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| NTEGRATED STEAM I\/ETHANE 'REFORM NG PROCESS HOWE COPY
PRODUCI G CARBON MONOXI DE This application is a
continuati-on-in-pant teo copending U S. patent application Serial No.

08/ 419, &17 filed April 10, 1995, the Specification and clains which are

i ncor porsated by reference and nade a part of this application.

TECHNI CAL FI ELD OF THE | NVENTI ON -1- The present invention is a
process for produci ng tarbon nonoxide (CC) by reform ng nmethane and steam
in the presence of a reforning catalyst to produce a reformate product
enriched in CO carbon dioxde and hydrogen. Carbon dioxide (CJerr]) in
the enriched reformate is shifted to COin an integrated sorption enhanced

reaction (SER) cycle whlche S _a serie | i erformthe
reverse water gas shift ﬁm&fﬁfﬁ!@&ﬁﬁﬁam ally
separate the shift reaction pro enri ched CO
stream and to prepare the SER rg g%’?@’ﬁ%%ﬂ%R process cycle.
Car bon nonoxide is typically pr oduced by catal yti cal ly ref ormng a

hydrocarbon feed with stean Ng hi gh
tenperatures. The reaction

This application is a cantinuation-k-part to copending U._S. patent application
Serial No. 08/418,317, fiad Aprll 10, 1985, the Specification and claims which are
incorporated by reference and madé a part of this application.

- TECHNIGAL FIFLD OF THE INVENTION

The present im)ontion is apmeeeifapmdueimarbcn monoxide (CO) by
reforming methane and steam in the presence of a refarming catalyst to produce @
reformate product endiched in CO, carbon diaxide and hydrogen. Carbon dioxdide (CO.)
Inﬂpmndlodmfonnmushﬂedtocomanmmed sorplion enhanced reaction
(SER) cycle which employs a series of cydic steps to perform the reverse water gas
shitt reaction t6 convert CO; 1o CO, to partially separate the shitt reaction product
mixture to recover an &viched CO stream and to prepare the SER reactors fora
subsaquent SER process cycla. |

BACKGROUND OF THE INVENTION

Carbon monoxjde is typically produced by catalytically reforming a hydrocarbon
feed with steam, and cptonally, carbon dicxide, at high temperatures. The raaction



- 2- occurs in a steam nethane refornmer (SMR) which contains
catalyst-filled tubes housed in a furnace. The synthesis gas exiting the
reformer contains carbon nonoxi de (CO al ong wi th hydrogen carbon di oxi de
“(CJerr]), steam and unconverted met hane accordi ng to tne equilibria

established in the foll ow ng reactions: CHerr] + Herr]O [err]

3H err]«+ CO St eam Ref or m ng Herr]O+ COJ[err] Herr]+ CJerr]
Water Gas Shift CHerr] + CJerr] [err] 2derr] + 2CO CJerr]

Ref or m ng The above-nentioned reactions are generally carried
out at high tenperatures (800[err] - 1000[err C and at hi gh pressures
(5-30 at nospheoesyrs e stean méthaneraiomen (SMR) bﬁi-libdsed
catal yst. These reactions are ther m)dynam cally cont roI | ed.

Theref ore, theinefunaes é’lnfswmuhgmmm MM%Mmenaﬁye(co)

vari abl es including pressure, tenperatur nol ar rati o of steani net han n
the reactor f&long MH!G%@MlW% ¥ ungonveded mathae H’%M

typi cal SMR effl uent conpasi tion fracti ons) possess 73% H err]. 13%
CO, 8.5% CQfef ngﬂiﬂﬁﬁ “% % reaction is  conducted

at 850[err]C and 25 atrmspheres using a CCIerr]- free feed mxture
containing a 3.1 Water/rrethane nolar ratio. The SMR efflyent is

Fecover a hi ghCHBth VY SBF ocl dBpam BeRSBIG| cop or & high purity D

SVR Prants | ?ff%. ?ﬁrrma&% ARPEBRR BB C) ahates and pol ycar bonat es

E)Qggrgghgrgs?g%‘_%e %%glﬁkglﬁébggsmlmwertal n processes for producing

The above-mentioned reactions are generally carried out at high tamperatunes

(800" - 1000" C) and at high pressures (5-30 atmospheres) wherein the reactants are
contacted with a nickel hased catalyst. These reactions are thermodynamically
controliad. Therefore, the reformate effluant composition shall depend on many
variables including pressure, temperature, molar rafio of steanymethane in the reactor
fead and carbon dioxide concanteation in the reactor feed. A typlcal SMR efftuent
compasition (mole fractions) passesses 73% Hz, 13% GO, 8.5% CO; and 5.5% CH,
when the SMR reaction is conducted at 850°C and 25 atmospheres using a CO-free
feed mixture containing a 3:1 water/mathane molar ratio. TheSMR sffiuentis -
subjected to a serfas of reaction and separation operations in order to recover a hlg.h
purity Mz product (39.9+ mole%) or a high purity CO product (89.5+ mole%).

Carbon monoxide provided in commercial SMR Plants is typically used ta
manufaciure isocyanates and polycarbonates through phosgene chemistry.
Altematively, cartain processes for producing exoalcohols require a synthesis gae
having a 1:1 ratio of hydrogen to carbon monoxide. By-product hydrogen and export



having a 1:1 ratio of hydrogen to carbon nonoxi de. By-product hydrogen and
export steam fornmed during such SVMR processes may have fue
val ue. hut may not be required as products. As is well known
in the industry, synthesis gas having a high Co content 1is produced by
injecting CJerr] into the refornmer feedstock and by reducing the ratio of
steam to hydrocarbon in the SM feedstock. The SMR feedstock can be
further enrichedin CJerr] by recycling C8err] produced and separated
fromthe synthesis gas or recoverd fromthe furnace flue gas or by

i mporting additional CJerr] into the feedstock from an outside source.
SMR f eedst ock sstasmifompad diiod s@h SMR processes:mayRave fuelvaium. byt may g8 d
anounts OF steam inhibit the water gas shift reaction from producing

addi tional H mequired aspod®itnd will reverse this reaction to produce
additional CO fromHerr] under extreme reaction conditions. Sone CJerr]
also reacts with nethane in the SMR feedstock to yield syngas having a

SR pt ocesses. [ | s Ivabmowe I BGscy. SyEPPREGH R “Ceﬁlda&é%%‘)“a'
epar at i on cf fRPHAE PBFd Covois e oo NRamaEk P R mHcTa TR R L, ¢ s\r
B OCeparat | on Whand S B SuReis IR SN s e Fu i ' 'Y
oot o T e refithaa WE6sby dydaRg CO, BRRkEL Snd sdflakinhl frodbhl iflasis Shs or

recovered from the furnace flue gas ac by imparting additional CO;, into the feedstock

from an outside source. SMR feeadstocks having a high CO; to methane ratio and

reducad amounts of steam Inhibit the water gas shift reaction from producing additional

s from CO and will revarse this reaction to praduce addifonal CQ from H; under

extreme reacion conditions. Some CO; aiso reacts with methane in the SMR feedstock

to yleld syngas having a low Hy/CO ratio.

The amount of CO produced in conventional SMR procasses is limited-by
reaction thermodynamics whersin a refatively low conversion ta CO (~10-18%)
necessitates a significant separation ¢ffert to recover the desired CO product.
Numerous prior art SMR procasses for producing synthesis gas are known which utiize
a variety of separation cycles to recover the desired CO product from the SMR
reformats eftiuent which typically contains a mbdure hydrogen, CO, CO; and methane.

United States Patant 3,986,849 discioses a SMR process for converting water
and a source of mathane, such as natural gas, to a hydrogen product as depicted in
FIG. 1. Methane and water are introduced through line 1inta a conventional SMR
reactor 2 and reacted under reforming conditions to produce 8 Hz-enriched reformate



United States Patent 3,986,849 discloses a SMR process for convertng water
and a source of nethane, such as natural gas, to a hydrogen product as
depicted in FIG 1. Methane and water are introduced through line 1 into
a conventional SMR reactor 2 and reacted under reformng conditions to
produce.a Herr]-enriched reformate

-4- stream 3. Stream 3 is introduced into condenser 4 to yield steam and
cooled reformate stream 6 at an internedi age tenperature of

250[ err]-350[err]C. The cooled refornmate is then fed into water-gas

shift reactor 7 (high tenperature shift reactor, alone or in

conmbi nati on W tsiresm! 30V \Stresm drigintroducadinta candensen 4)to yistd steanvand caoleginefarmateo
the COin reformate stream 6 to hydrogen by reacting COwith Herr]O

according to isheaméatanintem@diate temppeature 6f 250°350C) dhe pacieq mfermate is then
The above-nentioned shift reaction plays a key role in the over-all
process  when fed/intowater-gas shiftregctor 7 dhigiv lampecatmoshilt reacten, glosmiorin r eact i on
i ncreases the hydrogen_concentration and quantity in the refornate

product i xt ur €ombingtion with a wismpereie shiik reaster) ta.coaved aeafion of the CRin:
roduce essenti al l re hydrogen. Shift reacto ffluent 8 is further
(F:)ool gd to a nehﬁﬁ&m%m@mgmm@ﬁ%?ﬁm&n QR at

exchange with cooglin ter .in condenser 9 wherein a substantial anmount of
water is condé‘r’géj‘% Fdlbved fromthe reformate via line 10. Finally,

stream 11 exiting the condenser is introduced into a hydrogen pressure
swi ng adsorption unit (Herr]-PSA) to vyield essentially pure hydrogen via

stream 14 and & wast fyg GBS ves i sl Rackor ilys ey ria i tha Soaldiffrabdes' "°
whan hydrogen is the desired product because the shift reaction increases the
hydrogsn concantrution and quantily in the reformate product mixiure prior to
separating the reformate product mixture to produce essentially pure hydrogen. Shift
raactor efiuent 8 is furthar cooled to 3 near ambient temperature (25°-50°C) by indirect
heatoxdwmﬁmcoohgmmcon«n«rsmnmawWamumwm |
Is candensad and removed from the refermata via line 10. Finally, stréam 11 exiting the
mmblmwMMawmmmunmmmﬂonummrPsmb
yleld essentially pure ydragen vis stream 14 and @ waste gas stream 13 which ¢an be
used as fuel in the reformer.

United States Patent 4,171,208 discloses a SMR process for converting water
and a source of methane such as natural gas to simuitaneously yield a high purity
hydrogen product and a high purity CO; praduct as depicted in FIG. 2. Methane and
water are infroduced through line 21 info a conventional SMR reactor 22 and reacted
under reforming conditions to produce a reformate stream 23,



United States Patent 4,171,200 di scl oses a SVMR process for converting water
and a source of nethane such as natural gas to sinultaneously yield a

hi gh purity hydrogen product and a high purity CJerr] product as
depictéd in FIG 2. Methane and water are introduced through line 21 into
a conventional SMR reactor 22 and reacted under reformng conditions to
produce a reformate stream 23. Stream 23 is

i ntroduced into condenser 24 to yield cool edg.eformate stream 26 at an
intermedi ate tenperature of 250-350[err]C and condensate stream (not
nunbered). The cooled reformate is then fed into mater-gas shift reactor

27 to convert a port gggam23 i inGodidedinto ebndumerd4cto refonpatenieam 26
Shift reactor effluent 28 is further cooled to a near anbient tenperature

(25-50[err] C) layan imirmediate femperature of 280:350°Crand condengate-ateeam (not munkrreder
29 wherein a substantial amount of water is condensed and renoved from
the reformte The coolet refoiiate fsither fegl into evatergas shift reactar 27, ta coavart 3 peytion of

condonser 29 is introduced into CqJerr] vacuum sw ng adsorggtion (VSA) unit
32 wher ei n t he theaGO i reformeate stoenm20 tochidragen: Shiftreactor effiuent éam'pm@]am

CJ err] product stream 35. The waste gas from CJerr] VSA unit 32 is
i ntroduced int auﬁemmmm‘mmmmmmmm
an essentially pure hydrogen stream 37 and waste _gas stream 36 which can
be used as f uebndensee2®whereircn substantaijamaunt of water (s MW'H?MW ni t
B T o b e Sl s 3oy 41 GOt 31 <o
Feact or 42 and IGHERAATR Re YaURPOWRE SSTIER (YeN.Pt S2 i Bertim
stream 43. St rggpmaéadltgpMmsluﬂdlypmoox product stream 35. The waste gas from
CO; VSA unit 32 is intraduced into H-PSA unit 36 via line 34 and is separated to yield
an essentially pure hydrogen stream 37 and waste gas stream 3¢ which can be used as
fuel in reformer 22. The CO; VSA unit 32 and Hp PSA unit 36 are integrated 1o obtain
maxdmum separation efficiency.
A conventonal SMR process is depicted in FIG. 3 wherein water and a source
of methane are intraduced through line 41 into 8 conventional SMR rescter 42 and
reacted under reforming conditions o producs a reformate stréam 43. Stream 43 Is
introduced into a CO, absorber/stripper 44 which contains a physico-chemical solvent
which removes CO; from the pra-cooled SMR effiuent to provide.stream 45 which
contains essentially pure CO; and a CO-depletad reformte stream 46 which Is
introduced into thermal swing adsorption unit 47 to remove water and remaining CO;
which 15 withdrawn fram adsorption unit 47 vis line 48, CO; and water depleted stream
49 s introduced into eryogenic cold poxsamytel&-ssenﬂanypmhydmenmam
51, essentially purs CO stream 53 and a waste stream 52 containing CO and unreacted

methane which can be used as fusl in reformer 42.



I ntroduced into a CJerr] absorber/stripper 44 which.contains a

physi co-chem cal solvent which renoves CJerr] fromthe pre-cooled SVMR
ef fl uent, to provide stream 45 which contains essentially pure CJerr]
and a CJerr]- depleted reformate stream 46 which is introduced into
thermal swing adsorption unit 47 to renove water and remai ning CJerr]
which is withdrawn from adsorption unit 47 via line 48. CJerr] and water
depl eted stream 49 is introduced into cyogengc cold box 50 to yield
essentially pure hydrogen stream 51, essentially pure CO stream 53 and a
waste stream 52 contai ning CO and unreacted nethane which can be used as
fuel in refornmer 42. Anot her conventional SMR
process i's depicted in FIG 4 wherein water and a source of nethane are

i nt roduced through a Ascther&bdnventional SMRprocassdndepictedinRiGo4 wheih watersnd a
reacted under reform ng conditons to produce a reformate stream 63. Stream

63 is introduseucs efmehand il dntroducdusthraugh line 61 jnfeca canventonahSMRmeadtor8

physi co-chem cal sol vent whi ch renoves CJ err] fromthe pre-cooled SMR

effluent to prosicdreactedOndenrplamming consdiions tepmducessrefwrmale staant 3. c Ssamescd
via conpressor 66 and reintroduced as Cerr] feed into SMR reactor
62 via |ine 67.stntmsiupd ntg? SO absatasisiipper &4 Wichtuiaias s pliysicoscharical seiventa

line 71 and is |ntroduced i nto cyogenic . cold box 72 to el d essentlally
pure hydrogen M%PM ;ﬂ"}ﬁ%@ stregamm

74 ﬁ@d d h wh b f I
“ g(r)g:;rau ni ng %D &qr eacte me_t ane |%B‘g?n e H g a e
process as depiGhed i.n i‘"ﬁiﬂw Abazowag Pf Inetaga‘r}‘ r&%?&l\'mﬂt&vﬁ

i ntroduced thro
| fine 71 anc| s introducad Into cryegenic cold box 72 to yield essantially purs hydrogen

straam 73, essentially pure CO strsam 7§ and waste stream 74 containing CO and
unreacted methane which can be used as fuel in reformer 62.

United States Patent 4,815,711 discioses an SMR process as depicted in
FIG. §. A source of methane and water is introducad through line 81 into a
mnvﬁonﬂ%mmnmdnmmurm“@mmbmma
feformate stream 83. Altemately, 8 COz siream can ais be infroduced nto the
reformer to increase GO production. Stream 83 is introduced into condenser 84 to yield
water candensale steam 85 and cooled reformate sream 88 st an intermediats
temperature of 30°-120°C, The cooled reformats (s then fed into CO-VSA, 87 wharein
the reformate is saparatad to provide an essentially pure CO product stréam 88 and
waste gas stream 89 which can be used as fuai in reformer 82.

An sitemats SMR process I depicted in FIG. 6 wherain a source of methane
and water is introduced through fine 91 inta a conventional SMR reactor 92 and reacted
undar raforming conditions to produce a reformate siream 93, shunsais



conventional SMR reactor 82 and reacted under reformng conditions to
produce a reformate stream 83. Alternately, a CJerr] stream can also be
introduced into the refornmer to increase CO production. Stream 83 is

i ntroduced into condenser 84 to yield water condensate steam 85 and
cooled reformate stream 86 at an internediate tenperature of
30[err]=120[err]C The cooled reformate is then fed into CO VSA 87
wherein the reformate is separated to prowizde an essntially pure CO
product stream 88 and waste gas stream 89 which can be used as fuel in

ref omer 82. An alternate SMR process is depicted in FIG 6
wherei n a sour intrediscecintecondenaed S4tn ield water condansele staam 99,30d coqled nformate; o
conventional SVR reactor 92 and reacted under reform ng conditions to
produce a ref orstraam 96:atanintemadiate empeetire 9830°<120°C. The cocled refommate is than
-7- introduced into condenser 94 to yield water condensate steam 95 and

cool ed r ef or natied inth COVSA 8T whersin the refermatejissegaraiod i provide anfssentially pure
30[err]-120[err]C. The cooled reformate is then fed into CO VSA 97 vvhereln
the reformate |"']pd!m 98 pRd WREE 9as sTaAR 7 isher procesaad by Rassied

product stre m 98 and _waste stream 99 is further proc essed

passi ng CO- V m&]g °9 ROlTpRs RS W
menbrane 100 to oVi S s am 10 i.ch can be d a el in
the reforner a ’&Péf'&j"@rﬁq‘c’ﬂﬁ' EbP Mﬂﬁl&?ﬂw
conpressor 103 and intr ced int react 0, S

addi ti onal feeﬁ%?%% MWM@@M%&@@@

“produci ng esse Wt ially pure hydrogen is depiced in
FIG 7. A sour %@&'ﬁeﬁaﬁ | i ntroduced through line 111 into
a conventional SMR reactor 112 and reacted under reformng conditions to
produce a reformate stream 113. Stream 113 is introduced into

Ancther allemate SMR process for producing essentially pure CO and
assentiaily pure hydrogen is depictad In FIG. 7. A source of methane and watar is
introduced through ine 111 into a conventional SMR reactor 112 and reacted under
reforming conditions fo produce & reformate stream 113, Stream 113 s introduced into
wﬁuw114umwdummwm11emﬁmmmmsm
reactor 117 to convert a portion of the CO and watar in reformate stream 118 to.
hydrogen, The hydrogen-enriched reformats 127 is passed through condenser 128 to
remove water and water-depleted stresm 129 is passed into H2-PSA unit 130 to
provide waste stream 132 which can be used as fusl In reformer 112 and an essentially
pure hydrogen stream 131, A portion of the reformate can be caused to flow intoe line
118 upon opening valve 117a. Such reformate is passad into condenser 119 to cool
the gas and to remove water prior to being transferred by line 121 into CO-VSA 122
wherein the refarmate is separated to provide an assentially pure CO stream 123 and 2
CO-dapieted straam 124 which Is optionally compresaad by compressor or blowar 125
and passed through line 126 to be combined with line 129 as passage into Hy-PSA 130,



condenser 114 to yield cooled reformate stream 116 which is fed into
water-gas shift reactor 117 to convert a portion of the CO and water in
reformate stream 116 to hydrogen. The hydrogen-enriched reformate 127 is
passed ~through condenser -128 to renove water and water-depl eted stream
129 is passed into H2-PSA unit 130 to provide waste stream 132 which can
be used.as fuel in reformer 112 and an essentially pure hydrogen stream
131. A portion of the refornmate can be causeddt¢o flowinto [ine 118 upon

opening valve 117a, Such reformate i s passed into condenser 119 to
cool the gas and to renove water prior to belng transferred by line 121
into CO-VSA 122 wherBlasesh n the art f alnammeinane, WW&M g for

essentially pure CO stream 123 and a CI)agg‘ated strean1é§é ch |s
225|0naLLycgﬁaned MAJE?“Fne 129 as pa H err h e
Thosfaoof or di na'l“mw ﬁ%h%&ﬁ%?ﬁ%'ﬁ@wﬂmb
ZEZ‘{?Q&“%J Sioﬁ%wﬁfq@ed i ”‘d” mr pCaAp At rh ““-%at%é%ﬁkﬁh%ﬁﬁ ates
gas shi Tt eact PIERHCPRLRAGK R AR pioskes patageey okl s St s 2eoiBtet
and hydr ogen prESeAp FRToRt werF iinp B uyfible arblom 5528 i pal, hirgtire
{orper at ur s belt Ay BRHE rdefibl i feran iy Uiededal whphipa kG bbEy B
1000 C

G0 thus, ¢ he. ri8finirls Goicaty h Suplas 8 10RO Mol i 1 R ke

integrated i nteoecﬁwwrﬁsm TiRls, e 26vria WathiQas shift reaction has not been
successfully integrated into a SMR procass for producing CO.

Moreover, prior art processas for conducting simultanecus reaction and
adumﬂhnskmntuwonahumkwademnmmnﬁisuususbluuwapmuw&ﬂbwnnnsdq
not remain mﬂ_ldorﬂyconﬁantandh dasired products are present in unaccaptably
low cancentrations with respect to the undesired reaction products, unreacted feedstock
and purge fluids. Industry is mdingfurmys'himproveiht general SMR process

 for producing CO by Increasing cverall procass productivity or by increasing the CO
mola fraction of the product mixture being fed into the subsequent separmtion unit
feed straam,

ERIEF SUMMARY OF THE INVENTION
Tha;x-muuhwumﬁxnsapnuzmsﬂxpﬁkhdngeﬁbonnwmdﬂda«ma)hy
refarming methane and steam in ‘he presence of a refarming catalyst © produce a
reformate which is enriched in CO, carbon dioxide (CO2) and hydrogen. €O, in the



Mor eover, prior art processes for conducting simultaneous reaction and
adsorption steps have not achi eved commerci al success because product flow
rates do not remain sufficiently constat and the desired products ae
present in unacceptably |ow concentrations wth respect to the undesired
reaction products, unreacted feedstock and purge fluids. industry is

sear ching for ways to inprove the general SMR process for producing CO
by increasing overall process productivity Q% by increasing the CO nole
fraction of the product nmixture being fed i nt® the subsequent seperation
unit feed stream The present invention is a process for

produci ng car b%{lw i ¢ m;ﬁ%g%@?&g“mﬁ stidnt
presence of a reformng cgé.a ysﬁtgﬁg}rﬂuce reformate which is en(rgl ched
in CO carbon qiyayivifich Moy 4 serds B S)HE NEES perfdnink@ iy d pililify? reactors to effect
enriched reformate i's shifted to COin an Integrated sorption enhanced
reaction (SER) g 4hitf hfactiél B/toRi@i COS0TO S séfarfion @y thei shiftrasdtion prdduet mB&ure" 2
plurality of reaction to effect a shift reaction to convert t CJerr] to

CO a separati qffeiin 4 CO-Gritichéd prodc: sesany aAd hr§ the SER ralcicds fora

CO-enriched product stream and to prepare the SER reactors for a

subsequent SER sphsmfient SER prucass cycle. The cl ai med process overcones
probl ens associated with prior. art processes for reform ng nethane and
water to carben nonoxi de which typically suffer from

The claimed process overcomeas problems associated with prior art processes
for reforming mathane and water to carbon mondxide which typically suffer from
' preducing a reformate which contains an inardinate ameunt of GO, which is not
convertied to the desired CO product and which must be separated from the reformate
hyawymmmm.medﬂmdpmwmpmmms
associated with tha thermodynamic imitations associated with the reverse water gas
shift reaction whersin CO; and Hydrogen are convertad to CO snd water.

Applicants’ invention solves these problems by canverting carbon dicxide
present in the reactor reformate to additional CQ prior to separating the desired CO
fram the reactor reformate thereby substantially reducing costs associated with the
éoparaﬁoneydo. This tachnical advance is made possible by utilizing & sorption
enhancad reaction (SER) cycle which permits the reverse water gas shift reaction 2o be
caried out with high ennversion of CO; to CO at a moderats temperature of 250-350°C
and at a pressure of 5-30 tbnospherés.

 Applicants’ procass integrates an SER process a saries of cyclc steps
performed in a pluralily of reactors to shift CO; to CO and to separate the shift gas
product mbdure into an enriched CO stream, Each reactor containg an admbdure of a



producing a reformate which contains an inordinate amount of CJerr] which
IS not converted to the desired CO product and which nust be separated
fromthe reformate by a costly separation cycle. Mreover, the clainmed
process overcones problens associated with the thernodynam c

limtations associated with the reverse water gas shift reaction wherein
Cderr] and Hydrogen are converted to CO and water. '
Applicants' invention solves these probl ens_ky,converting carbon di oxi de
present in the reactor reformate to additional CO prior to separating the
desired CO fromthe reactor reformate thereby substantially reducing

costs  assoCigietaist Bnd & Water SAEGHOE It whidreiy Water IsHaiestivetrianioved fronithece i s

made possible by utilizing a sorption enhanced reaction (SER) cycle which

permts the r mﬁwﬁw&mﬁmw-bweewfem&aam comdifana therelty shilting g h

conversion of CJerr] to at a noderate tenperature of 250-350[err]C and

at a pressure raiction squiltinirtpwarddomation of desirable OQ.pThe adsctbed wateris s

i ntegrates an SER process a series of cyclic steps perforned in a

plurality of rassirasd fiom theiatisorbéidyiizing TEeriasdf porgsand deprmssirization stepgas
product mxture into an enriched CO stream Each reactor contains an

adm xture of awhich are performadsiccdrding & a predetennined timad sequends.o Thus, Applicants’ n
water is selectively renoved fromthe reaction zone by physical adsorption
under shift reSER procassiwhich isintagrited itly the tlgimed pracass represents an antivaly newi um
toward formation of desirable CO The adsorbed water is separated fromthe
adsorbant by ucycie farsimuktasesusiyobigining high canversion otEGC. i CQ.forproducingan whi ch
are performed according to a predeternmined tined sequence. Thus,

Appl i cant s’ enriched CO effiuent stream, for efficiently desorbing water from the adsorbent and for

' preparing each reactor for the next process cyde.

Applicants’ claimed pro¢ess which integrates an SER_cyde provides a unique
op;;ommtyto react CO; and hydrogen present in the SMR effluent to form addiional
CO prior to performing any process sepération steps. The size of the sepanﬂon unitis
substantially reducad because the CO pruduc_tis present in high concentration and a
aubstantial portion of the GO, which would typically be removed durng the ssparation
staps of conventional SMR processes has been converied to the desired product, CO.

The general embodiment of Applicants’ procass for proaducing CO
contempiates reacting a faedstock camprising methane and water in the presences of 8
steam-methane reforming catalyst at a temperature ranging from 700°C to 1000°C and
a pressure ranging from 2 to 50 atmospheras to form a refonmate comprising hydrogen,
carben monoxide, carbon dioxide and uareacted feedstock.

The second step of the general embodiment contemplates removing water
from the reformats to form a water-deplated reformate and heating the water-depleted



SER process which is integrated into the claimed process represents an
entirely new cycle for sinultaneously obtaining high conversion of
CJerr] to CO for producing an enriched CO effluent stream for
efficiently desorbing water fromthe adsorbent and for preparing each
reactor for the next process cycle. Applicants' claimed process
whi ch integrates an SER cycle provides a unique opportunity to react
CJerr] and hydrogen present in the SMR effl.ygnt to form additional CO
prior to peform ng any process separation steps. The size of the separation
unit is substantially reduced because the CO product is present in high
concentration asmtormats toaisnpératire mnging romu200° ke500°C &0 form ahnated wates-depleted
typically be renoved during the separation steps of conventional SMR
processes has braformateny The third stepiohthegsnerab embodintenticompdses intraducing the heated
general enbodi nent of Applicants' process for producing CO contenpl ates
reacting a feedwster-tepiemag reformale into aplirality o reastosy o i 3pegetsrained mad
steam nmet hane reformng catal yst at a tenperature ranging from 700[err]C to
1000[ err] C and MWMWMP!W@‘QMM'B?WFU

ref ormate conprising hydrogen, carbon nonoxi de, carbon dioxi de and

unr eact ed f eedsMeRE The second step of the general enbodi nent
contenpl ates renoving water fromthe reformate to form a wat er-depl at ed
reformate and heating the water-depleted reformate to a

Lomper al ur e 219119 1AP S0MRS binaike S i Rl o R e o
ol ural ity of reactor o opor PNt cotbfg A BTHih fr S M HBolt At « wate
' gas shift catelyst under reaction conditions sufficient to convert carbon
dhid.mdhydrogcntoarbonmoﬂdiandto adsorb water onto
the adsorbent A CO-eniiched stream is withdrawn from the reactor as
product. |
{2) countercurantly depressurizing the first reactor to a second pressure
| by withdrawing 8 mixture comprising unreacted feedstock, carbon
monoxide and watsr
(3) countercurrently purging the first reactor at the sacond pressure with a
weakly adsorbing purge fkid with respect to the adsorbent to desorb
water from the adsorbent and withdrawing a mixture comprising
unreacted feedstock, carbon monaaide and water:
(4) countercumrently purging the first reactor at the second pressure with a
CO-enrichad purge fluid which does not comprise hydrogen and |
carbon dicxide 1 desord the weakly adsorbing purge fiuid and
withdrawing a mixture comprising the waakly adsorbing purge fluid,
carbon monoxide ahd water; and



sequene accordi ng to the follow ng steps which are perforned in a cycle

w th each (D) reacting the heated water-depleted reformate
at a first pressure in a first reactor containing an
adm xture of a water adsorbant and a water gas shift

catal yst under reaction conditions sufficient to convert carbon

di oxi de and hydrogen to carbon nonoxide and to adsorb water onto

the adsorbent. A CO-enriched streamis w thdggwn fromthe reactor as
product . (2) countercurrently depressurizing the first reactor to
a second pressure by withdrawi ng a m xture conpri sing

unr eact ed f eedst ock, rb ssurizing the TR actie fromdhesdoend pressure
(3) countercurrent I(g)apur%gtl'ng %ﬁe pippst reactor at th second pressure with
a

veakly 3esiridy groesdhd With i GOleMrichid pargeflakd priortidie

adsorbent to desorb water fromthe adsorbent and

W thdrawi ng a m xture CoNMdnimdiiting another process cycle withindisefirstiraatecist ock,
carbon nonoxi de and water. (4 countercurrently purging the
first reactor at the second pressure with a CO-enri ched
purge fluid which does not conprise hydrogen and ' car bon

di oxi de to desorb theaddiionslstepmaybeperformed underithe gengral ambodiment. For
wi thdrawing a mxture conprising the weakly adsor bi ng purge fluid,

car bon nonoxi den@iple)eCO-anriched stream of step (1) can be sep using conventional

-12- (5) countercurrently pressurizing the first reactor from
t he second preMmhMaMwmnmmmdsp%pﬂWHMhW%w

co-enri ched purwisgu%mbet&pmbdhfcmahydmgon-mrid\edwutegasshamand
a hydrogen depletad, carbon dicxide enriched recydesteamwheuinaporﬂon.ofm.
recycie stream can be recycied to the reformer. Altemately, the first reactor can be
countercurrently purged at the first pressure with a weakly adsorbing purge fluid
following step.(1)andprlortn performing step (2) wherein a mixture comprising
unreacted feadstock, carbon monoxide and water is withdrawn from the reactor. This
mixture can be recycled as faed to the SER reactors. Finally, an additionai source of
carbon dixide can be introduced into the heated water-depleted reformate siream prior

to conducting steps (1) through (8).

An alternats embodiment of Agplicants’ procass for preducing CO and
hydrogen contempiates reacting a feed stock comprisinﬁ methane and water in the
presence of a steam-methane reforming catalyst at a temperature ranging from 700';
to 1000°C and & pressure ranging from 2 to 50 atmospheras to form a reformate
comprising hydrogen, carbon monaxide, carbon dioxide and unreacted feedstock,

The second stap of the altemate embodiment contemplates cooling the
reformate to a tamperaturs ranging from 200° (o 500°C to form a cocled reformate and



commenci ng anot her process cycle within the first reactor.

Addi t onal steps may be perforned under the general enbodi nent For
exanple, the CO enriched streamof step (1) can be separated using
conventional techniques to forma stream conprising CO and a CO depl eted
stream This CO depleted stream can be separated to forma
hydrogen-enriched waste gas stream and a hydrogen depl eted, carbon

di oxi de enriched recycle stream wherein a ppglion of the recycle stream
can be recycled to the reformer. Alternately, the first reactor can be
countercurrently purged at the first pressure with a weakly adsorbing

purge fluid foiyidind e cdbied réfdrmatdiitad firkf stioampirid osecond stam. T thikdstap n a
m xture conprising unreacted feedstock carbon nonoxi de and water is

wi t hdrawn fromehbhg, Qintaciifi the It ¥kednt with » Watengas shieataivst Gndat reactioo he
SER reactors. Finalfy, an additonal source of carbon dioxide can be

i ntroduced i nt ohAdiGorcstificibrimiforn a bydregarcenriched fitst sream. segiling the)hydrogen-
conduct i ng steps (1) through (5). An alternate enbodi ment of

Appl i cant s’ mmmwmwm«wwm b srenn sad separaling: i ng

a feed stock conprising nethane and water in the presence of a
st em et hane r dhocodlediysisgenenriched fitst stea ta.forna hydeogen podugtsteemand 4 c 1o
1000[ err] C and a pressure rangl ng from2 to 50 atnospheres to forma

reformate comhydrogen-dapleled sredmear bon nonoxi de, carbon di oxi de and
unr eact ed feedst ock. The second step of the alternte enbodi nent
contenpl ates cooling the reformate to a tenperature ranging from 200[err]

to 500ferr]C to for I‘Phg Cur&lo%edp ! ?moal%& godlmmteonhmplaus ramoving water
from the second siream to form 3 water-depieted second stream and heating the
water-depleted sacond siream ta a temperature ranging from 200° to S00°C to farm a
hested water-depleted second streem. The fifth step of the altemate embadiment
comprises introducing the heated water-depleted raformata into a plurality of reactors
operated in @ predetermined imed sequence according to the following stepa which are
performed in a cycie within each reactar:

(1)  reaciing the heated water-depleted second stream at a first pressure in
a first reactor containing an admixture of a water adsarbent and a
water gas shift catalyst under reaction canditions sufficient to convert
carbon dioxide and hydrogen to carbon monoxdde and to adsorb water
onto the adsorbent and withdrawing a CO-enriched stream;

(2) countercurrently depressurizing the first reactor to a second pressure
by withdrawing a mixture comprising unreacted fesdstock, carben
monaxide and water; |

(3). countercurently purging the first reactor at the secand pressure with a
weakly adsorbing purge fluid with respact to the adsorbent ta desarb



-13- dividing the cooled reformate into a first streamand a second
stream The third step contenplates contacting the first streamwth a

wat er gas shift catal yst under reaction conditions sufficient to forma
hydr ogen-enriched first stream cooling the hydrogen- enriched first
streamto forma cool ed hydrogen-enriched first streamand separating the
cool ed hydrogen enriched first streamto forma hydrogen product stream and
a hydrogen-depl eted stream The fegrth step of the alternate
enbodi ment contenpl ates renoving water fromthe second stream to forma
wat er - depl et ed second stream and heating the water-depleted second stream
to a tenperature rangi ng fwersrfidahe adiorbentand withdiasinga mbdure comprising:d
wat er - depl et ed second stream The fifth step of the alternate enbodi nment
conprises  introduci ng thanhmaeteddesdstok; chapdnanenbxiderandwater. i nto a phurality
of reactors operated in a predetermned tinmed sequences according to the
fol | owi ng steps whi cl4pr e coyrtertcumantdy porging the fixst tsactor atdhe necand pressure with a
(D) reacting the heatd water-depl eted second streamat a first pressure
in

a fir GO-endched purge:fiuid which,doss netinemprisedydrogen ant o

adsor bent and a wat er gas shift catal yst under reaction
condi tions ssufficient to cahonglikndide todesord the weakly adsasbing purge fuid sad ond
hydrogen to carbon nonoxide and to adsorb water onto the

adsor bent and wi t hdr awi ng withdmwing 3 mixiure sompesing the weakly adsarbing purge fiuid,
countercurrently depressurizing the first reactor to a second pressure
by withdrawing a mixture cFRON; »ataG edst ock, carbon

monoxi de and wat er 3) countercurrentl ur g ir )
reactor at the second’breMHﬂwywﬂmﬁ‘%&wkﬁ@lﬁegmm
purge fluid with respect ttgﬂ;eh'?mag&%["b.e%“ QesonrcRedpurgcﬂuid orior to

commencing ancther process cycle within the first reactor.

The sixth and final step of the process of the altemate embodiment
contemplates separating the CO-enriched stream of step (1) to form a stream
comprising CO and a CO-depleted stream, compressing the CO-depleted stream and
combining the compressed CO-depieted straam with the cocied hydrogen enriched first
straam of stap ¢ prior to separating the cooled hydrogen enriched first stream to form &

hydrogen product stream and a hydrogen-depleted stream.

Additional steps may be performed under the altemate embodiment. For
example, the first reactor can be countereurrently purged atmeﬁ;stpresmmvﬁm a
'weakly adsorbing purge fluid following step (1) and priar to performing step (2) wherein
2 mixture comprising Unreactad faedstock, carbon manaxide and watar is withdrawn

from the mactor,



water fromthe adsorbent and withdrawing a m xture conprising

unreact ed feedstock, carbon nonoxide and water. (4)
countercurrently purging the first reactor at the second pressure with a
CO-enriched purge fluid which does not conprise hydrogen and

carbon di oxide to desorb the weakly adsorbing purge fluid and

W thdrawi ng a m xture conprising the weakly adsorbing purge fluid,

car bon nonoxi de and water, and (5)-t5countercurrently
pressurizing the first reactor fromthe second pressure to
the first pressure with the COenriched purge fluid prior to

comenci ng anot her pr Seilskie catelysss for conductingthe anereforming reaction  The
sixth and final step of the process of the alternate enbodi nent

contenpl at es sepaearding §o thegepamiand aitamate.smaodiments inglude convanional ieam- o
stream conprising CO and a CC-depl eted stream conpressing the CO depleted
stream and conineathang referming 4nd peefarming eaidyats sych asnjckalgluping cool ed
hydrogen enriched first streamof step ¢ prior to separating the cool ed
hydr ogen enri ché&fignesiym siyming and Bengbig,metelicatMy88e Hroduct stream  and a
hydr ogen- depl et ed st ream Addi ti onal steps may be perforned.
under the alternate enbodinent For exanple, the first reactor can be

| J ' ' bi
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reactors containing an admbdure of a water adsorbent and a water gas shift catalyst.

The admixture of the adsorbent and the catalyst typically comprises from §% to 85% by
weight of the adsorbont and from 95% to 5% by weight of the catalyst. Suitable water
adsorbents include those selected from the group consisting of zeclites, alumina or
silica gel. Sultable water gas shift catalysts include those selected from the group
consisting of iron -chromium high tempaerature shift catalyst, copperizinc oxide low
temperature shift cainlyst and copper/zine oxide madium temperature shift catalyst.

As shall become more apparent Upon reading the Detalled Description of the
Invention, Applicants’ process overcomes problems associated with prior art procasses
by utilizing & novel series of na&ien. adsorption and desorption steps to convert CO;
present in the SMR reformute to CO and to separate and collect CO In substantially
enrichsd form under a relatively constant flow rate at feedstock prassure. This result is
accomplished in part by Applicants’ unexpected use of a reaction product, CO ar an
enrichad CO stream, to purge the SER reactors and to prassurize the reactors to
reaction prassure prior to commencing another SéR ¢yclo.



Sui tabl e catal ysts for conducting the steam nethane reform ng reaction
according to the general and alternate enbodinents include conventional
steam nethane reform ng and prereform ng catal ysts such as

ni ckel =al um na, nickel- rmagnesium alum na and the noble netal catal ysts.
As stated in the general and alternate enbodi nents, the SER cycle
contenpl ates conducting the reverse water gas shift reaction within a
plurality of reactors containing an adm xturfehof a water adsorbent and a
wat er gas shift catalyst. The adm xture e adsorbent and the
catalyst typically conprises from5%to 95% by weight of the adsorbent and
from 95%to 5% by vei whie ahe bhérdmakyaliiid theirfvaiicepetethat thelpargingnina i ncl ude

t hose selected fromthe group consisting of zeolites, alumna or silica

gel . Suitabl e Wphsburizirg fihé SER Mbattor with demﬂmﬂ shiftreadtion
group consisting of iron -chromum high tenperature shift catalyst,

copperi zi nc oxi gaortocommenging themactioh istep wosild uridesirably-shift the eguillbriiirm constaritde

medi um tenperature shift catalyst As shal |l becone nore apparent
upon readi ng thmhnmmwlmmmmmummmmm
process overcones problems associated with prior art processes by

utilizing a novSERSeactors with product ganinsteathef/GOx a5 ydmegen eagiants os aitemaispurge

convert Cerr] present in the SMRreformate to CO and to separate and
col lect CO in sfidpmvidesia highlysfficiennmocess whentins Co-endchad siream aasrbe collected o\y
rate at feedstock pressure. ThIS result I S lished in part by
Applicants' un RIQESURR at-a refaf) &YEFWCO or an enriched CO
stream to purge the SER reactors and to pressurize the reactors to
reaction pressure prior to comencing anot her SER cycl e.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 illustrates a steam methane refonning (SMR) process according to
United States Patent 3,968,848 wherein SMR reactor reformats Is further reected and is
separated by utikzing a high temperature shift (HTS) reactor and a hydrogen praasure
swing adsorption (He- PSA) unit ta puwlde a highly pure hydrogen product.

FIG. 2 llustrates & SMR process aceording to United States Patent 4,171,208
wherein SMR reactor reformate is further reacted and is separated by utiizing a HTS
reactor and an integration of a CO» -VSA unit and a Hy-PSA unit to provide an
sssentially pure stream of carbon dioxide and an essentially pure stream of hydrogen.

FiG. 3 Tlustrates 2 prior art SMR pmcus which utilizes a CO; absorber/stripper
to remove CO; from the reformate stream prlorto introducing the reformate stream into
a tharmal swing adsorption (TSA) unit to funher remgve water and carbon dioxide prior
to final separation in a cryogenic coid box to yield an essentially pure hydrogen stream,



VWhil e one of ordinary skill in the art would expect that the purging and
pressuri zing of the SER reactor with a product of the reverse water gas
shift reaction prior to commencing the reaction step would undesirably
shif the equil briumconstant toward formation of CJ err] and hydrogen.
Applicants have discovered that purging the SER reactors wth product
gas instead of CJerr] hydrogen reactants or alternate purge fluid
provides a highly efficient process wherein f.CI}enriched stream can be
collected at feedstock pressure at a relatively constant flow rate.

BRI EF DESCRI PTI ON OF THE DRAW NGS FIG 1 illustrates a steam

met hane r ef or MigaQesdidRlly pire O Strduar @ida Wste Gas sinédnecontiising melivinenind CO
3, 966, 849 wherein SMR reactor reformate is further reacted and is

separat ed by utyHidhwéande usad s Niet ths péfomeer. shift (HTS) reactor and a
hydrogen pressure sw ng adsorption (Herr] PSA) wunit to povide a highly
pure hydrogen product FIG 2 illustrates a SM process
according to United States Patent 4,171,206 wherein SMR reactor refornate
is further reacted arG]&illsnansa modifted version of the procesEaccondingtto FIG.Bwherein

integration of a CJerr] -VSAunit and a Herr]-PSA unit to provide an
essential |y purseCe; alvsarbavistrippertio oliiied to eimese 003 fromdiserefomiate,/streamcprior team of
hydr ogen. FIG 3 illustrates a prior art SMR process which

utilizes a CJ dmtrdducing theoatre@nt intoSA unitito furthepmencedivater Bnd COxfmcthecf or ns
streamprior to introducin the reformate stream into a thermal sw ng
adsor ption (TSAsfoumate. EY"‘GMM‘QMBW%WtO

final separation in a cryogenic coId box to yield an essentlally pure
hydr ogen st r earfécycied intc the for further conversion to hydrogen and CO.

F1G. § illusiratas a pricr art SMR pracess for producing essentially pure CO
wherein the SMR reformate is condensed to remove watar prior to separating the
reformate in @ CO-VSA to provide an essentially pure CO product and a waste gas
stream which can be recycled as fuel tome reformaer.

FIG. ¢ lllustratss a modified version of FIG. 5§ wherein the waste gas stréam
recovered from the CO-VSA Is contacted with & permselective polymeric membrane to
pmlduwamgaawanmwhlchcanbereqdedufudtom-mnmrandaOOz-
erviched stream which is compressed and reintroduced into the SMR reactor for further
conversion to CO and hydragan.

FiG. 7 llustratas a priar art SMR process wherwin SMR reactor reformate is
separatad into a first stream which is introducad Into a HTS reactor and & second
stream which is introduced intc a CO-VSA toyloﬁan essentially pure CO product and a
CO-depleted stream which is combined with the HTS reactor effiuent and seperated in
a Hz-PSA unit t0 provide an essantially pure hydrogen product.



-17- an essentially pure CO stream and a waste gas stream contai ni ng

met hane and CO which can be used as fuel in the reforner.

FIG 4 illustrates a nodified version of the process according to FIG 3
wherein a CJerr]absorber/stripper is utilized to renove CJerr] fromthe
reformate streamprior to introducing the stream into TSA unit to further
remove water and CJerr} fromthe reformate. A portion of the Cderr]
separated by the adsorber/stripper is conpz_:gaged and recycled into the
SMR for further conversion to hydrogen and . FIG5
illustrates a prior art SMR process for producing essentially pure CO
wherein the SMR reformate is condensed to renove water prior to-
separating the reformate in a COVSA to provide an essentially pure CO

product and a waste @laGmmamﬁ-mmtmmmmmsme

refornmer. 6 illustrates a nodified version of FIG S5
wherin the msmmemwa%ammmsmmww sttot h a
pernsel ective po Ic menbrane to provide a waste gas stream ich can
be recycl ed as ghaifh

ploRl&'comiprsing darboR dionkie] cartsun mertadtiesindayearaganc h
I's conpressed and reintroduced into l?ﬁe SMR reactor for further
conver si on t o GRejdscday diteiatds a somption enhanced réaction (SER)cycle tsfurthar convesdtr t
SMR process wherein SMR reactor reformate is separated into a first
stream whi ch i catbtin‘diskidefdmet in the:SMRIsacterto additional carber: mendxida and towenwiviec h
Is introduced into a COVSAto yield an essentially pure CO product and a
water from the reaction mixture to further drive the equilibrium-co ed reaclion
toward formation of CO. The SER cycle employs a secies of cyciic steps to parform a
separation of the product mixture formed during the SER cycle and to prapare the SER

raactors for a subsequent process cycle

FIG. 9 Jiustrates an alternate embodiment of the ciaimed SMR process for
making an essentially pure CO stream and an essentially pure hydrogan stream
whaerein methane and water are reacted in the presence of a catalyst to form a
reformata product comprising carbon dicxide, carbon manaxide and hydrogen. The
procass Integrates a high tamperature shift réactor to enhance hydrogen production
and a sorption enhanced raadbn (SER) cycle to further convert carbon dicxide formed
in the SMR reactor to additional carbon moenoxide and to remove water from the
reaction Mmixture to further drive the equilibrium-controlied reaction toward formation of

- CO. The SER cycle employs a series of cyclic steps to perform a separation of the
product mixdure formed during the SER cyde and to prepare the SER reactors for a

subsequent process cycle.



CO- depl eted stream which is combined with the HIS reactor effluent and
separated in a Herr]-PSA unit to provide an essentially pure hydrogen
pr oduct FIG 8 illustrates a general enbodi nent of
the clainmed SVR process for naking CO wherein nethane and water are
reacted in the presence of a catalyst to forma reformate product
conprising carbon dioxide. carbon nonoxide and hydrogen. The process
integrates a sorption enhanced reaction (SE é cycle to further convert
carbon dioxide fornmed in th SVR reactor to & 5|t|onal car bon nonoxi de and
to remove water fromthe reaction nrxture to further drive the

equi libriumcontrolled reacty : AN OF - ‘ )¢ SER cycle
enpl oys a series of cyclic g ' t he product
m xture formed during the SER cycle and to prepare the SER reactors for a
subsquent process cycl e. FIG 9 illustrates an alternate

enbodi ment of the cl QpBhdind\Wil Row gRESss iR Groati idetill thir pPocasS drPrdducing'cartidn

stream and an essentially pure hydrogen stream wherein nethane and wat er

are reacted i n mdiRxidaICONWhich plovites AlMbiduk biefefits tvar prior 2t ociisas.Pr oduct

conpri sing carbon droxrde car bon nonoxi de and hydrogen. The process

integrates a higpacHicsmy; Eoriveisich of AlGinMir féesioek W CO prodiicd Gcschiivadugt | on
and a sorption enhanced reaction (SER) cycle to further convert car bon

di oxi de formed madmmwmmwwhhummummmad to
renove water fromthe reaction mxture to further drive the

equi | i bri um corcomesritionsd SMR plocwssivicly dbescoluiliize Appicants! HER pycievhich ahal be
enploys a series of cyclic steps to performa separation of the r oduct
m xture forned demmgmm mmm@mmmm&m% a

conditions than prior art processes because high conversion of CO; and hydrogen is
obtained by removing a reaction product and not by increasing reactor temperature.

The genersl embodimant of Applicant's procass is dascrdbed in FIG. 8 which
flustrates & process flow diagram which depicts a stsam methane reformer 204,
condenser 208, drier 208, feed haatar 212, SER reactors 301 and 302; numerous
control valves; manifokds A through E; pumps 331 and 360; separators 317 and 335;
and surge vessals 210 and 333. Referring to Fig. 8, a hydrocarbon feedstock, e.g. |
methane or natural gas, is desulfurized in a vassel (not shown) using an adsorbent as is
mlmlnhurt The desulfurized hydrocarbon feedstock is mixed with steam to
farrn a mixed reformar feedstock representsd by stream 203. Feedstock 203 is
preheatad in a preheater {(not shown) and introduced into SMR reformer 204. Such
reformers ara well known in the artand lraheatedbyﬁﬁngamb;hmoffuolan'dair
(not shown). The mfom;ypialry operates at tempecatures of 800® to 1000°C and
pressures of 5 o 30 atmosphere and produces a.refcnnah conslslinghof about 73%
hydrogen, 13% COO%OOz and 5% methane on a dry basis. The reformata is sent
through line 208 to a condenser 206 where the gas temperature is reduced and some



subsequent process cycle. DETAI LED
DESCRI PTI ON OF THE | NVENTI ON Applicants will now discuss in
greater detail their process for producing carbon nonoxi de (CO which

provi des nunmerous benefits over prior art processes. Specifically,

greater conversion of reformer feedstock to CO product is achieved; a
nore concentrated reaction product is obtained than could be achi eved using
a conventional SMR process which does not ilize Applicants' SER cycle,.
whi ch shall be discussd in greater detail, “4d the cl ai mred process can be
operated at |ess stringent conditions than prior art processes because

hi gh conver si o&mﬁgﬁ%ﬁm‘m Soridansatioh. ™ sHavels 19 WiktRod via

reaction product an ncreasi ng reactor tenperature. The

general  enmbodjifghs? witire tesenbisUried S0@SSbddof Watst adbsitlerit These drier (hit fre

Il lustrates a process flow di agram which depicts a steam nethane reforner

204.  condens ewgiPRHowrdh i indaty ahd elin be aperated i a tiokhialior priseUN siihg MEde.302:

nunerous control val ves; mani folds A through E, punps 331 and 360;

separ at or s 317Twd\dry Db is trenstermad trougicihel 20920 sagd vessd! 23T ptidna) vitlerdth0. S,

a hydrocarbon feedstock, e.g. nethane or natural gas, is desulfuritzed in

a vessel (%10t Auidhizviransferad througheline @11 intd heater 21210 fdnmiahasted walehdesiated The
desul furi zed hydrocarbon feedstock is mxed with steamto form a m xed

refornmer feedsrefonmate seamsehithcid réuted intocManiRRBA. Thenimtaining miflon of FIEr 8heat ed

in a preheater (not shown) and introduced into SMR reforner 204. Such

ref ormers are mptasents pracess whereinthe heated \water-depigted reformateshalbbeur e of
fuel and air (not shown). The refornmer typically operates at tenperatures
of 800[err] t coubimsbioss sh in apiurality of Frctorsapemtsctin syeie nsanvel EQaapduces

a reformate consisting of about 73% hydrogen, 13% CO 9% CJerr] and 5%
met hane on a diiregeg;inthemionnats & G andwatérvin the reverse water gas shift feaction and

1 fo recover a CO-enriched product.

Manifold A s in flow communication wih branch intst lines 311 and 321 which
are connaected to the inlet ends of reactors 301 and 302, Lines 311 and 321 are
aquipped with valves 311a and 321a, respeciively. Opening of the appropriate vaive
Sermits the pressurized hested water-cispleted reformate to flow through manifold A
into tha selectad reactor being initlally placed on stream. Thus, by opening vaive 311a,
While vaive 321a is cised, the reformate may be caused o flow from manifold A,
through line 311 and into reactor 304.

Reactors 301 and 302 are fittad at their respective outiet ends with lines 340
and 350 respactively, sach gquippcd with contral valves 318a and 326a, respectively.
Lines 340 and 350 are operatively connected to manifold E via lines 316 and 326
through which @ CO-erriched stream withdrawn from reactors 301 and 302 can be
coilected in separator 317, Separator 317 can gonsist of any conventional separation
system including a CO-VSA unit or & convenGonal distilation system. ‘The high purity



through line 206 to a condenser 206 where the gas tenperature is reduced
and sone _ - 20-

of the water in the gas is renoved by condensation. The gas travels to
drier 208 via | i ne 207 where the effluent is dried over a bed of water
adsorbent. These drier units are wel | known in the industy and can be
operated in a thermal or pressure swi ng node. The dry gas is
transferred through line 209 into surge vess@4.210 (optional.) wherein 5
fluid is transferred through line 211 into heater 212 to form a heated

wat er - depl et ed reformate stream which is routed into Manifold A The
remai ni ng port GO pedust @nde mlm@wmmsmmpm@omm in® 318 for
heat ed wat er - depl eted reformate shall be ect to a shift reaction

ina pl ura||tyfb¢lvn@acqrmydspa‘m.buopmlwmm mtvea@egermam
hydrogen in the reformate to CO and water via the reyerse water gas shit
reaction and CO-epgched mbdure i caused o fiew fram the gemesponding reactor throug 8404

Ais in flow comm i_cation branch nes 311 and 321 are
connected to t4REY ﬁl%ﬁ“@rﬂﬁ‘g m‘é‘gﬁéf}ﬁﬁ viosepamtar 37y 321 are

equi pped with valves 311a and 32l1a, respectively. Qoenl ng of the
appropriate val ve permts the pressurized heated water-depl eted

Tl e b Sl
through |ine 3Tﬁ%r%ﬁ%#wg&ﬁm&3hgﬁwﬁéﬁﬁg ﬁ‘ﬁ&ﬁ !
eepectively, éﬁéﬂﬁﬁ%ﬂ%&%ﬁ%ﬁhmﬁ%&ﬁ%ﬁmm
respectively.  with manifold B. Manifold B can be placed in flow communication with reactor 301 or
302 via lines 313 and 323 upon opening valve 313a or 323a, respectively. Man¥old B
is also in flow communication with pump 360 which is connected to line 392 which can
be combined with stream 207.

Manifold C is in flow communication with resctors 301 and 302 via lines 314
and 324, udslhewﬁehhﬁulppodwlhvdmau-andm. raspectively. -
Regangration effluent from meactors 301 and 302 may be passed through lines 314 and
324 into manilold C for separation in separator 335 Into stream 338 which is &
water-anriched product straam and stream 334 comprising weakly adsorbing purge fluld
which can be passed into storage tank 333 (optional) for later use.

Manifold D is connecied to pump 331 which recelves various process fiuids via
lines 330 and 332. Such procass fluids pass through line 330 orine 332 and are
prassurized via pump 33.1. The pressurized tluid may be passed through manifoki D
whichis in ﬂow communication with reactors 301 and 302 via lines 315 and 325
respectively. Llines 315 and 325 ars sach fitted with vaives 315 and 326a aueh that



Li nes 340 and 350 are operatively connected to manifold E via lines 316
and 328 t hrough which a CO enriched streamw thdrawmn from reactors
301 and 302 can be collected in separator 317. Separator 317 can

consi st of any conventional separation system i ncluding a CO VSA unit

or a conventional distillation system The high purity

-21- CO product can be collected via line 318 and residuals nay be
collectfed via line 319 for fuel value or reggcle. Thus, by opening the
appropriate valve 316a or 326a, the CO-enriched mxture is caused to flow
fromthe coresponding reactor through lines 340 and 316 or lines 350 and
326 i nto mani f ol e fiéwiob streanstoopeManifald Ddntareactars 30%7and 302 can be cantrollsdact or s
301 and 302 are operatively connected to lines 311 and 321, each of whi ch
is in flow conThorecesr weakly adsofbingpsingsifiuid.can betanstarred 30 purnp 337 visfine 332 by
provided wth contol valves 313a and 323a, respectiv uch | i nes
being in flow copeningoaiveda2a orby imporing weakly agsorkiag py &"%‘@a’ﬁ"%@ pl aced

in flow conmuni cation with reactor 301 or 302 via'lines 313 and 323
upon opening val ve 313a or 323a, respectively. Manifold B is also in flow

ggmg;ga\tm! ?El \é\/{ﬁgaﬁqumo whi ch | s%nectw I bnﬁ 362 whi ch Eapﬂgrﬁ)e
Squi pped w th vIEEN b9 mehm- ba m""“"pﬁéﬂv%@é@m&%‘ Cabte By
meni Tol d C for JMGARGE#A wﬁh@&‘ﬁaﬁﬁs%ﬁﬁ%&@ ZM%“@#S i,
purge fiuid wiPBRERpEhs L uahed g ik Aoy kel whicrilg 0T ! 10
later use. operated in cycle acconding 1o & predetermined timed sequence. Other arrangements -
using fewer or a greater number of reactors and the associatad gas manifolds and
switch valves may be employed, optionally using interrupted or discontinuous operation
(using idling) of pumps. om-_rmngements using more than two reactors may be
amployad by appropriate sequsncing of the individual steps or periods of the
process cycle.

According to the general embodiment of FIG. 8, aach of the reactors 301 and
302 undergo four periods of the reaction/adsorption step, refaired to as the
sorpreaction step, one petiod of the depresmurization step, one period of the Purge |
step, one periad of the Purge [l step, and one period of the pressurization step. As
illustrated in Table 1, the steps undertaken at startup in each of reactors 301 and 302
are staggered 1o onablo.at least one of the two reactors to undergo the sorpreaction
stap at afl times during the process cycle. The opemtion of the invention desched in
FIG. 8 involves principally the following sequence of steps: in applying the following
steps, the first pressure ranges from 2 atmospheres to 50 atrospheras and the second
prasaure rangoes from 0.05 to 2 atmosphaeres.



Manifod D is connected to punp 331 which receives various process fluids
via |ines 330 and 332. Such process fluids pass through line 330 or line
332 and are pressurized via punp 331. The pressurized fluids may be
passed through manifold D which is in flow communication with reactors 301
and 302 via |lines 315.and 325, respectively. Lines 315 and 325 are each
fitted wth val ves 315a and 326a such that

-22- the flow of streans from Manifold28-into reaCtors 301 and 302 can be
controlled. Moreover, weakly adsorbing purge fluid can be transferred to
punp 331 via line 332 by opening valve 332a or by inporting weakly
adsorbing purge fluid v |ine 330. Qperation of the SER cycle
of the several enbodi nergs epresented in FIG 8 wll now be explained in

connection with an arbi g al | e having eight tinmed periods of

ten m nutes per period able 1. Although not limted .

thereto, the SER proq; in FIG- -8 utilizes reactors 301
g

and 302 which are op e ording to a predeterm ned tinmed
sequence. O her arrangenents u5|n ewer or a greater nunber of reactors
and the associ ated ga manldalala apdy oy t ch val ve may be enpl oyed.
optionally using inter®upted or discontinuous operation (using idling) of
punps. O her arrange ts using nore than two reactors nay be enployed by
appropriate sequenci ggof eI PRURLP steps or periods of the process
cycl e. Accgording to the general enbodinment of FIG 8. each of
the reactors 301 and §02 wndes go bamo geri ods of the reaction/adsorption
step, referred to as t
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sorpreaction step. one period of the depressurization step, one period of

t he Purge 1 step, one period of the Purge Il step, and one period of the

presurization step. As illustrated in Table 1, the steps undertaken at

startup in each of reactors 301 and 302 are staggered to enable at |east

one of the two reactors to undergo the sorpreaction step at all tines

during the process cycle. The operation of the invention described in FIG

8 involves principally the foll ow ng sequen2é-of steps: in applying the

following steps, the first pressure ranges from 2 atnospheres to 50

at nospheres and the second pressure ranges fromO0.05 to 2 atnpspheres
(foedstock) at

-23- [err] (3) SORPREACTION-the haated water dapleted reformate
(a) SORPREACTI ON -t he heated water depleted reformate feedstock) at a
first predet er rd firsthrodatemind pressusesis passead hoyah theseagter: D AT AdMpdIe of

adm xture of shift catalyst and adsorbent preferentially  selective toward
wat er wherein ahMﬁ@MMMﬁMMW&WMWW@FG%WS
sel ectively adsorbed by the adsorbent and a_ reaction nass nsfer zone

(RMTZ) is for nutreamds withdrmen fromdhe reagier.c aﬁas'\wesﬁ'e@'mlu#

di scharge and of the reactor as nore f tock is sed throu the
reactor. The adidrayeasticnmy (%é&; #ﬁﬁiﬂr@ OVEB £ | ce
S\;t}]h\eatg?sg{bm%tﬂwm@é;emral lin 'e‘gggrof them%hspasesggé’l brat ed
the reactor. The adsorbent at the leading edge of the RMTZ is essentially free of the
adsorbed water while the tralling edge of the RMTZ is equillbratad with water at the
local conditions. The sorpreaction step is continued until the adsorbent in the reactor is
sssentially saturated with water. in other words, the sorpreaction step ends once the
adsorption RMTZ has reached the effiuent end of the reactor or somewhat short of it.
The CO-enriched stream is dischargad from the reactor.

®  DEPRESSURIZATION-the reactor is countercurrently depressurizad to
a 50cond predetermined pressure by withdrawing & mixture comprising unreacted
feadstock, CO and watsr, The deprassurization stap is continued until the reactor
reaches the second pradetermined pressuce.

(© PURGE |- the reactor is countercurently purged at the second
pressure with a weaidy adsorbing purge fluid to desord weter from the adscrbent and a
mixture comprising weakly adsarbing purge fluid, unreactes fqedstodc, a portion of CO
and a portion of water is withdrawn fror;t the reactor.

(d) PURGE K-the reactor is countercurrently purged at the sscond
prassure with a CO-enrichad purge fluid which does net contain CO, and hydrogen to



| ocal conditions. The sorpreaction step is continued until the adsorbent in
the reactor is essentially saturated with water. In other words, the
sorpreaction step ends once the adsorption RMIZ has reached the effluent
end of-the reactor or sonmewhat short of it. The COenriched streamis
di scharged fromthe reactor. (b) DEPRESSURI ZATI ON- the reactor
I's countercurrently depressurized to a second predeterm ned pressure by
wi thdrawi ng a nixture conprising unreacted _ise_edstock, CO and water. The
depressurization step is continued until the reactor reaches the second
predeterm ned pressure. (c) PURGE |- the reactor is’

count er cur r ent | yesorl eSGshii adsb@irgiafetuidanss mbaure/cbiprsing:tht wsakly adsdibing

purge fluid to desorb water fromthe adsorbent and a m xture conpri sing
weakl y adsor bi ngusgemaid, Couind wateris withdréwh frenit@ndacton portion of CO and a
portion of water is withdrawn fromthe reactor. (d) PURGE | |
-the reactor is countercurrently purged at the second pressure with a
CO-enriched purge fluid which does not contain CJerr] and hydrogen to
-25- desorb the weg)l y PRESSURIZATION-he fdaciorisacdntarcairently peassurigaddrongy t he
weakly adsorbing purge fluid, CO and water is w thdrawn fromthe

react or. the secorid:prassurdRAG R B b iwith CO-ermiched purge fluid priortocur rent | y
pressurized from the second pressure to the first pressure with

CO- enri ched pur gamiinencing andther process cyaleewithin/thereadksr proocess cycle within
t he react or.

The vaive pasitions during the above-mentioned cperating cycle are aiso set
forth in Table 1. The designation "O" indicates that a specifted valve Is cpen while a *C*
represents that a spacified vaive is closed. The operative sequence of steps owuning
in reactor 301 during a compiste process cycle will now be described in exhaustive
detail 5o that operation of a conftinuous process will be fully underatood. ‘The identical
sequance of steps according to Table 1 occurs In staggered sequence in reactor 302.

Agein, referring o the embodiment disciosed In FIG. 8 and the saquence
periods and valve positions designated in Table 1, reactor 301 undergoes four
sagquence periods of the sorpreaction step. Feadstack stored in starage tank 210
(optional), is introducad Into reactor 301 by opening valvis 311a and 318a and closing
valves 313a, 314a and 318a thereby sfiowing fasdsinek to flow through manifold A. line
311 and into reactor 301 which contains an admbdure of a desired shift catalyst and a
water-ssiective adsorbent. |

The sorpreaction is continued until reactor 301 is essantially saturated with
adsorbod water. Water is selectivaly adearbed onto the adsorbent and a reaction mass

transfer zone (RMTZ) is formad within reactor 301 which moves toward the discharge



The val ve positions during the above-nentioned operating cycle are al so set
forth in Table 1. The designation "O' indicates that a specified valve is
open while a "C' represents that a specified valve is closed. The

oper at-i ve sequence of steps occurring in reactor 301 during a conplete
process cycle will now be described in exhaustive detail so that operation
of a continuous process will be fully understood. - The identical sequence
of steps according to Table 1 occurs in staggsred sequence in reactor 302
Again, referring to the enbodi nent disclosed*Pd FIG 8 and the sequence
peri ods and val ve positions designated in Table 1, reactor 301 undergoes

foud sequence ﬁgﬁ* &P The s
storage tank Zf% °?opt|ona , 1S |n§ uc *nto reactor 301 openlng
valves 3lla anwmnmmmwemwasr%ch%&ﬁmw reby

al I ow ng feestock to flow through nmanifold line 311 and 1nto reactor
301 which cont Wﬁdﬁﬁgﬂre of a desired Shl ft catalyst and a

wat er - sel ecti ve adsor bent The sorpreaction is continued until
reactor 301 is essentially saturated with adsorbed water. Water is

sel ectively adsorbed onto the adsorbent and a reaction nmass transfer zone

(RMIZ) is formed w t A CO-snfctiiiatredi lndtd thetisshage and ofrelcton 301! viadines 340 and

- 26- end of reactor 301 as nore feedstock is passed. The sorpreaction is
conpl et ed when 318 andfiowE ifte manifold Eforcoliédtion dmseparaion317. [Gpticaally mmh
somewhat short of it by a predesi gned set point

CO-enriched st mmbnzmumymmmmmummwo

and 318 and flows into nmanifold E for collection in separator 317.

Optional |y, thddaempten, yacuum swing adsorption, thermal swing adsarption or distillation or
condensation to form a stream comprising essantially pure CO which is discharged from
separator 317 via line 318 and the remainder of the components of the mbdurs are

discharged via fine 318,

The process proceeds with one periad of the depressurization step wherein
sactor 301 is countercurrently depressurized to a second predetermined pressurs by
vithdrawing a mixture camprising unreacted feadstock, CO and watsr from the Inlet end
f reactor 301. Vaive 313a is opened while vaives 3118 and 3144 remain closad
Mmemunmmmm»;ﬁ and 313 info manifold B and in flow
communication with pump 360. The mixture exits the discharge and of pump 380
procesding via ine 362 for use as fuel (not shown) or recycle into line 207 for use as
faedstock in a subsequent procass cycle. The depressurization step is continued until
the reactor reaches ths second predetermined pressure.

Reactor 301 is then subjected to one pariad of the purge | step, Reactor 301
is countercurrently purged at the sacond pressure with weskly gdsording numi fluid.
Upon opening valves 314s and 315a while vaives 325a and 332a remain in the closed



separator 317 can be separated by conventional techniques such as pressure
SW ng adsor ption, vacuum swi ng adsorption, thermal sw ng adsorption or
distillation or condensation to forma stream conprising essentially
pure CO which is discharged from separator 317 via line 318 and the
remai nder of the conponents of the m xture are di scharged via |line 319.
The process proceeds with one period of the depressurization step wherein
eactor 301 is countercurrently depressurigpd to a second predeternined
pressure by wi thdrawing a m xture conprising unreacted feedstock, CO
and water fromthe inlet end if reactor 301. Valve 313a is opened whil e
val ves 3lla arphsBibsaweskipidsomingsauige Muidifrom anestemab souree passes thoough A ed
through lines 311 nd 313 into nmanifold B and in flow conmunication with
punp 360. The 3ataiafing 330 ad wdivpune 3dthatihe serond Presaume ts gracesd Wa manifelg D o
i ne 302 for use as fuel gﬁot shown or recycle |nto | i ne 207, for use as

Lot oech L b e o eanepet. o g neth or ceoute
Reactor 301 | ! &‘ﬂ% % M Fﬁ@gge %'@%ﬂ tor
2ggor b: zgcgﬂptgg %%%4#!51%#4&5&1% KRWWI ves
33361 ag&????ﬁ%%%&%&@%'ﬂfﬁrom an mq%%e passes
proceed 5?’2"@%'@@ %?E'“ Rty By furdh hd nd € Al qRlR 1 € 10

reeactor 301. eGP b Tahdreiméld thirdkighact ed
f eedst ock, CO an water 'S Wlt rawn from react or wa aline 311, line

314 and nani f Ging 434 irRtd Stordge i $33 18fiuiie GéM) Upkindemadl via dpeaing valve 3323,
weakly adsorbing purge fluid may be drawn to pump 331 via ln=s 332 and 330 for use

in subsequant pracess ¢ycies.

Rasctor 301 is then subjectad 1o one period of the purge Ii step wherein
reactor 301 is countarcurreritly purged with a CO-enriched fluid which does not contain
both hydrogen and COs. Upan cpening valves 314 snd 3154 while vaives 325a and
332a remain in the cosed position, the CO-enriched purge fluld from an exdemal source
passes through pump 331 via ine 330 and exts pump 331 at the second pressure to
proceed via manifold D, line 315 and line 340 into the exit end of reactor 301. A mibdure
comprising wealdy adsorbing purge fluid, water and CO-enriched purge fluid is
withdrawn from reactor 301 via line 311, ina 314 and manifold C and is collected in
separator 335, This mixtura may be used as fuel o discharged for use cutside

the procasas.

The finsl step of the process cycle invoives a single sequencs of the
pressurization step wherein reactor 301 is countercumently pressurized frem the second



m xture may be used as fuel, discharged for use outside the process or
separated in separator 335 to forma stream of weakly adsorbing purge gas
and a water enriched stream 338. A portion of the weakly adsorbing purge
fluid may be transferred through Iline 334 into storage tank 333 for future
use. Upon demand via opening valve 332a, weakly adsorbing pure fluid may
be drawn to punp 331 via lines 332 and 330 for use in subsequent process
cycl es. Reactor 301 is then subjecggd to one period of the

purge Il step wherein reactor 301 is countercurrently purged with a
CO-enriched fluid which does not contain both hydrogen and CJerr]. Upon
openi ng val ves pressurariel tt@fist pwssuee with 3, SO-@xished parge 8aid ar highpuntyiCO product
closed position, the CO-enriched purge fluid froman external source

passes t hrough WQ&W&MMMM%WW@PNM@&NMM

pressure to proceed via manifold D, line 315 and line 340 into the exit

end of reactor Ypanopenifgyalve31Se Yﬂﬁﬁg’\ﬂéeﬂdﬁ JifRe 32N ANd 1329 sempiiin the
311 Iine 14 GeAsdentics, e éciaw 7ihad PSP SURBA1AY SRGUPLAIDD 2358 e ASG and
The f1nal ot ap BRBEP SR ee00q BUrATSIaTRoss °“t§*°fia@@a%&%ﬁﬁﬁ§w
PiﬁfnS?LLZZ‘LLSEdW&-WWW%&@@S%w?ﬁﬁ%ﬁégﬁ%méﬁe“t 81 (peehiee e Bt
CO-enriched pur rUi d or high purity CO product stream 318 prior to

commenci ng anot her process cycle within the reactor. Specifically, upon
openi ng val ve 315a while val ves 31l1la, 313a, 314a, 325a and 332a remain in

t he
The process procesds through additional cycies aceording to the above-

mentonad steps enumerated in Table 1. While the sequence periods are depicted as
being of equal length, this is neither required or necessary. The times will be set by
allowable maxdimum gas ﬂowmtu valve 3nd fine sizes and the properties of the
adsorbent used. Altamate roufines may be employed for establishing the duration of
aach of the cycle steps. For example, the end of a particular step may be determined
by cther techniques known in the art such as by analysis of the composition of the
reactor effluent. .

Saveral variations to the genersl embodiment may be practiced to meet the
particulas needs of sach plant. For axample, the CO-anriched stream of manifold £ can
be separated in separator 317 ®o form stream 318 comprising essentially pure CO and
a CO-depieted stroam 501. Stream 501 can be admitted to a conventianal polymeric
membrane S02 o ferm & hydrogen-enriched waste gas stream 503 and a hydrogen
depleted, carbon dioxide enriched racycle stream 504 which may be recycled into SMR
reaclor 204.



cl osed position, the COenriched purge fluid panes trough punp 331 via line

330 and exits punp 331 at the second pressure to proceed via manifold
D. line 315 and |ine 340. into the exit end of reactor 301. This step is
st oppetd when reactor 301 reaches the first pressure. The

process proceeds through additional cycles according to the above-
mentioned steps enunerated in Table 1. Wii'le the sequence periods are

depi cted as beng of equal length, this igggeither required or necessary.
The tines will be set by al | owabl e maxi nrumgas flow rates, valve and

| ine sizes and the properties of the adsor bent used. Alternate routines

may be enpl oyed for -ekltenriaitoly, uatly ristormay bé subjedted to ancadditiohaltcoonteyetirent
steps. For exanpl, the end of a particular step nmay be determ ned by

ot her techni queBurie atup at the first preissure with awedkly adsarbing purgd flvid betwaenaa t | on’
of the reactor effl uent. Several variations to the general
embodi ment nay darprasetinnistepcaridthedegrassutizationatap andwithdraningsa mixturaclomplising
For exanple, the COenriched stream of manifold E can be separated in
separator 317 tunréacted fesdstack, SOnandomatet which)cansiamecyciad as feed ® BOSERreactors
CO - depleted stream501. Stream 501 can be admtted to a conventional
pol ymeric  merniia enawifeid B. pemp 366:mnd inaies dMpreower. dddiionil £C rapybesuddadifo Y38

and a hydrogen depl et ed, carbon dioxide enriched recycle stream 504
whi ch may be rmwpﬁ“bmm‘mw“m
;:(2)8;“ ercurrent B ea;‘g&%‘e.éoﬂeach ;o%agm%ergg%cte é.o an addi ti onal
The altermnats smbodiment oprpiaﬁts process is described in FIG. $ which
itustrates a process flow diagram which depicts a steam methane reformer 604, shift
reactor 802, hydrogen PSA unit 808, compressor 808, condensers 606, 8§10 and 804,
drier 812, feed heater 616, SER reactors 601 and 802; numerous contral valves;
manifolds A through E; pumps 731 and 700; separators 717 and 735; and surge
vassels 814 and 733. Referring to Fig. 9, 3 hydrocarbon feedstock, 8.g. methane or
natural gas, is desulfurized in a vessel {not shown) using an adsarbent as is weli known
in the art  The desulfurized hydrocarbon feadstock is mixed with steam to form a mixed
refarmer feadstock rapresanted by stream 803, Feedstock 603 is preheated in a.
preheater (not shown) and introduced into SMR reformer 804. Such reformers are well
known in the art and are heated by firing a mixture of fue! and air {(not shown). The
reformar typically operates at temperatures of 800" to 1000°C and pressures of 5 10 30
ammospheres and produces a reformats consisting of about 73% hydmgén. 13% CO,
8% CO; and 5% methane on a dry basis. The reformats is sent through line 805 0 &
condenser 606 where the gas temperature is reduced to 200° 1o 500°C. The gas is
spiit inte a first stream which passes through line 801 and a second stream which
passes through condenser 610. The cooled reformate passing through line 801 flows



Purge step at the first pressure with a weakly adsorbing purge fluid
between the sorpreaction step and the depressurization step and

wi t hdrawing a m xture conprising unreacted feedstock CO and water which
can be recycled as feed to the SER reactors via manifold B. punp 360 and
line 362. Moreover additional CJerr] may be added to the heated

wat er - depl eted reformate stream 209 prior to conducting the SER cycle in
order- to balance the CJ err] and hydrogen %llchl onetry for the shift
reaction. The al ternate enbodi nent of Applicant's process is
described In FIG 9 which illustrates a process flow diagram which

depi cts a st eampdighfardit matir 802Whers G andWalbi arershiftod! ta hyihdgerh yTheogen PSA
unit 806. conpressor 808, condensers 606,610 and 804, drier 812, feed
hheater 616, Sydrdguncimichédtreanrisdéiting s mactoniarcobleda 30%to 120MDin’ ol ds A
t hrough E punps 731 and 760; separators 717 and 735; and surge vessels 614
and 733. Ref er¢indgnser 804 awhefiin subisiantial watiris removed by condensationiThie water or
natural gas is desulfurized in a vessel (not shown) using an adsorbent as
is well knowdepleted, hyderogen Sndched stredm B80S isckant o the hydrogenRSA 806 to predudeed

with steamto forma mxed reforner feedstock represented by stream 603.

Feedst ock 603 high purity hydroger siramm §07-4nd-a waste gineam. stnemh aolering c ed
into SMR refornmer 604: Such refornmers are wel |l knovvn |n t he art and are
heat ed by fi rissgdensar 840 isccasieditn ambisnttemperature for mer

Py essur ey of GmaNneNgon. TG Geh s A0 817 %S &Lei mdee-@%m”oo s

?te)](c)g'; mZ'?oeA) Ihgdro&qyi g% %D 9% eﬁg‘%ﬂ& 6‘%6 5% @t hang1 gnla| dWHESSI s, The

ot ot oam \ARCEAE B Bamal o Eipbure fuing grsde; Tna eﬁf%@r@aivségmwm ]

passes t N ougy GONIRNSELs B sungd Seusdi ¥t Whoidid R tanbRRRY ol Be¥he il
heatar 818 to form a heated water-depieted reformate stream which is routed into
Manifold A, The remaining portion of FIG. 9§ represents the SER procass wherain the
heated water-depletod refonmate shall be subject to a shift reaction in & pluraiity of
raactors operatad in cycle to eonvert CO; and hydrogen in the reformats to CO and
Wmm‘mncmmshmuadonandtoma.mldmﬁ:&

Manifold A is In flow eommunication with Branch infet ines 711 and 721 which
are connected to the infet ends of reaciars 601 and 802. Lines 711 and 721 are
squipped with vaives 7112 and 7213, respectively. Opening of the appropriate vaive
permits the pressurized heated water-depleted reformats to flow through manifold A
inta the saiscted raactor being initially placed on stream. Thus, by opening valve 7114,
while vaive 721a is closed, the refonmata may be caused ta flow from r;lamfold_ A,
through fine 711 and into reacior 601. '



- 30- through a shift reactor 802 where CO and water are shifted to

hydr ogen The hydr ogen-enri ched stream 803 exiting the shift reactor is
cooled to 30[err] to 120[err]C in condenser 804 wherein substantial water
i s renoved by condensation. The water depl et ed, hydrogen enriched stream
805 is sent to the hydrogen PSA 806 to produce a  high purity hydrogen
stream 607 and a waste stream The second stream entering condensar 610
is codled to anbient tenperature and water ig,[enoved by condensat i on.
The gas travles to drier 812 via |ine 611 wh re the effluent is dried over
a bed of water adsorbent. These drier units are well known in the industry

and can be  oper at eReabtors 8G1UNIE02 Are MiAR ieir respactividouliRtiénds wilklinea 740
essentially dry gas is transferred through line 613 into surge vessel 614

wherein fluid isadt750nedpecivaly, iWWWWmﬁ%%eMS.&.W
nifold A

heat ed wat er - depl et ed reformate streamwhich is routed into
The remai ni ng [ieis 740 and 750 Gre Spearatively Torvecied 1 Manitdld B vis ies 2Y6aind 726! he

heat ed wat er-depl eted reformate shall be subject to a shift reaction in

a plurality of nrougmwhicha COenched stream withdraivo fromreactors 80 and BO2 acawl be
hydrogen in the reformate to COand water via the reverse water gas
shi ft reacti on calisttachinseparatnr 747. Separaton 717 ap consist of any conventional $épardtiohd A
is in flow conmunication with branch inlet lines 711 and 721 which are
connected to tWMMMCC&NMOntmﬂMﬂWmiWMOaWimare
equi pped with valves 71la and 72la, respectivel eni ng of the

appropri ate valCRprodueteandecaliecdyinine Z19enddne strpam 2484y optionally

reformated to flow through manifold A into the selected reactor being

initially pl-accempressed B.compresaar o5 biowss F0§ and cambined with line JOS whichiseds 901 5

Is closed, the reformate be_caused tqg flow from manlfgld A __through

line 711 and iﬁﬂ@%’(ﬁ% . Thus, by opening the appropriate vaiva 716a or 726a, the
CO-enviched mixture is caused to flow from the corrasponding reactor through lines 740
and 718 or linas 750 and 728 into manifold E for passage into separator 717.

Reactors 601 and 802 are operatively connected to lines 711 and 721, each of
which is in flow communicatian with lines 713 and 723. Lines 713 and 723 are provided
with control vaives 713a and 723u, respectively, such linas baing in flow communication
with manifold B. Manifoid B can be placed in flow communication with reactor 601 or
€02 via ines 713 and 723 upon opening vaive 713a or 723a, respectively. Mmrofdb
is also In flow communication with pump 763 which is connected to line 762 which can
be combined with stream 611,

~ Manifold C is in flow communication with reactors 601 and 802 via lines 714
and 724, sach line which Is equipped with vaivas 714a and 724a, respectively.
Regeneration effluent from reactors 601 and 802 may be passed throcigh lines 714 and
724 Into manifold C for separation in separator 735 into stream 736 which is a



- 31- Reactors 601 and 602 are fitted at their respective outl et
ends with |ines 740 and 750 respectively. each equi pped with control
val ves 716a and 726a, respectively. | ines 740 and 750 are operatively
connected to manifold E via lines 716 and 726 through which a CO enriched
streamw thdrawn fromreactors 601 and 602 can be coll ected in separator
717. Separator 717 can consist of any conventional separation system
including a CO VSA unit or a conventional diggdllation system The high
purity CO product can be collected via line 718 and the CO depl eted
stream 719 is optionally conpressed in conpressor or blower 608 and

combi ned with wateretfichad product siceim ard streammc7M\compruing Weakp adsortiing purgeyfluid
openi ng the appropriate valve 716a or 726a, the CO-enriched mxture is

caused to flowmanmmmmammm&mwh lines 740 and 716
or lines 750 and 726 into manifold E for passage into separator 717.
Reactors 601 and 602 are operatively connected to lines 711 and 721. each

of which is idndf | ow onw!r;i cati on?vvi th J,'#ﬂes 713, and 3. Li neﬁgé%%‘and
723 [ i ponnectsd © AUTR, MesveE, gﬂé&*m
Iinegrgeﬂlg\/: nefl W ation wgh manifol . can be -
pl aced in flowmmm M@O% &'H ¥, nd 723
commun cat | on PONBHYERA Ve Pulte Tt TR Brestufime ik iy fapeb v ol p ' D0
mbi ned with
Weh reactors %@%%%Mﬂh%ﬁfi@ﬁgﬁﬁ% n
rom reactors MRVt Tndlfls i 3osaiBEh ks win veiBOT (5 did F22 &B.Ln 3

mani fold C forﬁwahmmﬁmm%m@a%wwwwm a
Momsover, weakly adsorbing purge fluid can be transferred to pump 721 via line 732 by
opening valve 7323 or by importing weakly adsorbing purge fluid via line 730.

Operation of the SER cycle of the several ambodimants represented in FIG.9
will now be explained in connection with an arbitrarily chosan cycle having elght timed
periods of ten minutes per periad as set forth in Table 2. Although ot limited theruto,
the SER procass as illustrated in FIG. 8 utilizes reactors 801 and 602 which are
cperated in cycle acconding to a predetermined timed sequence. Other arangements
using Mqranmmofmmﬁdm associated gas manifolds and
swilch vaives may be employed. optionally using internupted or discontinuous aparation
{(using idling) of pumps. Othgram_mgomm using mors than (wo reactors may be
employed by appropriate sequencing of the individuai steps or periods of the
procass cycle, ) |



- 32- wat er -enri ched product stream and stream 734 conprising weakly
adsorbing purge fluid which can be passed into storage tank 733 for
use. Manifold Dis connected to punp 731 which receives
vari ous process fluids via l|ines 730 and 732. Such process fluids pass
t hrough |ine 730 or line 732 and are pressurized via punp 731. The
pressurized fluids may be passed through Manifold D which is in flow
communi cation with reactors 601 and 60233d a |ines 715 and 725,

| at er

respectively.
such t hat

can be controlled. Mreover, weakly adsorbing purge fluid can be
transferred to punp 731 via i %ﬁ 732a or hy

i mporting weakly adsorbin r e By 4 Oper ati on
of the SER cycle of the alg presented in FIG 9 will

now be explained in conné
e

eight tinmed periods of

Al t hough not [imted thefdeto, SO OIRYoerexs as illustrated in FIG 9
utilizes reactors 601 an® 602 which are operated in cycle according to a
pr edet er m ned time s@quenc nts

greater nunber of reactows ﬁeggggoﬁggg%rgas mani f ol ds and

val ves may be enpl-oyed.

operation (using idling
reactors nmay be enpl oye
or periods of the

TABLE 2

Time

proceXs

Mia 7922 7832 7i4a T1Ba 786 732z 721a Ti2a T23a 7

Li nes 715 and 725 are each

% s
n ninu!es per perio
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ptionally using interrupted or discontinuoua
of p&BS OQ h& VK PShgenent s using nore than
by appropriate sequenci ng of the i ndividual
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fitted with val ves 715a and 725a
the flow of streans from Manifold D into reactors 601 and 602

illy chosen cycle having
as set forth In Table 2.



- 33- [err] _ - 34-
According to the alternate enbodinent of FIG 9. each of the reactors 601
and 602 undergo four periods of the reaction/adsorption step, referred to
as the sorpreaction step, one period of the depressurization step, one
period of the Purge | step, one period of the Purge Il step, and one
period of the pressurization step. As illustrated in Table 2. the steps
undertaken at startup in each of reactors 6043&nd 602 are staggered to
enabl e at | east one of the two reactors to undergo the sorpreaction

3;2&?%3' I | ;I rrE]sGdugl E%Mhegrocess cycle. ?Pgﬂgog;ﬂﬁngg{f@t he i nv, t|
at mospher ot o SEOLERIARA BB ﬁiﬁ#h@e@%n@“ﬁﬁiﬂ#ﬁ@ﬁﬁié sm 0.05 10
rze?ggonzfgehiedﬂ'Wh?“p‘ﬁl 0 QQFCT@FI Fﬁ%’&“m ther&it Ed% |6t ough
E’JhtgL dmif| |¥nt%wa t r?oi%é%egéﬁﬂaﬁm%@%?&r&%@é B 388 A s
and a reaction hw&%ﬁmw W@Fﬁ&] M‘%%ggﬁ)g&
phich moves passeﬁwtdm%ﬂ%%%mwmw&mw
- step at all imes during the process cycle. The operation of the invention describad in
FIG. § irn_rolvu principally the following sequence of steps: In applying the following
steps, the first pressure ranges from 2 atmospheres to 50 atmospheres and the second

pressure ranges from 0.0§ to 2 atmospheres.

(a) SORPREACTION-the heated water depletad reformate (feadstock) at

a first predetermined pressure is passed through the reactor containing an admbdure of
shift catalyst and adsorbent preferentially salective toward water wherein a CQ-enviched
stream is withdrawn from the reactor. Water is seledtively adsorbed by the adsorbant
and amcﬂmmssméforzonecﬂm is formed inside the reactar which moves
loward meouﬂotardfsm“emd of the reactar as more feedstock Is passed through
the reactor. The adsorbent at the leading edge of the RMTZ is essentially free of the
adsorbed water while the tralling edge of the RMTZ is equilibrated with water at the
local cohdiﬁons. The sorpreaction step is continued until the adsorbent in the reactor is
assentiaily saturated with water, In other words, the sorpredaction step ends once the

| adsorption RMTZ has reached the effluent end of the reactor of somewhat short of it. -
The CO-enrichad stream is discharged from the reacior.



the reactor. The adsorbent at the |eading edge of the RMIZ is essentially
free of the adsorbed water while the trailing edge of the RMIZ is
equillbratd with water at the |ocal conditions. The sorpreaction step is
continued until the adsorbent in the reactor is essentially saturated with
water. In other words, the sorpreaction step ends once the adsorption RMIZ
has reached the effluent end of the reactor or sonewhat short of it The
CO-enriched streami-s di scharged fromthe reag§er.

- 35- (b) DEPRESSURI ZATI ON-t he reactor is countercurrently

depressurized to a second predeterenm ned pressure by, withdrawing a m xture
conpri si ng unreact ed @bedmmﬂﬂaglﬁ@'ﬂré’miﬂ?gm“ﬁmi s
continued until the reactor reaches the second predeterm ned pressure.

(C)  PURGE | - t esecond pradstesmined prassyre by £P Amarision d

pressure wth a weakly adsorbing purge fluid to desaorb water fromthe
adsor bent and amméocmmtm %@nﬂem%%%%uwmw
unreacted feedstock a portion of CO_ and a portion of water is w thdrawn
from the react orreaches ““"‘W’Pﬁe reactor is countercurrently
purged at the second pressure with a COenriched purge fluid which does
not contain CJerr] and hydrogen to desorb the weakly adsorbing purge

fluid and a m xture c ri gﬁ@&gm y % mg:o and

water is withdrawn fr tmwké '!3 %H

PRESSURI ZATI ON-t h i ) i

second pressure EWF@W%&%W%nH cEe %ﬁﬁg‘e‘cﬂ ul 5 pri o‘r

to mixhure comgrising weakly adserbing purge fluid, unreacied fesdstock, a portion of CO
and a portion of water is withdrawn from the reactor.

) m—mmadwiscc;mmmﬁymoditmcuwnd
pressure with a CO-enriched purge fluid which doss not contain CO; and hydrogen to.
dmrbhwnﬂyadaorblngpumﬂaidandamkhmcompﬁﬂnqﬁemﬂdyadwbmg
purge fiuid, CO and water Is withdrawn from the reactor.

() Wm reactor is countercurrently pressurized from
the second pnmubmomummwm CO-anviched purge fiuid prior to
commencing ancther process cycle within ths reactor.

Tﬁevﬂvepmiﬁomgtﬁngﬂnabovmﬁomdomqunmalsoat
forth in Table 2. The designation 'O"indentu that a specified valve is open while a “"C”"
upnmu;hnta specifiad vaive is closed. The operative sequencs of steps occurting
in reactor 601 duﬁngawnphhpmsscydewﬂimwbod-swbedinexhausﬁw
detail 30 that operation of a continuous process will be fully understood. The identical
sequence of steps according to Table 2 occurs in staggered sequence in reactor 802.



commenci ng anot her process cycle within the reactor. The val ve
positions during the above-nentioned operating cycle are also set forth
in Table 2. The designation "O' indicates that a specified valve is open
while-a "C" represents that a specified valve is closed. The operative
sequence of steps occuring in reactor 601 during a conplete process cycle
wi Il now be described in exhaustive detail so that operation of a
contirfous process will be fully understood:3he identical seuence of
steps according to Table 2 occur in staggered sequence in reactor 602.
Again, referring to the enbodinment disclosed in FIG 9 and the sequence
periods and val ue positions designated in Table 2 reactor 601 undergoes

four sequencew peri o} S
storage tank 614 is rehea ea an en |n 'nto
9 P Rgiln Lf{rﬁg é%ﬁ&ﬁ?ﬁh@ﬁt )&Eﬁ@e@ E%éé gﬁt n#“
ind 715a t her SBSREH 4} iR Kt dnapatha ol TR0 2 hes Wﬁ%ﬁe CTh
and into react eg&%‘ Wﬂﬁoc%rﬁ?
catal yst and ag er Eh*ectlve ahs “%en?ﬂw e sorBeeactlon S
conti nued uni tgrdh@?ﬁk .ﬁgﬂd G&(wﬁgmm
wat er. Water sel ective y adsorbed ontoeﬁﬁe adsorben%gan a reac?ﬁg%

MasSs transfer a4@ 7924, 714aliind 7184 Hefdby alldwing tédustiex e ndve v ar d
the di scharge end i?areactor 601 as nore feedstock IS passed. The
sorpreacti on e ViRR'718 @Ad i reatorsbEahich contilhs e ambageofat he

reactor or sonmewha short of it by a predesigned set point.
A CO-ehriched desiiatdshift catalyst shih @ witeraelactve sisdrbent r eact or ‘601 via |ines 740

and 716 and flows into manifold E for coIIectlon in separator 717.
Optionally, the mxture in
The sorpraaction s centinued unti reacor 601 Is eseentially saturated with
adsorbed water. Waler is salectively adsorbed onto the adsorbent and a reaction mass
transfer zone (RMT2) is formed within reactor 801 which movas toward the discharge
~ and of reactor 601 as mora feedstock is passed. The sorpreaction is compieted when
the MTZ reaches the effluent end of the reactor or somewhat short of R by a

predesigned set paint.

A CO-enriched stream exits the discharge end of reactor 601 via Iln_u 740 and
718 and flows into manifold E for collection in separator 717. Optionally, the mbdure in
separator 717 can be separated by conventionat techniques such as pressure swing
adsorption, vacuum swing adsarption, thermal swing adsorption or distiilation or
condensatian to form a stream comprising essentially pure CO which Is discharged from
separator 717 via fine 718 and the remainder of the components of the mixiure are
discharged via fine 719. |



separator 717 can be. separated by conventional techniques such as pressure
SWi ng adsorption. vacuum swi ng adsorption, thermal sw ng adsorption or
distillation or condensation to forma stream conprising essentially pure
CO which is discharged from separator 717 via line 718 and the renai nder
of the conponents of the m xture are discharged via |ine 719.

-37- - The process proceeds with one period of the depressization
step wherein reactor 601 is countercurren=By¥~ depressurized to a second
predet er mi ned pressure by wi t hdrawi ng a m xture conprising unreached

f eedst ock, CO and water fromthe inlet and reactor 601, Valve_713a is

f

opened while val ves TheROGAES Praceeds wilhone mgéﬁ“‘ﬁp _ to
be passed through lines 711 and 713 into, ifold and, in, fl
conmuni ton wit HMBWW é‘@?ﬁ@ﬁ ﬁ?%&?@"&ﬂﬁ"‘aﬁgﬁm‘ b¥s0
grlti)c?edi ng vi a,I I.ne 76% f.or use s%f uel nﬁt %@g%?@&%%ﬂﬁpw.tlﬂe

or use as emcg"?!ﬁg H‘Y@ﬂ?“b , .
depressuri zatio St en .S JQued unt il .. I second
pr edet er m ned %fﬁéﬁf&é‘ Vg%yﬁ&%é‘tﬂ‘%‘.@ﬁﬁ@%@ﬁ%ﬁ% one
period of the pu I . | e
second pressur e%%%%g%ng%w&%ﬁmsva \?/'Ea
714a and 715a ' N d @ﬁaﬁﬁ@&hﬂh' sﬁ%ﬁg ik | ON
weakl y adsor bi%ge mBﬁﬁrﬂnTﬁg er nal sou??:ie_ pa gé;ﬁtsﬁ%%zé%urrp
731 via line 7%&%@% 28 ar SREWH) mgaa- o8 I a
manifold D. line 71 ang'llne 7%?%'%(3 exi'?;ren o?m?eact‘gfrﬂfégﬁia%\
T XEUT @ COMPY | Hodditehi a)oub@bipntirdshad tiai: ‘e depreseiatzaton sulp ieeihas unthO
and water is vvithdravvnh?“rom reactor 601 via line 711, Iiﬁﬁg 714 and

mani fol d C and thy riltdredichds tha SRERRS redétenrifed préssure.

Reactor 601 is then subjacted to one period of the purge | stap. Reactor 801
is countercumrently purged at the secand prassure with weakly adsorbing purge fluid.
Upon opening vaives 744 and 715a while vaives 7254 and 732a remain in the ciosad
position, weakly adsorbing purge fluid from an extemal sourcs passes twoughpump
731 via line 730 and wxits pump 731 at the 56cond pressure o rocesd via manifoid D,
line 715 and line 740 into the exit end of reactor 601, A mixtura comprising weakly
adsorbing purge fluid, unreacied feedstock, CO and water is withdrawn from reactor
601 via lina 711, line 714 and manifold C and is coliected in separator 735. This
mb&nomyuusedasw.dhchﬂdedfummamepmmswsnpmain
separator 735 tcfamasrmofweddyadsorbingpumegasandawahunrlchd
stream 735. A portion of the weakly adsorbing purge fiuid may be transfernad through
line 734 into storage tank 733 for future use. Upon demand via cpaning valve 732a,
weakly adsorbing purge fluid may bedrawntopuinp 731 via lines 732 and 730 for use
in subsequent process cycles. |



m xture may be used as fuel, discharged for use outside the process or
separated in separator 735 to forma stream of weakly adsorbing purge gas
and a water enriched stream 735. A portion of the weakly adsorbing purge
fluid may be transferred through line 734 into storage tank 733 for
future use. Upon denmand via opening valve 732a, weakly adsorbing purge
fluid may be drawn to punp 731 via lines 732 and 730 for use in
subsequent process cycl es. -38-

- 38- Reactor 601 is then subjected to one period of the pure |
step wherein reactor 601 is countercurrently purged with a CO enriched
fluid which does noReactat 80his then subjectddg one peribdatithe purge Wster vimeeinng

val ves 714a and 715a while valves 725a and 732a remain in the closed
postion, the MMUWWWMF&%MN&IWMSMSWH

t hrough punp 731 via |line 730 and exits n_P 731 at the second pressure
to proceed VMMG“Q% Hpon ppening valvese! tAs@nd 1182 while valyes 725aand of

reactor 601. A nlxture 2&&%§|ng weak adsorng%B%P ﬂ f;;b%¥ wagﬁ&ﬁgnd
gloélzgalcic?rgg:fgld C and I S cogpegigghlsm\'agar t or 7%% !ihls m xture maéé be
used as fue

&Eirﬁ{ﬁC?ZZcfédf focged “V°' MR ﬁh%éﬁ@%ﬁ@é&%&e i reaee, “;éioﬁ"“h“ep
Vﬁmthtytc.;pt gamprdiSd R S4ishitd hoto ?ﬁ%ﬁf@&-ﬁh%ﬁﬁm%@%es'gygge
711a, 7136, BBy A5 e v AP P14, A TA4 e B € e W kg °
CO-enri ched pyLggafd: 146 RGN mww.mummwﬁrwome

the process.

“The final step of the process cycie invoives a single sequence of the |
pressurization step wharein reactor 601 is countercurrently pressurized from the second
pressure to the first pressure with 8 CO-anriched purge fluid or high purity CO product
stream 718 prior to commencing snother procass cycle within the reactor. Specifically,
upon opening valve 715a while valves 711a, 713e, 7143, 725a and 732a ramalin in the
dosed position, the CO-enriched purge fluid passas through pump 731 via line 730 and
exits pump 731 at the second pressure to proceed via manifold D, line 716 and line 740
into the axit end of rector 801. This step is stopped when reactor 601 reaches the first

pressure.

The procass procesds through additional cycles according to the above-
mantioned mps snumerated in Table 2. While the sequence periods are depicted as
being of squal length, this is neither required or necassary. The times will ba set by
allowable maximum gas flow rates, vaive and (ine sizes and the proparties of the



exits punp 731 at the second pressure to proceed via manifold D, line 716
and line 740 into the exit end of reactor 601. This step is stopped when
react or 601 reaches the first The process proceeds through
addi tional cycles according to the above- nentioned step enunerated in
Table 2 Wiile the sequence periods are depicted as being of equal |ength.
this is neither required or necessary. The tinmes wll be set by allowable
maxi muim gas flow rates, valve and |ine si z.escs_and the properties of the
adsorbent used. Alternate routines may be enpl oyed for establishing the
duration of each of the cycle steps. For exanple, the end of a particular

step may be dﬂWWWMWMWSm?ﬁmhﬁmmmmm by
uen

anal ysis of the conpositon of the reactor e

Alternately, eatioftheozic stepsitRor bLampls, ths srd of ®particuldldtip maybe detannined
countercurrent Purge step at the first pressure with a weakly adsorbing

purge fluid bbyothertechniquasinpwe irctha art sucteas byndnaiysis of te eompuasitiontorte st ep
and withdrawing a m xture conprising unreacted feedstock, CO and water

whi ch can be reactpcéfdents feed to the SER reactors via manifold B[err] punp
760 and |ine 762. Sui tabl e catal ysts for conducting the

st eamm net hane reform ng reaction include conventional steam nethane
reform ng and prereform ng catal ysts such as nickel -al um na,

ni ckel - magnesi um alAltematsiy,rach reactiernmay basubjected to-an addifional countercurrent
Purge step at the first pressure with a weakly adsorbing purge fiuid betwsen the
sarpreaction step and the depressurization step and withdrawing a mixture comprising
uveaciad feedstock, CO and water which can be recycled as feed to the SER reactors
via manifoid B, pump 780 and line 782.

Suitable catalysts for conducting the steam-methana raforming reaction
include conventional steam-methane reforming and prereforming catalysts such as
nickel-alumnina, nickel-magnesium aiumine and the noble metai catalysts.

Suitable water gus shift catalysts for conducting the reverse shift reaction in
the reactors or the SER cycle include conventional shift catalysts such iron-chromium
high temperature shift catalyst, copper-zinc oxide low temperature shift catalyst and
copper/zine oxide medium temperature shift catalyst. |

Respecting the water adsorbents to be used in the reactors of the integrated
SER procass, the adsorbant must be aciive at the reaction conditions maan!né that
 such the adsorbent must retain its capacity and selectivity for the more adsorbable
product. Second, the adsorbent must be chemically nautral and must not act as a
catalyst for the nv\om water gas shift reaction.



Sui tabl e water gas shift catalyst for conducting the reverse shift reaction
in the reactors or the SER cycle include conventional shift catal ysts such
i ron-chrom um high tenperature shift catal yst, copper-zinc oxide | ow
tenperature shift catalyst and copper/zinc oxide nediumtenperature shift
catal yst. : Respecting the water adsorbents to be used in the
reactors of the integrated SER process, the adsorbent nust be active at
the reaction conditions neaning that such.% e adsorbent nust retain its
capacity and selectivity for the nore adsorbable product Second, the

adsor bent nust be chemcally neutral and nust not act as a catalyst for

the reverse Walissroatasedi Aterité Fdutings may be employed for astablishing the duration of
- 39- adsorbent used. Alternate routines may be enployed for establishing

the duration eéch ofdhebycid stepm Roy gkamplscthe endof a padicqMrcstag inay b8 detiinmined
particul ar step nmay be determ ned by ot her techni ques known in the art
such as by anby gtestechniqiws knowp ictheiattsuch as by analysitcafithe compasitiontof the
Alternately, each reaction may be subjected to an additional countercurrent
Purge step at teastor efflusnt. pressure with a weaky adsorbing purge fluid between
t he sorpreaction step and the depressurization step and withdrawing a
m xture conpri sing unreact ed feedstock, CO and water which can be
recycled as feed to the SER reactors via manifold B, punp 760 and |ine

762. Sui Altasmately. sach yagction may be sublected i amaddilional sovatencurment

refor g engl o el COMeTL LTl 5l Sa L none  gfor g and
sarpreaction step and the depressurization step and withdrawing a mixture comprising
uvegcted feedstock, CO and water which can be recycied as feed (o the SER reactors

via manifold B, pump 780 and line 762.

Suitable catalysts for conducting the stsam-methane raforming reaction
include conventional steam-methane reforming and prereforming catalysts such as
nickel-alumina, nickel-magnesium alumina and the ncble metal catalysts.

Suitable water gus shift catalysts for conducting the reverse shift reaction in
the reactors or the SER cycle include conventional shift catalysts such iron-chromium
high temperature shift catalyat, copper-zinc oxide low temperature shift catalyst and
copper/zine oxide medium temparature shift catalyst.

Respecting the water adsorbents to be usgd in the reactors of the integrated
SER procass, the adsorbent must be active at the reaction conditions maaning- that
such the adsorbent must retain its capacity and s;ledivity for the mora adscrbable
product. SQcond. the adsorbent must be chemically nautral and must not act as a
catalyst for the raverse water gas shift reaction.



ni ckel -alum na, nickel-magnesium alum na and the noble netal cat al ysts.
Suitable water -gas shift catalysts for conducting the reverse shift
reaction in the reactors or the SER cycl e include conventional shift

catal ysts such iron-chromum high tenperature shift catal yst, copper-zinc
oxide low tenperature shift catalyst and copper/zinc oxide nmedium
tenperature shift catalyst. Respecti-ng the water adsorbents to
be used in the reactors of the integrated SEgprocess, the adsorbent nust
be active at the reaction conditions nmeaning that such the adsorbent nust
retain its capacity and selectivity for the nore adsorable product Second,
t he adsorbent nust be chemcally neutral and nust not act as a catalyst
for the reverse water gas shift reaction.

- 40- TheThelem, wesidy sdsarbing fluid, defers o @ fluid-whieh is capable pf Ui d

whi ch is capabl e of di spl aci ng the product which is adsorbed by the
adsor bent dur i ngispiscing theproduct uMamdmmaMOr bed

by the | ess adsorbing product such that subsequent process cycles can be

conduct ed i n eaBfecasRRHMhichrean then be desprbed by the legs adsorbing praduct svehthali | v

sel ect one or a m xture of weakly adsorbing f|luids suitable for use .in,
the clai ned i nvEkisegyuent process Gyclds can W&‘QMMMan‘! oRinay skt in of

the present/inv ntion' [ b oper at ed. usi nvent i o har re. For
exanpl e, sui tab%%mm@iwqum'fm%‘ﬁsm e for use n

tha cisimed Invention.

The genaral and altermnate emboadiments of the present invention can be
operated using conventional hardware. For example, suitable reactors inciude any
vessel which is cspable of being subjected to the reaction conditions required to
practice a particular equibrium controlied process such as shel and tube reactors.
Mareover, the separators enumerated in the process are readily selected by ona of
ordinary skill in the art based upon considerations such as the particular mixtures to be
separated, the volume of fluids to be separated and the like.

'The following examples are provided to further llustrate Applicants’ procass for
producing CO. Themmﬂesmmumand are not intended to fimit the scope of
the appendaed claims.

EXPERIMENTAL SECTION

The following examples are provided to further llustrata Apgplicants’ claimed
process for praducing CO which intagrates a conventional SMR procass with an SER
cycle which shifts CO; present in the SMR reformate to CO via the reverss water gas



vessel which is capabl e of being subjected to the reaction conditions
required to practice a particular equillbriumcontrolled process such a
shell and tube reactors. Mdreover, the separators enunerated in the

process are readily selected by one of ordinary skill in the art based
upon consi derations such as the particular m xtures to be separated, the
volunme of fluids to be separated and the I|ike The foll ow ng
exanpl'es are provided to further illustrate _ggplicants' process for

produci ng CO The exanples are illustrative and are not intended to limt
t he scope of the appende cl ains. The foll ow ng exanples are
provided to further illustrate Applicants' clainmed process for producing

CO whi ch i nt egshift.cTheag)amplas aré ilustrativd/Bng amcet intended takmith scope ef th@gi ch
shift CJerr] present in the SMRreformate to CO vi.a the reverse water gas

-41 - shift. *ppendedeldiMes are illustrative and are not intended to limt
the scope of the appended cl ai ns. ' Mass bal ance cal cul ati ons were
carried out for selected processes depicted in FI GS. 1 through 7.

Ther rodynam ¢ equil i ne
r ef or mer effl uent %n*#m %%WM using a SMW§
entitled "HSC (a8, §aitudte?. Tidimedynamid équilibiism Ssléitorsaed i @ and.
Al'l other calculations were within the ordinary pervue of one of ord| nary
skill in the cstéammetiansirsformensffiusatcompbsition iverd minfexd out gsing asoftivaans wer e

utilized in making the cal cul ations:
package entitled "HSC Chemisty for Windows", from Outokumpu Research Oy,

Finland. All other caleulgtions were within the ordinary gervue of one of ordinary skill in
the art of chemicat anginearing. The following assumptions were utifized in making the
calculations:

a) the reformate product compasition is dietated by aquiiibrium conversion of
the reformer products at constant temperature and pressure;

b) the atesm methane refomer operates at 850°C and 25 atmosphers
pressura;

¢) the fead stream to the reformer contains 25 moles/min of CHy and 75
moles/min of Ha0;

d) an additional feed stream of 0 moles/hr of CO4 is added to the reformer or
sorplion enhanced reacter when the case of CO; import is considered (Figures
§, 8); |

@) the CO-VSA procass produces essentially pure CO product (99.5%) at 85%
carbon monoxide mwry.

f) the H2-PSA process produces essentially pure H2 product (89.9%) at 85%
hydragen nc:ury;

@) the conversion of CO5 to CO in the Sorption Enhanced Reactor Process is
80% (i.e., 80% of the CO2 fad to the reactor is withdrawn as CO product from
the reactor);



a) the reformate product conposition is dictated by equilibrium conversion
of the refornmer products at constant tenperature and pressure:

b) the steam net hane reformer operates at 850[err] C and 25 at nosphere

c) the feed streamto the reformer contains 25 noles/mn of CHerr] and 75
noles/mn of Herr]O; d) an additional feed stream of 60 nol es/hr
of CJerr] is added to the reforner or sorption enhanced reactor
when the case of CJerr] inport is consi des4 (Fi gures 5, 8);

e) the CO VSA process produces essentially pure CO product (99.5% at 85%
car bon nonoxi de recovery; f) the H2- PSA process produces

iall H2 d 99. 99 . 85% h ;
3 the convel si on ch EBFiAraseeRatY e Figces A AT A EHEKBRE TR b1 ocecos
'S D070 S & RliagN, g e bl barbh i, ind 13 bethe heed abdi] 211 29

CO product from e rea

- 42- h)  mBRoXERPMENBRE WhihPthe rijaltion pardmdier 13 defired 4 thé rdilia30%0
of the feed hydrogen, 6/7/% of the feed cg‘bon di oxi de, and 97% of

t he feed carbon of the amountarai specific:compgnentin the reformetel (oEhigie prsabize)
paraneter is defined as the ratio _ of the anmpbunt of a specific

conponent in the restaamextingshe membinauniaver s amount of that compenantinthei ng
t he menbrane unit oyer. the ampunt of that, cogponent in the f eed
streamto the nerrbréﬂ@‘hﬂ'?,“mﬂd“““m“m i) the conversion of carbon

nonoxi lee in the shy iy deriesidh 3 Laibsi ionoxide in the shift reactors is 80%.

 Table 3 contains mess balance data for some of the process schemes for
producing carbon monaxide as depicted in Figures 5, 6 and 8. The table provides the
total moles of carbon mnmddepmdueodaspm&ud. the number of moles oférbon
monexide produced per mole of fresh methane fed to the SMR resctar (CO/CH,) and
the total males of all components fed to the SMR reactor (which is proportional to the
number of tubes required in the reformer and the heat duty of the reformar).



Tabl e 3 contains nmass bal ance data for sone of the process schenes for
produci ng carbon nonoxi de as depicted in Figures 5, 6 and 8.
provi des the total noles ~of carbon nonoxi de produced as product, the

nunber- of nol es of carbon nonoxi de produced per nole of fresh nethane fed
to the SMR reactor (COCHerr]) and the total noles of al
to the SMR reactor (which is prportional to the nunber of tubes reqU|red

in the'reformer and the heat duty of the regprmer).

The table

conponents fed

- 43- TABLE 3 COVPARATI VE

PERFORVMANCE OF | NTEGRATED SERP- SMR PROCESS SCHEMES

FOR PRODUCTI ON OF CO TABLE 3" Net

Tot al ( OO EDMPARATIVE PERFORMANCE OF INTEGRATED SERP-SMR PROCESS

of CO Feed to SCHEMES FOR PRODUCTION OF CO Product

SVR (ol es) (moles) FIG 5

SMR + CO- VA 10. 3 100.0 0.41 FIGS5 SVMR +

CO VSA 31.9 160.0 1. R& Total L\W

i nported CO2 as SMR : feed FIG Quantity VS,

20.0 153. 3 0. 80 W th aeoycl%rr]/c}l[err]

from CO VSA waste gas as SMR Produet gugd FIG 8

SMR + SERP + CO VSA 15.7 100. 0 ¢ NEL +

SERP + CO VSA 46. 2 100.0 1.85 with
CO- Yoo 0.442. 8

ted SE I SMR + S
| mpor ted COf epd, s SERGMRYGD-VEA 5 +

wth recycled CJQerr]/CHerr] from

CO - VSA wast epgfg aS SMEBMR + CO-VSA feed * s4geced ugn VR 251138l es

CH err] + 75 nol es H[errmiﬁbamcoiﬁsug
feed

FIG. 6 SMR + CO-VSA o 200
with recyclad CO2/CH, from
CO-VSA waste gas as SMR
feed

FIG. 8 SMR + SERP + CO-VBA | 157

FIG. 8 SMR + SERP + CO-VSA 482
with imported CO4 a8 SERP
fesd

FIG. 8 SMR + SERP + CO-VSA 228
with recycled COof Cly from
CO-VSAmguuSMR

163.3

100.0
100.0

154.4

* Feed to SMR: 25molesCH4+75mquH20(baseﬁse)

0.63
1.85

0.91

Data for the base case system consisting of a steam methane reformar followed
by separation of carbon monmdde by a CO-VSA unit (Figura 5) indicates that 10.3
moles/min of CO can be produced per 100 moles/min of fead {0 the reformar. and the
CO/CH, ratio is 0.41. Appiicants' process consisting of steam methane reforming,
sorption enhanced reaction of CO2 and H2 to CO, and separation of carbon monaxide
by a CO-VSA unit (an embodiment of Claim 1 llustrated in Figure 8) achieves
production of 15.7 males/min of CO per 100 moles/min of feed to the reformer, and the



Data for the base case system consi sting of a steam nethane reforner

foll owed by separation of carbon nonoxide by a CO VSA unit (Figure 5)

i ndicates that 10.3 noles/mn of CO can be produced per 100 nol es/ m n of
feed to the refornmer. and the COCHerr] ratio is 0.41. Applicants' process
consi sting of steam nmethane reform ng, sorption enhanced reaction of CO2
and H2 to CO and separation of carbon nonoxide by a COVSA unit (an
enbodi ment of Claim1 illustrated in Figure4$)- achi eves production of 15.7
nol es/mn of CO per 100 noles/mn of feed to the refornmer, and the

-44- COCHerr] ratio is 0.63. Thus, addition of the SER cycle to a the

orior art proccokHe ““%%ﬁ%%h?ﬁm%“%bwg%ﬁ ed
;)Poélngtlg;\tcg; Mreasgﬁe%?%admn Jﬁ. de mhe feed o?‘

steam net hanergstefodSMR.Dat a for the system consisting of a steam rret hane

reformme with an additional inported CJerr] feed foll owed by seperation of

carbon nonoxide by a COVSA unit (Figure 5 ) indicates that 31.9 noles/nmn
f

?rfﬁl Ozgn of %?ﬂﬁﬁémﬁ@hﬁ%?ﬁés’m \mgfang TG o4 AR BRERISO  anc
tSL Ea? _%‘LSL;J sraisn 0 %Mbﬁﬂﬁ%f@ﬁ%ﬁ%@%ﬁ%ﬁﬁ%m si ng
thfer;iean(r:leHFerr tgéfégﬁn sﬁ%é?g&ﬂwwﬁg%g?%ow y a ng,/SA
unit (an enbommnpﬂwmﬁmlwmwedpﬂﬂﬁquﬁmahmhuwacovm

production of 46.2 noles/m n of carbon nonoxide per 100 noles/mn of feed

to the reformwtmmmmma1smmndmmmn@mcm1mm

SER process to the existin ess I el ds a substantial 45%jncreas

CO product i orfffees & the Pé@@'!;%’ m 4%'7'?} feed

rate which is 0%, Qf f 0, I her
s Mﬁ. c?ﬁeu. RS i6°1.28. e btBieed's held pP5:28¢ condiadiib

words, for a
of steamn methane reforming, sorplion enhanced reaction of a mixture camprising the

diied reformate stroam plus a feed of pure carbon diexide to shift COa and Hz to CO,
and separstion of carbon monoxide by a CO-VSA unit (an embodiment of Ciaim §
fliustrated in Figure 8) achieves production of 46.2 melea/min of carbon monaxdde per
100 moles/min of fead to the reformer, and the CO/CH, ratlo is 1.85. Thus, addition of
the SER procsss o the eXisting process yialds a substangal 45% increase in CO
production oma;e prior art procass at a sieam methane reformer faad rate which is
only 82% of the feed rata of the prior ast procasa. in othar words, for a given total
reformer faed rate (methane plus steam pius carbon Jicxida), the production of CO can
be enhanced by 132% by using Applicants’ claimed process. Applicants’ process
produces 4.48 times more CO, at the same reformear feed rate, than the base case
consisting of a staam methane reformaer followed by separation of carbon rmonoxide by
3 CO-VSA unit (Flgure 8).

It an import stream of carbon dioxide is not available, one skilled in the ast of
steam mathane reforming would realize that a carbon dioxide-enriched stream could be



reformer feed rate (nethane plus steam plus carbon dioxide), the production
of CO can be enhanced by 132% by using Applicants' clained process.
Applicants' process produces 4.48 tines nore CO at the sane reforner feed
rate, than the base case. consisting of a steam nethane reforner followed by
separati on of carbon nonoxide by a CO VSA unit (Figure 5). i f an

I mport stream of carbon dioxide is not available, one skilled in the art

of steam nethane reform ng would realize thd§-a carbon di oxi de-enriched
stream coul d be - 45-
recovered fromthe separation system The CO production rate of the process

coulhd thenf be |ncreas§g Hec C mg Ghl Sﬂﬁéﬁ%‘@fﬁ}gg%%ﬁ?m%sﬁeam
net hane refor *Bx'?b?l
;gr IO{)\AWEEI \ll)myt gewmg bgfylnég%éﬁ{)y a V@Eﬁﬁgﬁﬁi‘?orn&t |e5n of

the CJ err] - enrpgth RS the Syl Condlstliforn d stedih methane rélRhe Wit anladaehdlteud drhe
CO VSA waste stream (Figure 6) indicates that 20.0 noles/mn of CO can be

produced per 1mm¢mmmmommmmm/mm
met hane/ st eam m xt ure pI us 53.3 nmoles/mn of CJerr]-enriched stream, and
the CO CH err] witend fomagonef the Siream from the eted stceam

& err]. Q%r?ihiméewa“eﬁﬁ%%%ﬁ%%aﬂﬁ%fw D gap po

shift CJerr] Pgm ﬁnﬂ@h teédiio thi PérOMie (100ndiéa/mimagrar at i on of CO
by a CO VSA uni't and ormation o ﬁ Cderr]- enrlt(:hed recycle streamfrom
t he CO- depl et eqnethdrietstsarh mbruk plus@3:3Mdesimit of COemichddstreant)catid the COCH,

Claim4 illustrated in Figure 8) achi eves production of 22.8 noles/mn of
car bon nonoxi deaties 0880 nol es/min of feed to the reforner, and the
COCHerr] ratio is 0.91. Thus, addition of the SER process to the existing
process yields a significant 14% i ncrease in CO production over the prior

feed rate of the pr ACPieanp (R SRl Sheialid o fifent lgine v@*h*t'@?"y e

reforner feed palfiokdPéedrst | str@ainTSliowed b9 Pefbrtnin ERicy8ig o

recycle stream, the production of can be enhanced by 7 A)by using the

cl ai med processhiftD] andhydrogen imtie dried ceformate woCOssapamtian of COy aCOVS2O.  at
only a 54% higher refornmer feed rate, than the base case consisting of a
st eam met hane gt sndformution of teeiCOy-onviched Pecyda sieary fromShe
OO VIA UL (P g the BX0-VSA wast straam (an embodiment of Ciaim 4 Nustrated In Figurs 8)
achieves production of 22,8 molesimin of carbon monoxide per 100 moles/min of fesd
to the reformer, and the CO/CH, ratio is 0.91. Thus, addition of the SER process to the
exdsting process yleids a significant 14% increasa in CO production over the prior art
process at a steam methane reformer feod rate which Is only 86% of the feed rate of
the prior art process. In otherwords, for a given total reformer feed rate (methane plus
steam plus the carbon dicxide-anrichad recycle stream), the production of CO can be
enhancad by 75% by using the claimad process. Applicant’ caimed process
Processes 2.21 imes mora CO, at only a 54% higher reformer feed rate, than the base
case consisting of a steam methane reformer followed by separation of carbon
monaxide by a CO-VSA unit (Figure 5).



- 46- EXAMPLE 2 I ntegration
of the CO SER Process with H2 Production Processes Tabl e 4 contains
mass bal ance data for some of the process schemes for produci ng hyrogen
(Figure 1) and snaller ampunts of co-product carbon nonoxide (Figures 7
and 9). The table gives the total noles of hydrogen and carbon nonoxide
produced as product. TMLE 4
COVPARATI VE PERFORVANCE OF | NTEGRATED SERP4®MR PROCESS SCHEMES
FOR SI MULTANEOUS PRODUCTI ON OF CO AND H2

Not Quantity of Not Quantity

H2 Product of CO .

Pr oduct EXAMPLE 2

(roles) FIG1:

0 FIG 7: e e o S Bl IR

1.03 FIG 9: SWVR + Herr] - PSA + SERP + CO 65.0

1.56 VSA = Feed to SMR 25 noles CHerr] + 75

moles Herr] bas%&i%omimmmn&t&éﬁfoibm&)m PRIGsINChEMAS faronsi st i ng
of a steam nethane refornmer followed by separation of hydrogen by a

H err] - PSA uiprddutinigydrogen (Figureci)end smaller anouits ofico-product carton manoxidp  can

be produced per 100 nol es/m n of feed to f or ner skil | in the
art of st eam(FigutesTand)oThe ﬂgﬁﬁ%ﬂm 'A‘%Hm'é 0580

product carbon ngxi de Id be produced by taking a portion of the
ref ormat e M MO as the slip stream), cooling it to anbient

tenperature, and then separating carbon nonoxide via a suitable

separ at or . TABLE 4 *
COMPARATIVE PERFORMANCE OF INTEGRATED SERP-SMR PROCESS
SCHEMES FOR SIMULTANEOUS PRODUCTION OF CO AND H2

Net duanﬂl.y of Net Quantity

H2 Product of CO
Product
(males) (moles)
FIG. 1: SMR+ H;-PSA . 60.0 0
FIG. 7 SMR + Hy = PSA ¢+ CO-VSA 65.2 1.03
FIG. 8: . SMR + Hz - PSA + SERP + CO- 65.0 158

VSA
= Feedto SMR: 25 moles CHg + 75 moles HO (base case)

Data for the base case process consisting of a steam methane reformer
followed by separation of hydrogen by a Hy-PSA unit (Figure 1) indicates that 66.0
moles/min of M2 can be produced per 100 moles/min of feed to the reformer. One
gkillad in the art of steam methane refarming would realize that smal amounts of co-
product carbon moncxide could be produced by taking a portion of the reformate gas
(referred to as the skip stream), cocling it to ambient temperature, and then separating
caroon monoxide via a suitable separator.



-47- The CO depletd waste gas fromthe separator could then be
recycled to the HPSA unit for partial recovery of the remaini.ng hydrogen.
Figure 7 illustrates a specfic enbodiment of this process. Wen 10 percent
of the stream|eaving condenser 114 is passed to the CO VSA process as the
slip stream(via line 118), a product streamof 1.03 noles/mn of CJerr]
Is fornmed while the hydrogen product stream decreases to 65.2 noles/mn
(1.2%1ower than base case) per 100 nol es/ n=d7ef feed to the reforner
Applicants' clained process consisting of steam nmethane reforn ng.
splitting the reformate into two streans (one of which is the slip

stream), removing \r/]vat PW%Ml@’MﬂE@WﬁMW@MM%
stream reacting this shreamln a sorption .en ed r rogcess to
regwweq!mw%@vf 5 'mgﬂ@ ;

gfp\égnt V\nctqhe;r]CO UEI %IF Q f| naI I 'v, %/'?? ﬂ %\P@ s from ntLQI >
EodygAeﬁm(;ntosP nbodi e m, 12 Fﬁﬁ ed | % Chl es

o oduct 1 on-of EBEeNARr 414 fhegse h&%ﬁ%@?@ﬁﬂ%%@ m%

et or mor &?Z #@ﬁ@@rﬁ%ﬁ&ﬂg@ﬁ Qﬁﬁ%ﬁéercﬁﬁﬁe&ﬁ%wﬁ
{gf O{ Hgt gxisfsg ?W%Wgﬁ%‘cr ease in %r oducg Ion over t

prior art proc rl@‘q?i dségmgw‘@wn Mﬁ,m/,q{g,ﬂg‘only a
m nor decreasewm %en production rat g%?ﬁm%\l Havi ng t hus
described the o (RlcRbte Biko W \itheairia (AW \CVRIEI T (O BlpWireaing; réMbving Waie?' S

Patent is set ?orth In the followng C ains.
from the sifip streams to form a dried reformats stream, reacling this stream in a sorption

enharcad reaction process to convert CO; and Hz to CO, recovering the carbon

monexide in this stream with a CO-VSA unit, and finally recyding the wasts gas from
the CO-VSA unit to the H-PSA unit for partial recovery of remaining hydrogen (an
embodiment of Claim 12 liustratad in Figure 9) achieves production of 1.56 moles/min
of casbon smonaxide and 85.0 molea/min of Fydrogen (1.5% lower than base casa) per
100 moles/min of fesd to the raformer (assuming a slip stream consisting of 10'percent
of the reformate streamn axiting condenser 808). Thus, addition of the SER process o
the existing process yields a 51% Increase in CO production over the prior art process
at the same slip stream now rato'while invaking only a minor dacraass (<2%) in
hydrogen production rute.

Having thus described the present invention, what is now deemed approprate for
Lettars Palent is set forth in the faflowing Claims. | )



- 48- ai m' '1 A process for producing carbon nonoxi de which

conpri ses the s (a) reacting a feed stock conprising
met hane - the presence of a st eam net hane
reformn errperature rangi ng from 700[err] C

to 1000[err]‘C an ure ranging fromz2 to 50 atnospheres to forma
ref ormat e conpr|5|ng hydr ogen, carbon nonoxi de, carbon di oxi de and
unreacted feedstock; (b) renovi ng4dwter fromthe reformate to
forma wat er-depl eted reformate : and heating the,

wat er-depl eted reformate to a tenperature ranging from
200[err] to SOUY%m'E'to forma heated water-depl eted refornmate;

(c) i ntroducing the heated water-depleted reformate into a plurality of
reactors operated i ém&t’@'mmm which comprises the stpps of:

(1) ' reading i he. hoed rmeingd e ek Grmpring Tnane a5 water (ite preeaeh of o
ot o gha. shi 11 cat ol v ERAR S Ak eloshitG et DeGnARER Eerae

oni o the adsor bent and vl PSR AHLS RReFs KA 2 H’eéﬂﬁ-?rb Ehie % fom o
br essure by it a ng ST fefieRing bRt 88 elfoutd, urt{ e ane

carbon nonoxi de and wat egp feedstockc (3) countercurrently purging the
first reactor at the secon’aapressure with a weakly adsor bi ng

T e bor, B S8 b o m aca el
unreactd feedstock, carbgiy mmmwmah to a temperature ranging from
200bsdo'cnfamaheuhdwaur-deplohd reformate; |
(& infroducing the heated water-depleted reformate into a piurality of
reactors operated in a predetermined timed sequence and acconding to
the following steps which are performad in'a ¢ycla within each reactor:
(1)  reacting the heated water-depieted reformaie at a first pressure
in a first reactor containing an admixture of a water adsosbent and a
water gas shift catalyst under reaction conditions sufficient to convert
wbondlon‘dundhymnbarbanmomﬁdo:ndb adsorb water
onto the adsorbent and withdrawing a CO-enriched stream;
(@ countercumrently depressurizing the first reactor to a second
pressure by withdrawing a mbdure comprising unreacted feedstock,
carbon monaxide and water;
(3) countercurenty purging the first reactor at the second pressure
‘with a weaidy adsorbing purge ﬂui& with respect to thé adsorbent to
desorb water from the adsorbent and withdrawing a mixture camprising
unreacted feedstock, carbon mencxide and water;



- 49- \(zly\countercurrently purging the first reactor at
t he second d ﬂm : with a COenriched purge fluid which
does not co Mmﬂl&l]d

carbon dioxide to desorb the

weakl y adsor bi ng phr gt fiui~d and W t hdrawi ng a m xture
conprising the weakly adsorbing purge fluid, car bon

nonoxi de and water and pressure to the first pressure
with the COenriched purge fluid prior to <~48- comenci ng

anot her process cycle within the first reactor. 2. The process of

Caim21 further corrprisin? : éd&' separating the CO enriched
stream of step c(1) to fof4h a countercuratly purging the first Fh e secongd prosayte o

CO depl eted stream . 3..The process of Claim 1 further conprising

the fol | owi ng step which mammﬁqmem&wmmmqm&tmww

countercurrently purging the fiyst reactqr,at he first pre e wth a

weakly adsor bi ng purge f%@“ﬁ%&ﬁﬁm&pm%

unr eact ed feedstock, carbog, nmonoxi nd . ' 4. .The cess of

Claim 2 further conprisin H%ﬁ@%@ﬁ"ew’%&%’%gﬂ@- (d)

'to forma hydrogen-enrich t d a hydrogen depleted

car bon di oxi de enriched r%é‘%ﬁﬂa@ﬂ?@gcl ing at | east a portion of

the recycle streamfor \ge Ao fERORAA/prbdbuRbif oMt reactor from the second
pressure to the first pressure with the CO-enriched purge fluid priorto
commencing another process cycle within the first reactor.

2. The process of Claim 1 further comprising:

(6} separating the CO-enriched sifeam of step ¢(1) to fonm a stresm
camprising CO and a CO-depleted stream.

3. The process of Claim 1 further enlﬁpriaing the follewing step which [s
conducted between step c(1) and step c(2): countercurently purging tha first reactor st
the first prassure with 3 weakly adsorbing purge fluld and withdrawing a mixture
comprising unreacted feedstock, carbon moncxide and water.

4. Tha process of Claim 2 further comprising separating the CO-depleted
stream of step (_d) to form a hydrogen-enriched waste gas stream aqd a hydrogen
d-plol;d. earbon dioxide erviched recycie stream and recycling at feast a portion of the
recycle stream for uss as feedstock In step (a). '



-50 - 5. The preeess of daim1l further conprising: (d)

I ntroduci ng a source rbon di oxide into the heated water-depleted

r ef or mat mm‘wm m mﬂ conductl ng step (c) 5. The process of
Claim1l ure of the adsorbent and the catalyst conprises
from 5% t o *95% by wei ght of the adsorbent and from 95%to 5% by weight of
the catal yst. 7. The process of Claim 1 step C wherein the first
pressure ranges from2 atnospheres to 50 at8bspheres and the second
pressure ranges from0.05 to 2 8. The process of Claim1l
wherein the adsorbent_recited in step ¢ i s sel ect ed omthe group

consisting of zeol% t'@?m%m 1Jurther LOMRASARy ( he weakly adsor bi ng
urge fluid is seletedfro the %nomg onsi st n roge
nitrogen and car bg %ﬁéﬂ@% @'&“’Uf H@Mn t he
feedst ock conpri ses wate th tric ratio of water to
net hane ranging from 1. %&U%’ﬁpﬁ“m%&%%z&ess of Claim1l wherein

the steam nmethane reformng catalyst is | acted fromthe group
consi sting of nickel -al um na, nickel -nmagnesi um al um na and | e met al
catal ysts.

8. The pracess afaﬁm1whuahmumhmneofmeadm:ntmﬂn
catalyst comprises from 5% o 95% by weight of the adsorbent and from 95% to 5% by
weight of the catalyst.

7. The pracess of Claim 1 step ¢ wherein the first pressura ranges from 2
simospheres 10 50 atmespheres and the second pressure ranges from 0.05t0 2
stimospheres.

8. The procass of Claim 1 wherein the adserbent recited in step c is selected
om the group consisting of zeclites, alumina or siliea gel and the weakly adsorbing
urge fiuid is selected from the gmup consisting of methane, hydrogen, nitrogen and
wbon dioxide.

9. The process of Claim 1 wherein the feadstock comprises walter and methane
8 stoichiometric ratio of water fo methane ranging from 1.5 to 30.

10. The process of Claim 1 wherein the steam-meihane rafarming catalyst is
iacted from the group consisting of nickel-akimina, nickel-magnasium alumina and
sla metal catalysts.



11. The process of Caiml1l wherein the water gas shift catalyst is
sel ect eT:l_fWThe—gﬁeﬂﬁ-eonsi sting of an iron -chrom um high tenperature

shift ca inc oxide |low tenperature shift catalyst and a
copperf zi ﬂmm"m" ﬁi m enperature. shift catalyst. 12. A
process fdr produck on nonoxi de whi ch conprises the steps of.

(a) reacting a feed stock conprising nmethane and water in the presence
of a steam nethane reform-§g« catal yst at a tenperature
rangi ng from 700[err] C to 1000[err] C and a pressure ranging

from2 to 50 atnospheres to forma reformate corrprlsmg
hydr ogen, carbon noridxiThe praceshefClaimokwhereln the waler gas chift catalyst is sglesteq

f eedst ock. (b) cooling the reformate to a te erature rangi n
from 200[ err] tthe goupsonsigingsf an iron -chromium ”GMM ?ﬁﬂk&"'@ﬁ'ﬁ

di viding the cool ed reformate into a firs i stream and a
second stream WWWQNHPPW§MWM er gas
shift catal yst under reaction condi tions sufficient to form
a hydrogen-enri talyRst  stream cool | ng the

hydrogen-enriched first streamto forma cooled hydrogen-enriched first
stream and separating the cool ed hydrogen enriched first streamto form

Femovi ng vater 1rom Jﬁ@@%ﬁﬂ?ﬁ%@ﬁ%@ﬁ iEifhodans o sebd bt

Fempor atur o 1 ang ng W omeasiy § R spiik bl 6 aid 6268 n'fe frasence of

wat er - depl et ed WWRIWGWMGMM7WC
to 1000°C and a pressure ranging from 2 fo 50 atmospheras to form a
reformate comprising hydrogen, carbon manadde, carben dioxide and
unreactad feedstock;

(6)  cooling the reformate o 2 temparature ranging from 200° to 800°C to
m:m«mmddivwinghwommmwlnbaﬂm
stream and a second siream;

© mmmmmamgummmwm
conditions sufficient to form a hydrogen-enriched first stream, ecooling the
hydrogen-enrichad first stream to form a cooled hydrogen-enriched first
stream and separating the cooled hydrogen enriched first stream to form
a hydragen product stream and a hydrogen-capleted stream;

{d) removing water from the second stream to form a water-depleted
neondMammdhammowater-doplcbdummmamma
f\emperature ranging from 200° to 500°C to form a heate_‘_!mbr-dcpleud

sacond stream;



-52- (e) —i oducing the heated water-depleted second streaminto a
plurality of rea operated in a predeterm ned tinmed sequence

232| gcgﬂoﬁ:l#’ﬂ!ﬂ”’”‘mﬂ,"”’[[ ._foI I ovvi( 2? stePZa\é\{l: ﬁg tﬁreehg:[ fegrmed in a

wat er - depl et ed "'setonl stream at a first pressure in a first

reactor. containing an adm xture of a water adsorbent and a water
gas shift catal yst under reaction conditi ons*Mrfficient to convert
car bon di oxi de and hydrogen to carbon nonoxi de and to adsorb wat er

onto, e adsor bent, a1 kg i on e Gl g ST g o b o

Car bon monoxi de. and wat e oaciie brarltpTRd aedhelibin &l weoCBHH St ocoling o, .,
25101 2L the second br e Yibua s wik et 14 0 Ay o Rkl
reactor a e secon prw‘gﬁnaﬁm wr £ weatlcy

does not conprise hydrogen an carbon dioxide to deso

adsorbing purge fluid andand s water Jad St SAtaIPS UAIER NEacEOR CHINSris SUNRidnP©.
weakly adsorbi ng purge fluid, carbon nonoxi de and water, and

(5) countercurrently presmvart cdha dicikdde ahd hydrogunth Rirbbh Aibnbidde 204 'ekdsord
pressure to the first pressure with the CO enriched purge fluid prior to
comenci ng anot her proceswataysite thal sdsombehtund withdtawingoa COrandizheld stream;
(2} countercurrently depressurizing the first reactor {o & second
pressure by withdrawing @ mixture comprising unreactad feedstock,
carbon monoxide and water;
3) munWmnﬂy purging the first reactor at the second pressure
with 3 weakly adsorbing purge fluid with respect to the adscrbent to
desorb water from the adsorbent and withdrawing a mbure comprising
unreacted fsedstock, carbon moncxide and water,
(4) countercurrently purginq the first reactor at the second pressure
with a CO-enriched purge fluid which does not comprise hydrogen and
carbon dioxide o desord the weakly adsorbing purge fiuid and
withdrawing a mixture comprising the weakly adsarbing purge fiuid,
carbon monoxide and water; and
{§) countercurrently pressurizing the first reactor trom the second
pressure to the first prassure with the CO-ernriched purge fluid priorto
eomnmtdng another process cycle within the first reactor; and
(iy] separating the CO-enriched stream of step c(1) to form a streamn
comprising CO and a CO-daplsted stream, compressing the CO-



(f) separating the COenriched streamof step c(1) to forma stream
conprising CO and a COdepl eted stream conpressing the CO

o2 aepr MMM IR °* = =" 5% n* e "Cool e hyar ogen enr ched ri st

stream of* st’ep'c Pridr to separating the cool ed hydrogen
enriched first streamto forma hydrogen product stream and
a hydrogen-depl eted stream 13. T‘H@‘process of Claim 12 further

conprising the foll ow ng step whi ch is conductd between step e( 1) and step
e (2): countercurrently purgin t he a2 ?o’fﬂ e’ €
with a weakly adsorbing p M%ﬁﬁa vmér’?{f ure corrprl S ng
unreacted feedstock, car Y&Bﬂd‘% mamaf R 1’ ocess
of Claim 12 wherein the%m xture of the a sor%ent and the cgt al yst
conpri ses from 5% to 95%dnuraiing Hi ShAGHRH il Sirdar 1B RANa 1yaRSGeRY

~wei ght of the catalyst rocess of Claiml12 step e

wherein the first pressuré.apeaqgiﬂé?qm. Eﬂmamﬁgggﬁg“% at nospheres and
t he second pressure range rom to tmospher es 16. The

process of Claim 12 wherein the adsorbent recited in step c is selected

fromthe group consisting of zeolites, alumna or silica gel and the weakly, -

adsorbing . purge f1ujg Tfie proBAASH CHhif 2TLAR cHinpHing e JORIWINAstes whith RAne.
hydrogen, nitrogen an
mndudndbmunmpm)mdmoﬂ) cnmlemmnﬂymngmﬁmm
atmoﬂmmummamawadsMpumemdmdmuMmaMn

comprising unreacted fesdstock, carbon monoxide and water.

4. The process of Claim 12 whersin the admixture of the adsorbentand the
utllysteomﬁlaum §% o 95% by waight of tha adsorbant and from 95% to 5% by
weight of tha catalyst.

15. The process of Claim 12 step e wherein the first pressure ranges from 2
atmospheres to 50 stmospheres and the second pressure ranges from 0.05 to 2

atmospheams.

18. The pmmalof Claim 12 wherein the adsorbent recited |n step ¢ is selected
from the group consisting of zeolites, alumina or silica gel and the weakly adsorbing
purge fluid is salected from the group consisting of methane, hydrogen, nitrogen and
carbon dioxide. )

17. The process of Claim 12 whersin the feedstock comprises water and
methane in a stoichiometric ratio of water to methane ranging from 1.5 {0 3Q.



car bon di oxi de. 17. The process of Claim 12 wherein the feedstock
conpri S€ES water and—mnethane in a stoichionetric ratio of water to nethane

rangi ng 18. The process of Caim12
wherein lmm H reform ng catalyst is selected fromthe group
consi sting o©f mniokels-akum na, nickel -magnesi um alum na and nobl e netal

catal yst s. 19. The process of Claim 12 wherein the water gas
shift catalyst is selected fromthe group co®ststing of an iron -chrom um
high tenperature shift catalyst, a copper/zinc oxide |ow tenperature
shift catal yst and a copper/zinc oxide nmedium tenperature shift catalyst.

18. The process of Claim 12 wherein the steam-methane reforming catalyst is
selectad from the group consisting of nickel-alumina, nickel-magnesiurn alumina and
nobie matal catalysts.

19. The process of Claim 12 wherein the water gas shift catalyst is salectad
from the group consisting af an {ron -chromium high temperaturs shift catalyst, a
copper/zing oxide low temperature shift catalyst and a copperizing cxide medium
temperature shift catalyst



