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HYDROGEN- CONTAI NI NG STREAMS FROM HYDROGEN SOURCES W TH RAPI D CYCLE PRESSURE
SW NG ADSORPTI ON  FI ELD OF THE | NVENTI ON [0001] This invention relates to an
i nproved hyaw®@geoeatx2y process, where the hydrogen is r cREFEZO/M0IR% rapid
cycle pressure swing adsorption having a cycle tine of |ess than one m nute
for managi ng hydrogen i n hydrogen-containing steans, froma hydrogen
source, such as a streamreformng unit. BACKGROUND OF THE | NVENTI ON [ 0002]
Hydr opr ocessi ng processes are used by petroleumrefiners to inprove the
properties and hence value of many refinery streans. Such hydroprocessing
units include hydrotreating, hydrocracking, hydroisonerization and
hydrogenation process unlts

condrtrons of el evated terrperature and pressure I n the presence of a

hydr ogen- cont.a 0 z 3 . eld an upgraded product having the
desired pr oGt 58 - BON syl fur and ni trogen levels, boiling
poi nt, aromatic concentrat i on, pour point and viscosity index. The

operatr ng conditions and the hydroprocessr ng catal ysts used will influence

the quality {000%jhe reJhid inventividfelgeopensingopsdihdidbseatindOfidtess| whak t hese
hydr opr ocessi ng operations require the use of hydrogen, and the anmount of

hydr ogen r ediig Redrogen spiecavaed me@éam@ayﬁppm@é@erswaﬁd&%pmha@n&aewe
|ncreased f r se reasons. ul at or essur.e the Unjited States,
Eur ope, ?1}(;1% g‘@%ﬁ) ?Rfog&ﬁnfa@a da"&ePé%&YB’E?%%&PE?é’?‘HE ly severe
and/or s aRlahite HoUPk ﬁp&%@@ﬁ%bmemueﬁm%&em Rk ghipcar bon products

havi ng very |ow ~

BACKGROUND OF THE INVENTION

[0002] Hydroprocessing processes are used by petroleum refiners to improve
the properties and hence value of many refinery streams. Such hydroprocessing
units include hydrotreating, hydrocracking, hydroisomerization and hydrogenation
process units. Hydroprocessing is generally accomplished by contacting a
hydrocarbon feedstock in a hydroprocessing reaction vessel, or zone, with a
suitable hydroprocessing catalyst under hydroprocessing conditions of elevated
temperature and pressure in the presence of a hydrogen-containing treat gas to yield
an upgraded product having the désired product properties, such as sulfur and
nifrogen levels, boiling point, aromatic concentration, pour point and viscosity
index. The operating conditions and the hydroprocessing catalysts used will
influence the quality of the resulting hydroprocessing products.

[0003] All of these hydroprocessing operations require the use of hydrogen,
and the amount of hydrogen required to operate these hydroprocessing units has
greatly increased for several reasons, Regulatory pressure in the United States,
Europe, Asia, and elsewhere has resulted in a trend to increasingly severe and/or

selective hydroprocessing processes to form hydrocarbon products having very low



WD 2006/ 079025 PCT/ US2006/ 002293 -2 |levels of sulfur and other tail ored
properties, such as reduced aromatics levels, and inproved pour point and
viscosity index. The nove to process heavier crude oils and the reduced

mar ket for fwghoddloheohs | NCreasi ng the need for hydrocrackidiG ' | eadi ng
to a higher Whgé‘rmg,genh%errand. As the qualifies of |ubri caﬁdr?gﬂsgla‘??bil}%r ove,
the need to renpbve even nore sulfur, reduce aronatics |evels, and inprove
pour point and viscosity index have increased the need for hydroprocessing.
Further, many refineries receive |large gnnunts of hydrogen as a by- product
of catalytic reformng on their site. Héwever, current treads to reduce
aromatics in gasoline are constraining the use of catalytic reform ng and

t hus renoving a source of hydrogen. Thus, there is an ever grow ng need for
i nproved hy develeof suifuagadether daikwed properties; suchtas sedimed arsmatiasdewds, andt s.

iy dr opr oGes STRLVEARGET PPt AV HoptibDRAGH ERGmATs to REscesaavle studs oy o O°
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i ncreased Dy renoving a ortron o e ot her nponen

hydr ogen- conéadin}i 1o highélydrogtideiaai. detheajualiledof ubricatig 618 infjrove,ar e t he
steam nmet hane reformng unit, the semregenerative and continuous
regener at i othenged toremove tvemmors sulive, redecs atomatjas levelsaandimpreyepogen i s
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reforming on their site. However, current treads to reduce aromatics in gasoline are

constraining the use of catalytic reforming and thus removing a source of hydrogen.
Thus, there is an ever growing need for improved hydrogen management associated

with the various process units.

[0004] Since hydrogen is an important and valuable commodity in the
various hydroprocessing units, it would be beneficial if the concentration of
hydrogen in hydrogen-containing streams from hydrogen sources can be increased
by removing at least a portion of the other components of the hydrogen-containing
stream. Hydrogen generating units in a refinery are the steam methane reforming
unit, the semiregenerative and continuous regeneration catalytic reformers, and

{ residue gasification. Hydrogen is also produced in the refinery and petrochemical
plant in the ethylene cracker, the FCC (Fluidized Catalytic Cracker), and thermal
cracking. The relative production data for these sources of hydrogen are set forth

in the table below.



Process W % on feed SCF/bbl W %on crude Continuous regeneration 3.5
1600 0.35-0.60 reforner Semregenerative 1.4-2.0 600 - 900 0.15-0. 30

ref ormer Residue gasification 20-25 12,000-16,000 1-5 Catalytic cracking
0. 05-0. 10 3@¢®tho6rodd2s0. 04 Thermal cracking 0.03 20 0. 01 pcERydoete26y acker

0.5-1.2 -- -- Steam (nethane) 30 12,000 _ reforner Data taken fromJ. D
Fl eshman, "FW Hydrogen Production,” in "Handbook of Petrol eum Refi ning
Processes,"” 3'd edition, 2004, R A Mers editor, McGaw Hill. [0005]

Processes for recovering the hydrogen fr?mthese hydrogen generation units
must match the hydrogen vol unes and purities required. A conventional
pressure swi ng adsorption device is typically utilized to recover hydrogen
froma steam nmethane reform ng unit or_a residua gasification unit, while
catalytic refornmers typically utilize 'Ba@@éar ator to renove hydrocarbon

Lol

condensat e —Hoem-thehycrogenodicet.—Fhe—+ nroguegs—tn—qr acki ng,
i ncl udi ng |ther mafroe&stal ytic NV.WP,O“ , aMI ene éyggkllﬁﬁg, i s not
typically recovered due to pgor econom cg. However, it nefFude advant ageous
t o recover | Coatihyalrsaggenesationag t o debott| eneckldde di §ti DI3H0EH r gcovery
section enpkéfgaflerdownst ream off cracking Uynits for theg recovery of| |ight
ends, typi CQLlYrepEldthtied [0 a3 [NE 4 ¥RT GdS™ gobTRb O " §Tps-e3p (C2-)
recovery t'?éfgrsmer

Residue gasification 20-25 12,000-16,000 1-5

Catalytic cracking 0.05-0.10 30-60 0.01-0.04

Thermal cracking 0.03 20 0.01

Ethylene cracker 0.5-1.2 — —

Steam (methane) 30 12,000 _

reformer

Data taken from J. D. Fleshman, “FW Hydrogen Production,” mn “Handbook of
Petroleum Refining Processes,” 3" edition, 2004, R. A. Myers editor, McGraw
Hill.

[0005] Processes for recovering the hydrogen from these hydrogen
generation units must match the hydrogen volumes and purities required. A
conventional pressure swing adsorption device is typically utilized to recover
hydrogen from a steam methane reforming unit or a residua gasification unit, while
catalytic reformers typically utilize a separator to remove hydrocarbon condensate
from the hydrogen produced. The hydrogen produced in cracking, including
thermal, catalytic (i.e., FCC), and ethylene cracking, is not typically recovered due
to poor economics. However, it may be advantageous to recover the hydrogen so
as to debottleneck the distillative recovery section employed downstream of
cracking units for the recovery of light ends, typically referred to as the “wet gas”
(C4~) or “dry gas" (C;-) recovery trains.

[0006] Although there are various processes commercially practiced for

recovering hydrogen from these hydrogen generation units, there remains a need in



[ 0006] Al though there are various processes conmmercially practiced for
recovering hydrogen fromthese hydrogen generation units, there remains a
need in WO 20061079025 PCT/ US2006/ 002293 -4 the art for inproved

t echnol ogi esyhQydshGdgase the concentration of hydrogen irbéﬂ?ﬁﬁzo&é%iz?i"s

hydr ogen-containing treat gas streans used or generated in refining
processes. SUMMARY OF THE | NVENTI ON [ 0007] A process wherein the
concentration of hydrogen is increased in a hydrogen-containing stream
obtai ned froma hydrogen source, which hydrogen- containing stream contains
gaseous conponents ot her than hydrogen, -t ch process conprises renoving at
| east a portion of the gaseous conponents other than hydrogen fromsaid
hydr ogen-containing streamin a rapid cycle pressure swing adsorption unit
cont ai ni ng dhehtfal improedd edbwslbgies thindreaan thermncegraionatfdlydmgeh dn theé ne of

| ess than about 30 seconds and a pressure drop within each adsorbent bed of
greater t harvaapsghydroger-pertatping Healgap streqmppusegongegeratasinieiningos] 1 n yet
anot her preferred enbodi nent, the total cycle tinme or the rapid cycle
pressure Swpﬁ%ceg%egm ption step is |less than about 15 seconds. [0009] In
still another preferred enbodiment the total cycle tine is |less than about
10 seconds and the pressure drop is greater than about 10 inches of water
per foot of bed length for the rapid cycle pressure swi ng adsorption step.
WO 2006/ 079 IBMBMARNSONTHE PNVENTHINETAI LED DESCRI PTI ON OF THE | NVENTI ON
[0010] The present invention can be practiced on any hydrogen-contai ni ng
FS)'; (r)g:rsn SObt al[ﬁ]&pﬂf rom 3%‘09313(3 Whercin the. (r:c():n%enggt?onhg ryO ggensiglillgtg'gas% ri]nge a

hydrogen-containing stream obtained from a hydrogen source, which hydrogen-
containing stream contains gaseous components other than hydrogen, which
process comprises removing at least a portion of the gaseous components other than
hydrogen from said hydrogen-containing stream 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.

[0008] In yet another preferred embodiment, the total cycle time or the rapid

cycle pressure swing adsorption step is less than about 15 seconds.

[0009] In still another preferred embodiment 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 for the rapid cycle pressure swing adsorption step.



unit that generates hydrogen as a main product streamor as a side stream
Non- limting process units that generate hydrogen include steamreforners
of nmethane and |ight hydrocarbons, residua gasification units, partial

oxi dati on unwo3odemreoks ght hydrocarbons (POX reactors), catgydshisioi28f or ners,
et hyl ene crackers, fluid catalytic cracking units, and thermal cracking
processes. It is within the scope of this invention that

hydr ogen- cont ai ni ng streanms from ot her hydrogen generating sources can al so
be treated in accordance with this invention. Non-limting exanples of such
ot her hydrogen generating sources includé partial oxidation (POX) or
reformati on of other carbon-based fuels, coal gasification, bionass
gasification, pyrolysis, the dissociation of nethanol or anmonia, the

el ectrolysis of water, biological photosynthesis and fernmentation units,
hydrogen brom de electrolysis, photoelectrolysis, and reversible fuel cel

t echnol ogy. 1S i BVAERLH | | ¢ ydr ogen sources that
recover hyd Aot 7o B T
necessarily generate hydrogen. Non- limting exanples of such hydrogen
recovery soyg@RE i ncl VHeprRetriafehtioni dafi be practized bhany HydfogRactonediviapt i onal
pressure swing adsorption units. The resulting hydrogen-containing product
st ream f r omsrearh obtaineslfromsmyrhydsogen sousse T hediydrogeasouraeycabdepr prosease swi ng

adsorption unjt, havin ycle times of less than 1 mnute, preferably |ess
t han about 3‘@1@@3&?&%‘,&9 L Qﬂe&faé@dBﬂlny%@?tFF%né’Béﬁ?S St’?g'é’orﬁ%‘?' even

nore preferahl: . t han
about 5 sec g%ﬁné Fg%f [i{‘l?rg.{sgtgﬁféeer% gart%ﬁﬁ(g%gg% %)ﬁ\ﬁ}ge% rg?%gn g@ﬁ@g@g :%I(t)n %némt hane
(and other ahyd Eﬁv%‘d?@&ﬁrbbﬁk AesidiacdasHRation Rhils gjﬁﬁtﬁﬁwﬁfﬂa@iﬂd ks Bertigmnoxi de
by reaction wit 2006/ 079025 PCTI US2006/ 002293 -6 steam over a suitable

catal yst, phyfmcathops POKokattorsdsatalytia wifgmiers, Sthdane efackers,nuid catalytic

cracking units, and thermal cracking processes. It is within the scope of this

invention that hydrogen-containing streams from other hydrogen generating
sources can also be treated in accordance with this invention. Non-limiting
examples of such other hydrogen generating sources include: partial oxidation
(POX) or reformation of other carbon-based fuels, coal gasification, biomass
gasification, pyrolysis, the dissociation of methanol or ammonia, the electrolysis of
water, biological photosynthesis and fermentation units, hydrogen bromide
electrolysis, photoelectrolysis, and reversible fuel cell technology. This invention
is also applicable to hydrogen sources that recover hydrogen from various
hydrogen-containing étreams, but do not necessarily generate hydrogen. Non-
limiting examples of such hydrogen recovery sources include membrane units,
cryogenic units and conventional pressure swing adsorption units. The resulting
hydrogen-containing product stream from such hydrogen sources is passed to a
rapid cycle pressure swing adsorption unit, having cycle times of less than 1
minute, preferably less than about 30 seconds, more preferably less than about 15
seconds, even more preferably less than about 10 seconds, and most preferably less

than about 5 seconds.

[0011] Steam reforming involves the conversion of methane (and other

hydrocarbons in natural gas) into hydrogen and carbon monoxide by reaction with



generally involves the follow ng steps, as illustrated for nethane
conversion: a. Reform ng involves nethane reacting with steam at el evated
tenperatures, preferably from about 850C to about NOT (1560F - 1740F) to
produce a synthesis as (syngas), a mxture primarily nmade up of hydrogen
and carbon ‘X‘Bﬁ?ﬁ@“&%’z CH4 + H2O ----- > CO + 3H2 b. Shift 206902209 pi cal | y
referred to as a water gas shift (WSS) reaction wherein the carbon nonoxi de
that is produced in the first reaction is reacted w th steamover a

catal yst to form hydrogen and carbon dioxide. This step is usually
conducted in two stages consisting of a-lei-gh tenperature shift and a |ow
tenperature shift. The high tenperature shift is typically perforned at
about 350C (662F) and the | ow tenperature shift at about 190C to 210C (374F

- 410F). COg ?& &pgﬁ% £ afesth hane
ref orm ng typ| caﬁ'?.alsr?(lz estqsxgaﬁz?l%ferua t?’?lagksl%g car gn rmnomg rbon
di oxi de, ancgehmll?mlsad ﬁhbd@ll@ﬁnglsnmis{ ad illastrated fordapthank oenhversiod: s |nt ended
use, may require tfurther purification. The primary steps for purification

i s methanation which _conprises an exotherm ¢, fixed-hed c talytlc reactions
of CO and CO2 i B¢ orﬁyag@g&lvwm@@%msm&wastmme AGY PEERIBEESNOT over

G + 120 w0 2088170 A et HabaRconrs Wil g%ogr%%eﬁ'g' )
typically producgpntfeds 9a4/GYnSis) SAMLARR! FHMAME Mhde up of hydrogen and carbon

monoxide;
CH,; + H;O ~--- > CO+3H,

b. Shift Reaction, typically referred to as a water gas shift (WGS) reaction
wherein the carbon monoxide that is produced in the first reaction is reacted
with steam over a catalyst to form hydrogen and carbon dioxide. This step
is usually conducted in two stages consisting of a high temperature shift and
a low temperature shift. The high temperature shift is typically performed at
about 350°C (662°F) and the low temperature shift at about 190°C to 210°C
(374°F - 410°F).

CO+H,0 > CO,+H,

c. Hydrogen produced from steam methane reforming typically includes small
quantities of carbon monoxide, carbon dioxide, and hydrogen sulfide as
impurities and, depending on its intended use, may require further
purification. The primary steps for purification is methanation which
comprises an exothermic, fixed-bed catalytic reactions of CO and CO, with
hydrogen at temperatures of about 700°F to about 800°F over a nickel on

alumina catalyst.
CO+3H, - > CH,;+H,0

CO,+4H, - > CH,+2H,0



| east about 95 vol. % hydrogen. The concentration of this hydrogen-containing
stream can be increased to up to at | east about 98 vol.% and preferably to
at |east about 99 vol.% by the practice of the present invention. [0013]

Heavy feeds @535%6?0?9099% and asphalt nmay al so be converteﬂm&%&q@gﬁ%ogen

via partial OXi on of the heavy feed to form hydrogen

nonoxi de at high tenperature. Typically, the partial oxidation of asphalt
and coke is nore favorable as a nmeans to produce electricity, yielding
hydrogen as a byproduct. [0014] Light feeds, fromrefinery gas to naphtha
boiling range, can also be partially oxi7di zed by oxygen in catalytic
partial oxidation (POX) processing. In this processing node, nore COis
formed relative to steamrefornmng. This processing node finds use in

generating gepifjesi s Godant ﬁfoﬁﬁh@%@éﬂf?ﬂodué ghiSstretin @mtdinsighgt t | eneck
option for existing steamreformng plants. [0015] Catalytic reformng, or

hydr of or nmi ndgast sbeurtis vol 86 haBtdgshe dThe wdmeentiatibn of this bydrogemicontenhing t he
petrol eumindustry for, inproving the, octane aljty o apht has, or strai ght
run gasol i nedteamfandednaieatsd tg W o F lqa&%ppbﬁgwot%%f{g??qr&qymﬁ 169%d whi ch
contains a i I nydrogen transfer

r%toﬁ{ 95' Vﬁ%qu@ltg g%%é)t%?%g{eﬁ%g Eﬂ’&nﬁgﬂ. 9 )

conponent, or conponéents, porous, inorganic oxide
support, notably alum na. Platinum netal catalysts, or a catal yst which

contai ns pl[8013jum t o Hiavy flectlo Suek agdule aaddisphalnilay iilsodle goheeRédimo have been
added to form_ polynetallic catalysts, are conventionally enployed in

conduct i ng rieidseganiga parsial exidetien of thedepwy freditadormbydrogen andaerbeRr a seri es
f t t.it ut h f ' i t, whi ch, pr.qvi.d ' f
Feact s on zofBSIOHEN EhiHeh RRGRNES TAFioRly. dhe paraLRbfar St rRelptdafhs
tions. !
e

dehydr ogenatbyprodifct.paraf fins to yield ol efins; dehydrocyclization of
paraffins and

[0014] Light feeds, from refinery gas to naphtha boiling range, can also be
partially oxidized by oxygen in catalytic partial oxidation (POX) processing. In
this processing mode, more CO is formed relative to steam reforming. This
processing mode finds use in generating synthesis gas for petrochemical

feedstocks, or as a debottleneck option for existing steam reforming plants.

[0015] Catalytic reforming, or hydroforming, is a well-established industrial /
process employed by the petroleum industry for improving the octane quality of
naphthas or straight run gasolines. In reforming, a multi-functional catalyst is
employed which contains a metal hydrogenation/dehydrogenation (hydrogen
transfer) component, or components, composited with a porous, inorganic oxide
support, notably alumina. Platinum metal catalysts, or a catalyst which contains
platinum to which one or more additional metal promoters have been added to form
polymetallic catalysts, are conventionally employed in conducting reforming
operations. In a reforming operation, one or a series of reactors constitute the
reforming unit which provideé a series of reaction zones. Reforming results in
molecular changes, or hydrocarbon reactions, produced by dehydrogenation of
cyclohexanes and dehydroisomerization of alkylcyclopentanes to yield aromatics;

dehydrogenation of paraffins to yield olefins; dehydrocyclization of paraffins and
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I soneri zation of n-paraffins; isonerization of alkylcycloparaffins to yield
cycl ohexanes; isonerization of substituted aromatics; and hydrocracki ng of
par af fi ns whi uces gas, and inevitably coke, the latter bein

deposi t ed on‘@ﬂggyﬁg%P Yst, The recycl ed hydrogen suppresse@c’ﬁﬁ?mﬂﬁgﬁﬁt
prevent the build up of coke Typi cal process conditions for the catalytic
reform ng of naphtha streans include tenperatures from about 425 to 650 C,
preferably from about 425 to 540 C.; pressures fromabout 30 to 300,
preferably fromabout 50 to 200 psig; a-®eight hourly space velocity from
about 0.5 to 20, preferably fromabout 0.75 to 6. [00161 The reform ng
process unit can either be conprised of a series of reactors, each

contai ning 2 oldfiRtn Yicld rorhiMa; Knelizatich 6f WBMtbnd ¢brhiialiGh of Each

ref orm ng reactor a process’unit containing a a séries of fixed bed

reactors is a@qm@rcmﬂayaﬂﬁm% eidlbhexahess dsbnireikation obsutsstitutéd aivenatmsal yst ,
wherei n each receives _down ow feed, and each is ci)row ded with a preheater

or interst ag@ndbxdmcramq%wafﬁmw igle progiiges gascand euitahiy ceke, the latter

dot h A napht ha Ll t hr ough
" renea AR50 S M bR S AR 1
interstage h?gég?gf%%%ﬂrdqﬁf:&%ﬁ(fOrﬁyg{l}fﬁbﬁﬁckﬁsconm& 6loalal B re Agﬁhgst

reactor is s Into a action whi I'S recovere and a

vapor ous ef f ofieaphthd bieearapmictude teinperaants frompab@as425°ab 650° Oy grederably and
usual ly contains small anpunts of normally gaseous hydrocarbons, from which

hydrogen is foapabatddsy Fﬂj54@(,@4bp@§31599 framl ahost 30 to 30@ preferabhe frgt
i nci pl f f bed
Peactor s t RO ob piE: SmAeh el Pl ERdosy chiamenf 0P Boq PrdefBY Dy °°

spaced cyl i Ngidnt Mhout OELRSE. W t hi n the reactor. The reactant streamis

[0016] The reforming process unit can either be comprised of a series of
reactors, each containing a fixed-bed of catalyst or in a moving bed reactor. Each
reforming reactor in a process unit containing a series of fixed bed reactors is
generally provided with a fixed bed, or beds, of the catalyst, wherein each receives
down-flow feed, and each is provided with a preheater or interstage heater, because
the reactions which take place are endothermic. A naphtha feed, with hydrogen, is
concurrently passed through a preheat furnace and reactor, and then in sequence
through subsequent interstage heaters and reactors of the series. The product from
the last reactor is separated into a Cs + liquid fraction which is recovered, and a
vaporous effluent. The vaporous effluent is a gas rich in hydrogen, and usually
contains small amounts of normally gaseous hydrocarbons, from which hydrogen is

separated and recycled to the process.

[0017] The general principle of operation of a reforming process unit
employing a moving bed reactor is that the catalyst is contained in an annular bed
formed by spaced cylindrical screens within the reactor. The reactant stream is
processed through the catalyst bed, typically in an out-to-in radial flow, that is, it
enters the reactor at the top and flows radially from the reactor wall through the

annular bed of catalyst which is descending through the reactor, and passes into the



processed through the catal yst bed, typically in an out-to-in radial flow,
that is, it enters the reactor at the top and flows radially fromthe
reactor wall through the annular bed of catalyst which is descending

t hrough t he nd passes into the WO 2006/ 079025 P 0 2293
-9 cylindri c‘gﬁa}g‘%@?”e‘“‘%r eated by said annul ar bed. It exi t’gg[ljt/#gg%g’?{zg of the
reformng zone and is passed to a catal yst regeneration zone where it is
subj ected to one or nore steps conmon to the practice of reform ng catal yst
regeneration. The catalyst regeneration zone represents all of the steps
required to renove at |east a portion of 9-the carbon fromthe catal yst and
return it to the state needed for the reformng reactions occurring in the
novi ng-bed reform ng zone(s). The specific steps included in catalyst

r egener at i omylindtical apacewirédied by ssidlanatlad bedtIabyits the pofdhiloftheé seformipgpr ocess
units enploying a_series of fixed-bed reactors are ,well known in the art
and are somZeneerd isgrassadde a eatalystzegenemiionazong Whewe ithe suljegted fosong or

EJE?TEP?L?F on TSt PRl preticd AT O RREA TR U Be Bed, H s, b
Nunbers 4, ?%%e&?ﬁag{ogg%%?é?ﬁgéenMI éft%@%teg);é’Qecﬁg}eﬁrto%xﬁo{ré‘ﬁﬂéﬁéﬁraai&ﬁeﬁ‘_@fe' n by

ref erence. orm ng zones, reactors, are we nown in the
art and ar e theydrben frond thefvatabydt atid étutmit W iHeatatShatdesl fBattenefddnmier s

3,652, 231; 3,856,662; 4,167,473; ,  and 3,992,465 which are also incorporated
herein by r &tastions eccyropg o thermeoyingihed sefoamyng zonefs)c khespecHEteps ocess i s
wel | - known. .State, of the, art comercial ca ti.c cracking catal ysts for
this proces?qpée%ngcﬁ*t@y%&g%r%%r W@e‘@&?"f‘@’e 3?1°8t8ﬂ\98ﬁ¥s?1g hydr ocar bon
charge stocks to liquid fuel products. Wth such active catalysts it is
preferabl e ygpmnduct Reffrafing ﬁm_@ésﬁfﬂﬂs%ﬂl@fiﬁg'a%ﬁeé Bf fixedlbbd tciohase
transport type reaction systemwth a relatively short period of contact

bet ween t he weedl ladopet inathd arttemdiayel sometimenrdfered tooinlkaccomlancestodioaw tfe t he art
process, a

catalyst is regenerated, for example cyclic or semi-regenerative. A detailed
description of such process units can be found in United States Patent Numbers
4,719,720; 4,992,401 and 5,368,720 which are incorporated herein by reference.
Moving-bed reforming zones, or reactors, are well known in the art and are typical
of those taught in United States Patent Numbers 3,652,231; 3,856,662; 4,167,473

and 3,992,465 which are also incorporated herein by reference.

[0019] The fluid catalytic cracking (FCC) process is well-known. State of the
art commercial catalytic cracking catalysts for this process are highly active and
selective for converting hydrocarbon charge stocks to liquid fuel products. With
such active catalysts it is preferable to conduct catalytic cracking reactions in a
dilute phase transport type reaction system with a relatively short period of contact
between the catalyst and the hydrocarbon feedstock. In a state of the art process, a
regenerated ca;talyst is fluidized in the lower portion of a riser transport line reactor
and mixed with a hydrocarbon charge stock. Hydrocarbon conversion products
including a liquid fuel boiling range product, gas and coked catalyst are discharged
from the upper end of the riser reactor into a reactor vessel. In the reactor vessel,
coked catalyst is separated in a cyclone separator and passed to a stripping section

where hydrocarbon vapors are steam stripped from the catalyst. The resulting coke



regenerated catalyst is fluidized in the | ower portion of a riser transport
line reactor and m xed with a hydrocarbon charge stock. Hydrocarbon
conversion products including a liquid fuel boiling range product, gas and
coked catal yst are discharged fromthe upper end of the riser reactor into
a reactor vesYQ#44PERe reactor vessel, coked catal yst iRCHEAMBin a
cycl one separator and passed to a stripping section where hydrocarbon
vapors are steamstripped fromthe catal yst. The resulting coke WO

2006/ 079025 PCTI US20061002293 -10 contam nated catal yst, termed spent
catalyst, is collected in a spent catal ys0-standpi pe and passed to a
vertically arranged regenerator vessel containing a fluidized dense phase
catal yst bed. The fluidization is nmaintained by upwardly flow ng oxygen

cont ai ni ng r eganRhiRhleARatdst] BEhATYSEAL chtilyst, BacolRERU"h RYpeAt dabilstt he | over
portion of the dense phase catal yst bed contained in the bottom of the

regener at or \stmslpipe dRagmsssditioi Overtjeally arangpg regederatorevessd sonfaitihge r equi r ed

for conplete oxidation of coke, as indicated by the analysis of oxygen in
flue gas. AdBY Zﬁﬁée%ﬁérigﬁs?)ﬁﬁé@st:@ﬁcgl t%tuygaaq@ 1§ néﬂlll@!@dﬁWa‘géN%é wher ei n

bed. React  valiing srdier ot biofie RebRIRITT BB b 8 difiiifoy SRR Poc
l ess) is pasysfeVSirtion df'the m&e&;ﬁh& &%alyét%gfcbﬂiaﬁ{eﬁiiﬁghéﬁaﬁﬁﬁwm@n gas to

an upper portion of the dilute phase bed and into a regenerated catal yst
st andpi pe wheegenetatosvasstll Begemtrdtion gasus supplied e exéese of thehcequired f61CC al so

produces an off gas wfh a |l evel of hydrogen high enqugh to. warrant
separating iFOWg?WPH@taBPF-Ogﬁgl,{e%?mﬂ}f@F apglgmé OENBY RN 1M 8- t he of f
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treat gas streamto a ocess u cessi ng uni

hydrogen is axidiasd @ tempefiiile Hibthdr@Baronathe deiiipghabe Dbl acvAed cdifl§sf 0 F.
J. Kranbeck et al. discloses a Tluid catalytic cracking (FCC) procéss for
converting assbitintiallyondudadiingoke (0.15 wt % or less) is passed vertically upwardly by
the fluidizing regeneration gas to an upper portion of the dilute phase bed and into a
regenerated catalyst standpipe where it is collected for reuse in the riser reactor.
FCC also produces an off gas with a level of hydrogen high enough to warrant
separating it from the off-gas, or increasing its concentration in the off gas so that it
can be used as at least a portion of a hydrogen-containing treat gas stream to a

process unit, such as a hydroprocessing unit in which hydrogen is a reactant.

10020} United States Patent Number 4,481,103 to F. J. Krambeck et al.
discloses a fluid catalytic cracking (FCC) process for converting a sulfur containing
hydrocarbon charge. Spent catalyst is subjected to steam stripping at a temperature
of 500 °C to 700 °C for 1 to 10 minutes in the absence of oxygen. As a result, coke

and sulfur are removed from the catalyst.

[0021] The thermal cracking of hydrocarbons is the principal route for the
industrial production of ethylene, in so called ethylene crackers, via a free radical
mechanism. Commercially, the cracking is carried out in tubular reactors, known
as pyrolysis coils, in the radiant zone of a furnace. Steam is added to the feed to
reduce the formation of coke in the pyrolysis tubes. The temperature of the feed is
typically between 500 and 700°C (930 to 1300°F), with lower temperatures used for



hydr ocar bon charge. Spent catalyst is subjected to steamstripping at a
tenperature of 500 Cto 700 Cfor 1 to 10 mnutes in the absence of oxygen.
As a result, coke and sulfur are renmoved fromthe catalyst. [00211 The
thermal cr ac#g,’brkg Aoy drocarbons is the principal route ffET/ﬁﬁ?{)ﬁ/ﬂﬂ%HS”i al
production o et%yl ene, in so called ethylene crackers, via a free radical
mechani sm Commercially, the cracking is carried out in tubular reactors,
known as pyrolysis coils, in the radiant zone of a furnace. Steamis added
to the feed to reduce the formation of foke in the pyrolysis tubes. The
tenperature of the feed is typically be lween 500 and” 700C (930 to 1300F),
with | ower tenperatures used for WO 2006/ 079025 PCT/ US2006/ 002293 -11

heavi er feeds such as atnobspheric and vacuum gas oils, and higher

t enper at ur esheaviee fedde sudh ghatnaplesicsandvazsumtgaaods cad lpghgaompenbpendi ng on
the residence tinme _and required severity, the out]|et tenmperature. is

typi cal |y meised &omiight igassasuph ay sthang andpivpane; 4lopending va dlg residence et ot al
resi dence ti can range.froam0.1.t0 1 sec . Since. the acki ng
reaction is JS?‘HE?%%?“&@&F “Elleé Ut W?‘%quwgﬁi)gm@yé %?{Y{)%htﬁ %t he
furnace. [O00gglosbhe (VAR & 40"y anafe thanEsId%ﬁp@ﬁﬂ%'c%ﬂ%algg@ﬁbﬁro.l’@d'.les, and
Is strongly dependent on the f'eed used. For |ighter feedS such as ethane,
hydr ogen yisebolsd. (Siasethechemes dyackingieartidn i ¥ndethehnicy edtiiz adhplielitd theheavi er
feeds such as butane and vacuum gas oil produce |ess hydrogen (1 and 0.7%
respect i vel ypyrolysisdekechy edamaceon and recovery is typically acconplished in
several stages, including: a gasoline fractionator to renove heavy fuel oil
cuts, a quench tower, conpression, acid gas renoval (H2S, C02) with a basic
sol ution, drmom over Th@%ﬁﬂ‘ék’ﬁ&dr%?ﬂ%rﬁ the' et YrabEdT vadies Adséri pper to
renmove C3 and heavier products? In the final 'stage of product purification,
hydr ogen i s stmaglyedependent @n the feed used. For lighter feeds such as ethane, hydrogen

yields (based on feed) of almost 4% can be realized, while heavier feeds such as
butane and vacuum gas oil produce less hydrogen (1 and 0.7%, respectively).
Product separation and recovery is typically accomplished in several stages,
including: a gasoline fractionator to remove heavy fuel oil cuts, a quench tower,
compression, acid gas removal (H,S, CO,) with a basic solution, drying over
molecular sieves to remove water, and a stripper to remove C; and heavier
products. In the final stage of product purification, hydrogen is recovered in a
cryogenic distillation: by cooling the C, stream to -16°C, hydrogen is recovered
since Hj is the only gas at that temperature,

[0023] Processes for recovering the hydrogen from these hydrogen
generation units must match the hydrogen volumes and purities required. A
conventional pressure swing adsorption device is typically utilized to recover
hydrogen from a steam methane reforming unit or a residua gasification unit, while
catalytic reformers typically utilize a separator to remove hydrocarbon condensate
from the hydrogen produced. The hydrogen produced in cracking, including
thermal, catalytic (i.e., FCC), and ethylene cracking, is not typically recovered due
to poor economics. However, it may be advantageous to recover the hydrogen so

as to debottleneck the distillative recovery section employed downstream of



cryogenic distillation: by cooling the CZ streamto -16C, hydrogen is
recovered since H2 is the only gas at that tenperature. [0023] Processes
for recovering the hydrogen fromthese hydrogen generation units nust match
t he hydrogen I d purifies required. A convention SW ng
adsorption dé&ﬁggﬁﬁim?£pically utilized to recover hydrogﬁﬂﬁﬁﬁﬁﬁMQE% eam
nmet hane reformng unit or a residua gasification unit, while catalytic
reformers typically utilize a separator to renove hydrocarbon condensate
fromthe hydrogen produced. The hydrogen produced in cracking, including
thermal, catalytic (i.e., FCC), and ethytbhe cracking, is not typically
recovered due to poor econom cs. However, it may be advantageous to recover
the hydrogen so as to debottleneck the distillative recovery section
enpl oyed dowadclciivs APHRIRE6TE) 02 HEMCHNSANBEAL) 2ef0Fed 1d & avleh pasuni t s
for the recovery ot light ends, typically referred to as the "wet gas" (C4)
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units that recover hydrogen from other streanms in a petroleumrefinery or
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gaseous stream through an amine or a potassium carbonate system. Membrane

units for hydrogen recovery take advantage of the different diffusivity of hydrogen
versus other contaminants though a membrane. Hydrogen, the permeate through
the membrane, is produced at low pressure. Cryogenic separation operates by
cooling the gas feedstream, so as to condense a fraction of the feed, followed by
separation via either flashing or distillation. This type of separation is typicaily
employed to recover light olefins from the FCC offgas, and finds use in ethylene
crackers. Hydrogen recovery from cryogenic distillation is typically 95%, with
98% purity. Clearly, any of these processes, or combinations thereof, can be used

to recover hydrogen.

[0025] 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. It is
possible to remove two or more contaminants simultaneocusly 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



separation via either flashing or distillation. This type of separation is
typically enployed to recover light olefins fromthe FCC offgas, and finds
use in ethylene crackers. Hydrogen recovery fromcryogenic distillation is

typically 9584 JdfeloFop298% purity. Cearly, any of these pr@g@@g@wgﬁgs

conmbi nati ons thereot, can be used to recover hydrogen. [

Conventional Pressure Swi ng Adsorption ("conventional PSA") a gaseous

m xture i s 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 nore
components, usually regarded as a contaMnant that is to be rempved from
the gas stream It is possible to renove two or nore contan nants

si mul t aneously but for convenience, the conponent or conponents that are to

be renoved wontanbifantehsl iegtiissored indhe bed gAliar a predietetfgiadetiime or,as a
contam nant. The gaseous m xture is_ passed over a  first adsorption bed in a

first vesselaltgmativelyryhen 4 brarktthrougbof deptanteminant isrebsewed obe floroobihe
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acconpani ed usyally acppmmpanied byne tfverpeSlave ofl gasoioldesord the sontatmuaant. Asshe he

pressure in the vessels is redugced he cont am nant eviously adsorRhed on
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further or disposed of as

fluctuations to downstream systems. The contaminant can be collected from the

tail gas system in any suitable manner and processed further or disposed of as

appropriate. When desorption is complete, the sorbent bed may be purged with an

inert gas stream, e.g., nitrogen or a purified stream of the process gas. Purging may

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

(0026] 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.

[0027] 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



appropriate. When desorption is conplete, the sorbent bed nay 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 tenperature purge
gas stream | After, e.g., breakthrough in the second bed, and after
the first bed‘gﬁ&@l“’%@éﬁ regenerated so that it is again prEpd¥ 1y 33006{007293
adsorption service, the flow of the gaseous mxture is swtched fromthe
second bed to the first bed, and the second bed is regenerated. The total
cycle tinme is the length of time fromwhen the gaseous mxture is first
conducted to the first bed in a first cyele-to the time when the gaseous
m xture is first conducted to the first bed in the i mediately succeeding
cycle, i.e., after a single regeneration of the first bed. The use of third,
fourth, fift ' Q5SF ght be
needed when Qa&,% p%ﬁ?\ﬁga?esb&gﬁp%wrﬁgf&q tgg‘égﬁt I on ttlhrergéﬁss)[?%ﬁg,ﬁaw |1
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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).

[0028] 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



if the sorbed materials may be effectively desorbed during the desorption
portion of the cycle, e.g., by the use of higher tenperatures coupled with
the reduction in pressure. Pressure sw ng adsorption processing is

descri bed | v.in the book entitled Pressure Sw ng Adsorptiqn, by D.
M Rut hven, 2‘&';)%%%? & K. S. Knaebel (VCH Publishers, %gg?}fsgﬂoﬁlﬁﬂfgyl
Conventi onal PSA possesses significant inherent disadvantages for a variety
of reasons. For exanple, conventional PSA units are costly to build and
operate and are significantly larger in size for the sanme anmount of hydrogen
that needs to be recovered from hydrogelkbcontai ni ng gas streans as conpared
to RCPSA Also, a conventional pressure swing adsorption unit wll
generally have <cycle tinmes in excess of one mnute, typically in excess of
2 10 4 m nuyesofisifostatially BEFfdreml sofbén®) Suteak! buehbtlifinéd R)s@udtined on of the
conponents through the [arger beds ufilized in conventional PSA and the
equi prent camdtérgals sicdhoas raombliths.vi ng i nvolved. In contrast, rapid cycle
pressure swi ng adsorption is utilized which has total cycle tinmes of |ess
than one mnute. The total cycle tinmes of RCPSA may be |ess than 30
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7,=Dg /R (in cm?/sec) (D

where Dy 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, Dy, 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.

[0030] The mass transfer rate constant in the solid phase of a material is
defined as:
7, =D, /RS2 (in cm¥/sec) (2)

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, D, 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.



adsor bed conmpound, the pressure and the tenperature. The nmass transfer rate
constant in the gas phase is defined as: tg = Dg / Rg2 (in cnR/sec) (1)
where Dg is the diffusion coefficient in the gas phase and Rg is the
characteristi ' j on of the gas medium Here the gas diffusion in the
gas phase, Dg\?olzgdsﬁg[ﬁﬁé known in the art (i.e., the converfiG"darsP82E can
be used) and the characteristic dinmension of the gas nmedium R is defined
as the channel width between two |ayers of the structured adsorbent
material. [0030] The mass transfer rate constant in the solid phase of a
material is defined as: TS =D5/ |j 2 (dl-cnZ/ sec) (2) where D, is the
diffusion coefficient in the solid phase and Re is the characteristic

di mrension of the solid nedium Here the gas diffusion coefficient in the
solid phase, Dei is well known in the art (i.e., the conventional value can
be used) and the characteristic dinmension of the solid nmedium Reis defined
as the wi dt hjl#81} he ddsht. Betiivenad &F. Thaerad)Per0omoors ¢oPuedebBieag293 - 16
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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.

[6032] 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.

{0033) 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



constants is well known to one of ordinary skill in the art and may al so be
derived by one of ordinary skill in the art from standard testing data.
100321 Conventional PSA relies on the use of adsorbent beds of particulate
adsor bent s. b ly, due to construction constraints,-con L.Qnal PSA
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one or nore beds is fully or at least partially in the feed portion of the
cycle at any one tine in order to limt disruptions or surges in the
treated process flow However, due to the relatively |large size of
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general limted particle sizes of about 1 nun and above. O herw se,
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desor pti on a“é‘%’s“g@s %@5?‘2895 isie ] Bxeﬁ%@?&t@éeﬁlﬁgoﬁ@yg&ehﬁy gr% ati ons.
The rotary sgfapeeorBiioules BYiIblc/arfRERieRro E seBlplathd fnd hiihigsldel d
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steps of the conplete cycle at any one tine. In contrast with conventi onal
PSA, the fwhiclassiopthes sut the paessatei amd<Sflove tate paliafions driveuiR€RRd/Ay the
sor ption/ desorption cycle, . , . ,

- 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.

[0034] In an embodiment, RCPSA bed length unit pressure drops, required
adsorption activities, and mechanical constraints (due to centrifugal acceleration of
the rotating beds in RCPSA), prevent the use of many conventional PSA adsorbent
bed materials, in particular adsorbents that are in a loose pelletized, particulate,
beaded, or extrudate form. In a preferred embodiment, adsorbent materials are
secured to a supporting understructure material for use in an RCPSA rotating
apparatus. For example, one embodiment of the rotary RCPSA apparatus can be in



changes in a nunber of separate increnents on the order of seconds per

cycle, which snoothes out the pressure and flow rate pul sati ons encountered
by the conpression and valving machinery. In this form the RCPSA nodul e

i ncl udes vaIving}eIenents angul arly spaced around the circul ar path taken
by the rotatihg?*®€8rt on nodul e so that each conpart ment chngsa@g@gzg%a y
passed to a gas flow path in the appropriate direction and pressure to

achi eve one of the increnmental pressure/flow direction steps in the

conpl ete RCPSA cycle. One key advantage of the RCPSA technology is a
significantly nore efficient use of the -ddsorbent naterial. The quantity of
adsorbent required with RCPSA technol ogy can be only a fraction of that
required for conventional PSA technology to achieve the sanme separation
quantities af foHAldfaifsibeiSheets @omiptisinghidsdi®ehhRbial édiipdsd R dtruchied t he
amount of active adsorbent required for RCPSA is significantly |ower than
that for a oximfoscementmaté&BA Wnititabtobiedsi may be veeiovatachth orlendf gas.
[0034] In an enbodi ment,, RCPSA bed | en hﬁ unj t, pressure drops, required
adsor ption atwsriad fete RO ERIBHPRteFiak ONQE-BRIADS exarmBles of s pfarsemgy|

convent - onal "perial HENIGUAPh R K RidcparTiter blawif (YAlds 4 st BBerthatBie . oo
in a loose pﬁkiawi?eeﬂatrﬁﬁ(rsﬁ%m& #4%8re mBRAReshn) ot #hbial €51l @utk biluhiingm

preferred enmbodi nent, adsorbent materials aré& secured to a supporting
under st r uct ufeal)yrethizhicah be@nodized. Examplso$lass fiber mgtricep pealedersovéioand

2006/ E%OSEew%?bw%%E@”‘é%%@%Egé%%siéﬂ%&s%%ﬁ; Shek o ng%ﬁgé%&%m%mri si ng
| £ PEERSIEpr
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rei nf or cemengonFatiRhisadnto W reld fBidehitat A4fal SonOkovd fib& da¥Rblims Wbedd al
i nclude nmonoliths, a mneral fiber matrix, (such as a glass fiber matrix), a

metal fabrics, and expanded aluminum foils. In a particular embodiment, adsorbent

sheets or material are coated onto ceramic supports.

[0035] 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 um 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,
followed by passage of the adsorbate from the surface to the volume of the solid

phase into the adsorption sites.



metal wire matrix (such as a wire nesh screen), or a netal foil (such as
alum num foil), which can be anodi zed. Exanples of glass fiber nmatrices
i nclude woven and non-woven glass fiber scrins. The adsorbent sheets can be

made by coatypgoiorsbilf 'y of suitable adsorbent conponent 'ﬁ?&‘i olite
crystals w t*ﬁl bi nc?er constituents onto the rei nforcerrentPCrra ep{f@ﬁ?ﬁ?

non-woven fiber glass scrins, woven netal fabrics, and expanded al um num
foils. In a particular enbodi nent, adsorbent sheets or nmaterial are coated
onto ceram c supports. 10035] An absorber in a RCPSA unit typically
conprises an adsorbent solid phase f orm@d from one or nore adsorbent
materials and a perneabl e gas phase through which the gases to be separated
flow fromthe inlet to the outlet of the adsorber, with a substanti al
portion of the conponents desired to be renbved from the stream adsorbing

onto the solid phase of the adsorbent. This gas phase may be «called
"circul ati ngﬁow phashran embodimeat, RERS A utifjzes pstmectured pdsorbent whishas e

e 9 e e D B bt
pores, cal 'aﬁ%r%%ﬂﬁ?hﬁﬁﬁ%rfﬁ%exp%@ﬂeﬂlﬁﬁgﬁEha@@& Ffa?ﬁigé%ﬁngggeé@im’ In

m cr opor ous car nts or “zeolites. e SO may be deposited

on a non- adsimohginthe chapmels forniddebypthe saruytutaduticeofelie adsocent svhiich pffersi de

mechani cal strength for the active adsorbent materials and/or provide a

t her mal cond@signiBeant impravement in masst teansferias sompared tp merastibennh packeddsor pt i on
t ne
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greater than 50. These extraordinarily high mass transfer rate ratios allow RCPSA

to produce high purity hydrogen streams at high recovery rates with only a fraction

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

[0037] 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
contrast 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
accommodate higher pressure drops because of the risk of fluidizing the beds which
results in excessive attrition and premature unit shutdowns due to accompanying

equipment problems and/or a need to add or replace lost adsorbent materials.



I ncorporated into the tubes utilized in the RSPCA apparatus. These
structured adsorbents have an unexpectedly high nass transfer rate since
the gas flows through the channels forned by the structured sheets of the

adsor bent whi a significant inprovenent in mass _transfer as
conpared to y@%@%ﬁ?ﬁ%ml packed fixed bed arrangenent aé’Ci!i&%SF‘R%‘HZ%
conventional PSA. The ratio of the transfer rate of the gas phase (r5) and
the mass transfer rate of the solid phase (25) in the current invention is
greater than 10, preferably greater than 25, nore preferably greater than
50. These extraordinarily high mass trangPer rate ratios allow RCPSA to
produce high purity hydrogen streans at high recovery rates with only a
fraction of the equi pment size, adsorbent volume, and cost of conventi onal

PSA. [0037] Thee phdrsdly 'h%e?%ﬁr@&ﬂtbeﬁ'ﬁ%ﬁqwE?es&h:%%bﬁs%&ldv& RIOPSA

significantly greater”pressure drops to be achieved through the adsorbent
t han conventadsorienFiSAls toibe sigifitdndlydrorei ovenptast, shérterg amd efficoarit dhandhoset h
particul ate beid t echnol ogy. .The adsorbent beds can be designed with

adsor bent be¥iligghin ¢ onaldS3Aw e drops of greater than 5 inches of water
per foot of bed length, nore preferably greater than 10 in. H2O ft, and
even nore preferably greater than 20 in. H20/ft. This is in contrast with

convent i onal jofsg} uni t5’mBﬁ%ﬁﬁoﬁﬁﬁcﬁ?ﬁi@h%ﬁtlmﬁﬁop%hﬁrekﬂaﬁﬁlldw ﬁfgﬁﬁfa%or drops
are generally li'mted to bel ow about “5 in. ft dependi ng upon the
adsor bent usedigcitiéstth beoshieved wervss thratruPSed adsoshdnt bads. dElss gesatiswi ¢h a

pressure drop of about | in. H2Oft or less_to mnim ze the prob] ens

di scussed t HEeater WassEONAGE ste betyaen the Brocsssynidp apd the ftshgrb@%méteﬂafﬁép and
particul ate f onvent | |. P ni The.. s of
convent i ona!a _ gﬁ@i‘ﬂ%glf& %?@c5&@§§F§%ﬁicgﬁgﬁtgopggg%e@9 %ge?ﬂ{%%@‘;%‘é’gﬁgf t he
risk of fluigddenidhnd, heoRe@as phaseransRee kﬁt&ss('déﬁaﬂiﬁﬁﬁﬁvétﬁhﬂirb%éﬂ te@bverpd
premature unit shut dowhs due to accompanyi h equi'pnent ‘probl ens and/ or a
need to add Withrthesesignificmitlystiedebbed lengthey tiotd! pressu@eaizopy ofihe RECPA

PCTI U820061002F93. . . L,

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.

[0039] 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
repressurization stages are highly dependent upon many factors including, but not
limited to, the actual operating pressure and temperature of the overall stream to be
separated, stream composition, and desired recovery percentage and purity of the
RCPSA product stream. 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.



-20 These markedly hi gher adsorbent bed unit |ength pressure drops allow
RCPSA adsorbent beds to be significantly nore conpact, shorter, and
efficient than those wutilized in conventional PSA [0038] In an enbodi nent,

hi gh unit | qu%wmﬁ%.sure drops all ow hi gh vapor vel oci t‘jmg’?@r“}aﬁr}&gﬁhi eved

across the structured adsorbent beds. This results in a gre

contact rate between the process fluids and the adsorbent materials in a
unit of time than can be achi eved by conventional PSA. This results in
shorter bed |engths, higher gas phase transfer rates (tig) and inproved
hydrogen recovery. Wth these significa@tly shorter bed I engths, total
pressure drops of the RSCPA application of the present invention can be
mai ntai ned at total bed pressure differentials during the feed cycle of

about 0.5 t Unfied Bites PareiMuimbeng 640655230 83 5SIQNO5p6{488, 74Tt b538i846nmindi ng t he
| ength of the active beds to normally |l ess than 5 feet in |ength,
preferably P&68,6302all of which dre incorparated hgrein by meferengs, diselese YaIPUS f oot in

|l ength. [0039], T |l ute pressure |evels enployed during the RCPSA
process ar easgq%tsogﬁﬁ(?ﬁ&tqc HPOISﬂ’actice, provi ded that the pressure

differential between the adsorption and desorption steps is sufficient to
cause a change in the adsorbate fraction |oading on the adsorbent thereby
provi ding ajeidby a | qgadnreiriduacit and shasxanpdyahetaphdcydie prdssigaswingrponent s
processed by the RCPSA unit. Typical absolute operating pressure |evels
range from adrompti@osysienebea paleycladimedror, 1 sepataie 8 ferd gasdntodrodugt t he

L e
ut not ot 'rgéﬁ'e?ﬂy @cl&d&? t}?ecétéi?sj dof‘H?ﬁElﬁétiﬂégthW %a@ﬂ%ﬂ%ﬁy&ﬂggge;ﬁe glh?lé’o the

overal | am t e sSeparated, stream-conpositlon, covery
percent age B wheie Fys the pehcentddeRFAhfeed pat whidledthe WeeklRGidsérbablzcess i s not

specifically limted to any absolute pressure and due to its conpact size
becones i nc{l’ymge@ r9mpenst, into an adsorbent bed that selectively adsorbs the tail gas

and passes the hydrogen product gas out of the bed, for time, tg, 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, teo, followed by counter-currently depressurizing the bed for a time, tey,

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, tgp, typically with a portion of hydrogen product gas or feed gas , wherein the
cycle time, tror, is equal to the sum of the individual cycle times comprising the

total cycle time, i.e.:

tror =tp+tcottonttp +igp (3)

[0041) 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



econom cal than conventional PSA processes at the higher operating
pressures. WD 2006/ 079025 PCTI US2006/ 002293 -21 United States Patent
Nunmbers 6, 406, 523; 6, 451, 095; 6, 488, 747; 6,533,846 and 6, 565,635, all of

whi ch are incor orat ed herel n by reference, disclose various aspects of
RCPSA technol"?f)%gﬂ In an enbodi ment and an exanpl e, RA&S2UH0R2Bc| e
pressure sw ng adsorptlon system has a total cycle tine, tTOl, to separate
a feed gas into product gas (in this case, a hydrogen-enriched strean) and
a tail (exhaust) gas. The nethod generally includes the steps of conducting
the feed gas having a hydrogen purity FZ2®2-where F is the percentage of the
feed gas which is the weakl y-adsorbable (hydrogen) conponent, into an
adsorbent bed that selectively adsorbs the tail gas and passes the hydrogen

product 9as QEbval & Eﬁn@%ﬂgésoéalptﬂcnﬁun@]ﬁxE £ 8 thiheh Mndipagn amgduct gas

has a purity recovery o Reco ery R %is the ratio

of amount ofethystiingats wil iatlndd applitdtonp bﬁR!BPtSA m proeessepwheredfydrdgedr ogen
avai lable in the feed. Then the ed is co- currently depressurized for a
tinme, tco, fiSrovsNEdatesatesigniBeandly lowrer thanddys.eEmbodiments of RURSA 216moh ¢ i e,

at p?‘éiéﬁ'r@m & ﬁ%?%%ﬁ@lﬁtgﬁn'xﬁ S0aredoR Bl o Mo Syl §lh GR o
time, tp, ydﬂpﬁ%ll &y%teE%&‘oi) ﬁﬁ?é 44810 REFE BF Q&iﬁ%ﬁmgﬁ

Subsequent | epressurl or a tine, tEp, typl caf?y with a

portion of fyuetuﬁxgﬂc\fqrrﬂﬁhméulgﬁsppﬁcaﬁe@.d gas , wherein the cycle tine, tTOT,
Is equal to the sumof the individual cycle times conprising the total
cycle tinme, i.e.: tTOT tF+t COHt CN+t p+tRp (3) [0041] This enbodi nment

enODESSCS B 5B L S b BT R RSB RO b
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 teg 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.

[0043] 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
gascompression. More preferably the tail gas pressure is greater than or equal to 60
psig. In a most preferred embodiment, the tail gas pressure is greater than or equal

to 80 psig. At higher pressures, the tail gas can be conducted to a fuel header.

[0044] Practice of the present invention can have the following benefits:

[0045] 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.



feed purity ratio, PF% > 1.1, and/or the rate of recovery, R%> 90%for a
product purity to feed purity ratio, 0 < PUUF% < 1.1. Results supporting

t hese hi gh WO 2006/ 079025 PCT/ US2006/ 002293 -22 recovery & purity ranges
can be foundyphebeisRses 4 through 10 herein. O her emoﬁ’é%ﬁ%ﬁ/d@&fgk

i ncl ude applications of RCPSA in processes where hydrogen "recovery rates
are significantly |l ower than 80% Enbodinents of RCPSA are not |imted to
exceedi ng any specific recovery rate or purity thresholds and can be as
applied at recovery rates and/or purifies as |ow as desired or economcally
justifiable for a particular applicati om3{0042] It should al so be noted
that it is within the scope of this invention that steps tco, tcN, or tp of
equation (3) above can be onmtted together or in any individual

conbi nati on. However it is preferred that all steps in the above equation
(3) be performed or that only one of steps tco or tcN be omtted fromthe
total cycl e.[004ﬂweverInca@@mgtbnaunm@fdy@@gﬁm%ammmmegﬂ& $#reams RCPSA

cycle to aid in. enhancin urit d, recovery of hydragen. ,Thus.enhancenent
Coul d be  praviing 1 3 meres i pvefel CRyslaganictleea® proty g By rolsRtngn o
absor bent negdead. L0 at b o Of I sastationary
val ves util ?zed Fﬁ@ﬁfégﬁ\‘fﬁr&iﬁ%ﬁﬁ@@i&%&sﬁ% gﬁgdhﬁogglﬁl‘é ?ﬁ&%&gn odi ment ,
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 gasconpression. Mre
preferably {04 ai| gbse forddsrecevary fipne hyduoprongssing purgegaseso edlier wherg. I n a

o 80 pei o, SIETIILEPPEPEEEARl FiS O PP ore 6o S BABL PR %8 [ ol
pone i fs: OORBPE O EESE, (i RVar ogen- cont ai ni ng st rean(s)
avai | abl e as
[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,
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
flow, or same scf H; at lower total flow); and other means that would be apparent

to one skilled in the art.

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

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

(i1) increasing hydroprocessing feed rates at constant (existing) makeup gas

demands as a result of the increased hydrogen recovery;



S s o o e —— - -
makeup gas, or of streans which nust be upgraded to higher purity before
they are suitable as make-up gas. WO 2006/ 079025 PCTI US2006/ 002293 - 23
[ 0046] Increasing the purity of hydrogen-containing recycle gas streans
resulting in an increase in overall hydrogen treat gas purity in the
hydr ot r eat i ngvOec@a019%25s to all ow for hi gher hydrotreati ng rga%sbiokio2043
addi tional product treating. [0047] Use for H2 recovery from
hydr opr ocessi ng purge gases, either where significant concentrations of H2S
are present (before gas scrubbing) or after gas scrubbing (typically <100
vppm H2S). [0048] I n hydroprocessing, ir_lg eased H2 purity translates to
hi gher H2 partial pressures in the hydr %rocessi ng reactor(s). This both
i ncreases the reaction kinetics and decreases the rate of catal yst
deactivation. The benefits of_ higher H2 _partial pressures can be exploited
in a variety of (Hayspreving thashydrpgerpyrily inhyduneecessing forinereasssh at ure, whi ch
reduces eneg_gq)f cotls?ts decge@?s .catal yst deactivation, and extends catal yst
life; incredSidgs T fempqyay e %n,c”ﬁrocessi ng nore sour (higher sulfur)
f eedst ocks; pro i I : i ggsq,,- i
i nproved pr oducg%%@?ﬁ%%@ﬁ?g??{}%g%m;%gﬁgﬁgﬁ, de%‘%tﬁﬁ fg%@g?%aé
exi sting conprtksfrl gasdel wrhyidregdn'sdes BTUclieswhichazeapsesgnsedmbistiah const ant
total flow~ or same,scf H2 at lower total flow); and other neans that woul d
be apparent capgcibhkimifpiionsand diffiqulties for spwe fymacebyragsed H2 recovery al so

offers signific tential benefit sone ., of i ch .are described as
follows: (i) re?ﬁ@i%ﬂfﬁﬁ eﬁgﬁrﬁﬁﬂwpglﬂ%&ﬂpgﬁlggggq O%ﬂvggg%ﬁﬂg’& 14 eS&her
sources of H2 within the refinery; (ii) increasing hydroprocessing feed

rates at constant (existing) nakeup gas
( [0050] The following examples are presented for illustrative purposes only

and should not be cited as being limiting in any way.

Example 1

[0051] In this example, the refinery stream is at 480 psig with tail gas at 65
psig whereby the pressure swing is 6.18. The feed composition and pressures are
typical of refinery processing units such as those found in hydroprocessing or
hydrotreating applications. In this example typical hydrocarbons are described by
their carbon number i.e. C; = methane , C, = ethane etc. The RCPSA is capable of
producing hydrogen at > 99 % purity and > 81 % recovery over a range of flow

‘ rates. Tables 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.



demands as a result of the increased hydrogen recovery; WO 2006/ 079025

PCTI US20061002293 -24- (iii) inproving the hydrogen purity in

hydr oprocessing for increased heteroatomrenoval efficiencies; (iv)
removing a (oY the H2 fromrefinery fuel gas whichy,d ol tal to
t he fuel gagwgt}g&t%g)%%/drogen' s | ow BTU val ue which can p%%@%%ﬁ@gb ugtion
capacity limtations and difficulties for sone furnace burners; (v) Qher
benefits that woul d be apparent to one know edgeable in the art. [0050] The
foll ow ng exanples are presented for illustrative purposes only and should
not be cited as being limting in any wé.- Exanple 1 [0051] In this exanple,
the refinery streamis at 480 psig with tail gas at 65 prig whereby the
pressure swing is 6.18. The feed conposition and pressures are typical of
refinery processing units such as tfgbles 2o#&dbi n hydroprocessi ng or
hydrotreating applications. In this exanple typical hydrocarbons are

descri bed bfcompusitionc Empb%e)nfiibput anéoutpllt:frmtﬂﬁl?SAéth’)én kEhe etc. The
RCPSA is capapifitatibn. Péeabiis cit d80 lpgid;, 102 deg ¥ andPTallogasmk 6 paiyd > 81 % recovery
over a ranggeéd rifeGWabbat 6 MMRRI¥FPS 22 and 2b show the results of conputer
sinmul ation of the RCPSA and the 1 nput and out put percentages of the

di fferent conponents for this e le. .ftables 2a and 2b al so show how t he
hydrogen purity decreases as re Pl d from89.7 %to 91.7 %
for a 6 MMSCFD stream at 480 psig and tail gas at 65 psig. WO 2006/ 079025
PCTI US2006/ 00228tep Tineesiniscemndsare teb 1, teo=0.167, teny =0, tp = 0.333, tge = 0.5

H2 at 98.6% purity, 89.7% recovery

FEED PRODUCT TAIL-GAS
H2 88.0 98.69 45.8
Ci 6.3 1.28 25.1
Cc2 0.2 0.01 1.0
C3 2.6 0.01 12.3
C4+ 29 0.00 14.8
H20 2000 vppm 65 vppm 9965 vppm
TOTAL (MMSCFD) 6.162 4.934 1.228
480 psig 470 psig 65 psig

Table 2b - Higher purity

Step Times in seconds are tp=1, tco = 0.333, tcy = 0, tp = 0.167, tgp = 0.5

H2 at 97.8% purity, 91.7% recovery

FEED PRODUCT TAIL-GAS
H2 88.0 97.8 45.9
Cl 6.3 2.14 25.0
C2 0.2 0.02 1.0
C3 2.6 0.02 12.3
Ca+ 2.9 0.00 14.9
H20 2000 vppm 131 vppm 10016 vpm
TOTAL (MMSCFD) 6.160 5.085 1.074
480 psig 470 psig 65 psig

[0052] The RCPSA's described in the present invention operate a cycle
consisting of different steps. Step 1 is feed during which product is produced, step 2
is co-current depressurization, step 3 is counter-current depressurization, step 4 is

purge, usually counter-current) and step 5 is repressurization with product. In the



Conmposition (mol 9% 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 Tinmes in seconds are

t=1, tco = =0, tp =0.333, tgp = 0.5 H2 at 9 ' 89. 7%
recovery FEE&%WTAI L-GAS H2 88.0 98.69 45.8 Cl 6.3’%5}?‘?%‘%5@’29’ 2 0.2
0.01 1.0 C3 2.6 0.01 12.3 C4+ 2.9 0.00 14.8 H20 2000 vp m 65 vppm 9965
vppm TOTAL (MVBCFD) 6.162 4.934 1.228 480 psig 470 psig 65 psig Table 2b -
H gher purity Step Tines in seconds are IF= 1, tco = 0.333, tcN =0, tp =
0.167, tgp = 0.5 H2 at 97.8%purity, 9t26%recovery FEED PRODUCT TAI L- GAS
H2 88.0 97.8 45.9 Cl1 6.3 2.14 25.0 C2 0.2 0.02 1.0 C3 2.6 0.02 12.3 4+
2.9 0.00 14.9 H20 2000 yppm 131 yppm 10016 vpm TOTAL ( MVBCFD) 6.160 5. 085
1.074 RCPSA's described here at any instant half the total number of beds are on the feed

step. In this example, tyor = 2 sec in which the feed time, ty, is one-half of the total

cycle.

Example 2

{0053} In this example, the conditions are the same as in Example 1. 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%.

Tables 3a & 3b
Effect of step durations on H2 purity and recovery from an RCPSA (67 ft}).
Same conditions as Table 2. 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 ty tco ten tp tre
% % 8 S ] S S
98.2 84.3 1 0.283 0.05 0.167 0.5
98.3 85 1 0.166 0.167 0.167 0.5
99.9 30 1 0.083 0.25 0.167 0.5




480 psig 470 psig 65 psig [0052] The RCPSA' s described in the present
i nvention operate a cycle consisting of different steps. Step 1 is feed
during which product is produced, step 2 is co-current depressurization,

step 3 is ¢ [- ent depressurization, step 4 is puyr I
counter-cur S’E‘E%@"gﬁg{itep 5 is repressurization with pr O&ﬁ&sz%ﬁ)ﬂ&agm
2006/ 079025 PCT/ US2006/ 002293 -26 RCPSA' s descri bed here at any instant
hal f the total nunmber of beds are on the feed step. In this exanple, tToT =
2 sec in which the feed tinme, tF, is one-half of the total cycle. Exanple 2
(00531 In this exanple, the conditions-d7e the sane as in Exanple 1. 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 nay be elimnated, and a hydrogen purity of 99% can
still be maintained. In fact, this shows that by increasing the tine of the
purge cycle, 4, by the duration reno¥able3tsm the counter-current

depressuri zation step, tom, that hydrogen recovery can be increased to a

| evel of 88% Tables 3a & 3bVHAthest covntat-emrrdnt depress on H2 purity and
recovery froman RCPSA (67 ft3). Sane conditions as Table 2. Feed is at 480

sig, 122 de as af. 65 St 0. Feedirat € isiabouf 6 R!}/NB D. Tabl e
ga_ th h Coug g}l-ﬂﬁﬂ Egér‘litve F\puag]é, LnPF\trC%Fdj t Pt_Ckpr esisur riﬂz 1]5112 Jtngi Jq Purity
Recovery tF tgo %®cNtp%" DBo%s Sis S§ s 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 3

[0054] 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 % H;). The stream is at 480 psig with RCPSA tail gas at
65 psig whereby the absolute pressure swing is 6.18. Once again the RCPSA of the
present invention is capable of producing hydrogen at > 99 % purity and > 85 %
recovery from these feed compositions. Tables 4a and 4b show the results of this

example.



98.2 84.3 1 0.283 0.05 0.167 0.5 98.3 85 1 0.166 0.167 0.167 0.5 99.9 80 1
0.083 0.25 0.167 0.5 WD 2006/ 079025 PCT[ US2006/ 002293 _27_ Tabl e 3b.
Wt hout counter-current depress Purity Recovery tp tco tCNtp tRp %ova s S
s Ss 97.8 33 0 0.167 0.5 98.7 90 1 0.166 0 Q, . 9 88 1
0.083 0 0.41‘%6‘?%;‘” zgrrpl e 3 10054] This exanpl e shows aq)f%%%@%}z?sefi nery
stream once again containing typical conponents, as shown in feed colum
of Table 4 (e.g. the feed conposition contains 74 % H2). The streamis at
480 psig with RCPSA tail gas at 65 psig whereby the absolute pressure sw ng
is 6.18. Once again the RCPSA of the pE8sent invention is capable of
produci ng hydrogen at > 99 %purity and > 85 % recovery fromthese feed
conpositions. Tables 4a and 4b show the results of this exanple. WO
2006/ 079025 PCT/ US2006/ 002293 -28 Tables 4a & 4b Conposition (nol % of
I nput and output from RCPSA (53 ft) in H2 purification. Feed is at 480
psi g, 101 deg F and Tail gas at 65 sibjes44#&4brate is about 10 MVSCFD.
Composition (mol %) of input and output from RCPSA (53 f£°) in H2
purification. Feed is at 480 psig, 101 deg F and Tail gas at 65 psig.
Feed rate is about 10 MMSCFD.

Table 4a. Higher purity
Step Times in seconds are tp= 0.583, tco = 0.083, tcx = 0, tp = 0.25, tgp = 0.25

H2 at 99.98 % purity and 86 % recovery

FEED PRODUCT TAIL-GAS
H2 74.0 99.98 29.8
Cl 14.3 0.02 37.6
C2 52 0.00 13.8
C3 2.6 0.00 7.4
C4+ 3.9 0.00 11.0
H20 2000 vppm 0.3 vppm 5387 vppm
TOTAL (MMSCFD) 10.220 6.514 3.705
480 psig 470 psig 65 psig

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

H2 at 93 % purity and 89 % recovery

‘1 FEED PRODUCT TAIL-GAS
H2 74.0 93.12 29.3
Ci 143 6.34 31.0
C2 52 0.50 16.6
C3 2.6 0.02 8.9
C4+ 3.9 0.00 13.4
H20 2000 vppm 142 vppm 6501 vppm
TOTAL (MMSCFD) 10.220 7.240 2.977
480 psig 470 psig 65 psig

[0055] 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.




Tabl e 4a. Higher purity Step Tinmes in seconds are tF= 0.583, tco = 0.083,
tcN=0, tp =0.25, tRp = 0.25 H2 at 99.98 %purity an d 86 % recovery FEED
PRODUCT TAIL-GAS H2 74.0 99.98 29.8 Cl 14.3 0.02 37.6 (C2 5.2 0.00 13.8

C3 2.6 0.00 ywoloosfeddpzs- @ 0.00 11.0 H20 2000 vp m 0.3 pmﬁgﬁ% AL
( MVBCFD) 10.‘%80 6845}14533. 705 480 psig 470 psig 65 psig a eszﬁ@%m%ger

purity Step Tinmes in seconds are tF= 0.5, tco = 0.167, tcN =0, tp = 0.083,
tRp = 0.25 H2 at 93 %opurity and 89 % recovery FEED PRODUCT TAIL- GAS H2
74.0 93.12 29.3 Cl1 14.3 6.34 31.0 C2 5.2 0.50 16.6 C3 2.6 0.02 8.9 4+
3.9 0.00 13.4 H20 2000 yppm 142 pm 65029 m TOTAL (MVBCFD) 10.220 7.240
2.977 480 psig 470 psig 65 psig 10055] In both cases shown in Table 4a and
4b above, although tail gas pressure is high at 65 psig, the present

i nvention shows that high purity (99 %9 nmay

[0056] 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
exhaust produced at high pressure have not been discovered before and are a key

feature of the present invention.

[0057] Table 4c 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 4c shows that
similar purity and recovery rates can be achieved by simuitaneously decreasing the

duration of the feed cycle, tr, and the purge cycle, tp.

Table 4¢

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

MMSCFD.
Without counter-current depress
Purity { Recovery tr tco ton iy tre
% % S S S s s
95.6 87.7 0.5 0.167 0 0.083 0.25
97.6 86 0.5 0.117 0 0.133 0.25
99.7 85.9 0.5 0.083 0 0.167 0.25




be obtained if the purge step, tp, is sufficiently increased. WO 2006/ 079025
PCT/ US2006/ 002293 -29 100561 Tables 3a, 3b and 4a show that for both 6
MVBCFD and 10 MVSCFD flow rate conditions, very high purity hydrogen at -99
% and > 85 %\{!89&\%@62#}5 achievable with the RCPSA. In baoth cases the tail
gas is at 65 psig. Such high purities and recoveries of iRep0e§aa2e3

achi eved using the RCPSA with all the exhaust produced at high pressure
have not been discovered before and are a key feature of the present

i nvention. 10057] Table 4c shows the results for an RCPSA (volunme = 49 cubic
ft) that delivers high purity (> 99% H30at high recovery for the same
refinery stream discussed in Tables 4a and 4b. As conpared to Tabl e 4a,

Tabl e 4c shows that simlar purity and recovery rates can be achi eved by

si nul t aneouskyarfipRyg£asi ng the duration of the feed cycle, tF, and the purge
cycle, tp. Table 4c Effect of step durations on 112 purity and recovery from
an RCPSA (49 ft). Feed is at 480 psig,101 deg F and Tail gas at 65 psig.

recovery o F I0BSEh or b Q@B@mﬁeﬁ%l‘é’gifuﬁ%ﬁﬁﬁﬁéﬁ £ 5B o FYehs 2
3(7)0 g / g g 9 8 5 g C%&#%’S%O%@%E%Eg% %l?thtgg _ir?veﬁﬁox? bQing Rs Gt dhele. 1 il eﬁéni%?,

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
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.



Exanple 4 [00581 In this exanple, Table 5 further illustrates the
performance of RCPSA's operated in accordance with the invention being
described here. In this exanple, the feed is a typical refinery stream and
Is at a pres i glo psig. The RCPSA of the present i | Ls,.able to
produce 99 %?Eﬁ?%ﬁl? ?ogen product at 83.6 % recovery mhgﬁﬁgg*ﬁ?%%é?ail gas
I s exhausted at 40 psig. In this case the tail gas can be sent to a flash
drum or other separator or other downstreamrefinery equipnent w thout
further conpression requirenment. Another inportant aspect of this invention
is that the RCPSA also removes COto < 2Mppm which is extremely desirable
for refinery units that use the product hydrogen enriched stream Lower

| evel s of CO ensure that the catalysts in the downstream units operate

wi thout deterioration in activity over extended | engths. Conventional PSA
cannot nmeet this CO specification and sinultaneously also neet the
condition of exhausting all the tail Jable$ the higher pressure, such as at
typi cal fuel header pressure or the high pressure of other equi pnent that

processes Sl@&nﬂ%?ﬁﬁn%i&fwwofiﬁbﬂﬁﬁnﬂ'o‘u_tfrﬁ'@f_rbﬁiRCMM gPpvai | abl e at 40

psig or gre%?Erb(ﬂPm% kfdeoﬂfﬂ hﬁg@wgélwi& . integrating the
RCPSA h . 3 -31- Tabl
5 Conp\(l)ms}[ti rﬁelflﬁgfa&gﬂ]ﬁ#’%%e AL E B FREEdRA ﬁgEﬁ h car bon e

nonoxi de and hydrocarbon renoval from hydrogen. Feed is at 300 psig, 101 deg
F, and Feed rat¥ep Jinmesin s@onds BWEGEH.S5,Jco 071, rtes =Ontpseb 03t druT@066-0. 5, tco
0.1, tcia =0, tp =0.033, tap =0.066 H2 at 99.99 % purity and 88 % recovery
FEED PRODUCT TH2 ht-9858 % purity and 88 % recovery

FEED PRODUCT TAIL-GAS

H2 89.2 09.98 48.8

Cl 33 0.01 13.9

C2 28 0.01 13.9

C3 2.0 0.00 10.2

C4+ 2.6 0.00 13.2

CO 50 1.1 198.4
TOTAL 0.971 0.760 0.211

300 psig 290 psig 40 psig

Exampie 5

[0059] 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,
recovery drops to 56%. In addition, the higher pressure of the stream in Table 6a

indicates that no tail gas compression is required.



H2 89.2 99.98 48.8 C 3.3 0.01 13.9 (C2 2.8 0.01 13.9 C3 2.0 0.00 10.2

C4+ 2.6 0.00 13.2 CO 50 1.1 198.4 TOTAL 0.971 0.760 0.211 300 psig 290
psig 40 psig Exanple 5 [0059] Tables 6a and 6b conpare the perfornmance of
RCPSA' s opera}e%¢%9 gccordance with the invention being described here. The
stream bei ng P8 has 1ower H2 in the feed (51% nol ) PARYST086/9023%8i cal
refinery/ petrochem cal 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
H2 recovery (81% is possible even when-384 the tail gas is released at 65
psig or greater. In contrast, the RCPSA where sone tail-gas is avail able as
|l ow as 5 psig, |oses hydrogen in the counter-current depressurization such
that H2 recovery drops to 56% In addition, the higher pressure of the
streamin Table 6a indicates that no tail gas conpression is required. WO
2006/ 079025 PCTI US20061002293 - 32Tnbldsdm @ml 6Ind 6b Effect of Tail Gas
Pressure on recovery. Exanple of RCPSA applied to a feed with H2

concent r at i @iffecbdf Tailthas’PresGRiERASHcoPErY. "BXarkpledif ROPSA %ﬂimi‘eedf rom
e, (2L g Ep 68 65 maI°AY. Coniio (3196 oF iy it oo
rate 1s aboglopy 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 tp= 0.5, tco = 0.083,
teny = 0.033, tp = 0.25, tgp=10.133

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

FEED PRODUCT TAIL-GAS
H2 51.3 99.71 20.1
Cl1 38.0 0.29 61.0
C2 4.8 0.00 8.0
C3 22 0.00 3.8
C4+ 3.7 0.00 6.4
H20 4000 vppm 0.7 vppm 6643 vppm
TOTAL (MMSCFD) 5.142 2.141 3.001
273 psig 263 psig 65-83 psig
Table 6b

! Step Times in sec. are tg= 0.667, tco = 0.167, toy = 0.083, tp = 0.083, tpp =0.33

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

FEED PRODUCT TAIL-GAS
H2 51.3 99.99 34.2
Ci 38.0 0.01 48.8
C2 4.8 0.00 6.9
C3 2.2 0.00 34
C4+ 3.7 0.00 6.2
H20 4000 vppm 0.0 vppm 5630 vppm
TOTAL (MMSCED) 5.142 1.490 3.651
273 psig 263 psig 5-65 psig




Table 6a Step Tinmes in seconds are tF = 0.5, tco = 0.083, tCN=0.033, tp =
0.25, tRp = 0.133 [A] Tail gas available from65-83 psig, H2 at 99. 7% purity
and 81 % recovery FEED PRODUCT TAIL-GAS H2 51.3 99.71 20.1 d 38.0 0.29

61.0 C2 4.8whs/@oids C3 2.2 0.00 3.8 C4+ 3.7 0.00 6.4 pHResAHasM2ya@3pm 0.7
vppm 6643 vppm TOTAL (MVSCFD 5.142 2.141 3.001 273 psig 263 psig 65-83 psig
Table 6b Step Tinmes in sec. are tF = 0.667, tco = 0.167, tcN = 0.083, tp =
0.083, tRp =0.33 [B] Tail gas available fromb5-65 psig, H2 at 99.9 % purity
and 56 % recovery FEED PRODUCT TAIL-GAS H2 51.3 99.99 34.2 C1 38.0 0.01
48.8 C2 4.8 0.00 6.9 C3 2.2 0.00 3.4 "t4+ 3.7 0.00 6.2 H20 4000 vppm 0.0
pm 5630 pm TOTAL (MVSCFD) 5.142 1.490 3.651 273 psig 263 psig 5-65 psig WO
2006/ 079025 PCTI US2006/ 002293

Example 6

[0060] In this example, Tables 7a and 7b compare the performance of
RCPSA's operated in accordance with the invention being described here. In these
cases, the feed pressure is 800 psig and tail gas is exhausted at either 65 psig or at
100 psig. The composition reflects typical impurities such H2S, which can be
present in such refinery applications. As can be seen, high recovery (> 80% ) is
observed in both cases with the high purity > 99 %. In both these cases, only a co-
current depressurization is used and the effluent during this step is sent to other
beds in the cycle. Tail gas only issues during the countercurrent purge step. Table
7c 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.

[0061] 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 the refinery, petrochemical or processing location or even to the nature of the

particular molecules being separated.



-33- Exanple 6 100601 In this exanple,

Tabl es 7a and 7b conpare the

performance of RCPSA's operated in accordance with the invention being

descri bed here. In these cases,
i s exhausted ej ther 65 psig or at

Y%E)izgdﬁ}og%%% H2S, which can be
applications. As can be seen,
cases with the high purity > 99 %

typi cal i npur

hi gh recovery (> 80%

is
In both these cases,

the feed pressure is 800 psig and tail gas
100 psig. The conposition reflects
present in suchGTEY2e(2293
observed in both
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-dd4ring the countercurrent purge
step. Table 7c shows the case for an RCPSA operated where sone of the tai
gas is also exhausted in a countercurrent depressurization step following a

co-current depressurization.
depressurization is of sufficient
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particul ar nol ecul es bei ng separated. WO 2006/ 079025 PCT/ US2006/ 002293 -34

Tablies 7a, 7b, [Asithilzas at 65 psig, H2 at 99.9% purity and 87% recovery

FEED PRODUCT TAIL-GAS
H2 74.0 99.99 29.5
C1 14.3 0.01 37.6
C2 5.2 0.00 14.0
C3 2.6 0.00 7.4
C4+ 39 0.00 10.9
H20 20 vppm 0 55 vppm
TOTAL (MMSCED) 10.187 6.524 3.663
800 psig 790 psig 65 psig
Table 7b

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

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

FEED PRODUCT TAIL-GAS
H2 74.0 99.93 38.1
Ci 143 0.07 32.8
C2 5.2 0.00 12.5
C3 26 0.00 6.5
C4+ 3.9 0.00 9.6
H2S 20 vppm 0 vppm 49 vppm
TOTAL (MMSCED) 10.187 6.062 4.125
800 psig 790 psig 100 psig



Exanpl e of RCPSA applied to a high pressure feed. Conposition (nmol % of
| nput and out put from RCPSA (18 ft3) in 132 purification. Feed is at 800
psig, 122 deg F and Feed rate is about 10.1 MMSCFD. Table 7a Step Tines in

seconds are = tco = 0.25, teN=0, tP =0.33, tRP = 0. | Tail
gas at 65 ps{"‘g’,z"n‘l&"éﬂﬁgg. 9% purity and 87% recovery FEED EE&EBW‘W%@ GAS
H2 74.0 99.99 29.5 C 14.3 0.01 37.6 C2 5.2 0.00 14.0 C3 2.6 0.00 7.4
C4+ 3.9 0.00 10.9 H20 20 VP PT 0 55 vppm TOTAL (NI MSCFD) 10.187 6.524 3.663
800 psig 790 psig 65 psig Table 7b Step Tines in seconds are tF = 0.91, tco
= 0.25 tCN =0, tp =0.33, tRP = 0.33 -38B] Tail gas at 100 psig, H2 at
99.93% purity and 80. 3% recovery FEED PRODUCT TAIL-GAS H2 74.0 99.93 38.1

C 14.3 0.07 32.8 C2 5.2 0.00 12.5 C3 2.6 0.00 6.5 C4+ 3.9 0.00 9.6 H2S
20 vppm O vppm 49 vppm TOTAL ( MVSCFD) Tghid8é 6. 062 4. 125

Step times in seconds are ty= 0.91, tco = 0.083, tcn = 0.25, tp = 0.167, tgp = 0.41

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

FEED PRODUCT TAIL-GAS
H2 74.0 99.95 289
C1 14.3 0.05 39.0
C2 52 0.00 13.7
C3 2.6 0.00 7.2
C4+ 3.9 0.00 10.6
H2S 20 vppm 0.01 vppm 53 vppm
TOTAL (MMSCFD) 10.187 6.373 3.814
800 psig 790 psig 65-100 psig

Example 7

[0062] Tables 8a, 8b, and 8¢ 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.



800 psig 790 psig 100 psig WO 20061079025 PCTI US20061002293 -35 Table 7c
Step tines in seconds are tF= 0.91, tco = 0.083, tcN = 0.25, tp = 0.167, tRF
= 0.41 [C] Tail gas at 65-100 psig, H2 at 99.8% purity and 84%recovery
FEED PRODUCT TAIL-GAS H2 74.0 99.95 28.9 Cl1 14.3 0.05 39.0 C2 5.2 0.00
13.7 C3 2. 6WP WH6/4795 C4+ 3.9 0.00 10.6 H2S 20 vppm 0. ORCHHPHPEN23Bpm
TOTAL (MVBCFD) 10.187 6.373 3.814 800 psig 790 psig 65-100 psig Exanple 7
[ 0062] Tabl es 8a, 8b, and 8c conpare the performance of RCPSA's operated in
accordance with the invention being described here. The stream being
purified has higher H2 in the feed (853-ml) and is a typical
refinery/petrochem cal stream In these exanples 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

wi thout the need for tail gas conpression. WO 2006/ 079025 PCTI US2006/ 002293
-36 Tabl es 8a, 8b, and 8c Exanpl erghles8E.8b.and!8ccd to a Feed with H2

concentration (85 nmol %
Example of RCPSA applied to a Feed with H2 concentration (85 mol %) .
Composition (mol %) of input and output from RCPSA (6.1 ft’). Feed is at
480 psig, 135 deg F and Feed rate is about 6 MMSCFD,

Table 8a

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

FEED PRODUCT TAIL-GAS

H2 85.0 92.40 57.9

C1 8.0 4.56 17.9

C2 4.0 1.79 131

C3 3.0 1.16 10.4

Ca+ 0.0 0.00 0.0

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

Table 8b

Step Times in sec. are tp= 1, tog = 0.333, tcy = 0.167, tp = 0.083, tgp = 0.417
recovery =90 %

FEED PRODUCT TAIL-GAS

H2 85.0 90.90 58.2

C1 8.0 5.47 18.1

C2 4.0 2.23 12.9

C3 3.0 1.29 10.1

Ca+ 0.0 0.00 0.0

H20 2000 1070.5 6823
TOTAL (MMSCFD) 6.120 5.150 0.969

480 psig 470 psig 65 psig



Composition (mol 9% of input and output fromRCPSA (6.1 ft'). Feed is at
480 psig, 135 deg F and Feed rate is about 6 MMSCFD. Table 8a Step Tines in
seconds are tF= 0.5, tco = 0.33, tcN = 0.167, tp = 0.167, tjp =1.83

recovery = 85 % RODUCT TAIL-GAS H2 85.0 92.40 57.9 . 6 17.9
2 4.0 1.79 %’.%ﬁ@" 0 1.16 10.4 C4+ 0.0 0.00 0.0 Hzo"‘éﬁééﬁ’gg%’é%éagw

TOTAL (MVSCFD) 6.100 4.780 1.320 480 psig 470 psig 65 psig Table 8b Step
Times in sec. are tF=1, tco = 0.333, tiN=0.167, tp = 0.083, tgp = 0.417
recovery = 90 % FEED PRODUCT TAIL-GAS H2 85.0 90.90 58.2 Cl1 8.0 5.47 18.1
C2 4.0 2.2312.9 C3 3.0 1.29 10.1 C4+3I.0 0.00 0.0 H20 2000 1070.5 6823
TOTAL (MVBCFD) 6.120 5.150 0.969 480 psig 470 psig 65 psig

Table 8¢

Step Times in sec. are ty=2, tco =0.667, tcy =0.333, tp =0.167, tgp =0.833
recovery =90 %

FEED PRODUCT TAIL-GAS

H2 85.0 90.19 55.2

C1 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 2000 1103.5 7447
TOTAL (MMSCFD) 6.138 5.208 0.93

480 psig 470 psig 65 psig



WO 2006/ 079025 PCT/ US2006/ 002293 -37 Table 8c Step Tines in sec. are tp=2,
tco =0.667, tCN =0.333, tp =0.167, tgp =0.833 recovery = 90 % FEED PRCODUCT
TAIL-GAS H2 85.0 90.19 55.2 O 8.0 6.21 18.8 (C2 4.0 2.32 13.9 C3 3.0
1.17 11.3 C@f 0.8 0.00 0.0 H20 2000 1103.5 7447 TOTAL (MVBCED) 6.138 5.208
0.93 480 psMP P B g 65 psig WO 2006/ 079025 PCTI US2006F6E3/5446/002283.
CLAIMS 1. A process wherein the concentration of hydrogen is increased in a
hydr ogen- contai ni ng stream which hydrogen-containi ng stream contai ns
gaseous conponents ot her than hydrogen, which process conprises renoving at
| east a portion of the gaseous conponend&- ot her than hydrogen from said
hydr ogen- containing streamin a rapid cycle pressure swi ng adsorption unit
containing a plurality of adsorbent beds and having a total cycle tine of

| ess than algguArpi& seconds and a pressure drop within each adsorbent bed of
greater than apout 5 inches of water per foot of bed | ength, wherein said
hydrogen is utilized in a petroleumrefinery or petrochem cal plant.

1. A process wherein the concentration of hydrogen is increased in a hydrogen-
containing stream, which hydrogen-containing stream contains gaseous
components other than hydrogen, which process comprises removing at least a
portion of the gaseous components other than hydrogen from said hydrogen-

{ containing stream 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, wherein said hydrogen is utilized in a

petroleum refinery or petrochemical plant.

2, The process of claim 1 wherein the total cycle time is less than about 15
seconds.
3. The process of claim 2 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.

4. The process of claim 3 wherein the total cycle time is less than about 5

seconds.

5. The process of claim 4 wherein the pressure drop of greater than about 20

inches of water per foot of bed length.

6. The process of claim 1 wherein the hydrogen-containing stream is obtained
from a hydrogen source that generates hydrogen by a chemical reaction and
wherein light hydrocarbons are at least a portion of the gaseous components other

than hydrogen.



2. The process of claim1l wherein the total cycle tinme is |ess than about 15
seconds. 3. The process of claim2 wherein the total cycle tinme is |l ess than
about 10 seconds and the pressure drop is greater than about 10 inches of
wat er per fo | ength. 4. The process of claim3 i tota
cycle tine igh?gégw?ﬁ%n about 5 seconds. 5. The process g??éﬁgﬁﬁ@@%ﬁherein
the pressure drop of greater than about 20 inches of water per foot of bed
| ength. 6. The process of claim1 wherein the hydrogen-containing streamis
obtained froma hydrogen source that generates hydrogen by a chem cal
reaction and wherein |ight hydrocarbons’%are at least a portion of the
gaseous conponents other than hydrogen. WO 2006/ 079025 PCTI US2006/ 002293
-39 7. The process of claim6 wherein the hydrogen-containing streamis the
product str&am f Thepsdoessof clémi Giwigreinahahydrogerscamtkinngg stpeant isathe oxi dat i on
and gasificatjon of heavy hydrocarbons, thermal ,cracking or the net

hydr ogen st Peadwct stream Srognsteamueformang, catelyticgracking, pesiad oxidatiogjaadm 7

wherein the total.cycle ti is less than.about 15 . seconds. 9. .The process
of cl i m 3 BASTEIOR Feety By ctspartbns hotr o obanS SE0RY Bonth wlelfnbe "ane

t he pressur%ﬂgga{aﬁ,&rﬁg{ﬁ{e than about 10 inches of water per foot of bed
| ength. 10. The process o craim9 wherein the total cycle tinme is |l ess than

about 5 seconds.

8. The process of claim 7 wherein the total cycle time is less than about 15
seconds.
9. The process of claim 8 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.

10.  The process of claim 9 wherein the total cycle time is less than about 5

seconds.

11.  The process of claim 10 wherein the pressure drop of greater than about 20

inches of water per foot of bed length.

12, The process of claim 4 wherein the hydrogen-containing stream is the off

gas stream from a fluid catalytic cracking unit.

13.  The process of claim 12 wherein the total cycle time is less than about 15

seconds,

14.  The process of claim 13 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.

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

seconds.



11. The process of claim 10 wherein the pressure drop of greater than about
20 inches of water per foot of bed length. 12. The process of claimi4
wherein the hydrogen-containing streamis the off gas streamfroma fluid
catal ytic cr I i1f. 13. The process of claim 12 wheregj cycle
tinme is Iess%tg gﬂ}(a/aotﬂgé 15 seconds. 14. The process of cﬁig}mg%@ﬁ&/ﬁzégei n the
total cycle tine is | ess than about 10 seconds and the pressure drop is
greater than about 10 inches of water per foot of bed Iength. 15. The
process of claim 14 wherein the total cycle tinme is |less than about 5
seconds. WD 2006/ 079025 PCTI US2006/ 0022940--40 16. The process of claim 15
wherein the pressure drop of greater than about 20 inches of water per foot
of bed length. 17. The process of claim 1l wherein the hydrogen-containing
streamis obteai nathe procuds of Bfth Agerheroirthe pteiaire despuLgealty diangbouf 20m one
or nore hydrogen- containing streans. 18. The process of claim 17 wherein
t he hydr ogerinchesodiwaterpes fodtarfibied leigtlhi ned froma cryogenic unit, a
menbrane unit, or a pressure sw ng adsorption unit. 19. The process of claim
letine.is |ess,than about 15. seconds.

18 wh int t | 0. T
process of difai miT8 RRRES PhUTE Lrgherpnt Paoropan cpuaiind SERER e fRincds

d d | j _wat
Toot of - bed IEACH AR Solfcstaaedh o e naR e o e ol " v 6

tine is | essohfaiiingb@edms

18.  The process of claim 17 wherein the hydrogen-containing stream is obtained

/ from a cryogenic unit, a membrane unit, or a pressure swing adsorption unit.

19.  The process of claim 18 wherein the total cycle time is less than about 15

seconds.

20  The process of claim 19 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.

21.  The process of claim 20 wherein the total cycle time is less than about 5

seconds.

22. A process wherein the concentration of hydrogen is increased in a
hydrogen-containing stream obtained from a hydrogen source, which hydrogen-
containing stream contains gaseous components other than hydrogen, which

Process comprises:

a) removing at least a portion of the gaseous components other than
hydrogen from said hydrogen-containing stream in a rapid cycle pressure swing

adsorption unit containing a plurality of adsorbent beds and having a total cycle



seconds. 22. A process wherein the concentration of hydrogen is increased in
a hydrogen-containing stream obtained froma hydrogen source, which

hydr ogen- cont ai ni ng stream cont ai ns gaseous conponents ot her than hydrogen,
whi ch proceqgp HeEpobses: a) renoving at |east a portion @briRfesaRaRUS
conmponents other than hydrogen from said hydrogen-containing streamin a
rapid cycle pressure swing adsorption unit containing a plurality of

adsor bent beds and having a total cycle WO 2006/ 079025 PCTI US2006/ 002293
-41 time of |ess than about 30 seconds apd a pressure drop within each
adsorbent bed of greater than about 5 ifiches of water per foot of bed

| ength; and b) feeding said hydrogen-containing streamto a hydroprocessing
process unit as a reactant. 23. The process of claim?22 wherein the

hydr opr oces simeoflesscthgs abowit30 seconds andtapressuverdrapevijhiogack edsarbentbgdof a
hydrotreating unit for removing . heterogtons. from a hydrocarbon feed, a

hydr ocr acki r%eaﬁqrd.&;@ggqui mGJII*Fér i ater Peg B?tdlfé?eggwg%ﬁe%%s converted to | ower
boiling liquid products, and a hydroisonerization unit wherein nol ecul es of
a hydrocarbon fe ar &%r%ﬁg(ﬂ,n ). Taletols i erein the
hydr ocar bon feedB?s sgﬁegc e Iic%r mgﬁrgémgrﬂci}%lg%onm@tﬁ%&g?}dr%ﬁ%% boi I'i ng
range feedsPrdy@gs)ﬁﬁmgs anehctgit. fuel boiling range feeds, distillate boiling
range feeds, resides and crudes. 25. The process of claim 24- wherein the
hydrocarbon feed is a naphtha boiling K range feed selected fromthe group
consi sting @8- st AAF gracesspl elajh 2k avhesein the Bydreprocessing precessgidtisnapht ha,
hydr ocr acker.__.n t-ha, sresid hydrotre apht ha. The process of claim?24
Wher oi n-t he SFISFEA figh e o SPESRRE S, Sy RaRSH Rt fof MEmbliRE

heteroatoms from a hydrocarbon feed, a hydrocracking process unit wherein a

hydrocarbon feed is converted to lower boiling liquid products, and a

hydroisomerization unit wherein molecules of a hydrocarbon feed are isomerized.

24.  The process of claim 23 wherein the hydrocarbon feed is selected from the
group consisting of naphtha boiling range feeds, kerosene and jet fuel boiling range

feeds, distillate boiling range feeds, resides and crudes.

25.  The process of claim 24 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.

26.  The process of claim 24 wherein the total cycle time is less than about 15

seconds.

27.  The process of claim 26 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.

2R.  The process of claim 27 wherein the total cycle time is less than about 5

seconds.



seconds. 27. The process of claim26 wherein the total cycle tine is |ess

t han about 10 seconds and the pressure drop is greater than about 10 inches
of water per foot of bed length. 2g. The process of claim 27 wherein the
total cycle twoeods@rdoesss than about 5 seconds. WO 2006/ 0%9QAR2006/002293

PCT/ US2006/ 002293 -42 24. The process of claim22 wherein the pressure drop
of greater than about 20 inches of water per foot of bed | ength.
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29.  The process of claim 28 wherein the pressure drop of greater than about 20
inches of water per foot of bed length.



