| MPROVED CATALYTI C REFORVER UNI T AND UNI T OPERATI ON

FI ELD OF THE | NVENTI ON [ 0001] The invention rel ates
wgeomroaddzy to catal ytic refornmers and their usectms200b002294

catalytic reform ng of petrol eum naphthas. Mre

particularly, the invention relates to an i nproved

catal ytic refornmer process which can be operated at

hi gher throughput relative to conpressor size. The

i nvention has the capability of enabling

conpressor-limted reformng units to be operated at

greater capacities. BACKGROUND -OF THE | NVENTI ON [ 0002]

Catal ytic naphtha reformng is an established

petrol eumrefinery process. It is used for inproving
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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
alkylcyclopentanes, 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.



reactors with furnaces for supplying additional heat
to the reaction streamas it passes from one reactor
woaodslgsmext in order to conpensate for the heRCT/US2006/002294
utilized in the overall endotherm c character of the
process. Conventionally, reform ng processes have been
operated as sem -regenerative or cyclic processes
using fixed bed reactors or as continuous processes
such as UOP CCR Pl atform ng(tm (Continuous Catal ytic
Regeneration Platform ng(tn)) using noving bed
reactors. Proposals have beenywmde for conbining fixed
and novi ng bed reactors using regenerators appropriate
to the individual reactor types Units of this hybrid
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TR BR Shuphem 1 SIsToRs, A4 95070, 180010610,
ShEd , 838 WS G620, 463 ;MES 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



fi xed bed cyclic, continuous or hybrid, a hydrogen
recycle loop isprovided in order to maintain an
wadewpwates vol une of hydrogen at a suitabl e preBemUs2006/002294
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 order to
m nim ze catal yst agi ng. The hydrogen which is has
been generated or recycled is not pure and, in fact,
typically contains significant quantities of |ight
hydrocar bons whi ch have not begen conpletely renmoved in
the separators which follow the reactor section. The
term"light hydrocarbons” used herein neans a
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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.



I nposed by conpressor limtations and new units

utilizing such enbodi nents nay be operated at a
wanrewtogso2nom nal capacity. SUVWARY OF THE | NVENPCONS2006/002294

[ 0006] According to one enbodi nent, a catalytic

napht ha reform ng process is carried out by renoving

hydr ocarbons fromthe hydrogen recycle stream by

Conventional Pressure Swi ng Adsorption ("conventiona

PSA"). In a preferred enbodi nent, a catalytic

reform ng process is carried out by renoving

hydr ocar bons fromthe hydrogensrecycle stream by Rapid

Cycl e Pressure Swi ng Adsorption ("RCPSA"). The

reduction in the proportion of hydrocarbons in the
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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 least 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.



stream and the export hydrogen streamof a catalytic
reform ng unit. BRI EF DESCRI PTI ON QF THE FI GURES [ 0008]
woheoeadre Fl GURE herein shows a fixed-bed ref oPairmg2006/002294
unit including a pressure swi ng absorption unit for
removi ng hydrocarbons fromthe recycle gas | oop of a
typical catalytic reform ng process. DETAILED
DESCRI PTI ON OF THE | NVENTI ON [ 0009] This process is
applicable to catalytic naphtha reformng, that is to
the process in which a hydrocarbon feed in the naphtha
boiling range is subjected to.geactions at el evated
t enperature including dehydrogenati on,
dehydr ocycli zation, isonerization and hydrocracking to
r | i.phat.] Qear in.the naphtha feed to
i s ﬁéﬁ&gégg= :Pﬁaiﬂiﬁ§duct cgnprising an
i ncreased proportion of aromatics (relative to the
feed). Depending on the properties of the naphtha
[0008Ft 0Te (sofe FRGISRIEELerbih sHeevspafiaéd-bed refoefmimg unit including a
napht hene, and aromatic content) and catal ysts used,
rhesurefwingabsopptdeiuynit Fanrepeoving dydegarhions fiam gharegiycle gas
conﬁgntraiiﬁn% ff.to uene, benzene, xylene, and other
1998 08 A HRICAS ARIYUCTCHLEENE REPY5FEndi ng and
petrochem cal processing. Hydrogen, a significant
by-product, is separated fromthe reformate for
DETAYIIED BRESCRIPTIONIOF THE INVENTIONesses. Wil e
the reactions irnvolved In the overall reform ng

process include both exotherm c and endot herm c
eaction js endotherm.c an
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the catal yst between regeneration
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



cycles; the nore nodern continuous catal ytic
reformers, however, are capable of operating in a
woOawsro7oarer e favorabl e pressure regi ne. | n t hePOTAS26/002294
process the actual reformng may be carried out under
the conditions appropriate to the unit using the
catal yst system selected for the unit. Conditions such
as tenperature, pressure, feed/recycle ratio, space
vel ocity, may remai n unchanged and in accordance with
normal operating paraneters. |If the unit has, however,
been conmpressor limted, the uge of the present
i nvention may enabl e higher feed rates (with any
appropriate consequential changes) to be nade, as
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s.cyclic regeneration) reforners d y be_.included
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sections. Units with noving bed reactor systens and

noni ntegrated regenerators have recently been proposed

[0018) S. THayRedenfRBldntiBhigREvilies 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



10/ 690, 081 (Publication No. US-2004-129605-Al1); a
fixed bed unit converted tonoving bed reactor

wopeseardan Wi th cyclic regeneration i s proposed#CrusSkho&002294
Pat ent Application No 11/096,372, filed 1 April 2005
(based on U. S. Appln. No. 60/564, 133, filed 2 1 Apri
2004); the present unit is applicable to use in noving
bed reactor units such as those. [0011] Cyclic,
fixed-bed reforners are well-known. In units of this
type, a plurality of reactors are used, typically from
three to five, with one reactot _at a tine being the
so-called "swing" reactor. The actual reformng is
carried out in the remaining reactors according to the
normal, reform ng reactor sequence while the cat
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the reform ng sequence (taken "offoil"): after the oil
rbeetdr unite siclodd thokdle catal yst in the vessel is
subj ected to regenerati on sequence typically with a
purge of residual hydrocarbons (nitrogen purge),
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winich hagaped i hosh, ikgwithdrawn from the reforming sequence (taken “off-
0il”): 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, after 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



step to control initial activity may or may not be
used follow ng reduction. Normally, the swing tine can
woamg®d7émem one to five days. The term regener BCTAISYRSE/002294
is used here to conprehend the various gases used in
the regenerati on sequence referred to above, including
the heated purge gas (usually nitrogen), oxidative gas
for coke burn-off, hal ogenation gas for rejuvenation,
purge gas, hydrogen for reduction and, if required by
the catalyst chem stry, the pre-sulfiding gas
treatment. [0012] Sem -regenergtive units typically
contain one or nore fixed-bed reactors operating in
series with inter-bed heaters to nalntaln operatlng
deactivates b rea3|n
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The operation of hybrid type units is described in the
patents and other publications referred to above. The
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[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
hydrocarbons 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 solid



Here, a gas streamis passed under pressure for a

period of tinme over a bed of a solidsorbent which is
weebmoooze or relatively selective for a conpoReEmUS2006/002294

usual ly regarded as a contam nant, which is to be

renmoved fromthe gas stream It is possible to renove

two or nore contam nants sinultaneously but for

conveni ence, the conponent or conponents which are to

be renoved will be referred to in the singular and

referred to as a contam nant. The gas is passed over

the sorption bed and energes-bromthe bed depleted in

t he contam nant which remains sorbed in the bed. After

a predetermned tine or, alternatively when a
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process gas. Purging may be facilitated by the use ©
acgohipgnexd beapevearse flowpof g tgalesoir thawon{adginbit. TASthe pressure in

sorption of the contam nants usually takes place by
thﬁ W§§$e&%}s ‘@é?‘fﬁ ,be 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



onto the sorbent which is normally a porous solid such
as alumna, silica or silicaalumna which has an
wahbierreoge f or the contam nant(s). Zeolites arerpofiusmo06/002294
used inraany applications since they may exhibit a
significant degree of selectivity for certain
contam nants by reason of their controlled and
predi ctabl e pore sizes. Normally, chemical reaction
bet ween the sorbent is not favored in view of the
increased difficulty of achieving desorption of
speci es whi ch have becone chéffi-cally bound to the
sorbent but chem sorption is by no neans to be
excluded if the sorbed materials nmay be effectively
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cycle tinme is significantly reduced, froma nunber of
prﬁ%ﬂﬁ?'es to multiple cycles per mnute. RCPSA utilizes
a rotary valving systemto conduct the gas flow
through a rotary sorber nodul e that contains a nunber
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cycled through the sorption and desorption steps as
soteon vesaels winighlage switphed exclically betweerothe 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 completes the cycle of
operations. The rotary sorber module is normally comprised of tubes held between

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



operations. The rotary sorber nodule is normally
conprised of tubes held between two seal plates on
weibdemrorend of the rotary sorber nodul e wher ei RCTHS2006/002294
seal plates arein contact with a stator conprised of
separate mani folds wherein the inlet gas is conducted
to the RCPSA tubes and processed purified product gas
and the tail gas exiting the RCPSA tubes is conducted
away fromthe rotary sorber nodule. By suitable
arrangement of the seal plates and manifolds, a nunber
of individual conpartnments mayjhe passing through the
characteristic steps of the conplete cycle at any one
time. In contrast with conventional PSA, the flow and

pressure variations required for the, . . .
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[ h Lat.e direct.io regsure,t
B bR ebE BFORREES: S fuERloBRALS, B ARSAR biers,
vakalons fbc}dﬂ&d%?ﬂﬁeeﬁcﬁpmés&%ﬁbﬁ -cg@lektﬁély Bg\éﬁgﬁgélﬁinoef number of
the RCPSA technology s a nuch noré efficient use of
seperataimordinerts watthe ioader dbisacendsheer @yalet mthyclodmoothes out the
adsor bent required with RCPSA technol ogy can be only a
Pressets el Bpvi ke prlsationseencoyntesethDE it eprapressian and valving

SEAMBLOTK 58 PR AR BS R ROBE A PR Pty
R s gnt s el BEES Rl g o coch
coniparipnent es sigvgssively 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



an equi val ent anmount of gas. [0018] For the purposes

of the present catal ytic naphtha reform ng process,
woe3sicsomsed to renove the |ight hydrocarbons Pcomskiee002294

gaseous portion of the refornmereffluent stream prior

to reconpression for the recycle |oop. The effl uent

streamfromthe last reformng reactor is first led to

a gas/liquid separator or separators to separate the

liquid reform ng products mainly conprising the C5 and

hi gher hydrocarbons fromthe |ight ends conprising

hydr ogen (both recycl ed and-gRoduced during the

reform ng reactions) and |ight hydrocarbons (rmainly C5

and | ower hydrocarbons). Fromthe separator, the
effa8Rfeadl pABMJ RebHPre@idfor NEIFRgeR 1886. Mhehdffluent stream

hydrocarbons is conducted to the PSA unit in which the
fregmdhe lasit oefonhidg ractdrysifistdedtms ghgliqedisepdrabyr or separators to

adsorption gonto the sorpent. A percentage of the [|ight
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S IS UM Ay CORRGINRY
hyldyelraslyens) e fironhthd sgparetnrsthetgasemnscsireanhachinking doykyddgen and
'gﬁ_pg tHe first refornmer reactor, If desjired, the PSA )
light hydrocartons)is capdiertedta fhe PS4 pitdn yakich theprapoptien eflight
: ' 's h e rt manif ol .

R Bty TR o RGBT e g
hydidda | | ]
LSRR 95 120080 PSS ol 15 e RIS Rfen
enpichbedgaseop® 8G8dmThevds|ditiREofithed? A pybosss with a ighep! e

only, ,shovxth a fixed bed catal ytic naght ha reforner )
copgRERtioRy iy dspsemthapythe gaseoys streamghatoras calucead to the inlet

of ?ﬁ@f)gﬂ%}%ess. 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



regeneration type. The hydrocarbon feed enters through
line 10 and is conbined with recycle hydrogen from
woizoms/0td026 The conbi ned hydr ocar bon/ hydr ogen f eedTiuiseme/002294
passes through heat exchanger 13 in which the stream
obtains heat fromthe effluent fromthe final reactor
(three shown). The conbi ned feed then passes fronheat
exchanger 13 to a first furnace 14 to bring it to the
required tenperature to enter first reactor 15 in
whi ch the reform ng reacti ons commence. Reactor 15,
li ke the second and third st-ade reactors 16 and 17,
may be either a fixed bed reactor or a continuous
catal ytic regeneration ("CCR') reactor. The effl uent

i t
hddt %Kblﬁéﬂg%g 13 18 Arhake i&t@@ﬁﬁgﬁ tbQhé geﬁqaﬁxf%gg@mﬂl ok to

react or y way of second furnace 22 econ
ergeafjst remtontS kbwihiclt the refonwéng reactbnsreomeatence. Reactdr 15, like

stage reactqor 17 by way of third furnace 23. The
th@fSFWIéL@n‘i: Ferd stage renctars d04gd Ve anayohe pitharesiixet bedyteactor or a

h 13 to,.h ' | e/ f
odibsft O kBB RS e TR B o
ref6k 85 pA%sANE thE18tdnd FERAALBE 16 by Kot bAK DnL&LATBYS and
product 22 is renoved fromthe Separator and a
frowrdscord stage yedatorb6l irethpasony bivtising earier enthiBsthge Aasfr 17 by

reaned fromthe separator in the vapor phase. ol er
waipof third furaaes 23 The effet romthe tageveetactor pasdes through

Bl efFRERO T3 b Rewahe bttt ¥R BB Triranp he eifluent fiom heat

A &3 il | \cont.ai n
R LS. R A hRERRARL Sendil o1, AR ibpmate
pradiecid2eis trehof-eé dromn the' Spardtei adEaebi®ihdd ReVSIE Sind'éRport
hygrder to reduce the level of |ight hydrocarbons in the

t ?%‘é‘rﬁtrqaﬁ?azé dhblspeemoweq Glom trecseparatort intthe vapernphase. Cooler
2055 %8&5%1%%11' 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 stream 24 and a purified recycle gas



conducted to a Pressure Swi ng Absorbent (PSA) unit,
preferably a Rapid Cycle PSA (RCPSA) unit 25. The
wouoisforede hydr ogen recycl e and export hydr ogenPeT/US2005/002294
26 | eaves the PSA unit 25 with a greater hydrogen
content than the conbined recycle and export hydrogen
stream 23 that was fed to the PSA unit. The streamis
then separated into a purified export hydrogen stream
24 and a purified recycle gasstream 26. The purified
recycle gas stream 26 i s conducted to conpressor 27
for entry into the recycle Fdédp through line 11. The
l'i ght hydrocarbons that are renoved in the PSA process
are withdrawn as a tail gas stream 28 and passed to

stibB 36/6Thé gﬁriﬁléé:rﬁg)rc@é ﬁéseﬁ?éa% 98 i 95’%4&@‘???;&3%%“??%‘??7 for

can he used 1n o units. Depending on t
enBGRED thesbgytle dbdiethrowgtt Hne BaNThe 1ight hydeocabbtnsthit are
limted to CO, water, ammonia, and H2S may al so be
remered étithe R\ tecesy aro yethdovaanpigil gak stregm g8xnd passed to the
0021] It shoul d be.noted that .although the. purifie
Fugh s S yUPO GRS IGFRatione HATED oA BE uechial e s
[xe L.
D e R ain LT B ont? shilFes, Byt oot
linpityd fol €0, Pt} ardnigend FyS day Wido bl @mbveddahttBe hydrogen-
conbi ned stream after the conpressor if additional
costaidnghmakesemeas.i s required for the purified export
hydrogen stream The quality of the separation in the
PSA can be enhanced at hi gher pressures and if the

001 0SS AR AR 5 BB o

thdFighrpaebsoinpaeindvee (ke therRNeld Gilstoéatd priditb the compressor in
addi ti onal conpression before being sent to the fue

thegligurs dbatringmesthoditent she panified expottiiydregen may be withdrawn

ref.inery.. . - :
from {he Combined stream after the compressor if 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



[0022] In still another enbodi nent, the purified
export hydrogen nmay be w thdrawn after separator 21
wandemons to the PSA unit 25. This parti cul ar PCT/US2006/002294
enbodi mnent may be useful when either the hydrogen
content of the export hydrogen is sufficient wthout
further inprovenents or the main objective is to
i ncrease the anmount of hydrogen in the recycle stream
to either inprove theliydrogen partial pressure and/or
hydr ogen vol unme available in the catalytic reformng
reactions. [0023] In a spectfide enbodi nent, the
conbi ned recycl e hydrogen and export hydrogen stream
may have a hydrogen concentration as | ow as 55% (for
. . , o St fior
B ey S S R R
refosR@ Adacilond) cases where a recontacting drumis used
for higher hydrogen purity. The Iight hydrocarbons in
the stream such as net hane, ethane, propane, etc. wll

tiall b int RSA whi th
B NOE L E TR MR TN A —
S0l S 1432k i
présdPty demia®gai anfteNovachibl ab BE% gy tdw presstireiogsiduoas catalytic

whi ch acconpani es the desorption portion of the cycle. .
regeineratem wiitscespstiallydn spsesavhens 4 iscontariveg duyn is hged for higher

dr ogen., iity.qf the recycl.e gas from het ween 55%
hydi e rtiE heyig oy Oiarohoriods e Siachnael 4o FogiG, ethane,
i f. i .
ot b AU BRI e hygrogen i
flovethteegl e @hit.CWhenthe Sttt éPreatkis thp ¥ & ftifd&orption portion

hydrogen partial pressure of the recycle gas. Often it
of ke ¢yude,rthe potheddysirecarporsamt othiet sérbed minpyritine avemsuraved 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



of feed that can be processed in a hydraulically
constrained unit. In this case, if the proportion of
woydispcgmnbons in the recycle gas streamis redBpCeaS2006002294
mass and volune 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
i ncreased due to the elimnation of the recycl egas
conpressor limtations. The feed rate can therefore be
i ncreased until another constléaint in the systemis
realized. In a simlar manner, grass roots catalytic
reform ng units incorporating pressure sw ng
gRARhRYek &} 1TBMatisnsd eBhIRRE rhe ddaMBeféRIRthRhYed until another
great'er capacity for a conpressor of a given size.
cdi30akit it theCoysi@ntis osadize®r dasusimiBninmgnédsyagptoots catalytic
"conventignal PSA') a gaseous m xture is conducted
regéwa@pgﬁmé@ém@ppzﬁﬂn@ Ryersuse swing adrerpiian maytherdgsigned to have a

f.: i.d sorbent ~that is selecgtive or.relatively
rega&v%g? g{\‘/eg T ot Pgﬂ@’ gqr %qxgprgsmoﬁéhglg?n §¥3al | y regarded
as a contam nant that is to be renoved fromthe gas
stream It is possible to renobve two or nore
[0025} anilm&lonyestiondl Pressos Swibg A dsorptioan(Vesiventienal PRA") a
conponent oy conponents that are to be renoved will be
SAsePE MEHUFQ s GondHetediunglar aresaure foen peried of dinagsover a first bed of

j T sequs ;m.xt.ure. | ssed over a
LS I S TR o BT A ——
Ry | ' | '
wshERPLR B €SBk oAl G ARORE B LRI, 11
poabibly toateinmieytwehenmard ceatkmiiirms gitndfanebeslg it #¥ dbRenience,

i s observed, the flow of the gaseous m xture is

the GPRPRBENL QY corapensHe hataieeiterremyeiliwill beesforded tsinethe
it 051 AYEELd G50 0Pk Bufo. G ot b e S

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 is removed from the first adsorption bed by a reduction in pressure,
usually accompanied by a reverse flow of gas to desorb the contaminant. As the
pressure in the vessels is reduced, the contaminant previously adsorbed on the bed
is progressively desorbed into the tail gas system that typically comprises a large
tail gas drum, together with a control system designed to minimize pressure

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



contam nant is renoved fromthe first adsorption bed
by a reduction in pressure, usually acconpanied by a

woevmrse2t | ow of gas to desorb the contam nant PCAIISR(96/002294
pressure in the vessels is reduced, the contam nant
previ ously adsorbed on the bed is progressively
desorbed into the tail gas systemthat typically
conprises a large tail gas drum together with a
control system designed to minimze pressure
fluctuations to downstream systens. The cont am nant
can be collected fromthe taillgas systemin any
sui t abl e manner and processed further or disposed of
as appropriate. Wen desorption is conplete, the

ga%%@% PRy SEYatle nRHneE Qnd“gf&e%di ﬁlﬁ'fhEr ﬁ?&isﬁ&sréﬂa@ as

nitrogen or a purl stream o ocess

ammepnﬁar GVhen degorptioh &ccdmpltes dhdyorbbet b&tbm@if be gurgé@vith an
tenperature purge gas stream [0026] After, e.g.
ing AR SHEoMg B-S-1tREEeR OF A uTIbed strgae offthe predess gps.sPurging may

R

m xture is switched fromthe second bed to the first
bed, and the second bed is regenerated. The total
[0026] e Wifter, ¢.g., bheakitkrogich infthé setntibed) a&t@@ft&ﬂ&ﬂfﬁgyﬁ%@has
m xture is flrst conducted to the first bed in a first
beep apgenesated sothatdt igrgain p@pgmbfmgdmmnan@emcer ithe flow of the

2o BRI e Eom ¥ ff‘i&PnQ%ﬂﬁ%ﬁg iy i and g spond
beldN§ ré éh%lfat@&’gghyi‘&ayéfcl@ftms@isrtﬂe dén\%lﬂlg FinIe'aiisr&E%’ Vgﬁ%ﬁ: the gaseous

vesse in addition he secon

mixeedds fidteonddsedpd it fitdtbediis afher tydieito BRIHBWIRA the
time is long, wll serve to |ncrease cycle tine.

gafw-,xpmmqg@s ﬁrp,t Qm)glugtgdftpgb@ firstded in the sswedntslwisngceeding
ude a f east one

cviéoh s Slivt 3 sPEHFBeBgr R b rastiys” ke webrafithipdafourth, fifth,

etd. YRERISHI AFBEiSL B 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.



step to prepare the adsorbent material for
reintroduction of the feed step. The sorption of the
woanicammnant s usual |y takes place by physical BOTSR@®E002294
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 may exhibit
a significant degree of selectivity for certain
contam nants by reason of their controlled and
predi ct abl e pore sizes. Nornmal18/ chem cal reaction
with the sorbent is not favored in view of the
increased difficulty of achieving desorption of
N%P&ﬁll? Schdthichl RAYEoR R4 8 The %Bﬁf@n‘f ?;J ﬁ(yt fg%ﬁ%‘a lh Q/Ié‘p 9f the increased
sorbent, but chem sorption is
dlé‘ﬂcdlluml ofl acliieving dmoﬁﬁdnmﬁ@emh Svaabl hbﬁe Bécfdiﬁé bNﬁhibally bound
desorhed during the desorption portion of the éycle
togthg sorbsyt, e clhiganisaphpy remytvmenns tr bsexdugtdif the sorbed
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Pie8028]swingudsdrption pr&Xossing 46 deseivedimdie fuflgih thé‘B@dSl@E‘ﬁtltled
di sadvantages for a variety of reasons. For exanple
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ar e b ificantly larger in size for the sane
&ﬁ 3? %{;drogen that needs to be recovered from

hydrogen-cont aining gas streans as conpared to RCPSA.
Al so, a conventional pressure sw ng adsorption unit

[Og}Bﬁ]Ut gé)m;awahﬂwrllz}i&’\% P¥Sdessdsis fzibéhﬁgﬁﬁ%ﬁb ?%esl@%ﬁxta%es fora
vagiekpof IW%& Fﬁmgxalégplg;( églsvtsengamldvé)m iulfte arocogtly tolteiild and
ope?a A§Ls s1tgrr11£to ca%qytlgregelr ?r[ ze 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



beds utilized in conventional PSA and the equi pment
configuration and val ving involved. In contrast, rapid
woyale®7gnessure sw ng adsorption is utilized whCThSh®ms/002294
total cycle times of |ess than one m nute. The total
cycle tinmes of RCPSA may be | ess than 30 seconds,
preferably |l ess than 15 seconds, nore preferably | ess
than 10 seconds, even nore preferably less than 5
seconds, and even nore preferably |ess 2 seconds.
Further, the rapid cycle pressure swi ng adsorption
units used can makeuse of sulist-antially different
sorbents, such as, but not limted to, structured
materials such as nonoliths. [0029] The overal
n
Uy BN RN ent DG N B R R TATD o) S b

matesialstsuzhsfkanondiths.const ant in the gas phase ( ) and
the mass transfer rate constant in the solid phase
(ts) . Amterial's mass transfer rates of a materi al

(08381, o e S it fouien SEOF e Adsamion WPecssThovhetber
Coh(féﬁ'&(glﬁﬂ /P“%( ‘85 ﬁQﬁ%@ %Jsec atcfé? z%ﬁ%éﬂﬂgﬁass ‘ctra?xg{éer 1§84 B%stant in

th@l gé§ phas&r(TQQﬁfdfﬂhe mams trahsfdrea@aonpanth Medold phasd ). A
characteristic dinmension of the gas nedium Heére t

mf&ﬁ@‘dbﬁ W@%H@mfﬁhr&tm@mamr@ are Depenidsntumpdn tha:mdsorbent the
t he conventional val ue can be used) and

ad?‘h@eg e pregune aRd ghe tsmperatugsast h%maémra%fer tate
coﬂﬁﬁh{lﬁﬂh@?agg,sor% r}{éﬁnewegth between two |ayers of the

structure rial.

Tg=Dg /R, (in cm®/sec) (1

where Dy is the diffusion coefficient in the gas phase and R, 1s the characteristic
dimension of the gas medium. Here the gas diffusion in the gas phase, Dy, is well
known in the art (i.e., the conventional value can be used) and the characteristic
dimension of the gas medium, R, is defined as the channel width between two

layers of the structured adsorbent material.

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

as:

=D, /RS> (in con®/sec) (2)



[0030] The nmass transfer rate constant in the solid
phase of a material is defined as: ts = Ds / Rs 2 (in
woneneepe (2) where Ds is the diffusion coeffi cPemuszime/002294
the solid phase and Rs is the characteristic dinmension
of the solid nedium Here the gas diffusion
coefficient in the solid phase, Ds, is well known in
the art (i.e., the conventional value can be used) and
the characteristic dinension of the solid nedium Rs
is defined as the width of the adsorbent |ayer. [0031]
D.M Ruthven & C. Thaeron, PR&Of-ormance of a Parall el
Passage Absorbent Contactor, Separation and
Purification Technol ogy 12 (1997) 43-60, which is

wl.tlﬂ‘r‘e% plﬁrfﬁé ﬁﬁ‘ﬁ?%iloltﬁ EB@ﬁﬁ%ﬁ in Sle2ddlfd st 'ﬁﬁg R.Q¢ tHe' (Q‘WI acteristic

a nono a structured adsorbent that

difeasival ofwhdisblid snedigmo delkahaghedifision dostiofnoim fhersolid
t he ]gas medium Rg. U S. patent 6,607,584 to Mreau et

phaise, Dyfis wielliknavie oy heraat 6¢-.dhe p@nwrgmgl valug gan be used) and the
g st edo bR et & T ekt A the

b and the test standard conp05|t| ons used for

dh I, .

ad?gnven I"lonal PSA. Cal cul ation of these mass transfer
rate constants is well known to one of ordinary skill
in the art and may al so be derived by one of ordinary

[09&1] | Dq Mhﬁuﬁmenf& & Bragrain Rertosswinng ofiatPerallebBeisage
P WA O N
wiidBSE SO p AU EPE FBlRES  c1ERRYE Rt PR oW BB 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



usual ly conprised of 2 or nore separate beds that
cycle so that at |east one or nore beds is fully or at
woeasto7pastially in the feed portion of the cyeC®&usR006/002294
any one tinme in order to limt disruptions or surges
in the treated process flow. However, due to the
relatively large size of conventional PSA equi pnent,
the particle size of theadsorbent nmaterial is genera
limted particle sizes of about 1nmm and above.
O herwi se, excessive pressure drop, increased cycle
times, limted desorption, afl-channeling of feed
materials will result. [0033] In an enbodi nent, RCPSA
bed I ength unit pressure drops, required adsorption

ac%%%éﬂt%ﬁ éxlqalai@ e zﬁﬁ@ﬁats‘if’ésrgfsab()ﬂﬂf gﬁlﬁ_ and above.
er at | on in

centri the rotating b
Oer&ise, emasmmtprtemrm afbpqﬁnﬁwdmﬂmﬁhegﬂﬁhna%esorpﬁon, and
adsor bent. bed materials, in particul ar adsorbents that
changeling af fesskmatesialewilk ssultpar ti cul ate, beaded, or
extrudate form In a preferred enbodi nent, adsorbent
materials are secured to a supporting understructure
ri g r [
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adsarptivg adtivities, had medhaaitadtomsttainh €distoceumt fugiah Gcceleratlon of
adsorbent material coupled to a structured

the sptative hede it R BA), airovent e eseofompiy denventipnbePSdeulsorbent
betpBlerR. R ARG ek &odh apTh BAledisgtk barbculate,
beAabE rd@xthﬂﬁl}é*ﬁﬁn?“{gxoé bfé?&re@yﬂbgﬁflﬁ% nt! é&%‘fbémﬁéténals are

(such as a gl ass mat ri x

setstedhoassupporting tRddrssastafihatedtal aomfeah aﬁa"RCPSA%%‘ﬁatﬁfg
alum numfoil), which can be anodi zed. Exanpl es of

apyrepdes. f Foleexavpplei ers cinbotimentwd\theretary REPSWoagmargiuasan be in

thf Ig(gi%]frl gggslo%ént-l-sl%l%efasdc%%&?s%g2 seoeé gntcrggteggl g(?l? ec? ¥o a structured

reinforcement material. A suitable binder may be used to attach the adsorbent

material to the reinforcement material. Non-limiting examples of reinforcement
material include monoliths, a mineral fiber matrix, (such as a glass fiber matrix), a
metal wire matrix (such as a wire mesh screen), or a metal foil (such as aluminum
foil), which can be anodized. Examples of glass fiber matrices include woven and
non-woven glass fiber scrims. The adsorbent sheets can be made by coating a
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.



slurry of suitabl e adsorbent conponent, such as
zeolite crystals with binder constituents onto the
woednsfoaseenent materi al, non-woven fiber gl asspPeTmiSa®e/002294
woven netal fabrics, and expanded aluminumfoils. In a
particul ar enbodi ment, adsorbent sheets or materi al
are coated onto ceram c supports.[0034] An absorber in
a RCPSA unit typically conprises an adsorbent solid’
phase forned from one or nore adsorbent materials and
a perneabl e gas phase through which the gases to be
separated flow fromthe inlet22to the outlet of the
adsorber, with a substantial portion of the components
desired to be renoved fromthe stream adsorbing onto

t soljd e of .
T
pha%@%ﬂﬂ@% &rom ORE of Bdré aBE’&‘E@nﬂ aterdtSaral Qgémébl@gas phase

ores e nean size of which is usuall et ween
}@&@DWM@&{ Ble)za8eHRd bersapadated flow fiohethe lniw thﬁieaOutlet of the
network of even smaller pores, called "

adsorlserpwiithon ehstantiad pegiorn @frthéﬁaﬁ‘mOéleHYSrJn%rég 6%%? 6‘%@0"3‘1 from

R L S

%1 tc?]&ﬁla‘?i‘ng%ﬂ ggxals,@' bat FRY sREpIFReRaphaeR!". The@dttphase

e acti sorbBent materials and/or provide a

1richﬁieﬁ&| netwodu of poresf theaheamsize of whidlnisaisneHy betﬁh@n
phenonenon of adsorption conprises two nmain step

amnmmatpbs@,@@exmrandﬂ@ 1ms drisae maprhend hefey ek of oven ﬁlﬁlﬁuef pores,

oAl Bl a e Pats e rinue s ERTRPISh T RACogprEarbon
o8 K| TS oheS o s
SLﬁip’ohit; ks penags Giittivn ofhivbithiis 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



incorporated into the tubes utilized in the RSPCA
apparatus. These structured adsorbents have an
wanesspearedl y hi gh mass transfer rate since thecgas2006/002294

flows through the channels fornmed by the structured
sheets of the adsorbent which offers a significant
i nprovenent in nmass transfer as conpared to a
traditional packed fixed bed arrangenent as utilized
in conventional PSA. The ratio of the transfer rate
of the gas phase (tg) and the mass transfer rate of the
solid phase (ts) in the curref53j nvention i s greater
than 10, preferably greater than 25, nore preferably
greater than 50. These extraordinarily high nmass

rate ratios allow RCPSA to produce hi

h
{br@?ggg fﬂp%rﬁ% T@%}@?ﬁ g’@r@&%ﬁ@%ﬁfﬁ ke 9%@@\%’1&9 p;haﬁ@@:?),\jmthe cuirrent
O S T A Wl e
50." VRS SGrRAgRn e hi Bl ARNES: AtSRitis %Hb{gi%?PSA to produce

significantly gredter pressure drops to be eved

hilgh pugtty hiydrapgactizants dt high teoverytiatssalitiPSAly flaotibn of the
the detrimental effects associated wth particulate
HBEAPIERHYE. Gy orbeme valiees, sadicopbekcanyentienal d¥ Aned

W th adsorbent bed unit |ength pressure drops of

greater than 5 inches of water per foot of bed | ength,

[0036] Pr afhe rsﬁ*ﬁ:ci)z/hrgﬁ §§§&Beﬁt{;§ﬁb%(gn%eﬁjcs ﬂ%%%siuits%ﬂ?@@%nﬁly greater

nore preferab greater t

mressuradtopsi th fbecavhveridi thralghRBA adserbenihen @ohténtional PSA without
dsorbent bed unit length pressure drops are generally

tﬁ? eetreaentsl eledn aansiated with paupcnlate besbtentinolggup dinctadsorbent
B B L e RBLa SR 5! BB ey SR
888 % 4P £ PRI TROR) SIS, i 1, o
andrevien whadeeprafisalyantstepfha@@ViRN H,oM! TREAsURichRtrast 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. HyO/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.



The adsorbent beds of conventional PSA cannot _
accommodat e hi gher pressure drops because of the risk
wofhodeloasads zi ng t he beds which results in excesBCYAIS2006/002294
attrition and premature unit shutdowns due to
acconpanyi ng equi pnent problens and/or a need to add
or replace |ost adsorbent materials. These nmarkedly
hi gher adsorbent bed unit | ength pressure drops all ow
RCPSA adsorbent beds to be significantly nore conpact,
shorter, and efficient than those utilized in _
conventional PSA [0037] In an gnhbodi ment, high unit
| ength pressure drops allow hi"gh vapor velocities to
be achi eved across the structured adsorbent beds. This
ter mass contact rate betmeen the

esults_in a re, )
{9{035 bss Injagiembodimenh duglyypit hergth presspregirops gl QWJngh vapor

Pt E@%a@ Dl 5350 B e DN GREEs, T i e

%e@téi fn@e[ss IBh Rt f4td beﬁﬁ&m‘ thE g@&%s H’Mﬁdsoeﬁﬁf‘th%eaﬁg&%%}if materials in a
th these significantly shorter bed | engths, tota

wpriceftime thaoesn bt achevBSGRAoapphii el PSA . oThishesyltseidemiorter bed

mvﬁzgtl on can be nmaintained at total bed pressure

lang f@ﬁbprag%s pRaseitpnsies raiss dr pad émproveddyidrogan regosery. With

ERiPreflfRRlP tueth b ﬁ?ﬁ%@lﬁ%ﬁ%?@#@b”@ﬂ%
ef@*h”cah@n b?ﬂ%ﬁ‘es&&‘%ﬁ%xﬁm&cd e@émtaﬂﬁ n%dfa 613@]%9#{%

and as short ‘as | ess than 1 oot |n

differdntiats gurisgs theefebd egtle affabooyed tdLﬂO Mg,tﬂiefdi’ﬂﬂ§f‘}ess than 30
rocess are not critical. In practice, provided that

Hp% phude Binianiging bedengthiofibe wet@re arls tadwomptly dessethan 5 feet in
BRERL R PRLDLIRF tiab SHat bt o #5hctdo feseten | Foot in length

thereby providing a delta | oading effective for
separating the stream conponents processed by the

[BEFEA uiihe abJyiptecipdesaire dwill Ce@dpRiyatlidiling 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



pressure | evels range from about 50 to 2500 psi a.
However, it should be noted that the actual pressures
wabkodeiozede duri ng the feed, depressurization, pRCGAS206/002294
repressurization stages are highly dependent upon many
factors including, but not limted to, the actua
operating pressure and tenperature of the overall
streamto be separated, stream conposition, and
desired recovery percentage and purity of the RCPSA
product stream The RCPSA process is not specifically
limted to any absolute pressifie and due to its
conpact size becones increnmentally noreecononical than
conventional PSA processes at the higher operating

edéfn%%%&!%ljﬂ%ﬁan g"g"é?ﬁgi? PPS%P%rogg%s%ggg&%ﬁlgﬁ 8% ressures.
Ui dutaadds 6,409, 8231 6451, 699@48&74@1 6639%&6\6@@ 635165 635 all of
a ects of RCPSA technol’o [0039] In an embodi nent

ap lesqapprated hersin by etgn@leedlpc §6& varowsmspgets of RCPSA

¢ (ggtlon system has a total cycle tine, tTQt, to
©& Pa¥e a feed gas into product gas (in this case, a

hydr ogen-enriched stream) and a tail (exhaust) gas.
The method generally includes the steps of conducting

[00B8] f ednl ag@gnbvaliinest and¥el ERABP]ED td ztaplf%cwfﬁ%ssm% swing
the per cent agg of the feed gas which
dsemtion ystam baéoi(ahymlogmmt) tf(qmmmra,te |arfeed gas into product gas
ﬂﬁorbent bed that s ctively dsorbs the tail g
(% axs YCres ey B Seamlandgaatldgxhasistygns. Boemethod

pr.Q a

Rt WOl e e T
F%, W:hethE i$ tHel gerednt@g@oftheTbed gos %ﬁ’d‘h fs%é‘%%ﬁla) 5%510%1)16

product to the anobunt of hydrogen avail able i
(hydeogenpemprhentbido ian adserbent ket that selpetivdynilz@ts i tafl 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, i.e.:



time, tco, followed by counter-currently
depressurizing the bed for a tine, tCN, wherein
wdesmwrooge (tail gas or exhaust gas) is rel easedTfusems/002294
the bed at a pressure greater than or equal to 1 psig.
The bed is purged for a tine, tp, typically with a
portion of the hydrogen product gas. Subsequently the
bed is repressurized for a tine, tRp, typically with a
portion of hydrogen product gas or feed gas , wherein
the cycle tinme, tTot, is equal to the sumof the
i ndi vidual cycle times conpt26+ng the total cycle
tinme, i.e.:tcot =tF +tcg! CN+tp + tRp (3) [0040]
Thi s enbodi nent enconpasses, but is not limted to,

RCPSA processes sugh that it h sate of recovery, 3
RW% > 80% for a progfﬁ,Tt 3 riecf te[rSNPJ;gd l%%Jrity ratio, @)

P% F% > 1.1, and/or the rate of recovery, R¥% > 90%for
a product purity to feed purity ratio, 0 < P% F% <
[0040]. REhisldnsbadipieot encgnpaseess bink ihnotdimited jo, RERP Apocesses

suck bt SHRBOMe TaI & THEPTery RV TS Up T & 81T DBF SHeFEd purity
ratid ot B vy SHGIGE A OB Bl R B8 L 20 %t ahepyet purity to
fe%ﬁ?uﬂiﬂﬂaﬁ%?o Lopeyesediing RE%I@%@bBﬁﬁlgfﬁ@%/Bffgh reeseroi&

Ity thresholds and can be as applied at recovery
putisy emgasdhnbefound ireExamplesw thsouiglsi® bdregn. Other embodiments

wiflgbARFC APPLLRRTS o BOPSE HareseFRRPIR: RLUREPRFFovRg fates ar
sig‘c‘iﬁﬁgaentf)}; 1otvsbei'rsth£u§] X691 | ﬁl@lb%ﬁ%ents 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 tco, ten, 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 tco 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.



steps tc o, tCN, or tP of equation (3) above can be
omtted together or in any individual conbination.
wolawswaeso2st is preferred that all steps in therabwsenns/002294
equation (3) be performed or that only one of steps
tCo or t be omtted fromthe total cycle. However,
addi tional steps can al so be added wi thin a RCPSA
cycle to aid in enhancing purity and recovery of
hydr ogen. Thus enhancenent coul d be practically
achi eved in RCPSA because of the small portion of
absorbent needed and due to-2Re elinination of a |large
nunber of stationary valves utilized in conventiona
PSA applications.[0042] In an enbodi ment, the tail gas
hsral s [
(0082 S B EnlBfihlng Bl R s B A B e £ 1O BRI B i Bssure
higlhsesigh e thag @se ingusessy ba fedviy anqihaf dovidd absehttailagas
gas pressure is greater than or equal to 60 psig. In a
compzesspoinf Mare prefesddy thntail gascoressure iagrepier thagrar qayal to 60
reater than or ual to 80.psig. At higher pressures,
Ps{lhclty s mosEREfeAd fmbogditrh Hi Rl &S PEEIS UG EIratct gga K equal
c Nty [
to B0l s el BrBLERR the A 2L oA BERBnIEAE 108 fyel hoader
hydr ogen-cont ai ni ng strean(s) avail abl e as makeup gas,
or of streanms which nust be upgraded to higher purity
[0843]or ePrdetipe af shepiesent isventioradan hgyedhs follgying benefits:
Increasing the purity of hydrogen-containing recycle
gas streans resulting in an increase in overal
hy g , . : ; . .
t 5 GE P itolth Bk (8 BuilY bl Myl Bebd Soh Bl AT A0n D i IB6te os
malBuprgas] 656£stesamy Whidbelatt beemsaktied tehtightt parity before they are
catal ytic refornmer recycle conpression circuits
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

stteam hydrogen purity.

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

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



by reducing the |light hydrocarbons in the recycle
stream and i nprovi ng the recycle stream hydrogen
weaoi6t0y902p 0044] 1 n hydroprocessi ng, increased PRTS2I06/402294
translates to higher H2 partial pressures in the
hydr oprocessi ng reactor(s). This both increases the
reacti onki netics and decreases the rate of catal yst
deactivation. The benefits of higher H2 partia
pressures can be exploited in a variety of ways, such
as: operating at |ower reactor tenperature, which
reduces energy costs, decreases catalyst deactivation,
and extends catalyst life; increasing unit feed rate;
processi ng nore sour (higher sulfur) feedstocks;

I OCESSi hi gher_ concentrati ons of cracked .
betict Rk deSTF R AhE Ilp Pgaat@iysggmtw B 1 benefitspldhigher Hy
' is r ors
EEfaCprebiilizs CERBE EhBRARNIAR Bl bRGaGERER S,
Surating bt IoetrehdiBMerMpera@i® vwisich reditcek @NBigyl s, decreases
flow); and ot her neans that woul d be apparent to one
etallysedeactivatien,sand ext@glssiatdlpstrlfas mdrddRimppaoy e rates processing
offers significant potential benefits, some of which
RpEe s dbihen sadunder cksy pyocesing igher KenerAtEAkgns of cracked
r..Qt ces H2 wy.thin .

RRESIRS S 0 AioEEoR oa BT S AVCTRL R g} bl ehecking
&:84188; edmPRISSBHn( Xt iR birBBKEURCI8asedARTROS cBfistdnt total
result of the increased hydrogen recovery; (il
flowyy owsange s¢fcHhgthosgeriotaliflowy; and other oppans thed iwanld be apparent to

i ncr.e s(tfd eteroatom renoval efficiencies;
one skilled m 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;

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

(ii1) 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.



(iv) renoving a portion of the H2 fromrefinery fuel
gas which is detrinental to the fuel gas due to
woydrengenss | ow BTU val ue whi ch can present coROUAISRME/002294
capacity limtations and difficulties for some furnace
burners; (v) O her benefits that would be apparent to
one know edgeable in the art.[0046] The foll ow ng
exanpl es are presented for illustrative purposes only
and should not be cited as being limting in any way.
EXAMPLES Exanple 1 [0047] In this exanple, the
refinery streamis at 480 psixdy-with tail gas at 65
psi g whereby the pressure swing is 6.18. The feed
conposition and pressures are typical of refinery

[Ur%gf eSSI‘Hé%oHBWiﬁ% rék’ﬁxi}/\gﬁ% a"r@gﬁ%eﬁtgﬂ 'ﬂ# {1Rstrative pulipﬁs?sh?rély and

oprocessi ng rotreating applications.

shxddrpbebé yied ad beindriaaaigansngrweaylescri bed by their
carbon nunber i.e. Cl nethane , C2 = ethane etc. The

RCPSA i s capabl e of producing hydrogen at > 99 %
Md > 8 1 %recovery over a range of flow
E - bles la and I b show the results of conputer
simul ati on of the RCPSA and the input and out put
percent ages of the different conponents for this

Eexaphd ¢. Tables | a and Ib al so show how the hydrogen

purity decreases as recovery is increased from&89.7 % .
[0047Db1. in dhis gramphs, NMEGHDesy seaamas audRl) psiggvidinthit gad at 65 psig

W %%h?tﬂaggreggﬁ%&@%g g?rp h%péﬁlle? @%%gfpiotﬁ#{)qrﬁza(nrg)ﬁreg@urgg are typical
ofggfsihgil)ﬁ%gicggsﬁ%g Bfifls svctPhs 30 PRI in Rr8f5i8cEssAor B drotreating
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
la and 1b show the results of computer simulation of the RCPSA and the input and
output percentages of the different components for this example. Tables 1a and 1b
also show how the hydrogen purity decreases as recovery is increased from 89.7 %

to 91.7 % for a 6 MMSCEFD stream at 480 psig and tail gas at 65 psig.



Feed rate is about 6 MVSCFD. Table la. Higher

Step Tines in seconds are tF=l, tCo =0.167, tC =0, tP
weQowA39026 p =0.5 H2 at 98.6 % purity, 89,7 % PETMS00§/002294

feed product Tail-Gas H2 88.0 98.69 45.8. Cl 6.3 1.28

25.1 C2 0.2 0.01 1.0 C3 2.6 0.01 12.3 4+ 2.9 0.00

14.8 H20 2000 vppm 65 vppm 9965 vppm | total (MVSCFD)

6.162 4.934 1.228 480 psig 470 psig 65 psig Table Ib.

Hi gher purity Step Tines in seconds are tF=l, tc o

=0.333, tCN =0, tP =0.167, t p=0.5 [0048] The RCPSA's

described in the present invegglion operate a cycle

consisting of different steps. Step 1 is feed during

whi ch product is produced, step 2is co-current

depressuri zation, step 3. s,cqun - current
depressuri zati on, st ep 4T él &ag%eﬁhsual Iy

purity

count er - cur r@ n‘i@l @ @flh Hiﬁﬁa%ﬂtﬁﬁf iYW th
product. In t % EE 31/'3 any I nst ant
hal f the t I te n
this exa e@% F ggaaf%ﬁymgpp

is one-half of theFQ%lEitelS about 6 MMSCFD.

Table 1a. Higher purity
Step Times in seconds are ty =1, tcq =0.167, tcy =0, tp =0.333, tgp =0.5

H2 at 98.6 % purity, 89.7 % recovery

feed product Tail-Gas
H2 88.0 08.69 45.8.
c1 6.3 1.28 25.1
c2 0.2 0.01 1.0
C3 2.6 0.01 12.3
C4+ 2.9 0.00 14.8
H20 2000 vppm 65 vppm 9965 vppm
Jotal (MMSCFD) 6.162 4.934 1.228
480 psig 470 psig 65 psig

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

H2 at 97.8 % purity, 91.7 % recovery
feed

product Tail-Gas
H2 88.0 o7.80 45.9
C1 6.3 2.14 25.0
Cc2 0.2 0.02 1.0
C3 2.6 0.02 12,3
C4+ 2.9 0.00 14.9
H20 2000 vppm 131 vppm 10016 vpm
[total (MMSCFD) 6.160 5.085 1.074
480 psig 470 psig 65 psig

[0048]

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

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




cycle. Exanple 2 [0049] In this exanple, the
conditions are the sane as in Exanple 1. Table 2a
wehesm7eandi tions utilizing both a co-current BA@US2006/002294
counter-current steps to achi eve hydrogen purity > 99
% Table 2b shows that the counter-current
depressurization step nay be elimnated, and a
hydrogen purity of 99% can still be maintained. In
fact, this shows that by increasing the tinme of the
purge cycle, tp, by the duration renoved fromthe
counter-current depressurization step, tCN, that
hydrogen recovery can be incréased to a | evel of 88%
Tables 2a & 2b Effect of step durations on H2 purity
and recovery froman RCPSA (67 ft3). Sanme conditions X
igsoTamreat depresuirization; stgp@ ip spynter-puprenedenressynizaion, step 4 is
as at 65 psiqg. Feed rate is about 6 MVSCED. Table.?2a.
8 syay BpbiorcBRenh oRetd S Phtiarsist areotriBdupeid: In the
: I
RS A A RbEL Bre LD et PaL Rl OV R REDESS arc on the focd
sted. | Fnethys Stangle) trepe€2 sgrinnvbiehtthe fitadotithy pi.clone-half of the total
conponents, as shown in feed colum of Table 3 (e.g.
ayBke-f eed conposition contains 74 % H2). The streamis
at 480 psig wth RCPSA tail gas at 65 psig whereby the
absol ute pressure swing is 6.18. Once again the RCPSA

athBfe Present invention is capable of producing

%Eg‘e-n at > 99 %opurity and > 85 %

[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-current depressurization step, tcy, that hydrogen recovery

can be increased to a level of 88%.

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

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

purity recovery tr fco ten tp trp
% % s S S S s
98.2 84.3 1 0.283 0.05 0.167 0.5
1

1

98.3 85 0.166 0.167 0.167 0.5
99.9 80 0.083 0.25 0.167 0.5




recovery fromthese feed conpositions. Tables 3a and

3b show the results of this exanple.Tables 3a & 3b
waanpasdson (nol 9% of input and out put from RCPBA2(06802294

ft3) in H2 purification. Feed is at 480 psig, 101 deg

F and Tail gas at 65 psig. Feed rate is about 10

MVBCFD. Table 3a. Higher purity Step Tines in seconds

are tF=0.583, tc o =0.083, tCN =0, tP =0.25, t =0.25

H2 at 99.98 % purity and 86 % recovery feed product

Tail-Gas H2 74.0 99.98 29.8 C 1 14.3 0.02 37.6 C2 5.2

0.00 13.8 C3 2.6 0.00 7.4 C4+ 3.9 0.00 11.0 H20 2000

vppm 0. 3 vppm 5387 vppm |total™ ( MVBCFD) 10.220 6.514

3.705 480 psig 470 psig 65 psig Table 3b. Lower purity

Step Tines in seconds are tE =0.5, tc o =0.167, tCN O

Fable s IVithguteounten-puryenb depressri ty and 89 %

r >

[ purity ° § recovery tr tco ten tp trp
% % S S s S S
97.8 91.7 1 0.333 0 0.167 0.5
98.7 90 1 0.166 0 0.334 0.5
99 88 1 0.083 0 0.417 0.5
Example 3
[0050]  This example shows a 10 MMSCFD refinery stream, once again

containing typical components, as shown in feed column of Table 3 (e.g. the feed
composition contains 74 % H,). The stream is at 480 psig with RCPSA tail gas at
05 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.



feed product Tail-Gas H2 74.0 93.1 2 2 9.3 C1 14.3 6
.34 31.0C 5.20.5016.6 C32.60 .028.9 4+ 3.9
w0 20007486 4 H20 2000 vppm 142 vppm 6501 vpm |t 8CaIUSEAIR002294
SCFD) 10.220 7 .240 2.977 480 psig 47 0 psig 65 psig
[0051] In both cases shown in Tables 3a and 3b above,
al though tail gas pressure is high at 65 psig, the
present invention shows that high purity (99 %9 nay be
obtained if the purge step, tP, is sufficiently
I ncreased. [ 0052] Tables 2a, 2b and 3a show that for
both 6 MMSCFD and 10 MVBCFD fhow rate conditions, very
hi gh purity hydrogen at -99 % and > 85 % ecovery is
achi evable with the RCPSA. In both cases the tail gas

Is at 65 psig. Such hi gh#égie%)?t' e nd recoveries of
product gas, achi evoed usi f%wlt t .
exh&MpPesibandalaio) i npyt and ongp thmr(gg ft) in H2
di scquuerifidatien.of ecdaischt 480 psig.ch01f deg BrandoT ail igas gt 65sig.

i nvention. [0053] Feeldlrat8is stvoausl ¢ MNEVISEED: s for an
RCPSA (vol unme = 49 cubic ft) that delivers high purity

D183% Hikn &l pilig recovery for the same refinery
Igﬁa%qeg"lgg:'g%usgedg?” 120 26288 £0L 53083, Ry SATBALEDs! ey =0.25

e srifhyesonds akg
H2 at 99.98 % purity and 86 % recovery -
feed product Tail-Gas
H2 74.0 99.98 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
ltotal (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, tcy =0, tp =0.083, tgp =0.25

H2 at 93 % purity and 89 % recovery

feed product Tail-Gas
H2 74.0 03.12 29.3
Cc1 14.3 6.34 31.0
C2 5.2 0.50 16.6
C3 2.6 0.02 8.9
C4+ 3.9 0.00 134
H20 2000 vppm 142 vppm 6501 vpm
Jiotal (MM SCFD) 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.



simlar purity and recovery rates can be achi eved by
si mul taneously decreasing the duration of the feed
woyale®7926-, and the purge cycle, tp. Tabl e 3c. PETfuset06/002294
of step durations on H2 purity and recovery from an
RCPSA (49 ft3). Feed is at 480 psig , 101 deg F and
Tail gas at 65 psig. Feed rate is about 10 MVSCFD
Wt hout counter-current depress Exanple 4 [0054] In
this exanple, Table 4 further illustrates the
performance of RCPSA's operated in accordance with the
i nvention being described hergy._In this exanple,
thefeed is a typical refinery streamand is at a
pressure of 300 psig. The RCPSA of the present

DS T3 2 B R SR IGE P papaviscr

ﬂ%‘\QQHt%tc%‘ﬁ ?ﬁﬁondso vgx?u h lpﬂ(l_f)i{tﬂ h?dfog%ﬁ at ll99t°/5"ahd9§‘§5 S2feRFery is

sent to a ash arat or or othe

abhivsvablewiththé REPIA ehiLbgtiatesthe hail gad ts;rdtk&srpmg Such high
corrpr essi on I‘eC]UI renment. Anot her i rrportant aspect o
nusitesiamdareovariasofimraduatigas Rdmsx&ed\uwgrtbﬁﬂxié%%@mtbalk the

Wﬁ% ﬁah ‘?Eg%t hlﬁﬁ)f%ésgﬁe' oo (r?abl é{q?){/%rrﬁ a)egqr,eélgﬁilare akey
ﬂggeﬁ@éofﬁye I%Sé}[t Iﬁ ure that the catal ysts in the

ownstrea sopeaevvlthout deterioration in
activity over extended | engths. Conventional PSA

(0658t _MEgle 3&&&@&%&1@ forbh WCPOA (gpmﬁigﬂggaﬁ% ft) that

al so neet the condition of exhausting

delivetschighgiueity B ©9346) K, atshigh rasowiry foithe shmiyefinbsatfam

yressure or. the high pressure of other equi pnent that
ipcyseers @sT&,'@l@ﬁ3R@pa Abe A3 pompard] i Eable|3a; Webleadd shgms that

s@%ﬂ%}%@éﬁﬁ%ﬁ% %tcpé riabag P%r%%t&g’rﬁgth@?@ad XY on&decreasmg the

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

Table 3c Effect of step durations on H2 purity and recovery from an RCPSA
(49 ft’). Feed is at 480 psig , 101 deg F and Tail gas at 65 psig. Feed rate is
about 10 MMSCFD. Without counter-current depress

purity | recovery tr tco fen tp tre
% % S ) s S S
95.6 87.1 0.5 0.167 0 0.083 0.25
97.6 86 0.5 0.117 0 0.133 0.25
99.7 85.9 0.5 0.083 0 0.167 0.25
Example 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



with refinery equipnent. Table 4 Conposition (nmol %
of i nput and output fromRCPSA (4 ft3) in carbon
waoumwxirgres and hydrocar bon renoval from hydr ogeRCTS2@®6/002294
is at 300 psig, 101 deg F, and Feed rate is about 0.97
MMSCFD. Step Tines in seconds are tF =0.5, tCo = 0.1,
tCN =0, tP =0.033, t =0.066Exanple 5 [0055] Tables 5a
and 5b conpare the perfornmance of RCPSA s operated in
accordance with the invention being described here.
The stream being purified has lower H2 in the feed
(51% nol) and is a typical regsnery/ petrochem ca
stream In both cases (corresponding to Tabl es 5a and
5b) ~a counter current depressurization step is

sl %nfai %ﬁﬁ#g frgé@;ﬁrn;iﬁgtat iﬁ)ﬁ@ssu{]e o%{)ﬁggg@g\%@ﬁSA of the

ei1n T on

pfe%é% 1n*v%nﬁ@§§sl BB18 16 Vet ®Y @l purk W&dﬁ(ﬂ%eln #88uédtsat 83.6 % ) recovery
rel eased at 65 psig or greater. In"contrast, the

whivaradl thertail lgas fis @dmus&datt d()lp}xtg elmathid cagedhe t’albga@an be sent to a
| oses hydrogen in the cog r-current depressuri zati.gn

flagla Arum:r other,separaten o1t \Mnsteaﬁan rerﬁlma edngment pathout

ﬁpltlg{}ecro Isc'ﬁ%% g%cﬁ%ret&ge?rg:t ﬁfp?r 1n}po(5 EB? thils? érgfségtlon is that
f %

Bl T A, TS B

units tlﬁfijt u€o ﬂpﬁolsnoﬂuofhfdmgel%:nnéhed’mmna nHowet feveld 6000 ensure

RCPSA (31 ft3) |nH2€urifigation. ) ) L o
that the catalysts in the downstream units operate without deterioration in activity

over extended lengths. Conventional PSA cannot meet this CO specification and
simultaneously also meet the condition of exhausting all the tail gas at the higher
pressure, such as at typical fuel header pressure or the high pressure of other
equipment that processes such RCPSA exhaust. Since all the tail gas is available at
40 psig or greater, no additional compression is required for integrating the RCPSA

with refinery equipment.

Table 4
Composition (mol %) of input and output from RCPSA (4 ft3)
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, tco =0.1, tcy =0, tp =0.033, tgp =0.066

H2 at 99.99 % purity and 88 % recovery
feed product Tail-Gas
H2 89.2 99.98 48.8
C1 3.3 0.01 13.9
c2 2.8 0.01 13.9
C3 2.0 0.00 10.2
Ca+ 26 0.00 13.2
total 0.971 0.760 0.211

300 psig 290 psig 40 psig



Feed is at 273 psig, 122 deg F and Feed rate i s about
5.1 MVMBCFD. Table 5a. Step Tines in seconds are tF
weom/07e6 0 =0. 083, tCN =0.033, tP =0.25, [a] Pariusgms/002294
avai |l able from 65-83 Dsia, H2 at 99 7 % DUptv and 8 1
% recovery feed product Tail -Gas H2 51 .3 99.71 20.1
C138.00.2961.0C24.80.008.0C 2.20.0023.8
C4+ 3.7 0.00 6.4 H20 4000 VDDGTI 0.7 VDDm 6643 VDDm
hotal (MVSCFD) 5.142 2.141 3.001 273 psig 263 psig
65-83 psig Table 5b. Step Tines in sec. are tF =0. 667,
tc o =0.167, tCN =0.083, tP =05083, [b] Tail gas
avail able from5-65 DS ia. H2 at 99.9 % Duritv and 56
% recovery feed Droduct Tail-Gas H2 51 .3 99.99 34.2

Cl SS.eO 0.01 48.8 C2 4.8 0.00 6.9 C3 2.2 0.00 3.4 C4+
6.2

[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 Sa
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 Sa

indicates that no tail gas compression is required.



H20 4000 VDDm 0.0 VDDm 5630 VDDm hotal (MVBCFD) 5. 142

1.490 3.651 273 psig 263 psig 5-65 psi gExanpe 6 [ 0056]
wonodgshirsnzexanpl e, Tabl es 6a and 6b conpar e t hePCT/US2006/002294

performance of RCPSA s operated in accordance with the

i nvention 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 inpurities such H2S, which can be

present in such refinery applications. As can be seen,

hi gh recovery (> 80%) is obsgfved in both cases with

the high purity > 99 % In both these cases, only a

co-current depressurization is used and the effl uent

during this step is sent ot.he eds in the cycle.

Tail gas only issues duroI hﬁﬁg’%% tercurrent purge

step. Tabl e 6c Effeekof Fail FSSUEGHORELLV Y er at ed .

wiEsienplenef RCPSz applied dan Feedatvith B2 causentgatignd51.3 mol %)

COu@ﬁﬁgwiti@ﬁt(ndﬁwaﬁunpaﬁan@ puspepfront ROPSA (31 ft°) in H2

co-current depressur!zatgggrﬂigﬁ¥ﬁﬁfluen; of the

co-current essu {1 C

and Bre€BpCER PR 17 Beed”pho Ktca pate scitifie SEVMMACED.
beds in the RCPSA vessel configuration that is _part of
Tahile SanStep iKimesTinisecopds arets =05 Haos0-0%3 tow 58S, tp =0.25,
during the counter-current tgepd.d33uri zati on and the
counter-current purge steps. [0057] In all cases the

Bl 68 2 RN REm Bfs3bad bio 6387 bk SuRiaidiablk@ il el evat ed
pressure whi clf ari ow I Nt egrat praduct\ ot her
pressupge refigery p .
any focm of r:quiredf%bnpression mmgg? pr oduci ng mﬂﬁh

i c2
purt t yC3 2.2 0.00 3.8
C4+ 3.7 0.00 6.4
H2_OL 4000 vppm 0.7 vopm 6643 vppm
[total (MMSCFD) 5142 2.141 3.001
273 psig 26 3 psig 65-83 psig

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

trp =0.33
[b] Tail gas available from 5-65 psig, H2 at99.9 % purity and 56 % recovery
feed product Tail-Gas
H2 51.3 99.99 34.2
c1 38.0 0.01 48.8
c2 4.8 0.00 6.9
C3 2.2 0.00 3.4
Ca+ 3.7 0.00 6.2
H20 4000 vppom 0.0 vppm 5630 vppm
ftotal (MMSCFD) 5142 1.490 3.651

273 psig 263 psig 5-65 psig



gas at high recoveries. In accordance with the broad
WO 2006/609M% of this invention, these cases are AUTU200d192294

considered as illustrative exanples and not limting
either to the refinery, petrochem cal or processing

| ocation or even to the nature of the particul ar

nmol ecul es bei ng separ at ed. Tabl es 6a, 6b, & 6¢c Exanple
of RCPSA applied to a high pressure feed Conposition
(mol 9% of input and output from RCPSA (18 ft3) in H2
purification. Feed is at 800 psig, 122 deg F and Feed
rate is about 10.1 MVSCFD. 688-Step Tines in seconds
are tF =0.91, tc o =0.25, tCNp =0.33, t . =0.33 6b.
Step Tines in seconds are tF =0.91, tCo =0.25, tCN =0,

= 3, t . =0.33 [b] Tail gas at 100 psig , H2 at
E@?B%‘@o purity and 80.3 % recovery feed product '
[0086] - Cas tHil eXdmple) TaBRs 3. ahd@h dempare. tbd pecfosna@weaoZRCPSA's

0.00 12.5 G 2.6 0.00 6.5 CA+ 3=962.0Q 9 g H2§ é%vp m
opbratedin Accorpac wshahe fiwwetPmpeing diseribedBgres T Fissgggscs, the
g 790 .psi.g 100 jgbc. .Step ti I .

BB} e HoRE R0 rO0aRT Py BRI TE R s PSSR gPA i
The composition reflects typical impurities such H2S, which can be present in such
refinery applications. As can be seen, high recovery (> 80% ) is observed in both
cases with the high purity > 99 %. In both these cases, only a co-current
depressurization is used and the effluent during this step is sent to other beds in the
cycle. Tail gas only issues during the countercurrent purge step. Table 6¢ shows
the case for an RCPSA operated where some of the tail gas is also exhausted in a
countercurrent depressurization step following a co-current depressurization. The
effluent of the co-current depressurization is of sufficient purity and pressure to be
able to return it one of the other beds in the RCPSA vessel configuration that is part
of this invention. Tail gas i.e., exhaust gas, issues during the counter-current

depressurization and the counter-current purge steps.

[{0057] In all cases the entire amount of tail gas is available at elevated pressure
which allows for integration with other high pressure refinery process. This
removes the need for any form of required compression while producing high purity
gas at high recoveries. In accordance with the broad claims of this invention, these
cases are only to be considered as illustrative examples and not limiting either to the
refinery, petrochemical or processing location or even to the nature of the particular

molecules being separated.



[c] Tail gas from65-1 00 sig, H2 at 99.8 %purity and
84 %recovery feed product Tail-Gas H2 74.0 99.95 28.9
wQ200649@6 0. 05 39.0 C2 5.2 0.00 13.7 C3 2.6 0. 00T/1S2006/002294

C4+ 3.9 0.00 10.6 H2S 20 vppm 0. 01 vppm 53 vppm |t ot al
(MVSCFD) 10.1 87 6.373 3.814 800 psig 790 psig 65-1 00
psig Exanple 7 [0058] Tables 7a, 7b, and 7c conpare

t he performance of RCPSA s operated in accordance with
the invention being described here. The stream bei ng
purified has higher H2 in the feed (85 % nol) and is a
typi cal refinery/petrochem cajg9stream In these
exanples the purity increase in product is below 10 %
(i.e. PPF < 1.1). Under this constraint, the nmethod of

the present invention E%a@gslega:% %‘%q_uce hydrogen at >
90% recovery w tho for I.1. gas
conpr essi o xampéét&é Aapplied;to Ei'éﬁ}bgée%f‘rﬁ&ng

appCospasitian Kutd %) of inputcand entputfrem REPSAI(184t’) in H2
Conposition (nmol % of i nputifieationut put from RCPSA
(6. ¥eletids at 800 psig, 122 deg F and Feed rate is about 10.1 MMSCFD.

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

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

feed product Tail-Gas
H2 74.0 99.99 29.5
Cc1 14.3 0.01 37.6
c2 5.2 0.00 14.0
Cc3 2.6 0.00 7.4
C4+ 3.9 0.00 10.9
H2S 20 vppm 0 55 vppm
ftotal (MMSCED) 10.187 6.524 3.663 I

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 product Tail-Gas

H2 74.0 99.93 38.1

C1 14.3 0.07 32.8

Cc2 52 0.00 12.5

C3 26 0.00 6.5

C4+ 3.9 0.00 9.6
H2S 20 vppm 0 vppm 49 vppm
jotal (MMSCFD) 10.187 6.062 4.125

800 psig 790 psig 100 psig




Feed is at 480 psig, 135 deg F and Feed rate i s about
6 MMSCFD. 7a. Step Tinmes in seconds are tF =0.5, tCo
weQos379&N =0. 167, tP =0.167, t =1.83 recover PCEUS08402294

feed product Tail-Gas H2 85.0 92.40 57.9 C 1 8.0 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 H20O 2000 866.5 6915 Itotal (MVSCFD) 6.100 4.780
1.320 480 psig 470 psig 65 psigb. Step Tinmes in sec.
are tF =, tc o =0.333, tCN =0.167, tP =0.083, t

=0. 417 recovery = 90 % feed product Tail-Gas H2 85.0
90.90 58.2 C1 8.0 5.47 18.1 C204.0 2.23 12.9 C3 3.0
1.29 10.1 ¢G4+ 0.0 0.00 0.0 H20 2000 1070.5 6823

6¢. Step times in seconds are typ=0.91, tco =0.083, tcy =0.25, tp =0.167, tgp =0.41

[c] Tail gas from 65-100 3_s_ig, H2 at 99.8 % purity and 84 % recovery
feed product Tail-Gas
H2 74.0 99.95 28.9
C1 14.3 0.05 39.0
c2 5.2 0.00 13.7
C3 2.6 0.00 7.2
C4+ 3.9 0.00 10.6
H28 20 vppm 0.01 vppm 53 vppm
Itotal (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 t=0.5, tco =0.33, tey =0.167, tp =0.167, trp =1.83
recovery =85 %

feed product ~ Tail-Gas

H2 85.0 92.40 57.9

c1 8.0 4.56 17.9

c2 4.0 1.79 13.1

c3 3.0 1.16 10.4

Ca+ 0.0 0.00 0.0
H20 2000 866.5 6915
[otal (MMSCFD) 6.100 4.780 1.320

480 psig 470 psig 65 psig



[total (MVBCFD) 6.120 5.150 0.969 480 psig 470 psig 65
psig 7c. Step Tines in sec. are tF =2, tc o =0.667,
wOCGMe6#009@@83, tP =0.167, t . =0.833 recovery =98CYUSem®a/002294
product Tail-Gas H2 85.0 90.19 55.2 C1 8.0 6.21 18.8
C2 4.0 2.32 13.9 C3 3.0 1.17 11.3 C4+ 0.0 0.00 0.0 H20
2000 1103.5 7447 ltotal (MVSCFD) 6.138 5.208 0.93 480
psig 470 psig 65 psigCLAIMS : 1. A catalytic naphtha
reform ng process conprising: a) contacting a
hydr ocar bon feed streamin the naphtha boiling range
wth a reform ng catal yst undgr-reform ng conditions
in reformer reactors in the presence of a purified
recycle gas streamto produce a final reactor

7Ef %ip“ Frpaﬁﬂnbsgﬁ?gg Sa' ﬂgsé“@' oeP(P/‘ B= (?6§§ YonLo.417

phase intermedi ate gas s’c"?c

feed product Tail-Gas
H2 85.0 90.90 58.2
C1 8.0 5.47 18.1
c2 40 2.23 12.9
C3 3.0 1.29 10.1
C4+ 0.0 0.00 0.0
H20 2000 1070.5 6823
jiotal (MMSCFD) 6.120 5.150 0.969
480 psig 470 psig 65 psig

7c. Step Times in sec. are tp=2, tco =0.667, tcy =0.333, tp =0.167, tgp =0.833
recovery =90 %

feed product Tail-Gas
H2 85.0 90.19 55.2
C1 8.0 6.21 18.8
c2 4.0 2.32 13.9
C3 3.0 1.17 11.3
C4+ 0.0 0.00 0.0
H20 2000 1103.5 7447
Jtotal (MMSCFD) 6.138 5.208 0.93

480 psig 470 psig 65 psig



c) conducting said vapor phase internedi ate gas stream
wo 2b6%/@odgnvent i onal pressure swi ng adsor pti onpe@RRk2008R6294
a purified hydrogencontai ning gas streamwhich is
hi gher in hydrogen concentration by volune than said
vapor phase internedi ate gas streamis produced; d)
conducting at |least a portion of said purified
hydr ogen-contai ni ng gas streamas a said purified
recycle gas streamfor use in step a). 2. The process
of claim1l, wherein a portion of said vapor phase
internedi ate gas streamis rd@vved as an export
hydrogen stream prior to conducting said vapor phase
internmedi ate gas streamto said conventional pressure
Cigﬁ&sgdsor ption process. 3. The process of claim1,
+Fh said refornming reactors are of the fixed bed
type. 4. The process of claim1, wherein said reformng
reactors are of the noving bed type. 5. A catalytic

napht haArcatadytic ngplghe cefosmghprocsssepmpnisisgnt acti ng a

hydr ocarbon feed, streamin._.the, napht ha.bagilin ange.

W th o Bt rantidingch By grecainadees srehin g bidhe Bifing range
in reforner r.eac i ourifi .

Ir ec‘?fﬁ‘@ rgi%mgﬁg gé%ﬁ)?’sg 'u%ﬁ%gﬁeggﬁﬁﬁlg{t‘r‘?g]dﬁéogg é?g!r%fdcrhl%‘é' reactors in

ef fihd ?i‘ésjen@é of ARRiEHdANGc Ptk Gat biedm e peddiuceef fihalestctor
into 1 quid phase refornmate product and a vapor

phaeffluent;er medi at e gas stream

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 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 internedi ate gas stream
to a rapid cycle pressure swi ng adsorption zone with a
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purified hydrogen-containing gas streamwhich is

hi gher in hydrogen concentration by volune than said
vapor phase internedi ate gas streamis produced; d)
conducting at |east a portion of said purified

hydr ogen- contai ni ng gas streamas a said purified
recycle gas streamfor use in step a). 6. The process
of claim5, wherein a portionggf said vapor phase
internedi ate gas streamis renoved as an export
hydrogen stream prior to conducting said vapor phase
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grea in-H20/ft of adsorbent bed |length. 8.

The process of claim7, wherein the rapid cycle

pressure sw ng adsorﬁtl on process total cycle tine is
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across each adsorbent bed is greater t 20 in-H2O ft

of adfvetdtent bed | ength. 11. The pr ocess of cl ai m 6,

wherein t>he sreggrla%ng%g{deﬁgéﬁgg&{)f eﬁmeﬁ‘t’ into a liquid phase reformate
product and a vapor phase intermediate gas stream;

c) conducting said vapor phase intermediate gas stream 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 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).

6.  The process of claim 5, 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.



adsorption process total cycle tinme is less than 5
seconds and the pressure drop across each adsor bent
woeaeiigogs eat er than 10 i n-H2Q ft of adsor bent POBMIS2006/002294
| ength. 12. The process of claim 11, wherein the
pressure drop across each adsorbent bed is greater
than 20 in-H2O ft of adsorbent bed | ength. 13. The
process of claim1l, wherein the purified
hydr ogen- cont ai ni ng gas stream contains greater than
85% hydr ogen by volune. 14. The process of claim 13,
wherein the purified hydrogerdgont ai ni ng gas stream
contai ns greater than 90% hydrogen by vol une. 15. The
process of claim 14, wherein the purified
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pressure swi ng adsorption process. 20. The process .of
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adsorption process total cycle time is less than 5 seconds.

10. The process of claim 9, wherein the pressure drop across each adsorbent

bed is greater than 20 in-H,O/ft of adsorbent bed length.

11. The process of claim 6, 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.

12. The process of claim 11, wherein the pressure drop across each

adsorbent bed is greater than 20 in-H,O/ft of adsorbent bed length.

13. The process of claim 11, wherein the purified hydrogen-containing gas

stream contains greater than 85% hydrogen by volume.



one of platinum palladium tin, rhenium germni um
alum na, silica, silicaalumna, zeolite, or a
woabwgey22 1 The process of claimb5, wherein tReET/US2006/002294
reform ng catal yst contains at | east one of platinum
pal | adium tin, rhenium germanium alumna, silica,
silicaalum na, zeolite, or a halogen. 22 The process
of claim9, wherein the reform ng catal yst contai ns at
| east one of platinum palladium tin, rhenium
germani um alumna, silica, silicaalumna, zeolite, or
a hal ogen. 23 The process of _gbaim 14, wherein the
reform ng catal yst contains at | east one of platinum
pal l adium tin, rhenium germanium alumna, silica,
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stream contains greater than 90% hydrogen by volume.

15. The process of claim 14, wherein the purified hydrogen-containing gas

stream contains greater than 95% hydrogen by volume.

16. The process of claim 14, wherein said reforming reactors are of the fixed

bed type.

17. The process of claim 14, wherein said reforming reactors are of the

moving bed type.

18. The process of claim 14, 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 15, 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.

20. 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.
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21  The process of claim 5, 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 9, wherein the reforming catalyst contains at least
one of platinum, palladium, tin, rhenium, germanium, alumina, silica, silica-

alumina, zeolite, or a halogen.

23 The process of claim 14, wherein the reforming catalyst contains at least
one of platinum, palladium, tin, rhenium, germanium, alumina, silica, silica-

alumina, zeolite, or a halogen.



