*159159* 1 *@00002* OXY- FUEL COVBUSTI ON PROCESS Thi s
application clains priority fromUS Patent Application
\ mm filed Decenber 6, 2002, which clains
\@m\ﬁ\mm m Provi sional US Patent 5 Applications
0/ 344,682 filed January 8, 2002; 60/346,597 filed
January 8, 2002; and 60/347,268 filed January 10,

2002. BACKGROUND OF THE | NVENTI ON 10 The primary
pur pose of conbustion processes is to generate heat;

wmm‘\er plant or in an industrial boiler system

““\“\“\mm“ is utilized to generate high pressure steam
Wadoeox 1 N turn mYXYeUEe COMBUSIMONPRACESS heating
or may be used to produce electricity. Most
conventional conbustion processes utilize air as a
sourc fi &l eqn. | '
ot 15 e BPEan SR g PRSRR A LS Pt T bbbl (2053 676
cfilea D qenutidray200Bpwhechactpines priovity rrege rﬁ’frwi/ib!onlaealﬁ Patent
it h. oxyge c tion tenpe res_formn

5 rhersBERnS SRR SERE o Be2 Do S onBatten Janvery 8
RO, GRRIES0/34 N 6B RS Shfuary 1(£QpBYSt | on nust be

treated to reduce nitrogen’oxi ge em ssi ons bel ow
environnental |y acceptable linits. Mreover, the

i ch i turn | iAGREEROUNE PR PR RN NG o case
which in turn i nﬁg 0 E' decr eases
the thermal efficiency of the conmbustion process.

Additionally, high nitrogen content in the flue gas _
10 nmay nakie primang purpase ofcanbusiionprecen®sds tth geneatedieat. In a

e hanter Bas” RS Bhlotyhnelfadih Uilian g generate

eiifle pressuire Gtedralwhieh M n mdy bé uséd E%g?évi@@ pra@cess heating or
devel op processes which will enable CO2 capture in a
dHay b@fl{%ﬂpﬁ'o%(}e_ electricity. Most conventional combustion processes

utilize air as a source of oxygen. The presence of nitrogen in air does not

15  benefit the combustion process and may even create problems. For example,
nitrogen will react with oxygen at combustion temperatures forming nitrogen
oxides (NOx), an undesirable pollutant. In many cases, the products of
combustion must be treated to reduce nitrogen oxide emissions below
environmentally acceptable limits. Moreover, the presence of nitrogen

20 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

25 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

30 some of the flue gas produced must be recycled to moderate temperatures.
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One way to elimnate nitrogen fromthe conbustion
exhaust or flue gas is to use pure oxygen in the
conmbusti on process instead of air. However,
conbusti on wi th oxygen generates very high
tenperatures and therefore 30 sone of the flue gas
produced nust be recycled to noderate tenperatures. 2
This in turn dilutes the oxygen content to about 27%
(remaining - 73%is CO2 and water) and maintains the
flame tenperature to the sanme value. Wile such a
schenme would elimnate the problens associated with

MTHiE @91 dildees HRSxygenLentsrt t8labBUESPH (remaliey RiTBY is CO;
to make it econom cally attractive. 5 Production of

Ayhwaten and weaintgis the dame dempgrature torthesisone valiealilyle

T 85t AT B i ERf Mo, e

sédst afrokyden anpseaeiR-tedHigh edmake |t5é¢cﬁﬁm1‘ﬁbﬂly3§ttﬂa%twe
used in a conbustor and an oxygen-depl eted gas stream

The feed gas 10 streamis conpressed, and oxygen is

separ abgfy LHOA B&@&F@hﬁﬁ@éﬁjgg? §ﬂg%9ﬁ§sﬁé E%H?émceramlc

an i on trans ort ranspor
masinbaaee Irtadnsogssed intleéng aPat. chJIes 3881272 mtﬂa:tediselosede process

The ate q(cj!e of the ion transport  nenprane

dﬁr agaarﬁ ing aaise 3as Stieaipinto AN exyaencemiried gas stream which is
t t

ISRt e S6paS{oR A B 46 0Btdd Gad COMR, TR fod bas

ssteemmofis COmpreBsadu and mgenmmrmraiﬁaefroml tbadmmnrages;d feed
s_met hod n_ prod th ret eh| cost

Hos Mg AR b ¥ ESHRb] Bifihg afy'on Batipes

nheﬁmran@ hBWiNg & Pstentité YRferRfa tdé?fheéfeesbéaTh@ pRfheate side of

oxygen recovery is typically lowin nbr ane
aheﬂ@n traospol perabeane isrpusaed withi at I@asi@lp@lmomﬁ aeembgistion

%gguﬁﬁ%saﬁé%edﬁtg%g%ﬂn Zﬁ%%r&gggtugﬁ Ilfna{ﬂe co'FﬁE) to?ofsthe gas
stream exiting the permeate side of the ion transport module. The
disadvantages of this method of oxygen production are the high cost of
fabrication of the membrane and the difficulty in producing membrane
structures that are leak-proof. Also, oxygen recovery 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 dependent on temperature and
pressure. The process normally 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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substantially nitrogen-free oxygen stream suitable for

oxy-fuel application, and may provide an attractive

option to reduce oxygen cost. Such systens utilize 25

ei ther pressure swing or tenperature swi ng node since

the oxygen retention capacity of the ceramc materi al

is strongly dependent on tenperature and pressure.

The process normal ly operatessat tenperatures greater

than 300C and offers several advantages, including

hi gh oxygen capacity and | arge oxygen selectivity. A

key advantage of this process is that it uses the

cxey gesighed seirertradiionaltraginddsi ThaotHe Mrbcekd cdrebé et

formin fjxed bed reactors, which can 3 be designed

Lrsqrﬁ@emlaw arepted merenerNly crraredHe the masskrangrbased process
éﬁé@%béﬁv@qﬁﬂﬁﬁ‘?egwees %@é&lélﬁgﬁﬁ%@%@egﬁ%ﬁggﬁd assembly

ane ased proces

rmuede&ss pad uakncbwb Itd hate severs dlsuesg intitls asgetbAy additional
p ures AG%(IS known to have sever al |ssue in
29 PhthEestbed RIS asRh AYSaw 18thatibcah diectly
uég%ﬂ%ﬁgeﬁ%‘?\tﬁﬁﬁl eéﬂéa?ntwstéﬁtla?lgrl’re‘é' (5Terﬁttr{>gen with the
pro uce an oxygen contdi ning stream subst
foxygenfcancentrgtion swtalbietfoleoxyeﬁ;egi; eppbcc:atmnt'lﬂas ||souml|ke

sui tabl.e for oxy-fuel application.,K This

SR ERl Srnidirops aast Sueh B8 qrVbSRe Al sgedraton etnod, which first
S5Bauas high PRty Ukygehi &R Fé (ite s&féé‘i';%ﬁt Hm&ian%r%éﬂhe
oxygen, and requiré subsequén [ution to get t 10
H@quweédmwﬂ9@@nnGQMﬁ§NUrat|on The present invention

is ainmed at reducing the cost of oxygen by producing
substantially nitrogen-free oxygen containing stream

sui t abTife brgsent fventioflis BKNEE At FSUNRIHY the dtfs@@%ﬁygéﬁ by
relates to the use of a high 15 tenperature, oxyg

RIREHENDSbS{ANtEN 1Eragesciioe cxHI®X $geiainioa siRAM gutable for
UL 8%@&@&%11153]% i Igf;{gS@e{éL ¥eldt89 ‘F&he’vtt?éeeof a high-

partlc e use

deprgeEnatied cntyjgen gaEtaration systen @l produse paradygenuopedining
from an roduce. an OXégen cont ai nj ng

sitresith %@%W@%\W% tfﬁwﬁegae Morgrparticyjadin lkaRRcibes the use
;dg%@@@ggn-éélécﬁ\% Brafi¥ FiRte AAND WAl S5GRR Rt Antsir
stream to produce an oxygen containing 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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| NVENTI ON The present invention is directed to a

nmet hod for formng a product gas 25 streamfor use in
an oxygen consum ng process conprising cyclically the
steps: a) feeding air through a reactor containing an
oxygen sel ective m xed conductor, whereby oxygen is
retained on the oxygen sel ectiyve nmixed 30 conductor

and the reactor is at a tenperature greater than 300C,
and 4 b) feeding an oxygen-depl eted gas streamthrough
the reactor, whereby oxygen is released fromthe
oxygen sel ective m xed conductor. 5 The

oxygen-sel ective m xed conductor is a perovskite type
ceran b) haiaeld@g ae oxygerctapleted gasmstraar, thrddddCthebreactor,
wh is arare earth jon, Mis Sr, Ca, Ba, V or
Rp G SyoRnls Ede8ed ot hei den Seiettiye Tied soadugior
these; x varies fromgreater than O to about 1; and b
is the deviation from stoichionetric conposition

r esul t Thgy okygen-shlectve mikediconduatdr iSrg p&avakite Bepef garamic

1 t x. var.i es. from about
i T Sfb St Bcplibt S ERLY, Mgt FoisA e PR jgn,M s

i Sr,\(Ga, B4,0f oﬁhﬁith@oﬂﬁeé@@ﬁis CHl Mm, Br; FEDr Phixtures of these: x
mxtures of these; and is Co, Fe or m xtures of

t Yavias, framegraaters dammyto @@OHF 4cand 8ds the deiationfropor e

S8 B ol oot o SIFSBINGEr S7PLE18 oo o
crace eaethtions. Rreferalilgrx vargseiémaoue . 1dféllébd31§l 1,rRost
S o b €05 T R o oo oyt R M o or
OFBaGRsCHthasdl 4l Blid Eg”FéLb@%&ﬂfré%b;Mw 3 free of

nitrogen is generated urrng ste
oxygen- cont ai ni ng st ream substantially free of

nitro 0 consum n r ocess.

oy wonThe iethed o' 68 pRANREN yiRT Sed ol eBh SEEeias pient. The

L &iE 268 W okPHSH ﬁbblﬁ%cp@as streams are fed to the reactor in either a
cocurrent or a counter-current manner.

During the oxygen retention step (a) of the method, a nitrogen-rich gas
is produced as the byproduct and an oxygen-containing stream substantially
free of nitrogen is generated during step (b). The oxygen-containing stream
substantially free of nitrogen is fed to an oxygen consuming process. The
oxygen consuming 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:



a chem cal oxidation process, a partial oxidation
process, a boiler, a conbustion process, and a
gasification process. 25 In a further enbodi nent of
the present invention, there is disclosed a nethod of
operating an oxygen consum ng process conpri sing
sequentially the steps: 5 a) feeding air through a
reactor containing an oxygen sel ective m xed
conductor, whereby oxygen is retained on the oxygen
sel ective m xed conductor and the reactor is at a
tenperature greater than 300C, 5 b) feeding at | east

Ryt OofbedmgOxy BR6ugie Bl rehe®r RbAtIhg $RSokyem ddéctive mixed
oxygen consum ng process into the teactor, thereby

fEMAUstPrawhesgyeexygeons aetaineg @raéheﬁoxmn selbstivenmixsd y
f 1 . . _ . .
SRRl A TBarP s A 1FBEC ARl Gl AR GOBHEL "t ne

oxygen consum ng process. The oxygen-sel ective m xed
conductor is a perovskite type ceramc as described

ahov e.feedingmnty gest-rashebam pryoedepletechpiadust gas fiom the
: AL il ;
98858 corBLIABERER, 18 18 flltof IR AHRAHE Aosyoen-

moedsinmgsgas strbamtsubstantiatip frice ¥ Midsgen;raridni s et hod,

steps (a) and (b) can be perforned cyclically. The air
and the oxygen depl eted product gas stream can be fed

tg th t ' - g :
(' 1 SeEARSIE 08 EABIA AR Sbslibl P 180 prosr
bptoptheduwygep rastisuptnglpraaegst he oxygen retention step
(a) is a nitrogen-rich gas. Step (c) of this nethod

will further produce a product gas stream conpri sing

g gf borTKE exydth-s8lebtive AixREcORARNST 8% povekiREtypeSRtamic as
described above. The oxygen-containing gas stream substantially 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 present 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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In a further enbodi ment of the present invention,
there is disclosed a nethod for form ng a product gas
stream for use in an oxygen consum ng process
conprising the steps: 6 (a) feeding air through a
first heat exchanger and into a reactor containing an
oxygen sel ective m xed conductor, whereby oxygen is
retained on the oxygen sel ectyg ve m xed conductor and
the reactor is at a tenperature greater than 300C
and 5 (b) feeding an oxygen-depl eted gas stream

t hrough a second heat exchanger and through the

r @hct ofeediMipaie troRyk Gefirst Redtedmandef BAANIIBY rede¥ddntaining
selective m xed conductor form ng The product gas

s@n exygen selertivermiixedicorduster, ivfreby oxygen Isaietaineg on the

oGl SR gl R S EbLT E EBR bt

ath&EaB A Ct hpdoxygen- depl eted gas streamand is
preferably selected fromthe group consisting of
carbon nonoxi de, hydrogen, 15 nethane or m xtures

t her eof, qi ed | [

B Deleedhiefan 8o 6B Rk WM b darl 4 olRl e
esxchamger ra]ue'td dh mdu:ggstbe wedcﬁ)e,i'swrr\]mbp mgﬁen ;1 Eale@sdcaﬂ@ﬁdtlhe
so that t can be intern eat exchangers, externa
oaIseaieipied sanaEaTPRENGJRS RipOYTH e S oahd
external heat exchangers. The air and the

oxygen-depl eted gas streamare fed to the reactor in a

count efhe metbad israyclieal and ig thiesmatly keld-stistaiding niTing @xygen
gas.streama nitrogen- rich gas is produced as a
SRR RS s agonsil n e Bl 2
The second heat exchanger increases the tenperature of

t he ox g:t{en- depl eted gas streamto about 900C which

can cohtféelgasomay edbt the oxygen-depleted gas stream and is

preferably selected from the group consisting of carbon monoxide, hydrogen,
methane or mixtures thereof,

The heat exchangers 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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oxygen. 7 In describing the invention by way of
schemati ¢ drawi ngs and through exanples, a boiler is
used as a representative oxygen consuni ng process. It

is to be understood that the nethods of the present

i nvention can be applied to other oxygen consum ng
processes such as conplete or partial oxidation of 5

hydr ocar bons, sel ective oxi datji on processes for the
production of chem cals, conbustion, gasification,

etc. BRI EF DESCRI PTION OF THE DRAWNGS 10 Fig. 1 is a
schematic representation of a boiler and the ceramc
oxygenn meibmg 1P iBYSHtRIN BBwaY % 5be&faby dr4veings %ﬁ@ﬁhrough
|nvent|on Fig. 2 is a schématic representation of

CBIEEMR @So&@@éﬁr @éﬁ@ﬂaﬂﬁ arepregentative oxyasty tarsuming process It

305 LA B35 5B LB EREH) iy BYEDL R ve'Foptec
dw\gleer Orwmmlﬁg precasset Bush %%fﬁdw;ﬁléfé @spartial oxidation of
ractlce in the present invention. Fig is a

P enﬁeiﬁ@@%@ﬂ@@ﬁlprbprqg@saeﬁ fprd!sw@é@d@@ﬁemchemlcals
t | ayer arrangenent. DETAI LED

%g@@aﬁﬁﬁxfﬁgﬁwaﬁ%]5&EFERRED EMBCODI MENTS Fig. 1 is a
schematic embodi nent of an oxygen consum ng process
25 such as a RhQj and an oxygen
generati on cefaw Al eI in Bis
t he oxygen- selectlve ceranlc naterlal Li ne 10
carries fuel gas to the boiler A The fuel can be
sel ectfgg. 1 ﬂmmachen’grtioupprecsentatbniofga lodileCtahd thig,ce€inic oxygen

HA, C2H6 and m xtur.es can be coal, char
Fraien St SR BrailieRa 5y 08 Pregrnt iR “as o
streans, fuel oils, etc. or 30 any suitable

conbustible material. The conbustion exhaust gas or
flue dd9.28& a schematic representation of the ceramic oxygen generation

system for oxyfuel_ application as practiced in the present invention.

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 is the oxygen-selective ceramic material. Line 10
carries fuel gas to the boiler A. The fuel can be selected from the group
consisting of CH,, Ha, CO, C,H4, C2Hs 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,
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whi ch consists primarily of carbon dioxide and water
vapor, exits conbustion/ heat recovery zone A through
line 12. A part of the conbustion exhaust gas is
directed through line 14 to the oxygen generation
system B. Conpressed air enters the oxygen generation
systemthrough line 20. 5 Oxygen | ean stream
containing mainly nitrogen, ug to 98% exits the
oxygen generation systemthrough |ine 22. Oxygen from
the air is retained onto the oxygen-selective ceramc
materi al. The conbustion exhaust gas enters the
SyRicRoRsists PRMRSIl 6 CarByl dRikids nd SEREEV RS ekife
ceramic material. The gas |eaves through line 18 as
sesbustiandnest rﬁp@vefgmneﬁwr@ug@ énerli2eh afitheir@mbustion

SEARR) B8 OB SR INS FOONS ORI BEA I A
r@anippessdd ait edtems the ok'ygﬁh g@rﬁmﬁﬂ@lﬁ dystem through line 20.
ﬁé{g@% el ective ceramic material, such as doerovskl te

ean-siepain coREAINING SRaiRlyNitfagen.i uR tor 98%; AXiE g oxygen
e e a0Em Bibldiha 28 Dkendsh (e EFERRAITo e
w(ygemﬁmmemtlmoceaapn@MemlsWh?gon&ﬂ%nbn mhaumenters the
asse I nto I rst e ere ox
p?yé? {EIUeS t &Séwsan&m@deeﬁeem%ﬁ eFergmic nﬁ?a@n%he
%@@leawégmugh%bw @yvgu&tsm.a%&re eﬁffrete%é}@%g ncm;&s and

mat eri al becones at [ east I'n pa t satur
oxytgemthet badles pewheraby dagnbustionf earnr ectur @n2®. anot her

vessel. The first bed is now purged with the

conmbusti on exhaust gas or recycled flue gas, which

r emov ephébetpaigisystth pﬁhérﬂ?c@%ﬁ@@s éf‘!éa%ﬁZfl‘eé@tékﬁ filled with
al so regener at es Ythe tat er il ni num of two reactors

drigh ﬂ@@eeraéuret Xygesoselectivenesramic aspdalasueh as perovskite

THBIRE Y5 R Srec LGPl 80y tone

tmuthumsalmwt@xchbagbmd wiitctiover vahiess ThBipgbcess is cyclic and

rature oxygen-sel ective ceranmic material, such as
n@ qrapay ttgrq pIessea, guinaetantion precess &riedly, ﬁwés passed

e e
aygigentlbanstreaomie withdrawn from the top of the bed. Once the materlal
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 resuit
also regenerates the material. Minimum of two reactors are required to ensure

continuous operation.

Turning now to' Fig. 2, air is 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 gas 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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30 of the nmulti-pass heat exchangers and will | eave
the cyclic system Wile one 9 bed is undergoing the
air step, the second perovskite bed which is already
partially saturated with oxygen is purged with the
recycled flue gas stream Like air, the recycled flue
gas al so passes through a nulti-pass heat exchanger
bef ore passing through the pemwovskite 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

I tm!éﬁswndwmag the lairstgp, theeseaohdl ipepaskitetsetwhbieh.is already
exchan

h th led fl .
TeriaBCpaltited villservasids i s hih e atercing e Safayeam.
e %ﬁd;n% RycloBR) G5k HoHBaiss Hrol GENALALAS ks

ITst “conpressed to the desir pressure using
aexchlahgee befére Plassiog rtbrom@*aetde a:eirovsklté dxbck dstthe recycled flue
mul ti - pass, heat n er Gt val ve . Val ve .
@R Ba eéstgaoteﬂmheéo itPighspp t %(gﬁ” ﬁ@é‘%gen'the perovskite

Wé@%%g@w@ﬂét&(ﬁ@ﬁ@bvﬂqﬁe %e%%yggh r?’ﬁ:hfgfésufhréz'nr]G?VGes the bed

oxygen-lean 15 stream 16. The hea alr

tbrcnugin ﬁb@rmuttkpaﬁ exhapgeTaxcbangieg _helag svithsthedaeemirg,
exi t@ z&l exchanges heat with incomng air in

&xXeh ﬁg ¥ESnd then | eaves the system t hrough val ve
V8 as stream 20. Recycled flue gas fromthe boiler is
first cooled in cooler C and then 20 conpressed in
bl owerFipups 24y descrikastiherg with bﬁd@ mlatnstgra@gdrt&ﬁ/\ on
LB Yol SOHBR YRS A SRR PR o decPBhE Besirc

Wsemwrerwsmg sirrtdawer B5Thé eamesm b:eds ferdotm thbenulti-pass heat
bott om asses thr ou%@at he exchan F and into the

PQ?E\ thEpYgh B‘Eﬂﬁﬂ Mpave N6 19§ Oﬁeg)ﬂéirkf‘@lthiﬁﬁt% Alir is

SHEBATS e S ) OB BAEON LSRR 3B ean

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
thfough 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

1 30 Air | Flue |open|close [open|Closejopen|Close| open | Close
Gas
2 30 Flue | Air |close|open [close|Open |closelOpen|close| Open

Gas




10

15

20

25

30

opencl oseopend oseopenC oseopenC ose Gas 230Fl ue

Ai r cl oseopencl oseQpencl oseQpencl oseQpen Gas 10 The
present invention can be integrated with an oxygen
consunmi ng process such as a boiler or fired heater in
several ways with an objective of inproving the
efficiency. In one enbodi nent of this process, the
boiler is operated under slightly under-oxidized
conditions so that the flue gas contains 5 no oxygen
but contains a small anmount of carbon nonoxi de and
hydrogen. The carbon nonoxi de and hydrogen are burned

i Nt heTepraseft irkenBahicah Bé’mté&?‘ﬁ%’o%ﬁh %ﬁadxévg@g;ao{nggming

to sustain and inprove the cyclical operati
H00esk Btich ae@cbculer ot firedl heateain several whys lithl ar objective of

t.ed dit the fuel
IBHPURE G B RR oD T RBE il iar BF rrdfess, s pater s
'épd?émrﬁdérnsh*ﬁhﬂy uhbgeotidzedt sdpRIisysait thdflde gas contains
volume % In this case, the recycle flue gas is fed

thy pqu\eb@t\@ntamraea@ﬁlbranmm zl{ebly} m@nazsldetanﬂqhxﬁrogen

T R 5 o B O roscr o

tdererafe hentaeqaindd td sastalreand iipiovieche i/ clical bpagdtion dflithe
the excess oxygen present in the flue gas (stream 50

iRerevefitesreACtorThi s conbusti on generates heat
necessary for the cyclical process. The anmount of fuel
gas added is adjusted so as to generate sufficient
heat . Altgrnaticelysthieumileaiklepenatsd inden ¢dnditidres m«;l’gmat the fuel
kite. nper at ur
I

stored on, t rov hi r te

8 ST RSO B AN SEBMAIEPHBED, roeRBIRBYOR i arasent in the
ee%é%()’@ﬁiﬁaw APbGTRERANANE LT 6 tHiS £85E %b‘féb}}’clé %le gas is fed

IS operated under conditions of extes

dﬂyberper@vwsueect@oaiﬂrg witl tmbaddition offa sthall arr@uhmgf a

suuta%'le fue?suCh as carbon monoxide, hydrogen, methane or a combination

thereof in an amount at least sufficient to react with the excess oxygen

present in the flue gas (stream 50 in Figure 2). This combustion generates

heat necessary for the cyclical process. The amount of fuel gas added is

adjusted so as to generate sufficient heat. Any excess fuel added reacts with

the oxygen stored on the perovskite. If higher temperature results due to the

combustion, it helps extract more oxygen from the perovskite.

Alternatively yet, the boiler is operated under conditions of excess
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 through
an optional reactor to which a controlled amount 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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gas can contain up to 5% by vol une oxygen. This flue

gas i s passed through 25 an optional reactor to which

a controlled anount of fuel gas as described above is

added. The reactor may contain a catal yst such as a

supported noble netal catalyst. The oxygen is

consuned in this reactor by a reaction wth the added

fuel gas. As described above, ;ja portion of the

resulting gas after heat recovery is then fed to the

perovskite reactor for generating the 30

oxygen-contai ning gas stream The conbustion catal yst

GRBy DR RSihal Sy thblpdrevsibe |ﬁQH@'sﬁﬁﬂa Miclchort B§ alayer at the

perovsklte In the same reactor, as a |ayer at

eantrancedottbe reactoraétsor, 2 Iaym'cqf perovskite asn mtrawa Izotr@ustlon
as a conbustion catalyst. 5 Alternatively,
gen-cont ai ni ng gas | eaving the perovskite

reactor is cooled to separate the water in the stream

as condensate thereby increasing the concentration of

oxygenAlternatieely: thespnygentaomtaiginggasiieavingdbe perovsklte reactor

RO SRR ne (el BB Bt BY OO RSB OE R

dnereaisirenthersbnvantration of exygureinfthe>strizial te’cutrﬁngfib tH@oxygen
operation of the_oxygen consum ng process,

SQNEHENBE PEICass: I hedneeased 9xygﬁm§@n@qré@aﬂoaﬁn9y be heneficial to

rtﬁ ‘?ﬂ&ggé cg s?ﬁﬁnﬁé %E%pg"?tﬁ r?é?gcg =y rﬁ%@ld’é%Bre flexibility to

ahempmaitlamoﬁmye ORYgEre 0dmSUring pmcesmlAmgxtehelon of this scheme
ﬁgen rich stream and condensi ng thh

e stea
é‘sﬁﬁée?ff‘&flé%§s§tregle“8 oRgas a8 s g@’tﬁ?é TQﬁI’Va'“
é‘%éHf thiSE&Rhe Is that '&ﬁ‘(gg?n? 2aM 1 be@%dﬁt‘ﬁ bRy I Y
ressure steami1s us Iy no em as
saﬁmmatrapmbgruoeding d¢he onygen- riclegtraaedam; condensing dre steam

h
O%ﬁéﬁ crghpriets sflSralisridoRmrmbslia BN I5U-rresape pteam
fig %cbb@aWGWMé|a€/§|IéHJIH® cFaswhnbss fre s?@amtls eBligNy® ndh& problem
ceram c OXy rl%eneratl on systemso that it consists

oAs aehemngs g@se ed hete Beeintegretashas partohan avesall baier or
RYGE: §18fit bFofhdf oRfY&P BofdimMg' frBBess.

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 CO;, 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 patrtial
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
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step is CO2, the amobunt of oxygen recovered fromthe
ceram c bed is higher conpared to other gases such as
N2 or steam This is believed to be due to exothermc
retention of CO2 on the ceramc material leading to
greater oxygen 25 release. The schenes presented in
Figures 2 and 3 are based on partial pressure sw ng
process, i.e. the driving forge 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

LR8I 8 e?mﬁ%g’ﬁfﬁ?eefédu a%o%émré(uéjrfgfe&)g}g/éﬁqn%fe t02§gen—rich

requure concenty ati on-of oxXygen I n en-r
sdtrezam Adoardingi toghé dnvdméion nalem fednat aapresisard eld1 3408 psia,

et abEs 480 poim APasgorssPeterahly 10 4P cipoickd thprEdcled
Jafe gas 9t 8.1-— 260 gé?d ?reﬂéf‘@él? "83%@ Fs@ afd RS rd: r@fé?aﬁ?ﬁ%--BO

preferably 10-- sia he press
g csethed the pressure diferenceshetesen the tvh estreamsmfrdbe endrance

t,he, react.or d betwe and 20 psi. The
Steﬁgﬁggagpggsewﬁﬁﬁalngagef\g?%@éqr}dq%fﬁg concepts enpl oyed
in ensuring efficient heat managenent. For exanple,
one aspect of the 10 invention provides for the use of

i nert sehemes poesanted herextalate thdahe conaerts@mplpyed in

Y FRCATeh herpaRRaRay, 5, 4R, oRULH A"

Aavéntiod providascior trgese bitinevtembtials forédeierativalAast fransfer
conjupction wth at Ieast one external heat, exchanger

tig %m eatalyticrraeessasd | herRactergesfigHratign wm"wbmatquals is
FlEUFé’Hgfh WEUIS?‘QTR!?%Q&%&NQ%%% trQﬁéfer ?éused in

rraterlg] eratures 0 treans exi
I GEAnj mnhou:\amtlh)at lesgcné exmnawea@xchdnger tQ. acfﬂeyedbba:i&swed

ot diarsterat e PUetal pergsbs a 1-audh heaLSudiange with fese iner
| BN, tafPRHIHES SOOIl s oAl 53R4T i be

correspond as wel an increased
ogignificamty rad‘ue:edf eghdodelaw abbuhea@%‘e)amhmr@&rablycga lowdas
f about 500°C. Such a reduced gas stream temperature allows use of low-cost
construction materials, and results in corresponding cost reduction, as well as
an increased operating life of the external heat exchanger required 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 about 60 seconds.



10

15

20

25

30

20 additional heat transfer. While such a heat
transfer schene is generally applicable to any cyclic
process, it is particularly well-suited for processes
with relatively high operating tenperatures, e.g.
about 250C or higher, where the unavailability 25 of
swi tchover valves for high tenperature operation
necessitates that all hot gag;streanms be effectively
cool ed so that standard val ves can be enpl oyed.
Furthernore, it is also well-suited to cyclic
processes with relatively short «cycle tinmes, such as

those ABcoMiingftoldRbE&RidMiE of e |ﬁ98||1ﬂ|cﬂg rﬁulﬂfpsas%r&)nh?ﬁ&‘ﬁeat

about a mnute, e.g., between about to about
s@cnmm\gersaarelmsentmarmgut supphdodntad heat t]ian$ﬂaefrom hot gas
ventio exchan

S T ey N BE i PRERT D3 BxenSRdetSr B i ahrats on
o9&\ lic HubERNBnchiGfigatidirivitl ehé Wcl%’ﬁ;%rﬁﬁén Befe reactors. The

exchangers, "which operate on cyclic duty in
Seaftexchanae ishirifier somplermgotadovigp theainternabregemerative heat

PREPRE v SRR QHRRRA, s T nSRRe R,

| dahiangeyealiowheatexshahgebhativieah.thd rletand botét dfahe same
exchang(#)s al |l ow heat exchange between the inlet and

RGPS, JPr ERRMPIAIN 286 VRS8N f%e%%%ﬂ@réﬁﬁy(&% fiuggas and
ORRERIELN G COpBE XA A Ty 0 len BSHPE | Bt

ealtdmwlgmt?éxmlahgeﬂeltwaén two Igla‘fegenmwma mmxdmpileeamrand
streans Qr exanpl e r.an stream an
nich SgRam and W%gfydvféagem ae gﬁ@/clqcﬁﬁge gaac This heat
et L B By Bk e
ralvesmand ephehceshthecsetinbititypofdbesyclid probeesnul ti - pass

exchangers, which are a part of the conpact heat
exchanger famly, offer significant thernmal advantages

over CDhe aiflii-pass exbRangeraNWhichfreax pAR DY i corhpakt REAt
avai | abl e commercially and may be enpl oyed
exchanger family, offer significant thermal advantages over conventional shell
and tube exchangers. They are available commercially and may be employed
for pressures as high as 2000 bar and temperatures as high as 800°C. A
detailed review of compact heat exchangers can be found in an article by V.V.
Wadekar, in CEP, 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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for pressures as high as 2000 bar and tenperatures as
hi gh as 800C. A detailed review of conpact heat
exchangers can be found in an article by V.V. 20
Wadekar, in CEP, Decenber 2000, which is herein

I ncorporated by reference. For high tenperature
applications, these heat exchangers are typically
fabricated fromstainless steg] or other alloys. Wile
mul ti-pass exchangers are integral part of the schenes
25 presented here, it nmay al so be possible to adjust
process paraneters to conplete all heat exchange
usi ng hRer, - d IS} O Thi s
w1 e e B e e o
t¢untamirationafdhe idesired padbdust streairbwith fropudties asatreatltt of

REAELABR RS, B SR RS o Rah bl Sl e
IRa} fePosnhdhasddonits hittogeh [rBSEACGNRRE GBRESS the dnldof the
posSibility of contam nation of the desired product

Sueygem retarmiongiep. niardento avaied thistamaddiliesskstepanay be

aRfra el TR st G et o BRcishR i) Sie3y 883 e Govgen
treeentRindstep! Thigavik Rémele he ritrégeroeiat ned\ePé ipedsaiit@P the voids.

In order to avoid this, an additional step may be

i Hhe rArtednow sanhespurgeg wiktetheesarabystign GPXft?éJS?{ oas & flue gas.
with steam after the oxygen retention step. This wll
renmove any nitrogen that may be present in the voids.

Thﬁ r €blod oxygm&el&nti%cewrmed?]aﬁetihlstére typi:ns‘awﬁbkmen-selective
exhaust gas. or u s.. 10 The o en-sel ective |,
dBP&R © ey 'cgré%bb%t&m'gh 8%@1’?}%@[“39&‘)’9@ lonic

'Eogﬁﬁcﬁﬁﬂgé‘%i Blevatddichih &l tE%BI%&' Vapg%@?ﬁif(é’&‘bénductors

an oxygen 1 onic conductivities at ele

tareypEravshkite-typr axidess GO 4 basad oxides!, BigOghased oxidase ZrO,-
Ki.t e-t id ., Ce02-b d i,d Bi 203-b d

BasEoxiget AN oy lerie oxids, T PiRkto ST EONBRFR LS.

| Sle&FSHRE chbRddctivith Bhd RBRMRRSadtiVEy for oRY§ER Idhidtion, some metal

conductivity and catalytic activity for oxygen
i raseaandve addedint@thg ceramic material to form a ceramic-metal

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 formula A4.MxBOs.s, where A is
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phase can be added into the ceramc material to forma

ceram c-netal conposite. The netals can be sel ected

fromcCu, N, Fe, Pt, Pd, Rh and Ag. In general, the

oxygen-sel ective ceramc materials retain oxygen 20

t hrough conduction of oxygen ions and filling up the

oxygen vacancies in its bul k phase. The oxygen

retention capacity usually ingyfeases with increasing

oxygen partial pressure and decreasing tenperature.

Therefore, the retention and rel ease of oxygen into

and fromthe ceramc material during retention and

rf R0 B 3 ﬁfé‘f’alp@frg%dﬁse%'eﬁﬁoe@bl of é)é‘ﬁddié h&pleX3f9&Bments or

partial pressure during t retention step i s nuch

highees theraof, Mits amionhe a rekted 98 Gsoups 13 and 2pradtte pedodic table

enbodi men th | east on en- sel ect e eram.c..

ATBRIES et E0 oo G- metal Sf B3 B8 tavle

edheﬁ{litﬁ%sc tHOYBBHC L Oaridd) frofin ™06 EtoPH efeﬁ{dr 8die 'Iﬁédﬂé‘(ﬁé‘ﬁon from
e oxygen-selective ceramc naterial conprises

Etoiokivkidtde typpositivanesultiay ifrogn tHeesdistitutioorafliofi® ofmiehals of M

?1 xl\/kECB)? 8, v(\/ﬁ re Ais 15 an ion of a netal of G oups
qriong BFTRIAISHE peri odic table of el ements or

m xtures thereof; Mis an ion of a nmetal of Goups 1 a

and 2qn0f ke p&"efé?rﬂé& dnithdime, fﬁ'exbtﬂl@éstt Bﬁé Qsﬁygeﬁ-selectlve

is an ion of a d-block transition netal of

mearamds materisl i a peraviskitertyps caraminand x Vades tfgm‘ abgt 9ot to 1.

to 1, and Sis the deviation from5 stoichionetric

ﬁg[‘gf’i g n‘%ﬁh\érﬂ@ﬁ %l%gergéd) %{o@? %lﬁ ﬁﬁe #{tlé%{ o‘?1fe e%ﬁn%felective

REeFhgiic esaterdow Hemérovém-tqpelmsmmaad A is one or more f-block

oxygen-sel ective ceramc material is

daa&m@e{ss lpyd et RRgferrad cembodinmesy, v sl At SO P rgixtures

Iheldbranot her nore preferred enbodi nent, the at | east

one oxygen selective 10 ceramic material is a

perovskite-type ceramc and Ais one or nore f-block

| ant halmi atethen moee prmf@-renl ethdMeletnﬁ@d&!tdeast ong ¢xygen-selective
Xt .ures the | n_anot her

eqﬁggmlmmen@l is %tpqr%\és& e y,cée GQ%E'H %Qg %ﬁ \98 eas? on% metal of

Group 2a of the periodic 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-selective
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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ceramc material is a perovskite-type ceramc and Mis

at |l east one netal of 15 G oup 2a of the periodic

table of elements. In a nore preferred enbodi nent M

is Sr, Ca, Ba or mxtures thereof. In another nore

preferred enbodi nent, the at |east one

oxygen-sel ective ceramc material is a

per ovskite-type ceram c and is Ti, V, C, M, Fe,

Co, Ni, Cu, Zn or mxtures thereof. In a nore

preferred enbodinent, Bis V, Fe, N, Cu 20 or

m xtures thereof. In another nore preferred

e”bOd'Iﬂe%oth%P rﬂbobﬁr?e?ﬁ ME X NIRD- G éﬁ sef 48 Eeramic

mat er IS & perovskite-type ceram c an out

Omatdnal l:ontluctan0$ heermemiber [getdoted efnbmnthedgrmmt ponsietiraag of (1)
sel ect ceram c materi al

I t
(o Pty SRS REL R IR 410Up OTRIST B o, BiaPf: ZAas Ce02

| \Zﬁ@%gelqﬁ% ae%" thixtupes theredf, fF\‘eXEéFéﬁﬁc tpsePlces BUING doped with

) m xtures thereof. 16 |In another
eGdOdiare raarthtrhetahoxnueaet rm»:tares@gleeses €2 eerowrngnittenitagixides; and
n@&erl al t{}guctor is a nenber selected fromthe group
c §?'§tl"|'"i"§g° ®¥%) ceranic substances sel ected from
the group consisting of Bi 203, Zr02, Ce02, Th02, Hf02

and it whether Nemeslimdie ther atmigast Ubrsé angeenbRiiddive ceramic
doped with 5 CaQ rare earth metal oxides or m xtures

omateties @on@zqtomsoahwﬁst ene IceraRicarudstanne selgsted; fiemrthe group
éoﬁs%%geqfe OZr"c‘FfC%E‘S’O‘i‘hESE”Hf%t Bfd uxiu?é'ébf #e, and the at

oxygen- 8t am ¢ conduct or

| leastt oo Q:em@nsubm Bndepezk vitht & darfer eanth hnaetgt oumie selected
consi sting of Bi 203, Zr

rirgmihe grekp @mlngafaz&eNgf8§§J£>g§@% e aeam'eﬁttfes of these.

substance is doped with a rare earth netal oxide
selected fromthe group c éhﬁﬂ g of Y203, Nb203,
Snm203, Gd203 and m xtures o es Exanpl es Exanpl e
1. Preparation of LaO.2Sr0. 8Coo. 6Feo 403-s perovskite
pExamaple 1. Preparation of Lag 2Sro.sCoo.sF€0.403.5 perovskite powder

The poWder of perovskite-type oxide was prepared first by mixing of
corresponding metal oxides or hydroxides and then repeated steps of
sintering, ball-milling and filtration for three times. The temperatures in 3
sintering steps were, respectively, 900 °C, 950 °C and 1000 °C, and the
sintering time was 8 hours. The first sintering was conducted right after dry-
mixing of Laz0s, Sr(OH)28H.0, NizOs, C0203 and Fe,03. The ball milling 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 next
sintering. After the last béll-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 Lag2Srg gCoo.6Fe0.403.5 perovskite extrudates
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The powder of perovskite-type oxide was prepared first
by m xing of 15 correspondi ng netal oxides or

hydr oxi des and then repeated steps of sintering,
ball-mlling and filtration for three tines. The
tenperatures in 3 sintering steps were, respectively,
900 C, 950 C and 1000 C, and the sintering tine was 8
hours. The first sintering wag; conducted right after
dry- m xing of La203, Sr(OH)2'8H20, N 203, Co0203 and
Fe203. The ball mlling of 20 the material was carried
out with grinding nedia and water after each

si nt erTmg eEEh/@kﬁ@Jtypb URide PoMRS nesbidin Exdrhprt 1 mngérfslformed

bal | mII| The filtration cake was dried at

figto @pbIm @ 2 agidhitoreof abawtd whibh bydrenyetsyt erllulase and 14.5 wt
S%%Str nQ’hué tb?émé@%ldrrﬁé\he dggﬁgrg\%mgﬂt dbélfﬁfeoﬁwaﬁsgoaded into

Itra i on ca

m}WéEtrrudé'r’f‘ahd traﬂéfoﬂﬂwﬁmofw(&udatw @vaki inedibire¢edrab4 mm in
25 structure, nple 2. Fabrication of

Langt@sbrbh%@&su@mé Weis o@leﬁiémwstk\rqrbafe?& rédieft @out 2 A @nd

Op%i
R e b B0 0 10 B IR p B ate RSPl SiRa st 1050
WIC fiort8yilr Thedinay exiredteb osre potoustabd wiecHanicllgrstrofigus
obt ai ned slurry was aged overni ght before it was

I@;aajﬁgmmto an extruder and transfornmed into

extrudates (3 mmin dianeter and 4 mmin 5 | ength).

The exti¢!@a{r@§ate8rRadl irfExarm @2‘%@8 p@bk&@n@a&@éuléﬁ’@#ctor
2 hr, and then calcined at

gxadaddhigh taem;@eratufalmqtahaumeﬂ'é@ raacmmms dxasn@medalrhsuch a

Vi i o Gy o, 5O BB S BB SR IF it remctor

edre dithek gtk tap énd Ubtﬂeabott(ﬁﬂ@n@lrof th& reacter as réquired. Mass
tenperature netal alloy. The reactor was desi ﬁ_ned in

Jlow Cﬁn“ﬂuﬁrﬁ ieantrofed &E%ﬂ%w ratgsof e gap stregmsarfegeastar
ggﬂ%égﬁlr %ﬂd'\/é'i\%st \P&%}@&lﬂdﬂ% Wikt BLe!. t'hfé BMQQC’ Sribte

oftomen reac or as requir
fdtmanmeduring Iparge andtretentiod stéps Wemcolkicesd ivf a tdrk, gad their

Sat\fe‘?%‘g‘é’ co%hp%sgt%%%tvsere analyzed 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% 0Oy, 67.1% CO2 and 7.4% N2, while the waste stream generated during
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

Exam9|é 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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tenperature and valves were controlled with PLC. The
product and waste 15 streans during purge and
retention steps were collected in a tank, and their
aver age conpositions were analyzed with a gas anal yzer
and a GC. In the experinment, the reactor tenperature
was controlled at 825 C. An air stream at 7.6 sl pm
and a 002 streamat 4.7 slpmygre alternately fed into
the reactor 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 002

siheampler3 fit eveRe3b astords ﬁﬂ@&dan@fr-chh%n@résrﬁéreprhé R&actor
reactor pressure decreased from?23.7 psiato 18

pRiiegsuraseveredieri @t 2ot neia anshpdingia fﬁSﬂﬂCiIMgly(gb;zfngta_upand
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enerate uring alr

020, 18teath 612D wa\si 86. 85/8/@244'6%51302@116814 a%eNZZWhIl@aﬂie waste
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LTI R nd o bR R B ol R o
sinpiungeofeC@Rtanchstealy as edrgengas ubmgrtbacproceshemsclobed in this
18 in Exanple 3 for every 30 seconds in a
dBURREIN.cur rent fashion. The reactor pressures were
kept at 23 7 psia and 18.7 psia respectively during
2+steam st eps. The average product

conp03|t|on (on_a dry basis) durin C02+st eam st ep

. ingthimexperiments en @ipstegam B4 77®g/§lmm andia girears of steam at

V@?ﬁﬁﬁ% W GRHRRR, A ByS W PR eRRBed i ERaRe 3 for every
lwrséeéms into@tefsMErent fashibrs Theaaerst presslired wistd kept at
m xture of CO2 and steam as purge gas usin

t%m&b% and 1§ & ppigsegpestivaly gurlngmagrﬁndoﬁea&aﬁeps&ge average
lg?rrogg%f &?rﬁg?élgﬁ]ﬁ é@ﬁ B dry Hhsf) duihbaasa Alstép Yat: BB MD 2 29.6%
N2, while the waste stream generated during air step contained 0.3% 02 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
#
Flow 02% COz HQO% Nz% Flow 02% COQ% Nz%
%
3 [Dry| 5.36 | 27.8 | 67.1 0 74 [7.02]| 23 12.5 83.4
wet| 536 | 27.8 | 671 0 74 {7.02] 2.3 12.5 83.4
4 |Dry| 3.82 | 40.8 {445 0 14.7 1 6.75 | 3.7 11.4 84.9
wet| 6.06 [ 25.7 (281} 370 | 9.3 [5.75| 3.7 11.4 84.9
5 [Dry| 3.37 | 70.3 0 0 2061699 0.3 0 99.7
wet| 9.59 | 247 0 64.9 | 104 1699 | 0.3 0 99.7

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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6.2 slpmwere alternately fed into the reactor

described in Exanple 3 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 steam steps. The average product conposition
(on a dry basis) during steam step was: 70.4%2, 29. 6%

15 N2, while the waste streamgenerated during air

step contained 0.3%02 and 99.7% N2 (with trace

anount ot her non-oxygen gases). This result showed

t hat an oxygen-rich stream can be produced with stream
AR OO PR CBOOIE T Qe s hdiatry that CO; has
thmmm%apmmamm As noted in the examples, there

9. 3627. 867, 312. 583 4

\:i%ql %Wrggynfiré%lgég?@géﬁgRl?sgggeddfm the product stream due to the
Aldiy §8§8é¢h a2t Tﬁlﬁ?ﬁ@edédc%ﬁe%asny eliminated from the void
wet 6. 0625. 728. 137. 09. 35. 753~ 711.

5nags. 7an addiivaabsiep detaeen the alr and the purge gas steps.

wet 9. 5924. 7064. 910. 46. 990. 3099. 7 20 Table 1 sunmmuari zes

the results in Exanples 3-5 and conpares the product

conposivhilenlisdnvértnivis been desénb@d witle k@&ﬁd@@td particular
steam in the product stream As shown

mbedinments amereﬁf titig qppamtth@tmqrn@rq;@otbggf%ms and
ﬁéﬂ@géﬁé 8P |ﬁv<§%{W of)\lflgu tHots%\ ékﬂle'é&ﬁ'mla %?t The

I NCr easi ncen n the
gameridwl claimain mtsahv@m;mgsneratly ehgtehd beegmammd torcover all
t.her e

b ity t i t he, | e
oI S10 RO EANS G aensitn JRB e st And
ngb%céf (R @R HYRvdrtiohne



void space in the reactor. This nitrogen can be easily
elimnated fromthe void 5 space by an additional step
between the air and the purge gas steps. Wiile this

i nvention has been described with respect to
particul ar enbodi nents thereof, it is apparent that
numerous other forns and nodifications of the

invention will be obvious to §hose skilled in the art.
The 10 appended clains in this invention generally
shoul d be construed to cover all such obvious forns

and nodifications which are within the true spirit and
sidayiagdfus Heseritasktie inverstiin, ovhat 3@ clalvisig t hus

descri bed the invention, what we claimis: 1. A nethod
for formng a product gas streamfor use in an oxygen
cpnsunj IS | i cal t St ;
rBodi ri o HORTL DU S SofEe YES o Yor i i b yth
scdrestiming phocessecbmprising cgclicalihehe biepsxygen i s

retai ned on said oxygen sel ective mxed conductor and
said reactor is at a tenperature greater than 300C;

and b) ¥ eediagi i iShr. i

2ni d 1 3hot o Ao XH9Bn AR aEIdh CoRpiRY RO ety Sotive
oxipgencarslustar whengyeoxygendace@inedon Shid oxydendsedsctive mixed
cl ai in claiml wherein, nitrogen-ric AS_ hLSnon.
ey Shef s e Ao BRRLR StancraiE desbetienolnigand

step (a). 3. The nethod as clainmed in claiml wherein

nore than one reactor is present. 4. The nethod as

cl ai meld) i n feegling an axygen-depleted gas skiramsthren@x yejdreactor,

Al R YRR T8 1683 fohfial By ke spERFLE mikEd Papdpstor

wherein said air and said oxygen depleted gas stream
are fed to said reactor in a counter-current nmanner.

& Thel heMRiBoadsAlaimaskinidaie) dwhereifHuiregen-sishgas is
PrAdtBed %'S%Bg-ﬁf%duaf %@.ring Rd %&%@é%@gﬁg&? cRSE)L e type

ceram ¢ havin e structural

3. The method as claimed in claim 1 wherein more than one reactor is
present.
4. The method as claimed in claim 1 wherein said air and said oxygen

depleted gas stream are fed to said reactor in a cocurrent manner.

5. The method as claimed in claim 1 wherein said air and said oxygen

depleted gas stream are fed to said reactor-in a counter-current manner.

6. The method as claimed in claim 1 wherein said oxygen-seléctive mixed
conductor is a perovskite type ceramic having the structural formula A+.
xMxBO3-6.

7. The method as claimed in claim 6 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



XxMkB03-6 7. The method as clained in claim6 wherein A
is arare earth ion, Mis Sr, Ca, Ba, V or m xtures
of these; Bis Co, Mi, Cr, Fe or mxtures of these; X
21 varies fromgreater than O to about 1; and 6 is the
deviation from stoichionmetric conposition resulting
fromthe substitution of Sr; Ca and Ba for 5 rare
earth ions. 8 The nethod as glainmed in claim?7
wherein x varies fromabout 0.1 to about 1. 9. The
method as clained in claim7 wherein Ais La, Y or
m xtures of these; Mis Sr, Ca or mxtures of these;
anieB from Qoeatle tin Ot bbbesT:Aind HesSthe déxnatTcs}efraﬁi hod
as claimed in claim7 wherein x is about 0.2 to 1. 11.
THelchiormeIrc gemnositiesdreskitiopdram thesebsditutiomof Sr, Ca and Ba for
ining stream substantially free of
qé%?%geﬁ%ﬂgggenerated during step (b). 12. The nethod
as clainmed in claim1l wherein said oxygen- containing
strean1substant|ally free of nitrogen is fed t
dky gen! RGPS slbmeddn cladm rwbepein ories faq>ra|ab@@1t Ol to
Al wherein said oxygen consumng process is a
process selected fromthe group consisting of a
chem cal oxidation process a partial oxidation

i1 g Msios Bt clemed o ciach WBBrein Zojschaary A mistures of

QKUESMGO BT U M8 RikRFES S HYSB! bl Blis G HE B} hitktuYed Bﬁhese

steps: a) feeding air through a reactor contal ning
oxygen sel ective mxed 5 conductor, whereby oxygen |s

.5 AR e BUED B WR S SO,

b) feedi ng at | east part of an oxygen-depl eted product

gas fromsaid
11.  The method as claimed in claim 1 wherein an oxygen-containing

stream substantially free of nitrogen is generated during step (b).

12. The method as claimed in claim 11 wherein said oxygen-containing

stream substantially free of nitrogen is fed to an oxygen consuming process.

13.  The method as claimed in claim 1 wherein said oxygen consuming
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.

14. A method of operating an oxygen consuming process comprising
sequentially the steps:

a) feeding air through 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;
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oxygen consum ng process into said reactor, thereby
form ng an oxygen- 10 contai ning gas stream
substantially free of nitrogen; and c) feeding said
oxygen-contai ni ng gas stream substantially free of
nitrogen into said oxygen consum ng process. 15. The
met hod as clained in claim14 wherein said

oxygen-sel ective m xed condugjor is a perovskite type
ceram ¢ having the structural formula Al xMkBO3-s 16.
The nethod as clainmed in claim15 wherein Ais arare
earth ion, Mis Sr, Ca, Ba, V or mxtures of these; B
i15) Co, feMdindat lebSt Part BF ¥f %&?Qeﬁfdebfé@é‘& prd@ucvgras & 5910
greater than 0 to about 1; devi ation from
SOXNIE GIRSUMIBY PHDGRRS] lntoO$ald éeam:tpr ﬁbelrebzyrfotrh@g an oxygen-

PRSIt e sftbad syl e & iR S Ve s

fromabout 0.1 to about 1. 18. The nethod as cl ai ned

|n claim1l5 wherein Ais La, Y or mxtures of these;
M) s Seeding said axyeensontFining&as, steaain substagtially-see of

TR A g B Fon SR 8BE 1 et hoo s

cl ai rred in claim14 wherein said oxygen-containing

g eam s tanlaII free of nitrogen is fed to
oo Do &t Ee ﬂg\e%lnaé@&?ﬁwneé%éaa@ axueenyselectve

Uhpiedl@Hductst |§%1 oGk @/ﬁg @aﬁk@hé@ﬁ%kﬁbgr@&méﬁormula As.
wherei n said oxygpen cont I'ng as am :
sdbBQag.i al |y free of nltrogenlsfedto sai d oxygen
consunmi ng process at pressures of about | to about 20

bar. 22. The nethod as clained in claim 14 wherein

- M. 0geRe Mdthodas dlﬁmééﬁﬂcﬁllé?ﬁmg%vrférém /Qisoéilﬁérfe SHHR [h, M is

the oxygen retention step (a). . The nethod as

o$'z'a|0rﬁ3 a1V er mixtuies ofitbeeerB it @ps Mra)CraFie qrispixtures of these; x
varies from greater than 0 to about 1; and & is the deviation from

stoichiometric composition resulting from the substitution of Sr, Ca and Ba for
rare earth ions.

17. The method as claimed in claim 16 wherein x varies from about 0.1 to
about 1.

18. The method as claimed in claim 15 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.
19.  The method as claimed in claim 15 wherein x is about 0.2 to 1.
20. The method as claimed in claim 14 wherein said oxygen-containing

gas stream substantially free of nitrogen is fed to said oxygen consuming
process at temperatures greater than 150°C.



performed cyclically. 24. The method as clained in
claim 14 wherein said air and said oxygen depleted
product gas streamare fed to said reactor in a
cocurrent manner. 25. The method as clainmed in claim
14 wherein said air and said oxygen depleted product
gas streamare fed to said reactor in a
counter-current manner. 26. Jhe nethod as clained in
claim14 wherein step (c) further produces a product
gas stream conprising carbon dioxide. 27. The met hod
as clained in claim26 wherein at | east part of said

A, boNThel HBXh G ab iRV chilm PPwherdTRisBRfokRier-86Mtaliting
a product gas streamfor use in an oxygen consum ng

[gascstsean supstasitially free oftnitpagen is)fed de 8aidgoxyigentdansugring

first _heat exch er d int react or containing
g)rgﬁé%(@g%%%léfe&ﬁ %ﬂﬁwb@é‘ﬁ&@&a&r, wher eby oxygen
is retained on said oxygen sel ective m xed conductor
and said reactor is at a tenperature greater than

FHbc, Hwrimeihedps ctaimiedgn otaiax {4 whegeipnitregenyHsh gasdam

it B RRARREbAIET utRe 815 BRIAELIARAT BRID 37, ger

sel ective m xed conductor form ng said product gas
stream, 29. The nethod as clainmed in claim28 wherein

Zi-d nEiegthed as daiged Inpiaimrid wherein sters @)and®) are
?eﬁm %&gﬁ 1 said cyclical nethod is thernally
el T-sustdl ni ng.

31. The nethod as clainmed in claim28
wherein a fuel gas is added to said oxygen-depleted
stream 32. The .nmethod, as aimed in, claim3l,
o o TS e 60 b piecah sty F inereioichal gohagid oxvgen
CRIPIERHI 1806t $Y HRaRRetd o sAMdeae®r in HROBERENPManner.

25. The method as claimed in claim 14 wherein said air and said oxygen
depleted product gas stream are fed to said reactor in a counter-current

manner.

'~ 26. The method as claimed in claim 14 wherein step (c) further produces a
product gas stream comprising carbon dioxide.

27.  The method as claimed in claim 26 wherein at least part of said carbon

dioxide is recovered.

28. 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



m xtures thereof. 33. The nethod as clained in claim
28 wherein said heat exchangers are nulti-pass heat
exchangers. 34. The nmethod as clained in claim?28
wherein nitrogen-rich gas is produced as a by-product
during the oxygen retention step (a). 35. The nethod
as clained in clains 28 wherein said air and said
oxygen- depleted gas streamajge fed to said reactor in
a counter-current manner. 36. The nethod as clainmed in
cl aim 28 wherein said second heat exchanger increases
the tenperature of said oxygen-depleted gas streamto
about 900C. 25 37. The nethod as clainmed in claim 28
wherei n sai d oxygen-depl eted product gas stream

cont ai ieeding aw oxygrn-depteted gas straam thireiginea Bedord heat

TR T A PR 3R 5 B g s
t ey geinr seésthval mhxedndndubtor XdRAg s@i&ﬁrodﬁb?gﬁ@%ﬁ@ﬁ'n@iﬂ

clained in claim38 wherein AiS a rare earth ion,
is Sr, Ca, Ba, V or mxtures of these; Bis Co, M,

" 08 B SR YAGHED SRRy

stoichionetric conposition resulting fromthe
substitution of Sr, Ca and Ba for rare earth i

5 .
4. Ththegietbad a8 caigesdn qlai%?%wmes@nmgﬂr gyglical mgﬂasc&is
ft‘h%%éfﬂgng%.%&ﬁtamn about 1. 41. The nmethod as cl ai ned

Cl al

in erel%'Ais La, Y or mixtures of these;
Mis Sr, Ca or mxtures of these; and Bis Co, Fe or

AT e 2Ro Plothb 35isialiied D I8 HuBraif s bl ok P seded o said
chRigaRdddpledridn SPeaier ein said first heat exchanger

32. The method as claimed in claim 31 wherein said fuel gas is selected
from the group consisting of carbon monoxide, hydrogen, methane or

mixtures thereof.

33. The method as claimed in claim 28 wherein said heat exchangers are
multi-pass heat exchangers.

34.  The method as claimed in claim 28 wherein nitrogen-rich gas is

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

35.  The method as claimed in claims 28 wherein said air and said oxygen-
depleted gas stream are fed to said reactor in a counter-current manner.

36. The method as claimed in claim 28 wherein said second heat
exchanger increases the temperature of said oxygen-depleted gas stream to
about 900°C.



and said second heat exchanger are selected fromthe
group consisting of internal heat exchangers,
external heat exchangers and conbi nations of interna
and external heat exchangers.

25

37. The method as claimed in claim 28 wherein said oxygen-depleted
product gas stream contains up to about 5% oxygen.

38. The method as claimed in claim 28 wherein said oxygen-selective
mixed conductor is a perovskite type ceramic having the structural formula A,.
xMxBOS-G.

39. The method as claimed in claim 38 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
varieé from greater than 0 to about 1; and & is the deviation from
stoichiometric composition resulting from the substitution of Sr, Ca and Ba for
rare earth ions.

40. The method as claimed in claim 39 wherein x varies from about 0.1 to
about 1.

41. The method as claimed in claim 39 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.
42. The method as claimed in claim 41 wherein x is about 0.2 to 1.

43. The method as claimed in claim 29 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.



