; e3e |vd4& 6\ T "s14 July 2004 TITLE OF THE | NVENTI ON: PRESSURE SW NG
ADSORPTI ON PROCESS W TH MULTI PLE BEDS ON PURGE ANDY OR W TH. TEN BEDS AND
FOUR PRESSURE EQUALI ZATI ON STEPS CROSS- REFERENCE TO RELATED ity 28841 oNs
Net applicable. STATEMENT REGARDI NG FEDERALLY SPONSORED RESEARCH OR 0
DEVELOPMENT Not applicable. BACKGROUND OF THE | NVENTI ON Thi s invention
relates to pressure a swi ng adsorption (PSA) processes, and nore 10
particularly to such processes enploying nultiple adsorbent beds and
mul ti ple pressure equalization steps. PSA processes are well-kncwn for the
separation of gas m xtures that contain conponents with different adsorbing
characteristics. For exanple, hydrogen production via pressure sw ng
adsorption (HZ PSA) is a nulti-mllion dollar industry supplying high 15
purity hydrogen fcr chem cal duci In tries, nmetals refining and
SRS Ol

gther related industries. In a nmulti-conpenent gas is

passed to Y p £aSke ’ E%éﬁi I E %r |0 ecgs at E o evatNed rGeEssure
SRR TR e el

adsor bed conmponent whi ch passes through the bed. At a defined tinme, the
feed step is disccntinued and the adsorption bed is depressurized with flow
co 14 July 2004 2 current to the direction of the feed in one or nore
steps which permts ent halk - rodﬂf 0 j e bed with a high
recovery of t. -~e nd§$§VE%§FyE§E§§¥ & Fygﬁﬁ5:eﬁfk“ﬁggh%ﬁ%ﬂ a countercurrent
desorption step is carried out; f gkl géﬁ%%% by countercurrent purge and
repressurizotion. 5 U S. Patent No. f; 8 , 849 to Fuderer et al. discloses
?Sr"-~, processes enploying at | east seven adsorbent beds, at |east three
steps of pressureceuuat RE&LAFGNN HaL Thi L eagH, an

undeg rabl e reversion of the degﬁggggééLﬁgﬁﬁrg@$§§%£%ﬁ§§?ﬁ$gbn?§ t he

di scharge er~d of the bed is substantially reduced when at |east three
pressure equalization stages are emplpypdnuderer et al. does not disclose
any enbodi nents 10 conprising performng four pressure equalization steps
in a ten-bed apparatus, or process cycles with en average two or nore beds
bei ng purged at the sane HABKGROIENT OGS THE INVENDERer al teaches that

i ncreasi ng the nunber of beds typically facilitates increasing the nunber

of equali zat i Dmis inwtiem raThis b 228s duRe sRIEUHELIABA GPSLS pRice8sRSANSYRLRM
Unfortunately, increasing the nunber of beds typically increases the 15

costicef surRSMursystLrhascmel %\?ﬁh),’ i BEkiYe ddsol Heshrabl g to
provi de %% inp?bved P A(%fggigs Fg%p?h%?ég%ggﬁﬁkg%%%?%%ﬁxgﬁﬁfg%%gggbvery
per bed gr_{g_.aﬁz%htsité%jse bed system Ali references cited herein are

i ncorporated herein by reference in their entireties. 20 BRI EF Su dI MP, RY
OF THE | NVENT, ' [ rovides a pressure. sw ng .adsqrption process
conpri si ng pr%%%ﬁ%ﬁ%*ﬁg%gﬁé§%$é8E$TH§f 58%ﬁ¥?%%]%b%%ﬁggﬂyeﬁdbghﬁoﬁé beds,
and equal j essur a of each of said tep beds in four steps. At al
tines dﬁéﬁn@éﬂg H% \%gho(?:'gg%e,n gﬁsg\g@pa@grﬁe@gcq.eg@& SN D ER BN RRCBERE ar e
bei ng si mul t aneously regenerated 25 sinmul t aneously providing off-gas
Froma fORACTEnior IRTBE (BaFdh ooBs 0oaRoeTrbia SRy D08 gas
Iinq Eachwo¥ %he f qur gressure equal i zati on steps conprises a

depr &8ss YatY GAIHM S Copaical RePdistat intistient metdoraining ené athere rdttesai d
process .and a repressurization phase spanning about 1!20 ef 'said total
cycl e tiffs™R%e preferred product of the process is hydrogen. 5 The
invention also provides a pr essure swing adsorption process in which an
average cf atinleadicy NG sestemara rbéticagrooentt eas cupassed| i uleged otdradughout
t he process cycle. . GRIEF DESCRI PTI ON OF SEVERAL VI EM6 OF THE DRAW NGS 10
Not appl¢ke eédsDETN bets DESTRIEPTION G UTHD SdVENTL BNst oneastfingit sebodi nent
of the invention; the inproved PSA system enpl oys ten adsorbent beds and
four st épRIpefiedquialkei #atasdoneRoefmmnabl ygssan tavegagh e ke lcéastPIamo-,0f 15
said ten beds are simnultaneously regenerated by sinultaneously providing

of f 2@as tHa onsavé sedadsdbed ceaobnaf withdhdswss beslsght e ad0fAt agrSinkd figne,

t hroughout said process. Preferably, each of said four steps conprises a
depr essthd Hepgstpp avidiescetuiedd 28Hit08 BASE0S PRANE NG RdQUtzdd 2Bhofovd oot al
cycle tine of said process and a repressurization phase R' spanni ng about
1120 or said total cycle tinme. The preferred product of the 20 inventionis
hydr ogen. A second enbodi nent of the invention is based on the inventors

di scovery that the average bed pressure a during the purge step is very
inmportant in determining the recovery and productivity of the adsorption
system it is desirable to use a longer purge tinme to reduce the pressure
drop in the bed, and therefore reduce the average bed 25 pressure during

M . —— I M o, I Y e



| east one ether bed and a tank; (cl at |east one pressure reduction step
conprising further reducing said pr essur a of said "first bed co-currently
and/ or counter-currently; (d) at |east one counter- current1ﬂu“&Mﬁ9@&ep,
conmprising counter-currently 15 purging said first bed with gas from

anot her bed for a duration such that at |east two of said bees of said
appar atus are being purged sinultaneously throughout said process; (e) at

| east one repressurizing equalization step conprising increasing t he

ressure. i «he s released froma ast one e 20
gnd/ or tag&eﬁ% epé g;{,—%& logaglg H%&“e%agﬁroenerorerd’ﬁcei ﬁﬁp twejbm a&t{H’“ e)ssatf’aﬁfé%]fe one

pressure tation st i further increasing said pressure of
Said firSE hedhy TR e%t%r'%ruﬁr? WEThEd R 45N 6 S%rrveg cormpenert,
counter-current strea roduct gas and a co-curent stream of feed

14 July 20604' ‘57 A ?&PP&?W%M@EWEWE $lecsisepriried Pt golicwesr BY Segblertirant The
preferred roduct gas i s hydrogen, but the invention is not limted
theretopugﬁ AT EBISFSUIF71ENf eed mi xture conprises hydrogen and at |east one
menber selected fromthe group consisting of nmethane, carbon dioxide,

cart oh nonoxi de$ BaﬁﬁtN@ggﬁS@ﬁdgn@feﬂa&apoaldbnbeﬂbddnmﬁnmxﬁeshewﬂeed;gas
is obtained by steamreform ng of hydrocarbons. In other enbodinents, the
feed gas @ £agbtaysredddyopdritadal abidadattren stdpshyfdrresaurb aasalization mumer of

t hese enbodi nents, the partial oxidation can occur in the presence of at

| east ond htﬁat%t-'}isieachm that anbodhisirebiesevdieibeid thd ez axygenrobe tofrotheaxizdat i on
is provided by an ion transport nenbrane, it is preferred that the ion

t ranspor to thentisemegberinifage akseds Wubitatidigaetioted Rhivhiae dshenrpardrédure

oxi dation occurs. In enbodinents, at |least a part of said at |east one

r epr essukhziingtieqyiobz até @mpidyen. OvM@lhaPs: dINdbddTBotWitdlosahel, @ﬁwbb@rﬁ%n@”e
pressure augnentation step. 15 In enbodinents, at |east a par, cf sal at

| easto oneckensies Siricemig edlabkzalh t%tsf‘z& HV%LQHﬁ 4 Nt b@@ h:at Least

one of counter-cure e,nt reoressurization pr oduct éﬂ%)tad co- current

repr essupfzaki 9551:}@’\.«/%‘@'1 a@@r%ggq'\ﬁo o Hto?gbgdu ﬂgr% éur&%ﬁ ar[ Oégn%«g]?egr oduct  2nd

of the bed in said at ;east One depressuri zi ng ion s a

Lransrered Cibeiidd o 2ahet lachel t‘wﬂﬁnae%%tg%wre?p B, |,

equal i zati on step. Trom uct en

said at il uallzatlon is transferred to . a nk
bef or e béﬁﬂgt%ggn§g%rn€®%ﬁ%h§££% FA% ERFY Sa Y 2 &“Bﬁ%S&E%P%@§HF¥%?9ﬁf
equallza te n 0 bed be|n co-currentl ressurlzed
accor di nfj LEETEED z@“@bﬁ%t@’ésﬂ*@%?@éegd%ﬂ Ge Pl B%d%tveﬁa%r GgiEdess i

gas § % one ot her bhed. 14 July 2004 6 fn enbodi nents, the

depr e5suffZihg S§AF st ep pr=cedes said provide purge step, in other
enbodi nents, the depressurizing equalization step overlaps in tine with at

| east some pofEFBRINGY. daiaulsrbwivae Savigdlesteprowdrd ahimerover BBAeprocess
enbodi ments, the depressurizing equalization step follows said provide

pur ge st@B'CHF%ﬁawm%ﬁﬂ &ndigr ragvewineg bed rcarmudtinie yedleystessuri zed
according to said at feast one pressure reduction step provides gas for
pressure equafi rHticopedtian hdrelastre owermiréter hbetn bassfaehte asthpurgéregas t o
nore than one other bed. In enbodinents, the bed at step (c) has at | east
one counter-current depressurization step. 10 In enbodinents, the
counter-current depressurization step i mredi ately precedes the

couriler - current purge st &RIEH)SUNMeRNREMHEDNVENTION ef ficiently d=scri bed
t hrough the use of cycle charts, vrhich are readily understood by these of
ordi nary si <iThe i invédtenartovidds thesgyslre ahaﬁt Scshewsh hebeidy, @aghiseel um r
epresents a tine period of the cycle and each row represents a 15 be The

f ol | owi ngotiabbes sheysrd ety ehesehal %peéraaspﬁaﬁﬁ%$eﬁ haks,| SnP8ssRiRA 2 f or
pur poses of conparison only. 14 July 2004 7
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of this cycle for the first bed; the feed goes to a bed fromthe feed end
for il13 of the cycle tinme tc produce hydrogen fromthe product end in the
first step. 5 During this period, the pressurized feed fl ows through the
bed. The inpurities in the feed, such as COz, nethane. CO and nitrogen, are
adsorbed by the adsorbents. Hydrogen, on the other hand, is less strongly
adsorbed and |s drlven out of the bed as hydrogen product This step is

o o . .



Tabie 1. 10 In t:~e second step, feed to the first bed is stopped. The
hydrogen fromthe product end of this bed (the fir st bedl is nowfed to
the product end of another bed (the second bed) whose pressld dul%20@4 ng
i ncreased. That process goes on fer approximtely 1/24 of the cycle tineg,
until the pressures in these two beds are al npst 14 July 2004 8 equal.
This step is indicated by "1" in the cycle chart, standing for the
depressuri zati on phase cf pressure equalization step one. In the third
step, theapticeludacans ®é bhe pfdskbie beekibs:idH %E@Q@ﬁ‘lpﬂgesf LofeprBes sesand bed
and connected to the product end of the third bed whose pressure is | ower
than thephadd grshnpRachizecant HedsaThics 9oess gésdfp?%c, BRIRX @rsés\ara%@o% ef
o

the cycle tinme, until the pressures’in these two beds are ose to each
other. TBhSseSt@dhrirdy LBOLC ABAoDYiaZiotd N LACHGUC! @ CNALLFRARLNG {)fhai this
is the depressurization phase of pressure equalization step two. I'n “he
fourt”: steRssLheskRAAecCtion between these hvo beds is then cut oft, and 10
hydrogen from the product end of the first bed a fed to the product end of
t he fourth be ressure.js yet lower than the third bed at. the

begi nfli ng of ? ee%;}jr)eég?@tfgsos? reoﬁ'fd&fh%/frepSISBEee§‘§mﬁg%ﬁsﬁrpg'855pr8ﬁesfso'r“ Shich &
approxing&ng 1}%ﬁ of th%¥ﬁ¥cle tinme until theapressures of the two beds
are cl osd ToRACH 'BEHENC OffP £78 L&Y SUNRaCHEE R HIeBhrPygnons e R0eeShar t
st andi ng f?r t he depressurizati on phase of pressure equalization step
three. 18"9h the fifth step, the connection between the first bed and the
fourth bed is closed, and the hydrogen fromthe product end of the first
bed is introduced into the fifth bed whose pressure is | ower than that of
the fourth bed at the begi nning of the previous step, and ~,vhich has just
fini shed-the "p&ger CrEPRIFTIEP @Y SavER A WEYR PR BiRPRAWINGSs process
again lasts for 1/24 of the cycle tine, and at the end of this step, the
pres§ires 20 in these two beds ar eN@gabicableose to each other. This step is
indicated by "4" in the cycle chart, representing the depressurization
phase of pressure equalization step four. In the sixth step, the connection
between the frst bed and the fifth bed is closed, and the gas fromthe
product end of the firBEThrdd SEECRIPHUSEDFtG:# hevmupduct end of the sixth
bed. The feed end of the bed being purged (the sixth bed) is connected to

the 25 of tgasid i mestadifot@mens cptHeORdeAcAMANiIsorbech eahesmdhelibgagd i ne.
This step lasts for 14 July 2004 9 approximately 1/12 of the cycle tine,

and is caddopskri Beds BROVI Y G ShERon Wéf@ﬁ%b@@ah%vé%ggldiam%@?w €

chart. in the seventh step, the product end valvé Is closed and the feed

d 4 tedito. o S : to & f f
o Thi e o e oot o oo o [ prel Lo PR Bpt LBV BT R Pacimd ' O°°
countereusT & ol oNowR s 8l 4Pcanded §o 1 i LALed \BY R Ehol sble peBiaLL. 1 n

the eighth step, t pro end e S connec e prgaﬁct end
ef a bedpj.R. L; ] he. . provide purge" step). T he gas fromthe
"provideP%ﬁ?éga Eé%¥%agéggf%keﬁ5%%C§W3”f‘gai%%ﬂ??%?gggdﬂHWEBH%mﬁWﬁﬁﬁﬁen gas

| eave t hj r bed (the d.10 in urged) fromthe feed end and enters
the of f GEer e iR bl LaB e s e i Sas Pt mart putee T HE g | <
call ed tgﬁF"QRuntercurr nt Eérge" step. It is indicated by "G s" in the
cycl e cHAFE® 'nSPREMT FPAVST/el, Chiemd ddl s¢ieciBged P REYT RS UElopt hE24 of
the2§ycLe the.qu this step is called the "idle' step; indicated by "I" in
t he “¢ycl'BYEHER S "¥¥P98 t he tenth step, the product end of the bed is
connected to the product end of a bed at its fifth step. Gas flows fromthe
product end of SeRcheabetinient of iretiRvasttiep iahassher it inHeioediste @iy ithas
product end. This takes about 1124 of the cycle tinme until the pressures in
t he two thedsemge kabeEssoedetnothtepurgFhiten st epryi igportdntciat dafetyyining” the
indicating that it is at the receiving gas end cf the fourth pressure

equal i zdetoenseeppfogltowy ng thdhedsegitenoet=2Q) trsdesiabid toeisprabsgerpurge
equal i zation steps. That is, "4"' indicates the repressurization phase of

' -, . he fow tchrgfuesshe eorespiak iczap ilonhstep,. ahd theekrevenide eepierddee bpgoduct
end ef the bed is connected to the bed at the fourth step. Gas flows from

t heZpr oduetsuendurofy thaeuledstap. The sfouer tHe Sired ratesl teahers etffitieesistarom i ts
product end. This takes about 1124 of the cycle time until the pressures in
25 the two beds are close to each other. This step is indicated by "3"'",
indicating that it is at 14 July 2004 10 the receiving gas end of third
pressure equalization step. That is, "3 ' indicates the repressurization
phase of the third pressure equalization step. In, the twelfth step, the
product end of the bed is connected to the bed at the third step. Gas fl ows
fromthe product end cf the bed at its third step and enters this bed from

o r e e . A1 N A



10 anount. The time for the idle can be decreased by the sane anount. The
sane holds true for all the cycles discussed below (the idlg, st t he
step solely consisting of providing gas for the | owest pres"s‘hj\a‘ﬁ)ozc%lEj

equal i zation step, 4, do not exist fordall the cycles). The following

tabl e shows the cycle chart of a ten-bed cycle of the first enbodi nent of
the invention with only two beds on adsorption: 12 TABLE 2 14 July 2004
AP, AAI 234PPBBGA 4' 3' 2' 1' R1' RAAP, A1234PPBBGAE 432" | 0,13

12' 1' RAAMAL23ARPBE@ds4Helidiade?’ ThRAARALZSARRBRSERIMENt of the invention requires

| G4 4' 3' 2' 1' RAAAP. 1234PPBB | ' BBGA 4' 3' 2' 1' RAAAr~, 1234PP

| - PPBBGGItH’étS'aQéHLtiﬂéé%b@?l‘l&ﬂ'?ﬁ@%@e@é SatdedstRABARY la%%%ﬁ’w%%nﬂe‘rx?é&ée%'uw
Al1234PPBBGE 4' 3'2'1'RAA In this cycle, the bed is on adsorption for 115 of
the cycl eutdd¥at thd siReRRy ovides gas fromthe product end of the bed in the
first, second, third, and fourth steps of 5 pressur a equalization

sequential ly, ywith, i ty I .y 1120 of the cycle tine.
The bed Then Srg |a‘%@gga‘”’?b{%@}"l‘%ﬁr'g“g,%@%glg%%ﬁ%?e%he product end of the bed,

or ogpr ot il 1409k SENELE T TIGD LD B ot R, f e

is closed and e feed e _ _
ne for pr oxi matelai{‘ 11 10 of the ﬁlyscle tinme,

the bed a sent to the qffgas, fi a :
until the pressure TR C%ﬁe‘%ﬁiﬂe‘%*sadﬁ%r' N ERUGHEEEP ARERTG™ Ra?'d A St Red

offgas line. Then the product end of the bed is connected to the product
end of a bed that i%’dd'%rﬂténg'ﬁrp&ﬁ%fsgﬁtro G e RPdyet onfios sHgdfItyPeRy dr ogen gas
flows fromthe bed at its "provide purge" step to the bed under .
description, dPivi i) 688t S6feddiresnEizingpariairelin siacheonetsing eRECBET gas
line. This lasts for approximately 1/10 of the cycle 14 July 2004 13
time. Then ‘the bed KFI®Te dhesdidriirappedxbreasing Bl dEdovalvhearcy ckauemtimdly |t
then receives gas fromthe product end of the bed in the steps of receiving
presdfire equal i zat ireleasinadiasdted sbyrodtict &'d, of2aid &rst béd t¢ ntehdeds delie athart
(i.e., Table i ), vdith each step lasting for approxinmately 1120 of the
cycle tinme, until tibestipnessharéedfantilzetabed is close to that in the 5 bed
providing gas fior pressure equalization in each step. In the last of these
recei ving pregsure adqaadti @ad iporrsgas redleps) sEiTeoPEasHg tfuges issiudingosdied to
t he product end of the bed. Then, in the last step, the connection of this

bed with the provi decequabi zad Fen p8ascRed=hs Mordnisheupesduct gas
continues to enter the bed fromthe product end for approximtely 1/20 ef

the cycle tingguntids tha HLesWHEr-Ofrdh S LPELy 1%L | @8RrkRgt Bt oS )0

product. This bed thereby conpletes one cycle and returns to the adsorption

stepqasThe ten beds @F@né%%&?ﬁ&%&ﬁitﬁb@g bin0ahhBec¥S] Br f d\}rtg or?ggﬁ?%‘?nt

bed 1/10 of the cycle tinme |ater than~the previous step so at there are

"two beds on adsorpgi all t Loe. L jt]o beds .ar
regeneration at an%ttg%\%gh tkmiornslnbﬁc éi\%ﬁe{:ﬁe&?gﬁd t%ftaF%{ﬁse éar'r%ssb%t’rfgalr:;'ga,]"?rg‘lfgdI ayer

has certain length,. | Ly irabl.e 15 to have nore beds on feed ii"
doi ng so does not c?érh%”ea%g% él é@gﬁ rboéjgl??/jg Pf?&?gét on performance by r educing

the ti f h t ..Not i that in the . 5S_wh le.chart i
Show - 10 Tab(® 2. 150N GYeL 5 Eel 6 IS PaISE REART G (YRS Bod 1 o

not used in that 5% of the cy l.e tinme. That idle tgne can be used for
adsorption by shi iy ot 828 RS taesovt £om reeesed Tem dilerst 16 HRPMPET n
syncgé oni zation of the beds providing gas for 20 pressure equalization and
t hos®” recei vi ng gad FOF IPFedEereItalf PESEHETEC s 816PhaRfe t hr ee beds on
adsorption all_the tinme, one nore of these 1120 cycle slats has to be

al | ocated to &dsor 5t iIgAS! OTi RIeEBHTCDRUCATGRHIN SRR EIBYPrEINOniUAEET MFreaRiNg ourt h
step of providing gas for pressure equalization, and providing the gas for
the fourth step of SpEexssause efjtrif Mabrohy feasing teesaidbrst hed af lsapraond efimg gas
for purge at that tinme, as sown 25 in the follow ng table: 14 July 2004
14 TABLE 3 counter-current stream of product gas and a co-current stream of feed
AAAAA. | A123P PBBGH' 3' 2' 1' R1' RAAAAA. A123P PB6GHA' 3' 2' 3' 2' 1' RAAAP, A A123P' PB
BGHA' A' 3' 2' 1' RAAAAAAL23P' PBBGBGH' 3' 2' 1' RAAAAAAL23P' PBPBBGH' 3' 2' 1' RAAAAAA
123P' . 3P PBBGHA' 3' 2' 1' RAAAAAAL2123P PBBGHA' 3' 2' 1' RAAAAAAAAL23P PBBGHA' 3'2' 1
' RAAAAAAAAL23P PBBGA' 3'2' 1'RAA In this cycle, in the first 1120 cf the
cycle tinme of the provide purge step (indicated by "P* "s); the provide
purge bed sinmultaneously provides gas to the bed in its purge step 5
(indicated by "G's) and to the bed on the receiving end cf the fourth step
of pressure equalization (indicated by''4""). The rest is kept as in the
cycle shown in Table 2. In yet another enbodi nent, two beds are al ways on
adsorption. After the conpletion of the adsorption step, the bed goes

t hrough four steps of pressure equalization cn the provide gas side. Then

~ 1 ~ Y A M~ 2 1



| . PBBGGGE' 3' 2' 1' RAAAAL23P

i 3P' PBBGGGH' 3' 2' 1' RAAAA12123P PBBGGGH' 3' 2' 1' RAAAA. AA123P PBBGGGCHA' 3'2' 1' R
AA In addition, this bed is also used to provide the gas fdrdduly 2004 th
step of pressure equalization during tbBe first half of the provide purge
step (P'). This enables doubling the 5 purge tine, and at the sanme tine
enpl oying fcur steps of pressure equalization for a ten-bed systemw th two
beds on adsorption. The second enbodi ment of the invention is not limted

to ten-bed devi c£s$:QEnf-QHF %%L ati QNS S5l N the process depicted
in Table 5. For exarrp é) A édg5 5%eﬂvértg%g l*ee;l)lae purge tinme, 4 steps of

Cable 17 TASLEGo1i0; h‘éz %4’%% gzada%  baph PR g, | 1

13 e A B%Sffs%“@%&s’lﬂa«tﬁa T %gg;ggg&%%'e?’m%ber
GoGGA' 3 723P PBB G BGGGGA' 3' 2't' | RRAAAAAAI23?' P

6PBBGGGG&E§“5 1" P'F—iRK&AﬂM P 80T5I3trS PTFWFﬁé“B‘@@GESD%’ i RRAKBPIRA T Onoxide,
2723P. PB8CGGCC' 3' 2' t' | RRAAAAA AAAL23P PBBGGEGG ' 3' 2' 1' | RRAAA Al
AAAA?%BP”P@@@@@“@*?’VPPPRRA A In the process shown in T axle 6, the

hi ghest pr essure equal i zation step is separate fromthe product

re- pressuri zat? §FPSEiEENtSTHes fred gasdy pfipingd pursrery sxfoprivy Plesrscasbene gas to
two beds. In the first half of the providing purge gas step (P'), this bed
al so prpvi des !gagtheo arheodimaetst theeEsar @ast ep cofzipresyupertauadicatani on. |, 4
N 2 bed cycle with double purge tinme, 4 steps of pressure equalization and
4 beds ofhydwsarbpts.oin & susitennf ihas¢ babboinlcond, nige baliblesxidatidd cdnloyc2004hd 8
TABLB 7 In the process shown in Table 7, the bed providing purge gas

provi des ppiseges gast ksettowe caedlss:. I n the first half of the providing purge
gas step, this bed also provides gas 5 to the | owest pressure step of

presstire equalih zaticanmeds Jddved twcimx@gi&w tRel TbPLRME-OR bioiRed 4\SEENSH Of
pressure equalization and 3 beds on adsorption is shown in the foll ow ng

table:  trahdochihgn2@b 49 FABLE BiHaRindi8n BLAGSSSmshewd e Fab 88 wilthe bgd

provi di ng purge gas provides purge gas to Three beds. in the first half
the provigidg RWHES 1H8DajkEBxikRidh odchics bed al so provides 5 gas tc the

| owest pressure step of pressure equal i zati on. Tabl es 5-8 are illustrative
and not |imting..Ear I t S r (ﬁd1 t he
i nvention enconpgnssegnﬁ%r%s[ga%é]gaﬂ-%? n@eéretq% L{be S, Fg?r? %@%ﬁﬁ%eds

are preferred S with | ess than four steps ef
pressur ege GArT SR 'Pgﬁ% %ﬁ%% atz%aeSLPn%Hre\ﬁf‘frle ab'@rqelnfq.igf'rséetped in mere detail
w th,teferenc it shcul d be understcod
that T he pr esgne%bﬁg'érheﬁ?%naql!gasﬁcﬂ gﬁrééhgg’dt% B%Stlci”ﬁ"l ERIESEHE 8qua 23397 3yl y
2004 20 E{< gp qe une pe ted advant ages of the inventjon ar
denonst r 378 Vﬁaa?sh'@ ot Y"B eh§ 28t A at Fom ﬁﬁﬁ‘ﬁﬁriﬁé’rﬁst"@?t‘ﬁé@yé%é’&?%ﬁt of
the invention gsee Tabl e 2, above) with a twel ve-bed cycle in accordance
with theSpt Fo¢ %l,ctirr?%.égprpagyrgaicor\ bé@%ﬁeﬁdﬁﬂﬁ’he pressure and tenperature
specified in the sinulations were 30 at nospheres and 100F, respectl vely.
The conposi ti 6h eE[Regimede Bas tfieen shendredycdrandconths hed i0. S it t! ‘oY 6%
met hane, 16% car bon di oxi de, 3. 5% carbon nonoxi de and 74% hydrogen. The key
oper at i n§eyaFSEter &9 aidatiass alepsisaransiamararizaly tone Tl i@ $id BABEESI90D
Cycle~ Table 1 (Conpar alive)i able 2 (Invention)Bed diameter (ft)~ 11.0~
11. 5¥8ed tepresishrigifg p22alkati@2stéBeed tine (s)2a0 i 128Production (million
scf/d)84. 283. 5Recover, | 188.2%i ,88.0F0CO in product (ppm1.01.0NZ in
product (ppm In 62@ctints332 bis Cam hies seedudt reom diatleeb8d tihataid he icatomes | es
ef the two cycles are virtually the sane. The Nz content is nuch !over with
the ten-tgdecycliegantangiting 4:0p iheahivebt iton. tahReasrewdindtraasisaebents
needed for a certain production rate is reduced by 9,~0, and the

bec in said at least one repressurizing equalization step.

in embodiments, a bed being co-currently depressurized according to said at

25  least one pressure reduction step provides purge gas to more than one other bed.



nunber of beds is reduced from12 to 10. That not only neans that the costs
of vessels 14 July 2004 21 and skids are reduced, it also neans_that the
costs of valves and connecting pipes connecting these beds Htduby d as

t he consequence of bed reduction. Exanple 2 The efi!cacy of increasing the
purge tinme in accordance with. the invention can be 5 denonstrated by
conparing the sinmu;ation results cf the process of Table 1 (i.e., a 12 bed
cycle with 4 beds on adsorption and 4 steps ef pressure eCuaiization) with

those cf Tabl en Zrfhocdnend, 1k @%gre%)é@rlﬁw%‘ gnarua%r’?gse]ﬁ prals@es Wafd provide
equal i zati on, double purge time, and eds on adsorption). The pressure

and t eMpealdigo SRR niduih b Skt 1Nz meee A0-a1 tp*?:%ﬁépsal'?qf g F

respectively e conp03|t|on specifie ons cont ai ned

0.5?" ni rbon lede X oxi de
and 745 h@ﬁro”%aﬁ@ %“g%tOE éé%tprg*f@%@r LR 5 QLT E RO T S e he

f eed noz%lgh W tth be contalnln carbon adsor bent; and
(2) a sectron-ft lﬁt%@?“ﬁ?%rﬂmﬁ & 1% eH ’fzqrev‘ﬁ%ﬁ‘t”&rerﬁ a zeoiite adsorbent.
The key operatln arameters and results are sumarized in Table 10: TP, 6LE
1C CyBl eTabl e 'l T ESHPAFEET 96Y9° PFEBI S BI{aTHY SIoProsyBes Breardnerto(say #t. ol
11. OBed Ienath (ft) 22.422. 4Hydr ogen Production (mllion

scf/d) 84. ‘?’Fg%?—l@d?%gj@nrﬂéef&feﬁ?? %'@SI 85 21 oEsEWepIvdlRRtiop Py least ore
j1.00.2Nitrogen in product (ppm 52GLl005 It can be seen from Tabi = 10 that
usi ng thé’twgﬁé FNWFABS aume g3 th e dwirbine stbeehddri nate two beds and the
assoc; at ed val ves, piping and adsorbents, and at the sane 20 tine increase
hydrogen recoﬁer?mbydimaﬂi&lvﬁr%émeir att lepdi@méter st dtadtherbedsuriter-thisit 14
July 2004 22 cyc;e are smaller. The total anount cf adsorbent is reduced by
3S, ~~. | fdepressbégktidnatept ers were equal , the hydrogen producticn woul d be
greater for the cycle in Table 5 wth a simlar recovery beneft. The

modi fiicat i ons It katbotmyerbs theededet curachiceyesthieseomsep(minedarsangidagspi pi ng
and val ves such that one provide purge bed can provide gas to 5 thrae beds
Wi t h the tidessurest-chews puaBd:d2d)ar rangi ng pi pes and val ves such that

of f-gas can ba collected fromcne bl owdown bed and two purge beds. One way

of doing SO i STHeQnUS®IcA iy RloVeeibis B AdCsbL @rrreugrpnet@e A ci9apahi ngnief each
bed so that the off-gas flew from each i ndividual bed can be independentl!y

control | egs M !/%nbhr‘%tddﬁivﬁﬁmo%@ A?ao?ﬁfh%”n eﬁlc ebﬁ'd 'Irptl%et"yadé AR YRQLA D

reference to specific 10 exanples ther “eo be apparent to one

kil | ed g dhe.anlcdat YaLloys o mggee?.oa%r@@éé%ﬂa' a5 rsg%BPeng% July

therein mrthout eparting fromt and % cope t ere

20044£LAL QRS S sar tlon proc SS co in roviding a
o estir e S nan e RBMARS i P QSR G B RS B AR BT RY £ o
ensure cf each of said.ten beds in four steps represented by the follomnng
cycl e Chgl’ EpOSES ar compar:son only.

AAAA1234PPBBGA 4' 3' 2' 1' R1' RAAAAL234PPBBGA 4' 3' 2' 3' 2' 1' RAAAAL234PP66GGL4" 14
3' 2" 1' RAAAAL234PPBBGGGAE 4' 3' 2' 1' RAAAA1234PPBBB8GA 4' 3' 2' 1' RAAAA1234PPPPBBGG
14" 3" 2" 1' RAAAA123434PP6BGA 4' 3' 2' 1' RAAAAL212

- 34PPBBGA 4' 3' 2' 1' RAAAAAAL234PPBBGA 4' 3' 2' 1' RAA wherein A is adsorption, 1
is providing gas for a first step of pressure equalization, 2 is providing
gas for a second step of pressure equalization, 3 is providing gas for a
third step of pressure equalization, 4 is providing gas for a fourth step
of pressure equalization, P is providing purge gas, B is counter-current

bl owdown, Gis counter-current purge, | is idle, 4 is receiving gas for
the fourth step of pressure equalization, 3" is receiving gas for the third
step of pressure equalization, 2' is receiving gas for the second step of
pressure equalization, and 1' is receiving gas for the frst step of
pressure equalization and sinultaneously receiving product gas for
repressurization, and Ris repressurizing with product gas. 24 14 July
2004 2. A pressure saving adsorption process conprising providing a
pressure swi ng adsorption apparatus having ten beds, and equalizing a
pressure of each of said ten beds in four steps represented by the
fcllow ng cycle chart:

AAAAAAL23P PBBGH' 3' 2' 1' R1' RAAAAAAL23P PBBGH' 3' 2' 3' 2' 1' RAAAAAAL23P' PBBGHA'
G4' 3' 2' 1' RAAAAAAL23P' PBBGBGHA' 3' 2' 1' RAAAAAAL23FP PBPB6GEHA' 3' 2' 1' RAAAAAAL23P
3P PBBGA' 3' 2' 1' RAAAAAAL2123P PBBGGHA' 3' 2' 1' RAAAAAAAAL23P' PBBGH' 3' 2' 1' RAAAA
AAAA123P PBBGHA' 3' 2' 1' RAA wherein A is adsorption, 1 is providing gas for a
first step of pressure equalization, 2 is providing gas for a second step
of pressure equalization, 3 is providing gas for a third step of pressure
equallzatlon P |s provrdlng purge gas and srnultaneously provrdlng gas

Y b1 . o o, o



26 14 July 2004 of said ten beds in four steps wherain at all tinmes curing
sai d process, an averaa e of at least t,~~0 of said ten beds are being
counter-currently purged represented by the foliow ng cycl €l&dalyt2004
AAAAL123FP PBBGGGH' 3'2'1 'R1 7

' RAAAA123P' PBBGGGH' 3' 2' 3' 2' 1' RAAAAL23P' PBBGGGGA' (A4' 3' 2' 1' RAAAAL23P' P6BGGGG
GA' 3' 2' 1' RAAAAL123P' PBBGBGGGHA' 3' 2' 1' RAAAAL23P PBPBBGGGHA' 3' 2' 1' RAAAAL23F' 3
P' PBBGGGHA' 3' 2' 1' RAAAAL12123P PBBGGGCH' 3' 2' 1' RAAAAAAL23P PBBGGGHA' 3' 2' 1' RAA
| wherein Ais adsorption, 1 is providggigas for a first step of pressure
equalization, 2 is providing gas for a second step of pressure
equal i zatkony 3 is proxi ging gps.fog g thirgd step ¢f @rqssgrqyegua¥|4§ ion
P" is providing purge gas arid sinultaneously providing gas for a fourth
step of pressune gqual hzaf1 @n, . P, s, provLdiNg pUrge 0as,; Bl S, "
counter-¢urrent bl owdown, Gis counter-current purge, 4' is receiving gas
for the teurdhqstep of s\presgurg equalizatiof, .3 1% rg;Tglglq? gas, fofjthe
third step of pressure equalization, 2' is receiving gas for the second

step of pr essureyequaki zati,on, and, I ;7§ TECEIViNg 0gas 4 OF t@eEgi? S{istep
or
;

of pressure equalization and simultaneously recelving product gas

repressurtzati on,gand R 1.S Repr eSSWrigZing w ¢h prqduct gag. 5. A ure
SW ng adsorption process conprising: (a) providing an a sorptioﬁ appar at us
“having a|pl walj ty of beds:, 27 14,JUl'y 2004 (D) %t [[€ast .0 qugrp{gi on
step conprising feeding a feed m xture to a feed a*d of a frst bed,

adsor bi ngei v . purgtigsgonto,an;a so?bqpt rn,sard, fTrsy—bed, and eergit}ing a
product gas to exit a product end of said first bed; (c) at .east One

depr essut b zing reqplalg Zat 1on St ep ,COoRpr} Sing, Teducing F pregsure i mn.saj
first bed by closing a feed val ve and sequentially releasing gas froma

product end of ;sai dfTESty bed §0 Ot fier, beds, or. 19 gt Least ,ong qrhgr bed

1

ar.d a tank; (dj at |east one pressure reduction step conprising further
reduci ng; gaid pressure,ofgsai G5 T i SE REd, Coi cUrrent iy andrar .~ = 1 A
counter-currently; (e) at |east one counter-current purging step,

conpri si hg count e,{-qur%enst Iy purg@ng sard Trst bed W I.h gag fromagotiier

bed for a duration such that at least two of said beds of said apparatus

are bei ngapuyr ggd §1nulfaneoysTy thrpughoyt—sald quce§ST§1§) ﬁIFgegsrA ne
pressurejaugnenting equalization step conprising increasing the pressure of
said first bed Wth gas reteased fromat teast—one otter bed andtor—tank
under goi ng said pressure reducing step; and (g) at |east one
repressurizat i ehstE bSh, ' LA jd r aid
first bed by éﬁéﬁ(ﬁgtpsttoﬁggt{hhé#,{&%sﬁo%% %&B%&Zé@?@%ﬁgo%@oaa g%ﬁﬁ?@ﬁ%ﬁ%ént
stream of, . pr d.a.co- nt, stream of f as,. erein _said
appar at us Pad T on Bae i Pe S0 F s 2 e th M B BRE 32 A AL B or
Ed JL ;Og)glgﬁé'tthigaﬂeg’iog,r%%egr%ssruar.%regsfgg %gngmtoggh f’{??é lbgd. %ec%"lcplu?itigg ?r[ tiﬁe 28
AAAAAA. 4A' . 23P' ?BB ' 3' 2- ~Rt ~RAAAAAAAAI 23P' PBBGG (2" 3' 2~~3' ~~RAAAAAAAAT 2
3P P36 h é&lc%.?ﬁt A 1§§b-ap§6@f@en, are adsorbed by the adsorbents.
iGEG4'3'%‘t'RAAAAAAAA123P'r66n~BGEEG4'3'2't'RAAAAAAAAZZBF'PBPBGGEEEa'3'~t'R
AAAAAAAATSSIESET:. PREEERIEE" Band 1t IoRA AKARRARES IS P-APERECREN SUef NRARAARAAAAAL
23P' P6BGCCGS' 3' 2' 1" RAAAAAAAAAAL23P~PBBGGGGE ' 3' 2' t' RAAAA~AAAAAAT23P~P63GCCGa
'3 2" 1" RACTRERT BIGFUAL | Sa s i5t330Rd the {asispindien’dstap agdds insiicated by éb'ssirep of
pressure equalization, 2 is providing gas for a second step of pressure
equal i zaf#®8,1-3 is providing gas for a third step of pressure equalization,
4 is providing gas for a fourth step of pressure equalization, Pis

provildi ng pur getrgasecoBdi gerolgrt ep- tharfrentedisomdpped. Gheshbogerefrocutreent
purge, 4" is receiving gas for the fourth step of pressure equalization, 3

i s receiyeagctgast dighistded (thd fidt stdips obwpee 36 tHeeprequal drziadfiapnihe? bet Sthe
receiving gas for the second step of pressure equalization, and 1' is

recei vi ngeagas bed) tWaski pedssateeps Ofeipf epStzee@quUalzat p@BedN hdsis Maht afreousl! y
recei ving product gas foepressurization, and Ris repressurizing with
product gyasoxiBateR; 1[IMEFIHE &yE tife AGRPEHY h@BsPES GESRsE QWB Itk NGe drdst

provi ding an acsorptio~i apparatus having a plur ality of beds; (b) at

| east one adsorption step conprising feeding a feed m xture to a feed end
of a first bed, adsorbing inpurities onto an adsorbent in said first bed
and permtting a product gas to exit a pr oduct end of said fr st bed; 29
14 July 2004 (c) at |east cne depressurizing equalization step conprising
reducing a pressure in said first bed by closing a feed Val ve and
sequentially releasing gas froma product end ef said first bed to other
beds or to at |east cne other bed and a tank; (d) at |east one pressure

N T - . o o T N 1 o o L Y T [T 1




providing gas for a second step of pressure equalization, 3 is providing
gas for a third step of pressur 2 equalization, P is prOV|d|ng pur ge gas
and sinultaneously providing gas for a fourth step of pr essl# duly 2004
equal i zation, P is providing purge gas,8 B is counter-current blowdown, Gis
counter-current purge, 4' is receiving gas for the fourth step cf pressure
equalization, 3 is receiving gas for the third step of pressure
equalization, 2' is receiving gas for the second step of pressure

equal i zakqodl, Tandstdp id Bdlcatei W NY igak £0s they fs&afn%?nasfb?&eofdep@é%iﬁi%ﬁon
equal i zation and sinultaneously receiving pr oduct gas for

I epr esSUphZd bQResARd R diSaf@PIESShal | 2i NG Wi th product gas.
/N$/N/N$?NF G/WNC e& 2t P3ne.
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( @ zt@produc“ end. This takes about 1/24 of the cycie time until the pressures in the two
becs are close to each cther. This step is indicated by "27, indicating that it is at the

L

receiving gas end of the second pressure sgualization step. That is, “2" indicates the
repressurization phase of the second pressure equalization step. |

in the thirtesnth step, the product end of the bed is connacted to the bed at the

10 second step. Gas flows from the product end of the ted at its second step and enters
this bed from its product end. This takes about 1/24 of the cycle time until the pressures
in the two beds are close to each cther. Some product gas also enters the product end
of this bed. This step is indicated by "1”, indicating that it is at the receiving gas end of
the first pressure equalization step. That is, 1" indicates the repressurization phase of

15 the first pressure equalization step.

Then in the fourteenth step, the connection between these two beds is closed
while the gas from the product line continues to re-prassurize the bed until the pressure
in the bed is close to that of the preduct hydrogen. This step takes approximately 1/24
of the cycle time and is indicated by the letter “R" in the chart for “repressurization.”

20 After this step is finished, the bed returns to step 1.

The cycles of the twelve beds of Table 1 are staggered such that one bed starts
adscrption 1/12 of the cycle time later than the previous one. Such a cycle has four
beds generating products ail the time. The time for pressure equalization does not have
10 be exactly 1/(2 x n}, in which “n” is the number of heds in the system. When the time

25  for the first step of pressurs equalization, “1", is "t" less than 1/(2 x n) of the cycle time,
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S second equalization share a common valvelline arrangemant and the third and fourth

equalization share a common valvelline arrangement, the time for the third pressure

equalization step on both providing gas end and receiving gas end, 3 and 3', must be

reduced by at least t. The time for the fourth pressure equalization step on both

provfding gas end and receiving gas end, 4 and 4', can be increased by the same

10 amount. The time for the idle can be decreased by the same amount. The same holds

true for all the cycles discussed below (the idle step and the step solely consisting of

providing gas for the lowest pressure equalization step, 4, dc not exist for all the cycles).

The following table shows the cycle chart of a ten-bed cycle of the first

embodiment of the invention with only two beds on adsorstion:
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In this cycle, the bed is on adsorption for 1/5 of the cycle time. It then provides
gas from the product end of the bed in the first, second, third, and fourth steps of
pressure equalization sequentially, with each step lasting approximately 1/20 of the cycle
time. The bed then provides gas for purge, again from the product end of the bed, for
approximately 1/10 of the cycle time. Then the product end of the bed is closed and the
feed end vaive to the offgas fine is opened. The gas in the béd is sent to the offgas line
for approximately 1/10 of the cycie time, until the pressure in the bed is not much greater
than that in the offgas line. Then the product end of the bed is connected to the product
end of a bed that is at its “provide purge” step. This mostly hydrogen gas flows from the
bed at ils "provide purge” step to the bed under description, driving out some of the

impurities in the bed to the offgas line. This lasts for approximately 1/10 of the cycle
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In this cycle, in the first 1/20 of the cycle time of the provide purge step (indicated

by "P* "s), the previde purge bed simultaneously provides gas to the bed in its purge step
5  (indicated by “G"s) and to the bed on the receiving end cf the fourth step of pressure
equalization (indicated by “4"). The restis kept as in the cycle shown in Tabie 2.

In yet another embodiment, two beds are always on adsorption. After the
completion of' the adsorption step, the bed goes through four steps of pressure
equalization on the provide gas side. Then the bed provides gas for purge for 3/2C of

10 the cycle time. followed by 1/20 of the cycie time for blowdown, 3/20 of the cycle time for
purge, 4 steps of pressure equalization on the receiving gas end, and 1/20 of the cycle

time for re-pressurization, as shown in the follewing table:




>I#engh|
#1099&' () -

#1098& () -
#1090@ () -
#1098& () -
#1098& () -
#1098& () -
#1090& () -
#1098& () - MMA|‘@ 2 #1099& () -

#1090& () -
#1098& () -

#1098& () -
#1098& () -
#1090& () -
#1090& () -
#1090& () -

i Al AOATAUA_? #1098 () -

#1098& ()

#1098 () -
UAWAYA{ AT AN 2 #1008 () - #1098& () - #10%/&
- HB1008& () - AAAAAA 2 #1008 @) éﬁ% () -

#1098 () -

#1090& () -
#1098& () -
#1090& () -

#1090%5 () -
#1099 ()-)gK S6 >! #AAANAAA D
#1098&' () -
#1098&' () -
#109B@LE -

#1090&" () -

#1090& () -

#1090& ()- #1099& () -

#1090@ () - AN
#1098 () “r10%0 ()-
NANNNNNN ’) #100/8/&' ()
#1090 () - AAAAAA_D
#1008& () -

#1090& () -
#1098& () -
#1098& () -

#1099&' ()-)gK S6 > #AAAAAAA 2

#1098 (
#1098 () -
#1098& (
#1098& (

?\

#0

#10

%ﬁ()ilg/a%%& p#gl W%U‘%lﬁ =
=) #f’oWa& A - &#10%/&1 (ZMMF @P?P#M%V& ()G

U/&é)

#10(@&'

() -
) -

2! 1:

R A A A A

T2 3

4 P P P B

4 3 2

1 A

A

A A 1

2 3 4 P P

3)

R

(o3

[ %)
I
T

10

Tables 2-4 show the first embediment of the invention, wherein the PSA system

employs ten adsorbent beds and four steps of equalization. Table 5, below, shows a
cycle chart for a process In accordance with the first and second embodiments of the
invention. That is, in addition to having ten adsorbent beds and four steps of
equalization, the process of Table 5 has at least two beds being counter-currently .
purged at any given time.

increasing the purge time can improve the adsorption capacity and increase
recovery simultaneously. Increasing the purge time also increases the provide purge

time following the conventional ways of constructing cycles. In the foilowing

embodiment, one provide purge bed provides the purge gas for two beds:
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In addition, this bed is alse used to provide the gas for the fourth step of pressure
equalization during the first half of the provide purge step (P'). This enables doubling the
purge time, and at the same time employing four steps of pressure equalization for &
ten-bed system with two beds on adsorption.

The second embodiment of tha invention is not limited to ten-bed devices or four
equalization steps, as in the process depicted in Table 5.

For example, a 12 bed cycle with double purge time, 4 steps of pressure

equalization and 3 beds on adsorption is shown in the following table:
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In the procese shown in Table 8, the highest pressure equalization step is

separate from the product re-pressurization step. The bed providing purge gas provides

S purge gas to two beds. In the first half of the providing purge gas step (P, this bed also
prevides gas to the lowest pressure step of pressure equaiization. .

A 12 bed cycle with double purge time, 4 steps of pressure equalization and 4

beds on adsorption is shown in the following tatle:
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In the process shown in Table 7, the bed providing purge gas provides purge gas
to two beds. In the first half of the providing purge gas step, this bed also provides gas

S 1o the lowest pressure step of pressure equalization.
A 12 bed cycle with triple purge time, 4 steps of pressure equalization and 3 beds

on adsorption is shown in the following table:
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In the process shown in Table 8, the bed providing purge gas provides purge gas

to three beds. in the first half of the providing purge gas step (P7), this bed also provides
5  gasto the lowest pressure step of pressure equalization.

Tebles 5-8 are illustrative and not limiting. For example, the inéreased purge
time embodiment of the invention encompasses the use of any number of beds,
although 10-12 beds are preferred, and encempasses cycles with less or more than four
steps cf pressure equalization. | |

10 The invention will be illustrated in more detail with reference to the following
Examples, but it should be understood that the present invention is not deemed to be

limited thereto.
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parametlers and results are summarized in Table 10:

15 TABLE 10

Cycle Table 1 (Comparative) Tabkle & {invention)
Eed Diameter (7) 11.0 11.0

Bed length (ft) 22,4 22.4

Hydrogen Production ' 84.2 79.9

{miliion scf/d)

Hydrogen Recovery 88.2 89.21

CO in product (ppm) 1.0 0.2

Nitregen in product (pom) 820 16058

It can be seen from Tabie 10 that using the cycle in Table 5, it is possible to
eliminate two beds and the associated valves, piping and adsorbents, and at the same

20 time increase hydrogen recovery by 1%. Moracver, the diameters of the beds in this
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5 three beds with the desired flows, and (2) arranging pipes and valves such that off-gas
¢an be callected from one tlowdown bed and twe purge beds. Cne way of doing so is to

use a valve with a positioner on the off-gas line of each bed so that the off-gas fiow from

each individual bed can be independently controlled.
While the invention has been described in detail and with reference to specific

10 examples thereof, it will be apparent to one skiiled in the art that various changes and

modifications can be made thereln without departing from the spirit and scope thereof.
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wherein A is adsorption, 1 is providing gas for a first step of pressure equalization, 2 is
providing gas for a second step of pressufe equalization, 3 is providing gas for a third step of
pressure equalization, 4 is providing gas for a fourth stz=p of pressure equalization, P is
providing purge gas, B is countar-current blewdown, G is counter-current purge, tisidle, 4'is
receiving gas for the fourth step of pressure equalization, 3' is receiving gas for the third step
of pressure equalization, 2' is receiving gas for the second step of pressure equalization, and
1" is receiving gas for the first step of pressure equalization and simultansously recsiving

product gas for repressurization, and R is repressurizing with product gas.
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whersin A is adsorption, 1 is providing gas for a first siep of pressure equalization, 2 is
providing gas for a second step of pressure equalization, 3 is providing gas for a third step of
pressure egqualization, P’ is providing pufge gas and simultanecusly providing gas for a
fourth step of pressure equalization, P is providing purge gas, B is counter-current biowdown,
G is counter-current purge, 4' is receiving gas for the fourth step of pressure egualization, 3'
is receiving gas for the third step of pressure equaliza tion, 2' is receiving gas for the second
step of pressure egualization, and 1’ is receiving gas for the first step of pressure
equalization and simultaneously receiving product gas for repressurization, and R is

repressurizing with product gas.

5. A prassure swing adsorption process comprising:

(2) oroviding an adsorption apparatus having a plurality of beds;



$$1096& () - $$L09B& ()- $$L09B& () - dH(_2vV $$1096& ()- $$109%& ()-#wym a
URT]_ R'$_2vV $$10% $$1096& ()- $SL0YBE ()- $$1096& ()- $$L0UBE () -
$3$1098& ()- $$109B& ()-_?vV $$1098 $$10%& ()- $$1098& () - wmécﬁ -
$S109B& ()- $SL0YBE ()- SSLOYBE ()- 2vV $$1096 $S109BE ()- $SLOYBE ()-
$$1096& ()- $$10%B& ()- $$109B& () - $$109B& ()-_2vV $$10%6 $S10%B& () -
$$1098& ()- $$1096& at)eat PrOUBEO(DioNSLIDIBRI(§I03 St @ fepd driktung/tp a feed end
$$1098& () - $$10%& ()-#wyma U RT] _ R'$ _2vV $$10% $$1098& () -

$$109B& () - $SL0UBE cff)a FEES LR &ICEPFOTRS OSBRSS JontSSTosARrLEat in Sai/ figs 1098 and
$$1006& ()- $$10%B& ()- $SL00B& ()- $SL09B& ()- $$L09B& ()-

$$100B8& () -"$&(*, | _DeVndSiDab SRLOYBEI xit SHLOUBEEAJ of S8 Oegbe() -

$P109%B& () - PSL0WBE () - $$109%B& ()-/1357_7vV $$10% $510%B& () - $$10%$& () -
$$109BE& () - $S1OYB& o JeasPbhBUBRrdJsuridihd CUB&lixalioT 8tepdtfmPNAINSIADMBEY &)prassurs
$$10°/$&: ()-#wyma U RT] _ R'$<>@DFI _?vV $310%% $31098& () - $310%$& () -
$$10%B& () - $SLOYB&'ik kaid first bed by closing a feed valve and sequentially releasing gas from a

(d)

(e)

(f)

(g)

product end of said first bed to other beds cr to at least one other bed and a
tank:

at least one prassura reduction step comprising further reducing said pressure
of said first bed co-currently and/or counter-currently,

at least one counter-current purging step, comprising counter-currently
purging said first bed with gas from another bed for a duration such that at
least two of said beds of said apparatus are being purged simultansously
throughout said process;

at least cne pressure augmenting equalization step comprising increasing the
pressure of said first bed with gas released from at least one other bed andl/or
tank undergoing said pressure reducing step; and

at least one repressurization step comprising further increasing said pressure
of said first bed by feeding to said first bed at least one of a counter-current

stream of product gas and a co-current stream of feed gas,

wherein said apparatus has ten beds and four pressure equalizations per bed are

performed throughout said process rapresentad by the foliowing cycle chart:
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wherain A is adsorption, 1 is providing gas for a first step of pressure equalization, 2 is
providing gas for a sacond step of pressure equalization, 3 is providing gas for a third step of
pressure equalization, 4 is providing gas for a fourth step of pressure equalization, P is
providing purge gas, B is counter-current blowdown, G is counter-current purge, 4' is
receiving gas for tha fourth step of pressure equalization, 3' is receiving gas for the third step
of pressure equalization, 2' is receiving gas for the second step of pressure equalization, and

1' is receiving gas for the first step of pressure equaiization and simultaneously receiving

product gas for repressurization, and R is repressurizing with product gas.

5. A pressure swing adsorption process comprising:
{3) providing an adsorption apparatus having a plurality of beds;
(b) at least one adsorption step comprising feeding a feed mixture to a feed end
of a first bed, adsorbing impurities onto an adsorbent in said first bed and

sermitting a product gas to exit a product end of said first bed;
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of said first bed co-currently and/or counter-currently;

(e) at least one counter-current purging si2p, comprising countsr-currently
purcing said first bed with gas from another bed for a duration such that at
least two of said beds cf said apparatus are being purged simultaneously
throughout said process;

(f at least one pressure augmenting equalization step comprising increasing the
pressure of said first bed with gas released from at least one other bed and/er
tank undergoing said pressure reducing step; and

() at least one repressurization step comprising further increasing said pressure
of said first bed by feeding to said first bed at least one of a counter-current
stream of product gas and a co-current stream of feed gas,

wherein said apparatus has ten beds and four pressure equalizations per bed are

performed throughout szid process represented by the following cycle chart:
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fourth step of pressure equalization, P is providing purge gas,

of

a

is counter-currerit blowdown,

G is counter-current purge, 4' is receiving gas for the fourth step of pressure equalization, 3'
is receiving gas for the third step of pressure egualization, 2' is recsiving gas for the sacond
step of prassure equalization, and 1 is receiving gas for the first step of pressurs
egualization and simultaneously receiving product gas for repressurization, and R is

repressurizing with product gas.



