WO 2006/ 079027 PCT1US2006/ 002295 -1 HYDROGEN MANAGEMENT | N PETROCHEM CAL
PROCESS UNITS Field of the Invention [0001] This invention relates to the
managemnment o i n hydrogen- containing streans as i b teh
petrochenica&wgﬁﬂégggﬂunits wherein the hydrogen- contain?ﬁghg%ﬁgg%Q%%

subj ected rapid cycle pressure swi ng adsorption to increase the
concentration of hydrogen therein. Background of the Invention [0002]
Hydrogen is vital for the operation of many of today's refinery and
petrochem cal process units, including hydroprocessing units in refineries
and isonerization units for petrochem cal plants. Since hydrogen is an

i mportant and val uable commodity in the various process units it would be
beneficial if the concentration of hydrogen in hydrogen-containing streans
associated with such process units can be increased by renoving at | east a
portion of the other conponents of the hydrogen-containing stream Sunmmary
of the Invention pref erred enbodi nent there is provided a
process for HXDd g AEMENCD INFEEROCGHEMIG AL RROCASS UNITS ni
streans associated with petrochem cal process units, which process
conprises subjecting the hydrogen-containing steamto rapid cycle pressure
swWi ng adsorption unit containing a plurality of adsorbent beds and having a
total cycl &iélidrof thé Theagionhan about 30 seconds and a pressure drop within
each adsorbent bed of greater than about 5 inches of water per foot of bed
| engt h. WOIOE/ 0 7Bo mvedipnslaiessio dbe management gbbydrogen wrdwidresenpr ef er r ed

enbodi ment ’coﬁgﬁli}lg §@larks é:slsgciétieg%iﬁ)xfpe'&%%&l%mcﬂrgce%g finftd wherein the hydrogen-

containing stream is subjected rapid cycle pressure swing adsorption to increase the
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concentration of hydrogen therein.

Background of the Invention
[0002] Hydrogen is vital for the operation of many of today’s refinery and

petrochemical process units, including hydroprocessing units in refineries and
isomerization units for petrochemical plants. Since hydrogen is an important and
valuable commodity in the various process units it would be beneficial if the

" concentration of hydrogen in hydrogen-containing streams associated with such
process units can be increased by removing at least a portion of the other components

of the hydrogen-containing stream.

Summary of the Invention

[0003] In a preferred embodiment there is provided a process for increasing the
hydrogen concentration in hydrogen-containing streams associated with petrochemical
process units, which process comprises subjecting the hydrogen-containing steam to
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.



swi ng adsorption is |l ess than about 15 seconds. [0005] In yet another
preferred enbodi nent the total cycle tinme is |l ess than about 10 seconds and
the pressure drop of each adsorbent bed is greater than about 10 inches of
wat er per fowD2086/138047]1 ength. Detail ed Description of thePCHUSHPG/WHA29 0006]
Purified para and ortho xylene isoners are used on a |arge scale as

i nternmedi ates for many derivatives, sonme of which include nmajor

petrochem cals. Demand for purified nmeta xylene is believed to be between
100 and 1000 kta, the volune |evel separating commodity and specialty

chem cal products. The 2005 industrial demand for para- and ortho-xylene is
roughly 32,000 kta, split roughly 7:1. Para-xylene denmand is so |arge that

i ndustry has devel oped processes to pr@duce it fromother aromatic

mol ecul es. [0007] Routes for separating and converting the common feedstocks
for the production ofpara-xylene include equilibriumprocesses and
para-selective routes. The nmjor routes enjoying current comercial use

i ncl ude: Xxy#4E |ém)mcrth«zraprbfmed@mbOdwnt,éb?@talzcaﬂledﬁn@ef rapideeysle prewsHre

m xture of C38 aroma dCS TO{}‘&H ng t$:5 Ergﬁortlonatlon to make a m xture of
equi | i bri ufFRR &P gﬂd”%% 800ulP SRR Ryl ation of C9+ al kyl aromatics with
tol uene and/ or benzene, and Sel ective Toluene D sproportionation to

par a- xyl ene and benzene. WD 2006/ 079027 PCT/ US2006/ 002295 -3 [0008] Three
types of x{#085¢ | dropetranotiter prefq:n@baslmhnemthhe tujalfdye}e time isHesswhgn about

et hyl benze is ¢onverted, hav |zed he hydr o- de-
St il et oo TB seconfs Pkl Giessis Gam oL thsh HRpTReH bt 15 gikalch JHah GPOG A0 IREHES: on of
thylb I I , the t | kyl at f
et hy enzeﬁgw;‘%gﬁ)%&ggfggp%{l@gpa xyl ene, or e transal kyl a |on o]

et h}/l benze tillative renoval of the heavies forned.

Detailed Description of the Invention

[0006] Purified para and ortho xylene isomers are used on a large scale as
intermediates for many derivatives, some of which include major petrochemicals.
Demand for purified meta xylene is believed to be between 100 and 1000 kta, the
volume level separating commodity and specialty chemical products. The 2005
industrial demand for parae- and ortho-xylene is roughly 32,000 kta, split roughly 7:1.
Para-xylene demand is so large that industry has developed processes to produce it

from other aromatic molecules.

[0007) Routes for separating and converting the common feedstocks for the

——

production of para-xylene include equilibrium processes and para-selective routes.
The major routes enjoying current commercial use include: Xylene Isomerization, or
the isomerization of xylenes from a mixture of C8 aromatics, Toluene
disproportionation to make a mixture of equilibrium xylenes and benzene,
Transalkylation of C9+ alkylaromatics with toluene and/or benzene, and Selective

Toluene Disproportionation to para-xylene and benzene.



[0009] In all of these chemi stries, a xylene isonerization |oop is enployed.
The C8 and C9+ feedstock is first fractionated to produce the C8 heart cut
by renoving C9+ aromatics in the C9 splitter; optionally wer is
enpl oyed if A8 %Ene is desired. Para-xylene is reco$§?gﬁ&@&@%¥ghe C8
heart cut in a sorption process; since the sorption process recovers > 95%
of thep-xylene in the feed, the raffinate has a |low p-xylene content of ca.
1% Thep-xylene depleted raffinate fromthe sorption is then treated in the
xyl ene isonerization reactor, in which ethyl benzene is hydrodeal kyl at ed,

the xylenes are isonerized to equilibrium and coboiling paraffins are
bydrocracked to light gas. The isoneraje is then distilled in successive
towers: the stabilizer renoves |ight S%Bes, whi | e benzene and tol uene are
removed as overhead in the splitter, and are subsequently distilled to
produce benzene and toluene. The C8 isonerate is then conbined with fresh

feed, and r | e + l.] f.ter u g jnhg. Since
the equili b@ ?géfj] p%gﬁb?tggf)ggﬁgﬁlas?gg?y e r{)(gé's%éasf {@E%ff"?%‘g&g&@{]r eam
under goes agiRylbeizeRé Bl donbérer hieChsen@onneroilived) dickudiig Gidchyidso-decover ed.

[ 0010] Because of the high recycle, avoiding undesirable reactions in the

xyl ene i sotteylatien ofnthylbenzene 10 benzene anskgthangnthediydepisemenzationofis i ncl ude

t hyl d | ti.c transal kyl ati f I t pel,d Co+
aronati co, SattrgeRRy Bpos ot ee ik GEnR SRV BB St mFenes 1o
yield cycl %ﬂwgﬂ’ﬂgﬁg?hﬁ%%ﬂ%ﬁﬁ%@ﬁ” P06/ 079027 PCT/ US2006/ 002295

-4 and hydrocra aromati cs to produce light gas. Al four reactions
reduce the wultimte yield ofpara-xylene, and are referred to as xyl ene

| oss, but reactions and . reduce, useful product yield, since jhey result in
net aronat i 009le| dny thoge GEmISiTes; & KiICR? ISOMEriEaGRY OBt BuBloyed.nbie €8 al 5o

reduces th it ’ ! t I ol the
Gstiied HEbsEeeRtod s ETFAREuREE M Eoap el Cs B cub By RifloVifE oM
condi ti ons A6@atéi0n4HOCE splter? dptiuially in Oritiol Powdris enphivel Vflsakak Pene isand

desired. Para-xylene is recovered from the C8 heart cut in a sorption process; since

the sorption process recovers > 95% of the p-xylene in the feed, the raffinate has a low
p-Xylene content of ca. 1%. The p-xylene depleted raffinate from the sorption is then
treated in the xylene isomerization reactor, in which ethylbenzene is hydrodealkylated,
the xylenes are isomerized to equilibrium, and coboiling paraffins are hydrocracked to
light gas. The isomerate is then distilled in successive towers: the stabilizer removes
light gases, while benzene and toluene are removed as overhead in the splitter, and are
subsequently distilled to produce benzene and toluene. The C8 isomerate is then
combined with fresh feed, and recycled back to the C9+ splitter for further processing.
Since the equilibrium concentration of para-xylene is ca. 24%, the C8 stream

undergoes approximately three recycles if only para-xylene is recovered.

[0010] Because of the high recycle, avoiding undesirable reactions in the xylene
isomerization reactor is critical. Undesirable reactions include methyl and ethyl
aromatic transalkylation of xylenes to yield C9+ aromatics, saturation of aromatics

including both benzene and xylenes to yield cyclohexane and dimethylcyclohexane,



1-20 WHSV C8 aromatic feedstock. (see for exanple, US Patent 5,977,420).

[ 0011] Tol uene di sproportionation, or selective toluene disproportionation,
is also used industrially for the production of para xylene. Process
condi ti ons awe:20e60G90270 C, 200-500 psig, 0.5-5 nolar hydPGHERPP02295

hydr ocarbon, and 2-5 WHSV C8 aromatic feedstock. Feedstock toluene is
extinction recycled and the products are benzene, C8 aromatics enriched

i np-xyl ene and et hyl benzene, |ight paraffins, and C9+ aromatics. Per-pass
tol uene conversion is limted to about 32%if high yields of para-xyl ene are
desired, or 45% for an equilibriumxylene distribution as product. [0012]
Comrerci al processes for nethylaromatics transal kyl ati on processi ng can be
roughly divided into two types, dependitg on feedstock enpl oyed:

transal kyl ation of toluene with C9/Cl0 aromatics, and conversion of heavier

f eedst ocks, angdugdrarsackisy ¢f arématicyta tpreduce Wghhygis! Adlifbed réactivanedace thenzene.
Bot h process tygas enpl oy the nethylaromatic and aromatic

de- et hyl at i ¥timate-yield 9y para-sylens anil are sefaredde iap 8plenp kass, but Teaciienypask esses

075 5 veoy e oalt it ey Stk et B by MBRAETRIAKRE DA, o P ke
to benzene fffatit i doRteridubiicedealb vddatésahe mtﬁé B&eRAE PhdubiDivhichhi ch

currently accounts for approximately 15% of 6/ 079027 PCT/ U52006/ 002295
-5 pet r ochemiist Be aypided ifitbe distilep benrgune isdn be sald aschemical gredouTypicalher

Cuppor t e bR omerRay Yoo H 671 ol bat 124 SRR hutoarn B e onchnd

operates aty. t i ke sintering.
Ther mal pr olcggg?ﬁgve%ﬁ?{sa ﬁh?‘éﬁ%ﬁp@%ﬁ??ﬁﬁ%ﬂ%ﬁSesmg%zgg and hi gh

contentrati ons of hydrogen (H2: Toluene is typically 2-6). Thermal HDA s
currently tje1tom Teldéner dsirepdribnatiod, Bf Slétive tilhérke diSdrofortionatici, RCAsd hey

produce hig i el ds of benzene and avoid the use of a catal yst whi ch needs
to be used industrially for the production of para xylene. Process conditions are: 400-470
°C, 200-500 psig, 0.5-5 molar hydrogen to hydrocarbon, and 2-5 WHSV C8 aromatic
feedstock. Feedstock toluene is extinction recycled and the products are benzene, C8
aromatics enriched in p-xylene and ethylbenzene, light paraffins, and C9+ aromatics.
Per-pass toluene conversion is limited to about 32% if high yields of para-xylene are

desired, or 45% for an equilibrium xylene distribution as product.

[0012) Commercial processes for methylaromatics transalkylation processing can
be roughly divided into two types, depending on feedstock employed: transalkylation
f of toluene with C9/C10 aromatics, and conversion of heavier feedstocks, such as
C9/C10 aromatics, without added toluene or benzene. Both process types employ the
methylaromatic and aromatic de-ethylation/de-propylation chemistry described above.
These processes operate at 400-470°C, 200-400 psig, 1-5 molar
hydrogen:hydrocarbon, and 0.5-5 WHSV based on aromatic feedstock.

[0013] Toluene can be hydrocracked to benzene and methane in hydrodealkylation
(HDA) processing. HDA, which currently accounts for approximately 15% of



repl aced periodically. A nearly quantitative nolar yield of benzene can be
recovered (99%, but the formation of nethane is a net aromatic wei ght
yield loss, and hence the wultimte net weight yield is |im . 84%
The rel ati veWH%8%3°%8f benzene and tol uene vary over thg%}éﬁﬁgg%ggﬁ
petrochem cal cycles and thus dictate economcs, but as a rule of thunb,
HDA is favorabl e when the spot pricing of benzene is greater than 1.25
times that of toluene. [0014] As can be seen fromthe informtion above,
hydrogen is critical in the petrochemcal field. Hydrogen is used in
several processes, including xylene isomerization processing, toluene

di sproportionation to m xed xyl enes and.benzene, selective toluene

di sproportionation to primarily para-xyféne, and benzene, and tol uene,

benzene, and heavi es transallcyl ation to produce additional G m xed xyl enes,
as well aé)qﬁryaf%@al greap henzsRe Brodugfiare feb pe cyFigd aateelﬂxsﬁfétﬁlémfylﬁﬂwogen is

critical i o) fr to
parti ci pat g? [é&lrr]ﬂa}lwe '12: fem sﬁégﬁgg&g ﬁglm%sa%cgﬁéﬁ%gb%}%@%@g3_,/1121?118&? émrﬁg@lljce

catal yst agixige suppedted oflafimiihy, andyerates at feph dshRlaw/500°C @forftdbogen by
the renoval of contam nants, such as |ight "hydrocarbons, or inpurities in

t he hydr oganinimizg metahsintering Thewiad pogesiomnpleys bphcempestures(tygicalben
| fide, ia, car i de, dj oxi de,
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conducted under pressure for a period of tinme over a frrst bed of a solid
sor bent t hawoitecedugle yicldseofdenzaneand awbdid the herofi acatdlpst vdrieh needsio be
conponents, usual |y regarded a cont.am nant .that..is to be renmoved.from,
Che gas st meaited pertod G & Ryl SarBRHTE S s R pisaetf campi pLsTe
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be renoved erred to in the singular
nltimate net weight yield is limited to ca. 84%. The relative pricing of benzene and

toluene vary over the course of petrochemical cycles and thus dictate economics, but
as a rule of thumb, HDA is favorable when the spot pricing of benzene is greater than

1.25 times that of toluene.

[0014]  As can be seen from the information above, hydrogen is critical in the
petrochemical field. Hydrogen is used in several processes, including xylene
isomerization processing, toluene disproportionation to mixed xylenes and benzene,
selective toluene disproportionation to primarily para-xylene, and benzene, and
toluene, benzene, and heavies transalkylation to produce additional mixed xylenes, as
well as hydrodealkylation of toluene to produce benzene. Hydrogen is critical in all of
these processes, to saturate the olefins formed, to participate in the chemistry in the

catalytic processes, and to reduce catalyst aging,

[0015] Clearly, ways to increase the purity of hydrogen by the removal of

contaminants, such as light hydrocarbons, or impurities in the bydrogen feed such as



and referred to as a contam nant. The gaseous m xture is passed over a first
adsorption bed in a first vessel and energes fromthe bed depleted in the
contam nant that remains sorbed in the bed. After a predetermned tine or,
al t er nati vel woMvesw@odr eak-t hrough of the contam nant i spobwsroeeez24she fl ow
of the gaseous mxture is switched to a second adsorption bed in a second
vessel for the purification to continue. Wile the second bed is in
adsorption service, the sorbed contam nant is renmoved fromthe first
adsorption bed by a reduction in pressure, usually acconpanied by a reverse
flow of gas to desorb the contam nant. As the pressure in the vessels is
reduced, the contam nant previously adsorbed on the bed is progressively
desorbed into the tail gas systemthatgtypically conprises a large tail gas
drum together with a control system designed to mnimze pressure

{1} act uat | oyl QAR SRS L& mbiERS UATLARR! 4iofR0 G papLL ect ed from
the tail gas system in’ any suftable manner’ and processed further or

di sposed ofbeasficiplpy effedtangpetrdéicamicH vpexationn i s conpl ete, 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

t enper at ur ge .0 L PCTHUS / o8 - 7 [0017]
After, e. g.e[,()%]eak ﬁodﬁéﬁ&?@ ﬁ%@@@%@%@@mﬁ%( 5?%%?'%9 ﬁ%%?’gl%% £ bed has
been regengsah®enikfiré f@éonﬁhctbéuﬁ&@?fbs@th@ﬁ@ﬂ@ﬁeﬁﬁoﬁﬁﬁ@bﬁr'aq&sﬂ%d\/dﬁeg the
flow of the gaseous mxture is switched fromthe second bed to the first

bed, and t tvolid sorbrut thetisisslectivegenelrtively seldttivet for ahe oymbre dompenestst he | engt h

of time from entrafe3 aseous m'xtﬁ{qe. ii)first ndutedtothel‘first bed
in a first WSyeheregardedas gicoptaminagt thatisgg be seraovsdremdne gas streamy Itisngucted to
theifirst o | ' | ' EnignceSinadl e
regenerati gﬁ) Sol?ﬁttﬁgéﬂ)@ﬂ?ﬁ Bﬁ%ﬁéﬂ%@ﬁﬂ%{:é‘?ﬁﬁ]}l@#&ﬁygl r?ﬁ ffoﬁo}fn? ﬁl?l@ltla%eéwévessel S
in additi aenipontiiter sempodente tmehre tabe rérgdnedreilleadfdredite in fdsargpiaron ti ne

is short but  desorption tine.is long, will serve to increase cycle  tine.
and ref%rred Ft)o as a contaminant. Thcggaseous mixture ?s passed over a first a)t/isorphon

bed in a first vessel and emerges from the bed depleted in the contaminant that remains
sorbed in the bed. After a predetermined time or, alternatively when a break-through
of the contaminant is observed, the flow of the gaseous mixture is switched to a second
adsorption bed in a second vessel for the purification to continue. While the second
bed is in adsorption service, the sorbed contaminant is removed from the first
adsorption bed by a reduction in pressure, usnally accompanied by a reverse flow of
gas to desorb the contaminant. As the pressure in the vessels is reduced, the
contaminant previously adsorbed on the bed is progressively desorbed into the tail gas
system that typically comprises a large tail gas drum, together with a control system
designed to minimize pressure fluctuations to downstream systems. The contaminant
can be collected from the tail gas systern 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.



[ 0018] Thus, in one configuration, a pressure swing cycle will include a
feed step, at |east one depressurization step, a purge step, and finally a
repressurization step to prepare the adsorbent material for reintroduction
of the feed WOSBI6HOTHR sor ption of the contam nants usual PGP e by
physi cal sorption onto the sorbent that is normally a porous solid such as
activated carbon, alumna,. silica or silica-alumna that has an affinity
for the contam nant. Zeolites are often used in nany applications since they
may exhibit a significant degree of selectivity for certain contam nants by
reason of their controlled and predictable pore sizes. Normally, chem cal
reaction with the sorbent is not favored in view of the increased
difficulty of achieving desorption of ‘Epecies whi ch have becone chemically
bound to the sorbent, but chenisorﬁtion is my no nmeans to be excluded if

the sorbed 1% i aAfiemymg. teakthmugh iethy secapdrisd dand afien ghe firstberblasrbsen on
ortion of the cycle, .e.qg.., by the u of ., hi gher te rarures..coupled wth
'Ito he reduct i@ﬁ*ﬂ?eﬁ%ﬁ‘a s that §_1é f—'ﬁ%@ﬂﬁp E hi)dsgagwpm‘g@?gl}%ﬁ@gg?% gagcod‘éscri bed
nmore fully j | ' | M Rut hven,
o ouy 'EeRGs BRI (R peSb R B © U LALSRT AopBleds

PCT/ US2006/ g@redted.- Bh¢ ldlycletime istthe leapthRFAimo freaswhen thegasdous atiktutenher ent
di sadvant ages, for a vari reaS(t),ns. For exanpl e, caonventional PSA units
i

f
aL e cost |y BT sondn f'»ogt éﬁa&@eéﬁaa 5t £yele g thie trns wihen the gaseousugiure f or
hyar ogen- contarsSRATRIEL RARR ciikeq 3P BSubibdbion SERAMSIBR LR, aftere o i onal

pressure swinge aéheaéiatibR of the firsvbdd. TRNALE af third) fetts fidiheetcl ve3els a excess  of
one mnute, typically in excess of 2 to 4 mnhutes due to tine |limtations

requi red tcaddgianowthe second yessel, as miglybepeadask whermadsagHionitisng sshert bbkeds
utilized in,conyentional PSA and .t he equi t configuration and val ving
i nvol ved. I#SB%%PP i lstl%‘{ﬁ’awsﬁﬁgll'vg to Bjrcéesag%f’gcqg&lnﬁg adsorption is utilized

whi ch has total cycle tines of |ess than one

[0018]  Thus, in one configuration, a pressure swing cycle will include a feed step,
at least one depressurization step, a purge step, and finally a repressurization step to
prepare the adsorbent material for reintroduction of the feed step. The sorption of the
contaminants usually takes place by physical sorption onto the sorbent that is normally
a porous solid such as activated carbon, alumina, silica or silica-alumina that has an
affinity for the contaminant. Zeolites are often used in many applications since they
may exhibit a significant degree of selectivity for certain contaminants by reason of
their controlled and predictable pore sizes. Normally, chemical reaction with the
sorbent is not favored in view of the increased difficulty of achieving desorption of
species which have become chemically bound to the sorbent, but chemisorption is my
no means to be excluded if the sorbed materials may be effectively desorbed during
the desorption portion of the cycle, e.g., by the use of higher temperatures coupled
with the reduction in pressure. Pressure swing adsorption processing is described
more fully in the book entitled Pressure Swing Adsorption, by D. M. Ruthven, S.
Farouq & X. S. Knaebel (VCH Publishers, 1994).



m nute. The total cycle tinmes of RCPSA may be | ess than 30 seconds,
preferably less than 15 seconds, nore preferably |less than 10 seconds, even
nore preferably less than 5 seconds, and even nore preferably | ess 2
seconds. Fur WMs2006/47B&7r api d cycl e pressure swing adsorptfﬁﬁméﬂm@@nﬁ§ed can
make use of substantially different sorbents, such as, but not limted to,
structured materials such as nonoliths. [0020] The overall adsorption rate
of the adsorption processes, whether conventional PSA or RCPSA, is
characterized by the mass transfer rate constant in the gas phase (Tg) and
the mass transfer rate constant in the solid phase (T.). A material's nass
transfer rates of a nmaterial are dependent upon the adsorbent, the adsorbed
compound, the pressure and the tenperatdure. The mass transfer rate constant
in the gas phase is defined as: a. Tg = Dg / Rg2 (in cnR/sec) (1) WO
2006107902707 U2i36hideRaP PSA podseskusrsigrifjcans itherend dishdedntages fafaf variegnt i n
the gas phase and Rg is the charagteristic, dinensjon of  th as nmedi um
Here the ge¥TeAsPRY meampleheorg’&gnm? A ts are;cqgtly)to bRH@aRd Pﬁerﬁﬁ@ngr t

i.e., th ' ! L i .
of the gas SEAPHLAN o Rl Rnl B2 Pl oML B RRRIBEREL O bE | CLore of
the struct yeqsretsdsiesrh @ptroFeh-eomtaining fAedirkamhbas s@mapared &NROPSAL Ao aonst ant in

the solid phase of a material is defined as: a. ti, =D,/ R Z (in cn®/sec)
(2) wher e ‘onvemionplepressite Byiog adweptioncynitivill generrdlyshaive ¢ypls sResamexqRss | s t he

characteristic_ _dinension.of the salid di um re. the gas diffusi.qn
coeffici entOTioRe FHBMEYPiFa g’s?@fcesslﬁﬂjz 1 %fr}ult'%%&ﬁo ?quﬁgﬁgqqns(r?qtgr'eﬁ? he
convent i onafllo¥AdifsieR 0f B deafdhertd thrbfigh 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
mipute. The total cycle times of RCPSA may be less than 30 seconds, preferably less
than 15 seconds, more preferably less than 10 seconds, even more preferably less than
5 seconds, and even more preferably less 2 seconds. Further, the rapid cycle pressure
swing adsorption units used can make use of substantially different sorbents, such as,

but not limited to, structured matenals such as monoliths.

[0020]  The overall adsorption rate of the adsorption processes, whether
conventional PSA or RCPSA, is characterized by the mass transfer rate constant in the
gas phase (t;) and the mass transfer rate constant in the solid phase (z;). A material's
mass transfer rates of a material are dependent upon the adsorbent, the adsorbed
compound, the pressure and the temperature. The mass transfer rate constant in the

gas phase is defined as:

a. =D/ Rg2 (in cm?/sec)
(1)



characteristic dinmension of the solid nedium R is defined as the width of
the adsorbent layer. [0022] DD M Ruthven & C. Thaeron, Performance of a
Paral | el Passage Absorbent Contactor, Separation and Purification

Technol ogy MO@MB®H790273- 60, which is incorporated by refREEBRO06/002285i fi es
that for flow through a nonolith or a structured adsorbent that channel
width is a good characteristic dinension for the gas nedium Rg. U S.
patent 6,607,584 to Moreau et al., which is incorporated by reference, also
describes the details for calculating these transfer rates and associ at ed
coefficients for a given adsorbent and the test standard conpositions used
for conventional PSA. Calculation of these mass transfer rate constants is
wel | known to one of ordinary skill +t%-the art and nmay al so be derived by
one of ordinary skill in the art fromstandard testing data. W 2006/ 079027
PCTI US2006wR&R39)5is thel§iffuSidR Sheffertne the gas piiisé ah@ Ri, @Sthe Bharaeteristee Of _
adsorbent beds of particul ate adsorbents.” Additionally, due to construction
const r ai ntdimensionatheogeas meihmmi Hens thelgay diffusigy indhelgas plasgDgrisrweelsepar at e
beds that cycle.so that af |east .one or nore bheds i ful ly or at |east
partially lf'%v\frhlél t?‘@éga(bf)'r e&ﬁﬂ%ﬁﬂ“ﬁ’ﬁgl V@E}& c@ni}e USh %ﬁéh? ft’llPPé'X‘ft?PWder to

limt di sr&%&@ﬁ AthSgdsIRSIihA, RS dhﬁlﬁé’& %img CRARRP widtR WetWdNBX B layefiie tO the

relatively rge size-of conventional P qui prrent, the particle size of
t he adsor befithe strteniedl adsarbenganaterdd]. | i mited particle sizes of about 1 mm and

above. O herw se, excessive pressure drop, increased cycle tinmes, |imted
desorption, and channeling of feed materials will result. [0024] In an
enbodi nent S bl r LM s ol ] s flow
t hrough a [;Og?gfy%g% tﬂg??ﬁ%nﬁrer&%%g%fst@ﬁ%{ al nsosi]}ﬁ)trlllggﬁ)%fa 131? &ggg%rd%?gc% sor bent

bed conpartments ar v, £NeR;: each (pfcnatisech i s successively cycled through
t he
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.¢., the conventional value can be used) and the
characteristic dimension of the solid medium, R, is defined as the width of the

adsorbent layer.

[0022] D. M. Ruthven & C. Thaeron, Performance of a Parallel Passage
Absorbent Contactor, Separation and Purification Technology 12 (1997) 43-60, which
is incorporated by reference, clarifies that for flow through a monolith or a structured
adsorbent that channel width is a good characteristic dimension for the gas medium,
R,. U.S. patent 6,607,584 to Moreau et al., which is incorporated by reference, also
describes the details for calculating these transfer rates and associated coefficients for
a given adsorbent and 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.



sorption and desorption steps as the rotary nodul e conpl etes the cycle of
operations. The rotary sorber nodule is normally conprised of nmultiple
tubes held between two seal plates on either end of the rotary sorber
nmodul e wher eiW0 1006096211 plates are in contact with a staP6T/USHeHPA228d of
separate mani folds wherein the inlet gas is conducted to the RCPSA tubes
and processed purified product gas and the tail gas exiting the RCPSA tubes
i s conducted away fromrotary sorber nodule. By suitable arrangenment of the
seal plates and manifol ds, a nunmber of individual conpartnents or tubes may
pass through the characteristic steps of the conplete cycle at any one tine.
In contrast with conventional PSA, the flow and pressure variations required
for the RCPSA sorption/desorption cyelleé-changes in a nunber of separate
increments on the order of seconds per cycle, which snoothes out the
pressure and flow rate pul sations encountered by the conpression and

val vi ng nacrinery. In this form the RCPSA WO 2006/ 079027 PCT/ US2006/ 002295
-11 nodul e 19823luddsonygntonal PSiActeling en e dise af adsorhrmt bedsnfparticulate cir cul ar
pat h taken I i S i a ri IS
successiveI§%%§§£§dA@gﬁgmggg”ﬁ#ﬁé&&%ﬁ%ﬁaﬁL&Fﬁgagbb%8%&%@?@8 [ eggﬁgﬂhﬁnd
pressure toc sed 6f DBE ke bépardtOBER TR ctle sBtRa AW Teast dueWr ddrebedsdp steps in
the conplete SA cycle. One key advantage of the RCPSA technology is a

si gni fi cantfully epatdeast patiallytin d@ef{@i partien agﬁmctye}etatnay en¢ titne iToeder tpuant i ty of
adsorbent r iI,red with RCPSA technal can, be |y a fraction.of that

eau red o dipaitns Anresn BE AROPOBpor s et Bower fe eEfshe BBialy on
quant i ties 1,3 BURlchhtdtiondIPA E@ﬁb&h&mt, {H2GakR9E Bizk OF thel G BEMERIteriANg L he
amount of actlve adsorbent required tor SA 1s significantly |ower than
that for a geaerabhimited ghrtieRrsizesiftabputdcomesimicpbane e Qiheradisenexcasaapressirgas.

[ 0025] In ap enbodi nent,, RCPSA bed_ |l ength uni{ pressure_ drops, requjred
adsor pt i on HERilBFEIE ,cygﬁalmﬁéﬁh@ﬁpé dFsorastims wog ﬁ@%meﬁ%o’i %@3 artsriay

accel eratignqgf the

[0024] In an embodiment, RCPSA ufilizes a rotary valving system to conduct the
gas flow throngh a rotary sorber module that contains a number of separate adsorbent
bed compartments or "tubes", each of which is successively cycled throngh the
sorption and desorption steps as the rotary module completes the cycle of operations.
The rotary sorber module is normally comprised of multiple tubes held between two
seal plates on either end of the rotary sorber module wherein the seal plates are in
contact with a stator comprised of separate manifolds wherein the inlet gas is
conducted to the RCPSA tubes and processed purified product gas and the tail gas
exiting the RCPSA tubes is conducted away from rotary sorber module. By suitable
arrangement of the seal plates and manifolds, a number of individual compartments or
tubes may pass through the characteristic steps of the complete cycle at any one time.
In contrast with conventional PSA, the flow and pressure variations required for the
RCPSA sorption/desorption cycle changes in a number of separate increments on the
order of seconds per cycle, which smoothes out the pressure and flow rate pulsations

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



rotating beds in RCPSA), prevent the use of many conventional PSA adsorbent
bed materials, in particular adsorbents that are in a | oose pelletized,

parti cul at e, beaded_} or extrudate form In a preferred enbodi r’r(?%
adsorbent mat PUPL™%Y% secured to a supporting under st r K HMBY a1 for

use in an RCPSA rotating apparatus. For exanple, one enbodi nent of the
rotary RCPSA apparatus can be in the formof adsorbent sheets conprising
adsorbent material coupled to a structured reinforcenent naterial. A

sui tabl e binder nmay be used to attach the adsorbent material to the
reinforcenent material. Non-limting exanples of reinforcenent materi al

I ncl ude nonoliths, a mneral fiber nn"éiix, (such as a glass fiber matrix),
a nmetal wire matrix (such as a wire mesh screen), or a netal foil (such as

alum numfoil), which can_be _ anodized. Exanples of glass fiber matrices
i ncl ude wovEedwHe inchisles walying gJements ppgdartly spacedraround thegiraiasdath 8keehs can be

made by coaf] a slurry o i d 0 n olite
crystals w %p‘g‘iﬂﬁl(fesro Fé%%s?%gﬁg l"ci{’ Zﬁ)%%?% ‘fqﬁﬁeéj r eler11]1t %r%@%gﬁvgwag%ﬁ %7%827

PCT/ US2006/ %2 32 inﬂlb?ap?i&ipﬁ‘fal@ﬂiredﬁbﬁaﬂﬂ gedsiire BE hckié@SéneSsTthéneretisngdl net al
fabrics, and expanded alum num_ foils. [n a particul ar enbodi nent, adsorbent

sheets or riessHreAflova dizeeting siepsin tlae ewmpipieRCEYD ppele s Onpdey afivantegsinddhever in

RCPSA ' i,call J d | h f d, f
o more. addrhiReSnpiel HRHpRERaRt BRRORENL B i nER R o RNt R0
gases 10 DenaRRRoFhasbrbb e it WRFROPSE! 1etimaldsy Gdeeiniph tabflorpaisgaber

with a substanfial portion of the conponents desired to be renoved fromthe
stream adgequiradgdonoinyentienad PSiAdiephzdegioto achievatiesabersepartios quantitiphase nmay

be called 'girculati,ng gas, phase”, .but myre sinply "gas ase". The solid
phase i ncl @&gﬁuﬁﬂuﬁe %S\%lf’ %%?%Pn?th@vﬁ%%qng Pﬂn‘gt%fa"gﬂﬂ"é BP?%“VGS ual Iy
bet ween appyaQerhBfis & ?R@PS@&%iﬁ?%?a?ﬂyT@@éﬁhﬁ%ﬁa@?or% RV ¥RIdhaPPS £V EN

g‘ilﬁr n n
smal | er pores, calléed "m cropores”,
unit processing an equivalent amount of gas.

[0025] In an embodiment, RCPSA bed length unit pressure drops, required
adsorption activities, and mechanical constraints (due to centrifugal acceleration of the
rotating beds in RCPSA), prevent the use of many conventional PSA adsorbent bed
materials, in particular adsorbents that are in a loose pelletized, particulate, beaded, or
extrudate form. In a preferred embodiment, adsorbent materials are secured to a
supporting understructure material for use in an RCPSA rotating apparatus. For
example, one embodiment of the rotary RCPSA apparatus can be in the form of
adsorbent sheets comprising adsorbent material coupled to a structured reinforcement
material. A suitable binder may be used to attach the adsorbent material to the
reinforcement material. Non-limiting examples of reinforcement material include
monoliths, a mineral fiber matrix, (such as a glass fiber matrix), a metal wire matrix
(such as a wire mesh screen), or a metal foil (such as aluminum foil), which can be
anodized. Examples of glass fiber matrices inciude woven and non-woven glass fiber
scrims. The adsorbent sheets can be made by coating a slurry of suitable adsorbent

component, such as zeolite crystals with binder constituents onto the reinforcement



bei ng encountered, for exanple, in mcroporous carbon adsorbents or
zeolites. The solid phase may be deposited on a non-adsorbent support, the
primary function of which is to provide nmechanical strength for the active
adsor bent maweérzaisIand/ or provide a thernmal conducti on PURNEBY20e6P0ZA5t o
store heat. The phenonenon of adsorption conprises two nmain steps, nanely
passage of the adsorbate fromthe circulating gas phase onto the surface of
the solid phase, followed by passage of the adsorbate from the surface to
the volune of the solid phase into the adsorption sites. [0027] In an

enbodi ment, RCPSA utilizes a structured adsorbent which is incorporated
into the tubes utilized in the RSPCA apparatus. These structured adsorbents
have an unexpectedly high nass transfet2+vate since the gas flows through

the channels formed by the structured sheets of the adsorbent which offers a

si gni fi cantmdtéful MRRETen fibetadas berans vadvea natalabriey addexpandedilhivdnah packed
fixed bed arrangenent as utilized in conventional PSA The ratio of the

transfer r&@ils. dh apaetiudar embodonertpadsorbpnitieetsor oserid aropatedigte peramiq | us)
and the mass_transfer rate of the solid phase ('rg) in the current invention
S greateP“WP "10, preferably greater than 25, nore preferably greater
than 50. These extraordinarily high mass transfer rate ratios all ow RCPSA
to produce high purity hydrogen streans at high recovery rates with only a
fracti on off0026} edui abserber i # BCPSAdwit typivially cbmprisesancdsarbentcolid phasent i onal
PSA. 10028]tt_ Th tructured a%fsorbent enbf)di r&rents al.so results in

si gni fi cantP§ Qe opmorsafsarheptmateriglsand anarugable gas Rhash threeh s or bent

than convend:ang : %é%ﬁ gwqﬁE iﬂﬁga@g f.f ' L 1.h

parti cul at g‘mtl)ed %ég}%ﬁ%g tee&g sor IJgnt e%io&gg%ﬁ%ﬁo@gélﬁgéﬁgﬂd&ar%%

adsor bent lelshtamial preiog bbtherceasonents degitedab bgredberd frbranhdstreaghes of water

per foot of bed Ieng{tg, nore preferably greater than 10 in. H20/ft, and even
£S

nore pref eA4$Arying o8 elighphas of the adporbent. Thisi gas phasemasobe ealled wi t h

convent | Ona&ir&?ﬁng gas phase", but more simply "gas phase". The solid phase includes a
network of pores, the mean size of which is usually between approximately 0.02 pm
~and 20 um. 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.

[0027] In an embodiment, RCPSA utilizes a structured adsorbent which is
incorporated into the tubes utilized in the RSPCA apparatus. These structured
adsorbents have an unexpectedly high mass transfer rate since the gas flows through
the channels formed by the structured sheets of the adsorbent which offers a
significant improvement in mass transfer as compared to a traditional packed fixed bed

arrangement as utilized in conventional PSA. The ratio of the transfer rate of the gas



units where the adsorbent bed unit length pressure drops are generally
limted to below about 5 in. H2Oft dependi ng upon the adsorbent used, with
nost conventional PSA units being designed with a press about
in. H20/ft WP 2084039828 ni ni i ze the problens discussed tﬁéfmgiogﬂ% gisggci at ed
with the larger beds, long cycle tine, and particul ate absorbents of
conventional PSA units. The adsorbent beds of conventional PSA cannot
accomodat e hi gher pressure drops because of the risk of fluidizing the
beds which results in excessive attrition and premature unit shutdowns due
to acconpanying equi pnent problens and/or a need to add or replace | ost
adsorbent nmaterials. These nmarkedly hi,gher adsorbent bed unit |ength
pressure drops allow RCPSA adsorbent Beds to be significantly nore conpact,

L il
R e e e et T TR

process fl entehordingtilylieplaaney baRfer ¥tk eitical allow REPBAI th pedduck high furap can be
achi eved by conventional PSA. This results in shorter bed | engths, higher

gas phase hydipgsnestreamses highgpcoviery xatasrvoitieanlyyadrasiion of eorguipmendisizh, t hese
signi ficant short.er bed. | e hs, t.ota ressure drops of the RSCPA

appl i cat i o?ﬁdsé?beflﬂ OIHﬂﬁe%%?OsFﬁt%vFlghmfgﬁgﬁe mai ntai ned at total bed
pressure differentials during the feed cycle of about 0.5 to 50 psig,
preferably | ess than 30 psig, while mnimzing the Iength of the active
beds to noli928) y The structaned Bdsarbentiemblodimyrits alee edseltnin yghifisantlyrgreater f eet in

|l ength and, as short as | ess than foot,in |ength. 10Q30 e sol ute
oy agenr o el dids 46 Be aelirveadnongh HemdaomentBes Capeaiana BSK withar Ul
racti ce, ' : j ' ion and
Sesor pti onﬁé 1(:21 \éggﬁ%sﬁl;ﬁefc f{ﬁ% Seérﬁ?ﬁ?%wgt g g@%@ﬁﬁ%‘g@@%ﬁﬁ?ﬁ%@@%@%%m i on
| oadi ng oncdn'te 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. H,O/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. These markedly higher adsorbent bed unit length pressure drops allow
RCPSA adsorbent beds to be significantly more compact, shorter, and efficient than

those utilized in conventional PSA.

[0029] In an embodiment, high unit length pressure drops allow high vapor

velocities to be achieved across the structured adsorbent beds. This resuits in a greater



adsorbent thereby providing a delta |oading effective for separating the
stream conponents processed by the RCPSA unit. Typical absolute operating
pressure | evels range fromabout 50 to 2500 psia. However, it should be
not ed t hat tWe medared27 pressures utilized during the feedpCTiEgRoez®szat i on
purge and repressurization stages are highly dependent upon many factors

i ncluding, but not limted to, the actual operating pressure and
tenperature of the overall streamto be separated, stream conposition, and
desired recovery percentage and purity of the RCPSA product stream The
RCPSA process is not specifically limted to any absolute pressure and due
to its conpact size becones increnentally nore econom cal than conventiona
PSA processes at the higher operating-pdessures. U S. Patent Nos. 6,406, 523;
6, 451, 095; 6, 488, 747; 6,533,846 and 6, 565,635, all of which are incorporated

herein by mglsRbRRA6EatcbetRbAP e \PRbde Hnids REF S adborBetiTAntb 418 AP4 AAlY of VO
2006/ 079027 PCT/ US2006/ 002295 -15 [0031] In an enbodi ment and an exanpl e,

the rapi d chmt thapces baachisvidipy canvertiqnal BBA s Jhisaiestlissinghoserdieddgngths, t i ne,
t ToT, to s rat e f eed S_i.nto.prqoduct in this ca

ydr bgen- or HEtReas BiE SapER G Galhd topnyfe Pydist febhiee Wiitathegt ner al 1 y
i ncl udes t jalgrelh o ! i iy F%
where F ismﬁﬁgﬁgagl?lgﬁﬁ?gge of E?%gs’f‘t@gloﬁ rgg,grﬂﬂlﬁgﬁafg@&sg:ﬁ%g S/L% gosgi;%gbl e ’
(hydr ogen) presenpmmention ¢antbe raaintdisedras éotl Hedpressate differeatialy digingtirdedds t he

tail gas and passes the hydrogen product gas out of .the bed, for tinme, tp,
wher ei n t hefYalpchf g5ent Gy &ﬁ&pmgezrefeﬁ%l%y ?@s&mantw n§ie. pdylerpingmizinedhe fengtl over y

of R% Reco %o i . Y, i Ln_ the
pr oduct ¢ o Y aG8yE b o iorAl e A PRl in e AR ISL R bty ¢,
co-&urrentI‘fgnglﬁaﬁ@smﬂdrzmegmam]tfbmletngth. foll owed by counter- currently

depressurizing the bed for a tinme, tcN, wherein desorbate (tail gas or
exhaust gas) is released fromthe bed at a pressure greater than or equal

to 1 psig. iEHfB]bedTﬂesabsolute 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. U.S. Patent Nos. 6,406,523;
6,451,095; 6,488,747, 6,533,846 and 6,565,635, all of which are incorporated herein
by reference, disclose various aspects of RCPSA technology.



purged for a time, tp, typically with a portion of the hydrogen product gas.
Subsequently the bed is repressurized for a tine, tom, typically with a
portion of tk’%gzro%enq}groduct gas or feed gas , wherein the cycle tine, tTOT,
is equal to 08¢} the individual cycle times conpri SFHFSTHREIEES,)
cycle tinme, i.e.: a. tTOl =tF+tco+tU +tp+t" (3) [0032] This enbodi nent
enconpasses, but is not limted 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 < PUUF%< 1.1. Results supporting these high recovery
& purity ranges can be found in Exarrpllgs 4 through 10 herein. O her

enbodi nents will include applications 0f RCPSA in processes where hydrogen
recovery rates are significantly WO 2006/ 079027 PCTI US2006/ 002295 -16 | ower
t han 80% Eﬂ%‘ﬂdi meA 8 egbodimeni agd an gxamplethe sapid 6ydR PESIIEFWARE specifi c
recovery r . i ca ' e rates
and o purrgorgtoRshdnt phe ¥ BRITER BRE 5o RpAeRE B o RARLTRL
particul ar (@pthis casd, iadiydrogefi@adched stedant)ladld altsid(xbaunt) gd. Thetnetod s Wi t hin
the scope of thjis. invention that steps tco, tcN, or tp of equatiaon (3)

above can IgEnerAly insipdes dhe siens oficopducting thefeed gaubaving » Rydiegen pwiityiohever it

ont ¥ one or iereRls B peftbfits o wledfe R HFR AH: MaklackiyaBE GIEGRENG, |
addi tional cainpbfiertaifitcPdrbflsbfbentBaTIHML dddchivaly REkszhs teahi? ghPari phskds thenhanci ng
purity and recovery of hydrogen. Thus enhanCenent coul d be practically

achi eved i myRORSAphmEivaugas ant of the bedpfor tipsy t whezsin thodydtapen pretbitbgasand due
to the el i natien ah.a e BUIBCE ofe 520 0ALY RO S, Sbi 35

of hydrogen retained in the product to the amount of hydrogen available in the feed.

Then the bed is co-currently depressurized for a time, tco, followed by counter-
currently depressurizing the bed for a time, 1oy, 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.:

a. tror =tpttco*lenttp tipp

()

[0032] This embodiment encompasses, but is not limited to, RCPSA processes such
that either the rate of recovery, R% > 80% for a product purity to feed purity ratio,
P%/F% > 1.1, and/or the rate of recovery, R% > 90% for a product purity to feed
purity ratio, 0 < P%/F% < 1.1. Results supporting these high recovery & purity ranges
can be found in Examples 4 through 10 herein. Other embodiments will include

applications of RCPSA in processes where hydrogen recovery rates are significantly



[0034] In an enbodinment, the tail gas is also preferably released at a
pressure high enough so that the tail gas nay be fed to anot her device
absent tail gas conpression. Mre preferably the tail gas pressure is
greater thanWs208¢878927t 0 60 psig. In a nost preferred enﬁﬁ'gﬁuﬁ@ﬂf"?“z?‘*ﬁe tail
gas pressure is greater than or equal to 80 psig. At higher pressures, the
tail gas can be conducted to a fuel header. [0035] Practice of the present

i nvention can have the foll ow ng benefits: (a) Increasing the purity of

hydr ogen- contai ni ng strean(s) avail able as nakeup gas, or of streans which
must be upgraded to higher purity before they are suitable as make-up gas.
WO 2006/ 079027 PCTI US2006/ 002295 -17 (b) Increasing the purity of

hydr ogen- contai ni ng recycle gas strea 6-resulti ng in an increase in overall
hydrogen treat gas purity in the, reactor to allow for higher hydrotreating
severity oro ﬁdf%th ‘%l Honbndiments o RGPY aregipt limited 40 exezediag gup specifiom

hyd ' el wh i gni.fi [ f H2S
ar e pr esontGeEnLHE GALAGE Pieelgng P45 P a5 SRed SLEeaLE et FPLal 1y <100

vppm H2S) . 93@%5 ToW AVGRRT &P&%ﬁ%ﬁﬂ:all' r}”&dii%@ﬁl’c%i"ggﬁ'ﬁ%ﬁfai/a BIRABOAL €S O

hi gher H2 partia pressures in the hydroprocessing reactor(s). Ihis both

i ncreases the reaction kinetics and decreases the rate of catal yst
deactivati he benefjts of higher H2 rtial ressures can be exploited
in a vari eﬁﬁﬁ?@r ey ,ouLfl@FP g ot dhat it if g nthswg?ﬂocr@‘ség{sdmn@ﬁﬁé#ﬂéﬁﬁp . whi ch
reduces engrgy cgsi I HEPRbat b0 iexfugnds cat al yst
life; incre é?%@guﬁﬁfeg%g{?ﬁigfe;&%?Cgléégtgﬁ%g m?gtﬁsoulﬁﬂagg?gdﬁgr sul fur)

f eedst ocks;combirationi Hpwevehitis profecred tthattalleieps id theraboke dqiatied {3 ek s ;

i mpgoved product color, particularly near end . of run; debottlﬁnecki ng

existing d@sHprBedey hatonly gre of deps tgaar tonbe omided frapyibe tdel ke 12 at
constant t %&Jze\;eh%‘ﬁ’diu%{xalss%ﬁ% 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.

[0034] In an embodiment, the tail gas is also preferably released at a pressure high
enough so that the tail gas may be fed to another device absent tail gas compression.
More preferably the tail gas pressure is greater than or equal to 60 psig. In a most
preferred embodiment, the tail gas pressure is greater than or equal to 80 psig. At

r higher pressures, the tail gas can be conducted to a fuel header.
[6035]  Practice of the present invention can have the following benefits:
{(a) 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.



scf H2 at lower total flow); and other neans that would be apparent to one
skilled in the art. [0037] Increased H2 recovery also offers significant
potential benefits, sone of which are described as follows: (i) reducing

t he demand ™0 2Q9e0t¥2Bed, nmanufactured, or ot her sources BSIT/ARWSEPEA n t he
refinery; (ii) increasing hydroprocessing feed rates at constant (existing)
makeup gas demands as a result of the increased hydrogen recovery; WO
2006/ 079027 PCT/ US2006/ 002295 -18 (iii) inproving the hydrogen purity in
hydr opr ocessi ng for increased heteroatom renoval efficiencies; (iv)
removing a portion of the H2 fromrefinery fuel gas which is detrinental to
the fuel gas due to hydrogen's | ow BTU val ue whi ch can present conbustion
capacity limtations and difficultiesl7or some furnace burners; (v) Qher
benefits that woul d be apparent to one know edgeable in the art. The

fol | owi ng exanp) es Wiceasimstoipadty of hydrdgeatooatdiniag peoypleses soedrys and shoul d
not be cited as being limting in any way. EXAMPLES Exanple 1 [0038] This

exanpl e deSsRlfiBEdn amECERASE Hhevesrlbhy dspRaTHIrGas gaspurityin Hier iga@pholowiier t s
an g . 4 ) B
oper ati ng TG ASadfesting S¥erls? ¥ Mdi el bRl RRBIESD 5 S el From -

di fferent upstepam pIsedesH, RGovéty tifom RdBpieess O pRRs ditheBwheresel ective
catalytic treatnments units, at a typical rate of 160 "nB/h. [0039] A second
process di sighificanteofeengratiognef Bi9 jre presentdbetopegastscnipbing)20 affergas i s fed

scrubbing (typically <100 vppm H,S).

[0036] 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,

[0037] 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 resulit of the increased hydrogen recovery;



with a mxture of oil fromdifferent upstream processing units such as

at nospheric pipestills or fluid catalytic crackers, at a typical rate of
200 nB/ h. The second unit can be operated in conjunction with the first in
di fferent coMEMWO/HAY’ nodes , each node designed to nakBCHUSI004/903298
products that neet sul fur specifications. For exanple the first treater
produces a product with 50 ppmsul fur, whereas the second treater can make
ei ther product with 2000 ppm sul fur. Wen the conventional unit operation is
WO 2006/ 079027 PCT/ US2006/ 002295 -19 practiced by the former node, hydrogen
consunption in the second unit is 2400 Nn8B/h wth a treat gas rate of 14
N8/ h and product sulfur is 1250 ppm Corresponding values for the first
unit are hydrogen consunption of 3500-Nn8/h, treat gas rate of 27 NnB/h and
product sul fur of 44 ppm . These val ues represent an exanple w thout the

benefits of us(iiipiniprtdAgithe hydroperpmaitg ichydroprocessingfor incxeangl keteropdfid0] Thi s
exanple illustrates.a first enbodi nent of the invention as shown in Figure
2 hereof, ¥emevaleRfisiene®sA unit is placed on the outlet of the second acid

scrubber. In thj of [ 0, hee-i nv [ 1) nption
in the secondmr’)zr]‘c fﬂég&f %%%%l{]?g%g& 1%Prr@/r ﬁﬁl\&,ﬁr{’%'%& g? gggf%gég%g%%?%?&m N8/ h
and producthesfblfgag dudto BydidgapilowBTUSRARWIGE c¥@biéeenticombubtéon§ dapséityuni t
under this node of operation are hydrogen consunption of 3900 NnB/h, treat

gas rate ofimitatipprgod difficultiesdfor somme edbumersy ppm (vs. 44 ppmin Exanpl e
1). It is seen,fy this_ .ex | e t.hat the node of ration.described by
Figure 2 perm f n bot

- " ) G e, BT a1 opetfnt 5 ate FomwERRE I B RERT bt
first and second treaters and further reduced sulfur levels in both product
from treaters, when conpared to conventional operation described in Exanple

| above. Thefdlowing exdrhpias ag fresepteddesglustoativefpaepbsen dnlyamd should nbbbe sul f ur

distillat dyct. .. e 3
'stitha ecﬁédo as%%gng lmEli(tamrépmeany way.

EXAMPLES

Example 1
[0038] This example describes the conventional operation of refinery process units

without the benefits of the invention. A first process distillate ireater operating at 35

barg, is fed with a mixture of distillate fuel from different upstream processing units

such as vacuum pipestills or selective catalytic treatments units, at a typical rate of 160
3

m/h.

[0039] A second process distillate (e.g., gas oil) treater operating at 20 barg, is fed
with a mixture of oil from different upstream processing units such as atmospheric
pipestills or fluid catalytic crackers, at a typical rate of 200 m*/h.The second unit can
be operated in conjunction with the first in different conventional modes , each mode
designed to make distillate products that meet sulfur specifications. For example the
first treater produces a product with 50 ppm sulfur, whereas the second treater can

make either product with 2000 ppm sulfir. When the conventional unit operation is



[0041] This exanple illustrates second enbodi nent of the invention, where a
rapid cycle PSA unit is placed wthin the configuration of the units of
Exanple 1, as showmn in Figure 1 hereof. In doing so, treat gas purity

i ncreases i N"WOWHNII2Y eat er and consequent |y hydrogen co?@ﬂ%ﬁ"?‘g‘}?w*ﬁ t he
second treater increases by 1500 NnB/h to 3900 Nn8/h. Additionally in the
second unit in this node of the invention, the treat gas rate is 9 NnB/h
and product sul fur of 1250 ppm Correspondi ng values for the WO 2006/ 079027
PCT/ US2006/ 002295 -20 first unit under this enbodi nent of the invention are
hydr ogen consunption of 3500 NnB/h, treat gas rate of 27 NnB8/h and product
sul fur of 35 ppm It will be seen from Exanple 2 that the node of operation
described by Figure 1 permits an increlse of hydrogen consunption by al nost
50% and the reduced sul fur content (35 ppmvs 44 ppm. Unexpectedly this
exanpl e i | presticet lgsthe fatmeranodes hydmpers cofsumptien ircthesaces! wnit is S460DIN /12
because sone_of the aromatjcs are saturated whi ch_does not |eaye additional
hydr ogen f SFthdeiEsst gasrafe %ﬁl%%lmq&ﬂnd@{améﬁﬁtw@@aﬁ PPR- LATTESRORAIE| e, t he
refinery s ' i | ' 3

pressure S\R/’m&ﬁg{?"g %ﬁéﬁgﬁg&f}gg\# % g r?%gésdlt?lgg% cg{r?g ggr}g@ s/g’r%%mg‘rriiﬁ%/ey%@al of
refinery pNagdsaidygrodudttsalfaticfdspprnhTheseivalnd represunt o pxanplesiit@udthe
hydrotreating _applications. In this exanple typical hydrocarbons are

descri bed b@ﬁ%@t?usmBSRSAﬂaﬁh@prqceas.comﬁgmammane, C2 = ethane etc. The
RCPSA i s capabl e of producing hydrogen at > 99 %purity and > 81 % recovery
over a range of flowrates. Tables 1 a and |Ib show the results of conputer
si mul ationmgp_f@zRCPSA and the input and output percentages of the

di fferent conponents for this exanple. Tables | a and | b also show how the
hydr ogen pli40y ddbisexsmpleadlustzatos 2 fiyst embpdiorent oEthefinventi® a¥ showmin 91. 7 %

for a6 FgFur[?f: 3 hér%%ﬂ‘ wat'gerfé:1 t8n% I?éi’gA%rﬁ% isE Slialce Sty thaetout gt & tlhg second acid
scrubber. In this mode of operation of the invention, hydrogen consmfaption in the
second refinery unit is 3500 Nm®/h with a treat gas rate of 14 Nm’/h and product sulfur
of 1100 ppm. Corresponding values for the first unit under this mode of operation are
hydrogen consumption of 3900 Nmalh, treat gas rate of 27 Nm’/h and product sulfur of
27 ppm (vs. 44 ppm in Example 1) . It 1s seen from this example that the mode of
operation described by Figure 2 permits sigunificant increases in hydrogen consumption
in both first and second freaters and further reduced sulfur levels in both product from
treaters, when compared to conventional operation described in Example 1 above.

Therefore, allowing to process more feed and have more low sulfur distillate product.

Example 3
[0041] This example illustrates second embodiment of the invention, where a rapid

cycle PSA unit is placed within the configuration of the units of Example 1, as shown
in Figure 1 hereof. In doing so, treat gas purity increases in second treater and
consequently hydrogen consumption in the second treater increases by 1500 Nm3/h to
3900 Nm3/h. Additionally in the second unit in this mode of the invention , the treat
gas rate is 9 Nm3/h and product sulfur of 1250 ppm. Corresponding values for the



WD 2006/ 079027 PCT/ US2006/ 002295 -21 Tables la & I'b Conposition (nol % of

I nput 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 MVSCFD. Tabl e
| a. Hi gher pwo2096/88@&p Ti nes in seconds are tF=1, tco =0.REVUSI0840022950, tp
=0.333, tgP =0.5 H2 at 98.6 %opurity, 89.7 %recovery feed product Tail-Gas
H2 88.0 98.69 45.8. d 6.3 1.28 25.1 C2 0.2 0.01 1.0 C3 2.6 0.01 12.3
C4+ 2.9 0.00 14.8 H20 2000 vppm 65 vppm 9965 vppm Dotal (MVBSCFD) 6. 162
4,934 1.228 480 psig 470 psig 65 psig Table Ib. H gher purity Step Tines in

seconds are tF=l, tco =0.333, tctr =0, tp =0.167, t . =0.5 H2 at 97.8 %
purity, 91.7 %recovery feed product Tail-Gas H2 88.0 97.80 45.9 Cl1 6.3
2.14 25.0 -20-

first unit under this embodiment of the invention are hydrogen consumption of 3500
Nm3/h, treat gas rate of 27 Nm3/h and product sulfur of 35 ppm. It will be seen from
Example 2 that the mode of operation described by Figure 1 permits an increase of
hydrogen consumption by almost 50% and the reduced sulfur content (35 ppm vs 44
ppm). Unexpectedly this example illustrates that not as much sulfur reduction as in
example 2 because some of the aromatics are saturated which does not leave additional

hydrogen for deep desulfurization.

Example 4
[0042] 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
nurnber 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 la
and 1b show the results of computer simulation of the RCPSA and the input and
output percentages of the different components for this example. Tables 1a and 1b
also show how the hydrogen purity decreases as recovery is increased from 89.7 % to

f 91.7 % for a 6 MMSCFD stream at 480 psig and tail gas at 65 psig.



C2 0.2 0.02to C3 2.6 0.02 12.3 C4+ 2.9 0.00 14.9 H20 20DDv m 131 vppm
10016 v pmtai (MVSCFD) 6.160 5.085 1.074 480 psig 470 psig 65 psig [0043]
The RCPSA' s described in the present invention operate a cycle consisting

of differentwotel®r90Step 1 is feed during which product iRCEHIIAANELLISstep 2
I's co-current depressurization, step 3 is counter-current depressurization,
step 4 is purge, usually WD 2006/ 079027 PCT/ US2006/ 002295 -22
counter-current) and step 5 is repressurization with product. In the RCPSA s
described here at any instant half the total nunber of beds are on the feed
step. In this exanple, tTOl = 2 sec in which the feed tine, tF, is one-half
of the total cycle. Exanple 5 [0044] In this exanple, the conditions are the
sane as in Exanple 4. Table 2a showsZonditions utilizing both a co-current
and counter-current steps to achieve hydrogen purity > 99 % Table 2b shows
that the counter-current depressurization step my be elimnated, and a
hydr ogen purity of 99%can still be maintained. In fact, this shows that by
increasing the time of the purge cycle, tp, by the duration renoved from

t he counter-current depressuri zatigg l%écig,& EN t hat hydrogen recovery can
be increased to a level of 88% T Pe 2b Effect of step durations on
H2 purity and recovery €éfpbsfio ¥ v))of ihpdt anePoRtpu R t | Ons as Table 1.

Feed is at 480 psig, 122 deggp (ﬂt’) 13 ﬁﬁriﬁ%aﬂ&ﬂ.g' Feed rate is about 6
MVBCFD. Feed is at 480 psig, 122 deg F and Tail gas at 65 psig.
Feed rate is about 6 MMSCFD.

Table 1a. Higher purity
Step Times in seconds are tg=1, tco =0.167, tey =0, tp =0.333, tgp =0.5

H2Z at 98.6 % purity, 89,7 % recovery

fead product “Tail-Gas
H2 88.0 08.69 45.8.
c1 6.3 1.28 751
Gz 0.2 0.01 1.0
c3 26 0.01 12.3
C4+ 2.9 0.00 14.8
H20O 2000 vppm 65 vppm 9965 vppm
fotal (MMSCFD) 6.162 4.934 1.228
480 psig 470 psig 85 psig

Table 1b. Higher purity
Step Times in seconds are tg=1, tco =0.333, tey =0, tp =0.167, tzp =0.5

H2 at 97.8 % purity, 81.7 % recovery

feed product Tai-Gas {
H2 8.0 —67.80 "45.0
c1 8.3 214 25.0
c2 ) 0.2 0.02 10
c3 2.6 0.02 12.3
Ca+ 2.9 0.00 14.8
H20 2000 vppm 131 vppm 10016 vpm
IxEta: {(MMSCFD) 6.160 5.085 1.074
480 psig 470 psig 65 psig

[0043] 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, nsually



Table 2a. Wth counter-current depress, Internediate pressure =105 psig
purity recovery tF tco tcNtP tRP %s s s s s 98.2 84.3 1 0.283 0.05 0.167
0.5 98.3 851 0.166 0.167 0.167 0.5 99.9 80 1 0.083 0.25 0.167 0.5 Table
2b. W thout saumwbeorexrrrent depress purity recovery tF tcecrawkkoéoniR % % s
Ssss 97.891.710.33300.167 0.5 98.7 90 1 0.166 0 0.334 0.5 99 838 1
0.083 0 0.417 0.5 WD 2006/ 079027 PCT/ US2006/ 002295 23 Exanple 6 [00451
Thi s exanple shows a 10 MMSCFD refinery stream once again containing

typi cal conponents, as shown in feed columm of Table 3 (e.g. the feed
conposition contains 74 %H2). The streamis at 480 psig with RCPSA tai

gas at 65 psig whereby the absolute pressure swing is 6.18. Once again the
RCPSA of the present invention is capghl e of producing hydrogen at > 99 %
purity and > 85 @6recovery fromthese feed conpositions. Tables 3a and 3b

show t he r%’étﬁh&sc;?{enft | 1% re ﬁﬁ%ﬁ%rﬁ@ltﬁ‘ RRuE TR AR R g ’Hegcnq&

i nput and out put In H2 pU|f|cat|on I s at
psig, 101 dem a‘Faﬂy‘ldwiEaif ha]gdse tatal ﬁﬁmbemg‘ bedé-mednrthé &ads;tepbdutthﬁ@xzhﬁ@é;l:D.

Tabl e 3a. Hi gher puri
m‘% =2 se% n wh){ch the feed time, ty, is one-half of the total cycle.

Example 5
[0044] In this example, the conditions are the same as in Example 4. Table 2a

shows conditions utilizing both a co-current and counter-current steps to achieve
.hydrogen purity > 99 %. Table 2b shows that the counter-current depressurization step
may be eliminated, and a hydrogen purity of 99% can still be maintained. In fact, this
shows that by increasing the time of the purge cycle, tp, by the duration removed from
the counter-current depressurization step, toy, that hydrogen recovery can be increased
to a level of 88%.

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

Table 2a. With counter-current depress, Intermediate pressure = 105 psig

! purity | recovery 3 fco ten tp tre
% % s s s 5 s

98.2 84.2 1 0.283 0.05_ 0.167 0.5

98.3 85 1 0.166 0.167 0.167 0.5

958.9 80 1 0.083 0.26 0.167 0.5

Table 2b. Without counter-current depress

purity | recovery te teo ten tp tre
%o Y s 5 s 8 5

97.8 91.7 1 0.333 0 0.167 0.5

88.7 90 1 0.166 0 0.334 0.6
89 88 1 0.083 0 0.417 0.5




Step Tines in seconds are tF =0.583, tco =0.0839 tcN =0, tp =0.25, tRF =0.25
H2 at 99.98 %purity and B6 % 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 ¢3 2.6 0.00 7.4 C4+ 3 0. 00
11.0 H20 209 2906478023 v m 5387 v mtotal MVBCFD 10. 220 61’51@5@06/%295480
psig 470 psig 65 psig WO 2006/ 079027 PCTI US2006/ 002295 -24 Table 3b. Lower
purity Step Tinmes in seconds are tF =0.5, tco =0.167, t p =0, tp =0.083, tpp
=0.25 H2 at 93 % purity and 89 %recovery feed product Tall-Gas H2 74.0
93,12 29.3 d 14.3 6.34 31.0 C 5.2 0.5016.6 C3 2.6 0.02 8.9 ™4+ 3.9
0.00 13.4 H20 2000 vppm 142 vppm 6501 v pmotal (MVSCFD) 10.220 7.240 2.977
480 psig 470 psig 65 psig [0046] In both cases shown in Tables 3a and 3b
above, although tail gas pressure is -23-

Example 6
[0045]  This example shows a 10 MMSCFD refinery stream, once again containing

typical components, as shown in feed column of Table 3 (e.g. the feed composition
contains 74 % H;). The stream is at 480 psig with RCPSA tail gas at 65 psig whereby
the absolute pressure swing is 6.18. Once again the RCPSA of the present invention is
capable of producing hydrogen at > 99 % purity and > 85 % recovery from these feed

compositions. Tables 3a and 3b show the resuits of this example.

Tables 3a & 3b
Composition (mol %) of input and output from RCPSA (53 ft’) in H2
purification. Feed is at 480 psig, 101 deg F and Tail gas at 65 psig.
Feed rate is about 10 MMSCFD.

Table 3a. Higher purity
Step Times in seconds are ty=0.583, tcp =0.083, tony =0, tp =0.25, tgp =0.25

H2 at 99.98 % purity and 86 % recovery

feed __product Tail-Gas
H2 74.0 90,98 288
c1 14.3 0.02 376
c2 52 0.00 13.8
c3 . 2.6 0.00 7.4 {
Ca+ 39 0.00 7.0
H20 2000 vppm 0.3 vppm 5387 vppm
fiotal (AMSCF D) 10,220 6.514 3.705

480 pslg 470 psig 65 psig



high at 65 psig, the present invention shows that high purity (99 % my be
obtained if the purge step, tp, is sufficiently increased. [0047] Tables
2a, 2b and 3a show that for both 6 MMSCFD and 10 MMSCFD now rate

condi tions, wasyokoBm7purity hydrogen at -99 % and > 85 Y%pCeasyRsyozs
achievable wth the RCPSA. In both cases the tail gas is at 65 psig. Such
hi gh purities and recoveries of product gas achieved using the RCPSA with
all the exhaust produced at high pressure have not been di scovered before
and are a key feature of the present invention. [0048] Table 3c shows the
results for an RCPSA (volunme = 49 cubic ft) that delivers high purity (>
99% H2 at high recovery for the sane refinery stream discussed in Tables
3a and 3b. As conpared to Table 3a, Tabhe 3c shows that simlar purity and
recovery rates can be achi eved by sinultaneously decreasing the duration of
the feed cycle, tp, and the purge cycle, tp, WO 2006/ 079027

PCT/ 0S2006/ 002295 -25 Table 3c. Effect of step durations on H2 purity and
recovery froman RCPSA (49 ft3) ﬁ%g s at 480 pS|g 101 deg F and Tail gas
at 65 psig. Feed rate is about 185ab CLSWE it counter-current depress
purity recover yStep Timegs incsecongds Fﬂif%sst(ﬂb'so!ﬁ'é 10506 50,0830t <9.2%7 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

Exanpl e 7 [ 0Q4&bs &Rudnses g, Table 4 further illust rat es the

performance of RCPSA's o i ng

descri bed here. InHthis e . — 203
cH 6.34 31.0
c2 0.50 16.6
c3 0.02 8.9
( C4+ 0.00 13.4

‘. H20 2000 vppm 142 vppm 6501 vpm

lotal (MMSCFD}) ] 10.220 7.240 2,977

- 4 B0 psig 470 psig 65 psig

[0046] In both cases shown in Tables 3a and 3b above, although tail gas pressure is
high at 65 psig, the present invention shows that high purity (99 %) may be obtained if

the purge step, tp, is sufficiently increased.

[0047] Tables 2a, 2b and 3a show that for both 6 MMSCFD and 10 MMSCFD flow
rate conditions, very high purity hydrogen at ~99 % and > 85 % recovery is achievable
with the RCPSA. In both cases the tail gas is at 65 psig. Such high purities and

( recoveries of product gas achieved using the RCPSA with all the exhaust produced at
high pressure have not been discovered before and are a key feature of the present

invention.

[0048] Table 3c shows the results for an RCPSA. (volume = 49 cubic f) that
delivers high purity (> 99%) H, at high recovery for the same refinery stream
discussed in Tables 3a and 3b. As compared to Table 3a, Table 3¢ shows that similar
purity and recovery rates can be achieved by simultaneously decreasing the duration of

the feed cycle, tz, and the purge cycle, tp,



feed is a typical refinery streamand 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 Wh¥W0sAIM2Tgas can be sent to a flash drum or F&TAS006883%t or or
ot her downstream refinery equi pment without further conpression

requi renment. Another inportant aspect of this invention is that the RCPSA
al so removes COto <2 vppm which is extrenmely desirable for refinery units
that use the product hydrogen enriched stream Lower |evels of CO ensure
that the catalysts in the dowmstreamunits operate without deterioration in
activity over extended |engths. Conventional PSA cannot neet this CO
specification and sinultaneously al se2feet 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 equipnent that processes such RCPSA
exhaust. Sipc SII i‘ge tail gas |s available at 40 psig or greater, no

addi ti onal % esEftest ofstep gurationson H2 pugity and g CQ‘WEY?@%A“ A i nery
equi pment . D). Xred/ipab ¢34 psigTi10bdep & oul/Paibgas #b5 prigl Eeed materisabout bh ( nol
% of input and output fMMSBEEEAV{tho(t countercwaehbdepresoxi de and

hydr ocar bon renoval from hydrogen. Feed is at 300 psig, 101 deg F, and Feed

rate i s about pP—9+ - =0—5 tco =0.1, tfN
=0, tp =0.033, jLBHIV_g ey 7 PR Pacdvery feed
roduct Tail - o tido. 2% § ‘ s 0.01 13.9
95.6 87.1 0.5 0.167 0 0.083 0.25
07.6 86 f§ 05 ¥ 0117 0 | 0133 | 025
09.7 859 | 05 ] 0083 0 I 0167 | 025
Example 7

[0049] In this example, Table 4 further illustrates the performance of RCPSA's
operated in accordance with the invention being described here. In this example, the
feed is a typical refinery stream and is at a pressure of 300 psig. The RCPSA of the
present invention is able to produce 99 % pure hydrogen product at 83.6 % recovery
when all the tail gas is exhausted at 40 psig. In this case the tail gas can be sentto 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.



C3 2.0 0.00 10.2 C4+ 2.6 0.00 13.2 total 0.971 0.760 0.211 300 psig 290
psig 40 psig Exanple 8 [0050] Tables 5a and 5b conpare the performance of
RCPSA' s operated in accordance with the invention being described here. The
stream bei ng WoirtebO®2has | ower H2 in the feed (51 % nol PCIAB2006/082295 pi cal
refinery/petrochem cal stream In both cases (corresponding to Tables 5a
and 5b), a counter current depressurization step is applied after the
co-current step. In accordance with the invention, Table 5a shows that high
H2 recovery (81% is possible even when all the tail gas is released at 65
psig or greater. In contrast, the RCPSA where sone tail-gas is available as

|l ow as 5 psig, |oses hydrogen in the counter-current depressurization such
that H2 recovery drops to 56% |n addi-t#en, the hi gher pressure of the
streamin Table 5a indicates that no tail gas conpression is required. WO

2006/ 079027 PCT/ US2006/ 002295 -27 Tabl Fabkal & 5b Effect of Tail Gas
Pressure on recover Comgémlien R%?%hﬁmlanacbdtpuﬁfrﬁﬁﬁnoms& 4/
concentration (51. 3Mrbtﬁlgfﬁim?§ﬁﬂd bot redioyal ftm put from

et s wd et %d%tizlﬁ%%bgﬁiﬁi F and Feed
=0. 083, tote = %“"St“ﬁ’:t 3901” Sty T 3‘&’13 KA é’“ﬁrom 65. 83

d H2 at 99.7 u and 81 % recove
H2 at 99.99 % purity and 88 % recovery

H2 89.2 9998 48.8
Cc1 33 0.01 13.9
c2 2.8 0.01 13.9
| c3 2.0 0.00 10.2
Ca+ 2.6 0.00 13.2
total 0.971 0.760 __0.211
300 psig 290 psig 40 psig

Example 8
[0050] Tables 5a and 5b compare the performance of RCPSA's operated in

accordance with the invention being described here. The stream being purified has
lower H, in the feed (51% mol) and is a typical refinery/petrochemical stream. In both
cases {corresponding to Tables 5a and 5b), a counter current depressurization step is
applied after the co-current step. In accordance with the invention, Table 5a shows
that high H, recovery (81%) is possible even when 2all the tail gas is released at 65 psig
‘ | or greater. In contrast, the RCPSA where some tail-gas is available as low as S psig,
loses hydrogen in the counter-current depressurization such that H, recovery drops to
56%. In addition, the higher pressure of the stream in Table 5a indicates that no tail

gas compression 18 required.



feed odu Tau-Gas H2 51.3 99.71 20.1 d 38.0 0.29 61.0 C2 4.8 0.00 8.0 C3
2.2 0.00 3.6 C4+ 3.7 0.00 6.4 H20 4000 VDDM 0.7 m 6643 v total MVSCFD
5.142 2.141 3.001 273 psig 263 psig 65-83 psig Table 5b. Step Tines in see.
are tF=0. 667, WQ3WsA7P0357 t =0.083, tp =0.083, tap =0.33 FGYUSEH6(0032%
avai l able from5-65 Dsig. H2 at 99.9 % i 3udtv and 56 % nnovery feed u 8-Gas
H2 51.3 99,99 34.2 O 38.0 0.01 48.8 C2 4.8 0.006.9 C3 2.2 0.00 3.4 4+
3.7 0.00 6.2 H20 4000 v 0.0 VDDM 5630 vDDrn d M 5.142 1.490 3.651 273pslg
263psi g 5-65pag Exanple 9 {0051] In this exanple, Tables 6a and 6b conpare
the performance of RCPSA's operated in accordance with the invention being
descri bed here. In these cases, the feed pressure is 800 psig and tail gas
i s exhausted at either 65 psig or at 1 -psig. The conposition reflects
typical inpurities such H2S, which can be present in such

Tables 5a & 5b

Effect of Tail Gas Pressure on recovery
Example of RCPSA applied to a Feed with H2 concentration (51.3 mol %)
Composition (mol %) of input and output from RCPSA (31 ft’) in H2
purification.

Feed is at 273 psig, 122 deg ¥ and Feed rate is about 5.1 MMSCFD.

Table 5a. Step Times in seconds are t;=0.5, tco =0.083, tcy =0.033, tp =0.25,

tep =0.133
{a] Tail gas available from 6583 psig, H2 at 99.7 % purity and 81 % recovery
feed product Tai-Gas
H2 513 8971 20.1
C1 38.0 0.29 61.0
c2 48 0.00 8.0
Cc3 22 0.00 38
C4+ a7 0.00 6.4
H20 4000 vppm 0.7 vppm 6643 vppm
Eotal (MMSCED) _ 5142 2.141 3.001
273 psig 263 psig 65-B3 psig

Table 5b. Step Times in sec. are ty=0.667, tco =0.167, tcy =0.083, tp =0.083,

trp =0.33
[} Tail gas available from 5-65 psig, H2 at99.9 % purly and 56 % recovery
feed u JTal-Gas
H2 51.3 99.89 34.2
C1 38.0 0.01 48.8
c2 48 0.00 8.9
C3 22 0.00 3.4
C4+ 37 0.00 6.2
HZ0 AD00 vppm 0.0 vppm 5630 vopm
tdgi {(MMSCF D} 5.142 1450 3.651
273 psig 263 psig 5-65 psig
Example 9

[0051]  In this example, Tables 6a and 6b compare the performance of RCPSA's

operated in accordance with the invention being described here. In these cases, the
feed pressure is 800 psig and tail gas is exhausted at either 65 psig or at 100 psig. The

composition reflects typical impurities such H2S, which can be present in such



WD 2006/ 079027 PCT/ US2006/ 002295 -28 refinery applications. As can be seen,
hi gh 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
ef fl uent dur wuponémostep is sent to other beds in the cPCTAS:WENR295as onl y
i ssues during the countercurrent purge step. Table 6¢c shows the case for an
RCPSA operated where sone of the tail gas is also exhausted in a
countercurrent depressurization step follow ng a co-current

depressuri zation. 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 tp®-counter-current depressurization
and the counter-current purge steps. [0052] In all cases the entire anount
of tail gasefiferfVphlicabbfs. 2hs BVt HERRRBYEY (MB0%H) Al JR¥Eed A bRt egrati on
with other high pressure refinery process. This renoves the need for any
form of requasesavithctheyhigspurity >\l %oe Ipboththesegrabésybnlywr ¢a-gurgad at  hi gh
recoveries., I n accordance with the _broad clains of this invention, these
cases are dlfpipssurigaien wgwa%#@ae uenf fpuRg Bug sfep b%@&ﬁﬁ)ﬁoégﬂﬁﬁﬁdﬁ&thﬁ mting

either to t r g} : i L 0 I nto the
nature of (MEChareEs puly Bl SaIE Bon e AR R b TR SHEWEUE

PCT/ US2006/d282609 an RIPSPabpe&ated avhefdsonde GfthExagdsds ako Bshfosteddnhi ed to a high
pressure feed Conposition (nol 9% of input and output from RCPSA (18 f9) in
H2  puri f i ceuntsreuresedepressumzagion sispifgllowmg agegcurrent demessyrication. The about 10. 1
MVSCFD.

{

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.

[0052] 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.



6a. Step Tinmes in seconds are tF x.91, tco =0.25, tcN =0, tp =0.33, tgp
=0.33 [a] Tail gas at 65 psig, H2 at 99.9 % Purlty and 87 % recovery feed
duct Tail-Gas H2 74.0 99.99 29.5 (Cl1 14.3 0.01 37.6 C2 5.2 0.00 14.0 C3
2.6 0.00 7. WNOem6/08097 0. 00 10.9 H2S 20vppm 0 65 motal MNBEBPIINY 6. 524
3.663 800 psig 790 psig 65 psig 6b. Step Tinmes in seconds are tF=0.91, too
=0.25, tcN =0, tp =0.33, tap =0.33 [b] Tall gas at 100 pslg, H2 LA 9 .93 %
u' and 80.3 %recove feed product Tail-Gas H2 74.0 99.93 38.1 d 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 H28 20 vppm O
vppm 49 vppm otal MVBCFD 10. 187 6.062 4.125 800 psig 790 psig 100 pstg WO
2006/ 079027 PCT/ US2006/ 002295 -30 6¢. Step tines in seconds are tF=0.91,

teo =0.083, tCN =0.25, tp =0.167, tpp-20.41 [cl Tail gas from 65-100 sgl
H2 at 99.8 % purity and 84 %recove

Tables 6a, 6b, & 6¢
Example of RCPSA applied to a high pressure feed
Composition (mol %) of input and output from RCPSA (18 ft*) in H2
purification.
Feed is at 800 psig, 122 deg F and Feed rate is about 10.1 MMSCFD.

6a. Step Times in seconds are ty=0.91, tco =0.25, tey =0, tp =0.33, tge =0.33
[a] Tail gas at 65 psig, H2 at 89.9 % purty and 87 % recovery

foed _produoct Tail-Gas
H2 74.0 99,99 295
C1 143 0.01 37.6
c2 5.2 0.00 14.0
ca 2.6 0.00 7.4
Cé+ 3.9 0.00 10.8
H28 20 vppm 0 55 Eﬂm
Fotal (MMSCFD) | 10,187 6,524 3.663
800 psig 790 psig 65 psig

6b. Step Times in seconds are ty=0.91, tco =0.25, tey =0, tp =0.33, tgp =0.33

[b] Tall gas at 100 psig. H2 at 99.93 % purity and 80.3 % recovery -
fead roduct Tall-Gas

H2 740 89.93 3841
c1i 14.3 0.07 328
c2 5.2 0.00 125
C3 28 0.00 6.5
Ca4+ 3.8 0.00 9.6
H28 20 vppm G vppm 49 vppim
fictal (MMSCFD) 10.187 6.062 4,125

800 psig 790 psig 100 psig



feed product Tall-Gas

H2 74.0 99.95 28.9 Cd 14.3 0.05 39.0 C2 5.2 0.00

13.7 C3 2.6 0.00 7.2 4+ 3.9 0.00 10.6 H28 20 vppm 0.01 v m53 v motal
MVBCFD 10. 187 6.373 3.814 800 pslg 790 psig 65-100 psig Exanple 10 [ 00531
Tabl es 7a, 7W020@079@7conpare the perfornmance of RCPSA s BEEPS08002395

accordance with the invention being described here.

The stream bei ng

purified has higher H2 in the feed (85 % nol) and is a typical

refinery/ petrochem cal
product is below 10 % (i
of the present

wi t hout the need for tail

(rmol 9% of
tco =0. 33,
Tai | - Gas

stream
. €.

In

PIP < 1.1).

gas conpression.
RCPSA applied to a Feed with H2 concen3¢ation (85 nol o/a) .
Feed is at 480 psig, 135

Under this

i nput and output from RCPSA (6.1 ft) .
deg F and FeﬁﬂStqtﬁmesxmatmuhdﬁal‘d\tE@BDI t&—lﬂﬂ;t&ﬁ mzs;m%etﬁdnti@ =iﬁr4§ tF O5,

t hese exanples the purity increase in
constraint, the nethod
invention is able to produce hydrogen at > 90% recovery
Tables 7a, 7b, & 7c. Exanpl e of

Conposi tion

t ClMTeiQ@esFEW §5-1fpsig r oduct
H2 85.0 %22 40 5K bock TaIlGas
c1 14.3 0.05 30.0
c2 5.2 0.00 137
c3 26 0.00 7.2
Cd+ 39 0.00 10.6
H2S 20 vppm 0.01 vppm 53 vppm
kotal (MMSCFD) 10,187 6,373 3.814
800 pslg 790 psig 65-100 psig

Example 10

[0053] Tables 7a, 7b, and 7c compare the performance of RCPSA's operated in

accordance with the invention being described here. The stream being purified has

higher H; in the feed (85 % mol) and is a typical refinery/petrochemical stream. In

these examples the purity increase in product is below 10 % (i.e. P/F < 1.1). Under this

constraint, the method of the present invention is able to produce hydrogen at > 90%

recovery without the need for tail gas compression.

Tables 7a, b, & 7c.
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.

7a, Step Times in seconds are tz=0.5, tco =0.33, tey =0.167, tp =0.167, tgp =1.83
recovery =85 %

feed product " Tall-Gas
H2 85.0 92.40 57.9
c1 8.0 4.56 17.9
cz 40 1.79 13.1
C3 3.0 1.16 10.4
Cé+ 0.0 0.00 0.0
H20Q 2000 866.5 6815
flotal {MMSCFD) 6.100 4,780 1.320
480 psig 470 psig 685 psig



C24.01.79 13.1 C3 3.0 1.16 10.4 C4+ 0.0 0.00 0.0 H20 2000 B66.5 6915
total MMSCFD 6.100 4.780 1.320 480 pSI g 470 psig 65 psig WO 2006/ 079027
PCT1US20061002295 -31 7b. Step Tinmes in sec. are tp =1, tro =0.333, tcN
=0. 167, tp WO.MERMLRP =0.417 recovery = 90 % feed prodRETUSHMREIYS p g5 0
90.90 58.2 d 8.0 5.47 18.1 (C2 4.0 2.23 12.9 C3 3.0 1.29 10.1 ¢4+ 0.0
0.00 0.0 H20 2000 1070.5 6823 total MVBCFD 6.120 5.150 0.969 480 psig 470
psig 65 psig 7c. Step Tinmes in see. are tF =2, tco =0.667, teN =0.333, tp
0.167, tRp =0.833 recovery = 90 % feed product Tall-Gas H2 85.0 90.19 56.2
C 8.06.21 18.8 C2 4.0 2.3213.9 C3 3.0 1.17 11.3

-3]-

7b. Step Times in sec. are ty=1, tco =0.333, tcy =0.167, tp =0.083, tgp =0.417

recovery =90 %

feed product Tall-Gas
H2 85.0 90.90 58.2
Ci 8.0 5.47 18.1
cz 4.0 2.23 12,9
c3 3.0 1.29 101
Ca+ 0.0 0.00 0.0
H20 2000 1070.5 6823
Itotal {MMSCFD) 6.120 5.150 0.969
480 psig 470 psig 65 psig

7e. Step Times in see, are ty=2, tco =0.667, tcn =0.333, tp =0.167, tgp =0.833

recovery =90 %

feed ~praduct Tal-Gas
H2 850 90.19 56.2
c1 8.0 6.21 18.8
c2 40 2.32 139
C3 3.0 1147 113
C4+ 0.0 0.00 0.0
H20 2000 1103.5 7447
fictal (MMSCFD) 6.138 5,208 0.93
480 psig 470 psig 65 psig




C4+ 0.0 0.00 0.0 H20 2000 1103.5 7447 total MVBCFD 6. 138 5208 0.93 480
psig 470 psig 65 psig WO 2006/ 079027 PCT/ US2006/ 002295 -32- Wat is cl ained
is: 1. A process for increasing the hydrogen purity in hydrogen-containing
streans assowd 200647921 h a petrocheni cal processes, whi ch B§TOBRYE3Hpr i ses
subj ecting the hydrogen-containing steamto rapid cycle pressure sw ng
adsorption unit containing a plurality of adsorbent beds and having a total
cycle tinme of |ess than about 30 seconds and a pressure drop within each
adsor bent bed of greater than about 5 inches of water per foot of bed

| ength. 2. The process of claim1 wherein the petrochem cal processes are
those selected fromthe group consisting of xylene isonerization,

et hyl benzene hydroi soneri zation to xyt¥hres, toluene di sproportionation,

sel ective toluene disproportionation, and toluene, benzene and C9'

t ransal kyl afWhat is 8lairhbé ifar ocess of claim 2 wherein the total cycle tine of
rapid cycle pressure swng adsorpti on is less than about 15 seconds. 4. The

process of Ia|m3 wherein the.t cle ti,ne i.s.less than.about 5
seconds. (i The &’6‘?9@% d?crﬁffséﬁgﬁa‘ 5FEPH“WH@1’§F1@§§HF8H@PBB§ Freagieat er

than about %&ocfaféﬁr\?ﬁh 2hettGliemitE 'brcfc@gges,%hlgﬁ frdefdmprises subjecting the
hydrogen-containing steam to 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 S inches of water

( per foot of bed length.

2. The process of claim 1 wherein the petrochemical processes are those selected
from the group consisting of xylene isomerization, ethylbenzene hydroisomerization to
xylenes, toluene disproportionation, selective toluene disproportionation, and toluene,

benzene and Cy’ transalkylation.

3. The process of claim 2 wherein the total cycle time of rapid cycle pressure

swing adsorption is less than about 15 seconds.

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

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

inches of water per foot of bed length.



