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HYDROGEN- CONTAI NI NG STREAMS FROM HYDROGEN SOURCES W TH RAPI D CYCLE PRESSURE
SW NG ADSORPTI ON FI ELD OF THE | NVENTI ON [ 00011This invention relates to an

i nproved hydv@eo0eat92y process, where the hydrogen is re®RERVBH6062283 r api d
cycle pressure swing adsorption having a cycle tine of |less than one mnute
for managi ng hydrogen i n hydrogen-containing steans, froma hydrogen source,
such as a streamreform ng unit. BACKGROUND OF THE | NVENTI ON

[ 00021Hydr opr ocessi ng processes are used py petroleumrefiners to inprove

t he properties and hence value of many refinery streanms. Such

hydr opr ocessi ng units include hydrotreating, hydrocracking,

hydr oi someri zati o nd hydr

gener al | y ¥a&dg LAYk
hydr opr oceHAI J¥ A 2 ' c =) a5
cat al yst under hydroprocessing conditions of elevated tenperature and
pressure in ]Qr ?@m&i&&gen-cont aining treat gas to yield an
upgr aded pr f f product properties, such as sulfur and
nitrogen | evels, boiling point, aromatic concentration, pour point and
viscosity index. The operating conditions and the hydroprocessi ng catal ysts
used will ing6o@Ence t Thinmatntion flatédie ancisprovebhydrdiregtingomoséssgwhereduct s.

[ 0003] Al of these hydroprocessing operations require_the use of hydrogen,
and the anmpdhs bydroBgiioigenvared in » eapid 6ydp prassercsHang agspaplion beang psyclani t s

has greatly,increased for seve reasons., Requl at or ressure ..n the United
St at es, Eur&&?oéfﬁﬁmgr?&eé{l%\gﬁ?&' éua_f]?ﬁgmgebéﬁf quﬁlyérq%%ﬁ(?nfa&mflﬁcreasi ngly
sever e and/ gfeafifdl Hoh ¥ ByBifEeH REAEESHLD ds REAEAASTEorin @M Nydrocar bon

products having very lo -~ 2 - levels of sulfur and other tailored
properties, such as reduced aromatics |levels, and inproved pour point and

viscosity index. The nove to process heavier crude oils and the reduced

mar ket for Ww for hydrocracki ng, again |eading
to a higher hydrogen demand. As the qualifies of lubricating oils inprove,
the need to renpbve even nore sulfur, reduce aronatics |evels, and inprove

pour point 30602]i SCOSHydrépgieesssing\Rotdisdsane ased Biepaiesieuh Gefihid tOROH@RESI NQ.
Further, nany refinerieées receive l'arge anounts of hydrogen as a by-product
of cat al yt i ¢he priopertieagndihentevalue of manjloefinery streams.eSuch hydrdprocessimgiuce

aronatics in gasoli are constraining,the, use,of catalyti reform nhg and
thus renovi Hgﬂ 1@@?&5&%?“%& ¥rocmrkune, hyoisomerization and s}'%%ﬁ@amged for
i mproved hy : b 1 . 1 units.
10004] Si ncegﬁ%g%%@ﬁgﬁﬁﬂ}%%gr Sgﬁféegﬁrqa‘ﬂ\yta ﬁé@ﬁ%@%ﬁ?ﬁ&ﬁlﬁ he vari ous
hydr opr oces ayicabonSeedstodlOm! FhiRop@bedsing Rhctidn ¥eReelCONESRIR] Hwithion of

hydrogen in hydrogen-containing streanms from hydrogen sources can be
i ncreased byuitableuydrypsecessing catalysbundayhydfoprocessing eonditiopsafelevatod t he

hydr ogen- cont ai ni stream Hydr.ogen gener.ati units i.n a,refinery.agre the
1 ean ot hafRPERGI AR PFITE () e RIEHHCE GE ALY AIBTE-CoRtMBA AL B0 Yicld

. . . S on s al
br oduced | nip EREAGHL phoddEt Bk The Al SRbE pRtRbiey Bl miMERSECT, 2 2
FCC (Fl ui di afitbgeatievels, toiliN@ppeiat, aromiile tRRenBhticH, POl paint IMEvisedsityl ve

production data for these sources of hydrogen are set forth in the table
bel ow. - 3indexapihe opemtingeepndiffonyand t]{@b oprocessing catalysts used will

influence the quality of the resulting hydroprocessing products.

[0003] All of these hydroprocessing operations require the use of hydrogen,
and the amount of hydrogen required to operate these hydroprocessing units has
greatly increased for several reasons, Regulatory pressure in the United States,
Europe, Asia, and elsewhere has resulted in a trend to increasingly severe and/or

selective hydroprocessing processes to form hydrocarbon products having very low
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levels of sulfur and other tailored properties, such as reduced aromatics levels, and
improved pour point and viscosity index. The move to process heavier crude oils
and the reduced market for fuel oil is increasing the need for hydrocracking, again
leading to a higher hydrogen demand. As the qualities of lubricating oils improve,
the need to remove even more sulfur, reduce aromatics levels, and improve pour
point and viscosity index have increased the need for hydroprocessing. Further,
many refineries receive large amounts of hydrogen as a by-product of catalytic
reforming on their site. However, current treads to reduce aromatics in gasoline are
constraining the use of catalytic reforming and thus removing a source of hydrogen.
Thus, there is an ever growing need for improved hydrogen management associated

with the various process units.

[0004] Since hydrogen is an important and valuable commodity in the
various hydroprocessing units, it would be beneficial if the concentration of
hydrogen in hydrogen-containing streams from hydrogen sources can be increased
by removing at least a portion of the other components of the hydrogen-containing
stream. Hydrogen generating units in a refinery are the steam methane reforming
unit, the semiregenerative and continuous regeneration catalytic reformers, and

{ residue gasification. Hydrogen is also produced in the refinery and petrochemical
plant in the ethylene cracker, the FCC (Fluidized Catalytic Cracker), and thermal
cracking. The relative production data for these sources of hydrogen are set forth

in the table below.



0.01 Ethyl ene cracker 0.5-1.2

taken from

Pet r ol eum Refi ni ng Processes,

Hill.

J. D. Fl eshman,

St eam (net

"FW Hydr ogen Producti on,
3rd edition,

hane)

reformer 30 12,000 _
"in "Handbook of
2004, R A Mers editor,

[ 0005wt sneemes for recovering the hydrogen from t pesgisbongnaoan

Dat a

MG aw

generation units nust match the hydrogen volunes and purities required. A

conventi onal

recover

gasification unit,
to renove hydrocarbon condensate fromth
produced i n cracking,

cracki ng,

whil e cat al

i ncl udi ng thermal,
is not typically recovered due to poor econonics.

ytic refor

&

catalytic (i.e.,

FCO) ,

be advant ageous to recover the hydrogéﬁﬂgﬁlas to debottleneck the

pressure swi ng adsorption device is typically utilized to
hydrogen from a steam net hane reformng unit or a residua
rs typically utilize a separator
hydr ogen produced. The hydrogen
and et hyl ene
However,

it may

distillatiy
recovery of
gas" (C2-)
i ncrease tl
treat gas

Iightﬁiﬂé§? t ypi ca

ecovery trains.

Y % Gaderd

4 - the ar

(

WS

"SGR, |

WL

s for the
-) or "dry
es to

1 Eontinuaust regdriepationf
S fefBaner used or gend

hydr &g&n in
brated in ref

for inmprov
t he ¥G00 ous
i ni ng proces

d t e@Md8| ogi

hy @r3sgér60con
ses. SUMVARY

t ai ni ng
OF THE

| NVENTI ON
in a hydrog
hydr ogen- c

QO e R S_TNeT
Jeql}- contal nl ng strea
foar

D no-—s.t a0

ern [4D§.000n(

1n1oETa|ned f

ht 21 Nc.. Nacanl
H-at—T>

en%bgL@@g of
rom a hydr og

comaoanant o

MHASCEHD ! S
en source, Vv

thnar t han

i ncreased
hi ch

whi ch procg
conponent s

, KesidBeraRsileaioe oy
ot her than hydroger

T TUY

ng 20-F8ast

) fromsaid K

=

ydr ogen- cont

O
\C A g pwy | CITCOrT

he lgaseoug
ai ni ng stred

hydr ogen,

min a

rapi d cycl g
adsor bent

> Cat cgng ads
beds and having a t(

or pip52,19ni t
pt al cycle ti

corpaini ng

nme of less t

a ploac-alog y
han about 30

+ oo

of
seconds

and a pres:
of water p
t he total

PPI-IE S P
Ve TITIT TT ©dAdy

A o

b T UIlu
Nnat

HGt

h—adsorbent
h__ 1803

81ln

haod . —af *
VALV R V) yrccat
\/.
J

s Fdndens ¢rackst t he r 4

ipi d0.8yti2e pi

essure- sw nd

)
[c§919)

adsorption

t 5 inches
bodi ment ,
step is

| ess t han

ABteain (khoth@e)nds.

30

reformer

12,000

Data taken from J. D. Fleshman, “FW Hydrogen Production,” mn “Handbook of
Petroleum Refining Processes,” 3" edition, 2004, R. A. Myers editor, McGraw

Hill.

[0005]

Processes for recovering the hydrogen from these hydrogen

generation units must match the hydrogen volumes and purities required. A

conventional pressure swing adsorption device is typically utilized to recover

hydrogen from a steam methane reforming unit or a residua gasification unit, while

catalytic reformers typically utilize a separator to remove hydrocarbon condensate

from the hydrogen produced. The hydrogen produced in cracking, including

thermal, catalytic (i.e., FCC), and ethylene cracking, is not typically recovered due

to poor economics. However, it may be advantageous to recover the hydrogen so

as to debottleneck the distillative recovery section employed downstream of

cracking units for the recovery of light ends, typically referred to as the “wet gas”

(C4~) or “dry gas" (C;-) recovery trains.

[0006]

Although there are various processes commercially practiced for

recovering hydrogen from these hydrogen generation units, there remains a need in



[0009] In still another preferred enbodiment the total cycle tine is |ess

t han about 10 seconds and the pressure drop is greater than about 10 inches
of water per foot of bed length for the rapid cycle pressure sw ng

adsor ption sy8Regsw79095s - DETAI LED DESCRI PTI ON OF THE | NVEWT%z[)@%ﬁ]J he
present invention can be practiced on any hydrogen-containing stream

obt ai ned from any hydrogen source. The hydrogen source can be a process unit
t hat generates hydrogen as a main product streamor as a side stream
Non-limting process units that generate hydrogen include steamreforners of
met hane and |ight hydrocarbons, resi dua'dasi fication units, partial
oxidation units for |ight hydrocarbons (PDX reactors), catalytic reforners,
et hyl ene crackers, fluid catalytic cracking units, and thermal cracking
processes. Ithe art fui inkprovédiechnaipgiento indtemse thearuncentrativatofthydropgeiin thent ai ni ng
streans from ot her hydrogen generating sources can also be treated in

accor dance Waripus hydrogen-eontabying fest-gas sireamg uesdoraecasragyd myefnisgher hydr ogen
generating sources include: partial oxidation (PDX) or refornmation of other
car bon- based Y€ coal gasification, biomass gasification, pyrolysis, the
di ssoci ati on of nethanol or ammonia, the electrolysis of water, biological
phot osynt hesis and fernentation units, hydrogen brom de el ectrolysis,

phot oel ectrol ysis, and reversible fuel cell technology. This invention is

al so appl i c S MMARY ORTHE INVENEI®Nat recover hydrogen from vari ous

hydr ogen- cont ai ni ng streans, but do not necessarily generate hydrogen.

Non-limtin npl es ,of such _hydrogen recover ouy ces Jincl ude . nenbrane
units, cryoggﬁ?ﬁ uni téPéﬂﬁeséWﬁ%gﬂﬁ&?mﬂ@%?ﬁ%fs@%{’w&wwgyﬁni ts. The
resulting h -.Cont al ni r irces is
passed to all!l g%%gﬂé’%g%té‘ﬁ%gggg%@é’%g#%dgﬁg‘?sor%‘ft"f’génﬂ %%’%I () 8§%e tinmes
of less thanoﬂtafﬁiﬂyétman@b@itafnatgbyedues:&nipbﬁantabmtlﬁﬁhlgﬁ@%tﬁwhmre

y

preferably | ess than about 15 seconds, even nore prefera | ess t han about
10 seconds, PEIF§ShemBpries Temgping at denst a peritoatnfiihe gasceuveripponentspthersthamm over
a suitable catal ys referably a njckel -pased catal,yst. Steam reformn
Gener i Iy 1 FAREAE Sorbee Fivamaky toplaiine s08RR mmadpae Syt AR Rl aTRE |
conversi on: 43¢ Pl Bnth R a | Wi hivisk 838l 8tvAas evat ed

t enper at ur eg, c’p eferably t?{r?lg]%g Olﬁqhggg% ?%I%a oBtfPESOOCQ‘('I%GSI@a- Ini?%OF) to
produce a syinmehsfdes thasacut3fasionds andd pressupe droprvrithinreacle adgoriodnt bgdodgen
and carbon nonoxi de; +1120 > CO + 3H2 b. Shift Reaction, typically
referred toSEates than ahougadnehesof Wapgrger feetafibsd lengdhei n t he carbon nonoxi de
that is produced in the first reaction is reacted with steam over a catal yst
to form hydrogen and carbon dioxide. This step is usually conducted in two
stages consigjogpg of B ﬂqef@% @l Enb&liifenf Mk Rtd1 QYT RS Epighi Tt .
The hi gh te!rpergture sﬁ?ﬁ?s t pifcally perfo]r:lr’red at about 350C (ég%lF) and

t he | ow t enpyrleptassursswfing adsombtinrt stéP Bessothad @bm{tAd4ecendsl OF) . CO + H20>CO2
+ H2 c¢c. Hydrogen produced from steam net hane reform ng typically includes

rpur i 1 o5 ST goperidiony AUIE brotaired Ambonisecnt i kel g eq L AR A
uri t1 ! Bipoipent g A
Compr | ses. ol Raper e HIThERSRE e drbdts B pBoTI AR THMABR,, ¢,

hydrogen at fdc%ﬁbé@ldnrg&sf@fthammcy&@grdsmalaaﬁﬁg SQkptivtadted ni ckel on
alum na catalyst. CO+ 3H2 > CH4 + H2




CQ2 + 4H2 > CH + 2H20 - 7 - [0012]Steamreform ng typically produces a
product stream containing at |east about 95 vol. % hydrogen. The
concentration of this hydrogen-containing streamcan be increased to up to
at | east abowb 28@/0vebs % and preferably to at | east about Q9% w@bockupy;t he
practice of the present invention. [0013] Heavy feeds such as coke and
asphalt may al so be converted into hydrogen via partial oxidation of the
heavy feed to form hydrogen and carbon nonoxi de at hi gh tenperature.
Typically, the partial oxidation of asphglt and coke is nore favorable as a
means to produce electricity, yielding hydrogen as a byproduct. [0014]Li ght
feeds, fromrefinery gas to naphtha boiling range, can also be partially
oxi di zed by oxygen in catalytic partial oxidation (PDX) processing. In this
processi ng node, nore COis forned relative to steamreformng. This
processi ng node finds use in generating synthesis gas for petrochem cal

feedstocks,ig : 2~ debe , ey i ff g steamreform ng plants.
[0015]CataIrL > O+ FRyEH—6 1 n | | -established industri al

process enpl oyed by the pétrol eum i ndustry for inproving the octane quality

of napht has [ga103t r ai OThe prederftdfPdritidhian bR pradtized ol Gny ydidden-donfudhingnal
catal yst is enployed which contains a netal hydrogenati on/dehydrogenati on
(hydr ogen t saeshebjainahfromemty, hydrogenrsoorven The hydnggesi sosttewianibez procenss,

i norgani ¢ oxi de support, ng;ably al uni na. ,Pl ati num net al catalyﬁﬁs, or a
catal yst whiU8H th¥Eearrtes WySFosethas ednaifintadus stream op Ab 2 Stk SHeaWa) Nofist al

promot er s Niie S AR d ol ABAShYRRLA Hofud W alny MrSrmh SeapitalY 1 0nal |y

enpl oyed in“con ng rerormmg oper _ eformng operation, one
or a series a6l ligRERYdIOEarbOmlS késidifacydsiTRatibh Qhit, Hartik iokidifio fnkts foni likas a
series of reaction zones. Reform ng results in nolecular changes, or.

hydr ocar bon hydmcaibons (P@Xodacters) matal iy chfomears,tathylend cragkdrefiuid wataldivd
dehydr oi soneri zati on of kyl cycl Qqpent anes to_yiel.d.aromatics; .

Gohydr ogonaErSHaB s, sd TSRO BETEH oLt iR BEACOPS 8 T of
paraffins ac - 8 IAS I: [ 1.CSA 'Eﬁﬂg | |00
n- paraffins ?‘g‘ieggﬂgrﬂ?aztg’b’gﬁjﬁgngBQa?‘?@kgtﬁé%g’f ?’ihﬁlls 0 %%Eéjeg%%ghexanes;

i someri zat | goureés Sdnlsd beltrested 0 aFdorddice ith thyinoettdsik i Ngndimifiagaf fi ns whi ch

produces gas, and inevitably coke, the |atter beg;g deposited on the
cat al yst. Tigsampley of serhhsthenhjuhogemganemting sobrees ienkwds: ppriwal entdatioe bui | d up
of coke. Typy rqcess.conditions. for t atal ytic.reformng of naphtha
streans i ncEt@g)pgﬁ%ﬁpg@mf#mamﬂj[msﬁ?uﬁ5, %@%gﬁflﬁﬁ%@e?%?%?sf rom about
425 10 540 GusifiBhisio &, QHR BRed; IRSr St B0l theMBHARRIY oS0 t O
200 psig; a%%%ig%t ggﬁﬁviépacgggg%§§?%@HP§@%¥%bgu%ﬁ%.5 to 20, pre?%?ably
from about &afér, bi@lcfgice{l?ﬂd»@kﬁﬂheﬁieﬁﬂd ferfigntationemits injdrogarbrentider be
conprised of a series of reactors, each containing a fixed-bed of catalyst

€

or in a novielegtrolygis; phatoelectrelysin, ansk wyensibde fusd celbiechnolegyr ddassiaventian
containing a series.of, fixed bed reactqQrs is ner al | rovided with a fixed
bed. “or boads A5 abisshleta HSroreRsar e el sieor BN aee BRI NA W f o, and
each is prowy ] : i ,Egﬁﬁﬁ S he
reactiong ?gﬁ@$§ﬁﬁﬂﬁﬁg§%§§§§ﬁ§Eﬁﬁ?ﬂ??ﬁﬁﬁﬁ&%gﬁggﬁﬁﬁﬁﬁ#‘e , &i?ﬁﬁﬂydrogen,

i s concur r ehimijing asamples bf swdhhyirpgerheadvery soaces mothdeanembrane anits,t hen in

sequence through subsequent interstage heaters and reactors_of the series.
The product CFYOgRMICHmIS aud conypntiopal pressupuswingRdserption vals.+ The gRuHing act i on

which is re red, and.a v I fRluent, . The vaparous.effluent is a gas
Feh in hyar SOReR geBihife PREREE e boliieh mdERarRERBRAR iRt Bitas cous
hydr ocar bongapid o8 WaésehreEhS d88brpHorf SRR TAVRE ARk fifey 6f REs fiAntihe process.
(0017] The general principle of operation of aTéform ng process unit

enpl oyi ng ammowienprelbarablydesstthan alsout 38tsecdrelscmbed preferablydesstthamelouit San
annul ar bed fornmed by spaced, cylindrical screens within the reactor. The
reactant stf ?:seVﬁ% e @é%e{%% hthap abewt Hi %@n%apgmﬁt H P‘S?%ﬁ’rﬂe%
out-to-in r@gh t is, it enters the reactor at the top and fl ows
radially from bghﬁgg%F%BEMall t hrough the annul ar bed of catalyst which is
descendi ng through the reactor, and passes into the WD

2006/ 079025IWMIP]J82006$1%%&9ﬁ0mﬁﬁg mveWds kY ¢@plerssoReEnetitat ¢ahdytheai d annul ar
bed. It exits the bottomof the reform ng zone and is passed to a catal yst

regener at i ohydrogerbane irenitural gas)ihjoduydeogenmandrmarkon monexide dyseansionomith o t he
practice of reform ng catal yst regeneration. The catal yst regenerati on zone
represents all of the steps required to renbve at | east a portion of the
carbon fromthe catalyst and return it to the state needed for the reformng
reactions occurring in the noving-bed reform ng zone(s). The specific steps
included in catal yst regeneration will vary with the sel ected catal yst.

o
o




[ 00181Ref orm ng process units enploying a series of fixed-bed reactors are
well known in the art and are sonetines referred to in accordance to how the
catal yst is regenerated, for exanple cyclic or sem -regenerative. A detailed
description of such process units can be found in United States Patent
Nunbers 4, 7180200§/07%2%92 401 and 5, 368, 720 whi ch are i ncRPVRIGHORE} ei n by
reference. Moving-bed reform ng zones, or reactors, are well known in the
art and are typical of those taught in United States Patent Nunbers

3,652, 231; 3,856,662; 4,167,473; and 3,992,465 which are al so i ncorporated
herein by reference. [0019] The fluid cat-&-ytic cracking (FCC) process is

wel | -known. State of the art comrercial catalytic cracking catal ysts for
this process are highly active and selective for converting hydrocarbon
charge stoc 1 .Qud ﬁg@& Al ( ' hingl S
preferable t%?)ea?:}g%{' d-gxtﬁ u@%?%ﬁdft@g ageﬁ?lﬂgyarﬂg%%%%?‘%drﬁm gsgﬁtﬁg%%iﬁ%%lgl
transport t yRaefatlgdivdivesths fellowing bteps) & illubtrated fehaethanecon@drsddn:cont act

bet ween the catal yst and the hydrocarbon feedstock. In a state of the art
process, a regenerated catalyst is fluidized,in the |IqQwer portion of a riser
transport |i nedr S&&eraping favalyssancthpnhreacting Mibistamm atslayajed tompegatures,

Hydr ocar bon conversi o odugt s, | di LofkU I b

product, gas andpgibﬁﬁbgﬁ?%ﬁ@§P‘§$@t§P§@ﬁ3€%g%ﬂﬁ?§ﬁ¢#§él g&bﬁggﬁgﬁ@g%the
riser reactor inkenifledi€phd QynYRySEhixthf ﬂﬂlﬁaﬁ%ﬁﬁé&guﬂﬁﬁﬁﬁhg&%ﬁﬁmﬁﬁé@' yst
is separated in a cyclone séparator and passed to a stri’pping section where
hydr ocar bon vaponmnaxalest eam stri pped fromthe catalyst. The resulting coke
- 10 - contam nated catal yst, termed spent catalyst, is collected in a spent
catal yst standpi pe and passed to vertically arranged regenerator vessel
containing a fluidized dense phd§§4$§&£?y§r>b5§?+%ﬁg fluidization is
mai nt ai ned by upwardly fl ow ng oxygen containing regeneration gas introduced

b distri b ' the: j atal yst bed
contained i n (e Sha Remy PR MEELARIGA0 s Harti s EIEONOIDERERT V! O°

supplied in excesherin thedarb@tiiohegide diat ¢oprdated dhe firitgactiondoleacrd
i ndi cated by the anal ysis of oxygen in flue gas. Above the dense phase

catal yst bed is wiidisi¢ame operaseatdlyst taferm hydrogen and catbgnisioxide Bhisgleped at a
tenperature higher than in,the .dense, phase bhed. tivated catal.ust,
substantially retmHsuay foRdield T8 oS onsinuin gt 1 e Eubaber ine,
upwardly by the il €ripdanirE SR e H2rpdr2ufd! Evp%yili

di l ute phase bed and@%ﬁto a regeneraggghcaté%yst ??Eﬁﬁ ipe 3%@?%8@?3?2

col l ected for r ealseut 350D E62°Eeind thatswtempésatuat shifjpdtabonteD0&0 to10as with
a level of hydrogen high enough to warrant separating it fromthe off-gas,
or increasing it&7édcdh®Fation in the off gas so that it can be used as at

| east a portion of a hydrogen-containing treat gas streamto a process unit,
such as a hydroprocessing unit g hch _hydr ogeRn reactant. 10020] United
St at es Pat ent Nunber 4,481,103CF£+Eﬁb5. ranbeggcéﬁig: di scloses a fluid
catal ytic cracking (FCC) process for converting a sulfur containing

hydrocar bon char Hgdroges produried ifish sfedm3tiéthesd fdoinding tesioalhy nclidesgmall a
tenperature of 500C to 700C for 1 to 10 mnutes in the absence of oxygen. As
a result, coke aguanitics of canben nmunowidt, cartbon dinxide mat hydrogeoculfidelze t her nal

cracki ng of hydrpcarhons i.s.the._principal royte for the. industri al
production of et IRFULHHEs and, @@eﬁgﬁgéﬂnﬁplﬁl}ﬂngﬁ UES JS eI Ifree radical
mechani sm Co ' t %%ﬁ§i [ i ' eactors,
known as pyrolys @ﬂééoailt%ég: T?ﬁ@he as%g%?r@%%i‘édagigngé’ S'rtﬂr%lgég&gﬁecgm i s added
to the feed to reumnpdscshn ckotherhio fixed-bed ketalytict ieectins @f Y0 and Tipswiti he
tenperature of the feed is typically between 500 and 700C (930_to 1300F),
with |over tenpehyrogesaiismgeragires phakoub /00 Tclerbout BOGE oxendaiskel ¢ and
vacuum gas oil s, _sand hi [, tenmperatures used for |ight gases such as ethane
and propane; dep@ﬁﬁﬁ%bagﬁﬁf%e resi dence tine and required severity, the
outlet tenperature is typically maintained between 775 and 950C (1430 to
1740F), and the total residenggy;ggg Can“ﬁﬁngﬂﬁ@qgg30.l to 1 second. Since
the thermal cracking reaction is endothermc, heat 1s supplied to the

pyrol ysis tube by the furnace. [0022] The yield of hydrogen fromthe ethyl ene
cracker varies, and is strondl@, tddpendent>o0CHNe2HeOd used. For fighter
feeds such as ethane, hydrogen yields (based on feed) of al nost 4% can be
realized, while heavier feeds such as butane and vacuum gas oil produce |ess
hydrogen (1 and 0.7% respectively). Product separation and recovery is
typically acconplished in several stages, including: a gasoline fractionator
to renove heavy fuel oil cuts, a quench tower, conpression, acid gas renova
(1{2S, CX2) with a basic solution, drying over nol ecul ar sieves to renove




[ 0025] I n Conventional Pressure Sw ng Adsorption ("conventional PSA") a
gaseous m xture is conducted under pressure for a period of tine over a
first bed of a solid sorbent that is selective or relatively selective for
one or nore , usually regarded as a cont am nant %ﬁg#ﬂl to. be
renmoved fror#pgg&@g@tzitream It is possible to renove t wob ?62002293
contam nants sinul taneously but for conveni ence, the conponent or conponents

that are to be renoved will be referred to in the singular and referred to
as a contam nant. The gaseous m xture is passed over a first adsorption bed
in afirst vessel and enmerges fromthe bd&d depleted in the - 13 -

contam nant that remains sorbed in the bed. After a predeterm ned tine or,
alternatively when a break-through of the contam nant is observed, the flow
of the gaseq@p12] Xt ur Gtdagn FfbhRiAGdyhitaldy HRAADE 16 dtRamP&Mtdining agecond
vessel for the purification to continue. Wile the second bed is I'n

adsor pti on deastiabeyt 35henl6 hiydrbgenn Theiconeeniiation efithie Hydrogen-chetaining t

adsorption bed by a reduction in pressure, usual acconpani.ed by a reverse
flow of gas XiaHRRsEHS Mprgasedkio R thah leastabouh 38 HPL%SWTF Fe o 8leit. ) <
reduced, th ] ' I the bed is progressively
desor bed inﬁ%ﬁ@ﬂggng%néQ@E3%%#§§P¥ﬁ§%§§%%ﬁca&%&ngnprises a large tail gas
drum together with a control system designed to minimze pressure

fl uct uati ong0023jdowns Heaminfeads saetbas doke andrisphdlnmay alserbeonvettédntted from
the tail gas systemin ani sui tabl e manner and processed further or disposed

of as appr opnidzegen wikg exidptipmaf the heavp fesddo fetve hydrogenandearbpay be
purged with an inert strea .., 40i trogen or . urifie tream of the
Pt oess  gas oG M85 ubeaRks. T bicallh e RERaCiBptop of sl phdRRE! o
purge gas st; %}E ) Otk o pd, bed, and
after the filﬁst é‘%‘%gégéﬁ%e%ﬁﬁaggéﬂgﬁog?é‘gaggﬁ{cﬁgtﬁe%d}?%ﬁg%rg ﬁ?pr%par ed for
adsor pti on dopyodiet the fl ow of the gaseous mixture is switched fromthe
second bed to the first bed, and the second bed is regenerated. The total

cycle tinme i he length of {ine frogmwhen the gaseoys m xture is first
conduct ed tcﬁ’pifg firs 1&.‘5‘9?‘%: from rie%ﬂeaygﬁ%waphﬂa@bml% TAREH C‘E‘!‘nélSSQz@eous

m xture is fj i A . it i j lLy..sucgeedi ng
mxture, s Wi BnPOHNE B SOob Lk B Rubioh (RS ARERALCRESS N0
fourth, fiftihis fbSessingTicdes mdre @listfopfed folathe: ot refafilp. This M ght be
needed when adsorption tinme is short but desorption tine is long, will serve
t o i ncr ease mycdssingimede findsiuse-in gergrating gymehesissgastior pelsachisuricalnat eri al f or
reintroductipon,of the feed step. The. sorption of the contam nants usually
t akes pl ace igﬁdsg‘l‘ﬁ}‘éa TS & '%‘?%HPB‘”%ﬁ&%&ﬁ“ﬁ‘gﬁfeai‘h%&%oﬁn%mﬁ&%}mﬂ y a porous
solid such as activated carbon, alumna, silica or silica-alumna that has
an affinity fpgisit he c i 460l iofRf & [STo % : ia] !
applicati ons[ glisnlce thgj%rt%&gégﬁ?%ﬁ?’ ‘l;’;ﬁﬁ%i?’ﬁ‘ g?h{lse%glgé?géeétdg Sse eg%l?t\r/lﬁlty for
certain contmotdsastnpldyedinahe @eﬁbleﬁhﬁhﬂuﬁqnfdrdﬁfﬁddﬁ@dlqomﬁiecqlmlit}eoﬁor e
si zes. Nornal | g chemical reaction with the sorbent Is not favored in view
a

of the i ncrdwphthagpr siraight ungaselingseIn rrfonving pmulh-fgnctignat padalyshisch have
becone chem call ound to.t.he sorhent. Dbut.c 1.S0rpLion i-s no nmeans to
be excl uded § aplfﬁ%d)g@'}cglec&’%mﬂse? pgfag%gpggga%qrpgﬁyﬁgﬁegaﬁgg Qpﬁ%%gealuri ng the
desor ption pedsf@PNcdthpéitat, Gk CompoBests, cdi¥pdsited Wit £pordugNREr BRI Ur €S
coupled with the reduction in pressure. Pressure sw ng adsorption processing
i s descri bedupport, Haidbly aluminhePlatinimeanetal ¢atal yils corsaicatal$oti whichasntaptsi on, by
D M Ruthver],_S. Farouq & K S. Knaebel , (VCH Publ i shers, 1993%.

[ 0028] ConverRiFEHM g Jeereqddifionabmstal prerapient havedean addediodfors, a
variety of r . i i . ly to build

Biltid é%"tal.‘f%&é‘,rg?l: ??n 'E%gélw Qxﬂﬁioygﬂsi? g&ri'ﬁﬁcgﬁé g@%

and operate “antd are significantly T arger rn*srze e s nt of
hydrogen t hajpeR@Rss. Int RErh€ae vpE@toh, e dhakepies bf fadions bomititgathest reans as
conpared to SA. Also, a conventional pressure sw ng adsorption unit will
gener al | y haeformjug enit mhich provises essries oftneactinmadanes. Reforodng yesilts éxcess of 2
to 4 mnutes due to tine linpitatiqns required to | ow.diffusion of the
conponent s tfﬁg]r?&‘t})]ﬂf DRSO B RSB PR PR SFIOHEPEBEROn AN ¢ ho

equi pnent ¢ i ' ' W - [ .e
pressure sw%loglg{s@ré&%?g?eﬂg uts;é |;%’éﬂﬁ%’% lgg@lpggtg%ﬁ%s;ttglyé&?f&&n@gﬁ% | ess
than one m yehQdrokbRatic 6t pae¥fEins td yﬁﬂ%l@ﬁnﬁ,%ﬁﬁdﬂﬁyc tioR T @ngeconds,
preferably | esS than 15 seconds, nore preferably | ess than 10 seconds, even
more preferably |l ess than 5 seconds, and even nore preferably |ess 2
seconds. Further, the rapid cycle pressure swi ng adsorption units used can
make wuse of substantially different sorbents, such as, but not limted to,
structured materials such as nonoliths. [0029) The overal |l adsorption rate of

e~ A N N A




- 16 - 10031]D. M Ruthven & C. Thaeron, Petformance of a Parallel Passage
Absor bent Contactor, Separation and Purification Technol ogy 12 (1997) 43-60,
which is incorporated by reference, clarifies that for flow through a

nmonol ith or awatr(#@%ured adsor bent that channel width is a good

charact eri sti €O E™n for the gas medium Rs. United St S2B06/082293 Nunrber
6,607,584 to Moreau et al., which is incorporated by reference, also
describes the details for calculating these transfer rates and associ at ed
coefficients for a given adsorbent and the test standard conpositions used
for conventional PSA. Cal culation of thes€-mass transfer rate constants is
well known to one of ordinary skill in the art and may al so be derived by
one of ordinary skill in the art fromstandard testing data.

100321Conventy I Wr i 0 . _ sesit articul ate
adsor bent s. t,ggtgllﬁ‘tﬁsitg a f}?‘érgﬁicsf %o(}:ﬂc?ﬁlsztgl?ﬁ}:?{% g@%ﬁ%ﬁ?ﬁ% nts, tlg{olrcl)il};enti onal PSA
is usually cailpyl¢ybspapiffihses yiedd eyclelexaats; idoaisization of yubstinged tivmatios; | east
one or nore beds is fully or at |east partjially in the feed portjon of the

cycl e at any a8fdydiasrackingeliparaffinswhich pradyeesdasomd inevidahlyceke,ihe ladtet r eat ed
process flow, However. due.to e relatively.large size of gonventional PSA
Bau prent .t e AEppErest OF e oty Tadiesy el by BiadEn PitteSen ML PAMAL T o
particle siz : d Wﬂﬁﬁm L mﬁﬁgdrop,
i ncreased Cy?fee\féﬁ%gﬁﬁ%ﬁ%ﬁgéﬁﬁ}gﬁfgwg%ﬁég C anrslg ‘.C%S%g% ee% materi al s
will result. of a8dihd streameimehdicrtemperaREESHon dHout 835%to 630 Cy predérablygy system
to conduct the gas flow through a rot aré sorber nodul e that contains a

nunber of sef@naekowd2dt kIO Keupwsmses frmmboubi0 to I prefeebinirem shonuth i s
i | t.h h t ti t] h t
modut e conp! 8058 2pRatiE, 8 g B sBris CIORR.EFE IR 83 B Redirbls s 2

normal |y conmpionsgshi®l. 78444 Pl € tubes held between two seal plates on either
end of the rotary sorber nodule - 17 - wherein the seal plates are in
contact with a stator conprised of separate manifolds wherein the inlet gas

i s conduct ed{3M6] he RCPBArdfohringguocess unit saw ditherhiefdomprised dfiatsegesofand t he
tail it t he RCPSA, t,ub i t ed f t

rodul o By s AP Go5h FARBUNERA TR o4 SRS Gt Bin BIRIMBFIGIIST. Bahunber
Of 0 vi dualo GORBLLIRH! B PheokUSHTARRE o BAUARALIPLENALBRLELT ST C

steps of the co te cycle any o n -con conventi onal

PSA, the fl ogemssilpprssdidewithal falddbed, H1€b8ds! GFthE @htalyRe WldT&N each receives
sorption/desorption cycle changes in a nunber of separate increnents on the

order of secdows-flawy feedc hnd eadh s previded with aqrehaater qrinterstage hoaterf besauseat e
ul sati ons epcountered .h e conpression and yal vj hi.ner In this
Do o L e RO ARG SVt G SR FRC B EHErA SoHP fath Vil dseEd Bund ¢ he
circul ar pat i i Eﬂ.@dﬂé art nent
i S successive %ﬁg‘gggg?a%%ﬂéﬁfg?’té‘g}‘f’ qu&l?%gpﬁm?% t he g%ﬁ‘?’%ﬂ??@m‘%“eﬁg‘?a%%?gn and
pressure to ﬁ@&hgﬂ@b@ﬂ?l@ft initBitdge Geedh i repétenofNtbé Edrivy. The prdduenfréineps in
cle.

the conpl ete RCPSA cycle. One key advantage of the RCPSA technology is a

si gni fi cant | thedastaeacton isiseparaiedantora Chi liquichiracsion whichis mcovened, tity of
adsor bent reguired V}d'th SA techno can be.cg\r}llg)i} aéfracti(gn%%i1 t hat
required for YORSROEHETIBFAS TBEXaPEROHR & LIS gasii YREOEERABNSBHR L i on
quantities a it , f i i & he
amoUnt Of ety e el el By o R e, F bR Ry R
that for a csopaentd ambrech@ddailic prooesessi ng an equi val ent anount of gas.
[0034] I n an enbodi nent, RCPSA bed length unit pressure drops, required

adsorption agtiyities, _and nechani cal gonstrainfs (due to centrifugal
accel erat i onf Xﬂ he r ot EF§Tal gy eRﬁWﬁ“}m}ﬁ PIRIRE DEQEESHIMitany

conventi onal : j i i cul.a S at are
in a | oose pﬁﬁ?ﬁ%&%ﬁ% ?%“ﬂﬁeg?‘éﬂ%@é@%% ,cgtg?ﬁfeisltbruﬁ'&ua %fﬁoﬁ{mﬁ{ﬁﬁt}]&geﬁ
preferred enfeghed®spacstbOhiticalfr@ins Iithid i 128aUF. Thelr@adtastibRam ik N0
tnderstructure matéerial for use in an RCPSA rotating apparatus. For exanple,
one enbodi neprocessed Heongh freycardpsbedpiypicailysn enoubto-inradial flow, thaies,fibr m of

T o TR A T Bbala o et BRI ™
ey e T S U ARSI P BB o

glass fiber matrix), a nmetal wire matrix (such as a wire nesh screen), or a
nmetal foil (such as alumnumfoil), which can be anodi zed. Exanpl es of gl ass
fi ber matrices include woven and non-woven glass fiber scrinms. The adsorbent
sheets can be nade by coating a slurry of suitable adsorbent conponent, such
as zeolite crystals with binder constituents onto the reinforcenent




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 forned by the structured sheets of the

adsor bent i a significant inprovenent in nass er

conpar ed t\cl)\hgﬁ?(r"%fc?it@:}%nal packed fi xed bed arrangenent asﬁ({ﬁﬁ'@@f}ﬁsﬁ
conventional PSA. The ratio of the transfer rate of the gas phase (erg) and
the mass transfer rate of the solid phase (cs) in the current invention is
greater than 10, preferably greater than 25, nore preferably greater than
50. These extraordinarily high nmass trandfer rate ratios allow RCPSA to
produce high purity hydrogen streans at high recovery rates with only a
fraction of the equi pnent size, adsorbent volunme, and cost of conventional
PSA. [ 0037] Thkndrical spaveatdesied by bsidtananlaoteddt exitsthe dottem v fithe reforming
significantly greater pressure drops to pbe achieved, through the adsorbent

t han conventzZobnand BIassid e ratallis reganeration zane ayhiese itds suhietpdicens et h

particul ate bed technol ogy, JThe adsorbe beds n,be desi.gn W, §

Deor bent b8P SIPS SBRGAH t9B8 Becen b FoBRNg el it a4 O IS 8 e
er foot of t t i : d even
Tor e pref or ABRy Srod2one FRrEs LA Y1spk P fed D 3mo e hledakEdortion BF
convent i onalthdShbonm ffom theeaealydand getorir ié tHearata aet¢dddefog the refansng e dr ops

are generally Ilimted to bel ow about 5 in. H20/ft de’Eendi ng_ upon the
adsor bent ugeastions pecureng i thevmeyingrber reforming ronefd; hbe spesifiedePsai th a

pressure drop,of about .1 in. 1120/ft..or |es o mnimze . the probl ens

di scussed t ngqlucg?cgmacgiadgtg?%@alem W%V%Wd@’rﬁjﬁé%?teggﬁ%h@%l e time, and
particul ate absorbents of conventional PSA units. The adsorbent beds of
convention al[omﬁ\ cannpkf @ésﬁxﬂﬂsl%tﬁ?l?%hg%%éﬁ@s 8f AR&d-Bes ?édéﬁ)r@%ret he

risk of fluidizing the beds Ich resu xcessive attrition an
premat ur e urwdll lsduwrmnvthe adhemdtare acrmetimanytfagedtpuinareotdapeotol lve thend/ or  a
need to add or_repl ace |ost iterials. - 2Q - These, nprkedly

dsor bent ; e
hi gher adsorcBkhyst b?er&gmﬁr@tcﬁeﬁgphmap@s@gﬁ@ OHF%T%PF%NIY&ZP@AS%’%%%I bent beds

to be signify Tqﬂpi% -..Shon { glent ]Hg utilized
in conventi gﬁg Jf?&@%ﬁﬁéggg&rytgr%gﬁ%ﬁ?&&ndpg&é%ﬁ{la égIPeatrtlg krlere%gure dr ops
al | ow hi gh viapiex 7208 UEB2t 408 Sarlds, D68, 7B whikCare Gict¥Sorated Hebdid biyueRilertds or bent

beds. This results in a greater mass contact rate between the process fluids

and t he adsdeeng-bedireforming Zones, arreactors, adermeelt known anthearbad are éypidal
conventional .BSA. This.resul in shorter bed,| S ' r ase

t L an;sf er br gt:iéhcts?éﬁu%’i@ ﬁ;ﬁﬂ?‘is@&e%?lﬁggﬁng@@(?\%g&&ﬂvﬁgﬁ%@s é?%%ﬁﬂ: i tcz;\mt |y
shorter be HoAS : . application o e
present i nventﬁi@bn é%ﬁr?t‘giéﬁnaa?%ggié#@?ﬁﬁggt@&%egrﬁé&;@&re differentials
during the feed cycle of about 0.5 to 50 psig, preferably |ess than 30 psig,
whil'e mni Mm@ty the Thefuid aftalytie cackinga FGCIprocess &y welllknokwas Statdefithe f eet
in length, preferably less than 2 feet in |ength and as_short as less than 1

2
foot in | engfteomuersyl rataliisssacking patalysisider ﬂ?gs/m@e@rﬁsc bighly activerand: he RCPSA
process are_nof ckitical.. | rachi ce, proyided t.hat, t he press
G (Torent 1 oo REbvEs coitertins By fioRaimon nmRisoied e bl ber palEh  Miten: 1o
cause a changen hftivie it Q{tl?égl%férﬁﬁfettb%Bnam%ﬁwhﬁéisng?e%eﬁmai her eby
providing a delta |l oading effective for separati'ng the stream conponents
processed bydilutrepliaSPSanspurt typd yqictiah spdieml witke a oglatiedly shoppesed o€ chetaet s

range from about 50 to 2500 ia. However, it should be noted that the
act ual presgiﬁr%%e £ citalygt wfﬁxﬁdly@mw@@dﬁeeéﬁim%s@m@aﬂféhe A RFQFESSH 3d

repressurizati : .2 i - ] i ng,
but not 11 miPEArae R A Al e R TAWE horlBR B HRk ARl deagts] 12
overal | str eafmniRed &visePiydbedbol EhagsweRPHifdc@bon d0dvésRnrédigsovery
percentage and purity of the RCPSA product stream The RCPSA process is not

speci fi cal | yn¢lhdingadiquid fire) bellingl range produst, ges amdicaked catalyst eredisghacgedi ze
becones increnentally nofe_.econom cal than conventional _PSA processes at the
hi gher _oper 4T AeNRHEE £ ef the Tisgs reacigriRIO f SACIOE Yesssh T eNGRUIGF ¥osel 06, 523;

porotn by pREEcdtyst 1 sebtatid iy A08Hn Rehediitr afd ppshd W'h SRRt SRABRDON ™ o
allssy

an enbodi fTEWﬁh@@ﬁymc%@ﬁﬂhﬁorsfai‘@stéﬁﬁisﬂiﬁw@ o thS 64141556 Whede Edleon
system has a total cycle tine, trimto separate a feed gas into product gas
(in this case, a hydrogen-enriched strean) and a tail (exhaust) gas. The
nmet hod 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
weakl| y- adsor babl e (hydrogen) conponent, into an adsorbent bed that
selectively adsorbs the tail gas and passes the hydrogen product gas out of

—~—~\ 7




recovery & purity ranges can be found in Exanples 4 through 10 herein. O her
enbodi nents will include applications of RCPSA in processes where hydrogen
recovery rates are significantly |ower than 80% Enbodi nents of RCPSA are
not limted to exceeding any specific recovery rate or purity thresholds and
can be as apﬁwpéﬂmﬁpmpécovery rates and/or purifies as | oW QHUREWYHESS of
economcally justifiable for a particular application. [0042]1t should al so
be noted that it is within the scope of this invention that steps tco, tcN
or tp of equation (3) above can be omtted together or in any individual
conbi nation. However it is preferred thatl@tl steps in the above equation
(3) be perforned or that only one of steps tco or to4 be omtted fromthe
total cycle. However, additional steps can also be added within a RCPSA

cycle to aid éoﬂtﬁﬂﬂ%ﬁicﬁﬁlﬁ‘ﬂ%&hﬂe@ nt BRAANSH, ¥s csdnemeariﬁqesgsfnﬂém%,@nhancerrent

could be practically achieved in SA becCause of the snall portion of

absor bent neetdpipecindirssel toheverticallynaranged oégeactatorgeessal whataimfig 8t at i onary

| ilized.| i | . PS | i .. 10Q431I nbqdi ,
Uhe tail gas Tdignd dopseamureprplyrcheibba digsisrcs B IGHIES 0.t hat
the tail ] f th I b iyl i.Qn.
prof er bl 3¢ HE TR OxEEn fuARReet G e v AER REREBR AR of &
nost pref err ggwerBadoiRFthe ddiRe phhde GyRHRETohRircd il TREbSorh REMeOr equal to

80 psig. At higher pressures, the tail gas can be conducted to a fuel
header. [ 0044¢gmaratorcesseél. Regenmratsengasiisnsppliednn excesh af that hequiitstifomn ng

T S e
buri Ly bef of AR ERE AP oS HEHE 3 ufihase bod ey DARHA CABER1LY (e

purity of hydrogen-contai*ning r gas streans re 'nan i ncrease

in overall hygi®geratiy efipefidsreighdrithainithe dBsdrghas€Béd. 'l&abﬁ%té&béia.%@t, al | ow
for higher hydrotreating severity or additional "product treating. [0047] Use

for H2 recovenlstintablyrgduendriocceks ({5 pager igas)s passed verticatlyrupvairdiyidlyi cant
trati f. H2S 3 t (bef ) bi t

Concentratl Ol RS, aneBresenl. (Dl o QSRR AL SRy 1

purity trans #%e?érg%ﬁ&{t%@?ﬁ stﬁ?dﬁe{]\tvhgllc iP{s?‘c%ﬁHitS& f{)ﬂ}cﬁ&einzmg 1B R6&oe! NY

reactor(s). rease e reaction kinetics and decreases the rate
of catal yst ®egTilsypiddutes dhofhenraiit & level 6f Wkogehlgh@hbigh took@Fantr es can
be exploited in a variety of ways, such as: operating at |ower reactor

t enper at ur e, separating ié drome thecofdzgy, ardsereasingis cenventraomin e offgastsovhatiibn,

and extends Catf’}ééSt | i f i ncreasin nit feed rate; rocestsri@;lngérmre sour

Chi gher sul f 66 be Bassasgticast B poRianolra hydrggesh-Conspiaing treatBan STea 19 Acked

f eedst ocks; V, eyl - .Qf :
debott | eneck Pﬁ%%egxﬁg% ?ﬂgﬁ gg %&gtog%?cseg %%% )1 g{r{ “??Jé%’ﬁm%gdsmg?flg% ]iegsl&??th creased
scf H2 at constant total flow, or same scf 112 at |lower total flow); and
ot her means {0020] woul dUh#ed BpracsPutedntdNwumbersk481,808 iaFith&rambeck et al.

[ 0049] I ncreased. 112 recovery ,al so_offers significant potential benefits,

some of whi cHisglosesEuHd ?ﬁé@yyag crasking g CC) proggsy foronyerting aeilfie centimeg

¢hased, CeS. i thin th f -
(S ner eas HoaloREhbh Sared shl Sl Bt Iibictid B Ml Pirb il 4 P HMiE L gas
demands as apf §80/*C t877001€ fioh 416 3D eHinRIANR R absBRRVET dkygen. As a result, coke

and sulfur are removed from the catalyst.

[0021] The thermal cracking of hydrocarbons is the principal route for the
industrial production of ethylene, in so called ethylene crackers, via a free radical
mechanism. Commercially, the cracking is carried out in tubular reactors, known
as pyrolysis coils, in the radiant zone of a furnace. Steam is added to the feed to
reduce the formation of coke in the pyrolysis tubes. The temperature of the feed is
typically between 500 and 700°C (930 to 1300°F), with lower temperatures used for



WO 2006/ 079025PCl 7082006/ 002293 - 24 - (iii) inproving the hydrogen
purity in hydroprocessing for increased heteroatomrenoval efficiencies;
(iv) renoving a portion of the H2 fromrefinery fuel gas which is

detri nent al | gas due to hydrogen's | ow BTU val |

pr esent conbtvgtz?)&c}ﬁo%dgﬁaci ty limtations and difficulties m[ﬁ%}g@ﬂ%?nace
bur ners; (v) O her benefits that woul d be apparent to one know edgeabl e
in the art. [0050] The followi ng exanples are presented for illustrative

pur poses only and should not be cited as_being limting in any way. Exanple
1 [0051]In this exanple, the refinery sttbamis at 480 psig with tail gas at
65 psig whereby the pressure swing is 6.18. The feed conposition and
pressures are typical of refinery processing units such as those found in
hydr opr oces sheagiep feedy ducl dseattriosphajvpdridoaicimngas loils{ dndshighampipetappes al

hydr ocarbons are descri bed by their carbon nunper i.e. Cl = nethane,

et hane etc. usee fmdrshh gpsessuph s ethane pRdpreprRg) depending pn dhe resylgnog ime; tq,y an

> 81 % recovery over,a ra of flow rates.: I 2a.and e
eatl 1o of  cOmERUred fyRRGE Taowler fup il is 1R o By ARiRRRe A RaPURH 8

per cent ages g d3neC ¢ 41400 RAN AR 5tal Risidebé tifited iR r8ngeBBIAR] &1and 2b
al so show how the hydrogen purify decreases as recovery is increased from
89.7 % to 9lsegdnd. diinee theNhérvitabCrdakivig ractiat is488othsimicaheattigsupplied tathes5
psig. - 25 - Tables 2a & 2b Conposition (nmol 9% of input and output from
RCPSA (67 ftMOMYﬁlSI‘i@bxlfhefﬂlmCPon. Feed is at 480 psig, 122 deg F and Tail
gas at 65 psig. Feed rate is about 6 MVSCFD. Table 2a - Hi gher purity Step
Times in seconds are tp =1, tcO= 0.167, tepi =0, tp =0.333, tRi =0.5

112 at 98.6%pp22) tY. 8%e 416109 AY&Fogen from the ethylene cracker varies, and is
strongly dependent on the feed used. For lighter feeds such as ethane, hydrogen

yields (based on feed) of almost 4% can be realized, while heavier feeds such as
butane and vacuum gas oil produce less hydrogen (1 and 0.7%, respectively).
Product separation and recovery is typically accomplished in several stages,
including: a gasoline fractionator to remove heavy fuel oil cuts, a quench tower,
compression, acid gas removal (H,S, CO,) with a basic solution, drying over
molecular sieves to remove water, and a stripper to remove C; and heavier
products. In the final stage of product purification, hydrogen is recovered in a
cryogenic distillation: by cooling the C, stream to -16°C, hydrogen is recovered
since Hj is the only gas at that temperature,

[0023] Processes for recovering the hydrogen from these hydrogen
generation units must match the hydrogen volumes and purities required. A
conventional pressure swing adsorption device is typically utilized to recover
hydrogen from a steam methane reforming unit or a residua gasification unit, while
catalytic reformers typically utilize a separator to remove hydrocarbon condensate
from the hydrogen produced. The hydrogen produced in cracking, including
thermal, catalytic (i.e., FCC), and ethylene cracking, is not typically recovered due
to poor economics. However, it may be advantageous to recover the hydrogen so

as to debottleneck the distillative recovery section employed downstream of
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cracking units for the recovery of light ends, typically referred to as the “wet gas”
(Cy) or “dry gas" (Cy) recovery trains.

[0024] Hydrogen-containing streams from units that recover hydrogen from
other streams in a petroleum refinery or petrochemical plant can also be treated in
accordance with the present invention to increase hydrogen concentration. Non-
limiting examples of such sources include cryogenic units, membrane uvnits, and
conventional pressure swing adsorption units. Wet scrubbing is commonly used to
“' remove acid gases, such as H2S and CO2. The process involves passing the
gaseous stream through an amine or a potassium carbonate system. Membrane
units for hydrogen recovery take advantage of the different diffusivity of hydrogen
versus other contaminants though a membrane. Hydrogen, the permeate through
the membrane, is produced at low pressure. Cryogenic separation operates by
cooling the gas feedstream, so as to condense a fraction of the feed, followed by
separation via either flashing or distillation. This type of separation is typicaily
employed to recover light olefins from the FCC offgas, and finds use in ethylene
crackers. Hydrogen recovery from cryogenic distillation is typically 95%, with
98% purity. Clearly, any of these processes, or combinations thereof, can be used

to recover hydrogen.

[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. It is
possible to remove two or more contaminants simultaneocusly 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



25.1 1.0 12.3 14.8 9965 vppm | TOTAL (MVSCFD) 6.162 4.9341.228
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contaminant that remains sorbed in the bed. After a predetermined time or,
alternatively when a break-through of the contaminant is observed, the flow of the
gaseous mixture is switched to a second adsorption bed in a second vessel for the
purification to continue. While the second bed is in adsorption service, the sorbed
contaminant is removed from the first adsorption bed by a reduction in pressure,
usually accompanied by a reverse flow of gas to desorb the contaminant. As the
pressure in the vessels is reduced, the contaminant previously adsorbed on the bed
1s progressively desorbed into the tail gas system that typically comprises a large
tail gas drum, together with a control system designed to minimize pressure
fluctuations to downstream systems. The contaminant can be collected from the
tail gas 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
gaseous 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
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step to prepare the adsorbent material for reintroduction of the feed step. The
sorption of the contaminants usually takes place by physical sorption onto the
sorbent that is normally a porous solid such as activated carbon, alumina, silica or
silica-alumina that has an affinity for the contaminant. Zeolites are often used in
many applications since they may exhibit a significant degree of selectivity for
certain contaminants by reason of their controlled and predictable pore sizes.
Normally, chemical reaction with the sorbent is not favored in view of the
increased difficulty of achieving desorption of species which have become
chemically bound to the sorbent, but chemisorption is my no means to be excluded
if the sorbed materials may be effectively desorbed during the desorption portion of
the cycle, e.g., by the use of higher temperatures coupled with the reduction in
pressure. Pressure swing adsorption processing is described more fully in the book
entitled Pressure Swing Adsorption, by D. M. Ruthven, S. Faroug & 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



0.00 14.9 H20 2000 vppm 131 vppm 10016 vpm | TOTAL (MVSCFD) 6.160 5.085
1.074 480 psig 470 psig 65 psig [0052] The RCPSA s described in the present
i nvention operate a cycle consisting of different steps. Step 1 is feed

during whi CSYJ(ﬁ ?M@Eﬁl s produced, step 2 is co-current d}ga_ﬁ]ss urﬁll z%é’l on,

step 3 is ¢ Y ent depressurlzatlon step 4 is pu

counter-current) and step 5 is repressurization with product. In the - 26 -
RCPSA' s described here at any instant half the total nunber of beds are on
the feed step. In this exanple, trin = 2 sec in which the feed tine, tp, is
one-half of the total cycle. Exanple 2 {I¥0531In this exanple, the conditions
are the sane as in Exanple 1. Table 3a shows conditions utilizing both a
co-current and counter-current steps to achieve hydrogen purity > 99 %

Tabl e 30 snoi of KibsiahiiElg QHRke SO bucle Rl SRPHGH IERREDHD, Sk@Rusdly be

elimnated, and a hydrogen purity of 99%can still be maintained. In fact,

this shows tfma¢ridly suchcasaaendlgghs.he tine of the purge cycle, 4, by the
duration renoved fromthe counter-current depressurization step, teN, that
hydr ogen recovery can be increased to a | evel of 88%

10029] 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 (1;) and the mass transfer rate constant in the solid phase (z;). A
material's mass transfer rates of a material are dependent upon the adsorbent, the
adsorbed compound, the pressure and the temperature. The mass transfer rate

constant in the gas phase is defined as:
=Dg/ Rg2 (in cm?/sec) (1D

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

layers of the structured adsorbent material.

[0030] The mass transfer rate constant in the solid phase of a material is
defined as:
=D, /R (in cm¥/sec) 2)

where D; is the diffusion coefficient in the solid phase and R, is the characteristic
dimension of the solid medium. Here the gas diffusion coefficient in the solid
phase, D, is well known in the art (i.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.
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{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 2
stractured adsorbent that channel width is a good characteristic dimension for the
gas medium, R,. United States Patent Number 6,607,584 to Moreau et al., which is
incorporated by reference, also describes the details for calcnlating 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.

[6032] 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

{ 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 utilizes a rotary valving system to
conduct the gas flow through a rotary sorber module that contains a number of
separate adsorbent bed compartments or "tubes", each of which is successively
cycled through the sorption and desorption steps as the rotary module completes the
cycle of operations. The rotary sorber module is normally comprised of multiple

tubes held between two seal plates on either end of the rotary sorber module
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wherein the seal plates are in contact with a stator comprised of separate manifolds
wherein the inlet gas is conducted to the RCPSA tubes and processed purified
product gas and the tail gas exiting the RCPSA tubes is conducted away from
rotary sorber module. By suitable arrangement of the seal plates and manifolds, a
number of individual compartments or tubes may pass through the characteristic
steps of the complete cycle at any one time. In contrast with conventional PSA, the
flow and pressure variations required for the RCPSA sorption/desorption cycle
changes in a number of separate increments on the order of seconds per cycle,
which smoothes out the pressure and flow rate pulsations encountered by the

- compression and valving machinery. In this form, the RCPSA 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. One key advantage of
the RCPSA technology is a significantly more efficient use of the adsorbent
material. 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. As a result, 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.

[0034] 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
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the form of adsorbent sheets comprising adsorbent material coupled to a structured
reinforcement material. A suitable binder may be used to attach the adsorbent
material to the reinforcement material. Non-limiting examples of reinforcement
material include monoliths, a mineral fiber matrix, (such as a glass fiber matrix), a
metal wire matrix (such as a wire mesh screen), or a metal foil (such as aluminum
foil), which can be anodized. Examples of glass fiber matrices 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.

[0035] 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 um and 20 pm. 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.



1 0.166 0 0.334 0.5 99 88 1 0.083 0 0.417 0.5 Exanple 3 10054] This exanpl e
shows a 10 | sAMSCFD refinery stream once again containing typical
conponents, as shown in feed colum of Table 4 (e.g. the feed conposition

contains 74 %2@6’07%% streamis at 480 psig with RCPSA t‘?d"l’?%@%f&ﬂ%??S psi g

wher eby t he ute pressure swing is 6.18. Once again the t he
present invention is capable of producing hydrogen at > 99 % purity and > 85
% recovery fromthese feed conpositions. Tables 4a and 4b show the results
of this exanple. - 28 - Tables 4a & 4b Conposition (nmol 9% of input and

out put from RCPSA (53 ft3) in H2 purifi'cl§t"i on. Feed is at 480 psig, 101 deg
F and Tail gas at 65 psig. Feed rate is about 10 NI MSCFD. Tabl e 4a. Hi gher
purity Step Tines in seconds are tr = 0.583, tcO = 0.083, tai =0, tr =
0.25, tpp = 0.25 H2 at 99.98 % purity and 86 % recovery

[0036] 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 fransfer
rate of the gas phase (z) and the mass transfer rate of the solid phase (1) in the
current invention is greater than 10, preferably greater than 25, more preferably
greater than 50. These extraordinarily high mass transfer rate ratios allow RCPSA
to produce high purity hydrogen streams at high recovery rates with only a fraction

of the equipment size, adsorbent volume, and cost of conventional PSA.

[0037] 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. H,O/ft, and even more preferably greater than 20 in. HO/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.
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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.

[0038] 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 (t,) 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.

[0039] 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

economical than conventional PSA processes at the higher operating pressures.



5387 vppm 480 psig 470 psig 65 psig Table 4b - Lower purity Step Tines
I n seconds are tp= 0.5, ice, = 0.167, tal =0, tp = 0.083, tRp = 0.25 H2 at
93 % purity and 89 %recovery H2 d C2 C3 C4+ H20 | TOTAL (MMSCFD) 480
psi g 470 psigoSmeRsdoss 10055] I n both cases shown in Tabl q’(ﬁ‘?ﬂﬁ&ﬂlﬂﬁﬁQ?‘bove’
al though tail gas pressure is high at 65 psig, the present invention shows
that high purity (99 %9 may be obtained if the purge step, tp, iIs
sufficiently increased.
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United States Patent Numbers 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.

[0040] In an embodiment and an example, the rapid cycle pressure swing
adsorption system has a total cycle time, tyor, 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, tg, 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, teo, followed by counter-currently depressurizing the bed for a time, tey,
wherein desorbate (tail gas or exhaust gas) is released from the bed at a pressure

greater than or equal to 1 psig. The bed is purged for a time, tp, typically with a

portion of the hydrogen product gas. Subsequently the bed is repressurized for a
time, tgp, typically with a portion of hydrogen product gas or feed gas , wherein the
cycle time, tror, is equal to the sum of the individual cycle times comprising the

total cycle time, i.e.:

tror =tp+tcottonttp +igp (3)

[0041) 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



- 29 - 10056] Tabl es 3a, 3b and 4a show that for both 6 MVSCFD and 10 MVSCFD
flowrate conditions, very high purity hydrogen at -99 % and > 85 % recovery
is achievable with the RCPSA. In both cases the tail gas is at 65 psig. Such
hi gh purities_and recoveries of product gas achieved using the RCPSA with

all the exhal¥?28H%ed at hi gh pressure have not been diP$dB{P2084028% or e

and are a key feature of the present invention. 10057] Tabl e 4c shows the

results for an RCPSA (volunme =49 cubic ft) that delivers high purity (> 99%
112 at high recovery for the same refinery stream di scussed in Tables 4a and
4b. As conpared to Table 4a, Table 4c sha@s that simlar purity and recovery
rates can be achi eved by sinultaneously decreasing the duration of the feed
cycle, tE, and the purge cycle, tp. Table 4c Effect of step durations on 112

B Thi T gas S0 B4 b bRt e bl Gind bl BB et P [R5tE. Osiétl oo
count er - cur r@nbodigreniseilRutudy applicationy of ROPEA i grotesses wheis Hydfogen
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.

[0042] It should also be noted that it is within the scope of this invention that
steps tco, 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 teg 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.

[0043] 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

' gascompression. 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.

[0044] Practice of the present invention can have the following benefits:

[0045] 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.
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[0046] Increasing the purity of hydrogen-containing recycle gas streams
resulting in an increase in overall hydrogen treat gas purity in the hydrotreating

reactors to allow for higher hydrotreating severity or additional product treating.

[0047] Use for H, recovery from hydroprocessing purge gases, either where
significant concentrations of H,S are present (before gas scrubbing) or after gas

scrubbing (typically <100 vppm H,S).

[0048] In hydroprocessing, increased H, purity translates to higher H, partial
pressures in the hydroprocessing reactor(s). This both increases the reaction
kinetics and decreases the rate of catalyst deactivation. The benefits of higher H,
partial pressures can be exploited in a variety of ways, such as:

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

to one skilled in the art.

[0049] Increased H; recovery also offers significant potential benefits, some
of which are described as follows:

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

(i1) increasing hydroprocessing feed rates at constant (existing) makeup gas

demands as a result of the increased hydrogen recovery;



- 30 - Exanple 4 [0058]In this exanple, Table 5 further illustrates the
performance of RCPSA's operated in accordance with the invention being
described here. In this exanple, the feed is a typical refinery stream and
is at a pressure of 300 psig. The RCPSA of the present invention is able to
produce 99 %wae@shipdrsogen product at 83.6 % recovery whepcahlsaiod@oees | gas
is exhausted at 40 psig. In this case the tail gas can be sent to a flash
drum or other separator or other downstreamrefinery equi pnent wthout
further conpression requirenment. Another inportant aspect of this invention
is that the RCPSA al so renoves CO to <2'é pm which is extrenely desirable
for refinery units that use the product RAydrogen enriched stream Lower

| evel s of CO ensure that the catalysts in the downstream units operate

wi thout deterioration in activity over extended | engths. Conventional PSA
cannot meet thi 11@@“‘5’5@‘6!‘8%h?@ﬁgﬁhﬂmﬁﬂhﬂm&@ﬁﬁmaff%nﬁ@éﬁedt he condition

of exhausti at the higher pressure, such as at typical
fuel headerqﬁ'it%r%@%remwtah ﬂfﬁlﬁ}?lﬁressure of other equi pnent that processes

such RCPSA exha
greater, no addll{ﬁ) gﬁéb@&?@%@:&??ﬁﬂ?&sﬁ% ggﬁll 1‘re2ié1 #or Epgésgzﬁﬂacwﬁgatﬁqgn%SA

with refi nertg tb&]ﬁleﬂ)gmdue to-13iiregehiiow B'I'Uamhﬁswhlohmaﬁlmése% carfibustipnt and

out put from-RCPSA ( i n carbon nonoxi de and hydr ocar bon renoval from
hydr ogen. F&apagity ]é\mlt?,@@lsp@dgdlfﬁ@iﬂ%ﬁe@r pomg fernpes ﬁtse _is about 0.97

MVSCFD. Step Ti n ;sec { tcO 0.1 033, tRp
0.066 H2 at 99. ‘S’Shﬁ‘%ﬂﬁﬁnf’ﬁpsd‘ﬁﬁta @q%ﬁe%’@lé”?’y“’ RlefgsablFinite dit || 5

89.2 99.98 48.8 A 33 0.

[0050] The following examples are presented for illustrative purposes only

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

Example 1

[0051] 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 2a and 2b show the results of computer simulation of the RCPSA and
the input and output percentages of the different components for this example.
Tables 2a and 2b also show how the hydrogen purity decreases as recovery is
increased from 89.7 % to 91.7 % for a 6 MMSCFD stream at 480 psig and tail gas
at 65 psig.



13.9 C2 2.8 0.01 13.9 C3 2.0 0.00 10.2 C4+ 2.6 0.00 13.2 CO50 1.1 198.4 |
TOTAL 0.971 0.760 0.211 300 psig
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Tables 2a & 2b

Composition (mol %) of input and output from RCPSA (67 ft’) in H2
purification. Feed is at 480 psig, 122 deg ¥ and Tail gas at 65 psig.
- Feed rate is about 6 MMSCFD.

Table 2a - Higher purity
Step Times in seconds are tg=1, tco= 0.167, tcx =0, tp = 0.333, tgp = 0.5

H2 at 98.6% purity, 89.7% recovery

FEED PRODUCT TAIL-GAS
H2 88.0 98.69 45.8
Ci 6.3 1.28 25.1
Cc2 0.2 0.01 1.0
C3 2.6 0.01 12.3
C4+ 29 0.00 14.8
H20 2000 vppm 65 vppm 9965 vppm
TOTAL (MMSCFD) 6.162 4.934 1.228
480 psig 470 psig 65 psig

Table 2b - Higher purity

Step Times in seconds are tp=1, tco = 0.333, tcy = 0, tp = 0.167, tgp = 0.5

H2 at 97.8% purity, 91.7% recovery

FEED PRODUCT TAIL-GAS
H2 88.0 97.8 45.9
Cl 6.3 2.14 25.0
C2 0.2 0.02 1.0
C3 2.6 0.02 12.3
Ca+ 2.9 0.00 14.9
H20 2000 vppm 131 vppm 10016 vpm
TOTAL (MMSCFD) 6.160 5.085 1.074
480 psig 470 psig 65 psig

[0052]

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

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

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

purge, usually counter-current) and step 5 is repressurization with product. In the



290 psig 40 psig Exanple 5 [0059] Tabl es 6a and 61) conpare the performance
of RCPSA's operated in accordance with the invention being described here.
The stream being purified has |ower 112 in the feed (51%nol) and is a
typical refi hem cal stream In both cases (corr i 0

Tabl es 6a an&ﬁégéﬂ%y)%gunt er current depressurization steg%ﬁgﬁz%ﬁ)ﬂﬁ%%’ after
the co-current step. In accordance with the invention, Table 6a shows that
hi gh H2 recovery (81% is possible even when all the tail gas is rel eased at
65 psig or greater. In contrast, the RCPSA where sone tail-gas is avail able
as low as 5 psig, |oses hydrogen in the-@6unter-current depressurization
such that H2 recovery drops to 56% In addition, the higher pressure of the
streamin Table 6a indicates that no tail gas conpression is required. WO
2006/ 0790251 REPSAZBLAPELRE ¢-at 8dy instaabh&lf thtotu) dufitber &f bedstarebn Tiad feefas
Pressure on recovery. Exanple of RCPSA a%i ed to a feed within

concent r at i ostegt.5ln thisexanyle, taorp3sec inwhidhdhe foeddime,ipus onerdald of the total om
RCPSA (31 fe% kn H2 purification. Feed is at 273 psig, 122 deg F and Feed
rate i s abouf¥®1 MVSCED. Table 6a Step Tines in seconds are tf = 0.5, t0 =
0.083, teN =0.033, 4. = 0.25, tRp = 0.133 273 psi g263 psi g65-83 psig Table
6b Step Tines in sec. aret = 0.667, tco .= 0.167, t.cN = 0.083, tp = 0.083,
tRp 273 psi g@Rosmpl B5-65 psig 133- Exanple 6 100601l n this exanple, Tables
7a and 7b conpare the performance of

[0053]

shows conditions utilizing both a co-current and counter-current steps to achieve

In this example, the conditions are the same as in Example 1. Table 3a

hydrogen purity > 99 %. Table 3b shows that the counter-current depressurization
step may be eliminated, and a hydrogen purity of 99% can still be maintained. In
fact, this shows that by increasing the time of the purge cycle, tp, by the duration
removed from the counter-current depressurization step, tcy, that hydrogen

recovery can be increased to a level of 88%.

Tables 3a & 3b
Effect of step durations on H2 purity and recovery from an RCPSA (67 ft}).
Same conditions as Table 2. Feed is at 480 psig , 122 deg F and Tail gas at 65
) psig. Feed rate is about 6 MMSCFD.

Table 3a.

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

Purity | Recovery ty tco ten tp tre
% % 8 S ] S S
98.2 84.3 1 0.283 0.05 0.167 0.5
98.3 85 1 0.166 0.167 0.167 0.5
99.9 30 1 0.083 0.25 0.167 0.5




RCPSA' s operated in accordance with the invention being described here.
the feed pressure is 800 psig and tai
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The effluent of the co-current depressurization is of
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gas
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cases the entire anpunt of

This renoves the need for any form of

ries. In
only to
he
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Exanpl e

put and

122 deg

required conpfpagihOPREBVES PToqpcT Mg M gh PUri iy gds af, high rggove
accordance wi th_thel broad (‘|8_I_[1‘RJ) this invention.{these clases a
be consi dered|a%i || ust%atile exanples Sand ot Sinijting either $a t
refinery, pet{o®h&nm cadl.br procdessing0i33gatii on br evef.168 the Gatur
particul ar nol egdT es b@&ONng separ at ed. 0.16634 - Tabl gs 8a8347b, atd 7cC
of RCPSA appl i edot of a Tgggh |pressure| Teedzs Conpggitijonognel 9 ofF i
output from RCPSA(I8 TT3) In IIZ purification. Feed is at 800 psSig,
F and Feed rate is about 10.1 IVIMSCFD. Table 7a Step Tines in seconds are
[A] Tail gas at 65 psig, H2 tp = 0.91, to) = 0.25, teN =0, at 99.9%
purity and 87%recovery 4 = 0.33, tRp = 0.33 FEED PRODUCT TAIL-GAS 112 74.0
99. 99 29. 5 Example 3

[0054] This example shows a 10 MMSCFD refinery stream, once again

containing typical components, as shown in feed column of Table 4 (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 4a and 4b show the results of this

example.



14.3 0.01 37.6 C2 5.2 0.00 14.0 C3 2.6 0.00 7.4 C4+ 3.9 0.00 10.9 H20 20
vppm O 55 vppm | TOTAL (MMSCFD) 10. 187 6.524
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Tables 4a & 4b
Composition (mol %) of input and output from RCPSA (53 f£°) in H2
purification. Feed is at 480 psig, 101 deg F and Tail gas at 65 psig.
Feed rate is about 10 MMSCFD.

Table 4a. Higher purity
Step Times in seconds are tp= 0.583, tco = 0.083, tcx = 0, tp = 0.25, tgp = 0.25

H2 at 99.98 % purity and 86 % recovery

FEED PRODUCT TAIL-GAS
H2 74.0 99.98 29.8
Cl 14.3 0.02 37.6
C2 52 0.00 13.8
C3 2.6 0.00 7.4
C4+ 3.9 0.00 11.0
H20 2000 vppm 0.3 vppm 5387 vppm
TOTAL (MMSCFD) 10.220 6.514 3.705
480 psig 470 psig 65 psig

Table 4b - Lower purity
Step Times in seconds are ty= 0.5, tco = 0.167, tey = 0, tp = 0.083, tgp = 0.25

H2 at 93 % purity and 89 % recovery

FEED PRODUCT TAIL-GAS
H2 74.0 93.12 29.3
Ci 143 6.34 31.0
C2 52 0.50 16.6
C3 2.6 0.02 8.9
C4+ 3.9 0.00 13.4
H20 2000 vppm 142 vppm 6501 vppm
TOTAL (MMSCFD) 10.220 7.240 2.977
480 psig 470 psig 65 psig

[0055] In both cases shown in Table 4a and 4b 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.




3.663 800 psig 790 psig 65 psig Table 7b Step Tinmes in seconds [B] Tail gas
at 100 psig, H2 are 4 = 0.91, 40 = 0.25, tog =0, tp =0.33, tRp = 0.33 at
99.93% purity and 80.3% recovery FEED PRODUCT TAIL-GAS 112 74.0 99.93 38.1

G 14.3 0. 0Ay830s8/55025 PCT/US2006/002293

-29.

[0056] Tables 3a, 3b and 4a 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.

[0057] Table 4c 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 4a and 4b. As compared to Table 4a, Table 4c shows that
similar purity and recovery rates can be achieved by simuitaneously decreasing the

duration of the feed cycle, tr, and the purge cycle, tp.

Table 4¢

Effect of step durations on H2 purity and recovery from an RCPSA (49 ft).
Feed is at 480 psig , 101 deg F and Tail gas at 65 psig. Feed rate is about 10

MMSCFD.
Without counter-current depress
Purity { Recovery tr tco ton iy tre
% % S S S s s
95.6 87.7 0.5 0.167 0 0.083 0.25
97.6 86 0.5 0.117 0 0.133 0.25
99.7 85.9 0.5 0.083 0 0.167 0.25




5.2 0.00 12.5 C3 2.6 0.00 6.5 C4+ 3.9 0.00 9.6 11.28 20 vppm O vP1ml 49 vppm
| TOTAL (MNISCFD) 10.187 6.062 4.125 800 psig 790 psig 100 psig
WO 2006/079025 PCT/US2006/002293
-30-
Example 4

{0058) In this example, Table 5 further illustrates the performance of RCPSA's
operated in accordance with the invention being described here. In this example,
the feed is a typical refinery stream and is at a pressure of 300 psig. The RCPSA of
the present invention is able to produce 99 % pure hydrogen product at 83.6 %
recovery when all the tail gas is exhausted at 40 psig. In this case the tail gas can
be 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 at the higher pressure, such as at typical fuel header pressure or the high
pressure of other equipment that processes such RCPSA exhaust. Since all the tail
gas is available at 40 psig or greater, no additional compression is required for

integrating the RCPSA with refinery equipment.



- 35 - Table 7c Step tines in seconds are tF= 0.91,

tp = 0.167,

5.2 0.00 13. 4dSbosin79025

tRp = 0.41 [C]

Tai |

too = 0.083,

tcN = 0. 25,

gas at 65-100 psig, H2 at 99.8% purity and
84% recovery FEED PRODUCT TAIL-GAS H2 74.0 99.95 28.9 d 14.3 0.05 39.0 2

PCT/US2006/002293
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Table 5
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 tg=0.5, tco =0.1, tcy =0, tp =0.033, tgp =0.066

H2 at 99.99 % punty and 88 % recovery

FEED PRODUCT TAIL-GAS
H2 89.2 09.98 48.8
Cl 33 0.01 13.9
C2 28 0.01 13.9
C3 2.0 0.00 10.2
C4+ 2.6 0.00 13.2
CO 50 1.1 198.4
TOTAL 0.971 0.760 0.211
300 psig 290 psig 40 psig
Example 5

[0059]

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

Tables 6a and 6b compare the performance of RCPSA's operated in

lower H; in the feed (51% mol) and is a typical refinery/petrochemical stream. In
both cases (corresponding to Tables 6a and 6b), a counter current depressurization
step is applied after the co-current step. In accordance with the invention, Table 6a
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 6a

indicates that no tail gas compression is required.



2.6 0.00 7.2 C4+ 3.9 0.00 10.6 112S 20 vppm 0.01 vppm 53 vppm TOTAL
(1'VI MSCFD) 10.187 6.373 3.814 800 psig 790 psig 65-100 psig Exanple 7

WO 2006/079025

-32.

Tables 6a and 6b

PCT/US2006/002293

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 about 5.1 MMSCFD.

Table 6a

Step Times in seconds are tp= 0.5, tco = 0.083,

ten = 0,033, tp = 0.25, tgp =0.133

[A] Tail gas available from 65-83 psig, H2 at 99.7% purity and 81% recovery

FEED PRODUCT TAIL-GAS
H2 51.3 99.71 20.1
Cl1 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 6643 vppm
TOTAL (MMSCFD) 5.142 2.141 3.001
273 psig 263 psig 65-83 psig
Table 6b

! Step Times in sec. are tg= 0.667, tco = 0.167, toy = 0.083, tp = 0.083, tpp =0.33

[B] Tail gas available from 5-65 psig, H2 at 99.9 % purity and 56 % recovery

FEED PRODUCT TAIL-GAS
H2 51.3 99.99 34.2
Ci 38.0 0.01 48.8
C2 4.8 0.00 6.9
C3 2.2 0.00 34
C4+ 3.7 0.00 6.2
H20 4000 vppm 0.0 vppm 5630 vppm
TOTAL (MMSCED) 5.142 1.490 3.651
273 psig 263 psig 5-65 psig



[ 0062] Tabl es 8a, 8b, and 8c conpare the performance of RCPSA' s operated in
accordance with the invention being described here. The stream bei ng
purified has higher H2 in the feed (85 %niol) and is a typi cal

refinery/ pet wachegao@s stream In these exanples the puri pyrTiBR0ERES3 N
product is below 10 % (i.e. P/F < 1.1). Under this constraint, the nethod of

the present invention is able to produce hydrogen at > 90% recovery w t hout
the need for tail gas conpression. WO 2006/ 079025PCT/ US20061002293 - 36 -
Tabl es 8a, 8b, and Sc Exanple of RCPSA applied to a Feed with 112
concentration (85 nol % . Conposition (1ot % of input and output from
RCPSA (6.1 19). Feed is at 480 psig, 135 deg F and Feed rate is about 6
MVBCFD. Table 8a Step Tines in seconds are tF = 0.5, tco = 0.33, tcp] =
0.167, tp =Exapple ® Rp = 1.83 recovery = 85 % 480 psi g470 psi g65 psig Tabl e
8b Step Tines in sec. are tF =1, tco = 0.333, tc-N = 0.167, tp = 0.083, tRp
= 0.417 recovery = 90 %

[0060] In this example, Tables 7a and 7b 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
7c shows the case for an RCPSA operated where some of the tail gas is also
exhausted in a countercurrent depressurization step following a co-current
depressurization. The effluent of the co-current depressurization is of sufficient
purity and pressure to be able to return it one of the other beds in the RCPSA vessel
configuration that is part of this invention. Tail gas i.e., exhaust gas, issues during

the counter-current depressurization and the counter-current purge steps.

[0061] In all cases the entire amount of tail gas is available at elevated
pressure which allows for integration with other high pressure refinery process.
This removes the need for any form of required compression while producing high
purity gas at high recoveries. In accordance with the broad claims of this invention,
these cases are only to be considered as illustrative examples and not limiting either
to the refinery, petrochemical or processing location or even to the nature of the

particular molecules being separated.



FEED PRODUCT TAIL-GAS H2 85.0 90.90 58.2 d 8.0 5. 47

C33.01.29 10.1 G4+ 0.0 0.00
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Tables 7a, 7b, and 7¢

18.1 C2 4.0 2.23 12.9

PCT/US2006/002293

Example of RCPSA applied to a high pressure feed. Composition (mel %) 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.

Table 7a

Step Times in seconds are tg= 0.91, tco = 0.25, ten = 0, tp = 0.33, tgp = 0.33

{ [A] Tail gas at 65 psig, H2 at 99,9% purity and 87% recovery

FEED PRODUCT TAIL-GAS
H2 74.0 99.99 29.5
C1 14.3 0.01 37.6
C2 5.2 0.00 14.0
C3 2.6 0.00 7.4
C4+ 39 0.00 10.9
H20 20 vppm 0 55 vppm
TOTAL (MMSCED) 10.187 6.524 3.663
800 psig 790 psig 65 psig
Table 7b

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% recovery

FEED PRODUCT TAIL-GAS
H2 74.0 99.93 38.1
Ci 143 0.07 32.8
C2 5.2 0.00 12.5
C3 26 0.00 6.5
C4+ 3.9 0.00 9.6
H2S 20 vppm 0 vppm 49 vppm
TOTAL (MMSCED) 10.187 6.062 4.125
800 psig 790 psig 100 psig



0.0 H20 2000 1070.5 6823 | TOTAL (VIMSCFD) 6.120 5.150 0.969 480 psig470
psig65 psig - 37 - Table 8c Step Tines in sec, are tp =2, teo =0.667, kN
=0. 333, tp =0.167, tgp =0.833 recovery = 90 % FEED PRODUCT

WO 2006/079025 PCT/US2006/002293
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Table 7¢

Step times in seconds are ty= 0.91, tco = 0.083, tcn = 0.25, tp = 0.167, tgp = 0.41

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

FEED PRODUCT TAIL-GAS
H2 74.0 99.95 289
C1 14.3 0.05 39.0
C2 52 0.00 13.7
C3 2.6 0.00 7.2
C4+ 3.9 0.00 10.6
H2S 20 vppm 0.01 vppm 53 vppm
TOTAL (MMSCFD) 10.187 6.373 3.814
800 psig 790 psig 65-100 psig

Example 7

[0062] Tables 8a, 8b, and 8¢ 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.



TAI L-GAS 112 85.0 90.19 55.2 0 8.0 6.21 18.8 C2 4.0 2.32 13.9 C3 3.0 1.17
11.3 C4+ 0.0 0.00 0.0 1120

WO 2006/079025 PCT/US2006/002293
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Tables 8a, 8b, and 8¢

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,

Table 8a

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

FEED PRODUCT TAIL-GAS

H2 85.0 92.40 57.9

C1 8.0 4.56 17.9

C2 4.0 1.79 131

C3 3.0 1.16 10.4

Ca+ 0.0 0.00 0.0

H20 2000 866.5 6915
TOTAL (MMSCFD) 6.100 4.780 1.320

480 psig 470 psig 65 psig
Table 8b

Step Times in sec. are tp= 1, tog = 0.333, tcy = 0.167, tp = 0.083, tgp = 0.417
recovery =90 %

FEED PRODUCT TAIL-GAS

H2 85.0 50.90 58.2

C1 8.0 5.47 18.1

C2 4.0 223 12.9

C3 3.0 1.29 10.1

C4+ 0.6 0.00 0.0

H20 2000 1070.5 ' 6823
TOTAL (MMSCFD) 6.120 5.150 0.969

480 psig 470 psig 65 psig



2000 1103.5 7447 TOTAL (MVBCFD) 6.138 5.208 0.93 480 psig470 psig65 psig -
38 - CLAIMS 1. A process wherein the concentration of hydrogen is increased
in a preheated hydrogen-containing stream which pretreated

hydr ogen- cont,aj 1 ream cont ai ns gaseous conponents ot rogen
whi ch procesgﬁtgﬁgg?ﬁés removing at 5 | east a portion of Pﬁ@mégﬁg%%ég
conponents ot her than hydrogen from said preheated hydrogen-contai ni ng
stream thus formng a purified hydrogen-containing stream in a rapid cycle
pressure swi ng adsorption unit containing a plurality of adsorbent beds and
having a total cycle tine of |ess than -adout 30 seconds and a pressure drop
w thin each adsorbent bed of greater than about 5 inches of water per foot
of bed 10 |l ength, wherein said purified hydrogen-containing streamis
utilized in a petroleumrefinery or pegypefem cal plant, wherein the

purified hydrogen-containing gas streamrts recovered fromthe rapid cycle

pressure sw ng sorption unit el,af i Ve he t] or as
conponent s ot he %g‘flf@ﬁ"mlﬂlr %’ﬁeﬁrer %ﬁﬁv '&r%&‘%e’ "B’Séh*é’a“tq’e‘g}’ ’ "%]’ ~0.393
hydr ogen- cont ai ni ng stream so as t¥8YEYbi i) arate of recovery (RW 15
greater than 80% for a product purity to feed ratio (P¥%WF% greater than
1.1, (i1) arate of recovery (RAQ_qgreater than 90%for a product purity to
feed ratio (PWF% |ess than 1.J1 buFEBDeater PRADUWCTor (i TAIL-GSh () and
(ii). The praggess of clai [ 0540 cycle TIRgs S Tefps than
about 15 seconds. @0 3. The progess o claim 2 55ei n the toyal cyclp time
is |l ess than about~,l0 seconds gnd thg pressure Gy pp IS greatqggthan hbout 10
i nches of water p foot of be Ienggg. 4. The pﬁdﬁpss of cIaH?B3 whefein the
0

total cycle time i 4+Iess t han gbout seconds. 0.00 0.0

H20 2000 1103.5 7447
TOTAL (MMSCFD) 6.138 5.208 0.93

480 psig 470 psig 65 psig




25 5. The process of claim4 wherein the pressure drop of greater than
about 20 inches of water per foot of bed length. - 39 - and wherein
| i ght hydrocarbons are at |east a portPdn of the gaseous conponents
ot her than hydrogen. 7. The process of claim6 wherein the pretreated
hydr ogen- cont &k-lni streami s t he product stream from steam
reformng, ca A@f cracking, partial oxidation and 5 gasification
of heavy hydrocarbons, thermal cracking or the net hydrogen stream
froma cat.al ytAgroé@dsewiieindhd B8ndiRGEDA %ﬁ%ﬁﬁiﬂ@@é&ﬁ%%&ﬁcucawd
pretreated hydrogen-containing streamis thé o gas stream from a
fluid catlatdrogen-comakiing strearh, which9refrbsted hydesgenofomhiaing dirashetentains
the pretreated hydrogen-containing streamis 10 obtained froma

hydr ogen &§EP¥ecampengusy other thamhirdsgeen, whinh precess compeises removing at
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pretreat dd dwpidgrle peRb@civite JLEEPH0A N difaihinR iyt Qi dsorbent

source, which pretreated hydrogen-containi ng stream contains gaseous

conponentbedstandhavinga torak apéntimenifdbssthar ebsuicihgedonds and hpeessuradrop
ous conponents ot her than 20 hydrogen

at least a. portipn of the gas
fro_mf fsaij VIS Gag Adaonbpak b@gﬂie &@ﬁteaithﬁm@@ktrﬁeiaﬁbcw?@aﬁebpm faptof bed
Dsort d ey PRREIE T e PhidiRRbn-s SnfiiAB sha s BuBieST e Rebplegt

total cy i : ?f‘arﬁ h%ﬁlﬁﬂﬂﬁ 1§ ie p
Wi t hin eggﬁng sor‘sl?eu;ldt(ﬁglzléé% }gr ’tejgftﬂge’%?ﬁa a o‘?ﬂ ﬂg&io Sﬁé@ﬁ%ﬁ*@égﬁ per
foot of mteahengtivvered fidhb)Heaagld @y e prbshuic swifd alysHHaes RmeORlaiwE R0
streamto_a hydroprocessing process unit as a reactant, wher ei n
t he puri ftheg@oRia obgascouncamponents athes thashydroger caevatifrbnothet he
rapid cycle i adsorption unit, relative to the portion

of gaseodge“ggtggﬁgf&&ﬁs?\é“ 4 18ing Hiesam; 58 s g gxBibal{1} & Aiso o reqayary %)
t t dnra Lnj Lr. S Lbit i t f
Pecovery Beasr (R 90 2 bR PhHEAR o8 alio B Aisadishef 104D &
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G006 o) SRRIECHRRD (R pichtel 5o 0% 161 apF Rl Pl cRUGRYS [P
great er tlessrthaf 1. lobut(greader bedn0, (dr)(ii8yrsbthi(i))and (i),
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2, The process of claim 1 wherein the total cycle time is less than about 15
seconds,
20 3. The process of claim 2 wherein the total cycle time is less than about 10

seconds and the pressure drop is greater than about 10 inches of water per foot of
bed length.

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

seconds.

25 S, The process of claim 4 wherein the pressure drop of greater than about 20

inches of water per foot of bed length,

6. The process of claim 1 wherein the pretreated hydrogen-containing stream is

obtained from a hydrogen source that generates hydrogen by a chemical reaction



12. The process of claim 1l wherein the hydroprocessing process unit
Is selected fromthe group consisting g§ a hydrotreating unit for
renovi ng heteroatons from a hydrocar bor feed, a hydrocracicing
process unit wherein a hydrocarbon feed is converted to | ower boiling

liquid pr . A ' | zation.unit .wherein nolecul es
of "5 hyaraSaricei iy hytRooktboll RRIcATs pONGE UL St
wher ei n tdigerthalh AGardaen. feed is selected fromthe group consisting of
napht ha boiling rang€ feeds, kerosene and jet fuel boiling range

feeds, distillate boili r}_g range feeds, resides_and crudes. = 14. The
process df cl dindnracemaialam feviyeingba proreatedhydrogan-saphiniagsoreamrig

e T
51,951 TSR MR HicockbenI R ESSAGRE i P RlofhPBunt

seconds. fromb&atalptic psfoe@ss of claim 15 wherein the total cycle tine
is less than about 10 20 seconds and the pressure drop is greater
t han abo 10 i,nches of t.er

cl

per f,ooirl of bed ELEH th. 17, The _

process i1 ABCHR IR Advhesein the pertecaiedrBydrogpr-containing ssem is

seconds. |.al rein the pressure drop
of great eﬂrm Pﬁfﬁasﬁgﬁaﬂgﬁﬁlﬁﬁiﬁﬁéwﬁ?%\%ﬁkﬁg gﬁﬁ foot of bed I ength.

9. The process of claim 1 wherein the pretreated hydrogen-containing stream is

10 obtained from a hydrogen source that recovers hydrogen from one or more

hydrogen-containing streams,

10.  The process of claim 9 wherein the pretreated hydrogen-containing stream is
obtained from a cryogenic unit, a membrane unit, or a pressure swing adsorption

unit.

15 11. A process wherein the concentration of hydrogen is increased in a pretreated
hydrogen-containing stream obtained from a hydrogen source, which pretreated
hydrogen-containing stream contains gaseous components other than hydrogen,
which process comprises:

a) removing at least a portion of the gaseous components other than

20 hydrogen from said pretreated hydrogen-containing stream, thus forming a purified
hydrogen-containing stream, in a rapid cycle pressure swing adsorption unit
containing a plurality of adsorbent beds and having a total cycle time of less than
about 30 seconds and a pressure drop within each adsorbent bed of greater than
about 5 inches of water per foot of bed length; and

25 b) feeding said purified hydrogen-containing stream to a
hydroprocessing process unit as a reactant,

wherein the purified hydrogen-containing gas stream is recovered from the

rapid cycle pressure swing adsorption unit, relative to the portion of gaseous
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components other than hydrogen removed from the pretreated hydrogen-containing
stream, s0 as to exhibit (i) a rate of recovery (R%) greater than 80% for a product
purity to feed ratio (P%/F%) greater than 1.1, (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 (ii).

12, The process of claim 11 wherein the hydroprocessing process unit is
selected from the group consisting of a hydrotreating unit for removing
heteroatoms from a hydrocarbon feed, a hydrocracking process unit wherein a
hydrocarbon feed is converted to lower boiling liquid products, and a

hydroisomerization unit wherein molecules of a hydrocarbon feed are isomerized.

13. The process of claim 12 wherein the hydrocarbon feed is selected from the
group consisting of naphtha boiling range feeds, kerosene and jet fuel boiling range

feeds, distillate boiling range feeds, resides and crudes.

14, The process of claim 13 wherein the hydrocarbon feed is a naphtha boiling
range feed selected from the group consisting of straight run naphtha, cat cracked

naphtha, coker naphtha, hydrocracker naphtha, resid hydrotreater naphtha.

15. The process of any one of claims 1, 7, 8 or 13 wherein the total cycle time is

less than about 15 seconds.

16.  The process of claim 15 wherein the total cycle time is less than about 10
seconds and the pressure drop is greater than about 10 inches of water per foot of
bed length.

17. The process of claim 16 wherein the total cycle time is less than about

seconds.

18.  The process of claim 17 wherein the pressure drop of greater than about 20

inches of water per foot of bed length.





