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*166166* *coooo02* OXY- FUEL COVBUSTI ON PROCESS This
application clains priority fromUS Patent Appj

10/ 313,876 filed December 6, 2002, which cl ai ‘"”mlmm"m'm
priority from Provisional US Patent 5Ap||cat ons R

60/ 346, 582 fil ed January 8, 2002; 60/3 [ 166166
Sy 8 2055 s 56 1 Soners NN
2002. BACKGROUND OF THE | NVENTI ON 10 The pri mar

pur pose of conbustion. processes is to generate heatioooz+

In a power plant or in an industrial boiler system

uni ch i turn m<be Uek & OREUSTINERBEER hoat i ng

or may be used to produce electricity. Most
conventi onal conbustion processes utilize air as a
sour ceTbfs @p@}@ehon Tladmp peiocityc roof UB I?ategbhpplmajon 1058$3, 876

e BeiEbL G2 O, WA PR Bom P Sona L Patent

mbbn@mmm@remwgebw%d 9ah e oYY 6@/3f4€f5§7nmed January 8,

‘nitrogen oxides (NOX), an undesirabl e pollutant. In

nﬁﬁ92cai§b§0/3t45f@§§rfd§ddﬁﬁuéfy1@02%“on must be
treated to reduce nitrogen oxide em ssions bel ow
environmental |y acceptable limts. Mreover, the
presence of nitrBa@KEROUNDEISHE MeVENT¢ONAs vol ure
which in turn increases the heat [Tosses and decreases
the thermal efficiency of the conmbustion process.

Addi ti 9faldima tpﬂﬂgo% Bugt‘:@{ E%ceége E?tﬁ e(#éh%égﬁsheat In a

may .make |t un o cap

poWacplamrt of ar as auiussrial dlfoulen syé&étrhltflhél aeausnﬁmt?g toI generate
epphasi s on sequ stration to alleviate harnfu
PR reSaTe TaREm WUl AT MY b e i0HPVid progsss heating or

A Wu@é@?&ﬁ?&ﬁ:c%l&&n&‘ﬂ | N@%@E{)ﬁv&%nﬁﬁ&ﬁ%ﬁsﬁ% Brocesses -

cost effective way. One vay t imnate nitrogen
f vilize: #ie as anduee of oyygeusT heprésencegefniirsgeniruaie dpes eot

RN TR AR S A A —

t pivegientwill esactrwith brydrrattcombustion temperatures forming mtrogen

oxides (NOx), an undesirable pollutant. in many cases, the products of
combustion must bé'treated to reduce nitrogen oxide emissions below
environmentally acceptable limits. Moreover, the presence of nitrogen
increases the flue gas volume which in turn increases the heat losses and
decreases the thermal efficiency of the combustion process. Additionally, high
nitrogen content in the flue gas may make it unattractive to capture CO, either
.as a product or for sequestration. With the current emphasis on CO-
sequestration to alleviate harmful effects of global warming, it is critical to

~develop processes which will enable CO, capture in a cost effective way.

One way to eliminate nitrogen from the combustion exhaust or flue gas
is to use pure oxygen in the combustion process instead of air. However,
combustion with oxygen generates very high temperatures and therefore |

some of the flue gas produced must be recycled to moderaté temperatures.
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30 sone of the flue gas produced nmust be recycled to
noderate tenperatures. 2 This in turn dilutes the
oxygen content to about 27% (remmining -- 73%is CO2
and water) and maintains the flame tenperature to the
same value. While such a scheme would elimnate the
probl ens associated with nitrogen, the cost of oxygen

at present is too high to nakeZit economcally

attractive. 5 Production of oxygen-enriched gas stream
using ion transport ceramc nenbrane is discussed in

U._ S Pat. No. 5,888,272 which discloses a process

f dhissiggarediluigs the exwegacorsentlombaut @74m (remaining ~ 73% is CO,

cHHA S B kRS aRy 3k Fale B tbrafee K Pl iaimGivatye e

g8gcha stheARWOHEIISIMNAESH@ praBRneX 1§eititedSARRARIREN, the
fromthe conpressed feed gas streamusing an ion

t FRF<H Py IRD @l IPEesant ivoRjghdo inake: it gaepemicallynattibactive.
having a retentate side and a perneate side. The _
perneate side of the ion transport nmenbrane is purged .

wi t h aProductionaofoxygenensiched gagiuirian® 0singriod tieinspas ceramic
stream obt.ai ned fromthe conbustion in the conbustor -~ - .
ofMerpraggds discassaain Ex ot Pl Noed BB8 Rd A whish glisciesasa process
| . . .
S SSERRL S SO T35, SRCHTRNA SRR b Sam wich
f abed gudicommistorendramoxggen-degdldtde gadistreanu(The feed gas

‘oduci.ng nenbrane structures that are |eak-proof.
APERAMJS FORIPTERRES @ PYIEP SaPATAted o heeampRRsed feed

8hs Stredfh USiRgRINGSA MansPYRMOANelifcIB@REBPRA R

u ? #ﬁaﬁ of
hi'gh-tenperattre, oxygen-selective cefamc nmaterials
megnbrangdraving b aetentaierside apd echereaste sides (Thet perheate side of

I T [ XA p—

pressure swi ng or tenperature sw ng node since th
oRlfgam exiirgthepermeate side of the ion transport module. The

disadvantages of this method of oxygen production are the high cost of

r pebdiet gxy SeeafPsbtairddhomthtaBmblistibhae tHS ceibsfor of the gas
e

- fabrication of the membrane and the difficulty in producing membrane

structures that are Ieak-proof. Also, oxygen recovefy is typically low in

membrane units.

The present invention is based on the use of high-temperature,

oxygen-selective ceramic materials made in particulate form to produce a

" substantially nitrogen-free oxygen stream suitable for oxy-fuel application, and

may provide an attractive option to reduce oxygen cost. Such systems utilize

either pressure swing or temperature swing mode since the oxygen retention

capacity of the ceramic material is strongly dependént on temperature and

pressure. The process nor'mally operates at temperatures greater than 300°C

and offers several advantages, including high oxygen capacity and large '
- oxygen selectivity. A key advantage of this process is_that it uses the oxygen-

selective material in conventional pellet form in fixed bed reactors, which can
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capacity of the ceramic material is strongly dependent
on tenperature and pressure. The process normally

operates at tenperatures greater than 300C and offers
several advantages, including high oxygen capacity and

“large oxygen selectivity. A key advantage of this

process is that it uses the oxygen 30 sel ective
material in conventional pellet formin fixed bed

" reactors, which can 3 be designed using traditional

met hods. Thus, the process can be commercially
adopt ed nore eaS|Iy conpared to the nenbrane based
pPeciesignegeifing Haditiopal eethpds hﬂJéqUher[er§C§§%cBalbe

f : '

R0 BB PR BLSREEE -t B PRSP apBsL process
adtbrtionedlabbvedwalthaegquiés tsbec"fal Pebeichesh, sveema@ahdb@s%e%bly
systemis that it can directly produce an oxy

c BFRGANNIeYy aéldrlééﬁpwéuﬁshaa/ﬁt&?%ew ipguas ipfthisi rtegagbrf\n additional .

_. appP?@% | on)ﬂé{élg'ﬁgac”‘&BQ8 E%r%ﬂ'ﬁé %%8‘%@%3&?@0% tﬂ%F gz:%gs@%dly

spnd(rjdm:e agr ym@nh cordainiree piacari gnmbstahfmny fro:-wb bt Ritfdgest with the
oduce hi urit g and require subsequent

A PRUGSTS AORGENSIop Ruitabler o5 Y dael pljEtiorm nd s F vt

T t -
o Dl et o el TR Aisetraioh HeABBa whch firt
opfaiucechigh punityngxygene andsequiad sebsequent edufion &nget the
oxygen consum n It relates to the use of a
hf%cﬂ"'@c?)g'r%@rcﬁq\‘fgggaﬁQQgen generation systemto

produce an oxygen-containing stream substantially

free of nitrogen. Mdre particularly, it describes the
use off h&mreag@tenvwlcébls|arr®edataadux:lngltlm cast Qfmxygen by

0 streamt
B SRR T B8 e S S PR B Bt o
OX¥@ &M af @xygen icorsedthgPprozess. IR réldte@ )ty ARE uSe T Whige-
process such as an 20 1 ndustrial boiler or fired

hW@?ratU@UWP genemation Qysiem npmskicerarsexygen-containing

i Qﬁ‘gafﬂ %Ubét%nﬂ‘affﬁeg%f hrdyENMBA: bA%tcLRHY RYUeBcribes the use

'of an oxygen -selective ceramic material to. separate oxygen from an air
stream to produce an oxygen contamlng stream which can be employed as an
oxygen source instead of air in an oxygen consuming process such as an

industrial boiler or fired heater .

SUMMARY OF THE INVENTION

The present invention is directed to a method for forming a product gas .
stream for use in an oxygen consuming process comprising cyclically the
steps:

a) feeding air through a reactor containing an oxygen selective |
mixed conductor, whereby oxygen is retained on the oxygen.selective mixed

conductor and the reactor is at a temperature greater than 300°C; and
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25 stream for. use in an oxygen consum ng process
conprising cyclically the steps: a) feeding air

t hrough a reactor containing an oxygen sel ective

m xed conductor, whereby oxygen is retained on the
oxygen. selective mxed 30 conductor and the reactor
is at a tenperature. greater than 300C, and 4 b)

f eedi ng an oxygen-depl et ed gas4 stream t hrough the
react or, whereby oxygen is rel eased fromthe oxygen
sel ective m xed conductor. 5 The oxygen-sel ective

m xed conductor is a perovskite type ceram c having
the structural formula A _xMBO3_6, wherein Ais a
rare G%Eth Lon,. Mis ure

Of
these; B i s '&HINYAN %yge,&-@e&ﬂetﬁawrsggea&@ >%%"F?le'gé tr?e)’( reactor,
Vhefsbyf 6/ i8abRIasbRFOr th® o AR sdiecfSnfixd CFC(Srlﬂjﬁthor

devi ati'on Trom stoichionetric conposition resulting
fromthe substitution of Sr, Ca and Ba for 10 rare

earth ries fromabout 0.1 to .
chout THEbyBEfis é?a&{%dm?eébcs’aﬁuat%'ﬁsme%ei%ceaamlc
Yhavingitké @trﬁ&tuﬂél fbhﬂ&fa AMMBGY.5, vikerein Al étrHFeeéar‘Pﬁ ion, M is
these; and B is Fe or mxtures of these. The

Sl Hod: BayV 195 "ﬁi%%?ii ebtheset B 1860, dMn .o, é:er@rammlu@s of these; x
PYEREs from Gfeatdnghiq 1 ¥hddth, BN HRRSI R, o

ostcncl'nometrw e@mpbaﬂbn meguitig frodt theds bt orosiSr, Ca and Ba for

ret-ent nste%éﬁ% of the nethod, a nitrogen- rich gas

i 5Ty 198Sa aBlypx yaries e abauidky derabeghl am‘i)lshg

SbFéféfﬁwgﬁb?{g Q%Hy anfh {15 Phr Pdliﬁj?@??f fh%sger’s%re@a or
during ste . Thé oxygen-contai nin

s ohistuges ofthlegef arexde Bak Go tFreoglemmxtare‘semf thesan oxygen

consum ng process. The oxygen consum ng process is a

process selected fromthe group consisting of a

cheni cThemiethdti ra8y Beqsrastce PwRRIChiedr rﬁél‘ed%tdcftﬂs present. The
process, a boiler, a conbustion process, and

gag|qndcthp|@qyggn<§1@@§gted 23S streams are fed to the reactor in either a
cocurrent or a counter-current manner. o

During the oxygen retention step (a) of the mefhod, a nitrogen-rich gas
is produced as the byproduct and an oxygen-containing stream substahtially
free of nitrogen is generated during step (b). The oxygen-containing stream
substantially free of nitrogen is fed to an oxygen cdnsuming process. .The
oxygen cqnsuming process is a process selected from the group consisting of
a chemical oxidation process, a partial oxidation process, a boiler, a

combustion process, and a gasification process.

In a further embodiment of the present invention, there is disclosed a
method-of operating an oxygen consuming process comprising sequentially

the steps:
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In a further enbodi ment of the present invention,
there is disclosed a nethod of operating an oxygen
consuni ng process conprising sequentially the steps:
5 a) feeding air through a reactor containing an
oxygen selective m xed conductor, whereby oxygen is
retai ned on the oxygen selective m xed conductor and
the reactor is at a tenperature greater than 300C 5
b) feeding at |east part of an oxygen-depl eted product
gas fromthe oxygen consumnmi ng process into the
reactor, thereby form ng an oxygen- containing gas

s@) eanfesging awthraupt a redstasrcanitaingean oxyaercyeleeid mixed

OSBRI TEIR PG B3GR BRHERA0) KBectd e
osgyrgRItsehet tHeveaatordsl at andinplepdturs gredter thuakidoeCt ype
ceram c as described above. The oxygen-containing gas

stream substantially free of nitrogen is fed to the

Y INLRAYH RESPEEE B Sn Bley SRR BP0 IR BLE AN e

)C pressures o out
| oxydEnscoresumaidg pssdaeqsss itk theneactyr, trenethefgpmingpanecskygen-
clicall air nd. t he oxygen depl et ed product
gé‘%” §W%%§?§§Ffelg‘ sptg@?@rglaﬁlmgrqee 'P'HPQPE %nc‘fcocurrent
manner or they can be fed to the reactor in a
counter-current 20 manner. The by-product produced

de i ngfastingthegerygesteantaioingsgap s{raami substantially free of nitrogen
n.& en-rich gas. Stgﬁé%ofthis met hod wil | '

¥ 0)&%% sal(mﬂ)'Pg R¢®SFas stream conpri si ng

carbon di oxi de which can be recovered for other uses.

25 In a further enbodi ment of the present invention,

t here Wbemwgew@tﬁcﬂve meiXed ¢ongductosisrd pgrevshite dyes cermmic as

s e e
C%%%?rlms |dgégbck{aeé ‘E}Feé %gyé&‘xggﬁaﬁﬁﬂa lé'éns "Wreall g&bsﬁgntlally free of
nitrogen is fed to the oxygen consuming process at temperatures greater than

"150°C and at pressures of about 1 to about 20 bar.

-In this method, steps (a) and (b) can be performed cyclically. The air
and the oxygen depleted product gas stream can be fed to the reactor in a
cocurrent manner or they can be fed to the reactor in a counter-current

manner.

The by-product produced during the oxygen retention step (a).is a
nitrogen-rich gas. Step (c) of this method will further produce a product gas

stream comprising carbon dioxide which can be recovered for other uses.

In a further embodiment of the présent invention, there is disclosed a
method for forming a product gas stream for use in an oxygen Consuming

process comprising the steps:
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6 (a) feeding air through a first heat exchanger and
into a reactor containing an oxygen selective m xed
conduct or, whereby oxygen is retained on the oxygen
sel ective m xed conductor and the reactor is at a
tenperature greater than 300C, and 5 (b) feeding an
oxygen-depl eted gas streamthrough a second heat
exchanger and through the reacfor, whereby oxygen is
rel eased fromthe oxygen selective m xed conduct or
form ng the product gas stream 10 The nethod is
cyclical and is thermally sel f-sustaining. The oxygen
séfkct ifoeding aidhraaiua fisst heat £xplangeariandeinigsa reactor containing

o) GRhVEBE Ao el FronBT N B o BB ySBines entpe

f loxygeh @e@cawp niivgs cohd ietop ind ah® esh dIBMNR Xt GEtemperature greater
hydr o 15 net hane or m xtures thereof. The heat -

en
e%'&%gQQ?@; @bl oyed in this method can be mul ti-pass
heat exchangers and the first heat exchanger and the
second heat exchanger are arranged so that they can

béb) nt deadihg lr@adxyeeakdsrdetes, gasxstesaralthioeigh 228econd heat
exchﬁngers an&gcon‘oi nati ons of internal and external
hEXCNBRGAAHeINEough efqactla WheEe ik guierde srieasad dem the
S . i . -

TN S 1Rl RESARGH R e SRUCEDE e
nitrogen- rich gas is produced as a by-product during

t he oxygen retention,. step (a), 25 The second heat
exchanddl® M ycligal Sfﬁ)é?%&mlﬁ'h’ %ﬁ?f-%%a@%eﬁbe oxygen

depl«itiod MiRed %bh&é&b?;rs apRHby A8 Gl ehipeampeRBt ai n up

to about 5% oxygen. I'n describing the invention by
way of schematic drawi.ngs and through

A fuel gas may be added to the oxygen-depleted gas stream and is
preferably selected from the group consisting of carbon monoxide, hydrogen,

methane or mixtures thereof.

The heat exchahgers employed in this method can be multi-pass heat
exchangers and the first heat exchanger and the second heat exchanger are
arranged so that they can be internal heat exchangers, external heat

exchangers and combinations of internal and external heat exchangers.

" The air and the oxygen-depleted gas stream are fed to the reactor in a
counter-current manner. In this method for forming a gas stream a nitrogen-

rich gas is produced as a by-product during the oxygen retention step (a).

The Second heat exchanger increases the temperature of the oxygen-
depleted gas stream to about 900°C which can contain up to about 5%

oxygen.
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exanpl es, a boiler is used as a representative oxygen
consum ng process. It 1is to be understood that the
net hods of the present invention can be applied to
ot her oxygen consuni ng processes such as conpl ete or
partial oxidation of 5 hydrocarbons, selective

oxi dati on processes for the production of chem cals,
conbustion, gasification, etc.?” BRIEF DESCRI PTI ON OF
THE DRAWNGS 10 Fig. 1 is a schematic representation
of a boiler and the ceram c oxygen generation.system
as practiced by the present invention. Fig. 2 is a .
schenain deswibirg te Bveolicbby way Qa‘eaca@mt@w@wmgs and through

B T R R pe—

sishtertd underefuoristhat #d metiddstofare Preseriy@ition can be applied
generation systemw th steam purge as practiced in

t%otﬁﬁégév@en ROBSHMBG. PIPLESSes Surhasepmptate r partial oxidation of
SRIBESAS, 0oy CEIA B DRARRGRIIRAL R ofchemicas

DE@@BUE’EFd;rQ@;e@'ﬁWcBHEnP&‘EFERRED EMBODI MENTS Fig. 1 is a

schemati ¢ enbodi ment of an oxygen consum ng. process

25 such as a boiler or fired heater and an oxygen

gener ati on cergRier: BENEANETIORPBEATEDRAMRIS " B 1S
t he oxygen-sel

_carrles fuel gas to the b0|Ier A. The fuel can be

Sel ect g%é‘ﬂ%%ﬁ%&g éaﬁorb@g%g)ﬁ"%l’ear&q)g?ﬁe: Cec%'g’ﬁﬁi; oxygen
?eﬁéﬂé@ibn%%téi'ﬁ a@spr%ﬂléec%'y th%r predent 'ﬁ%gﬁ% wast e

reans, fuel oils, etc. or 30 any suit _
conbust i bl e material. The conbustion exhaust gas or

flue g ONsS| SLs rimarily of carbon .
di oxi Bt A A ENARE T Se et TE G ink. irafif, 8%toen generation
r sgstger for oapRiefapplicitioh dd preictided i tharpresént iRgention.
conmbustion exhaust gas is directed through Iine 14 to

t he oxygen generation system B. o
Fig. 3 is a schematic representation of a ceramic oxygen generation

system with steam purge as practiced in the present invention.

Fig. 4 is a schematic representation of ceramic oxygen generation

reactor showing the layer arrangement.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

Fig. 1 is a schematic embodiment of an oxygen consuming.process
such as a boiler or fired heater and an oxygen generation ceramic system B.
Contained therein in B ié the oxygen-selective ceramic material. Line 10
carries fuel gas to the boiler A. The fuel can be selected from the group
consisting of CHy, Hz, CO, CzHa, C2oHg and mixtures thereof or can be coal,
char or other solids as well as various refinery waste streams, fuel oils, etc. or

any suitable combustible material. The combustion exhaust gas or flue gas,



10

15

20

25

30

Conpressed air enters the oxygen generation system
through Iine 20. 5 Oxygen | ean stream cont ai ni ng

‘mainly nitrogen, up to 98% exits the oxygen

generation systemthrough line 22. Oxygen fromthe air
is retained onto the oxygen-selective ceramc

materi al. The conbustion exhaust gas enters ' the
system B, renoves this oxygen &nd regenerates the
ceramic material. The gas |eaves through Iine. 18 as
substantially nitrogen-free oxygen rich gas and 10
enters the boiler A whereby conbustion can occur anew.
TM@I@ETJ@mﬁI%’tSwEm@ﬂW of catbonl dioxidemanidswateastvapen sixits

SRR Zahlebf GaetbRr e Rab R eLZ %gaam%musﬁon

MekRaue ga sﬂ@djlr@&téd?@{réuglrﬁrr%m&tﬁﬂ‘i@bkﬁ?] nérahsrl%%tem B.
heat exchange, optional 15 nulti-pass exchangers

afPrapliessad aisrenielsitas oxygen @leoeea;m ws@mnhm@ndma@@

oV GERY e sh e QURARM Rl ilcBo kbR BE G55 ane voen

pngeheremmw @stem ﬁl@ﬁo@gh&ﬁecﬂﬂ OOB(V%erﬁTﬂbﬁf thel aifRtret K% %ﬁhto the
| ean streamis withdrawn fromt of the bed. Onc

t ﬁéym-éﬁte&tlve setsREdnateripk ddhe ¢Q1'nbla$tt0”s@mﬁt§t gas \ﬂnﬁers the
Y&l B enBPE fis BRvdeh AAARSIEd Ebel e TRARR! Meferial. The

cga’sdeav&srtheougi'uhne tams smbstafmyady etirddenefrg@dxyyén €bh gas and
L?lea art of@% ox9gen and as a result

ale§' 3'@% Qp%rtég"rfeﬁ@bﬁﬁ? Hgfion GARIOFGHE BREWwo r eact or s

are required to ensure continuous operation. 25

Turning nowto Fig. 2, air is conpressed, and, after
passi nd hehrevagtic syBIEm prpaanslylmxhpmses@ﬂgast 2 mdcltorpemled with

t hr h one, of the bed whi ch cont a{ ns . - |g
Bl ot gy AR e g arsoti's coruP e el ot 2 Rerayskite
Pensersl, bAd dﬁhéﬁ'cﬂram@%@f&hd‘l\ﬂféﬂ |nfé¢néﬁ{éﬁt"é&€h§ﬁ‘gé Réptional
perovsklte and nitrogen wll |eave the bed

efmyltioass heet @xgmamgpémangasyv@hpéamawﬁs Thﬁenrq@ags isipyclic and

S ob RN o8l Sy AT BSOS BHEREIAF[passer
uiterfgst ey WheraDXygﬁrap préfeeestatigndtaies®vatd the rhatbrial and
\A@x%erl\ e.ala}wI ét(readr% is withdrawn from the top of the bed. Once the material
“becomes at least in part saturated with oxygen, the operation is transferred to -
another vessel. The first bed is now purged with the combustion exhaust gas
or recycled flue gas, which removes at least part of the oxygen and as a result
also regenerates the material. Minimum of two reactors are required to ensure

continuous operation.

Turning now 'to' Fig. 2, airis compressed, and, after passing through
multi-pass heat exchanger, will pass through one of the beds, which contains
high temperature oxygen-selective ceramic material, such as perovskite
material. Oxygen will be retained on the perovskite and nitrogen will leave the
bed as- effluent. This effluent gés stream will then pass up again through one

of the multi-pass heat exchangers and will leave the cyclic system. While one
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partially saturated with oxygen is purged with the
recycled flue gas stream Like air, the recycled flue
gas al so passes through a multi-pass heat exchanger
bef ore passing through the perovskite bed. As the
recycled flue 5 gas passes through the bed, it picks
up the oxygen stored on the perovskite and al so
regenerates the perovskite. ;The oxygen rich gas then
| eaves the bed through the nulti-pass exchanger,
exchangi ng heat with the incomng recycled flue gas.
10 Figure 2 is described here with bed B on air step
D 0 (e B el R bRy et Ahichle o B8
paatiallybd adueated withnexygenps esisged aiith the réegtiedflubgas stream.

R B RO et O Sl i

xBKERGaTsEfofe PN IMAUGRGNE o VKitB Hede AshiBEMed 1)
© oxyggﬁel egn ESSstgeam ?6. Tﬁgtrcl)ﬁeat ed ai r,S 1%,r ibgkg(faedue

gascrassesgerapgdidhe ddse i McksTue the pyegen stosed onteamperaskite

: e a incom n iroLn
ik G a3 AR AIET T b b B 5 isghBuss the bee
thidlighsthetrhelinpa(3. exdpeyges dexichaagiggshdat amht the ikddeig | S
first cooled in cooler C and then 20 conpressed in
regYQdeR U 9RASi or to feeding it into multi-pass heat
exchanger F through valve V1. Once heated, it passes
through bed A, which is saturated w th oxygen. The
oxyddgure 2lis des@ined 135e Wilabed B be alresdep mach hdteA on

reBUHIPR L 4 O FAPEGHODAGe: G = B¢ aPmppesnd G esires

préSSIeNEingd irdideer ENThEoh@tbSsiehpYs fedSoqnBHhafkilss heat
Bed A Bed B Val ves Sec Feed Feed V1 V2 V3 V4 V5 V6 V7

exphangent though valve yén Valve ¥6dpelpser shisingghis Epps Air is

: - A ] 0s
he%ﬁ%@ i é‘rﬁang%(;??e gé%%ﬁﬁérz@gé' Hedt WiFRh8RERIrfingSSkyGRRNean
stream 16. The heated air, 14, is fed to the perovskite bed B. The oxygen-
lean stream, 15, exits bed B, exchanges heat with incoming air in exchanger

G and then leaves the system through valve V8 as stream 20.

Recycled flue gas from the boiler is first cooled in cooler C and then
compressed in blower D prior to feeding it into multi-pass heat exchanger F
through valve V1. Once heated, it passes through bed A, which is saturated
with oxygen. The oxygen rich stream, 35, leaves the bed from the bottom,

passes through the exchanger F and into the buffer tank H through valve V3.

A typical valve sequence is given in the table below:

Step| Duration | Bed A |Bed B Valves
Sec |Feed |Feed | V1 | V2 | V3| V4 | V5| V6 | V7 | V8
1 30 Air | Flue |open|close |open|Close|open|Close| open | Close
Gas
2 30 Flue | Air |close|open |close|Openclose|Open|close | Open
Gas




10 The present invention can be integrated with an
oxygen consum ng process such as a boiler or fired
heater in several. ways with an objective of

i mproving the efficiency. In one enbodinent of this
process, the boiler is operated under slightly

under - oxi di zed conditions so that the flue gas

contains 5 no oxygen but contdins a small anount of

car bon nonoxi de and hydrogen. The carbon nonoxi de and
hydrogen are burned in the perovskite reactor to
generate heat required to sustain and inprove the

cycl i cdlheagpeseant invention ¢an bpdntegeked avithear baygeri donsuming
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armyruvmg t@@méenegywané %n%@ﬁmeht bfthid Broddsyetr@asoiler is
typi cal |y about volune % In this case, the

r epgrated ﬂmder ghghtlysuridat-oxidized eor;erh@vs sptthat hediusr gas contains

b oS &P BBl orogen

nMFheaR@beh nforksxitd aad hearoert drerahed n &e W@kltéﬂ'eactor to
| east sufficient to react with the excess ox

poeserateineat FrrRauiregeofaistyin @nddmpsove Hwepmgzjlpa?/tzryera‘rﬁn of the
C H?stlzi' rates heat necessary for the cyclical
p?%gess}tgffl'ﬁ%&gﬁount of fuel gas added is adjusted so
as to generate sufficient heat. Any excess fuel added

reacts vvith _t he-ox n stored onthe perovsklte
hi gher Allerpivaly,the %%Eer isananateddindes cop Eamﬁmhdhat the fuel

| §s B&in %t@lgttﬂﬁﬁéd BRES SRUASIndURBr bREe Wﬁ is$resent in the

Alterngtlv et, the boiler 1s opera
crﬂndrgasotwr(cﬁllyeabmﬂ;@ 5 urxl}agcen% ol nathisucase; tng rextyele flue gas is fed

t f {
o3& S he@skls Franot Somsiulp (% HSeR Ohgismaharaotiitef a
gR&ithBleMaspatH &¢ eatoniPoAdxiaR! hidtdheh eafetiind 6r #MabAibination
a control |l ed amount of fuel gas as described above is

-aaf@rer@of Iman eexsnd et ieast sufliciant tareaat avithsthestioesa oxygen

e I

: f helat gasessay destheidyelicalpryesssa Tios bimounobf ke gas added is

resul ti ng gas
adjusted soas to generate sufficient heat. Any excess.fuel added reacts with

the oxygen stored on the perovskite. 'If hrgher temperature results-due to the

combustion, it helps extract more oxygen from the perovskite.

Alternatively yet, the boiler is operated under conditions of exces.s
- oxygen to assure complete combustion of all the fuel. In this case, the flue
gas can contain up to 5% by volume oxygen. This flue gas is passed throdgh
an optional reactor to which a controlled amoun’r of fuel gas as described
above is added. The reactor may contain a catalyst such as a supported
noble metal catalyst. The oxygen is consumed in this reactor by a reaction
with the added fuel gas. As described above, a portion of the resulting gas
after heat recovery is then fed to the perovskite reactor for generating' the

oxygen-containing gas stream. The combustion catalyst can be separate or
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after heat recovery is then fed to the perovskite
reactar for generating the 30 oxygen-containing gas
stream The conbustion catal yst can be separate or 11
may be conbined with the perovskite in the sane
reactor, as a layer at the entrance to the reactor.
Al so, a layer of perovskite can act as a conbustioen
catalyst. 5 Alternatively, thédloxygen-containing gas
| eaving the perovskite reactor is cooled to separate
the water in the stream as condensate thereby

i ncreasi ng the concentrati on of oxygen in the stream

r BRAY bR RembBadhwit Ry earovekite imthegSaine ceastor, asea layer at the

| BREASER, HO/BaR 0N BYEP Bt IBIVBRIDRAR L8 dfnbpstion

e oxygen consum ng S on” an
noatalystexi bility to 10 the operation of the oxygen
consum ng process. An extension of this schene is to
use steamonly as a regeneration gas. as shown in

Fi gureagermn ﬁega'tt‘\(;éuce Q’PE&gtglnlﬁ’%ﬁEQ'lec‘ar\ﬁrﬁ Bér%vgﬂ?é reactor

oxygen can I'n an centra
csataated tdheeparatethe watersn ttwstreamh ammm:tmsrage tHweby
st eam .ou ce.the process st at | ow

| t
pmg%%ﬁlﬁg E%F@"?%%P&%f (PHIER é'aih%trg an ?f@ﬁi@@@rty thergygen
a&@hétﬂﬁln'g' 6r}éc§§s 1o iﬁ%@a%%ﬁeo@?%ﬁrﬂdn%eHﬁ’H%ﬁ hd%de Beneficial to

probl em “as schenmes presented here are integrate
pHie oxyfgearcanssiming processropgratipowed rpanproide mdre rerxublhty to

- RGRe SRPR AT RUBFERRmonuES GuER8r Aeions'in of tic'scheme

el torfsel éteaﬁﬁmma@, @)&%ﬁi@rﬂ%ﬁgéé 8o .ﬁm@@ret@athé fnain
consi sts of mainl haS been di scovered that

wagvantage oi thjs sgaemenlsﬂhet ogggercanbe andused istaay i s
e dncérnﬁat%ﬁgrw]&o& nﬁ%%%)%&géﬁ%ﬁ:eegtﬁedarﬁ a?r'&nc r}.%ecer 3 § steam

r-'gases SUEK
sbetarﬁmd’dntma pmcbe‘s lsBN'epietatebat Hmeptessumgairhvyerdw pressure steam
retenti on of eramic material | eading

glse%%%ssa&»yaaﬁ? aVz%'aP&tséa low-RigsSUEs, sleam &l&auvmt 2problem
FagueREmesHtdsentdttdrashe iMtBgRAEd b&lpart of an overall boiler or

power plant or other oxygen consuming process.

In one embodiment, water is removed from the recycled flue gas before
it enters the ceramic oxygen generation system so that it consists of mainly
CO.. It has been discovered that when the purge gas in the oxygen extraction
step'is COz, the amount of oxygen recovered from the ceramic bed is higher
compared to other gases such as N, or steam. This is;believed to be due to
exothermic retention of CO, on the ceramic material leading to greater oxygen
release.

The schemes presented in-Figures 2 and 3 are based on partial
pressure swing process, i.e. the driving force for extraction of stored oxygen is
provided by the difference in partial pressure of oxygen between the oxygen

retention and extraction steps. The pressure to which the air is compressed is



pressure swing process, i.e. the driving force for
extraction of stored oxygen is provided by the
difference in partial pressure of oxygen between the

- oxygen 30 retention and extraction steps. The pressure

to which the air is conpressed is 12 mainly _
determ ned by the required concentration of oxygen .in

 the oxygen-rich stream Acconding to the invention,

10

15

20

30

air is fed at a pressure of 15-400 psia, preferably
15-100 psis, and nore preferably 20 - 40 psia, and the
recycled flue gas at 0.1 - 200 psia, preferably 8-50
pEiaanly stetempined ;brydhewadphi;edl@enmt@tipaioi,oxygem irathet dveygen-rich

h, t th .
Ph R A B cChisifh B HeBYoRs amis fedehacrsetiiedh 15 ShRipsia
2Qrdf&tably Hs- ﬂIU@éTESarﬁH ﬁ‘%‘?é‘b?é’fe%lf2belﬁf Sﬂéoaﬁcli‘%e recycled

concept s en? ensuring efticient
niue gessito, FcﬁlOOemappr@ferehb/ &Spersia,aind ﬂmerdﬁreferably 10—-30

 BEn e Ir bR e Sp Hiedrafod BRodgen PE i SrgAm ot the entrance

PEOtRSBRStor I ndif@fHc betpRb®BIEAY 20hep th inert
materials is shown in Figure 4. In particular, such

regenerative heat transfer is used in conJ unct| on

with a e nger achi

the ded ek hepRpEsetepder BTR i BT cenfs SRR e in

Tbngumg bffgiert hebangmageiment hEse ekAriple, bher@ipRict of the
eratures of hot gas streans exiting a reactor can

9§F'aﬂuprfw!gﬁ% fer tP@d&ﬁ@&ﬂ ingst materigys fien regenpeivede@ttransfer
aﬁ'ﬂcmlgfc%ﬁé\?fl%ﬂ)%e%%‘é aq} ‘?‘QQ&Br églgffél.lrﬁf(?@\é\@p iGNt SSerials is -

gas ‘st ream RePEre AT ova oLk _
cehewn i Figurerhte patticslarasuch sgyeniesative teuttespds @ed in

PP uBRASH WA Pt et Srmel Reberc Aagar Koachigye e desired
apght iranster fitahe bvansf pﬁbceé@‘“ TRrotidPhet 'é‘i@ﬁar‘ié@ﬂ/%%ese inert

schene is generally R licable to any cyclic ™ process
i nateriglar teim,mraturyswé Pt gag stgeameremrr@c@samtomambe

2 SERMIGERRY (R, BT Ry SRR Bgo Bitaracy Below as

-_Smlobuhm@’rC v8liviea reducdd ghs seranaT RiMpetalPe babve ise of low-cost

necessitates that all hot
construction materials, and resuits in correspondlng cost reduction, as well as

an increased operating life of the external heat exchanger requ;red for

additional heat transfer.

While such a heat transfer scheme is generally applicable to any cyclic
process, it is particularly well-suited for processes with relatively high
operating temperatures, e.g., about 250°C or higher, where the unavailability
of switchover valves for high temperature operation necessitates that all hot
gas streams be effectively cooled so that standard valves can be employed.
Furthermore, it is also well-suited to'cyclic processes with relatively short
cycle times', such as those in which the heating and cooling times‘ are below

about a minute, e.g., between about 15 to ébout 60 seconds.
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gas streans be effectively cooled so that standard

val ves can be enployed. Furthernore, it is also

well -suited to cyclic processes with relatively short
cycle tinmes, such as those in which the heating and
cooling tines are below about a minute, e.g., between
about 15 to about 60 seconds. 30 13 According to
enbodi nents of the invention, Wulti-pass conpact heat
exchangers are used to carry out suppl enental heat
transfer fromhot gas streans. These include two
external heat exchangers, which operate on cyclic
duty i MCEQFeHng mweri@pgtmewsmf the énvepipn cmoiiepass compfact heat

B85 5yl 7 R LSRR 55 o ot oo

estrbange TUsisegdntinge twbayesmabhestes aagsR, ¥Hieh opdhfte on
external heat exchangers all ow heat exchangg@be ween

t R¥clicidly inaunduenigation withetheaayslic QPe@é\iﬁﬁ,Ofl reseiafs. g he -
o SRR RS R PR ET R Al A B R et

r egeinanmgd hsriegh;ia?t layeehehgerahiic aﬂgéte%l; l’lfﬁaltemmbﬂﬁggt

bet ween two different streans, for exanple air an
o%éﬁwqfé RlIgw heat exRhaER PEMRET thgdnlehand et pthe same

f ' j I

| e e s RGBSRl S8E8RY P Aok} Ras an
eokygersich istreanis. & thetothef hahe, inferhaloegenerstive Heat Bixehange

L BB o L A

adypHbees sBEam SRNWaRtd AfdlgeRNRld recgaed flue gas. This heat
tube-exchan%ers. They are available Comercially an

meychangmph hyfatso pllas theysasf loiwglenaseratos svdaichaner
AR L SR i BBy Sp % Gl Brocehe art rol o by

t
cgrrpact exchangers ca
V.V. 20 Wadekar, in CEP, Decenber 2000, which is

herei n_j ncorporated by reference. For high
t enper ﬂ\?r'@“g'p?ﬁﬁs(ﬁﬁqh@ﬁg?r% edeh pexe p@ﬂc@f%h@@ﬁ@% heat

;?éflg@éﬁééf faffAYr b SGhifiE LT tﬁEﬁ'thl SRBNEER o nlEhtional shell
and tube exchangers. They are available commercially and may be employed
'fo;r pressures as high as 2000 bar and temperatures as high as 800°C. A
detailed review of conﬂpact heat exchangers can be found in an article by V.V.
Wadekar, in CEF’, December 2000, which is herein incorporated by reference.
For high temperature applications, these heat exchangers are typically

fabricated from stainless steel or other alloys.

While multi-pass exchangers are integral part of the schemes
presented here, it may also be possible to adjust process parameters to
complete all heat exchange using inert materials placed inside the reactor.
This will-eliminate the need for external heat exchange. On the other hand, it
is also possible to carry out all heat exchange in heat exchangers thereby

eliminating the need for inert layers within the reactor vessels.
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VWil e multi-pass exchangers are integral part of the
schenmes 25 presented here, it may al so be possible to
adj ust process paraneters to conplete all heat
exchange using inert materials placed inside the
reactor. This will elimnate the need for externa
heat exchange. On the other hand, it is also possible
to carry out all heat exchangel4 n heat exchangers
thereby elimnating the need for inert layers within
the reactor vessels. 30 14 One characteristic of
cyclic processes is the possibility of contam nation
of the Qtwclnamictmmdimif cytlicpracessds isntherpdgstslitgdf a
For the present case, this

nERAA T Ration GE TE JSreT pravdet BEGAN Wil e ties as A result of
CYRESEN v £ Fopithd p%éérﬁ%%@epfh%s%tanb'?hémger ygﬁnq ht%,%am

"end of the 5 oxygen retention step. In or

t fay gahcquammaja@w&t rifrogey ph)esentmm thoel uoield . at ithe £htd ©f the

f h
o S59an el Rlie" Lo optSH il in. e080ang siee romiche
t hﬂtodﬂiﬁédbm ﬂ’ﬁ@§l@btthbrfebbt%r Wil g8 - nns%%ﬂ?@t@aﬂ; Fﬂ@?"fh%gc&ygen

be purged with the nmbusti on exhaust gas or
1@581‘%@06)5;@&Hf%%wdbteim@ve:emamtmgmttbat elay e present in the voids.

R VA SE B0 e o SR GBS e g

conductivities at elevated tenperature. Exanples of
these m xed conductors are perovskite-type oxides,
Ce02- bd$€PyerASS eHivecgerpaie matiiale are ZYPDQa”yo@Q@ﬂzn Selectlve

t furth
OTHES coftiordi IHIRh eEhil b hiEPplobRoRic i ARt Bk
acbndutt}ﬂlﬁwatcedﬁmdltempmmw F_S@'mpl ; J@f@fgﬁlme@m&é"dhductors
eria
o Era RessleyPe ariee: CeO-hrscrdes. b pbased erides 20
f 'b@%b@ebmd@'s; ah€ br&vnmiteritdxiges! ﬁgordlaptcgﬁ'?t%%?lanhélgk% its

gen-sel ective ceramc materials retain ox
i/Qﬂtr@nlCcQﬂﬁ@uc’tl\nb'ranﬁ catalytie activtyfonaxyden IbangtIOMD, ddnee metal

" BYRE oARORHED 18 b Berq iiuREaati RITm sardreiae

composite. The metals can be selected from Cu, Ni, Fe, Pt, Pd, Rh and Ag.

“In general, the oxygen-selective ceramic'materials retain oxygen
through conduction of oxygen ions and filling up the 'oxygen vacancies in its
bulk phase. The oxygen retention capacity usually increases with .increasing
oxygen partial pressure and decreasing temperature. Therefore, the retention
and release of oxygen into and from the ceramic material during retention and
release steps perform efficiently in that the oxygen partial pressure during the
retention step is much higher than that in the release step.

In a preferred embodiment, the at least one oxygen-selective ceramic
material comprises an oxygen-selective mixed ionic and electronic conductor. In
a more preferred embodiment, the oxygen-selective ceramic material comprises

a perovskite-type ceramic having the structural formuta A1, M,BO5;, where A is
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oxygen partial pressure and decreasing ‘tenperature.
Therefore, the retention and rel ease of oxygen into
and fromthe ceramc material during retention and

rel ease steps performefficiently in that the oxygen
partial pressure during the 25 retention step is nuch
hi gher than that in the release step. In a preferred
enbodi ment, the at |east one dfygen-sel ective ceramc

~material conprises an oxygen-sel ective m xed ionic and

el ectronic conductor. In a nore preferred enbodi nent,
the oxygen-sel ective ceramc material conprises 30 a
pan dos kiftaragtek of dsranbe Jraandgdh lé tise metiodicalable ofrglements or

i Rethos 6 B Rk S e Bl S RuBr LB blnp pegpcic table
MoK priktafest theredf B idvhhSorrBf & @bletk &anEBitish n‘?éta@ﬂH@%elr@drc table

and 2a of the periodic table or mxtures thereof

| or anixtuwas oﬂheaeaf M oekes rfaori PDoto n‘et ahdod i h’Ehe devratron from
%dcta m xt u[ her rie >0

Btoic YRGS ‘?%“Wr%“‘%jb(ﬁs& g fremd §UQ§@P P S rsl retals of M

CRIFMOISd bf ABtdi€spAL i ng from the substitution of ions of
metals of M for ions of netals of A In a nore

preferred enbodi nent, the at |east one
oxygenlsd éa@re\,@refggedner@bﬁﬁmntanhe Atgleast one oxygen-selective

REC L AP 5o S S MR P o 1

one oxygen-selective 10 ceramic material is a

per ovski drothep enare pasfefred iiinFodiment)¢he it asEoihie bkméh selective
| ant hani des. I n a nore Ereferred enbodi nent,; Ais

Yce@W'Grmm%fﬁJﬂ%§ PefaYsKitestyPe REERARYE Hand ﬁDfSeOB? é?femOé%r f-block
rﬂ? &4 irf 3¢ nitre rEr%?érrébn%n‘rBS(ﬁﬁBn?eA eigtl'd,.eY, @SHh AW fixtures .
rrat eril a i s’ at

I's a perovskite-type ceram ¢ an
| twrecfone nmetal of 15 Group 2a of the periodic table
of elenments. In a nore preferred enbodinent M is Sr,

Ca, Ba,or_m f. . [ r referred

embod, HORPSUER dE? a8 by Rl 168 ALRieR BhE BBl petective

g&éerl\r)whral nlga&r%(lj mseeoryerbwéletetwpe ¢ceamia anad iB dtSedst, oné metal of
Group 2a gf the penodrc table of elements. In a more preferred embodiment M

is'Sr, Ca, Ba or mixtures thereof.

In another more preferred embodiment, the at least one oxygen-sel_ective
ceramic material is a perovskite-type ceramic and B is Ti, V, Cr, Mn, Fe, Co, Ni,
~ Cu, Zn or mixtures thereof. In a more preferred embodiment, B is V, Fe, Ni, Cu

or mixtures thereof.

In another more preferred embodiment, the at least one oxygen-selective

ceramic material is a perovskite-type ceramic and x is about 0.2 to 1.

In another more preferred embodiment, the at least one oxygen-selective
ceramic material is a perovskite-type ceramic and A is 'La, Y, Sm or mixtures
thereof, M is Sr, Ca or mixtures thereof, and B is V, Fe, Ni, Cu or mixtures
thereof.
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Cu, Zn or nixtures thereof. In a nore preferred
enbodinent, Bis V, Fe, N, Cu 20 or mxtures
thereof. In another nore preferred enbodi nent, the at

- | east one oxygen-selective ceramc material is a
‘perovskite-type ceramc and x is about 0.2 to 1. In

another nore preferred embodinent, the at |east one
oxygen-sel ective -ceram c nateafi al is a

perovskite-type ceramic and Ais La, Y, Smor mxtures

25 thereof, Mis Sr, Ca or mxtures thereof, and B is

V, Fe, N, Cu or m'xtures thereof. 16 In anot her

enbodi rnsrﬁn,oth:ewe embadiment, dhe ekylgast- obe eoxyaan-selestiviec ceramic

RO RS oL BB S5k SERLL S 8 of
tb@'a@m@@lb@mb&s}em:téﬁ frBh thd ngLQQcor@%g ofTBRD,, HHO2 CeOz

and _m xtures thereof, the ceram c substances bei ng

| dESb@d, Wen asldcwtuwér @e&m hhei’r@teéﬂml@x‘ﬁld@éamﬁesnbﬁmgr dgped with

0{3 ttﬂ‘?él% eér@ rr*%f rggrnéh nen%(bldﬁn%geZ@?Pr&ﬁ%mmeﬁ{euéﬁaes and

ese n ano her % east one
o3)grirtres efthege. ceramic material conductor is at
| east one ceram c substance selected fromthe group
i sti f Bi 203, .Zr02, Ce(2, Th02, Hf 02 and

consisting o
i xt ur % ot thefe s@DAdipeRty cthgy al JepalaOheoRYYIRE-afleetive ceramic

B o It e B bR B 5B g the aroup

Se@dstingleDBi.0ndZrxGes TofO4, hfOe .andExidigres ofBEkasgl @nd the at

1%&,%%%;@&%%3%%@9%%?{)8%% é/vlﬁ{jaera{)g(le@ghper ?a\f oxu;e selected

PHreRAIHRYroLp Thn&i¥tiny &f m3of\1b2®§ SRALOS IR i m%&@f'es of these.

oxi des or .hydroxi des and then repeated steps of

-sintering, ball-mlling and filtration for three

times. The tenperatures inBxamplasering steps were,
respectively, 900 C, 950 C and 1000 C, and the

SEQgﬁ{glé‘g Hr%r\ﬁﬁén Bt Dg&{/ssro sCOSFd, 8L ; DehVRkitEDolRr

The powder of perovskite-type oxide was prepared first by mixing of
corresponding metal oxides or hydroxides and then repeated steps of
sintering, ball-millihg and filtration for three times. The temperatures in 3
,sintering stepé were, respectively, 900 °C, 950 °C and 1000.°C, and the
sintéring timé was 8 hours. The first sintering was conducted right after dry-
mixing of Laz03, Sr(OH)28H20, Ni2O3, Co203 and Fe,O3. The ball millling of
the material was carried out with grinding media and water after each
sintering. The solid was collected by filtration after ball milling. The filtration
cake was dried at 100 °C for overnight before it was subjected to the nextr
sintering. After the last ball-milling, the dried filtration cake was crushed and

ground into fine powder. The final powder had a perovskite-type phase

. structure.

Example 2. Fabrication of Lag »Sro.sC0o.sFe0403.5 perovskite extrudates
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m xi ng of La203, Sr(OH)2*8H20, N 203, Co203 and Fe203.
The ball mlling of 20 the material was carri-ed out
with grinding media and water after each sintering.
The solid was collected by filtration after bal
mlling. The filtration cake was dried at 100 C for
overni ght before it was subjected to the next
sintering. After the last balll?“ mlling, the dried
filtration cake was crushed and ground into fine
powder. The final powder had a perovskite- type phase
25 structure. Exanple 2. Fabrication of

La0. 2SI be pesey skredyRe 9xisequpvwierinade @xExame@é UGS traheformed

P Sy R atEr Fadiibn Ry BBYGES vER DylRelERIR FoIdede 2nd ja.5 wt

%/Jﬂwateﬁxmwbtémbbldlwme%g% &/emgh%mirent wd$saded into
obtai ned slurry was aged overni efore it was

| aagxtrudar and yﬁnéﬁqrmdentmrudagﬁ%f%mm digngeter and 4 mm in

a
TLTOHEE TS o BRI 4188 ATRD PGorSPEbI™ s nd
2tHan, caltidled @1 600Cd for Bertt, ﬁhe@&&u@af@rwérefﬁnalﬂﬁmntered at 1050
extrudates were finally sintered at 1050 C for

h.
hCéfCP" $ar e fing setrad W%‘&MQ“&@MH’E@%@P'@%‘M ?tfong
strong. Exanple 3. The extrudates nmade in Exanple 2
d in a tubular reactor 10 made of high

tenperature netal alloy. The reactor was designed in

such aThaea)(thldatest madgars Esaampierﬁ wéregpackedoa aanubulareamtor
coul glntotthergé'?laiJ fromqeuher thetg h
o b lemRRtRtE TR Q¥+ be [RaGIUNAs 8§SIo0REdN siich a
flvay tﬁgﬂﬂk%éseétﬁeé}ﬁﬁbf alrl et dtbam écﬁll@%e%dtlﬁl% tB@%eactor
stréans. The reactor tenperature and val ves were

cfmm eitherdhaitop erd ©r tédoppouerd ohithe reastas asFegquirednilass
Wbl boriiaR A dRLAAL RN, SHEPS: ! BB AL Ofhd ofbtor

average comnposi wer e ana

\/wérhper@@m arda{/alve$ vwnel canfeblied with IRLC. eirherpraetmﬁ artchﬁaste
reactor tenperature was controll ed at

sfireams %H”"@ @J@Pp?rﬂdarr%e'ﬁ‘%§eﬁﬁ M@&%CQHGQFG(? g Iaﬁﬁﬂbveﬁ"éd their .

alleF Y &nipb&flohdiverd BRal$84 With a gas analyzer and a GC. In the
'experiment, the reactor temperature was controlled at 825 °C. An air stream
at 7.6 slpm and a CO; stream at 4.7 slpm were alternately fed into the reactor
for every 30 seconds in a counter-current fashion. The reactor pressures were
kept at 23.7 psia and 18.7 psia respectively during air and CO- steps. During
the last 2 seconds of the air step, the reactor pressure decreased from 23.7
psia to 18.7 psia. The average product composition during CO, step was
27.8% O, 67.1% CO2 and 7.4% N2, while the waste stream generated durlng
air step contained 2.3% 02, 12.5% CO2 and 83.5% N2. This demonstrates
that an oxygen-rich stream containing primarily CO2 and O2 can be produced

with the process disclosed in this invention

Example 4.

In this experiment, an air stream at 7.6 slpm and a stream of

CO,+steam mixture at 4.5 slpm were alternately fed into the reactor described
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for every 30 seconds in a counter-current fashion. The
reactor pressures were 20 kept at 23.7 psia and 18.7
psia respectively during air and CO2 steps. During
the last 2 seconds of the air step, the reactor
pressure decreased from23.7 psiato 18.7 psia. The
aver age product conposition during C02 step was :
27.8% 02, 67.1 % CO2 and 7.4% N2, while the waste
stream generated during air step contained 2.3% 02,
12.5% C02 and 83.5% N2. This denonstrates 25 that an
oxygen-rich streamcontaining primarily C02 and 02 can
in *E@(aﬂ{rfﬂ’éj gqsplev%tfﬁ) Eé%rWSQHeaséolﬁ‘ltéFl:Qﬁétqt fa8hich! Fhe reactor
I nventi on . his experinment, an alr stream
prassures walrgkeahadt a3§tpmaamdf1 8. Z:omesrtesaﬁcmety duengaurzlarﬁd
were alt rnatel f ed to the.reactor
COPTiRiste 18y grbe rqbd tram sl for & o B6Sis) dring

CORHESH-StElH w&t 4®8% 0, 4489, CEACHAE 14D B IPLNASIPRSvaste
kept at 23.7 psia and 18.7 psia respectively during

stegiam gﬁ@lera@izdytl@amrﬁt@montau@e%sgf/aé& prlodfc®O2 and 84.9%

St
NG IS RSt o i RT0ENfABm A I FRR RS Ban 2
mastef £ 02 aadstgamncaspwdedias ungngittie pteiese @daidbswin this
3.7% 02, 11.4% C02 and 84.9% N2. This result
iNYeRfid®at es that an oxygen-rich stream can be pr oduced
with a mxture of C02 and steam as purge gas using
cess disclosed in this invention. Exanple 5.
10 In this experinent, an air streamat 7.6 slpmand a
st r darthisfexpedmeanit an air strelapraivébesipimt @ndchatsélepnt efisteatoat

6. SR TP A EREh! B b BERSE sl ek tarpps for every

3PEEESHHSAR aeshtéeplrrait fadRioR. Phbeattdr pesbuPsd Were kept at
respectlvelﬁ;y? during air and steam steps. The average

f A$iRane dfoRsIBIrBEPeGIvely Gnng,ais Aav sﬂ@amrﬁgem Jdif @Y%rage
prifdct (?cf?'nél $n (Grah basidy dumgls?eééﬂ%t%@?/ég 76 ée/a@% 29.6%

gener at ed dur| g air’ step’cont
N2 while the waste stream generated during air step contamed 0.3% O2 and
99.7% N2 (with trace amount other non-oxygen gases). This result showed
that an oxygen-rich stream can be produced with stream as purge gas using
the process disclosed in this invention.

Table 1 Summary of the results in Examples 3-5

Example Product Waste Stream
#

Fiow _02% COz H20% Nzo/o Flow 02% C02°/o Nzo/o
%

3 [Dry| 536 | 27.8 | 67.1
wet| 5.36 | 27.8 | 67.1

74 | 7.02| 23 12.5 83.4
74 17.02] 2.3 12.5 83.4

4 |Dry| 3.82 | 40.8 | 445
wet| 6.06 | 25.7 | 28.1

14.7 15.75 | 3.7 11.4 84.9
93 |575| 37 11.4 84.9

296 16.99| 0.3 0 99.7
104 16.99| 0.3 0 99.7

5 |Dry| 3.37 70.3 0
wet| 9.59 24.7 0

o)) w
P o|Noloo
© o

Table 1 summarizes the results in Examples 3-5 and compares the
product compositions on the wet basis, i.e. including the steam in the product

stream. As shown, O, concentration in the product on the wet basis increases
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99.7% N2 (wth trace anmpbunt ot her non-oxygen gases).
This result showed that an oxygen-rich stream can be
produced with stream as purge gas using the process
disclosed in this invention. Table 1 Summary of the
results in Exanples 3-5 Exanple Product Waste Stream
FIl ow 02% CO2 H20% N2% Fl ow 02% C02% N2% 3 Dry 5. 36
27.8 67.1 0 7.4 7.02 2.3 12.5183.4 wet 5.36 27.8 67.1
0 7.4 7.02 2.3 12.583.4 4 Dry 3.82 40.8 44.5 0 14.7
5.75 3.7 11.4 84.9 wet 6.06 25.7 28.1 37.0 9.3 5.75
3.7 11.4 84.9 5 Dry 3.37 70.3 0 0 29.6 6.99 0.3 0
o8itly inareasing L Q4 cancerrationiio the puoge gas, iodieatiig tteat CO, has

ble 1 t he.. ltg i I -5-and -
ek SOREEB b BUbBA: oo, MRy i e, e
| w8s sbifd Hfolat bhRitrob8A il %ré%t@&q’ﬂ'!’d‘é proﬁhbﬁ@t’ﬂéarﬁsdue to the
shown, 02 concentration in the product on the wet

- byt spane rie dye seacdor. thmmtro.eea@nnd@,e eealyoeimeataobftr@mdhe void

in the pur d| c hat. has stron

- ShstCe B HiciRiay o4 GeRH R R Bl I TREs
exanpl es, there was sone am)unt of nitrogen still
present ed in the product streamdue to the void space

] n t heWhiledbisonventiars hambeen gescabed wéthaaspest to particular
'Foﬂﬁﬁ?ﬁ’tg th8fBdx hi?lst %Berﬂaréntstﬁ’]%‘fﬂupr}’ r8‘15‘s 8$%+W%H(§t P

betvveen and arge gas i

I mo@iftdaﬂbnb@ﬁtﬁxemedﬂ@mwnbl@d dtwtdmsrte&heﬁ skifled in the art. The
particul ar enbodinents thereof, it IS apparent that

napeersird eleites i Hlisnvgntion gsarrallyanasd beicopaisued to cover all

I'n this invention
shmbeﬂobﬂeqmesbnulademmmover all such obvious forns
and nodi fications which are within the true spirit and

TﬁU&ﬂ%b@iBuéﬁ%ﬂmfﬁp& Yo fttcatidsWIRRA a?% i ihﬁ?tHé‘trG%‘ﬁeﬁ‘i‘i bnd
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scope of the present invention. LLOYD WSE 20 CLAIMS
5 1. A nethod of operating an oxygen consum ng process
conprising sequentially the steps: (a) feeding air |LOYDWISE
t hrough a reactor contai ning an oxygen sel ective m xed
conductor, whereby oxygen is fgtained on said oxygen
sel ective m xed 10 conductor and said reactor is at a
tenperature greater than 300C, (b) feeding at |east a
part of an oxygen-depleted product gas from said
oxygen consum ng process into said reactor, thereby
kﬁ@@h an oxygen- containi ng gas strean1substant|ally
nitrogen; and 15 (c) feeding said
oxygen-contai ning gas stream substantially free of

nitrogen into said gxygen consum ng process further
ﬂr odufi MEthedpiRratingan axyeen FPRSHPINGPTRGSES FRBIRISINg

gfé,g{ﬁa"grm%%{eéj gast part of said carbon dioxide is

overe ‘A nethod for formng a product gas
streamfor use in an oxygen consuni ng process

eat G)IREHISraIE NSk B har BE CoBRITIn abiGHEN spiectis mixed
eENAER0B SVIRSTEDY %X%éﬁ% [EPAIHEE LArsaidBRY N sQS SR miked
retai ned on sald ~oxygen selective mXed conductor and

sanductengndsaidsreqctal is ahpdemparaluig greater than 30030DC;
and (b) feeding an oxygen-depl eted gas streamt hrough
a second heat 30 exchanger and through said reactor,

wher efty) fesdipgatilsasted pas of ahloxpyemidepletey @ecﬁdlmlgeetfrom said
m xed conductor form ng sajid product gas, stream
oxygen consuming process into said reactor, thereby forming an oxygen-

containing gas stream substantially free of nitrogen; and

(c) feeding said oxygen-containing gas stream substantially free of
nitrogén into said oxygen consuming process further producing a product gas
stream comprising carbon dioxide and at least part of said carbon dioxide is
recovered.

2. A method for forming a product gas stream for use in an oxygen

consuming process comprising the steps:

(a) feeding air through a first heat exchanger and into a reactor containing
an oxygen selective mixed conductor, whereby oxygen is retained on said
oxygen selective mixed conductor and said reactor is at a temperature greater
than 300°C; and

(b) feeding an oxygen-depleted gas stream through a second heat
exchanger and through said reactor, whereby oxygen is released from said

oxygen selective mixed conductor formihg said product gas stream.
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LLOYD WSE 21 3. The nethod as clainmed in claim?2
wherein said nmethod is cyclical. 4. The method as|gypyse
claimed in claim3 wherein said cyclical nmethod is
thermally self-sustaining. 5 5. The nethod as cl ai ned
in claim2 wherein a fuel gaspyjs added to said
oxygen-depl eted gas stream 6. The nethod as cl ai ned
BN Cl FhBReiRarR Saitdedlin’ Yim 9ahdrdin® .8%&508 0Bt
the group consisting of carbon nonoxi
rret hane and m xtures thereof 7. The rret hod as
sai,d heat hanger s e,.

ur t1 1hg08etfiol 28 Jaliiet B daitl s WS Rl A cHB L inethSa i
tHerialy self-sus@ifing. Wher ei n nltrogen rich gas is
produced as a by-product during the oxygen retention
step (a). 9. The nmethod as clainmed in claim2 wherein
gal d gt AeMoIULIBINGFI oiath SSNEERTS AR oBki€ 3Bl Fo said

d to sard reactor in a counter-curren nner. .
Ohypgeretbpletextsgas atreach. i n cl aim 2 wherein said second
heat exchanger increases the tenperature of said
oxygen-depl eted gas streamto about 900C. 25 11. The
Bet h0¢hé$néﬂhébfﬁ%.dcléiﬁwéd i SThitfh B SAH fuel gas is selected from
oxygen-depl eted gas stream contains up to about 5%
the/gronp cp,IISISTIng rkeh exonokigienbydiogeo methawewaed anitures

g oxygen- sel ective mxed conductor is a perovskite
?’%5 ceram c having the structural formula
A -xMkBO3-s. 30 13. The nmethod as clained in claim12
wherein Ais a rare earth ion, Mis Sr, Ca, Ba, V or
fi xt ulbe negthod @scclaimedsingdaim@ whareinrsaié heat sxchangess are

MU pas& heat exchangers.

8. The method as claimed in claim 2 wherein nitrogen-rich gas is produced

as a by-product during the oxygen retention step (a).

9. The method as claimed in claim 2 wherein said air and said oxygen-
depleted gas stream are fed to said reactor in a counter-current manner.

10.  The method as claimed in claim 2 wherein said second heat exchanger

increases the temperature of said oxygen-depleted gas stream to about 900°C.

11.  The method as claimed in claim 2 wherein said oxygen-depleted gas
stream contains up to about 5% oxygen.

12.  The method as claimed in claim 2 wherein said oxygen-selective mixed

conductor is a perovskite type ceramic having the structural formula A1. xMxBO4.s.

13. The method as claimed in claim 12 wherein A is a rare earth ion, M is Sr,
Ca, Ba, V or mixtures of these; B is Co, Mn, Cr, Fe or mixtures of these; x



10

15

LLOYD WSE 22 varies fromgreater than O to about 1,

and 8 is the deviation from stoichionetric LLOYD WISE
conposition resulting fromthe substitution of Sr, Ca

and Ba for rare earth ions. 14. The nmethod as cl ai ned

in claim13 wherein x varies jyomabout 0.1 to 5 about

1. 15. The nmethod as clained in claim13 wherein Ais

o8 SR ip ARRS, ol e Bl B Uigshomeni
t6émpobitioneesulting srooh dersubstitutidreofSr]l & anned Biarfok rare earth ions.

about 0.2 to 1. 17. The method as clained in claim3
wherein said first heat exchanger and said second

hgat erehas®eH ﬁ&aﬁ%&ﬂ&girﬁﬁ@”v@ﬁé?@in%fﬂé‘r‘?eﬁ?&ﬁ?ﬁéd?%ﬁ to

of interna heat exchangers, external heat exchangers
ahdutcbnbi nati ons of internal and 15 external heat
exchangers.

15. The method as claimed in claim 13 wherein A is La, Y or mixtures of
these; M is Sr, Ca or mixtures of these; and B is Co, Fe or mixtures of these.

16. The method as claimed in claim 15 wherein x is about 0.2 to 1.

17.  The method as claimed in claim 3 wherein said first heat exchanger and
said second heat exchanger are selected from the group consisting of internal
heat exchangers, external heat exchangers and combinations of internal and

external heat exchangers.



