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JNT!QRATEC STEAM METHANE REFORMING PftOCESS 

FOR PRODUCING CARBON MONOXIDE AND HYDROG!N 

CBOIS-BEflBENCE TO BELQED AflPLICADPNI 

Thie appllcation is a cantlnuation.tnapart to capendlng U.S. patent application 

S.rial No. 081419.317, filed April 10, 1908. the Specification and claims which are 

Jr.corporatacf by referanc:e and made a part of lnl11ppllcatian. 

TECHNICAL fJELD OF THI! fNYENIIQfi 

Thi preeent invention ia aproce&s for producing an ISlll'ltlaHy pute carbon 

monoxide (CO) prcduct and an 1&1'"1iallV pure hydrogen product by reforming a 

h~rccart:ion and stHl'l1 fn tt11 presence of a reforming catalyst to produce a tefarmate 

product enriched in 00, carban cloxldl and hydrogen. The reformate is atJbjected tc an 

lnte.lr•ted series of aeparadan steps and carban dkncide and hydrogen preHnt tn the 

waste effluent recovered from auch series of separation steps ia shifted to CO in an 

ir.tagrated sorptfon enhancad reaction (SER) precess. 

MCKQBOUNQ OE THI INVENTION 

Carban menoxide is typically produced by catalytically r•fonning a hydrocatbon 

feed with steam. and optionally. carbon dio>tide, at high temperatures. The reaction 

occurs In a ateam methane refanner {SMR) which contains catalyst-filled tubes housed 

ln a furnace. The ~ntheaia a•• exiting the reformer contall'\I carbon monoxide (CO) 



along with hydrogen, calbOn dbdd1 (to,}, ateam •nd unconverted methane according 

to the equilibria eetabllahed in th• fallowing reaction&: 

CH4 + HaO <-> 3Ha +CO Steam Reforming 

HiO + CO <--> Ha +CO, . Water Bas Shift 

CH.+ CO.<-> 2Ha + ZCO COa Reforming 

The above-mentioned reactions are generally carried out •t high lemparaiur11s 

(BOO" - 1000' C) and at hlQh pressures (5-30 almOlpheres) wherein 1he reactants are 

contacted with a nlekel based catalyet. These reactions art thermodynamically 

controlled. Therefore, the reforrnata effluent cornpoaltian shall depend on many 

varia~a lnckldlng prqeure, temperawre. l'l'lofar ratio cf steam/methane in th• reactor 

feed and carbon diolCid1 concentration in 1he reactor faad. A typical SMA affluent 

oompoaHlon (mole fractions) p011e1S1ea 73% Ha, 13~ CO, 8.5% C"2 and 5.5% ~ 

when the SMR reac11on la candUcted at aso•c and ZS atmaapheraa using a COrfree 

~td mixture oontainlng • 8:1 water/methane molar ratto. 'The SMR eflluenl is subjected 

to a sel1es of reaction and •paration operatione ln order to remvt1r a high purity H1 

product {99.a+ mole%) or a high purlty CO prcduct (99.5+ moJe%). 

carban monoxide provfcl8d In ocmmercial SMA plants is typically used tti 

manufaclUre '8ocyanatea and palycarl'lonatea through pho.sgene chemistry. 

Altematlvely. certain proc11111 fvr producing oxoalcohola require a aynthllil gu 

having a 1 :1 ratio of hydrogen to carbon ~- By-procb:t hydrogen •nd ..,,. 

steam fonttod during tuch SMR procellH may have fuel wtue. but may not b• required 

u products. 
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As Is well known in lhe industry, synthasla gat having a high 00 content ii 

produced ~ lnjecllng COa Into the reformer feed9tock and by reducing the ratio of steam 

to hydrocarbon In the SMR feedatock. The SMR feadatock can be further enriched In 

OOa by recycling COJ praduced and Mparalld from the synthesis gas or l1ICDVet8d from 

the fUrnace flue p1 or by impmtin; addllional CO. Into the fe1dlt0Ck florn an outtic:le 

source. SMR f8edstocka ha'llfng a high COt tD methane ratio and reduced amounta of 

.steam inhibit the water pa lhfft reaction from producing additional H.1 from CO •nd will 

reverie this readion to produce addlHonal co from Ha under t>Ctrlme reaction 

conditions. SOme C~ also reacts with methane in tha SMA faedstoc* ta yield ayngaa 

hamg a IOw HJCO ratto. 

The amount of CO produced In convenllonal SMA proceaaea 18 limited by 

reaction thermodynamics wherein a relatively low conversion ro CO (-10-15%) 

neca•itat1a a 8'gnlfiGant separation effort ta recover Ute d8'intct CO proci,lct. 

Numerous prior art SMA PIOCellll for producing synthesis gaa are known which utilize 

a variety cf eeparation cyclH to recover Ile d..nd CO product from 1he SMA 

ratormate offlu.rt which typlcaHy contains a mJxture of hydrogen. CO, co, and 

methane. 

United States Patent 3,986,848 dlaclolt8 a SMA proce11 for converting water 

and a source of methane, auch aa natural gae, to a hydrogen product u depicted in 

FIG. 1. Methan1 and water are fntrcduced h'ough, Bne 1 Into 1 conventronal SMR 

reactor 2 and reacted under reforming concitione to produce a Ha .. nrfehed 19formate 

&traarn 3. Stream a le introcalCfild into condlneer 4 to yield steam and cooled rlformate 



stream a at an Intermediate temperature of 250•.35o•c. The cooled refonnate Je then 

fed into watar-gas shift reactor 7 (high temperature •hilt reactor r •lone or in combination 

with a low t.mperalUre lhift reactor) to convert a por1ion of ttie co In reformat& d8am & 

to hydtogan by ructfng CO with HzO according lo lh• reaction 

(CO + HaO <-> CO.t +Hz). 

· The abcMHnentloned ehlft reaction playe a key role in the over-illl Pl'OCISI 

when hydrogen is ... de1ired product because ihe shift reaction increwe 11\e hydrogen 

concentration and quantJty In tie retormate product mixture prior to separa!lng the 

raformate product mhcture to produce essentialy pure hyelragen. Shift relCtor duent 8 

is further cooled 1D a n•r ambi•nt tempe~ (25°-SO"C) by indirect heat exchange 

with cooling water in COftdenaar 9 wherein a aubatanlfal amount Of water is condenaad 

and removed from 1ha relOtmate via llns 10. Finally, stream 11 exiting the c:ondaneer Is 

JntroduGed into a hydrogen pr11•ure swing adsorpUon unit (HrPSA) to yield assentiaHy 

pure hydrogen via ltream 14 and a waste gas stream 13 which can be ueed u fUal In 

the reformer. 

United SfalH Patent 4, 171,206 discloaea a SMR process for converting w•r 

and a aaurce of melhan1 auda as natural gas 1D slrnultan•CMly yield a high purity 

hydrogen prDdUCI and a high purity co, product aa depicted in FIG. 2. Methane •nd 

water are introduced through line 21 Into a conventional SMA raaccor 22 and reacltd 

under reforming condllons to produce a refonnate stream 23. 

Stream 23 is introduced into candansar 24 to yield COOied rafonnate $11'eam 28 

at an interrnediata t1mperature of 250~350-C and condensate stream (not numbenld). 



· The cooled retormate is then fed into water.gas shift reacmr 27 to convert a portion of 

the CO in refannala stream 26 to hydrogen. Shift reactor altlUam 2111 furttlar cooled to 

a near ambient temperature (25-50-C) by indirect heat exchange with moling water in 

condenser 29 wherein a subsianti1l amount of water Is c:ondensad and removed tram 

Uie retormate via line SO. finally, reformate stream 31 exiting candenser 2911 

Introduced into CO. vacuum swing adllaq>Uon (VSA) wilt a wherein 1he nrfonnate it 

separated to provide an eaaendaly pure ~ praductatnlam 35. The waste QM from 

C01 VSA unit 32111 Introduced Into Ha.PSA unit 38 via Hne 34 and le separated to yield 

an essentially pure hydrogen stream 'IT and waete gu etream se which can be used ae 

fuel in reformer 22. The OOa VSA unit 32 a11d Ht PSA unit 30 are integratad to obtain 

maximum separation afllclency. 

A conventional SMA proce• ia depicted In FIG. 3 wherein wa~r and a source 

of methane are Introduced d'lrough line 41 Into 11 conwntianal SMR reactor 42 and 

reacted under rerann1ng condlUona to produce a refonnale etream 43. Stream 43 is 

Introduced Into a COa abaGrtler/stripper 44 which contains a phyaico-chemical solvent 

which remove• COa from the pre-cooled SMR eftluent to provlde ltream 45 which 

c:cntains e8$0ntialty pura COz and a CQrd1pletM reform.tt •tream 48 which le 

Introduced into 1hennal awing adeorption unit 47 to remove water and remaining C02 

whion Is withdrawn flom ad&orption unit 47 via llne "18. CO. and water depleted atraarn 

4g is introduced Into cryogenic cold boX 50 to yield eaaendally pure hyd10gen stream 61, 

esaentlally pure CO atream 51 and a waste atraam 52 containing CO and unreacted 

m1thana which can be uaed u fuel in ralormer 42. 
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Another conventronar SMR process II depicted in FIG. 4 wherein water and a 

SOl.ll'CI of methane are introduced through line 61 Into a canvenlional SMR reactor S2 

and reacted under ratonning conditions to produce a rebmate stream 63. Stntam A 

is introduced Into a COz abaotbar/stripper 84 whic:h conlaina a physico-chemical solvent 

which removes C02 from the pre-GOOled SMR efftuent to provide a COrenrtched strRm 

lS5 whleh ma~ be compreued via compe11oc ee and reintroduced as CO. feed Into 

SMR maclar 82 via Ona 87. C01 daplatBd ralamua ldnlllm 88 exfta TSA uni 69 Via llne 

71 and 11 ln1raduced into ayogenic cold box 72 to~ essentially pure hydrogen snam 

73, essentially pure co stream 75 and w•te a1n1am 74 c:ontalnlng CO and unreacted 

methane whieh can be used as fuel In retoimer 62. 

United States Patent 4,916.711 discloses an SMR praclSI as depicted In 

FIG. 5. A source of mllhlne and water is Introduced hough llna 81 Into a canvenlonal 

SMR reactor 82 and reacted under reforming conditions to produce a reformate ltraam 

83. Altemately. a COt stream can also be introduced into the refolmer to lncreaae CO 

production. Sb'eam 81 is introduced into condner 84 lo yield water condensate stream 

B5 and cooled retonnalll atnlam 88 at an lntennediata temp..aure al 309·120'"C. The 

cooled reformate is then fed inta CO-VSA 87 wherein the reformate Is separated to 

provide an n..atiat1y pure CO product atream 88 and wute gas 1tream 81 which can 

be used as fuel In reformer 12. 

An alternate SMR PfOG88!5 ie depiGted in FIG. I wherein a aource of mehlne 

end water la introcl.lced 1hrough line 91 into a can~ntional SMR reactor 92 and reacted 

under reforming concltiona to produce a retormete slream ea. Stream 83 la Introduced 

into condenaer 94 ta yield water condensate llNiam 115 and cooled retonnat. atraam H 
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at an intatmedlate temperature of 30a.120cc. The cooled reformate is than fad into co­

VSA 97 wherein 1ha reformat• Is separated to provide an eaaenOally pure CO pn:lduct 

stream 98 and waste gas stream 99 which m introduced into a conventional polymer 

membrane 100 to provide waata g111 alream 101 which can be ueed ae fuel tn 1he 

reformer and COa .. nrlchld *81111 102 which ia campr.aed by compreseor 103 and 

Introduced 1nto SMR reactor 92 via line .104 u acldllional feDdstock. 

Another altemata SMR l)IOCl$S for producing esllfttlally pure CO and 

81Hntildly pure hydrogen la ClePiCttd In FIG. 7. A eource of methane and water is 

introduced through lne 111 intc a conventional SMFI reactor 112 and reacted undar 

reforming conditions to prodUce a refonnlte ltream 118. Stream 113 ii Introduced into 

condan•r 114 to yield caaled raformata 11raam 11ES which is fed into water-gas shift 

reactor 117 to convert a portion of th• CO and wmr in refonnat• stream 111 to 

hydrogen. The hydrogen-enriched rtfotmate 12711pa&Sed1hrough condcn&er 128 to 

remove wa1er and water-depleted scream 129 ii puHd Into H2-PSA unit 130 to provide 

wast. stream 132 which can be used aa fuel ir'I refonner 112 and an esaentlllty pure 

hydrogen ttra1m 131. A portion of the reformat• can be cau11d to flow Into Hne 118 

upon opening valve 1111. Sueh retormai. ts pa•d into condenser 119 to cool the gas 

and to remove water priar to being 1ransferred by &ne 121 Into OO·VSA 122 wherein 1he 

refarmate is separ1ttd to provide an eaaentlally pure CO etream 123 and a CO-depleted 

stream 124 which Is cptionaHy compressed by compre11or or blower 125 and pa181d 

through line 128 to be combined with line 129 as pusa;e Into Ha..PSA 130. 

Another allamate SMR procaas for prod\d'lg 1Umtially pure CO and 

essentially pw. hydrogen is depicted in FIG. e. A source of methane and wattar is 
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Introduced 1hrough 6ne 201 Into a conven1fonal SMR ,...:tor 202 and reacted under 

refonnlng oondltlons to produce a refonnate atream 203. Stream 203 i& introduced Into 

condenser 204·to yield cooled reformate stream 206 which is fed into a CQ .. VSA unit 

207 to provide an menlially pure CO atraam 208 and a CO-<lepleted stream 208 which 

la fed into a hydrogen-PSA unit 21 o. The proceea .etMam la further separated in the 

hydrogen-PSA unit 210 to provide an esaantlally puN h~ snam 212 and a waste 

gas stream 211 which can be UMd u fuel in reformer 202. 

Those of ordinary skill In the art of steam methane refonning are searohrng for 

improved retormln; pl'OQeues wherein conversion to lhe desired co product and 

hydrogen product la mmdmized. Moreover, • proceas whic:h facilltates lhe reacdon of 

COa ana hydrogen to form CO and water [reverse water ga1 ahilt reaction] would be 

highly dealrable. Unfortunately, no prior art SMA pl'OClll Integrations are known In the 

art for directly converting CO. and hydrogen present in a procesa atream to CO and 

water. The reverae watar gu shift reacaon Is thermodynamically unfawrabll at 

temperatures below BOO'C and temperatures 1YPically in exceu o1 1000'C are required 

in order to obtain moderate conversion of OOa to CO. Thus. the reverse water gas shift 

reaction has not been succallfuUy integrated into a SMR process for producing CO. 

Moreover, prior art PfQ081181 for conducting simultaneous reaction and 

adlorpllon ataps h•ve not achieved commercial aucceaa because product flow rate• do 

low concentrations with respect to the undesired reaction products, 1.11reacted feedstock 

and purge fluids. 11'\duatry is s•rching for ways to Improve the SMR pracauaa for 

slmu1taneous11 producing CO and hydrogen. 
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IBIEP SUMMARJ' Of THE lfM!NTION 

The p,....nt lnventiOn ie • process for produclllQ an easentlaUy pure camon 

monoxide (CO) praduCl and an •entialy pure hydrogen product by reforming methane 

and steam In the pr91ence of a refonning catalyet to praduc:B a reformate product 

enriched tn co. carttan dioxide and hydrogen. "nt• retormait la 1Ubjected lo an 

rnt.-tad sarfes of nparallon ttepe and carbon dioxide and hydrogen preaant ln a 

portion of the wasta aflluent l'ICOV918d from such urlea of separatiart step• is shifted ta 

co in an Integrated aorplon enhanced reaction (SER) process. 

The cJalmed proc8'8 overcomes problems uaociated with prior art prOQalaas 

for reforming methane and wat.r to carbon monmide which typieally suffer from 

producing a 1'9formate Which contalne an inordinate amount of co. which ii not 

converted to the deeirod co product and which must be 1aparated from th• raformate 

bV a costly separation cyc:le. Moreover. the daimed pracess overcomes problems 

aaeoclated wlh the U.nnactJnamfc llmliaticna ueoctated with lhe reverse water gas 

shift 111ac:lion wherein COa and h~rogen are convttrmd to CO and water .. 

Applicants' inVlntlon solvee 1hel• problems by 1ubjecting the SMA reforrnate to 

a flret separation to pro4Jca • aub&tantlafly pure CO product and a co-depleted prodm 

and eubJecting lhe CO-depleted stream to another separation to fOlm an aaeentially p1,1re 

hydrogen product and a'ftydrogen depleted ma~. Carbon dioxide prea1nt In the 

hydrogtn depleted strum le reacted with hydrogen by utilizing a sarptlon enhanced 

reactiOn (SER) procau which permits the reverse wat• gu shift reaction to be carried 
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out with high conversion of COa to CO ac modarate temperatures of betwe•n 

250° to SSO• and at a prea•uro of 8 ta 30 atmoepheras. The reaulting CO-enriched 

stream 18 rec:ycled for CO racovtry. 

Applicants' procees integrates an SER procees which Utilizes a aeries of c:ydic 

atepe performed in a plural~ of reacrora to enift CO. to CO and to separate lhe shift gas 

product mixture Into en enrlehecl CO etteam. Each reac1or contains an admixture of a 

shift catalyst and a water adlorbtnt wherein water i& selectively removed from 1he 

rceQtion zone by physical adaolption under shift raaction condltlon8 thtreby moving 'Iha 

Medon equilibrium toward formatlan or deslrabl• co. The adlcrbed water ia aeparated 

111• •1 1111•••••• i,11 11111 .. I•• • 1111i11 1t •111111 11-. 1 I •. I', • I. .• J.J..I. 

process which ill lntllgr.ted Into the claimad process rapraaants an entirely ntw proceas 

for 1lmultaneously obtaining high conversion of CO, to CO, for praduclng an enric:had 

CO effluent snam, for tfftdenlly dleorblng water from the adsorbent and for preparing 

each reactor for the next proceas ~e. 

The general embodiment af Appllcan1B' process for produang a co product 

and a hydrogen produc:t comprlH1 an initial step of reacting a t.edetock comprising 

me1han1 and water in the presenc;e of a steam...,.,tthene reforming catalyet at a 

temperature ranging from 7ooec to 1oooac and • prtssure ranging from 2 to 50 

atmospheres to form • relonnata comprising hydrogen, carton monoxide. carbon 

doxfde and unreactad taadltacfc. 
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Th• second sttp of the general embodiment compriul remO\ling water irom 

the rafannate ta form a W1ter-depleted reformate and separating the water-depleted 

reformate into 1he co product and a Co-depleted ltl'Hm. 

The third atap d the pnx:eas contamplataa eeparaUng the co-depleted •tream 

Into th• hydrogen producl and a hydrogen deplettd strNrn and c::ompreasing lhe 

hydrogen depleted stream to fOrrn a pressurized hydrogen depleted 81ream. 

The faurlh step of the general emboclment campri8e& in1rodudng 1he 

hydroge~pleted et....,., Into 1 pluranty of reactor8 operated In• pntdetermJned timed 

sequonc:e and acccrding to the following steps which are performed in a cycle within 

each re1ctor. 

(1) reacting the preasurized hydrogen depleted ltream at a first prenure in 

a tlnn ntaGtar c:antainlng an admixtLn Of a wattr adlotbem and a water 

gae lhHt catl&yst under raactlon candltiom suffic:lm1t to convert carban 

dlwdde and hydrogen to C&lbon monoxide and to adsorb water onto the 

adsorbent and to form a CO-enriehed stream which is recycled into the 

watw-dlpletec:I refonnate ateam of the MCOl'ld step; 

(2) countercurrently depreasuriZing the firM reactor to a 1411COnd pressure by 

withdrawing a mixture comprising hydlogen, carbon ClioJCide, carbon 

monoxide and water: 

(3) countercurrently purging the tirat reactor at the second preeaure with a 

weakly adaarblng purge tluld with_ respact ta the adsorbent to desorb 

water from the adaorbent and withdrawing a mbdura comprising weakly 



adsorbing purge fluid, unreacted fatclstock, C8lbon manoxf de 

and water, 

(4) countercurrently purging the first reactor at the aeccnd preasura with a 

CO.enrtched purga llufd wh(Ch doee not compdlse hydrvgllll and carbon 

daxlds to deaorb the weakly adsoltmg purge fluid and withdrawing a 

mixture comprilllng Ila 'llVMkly adlolblng purge flufd, cacbon monoxide 

and water: and 

(e) countercurrently preuurlzlng tne first reacror from the second preuura 

to the first presawe with the CO.enriched purge ftuid prior to 

commencing ano1her process cycle with"' the first reactor. 

Additional steps may be perfonned under Iha general embodiment For 

example, a aaurce of hydrogen or C8lt1an dioxide may be introdueed inta Iha hydrogen­

depleted stream of the third step in order to control Iha ratio of hvclrogen and carbon 

diaxlda preeent In the firet reactor aCCOfding to subltep (1) of lhe founh step. 

Altemetely. the fitst reactor can be countercurrentfy pu19ed at the first pressure with a 

weakly adllorblna pur;. fluid following substep (1) and prtor to performing eubatep (2) 

wherein a mr.i,. compriain; unreacted feadstock. cattlon monoxide and water is 

withdrawn fram Iha reactor. 

Suttable catalysts for conducting tlit atean'Hneflane reforming reaction 

acCORting to the general and altemate embodimanta include conventlona! ....,,. 

methane reforming and prareformlng catalysts eu~ • nickehllumina, nickel- -

maan•ium afunina and the noble metal catalym. 
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M .iated In the general embodiment. the SER c~ contemplates conducting 

the reverae watar gae ehlft reaction within a pJurality of rtactorl containing an adrni>ctur• 

of a water adsorbent and a water gas shift catalyst. The admiXllre of the adaorbent and 

the cacalylt typically compri .. from 5% to 95% by weight of Ille adsorbent and from 

96% to 5% bV weight of the mtalyet. Suitable water adlolbant8 include those selected 

from the group conailtlng of nolllae, alumina or silica gll. Sdabla water gaa shift 

catalysts include th~e salacled from the group coneieling of iron -chromium high 

temperature shift catalyat. copper/zinc meld& low temperature shift ca1al)'et and 

copper/~ oxide medium temperature shift catalyat. 

Ali shall become more apparent upon reading the Oltailed D•c,..,Uon of the 

Invention, AppllcanW proce111 owrcomes problems aasocia111d with prior art procesaes 

by utilizing a novel aeries of reaction. adaoiption and daaarplion atepe to conwrt ce>a 

present in a waste weam originating from a hydrogen-PSA 1a CO and to separate and 

collect CO In substlntlalty enriclted fOrm under a relalivefy conatant tlow rate al . 
teedetock preseure. Thie red is acmmpllshed in part by AppUcanlS' unexpected Lise of 

a reaction product, CO or an enriched co stream, to purge the SER reactors and to 

preMUrlze th• reactora to reacllon pressure prior to commencing another SER cycle. 

White one ot on:linary llclll In &tie art would upect ltlat °'' putglng and 

preuurizlng of the SER react.or with a product of 1he reval88 water gas ahift reaction 

prior to carnmenGing ttw reaotion step would und•eirably lhift the equillbrtum constant 

toward formation of 00. and hydrogen, Appt~ haw dlaconred 1hat purging 1he 

SER reactors with product gu Instead of COz or hydrogen nstan1s or alternate purge 
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fluid provides 1 highly effk:lent proceas whnln a 00..nrlchld 11ream can be collected 

at feedstock pressure at a relatively constant flow rate. 

111p DllQ81PTIClf op THI QMWBM 

FIG. 1 IUustratea a steam methane refannlng (SMR) proce11 according to 

United Statea Patent Sr981,849 wherein SMR reactor ...ronnale 18 further reaet«l In a 

shift reactor and is separated In a hymugen presaure ewlng adlorptlon (Hr PSA) unit to 

provide a highly pure hydragen product. 

PIG .. 2 lluatratea a SMR process according to Unlfld States Patent 4, 171 .ace 
wherei,, SMA reactor reformate I• further reacted in a shift raactor and i& separated by 

utiliZlng en lntegnltlon at a CO. .YSA unit and • H1rPSA Ul'll to provide an aaaentially 

pure stream of carbon dioxide and an essentially pure etraam of hydrogen. 

FIG. I illuetra1el a prior art SMR proce&a which utJllzes a COa abeorber/ltrtpper 

to remove COa from the reformat• stream prior to introducing the reformate stream into 

a thermal swing adlorptlon (TSA) unit to further r1mcv1 wat. and carbon diaxide prior 

to final separation in a cryogenic cold box to yield an •••nllllly pure hydrogen atream, 

an euentJally pure CO stream and a waste gas stream containing methane and CO 

whlch c:an be used a• fuel In the reformer. 

AG. ' Illustrates a modified var1ian of the proceu according to FIG. 3 wherein 

a C01 abaorber/etrippar la utUlzed to remove C01 from the reformat. stream prior to 

Introducing the etream Into TSA untt to further nimove water and COa tram the 
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raformata. A portion of the COa separated by the adaorber/•lrlpper is compreeaad and 

recycled ;nto the SMR for further conve.nsion ta hydrogen and CO. 

FIG. 5 ilustratee a prior art SMR procesa fcl producfn; essentially pure CO 

wherein the SMA reformate is oande.•d to remove water prtor to IGparatitt; the 

,llfnrmntn ill n r(l llfiLllJHJ»J. -· ....... ll .. U .... r• ... ,J,J, w u•• •••uun•r oanu u '-Ua­

enriched stream which re compMned and reintroduced tnto the SMR ructor for further 

convel'lton to CO and hydrogen. 

PIG. 7 illuetratas a prior art SMR proc:esa wherein SMR reactor reformate iS 

separated into a rirst •tream which 11 introduced Into a Shift reactor and a ffCcncl etream 

which Is intr~uced into a CO-VSA to yield an essentially pure CO ptaduct and a co­

dePleted atream which 18 combined with th• shift reactor effluent and 11parated In a Ha• 

PSA unit to provide an aanntially pure hydrogen product. 

FIG. a tllusnlet • prior art SMR prcceea tor producino co and hydrogen 

wherein reformat• from the sta11m methane reformer le separated In an tntegrated 

CO-VSA W'lt and a hydrogen PSA unit to form a CO praduct a1raam. a hydrogen 

product atream and a waata gas mam. 



FIO. I illuetratas the general embodiment of the claimed SMA process for 

making an •SHndally pure CO *9am and an esaentially pure hydn:>g8n stream wherein 

methane and water are raactad in th• presence o1 a catalyst to form a reformate product 

comprising carbon dioxide.. carbon monoxide and hydrogen. The SMR refonnate la aent 

to 1 tint separator to produce a substantially pure CO product and a CO depleted 

stream which Is subjected to anotner separation to form an eeeentidy pure hydrogen 

product and a hydrogen depleted &tream. CO, preant in a portion Of the hydrogen 

depleted stream la reacted wilh hydrogen by utiHzing Applicants' sotplion enhanced 

reaction (SER) pn:aceu in order to produce adcitlonal quantiUel Of CO by the 

overaH process. 

AUALIQ p1sea1enQN op THE ltNiNDQN 

Appflcants will naw discuss In greater detafl their process for prodL!ctng 41"1 

esaentlally pure CO product and an eaaentiaUy pure hydrogen product which prcwfdea 

num•rous benefits over prior art proces&e8. Specifically. greater convetslon of reformer 

feadetack ta CO product ii achllVed by reacting a COa and hydrogen pre.ent in the 

hydrogan-PSA waate •tream '° form CO via U\e rever• watet gas shift reactton. This 

apptaaCh Is not economicaRy fouible absent Appjlcanll' novel integralian of their SER 

cycle since the reverse water gu shift ... aetion requlrea temperatures In UQBaa of 

10000C In order to p10'lida euffk:ient convalWon to CO. 

The general embodiment of Applicanfs P'°'*8 is CleSaibed Jn FIG. 9 which 

llluatratee a process flow diagrarn Which depicts a steam me1hane reformer 402. 

conden1er 4'M, SER reactor• 301 and 302; numerous controf valves; manlfolcl8 A 
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through E; pumpa 331 and 310: 1aparator 335; and surge vessell 304 and 333 

(optional). Refernng to RG. 9, a hydrocarbon feedstock.. e.g. methane or natural gas. ia 

deeulfUriZed in a ve•I (not lhown) using an adeorbent • II well known in t;o art. The 

deeullurlzad hydrocarbon feedetock le mixed with mam to form a mtxed reformer 

feedstock repreaented by stream 401. Feedstock 401 Is preneatad in a preheater (not 

shown) and introduced into SMR refonner 402. SUch reformera art wel kt\own In 1h• art 

and are neateei t>y firing a mixture or fuel anel air (not mown). Tl'le reformer typicaly 

operates at tampar.iuree of aooo to 1000°C and p ... 11ures of S to 30 atmoaphere and 

produCN a ,.formate canai111ng of about 73% hydrogen, 13'f• co. ft ~ i111cl 5% 

methane en a dry bQle. The reformate Is sent through llne 408 to a condenser 404 

wh•• th• gaa temperature Is reduced and some of the water In the gaa la removed by 

condenatlon and •om• steam ia g1Mtated. 

The water depleted refofmate 406 ia adrnllttd lnlO a convenlonal CO-VSA wilt 

408 which Is operatad at ao•-1wc to form a co product stream 407 and a 

CO-depleted etream 408. lhe CO pJOduct stream 407 has a purity of at least 81.5%. 

The CC>-deplatad anam 408 ii adrnl1ted in a conventlonal HrPSA mlt 408 wherain 

such stream ii uparated Into a hydrogen product stream 412 and a hydrogen depleted 

stream 41 o. The hydrogen product etr8am 412 has a purity of at luat 18.1%. 

Applicants' proceee provicles an improved sc:heme 1o corwert 1he CO. and 

hydrogen praaant In the hydrogen depleted stream ta CO via an integrated SER process 

for conducting the revenwwatar gas shift reaction and for produeing a CO-enriehecl 

recycJe stream which can be recycled to the 00-VSA for recovery of additional CO. The 

hydrogen dOpleted ttNam 410 la compressed to a first pressure in compreaaor 411 to 
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pro\lide a pressutiZad hydrcgen <Mplofod stream 303 which fa passed through line 303 

into surge veaael 304 (optional) wherein fluid ia traneferred through &ne 306 lnto a heater 

(not ahawn) to form a heated pressurized hydrcgan-daplated stre8m which is routed into 

Manifold A. The remainJng portion of FIG. 9 rtPrff•nts the SER prcce$$ wherein the 

tiealad praeaurizad hydrogen depleted strum shall ba subject to a reverse shift JaaCtion 

In a plurality of reactors operated In cyele to convert CO. and hydrogen In the process 

atr•am to 00 and water via the reverse waler gas shift reaction and to recover a CO. 

enriched stream which 11 iwcycled via Una 317 inta CO-VSA 406 for recovery of co. 

Whie FIG. 9 illustrates line 317 and lint 405 at em.ring th• CO-VSA 406 for 

cllscusaions purposes, one of ordlnamy skill in the art wil appreciate that 1hese two 

reapectlva stream may be combined into a single atream. 

Manifold A ta In flow communication with branel'I inlet line• 311 and 321 Which 

are connected to ttte inlet ends of reactors 301 and 302. Unaa 311 and 321 are 

equipped wtth valves 811a and 321a, respectively. Opening of the appropriate valve 

Pf.rmlts 1he pressurized heated hydrogen-depleted atream to flow through manifold A 

lnta 1he selected reactor btlng initially placed on stream. Thul. by opening valVe 311a, 

While valvt 321 a 11 cloa1d, the stream may be caused to flow trorn manifold A, through 

Bne 311 and inte reactDt 301. 

Reactors 301 and 302 are fitted at their respeclive outlet ends wHh lines 340 

and 360 raspadively, each equipped with control valves 3188 and 3268. respec~ly. 

unes 340 and 350 are operatively connected to manifold Evia lanes 311 and 328 

through which a CC>-enrlehed stream Withdrawn from reactora 301 and 302 ia admitted 

into Una 317 and into CO-VSA 408 for fuel value ar recyc:lo. Thua, by opening the 
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apprcpri1111te valvt 318a or 32ea, th• CO-enriched mixturt ii caL11ed to flow from th• 

corresponding reactor through Unes 340 and 316 or line& 350 and 326 into manifold E 

for paa•qe into Line 317. 

Reactors 301 and 302 are operatively connected to lines 311 and 321, each of 

which ia Jn flow communlcatfOn with lines 318 and 323. Unea 313 and 323 are provtdGd 

wHh control valves 31 Sa and 328a, reepec:tively, such ltnea being In tlow communication 

with manifold B. Manifold B can be placed In flaw communication wilh reactor 301 ar 

S02 via lints 313 ancl 323 upon opening valve 313a or 3218. respectivel!f. Manifold B ie 

alao in trow communication with pump 360 Whieh Is cannacted to line 382 which can be 

recycled Into surge vtlMI 304. 

Manifold C 1s in flaw communication wHh reactors 301 and 302 via fines 314 

and 824, ead't Ina which 11 aquipped with valves s14a and 3248, reapectlvely. 

Regeneradon effluent from reactors 301 and 302 may be paned through lines 314 and 

324 into manifold C for 1eparation in aaparator 336 into stream 336 which is a 

water-enriched product ltream and .stream 334 oompl'ieing weakly adsorbing purge ftuld 

which can be pu1ed Into storage tank 333 (optional) far lahlr UH. 

Manifold D Is connec:tad lo pump 331 which receives variOus procesa ftukl• via 

~lt"1"11!n1~~rlauanWi~ ~adln 3~1and302 "ii lines 315 and 325, 

respecClveJy. Unea 315 and 325 are each fitted with valVes 91Sa and S2Sa auch that 

the flow of 11ttam1 from Manifold D into reactors 301 and 302 can be cantrotled. 
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Moreover, weakly adllOlbing purge fluid can be transferred to pump 331 via Hne 332 by 

opening valve 332a or by fmportlri9 weakly adsorbing purge fluid via line 330. 

Op .. tlon of the SER cycle of the general embodiments Npreeented in FIG. s 

Will nt111 be explained in connecaan with an arblnllly Chosen cycla having eight tlllled 

pertOdS of ten minutes per pariad as set forth in Table 1. Ahhaugh not ftmited thereto. 

th• SEA proce11 •• illustrated In FIG. 9 utilizes reactors 301 and 3Q2 which are 

cperated In cycle according to a predelenninad timed sequence. Other arrangements 

using fewer or a greater number of reaclorl and the aasoclated gas manilold& and 

awitdl valves may be employed. optionally using Interrupted or diaccntinuous operation 

(using idling) of pumps. other arrangements using more than two reactor• may be 

employed by appropriate aequencing of the individual steps or periods of the 

prccU8 cycle. 

According to the general embodiment of FIG. 9, each of the reaetora 301 and 

302 undergo four parlodl of the teacllonlacls0rp11on step, referred to u dle sorpreaCltlon 

step, ona periOd of the depnmurfzltlon etep, one period of the Purge I atep, one perlOd 

of the Purge II stept Md one period of the preasurizatlon etap. As ill1.1stratld in Table 1, 

1he s18pe 11'1dertaken at 1tartup In each of reactors 301 and 302 ara suaggered to enable 

at leaSt one ot ht \WO reac:l01'I to uncsw;o the aorpreactlon attp at all times during the 

proceu cyde. The operation of the lnwntlon described In FIG. 9 invoJves princlpaly Iha 

following sequence of steps~ In applying th• following atapa, the first pressure ranges 

from 2 atmospheres to 50 atmospheres and the stpcond pressure tanges from 0.05 to 

2 atmospheres. 
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TABLE1 ..,., ... 311• 313• 314a 3159 3flm 11211 :12'11 ma ... 3251 3lla 3lta Slap8 ...... RualorSorller II 

SOlpntadon Oto10 0 c c c 0 c c 0 c c c c Deprassurfff 8oqNwliJn 10to20 0 c c c 0 c c c 0 0 c c P111g11I 
Soqndon 20to30 0 c c c 0 c c c 0 0 c c Puqael 
~ 301o40 0 c c c 0 c c c c 0 c c PntUUria9 
Deprwsurim .-aoso c 0 c c c c 0 0 c c 0 c Solplucllan Puiv-1 50lo80 c c 0 0 c c 0 c c c 0 c Solpfeaction P..rgal 60to70 c c 0 0 c c 0 c c c 0 c Soqnadion Pr811818im 701a80 c c c 0 c c 0 c c c 0 c Sapreadion 

N ..... 
I 
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(a) IQBPBUCDQfJ.-the heated pressurized hydrogen depleted stream 

(feedstock) at a ffrst predetarminiad pressure is passed 1hraugh the reactor con~ining an 

adm;xture af shift catalyat and adsorbent prefarenllally selective toward water wherein a 

CO-enriched .ueam ta Withdrawn from Iha reacmr. Watar is salecllvety adsorbed by the 

&clsorbent and a rMction mas trlftlfer iane (RMTZ) la formed ineide 1l1e reactor which 

movea toward 1he oUtlet or discharge end of the reactor u more feedltock iS passed 

through the reactor. The adeorbant at lhe leading edge of the RMTZ is 881enlially IN• 

of the acleorbed water While the tralllng edge of lhe FIMTZ • equibrated with water at 

She local GOndlUona. The sorpriactlon attp is eantinued unlll the aclloftJent in 1he 

reactor is BBSentimly saturated with water. In other wordl, tho sorpreaction st8p endS 

cnce the &dsoaption ~ hll fl&nld mn nllmt 1111 nf tnn mnm11111• 1 I I 

(b) RIPIDIUAIZADOl-Ol• reactor Ja cauntercurrently depresaurized to 

a ••cond pradetezmlned ~ure by Withdrawing a mi>rture comp.rising unreacted 

feedstock, CO and water. The depressurizltlon ttep is continued untll lhe reactot 

reachea 1he •cond pt..ietermined preseure. 

(o) pu1111 J- lht reaccor ii CO&A"terC:Llnand-J purged at the aecand 

pressure with a weakly adecding purge fluid to dllllOlb water from the adlorbent and a 

mixture oompriaing weakly ldlorbing purge fluid, unrHCled feed1ltcck. a potlion of CO 

and a portion of water is withdrawn from the reac:IDr. 

(d) PUBOE II-the reactor is count•rc:urranl~ purged at the second 

pressure wHh a co-enriched P'I~• fluid which doaa not conta'n COa and hydrogen to 

_,_. .. 
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daaOlb the weakly adsorbing purge fluid and a rn~re comprising Iha weakly adsorbing 

purge fluid, CO and water is withdrawn from th• reactor. 

(e) PAQIU•ATIQN-lha reactor is countercurrently pr888urized from 

the second pressure to 1h1 tlrat Pf811U1'8 wllh CO-.enrichtd purge fluid prior to 

ccmmencing another SER process cycle within the reactor. 

The valve poeiaons during lhe above-mentioned operaUng cyCle are a1&o Ht 

forth in TabJa 1. The deaignation •oa inclcatas that a spdled valve is open whP.e a •c• 

repraeants that a 1pedfiad valw Is Closed. The operative sequence of steps occurring 

in reactor 301 during a oompleto pram&1 cyde will now be cle8Gdbed In uhauattve dtttil 

sc that operation of a cont1nuou1 process wiH be fully undal'ltOOd. The lcllnbl 

1equenca of ataps acconlng to Table 1 occura In ataggored 1equln:8 in reactor S02. 

Again, referring to the embodiment dlsc:losed in FIG. 9 and the eequence 

periods and valVt positions destgnatod In Tabl• 1, reactor 301 undergoes tour sequence 

perloda of lie aorpraactlon step. Feecl&tock stored In atorage tank 304 (optional), la 

intmduced tnto reactot 301 by opening valves 311a anel 31&1andclosJngvatves3138, 

314a and 315a lhar9by allowing feedstock to flow through manJfald A. Ina S11 ana Into 

reactor 801 which contain• an admixture of a daaired 1hlft catalyat and a 

water-satectivl adeOrbenL · 

The SOl']>reae11on 18 continued ll"til reactor 301 II euentially saturated W1th 

adsorbed water. Watllr Is selectively adaorbod onto the adtorbent and a reaction maee 

transfer zone (AMTZ) la formed wllhln reactor 301 whktl moves toward the diseha1ge 
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end of reactor 301 as more feedstock la pumd. Tha aorpreactlon Is completed when 

the MTZ reaches tha effluent end cf the reactor or somewhat ahort of It by a 

prad11igned sat point 

A 00-.nriched stream exits 1he cl&c:harga and of n1actar 301 via llne1 340 and 

318 and flows Into manifold E and lnto Line 817 u prevlowity cHGUSHd. Th• procea 

proceed& with one pariad or the depl'Hlllrlzdon step wherein reactor 801 is 

countercurrenlly depra1surlzed to a IMCOnd pr9determined pressure by withdrawing a 

mixture comprising unreacted fMdstock. CO and water from the Inlet end at reactor 301. 

Valve 313& ia opened whiJe valv• 311a and 3148 ramain closed allowing tha mixture to 

be pueecl lhrough Hn• 311 al'd 313 intO manifold Band in flow communication with 

pump seo. 11\e mixture exits the dtlCharge end of pll'l'lp 360 proceeding via Hne 382 far 

use aa fuel (not shown) or reevclt Into surge drum 304 for use u l'eed$tOCIC in a 

subsequent procaas cycle. The depreuurlzauon step Is continued undl the reactor 

reaches the second predelarrnlned preuura. 

Reactor 301 Is then subjected to one parlOd of the purge l step. Reactor 301 is 

countercurrenlly purged at the 8llCCftd pres&Ln with weakly adsorbing purge flutd. Upon 

opaning valvea 314a and 315& whle valves 325a and 3a2a remain in the closed 

position, weakly adlGrblng purge ftuld mm an external aaurce P811• through pump 

331 via line UO and extts pump 331 at the MCOnd pressure to proceed \tla manlfold D, 

line 31& •nd line~ into 1he exit tnd of ntaetor 301. A rnixtUr• comprising weakly 

adsorbing purge tluld, unreacted feedltOek, 00 11'.'cl water i• withdrawrt from rMctor 301 

via line 311, line 314 and manifold O and is collected in separator 335. Thia mtxture may 

be used as fuel. discharg•d ror use outside the pr'OCllS or separated in separator 335 to 
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form a stream Of weakly adaorbilg purge gas 334 and a walar enriched stream 336. A 

portion of the weakly adaort:Hng purge fluid may be tran$ferrad through lln• 334 into 

storage tank 333 for future '*'· Upon demand via opening valve 332a, weakly 
• 

adsorbing purge fluid m•y be drawn to pump 331 via lnea 332 and 330 for use in 

subaequant process cyclaa. 

Reactor 301 is then subjected to Ol\e period of the purge II 1tep wherein reactot 

301 is countercurrentty purged with a co-enriched fluid which CIOl8 not contain bolh 

hydrogen and co,. Upon Cf*1ing valves 314a and 311a while 'lllves 325a and 332a 

temain in the dosed poSltion, the CO-enriched purge fUid from an extemal source 

paas•e through pump 331 via line 330 and exits pump 131 at the second p1'11S8Ure to 

proceed via manifold D, lne 316 and Hne 340into the exit end or reactor 301. A mbctur• 

comprising weakly ad&Drblng purge fluid, water and co.enriched purge fluid iS 

Witldrawn from reactor 301 via line 311, Hn• 314 and manlford C &Ind is collecled in 

separator 335. This mixture may be used as fuel or diachatpel far use outside 

the process. 

The final stap of the process C'JCle invoi\111 a SingJe sequence or the 

preasurt:zatian step Wherein reactor 301 rs count•reurrentiy praaurtzed from the second 

pressure to the first preesure wlth a CO..nrtched purge ftuiel, tor example a slip stream 

from Line 317, or high purlt)' CO product stream '607 prior to commencing another 

proca1& oyde wfttlin the reactor. Spec:Hlcally, upon,cpening valve 3151 whi1e valves 

311a, 313a, 314a, S25a and 332a rtmaln In the cl~ad pollUon. the CO-enriched purge 

fluid paieea through pump 831 via ine 330 and exlm pump 331 at the aecond pre&&ure 
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to proceed via manifold D, line 315 and lln1340into1he exit end of reactor 301. Thia 

step is stepped when reactor 301 reac:hes the first prauure. 

Th• process prac:eede through additional cycles aCCOldng to lhe above· 

manUoned steps enumerated In Table 1. While the sequen~ periods are dapided as 

b11lng of equal length, 1his 11 nlilher required or necesaary. lhe times wlll be set by 

aliowable maximum gas flaw rates. valve and line etzea and the proparlies of the 

adsorbent used. Altamate routlnt1 mlY bt employed for establishing the duration of 

each of the cycle steps. For eumple. the end of a partiCUlar etep may be determined by 

other techniques known in the art such u by anatyais of 1he composition of lhe 

111actor efftu•nt. 

Several varlatioM to the general emboclmenl may be practiced to meet the 

particUlar neects of each plant. For example. Heh reaction may be subjected to an 

additional countercurrent Purga step at the fim pressure with a weakly adsorbing pUtg• 

fluid between the 1orpreactlon step and the dtpressurtzaaon step and withdraW&ng a 

mhcNre comprising unreacted feedstock. co and water which can be recycled as feed ta 

·tna SER raactof9 via manifold a, pump MO and Hne 382. 

Moracver a source of hydrogen or carbon dimdde (not shown) may m 

ln1raducad into f'8 hydrOgen depleted stream 410 In order to control the ratio of 

nydrogen and COa presant in the tlret reactor of the SER proc ... 

One of ordiiary ekiQ in the art wm appreciate lhat methane may build up during 

opeta1ion of the daknect procoss unleas a auitablt lfip stream (not shown) is \4tilhdrawn 
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I I I I If I I 11 ftft lln l I 111 tftift 'T'llit •I"• •••• ·-.,,--· 
Suitable catalysts for conducting the steam-methane reforming reaction include 

conventional steam-methane reforming and prereformlng eatalyate such u nickal­

alumina, nickel-magnesium alumina and the noble metal c:atalysua. 

Suitable water gas .shift catalysts for conducting the reverse shift reaction In the 

1U.ctor1 or 1he SEA cycl• lndude conventional shift catalysts such Iron-chromium high 

temperature shift catalyst, copper-~nc oxide low temperature &hift catalyst and 

copper/zinc oxide meclum lllmparature shift catalyst 

The water adsorbents to be used in the reactors of the integrated SER procep 

muet be ac:1IVe at the reaction conditions meaning that such the adsorbent must retain lta 

capacity and se.lecttvlty for lho more adsolbable product. Second, the adsortJent must 

be Ch•mlcaly neutral and must not act as a catalyst for the reverse water gas 

ahift reaction. 

The term. weakly adsorbing ftuid, refers to • fluid which is capable of displacing 

the product which is adsorbed by the adsorbent during operation of the proceaa and 

which can then be desorbed by the less adsorbing product 1uch that subeaquent 

process cycles can be condueted in each reaetor. Ona of ordinary skil in the art can 

readily select one or a mixture of weakly adsorbing fluids suitable for use in the 

claimed invention. 



-28-

Tha general and attemate embodlmenta of the preunt lnwntlon can be 

01»ratecl using conventionaJ hardware. For exampla, suitable reactors lnclude any 

vesul which is capable of being subjected to the reaction condition& required to practice 

a particular equilibrium comrollld process such as shell and tube reactors. Moreover, 

the separators enumerated In the proCtM 11& readily selec&9d by one of ordinmy aklll in 

the- art based upon con1ideratfana such aa the particular mixturaa lo be 1aparated, the 

volume of fluids to be separated and U'le like. 

The following examples are provided io further IHustralt Applicants' process for 

producing CO. The e>eamples are llluatratlva and are not intanded to lmlt the scope of 

tha appended claims. 

llpl8NENJ61r SliCJJQN 

The foUowing examples are provided ta further llluatrato Applicants' claamed 

process for producing CO which Integrates a convention al SMPI procese with an SEFI 

cycle which shifts CO. pl'tlHnt in a aapardon unit wasta gu alream to CO via the 

reverse water ga1 shift The examples ant illustrative and are not intended to limit the 

scope of the appended claims. 

Mau balance calculatlON were carried out tor ••lectad processes dapictad In 

the Figures. Therm~namlc aqUllbrlum calculations used to determine Che steam 

methane reformer effluent compositfon were carried out using a soflWare package 

antitted 1HSC Chemistry for WlndOW&•, from OutokUmpu RaaMICh Oy, Finland. All 

other calculations ware within the ordinary pervue cf one of ordinary skill in the art of 
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chemical engineering. The following aaaumplione were utilized in making 

the calcuJattons: 

a) thl refonnat• product composition iS dlctatad by equlllbrlwn conv•raion al 

1he reformer products at constant temperature and ptMeura; 

b) the ateam methane reformer operatet at e&O-C and 25 atmosphere 

pressure; 

c} the feed atream to the r.tormer contains 25 mot91/min of CH4 and 75 

molea/mln of HaOi 

d) the CQ.VSA process pradUces essentially pure CO product (89.5%) at 85% 

caman monoJdde recovery. 

e) the H2-PSA proceaa produm• euentially pure H2 product (99.9%) at 85% 

hVdrogen l'8COVlfy. 

f) fie conversion of C~ to 00 In the Sorpllon &nhanced Reactor Pracaa 

(SERP) le 80% (i.e •• 80% of lhe ~fed to the reactor Is withdrawn as CO 

product from the reactor); 

EXAMPLE 1 

pmg1ucnon af GO Prarf!IO' from .... QI• ltr!•m pf I ConvtntlQRI ca 
prpclupllgn Prnr= vi• ihl c:MIB ...,,.., 

Table 2 containa maae balance data for proceee echemee tor 9roducing carbon 

monoxJde aa depicted in Flgur• 8 and 1. ,,_ table ;lvet tie total moles of hydrogen 

and carbOn monoxide prOd~ as product. 
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TA8LE2• . 
COMPARATIVI Plftl'ORllANCI OP INTEGRATED SERP..SMA PROCESS FOR 

THE SlllULTANEOUS PRODucnON OP CO AND H, 

FIG. 8: 

FIG. 9: 

• 

SMR + CO-VSA + H2 • PSA 

SMR +CO -VSA + H2- PSA + 
SEAP (treating 75% of the H2-PSA 
waste gas) 

Net Quantity of 
t\ Proclu~t 

(moltlhnin) 

57.7 

69.4 

Net Quantity 
otco 

Procp;t 
(melellrnln) 

10.3 

18.1 

Feed to SMR: 28 moles/min CH4 + 75 moles/min H20 (base casaJ 
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Data for lhe bale .caH .y1tem conslstin; of a .-m methane reformer followed 

by separation of carbon monoxide by a CO-VSA. unit and 1eparation of Ht by a H2.PSA 

unit (Figure 8) indicat• lhat 57.7 molellmin of hydrogen and 10.3 .moleslmin of CO can 

be produced per 100 moreshnin of feed to the reformer. Applicants' process conliltlng 

of stsa.m meahane reforming, separation of carbon monoxide by a CO.VSA unit. 

separation of H2 by a H2-PSA unit, splitling the Ha.PSA waste g• Into a purge atream 

and a proc:eaa stream (wherein the proceas suaam repruenas 75% of the total HrPSA 

waate gaa ltream). ree.ctlon by the SER proceu of C02 and H2 present in the H2..PSA 

w&.$le gas atream to CO, and recycle of lh9 COoenrtched stream from the SER proce11 

to the CO.VSA unit (an embodiment of Claim 1 llu&lrated In Figure 9) achieves 

production of ee.4 molea/rnin of hydrogen and 16.1 mofealmin of CO per 100 molelfmin 

of feed to lhe reformer. Thus, addition of the SEA cycle to the conventiOnal SMR 

proceas to treat the H2-PSA waste gas yields an unexpected 58% increaae In total CO 

prodUction over the prior art process at the same feed rate to the SMA. AppHcant'a 

procna alee increase& the hydrogen prockl:I produ~on late by approxitl'lately 3%. 

Having thue described the present inventiOrt, what Is now deemed appropriate tor 

Lattara Patent ia aat forih Jn '1• followlng Claims. 
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W•ClaJm: 

1. A process for produeing a oarbon monoxide product and a hydrogen product 

Yhich compriaoe the atepe of: 

(1) reacting a feeclltpck.~lgo.gt111!Mt.0'1'1/wrMoipf1WN m 10m1 a 

retonnate comprielng hydrogen. carbon manaxlde, carbon d"IOxJde and 

unreactad feedstock; 

(b) rem~no watar fram the refonnate ta form a water-depleted reformats 

and separating the water-depleted refarmate into the CO product and a 

00-dlpJeted atream; 

(c) separating tht CO-depleted stream into the hydrogen product and a 

hydrogen depleted ltream and campN11ing the hydrogen deplated 

stream to form a preaaurized hydt0gen dapletecl stream: 

(d) introducing the hydrogen-depleted stream into a plurality of reactors 

operated in a predelarrnined timed aequenc:e and according to the 

following etepe which are perfoi'rned in a cycle within each reactar: 

(1) reacting the prwurlzad hydrogen depleted strtam at a first 

presaure In a first reactor conlalnlng an admlkture of a water adaoment 

and a water gaa shift catalyst under reactiGn candiflon1 euffic:ient to 

convart carbon dioxide and hydrogen to carbon monoxide and to aclSOlb 

water omo th1 adlolbent and to form a CQ.enrichad stream which i. 

recycled Into the water-depleted reformate steam of step (b)i 
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(2) countercurrentl~ depreuurizfng the flrat reactor to a second 

prea.urt by withdrawing 1 mixture compn.lng hydrogen, carbon dioxide, 

carbon monoxide and water; 

(3) caunten::unently purging the tlrat reactor at the second p1'981ure 

with a wfdr adsorbing purge fluid with respect to the adsorbent to 

d8SOlb water from th• aclsOment and wlthdrawfng a mixture comprising 

weakly acleorbing purge fluid, unreacted feed8toclc. carbon mono>Cide 

Ind 'Nater; 

(4) countercurrent1y pur;ing th• ftrat reactor at Ile aecand p,....,.re 

with I co .. nriched purge fluid which dOll not comprise hydrogen and 

carbon cloxidt to deaorb tht weakly adaarbing purge tluld and 

withdrawing a mixture camprl.tng the wealcly ICllOrblng purge fluld, 

carbon manmdd.e and waw. and 

(5) c:auntercurrently pressurizing the firlt reactor frorn the aaccnd 

pressure to the flrat pressure with 1h1 CQ.enriched purge ftuld prior to 

commencing anad1er procees cyc:I• within the first reactor. 

2. The proceas of Claim 1 turther comprising: 

(•) inUoduclng a source ot hydrogen or calbOn d"1axide Into the hyarogen­

depletld stream of atep (c) In order ta control the ratio Of hydrogen and 

carbdn dlOXldt p~nt in the first reactor accoftilng to atep (d)('1 ). 
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3. Th• process of Claim 1 furth•r comprialng the following step which la 

conducted between 1t.ep d(1) and step d(2): eounten:urranlly purging the flrSt reactor at 

the fir.st pressure with a weakly adsorbing purge fluid and withdrawing a mixture 
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catalyst cornprisea from 5"/o to 95% by weight of the adlorbent and tram 95% to 5% by 

wight of the catalyst. 

S. The process of Claim 1 atep (d) wherein 1h1 firat pressure rangaa from 2 

atmospherea to 50 atmospheres end the second pressure ranges from 0.05 to 2 

atmospheres. 

t. The prucess of Clan 1 Wherein the adaorb1ni recited in step (d) Is selected 

from tha group ccnsiltlng Of zeolltea. alumina or allca gel and th• w.akty adsorbing 

purge fluid is selected from th• group conlillnG of metha"•· hydrogen. nitrogen and 

carbon dioxide. 

7. The process Of Claim 1 wherwdn 1hll fMd8todc c:omprla• wattr and methane 

in a stolGhiometric: ratio af water to """1lne ranging from 1 .S to 30. 

8. The procesa of Claim 1 wherain lhe steam-methane reforming catalyst is 

aaaactec1 frcm ttie group conalatlng of nicbl-llumina, nickal-magnt$iUm alumina and 

nobl• metal catalysts. 
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9. The pr«ess of Claim 1 wherein the water gas 8hlft catalyst is selected from 

the group con•isting ot an iron ·chromium high temparatura shfft catalyst, a copper/zinc 

oxide low temperature Shift catalyst and a copp.,./mnc oxide medium tempe.~re 

thlft catalyst. 
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