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reformng refers to the total effect of noj ecul ar changes on a hydrocarbon
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oxi de support.. al so contains an acid functionality,
normal |y pro\dldg: : & hal ogen, to nediate the reforning
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[0001] The invention relates generally to catalytic reformers and their use for the

catalytic reforming of petroleum naphthas. More particularly, the invention relates

( to an improved catalytic reformer process which can be operated at higher
throughput relative to compressor size. The invention has the capability of enabling

. compressor-limited reforming units to be operated at greater capacities.

BACKGROUND OF THE INVENTION

[0002] Catalytic naphtha reforming is an established petroleum refinery process.
It is used for improving the octane quality of hydrocarbon feeds in the naphtha
boiling range. Generally, reforming refers to the total effect of molecular changes
on a hydrocarbon feed, produced by a number of reactions. Typical reforming
reactions include dehydrogenation of cyclohexanes, dehydroisomerization of
alkyleyclopentanes, dehydrocyclization of paraffins and olefins, isomerization of
substituted aromatics, and hydrocracking of paraffins. Typical reforming catalysts
are multifunctional catalysts having a hydrogenation-dehydrogenation component
dispersed on a porous, inorganic oxide support. The support typically also contains
an acid functionality, normally provided by the use of a halogen, to mediate the

reforming reactions.



[0003] Areforming unit typically conprises a plurality of serially
connected reactors with furnaces for supplying additional heat to the
reaction streamas it passes fromone reactor to the next in order to
conpensat e fwop0dem79e@t utilized in the overall endot herkGTEUS2DEE0A220¢€r of
the process. Conventionally, reform ng processes have been operated as

sem -regenerative or cyclic processes using fixed bed reactors or as

conti nuous processes such as UOP CCR Pl atform ngTM (Continuous Catal ytic
Regeneration Platform ngtm using noving bed reactors. Proposals have been
made for conbining fixed and noving bed reactors using regenerators
appropriate to the individual reactor types. Units of this hybrid type are
di scl osed, for exanple, in US 5,190, 638; 155 5, 190, 639; US 5, 196, 110; US
5,211, 838; US 5, 221, 463; US 5, 354, 451; US 5,368,720 and US 5, 417, 843.
Simlar hybrid reform ng units using conbinations of fixed bed and noving

bed t descri-bed in.: A : : i f
Pevanp; ng. Cat WP ¢ Aas R dd EeltRR e RIS bf oo bt e ch
1996). US 4, 498,2A3itH ¢sahédaeor Supplyingadtitidnakticat to the reaxtionistreatiasht t wo

movi ng bed reactor stacks share'a conmon regenerator. UOP has r,ﬁce tly
announced i t spaSyes feofiiidnePeantessto thonextris vaderda copperiginiostheibeat LGHZ4 Bm a

fixed bed reformng _unit by th addition of a circul ati ¢ ﬁj t reactor
as the final hegvewil qﬂ#Oﬂwén%cefj@f efs‘éfjdﬁ%ﬂi%?ss- TR ﬁ%‘&f{ig’r '?fts" 8’?%/. ded with
Its own heat e %‘3 { fraife reﬁ%@éra%eﬁﬁ%gé{em&for c5¥1i€ btdd8s RS 6 fheEher
than as a subRPreuti on o hem aper AM 03-93" [0004] Watever the

confi gur at i onhed rehétBrst ds.cofii@MBprotéssecsuchds $HDP CORBtforming/¥, fixed bed
cyclic, continuous or hybrid, a hydrogen recycle |oop is WD 2Q06/ 079026

PCT/ US2006/ 00{€x@inuods Catalytic Regeneration Platforming™) using moving bed reactors.

=

Proposals bave been made for combining fixed and moving bed reactors using
regenerators appropriate to the individual reactor types. Units of this hybrid type
are disclosed, for example, in US 5,190,638; US 5,190,639; US 5,196,110; US
5,211,838; US 5,221,463; US 5,354,451; US 5,368,720 and US 5,417,843. Similar
hybrid reforming units using combinations of fixed bed and moving bed reactors are
described in NPRA Paper No. AM-96-50 “IFP Solutions for Revamping Catalytic
Reforming Units” {1996 NPRA Annual Meeting, 17-19 March 1996). US
4,498,973 describes a moving bed reforming unit in which two moving bed reactor
stacks share a common regenerator. UOP has recently announced its CycleX™
Process for increased hydrogen production from a fixed bed reforming unit by the
addition of a circulating catalyst reactor as the final reactor in the reactor sequence.
This reactor is provided with its own heater and regenerator as an expansion of

existing assets rather than as a substitution of them: NPRA Paper AM-03-93.

[0004] Whatever the configuration of the unit, however, fixed bed semi-

regenerative, fixed bed cyclic, continuous or hybrid, a hydrogen recycle loop is



provided in order to maintain an adequate volunme of hydrogen at a suitable
pressure in all the reactors. Although the reforner is a net producer of
hydrogen, it is necessary to maintain a hydrogen:oil ratio within defined
limts in or%rzoﬁ 79%1'; ni mze catal yst aging. The hydr ogenpeaii©bociod2208s been
generated or recycled is not pure and, in fact, typically contains
significant quantities of |ight hydrocarbons which have not been conpletely
renoved in the separators which follow the reactor section. The term "l i ght
hydr ocar bons” used herein nmeans a hydrocarbon m xture conprised of

hydr ocar bon conpounds of about 1 to about 5 carbon atons in weight (i.e.,

Cl to C5 weight hydrocarbon conmpounds). The conposition of the recycle gas,
together with other process variables is a3significant process vari abl e.
Refornmer wunits are typically designed for“a nmaxi numfeed rate, recycle gas
rate, and recycle gas conposition. Once these maxi num design conditions are

exceeded, the pressure drop in the systemcan exceed the abi I,iw of the
recycl e gas cprvidesisnmordar toamdinteimamadegssisptodine of Brdiogen akd BU{Goisprgssure

dosi rabl o1 n WAl HEZeRsORS AR Brermes 1 Bagoe oped o maptoecitRydr ogen
yields, or th ' . § G inTEdh orderdesi gn
pressure of t’lieeclég%h' %ﬁ@t&?%ﬁgﬁgﬁgﬁﬁmgﬁgg%n i npr O\fed

confi gur at i onmifigaéahlyki ainap Thsdhydtaearwhioly isinstteenigendratedal resycleddy c| e

gas conpressor limtations to be overcone_  and which enabl es existi Eg units
to be oper at enptgmreandindhatytypicey ¢rniginstignaficantgyaatitios ol dight hpdregsroons

R X TR T e e T

(' section. The term "light hydrocarbons" used herein means a hydrocarbon mixture
comprised of hydrocarbon compounds of about 1 to about 5 carbon atoms in weight
(i.e., C; to Csweight hydrocarbon compounds). The composition of the recycle gas,
together with other process variables is a significant process variable. Reformer
units are typically designed for a maximum feed rate, recycle gas rate, and recycle
gas composition. Once these maximum design conditions are exceeded, the
pressure drop in the system can exceed the ability of the recycle gas compressor to
achieve an acceptable recycle rate without increasing system pressure. Increasing
the pressure may not, however, be desirable in many cases as it will tend to reduce
reformate and hydrogen yields, or the unit may already be operating near the

maximum design pressure of the equipment.

[0005] 'We have now devised an improved configuration for catalytic naphtha
reforming units which enables recycle gas compressor limitations to be overcome
and which enables existing units to be operated at a capacity exceeding those
imposed by compressor limitations and new units utilizing such embodiments may

be operated at a greater nominal capacity.



SUMVARY OF THE | NVENTI ON [ 00061 According to one enbodi nent, a catalytic
napht ha reform ng process is carried out by renoving hydrocarbons fromthe
hydrogen recycle streamby Conventional Pressure Swi ng Adsorption
("conventi ORRH 2ddexivobze | N @ preferred enbodinent, a cat alpdmes2emsioe2ed ng
process is carried out by renoving hydrocarbons fromthe hydrogen recycle
stream by Rapid Cycle Pressure Swing Adsorption ("RCPSA"). The reduction in
the proportion of hydrocarbons in the reforner recycle streamincreases the
hydrogen purity of the stream a factor which itself is favorable for the
ref orm ng mechani sns, but also fromthe present point of view, has the
advant age of reducing the circuit pressure drop with the result that it
becones possible to overcone the limtation_inposed by recycle gas
conpressor and to increase the feed rate commensurately. The extent to

whi ch the conpressor I|limtation my be by-passed will depend on the extent
to which the h drocarbons romthe recycle stream wth
i ncreasi ng hySHNMARYG will be the potential increase in

napht ha feed rate. Accordi ngly, |t |spref erred to increase the hydrogen

F2;L§y98€/owewbﬁﬁﬁé' ReodTta rmysipent o et SutRte wRORHEE BRets . 7l .
preferred enb H{mh ﬁgngﬁ%g%ﬁy&ﬂogm@b%%hﬁﬂﬁwgﬁﬁ%mé ﬂi‘e&kﬁ‘b? S

utilized |ncreases n“content 1 n both”the hydrogen-contai ning

recycl e stregpawntiohficPressune BwhiygAdgermption (caaveitional REA"yIha prrdeum'h ng
uni t. WO 2006/079026 PCT/ US2006/ 002294 -5 BRI EE DESCRI PTI ON CF THE Fl GURES
100081 The soimbadimerk aratadytic rafomeing process) isyaarieh oy by rsapqyng hy ePQI PRy a

from the hydrogen recycle stream by Rapid Cycle Pressure Swing Adsorption

("RCPSA"™). The reduction in the proportion of hydrocarbons in the reformer
recycle stream increases the hydrogen purity of the stream, a factor which itself is
favorable for the reforming mechanisms, but also from the present point of view,
has the advantage of reducing the circuit pressure drop with the result that it
becomes possible to overcome the limitation imposed by recycle gas compressor
and to increase the feed rate commensurately. The extent to which the compressor
limitation may be by-passed will depend on the extent to which the hydrocarbons
are removed from the recycle stream: with increasing hydrogen purity, the greater
will be the potential increase in naphtha feed rate. Accordingly, it is preferred to
increase the hydrogen purity of the recycle stream to at least 85% by volume,

preferably to at Ieast 90% by volume, more preferably to at least 95% by volume.

[0007] In a preferred embodiment, a rapid cycle pressure swing adsorption unit
is utilized increases the hydrogen content in both the hydrogen-containing recycle

stream and the export hydrogen stream of a catalytic reforming unit.



pressure swi ng absorption unit for renoving hydrocarbons fromthe recycle
gas loop of a typical catalytic reform ng process. DETAI LED DESCRI PTI ON OF
THE | NVENTI ON [ 00091 This process is applicable to catal ytic naphtha
reformng, that iiSeh@ethe process in which a hydrocarbonpéegchobdhotee

napht ha boiling range is subjected to reactions at el evated tenperature

i ncl udi ng dehydr ogenati on, dehydrocyclization, isonerization and

hydr ocracki ng to convert aliphatic hydrocarbons in the naphtha feed to
aromatics so as to result in a product conprising an increased proportion of
aromatics (relative to the feed). Depending on the properties of the naphtha
feedstock (as neasured by the paraffin, ol efin, naphthene, and aromatic
content) and catalysts used, the reformateg product can be produced with
very high concentrations of toluene, benzéne, xylene, and other aromatics
useful in gasoline blending and petrochem cal processing. Hydrogen, a
significant by-product, is separated fromthe reformate for recycling and
use in other BRIRRDESCRIPHION OF WHEFIGURESactions invol ved in the
overall reform ng process include both exotherniic and endothermc
conmponents, the overall reaction is endotherm c and requires substantial
anmounts of pr h UNE! : b ot inehdéate 4 ype of
fixed bed ref @m\gfs ?%%iséfaél}ﬁ? operhtg{éégS%‘%wsngngg?ng%bﬁ?n;ﬁ%dlpg{;eng\/\o
2006/ 079026 Pgrbediive 00433t omiipfor semoeiag ihydmodrbons froex therdcydiegasycl e
life of the catal yst between regeneration cycles; the nore nodem continuous
catal ytic ref mopmfa typicaksasalytiarefomapgnirecsss. operating in a | ower, nore
favorabl e pressure regine. In the present process the actual reform ng nmay
be f:arri ed out under the conditions appropriate to the unit

DETAILED DESCRIPTION OF THE INVENTION

[0009] This process is applicable to catalytic naphtha reforming, that is to the
process in which a hydrocarbon feed in the naphtha boiling range is subjected to
reactions at elevated temperature including dehydrogenation, dehydrocyclization,
isomerization and hydrocracking to convert aliphatic hydrocarbons in the naphtha
feed to aromatics so as to result in a product comprising an increased proportion of
aromatics (relative to the feed). Depending on the properties of the naphtha
feedstock (as measured by the paraffin, olefin, naphthene, and aromatic content}
and catalysts used, the reformate product can be produced with very high
concentrations of toluene, benzene, xylene, and other aromatics useful in gasoline
blending and petrochemical processing. Hydrogen, a significant by-product, is
separated from the reformate for recycling and use in other refinery processes.
While the reactions involved in the overall reforming process include both
exothermic and endothermic components, the overall reaction is endothermic and
requires substantial amounts of process heat to carry it to the desired point. The

older type of fixed bed reformers typically operated at moderate to high hydrogen



using the catal yst systemselected for the unit. Conditions such as
tenperature, pressure, feed/recycle ratio, space velocity, may remain
unchanged and in accordance with normal operating paraneters. |If the unit
has, howevenrygb&groesPnpressor limted, the use of the prEEIEs20G60URM i on nay
enabl e higher feed rates (wth any appropriate consequential changes) to be
made, as discussed below. [0010] The present invention provides a
substantially | ower cost option for refiners to nake significant

| nprovenents to the capacity (throughput) of existing reformer units or,
alternatively, to design new units wth a greater capacity than would

ot herwi se have been attainable, w thout inproved hydrocarbon separation
fromthe recycle gas streamor an increasegi.n recycle stream conpression.
The present invention nmay be applied equally to units with fixed-bed
(non-continuous) reactors as well as to units with noving bed (continuous)

reactors and to hybrjd type uni I nc  ngbot h.fixe I ng bed
reactors. Fi xB@sBies WrHrder te‘l‘itﬁlgéﬁf?f-e:j'&lﬁé’ﬁg}ea(fait@ﬁtijggﬁj@&q?g&%ﬁo\rﬂner s or
SW ng- r eact or |l sq ref 0. a5 ' : i f 6l ma
be. i ol uded | Peyp RSl bdiin i baly e pADRRAS, RteVcE R eSO, o,

Units with mowhéiaiReth & RAedrPmosy Mverableprbsaun regintce gincthe gresegiprecessdhs have
recently been proposed in U S. Patent Application No. 10/690, 08% ;
(Publ i cati on aigualusfaoiug reydesarigd out undgetheironditions appiepEatedy theuiip

"egenerat on Vanp Rk siomsclestti it B CRRGonk B sobloliblier T o "
April 2005 (bﬁlgggmg rfeg%/%c ciYatio, s%ﬂce v@lgéﬁgﬂrgég?bmiﬂl luﬁgha%ée&‘@.ﬁﬂ i¢004) ; the

present unit appli 0 use’In novi reactor units such as
those. accordance with normal operating parameters. If the unit has, however, been

compressor limited, the use of the present invention may enable higher feed rates

(with any appropriate consequential changes) to be made, as discussed below.

[0010]  The present invention provides a substantially lower cost option for
refiners to make significant improvements to the capacity (throughput) of existing
reformer units or, alternatively, to design new units with a greater capacity than
would otherwise have been attainable, without improved hydrocarbon separation
from the recycle gas stream or an increase in recycle stream compression. The
present invention may be applied equally to units with fixed-bed (non-continuous)
reactors as well as to units with moving bed (continuous) reactors and to hybrid
type units including both fixed bed and moving bed reactors. Fixed bed units may
be semi-regenerative catalytic reformers or swing-reactor (also referred to as cyclic
regeneration) reformers and may be included in hybrid type systems with both fixed
and moving bed sections. Units with moving bed reactor systems and non-
integrated regenerators have recently been proposed in U.S. Patent Application No.
10/690,081 (Publication No. US-2004-129605-A1); a fixed bed unit converted to



[0011] Cyclic, fixed-bed reformers are well-known. In units of this type, a
plurality of reactors are used, typically fromthree to five, with one
reactor at atinme being the so-called "swi ng" reactor. The actual reformng

is carried Oﬁiﬁ’éigp‘%ﬁﬁigﬁgg remai ning reactors according to thg-fp§iEBdeekRh or M ng

reactor sequ the catalyst in the "swing" reactor 1's being
regenerated by the flow of regeneration gas through the catalyst. In the
nor mal operation sequence, the reactor with the catalyst which has aged the
nost, is withdrawn fromthe reform ng sequence (taken "off- oil"): after the
oil feed is cut off, the catalyst in the vessel is subjected to

regenerati on sequence typically wth a purge' of residual hydrocarbons
(nitrogen purge), oxidative regeneration to burn off the accunul ated coke
on the catal yst, hal ogenative rejuvenatioﬂ'(usually a chlorination
treatnment), followed by a purge of oxides and residual occluded gases and a
final hydrogen reduction, after which the reactor is returned on |ine by

bringing it "gvitid bedagattor vpératiommdthhoicliv esgeabrationtingraposesd in-1JiS. Patent
regenerati on, A;gljbeporri naék%sﬂ%%&me%ﬁé#@%gé SF étfxﬁfﬂﬁtgﬁ operating
sequence. The castopaNe -1 "p¥com ng the
swing  reactop,ap,negeRRahi Sk RERSIAE N LIEiSLALIAL 0BGy odihg b ¢
a presul fidi né E{‘l’ég ’t’gﬁé t‘&BII'1 51 pg%stﬁw y n%@ or nmay no{“@e uged
fol | ow ng rediGtio?Rnits NHER! thyse.t he swing time can range fromone to five

days. The termregeneration WO 2006/ 079026 PCT/ US2006/ 002294 -8 gas is used
here to conprehend the various gases used in the regeneration sequence

Safs?'a?, y:e:ggf’tafm} %&%Eﬁ%ﬁ‘%dél?% rﬁ&%ﬁ%&%&%ﬁtﬁ%@ﬁ?iﬁ‘w ol BEBEre  pur 0

or e sulfidin gplblgaélty ng#lﬁéolﬁ) 'areai%%d, fyi)maﬁg Yt theB¥ td ﬁ@e,%@iﬂ%ﬁ(@fea%‘?m & tiné
being the so-called “swing” reactor. The actual reforming is carried out in the
remaining reactors according to the normal reforming reactor sequence while the
catalyst in the “swing” reactor is being regenerated by the flow of regeneration gas
through the catalyst. In the normal operation sequence, the reactor with the catalyst
which has aged the most, is withdrawn from the reforming sequence (taken “off-
oil”): after the oil feed is cut off, the catalyst in the vessel is subjected to
regeneration sequence typically with a purge of residual hydrocarbons (nitrogen
purge), oxidative regeneration to burn off the accumulated coke on the catalyst,
halogenative rejuvenation (usually a chlorination treatment), followed by a purge of
oxides and residual occluded gases and a final hydrogen reduction, afier which the
reactor is returned on line by bringing it “on-oil” again while another vessel is taken
off-oil for regeneration, so becoming the swing reactor for this part of the operating
sequence. The sequence then follows with each reactor in turn becoming the swing
reactor on regeneration. Depending on the catalyst used in the unit, a presulfiding
step to control initial activity may or may not be used following reduction.

Normally, the swing time can range from one to five days. The term regeneration



[00121 Sem -regenerative units typically contain one or nore fixed-bed
reactors operating in series with inter-bed heaters to nmaintain operating
severity as the catalyst deactivates by increasing the reaction tenperature
and to mai ntywghRodshsenadlesi red tenperature profile across tegE/us0G6/08:294 he
rati o of endothermc to exothermc reactions increases in successive
reactors. Eventually, a sem -regenerative unit is shut down for catalyst
regeneration and reactivation in its original node of operation. [0013] The
operation of hybrid type units is described in the patents and ot her
publications referred to above. The operation of units with noving bed
reactors and non-integrated regenerators is described in U S. Patent
Application No. 10/690,081 (Publication Ng. US-2004-129605-Al); units with
novi ng bed reactor section and cyclic regeneration sections are disclosed
in US. Patent Application No 11/096,372, filed 1 April 2005. [0014) A
conventional PSA process nay be used to separate the Li dr ocar bons

ight h
from the hydr gefcis used bets tp compreheng the vaiQus gases Ysed I Eg%neg%/q%ﬁﬁunWr e, a

gas streamis SS nder. u f i i r a
2011 d o 20061895t HOYFLEBbERREES 2eo yRE bR aRlally Ao R o gBf £
relatively sehaQhld SulbfiansBEBMIR ges fosthivinstinpiag gasshilroger A nant
which is to be renoved fromthe gas stream It is possible to renove two or
nore cont am nexdustien and, tifiregoirstl pylibe cétakystdhemdsing ibeprechdfidingrgas treatmant.
conmponents which are to be renoved will be referred to in the singular and
referred to as a contamnant. The gas is passed over the sorption bed and

energes from jfg,bed odepl el S riie i SHREAT BitRhin Uik OF it TS teRBEAolsn t he
operating in series with inter-bed heaters to maintain operating severity as the
catalyst deactivates by increasing the reaction temperature and to maintain the
desired temperature profile across the unit as the ratio of endothermic to exothermic
reactions increases in successive reactors. Eventually, a semi-regenerative unit is
shut down for catalyst regeneration and reactivation in its original mode of

operation.

[0013] The operation of hybrid type units is described in the patents and other
publications referred to above. The operation of units with moving bed reactors and
non-integrated regenerators is described in U.S. Patent Application No. 10/690,081
(Publication No. US-2004-129605-A1); units with moving bed reactor section and
cyclic regeneration sections are disclosed in U.S. Patent Application No
11/096,372, filed 1 April 2005.

[0014] A conventional PSA process may be used to separate the light
hydrocarbouns from the hydrogen before it is recompressed for the recycle stream.

Here, a gas stream is passed under pressure for a period of time over a bed of a sohd



bed. After a predetermned tine or, alternatively when a break-through of
the contam nant is observed, the flow of gas is switched to another simlar
bed in a separate vessel for the purification to continue. At the sane

time, the sog‘,%e2 sopLam nant is renmoved fromthe origi nabcpgghoiiordzos
reduction in pressufe, usually acconpanied by a reverse f?ow 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 offgas systemwhich typically conprises a |arge offgas drum together
with a control systemdesigned to mnimze pressure fluctuations to
downstream systens. The contam nant can be collected fromthe off-gas
systemin any suitable nmanner and processag further or disposed of as
appropriate. When desorption is conplete, the sorbent bed nay be purged with
an inert gas streame.g. nitrogen or a purified streamof the process gas.

Ci'roam [ 001SprorREWshEcBTe PR MELEH e SO Py e T R
hysi cal ti the . | ' [ h
B e, <11 P g pteh i WIS R ULTCH e BB otfafy PRAPHSRRAC AT such as

cont am nant ( $3mo¥€8ké befodé Comthindiants sithultandisROGIE/ oy SfR@niente,GR2006/ 002294
-10 many applications since they may exhibit a significant degree of

sel ectivity fcomponenttaxicomponenisiwiiok sredp hegamonedwill hereferedte 81 thed and

predi ctabl e pore_ sizes. rmal |y, chem cal_reaction between the.soyrbent is
not favor ed iswgylaé\ﬁngﬁeﬁeﬁé tp A% A squlamipents Thg gas 1sHas ?V&??'h“gsm%l} é‘?‘fon of
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desorbed duribpd. WAferdgsedadéntifedtifie di)aledmatively when a break-through of the
contaminant is observed, the flow of gas is switched to another similar bed in a
separate vessel for the purification to continue. At the same time, the sorbed
contaminant is removed from the original bed by a reduction in pressure, usually
accompanied by a reverse flow of gas to desorb the contaminant. As the pressure in
the vessels is reduced, the contaminant previously adsorbed on the bed is
progressively desorbed into the offgas system which typically comprises a large
offgas drum, together with a control system designed to minimize pressure
fluctuations to downstream systems. The contaminant can be collected from the
off-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.

[0015]  The sorption of the contaminants usually takes place by physical sorption
onto the sorbent which is normally a porous solid such as alumina, silica or silica-

alumina which has an affinity for the contaminant(s). Zeolites are often used in



the cycle, e.g. by the use of higher tenperatures coupled with the reduction
in pressure. [0016] Conventional PSA is usually carried out in a unit with
three or nore sorption vessels which are switched cyclically between the
sorption, degorpiscs2end purge nodes. Additional vessel spoEyses/qenyi ded to
al l ow for sorbent change-outs and nmai ntenance. Comrercial PSA units are

wi dely available for many different process applications including hydrogen
purification. [0017] A preferred type of PSA process is the rapid cycle PSA
(RCPSA) process in which the duration of the overall cycle tine is
significantly reduced, froma nunber of mnutes to nultiple cycles per
mnute. RCPSA utilizes a rotary valving systemto conduct the gas flow
through a rotary sorber nodul e that cont-idhs a nunber of separate
conpartments each of which is successively cycled through the sorption and
desorption steps as the rotary nodul e conpletes the cycle of operations.
The rotary sgr | 2.1 A cheltyen two
seal plates %@g@ﬁg&@ﬁg@; Qt %%?S%@&%%ﬁﬁﬁb&ﬁtﬂém@gﬁ t he seal

pl ates are WQRr2GR66RZRNMtPE] +64530 06 tHMIARMrollad and peaclictable ipose Sizes. or

conpri sed of separate manifolds wherein the in|et g?s IS .cqndu%t d to the
RCPSA t ubes Normplychemicnl peactiondetwyeendhe sohsst igmet favoredin VIgROI R i ng t he

A angenent BErRGE QU o IS HErp et seRSlet ShicR Bpbehecihe B 2P ©

conpar t ment S igyic ey BamR f%khb REDBMbI AR PESEIS I AS mehadfo B exichaledafpl et e

cycle at any one tine. In contrast wth conventional PSA, the flow and
pressure vatheabitedamatesinismesy boeffedtivebodesortmd diemgr the idesorptioh portiep die
changed in a nunber of_ separate increnments on th ordtﬁr of seconds per
cycle, whi chthewysiehes. buitha yse of higher temperatures coupled with the reduction in

pressure.

[0016] Conventional PSA is usually carried out in a unit with three or more
sorption vessels which are switched cyclically between the sorption, desorption and
purge modes. Additional vessels may be provided to allow for sorbent change-outs
and maintenance. Commercial PSA units are widely available for many different

process applications including hydrogen purification.

(0017} A preferred type of PSA process is the rapid cycle PSA (RCPSA) process
in which the duration of the overall cycle time is significantly reduced, from a
number of minutes to multiple cycles per minute. RCPSA utilizes a rotary valving
system to conduct the gas flow through a rotary sorber module that contains a
number of separate compartments each of which is successively cycled through the
sorption and desorption steps as the rotary module compietes the cycle of
operations. The rotary sorber module is normally comprised of tubes held between

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



pressure and flow rate pul sations encountered by the conpression and val vi ng
machinery. In this form the RCPSA nodul e i ncludes valving el enents
angul arly spaced around the circular path taken by the rotating sorption

nodul e so th@bﬁ@ﬁ%g sgonpartnent is successively passed tgcgu@assdokow path
in the appropriate dul rection and pressure to achieve one of the increnental

pressure/flow direction steps in the conplete RCPSA cycle. A key advantage
of the RCPSA technology is a much nore efficient use of the adsorbent
material. Since the quantity of adsorbent required with RCPSA technol ogy
can be only a fraction of that required for conventional PSA technology to
achi eve the sane separation quantities and qualities. The footprint,

i nvestnent, and the anount of active adsorﬁe_nt required for RCPSA is
significantly lower than that for a conventional PSA unit processing an
equi val ent anount of gas. [0018] For the purposes of the present catalytic
naphtha reform ng process, PSA is used to renove the |ight %égrocar_bons
fromthe gasemusntast witha sthtoricempeised nfsepapte upeifoldsoder 02294

-12 effluent stream prior rec ression for the.recycle |o

ef fluent st r egndupicdip theRCASA Y‘-‘g‘ggF H@CP%c’SaPBP%Fé PF‘?‘%S& g?se@%e lan"gas
gas/ i quid sepay r e [B) ]

products nai n%&?%ﬂn%rl?g?ﬁ%p@hgg @gﬁ%tﬁﬁ?gﬁgi%ﬁ?%?ggﬂg@e? ﬁ'i;o%ﬁ{é‘hﬁ i ght
ends conpri si fbtabldireggenichvbNtheseyaisies andinpnifdldscanumber ofintiveduadf or m ng
reactions) and |ight hydrocarbons (nainly C5 and | ower hydrocarbons). . From

the separ at orgompratrgente sy bt passimgitheoughithgchasecterysicotns of ke c?mglﬁfe cyc?e
ydr ocar bons #a GGG oy SaLBRHVTBsoBruoA Yy B A HEER R age of *the
light variations required for the sorption/desorption cycle may be changed in a number of
separate increments on the order of seconds per cycle, which smoothes out the
pressure and flow rate pulsations encountered by the compression and valving
machinery. In this form, 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. A key advantage of the RCPSA technology is a much
more efficient use of the adsorbent material. Since the quantity of adsorbent
required with RCPSA technology can be only a fraction of that required for
conventional PSA technology to achieve the same separation quantities and
qualities. The footprint, investment, and the amount of active .adsorbent required
for RCPSA is significantly lower than that for a conventional PSA unit processing

an equivalent amount of gas.

[0018]  For the purposes of the present catalytic naphtha reforming process, PSA

is used to remove the light hydrocarbons from the gaseous portion of the reformer



hydr ocarbons are renoved fromthe PSA process as a tail gas and a hydrogen-
enri ched gaseous stream | eaves outlet of the PSA process with a higher
concentration of hydrogen than the gaseous streamthat was conducted to the
inlet of tt\g gﬁ‘% RJoRcess. Thi s hydrogen-enri ched gaseouspEini@adgooans t hen be
recycled to PRE Pirst reformer reactor. If desired, the PSA unit can be

| ocated in the recycle gas streamupstreamof the catalytic reforner's
hydr ogen export manifold thereby treating both the gas streamthat will be
utilized as a refornmer recycle gas as well as the net hydrogen exported
fromthe catalytic reform ng process. (0019] The FI GURE herein, given for
exanpl e only, shows a fixed bed catalytic naphtha refornmer which may be of
the cyclic, sem -regenerative, or continu@us regeneration type. The

hydr ocarbon feed enters through line 10 and is conbined wth recycle
hydrogen fromline 11. The conbi ned hydrocarbon/ hydrogen feed then passes

t hr ough heat changer 13 in which the r '

ef f | uent fro‘?ﬁﬁ‘ﬁ%tsf PHQr o IEFOTpIgan i(#{(}ﬁ%&%c%gb@%ngﬁ %rgt(}i‘{eggbd& {ﬁ_n passes
from WO 2006&8%&9@ Pask ok Q822 %kst ted 18 2 e@tiqedcRBAGRIT ot Separatord for St
furnace 14 to bring it to the required tenperature to enter first reactor
15 in which gdparatefieriuid refeamiigymeducismainiy coRprisingrthe €5 anilhigherhe second

and third stage reactors 16 and 17, nay be ejther a_fixed b,g_a rgact r or a
cont i nuous cwchowb@n&ﬁgm@pélghbmctwmqsm ggen (hoth racyrlge snd PEONCET st

.15 . h 1 f d
Fur nace 25 oilring P8 F RERAGrLraus) AR bt BREofFBM AR ek e anner t o
third stage ﬁﬁﬂ'ﬁ&ﬂf)o%sé ¥ om ? gﬂgﬁgﬁtm' tHe E45eDRE Greash inbhRtiRS tHeUf@rodenGimdt he

third stage reactor sses t Heat “exchanger 13 to heat "the conbi ned
recycl e/ f eedligitrigdrocafhemsa$ tondinted todhe R8Atunit in which the proportion of light

- hydrocarbons is reduced by adsorption onto the sorbent. A percentage of the light

hydrocarbons are removed from the PSA process as a tail gas and a hydrogen-
enriched gaseous stream leaves outlet of the PSA process with a higher
concentration of hydrogen than the gaseous stream that was conducted to the inlet
of the PSA process. This hydrogen-enriched gaseous stream can then be recycled to
the first reformer reactor. If desired, the PSA unit can be located in the recycle gas
stream upstream of the catalytic reformer's hydrogen export manifold thereby
treating both the gas stream that will be utilized as a reformer recycle gas as well as

the net hydrogen exported from the catalytic reforming process.

[0019]  The FIGURE herein, given for example only, shows a fixed bed catalytic
naphtha reformer which may be of the cyclic, semi-regenerative, or continuous
regeneration type. The hydrocarbon feed enters through line 10 and is combined
with recycle hydrogen from line 11. The combined hydrocarbon/hydrogen feed
then passes through heat exchanger 13 in which the stream obtains heat from the

effluent from the final reactor (three shown). The combined feed then passes from
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exchanger 13 passes to cooler 20 and then to separator 21. Aliquid
reformate product 22 is renoved fromthe separator and a conbi ned recycle
and export hydrogen stream 23 is also renoved fromthe separator in the

vapor phase. Cooler 20 is suitably an air cooler althougllé((,).gB ool er or
a conbi nat i oWOOA26nd  water coolers is also useful. [ e ‘conbi ned
recycle and export hydrogen stream 23 from separator 21 still contains

appreci abl e amounts of |ight hydrocarbons, both fromunconverted feed and
reformer reaction products. In order to reduce the level of |ight

hydr ocarbons in the stream the conbined recycle and export hydrogen stream
23 is conducted to a Pressure Swi ng Absorbent (PSA) unit, preferably a
Rapid Cycle PSA (RCPSA) unit 25. The purified hydrogen recycle and export
hydrogen stream 26 |eaves the PSA unit 25 with a greater hydrogen content
than the combined recycle and export hydrogen stream 23 that was fed to the

PSA unit. The streamis then separated into a urified export hydrogen
stream 24 andieat qanaharig'e&diirte@)ﬂﬁég@weﬂétgmgg he requmeddompeaBioins - 14

t 26. Th fied 26 duct 27
Por iy 1 it e gL TEN whishiRe SAIORTRE TeackibnS SAOHIhER, REaGOIHY M8 00
that are re%"%@oht? c{l‘ﬁnas S@ésfe%a%fsfﬁﬁnw thg%ﬁw@em%raa fi2dd bedasabr @am 28

and passed to t tem or” separd Into fractions which can be

used in ot hegontiviichs caﬁ@)nm@gagar@ﬁbﬁ (€Y eedator. Rﬂ%&&:ﬂdemfgmm finstrséage
contam nants, such as, but not limted to C02, water, nia, and H2S may

al so be renoveastdrdrpasses th e Sﬁj‘@nd stagareacri@ bmféyeﬁsw@ f[‘@@?ﬁ? PRC shoul d
be noted tha 0%'!( ge@%ﬁ rs]tatgg?'c-:a%'f' {é 1ndth l%én X-% Q:r'tc? ﬂnpcf) V%'nge fgactor 17 by

{ way of third furnace 23. The effluent from the third stage reactor passes through

heat exchanger 13 to heat the combined recycle/feed stream. The effluent from heat

exchanger 13 passes to cooler 20 and then to separator 21. A liquid reformate
product 22 is removed from the separator and a combined recycle and export
hydrogen stream 23 is also removed from the separator in the vapor phase. Cooler
20 is suitably an air cooler although a water cooler or a combination of air and

water coolers is also useful.

[0020]  The combined recycle and export hydrogen stream 23 from separator 21
still contains appreciable amounts of light hydrocarbons, both from unconverted
feed and reformer reaction products. In order to reduce the level of light
hydrocarbons in the stream, the combined recycle and export hydrogen stream 23 is
conducted to a Pressure Swing Absorbent (PSA) unit, preferably a Rapid Cycle
PSA (RCPSA) unit 25. The purified hydrogen recycle and export hydrogen stream
26 leaves the PSA unit 25 with a greater hydrogen content than the combined
recycle and export hydrogen stream 23 that was fed to the PSA unit. The stream is
then separated into a purified export hydrogen stréam 24 and a purified recycle gas



the Figure as being renoved fromthe recycle gas streamprior to the
conpressor in the Figure, that in one enbodinent, the purified export
hydrogen nmay be withdrawmn fromthe conbined streamafter the conpressor if
addi ti onal S&b%ﬁé?e%(ﬁfsure is required for the purified gepesbodidshopgen
stream The qua |{y of the separation in the PSA can be enhanced at higher
pressures and if the feed to the PSA is at higher pressure, the exhaust
(desorption) gas fromthe PSA may be at a sufficiently high pressure to be
used econom cally w thout additional conpression before being sent to the
fuel gas header or other downstreamuse within the refinery. [0022] In stil
anot her enbodi nent, the purified export hydrogen may be w thdrawn after
separator 21 and prior to the PSA unit 254 _This particular enbodi ment may
be useful when either the hydrogen content of the export hydrogen is
sufficient without further inprovenents or the nmain objective is to

U 2006/ 079 0BT LEhoHTIBES Be:1cle 823 S AR A BRI epeltrgier 40, ° |
hyd I Ll ahbl e i ' i ] [ 0023] |
Cpeci T e enoBraty HoReiele b B 1, T A B e | ogen

stream may hayenwad i HOBSA (26656 Bid with@awasas! :0til 3as Sasarh 28rantipgbsediio dssur e
sem regen units) to as high as 85% (for |ow pressure continuous catalytic

r egener at i onfughgasyysteas pesiparated info frastiensvhich canbedised retheruritsum i s used
f hi gh hyd ity.. T jght hyd b dn.th t h
o e e e B e SRR LA 3,
whi o e e, tl| oot Be 0GR WAE ) o WOV 8HRAS B

reaches the én sorptio
containing make-up gas.
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[0021] It should be noted that although the purified export hydrogen is shown in
the Figure as being removed from the recycle gas stream prior to the compressor in
the Figure, that in one embodiment, the purified export hydrogen may be withdrawn
from the combined stream after the compressor 1f additional stream pressure is
required for the purified export hydrogen stream. The quality of the separation in
the PSA can be enhanced at higher pressures and if the feed to the PSA is at higher
pressure, the exhaust (desorption) gas from the PSA may be at a sufficiently high
pressure to be used economically without additional compression before being sent

to the fuel gas header or other downstream use within the refinery.

[0022] In still another embodiment, the purified export hydrogen may be
withdrawn after separator 21 and prior to the PSA unit 25. This particular
embodiment may be useful when either the hydrogen content of the export
hydrogen is sufficient without further improvements or the main objective is to

increase the amount of hydrogen in the recycle stream to either improve the



of the cycle, the sorbed hydrocarbons and other sorbed inpurities are
renoved by the reduction in pressure which acconpanies the desorption
portion of the cycle. The net effect of the operation is to increase the
hydrogen purity of the recycle gas from between 55% and 85% up to val ues
whi ch may beVﬂgzﬂP@HmHE 90% or hi gher. [0024] The advantéﬁgﬂﬁng@WB%ing t he
hydr ocarbon inpurities fromthe recycle gas is to reduce the circuit
pressure drop and i nprove the hydrogen partial pressure of the recycle gas.
Oten it is the recycle gas conpressor which limts the amount of feed that
can be processed in a hydraulically constrained unit. In this case, if the
proportion of hydrocarbons in the recycle gas streamis reduced, the nass
and volunme flow rates of the strean1goin9 t hrough the feed preheat circuit,
reactors, furnaces, and effluent circuit Are reduced. As a result, the
circuit pressure drop is reduced, and the feed rates may be |ncreased due
to the elimnation of the recycle WO 2006/ 079026 PCT/ US2006/ 002294 -16 gas
conpr essor | hyddogen patial Pressireandiotydrogen tviokme available jnribe eatabyticunt i |
another constraint in the systemis realized. In a simlar manner, grass
roots catal yrﬁf@mméﬁ@?QﬁQﬁ'Q units incorporating pressure sw ng adsor ption may
be designed to have a relatively greater capacity for a conpr essor of a

gi ven size. {00251 In Conventional Pressure Swi ng Adsorption ("conventional
PSA") a gas M xth r, CHBHEELEeAY, HRADmIIED eh9tropengbiedp&t tine
over a firstﬁgﬂgl Kﬁﬁs@g??g sorbenagfhat igﬂgeI§%¥?Vegbﬁﬂaelatlvely

sel ective fohydrogewstream maydim'emd[}tc’sogenmmaémtyaﬁoawrldwchsﬁ‘ya(fbniu@ﬂ nant
that is to be renoved fromthe gas stream possi ble to renove two or
nor e cont ani PEATUIE SETRLTAZEA AHIfS) SP %thgh ay S%ér(\f@ﬂpﬁfrﬂféssmﬁt FRALEYARD PRI LB r

components t Qagtené?ragoﬁ nRse), espema?}?/ in cases l%7?herree b cro%gachgg'd?uﬁl 1§ used for higher

hydrogen purity. The light hydrocarbons in the stream such as methane, ethane,
propane, etc. will be preferentially adsorbed in the PSA while the hydrogen will
flow through the unit. When the sorption bed reaches the end of its sorption portion
of the cycle, the sorbed hydrocarbons and other sorbed impurities are removed by
the reduction in pressure which accompanies the desorption portion of the cycle.
The net effect of the operation is to increase the hydrogen purity of the recycle gas
from between 55% and 85% up to values which may be as high as 90% or higher.

[0024)  The advantage of removing the hydrocarbon impurities from the recycle
gas is to reduce the circuit pressure drop and improve the hydrogen partial pressure
of the recycle gas. Often it is the recycle gas compressor which limits the amount
of feed that can be processed in a hydraulically constrained unit. In this case, if the
proportion of hydrocarbons in the recycle gas stream is reduced, the mass and
volume flow rates of the stream going through the feed preheat circuit, reactors,
furnaces, and effluent circuit are reduced. As a result, the circuit pressure drop is

reduced, and the feed rates may be increased due to the elimination of the recycle



singular and referred to as a contam nant. The gaseous m xture i s passed
over a first adsorption bed in a first vessel and energes fromthe bed
depleted in the contam nant that renmains sorbed in the bed. After a

predet er m negobhgEys@he @l ternatively when a break-throughcoisiben02294
contam nant I's observed, the flow of the gaseous mxture is swtched to a
second adsorption bed in a second vessel for the purification to continue.
Wil e the second bed is in adsorption service, the sorbed contam nant is
removed fromthe first adsorption bed by a reduction in pressure, usually
acconpani ed 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 ti-tail gas systemthat typically
conprises a large tail gas drum together with a control system designed to
m nimze pressure fluctuations to downstream systens. The contam nant can
be coll ected from At l.zq) 0 v, q ystem
in any sui talgﬁég‘f!r%] "g?&r 1a‘“‘xﬁﬁ)‘%é@{g%&gﬁ?ﬁgﬁ%‘%&%ﬁ@@ﬁ@a‘éﬂéﬁg@gﬁri ate.
Wien desor pt ic8RsthSntGATR Sstem idiRaligsd e a kR lamyakivr Drasedoty datalgtic | nert
gas stream e.g., nitrogen or a purified streamof the process gas. Purging
may be faci réfoaning initstineorperatiog paessingisying edsasption mayher designsd te havean

[ 00261 After, e.qg.., breakthrq%?{:u in the secopd bed, .and after the first bed
has been reddatvely gaealer Gapas! OTi@OgEJF%OBPEﬁgf"@H 1% 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 tine is the

| ength of ti @oZs)0oMmiCHhvehtond Peesstre SWvitiguk dsorptidn ("sonveatidusliRSA @ t he
first bed ina first cycle to the tine when the gaseous mxture is first
conduct ed t o gatreus misturdisdcanducted undenpriessust forapssinddifitime over a first bed of

a solid sorbent that is selective or relatively selective for one or more components,

-

usually regarded as a contaminant that is to be removed from the gas stream. Itis
possible to remove two or more contaminants simultaneously but for convenience,
the component or components that are to be removed will be referred to in the
singular and referred to as a contaminant. The gaseous mixture is passed over a
first adsorption bed in a first vessel and emerges from the bed depleted in the
contaminant that remains sorbed in the bed. After a predetermined time or,
alternatively when a break-through of the contaminant is observed, the flow of the
gaseous mixture is switched to a second adsorption bed in a second vessel for the
purification to continue. While the second bed is in adsorption service, the sorbed
contaminant i1s removed from the first adsorption bed by a reduction in pressure,
usually accompanied by a reverse flow of gas to desorb the contaminant. As the
pressure in the vessels is reduced, the contaminant previously adsorbed on the bed
is progressively desorbed into the tail gas system that typically comprises a large
tail gas drum, together with a control system designed to minimize pressure

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



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 m ght be
needed when adsorption tine is short but desorption tine is long, wll
serve to increase cycle tinme. 100271 Thus, in one configu I Lessure
swing cycl e WO¢H20de a feed step, at |east one depr eé%fp%gﬁt@é%‘step, a
purge step, and finally a repressurization step to prepare the adsorbent
material for reintroduction of the feed step. The sorption of the

contam nants usually takes place by physical 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 many applications since they nmay ;ghibit a significant degree of
selectivity for certain contam nants by }eason of their controlled and
predi ctabl e pore sizes. WO 2006/ 079026 PCT/ US2006/ 002294 -18 Nornal |y,
chem cal reaction with the sorbent is not favored in view of, the increased
difficulty oRansystemimguyeeitsble menner ansjeressedviirther prdispesedsia@scheni cal | y

bound to th bent,_but chenj, tion | to b i f
he sorbed  ABRPTERs VRS EEPHOLH o ciolhptunine ey DR eEV e B
portion of tQe EY6 Geanf e nifedd'6r y@ﬁﬁﬁ@d E&&ﬂ?&fﬂfé‘??@ée%& gase.,smgﬁ@ Ry Wi th
t he reduction 1 npressure:. rBre%sure W ng adsorption processing iIs

descri bed nowbe fidilifayed by thecisb @Bk Hegher traperafiire porgegaSuiregn Adsor ption, by D.
M Rut hven, S. Farouq K. S. Knaebel (VCH Publishers, 1994). [0028]
Conventi onal PSA possesses significant inherent disadvantages for a variety

il o TR N e STRER R P R
thay 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 gasecus

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
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.



needs to be recovered from hydrogen-contai ning gas streans as conpared to
RCPSA. Al so, a conventional pressure sw ng adsorption unit will generally
have cycle tinmes in excess of one mnute, typically in excess of 2 to 4

m nut es due tﬁ ' r;r? éi mtations required to allow diffuspepy@boddoeres
conponent s t¥ 33'5;6?? % | arger beds utilized in conventional PSA and the

equi pnent configuration and valving involved. 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
seconds, preferably I ess than 15 seconds, nore preferably |ess than 10
seconds, even nore preferably |less than 5 seconds, and even nore preferably
|l ess 2 seconds. Further, the rapid cycle pressure swing adsorption units
used can nake WO 2006/ 079026 PCTIU82006/06g294 -19 use of substantially

di fferent sorbents, such as, but not Iinited to, structured materi al s such
as nonoliths. [0029] The overaII adsorpt rate t e adsor

I an
processes, wivammally, ehemisal egption wah tb‘? 8 nP% Bvary ?E@%‘?c‘teﬁ%pdnas s

constant | n CHELEHR taﬁr%grregrrp%ga“r&r«sésww R phe AN bt 2
material are depeadseit, yﬁ%ehﬁﬁrgﬁémsttﬁ?tno théfs 1688 @R&lﬁde&%@tﬂﬁedt he

pressure and the t enper at ur e mass transfer rate constant in the gas

phase is def imaterials ma}gbﬁeﬂﬂg:ﬁveﬁe&csbrbedaiﬁﬁgetha désbyptiohportiobofitle ¢yule,
di ffusion coeffrcrent in the gas phase and q%frs t he characterrstrc

di mensi on of e gﬂ@ yeewf igheridoraperpBiTereapupledh Widh Sie 1e AUSTHAN BesHEse, Dy, is

\é\ﬁglr a c'f Q?Y\Qt :Igcssure swmg(adsorphon Processimg is d o §Q88bed Hlors ﬂﬁﬁ/nmttﬁe H350LnflY the

Pressure Swing Adsorption, by D. M. Ruthven, S. Farouq & 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



di mension of the gas medium R is defined as the channel w dth between two
| ayers of the structured adsorbent material. 100301 The nmass transfer rate
constant in the solid phase of a material is defined as: i$ = D5/ R52 (in
cnR/ sec) (2) }?QP%“%QQ{Z 79026 PCTI US2006/ 002294 -20 wher e ggT/iobdnor®yf f usi on
coefficient YV e solid phase and R, is the characteristic dinension 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 dinmension of the solid nedium R is defined as the width of
the adsorbent |ayer. [0031] D M Ruthven & C. Thaeron, Performance of a
Paral |l el Passage Absorbent Contactor, Separation and Purification
Technol ogy 12 (1997) 43-60, which is incgjporated by reference, clarifies
that for flow through a nonolith or a structured adsorbent that channel
width is a good characteristic dinension for the gas nedium R8. US.
patent 6,607,584 to Mor.eau al., which is incorpgrated b ref grence, al so
descri bes t hBSeek s @W‘Bﬁy é&?"c?ﬁmaﬁpﬂ?f&t% Faceas, Bﬁﬁ%ﬁgmﬁ%@@sg%c “dssoci at ed
coefficients . ' nt and the test standard conpositions used
Bl lev el AR e 4

for conventi ron of these mass transfer rate constants is
well known to one of ordinary skill in the art and nmay al so be derived by
one of ordinary skill in the art fromstandard testing data. [0032]

Convent i onal [(888] r elTheoverall sdsoytiongntesefsbe pdsorpirrirrosesspamhethifrat e
Agsorbents. i entional B of KEPSA, SO RAAAEHL O by B THAR Ridrer SRRYSHILATR' PS4
the gas phase (t,) and the mass transfer rate constant in the solid phase (t;). A
{ material's mass transfer rates of a material are dependent upon the adsorbent, the
adsorbed compound, the pressure and the temperature. The mass transfer rate

constant in the gas phase is defined as:
1,=D;/ R} (in cm*/sec) (1)

where D, is the diffusion coefficient in the gas phase and R, is the characteristic
dimension of the gas medium. Here the gas diffusion in the gas phase, D,, is well
known in the art (i.e., the conventional value can be used) and the characteristic
dimension of the gas medium, R;is defined as the channel width between two

layers of the structured adsorbent material.

[0030] The mass transfer rate constant in the solid phase of a material is defined

as.
1,=Dy/ RS’ (in com?/sec) @



usual ly conprised of 2 or nore separate beds that cycle so that at |east 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 proceapbdembsHovwever, due to the relatively |argerskzfetizzes
conventi onal PSA equi pnent, the particle size of the WO 2006/ 079026

PCT/ US2006/ 002294 -21 adsorbent nmaterial is general limted particle sizes
of about 1 mm and above. O herw se, excessive pressure drop, increased
cycle tines, limted desorption, and channeling of feed materials wll
result. [0033] In an enbodi nent, RCPSA bed |ength unit pressure drops,
required adsorption activities, and nechanical constraints (due to
centrifugal acceleration of the rotating2peds in RCPSA), prevent the use of
many conventional PSA adsorbent bed materials, in particular adsorbents
that are in a | oose pelletized, particul ate, beaded, or extrudate form In

f d di | &l i
nbier st r uct urBetaPars e AHRSREE0ERE iy BeioRl BueShtd 16ds e ChabdtfBdc! 1O
exanpl e, one BABAGLABNtheRblihRedifind HerBRER S asAliFasBh ¢oeffitien?én the solide form of

adsorbent sheets conprising adsorbent material coupled to a_structured
r ei nf or cementphas, &) ialwellkmsown abfhe abi (aeg thevegnvientiorsad vatus cantbeatsed)and the

adsorbent nmaterial to_the reinforcepent material, _Nop-I|imt.ing anpl es of
reinfor cenen@haﬁﬁﬁte@ﬁ?‘éﬂlm%ﬂ%@ttﬁhﬁﬁeﬂgm@}m& RdlﬁéPﬁPe‘?i‘so@F W{i‘r?fiﬁe( such as
a gl ass fiber ma&ritgé, a netal wire matrix (such as a wire nesh screen), or
a netal foil atigq}r a8 uni num £ oi ), which can be anodi zed. Exanpl es of
gl ass fiber matrices include woven and non-woven gl ass fiber scrinms. The

adsor bent sheets can be made by coating a slurry of suitable adsorbent
conponent, syf88lds Z2aVi Ratlovepsk 4. Thaeton, Perfdemance 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,

[0032] 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



constituents onto the reinforcenment material, non-woven fiber glass scrins,
woven netal fabrics, and expanded alum numfoils. In a particular

enbodi ment, adsorbent sheets or material are coated onto ceram c supports.
WO 2006/ 079026 PCT/ US2006/ 002294 -22 [0034] An absorber | ni t
typically coMf3% Y%A adsorbent solid phase forned fron#grr{gsﬁg?@gir%
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
substantial portion of the conponents desired to be renoved from the stream
adsorbing onto the solid phase of the adsorbent. This gas phase may be
called "circul ati ng gas phase", but nore sinply "gas phase". The solid phase
i ncludes a network of pores, the nmean sizeg;of which is usually between
approximately 0.02 pmand 20 m There nay be a network of even smaller

pores, called "mcropores”, this being encountered, for exanple, in

m croporous carbon adsorbents or zeolites. The solid phase g%g be deposited

on a non- adseddsshent matprialis general hmited porticlmsizesodf abouiheR and 3PV ovi de
mechani cal s ngt.h for the active adsarben terials Vi a
t her mal condﬁéﬁ?tgﬂsq" GREESPIf PETSSPE &IIDBT @creﬁg‘eﬁ PYr&ﬁﬁmﬁﬁé-;’Bﬁ%ﬁé%r%@{%dg‘gf ption
conpri ses t"‘@hﬁﬁfeﬂnéb??éed Marehit waseage of the adsorbate fromthe

a

circulating gas p e onto the surface of the solid phase, followed by
passage of the adsorbate fromthe surface to the volune of the solid phase

into the adsorption sites. 100351 In an eppodinment, RCPSA utilizes. a
structured a bentln @ icarbodiment, RGBS hedlengfhy Wit pressuip S1OR5: TO9RYEd in the
RSPCA appar at us. .These. structured dsor hent. a ] . i mass
transfer rat g&'sgmt&@ Iy itice, ?urn}l' &%h?lﬁp%&é)ﬁgﬁalﬁtsq&yg 1P RE SR Mo S

‘ 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, 2 mineral fiber matrix, (such as a glass fiber matrix), a
metal wire matrix (such as a wire mesh screen), or a metal foil (such as aluminum
foil), which can be anodized. Examples of glass fiber matrices include woven and
non-woven glass fiber scrims. The adsorbent sheets can be made by coating a
slurry of suitable adsorbent component, such as zeolite crystals with binder
constituents onto the reinforcement material, non-woven fiber glass scrims, woven
metal fabrics, and expanded aluminum foils. In a particular embodiment, adsorbent

sheets or material are coated onto ceramic supports.



the channels formed by the structured sheets of the adsorbent which offers a
significant inprovenent in mass transfer as conpared to a traditional packed
fixed bed arrangenent as utilized in conventional PSA The ratio of the
transfer ratavoboW@9ef06/ 079026 PCT/ US2006/ 002294 - 23 t hecqas2ilae0e4 ' 9)
and the mass transfer rate of the solid phase (is) in the current invention
is greater than 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
fraction of the equipnent size, adsorbent volume, and cost of conventi onal
PSA. [0036] The structured adsorbent enbodi nents also results in
significantly greater pressure drops to_he_achieved through the adsorbent

t han conventional PSA without the detrinmental effects associated with
particul ate bed technol ogy. The adsorbent beds can be designed wth

e
CLen T DY SURee i 8 Sl 2 Rt RAGH RS g g |1

are gener al lyrdughiviigieh tie RREOYW Bdgpardted flowHZéhfthe Hgao dhguilq ofi thene
adsorbent used, with nost conventional PSA units being designed with a

pressure dr omdsérbehovith k sibstarizd pbtticorof the somponenis dAesiredith deprwpyediom
par t1 oul at & 268 SFGEREIGPIETIEHRS ol oot fheadsorbimte Hhliue peRee ERLeof
conyent onel RRSySeIBkqRE AR byl Rl Eoal Bt OB s, of, (he
premat ur e uniihclabiel £ avMcorkl o€ pbees athe a@anyio el which ineniallpeblens and/ or a
approximately 0.02 pm and 20 jm. 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.

[0035] 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



need to add or replace |ost adsorbent materials. These markedly higher
adsorbent bed unit |length pressure drops all ow RCPSA adsorbent beds to be
significantly nore conpact, shorter, and efficient than those utilized in
conventionalﬁﬁgﬁolﬁg%£006/079026 PCT/ 052006/ 002294 - 24 [ 9E30k2008)0038b4
enbodi nent, RNl i | ength pressure drops allow high vapor velocities to
be achi eved across the structured adsorbent beds. This results in a greater
mass contact rate between the process fluids and the adsorbent materials in
a unit of tinme than can be achi eved by conventional PSA. This results in
shorter bed I|engths, higher gas phase transfer rates (tii) and inproved
hydr ogen recovery. Wth these significantly shorter bed | engths, total
pressure drops of the RSCPA application of the present invention can be
mai ntai ned at total bed pressure differentfals during the feed cycle of
about 0.5 to 50 psig, preferably less than 30 psig, while mnimzing the

| ength of the active beds to normally less than 5 feet in |ength,
preferably | esige grgh;qjhaae {(g¥hnd the raagtthansfed rate oftier tolidphass €rs)t inthe tutfrerdt i n

| ength. [0038] The absolute pressure | evels enployed durin he SA
process are ndéaventionds greater tham}preferably gepates dapn tmqfﬁé’fifgﬁ’i’bﬁ ater than

Caine’ 3 changd) ER TR halanPaTERRL 0y AV RLESREONRE. ol
bt ocessed by TR Aden' GiEan St high ;SERYES bt id oo P hBoRuE SPRETE
range from abeghiphitnt siz& dM3othavolumugued costiof stuwdntionsl B ed that the

actual pressures utilized during the feed, depressurization, purge and
repressurization stages are highly dependent upon many factors including,
‘ e .
but (not 11 1he] 0. fl%AGHHEN BREHA AR R0 30 SHOBHM bty Yred B
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. HyO/ft,
and even more preferably greater than 20 in. HyO/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.



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 beconmes increnentally
more VO 2006@8;9&@%(}5’@/ US2006/ 002294 -25 econom cal thagceoswennional 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

i ncor porated herein by ref erence, disclose various aspects of RCPSA

technol ogy. [0039] In an enbodi nent and an exanple, the rapid cycle pressure
SWi ng adsorption systemhas a total cycle tine, tTOl, to separate a feed
gas into product gas (in this case, a hydrogen-enriched stream) and a tai
(exhaust) gas. The nmethod generally inclug s the steps of conducting the
feed gas having a hydrogen purity F% whef& 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 pr oduct

gas out ?f Pt/h{aﬂﬁdigdi flp antembpdiment, N@r@%ﬂeﬂm prbgsdfﬁféf@ns/pu &lﬁg ‘tﬁi@fhasf a

purity o % a ar verg/ coyver % i t e atloo

ount of hy«vegenies & G Aol fs e ahtsrd RS omhes, JRis OBt

avail abl e 11 g sige cHiGE: m@bmsffa@ i e eﬁtzrﬁgfeﬁars -
VA Ra bad

time, tco, y counter-curren epressuri zing t for a tine,

tcN,  wher el nuglie 96 iRt thaf tan be gelsiendd by bawehtigns)PSA Thiseesdt m shoeterttedbed
at a pressure greater than or equal to | psi The bed I's purged for. _a
time, tp, typlengthsyhighengas phsse fcransfematm{@g)mpg hydtegenggeovery. With

Subsequent |y bed. ep ri or tine with a

sorti on o hytisg SRitanlie EheRe b PhihS Ja piesiEe éﬁ%#&ﬁg RSEPA
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.

[0038]) 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



cycle tinme, tTOI, is equal to the sumof the individual cycle tines
conprising the total cycle tine, i.e.: WO 2006/ 079026 PCT/ US2006/ 002294

-26 tTOT =t F+t CO+tCN ttp+t RP (3) [0040] This enbodi nent enconpasses, but is
not limted ‘é@) ﬁ%@g‘ﬁ processes such that either the ratgepiishegy®iy, R >
80% for a pr e f;ty to feed purity ratio, PUF%> 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 Exanples 4 through 10 herein. O her enbodinments wll include
applications of RCPSA in processes where hydrogen recovery rates are
significantly |ower than 80% Enbodi nents of RCPSA are not limted to
exceedi ng any specific recovery rate or pysity thresholds and can be as
applied at recovery rates and/or purities as |low as desired or econonmcally
justifiable for a particular application. [0041] It should al so be noted

that it is within the scope of thjs_invention. that. ,steps.,tco _tcN_ or tp of
equation (3) eaw;@wehwaaéoamwai ﬁ%@gﬂ@pSﬁratﬁpalégber q&ﬁtmgtﬁ}sﬁsures.

conbi nat i on. vier, .. i I lol ~ 5t g6t g Y ion
(3) be perfory“ggé\ﬁ%tgmtlﬂéﬁ' 63‘%1 y%sgg’tgﬂ’és%gé@tggﬁ b?fﬁ?g,ﬁég alci}% t’ted@‘sr?g}rlrﬁfhe

total cycle. whHikhanaheorpdtitdd Bérein 5 Rifsrefidd) didcksse Rarianidapevs O RCRSARCPSA
cycle to aid in enhancing purity and recovery of hydrogen. Thus enhancenent
coul d be prad¢choaldgy. achi eved i n RCPSA because of the small portion of
absorbent needed and due to the elimnation of a |arge nunber of stationary
val ves utilized in conventional PSA applications.

[0039] In an embodiment and an example, the rapid cycle pressure swing

.

adsorption system has a total cycle time, tror, to separate a feed gas into product gas
(in this case, a hydrogen-enriched stream) and a tail (exhaust) gas. The method
generally includes the steps of conducting the feed gas having a hydrogen purity
F%, where F is the percentage of the feed gas which is the weakly-adsorbable
(hydrogen) component, into an adsorbent bed that selectively adsorbs the tail gas
and passes the hydrogen product gas out of the bed, for time, tz, wherein the
hydrogen product gas has a purity of P% and a rate of recovery of R%. Recovery R
% is the ratio of amount of hydrogen retained in the product to the amount of
hydrogen available in the feed. Then the bed is co-currently depressurized for a
time, tco, followed by counter-currently depressurizing the bed for a time, tcy,
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, 1.e.:



WO 2006/ 079026 PCTI US2006/ 002294 -27 [0042] In an enbodinent, the tail gas
is also preferably rel eased at a pressure high enough so that the tail gas
may be fed to another device absent tail gas conpression. Mre preferably
the tail gaswoemeures S greater than or equal to 60 psi @gorhid2dei8shs
preferred enbodi nent, the tail gas pressure is greater than or equal to 80
psig. At higher pressures, the tail gas can be conducted to a fuel header.

[ 0043] Practice of the present invention can have the follow ng benefits:
(a) Increasing the purity of hydrogen-containing strean(s) available as
makeup gas, or of streans which nust be upgraded to higher purity before
they are suitable as make-up gas. (b) Increasing the purity of

hydr ogen- contai ni ng recycle gas streans -2gsulting in an increase in overall
hydrogen treat gas purity in the reformng reactions to achieve higher
reform ng capacity or severity at Iower pressures (c) Debottl enecking
exi sting catalytic reforner recyth e_ ,§3qu c+ cuits by reducin 3?he
l'i ght hydrocarbons in the recyci ®%ir %an?%n r’rp"r ov‘P’ng the recycle sYffeam
hydrogen purity. [00441 In hydroprocessing, increased H2 purity translates
to higher H2 partial pressures in the hydroprocessi ng reactor(s). This both
i ncreases t hfd(@hct iThis siEbAdiatnD ZRARGHAEEE, LIBVS @6t igkted4o, R@BSAIQI'Q@QSSQSS and

par 1 Al pr coSicBaCAD A of Feavarh BIa A D 1Pt AU PUSDER 8 DBRBY at f ng
at Tower reagldl phHIDCL A a8 a/otthe fhid SPUEETeFNRERY 9695t a HBEIAPRARY 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 lower than 80%. Embodiments of RCPSA are not limited to
exceeding any specific recovery rate or purity thresholds and can be as applied at
recovery rates and/or purities as low as desired or economically justifiable for a

particular application.

[0041] It should also be noted that it is within the scope of this invention that
steps too, ton, OF tp of equation (3) above can be omitted together or in any
individual combination. However it is preferred that all steps in the above equation
(3) be performed or that only one of steps tcg 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.



catal yst deactivation, and extends catalyst life; increasing unit feed rate;
processing nore sour (higher sulfur) feedstocks; processing higher
concentrations of cracked feedstocks; inproved product color, particularly
near end of ; | enecki ng existing conpressors an S
circuits (in@ﬂ@g?éﬁﬂﬁéé H2 at constant total flow, or sagggé%#&ﬁﬁﬁ%ﬁyﬂ ower
total flow); and other neans that would be apparent to one skilled in the
art. [0045] Increased H2 recovery also offers significant potenti al

benefits, some of which are described as follows: (i) reducing the demand
for purchased, manufactured, or other sources of H2 wthin the refinery;
(i1) increasing hydroprocessing feed rates at constant (existing) nmakeup gas
demands as a result of the increased hydregen recovery;, (iii) inproving the
hydrogen purity in hydroprocessing for increased’ heteroatomrenoval
efficiencies; (iv) renoving a portion of the H2 fromrefinery fuel gas which

present compllHZhn TBapnt ey ik 68 BdeaPrInEBh e iaea i S mace
Che art. W JBBOTh8 Gt B A st BB e e el es
are present edoﬁxﬁfcsbibhﬂﬂbﬂlﬂrﬁ&rﬁhl%ﬂ%ﬁﬂ #ad byesaund is gleatdrdharodr dypakiot@®d as

being limting 1n any way. EXAMPLES Exanple 1 )
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.
{ [0043]  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.

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

reactions to achieve higher reforming capacity or severity at lower pressures.

(c) Debottlenecking existing catalytic reformer recycle compression circuits
by reducing the light hydrocarbons in the recycle stream and improving the recycle

stream hydrogen purity.

[0044] In hydroprocessing, increased H, purity translates to higher H, partial

pressures in the hydroprocessing reactor(s). This both increases the reaction



[0047] In this exanple, the refinery streamis at 480 psig with tail gas at
65 psig whereby the pressure swing is 6.18. The feed conposition and
pressures are typical of refinery processing units such as those found in

hydr opr ocess{‘@gm&g{) Q%gr otreating applications. In this egéﬁggﬁ%@ﬁmﬁal
r'e de

hydr ocar bons 2% bed by their carbon nunber i.e. ane =
et hane etc. The RCPSA is capabl e of producing hydrogen at > 99 % purity and
> 81 %recovery over a range of flowrates. Tables la and Ib show the
results of computer simnulation of the RCPSA and the input and output
percentages of the different conponents for this exanple. Tables | a and | b
al so show how the hydrogen purity decreases as recovery is increased from
89.7 % to 91.7 %for a 6 MVSCFD stream at _.480 psig and tail gas at 65 psig.
WD 2006/ 079026 PCT/ US2006/ 002294 -30 Tabré&-la & I'b Conposition (mol 9% of

i nput and output from RCPSA (67 ft3) 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 puikiseticSand détmasesithe sz&eoﬁclatalasteida@#ﬁaﬁmmo’[‘hﬂbeiﬁﬁts afdnghey Hit p
=0.333, tRp =0.5 H2 at 98.6 % pud,, .89.7 %recovery fﬁed product Tall - Gas
H2 88.0 98. 69 PaBia} presgpreg can be zyplpifed in Tyanety of waysisus

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.

[0045] Increased H,recovery also offers significant potential benefits, some of

which are described as follows:

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

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

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

(iv) removing a portion of the H, from refinery fuel gas which is detrimental
to the fuel gas due to hydrogen's low BTU value which can present combustion
capacity limitations and difficulties for some furnace burners;

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



C3 2.6 0.01 12.3 C4+ 2.9 0.00 14.8 H20 2000 vppm 65 vppm 9965 vppm ot al
(MVBCFD) 6.162 4.934 1.228 480 psig 470 psig 65 pslg Table 1b. Hi gher
purity Step Tines in seconds are tF =1, tco =0.333, teN =0, tp =0.167, tRp
=0.5 H2 at 97.6 % purity, 91.7 %recovery feed product Tad: 8.0
97.80 45.9 Y0080, 25 0 C2 0.2 0.02° 1.0 C3 2.6 o.o%%ﬁ%g"“)@%ﬁz.g
0.00 14.9 H20 2000 v m 131 v 10016 v motal (MVSCFD) 6.160 5.085 1.074 480
psg 470 psig 65 psig [0048] The RCPSA s described in the present invention
operate a cycle consisting of different steps. Step | is feed during which
product is produced, step 2 WO 2006/ 079026 PCTI US2006/ 002294 -31 is
co-current depressurization, step 3 is counter-current depressurization,
step 4 is purge, usually counter-current_? and step 5 is repressurization
with product. In the RCPSA s described h ?é at any instant half the total

nunber of beds are on the feed
[0046] The following examples are presented for illustrative purposes only and

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

Example 1
{ [0047]  In this example, the refinery stream is at 480 psig with tail gas at 65 psig

whereby the pressure swing is 6.18. The feed composition and pressures are typical
of refinery processing units such as those found in hydroprocessing or hydrotreating
applications. In this example typical hydrocarbons are described by their carbon
number i.e. C; = methane , C, = ethane etc. The RCPSA is capable of producing
hydrogen at > 99 % purity and > 81 % recovery over a range of flow rates. Tables
1a and 1b show the results of computer simulation of the RCPSA and the input and
output percentages of the different components for this example. Tables 1a and 1b
also show how the hydrogen purity decreases as recovery is increased from 89.7 %

to 61.7 % for a 6 MMSCFD stream at 480 psig and tail gas at 65 psig.



step. In this exanple, troT = 2 sec in which the feed tine, tF, is one-half
of the total <cycle. Exanple 2 [0049] In this exanple, the conditions are
the sane as in Exanple 1. Table 2a shows conditions utilizing both a
co-current apd ﬁwg(ﬁh-current steps to achieve hydr ogenp@%sztoyﬁmazﬁg %
Tabl e 2b showszt a e counter-current depressurization step may be
elimnated, 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 renoved fromthe counter-current depressurization step, tcN, that
hydrogen recovery can be increased to a |level of 88% Tables 2a & 2b Effect
of step durations on H2 purity and recovery froman RCPSA (67 ft3). Sone
conditions as Table 1. Feed is at 480 p3|§ 122 deg F and Tail gas at 65
prig. Feed rate is about 6 MMSCFD. Table Za. Wth counter-current depress,
Internedi ate pressure = 105 psig purity recovery tF tco tCNtPtRP S S S S
S 98.284.3 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. 667 0.5 WO 2006/ 07Bddes ke Us2006/ 002294 -32 Table 2b.

Wtiout-count er - cur rent GERLESS U ol 445 SPYSHat it bk 1P

RCPSA (67 ft’) in H2 purification.
Feed is at 480 psig, 122 deg F and Tail gas at 65 psig.
Feed rate is about 6 MMSCFD.

Table 1a. Higher purity
Step Times in seconds are ty=1, tog =0.167, tox =0, tp =0.333, trp =0.5

H2 at 98.6 % purity, 89.7 % recovery

feed product Tall-Gas
H2 88.0 98.69 45.8.
ci 6.3 1.28 25.1
c2 0.2 0.01 1.0
c3 2.6 0.01 12.3
Ca+ 2.9 0.00 14.8
H20 2000 vppm 65 vppm 9965 vppm
Fotal (MMSCFD) 6.162 4,934 1.228
480 psig 470 psig 65 psig

Table 1b. Higher purity
Step Times in seconds are ty=1, {co =0.333, toy =0, tp =0.167, tgp =0.5

H2 at 97.8 % purity, 81.7 % recovery

feed product Tal-Gas
H2 88.0 T 97.50 45.9
C1 6.3 2.14 25,0
c2 0.2 0.02 10
C3 26 0.02 123
Cd+ 2.9 0.00 14.9
H20 2000 vppm 131 vppm 10016 vpm
Fotal (MMSCFD}) 6.160 ﬁs.{oas 1.074
480 psig 470 psig 65 psig

[0048] 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



%S $SSS$ 97.891.7 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 Exanple 3 (0050] This exanple shows a 10 MVBCFD
refinery stream once again containing typical conmponents, as shown in feed

colum of Ta . the feed conposition contains 74,9 J350,St T €2aM
s at 480 ps?‘é(?\zmﬁflﬁﬁp?%PSA tail gas at 65 psig whereby thg(%ﬁ%oﬁ/t@%gr essure

swng is 6.18. Once again the RCPSA of the present invention is capable of
produci ng hydrogen at > 99 % purity and > 85 % recovery fromthese feed
conpositions. Tables 3a and 3b show the results of this exanple. W
2006/ 079026 PCT/ US2006/ 002294 -33 Tables 3a & 3b Conposition (nmol % of
I nput and out put 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 MVSCFD.
Table 3a. Higher purity Step Tines in secofls are tF=0.583, tco =0.083, tcN
=0, tp =0.25, tnp =0.25 H2 at 99.98 % purity and 86 % recove feed product
Tail-Gas H2 74.0 99.98 29.8 C 14.3 0.02 37.6

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

purge, usually counter-current) and step 5 is repressurization with product. In the
RCPSA's described here at any instant half the total number of beds are on the feed
step. In this example, tyor = 2 sec in which the feed time, tr, is one-half of the total

cycle.

Example 2
[0049]  In this example, the conditions are the same as in Example 1. Table 2a

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

purity | recovery
% %
98.2 84.3

98.3 85
96.9 80

s s S5
0283 § 005 | 0.167
0.166 | 0.167 | 0.167




C2 5.2 0.00 13.8 C3 2.6 0.00 7.4 C4+ 3.9 0.00 11.0 H20O 2000 vppm 0.3 m
5387 vppm otal MVBCFD 10.220 6.514 3.705 480 psig 470 psig 65 psig Table
3b. Lower purity Step Tinmes in seconds are tF=0.5, tco =0.167, tcN =0, tp
=0. 083, tRp 3 Zmesntaasat 93 % purity and 89 %recovery feedrpsamseddai | - Gas
H2 74.0 93.12 29.3 Cl 14.3 6.34 31.0 C2 5.2 0.50 16.6 C3 2.6 0.02 8.9

C4+ 3.9 0.00 13.4 H2O 2000 vppm 142 v m 6501 v pm otal (MMSCFD) 10.220 7.240
2.977 480 psig 470 psig 65 psig [0051] In both cases shown in Tables 3a and
3b above, although tail gas pressure is high at 65 psig, the present

I nvention shows that high purity (99 %9 may be obtained if the purge step,
tp, is sufficiently increased. WO 2006/ 079026 PCT/ US2006/ 002294 -34 [0052]
Tabl es 2a, 2b and 3a show that for both 6 gyBCFD and 10 MVBCFD

Table 2b. Without counter-current depress

98.7 90

1
1

_0.166_|
0.083

0
0

purity | recoveryi B ] fo | tewn ] Ot J e
% I % s § 5 8 5
97.8 91.7 11 0333 § 0 |

0.417

Example 3
[0050]

containing typical components, as shown in feed column of Table 3 (e.g. the feed

This example shows a 10 MMSCEFD refinery stream, once again

composition contains 74 % H;). The stream is at 480 psig with RCPSA tail gas at
65 psig whereby the absolute pressure swing is 6.18. Once again the RCPSA of the
present invention is capable of producing hydrogen at > 99 % purity and > 85 %
recovery from these feed compositions. Tables 3a and 3b show the results of this

example.



flowrate 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 gxha st‘froduced at high pressure have not bheen discovere

before and are’d eature of the present invention. [66%@? %ﬁ@?@mﬁc
shows t he results for an RCPSA (volune = 49 cubic ft) that delivers high
purity (> 99% H2 at high recovery for the sane refinery stream discussed
in Tabl es 3a and 3b. As conpared to Table 3a, Table 3c shows that simlar
purity and recovery rates can be achi eved by sinultaneously decreasing the
duration of the feed cycle, tF, and the purge cycle, tp. Table 3c. Effect of
step durations on H2 purity and recovery froman RCPSA (49 ft's). Feed is
at 480 psig, 101 deg F and Tail gas at 65 P51g. Feed rate is about 10
MVBSCFD. Wt hout counter-current depress purity recovery tF tco tCNtP tRP S
s Sss 95.687.10.50.167 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 Exalpblkes8a[&@4] In this exanple, Table 4

further illustrategnigiRitRil R6IMA)oF i nm@utqmﬁateﬂsmsacfc’gondmce with
the invention beingy @ﬁgahhgeﬂeélﬁseau'sﬂ é{sig,ﬁfoﬁmgﬂ* Snd TA8 %ﬁ@a@%@% 119026

PCT/ US2006/ 002294 am i's at” a
pressure of 300 psig. The RCPS/&<a fhpﬁ is aboiit 10 M4 %Fﬁ
Table 3a. Higher purity

Step Times in seconds are tp=0.583, tcg =0.083, tcy =0, tp =0.25, tgp =0.25

H2 at 89.98 % purity and 86 % recovery

{ feed product “Tail-Gas
H2 74.0 89.98 29.8
C1 14.3 0.02 37.6
Cc2 5.2 0.00 13.8
c3 26 0.00 7.4
C4+ 3.9 0.00 11.0
H20 2000 vppm 0.3 vppm 5387 _vppm
Eotal {MMSCFD} 10.220 6.514 3.705
480 psig 470 psig 65 psig
Table 3b. Lower purity

Step Times in seconds are ty=0.5, tco =0.167, toy =0, tp =0.083, tgp =0.25

H2 at 93 % purity and 89 % recovery

feed product Tail-Gas
H2 74.0 53.12 29.3
C1 14.3 6.34 31.0
cz2 5.2 0.50 16.6

Cc3 2.6 0,02 8.9

C4+ 3.9 0.00 134

{ H20 2000 vppm 142 vppm 8501 vpm
Eotal (MMSCFD) 10.220 7.240 2.977

480 psig 470 psig 65 psig

[0051] 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.



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 drumor other separator or other downstream

refinery equ%g&, 7\% hout further conpression requirenmepbrdetiRios
| nportant aspec ? Is invention is that the RCPSA also renmoves COto < 2

vppm which is extrenely desirable for refinery wunits that use the product
hydrogen enriched stream Lower |evels of CO ensure that the catalysts in
the downstreamunits operate wi thout deterioration in activity over
extended | engths. Conventional PSA cannot nmeet this CO specification and
simul taneously al so neet the condition of exhausting all the tail gas at the
hi gher pressure, such as at typical fuel gfader pressure or the high
pressure of other equipnent that processes’ such RCPSA exhaust. Since al

the tail gas is available at 40 psig or greater, no additional conpression
is required for integrating the RCPSA with refinery equiprment. Table 4
Conposi tion (1f#52) dFablessla, ZhradGatshow ﬂlaﬁiwml\l aﬂd11Q:MM§QFD

nonoxi de and dr ocarb .removal om h Si 101
deg F, and FedtP% ’éﬂt"ec‘P HeRa e, b‘ﬂi:‘IPNE@\é%"g% ?Jt "I;gﬁ%saqsdf ggcloﬁ%é) ﬁ&és
=0.5, too =0. %96;-9 N and 88 %
recovery f eed%ﬁlﬁg&%ﬂégz% Hﬂegﬁ)@%Zh%% 859693@6 té?gp%a@tl @Slé 01 1H?l>§h C 2.8
0.01 13.9 3 pdriflefaitPretBveties 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.

[0053] Table 3¢ shows the results for an RCPSA (volume = 49 cubic ft) that
delivers high purity (> 99%) H, at high recovery for the same refinery stream
discussed in Tables 3a and 3b. As compared to Table 3a, Table 3¢ shows that
similar purity and recovery rates can be achieved by simultaneously decreasing the

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

Table 3¢c. 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

Example 4
[0054]  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



G4+ 2.6 0.00

psig WO 2006/ 079026 PCT1US2006/ 002294
5b conpare the performance of RCPSA's operated in

i nvention bej jbed here. The stream being purifiedppggsadogd@hosH2 in
t he feed (51%%@?’?’9%% Is a typical

cases (corresponding to Tables 5a and 5b),

13.2 CO50 1.1 total

accordance with the

refinery/petrochem cal stream In

a counter current

0.971 0.760 0.211 300 psig 290 psig 40
-36- Exanple 5 [0055] Tables 5a and

bot h

depressuri zation
with the invention,
even when all the ta

no tail

Tabl e 5a

step is applied after the co-current step.
shows that high H2 recovery (81%
Il gas is released at 65 psig or greater.
the RCPSA where sone tail-gas is available as low as 5 psig,
in the counter-current depressurization such
I n addition, the higher pressure of the stTeamin Table 5a
gas conpression is required. WO 2006/ 079026 PCT/ US2006/ 002294

Tabl es 5a & 5b Effect of Tail

that H2

I n accordance

I s possible
I n contrast,
| oses hydrogen
recovery drops to 56%
i ndi cates that

- 37
A

i Gas Pressure on recoyery Exanpl
applied to a feedds atvpicalpeluany shesmandns P PrysHise 0*%‘9 eﬁﬁpﬁ?ﬁi@éﬁﬁ RSFQE% of
' nputand out lprlégelft ril%rngnﬁo:nl ?éb‘ alglé Yo ]i)}c}du'cg Qb@A) pBPer B)tdrsgér{ }%%duct 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 af the higher

pressure, such as at typical fuel header pressure or the high pressure of other

equipment that processes such RCPSA exhaust. Since all the tail gas is available at

40 psig or greater, no additional compression is required for integrating the RCPSA

with refinery equipment.

Table 4

Composition (mol %) of input and output from RCPSA (4 ft’)

in carbon monoxide and hydrocarbon removal from hydrogen.
Feed is at 300 psig, 101 deg F, and Feed rate is about 0.97 MMSCFD,
Step Times in seconds are ty=0.5, tcg =0.1, toy =0, tp =0.033, tgp =0.066

H2 at 99.99 % purity and 88 % recovery

feed praduct Jail-Gas
H2 89.2 99.98 488
C1 33 0.01 13.9
c2 2.8 0.01 13.9
C3 2.0 0.00 10.2
Ca4+ 2.6 0.00 13.2
total 0.871 0.760 0.211
300 psig 290 psig 40 psig



Feed is at 273 psig, 122 deg F and Feed rate is about 5.1 MVSCFD. Table 5a.
Step Tines in seconds are tF =0.5, tco =0.083, tcN =0.033, tp =0.25, tRp
=0.133 [a] Tail gas available tom 65-83 psicl, H2 at 99.7 %uri and 81 %
recove feed Wduze/Tadds- Gas H2 51.3 99.71 20.1 d 36.0 Ope9u€iobonzés 4.8
0.00 8.0 C3 2.20.003.8 C4+ 3.7 0.00 6.4 H20 4000 v 0.7 v 6643 v total
MVBCFD 5. 142 2.141 3.001 273 psig 263 psig 65-83 psig Table 5b. Step Tines
in see. are tF=0.667, tco =0.167, tcN =0.083, tp =0.083, tRp =0.33 [b] Tail
gas avail ablefrom5,65 | H2 at999 % purity and 56 % recovery feed r uct
Tail-Gas H2 51.3 9999 34.2 Cl1 38.0 0.01 48.8 C2 4.8 0.00 89 C3 2.2 0.00
3.4 C4+ 3.7 0.00 6.2 H20 4000 v 0.0 VDDM 5630 VDOM otal MVBCFD 5. 142 1.490

3. 651 _36-

Example 5
[0055] 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 all the tail gas is released
at 65 psig or greater. In contrast, the RCPSA where some tail-gas is available as low
as 5 psig, loses hydrogen in the counter-current depressurization such that H,
recovery drops to 56%. In addition, the higher pressure of the stream in Table 5a

indicates that no tail gas compression is required.



273 pslg 263psig 5-65psig WO 2006/ 079026 PCT/ US2006/ 002294 -38- Exanple 6
[0056] In this exanple, Tables 6a and 6b conpare the performance of RCPSA' s
operated in accordance with the invention being described here. In these
cases, the f re is 800 psig and tail gas is exh i ther
psig or at 10g@g£?g?§§$he conposition reflects typical i é# g@@ﬁﬁﬁ?ﬁ HZS
whi ch 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
i ssues during the countercurrent purge step. Table 6¢c shows the case for an
RCPSA operated where sone of the tail gas Ls al so exhausted in a
countercurrent depressurization step foll 0W 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 configurati odablest54& Jurt of this invention. Tail
gas i.e., exhaust gas, issue¥ffoet ofiaillGascPresswre crurecomery depr essuri zation

and the count er Exdpipe of ROPSA Sppilied tb @0%ed with H1 car@atradtivn (5113 mel 4punt
of tail gas is avébh@ﬂrﬂ(ﬁi xﬁbﬁ/?t @ﬁ?&ﬁd’ii. tpd‘t*ﬂr&ﬁ Rtb@‘f@@(gﬁ%’ggﬂ}mfa“ on

wi th other high pre e re I ner enoves any

form of requi red compeseion v Lo, oI R, purl 1y oce mppoh

cases are only to be considered as illustrative exanples and not |imting
ei ther to theTabkf3meStep TPimesdnsecomwds arerty g ¢s5+0088,der 00330ty ©8.28, t 0 t he
nature of the particular tgp =0.133
[a] Tail gas available fom 65-83 psig, H2 at 99.7 % purity and 81 % recovel
—iced product, TaiGas
H2 51.3 99.71 201
C1 38.0 0.29 81.0
c2 48 0.00 8.0
c3 22 0.00 3.8
Ca+ 37 0.00 6.4
H20 4000 vppm _ 0.7 vppm__ £643 vppm
Rotal (MMSCF D) 5142 2.141 _3.001
273 psig 263 psig 65-83 psig

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

tR_p =(.33
Ib} Tail gas available from 5-65 psig. H2 at 99.9 % purity and 56 % recover
feed product Tail-Gas
H2 51.3 9999 3.2
C1 38.0 o.01 48.8
C2z 4.8 0.00 6.9
C3 22 0.00 34
Ca+ 37 0.00 6.2
H20 4000 vppm 0.0 vopm 5630 ) yporm
lgotai (MMSCFD} 5142 1,400 3.651

273 psig 263 psig 5-65 psig



nol ecul es being separated. WO 20061079026 PCT1US2006/ 002294 -39 Tabl es 6a,
6b, & 6¢c Exanple of RCPSA applied to a high pressure feed Conposition (nol
%9 of input and output fromRCPSA (18 ff) in H2 purification. Feed is at
800 psig, 122 deg F and Feed rate is about 10.1 MVSCFD. 6a. Step Tines in
seconds are Wf20800%426 t co =0.25, tCN =0, tp =0.33, tgprPEOUR6P23¥4 Tal | gas
at 65 psig, H2 at 99.9 %purity and 87 %recovery feed product Tail-Gas H2
74.0 99.99 29.5 C 14.3 0.01 37.6 C25.2 0.00 14.0 C3 2.6 0.00 7.4 C4+
3.9 0.00 10.9 H2S 20 vppm 0 55 v tal MVSCFD 10. 187 6.524 3.663 800 psig
790 psig 65 psig 6b. Step Tinmes in seconds are tF=0.91, tco =0.25, tCN =0,
tp =0.33, tR =0.33 [b] Tail gas at 100 psig, H2 at 99.93 % ud and 80.3 %
recove feed product Tall-Gas H2 74.0 99.93 38.1 Cl1 14.3 0.07 32.8

.38 -

Example 6
[0056] In this example, Tables 6a and 6b compare the performance of RCPSA's

operated in accordance with the invention being described here. In these cases, the
feed pressure is 800 psig and tail gas is exhausted at either 65 psig or at 100 psig.
The composition reflects typical impurities such H2S, which can be present in such
refinery applications. As can be seen, high recovery (> 80% ) is observed in both
cases with the high purity > 99 %. In both these cases, only a co-current
depressurization is used and the effluent during this step is sent to other beds in the
cycle. Tail gas only issues during the countercurrent purge step. Table 6¢ shows
the case for an RCPSA operated where some of the tail gas is also exhausted in a
countercurrent depressurization step following a co-current depressurization. The
effluent of the co-current depressurization is of sufficient purity and pressure to be
able to return it one of the other beds in the RCPSA vesse] 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.

[0057]  Inall 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 jllustrative examples and not limiting either to the
refinery, petrochemical or processing location or even to the nature of the particular

molecules being separated.



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 ot al

MVBCFD 10. 187 6.062 4.125 800 psig 790 psig 100 psig WO

2006/ 079026 PCT/ US2006/ 002294 -40 6¢. Step times in seconds are tF=0. 91,
too =0. 083, t\%H.zﬁ&ro%gm%t P =0.167, tRP =0.41 [c) Tail gas J&o60708820s Si .

H2 at 99.8 %urit an

4 % recove feed product Tail-Gas H2 74.0 99.95 28.9

Cl 14.3 0.05 39.0 C2 5.2 0.00 13.7 C3 2.6 0.00 7.2 C4+ as 0.00 10.6 H2S
20 v in 0.01 v m53 v in otal MVSCFD 10.187 5.373 3.814 800 psig 790 psig
65- 100 psig Exanple 7 [0058] Tables 7a, 7b, and 7c 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 (85 %% nol) and is a
typi cal refinery/petrochem cal stream In ,4hese exanples the purity

i ncrease in product is below 10 % (i.e. P/F ¢ 1.1). Under

Tables 6a, 6b, & 6c
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 tz=0.91, tco =0.25, tcn =0, tp =0.33, trp =0.33

[a] Tail gas at 85 psig, H2 at 99.9 % purity and 87 % recovery

feed praduct Tail-Gas
H2 74.0 99,98 29.5
Cc1 14.3 o.M 376
c2 5.2 0.00 14.0
c3 2.6 ©.00 7.4
Ca+ 3.9 0.00 10.9
H28 20 vpprm 0 55 vppm
jtotal (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, tcy =0, tp =0.33, tgp =0.33
[b) Tail gas at 100 psig, H2 at 99.93 % purity and 80.3 % recove!

feed roduct Tall-Gas
H2 74.0 89.93 38.1
C1 14.3 0.07 32.8
c2 52 0.00 125
C3 26 0.00 6.5
C4+ 3.8 0.00 9.6
H2§ 20 vppm 0 vppm 49 vppm
jotal (MMSCFD) 10.187 6,062 4,125

800 psig 790 psig 100 psig



this constraint, the nethod of the present invention is able to produce
hydrogen at > 90% recovery wi thout the need for tail gas conpression.
Tables 7a, 7b, & 7c. Exanple of RCPSA applied to a Feed with H2

concentrati owo(8s s Y9 - Conposition (mol % of input perjuspebeuoet29hr om
RCPSA (6.1 ft3) . Feed is at 480 psig, 135 deg F and Feed rate is about 6
MVBCFD. 7a. Step Tinmes in seconds are tF=0.5, too =0.33, teN =0.167, tP

=0. 167, tRP =1.83 recovery = 85 % feed product Tail-Gas H2 85.0 92.40 57.9
ct 8.0 4.56 17.9 C2 4.0 1.79 13.1 C3 3.0 1.16 10.4 ¢4+ 0.0 0.00 0.0 H20
2000 866.5 6915 otal (MVBCFD) 6.100 4.780 1.320 480 psig 470 psig 65 psig
WO 2006/ 079026 PCT/ OS2006/ 002294 -41 7b. Step Tinmes in sec. are tF =1, tco
=0. 333, tCN =0.167, tp =0.083, tRp =0.41749recovery = 90 % feed product
Tail-Gas H2 85.0 90.90 58.2 Cl1 8.0 5.47 18.1

6c. Step times in seconds are t;=0.91, tco =0.083, tcy =0.25, tp =0.167, tge =0.41

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

feed product Tail-Gas

H2 74.0 09,95 28.9

C1 . 14.3 0.05 39.0

c2 5.2 0.00 13.7
C3 26 0.00 7.2

C4+ 3.9 0.00 10.6

H25 2 ¥R 0.01 vppm 53 vppm

l;otal {MMSCFD) 10.187 6.373 3.814

800 psig 790 psig 65-100 psig

Example 7
[0058] 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, 7b, & 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 Tgil_-gas
H2 85.0 92.40 57.9
ct 80 4.56 17.9
c2 4.0 1.79 13.1
c3 3.0 1.16 10.4
C4+ 0.0 0.00 0.0
H20 2000 866.5 8915
ﬁotal {MMSCFD} 6.100 4.780 1.320

480 psig 470 psig 65 psig



C2 4.0 2.23 12.9 C33.01.29 10.1 ¢4+ 0.0 0.00 0.0 H20 2000 1070.5 6823
total (MVSCFD) 6.120 5.150 0.969 480 psig 470 psi g 65 psig 7c. Step Tines
in see. are tF =2, tco =0.667, ten =0.333, tp =0.167, tRp =0. 833 recovery =
90 % feed pr qdyq(m@?ﬁ@guhﬁ Gas H2 85.0 90.19 55.2 Cl 8.0 %(J%_),%@] &%

2.32 13.9 (€3 3.0 1.17 11.3 CA+ 0.0 0.00 0.0 H2O 2000 1 M o
MVSCFD) 6.138 5.208 0.93 480 psig 470 psig 65 psig WO 2006/ 079026

PCT/ 0S2006/ 002294 -42- CLAIMS: 1. A catalytic naphtha reform ng process
conprising: a) contacting a hydrocarbon feed streamin the naphtha boiling
range with a reform ng catal yst under reform ng conditions in reforner
reactors in the presence of a purified recycle gas streamto produce a

final reactor “41-

7b. Step Times in sec. are ty=1, tco =0.333, tcy =0.167, tp =0.083, tgp =0.417
recovery = 90 %

feed product Tail-Gas

H2 85.0 90.90 58.2

Cc1 8.0 5.47 18.1

c2 4.0 2.23 12.9

C3 3.0 1.28 10.1

C4+ 0.0 0.00 0.0

H20 2000 1070.5 6823

Itotar (MMSCFD) 6.120 5.150 0.969
{ 480 psig 470 pslg 65 psig

7¢. Step Times in sec. are ty=2, tog =0.667, tey =0.333, tp =0.167, tgp =0.833
recovery = 90 %

feed ;_Jroduct Tail-Gas
Hz2 85.0 90.19 55.2
1 8.0 6.21 18.8
C2 4.0 232 13.9
C3 3.0 117 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 pslg 65 psig



effluent; b) separating said final reactor effluent into a liquid phase
reformate product and a vapor phase internediate gas stream c) conducting

sai d vapor phase internediate gas streamto a conventi onal

pressure swi ng

adsorption zone where a purified hydrogen- containing gas stream which is
hi gher in hyWP3Y&i™ncentration by volume than said VEPGYS2PAeAReR

internedi ate gas streamis produced; d) conducting at

| east a portion

of

said purified hydrogen-containing gas streamas a said purified recycle gas
streamfor use in step a). 2. The process of claim1l, wherein a portion of
sai d vapor phase internediate gas streamis renoved as an export hydrogen
streamprior to conducting said vapor phase internediate gas streamto said
conventional pressure sw ng adsorption process. 3. The process of claim1,

wherein said reformng reactors are of th&fixed bed type.

WD 2006/ 079026

PCT/ US2006/ 002294 -43 A . catalytic naphtha reform ng process conprising:
a) contacting a hydrocarbon feed streamin the naphtha boiling range
reform ng cat qfﬁﬁg%@nder reform ng conditions in reformer reactors in

presence of a

ed recycle gas streamto produce a final reactor

with a
t he

effluent; b) separating said final reactor effluent into a liquid phase

reformte producy ang g ¥anor RHAS S g HELALGnfiiing

stream

a) contacting a hydrocarbon feed stream in the naphtha boiling range

with a reforming catalyst under reforming conditions in reformer reactors in

the presence of a purified recycle gas stream to produce a final reactor

effluent;

b)  separating said final reactor effluent into a liquid phase reformate

product and a vapor phase intermediate gas stream;

¢} conducting said vapor phase intermediate gas stream to a

conventional pressure swing adsorption zone where a purified hydrogen-

containing gas stream which is higher in hydrogen concentration by volume

than said vapor phase intermediate gas stream is produced,

d) conducting at least a portion of said purified hydrogen-containing

gas stream as a said purified recycle gas stream for use in step a).

2. The process of claim 1, wherein a portion of said vapor phase

intermediate gas stream is removed as an export hydrogen stream prior to

conducting said vapor phase intermediate gas stream to said conventional pressure

swing adsorption process.

3. The process of claim 1, wherein said reforming reactors are of the fixed

bed type.



c) conducting said vapor phase internediate gas streamto a rapid cycle
pressure swi ng adsorption zone with a total cycle tine of |ess than 30
seconds wherein a purified hydrogen-containing gas streamwhich is higher in

hydr ogen concgghbiiiohddss Oy vol une than said vapor phase i ntp¥iRdbodlo6r288S
streamis produced; d) conducting at |east a portion of said purified

hydr ogen-containing gas streamas a said purified recycle gas streamfor
use in step a). 5. The process of claim wherein a portion of said vapor
phase internediate gas streamis renoved as an export hydrogen stream pri or
to conducting said vapor phase internediate gas streamto said conventiona
pressure sw ng adsorption process. WO 2006/ 079026 PCT/ 1352006/ 002294 -44
The process of claim4, wherein the pressupe drop across each adsorbent bed
is greater than 5 in-H20/ft of adsorbent bégdlength. 7. The process of claim
6, wherein the rapid cycle pressure swing adsorption process total cycle
time is less than 10 seconds and the pressure drop across each adsorbent
bed is greater than 10 in-H20/ft of adsorbent bed length. $. The process of
claim-, wherein the rapid cycle pressure swing adsorption process total
cycle tinme is less than 5 seconds. Ov. The process of claimg, wherein the
pressure drop across each adsorbent bed is greater than 20 in-H20/ft of
adsorbent bed length. to. The process of clains, wherein the rapid cycle
pressure swing agsor gt¢atalyiic assisha refomhingyprbeess comprisingess t han 5 seconds

and the pressure dr Opa) contacting a hydrocarbon feed stream in the naphtha boiling range
with a reforming catalyst under reforming conditions in reformer reactors in
the presence of a purified recycle gas stream to produce a final reactor
effluent;

b) separating said final reactor effluent into a liquid phase reformate
product and a vapor phase intermediate gas stream;

c) conducting said vapor phase intermediate gas siream to a rapid
cycle pressure swing adsorption zone with a total cycle time of less than 30
seconds wherein a purified hydrogen-containing gas stream which 1s higher in
hydrogen concentration by volume than said vapor phase intermediate gas
stream is produced,;

d) conducting at least a portion of said purified hydrogen-containing

gas stream as a said purified recycle gas stream for use in step a).

5.  The process of claim4-, wherein a portion of said vapor phase
intermediate gas stream is removed as an export hydrogen stream prior to
conducting said vapor phase intermediate gas stream to said conventional pressure

swing adsorption process.



across each adsorbent bed is greater than 10 in-H20/ft of adsorbent bed

| ength. It. The process of claim 10, wherein the pressure drop across each
adsorbent bed is greater than 20 in-H20/ft of adsorbent bed |ength. U The
process of cIV4P a¥0Q790%herei n the purified hydrogen-cont ai riOTQSgRS/002364 €am
contains greater than 85% hydrogen by vol unme. WD 2006/ 079026

PCTI US2006/ 002294 -45 13 The process of claim 12, wherein the purified

hydr ogen- contai ning gas stream contains greater than 90% hydrogen by
volume. A. The process of claim 13, wherein the purified hydrogen-containing
gas streamcontains greater than 95% hydrogen by vol une. 15. The process of
claim 13, wherein said reformng reactors are of the fixed bed type. 16 .
The process of claim 13, wherein said refalni ng reactors are of the noving
bed type. 17. The process of claim 13, wherein the total volunetric rate of
hydrogen for an existing reform ng unit recycle gas streamis increased as

a result of the rapi cycle pressur i I sorbedte
process of clai m%4, dW?e%gF?Fstqéf%@tﬁlvﬁ@(gﬁgn@??&é@g?@fé&ﬁyarggéﬁsor?or an
existing ref 0563'i@gréméﬁthﬁﬁsxﬁliﬁomﬁfﬁago?@éﬁtmd'u ased as a result of the
rapid cycle pressure swi ng adsorption process. I9. The process of claiml,
wherein the reform ng catal yst contains at |east one of platinum
al |l adiu tin, rheniu er nanj un lumna,, silica, ,silica- al.um na,
Fz)eol ite, mor a hal%geﬂh@ pr%cess of cfaq]mea,w%eré}n the rapug; cycle pressure swing

adsorption process total cycle time is less than 10 seconds and the pressure drop

across each adsorbent bed is greater than 10 in-H,O/ft of adsorbent bed length.

%.  The process of claim 7, wherein the rapid cycle pressure swing

adsorption process total cycle time is less than 5 seconds.

4. The process of claim ¥, wherein the pressure drop across each adsorbent
bed is greater than 20 in-H,O/ft of adsorbent bed length.

0. The process of claim%, wherein the rapid cycle pressure swing
adsorption process total cycle time is less than 5 seconds and the pressure drop

across each adsorbent bed is greater than 10 in-H,O/ft of adsorbent bed length.

{{. The process of claim |0, wherein the pressure drop across each
adsorbent bed is greater than 20 in-H,O/ft of adsorbent bed length.

\2. The process of claim 10, wherein the purified hydrogen-containing gas

stream contains greater than 85% hydrogen by volume.



WD 2006/ 079026 PCT/ US2006/ 002294 -46 20 The process of claim4, wherein the
reform ng catal yst contains at |least one of platinum palladium tin,
rhenium germanium alumna, silica, silica- alumna, zeolite, or a hal ogen.

21 The procesgoQhosbabdn 8, wherein the reform ng catal yst peqits3bgamonbs | €ast
one of platinum palladium tin, rhenium germanium alumna, silica,
silica- alumna, zeolite, or a halogen. 22 The process of claim 13, wherein

the reform ng catal yst contains at |least one of platinum palladium tin,
rhenium germanium alum na, silica, silica- alumna, zeolite, or a hal ogen.

- 45 -

13- The process of claim 12, wherein the purified hydrogen-containing gas

stream contains greater than 90% hydrogen by volume.

4. The process of claim 13, wherein the purified hydrogen-containing gas

stream contains greater than 95% hydrogen by volume.

15. The process of claim 13, wherein said reforming reactors are of the fixed

bed type.

16. The process of claim 13, wherein said reforming reactors are of the

moving bed type.

17. The process of claim 13, wherein the total volumetric raie of hydrogen
for an existing reforming unit recycle gas streamn is increased as a result of the rapid

cycle pressure swing adsorption process.

8. The process of claim 4, wherein the total volumetric rate of hydrogen
for an existing reforming unit recycle gas stream is increased as a result of the rapid

cycle pressure swing adsorption process.

19. The process of claim 1, wherein the reforming catalyst contains at least
one of platinum, palladium, tin, thenium, germanium, alumina, silica, silica-

alumina, zeolite, or a halogen.



WO 2006/079026 PCT/US2006/002294
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20 The process of claim 4, wherein the reforming catalyst contains at least
one of platinum, palladium, tin, thenium, germanium, alumina, silica, silica-

alumina, zeolite, or a halogen.

2! The process of claim &, wherein the reforming catalyst contains at least
one of platinum, palladium, tin, rhenium, germanium, alumina, silica, silica-

alumina, zeolite, or a halogen.

22 The process of claim 13, wherein the reforming catalyst contains at least
one of platinum, palladium, tin, rhenium, germanium, alumina, silica, silica-

alumina, zeolite, or a halogen.



