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PROCESS FOR OPEM.TING EQUIUBRIUM CONTROL.LED REACTIONS 

This eppllcatlon Is a con11nuation-in--part' to capending U.S. patent appbdon 

Sariar No. 081419,317, tiled April 10, 1986. tne Specification and claims of which are 

incorporated by retarenc:a 11nd made a P•rt or this application. 

RIGHJS OF JHE UNITERJTAIES GOVERNMENT 

The .subject mdar presented in this patent appftcdon was funded in part by the 

United State• Department Of Energy (DOE) unCler Cooperative Agreement 

No. 05-1'C38-95G010C!e. The DOE may possess cerl*I rights under the claim& 

appended hereto. 

]"ECHNICAlm FELD OF Dil ~IOrJ 

The present Invention ii a cyclic process tor operating equilibrium c;:ontrolled 

reac:dans in a system which comprises • plurality of reactors operated in a 

p. ... adetermined timed sequence wtlereln the heating and coaDng requirements in a 

moving .reaction mass transfer zone within each reactor are provided by tndlred heat 

i'Xdian;e With a fluid capable cf phase change at-temperatures maintained rn each 

raactor during sorpreactlon. d11pressurfzation, purgfng and pressurization steps. 
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MCJ.SGBOuNP OF THI INVENDO~ 

Th• chemical industry perfonns numerous equilibrium controlled reactions to 

manufactul't a \Mde range of c:hemlcal ""'materials, Intermediates and praducts. 

Product yield obtained In such equilibrium controlled reactiom is b'Pically limited by 1he 

thennodynamic: equilmnum af th• reaction. Therefore. s~Ch ru~ns are typically 

opera.a at an efevatacl temperature for endo11'1emiic raactlons or at a reduced 

tamperature for exotharmle reactions in order to shift equillbrium toward the product 

direction. Thus. the Chemical Industry has been surd\ing for improved processes fOr 

operating equilibrium ccntrollad rea.dlOns at reduced temperatures for endothermic 

reactions wherein product yield rs not sub5tantially diminished due to unfavorable 

thennod,namic equillbrfum constants. 

Representative equilibri1.1m cantrolled r.adions include methane and 

hydrvcarbon steam refonnfng reactions which are used to manufaeture hydrogen or 

syntheel• gu. the water gas shift reacdon for c:onverting CO to COz1 as well as the 

reverse ~r gas shirt reacuon far converting COi to co. Some of 1hese ntac6ona are 

typleaJl)' carried out at relatively high temperatures to shift ai. equilibrium toward the 

product direction u well as ta obtain relatively faster raac:tion kinetir:s. Significant 

efforts have bHn desatbtd In the literature to Improve readlon kinetics by identifyfng 

new catalysts and by controling praceas cparatin; conditions. Additional!~, the conc:ept 

af removing a pn:idu-= from a reaction zone to increase product conversion is 

well known. 
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Repres•ntallve prac:eases fOr operalfng equDibrium c:ontrolled reactions include 

an artlcle by Vaparclyan and l<adlec {AIChE Joumal. Vol 33, No. 81 August 1987) 

whid\ disdoses a unit cperatlon comprising a rapid pre1sure swing ~· in a catalytk> 

adsorbent bed to effect both c:ontinuaus gas-phase reactton and separa!ian. The 

h~d device combines fatures of a pressure IWing adsarber with 1hose of a fJaw. 

fOl'C9d catalytic reactar. 

Westerterp Ind coworkers (Hydrocarbon Pmcassing) p, ee (November 1988) 

di.sdoee two process scheme• for improving conversion of hydrogen and carbon 

monoxida ta methanOL The first embOdlment emplays a Gas-SoJKS.SollCI Trlekle Flow 

Reactor (GSSTFR) wherein a salid adsorbent is trickled through a packed bed reactor 

to remove md'lanoi fRlm the teaction zone which rallJlt.s tn increased production al 

melh11nol. The adsorbent 1aturated with methanol is COiiected on a canunuous basis 

ueinQ multipla storage tanks whlnin the methanol II deSOlbed by reducing the 

pressura. The sec=ond embodiment employs a Reactor System with lntemage Product 

Removal (RSlPR) Wherein methanol it synthesized in eeveral stages and removed 

utilizing a lquld solvent High conversion of methanol per pass is achieved in a series 

of adiabatic or isolhennal fixacl bed reactors. Product is selectively remo'led In 

abSGrberl situated between the respective reactor maQU. 

Prior art proc:esses for conducting simultaneous teactlort and adsorption steps 

have not achieved cammerciat success because product flow rates do nat remain 

sufficiently constant and tha desired pracaucts are· present in unacceptably low 

concentrations will respeGt to the undeSited reaction products, unreaded feedstodc 

and purga fluids. Industry is searching for a process for operating equilibtium controlled 



-4-

raa•n• which can be operated in continuous made It reduced reactian temperatures 

wherein a reaction product r.an be produced in aubstantia!ly pt,ar'e form at nlgn -
conversion, under relatively constant now rate and at feedstock pressure_ 

RIEf SUMMARV OF TIC llMN110N 

The present invention relates to a continuous process for operating eciuilibtlum 

cgntrolled reactions which oven:amea problems associated with prior ar1 processes 

wherein product flow rates ® not remain relatively conatant and the daired ptOCfuct is 

present In unacceptably low ccncentrations with respect to other reaction products. 

unreacad teedstod( as wn 11s the purge and rinse fluids used to deacrb the deeired 

product from Che adsorbent residing in the reactor. 

Appflcant.s have ovarccrne such prabJems b311 developing a cyclic process, 

operated under i1othermal concltions, which utfUzes a plurality of reac:tal'$ operated in a 

predatarmlned timed sequence whareln !he heating and cooling requirements in a 

movlng reaction mass transfer zone within each reac:tar •re provided by indired. heat 

exchange Wftn a flu[d capable of flhase Chlloge at temperatures maintained in aacn 

reactor durtng sorpreadion, deprassurizatlon, purging and pressurization steps. The 

following five steps of the general embodiment are perfom'.ed in each reactor during a 

process cyde. 

The fir.st step of the process comprises reacting a feedslCc:k at a nrst preuure 

in a ltit reactor containing an admixture of an adsort)ent and a catalyst suitable for 

condueting the equilibrium controled reac:tion un~er ruction mnditions sufficient to 



convert the feedstoek into a more adaorbable pmduc.t whictt is selective1y adsorbed by 

the ac:biorbent and a leu adsottlable pteduet and withdrawing a stream whleh is 

enriched In the leas adsarbable product and depl«ad in the more adsorbable ptOduct 

asweUasunraacteafeeclstock. 

The sacond atep ggmpriSes countetcUrrently depressurizing the first naac:tor to 

a aecond pressure by withdrawlng a mixture comprising unreacted feedstlx:k. a portion 

of the leis adsorba'ble product and a portion cf the more adsotbable product. 

The tnird step compri1e1 countercurrently purg;ng the first reac:tar al the 

second pressure witn a weakly adsorbing l'ur;e fluid with respect to the adsorbent to 

desorb the more ildsorbable product from the adsorbent and withdrawing a mixture 

comprising unreacted feedstock, a portlcn Of the more adsarbable product and a 

portion cf the le11 adsorbable pmduct 

The fourth step comprises counterC\.lrrtnHy purging the first ra:actor at the 

second pre1aure 'With the leas adaorbabla product to descrb "the weakly ac:lsofting 

purge ftuid and withdrawing a mbcture i;omprising the weakly adsor'Oing PYCSJ• flutd, a 

portion of the mare adsortieble product and a portion of 1he less adsorDable prodUd:. 

Th• rtfth step camprtsas co1JntarcurrentJy pressurizing the first raactor frcm lhe 

second pressure to the fiBt pressun= with the less adaorbabla product prior to 

commenclng another process cycle withfn the first reactor. 
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The general embOdiment can be readily adapted to utilize Iha following 

additlgnal step following 1ha first step and prior to lh• second step whe1'9in the first 

raactar ia cguntef'CLArrently pureed at the first prusura with a weakly ad1crblng purge 

fluid ~nd a mbct1.lra compriling unreacted faedstcclc. a ponlon of the mare adsorbable 

praduct and a portion of the less adsarbable product ls withdrawn from. the first raactor 

at the ftrst presswe. Optionally, 1hls mbcture comprising the unreacted feedstock. the 

mare adsorbabfe product and 1ne less adsorbable pteduct can be separated to form a 

stnaam comprising unreacted f•dstock and th• unreacted faedstcc:k aan be recycled 

for use as feadstDck In the first ltep of the pmc:aas. 

Applicants' process c:an be readily adapted to perform a variety of additional 

steps in order to fUrther separate the proca• slreams by canventionaJ method• suCh as 

<listiHallon to yield higher purity products or a source process flUids which may be 

recyded. For example, the ne1m of the ftnst step wlUch Is enrig,ed tn lhe less 

'&dsorbabla produCt and depJetect in tne more adsorbabla product as well as unreacted 

faadatcck can be separated to form a stream comprising the Jess ac:Saomable product. 

The stream of the 1hJtd step comprising unreacted feedstock. a pertion of the ~are 

adsorbable product and a portion of the le&a adsortmble product can also be separated 

to form a stream comprising the more adsorb1bl• product. Finally, the mbdura of N 

fourth stap ccmprtsing the weakly adsorba~ purge fluid, a partlon af the more 

adsorbabre product and a portion of the less adsorbable product can be separated to 

form a stream i:umprfsing 1he weakry 1deorbabJe purge fluid and rec.yclang a portian of 
. 

the stream for use as the weakly adsorbing purge ftufd in the third step. 
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The present process can be utlllzad in any endathermic or exothermic 

aquilibrium controlled prac:eN Including homogeneous reactions involving solely 

gasllOU$ raamnta. and hetwogeneous. catalytic radians invoMng aaseous raectants. 

Moreover, the pretent process can be ntaclry adapted for use in equifrbrium controUed 

rNcUons which are capable of operation in the absence of a catalyat. The general 

embodiment is fallawed with the exception that the r811dona: icaltaln ol'dy adaorbent for 

the more adeomable praduct 

Whle Appacants• invention Is suitable tor operaUng any aquilibrium controUed 

process, Appllc;anta haw identifted reaclions which are particulariy sultsd fer operation 

using their Clafrnecl PRtCISS. Prefem1d reactions induele Ute reverse water gas shift 

ruction far praduc:Jn; c:aton monoxide, tie steam-methane reforming reac1ion for 

produdng hydrogen. and methane r.fonning with cartJon dioxide ta produce carbon 

monoxide mnd hydrooen. 

Th8 gen1ra1 embodiment of this invention can be usad to operate each of 

these readlons by simply eubatilutin; 1he proper fudstoek. adsorbent, cataly•t, the 

relative pmpartlan of catalyst and adsorbent residing in the reactor, tha reaction 

conditions and purge llukls ta pravide the cl118irwd product•. For example, the reverse 

water gas shift reaction ror producing carbon monaxlde cantemplates reacting a 

flleclstac:k of carbon dl~de and hydrogen to produce carbon monoxide and water. 

The more adsorbabfe product with respect 10 the adSOrbent is water such that the lass -
adsarbable produc;t, carbon monoxide, can be collected 1t feedstodt preaure. 
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Suitable adlorbents fot conducting Iha reverse water aa.s shift reaction ta the 

present Invention include zeontes such a& X. A. Y and the mordenites, •ilie$ g91. and 

aluminas such as AIClft M30C and AA23Q whleh ara c:cmmerdally .available frOm 

Alcatl Cort;tordOn. Cleveland. Ohio. Suitable catalysts inc:lude ccnventiOnal watar gas 

1nfft cata~ such as the irolKhn:mlium high temperalUre shift catalyat from ICI 

Ccrporatlon. Qakbrook T1mace, lllnOis. K&-10 ind KS-11 catalysts 1v•llab1e trcm BASF 

Corporauon, GaiSlner, Louisiana. and law and medium temperature shift catalysts such 

as ~11 and 1<3-110 Cltalysts wl'lieh are also commercially available rrom BASF 

Corpcntfon. Geismar, Louisiana. Reaction conditions rnctuda a temperature ranging 

f:om 200• to eoo•c, the first praesure whlch ranges from 2 tc 5D bar and th• second 

pteesan which ranges fmm 0.05 bar to 2 bar. The weakly adsorbing purge fluid ls 

sat~d from 1h8 group consisting of methane. hydrogen. nitrogen and 

camon dbcide. 

The taadstoek far the tteam-methane reforming reaction comprises water and 

methane with a ratio Of water ta methane ranging from 1.5 to 30 when the more 

adsori>able product is primarily carbon dioxld8 and from 1 to 1.5 when 1ha more 

adsorbable product is primarily carbon monmdde. The lass adsarDable product Is 

hydrogen in both cases. Re11ctlon candltiONI includti a temperature ranging from 200• 

to eoo•c. the rnt pressure whi;h rangea from 2 ta 50 bar and the sec:onct pressure 

which ranges from 0.05 bat to 2 bar. The weakly adsOtbing purge fluid is selec::tad from 

the group conslsting of l'Mlhtlne, steam, hydmaen and nitrogen. 
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Suitable cabaly.ta tor conducting the steam-methane reforming reedlon 

include c:onventional steam-methane refonnir.g and preretorrning catalysts such as 

nickel-alumina, nlckel-magneslum alumina and the noble metal cataJyets. The 

adsorbent can be selected to adaorb auban monoxide, carbon d1axlde or a mixture of 

camon monoxide and carbon Oo.xfde. For example, adscrt>ent.s for carbon dfOXfde 

Include the metal oxidea and mixed metal oxrdes of ma;nealum. manganese, 

lanthanum and caldum and the cJays mlnerals such as sepiolfte and doJomlte. 

Adsolbents which are selective coward carbon mono~e inc:lude Cu .. , on sDica-elumina 

and Ag•1 on siffc:a-a!umina as described in U.S. Patents 4,019~879 and 4,019,880. 

Applicants hav• dJKCMBrad two new ct.ss•$ of materials described h•Nin aa 

mcctified double layered hydroxides and non-modified and mocllfted spinels whld'I are 

capable cf selectivery adsorbing COi tom COrccntaining atteerrts containing moi'llUre 

revels as high aa 10 atmospheres af watarvapor and which possess utility at 

tilmperatures ranging from 2.00°C to SOO°C, and possibly higher temperatures. The 

literature ia not believed to tuch adsorbenta of th• following typee which are capable of 

selectively adsorbing C<l2 In the presence of large •mounts cf water under aperllting 

temperatures ranging from 200-C to 500"C and which are capable of being regenerated 

by purging with inert gu at 1Uch elevated temp11ratures. 

'The prefe~ modified double lay•nad nydroxidu 'Which J)Os.tess utility·as ~ 

adsorbents under the above-rafaranced conditions are represented by the formula~ 
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[Mg~ Al.. (OH)2][C03lll'il ~ y HaO • z M1iC03 

wherein 0.09 .! x .s 0.40j 

o,:s:y ~3.S. o~z~3.5; 

M'= Na orl<. 

The splnels and mOclified spinela Vtlhlch possess utility u COa adsorbents under 

the above-teferanced conditions are repn111nted by 1he fonnula Mg [Ab]O, • y KaCO.. 

wherein O ~ y .!. 3.S. Th• modified spinels SAi idantll9d by 1he materials wherein y is 

greater than zero. Thus. lhe spinels wP'lich are not madiffed are 111presented by the 

fonnula wtierein y equals zero. 

Methane can be reformed 'With eamon dioxide to produQ) carbon monoxide 

and hydrogen. Thua, th• feedstock comprises carbon dioxide •nd methane. the catalyst 

camprJses a methane refOrmlng or prerefotrning catalyst such as nic:kel-alumina. nic:kel­

maanesium alumina and the noble metal catafym auch as rhodium, ruthenium and 

iiidir.1m. The more adaorbable prodr.id with respect to the adsorbent may be hydrogen 

and the less adsorbable pracluct may be carban monoxide. Abmatlvely, 'the more 

adsorbable product may be carbon monoXlde and the less adSOrb:abJ• product may be 

hydrooen. Suitable ad1atbents for hydrapn lndude the hydtogen-memt aHo,s such as 

palladium, pdiildium-ailver, magneslwn-nlcbJ. fnm-Utaniwn and lanthanum-nle:kel, and 

the fike. Suitable adsorbents for carbon monoxide include eu• and Ag• salts. Reaction 

conditions comprise a temperature rangtng Imm 200° to 600-C. the ftrst pressure whid1 

ranges from 2 ta 50 bar and th• second prassure which ranges frOm 0.0510 2 ~r. The 

wa•kly adsorbing purge tluld Is set~d from the group consbting of steam, methane, 

carbon 4ioxide, carbon monoxide, nitrogen. and hydrogen. 
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M shaH become more apparent up0n reading the Detailed Dueription of th• 

Invention, Applicants' process overcomes problems associated with prior art processes 

by utilizing a novel 1erfes of reaction. adlorption ind desorption &taps to collect the Jen 

adsorbable pn>duct ln substantially pure fonn under a relatively ccnstant flow rate at 

feedStoc:lc pressure. 

Sf!.IEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 Is a process flow diagram of a general embodimem of 1h• present 

proc::ess for operating equilibrium controlled reactions which utilizes two reactors 

contalnlns an ildmixture of catalyst 1nd adsorbent. wherein the teactcrs are operated In 

a cycle of predetenntned sequence. 

FIG. 2 IUustrates 1he CO concentration proflle in reactor effluent versus time 

for tne reverse water 9111 shift reactlon carried out acc:ordinQ to Ule prnent proceaa at 

e7 psig and 275•c. Cllrbon rnonaxide was used as the purge fluid and 1he 

prae.surizing fluid. 

FIG. 3 Illustrates the reaGtor eftl'Yent flow rate versus time for the reverse water 

gas shift reaction carried out 1ccordlng to the present process at 57 psig and 275•c. 

carbon monaxide wu used u the pur;e 11uid and the pressurizing fluidt. 
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FIG. 4 Olu&tnlte& 11• CO concentration profile and the flow rate of the reactor 

effluent for the reverse water aas shift 19action carried cut according to the present 

precess at 55 psig and 250•c. Carbon man<»dde was used as tl'\e weakly adsort>int 

purge tlu"ld and the pre•Ulflinsa fluid. 

PIO. 5 Illustrates the CO concentration profile and the flow rate of the reactor 

affluent far th• reverse water gas shift reaction carried out acc:on:ling ta the pn1sent 

prccaaa It so psig and 2so•c. Carbon dioxide waa u•ed as tne_purge fluid and the 

pressurizing fluid. 

FIG. I Illustrates the co corantradon Pf'QfUe and lhe now rate of the ructar 

emuent for th• nwer1e water gu shift reaction carried out at oo psig and 2so·c. 
Hydragen was used as the purge tluid and 1he prassudzing fluid. 

FIG. 7 lluantea one Of a plurality of reactars suitable for pradfdng the daimad 

process for operating an equlllbrlum controlled reaction whieh camprlses a sheJl..and­

t&.lbe conftgurdon wherein an admixture of en aclscWent fot prefaren1flllly adsorbjng 

one reactfon produet ov• the other reaction products and a cata'yst for performing the 

desired equihbrium cantrallad reaction are situated in tha ntactor tubes. The heating 

and cooling requirements In the moving reaction mass transfer zone of e«Ch readl:lr ara 

provided b~ indirect heat exchange with a fluid capable of phase Change at 

tomperature1 maintained In each reader during 1.CIJ>reaction, depressurlzation, purging 

and prassurtzalion steps d1.1rlng each process cycla. 
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FIG. a presents a graph cf COJHiO i&othenne for potassium carbonate 

modiriad double layered hydroxide, a preferred adsorbent for use in the claimed 

prccau for operating an equilibrium c:ontrolad reaction wherein tl'le feedstock 

comprises water and methlln•. the mare adsorbeble J)l'Oduct with raspect to fie 

adsortMlnt is carbon dtoxlda and th• h111& adsorbable product is hydrogen. 

DliIAILEQ DESCRIPTION OF THE INVENTION 

AppllQnts' will now diacues in pater detail their proc••s for operating 

ec;uillbrium c.antralled readions whieh provides numeroU$ banat'lts over prior art 

processes. Spealfle11Hy, greater conversion of feedstock to products per unit volume of 

raacmrls achieved; a more concentrated reacoon product is ob1ained than cow~ be 

achieved uatng a c:onventional process wherain Iha reaction staae is segregated from 

the product adSorption ltage; and 1he process can be operated at fess stringent · 

conditions beeaus• vary favarable equilibrium may not be requited. 

The present process also pravTdes another addltionaf benefit in that 1he less 

adsortsable prod'-ld With respect to the adsorbent residing In admixture with the catalyst 

within eacn reactor may be c::olleded at a r.latJvely constant flow rate at feedstodc 

pressure. Thia reault is accomplilhed in part kay COL4ntercum1ntly purging the reactor 

with the less adsofbable ptOduct until breakthrough of the less adsorbable produd. 

OCQ.lrs at 1ne feed end of each reactor. The extent to which purge Is required ii 

crictatec1 by the extent af purity required in the lela 1dlorbable prcdud to be collected 

during th• readfon step. Moreover, the reactar is cauntercurrently repraissurlzad to lhe 
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initial process pressure with tie less adsorbable product prior to ccmmencino the next 

process cycle within each reactor. 

While ramoVing th• mo .. adlort1able product. tram the raaccor irnmediarely •• it 

is fortn•d in N raadlan zone does not cl1anQ9 th• equilibrium constant for the 

particular equllDrlum cent.rolled rudlon. substanlfaJly increased c:onver1ion of 

feedstock. to prodUCb 11 achieved by prac:tid,,g the combined steps of the process. In 

order to effect this Objective. two key requirements must be met: Fil"$f, the edsorbent 

must be active at the NaCtJon cendltions meaning that the adsorbent must retain Its 

capaclty and aelectivity for th• more ad5ortia~e product Sec:ond1 the adsorbent must 
I 

be dtemica11y neutral and must not act as a catlllyst fer undesirable side raactlons. 

The general embodiment of Applicants process for operating eqt.idbrlum 

contrallad reactions II de1cribed in FIG. 1 which utilizes two reactors each containing an 

admlxtura of catalyst and adaorbent Chasen for tha duired equilibrium eontroUed 

reaction. Such reactors .. d•saibed in greatar dlllail in the Speclfteatlan and FIG. 7. 

The schematle aCCCfdlna to FIG. 1 consists at reactors 1 and 2: numerous control 

valves~ manifolds A tuough E; pum~ &. 31 and eo; separators 17 and 35: and storage 

tlnka 4 and 33. Feedstock comprisrna 1h8 ruc:tants 10 be subjected ta the clesirecl 

equilibrium comroled reaction Is drawn from storage tank 4 having Inlet fine S and autlet 

fine 6 via pump 8 wherein the prassurized feed$teck is introduced Into manifold A. 

Manifold A is In flow communication with branch inlet lines 11 and 21 which are 

connected to the Tnlet ends of raac;tors 1 and 2. Unas 11 and 21 are aqulpped with 

valves 11 a and 21a. raspedively. Opening of the appRJpriate valve permits the 



prassutlZed teed.stock to flow through manifold A Into th• selected reaetor being 1niUally 

placecl on .stream. Thus. by opening valVe 11a, while yaf\le 21a is dos.ct, faadstoc:k 

may be caYRCI to flow fl"om manifold A, thraugh lne 11 and Into react.or i . 

Reactors 1 and 2 are fitted at their respective outi.c ends with lines 40 and 50 

tespec:tlvely, each equipped With control valves 1e1 end 26a. raapectively. Linc.• 40 
. 

and 50 are operatively c:annected m m1nlald E vt"a lines i ES and 2e through whieh a 

stream containing a mbdUre Qf components withdrawn from reactors 1 and 2 can be 

collected in separator 17. The mixture can be separated suc:h 1hat a atreem containing 

t.~e Ins adsorbable product, referred to u Product o, can be collected via Une 18 ind 

residuals may be collactea via llne 19 for fuel value or 111Cycle. Thua, by opening the 

c.pproprfate valve 16• or aa, a mld.n con''3ining the lass adsori:lable produr;t, product 

C, i.s caused to flow from lie carTespond"ing reactor thraugh lines 40 and 18 or Jines so 
.anCI 28 Into manifold E far passage inlD separator 17. 

Reactors 1and2 are operatively connected to Jina 11and21, each atwttich 

is in flow communic:atlan with lines 13 and 23. Unes 13 and 23 are pr'O'rided with 

control varves 13a and 23a. respectively. s..icn lines being in flow communication \\4th 

manifOld a. Manifold B can be plac:ecl in flow cammunicaUon with reactar 1 or 2 vra 

Jines 13 and 23 upon opening valve 13a or.2311, respectively. ManifOld e is a1so ln flow 

communication w:lth pump 190 which is connected to line 62 Which can be used to 

recyole feedstock to storage tank 4. 

Manifold C is in flow comtr1111icadon with reactors 1 and 2 via lines 14 and 24. 

each One whid'I is equipped wMt valves 141 and 2411. rupecti-,ely. Reader effluent 
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from raac:tors 1 and 2 ma1 be passed through lin•s 14 and 24 into manifold C for 

separation in separator 35 into a etteam whicn 11 anrfchecl in the more adlOttable 

praauct. tererrad to a1 Product C, and a ltream comprising weakly •dtorbing purge 

fluid which can b~ passed into stonig• tank 33 'Via Un• 34 for lllter use. 

Manlfald D is cannact8d to pump 31 Which receives vario&JS proc:eaa tlulda via 

Jines 30 and 32. SUd1 pracesa fluids pass througn Hne 30 or line 32 and are 

pressurized via pump 31. The prnsurl'.zec:t fluids may be passed through maniNld D 

wt'licl'l ls in flow communication with reactors 1 and 2 via lines 15 and 25, respectiVely. 

Lines 1 S and 25 are 1i1Cb fitted With valves 15a and 25a such that the flow of stnlams 

from Manifolel D Into reactars 1 and 2 can be contraled. Moreover, weakly adsor1:>1ng 

~·fluid tram tank 33 can be tran&ferrad to pump 31 vi• llnes 32 and 30 by opening 

valve 321. 

Operation of tht embodiment repre1111tad In FCG. 1 wUI now be upfained in 

connectfcn with an arb&tla111y Chosen cycle havfnQ eight timed perfcde cf ten minutes 

per pariad as set forth In Tlble 1. Although not limimc:l 1hareto, the pmcess as 

tllustratad In Flea. 1 ut111ze1 two readcrl which are op1r1ted in cyde •ccanfino ta a 

prada18nn1ned timec:l sequenc:1. Ohr arrangements u1lng fewer or a greater number 

of reacto'3 and the assaciated ps manifolds and switch val\'ea may be employed, 

oplJanalfy using lntenuptld or dlscontinuou1 operation (using idling) of pumps. Other 

arrangements using more lhan twc rea~rs ma7 be employed by 1ppropnate 

sequencing Of th• indlvidual stepa or periods of the proceM cyde. 



TABLB 1 

Model: 

STEPS TlMB lla Ila 14a ISa 16a 32a 
Minutes 

Sorpn:act.ion 0 10 10 0 c c c 0 c 
Sorpreaction 10 to 20 0 c c c 0 c 
Sorpreaction 2.0 to 30 0 c c c 0 c 
Sorpraaclion 30 to 40 0 c c c 0 c 

Dopmsurize '40 to so c 0 c c c c 
Purge I SO Eo 60 c c 0 0 c c 
Purge U 60 to 70 c c 0 0 c c 
Pressurize 70 to 80 c c c 0 c c 

21 a 23a 24a 2Sa 26a 32a STBPS 
Reactor.Sorber U 

c 0 c c c c Dcpn:ssuril.C 

c c 0 0 c c Purge l 

c c 0 0 c c PllrpD 

c c c 0 c c Plessmi.zc 

0 c c c 0 c Sorpeaetion 

0 c c c 0 c Snrprcaclion 

0 c c c 0 c Sorpmaction 

0 c c c 0 c Sospmaction 

0 

I 
...Ii. ..... 
I 



AcCCtdlng to the general embodimmt of FIG. 1, each Of the reacto~ 1 and 2 

undergo faur .,_r1ocss cf tne naaQiol'lladaorplion etep, referred to as t.h• sorpreac:tion 

.step, one period of the depnt1surf.ZaUon stap, one periad of the Purge 1 .top, Qne pertod 

of Ila Purge II &tap, and ane period of the preseurizatiOn step. As illustrated in Table 1, 

ina stapa undertaken 1t startup in eael'I ol IUd«s 1 and 2 are staQgered ta enable at 

least one ot 818 l.Wo reactarl to underga the 1orpruct1on step at all timu durina the 

process cycle. The operation Of the invention c:lelclibed in FIG. 1 involves prindpally 

the fallowing saquance of steps: 

(a) IQRPREACJl9rj-feedstodc at a first predetermined pressure is 

passed 1hrough the ructor contatning an admixture of catalyst and adsorl:lent 

preferentially selective toward retention of Ile more adsorttabl• produd. ref81'1'8d ·to as 

Prod~ C, ~In an effluent st~rn enriched in VMI lass at.tsort>able product. referred 

ta as Product 0, Is Witl'ldtaWn tram the reKtDr. Product C is $electively adsorbed by the 

adsorbent and a reaction mass transfer zone (RMTZ} Is formed Inside the reactor which 

moves toward 1ha outlet or disd\arge end of 1he reactor as more feedstock is passed 

thrcugh the reactor. The adsorbent IC "8 leading edge of the RMTZ Is essentially free 

of tha more adsorbable product wh.t1e lhe nilina edge of the RMTZ I& equmbrated with 

the more ~ product at the lac.al qn:tftiOns. The sorp,.actJan step iS continued 

until the adsorbent In the re1ctor ls essentially saturated Wfth Product C. ln other 

words. the RMTZ has ANtdied the effluent end of the reactor or somewhat sholt of I. 

The eft'luent gas. rich In Product o, is discharged frOm the reactor. 
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(b) L1§PR~the roador is counteRurrently depressurfzed ta 

a secand predetermined preuure by Witttdrawin9 a mixture comprising unreacted 

feedstock. a portion ot the more ad&orb1ble prccluct and a portion of tfte 1es.s 

adaol'bal»le produGt. ,,,. depressurizalian step Is continued until the reaclor reach81 

the semnd pradetennined preaura. 

(c) f'URGI }- the reaclar I& c:ountercurrently purged at the 1econd 

pressure witn a weakly adsorbing purge fluid with respct to the edtsol'bent to desorb 

Pmduct c frcm the adao~ent m1d • rnbd:uN ccmpisil'1g unraactad feedatock., a portion 

Of Product C and a portion d Product 0 is withdrawn from the reactor. 

{d) PURGED-the readol" Is countercurrantly pwged at Ile secand 

presaure wnn Product D to desorb the weakly adaol'bing purge ftuld and a mbdura 

comprising the we:aldy adsarblng purge fluid, a portion of Product C and a portion of 
Prcdud. D &s withdrawn rrom the reactor. 

(a) PRl!SSlJRIZAIIQN-the reactor is countercurrandy pressurized frOm 

the second pressure to the first pressure with Product D prior to cammencing ano1her 

process cyde within the raac:tar. 

The valve positions cbfng Iha above-meQSioned operating cycle are also set 

fotth in Table 1. The delignlfiol\ -0" fndicatas U.at a spte&fied valva is open while a "C" 

represents that a specfftlCI val~ IS closed. The operalive sequence of steps occurring 

in reactor 1 during a ..ornplete pnJOJss Gycle wUI now be described in txtiaustive detail 
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so that operation of a continuous pracau will ba ful1y underatood. The identical 

sequence ot steps according to Table 1 ac:curs in staggered sequence In reactor 2. 

Again, refeninQ to the embOdimant diSCIOHCI in FIG. 1 and the Mquenea 

pertoCls and vaJve positions designated in Table 11 reaccor 1 undergoes four sequence 

periods Of the sorpreacllcn step. Feedltock comprising ,..actants A and B, stored Jn 

sioraga tank 4, Is introduced into reactor 1 by opening valves 11 a and 1CSa and clo1ing 

valves 13a, 14a and 15a thereby aKowing feecll1ock to flow through manifold A. line 11 

and into reactor 1 which contains an admb(ture of a desinad catalyst and an ad1olbent 

prefarantlally selec:tive toward the man1 adcsorbable pl'Dduct. Product C. 

The sorpreaction is c:ontlnued until reactor 1 is essen1ian,- saturated with 

adaorbld Praduct c. PraclJct C Is alactlvely adsorbed onto the adsortMent and a 

raac:tron mass nnster zone (RMlZ) fa fanned Within reactor 1 which moves toward lhe 

dJscharge encl of raactor 1 as more feedstock is passed. The sarpraaction is completed 

when the MTZ ructws lh• affluent end ar the reactor or somewhat short ot it by• 

predetermined set point. 

A mixture which is enriched In the less adsarbable product and depleted In 1ha 

more adsarbable produce u well aa unreacted feedltodt exits the dlscttarg• end of 

rMcf.ot 1 via lines 40 and 16 and flows into manifold E for collection in separator 17. 

OpUonally. the mixture in 88_f'lr.t.ar 17 can b• siepan1tac1 by conventional techniques 

such as pressure swtng araarptlan, U.nnal swing adsorption or distillation ot 

condensation to form a stream camprlling 1he less actsorbable product, Produd 0 1 



whfch Is discharged frOm separator 17 via Una 1 IS and the remainder of the cornpanants 

of the mJxturt ara discharged via line 19. 

1l1e process proeeeds wfth one period Of lhe depn!ssurizaUon step wherein 

reaGtOr 1 ii counleR:UrrlnUy deplNswtzed to 1 NCOnd pradetermined pl'8Sltlra by 

adlOtbabla product and a portion of th• Jess ad&amable product from tba Inlet end of 

reactor 1. VllVe 138 ii opened while ~s 11• and 1 ... Mmlllrt dosed •Dewing lie 

mrxture to be paued through,,,., 11 and 1i Into manlald Band in flow 

GOmmUnicatiOn With pullt) eo. n. mixture exits l1e dilchar;e end Of pump ao 
proceadln; via lne 62 for uu as fUel (not shown) or rllG)'de into .tarag• tank 4 for use 

a• teadltadc Jn a uaequant proceaa cyclt. The deprwurlzauon atap rs continued 

umu the •ctar reeche• the MCOnd predtt«rninM p,.._ 

Reec:tor 1 • ttan IUbjecf8d to one petfod of thlt purge I ltep. Reactor 1 is 

countercurrenlly purged at Iha 8emncl prenure with a W881dy adlOlblng purge fluid 

with respecl to the adtoment. Upon openhg valves 14tll and 15a whle ~ 26a and 

32a remain In the doSeel podan. weafdy absorbing pmve fluid tram an external soun=a 

pUSM llYOUQh pump 31 vi• Rn• 30 end Bits pump 3f at the aconc:I pnMIUft to 

proceed vi• manifold D. h 15 and llne "40 r.ito the eJcit etld or reactor 1. A mlxtute 

camprislng unreaGCed fe8d8tOck. weakly 1~acrrbfn9 pwge fluid. a porfion Of Pladuct c 
and a portion of Product D ii wlhdN\M'I """' Nlc:tor 1 via line 11. Una 14 and manfald 

Candis eolleclad 1n separalDr •· ThfS mixture rm1J be used as tu•, dlldlarged far 

uu outside the proceu or •paratad In separator 35 to form a mam af waafdy 

adlOtbinQ PC.WV• a••· A pcdon of the weakly 1dmtng Pura• truJd may be transferred 
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through llne 34 into storage tank 33 for future use. Upon demand via opening valve 

32a, weakly adsorbing P""l• lluid may be drawn to p.1mp 31 via Ines 32 and 30 far use 

in subsequent precess eydea. 

Reacmr 1 la then subjec:rad to one period at the pqe II stllp wherein reactar 1 

is countercurrently pureed wlh the less ad&orbabl• product. Produt:C D. Upan openlng 

valves 1411 and 15a while dl¥w Zk and 3211 remain in Iha dased post1ian, the lfMI 

adsorbable produd from an .aemal source pass•s through pump 31 via line 30 and 

l>dts pump 31 at tl'I• secand prmssuN to proceecl via mmfold o. line 15 and fine 40 
. 

into the exit end cJ reactar 1. A mbclure compnsing l."1readed feedstock, a portion of 

Praduct C and a portion of Product D Is withdrawn from reactor 1 via Una 11, line 14 

,.nc1 manifolcl c and la coll•cted in aeparator 85. Thia mixture m~y be used as fu•I. 

dlactmrged for use outside tlMt proceu or separated in separator35 to farm a stream of 

1h• weakly adsortilng purge fluid whlc:h may be transferred through line 34 Into storage 

tank 33 for futuN &.11e. Upon demand vfa apening villva 32a. such weakly adsorbinSI 

;i..,rge fluid may be drawn to pump 31 via rrnes 32 and 30 for use In subsequent 

f)f'OalU eycles. 

Th• final •tap of the procese ~ involves a single sequence at the 

prusutiza11on 1tep wherein .-ctor 1 Is cowttercurrentty preuurfzed frOm the second 

prassura tc the fir.st ptlSS&n With Product o prior ro commencing another PC"ocess eyde 

witi'dn the reactor. Speaiftcdy. upon opening vatve 15a whirs valves 11 a, 13a. 14a, 

~a and 32a remain in the dOMCI paallion, the leas adsorbable product passes through 

i:;~mp 31 via line 30 and Ufts pump 31 at the second pressure to proceed via manifold 
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o, line 15 and line 40 !nta the exit end of reactor 1. ll'lis step is stopped When reactor 1 

reaches the first pressure. 

The procea proceeds through addlllenal cyc:les ;accorclJng to 1ha above. 

mentioned steps enumerated 1n Table 1. \4Vtile the sequence periods are depicted as 

being 1:1f equal lengll, this II neither required or nlCffary. The times will be set by 

allowable maldmum gas ftow rates. valve and Una 1izeS and the properties cf the 

adsorbent used. Alternate routines may bt employed for establishing the duration of 

each or the cycle steps. For example, the end flf a p&ftlcular step may be determined 

by ether l1Kt!nique11enown in lhe art such u by «r'ltfyli• of th• c:ompoeition of the 

reactor llftluent. 

FIG. 7 presents a detailed dascriplfon ol taactors 1 and 2 as presented Jn 

FIG. 1. The reac:tor design and operating scheme are particularly suited toward use in 

practicing the clalm.cl Invention. Reactor 201 depJcts a conventional s1altlles& ate .. 

1nell-and-tube rea.r. An aelmimn or the cataJyst auftabJe for catalyzing the desJnad 

equilibrium controlled reaction and the adsorbent for praferentiaHy adSOrbing th• more 

adsarbable reaction product I& loaded Into a plural~ of tubes 202. A plurality of shell 

elements 204 fOnned between adjacent tubes 202 recerves a heat transfer fluid 

capabla ar phase change 'Nhich is serected to undergo such phase change at the 

d••ited operalfng temperatunt of the de.sired equiTibrtum cantrolled reaction being 

carried out in the tub8• 202. 

Th• re11ctor 201 Is preferentiall~ designed to operat. net endothermic reaGlions 

a~though tne reactor is 1rso well suited ta operate net axo1hermic equHibt1um controlled 
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reactions. Net endOthennic reactions are defined as those equlllbrium controlled 

reactions In which heat must be added to the reactor to carry cut the aorpreactron step 

because 'the endothermk: hHt of reaction of the equlblNm controlled reeotion i1 

greatw 1han the 1n.rgy Uberatad by the 1xothannlc adsorption cf the rnore 

•dsortlable prvduct. 

Tl'le fffdst.odc. for a particular eqUilibrtum cantralled reactfon Is fad into 

port 111 of reador 201 and into a gaa dis1ributor 2m it the desired feed rate. presaure 

and tamparatunl bebe entering lhe tu.bes 202. The feed gas ia contacted wilt\ the 

admixture of adsorbent for the more ad8or01bre product and desired catalyet ruicfing in 

wbes 202 under rwaclion conditions sufficient to convert the feedstoCk to • mixture of a 

more adsorbable product. a less adsarbabl• product a11d unraacted feedstoc:k. The 

feedatoc::k reacts with 111• catalyst 1s the feedstock flowa h'ough tubes 202 and the 

more adsorbalbla procb;t is 1dsorbed onto th• •daorbent. 

'The raglan of th• 1ubls 202 in which simultaneous read:Jon and adsorption 

occur& Ill nd•rrad lo u 1he reaction ma11 nnsfer zane (RMTZ). The more adscrbable 

product Is r.,,oved flam lh• readfon zone by adsorption cnto the adSOtbent and the 

less adaorb•ble product e>its tubes 202 into a gu cohctlon zone 208. lhe leas 

adsarbable product i1 collected untlt the RMTZ pracmdo1 to • point Wherein ttie pwlty 

of the less adtOl'babte product diminishes to a preset levet at whidi time the flow of 

faaclstt.lek·lnto reactor 201 is stopped and diverted to an alternate reactor of lhe plurality . -
of re&ck>r$ befng utlllzad In the process. The less adsorbable product iS Withdrawn as 

an essentially pure pl'Oduc:t from port 1-40. 



Whan Iha ovarall sorpraactian sblp Is endothermic (endathermlc heat of 

.reacllcn Is greater lhan the acuiermic heat Of adsorption), the RMTZ moving tnrou;h 

the reactor requires heat Input to mailtain the reactor temperature. The heat tran• 
fluid (HTfl) vapor whic:h Is capable of phase change under pracass operating c:anditiona 

entera port 2S2 af reactor 201 and fills shells 204 Which are isolated flom tubes 202. 

The pressure wilhin 1he shells ls ClOntrolled to the 1aturaticn pres.cute of the HTF at tha 

desired reaction temperature. When 1'18 reacllan occurring within the tubU 202 i• 

endothennir:. the tempe~tura In the RMTZ wtlhin the tube begins to decrease u the 

n;acllon proceeds. BaJow the dew point of the HTF vapor, the vapor condenses on th• 

Quterwall of the tubu 202 into a liquid at tha same temperature and the vapor llbendes 

the haat or ccndensatfan. The heat released from condensation of the HTF vapor 

vavels thn:1ugh the tube walls and hem the reactants, catalyst and adsorbent within 

~h• RMTZ contained in tubes 202. 

As the RMTZ moves along the reaclian tubes, HTF vapor continuously · 

condenses outside the tubes at 1he RMTZ thereby pravidlng heat to maintain the RMTZ 

at an apprmdmatafy canatant temperatuf'e. 1he HTF vapar condansas only at the 

lccation where heat Is reqUirad (at the RMTZ,).. Tne condensec$ HTF la c:olected at th• 

bottom of the sheU srde and Is wllhd....., periodically or continuously through part 242 

a.nc:l line 244 by apening valve 246 Into lne 2a&a. Tht lfquid le-tel in the reactar sl'lel 

side is always maintained below the lav!M of port 232. 

A snalJ amount of HTF Y11por Is continuously YAthdrawn tram port 2S4 at uie 

top of th• reactor and is transported to mndmsar 238 via line 236. The condensed 

HTF from the condenser 238 In line 240 ls combined with the condensed HTF 



withdrawn from the l"laGlot vi• line 248. The c:ambln•d HTF liquid is pumped through 

a liquid pump 210 vla tine 212 Into a HTF vaporar drum 214 whicn is part of the HTF 

vapoftur system consisting of lhe vapcrtzer cllum 214 mnd the heatar ar tumace 218. 

Th• HTF tn drum 214 ii continuously fed a& Uquid into the heater 218 Yia line 21 s. 

Heater 218 la a canventional radiant heat exc:11anga system in wtuch heat is 

provided by combusting natural gu via line 220 and air via line 222. The combll.sllcn 

of natural ps praduc:at a flue gas whic:t't is c:llscharged from vent 224. The t1w1Sfer 

tubes or coaa 215 and 218 are cantai'led in lie radiant sectian of the fumac• 218. The 

r.eat generated in the fumace i• used ta vaporize a portion of the HTF Kctuid and the 

vapor and Uquid mixture iS redrculatld into the HTF vapcrfzer dNm 214 via line 218. 

Th• HTF vapor rn drum 214 ia fed to the reactor shell side Yia lines 228 and 230 and 

through port 232. A forward preuure regulator 228 maintains lhe HTF vapor on the 

raac:tor shel' side at • fbced pressut'I. The vapor in the shells 204 Is maintained at 50-

500 pslg and at a tempenture typicany In exmss Of 1oo•c. As the HTF vapor .. 

candens1s due to heat flux requirements tn U'l8 tubes 202, the HTF vapor piessure on 

Che reactor sh .. l si~e decreases. and the ptt11Ure ragulator 228 opens ta naluse more 

HTF vapcr WI Rne 230 and port 232 into 1he sMh. lh"''• the reactor can be 

maintained at nearty lsatt11mnat condition& by drculating the HTF liquid and vapor u 

previouSJy desetlbed. 

At the end of the readiOn sequence. die feeG to the reactor I• diKOntinued blf · 
. 

dosing the Inlet valve at port 111 and the outlet vatve It port 140. The valve 

sequencing described in Table 1 la rolowed during na;eneration of the adsorbent in tha 

reactar. . R1genaratian of the adsorbent in reaction tubes 202 is done cauntercurrentl~ 
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ta the diteeticn of Iha feedstock flow in the first step of the process. Firat the reactor i$ 

depressuriZed by opening port 111 so Uiat th• pressure in the reactaris decreased from 

tha first prassure to the aec:ond pressure as dascnt>ed in tha general embodiment The 

HTF vapor provides the heat ta compensate for the COOiing associated with canducting 

tne deprasurizdon step of lh• process. 

The purging step is conducted next wherein a 'N&akly adsorbing purge fluid is 

introduced lhraugh port 140 into the gas colledion zone 208 and the tubes 202 ta 

deaorb the mare adsorbable produd from die adsorbent The step is endothennic end 

heat and mass transfer 20nes are formed which move through tubes 202 in a direction 

countarcurrent to the feedstock flaw in the fim step of the prgcess. The HTF vapor 

condenses an the tube autface at the locatfon of the neat or mass transfer zone and 

prcvic&ea neat to th• reactor In arder m maintain the tubes at essentially constant 

temperature during tJ:-1• desorptlOn step. Once the mass transfer zone has 

countercurrently axit8d 1Ubes 202 • the flow ot the weakly adsOlbing fluid from port- 140 

la stopped. 

'1ll8 product purge steps are then performed wherein the product gas Is 

introduced Into the reactortubu 202 from port 140. The product gas desorbs the 

weakly adsorbing gas rrom the adsorbent As in alJ steps of the proce15t heat and 

mass transfer %ones are fcxmed in lhc reactor tube$ 202 which move along the lenglt 

ot the reactor. Conc:llensallon_!>f the HTF vapor in the shell1204 provides the energy tor 
. 

deaorbing the weakly adaorbing fluid with 1he praduct gas. When the prvdud gas 

maS$ transfer mne exits Ile reaction tubes.. pgrt 111 i1 dosed and the pressure in the 
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reactor tubes is allowed ta Increase to 1he reaction presssure with the product ga$. At 

thi.s point the regeneration cycl• Is complete and the reactor is ready for lhe 

reaction r.ycle. 

Sevan1l 1lulds capable of phase change under reaction condHions are 

commelidally available lrld can be seledecl by ana of ordinary skiU in the art Without 

undue uperfm•ntation. &ample.a of such fluids include (I) S)'ftherm 800 from cow 

Chemical Company (highly stable palydimethylsUoxane), (11) Dcwthenn A from Dow 

Chemical Company (• eutectic mbdure of biphenyt oXlde and diphenyl axlde)and 

Qii) Thanninol VP-1 from Monsanto Company (eutectic: mixture af 26.5% bipPlenyl O>dda 

and 73.5% diphenyl oxide). These HTF• are capable af operating with film 

temperaturas in excess or 42S•c. For tawtr temperature operation, steam may ba 

used as the phase c:hange flud which Is capable of phase change. The rnfDCirnum 

temperature fer using steam in this application is about 300'C. 

Applicants' eydrc pnx:ess whicn draws its heating and coaling requirements via 

indirect. heat exchange with a fluid capable of phase change l.lnder process operating 

conditfona atfers several advantagas over prior art because (i) ihe condensing HTF 

"apor pro'Vida heat to the moving RM12 aUowing the SER reactar to operate 

iaatf'lennaUy, (ii) the zones behind and ahead of the RMTZ de not overheat, ef111ina1lng 

p."Oatems anOCiat.ed with tube or catatyst overheatfng, (iii) the inventory Ind drculation 

ct heat tciinsfer fluld rs Significantly reduced compared with =inventlonal heat exchange 

wnera no ph&lse change occur1. 
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AppUcants have identified reactions which are pafticurarty suited far operation 

using their claimed process. Preferred reactions include the ....,..e water gas shift 

reaction tor producing carbon manmcide, the steam-methane reformrng reaction ror 

producing hydrogen, and methane rafcnning wfth carOon dimlde to produce carbon 

manoldele and hydrogen. 'The general embodiment of this inYentian can be used to 

operate each of these readiOns by simply substitUting the praper reedstack, adsorbent. 

catalyst. 1h• relative propor1ion af eatal~t and adaoment residing 1n the reactor, the 

readlon conditiorw and purge tluJds to provide the desired producta.. For example, the 

ravers• water gas shift raaction forprodudng carbon monaxlde contemplates reading a 

feedstock of carbon dioxide and hJdn>gen to produce carbon monoxide and water. 

nie more adsorbable product with respect tc the adsorbent iS water suc:h that the less 

adsorbable product, catbon monmcida. can be collected at feedstock pressure. 

SUJtabl• aaorbents for canduding the reverse water gas sl"lift reaction to the 

present invention Include zeClltes such as X. A. V and the mordenit•s1 silic:e gel, end 

aluminas such as Alcan AASOO and AA230 which are cammerciaHy avaiJable from 

A.lean CorJ)oration. Clav.rand, Ohio. Suitable catalysts include conventional water gas 

shift cata&ysts such as 1he iron-chromium high temperature .shift catalyst from ICl 

Col']Xntion. Oakbrook Terrace, Illinois, K6-10 and K&-11 =atalysts available from BASF 

Corporation, Geisrnar, LOui1iillla, and low and m•dium temperature shift catalysts such 

as R3--11 and K3-i 1 O catalysts which are also commerd1fty available from BASF 

Corporation. Geismar. LOUlslana. Reaction condition& include a ternp•ratura ranging 
.. 

1rom 200• to SQQ•C. the first pressure which f8n'29S from 2 to 50 bar and the second 

pressure Which ranges from 0..05 bar to 2 bar. The weakly adsor\)ing PU!'ie fluid Is 

.erected rn>m the graup consfstlng of methane, hydragen, nitrogen and cart>on dioxide. 
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The feed:stac:Jc for the steam-methane 111fOrmin~ reacticn comprllea wawr and 

methane in a stoichlometdc rauo or watar to m•ihane ranging trcm 1.6 to 30 when the 

men adsorbable pt0duct ii primarily calbon dio8fe and from 1 ta 1.S when the more 

ad•mbable pnxiuc:t is primarily c:attaon monoJdde. The less adsorbabla Pft)duct i• 

hydrogen in botn casu. Reaction condltlona lndtJde a temperature ranging fttJm ZJO• 

t,, eao•c, lhe first presaunt whic:h nuigu from 2 to 50 bar and the MCOrld PIMSUAI 

'#hich r11ngea rtom O.OS b• to 2 bar. The weakly adsorbing putge fh.lld ii selec:ted tram 

t.'18 ;roup consfsting or m91hane. steam, hydrogen and nitfo'1en. 

SLlifable catalysts for mn<lc.Lding the steam-methane retorrnlng reaction 

include convent1on11 •t•anwneth1ne teformlng and pretet'onnlng catalysts sueh as 

niekel-alumlna, nic:keJ..megnesium alumina and fhe noble metal catalY1ts. Th• 

adsorbent can be selected to adsorb cat't>on mon&ide.. ~on dioxide or• mixture of . 
carbOll moncmde and carbon dioldde. F« example, preterential 1i:Slorb.U ror cirbOn 

diOJcid• fndt.lde thil rnetal oxfdes and mixed metal oxides of magnesium, manganese, 

lanthanum and calcium and the day& minerals auch as sepiolite and dolomite. 

Adscrbents whlch are seJactive toward carbon monoxide indude cu•1 on slllca--alumina 

and Ag .. on sllica-alumlns as described ln U.S. Patents 4,019,879 and 41018,880. 

AppOcanta have c&scovered two new classes of materials described herein 1s 

modified double layered hydroxides and nan-modified and medifted spinels whleh are 

capabJa of sat.ctlv•l)t 1dsalbil'IQ COz fmm COri;:onlaining streams Q1nt.aining moisture 

levels above stoichiorne1ricwith respect to COi .,d as hfgh a.s 10 atmospheras of water 

vapor and whlr:h poSMss utll~ at 18mperatures ranging from 200•c to soooe. and 



possible l'llghor temP•Nres. The lterature ls not believed to tead'I adsorbenta of the 

following types whicn are capable of selectlYety adsorbing C02 in the presence gf lqe 

amounts of water under operating temperatures tansaina from 200°C to 500°0 and 

Wtlic:ti are capaple of being regenerated by purging With inert gas at such 

elevated hlmperaturu. 

The modified double layered hydroxides which possess utility as COi 

ac:laorbents under the above-iafeNnced candltions ate represented by th• 

genaral formula: 

wt=- Lr, Na•, .e. Cf or Rb•, and mixtute.t thereof; 

M6 = Mr/9. Ca,,., Mrl", Fri", Co"'. Ni,.arzn:i.•, and mixtures thereof; 

Mir• Mgz+, Ca,.., s..-. ~. lri .. 
M18 •Aft'. er"'. Mna.-- Cott. Nr or L•s.. 1nd mixtures thereof: 

~ • Noa·. ~:a-. COaz.. CHsCOi. er, Bf, F' or 1· and 

A = d' or COJ,.: whenlin 

n• 1,2 

x • 0.01 to 0.99; 

y=Oto4i 

z .-0.01 to 7i and 

r•Oto1. 



Preferred modlftld doubt• layered hydroxides are represented by the ronnula: 

0.09 ~ x !! 0.40 

o ~y~3.5, 0..!Z~3.S and 

fJ=NaatK . 

The madtned and non-modified spinels Which possess utility as CO:! adsorbents 

und« th• abova.refer.nced conditions 119 represented by the generic formula: 

In Which "Td" Indicates cation occupalicn of tetrahedral lattict site and ·oh" 

indicates cation occupatlan ar octahedral laalce sibt, 

0T11 and 'er" ... metal cations ar a combination of metal cations chosen f~m 

;raups 1-A. II-A, HI-A, IV-A, V·A, l·B, 11·8. IV·B, V·B, \Jl.B, VIJ.B and VIII of tha periodic 

tlble of the elements: 

E'N and E'* are 'Individually selected mml cations selected from grot.Jps ~ 

Hf-A. r+l-A. V-A, l·B, ll·B. IV·B. V-8, Vi·B. VH..S, VIII afth• periodic: table of the elements: 

such ltat the value Of the octahedral to tetrahedral bond length rauo, R, cf the 

metal cations 0,.., E,.., o• and eM falls within the range of 1.155 > R > c.aee. wti•rain 

M1 a u•, Na•, I<", cs•. Rb• 

M' =Mg'"'. ca.a. st2
• Zn·2• ea·2 

X = 0 ta I: A= Oz., C0,~4111d Y • 0 to 7. 



Prefen"ld spinel.s Which al'I suitable for wse as CCh adsorbent unc:ler high 

tarnperatures In the presenca of i.r;e amoun&s of water are represented by 

tr.a formula Mg [Ab]Qi • y l<aCO.. wherein 0 .! Y :! 3.5. 

Melhane can be retorrnad with carbon dmdde to produce cart1on monOJdde 

and nydrogen. Thus. the feecratoek c:ampriaes carbon cflOXlda and methane, the catalyst 

comprises a methane reforming er prerefommg catalys1 sucn as nickel-alumina. nieklJ· 

magnaiurn alumina and lh• noble metal catalysts such as modlum. ruthenium and 

Iridium. Suitable 1dsorbents for hydrogen inctuda the hydrogen-metal allays sYCh a• 

paHadium, paDadiwn-sJlver, magnesium-nickel, iron-titanium and lanthatlum-riclcel. and 

the like. Sultabla adsatbents forcarban monoxide lnctude cit ind Ag+ salts. The more 

adsolHble product with l'UDtct to the adsorbent may bll hydrogen and the less 

adsorbable product may be carbon monoxide. Aftematively, tie more adsorbable 

Pfaduct may IM carbon monoxide and th• less adsatbable product may be hyd~oen. 

Reaction condition. cc>n\priae a tempaature tanging from 200• to fJOO"C, the first 

preasure which ranges flvm 2 to 50 bar and the second pl'e$SUJ'8 'Which ranges from 

0.05 to 2 bar. me ••ldy adsorbing purge fluid Is selected from the group consisting of 

steam, methane, cmbon di~de. carbon monoxide. nitrogen. and nydrugen. 

WhPe removing th• more adsortable product tram the react.or Immediately as it 

is farmed does not change the eQuilibrium constant fat the particular equilibrtum 
. . 

canttolled redon, subtranrially increased reactgr throughput rs achieved by practicing 

the combined steps of the p10cess. In ordwto effac:t this objective, two key 

requirements must be met: First, the adsolbent must be active at the reactJon 
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condition. meaning that ~uch the aclsorbent must Ntain its c:apadty anct 1eledivity for 

t.he more adsorbable product Second, tJie 1d3orbent must be chemically neutral and 

must not ad a.; a catalyst for the desired equHibrium controUed readfon. 

lhe ratio by weiGht of catalyst and adsorbent can be widely varied depending 

upon the partlcular ntqUlrem•nts of a particular cata~ equilibrfum cantronec1 reactian 

to be opemtad under the present invention. As stated earlrer in the Specittcatfon, 1he 

;enel"lll llnd alternate embodiments er the present invention are suitable for operallng · 

equlllbrfum controRed raactiona Which are capable of being operated in the absence Of 

a catalyst No spedal techniques are requ[rad to prepare tne admixb.lre of _car.alyst and 

adsortMlrlt to be pracect in each reactor. TM catalyst and adsorbent are simply mixed 

together by QXMl1tlcnal means in order ta disperse tie c:atalyst and adsorbent. Tho 

catalyst and adsorbentto b• mixld should duJmbly possess campmlble average 

particle alZea luch that lie catalyst and •dsorbent do net sasresate into domains 

durfng operation of the pracess. 

Th• term. wealdy adsoming ftuid, refers to a fluid which 1$ capable of 

displacing the product.which Is adsorbed by the adsorbent dur.ng operation of Ute 
.. 

·process and which can then be desorba~ by1ha less adsortling productsucn tnat 

subsequent precess eydes can be conducted in each reactor. One of ordinary skJll In 

the art can readDy slllect one or a mixture of weakly adsorbing fluJcrs suitable for use in 

the daimed invention. 

The general and alhlmate embodiments af the present invention can be 

operat•d using convenrlanal hardware. For example, suiblbla 111actors lndud• any 
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vessel which 1s capable af being subjected to the reaction condition. required ta 

pcactice a partic:ular equlbrtum contrallad process 1uc:n as shell and tub• r.actors. 

Moreover, the sepll'ltors enumerllld in th• procus are raadHy seJec:ted by one of 

ordinary llcill in the art bued upon considerations s1.1c:h as the particular mixtur91 to be 

separated, 1h• volwne Of ftufds to be sepatatld mnc the like. 

The fcllCM'lng examples are p~vided to fUrther iUustrate Applicants' procets for 

operating ttquilbriurn cantioated readions. The examples are lllUStnllive and ara not 

intended to limit the scope af 1he appended dalms. 

. 

EXAMPLE1 
R&VIRS§ WADMM SHlrr[ BMCDON 
fOR PIBODUCIN'1 CA!ftON MQNOXJDI 

The reverse water.gas shift raactlon for manuflclLlring carbon monmcicle w~ 

thecreblly evaluated In arcler to teat Appr1e1nts' procas• for controlling aqualbrfum 

controlect reactions. The process is represented by th• ruction 

and is especially of tntatest because me reaction ls t'jpically performed at a high 

temperatuna (>eoo-c) becauae it results in low equilibrium convar.sions at lower 

temperatures (eapecilUy at <500.C). The process is further complicated by 1lcfe 

reactfon1 a~ hl;h tamperaturas which result in the formation of carbon which deactJvates -

the catar)'sl Calc:ulatfcns perfotmed using temperature versus thennodynamic 

aqullibrfum conat.nt data found in the literature indlcat• that if an adsorbent such as 
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N&x zacllte eoLJAd be used to remove 99.9% of the water farmed ln the r.adlon :z:one. 

conversions of greatar 1han aocr. would be posaiba• at about 3001 C. 

Appbnts -.MinentaDy telflld the g.Mral embodiment or th• Invention 

USing the reverse._. gas shift reaction • a representd.'t eq&dllbrfum controlled 

IUClicm. The Praces8 was operamd under ftl foAawinO conditions: Reaction 

Tt1mparatur• • 215•c; Reaction p,_....,. =ST pslo; Hi now rate• 100 cc.'mln; COa flow 

ram • 100 ='min: 1:1 (by weight) physiclllly admbctd tow wmperature shift catalyst and 

Nax zaollte aGsol'bent pellets; Gu in Nlctor prtor to admissi°" of reactants= CO at 57 

psi; and 21s•c: Total moles CO In rMidclr system prior to tntraduction cf reactants • 

0.11 ;ram mo&e. 

rn the first mp of the ,PR1C111, th• feedstock was lntraducad into th• Nactor 

Which was pre-sabnted \'lrf&n one of the product a•.ses.. carbon monoldde, at 275•c and 

1il peig. The pracess was c:arrfed out I.Sider th• abav•mentfoned COl'ldftlons. For the 
.· 

first 70 minutu, the eflluent stream cansistmd cf CO only. FIG. 2 illustrates the CO 

concenir.Cfon ptOftle In ruc:tar efflun versus I me for th• revers• water gas shift 

reactlan. The hm:hed area of 1he dieQl'lm raprasents 1he carbon monaxide eff1u11nt 

ftam the reactor which Is aqulvalent to the quantity of carbon monoxide pruent in the 

readar at the start of~ process. This amount ar carbon monoxide left the reac:tar in 

the first 38 minutes otihe operation. Fudnermare. the dia;ram Ulusntes 1hat 

essentially pure carben mon~de was produced from the reactor dul1ng the time span - -.. 
between about 38 minutes and 78 minutes. This es.sentlalty pure carbon monoxide 

effluent, which requires minimal deanup to ramove the small amount of impurities ln the 
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tMuent, was the net essentiaUy p1.1ra cafbOn monoxide prcduced by the conc;;ept of th• 

;>resent invention. Thia product CO rs produced at the feedstock pressure of S7 p1ig. 

AG. 3 Ulumtes the reactor effluent flow rate versus time for the reverse water 

gas ahift reaction of E>almpfe 1. The emuent flow r.te was retatlvely constant during 

th• period or 38 to 7& minutes when Iha CiltJDn mOl'loxlde product is produced. The 

initial •• may be Clln'ied on for varying •rnot.inta of time: the reaetian step is 

preferably stoppecl after 71. 7 minutes to pcavide a praduet stream canlaining 98'9 

carbon monoxide ar 78.3 minutes ta obtain a product streatn ecntainin; 97% carbon 

monoxide. In the aecand $1ep the reactor was cauntercurrendy depressurized to 1 o psig 

to release a mixbn or co, COJ. H1 and ~o. In tlie thlrd step the b4d was 

counterQ.lrrent11 pyro-d wfth a weakly adsart>ing purge fluid, methane, at 27s•c. •t e 

prassure of 10 psig and 1 ftciw rate of 1600 cc.'lmln. In order to desorb the remaining 

watar from the adsaft)ent-catalyst admixt?Jre. rn the fourth step cf the process, the 

raactorwas ~ntercurrwntly purged with carbon monoxide to desorb the weakly 

~dsorblng purge ftuld and other ftuids ramalning in the react.or. Finally, in 1h• fifth step, 

the reactor wu countercurrently preasurized to 57 psi; Witn carbon monaxicle. 

The usable =nversion of carbon dlOJCide to carbon monoxide was eo.e% for 

react.or effluent containing 97% carbon .manmcide and 56.0o/o for reactor effluent 

containing 98% pu~. 
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WUN 2 lQOMPABADVE> 
IQUIUB!IUM !fON\/!Ri!ON ESTIMATIONS fi2R 

CON'!§NDONAL flE\!ERSE WATgR:CIAS SHIFT REACTION 
fQB PROQUCING CARBON MONgXIDe 

Equilibrium c:onvnion was n6matad baSad on the~amic data for a 

conventional ravtrse water gas shift reaction at different reac:liOn temperafuras. ll'la 

carculations show that at the racaon temperature of 275~ ac:corctrng to etampl• 1. 

the equlllbrium conversion in the absence of the adlOlbent is only 11.0%. In ord•rto 

&d'tiaVa conversion or eo.e16 according ta Example 1, the reaction would need to be 

c.an1ed out at 11so•c. This points to the algnificant reduction in r1aetton tamparature 

a.:hieved ln practicing tie process of the present invention. 

NI additicnal major advantage of the present invention is that CO is obtained 

as an essentiel!y pUl'9 product :as in Example 1. In ccnventianal nwerse water gas $hift 

reactlOns. operated at 1 tempetatunt of 21s•c. the product composition would be: 

S.5% CO. S.5'6 HiO. 4Ui% H2 and 44.591. COi. Fer ntadlons at 1000• and 11501C, 

the compositions are.(1)281J6 CO. 28W. HaO. 22% Hz and 22% COz and (ii) 30.39' co. 
3D.3ttfa H:aO. 19.7% Hz and 19.71'.COz. rmpec:tiveJy. ll'tUs, the gas mixture would n•ecl 

ta be aeparated by PSAIVSA tachnalogy, fer aample. to obtain a pure co procruet. 

Vat another major adva_ntage of the present inYenUon is that CO ii obtained at 

feedstock pressure (eg. 57 psig in Example 1). With con"9t\tlonal PSANSA 

technology, the CO wo\llcl oe rec:owracf lilt '-ilwo• to stlftoeph•ra pl'Pt1.•.u,. and WO._,.ld 

nave to be recompressed for use. 
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EXAMPLE3 
EFFECT OF PRUSYftlZA'11QN OAS TYPI Q! PBOCr:J§ PERfORMANCE 

FQR BEVERIE WATEHAS SHIPJ ftEACTION 
fQ! PRODUCING £1tBBQN MONOXID§ 

This example demonstrates the etfact or varying the tw• Of ftuid used ln the fourth 

•nd ftfth afllps or AppRc:ants' pmaeA desc::tbed ti Example 1 on reactor operatlcn, 

Q:iftVGr8fon of COz to CO and product purity. The experiments were carried out at the 

fQlloWing ccncJJtions: ~eadian T1mperature = 250•e; Rea'1.Jon Pressure • 50 psig; H2 

cow rate = 100 cc/min; CO& trow rate = 1 co cc/min: Catalyst and zaolfte penets 

employed in &ampte 1 w.re pl\)'sically admixed (1:1 ratio by welght): Gas in reactor 

i;rior to admission of reactants=; CO or CO: or Ha at 50 pslg. FIGS. 4, 5 and 6 Illustrate 

t."'oa different results obtained When Garbon mon=de, carbon cfraxic1a. or hydl'Cgen were 

uied as the.purge and pressurfzation ftulcls, respectively. 

FIG. 4 iHu•trates the CO concentration prome and 1he fJow rate of the reactor 

effluent forthe ra~9111R water ps shift ntaetion when the process Is earned out using 

carbon monoxide as Ifie purge fluid and prasaurtzir.g fluid a~ing to the fourth and 

flflh stepa of the proce11 ac=rc.fing to Example 1. Again, the hatched area of the 

d!a;ram represents the C8lbon monoxide eflluent from the reactor which ls equivalent 

to the quan1ity of r::amon monO)(fde present in lh• reactor at the start of the J)l'OC:eSS. 

ihis amount of ctut>on monoxide left the reactor in just 38 minlltes of the operation. 

FIG. 4 demonstrates that th• claimed prac:.ess provides a reader ettruent which 

C:Jmprisas essentially pura carbon manc~e and that th• Galbon monoxide can t:Je 

co.1veni•ntJy corr~ at 11 constant ftcwrate. 
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FIG. 5 musntes the CO conmntratiOn praflle and the flow rate of the reactor 

affluent for the reverse water gaa 1hift reaction when the process ls earrfed out usln; 

calbCln dioxide as 1he purge ftuid and pressurizing fluid according to the fourth and fifth 

stepa at the process aci::atding 1o Example 1. In contrast to the 1'8SUlts dapieted ;n 

FIG. 4 ~en c=arbon ~was used 11 tM pur;a fluid, FIG. 5 sh.ows tnat the 

carbon monoxide concenlrdon slowly rises, re•chss 1 ma:irimum and then deQ'aasea 

with practlcaay no leClion of con£tant CO camposIUon and ftowtate when carbon 

dimdde was used as the purge fluld In the fourth and rlfth steps of the process 

&CCCIRlinQ to Earnpla 1. FIUthennare FJG. 5 Mewl that the CO composition ot reactcr 

effluent never excaeds 83% as apposed ta euentiaJly puna CO afffuent obtained in 

FIG. 4 wherein cartaon mon•a• was 1,1aed •• the purge end Pnt5.sur1Za11on fluid. 

FIG. 8 iHustrams the CO concentration praftle and the flow rate of the reactor 

effluent for the reverse water gas shift readlon when the PtocMS is catried out using 

hydrogen as th• purge ftuid and prq1uriiing fluid aa:an:lina to tha tourth anct fffth steps 

of th• process according lo Example 1. ln c:x>ntrast to the results depictad in FIG. 4 

when carbon monoxide w:u used as the purge tlUld, FJG. 6 shows that the carbon 

monoxide concen1ratJon slowly dses. reaches a muirrun and decreases With 

ptactlcally no section of c:onetant CO component and ftowrate When hydrogen was L&sed 

as the purge fluid In the fourth and fifth steps of the process according to Example ,_ 

fr.uther, Fl<3. e shows that the CO composition of the efftwlnt gas never exceeds 85% 

• opposed to essentially P!:Lre CO effluent of FIG. 4. 
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Several obsal\ldcm c:.n be made upon reviewing Iha results d•pl~ed In 

FJGS. 4, 5 and 84 PuN co in the product arum is •ul'Pff•ff'IOIY observed only in the 

case where carbOn monoxide is uaecl as the purge and presaure fluid of steps 4 and 5 

of the general embadimant. This result does not occur when carbon diome or 

hydrogen ia used as the pe.qe and pressurization fluid. As .widen~ in FIGS- S and 6, 

& maximum carbon monmfd• t;Oncentratlan a.f anly about 80-85% is achieved whan 1:-b 
• 

c..r COa ana 9mpoyed as ht purge ftuld in the fourth and fifth aps of th• process 

aCCQRfing to Example 1. Thus. If a hfgn purity CO product ls desired without further 

wparation, the reactor must be pr&-satutatad with the less adSomable product, 

CCitben monOXide. 

EXAMPLE4 
PREPARATION ANp CHARACTERJZADON OF A 

efITASSIUM CMBQNATE MOD~llQ QOUBlE \.All!RID HY'DJSoXIDE 

Three samples of a potassium carbonate modified double layered hydroxide 

were prepared respec:tivlfy b)' lmpregnaticn o1 0.5 M, 2.0 f4 and 5.0 M aqueous 

•~lulians of K~ into individua' 3g samples of HTC. hyclrotalcite powder (HTC) 

supplied by La Rache ComPll'lY· B•tm Rouge, Louistan•. The HTC was activated at 

400-C for 4 hours prfor to Impregnation. The carbonate solu!on was added to test 

1:..ibes containing the l'lydrotlldte to the point or incipjent wetness. ·After 1 hour. 1he 

excess liquid was decanted and the resulting paste was placed into an oven ana dried 

&t 120!C far 16 hours. Samples of the modified ljJC were activated by heating at 400-.. 
500111C fer 2 hours prior to m.a1unn9 their COa capacities. Bample.s prepared from the 

O.S .M. 2.0 M and S.O M solutions were characterized by elemental analysis ta contain 

21. 7. 57.3 and Tl .0 wel:ght percent k2;C03, respeeuvely with Mg to ~ rac;oa of 



approximately 2.1. These materials were analyzed by thermo gravimetric analysis 

{TGA) to passass capacities of 0.87. 0..35 and 0.15 mmoJ C021;. raspectf"ely. at 40Q•C 

\;ni;;I« dry C02f'N2 cyclln; t;0nditlons (PCoa • 500 Ton'). At soooc the same materta1s 

had capacftf es or 0.82 0.43 and 0.18 mmaJ CQzfg. re&peetlveJy, under simBar 

testing conditions. 

EXAMPL&s 
lft'ECT OF LOW HUMIDITY ON co,&ApAQJY Of 

POTASSIUM$ARBONATE MODJ'IP QOUBLE LAVlftED ttYDROX1Df! 

A sample was prepared by impregnating HTC powder with o.s M K2C03 as 

.:fascribed in Example 4. The effect of IOw moisture levels en the C02 capa~ of this 

sample was determined by measuring its~ capacity on ihe TGA under dry C02/dry 

N2 cycling conctitiOns. Th•• result.I were comparad Wftn the C~ capacity measured 

under hundd CC>.lldry Na cycling conditrons. The humid C~ cont•ined 20 Torr or 

water vapor pressure and wu generated by saturating the dry C02 stream With room 

temperature water ~apor. ln this manner, the sample was shewn to have an identical 

c-.apaclty of o.ee mmci ~/g whether tested wader dry or row humidity conclftions at 

~- This eicample demonstrat.9s that low levels Df humidity do not adversely affect 

~ c~ c:apacity of the material at elevated temperatures. 

l!WAP'-=6 
PRePARADQN AND CffABACJ'ERJZADON OF A 

POTA§SJUM CARSONAJE MODIBEQ OOUBLE LAYERED HYDRQXIDE 

Three eamples of pot.saium r::arbonate mOdlfted HTC were prepared by 

treatment of Alcoa HTC (118• extruded pellets) with 0.5 M. 2.0 M and .5.D M aqueous 

sclutlans of K2C03 as described in Example 4. Samples prepared from these solutions 



were Charac:terfzed by elementaJ analysis to contain 3.86, 16.a .nd 28.1 weight petQlnt 

K2C03, respectively With Mg to Al ratlas ot approxlmately 3.0. These matenals w.­

analyzed by TGA ID hava capacftles of 0.28, 0.39 and 0.28 mmol C02Jg, respacUve1y, 

at.COO"C under dry ~2 eycling conditions <Peoz • 500 Ton'). 

Pc:itasslum carbon.r. modified HTC waa preparm by lmpragnation of the 

hydtatarm. with 2.0 M. K~Oa as described In Example 4. This sampJe was loaded intc 

• ~contained in a bcx furnace.. Th• sample was activated at 400-C for two hours 

under a N2 purge. then saturated by purging with a binary gaseous mare of 10 

a.ttnaapher98 of HJO and D.3 atmo1phatet of C02 at 400-C l'or 1 hour. The ~ed 

C02 and H20 were desorbed at 400oC and quantitat.ed by an In-line mass 

6i)ectrometer. From this ~m•nt the potassium carbonate modtfied HTC wa1 

C::atermlnad to have a capacil)' ~f o.es mmat C02'g of •d•orbent in the presence of 10 
. 

atm~eres cf steam. In order to collect COa-~20 binary Isotherm infcrmation under 

simul«ted swceas conditions, th• C02 ~~city was measured under~ partial 

;1tassures ranging frCm 0.1 to 1.5 atmospheres wNre nolding the water vapar pressure 

c.anstant at 10 atmospheres. Under these conditlpna the capacity ra,,;ed hm 0.52 to 

"t .ae mmol ~lg despita the fact that adSotptiot1 occurred in • oaseous envtranmant 

w:"th a rarge molar excess of H20 o~er C02- The COiHz 0 binaiy isothanns are 

pro!santed in FIG. a. 
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Under 1 atmasphert gf dry C02. the potassium carbonate modiftad HTC luld a 

capacity of 0.85 mmollg. The materiaJ had similar capacities for C02 whether eau&rated 

with 1 atm of dry C<l2 (0.85 mmal ~) or with a binary ml.Xture consistlng of 1 atm 

c~ and 10 atm ~O (0.89 nvnoJ COzlgJ. The pre.senca of water had no li;nific:ant 

elfect on the c:apa~ of pomssium mrt:Jonate modified HTC. 

pAMPLE8 
~z-Aps9BPTIYE PROPERTIES OF tfYDBOTALCIIE:S A~Q &'O! 

The C~ capacities of La Roche HTC, Alcoa HTC. and K2C03 were determined 

by TGA under dry OOidry N2 cycling candttions. The La Roche HTC and Alcoa HTC 

had capadti11 of C.31 and o..21 mmol COz/9, tespe~vely, at 400oC. t<;CCl3. as 

described in Example 3, has a·c:apacily of <0.02 mmol C~g under srmllar condltfon.s. 

This demonstrates the synerg1s11e affaQ: ttm some of the modified hydrotalcites have 

YAth re•pect to C~ adsorption (Examplas 4-8) ral1tJve to the adsorptive properti~ of 

the individu•I componen1s. 

,EXAMPLE I 
eBEPARADON. CHARACIUWION AND ADSORPJIVE 

eBD!ERTIES QF .IMfa Q,:§P!NEL 

MgAl204 spine! was identified at one of the decomposition products fonned 

during the prolong.ct treatment of the potassium carbonate modified H1"C with high 

temperature steam.. This spinet componant Is believed to be responsfble for the 

incrusecf ~ capacity observed for samples whlc;ti had underaone extenslve steam 

S".ablntf testing. To confirm thiS hypothesis, pure MgA'204 spinel was prep•red and 

characteffzed. MgAlz04 wa1 made by N reaction of a ;round soltd mixture of 
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magnesium and aluminum acetate in th• praper malar ratio at SOQ'DC for 4 hours. X-ray 

diffraction 1nal)'Sis confinned tt1e formation of a pure spinal product. A portion of thts 

product was modlfted by treatment with a 2.0 .M K2C~ solution .and dried at 4000C. 

The resulting M;A'204 and K2C03 promoted M;Alz04 had capacities of 0.32 and 0.82 

mmol/g, respectively, 1t 400-C under dry C02 condftlans CPc02 = !00 Torr), conflnning 

that the splnel component was ruponsible for th• observed Increased capacities. 

The Examples demonstrate that The present invention for operating equilibria.m 

comroll•d reacticns overcomes problems associated with prior art processes wherain 

product flow rates clo not remain oonatant and the desirad products ara present in 

unacceptably low concantrdons in the react.or effluent while obtaining high conversion 

of Ile product at lower temperatures. Moreover. Applicants' uniqL.le series of atep11 for 

desoibin9 the more adsorbable product frcm the adsorbent residing in ttle reaictor •nd 

for preparing the raadar for aubsequent process cyclu provides outstanding process 

effielency and control. Having thus described the present invention. what is now . 

deemed appropriate for Letters Patent is set forth in the followtng Claims. 
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We Claim; 

1. A process tor operating an eq~brium cantlVlfed reaction in • system which 

ecmpnses a pluf'dt1 of "'8CCDrs operated in a predetermined ~ed sequence whentfn 

~ heating •nd caoln; niqulrements in a moving Nadlan mass transfer zone withrn 

each react.or are provlelad by Indirect heat exd1•na• walh • ftutd capable Of phae 

&:Mnge at tempendi.11'81 mafntlined in each .-.actor during the foHowlnQ cyc:Uc st;ps: 

(a) reaetfng a feedl1ock at a first praSSWll in a firat reactor containing an 

admbcbn Of 11'1 ldsorbent and • catalylt suftab\e for conduc:ting the 

equWbt1um controlled readlon under reactiOn conditions sufficient to convert 

tft• feect81ock into a more 1dsorbable product which ls seteclfvely adsorbed 

by the adsorbent and a 1•11 adsorbabl• ptQduct and withdrawing a stream 

whfdt is Mlidted in the tea aclsorb~ pftlduel and depletad 1n the more 

adsoft)able product a waU as unreadlld fffdstack: 

(b) c:ounten:urrerilfy depressurlzin; lf'I• firwt reactor ta a second pressure by 
.· 

withdrawing a mbdln comprfsina unraacted fe•dstock. a portion of lie less 

ac:llO~abla produd and a portion of the mona adsorbable product: 

(c) ccuntercurrenlly purging lhe first reactor It the second pressure with a weakly 

adsorbing puige fluid will'\ reapect Co Ile adsOtbent to duarb th• men 

adsorbabl• product from the adsorbent and wilhdrawln; a mixture comprising 

urn1cted r.eclDxk. a pctticn of the mare adsorbable product and a pcrtlon 
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(d) cauntercur1enUy purging the first reactor at lhe second pressure with th• less 

adsorb•ble product to desorb the weakl~ adsolbtng purge fluid and 

Withdrawing a mixture comprising the weaJ<ly adtorbing purge fluid, a portion 

of the mare adsorbabte produc:t and a portion of the IGH adsarbable product; 

(a) ccuntetcurrently preslLll'izing th• first reactar from the seconcr pressure ID the 

first pressure With tha Jen adsort:>at>le product pnor to .-ommencJng another 

prvcess cycle within 11te firat reactor. 

2. The process of Ctaim 1 further comprising: 

(1) separating the stream of step (a) which Is enrtch•d in the less adso.rbable 

product and deplmd in the more adsori:labre produd: as weJI as unreacted 

feedstock to farm a stream compdslng the less adsorbable product. 

3. The pracess of Claim 1 further comprising: 

(f) separating th• prodUGt mix1ure Of step (c) compnsing unreacted feedstoc;k, a 

portiGn Of the mare adlorbable product ·and a portion cf the less adaarbable 

product to fonn a stream comprising the more adsorbable product. 
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4. The process af Claim 1 furtr'ler comprising the roHowlng step which is 

c.lnducted between step (a) and step (b): caun"Cercumsntly purging the first reactor at 

th• first pressure with a wealdy adsorbing purge ftuid and withdrawing 1 mixt~ 

comprising urveactecl feedstock, a portion of the more adsorbable product and a 

portion of fie less adsolbable product. 

5. The ptoc:eSs of Claim 4 flriler comprising separating the mlxtUre comprising 

wnreactad feedskx:k, a portion of the more adsorbable PfDduct and a pOttion at the lets 

&dsorbable pnxluct tc form a stream eomprising unreacted feedstock and recycling a 

;:iortion or 'the stream comprising unreacted feedstock for use a:S feedstock in step (a}. 

e. The proces1 of Claim i further comprising: 

(g) separating the mixture of step (d) comprising the weakly adsorbable purga 

fluid, • portion or the mere edsorbable prcduct and a portion of the less 

adsorbable product to form a stream comprtsing the weakly adsorbable purge 

tlufd and re~yc:ling a portion ar the .stream for use as the wealcJy adsorbing 

purge fluid In step (e). 

7. The process of Claim 1 wherein the admixture of the adsorbent and the catalyst 

co~prtses from 5fo to 95% by weight of ttte adsorbent and from SS% to 5% by wetght 

of the catalyst. 
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a. The process of Claim 1 wherein tne feedstcck =mprises carbon dlOlcide 2nd 

hydrogen. th• more adsarbabl1 product with rupect to the adsorbent is water and the 

1.u adlOrbabJa product is catbcn monoxide. 

9. 1l'le proceu of Claim 8 wherein tne ftufd c:ap1ble Of phase change is Hlected 

'lram lhe group ccnsidnQ or a eutetii: miXlure of dfphen~ C»Cide and biphenyJ 

Cldde and steam. 

10. The pracasa ol ClaJm 8 wherein the reaction ca~I~ c:amprises a water gas 

shift: catalyst and the N•ctiOn mnditions carnptfse a i.mperature ranging from 200• to 

eoo•c, tne ftm pressure which ranges ttom 2 to 50 bar and the second pres1ure which 

ra.naes frorn a.as .bar to 2 bar. 

11. The process of Claim a wherein the .adsorbent comprfses a zeolite. arumina ot 

s:trca ;el and the wealciy aclsarblng pur;a Ruid is selected from th• group consisting af 

methane, hydrogen. nttragen and carbori dloxfcle. 

12. The procass of Clatm 1 wherein tl'1e feedStock ccmprtaas water and mathane 

in a ratio at watet to mfllMne ranging from 1.5 to 30. th• more adaarvable product With 

respect to the adsoment rs carbon CSiOJClde and the lass adsorbable product is hydmgen. 

13. The procea of Claim 12 wherein the fluid capable of a ptiaae change ls 
.. 

seilected from the group consisting of a eutectic mixture of Diphenyl OXide and diphenyl 

oxlda anef dimelhy(polySiloxane. 
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14. 'The p'°'91s of Claim 12 wt11rein th• reacuon catalyst eanp1'M1 a ataarn-­

methana raforming catalyst an4 th• reaction cot'\dltJoM comprise • tempenature tanging 

trcm 200• to eoo·c. the ftrlt pre11t.1t& which range. from 2 to so bar and ttie Second 

preuure which ranges from a.as bar to z bar. 

15. The precess af Claim 12 whe!Wfn the ad8arb•nt comprfau a metal meld• or a 

potassium modified doubl• layered hydroxide and the weakly adaO~ing ftUid 1s seltctad 

from ts. group consisting of methane. stllm, hydrogen. nlWQen and carbon 

mcnt»eide. 

18. The Pl'OCef• of Claim 1 whetein the feec:tstodc c:amprfs•s mdlan• and waw 
In a std:hlometric ratio of water to methane tllnQlnQ from 1 ·to 1.5, the men 

aasorbable prodUctwJtn NIPICt ta ta. adsorbent is cartJon monoxide and lhe IUa 

adsorblbfe product Is hydragen. 

17. The procesa of Claim 11 wherein fluid capable of phase chan(le Ls setectad 

from the group conslalfng of• eutectic: mbctLn of biphan~I OJdde and diphenyl OXide 

and dimefhyJpelysllaxane. 

18. Tha process or ctlim 16 whentin the reaction catalyst comprises a staam­

matl'lane refcrmfng catalyst and the reaction condltfans camprfse a temperature ranging 

from 200• ta 800-C , Ile first presue which ranges from 2 to so bar and the second 

prusure whldt ranges from 0.05 barto 2 bar. 
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19. The proc:ats of Claim 18 vmnin the adaort>tnt camprisas 1 monovalent 

silver or c:opper compound which i3 suppormd ~n a Ngh surface .,.. 1ub1trate and ttl• 

weakly adsartlina fluid Is serectect '"""' tM 91'Q"P r:ansfsting of me1hana. water. 

hydragen, nltroQen and mrban dloxlc:N. 

20. Th• pracus of Claim 1 Wbenlln the feeclstoek c:cmpffses ~ dioxtde •ncl 

methane, the catalyst ca.mprlus a me1hane Atfcrmir.g catalyst. "'• men adsotbable 

produc:t Wll'l respect to the adsoment is h~•n and the 1111 •daorbable product ls 

carbon mcnmicle. 

21. The prccass or Claim 20 wherUi the fluid capable of phasa chana• I• 

a.i.cted from the Ql'Oup f;On1i1lin; of a eutectic mixtl.n Of blphenyJ oxide and dlphenyl 

cxid• ancs cSlmethylpolytUaxane 

22. The praceu of Clafm 20 whafa1n the reac:doft canditiana oomprlla a 

ternptrat:ure ranging from 200• to eave, the first pressure which ranaes from 2 to 50 

bar and Che sac:and praseure Which ranges from 0.05 ta 2 bar. 

23. The procau Of Claim 20 wherein the adsorbent comprises a hydrogen 

ccmplexlng metal alloy and the weakly adsorbing fluid is selected frcm the group 

~sistlng of methane, stetm, carbcn dioxide, carbon monmdde and nnro;en. 
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24. The pr~n af Claim 1 Wherein the feedstock compnses carbon dlOlCide and 

methane, th• catalyst camprf.sea a methane reronnin; catalyst, the mar• ads~rbable 

product wfttt respect ta 11'11 lldsorb•nt is carbon monoxide and the l•s adsotbable 

product ls hydrogan. 

25. The prace11 of Claim 24 wherein the fluid capable of phase change la 

selecmd from the group c:.ansisti.ng Of a eutedlc mixture of biphenyt oxl<f• and dfphenyl 

=d• and cfunethyfpa&ysban.. 

2e. Th• proceu of Claim 24 wh•rein the reacticn conditions comprise a 

tempenature ranalnQ ftOm 200• to eoo•c. the first pr.Hure which ranges from 2 to 50 

ar and the second pressure which ranges from 0.05 to 2 bar. 

27. The process Of Clatm 24 wherein the ad1ort>ent c:omprises a eu• or Ag• ealt 

and the weakjy adscrtlfng ftuld ii sel•ded rrcm the group c:gnsistlng of hydrogen, 

nifraQen, methane, cart>on die»cide and steam. 
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28. An adsarf:)ant capabl• at prtfeNntiaJly adsoft)ing Qlrt>cn dio~da In a gastous 

mixlura contairiing catbon di0Jdd9 and an excet1 at water at a tamperatute tan;ing 

from 2oc-<; to 5000C represented by th• formula: 

wh•rein 

O~y~3.S. 

0 <z c: 3.5: Ind - -

29. The adsorbent 1ccordln9 to claim 28 whwein M' Is K. 

30. An 1dsort)1nt capable of praterantidy adsolbing carbon dioxide rn • aa-ow 
mbdure eontaining carbon dlaxlcf• and 1n ~ss of water Ill a temperature ranging 

from aoaac to 500-C represented by th• fonnula Mg fl\'210• • 'I KzCO:t wherein 

0 ~y !! 3.5. 

31. The adsOl'tlent according to daim 30 wh•l'lln y equals o. 


