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Abstract

Carbon dioxide (Cg) separation using selective membranes is a promising technologynfomuous
CO;, capture However, driving force for C&permeation is often limited, resulting large energy input
to sustain C@pemeation flux. In this work,@amiccarbonatelual phase membrane®re fabricated

for high temperature CQOseparation ab00-850°C. Thesemembranes congif molten tertiary
carbonate mixtur@.i/Na/K, melting point 397°C) infiltrated into porougtworkof ceramic solid oxide
suppat. When mixed ionic and electronic conductiva 6Sr.4C.2Fen.g03u (LSCF6428) is used for
membrane support,@an cepermeate with C@electrochemically via the molten salt (€®based

on the principle of mokncarbonate fuel cells (MCFCs). Chemical potential gradient ofad be
exploited to drive C@permeationlt overcomes the driving force limitation and potentially reduces the
energy requiremetiior CO, capture, even allowing GQ@o permeate against its avchemical potential

gradient (uphill permeation).

This project aimed to investigate a novel approachromoting CQpermeation fluxoy enhancing the
thermodynamidriving force of Q. Firstly, LSCF6428 membrane has been selected to investigate
O, co-permeation from a mechanistic viewpoifiemperature dependence of £flox in presence of
O.in feeding gas has been studied in order to find out the apparent activation energy fer@eation.
SeveralCQO; flux-driving force models havieeenestablishedeach model was associated with arate
determining scenario incorporating the driving force contisioufrom O,. Experimentally observed
CO: flux-driving force relationshipevealedhat theCO,-O, co-permeation was likely limited by global
interfacial reaction@O, + 1/2G:+ 26 2 G50).

It was further proposed that permeate siderénoval may enhance the overall driving force and
promote uphill CQpermeation flux. A system combining uphill €@ermeation with downstreamO
removal has been developed, utilising LSCF6428 memebi@ separate out G@nd Q from feeding
gas (1:1:20atio of CQ, N2 and Q), and Cubased oxygen carrier for.@moval. The Cu successfully
removed @ on membrane permeate siftem 400 ppmto 30ppm at 600°C anfilom 3000ppm to
200ppm at 800°C. UphilCO; flux at 800°C reached 7.62 x “1@nol-m?-s* with O, removal, a 30%
enhancement to the flux without @moval. This result was consistent with the prediction saoitable

flux-driving force model.
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1. Introduction

1.1.Researchbackground: global warming and CO:2 capture

Anthropogenic greenhouse gasawmission, particularlythe emission of carbon dioxide (@Qis
believed to be a majdactor thatcauses global warmingince the industrial revolution, fossil fuels
including coal, oil and natural gas have been extensively used to meet the growing energy demand.
Large amount of C®produced from fossil fuel combustion has been released to the &ienesmn
2017,the gldal energyrelated CQ emission eached a historic high of 32.5dgatonneqGt) [1]. The

use of @aergy predominantly foelectricity/heat generation and industrial processes sectors, contributes
to 68% of global anthropogenic greenhouse gases emission according to the International Energy
Agency (IEA) estimates for CGdrom fuel combustiorf2]. The average concentration of €@ the
atmosphere has been increasing frontipdeistrial level of about 28Parts per miibn (ppm) to

403ppm in 20162]. Meanwhile, a sharp°C rise of global annual averagerfeice temperature was
observed3]. To mitigate the climate changéetintergovernmental Panel on Climate Change (IPCC)
suggestedimiting global warming to 1.8C above prendustrial level. Accordingly, thglobal CQ

emissiorwould need to falby 45% from currentevelby 2030, reaching[4dénet zer

Tackling CQ emission requires the adoption of various strate@ieslPCC has summarised the key

mitigation options for the energy sector:

9 Switching to low carbon fuels such as natural gas, hydrogen and noovear.

1 Renewable heat and power (hydropower, solar, wind, geothermal and bioenergy)

1 Improving energy efficiency

1 Early applications of carbon dioxide capture and storage (CC8aspbiomass and cefided

electricity generating facilitiefb].

2016 2040
13 760 Mtoe 14 100 Mtoe

m Coal

m Qil
Gas

® Other renewables
Bioenergy

Nuclear

Figatél obal pri mary energy demand iin htehenoSu s togitn anb

scenadeol iomi ng use of fossil fuels and[6progress to

1



Although tre renewable energy technologies are fast developing, the global demand on fossil fuels
remains high at least @lstcertury because of their low cost and high energy density. In 2016 more
than three quarters die globalenergyproductionwas from the cambustion of fossil fuels. Despite the

use of coal is gradually being switched to natural tpgdEA predicts that unki2040, the world would

still rely on fossilfuels, whichwould contribute more than 60% of global primary energy demand
(Figure 11) [6]. Considering CCS technologies are designed for existing fossil fuel based energy
generation anthdustrial processes, it is important to develop relevant technologies so that the targets

on reducing C@emission can be achieved.

COs capture is the first stage of CCS and often highly integrated with large point sourcgarhis€lon

such as a fossiliel power plant. Based on the process design@ture can be classified into three
different approaches: pesbmbustion C® capture, pre&eombustion C@ capture and oxjuel
combustion. In postombustion C@capture, initially fossil fuels are combadtwithin the air and the
exhaust gas stream containing G€directed to a C&separation unit. Whilst for preombustion C@
capture gasification of fuels takes place instead of combustion. In gasifier, fossil fuels react with oxygen
from an air separan unit (ASU) and produce syngas, followed by water gas shift (WGS) reaction,
which converts water (#0) and carbon monoxide (CO) into hydrogen)(Bhd CQ. CO, molecules

are separated out at this point anctéh be further utilised as clean fuel. It iscafeasible to combust
fuels in oxygen rather than tladr; this isknown as oxyfuel combustion. The products of this process
are mainly high concentration G@nd steam therefore purified €@an be easily latained by
condensation. Howevehéd combustinwith pure oxygen is associattahigh temperaturesnd cooled

flue gases areecycled back to the combustion furnace and used as he§tJsilmkaddition, chemical
looping combustion (CLC) is a modified form of ekyel combustion. In this case, oxygen carrier
materials (OCM), often pure or ngd metaloxides, are used to transport oxygen from the air to the
fuels such that the process avoids direct contact between the fuels and [@y@¥DM undergoes
oxidation and reduction cycles in separate air reactor and fugbregenerating exhaust with mainly

CO; and steamThe stiematic diagrams of the above processes are summariSgdiia 1.2 and 1.3.

N2+02 COz+H20
Me,O,

Air I Fuel
Reactor Reactor
(Oxidation) | (Reduction)

© MeO,,
Air Fuel

Figa2z8chematic di adireamilscoadl firiomg U s 4,00 MEy..den ot e s

recirculatingemnixglgen carrier mat



SET i) Power

Turbines
+ Nitrogen
Loy Slels
Pokt- i Boiler g Co,
Combustion Air Ri6 g Capture =i CO,
N, (70%)
CO, (3-15%)
Nitrogen
CcOo,
i Air
A#-Seperaiion OXygen 40090 ?;a +
Unit ﬁ i
Gasifier/ Co, H, E
Pre- Fuel shit  [Syngas | C2PUre _’C‘}T,E;ﬁ‘;"" Power
Combustion —p i, ? .
CO, (40%) Heat'.\ =
> Cycle
Nitrogen ST8am
f Trubines ® Fower
Air Air | Oxygen +
—bSeparation
Oxy- Unit

Combustion Fuel Boiler T CO,

Recycle Flue Gas

Fi ga3Bl ock diagramsoimblug $-¢d @mly i igie @ooasnt bawnf@t iookry
Reproduced with permission of EIlsevie
Recently the idea of dire€€O, capture from air became an active area of CCS development as an
alternative approach to loweown theCQO, concentration in the atmosphere. Direct air capdiers
an option for addressing G@missions fronmobile and digibuted sourcesuch as vehles. Such a
CO; separation plant can also be built within a region where the locat@®@entrabn is higher than

in the atmospher].

1.2.COz2 separationtechnologiesand their energy consumption

Among all the approaches, pagimbustion, pr&ombustion and direct air capture involve £O
separation steps that intrioally subject to energy consumption. To separate f@@n a mixture of
gases into its pure components, the minimum enemyt K Enin) is equal to the change of Gibbs free
energy of the gas mixing proce&&ix) [10]. By assuming the gases are ideal mixture and no chemical

reaction ophase change takes place, the changatbfalpy kH) is negligible. Which gives:
Yo YO k YO "¥Y YWY o)
The gas mixing process is spontaneous and must correspond to a reGativend positive change of

entropy due to mixingk(Smix). Accordingly, its reverse process requires a positive energy input. This

minimum energy input is also related to the mole fraction of i@@he mixture[10].
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TablleApproachespafa€CbDon applied to various types o
gas compopsrieds smprea /gtbe@ Deoandnt associated with each

Approaches Process Exhaust gas Exhaust gas CO;
composition pressure/temperature  concentration
Post Coal fired Nz, CO,, Oz 200~1000C 7-14 vol%([12]
combustion power plant ~10° Pal9, 11]
Natural gas N, CO,, O, H.O 615~630C 4-8.5 vol%[13]
combined ~1°Pa[13
cycle
Pre- Integrated Nz, CO,, CO, H, 300:500°C 30-60 vol%[15]
combustion gasification H-0 ~35x10°Pa [14]
combined
cycle + Water
gas shift
direct air - N2, CO,, O, 25°C ~0.04 vol%
capture ~10 Pa

In practicalCO, separatiorprocesses, the energy consumption is expected to be much higher than the
thermodynamic nmimum energy consumption, due to various separation methods and broad ranges of
gas conditionsTable 11). Currentlysolvent absorptioiis the most mature and commlised method

for postcombustion C@separatior{16]. Conventional amine solvent processes make use -3020

wt% aqueous monoethanolamifdEA), which has a nature of high reactivity with gas phase &O

close to room temperature (40°C). Nevertheless, a reboiler is required downstream in order to desorb
CO; and regenerate the solvent at higher temperature (120°C). This step inevitathhgsnenergy
consumption as well as energy loss via heat exchange. Typical energy consumptiosabiethie
regenerations 3.64.0 GJ per tonne CQ@aptured based on pilotae plantswith 90% CQ removal

[16]. Since the mergy supply normally comes from the combustion heat, aroundpi®@%hermal
efficiency loss of power plant is anticipatedd©, compressiorior transportis considered17, 18].
Although the emerging of more advanced solvents has vastly promotedfQre capzty, it remains

a challenge tosignificantly reduce the energy consumption of solvent regenefahn

Adsorption is anotlr conventional method f&€O;, separation reaching beyond pilot plant stage. In
general, this technology makase of porous solid adsorbents including activated carbon, silica and
zeolites[16]. When the gas stream passkeotigh the adsorption bed, €@olecules preferentially

attach on the surface of adsorbents, by either van der Waals forces (physisorption) or new chemical
bonds (bemisorption) Adsorption could potentially be a highly selective proces€r separation

whilst it possesses similaegeneration issue as the solvent process. As adsorption is exothermic
process, desorption can be energy intensive once the adsorbent is saturatiedo@fion is normally

achieved by periodically rising adsorbent bed terapee or shifting the gas pressure upon adsorbent



bed, known as temperature swing adsorption (TSA) and pressure swing adsorption (PSA) respectively.
TSA processes are likely to lrmenergy demands of more thaG3 per tonne C&captured16]. On

the other hand, PSA seems to have an equivalent € @&%ton of energy demands based on pilot
scale experimen{d.9], as large scale gas compression and vaquumping are required.

It appears that relatively developed £&@paratiottechnologies share a common feature: most of them

are cyclic processes in which temperature swings or pressure swings are necessary for removing CO
from capturing materials. Asrasult,high energy consumption is expectidthe industrial context, a
continuous CQ separation process is ideal lte tetinologies often studied are thgclic processes

[7]. Develming continuous C@separation processes with durable materials is an important research

area so that more energy efficient @pture can be delivered.

Membrane based CQepardbn are next generation technologigbey are made of a thin layer of
orgaric or inorganic materials thatre permeable to certain types of molecules through their
interconnected channels. Various classes of membranes including polymeric membranesnaind cer
membranes are capable of selective gas separation. The gas pernsedtivan by the chemical
potential gradient of relevant gas species across the membkanepposed to conventional
technologies, membrane separation operates isothermally and avoids regeneratid@@hstajuzlly

and mechanically stable membrane mateaadsmuch more resistant to degradation comparing with
solvents, which means losigrm cantinuous operation is achievableis considered as less energy
intensive thartyclic processemvolving temperature swings pressure swings, given that the dniyi
force for gas permeation is sufficient and stedty.far, polymeric membranes for Idemperature
CO; separation are well developed. The main issue with polymeric membranes is they can only operate
at a temperature up to 2&0 higher temperature couldpidly destroy the membrafié 20]. Referring
back toTable 1.1, prior gas cooling process is necessary flymgoic membranes, making high

temperature C@separation more desirable as an energy and cost effective option.

Molten carbonate dual phase membraarean emerging type of membranes allowing high temperature
CO; separationTheyconsist of a porous e or ceramic solid substrate infiltrated with molten binary
or ternary mixture of lithium carbonate ¢0QOs), sodum carbonate (N&€0s) and potassium carbonate
(K2C0s). The operating temperature is above the melting point of the carbonate mixture,isvhich
typically above 408C depending on molten salts compositidhey apply the idea of molten carbonate
fuel cell MCFC) by usingionic/electronic conductive solid phase and hegilbonate ionsG0s*)
transport molten phase without requiring external tedeles. This featureenablesfacilitated CQ
transport, which allowmterfacial reactions involving CGpecifically. Hence, dual phase membranes
may offer very high C@selectivity. This unique property accounts for the great advantage over most
polymeric and porous inorganic membranes, where solution diffusion orelgetisn mechanism is
dominant on C@transport[21]. This project focused on developimgolten carbonate dual phase

membranes for high temperature £@paration.



1.3. Potential applications ofdual phase membraes

Typical ionic conductivenolten carbonatdual phase membranage solely C@selective. Theyan

be applied to both preombustion and postombustion C@capture.CO, can be separated directly
from the hot flue gas andater gas shiffWGS reactiorl.2) product In the scenario of preombustia,

it is required to separate G®om WGS product gas with high pressure, high concentrationa@®

Hz, as well agninor components includin€O, H.O andN.. With volume percentage of more than
30% and $-4.0 MPa pressure on membrane feed side, sufficient G&tial pressure gradient is
available to drive C&permeation to a high purity permeate strestratmospheric pressure. A few
energy/economic evaluatiatudies showethat applying C@selectivedual fhasemembranesnto an
integrated gasification combined cydKsCC) + WGS system appeared to be more energy/cost
efficient than conventional ethylene glycol based absorp@efekol™) technology[14, 22]. due to
lower energy consumption on gas compressind the absence of coolihgating cycleg14]. The
conversion of WGS reaction also benefits fith direct CQseparationWGS reactiorcan be operated
within two temperature regime&80 to 250°Cand 350 to 420°¢23], namely low temperature shift
(LTS) and high temperature shift (HTShe temperature of LTS and HTS product gas are around 300
and 500C respectively{14], Because of its exothermitature, theconversion 6CO decreases with
increase ofemperatur¢23]. The stanealone reaction cannot maintain good conversion to prodeice H
With in-situ removal of the COfrom the reaction product, the thermodynamic equilibrium of the
reaction will shift towards kside and promote the conversion of WG@8e operating terperature of
dual phase membrane potentially overlaps with the HTS product gas.

#1 (1 z #/1 ( V(S  tmBERTl P&

Applying molten carbonate dual phase membraimee postcombustion C@ capture ismore
challenging in terms of thermodynamdbriving force The flue gas is just abovenrasphere pressure
andthe dominant component is nitrogen. The concentration range ov&i@s from 7% to 14% by
volume in coaffired power plant and as low as 4% for natural gas combined cycle (NGCC). 1§ CO
the only gas component involved on permaatihere must be a gitive chemical potential difference
across the membrane in order to provide the driving forcepfamtaneous permeatioAccording to
thermodynamidaws, feed side C&partial pressureE] ) mustbe larger thampermeate sideE )

( 6 down hi fioh)dCO,ppartiainpeeasurés much lower in flue gas for pesbmbustion CQ@
capturethan precombustion The imitation here is that the driving force is insufficient for producing
concentrated C@stream without compression of feeding gas or vacuuming the permeate teegan.
energy consumption isevitablefor setting up thelriving force[24]. Various modelfhiaveshown that
for a general singletage membrane ggsn with 80%CO, removal to 80% purity in permeate stream,
the energy required foapplying feed mixture compressidras stronger correlation to fe€O,

concentration rather than the membrane selectivity. With O@xkin the feed, compressiomould



consune more thar6 GJ/tonne CQ@recoveredind the advantage over amine process is limtédlst
with 20%feedCO; concentrationwvould onlyconsumes -3 GJ/tonne C@recoveredwhich isagreatly
reduced energy requirement comparing with amine proc¢25e26]. R. Anantharamaret al also
evaluated thaapplying CO; selectivedual phaseanembraneinto NGCC posttombustion carbon
captureappeared to be lessergyefficientthan MEA absorption processue tothe compressiorof
feed stream for setting upiving force over the membranh&4]. Therefore, pplication islimited to
flue gases witmore concentrate@0O, content(20-30%) such as cement and steel production plants
[27]. Enhancing driving force angducing eneyy consumption for power plant post combustion,CO

captures a ley area for further development on dual phase membranes.

Onepossiblesolution isdeveloping CQand Q co-permeablanolten carbonate dual phase membranes
[28]. These membranes generally consist of electronic conductivenised ionic and electronic
conductive (MIEC) solid phas&inceboth CQ and Q areinvolved in the interfacial reaction that
facilitates CQ-O, co-permeationO, may offer extra chemical potentiapon CQ-O; co-permeation

CO; permeatiorfrom membrane feed to permeate sidiébe spontaneous if the is a positivelriving

force, represented by overall chemical potential differeasress the membranéccording to the
proposed interfaciakacton[28], this can be written as equation 1.3 in terms of chemical potential and

equation 1.4 in terms of gaseous partial pressure.
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‘ "Y = feed sideCO, chemical potential at temperature T.

“Y = permeate sid€EO, chemical potential.
n =feed sideCO; partial pressure.
n = permeate sid€O, partial pressurdLikewise forO, on all symbols)

Hence higher feed sid€O; partial pressurgiould not be necessary for a®,-CO, co-permeable dual

phase membrane. With the aid®@f co-permeationthe membrane could overcome the driving force

limitation whenthe feedingCO; partial pessure is low, such as pasimbustionCO; separationThe

presence of oxygen in flue gas can be el to enhance the driving force for gaermeation, such

that the energy consumption due ¢g@as compression and vacuumiagross the membrane che

patentially reducedFurthermoreif the oxygen chemical potentidifferenceis high enoughCO, will

be able to permeate against its own chemical potential gradient, thus @@agieh permeate stream

can be obtained from a feed stream relatively lod@sp ar t i al pressure. This ph
CO; permeation has beenmdenstrated experimental[28]. From the application point of viewthe

uphill permeatiommay allow toconcentrate C@stream in single stage or stepwise.



Based on equation 1.3 and 1.4, reducing the value of permeat@,$detial pressure can potentially

enlarge thehemical potentiadlifference across the membrafée system incorporating downstream

O, removal could further promote tlokeiving forcefor CO, transportMeanwhile,O, can be separated

out of CO; in permeate strear®imilarly, CO, or O; enrichment on membrane feed side is also expected

to promote the driving forcdn this project, a novel concept which combi@sCO; co-permeable

dual phas membranesvith permeate strear®. removal has been proposdtihas been primarily

focused on usig solid oxygen carrier materials (OCM) f@. removalfor the purpose of driving force

enhancemeniThe OCM acts as an oxygen sinken the permeate stregrasses througieacts with

O. with itself being oxidised. The materiabuld need tabe in contact with reducing gas such as CO

and H periodically torecoverthe O, capacity. The schematic diagrams of sgstemareshown on the

dual phase membrane uinitFig

ure 1.4.

It is possible to incorporate the concepts into practical €&Pture processes in two waya) Combust

the fuel under oxygen enriched atmosphere so that the flue gas contains higbenctration. This

is a hybrid combustion process miag the features aixy-fuel combustiorandpostcombustion CQ@

capture[29]. An air separation unit is required before combustion pro€assiguration is shwn in

Figure 1.4a). (b) Incorporate an air separation unit before €€paration so that the flue gas of air

combustion is enriched with,OConfguration is shown ifrigure 1.4b). As it is not necessary to obtain

high oxygen puritwia ASU, the energy requirement of ASU process itself can be minimised to ensure

thatit does not compensatiee mitigation ofenergy requiremerior CO; separatiorj29].
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1.4. Aims and objectives

It has beemecognised that enhancing driving force upon @&meatiorusing dual phase membranes
could be beneficialdr reducing its energy requirement, especially when dual phase membranes are
applied to postombustion C@capture Considering a commercial scgdewer plant could generate

flue gases at a rate of 506/8130]. The membrane permeation flux is another key parameter to improve
in order to achieve the deditea CQ removal rate in an energy and cost effective way. The concept of
0,-CO, co-permeable dual phase membranesbining with oxygen removal has been proposed for
this projectaiming for enhancing the driving force for €@ermeationNevertheless, hothe driving

forceaffects CQ permeation flux is a question to be studied.

To find a relationship between thewuing force and C@permeation flux, deeper understanding on the

CO, transport mechanisms through molten carbonate dual phase memikraeesssary For this

project, awell-establishedpressing and sintering technology is exploited for the fabrication of disk
shape dual phase membranes. A laboratory scale high temperature membrane reactor and flow system
are built for testing membrane perfomea under various gas atmosphere at higlpésaturs (800-

85(°C). The key objectives of this project are summarised as follows:

- Investigate how oxygen goermeation affect COpermeation flux on inert, ionic conductive and
mixed ionic/electronic condtive (MIEC) dual phase membranes respectivéllumina, Yttria-
stabilized zirconia (YSZandLao.eSi.4Cao.2Fen.e0s-u (LSCF6428)were chosen to represent each type

of membrane support materials.

- Experimental study othe correlation between G@ux andthe driving force under 600 and 800°C
temperature regimes for GQ. co-permeable LSCF6428embrans. Gain mechanistic insight tfe

COs transport though LSCF642&rbonates dual phaseembrans.

- Test the system combining LSCF64&@&bonates dual phaseembrane with permeate stream
oxygen removal forCO, uphill permeation Experimetal study on the thermodynameéffect of

permeate stream oxygen removal as well as the response of uphge@aeabn flux.



2. Literat ure review

2.1.Membrane based technologies for C&separation
2.1.1.Principles of gas separation membranes

Acting as a selective barrier, membrane processes are continuous and effectivesiEpagason.

Various types of membranes have been developed and applgas separation in industry. The most
fundamental gas permeation mechanisms through membranes are solution diffusion mechanism and
pore diffusion mechanism. They correspond to the twast common types of membrane: organic
polymeric membranes and inorgaporous membranes. Advanced composite membranes, particularly
facilitated transport membranes and mixed matrix membranes, are also designed and studied
extensively. They are usuallypgerned by specific transport mechanisms, making them more selective

to target gas molecules.

Feed stream Retentate stream
F:, yco, 0] o O o © | F,,ycoz
» O OO ©o o © (@) >
O p’
O O
Membrane ' © . +

« @] o O o O <

Permeate stream o O O Sweep gas
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FigataAasimple illustration of membrameeproaéessnfas
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The membrane module in operation as shown in Figure 2.1 generally sofsigee flow streams:
feed stream with molar flow rate of & d CQ mole fraction of go,, permeate stream with flow rate
of Fr and CQ mole fraction of yto,, and retentate (nepermeating) stream with flow rate of &nd

CO, mole fraction ofy'co,. Mass balance on G@an be written as equation 2.1:
0 w O e O o P

As mentioned in the previous chapter, permeation flux, permeability and selectivity are the most
important parameters to describe the functionality of a memb#aseming perfect mixing along the
membrane sfiaces such that both sides of the membrane are exposed to the outlet gas partial pressures,
the molar permeation flux of G@nd N across the membranea and &, with unit of mol-m?-s*can

be expressed a&guation 2.2 and 2.3, based on the casgume 2.1.
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In these equations, A andstand for effective membrane permeation amed membrane thickness
respectively. Bo, and Ri; denote the permeability of G@nd N. They reflect the property of the
membrane material and are irrelevant to membrane geometryprodects within the brackets
represent the partial pressure differeaceoss the membrane as the driving force for gas permeatio
with feed side pressure of g"d permeate side pressure of fHe ratio of membrane permeability to
CO, and N with notaton of h is defined as the selectivity of the membréeguation 2.4)Separation

factor is a similar concept and defined as equation 2.5.

ol CS Y O 7 c&
g v, T

Pore diffusion model is commonly used to describe the gas transport mechanism through porous
membranes. The gas permeation behaviour may be dominated by various transport regimes depending
on the ratio 6the pore sizgrp,) and themean free path of the ga mo | e c[8]]. &able Z.15-)
summarises the conditions for each pore diffusion regime with relevant illustrations in Figure 2.2.

TabReConditions for each pore diffusion

Pore diffusion regime Conditions
Viscous flow r/<>3[32
Slip flow 0.05 < p/<< 3[32]
Knudsen diffusion /<< 0.05[33
Activated micropore diffusion Pore size, becomes comparable to th

molecular siz¢34].

Molecular sieving Pore sizegapproaching the diameter «
the permeating molecul§35].
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Knudsen diffusion is predominant in macropor@ys50nm)and mesoporous membrang@sbetween

2 and 50nm]}31, 35]. Gas transport follows Knudson diffusion mode when the mean free path of the
gas mol ecul es (&) i s ntheanembganegydntothea wotddittee moléclles por e
pore wallcollisionsare more frquent than thenoleculesmoleculescollisions[31]. Knudsen diffusion

Cc 0 e eny & dan be expressed as:

: gy
Sy &L WY Yy

© 5F % of T

Q%)

I n this equation, O and U are the porosity and
moleailar speed and M is the molecular weighpefmeating gag'he Knudsen Equation for diffusive

flow can describe the flux equation of this pore diffusion redi®é

O Qn
YYaG &

It can be seen that the flux is proportional to the partial pregsadéent of permeating gas (dp/dz) as
wellastheKnudsen di f f usg, iwlid is neeesdlyypoopodional to Bhe gas malec
weight. Based on this expression, the difference in gas molecular weight is the origin that makes
Knudsen diffusion a s$ective transport mechanism. Lighter molecules tend to have higher mean

molecular speed in Knudsen diffusion regimes hence highettirough the porous medium.

When the pore size increases to the extent that it is much larger than the mean free path of the gas
molecules, moleculenolecule collisions become more frequent and there is minimum interaction
between the gas molecules ahd pore wallsThe gas moleceswould form abulk or laminar flow

patternif they wereexposed to a drive force. The membranes lose selectivity in viscous flow regime,

as the flux in this regime has no dependence on each individual gas comp@h&iss Slip flow can

be seen as a transition regime between Knudsen diffusion and viscous flow.

Microporous (1nm to 2nm) and nanoporeusmbranes have smaller pore sizes approaching or even
similar to the size of permeating gas molecules. As a reBeldiffusion coefficients of thewo gases

are strong functions of theolecularshape and size, the pore siaed the strength of theteractons
betweenpore walls and moleculeén addition, molecules with stronger affinity to the membrane
material will be adsorbed onto the pore walls and undergo surface diffusion along the walls. For small
pore sizes this behaviour often obstructs othelecules with weaker interaction with the pore walls
hence enhances the selectiyid]. Molecular sieving is a similar mechanism as microporous diffusion.
Membrane selectivity has even stronger dependence on the molecular size, as large molecules are often
rejeded from the entrance of porous network and retain orfiette side. Overall, the pore diffusion

model suggests that inorganic porous membranes are molecular weight/size selective, with Knudsen
diffusion and molecular sieving being the most important selecechanismrhe prograsion from

Knudsen diffusion tanolecular sieving is in parallel with increasimgmbraneselectivity[31].
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Organic polyme&c membranes generally have homogeneous and nonporous features. Gas transport
through this type of membranes more likely occur via the solution diffusion mechanisn.
mechanism imolves dissolution of permeant on feed sid@rface molecular diffusiorthroughthe
homogeneous mediynandgasdesorption on permeate sifleigure 2.3)Henr yé6s | aw gover
solubility of the permeant and molecular diffusion through nonporous haraoge medium follows

Fi ckds | aw35a17.Bydconibihingthdvwo moncepts, the molar flux through the membrane

via solution diffusion model can be expressed as:

" Yoo Q6 @
, YO ¢ . YO, .
v — M — na:E ne &N

1 1

D represents gas diffusivity within the homogeneous medium ajdxd€presents the concentration
gradient of the gas specie i acrossriembrane. The concentration of the gas can be written=as C
Spbased on Henryds | aw, wh eisthe g8s paral ptessere. lntegrating i | i t

through the eite membrane thicknessgives equation 2.9.

By comparing equation.2 with equation 2.2gas permeability P can be written as a product of
thermodynamic factor S (solubility coefficient), and kinetic pasnD (diffusion coefficient)The

temperature dependence oBd Sobeys the Arrhenius equation:

v
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E, is activation energy of gggermeationfqi s acti vati on e nHeistheyentlmalpy di f f u
of sorption.Py, S and [y are preexponential constan{88, 39]. Therefore according to the solution

diffusion mechanism, the permeability of each individual gas components is not only influenced by the

gas solubility but also the molecular diffusivity inettmembrane material. Relative values of both

parameterfor permeating gases determine the membrane selecthdtyy specific temperature
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One important application ofag separation membraniesn the field ofCO, capture processeBor
example, membranes fQO,/H, separation is associated with fm@mbustionCO; capture; An @'N;
separating membrane can also be utilised for ASU to deliver enrichiedp@combustion and oxy
fuel combustion syems. This chapterwill primarily focus on reviewing various types &0,

permeable mmbranes.
2.1.3.Single phase rambranes for CQ separation

Polymers were one of the first a few materials considered for membrane basesega@ation.
Polysulfone and cellulosecette are the earliest commeraia@mbranesnd theyhave been joined by
more recent development on a variety of materials suygblgisnides, polyamides, polycarbonafd§].
The operating temperature obmfacilitated polymeric membraness typically above their glass
transition temperature, makitigeir behaviour liquid lik¢30]. However, as previously mentioned most
polymericmembranes cannatithstandatempeature higher than 28G. The application of polymeric
membrane is therefore confined to low temperaturege@aration, for instance pestmbustion with
prior cooling and preombustion in association with LTS proceS€»/N, or CO/H; selectivity is an
important parameter for assessing the performance of polymeric membranes. Early vatykudfope
and cellulose acetatmased polymeric membranes showed Sl selectivity of 20 to 30 with poor
chemical stability. Lataresearch foundut polymers with polar functional groups including polyimides
and polyethylene oxide (PEO) based membranes tend to have better affinity and solubility to CO
molecules, C@N; selectivity could be improved to 4D [37]. Nevertheless, improvement on
selectivity often accompanies with a drop in®rmeability[4]]. In general, polymeric membranes
benefit fromlow cost, ease of synthesis, agmbdmechanical stabilityinder low temperature whereas

their temperature endurance asdectivitypemeability tradeoff are the main drawback42].

In contrast, most inorganic porous membranes exhibit high temperature endurance. In the context of
CO,/N; separation, the pore diffusion model suggests that macroporous and mesoporoumscinorga
membranes cannot have strong selectivity or, @@ to its similar molecular weight with>N
Microporous and molecular sieving membranes have drawn attention toséaecteers as they can
potentially offer higher C@selectivity. Inorganic materialadluding zolite, carbon molecular sieves
and microporous silica membranes fall into ttdgegory Zeolites are weltlefined crystalline materials
with uniform pore micretructure. Micropore diffusion and molecular sieving likely dominate gas
transport thoughporous zeolitesSelective adsorption of gas molecules on zediijesolecularsize

and polaritymakes C®@ more favourable to permeate across the membrarevatanperature. At
elevated temperature higher than IQeolites start to losgelectivty to CO; dueto thedecreas®f
adsorptioncapacity[43, 44]. Amorphous silica is a versatile material Aese the pore microstructure
can be tailored byghanging the preparation method and conditidhithough a few silicebased
membranes showed reasonabl@, permeability up to 30T, decreasing permeability and setivity

at higher temperaturaemainsa general trend43]. Carbon molecular sieving membranes contain



narrower pores and tend to bemmagelective than silica and zeolite membranes/K:electivity of

higher than100 have been demonstratedlaboratory experimentsyhilst these have been achieved

only at very low permeabilityFurther research is also required to improve their méchlasirength to

avoid thermal crackinf35].

2.1.4.Composite membranedor CO, separation

Purely polymeric or inorganic porous membranes exhibit clear advantages and shortcomings. In recent

years, novel composite membranes that combineathentages of fundamental gas transport

mechanisms have been emerging. One exampleeoh s facilitated transport membranes. These

membranes normally comprise a porous support as well as active carrier material. The carrier can either

be a top layer onicorporate within the porous structure and it is chosen to interact witbp@€ificaly.

As shown inFigure 2.4, the inlet C&on membrane feed side undergoes reversible chemical reaction

with the carrier and form products such as complexes, followeabdebfacilitated transport across the

membrane with the carrier. The complexes thenodiage CQ on membrane permeate side via the

reverse reaction while the carrier is recovered. The active carrier itself can be mobile or fixed. Support

liquid membrane§SLM) consist of diquid phase containing a carrieregjes in the pores of a polymer

support and they were the first developed facilitated transport membranes with mobild 24rr{@n

the other hand, polymer layer with active functional groups such as amine attached to the polymer

backbone can be used as fixaatrier. CQ reacts with the active functional group and the products

diffuse acrossite membrane between carrier saéeng the polymer backboifigs].
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site carrier can increasee membrane stability due to its polymeric nature and is stable inherently in
the membraneOne typical fixed carrieffacilitated transport membrane being widely studied is
polyvinylamine (PVAm) carrier supported on crosslinkegholyvinylalcohol (PVA). At room
temperature this type of membrane can offet hdl-m2Pa's* CO, permeance, with higher than 100
CO,/N; selectvity and around 50 C£CHj, selectivity[45].

In supported liquid membrandsO; transport takes place through the liquid in the ptolswing the
CO:.selective interfacial reactiofligh selectivity and fluxcan beachievedecausehe liquid mobility

in porousnetworkallows large fluxes antiquid compoundsn the pores offer high selectivif#2].
lonic liquid is a common choice for the carrier lidas they have higtemperature durability and
negligible volatility[37]. It has been demonstrated experimentally that atd@énino acid based ionic
liquid membranes can achieve &€& selectivity of 100 while maintaining Germeability of10!?
mol-m*Pals? [46]. An aminefunctionalised ionic liquid encapsulated in a supported ionic liquid
membrandias been shown thermally stable and operal88@&€C. The membrane selectivity dropped
at higher temperature possibly due to higher complex dissociatiorNeterthelessthe membrane

showed potential for preombustion C@H; separatiofj47].

Molten carbonate dughase membrarisa special case of facilitatechbsport membranes in terms of

gas transport mechanism. The concept Fagéare 2.5 and 2.4s particularly similar to supported liquid
membranes. Here the high temperature molten carbonate mixture twdigaid phase mobile GO

carrier. Solid phaseeramic support materials are responsible for bulk oxide ions/electrons transport,

so that charged species can be delivered to feed side interface and undergo electrochemical reaction
with inlet CQ.
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Two facilitated CO; transport mechanisms fonolten carbonate dual phase membramege been
proposed. When the solid phase material is purely oxide ion condukEijeg 2.5),CO; selective
interfacial reations are enabled on tliereephaseboundary of gassolid supportand molten salt,
making this transport pathway puréD, selective Whensolid phase is electronic conductive artd ¢
feeding Q with CO, on membrane feed sidEigure 2.6), anothe€O; transport mechanisitmas been
proposednvolving O,-CO; co-permeationAdditionally, both transport mechanisms would take place

simultaneously if the solid phase material were mixed ionic/electronic conductive (MIEC).

Y. S. Lin et al initialised the tes over molten carbonate dual phase membranes fors§garation
[48]. They first fabricated electronic conductive porous stairdéssl disk membranes and directly
infiltrated them with ternaryi/Na/K carbonate mixturevith a melting poinof 397°C. They caried
out permeation experiments using these membranes at 450 1© @60 demonstrated that the
membranes were GAD, co-permeable and reach@D;, permeance of 2.5 x £imol-s'm?Pat with

O, co-permeationat 650C. Under the same conditiothe separationfactor of CO, over N was
approximately 16 and tHeO,/N; selectivity was roughly 25They believedhe mechanism shown in

Figure 2.6governed the observation they found out.

They also extnded the experimentatudy to purelyionic conductivemolten cabonate dual phase
membranesfollowing the nechanism described iRigure 2.5 Perovskite ike ceramic material
Lao.6S1.4Co.sFe 2034 (LSCF6482)was selected as solid phase and the same fabrication method was
adopted Experimental C@permeation datahowed that th€0O, permeance grew exponentially with

increasing temperature in the range of 700 to 90@&lthough theCO, permeance ofhese disk
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menbranes was rather low at 700in the order of 18 mol-m2Pals?, the membrane with smallest
thickness (0.375mm) reachdd7 x 108 mol-m?Pals! at 900 andA CO./Ar separation factor of at
least 225 was achievéd9].

The inherat advantages afmolten carbonate dual phase membraaestlat they operate at high
temperature (typically 600 to 98D, whichis above themelting point of carbonatmixture) and can
achieve very high separation factors of Q@wer N> by employing the pnciple of facilitated CQ
transport.This temperature range overlaps with flue gemperature thatary from a few hundreds of
degree<elsius t0100C0°C, depending othe specific locations in the flue gas line in gever plant
[48]. It means duaphase memtanes is suitable for direct G@eparation from hot flue gas. As the
membranes use the heat of the power plant efficiently, the process can potentially apjmnoaeh
energyrequirement Like most other classes of membranes, the @€meation flux neexdto be
enhanced as it is an imperative parameter for large scaleap@ire. In order to achieve higher flux,
better understanding on the membrane behavioutt tpeisobtained experimentally. Up to now

researchers has been focusing on the investigatithe dbllowing areas:

1 The physical and chemical properties of various solid support materials and the molten
carbonate mixture, as well as the interaction of @{th the molten carbonate mixture.

1 Exploring different approaches for improving €fux throuch molten carbonate dual phase
membranes, including modification of membrane geometry and porous microstructure,
enhancing the solid phase conductivity and enlmgritie thermodynamic driving force for €O
permeation.

1 Experimental verification of C&flux-driving force correlation models.

In the following subchapters, comprehensive review will be performed covering the above research
topics. Previous work that cldgematch the aims and objectives of this project will be identified and

further discussed.

2.2.Properties of nolten carbonate dual phase membranes
2.2.1.The origin of molten carbonate dual phase membranes

The origin ofmolten carbonate dual phase membraadsom the concept of molten carbonate fuel
cells (MCFC).The stateof-the-art MCFC consists of agoous nickelbased alloy asmde (fuel
electrode), a porous lithitopednickel oxideas cathode (oxidant electrode), as well as a liquid
solution of lithium,sodium, and/or potassium carbonates soaked in a nerike electrolytgs0, 51].

The reactions at the anode, cathode, and the overetioregor the MCFC are

Anode:Hy(g) + CQ? U H,0(@)+CQ( g) + 2eT(2.11)

Cathodel/2 3 (g)+CQ( g) Y CO81 (2.12)



Overall:Hx(g) + 1/2 Q (g) + CQ (g) U H-O(g) + CQ(g)  (2.13)

Here an external electrical circuit is usedéoiraulate the electrons (Figure 2.Dn the anode, Hs
normally used as the fuel, which could be supplied from an internal steam methane reforming process.
Besides, MCFC can also usetwman monoxide (CO), natural gaspopaneas the fue[51].

CAPTURED
COg, Hy, HO NATURAL GAS/BIOGAS

INTERNAL REFORMING

HEAT

CO, DEPLETED FLUE GAS
GAS

Fig@ar8& hematic diagram of the MCFC system. This a
el ectrochemical membr acad hb@M) acselaln: oQOdant and t |

carbonaneel efmProlyte

The modern MCFC system operates at high temperature (about HHca@ be used for cogeneration
(combined heat and powemd distributed electricity generatif#il]. In principle, MCFC itself is also
capable of C@capture, making the concept of combitgettric Power and Carbattioxide Separation
(CEPACS)feasible. A pmnciple of electrochemical membrane (ECM) technology derived from MCFC
system has been constructed and operated with external circuit at bencfb2calith a total
electrochemical memane area of 11r#, the test demonstratettie ability of ECMtechnology to
selectively transfer C&irom the cathode to the anodéthe cel] operatingat a peakCO; flux of 180

ml-stm2, and achieving90% of CQ removal from asimulated flue gas streaj2].
2.2.2.CO; transport pathways in practice

A molten carbonate dual phase membrane is ae@fand simplified version of ECM technology
focusing on the C@separation step. lonic/electronic conductive solid material interconnecting across
the whole thickness of the membrane replaces the external cirBssed on the proposed
electrochemical trasportmechanismsiate of CO, transportis determined by four consecutive steps:
interfacial electrochemicakaction on feed side, carbonate ion diffugimmough molten salteversed
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interfacial reaction on permeate side and ionic/electronic conduction through solid phase. Hence,
interfacial reaction kinetic rate constant, carbonate conductivity of molten carbonate mixture,
ionic/electronic conductivity ofolid support could impact th€O; transmrt through dual phase
membrane$§53].

Kinetically, the CQ permeation flux J via electrochemical transport mechanisms can be written as:

W mm s O
v oQoon,Y—,,Y P

In the equation E@)/mol)is theapparenactivation energy fothe overallgas permeatioprocessT is
permeating temperature and A ipra-exponentiatonstantPermeation experiments can be conducted

by measuring C&Xlux at various temperate under the same gas environm@ytplotting In J against

1/T, Ea can be determined experimentally and compared to activation energy for individual steps. If the
rate of one particular step is much slower than other steépenthe overall Eaby measuremnt is
approaching the activation energfythis individual step and it becomes rate limiting.

It has been proposed the electrochemicab €&hsport mechanisms describedrigure 2.5 and 2.6
will be activated at above the meltipgint of the carbonatehase, onhjif the solid support material
possesses oxide ion conductivity and/or electronic conductiityhis point, the molten carbonate
ideally fills most of the interconnected pores and d¢hgbonate ion conductivity is largely increased
However, CO, transport throughmolten carbonat&lud phase membrands not restricted to the
electrochemical transpomechanismsluring experimental operatio@ther physicalgas permeation
mechanisms aralso possibleincluding Knudsen #fusion through unfilledoores as well asolution
diffusion throughthemolten phaseThese physical mechanisms could become predominant for inert or
weakly conductive solid suppoth addition, cacking on the bulk membrarsirfaceor lose of molten
catbonate (carbonate decoosition) could lead to tranmembrane leakDefects or failure ofealant
material that isolates the feed and permeate side reactor chambers may leaecttaonbss leakGas

flows would pass through the gaps directly and thati@ephe félure of membane separation.

Disk shape and hollow fibre are the most common geometry for the sgijabrtof dual phase
membranes. Disk shaped membrane support can be fabricated using a simple powder pressing and
sintering technologyforming a random packed poretamrk. The average pore diameter ranges from

0.1 to 1um indicating a macroporous featyrs, 49]. Direct hotinfiltration can be accomplished by

placing carbonate powder on top of the membrane disk and elevatiegieratur@above the melting

point of the carbonate mixture. When carbonate miesywettability of the support surfacand the

capillary forces bthe pores drive the molten carbonate to distribute throughout the eriwork If

the infiltrated membrane still contains unfilled interconnected pores, it is possible thall gasmeate

through these poresVith a temperatur¢ust above the meltig point of the carbonate mixturée
carbonate may not fully occupy the pores. Gasneatiorthrough dual phase membrane is most likely

governed by Knudsegporediffusion[48]. At this stagethemembranesan hardly show any selectivity.



Furthermoremembranes may loselectivityat higher temperatuiéthey suffer thermal cracking or
insufficient carbonate loading. In order to prevent this, it is necessary to achieve pandaity while
maintaining the mechanical strength during the fabrication of porous support. For ceramic materials
with relatively lower densification temperature, pore formers such as graphite, carbon black and corn
starch are blended with ceramic powé&opwed by pressing and sinterifg4]. Pore former will burn

off while ramping up to the sintering temperature. Total pore volume must be estimatesiire the

amount of carbonate loadingadequatéo occupy the interconnected porous network.

Once the carbonate mixtuflly melts at higher temperaturé presents as liquid phase within pores
of solid substrate. It is suggested thdet gas @ membrane feed sideould possibly dissolve into
molten carbonates as molecular species. If an inert support were usgds aransport includinGO:
would more likely occur via solution diffion [55. When support material has ionic/electronic
conductivity, electrochemicatransport routés active forCO, whilst other gas species mainly transip

via solution diffusion Meanwhile solution diffusiots still a parallelbut insignificantroutefor CQ,
transport. According to the solution diffusion mechanism, solubility and diffusivitydifigual gas
species in the molten carbonate mixture mn@ortant parameters that determine the membrane
selectivity solely by this routeThe values ot he sol ubil ity constant S (t
constant Hfor N2 and CQ in the ternary carbonataelt (43.5mol% Li.COs, 31.5mol% Na,CO;s, 25.0
mol% K,CQs) at different temperatures are summarised in Table 2.2:

Tab22eSol ubilitysacnodnsGantes nafr yMtar bobat weedn 560 and
measbyeduenching sandr at ¢ d winmlgt ¢ hesdgdas t o escap

Temperature N2 solubility constant CO- solubility constant
(*C) mol-cm3-Pat mol-cm3-Pat
560 - (0.89+ 0.10)i 10*2
700 (0.68+0.08§ 10*2 3.55 10"
750 (1.24+0.07§ 10%? -
800 (1.32+0.10§ 10?2 -
850 (169+0.11) 1072 -

Thesolubility coefficientggenerallygrowwith temperature based time above tableCO; solubility in
ternary carbonate mixture is generally higher thanHéwever, the permeability of each gas specie
still depends upothe gas diffusivity inthe melt.As gas diffusivity data in molten ternary carbonates
was scarce in literaturéheoretical C@selectivity by the solution diffusion mechanism is difficult to

predict.

Gas transport through defects ofmbrane sealing ids governed by Knudsen diffusigag], leading

to thelossof CQ; selectivity. The sealant materials must be carefilitysen and tested to prevent cross
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chamber leak and minimise the gas transport through any dEfiecsealant for dual phase membranes
must sistain high temperature in terms of mechanical strength and chemical stability. Ideally, they form
a dense, robtignd gas tight layer that adhesive to both the membrane material and the gas inlet tubing
material.Metallic gold and silver sealants are istrgated and proved that they are able to provide high
temperature leak free sealing for metatlarbonate memhbnes as well as perovskiike ceramie
carbonate membranfsy?, 58]. They can be applied between the gas inlet tubing andonag® surface
either as a form of paste or silver/gold ring seal. The melting point of silver and gold are 962 &6d 1063
respectively[58], indicating they remain solidified atsual operatingtemperatures of dual phase
membrane. Besides, cerantiased sealant and borosilicgtass sealamere also studied for camic
membrane reactor&as tightness was difficult to achieve dgramic sealastwhilst the performance

of glassbased sealant was not stable with frequent variation of tempdiz@u€). It is alsonoticeable

that doubldayer sealing, for instance silveeramic double sealing and gajthss double sealing were

found to be reliable for high temperature gaparation using ceramic membraf&g 61].
2.2.3.Properties of membrane supportmaterials

Various studiesn molten carbonate dual phase membraseggestthat the electrochemical GO
transport mechanism is relevant to the bulk oxide ion/electronic conductivity in solid S| &i2-

64]. This route of CQ@ transport is predominant only if the support material is charge conductive.
Knowing the importance of the support material in dual phase membranes, it is necessaewtthe
structural thermochemicaproperties as well as conductivities of a typitembrane support material

with the following properties:

1 Inert membrane suppotgkingh -alumina(" -Al,Os) as a typical example
lonic conductive membranetsking yttrium stabilised zirconi&/ SZ) as a typical example
Mixed ionic/electronic conducting embranes, including perovskitetype Lanthanum
Strontium Cobalt FerritedLSCFH membranes.

h-alumina is a naturally occurring minerahamely corundum. Its crystalline structure is a
rhombohedral lattice systemwith very high melting point of abox200C°C. Aluminais also considered

as an inert material that neither chemically reactive remtienic conductive. The electrical resistivity

of alumina is 2 10° g-cm at 1000C and is among the highest of ceramic materiéf. The
densification of powdempressed alumina pellets also occurs at relatively high temperature. In
conventional heat sinte@g processes, the densification is achieved through fast growth on grain size,
followed by shrinkage of pores. Research in the densification process dunnigalsintering has
shown that fast grain growth did not happen until 1350 to A2Ghd the pédt approached full
densification above 1480 [6€], indicating the sintering temperature profile must be carefully

controlled to obtain the desirabieembrane support porosity.



Being an insulating material to both electrons and oxide ieakjmina support is often used for control
experiment for C@permeation against othekide or electronicconducting membrane$Vade el al.
conducted an isothermal G@ermeation experiment at 7&Dusing alumina as a support and infiltrated
with molten ternary carbonates. During the 4000 minutes operation the pEMneability never
exceeded 8 1012 mol-m'is'tPd! which is around one order of magnitude lower than oxide ion
conducting YSZ supported membrdi&]. They further demonsated the temperature effect on £0
permeability and C&N. selectivity through alumina based dual phase membrane was insignificant.
Across the temperature range from 500 te"@)C G permeability wadarelyobservablat 500600°C.

The permeability wamcreased at higher temperature however stayed within dee of magnitude of

10 mol-m'is' Pd 1 [53].

Yttrium stabilised zirconidYSZ) is a wellknown oxide ionconductor. Pure zirconium oxide (Z9O
itself has monoclinic laite structure up to 110G and has very small ionic conductivity due to low
concentration of oxygen vacancies on lattice di6&. Generally, doping metal oxides with lower
valence metal cation can create oxygen vacancies that facilitate theaadiactivity throughouthte
lattices. Yttrium oxide (¥Os) containing ¥* cations is one of the most established dopanssabilise
zirconia. Figure 2.8lepicts the process on the formation of Y8¢hen Y0z is incorporated into a
ZrO: lattice, Y8* cations replace Zf thus breaking the charge balance and creating a negathasiyed
lattice siteY 'z, relative to the surrounding crystal lattides a compensation for the charge imbalance
on the lattice site, a +2 charged oxygen vacangyisvVcreaed for every twoY'z introduced.The
remaining oxygen from 303 go into the lattice structure as lattice oxygef @hich is neutral relative
to the surrounding lattidé?2, 68]. This process can be expressed usingistahKibgerVink notation:

9/ c9 6% ol P L

¥52 [Yitria-Stabilised Zirconia)
Cubic Fluorite Structure
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The ionic conductivity of YSZ is directly relevant to the concentration of oxygen vacaiities.
concentration ofthe dopants is ojised becauset lower dopant levels the oxygen vacancy
concentration is insufficient whilgtt higher dopant levels, the defect ordering, vacancy clustering or
electrostatic interactions may decrease the ionic condudi®tyBy adding 3 mol% ¥Os the zirconia

can be partially stabilised, mixture ofmetastable tetragonal Zs@nd cubic phase is obtained due to

this insufficient amount of dopariDoping 8 mol% ¥Os makes irconia fully stabilised into an oxygen
deficient cubic fluorite structurgg7]. In the context of ionic conducting dual peamembranes, the
mobility of oxygen vacancies allows the transport of lattice oxygen in the solid phase. Gas phase CO
on feal side of the membrane can therefore react with lattice oxygen and produce carbonate ions. After
diffusing across the membrane wmlten phase, carbonate ions then react with oxygen vacamcies
membrane permeate side, releasing gas phasea@Dreturnig oxygen to the lattice, with further

lattice oxygen back diffusn closing the loop (Figure 2.968].

porous oxide
Vi _» Vo — VS —, Vi
CO;, —» / \ — CO,
%’ 6oz —» coz— %
molten carbonate
CO, + OF — CO5 + Vg COZ™ + V5 — CO, + OF

Fi g9 8c hendataigsrhaonwi ng a dual-moplhtaesne csaorl bi odn aotxen gnee mb r ar
carbon. dioxédktaci al reactions on bokrh® §é rdike sn otf a tt ihcr
[6BNott di@ti s equiOf@ad mmit nit mRewirtolduvd%e.d with permi ssion

Electronic conductivity can also arise in solid oxide materials. One major mechanism for their electronic
conductivity is related to the surrounding oxygen atmospl@ie The oxygen partial pressure upon

the material surfae determine the generation of electron$ éad electron holes ¢h as shown in
equation 2.16 and 2.189:

5/ C 6% | CE @ o

/ 5/ C 6% A P X
The equilibrium constants of these equations at a given temperature determindgheyt®f electrons
and holes formation within the YSZ structure. High oxygen partial pressure fasilitale formation
and p type electrical conductivity (mobility of holes). On the ottard,low oxygen partial pressure
facilitates electron formatiomnd n type electrical conductivity (mobility of electrons). Literature
suggested that comparing withhet solid oxides, stabiksl zirconia ceramics exhibit a minimum

electronic contribution to total conductivity in the oxygen partial pregp@®@g rangefrom 10 20 MPa



down to 16* Pawithin the temperature window of 78DC°C [62, 69, 70]. It means p@needs to be

extremely high to enable hole formation and extremely low to enable electronic torriétis YSZ

essentially is a purely ionic conductor within the/gen partial pressure range for practical apptica

Another important chemical property of zirconia is the interaction widC®@i under elevated

temperature higher than 6&Dandlow CQ;, partial pressure. Under this condition, the decomposition

of carbonate ions releases oxide ions into zirconiaeMbxide ions and lithium ions incorporate into

zirconia lattice, a new phase of zirconate is formed as a thin layer on the mokarcealt interface.

This is a reversible process and the overall equation can be written as equat[é6i8,52871]:

, B/ 0l , EOQ/ #I

P

W

The presence of neionic conductive lithium zirconate (14rOs) layer may interfere the interfacial

reaction explained earlier in the electrochemicak @@nsport mechanisms. However,41iOs is a

well-known CQ absorbent and the reverse reaction igti@aarly effective on LiZrOs-ternary

carbonate interface. Wade et.al perforrttegtmogravimetric analysis (TGAfor YSZ and carbonates

mixtures, comparing the weight loss of YSZ mixing witliuidual Li/Na/K carbonates, YSZ mixing

with unreactive binarfla/K carbonates and YSZ mixing with ternary Li/Na/K carbonates up t&900

under 10% C@atmosphere. The result (Figure 2) Hhowed the weight loss of YS4,CO; mixture

was irreversible. Altbugh the YSaernary carbonate mixture started to lose wemh?65C, the

weight was mostly recovered upon cooling down to around@®[E8]. They further showed the GO

downhill permeability through YSBinary carbonate and YSZ&rnary carbonatenembranes were

similar at 750C, feeding 50%C0O; in He [53]. The result indicated the interference of the zirconate

phase on C@permeation is only posdéunder higher temperature or low gfartial pressure.
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Lanthanum Strontium Cobalt FerriteRCF orLau.«SrxCo1.yFe,03.) is a ceramic material with a phase
containing mixedanthanum (l11) oxide, strontium oxide, cobalt oxide and iron axids a perovskite
type hombohedrabr orthorhombiccrystalline, which has a general formula of AB@igure 2.1).
Lanthanum Sontium Cobalt Ferritas a mixed ionieelectronic conductor (MIEC). By modifying the
proportion of the metal cations on A sites and B diveshe LSCF systenthe concentration of the
oxygen vacancy and electron/hole carriers is tune&blen the A sie lattice of LSCF acts as an
acceptor, enhancing the formatioh oxygen vacanciedue to the ionic compensation similar to Y.SZ
In parallel,electroric compensation byalence change of the @te ionsis another way tonaintan
chargeneutrality corresporidg to the A site acceptor dopant {$r[72, 73] This in turn generates
electron vacancy (holes) and the mobilitypdiype carries (holes) makes LSCF electronic conductive.
In this caseCo (llI) and Fe (lll) ionsnducethe electronic conductivity in LSCF and the interaction
between oxygen and solid oxides as in equation 2.16 and 2.17 is not necésdargon and co
workers carried out studies in structure and electrical behaviours in LSCF syhenrevealed that
high Sr and Co content in LSCF such ag5a sCo sk 2035 (LSCF2882) exhibitetdoth higher ionic
conductivity and higher pype electrical conductity [72-74]. However, compositions having high Sr
and Co content seaxd susceptible to fracture due to their high thermal expansion coefficient as well
as relativelylow chemical stability[75]. LaoeSto.sConFendOsu (LSCF6428) has been found to
compromise the conductivity and stability ahdreforehe LSCF6428 composition was chosen for the

experimental studies this project.
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Precisely, in LSCF system the chemical stability and oxygen nonstoichiomgtise(also associated

with the variation of surrounding oxygen partial pressure)(p@d temperater The dependency of
oxygen nostoichiometry(or the oxidation state of LSCEpon the temperature in both reducing and
nonreducing environments have been investigatesevgraresearchers, leading to a change in ionic

and electronic conductivities corresponding to the changing oxygen vacancy concentration. The general

trend is thathe degre®f oxygen nonstoichiometiyncreased with increasing temperature, decreasing



oxygen paiil pressureand increasing Sr or Co contgit7], following the dissociation of lattice
oxygen from LSCF in # oxidised state (LSCKpas described in equation 2.19:

h
L 3#&u , 3#& ]E/ B w

Fortheeffects of theSr and Co content, p@nd temperature on LSCF chemicalbslity, researchers
performed solid elemlyte coulometry (SEC) to study hawelated to changing p@nd temperature.
LSCR2882 with high Sr and Co content became oxygen deficient &C36@en in nosreducing
atmosphere (log pO= -2.9). Incontrast, LSCF8228 and LS6428 became oxygen defiaieonly at
higher than 60T, whilst LSCB228 is not as conductive as LS&R8 under same environment. It
was also reported that in temperature programmed reduction using 4% CO/He, LSCF 2882 began
lose crystallinity aBOC’C, sufferedfrom carbondeposiion and severe degradation8i0°C [77, 78],

1 against log p@and temperature plofer LSCF6428are shown irFigure 2.12
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Upon a small change in temperature and oxygen partial pressure on the surface abdy§é&fmust
beeither lost or gained in ord&y re-establish equilibriunm responsavith theambient gas environment
and temperaturd.heRe-equilibrationratedepends on p£at a fixed temperaturgVith higher ambient
pO: baseling LSCF tends to requilibrate fasterHowever,at a fixed pQ the kinetics of the reverse
surface reaction in equatid®.19 may be enhanced at higher temperatwsa Aesult, reequilibration
was found to be faster at 600 and WD(P78]. Although LSCFB428 exhibited greater regeneration
efficiency comparing with LSC#228 [77]. O, and/or CQ permeation flux via LSC8428 based
membranes may take a long time to reach steady sthighatemperature due to the-equilibration
behaviour.lt has been expenentally observedhat oxygen permeation over LSE#28 perovskite
membranesinder air/N gradiens at 850 °C requires 12 h toreach steady statBuring thisperiod
the oxygen fux increases 482% from its initial value dueo the gradual development of axygen
deficientstructure[79].
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Because of the electronic conductive feature in the LSCF system, denseéds®d membranes exhibit

high selectivity to Q at 706100C°C. By undergoing the interfacial electrochemicalatéons described

in Figure 2.13 0, moleculesanpermeag through the dense membrane driven pgl@mical potential

gradient. Dense LSCF based membranes exhibited an oxygen permeation farxtwoerders of
magnitude higher #m that of stabilized zircon{80]. This concept obxygen permeable membranes

has been extensively studied in the research areas of membrane based air separation, which separate out
high purity Q from the air and can be potentially applied to-poenbustion carbon capture and exy

fuel combustion processes
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Going back to the conceptlo§CFcarbonate dual phase membranes that are utilised fosep@réion

and CQ-O, co-permeation, proposed mechanisms were briefly outlinechapter 2.1.4(see Figure

2.5 and 2.5 For downhill CQ permeation alone, the electronic conductivity of LSCF is not exploited.
Therefore, it is true that the eohanism described iRigure 2.5is the only major electrochemical
transport mechanism. Consithg the LSCF as a dense solid phase is oxygen perméableQ-O:
co-permeation neexto be describedhorecomprehensivelyAs a MIEC material, parallel pathways for
electrochemical transport may be available @,-O. co-permeatiorwhen the chemicgbotential
difference of @ between feed and permeaide is positive (Figure 2.340; itself can transport as
lattice oxygen via the solid phase (i), andpgmeate withCO, through the melt (ii) simultaneously
[68]. These combined mechanisrakso apply tothe uphill CO, permeation when COchemical

potential difference is slightly negative across the membrane. féétiesideCO, chemical potential is



alsohigher(downhill CO, andO. co-permeation), the elecichemical pathway ifigure 2.5utilising
the oxide ion conductivity of LSCF mayperimpose on top of the twotpaays inFigure 2.14

porous MIEC oxide
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2.2.4.Properties of molten carbonate

Molten carbonatesi the active phase that facilitatee electrochemical transport of €@&cross dual
phase membranes. It is also important to study the properties ofdlten carbonatas this may
directly influences the COpermeation flux andselectivity. In this seabn the following major

properties of ternarynolten carbonatmixture are reviewed:

9 The carbonate ion conductivity through molten carbonate phase.

1 The chemical stability of molten carbonate, partidylahe thermodynamics of melt
carbonate decompositi@nd the equilibrium with gas phase environments.

1 Complexity of gas phasmolten phase chemical interaction and formation of new ionic species

in the melt.

Tabd3eComposanmeon i rsgf podlait ath&t al car bonaktye Wa dxet vertes

a.l5 R
Carbonate composition (mol %) Melting point (°C)
100% LrCOs 726
100% NaCOs 858
100% KCOs 899
41% NaCG;, 59% KCO;s 710
43% LCOs, 31% NaCOs, 25% KCOs 397
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Molten carbonate is a special form of ionic liquidh much highemelting point. The melting points

of pure carbonates of Li, Na and K are higher than°G0nterestingly, binary mixture of Na/K

carbonates has slightlpwer melting points and ternary cartate mixture of Li, Na and K has

significantly lower melting point (Table 2.3Jhe ternary mixture would be beneficial particularly for

applications such as pommbustion C@separationTherefore this compositions widely employed

for laboratoryscak researchor CO, separation using molten carbonate dual phase membranes.
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Kojima and ©-workers measured the carbonate ammductivity of ternary carbonate mixtures with
various compositiong81]. The masurements were made usimgpedance spectroscopy turned out

that for carbonate mixture®t far from equimolar compositions, the carbonatecmmductivityis not

strongly affected by the variation of compamits (Figure 2.15) Conductivities were measured from

just above the melting point of eacbmposition up to around 8%8D. The valuesend to stay on the

same order of magnitude for all the compositions and across the whole range of temperature. They also
established aampirical quadratic functiowhich reflects the temperature dependants diarzate ion

conductivity.
. O QYOY & m

Here, a (S i), b (S M K™), and ¢ (S cit K'?) are experimentally determined constants ‘asiglthe
carbonate ion conductivity in S/cm. For the 43.5:31.5:25.0 composition the c coefficient is zkrge to
Hence the carbonate ion conductivity is essentially close to a linearly dependency to temperature. In
another measurement taken by Ward ama [83], an exponential model was proposed because their
measurement values at temperatures aboviCo06re slightly higher comparing wiojima and ce
workers. Anyhow, the carbonate ion conductivity presented from various literatures agseediga

well. Furthermore, a plot of log {T) against 1000/T comprisegveraimeasurements from literatures

also included the carbonate ion contiltity of 41:37:22 composition beloits melting point(Figure

2.16) It is worth pointing out that the carsbate ion conductivity dropped significantly by at least four
order of magnitude upon the solidification of molten carbonate. It indicates thenatrbmixture

almost lose the conductivity in solid st§82].

The most important thermochemical behaviour of the molten carbonate mixture is;ttiss€t@iation
under high temperature. Th®ermodynamics of CQissociatiordirectly affects the measurement for
membrane permeate side £&ntent. Accordinglyhigh CQ partial pressure upon permeate side
membrane surface may inhibit the carbonate decomposition as well as thaa@€port. The

dissociatiorof CO;, can be expressed as:
- #lz - #1 & p

Here, MCO; representghe Li, Na, K mixture of the ternary eutectiarbonate. MO stands for thei,
Na, K mixture ofalkali metal oxides. When thigaction reaches thermodynangquilibrium at a
specific temperature T, the equilibrium constantaurilérium dissociation conahtKq can berelated
to the standard Bbs free energy of reactiok.G*) shown inequation 2.22

NG YY® € C& ¢

) = = o
& o §:
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The definition of tle equilibrium dissociation constantyks shown on equation 2.23, where a is the

activity of relevant species. Thékali metal oxides produced can dissolve into the molten carbonate
mixture forming a solutionHowever,the alkali oxidescontent was consatably low even at high
temperature. Thenole fraction of oxides (M20) in the melt was determined as low as’1@ 10° in
literature[84-86]. As XmzcosY 1 amg#Y X in this system, this can b
solution and the activity can be replaced by mole fraction for simplificafiorthe other hand, activity

of CO; can be replaced by partial pressure assuming it is an ideal gas.

It is difficult to calculatethe standard @bs free energy akaction 2.2%rom theGibbs free energy of
formation of individual carbonates, since the carbonate mixture is in solid phase at standard state and
individual carbonates are immisciblEhe valies of Ky and the equilibrium Cg@partial pressure were
often determined by experimental measureme8fedding and Millsmeasured the iskociation
pressures of carbonate mdhsm 750 to 95€C usingstaticmercury manometric techniques, in which
sweep ga was nbpresent. Equilibrium pCOwere between .2x10® to 1.4x10* Pa[87]. Lorenz and
Janzlater usecent-concentratiorcell principle,in which the potential between two inert éfedes in
the carbonate melt imonitored. Thepotential is dependent on the gartial pressure over the test
electrode. Theirvalues were about 5 times smallethan Spedding and Mills The carbonate
decompositiorprobably did not approachtrue thermodynamicequilibrium underthe conditions of
dynamt flow for the emf approach. Cotasit flow may sweep some of the £€@way before full
equilibrium is attaine8g].

10
i Spedding and Mills [87]
=
o1l el
F e
E -
= 1 _
d‘i 001 =
@} -
= C
©o-00! Lorenz and Janz [88]
0-000I

L 1 1 1 1 L A
600 650 700 750 BOO 850 900 950
Temperature,°C

FigatrZquili bdi amo€Dation pressures for the terna
(43.5:31.5:25.0 mol[8é&s ®Re pfrroodnu tcée0dpsair om 960 AEI sevi e



The chemical interaction between £4hd molten carbonate is not limited to the-@@sociation CO;
molecules can react with molten carbonate directly on membrane surface if they are in contact with the
molten phaseThis is regardedsachemical solubility of C&in the molten phase. The product species,
namely dicarbonate ion€40s%), has been specscopically identified in a supported molten carbonate
membrane for C®permeation89]. CO; also invohesin the chemical interactions between molten
carbonate athoxygen, forming various carbon and/or oxygen containing ionic species incorporated into
the molten carbonate, including peroxide id@s’{, superoxide iongd,), peroxycarbonate ions (%)

andsuperoxycarbonate ions @&). Some possible reactioase listed belov}90-92]:

CO; addition:CO, + COs% 2 C,05> (2.24)
Peroxide formation: 1@, + CO> Z O, + CO, (2.25)
Superoxide formatio: 3/20,+CO:> 2 Qy + CO, (2.26)
Oxygen incorporationl/20; + CO:2 Z Q4% (2.27)
Superoxycarbonate ioffermation O, + CO:> 2 Qs (2.28)

The complexity of molten salt chemistry and the detailed mestmenabout reactions 2:2428 are

beyond the scope of this research. Nevertheless, when these reactions take place in parallel with the
proposed interfacialectrochendal reaction figure 214), each one of the reactions could also be the
ratelimiting step of the CQ@transport across the molten carbonate dual phase membrane. The existence
of these surface reactions cannot be ignored wtaleying out themechanisticstudiesof the
membranse. (Sealetails inChapter 2.4)

Having reviewed the properties of both membraneport materials and molten carbonate, it is
important to study how those properties influence @@ permeation flux and selectivitgf the
membraneThe next stage will beoking at the experimental studies thtestigatehefunctionalities

andapplicationsof molten carbonate dual phase membranes intos€@aration.

2.3.Enhancing CO; permeation flux through dual phase membranes

High CQO selectivity is the inherent advage of the molten carbonate dual phase membranes due to
their facilitated electbchemical CQ transport featureThis transport mechanism theoretically offers
infinite CO; selectivity.However, in practical membrane operation many other factors may influenc
the membrane selectivity including the gas tightness of the seaamtbrane cracking and physical
transport of other gas species through the molten phase. On the other hgmetn@tion flux through
molten carbonate dual phase membranes is an ianggrarameter to be improved from the practical
point of view, especibf for postcombustion C@separationChapter lhasshownthat the volumetric

flow rate of flue gas emission from a typical coal fired power plaofttise order o600n¥/s, equivalen

to 11000 ton C@per day[93]. Compact membrane sepson units with high permeation flux are
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desirable as this avoids thecessity for high membrane surface area which leads to high capital cost.
Merkel et al.pointed out thator CO,/N; selectivityabove 30, increases in membr&@, permeance

are more@mportant than further increasisselectivity In practicalpostcombustion C@separation
applicationsfeedto-permeate pressuratio is usually between 5 and &6d this poses a limitation on

CO, enrichment within the permeate stredmcreasing meforanepermeance will help reduce the
required membrane aread capital cat, but further increasing selectivitas only a small impact on
product purity{93]. Various approaches can be employed to improve thep€@eation flux through
molten carbonate dual phase membranes. This section reviews the erparistudies to find out
effective methods for C{permeation flux enhancememM.embraneunctionalities,particulaty CO;

selectivity, will also bediscussed
2.3.1.Modifying pore microstructure and membrane geometry

The CQ permeation flux can simply be entt@a by modifying the physical properties of the ldua

phase membranes, including the pore microstructure as well as the geometry of the support material.
Membrane support microstructure can be described in terpisasityii, t o Ut aoasi ayer age
diameterof solid substrate,. It has been reportithatwith same membrane support matergalrosity,
tortuosityand average poiameternf solid substrate aieportantfactors for CQ permeationQrtiz-
Landeroset al [94] prepared six porousSCF6482 (LaeSr.4«Ca gFen sy disks using pressing and
sintering methods. The disks were sintevgthin a temperature range 800 to ROC°C, resulting

average pore diameter from 0.4mm to 0.8mm and open porosity from 0.528 to 0.0¥8luhhetric

carbonate fractionf the fully irfiltrated support disks was close to these values. They proposed that
sintering temperature of solid suppd$CF6482controls ® | i d fracti on tsandt ort uo
carbonatefractiont 0 t or t u o S theytwo rradids ifuether (céintroll thepparent measured
conductivities of solid material and the melt respectively. The ratios weaiiced as correction

factors forthe intrinsic dense solidonductivitiesand molten carbonateonductivitieswithin their

empirical formula for C@permeatiorflux. It turned out thain optimum sintering temperature exists

for maximum CQpermeation1000°C sintering temperature showed the &&jlCQ permeance across

all operating temperatures from 750 to 9D(Figure 2.18) They also confirmedthe membrane
microstructurechange asa function of sinteringtemperatureAt sintering temperaturdsghe than

100CC, COG permeation dropped becaugsnsification becomgaeeminentyielding adensesupport

thatlackspore interconnectivity.

Apart from sinterindemperature,fgecific membrane support fabrication methodsalaohelp modify

pore structur@inder similar membrane geometBhang et al[95] co-precipitatedsolid oxide mateal
Cen.sSmy.201.9(SDC) with NiO from the nitrates of the constituents forming nanocomposite powder,
followed by pressing and sinteringlembrane support had highly interconnected pores and narrow
pore size distribution (600nm median poree$i Downhill CO, permeability was two orders of
magnitudesigherthan Anderson andiLn 6 s wo r k 6482 ¢solgegmethdsls) &d Wadk ald s



work using YSZ (tape casting techniq(49, 53]. The intrinsic ionic conductivity of the three materials
is not vastly different and the three membrane disks had similar thickness.
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Changing the thickness of the membrane is another way to enhanC&tpermeation fluxance it
shortens the diffusion paths and reduces the resistance of ion/electron tré&assatton equation 2.9,
thinner membrane thicknesgan improve the C&permeation flux J under similar driving force, even
though same solid phase material with same fig@meability is used. Anderson and [49] were one

of the pioneers who experimentally investigated the effect of membrimkedsson CQ permeance.

They carried out downhill COpermeance experiment across L$882carbonate membranes with
thickness of 3 mm down to 0.375 mm. gi@rmeance increased with decreasing membrane thickness
for every operating temperature as saekigure 2.19 Arrhenus plots were produced for the four
membranes based on these results. The apparent activation energy pe#r@€ation (see equation

2.14) was between 86.4 and 89.9 kJ/mol. As the thickness approaching 0.375 mm, the activation energy
levelled offat 89.9kJ/mol and the rate of permeance improvemesdigally diminished (Figure 2.19

They suggested that both behaviours indicated the bulk ionic diffusion in solid phase was no longer rate
limiting for thinner membranes and the rate okifdcial reactions may become an important rate
determiningfactorfor CO, permeationlt is possble thatinterfacialreaction will become rate limiting

if the thickness is further reducdd.another noticeable research by Lu and[B#], they attempted to
fabricate ultrathin 10 um disks of YSZcarbonate membranes with Raettable porous

Bi1sY0.3Sm 2055 (BYS) base layer. The GQlux is one order of magnitude higher than 20D mm
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thick YSZ-carbonate membrari86]. Apparent ativation energyor CO, permeation thraghthethin
YSZ-carbonate membrane 106 kJ/mol The value is largerthan the ativation energyfor CO,
permeation througkhicker YSZ-carbonatanembrang84 kJ/mo) [53], which is closer to oxidéon
conductionn YSZ electrdytes reportedn literature (81 kJ/mol})97]. Conductivitydata (Table 2.49f
solid materials revealdtiat bulkO?* diffusion rate is much lower than GQransport through molten
carbonate, indicating Gpermeation through thin molten carbonate dual phase membsamese

likely to be interfacial reaction limiting.
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Porous solid oxide membrane disks made bydqemwressed and sintering method tend to have random
packed pore networ{Eigure 2.20a) [98]. Alternatively, phase inversion techniques can be utilised to
fabricate porous hollow fibre membrane suppér. The resultant porous membrane support is in a

thin tubular geometry with an outer shell diameter of around 2 ndra amll thickness of a few hundred

pm. The hollowfibre support fabricated by phase inversion has langer-like straightchannelsaand

denser spongkke top layer with random m&ed pore networkgFigure 2.20 h)Hence the phase
inversion technique camodify the pore microstructure simultaneouslytmidwering the membrane
thickness. The incorporation of molten carbonate is normally achieved by impregnation of ternary
carbonate suspension. In general, hollow fibore membranes are operated in slubléahtiguration.

Gas permeates across the meméridmough the wall of the fibre from shell side to tube side or vice
versa, with both ends of the fibre sealed. The advantages of hollow fibre molten carbonate membranes
are that both thickness and porecrostructure can be tailored and optimised durirgyfabrication.

The effective surface area for gas permeation is also largely increased comparing with disk membranes.

Zuo and ceworkers[97] fabricated YSZcarbonate hollow fibre membranes and carried out high



temperature downhill 1:1 CIN, separation experiments. Across 550 to° @85G permeation flux
ranged from 0.02 to 0.22 micnr?min? [97]. Converting to C@permeance it was roughly 19408
mol-m2stPal at 850C. This is approximately three times higher than a thicker diskesh¥ Sz
carbonate membrane fabricated by Ahn andvodkers[98]. The CQ/N: selectivity of ths hollow
fiore membrane wasonsiderablesincethe N> concentration on permeate side wasl6hppm scale.
Chen et al. developed 00115 mm thick SD&arbonag hollow fibore membranes by phase inversion
With a 50% CQ@50% N feed condition, their membranes achieved stabkelB:0mol-m?s!Pat CO;
permeance for 85h at 7@[99], remarking a further improvement to the SDkdieembrane§95].
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2.3.2.Enhancing bulk ion/electron transport in solid phase

Along with physicalmicrostructure and geometmgodification, studieswidely agreed that chemical
properties of the molten carbonate dual phase membranes directly related to pleen@bility based
on the proposed ettrochemical mechanismsulk ionic/electronic conductivities solid phasenay
influence the C® permeability strongly. For downhill GOpermeation alone, purely oxide ion
conductive and MIEC materials have been widely employed as solid suppefe@@ation can be
limited by bulk oxide ion diffusion, interfacial electrochemioadctions or carbonate ion diffusion in
the melt.For thick membranes (~1mm) thatelimiting step is more likely to be bulk oxide ion
diffusion[49]. One straightfovard way to enhanden transport is choosing alternative solid material
with higher ionic conductivityWhilst for thin membranes that are no longetk oxide ion diffusion
limiting, changing solid material probably cannot be effective no matter hdwttdgconductivity is.
Similarly, for downhill G-CO; co-permeable MIEC membranes which are bulk oxide ion/electron

diffusion limiting, switching to a highly ionic and electronic conductive solid material is also expected
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to promote the permeation flux bbth @ and CQ. This section will comparthe CQ flux of molten
carbonate dual phase membranes fabricated using various solid phase material. To exclude the effect
from physical modification and driving force, membranes with similar geometry and nuctosgr

were chosen. Preferably the experiments weredected under similar feed @@oncentration to

ensure the C@partial pressure differences across the membranessieilar. It is also clearer to
compare in terms of the G@ermeability of differensupport materials as permeability reflects the

propeties of membrane materials themselves regardlfiesembrane thickness addving forces

Currentlythe most common ionic conductive and MIEC solid material being studied for downhill CO
separation auwof inert gases are YSZ, LSCF, samarium doped ¢8B&),doped bismuth oxidéBYS)
andgadoliniumdoped ceridCGO).A cross comparison can be made fr
[490onLSCR482c ar bonat e me mbr §86 en Y&Acdrborate ménshrameoThey both

used thick disk membranes>1mm) and50% CO, feeding gasat ambient pressur@ hey obtained

downhill CQ, permeance of 0.3x¥0and 0.1x1@ mol-m2s'Pat respectively at 80°C. The materials

havesimilar solid ionic conductiity, resulting CQpermeance values on the same order of magnitude.

Besides, downhill C®permeation thorough dual phase membrarsgsg BiisY03Sm.0sq (BYS),
Ce.9Gh 1025 (CGO), CasSmy 0.4 (SDC) substrates were studied extensibalgause of #ir higher
ionic conductivitieslt is noteworthythat the downhill experiment carried out Bgtricioet al. using
0.92 mm disk shaped CG€arbonate membranes achieved.@8&meance oft.9x10® mol-m?s'Pat
[100. In terms of permeability it was 4.510'*mol-ms'Pa?, which was a gjnificant improvement
comparing with YSZ and LS@482 membrandd 00 because¢he CGO substraséhave higher ionic
conductivity han YSZ and LSCB482.

For CQ-0. co-permeation, electronic conductivity of solid oxide material is more impattantthe
oxide ion conductivityEarly experiment carried out by Chung et[4B] intended to justifythe co
permeation rachanism described iFgure 26 usingpurely electronic conductive stainless steel as
solid supportThey successfully demonstrated that electronic conductivesgjbrt allowed C&O,
co-permeation.However, the experiment required €0, atmosphere, which oxidised the metal

suppot and reduced itslectronic conductivity.

More chemically stable support metals undera@nosphere have been tested for metabibonate

dual phase membranes. One typical example is hi
research group delaped silvercarbonate dugthase membran@g-MC) for CO,-O, co-permeation.

They fabricated powder pressed and sinteredVi& pelletswith 1.67mm thickness and obtained

downhill CG; flux of 0.82ml-cm’?min’* and Q flux of 0.43ml-cnm¥2mint at 650C. Thisindicated the

CGO,/O; ratio on permeate side was close to 2:1 as depicted on {perm@ation mechanism (see
electrochemical reaction on merahe permeate side in Figure 2 8ince the silver support is not ionic

conductive, electrochemical G@ansportalone (Figure 2)pis not expected. e equivalent CQ



permeancaeachedl.4 x 107 mol-m'%s !Pd! which was six times higher thanthe stainless steel
carbonate membrameportedoy Chungeven though theverall CO,/O; partial pressurdifferencein

H u a nsgudywas onlyhalf of Chung .sThey concluded thaie high level of permeatn performance
exhibited by the AgMC membrane wa attributed to better chemical compatibility of MC with Ag;
better catalytic activity over CGand Q activation processemnd betteelectranic conductivity of Ag

in oxidigng atmosphergl0]].

Overall, the effet of highly ionic and/or electronic conductive solid suppornsCQ permeatiorcan

be seen from the literaturerfboth CQ selective and C&0. co-permeable membranes. As different
researchers had different fabrication methadssistency of membramganetry and microstructures
cannot be guarantee@iherefore the cross comparison of G@Permeance in various sted was not
always representing the pure effect of solid phase conductivity. Anyhow, a summai(y &dibde2.4)

is produced to compare the iordonductivity and electronic conductivity of various materials, as well
as a summary table cross comparing @€meance through various ceraro&rbonate and metaltic

carbonate dual phase membranes at thete@Hapter2.3 (Table 2.5 and 2.6)

Tab24el onic conductivitiesdatmfi s#d lonzattdesaniiacd O®EEd uct i v
for silver aHedresetohelesesraetcteiedn factor for car bon:
mi crostruct4ug 86 36 8L Gllgdpdor e d

lonic conductivity e- conductivity Tertiary CO 3
(S/cm) (S/cm) conductivity (S/cm)

YSZ 0.106 ~0 3.5

Cep.8Smu 2025 (SDC) 0.18 ~0 3.5

Bi15Y0.35Mo 0z (BYS) 0.94 ~0 3.5

Gadolinium-doped 0.27 ~0 3.5

ceria (CGO)

LSCF6428 0.23 252 35
(Lao.6Sro.4C0o.2F€0.603-1)

LSCF6482 0.091 1217 35
(Lao.6Sro.4C00.8F€0.2031)

Stainless steel ~0 ~10* at 650C 3.5

Silver ~0 6.3 x 10 at 650C 35

2.3.3.Enhancing thermodynamic driving force

It is possible to promote theO; flux by enhancing the overathemical potentiatlifferencefor the
CO, permeatio. The general approach is to incorporate otherspasiesnto the molten carbonate
dual phase membrane systamch that theparticipatehetransporimechanismacross thenembrane.

Thermodynamically, higher overall chemical potentidiferenceacross the membrane offers higher
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driving forceupon gapermeatn. If the newgasspecia contributes to increasing tlogerall chemical
potentialdifference of CQ permeatiorbased upon the permeation mechani€@, permeation flux
may well be enhzced as a response to higher driving force.

It has been shown iBhaper 1 that the concept of GO, co-permeation is ideal for pesbmbustion
CO;, separation out of flue gas. Although silver has very high electronic conductigtsipplication of
thistype of membranes is limitdzecaus®xygenmustbein the feed streano allow CQ permeation.
Operating silveicarbonate membranashigh temperatur@ay alsaffect the membrane stabilit$04.
LSCF basednembranes are more fible and stable comparing with silvéri n6s gr oup demon
experimentally that high temperatwtewnhill CO;, separatiorwith O, co-permeatiorthrough LSCF
6482carbonate membrandargely facilitated C@ permeation flux comparinwith CQ permeation
alone [105. They selected a perovskilié&ke MIEC material as the solid support because MIEC is
capable of botlCO,-O, co-permeation an€ O, permeatiorwithout G.. This meansCO, permeation
flux can be compared directly by alternatingo®Ontaining feed stream and. ®ee feed streanilo
demonstree aclear comparison, large G@nd Q concentrations were usédr feeding gasWhen
feeding 50% C®@and 509\, at 00°Cthe CQ permeatiorflux stabilised ab.03 mlcnr?min™. Once

O, was present in feed stredfeeding 50% C®and 25%0, with inert bdance gas), C&permeation
flux increased to 3.4 noin?min. This observation demonstrated thepsymeation of @provided
such large driving force for C@ransport that the Cpermeation flux was enhanced by more than two
orders of magitude. More recently, Zhuang et al. also reported the effect pEfstence in feeding
gas for promoting the Germeation flux using LSCF642&rbonate membrangs0§. Referringto
Table2.4, buk charge diffusion through LS®RB82 substrate is much faster via electronic conduction
mechanism. Hence in this case carbonate ion diffusion through molten \whakkbecomerate

limiting if the interfacial reaction was assumed to bey vast.

Thermodynamic analysis on this membrane system is requirederprethow the driving force is
enhanced bgo-feeding Q. For a downhillseparatiorwhich involves solely C@permeation Eigure

2.5), the condition that feed side G@artial pressure (pb;) > permeate side GQartial pressure (jgb,)

has to be satisfied according to thermodynamidS8@ driving force as discussed @hapter 1.3. In
contrastfor CO/O, co-permeation the addition of oxygen offers extra chemicainpialeon feed side.
The thermodynamidriving force can be derived from the figginciple of the reversibleeaction Gbbs

free energy on both sides of the membrane:
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k:G'is the reaction Gibbs free energy of feed side electrochemical re&e@dns the reaction Gibbs
free energy of permeate side electrochemical reactigsithe extent ofhe interfacialreactionwith a

unit of moles. Here, the reaction Gibbs free energy for reversible reactions is defined as the slope of



curve that describes tototal Gibbs free energgf the reactiomrmixture (G' and G"comprising all
reactants and productshanges against the extent of reacfi®®).

Assuming the mechanism iRigure 2.6is the only dominating mechanism, when the feed side reaction
advances bya the corresponding change in total Gilftee energy can be written as egoat2.31

Hence the reaction Gibbs free energy of feed side electrochemical reaction can be written as equation
2.32, similarly for permeate side (equation 2.33).
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In order to make the forward G(Qpermeation from membrane feed permeate side proceed
spontaneously, it must satisfy thkaB'+k,G"< 0. The chemical potential difference of the carbonate ion
and electron are both zero whére tsystem is at equilibrium (i.&,G+k,G" = 0). At this point, the
system is in no flux conditn and no C@uphill permeation is observable. Once the overall chemical
potential difference of COand Q between membrane feed and permeate side staragimge the
equilibrium is perturbed allowing uphill G@ermeation to take place. Replacing cieipotential of
gas species in terms of partial pressure, this relation can be written as equation 2.34. Byingarran
this, equation 1.4n Chapter 1.3 catve obtained which describes the requirement for forward CO
permeation when £xo-permeate witlit.
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Thisrelationsuggestshat pCO; is not necessdy larger than pCO; given that gD, is a lot higher than
p"O.. It indicates CQ@could be able to permeate against its own chemical potential differenceawith O
co-permeation. EPapaioannoet al.investigated uphill C@permeation usingSCF6428membraes
[28]. The gas flows were shifted between asymmetrical operation (feed side 0.99%.@3% N,
19.45% Qin Ar, permeate side 1.03% G@ Ar) and symmetrical operation (1.03% &€@ Ar both
sides).The symmetrical conditiowasalso a nofpermeating condition in which the driving force for
CO; permeations negligible. It set up a reference £€ncentration and the variation of permeate and
feed sideCO, concentration can be monitored once switching to asymmetrical conditi6@C’C CQ
permeation flux 0f1.8+ 0.3) x 10* mol-m?s? was observedith asymmetrical operatiofrollowing
this work, the C@concentration in feed gas was halved and @meation flux still stabilised ét.5
+ 0.3) x 10* mol-m? s*. This work validated the theory of uphill permeatitlased on the above

thermodynamic analysis.
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Taba5eSummar ypefr me@nce C@ri ndeorwin hgiadst pee dameati iscerr at ur e

varyi nmgatseosliiadhd t hickness. Sweep gas were p
Ref. Solid phase  Feed Thickness Temperature Permeance
mm °C mol m? st Pat

[53] YSZ 50% CQ 0.25mm disk 650 0.32x108
[98] YSZ 50% CQ Thick disk 650 0.1x10%
[97] YSZ 50% CQ 0.2mm hollow fibre 650 ~0.91x108
[96] YSZ-BYS 25% CQ 0.01mm disk 650 ~7.7x108
[49] LSCF6482 50% CQ 0.375nm dik 700 0.8x108
[95] SDC 48% CQ 1.2mm disk 650 2.25¢107
[99] SDC 50% CQ 0.1mm hollow fibre 700 ~7.0x107
[97] BYS 50% CQ 0.05mm disk 650 1.1x108
[10Q CGO 50% CQ 0.92mm disk 650 4.9x108

Tab26eSummar ypefr mefalt i o nfOpcrg €Ome at i onnt se xipne ul 6inmeegr at ur
varisols d mat éar dtaf dremediyt na mi cT hder iwdernkg PldhAyoaiceannou e

[2Brepresents a coasapdeirtmeoant ifoonr. duphill 6 CC
Ref. Solid Feed Permeate Temperature Flux
phase (sweep gas) °C mol m2 st
[48] Stainless 66.7% CQ, 33.3% Q Inert gas 650 1.68x10°
steel
[107] Ag 42%CQO,, 426 O, 16% N2 99.999% He 650 6.1x103
[105 LSCFro482 50% CQ, 50% N 100% Ar 900 2.23x10
[105 LSCF6482 50% CQ, 256 O, 25% N 100% Ar 900 2.53x10?
[28] LSCF6428 0.99% CQ, 1.03% N, 1.03% CQ 600 1.8x10
19.45% Qin Ar in Ar
[28] LSCFs428 0.51% CQ, 0.57% N, 1.03% @, 600 1.5x10*
19.45% Qin Ar in Ar

Overall, the concept of GED, co-permeation could be a more promising method to enhanee CO
permeation flux in terms of practical application, since the E#meation flux at lower temperature
(i.e. 600°C) could outperform thewahill CO, permeation alone at high temperature (iC2°€). The

uphill CO, permeation would be able to overcome its own chemical potential gradient without
compression, making post combustion3®paration process less energy intensive. Moreover, a few
studies have shown the g@ux had certain correlatienwith its driving force,depending on the

permeation mechanisni28, 105 107]. Nevertheless, COtransport mechanism through ceramic



molten carbonate dual pee membrane has not been fully understood and new surface reaction
mechanisms involving variousnic species in thmelt (see equation 2.22428) was proposed recently
[92]. The CQ-0O, co-permeation an be rate limited not only by bulk ionic/electronic diffusion but also

by various eleitochemical reactions. The flux woutdrrelate with thelriving force diferently if the
ratelimiting stepweredifferent. Therefore, a study on fhadtiving force corelationfor CO,-O. co-
permeable dugbhase membranes can help gaiachanistic insightind predict how well they can

performunderthe operating condition of practical application.

2.4.CO:z2 flux-driving force models
2.4.1.C0O2-O; co-permeation models

A number ofstudies have suggested semimpirical formulae that describe the downhill £iix-

driving force relationships fooxide ion conducting dual phase membrd38s62, 63, 94]. It has been

widely agreed that the downhill G&ux Jco,is proportional to In (€O, p"CQO,), the preexponential

factors comprise the solid and molten phase ionic conductivities as well as membrane pore properties.
Unlike the downhill CQ permeation aloneCO,-O; co-permeationthrough electronic conduue
membranes involves electraransportin the solid andonic transport in the melt. dte complex
transport mechanisms are expected. As a resultatiedimiting step of CQ transport ve more
possibilities. Differentatelimiting steps yield differen€0O:; flux-driving force correlatiomocels. So

far, only Zhang et al. and Chung el al. have suggested mode&l&¥dtux-driving force correlation on

the basis 0€0,-O, co-permeatiori48, 92].

As the charge transport in this membrane system forms a closed loop without external current, the
overall charge flux balancean be written as equation 2.35. Based on the electrochemistry equation
2.36 for diffusie carbonate ion flufdikewise for the equain of electron), equation 2.37 expresses the

flux of carbonate ion, ignoring the static potential across the membrane whilst preserving the chemical
potential. In these equationsy anda are the chrge numbey of electron and carbonate ion
respectivelyp ando are the flux of electron and carbonate ipnand, are the carbonate ion
conductivity in molten phase and electron conductivity in solid phlasienotes grdient across the
membranep denots chemical potential and denotesstatic potential F in equation 2.3@nd 2.37

represents the Faraday constant.
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Considering C@+ 1/2Q + 26z  CsDas theglobal electrochemicateactionoccurringat the feed

side interfacef themembrangwhen this rea@n reaches local thermodynaneiguilibrium, the local

kG' associated with thglobal electrockemical reactionbecomes zero, giving equation 2.38 for
membrane feed side. Substituting this relation into equation 2.37, a theoretical correlation between
steady state COlux and chemical potential gradient of €&hd Q can be obtainefequation 2.39)

n ¢ne n' —n Cd Y
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This flux-driving force model for C®0, co-permeation was pposed based on silvearbonate dual

phase membran¢82]. In this case, carbonate ion conductivityvas five orders of magnitude smaller

than electronic conductivity of silvér, so the ¢+ "¢ term in equation 2.39 was approximately
Although LSCPB428 being used for this project has smaller edaatr conductivity than silver, this
approximation is still valid. The chemical potential gradient terms can be replaced by partial pressure
gradient. Microstructural correction factors (see Chapt8rl 2 comprising membrane porosity
carbonate volumetifraction andtortuosityUare aso included. By integrating over the whole length

of membrane thickness)(as well as the entire partial pressure difference, equation 2.40 can be obtained.
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—— Qren -Qome g m
o] . n C an S

This model was built up based upon several assumptions:

1 CO.+120+2ez C3Distheglobal electrochemicateactionoccurringon the gassolid-
carbonate interfaceCQ, transport is facilitated by the counter diffusion ofied CG* in the
solid and melt respectively.

9 This electrochemical transport is the only dominating route to transpart(i@Othrough
metalliccarbonate membrane). For MIEhe electrochemical tnaport involving oxide ions
is not included.

1 Assuming the microstructural correction factors term is always a constant, because in our
research same material, fabrication method and sintering temperature will be employed. Since
we focus on studying the fefct of changing driving force to G@lux, it is important to control
other variables including temperature, membrane thickness and membrane microstructure.

1 Assuming that c and’ ¢ are both pC@and pQ independenf10§.

There areseveraldifferent possibilities for the dominatingitelimiting step. For each individual
possibleratelimiting step, a unique C{Hlux-driving force relationship can be derived followed by
further assmptions basedn equation 2.40. In the case that interfacial electrochemical reactioh CO

120+ 2ez  C3Dis very fast, formation of C§ is instantaneous on membrane feed side surface.



The rate of C@transport through the membrane solely depamdsarbonateoin conductivity in the
melt. Zhang et al. proposed that thee@l side carbonate ion conductivity is proportional to surface
concentration of C& (or [CO:?] s) and has no dependence with surface partial pressure cAIZDO

0, [92]. Since the formation of Cf is instantaneous and GOtransport is slower, there could be an
accumulation of carbonate ionsarpmembrane feed side surfaCGansequentlya chemical potential
gradient of C& across the membrane in molten phase is formed. Integrating 2.40 givesregutio
which represent the serampirical CQ flux-driving force relationship for bulk carbawmsion diffusion
limiting case. In other words, G@lux would havdogarithm dependency with feed side and permeate

side CQ and Q partial pressures.
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On the other had, interfacial reaction rate could be much slower than ¢aikonate iomliffusion. If

the global interfacial electrochenaicreaction CQ+ 1/2Q:+ 262 C3®is the only step involved in
charge transfer, this reaction becomes rate limiting@a4?>] s becomes dependent on surface partial
pressure of COand Q. Zhang et alexpressed theate equation as r = KiD,pO*? where k is the rate
constant. Following the integration oyeartial pressure gradigrt relation ofCOs?] s = kipCOp 0,2
can be obtainedyhere k is a proportionality constant. As is always proportional tfCO3s?] s, the
dependence of; and surfae partial pressure of G@nd O, can be expressed as= KipCOpO,*?
where K is an overall proportionality constant. In this caseterm in equation 2.40 needs to be
includedwithin the integralTherefore,in the case of interfacial reaction €®1/20, + 2z GO
limiting, CO;, flux-driving force relationship can be expredses equation 2.42. In other words, £O
flux has linear dependency with feed side and permeate siglar@d@ partial pressures.
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Surface charge transfer has mpossibilities according to the molten carbonate chemistry described in

¥

na ona c8 ¢

reactions 2.24€.28. Various gatiquid electrochemical reactions are pitde on the surface of molten
carbonate. It implies thatapal interfacial reaction may involve maabsteps forming various active
intermediate species including peroxide id@s), superoxide ion<g,), peroxycarbonate ions (&%)
and superoxya@onate ions (Os*) [92]. When any of these subactionds rate limiting, overall C®
flux though the mmbrane could slow dowfRor instance, wheperoxide formation (reaction 2.25) is
rate limiting, the peroxide ion concentration,{Qs was expressed as;CO,pO;'2 [COs?] s also
followedthesamedepemlence orpCO; and pQtherefore carbonate ion wductivity was expressed as
"o = KopCOrip 0,2 [92). Likewise, when the formation of any other interméglians is rate limiting,
unique CQ flux-driving force relationship can be obtaithtollowed by integration. Theelationships

obtained from intermdiate surface reaction limiting scenarawe listed below.
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Peroxide formation limitingd © na 0 na2 7 ned 0 neb 7 & o
Superoxide formation limitingd © na 0 na2 7 ned 0 ned 7 8 1
Peroxycarbonate formation limiting: © na@ 71 16 ® a1y/ o TT 6be¢ g v
Superoxycarbonate formation limiting: ¢ na |l T 6 ®oned 1 1 6 He 'S 30

2.4.2.Furth er enhancement of thermodynamidriving force

In the context of membrane based pa®nhbustion C® separation, vacuuming permeate side gas
stream has been the most common option for generating a more concentrasréd®@ This option

lowers the total pressure on membrane permeate side. Its energy consumption is in accordance with
higher desired C@&concentration in permeate stream, as well as higher desired thermodynamic driving
force (CQ partial pressure difference$o far, the concepif uphill CG-O; co-permeation through
MIEC-carbonate dual phase membranes seems to be a possible altdvteatietet al. suggested that

if high permeace membranes can be developed up toil1® molm?s'Pa' or more, no
compressiofvacuuming will be the peferred approach from energnd cost standpoist[93].
Although the uphill CQ@ permeance with ©has the potential to approach this figure, further

enhancement on G@lux andits thermodynamiariving forceis clearly required.

Considering the CQcontent is relatively low at 205% by volume withi the flue gas, enriching feed
side Q content is an option to achieve higherl0x. Based on equation 2.4146, if feedside oxygen
partial pressure - is higher whilst controlling other parametgttse driving force term involving CO
and Q partid pressures will be higher no matter what relationship holds betwegfiu@nd driving
forces. In practice, flue gas would be blended with high concentratisapplied from an ASU. The
drawback of tis option is that there is a limitation in term dfetflux enhancement. Firstly, the
production of purified @from ASU could be very energy intensive. Secondly, it is impractical to blend

massive flow rate of @comparable toherate of flue gas emissio

Removing membrane permeate sides@ems to be me promising than @enrichment on feed side.
According to the uphill C®0O, co-permeation through LS@®A&28carbonate membrand8],
permeate side £zontent at steady state due to transport through the membrane ranged foth32 t

If permeate side £content pO. can bedecreasedo nearly zero, the driving force term in equation
2.41 will be vastly increased for a logarithm dependency betweefil@nd driving forceThe CO;
flux can theoretically approach infinity. Hower, for a linear dependency (i.e. equation 245),
there will be a maximum limit on the driving force term, therefore the flux daayaroach infinity.
Anyhow, the Q renoval on membrane permeate side also separadeit®f CQ in permeate stream,
allowing two processes being completed simultaneobsfyure 2.21(a) and (b) visualisthelogarithm

and linear CQflux-driving force relationship proposed by Zhang et al
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One approach of doing this is removing permeate siglbyCchemical reaction with reducing gas
continuously. H is the primary choice as they react with & high temperature and progk water
vapour. The product can be separated out of €Gily by condensation. Using CO as reducing gas is
also feasible a& can be oxidised directly to GOHowever, this may interfere the measurement of
actual CQ permeation flux as well as inducarbon deposition on the LSCF based solid support. For
safety and practical consideration, only small content@t to 1%)s required in sweep gas in order
to carry out @removal, as @content on membrane permeate side is expected to be low fBIGPki

O, co-permeation. Since this reaction is both spontaneous and exothermi€@t B®@nergy input to
the system is need. Huanget al.tested this approach using a sikearbonate membrane for downhill
C0,-O; co-permeation feeding a model fluesqa09. They explored the effect to G@nd Q fluxes

with changing concentration ofth sweep gas. The experimental results are summaridebia 2.7.
They concluded that the additiaf H2 in sweep ga increases the chemical potential gradient of O
across the membrane, thus enhandognhill permeation fluxes of CGxs well ag0, because of the
coupled CQ-O; transport However, they did niospecify how much ©was removed by 5 nor did

they mentioran explicit link between C&lux andO, chemical potentiagjradient

Although incorporating BHin sweep gas enabled continuous removal ol performed well on
silver-carbonate membranes, ethinteraction between LSCF based materials and hydrogen in
conjunction with the presence of water vapour could possibly shorten the lifetime of LSCF, due to the
increase of oxygen nestoichiometry or egn loss of crystalline structure mentionedCimapter2.2.2.

Although his has not been tested on L$3dB8carbonate system, to avoid the complexity another
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approach for @removal is considered in this reseanathichis removing membrane permeate side O

by oxygen carrier material (OCM). OCM in reducectst consists of porous metal particles
incorporated into support materials. Oncanlecules diffuse into the OCM, metal particles will react
with oxygen with themselves being oxidised. Any interactietween the membrane and the OCM is
unlikely as longas they are not physically in contact. The drawback is when the OCM reaches maximum
oxygen capacity, metgarticlesare converedto metal oxides and thayustbe reduced back. As a
result, this procesis cyclic and cannot operates continuously. Chapteitl focus on studyindCO;
flux-driving forcecorrelations for uphill permeation, and the application of OCM for generating larger

chemical potentiagjradientof O, across the membrane

Tabd7eThe tefdahMcentrati on i pandE®rsmeasetpi gra sf lonx eC0.
15% ,CO1 Q&N @ 7-.H1%]9N

Feed gas Sweep gas CO: flux O flux

ml min™t cm'? ml min™t cm'2
15% CQ, 10% Q 100% Ar 0.55 0.32
and 759N, 4.35% Hin Ar 0.74 0.55
9.41% Hin Ar 1.13 0.74




3. Methodology

In this research, the experimental methods consist of four steps: membrane fabrication Ehapter
membrane sealing (Chapter 3.3), main.G8paration experiments (Chapter 3.4) and effluent gas
analysis (Chapter 3.5). Membrane characterisation was also performed separately once they were
fabricated. (Chapter 3.2). This chapter gives detailed eaptan on how the experimental and

analyticalworks were carried out.
3.1.Membrane fabrication
3.1.1.Sintering solid substrates

Powder pressing and sintering method was used coherently followed by hot infiltration of mixed ternary
carbonate powder. This effectivebfacation method for making disk shaped memberaupports was
previouslyestablished11(q. The first step was to fabricatetiustporousalumina, YSZand LSCF6428

solid substrateshat are suitable forhigh temperatur€CO, separatiorexperiments. For an alumina
membrane substrate, commercial alphase aluminium oxide powder (99.9% purity, metals basis, 20
50 microns particlsizes) was purchased frokfpha Aesarl or 2 drops of 10 mol%solyvinyl alcohol

(PVA) was added into 1g powder and well mixed with pestle and mortar. PVA has a function of binding
particles, it helpsachieve better packing of powders after pressingkaad the pellet in good shape
during presing and sinteringOn the other hand, powder grinding may help achieve more uniform
particle size distributionThe powder was subsequently transferred to an autorAdiiAS T25
hydraulic pressaind pressed using 3 MPpressure for a dation of s forming pellet shape with
loosely packed particles. A batch of 7 to 8 pellets were plaocea ceramic crucibldollowed by
sinteringin the air at 1400C to 1500C for 24 hoursSince the densification temperature of ailuan
pellets is relatively high,400°C to 1500C sintering temperature can produce alumina pellets with 30%
to 40% porosity For ceramicmembranesthis porositywould have the best compromise between
mechanical sength and pore interconnectivi.hightemperature box furnace was used for sintering.
The ramping rate of heating and cooling were b6@yrhin, starting and finishing at room temperature.
Low ramping rate can avoid rapid thermal expansion of pagreli@ boundaries, which leads to cracks
onpellet surface anterior. Due to grain growth, the pellet after sintering was tightly packed with much

higher mechanical strength, the void fract{porosity) was reduced but the pellet remained porous.

Sinteing process for YSZ substrate was similaraiumina, but the sintering temperature and the
temperature dwelling time was different. 8mol% Yttria stabilised Zirconia poviRld€EM Ltd) was

used. Generally, YSZ pellets were sintered between 1150°C to@20@h 1°C/min ramping rate and

4 hours dwell time. YSZ is ionic conductive, its ionic diffusion coefficient is larger than inert alumina.
This property contributes to higher grain growth rate and void shrinking rate. Higher sintering
temperature would oke most interconnected pores whilst logiatering temperature would not offer

satisfactory pellet hardness and mechanical streHgthever the 11501200°Csintering temperature
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window, whichgives a membrane porosity of-840%,cannot offersatisfactoy membranenechanical
strength Membraneswvith micro-cracking formation upon sintering was prone to bulk cracking under
high operating temperature. order to strengthen YSZ pellet wathit sacrificing porosity20wt% corn
starch as pore former can ddded to YSZ powdeBall mixing of the YSZ anl corn starch powders
was carried outisingFLUXANAmixer for 0.51 hour.Therafter, homogeneous mixture of YSZ and
corn starch was ready for pressifidie sintering programnwas adjusted to dwell 2 hours at @@
allowing corn starch to burn off and cregtores.Furthermore, the addition of costarch allowed

higher sintering temperature at 1400 to I’45@hile maintaining membrane porosity at80%.

Thegrain growth and void shrinking rafier LSCF6428 iomparable to YSZ. The use of pore former
would alsobe necessaryTypically, 20-25wt% corn starch in conjunction with 120@5CFC sintering
temperature were employed giving robust membrane support pellets wi@¥@porosityCommercial
powders oL SCF6428Praxair) and practical gradeornstarch sipplied bySigmaAldrich were used.

The LSCF6428 powder had an average particle af2 . 7 3reasured byhe Malvern Zetasizer
Nanoinstrument. Due to the high amount of LSCF6428 pellets required, 15g raw LSCF powder was
mixed with 4 to 5 drops of PVA hysing automati®RetschMortar Grinder followed by1-2 hours ball

mixing with 5g ©rn starch. The mixed powder was produced batchwise for pressing and sintering.
3.1.2.Mixing tern ary carbonates

The composition of molten ternary carbonatease was 32.1wt% 1G0; (99.0% purity powder),
33.4wt% NaCO; (99.5% purity granular), and 34.5wt%®0; (99.0% purity granular). Individual
chemicals were purchased frokipha Aesar This specific formulation of ternary carbonate mixture
was chosen as the mixture has lowertinglpoint (around 400°C) comparing Wwindividual carbonate
(723°C for LpCQO;, 851°C for NaCO; 891°C for KCO;s, data extracted on chemical container label
and safety data sheet Bypha Aesa). Any binary mixture has melting point within a range of 760
80C°C, which cannot offer a broad eqating temperature window for molten carbonate membrane CO
separation purposeNa,CO; and KCO; were ginded to finepowder in turn using pestle and mortar
firstly. Around 4 of each powder was placed in thiedividual ceramic cups artkhydratect 30°C

for 24 hours. Dehumidified powders of 3.21gQ0s, 3.34g NaCOs, and 3.45g KCO; were measured
and mixed usingrfLUXANAmixer for 0.51 hour.The resultant carbonate mixture consistédimilar
weight ofLi»COs;, Na&xCO; and KCO; and 0.433:0.312:0.255 terms of molar ratio, which was close

to the Eutectic mixture commonly used in the literature.
3.1.3.Membrane infiltration

Dual phase ceramic membranes were fabricated by direct infiltréftiertiary carbonates ingoorous
networkof solid substratesIrial infiltration tests were carrieout for alumina, YSZ and LS©B28
pellets with similar porosity. It turned out alumina pellets absorb the least amount of molten salt after

infiltration. For alumina substrategxcess amount ofterrary carbonates powder was spread



homogeneously on the upper surface of the pellet, followed by heatsiglt@/min to 600C within

a tbular furnaceand maintairing the temperaturéor 2 hours. During this period molten carbonates
mixture was fully meledandsucked into the entire poronstworkby caillary force. Excess carbonate
passedthroughthe interconnected pores and impregnated into porous sacrificial alumina crucible
undeneath holding the pelleffter the first infiltration,generally the pellet was flipped and loaded a
smallerweightof carbonates for the second infiltration to ensure majority of the pores were filled. When
the dual phase pellet was cooled down, excagsonates may accumulate on membrane surface and
coat arextra carbonate layefhis carbonate layeran be polished off usift00 gritssandpaperY Sz

and LSCmB428tended to absorb molten carbonate ea$iye amount of carbonate powder needed can
be esimated from the geometrical measurements of the péetsmtion3.2). The molten carbonate
power was pelletised to a small disk and put on top of the membrane giigare 3.1) followed by

the same heating/cooling procedure as the alumina pellesw&ight change of the support pellet
would be the weighof carbonate absorbeBmpirically, vastmajority of theinterconnectegbore will

be filled if the absorbedarbonataveightis above 80% of themaximumcarbonate loading

Pelletised ternary carbonate

}

f

Cross sectional view of porous Cross sectional view of porous
LSCF 6428 pellet before infiltration LSCF 6428 pellet after infiltration

Fi gLkl | ustr adti oinnfoifl ttrheet 62 8p meands a nef suPPOrt p
pelletised carbonate melted at 600AC and was suck:é

t he s@umgiemt carbonate residing withi)n the pores

3.2.Membrane characterisationmethods
3.2.1.Scanning electron microscope (SEMand Energy-dispersive Xray spectroscopy (ED$

Scanning electron microscopy (SEM) enables imagirsplid phase materialurface using an electron
beam.The incidentbeam electronsnteract with the specimen atoms through a variety of physical
processes collectivelyfree r r ed t o a s [148. Thase beam elentrpsareplaeteractoris
generate the following prodts. Thedetector can transforimesesignak produced from the sample

and capturenlargedmages.
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1 Secondarglectrons (SE): inelastmllision between primary incident electron and the sample,
incident electrons knock out electrons out of the sample atoms. Image obtained from SE reflects
thet opography of (tIiZ samplebds surface

9 Backscatteredlectrons (BSE): elastic collision between primary incident electron and the
sanple, incident electrons ardeflectedupon striking the samplatoms. Larger atoms tend to
scatter more incident electrons and produce stronger BSE signal, therefore image obtained from
BSE reflectgshe compositional distribution on the sample surfdds).

1 Characteristic Xays: following knocking out inner shell eleans from sample atoms by
incident beam, outer shell electrons may move to inner shell and relems&ith an energy
spectrum thatonveys the composition information about the sampleergy dispersivX-ray

detectorcan be mounted to the SEM for conting elemental analys[417.

Backscattered electrons Characteristic X-rays
(BSE image) y

Cathodic light Secondary electrons

(CL image) (SE image)
Sample current
7 Signals produced from sample
FigB28chematic diagram showing all pos ssiabnpd e6scat

at oms i fltlE2r acti on

Surface androsssectionalmicrostructures of the membrane support material can be used to assess the
reliability and reproducibility of the fabrication methodsHitachi TM3030 benchtop SEM was used

for suface charactesation of alumina, YSZ and LS6&28 dual phase membraneslenvacuum. The
machine offers high magnification frodb up to 60000 and employsbuilt-in image processing to
enhance image quality and resolutidnergy dispersive Xay detectorhas also been installed,
allowing EDS elemental analysis on membrane serés well as the cross sections. Besides, it will
reveal twedimensionalcarbonate distributionvithin the porous networkfter infiltration. For this
purpose, we choseTescan Vga 3LMUscanning electron microscope fitted witBrauker XFlash® 6

| 30 detector for EDS analysisun by the Electron Microscopy Research ServicgsNewcastle
University. The imagesoffered excellent resolution, whiahay helpdeterminehow the carbonat

rese withinthe pores angrobe the gas tightnessatinfiltrated pellet



Figure 3.3 shows an example of SEM imagelfiertop surface of poro@uminasupport diskimage

was magnifed 6000 times on the scale gfifi. The support material was nofiltr ated with carbonate

thus dense and porous regions can be obserhedight grey particles represedsolid phase alumina

and the black background represented the p@/baereasn the darker grey aregrain boundaries can

be observed, indicatingpme degree of densificationhe pore size®n this image varied frora few
micronsto submicron scale. This example demonstrated that the SEM image was adequate such that
the surfacenorphology andnicrostructire ofthedual phase membrauksks can bédentified

Fi gB38EM i madkeop osaulr ffapcees@ba mi nadisulppge t was taken |
t hHei t aaMBI030 benchtop SEM hosted by NEXUS at N

3.2.2.X-ray diffract ion (XRD)

The ceramic materials and carbonates being employed for dual phase membranes fabrication mostly
have well defined crystalline phases. The unit cell crystalline ldtiicéSZ and LSCF (seEigure 2.8

and 2.9) that consist ofariouslattice plares have been introduced @hapter 2. During the CO
permeation experimentthe crystallinestructure of membrane materials may undergo some subtle
change. For example, new phasesy form within the molten salt; oxygen nonstoichiometry of LSCF
based ceraic support may change depending on the experimental conditions. These changes cannot
be easily identified using SEM and ED%:ray diffraction (XRD)is a robust and nedestructive
technique to identificrystalline phaseand characterise crystalline m@ags. This analytical method

canbe used t@valuate how therystallinestructure of membrane materials changitiin the pellets

before and aftea CO, permeation experimentt is also possible toarry out phase quantification of

those crystallineompounds withirthedual phase membranes.

XRD is an application of the Brdesripésdhe principif a si mj
X-ray diffraction in terms of a reflection of -Mays by sets of lattice planes.A singlephase
polycrystallinematerialnormally contains various sets of differently orientated planes with respect to

the incident Xray beam, depending on its crystalusture. Ideally, prallel planesvithin a crystalline

phase arequally spaced, separated by the distanddnéincident Xray was not onlyeflectedon the
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first plane of crystalline structuri alsopenetratd deep inside the matatiwhere additionaieflections

occur at consecutive parallel planesomFigure 3.4,it follows that the second wa travels a loger

distance PN+NQ than the first afteeingreflected to the surface. The superposition of the reflected

rays produces a shaitensity maxinaat angle 2, al s o lomstuatine integferencde, occur s
only if PN+NQ is a multiple of the Xay wavelengthe; as shown in equation 3[113. Whena

crystalline specimeis exposedo X-ray beam of known wavelengtbvering a range of incident angles

XRD pattern unique to each crystallineggle is generate&ach set of parallel planpsoduces a peak

at a specific diffraction angle, which corresponds to the superposition of diffragtiegd gaching the

detector The XRDpattern is used to identify and characterise each crystalline phasatpre

¢ _ CQOE}H o

FigB4kllustration of the geometry wus®ddahdr Nt heesi
atoms on thei fllpResmwrcd du eald pwiatnke sper mi ssiyan of Roy

Some subtle changes of the crystalline structure of membrane materials can bérpnobesifeatues

of the XRD pattern. This includes peak intensity, peak position shift and peak width. The maximum

peak intensity is often governed by the quantitg specific crystalline substance in the sample. Higher

amount of substance leads to more parallel gléme generate more intenseay diffraction. Thermal

and chemical effects to the membrane materials during permeation experiments may causésiips on t

grain boundaries by some residual strain. Ultimatelyices areleft in an elastically bent awisted
conditionsuchthat plane spacing has been modifiddshift on peak position often arisesen all

crystal grains receive @niform strai which meangplane spacing changes uniformbowever, for

o6n@wmi formd strain, spaci ng bmeakingtbediffraciiah peakbmadt pl an

In addition, a change arrystallitesize may also cause peak broademirig].

The instrumentsed heres a PANaytical X'Pert Pro MPD, powered by a Philips PW3040/60a)X
generatorand fitted with an X'Celerator detectdiffraction data is acquired by exposing powder
samples to G U -ra§ radiationwith characteristic wavelenigof 0.15nm. X-rays were generated

from a Cu anode supplied witt) kV and a current of 40 m&Rhase identification was carried out by



means ofhe X'Pert accompanying software program PANalytical High Score Plus in conjunction with
the ICDD Powder Diffraction Fil€ Database (1999), ICDD Powder Diffraction File #Minerals
(2012), the American Mineralogist Crystal Structure Database (March 28#iGhe Crystallography

Open Database (February 2012yw.crystallographye)). Phase quantification was available to be
performed usingrietveld refinementnethod.

3.2.3.Geometrical measurements

It is essendl to characterise the membrane geometrical propertiesder to understand how gee
membrane properties affethe CO, sepration performance. Porositypembrane thicknesand
carbonate loading are the most imporfzarametersHere a simple method forstimating solidsupport
porosity and maximum carbonate loadivas beerstablishedased on the geometrical measurements
of the fresh porous membrane pellets

Once a fresh pellet was sintereddére 3.5), the pellet weibt (mpere), diameter (d) and tbkness (t)
weremeasurd. Apparent volume of the pellet V can be estimated based s geometry, whilst real
volume ofYSZ (Vvsz, void volume not included) can be estimated using weight of peljgi-frdivided
by YSZ d®)nPerbsityyof thé pellet can be calculated as:

’ , a

W W v

T o P o P moao

o8,
Assuming all pores are interconnected, maximum weight of carbonates that can be infiltrated into solid
subgrate can be estimated as:
a W ” o®
In equation (3.8 motendenotes the density ofolten tertiary carbonates. A generalised density &(750

(1.96g/cn?¥ [53]) has ber used for the calculation.

FigB85€6eometry dofska sfBAepe| | et undetndtbisapi mtare

represents pellet diameter and t represe
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3.2.4.Mercury intrusi on porosimetry (MIP)

The bestanalytical technique tquantify the total pore volumeotal pore surface area apdresize
distributionof the membrane support is presumably merauiryisionporosimetry Mercury is a non
wetting liquid with contact angle greater than 90° for vast majority of solid materials. It will only
intrude capillary pores by applying external pressline.intrudng pressure rises by several increments
during the analysis until the point that the mercinyusion reaches equilibum with the applied
pressure and no longer fills the po(&sgure 3.6) Washburn equatiofequation 3.4)describs the
relationship beteen intruding pressur@) and pore diametgd,), whereo i s t he surf ace
mercury andic is the contact anglof themercuryon solid material surface. The pore size distribution
is determined from the volume intruded at each pressure incréhiéht

1T AIT-O

n

o8

MIP is suitable for pore size measurementte pressed and sinteregtmbrane supporssit covers

a wide range of pore diameter from 3 nm to 350 um. Moreover, the mercury intrusion starts from large
pores, indicating the total intruded mercury volume can be a good approximation of tlopeotal

pore volume othe membrane supp@&tThe mrosity of the membrane support can then be estimated
using the same principle as equation JRe MIP resultsare by no means accuratethe mercury

cannot access all the pores within thembrane supparparticularly closed poresn lsome occasions

large internal pores are accessible by very narrow throats. The technique misrepresents the size of these
pores a having the diameter of their throft45. Nevethelessthe MIP resuls can be comparedith

thegeometrical estimatioto seewhether they reach agreement.
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Figure 3.6: Curve of cumulative intruded volume versasremental applied pressure and pore diameter

being accessed. This plot represents a typical porous LSCF6428 support used in this project.
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3.3.Membrane seding techniques

Openended alumina tube with 230mm lengthimif outside diameter, and 8mm inside diameter was
used tohold themembrane pellet during G@ermeation experiment (FiguBe7). The alumina tube
can be mounted to membrane reactor (Fi§uBe Any area exposed to feeding gas apart from effective
permeation area (the circle with 8mm diameter, enclosed by inner diameter of alumina tulde must
sealed by gas tight seala@eramic or silvégold based sealant washosen according to their

effediveness on particulamembranesupport material.
3.3.1.Silver/Gold paste sealants

Single layersilver seahg was adoptedbor LSCF6428carbonate membraneSilver paste purchased
from Fuelcellmateria was spread homogeneously onto the -shgpedcrosssectional area ofan
openendedaluminasupportingube(Figure 3.7a)Membrane was gently placed on top of sealant layer.
Silver paste contains 70% silver and 30% organic solB&fibre the experiment starthe sealantvas
firstly air-dried for one hour untihe sealant hold the membrane firmly, followedchying the sealing

at 110°C overnight (1224 hours) At this point, mossolvent and moisturkadevaporated, leaving a

solid silver layer that attacdemembrane ontohe alumina tube. Occasionalbpmesmal sealing

defects can be observed after the curing procedu

amount of silver paste to fill any defect. The alumina wible sealing membrangas installed into th

membrane reactor for GQ@ermeation @periment.

Membrane Silver paste on
the edge of

(a) /
’ - alumina  tube
Q . : : (beneath pellet)
Silter - Membrane top

layer
Y surface

* Edge of pellet

. Alumina based
Alumina

supporting tube

~ sealant at edge
of the membrane

Fi gBTead) skeft chi | viear sle@atmd B at e( Mpperameace of

cer ami el adyoeurbflsea a-tYéSriZzgo nat e(c)meThobpr avnieew s ketibg h of
3.3.2.Metal-ceramic double sealing

The adhesion between silver and YSZlmina is not as good as LSE#28.Silver sealed alumina
carbonate membrane very likely suffered sealant failudecamsschamber leak under high operating
temperatureOn top ofsilver or goldpaste a layer of ceramic sealant can be applied to cover all area
around the edge of pellet and entirely fill the gap between pellet edge and alumi(feidube3.7b).
Ceramic paste was well mixed wisllicate based thinnelAemcq in apgproximately 5:1 ratio by
volume prior to the application. This layer afading wasnormally air dried 12 days followed by

7
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coatingsilicate thinner as a protective lay8&ealing wastirther air dried 22 days for moisture removal
before it was ready faxperiment.

3.4.Experimental methods
3.4.1.High temperature membrane reactor forCO, separation

CO; separatiorexperimentavere performed using a high temperature membrane reactor (Bigure
Alumina support tub€12mm OD x 8mm ID x 235mm L) with sealed membrangas mounted into a
hole with an O-ring attachingon the centrédottom of the reactor. Reactor space is divided by the
membrane into feed side chamber (enclosed by inner surfatte afuminasupportingtube) and
permeate side chamber (enclosed by qualtte and outer surface tfe aluminasupportingtube).
Chamber outletcate onlie bottom oeachchamber. Two thin alumina tubes deliwget gas streams
into corresponding chamtgerAnother thin alumina tubwith closedtop erd could also be instaliie
into the permeate side chamber suchalvate probe of K type therotouplecan be inserted, allowing
real time temperature monitog close to the membrane duri@, permeationexperiments The
guartz tube (closed top er@bmm OD x 32mm ID x 230mm L) separatethe permeate side chamber
with the surrounding atmosphereu®tz tubeis fitted with an O-ring and a stainlessteel screwon
gasket. By screwing the gasket thatds theO-ring underneathgas tight sealing of the permeate side
chamber can bachievedThe sealing of feed side chambmlies onthe O-ring on the centréottom

of the reactarIn addition, vacuum grease manufacturedDmyv Corningwas spread evenly ahe
bottom ofalumina supporting tube before mounting on to the reactor pfitnsdes smodter insertion

as well as an extra layer of heat/chemical resistance sealing between the two chambers.

Quartz lid
Membrane

Au/Ag sealant

Alumina tube
for supporting
membrane
pellet

g Permeate outlet

Feed outlet

Permeate Feed
inlet inlet

Fig88&B |l ustration of the detailed design



A tubular furnace wh CAL 9400 temperaturecontroller brought the reactor to desired operating
temperatureThe temperature controller can be programmoeesetthe ramping and cooling rate of the
furnace at 1C per minute in general, as gradual ramping rate can minimig®8sgility d membrane
crackingdue to the thermal expansiorhe furnace is placed carefully around the quartz tube to ensure
the membrane can be positioned into the isothermal zone of the furnace. Finally, the top end of furnace

is blockedby quartz wobto avoid tke convective heat loss to the surroundings.
3.4.2.Experimental rig design and operation

The configuration of the high temperat@€, separation rig was baibipas shown irFigure 3.9 The
rig consists of three parts: the gas flow system on thethef membnae reactor enclosed byecstar
furnaceand the odine gas analysis on the right. The entire systesidedwithin ventilating fume
hood. Figure 3.9lustrate thesimplest confyurationfor downhill CO, permeation experiment$hey
were carred out byfeeding 20ml/min 50% kK 50% CQ mixture to themolten carbonatdual phase
membrane at ambient pressure and-800°C temperature. At the santiene, 20ml/min pureArgon

flowed on the membrane permeate side as sweep gas.

Tubular
furnace

Mass
spectrometer

AN\

» Vent
100% Ar e}

S I 1

Thermometer

Mass flow
controllers ’ + Vent

CO,/N,

Fi gwOeHd ow diagram of dbivg ICiOlt Nesneppearraattuirdern i s y dti earg.r am

i ncorporated &IQseplaegmentonn dofi gthegas cylinders supp
me mbr ane pfee end adaeerdsc,hamebss fl ow controllers regul ati
reactor, the membrane reactor |l ocated within the f

An onoff valve was installed between the gas cylinder outidithe mass flv controller on each line.
The gas pressure out of the cylinders wascséx10®® Pa Mass flow controllers not only regulate the
gas pressure td01Pa but alsathe desiredgas flow rates into the reactor. The flow rates of both feed

and germeate inletare adjustableusing computercontrolledsoftware. The values of flow rate were
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calibrated byAgilentdigital flow meter. For long C&permeation experiments lasting over several days,
more reliable flow rates with error bars needed to be obtained cangidlee time variation of the
readings. In this case, the reading from the flow ntezirbe logged on to a computer usiAgT TY for

1-2 hours. The average readicagn becalculatedand the variation can be used to determine the error
bar of the mean flowate.

For downhill CQ permeatiorexperimentsthe feed outlet gas composition was not analgsetivas
diverted to the vent in thieime hood. The permeate side outlet that required gas composition analysis
was diverted to gas analyser such as massrepaster (MS), gas chromatography (GC) or infrared
CO; analyser (IR). The methods of gas analysis will be introducéchapter 3.5. FoCO-O; co-
permeation and uphill COpermeationexperiments, both the gas flaamd the gas analysis methods
were updatedn accordancevith the experimental standard operating procedure. The details will be

given in associate with the experimental results in the following chapters.

3.5.Downstreamgas analysis
3.5.1.Mass spectrometer (MS) measurements

Hiden QIC 20 andHiden QGA modek were both sed for downstream gas analysis (i.e. membrane
feed side and permeate outlets) during the membrang&@@eation experiments. They possess the
same working principle but alightly different configuration. Nevertheless, thean generate
comparable analytal results because their core unit are the same, whi€hesliden RGA Mass
SpectrometefFigure 3.10. It consists of an ion source, a quadrupole mass filter and detector. This
analysewuptake around 15ml/min gas flow through a capillawpling line, 99% of them bypass the
detection chamber and 1% is used for analysis. The working principle oHitlem RGA Mass
Spectrometer is that ajjasconstituents within the inlet sampling gadlide with the electron beam
generated by the filameiacated in the ion source. This ionises the gas molecules into positively
charged ions. Nexg focusplatewith negative electrical potential extracts all positively charged ions
towards the mass fét and repels the electrons. The mass filter has faelgquency (RF) and direct
current (DC) voltages applied to it thus enabling mass separation by the mass to charge ratio (m/z) of
various gas constituents. Each m/z number has a specific RF and Dge woitdne mass filter allowing

it to pass through tché detectof11q. The ions in turn hit Faraday Buckahd Secondary Electron
Multiplier (SEM) detector wallgend create ion current intensity. Higher concentration leads to higher
rate of hittingandhigher intensityFaraday Buckeis thesimplest detector that is essentially a passive
conductor in the shapef a cup, which collects thgositively charged ionpassing through the mass

filter. The ionsgenerate currentwhen they hit the Faraday Bucket equivalert.&<107 AmpsPaof
Nitrogen. The Faraday detector cannot be sensitive enough for low gas partial pressure measurements.

The other detector, name8econdary Electron Multiplier (SEM) detecierideal for low gas partial



pressure measurement while offering higher sensifiiviterms of compositional analysighe Electron

Multiplier has asurface thais designed to generate seconddec&onsoncehit by an ion A voltage

is applied to the SEMallowing cascadeelectronsgeneration By this way, the ion current can be

magrified by a factor ofL000 thus facilitating low ion current detectiidrlg.

Ion Source —l

Mass Filter emmm—

DEteClor mm—
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Sampling
gas flow

the MS Gauge Head cohH6 sts of

In this project, the major gas species of intereshNar€0,, O, as well asArgon (balance ggs Mass

spectrometeran detect them through various mass to charge ratio, because each element may have

variousisotopic masses in nature, and each molecule has a unique cracking pattern whenedis ionis

Table 3.1 lists the isotopic masses and the natural abundancedfetezaent of interest.

Tab3dleThe Itihet icfot opi ¢ masses anmd btome nna ttwroagle na b uonx

argon atoms. [Ohia retrieved from
Name symbol Mass(atomic mass unit) % abundance
Carbon 2c 12 98.93
BC 13 1.07
Nitrogen 1N 14 99.63
5N 15 0.37
Oxygen 150 16 99.76
0 17 0.04
180 18 0.20
Argon 36Ar 36 0.34
SBAr 38 0.06
40Ar 40 99.6
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Table 3.2 lists all the fragmentations and m/z ratio for each gas specie of interest. In general, for each

gas spectethe m/z number associated with the strongest intensity are selected for measurements. For

instance, C@44, N»-28, O-32 and Ar40 may be selected for dime gasanalysis during a permeation

experiment. In case that two gas species haveathe s1/z numér, other fragmentation must be chosen

in order to awid the clash on m/z number.

Tab32eFr agment ag i dNp®n do fArCOnoleechil es

welt dtitve sensit|

masstspemc Data retr ikivdeadra If Y voanic shiletceh. dat a on

Molecule m/z Relative intensity %
COo 44 100
28 11.4
16 8.5
\\P} 28 100
14 (double ionisation) 7.2
29 0.8
Oz 32 100
16 (double ionisation) 11.4
34 0.4
Argon 40 100
20 (doubldonisation) 10.7
36 0.3

The raw data from M$s theintensity signalcorresponding to gas partial pressubee to the fast

response of the detectors, a full scan of a range of gas constituents typically took only 30 to 60s,

indicating data points cave produced every half to one minute. This is beneficial for a monitoring a

rapid change in gas partial pressumach as a fast reactiorheraw intensity was calibrated by feeding

calibration gas, which coriteed a known composition o4 N, 1% CQ, ard 20% O in Ar. Gas

calibration was typically run for-% hours until the intensitiger all gas speciestabiised.Here, the

calibration factor method (i.e. single point calibration) was emplpy/&@ 11§. Averagevaluesof the

last 30 intensity readings foNCQ,, O, and Ar were assigned as their raw intensitigsito,, 1o, and

Iar correspondingd their concentration in calibration gahe intensity ratio oN,, CO, and O, to

balance gas (Ar) was calculated respectively. Using these measured intensity ratios to compare with the

known concentration ratios between indival gas specie and Ar,tbea | i br ati on f act or

also known as the relative sensitivity (RS), can be calculated as shown in equation 3.5:
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In this equation, iyrepresents the mofeaction of gas spei e 0CG0OHor N) @ calibration gasnd
yar representand argomole fraction incalibration gas. The calibration factor (CF) essentially corrects
the raw intensity of species 6i 6 efrattibn raticetitp e ct
represents the ratio it should be. Using this metloadipration factorsfor all gas species in the
calibration gas were obtained. The CF for Ar was always 1. This method assumed that the relative
sensitivity or the calibrationfaato b et we edbn asnpde cAre sétiayed constant,
of calibration and permeation experimerterefore CF values were used to correct the corresponding
gas intensity measured during permeation experiment. The unknown gas compaosltiding a
mixture of Nz, CG, Oz in Ar from the membrane reactor outlet can be detsethiusing equation 3.6.
Thesymbols with a prime represents the values for experimental measurements rather than calibration.
‘are O

B 06 "0 o
Some minor corrections are required for the calculation such that more accurate gas composition
analysis can be achievdtbr this calibration method, generally zero gaseations (flowing pure Ar
were carried out before anftex CO, permeation experiments to measure the baseline concentration of
N, and Q that came from air leak at any point of the rig. Stabilised baseline concentration was
subtracted from correspondirgncentration calcutad by equation 3.6, this is patlarly important
when the expectetll, and Q concentration from reactor outlet is close the background baseline

concentration.

During the ionisation process before saamqigtection in MS, fragment§ttigh mass number molecules
may overlap with lower mass number molecufes.instance, in this Mass Spectroméierid% of CQ
molecules in the sample can be fragmenteshioratioof 28, which clashes with singly ionised.N
Consequentiallya proportionof measured intensity for A8 (m/z=28)comes from the fragmentation

of CO-44. As this cracking factor is known, it is important to subtract the fragment proportion off the
raw intensity of m/z=28 from both calibration gdeta and experimental data, that the subtracted

intensitypurelyrepresent N
3.5.2.Gas Chromatography (GC) analysis

As mentoned earlier, the accuracy of Mass Spectromatedysis highly relies on stable relative
sensitivity valudor each gas speaeln practice it often suffers sigal instability, commonly referred
asodri fto. The e lthegatugehead(dee Fgyre Xi@yperturb thérsigmal intensity.
The key parts that are responsible for the signal instabilities are thosegilate the ion beam toward

the masdfilter. The voltage of the focus plateas found to hava major influence on the sigrethbility

[119. If any gas specghad a different signal drift rate from the balance gas Ar, the RS value wound

not stay constant throughout the experiment
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Considering this drawbaclasoutletstreans from the membrane reactan also be analysed by gas
chromatography (GC). Aarian 3800 GC coupled with thermal conductivity detector (TCD) was used
for gas analysis. The GC is fitted with a molecular si&ecolumn connected (for separating @t
andNy) in series with Shincarbon column (for separating@t). They are packed with zeolite and
carbon respectively inside their column channels. Before sample injection, only carrier gas (Ar) flow
through thecolumn to the detector. During injection, air push the sample gas into column where the
pressuravaskept at3.3x103 Pa Due to the molecular sieyeoperty of packed column, gas molecules
are separatetly molecular weightLighter molecules will travel irough columns faster and reach
detector earlier. When a new gas component othetthieararrier gas is involved, thermal conductivity

of column effluent is changed, resulting a temperature change in detector filament, whiah in tur

produce voltage peaksvhen each gaspeciereaches the detector.

The GC method set column temperatatr£00°C and detector temperatuaEl50°C. Each sample was
injectedtwice,and GC required 1finutes analysis time per injection. The first injeatizvent through
Shincarba column and bypass molecular sie¥ed®lumn, giving a C@peak with retention time of 7
minutes. The second injection went through botfumns giving a N peak with retention time of 16.7
minutes (Figure3.11). After 20 mirutes, GC took the second sanw for injection In principle,
Shincarbon colummran separateut &, N2 and CO, under specifically designed GC method with
rampingcolumn temperatureHowever, thided to an inclined baseline for the voltage signal, making
the peak area calculation maremplex and less accurafEherefore,two columnswere utilisedin
series and kept an isothermal column environment in GC method. Comparing with MS, the time
intervals letween two measurements are much longer. ThinenGC analysis can only produce
disaete measurements every 20 minutes rather than a continuous signal. Foitexrntodgwnhill
CO,/N; permeation experiment lastings3days, no rapid changes on membrarengate side gas mole
fractions were expected and the GC technique perfectly fitipope of odine gas analysis.

GC camalsobe calibrated usingne-pointcalibration method, which is by feeding calibration gas of 2%
N2 and 2% CQin Ar. For a stableletector, peak area has linpapportionality with gas concentration.
In other words for the same gas species the peak area ratio equals the concentratiororatie. F

analysis ofCO, concentratiorthat is

o

Her eegamMdkoAar e peakaacgreae mifirtat@ mont he amg ec aleidb s ami
gas respeahite€dirye Lnkitowmre e@ rCliciomme eanaaltii borna tiino n
garsespectively. By feedingakaai da adfionhgakkhoanr €
can be obtained, hence the proporti onazciatny bfeact c
calcul at ed, l'i kewi Sachobmglt apbtbéerthbassampkti pg. ¢
reactowi obhkhetwan&O©Obmposiatnh meanal g sdeddet er mi ned.
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3.5.3.Infrared (IR) CO; analyser

The CQ permeation put great emphasis on the accuracy efjGantitative analysis. Stable, sensitive
and highresolutionCQ; signal for continuous monitoring is essential especially in the occasion of
uphill CO, permeation, where a small e¢fge of CQ concentration needs to lekentified Infrared (IR)

CO; analysemay provide the benefit from both MS and GC, with relatively stable calibration factors

as well as instantaneous-lme monitoring.

During the uphill experiments discussed in Qtiea5 and 6, &l-CORLI-840A CQ/H.O Gas Analysr

was used in conjunctiowith MS to monitor the membrane permeate side €ahcentration. This
instrument offere€€ O, measurement range of2B000 ppmand data logging rate of up to one measure

per secondThesignal noise at 370 ppm G@as onlyx 1 ppm[120. The surrounding atmospheric
pressure was the most significant factor that influenced the stability of the measurements. Given that
the atmosphere pressure remdiatable, the random error of the measurements can be controlled within

+ 1%. This indicatd the analysecandetect a 5000 ppm change of GQoncentration even on a
baseline of 10000 ppm concentration. Moreover, the analyser is reliable for measwving lo

concentration < 100 ppm.

The working principle of this COIR analyser is based on Bdammbert law which states the
absorbance ofR energyafter traveling through the GQrontainhg optical path Kigure 3.12 is
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proportional to C@concentration intte optical path. This relation can be expressed as equation 3.8
where Az = Absorbance of @ IR energylo = Initial IR intensity from the IR sourcé = The IR
intensity reaching the detector after partial absorption by i@Ghe optical pathCh = Absorption
coefficient of CQ moleculesl = Length of the optical pati€co, = Concentration of C&on the optical

path which the IR transmitted through.

o) Il%c))oo o)

This IR instrument has we simple configuratiorbasedupon theBeerLamberttheory (Figure 3.12)
The core elements onontaina few parts including a straight column of optical path with IR source
and detector on both ends. The sampling gas flow from the source side tetterdade through the

column before laving the instrument to the vent.

Threepoint calibration method was used for the IR analyser. Zero grade argon with lijtaent,

400 ppm CQ@and 11000 ppm CQwere fed into the analyser in turn. The known,€@ncentration of

the abovealibrationgascompositionsnamelyerd Gparbanddspan drespectively, were input into

the analyser software. The software automatically generated a linear fitted line relating its measured IR
absorbance with the actu@D, concentration, as well as the coefnts that link the two values. These
coefficientsdo not have to be realibrated frequently. Unlike the MS that manipulates relative
sensitivity, the C@concentration obtained from the IR analyser would be intis® on any other

gas specie presengralong with CQ.

Pressure Transducer
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Parabolic Reflector Gold Plated CO;, Filters
/Dptical Path  3.958& 4.26 um [ |

)

Broad Band IR Source

HzO Filters

2.35 & 2.59 um
Gas Inlet Gas Outlet

Thermistor Thermistor

Heating Element Heating Element

Ribbon Cable
Connector
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4. Membrane characterisation and selection

4 .1.Introduction
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di ffeppeaat meCalt i on Itmelcahsanbesens . proposed that iionic
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4.2.Dual phase membranes characterisation: microstructural, compositional and

geometrical properties
4.2.1.Membrane support geometryand porosity

Diameter and thickness of freshly sintered membrane support disks were measured using Vernier
calliperand micrometer set. Averagalue of 3-5 repeating measurements were taken and the errors

were estimated by looking at the deviation to the average. Weight of the membrane supports were also
measured using a balance wih accuracy of 1mgwith the above measured parameters and the

skeletll densities of corresponding solid materials, membrane support porosity and its maximum
carbonate loading can be calculated according to equation 3.2 and 3.3. Skeletal density of solid phase
materials and molten ternary carbonate density were fadenliterature;; AO; = 3.98 g/cm[121],
Jvsz=5.9g/cni[127, Lsgreazs= 6.31 g/cM[123, mollen750:.c=1.96 g/cm[53].Car bonat e densi

l iquid state was used due to its volume expansi o

Table4.l.Geometri cal properties and por oswinthyiJdds tCOnat i
per meation alone. As shown in the table the membr

The membrane thickness was harder to control

Membranes Al,Os-carbonate YSZ-carbonate = LSCF6428carbonate
Si nitreg t empe 14 8CO 13 6C0 1260
pore for mer 0 wt® 20 wt % 20 wt %
raw powde
Wei ght of s 1.0309 1.479 1.174 g
Wei ght of <cal 0.292 0.238 0.218 g
Pell et mean 1. 752 ¢ 1.545 ¢ 1.174 ¢
Peltl emean th 0.175 < 0.211 ¢ 0.146 c
Esti mated ¢ 0. 38 0. 38 0. 37
Max car bonat 0.311 0.295 0.22 g
% max car bon 93. 9% 80. 1% 99. 1%
Mercury intrué6MbR) poassipmetf oy med f or t mooupor ous
carbonate |l oading. Their bulk porosity values we
geometrical estimation. The MIP measuredtthe tot

pore volume (ofoltume Ddmghpeudedi mesampwebmphght he
bul k demgnpti v weight divided by apparent sampl e
of the two times 100%. The measured bulk porosi:t
respectivcaltyngim gener al agreemenits toot éwo rgtefoyne
porosi meter measured a smal | efrorv aylupeoX shiaml yt hceu eg «

presence of inaccessible cl| dsuerde ponr eFsi gautr et Mi.s2 pac
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same sintering profil ewabi gdl gyecmatsi ptemtsiamide r e g
most i mportaaotcepatramletare the membr anemploe 0 sli it gyt
ifable 4.1 had very similar porosity, controll ec

However, soma diehbheiacekeecessse XMipecY @4 .mee mberqaui red si
ceramic double seapiafger Aed hi ckpredéensk wle t her
sealant from cr dkh&i agt ¢t &le weimdp hdainwifd ecdaa bbjomtalhe pl
carbonate | oadi ng aels tmenmastweade nigrimddew npercsnaeatrrbidocn at e | «
Nor mal Ifyigdurhe gher than 80 %-meanbd eadch et ¢ ealki, miwma tcd
l eak through uninfWherathiegumertehfasn MdAOtOW0 rwko.ul d i

car beomactcumul ati on on membrane top surface.
4.2.2.Membrane microstructure on SEM

SEM images provided basic surface characterisation of the membranes used in this project. Top surface
SEM images of sintered porousualina, YSZ and LSCF6428 porous support disks wistlyf
analysed using theitachi TM3030 modl (Figure 4.). Disks with comparable estimated bulk porosity
(37-38%) were chosen for the analysis. In general, for a porous disk, the light greyresgigsents

the solid material and the black backgroungresents the void. For all analysed materials, randomly
packed pores can be observed, as well as grain boundaries of adjacent crystallites representing densified
region. Alumina membrane was sintergithout adding pore former, whilst YSZ and LSCF6428 slisk

were fabricated by blending raw ceramic powers with corn starch powder as pore former. From the
local surface images, it seemed the addition of pore former created larger pore diameter for YSZ and
LSCF6428 comparing with alumina, although the three diskkvery similar porosity. Larger porous
channel may lead to better chance of forming highly interconnected porous network after sintering.

Figdt:dop surface SEM of (a) Popouyusisiml grmée ch ads upH B0
Porous YSZ support withwB@Bwpbtrosisiinsepewthanr @mArdédD:
Porous LSCF6428 support wiwi RBWNT % posoantstwnedhawd dr25

The work in thischapter required a good control of membrane porosity with good mechanical strength
in the meantime. Without changing the particle sizes of the raw ceramics powder, both sintering

temperature and corn starch content can control the poadsitgmbrane suppt disks. For alumina
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disks fabrication, various sintering temperatures have been employed, such that best compromise
between membrane porosity and mechanical strength can be found. Table 4.2 summarised the
dependency of the estimated niane porosity agnst increasing sintering temperature. It has been
found membrane disks sintered at below 1400°C were prone to micro cracking dusipgr@@ation
experiments Whilst membrane porosity reduced significantipove 1500°CIt appeared thathe

alumina disk with porosity within the range of 3% are the most useable.

In contrast, YSZ and LS@428 disks tended to densify at lower temperature. Various sintering
temperature in conjunction with different corn starch content have been attempieder to miatain

membrane mechanical strength, the best option was to add pore former such that the sintering
temperature can be higher. Disks with porosity 6#48% adding 225 wt% corn starch powder were

the most useable. This was coherent pithvious reearclers particularly for LSC6428 membrane
support[11d. | i ssort h noting that the addititome opforpeor e
mi crostructur e, making the porous network of YSZ
pore size and tortuosity. However, tmeda yh owle raen da |

exhibited random packedt ipoy eh aaved woorke dvehg rcehe i omfd i

Tab42eEsti mated membralersuppsintpoi ogi teymperatur e

al | three ceramic material s:2 @eraan cdipdo wd@tr s s twread It
membrane porosity. Rampi ngf uarnnda cceo oweirneg eriattheesr olfA Q/hi
Sinteil A O3 YSZ YSZ LSCF64 LSCF64

temper (no pi (no pi(20wt% (20wt % (25wt %

f or me f or me starc starc starc

1100A Uu a 4

1170A Uu a 3

1185A u a 2
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way, the images can assist in selectinfgvot teopopt i
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The surface SEM images offered | imited innfor mat
el ectron beam could not penetrate threugehfodeepe
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4.3. Downhill CO2 permeation experiments
4.3.1.Experimental design and procedure

Downhill CO, permeation experiment with 50% ¢énd 50% N as feeding gas has been the first step

to assess the membrane performance in terms pp@@eance and G selectivity. Although this

is not a practical composition of pcembustion C® capture that targets on @8, separation,
applying this experimental condition on various types of membranes provides a good way to compare
the inherent erformance of differermembrane materials. In our downhill @&&rmeation experiments,

50% CQ and 50% Nfeeding gas were adopted consistently. Best effort has also been given to control
the membrane porosity and thickness. In this way the compari€@,@ermeance and selévity can

be focused on the intrinsic properties of membrane support materials.

Three different types of powder pressed membrane support materials, including aluraina
representative of insulator, Yttrstabilised zirconia (YSZ) a representative afxide ion conductor,

and LSCF6428 a representative of mixed ionic and electronic conductor, were fabricated followed by
hot infiltration of ternarycarbonates mixture (33 wt% X0, 32 wt% NaCOs, 35 wt% KCOs) at

600°C. Bulkporosity of 37%38% has bagchosen for all porous support materials. Furthermore, they
all exhibited random packed pore network following the same fabrication method, although the pore
sizes may vary due to the addition of corn starchvf&z and LSCF828 Membrane thickness of 1.5

to 2mm were used coherently for this study.

The experimental rig used here was identical to the one displaGbdjrter 3.4. A duathamber high
temperatire membrane reactor (Figure Bi8 used in combination with theofi diagram showed in

Figure 3.9 Flow rate of inlet gas streams to both reactor chambers were set to 20 ml/min delivered at
10° Pa Membranes were heated up at 1°C/min under operating gas condition, which means the gas
flow remained 50% C@and 50% N for membane feed side and 100% Asrfmembrane permeate

side from the starting point of operation. The mole fraction of &@ N on membrane permeate side

is analysed oifine by mass spectrometer or GC. Measurements were taken at steady state CO
permeation fron600 to 850°C, with 50°C meperature intervals. Gnd N concentration within feed

side inlet was so high that a small decrease ona@® N concentration within retentate stream cannot

be measurable on existing gas analysers. Because of this, restretae was directly dischged to

the vent without gas analysis.

4.3.2.CO; permeanceand selectivity calculation

I n t heoper,me@dce can then be calculated wusing
rearrangement of equation 2. 2.
0 "@o
ne n 0 ne n
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4.3.3. Alumina-carbonates membane

Downhiper @®ati on expecrciamebnotn autsei ndgu aall upnhiansae me mbr
at 600AC, 700AC, 750AC and 800AC successively. T
the best option for al umina emdhibe amreasst Ay e & 08 C(
for roughly one hour bred pr€®l ea nf riancctrieocansse, oifn dbioctaht
Al though the membrane was r gasneda:@eCll eupomchéeanisng

be sustaiyned adtecmteadtyemper ature. This experi men
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per meance t hcraorubgohn aatleu nmenmebr ane at téh0e0 ,b el Oh na mdy 7o
Figur)e. 4DwWri ng the heatpampmeatoe e¢igthep prealk e/do0f tGO
75CAbtuntegr e not &Qpeumed@ti aswas probebtgbHiushmen
of the thegmodymbamiuen of carbonate detceomppeorsaittuiroen,
|l eading to a ®omgodgihtei anmod It emh asmd fmoll fo ft halsk avleir e
would be formed at 70plefack ,b yc oirrrteengoroaetdisnegy otf hoeo aGhQ &
fractMadn byxXx 0. 02. This value was sigo{(2itantly
calculated using the equihtdebrtbmsdesgspeci menbal coc
the existenseumfcchotalserdi GG ol uhtii ggme ri nt d rpee rineetaukri. ensh
rate started to hewregsél bbStowantt pteme@ogti on wa
bar el y ©hbes elrevaekdi.ng significantly af fpeecrtneeda ttihoen dr
800 AQp@&r meance cal cul antoe d obnyg d re arke fsluebcttreadc e tihoen r e :

0.80% .
c ' '
] < > 800°C

 0.60% A < b > 750°C
o a 700°C
e <>
= 600°C
o 0.40% A
(1]
1]
E -
[+
2 0.20%

0.00%

time (h)
—— (O, mole % —— N, mole % —— 0, mole %

Figde:Ber meate side outlet gas coamplbenddwmemamgtarn ns
anal y$edeonsing mass spectrometer. The figure cons
6000; (b) operati oCy t(emp eorpaetruartei At (7@dp epat at e ngt t @
at AD050% GO@Me &ddi ng gas and 100% Ar sweep gas Wwer e

Alumina is an inert material thuke proposed electhemical transport routes for ¢@re not valid.
It is possible thasolution diffusion mechanism was the major route ok @ N permeation. C®
and N permeability would therefore be determined by their solubility and diffusion coefficient in
molten cabonate. Experimentally determined solubility data at 700°C for&@ N are available in
literature (Table 2.2) but diffusioroefficients are unavailable. Nevertheless, a few literatures reported

estimated diffusion coefficients of GGn molten carboate based on MCFC electrode modelling



studies. The values ranged from®10 10° cn?/s[124, 125.He n c e tpheer nCe@inac es ol ut i o
di fhusmieahani sm tends tdt be&m®@liiWiPd otrhe rlammg & hd fc k-
me mb rvamiegch i s compar abldpertmeiainkttehica | eud &€ @2 CO at
mol i PpBesi des, the miompgleined apassihelmé sechegmi cal i
and ternary molten carboemndafebei(lCi@peetrdariead Ro&< ) .

t hr otulggh mol t en c aAlbuommiantae hdaisr ecé¢ emcasesdipper ta mat
Comparopmgr@é&Oance of molten carbonate membranes w
with aclarnbionmaate membranes may provide an insigt
el ectrochemical tranppmeanames hamcamplo Thie Ci®e mbr
obt ad mewe wes50cAG ot accurate due to |l eaking. There

necessary before any discussion on pewméebhrcpPr ope
4.3.4.YSZ-carbonates membrane

Downhiper @m®ati on expearmenttesimegbY&8rhe was perf
similar operating procedureceTheni memibudbhe waals e
This typwapfoseat @andrram&li nlgA G/nmdies, modmpAGH mi a r am)
was used for heating up instead. I n addition, t
700AC, t hupseranelaywc@O at 700AC, 750AC and 800AC w
anal ysdarsr iwad &cuin@6iing ®e@ries with mass spectrom
as well aspdake daggieblCPnabaesdd Fogpoa i 4tihten st abi | i
t owar ds steady state per meathad trheaq u b dieadnltleogne e
measur €pheomntgs term experi ments whilst mass spectr
carrying out this experiment. Thus, the GC dat a
The membr anoeo dacghasevteidghgt ness once the temperatur
45 hours, before a minor leak initiated at 8O00AC

TheYSZ-carbonate membrane aaldminacarbonate membramesed in this work were fundamentally
different interms of support mateti properties. YSZ support was oxide ion conductive while alumina
was inert. Proposed interfacial electrochemical reacfion+ O* Z  Cs©Owas thought to facilitate
CO, transport across YSZarbonate membrane whilst there was mehsfacilitated transport
mechanism for B The facilitated electrochemical transport was believed to promote both CO
permeance and selectivity. In thispeximent, N mole fraction on membrane permeate side was
recorded as zero as the amount efist e below thelO0-ppm detection limit of the GC detector.
Steady state C{permeance were obtained at all three temperatures, reachingl®§8.1i 10® and

1.6 10® mol-m2.s!.Pal at 700, 750 and 800°C respectiveljhe maximum C@N. selectivity
reached at least 19 at 800°C during this experiment, assuming the permeatecsigieeNtration was
close to 100 ppm. In general, the g&@rmeance in this wortkas shown good agreement with recent
YSZ-carbonate dual phase membrane resd&&97, 98].
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0.8%

d
«—»
o 0:6% 800°C
o C
[ 1 «—>
= 750°C
3 0.4% b
2 < >
E a 700°C M
& «—»
0.2%- } A
;-.-"!f:j=5::--‘---.--------‘-:r—————
0%
0 10 20 30 40 50 60
time (h)
A CO, mole % e N, mole%

Fi gdT:Ber meate side outl et gas -ccaampmsittei ame mbg ainres, t
od ine using GC. I njections were fakenregeownsi5( m
heating uprampi od Auvarmibn af( D) S5oper atAiChg) temeprea @i ug
temper athud;d) abpeésatingAceinp eQ0btdReddang8@as and 10

sweep gas wer e hesedptehni onegqphout

Thelogarithm of CQ permeation flux against the reciprocal of operatingaemature was plottagsing

the steady state permeation fluxes obtained at 700, 750 and 88igiCe 4.8. According to the

Arrhenius equation depicted in equatidri4,the gradient of the linear fit line 1 E/R, where R is the

gas constant and. s the apparent activation energy of downhill Q@rmeation in kJ/mol. It turned

out that the apparent activation energy for this se¥i§Z-carbonate dual phase merane is 76.7

kJ/mol, which is not far below the activation energy of oxide ion conduction in YSZ electrolyte (81
kd/mol) [97]. Er r or s f or oper at pfniguxt ewnpree atvuakuatnead CfOo |
propagation rules. The operating temperature was
for temperature reading was tsmalhlo,y ilzeoandiad g atxd sn

i ncor pomatresd from GC measurements of gas mol e fr:

per meation area calculation. I n this experiment,
error | omcenmmai nthye aof fl ow rnatta amrd eeftfhectmayeorp e
the erroperafeatCODon f 1l ux. The standard error f o

approximately N5.0 kJ/ mol

In order toobtain better estimation of the actiiat energy more data points over a wider rangfe
operating temperature are required. Howegas tightsealing washallenging to achievieelow 650

and above 800°C. Despite the slight deviation from 81kJ/mol, the apparent activation energy was still



conparable to other disk shaped Y-8arbonate memhbnes in the literatuf®3)]. It indicatedthatoxide
ion conduction in YSZ phase is likely to be the rate limiting step of g&@@meatiorfor a thick YSZ
carbonate membrar{e2mm) This also confirmed that for molten carbonate dual phase membranes,
oxide ionc conductivity of solid support materials could figotal for improvingtheir downhill CO,

permeance.
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0.92 0.94 0.96 0.98 1.00 1.02 1.04

1000 / T(K)

Figd8Arrhensbeswphgt!| ogmetn mérant iodn CfOl ux against 100«

per meati on exp-earimenttesmeqb¥Y&8rhe.
4.3.5.LSCF6428carbonates membrane

The b63QCQB is an MIEC memboédhersuppoet | mateel actrl
well as good ionic conductivity. Neverthel ess, t
suggested tnhat coomldy ctth en g8 42r80 pnearst yuta fl i ls®Q@F when f
and 50% UMNteilma t he compawin&€oh| ofed@@®eat aYoddD bat e

membr ane andalLlbs&€r®&¥d@8membrane would be based on

support material s.

Silver paste has been a common cdolCrRbDbSOaadli n
membrane r-taneédrdi tliecmakr agi FOPUBQe df.t9er the initia
process. There weregepermaddnciencatememhd,s OFO0 COnd 75C¢C
alumina and YSZ Dbpegankt amembragand o,weCO t eimpeatriadurfeo r
LSCF6ad&r8b onatnee nfjernebgriading wr)et o4dHeOwiewmw e r once heatin
CQpeak appeared foll owed bpyerameagrta downalt hsatta blialsitsead
hours. Si ppielaakr layl,s ca a@p@atairregl wWprti:p g8 5MeA@.c eTlgg a@@
stabiliisk@moatii®® P&l 850AC.t dhsicp@achkanarati on was
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below 0.04% up to 800AC. 1t indicated successfu
backuymg eN el of thember meg#ds OB A &) ghap &b hdat e
si deoMcewminr amcreased slightly but stabilised at
hi ghhper mMeati on via solutiouwmbtdn dd¢ibisucg gytrmeiaka oif s @ .
CO Nselectivi oy aonfd 11& aae c 8805V e d .
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Figd9BRermeate side outlet gas comaobohabe mg@mbmnahm
analey-l ome using mass spectrometer. The fQG/gmirne; c ons
(b) operating temperature at 600AC; (c) operating
700AC; (e) operating tiemmgperatperatat e7 5Q@AG;00AIC), o W
at 850HMCGCO50Me &Ndi ngOf&@wsAandwéep gas were used throe
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[+F]
®
g 0.04% A
@
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0.02% -

0.00% k i . i i
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time (h)
—— N, mole % — O,mole% —— CO, mole %

FigdXt@ero gas calipumed®d. @99 %! pwi ntgy) t o membr ane
the downhil |l expefxiamdbonmatei mgmbseErRe428he plot pre:
backgrpu®@®add NClOncentrations of the membrane per meat ¢

Theeabehind the fluctuati on;pamdne@rntadcdwmalats tha lgihleirs
was not clear due to the complexity of molten se&

mol ten phase. This obsbhevbaohdeyonna nti ocu hedd upitolsiesbi rhid rymd a

side inter€C@ci @@+ m@Oathe oeaqui l i brium constant for
rel atedpaor ttihael O essure, mole fraction of oxide
di ssolutideniaof tber mel t is very smal/l . Whi |l st a
di ssolved in the carbonate soilthae mhet motet e hea
posisthiiofnt s in response to theavawglihgasambdhaetcoht

per meati on. On t he werhdes e haed , wh ry gle earpde raakbsaipe .t ¢

occurred n«tpeanlmenitn btuhti saleso i n al lt he ptearhp errga te
effect6dp8dtGiFc met ry Bgusrrowmlig@thi ch LSCF | oss | a
ri sing temperature. As a resultd tbnhnesennr auironape
equiulmhbrihe interfacial reacti on.

Arrhenius plotasi mesniemial & dc africyd nea3vieF 6mde2nBi)rTahnee ( Fi ¢
Ssix data poittas boomatkeSGlEtmdb2 & ne cannote perddicddty
of the over &l 113l iwnmdgéer af irtatvhees | argé hesandagdr ers|
apparent activati ogpeemeagyohot hdowlgpdn dtS€EBLRIBr an
75.9 N 9.3 kJ/ moltufhmiemng poipetaref Emelbfpr @adi ent ha
points at 760(tBOOVhiamed @8&0Da from t helid.ef two uwled eb «
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obtained corresponding to 132.1 kJ/ mol activati o
temperatures gave an activation emdregly waft h56a .h4e
separate | inear fitserwefriet tOi.n2g tion tOo. 3t hienidri claitnienagr

5.0
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wl

o

f

b

-9.5 4

In Jcoz(mol-m'z-s'1j

-10.0 T | T
0.9 1.0 1.1 1.2

1000 / T(K)

Fi gdI®PArrhenius plot shpevi mgat ogmarfilt hxhoavdhdizst CDOO
per meati on exper i-creerntto nuasti en gmeLnshCrFabrde?. 8

In general, a change of the apparent activation energy is due to a switch of dominatiran€§nrt

mechanism from one to another. In the experiments for LSCF based membranpsy@ation at

lower temperature was explored. At 6680°C, the downhill O, permeation flux via electrochemical

transport may be comparable with solution diffusion, since theadductivityin LSCF6428 is low in

this temperature range. At higher temperattire electrochemical transport became more dominating

whilst solution diffusion mechanism became insignificditte iterature suggested that the activation

energyfor ionic conduction vth LSCF6428 composition is 125.4 kJ/mdi2€. Activation energies of

CO; molecular dissolution and diffusian molten carbonate were on a range of320kJ/mol[127].

Based hemse figureszpeirtmesadd mend tthBrdochB8gMb a rha tse LnseCnirb r
was stitdi faf bailkn O i mi ting process at aAsghi kempe
a combination of electrochemical transport with
of the dual p h as es tseyasdt ye pp & ahtaet a Qi0wfnlo Uveaesa g such a:
oxygen nonstoichiometry careduutol d&i &ethe If ft 4 mmiga It hree anotd
factors were not wel | under stood but t hey i ndee

activation enearigneenst all a sdeadd aoon expe



4.3.6.0verall discussion

FiguregeummdnrRi ses tadper doavmde | tl h-cCOuv b b n act aarph ofn8aZzt e an
LSCF6ad®2B8bonat e membr anefsC bSe weereanl 6r0eds walntds 8f5c0r al
membr anes havefibleemr csadeerd rtaongfeulof operating ten
al upncianrabonate membrane in this work was affecte
per meance and sel egtairwiotnyat ¢ h meudbh aaé umiermai ned
dependence with operating t-eapleomauCeFea¢n2Bnblotnhag eo t
membranes shpwethehowe COt 60%Ppet me&8BOACgTr bwt h COt &
was significdmtel achieviywgofCOat | east 18 at 800A
carbonate agreed wihé bimeftatumembhiahses faw | ite
permeance using the LSCF6428 composioionhhel dual
phase membranes wdkownlviallli dmd rerde dtyi «CrO experi ment s

hav been found for each type of membrane, which

25

)
[

1.5 - Alumina
YSZ
1 A A LSCF6428

Alumina (Wade et al.)
YS3Z (Wade et al.)

Permeance (10 molm?s'Pa')
o
o
»>

A
A

0

550 600 650 700 750 800 850 900
Temperature (°C)

FigdteThe dependheprceneahc€0Oon operatiwctagrbempeerat YSe
carbonat e 4d8dr bLoShnCait e membr anes. Data points were t
each operating temperature, rdowusidow bpet werenop®0@®

Comparisons have been made bet weenrex poeyr iViladlret alt cd

The compar iFisgpre Madle2e dnsuggested the ionic conduc
vastly promot £ etrhree adhocven hilltl w&a& very 1 i kdlhye t he
pr ogpdsel ectroahemoctal mechani sm. l nert arleimiera me
mat eri al , t hepe enbodhmtcs rngeftc dntagrd asnmd dmorletcetn gsaasl t i nt e
YSZ and LSCF6428 are both goaotd ho xgihdeer itoenmpcea nd wer
facilitated etlrecngpacdtedfitcC¥FHased dual phase me

activation energies for YSZ and LSCF based mem
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activation eoedgcesomnmnf whlinclk was much higher th
di ssol udtiifofnusamdn in the .pmeer meatiinod® dind fagboinle!| COI
process2 frmnr tih.ikck membr anes. This furbhbhervedppor
thistrCOhsport pathway.

This section has s hYoSsn atnhdatL S GFnidcu aclo npdhuacste vree mb |
COG Nseparation Jfcroommeathiagdh o@Ogas mi xture. This ¢
s ome o fc otnhbeu spaceeCOt ur e, pespawaers el ant and i ndustrie
CQconbobémtich | oweHelr RanardiiZédm at e acnadr bLoShCaFt6ed 2n8e mb r a n e
selected for ftpenrmheat idownenxpdr iClexites f hatdi swi gah
test whether they wercecompbu&@&@dtapdlurcea n dAil duanti ensa frmermtk

not further investigated due to pbemeanbal l engin

4.4. Downhill CO2-O2co-permeation experiments

4.4.1.Introduction and experimental procedure

This part of t he sftuundcyt icoonnatdiadmtlye dodt €YsSafinamrg bLaSiCat6ed 2
membranes when the feedongegts bhrehem pardvi ows C¢
were operatctocddiundemn mohne hf e5e0d% sGQ@ e and pure Ar o
signt fchamical pot enatciraols sd itfhfee rneenntber aonfe @Q ove t h
downhipdr @®Oat i on. MNeovretrenrteliess sof tCecOhFmuchax bmpkee, it
CQGconcentration of the effl 3e%tatgasmbireemt NECEs £ @
vastly reduced driving force, it has:plregenread i oacl
flux without pgtersesamicri ngadthemifregedt he per meate s

The unique f eat uvarte,Co@ x it shtexrviailtthhe r@ a $ ains at heduci ng
prceombustion. Therefore, the menmtbruanes pwaudCd be
capturestéEmg sewfmpOrtant because t hO:s gworunieda ttiroing g
meami sm (Figuven2t®@at the membrane solid phase
way, atnreangLport pathway i ® 1 awidlsotwi giheéed .e dits tiesn ci
affeopsr @®ati on flux though the dual phase membr

The two candidates here weareb opnuartee ymei nobnri acn ec oanndd
carbonate membrane with MIEC prhoyealttebrd \Exprerr i
oxygen free feedl2ZBhN AaMm &4d& &€0Oygen cont aliZhiMg f €
20%iG Ar), su@lrimeat itome fCQAQxowi mbmhndnwi f Bedt s
compared directly28®,cn@picandn8®@ACbetme adopt ed
per meation concept rabhbheonghi hhél peagtascals Oower

membr anes have relativel,xohoensuatiace Rkelpednpr



measupabmedauxomwmnf gas analysers. The sweep gas tl
pure Ar as conventional downhi |l | eenxtpsebwane=eht sn F
Fi gur.e 13n.s9t eapfd towo COy |l i nder s wi tthh ea bfobeveed acsoympenisti it i
addi ti ovmyl vfad wre for composition alternation.

4.4.2.Results for YSZcarbonate and LSCF6428arbonate membranes

Experi ment a0.ddewhhiplkf mMEAt i on-ctahrbourpdireaYr8ee i s pr ese
Figure ¥WhéeéBding the oxygen:cfornecee nsttrraetai no na to né OnfeAnh, r
side was o2xalnydw@r0e2%. | oNse to their background | e
switchingcdrmt &0 "0 streamntent fatid®sp demsnE€tddd r an
increased sliybahwbobedntD5&t i on @l BB &I 4 YBeoatshe d f
CQanadco®ncentration returned to the original | eve
the exisitmerntee difwmaia kglays proprhdmedo@@ i de, per meat e s
O;concentration significantly increased to O0.34
significantjperemehaatnicoend fA@ar mon atSeC FréelBIBr ane s . W
from 3% 1@OnN Ar feeding IlgpasNlt 8,0 HW%ACOaH g60BAC. (4

per meat emslieef Ccti o0. 0th@r @a%\ead 8f0r0dAnT, this i1incr
0. 0t4@0. 2.8% he numeri cal r es-iltesifsdgro @iontgh tthyep eesf foefc t

habeen summabliesed. 3 n

Table 4.3: The effect of cefeeding Q on downhill CQ permeation. YSZ and LSCF6428 dual phase
membranes are investigated at 600 and 800°C réaggct

Membrane T Permeate side CQ% Permeate side CQ%
support °C Feeding 1%CQO+1%N.in Ar Feeding 1%CQOx+1%N2+20%0;
in Ar
YSZ 600 0.02% 0.05%
YSZ 800 0.06% 0.11%
LSCF6428 600 0.01% 0.09%
LSCF6428 800 0.04% 0.28%

Whenw@®s absent fofoerne dtii hag. pp% sne@COon fluxes throu
membranes were | ow regardless of operahéendriempe
force dropped by al most 50 tai mHewewenp,aswagn w2 0 %
premst on the feedashdreatd mSBFEBaARB8ec atche®@®. 036 m
at ®80&nd 0. t7aml @WiIOwhi chparall € oans $. e eTkicrhgni £T®% | |
CQpermeancecguarnrmea i on cannot ulmd i ocoal ddAwlad tsesdi nwse
contributed to the ovea@riavingrf oiim@ afpalrcatei6d s € lEiop &
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comparison with permaebdt:z:dawhh@&DI| pC&®ssure differer
and per meataenso wialsetasstumed as the apparent dri vi
was considered astse hs tdiateoam e e art e toeantwas mEasur ed
and 0. 7 8% dautr i ;P drSr@d-a tcioon e x p e rzp me me sarcchéepdp &r. edndt
I 1Mol 4% Pat c6808&nd 1%nBo2 4Lt &t oBO0Owhich were two
magni tude higher ahasameetdempgebbf@adsng Threy gdor le
mai nt aispetrhhmreaC®on fl ex ams tflreeds ape clomeetntaratwar
overcame the driving fl ®@nctegeadsi nugpioenn csye ppaasaeg d oy, C
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Figdl®ermeate outl et gas c o-Opgapseirtneoant idounr ienxgp edroi wmehn
YSLZLarbonate membl% nggO 1foanN AFee dibn g ,Fekfdi @ @derl @A rC.O
(c) Switching BabcnN Atro fle® dGOhg gas. Sweep gas was
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Fi gdrt#Per meate outl et gas c o@Opcogsdr rtmeat idourr i engp edroiwmenr
LSCF6a®&r8bonate membranel %ALOABONCAT .( a)b )F gFeedeidni ¢ g 1 ¥
and 20% @r 80MAC: 1(%Qg FefaNmMmg. (b) FkeelddpamWwdN2G% CO
Oin Ar. (c) FekefdnMg20% @O. Sweep gas was pure Ar c

Looking at morandketOeiclty oxtheuti cQO traMsgEe€rtypeaet h
mol tenteadhw@aha phase membrane, three possibiliti
CQGmay foll ow?tdhmrdwnotrimah ®Pat hway by uiC®@e®©oi ng i n
C@. Secondly, the el ectr onipce rcnoenadtui cobny vpaantdhempagyo ir h ¢
interfac(iail)+r @R tZieo®d® Lasédn Oransport via solid
by undergoing redcZeal 6ocalysédé/ @O the electronic
Duringpeéehmea@toi onabeOrOp e rLiSnCeFn6t4 28 support was mai nl
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at this Tleepeomeatr eacroudadt bway onp enrarhe antgi d ro,r &€Oc 0 M
wi tnhd eipet.d® ansport through peemesatl i @ncpmaauetth &me
pat hwaye munssti gbn Fifgiucraeh b4 .(1858 e c ompar i sPenr noefa t ceo nsdi udc
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Regarding to YSzarbonate membrane?@onduction pathway was expected taheays dominating

as YSZ was not considered as electronic conductive. The observation ofptenz=ation experiment

at 600C in Figure 4.13agreed with the prediction. The reason why there was a significantly larger O
mole fraction on membrane permeaige at 808C was unclear. In literature .@ermeation flux via

thick solid YSZ pellet at tlsitemperature was a few orders ofgméude lower than that of LSE&B28

[130, indicating the independent.@ansport via solid phase YSZ cannot be a major factor. The
formation of lthium zirconate on molten sablid interface probably involved in the, @ansport.
Literature has proposed lithium zirconate could be used as cathode materials as lithium zirtonate/Li

ions interaction may lead to generation of electron defects iaditairconate phadd.3]].



4.5. Summary for material selection

In this part of the research, various characterisation technologies including SENMgnE0®rosity
measurements have been done. In conjunction with downhilp€@neation experimés it has been
shown that the fabricated molten carbonate dual phase membranes are highly operable under 600
900°C. Membrane support material selection waschaseCQ permeance, C&ZN; selectivity as well

as the affinity of membrane material with sealaaterial. Using inert alumina as a reference material,
it has been shown that both Y$Zrbonate and LSCF642&rbonate membranes are capable of
downhill CO/N2 separation under high GGhemical potential difference due to the ionic conductivity
of the support material. However, moving into a realistic low,GfBemical potential difference
scenario such as flue gas &@pture, only MIEC type LSCF642&rbonatenembrane sustained O
permeation flux at 2®Oml-mint-cm?level with the help of cdeeding20% Q. It is widely believed in
literature that the electronic conductivity opened another electrochemical transport pathwagrfor O
CO: together. This allas the chemical potential gradient of, @hich naturally presents for flue gas
CO; capture, tdoe exploited.

As a summary, LSCF6428rbonate membragsseemed to be a more flexible type of dual phase
membrane. They are potentially capable of bothcprakustion CQ separation and pesbmbustion

CO; capture from flue gas. One unique property oli8€F based membranes are the changing oxygen
nonstoichiometry against p@nd operating tempature. This behaviour of LS®&B28 will indeed link

with their appication into precombustion CQ separation where pQs relatively low, and post
combustion C@capture where p£s relatively high. The next step of the research is therefore to focus
on LSCF6428&arbonate membrane, further investigate their behaviouednced and oxidised
atmosphere and find out how these conditions affect thep€@neation hx.
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5. Performance of LSCF6428 based membrane with various
oxygen nonstoichiometry

5.1.Introduction

Chapter 4 has demonstrated th&CF6428carbonate membrane is capable of both downhilp CO
permeation alone and downhill GO co-permeation. When ¢hdriving force of CQitself became
much lower (i.e1% CGO feed), the cepermeation of @helped the membrane maintain similarCO
permeation flux as feeding 50% GQlone, making the apparent €Permeance two orders of
magnitude higher. Based on thessults, LSCF6428arbonate membrane can be promising not only
in precombustion C@separationbut also in post combustion flue gas Apture It is essential to
study the properties and performance of this membrane in depth in order to progressem@ctical

applications.

Typically, precombustion C@ separationis associated with an ;Ofree atmosphere and post
combustion flue gas CQraptureis associated with much higher, @artial pressure. The oxygen
nonstoichiometry of LSCF6428 is sensitieea change in operating temperature as well gsa@ial
pressure. It can be an importardrameter that affestthe performance of LSCF64z@&rbonate
membranes. The dependency of LSCF6428 oxygen nonstoichiometry on temperatupgpartehlO
pressure hebeen understood lmpulometrymeasurements. A variation of oxygen nonstoichiometry
may leado a change of oxygen vacancy concentration within the LSCF6428 crystalline, which further
affects the ionic and electronic conductivity of the LSCF6428 membsapport. Howeverthe
connectionbetweenthe change ofL.SCF6428 oxygen nonstoichiometry aitsl CQ permeation flux

remained unclear

This chapter further investigatéhe change of LSCF6428 nonstoichiometry during the targeting
operationconditions downhill CQ/N. permeation (low @ partial pressure) as well as €0, co-
permeation (higher Opartial pressure) betweeD0 to 850°C In both cases, the importance of
LSCF6428 nonstoichiometry on the membrane, @@rmeation flux has been evaluatethis
evaluation aimefbr extracing some mechanistic insights of downhill &R, permeation and C£0;

co-permeation.

For downhill CQ/N, permeation experimentsSCF6428 nonstoichiometry was manually modified in
a controlled atmosphere befdhe permeabn experiment. Vith 50% CQ/N. on feed side and pure Ar
on permeate sidduring the experimentathe low Q partial pressure cannot-eguilibrate oxygen
content in LSCF6428. Downhill GOpermeance withprereducedsolid phase materigimodified
LSCF6428 oygen contenthas been experimentally determirfed the first timeand compared to

performance othe norreducednembrane



For CQ-0O; co-permeation, LSCF6428 membrane was maintained in more oxidised state under higher
oxygen partial pressureAlthough tlere would still be a temperature effect on the oxygen
nonstoichiometry of LSCF6428, the membrane cannobanme reduced with a consistent
nonstoichiometry. Exploiting the@hemical potential difference to enhance to overall driving force
for CO; permeatbn seemed to be more attractive, which allowed uphifl ig@meation. Here, the study

of CQ, uphill permetion expanded from 600°@ higher temperaturest has been focused on how
LSCF6428 nogoichiometry changgin line with theuphill opeatingcondiions and the corresponding
effect to the stability of uphill COpermeation.The data would provide refaree and support the

validity of theflux-driving force relationship study in Chapter 6.

5.2.COz2 downhill permeation with reduced state LSCF6428

Chapter 43.5 described @0, downhill permeatiomxperiment using LSCF642a&rbonate membrane
without any pretreatment. Considering the membrane support disk was sintered in the air at 1250°C
followed by hot carbonate infiltration in the air at 600°C, this LS@B&upport was expected to be in

its oxidised form when the experiment started, indicating its oxygen nonstoichioingty close to
zero[132. When the operating temperature was increased taC7&0d upwardsHjgure 5.1), Qpeaks

above backgroundevel can be observed during heating up. Thev& likely from the loss of lattice
oxygen in solid phase LSCF6428 rathigan from the molten phase, since nodlease was observed
during downhillCO;, permeation experiment through alumicerbonate membrane, which contained
molten ternary carbonate of the same composition as the LSCE&d&Ehate membrane. The
downhill permeating condition comprised 50% £} on membrane feed side and pure Argon o
permeateside. Q partial pressure within the reactor were expected to be on the levePaf(Egure

5.1). On this fixed p@ oxygen nonstoichiometryi of LSCF6428 should rise with increasing
temperaturd78]. Theoretically, at the highesperating temperature (850°C) the membrane support
would reach the most reduced state under this specific gas atmosphere. LSCF6428 could paentially b
preserved in its reduced state due to the lowqi@he experimental condition. If this was the case, a
pre-reduction treatment on LSCF6428 using inert gas and elevated temperature could modify its oxygen

vacancyconcentration angrevent the LSCF frome-oxidation while returning to lower temperature.

Therefore, it would be interesting to study the downhilk@&meancéhrough LSCF membrane in its
reduced state. The LSCF6428 oxygen nonstoichiometry can be modified not only by elevating the
temperaturen inert gas, but also exposure under reducingogprhere that has even lower@8].

Here, the préreatment procedure was designed such that membrane disks wergymed to different
extenti one batch was pmeduced under inert mbsphere whilst the other was performed under
redudéng atmosphere with CO, followed by hot carbonate infiltration in controlled atmosphere furnace.

CO; downhill permeation experiment through pesluced LSCF6428 membranes can be carried out.
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The CQ permeace at each temperature can be compared with thmarmembrane without pre
treatment. Moreover, oxygen release from the porous LSCF6428 disk during one ofrdaiupt®mns
performed under inert atmosphere was also monitored.
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5.2.1.Pre-reduction of LSCF6428 membrane supports

Two pellets with around 36% bulk porosity, LSCF6428_ 1 and LSCF6428 2 weredueed in a
controlled atmosphere furnace with a constant 100 ml (STP)/min flopu@ helium. This inert
atmosphere was maintained throughout thergdection process, and elevated temperature was
adopted to increase the oxygen nonstoichiometry of the LSCF6428 pellets. The furnace temperature
was increased up to 850°C at 1°C/min ramgpiae, which is the highest operating temperature of the
50% CQ downhill experiment. After a dwelling time of 10 hours at 850°C, the furnace was cooled
down to room temperature at 1°C/min. LSCF6428_1 was infiltrated under pure helium atmosphere in

orderto preserve the LSCF6428 nonstoichiometry. LSCF6428_2 was sent to XRD analysis.

On the other hand, another pell8SCF6428_3 was preeduced in the controlled atmosphere furnace
with a constant 100 ml/min flow of 2.5% CO, 2.5% £ Argon. The reductionvas erformed at

600°C with a dwelling time of 6 hours. At this temperature, it was a much more reducing atmosphere
with a defined p@ of 10?%° Pa The pQ within the system was controlled using the CO#CR
equilibrium at 600°C, the low pOmodified theLSCF6428 nonstoichiometry instead of elevated



temperature under inert gas. The details of the reduction for the above three pellets were summarised
in Table 5.1.

Tab8lePrreeducti on condhasogtehsr eaen dp owred wsh t ( ~BBIWB @ptos .0 s i

Pellet Reduction time Reduction pG; Weight before Weight after
and temperature reduction reduction

LSCF6428_1 850°C Undefined 1.178g 1.17g
10h ~10Pa

LSCF6428 2 850°C Undefined 1.173¢g 1.1679
10h ~10Pa

LSCF6428 3 600°C Defined - Pellet fractured
6h ~10?Pa

Weight loss of roughly 008g was measured on digital balancelfSCF6428 1. This value was not
considerably higher than the random error of the instrument. In order to find out the liekwaignt
loss with the increase of LSCF6428 oxygen nonstoichiometry, a fresh porous LSCwaelf@aced

in the membram reactor depicteid Figure 3.8without sealing. Essentially, it became a single chamber
reactor. A constant flow of 20 ml (STP)/miarp grade (99.999%) argon was continuously fed into the
reactor chamber while the reactor was heated up to 600°C, dwelled for aroundslthéoineated up
further to 800°C. A mass spectrometer was used to monitor the concentratiowitifidOthe effluent

stream out of the reactor.

Figure 5.2 shows the plot of effluent stream ole percentage against time in this-peduction
experiment An oxygen peak appeared when the temperature was approaching 600°C, followed by a
gradual reequilibrium as the teperature was on hold. Once the temperature started rising towards
800°C, a larger peak appeared within longer stabilisation time. As thespoSCF6428 pellet was the

only source of oxygen decomposition within the reactor chamber, this test confirmébe (laCF6428

pellet had a more significant increase on oxygen nonstoichiometry at 800°C under inert atmosphere.
The total weight loss ohts pellet after the reduction was 0.0074g, equivalei@3dx10* mol gas

phase @ The oxygen loss can also beiestted by integrating the peaks appeared on the plot, which
gave a totaR.67x10* mol gas phase formation. This agreement also confirmed the link between the
oxygen peak and the change of solid phase LSCF6428 oxygetoinbimnetry. Nevertheless, the
background p@under inert atmosphere was undefined as it depended upon the gas tightness of both
the reactor chamber and the inlet capillary line of the mass spectrometer. By assuming the mass
spectrometer inlet line was gdight, such that the mass spemeter measured exactly the gas
composition of the effluent stream out of the reactor chamber, the equilibriw@t OO0 and 800°C

were between@and20 Pa
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5.2.2.50% CO; downhill permeation experiment

Once the connection between oxygen peak and the change of LSCF6428 oxygenhiomstimicwas

found, the next step forward would be looking at whether a relatively oxygen deficient LSCF6428
support exhibgddifferent downhill CQ permeance comparing withe original norreduced support.

Here, the preeducedpelletunder inert atmospere(LSCF6428 ) was used as an example of oxygen
deficient membrane. The sample reduced in 2.5% CO, 2.5%\f0n cannot be used for experiment,

as it did not sustain amtegrated disk shape after the exposure to the strongly reducing atmosphere.
The 0% CQ downhill permeation experiment using LSCF6428_1 was carried out in the identical rig
sd-up as described iRigure 3.9 In order to start the experiment from 600°Adaled by ascending
operating temperature, oxygen nonstoichiometry of thergdeed membrane must be carefully
preserved. However, a dropped oxygen background was observed when the temperature was risen to
300 or 400°CFKigure 5.3). This was possibly @aiof LSCF6428 uptaking oxygen from the background

air even though background pRere was similar to the preduction conditiorf10-20 Pg). Therefore,

the furnace temperature was heated up to 850°C under permeating condition, withSATrhin

flow of 50% CQ/N2 on feed side and 20 ml (STP)/min flow of zero grade argon on perisidate
ensuring the support reached the desired level of oxygen deficiency again. Afterwards, the permeation
experiment was carried out with descending teaipee and steady state £@ole fractions on
membrane permeate side were measured on mass speetrdaven to 650°C with 50°C temperature
intervals. There was no indication o, Qptake at any point of the experiment with descending

temperatureRigure 54).
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Figure 5.3: Permeate outlet gas compositian ownhill CQ permeation experiment using LSCF6428
carbonate membrane preduced under inert atmosphere. Throughout the experiment 50840d Ar
were used as feeding gas and sweep gas respectively. The figure presents the initial heating up from roo

temperature to 600°C, during which a dip efd@ncentration below background level was observed.

The continuous ctine measurement of permeate s@®, concentration against time was shown in
Figure 5.4. The membrane was initially maintained under eatimg condition for more than 10 hours

at 850°C. Steady state @€bncentration was taken for calculating the;@€rmeance. At this highest
operatingtemperature, the COmole fraction reached 0.39% on membrane permeate side giving a
permeance 2.3 x famol-m?s'Pal. Meanwhile an 80 ppm Atoncentration was measured on mass
spectrometer, consisting of background air leak as welkgehheation trough the membrane. Only

N2 permeance through the membrane should be accounted M G@lectivity whikt it was difficult

to measure thé&rue Nz permeance with current gas analys@&teverthelessit can be said the GO
selectivity was at least 49 sintlee N> permeation gave a permeate sidecbihcentration of no more

than 80 ppm. Steady state £fermedbn can be observed once a new operating temperature was
reached. The £background during this experiment was also stabilised at 150 ppm, indicating there
was negligible oxygen exchange between the background air and the LSCF6428. Hence, the LSCF6428
wasindeed preserved at its reduced state. More importantly, thgp&@eane through the reduced

state LSCF6428arbonate membrane at lower temperature has been remarkably improved comparing
with the noareduced membranéifgure 5.5). Although the nitrogerabkground increased slightly at
750°C and lower, it was unlikely to béeak as C@concentration was not affected. Therefore, it cannot
invalidate theobservatiorthat the preeduced membrane was able to separate Mdth more than

doubled permeance cqaring with untreated membrane, particularly at lower temperatures.
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Figure 5.4: Permeate outlet gas composition for downhill:@@rmeation experiment using LSCF6428
carbonate membrane preduced under imeatmosphere. Throughout the experiment 50%/8&£and Ar
were used afeeding gas and sweep gas respectively. The figure consists of five regions; (a) CO
permeation starting with the highest operating temperature at 850°C; {ipe@@eation at 800°C¢)
CO; permeation at 750°C; (d) G@ermeation at 700°C; (e) G@ermeation at 650°C.
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Figure 5.5: The comparison of C&downhill permeance using LSCF6428rbonate membranes in their
reduced and nereducedstate. Identical permeating condit with 50%CQ+50%N: on feed side and pure

argon on permeate side was used. Permeance were compared over the temperature window of 650 to 850°C.



Arguably, the enhancement of €downhill permeance was attributed to thereased oxygen
nonstoichiometry created by the LSCF6428 reduction. The permeance enhancement by this way was
found to be reproducible. The ultimate effect of the increasing oxygen nonstoichiometry within
LSCF6428 crystalline may well be an increase o&tsconductiviy. It has been reported ©hapter

4.3.5 that downhill C@permeation through the neaduced LSCF6428 membrane was very likely
bulk oxide ion diffusion controlled. Thus, enhancing solid phaseddductivity would be crucial to

the downhi CO; permeanceArrhenius plot for the preeduced membrane (séégure 5.6) was
generated based on the permeation data in figure 5.5. The apparent activation enesgpeoh€qlion

was 44.9 kJ/mol with a standard error of £ 2.7 kJ/mol. This was #icagn deviation from 125.4
kJ/mol, which is the activation energy of oxide ion conduction (measured in the air) for LSCF6428
composition126. The drop on the apparent activation energy indicated thgp@@eation through a
reduced LSCF6428arbonate membrane may no longer limited by bulk solid phaskffdision. This

was consistent with the assumption thatrdaiced SCF6428nheld higher & conductivity. The rate

determining step was probably shifting towards a process with lower activation energy.
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Figure 5.6: Arrhenius plot showing logarithm of G@ermeation flux against 1000/T for downhill €0
permeation through pneeduced LSCF6428arbonate membrane. The large error bars on vertical axis still

originated from the large undainty of the effective pereation area.

In a way, the result of the preduced LSCF6428arbonate membrane was promising in terms of
practical application in preombustion C@separation. The operating condition of such a process is in
reducing atmosplme below 550°C. Undoubtedlygnhancement of COpermeation around this

temperature would be desirable. Nevertheless, the mechanical strength of the membrane disk under
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reducing atmosphere were crucial. It was unclear how reducing atmosphere changecktbe lature

of the LSCF628 that gave rise to fractured disks. Moreover, extra evidence was required to explain
how the change in LSCF6428 oxygen nonstoichiometry related to oxide ion conductiGtyapter

5.2.3, an attempt has been made to seekdurxplanations from the XRanalysis of the reduced
LSCF6428 pellets.

5.2.3.XRD analysis of the prereduced LSCF6428 membrane supports

XRD analysis was chosen to determine any change within the LSCF6428 lattice upon the exposure to
inert and reducing atmosphere. Two previously mentigedus pellet of LSCF6428 in their reduced
state, LSCF6428 2 and LSCF6428_ 3, along with aradoced prous LSCF6428 pellet underwent

XRD analysis on their top surface. UsingCa-K U -r&§ source, the diffracted beam intensity was

collected continuouslyfom di f fraction angle (2d) of 15A to

Firstly, the XRD pattern of theonreduced porous LSCF6428 pellet was compared with the powder
pattern ofLageSt.4Can e 0299 (OXidised form) on Inorganic Crystal Structure Database (ICSD)
(Figure 5.7) Despitethe small differences in peak position at loveififraction angle the XRD pattern

of the nonreduced LSCF6428 pellet overlapped well with thtabase. The peak splitting of the non
reduced sample could be due to the copper source emittiry Mith two close wavelengths

(K g=0.1541nm, #01544nm). AccordingtotheBxrggds | aw described in

close wavelengths from the emission source would generate peak splitting patterns.

25000 5000
© 20000 - L 4000 5
© [1h]
o] (6]
© =
© @
8 15000 A - 3000 ©
[ c
3 2
= 10000 A L 2000

2 £
o 5
£ 5000 | L 1000 €

I
O - _IL T A T Jj‘ T - J'L T "'L 11 O
30 40 50 60 70 80 90

20 (degree)

— LaySry 4C0oy,Fey 50,99 ICSD database non-reduced

Fi gbT€he ovepl atppfioag t he XRD dpuactetde rpno roofu st hLeS CnFo6d 2 8

powder patSsh€e Rhe@fohal norganic Cryst al Structure
Nakayama obtasnéed XR® HBadd@A€r athmorsediteds e

Da



The XRD pattern of noneduced LSCF6428 sample was compared with reduced samples under inert

and CO atmosphere. Figuse3 revealed that more reducing sample tended to have peaks shift towards
smal |l er diffraction angl e. ffradtiorcangledvasnagresult of laRBjera g g 6 s
interplanar spacing (d) of the lattice, which further indicated lattice expanéithe crystalline phase.

Other than this, no extra peak appeared, and no peak disappeared comparing with the original non
reduced LSCB428. This was to say thtie perovskite crystalline phase of the most reduced sample

here would not degrade into im@tlual metal oxide phases.

Intensity

30 35 40 45 50 55 60
20 (degree)

Pre-reduced in inert non-reduced Pre-reduced in CO

Fi gb8XRD pattermnedoftedheponons PpB8EP@428 SCEBURB pe
reduced under ipnoerrotu satlnBoGHéhdetr 8ce pendn éZ2.r5%. G® CO +

at mosphere. Shift of peak positioning can be

Howeve, anothersignificant feature of the XRD pattern of the most regusample was peak
broadeningSpecimen related peak broadening generally originates from twadathie size of the
crystallite andd n-@w m i f siraimwdthin the lattice. Scherrer edioa correlates the mean crystallite
size with peak shape and peak position of the XRD pattgrration 5.1)

. 0 _
)] — )
T Al-© ®
In this equation.ci s t he mean crystallite si z-emayindAornm or nm.

d i s tthe Balafggo fditf f isthedifferenoe betwegnl tree obBedfved galkvidth
half maxima (FWHM) in radian and the standard FWHM of the peak generated by Si (111) glane. K
is a shape factor that has a typical value 8fs&&suming the crystallite was spheridddnocrystalline

materials tend to have more broadening petfus,it was possible that tharystallite sizeof the most
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reduced sample became smalesidesthe peak broadening wassolikely caused by lattie strain
attributed to the highly reducing atmosphere the sample was expo$édpoe | | et -uwn it fho romdé n
lattice straintogether with lattice expansios prone to microcrack formation, reducing the mechanical

strength of the membrane under high teragure.

I't has been understood that isother mal ¢eywith he oxy
decreasing p® Figure 5.9 (a) shows thelB a g a i n.plot fof LEQF6428by J. Mizusaki et al.

The oxygen partial pressure spanned from iekig atmosphere (100% pure)@o mildly reducing

inert atmosphere (approximately 100 ppg).®/itht he same U0 values, they fur
correlation between U and the vari atiiuRD.Thé L SCF®6
plot is shown orFigure 5.9 (b). Here, rhombohedral LSCF6428 lattice parameters were converted to
psaido-cubic lattice parametepalsothermal lattice expansion that was purely chemical induced can

be observed, and the lattice size increased linearly witt ncr easi ng G Hglrer decr e
temperature indeed has been another factor for lattice sixpaihey further suggested that this
chemically induced expansion was caused by reductionsifeRransition metal catiorjd32 134.

Lower valence of Bsite cations lead to larger cation radii when the lattice became more oxygen

deficient[135.
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Usingthe insitu X-ray absorption spectsoopy technology, T. Itoh and M. Nakayama further recorded
thedropof oxygen content and Co/Fe cations valenceS@E6428 as a response to changingfpdin

10° to 10 Pa Oxygen content and Co/Fe cations valence exhibited relaxation behaviour ovat time
both 900 and 1000KAccording to the trends of the relaxation, they deduced that the oxygen ion
chemical diffusion coefficient in LSCF6428 at more reduced state was higher. Furthermore, when the

pO. changedrom 1 to 10 Pathe number of oxygen vacancreated per unit cell at 1000K was
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roughly twice as much as 900K, whilst the lattice volume expansion from 9000@K was only

0.358L nm? to 0.3595 nm® [133, indicating an increase of oxygen vacancy concentration with
increasing oxygen deficiency. Therefore, the increased @®meane of LSCF6428carbonate
membrane upon solid phase reduction can be explained as a result of higher oxide ion conductivity in
bulk LSCF642&hase

From the operational point of view, the enhancement on oxide ion conductivity under reducing
atmosphere ceritaly needs to compromise with the mechanical strength of the membhamigerature

has suggested that the LSCF6428 system is prone to decomposition and loss of perovskite phase when
pO:<10'° Paat 600C [132. Hence, controlling oxygen partial pressure is important for the opigyabil

of LSCF6428carbonate membrane applied inte-ppombustion C@separation.

5.3.C0O2-O2 co-permeation with oxidisedstate LSCF6428
5.3.1.Brief introduction and experimental procedure

Unlike precombustion C@separation, whebhSCF6428carbonate membrane @pplied to flue gas

CO; capture with @co-permeationthe oxygen nonstoichiometry is presumed to exhibit much weaker
variation with rising operating temperature due to the oxidising atmosphere. The 18AdC2D% Q@

composition has been used consisteasifeeding gas for demonstrating the concept gfezaeation.

The composition had a log pOfroughly-0 . 7, gi ving a change of -0 valu
800°C (sed-igure 5.9a) on membrane feed side surface. Zero grade Ar cylinder has befen sisedp
gasinwhichtheex ont ent i s bel ow 10 ppm. openaéngteraperatard i on o0
on membrane permeate side surface uvaedear as @permeabn would affectthe permeate side pO

I n order to est i maéemermeatesidelsurfaca, lfudter exparimemewasb recaired

to determine the steady state@artial pressure upon membrane permeate side between 600 to 850°C

during the CQ@-O; co-permeation.

Nevertheless, the variation of solid phase oxygen nonstoichiomeyy not influence C©flux
significantly in this case, sin€ghapter 4 ended with an argumi¢hat the C@permeation flux with @
co-permeation was likely controlled by interfacial reaction orion diffusion through the melfn
Arrhenius plot of CQpermeation flux in presence ok @gainst operating temperature may be useful
for lookingclosely into the mechanism of GQ., co-permeationThis may offer an insight on hae

LSCF6428 oxygen nonstoichiomeinterferes theCO,-O; co-permeation

In this subchapter, downhill GED, co-permeation experiment through LSCF6428bonate
membrandrom 600°C to 850°C was performed with 50°C temperature increnidms.amping and
cooling rates were controlled at 1°C/min as usual. LSCFg428onate membrane with 42% bulk

porosity and 0.256g carbonate loading (97% of theoretical maximum loadingyeedee using silver
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paste. Gas cylinder with 1.04%,NL9.97% Q and 0.95% C@in Ar composition (BOC, certified
mixture) was used as feedehigas and zero grade Ar (BOC) was used as sweep gas, with flow rate of
20ml (STP)/min into both reaction chambesing similar flow system describeddhapter 3.4.2. The
above compositions and flow rates were maintained throughout this expe@asntmposition of
permeate side outlet stream was analysed by mass spectrometer in series witR ar@yser. The

aim of this experiment was to perform a complementary stu@papter 4.4 and obtain G@ux over

an expansive range of operating tempeeatdor theArrheniusplot. On the other hand,.@ux over

the same temperance range was also measured, whipedhdetermine the LSCF oxygen

nonstoichiometry upon membrane permeate side surface.

5.3.2.Results and discussion

The IR analyser was the primary at@for CQ concentration measurement in this experiment, offering
improved signal resolution without drift..Nind G, compositions were analysed usinglore mass
spectrometer. Looking at the broad picture, both &@ Q permeation flux increased with ascending
operating temperaturefigure 5.10). The concentration ratio of £&and Q on permeate side were
maintined at roughly 2:1 up to 750°C, but became smaller at higher temperatures and eventually
dropped tol.2:1 at 850°C. Meanwhile, apparent GPermeance of 1.27xfOmol-m?s!Pal was
achieved at 850°@-igure 5.11)thanks to the large@riving force that promoted CeXlux under such

a limited driving force ofCQ; itself. Although the retentate G@oncentrationwas not analysed, it
would drop to approximately 0.7% according to Qfass balance on both sides of the membrane,
making a narrow margin of G@hemical potential difference across the membrane. The figure also
showed a drop of Noackground with ascenutj temperature. This was not accompanied with drop of
CO; concentration, indicating the high. Moncertation at 600°C was unlikely a leak. A dof mass

spectrometer signal could be a possible explanation.

High apparent COpermeance was the most impottéeature of the downhill C£0, co-permeation
experiment. Comparing with the downhill 50% £ permeation, the epermeation obtained similar
CO; permeation flux at relevant temperatures. At the same time, the apparettivia force of its
own wasbetween500 to 900 Pa (0.5% to 0.9% in terms &O, mole fraction difference)The
calculation of apparent Grermeance irfrigure 5.11 was madey considering its apparent driving
force only and assuming the driving force fromvzas hidden. In this way, apparent g&rmeance
via copermeation was generally two orders of magnitude higher. Precisely, (eD£30-permeation,
the CQ flux cannot e simply expressed by the product of {gfermeance and C@artial pressure
difference. The driving force from ©must be account for, which required studying the-tlaxing
force models and correlations to determine the contributiory dfi@ng force This will be shown in
Chapter 6 of the thesis.
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Figure 5.10; Permeate outlet gas concentrations at various operating temperatures dudowrihid
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Figure 5.11: The variationof CO, and N permeance against operating temperatures for the downhill CO
O, co-permeation experiment.ypermeance here comprised thelldckground in reactor chamber and

drift of mass spectrometer signalaking the C@N selectivity difficult to estimate.
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The variation of permeation side @O, concentration ratioduring this experimentwas also
notewortly. If the proposed epermeation mechanisiwere predominantpermeate side G{D;
concentration ratizvould be close to 2:1. The experiment revealed that this was the case up to 750°C.
Major individual permeation mechanisms, including electrochemicalgosinef CQ via the melt and

O, transport via solid phase LSCF6428, both relied on the solid phasm@uctivity. Since &
conductivity within oxidised state LSCF6428 was relatively low betweer7600C, individual CQ

or O; flux seemed to be incomgadile with their cepermeation flux. At higher temperatures, individual
O: flux became significant duto higher G conductivity as well as the high.@artial pressure
difference. In contrast, individual G&lux may not vastly affect theverallobservedCO; flux, as the
CO; concentration in feeding gas was only 1% ($able 4.3 for 1% C@downhill exgeriment in
absence of @. This also explained thdecreasingpermeate side CfD; ratio from 2:1 as the
temperature increase@n the other hand, the;@corporation mechanisf®0, 91] mentioned before
would still hold for this experimentt could be more prevalent above 750°C, resulting a significantly
lower CO,/O; ratio.

Figure 5.11 also suggested that the; @& neance did not increase exponentially with temperature.
This trend was reflected axhangeof the gradient at 75800°C onthe Arrhenius plot ifFigure 5.12,
featuring natural logarithm of GGlux against 1000/T for downhill C&£0, co-permeation. In ottre

word, as the operating temperature went higher, the temperature effect fdlu®eemed to be
weakening.The apparent etivation energy changed frofi.8kJ/molat 600-700°Cto 39.1 kJ/molat
750-850°C, whichwasnot a strong indication of a bulk oxddon diffusion limiting process hus, the

LSCF oxygen nonstoichiometwyas unlikely posing atronginfluenceon the overall CQ flux here
However it indeed suggested that downhill €0, co-permeation was not consistently rate limited by

a single actiated process over 600 to 850°C. This complexity cannot be analysed using the Arrhenius
plot. Instead, fluxdriving force models and correlations @hapter 6 may provide further discussion

from the mechanistic point of view.

Lastly, the observation of LOconcentration on permeate outlet stream allowed estimation of the
LSCF6428 oxygen nonstoichiometry upon membrane pamrsde surface. In an oxygen containing
system, it is stildl possible for LSCF6428 to
permeate side was exposed to, D21 to 230 Pafrom 600 to 800°C. With ascending temperature,
membrane support mayilsbecome locally oxygen deficient upon permeate side surfaceTgdae

5.2). The intensifying oxygen peaks upon rising temperatures before the stabilisatiqgreain@ation

was an evidenceF{gure 5.10). Although the membrane feed side was always imxaising
atmosphere with an almost fixed p@f 2x10* Pa the feed side surface cannot maintain fully oxidised
especially at high temperature. As a result, the solid phase LSCF6428 may exhibitfoon oxygen
nonstoichiometry during the guermeatiorexperiment, assuming the diffusion of oxygen vacancy was

sow. Nevertheless, the LSCF6428 phase under the presenceaid@d to be much more oxidised



than the inert atmosphere described earli@ina pt er 5. 2. -Q09 waswundikelpyposgo f 0. 0
a significant effect on an interfacial reaction or£@iffusion limited CQ-O, co-permeation process.

Table 5.2: Equilibrium pQ with membrane feed and permeate side solid phase surface at corresponding
temperatur e. LSCF6428 o0oxygen nonstoichiometry a 0

interpolating given temperature and0Ont o r el e vaeomrrt G0 vvee rssupkds indd@rape.r at ur e

Operating Permeate side Permeate side oxyger Feed side Feed side oxygen
Temperature  equilibrium nonstoichiometry equilibrium nonstoichiometry
pO: (Pa) u[7g pO:2 (Pa) u[1323
600°C 21 ~0.02 2x10 ~0.01
700°C 41 ~0.04 2x10 ~0.015
800°C 150 ~0.07 2x10 ~0.03
850°C 230 ~0.09 2x10 -
6.5
7.0 - .
o *
.E 7.5 - .
v
© 8.0 -
E .
3
5 851
£ .
-9.0 - .
'95 T 1 1 L T T
0.85 0.90 095 1.00 1.05 1.10 1.15 1.20
1000/T (K)

FigbI®2Arrhenius plot shpei mgat ogmarfilthxm adgaic®O®st 100
OGcpermeati oS5CFbd@88B8lmdhhnat e membr ane.

In short, his experiment successfully demonstrated that with the aid ob-Permeation, LSCF6428
carbonate membrane was able to permeateu@@er low apparent GQartial pressure difference of

500to 900 Paover the tempature range of 600 to 850°C. Comparihg effect of LSCF reduction

and Q incorporation on the C{permeance, the idea of @0, co-permeation vastly promoted the
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apparent C@permeance by almost two orders of magnitude on the same membrane design. On th

other hand, improvement on bulk ioniéfdsion by LSCF reduction seemed to limit the g@rmeance
enhancement within the same order of magnitude, hence unlikely to maintaintper@@ation flux

under low CQ driving force. Havig learnt that the thmenodynamicdriving force from the oxygen

helped CQmolecules permeate across such a narrow margin of its own chemical potential difference
(roughly 0.7% to 0.3%), it is worth exploiting this driving force further to bring G®to a more
concentrated leal, so that C@can permeate againstidiswn ¢ hemi cal potenti al dif
operation mode could be an important step forwards to reduce the energy requiremepchpt@Q®.
FromChapter 5.4, the thesis will start focusing on ugdelimeation in presence of @sing LSCF6428

calbonate membranes.

5.4.Uphill CO2 permeation in presence of @
5.4.1.Introduction and experimental setup

Uphill CO, permeatiorspecificallytarges on postcombustion CQ@capture. By using the concept of
CO»-0O; co-perneation,CO, canpermeate against its own chealigpotential difference across the
membraneThisdoes not violate the thermodynantéw, providing the @Qchemical potential difference

is sufficient (see equation ).4n practice, flue gas streams ar@pproximately 0° Pawith less than
10% CQ mole percentage. This driving fordienitationimposed challenges on membrane based CO
capture system to produce downstream gas containing concentrateBro@nous energy input for
compressing the feed streamvacuuming the permeate stream is often iablét The importance of
the uphill permeation process is that it could potentially overcome thed@fhg force deficiency,
and partially implement the requirement of concentrating @thout the energy iut from gas

compressor and vacuum pump.

The opeating procedure of an uphill experiment is fundamentally different with a downhill experiment
despite of the same membrane reactor design. In order to carry out the uphiie@@ation
experiment, the flovgystem into the high temperature membrane oeacas redesigned as shown in
Figure 5.13. The experiment began with a 4penmeating condition (i.e. symmetrical operation) by
flowing 1.1% CQ in Ar into both feed (F) and permeate (P) chamber via massciotvoller 1 and 6
respectively. Once the destr operating temperature was reached, the feed side inlet gas was switched
to O, containing stream with 0.95% G.04% N, 19.97% Qin Ar composition (delivered from mass

flow controller 2) while keepingie gas composition of permeate chamber (i.anpating condition

or asymmetrical operation). The gas switch between two compositions was achieved by incorporating
four-way valves into the flow system. By alternating between symmetrical and asymmeicdicop

uphill permeation can be confirmed He permeate side steady state,@Wle percentage under

asymmetrical operation is elevated above the referencde®€ during norpermeating condition.
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Previous 1% C®and 20% @ composition has been cortsistly used for demonstrating uphill
permeationin presence of © This composition was easier to obtain measurable flux in order to
understand the membrane performance with this specific membrane reactor desigriRfaG&lyser
(LI-COR LI840A and a mss spectrometekHfden QGA were used fathepermeate outlet gas analysis.
Meanwhile, another similar mass spectromdtidén QIQ was used for retentate stream gas analysis.

It was essential to analysis gas compositions on both sides wietihérane. Corresponding variation

of retentate C@concentréion with permeate side based on mass balance can confirm that continuous

uphill permeation is indeed occurring.

Uphill permeation using LSCF64z&rbonate membrane at 600°C have been demonstrated
experimentallyf28]. However, theaemperature dependence of L@hill permeation was yet unknown

and there was a lack of mechanistic insight. Chapter 5.4 expanded the study up to 800°C and intended
to analyse the behaviour of hifp permeation from a mechanistic viewpoint. Furthermotreyas
expected that LSCF6428 membrane was under the exposure of diffepeatinpi3phere due to the
alternation of symmetrical (COAr mix)/asymmetrical (C@O,/Ar mix) operation modes. Therefore,
LSCF6428 nonstoichiometry could be fluctuating periodicaidihh the operation modes. Chapter 5.4

also investigated how this fluctuation influenced the stability of uphill permeation, particularly at higher
temperature (i.e. 800°C) where th8CF6428 nontichiometry was moreensitiveto pO..
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5.4.2.Uphill experiment at 600C

The initial uphill CQ permeation experiments were performed at 600, 700 and 800°C successively,
using a LSCF6428arbonate membrane with 44% bulk porosity and 0.267g carbonate loading sealed
by silverpaste. The furnace was heated up to 600°C at 1°C/min under symmetricibop@rd %

CGO.in Ar into both reactor chambers), during which the oxygen background in the reactor was roughly
200ppm. Roughly 1.1% GOwas observed within both feed and permeatiiet streams under
symmetrical operation at 600°C (part aFedure 5.14),ndicating a norpermeating condition. Once
switching to asymmetrical operation incorporating 20%nQeed inlet gas (part b &igure 5.14), the
permeate side G@oncentratiorincreased from the ngmermeating baseline of 1.1% and stabilised at
1.16%.Meanwhile, the retentate stream £gncentration appeared to be 0.9%, which was a 0.05%
drop comparing with the feed inlet @@oncentration of 0.95%. The second asymmetricatatios

further confirmed the CfImass balance and the occurrence of uphiliqeation.

The uphill CQ permeation flux was calculated on the basis of-permeating condition, where the
baseline COQmol e fraction dur i ngym(80lhhwes tsubtractedlfronothee r at i ©
observed permeate side ©@ole fraction during upHipermeation. The calculation can be written as
equation 5.2, where all the notations carry their meanings as in previetlsxC€lculations. A steady
state uphill CQflux of 1.52x1G* mol-m?s? can be obtained from this uphill experiment at 600°C,
which was in agreement with the result in the literafd@g. It required noting that the apparent £O
driving force during uphill permeation was negatialculating CQpermeance based on its apparent
driving force became lesseaningful here without accounting for thedbemical potential difference.
Detailed uphill CQ flux-driving force correlation incorporating the contribution from W@ill be
introduced inChapter 6. Anyhow, C@®flux has been used as the primary parameter to quantify the
performance of uphill permeation.

"Oux UE

0 ~ vg

o

However, it seemed the oxygen permeation flux at 600°C in this experiment did not agree with the
literature. EPapaioannou et a[28] reported that perméa side Q mole percentage stabilised at
approximately 0.15% after 3 hours of asymmetrical operation. Whilst in this experiment the permeate
side Q mole percentage under asymnuzl operation was 0.04%, merely a 0.02% increase from the
background concerdtion. This was probably because of a different starting operation mode.
E.Papaioannou et al. heated up the membrane under permeating condition (i.e. asymmetrical mode with
20%0; in feeding gas), followed by a brief symmetrical operation before swittfziokjto permeating
condition. In contrast, the membrane used here was kept under symmetrical mode {i20 pg for

20 hours before gpresented in the system. The LSCF64@gport can become oxygen deficient during

this period, with nonstoichiometty of r oughly 0. 04.
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Once Q molecules presentaxh feed side, they may react aneerpuilibrate with the oxygen deficient

feed sideL SCF6428 surfaceSince the thermal effect on surface reaction kinetics-efjrglibration

and oxygen mobility were both strong and they were both rather slow proce8688CGi{78, 79, the

re-equilibration on permeate side surface may requirsuPply from CQ-O, co-permeation.n other

words, a poportion of permeated Onay have been consumed for permeate side LSCF6428 re
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equilibration, leaving the £Omole fraction of permeate outlet stream low. This does not necessarily
mean the @permeation flux should be much higher throtgity oxidised LSG-6428 membranes. In
fact, the ratio of permeate side €&nd Q concentration increment here (~2.5:1) was closer to 2:1,
which coincided with the assumption that thepesmeation mechanism dominated over individuai CO
or G; transport mehanisms at 600°C.

5.4.3.Uphill experiment at 700 and 800C

Uphill CO; permeation at higher temperature has never been reported in the literature. At 700°C and
above, the more significant increase in LSCF6428 nonstoichiometry brings substantial changes of the
membrane support pperties. Firstly, a rise in oxygen vacancy concentration would enhance the O
conductivity and this in turn would promote the individual oxygen permeation flux via the solid phase.
Higher & conductivity would also enable backwards&f@ctrochemical transport alone via the melt
under uphill condition (i.e. from permeate side back to feed side), but this would be negligible due to
the small driving force. On the other hand, electronic conductivity of LSCF6428 is expected to drop
becaus of higher oxygen veancy concentratior={gure 4.15. This is because when the temperature
rises, the charge compensation of the LSCF system tends to shift from electronic to ionic compensation
due to the loss of oxygen content. Each new oxygen vacéinupates two electron holes making the
concentration of electron vacancy decrefds?q. Looking at how the combination of these factors
influenced uphill CQ permeation at various temperatures would be beneficial for investigating uphill

permeation from a mechanistic viewpoint.

The uphill CQ pemeation experiments at 700 and 800°C were conducted using the same membrane
and consistent operating procedures. The membrane was kept under asymmetrical operation when
heating up to 800°C. In general, steady state uphill {iQ increased with rising taperature (see

Figure 5.15 and’able 5.3 for details). Gas analysis for retentate stream indicatedn@$3 balance
across the membrane during uphill permeation. The &@ Q flux ratio at 800°C may vary on
different experiments but normally smaller tHamh. The Arrhenius plot for uphill permeatiofRigure

5.16) showed an apparent activation energy of 53.7 = 3.2 kJ/mol from 600 to 8b@°Gphill CQ
permeatiorwas unlikelybulk electronic diffusion limitingsincethe temperaturedependency ofhe
electonic conductivityin LSCF6428 had an oppositeendto the observedCO, permeation flux.
Interfacial reaction or C€& conduction through the melt was more likely the rate determining step. In
fact, the thermal activation effect firte CQ? conduction vas rather weak. Janz et al. suggested the
activation energy of carbonate ion conduction via molten ternary carbonate was approximately 31
kJ/mol between 670 and 100084]. Based on this, the uphill permeation did not seem to be a purely
COs% conductian limiting process. Thénterfacial reaction, which intrinsically had higher activation
energy although remained unknown, could have been influential on the overall uphile@aation

flux at least until 800°C.
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Furthermore, detailed behaviour of @@phill permeation as well as permeation can be difrent at

higher temperature, primarily due to changes in membrane properties. Sensible comparisons can be
made between 600 and 800°C since the membrane properties differed significantigtbimate ion
conductivity at 800°Cwould be twice as much as B [53]; the oxide ion conductivityat 800°C

would be 20 times higher in the LSCF6428 supph?g]; the LSCF6428 oxygen nonstoichiomeaty
800°Cwould be 0.1 to 0.15132 under symmetrical operation.

The initial uphill experiment at 600°C started after 20 hours exposure under symmetrical operation.
Both CQ and Q permeation stabilised quickly onswitching to asymmetrical operation as seen in
Figure 5.14. Howeer, this would not be the case at 800°C. For straightforward comparison, the uphill
experiment at 800°C was repeated by heating up under symmetrical operadime 6.17). This
operation mode was maintained for roughly 15 hours at 800°C prior of swgtthasymmetrical mode,
where a transient G(peak was observed on membrane permeate side together with a gradual increase
of oxygen concentration on the same timescale. SteatlyGO uphill permeation and permeation

were obtained after-2 hours. @ce switching back to symmetrical operation, the@nhcentration also
declined gradually. These trends of oxygen concentration may link apt&ke and release of LSCF
pellet, given that at 800°C the LSCF6428 nonstoichiometry fluctuated more significanater the two
operation modes. The transient {f@ak corresponded to a €€ncertation dip on feed sideigure

5.17 part ¢) whilst the reason behind it was not yet clear. kenveo transient C£peak was observed

if heated up in oxidising atmosphdfégure 5.15 part c). Appearance of transient @€ak seemed to



be associated with how reducing the LSCF support was prior to uphill permeation. The transient low

permeate side@ at the beginning of the repeated uphill experiment may also temporandyee the

driving force for uphill CQ permeation. Further discussion on these two possible explanations will be

given onChapter 6 and appendix Ill. Nevertheless, the steady €@t permeation fluxes at the same

temperature were always consistent rdtgss of operation mode the experiment started with. Although

the shift of operation modes caused stronger fluctuation of LSCF oxygen nonstoichiometry at 800°C,

the steady state bl CO. permeation flux remained unaffected.
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Figure 5.17. The repeated uphill experiment at 800°C heated up under symmetrical operation: (a)

Symmetrical operation while heating up flowing 1.1% 0@ Ar on both sides of the membrane. (b)
Symmetrical operation at 800°C. (c) Asymntl operation at 800°C flowing 1.04% ¢Q.05% N, 19.6%

Oz in Ar on feed side and 1.1% G@ Ar on permeate side. (d) Switching back to symmetrical operation.
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5.5.Summary

Thevariation of oxygen nonstoichiometry with temperature angip@ unique prop¢y of LSCF6428
membranes. Thifeatureleads to modification of ionic and electronic conductivities within membrane

solid phase, which may crucially affect the performance @t @xd Q permeation through the
LSCF6428carbonate membranes being investidatethis project. It was necessary to study the effect

to the membrane performance in oxygen free atmosphere (i-eomtaustion C@ separation) and
oxygercontaining atmosphie (i.e. postombustion C@0O, co-permeation) separately. Under inert
atmosphee (pQ~10Pg the LSCF6428 nonstoichiometty can i ncrease significa
reduced state can be maintained while returning to lower temperatures{8380°C) under the same

pO.. Meanwhile, downhill C@permeance can be enhanced H¥y tmeshigher than a neneduced
membrane betweerb8°C-750°C, due to higher solid phase oxygen vacancy concentration. Downhill
CO»-0O; co-permeation and uphill permeation provided oxygentaining atmosphere. The higher,pO

in the reactor chambers tended teegeilibrate with LSCF6428, leading to muchWl@ r U v al ues
LSCF6428 at all temperatures. Furthermore, thparmeation mechanism did not seem to be limited

by solid phase ionic/electronic conduction. Instead, the interfacial reaction afid@®@uction in the

melt may have played important ral@$herefore, alternative approach was required to enhance the CO

flux based on cpermeation mechanism.

It has been found that,@o-permeation not only offered more effective £fldx enhancement than
modifying the LSCF6428 oxygen nonstoichiometry, bisballowed uphill CQpermeation. It has

been widely discussed in the literature that the mixed electronic and ionic conducting feature of the
LSCF6428 support enabled the-permeation mechanism. Both, @nd CQ involved into the
interfacial reaction aflwing the chemical potential gradient of 0 contribute to the overall driving

force for the cepermeation. The C{flux can be promoted by inasing the overall thermodynamic
driving force. Our uphill experimental conditions certainly did not vidlagehermodynamilimitation,

and there seems to be rooms for further driving force enlargement by harnessing the oxygen chemical
potential difference. To investigate the contribution of oxygen chemical potential difference to the
overall driving force, exprimental study on the fludriving force relationships of CG&D. co
permeation would be essential, which has not been largely paid attention by existing literature. Chapter
6 of the thesis will focus on the G@ux-driving force relationshipexperimentandproceed to further

driving force enhancement by permeate sideethoval.
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6. CO2 flux T driving force relationships for LSCF6428-carbonate
membranes

6.1. Introduction and theoretical background
6.1.1.Aims and objectives

So far, it has beesxperimentally demomsated that cdeeding 20% @can promote the Cpermeance
through LSCF642&arbonate membranes by two orders of magnitudes, and it further allowed uphill
CO;, permeatiorbasedupon 1% concentration. The concept of uphill-@@rmeatio with the aids of

O, co-permeation is promising because it could potentially reduce the energy requirement for gas
compression as in a conventional membrane based flue gase@&@ation process. The importance of

Oz in terms of driving force has been ackvledged by a few prious studies in dual phase membranes
[28, 92, 109, whilst it is yet unclear how strongly the driving force frommay affect CQpermeation

flux. It is uncommon for researchers to explore on further enhancing&@eation flux by harnessing

the driving force of @ Comprehensive experimental study on,@0x i driving force relationships in

presence of @has not been establisheparticularly for uphill permeation.

This chapter intended to fill this gap and took a step further to investigate #fucDdriving force
relationship in presence of,dsothermal uphill CQ permeation flux at 600°C was firstly measured
under aéw sets of different driving forces by varying feed side @@l Q concentrations. Comparing

the experimental data with existing €@ermeation models can help obtain a mecharissight on
uphill permeation. Considering the mechanism may change wiftbregit operating temperature
regimes and deferent driving force regimes, isothermal uphilfld®1 driving force relationships at
800°C was also obtained. The experiments wexe &xpanded to downhill G&ux under large driving
forces feeding highancentration C@and Q mix without CQ in sweep gas. If good continuity of O

flux 1 driving force trends under various driving force regimes can be obtained, this trend cad be us
to predict the déct of enhancing thermodynanddving force on CQflux. Finally, a novel technology

of driving force enchainment was employed by incorporating copper based oxygen carrier into the

membrane separation system, in order to undertakegag¢e side @removal.

6.1.2.Theoretical background and revised models

For CQ-0, co-permeation through an electronic conductive or MIEC type molten carbonate dual phase
membrane, a global G@lux i driving force model can be derived from the first princigeshown in
equation 2.39, based on the counter diffusion of the two chapgses in the system: electrons back
diffusion in solid phase and G®ions diffusion in molten phas&his has been reviewed €hapter

2.4.1 and both Zhargt al.[92] and Y. S. Lin et al48] agreed the validity of this model.

0 0 —= —n' & w
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Thismodelindeedholds for the LSCF6428arbonate system being studied in this wih&reover, the

model can be further simplified into equation 6.1 given that the electronic conductivity is always two
orders of magnitude higher than carbonate ion conductinitthe melt. The model consists of a
microstructural term including membrane pup r t p or o s ittyyd Orhonate walumetrix s
fraction , as well as geometry terin(membrane thickness). These parameters can be controlled by
using same membrane fabrication procedure, such that the membranes fabricated in the same batch
have #milar geometry and microstructure. Hence, by varying @l Q partial pressure exposed on
membrane surfaces and measuring the correspondia§u&Othe experimental data can be linked to

the theoretical model. However, the key question is whetheathenate ion conductivity is a constant

throughout the membrane or it is dependent on4#2@ pQ.

It is necessary to analyse this problem for each individualinaitng scenario. Theoretically, the GO
transport across the membrane via thgopeomeabn mechanism undergoes five successive steps: (i)
Mass transfer from bulk feeding gas to membrane feed side interface. (ii) Global interfacial reaction
CO+ 120+ 26 z  CsOon interface |. (iii)COs% diffusion via the melt. (iv) Global interfacial
reactionCOs* 2z C,@ 1/2Q + 2€ on interface Il. (v) Mass transfer from membrane permeate side
interface to bulk sweep gas. Although the whole process could be mass transfer limiting and the global
interfacial reactions may involve rate controlling stdyps, the carbonate ion diffusion controlling and
global interfacial reaction controlling scenarios were primarily considered here for simplicity and better

comparison. The scenarios were illustrateBigure 6.1 (ad).

Scenario (a) assumed fast £ahd Q mass transfer through the boundary layers, fast reaction at the
interfaces on both sides of the membrane and slow carbonate ion diffusion via the melt. Thus, the
illustration corresponds to a bulk &@diffusion limiting scenario. During symmetatopeation, the
carbonate ion concentration in the melt is likely to be uniform as it is in equilibrium with same pCO
on both sides of the membrane. Once switching to asymmetrical operation, the membrane is exposed
under a certain gas phase chemicatptaldifference. The fast reaction on interface | rapidly gensrate
CO:* and the slow C& diffusion causes accumulation of €Qoncentratior{{COs?]'s) on interface

I. On the other side of the membrane, rapid consumption ¢f @@kes CG conceitration ([COs*]"s)

on interface Il drop. Hence, at steady state a chemical potential gradiengoi@iGorm within the

melt, such that the G& concentration is no longer uniform throughout the membrane. Based on the
NernstEinstein equation (6.2Jhe CQ?* conductivity ( c) on feed side surface is a product of ££0

concentratioron interface |, molar charge of the ionic species (q) and thé @0bility (6 ). Due

to the noruniform CQ? concentration, corresponding €Oconductivity at any point withinhe



membrane is also a variable. Therefdhe assumptiorhereis that the CQ?% conductivity ( ¢) in

equation 6.1 cannot be assumed as a corj€2rit3q.
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In fact, fast interfacial reactions on both sides of the membrane indicates that the reactions reach
equilibrium instantaneously. Thecoe€, at steady state GQ. co-permeation, thealationship between

surface CG@ concentration and ésl side gas partial pressure® and pCO; can be written as:
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where K is the equilibrium constant of global interfacialateonCO, + 120+ 26z C:0 As CQ?
concentration is a variable along the membrane, at any point tifedd@centration can be related to
hypothetical p@and pCQ that associated with lat CO;> chemical potential and in equilibrium with
local CQ? concentration in the melt, making the £@onductivity dependant to G@nd Q partial
pressures (equation 6.4). Thereforejn equation 6.1 must remain in the integral andribegrated
with the partial pressure gradient. Followed by integratibaquation 6.1 a linear GQlux-driving
force relationship is obtained (equation 6.5) instead of a logarithm corrd@#dB8q.
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If the CQ? diffusion in the melt is a much faster process than interfacial reactions, the rateyliste

for CO, permeation shifts to interfacial reactiomtwlling. The rate can be controlled by reactions on
both sides of the membrane, as showFigure 6.1 (c), as well as the reaction on either one side of the
membrane shown Figure 6.1 (b) an@d). Theglobalreaction on permeate side interface iséwersed
reaction of feed side interface. Nevertheless, due to the complexity of molten salt chemistry, the two
global interfacial reactions may proceed via different routes ofeattions, suclas peroxide ions

(O2%) or superoxide ion<X’) formation the rate of the two global reactions can be vastly different and
scenarios (b) and (d) are possible. Without considering this complexity, a plain global interfacial
reaction controlling C® permation is more likely scenario (c), where both sides have slind

comparable reaction rates.

Under this scenario, a switch from symmetrical to asymmetrical operation would firstlybptmeur
interfacial thermodynamiequilibrium on feed side. GO formation would be gradual on feed side
interface whilst they instantaneously diffuse across the membrane instead of accumulating on the
interface. As a result, the GOconcentration in the melt is expected to stay nearly uniform. However,
the gradual Os* formation leads to gradual change of £@oncentration in the melt over time. In
responsgethermodynamiequilibrium on membrane permeate side is perturbed antl @@sumption

slowly begins. The reaction on both sides ldowever approach thermaagmic equilibrium. There

would rather be a steady state {f8rmeation, at which the rates of £@rmation and consumption

are equal and CH concentration in the melt stops changing.

As the gas and melt are not in equilibrium on both interfaces, @fggg phase and molten phase
chemical potential must be present as showfigare 6.1 (c). The gas phase pCind pQ can only

be related directly to reaction rate but not the carbonate concentration in the melt. Thus, we propose



that for a global intéacial reaction limiting scenario, the G@ermeation flux is approximately equals
to the rate of interfacial reaction, with a unit of mof-st. The model for this case can be written as:

0 i Qe nd Q60 )

In this equation,represents the overall reaction rate on interfaceahdk k represent the temperature
dependant forward and reverse reaction rate constants respectively] [E€@he uniform carbonate
concentrdabn in the melt at any extent of the reaction. This concentration would be in equilibrium with
hypothetical partial ssures $9CO; and 50O,, giving a relation depicted in equation 6.7. Therefore,

equation 6.6 can be rewritten as equation 6.8.
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Similarly, therate of permeate side reactiarcan be written as equation 6.9 as under scenario c it has
been assumed the permeate side reaction is also slow. At steady stader@€ation, the ratef
carbonate formation and consumption would be the samer(y, such that the COpermeation flux

can be expressed in terms of feed and permeate sigand@ partial pressures as shown in equation
6.10.
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In short, we have sepwa CQ flux-driving force model for C&¥ diffusion limiting model based on the
principle of Fickian diffusive flux, assuming the €CQconcentration and conductivity are gaseous
partial pressures dependant. On the other hand, the global interfacialréadting model was set up

based on theate of reaction, assuming the €Qoncentration and conductivity are homogeneous
throughout the membrane. In both cases, the model ended up with a linear relationship betwveen CO
flux and driving force that imMved relevant partial pressures on boithes of the membrane. A
logarithm relationship would not exist based on our assumptions. This indicated that fitting the
experimental data into these models could not directly distinguish between the two diff¢eent
limiting scenarios. Detailed data dysis may be required. Following our assumptions, when any sub
reaction of the global interfacial reaction is rate limiting, including peroxide @s33,(superoxide ions

(O2), peroxycarbonate ions (@%) and siperoxycarbonate ions (%) limiting, the flux models would

still be approximately equal to the corresponding reaction rates, which are proportional to the relevant
reaction orders associated with pCfd pQ. Therefore, equation 2.43 and 2.44 stillchbut GD4*

and @s? limiting cases woulanly correlate to oxygen partial pressure (see reaction 2.27 and 2.28).
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With the revised assumptions and models, several isothermdlu@&lriving force experiments were
performed.

6.2.lsothermal permeation experiments with various driving forces
6.2.1.Experimental design and seup

The simplest approach for investigating the.@0@x-driving force relationship is to vary the ¢énd

O concentration on both sides of the membrane. However, driving force is not the miniyutor of

CO: flux. The diffusve flux model (i.e. carbonate ion diffusion limiting model) suggested thatlGxO

may also be affected by membrane geometry, microstructure and temperature. Thus, LSCF6428 support
pellets were carefully selected from theme batch of fabrication, suttfat they all have very similar
thickness (~0.15 cm) and bulk porosity (~41%d)e carbonate loading during the hot infiltration was

also controlledto 0.240.26g In this way, the effect from the geometrical and microsinat

parameters were minimised.

The CQ flux-driving force experiments were only conducted isotherntalhsideringhetemperature

effect on CO; flux. Here, the fluxdriving force relationships were investigated at 600 and 800°C
operating temperaturesgpectively. These two temperasirwere chosen because it is possidt

rate determiningscenariosfor CO, permeation(Figure 6.1) may changas the temperature goes
significantly higher.This can besupported by thgradient changshownon the Arrherus plotsfor

CO»-O; co-permeatio through LSCF6428 membra(szeFigure5.12 in Chapter 5.3.2 Moreover, the
membrane support properties are vastly different under the two temperatures. At 600°C the LSCF6428
is almost an electronic conductor. However3@d°C the material is much moi@ic conductive but

less electronic conductive. This may lead to some changes of permeation mechanismafal GO

Three sets of isothermal G@ux-driving force experiments were designed to cover a broad range of
driving forces. Set 1 and setwkre designed based on uphill £&germeation under relatively small
driving forces. With a standard reference driving force of 1% €@0% Q against 1.1% Cg set 1
varied the @ concentration of feed inlet gas from 20% doten10%, 5%, 2% and 1% respeely
whilst fixing the CQ concentratiorof feed inlet gas at 1%. On the other hand, set 2 varied the CO
concentration of feed inlet gas from 1% down to 0.5%, 0.4% and 0.3%, fixing tten€entratiorat

20%. The same swegas composition with 1.1% G Argon were used consistently for set 1 and
set 2 experiments. GQphill permeation with lower driving forces can be explored in the meangime b
approaching the thermodynamiinit at which the uphill CQ@ permeation would @ longer be

observable.

Uphill CO, permeatioris a special category of G&D, co-permeation, which the driving force regime

locates towards the lower end. By replacing the 1.1%/&Q@weep gas with pure argon, it would go



into a larger driving force regien of downhill CQ-O. co-permation. If the same permeation
mechanism were involved in both driving force regime, and the effects of parallel mechanisms were
insignificant at larger driving forces, the €@ux and driving force correlation would be coneist,

leading to a connectivitux-driving force plot between the two driving force regimes. It is therefore
worth carrying out set 3 experiments designed with downhill-O£co-permeation in large driving

force regime. This set of experiment varied fegdi@Q: concentration from 1% up to 25%,
accompanied with variation of feeding @ncentration from 10% up to 20%. Pure argon was used as
sweep gas in order to create large driving forces. All combinations A0 concentrations across

the membrane fathethree sets of fluxdriving force experiments were summarised @ble 6.1.

Table 6.1: Combinations of feed and permeate inlet gas compositions for the three setsaf/fhgkforce

experiments, coverg awide range of thermodynamitriving forces across downhill and uphill regimes.

Feed inlet gas Permeate inlet (sweep) gas
Setl 1.04% CQ + 19.6% Q 1.1% CQin Ar
1.04% CQ+9.9% Q 1.1% CQin Ar
1.05% CQ+ 5.0% Q 1.1% CQin Ar
1.05% CQ+ 2.2% Q 1.1% CQin Ar
1.05% CQ+ 1.2% Q 1.1% CQin Ar
Set 2 1.04% CQ + 19.6% Q 1.1% CQin Ar
0.52% CQ + 20.0% Q 1.1% CQin Ar
0.42% CQ + 19.9% Q (800°C only) 1.1% CQin Ar
0.31% CQ + 19.9% Q(800°C only) 1.1% CQin Ar
0.21% CQ + 19.9% Q(600°C only) 1.1% CQin Ar
Set 3 0.54% CQ+ 19.8% Q 100% Ar
1.04% CQ + 19.6% Q 100% Ar
2.40% CQ+ 19.1% Q 100% Ar
5.46% CQ+ 17.8% Q 100% Ar
10.0% CQ + 16.0% Q 100% Ar
25.1% CQ+ 10.0% Q 100% Ar

Adjustment of gas congsitions was achieved by blending two gas mixtures with certain ratios of flow
rates. For instance, feed inlet gas of set 1 experiment was a blend of 1.04%05@ N, 19.6% Q

in argon BOC, Certified Mixturgand 1.05% C&) 1.01% N in argon BOC, Cetified Mixture). The

total flow rate of the two streams was maintained at 20 ml/min. By changing the flow rates of the gas
mixtures, the @concentration can be modified whilst keeping the: €@hcentration fixed. Similarly,

set2 experiment was a blend ©f04% CQ, 1.05% N, 19.6% Q in argon and 20.02% (n argon
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(BOC, Certified Mixturg Set 3 experiment was a blend of 1.04%,CI005% N, 19.6% Q in argon
and 20.02%0:in argon or a blend of 50.17% G N, (BOC, CertifiedMixture) and 20.02%0.in
argon. An updated process flow diagram incorporating the gas blending is sheigur&6.2.
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Figure 6.2: An updated process flow diagram for £@ix-driving force experimentsncorporating the
gas blendig system located between mass flow controllers 2, 3, 4 &etmeate side outlet stream were
analysed ofline using CQ IR analyser and mass spectrometer in series; feed side outlet straam wer

analysed o#line using another similar mass spectrometer.

To maintain the consistency of the set 1 and set 2 experiments in line with previous uphill CO
permeation experiments, the LSCF6428bonate membrasavere heated up under symmetrical
operation, flowing 1.1% C£Ar in both reactor chambers. Sufficienkbng dwelling time (120 hours)

was assigned to asymmetrical operation to allow the establishment of steady sia¢en@€ation. Set

3 experiments with |lge downhill driving forces were also began with heating up under inert
atmosphereDriving forces ad permeation fluxes were quantified based on permeate outlet stream and
retentate stream gas partial pressures measuredlmeayas analysers. Experimahtlata was fit into
flux-driving force models corresponding to each rate determining scenaradly |¢performing all
experiments using the same membrane would generate the most consistent data. Considering the
duration for each set ekperimenmay exeed 100 hourseparate membranes from the same haftch

fabricationwere used foeach seatead operating temperaturéd0and 800C).



6.2.2.1sothermal permeation experiments at 600°C

Figure 6.3 and 6.4 gave some examples of the reactor outlet gassanalgsivorth pointing out that

the calculation of driving forces involved gas partial preseurieed side, €O, and pO,, as well as
partial pressurenpermeate side, 0, and p'O., were the outlet gas composition of the corresponding
reactor chamlrelt waspresume the flow patterng both chambers werdose tgperfect mixing such

that he membrane was exposed to the same driving force as seen from the gas analysisdactmth
chambers. Iractual practicegas flow may bypass a small propont of permeate side chamber (see
Appendix IV for residence time distribution) resulting overestadalriving forces. ér uphill regime
where pO;was relatively small comparing with the feeding oxygen partial pressure, the feeding O
partial pressure can be used as an approximation. Th#u@®@alues with unit of ml-crd-min were

calculated accordg to equation 2.2 for downhill regime and equation 5.2 for uphill regime.

The measured COlux and partial pressures at 600°C wenmstly fitted into the logarithm model
proposed by Zhang et.&Figure 6.5). On the horizontal axis, the driving foreert with valueof 0-3

were in the uphill regime, including all data points from set 1 ar&e23 experiments with driving
forcevalues of 47 belonged to the downhill regime. The logarithmic model indicated that if the data
points in this plot had a lear correlationthe CQ-O. co-permeation would be a bulk Godiffusion
limiting process. The data points from set 1 and 2 showedrlgsw@relations within their own set, but
trends of the three sets of experiments did not seem to be connective \ithttesrc Arguably, each
individual set of experiments were performed using separate mempitamdisix and driving force
measurementsaonot be 100% reproducible through different membranes. Nevertheless, the set 3
experiments presented in the plot, whiakere performed using the same membrane, showed
inconsistent trend when feeding 1% £020% Q and 0.5% C@+ 20% Q. According to thanodel,

the driving force of these twdeedcompositions were similar to the 2.5% £019% Q, becausef
smaller CQ and O, partial pressures on membrane permeate kid@ever, the observed fluxes were
significantly lower.It could indicate that permeatside CQ and Q partial pressures could be less

influential on the C®flux than this model predicted.

Figure 6.6 pruided another example of poorly fitted €@ux-driving force correlation. When the
measured Ce&fluxes and driving forceat 600°C were fitted into equation 2.43 that described surface
peroxide ions (&) or superoxide ions (£ formation limiting scendos, the data from each set of
experimenieither integrated with each other, nor did the individual data set showed a good degree of
linearity. Therefore, it can be concluded that the surfaceeattionsl/20, + CO* 2 £ + CO; and

320+ CO* 2z Q7 + CO: were unlikely the rate limitingteps for C@O, co-permeation through
LSCF6428carbonate membranes. In addition, the other possible rate limitingeaations namely
peroxycarbonate ions formation (120CGO* Z  C48 and superoxycarbonatenis formation (@+

COs#z G5O can balirectly ruled out by set 2 experiments. The flux models for these scenarios were

solely pQ dependant. However, based on the result of set 1 and 2 experiments, thex@0t only
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droppedwith decreasing feedd# pQ at constant feed side pGChut also with decreasing feed side

pCG; at constant feed side pOThus, the experimental results and the modelesgions were in

contradiction.
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Figure 6.3: Set 1 uphil CO; flux-driving force experiments at 600°C consisting of four symmetrical
operationg1.1% CQJ/Ar gas flow on both sides of the membragmee p r e s e nThesawele glterdated
with five asymmetrical operations shown as regien @) feeding 1.04% 0, + 19.6% Q; (b) feeding 1.04%
CO; + 9.9% Q; (c) feeding 1.05% CO+ 5.0% Q; (d) feeding 1.05% CO+ 2.2% Q; (e) feeding 1.05%

CO:+ 1.2% Q. 1.1% CQ/Ar compositionwas used asweep gaor the entire experiment.
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Figure 6.4: Set 3downhill CO, flux-driving force experiments at 600°C consistingsof regions.(a)
Feedingl.04% CQ + 19.6% Q. (b) Feeding 0.5% CQ, + 19.8% O;. (¢) Feeding 25.% CQO, + 10.0% Q.
(d) Feeding 10.% CQO; + 16.0%6 Oo. (e) Feeding 5.486 CO, + 17.8%6 O (f) Feeding 2.4% CO + 19.2%%6
O2. Sweep gas was 100% Ar for region a tdHe gap between b and c represented a normal symmetrical

operation keeping the membrane under 1.1%/&n both sides.
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Figure 6.5: Plot of CQ flux against driving force using data points obtained from set 1, set 2 and set 3
experiments at 600°C, fitted into the logarithm relationship depicted in equation 2.41. Notations in a format
of x/y were showmeside each point, with x representing the: @0le percentages of feed inlet stream and

y representing the nole percentages of feed inlet stream. UH indicatpsréxents in the uphill regime.
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experimentst 600°C fitted into the linear relationship that described surface peroxide iefis¢O©

superoxide ions (&) formation limiting scenarios deged in equation 2.43 and 2.44.
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In contrast, the data fit according to equation 6.5 and, Gvbhih described lineaCO; flux-driving

force correlatiorcorrespondingdo eitherbulk CO;* diffusion limiting or global interactional reaction
limiting (CO+ 112G+ 2e 2  C38) scenariosshowed the best integrity among all possible @@x-

driving force models. Overall, the three data sets combined each other well and a coherent trend of CO

flux-driving force correlation can be observé&th(re 6.7).
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Figure 6.7: Plot of CQ flux against driving force using data points obtained from set 1, set 2 and set 3
experimentst 600°C fitted into the linear relationship that described either the bulé @M diffusion
limiti ng scenario or the global interfacial reacti@Q®© + 1/2Q;+ 2e z  C3® limiting scenario depicted

in equation 6.5 and 6.10 respectively.

Looking into detd&digsvreoefb6the therted antiiomeimmenaghb

regime. This regime with rel aetdiRegluy es®malBl ewhdrcihv

set 1 and set 2 data only. As the driving force
seemed to | osez+tatl 9ffbeddvdei n2g. 50% sC @ oinp e xi i inem e aFled
graduall yi wgtdriwicngagorce and eventually turnec
of the driving force range. Thus,ksdihfef exipemr i are ng

i nteractioniahg r e@®mctgCeOrnmelaitmiotn (wiotwh idnr i wd migl If or ce

However, the data so far could not reveal whet h
reaction | imiting. Possi bl e r eascoensr efgoirmet hwea sl ousr
either. &malk heirs dait lal be required in order to se

The general trend iRigure 6.7 implied that with a relatively more appropriate model, higher driving
force would always lead to higher €ffux. However, occasional offsets for some datanfsomay exist.

The systematic error of gas analysis and the reproducibility of the experiment could be the main reasons.
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The reproducibility issue arose because it was impractical to perform adirfliimg forceexperiments

using the same membrane, dogtermochemical degradation of the membrane and the sealant material.
It has to be acknowledged that it was difficult to obtain identicafl@ for different membranes
fabricated in the same batch. This wasljkcaused by minor trarmeembrane leak, &dcting the
consistency of permeate side @rtial pressure. In this case, although the fi& and driving force
should change correspondingly, the position of the shifted data point should still fit theregerop
model. The systematic error of gasabsis was a more significant issue, especially for uphill regime
where the C@flux was low. The uncertainty of mass spectrometer anglR@nalyser could be up to

50-100ppm, which was high enough to deviaterfnmain trend shown iRigure 6.7 and 6.8.

0.03

600°C

0.025 -

o

o

[}
1

o

o

—

w
1

set1
set2

JCO, (mI-min-'-cm?)
o
<

o

o

o

o
1

0 1 1 1 T
0 0.2 0.4 0.6 0.8 1 1.2 1.4

p'cop'o,"2 - p"co,p"o,"? (10° Pa??)

Figure 6.8: Plot of CQ flux against driving force using data points obtained from set 1 and set atonly
600°C fitted into the linear relationship that described either the bull¢ @M diffusion limiting scenario
or the global interfacial reactio€Q, + 1/20%:+ 2e Z  C5©) limiting scenario depicted in equation 6.5

and 6.10 respectively. All data points involved in this plot located within the uphill regime.

6.2.3.1sothermal permeation experiments at 800°C

The flux-driving force experiments at 880D followed very similaoperating procedure as 6@using

the same gas analysis technologies. The original experimental data was also in a similar Fogonat as
6.3 and 6.4. Here, feed and permeate side gas analysis for set 2 experimerfS & S@@wn as an
example Figure 6.9). Comparing with 60Q, the resulgenerdly exhibited two main differences at
80C°C. Firstly, the CQflux values were higher under the same driving force condition. Secondly,
significant CQ transient peaks can be observed at the beginning oy esgmmetrical operation,

which corresponded to the more prominent LSCF6428 oxygen deficiency under symmetrical operation.
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Figure 6.9: Set 2uphill CO; flux-driving force experiments abB°C consisting ofour symmetrical

operations e p r e s e nThese wete nlterdaded withreeasymmetrichoperations shown as region a
c: (a) feedingd.526 CO, + 20.0%6 O;; (b) feeding 0.4%2 COy + 19.9% Oy; (c) feeding 0.3% CO, +
19.9% O.. The sweep gasf the experment was a consistent 1.1% €& composition.

Despite the stronger variation in LSCF6428 nonstoichiometry at 800°C, thpe@®eation flux was

able to approach steady state, the condition that satisfied the assumption made for estdi#ishing t

models. Tle logarithm correlation fit at 800°C Figure 6.10 failed to show a good degree of linearity.

Notably, the set 1 and set 2 experiments were performed successively on the same membrane. The trend

lines of the individual set clearly split. Altigh this was relatively prolonged experiment, there was
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no sign of deteriorating membrane sealing or traesnbrane leak based on the consistency. diu&.

It is more evident that at 800°C the driving force expressed in logarithm format does netmetite
truedriving force for CQ-O, co-permeation. Plot of C&lux against the driving force in the format of
p'CO 1’0 2- p"COp" 0,2 (Figure 6.11) showed nelimearity and discontinuity between individual
sets. Thereforesurface peroxide ions (&) andsuperoxide ions (@) formation limiting scenariewere
also ruled out for 800°C. It can also be found that at 800 °C thdl®@Owas cependant on both GO

and Q partial pressures, making tl#,> and CQ@? formation mechanisms unfavourable.

0.3
800°C 25/10
5/18
0.5 10/16
£ 02- 2.5/19
£
£0.15 - set1
E
S o4 4 1/19.6 set2
o Y 1/20 UH set3
= 0520 UH _ %0
0051  0.4/20 UH 1/5 UH 0.5/19.8
0.3/20 UH 1/2 UH
O 1 1!1 UIH T T T
0 1 2 3 4 5 6

' ' 1,1’2
|n(p"602 39"02 1;2)
P coz2D o2

Figeleitdang points obtained fr oamtODBAC T ,ntwett hd &
| ogacCiQf h-thxi vi ng f or cdotcaotriredsatiimna format of x/y v
with esemnaggrmgot bepE€®Odetiteadges nlireetp rsetsreensbmd hagn ¢ hye O

perceafafjeed inlet stream. UH indicates expel

The bulk C@* diffusion limiting and global interfacial reaction limiting scenarios weogth further
discussions. The GAlux againsp'COp'OY2- p"COp "0 plot (Figure 6.12) still exhibit two distinct

features over the two driving force regimes. The correlation showed good linearity at lower driving
force (uphill regime) and tendeéd approach asymptote at the large end of the driving force (downhill
regime). Moreimportantly, the three data sets showed excellent continuity across the whole range of
driving forces. The linear region exhibited much steeper gradient comparing wit, @d@°the region
extended well beyond the uphill regime into larger driving foréagywed by a sharpeapproach

towards the asymptote. This indicated that the data analysis could be focused on comparing the gradient
of the linear regions at two operagitemperatures andatching them to the proportionality parameters

in equation 6.5and 6.10. The analysis will be further discussedlrapter 6.3 in order to obtain

mechanistic insights for CGED, co-permeation based on the experimental data.
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6.3. Mechanistic insight on CQ-0O2 co-permeation
6.3.1.Interpreting the uphill regime

Having fitted the experimental data into various models representing different rate determining
scenariosCO; flux againg p'COp'QG,Y2 - p"COp" 022 plot was found to be the best fit. This section
focuses on further discussion and interpretation based on the betkd@fDsion model and global
interfacial reaction modeThe data analysis started with finding out thedgrats of the linear region
shown inFigure 6.8 and 6.13. A linear fit line was addedFigure 6.14 for the uphill regime at 600°C.
With these operating conditiongarallel mechanisms that allowed &d CQ to transport across the
membrane independenthyere insignificantThus, itis reasonable to presume that the observed uphill
CO, permeation flux was attributed to the proposed-O@co-permeation mechanism. Howevat,
800°C rmuch higher oxide ion conductivity in bulk LSCF6428 phadacilitated individual
electrochemicairanspat of CO,. The linear fitting line for 800°C ifigure 6.15 not only included the

data within the uphill regime (set 1 and set 2), but also incorporated two extra data points in the downhill
regime (feeding 0.5% GO 20% Q ard 1% CQ + 20% Q). For these two data poiniadividual CQ
transport mechanism superimpose withab@ermeation mechanism. Flux of individual &€nsport

was determinedby thereference experiments feeding the same G@hcentration in absence ot O
(Chapter 4.4) andubtracted off from the observed flux. On the other htveindividual CQtransport

mechanisnwould theoretically facilitate backwards g@ermeation from membrane permeate to feed



side. Due to very limited chemical potential diffecerof CQ, the effet of back permeation on the

observed uphill Ceflux was negligible.
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The gradients of the linear region at 600 and’808ere0.0248and0.0918respectively. Linear fitting
lines exhibited Rvalue of 0.99 and 0.95, indicating good degreengfdrity. The gradienis standard
Sl unitwere1.84 x 16 mol-s::m?2Pa¥2for 600°C and6.83 x 1@ mol-s-m2-Pa®?for 80C°C, which

directly linked with the proportionality factors of the model equations as shown below:

O 38 A7 ne A’ oD p
. - oYY, »
TT“OEI Ur] mc
s 2 oD
— (0)
C

Referringto equation 6.5 and 6.10, if the €fermeation were bulk G& diffusion limiting, the
gradientli would be expressed as equation 6.12. If theg&meation were global interfacial reaction
rate limiting, the gradierii would be expressed as equation 6.13. Since the global interfacial reaction
rate constant:kin unknown, it is necessary to estimabe fparameters in equation 6.12 at relevant

temperatures and comparing the product with the gradient of linear fit line.

Majority of the parameters in equation 6.12 are constants that independent of operating temperature.
The gas constant R, Faraday constenand membrane thicknesshave fixed values. Unitless
membrane microstructural terms including poroditg~0.4) and turtuosityJ (~1.5) of the porous
LSCF6428 network as well as carbonate volumetric fractiof-0.4) can be estimated based on
membrangeometry and microstructrSEM analysis. The charge of a singles€ion is 3.2 x 16°C

and by multiplying this value by the Avogadro constaat tie molar charge of GBions q can be

calculated which has a value of 1.93 ® Cdnol* or A-s- mol™.

The equilibrium constari of the global interfacial reaction and the £@n mobility are constast
isothermally but temperature dependent. The?G@h mobility can be described in terms of £Gelf
diffusioncoefficient using the Einstein relan below[86]:

, 00

6 VY P T
Here, D is the C¢¥ self-diffusion coefficient; z is the charge number of the £®n and F is the
faraday constant. Spedding aMtills successfully measured the €Qiliffusion coefficient within
ternary carbonate melt using the operded capillarymethod It turned out that the experimental
diffusioncoefficient values in a temperature range of-6280K were able to fit into an exponential

diffusion equatiorshown as equatiof.15:

0 b 'Qd)-%&Y P L
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They obtained that the pexponential factor A = 1.58 x ¥Gn?/s and the activation energy €42.2

kJ/mol [87]. Using these parameters, we can estimate that thé& d@ffusioncoefficient at 60€C is

0.47 x 1@ m?%s and 1.44 x 1®m?/s at 800C. According to the Einstein relation, the €@n mobility
will be 1.25 x 1 m2V-1stat 600C and 3.12 x 1®m?V1.s! at 800C.

The equilibrium consdiaalt rKe aodt itohmg ecgainotbreit it tatinetdeytf
gr adiiséhrotwn i n equation 6.12, as the K values canr
To take a rough estimation, it was required to s
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The concentration ef etshé maaholnsktnd.wdéngs tchaen nmbo | t

vol ume within the membrane porous networ k.

To estimate Kas shown in reaction 6.18asdard Gibbs free enéeg of alkali oxides formation for

Li, Na and Kat both 600 and 800°@re available initerature[137]. Standard Gibbs free energies of
alkali ions formationcan be estimated from tligerature datd13§, assuming the heat capacity values

of the ions stay constant and their standard entropy values areBmaltandard Gibbs free energy of
reaction 6.18 for the ternary Li, Na and K mixture can theraveraged from thiadividual values
according to the mole fraction ratio of 43:31:26, giving a standard Gibbs free energy of 112.6 kJ/mol at
600°C andl41.4kJ/mol at 800°C. The equilibrium constant & 600 and 80 can be calculated
based on the s@e principle as equain 2.22, giving K= 1.81x 107 Pa*?2and1.29x 107 Pa'?at 600
and80C°C respectivelyThe overall equilibrium constant K turned out to be 20.2m&Pa®? at 600C

and 0.019mol-m3-Pa®? at 800°C using this approach of &®ation. Hence, he values of gradierit

based or€COs* diffusion limiting assumption were summarisediable 6.2.

TabB2eCompar i ng tghrea dotesndarhveeddr heangf Fforctehewtakeédt i o

theoretid@leguradibas®td@@n ffusion | imiting assumpt i
Temperature Theoretical estimation Observed gradient
°C mol-st:m2.Pa? mol-st.m2.Pa3?
600 6.54x 107 1.84 x 1€
800 1.81x 10° 6.83 x 1

In principle, comparable theoretical and observed gradientsd indicate a C@ diffusion limiting
scenarig significantly higher theoretical gradientgould indicate an interfacial reaction limiting
scenario.The calculatedheoretical gradiemvastwo orders of magnitude higher than the observed
value at 600°C. At higher temperature, theeoreticalgradient dropped buhé observed gradient
increased, such th#teyweremorecomparable at 800°C. It indicated that the.@@&rmeation in the
presene of G were an interfacial reaction limited process at 600°C. However, the rate $f CO
diffusion became an important factor at 800°C, althoughetlveas no direct evidence that the

permeation had shifted to a purely £d@iffusion limiting process.

In a broader range of operating temperature, hypothetical ta#nti® proportionality factofi as a
function of temperature in both reaction and diffusion rate limiting scenario were plofigdiia 6.16.
The reaction rate corasit followed a trend of exponential growth witheratingiemperature due to a
positive reaction activation energy:H-or the diffusion limiting scenario, the trend was determined by
the relative temperature dependency of the?Qfiffusion coefficient(activation energy of C&®

diffusion E») and the interfacial reaction equilibrium constant K (standard Gibbs fregyeokthe
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i nterfaci &) Itwoeldbe aréversedrepdio the reaction limiting scenario according to
previouscalculation Based on the theoretical analysis d@melexperimental results, it is likely that the
permeation shifted from a reaatidimiting to diffusion limiting process at some poatiove800°C.
The overall observed flux with a fixed driving force wouldd®iating from the exponential trend,
approaching an upper limit at this point and starting to drop beyond this point. Therame
dependence of the downhill GPermeance with &co-permeation Kigure 5.9), which had a diving
force within the linearegion, was coherent with this hypothesis. Ideally, 8€@meance at higher
temperature can be tested to provide a strongderge. However, with the existing-4gt and sealing

technology, it would be difficult to measure the GlOx beyond 906C accuraely.

A

CO,% diffusion: \\ Interfacial reaction:

g +AGS N\

Eal
Dcpz-K o exp(— RT )\ kg oc exp(— ﬁ)

Proportionality constant I”

Temperature

Figure 6.16: Possible trends of the proportionality consténh equdion 6.11 for reaction (solid line) and
diffusion (dashed line) limiting scenarios with respect to operating temperature. The overall trend (thick line)

representethe combinatorproportionality constarihcorporating both individual trends.

It must be aknowledged that the calculated gradient was a rough estimatigpecially the
thermodynamiequilibrium constant of the global interfacial reaction. Neverthalessgreement was
thattheoverak qui | i bri um constant AR. inldt eé gsed her dinf 6 08 i
mo d e | predicted that unfdleux tshheo usladmeb ed rhiivg hnegr faotr «
experimental observation opposed this prediction
i nterfadioamlnactaea each telgauriho dynam ci nstantaneous|
Therefor e, bdarsievdi nogn ftohrec & lcuoxr r el ati on of the wuph
t o be p (CO%diffusiom luimitekl. The global interfacial retien camot be assumed a faster

process and may well be a determining factor for the overalp&neation flux at least below 800°C.

This argument can also be supported by the apparent activation energy for uppgir@@ation (53.7
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kJ/mol) found inChapter %.3. With this activation energy, the ratio of £fux at 800 and 600°C

under the same driving force should be 3.97 according to the Arrhenius equation, which is consistent
with the gradient ratio of 3.71 found here. Whilst the activation ersrggrbomte ion conduction via
molten ternary carbonate (31 kJ/mol) was lower than the apparent activation energy. The possibility of
the diffusion limiting scenario remained above 800°C as previously discussed.

6.3.2.Further discussion for the downhill regime

The mechaisms foruphill and downhill CQ permeation are fundamentally different. Purely ionic
conductive ceramicarbonate dual phase membranes exhibit little uphill @meance in presence

of O.. A reference uphill COpermeation experiment using Y@Arbonatenembrane has been carried

out at both 600 and 800 to demonstrate this (see Appendix I). Hence, in the uphill regime the CO
permeation relied on the electronic conductivity within the solid phase. For MIEC type solid phase
material such as LS®®A28, thaéonic conductivity would only promote {permeation and do not form
parallel transport pathways for @Qn the downhill regime where the €@riving force of its own
became significant, there can be more than ong@@sport pathways especiailt 800C, introducing

more complexity to the CQransport mechanisms. One possible explanation for the change;of CO
flux-driving force correlation at high driving forces would be due to the fundamental change of CO

transport mechanisms, such thatitnedel basd on single mechanism was no longer valid.

The change of mechanisms in response to different driving force regimes and operating temperatures
should not be confined to the transport steps within the membrane. Referring to the four rate limiting
scenariosn Figure 6.1, only the rate determining steps associated with the membrane were considered
assuming the gas phase £fass transfer was fast. Nevertheless, it is possible that the gas phase mass
transfer is a slower process. For instance, ifthss trasfer on the membrane permeate side film were
slow (Figure 6.17), a partial pressure difference of,@@uld build up across the boundary layer
between the membrane permeate side surface and the bulk sweep gas. The diffusive flux equation

governedby the @s phase mass transfer can be written as:

0 Qn ne 0% O
Jy is the rate of mass transfer or the flux of gas phase molecular diffusion intmmd: &, is the mass
transfer coefficient in gas pie in mol-3-m2-Pa’; pSCO, and BCO; are the CQ@partial pressure on
membrane permeate side surface and in bulkpgae respectively. Isothermally, the {g@rmeation
flux ranged over an order of magnitude across the uphill and downhill regimesobEkeved
permeation flux seemed to be proportional to the partial pressure with overall power of 1.5. Whilst the
rate ofmass transfer is linearly dependant to the partial pressure and the mass transfer coefficient stayed
the same. In principle, the perniiea flux could be approaching the rate of mass transfer at higher

driving force of CQ permeation. As a result, theaVe resistance by external gas phase mass transfer



may become important, which is consistent with the trend ofdhisng force corelation that turning
towards an asymptote at high driving foréeg@re 6.7 and 6.12).
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It worth noting that the asymptote was particularly obvious at@0bhe temperature dependence of

the mass transfer coefficient can be further discussed. Since the diffusive mass transfer é&béys Fic
Law of diffusion, the rate of mass transfer can also be written as equation 6.24. By integrating over the
thickness of the external film L and the pantiedssure difference, it can be shown that the mass transfer
coefficient k is proportional to thegas phase mass diffusivityg@nd inversely proportional to
temperature T and the thickness of the external film L.

oQn ©O .
vay vl T

The temperature dependency of mass diffusivig@h be predicted using the Stefdaxwell model

of binary diffusion, which states & T® Thereforekq is proportional toT%°[139. We have
previously demonstrated exponential growth of.@Phill permeation flux between 600 and 800

and up to 750C for downhill permeation. If the permeation flux were more strongly temperature
dependant than thrate of mass transfer, it would be possible that the mass transfer limitsa@§port

at higher temperature. Quantitatively, literature hagesigd the gas phase mass diffusivity o, CO
molecules in the air is 1.64 x 10n%/s at 25C and D° Pa[14(. Assuming a mass transfer limiting
scenario, the observed gflux at 800C, which exceeded 2 x £0nol-s*-m?in the downhill regime

with O, co-permeation, would be close to the rate of mass transfer. Additiopali§, would be close
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to the feed side C{partial pressure. Under such assumptions, the boundary layer thickness was roughly
20 mm. This means the rate of mass transfer cannot be assumed as a fast process if the external film is
thicker than a few mm. Inonitrast, at 60T, 80 mm thick boundaryalyer would give comparable rate

of mass transfer to G@lux. Hence, the resistance by the gas phase mass transfer more likely becomes
important at higher operating temperature and higherg@@neation flux.

6.3.3.Brief summary

Due to the complexity of the GED, co-permeation through LSCF642&rbonate membranes, any
single model cannot precisely predict the;@@nsport mechanism. The transport mechanism and rate
determining step are subject to change with differeatatjng temperatures and driving forcginees.

Based on our model equations and the observedlfiwing force relationshipt canbe concludel that

within the uphill regime, the COlux followed a linear correlation with its driving force expressed in
terms of CQ and Q partial pressures. The trend then turned towards asymptote as the driving force
increased further into the downhill regime. The observed relationship matchedtheéthehe bulk

COs% diffusion limiting model and global interfaciedaction limiting model. However, the mechanistic
insight that compared the theoretical gradient with the observed data wdisecdy evidentialto
distinguish between the two sceios.

The study of the CgXlux-driving force relationship also becamaeiseful reference for promoting €0
permeation flux. With the result of fledtriving force relationship in this chapter, it is feasible to further
improve the uphill C@permeation fli by enhancing the driving force, most practically by increasing
the clemical potential difference of £across the membrane. However, there seemed to be a finite
limitation for the CQ flux thanks to the linear correlation. It would be impossible to aehigfinitely

high flux at maximum driving force as the logarithm maateldicted. Next, the effect of further driving
force enhancement to uphill G@Permeation flux has been studied as an attempt to support the flux

driving force relationship found here.

6.4.CO2-O2 co-permeation with permeate side @removal
6.4.1.Introduction and experimental design

The flux-driving force correlation experiments focused on varying the driving force by adjusting the
feed side C@and Qpatrtial pressures. The highestf@rtial pressure in feeding gas was 0.2 atmosphere
(20% by mole). In the contexff postcombustion flux gas C{rapture, one approach to enhance the
driving force is by enriching the feed side €éncentration. However, to enrich the éncentration

further, high purity @stream would be required from the air separation unit (Agatentially making

this step much more energy intensive. Here, a novel approach that removes the membrane permeate

side Q has been investigated to enhance the driving force for uphilpE@netion.



In general, two types of methods are optional to aehiie® permeate side @moval: reactive removal

using reducinggas ore mpl oyi ng solid oxygen ~carrier mat er i
advantage of the reactive removal method is theciadwas, typically KHlor CO, can consume,O
continuously. Th@roduct of such a reaction do not require additional downstream separation. However,

it has been shown that the LSCF6428 membranes are not chemically stable under continuous exposure
of reducirg gas. To some extent, exposing LSCF6428 under lowwrigked distortion of its lattice

structure and weakening its mechanical strength. More importantly, such a modification of membrane
properties may intrinsically change its @é@rmeability. Consequegtlthe pure effect from driving

force enhancement cannot besetbred.

The 6éoxygen sinkd method was certainly a more su
Copperbased OCM was selected primarily due to its advantages in thermodyr@smesoval using

OCM is a cyclic process. The copper oxide tigsreduced firstly to metallic copper in order to create

oxygen carrier capacity. The copper then reacts witit fligh temperature and return to the oxide form.

When CO is used as reducingsga full cycle of reduction and oxidation can be writtereastion 6.25

and 6.27; when ks used as reducing gas, the reduction can be written as reacti¢gh4l26
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Since bth reactions are exathmic at 800°C a full cycle of complete reduction and oxidation can
proceed using the heat of flue geighout extra energy input.he copper oxidation may occur stepwise
(reaction 6.28 and 6.29) forming intermediate oxideCCL42. Moreover,the oxidation may not
complete under low Opartial pressureNeverthelesscopper base@CM is beneficial in terms of
energy requirements. Besides, other advantages includelatigely low cost, low toxity and high

reactivity with reducing gadl43.

Ex-situ prereduction of the Cidbased OCM was preferable rather thassitn reduction due to the
same reason as the reactiverémoval. A reference experiment has been done to compare the uphill
CO; permetion flux before and after 3hAsitu exposure of LSCF642&rbonate membrane in 5% CO,
5% CQ mix. No OCM was incorporated into the reactor in this experiment foef@oval. However,

transient increase of uphill G@lux was observed after the C&xposue. Over the next-3 hours,
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uphill CO;, flux gradually stabilised towards steady state as before the CO exposure (see Appendix Ill).
This result demonstrated how thesitu reduction of OCM affected the stability of uphill €O
permeation, which codlintefere with the effect from OCM originally interested.
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carrier materi afl efmov alkpadifommsat erOstiMdspeedD | et was empl oy

study. OCM and the membrane were physically s

The main experimental design was to incorporatagudeced Ctbased OCM on top of the membrane
permeate sidsurface. Thin alunma chips with thickness of approximately 0.6 mm was pasted between
the membrane and OCM to avoid any physical contéigufe 6.18), which could lead to cress
contamination and deactivate both membrane and OCM. Experiments were coffiollmigdg the
sameoperating procedure as a normal uphill experiment, heating up under symmetrical operation to
preserve the reduced Cu. The initial asymmetrical operation was maintained to the point that the Cu
was fully oxidised, followed by switchingaok to symmetricaloperation. Following repeat
asymmetrical operations were therefore run without active Cu. The effect of the OCM can be found by

comparing the uphill C&flux with and without active Cu.

6.4.2.0xygen carrier synthesis

In this work, we aimed teynthesis OCM witlCuO particles supported on porous refractory materials
such as alumina. Various methods have been attempted includprgapitation, wet impregnation

and wet mixing. Ceprecipitation ofcopper nitrate and aluminium nitrgbeecursorsvith addition of

sadium carbonate solution was able to produce samples with CuO loading upvt&e8®However,

CuO particles was supported on copper aluminate (QuAlwhich formed via the CuO and 8
interaction during high temperature calcinationtloé precipitatg141]. The suitability of copper
aluminate as support material was unknown as it was not chemically stable especially in reducing gas.

On the other hand, vacuum wet impregnation of pofdatumina diskin copper nitrate alution
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avoided the copper aluminate formation, but the solubility of copper nitrate limited the CuO loading
below 10 wt%. Wet mixing method was employed in this project since it compromised the copper
aluminate formation and CuO loadirggueq144].

Wet mixed Cubased oxygen carrier was prepared by mixingg848(OH)s (Sigmd Aldrich, reagent

grade) and.62g Ca(OH) (FisherScientific, > 98%) powders in 400 rdk-ionised water on &0°C

hot plate for 2 hNext, 15 g CuO powdefFisherScientific, Reagent ACSO99%) was added to the
suspension and the mixture was stirred for a further 24 hours. Thenixelll suspension was dried in

the oven at 8@ for 48 hours, followed by crushing anmechanical mortar and pestle miller. The
grinded powder was palletisedtandisk shape with weight of approximately 1g each, before high
temperature calcination at 10@0for 3 hours. During the heating up, the hydroxides decomposed into
oxides. The premnce of calcium oxide allowed the formation of calcium aluminate phagg@mbited

copper aluminate formation. The product pellets were expected to be 60 wt% CuO supported on calcium

aluminate, which is a suitable support materiakfgpper base@CM.

The calcined pellets were characterised using SEM and XRD techniquessértisnal SEM image

(Figure 6.19) revealed the surface morphology of the CuO particles incorporated into the support.
Majority of the particles exhibited-10 em diameters, altha@h some submicron particles may also
present. The EDS analysis using bacé&tered electrons confirmed the Cu and Al elements. Detailed
phase and compositional analysis were carried out using XRD. Three phases were detected according
to the XRD pattern fiof a wet mixed pelletHigure 6.20). They were tenorite (CuO phase with
monoclinic structure), mayenit€é-Al 14033 phase with cubic structure) and krotiteaA,Os phase

with monoclinic structure). Phase quantification was performed using Rietveld refinement. The result

showed that the composition of the wet mixed pelletwaisly CuO andCai2Al 140s3. CuO loading of

this CuOCa Al 14033 sample appeared to be 64.®4y close to the expected loading of 60 wt%.

Figwkle(a) -€eosbsonal SEM i mag€afifOsspelwleet mi6lx Makg eC ulDa
magni fi éemscaheon(b) EDS imaapgpei nsge ocodfi et ghret bsuatnieon of Ci
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Fi g62@®RD pattern fit and phaseCgqgaldnepefl eation
6.4.3.Pre-reduction of oxygen carier material

The reduction of &CuO-Ca2Al 14053 pellet was monitored using a mass spectrometer in order to
understand the duration of the reduction process. This reduction experiment was carried out
isothermally at 800°C in the membrane reactor. Unlikeembrane permeation experimehg CuQ

Ca2Al 14033 pellet was placed on top of the alumina supporting tube without sealing. A Swagelok plug
blocked the feed side outlet. The reactor was essentially a single chamber reactor with a feed inlet stream

and areffluent stream that directed gas analysis.

The pellet was heated up at 1°C/min in 100% Ar atmosphere, followed by switching to 5% CO in Ar at
800°C with 40 ml/min flow rate. Figure 6.21 shows the variation,pf0® and CQwithin the effluent

stream Before introducing CO, the Mackground was between 650 to 700 ppm, indicating the CuO
probably started to undergo oxygen uncoupling at 800°C due to the inert atmddgHgréhe full
reduction was completed after 3 hours of CO fletxen CQ concentration approach&do and CO
concentration stabilised at 5%. The weight of the pellet dropped from 0.812g to 0.698g after reduction.
The 0.114g weight loss corresponded to 7.12 mmol loss of oxygen atoms from the pellet. Thus, the
original pdlet contained 0.57g CuO and theduced pellet contained 0.456g Cu, giving 65 wt% Cu
loading. Alternatively, the area under the gX@bduction curved can be integrated out to estimate the
total CQ release. This value turned out to be 6.81 mmol, correspgno 0.109g weight loss because

of CuO reduction. The agreement confirmed that the desirable CuO and Cu loading were achieved.

With this experiment as a reference, more €LE)Al 14033 pellets can be reduced batefse inside
controlled atmosphere fuane. The reducing gas can be aith& CO in Ar or 5% Hin Ar. Both
exhibited similar duration of reduction and resulted similar weight loss. The procedure was as follows:

heating up to 800°C at 1°C/min in 100% Ar; switch to reducing gas-¢03al/min for 5 hours; switch
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