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Abstract

Dualphase ceramimoltencarbonate membranes have the ability to permeate carbon
dioxide at high temperatures, with or without oxyg&his project studied the novel
process of oxygedriven carbon dioxide permeation, based on the mechanism of
carbon dioxide transportation within the molten cadienphaseln this process,
carbonate iostransported across thmembrane in the molten phase dreven by the
oxygen partial pressure gradiett our studythe carbon dioxide can permeate through
the membrane without its own partial pressure gragiemtachieve this, oxygen
potentialgradientagainst the carbon dioxide is required to overcomedinieon dioxide
potential (N n andn N ). The carbon dioxide i  permeabn to

n isdefined aghe' ulpi | I per meati on process.

This study showsxtremely high carbon dioxidgermeation with the permeancéthe
order of 16 mol m? s Pa® during up-hill experimentationand, at this value of
permeability, the order of magnitude for carbon dioxide separation is greateiothan
other membrane technologies in this fielthe project also examined the lstdy of
this dualphase ceramicarbonate membrane system consisting ofs8a /CoyFeys
(LSCF) and a eutectic carbonate mixture (Li/Na/K) at about GODEe results showed
that thisup-hill permeation operating over 200 howscurredwithout a dramatic

decrease igarbon dioxide permeation.

The most important advantage of this-hill carbon dioxide separation is that there is

no energy penalty during the carbon dioxs#gparation procesbsor the carbon dioxide
removal process, the energy thia¢ system required fromte energy input to remove

the carbon dioxide against its own chemical potential was the energy penalty for carbon
dioxide separationHowever, during carbon dioxidep-hill permeation, the oxygen
provides a greater potential difence inthe oppositedirectionto overcome that of the
carbon dioxide during permeatiorHowever, thermal energy for heating up the
membrane is requiredio energyis consumedcontinuouslyfrom the environment to

maintainthe up-hill permeatiorproces at about 60N .
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Chapter 1 Introduction and aims

1.1 Research background

Carbon dioxide (Cg) is the mostvidely producedlue gas fromcoatfired power plant
and gas plantombustion processekl was listed asa greenhouse gas (GHG) the
Kyoto Protocol in 1998, the others beingnethane (Clk), nitrous oxide (MNO),
hydrofluorocarbons (HFCspefluorocarbongPFCs) and sultirhexafluoride(SE) [1].
Carbon dioxidetself may notoe the greenhouse gas that treesmost serious impact on
global warmng and climate changéyinging a series of disasters to human socigety
neverthelesghere isno doubt thatarbon dioxide ishe mosimportant greenhouse gas
nowadaysandit is increasingly sdecause othe huge amoung9.7 gigatonnes in 2012)
of carbon dioxide emissigreveryyear, mostly fronthe combustion of fossil fuelf2,
3]. In America, energyrelaied carlon dioxide emissios constituted81.5% of tota
greenhouse gasmissios by 2009 In other words,carbon dioxide (energselated)
emissioncontributes the mostio greenhouse gasmissiors in America [4]. Recent
global carbon dioxide emissiscaused byossil fuel combustiorare estimated tdave
reached 36 billion tonnes in 2013 (about 9.8 billion tonrascarbon), 61% higher than
emissions in 1990Hg. 1.1)[5].

2012-2013
10 ¢ 2.1% ]

9! 2003-2012
2.7%lyr

2011-2012
2.2%

1990-1999
1.0%lyr

CO, emissions (GtC/yr)

1990 1995 2000 2005 2010 2015

Figure 1.1 Global fossil fuel and cement emissions: 9.7#i§atonnes of carbon (GtC)
in 2012, 58% over 1990; 9.9+5 GtC in 2013, 61% over 10

Earlier researcihasshown that the carbon dioxide emitiaetb the atmosphere witake
centuries to beemoved or absorbed naturally irttee earthby eitherphotosynthesis or
weathering of rockg6]. In fact, if there isnot a major reduction ircarbon dioxide

emissiors in the nearfuture, the riskwill be greater thagreenhouse gas emissionsl

1



Chapter 1. Introduction and aims

exceed thecapacitythat the nature can affordausingseriousclimate changeAs the
carbon dioxide accuulated in the atmospherghortly will be incapable of being
absorled by the earth,this will result in a dramatic growth of carbon dioxide
concentration in th air. Previous researchasshown thatwhenthree to fivegigatonnes
of carbon dioxideare emitted into the atmospheyét leads to a 1 ppm increase in the
carbon dioxide concentration in the atmospHéie The Intergovernmetal Panel on
Climate Chang (IPCC) poinéd out thatan increase in temperature 23N is
dangerous fothe environmentwhile pale climate data shosd that doublingcarbon

dioxide concentratiasin the atmosphere resultsar8N climate sensitivity8, 9].

Fig. 1.2 showsthat the main source of carbon dioxide emissios energysupplying
processeswhich contribute 26%of the total carbon dioxide emissisnmore than
emissiors from industry(19%), and forestry(17%), agricultue (14%), transpori{13%),
residential and commercial building8%), and wastg3%) [10]. The carbon dioxide
emission fromthe energy supply sector refers particularlyfdssil fuel combustion
power plan$, including coal, naturaglas and oil for eletricity generation and supply
In particular,coatfired power plants are relatively losost compar@to gas and oillin
America, about 50% of electricity is supplied by efad power plants which

contribute 40% tahetotal carbon dioxide emissisper year3].

Residential Waste
8%  \om W 3%

o

Transport
13%

Agricultural
14%

Figure 1.2 Different sectors irtotal anthropogenic GHG emissions in 2004 (in terms of
CO,-eq)[10].

Typically, 800 to 900 kilogramiof carbon dioxide (about 13% G hot flue gas) can
be produced frona coatlfired power plant for one MWbf electricity generationyhile
thatgenerated from natural gas can produce 350 to 400 kilegohoarbon dioxidg11,
12]. To reducecarbon dioxide emissi@nin energyrelated process, especially ircoal

combustion power plants, many rigwdesigned power plants and reradole energ
2



Chapter 1. Introduction and aims
have been developediowever none of these new technologies caeplace the
traditional power plantthat uses fossil fuels and some of therare still in the
prdiminary stagq3].

1.2CO, separation methods

The existing methods for carbon dioxide removal are based on the following three

principles:

a) Postcombustion removal: C@separation from flue gases after combustion;

b) Precomhustion removal: removal o€0O, from fuel processs including CO
corversion of synthesis gasidremoval ofCO, from H; fuels;

c) Collection of CO, from higHy concentrated exhaust gases (eaxy-fuel

combustion)

The schematic diagrams Fig. 1.3, 1.4 and 1.5show these methods carbon dioxide

capture and storage in fossil fuel power pant

Postcombustion CQcapture ighe processf separatingCO, from flue gas containing
NOx and SQ; Fig. 1.3 showshe process flowdiagram There aréwo mainmethods
one isto usechemical absorptigrtypically monoethanolamine (MEARNd the other
uses membrane technologyfhe diemical absorption method has begsedwidely
since the 1940s ad it can produce higpurity CO, steans; however the costs of
regenerating the absorber are reldyiveigh, comprisingabout 10%of the energy
produced bythe plant[13]. In postcombustion process such as polymer membrane
technologies, the carbon dioxid diluted in the flue gas and produced at low,CO
partial pressure (10%mole fraction), which is applicable for most existing efidd
power plang, but high pressure is required to obtain rich carbon dipxade this

consumes extra energy.
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Post-combustion CO, removal

Decarbonized

Flue gas flue gas
Coal/Gas Combustion CO, - c
i Furnace separation ostac
Air
co,
Heat and
Electricity co,

Storage

Figure 1.3 Pulversed coal postombustion CQ@capture

Precombustion CQ capture is also called gasification €€eparation; the fuels are
converted to a mixture of CO ang bBly reforming (if natural gas usedas the fuel) or
a gasification process (if coas usedas the fuel)followed by a watershift reaction
CO; is separated from conversion products andsburnedout inagas turbine or gas
prospectively In this way, the carbon dioxide can be removfedm the fuel before
going to the combustion processid high pressure also nead be supplied to increase
the driving force for separatio®ne leading option for C£separation in this stage is
the sdvent MEA absorption procesklowever, onlyafew gasification power plants are
currently operatingand the cost of extensive equipment and systara significant

[14]. Fig. 1.4 showdheprocess flondiagram

Pre-combustion CO, removal

To stack Heat &
Air/Steam/0, Electricity

Decarbonized
flue gas

Water shift Co, Combustion
Reactor -
b Reactor . separation Furnace
Syngas
L Air
CO +H,0 - CO, + H,
co,
Storage

Coal/Gas

Figure 1.4 Gasification CQ capture process

In the oxyfuel combustion procs fig. 1.5), oxygen is separated from airoughtto
the energy conversion uniand mixed with partially recycled flue gas (concenttate

CO,). The combustion occalin the atmosphermixture of CO,/O; in such a way that
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the exhaust gases are higlrity CO, streans [15]. After the SO, removal steps, the
CO, volume fraction irtheexhaust gas can reach 90% on a dry basie CQ canthen
go directly to storage anwb further process neededHowever, this technology is high
in capital costs foboth operatin and maintenance; in particuléine oxygen sepation

plantcoss about 23% to 37% dhetotal plantenergyoutput[16].

Oxy-fuel CO, removal

Combustion Heat &

Coal/gas Furnace Electricity

0, Flue gas
. Co,
Air — SRR separation
unit Decarbonized
N, flue gas

To stack

co,

Storage

Figure 1.5 Oxy-fuel combustion process

There is another method called chemicalping combustion (CLG)which is also
referred to asinmixedcombustion because there is no direct contact between fuels and
air, which can be appliefbr mostcombustion processwith air. CLC is amethodof
carbon captureasthe oxygen carrier is used to capture oxygen ftloeair and bringt

to thefuels in such a way thatitrogen and other gases in the air will hetoxidised

and this redues pollutant emission Rich CO, and water can be collected after
combustion Oxygen carriers are small particles made from various metal @xxdels

as FgOgs, NiO, CuQ or Mn,Os.

A simple scheméor a CLC system is presented Fg. 1.6;there are two reactors in the
system, one for metal oxidation by air and the other for fuel combudtienoxygen
carriers carbecirculated between the two reactors and oxidisetemir reactoybased
on reaction 1.lbelow, and the metal oxideare reduced by fuel irthe fuel reactoy
based on reaction 1[27].

0 ¢q0 P cb QU (1.1)

60 ¢¢ - QP E600 -a0LV ¢ -a0Q (1.2)
5



Chapter 1. Introduction and aims
The advantage ofthe CLC process is mainla reduction inthe emissioa of NOy; a
well-designed CLC system could avaite formation of NQ at mid-rangetemperature
(500-600N ) when the regeneration afie oxygen carrier occsrwithout a flame @
flame helpNOy formation) The exhaust gases from the CLC system are&@ HO,

and CQ can be simply separated bhgondenser

Combustion
Depleted air products
C0,, H,0
MeO
Air Fuel
reactor T
Me
Air Fuel
Ou; CoHnn

Figure 1.6 Schemefor chemicallooping combustion; Me: metal; MeG@netal oxide as
anoxygen carrief17].

In this project, a novel posbmbusion membrane technology ietroduced for CQ@
separation; there is a pewselective (at 800 to 900) duatphasemembranewhich has
drawn attentionin recent yearsndcan collect carbon dioxide continuously at steady
state operation at high temperatures viitwer energy requiremestcompare to the
oxy-fuel and precombustion methodl18, 19]. This membrane can also be used as a
membrane reactor for reactions involving carbon dioxide, a.duatphase tubehell
membrane reactor (MR) fa carbon dioxidemethane reforming reaction with carbon

dioxide separatiofi2(].

The concept of this new membrawas originally derivedfrom the moltercarborate
fuel cells (MCFCs) and oxygepermeals mixed ion-electron conductingnembranes
(MIEC). It consists ofa eutectic mixture of alkali metal salt as a molten phaseaand
porous im-conductive (IC) or mixed ioelectron conductive (MIEC) ceramic substrate
as a solid phase, each phase hadiffgrent functions The molten carbonatess a

liguid phase at high temperatureprovide a path for carbonate ion6 (0 )

6



Chapter 1. Introduction and aims
transporation across the membrane continuoysigleasinggaseous carbon dioxide on
the other side othe membrane The poroussubstrate sythessed from solid oxide

compriseson-conducting or mixed iolectroncondueing materialsand can provide

mobile oxygen solvated within the oxygen datiice (o'o/ ! ), allowing the feedcarbon
dioxide to combine with structural oxygern ( ) to form carbonate ion6(0 ) in the
molten cabonate A schematic graph showin Fig. 1.7 illustrates the concept of this
dualphase membrane and the process of carbon dioxide sepafdimrdualphase
membrane concept introduckdre is the systeitat was useth this project for CQ

permeation experimest

® @
-
+02-ec032-

®

CO,%

Porous
substrate —_ _ co,*

COs> > 0% +

Figure 1.7 Conceptual scheme of ceranmmlten carbonate duphase membrane
consisting of porous solid oxide support and molten phase carbonates

1.3 Energy penalty inthe CO, separation process

The energy penalty ithe carbon capture and storage (CCS) procesdeattefined as
part of the fuel that must be dedicated to CCS preséssnaintain themountof work
output or the loss of output for constant fuel ingtdr coalfired power plarg, which
contribute the most CCemissiors, there isa significant benefit to reduag the energy

penalty for saving energy and impnog the output efficiency

Several typical chemical engineering methods can be used in diredapower plant
for carbon dioxide capture and stora@me ofthe comprehermgely usedtechnologies
is chemical absorptignwhich is a promising technologythat hasalready been
commerciaked in many industriesncluding food production, chemical procegs
and ammonia productionHowever, the high regeneration energy needsbéo

7
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consideredFor example, regenerating a scrubbing solvent and extra high energy was
consumedThe energy penalty for a conventional solvent scrubbing prasebsut 22%
to 29% which is considered a large value compared to the facilitated membrane
technology withits 12.2% energy penaltj21]. Many peoplehave triedto reduce the
energy penaltypy increasing the available waste heat fitheaCCS process thaian be

recovered for use under teecondaw of thermodynamicseparation efficiency.

An example of a welteveloped technology for pesbmbustion C@ separation from
power plant flue gas is using solvent monothenolamine (MEA) for &fSorption In
the separation systenalso called the teperature swing systerasFig. 1.8 shows, the
primary energy required to separate d@m flue gas is E The vale of E doesnot
equalthe enthalpy of desorption because the sam®untof heat is generated from
exothermic absorption as endothermic desorptidecording to thesecondlaw of
thermodynamicswhich limits the efficiency of any heat to work conversi@, is

determined by W(the primary work required to separate g@ver the product of the

i deal heat t 0 wor Kiga)canththesecondlaw efficientcyfof thea e n c y
actual sepabe@[@d.on process (n
o —— (1.3)

The i deal S e p ady farttempenature swing sepaeation gan bp esged

asfollows:

- p — (1.4)

As MEA always work at a low temperature at s;{about 310 K), themountof waste
heat produced fronthe CO, absorption process can be ugedether with additional
heatTy, then the primary energgquired from additional fuel combustiods can be

expresseasfollows:
O — O (1.5)

Ew is the available waste haaiatcan be calculated consideg the Carnot efficiency of

the power plant:

i (1.6)
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The efficiency of power plant &s follows

(1.7)

whered is the total waste heat frothe irreversible procesand Ey is the primary

energy of the fuel.

According toits definition, energy penalty;fcan be expressed flows:
Q — (2.8)

Assuming that the amount of fuel is constant, the energy penalty is eqtmlthe
reduction ofthe power plant outpufThe output of power plant wibheas follows

W - 0 p Q (1.9)
Separate CO,
from flue gas N2 State 2 C02 State 3
G,=H+TS, G;=H+TS;
R e e e s et S ] R e 1
1 1
1 I
1 I
1 1
: Lean MEA :
| E | E
T <_._EW ' T, Ts +—— = Ty
: Rich MEA
! —_—
1
|
1
1
1

CO,+N, Statel
G, =H+TS;

Figure 1.8 The process scheme of €@eparation from flue gas using MEA solvent

[22].

Dualphase ceramicarbonate membrane systerhave been repored to exhibit

successful carbon dioxide removal applicat[@3], using the carbon dioxidpartial

pressure gradient as thdriving force to separate carbon dioxide framhighly

concentrated side to a legarbon dioxide partial pressure sidelowever, this

membrane technology requires a certain carbon dioxide partial difference (more than 10%
9
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difference) betweethefeedside andhe permeateside of the membrane to provittee
driving force to permeate carbon dioxides ‘-d b iwh’ p &ccordiagatd theo n
carbonate transportation mechanism in ¢aredse membrand§ig. 1.7). This means
that membrane technology must solve the thermodynamic problem of separating and
removingthe carbon dioxide froma low concentration to a highly rich carbadioxide
environmentwith equal pressuren both side of the membraneTo acheve this, extra
energy input isrequired to overcome the partial pressure gradientishapposite to
dowrthill CO, permeation such as presssad feedside gas to obtain a high
concentration of carbon dioxide tine permeatesideif conventional polymer membrane
technology was use@nd the gases frotme permeatside also neegressugation to
obtainequal pressur@he energy that the system regaifi®m energy input to remove
the carbon dioxide against its own chemical potegtiatlientis the energy penalty for
carbon dioxide separatiofror example, the flue gas from a typical ebedd power
plant contains about 10% to 13% carbon dioxide;gblymeric membranégs applied, a
certain amount oénergy input (usually pressurisitige gas inthe feed side) mustbe
consumed to collect higher concentrated carbon dioxitieeipermeatsidefor storage
Accordingly, the efficiency of the energy outpérom the power plant will belower

than it would beotherwise

Based on the current technology, it is difficult but very important to reduce the energy
penalty for carbon dioxide enrichment from flue gas and increase the energyeyficie
to save the enronment, reduce carbon dioxide emissian and produce highly

concentrated carbon dioxide product.
1.4 up-hill CO, permeation concept

The currentproject introduces a novel process to achieve ap-hill permeation of
carbon dioxide based on the dypdlase membre system; in this processarbonate

ions transported across the membrane in the molten ph@serivenby an oxygen

partial pressuregradient which is adown-hill process compadeto that of carbon
dioxide (againsta CO, partial pressure gradient]herefore the carbon dioxide can
permeate through the membrane without its own partial pressure gradient, and to
achieve this,an oxygen potentialgradientagainst the carbon dioxide is required to

A A A

overcome that potential of carbon dioxide’ , Where

" A1 K arethechemical potential of C&and Q in thefeedside ofthemembrane;

10
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T AT K’ arethe chemical potential of COand Q in the permeateside ofthe

membrane.

The experiment to achieve the €@p-hill permeationis driven bythe oxygen partial
pressure gradient thas applied against the carbon dioxide chemical potentied
effective oxygen gradient between the fsgde and permeatgde povides the driving
force forthe carbon dioxidgpermeation Fig. 1.9). According to the ion transportation
mechanisnbelow, there is no energy penalty for thp-hill carbon dioxide prmeation
because it is a spontaneous prodsssvhich thereaction move$rom high potential to

. A . L o « v o “ ,
low potential ( ;00 -0 9 00U -0 is

spontaneous process

By using this new concepor a duatphase membrane, high permeabilityof carbon
dioxide can be achieved at up to 800but our experiments also investigate the high
permeation rate usingn Lag ¢St 4Cy oFe g0s.5 host at 6081 asanelectronconducting
membrane substrat&éhe advantag of using this material rather than stainless steel or
arother electrorconducting metal material ihat it avoids material oxidation at high
temperature with about 20% oxygen partial pressuféhunget al. [24] studieda
stainless steelmolten carbonate dughase membrane for GOseparation, but
significant corrosion of iron was founde@use ofthe molten phase carbonat@
particular lithium carbonate reacts with irofhe currenfprojectusesLSCF instead of
stainless steel as the electmonducting membrane substrate perform CQ
permeation experimentthe new concept of uhill CO, permeation was investigated

and the experiments based on this new concept was successfully performed.

To achieve ughill carbon dioxide permeation, the oxygen potenticference must
provide enough driving forceAs the @arbon dioxide permeaecross the membrane
against its own chemical potential differene@other situation is that there is no £O
partial pressure gradienthe oxygen needs to providgreater potential differendbat

is againstYd  and overcomethe carbon dioxidegradientduring permeationThis
membrane technology targdtue gas treatment and pesitmbustion carbon dioxide
captureat 500 to 6001 because othe high costs of gas compression and energy
requiremenrd from the polymeic membranehatis generallyand widelyused for CQ
separation procesthe up-hill permeation process designed to perform at atmospheric

pressure.
11
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Figure 1.9 Scheme of C® permeation mechanisnCO, can permeateacross the
membrane withouthemical potentialNote the CQ mole fractionwill be <1%in the
feedside and > 1% ithe permeateside duringhe permeation experiment.

It is notaed that a 20% oxygen mole fraction is much greater than it would be for
permeaing only 1% carbon dioxide from flue gas apower plant The carbon dioxide

in flue gas from a typical power plant is about 10% and about 3% oxygen ;mixed
additional oxygen is requiretb meet the needs dhe oxygen to carbon dioxide
stoichiometric ratio and provide enough driving forceG@, permeationAlternatively,
reducing the oxygen mole fraction fraime permeateside atmosphere can alsceate a
large oxygen potential diffenee and maintain the carbon dioxidehilp permeationin

the uphill experiment, 1% carbon dioxide with 20% oxygerfedinto the upstream of
the membrane, while ithe permeateside there is no oxygen feeahdit contains 1%
carbon dioxide To obtain concentrated carbon dioxide frdhe permeateside of
membrane witino oxygen, an oxygen removal unit is requirbdt this procedure not

performed irthe currenproject

For a typical power plant flue gas treatment, a schematic procesp desh the
oxygenremoval step is shown iRig. 1.1Q The outlet gas fronthe feed side ofthe
membrane cabe split into two streamsone to the treated flue gas and another to the

permeateside of the membrandollowed by the oxygen removal stepand then the

12
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permeateside gas will be oxygen free and contarsimilar carbon dioxide mole
fraction asin the feedside inlet Following this process, the carbon dioxide will
permeate through the membrane with oxygen removal stepe downstream; there is
no requirement foa carbon dioxide potential difference between the feidd andhe
permeateside of the membran@he oxygen removal step can be added and applied in
future work

CO, (oxygen free)

0,
Removal unit

Permeate-side

Feed-side

CO, separation
unit

Decarbonized
flue gas

Figure 1.10 Carbon dioxide uhill permeation process wittnoxygen removal step for
a typical power plant at 1 atmosphgettee oxygen required ithe feedsideis supplied
by air, and this oxygen will permeate with G@gether tothe permeateside andbe

removed ly the O, removal unit
1.5 Purpose othe study

Although some earbgtage dowhill CO, permeation research worksing this new
conceptfor a duatphase membrane has been reported by Andersohiaf@5], the
fabrication technology fothe porous structurstill need to be improvedy increasing
membrane porosity and decreasing pore, sizd the longerm operation requirdsetter
chemical and physicatability in the membrane Sealing the duatphasemembrands

important forlong-term operationwhich is still a problem in the fieJdor example

Li n’ s wor kceraniciseatant calisadstree membriankeblocked by molten
glass[26)].

More basic work needto bedone onthed U permeatiormechanism usingin LSCF

duatphasemembraneat lower temperature than 9080 for wider applicationsuch as

flue gas treatmenin the temperature range 500 to 600 . The currenproject ains to
13
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verify the feasibility of the new concefur a duatphasemembrane, fabricate a miero
porous structural substrate, improve the carbon dioxide permeatigrsdlve existing
problemsbased orestablished dugdhase membrane reactor syst¢eand achievehe
novel conceptof up-hill carbon dioxide permeation vien oxygen driving forcethat
allows carbon dioxiddo permeate against its own chemical potenfidlis carbon

capture process is energy penalty feexSection 1.4 explained

To preparghe membrane reactor system, a migooous fructural membransupport
neededo be fabricated and prepared for molten carbonate infiltrabiothis project,
perovskitetype lanthanum straium cobalt iron oxide (LSCF) wamainly used for
membrane fabricatiorConcerning the mechanical strength of the membrane ialater
the membrane substratas finallysynthessed at 1250N instead othe 9008 used by
Y.S. Lin [25]. The membrane substrateustbe micreporous becausasmall pore size
providesa large surface area of the interface betwt#ermolten carbonate phasedan
the solid oxide phase, which carbtain a greatecarbon dioxide fluxThe LSCF gllet
synthesied at 908 showved a micreporous structureand it becamedense when
synthesied at1,250 . However, the dense membrasythesisd at 12503 showed a
better mechanical strength than thaynthesisd at 908 . To obtain a
membrane witla micro-porous structurgoore forning materialsvereusedasdescribed

in detail inChapter4.

The sealing method is most important for the Higmperature membrane reactbr
the literature many resultsndicate membraneleakage but there is little discussion
aboutleak developmerdandhow the problemwassolved manyof them focusonly on
improving membrane permeanda the currentproject, to perform the experiment
successfully, various sealing materiblvebeen testedThe sealing of the duglhase
membrane is complicatdzecause othe ternary systerand carbonategphasethe solid
oxide phase and seadj material phase were gontactwith each otherThere is also a
different situation before and after the melting temperature of the carbbeals in
the membrane system at high temperatures needlimibed; it will disturb theresults
and causenisunderstandgs The currentproject also introduces a way to solve this

problem the cktails ofthesealing method are introducedGhapters).
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1.6 Objectives and tasks

Objective 1. Fabricatea micro-porous LSCF membrarsibstrate witta homogeneous
pore network insidePore size will be controllednd the pore diameteuill be aroundl

micronor less

Task 1. Determine the temperature controlling program for sinteting porous

structured membrane substrate

Task 2.Control membrane porosity and pore size using pore former.
Task 3.Estimate the maximum pore size for carbonate infiltration

Task 4.Measure the pore diameter and pore sgiagmercury porosimetry.

Objective 2. Synthesise anembranewhich canwork at high temperature (700 to

900N ) without cracking during heating, permeatiand cooling.

Task 1.Fabricatean LSCF membrane substrate at higher temperatugiese(ing at
1,200N ) instead ofthe 900N used by Lin[25], becausehe LSCF membrane sintered
at1,200N showed a dense structure with relatively high mechanical strength compared

to that sintered at a lower temperajubeit pore formermust be applied to create

porosity during membrane sintering

Task 2.Test different temperature rampirgjes for sinteringthe membranendheating

andcoolingthereactor.

Task 3.Try to use soft sealarftecause the thermal expansion of the LSCF membrane
and the tube support are different

Objective 3. Find a method tdimit or avoid the cross chamber leak in membrane

reactorat high temperatures

Task 1.Performmolten carbonate infiltration several times tooaV gas leakg from

empty pores.

Task 2.Study the mechanism of leak developmamidesignanew device or reactdo

limit cross chamber leak
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Objective 4. Find sealing material (soft sealarahd choose the appropriaiee forthe

experiments

Task 1.Test different sealing materialsuch asceramics, glass, commercial seasant

andmetals.

Objective 5. Investigatethe parameters that influendke CQ permeation ratdo

determine théimiting stepfor CO, permeation

Task 1.Perform CQ permeation experimentgith different parametergCO,, O, partial

pressurgand temperature) to test their influence on,@&meance or permeability.

Objective 6. Test the feasibility of up-hill CO, permeation and understarttie

mechanism.

Task 1.Perform CQ — O, co-permeation experiments withoatCO, partial pressure

gradient at 60K .

Task 2.Perform CQ — O, co-permeation experiments agairssCO, partial pressure

gradient.
Task 3.Use symmetric and asymmetric condisda study the ughill process.
Task 4.Performa CO, permeation experiment without PO

Task 5.Performa O, permeation experiment without P(©O

16
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Chapter 2 Literature review

2.1 Introduction

A review of the literaturen CO, capture from fossifuelled power plantsvas provided
in Chapter 1In Chapter 2the focusis on ceramiecarbonate dugbhhase membrane
technologyfor CO, separation $ection 2.2 and the thermodynamics of molten alkali
carbonate eutecticsSéction 2.3 The molten alkalimetal carbonateeutecticsystem
where the original concept of dyathase memlanewasdeveloped is discussed in detail
and the focus is on the dissociation proc@shrief description ohnoxygenpermeable
membrane system is presentettiuding mixed ionelectron conductingMIEC) and
oxygenrconducting membranesThe attention ison mixed iorelectron conductive
LSCF membrane material and its applications for gas separation membrane reactor
systens. The membrane fabrication method andfedent pore formes applied for
synthessing the micro-porous structurarediscussed irSection 2.5A review of high

temperature sealing for membrane systedlescribed irSection 2.6

2.2 Carbonate ceramic duatphase membrane technologfor

CO, separation

The new concedbr adualphase membraneas studieda few years ago according to
the CQ? transportatiormechaism in MCFCsandthe O” transportation mechanism in
SOFCs However the published worke theliterature are few; some important work
has been done by Andersondariin [25. They synthesied a new porous
Lag.6S1h.4Cop sk 2034 (LSCF6482) support infiltrated with a eutectic molten carbonate
mixture (LLCOs/NaCOy/Ko,CO3) and showed amaximum CQ permeation of 2.01,
3.73, 4.63and 4.77x10° mol m?s* Pa' at 90& with membrane thicknesses of 3.0,
1.5, 0.75, and 0.375 mmespectivel\{25].

The mechanism of this new conceptual membraagstudied by Rui, Anderson, Lin
and Li[20, 27]. Theoretically, the dughhase membrane consists of a mixedducting
ceramic phas¢hat provides oxygen vacancies®® and electron holes() for ionic

conduction (3) and a molten carbonate phase for carbonate ioR?(C€ansportation
17
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[27]. Rui et al. analysed the modelling of this new membrameeptand foundhat the
dualphase membrane showéigh ionic conductivity and lowelectronicconductivity
in the Q-containng atmosphere witla permeated,/CO, mixture, while for pure C®
separation without ©containedn the feed gas, higlelectronicconductivity should be

the main factof2Q].

The mixedconducting mechanism indicatéhat CQ was transported withoutGn the
feed gas anthatsolid oxide material (mixedondud¢ing material) provide anoxygen
vacancy (@8 for recycling G in the membraneCO, was transported by combining
with O to form CQ? in molten carbonatelectrolyteacross the membraneriven by
the CO, partial pressure gradient betwettre upstreamand downstream side of the

membrand25].

Early work done by Chung et gR4] using porous stainlessteel as the membrane
substratewith molten carbonate intrusion showed nonmixed-conducting C@
transportation mechanism at temperatures betweesn 46@ 6583 . The CQ and Q
mixturewasprovided as feed gas afarmed CO;* becauséhere is no oxygen vacancy
in stainlessstee| but it has arelectron conductive propertg transport electrons when

CO, isreleasd to thedownstream sidel{e permeate side adhemembrane).

As the membrane was made from two separate ionic conducting phasest
conducting oxide ceramics (MCOC) and molten carbonate (s&C3hown irFig. 1.7,

the Q@ and CQ will beconveredinto chargel ions by the following surface reaction:

606 O P 8606 (2.9
-0 o®P 0 4] (2.2)

The oxygen vacancies wilbe transporéd from the molten carbonate phase to the
ceramic oxide phaselrhe srface reaction athe steady state can be given Hye

following:
00 -0 P 60 ¢ (2.3)

In the downstream side tiie membranetfie permeateside), the carbonate ions wile

converedbackinto CG, by asurface reaction:

86 @BP 80 O (2.4)
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Oxygen ions into @
0 ¢GP -0 w® (2.5

The oxygenvacancies and electron holdifuse in the MCOC phase and the ion £0

Is transporédfrom upstream to downstreamtime molten carbonate phag27].

Wade[23] usedyttria-doped zirconia (YSZ, 8 mol% 03) and gadoliniedoped ceria
(GDC; Gd0O3 doped Ce® asthe dualphase membrane suppdot high-temperature
CO, sepaation The resultsshowed that the YSBhased substrate reacted with lithium
carbonate irreversibly to form lithium zirconaliéhe permeation of C{xlecreased with
time as the zoonate formation reduced O transportation; the maximum
permeability was about 0.3 pmol cfis* at 853 and 1 atmTheauthoralso describe

the mechanism of C@transport as the interaction between carbonate transport in the
molten carbonate phase and oxide ion transport in the solid oxide, phasd orthe
opposite currents of carbonate and oxyges.iltrwas alsdoundby Benamira et al.28]
thata GDC dualphag membrane has the lowastygen ion § ) conductivity with

the highest amount of carbonates (60/40wtPhey believed thagt temperaturelower
thanthe melting point, the solid carbonates may interfere with the mobility of oxygen

ions.

Li et al. [29] reviewed applicatiors of a duatphase membrane for bothtermediate
temperature solid oxide fuel cells and higimperature C@ separation Using
samariumdopedceria (SDC, Ce@Gd,0O3) — Li/Na/K,CO;3 (43.5/31.5/25 mol %) the
CO, permeation flux reached a maximum value of 6.60%b0l cm?min™® (4.91x107*
mol m? s?) at 65@ . A BiysY3sSmy0s suported duabhase membrane showed
selective permeation of GOat 5006503 ; the CQ permeation increased with
temperatureand the maximum permeable flux of G@&vas 0.049 pmol crif s*. SDC
used asa fuel cell electrolyte with ternary eutectic canade (Li/Na/K) infiltration
exhibits ternary (&/H*/COs%) conductiity because ofhe activated interface region
[30].

A COs-absorbing material of lithium silicate wesgnthesied for CQ separation based
on the similar mechanisrof CO;* transport bythe carrier LbCO; and the Li,SiOs
interplay with the higtemperature C@absorption material L5iO,. CO, selectivity

from a CO,/N, mixture of betveen 4 and $ias been founah the temperature range
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523625 ; the best C@permeation result fromhe paper was around 0.1 pmol ¢hs*
at 52@ when calculated from 1 atf81].

Liu et al.[32] investgated a composite electrolyte corisigtof Snt* and Nd* co-
doped ceria (SDC) used asthe membrane substrate ahtbCOs;-Na,CO; eutectic
infiltrated into the membrane abe molten carbonate phase for MCEQtsseems that
the oxygen conductivity was improved by the incraasée numbeof oxygentransfer
routes from the interface between SNDC and binary carborigttescarbonates melt
gradually in the transition temperature and spread into the pbtieeinterspaces ahe
dualphase membranghich improve porefree consistency and increaghse number
of oxygen conduction routes from the interfaltiecan be concluded th#te interface is
the critical region for mobile iontransportation in gas permeation dpabse

membranes.

2.3 Thermodynamics ofmolten carbonates

2.3.1 Determinng the decamposition rate

Severalresearcherbave developedate expressions for decompositiomatons such
asd 0 QOO DDGT & OBOSM QOB EIGUOQ6 O ERE W3R
Devyatkinet al.[34] initially observed carbonate melts release carbon dioxide generated

from thefollowing reaction
0DQOP 0 o0 (2.6)
DOOP OO OOV (2.7)

The competition of these two reactions contributes the total weight Itise @drbonate

mixture.

Timoshevskii[35] investigated the decomposition process singlecomponent alkali
metal carbonatdithium carbonatewith a melting point of 7001 refer to the reaction
(2.6). Gas diffusion from the massamplewas observed and the emission gas was
impeded bythe surface covered lthe melting particles with extremely low vapour
pressure of C@at the temperature near its melting poifimoshevskii also suggested
that vacuum conditia in the atmosphere could increase carbonate dissociation

Lehmanet al. [36] also studied the thermal decomposition aokinglecomponent
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substancgpotassium carbonatat its melting temperature of 90in equilibriumwith
0 6 0 andobserved the dissociation of potassium carbonate in reactidry h&ating
the sampleasa solid phase neahe melting point andound thechemical equilibrium
expression 2.8n which the maximum rate of weight loss corretawvith the changen
Gibbs free energynder the standard condit®ri37]. (The presence of COin
atmosphere prevents the further decomposition, the weight loss is because of
evaporation of KO, the maximum weight loss refer to the totaDKin the melt, the rate
can be determined by slope of weight loss from experiment.)

YO Y Yl —— (2.8)
In expression 2.80 andO represent the activities of the,® and KCO; in
solid phases, respectively, anl is the partial pressure of carbon dioxide in

equilibrium fromthe decompositiomeaction R, is theuniversal gas constant.

In the equilibrium condition, Lehman assuhtbatO remains constariiecause of

the appearance #f,CO; in the solid phaseand the mass dhis parent material KCO;

is largerthanthat of decomposed producsuch ask,0. Theratio of activityO to
0O can represent the ratio tife weightlossof the produced material (3O) to the

per unit mass aheinitial material KCOs. Equation 2.8 can be expresseda®ws:
YO Y'Y ——>38—& (2.9)

After conducting dhermal stability experiment, Lest al.[37] explained that the partia
pressure of carbon dioxide can be determined from the calculation expressed in equation
2.10, where it is related to two parametéhns volumetric flow rate of atmosphere gas

(0 ) into the TGA apparatus and the weitgigsrate of the KO ( x ) .

0 . . 2] (2.10)

Substitution o) into equation 2.9 cayield equation 2.11where the maximum rate

of weight |l oss x can be determined once |

Yo YN ——8 — . &) (2.11)
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A similar calculation can be applied to other compasiemich as lithium carbonatin

the carbonate mixture.

Lehman et al[36] indicated that the presence of £i® the atmosphere can effectively
decrease the decomposition of potassium carbonatetratdthe weight loss of

potassium carbonate depsmh thetemperature and the GQartial pressure.

According to Lee et a]37], the carbonate mixtures d e c o nspasiaglestépo n
reactionthat occus in series or simultaneouslyherefore, the total weight loss tife
carbonate mixture is a sum of that of single companarthe mixture, such as lithium

and potassium carbonaiféherate oftotal weight loss can be expressedddiews:

) B & (2.12)

2.3.2Thermal stability of alkali metal carbonates

The rate of wight loss of carbonate mixtwéLi:K=3:2) was measured by Lee et al.
[37] using TGA Thistest was performed at the heating rate df 1@in, andduringthe
heating andhe following stabilised period at 629 , CO, gas was continuously fadto
the system at a volumetric flow rate of 100 ml/mirhen, itwasswitched toa nitrogen
atmosphere to monitor the rate of weight change of the carbonate ntugfare the gas
wasfinally switched back to CQ. During the steadgtate condition at the tempeaes
of 620N , the weight value became constant only anCO, atmosphere andept
decreasing imnN, atmosphergFig. 2.1). It is interesting that the post sample formed a
different structuren which carbonate particlesere fused togetherwhile the initial
melt samplehad anindividual fine particle appearancéhe authos explained that this
wasdue to the diffusion ofhe grain boundary after CQOvasreleased fronthe surface

or pores.

Olivares et al[38] also tested the thermal stability af Li-Na-K carbonate eutectic
mixture in various rati® of Li/Na/K and concluded that the ENaK carbonate is
significantly influenced by the gas atmosphere under which riteasuredin a CO,
atmosphere, the molten-NaK carbonate is stable up to at leagiQDN ; in argon or

air, the stability is much lower.
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Figure 2.1 Weight change o& carbonate mixture60 wt% lithium carbonate and#t%

potassium carbonate)p tothe steadystate condition of 620 in a calcination furnace

[37].
2.3.3 Equilibrium CO,, partial pressure

The stability of molten phase carbonates at high temperatures over their melting point is
important for duapphase membrane and g@ermeation experiments;eutectic alkali

metal lithium/sodium/potassium carbonate mixture is useldercurrenproject andits
chemical stabilitywas studied by calculating” for decomposition reactions and
finding the equilibrium line ofCO, partial pressure at different temperaturdhe
detailed calculations are presentedAppendix B. One example study dhe chemical
stability of potassium carbonatis show below, and a powder heating experiment

followsthe thermodynamic calculations

Severalimpurities exist in potassium carbonatey., KHCO;, KOH, and KO, because
of the HO and CQ partial pressure in the atmosphekéainly, in air, some KkCOs;
powder will absorb water and G@ form K;HCO;3, but it will decompose rapidly at
high temperatwes[36]. The carbonate decompasat high temperatures according to

the reaction allows:

VOOP 00 060 (2.13)

Y' coy Y' DOI AOAOOOAAAOAT OO (2.14)
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T h e °fordiferent temperatures other than 298K was calculated by Eq. 2.15:

y Y 4¥3 (2.15)
That is
V' 4 V' cwoy . QN 4, yLT’Q"}Y
(2.16)
where ACp is calcul ated fr omreactardgs. heat c ar

The simplified met hod to obtain AG was

convenience:
Yy' 4 A A4 A4 1dp (2.17)
The coefficients a, b, and wereprovidedby theliterature[39].

In practice, the pressure of the reaction system cwasideredone atmosphere; the
relation betweerthe Gibbs free energy of the reaction and the standard Gibbs free

energy of the readh was giveras follows

() Y ~

y 4 V' 4 YYI— (2.18)

According to Egq. 2.17 and mkmgfollowd. 18, t he

>

y' 4 A 4 AdH Tdp VY'Y IH— (2.19)

That is,
YO 4 oygooxuwydodcdidp wptphb—

For AG < 0, ,.COslz KO +eC&yontll caorynforvikard fromthe left side to
theright side to produce G wh i | gthe fAeGction wildconsumeO and CQto
form K;COs. To obtain the equilibrium line of the relation betwede CO, partial

pressure anthet e mper at ur e, assuming the Ar G(T)
Thatiso Yoo x @ Yo cdl 4p Wpthphl— n
) —can be obtained lyre following
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) 1 8 8 (2.20)

Expression 2.20is the relation between temperature and,@@rtid pressure for

reaction 2.13the graph according to the equriilbm equation ishown inFig. 2.2.
According to the literaturg36], the dataor K,O arenot valid at temperatures higher
than 888 for expressior2.20 so the thermodynamicalculations for reaction 2.13

were limited to temperatures 880z . At 8803 (1,153k) — = 3.658 x 10°

theoretically, the potassiuntarbonate wasstable according to thermodynamic

calculationsat temperatures < 880

= LN(P(CO,)/P(Total))
20
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Figure 2.2 Equilibrium CQ partial pressure fopotassium carlmate according to
expression 2.2Qequilibrium line); Appendix B shows equilibrium GQor different
carbonate eutectic mixtures.

Thermal decomposition of potassium carbonate i helium environment
A potassium carbonate decomposition test was carriedtmainaly® the thermal

stability of potassium carbonaterhich is one of the alkali metal salts used fioe
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fabrication ofdualphase membraseAs the melting point of potassium carbonate is
8913 in air, adecompositiortest was undertaker simple quartztube reactorKig.
2.3) was set upo heat 1 gram of potassium carbonate powder at 980the ramp rate
of 13 min; 10 ml min® helium was fed into the quartz tube reactomasirrier gas
and the outlet gas composition was analysed byH&Gum was fed to the reactor tube
before heating the powder to flush the air frdine tube This test is not a typical
permeation experimentand further study on different composit®oof alkali metal
carbonate mixturis required in future work.

Mass flow controller

10ml /min (X) Feed gas

Outlet )
v /Q\ Helium

Seat
Going to
) GC gas
Alumina tube analysis
Glass tube -/
T=900° C

Furnace

Figure 2.3 Experimental reactor tube for heating potassium carbonate powder.

The testwas carried outinder a dry helium atmosphere to measure the conteht of
outlet gas by heating @ of potassium carbonate powder to 80QFig. 2.3). The CQ
mole fraction in the outlet gas from the reactor tube increased gradasmlihe
temperature incread. The maximum C@mole fraction which is 0.68% with a helium
flow rate of 10ml min™, wasobtained at 909 . Fig. 2.4 shows the C&percentage as a
function of time ata constant temperature of 90 It can be seen that the @@nole

fraction decreaskand beame stable after abo@0 minutes with fluctuations.

The timerequiredfor the releaseof CO, from 1 gramof potassium carbonate can be

calculatedas follows. The rolecular weight of KCOs is 138.2 g mot; the mole value

of 1 g of K,CO; powder is M = 3 mol. The CQ mole fraction increased from 0 to

0.68 mol% as the temperature incedfrom 28 to 903 ; assuming the average €O

emission rate ofhe mole fraction is 0.5 mol% mih(the maximum is about 6.8 mol%
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min™) during heatingf the reactor and including the time period for maintaining the
system at 90® for two hours

Theaverage flow rate of COs expresseds follows:

f(COp) =2 77 = mol min™

The estimated time for all GOrelease from# / to helium is calculated byhe

following:
T=—=—— 3246 minutes > 50 hours

It takes more than 50 hours for 1 grafipotassium carbonate release C@accading
to the calculation; it ishown in Fig. 2.4 thatthe CO, content decreased from 0.68 mol%
min™ to less than 0.1 mol%niinand become stabkfter two hours at 908 in a pure
helium atmosphereThe CQ beame stable aftetwo hours indicaing that the high

content of CQat the beginning at 980 wasa result ofthe calcination of impurities.

After 100 minutes, C@mol% decreased to less than 0.1% fri@mmaximumof 0.68%

and beame stable; the C{low rate can be given ke following

8 7
T

Release (C) stable= x10°%=0.0149 pmol cnf st

It can bedeterminedthat the flow rate of C@release from 1 granof potassium
carbonate isower thanthe CO, permeation rateaf average of 0.368 umol cts™;
more tharonehour) inthe downthill permeation experiment with similar conditgoas
shownin Fig. 5.6 in Chapter 5The hypothesis is that the G@ermeatiorrate is greater
thanthe CO; release rate from molten phase carbonate above its meltingrpaiptire
helium atmosphereThe partial pressure of GOn the permeateside is above the
equilibrium CQ partial pressure during permeation experimeautsl this prevents the
decomposition othe carbonateThe CQ moles that permeated across the membrane
are much greateén numberthanthe moles of carbonate ion ithe molten carbonate
phase (this can bdetermined by thdéongterm permeation experimenlescribedin
Chapter 7).
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Figure 2.4 CO, mol fraction fromtheoutlet gas othereactor as a function of time.

2.3.4 Electrochemical stability of oxide species in molten alkautectic

The demical and electrical properties of molten alkali metal carbonate have been
studiedfor 20 yearsand the difficultylies in explairing the complex oxygen reduction

mechanism in acidic media (high ¢@artial pressurg) from 0.1 to 09 atm) or

basic media (very low C{partial pressure or high oxygen ion content in the nidi).

Appleby and Nicholson[41] analysed the oxygen reduction reaction in molten
carbonates in 1972 and observed that the oxygeneckagth carbonate ions and
formed supeasxide0 and proxide0 ions They found tlat the concentration of
these oxide species depsmh the cation in the melin a Li-rich melt or pure LICGO;,
peroxide species are dominantaii-rich melt, superoxide species are domin&ot a
pure lithium carbonate melt, the following oxygen reduction mechawasproposed

by Appleby and Nicholson:

6 850 PO 80 (2.21)
6 QP 6 0 (2.22)
6 806 QP 80 (2.23)
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0 O0P 00U (2.24)
wherel is a transient species.
Overall reaction= 0 00 ¢Q P 60 (2.25)

Appleby and Nicholson explained that the chargeansfer step in reaction 2.22 is the
ratedetermining step for immersed electragleBy examining theoxygenreduction in
binary (Li:K=47:53, Na:K=43:57) and ternary (Li:Na:K=43.5:31.5:25) eutectic
carbonate mixtuein a temperature range of 74BDON , they concluded that the
electroactive species is not oxygen molecules; botland0 are present and are
reduced in the parallel steps; reaction 2.&¢utralsation of & is slow[42].

Cassir et al[40] investigated e electrochemical behaviour dhe reduced oxygen
specied) and0 in several alkali metal carbate melts at different oxoaciditgvels
and temperatureghey developed theoretical acidity potential diagrgfig. 2.5) at
different temperaturethat provided the idea to analyse the stable conditiom of and

U . The calculation othe electrochemical stability range for both binary {NaLi-K
or NaK) and ternary (LiNa-K) eutectics considering the limits: oxitat (0 ,0 or

0 formation), reduction (M(K or Na), CQC formation), basicity (MO saturation)
and acidity {  set at latm). The acidity potential diagram for ternary eutectic- (Li
Na-K) at different temperatures is shown belaw Fig. 2.5, the stability rangeof
oxygen andhe peroxide iond  exhibitsno significant move from 450 to 680. No
superoxide iow is shown inFig. 2.5 because superoxide species are not stable in the
Li containing meltswith activity as low as 18 At alower temperature450N , there is
C formation in acidic media when G@artial pressure is relatively larg® avoid this

carbon formation, acidic media or low temperature should not be applied.
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Figure 2.5 Electrochemical stability range in molten,CiOs-NaxCOs-K,CO; eutectic
[4Q].

Table 2.1 gives informatioon oxide speciesmolar rati in different carbonate mailt
whenthe oxygen partial pressure is 1 aths Cassirexplained, superoxide ions are not
stable in lithiumcontainng carbonate melts (Li, ENa, Li-K, or Li-Na-K), sothe molar
percent of superoxide ions is considered to be. #évwever, inaNaK carbonate melt,
the superoxide ionsomprise45 mol%, 39 mol%, and 32mol% of the total oxide
species at the temperature gdAOK, 1,100K, and 1200K, respectivelyln the tenary
carbonate melt (ENaK), the oxygen ion) comprises94.0, 95.7 and 96.8 molar
percent at DOOK, 1100K, and 200K, respectively

Table 2.1 Molar ratics of oxide, peroxide and superoxide ions in alkali molten
carbonates initially contain 3 mole percent oxide ions under pressure £f=P{Catm
[4Q].
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2(0%7) — x(037) — 2(0;) (m/o)

Melt 1000°K 1100°K 1200°K
Li 99.97-0.03-0 99.96-0.04-0 99.95-0.05-0
Li-Na 08.1-1.9-0 98.3-1.7-0 98.5-1.5-0
Li-K 95.1-4.9-0 96.9-3.1-0 97.8-2.2-0
Li-Na-K 94.0-6.0-0 95.7-4.3-0 96.8-3.2-0
Na 21-39-10
Na-K 10-45-45 22-39-39 37-32-32
K 8.6-8.7-83

2.3.5 Ternary molten alkali metal carbonates

Chery et al.[43] developed arexpression for the awdissociation equilibrium of

moltenalkali metal carbonates:

0O O0aP D OI 060 Q (2.26)

In an ion form
ou P O 00 (2.27)
or —8% (2.28)

This process with the capability of gaig or releasg oxide iors wascalled oxoacidity
by Chery et alThe oxoacidity domain value ( * I 1)) depend onthe nature
of the molten carbonate anthe temperature The authors statethat the activity of
molten salt is fixed in both pure and mixed carbonatestlaaicthe conditional auto

dissociation constant is given by Eq. 2.29:
0° OO VDGO (2.29)

The ooacidity domaindefined byd 0 * values at different temperatures for alkali metal
carbonate meltss shown in Table 2.2 For all molten carbonatypes 00 “ decreases
with increasing temperatures and excess lithium carbonate dectieageés value At
the same temperatyrsuch as 639 , the values 0b0 * in molten LiK (62-38) and Li

Na (5248) are similar and muclower than those ofNaK at 750\ . The authors
concluded thata good compromise between temperature and high oxoacidity is

ternary molten carbonate (Na-K) with high00* (8.26) atalow temperaturef 450N .
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Table 2.2 =dtm values for each molten alkali metal carbonate at different temperatures
[43].

Temperatures

450°C 550°C 600°C 650°C 750°C 800°C 850°C MP

723K 823K 873K 923K 973K 1023K 1073K (°C)
Li-Na-K (43.5-31.5-25) 8.26 6.37 560 492 341 397
Li-K (42.7-57.3) - 6.70 5.91 522 3.67 498
Li-K (62-38) - 6.36 558 489 337 488
Li-Na (52-48) - 6.37 559 491 339 501
Na-K (56-44) - - - - 914 842 775 710
Li - - - - 3.04 726

2.40xygenpermeable membranes

2.4.1 MIEC membranes

There are two types of oxyggrermeable membrane systebased on ceramics: mixed
ionic-electronic conducting (MIEC) membraneand pure oxygen conducting

membrans. The focus of this section is mainly MIEC membranes.

Mixed ionic-electronic conducting (MIEC) membranéavewide applications in the
field of oxygen separation, solid oxide fuel cel#-46] and membrane reactors five

light hydrocarbon oxidation proce$47-49], and so onMIEC membranes can perm
selectvely separate oxygen from air over a range of haghperaturesThe materials

for MIEC membrane fabrication are normally perovskygee or fluoritetype oxides
[50-52]. The oxygen permeation flux through a dense MIEC membrane can be
described bythe Wagnerequation (230), which consides the hulk diffusion as the
limiting step The principle shows that the oxygen flux danincreased by reducing the
membrane thickness (incr&agbulk diffusion) until it less than a characteristic value at
which the oxygen permeatiandeterminednly by surface exchange kinetis3].

~

0 — U Qawe (2.30
wherev is theoxygen permeation flux it € @ i ; R is the gas constant; F is the

Faraday constant; L is membrane thickngss; is the ambipolar conductivityand

0’ andd’’ are high and low oxygen partial pressuespectively.
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Theordically, there are three progressive steps that determine the oxygen permeation
rate which are called ratedeterminng steps (r.d.$ or limiting steps. The schematic
graphin Fig. 2.6 showsthat the first step is the surface exchange reactianterfacel;
the second step thebulk diffusion of charged species and electron/electron haiek;

the third step ishesurface exchange reaction on interftdée4).
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Figure 2.6 Schematic graph of oxygen transportation acrasMB=C membrane by

chemical potential drofb4, 55].

Oxygen permeation through a dense MIEC membrane wifterovskite structure
normally operagsat high temperatures, typically 800to 90&8 , and high oxygen flux
can be observedlthough the oxygen ian aretransported across the membrane from
the high concentration side thelow concentration side, the overall chaigbéalanced

and maintained bihe opposite movement ehe electron flow[53, 56].

The ideal perovskite crystal structwred Uis shown n Fig. 2.7, which consists of a

large A cation and a smaller B catioAn A-site ion can be rare earth, alkalior
alkaline earth ion such as loa Sr; a B-site ion is a transitional metal such asdr€o

[57]. The shape of the crystal structure is mainly determined by the relative siee of

A and B iors; an equation for estimating the valuegdtoétolerancefactor ¢) calculated

by Goldschmidt shows that the perovskite structure can be maintained if the tolerance

factort is between 0.75 and 1.

0 — (2.31)
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where R, Rs, and R, arethe radius ofthe A cation, Bcation and oxygen anign

respectively

If the factort is lowerthan 0.75anA ion will be too small to fit intca B ion site if the

factor tis greatethan 1,aB ion will be too large to fit int@n A ion site [5§].

Figure 2.7 Crystal structure of an ideal AB@erovskite oxid¢59].

In the crystal, several defects can be found within the stru¢heeefects are generally
categorsed asvacancies (@rticles missing in the lattice), interstitial particles (particles
should not occupthe lattice sites)or substitutional particles (lattice ssteccupied by
foreign partcles) The vacancy defect in the perovskite can provide oxygen ion mobility
which allows ion diffusion within the crystal structusnd the oxygen permeability or
ion conducting is mainly due to the high tolerance of the perovskite maf&sa0,

61]. When a metal ion witha low valence states doped intoan A site, oxygen
vacancies are generated atm# valence state ok B site clanges to maintain the

electronneutrality To improve the stability of the crystal structure, dopaig) site with

a more stable ion can be applied to produce a structuwecof 0 6° U . ltis

noted thad represents the number of defects artamaies a large number of vacancies
results in high oxygen permeation fluXherefore, to increase the vacancies, many

different ions can be doped into the crystal structure to improve the oxygdie 264].

At high temperatures, the oxygen vacancaes reduced by the occupyingxygen
within the perovskite structure and two electron holes famexpressed in Equation
2.32

2 -0 P 5 @ (2.32
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wherea?is the oxygen vacancy) is the oxygen in the latticend’®is the electron
hole[60].

Researcherprimarily use MIEC membranse for the application of oxgombustion
processesand th& attention is on the development of MIEC membrane reactor
technologyfor hydrocarbon fuel combustionn particular the lanthanum cobaltite
perovskitetype ceramics havéeen studied and developexktensively [65, 66].
Recenly, the new MIEC materials studied for membrane reactor systemically
include modified perovskite (e.g."Yi '©€;0 [67]), structured ceramic (e,g.

0 63Yig'O'0Q [68]), cerame-metal dualphase membranes such as
0 63"Yig0 €0 0igh Qs U g 50Ag/50Pd [69], and thin duaphase
membrans with two phases, one of yttrstabilized zirconia (YSZand theother isa

Pd phas¢70, 71].

2.4.2 Perovskite-type LSCF systen

The perovskitetype ABG; oxide0 & "Yio ¢ "OQ)  hasbeen studied and exhibits
mixed oxygen ionand electrorconducting (MIEC) properties archn potentially be
used for cathode materials of solid oxide fuel cells (SOFCs) or oxygieneable
membranesMany researcherlave found that the combination of x and y strongly
affects its physical and chemical properties, especidlig electrical coductivity,
catalytic activity,andthermal expansiarFor example, electronic and ion conductivit
andcatalytic activity can be improved by increasing x and decreasingwever it has

anegative effect othechemical stability of the materifr2].

The membrane material used in the project dpthill CO, permeation and kinetic
experiment i®) WYio €°0Q)  (LSCF6428)and the electronic conductivity is about
250 S cn at 1073 K However,0xygen ionic conductivity is slow (10S cm* at 1273

K). Lin [27] pointed out that in high-temperature (700 ~ 95@ ) CO, permeation
experiments using LSCF materials as membrane sulsstoatggen ionic conductivity

is the limiting step for permeéing CO, according todown-hill permeation results
Therefore, enhancing the ionic conductivity of LSCF without degradation will improve

LSCF membran€0, permeancat high temperaturd3?2].

Tai et al.[73] studiedthe high-temperature phase stability and electrical propedf

0 & "Yio £€3"0OQ 0 as a function of temperature, oxygen activigd Srcontentby
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thermogravimetric (TG)nalysis They stared their experimentsby equilibratingan
LSCF sample with pure oxygen a{2@( ; the oxygenwas considered to be in
equilibrium with given oxygen activity when the sample weight remasteadyfor 24
hr. The oxygen activity thedroppedgradually from 10 to 10, and theweight loss
during the reduction process was recordduk fully reduced sample (reducing LSCF
into components ob ¢ , "Yi 00 ¢ and 'OCat 1,208 ) was thensuccessfully
reoxidised to its original state (0 & "Yi6 € OQ) , 0 GRYI B ¢ ROQ ,
synthesisd from0d ¢@) 0 8pO0,YiO U ,0€00 8O0, andOQ O ;0 ¢

wereoxidised to0 € atatemperatur®f about 800 ).

The TG resultsfor various0 @ "Yi0 €3"0OQ0 composites duringthe heating
process undesn oxygen atmospherare presented in th€ig. 2.8 below, which shows

that the undoped sample (Sr = 0) is stablel& ; the weight loss is not significant at
1,200 . A maximum weight loss of 1% was found for the Sr doped sample with Sr =
0.4; this weight change was found to be reversible and depends on oxygen .activity

Therefore Tai et al.concluded that the oxygen evolution fr@noxide sample results

in weight loss
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Figure 2.8 Relative weight change &fSCF samples a function of Sr content (mo)es

andtemperatures under oxyggrs].

Additional work has been done to measure and calculate the composition of LSCF at

room temperature and high temperatimeparticular,oxygen contents with Sr valsief
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0, 0.2 and 0.4 at ambient atmosphere are presented in thebilble Table2.3 shows
thatincreasingSr content resulted in oxygen deficierj@y].

Table 2.3 Oxygen content (moles) of LSCF compositions under various condjiidhs

Room temperature 1000°C 1200°C
Oxygen conient (3 — 8) in air under oxygen  under oxygen
LaCoy;Fey Oy, 3.005 = 0.010 3.005 = 0.015  3.003 = 0.010
LEaJsSI'{]_gCDg_;FE&,gO3_3 2.999 = 0.003 2.992 + 0.005 2.972 = 0.003
Lﬂolasrﬂ_.‘.CD.n.;FEﬂ_ng-_a 2.948 = 0.009 2.908 £ 0.003 2.849 = 0.006

The thermogravimetric results in the graph and table indicate that tap&ntinduced
the formation of more oxygen vacancies awvér temperaturelt can benoted that
0 @€30Q0  without dopant Sr was nearly stoichiomefrigm room temperatures
up t01,20G .

Further resuft from the calculation of oxygen content @dn@ "Yi0 €5"0OQ 0 with an
owof 0, 0.2 and 0.4 afl,20B show that oxygen activity of 1§ decreases the oxygen
content of all three LSCF compositions significanitipwn to the minimum oxygen
content in the region of 0 to 10'°[75]

Teraokaet al. [76] measuredthe ionic (, ) and electronic ( ) conductivities of

0 "Yio ¢ "OQ) separately and found thatincreased as the content of both Sr
and Co increased$r content was more influential gn. They alsonoted that,,
increased significantly whekincreagsandthat, gradually decreased with increasing

y, indicaing that, is primarily controlled by Asite compositiori76].

The electrical conductivity o0 63 Yig0 € "OQ) system studied by Tai et §l/4]

as a function otthe Co/Fe ratio and temperature in air showed that, of each
composition (different y) increadewith temperature The temperaturdependent
electrical conductivityeachedabout 2006/ ¢cm wi t h t he c pandphiss i t i
condudivity is similar to that o0 ¢ Yig"OQ . Further study indicatkthat the unique
temperature dependence ,of can beattributed to several factgréncluding high
temperature ionic compengat, the preferential electronic compensation of Fe over Co

ions, and chargalisproportional Co ions.
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Previous researchassuggested that increasing the acceptor dopant concentration can
increase the electronic conductivity and oxygen deficiency of L&@dFtherefore
improve the ionic conductivity and oxygen permeab[litg].

The electrical conductivity ob 63 Yig 0 £€5°0Q0 (0.00<z<0.025 in air is
shown inFig. 2.9 as a function of temperatur&he figure showshat the electrical
conductivity, was significantly affected bgchange in Sr deficiency, Zhe electrical
conductivity decreaskwith increasingz except z=0.01The maximum conductivity can
be obtained when z=0.00 attemperature around 78¥3 K Atsushi[72] explained
that the decrease@s electrical conductivityaredue to a decrease ihe concentration of

the ptype electronic carriers by introducing d&ficiency.
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Figure 2.9 Electrical conductivity off 3] » ,F°s3 ms F » measured in aj72].

2.5Porous membrane fabrication

A dualphase membrane requaracertain porosity for carbonate infiltratipmoreover,

the poresmustbe connectedPore formers are applicable for SOFli® solid oxide
electrolytes. Ideally, a pore network should be formed that communicates from one
membrane surface to the othelowever, it is likely that enclosed pores will also be

formed which mayaffectmechanical strength.

There are four typical pore formers for increasingembrane porosity:
polymethylmethacrylate (PMMA), potato/corstarch, ammonium oxalateand

ammoniumcarbonateln addition glassy carbon can be usadthoughthe expeng may
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be prohibitive The general process for pore former removalrigply combustion in air
Liu et al.tested the porosity of various pore formers in cathode substrates of prepared
NiO-YSZ composite SOFCs; the resushowed that as the content dhe pore former
increased, the porosity of PMM#ixed substrate increased from 14% to 58%, for
potato starchit was increased from 14% to 48%r ammonium oxalateit was
increasedrom 4%to 46%, andor ammonium carbonatét was increasednly from 2%
to 10%asmeasured byhe Archimedes methofi77]. The Archimedes methodhvolves
using a certain liquid to fill the pore network by capillary force and oioigithe
volume ofthe pore network by measuring the volumetloé liquid that filled the pores

the volume ofinfiltrated liquid can be calculated frothe massincrease

Porous C@gSio 2Tio.7Fe 3039 (CSTF) supported thinlfn membranes wergynthesisd

by Araki and usedis an oxide ionic and electronic mixed conduclbprovided an
alternative method to increa#iee porosity of the dense membrane by using ultrasonic
agitation for CSTF powder and3D% carbon black in isopropanol for 1 hr and sintered
a 1,423 K to remove carbon blaclkPore sizes between 10mm and 50mm were
measured by Hg porosimetrffhe work indicated that porosity was improved by
increasinghe carbon black content; the maximum porosity was about @hfo6the use

of 30 wt% carbon blek [78].

Etchegoyen et al. [79 developed asymmetric membranes with porous
Lag.6Slhy.aFe.9Gay 1034 (LSFG) support by using large cestarch particles (14m) asa
poreforming aent to form a connected porous structure. Magnesia (5 vol% grain size
= 0.5nm) was required to control the microstructureh® membraneAs Etchegoyen
explainedthe increases of magnesia particles also impttve oxygen permeability of
LSFG dense membranes because magnesia miii@t LSFG matrix phase grain
growth Thus, the porosity increased only byedudng the substrate particle size;

however the porosity watow (less than 30%)79, 80].

Porous alumina ceramics with ealirectionally aligned cylindrical pores were reported
by Isobe et a).preparedwith the extrusion method by usingydn fibres (30 vol.%) as
a pore former The resultsshowed bettegas permeability than conventional metkhod
with an observed porosity of >34%d he original pores were formed by burnitige
fibore pore formersand a small shrirdge was found after sintarg. The average

diameters othe Nylon fibres were9.54.3 pm, and the length was 800 pm; the pore
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size was observed behigher tharthose achieved by thmnventional methgPMMA
[81].

2.6 Membrane sealing at high temperatures

To successfullyconduct the experiment using ceramic membrane reactor, high
temperature sealing methods are requieed the principle is based on the application
of inorganic sealing materialg/hich is the only wayo create a sealt a typical high
temperature over 6B80. There are three common methddsseal a dense or tubular
membrane onto a supppand the figure below showsw to fill the gaps betweethe
membrane pellet anthe support with sealing material8s Fig. 2.10 shows the sealing
material first needs to melt or softenaatertain temg@rature and filthe gaps between
themembrane anthe ceramic supportandthen coolings requiredto make the sealant

become solid to completely seal the membrane.

Membrane Membrane Sealant
T 4
Sealant
Support Support

(a) (b)

— 5 Membrane

L > Sealant

—> Support

(c)

Figure 2.10 Schematiof the sealingof a typical membrane on a ceramic supp2@ .

Different sealing materialeave beemrreported to seal a ceramic membrahieAu-Cu
or Ni-Ag-Cu alloyshave beemnused to seal a ceramic membrane to a dense tube metal
substrate by brazing the alloy malbove the melting temperatur@?] [83]. By doing
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this, the sealing was permanently fabricated between the membrane and the support
However, the membrane cannot be easily replaced after expesjanaththe alloy melt
makes itdifficult to wet the surface ahe ceramic membras and support duringn
experimentthe thermal extension of the alloys cannot match th#texihembrane and
support tubeg which causes membrane crackinghose disadvantages make the
application of suchechnology difficult and onlya few researcherbave sealedheir

membransusing this method.

Instead of permanent sealing materials, silver or gold pastesalso beenused as
sealing materiabecause othdr advantages of chemical inertness and loilitp at high
operation temperatur¢84, 85]. The membrane can be easiymovedfrom the support

afteranexperiment.

Soft inert meta like silver or goldhavebeen used to seal membrayg@milar to rubber
O-rings, metal Qrings can beplacedinto the gap betweeamceramic membrane aride
support To achieve gatight sealing an external compression force needs to applied,
but it is difficult to design theeactorbecause othe high operatingemperatug; the

external force may causeembrane cradkg during heatng or cooling86-90].

Glasses or ceramic mixtures are alsed asealing materialither paste oaring can
be appliedand duringthe heating processhe sealing materialgquefy, which can fill
the gaps betweehe ceramic membrane arlde suppat, and the sealant will be solid at
a lower temperatur®1, 92]. A glass sealant can wite menbrane surface and spread
easily; however the sealingwill only work for a few hoursbecause ofnterfacial
leaking, andthe liquid glass can be sucked into the pore netwik diffusion of the

glass also causes error when calculating the flux.
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Chapter 3 Methodology

3.1 Experimental equipment

The membrane reactor system presented béaidwg. 3.1 is usedfor a typicaldown
hill CO, permeationexperiment During the down-hill permeation process, GO
permeates from the high C@partial pressure side tbhelower CQ partial pressure side
Foranup-hill CO, permeation process which CO, permeatein the opposite direction,
the same reactor system is udamdt,different cylindersaareselected fig. 7.1).

In general, e reactor systenconsists ofa reactor witha furnace gas cylinders
(depenthg on the experimental purposeanda data analysis mass spectroméMEP)

or gaschromatograplGC) controlledby acomputer.

3.1.1Reactor

The membrane reactor is designed for working at high temperatungsto 908 at 1
atmospher@ressureand consists of a feezside volume in the inner tube and a permeate
side with a quartz shell outsidBoth the feed and permeatedes have the inlet and
outlet stream connectédthe mass flow controller and mass spectromegspectively
These two sles are connecteil there is no membransealed;the feedside and
permeateside are isolated from each other with a veelhlledmembraneat the top of
thealumina tube supparHowever, gas leakage during permeation experiments creates
a connection betwen the feed side and permeatside and this could causéhe
experimentto fail. The volumes of the feeside and permeatdade chambers are 11.5
cm® and 250cn?’, respectively The reactor is designed to be about 20 cm frioetop
shell to the bottom in lengtland this reduces the temperatatethe bottom of the
reactor during higltemperature experimen&nd protects the @ng at the bottom
becauseonly the reactor top is heated laytubefurnace When the @irnace heats the

reactor to 908 atthe top, the reactor bottom temperature is about 603a 70
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3.1.2Gas cylinders

The type of cylinders and gases are selected depmendn the experimendal
requiremerd. For the typicaldowrthill permeation experimentghe feedside gas is
provided by a gas cylinder with 50% g@nd 50% N, andthe permeatside isfed by
pure heliumthe helium used here is a carrier gas that brings theffo@ the permeate
side to the mass spectrometer for analyBih the feed and permeatside gas flow
rates are 20 ml mih(STP) the reason for setting the same flow rates for both chamber
is the convenient calculationf CO, permeance and permeabilitoreover, the outlet
of the mass spectrometés avacuum sothe mass grtrometer requireaninlet flow
rate ofat leastl4 to 15ml min™ (no vacuum for GC)However,alarge flow rate cannot
be used because the £@ermeate rate is limited arrdarge flow rate of helium to the
permeateside could dilutehe CO, significantly andthe amount ofCO, could be too

small to bedetectedy themass spectrometer (resolution 0.01%)

An oxygen cylinder with 20% @balanced by argon is used in kinetic experiments in
Chapter 6the oxygen added tie feedside ofthe membanewasmixed with CQ and
the total flow rate for the feesidewasalways constant at 20 ml minThe CQ and Q
volume percentage in the total 20 ml riimas flowcan be controlled bynass flow
controller 1 (MFG1) and mass flow controller 2 (MFD. The permeatside ofthe

membrane reactas fedby a carrier gaghelium) at the same flow rate.

The up-hill CO, permeation experiments use different gas cylindene setup is 1%
CO, fed to boththefeed and permeatedes of the membrane and 20% oxygen added to
thefeedside another is 0.5% C£fed tothefeedside and 1% Cg&xo the permeateside,
with 20% oxygen added tihe feedside The symmetrical condition was applied during

theexperimentsand the detaslaredescribed irChapter 7.

3.1.3Data analysis

For thedown-hill CO, permeation experiments, only outfgs fromthe permeateside

is delivered tothe mass spectrometer for analysis because the fa@ial pressure
difference betweethe feed andthe permeatesides is significant,which iswhere he
driving force arisefrom. The CQ in themole fraction inthe feedside is much greater
than the CQthat crosesthe membranan other words, the decreased (permeatedy CO
mole fraction(about 0.6)is tiny comparé to the CO; in the feed side (50%). The
typical down-hill CO, permeation experiments use 50% L{@the feedside and only
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about 0.6%of a 20 ml miri‘gas flowcan permeate across theembrane The mass
spectrometer igalibrated and usetb measureCO, only in the permeateside when

conductingdown-hill experiments

Up-hill permeation experiments use two mass spectrometredor eachside these
two mass spectrometers are in the same condition and calibrated using the same
standard gas cylindersThe error range and detailed experin@nparameters are

presented in Chapter 7.

Reactor setup
Data analysis Fume Cupboard (FC 1-1) Cylinder Cabinet
8 % V-1 V-2 V-3
Membrane >< I><] ><]
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Figure 3.1 Permeathin cell apparatus comprising gas supply and feed control,
membrane modujend furnace

The permeance afarbon dioxide across the membrahd (T O 0 A ) based on

CO, driving force is defineds follows
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The permeance of oxygen across the membiariell O O0A ) based onhe

oxygen driving force is defineals follows
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where0 At #/ AT GRA #/ are the partial pressure of carbon dioxide in the

permeateside and feeadideand0 At / AT GAA / are the partial pressure of

oxygen in the permeate side and fegkb.
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Chapter 4 Membrane fabrication and characterisation

4.1 Introduction

This chapter focusesn analysing the pore networiwhich is impotant for molten
metal carbonate infiltrationTo determinghe maximum pore size for holdirsgcertain
amount of molten phase carbonate, a simple msdééscribed based ahe surface
tension of molten potassn carbonate and watéthe Archimedes methodjSection
4.2). The reason fodoing this is thatthe liquid carbonate can be eadilgld by small
pores according tthe capillary forcehat arises from the surface tension of the liquid
The size of the poresdepends on the pargcsize of the pore formarsedto create
porosity during membransintering at high temperatureShe modelis also used to
estimatethe volume othepore structure in the membrane and comes out with porosity
A fresh tost porous membrane substratas sintered from LSCF by pore former
combustion to create porosity at high temperatulescause membrane materials
sintered at high temperaturaese always dense (250N ) and havehigh mechanical
strength, different amousibf pore former were tested consideringth porosity and
mechanical stability Section 4.3introducesthe method of fabricaing a partially
sintered membrane withiporous structure dhe relatively low temperature 800N in
sucha way thaio pore formemwasapplied and this method is generally usedlby n’ s
group [25, 29, 93]. Section 4.4describesthe methodof fabricaing a fully sintered
membrane substrate with porous structureusing pore formersand three typical
carbonbased pore formers are introductte selectiorof the pore formewas made by
the resuiihg membrane structaer andthe membrane sintered the seleted way was

used forthekinetic experiment anthe up-hill permeation experiment

4.2 Model for pore size estimation

4.2.1 Surface tension

For a liquid, surface tension ke contractive tendency to resssforce on the tangent
line of the interface betweeaheliquid and the airAt the airliquid interface because of

the cohesion of the water molecules, the water overcomes the forcaukaghemto
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attract air moleculesAnotha explanation is thatoecausdhe liquid molecules at the
surface are rare and thin, thigraction of water molecules greater tharthe repulsive
force; the resulting force is attractiahatis parallel to the surfacd-or a liquid drop
system, apping work to the systemincreasesthermodynamic energyo equal the
volumetric work and surfaceork. Thus the surface tension (M™) can be expressed
as surface Gibbs free energyn(¥). The sirface tension oé solution can be calculated
using thefollowing equation:

Lol QY Y g8t (4.1)

where \f, is molecular volume, K is the gas constantisIcritical temperatureand,, is

the surface temsn.

For practiceusingmolten salts at high temperatures with no water content, the surface
tension can be obtainém thefollowing empirical equation:

Y O oY (4.2)

The thermodynamic parametess and @ for molten potassium carbonate can be

obtained frontheliterature[94]. For potassium carbonate at its melting point

s PPXPU CTHX 8L @ 0 @ Yp p XpCL

=0.169 N m

4.2.2 Pore size estimation

Assuming that the molten carbonate fills the porethemembrane by capillary force,
the pore wagonsideredan ideal micro tubeas Fig. 4.1 shows The force fromthe
surface tension of liquid towards the boundaryheftube and liquid is expressed as f;
the surface AB is horizontal when surface-B is balancad so that external pressure
from the atmospherequals the pressure frottne inner liquid as shown irFig. 4.1(a)
If the supplementary pressureis the same direction dke external pressuré, the
surface AB will be convex asshownin Fig. 4.1(b);the cooperang force is dowmard
If the supplementary pressusaupwardand higher thathe external pressure, the liquid

tends to goup towvardsthe tube.
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For molen potassium carbonatthe liquid carbonateeeds toinfiltrate the pore as
shown in Fig. 4.1(a) and (c)In the case oFig. 4.1(b), the liquid tend tteavethe tube
(downward) In the case ofFig. 4.1(a), the liquid has stopped moving and is steady

P, Po l
l f A B f Po :
£l A B f \ T y
! ZF b WY
P, +P,
PO
(a) (b) o

Figure 4.1 External pressure on the curved surfacalafuid. (a) Equilibrium state; (b)
coopeating force towardgheliquid (downward); (c) cooperatg force towardgheair
(upward)[95].

From the perspective gfhysical chemistry, the system can be described as a drop of
liguid connectedto the end of a microtube (capillary), as inFig. 4.2 The
supplementary pressure is towards the centre ahe curved surface ofhe liquid

(ignoring gravity). The totalpressure otheliquid drop can be expressasd follows:
0 0 0 (4.3)

The sipplementary pressute comesfrom the surface tension of the liquid droand
the work fromthe system orthe liquid drop equalthe change othe surface Gibbs fre

energy of the liquid dragHence the following equation can be obtained:

0Qw , ™ (4.4)
The surface area of the liquid dropis 1Y (4.5)
The volume of the liquid drop iso  -“'Y (4.6)
Thus® ¢ Q'Y 4.7)
andQo 1Y Q'Y (4.8)

According to Equatiors 4.4, 4.7 and 4.8, the supplementary presstrecan be

expresseas follows:
o — (4.9)
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For a concave surface, the radius R will begative which is the radius othe micro-

tube as shown irFig. 4.3(a)

Figure 4.2 Supplementary pressure francurved surface

The liquid columnshownin Fig. 4.3(a) will rise until it reacheshe equilibriumstate

shownin Fig. 4.1(a)
Thus¥0 0 — ¥ @ (4.10)

Assumingthatt he density of mo | t e n thabdf thessslid u m
potassium carbonate, the density of air at high temperatures can be ignored dompare

that of poassium carbonate.

The height otheliquid column inthe micro-tube can be obtained liye following
Q — (4.11)

Assumingthat the membranehickness is 2nm (that is h = 0.002m), the maximum

poreradius(not considang thecontact anglegan be obtained:

Y — X pPTT A Xaa
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Figure 4.3 Height ofaliquid column undesupplementary pressure. (a) Liquid column
tends to goup; (b) liquid column tenslto godown.

If the contact angle—is consideed Equation 4.11 can be expressedfollows:
N —AT-OS (4.12)

The contact angle-for the molten alkali metal carbonate is a function of temperature
As the literatur§96] has shown—is 41° atatemperature 0650 , 33’ atatemperature

of 636 , and14° atatemperature of 740 and decreasesith increasingemperature
Therefore, thevalue ofA T -@s 0.75at a temperature &508 and 0.97at a temperature

of 740 ; that is, the value range oA | -Gs between 0.75 and 0.97 when the
temperature is betwedsbON and 740N (radius=5.2mm at 550N ; radius=6.7mm at
740N ). Accordingly, the A T-Qwill not change the magnitudef the pore radius or
diameter result calculatexbove Thepore radiuss estimated to be the average value of
5.2mm and 6.7mm, which isabout6.0 mm if the membrane working temperature is
around 600! .

The maximumpore radiugnside the membrane for potassium carbomanfiltration is
considered to b&.0 mm. Assumingthatthe pore is cylindeshapedthe diameter will
be 12.0mm. To obtain a continugs molten carbonate phaske amount of carbonate

powder that can fully fill the pores neetb be estimated before membrane infiltration
(Fig. 4.4).
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Figure 4.4 Scheme ofa porous membrane wiicontinuous molten carbonate phase.

4.3 Partially sintered membrane fabrication and

characterisation

4.3.1 General preparation of porous hosmMIEC membranes

Commercial powders of LaSr 4Co Fey 034 (LSCF6428)andLag 2Si sC oy gFey 2034
(LSCF2882) spplied by Praxair were use@pproximately 2 g of powder was placed
into a 20mm diameter stainless steel die and pressed MP& for 1 minute byan
automatic gdraulic pressThe LSCF6428 and LSCF2882 pellets were sintered in a box
furnace in air for 24hours at 908 (ramp rate of 2 min™) to produce porous
LSCF6428 and LSCF2882 substrates.

4.3.2 Carbonate salt infiltration
(a) Surface application followed by heating

Membranes witha moltencarbonate phase (Li/Na/K with corresponding mol%;
42.5/32.5/8) were prepared by melting ground powders of eutectic mixtures on the
surface of LSCF6428 and LSCF2882 disk memizdakowed by heating in a split
tubefurnace at 528 for 1 hour in norcirculating air to obtain LSCF6428 and
LSCF2882 duaphase membrase The temperature was monitoresing a ktype

thermocouple.
(b) Mixing carbonate salt and host membrane powder

A well-mixed ground powder of potassium carbonate andR2882 (1:0.8 weight ratio)
wasplaced intoa 20 mm diameter djgressed by handnd sintered at 980 in a box
furnace for 12 hours (ramp rate o 2min™®) to obtain LSCF2882 duglhase

membranes.
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The average pore size (radius) and pore size distribution of the sippteted at 909
were measured by mercury porosimetry from Imgde€ollege An SEM (scanning
electron microscope) was used to characterise the appearanttee (furface area of
membranesEDS nergydispersive Xray spectroscopy) was used to characterise the
element of each component wias not sensitive to carbon and also cawtbe used
for quantity measurement but coudtiow the relative amount of alkali metal sodium

and potassium for comparison.

4.3.3 Characterisationof results and discussion

SEM images of porous LSCF2882 menmi@asubstrates/ere pressed with a 20 mm
diameter die and sintered at 80Gor 24 hours at ramp rate of 4 min™. Fig. 4.5
showsthat the LSCF2882 pellet has connected particles on the suvihdde the
LSCF6428 pellesimply has gathered particles orethurface

The porosity of LSCF2882 measured by Hg porosimetry was 29 86#e LSCF6428
has less porosity4%). In addition LSCF2882 hacdhigher Sr and Co content than
LSCF6428 which can increase thexygen ionic §;) conductiviy of the membrane,
though Sr hada greatercontribution[97]. Consideringporosity, sintering temperatyre
and high oxygenionic conduavity, LSCF2882 was selected ake dualphase
membrane substrate materitlowever, this material was identifiegs havinglow
mechanical stability, which maye one of the factors that causgesschambeleaking

through the membran&his will be improved infuturework.

-

7Y b
— ‘;&"’:'l:':.

",- <
{3y

Figure 4.5 SEM images of fresh porous membrane substrates sintered at 98P
Surface & LSCF2882 membrane; (Burface of a LSCF6482 membrane

52



Chapterd. Membrane fabrication and characsation
The molten carbonates (Li/Na/K 43.5/31.5/25 mol% eutectic migtuvere mixed and
ground in a mortar and pestle and then placed on tdpe@orous membranes to form a
thin, solid layer to cover the top surface tfe membranesthe LSCF2882 and
LSCF6428 pellets were placed in a box furnace and heated 3o 82& min® and
then held for 20 minutes at 520 The eutectic mixture was expected to become viscous
at 528 and fill the poes of membranes at the surfaceder gravity the molten
carbonatesan then infiltrate the porous host membrdt@S analysis on the suriaof
carbonate intrusion as carried outHig. 4.6). It wasfoundthat theSr and Co content in
LSCF2882 wasigher thann LSCF6428, butt hadlower Fe and Lawhich confirmed
the formulafor LSCF compositeThe carbon and potassium signal the LSCF28&
suiface washigher than that of LSCF6428or EDS technical reasonsi cannot be
detected and characteed using EDS analysiand itis also not very sensitive to carbon

signals.
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Figure 4.6 EDS analysis of carbonates (Li, Na, K in a 42.5:32.5:25 mol ratio)
infiltration on the surface ainLSCF membrane; molten carbonates infiltrated ag520
(a) LSCF 2882 rambrane; (b) LSCF 6428 membrane

LSCF2882 pellets with carbonate infiltration atperatures of 520, 60& , 70®

and 808 were obtainedFig. 4.7 showsthat a layer was formed on the surface of the
membrane when carbonates infiltrated at 360@nd 708 , respectively, which
indicated that the molten carbonates were not fully infiltratedo the pores of the
membraneIn addition the molten carbonates were not dispersed sufficientlthen
surface at 520 . There washo such layer on the surface when carbonates infiltrated at
80%s .
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Figure 4.7 SEM images of LSCF2882 membranes on the surface of molten carbonates
(Li, Na, K in a 42.5:32.5:25 mol ratio) infiltration side. (a) 32@arbonate infiltration;

(b) 6038 carbonate infiltration; (c) 7Q0 carbonate infiltrabn; (d) 80@ carbonate
infiltration.

The infiltration of carbonatewas checked by crosection analysisHigh carbonate
content can be detected at the edge of the -s@d®on area, with the noise signal
shown at the very beginning of graplinaFig. 4.8. The results showhe distance from

the infiltrated surface tdepths ofapproximately 400m (70 ) and 500mm (803G );

the alkali metal ions at 880 infiltration are higher and decreased more slowly
according to the distance thaimoseof 70® infiltration. It can be estimated that
higher temperature is better for alkali ion distribution inside the membrane, but the
carbon signals from both 700 and 80®ave no large differencethis mayhavebeen

because dthe low sensitivity of EDS for ¢hon signals
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Figure 4.8 EDS analysis ofa cross section of carbonaidiltrated LSCF2882
membrane(a) 703 infil tration; (b) 808 infiltration.

4.4 Fully sintered membrane fabrication and charactesation

4.4.1 Porous structure sintering and infiltration test

The LSCF mebrane sintered &t,25@ showed aense structure with relatively high
mechanical strengthompared to thasinteredat a lower temperaturewhich showed
certainporosity To fabricate a porous membrane substrate with high porosity and small
pore size, pore formenustbe applied to create pmsity during membrane sintering; the
pore sizemainly depends on the size of pore femparticlesand the porositgepends

on the amunt of poe former thahasbeen mixed withthe membrane material€arbon
black (Alfa Aesar50% compressed), graphite (Alfaesar) and cornstarch(Sigma
Aldrich) were selected and testethe membrane material to be testedfabricatea
porous structlewasLSCF6428 powder (Alfa Asar).

The method useanembrane materials mixed with the pore former materials in various
ratios which werecompressed bgn aubmatic ATLAS T25 uniaxial pres§& tomes
applied) Subsequentlythe pellets were sintered in air by ramping their temperature
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from room tempeature to combustion temperatuh®lding it for 0.5 to 2 hoursandthe
rampng the temperature to sintering temperatusich wasl,25G , at13 min™for 8
hoursof sintering Different pore formes needdifferent temperatuieto combustand
the actualtemperaturego be usedalso depensl on experience~or carbon black and
graphite, the temperatureasincreasd at 13 min™ directly to 1,25G , andthe carbon
black and graphitarecombusted during heating cornstarchmixed membrane would
be reld at 20@ for 2 hours because tlw@rnstarchourns at low temperaturesf about
203 . Continuing toincreasahetemperature wilcausethe membran#o crack,but for

cabon black and graphitéhere arano such problems.

4.4.2 Carbon black and graphite

Carbon black particles are very small, the typical diamegarg about 100 nanometres;

they are easy to combust owitaythe significariy large surface are&raphite particles

are different they are large compart carbon black, and the typical lehgof the
graphite is 100 micromsss (Fig. 4.9).

Figure 4.9 SEM images of pore former particlg¢a) carbon black; (b) graphite.

Before synthesigig the membrane, it waassumd that a pore former witha large
particle sizewould resultin relatively larger pore size, although there are other factors
thataffectthe pore size

Carbon black angraphite weremixed and ground with LSCF powders separastig
weight ratio of 1:4andthe membranevas sintered atl,25® for 8 hours The cross
section of he membrane was analysed by SEM: resultsare shown irFig. 4.10. The
figure showsthat the pores weneot well distributegthe crosssectionimagea in Fig.
4.10 showghat large pores and micfpores are mixed together atitht many layers

wereformed while imageb shows the cross section formedusyng graphite particles
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It has more large pores throseformed by carbon black particlesndthere are some
dense pastin this cross section

The results shovan inhomogeneous pore structurehich indicates aproblem inthe
mixing processTo solve thisproblem, it is necessy todeterminehow the particles of
pore former and LSCF mixed and cadiseeinhomogeneous structure

Onre explanation is thadamechaged particlegdduring mixing create a repulsive force
and causethe ceramic and pore former particliesseparatefrom one aother (the
particles were mixed in a plastic bottle installed in an electric shakemvever
compare with graphite, carbonlack is a better pore forméecause othe pore size

and structure

Figure 4.10 SEM images of sintered LSCF6428 membedaericatel from mixing
with pore formers(a) Cross section of the membrafeemed by using carbon black; (b)
cross section of the membrafemedby using graphite

4.4 .3Cornstarch

The cornstarchparticles wereabout 10 micrometrediameterand roundn shape (Fig.
4.11);it is a typical pore former and nonelectron conducting materjalihich could
help in pore distribution Another advantage is thaornstarchis a nonrtoxic and
environmentally friendlymaterial.
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Figure 4.11 SEM images otornstarctparticles.

From the experienc®f many tests, the best LS&@Brnstarchmembrane can be
fabricated by using 0.5 granof cornstarchwell mixed with 1.5 grams of LSCFpowder
and pressed at 3 tonndbp membrane needs to be heated ts2@da ramp of B
min and héd for 0.5 to 1 hour to burn out thernstarchand create pores, followed by
ramping t0o1,25G at 13 min™ for sinteringthe membraneThe membranes easily
craclked during heating andhe pore former combustion proces&ccording to the
resultsshown in Fig. 4.12, the structure of tmembrane witha uniform pore netork

is appropriate for further applicatiomhe resuls showthat the expectedstructure was
achieved.

i, _ M mlll | oo
Flgure 412 SEM resultdor anLSCF6428 membrane sintered by mixing W|th
cornstarch(a) Surface area of the membrane; (b) cross section oh#dmbrane.
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4.4.4 Infiltration test and pore volume estimation

The ideal host membrane withporous structure needs havehigh porosityand a
small pore sizdo obtain a large interface area where liggid phase carbonate can
contactwell with the membrane substratthe interface area is critical for carbon
dioxide separationas the membrane substrate carbonate alonecannot perm

selectively separate carbon dioxide

To estimate the porosity of the fabricated membrane, the membrane neéds to
infiltrated with deionsed wateyand the volume can be easily calculated by the weight
increaseof the membranewhich indicatesthat the waterhas beerabsorbedby the
membrane During the water infiltration, the water d@gontaced the membrane
suface andvassucked in immediately bihe membrane until it fully infiltrated and the
water drog were no longesucked in by membrane and stayetha surfacethe water
infiltrated into the membrangas considered toonsumethe whole pore volumeand

the volume of the water in the membrama&s considerethe pore volumeThe average
pore volume of the membrane fabricated by mixing 1.5 gramL.SCF6428 with 0.5
grans of cornstarchwas estimated to be 0.12 §rwhile the host porous membrane was
about 0.35 crm. Therefore the porosity of the membrane watsout 34%

The volume of pores ithe membrane camary dependingn the veight percerggeof
the pore formeradded to the embrane powder before sinterinfgwever amembrane
sinteredwith too much pore former will havenany cracks on the surface of the
membrane and even become fragmentEde cornstarchweight percerggethat can
fabricate LSCF6428 membranesth a uniform pore structur@singthis method was
foundto be 25% The eperimentsalso showedthat 30%cornstarchmay work andhat
the resuiihg membrane may not crack in some cabes toensurethatwe canobtain a

homogeneous membrane, 25%nstarchs the best choice.

In comparisornwith cornstarclLSCF membrarng carbon black.SCF membranes are
not easy to crack, but the structuieworse than that afornstarclLSCF membrare
carbon black added ian LSCF6428 membrane can creaeery porous rambrane
with about 60% porosityThe pore volumealso depends on the weight peregaof
carbon black pore formerAccording to the results shawn Fig. 4.13, the pore volume

of the membrane is a function of thppliedpore former.
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Figure 4.13 Pore volume estimation according to water intrusion for carbon black
appliedto anLSCF6428 membrane

Table 4.1 LSCF6428 membrane wittornstarchapplied;green: 2.188), sintered: 1.624
g

Infiltration Carbonate added | Increasaneasured (g Membrane weight
(9) (9)
1 0.0355 0.0338 1.6578
2nd 0.0367 0.0350 1.6928
3 0.0322 0.0298 1.7226
4" 0.0305 0.0297 1.7523
5 0.0460 0.0430 1.7953
6" 0.0298 0.0276 1.8229
70 0.0315 0.0306 1.8535
g" 0.0305 0.0259 1.8794
Total 0.2727 0.2554 +15.72wt%

Table 4.2 YSZ membranevith cornstarchapplied;green: 2.40@, sintered: 1.594y

Infiltration Carbonate added | Increasaneasured (g] Membrane weight
(9) (9)
1 0.0442 0.0428 1.6368
2nd 0.0492 0.0457 1.6825
3 0.0317 0.0297 1.7122
4" 0.0325 0.0330 1.7452
5" 0.0371 0.0328 1.7780
6" 0.0330 0.0295 1.8075
70 0.0327 0.0316 1.8391
gn 0.0294 0.0270 1.8661
Total 0.2898 0.2721 +17.07wt%
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445 The typical LSCF membrane preparation and porosityused in
the project

Commercial LagSr4CopFeys0s5 (LSCF6428) powder was purchased from Praxair.
The powder was synthesised by combustion spray pyrolysis, resulting in powders with a
particle size of less than 1im. The pellets were formed by uniaxial pressing of
approximately 1.5 g of the LSCF powdeilixed with 0.5 gof cornstarch(Sigma
Aldrich) at 3 tons using an automatic ATLAS T25 uniaxial press. Subsequently, the
pellets were sintered in air by ramping their temperature from room temperaturesto 200
at 13 /min and holding at 2@0 for 2 hours $o tha cornstarchburn-out and pore
formation occurs) and then ramping the temperatufe26® at 13 /min and holding

this temperature for 12 hours, followed by slow cooling to room temperatuse/iii.

The diameter and the thickness of the sintered peliets approximately 15.5 mm and

1 mm respectivelyafter being polishedsingSiC paper. The average pore size (radius)
and pore size distribution of the LSCF substrate sinterélk&8® C wer e measur
mercury porosimetry at Imperial College (porosiy% approx., average pore size:
600700 nm) The porosityradius diagram fronmercury porosimetry datg@aw data in

Appendix C)is show in Fig. 4.14.
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Figure 4.14 Cumulative porosity as a function of paige The mean pore diameter is
667 nm andhecorrected porositis 47.8% The raw datdor Hg injectionarepresented

in Appendix C with parameters.

Table 4.3 Hg intrusion data for LSCF6428efer toFig. 4.1Q(b) [using graphite powder
(Fig. 4.9(b)) asapore formerfor comparisoh

Total Intrusion Volume 0.0822 mL/g
Total Pore Area 0.084 M4y
Median Pore Diameter (Volume) 4.3494 um
Median Pore Diameter (Area) 2.6394 um
Average Pore Diameter 3.9241 pm

Bulk Density at 0.22 psia 3.8044 g/mL

Apparent (Skeletal) Density 5.5350 g/mL

Stem Volume Used 9%
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4.5 Conclusion

A simple modelwas developed to estimate the maximum pore diameter for carbonate
infiltration. To obtain the ideal membraresmall pore size witlalarge pore volume is
necessary Cornstarchwas finally ®lected asthe pore former materiafor porous
structured membrane fabricatiasthe results shoada better structure compared with
that of carbon black and graphifEhe poe volume estimation by water drop shemv

that the volume of a membrane is determined by thgwealercerdage of the pore
former added tothe menbrane material before sinteringpwever the results also
dependon other factorssuch asthe ramp speed andombustion temperatureéhe

moisture of the powdeand detailed control of the ventilation in the furnace

There are many reasons that caasgembrando crack before and after sintering; from
experience25%cornstarcimakes the best LSCF6428 membranéh a homogeneous

micro-porous structuravhich is whatvasneeadto perform theexperiments.
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Chapter 5 High temperature sealing development

5.1 Introduction

An yttria-stabilised zirconiacarbonate dugbhase membrane as a simple model system
was studied to test the sealing of the ehfsdsemembrane system iexperimentl in
Section 5.2A glassceramicto beused as sealing material was prepated melts at
about 708800N ; the molten phase glaseramic mixture could filthe gaps between
themembrane anthealumina tube support to seal the membrant&esydHowever, the
results showd that the molten phase glasssvery mobile and could easily cover the

membrane surface atdbck it, causng the membranéo fail.

Early work on CO, permeation usingn LSCF2882potassium carbonate membrane
was performed using ceramic sealant (hard sealargt)large leak ws& found and this
sealant waggiven up when silver pastea(soft sealat) was applied to the LSCF

membrane$ection 5.3

Silver pase was used as sealing materiails designed to reduce the mobility of glass
ceramic at high temperatures and improve the stability of the membrane .syhem
membrane selectively, lontgrm test and the function of temperatures were tested
separatelyand the resultareshown inSection 5.4

Finally, the glasshased sealing method was also given up because there are many
impurities in glass materials that influence the permeationtsesfiithe membrane
especially thesilicon oxide from glaskased sealantvhich can reacwith carbonates

and produce carbon dioxid€o improve the chemical stability of the membrane, only
silver paste was tested and showedy good stability and 50 haaiof CO, permeation;
however the leak rate was quite significaabout ten timethe CQ permeation rate.

From many experimental testswasshown that silver paste can womkuch better if a
certain pressures applied on the membrane surface to compress the silver paste after its
drying. Two newy designed reactonseretestedbased on this idea, omsinga hook

and spring systerno press the membrane pelitdthe otherusing heavy tubes to press

the membrag both of them provideé 300 gof weight onthe membraneThe heavy
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tube reactor was finally chosen owing to the successiplication onthe LSCF

membraneDetails areshown inSection 5.5

To simplify the dualphase system and easily understé#me mechanismthe oxygen
ion-conducting membrane YSZ was used tloe experiment The dualphase system
consists of a porous oxygen anioff-€onducting ceramic substrate hosting a guest
molten carbonate phase (usually a Li/Na/K carbonate eutectic ejixtdittrated within

the pore networkCarbon dioxide from the feed gas reacts with oxygen ions supplied by
the ionic conducting host membrane to form a carbonate’(Cahion in the molten
carbonate phas&@he CQ?* anion is transported through the neoitphase carbonate at
high temperatures under a chemical potential gradient and released@s 28 on

the permeate sid@he G anion is transported back to the feside membrane by the

substrate.
Feed .~ —— 7 Permeate
il i/ : Solid Oxide 3 side

Co 2- g, 2- i
+ [OZ'I\/\/\/\/\/\/\/\!O | +

Yo

‘A Molten Carbonate «

\z

Figure 5.1 Conceptual schematic of the toonducting duaphase membrane

5.2 Experiment 1. Glassbased sealant

5.2.1 Membrane preparation

The porous membrane fabrication methaakintroduced inthe previous chaptefhe
molten carbonate was infiltrated inta porous YSZ substrate by a direct infiltration
method based on capillary forbecause ofhe pore networkThe porosity of the host
membrane was measured by mercury porosimethych indicated that 33 wt% of
cornstarchpore former creates about 47% porosity with an average pore size of around
700 nm

For a 1.5 g porous YSZ host membrane with abol¥ 4orosity, 0.28 gras of
carbonate (2.8 cm) was infiltrated, as one would expect if all of the pore volume was

occupiedby carbonate.
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5.2.2 Membrane sealing

The membrane was sealed using a novel combination oflgdsesl sealarj5] and
silver pastewith each component performing a different ralae silver preseakdthe
membrane oithe alumina support; thglassbased sealant was then applied around the
edge ofthe membrane after drying the silvpaste The silver can decreasiee mobility
of the glass and also fits the thermal expansiorthefceranic menbranebecause it
softers at high temperaturesf up to 908 , while the glasdased sealant melts at about
8008 and fills the small gaps betwedme silver andthe membrane and improveke
sealing of the whole membrane systémmembrane scheme is showrFig. 5.2

Silver paste pre-seal the

membrane to the alumina
tube.

Clean surface of the dual-
phase membrane.

Glass based sealant at
> edge of the membrane

Figure 5.2 Sealing ofa dualphase membraneith a combination of Bver and glass
based materials

5.2.3 Experimental setup

A gas mix of CQ/N; (1:1 mol ratio) was provided dBe feed gas to the reactor at 10
ml min? (STP) while 20 ml min' (STP)of helium was provided assweep gain the
permeate sidelr'he membrane reactor was heated by a tube furRacmeatd CO, and

N, leak were measad online by mass spectrometry.

5.2.4 Results and discussion

Fig. 5.3 shows that the GGlux (active area of 0.8n7) plateaed for three hours at
850 but then steadily decreakeThe CQ flux then declind sharply when the
temperature decreaséom 850 to 788 at 5 min™’. This change in temperature was
made todeterminethe effect of a temperature change on performance and to rimuce
mobility of the sealantThe average lealgesubtracted C@permeability at 8580 was

7x107 mol m* st Pal, while at 788 |, it decreased to 2xt8" mol m* s* Pal. The
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average selectivity of C{Qpver N, at 858 was15:1 andwasinitially 17:1 at 788 . It

decreasetb 2:1 after a further one hour as thel®bk increased

1 7 1 i
8500C N N,/ 10" mols (a) _
——CO0, /10" mol s™
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=
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Figure 5.3 (a) Flux of CQ and leakng N; in the permeate side of the membrane at 850°
and 788 . 50% CQ and 50% N at 1 atmophere are provided in the feed side of the
membrane at a total inlet flow rate of 10 ml (STP) Titb) the resultant leage
subtracted Cgpermeability.

CO, permeationwas alsostudied at 80® , as shown irFig. 5.4. The CQ permeability
was stable for therkt 30 hours and then decreastalvly whenthe N, leak increasa
and finally, the sealing of the membrane faildthe CQ permeated over 50 hours was
estimated to be 0.008@0l, while the carbonate that infiited into the membran@.28

grans, contained).0028 molof carbonate ions.
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Figure 5.4 CO, permeationover 50 hours. (a) Flux of CQand leakng N, in the
permeate side of membrane at 8QQb) the resultant leakubtracted C@permeability

The CQ flux at different temperatures was measuréiy. 5.5 showsthe CQ
permeability dependence on temperatitrendicatesthat permeability decreasedth a
decrease intemperature This decrease vgareversible on returning the membrane

temperature to a higher value.
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5.2.5 Summary

The CQ permeability of a dugbhase YSZarbonate membrane was investigas&d
8003 . 0.009 mol of CQwerepermeateaver50 hours,while 0.0028 mobf carbonate
ions were infiltrated which indicated that COpermeation had occurredhe CQ
permeability at 858 was 7x10™ mol mi* s* Pa’, while at 808 , it decreased to 4
mol m* s* Pa’ and 2 mol it s* Pa* at 78 . The sealing method gava ratio of
permeated C&xo N, leakageof 15:1 at 856 .

However, this sealing methoddhmany problems when applied to LSCF membranes
because the molten phase glgsgsthrough the poresoves the membrane surface
immediately afterheating to 808 , and blocls the membrane in 5 houré&nother

disadvantage is #t theglassbasedmaterialscontainsilicon oxide which can slowly
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react with molten carbonate at high temperatures; tbhauld give an incorrectCO,

permeation result

The next experiment waan early test for COpermeation usingn LSCFcarbonate
membrane but sealed witteramic sealant (alumina oxidd)ecausea largeleak was

found, this method was not appliedather experiments.

5.3 Experiment 2: Ceramic sealant

An LSCF2882 membrane infiltrated with potass carbonate wasised in this
experimentthefeedsidecontainedb0% CQ in N,. Helium was usedasthecarrier gas

The graph irFig. 5.6 shows the mole fraction of each component of outlet gas filoen

CO, permeation testhere was a small amount 05 .17 mol%) and C&(0.17 mol%)
leakagefrom the inner tube to the permeate sidetloé membrane at the beginning of

the test The mole percentage of G@nd N increased ashe temperature increased

The N, mole fraction was higher than that of €@om the beginning untithe
temperature r eache dausedbby thé#eed8y8sOahdCaiflowm@g i nl y
through various connection¥he membrane was quifeagile; alsg the sealant and
alumina tube haddifferent thermal expansion rates from that of the -ghnaise

membrane, which mayavecontributel to the sealing failure.

The CQ mo | fraction increased excegdedhatiofdant | y
af t er FR.OG®)’TEe nfaximum CQpermeation ratevas calculated to be 0.58

pmol cm? st at 93@ and 1 atm or permeance@® v p @ mol m? s* Pal. This

CO, permeation rateshownin Fig. 5.6(b), was obtained by subtraeg the leakng CO;

flow rate fromthe total CQ emissios to the downstreamithis was determirte by
monitoringthe N,. The temperature at whidbO, mol% started to increase aeslceed

that of N> was close to the melting point of potassium carbonate3(89The ionic

COs? that release CO, to the permeate side ahe membrane mayavecome from

both potassium carbonate from the dpbhse membrane (molten salt) and feed gas
CGQO; in theupstream side of the membraddter the reactowasma i nt ai ned at
for more than 12 hourghe N, mole fraction rose to just 1 mol% less thhat of CQ,

andthe CO, content was slightly decreasédithis indicateda bad leakin thesealing ora
membrane break and less £1@lease tdhe downstream side dhemembrane.
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Figure 5.6 (a) CQ and N mole fraction fromthe downstream side ahe membrane
according to the temperature; (b) 8é&rmeation apart fromNeak CQ flow.

The experiment was repeated usiag LSCF2882potassium carbonate dyathase
membrane Kig. 5.7). The mol%of CO, was higher than that of NN r om 890° C
940 ° C pewistetifor more than 1 hourThe potassium carbonate meltedl a

temperature around 890° C déavefill edsmelealdg vi s c
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ared and pores:this may have decrease the N, flow rate The path for CGF
transportation througthe molten potassium carbonate was theoretically activated at
temper at ur e. Tlsbmighebe &§hé feds@n thette CO, contentdid not
decrease athe N, fraction declinedHowever, carbonate demposition and desorption
may also happen in this proceBense LSCF2882 membrangintered atL,250 C f or
12 hours were also prepared for a blank experiment and to test the quality of the ceramic

sealant

As there was gas resistancehe GC gas samplg valve toprovideback pressurehis

may have causeé the sofened sealingo move away fromthe membrane at high
temperatureso thatthe reactor developed a cradsamber leak betwedheinside and

outside ofthe membrane support tube in the reactdrneedle valve was temporally
applied to balance the back pressure ftomGC and control the rate diie gas flow

from the inner tube andhe outertube to be approximately equal the feed gas flow

rate (10 ml miit) whena leak occurredon the membrane. This problemill be solved

in laterwork to improve the gasghtness of the membrane and sealing to elimitiee

gas phase transport of the feed gas through to the permeate side of the permeation cell

and prevent back pressure from the GC.
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Figure 5.7 CO, and N mol fractiors from the downstream side othe membrae
according to the temperatuf@) Blank test with a dense LSCF2882 membrane; (b), (c)
and (d) are C@permeation resulfslso indicated is the Neakage

5.3.1 Summary

The initial CQ permeation flow rate was obtained atemperature neahe melting
point of potassium carbonate (309 but significant leakgewas also involved with
CO, permeationThe CQ mole fraction became greater than that glNaround 908
with amaximum CQ permeate flux of 0.58 pmol cfs™ (p® v p T mol.m?s* Pa
) at 93@ , decreaimg to 0.07 ymol cn?’s* /p& ¢ p 1 mol m? st Pa® (1 mol%

more than M) after 12 hoursoperation.

5.4 Experiment 3: Silver paste sealant

5.4.1 Membrane fabrication

Commercial LaeSlh«CopFegOss (LSCF6428) powder was mixed wittornstarch

(SigmaAldrich) with a weight ratio of 1.5:0.5The pellets were formed by uniaxial
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pressing at 3onnes using an automatic ATLAS T25 uniaxial preSsibsequentlythe
pellets were sintered in air to combubke cornstarchand thenthe temperature was
ramped upto 1,258 at 13 /min andheld for 12 hours followed by slow cooling to
room temperature a3 /min. The diameter and the thickness of the sintered pellets
were approximately 15.5 mm and 2 mmespectively Direct molten carbonate
infiltration was applied orthe membrane surfagehe carbonate mixture (Li:Na:K =
51:16:33) was ground and placedtbrtop surface of the membrane and kdab 500N

in anatmosphere of air.

5.4.2 Membrane sealing

The hookspring reactorlsown in Fig. 5.8 consists of & ®ire connectedo a hook to
press the membranand the silver pasteas compressed durinthe heating process

the force applied on the membrane was about 3aMhg experimental results shed

that the hoolspring system cannot work at high temperatures, especially when the
reactor system heatip to 6@3 ; either the spring or thet Bvire will breakbecause of

the softnes®f the materialsThe disadvantage of this design is that the whole reactor
system was headl during the experiment; the mechanicalstrength of the metal
materials became weawhich causedhe systento fail, and when the spring fas at

high temperatureshisbecomes very dangerous

Glass shell
\\,—> Pt wire
] \
|_- | Membrane

Silver paste
—> Spring
S Alumina support
# Inlet tube
= Q L = Hook

! ._//) Outlet
Figure 5.8 Schematic diagramf a membrane sealing systetmat includes spring and

hook to apply pressure dhe silver paste below the membrane; the silver paste
driedin air before pressumgasapplied




Chapters. High temperature sealing development
Another design was different but simpler than the heng reactgrbased orthe
same princife that the silver sealant need&dbe pressed to improve the membrane
sealing Fig. 5.9 showsa 300 g alumina tube with a sentosed end on the membrane
to put pressureon the silver pastewhich waspreviouslydried. The membrane vea

sealed after heating to about 500

Glass shell

I: Membrane

Silver paste

Alumina tube (300 g)
Provides pressure

Alumina support

g e Inlet tube

| pl | )
K : : D Outlet

Figure 5.9 The scheme o membrane sealing systetmatincludes a heavy tube with a
samni-closed endo press the membrane

5.4.3 Experimentalequipment

A gas cylinder with amixture of CQ and N in a 1:1 ratio was provided fothe feed
side of the membrane apdre heliumwas usedor the permeateside ofthemembrane
The gas flow rate for the feed andrmeatesides of the membrane wereoth 20 ml
min™ (STP) The membrane reactor was heated by a tube furPareneatd CO, and

N, leak were measured dime by mass spectrometry.
5.5 Results and discussion

When he LSCF membranwas operaté without a press device and sealed by silver
paste normally, the reactor was hedtedn room temperature to 490to deepdry the
silver pasteThe mass spectrometer retfte mole fraction of both nitrogen and carbon

dioxide inthe permeateside ofthe membraneln period A, the membrane developed a
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bad leakithe high nitrogen valueamefrom the atmosphereecause ofhe leakin the
membrane asthe gas flow rate from the permeatele ofthe membranecould not
supplythe mass spectrometewhich requiresa 15 ml min' gas flow as a pump was

connected to the outlet ttie mass spectrometer

Then the memiane washeded to 408 at 953 min™, and the membrane was sealed
during the heating but still had a high leak ratbg permeate gas flow was enough to
feedthe mass spectrometer and the air pEghcoming to the mass spectrometis the
feed side provides carbon dioxide and nitrogana 1:1 ratio, the leak rate of carbon
dioxide wasconsideredo havethe same valuasthe nitrogen inthe permete side of
the membrane Fig. 5.1Qb) shows the carbon dicdk& permeation process with
nitrogenleak; the portion of carbon dioxidethat washigher thanthe nitrogen was the
permeate carbon dioxidandthe nitrogen wasonsideredo leak Althoughalarge leak
occurred the carbon dioxide permeation was quite stadhel it was maintained for

about 50 hours

After this, the temperaturevas decreaseflom 95G to 90& and the cdon dioxide
permeation rate wasorrespondingly decreasé&hen the temperatudroppedto room
temperature, there wam carbon dioxide permeatipthe carbon dioxide and nitrogen

in thepermeag side showda 1:1 ratia

The carbon dioxide permeation ratgpart fromthe leak can be estimated bthe
subtraction of nitrogenthe pure carbon dioxide peeation resultsaare shown in Fig.
5.11
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Zone A: 400°C to 950 °C at 5°C min?
Zone B: 950°C

Zone C: 950°C to 900 °C at 5°C min!
Zone D: 900°C to 30 °C at 5°C min!
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Figure 5.10 Sealing effect of sier paste withoua press device
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Figure 5.11 Time dependence okepmeate arbon dioxideaftersubtracting leaks

Long-term carbon dioxide permeatioof about 50 hours coulde achieved by using

silver sealantand the membrane wasitgistable without any crackinghowever the

leak ate was quite significantJsing a press devicas shownn Fig. 5.9, the same
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experimentwas carried oytandthe membraa sealing improved dramaticallyie silver
paste was first dried in air for 8 houendthe membrane installed inta membrane
reactor The membrane was heated directly from room temperature ® 89@ ramp
rate of B min™; the membrane showed a large leak at the beginbimgwhen the
temperature reachedbout 508 , the membrane was sealestectly (Fig. 5.12) As the
temperature increadethe carbon dioxide stad to permeateascross the membrane
when the temperature reach/700 , the nitrogen leadd, which indicatel a very small
carbon dioxide showeak with avalue between 0.02 an@l05%, and the permeate
carbon dioxide irthe permeateside was about 0.8%t 18 hours, the temperature was
incressed from 808 to 90®& ; the carbon dioxide permeation was correspondingly

increasedbut the nitrogen leak sb roseslightly.

The experiment was not stogd after thisrather it operatedor more than 100 hours
and thenitrogenleakincrea®d continuously This indicatedthat the molten carbonate
wasmoving andthatleaks were generated slowlyn many further experimental tests
the reasonthat the leak developedeven though the sealing was excellenh the
beginning was studiedThere arewo main reasonsone is thathe carrier gas ithe
permeateside was heliumwhich hasa small molecule sizandis very sensitivdo tiny
leaks, soit could easilydevelopaleak during such a loatgrm experimentTheresults
were much better when using argon the carier gas The second reason ikat the
molten carbonate ithe pore netvork in the permeatesidehascontact with pure helium
or argon,soit needs a certain carbon dioxide partial pressure to prevent theataci
of carbonate salts and decreaseltiss of carton iors at high temperaturegiowever,
the smalleithe poresizeis, the greatethe ability is to lose carbonat®ns from molten
carbonate at high temperatsitecause ofhe large surface ared the carbonatéhat is

in contact withthecarrier gas flow
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Figure 5.12 Sealing effectsingsilver paste witla press device

5.6 Conclusion

The sealing method is important fomembranegspeciallyfor adualphase membrane
andsealing is difficult to achieveélhis chapter described how the sealing method in our
experimenwasdevelopedA ceramic sealant was firstly uséat the initial experiment
describedn Chapter 3, and the problem detecteasmembrane crackingaused byhe
thermal expansion of bothhe membrane materiandthe ceramic sealanifter this, a
glassbasedsealant was selected froAnderson and. i npaper; howeverthere was
membrane blockingluring the heating processo the membrane couldot work after

the glassoveredthe membrane surface and there waslata collection after blocking

To solve thisproblem, silver paste was used to reduentbbility of the molten glass
at high temperaturest worked for the YSZ membrangalthough it has beereported
thatthere isareaction between silicon and maitearbonateHowever, it did notwork
for the LSCF membranes becauseLSCF membranéunctionsat higher temperatures

and the molten phase glass can spread titopore structure and causembrane

80



Chapters. High temperature sealing development
failure. In addition, the side reaction always givescorrect data The glassbased

sealant was not usedfurther experiments.

Silver paste wasested as sealing material foan LSCF membrane, and the results
showed a significant leakiowever the membrane operation was vetgtde during a
50-hour experiment The silver sealant was chemically stalded there wer@o side

reactions betweethe silver andthe carbonate or membrane materials.

Two reactor designs weriatroduced one using a hookspring system to press the
membrane sealant tmprove the sealingnd theotherusing a heavy tube to press the
membraneFor convenience anbecauseof safety issues, the second amas finally
chosenand it showedxcellent sealingthe ratio of carbonate and leaknitrogen was
40:1, and the bestesult was 97.5% carbon dioxide irthe permeateside of the
membrane However, leaks develogd during the longerm experiment, and the leak
rate thoughit increagdvery slowly, finally disturbedthe experimentThe problem was
investigated andound to be the helium carrier gas and low carbon dioxide partial
pressureUsing argon instead of haln anda supplyof about 1% carbon dioxide ihe
permeateside ofthe membrane could solve the probleflong-term experiment with
excellent sealing was achieved whwamductingup-hill permeation Thisis describedn
Chapter 7.
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Chapter 6 Kineticsand the limiting step for CO,

permeation

6.1 Introduction

Lag.6Shy.4Cop Fey g03.5 (LSCF6428) $ known asa mixed ionicelectronic conducting
(MIEC) perovskite oxide materighat has wideapplications especially for oxygen
separation membrane fabricati@eramiccarbonate dughhase membrees made from
LSCF6428 wergested for carbon dioxide separation from nitrogen at high texnpes
The mechanism that was investigaiesdexplained;the ionic oxygen combirsewith
carbon dioxide molecugeto form carbonate i®in the molten carbonate ithe feed
side of the duaphase membrane and relemagaseous carbon dioxide ihe permeate
side ofthe membrane and oxygen ismack to the feedide trough the perovskite
substrate However, asa mixed ionicelectronic conducting membranéhe LSCF
carbonate membrane allows oxygen to permeate through the substrate together with
carbon dioxide permeation when oxygsrprovided inthe feedside Therefore, both
carbon dioxide and oxygen can permeat®ss the membrane tifiey are fedtogether
to the reactor at a high temperatures (3700The different mechanissnof carbon
dioxide permeationare shown in Fig. 6.1. The pure iorconducting duaphase
membrane ishown inFig. 6.1(a); the oxygen cyclein the solid oxide substrajevhile

the carbon dioxide permeatasross the membrane liyereactionshownbelow:
Feedsidereaction0 0 0 © 60 (6.1)
Permeateside reactiond 0 © 60 0O (6.2)

This happens when the LS&&rbonate dugbhase membrane operatat high
temperatures (>7@0) and carbon dioxides provided tothe feedside ofthe membrane
without gaseus oxygen However, attemperature below 708 , the membrane
substrate has no obvious oxygen ion conductigitgis onlyin anelectrorconducting
solid phase Therefore, gaseous oxygen nedd be provided together with carbon
dioxide inthe feedside ofthe membraned permeate carbon dioxide ateanperature

between 508 (at whichmolten phase carbonateobtained) and 7G40 by the reaction:
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Feedside reactiond 0 -0 ¢Q © 00 (6.3)

Permeateside reaction6 0 © 60 -0 cQ (6.4)

The pure electrogonducting menbrane is showschematicallyn Fig. 6.1(b). There is
a hypothesisthat at high temperaturesf more than 708 , both carbon dioxide and
oxygen are provided ithefeedside ofthe membrangthe solid phase iaporous mixed
ionic-electronic conducting membrane infiltrated with molten carboaaugthe carbon
dioxide may permeatacross the membrar®y both mechanismishow in Fig. 6.1. In
addition the oxygen can permeateross the membrane substrate directlyagsire

oxygenrconducting membrane.

The objectiveof this chapter is to investigathe relationship between carbon dioxide
permeance and oxygen partial pressureghimmfeed side at 888 and the impact of
carbon dioxde partial pressure on both oxygen and carbon dioxide permd&8drecérst
two experimentgimedto test the carbon dioxide permeance as a functidnegfartial
pressure othe feed oxygen and carbon dioxidespectivelythe third experimenivas
condwctedto testwhether thefeed oxygenor thefeed carbon dioxide wae limiting
stepthat dominatel carbon dioxide permeation and to measure how largedoiving
force oxygerprovidest o ‘ pus h’ t haeross the mewmhranaeskigotxlib)d e
shows that both oxygen and carbon ditexpartial pressurdifferences couldmprove

the carbon dioxide permeation.
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Figure 6.1 Schematic mechanism of iamonducting (a) and electrasonducting (b)
dualphase membrasdor CO, separation
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6.2 Experiment

6.2.1 Host membrane fabrication

Commercial LaeSr4CopFeys0s5 (LSCF6428) powder was purchased fromadir.

The powder was synthesised by combustion spray pyrptgsisiting in powders witha

particle sizeof less than 1.1nm. The pellets were formed by uniaxial pressofg
approximately 1.5 g of the LSCF powder mixed with 0.®fgcornstarch(Sigma
Aldrich) at 3tonnesusing an automatic ATLAS T25 uniaxial press. Subsequettidy
pellets wee sintered in air by ramping their temperature from room temperature 20 200
at 13 /min and holding at 2Q0 for 2 hours ¢o thatcornstarchburnout and pore
formation occurs) and then ramping the temperatuie26® at 13 /min and holding

this temperaturér 12 hoursfollowed by slow cooling to room temperature at/min.

The diameter and the thickness of the sintered pellets were approximately 15.5 mm and
1 mm respectivelyafterbeingpolishedusingSiC paper. The average pore size (radius)
and pore ige distribution of the LSCF substrate sintered,@60° C wer e measur
mercury porosimetryat Imperial College (porosity: 40% approx., average pore size:
600-700nm).

6.2.2 Carbonate infiltration for sintered LSCF host membranes

Sintered LSCF suppty were infiltrated with molten carbonate (Alfa Aesar, 99% min)

to obtaina duatphase membrane. Direct infiltration of the supports was performed
using 0.2g of a mixture of lithium carbonate @G0O;), sodium carbonate (NGOs),

and potassium carbonate ;®0s) in a molar ratio of 42.5/32.5/25 and heated from
room temperature to 580 at 8 /min, followed by holding at 509 for 30 min to

allow the molten carbonate to soak into the membrane via capillary action. The
membranewas cooled to room temperature at fmin. The infiltration process was
repeated until residual carbonates were seen to be present on the top surface of the
membranetéking theusual two steps). This residual carbonate was removed with SiC

paper by light polishing.
6.2.3 Sealing of prepareanembranes

The dualphase membrane was placed on top of an alumina tube support and sealed

with a commercial silver ink (FuelCellMaterials, silver ink AG 73.8% wt) to
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minimise crosschamber leaksthe sealant was driedch air for 6 hoursat room

temperature before use

6.2.4 Experimental setup and reactor system

High-temperature C® and Q permeation were carried out in different £Q
molecular ratios using a membrane teacThe reactor system consisteida feedside
chamber anda permeateside chamber. The chamber volume tbe feed side and
permeateside were 11.5 cfrand 250 cm respectively The dualphase pellet separate
two chambersThe gases provided by BOC were 50% £l6alanced by Bl(cylinder 1,
C-1), 20% Q balanced inargon (ylinder 2, G2), and pure Blium as a carrier gas
(cylinder 3, G3). The ritrogen n C-1 wasset at50% to estimate crosshamber leakge,
asthe CO,/N, molecular ratio was 1:1. When the experiment was performed, the CO
leakagewas estimatedo bethe same athe nitrogenleakagefor the identical partial
pressure driving forces andetleakage ratgroportional to that driving force

A set of four mass flow controllers (MFG MFG2, MFG-3, and MFG4) (Flotech)
wasused to control the flowate of gasesFor experiment 1, the aim of which was to
investigate the COpermeation by feedin@ range of different partialpressurs of
oxygen together witla constant 20% Cg¢) the gases fload from C-1 contolled by
MFC-1 mixed withthe gasflow from C-2 controlled by MF&2 in different ratios and
balanced by pure helium from&conrolled by MFG3 (shown in Rble 1 below)such
that mixed gasewere delivered tothe feed side ofthe dual phase membrane in the
reactor. Pure helium as carrier gas also from C-3, was split to a second pipe
connectedto and controlled by MF& and delivered tdhe permeateside of the
membrane in the reactor. The outlet gas flow ftbepermeateside which wa mainly
helium,wastransported téthe mass spectromet@dIDEN, HALO 100-RC) for analysis
Both gas flowsto thefeed side anthepermeate sidavere set to 20 (STP) ml min

Table 6.1Mass flow control for experiment 1

O, mol% in 50%COyflow 20% O, flow Balance Total flow
20 ml min* rate from rate from helium flow rate for feed
(%) MFC-1 MFC-2 rate from side

(ml min™) (ml min™) MFC-3 (ml min™)
(ml min™)
2 8 2 10 20
4 8 4 8 20
6 8 6 6 20
8 8 8 4 20
10 8 10 2 20
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12 8 12 0 20

Similarly, experiment 2aimed to investigate C®@ permeation but provide different
partial pressureof CO, to the feedside ofthe membrangand the oxygen mole fraction
was constant at 4%. MFC determined the gas flow rate fromlCMFC-2 determined
the gas flow rate from @, and a balancé gas heliun flow was split from G3
determined via MFE. A second pipe split from -G provided the carrier helium
connected to MF&. The series of different partial pressuwé CO, for this experiment

are presented in the following table.

Table 6.2Mass flow cotrol for experiment 2

CO,mol% in COj,and N» 4% O, flow Balance Total flow
20 ml mint  flow rate from rate from helium flow rate for feed
(%) MFC-1 MFC-2 rate from side

(ml min™) (ml min™) MFC-3 (ml min™)
(ml min™)
40 16 4 0 20
30 12 4 4 20
20 8 4 8 20
10 4 4 12 20
5 2 4 14 20
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Figure 6.2 Scheme othemembrane react setup fothekinetic experiment

Experiment 1. CO, permeation as a function of Q partial pressure in

Experiment 1 was started atemperature of 30; gases from € (50% CQ) diluted
in helium to 20% carbon dioxide wepait intothe feedside chamber athe membrane
reactor at 20 (STP) ml minand pure helium from 3 was fedto the permeateside of
thereactor at 20 (STP) ml min The reactor staetlheating aaramp of B min™ from
303 to 883 and stagdat 883 , while the mass spectrometbeganrecordng the
data at the same time dBe reactor heating startedrhe raw datafor the gas
compositionwere collected fromthe permeateside chamber othe reactor andare
shownin Fig. 6.3 as mole fractiosconsistingof nitrogen, arbon dioxideand oxygen

It can benoted thathe carbon dioxide and nitrogen mole fractistaredto increase at
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the beginning othe heating process arntiatthe CQ/O, ratio was about 1:1This is
due to crosshamber leakge during the heding process and the leakdeclined
gradually after 7 hourdurtherheating of the reactoAt times between 7and 10 hours,
there wascarbon doxide evolution rther thancarbon dioxide and nitrogeleakage
The extra carbon dioxide in this period densideredto derive from the release of
dissolved carbon dioxide aride decompositiorof bicarbonatehat formedbefore and
during membrane infiltratianThe gas evolution was repeatable when hedheglual
phase membrane and it was afeand that there wasio significant carbon dioxide
permeation at about 680at this point unless oxygemasprovided becasethere was
no mobile ionic oxygen to form carbonate at this temperataceording to the
mechanisn{Fig. 6.1(b)).

The carbon dioxide stad to permeateacross the membrane after 10.5 hours and
increased rapidly withncreasingtemperatureThe permeatiorof carbon dioxide was
stable with a mole fraction of 0.63% at about B&urs after heating whethe
temperature stayed at 880 It was also natd that dissolved oxygen caroat of the
membrane and formed a tiny peaktrogen kakagestayed at 0.1%luringthis period

It is interesting that both carbon dioxide and oxygen increased rapitiy permeate
side after introducing 2% oxygen to the fesde chamber at the d®ur point The
carbon dioxide reached the mole fraction value of 0.76% from 0.6386pstiigen
increased from 0.02% to 0.19%he permeated oxygen at this point came from two
sourcesmolten carbonate and mobile oxygen that ad#ise membraneand this could
explainthe factthat the ratioof carbon dioxide and oxygen wast the 2:1 thatwvas
expected according thecarbon dioxide transport mechanigfig. 6.1).

To show the kinetic experiment clearlylemk-subtracted resuis shown inFig. 6.3and
focuses on the time duringhe oxygen kiretic experiment periadn Fig. 6.3, period a,
b, c, d, eandf correspond to 2%#%, 6%, 8%, 10%and12% oxygernput intothefeed
side ofthereactor respectivelywhile the carbon dioxide stayed at 20/4s clear that
with the increaseof oxygenfed to the feedside ofthe membrane from 2%0 12%,
carbon dioxide permeation increased correspondingly at eachwkipthe oxygen
partial pressuregoseto a higher valueThus, the oxygen pdial pressure gradient is
considereda driving force for carbon dioxide permeati@s itacceleratd the carbon
dioxide permeationA 20% carbon dioxide feed with 2%, 4%, 6%, 8%, 1@%d 12%
oxygen separately gave a carbon dioxide permeance of 987 m? s pPa’,
1.06X107 mol m? s* pa', 1.15x10” mol m? s! Pa!, 1.22x10” mol m? s* pa’,
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1.28x10" mol m? s* Pal, and 1.37xL0" mol m? s Pa?, respectively, while the carbon

dioxide permeance without oxygéeedingwas 7.66xL0° mol m? s* pa’.
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Figure 6.3 Mole fraction ofN,, CO,, and O, in the permeateside ofthe membrane
Period ab, c, d, eandf correspond to 2%}%, 6%, 8%, 10%&and12% oxygerput into
thefeedside ofthereactor while the carbon dioxide stayed 2%

Theincreases icarbon dioxide and oxygen permeation refer to oxygedingand are

presented in the table below

Table 6.3Permeation results for G@nd Q whenthefeedside Q mole fractionwas
increased

Feeding Mole Fraction  CO, Permeance Mole Fraction O, Permeance
Oxygen of Permeate  (molm?s'Pa') of Permeate (molm?s*Pal)
(%) CO, (2
(%) (%)
0 0.53 7.66x10° 0.02 0
2 0.65 9.57x10° 0.18 2.65x10"
4 0.72 1.06X10" 0.24 1.76X10"
6 0.78 1.15x10" 0.29 1.42x10"7
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8 0.83 1.22X10° 0.33 1.21X10"
10 0.87 1.28x10" 0.36 1.06X10"
12 0.93 1.37X10° 0.39 9.57x10°8

It is obvious that the carbon dioxide permeation,naferring to the permeatade is in
direct proportion tothe oxygen partial pressure in the fesile The relationship
between carbon dioxide permeation and oxygen partial pressure from thedeead
presented irfFig. 6.4 The mole ratio of permeatearbon dioxide and oxygen from the
permeateside of the membrane was estimated to be &.3he beginning othe
experimentthen it decreased gradually after 2% oxygen was introduced to thsideed

of the membrane andasfollowed by 4%, 6%, 8%, 10%and 12% oxygenefl intothe
feed side ofthe membraneThe ratio between permeated carbon dioxide and oxygen

declinedwith each step when more oxygen vpasvided Fig. 6.5).

The experiment indicated that carbon dioxide permeatioreasd when the oxygen

partial pressure gradiemasintroduced to the system

The oxygen has two ways to cross the membrar&8@ ; first, the oxide ions are
formed by oxygen molecules and combine with carbon dioxide to form carbongte ion
which crossthe membrane via molten carbonate and release carbon dioxide and oxygen
in the permeateside of themembrane Second, the membransubstrate transports
oxygen by itself at this temperatuiEnhere is another possibilityhatoxide ions donot
permeate across the membratey may becycled in the substrate to form carbonate

ion and release carbon dioxide in the permestle and bek to the feedside

continuously.

Theincreaseof carbon dioxide permeation Fig. 6.4 is constructed based oable6.3,
which shows thathie carbon dioxide permeation hadarge improvement when 2%
oxygen was introducedinto the feed side of the reactor the carbon dioxide irthe
permeateside increased from 0.53% to 0.65%0.12% increase incarbon dioxide
Then the increaseswere 0.07%, 0.06%, 0.05%, 0.04%nd 0.06% caused bythe
increasingoxygen partial pressure gradieB8imilarly, the oygen concentration ithe
permeateside ofthe membrane increaddirst from 0.02% to 0.18% and then increased
less and lesslt seems that the oxygesid not cross the membrane ds own it
improvedthe carbon dioxide permeation and ceabthe membrane by combining with

carbon dioxide to form carbonate ®rThere is still a possibility that some oxygen
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molecules cross the membrane thhe membrane substrate only becauseths ion-

conducting propertiethat emerget this temperature.

0.9_' P(CO,)=20% }/}
~ 0.8- }/
0.7-_ %/ |
i

0 2 4 6 8 10 12
P(0,)/%

Permeate CO_/ mol %

Figure 6.4 The CO, mole fraction inthe permeateside corresporsito the Q partial
pressure increadn the feedside 20% CQ is provided inthe feedside The xaxis is
the oxygerpartial pressurgradient which is equal t07|f|= ; they-axis is the permeate
(leakage subtracted) G@ole fraction inthe permeate sidé 5% error).

To determinewhat mechanism dominatehe carbon dioxide permeation, ratio of
carbon dioxide and oxygen itme permeateside of the membranewas established
according to the oxygen concentration decreasirtjafeedside as showrnn Fig. 6.5,
which relatesto Fig. 6.3. This shows thatduring the periodwhen 2% oxygenwas
provided inthefeedsideof the membranehe ratio between carbon dioxide and oxygen
in the permeatsideof the membraneasmore or lesstable at 3.5:1 rather than 24k
the o¥gen partial pressure increasede ratio of carbon dioxide and a@en inthe
permeateside decreased and finally reach@d4:1 This result demonstratetthat the
carbon dioxidepermeation mechanisshownin Fig. 6.1(a) dominatel the permeation
processwith no oxygen crossg the membrane; a littlexygen crossd the membrane
eitherby thepure iorconducting membrane substratetloe mechanisnshownin Fig.
6.1(b). As the oxygen concentration increasedthe feed side ofthe membrane, the
oxygen permeation increasednd the ratio of carbon dioxide and oxygen tie
permeatesidefinally decreased to 2.4:it;seems that the oxygen permeation domuhate

the processand the carbon dioxide permeation incredsess than expectedhe
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mechanismshown in Fig. 6.1(b) dominatel the permeation of carbon dioxide and

oxygen.

Cco,/o,
w

O I B I E e S S
16 18 20 22 24 26 28

Time / h

Figure 6.5 The matio of CQ/O; in the permeate side the membran&om Fig. 6.3, 2%
oxygen was introduced to the fegide of themembrane and followed by 4%, 6%, 8%,
10% and 12% oxygefed into thefeedsideof the membrane

Experiment 2. CO, permeation as a function of CQ partial pressurein
the feed side

Experiment 2 was started when the prepared-pliate membrane was heatexin the
temperature of 30 at a ramp of 2 min™® to 883 ; the carbon dioxide kinetic
experimentwascarried out athe same temperaturéhe gasprovided to the feedide

of the membrane initially duringhe heating process was 40% carbon dioxide, 40%
nitrogen and 4% oxygen in argon from cylinderlCand G2, controlled by MFC1 and
MFC-2. Cylinder G3, which containedpure helium was used to balance the fegals
whenthe mole fraction of carbon dioxideas reducedor the kinetic experimenPure
helium asa carrier gaswvas fedto the permeateside chamber athe membranegwhich
was the data collection chamber for gas analye total flow rate for botlthe feed
and permeatsides was 20 (STP) ml mift, which is the same as experiment 1 for

carbondioxide permeation comparison.

The aim of this experiment wase investigatethe influence ofthe carbon dioxide

driving force betweethetwo chambers of the duphase membrane on carbon dioxide
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permeability with 4% oxygen provided tthe feed side of the membrane Fig. 6.6
below shows the raw datar the mole fraction of each component fraime permeate

side ofthemembranestaring from theinitial heating process

30— N
#30°C to 880°C —-—N, mol %
¥ 2.5 iat 2°C min™ —+—CO, mol %
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Figure 6.6 Mole fractiors of N, CO,, and Q in the permeate side the membrane

In the first three hours, the carbon dioxide and nitrogen increased significantly and
reached 2.9% and 2.6%espectively, while there was no carbon dioxidevgstion at
temperaturebelow 503 ; it was considered that a leak development caused the carbon
dioxide and nitrogen free diffusion from the fesde of the membrane to the permeate
side owing to the Ige partial pressure gradient of carbon dioxide and nittogas is
because the silvdrased sealant didot start to work below 500. The extra carbon
dioxide from bicarbonate decomposition during the heating process also occurred at the

same timahatthe sealant statito seal the membrane

Af t er three hours’ heat i rBg theadealing imprevedip e r a
dramatically and the nitrogen from the fegde of the membrane (40% nitrogenthe

feed side via leak decreased rapidly, frofn6% to 0.07%, and was steady at 0.07 after

a tiny fluctuation after 12 hour&enerally the sealing system is perfectaosurethat

the carbon dioxide permeation ocgur the following experiment other thata cross

chamber leakgefrom the feedside,which had 40% carbon dioxide initially
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It can be noted thaifter 6 hoursof heating, the oxygen started to permeate at a
temperature of around 78Q together with a significant increase in carbon dioxide
permeation Between 7 and 10 hours, there wadrap in carbon dioxide permeation
because an inappropriate early operation started before the steady state, which caused
30% carbon dioxide to be provided to the feate instead of 40%@ he carbon dioxide
kinetic experiment started after 10 hoafdieding with the temperature steady at 880
the leak correctethe carbon dioxide and oxygen permeatidhese datarepresented
in Fig. 6.7 below Here the time periods a, b, ¢, dnde correspond to 40%, 30%, 20%,
10%, and5% carbon dioxide going to tHeedside of the membrane with 4% oxygen
The data collected in the permeaide showthat the permeated carbon dioxide and
oxygen are 1.25% and 0.42% in zosiell3% w
and 0.38% i n zon edioxide in the/feddite, GID% and 8.33% ann
zone'c’ with 20% carbon dioxide inthefeesdi de, 0. 79% and 0. 28 %
carbon dioxide in the feed i d e, and 0.63% and 0.24% in
dioxide in the feedside The decrease ofath carbon dioxide and oxygen permeation
respong to carbon dioxide partial pressure drops in the feideé of the membrane,
whenthe oxygen provided in the feeide was 4% at 8&0. It can be noted that the
oxygen permeation rate also decreast@nthe feeding carbon dioxide dropped; the
oxygen put into the feeside of the membrangas 4% during the heating process and

thekinetic experiment.

The carbon dioxide and oxygen permeadeereaseaccording to the carbon dioxide

feedingdecreasis presented in the table below

Table 6.4Permeation results of G@nd Q in the permeate sid# the membrane
corresponding tthe CO, mole fraction decreasing the feed side

Carbon Mole Fraction CO, Permeance Mole Fraction O, Permeance
Dioxide of Permeate  (molm?s'Pa’)  of Permeate (mol m?s*Pal)
Feeding CO; O,
(%) (%) (%)
40 1.25 9.21x10° 0.42 3.10x10’
30 1.13 1.11x10 0.38 2.80X10"
20 0.99 1.46X10" 0.33 2.43x10"
10 0.79 2.33x10" 0.28 2.06X10"
5 0.63 3.71x10" 0.24 1.77x10"

The experiment shosd that not only the permead carbon dioxidebut also the

permeatd oxygenresponeéd according to the decline of carbon dioxigeding The

permeatd oxygen that crogslthe membran&ashighly related to the carbon dioxide
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permeationwhich proves the mechanism of carbon dioxide transportation byamnly
eledronic conducting membran€if). 6.1(b)) attemperatures below 780 at which the

oxygen cannot permeate & own.

15 : . . . : ,
12 1 ”,-".

0.9 1 a i -

0.6 ‘ x 1

Mole fraction / mol%

o34 Mee, sesessnst \ "

0.0 : . . , . , .
10 11 12 13 14

Time / h

Figure 6.7 Leakcorrected C@ and Q mole fractiors in the permeate sidef the
membraneasthe feed CQ decrease from 40% to 5% time periods a, b, c, d@nde
correspond to 40%, 30%, 20%, 10&86d5% carbon dioxiderespectivelygoing to the
feedside of the membrane with 4% oxygen

The carbon dioxide permeation rate as a functioth@€tarbon dioxide partial pressure
in thefeedside is showrin Fig. 6.8 Theincreases in thearbon dioxide permeation rate
in the mole fraction are 0.16%, 0.2%, 0.14%nd 0.12% when the partial pressure of
carbon dioxide irthe feedside increaseétom 5% to 10%,10% to 20%, 20% to 30%
and 30% to 40%The carbon mxide permeation rate increasdéfte most wherthe
carbon dioxide pdial pressure irthe feedside increased from 10% to 20%nd then
theincreaseslecreased gradugllit can be estimated thatcreasinghe partial pressre

of feed carbon dioxide will ngirovide the same driving force atthe beginning
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Figure 6.8 The CO, mole fractionin the permeate sideorresponding to the GOnole
fractionin the feed siderefer toFig. 6.7 ( 3% error).

The ratio of permated carbon dioxide and oxygen walso calculated angs shownin
Fig. 6.9, the times between 10 and 14 hours fratime beginning refer tahe kinetic
experimentshownin Fig. 6.7. The ratio between carbon dioxide and oxygenestagt
3:1 for anhour at the beginning dahe kinetic experiment after 1@ours and then
decreased gradually to 215after about 15 hows as the partial pressurd the feed
carbon dioxide decreasdmbm 40% to5%. This indicates thatin conditiors of high
carbon dioxi@ partial pressure ithe feedside, the carbon dioxide permeateross the
membrane bycarbonate ion trap®rtation with oxygen ion diffusion ithe opposite
direction That s why the ratio between permeatarbon dioxide and oxygen is higher
than 21; as the temperature decreasbe carbon dioxide ithe feedside reactd with

oxygen molecules rather than oxygensémom the membrane substrate

The gradual decline of the ratio of carbon dioxide and oxygen maag occurred
becausethe oxygen peneation through the membrane substrate reglatte

permeation through carbonate $palsq the leak slowly increaseafter 22 hoursKig.

6.6).
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Figure 6.9 Ratio of CQ/O; in the permeate sidef the membranghen the C@mole
fractionin the feed sidehange following Fig. 6.6.

Experiment 3: Limit ing step for CO, permeation

Anocther two similar experiments weatso performed, using cylinderT(CQ, and N,

ratio of 1:1) dilutedwith 20% oxygen in argon and pure heliuraspectively, to see
how large the oxygen driving force was that could puahbon dioxide permeation
when the carbon dioxide partial pressure deeand thiswas compared with the

reference test usingelium instead of oxygen.

It can benotedfrom the results showim Fig. 6.10that the carbon dioxide permeation
decreasedrom 0.7% to 0.02% when the partial pressure of carbon dioxitleeifeed
sidewasdiluted byhelium from 50% tal0%, but it wa obviouslya different situation
when itwas diluted by 20% ®&ygen, as thearbon dioxide partial pressudecreased
from 50% to 12% while the carbon dioxide permeation increased a small amanoht
almost maintaiad the carbon dioxide perragon Even at 10% partial pressure of
carbon dioxide inthefeedside,the permeatkcarbon dioxide wastill higher than 0.8%,
while the permeat#carbon dioxidewhich was also & 10% carbon dioxidebut with
helium wasonly 0.02% This confirmed that the oxygen partiglressure gradiernhat
providedthe driving force for carbon dioxide permeatioves much higher than the

driving force fromthe carbon dioxide partial pressure difference.
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Figure 6.10 CO, mole fractionin the permeate sidef the membrangvith different Q

partial pressurein the feed sidend the C@ mole fractionin the permeate sideith

helium replacindd; in the feed sidedz indicatesthe permea@CO, ( 7% error)when

CO, in the feed sidevas diluted by @ .G indicatesthe permeaCO, ( 12% error)

when CQ in the feed sid&vas diluted by helium.

Permeate CO_ /%

6.4 Discussion

Oxygenion transportatiorasthe main driving force forCO, permeation irthe LSCF
carbonate membrane was @stigated and the mechanism of ;,Oand CQ co-
permeation at 890 is presented irFig. 6.11 The CQ reacts with oxygen ianon
LSCF lattice sites (structural oxygen) and forsrcarbonate iogand oxygen vacancigs
these oxygen vacancies become oxygers amthe lattice again wherhe carbonate
releasd CO, in the permeate sidg/hen Q is providedin the feed sidethe Q can take
the oxygen vacancies and become oxygen ionsherattice, and this increases the
number of oxygen ianin the LSCF, the increasing of oxygen ®mn the lattice
accelerates the reaction between,@@d oxygen iosin step 1 in the interface between
thefeedside gas anthe molten carbonate phasehe oxygen ioarelease gaphase @
in the permeate sidand produce oxygen vacancies at the same. thneoxygen
vacancy is one of the reactanf areaction betweeth 0 andanoxygen vacancyu;
therefore, the reaction step 2thme molten phaseshownin Fig. 6.11 is acceleratedit

can be concluded that botfeactionstep 1 (0 U €& & ) and reaction step 2
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(60 W& @Y are accelerated by increasifig and w2in step 1 and step 2,
respectivelylf only the CO, mole fraction inceased, reaction stepshownin Fig. 6.11
will be accelerated but stepwdll not be accelerated without oxygeihe experiments
in this chapter also showed that @ the feed sidencreases the C{Qpermeation rate
significantly and even decreasethe CO, partial pressure gradienfThe G can
accelerate both reaction step 1 and step 2 by increasesand®® if the CO, partial

pressure gradiens increasavithout introduang O, only step 1 can be accelerated

It also can be concluded that thansfer rat€bulk diffusion seeFig. 2.6in Chapter 2)
of the oxygen ioson latticel and the oxygen vacancy®arethe criticalfactorsthat

determine the C@Qpermeation

Feed side of Molten Permeate side of
membrane carbonate  membrane
phase
Step 1 1 Step 2 ! Step 3

co, co, + 0f

_________ =1 - Interface

~02 +V;

Figure 6.11 The mechanism of C{andO, co-permeatiorat 89N ; the G in the feed
sidewas found to havtheability to acceleratéhe CO, permeatiorrate

There is another mechanism for £ermeation at lower temperatures such asN600
The reaction between oxygé&ms and oxygen vacares is limited and can be ignored
at 603 ; the LSCF membrane walas an electrowonducting membrand-ig. 6.12
below shows the mechanism of €&hd Q co-permeation at 6Q0; it is similar toFig.
6.11 but only carbonate i@areformed in molten phase carbona®® can still increase

the CQ permeation ratebut the electron conductivity is thieniting stepto form0
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Chapter 7 introduces thep-hill CO, permeation using this mechanism at $0and
creats anO, partial pressure gradient agaiastO, partial pressure gradieroth Fig.
6.11 andFig. 6.12 can achieve G&nd Q co-permeationbut Fig. 6.12 worls at lower
temperatureand hassimpler process thafig. 6.11.

Feed sideof  Molten Permeate side of
membrane : carbonate membrane
- phase

CO, + 02~ > (C0%~

- C0, + 0%~

Solid oxide i
phase

Step 1 Step 2 Step 3

Figure 6.12 The mechanism of C{and Q co-permeation at 600 .

6.5 Conclusion

The partial pressure of oxygéni played animportant role in the COpermeation
experiments at high temperatur@fe structural oxygen (oxygen ion on LSCF lattice
site) becomesnobile at temperatuieover 700N , and therearetwo stats onthe LSCF
lattice that involve oxygen iors: structural oxygenions U (mobile) and oxygen
vacancieso® U will react with CO, andw®with O, respectivelyd U increases

on the surfaceof the membran@ the feed sidend react with CO, to produced 0

andw?® It can be concluded that the oxygen acceler@®, permeation by increasing
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0 inside the LSCF lattice at the temperature that structural oxygenbecome

mobile

At low temperatureswhen the mobility of structural oxygen i®rs not activated, the
CO, and Q co-permeation is limited byhe electron conductivityof the membrane
substrate materiahs Fig. 6.12 presentedlThe CQ permeation can be accelerated by
increasingd 0 in the feed sider increasing electron conductivity; both methods can
increase & ionsin the feed sidef the membranand make the reactidgnd 0 P

0 U move from left to right.
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Chapter 7 Up-hill CO , permeation

7.1 Introduction

The up-hill permeationexperimeng aredescribed in this chapterhese experiments
werecarried out at one atmosphere pressure with continuous gas flow supplied by mass
flow cortrollers to the membrane systefthe gas composition wasnsiderediniform
because ofhe small membrane arefabout 0.5 crf and there waso great change in
gas composition @hgas volume irthe outlet from eithethe feedside orpermeateside

of themembraneThat is, the gas flow rate for both ssd# the membrane was constant;
asthepermeated carbon dioxide volumetilaw from thefeedside to the permeaside
was extremely small compadgeto the total flow rate, the outlet flow ratérom both
sides of the membrane wereonsidered equivalent to the inlet flow rate for the
permeability calculationHowever, when a large membrane argasubjected tdhe
same gas flow rate, there woubd a dfferent situation for calculatinggpermeability
because othe changen the gas composition anthe volume increaseof permeatd
carbon dioxide irthe permeateside For this experiment, the gasmposition feeslto
both sids of themembrane with 1% carbon dioxidedafiow rates wereontrolled bya
mass flow controller;different from a normaldowrthill permeation, two mass
spectrometers afimilar type and condition wenesed to analysthe gascomposition
from the outlet of the feed side andthe permeateside respectively. The permeatt
carbon dioxide can be clearly demonsuldig decrease ithe mole fraction irthe feed
side anca correspondingncreasdn the permeateside of the membrand@he down-hill
permeation membranexperimentanalyss only the permeateside ofthe membrane
because the permeation requiedarge potential gradientfThe feedside gas inlet
composition normally contairssignificant mole fraction of carbon dioxidand atiny
change caibedetected easilgnly from the permeateside ofthe membrangwhere pure
helium or argonis normally used asa carrier ga with free carbon dioxide The
experiments clearly demonstrdtgynamic gas composition changes from hbinfeed

side and permeatade ofthemembrane

Moreover, symmetric switching t@nonpermeation conditionvas also applied to the

feedside during the experiment tovestigate and demonstraip-hill permeationthat
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is, the feeeside inletwas switched to the same conditigthe same component and
mole fraction ashe permeate inlet gag)s the permeat@de duringup-hill permeation
Correspondinglya gas composition change couldd detected inhe permeateside of
the membranewhich involves the feedside switching toa symmetric conditionthe
carbon dioxide mole fraction change the permeateside of the membrane is
consideredhe up-hill permeated carbon dioxidBuring the symmetric conditiothere
wasno up-hill permeationand it cold be considereda reference condition to thep-
hill pemeation stepThe difference incarbon dioxide mole fractienbetweenthe
symmetric condion and the up-hill condition couldbe calculated to estimate the
permeability of themembrane The measurements wereery accurate compateto
those in other literaturbecause othe reference condition applie@ind the data poist
collected from botithe feedside outlet andhe permeateside outlet are at the same
time with the known inlet compositio To demonstrate thep-hill permeation clearly, a
relatively high ratio of oxygen to carbon dioxidear0:1 mole fraction gas mixture
was prepared and used for the fs@tk inlet of the membrane, which is 20% oxygen
with 1% carbon dioxide Here, extrenely high carbon dioxide permeatiowas
performedwith the permeancenthe order of 161 i i O 0 A in anexperiment

that operated foover 200 hours

This experimentdemonstrateé up-hill permeation conclusively and provd the

mechanism.
7.2 Experimentalequipment

Porous La St 4Cay oFey 035 (LSCF6428) membrane substrates waepared for CQ
up-hill permeation. The membrane fabrication, trdifion, and sealing methods had
been studied previouslyrhe prepared memane was polished to rhm thick andthe
final membrane area for permeatisas0.5 cnf. Each experimenwvasperformed with

a fresh membrane.

The permeation cellHg. 7.1) compriseda feedside clamber and permeatade

chamberAll permeation experiments were carried atitmospheripressure.
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Figure 7.1 Schematic othe high-temperature C@permeatiorsetup

The gases used ftine permeation experimentndprovided by BOC (certified gases,
compositions o molar basis) were 0.99% GQ.03% N/19.45% Q in Ar (cylinder 1,

C-1), 1.03% CQin Ar (cylinder 2, G2), 20% Q in Ar (cylinder 3, G3), and pure Ar
(cylinder 4, G4). The nitrogen in cylinder 1 at appximately 1% was introduced to
revealcrosschamber leaks and in particular was chosen to be of a similar mole fraction
to that of carbon dioxide in cylinder 1 to estimate any carbon dioxide leak ratéhieom
feed side to the permeateside During up-hill permeation carbon dioxide wsa
transported from low concentration to high concentration. Theredonse leaks would
counter the membrane transport of carbon dioxide and lead to an underestimate of
membrane performanceinlike conventionaldowrthill permeation, theaup-hill CO;,
permeation rate ithe downstream side is unliketp lead to misinterpretation owing

its opposite CQpotential.

The flows on bottthe feed and permeate sides were maintained at Z0(8fP)/min
(p& w pm a€& & ). The outlet gases fronhe feed and permeate sides were
analysed using two identical mass spectrometers (HIDEN, HALGRIDO MS1 on
the feedside outlet and M& on the permeatside outlet Both mass spectrometers

were calibrated prior to the experimerasd appeared to have lameresponses for
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carbon dioxide mole fractions in the range of 0.5% to 1.5%e carbon dioxide
measured before startiegperimentl was 0.97 for € (using MS1) and 1.04% for €
2 (using MS2). It was notedthat MS1 measuredhe carbon dioxide mole fraction as
low by 0.02% while M& measuredhigh by 0.01% In addition the resolubn of the

mass spectrometers wa91%.

To demonstrateclearly and conclusively theup-hill permeation eperiment, we
developed a way dfwitching gass inthe feedside between an asymmetrical permeate
condition and a symmetrical ngurermeate conditiaiThe composition fothe permeate
side inlet gas warmot changed durinthe experiment;by doing this we could get the

accurate permeation rate from the chaingdepermeateside outlet gas composition.

7.3 Results and discussion

7.3.1 CQ permeation experiments

Experiment 1. CO, up-hill permeation from 0.90% to 1.15% at 600€

Gases from cylinder 1 (0.99% G(.03% N/19.45% Q in Ar) wereintroduced to the
feed side and the gases from cylinder 2 (1.03%,@®OAr) were introduced tothe
permeateside of the membrane; the furnace heating ramp 2gasnin, staring from
room temperaturandincreasingto 603 . The asymmetrical condition iRig. 7.2 led

to up-hill permeation

During the heatingcondition, there wa CQ evolution from both sides of the membrane
staring from point §; at about £, a large CQ peak and a tiny Npeak couldbe
observed inthe feed side followed by a dramatic deeasein the CO, mole fraction
when the temperature reach6008 because othe CQ permeation At the time §
whenthe CQ in the permeateside stabiked @iving thesame readindpr 15 minutes),
the CQ molefraction in the feegide outlet wa®.90% and below the inlet G@nole
fraction (0.9740.2);the 1.15% CQ in the outlet ofthe permeatesidewas above the inlet
CO, mole fraction (1.0440.2) Thesemole fraction differences in both sides thie
membrane @&nnot be attributé to uncertainty or error ithe reading ofthe mass
spectroneter systemrThe difference irsystematic readings e mass spectrometer in
this mde fraction for the experiment wad.03% andthere wasa resolution of 0.01%
The CQ molefraction inthefeedside chamber decliddo alevel below its inlet mole
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fraction andin the other side abowe CO, permeate inletThus,it can be concluded

that CQ pemeation wagaking place at this time.
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Figure 7.2 Mole fractions of gases in bothe feedside and pernaeside outlets for
experiment 1. During asymmetrical operation: festle inlet: 0.99% C&1.03%
N./19.45% Q in Ar, permeateside inlet: 1.03% C@in Ar. During symmetrical
operation: feedand permeatside inlets: 1.03% C£in Ar. Note that the value for the
oxygen mole fraction in the feeside outlet during ggnmetric operation is off scale

Starting from time# an interrupt gas switching in the feedewas carried out and-C

in the feedside was changed to-Z by doing this, both sides of the membrane were fed

with the same € gas (symmetrical conditionpuring the symmetrical condition (as
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i ndi cat ed FRigny.2),'the €@ mole fraction in he outlet from the feedide
of the membrane increased to 1.02% the figure shows, while the g@ole fraction
in the permeatside outlet decreased to 1.06¥his can beconsideredhe cessation of
CO, permeation given the characteristaf gas analysisin addition, the oxygen mole
fraction decreased to zems no oxygemnvasfed to the feegside It should be noted that
there was no gas composition change for the inlet of the persidatélowever, the
CO, mole fraction in the outletfothe permeateside clearly showshat permeation

occurred beforetand stopped shortiyndernon-permeation condition

After restoring the feedide inlet gas from @ to G1 at §, the CQ and N mole
fraction valus on both sides of the membrane readto values similar to thoseat t.
Some nitrogen evolution on the feste of the membrandollowing t; could be
observedwhichmay be due to the loss of occupied gas from the pore network

The CQ permeation rate of this experiment could be determined by the data aj time t
and , which was 92x10° mol s?, or flux of 1.840.3x1.0* mol m? s*. During the CQ
permeation condition between timgand 1, 0.15% oxygen could be observed in the
permege-side outlet; this is much higher than would be expected if the oxygea

only from carbonate i@ (COs*) across the membrane during £@ermeation
according to the mechanism@and there was no neutral €@nd oxygen mobility in the
membrane at this meperaturelt could also be notkthat the LSCF6428 membrane had
large oxygen permeation that could be observed when the temperature was aver 700
However, it has beefiound by other researchers that €On the surface of the
condensed molten carbonate could be absorbed and fdbgi €pecies and be able to
diffuse within the molten phase carbonf8]. We havealready studied and understood
the mechanism of Cseparation in the dughase membrane systethcould alsabe
supposd that GOs> inside molten carbonate transpofO; as it is by C@; the
difference is GOs> formation without gaseous,OBecausehe up-hill CO, permeation
created a C®potential, CQ diffusion againstup-hill permeation could occuif the

CO, that separated tine permeatside went back to the feeide without cediffusion

with oxygen, the C@permeation would decline and oxygen in the permsa&would
increaseFig. 7.2 showsthat CQ permeation was decreasing befgrand stabilked at

the time betweenz and 1; oxygen in the permeatside increas# during the CO,

permeation decline.
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Experiment 2: 216-hour long-term CO, up-hill permeation

Experiment 2 started with the symmetrical conditiasindicatedby symy in Fig. 7.3(a),
and the gas from cylinder-£ (1.03% CQ in Ar) was fed to both sides othe
membraneThe experiment operatet 1 atmosphere pressufiche CQ mole fraction
at steady state measureditlir outlet ofthe feedside was 1.02%, while the G@nole
fraction n the permeatside was measured 4t06% This measurememnwas taken at
6003 , and no permeation occurrégcause aymmetrical conditiorwas applied The
heating steps from room temperature to308imilar to that of experiment, hre not

shown

After introducing gases from cylinder-€(0.99% CQ/1.03% N/19.45% Q in Ar) to
the feedside ofthe membrane at time,tin the outlet ofthe feedside andhe permeate
side the changein the value of the CO, mole fractionwas measured t6.91% and
1.12% respectively Similar to experiment the CO, mole fraction overshdts steady
state value ithe permeateside when switching gas thefeed siddrom symmetrical to
asymmetrical codition. Nitrogen evolution couldilso be detectedt the same time
The whole experiment started withe symmetrical condition showingsamilar CQ
permeation rate to that of experimenb&giming with anasymmetrical conditignand
the resultsannotbe attributed to measurement uncertainty or systematic, @tbough
the CQ permeation rate ithe mole fraction values are close to the resolutidrthe
CO, permeation rate of 92x18 mol s! can becalculatedfrom t and & The
permeation ratdrom this experimentvas usedo determine the COpermeance of
1.1x10° mol m? s* Pa’. The permance valuealculated here wasegative becaus
up-hill permeationCO, transportacross the membrane against its own partial pressure
difference of-170 Pa betweethe feed sideand permeatsside and the COmole

fraction difference waabout 0.17%
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Figure 7.3 Mole fractions of gases in both festle and permeat@de outlets for

experiment2. (a) During asymmetrical operation: fesidle inlet: 0.99% C@1.03%

N2/19.45% Q in Ar, permeateside inlet: 1.03% C@in Ar. During symmetrical

operation: feedand permeatside inlets: 1.03% Cgn Ar. A flux of 1.840.3x1.0™* mol

m? s was determined at timest (b) Uphill permeatiorperformed over 26 hours
(different timescalaised) during asymmetrical operation with no apparent drop in flux

or appearance of a trang&embrane leak and (c) return to symmetrical opera(ibime
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value for the oxygen mole fraction in the fegde outlet during asymmetric opecati
is off scale).

Similar results could be obtained by repeating the experiment with a fresh membrane;
experiment 2 continued to perforfior 216 hours Fig. 7.3(b)) without adecreasén flux.
There was also no appearancemisschambeleakagebetweerthefeed and permeate
sides, as indicated by the nitrogen indicator (1%r\the feed sidand no N in the
permeate side A very slight variationin the CO, mole fraction in the permeatade
could be seenHg. 7.3(b)) because othe temperature chaagn the laboratoryFig.
7.3(c) shows thatt the time 4 the CQ mole fraction value reached 0.89% in feed
sideand 1.12% in the permeas&de respectively The CQ permeation rate after 216
hoursof operation atjgwas very similar to the resudalculated and described befofé

the time §, thefeed sidehad returned from @ to a symmetrical condition with cylinder
C-2 and, after that, botthe feed sideand permeatsidewerefed with G2. After the
216-hour CQ permeation, the molar amount carbon that the membrane permeated
was one order of magnitude gter than the molar carbonatdchanside the membrane
(the membrane contaéd 0.08 g of carbonate at an average molecular weight of 100 g
mol™ or 8 x 10* moles of carbonate compared tgpermeation rate of ~ fomol s*

over 8 x10 seconds or 8 x1®moles of carbon dioxide).

Experiment 3: CO, up-hill permeation from about 0.5% to 1% at

600€

Experiment 3 was started under symmetrical condit®iisym,) with the gas from
cylinder G2 (1.03% CQ in Ar) fed to both sides dhe membraneKig. 7.4). At time t;,
the feedside inlet gas waswitched to the mixture of @ (0.99% CQ/1.03% N/19.45%
Oz in Ar) and G3 (20% Q in Ar) in a molar ratio of 1:1, in such a wéyatthe CQ
mole fraction inthe feed sidebecane 0.51% (calibrated and checkprior to the
experiment) andhe oxygen mole fraction irthe feedside inlet wa still 20% The
nitrogen was measured at 0.57%tle feedside inlet to indicate any croshamber
leakageof CO; in this experimentAbout halfanhour later after switchinghegas at {,
there wa a large C@permeationwhich thendeclined possiblybecause othe back
diffusion of CQ from the permeateside tothe feed side At time t, a symmetrical
condition (sym) was applied againboth sids were fed with cylinder G2, and there
wasno CQ permeation during this symmetrical period betweesnt §; again at time

ts, it switchedto anasymmetrical condition to permeate £10 a steadystateoperation

110



Chapter7. Up-hill CO, permeation
The data fromstand t, wereusedto determine the C{permeation rateThe permeate
side inlet gas wasot changed during symmetriaad asymmetrical conditias) the CQ
mole fraction difference betweehese two conditions gaaCO; flux of 1.54.3x10™*
mol m? s* at time . It is clear that C@®permeatd up-hill from arounda 0.5% CQ
environment to aboud 1% CQ environment at 1 atmospheoé pressureThe CQ
mole fraction inthe feedside outlet wa 0.41% at4 compare to 0.38% at the time
around t; this indicats that the CQ permeation wouldave beemuch greater ithere

had beeress CQ back diffusion through the membrane

A further experiment3.1, was carried out to repeat gPermeation from abowt 0.5%
mole fraction to approximately 1% without usirrgsymmetricalconditiony thus there
was no gas switching betweehe feedand permeatsides during the experiment To
show the CQ@ permeation clearlyan extra line wa added to indicate the G@ole

fractionundernon-permeation conditisat room temperature
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Figure 7.4 Mole fractions of gases in both feednd permeatside outlets for
experiment 3 During symmetrical operation: feednd permeatside inlets: 1.03%
CGO; in Ar. During asymmetrical operation: festle inlet: 0.51% C@&0.57% N/19.5%
O, in Ar, permeateside inlet; 1.03% C@in Ar. A flux of 1.5#.3 x10™ mol m? s* was

determined at time,tNote that the value for the oxygen mdlaction in the feedide

outlet during asyimetric operation is off scale

Experiment 3.1 CO, up-hill permeation from 0.5% to 1% without

symmetrical gas switching

Experiment3.1 was started under the asymmetrical condition witlaatgas switching
during the experimenta mixture of G1 (0.99% CQ1.03% N/19.45% Q in Ar) and
C-3 (20% Qin Ar) in a molar ratio of 1:1 waed tothefeed sideThe mole fraction of
CO; in thefeed sidewas0.54% andit was 1.04% inthe permeateside It can benoted
in Fig. 7.5 that the CQ permeation starteoh the feed sidewhen the temperatungas

close to 608 ; asfor experiment3, which stared with a symmetrical condition, the
112



Chapter7. Up-hill CO, permeation
CO, mole fraction inthe feed sidedecreasd to avalue below the nopermeation C®
mole fraction whichindicates thatup-hill permeatiorhadoccured There is a lineKig.
7.5) in boththefeed sideandthe permeateside to indicate the COnol fractionunder
nonpermeation conditian(0.54%in the feed sideand 1.04%in the permeate sijle
The CQ permeatiordecreasdto a steady state gradually after 8 hourstfia permeate
side);the CQ permeation rate couloe calculated at 10 hours and ttaue of flux was
similar to that ofexperiment, which is about 1.54#.3 x18 mol m?s™. The CQ gas
out fromthe membrane during heatirfgr around 3.5 hours vgaabout ondgenth of the
infiltrated carbonate (~17) in molar percent This experiment started withan
asymmetrical conditiorbut showedsimilar CQ permeation behaviour to that in
experiment, with symmetrical conditiomapplied at the beginning
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Figure 7.5 Mole fractions of gases in both feednd permeatside outlets for
experiment3.1 Feedside inlet: 0.54% C@&0.56% N/19.5% Q in Ar, permeateside
inlet: 1.04% CQin Ar. A flux of 1.440.3 x10™ mol m? s* was determined after 10
hours

Experiment 3.2L CO, permeation without O, in the feed sideat 600

To test whether carbon dioxide coypgrmeate across the membrane by itself without
gas phase qggen at 608 , experiment 3.2 wagarried out and started with
symmetrical condition (syiin Fig. 7.6) using gas cylinder @ (1.03%CO0; in Ar) fed

to both sids of the membraneFollowing the CQ and Q mole fractions on both sides
of the membrane during heating, the £€évolution inthe permeateside ceased when
the temperaturgvasaround 608 and appea&d ata steady state before. tAt time t,

the permeatside inlet was fed with a gamixture of G1 and G4 in a molar ratio of
114
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approximatelyl:1, in such a wayhat the permeatside inlet gas decreased from

approximately 1% to about 0.6%dhe CQ permeation ws determined bythe

consumption of C@in the feed side CO, downhill permeation appeared to occur

during the time between &nd t at the very limit of resolution, at a flux of 3xbénol

m?s®. The mole fraction of permeateCO, was about 0.01%which is equato the

resolution ofthemass spectromet
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Figure 7.6 Mole fractions of gases in both feednd permeatside outlets for
experiment 3.2During symmetrical operation: feednd permeatside: 1.03% C@in
Ar. During asymmetrical operatioieedside inlet: 1.03% C@in Ar, permeateside

inlet: approximately 0.6% C£On Ar
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Experiment 3.3 O, permeation without CO, in the feed sideat 600

Experiment 3.3 was performed to test whether the oxygen could permeate across the
membrane inthe absere of CQ. The membrane vgaheatd under asymmetrical
condition at t hieg. hreand fedwithrcgindér 9y080% CQim

Ar) on both side of the membraneAfter CO, degassing at about 5 hours durihg
heating,the CO, mole fraction became stable and the value readh®@% inthe
permeateside outlet and 0.95% the feedside outletAt time t;, the feedside inlet ga

was switched to cylinder G (20% Q in Ar) and the inlet othe permeateside was
switched to cylinder G4 (pure Ar). After this, Q appeaged in the feedside outlet and

there wa no measureable,@ the permeateside outlet The CO; in the permeateside

outlet mayhave beerdue to the degassing of the molten carbonata pure argon

atmosphere
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Figure 7.7 Mole fractions of gases in both feednd permeatside outlets for
experiment 3.3During symmetrical operation: feednd permeatside: 1.03% C@in

Ar. During asymmetrical operation: festteinlet: 20% Q in Ar, permeateside inlet:
pure Ar. There is a break in the scale of thexis for the feedide graph.
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7.3.2Membrane characterisation

The morphology, microstructure, phase structumad elemental analysis of the
membrane werecharacteried by scanning electron microscope (SEMhergy
dispersive xray spectroscopy (EDS) (Rontec Quantax 1.2 FEI XL30 E$H®), and
X-ray diffraction (XRD) (PANalytical Empyrean Diffractometer operated in reflection
mo d e, .@ is KnpQrtant tonote that these techniques were not employesitin
and that the carbonate wain the solid state and no longer molten at the time of

characterisation.

The LSCF6428 membranes wemalysed by SEM rorographsand the results shad

the morphology of the xernal membrane surfaces before and aftaltriation with
molten carbonate; in particulahe membrane surfaadter permeation for 216 h was
recorded Note that only the feeeside images areshown here because there were no
significant differences betken feeeside and permeatgde SEMsFigure 78(a) shows

the membrane before infiltratiofrigure 78(b) shows the membrane after infiltration
without any permeation experiments startemgjure 78(c) shows the membrane after
216 h of continuousip-hill permeation (used membranEDS analysis (not shown) of
the infiltrated membrane (fresh and used) indicated the presence of sodium and
potassium over the entire surface of the membrane (lithium is too light tadmtedd

A discernible change wgaobservd between the fresh membrane and the used

membranewhich, after longterm operationshowedelongated carbonate crystals
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Figure 7.8 SEM micrographs of the external surfacesanf.SCF6428 membrane (a)
before infiltration with moltercarbonateyb) after infiltration with molten carbonate
and(c) after permeation for 216 h

XRD diffractograms of the fresh and used membsaare shown in Figure 9. Data

were acqui r efrdm Z0dor80 & & step aideflDDEP with a dwell time of

1 s. Both diffractograms show a fully developed perovskke structure and peaks
indicative of molten tand 38 Nate that thetrelaive v a |
intensityof the molteé carbonate peaks wauite low compared to the LSCF peaks and

that carbonate peak intensityas decreasedfter permeationBoth of these findings

were alsoreportedin [25]. Some addional peaks mayhave been a result ofthe

formation of interfacial species.

118



Chapter7. Up-hill CO, permeation

Py
%
C
2
=
2 .
T
2
. é fresh
- e
) e .
+ to + /4 +
L] | T I T I LI | T | T
20 30 40 50 60 70 a0
26

Figure 7.9 XRD diffractograms of the fresh and used membsaBeth diffractograms
show a fully developed perovskili&e structure (indicated b§ ) and peaks indicative
of molten carbonate (indicated by ). Some additional peaks may be due to the
formation of interfacial species (indicated by +).

7.4 Conclusions

In this chapterup-hill CO, permeation based on the dydidase membrane systdras

been demonstratesliccessfully The experimenthiave shown tha€O, can permeate
across the membrane system against its own chemical potential without energy, penalty
which is important foran advanced C@capture procesd he driving force of thisip-

hill process is the oxygen partial pressure gragiemivever the extra oxygen more

than theup-hill process requires four(@ higher stoichiometric ratio of £C0O,) in the
permeate sideThis limits the driving force for C@permeationandneitherCO, nor O,

alone can permeate 800N . The up-hill process partially depends the electronic
conductivity of the membrane support materiaisd thecarbonate diffusion is also a

factor inthis process

A membranepermeanceon the order of 18 mol m? s' Pa® under asymmetric
conditiors (a permeability some four orders of magnitude greater than polymeric gas

separation membranes of similar carbon dioxide/nitrogen separation facisr)
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achieved 8600\ . Membrane performance weastable over more than 200 hours of

operation This value of prmeabilityandthe orders of magnitude for carbon dioxide
separationare greater tharthose ofother membrane technologies in this field at the

moment Fig. 7.10).
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Figure 7.10 Carbon dioxide permeancas a function of temperatufeom references
Only the besperforming system ishown.
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Chapter 8 Summary and future work

8.1 Conclusionsand future work

8.1.1 Summary of the project

The currenprojectstudied the fabrication of LSGolten alkali metal carbonate dual
phasemembrans and conductedCO, permeation experiment¥arious pore formers

were tested to createporous structure inside membranasd cornstarchwasfinally
selected as the pore foer materialto fabricate the dugbhase membrane support
Another research grouf25] made such a membrane using very similar material by
partially sinteringa freshLSCF pellet However, the porosity of sucla membrane
cannot be controlled and the mechanical stability of the partially sintered membrane is

less than that ad fully sintered LSCF membranesingcornstarchas the pore former

Sealing of the membraneat intermediate temperatures (500 to ROY and high

temperatureg>700N ) were also discussed and a nesactor designwas usedto
improve membrane sealingAlthough some researclsef26] have studied dense
membrane sealing meth®dnd appliedhem tooxygen permeation membranes, very
few works havediscused dualphase membrane sealifigr gas separatiomat high
temperaturesThe sealing method is critical for GPermeation experimentasleakage
could causepermeationexperimers to fail. The problemin sealing a duaphase
membrane is that the contact area betwthe membrane and support tube is unicate;
room temperaturghe membrane surface is sglidndthe contactareawith analumina

tube become a mixture of molten carbonates argblid LSCF at high temperatures
above the melting point of carbonatesethe membrane sealing could easily fail during
the changerom the solid to molten phasé he different thermal expansion betweba
membrane material anthe alumina tubesupportis another barrier to sealing the
membrane because the membrane is sealed at room temperature and used at high
temperaturesThe currentproject spehmore thana year to solve the problemntil
finally the CQ permeation experimentould be performed scessfully the leak rate

for CO, permeation experiments at the beginning were more than 1% and finally
dropped tdess than 0.1%.
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CO, and Q co-permeation experiments were performed; the results showed%has
in the feed sidecan accelerate the G@ermeation significanthat 89& . The CQ
permeation rate as a function of @&d CQ partial pressurgradiens betweerthe two
sidesof the membranevere testedBoth CQ and Q partial pressure gradiesdffected
the CO, permeation ratewhich increasd asthe CO, or O, partial pressure gradient
increagd It is important that the COpermeationrate decreaseshen the O, partial
pressure gradient decreases, evkerthe CO, partial pressure gradient increas
significantly. It indicates that the £partial pressure gradient hagreater driving force
thanthe CO, partial pressure gradierfthelimiting stepfor the CO, permeation process
was also discussedand the formationand transportatioprocessof oxygen iors on
lattice sites of the LSCF stucture (0 ) (bulk diffusion)is consideredhe limiting step
for CO, permeation at about 89Q At alower temperaturef about 600l , LSCF6428
IS not an oxygen conductor (not activateunder 650N ). The LSCF duaphase

membrane can also be usedaa®lectronconducting material to epermeate C@and

O, and this is the mechanisoy whichup-hill permeation can be achieved at £00

Finally, CG up-hill permeationwasachieved at 609 with permeabilityon the order
of 10° mol m? s* Pa’ (oxygen ion conductings not activate at this temperature), the
membrane soligghase LSCF performed as thkectron conductoiThe CQ permeance
in the currentproject is greater thatihat of similar works inthe literature asshow in
Fig. 7.10Q It is notedthat Chunget al.[24] also usd anelectronconducting material
stainless steglas the membrane support to permeate LZOut Fe issignificantly
corruped by molten carbonasg especially lithium carbonat&he concept olp-hill
CO, permeation at 600 is new and the permeabilitand stability of the membrane
can be improved in future woltky further studyand understandingf the CO, transport
mechanismThe CQ up-hill permeation came achieved alsdrom athermodynamic

view; the total chemical potential dhe feedside' / (molar Gibbs free energy) is

greater tharthe chemical potentialn the permeateside« / / . The process can shift

from left to right asFig. 8.1 shows

122



Chapter 8. Summary and future work
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Figure 8.1 The driving force ofip-hill CO, permeationchemical potential gradient

8.1.2Achievement

In the current project, micro-porous  structured lbaSr 4C oy JFey 803
(LSCF6428)/La S sCo sFey 03 (LSCF2882) and yttristabilised zirconia (YSZ)

membranesave been successfully sinter@the temperature ramping rate df Imin™*

from room temperature to 280was found to combust pore formers and creaitorm
porosity in the membranbut the sinteing of such a porous membraneuld fail if the

ramping rate is more tharN5Smin™ or the temperature for combustitite pore former
is more than 299 . The porousLSCF membranesubstrate was successfuliynteredat
1,200N following pore former combustion andcanwork at the temperature wp 90N

without cracking during heating, permeatioaind cooling Membranes made bipis
methodwere tested by SEM and used for {f@meation experiments

The sealing of the dugdhase membrane was improved significantly after applying
pressureto membrane edge towards the support tube and using silver patite as
membranesealant It is important to dry the sealant carefully before startthe
experments The experimental dashowed that the silver sealant did not react with
dualphase membrane because no silséound inside the membranadthe other side

of the membrane

The @O, permeation experiments in Chapter 6 clearly showed that bodm® CQ
partial pressuren the feed sidef the membranénfluencel the permeability of C®

and themobile oxygen iors dominate the C@permeation procesasit can drivethe
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CO, permeat across the membrane agaithet CO, partial pressure gradieritin [25,
27] also confirmed that the oxygen ion transportation is theiting step for CO,
permeation The work in Chapter 6 found that the £@ermeation rate can stile
maintaired by decreamg theCQO, partial pressurandincreasng theO, partial pressure

in the feed side

The experimentabatafrom up-hill CO, permeation at 600 were presented in Chapter
7. The up-hill CO, permeation concept and the experimenmgse first described and
presented in the Gpermeation ceramic membrane fielith membrane permeance

onothe order of 18 mol m? s* Pa' underasymmetric conditios

8.13 Conclusions

The mobile oxygen transportation nsideredthe main driving force for CO
permeation in the LSGEarbonate membraneand it was investigated by kinetic
experiments The outcome showed th&®(O,) in the feed sideacceleratd CO,
permeation significantlyThe mechanism of £and CQ co-permeation at 890 was
discussed in Chapter, &nd the outconseof the experiments support the permeation
model Fig. 6.17).

At the temperature range of 700 to 800the CQ reacts with oxygen ia(0 ) on
LSCF lattice site (structural oxygen) and form carbonate sq® 0 ) and oxygen
vacanciesThese oxygen vacancies become oxyges amthe lattice again whenhe
carbonate releaseCQO; in the permeate sidélhere are peroxide ios (0 ) in the
carbonate mel(6 mol % at a temperature df,000K) [40], andthe peroxide ioscan
also react with C@to formd 0 (thereareno superoxide iogin eutectic becausthe

Li contained irnthe melt). When PQy,) is providedin the feed sidethe Q can take the
oxygen vacancies and become oxygen ionthetattice and this increases the number
of oxygen iors in LSCE, the increasing of oxygen isron the lattice accelerates the

reaction between Cndo

The up-hill process can be achievat600N because othe P(Q) in the feed sidand

partially depends on the electronic conductivity of the membrane substrate materials
the carbonate diffusion is also a factor in this pracéks conductivity is considered

the limiting stepfor CO, and Q transportation at low temperatsrg<650N ), and the

CO; is difficult to permeateon its own without P(@) at temperaturesnder 650N .
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From the mechanism study, it can be conadiutteat a thin membrane can accelerate
CO, permeation by shortemg the carbonate diffusion patiA membrane support
material with high electron conductivity can also increase thgpé@neation rate.

8.14 Future work

Future workon the dualphase membrane separation technology will mainly focus on
developing and manufacturing long tubular membrane modandimproving CO;,
permeability The membrane thickness da@ thinner than that dfie current membrane
pellet to increase permeation ratelowever, the mechanical stability and thermal
expansion of such a long tubular membrane needs to be considered bleeaystem

will work at high temperaturegver 500N , and this may cause the tube membreme
break during heatingrhe advantage of the tube membrane is that it can be cold sealed,
and both the inlet and outlet of the tube membrane can be outside the &rnhe
surface area ad tubular membrane is also much greater tthert of a disk membrane;

which can increase the gas permeation rate significantly

In addition, a great deabf work will be required to exmine the higktemperature
stability of the membranegspeially in alongterm membrane system that can operate
in an actual flue gas environment for several thousand to tens of thoushhdsrs
The longterm stability of membrane sealing is also important dutiteggpermeation
process; bwever, very few studs have addressetie stability of sealing and leak
development during permeation experimehsst workwill focus on permeability and

membrane stability

It is desirable to find costffective membrane materials to replaceemsgve LSCF or
otherrare earth materialé\n idea is to use noble metal deposition technology to form a
noncorrodiblethin film on the surface ofa porous membrane support suahporous
aluming and this can solve the corrosion problenthaf stainless el used by Chung
[24]. To make the film continuous and not block the pores, it is necessanyniersea
porous alumina membrane 8 5% phosphoric acid solution for 10 to 30 minutes
(depentéhg on pore size) before depositiathis is an empirical method to expand the
pore diameter slowly t@reventthick film from blocking the pores ofthe alumina

membrane.
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Moreover, molten satotherthan carbonatecanbe infiltrated intoa porous membrane
and used for gas separatisuch asmolten nitrate for0 0 separation andnolten
sulphate fof'YU separationFor a wider application, necorrosive matrials need to be

applied as the membrane substrate.
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Appendix A
Appendix A

Calculation of flux, permeance and permeability

The membrane permeation aread#oO a =v p T & ;
Gas flow rate to both feemhd permeatsideisg 1 o6 Q¢ ;
Mole percent is used for eachmponentmol%
Permeatiorflux (in Jerry i n ' s [98])g do & rQ¢ o &

., GEm cmda Qe p
Oa 0 w

p T T®wW &
Permeanced ¢ @ { 0 ®
DQI d QWewQ

pITNCCcT@M@E O ™ pT1d ¢ Tofa Q&
P
Od/ 60 O d 60

~

Permeability:d € @ | 0 ®
0 Qi ' QMO0 ONNGM D&MW QEETR NG i GBiE Q
Permeatiomate: & €

,ggél:e‘x C T i Q¢ P P
- p T T CCT @ird ¢ &g 1ij 6 Q¢

0 Q1 & 'Qd ocKeE

Example:
50%CO; in the feed side and 1%0, in the permeate sige

Membrane thickness isritm=10°m.

GG Qe
"Od 6aE Qi & ddeme ¢ P

— TG Qe 0
pTTT Tw a
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Appendix B

Thermodynamic calculation for thermal stability of ternary carbonate eutectic

mixture

The relationship between Gibbs free energy and temperature can be expreélsed by

GibbsHelmholtz equation:

y

|~

1)
o ol Y vy 2)

After indefinite integration of equation 2, it can be expressfdllows:
P Yoo ®

whereQs theintegration constant.

Toobtain theY "O "Y at temperaturéyY,yY "O "Y at”Y needto becalculated from

the relationship betweéfiOand temperature.
First,0 can be expressed as a function of temperature:
6 @ ©Y®Y qdYy QY (4)

The differential heat capacity at constant pressure between products and reactants can

be expresseds follows:
Y6 Y& YooY YIY Yay Yavy (5)
Therefore,
YO _ Y6 QY YO _ YO Yo'YYEY YQy YIy Q'Y YO
YO Y&'Y-YSY -Y&SY -YIY YQY (6)
whereY'O is theintegration constant.
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From equation 6Y"Ocan be obtained and substitutedtia GibbsHelmholtzequation 1:

y_ o - - - - -

|~
<
<
|
<
|
<
|
<
<

after integrationit can be expressex follows:

|

2 YHh0E ¥YLTY -YSY  —Yay -Yo— O (7)

It can also expressex$ follows:

&

0 YO Y&H'YO0E WIY -YEY —YIY -YO- OY (8)

ForareactionD 6 0 P 0 0 O 0 “where M representhealkali metal Li/Na/K,
thestandard Gibbs free eneryfjO of the reaction at temperatarether than 29&

can be expressexs follows:

<
-

yO yO yo, VYo Lo YsayYy Y
©)

Therefore, the Gibbs free energy for the reaction can be obtainedhiestandard

Gibbs free energy
Yo YO Y'YOt U (10)
where K isthe CO, partial pressure.

Sety 'O 1 the equilibrium C@partial pressure of the reaction can be calculated

from equation 10:

e LY y v A A
O¢ v 11

For a ternary carbonate eutectic mixt¥é0 'Y @Y O "Y ®¥Y O Y

wY "0 'Y 'Y Y'Ogxiis mole fraction for each component.

o~ gt % y y
Oc /0

(12)

From equatioall and 12, the relamnship between equilibrium G@artial pressure
and temperatureith asingle carbonate and ternary carbonate eutectic mixture can be

obtainedrespectively.
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Reaction 1
DQOP 0O o0 Q)

Table 1.1Heat capacity paramesdrom the National Institute of Standards and
Technology (NIST)

O & »OY®Y qY QY

J.mol’k* | Li,COs () Li»O (s) CO; () J.mol’k* | Reaction 1
a 185.435 69.580 24.997 Y& -90.857

b -5.1x 10° 1.768x 10° | 0.0551 Y& 0.0728

C 3x 10 0 -3.369x 10° Y& -3.36%10°
d -6x 10" 0 7.948x 10° yQ 7.948< 10”
e 3 -1.904x 10° | -136638 yQ -2040641

Table 1.2 Thermodynamic data

kJ.mol* Li,COs Li,O CcO,
YO -1215.9 -592.9 -142.0
Y "0 -1132.1 -561.2 -169.2

For reaction 1

YO /kJ.mol* |481.0
YO /kJ.mol* |401.7

From equation &0 YO Y&®"Y -Y&Y -Y&SY -YQY YQY
The constant of integratias as follows

YO YO Y&'Y-YIZY =YY -Yay YQY (6.1)
For reaction 1, us¥ "O  substitutey’Q then the consta¥O 1 w ¢ ¢Hmol

From equation 8, the consta@an be calculated:

vy vy -y -
) (8.1)

Substitute’O with T wiyp x &mol in equation 8;10 p&bal/mol.K.

Therefore, the relationship between equilibrium,@@rtial pressure and temperature

can be expressed from equation 11:

s Ly y vy -y -y -y -y -
Ot v
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A scheme according to the relationship is preseint&iy. B1 below:

-10 +

-20

-30

40 +

LH( Pc()g)

50 -

-60

-70

673 723 773 823 873 923 973 1023 1073 1123 1173

Temperature / K

Figure B1. Equilibrium C@partial pressure for Reaction 1.

Reaction 2
OO 0P OWO OO0V (2)
Table 2.1Heat capacity parameter fraifme National Institute of Standards and
Technology (NIST)
6 & O'YSY gy qy

J.mol'k® | NaCO;s () Na,O (s) CO (Q) J.mol’k® | Reaction 2
a 189.535 25.575 24.997 Y6 -138.96
b -7x10° 0.177 0.0551 Yo 0.2328
C 2x10% -1.663x 10% | -3.369x 10° Yo -0.0002
d -5.205x 10%® | 5.761x 10° | 7.948x 10° yQ 6.556x 10°
e -3 338149 -136638 YQ 201514
Table 2.2 Thermodynamic data

kJ.mol* Na,COs Na,O CO,

Yy 'O -1130.7 -414.2 -142.0

YO -1044.4 -375.5 -169.2

For reaction 2

YO /kd.mol* |574.500
YO /kJ.mol! |499.700

Equation 6.1is solved forthe constant”"O , which is 607800J.mol* and substituted in

equation 8.1.
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LY zy ¥ -y -y —y -y -
O
Z 8 - 8 - 8 — 8 -
p p @oo ¥molK

Therefore, the equation of G@artial pressure with temperature can be expressed:

s Ly y |y -y -y -y -y -
Oc v

The schematic grapdiccording to thaboverelationship is presented Kig. B2 below:

-10
20
30
-40 /
-50

-60 /

70 /

v

Ln(Pce)

-80
673 723 773 823 873 923 973 1023 1073 1123 1173

Temperature / K

Figure B2.Equilibrium CQ partial pressure for Reaction 2.
Reaction 3
VDOOP OO OO0WY (3)

Table 31 Heat capacity parameter fraitme National Institute of Standards and
Technology (NIST)

O & w'Y®Y qdY QY

J.mol’k? [ K,COs(I) K0 (s) CO, (9) J.mol’k™ | Reaction 3
a 209.2 72.55 24.997 Y& -111.65
b -1.629x10™° | 0.04139 0.0551 Y& 0.09657
C 8x 10 -7.28x 107 |-3.369x 10° Y& -3.44%10°
d -1.336x 10" | 2.1856x10™° | 7.948x 10° yQ 8.166¢< 10°
e -0.02105 66026 -136638 yQ -70611.97
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Table 32 Thermodynamic data

kJ.mol* K ,CO3 K,0 CcO,
YO -1151 -361.50 -142.0
Y "0 -1063 -389.51 -169.2

For reaction 3

Y'O /kImol* |647.5
YO /kJ.mol' |[504.291

YO YO Y&'Y-YSY -Y&SY -YQY YAIY @1 XUuTTpp@Pu

COYMTT PQUUWY PR T XPT (WP CBTPWLT ¢y

—2% ¢ x ¢ vl
LY zy ¥ -y -y —y -y -
O p p &wi/molK
y y oy v vy -
0t 0 2
8 8 8 8 8 - 8

A scheme according to the relationship is presemi€ty. B3 below:

-10

30

40 -

Ln(Pgpn)

50 -~

60 -

-70

673 723 773 823 873 923 973 1023 1073 1123 1173
Temperature / K
Figure B3. Equilibrium CQ@partial pressure for Reaction 3.
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The equilibrium line fom eutectic mixture can be expressed by equation 12 and scheme
can be presented according to ¥i@for each component:
OYOY ®¥YO'Y wYO'Y
Ny

‘0¢ 0

54 | =—LicCO,

-10 — Na,CO,

-15

o K,CO,
—— EUTEC1

25 EUTEC2
-30 -

35
40
45 ]
50 ]
55
60
65
70
75
-80

In(Pco,)

T T T T T T T T T T T T
600 700 800 900 1000 1100 1200
Temperature / K

Figure B4. Equilibrium C@partial pressure as a function of temperature.

Eutectic 1 is Li:Na:K = 51:16:33 mol ratio

Eutectic 2 is Li:Na:K = 42.5:32.5:25 mol ratio (Lin ude%], andMCFC use itften)
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Appendix C

Raw datdor mercury porosimetry for LSCF 6428 fabricated usingnstarctpore former

I
Penetrometer: 07-0023
Sample depth (m):
Samp.Wt (g)
1.3758
Hg Density
13.5438

Pressure Cumulative Volume

(psi) (ml/g)
3 0.0002
5 0.0002
7 0.0003
10 0.0003
14 0.0007
18 0.0007
25 0.0007
40 0.0009
60 0.0011
100 0.0038
150 0.0667
200 0.0975
300 0.1115
400 0.1144
550 0.116
700 0.1163
900 0.1167
1100 0.1167
1300 0.1167
1500 0.1167
1800 0.1167
2100 0.1167
2500 0.1167
2900 0.1167
3400 0.1167
3900 0.1167
4500 0.1167
5100 0.1167
5800 0.1167
6500 0.1167
7300 0.1167
8100 0.1167
9000 0.1167
9900 0.1167
10900 0.1167
11900 0.1167
13000 0.1167
14000 0.1167
15000 0.1167
16000 0.1167
17000 0.1167
18000 0.1167
19000 0.1167
20000 0.1167
21000 0.1167
22000 0.1167
23200 0.1167
24500 0.1167
26000 0.1167
27500 0.1167
29000 0.1167
30500 0.1167
33000 0.1167
34500 0.1167
36000 0.1167
37500 0.1167
39000 0.1167

Samp.V

0.405
0.405

Diameter
(pm)

72.8895
43.7337
31.2384
21.8668
15.6192
12.1482
8.7467
5.4667
3.6445
2.1867
1.4578
1.0933
0.7289
0.5467
0.3976
0.3124
0.243
0.1988
0.1682
0.1458
0.1215
0.1041
0.0875
0.0754
0.0643
0.0561
0.0486
0.0429
0.0377
0.0336
0.03
0.027
0.0243
0.0221
0.0201
0.0184
0.0168
0.0156
0.0146
0.0137
0.0129
0.0121
0.0115
0.0109
0.0104
0.0099
0.0094
0.0089
0.0084
0.008
0.0075
0.0072
0.0066
0.0063
0.0061
0.0058
0.0056

LSCF Porosity 0.478
Mean pore diameter 667 nm

Micromeretics Autopore IV 9500 Mercury Porosimeter
Vol. of Pen. (ml): 6.0544

Samp+Pen Wt (g) Samp+pen+Hg (g9)

63.5051 140.0156
Density Gs Porosity * above the nearest 90% cell
3.395 6.000 0.434224
3.397 0.433839238
Intrusion Radius  Accum. Corrected mean Density Cumulative I'mean o
(micron ml) (nm)  Porosity Distribu.  radius (nm) Distribution Distribution nm nm

0.00027516 36444.75 0.43354469

0.00027516 21866.85 0.43354469 0.4338392 28229.98196 0 100 733.9
0.00041274  15619.2 0.433205224 0.4334995 18480.87399 0.002323081 99.92169992 719.5
0.00041274  10933.4 0.433205224 0.4334995 13067.93638 0 99.92169992 719.5
0.00096306  7809.6 0.431847361 0.4321408  9240.426432 0.009292386 99.60849961 690.5
0.00096306  6074.1 0.431847361 0.4321408  6887.400915 0 99.60849961 690.5
0.00096306  4373.35 0.431847361 0.4321408  5154.043581 0 99.60849961 690.5

0.00123822 2733.35 0.43116843 0.4314614 3457.440704 0.003326156 99.45189946 685.1
0.00151338  1822.25 0.430489498  0.430782 2231.781136 0.003855654 99.29529931 681.6 1117.3
0.00522804 1093.35 0.421323921 0.4216102 1411.508781 0.041314532 97.18119722 651.8  1030.6
0.09176586 728.9 0.207799915 0.2079411 892.7165368 1.212575833 47.93044872 212.1 1204.1
0.1341405  546.65 0.103244441 0.1033146 631.2314829 0.836720934 23.81402497 59.9
0.1534017  364.45 0.055719225 0.0557571 446.3480621 0.269920137 12.85201418 10.9

0.15739152  273.35 0.045874716 0.0459059  315.6301752 0.078807217 10.58131194 3.8
0.1595928 198.8 0.040443263 0.0404707  233.1136633 0.039272215 9.32851071 0.8
0.16000554 156.2 0.039424865 0.0394517 176.2173658 0.009723532 9.093610479 0.4
0.16055586 121.5 0.038067002 0.0380929 137.7617509 0.012445501  8.78041017 0.0
0.16055586 99.4 0.038067002 0.0380929 109.8958598 0 8.78041017 0.0
0.16055586 84.1 0.038067002 0.0380929 91.43052007 0 8.78041017 0.0
0.16055586 72.9 0.038067002 0.0380929 783 0 8.78041017 0.0
0.16055586 60.75 0.038067002 0.0380929 66.54829074 0 8.78041017 0.0
0.16055586 52.05 0.038067002 0.0380929 56.23199712 0 8.78041017 0.0
0.16055586 43.75 0.038067002 0.0380929  47.71988579 0 8.78041017 0.0
0.16055586 37.7 0.038067002 0.0380929  40.61249808 0 8.78041017 0.0
0.16055586 32.15 0.038067002 0.0380929  34.81458028 0 8.78041017 0.0
0.16055586 28.05 0.038067002 0.0380929  30.03010989 0 8.78041017 0.0
0.16055586 24.3 0.038067002 0.0380929  26.10775747 0 8.78041017 0.0
0.16055586 21.45 0.038067002 0.0380929  22.83057161 0 8.78041017 0.0
0.16055586 18.85 0.038067002 0.0380929 20.10802079 0 8.78041017 0.0
0.16055586 16.8 0.038067002 0.0380929 17.79550505 0 8.78041017 0.0
0.16055586 15 0.038067002 0.0380929 15.87450787 0 8.78041017 0.0
0.16055586 13.5 0.038067002 0.0380929 14.23024947 0 8.78041017 0.0
0.16055586 12.15 0.038067002 0.0380929 12.80722452 0 8.78041017 0.0
0.16055586 11.05 0.038067002 0.0380929 11.58695387 0 8.78041017 0.0
0.16055586 10.05 0.038067002 0.0380929 10.538145 0 8.78041017 0.0
0.16055586 9.2 0.038067002 0.0380929  9.615612305 0 8.78041017 0.0
0.16055586 8.4 0.038067002 0.0380929 8.79090439 0 8.78041017 0.0
0.16055586 7.8 0.038067002 0.0380929 8.094442538 0 8.78041017 0.0
0.16055586 7.3 0.038067002 0.0380929 7.545859792 0 8.78041017 0.0
0.16055586 6.85 0.038067002 0.0380929  7.071421356 0 8.78041017 0.0
0.16055586 6.45 0.038067002 0.0380929  6.646991801 0 8.78041017 0.0
0.16055586 6.05 0.038067002 0.0380929 6.24679918 0 8.78041017 0.0
0.16055586 5.75 0.038067002 0.0380929  5.898092912 0 8.78041017 0.0
0.16055586 5.45 0.038067002 0.0380929  5.597990711 0 8.78041017 0.0
0.16055586 5.2 0.038067002 0.0380929 5.323532662 0 8.78041017 0.0
0.16055586 4.95 0.038067002 0.0380929 5.073460358 0 8.78041017 0.0
0.16055586 4.7 0.038067002 0.0380929  4.823380557 0 8.78041017 0.0
0.16055586 4.45 0.038067002 0.0380929  4.573292031 0 8.78041017 0.0
0.16055586 4.2 0.038067002 0.0380929  4.323193264 0 8.78041017 0.0
0.16055586 4 0.038067002 0.0380929  4.098780306 0 8.78041017 0.0
0.16055586 3.75 0.038067002 0.0380929  3.872983346 0 8.78041017 0.0
0.16055586 3.6 0.038067002 0.0380929  3.674234614 0 8.78041017 0.0
0.16055586 3.3 0.038067002 0.0380929 3.446737588 0 8.78041017 0.0
0.16055586 3.15 0.038067002 0.0380929 3.224127789 0 8.78041017 0.0
0.16055586 3.05 0.038067002 0.0380929 3.099596748 0 8.78041017 0.0
0.16055586 2.9 0.038067002 0.0380929 2.974054472 0 8.78041017 0.0
0.16055586 2.8 0.038067002 0.0380929 2.84956137 0 8.78041017 0.0
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