4,487, 38¢rissued M. 1ilP84 tocchwhmusCrest,and cat
cracker distillates. A preferred hydrot ting,feedstock.is a gas oil or
ot her hydro F't}g%W?VF&(}? Bﬁﬁr ﬁ’aﬂwcﬁﬁoég tﬁ%gg‘g usﬁ%ohf)?reﬁ%’iwg the 168tk st usual |y
t |east 75(V@fﬂﬁeﬁt?hsg§ﬁeaﬁlfm1h§t $c EIBRNEGh 3bAA12 00 Ps2t( 1Y RERELAE Hib@BoRE Ween
bout 600F (316 C) and 10Q0F §538C). The term "hydrocarbon feed" enconpasses
one or nore 358fmsigeR{-6 katrann).cAlthenghshnpyrity nfithsreaygle hydengen streasmean tehat i s
conpri sed of. loNe] weli C Lei . | evel s (Il ess
than 5 W% %@éﬁ%’ﬁ?‘ﬂé (rag?:gar 02%’%&%’#1%%%?%%% a}sﬁ‘?ﬁggts{lb% }Om' ted to,
sul fur, wat erompasssipnitaretandt ot W0psipat7HB kptoed refore inttddactipintetae bon f eed.
- 8 - [0020],Fi,gure 1 .hereof illuystrates_ an_enhodi nent wherei n.Rapid Cycle
Pressure Sw W&PORH%"(?F%W HSEH%EP @ yaef eyt 18 ﬂ?agg{? AALAPERIBE 382 n- cont ai ni ng

recycl e gas fiih@aMcekoss &ie@gﬁmﬁﬁgﬁlcfeégéﬁar@aawﬂoﬂw1argm%rd1we§§&car bon
d to hydrotreating reactor HT

feed to be treated is conducted via line 1
where it is tbyns worized wherhusitga panvefitiondl P ysite gas streamvia |line 120,

hydr ogen- cont ai ni ng make-up gas via line 110 and a hydrotreating catal yst at
hydrotreati ng conditions. The term "hydrotreating" as used herein refers to
processes wherein a hydrogen-containing treat gas is used in the presence of
suitable catalysts which are primarily active for the renoval of

het eroat ons, such as sulfur and nitrogen and for sone hydrogenation of
aromatics. Suitable hydrotreating catalysts are those effective for the
catal ytic hydrotreating of the selected feed under catal ytic conversion
conditions, including those conprised of at |east one Goup VIII netal,
preferably iron, cobalt and nickel, nore preferably cobalt and/or nickel and
at | east one Goup VI netal, preferably nolybdenum and tungsten, on a high
surface area support material, such as alumna, silica, and the like.
Dependi ng on the selected feed, zeolite-containing catalysts are suitable as




about 2500 psig (about 3.5 to about 17.3 MPa), preferably from about 500 to
about 2000 psig (3.5 to about 13.81V1Pa), and a liquid hourly space velocity
of the feedstream from about 0.1to about 10 100221The resulting hydrotreater
ef fluent 20 Wwgamr hydrotreating reactor HT is condu aration
zone S, pref e?abl ?7%%)% ated at a tenperature from about %ﬁjﬁ&@ﬁqﬁ%? to
about 800F (426 C) to produce a first vapor phase stream contai ni ng

hydr ogen, hydrogen sul fide and |ight hydrocarbon conpounds and a liquid
phase product stream containing substantially |ower |evels of sulfur than
the feedstream which collected via li-gae 70. The term"light hydrocarbons”
means a hydrocarbon m xture conpri sed of hydrocarbon conpounds of about 1 to
about 5 carbon atons in weight (i.e., Cl1 to C5 weight hydrocarbon
conpounds) . [0#08]f i r Ahotherpnethqahia descsibedmil) iISSPAONd U4 36X)6 18 ta NMadiear80 t o an acid
gas scrubbing.zone AS to reduce the concentration of hetero-atom species
such as hydr"g{j U%anﬁnﬁéangawgépf%sw@mpé@pao 130 aipwarberes e whichalsa  Thi s

scrubbed vawurss%&b?ﬁmg .cbﬂitag%ﬁﬂg\%ﬁtyanﬂﬁggl%ﬁ'%gési m about 40 vol . % to about 80

vol . % hydr ogen, e remaln bel pri y light hydrocarbons. Any
sui tabl e basic solution can be used in the acid gas scrubbing zone AS that

will absorb desi.red. | evel of aci.d gases, preferabl hydr ogen sul fi de,
fromthe vaﬂ@&ﬁitre _ ® RPETF Hi & 145 f pé%veﬁpr%oﬁgsﬁt%{)égq “BeMti ons are the
anm nes, prefegfiagicy ofthedbgdnltilRatidiehy MeaR1Rit AR @mAtbR&yitPédkstnBe | i ke.

Di ethanol amine is nore preferred. The H2S-rich scrubbing sol ution, which
has absor bediydtotiesting unatsp Bris flesired thab sushatnrgcesuwaeld mot adviessely affecighe t he

cubstanti al 1y ARG FRRRNG o b bR EOFARLEL BF R0 itk Pl Lo or

stri ppi ng aggpénditpreshed apdratingtexpenditites, thie Bitet mbludingendthtenircs anégener at or  REG

via line 50 and wll typically be sent to a sulfur recovery plant, such as a
Cl aus pl ant .CDqIg¥ CPPSYMPEER scrubbi ng solution will be recycled to acid gas
scrubbing zone AS via line 60. - 10 - [0023] The resulting scrubbed vapor

stream which is now substantially free of hydrogen sulfide, is conducted
fromaci d gd80Xgr ublniatiter zands, Althdngh sanapihydopebtmgpreessasarspictigeddsor pti on
unit (RCPSA) via line 80 where |ight hydrocarbons. are renoved. Dependi ng on
the speci 11 PRSI Se S Bl Aaee DB he R (A erove BRI-GECaHRg PrOFSEses | i t ed o
CQ2, water, tBi¢aRBFpRtAccdRYordbiRicAfy aRdWHE hidhePrBadtof @@slghputdor ti on of the
scrubbed vapor stream nmay bypass the RCPSA unit via line 90 if desired.

[ 0024] A tail gas stream conprised of |ight hydrocarbons and contam nants is
removed frorg RCBSA, - Z i 1; 100. The resulting purified recycle gas
stream 120 e S et *&@1 on a volunme basis than the scrubbed
vapor strearoen]t helnRaPeAbodinient, Thediredest invéntioh lischadep kipeadesofor t he hydrogen
content of the purified recycJe gas streamfromthe RCPSA wi|l be preferably
at |east 10 ToPgYiBaFUfuriaRd RiFGF RgeRatels ioms byriipcarbrn T SOMPPIEAE: t o t he RCPSA,
more preferably g cbffshe dhyakaalRn td Uty AGRRM: 20k YinARdrdern MO €
preferably at Ieg)ts'? IgO% reat)g? in hydrogenryby v%t:?%% The puri (fgé]g recycl e
gas stream may bendocdsilpechilyicffbctive\ampunt éferhydfottehtingcataliptiendderapor st r eam
that has been optionally b ssed, around ft.he, unit, via |ine 90, and
conbi nes with { nTRETHREHIEE R Bering ing kettalsdpRefigt 2"V ne’ 120 and
the incom ng hydeQagsRaBsh B§&id\bhase!4nd @ vh oﬂ&a@ccﬁ%ﬁhﬁ@ﬁ?ﬁfu?&n drtifg@duct i on
into the hydrotreating reactor HI. [0025] Figure 2 hereof illustrates another
embodi ment wher ehydracqR@@SA application is utilized in the

hydr ogen- cont ai nj e- f i rotr.eating unit.
Here, a hydrogenbgg?‘ﬁ% r?lglr‘:%)e I@E%g%%gg@rg’ﬁ%g?%p%?%?éozlég%el}yﬁw%% SA unit to

increase its hydpmgeae; concentrati on and/or renove specific contam nant's.

The hydrogen-contai nin e-up streamto the inlet of the RCPSA unit can
conduct ed from ofit §?”é|‘é"%¥3:]ggli‘r‘§¥$rﬁéqr O@EQW%V&H%TWSWr@aBWELSS units within

the refinery tha I&Jﬁﬂ%i@ﬁ%{&@oﬂ%ﬂ c%}lfaﬂﬁﬁgeﬁﬁlu?alﬂ S‘Fac?&%@h‘t‘ﬁedé’ﬁncﬁs a
Al l

—

pr edom nant prod ut not Timt to, areformng unit or a
hydr ogen pl ant. el enents in Figure 2 have the sane functionality as in
Figure 1 except that in Figure 2, an RCPSA unit is not installed in the
recycl e stream downstream of the acid gas scrubbing zone AS as is shown in
Figure 1. Instead, as shown in the enbodi nent of Figure 2, the scrubbed
vapor stream 80 returns to be conbined with a hydrogen-containing purified
make-up gas streamvia line 130 and the incom ng hydrocarbon feed via |ine
10. 100261Continuing with Figure 2, the incom ng hydrogen-contai ni ng nake-up
stream 110 i s passed through a rapid cycle pressure swi ng adsorption unit
(RCPSA) where |ight hydrocarbons and contam nants are renoved via |ine 100.
The resulting purified nmake-up gas stream 130 will be richer in hydrogen



[ 00291After, 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 fl ow of the gaseous mxture is switched fromthe second bed to the first
bed, and the_second bed is regenerated. The total cycle tine is the length
of time from Y R®4gaseous mixture is first conducted PEIPFE06902282 ped in
a first cycle to the tine when the gaseous mxture is first conducted to the
first bed in the i Mmedi ately 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 nipght be needed when adsorption tine is
short but desorption tinme is long, wilf serve to increase cycle tine.

10030] Thus, in one configuration, a pressure swing cycle will include a feed

step, at Ieast org. fen/ERSUIGLARL BeSBih abu 46 USodeR ARMsE R ¥ 2

repressurization step to prepare e adsorbent nateria rei ntroduction

of the feed step.willif eseh qdorbentdbd bhgrestonthamuinaun § Snchssiaf water ek ésot pf ace by
physi cal sorptio nto the sorbent fhat is normally, a porous solid such as
activated car bon%egllfiﬂﬁ%ﬁ’,l’rg‘?qcf’8£%£3daie°lfje gass‘ir"T‘I%P Eé‘ggFWdF%e{‘hat has an
affinity for the 0893 1Rk he nafd g used in many applications
since they may efh?ﬂ:ltnt zi s?%m %‘?@ant iggérgje of selectivity for certain
cont am nants by rdgascyrliof at leastie podivnod eguoiridied rgnyeldiges tithehydoeeating es.
Norrmal |y, chemical reaction with the sorbent is not favored in view of the
i ncreased difficdP®y of achi eving desorption of species which have becone

chem cally bound to the sorbent, but chem sorption is ny no neans to be
excluded if the sorbed nmaterials may be effectively desorbed during the

desor ption pd0#Zlon &F angiker sipbpdimegt, dight hydracaebops aregempyedHEdm g epper at ur es
coupled wt i 1 s i r.e. :pr L I, processin
I's u8es cr ;Mbegh J%(?ggﬁ%‘éﬁ%ﬂh %n{taﬁ%ﬁg E%EH & %%1? 1§I02§§ g{eg%@%‘%\gﬁg\%ﬂiogﬁt Is‘%?p? i on, b;/ °
D. M Rut hvedontding apiuralith oadsSrbeltseab ehd halGp Puddlicgtietime of %34 jhan

) e A oo B e S S MnG s SpaceagERees o, 2,
and operat ¢ gagh el odtbGRRIY of BU0Bketh Mo pldkficd Apuififl maEyARUNt Of
hydrogen that needs to be recovered from hydrogen-containing gas streans as
conpar ed t o RUPsSAighat bydrogenconseatraiianizl veitetbsnthe hydiogen-eetdainipg ingkeuni t wi | |
general ly have cycle tines in excess,o ne mnute,. typically in excess of 2
Do m nut ectroerd gt hEEPetn W RERGn by Fepe Hink s R Lt dfisEi The
conponent st yre06r thd putiféd@ikd@rigasut i | i zed in conventional PSA and the

equi pnment configuration and valving involved. In contrast, rapid cycle
pressure swi ng adsorption is utilized which has total cycle tines of |ess
than one m Th -1 RS .af @gﬁD 0 seconds,
preferably | ggﬂt haﬁl#@%}&%ﬁgﬂg,&%%’ gl(reg{era@&@e@?@%ﬁgﬂtﬁ)@%(@nds, even
nor e pref er abmypvingsslfihartd dhes detervdomsainen @\hgdrocmben fuedf mmlsingl ess 2

Take use of SubsEhiERAFEYE O Y PSR ERb B DY At B L R WEFOHT i ¢ od + o,
maKe use OT Sups , ) mted to,
structured mater gl § cadSRcAly dREMNd doifunt of a AirotrdH@RS 2ddiys: M@ al | adsor ption

rate of the adsorption processes, whether conventional PSA or RCPSA, is
characteri zed by hydretrasting condinenscthereby teselong immhydrotreated meducphase (rg) and

the mass transfer_rate .c tant .ipn the i hase .(.Is A material's nmass
transfer rates oFogp%etdeuﬁﬁgﬁqué&rlg]agceaﬁlgnad‘%ﬁ%’rﬁ%o?lc?rﬁael a égtrht())génra t he adsor bed
conpound, the pr ﬂﬁ&ug@ﬁﬂﬂddﬁﬁligﬁmeﬁadaw@;s; The mass transfer rate constant
in the gas phase 1s defined as:, -rg.= Ds / R(in cn2/sec)(1) where Dg is the
di f fusi on coef f i ¥herpin pijeasha peyaign E@é@yéwaew % pyrified maken B @Ber i st ¢

di mensi on of the ;rgsgj'; f S35l i 0t phase, Dv is
wel | known in thgg?rﬁ% (1 .‘Le‘!"m,‘“’iﬂ%e@%%nu Oo%%{ﬁ'fo\i}h;% e’?ir!(): n %gtaﬁg‘z ) and the
characteristic dnmkespgas ofa tapi ayals pressire swirfgpdsepdedf congdniag at he channel

wi dt h between two | gyer f .th tructured adsor hent erij,al .. 10033] The
mass transfer raPB“%HﬁQ? Q%Prheﬁﬁﬁﬁéa’%‘ﬁ‘?v&‘gp%‘é) C}S‘Fegmi‘?g‘?i‘?sf’ a0 aBOWef i ned as:
Ts = D, / Rs2(in cnk/sec)(2) where Ds is the diffusion coefficient in the
solid phase and Rs is the characteristic dinension of the solid nedium Here
the gas diffusion coefficient in the solid phase, Ds, is well known in the
art (i.e., the conventional value can be used) and the characteristic

di mension of the solid medium R, is defined as the width of the adsorbent
| ayer. - 16 - [0034]D. M Ruthven & C. Thaeron, Performance of a Parallel
Passage Absorbent Contactor, Separation and Purification Technol ogy 12
(1997) 43-60, which is incorporated by reference, clarifies that for flow
t hrough a nonolith or a structured adsorbent that channel width is a good
characteristic dinmension for the gas nedium Rg. U S. patent 6,607,584 to



[0036] I n an enbodi nent, RCPSA utilizes a rotary valving systemto conduct
the gas flow through a rotary sorber nodul e that contains a nunber of
separate adsorbent bed conpartnents or "tubes", each of which is

successi vel Wwg%hds@shokd)r ough the sorption and desorption Sﬁcqﬂ%z@ﬁmﬁﬂ?z rotary
nodul e conpl etes the cycle of operations. The rotary sorber nodule”i’s
normal |y conprised of nmultiple tubes held between two seal plates on either
end of the rotary sorber nodule wherein the - 17 - seal plates are in
contact with a stator conprised of separate manifolds wherein the inlet gas
is conducted to the RCPSA tubes and prgcessed purified product gas and the
tail gas exiting the RCPSA tubes is conducted away fromrotary sorber
nodul e. By suitabl e arrangenent of the seal plates and nanifolds, a nunber
of individual corppaeioidntusd ®pressibedropmithisash hidotbigbbedef grbaéabireri stic
steps of the conplete cycle at any one tine. In contrast with conventi onal

_ t
PSA, the flow andbpitesisehes of wateaprioest ofdgdilength: ¢ t he RCPSA

sor ption/ desorpti : | i LG nts on the
order of seconds @%ﬁﬁ%@éﬁ’é‘?‘%\%ﬁ?‘%ﬁe?ﬁéﬁ%@m@%}%ﬁ?%@%gg‘@s@?’%ﬁg%gﬁ ow rate
pul sati ons encounviois eithnhye hydrogargmessngmakerdp gad; vi ng machinery. In this
form the RCPSA nodul e incl|udes. val vi ng el enent.s angul ar spaced around the
circular path ta%gﬁewa@l}ﬂetlhiag‘ﬂ‘e\ iH%@S ﬁ&q*@ﬁomm g%g‘otﬁf‘hé‘img%‘?ii comnpart ment
IS successively paslﬁggmtt.chna gas flow path in the appropriate direction and
pressure to achi eve one ‘of the i ncremental pressure/flow direction steps in
the conpl et e RCPSA respeling aiGnast kpyrimd wi theagporgthaseaie tROPBRotreatihpetnegy is a
significantly nore efficient use of the adsorbent material. The quantity of
adsor bent regyahjied : rLachi of that
required for ﬂ’ggﬁ\e/enﬁ %%ﬁéﬁd%’g‘@ﬁ%eg%‘eﬁg@a hllegﬁ\}gyf’ﬁtehfesr%ﬁn%lcggepar ation
quantiti es amdssyredwitg edsorpAiongro@suisfess thae abant frseetinds and/éhs prassire and t he
amount of active adsorbent required for RCPSA is_signifjcantly |ower than
that for a céWQé%@TF@ﬁraﬁgW“ﬁgﬁtm F%‘i‘:fé’é"é‘?rri’ﬁré?t%lﬁﬁdaaﬂl@ht anount of gas.
[0037] I n an enbodi nent, RCPSA bed length unit pressure drops, required
adsorption apois)i ti &Sanced prefedaldmtidimansheé titdl egcle tiuee dfeherpidrdytldgal
acceleration of the rotating beds in RCPSA), prevent the use of many
convent i onal PISSSNIRYEBE BESATOHOBPToREET Josh than pRos Srserqnds she nresswieslson s t hat are
in aloose p I ¢ udate form In a
preferred eﬁg%@%ﬁf&oggggr Cglﬁgt@ﬁngﬁtgﬁlﬁg%?ggﬁg‘{dslg%é}ééd to a supporting

understructure material for use in an RCPSA rotating - 18 - apparatus. For
exanpl e, onell@6lodi mestill apfothen prafutedrepnbRdipgat, dhphrdiomeatipanateyst n t he f or m of

adsor bent sheets c risin r bent terial .coynl ed.fo structured

rei nf orcene n?onkn?al?seér? :f‘%s f Osn,& Oglf ??%g e ﬁ%i’ %’ggsrtenr’rﬁma’ ased %%caéf??rg]?ﬁ’ % he

adsor bent mageliteabnd Pmbheulaesiséer cenent nmaterial. Non-limting exanpl es of
reinforcenent material include nonoliths, a mneral fiber matrix, (such as a
glass fiber matrix), a nmetal wire matrix (such as a wire nesh screen), or a
netal foil (EWJQFQE$MMWTMM@E§% be anodi zed. Exanpl es of gl ass
fiber matrices 1 - gl ass fiber scrins. The adsorbent
sheets can b@iktde HEUREI ingsimplified schembiticol dnalpreferels anbalimet@ffg@nent , such

as zeolite crystals with bi nder stituents onfo the reinforcenment

mat eri al , noH‘YWHWeW%WhﬁF‘&@@&I‘WEWHH zedyinthghydrogens, ny expanded

al um num f oi Lntaihifle Fechale toh € stk-dhln ISR hyddtRahgHingheet s or naterial are
coated onto cer am’% scgpptglrats. [ 0038] An absoryl?er iﬁﬁg RCPSA unit typically
conprises an_adsorbe soli d |o_has,§l formed . from one or_ noye, adsorbent

materi al s antP048ber 2 isasigwhified sohematimol gme prefemed grpedimeny of thesepar at ed
flow fromthe.l t I : A stanti al
portion of t gh%g%gﬁ%#tvg&égghlg? %)%a%dgﬁ?%\gggﬁ#erddmﬂhﬂ@régam adsor bi ng
ont o t he sol tehtyiliageakt-uplges sitsar dierdinglditage Inalsotydatisguniy be cal | ed

"circul ating gas phase", but nore sinply "gas phase". The solid phase

i ncl udes a network of pores, the nmean size of which is usually between
approximately 0.02 pmand 20 um There may be a network of even snaller
pores, called "rnicropores”, this being encountered, for exanple, in

m cr oporous carbon adsorbents or zeolites. The solid phase nmay be deposited
on a non-adsorbent support, the primary function of which is to provide
mechani cal strength for the active adsorbent materials and/or provide a
thermal conduction function or to store heat. The phenonenon of adsorption
conprises two main steps, nanely passage of the adsorbate fromthe
circulating gas phase onto the surface of the solid phase, - 19 - followed
by passage of the adsorbate fromthe surface to the volunme of the solid
phase into the adsorption sites. [0039] 1 n an enbodi nent, RCPSA utilizes a




[ 0042] The absol ute pressure | evels enployed during the RCPSA process are not
critical. In practiee, provided that the pressure differential between the
adsorption and desorption steps is sufficient to cause a change in the

adsor bat e fr@ {] gr) | padi ng on the adsorbent thereby providing a delta

| oadi ng ef f eI V&Y 8P4separating the stream conponents prBcEERA3292 e
RCPSA unit. Typical absolute operating pressure |evels range from about 50
to 2500 psia. However, it should be noted that the actual pressures utilized
during the feed, depressurization, purge and repressurization stages are

hi ghly dependent upon many factors inclLuding, but not limted to, the actual
operating pressure and tenperature of the overall streamto be -21 -
separated, stream conposition, and desired recovery percentage and purity of
t he RCPSA pr %’ﬁ&lﬁiﬁm 10N of PHE ﬂ'(’ﬁ(ﬂ@t specifically limted to
any absol ute ‘o-éﬁs—m‘m—m beconmes increnmentally nore
economi cal t [E019F on\e ah embedimefi)\a provessds prvitded frchyldiagizetinpper at i ng

pressures. U 'S, Paten . 6,406,523; 6, 45], 095; 6,488, 747;: 6,533,846 and
6, 565, 635, abrdrasarhp fer N B e ha PO @Fg inchide B sci ose
various aspeglspf anﬁg?%ﬁh@tﬁ%ﬁingz% e[tAb3AbOn AR TRAH! mt-lirﬁﬁg%an exanpl e,

the rapid cycl'e pressure swng adsorpti'on systemhas a total cyCle tinme,
tw, to sepaextmples dfeach yppbthafealsppeaiuat thyas cadmaining sompementsaboiling in

hyd - i.ched il ) d [
el udes. ¢ heliedaise T At St Rgbowessp a0 ons 287 iilkbgen purt ty Fos
where F i St bend3pidrebkadieo e AEpeeRediati tehally ontdif Al ieradsor babl e

(hydrogen) conpohent, into an adsorbent bed that” selectively adsorbs the
tail gas andcpessiemphthss dughirofjeid cprabdicctackmg voiitnapliths FCQeatalyfior tinme, tF,
wherein the hydr.ogen. prodyct s has a ity . % and a rate of recovery
of R% RecovE%l@ﬂﬁ?’%oF r{aﬁgt%?=§8*|%5°° i%frﬂfgﬁ ad%“ﬁbﬁ&’(? & errllfﬁ’é‘%ﬁ’ed in the
product to tbﬁ)u@dﬁ%aha@ialgmﬁﬁﬁm;@y,%@m&me BlchRg 8Rgonchiteforh Rethebed i s
co-currently depressurized for a tinme, tco, followed gg counter-currently
depressuri zi fjreasavhsesdn ¢ saphtha baiking regpe stiga@rcen fe geoslveeshitla apethier  gas or
exhaust gas) .| . : or equal to
T pei'g. The BAEpAELACHE ikl iRy BE Corfihi Rl RESAE ol AR Sl P e
hydr ogen pr obeilihg mathe ratigb sEahoan 800/ totdbeuttidd °F saboepl4dsse ubomad0rC). Ia tine, tRp,
typically with a portion_of hydrgge roduct gas oy feed gas , wherein the
cycle tine, fifdpotesen oflimenty itillte eapf Say ﬁaw[rafa%ﬁfedegeq st s

conpri si ng t hgihOlnthe FheE 6f AHoTP450 toSibout 800 2R 2 15 abbut'489 °¢; %.tp tRo (3)
[ 0044] Thi s errboa‘f@pmsntt3 e%corrpasses, %B?ui S not(iblojiamtegat o‘,1 RCPS,%ye rocesses
such that ei #thesplchie gasivits, gdcunmcgss eily, defphalg@xatwrm anpatowsplerigurity to feed

purity ratio, RPY%F%, 1. 1 nd/.or .t he rate,. recove 7%2..90% f or a product
purity to fe’f?&ldb?}f]inﬁb Frgpf%,reﬂg"l%%qfﬂf@ger%?s%hatﬁ%sgﬁﬁigéy%gé%ﬁnﬁeﬁz t hese hi gh
recovery & pgbiveny-déaR d @as pIeolfasiaehven ofix Rslide $yntieugbild@yfierein. O her

enbodi rents wiI| include applications of RCPSA in processes where hydrogen
recovery rat @it amdeakqragker diseliatesy Al pofsred hydrolsoyms fopgsiariisr gas 6fl ORCPSA ar e

ot limted ' ol fi i hol ds and
Jan be as- appraERL08 BMGTRR ek 0Y B Yelel Infindt il e 0
economi cal | y7§% &t ivfeighio beitf eomponpits bbitink at teApprlatued bebheenldd3dHJ00LF shoul d al so
be noted that it is wthin the scqope of this inventjon that steps tco, tcN,

f
or tp of equedfd® 78 I09BEEIE LA piaedern thedrocerger frsd” sReomPpassey onraeh vi dual

conbi nat i on. ybWeN Ry | dhetnfoaPbEdtRE iRk blaf! dredhS Bt Istobpfisabove equation
(3) be performed or that only one of steps tco or tcN be omtted fromthe

total cycl e. hydooverhons, indduding euchl strsarepwheraim smiadldeveds Gerd danv witbofa RCP SA

cycle to aid_i nhanci n urit recover.y . n,. Thu nhancemnent
coul d be pr T RARRERGR Bl el S i 10 SRS Rirer ReriEn o1
absor bent negfdadetald that bR préehttie e hydirdvafdoadeedl a | arge number of stationary
val ves utilized in conventional PSA applications. [0046]1n an enbodi nent,

the tail gas is also preferably released at a pressure high enough so that
the tail gas may be fed to anot her device absent tail gas conpression. Mre
preferably the tail gas pressure is greater than or equal to 60 - 23 -

psig. In a nost preferred enbodi nent, 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. [0047] Practice of the present invention can have the foll ow ng

benefits: (i) I'ncreasing the purity of hydrogen-containing strean(s)
avai |l abl e as nmakeup gas, or of streans which nust be upgraded to higher
purity before they are suitable as nmake-up gas. (ii) Increasing the

purity of hydrogen-containing recycle gas streans resulting in an increase
in overall hydrogen treat gas purity in the hydrotreating reactors to allow



(ti1) Use for H2 recovery from hydroprocessi ng purge gases, either where
significant concentrations of H2S are present (before gas scrubbing) or
after gas scrubbing (typically <100 vppm H2S). [0048] 1 n hydroprocessing,
increased 1xdoRslobahz4 ransl ates to higher H2 partial pr esﬁﬁﬁfszooklﬂ hie
hydr oprocessing reactor(s). This both increases the reaction |ne(f| cs and
decreases the rate of catal yst deactivation. The benefits of higher 112
partial pressures can be exploited in a variety of ways, such as: operating
at | ower reactor tenperature, which reduces energy costs, decreases catal yst
deactivation, and extends catalyst |lifg, increasing unit feed rate,
processi ng nore sour (higher sulfur) feedstocks; processing higher
concentrations of cracked feedstocks; inproved product color, particularly
near end of m de hE i Std gas
circuits (i n?rbzgged ljis?%,%k T%&gﬁll@%ﬁf%ga%téﬁtd% ?émfﬁl 2%9{ ﬁ?‘flg%yg%rﬁréssgﬁ% scf H2
at | ower t ot Sivifg Sdgdorptiomd"REPRA " ieatikizet athe ydiogebeorgipmgaatycleggasne skil | ed

in the art. [0049]1ncreased H2 recavery. o, offers significant .potenti al
benef | to. - solfEFR0H O\ iEgle At BeceTeaRg e Pt piiaciibon Tecllope Al ing  t he
denmand for ppsfgeedia liﬁérlloft_aﬁyﬂiﬁﬁ'@hth@rre&w}‘iﬂ defeGER cofitakidd Withthd t he

refinery; _(i1) increasing hydroprocessing feed rates at constant
(exi sting) nawéligs rgexlelgarsieam xia lmerl@Qubydregenicantaining walseup Ba3sdriolen

recovery, 409 4 0Drovin [ N puriLy i R, hydroprocessing for
i ncreased hepeoré"a %%de@n%g%é c%‘?l&la%ll g%@?@‘gﬁmg condlél%l]%?) %8?1‘%{/1} ng a portion of
the H2 from V@ﬁi@tﬁaﬂn?'%hs@ﬁlﬁw&ﬁi&ﬁ&sit& pftREdstWhErein a iy didienicusthingips due to

hydrogen's | ow BTU val ue whi ch can_present conbustion capacity |limtations
and di ffi cul FrELas srusedidhe preprase obtnitghlegatalysts which arepHEaribesfdive £ ¢ hat

woul d be appaaahol oGt CRR APk Ak tnd Aot and PSGAIE ol I OWi ng

exanpl es are presen I'TTustrative purposegs only shoul d not be

cited as bei hgirbgenatiomgf dromativg. Swiablebitdiickithg ¢404Hsld ip¢ alvgat effective fsrough 3
show t he benefits of .i nproved drogen purity through the use of a rapid
cycle pressu "éw)ﬁ’ﬁ @H’%&P%&ﬂ}y ﬂﬁé"ﬂﬁ?ﬁ fesl yidgncataly BtV eRIoBT a _
hydrot reat! odflidns SinERANE osH BSmrided ke bk B bl PRERCER Heferitff OF F eal i N
operation wherein a rapid-cycle pressure sw ng adsorption unit Is not used,
t he fol | owi ngomasbkalt #1id nigkel, atare pefarbly cebmnpidés nidkel dnel dbdaastf oneGrofip RCPSA i n
conjunction wth hydr ot reatin rocess. |n Ex |l es. 1 through,3, the treat
g, 55 " Vatmsit ol SbEbef GiiRese of hBERBD AP - 6 0
Mscf/ D, the hhikriake@hdsyahingihe silicB dd tBatkd. Bepdhifing ohizhdWe@tedtfegqdir i ty = 95%
Exanple 1 [0052]1In this exanple, RCPSA is _used to treat 6,0 Mscf/D of
recycl e gas gephiésaeoniziningratalysts age sitable ag wek ag peblemetabicontainmgcatalysls) . RCPSA
performance | O ] v L ip the
product. The E%L{gg%ﬁh%f@@f’ ?’%ﬁﬁ%{vﬁg%\%@&ﬁ% I gﬁ?ﬂﬁ éth“gg‘i‘ﬁ%}‘&*ﬁ’}“%‘?'egl fromthe
recircul ati ngn gabodiment, marethimenccigpe efiliyidestedatitiy citalystéaibdeddn puingle st ream has
been lowered to 0.3 §I:f{icf/D of H2. Th%,res,ul s are shown as Case 01 in Table
1. Conpared ackionvessedelhs (roup VAR metalisypicatbepregent ity s A0QHG TGI8y 1 eroval

severity, (ahokfioht PRlaaR20A b4 $rditrab§afnPindully 8 aifi 13 QeI2pRd from 80 to
91.5 nol e% H ;0 Ehg’)o tlﬁgarbeqw %/}ﬁéﬁeurgﬁgas ?ovl\l/ rat% has decreased from

12. 07 to 11. Geougs¥Tmbal wilkktypicallH: prasegeh forammunhmngypgtfiem dbamsd toa o f uel gas)
has been redgé:o%(t:lzg Wi o,lﬁrgfgragl% 190'11:1% a{;{)su%yt(? about 25 wt. %. Non-limiting examples

of hydrotreating catalyst materials include cobalt, nickel, molybdenum, platinum,

tungsten, alumina, silica, silica-alumina, a zeolite, or a molecular sieve.

[0021]  As previously mentioned, typical hydrotreating temperatures range from
about 400°F (204°C) to about 900°F (482°C) with pressures from about 500 to



Exanple 2 [0053]In this exanple, again, RCPSA is used to treat 6.0 Mscf/D

of recycle gas (about 1/5 of the total recycle streamvolunetric flow wth
95% 112 recovery and 95% 112 purity in the product. The results are shown as
Case 02 in Table 1. In this case, the unit feed rate was increased until the

original 13. YO PPakeup gas rate was required. The i nBfEYER06922P3 5

purity at the sane H2 nake-up rate resulted in (a) an increase from 30, 000
to 32,150 B/D at a constant sul fur renoval specification; (b) an inproved
treat gas purity of 91.4 nmole% H2; and (c) 112 purged fromthe system (| ost
to fuel gas) has been reduced from 1.0@ to 0.3 Mscf/D. - 26 - Exanple 3
1005411 n this exanple, the original 30°1cB/D feed rate and 12. 07 Mscf/D
make- up gas rate are nmintained. The results are shown as Case 03 in Table

1. Again, RCPSA, for | e /'5 of the
total recycl 3§®tr2§g§$§gl(%bg%‘% ?:333 ?l?%l\?v)l %@m%agﬁ%eﬁ@ﬁ%@g\? g&?} Sg)ﬁgg 5@%%112
purity in theopy pdp 3.5 tdighont 13.BMPa)CandasiRuidhoull spildel vieloct§ ofitheesul t of the
RCPSA application operation on a portion of the recycle gas flow allows (a)
the sul fur i deedpeeampEamaboptibt baste abgutd 0189% whi | e nai ntai ni ng the same
product sul fur specifications as the base case; (b) a correspondi ng overall
hydr ogen consunption i ncrease of +26 scf/B with no corresponding increase in
make- up gas {#22hd, Eredefultinglib@drqueate dfffuenrlberes drtlgdrdideatiig feactbruel gas) to
be reduced f

1.06 to, 0.3 Mscf/D. 1Q055]Additionally, Exanples 1 and 2
woul d al o r BRI COPARCIEbgia SEREPnAG9 PoRrGEr=HY, APFEAG EsCBREREER FE%k al y'st
change-out. JIhsitBa0d PUROCLTEAIHoRHIS00P RALLE €30 BRFUEY PHREVHRr phife| engt hs of
this unit's "base" current operation and Cases 01 through 03 are sunmari zed
in Table 1 béteam contaipinghydwgpn, diyduwgyn eifidy argl light hydgo@bay compounds
" and a liquid phase product stream containing substantially lower levels of sulfur

than the feedstream which collected via line 70. The term "light hydrocarbons”
means a hydrocarbon mixture comprised of hydrocarbon compounds of about 1 to
about 5 carbon atoms in weight (i.e., C, to C; weight hydrocarbon compounds).
The first vapor phase stream is conducted via line 30 to an acid gas scrubbing zone
AS to reduce the concentration of betero-atom species such as hydrogen sulfide so
as to produce a scrubbed vapor stream. This scrubbed vapor stream will generally
contain from about 40 vol.% to about 80 vol.% hydrogen, with the remainder being
primarily light hydrocarbons. Any suitable basic solution can be used in the acid
gas scrubbing zone AS that will absorb the desired level of acid gases, preferably
hydrogen sulfide, from the vapor streamn. Non-limiting examples of such basic
solutions are the amines, preferably diethanol amine, mono-ethanol amine, and the
like. Diethanol amine is more preferred. The H;S-tich scrubbing solution, which
has absorbed at least a portion, preferably substantially all, of the hydrogen sulfide,
is conducted to a regeneration zone REG via line 40 where substantially all of the
hydrogen sulfide is stripped therefrom by use of a stripping agent, preferably steam.
The H,S-rich stream exits regenerator REG via line 50 and will typically be sent to
a sulfur recovery plant, such as a Claus plant. The H,S-lean scrubbing solution will

be recycled to acid gas scrubbing zone AS via line 60.
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[0023]  The resulting scrubbed vapor stream, which is now substantially free of
hydrogen sulfide, is conducted from acid gas scrubbing zone AS to a rapid cycle
pressure swing adsorption unit (RCPSA) via line 80 where light hydrocarbons are
removed. 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 via line 90 if

desired.

[0024] A tail gas stream comprised of light hydrocarbons and contaminants is
removed from the RCPSA zone via line 100. The resulting purified recycle gas
stream 120 will be richer in hydrogen on a volume basis than the scrubbed vapor
stream to the RCPSA unit. That is, in this application, the hydrogen content of the
purified recycle gas stream from the RCPSA will be preferably at least 10 %
greater in hydrogen by vol% than the inlet stream to the RCPSA, more preferably
at least 20% greater in hydrogen by vol%, and even more preferably at least 30%
greater in hydfogen by vol%. The purified recycle gas stream may be combined
with any portion of the scrubbed vapor stream that has been optionally bypassed
around the RCPSA unit via line 90, and combines with the incoming hydrogen-
containing make-up gas via line 110 and the incoming hydrocarbon feed via line 10

to be combined for introduction into the hydrotreating reactor HT.

[0025]  Figure 2 hereof illustrates another embodiment wherein a RCPSA
application is utilized in the hydrogen-containing make-up gas stream of a single
stage hydrotreating unit. Here, a hydrogen-containing make-up stréam is processed
in a RCPSA unit to increase its hydrogen concentration and/or remove specific

contaminants. The hydrogen-containing make-up stream to the inlet of the RCPSA
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unit can conducted from outside the refinery or from one or more process units
within the refinery that generates hydrogen either as a side product or as a
predominant product, such as, but not limited to, a reforming unit or a hydrogen
plant. All elements in Figure 2 have the same functionality as in Figure 1 except
that in Figure 2, an RCPSA unit is not installed in the recycle stream downstream
of the acid gas scrubbing zone AS as is shown in Figure 1. Instead, as shown in the
embodiment of Figure 2, the scrubbed vapor stream 80 retumns to be combined with
a hydrogen-containing purified make-up gas stream via line 130 and the incoming

hydrocarbon feed via line 10.

[0026]  Continuing with Figure 2, the incoming hydrogen-containing make-up
stream 110 is passed through a rapid cycle pressure swing adsorption unit
(RCPSA) where light hydrocarbons and contaminants are removed via line 100.
The resulting purified make-up gas stream 130 will be richer in hydrogen than the
incoming hydrogen-containing make-up stream to the inlet of the RCPSA unit.
That is, the hydrogen content of the purified make-up gas stream from the RCPSA
will be preferably at least 10 % greater in hydrogen by vol% than the hydrogen-
containing make-up stream to the inlet of the RCPSA and more preferably at least
20% greater in hydrogen by vol%. However, it should be noted that the increase in
bydrogen purity is dependent upon the purity of the stream to be treated. Many
hydrogen-containing make-up gas systems are often of high hydrogen purity, often
as high as 80 to 95 vol% hydrogen. Therefore, a RCPSA treatment of a make-up
gas may be beneficial for less than 10% increase in hydrogen purity where high
hydrogen purity is required. A portion of the incoming hydrogen-containing make-
up stream may also bypass the RCPSA unit and be conducted directly to the
hydrotreater HT via line 140 if desired.
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[0027]  In another embodiment, two RCPSA units are installed in a single
hydrotreating unit wherein a RCPSA unit is installed to purify at least a portion of
the recycle gas stream of the hydrotreating unit (i.e., the scrubbed vapor stream) as
shown as RSPCA in Figure 1 and a RCPSA unit is installed to purify the incoming
hydrogen-containing make-up gas to the hydrotreating unit as shown as RSPCA in
Figure 2. In yet another embodiment, RCPSA may be applied to a two stage
hydrotreating unit. In this embodiment an RCPSA unit may be installed in the
hydrogen-containing make-up gas stream to the first stage hydrotreater reactor, the
hydrogen-containing make-up gas stream to the second stage hydrotreater reactor,
the scrubbed vapor stream recycled to the first stage hydrotreater reactor, or the
scrubbed vapor stream recycled to the second stage hydrotreater reactor. In other
embodiments, any combination of these four streams may be subjected to the
RCPSA process depending upon the stream purity and hydrogen concentration

needs and economics.,

[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

purification to continue, While the second bed is in adsorption service, the sorbed
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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
fluctuations to downstream systems. The contaminant can be collected from the
tail gas system in any snitable 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 activated carbon, alumina, silica or
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ta.-,NCONI'0 10 0 1- C O O LOOC - 28 - Exanple 4 [0056]1In this exanple,
the refinery streamis at 480 psig with tail gas at 65 psig whereby the

pressure sw ' . The feed conposition and pressur I,gal of
refinery pro‘ggszgq%ﬁ)ggoé‘ﬁi ts such as those found in hydropr??g@gsg?\%%%rﬁza

hydrotreating applications. In this exanple typical hydrocarbons are

descri bed by their carbon nunber i.e. Cl= methane , C2 = ethane etc. The
RCPSA i s capabl e of producing hydrogen at > 99 % purity and > 81 %recovery
over a range of flow rates. Tables 2a gnd 2b show the results of conputer
simul ati on of the RCPSA and the input ‘and out put percentages of the

di fferent conponents for this exanple. Tables 2a and 2b al so show how t he

hydrogen pur 4y, de6EAG I Vinl . 0ad:0 91. 7% f or
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purification. Feed is at 480 psig,. 122 deg, F,and Taft gas at, 65 psig. Feed
rate is abouferBRRASERARAniS BY &oason Oﬂ%@‘ﬁéﬁ‘mﬁﬂﬂﬁj prediotable 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. Pressure swing adsorption processing is described more fully in the book
entitled Pressure Swing Adsorption, by D. M. Ruthven, S. Faroug & K. S. Knaebel
(VCH Publishers, 1994).

[0031]  Conventional PSA possesses significant inherent disadvantages for a
variety of reasons, For example, conventional PSA units are costly to build and
operate and are significantly larger in size for the same amount of hydrogen that
needs to be recovered from hydrogen-containing gas 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. In contrast, rapid cycle pressure swing adsorption is utilized which has
total cycle times of less than one minute. The total cycle times of RCPSA 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.
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[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 (t;). A
material's mass transfer rates of a material are dependent upon the adsorbent, the
adsorbed compound, the pressure and the temperature. The mass transfer rate

constant in the gas phase is defined as:
1,=Dg /R, (in cm?/sec) (1)

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 (i.e., the conventional value can be used) 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, /R (in cm¥/sec) )

where D, is the diffusion coefficient in the solid phase and R; is the characteristic
dimension of the solid medium. Here the gas diffusion coefficient in the solid
phase, Dy, is well known in the art (i.e., the conventional value can be used) and the

characteristic dimension of the solid medium, R, is defined as the width of the

adsorbent layer.



C4+ 2.9 0.00 14.8 H20 2000 vppm 65 vppm 9965 vppmiota (i AVMSCFD) 6.162 4.934
1.228 480 psl9 470 psig 65 psig - 29 - Table 2b. H gher purity Step Tines
in seconds are tp =1, tco =0.333, tcN =0, tp =0.167, tkp =0.5 480 psi g470

psi g65 psl g wB8auGlo7dds RCPSA' s described in the present igpqaRbdRoRPEr ate 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 purge, usually counter-current) and step 5 is
repressurization with product. In the RCPSA s described here at any instant
hal f the total nunber of beds is on thgfeed step. In this exanple, tTar = 2
sec in which the feed tine, tF, is one-half of the total cycle. Exanple 5
1005811 n this exanple, the conditions are the sanme as in Exanple 4. Table 3a

shows condi tijgg34] ut ithiMi R @thb@li&(&T%ﬁcr@hlrﬂe%ﬁ‘maﬁ&d_f@lﬂlir%el@dwagﬂt steps to
achi eve hydrogen purity > 99 % Table 3b shows that the counter-current

depr essur i zatibeprbentdoniaejorpdenaration aad Berificatign éfe?b}’@}%yéﬁ (BN BY-68f 99% can
still be mai Wh%hﬁg%co#br%&?g)z refdbsteSHOYS, s?ﬁﬁ dv!?'ﬁ:{r | ¥oddih B}[ jre of the
purge cycle, tp, by the duration rehoved from e co er-curren
depr essur i zatstracturet afsorbenBhat thsahellwidthage god&%tmsﬁ@&ﬁﬁsmﬂ dorabsed to a
| evel of 88%

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 the test standard compositions

used for conventional PSA. Calculation of these mass transfer rate constants is

well known 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 particle 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] In an embodiment, RCPSA utilizes a rotary valving system to conduct
the gas flow through a rotary sorber module that contains a number of separate
adsorbent bed compartments or "tubes”, 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 multiple tubes

held between two seal plates on either end of the rotary sorber module wherein the



- 30 - Tables 3a & 36 Effect of step durations on 112 purity and recovery
froman RCPSA (67 ft3). Sane conditions as Table |I. Feed is at 480 psig ,
122 deg F and Tail gas at 65 psig. Feed rate is about 6 |IYI Nl SCFD. Tabl e 3a.

Wth counter-current depress, Internediate pressure = 105_psi uri t
recovery tf 8&‘?6@?'{3"’%“@ %ok SSSSS 98 > 643 10,2831y

-17-

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 or tubes may pass 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 RCPSA sorption/desorption cycle changes 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, the RCPSA module includes valving elements angularly
spaced around the circular path taken by the rotating sorption module so that each
compartment is successively passed to a gas flow path in the appropriate direction
and pressure to achieve one of the incremental pressure/flow direction steps in the
complete RCPSA cycle. One key advantage of the RCPSA technology is a
significantly more efficient use of the adsorbent material. 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. As a result, 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
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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 snitable 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
slurry of suitable adsorbent component, such as zeolite crystals with binder
constituents onto the reinforcement material, non-woven fiber glass scrims, woven
metal fabrics, and expanded aluminum foils. In a particular embodiment, adsorbent

sheets or material are coated onto ceramic supports.

[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, with a substantial portion of the components desired to be removed from
the stream adsorbing onto the solid phase of the adsorbent. This gas phase may be
called "circulating gas phase", but more simply "gas phase". The solid phase
includes a network of pores, the mean size of which is usually between
approximately 0.02 pm and 20 pm. There may be a network of even smaller pores,
called "micropores”, this being encountered, for example, in microporous carbon
adsorbents or zeolites. The solid phase may be deposited on a non-adsorbent
support, the primary function of which is to provide mechanical strength for the
active adsorbent materials and/or provide a thermal conduction function 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,
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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 the tubes utilized in the RSPCA apparatus. These structured
adsorbents have an unexpectedly high mass transfer rate since the gas flows
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

i fixed bed arrangement as utilized in conventional PSA. The ratio of the transfer
rate of the gas phase (7,) and the mass transfer rate of the solid phase (t;) 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
to produce high purity hydrogen streamns at high recovery rates with only a fraction

of the equipment size, adsorbent volume, and cost of conventional PSA.

[0040]  The structured adsorbent embodiments also results in significantly
greater pressure drops to be achieved through the adsorbent than conventional PSA
without the detrimental effects associated with particulate bed technology. The
adsorbent beds can be designed 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;O/ft, and even more preferably greater than 20 in. HO/ft. This is in
confrast with conventional PSA units where the adsorbent bed unit length pressure
drops are generally limited to below about 5 in. H,O/ft depending upon the
adsorbent used, with most conventional PSA units being designed with a pressure
drop of about 1 in. H;O/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



1 0.083 0 0.417 0.5 Exanple 6 [0059] This exanple shows a 10 MMSCFD
refinery stream once again containing typical conponents, as shown in feed
colum of Table 4 (e.g. the feed conposition contains 74 % H2). The stream

is at 480 psi ' SA tail gas at 65 psig whereby th &5"(?59 essure
swing is 6. i‘@g’@?}é’g”gggi n the RCPSA of the present inventePi on |J§0ldjgg26a | e of

produci ng hydrogen at > 99 % purity and > 85 % recovery fromthese feed
conpositions. Tables 4a and 4b show the results of this exanple. -31-

Tabl es 4a 8z 4b Conposition (nmol % of input and output from RCPSA (53 ft3)
in H2 purification. Feed is at 480 psigyp- 101 deg F and Tail gas at 65 psig.
Feed rate is about 10 1VII VI SCFD. Table 4a. Hi gher purity Step Tines in
seconds are 4=0.583, tco =0.083, topi =0, tp =0.25, tRp =0.25 H2 at 99.98 %

purity and 8&cloeriReditehigher RaduRrdeshsGecalisé bf 18 gisk oft Buidiidy tBObEH 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 those

utilized in conventional PSA.

[0041] In an embodiment, high unit length pressure drops 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 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 0.5 to 50 psig, preferably less than 30
psig, while minimizing the length of the active beds to normally 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. In practice, 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 absolute
operating pressure levels range from about 50 to 2500 psia. However, it should be
noted that the actual pressures utilized during the feed, depressurization, purge and
repressurizatiﬁn stages are highly dependent upon many factors including, but not

limited to, the actual operating pressure and temperature of the overall stream to be
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separated, stream composition, and desired recovery percentage and purity of the
RCPSA product siream. The RCPSA process is not specifically limited to any
absolute pressure and due to its compact size becomes incrementally more
economical than conventional PSA processes at the higher operating pressures.
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 and an example, the rapid cycle pressure swing
adsorption system has a total cycle time, tyor, 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, inte an adsorbent bed that selectively adsorbs the tail gas
and passes the hydrogen product gas out of the bed, for time, tr, wherein the
hydrogen product gas has a purity of P% and a rate of recovery of R%. Recovery R
% is the ratio of amount of hydrogen retained in the product to the amount of
hydrogen available in the feed. Then the bed is co-currently depressurized for a
time, tco, followed by counter-currently depressurizing the bed for a time, tcy,

f wherein desorbate (tail gas or exhaust gas) is released from the bed at a pressure
greater than or equal to 1 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, trp, typically with a portion of hydrogen product gas or feed gas , wherein the
cycle time, tyor, is equal to the sum of the individual cycle times comprising the

total cycle time, i.e.:
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tror =tp+tco+tonttpt+tre

()

[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 herein. Other embodiments
will include applications of RCPSA in processes where hydrogen recdvery rates are
significantly lower than 80%. Embodiments 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 tco, 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 tg or tcy be omitted from the total cycle.
However, additional steps can also be added within a RCPSA cycle to aid in
enhancing purity and recovery of hydrogen. Thus enhancement could be
practically achieved in RCPSA because of the small portion of absorbent needed
and due to the elimination of a large number of stationary valves utilized in

conventional PSA applications.

[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



16.6 C3 2.6 0.02 8.9 C4+ 3.9 0.00 1 3.4 H20 2000 vppm 142 vppm 6501 vpm
'total (MVBCFD) 1 0.220 7.240 2.977 480 psig 470 psig 65 psig In both cases
shown in Tabl e 4a and 4b above, although tail gas pressure is high at 65

psig, the pr | ntion shows that high purity (99 % ined if
t he purge stg‘;ﬁ)fﬂ@%{’ﬁelﬁg sufficiently increased. [0060] Tabl lé(gﬁﬁ%%a&é@?%%d 4a

show that for both 6 MvlISCFD and 10 MVSCFD fl ow 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 RCPSA2sth all the

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.
[0047]  Practice of the present invention can have the following benefits:

(i) 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.

(i1) Increasing the purity of hydrogen-containing recycle gas streams
resulting in an increase in overall hydrogen treat gas purity in the hydrotreating

reactors to allow for higher hydrotreating severity or additional product treating.

(iii) 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,

L

partial pressures can be exploited in a variety of ways, such as:

operating at lower reactor temperature, which reduces energy costs, decreases
catalyst deactivation, and extends catalyst life; increasing unit feed rate; processing
more sour (higher 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



- 32 - exhaust produced at high pressure have not been di scovered before and
are a key feature of the present invention. [0061] Table 4c shows the results
for an RCPSA (volunme = 49 cubic ft) that delivers high purity (> 99% H2 at

hi gh recovenyohfsobdies sane refinery stream di scussed in TalhRSeedaoasnd 4b. As
conpared to Table 4a, Table 4c shows that simlar purity and recovery rates

can be achieved by sinultaneously decreasing the duration of the feed cycle,
tF, and the purge cycle, tp. Table 4c. Effect of step durations on 112
purity and recovery froman RCPSA (49 ft3). Feed is at 480 psig , 101 deg F
and Tail gas at 65 psig. Feed rate is about 10 MVSCFD. W't hout
counter-current depress purity recovery tf tcs teNtPtiiP SSSSS 956

87.1 0.5 _
flow, or same scf H, at lower total flow); and other means that would be apparent

to one skilled in the art.

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

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

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

(iif) 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]  The following examples are presented for illustrative purposes only and

should not be cited as being limiting in any way.

EXAMPLES

[0051]  Examples 1 through 3 show the benefits of improved hydrogen purity
through the use of a rapid cycle pressure swing adsorption (RCPSA) to treat a
portion of a hydrotreating unit's recycle gas stream. Using the "base case"
hydrotreating operation wherein a rapid cycle pressure swing adsorption unit is not
used, the following cases illustrate several examples of the benefits of RCPSA in

conjunction with a hydrotreating process. In Examples 1 through 3, the treat gas



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
0.167 025 Exanple 7 [0062]In this exanple, Table 5 further illustrates the
performance of RCPSA' s operated in accordance with the invention being

descri bed he IS exanple, the feed is a typical refd m and
Is at a pres{svgjrzé)l)gc))?"g@éo psig. The RCPSA of the present in%éen %%%ﬁ%ogﬁgbl eto

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 downstreamrefinery equi pnent w thout
further conpression requirenment. Anoth@s-inportant aspect of this invention
is that the RCPSA also renoves COto < 2 vppm which is extrenely desirable
for refinery units that use the product hydrogen enriched stream Lower

| evel s of CO (exycie gas)raie =t 30 MatHDytht RAPS At foed titasn 610rMsafilyithe Hy oper at e

wi thout - 3?3'eéovery rate = 95%, and the RCPSA H; product purity = 95%.

Example 1
[0052)  In this example, RCPSA is used to treat 6.0 Mscf/D of recycle gas

(about 1/5 of the total recycle stream volumetric flow). RCPSA performance is
assumed to be 95% H, recovery with 95% H; purity in the product. The RCPSA
exhaust stream now removes light end impurities from the recirculating gas loop,
and the conventional hydrotreating purge stream has been lowered to 0.3 Mscf/D of
H,. The results are shown as Case 01 in Table 1. Compared to the base operation
at the same feed rate and sulfur removal severity, (a) the treat gas purity at reactor
inlet has increased from 80 to 91.5 mole% H»; (b) the required makeup gas flow
rate has decreased from 12.07 to 11.28 Mscf/D; and (c) H, purged from the system
(lost to fuel gas) has been reduced from 1.06 to 0.3 Mscf/D.

Example 2
[0053] In this example, again, RCPSA is used to treat 6.0 Mscf/D of recycle gas

(about 1/5 of the total recycle stream volumetric flow) with 95% H; recovery and
95% H, purity in the product. The results are shown as Case 02 in Table 1. In this
case, the unit feed rate was increased until the original 13.1 Mscf/D makeup gas
rate was required. The increase in H, purity at the same H, make-up rate resuited
in (a) an increase from 30,000 to 32,150 B/D at a constant sulfur removal
specification; (b) an improved treat gas purity of 91.4 mole%s H,; and (c) H, purged
from the system (lost to fuel gas) has been reduced from 1.06 to 0.3 Mscf/D.



deterioration in activity over extended | engths. Conventional PSA cannot
neet this CO specification and sinultaneously also neet the condition of

exhausting all the tail gas at the higher pressure, such as at typical

f uel

header pressypeomfordole hi gh pressure of ot her equi pnent tpgglysPée@sees such
RCPSA exhaust. Since all the tail gas is available at 40 psig or greater, no

addi tional conpression is required for integrating the RCPSA with refinery
equi pnent. Table 5 Conposition (nol 70) of input and output from RCPSA (4
ft3) i n carbon nonoxi de and hydrocarbon renoval from hydrogen. Feed is at
300 psig, 101 deg F, and Feed rate is-#bout 0.97 1VINISCFD. Step Tines in

seconds are tF =0.5, tco =0.1, tcN =0, tis =0.033, tio. Al1.066 H2 at 99.99 %
purity and 88 % recove rv feed Product Tail-Gas 112 89.2 99.98 48,8 O
3.3 0.01 13. &xample3 3 0. 01 13.9

[0054]  In this example, the original 30 kB/D feed rate and 12.07 Msci/D make-
up gas rate are maintained. The results are shown as Case 03 in Table 1. Again,
RCPSA is used to treat 6.0 Mscf/D of recycle gas (about 1/5 of the total recycle
stream volumetric flow) with 95% H, recovery and 95% H, purity in the product.
Here, the increase in H, purity as a result of the RCPSA application operation on a
portion of the recycle gas flow allows (a) the sulfur in the feed to increase by
0.18% while maintaining the same product sulfur specifications as the base case;
(b) a corresponding overall hydrogen consumption increase of +26 scf/B with no
corresponding increase in make-up gas demand, and (c) H, purged from the system

(lost to fuel gas) to be reduced from 1.06 to 0.3 Mscf/D.

[0055)  Additionally, Examples 1 and 2 would also result in about 15 to 40%
longer run lengths between catalyst change-out. The various operating conditions
and projected run lengths of this unit's "base" current operation and Cases 01

through 03 are summarized in Table 1 below.



0,971 0.760

C3 2.0 0.00 10.2 C4+ 2.6 0.00 13.2 Co 50 11 198 4 'total

0.211 300 psig 290 psig 40 psig
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Exanple 8 [0063] Tabl es 6a and 6b 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 is a typical

refinery/ pet&BQ%%ﬁ)@{ stream In both cases (correspondigg tQuuidiy:6s 6a and
6b), a counter ‘current depressurization step is applied after the co-current

step. In accordance with the invention, Table 6a shows that high H2 recovery
(81% is possible even when all the tail gas is released at 65 psig or
greater. In contrast, the RCPSA where sonme tail-gas is available as low as 5
psi g, |loses hydrogen in the counter-c@rent depressurization such that H2 -
34 - recovery drops to 56% In addition, the higher pressure of the stream
in Table 6a indicates that no tail gas conpression is required. Tables 6a &
66 Effect of Edmmpledas Pressure on recovery Exanple of RCPSA applied to a

Feed with In centration 1.3 | 9% Conposition (opl .99 of input and
out put from A ( ‘abrl% @5‘1‘”&’ » 1‘?2%%‘-‘&3% ’iséﬁfiéd:%sé%&:rﬁg taé‘(/gaﬁfﬁﬁi)gﬁé, 122 deg
F and Feed r@fﬁé‘reyth%??égsm% swilgVPEHPR: TheRlef cBRApostigiPant fHBRwed ag€CONdS are tp
=0.5, tec, =0.083, tcN =0.033," tp =0.25, tRp =0.133 Ca] Tall gas available
from 65- 83 piypigal efxefimer9 provesingumits yuchrad ke founddnhpdrPhrocéssimg opr oduct
Tall-Gas 5 '3§drgu9éa§}1g %.gphlcatcl:(l)ns?ﬁi tgis 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 2a and 2b show the results of computer simulation of the RCPSA and

the input and output percentages of the different components for this example.

Tables 2a and 2b 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.

Tables 2a & 2b

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 2a. Higher purity
Step Times in seconds are ty=1, tep =0.167, tey =0, tp =0.333, tge =0.5

H2 at 88.6 % purity, 89.7 % recovery

feed product Tail-Gas
H2 ‘ 88.0 98.69 45.8.
c1 6.3 128 75.1
c2 0.2 0.01 1.0
c3 26 g.01 12.3
Ca+ 2.9 0.00 14.8
H20 2000 vppm 65 vppm 9565 vppm
kotal (MMSCFD) §.162 4.934 1,228

480 psig 470 psig 65 psig



0.29 61.0 C2 4.8 0.00 8.0 C3 2.2 0.00 3.8 ¢4+ 3.7 0.00 6.4 H20 4000 vppm 0.7
vpprn 6643 vppm 'total

psi g

WO 2006/079024

(MVBCFI D) 5.142 2.141 3.001 273 psig 263 psig 65-83

Table 2b. Higher purity

=29 .

PCT/US2006/002292

Step Times in seconds are ty =1, tcp =0.333, tey =0, tp =0.167, tgp =0.5

H2 at §7.8 % purity, 91.7 % recovery

feed product Tail-Gas
H2 86.0 97.80 459
C1 6.3 214 250
G2 0.2 0.02 10
c3 26 0.02 12.3
Ca+ 2.9 0.00 149
H20 2000 vppm 131 vppm 10016 vom
fotal (MMSCFD) 6.160 5.085 1.074
480 psig 470 psig 65 psig

0 [0057]
consisting of different steps. Step 1 is feed during which product is produced, step 2

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

is co-current depressurization, step 3 is counter-current depressurization, step 4 is
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 is on the feed
step. In this example, tror = 2 sec in which the feed time, tg, is one-half of the total

cycle.

Example 5
[0058] In this example, the conditions are the same as in Example 4. Table 3a

shows conditions utilizing both a co-current and counter-current steps to achieve
hydrogen purity > 99 %. Table 3b 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 purge cycle, tp, by the duration
removed from the counter-current depressurization step, tcy, that hydrogen

recovery can be increased to a level of 88%.



Tabl e 6b. Step Tines in sec. are 4=0.667, tco =0.167, tcN =0.083, tp =0.083,
tap =0.33 [b) Tall gas available tom5-65 pstg. H2 at 99.9% purity and 56%
recovery feed product Tail-Gas H2 51.3 99.99 34,2 C 38.0 0.01 48.8 C2 4.8

0.00 6.9 G3 \% 2906%990%4 4 G+ PCT/US2006/002292

-30-

Tables 3a & 3b
Effect of step durations on H2 purity and recovery from an RCPSA (67 {t).
Same conditions as Table 1. Feed is at 480 psig , 122 deg F and Tail gas at 65
psig. Feed rate is about 6 MMSCFD.

Table 3a. With counter-current depress, Intermediate pressure = 105 psig

purity [ recovery t teo ten tp tre
% % s 5 5 S s
98.2 84.3 1 0.283 0.05 0.1§ 0.5
08.3 85 1 0.166 0.167 0.167 0.5
99.9 80 1 0.083 0.25 0.167 0.5

Table 3b. Without counter-current depress

purity | recovery te teo ten tp tre
% % S 5 s [ s
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 6

[0059] This example shows a 10 MMSCFD refinery stream, once again
containing typical components, as shown in feed column of Table 4 (e.g. the feed
composition contains 74 % Hy). 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 4a and 4b show the results of this

example.



3.7 0.00 6.2 H20 4000 VDPM 0.0 WPM 5630 vopm !total (M MSC F 5.142 1,490
3.651 273 psi 263 pslg 5-65 psig Exanple 9 1006411 n this exanple, Tables
7a and 7b conpare the performance of RCP SA's operated in accordance with

t he invention being described here. In these - 35 - cases, the feed
pressure is W%@’%@O’énd tail gas is exhausted at either BSUBSi0f/¥222¢ 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 depressurization is.ggsed and the effluent during this step
is sent to other beds in the cycle. Tail gas only issues during the
countercurrent purge step. Table 7c shows the case for an RCPSA operated
where sonme of the tail gas is al so Eablesdd &4p n a count ercurrent

depressuri zat i on@ms{tﬁhl(m%@w@ﬂarﬁ u PP FECPS A 158 ftYin HBhe ef f1 uent

of the co-current M eZdbd { f 6l i pressure to
be able to ret urnpﬁ?ﬁ%ﬁgé% etgggdﬁa?ﬁ%z}:%gétsld %@gﬁg&ggﬁg égﬁsg;%kﬁg'confi guration
that is part of this invention. Tall gas i.€., exhaust gas, issues during
the counter-current depressurizatign . ang. the counter-current purge steps.
1006511 n all cases the entire a%’fﬁf“ﬁ?ﬂ{g&ﬁqp HY is available at_el evated
pressure whi ch Hepdiges By secondsrats o83 fae Ty taviPh tpoTb 3 dve=0-2% i nery
process. This remves the need for any form of required conpression while
produci ng hi dif #FGPT ¥ 5y R 28k recye el == e broad
clainms of this invgption, 7 m'QB ore—comsT léﬂ etos
illustrative exanpkes and not |44@iting eitheroto the refinary, petnfochem cal
or processing | ocatton or] even €& the nature®¥ the particudé&r nol gcul es
being separated. £236 - 26 0.00 74 :

o0

38 0.00 11.0
H20 2000 vppm 0.3 vppm 5387 vppm
[fotal (MMSCFD) 10.220 6.514 3.7056
480 psig 470 psig 65 psig

Table 4b, Lower purity
Step Times in seconds are tz=0.5, tco =0.167, tey =0, tp =0.083, tgp =0.25

H2 at 93 % purity and 89 % recovery

feed product TallGas
H2 74.0 9312 293
c1 14.3 6.34 o
cz 5.2 0.50 16.6
C3 26 0.02 8.9
Cé4+ 3.9 0.00 13.4
H20 2000 vppm 142 vppm 6501 vpm
Eotal {MMSCFD) 10.220 7.240 2.977
480 psig 470 psig 65 psig

-

In both cases shown in Table 4a and 4b 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.

[0060] Tables 3a, 3b and 4a 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



Tables 7a, 7b, & 7c Exanple of RCPSA applied to a high pressure feed
Conposition (nol % of input and output from RCPSA (181?) in 112
purification. Feed is at 800 psig, 122 deg F and Feed rate is about 10.1
MVSCFD. 7a. in seconds are tF =0.91, teO =0.2 ¥aeo228, =0- 33,
tRp =0. 33 BO‘gb%g?ﬁg psi g65 pslg 7b. Step Tinmes go) Tai Fpgas at 607PSI ,
H2 in seconds are tF =0.91, ko =0.25, tcN =0, 4 at 99.93% Purity and 80 3%

recovery =0.33, tRp =0.33 feed product Tail-Gas 142 74.0 99.93 38.1 d 14.3
0.07 32.8 2

-32-

exhaust produced at high pressure have not been discovered before and are a key

feature of the present invention.

[0061] Table 4¢ 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 4a and 4b. As compared to Table 4a, Table 4¢ shows that
similar purity and recovery rates can be achieved by simultaneously decreasing the

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

Table 4c. Effect of step durations on H2 purity and recovery from an RCPSA
(49 1t%). 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 tr tco ten te tre
% % s $ s 5 5
056 87.1 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
Example 7

[0062] In this example, Table 5 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 operate without



5.2 0.00 12.5 C3 2.6 0.00 6.5 C4+ 3.9 0.00 9.6 H28 20 vppm O vppm 49 vppm
/total (MVBCFD) 10.187 6.062 4.125 800 psig 790 psig 100 psig 7c. Step
times in Is] Tail gas from 65-100
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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 high
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.

Table 5
: 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 6.97 MMSCFD.
Step Times in seconds are ty=0.5, tco =0.1, toy =0, tp =0.033, tgp =0.066

H2 at 89.99 % purity and 88 %6 recovery

feed product Tail-Gas

H2 89.2 99.98 43.8

C1 a3 0.01 13.9

C2 2.8 0.01 13.9

C3 2.0 0.00 10.2

Ca+ 26 0.00 13.2

toial 0.971 0,760 2]
300 psig 290 psig 40 psig

Example 8
[0063] Tables 6a and 6b 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 6a and 6b), a counter current depressurization
step is applied after the co-current step. In accordance with the invention, Table 6a
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,



seconds are 4=0.91, ko0.083, tcy =0.25, tp =0.167, tru, =0.41 OOP, 112 at
99.8 % purity and 84 % recovery feed product Tall-Gas H2 74.0 99.95 28.9 d
14.3 0.05 39.0 C2 5.2 0.00 13.7 C3 2.6 0.00 7.2 ¢4+ 3.9 0.00

WO 2006/079024 PCT/US2006/002292
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recovery drops to 56%. In addition, the higher pressure of the stream in Table 6a

indicates that no tail gas compression is required.

Tables 6a & 6b
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 H2
purification.
Feed is at 273 psig, 122 deg F and Feed rate is about 5.1 MMSCFD.

Table 6a. Step Times in seconds are tz=0.5, tco =0.083, ton =0.033, tp =0.25,

trp =0.133
[4) Tah gas available from 8583 psig H2 at 99 7 % pusity and B1 % recovery
feed product. TailGes
H2 51.3 8871 20.1
C1 38.0 0.29 61.0
c2 4.8 0.00 8.0
C3 22 0.00 3.8
C4+ a7 0.00 64
H20 4000 vppm 0.7 vppm_ 6643 vpom
l!otal {MMSCFD) 5.142 2.141 3.001
273 psig 263 psig 65-83 psig

Table 6b. Step Times in sec. are ty=0.667, tco =0.167, tcn =0.083, tp =0.083,

trp =0.33
[b] Tall gas avallable from 565 psig, H2 a199.9 % purity and 56 % recovery
feed product Tail-{as
H2 51.3 8959 H2
c1 38.0 0. 43.8
c2 48 0.00 6.9
c3 2.2 0.00 3.4
C4+ 3.7 0.0 6.2
H20 4000 vppm 0.0 vopy 5630 vppm
kiotat (MAMSCFD) 5.142 1.490 3,651
273 psig 263 pslg 5-65 psig

Example 9
[0064] In this example, Tables 7a and 7b compare the performance of

RCPSA's operated in accordance with the invention being described bere. In these



10. 6 H2S 20 vppm 0. 01 vppm 53 vppm/lota' (MVBCFD) 10.187 6.373 3.814 600
pslg 790 pslg 65-100 psig - 37 - Exanple 10 100661Tabl es 8a, 8b, and Sc
conpare the performance of RCPSA s operated in accordance with the invention

bei ng descri The stream being purified has higher H2 in the feed
(85 % nol) aW%@%&ﬁ?Vpi cal refinery/petrochem cal st reanfCTfHSZtoﬂ%‘E’é”éxarrpl es

the purity increase 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 without the need for tail gas conpression. Tables 8a, 8b,
& Sc. Exanple of RCPSA applied to a Fegd-with 112 concentration (85 nmol %
Conposition (nol 9% of input and output from RCPSA (6.1 fts) . Feed is at
480 psig, 135 deg F and Feed rate is about 6 MVBCFD. 8a. Step Tinmes in

g gc SA) nds are 4zbsspthelfedd presdurdds RO0Nig-antll 120 gas #sRxRauded at &iffer 63 pfigof COVEry =
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
7¢ 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.

[0065] 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 high
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 tﬁe refinery, petrochemical or processing location or even to the nature of the

particular molecules being separated.



feed product Tail-Gas H2 85.0 92.40 57.9 C 8.0 4.56 17.9 C 4.0 1.79 13.1
C3 3.0 1.16 10.4 C4+ 0.0 0.00 0.0 H20 2000
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Tables 7a, 7b, & T¢
Example of RCPSA applied to a high pressure feed

Composition (mol %) of input and output from RCPSA (18 ft*) in H2
purification.
Feed is at 800 psig, 122 deg F and Feed rate is abount 10.1 MMSCFD.

Ta. Step Times in seconds are tz=0.91, tcg =0.25, tey =0, tp =0.33, tgp =0.33
[a] Tait gas at 65 psig, H2 at 89.9 % purity _a&nd B7 % recovery

feed

product Tall-Gas

H2 74.0 99.89 29.5

1 14.3 0.01 376

c2 5.2 0.00 14.0

c3 26 0.00 T4
C4+ 39 0.00 10.9
H28 20 vppm 0 55 vppm

fotal (MMSCFD) 10.187 5.524 3.663
800 psig 790 psig 65 psig

7h. Step Times in seconds are ty=0.91, tco =0.25, tey =0, tp =0.33, tgp =0.33
[b] Tail gas at 100 psig, HZ at 89.93 ﬁ Erisx and 80.3 % [ecovery

A
feed roduct Tail-Gas
H2 74.0 98.93 38.1
c1 14.3 0.07 328
c2 5.2 0.00 125
c3 2.6 0.00 6.5
Ca+ 3.9 0.00 9.6
H28 20 vppm 0 vppm 49 vppm
fotal (MMSCFD) 10.187 6.062 4.125
800 psig 790 psig 100 psig

7c. Step times in seconds are ty =0.91, tco =0.083, toy =0.25, tp =0.167, tgp =0.41

[c] Tait gas from 65-100 psig, H2 at 89.8 % purlty and 84 % recovery
foed proguct Tall-Gas

H2 T4.0 89.05 289

c1 14.3 .05 38.0

cz2 5.2 0.00 13.7

c3 2.6 0.00 7.2

Ca+ 3.9 0.00 ] 10.6
M28 20 vppm .01 vppm 53 vppm
[!olal {MMSCFD} 10.187 £.373 3.814

800 psig 790 psig 65-100 psig



866.5 6915 'total (MVBCFD) 6.100 4.780 1.320 480 psig470 psig65 psig 8b.
Step Tines in sec. are tF =1, ko =0.333, teN =0.167, tp =0.083, tRp =0.417
recovery = 90 % feed product Tail-Gas 112 85.0 90.90 58.2 C 8.0 5.47

18.1 02
WO 2006/0679024 PCT/US2006/002292
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Example 10

[0066] Tables 8a, 8b, and 8c 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.

{ Tables 8a, 8b, & Sc.
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.

8a. Step Times in seconds are tz=0.5, tco =0.33, ton =0.167, tp =0.167, tgp =1.83
recovery =85 %

feed product Tail-Gas
Hz 85.0 92.40 £7.9
C1 8.0 4.56 17.8
c2 4.0 1.79 13.1
Cc3 3.0 1.16 10.4
Cé4+ 0.0 0.00 0.0
H20 2000 866.5 6915
fiotal (MMSGFD) £.100 4.780 1,320
480 psig 470 psig 65 psig

8b. Step Times in sec. are tp=1, tcp =0.333, tcny =0.167, tp =0.083, trp =0.417

recovery = 90 %

feed ~__product Tall-Gas

H2 85.0 20.90 582

Ci 8.0 547 18.1

G2 4.0 2.23 12.9

C3 3.0 1.29 10.1

Ca+ 0.0 0.00 0.0

H20 2000 1070.5 6623

jtotal (MMSCFD) 6.120 5.150 0.969
480 psig 470 psig 66 pslg




4.0 2.23 12.9 03 3.0 1.29 10.1 C4+ 0.0 0.00 00 1120 2000 1070.5 6823 )total

(MVBCFD) 6.120 5.150 0.969 480 psl1g470 psig65 pslg -38- Sc. Step Tines in
sec. are 4=2, top =0.667, tog =0.333, tp =0.167, tRp =0.833 recovery = 90 %
WO 2006/079024 PCT/US2006/002292

~38 -

8c. Step Times in sec. are tz=2, tcg =0.667, tey =0.333, tp =0.167, tgp =0.833
recovery = 99 %

feed ~ product Tail-Gas
H2 850 90.18 55.2
C1 8.0 821 18.8
c2 4.0 2.32 13.8
C3 3.0 1.17 11.3
Ca+ 1X1] 0.00 0.0
H20 2000 1103.5 7447
Jtotal (MMSCFD) 6.138 5.208 0.93

480 psig 470 psig 65 psig



feed product Tall-Gas H2 86.0 90.19 55.2 C 8.0 6.21 18.8 C2 4.0 2.32
13.9 C3 3.0 1.17 11.3 C4+ 0.0 0.00 0.0 H20
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CLAIMS

1. A process for removing sulfur and other heteroatoms from a
hydrocarbon feed, comprising:

a) contacting the hydrocarbon feed in a hydrotreating zone with hydrogen
and a catalytically effective amount of a hydrotreating catalyst under hydrotreating
conditions thereby resulting in a hydrotreated product comprised of a liquid phase
and a vapor phase containing hydrogen and light hydrocarbons;

b) separating the liquid phase and the vapor phase from the hydrotreated
product;

¢) removing light hydrocarbons from the vapor phase in a rapid cycle
pressure 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 length to
produce a purified recycle gas with a higher hydrogen concentration by vol% than
the vapor phase; and

d) recycling at least a portion of the purified recycle gas to the hydrotreating
zone;

wherein the purified recycle gas is recovered from the rapid cycle pressure
swing adsorption unit, relative to the vapor phase, so as to exhibit (i) a rate of
recovery (R%) greater than 80% for a product purity to feed ratio (P%/F%) greater
than 1.1, (ii) 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 (iii) both (1) and (ii).

2. A process for removing sulfur and other hetercatoms from a
hydrocarbon feed, comprising:

a) contacting the hydrocarbon feed in a hydrotreating zone with hydrogen
and a catalytically effective amount of a hydrotreating catalyst under hydrotreating
conditions thereby resulting in a hydrotreated product comprised of a liquid phase

and a vapor phase containing hydrogen, hydrogen sulfide and light hydrocarbons;



2000 1103.5 7447 Nal (MVSCFD) 6.138 5.208 0.93 460 psi 470 psig65
psig - 39 - CLAIM 1. A process for renoving sulfur and ot her
het eroatons from a hydrocarbon feed, conprising: 5a) contacting the
hydrocarbon feed in a hydrotreating zgepe with hydrogen and a
catalytically effective anount of a hydrotreating catal yst under
hydrotreating conditions thereby resulting in a hydrotreated product

(reating condi dr ot ]
(ot hydr ocar bonar o leetspdHiSybrieiaRIRg £RURET BN The

vapor phasedficehby Rendyidgdight aly8ebchtbdiik FEbtata hydrogen-edntafiiBy mikelipght

hydrocarbons fromthe vapor phase in a rapid cycle pressure sw ng

adsor pt i ggfsgniatrapishexelapregserepwing ladsgrptibn adatmhiegta fledditpod abdsorbent a
i | ess than gbout 30 seconds and a pressure drop

:EMQE i n:gi@ﬁstéh g s e SRlgHES ‘éfrle%?ﬁﬂéb@m 3%|S¢qwﬁ§§n_é1a [RBSSEFe geap
nyar ofen CARCSAP REPEeRs BEEPE SRRl i bl of FEHES S Wy Het Fodl cfpbd®"

recyclinge@@hggﬁ§t a portion of the purified recycle gas to the
hydrotreati ng zone; wherein the purified recycle gas is recovered

fromthe rapi dvh@mheﬂnrgﬂﬁﬁ'w&maﬁe@?@ g;@@ had adighdrdivdvdgdn caeatrhfién b9
t he vapor p{pase, so as to exhibit (i) a rate of recovery (R¥W greater
t han 80%Y®dre hapibehpdrogeniaoptaininganake-upigas( P% 1- 799 greater than

1.1, (ii) a rate of recoyery (RO reajer than 90% f or r duct
purity to feeg))r ﬁﬁﬂ%atm/ﬁiﬁﬁ%/qq(‘@@a er.%mf@efasew fi’i?at{"‘ém tﬁﬁi‘ﬁatﬂ“e@ﬂ?d
(it )IObOt;ﬂ' ot (ii). 2. A process for renoving sul fur
and ot her Pletefoa ons froma 25 hydrocarbon feed, conprising:

tacti h i i | :
a) contacting d) &c?&l@ﬂ@ﬁﬁ{eﬁ% ?&@férﬂd}' tBe DY nr?ﬁlgaf%@gb E%/bdl%%ﬁtﬁtr@%ﬁ zZone;

hydrogen and a catalytically effective ano reati

cat al yst underwhgrdirothegatrifiegl :reoncletgas isracbeeretfrarashe tdpid citlcdressure
hydrotreat ed product conprised of a liquid phase and a vapor phase

cont ai ni iV 1Rg AHsRFEHON A sefative tn theawpanphasegbe antalexlubitidrestate ofl0 -

wher ei | ' f hyd i s, ified -

e bbb r SR o v e (BB e

g?lljreg;spt 3&@ 1, Bif %géht? OPHEL S Y BROY e atl AL EHI 4 BRLRPpANHY 3%8d
ratio (P%/F%) less than 1.1 but greater than 0, or (iii) both (i) and ().

3. The process of claim | or claim 2, wherein the hydrocarbon feed is
selected from the group consisting of naphtha boiling range feeds, kerosene boiling

range feeds, and distillate boiling range feeds.

20 4. The process of claim 3, wherein the hydrocarbon feed is a naphtha
boiling range feed selected from the group consisting of straight run naphtha, cat

cracked naphtha, coker naphtha, hydrocracker naphtha, resid hydrotreater naphtha,

5. The process of claim 3, wherein the hydrocarbon feed is a distillate and
25 higher boiling range feed selected from the group consisting of cycle oils produced
from the Fluid Catalytic Cracker (FCC), atmospheric and vacuum gas oils,

atmospheric and vacuum residua, pyrolysis gasoline, Fischer-Tropsch liquids and

waxes, lube oils, and crudes.



beds and having a total cycle tinme of |ess than about 30 seconds and
a pressure drop 5 within each adsorbent bed of greater than about 5

i nches of water per foot of bed |ength; and wherein the purified
make- up gas has a hi gher hydrogen conggntration by vol % than the
hydr ogen- cont ai ni ng nake-up gas; b) separating the |liquid

phase and the vapor phase fromthe hydrotreated 10 product; and
c) recycling I i f : 0t .
hydr ot reati ng ag'o ngl?é é\ﬂ%g gélj{)lf %]ﬁgn g’ﬂ ﬁ]{él?%ﬁﬂr?ggoy C k@&g%éﬁlles&?gg%dvgr%%
from t he ppsute syinPadorsson & levd Enabeat P k&bndei t, relative to the
vapor phase, so as to exhibit (i) a rate of recovery (RW greater
than 80% for a product purity to feed ratio (P F% greater 15 than
1.1, (ii) a rate bhe pemseseefclarnd, wheatinthe trial 9@ fioe ia lgssdbarcabout 10
purity to feed ratjo (P%WF%, |ess than 1.1 but greater than 0, or
(iii) botﬁ?CE’P&S %ﬂ{gtb@iﬂ gssure dropis gfﬁ@ebﬂ@é@@%#gém%%‘:’f wertercpesi fapof
wher eign tl;baqlté}i ocarbon feed is selected fromthe group consisting of
napht ha boi 11 ng range feeds, kerosene boiling range feeds, and
distillate boiling range feeds. 204. The process of claim3, wherein
the hydrocarbof FBesiptozess GREIRINT, RaletdiAghd ﬁﬂ%ﬁ?@ﬁ@%%%ﬁ%ﬁ 8T 5
the group consisting of straight run naphtha, cat cracked naphtha,
coker napteepags.hydrocracker naphtha, resid hydrotreater naphtha. 5.
The process of claim3, wherein the hydrocarbon feed is a distillate
i nge.feed sel ected fromthe group consisting

and 25 hi gher boiling ra

of cycle oi s %roﬁ%@?%ﬁ ¢lpkn By wihgramaths pressurerdaeR of greatsm)than about
at nospherq¢: il t nospheric and vacuum resi dua,

pyrol ysi szcgle@g?? %ﬁ@,&’ﬂkﬁ?@ﬁiﬁﬁ%@ﬁn@qm ds and waxes, |ube oils, and

crudes. -41- 6. The process of claim3, wherein the total

cyclaqtime of yRprKk ﬁﬂé%kﬁ7@ _di_ﬁﬁﬁ' N SreMiRo2 %ﬁ?xgelﬂ%] ﬂ‘%ﬂoﬁ s %%IIPE?I[G(S)% al

about 15 seconds. e process of ¢C ein

cycl e ti rthan abowts) sdvandabndithelfresaperdsy Rnerehlee tmestfut ¢0dhcHEsioF
greater than about 10 inches of water per foot of 5bed | ength.

8. The pr¥eespefoosphibad Fengierein the total cycle time is |ess than
about 5 seconds. 9. The process of claim8, wherein the

e Tengt h. 100, PR Rr e TH) wherein e ks it S e tbamabore >
I ' | $al d
|5 ar oat arovhad e il A o AR RO IR B T oot oF

11. THe preddesgthof claim 10, wherein the cycle tine is |less than
about 5 seconds and the pressure drop is greater than about 20 inches
of water per foot of 15bed | ength. 12. The process of claim1l
or claim 2, wherelhe prpdessgeiclaim 1 icdelanmd?, anhesirhpdregee sulri dudom

sai d vapor phase with a grsi c sc¢rubbing solution prior renoving |ight
hydr ocar @6’?%50%?? fHacYeH Siomprid & apar phasgpvidh aypesis ssrading sokwiongrior
adsor pti QAU light hydrocarbons from the vapor phase in a rapid cycle pressure swing

adsorption unit.

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

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

14. The process of claim 11, wherein the total cycle time is less than about 5

seconds the pressure drop is greater than about 20 inches of water per foot of bed
25  length,



2013. The process of claim 12, wherein the total cycle tinme is |less

than about 10 seconds and the pressure drop is greater than about 10

i nches of water per foot of bed |ength. 14. The process of

claim1l, wherein the total cycle tinmgyi.,s | ess than about 5 seconds

the pressure drop is greater than about 20 inches of water per foot

of bed 25l ength. - 42 - 15. The process of claim1, wherein

| i ght hydrocar - £ ;0 LAl ke:

n’a rapid cycl g oreRRee e Bl At I Bt AR EDAR AN PR O fed Rl

pl ural i t yhydrogeis-ebh@iting etk haih | 4| RtSuni

t han aboutw?fo_ seconds a%d ae;?ﬁejgsur e@?}%%b\?\fl?rﬁrﬁ%ggcg?\ﬁ%@%ﬂgt bendllt

of gr eat esontimamgba ghwalityof adsheend bedmamt hpang fadotal afclediint efifsh tham
-up gas with a higher hydrogen concentration

produce a purified ke )

by vol ' Yoa‘f%éotSﬁ@@&f@g%nreéwahﬁp wethineaelp agsosbenthedanf greater than
portin sal ydrogen-is, co i sed.of .at ] east ortio f said

Do £ o Ry AERAC Wieef BEPFIGE 8 R 181 S0P rofuddh pivdBed malengy as

t he hydr i : ) I | St .
napht ha o hECy drb e oS cRitalibA By, il Mhab B Ry 61338h Hoh Bl make
di still atwp pad,landat teaspe pbaisissaid hydroghA.is TORPPKEE 08 81 Rhstd PhrioADf said
wherein the total cycle time of rapid cycle pressure sw ng ‘adsorption

is |ess tRHighmakeap gasconds and the pressure drop in each
adsorption bed is greater than about 10 i nches of water per foot of

bed I ength. 1518..The process of .claim 17 wherein the total cycl

time is |ess tHan! HbBLficess Qﬁ‘iléﬁﬂégaﬁ"émf%% ﬂ&f’r@é@'@%fﬁ?@ﬂffﬁeéés "é%ﬁ%‘?ﬁfmm
t han j@abo [ 00t ed length. . ... 19 he
or ocede ane gromsCaiiedtle SEAhRP bR By BEH KAH e hodlipg, mnekfsed.
10 secondgdadigtiliie hoil tﬁ’l%e%%ﬁf each adsorbent bed is greater

t han about 10 inches 20 of water per foot of bed | ength. 20. The
process of any one of clains 7, 17 or 19 wherein the hydrotreating
cat al yst cont al’hsTla pioeass obeieimfl soohatin theitolabbycleninyddErapil cycle

platinum_tungsten, alumna, silica, silica-alumna, a zeolite, and a
mol ecul arPi&§8Y@swing adsorptionis lesyhapabeut t0 s¢coady apd shopressutierdsoy jin 17

or 19, whee iaﬁs&%"?iohib%ﬂiig gPeha%grethiag aggutbi @Pn%ﬁgs IOP EN%té’% Jclr'l?cl)otpc{ %Lcll E:r'lgth.

15 18. The process of claim 17 wherein the total 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.

19. The process of claim 4, 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

20 of water per foot of bed length.

20. The process of any one of claims 7, 17 or 19 wherein the hydrotreating
catalyst contains at least one of cobalt, nickel, molybdenum, platinum, tungsten,

alumina, silica, silica-alumina, a zeolite, and a molecular sieve.

21. The process of any one of claims 7, 17 or 19, wherein the liquid phase is
25  blended into a fuel product.





