- 1 - | MPROVED CATALYTI C REFORMER UNIT AND UNI T OPERATI ON FI ELD OF THE

| NVENTI ON [ 0001] The invention relates generally to catalytic reforners and
their use for the catalytic reform ng of petroleum naphthas. Mre
particularly otfaﬁ‘ﬁldgﬁ’dé@”“ on relates to an inproved catal ypefuéRhiornk
process mhicﬂ’can e operated at higher throughput relative to conpressor
size. The invention has the capability of enabling conpressor-limted
reformng units to be operated at greater capacities. BACKGROUND OF THE

| NVENTI ON [ 00021 Catal ytic naphtha reformng is an established petrol eum
refinery process. It is used for inproving the octane quality of hydrocarbon
feeds in the naphtha boiling range. CGenerally, reformng refers to the total
ef fect of nol ecul ar changes on a hydrocarbpn feed, produced by a nunber of
reactions. Typical reformng reactions include dehydrogenation of

cycl ohexanes, dehydroi soneti zati on of al kyl cycl opent anes, dehydrocycli zation
of paraffins and olefins, i ' ?ﬂ*" e FORME tics, and
hydr ocr acki ng of paraffiﬁghﬁ$§3ﬁgg Sts are nultifunctiona
catal ysts having a hydrogenati on4ks ALl VPR S B AT Aponent di spersed on a
por ous, inorganic oxide support. The support typically also contains an acid
functionality norng%l Dr.ovi.ded R the use of a halogen, to nediate the
reform ng redXtidAs B083Y2WN refornming unit typically conprises a
plurality of serially connected reactors with furnaces for supplying

addi tional heghofjo ke fRBALGRFeIMES BaBraity td catgtieselbrners ané thietmmdedor the t he
next in order to‘conpensate for the heat ‘utilized in the overall endothermc
charact er of catdyiir efemsing 66 petroleinnadghthasr dMonerparirubarty; dbe inyepaeerehien
operated as seni-regenerative or, cyclic progesses ,using fixed bed reactors
or as continG@@B1%@53@§§@§ﬂg%%ﬁﬂ€§n@M¥”Q%?ﬁéﬂ 940y b @egﬂggﬁhous

Catal yti c Reggnerati.on, Pl atf 1 US| (o)A B al s
have been ma OPSﬁm€6ﬁ@PH?h6&@5kﬁgggﬁ%ﬂhégﬁﬁgg%@ﬂg¥@§c %?@ﬁﬁgﬁﬁgfeﬁﬂﬂﬂﬁ
regener at or s 3R QREH-BhfiteHFetdtming hivd QU opetREd B gredBesapatitieks of this
hybrid type are disclosed, for exanple, in US 5,190, 638; US 5,190, 639; US
5,196, 110; US 5,211,838; US 5,221,463; US 5,354,451; US 5, 368,720 and US
5,417, 843. SBACKGROUND OEIBHE INVENEIONsi ng conbi nati ons of fixed bed
and novi ng bed reactors are described in NPRA Paper No. AM 96-50 "M

Sol utions for a tal yti form (RN |

Meeting, 17- {%(ﬁ%;r gﬁbﬂ?glﬁ?n%{%ﬁlﬁgiégm sggsegfrﬁ%gl%ed %@?@5%&@%@8?% ng
unit in whiclyj i HR26d 8f R £ 9688 n (IROSHARAL or . UOP
has recentlymg%ggﬁggg&ﬂ?¥§ﬁg§clerg?%ﬁ é%gg fo?ﬁ?ﬁ%?gased hydr ogén producti on

from a fi xedbbiutgrefge. n>eerally treformtihg refedito iflontotd] effect oftmbletulagclamiges y st
reactor as the final reactor in _the reactor sequence. This reactor is
provi ded wi t AN RlydsGabantesd, Rredueehiane pumber akreaghiangp Jryereah TPIIaEs t i ng

t th I tug] P P AM-03- 93 - [ 00041
ot v " ner PR AP RSBt oo D Rt A
semi - regener amciylt@?lcfgi:_ fadcd) FhodeLyElizaGoR 0f PEREEnLind VIBfihg] iscndtyAAtieg op

recycle loop is provided in order to maintain an adequate vol ume of
hydrogen at substifutedbwmaties sandchydroaiatking ef pemfiing. sTypicalrefogmingheatalgstor mer

PR IR R e
hyd whi gh_j . | el | in.fact.
Iy 09 Y bk Aed USRI e B il B A4,

not been conph gtiglfundtimRUeH nbﬁnh]ﬂ'%p&ﬂﬂ@édﬂﬁ)ﬂﬁﬁ uéb o€ B hligka\tothediarakd or
section. The term"light hydrocarbons"” used herein neans a hydrocarbon

m xt ure conprefemuingfredpfignscar bon conmpounds of about 1 to about 5 carbon
atons in weight (i.e., Cl to C5 weight hydrocarbon conpounds). The
conposition of the recycle gas, together with other process variables is a
significant process variable. Reforner units are typically designed for a
maxi nrum feed rate, recycle gas rate, and recycle gas conposition. Once these
maxi mum desi gn conditions are exceeded, the pressure drop in the system can
exceed the ability of the recycle gas conpressor to achi eve an acceptabl e
recycle rate without increasing systempressure. |Increasing the pressure my
not, however, be desirable in many cases as it will tend to reduce refornate
and hydrogen yields, or the unit may already be operating near the nmaxi num
design pressure of the equipnent. [0005] We have now devi sed an inproved
configuration for catalytic naphtha reformng units which enables recycle
gas conpressor limtations to be overconme and which enables existing units
to be operated at a capacity exceeding those inposed by conpressor
limtations and new units utilizing such enbodi nents nay be operated at a
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[0007] In a preferred enbodiment, a rapid cycle pressure swi ng adsorption
unit is utilized increases the hydrogen content in both the

hydr ogen- contai ni ng recycle stream and the export hydrogen stream of a

catal ytic rewonnisugenuait. - 5 - BRI EF DESCRI PTI ON OF THEPRVG2RES22P0008]
The sole FIGURE herein shows a fixed-bed reformng unit including a pressure
swi ng absorption unit for renoving hydrocarbons fromthe recycle gas | oop of
a typical catalytic reform ng process. DETAI LED DESCRI PTI ON OF THE | NVENTI ON
[ 0009] This process is applicable to catalytic naphtha reformng, that is to
t he process in which a hydrocarbon feed in the naphtha boiling range is
subjected to reactions at el evated tenperature including dehydrogenati on,
dehydrocycli zation, isonmerization and hydrbcracicing to convert aliphatic
hydr ocarbons in the naphtha feed to aromatics so as to result in a product
conprising an increased proportion of aromatics (relative to the feed).

Dependi ng on roperties ] . cPRRAS dbMtkcmd t he
paraffin, ol ﬁ&ﬁap fﬁﬁ%ﬂnéﬁ%&g&g@@%@%ﬁﬁﬁ%ﬁ#ﬁ al ygts used, the
ref ormat e pr odughrGRlth BemBERE Sshpliinl additionhl lgfat twtheaedatimnistresmals it ol uene,

benzene, xylene, and other aromatics useful in gasoline b eﬁdi r&glig‘ggi&r
I at ed

pet r ocheni cal passesciesmmiong readfoiriodhenext is jogearmto eampensatgtos dhe heat
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and requires n proce t to'carty it to the desired
poi nt. The ol pl¥rehdtess & asfdontifludichroedseesaich as YIOR QI0R Ppformirg™at noder at e
to high hydrogen - 6 - pressures in order to extend the cycle life of the
cat al yst bet wésmtinvgemGatatyitisrRegpoerasion Phatfornrieg ™) geing TBOYINE Mee 1eactdfal yt i c
reformers, hoywever re ,capabl f operati W n | ower re favorable
pressure regiﬁgpoﬁjls S‘?’l‘éﬂfﬁegé'ﬁ G%FB M&ﬁggiﬂfgmom%ﬁﬁaﬁww carried
out under th el hat: th;gt,@ ifsT thR by kyey st em
sel ected for e?ﬁ%#ﬁf%%%?%@s@%ﬁ%@?@%r ur g(,ﬁ?ln%r essurhg,

feed/ recycl e graidislossdfoe exshple] inylUSri1o0,638IUS Hij160£H88eUSaM D6, hldidr dance
wi th nor mal ogerati n aranet ers. wever, been congressor

|f the unit has, ho
linmited, the u3bl,838:;{U3 Spr2dsttd; UhadatiAoh: HEy, 1%atAland YRen4 ¥ eds. Sinpar (wit h

F0010] e Bt ks pihe PEbinsiBat 8t RGP heSnd B EMAIER BhBare
refiners to r@é@@ﬁﬁé@ﬂirﬁ?mmggemo@m&% P SeiufisRAfor RevhidpimUOiaNkL of

exi sting refornmer units or, ternatively, to design new units wWith'a
gr eat er capadiefprmhgUnitsil {d 996 NARA Fennnal/Mebting, 141 A Meadh ¢996)i t B8ut i nproved
hydr ocar bon segarati n fromthe recycle gas stream.qr, an increase in recycle

e
st ream conpr ¢589%H73 ¢eseribena aving bt refornng pngdn apeh Byo anying Yed rgagiar ¢ s

wi th fixed-be -cQnt | r I ! i ng bed
(conti nuous) s?aecgcgt% Ic})‘?lg%aé\d&% gh’%%%?%%@{gog%a\é‘gc{eﬁ@?aﬁﬁ %%H%B%?ﬁﬁﬁc%ea}mﬁed and
novi ng bed r etk For incrcRse PREroéd ?rdﬂﬁb’ti&?ﬁ-&ﬁm fik eUBEEfeFbinfiaig GmitayWthe C
reformers or swing-reactor (also referred to as cyclic regeneration)

ref or mers andcadditjorbef 4 cirdulatng ¢atalystreactor sgpthe £inat mastonin thelreattof sequeneend

novi ng bed segt.i ons. Units.&(teh. Vi n ed reactor systens and noni rt]t egrat ed
regener at or s H4YEACHEdHPIQYL W'-gl%é alqT ano $CLGBTHNAT aASHFLFARAAFIPB AL No.

10/ 690, 081 (Pékt?éﬂn%aaé'sé}gr er thah 809 ﬁmﬁ%epamﬁa GAANb3-ggonver t ed
to - 7 - noving BDed reactor operation w cyclic regeneration 'S proposed
in US. Patent Application No 11/096,372, filed 1 April 2005 (based on U.S.
Appin. No. 60/564,133, filed 21 ril 2004); the present unit is applicable
to use in novitA8dlbedWhateveo thegrinfigusation afdhe Haig,howayey fixedhedisemif | xed- bed
reformers are well-known. .ln,units of .this t .apluralit f .reactors are
used, typi calTEEHFTHNS \#;‘]‘SQLF% C¥ e Fomqpuaﬁé%ggg@,t%ﬁyctipggl {q\éﬁglel;%%’& t he
so-called "swi ng" reactor. The actual reformng is carried out in the
remai ni ng reactors according to the normal reform ng reactor sequence while
the catalyst in the "swing" reactor is being regenerated by the flow of
regeneration gas through the catalyst. In the normal operation sequence, the
reactor wwth the catal yst which has aged the nost, is withdrawn fromthe
reform ng sequence (taken "off-oil"): after the oil feed is cut off, the
catalyst in the vessel is subjected to regeneration sequence typically with
a purge of residual hydrocarbons (nitrogen purge), oxidative regeneration to
burn off the accunul ated coke on the catal yst, hal ogenative rejuvenation
(usually a chlorination treatnent), foll owed by a purge of oxides and
resi dual occluded gases and a final hydrogen reduction, after which the
reactor is returned on line by bringing it "on-oil" again while another

-



11/ 096, 372, filed 1 April 2005. [0014) A conventional PSA process nmay be
used to separate the |light hydrocarbons fromthe hydrogen before it is
reconpressed for the recycle stream Here, a gas streamis passed under
pressure for“,%ﬁgﬁ:&dﬁﬂ of tine over a bed of a solid - 9 pcpeHiENo22¢hi Cch IS
selective or re atlvefy sel ective for a conponent, usually regarded as a
contam nant, which is to be renoved fromthe gas stream It is possible to
renove two or nore contam nants sinultaneously but for convenience, 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 fromthe bed depleted in the contam nant which
remai ns sorbed in the bed. After a predetegnined time or, alternatively when
a break-through of the contami nant is observed, the flow of gas is swtched
to another simlar bed in a separate vessel for the purification to
continue. At the sane tinme, the sorbed contamnant is renoved fromthe

ori gi nal bed fmpvidedsdwedérda mainjpicasadeguatesiodim ob bydiopsmpbisHirble PrEs< e
flow of gas to desorb the cantamn nant.. As t.he essure i-n e ls is
reduced, the E’cﬂﬂlé‘ﬁfﬂ%ﬂ?rsp g’loélﬁ E@e? %%?%é%la8E{Prﬁ§u%e§(?fih¥8%%8é’r%§s§i vely
desorbed into - SySt ol A BVAPY deFhea i i ge of f gas
drum toget he:}éc\%?s[ag}f/ ?@Hﬁ%@l%@%‘eg@éﬁg@%o m n? !rirllﬁgg lgrdégirur e
fluctuations fmenigaydedtalgaiagnet e hylhspenortiialrisimstbeen geharated|dr eedyelediis om
the off-gas systemin any suitabl e manner and processed further Or§%%§£056d

of as appr opriacttpare widin dexoypidaliy costamssigrafieant uantitsiad dighp Bydneg

purged with an,jnert gas, stream.e,g. nitrqgen or_a purifi.ed e
process gas. YIS ﬁﬁb’e ﬁﬁibﬁffé‘ @&&R]FfegfaEeabOVﬁgq‘e ﬂ:be i??@rag?rs e q’l&b@ﬁ"%@'@ﬁgg& ure
pur ge gas. St 1 &3 | ALl RERANREL ARG LBRI EABHAREARTY BydiSURbby midlses
pl ace by physical sorption o%to the sorbent which is normally a porous solid
such as al um gvaapridediofydrocaioncaonegounids of whoutH thaboains edrbom atoyns inrweiplet
contam nant(s). Zeolites are often used in - 10 - many appljications since

they may exhi®et G tei(givaightdindrenaghanccampaisdak 1 Tha eqmpasitionoed the gecycle gas,
contam nants b eas f their controlled.an redi ct abl e r i )
ormal |y chembehit Pal e P e s Sy Bl e S Pl BE ReforRE,, o

t he increase jofaled B RN o j f ' [ R
beconme chem ?ﬁsf}%%ﬁ?{w? e'&ggl;ﬁ@%ﬂ%@hgﬁ%%ﬁg%rr %%%?gflg?%ga% hl?\dc:rér%gglns to
be excl uded idastchmpesitivad Omedhésel maximunbdesigd emiditiedsyard esceeded], tHeir i ng t he

desorption portion of the cycle, e.g. by the use of higher tenperatures
coupl ed wi t h RIGSSUFCERoPHn dhe Fybigm san %@@5[tmlaiitmﬁbemqya}%ﬂawsmnr@%%wa| ly

carried out i ' | o) ] I 1.C .S\ t ched
yel i cal Iy baChed hinsdiablb Ph o Dol i KF38T chedlte; 1aBieRunl
vessel s may hRe prea¥iire 9y Aot2hdbWetdrobe S€HiRABIR inGhaAROQseHASIt %D téhd totreMaiRCe.
Commercial PSA units aré widely available for many different process

appl i cat i ons refoeinats angl hydio gaeyicldsy orf the anitomay 4168y besperaingmeedthieype of PSA
process is the rapid,cycle PSA ( SA) .process in which the duration of the
overal | cycl &% 'lﬂ’g‘r‘?ge %HY"F?"EER@R&; FRRIEEY: from a nunber of minutes 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

of separate ¢OOUE]rt M@hiimveaeh @fvisdd @iniprotddconFiphvfion fov cataltic Waphitih t he
sorption and desorption steps as the rotary nodule conpletes the cycle of
oper ati ons. Teéermmgwnitsswhisbrenpblgsrasyrcls gas camiprssseolipitabeont tofberayiseeomee| d

bet ween two seal .pl.ates.on either .end,of th ot ary sor ber dul e wherein
Che soal | pt agBd e eSS sisring taifio besparird igniaPnctl StioedBgthdies
mani f ol ds wherej ' i S iR e

processed pu????%ﬁngfgaﬁt§£%as angtgﬁgﬂgg%ﬁqggg eX|F§ﬁ§§?ﬁgﬁgg%g%&?Sggé IS
conduct ed away @emdﬁwgﬁh&rnoﬁ@mﬂe@m@ul e. By suitable arrangenent of the
seal plates and manifolds, a nunber of individual conpartnents may be
passi ng 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 sorption/desorption cycle my be changed in a nunber of
separate increnents on the order of seconds per cycle, which snoothes out
the preisure and flow rate pul sations encountered by the conpression and

val ving machinery. In this form the RCPSA nodul e includes val ving el ements
angul arly spaced around the circular path taken by the rotating sorption
nmodul e so that each conpartnent is successively passed to a gas flow path in
the appropriate direction and pressure to achieve one of the increnental
pressure/flow direction steps in the conplete RCPSA cycle. A key advant age
of the RCPSA technology is a nmuch nore efficient use of the adsorbent
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WO 2006/ 079026PCT/ US2006/ 002294 - 13 - heat exchanger 13 to a first furnace
14 to bring it to the required tenperature to enter first reactor 15 in
which the reform ng reacti ons commence. Reactor 15, |ike the second and
third stage yWg§agkeisnsl6 and 17, may be either a fixed bedorameomwoonss a
continuous catalytic regeneration ("CCR') reactor. The effluent fromfirst
stage reactor 15 passes to the second stage reactor 16 by way of second
furnace 22 and from second stage reactor 16 in the conventional manner to
third stage reactor 17 by way of third furnace 23. The effluent fromthe
third stage reactor passes through heat exchanger 13 to heat the conbi ned
recycle/feed stream The effluent from heat exchanger 13 passes to cooler 20
and then to separator 21. Aliquid refornpje product 22 is renoved fromthe
separator and a conbi ned recycle and export hydrogen stream 23 is al so
renmoved fromthe separator in the vapor phase. Cooler 20 is suitably an air
cool er although a water cooler_or ination of air and water coolers is
al so useful. WMM and export hydrogen stream 23 from
separator 21 still contains appreciable amunts of |ight hydrocarbons, both

f t .ref ti . I th
| evel o 11 gniVONShy oAgRaisie iPTametamsn AL bR he PRAENEC | e

hydr ogen stregm: ' %ﬂéﬁ PN RkeadnPBR) UNi t,
preferably a %ﬁ%‘goﬁﬁ@fe ﬁ%a&%&%bﬁgﬁﬁ%g%ﬂl% e puri fi@yed hy%r;ﬁgeen recycl e
and export hydspapnonslressuié Siveey AdstrptiobSlrounedtichal REAH). dn grpeefeed hy dr ogen

content than the conbined recycl e and export hydrogen stream Zg hat . was fed
to the PSA urgmbodiment;tarcatalytic rafpaming psedess trarnedout BFemMqvaRg w%e?%rbons

hydrogen stream 24 and a purified recyclLe - pl4 - : The

{)Eri fied {ecﬁ?@%ﬂfy&ogggﬁ?qaﬁ < c%iggﬁ;%f&ﬂ%%%@%&fgﬁ%@@“@% ry igt 0
e recycle QU 11 ﬁ;be? VAFGY Al | efdrgnerenoved in

t he PSA proce@gggtrse I\?vl ?ﬁgr%&mﬁ as 1% tall bgasnstream 28 ané pasrsed to the fuel

gas system orrespflasaéad moreases thechydrogennirdly of dine dtecans edfactor ethielr itsetf 15 s .

Dependi ng on the sFeci fic RCPSA design, other S;)gt[l]ta ] hants, sych fas, but not
linmted to Cdavosphiedor tharefenming meshppismsRutalsofrora the prrseRt RoIRiAtvieY,

hydr ogen- cont.ai ni ng, make- u - 02 Lt sh. : t hough t he
purified expol?atsqh?/gcﬂvoa_é’ga eiogrgﬁwg%],&ﬁﬁ %%:gltlﬂrﬁu’giég (gl'gB E‘giﬁg{gh%%g%%a@r omthe
recycle gas Sfdceais pbisiblelt ovbBRofRTRE ﬁﬁﬁ%owm&;%ﬂ;@w@cleg@bam ref6
enbodi nent, the purified export hydrogen nmay be wi thdrawn fromthe conbi ned

stream aft er andgodmrpasesho feddf ratdatinunensuratsly: eEre gxteg$amdicls theagmpressor or
the purified export hydrogen stream ,The quality of the. separation in the
PSA can be erlHaHRERR %Yﬁﬁgaa{e?a%?i%% Aereng ﬁth eisat foswichdhe RUOIEbPES o

hi gher press 0, LOR):

sufficientl yuakl 5?1&%%@%?%{% Séﬁgfeui%%hé%ﬁgﬁlﬁ%efg?@g h&i&? %eﬁ@%itpggﬁetgfe?

conpr essi on” befibertegioRtia ficréde il Rafhi f@dTaleadRbrdingy| 1198 pgMRaT eam use
within the refinery. [00221 In still "another enbodi nent, the purified export
hydr ogen may ibereage the gentpwity eptheacoycle dtreama tpati loast 85 % by velsmeyni t  25.
Thi s particul ar_.enhodi nent e useful when either the h ogen cont ent of
The” cpor t - hyRIFBEAY & Eh S0Y6 RY VARE O HEREALLY I Gt A eD G PoIEHS: ot n
objective is to increase the anpunt of hydrogen in the recycle streamto
either inprove the - 15 - hydrogen partial pressure and/or hydrogen vol une
avai | abl e i n [00@7]cat Al ypreferrel embbdigneneachpiieycle predize swingpadspgtiohiumnit
enbodi ment, the conpined recycle hydrogen and export _ hydrogen stream may
have a hydr odentiizetivgraases e hydrogew caatentin bath thahydrogen-senipmingrecyelegen
units) to as high a 5% (f l,ow pressure conti.nuous catalytic regeneration
units), especﬁ“&%ﬁﬂﬂ%&ﬁﬁséé%%ﬁ 9 egsﬁs%ﬂr??éﬁf]ﬂﬁ&“dﬁez%ﬂ?@&gﬁu for higher
hydrogen purity. The |ight hydrocarbons in the stream such as net hane,

et hane, propane, etc. will be preferentially adsorbed in the PSA while the
hydrogen wll flow through the unit. Wen the sorption bed reaches the end
of its sorption portion of the cycle, the sorbed hydrocarbons and ot her
sorbed inpurities are renoved by the reduction in pressure which acconpanies
t he desorption portion of the cycle. The net effect of the operation is to

i ncrease the hydrogen purity of the recycle gas from between 55% and 85% up
to val ues which may be as high as 90% or higher. [0024] The advant age of
removi ng the hydrocarbon inmpurities fromthe recycle gas is to reduce the
circuit pressure drop and inprove the hydrogen partial pressure of the
recycle gas. Oten it is the recycle gas conpressor which limts the anount
of feed that can be processed in a hydraulically constrained unit. In this

case, if the proportion of hydrocarbons in the recycle gas streamis
reduced, the mass and volunme flow rates of the stream going through the feed




WD 2006/ 079026PClI YUS2006/ 002294 - 17 - gas systemin any suitable manner and
processed further or disposed of as appropriate. Wen desorption is

conpl ete, the sorbent bed may be purged with an inert gas stream e.g.,
nitrogen or i £l stream of the process gas. Purging plitated
by the use oﬁlog%hdl/%’k@rg tenperature purge gas stream [002% A?itagﬁgdjogzg{lg.,

br eakt hrough in the second bed, and after the first bed has been regenerated
so that it is again prepared for adsorption service, the flow of the gaseous
m xture is switched fromthe second bed to the first bed, and the second bed
is regenerated. The total cycle tine is the length of tinme fromwhen the
gaseous m xture is first conducted to the first bed in a first cycle to the
time when the gaseous mxture is first conducted to the first bed in the

i mmedi ately succeeding cycle, i.e., after a single regeneration of the first
bed. The use of third, fourth, fifth, etc. vessels in addition to the second
vessel, as m ght be needed when adsorption tinme is short but desorption tine
's I'ong, il BRIERDESCREFHON OF JHEFIGURES)271 Thus, in one
configuration, a pressure swing cycle will include a feed step, at |east one
depressurization step, a purge step, and finally a repressurization step to
prepare the aggpgpentaRbRiveliTR Rheféth Bhowe's ixbdbe tefofifinganst Mbmiainglihe
sorption of the cbntamnants usually takes place by physical sorption onto
the sorbent tprksire swiig@sbiptonpainies raabvidg hydiocabons fiowmathedecynld ges,
alumna, silica or silica-alunmna that has an affinity for the contam nant.
Zeol i tes are bopaf atypigal satalutig refppningirpenss: si nce they may exhibit a
significant degree of selectivity for certain contam nants by reason of
their controlled and predictable pore sizes. WO

2006/ 079026 PGH¥4S2RA IPRSERIPTION OYOTER INVEN'EIONal reaction with the
sorbent is not-favored rm viewor the tncreased adririculty of achieving
desorption of species which have beconme chem cally bound to the sorbent, but
chem sorption_is nmy no, neans to be excluded if th sor?ed,naterLals may be

effectively d@98PbedThismraerss iearplicablsit satapaicriaphtharmetomming, dhat is 1o e yby
L use of 10k SSREARL K5 AR RAURLEEL M 0 OROASHNGY B B MERRRIAE,

Pressure sw OrptTon processing I's

entitled Presglstonst BvaRE mpbrture clilindeldrby@iation, ddhydestychedfions.
Knaebel (VCH Publi shers, 1994)? [ 0028] Cbn%gntional PSA possesses

si gni fi cant iistaedratiodi addydnocrgdang to cenvedraliphgtiohydrosarbans infthe neplathpl e,
conventional PSA units are costl 0 buil nd operate.and are signifigantl
o aer i el Aeo4 1 mptes o SRkt S 2 Ryt SimiRaRe He deciset poRER el o0
f hyd . A D t

rom hydr ogens6aatiel AbifhvORPiR!fE @Dgs%ng&;?gmﬁpﬁﬁéagé?@@fﬁ@t eraBhihd

conventional pressure sw ng adsorptio enera ave cycle tines

in excess of feadstadka eneabyried byl thy phrafex afefin, dhpRthbe, 4ndiaforh e Sdifterdtp ti me
limtations &gguired to allow diffusion of the conponents through the |arger

beds util i zedndrratadysievsedp thel refasmateproduet canbiepreditced avith gerydtiglon and

val ving involved, .In con St apid cycle pressure swhg a rption i s
utifi 7od whi &ﬁ’“ﬁ%{?aMP%PH?@%?‘@: bfitisne.tyiene, Bnd fiher aromatiey &Fg‘i?#ﬁ%ﬂspﬁ’ﬂ%
cycle tines : gﬂ&ﬁ, : :han 15
sgconds, nDrgﬁ%§§§§@3b1y ?%gs ?ﬂgﬁ&%ﬁﬁggbgﬁﬁs, evéﬁ@ﬁggéﬁg?%F%?§§F§p|ess
than 5 secondsparated faxe thewefenpate farebyylingesd e deothetirefireny piveesses.he rapi d

cycle pressure swing adsorption units used can nake - 19 - use of
subst ant i al | yWBile the epetions inesived instherpvaeall ngfarming pracess iaglude both r uct ur ed

material s suc s_nonol.J t Q !% 2 The overal | sorption rat.e of t

adsor ption preggﬁggr%c’ a%eé)[&ﬁ 2%%??%& N qfi%ﬁ’@% 15 eéldgh"a?%& aé{a?z ed by
the mass transhfifes’sabQaf) Shifthintd 6F éﬁ@eﬂ%@aﬂb%ﬁﬁyﬁi@&@ﬁ@sﬁéﬂ%d@@ ST ansf er
rate constant in the solid phase (Ts). "s mass transfer rates of a

A materia
mat eri al ar e olidgyeppteot fixqbred teforattyo tipecdly dpemtedisionbéetatednoginbydropen
pressure and the tenperature. The nass transfer rate constant in the gas
phase is defined as: ---- Ds / Rs2(in cnR/sec)(1l) where Ds is the diffusion
coefficient in the gas phase and Rs is the characteristic dinension of the
gas nedium Here the gas diffusion in the gas phase, Ds, is well known in
the art (i.e., the conventional value can be used) and the characteristic
di mrension of the gas nedium Rs is defined as the channel w dth between two
| ayers of the structured adsorbent material. [0030] The nmass transfer rate
constant in the solid phase of a material is defined as: Ts = Ds / Rs2(in
cnk/ sec) (2)



- 20 - where Da is the diff-usion coefficient in the solid phase and 12, is
the characteristic dinmension of the solid nmedium Here the gas diffusion
coefficient in the solid phase, Ds, is well known in the art (i.e., the
convent i onalyyadd@r9adn be used) and the characteristic dinanszen/od294 he
solid nmedium Rs is defined as the wdth of the adsorbent |ayer. 10031] D
M Ruthven & C. Thaeron, Performance of a Parallel Passage Absorbent

Cont actor, Separation and Purification Technology 12 (1997) 43-60, which is
incorporated by reference, clarifies that for flow through a nonolith or a
structured adsorbent that channel width is a good characteristic di nension
for the gas nedium R5. U S. patent 6,607,584 to Moreau et al., which is
incorporated by reference, also describes_ghe details for calculating these
transfer rates and associated coefficients for a given adsorbent and the
test standard conpositions used for conventional PSA. Cal cul ati on of these

At and may. apeses Bamiess aens e sro Bt oLty Sr Ehaek e, T
eos of par 1 Ll Bicets BEdPEHERRbRIHGIY OB ES, ROy CiER M papbiecorben

beds of parti Iona ue to construction

constraints, geHERE irCARIwdrShore faversblé presqurpregiag. on the present prosessdhat e
beds that cycle so that at | east one or nore beds is filly or at |east
partially in sdtealfrefmying mayrbesfarni¢rbowtyunder the conditions apprepriale to /e o | i i t
di sruptions or ,surges i.n the treated.prqgess.. fl.ow.. However he
relatively | aP¥Be ez‘éat%}VStcggﬁk?é‘hfqﬁ?ﬁ%%q qu e B’&]ﬁl Hﬂﬂ‘ttl?nm_ﬁ]éc%p rt?#@fnteaﬁgf%e of
the - 21 - 3fS0LAENeedRltldtatibSser SRkt dihy Rinfif UhbRiiBed i@ of about |

nm and above erw se, cessivée pressur rop, Increased cycle tines,

l'imted desor gidogdanceRdiichanng opemtiaf phesgetem! &f thelumitdias) hovesaer,tbeen[ 0033] I n
an enbodi nent, RCPSA bed |ength unit pressure drops, required adsqrption
activities, asemprsssadinitgd, domuserofithe presanidnyentionmepy ¢ higheefesdagtedn of

the rotating heds in RCPSA revent .t.he use,of, many conuentional, PSA

adsor bent bed BRY 3PRIopil feﬁ%ﬁ?“é’ﬁ?ﬁ?l ci;&g%%g%pgu}aﬁg,tasa %Cuis%e%r;bql%‘g'se

pell etized, particulate, beaded, or extrudate form In a preferred

enbodi ment, adsorbent materials are secured to a supporting understructure
material for [(40]n dheRCRSAt inveatiomprovidesraadubstanfralty ewarpbst, optioa ferbodi ment
of the rotary RCPSA apparatus can be in the form of adsorbent sheets

conpri si ng adsémBEHe Mkesigrificapupipsevemens ta thgcepraly (Heppghirtbakenisting
material . A suj.table binder may.h sed .to_attaech t.he sorhent . ial to
The el n or coENPRTIPLP OErateRR A ArriRRaNES Wis AR BRIl o1

i ncl ude nonol whiRl otRerWifChaVe bdchttalfbld, XuithoRt RRpdve@hPirdssbbh Repari@éd | X) . a
nmetal wire matrix (such as a wre nesh screen), or a netal foil (such as

al um num f oi | fromvihe cécychngdsestmandirzadincieaseinl resyaié stytaas sofmpirssiomaflihicces

i ncl ude woven and non-woven ass fiber scrinms, Th dsqr hent sheets can be
made by coat i PR§SERtARYFRUER Rl he ppmiied cgya ymmtscwﬁﬁsat ed {neir CaRiBUaYS) ¢ ¢

crystal's wi t bl adef, GONSLI AR HRH ALY Bed ARLALSPCIRLER PN woven

fiber glass scrins, Wwo rics,=and*expan um num In a
particular e éhlﬁﬁﬁlinclﬁ&lﬁ%f?%ﬂﬁxéﬁ% admho eddbadi6®, CRiREE Be@hfls ARAKAM C
supports. WO 2006/ 079026PCT/ US2006/ 002294 - 22 - [00343 An absorber in a
RCPSA uni t t yhs seaibyegenerptive eatalytic acfoombesmr ssohg-deaotoad elst oeferdd o ssicynhe or
nore adsorbent materials_.and a perneabl.e gas ase. t.hrough which .t he .gases
[0 be- separ at SECRBHPRr BHTIRES 4 LAY 08 HBIGLE BT OPR & ere PR bothARaS o
substantial p Ia0: > . e the stream
adsor bi ng Ont%ﬂf(fﬁ@@gn%ﬁ&&ﬁ%gﬁ%é@??ﬁﬁ}@ﬂﬁﬁé%@ﬁgR%,&r @foé% aéﬁgﬁggg%nay be

cal | ed "ci r cuinsdgringd gegenierass havb udcently decn priposeédiasy $h @aht AppHcativn Mophase
includes a network of pores, the nean size of which_ is_ usually between

appr oxi mat el y10/680.08 i BvilicabionNo. THeR00AFO6ES-4 Ikea Brsedk bt it com Rl
pores, called "m cropores", this being encountered, for exanple, in

m croporous carbon adsorbents or zeolites. The solid phase nay be deposited
on a non-adsorbent support, the primary function of which is to provide
mechani cal strength for the active adsorbent materials and/or provide a
thermal conduction function or to store heat. The phenonenon of adsorption
conprises two nain steps, nanely passage of the adsorbate fromthe

circul ating gas phase onto the surface of the solid phase, followed by
passage of the adsorbate fromthe surface to the volunme of the solid phase
into the adsorption sites. [0035] In an enbodi nent, RCPSA utilizes a
structured adsorbent which is incorporated into the tubes utilized in the
RSPCA appar atus. These structured adsorbents have an unexpectedly high mass
transfer rate since the gas flows through the channels formed by the




in. H0/ft or less to mnimze the problens discussed that are associ ated
with the |arger beds, long cycle tinme, and particul ate absorbents of
conventional PSA units. The adsorbent beds of conventional PSA cannot
accomodat e [j ssure drops because of the risk of t&HaAd he beds
whi ch resultgkgﬂﬁgygégsive attrition and premature unit s %?H%ag%mgﬁg to
acconpanyi ng equi pnent problens and/or a need to add or replace | ost
adsorbent materials. These nmarkedly higher adsorbent bed unit | ength
pressure drops al |l ow RCPSA adsorbent beds to be significantly nore conpact,
shorter, and efficient than those utilized in conventional PSA. WO

2006/ 079026PCI M52006/ 002294 - 24 - [0037] In an enbodi nment, high unit |length
pressure drops all ow high vapor velocities _to be achieved across the
structured adsorbent beds. This results in’a greater mass contact rate

bet ween the process fluids and the adsorbent materials in a unit of tinme
than can be achi eved by conventional PSA This results in shorter bed

| engt hs, hi ghgjovitashdahraetor bparafien witht @&li¢ régenaradion ipprpesedipdd §g Eatent
recovery. Wth these significantly shorter bed |ength tot al essure drops
of the RSCPA Applitationi 16f°%kﬁé’%¥%hﬁ%\2@ﬂ§ (base ﬁﬁiI)% ‘gﬁl?]ﬁ‘t g{oned at total

bed j Lal.s  dur . f 0. : b,
pref erabl v | <80 bl ateg A B s R <ot RnOE DS e
to normal ly | gssiokhafts sudiefithbse.l ength, preferably less than 2 feet in

| ength and as short as less than 1 foot in length. [0038] The absolute
pressure | evels enployed during the RCPSA process are not critical. In

practice, provided that the pressure differential between the,adsorption and
desgrption st 41} s Giyehipd %#ibq e@&@ﬁﬁsﬁﬁﬁﬁaL%BOTﬂ-&%En%ﬂggﬁ%gbﬁeﬁ action

| oadi ng on th r t thereby.p gl L I £ar
separ ati ng t PEUERRESnTASHED A b nh Bkl ife e e I bt B ik
absol ut e opergdihpehadXoesaléde s %ei ®aétBNIThé sQTAIARAIHNIRDist ArrR&Dutif ithe

However, it should be noted that the actual pressures utilized during the

f eed, depr essuemansng oeactraageording todhe aenuvalirzfornmmg rwacige sequeachiwhile the

dependent upon ny. factors jncluding,. but not |imted,to, .the act.ual
operating pr oV in the {‘sé’YfBéJr RAGHQE it eipgaeaRPEraled DY Heciow of TeRENERHAR &85

st ream conposi.l i Qn, i S50 Iobvaa B SA
pr oduct stregtlr}#é%ghag:%# Er%?gesé |s\{§ ra@gé%?ﬂ@gﬁ@@&a%&{ré% glegt%{;}?ysgcp
absol ute presghica h@@d?@ﬂlﬂletlﬁoét} 1 withdrawh fiont EhedREiFfg bdtfieat® (thiddn Soffrore . WO
2006/ 079026PCT/ US2006/ 002294 - 25 - economi cal than conventional PSA
processes at @ihg: afieyiike oid fesdhisicutoff; heatadyst inUle. vebsal ensubliented ®, 406, 523;

6, 451, 095; 6,488, 747; 6,533, 846. apd 6,565, 635,. al.l ich are ,incorporated
e i n by r oHERSIREION RGP DisA T YOt pirge S stoiusbnitsarhodh GuoERD0901 1
an enbodi nment : j j ion
aystom has. a Rapg PEOEHERetacklBnioBifh G MSuREERPHESCON AORETARRY T gas
(in this caseéalegenytivoggivepation (ealy aehirirgmdn areh@hdnt), fxiiewed b%g@:geﬁﬁé

met hod general ly includes the steps of conducting the feed gas ayina@a

hydr ogen pur i§desandypsifdealpcchided @agrsrandra Bugd hydragen redusgiogaaftentyiyph the t he
weakl y- adsor babl.e (hydrogen)..co nent, .ipto an adsor.hent hed thaf.

colocti vel y dReUrS HHEEH 150 EY BRERst Ao e BR N pnorb T bt istakem o
the bed, for JfBR fof RochblSfi&h ot ; g%]-%ﬁa% Iy af P%
and a rate of recogergeof W%’ Igeﬁc}gsgl?%%ﬁ%m%sé?%ggﬁgtl 0 aﬁfoﬁgtobo%éuﬂé

hydr ogen r et aeqeshcen Thieeseguenitectheh folidves withieath cfactoy di bgrbeavmirgathe ewing t he
feed. Then the bed is co-currently depressurized for ,a ti tco, fol | oned

3y cognt er- cG?T"éWc o TegERFIat Oy Dfpﬁryhp&@nﬁlb%jcat@lws?lﬂerlﬁ%?hq&t, apesubiding
oroat or ¢han g @3%mfto} HHA kT Hay §ah8Y B80T el P hetBiudlond PLESLIP

with a porti qubrﬁ{altybmefwlhgm PAOBHES N19APencIRASSAL TNe tdhh fe8éhdration
repressurized for 4 tinme, TRp, typically wwth a portion of hydrogen product
gas or feed gas , wherein the cycle tine, broT, is equal to the sumof the

i ndi vidual cycle tinmes conprising the total cycle tine, i.e.: - 26 - frac
=-* tp + too 4- tcNtp tgp(3) [00401 This enbodi ment enconpasses, but is not
limted to, RCPSA processes such that either the rate of recovery, R¥% 80%
for a product purity to feed purity ratio, P F% > 1.1, and/or the rate of
recovery, R¥% 90% for a product purity to feed purity ratio, 0< P¥WF% < 1.1.
Resul ts supporting these high recovery & purity ranges can be found in
Exanpl es 4 through 10 herein. O her enbodinents wll include applications of
RCPSA i n processes where hydrogen recovery rates are significantly |ower

t han 80% Enbodi ments of RCPSA are not limted to exceeding any specific
recovery rate or purity thresholds and can be as applied at recovery rates



- 27 - [0042]1n an enbodinent, the tail gas is also preferably released at a
pressure high enough so that the tail gas may be fed to another device
absent tail gas conpression. More preferably the tail gas pressure is
greater thanyghoRR@tdhs to 60 psig. In a nost preferred enrariiuszoic/iooidae tail
gas pressure is greater than or equal to 80 psig. At higher pressures, the
tail gas can be conducted to a fuel header. [0043] Practice of the present

i nvention can have the foll ow ng benefits: (a) Increasing the purity of
hydr ogen- cont ai ni ng strean(s) avail abl e as makeup gas, or of streans which
must be upgraded to higher purity before they are suitable as nake-up gas.
(b) Increasing the purity of hydrogen-containing recycle gas streans
resulting in an increase in overall hydroggn treat gas purity in the
reform ng reactions to achi eve higher reform ng capacity or severity at

| ower pressures. (c) Debottlenecicing existing catalytic reforner
recycle conpressjon circuits by reducing.the |

ht .hydrocarbons in the
recycl e streagasiddsehhersvp ﬁg@ﬁ@@éé@‘b?@’%&srﬁé‘?ﬁq’rﬁéﬂ CEERSTINOD J6GY5DE% n

hydr opr ocessi n i hcr eased. [t I i 2 N
pressures in Tq%@ﬁ‘i)ﬁ)r%ﬁrv SCQ%% ﬂxgé@%%?{@f@é g% i @Bﬁ%ﬁnﬁé%%éh?g?%t%éas
reaction - 2fycokk Bil-6, Bél@gﬁﬁﬁibﬁ%%@?oﬂﬂéﬁlﬂeﬁétﬁ)rgﬁufg%tg%kyﬁﬁdrégaﬁfdrvaftl on.
The benefits of higher Hy partial pressures can be exploited in a variety of
ways, such asredaptiombndigf sequiredbry the eatekyst chempetrigtthe pre-slfidingrgad treatmanter gy
costs, decreases catal yst deactivation, and extends catalyst life;
increasing unit feed rate; processing nore sour (higher sulfur) feedstocks;

processi ng hi co j Crac t e € t
ot or . parti LIPS EaeRR el STARE AT LRAR RE T miPRRSIALARERTE,
and/or treat gagagng Mderes WilcineaRd Heaferd  hinan dpévating eéwIity kdthe or sane

scf H2 at lower total flow); and other means that would be apparent to one
skilled in t heatalyst dda0tivdits by incressing thy reationdemperaoe efd by magitanithe cant
potential benefits, sonme of which are described as foll D i ), reduci ng
t he demand fo es&ﬁaéﬂaﬁ%f@:f‘nﬁﬁ Ig actgsg the ‘B%‘t%ﬁtﬁ@@%%f‘?@\{%’ml&t%é’iﬁmﬁe
refinery; b ) i . i r _ L

(oxi ot 1 hg) maleebitns BERERR I ENALORTORRTS. Plen GO, RS el o
recovery;, sHuit idoyvni fop catlysfrdgbReriti6h @a@reaBtivition in ittt mesdessil ng f or

i ncreased heteroatomrenoval efficiencies; (iv) renoving a portion of
the Hy from refaraleery fuel gas which is detrinental to the fuel gas due to

hydrogen's | ow BTU val ue whi ch can present conbustion capacity limtations
and difficulties for sone furnace burners; (v) Oher benefits that would

be apparent t(osf KTaulopeaesh!of hyBrill BpeAidits is described in the patents and other

publications referred to above. The operation of units with moving bed reactors and

non-integrated regenerators is described in U.S. Patent Application No. 10/690,081
(Publication No. US-2004-129605-A1); units with moving bed reactor section and
cyclic regeneration sections are disclosed in U.S. Patent Application No
11/096,372, filed 1 April 2005.

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

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



- 29 - [0046] The follow ng exanples are presented for illustrative purposes
only and should not be cited as being limting in any way. EXAMPLES Exanpl e
1 100471lIn this exanple, the refinery streamis at 480 psig with tail gas
at 65 psig r pressure swing is 6.18. The feed cpppPpsiohd nd
pressures a\r,\@%tzéfp)%ggﬁgof refinery processing units such as thgjsogd@gzﬁd I n
hydr opr ocessi ng or hydrotreating applications. In this exanple typical

hydr ocarbons are descri bed by their carbon nunber i.e. Cl1 = nethane , C =
et hane etc. The RCPSA is capable of producing hydrogen at > 99 % purity and
> 81 % recovery over a range of flowrates. Tables la and | b show the
results of conputer sinulation of the RCPSA and the input and out put
percentages of the different conponents fay_this exanple. Tables la and Ib
al so show how t he hydrogen purity decreases as recovery is increased from
89.7 %to 91.7 %for a 6 I VIIVISCED stream at 480 psig and tail gas at 65

psig. -30- Tahles la_& Ib Conpositiopn | .9 f iLnput and o ut from
RCPSA (67 ft 3prhent whichisselertys piovs! atﬁ'ébgsra?%c“?? foRpC P&'}"'“I’z‘?“gg‘zr axded i |
gas at 65 psig. Feed .rate j l%@ﬁﬁ i ' Step
Tinmes in sec@ggscoﬁtagmpggtiﬂh??h?c%qégé? , 2‘6'1@%%:%&9?3? H? ?g(ﬂ:&gﬂ é:5&)1/2 at
98. 6 % pudt y reB8ve tWo bEEMYE Edntaminants simultaneously but for convenience, the

component or components which are to be removed will be referred to in the
singular and referred to as a contaminant. The gas is passed over the sorption bed
and emerges from the bed depleted in the contaminant which remains sorbed in the
"- bed. After a predetermined time or, alternatively when a break-through of the
contaminant is observed, the flow of gas is switched to another similar bed in a
separate vessel for the purification to continue. At the same time, the sorbed
contaminant is removed from the original bed by a reduction in pressure, usually
accompanied by a reverse flow of gas to desorb the contaminant. As the pressure in
the vessels is reduced, the contaminant previously adsorbed on the bed is
progressively desorbed into the offgas system which typically comprises a large
offgas drum, together with a control system designed to minimize pressure
fluctuations to downstream systems. The contaminant can be collected from the
off-gas system in any suitable manner and processed further or disposed of as
appropriate. 'When desorption is complete, the sorbent bed may be purged with an
inert gas stream e.g. nitrogen or a purified stream of the process gas. Purging may

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

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

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



feed product Tall-Gas H2 88.0 98.69 45.8. d 6.3 1.28 C2 0.2 0.01 1.0 C3
2.6 0.01 12.3 C4+
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many applications since they may exhibit a significant degree of selectivity for
certain contaminants by reason of their controlled and predictable pore sizes.
Normally, chemical reaction between the sorbent is not favored in view of the
increased difficulty of achieving desorption of species which have become
chemically bound to the sorbent but chemisorption is by no means to be excluded if
the sorbed materials may be effectively desorbed during the desorption portion of
the cycle, e.g. by the use of higher temperatures coupled with the reduction in

pressure.

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

process applications including hydrogen purification.

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

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



2.9 0.00 14.8 H20 2000 vppm 65 vppm 9965 wpm 'total (MVBCFD) 6.162 4.934 1
228 480 psig 470 psig 65 psi Table | b. H gher purity Step Tinmes in seconds
are 4=1, tco =0.333, ten 0, tp =0.167, tie =0.5 [0048] The RCPSA's descri bed

in the pres ' Lon operate a cycle consisting of dipdgueibsminps. Step
| is feed dﬁﬁ?)nig‘)&\\{ﬁ?ﬁczh product is produced, step 2 -31 -

-11 -

in contact with a stator comprised of separate manifolds wherein the inlet gas is
conducted to the RCPSA tubes and processed purified product gas and the tail gas
exiting the RCPSA tubes is conducted away from the rotary sorber module. By
suitable arrangement of the seal plates and manifolds, a number of individual
compartments may be passing through the characteristic steps of the complete cycle
at any one time. In contrast with conventional PSA, the flow and pressure
variations required for the sorption/desorption cycle may be changed in a number of
separate increments on the order of seconds per cycle, which smoothes out the
pressure and flow rate pulsations encountered by the compression and valving
machinery. In this form, the RCPSA module includes valving elements angularly
spaced around the circular path taken by the rotating sorption module so that each
compartment is successively passed to a gas flow path in the appropriate direction
and pressure to achieve one of the incremental pressure/flow direction steps in the
complete RCPSA cycle. A key advantage of the RCPSA technology is a much
more efficient use of the adsorbent material. Since the quantity of adsorbent
required with RCPSA technology can be only a fraction of that required for
conventional PSA technology to achieve the same separation quantities and
qualities. The footprint, investment, and the amount of active .adsorbent required
for RCPSA is significantly lower than that for a conventional PSA unit processing

an equivalent amount of gas.

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

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



IS co-current depressurization, step 3 is counter-current depressurization,
step 4 is purge, usually counter-current) and step 5 is repressurization
with product. In the RCPSA s described here at any instant half the total
nunber of bﬁgazﬁ’lﬂsﬁ?’ﬁ%the feed step. In this exanple, hinpcruldeeaezeh whi ch
the feed tineg, , 1S one-half of the total cycle. Exanple 2 [0049] In this
exanpl e, the conditions are the sane as in Exanple 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 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 f2r-omthe counter-current

depressuri zation step, kmthat hydrogen recovery can be increased to a | evel
of 88% Tables 2a & 2b Effect of step durations on 112 purity and recovery

froman RCPSA. (67 ft3). Sanme conditions e i sig ,
122 deg F antHgpis Qé" B0l TEEOmpIessian, f‘?’};l’éer?‘%é’ glgjblgﬂéz' gﬁi/e %ﬁ&%@abl e 2a.
Wth counterggur ASBFRRD | 188 %o B i sepadffordtiseparptord toy
recovery tE F%’ tthg:&fistt PYIR g rehéstb{é{srﬁ?rgi gﬁgﬁtﬁi 5P ep

separate the liquid reforming products mainly comprising the C; and higher

hydrocarbons from the light ends comprising hydrogen (both recycled and produced

during the reforming reactions) and light hydrocarbons (mainly Cs and lower

hydrocarbons). From the separator, the gaseous stream including the hydrogen and
light hydrocarbons is conducted to the PSA unit in which the proportion of light

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

the net hydrogen exported from the catalytic reforming process.

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

effluent from the final reactor (three shown). The combined feed then passes from
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heat exchanger 13 to a first furnace 14 to bring it to the required temperature fo
enter first reactor 15 in which the reforming reactions commence. Reactor 15, like
the second and third stage reactors 16 and 17, may be either a fixed bed reactor or a
continuous catalytic regeneration ("CCR") reactor. The effluent from first stage
reactor 15 passes to the second stage reactor 16 by way of second furnace 22 and
from second stage reactor 16 in the conventional manner to third stage reactor 17 by

{ way of third furnace 23. The effluent from the third stage reactor passes through
heat exchanger 13 to heat the combined recycle/feed stream. The effluent from heat
exchanger 13 passes to cooler 20 and then to separator 21. A liquid reformate
product 22 is removed from the separator and a combined recycle and export
hydrogen stream 23 is also removed from the separator in the vapor phase. Cooler
20 is suitably an air cooler although a water cooler or a combination of air and

water coolers is also useful.

[0020]  The combined recycle and export hydrogen stream 23 from separator 21
still contains appreciable amounts of light hydrocarbons, both from unconverted
feed and reformer reaction products. In order to reduce the level of light
hydrocarbons in the stream, the combined recycle and export hydrogen stream 23 is
conducted to a Pressure Swing Absorbent (PSA) unit, preferably a Rapid Cycle
PSA (RCPSA) unit 25. The purified hydrogen recycle and export hydrogen stream
26 leaves the PSA unit 25 with a greater hydrogen content than the combined
recycle and export hydrogen stream 23 that was fed to the PSA unit. The stream is
then separated into a purified export hydrogen stréam 24 and a purified recycle gas
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stream 26. The purified recycle gas stream 26 is conducted to compressor 27 for
entry into the recycle loop through line 11. The light hydrocarbons that are
removed in the PSA process are withdrawn as a tail gas stream 28 and passed to the
fuel gas system or separated into fractions which can be used in other units.
Depending on the specific RCPSA design, other contaminants, such as, but not
limited to CO,, water, ammonia, and H,S may also be removed from the hydrogen-

containing make-up gas.

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

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

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

increase the amount of hydrogen in the recycle stream to either improve the
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hydrogen partial pressure and/or hydrogen volume available in the catalytic

reforming reactions.

[0023] In a specific embodiment, the combined recycle hydrogen and export
hydrogen stream may have a hydrogen concentration as low as 55% (for high
pressure semi regen units) to as high as 85% (for low pressure continuous catalytic

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

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

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



88 1 0.083 0 0.417 0.5 Exanple 3 [0050] This exanple shows a 10 MMSCFD
refinery stream once again containing typical conponents, as shown in feed
colum of Table 3 (e.g. the feed conposition contains 74 % H2). The stream
is at 480 ps%,gzmﬁtmg@g:PSA tail gas at 65 psig whereby thepciyesdoodm2sessure
swing is 6.18. Once again the RCPSA of the present invention is capable of
produci ng hydrogen at > 99 % purity and > 85 % recovery fromthese feed
conpositions. Tables 3a and 3b show the results of this exanple. -33-
Tabl es 3a & 3b Conposition (nol % of input and output from RCPSA (53 ft3)
in H2 purification. Feed is at 480 psig, 101 deg F and Tail gas at 65 psig.
Feed rate is about 10 1VIMSCFD. Table 3a. Higher purity Step Tines in
seconds are tF =0.583, to =0.083, ta =0,-1¢---0.25, tRp =0.25 H2 at 99.98 %
purity and 86 % recovery feed

gas compressor limitations. The feed rate can therefore be increased until another

constraint in the system is realized. In a similar manner, grass roots catalytic

reforming units incorporating pressure swing adsorption may be designed to have a

relatively greater capacity for a compressor of a given size.

[0025] In Conventional Pressure Swing Adsorption ("conventional PSA") a
gaseous mixture is conducted under pressure for a period of time over a first bed of
a solid sorbent that is selective or relatively selective for one or more components,
usually regarded as a contaminant that is to be removed from the gas stream. Itis
possible to remove two or more contaminants simultaneously but for convenience,
the component or components that are to be removed will be referred to in the
singular and referred to as a contaminant. The gaseous mixture is passed over a
first adsorption bed in a first vessel and emerges from the bed depleted in the
contaminant that remains sorbed in the bed. After a predetermined time or,
alternatively when a break-through of the contaminant is observed, the flow of the
gaseous mixture is switched to a second adsorption bed in a second vessel for the
purification to continue. While the second bed is in adsorption service, the sorbed
contaminant i1s removed from the first adsorption bed by a reduction in pressure,
usually accompanied by a reverse flow of gas to desorb the contaminant. As the
pressure in the vessels is reduced, the contaminant previously adsorbed on the bed
is progressively desorbed into the tail gas system that typically comprises a large
tail gas drum, together with a control system designed to minimize pressure

fluctuations to downstream systems. The contaminant can be collected from the tail
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gas system in any suitable manner and processed further or disposed of as
appropriate. When desorption is complete, the sorbent bed may be purged with an
inert gas stream, e.g., nitrogen or a purified stream of the process gas. Purging may

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

[0026]  After, e.g., breakthrough in the second bed, and after the first bed has

{ been regenerated so that it is again prepared for adsorption service, the flow of the
gaseous mixture is switched from the second bed to the first bed, and the second
bed is regenerated. The total cycle time is the length of time from when the gasecus
mixture is first conducted to the first bed in a first cycle to the time when the
gaseous mixture is first conducted to the first bed in the immediately succeeding
cycle, i.e., after a single regeneration of the first bed. The use of third, fourth, fifth,
etc. vessels in addition to the second vessel, as might be needed when adsorption

time is short but desorption time is long, will serve to increase cycle time.

[0027]  Thus, in one configuration, a pressure swing cycle will include a feed
step, at least one depressurization step, a purge step, and finally a repressurization
step to prepare the adsorbent material for reintroduction of the feed step. The
sorption of the contaminants usually takes place by physical sorption onto the
sorbent that is normally a porous solid such as activated carbon, alumina, silica or
silica-alumina that has an affinity for the contaminant. Zeolites are often used in
many applications since they may exhibit a significant degree of selectivity for

certain contaminants by reason of their controlled and predictable pore sizes.
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Normally, chemical reaction with the sorbent is not favored in view of the increased
difficulty of achieving desorption of species which have become chemically bound
to the sorbent, but chemisorption is my no means to be excluded if the sorbed
materials may be effectively desorbed during the desorption portion of the cycle,
e.g., by the use of higher temperatures coupled with the reduction in pressure.
Pressure swing adsorption processing is described more fully in the book entitled
Pressure Swing Adsorption, by D. M. Ruthven, S. Farouq & K. S. Knaebel (VCH
Publishers, 1994).

[0028]  Conventional PSA possesses significant inherent disadvantages for a
variety of reasons. For example, conventional PSA units are costly to build and
operate and are significantly larger in size for the same amount of hydrogen that
needs to be recovered from hydrogen-containing gas streams as compared to
RCPSA. Also, a conventional pressure swing adsorption unit will generally have
cycle times in excess of one minute, typically in excess of 2 to 4 minutes due to
time limitations required to allow diffusion of the components through the larger
beds utilized in conventional PSA and the equipment configuration and valving
involved. In contrast, rapid cycle pressure swing adsorption is utilized which has
total cycle times of less than one minute. The total cycle times of RCPSA may be
less than 30 seconds, preferably less than 15 seconds, more preferably less than 10
. seconds, even more preferably less than 5 seconds, and even more preferably less 2

seconds. Further, the rapid cycle pressure swing adsorption units used can make
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use of substantially different sorbents, such as, but not limited to, structured

materials such as monoliths.

[0029]  The overall adsorption rate of the adsorption processes, whether
conventional PSA or RCPSA, is characterized by the mass transfer rate constant in
the gas phase (t,) and the mass transfer rate constant in the solid phase (t;). A

{ material's mass transfer rates of a material are dependent upon the adsorbent, the
adsorbed compound, the pressure and the temperature. The mass transfer rate

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

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

layers of the structured adsorbent material.

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

as.
1,=D, /RS (in cm?/sec) @



13.4 H20 2000 vppm 142 vppm 6501 vpm!total (MVBCFD) 1 0.220 7.240 2.977 480
psig 470 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

t hat hi gh pukid 30&880%) may be obtained if the purge steppcimsz006002294
sufficiently increased. - 34 - [0052] Tables 2a, 2b and 3a show that for
both 6 MMBCFD and 10 MVBCFD flow rate conditions, very high purity hydrogen
at --99 %and > 85 %recovery is achievable with the RCPSA. In both cases
the tail gas is at 65 psig. Such high purities and recoveries of product gas
achi eved using the RCPSA with all the exhaust produced at high pressure have
not been di scovered before and are a key feature of the present invention.

[ 0053] Table 3c shows the results for an-R®EPSA (volunme =49 cubic ft) that
delivers high purity (> 99% 112 at high recovery for the sanme refinery
stream di scussed in Tables 3a and 3b. As conpared to Table 3a, Table 3c

shows that simla upi t r . : I . g

si mul taneouslvgﬁea"é@r‘ 2 eﬁéffﬁﬂgnaggtgi[\éf%ﬂnlﬂé@teg ﬁlelag eg%%&%#‘g?ﬁf%lﬁéaﬂcéet}%lg pur ge
cycle, tp. Tahend6n offetelidheFhMD Hikte Md LRASIiRsida 2oBHicdit it soidovery
froman RCPSA (49 ft5. Feed is at 480 psig , 101 deg F and Tail gas at 65

psi g. Feed r ghesd, D, is well known in the art (i.e., the conventional value can be used) and the

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

adsorbent layer.

[0031)  D. M. Ruthven & C. Thaeron, Performance of a Parallel Passage
Absorbent Contactor, Separation and Purification Technology 12 (1997) 43-60,
which is incorporated by reference, clarifies that for flow through a monolith or a
structured adsorbent that channel width is a good characteristic dimension for the
gas medium, R,. U.S. patent 6,607,584 to Moreau et al., which is incorporated by
reference, also describes the details for calculating these transfer rates and
associated coefficients for a given adsorbent and the test standard compositions
used for conventional PSA. Calculation of these mass transfer rate constants is
well known to one of ordinary skill in the art and may also be derived by one of

ordinary skill in the art from standard testing data,

[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



about 10 MVBCFD. Wt hout counter-current depress purity recovery tF 'Co

t CFl

Atp tRP SS 0956 87.10.5

WO 2006/079026 PCT/US2006/0022%4

221 -

adsorbent material is general limited particle sizes of about 1 mm and above.

Otherwise, excessive pressure drop, increased cycle times, limited desorption, and

channeling of feed materials will result.

[0033] In an embodiment, RCPSA bed length unit pressure drops, required
adsorption activities, and mechanical constraints (due to centrifugal acceleration of
the rotating beds in RCPSA), prevent the use of many conventional PSA adsorbent
bed materials, in particular adsorbents that are in a loose pelletized, particulate,
beaded, or extrudate form. In a preferred embodiment, adsorbent materials are
secured to a supporting understructure material for use in an RCPSA rotating
apparatus. For example, one embodiment of the rotary RCPSA apparatus can be in
the form of adsorbent sheets comprising adsorbent material coupled to a structured
reinforcement material. A suitable binder may be used to attach the adsorbent
material to the reinforcement material. Non-limiting examples of reinforcement
material include monoliths, 2 mineral fiber matrix, (such as a glass fiber matrix), a
metal wire matrix (such as a wire mesh screen), or a metal foil (such as aluminum
foil), which can be anodized. Examples of glass fiber matrices include woven and
non-woven glass fiber scrims. The adsorbent sheets can be made by coating a
slurry of suitable adsorbent component, such as zeolite crystals with binder
constituents onto the reinforcement material, non-woven fiber glass scrims, woven
metal fabrics, and expanded aluminum foils. In a particular embodiment, adsorbent

sheets or material are coated onto ceramic supports.
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[0034]  An absorber in a RCPSA unit typically comprises an adsorbent solid
phase formed from one or more adsorbent materials and a permeable gas phase
through which the gases to be separated flow from the inlet to the outlet of the
adsorber, with a substantial portion of the components desired to be removed from
the stream adsorbing onto the solid phase of the adsorbent. This gas phase may be
called "circulating gas phase”, but more simply "gas phase”. The solid phase
includes a network of pores, the mean size of which is usually between
approximately 0.02 pm and 20 jm. There may be a network of even smaller pores,
called "micropores", this being encountered, for example, in microporous carbon
adsorbents or zeolites. The solid phase may be deposited on a non-adsorbent
support, the primary function of which is to provide mechanical strength for the
active adsorbent materials and/or provide a thermal conduction function or to store
heat. The phenomenon of adsorption comprises two main steps, namely passage of
the adsorbate from the circulating gas phase onto the surface of the solid phase,
followed by passage of the adsorbate from the surface to the volume of the solid

phase into the adsorption sites.

[0035] In an embodiment, RCPSA utilizes a structured adsorbent which is
incorporated into the tubes utilized in the RSPCA apparatus. These structured
adsorbents have an unexpectedly high mass transfer rate since the gas flows through
the channels formed by the structured sheets of the adsorbent which offers a
significant improvement in mass transfer as compared to a traditional packed fixed

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



[0054] In this exanple, Table 4 further illustrates the perfornmance of
RCPSA' s operated in accordance with the invention being described here. In
this exanple, the -35- feed is a typical refinery streamand is at a

pressure of 0 ' The RCPSA of the present invention j s/802203" oduce
99 % pure hy%%o’ﬁg‘;z&g?zgduct at 83.6 % recovery when all thiéé%‘g?%ﬁééa(gzi S
exhausted at 40 psig. In this case the tail gas can be sent to a flash drum
or other separator or other downstream refinery equipnment wthout further
conpressi on requirenment. Another inportant aspect of this invention is that
the RCPSA al so renmoves CO to <2 vppm which is extrenely desirable for
refinery units that use the product hydrogen enriched stream Lower |evels
of CO ensure that the catalysts in the downstreamunits operate w thout
deterioration in activity over extended |efgths. Conventional PSA cannot

meet this CO specification and sinultaneously also neet the condition of
exhausting all the tail gas at the higher pressure, such as at typical fuel
header pressurige gis pHase (4,pndilesnadsaraisfotriterof dgusobideptase () inpheceseds such
RCPSA exhaust. Since all the tail gas is available at 40 psigqb?r rea%}%r@, no
addi ti onal conpventiohdngroster sban 1@ prefsrably gesgtenthany, meorrppeiarakily greater kg y

' chrbon’ mond®, ddesk ey TR, Biehmars e bte e YR R cESA Tortesto

psig, 101 deg g,gpﬁ' t ol e LA®S of theseconds
are tF =0.5, P@l%% te @@e?%s%ﬁ%g@cﬁ%}io 06%%%0@32?&-959. 990% Suri ty
and 88 % r ecoveiipment sied, afsothent vdlainle, Gad costidf 88nEntidndP 8. 8

[0036] The structured adsorbent embodiments also results in significantly greater
pressure drops to be achieved through the adsorbent than conventional PSA without
the detrimental effects associated with particulate bed technology. The adsorbent
beds can be designed with adsorbent bed unit length pressure drops of greater than 5
inches of water per foot of bed length, more preferably greater than 10 in. HyO/ft,
and even more preferably greater than 20 in. HyO/ft. This is in contrast with
conventional PSA units where the adsorbent bed unit length pressure drops are
generally limited to below about 5 in. H,O/ft depending upon the adsorbent used,
with most conventional PSA units being designed with a pressure drop of about 1

in. H,O/ft or less to minimize the problems discussed that are associated with the
larger beds, long cycle time, and particulate absorbents of conventional PSA units.
The adsorbent beds of conventional PSA cannot accommodate higher pressure
drops because of the risk of fluidizing the beds which results in excessive attrition
and premature unit shutdowns due to accompanying equipment problems and/or a
need to add or replace lost adsorbent materials. These markedly higher adsorbent
bed unit length pressure drops allow RCPSA adsorbent beds to be significantly

more compact, shorter, and efficient than those utilized in conventional PSA.
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[0037] In an embodiment, high unit length pressure drops allow high vapor
velocities to be achieved across the structured adsorbent beds. This results in a
greater mass contact rate between the process fluids and the adsorbent materials in a
unit of time than can be achieved by conventional PSA. This results in shorter bed
lengths, higher gas phase transfer rates (1,) and improved hydrogen recovery. With
these significantly shorter bed lengths, total pressure drops of the RSCPA
application of the present invention can be maintained at total bed pressure
differentials during the feed cycle of about 0.5 to 50 psig, preferably less than 30
psig, while minimizing the length of the active beds to normally less than 5 feet in

length, preferably less than 2 feet in length and as short as less than 1 foot in length.

[0038]) The absolute pressure levels employed during the RCPSA process are not
critical. In practice, provided that the pressure differential between the adsorption
and desorption steps is sufficient to cause a change in the adsorbate fraction loading
on the adsorbent thereby providing a delta loading effective for separating the
stream components processed by the RCPSA unit. Typical absolute operating
pressure levels range from about 50 to 2500 psia. However, it should be noted that
the actual pressures utilized during the feed, depressurization, purge and
repressurization stages are highly dependent upon many factors including, but not
limited to, the actual operating pressure and temperature of the overall stream to be
separated, stream composition, and desired recovery percentage and purity of the
RCPSA product stream. The RCPSA process is not specifically limited to any

absolute pressure and due to its compact size becomes incrementally more



CO 50 11 1984 !total 0.971 0.760 0.211 300 psig 290 psig 40 psig WO
2006/ 079026PCTI US2006/ 002294 - 36 - Exanple 5 [0055] Tables 5a and 5b
conpare the performance of RCPSA s operated in accordance with the invention

bei ng descrig%d 5162‘{75 The stream being purified has | owerpdysinoddagzel eed
(51% nol ) an kY Vﬁl cal refmery/petrochem cal stream In both cases

(corresponding to Tables 5a and 5b), a counter current depressurization step
is applied after the co-current step. In accordance with the invention,
Tabl e 5a shows that high H2 recovery (81% is possible even when all the
tail gas is released at 65 psig or greater. In contrast, the RCPSA where
sone tail-gas is available as low as 5 psig, |oses hydrogen in the
counter-current depressurization such thagsH2 recovery drops to 56% In
addition, the higher pressure of the streamin Table 5a indicates that no
tail gas conpression is required. - 37 -

economiical than conventional PSA processes at the higher operating pressures.
U.S. Patent Nos. 6,406,523; 6,451,095; 6,488,747; 6,533,846 and 6,565,635, all of

which are incorporated herein by reference, disclose various aspects of RCPSA

technology.

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

.

adsorption system has a total cycle time, tror, to separate a feed gas into product gas
(in this case, a hydrogen-enriched stream) and a tail (exhaust) gas. The method
generally includes the steps of conducting the feed gas having a hydrogen purity
F%, where F is the percentage of the feed gas which is the weakly-adsorbable
(hydrogen) component, into an adsorbent bed that selectively adsorbs the tail gas
and passes the hydrogen product gas out of the bed, for time, tz, wherein the
hydrogen product gas has a purity of P% and a rate of recovery of R%. Recovery R
% is the ratio of amount of hydrogen retained in the product to the amount of
hydrogen available in the feed. Then the bed is co-currently depressurized for a
time, tco, followed by counter-currently depressurizing the bed for a time, tcy,
wherein desorbate (tail gas or exhaust gas) is released from the bed at a pressure
greater than or equal to 1 psig. The bed is purged for a time, tp, typically with a
portion of the hydrogen product gas. Subsequently the bed is repressurized for a
time, tgp, typically with a portion of hydrogen product gas or feed gas , wherein the
cycle time, tror, is equal to the sum of the individual cycle times comprising the

total cycle time, 1.e.:



Tables 5a & 5b Effect of Tail Gas Pressure on recovery Exanple of RCPSA
applied to a Feed with 112 concentration (51.3 nol % Conposition (nol % of
i nput and output from RCPSA (31 ft3) in H2 purification. Feed is at 273

psig, 122 dewdr2madobmed rate is about 5.1 MVSCFD. Tabl e ParaStepodmhe®s in
seconds are tF =0.5, tco =0.083, tot =0.033, tp =0.25, tRp =0.133 [al Tail
gas avail able from65-83 psi, H2 at 99. 7% purity and 81 %tecoveiv feed
Product Tail-Gas H2 51.3 99.71 20.1 d 36.0 0.29

-26-
tror =tr+tco+tonttp +irp (3)

[0040]  This embodiment encompasses, but is not limited to, RCPSA processes
such that either the rate of recovery, R% > 80% for a product purity to feed purity
ratio, P%/F% > 1.1, and/or the rate of recovery, R% > 90% for a product purity to
feed purity ratio, 0 < P%/F% < 1.1. Results supporting these high recovery &
purity ranges can be found in Examples 4 through 10 herein. Other embodiments
will include applications of RCPSA in processes where hydrogen recovery rates are
significantly lower than 80%. Embodiments of RCPSA are not limited to
exceeding any specific recovery rate or purity thresholds and can be as applied at
recovery rates and/or purities as low as desired or economically justifiable for a

particular application.

[0041] It should also be noted that it is within the scope of this invention that
steps too, ton, OF tp of equation (3) above can be omitted together or in any
individual combination. However it is preferred that all steps in the above equation
(3) be performed or that only one of steps tcg or tcy be omitted from the total cycle.
However, additional steps can also be added within a RCPSA cycle to aid in
enhancing purity and recovery of hydrogen. Thus enhancement could be practically
achieved in RCPSA because of the small portion of absorbent needed and due to the
elimination of a large number of stationary valves utilized in conventional PSA

applications.
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[0042] In an embodiment, the tail gas is also preferably released at a pressure
high enough so that the tail gas may be fed to another device absent tail gas
compression. More preferably the tail gas pressure is greater than or equal to 60
psig. In a most preferred embodiment, the tail gas pressure is greater than or equal

to 80 psig. At higher pressures, the tail gas can be conducted to a fuel header.
{ [0043]  Practice of the present invention can have the following benefits:

(a) Increasing the purity of hydrogen-containing stream(s) available as
makeup gas, or of streams which must be upgraded to higher purity before they are

suitable as make-up gas.

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

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

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

stream hydrogen purity.

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

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



3.001 273 psig 263 psig 65-83 psig Table 5b. Step Tinmes in sec. are
4=0. 667, tcc, =0.167, tcN =0.083, tp =0.083, tRp =0.33 I b) Tall gas
avai l able tom5-65 ski H2 at 99.9 % purity and 56% recovery feed product
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kinetics and decreases the rate of catalyst deactivation. The benefits of higher H;
partia] pressures can be exploited in a variety of ways, such as:

operating at lower reactor temperature, which reduces energy costs, decreases
catalyst deactivation, and extends catalyst life; increasing unit feed rate; processing
more sour (higher sulfur) feedstocks; processing higher concentrations of cracked
feedstocks; improved product color, particularly near end of run; debottlenecking
existing compressors and/or treat gas circuits (increased scf H, at constant total
flow, or same scf H; at lower total flow); and other means that would be apparent to

one skilled in the art.

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

which are described as follows:

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

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

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

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

(v) Other benefits that would be apparent to one knowledgeable in the art.
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[0046] The following examples are presented for illustrative purposes only and

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

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

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

to 61.7 % for a 6 MMSCFD stream at 480 psig and tail gas at 65 psig.
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- Exanple 6 [0056] In this exanple, Tables 6a and 6b conpare the
performance of RCPSA' s operated in accordance with the invention being
descri bed hewa.zo&r/lpﬁ(ﬂgse cases, the feed pressure is 800 Rsjgsahoidy! gas
is exhausted at  either 65 psig or at 100 psig. The conposition reflects
typical inpurities such H2S, which can be present in such refinery
applications. As can be seen, high recovery (> 80%) is observed in both
cases with the high purity > 99 % In both these cases, only a co-current
depressurization is 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¢c shows the case for an RCPSA,operated where sone of the tai
gas is al so exhausted in a countercurrent 8epressur|zat|on step follow ng 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

ot her beds in the RCPSA vessel confi d[ﬁbslﬂs & ﬁht |s part of this invention.

Tail gas i.e., exhaust gé |s§g 9 t er c rent
depressurization and the 108 I“P‘kl gLt @E In all cases the
entire anount of tail gas is MPSM@%’OH& sure which allows for
integration wth other Feeghisat 486 psig, ﬁ%ldngﬂﬂnﬂl‘aﬂgs arhpPpsigenoves t he need

for any form of required conpr eEegedaratevs dbaupcdMMBCEFNI gh purity gas at high
recoveries. In accordance with the broad clains of this invention, these

cases are Onli’(aﬁl? lge ﬁ%ﬂ,gﬁ}ﬁﬂ as illustrative exarrpl es and not |limting
either to the re t#l )i,mp roc i cal groc i% (iatbgg 3 lZgn to the
nature of the par t*ER"& eFﬂB‘Fé al'a'eit'fﬁg1 ehar- B5U-53%dmr e476a, 6b, &
6¢c Exanpl e of RCPSA applied to a h| gh pressure feed Conposi tion (mol % of
i nput and out put f r&MREPSAY,EIR% ek aoldsal.800

L0 I:I? pucification £
psig, 122 deg F and_ Feed r} ,.. MRt g AL SN

seconds are ti, :0.@f1, teo -0 25, tepT 0 tp ng 33, tRp 4. 3%51
c2 02 0.1 1.0
c3 26 0.01 12.3
Ca+ 2.8 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, {co =0.333, toy =0, tp =0.167, tgp =0.5

H2 at 97.8 % purity, 81.7 % recovery

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

[0048] The RCPSA's described in the present invention operate a cycle
consisting of different steps. Step 1 is feed during which product is produced, step 2
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32.8 C2 5.2 o 20061079026 PCT/US2006/002294

-31-

is co-current depressurization, step 3 is counter-current depressurization, step 4 is
purge, usually counter-current) and step 5 is repressurization with product. In the
RCPSA's described here at any instant half the total number of beds are on the feed
step. In this example, tyor = 2 sec in which the feed time, tr, is one-half of the total

cycle.

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

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

can be increased to a level of 88%.

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

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

purity | recovery
% %
98.2 84.3

98.3 85
96.9 80

s s S5
0283 § 005 | 0.167

0,166 0.167 0.167
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Table 2b. Without counter-current depress
purity | recovery B ] fo | tewn ] Ot J e
% % S § 5 8 8

97.8 91.7 1y osss §y 0 J 0167

987 0 Ny 1 ) 0166 § O |
| 1 0.083 0 0.417

Example 3
[0050]

This example shows a 10 MMSCEFD refinery stream, once again

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

composition contains 74 % H;). The stream is at 480 psig with RCPSA tail gas at

65 psig whereby the absolute pressure swing is 6.18. Once again the RCPSA of the

present invention is capable of producing hydrogen at > 99 % purity and > 85 %

recovery from these feed compositions. Tables 3a and 3b show the results of this

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

Table 3a. Higher purity
Step Times in seconds are tp=0.583, tcg =0.083, tcy =0, tp =0.25, tgp =0.25

H2 at 89.98 % purity and 86 % recovery

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

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

H2 at 93 % purity and 89 % recovery

feed product Tail-Gas
H2 74.0 53.12 29.3
C1 14.3 6.34 31.0
cz2 5.2 0.50 16.6
Cc3 2.6 0,02 8.9
C4+ 3.9 0.00 134
H20 2000 vppm 142 vppm 8501 vpm
Eotal (MMSCFD) 10.220 7.240 2.977
480 psig 470 psig 65 psig

[0051] In both cases shown in Tables 3a and 3b above, although tail gas pressure

is high at 65 psig, the present invention shows that high purity (99 %) may be

obtained if the purge step, tp, is sufficiently increased.
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[0052]  Tables 2a, 2b and 3a show that for both 6 MMSCFD and 10 MMSCFD
flow rate conditions, very high purity hydrogen at ~99 % and > 85 % recovery is
achievable with the RCPSA. In both cases the tail gas is at 65 psig. Such high
purities and recoveries of product gas achieved using the RCPSA with all the
exhaust produced at high pressure have not been discovered before and are a key

feature of the present invention.

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

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

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

purity | recovery tr

%

Example 4
[0054]  In this example, Table 4 further illustrates the performance of RCPSA's

operated in accordance with the invention being described here. In this example, the



Exanple 7 10058] Tables 7a, 7b, and 7c conpare the performance of RCPSA's
operated in accordance with the invention being described here. The stream
being purified has higher H2 in the feed (85 % nol) and is a typical

refinery/ pet ' stream |In these exanpl es the puri pyirhRsdofdRses N
product is b%@ﬁ%@%i.e. P/IF < 1.1). Under this constra?)nt, t he nethod of

the present invention is able to produce hydrogen at > 90% recovery w t hout
the need for tail gas conpression. Tables 7a, 7b, & 7c. Exanple of RCPSA
applied to a Feed with H2 concentration (85 nol % . Conposition (nol 9% of
I nput and output from RCPSA (6.1 ft3) . Feed is at 480 psig, 135 deg F and
Feed rate is about 6 1VIMSCFD. 7a. Step Tines in seconds are tF =0.5, tco
=0. 33, tog =0.167, tp =0.167, tRp =1.83 regovery =85 % feed product
Tail-Gas H2 85.0 92.40 57.9 C1 8.0 4.56

feed is a typical refinery stream and is at a pressure of 300 psig. The RCPSA of the
present invention is able to produce 99 % pure hydrogen product at 83.6 % recovery
when all the tail gas is exhausted at 40 psig. In this case the tail gas can be sent to a
flash drum or other separator or other downstream refinery equipment without
further compression requirement. Another important aspect of this invention is that
the RCPSA also removes CO to < 2 vppm, which is extremely desirable for refinery
! units that use the product hydrogen enriched stream. Lower levels of CO ensure
that the catalysts in the downstream units operate without deterioration in activity
over extended lengths. Conventional PSA cannot meet this CO specification and
simultaneously also meet the condition of exhausting all the tail gas af the higher
pressure, such as at typical fuel header pressure or the high pressure of other
equipment that processes such RCPSA exhaust. Since all the tail gas is available at
40 psig or greater, no additional compression is required for integrating the RCPSA

with refinery equipment.

Table 4
Composition (mol %) of input and output from RCPSA (4 ft’)
in carbon monoxide and hydrocarbon removal from hydrogen.
Feed is at 300 psig, 101 deg F, and Feed rate is about 0.97 MMSCFD,
Step Times in seconds are ty=0.5, tcg =0.1, toy =0, tp =0.033, tgp =0.066

H2 at 99.99 % purity and 88 % recovery

feed praduct Jail-Gas
H2 89.2 99.98 488
C1 33 0.01 13.9
c2 2.8 0.01 13.9
C3 2.0 0.00 10.2
Ca4+ 2.6 0.00 13.2
total 0.871 0.760 0.211
300 psig 290 psig 40 psig
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Example 5
[0055] Tables 5a and 5b compare the performance of RCPSA's operated in

accordance with the invention being described here. The stream being purified has
lower H, in the feed (51% mol) and is a typical refinery/petrochemical stream. In
both cases (corresponding to Tables 5a and 5b), a counter current depressurization
step is applied after the co-current step. In accordance with the invention, Table 5a
shows that high H, recovery (81%) is possible even when all the tail gas is released
at 65 psig or greater. In contrast, the RCPSA where some tail-gas is available as low
as 5 psig, loses hydrogen in the counter-current depressurization such that H,
recovery drops to 56%. In addition, the higher pressure of the stream in Table 5a

indicates that no tail gas compression is required.



1. 320 480 psig 470 psig 65 psig WO 20061079026 PCT/ US2006/ 002294 -41- 7bh.
Step Tines in sec. are tp =1, tco =0.333, ten =0.167, tp =0.083, tRp =0.417
recovery = 90 % feed product Tail-Gas H2 85.0 90.90 58.2

WO 2006/079026 PCT/US2006/002294

-37-

Tables 5a & Sb
Effect of Tail Gas Pressure on recovery
Example of RCPSA applied to a Feed with H2 concentration (51.3 mol %)
Composition (mol %) of input and output from RCPSA (31 ft’) in H2
purification.
Feed is at 273 psig, 122 deg F and Feed rate is abount 5.1 MMSCFD,

Table 5a. Step Times in seconds are ty=0.5, tco =0.083, tey =0.033, tp =0.25,

: tgp =0.133
[a] Tail gas available fom 65-83 psig, H2 at 99.7 % purity and 81 % recovel
teed _ product Tail-Gas
H2 51.3 95.71 201
c1 38.0 0.29 61.0
c2 4.8 0.00 8.0
c3 22 0.00 3.8
C4+ 3.7 0.00 6.4
H20 4000 vppm _ 0.7 vppm__ £643 vppm
Rotal (MMSCF D) 5142 2.141 _3.001
273 psig 263 psig 65-83 psig

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

tR_p =(.33
Ib} Tail gas available from 5-65 psig. H2 at 99.9 % purity and 56 % recover

feed product Tail-Gas

H2 51.3 9999 3.2

C1 38.0 o.01 48.8

C2z 4.8 0.00 6.9

C3 22 0.00 34

Ca+ 37 0.00 6.2
H20 4000 vppm 0.0 vopm 5630 ) yporm

lgotai (MMSCFD} 5142 1,400 3.651

273 psig 263 psig 5-65 psig
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Example 6
[0056] In this example, Tables 6a and 6b compare the performance of RCPSA's

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

depressurization and the counter-current purge steps.

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

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

6a. Step Times in seconds are tz=0.91, tco =0.25, tcn =0, tp =0.33, trp =0.33

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

feed praduct Tail-Gas
H2 74.0 99,98 29.5
Cc1 14.3 o.M 376
c2 5.2 0.00 14.0
c3 2.6 ©.00 7.4
Ca+ 3.9 0.00 10.9
H28 20 vppm 0 55 vppm
jtotal (MMSCFD) 10.187 6.524 3.663
800 psig 790 psig 65 psig

6b. Step Times in seconds are ty=0.91, tco =0.25, tcy =0, tp =0.33, tgp =0.33
[b) Tail gas at 100 psig, H2 at 99.93 % purity and 80.3 % recove!

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

800 psig 790 psig 100 psig
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6c. Step times in seconds are t;=0.91, tco =0.083, tcy =0.25, tp =0.167, tge =0.41

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

feed product Tail-Gas
H2 74.0 09,95 28.9
C1 . 14.3 0.05 39.0
c2 5.2 0.00 13.7
C3 26 0.00 7.2
C4+ 3.9 0.00 10.6
H25 2 ¥R 0.01 vppm 53 vppm
l;otal {MMSCFD) 10.187 6.373 3.814
800 psig 790 psig 65-100 psig

Example 7
[0058] Tables 7a, 7b, and 7c compare the performance of RCPSA's operated in

accordance with the invention being described here. The stream being purified has
higher H; in the feed (85 % mol) and is a typical refinery/petrochemical stream. In
these examples the purity increase in product is below 10 % (i.e. P/F < 1.1). Under
this constraint, the method of the present invention is able to produce hydrogen at >

90% recovery without the need for tail gas compression.

Tables 7a, 7b, & 7c.
Example of RCPSA applied to a Feed with H2 concentration (85 mol %) .
Composition (mol %) of input and output from RCPSA (6.1 ft)) .
Feed is at 480 psig, 135 deg F and Feed rate is about 6 MMSCFD.

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

feed product Tgil_-gas
H2 85.0 92.40 57.9
ct 80 4.56 17.9
c2 4.0 1.79 13.1
c3 3.0 1.16 10.4
C4+ 0.0 0.00 0.0
H20 2000 866.5 8915
ﬁotal {MMSCFD} 6.100 4.780 1.320

480 psig 470 psig 65 psig
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42 CLAIMS |. A catalytic naphtha reform ng process conprising: a)
contacting a hydrocarbon feed streamin the naphtha boiling range with a
reform ng catwhyedeowager refornming conditions in reforner . 191%02294 t he
presence of a purified recycle gas streamto produce a fi n react or

ef fl uent; b) separating said final reactor effluent into a liquid
phase ref onnat e product and a vapor phase intetnedi ate gas stream c)
conducting said vapor phase internediate gas streamto a rapid cycle
pressure swi ng adsorption zone with a total cycle line of |less than 30
seconds wherein a purified hydrogen-containing gas streamwhich is higher in
hydrogen concentration by volume than saidsvapor phase intermedi ate gas
streamis produced, d) conducting at Ieast a portion of said purified
hydrogen-contai ning gas streamas a said purified recycle gas streamfor use
in step a); wherein the purlfledhdro en-contai nin as streamis
recover ed fro'ﬁli’-tSfSPerHleé in se¢. 2rg tesh fee =047 Claﬁ%ﬂ;tti’bprog% =M 7ative to

t he vapor phase internedi ate gas stre@ﬁ?"%‘b %0 exhibit (i) a rate of
recovery (R% greater than 80%for aJroductJ)urlty tQ feed ratlo (P%:%

pr oduct purlty to fee® ratio (P%:%“Pess than 11 5{96‘1 greater tha-'ﬁzo or
(iii) both co and (||€)1 2. fhe pro}.ﬁess of cl ai mj wherein a po}ﬂglon of
sai d vapor phase inteinedi atp gas sigeamis rermvegi as an exportwhydr oge
streamoprior to conduwtl ng spid vapor phase interemdi ate gas streamto sqid

conventional pressy 1 Rd pRIBN _process. 1070.5 6823
6.120 5.150 0.969

{ 480 psig 470 pslg 65 psig

—)

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

feed ;_Jroduct Tail-Gas
Hz2 85.0 90.19 55.2
1 8.0 6.21 18.8
C2 4.0 232 13.9
C3 3.0 117 11.3
C4+ 0.0 0.00 0.0
H20 2000 1103.5 7447
|total (MMSCFD) 6.138 5.208 0.93

480 psig 470 pslg 65 psig



3. The process of claim1, wherein the pressure drop across each
adsorbent bed is greater than 5 in-H20/ft of adsorbent bed | ength.

4. The process of claim 3, wherein the4?apid cycle pressure sw ng
adsorption process total cycle time is'Tess than 10 seconds and the
pressure droQgggiﬁgs each adsorbent bed is greater than 10 in-H20/ft
of adsor bent ngth. 43 5. The process of claim4, wherein the
rapid cycle pressure swi ng adsorption process total cycle tine is

| ess than 5 seconds. 6. The process of claimb5, wherein the pressure
drop acrobs eatl§atabsiemephiha pdernisg grosasserompniging20 i n- 1120/ 11 of

adsor bent bed |\ength..,. 7. rocess. of claim ein..the rapi
cycle pressurei)svm' n ngagggg %p\%gﬁocﬂfogejg% kil mc@él“%bﬁéopglgl%g%e%ﬁ}éﬁ
5 second&e&iﬁﬁiﬁ§1&tﬂ?ﬁsﬁi&:ﬁ réfb@fin A Codisofa i refsteR: hetttorb &l ﬂies?ﬁg@@_& ®F 2
than 10 in-H20/ft of adsorbent bed length. 8. The process of claim

7, wher ei MrHigE refvelesass strepm fp prodecss fual eagtis effient; bed is greater

h 20 in-1-22011 . . .9, .. i
7 wherei n t hedpur 1 PeatHS SHETAA REReL SRR ipucs LRSS RIG R Sroult
greater tdndra oo plyde agamedisty glssieam; 10. The process of claim9,

wherein the purified de,roger]-cont ai ni ng. gas stream contai ns greater

than 90% hydr den HRPRGBstHgesaid aporTRBass, igte &rsaFweanD to vthédmad reycle
the purifj : : i t i r %
i L S T Ay P S A

r ef or m ngpurdedt rsogeneonfaittiige ghd xteehnb evhidly Behighet3n Mideogenanmsentation by
claim 10, rein S@id reform ng reactors are of the noving bed type.

e

14. The pfe®wBEdagsaicvapes Byse bameriste 406 streamis refurediric rate of
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ratio (P% @ greater than 1.1, and (ii) a rate of recovery (R%) greater than 90% for a
product purity to feed ratio (P%F%) less than 1.1 but greater than 0, or (iii) both (i) and

(i),

2. The process of claim 1, wherein a portion of said vapor phase intermediate gas
stream is removed as an export hydrogen stream prior te conducting said vapor phase

intermediate gas stream to said conventional pressure swing adsorption process,

3. The process of claim 1, wherein the pressure drop across each adsorbent bed is
greater than 5 in-Hy0/ft of adsorbent bed length,

4, The process of claim 3, wherein the rapid cycle pressure swing adsorption process
total cycle time is less than 10 seconds and the pressure drop across each adsorbent bed is
greater than 10 in-H,O/ft of adsorbent bed length,
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5. The process of claim 4, wherein the rapid cycle pressure swing adsorption process

total cycle time is less than 5 seconds.

6. The process of claim 5, wherein the pressure drop across each adsorbent bed is

greater than 20 in-HpO/ft of adsorbent bed length.

7. The process of claim 2, 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-HyO/1t of adsorbent bed length,

8. The process of claim 7, wherein the pressure drop across each adsorbent bed is
greater than 20 in-HyO/ft of adsorbent bed Iength.

9. The process of claim 7, wherein the purified hydrogen-containing gas stream

contains greater than 85% hydrogen by volume.

10.  The process of claim 9, wherein the purified hydrogen-containing gas stream

contains greater than 90% hydrogen by volume.

11. The process of claim 10, wherein the purified hydrogen-containing gas stream

contains greater than 95% hydrogen by volume.
12. The process of claim 10, wherein said reforming reactors are of the fixed bed type.

13. The process of claim 10, wherein said reforming reactors are of the moving bed

type.

14. The process of claim 10, 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.
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15, The process of claim 11, 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.

16.  The process of any one of claims 1 to 15, wherein the reforming catalyst contains
at least one of platinum, palladium, tin, rhenium, germanium, alumina, silica, silica-

alumina, zeolite, or a halogen.





