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RESUMO

Este trabalho mostra a influéncia da porosidade do suporte poroso no
fluxo de oxigénio de membranas suportadas de composicao
Bao 5SrosC0g gFen 2035 (BSCF) utilizadas para separacdo de oxigénio do
ar. Por meio de um modelamento, é mostrada uma prova do efeito de
poros ndo-conectados e relagdes importantes para os fluxos de oxigénio.
Assim, existe uma hipotese e uma forte prova da hip6tese. Para essa
pesquisa foram produzidas e caracterizadas membranas densas, suportes
porosos e membranas suportadas do sistema BSCF de estrutura
perovskita. As membranas densas, bem como 0s suportes porosos,
foram produzidos por prensagem uniaxial e co-sinterizagdo. Os suportes
porosos foram produzidos utilizando dois diferentes agentes formadores
de poros: copolimero em bloco de polioxietileno-polioxipropileno e
carbono ativado. Camadas porosas de ativacdo utilizando carbono
ativado como formador de poros também foram produzidas e
depositadas sobre as membranas BSCF. Foi encontrado que o
copolimero gera uma porosidade ndo interconectada, prejudicando o
desempenho das membranas mais finas depositadas sobre o suporte. A
limitacdo exercida pelo suporte reduziu o fluxo de oxigénio em torno de
30%, o que coincidiu com a redu¢do na condutividade elétrica entre a
membrana densa e 0 suporte (33%) e com o valor da porosidade (35%).
Um modelo matematico foi proposto para explicar o transporte de
oxigénio por meio do suporte de porosidade ndo conectada, o qual
coincidiu com os resultados experimentais, relacionando a dependéncia
do fluxo com a geometria dos poros, a espessura do suporte e a
temperatura. Foi também observado que o carbono ativado gera uma
porosidade interconectada, mas ndo homogénea em toda sua estrutura.
As camadas de ativagdo auxiliaram no aumento significativo do fluxo de
oxigénio e, por fim, foi observado que o novo suporte ainda exerceu
uma influéncia negativa no fluxo total de oxigénio, no entanto, de 17%
contra aproximadamente 30% em relacdo ao suporte poroso produzido
anteriormente. As membranas densas, 0S suportes porosos e as
membranas suportadas foram também avaliadas sob ensaios de
microdureza. Foi observada a forte influéncia da porosidade nos
resultados. Positivamente, foi observado que o ensaio ndo danificou as
membranas assimétricas, mostrando a boa integridade das mesmas, as
quais apresentaram valores similares de microdureza aqueles observados
nas membranas densas.






ABSTRACT

This work shows the porosity influence of the porous support in the
oxygen flux of supported BagsSrosC0gsF€0203.5 (BSCF) membranes
composition for oxygen separation from air. Considering a modeling, it
is shown a proof of the effect of non-connected pores and important
relations to oxygen fluxes. Hence, there is a hypothesis and a strong
proof of the hypothesis. For this research, dense membranes, porous
supports and supported membranes of BSCF system and perovskite
structure were produced and characterized. Dense membranes as well as
porous supports were produced by dry pressing and co-firing. The
porous substrates were fabricated using two different pore forming
agents  polyoxyethylene-polyoxypropylene block copolymer and
activated carbon. Porous activation layers using activated carbon as pore
former were also produced and coated on BSCF membranes. It was
found that the copolymer generates a non-interconnected porosity,
which impairs the performance of the thinner membranes on porous
substrates in relation to the oxygen flux. The limitation exerted by the
porous support reduced the oxygen flux by 30 %, which matched well
with the reduction in electrical conductivity between the dense
membrane and support (33 %) and the porosity (35 %). A mathematical
model was proposed to explain the transport of oxygen through the non-
connected pores, which matched well with the experimental results, by
relating the dependence of the overall oxygen flux with the geometry of
the pores, the support thickness and the temperature. It was also
observed that the activated carbon creates an interconnected porosity,
although not homogeneous throughout its structure. The activation
layers assisted in a significant increase of oxygen flux and finally, it was
also observed that the new support still exerted a negative influence on
the oxygen flux, however, 17 %, against approximately 30% compared
to the previously produced porous support. Dense membranes, porous
substrates and supported membranes were also evaluated under micro
hardness tests. It was observed the strong influence of the porosity in the
results. Positively, it was observed that the test did not compromise the
integrity of the asymmetric membranes, showing good integrity of
those, which have presented similar micro hardness values to those
observed for the dense membranes.
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1. INTRODUCAO
1.1 Motivacédo

A separacdo de oxigénio (O,) do ar por membranas cerdmicas
densas de condugdo mista (i6nica e eletrdnica) é uma tecnologia que se
expandiu intensamente nas Gltimas décadas no campo de pesquisa por
ser um meio mais econdémico, limpo e eficiente de obtengdo de oxigénio
e outras misturas gasosas contendo oxigénio. O oxigénio esta entre os
produtos quimicos mais utilizados em todo o mundo com diversas
aplicages nos setores industriais [1].

O oxigénio enriquecido ou purificado € empregado nas industrias
de geracdo de energia por meio do processo de combustdo,
possibilitando o aumento da eficiéncia de geracéo de energia utilizando
a mesma quantidade de combustivel, devido a maior contribuicdo da
combustdo completa. Além disso, pode favorecer a captura e
armazenamento de dioxido de carbono (CO,). A Figura 1.1 mostra que a
geracdo de eletricidade e calor a partir de combustiveis fosseis (carvao,
petroleo, gas natural) é o setor de maior contribuicdo nas emissdes de
CO, para a atmosfera, contribuindo significativamente com o
aquecimento global.

[ Eletricidade e produgdo
de calor

4,6% Transporte

Industrias

e construgao
22,3%

Residencial

Outras industrias de energia
para uso proprio

Outros setores,
nao residenciais

Figura 1.1 EmissGes de CO, por setor de producéo [2].
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Atualmente, existem trés diferentes possibilidades para a geracdo
de energia a partir de combustiveis fosseis que utilizam oxigénio e
auxiliam na reducdo de CO, nos gases de combustdo, facilitando o seu
sequestro e posterior armazenamento [3]:

e Pré-combustdo ou IGCC (Integrated Gasification Combined
Cycle): o combustivel é primeiramente gaseificado com o
oxigénio para produzir um gas de sintese. Este gas é entdo
quimicamente convertido em fluxos separados de diéxido de
carbono e hidrogénio.

e Oxi-combustdo (Oxyfuel combustion): a combustdo ocorre
com oxigénio puro e resulta em uma corrente composta
essencialmente de vapor de agua e CO,, de modo que o
diéxido de carbono pode ser facilmente separado do gas de
combustéo.

e Pds-combustdo (post-combustion): o CO, é separado do gas
de combustdo apds a combustdo, através deum agente de
lavagem, como amina.

Dentre os processos citados, o oxyfuel se destaca por reduzir
primeiramente a geracdo de poluentes (CO, NO,, SOx), ao invés de
tratd-lo posteriormente. Desta forma, € uma das mais promissoras
alternativas no aumento da eficiéncia energética e na reducdo da
emissdo de CO, para a atmosfera. O oxigénio puro necessario para a
gueima do combustivel provém das membranas ceramicas densas de
conducdo mista, que tém uma alta seletividade para separagdo de
oxigénio do ar quando expostas a altas temperaturas e gradientes de
pressdo parcial de oxigénio.

1.2 Contribuicio de carater inovador e justificativas

A Figura 1.2 representa o funcionamento de uma estacdo de
energia que utiliza uma unidade de uma membrana cerdmica densa de
conducdo mista i6nica e eletrbnica ou mais conhecida como membrana
MIEC (mixed ionic-eletronic conducting) para separacdo de O, do ar.
Neste modelo proposto, um pequeno compressor de ar é utilizado para
pressurizar o ar até 10 bar. A separacdo do oxigénio do ar se da quando
0 ar e a membrana sdo expostos a temperaturas da ordem de 800-900°C.
Para tal, o calor necessario pode ser extraido a partir de uma
combinacgdo de compressao do ar, reciclagem dos gases de combustéo e
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trocas de calor oriunda de uma caldeira. O moédulo da membrana MIEC
pode ser integrado a extremidade frontal da planta e usar uma corrente
de CO; reciclado (do processo de combustéo) para manter uma queda de
pressdo parcial constante de O, por meio da membrana que se traduz
numa alta forca motriz. Na unidade da membrana, o0 O, permeia
seletivamente a partir do lado do ar comprimido para a corrente de CO,
reciclado, enriquecendo-a. A corrente de CO, enriquecida em O, pode
ser queimada diretamente na caldeira, que produz vapor superaquecido
para movimentar as turbinas, produzindo eletricidade [4].

Remocaode
H,0 e SO,

Captura
de CO,

Limpezae
Condensagdo dos
Gases de Combustao

Gasde
Combustdo

co,

Reciclado
Oxyfuel )
™\ ¥ Combustivel + 0, + CO,
O 5
__ Modslo da Membrana__ 2" Caldeira
de Condugdo Mista Calor de
16nica e Eletrénica Combustdo
y, e i
Ciclo de
'( < Energia a

Vapor

!

Ar esgotadoem O,

Compressor de Ar
Ar

Figura 1.2 Esquema de uma estacdo de energia oxyfuel utilizando uma unidade
MIEC [4].

Os processos comerciais existentes de separacdo de O, sdo a
destilagdo criogénica e 0 método de adsorcao dada pelo processo de PSA
(Pressure-Swing-Adsorption), que demandam uma grande quantidade de
energia, devido as baixas temperaturas e elevadas pressOes
respectivamente. Ainda assim, estes processos tradicionais de separago
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de O, tém permanecido como tecnologias dominantes devido a sua
eficacia de separacdo e confiabilidade.

Neste trabalho, foram produzidas membranas ceramicas densas
(MIEC) de composigdo BagsSrysCoggFep 035 (BSCF) por esta
apresentar os melhores resultados de permeabilidade ao oxigénio
encontrados na literatura. A sintese do p6 ceramico para obtencdo desta
composicao foi realizada através da rota de complexacdo EDTA-citrato
devido as suas vantagens relacionadas a pureza, homogeneidade e alta
densidade relativa pesquisados na literatura [5].

Para resistir as elevadas temperaturas e elevados gradientes de
pressdo parcial de oxigénio, a fabricagdo de suportes porosos servindo
de apoio mecanico para as membranas MIEC tornou-se um campo de
intenso estudo nas Gltimas décadas [6]. A limitacdo exercida por parte
dos suportes porosos ao fluxo de oxigénio gerado pelas membranas
MIEC em operacdo é de grande interesse nesta area e explicar este
comportamento nos diversos tipos de suportes existentes e produzidos €
um grande desafio.

Portanto, neste estudo foram produzidos diferentes tipos de
suportes porosos (para membranas MIEC densas) a fim de analisar o
comportamento do fluxo de oxigénio. Particularmente e extremamente
inovador, foi proposto um modelamento para explicar a dependéncia do
fluxo de oxigénio com a geometria dos poros, com a espessura do
suporte e a temperatura em membranas BSCF suportadas por substratos
porosos de mesma composi¢do BagsSrosC0ogsFen 2035 (a fim de evitar
problemas tipicos de diferengas de coeficiente de expanséo térmica entre
a membrana e o suporte).

1.3 Objetivos
1.3.1 Objetivo geral

O objetivo geral deste trabalho foi produzir e caracterizar
membranas MIEC planares do sistema BSCF (Ba, Sr, Co, Fe) sobre
suportes porosos e analisar a influéncia destes nos fluxos de oxigénio a
altas temperaturas.

1.3.2 Objetivos especificos

Foram objetivos especificos deste trabalho:
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Sintese e caracterizacdo do pd ceramico do sistema BSCF de
composicdo  BagsSrosCoggFep 035 através da rota de
complexagéo EDTA-citrato.

Producdo de membranas MIEC planares de diferentes
espessuras via prensagem uniaxial para avaliacdo dos fluxos de
oxigénio bem como  caracterizacdo  cristalogréfica,
estequiométrica e elétrica.

Producdo de diferentes suportes porosos para membranas MIEC
mais finas via prensagem uniaxial utilizando a técnica de agente
de sacrificio para formacdo de poros e caracterizacdo
cristalografica, elétrica e microestrutural.

Formac&o e otimizacdo das membranas MIEC sobre os suportes
porosos produzidos via prensagem e co-sinterizacdo e
caracterizacdo microestrutural.

Deposicdo de camadas de ativacdo sobre membranas BSCF
suportadas e ndo suportadas para avaliacdo da influéncia destas
no desempenho das membranas com relagdo A cinética de troca
nas superficies.

Avaliagdo do desempenho das membranas BSCF produzidas,
suportadas e ndo suportadas, com ou sem camada de ativacao,
quanto ao fluxo de O, e comparacédo dos resultados com foco na
analise da influéncia dos suportes porosos produzidos no fluxo
total de oxigénio das membranas.

Avaliacdo do comportamento mecéanico das membranas densas,
dos suportes porosos e principalmente das membranas mais
finas depositadas sobre os suportes porosos sob ensaios de
microdureza Vickers.

1.4 Estrutura da tese

Este documento foi formatado em artigos. O contetido geral dos

capitulos é descrito a seguir:

Capitulo 2: trata-se da revisdo bibliografica do assunto em
questdo, dividido em dois artigos:

2.1 — Membranas de Conducdo Mista I6nica e Eletronica
(MIEC): Composicdes, Preparacdo e Desempenho — Artigo
publicado na Revista Quimica Nova, disponivel em
http://quimicanova.sbg.org.br/gn/qnol/2014/vol37n2/18-



http://quimicanova.sbq.org.br/qn/qnol/2014/vol37n2/18-RV13236.pdf
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RV13236.pdf. E feita uma revisio geral sobre as membranas
MIEC quanto ao seu conceito, estrutura, composicoes,
mecanismos de transporte de O,, métodos de preparacdo e
desempenho.

2.2 — Current Developments of Mixed Conducting Membranes
on Porous Substrates — Artigo publicado na Materials
Research, disponivel em
http://materialsresearch.org.br/files/v17n1/v17n1a32.pdf. E feita
uma abordagem acerca do conceito e propriedades estruturais e
de transporte das membranas MIEC com foco na produgio
destas sobre suportes porosos, comparando diferentes métodos
de producdo de membranas suportadas planares, suas
caracteristicas e desempenho quanto ao fluxo de O..

e Capitulo 3: corresponde a metodologia experimental geral
desenvolvida em todo este trabalho, a qual se apresenta mais
detalhada em cada artigo experimental do capitulo seguinte, que
corresponde aos resultados e discussdes deste trabalho.

e Capitulo 4: trata-se dos resultados e discussdo desta tese, que
esta dividido em trés artigos experimentais:

4.1 — The effect of non-ionic porous domains on supported
BapsSrosC0g8Fe0205-5 membranes for O, separation — Artigo
publicado no Journal of Membrane Science, disponivel em
http://www.sciencedirect.com/science/article/pii/S03767388130095
02. Trata-se do efeito da porosidade ndo interconectada no fluxo de
oxigénio de membranas assimétricas com espessuras variadas.

4.2 — Influence of porous support on O, flux of BSCF
asymmetric membranes — Artigo a ser submetido. Trata-se da
influéncia de um distinto suporte poroso no fluxo de oxigénio bem
como de camadas de ativagao.

4.3 — Micro hardness behavior of BagsSrgsC0opsFe020;5-5
membranes for O, separation — Artigo a ser submetido. Trata-se da
andlise do comportamento mecanico de membranas densas, suportes
porosos e membranas sob ensaios de microdureza Vickers.


http://quimicanova.sbq.org.br/qn/qnol/2014/vol37n2/18-RV13236.pdf
http://materialsresearch.org.br/files/v17n1/v17n1a32.pdf
http://www.sciencedirect.com/science/article/pii/S0376738813009502
http://www.sciencedirect.com/science/article/pii/S0376738813009502
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e Capitulo 5: sdo descritas as conclusdes e consideracgdes finais.
e Capitulo 6: relata as sugestdes para trabalhos futuros.
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2. REVISAO DA LITERATURA

2.1 Membranas de Conducdo Mista l6nica e Eletrénica (MIEC):
Composicgdes, Preparagdo e Desempenho

2.1.1 Introducéo

A separacdo de oxigénio do ar para uso industrial € um grande
negocio, produzindo aproximadamente 100 milhdes de toneladas de O,
a cada ano. Esse mercado devera expandir a curto prazo, pois
virtualmente todas as tecnologias de energia limpa em grande escala
precisam de gas oxigénio [1]. Isso se reflete em varias politicas
nacionais e internacionais para manter o suprimento de energia e reduzir
0s gases de efeito estufa. PreocupacBes mundiais sobre mudancas
climaticas de origem antropoldgica levaram a um esfor¢o concentrado
no desenvolvimento de tecnologias para permitir a captura e sequestro
de gases de efeito estufa. Em particular, uma série de opc¢des de
tecnologia de “carvdo limpo” (clean coal) estd sendo investigadas,
incluindo oxicombustdo e gaseificacdo do carvdo, muitas das quais
exigem uma alimentagéo de oxigénio puro [2].

Atualmente, a separacdo de O, em grande escala é feita por um
processo criogénico. Além de sua complexidade, esse processo necessita
de grande quantidade de energia, pois opera a temperaturas muito baixas
(-185°C) e pressbes elevadas. Acoplar uma unidade criogénica de
separacao de ar a uma planta termoelétrica ainda reduz as eficiéncias de
geracdo de energia atuais em cerca de 30 a 40% [3].

Uma tecnologia com potencial aplicagdo para separar 0 O, do ar
no suprimento de energia limpa é a de membranas ceramicas densas.
Essas membranas, conhecidas como MIEC (mixed ionic—electronic
conducting, de conducdo mista idnica e eletrdnica), tém atraido uma
grande atengdo nas Ultimas trés décadas [4]. Por exemplo, no caso de
geracdo de energia a partir do carvdo, as membranas ceramicas densas
podem reduzir os custos de energia de O, em 35% [5, 6], quando se
comparam a processos convencionais de producdo de oxigénio. Apesar
dos avangos, as membranas MIEC, assim como outras membranas
inorganicas [7], ainda ndo tiveram uma utilizacdo comercial ampla,
devido a baixa estabilidade mecanica e quimica, as limitagdes da
geometria e de métodos de selagem a alta temperatura [8].

Membranas de separacdo de O, podem ser aplicadas em varios
processos industriais que requerem uma alimentagdo de O,. Cada
aplicacdo impde um conjunto Unico de requisitos na membrana o6xida
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escolhida. Este artigo pretende, a partir das pesquisas mais recentes com
membranas a base de perovskitas com alta permeacdo de oxigénio,
descrever os métodos de fabricacdo e comparar o desempenho das
membranas sintetizadas.

2.1.2 Conceito de MIEC

O tipo mais comum de material que exibe propriedades de
conducdo tanto ibnica quanto eletrdnica sdo as perovskitas [9]. A altas
temperaturas e na presenca de um gradiente de pressdo parcial de
oxigénio através da membrana, ions de oxigénio com seletividade de
100% podem permear sem a aplicacdo de qualquer campo elétrico
externo [10]. As perovskitas sdo de especial interesse devido ao fato de
apresentarem condutividade eletrbnica e ibnica, com excelente
estabilidade quimica, em uma ampla faixa de temperaturas.

As perovskitas sdo materiais estratégicos devido a suas
propriedades cataliticas, eletrbnicas e magnéticas, as quais Sdo
influenciadas pelas condicfes de sintese e calcinagdo. Perovskitas tem
sido sintetizadas para uso em varios processos quimicos como oxidagdo
de propano e CO [11], oxidagdo parcial de metano [12], oxidagdo total
de etanol [13], redugdo de NO com CO [14], producéo de gés de sintese
[15], entre outros. Para a sintese das perovskitas, diversos métodos tém
sido empregados, como Pechini (ou precursores poliméricos) [16],
reacdo no estado sélido [12], sol-gel [17], spray-pirdlise [18], gel
proteico [15], autocombustdo [19], entre outros.

A estrutura cristalina de uma perovskita ideal pertence ao grupo
espacial cubico, possuindo uma estequiometria ABOs3, que consiste em
unidades de octaedros (BOe) compartilhando os vértices, como
mostrado na Figura 2.1.1 (a e b) [20]. O cation B corresponde a um
metal de transicdo, como Fe, Co, Ni ou Cu e o cation A corresponde a
um fon de terras raras, alcalino ou alcalino-terroso, como por exemplo,
La, Na, Ca, Sr ou Ba.
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Figura 2.1.1 Estrutura geral de uma perovskita (a) e a mesma estrutura
visualizada a partir dos octaedros BOg (b) (Figura adaptada) [20]

Em perovskitas com formula A,A"1.«B,B"1.yO3.5, onde A: La,
Ba, A": Sr, Ca; B: Cr, Co, Mn, Ga e B": Ni, Fe, Cu; uma substituicao
heterovalente de La por um metal alcalino-terroso é necessaria para criar
vacancias de ions na rede, melhorando o transporte de ions oxigénio;
enquanto que os ions de metais de transicdo em B e B" geram
condutividade elétrica. As propriedades de transporte através da
membrana sdo principalmente controladas pela difusdo em volume dos
fons oxigénio através da membrana. Portanto, além do material em si,
do gradiente de pressdo de oxigénio e da temperatura, a espessura da
membrana é um dos principais pardmetros envolvidos no aumento das
taxas de permeacdo. No entanto, para uma camada muito fina de
algumas MIEC, as reagdes de troca na superficie da membrana podem
influenciar significativamente na taxa de permeacdo de oxigénio e, neste
caso, camadas de catalisador devem ser depositadas [10].

A difusdo dos ions dxidos é proporcionada pelas imperfeicdes
ou defeitos presentes dentro da estrutura perovskita, pois a estrutura
ideal (ABOs3) ndo tem capacidade de conduzir estes ions. A presenca dos
defeitos é devida a ndo estequiometria para que a conducdo ou difuséo
ocorra. Vérios estudos tém sido direcionados a materiais de estruturas
perovskiticas devido a sua alta tolerancia a ndo estequiometria, 0 que 0s
permite obter uma alta conduc¢do idnica de oxigénio. Em outras palavras,
devido aos defeitos pré-existentes na fase cristalina, a concentracéo
destes depende da temperatura e da pressdo. Porém, o fluxo de oxigénio
ird aumentar conforme o aumento da temperatura devido a difusdo
volumétrica ou & troca cinética na superficie.
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Quando o sitio A da perovskita é dopado com um ion metalico
de menor estado de valéncia (tal como uma substituicdo parcial de La*
por Sr*2 em LaCoOj3.), vacancias de oxigénio, bem como uma mudanca
no estado de valéncia dos ions B na rede, ocorrerdo a fim de manter a
neutralidade eletrénica. Deve-se notar que o termo & ¢ dito como a
guantidade de vacancias ou defeitos; por isso, quanto maior o nimero de
vacancias, maior € o fluxo de permeacdo de oxigénio [21]. A elevadas
temperaturas, 0 oxigénio €é incorporado na estrutura cristalina da
perovskita, resultando na aniquilacdo de uma vacancia de oxigénio e a
formacéo de dois elétrons-buracos, como expresso Eq. (1).

Vo + 30, & OF + 2k 1)

onde V,," representa a vacancia de oxigénio, 05 o oxigénio na rede e h’
o elétron-buraco.

As membranas MIEC, quando expostas a elevadas temperaturas
(700-900°C), exibem alta condutividade eletronica. A condutividade
eletronica tipicamente excede a condutividade idnica em algumas ordens
de grandeza na maioria das membranas MIECs. Por exemplo, Las.
xSrCoy. Fey0O3.5 a 800°C em ar, apresenta uma condutividade eletronica
de 10210 Scm™, enquanto a condutividade iénica permanece de 107 a
1 Scm™ Em resumo, a condutividade nas membranas de conduc&o
mista é definida como a soma da condutividade iénica mais a
condutividade eletrénica [3].

As membranas MIEC precisam ser densas e impermeaveis a
gases, permitindo apenas o transporte idnico do oxigénio. O O, é
transportado pela membrana MIEC de uma regido com uma maior
pressdo parcial de O, para uma regido com uma menor pressao parcial.
O transporte de oxigénio através de uma membrana MIEC tipicamente
ocorre por meio de cinco etapas, como descrito a seguir e mostrado na
Figura 2.1.2 [22-25].

e Transferéncia de massa de O, gasoso da corrente de gas para
a superficie da membrana (lado de alta pressdo parcial de
oxigénio, Tp 0,).

e Adsorcdo de moléculas de O, seguida de dissociacdo em ions
e incorporacdo no corpo da membrana (reacdo de superficie
na interface ).

e Transporte de ions oxigénio através da membrana MIEC
(difuséo volumétrica).
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e Associacdo de ions oxigénio seguida de dessor¢do de
moléculas de oxigénio (reacdo de superficie na interface II).

e Transferéncia de massa de O, da superficie da membrana
para a corrente de gas (lado de baixa pressdo parcial de
oxigénio, ¥p 0,).

Np'0; MIEC \/p'0;
00 o* 00
2.
°° ° _o.) o %
83z 2 o~ |35 R
0, 'f: = _—> g N 0,
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Figura 2.1.2 Transporte de oxigénio através de uma membrana MIEC

Isto posto, o fluxo de oxigénio através das membranas MIEC
pode ser limitado pela cinética de troca na superficie das membranas e
pela difusdo em volume [26-28]. E importante ressaltar que a difusio
volumétrica sera a etapa de controle quando a membrana for
relativamente espessa. Assim, para uma dada membrana, reduzindo a
sua espessura, a resisténcia a conducdo de ions oxigénio serd menor até
certo limite, conhecido como espessura caracteristica da membrana (L),
gue é altamente dependente das condi¢fes de operagdo e significa o
ponto onde a resisténcia a difusdo em volume é igual a resisténcia
exercida pela cinética de troca na superficie da membrana (Figura
2.1.3). Abaixo deste valor o fator limitante passa a ser as reagdes de
troca na superficie da membrana MIEC. O L. da maioria das perovskitas
(MIEC) tipicamente esta na faixa de 20 a 3000 um dependendo da
composicdo e das condi¢cdes de operagdo, como temperatura e pressao
parcial de oxigénio [29].
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Figura 2.1.3 Variacdo do fator limitante difusdo em volume para reacgdo de
troca na superficie em funcéo da reducéo na espessura da membrana (Figura
adaptada) [4]

Composicdo das membranas

As perovskitas apresentam um alto nivel de permeacdo de O, e
resisténcia a altas temperaturas, mas o material sofre de uma baixa
estabilidade quimica e estrutural em atmosfera redutora, bem como
guando exposto a altos niveis de CO, [30-31]. Além disso, algumas
composi¢cdes de estrutura perovskita apresentam baixa resisténcia
mecéanica.

Dentre varios materiais perovskiticos dopados, duas
composicles sdo tipicas: Ba;xSrkCoggFeg 2035 (BSCF) e La;4SryCo;.
yFey035 (LSCF), devido ao alto fluxo de oxigénio e boa estabilidade
guimica. A Tabela 2.1.1 apresenta desenvolvimentos recentes de
membranas MIEC de estrutura perovskita, planares e tubulares, para
separacdo de oxigénio dos sistemas LSCF e BSCF e suas respectivas
propriedades. Pode-se observar, para os diferentes materiais, que os
valores de fluxo aumentam com a reducdo da espessura, mas também é
valido ressaltar que correspondem a diferentes composicdes quimicas e
diferentes condicdes de operacéo.
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2.1.3 Métodos de Preparacdo das Membranas

A técnica selecionada para preparar membranas ceramicas finas
deve preencher os seguintes requisitos: (i) ser a0 mesmo tempo simples
e ter bom custo-beneficio, (ii) fornecer a estrutura desejada com uma
composicdo adequada; (iii) evitar completamente rachaduras que
causariam vazamento e (iv) garantir a resisténcia da camada sob
tratamentos a altas temperaturas. Muitos estudos podem ser encontrados
na literatura sobre as técnicas de preparacdo de membranas inorganicas
densas, sejam porosas ou finas, e de varias aplicacdes [32]. No entanto,
as tentativas de produzir membranas finas e densas de perovskita para a
separacao de oxigénio em suportes porosos Sao escassas.

Para a preparacdo das membranas, diversos métodos tém sido
desenvolvidos e empregados [4], dentre eles se destacam o método
convencional no estado sdlido (SS, do inglés solid state); coprecipitacdo
(CP); método sol-gel com rota de complexacdo EDTA-citrato (EC),
também conhecido como método Pechini; sintese hidrotérmica;
atomizacdo (spray drying) e liofilizacdo (freeze drying). A seguir, esses
métodos sdo apresentados resumidamente.

Método convencional no estado sélido

O método de misturas de p6 é 0 processo mais comum de
sintese para produzir pés convencionais, também chamado de reagéo no
estado solido (SS, solid state). Emprega a reagdo completa de oxidos
mistos, carbonatos, hidroxidos ou sais. Faz-se uma calcinacdo em
temperaturas de pelo menos dois tergos do ponto de fusdo por periodos
de até 10 h. O tamanho das particulas é controlado pela mistura
mecanica de matérias-primas e processos de moagem. A
homogeneidade e pureza do pé sdo consideradas pobres, para nédo
mencionar a sua ampla distribuicdo de tamanho de particulas. Além
disso, esse processo tem um alto consumo energético por causa da alta
temperatura. Estruturas a base de perovskitas foram extensivamente
preparadas usando essas reagdes [33-36].

Coprecipitagao

A coprecipitacdo (CP) é uma das mais antigas técnicas de
mistura composta de uma solucdo aquosa contendo os cations desejados
e outra solugdo que age como agente de precipitacdo. Filtragdo, secagem
e decomposigdo térmica sdo usadas para se obter os produtos desejados.
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As propriedades dos produtos sdo ajustadas de acordo com pH,
temperatura e concentracdo. Normalmente, a morfologia e o controle da
composicdo sdo adequados, embora diferentes taxas de precipitacdo
resultem em heterogeneidades. Um agente de dopagem pode ser
adicionado para se alcancar composi¢cBes homogéneas. O composto
resultante requer uma menor temperatura de sinterizacdo do que aquelas
empregadas no método de p6 convencional ou reag@es no estado sélido,
devido a elevada dispersdo no precipitado. O tamanho de particula ¢é
geralmente na faixa de poucos nandmetros, que é obtido pela cuidadosa
precipitagdo utilizando apropriados agentes surfactantes e tamponantes.
Estruturas a base de perovskitas tém sido obtidas a partir desse método
[37-40].

Sol-gel

Técnicas de sol-gel envolvem a producdo de um gel amorfo
seguido de desidratacdo a baixas temperaturas. Essas técnicas
proporcionam elevado grau de pureza e excelente controle da
composicdo. Dentre as rotas de preparacdo de estruturas através do sol-
gel, destaca-se a rota de complexacdo EDTA-citrato (EC), também
conhecida como método Pechini. Esta técnica tem sido amplamente
utilizada devido as suas vantagens como compostos quimicamente
homogéneos e de alta densidade relativa. Essa rota envolve
complexacdo de ions metalicos em EDTA/&cido citrico, seguida pela
evaporagdo da dgua e decomposicao térmica do solvente e do complexo
com a formagdo subsequente da fase perovskita. Um agente quelante
(EDTA, é&cido etilenodiamino tetra-acético) é usado para prevenir a
segregacdo parcial de componentes metalicos, o que poderia ocorrer no
caso de diferentes estabilidades com os cations metalicos em solucéo.
Geralmente, o pH pode ser ajustado para controlar o grau de
complexacdo. Vérias estruturas & base de perovskitas tém sido
sintetizadas utilizando essa rota [41-44].

Sintese hidrotérmica

A sintese hidrotérmica é aplicada para produzir 6xidos mistos
avancados com caracteristicas especificas na sua composicao, tais como
pigmentos para a eletrénica. Esse processo usa geralmente temperaturas
entre 0 ponto de ebulicdo da agua e a temperatura critica dos materiais
(normalmente acima dos 300 °C), enquanto que a pressao pode estar até
15 MPa. Consequentemente, a etapa de calcinagdo necessaria por outros



37

passos discutidos anteriormente ndo é necessaria neste caso. A sintese
hidrotérmica pode ser usada para auxiliar a técnica sol-gel a controlar o
tamanho das particulas. Os materiais utilizados geralmente séo de baixo
custo, e faceis de controlar em termos de tamanho, forma e
estequiometria. A eliminacdo de impurezas associadas resulta em pos
muito finos e altamente reativos. Esse método ainda se encontra em seus
estagios iniciais de desenvolvimento [45-48].

Atomizacao e liofilizagéo

A atomizacgao ou secagem por spray (spray drying) consiste em
uma rapida vaporizacdo do solvente em pequenas gotas contendo
solucbes necessarias de cations. A atomizacdo permite a obtencdo de
pos finos e homogéneos. Uma variante da atomizacdo é a pir6lise em
spray ou spray pir6lise (SP, spray pyrolisys) que é uma técnica muito
empregada para deposicdo de filmes em um substrato; no caso de
producdo de pds, hd uma decomposicdo quimica por meio do calor
(pirdlise) a partir da atomizacdo de precursores em solucéo,
diferentemente da atomizacdo simples, no qual ocorre apenas um
processo fisico (secagem). Por outro lado, a liofilizacdo ou crio-secagem
(freeze drying) envolve a sublimacdo lenta do solvente. Os passos
importantes na liofilizacdo sdo a pulverizacdo de goticulas de solugéo
em nitrogénio liquido e a sublimacdo do solvente em auséncia de fase
liquida. Estruturas de perovskitas tém sido preparadas usando ambos os
métodos [49-51].

Comparacgao entre os métodos

Pesquisas recentes indicam que em condigdes operacionais
semelhantes, diferentes formas de preparo de uma membrana cerdmica
com determinada composicao resultam em valores diferentes de fluxo
de oxigénio. Isso é causado principalmente pelo efeito da microestrutura
Unica obtida em cada método, que reflete sobre suas propriedades fisicas
e de transporte. Diferentes métodos de preparacdo levam a pds com
propriedades distintas, como érea superficial e porosidade.

A coprecipitacdo, por exemplo, proporciona maior densidade
para membranas de composicdo LaggSre,C0gsFeo 4035, Seguida pelo
método de preparagdo no estado solido e spray pirélise. Para cerdmica
microcristalina com  condutividade  eletrbnica  predominante,
aumentando-se o tamanho de grao, encontram-se efeitos positivos para a
condutividade i6nica devido a diminui¢do da concentragdo de contornos
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de grdo. Isso sugere que uma maior resistividade esta associada ao
volume de contornos de grdo, geralmente superior a resistividade do
volume de grdos propriamente ditos [4].

Kharton e Marques [52] mostraram que a microestrutura tem
um impacto significativo nas propriedades de transporte elétrico e
permeacdo de oxigénio dos materiais eletrolitos sélidos. Perovskitas do
tipo LaCoOg35 e SrCoggFep 25Cug 15035 com tamanho de grdo na escala
de micrometros tendem a apresentar melhores fluxos de oxigénio para
maiores tamanhos de grdos, no caso em que O transporte idnico €
limitado pela difuséo volumétrica.

Perovskitas do tipo LaggSro2CoggFeq 4035 foram sintetizadas
por meio de quatro métodos: estado sélido (SS), coprecipitacdo (CP),
EDTA-citrato (EC) e spray pirolise (SP), para estudar o efeito de suas
microestruturas em relagdo as suas propriedades de permeacao elétrica e
oxigénio [53]. O tamanho de grdo final aumentou na ordem seguinte: SP
<CP <SS (1, 3 ¢ 5 um), embora nenhum contorno de grao claro tenha
sido observado por microscopia eletrénica de varredura (MEV) para 0s
materiais resultantes do processo de EC. A condutividade elétrica
melhorou na ordem CP < SS < EC < SP; ja a condutividade de oxigénio
seguiu a ordem CP < EC < SS < SP. Além disso, a tendéncia de energia
de ativagdo foi CP < EC < SS < SP. O método de spray pirdlise exibe o
maior fluxo de oxigénio apenas para regides de altas temperaturas. A
composicdo de membrana foi o fator mais importante e o desvio da
composicdo desejada foi a principal razdo para a discrepéncia entre a
magnitude do fluxo de oxigénio. Diferencas nas microestruturas ainda
causaram diferencas nas propriedades de transporte, como mostrado
pela tendéncia em relacdo a reducdo da energia de ativagdo com o
aumento do tamanho de gréo [4].

Em estudo realizado por Zeng et al. [54] com membranas de
Lag 6Sr04C0p 2Fe0s03-5 Se reforca o fato de que o contorno de gréo tem
uma condutividade elétrica muito menor do que a fase volumétrica. O
aumento da temperatura de sinterizacdo leva ao aumento do tamanho de
grdo, acompanhado por um aumento significativo de condutividade
elétrica, que corresponde & soma das condutividades eletrnica e idnica,
bem como por uma reducéao da energia de ativacao, resultando em maior
fluxo de oxigénio. A Figura 2.1.4 mostra valores de condutividade
eletrénica numa faixa de 300 a 900°C dessas membranas sinterizadas
em diferentes temperaturas onde vé-se claramente que a condutividade
eletronica praticamente dobrou a 900°C entre as temperaturas de
sinterizacdo de 1100 para 1200°C.
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Figura 2.1.4 Condutividade elétrica das membranas sinterizadas em diferentes
temperaturas (Figura adaptada) [54]

Além disso, diferentes métodos podem produzir morfologias de
grdos  distintas, como encontrado para a  composi¢do
BaysSrosCoggFeo 2035, preparada pelo método do estado sélido
modificado com citrato (MC) e por método de complexagdo citrato-
EDTA (EC) [55]. Analises dos materiais resultantes mostram estruturas
cristalinas diferentes, mesmo apresentando quase a mesma distribuicdo
de tamanho de particulas. O fluxo de oxigénio para esses compostos
aumentou na ordem EC < MC < SS. O uso de diferentes condicfes de
sinterizacdo de Bag 5Srg5C0ggFeg 2035 resultou em um aumento do fluxo
de oxigénio com o tamanho de grdo, como observado por Wang et al
[56].

Zhu et al. [57] investigaram o desempenho do fluxo de
permeacdo de oxigénio em membranas cerdmicas densas de
BaCep 15F€0 85035 (BCF1585) sintetizadas pelo método de reacdo em
estado solido (SS) e pelo método de complexacdo acido citrico-EDTA
(EC). As membranas sintetizadas pelo método SS apresentaram maiores
fluxos do que as fabricadas por EC ao longo de toda a faixa de
temperatura considerada. O fluxo de permeacdo de oxigénio da
membrana sintetizada por SS foi de 0,92 ml-cm™min™ enquanto que o
da membrana sintetizada por EC foi de 0,71 ml-cm'z-min'l, ambos a 940
°C. O tamanho de grdo da membrana sintetizada por SS foi maior do que
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0 da membrana sintetizada por EC, o que sugere a melhoria de
desempenho do fluxo de permeag&o de oxigénio.

Xu et al. [55] também relataram que o fluxo de permeacéo de
oxigénio de membranas densas de BagsSrosCoggFeo 2035 Sintetizadas
por SS foi maior quando comparado ao método EC. Nota-se que
diferentes métodos de sintese de pds de 6xidos mistos levam a variados
tamanhos de particulas, atividades de sinterizacdo e composicOes
quimicas, e, consequentemente, a distintas microestruturas. Isso resulta
em diferentes desempenhos de fluxo de permeacéo de oxigénio [55-57].

2.1.4 Desempenho das Membranas

Vérias estratégias tém sido adotadas para melhorar o fluxo de
membranas com estrutura perovskita, incluindo a fabricagdo de
geometrias ndo planas, o revestimento de camadas porosas e cataliticas
sobre a superficie da membrana, e a adaptacdo da composicdo da
membrana. Varias pesquisas tém se dedicado a substituir parcialmente
elementos no sitio A e/ou B de modo a: (i) melhorar a estabilidade
térmica e quimica da estrutura de perovskita cubica, (ii) adaptar a
concentracdo de vacancias de oxigénio, e (iii) aumentar a condutividade
ibnica. Trabalhos recentes tém se focado na introdugdo de pequenas
guantidades de céations (5 mol%) no sitio B, com o objetivo de melhorar
a permeabilidade ao oxigénio do material. Exemplos incluem a
substituicdo parcial por cério em BaFeOsz; e por zircbnio em
BaysSrosC0oggFeo 2035, que resultaram na estabilizagdo da estrutura
clbica e desempenhos mais elevados em quantidades baixas de
substituicdo (5 e 3 mol%, respectivamente). Além disso, resultados
positivos semelhantes foram relatados para a substituicdo parcial tanto
no sitio A quanto B, incluindo bismuto por cobalto (5% mol) em
BaBig 055C0,1C00 85035, € itrio (5% mol) em SrCo0O;.5. Um outro efeito
positivo da dopagem dos sitios A e/ou B foi a melhora nos fluxos de
oxigénio a temperaturas elevadas (800-900°C) [2].

A dependéncia do fluxo de permeacdo de oxigénio em funcdo
da espessura da membrana em forma de disco (0,55; 1,10 e 1,65 mm)
foi observada por Sunarso et al.[58]. Como pode ser visto na Figura
2.1.5, o fluxo de permeacdo de oxigénio foi insignificante quando a
temperatura foi inferior a 600°C. No entanto, em temperaturas acima de
650°C, um valor consideravel de fluxo de permeacéo de oxigénio foi
obtido. O aumento acentuado do fluxo de permeacdo de oxigénio foi
obtido para temperaturas acima de 800°C, devido & melhoria da difuséo
do oxigénio idnico e/ou da taxa de reacdo de superficie. Foi observado
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um aumento de seis vezes (de 0,2 para 1,2 mlcm?min™) em
membranas de disco com espessura igual a 0,55 mm para um
incremento de temperatura de 800 para 950°C. Curiosamente, foi
observado que o aumento do fluxo de permeacdo de oxigénio nao foi
inversamente proporcional a reducdo da espessura da membrana. 1sso
pode ser explicado pela reducdo pela metade da espessura do disco da
membrana (de 1,10 a 0,55 mm). Como resultado, o0 aumento do fluxo de
permeacdo de oxigénio foi de apenas 20%, ao invés de 100%. A partir
dos resultados obtidos, Sunarso et al.[58] sugeriram que tanto a difusao
em massa quanto a cinética na superficie de troca foram os passos
limitantes para o transporte de oxigénio através das membranas. Uma
observacdo semelhante foi relatada por Watanabe et al [59].
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Figura 2.1.5 Permeaco de fluxo de oxigénio em diferentes espessuras de
membranas (Figura adaptada) [58]

Por outro lado, o fluxo do gas de arraste também desempenha
um papel importante. Li et al.[60] estudaram o desempenho do fluxo de
permeacdo de oxigénio em uma membrana ultrafina de
LageSro4C0og2Feg 035, investigando os efeitos de temperaturas de
funcionamento e taxa de fluxo de gas de varredura (hélio) sobre os
fluxos de permeacdo de oxigénio. Eles observaram que o fluxo de
permeacdo de oxigénio aumenta com a temperatura de operacdo. Uma
tendéncia similar ocorre com o aumento das taxas de fluxo de gas de
varredura. A diferenca de pressdo parcial de oxigénio através da
membrana de fibra oca aumenta com a taxa de fluxo do gas. O gradiente
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de pressdo parcial de oxigénio age como forga motriz para o transporte
de oxigénio através da membrana e, portanto, hd um acentuado aumento
no fluxo de permeacdo de oxigénio. A reducdo da espessura da
membrana contribui para melhorar o fluxo de permeacéo de oxigénio. E
importante notar que a reacdo na superficie de troca e a difusdo em
massa sdo dois fatores que contribuem para a resisténcia ao transporte
no que diz respeito a temperatura de funcionamento. A reacdo na
superficie de troca é o passo limitante a baixas temperaturas;
inversamente, a difusdo volumétrica torna-se o passo limitante com o
aumento da temperatura.

Tabela 2.1.1 Composicao e propriedades tipicas de membranas MIEC planares
para separacdo de oxigénio

Temperatura | Espessura Fluxo de O,
Composto °C) (um) Forma (ml min'lcm'z) Ref.
LSCF 850 1500 Tubular 0,13 [61]
LSCF 950 1000 Planar 2,40 [gaz]
LSCF 900 800 Planar 3,20 [64]
BSCF 850 1500 Planar 2,96 [65]
BSCF 900 1100 Planar 3,06 [66]
BSCF 925 500 Tubular 9,5 [67]

2.1.5 Concluséo

O desenvolvimento de membranas ceramicas de condugio
mista i6nica e eletronica (MIEC) para separacdo do oxigénio do ar vem
avangando muito nos ultimos anos, e diversas composicdes com
estrutura perovskita vem sendo sintetizadas devido a alta estabilidade
desta estrutura a altas temperaturas. A manutencdo da neutralidade
elétrica ao conduzir ions de oxigénio e elétrons em direcfes opostas é
uma grande funcionalidade das membranas MIEC. Os varios métodos
de preparacdo existentes para essas membranas apontam diversos
pardmetros a serem controlados para obtencdo de uma membrana final
com estrutura propicia a uma boa condutividade i6nica e eletrdnica a
altas temperaturas. O artigo demonstra claramente que a forma e
tamanho de particula final do pé produzido, bem como o controle da
microestrutura, tamanho de grdo, volume de contornos de gréos
influenciam significativamente no fluxo de oxigénio de membrana final
produzida, que precisa além de tudo ser densa, permitindo apenas o
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transporte de ions oxigénio. O fluxo de oxigénio das membranas MIEC
também ¢é limitado por varios fatores, em especial pela difusdo em
volume dos ions oxigénio no caso de membranas relativamente espessas
e pela cinética de troca na superficie, no caso de membranas mais finas.
A busca por melhores desempenhos levou a diversos estudos relativos a
mudanca na geometria das membranas, na composicdo das mesmas, e
mais recentemente na deposi¢do de camadas ultrafinas de membranas
MIEC sobre suportes porosos e/ou deposicdo de camadas cataliticas. A
selecdo adequada do método de preparacdo dos materiais, do material
em si, da forma e processo de sinterizagdo e das condi¢Ges de operacdo
como temperatura e pressao parcial de O, sdo ainda um grande desafio
gue se encontra em intenso estudo na comunidade cientifica.
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2.2 Current developments of mixed conducting membranes on
porous substrates

2.2.1 Introduction

The reduction of CO, emissions due to electric power
generation is one of the global challenges currently. Carbon capture and
storage (CCS) is an approach to relieve global warming by capturing
CO, and storing it instead of releasing it into the atmosphere [1-4].
Different fossil fuel power plant concepts for CCS are currently being
developed, such as oxyfuel power plants. In this process, the fossil fuel
is combusted using pure oxygen and the result is a gas stream with
almost pure CO, (90-95%) in the dried flue gas. The CO, can then be
captured more easily than when air is used in the combustion process
and stored in a safe geological site [5].

Mixed ionic-electronic conducting (MIEC) membranes are
promising alternatives for oxyfuel power plants due to their high
selectivity for oxygen separation and their significantly lowest
efficiency losses compared with currently existing cryogenic distillation
technology for oxygen separation [6]. The MIEC family is rich in
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structures and the perovskite structure is within them. The perovskite
structure exhibits good ionic and electronic conductivity leading to
attractive oxygen flux [7]. In the last decade, intensive research has been
dedicated to the preparation and characterization of MIEC membranes
[1-18]. However, a few reports can be found regarding to the
preparation of crack-free membranes for planar or tubular geometries.

Based on the Wagner equation [7], the oxygen flux through a
mixed-conducting dense membrane can be increased by reducing the
thickness of the membrane until its thickness becomes less than a
characteristic value named critical length (L.) at which the oxygen flux
is simultaneously determined by the bulk diffusion and surface
exchange Kinetics. The surface exchange kinetics involves different
elementary steps such as: adsorption, dissociation and reduction of O,
[19]. Therefore, the improvement of O, permeation flux in the
controlled surface system involves increasing the available surface area
for the exchange process as well as the increase of catalytic properties of
the membrane top layer. In this case, when the membrane thickness
becomes very low, a porous support is needed for mechanical stability,
particularly in the case of planar membranes. Thin porous catalytic
layers can be also deposited on the other side of surface membrane to
assist the increase of the available surface area for the exchange process.

Hence, in recent years the interest in the supported MIEC
membranes has increased. The membranes that have been investigated
vary widely in terms of thickness (10-500 pm) and chemical
composition [20]. Catalytic layers are also employed in some cases. A
major challenge in processing supported MIEC membranes is the
selection of a suitable fabrication method and material for the porous
substrate, taking into account requirements as chemical compatibility,
similar thermal expansion coefficient (TEC), good mechanical strength
and porosity for adequate diffusion of gas.

This review paper aims to assess the concepts of perovskite
MIEC membranes and relate them to the manufacturing process of
MIEC membranes on porous substrates. Recent works on supported
MIEC membranes as well as main fabrication methods are reported and
discussed.

2.2.2 MIEC Membranes

Concept
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The two main types of oxygen separation systems based on
ceramic membranes are mixed ionic—electronic conducting membranes
(MIEC membranes) and pure oxygen conducting membranes for
example, solid electrolytes for solid oxide fuel cells (SOFC
electrolytes). An advantage of the MIEC membranes is that those
membranes require no electrodes to operate as in SOFC electrolytes [7,
21]. The MIEC membranes also stand out due to its potential application
of high purity oxygen production.

The oxygen separation is performed at high temperatures,
typically 800-900°C and high O, flux are observed in dense membranes
and with a perovskite structure [22]. As shown in Figure 2.2.1, the
electronic conductivity is presented as a small internal circuit involving
oxygen partial pressure gradient. The O, permeates from the high
oxygen partial pressure side to the low oxygen partial pressure side,
while the overall charge neutrality is maintained by opposite movement
of electron flow [23].

800- 900°C
7- 20 bar

Prew%lri‘zed ::> 1/2 0, + 2e= = 0%~ Oxygen '
air feed depleted air )
on-permeate

MIEC ceramic 2 2 Oxygen vacancie
Y l Electron I O l Electron 1 ye cancies

membrane in lattice

Oxygen rich <:| 02 1/2 0, + Ze—<:| Sweep gas Permeate

stream

Low pressure

Figure 2.2.1 Schematic representation of O, transport in dense ceramic MIEC
membranes [7].

Structure

The general crystal structure of an ideal perovskite, ABOs, is
cubic and is shown in Figure 2.2.2. The A-site ion may be a rare earth,
alkali or alkaline earth ion, such as La, Na, Ca, Sr or Ba. The B-site ion
is a transition metal, such as Fe, Co, Ni or Cu [22].
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(A)

Figure 2.2.2 General structure of perovskite [1].

The relative sizes of the A and B ions dictate the shape of the
crystal structure. The perovskite structure is maintained if the value of
tolerance factor (t) is between 0.75 and 1 (Equation 1) as proposed by
Goldschmidt in 1927 [24]:

Ra+ Ro

L= B @

where Ry, Rg e Rp are the ratios of A-site, B-site and oxygen ions,
respectively.

In crystals several types of defects can be present including zero
dimensional or point defects. Those defects are generally separated into
vacancies (particles missing in the lattice), interstitial particles (particles
on lattice sites which are not normally occupied) and substitutional
particles (lattice site that are occupied by foreign particles). The
diffusion of oxygen ions is provided by vacancy defects present in the
perovskite structure, because the ideal structure is unable of conducting
those ions [22, 25]. The presence of vacancies is due to the high
tolerance of perovskite materials to non-stoichiometric structures, which
allows obtaining a high ionic conduction of oxygen [26].

When the A-site of the perovskite is doped with a metal ion
with lower valence state, oxygen vacancies are created as well as a
change in valence state of ions B occurs, in order to maintain electronic
neutrality. The stability of perovskite structure oxides is also improved
by doping B-site with a more stable ion to produce AA"1.xByB 1yO3.s.
It is important to note that the term & is regarded as the number of
vacancies or defects; therefore, the higher number of vacancies, higher
will be oxygen permeation flux [27]. A large number of oxygen
vacancies can be formed in perovskite crystals by doping of ions with
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different valences. At high temperatures, oxygen is incorporated into
perovskite crystal structure resulting in the annihilation of an oxygen
vacancy and the formation of two electron holes, as expressed as in
Equation 2.

Vo + 30, & OX + 2k )

where V," is the oxygen vacancy, 0 is the lattice oxygen e h’ is the
electron hole [25].

Transport mechanism

According to the literature [28-31], the oxygen transport
through a MIEC membrane can occur by five stages, as follows (Figure
2.2.3):

a. Mass transfer of gaseous O, from the gas stream to the
membrane surface (high-pressure side. 7p’o2);

b. Adsorption of O, molecules followed by dissociation into
ions (surface reaction of interface 1);

c. Transport of oxygen ions trough the membrane (bulk
diffusion in MIEC);

d. Association of oxygen ions followed by desorption of
oxygen molecules (surface reaction of interface I1);

e. Mass transfer of O, from the membrane surface to the gas
stream (low-pressure side. |p’o2).

TpO; MlEzC LpO;
O A
—_—
o2
—_—
oz

O,

Figure 2.2.3 Oxygen transport through a MIEC membrane.
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The stages b, ¢, and d are the most important in this process.
Stages b and d are governed by the Kkinetics surface exchange reactions
(interfaces | and I1) and stage c by the properties of bulk transport (bulk
diffusion). For a MIEC membrane, the factor that limits the rate of O,
permeation is the region at which the highest resistance occurs. The
level of resistance in the interfaces | and Il is affected by the nature of
the material, such as the composition of perovskite or the exposed
surface area. The resistance across the bulk diffusion is proportional to
the thickness. For a relative thick membrane, the region of highest
resistance is the region of the bulk diffusion. The oxygen permeation
flux based on bulk diffusion can be expressed by Wagner equation [7]:

RT !
Jo, = oy Jon? Gamp (002)d In pO, 3)

p'o,

where Jo, is the oxygen permeation flux in mol m~?s': R is the gas
constant; F is the Faraday constant; L is the membrane thickness; o,mp
is the ambipolar conductivity; and p'y, and p”y, are the oxygen partial
pressures at the high pressure side and low pressure side, respectively.

Consequently, reducing membrane thickness will lead an
increasing of O, permeation rate. However, for thinner membranes, the
resistance to oxygen ion conduction will be decreased until a certain
limit, known as the characteristic thickness of the membrane (L), which
also depends on the operating conditions such as temperature and O,
partial pressure. The L. of most MIEC membranes typically range from
20 to 3000 pum [32]. For a thickness under L., the region of higher
resistance becomes the interfaces | and Il that are the surfaces with
exchange reactions. The Wagner equation is not applicable when the
oxygen flux becomes determined by the surface reaction.

Other mechanisms and relations have been proposed to explain
the oxygen flux within this regime [33, 34]. Surface exchange reactions
are expected to be composed of sequential steps which might limit the
overall rate. They may consist of adsorption from the gas phase, charge
transfer reaction between the adsorbed species and bulk, including the
reversed reactions [19]."° For this point, a big challenge is finding a
mathematical model to explain explicitly both the limiting cases such as
bulk diffusion and surface exchange reactions, especially in the case of
dense and thin planar MIEC membranes deposited on porous supports
and / or modified surfaces.
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2.2.3 Supported MIEC membranes

To increase the mechanical strength of thinner ceramic
membranes in operational conditions as elevated temperatures and high
O, partial pressure gradients, an alternative proposed by Bouwmeester et
al. [35] is the membrane deposition via different techniques on porous
substrates specially prepared. As previously mentioned, the porous
substrate strongly influences the properties of the thin MIEC membrane
layer, regardless of which deposition technique is used and must satisfy
the following requisites:

e Chemical stability at fabrication temperature and in the
fabrication atmosphere;
e Similar TEC to membrane layer materials;
e Chemical stability at membrane application temperature (800—
900°C) under operation atmosphere;
e Permeability that does not dominate the rate of permeation for
gas diffusion;
¢ High mechanical strength at membrane application temperature.
Thin perovskites MIEC membrane have been deposited on
porous substrates using different techniques, e.g. dry pressing [36-44],
dip coating [45-48], screen printing [49, 50], spray pyrolysis [51], slip
casting [52], tape casting [20, 53-56] and others [57-63]. Table 2.2.1
lists some of these studies including membrane and support fabrication
method, material used for both components, as well as their thickness,
pore-forming agent and pore size of the support and oxygen permeation
fluxes in different operating conditions.
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Table 2.2.1. MIEC membranes on porous substrates: materials and properties.

Membrane | Membrane Pore Membrane
Pore ; Support Joz
Support Support size - 12 Ref.
M P former thickness (mol's™cm™)
aterials Process (nm)
(um)
SCFz-
0.4MgO/ Dry Active 2.02x107
MgO- pressing carbon 08 200/1000 (900°C) (371
0.4SCFZ
Dry . 6.17x10"
BSCF pressing Inorganic | 1.18 200/1300 (850°C) [39]
Dry Graphite i 1.78x107
SCFz pressing starch 5-30 500/1400 (930°C) [43]
Dry . 1.2x10°
BSCF pressing Graphite | 3-20 170/1050 (900°C) [44]
Dry - 8.41x10°
LSTF pressing Organic 10 50-70/400 (1000°C) [48]
Screen
printing/ . i 0.5x107
LSCF Warm Organic 14 10-20/1200 (900°C) [49]
pressing
Slip
casting/ Methyl 1.41x107
LSCF Dry cellulose 0.5 200/1500 (800°C) [51]
pressing
Tape i 5.04x107
BSCF casting Starch 2-25 70/830 (900°C) [20]
Tape 1.19x10°
LSFG/ LSF casting Starch 8-20 80/1000 (900°C) [55]
Tape 1.12x107
LSFG casting Starch 8-20 120/820 (920°C) [56]
Spin
coating/ Carbon 10- 1.56x10°
CSTF Dry black | 50 35/500 @s00c) | 7
pressing
Slurry
dropping/ 3.54x10°®
LCC Dry Oxalate 1-3 10/1200 (930°C) [59]
pressing
Slurry
LCC-BFz/ dropping/ 1.19x10°®
LCC Dry Oxalate 1-3 30/1200 (780°C) [60]
pressing
Slurry
dropping/ 46/ 1.78x10°
BLF Dry Oxalate 1-2 500-1000 (930°C) [61]
pressing

" BFZ = BaFeq475Z0.025035; BLF = Bap gsLa0.05F€03.5; BSCF = BagsSrosC008F€0203.5; CSTF
= LapssSro.4C0o.2Fe 8035,
LagSro4TiosFeo70s5 SCFZ

CaggSro2Tig7Fe0.303.5;

Lag gSro2FeOs.s;

SrCoo.4Fe5Zr01035

LCC = LageCansCo0ss;
LSFG = LageSro4FersGag10s5 LSTF =

LSCF

LSF
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Chang et al. [37] produced crack-free dense MIEC membranes
on porous supports via dry pressing by embedding 40% SCFZ
(SrCog 4Fe052r0103.5) onto MgO-based support and 40% MgO onto
SCFZ membrane to avoid TEC problems between both materials. It was
observed that the O, flux is ten times higher in the supported MIEC
membrane than in the self-supported membrane due to reducing of
thickness. In another work [36] this group verified that O, flux is also
dependent on the direction of the permeation, i.e., the oxygen flux is
higher when permeates in the support-membrane direction, due to
increasing surface exchange rate on the dense layer in the high partial
pressure side. In other groups an improvement of the oxygen permeation
flux in supported MIEC membranes produced by dry pressing was also
observed by modifying the microstructure of porous support to straight
pores in order to favor gas diffusion [41], by adding a thin porous
activity layer in the permeate membrane side which helps the kinetic
exchange of the oxygen ions by increasing the surface area available for
the re-association of the oxygen molecules in the low pressure side [39].
Kawahara et al. [48] employed dip coating to produce thin and dense
perovskite membranes on porous substrates produced by dry pressing. It
was noticed that higher O, fluxes were achieved by reducing membrane
thickness and controlling porosity in the porous substrate.

Baumann et al. [20] produced thin (70 um) perovskite
membranes on porous supports via tape casting and co-firing. In this
case, the porous substrate offered a certain resistance to O, flux and the
deposition of a thin porous activity layer improved drastically the O,
permeation flux by varying operational conditions as temperature, O,
partial pressure and gas flow rates. Figure 2.2.4 (a-d) shows SEM
images of the cross-sections of those membranes after oxygen
permeation measurements. A suitable adhesion of the dense membrane
on porous support may be observed, Figure 2.2.4 (a-b), as well as the
thin (17 um) porous active layer deposited by screen printing, Figure
2.2.4 (c-d). The highest O, fluxes values achieved in the case of porous
activity layer deposition are due to increased available surface area in
the membrane, since the limiting factor becomes the surface exchange
reaction when the membrane thickness is too thin, depending on the
characteristic value (L.) of each material. Watanabe et al. [59] have used
slurry dropping deposition technique to produce thinner (10-30 um)
perovskite membranes on porous support. Higher O, fluxes were
measured in supported MIEC membranes with porous active layer
deposited on the low partial pressure side when compared with
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supported membranes without active layer and even lower values for
self-supported membranes.

Flgure 2. 2 4 Fracture Cross- sectlons (SEM images) of two membranes after
oxygen permeation measurements: (a and b) without oxygen activity layer and
(c and d) with an oxygen activation layer.”’

In almost all revised works, such as in those with highest
oxygen permeation fluxes showed in Table 1, the authors used the same
material for membrane and substrate. The same approach was applied to
active layers to avoid differences of thermal expansion coefficient
(TEC), thereby preventing delamination and cracks during sintering and
operating conditions. Table 1 also shows that the average pore size in
the support materials varies from <1um to around 50 um. Within this
range it can be observed high oxygen flux results either for smaller (1-2
pm) [61] or larger pores (5-25 pm) [20], at similar experimental
conditions, which leads an understanding of the dependence of the
oxygen flux among other factors, with the pore geometry.

An important aspect is to ensure an open and interconnected
porosity, providing the adequate permeability for gas diffusion. The
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most of studies employed the sacrificial template technique to create
porosity in support material. This concept is based on incorporating an
organic agent in the material composition to be removed in a slow
thermal treatment after shaping and before sintering. In this context, it is
interesting to select available routes for processing macroporous
ceramics in order to find an inexpensive, environmentally friendly and
suitable method for the manufacture of porous supports. An extensive
review on processing techniques of macroporous ceramics and its
relationship to control the porosity was made by Studart et al. [64]
Further information can be found elsewhere [65-70].

A more recent and innovative method to fabricate ultra-thin
MIEC membranes, different of those proposed for planar configurations,
is the formation of asymmetric hollow fibers via an immersion induced
phase inversion and sintering techniques. These hollow fibers might be
processed with very thin and dense skin layer integrated on the porous
support of the same perovskite material. In addition to its ability to
support very thin walled membranes, the hollow fiber geometry also
maximizes the surface area per unit volume. Recent developments show
large improvements in oxygen permeation rates in hollow fibers [1, 12,
13, 15, 17, 18] compared with flat, self-supported membranes. Similar
results might be compared with some of the best results in the literature
on flat supported membranes. Hollow fiber membranes can be
fabricated using simple processing steps, without the use of porous
substrate. Perovskite capillaries with an outer diameter from 0.5 to 3
mm and wall thicknesses from 50 to 500 um have been manufactured
[12, 13]. However, material strength limitation prevents wall thickness
of hollow fiber membranes to be reduced further below 200 um.

2.2.4 Conclusions

Dense perovskite membranes are promising alternatives to O,
separation in oxy-combustion plants. Improvements in the design of
these membranes are being intensively studied and flat configurations of
supported MIEC membranes produced with the same material adding a
thin porous activity layer has achieved good improvements regarding
oxygen flux. The deposition of the membrane may be accomplished by
simple methods as dip coating, tape casting and slurry dropping. Besides
the need for chemical compatibility and mechanical strength at
operating conditions, the porous substrate must be engineered in order
not to limit diffusion of gas by controlling its porosity and
microstructure. The key point for further improvements in the planar
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supported MIEC membranes is the definition of an explicit model for
explaining the surface exchange reactions of these supported membranes
and controlling the porosity and microstructure of the porous substrate.

2.2.5 References

[1] LEO, A, LIU, S.; COSTA, J. C. D. D. Development of mixed
conducting membranes for clean coal energy delivery. International
Journal of Greenhouse Gas Control, v. 3, n. 4, p. 357-367, 2009.

[2] CHEN, Z., RAN, R., SHAO, Z., YU, HAI., DINIZ DA COSTA,
J.C, LIU, S. Further ~ performance  improvement  of
Ba0.5Sr0.5C00.8Fe0.203-5 perovskite membranes for air separation. v.
35, p. 2455-2461, 2009.

[3] BAUMANN, S. et al. Influence of sintering conditions on
microstructure and oxygen permeation of Ba0.5Sr0.5C00.8Fe(0.203—6
(BSCF) oxygen transport membranes. Journal of Membrane Science,
v. 359, n. 1-2, p. 102-109, 2010.

[4] HAWORTH, P. et al. Yttrium doped BSCF membranes for oxygen
separation. Separation and Purification Technology, v. 81, n. 1, p. 88-
93, 2011.

[5] STADLER, H. B., F. HABERMEHL, M. PERSIGEHL, B. KNEER,
R. MODIGELL, M. JESCHKE, P. . Oxyfuel coal combustion by
efficient integration of oxygen transport membranes. International
Journal of Greenhouse Gas Control, v. 5, p. 7-14, 2011.

[6] CZYPEREK, M. Z., P. BOUWMEESTER, H.J.M. MODIGELL, M.
EBERT, K. VOIGT, I. MEULENBERG, W.A. SINGHEISER, L.
STOVER, D. . Gas separation membranes for zeroemission fossil power
plants: MEM-BRAIN. Journal of Membrane Science, v. 359, p. 149—
159, 2010.

[71 SUNARSO, J. et al. Mixed ionic—electronic conducting (MIEC)
ceramic-based membranes for oxygen separation. Journal of
Membrane Science, v. 320, n. 1-2, p. 13-41, 2008.

[8] BOUWMEESTER, H. J. M., KRUIDHOF, H., BURGGRAAF, A.J.,
GELLINGS, P.J. . Oxygen semipermeability of erbia-stabilized bismuth
oxide. Solid State lonics, v. 53-56, p. 460—468., 1992.

[9] SKINNER, S. J., KILNER, J.A. . Oxygen diffusion and surface
exchange in La2—xSrxNiO4+8. Solid State lonics, v. 135 p. 709-712,
2000.

[10] JI, Y., KILNER, J.A., CAROLAN, M.F. . Electrical properties and
oxygen diffusion in yttria-stabilised zirconia (Y SZ)-La0.8Sr0.2MnO3+5
(LSM) composites. Solid State lonics, v. 176, p. 937-943, 2005.



60

[11] KHARTON, V. V., KOVALEVSKY, A\V. VISKUP, AP,
SHAULA, A.L. FIGUEIREDO, F.M., NAUMOVICH, E.N.
MARQUES, F.M.B. . Oxygen transport in Ce0.8Gd0.202—-5 based
composite membranes. Solid State lonics, v. 160 p. 247-258, 2003.
[12] SCHIESTEL, T., KILGUS, M., PETER, S., CASPARY, K.,
WANG, H., CARO,J. . Hollow fibre perovskite membranes for oxygen
separation. Journal of Membrane Science, v. 258, p. 1-4, 2005.

[13] WANG, H., WERTH, S., SCHIESTEL, T., CARO, J. . Perovskite
hollow-fibre membranes for the production of oxygen-enriched air.
Angewandte Chemie International Edition, v. 44, p. 6909-16909,
2005.

[14] BUYSSE, C., KOVALEVSKY, A. SNUKERS, F,
BUEKENHOUDT, A., MULLENS, S., LUYTEN, J ; J
KRETZSCHMAR, S. L. Fabrication and oxygen permeability of
gastight, macrovoid-free Ba0.5Sr0.5C00.8Fe0.203—3 capillaries for
high temperature gas separation. Journal of Membrane Science, V.
359, p. 86-92, 2010.

[15] LEO, A. et al. High performance perovskite hollow fibres for
oxygen separation. Journal of Membrane Science, v. 368, n. 1-2, p.
64-68, 2011.

[16] SERRA, J. M. et al. IT-SOFC supported on mixed oxygen ionic-
electronic conducting composites. Chemistry of Materials, v. 20, n. 12,
p. 3867-3875, Jun 2008.

[17] LIU, S., GAVALAS, G. R. Oxygen selective ceramic hollow fiber
membranes. Journal of Membrane Science, v. 246, p. 103-108, 2005.
[18] LI, K., TAN, X., LIU,Y. . Single-step fabrication of ceramic hollow
fibers for oxygen permeation. Journal of Membrane Science, v. 272,
p. 1-5, 2006.

[19] CHEN, C. S. et al. Microstructural development, electrical-
properties and oxygen permeation of zirconia-palladium composites.
Solid State lonics, v. 76, n. 1-2, p. 23-28, Feb 1995.

[20] BAUMANN, S. et al. Ultrahigh oxygen permeation flux through
supported Ba(0.5)Sr(0.5)Co(0.8)Fe(0.2)O(3-delta) membranes. Journal
of Membrane Science, v. 377, n. 1-2, p. 198-205, Jul 15 2011.

[21] SMART, S. et al. Ceramic membranes for gas processing in coal
gasification. Energy & Environmental Science, v. 3, p. 268-278,
2010.

[22] BURGGRAAF, A. J.; COT, L. Fundamentals of inorganic
membrane science and technology. Amsterdam ; New York: Elsevier,
1996. xviii, 690 p.



61

[23] BADWAL, S. P. S.; CIACCHI, F. T. Ceramic membrane
technologies for oxygen separation. Advanced Materials, v. 13, n. 12-
13, p. 993, Jul 4 2001.

[24] GOLDSCHMIDT, V. M. Geochemische Verteilungsgesetze der
Elemente. Norske Videnskap, Oslo: 1927.

[25] ADLER, S. B.; CHEN, X. Y.; WILSON, J. R. Mechanisms and rate
laws for oxygen exchange on mixed-conducting oxide surfaces. Journal
of Catalysis, v. 245, n. 1, p. 91-109, Jan 1 2007.

[26] BHATIA, S.; HASHIM, S. M.; MOHAMED, A. R. Current status
of ceramic-based membranes for oxygen separation from air. Advances
in Colloid and Interface Science, v. 160, n. 1-2, p. 88-100, Oct 15
2010.

[27] YANG, W. S.; WANG, H. H.; CONG, Y. Oxygen permeation
study in a tubular Ba0.5Sr0.5C00.8Fe0.203-delta oxygen permeable
membrane. Journal of Membrane Science, v. 210, n. 2, p. 259-271,
Dec 15 2002.

[28] ISHIHARA, T. et al. Oxygen surface exchange and diffusion in
LaGaO(3) based perovskite type oxides. Solid State lonics, v. 113, p.
593-600, Dec 1998.

[29] MANNING, P. S.; SIRMAN, J. D.; KILNER, J. A. Oxygen self-
diffusion and surface exchange studies of oxide electrolytes having the
fluorite structure. Solid State lonics, v. 93, n. 1-2, p. 125-132, Dec
1996.

[30] RUIZ-TREJO, E. et al. Oxygen ion diffusivity, surface exchange
and ionic conductivity in single crystal Gadolinia doped Ceria. Solid
State lonics, v. 113, p. 565-569, Dec 1998.

[31] LANE, J. A.; KILNER, J. A. Oxygen surface exchange on
gadolinia doped ceria. Solid State lonics, v. 136, p. 927-932, Nov 2000.
[32] AASLAND, S. et al. Oxygen permeation of SrFe0.67 C00.3303-d.
Solid State lonics, v. 135, n. 1-4, p. 713-717, Nov 2000.

[33] LIN, Y. S.; WANG, W. J.; HAN, J. H. Oxygen Permeation through
Thin Mixed-Conducting Solide Oxide Membranes. Aiche Journal, v.
40, n. 5, p. 786-798, May 1994.

[34] TAN, X. Y. etal. Theoretical analysis of ion permeation through
mixed conducting membranes and its application to dehydrogenation
reactions. Solid State lonics, v. 138, n. 1-2, p. 149-159, Dec 2000.

[35] BOUWMEESTER, H. J. M.; KRUIDHOF, H.; BURGGRAAF, A.
J. Importance of the Surface Exchange Kinetics as Rate-Limiting Step in
Oxygen Permeation through Mixed-Conducting Oxides. Solid State
lonics, v. 72, p. 185-194, Sep 1994.



62

[36] CHANG, X. F. et al. Experimental and modeling study of oxygen
permeation modes for asymmetric mixed-conducting membranes.
Journal of Membrane Science, v. 322, n. 2, p. 429-435, Sep 2008.

[37] CHANG, X. F. et al. Match of thermal performances between the
membrane and the support for supported dense mixed-conducting
membranes. Journal of Membrane Science, v. 285, n. 1-2, p. 232-238,
Nov 2006.

[38] CHEN, Z. H. et al. A dense oxygen separation membrane with a
layered morphologic structure. Journal of Membrane Science, v. 300,
n. 1-2, p. 182-190, Aug 15 2007.

[39] KOVALEVSKY, A. V. et al. Processing and oxygen permeation
studies of asymmetric multilayer Ba0.5Sr0.5C00.8Fe0.203-delta
membranes. Journal of Membrane Science, v. 380, n. 1-2, p. 68-80,
Sep 2011.

[40] KOVALEVSKY, A. V. etal. Oxygen permeability and stability of
asymmetric  multilayer  Ba0.5Sr0.5C00.8Fe0.203-delta  ceramic
membranes. Solid State lonics, v. 192, n. 1, p. 677-681, Jun 2011.

[41] IKEGUCHI, M. et al. Improving oxygen permeability in
SrFeC00.50x asymmetric membranes by modifying support-layer
porous structure. Materials Letters, v. 59, n. 11, p. 1356-1360, May
2005.

[42]JIANG, Q. Y.; NORDHEDEN, K. J.; STAGG-WILLIAMS, S. M.
Oxygen permeation study and improvement of
Ba(0.5)Sr(0.5)Co(0.8)Fe(0.2)O(x) perovskite ceramic membranes.
Journal of Membrane Science, v. 369, n. 1-2, p. 174-181, Mar 1 2011.
[43] CHANG, X. F. et al. A Comparative Study of the Performance of
Symmetric and Asymmetric Mixed-conducting Membranes. Chinese
Journal of Chemical Engineering, v. 17, n. 4, p. 562-570, Aug 20009.
[44] KOVALEVSKY, A. V. et al. Processing and oxygen permeability
of asymmetric ferrite-based ceramic membranes. Solid State lonics, v.
179, n. 1-6, p. 61-65, Mar 2008.

[45] HONG, L.; CHEN, X. F.; CAO, Z. D. Preparation of a perovskite
La0.2Sr0.8Co03-x membrane on a porous MgO substrate. Journal of
the European Ceramic Society, v. 21, n. 12, p. 2207-2215, Oct 2001.
[46] LEE, S. et al. Thick-film type oxygen transport membrane:
Preparation, oxygen permeation and characterization. Journal of
Electroceramics, v. 17, n. 2-4, p. 719-722, Dec 2006.

[47] 1TO, W.; NAGAI, T.; SAKON, T. Oxygen separation from
compressed air using a mixed conducting perovskite-type oxide
membrane. Solid State lonics, v. 178, n. 11-12, p. 809-816, May 15
2007.



63

[48] KAWAHARA, A. et al. Importance of pore structure control in
porous substrate for high oxygen penetration in
La(0.6)Sr(0.4)Ti(0.3)Fe(0.7)O(3) thin film for CH(4) partial oxidation.
Solid State lonics, v. 190, n. 1, p. 53-59, May 19 2011.

[49] XING, Y. et al. Chemical Compatibility Investigation of Thin-Film
Oxygen Transport Membranes on Metallic Substrates. Journal of the
American Ceramic Society, v. 94, n. 3, p. 861-866, 2011.

[50] BUCHLER, O. et al. Preparation and properties of thin
Lal—xSrxCol—yFeyO3—3 perovskitic membranes supported on tailored
ceramic substrates. Solid State lonics, v. 178, n. 1-2, p. 91-99, 2007.
[51] ABRUTIS, A. Preparation of dense, ultra-thin MIEC ceramic
membranes by atmospheric spray-pyrolysis technique. Journal of
Membrane Science, v. 240, n. 1-2, p. 113-122, 2004.

[52] JIN, W. Q. et al. Preparation of an asymmetric perovskite-type
membrane and its oxygen permeability. Journal of Membrane
Science, v. 185, n. 2, p. 237-243, Apr 2001.

[53] MIDDLETON, H. et al. Co-casting and co-sintering of porous
MgO support plates with thin dense perovskite layers of LaSrFeCoO3.
Journal of the European Ceramic Society, v. 24, n. 6, p. 1083-1086,
2004.

[54] FONTAINE, M. L. et al. On the preparation of asymmetric
CaTi0.9Fe0.103-delta membranes by tape-casting and co-sintering
process. Journal of Membrane Science, v. 326, n. 2, p. 310-315, Jan
20009.

[55] JULIAN, A. et al. Elaboration of La0.8Sr0.2Fe0.7Ga0.303-
delta/La0.8M0.2Fe03-8 (M = Ca, Sr and Ba) asymmetric membranes
by tape-casting and co-firing. Journal of Membrane Science, v. 333, n.
1-2, p. 132-140, May 20009.

[56] ETCHEGOYEN, G.; CHARTIER, T.; DEL-GALLO, P. An
architectural approach to the oxygen permeability of a
La0.6Sr0.4Fe0.9Ga0.103-delta perovskite membrane. Journal of the
European Ceramic Society, v. 26, n. 13, p. 2807-2815, Sep 2006.

[57] ARAKI, S. et al. Synthesis and characterization of mixed ionic-
electronic conducting Ca0.8Sr0.2Ti0.7Fe0.303-alpha thin film. Solid
State lonics, v. 178, n. 33-34, p. 1740-1745, Jan 31 2008

[58] ARAKI, S. et al. Synthesis of Ca0.8Sr0.2Ti0.7Fe0.303-delta thin
film membranes and its application to the partial oxidation of methane.
Solid State lonics, v. 221, p. 43-49, Aug 2012.

[59] WATANABE, K. et al. Preparation of oxygen evolution
layer/La0.6Ca0.4Co03 dense membrane/porous support asymmetric



64

structure for high-performance oxygen permeation. Solid State lonics,
v. 179, n. 27-32, p. 1377-1381, Sep 2008.

[60] WATENABE, K. et al. Oxygen Permeation of a Dense/Porous
Asymmetric Membrane Using La0.6Ca0.4C003-5-
BaFe0.9752r0.02503-6 System. Chemistry Letters, v. 38, n. 1, p. 94-
95, Jan 2009.

[61] WATENABE, K. et al. High-Performance Oxygen-Permeable
Membranes with an Asymmetric Structure Using Ba0.95La0.05FeQO3-
delta Perovskite-Type Oxide. Advanced Materials, v. 22, n. 21, p.
2367-2370, Jun 2010.

[62] MATSUKA, M.; AGRANOVSKI, I. E.;; BRADDOCK, R. D.
Preparation of asymmetric perovskite-type membranes by a settlement
method. Ceramics International, v. 36, n. 2, p. 643-651, Mar 2010.
[63] SADYKOV, V. et al. Design of asymmetric multilayer membranes
based on mixed ionic—electronic conducting composites supported on
Ni—Al foam substrate. Catalysis Today, v. 156, n. 3-4, p. 173-180,
2010.

[64] STUDART, A.R.; GONZENBACH, U.T.; TERVOORT, E. and
GAUCKLER, L.J. Processing routes to macroporous ceramics: A
review. Journal of the American Ceramic Society, v. 89, n. 6, p.
1771-1789, 2006.

[65] SEPULVEDA, P.; BINNER, J. G. P. Processing of cellular
ceramics by foaming and in situ polymerisation of organic monomers.
Journal of the European Ceramic Society, v. 19, n. 12, p. 2059-2066,
1999.

[66] INNOCENTINI, M.D.M. et al. Prediction of ceramic foams
permeability using Ergun’s equation. Materials Research, v.2, n. 4, p.
283-289, 1999.

[67] ORTEGA, F.S. et al. Effect of aeration technique on the
macrostructure and permeability of gelcast ceramic foams. Ceramica,
v.48, n. 306, p. 79-85, 2002.

[68] PRABHAKARAN, K. et al. Preparation of macroporous alumina
ceramics using wheat particles as gelling and pore forming agent.
Ceramics International, v. 33, n. 1, p. 77-81, 2007.

[69] SILVEIRA, C. B. et al. Thermal decomposition of polyurethane
foams for manufacturing LZSA cellular glass ceramics. Quimica Nova,
v. 30, n. 5, p. 1104-1107, 2007.

[70] BARG, S. et al. Cellular ceramics by direct foaming of emulsified
ceramic powder suspensions. Journal of the American Ceramic
Society, v. 91, n. 9, p. 2823-2829, Sep 2008.


http://www.scielo.br/scielo.php?script=sci_arttext&pid=S0366-69132002000200006&lang=pt
http://www.scielo.br/scielo.php?script=sci_arttext&pid=S0366-69132002000200006&lang=pt
http://www.scielo.br/scielo.php?script=sci_arttext&pid=S0100-40422007000500010&lang=pt
http://www.scielo.br/scielo.php?script=sci_arttext&pid=S0100-40422007000500010&lang=pt

3. METODOLOGIA GERAL

3.1 Materiais e Métodos

O sistema BSCF de composi¢cdo BagsSrosCoggFep 2055 foi
escolhido como material precursor tanto das membranas de separacdo de
O, quanto dos suportes porosos produzidos neste trabalho, a fim de
evitar problemas tipicos de diferencas de coeficiente de expanséo
térmica entre a membrana e o suporte, como por exemplo trincas e

delaminagoes.

A escolha da composicdo BagsSrosCoggFeg20s5 para a
fabricacdo das membranas se justifica por esta apresentar os melhores
resultados de permeabilidade ao oxigénio a altas temperaturas
encontrados na literatura [1]. As matérias-primas utilizadas para
producdo do p6 ceramico BSCF na fabricacdo das membranas e para
fabricacdo dos suportes porosos estéo listadas na Tabela 3.1.1.

Tabela 3.1.1 Matérias primas utilizadas na fabricacdo das membranas e dos
suportes de BSCF

Nome — Formula Quimica

Funcéo

Pureza (%)

Acido citrico (CgHg07.H,0) Agente quelante > 99 m%
Acido etilenodiaminotetracético (EDTA —
Agente quelante > 99 m%
CioH:N;05) gene ’
Hidréxido de aménio (NH,OH) Controle de pH 97 m%
. s Composto 0
Nitrato de béario (Ba(NOs),) metalico > 99 m%
Nitrato de estroncio (Sr(NO),) Composto 99 Mm%
metélico
. Composto 0
Nitrato de cobalto (Co(NO3),.6H,0) metalico > 98 m%
. Composto 0
Nitrato de ferro 111 (Fe(NOs);.9H,0) metalico > 98 m%
. . Agente formador
Pluronic® F-68 (C3;H¢0.C,H,0), de poros -
Carbono ativado (C) Agergjte formador -
e poros
“polyoxyethylene-polyoxypropylene block copolymer, M, ~8,400
A sintese do p6 cerdmico BSCF de composigdo

Bay sSrosCog gFeg 2035 foi realizada através da rota de complexagdo
EDTA-citrato, também conhecida como método modificado de Pechini
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[2], devido as suas vantagens relacionadas a pureza, homogeneidade e
alta densidade relativa. A Figura 3.1.1 apresenta um fluxograma que
resume cada etapa deste processo de sintese realizada neste trabalho.

[ EDTA ] [ NH;-H,0 ]
l |
|

Nitrat Aci
ttratos Solucéio EDTA-NH, Acido
metalicos citrico

I I

—> Controle de pH

s '

Solugao precursora

|—> Agitacdo, 100°C

Formagao do gel

|—> Secagem e calcinagdo, 450°C

Gel seco

|—> Calcinacao, 700°C

[ PoBSCF parcialmente
cristalizado

\, J

Figura 3.1.1 Fluxograma das etapas de sintese do pé BSCF.

De acordo com a Figura 3.1.1, basicamente realizou-se a
mistura dos nitratos metalicos (no caso, de bario, estroncio, cobalto e
ferro) com o 4&cido citrico e o EDTA nas propor¢des molares de
10:20:11. Esta solucdo foi submetida a agitacdo com agua deionizada
até que ficasse homogénea. Em seguida, o pH foi controlado em torno
de 5 através da adicdo de hidroxido de aménio (NH4,OH) concentrado.
Sob aquecimento a 100°C e agitacdo a fase liquida foi evaporada
restando um gel de coloracdo roxa. Apds a formacdo do gel, seguiu-se a
etapa de secagem e calcinacdo a 450°C por 8 h em forno tipo Mufla
(Labec, CEMLM) para que o gel se descolasse do béquer. Em seguida,
para remocéo total da matéria organica, seguiu-se mais uma etapa de
calcinacdo a 700°C por 8 h, a uma taxa de aquecimento de 5°C/min.

O p6 BSCF resultante e parcialmente cristalizado passou por
uma etapa de moagem a Umido utilizando etanol e esferas de zirconia
em um moinho planetario de alta energia (Fritsch, Pulverisette 7) a uma
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velocidade de 800 rpm por 30 min. O p6 moido foi seco em estufa a
80°C para remocdo do etanol.

Todas as amostras utilizadas neste trabalho foram fabricadas no
formato de pastilhas. Apés moagem, o pé cerdmico BSCF foi
compactado em prensa hidraulica (Liftech, 10 ton Bench) por 10 min a
130 MPa para fabricagdo das membranas BSCF em diferentes
espessuras (0,5-1,0mm) e estas sinterizadas para caracterizagfes. Para
fabricacéo dos suportes porosos, 0 pé ceramico BSCF foi primeiramente
misturado ao agente formador de poros e o composto compactado da
mesma forma das membranas, e mais uma vez em diferentes espessuras
(0,9-1,5mm) e suas amostras sinterizadas para analises.

No caso das membranas BSCF suportadas, ou seja, as
membranas finas depositadas sobre os suportes, a prensagem se deu em
duas etapas: a camada porosa (p6 BSCF + agente formador de poros) foi
primeiramente depositada e sua superficie levemente nivelada com
auxilio do pistdo e, apds isto, a camada densa foi depositada para
prensagem total do corpo seguindo 0 mesmo procedimento anterior. As
membranas suportadas também foram fabricadas em diferentes
espessuras tanto da camada densa (0,15-0,5mm) quanto da camada
porosa (0,3-0,9mm) e sinterizadas para analises.

A sinterizagdo de todas as amostras produzidas foi realizada em
forno tubular de alta temperatura (MTI, GSL1600X), em ar a 1050°C
por 8 h, com patamar a 900°C por 8 h e taxas de aquecimento e
resfriamento de 5°C/min. No caso dos suportes porosos e das
membranas suportadas produzidas, foi realizada uma rampa inicial lenta
(1°C/min) em ar até 500°C com patamar de 1 h para remocdo total do
agente porogeénico.

3.2 Caracterizagao

A caracterizacdo do p6 sinterizado BSCF (pastilhas sinterizadas
de membranas e suportes moidas) bem como das membranas densas,
dos suportes porosos e das membranas suportadas foi realizada mediante
a avaliacdo de diferentes propriedades utilizando vérias técnicas de
caracterizacdo como apresentado na Tabela 3.2.1. Os parametros e
procedimentos experimentais de cada uma dessas andlises estdo
devidamente detalhados nos respectivos artigos experimentais do
capitulo 4. Importante ressaltar que a densidade relativa (pr) foi
calculada segundo a razdo entre a densidade aparente (p,p) obtida por
picnometria a gas e a densidade tedrica do material (p;) encontrada na
literatura [3] como mostrado na equagéo 1:
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Prel = Pap / Pt 1)

A porosidade aparente do suporte poroso foi calculada de
acordo com a equacdo 2, mostrada a seguir:

€= 1- prel 2
onde ¢ ¢ a porosidade e py a densidade relativa.
3.3 Parcerias
A maior parte do trabalho experimental foi desenvolvida
durante o estdgio no exterior realizado no laboratério de filmes e

membranas inorganicas (FIMLab Group) da Universidade de
Queensland, na Australia.
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Tabela 3.2.1 Caracterizagdo dos materiais e amostras produzidas

Material/Produto
BSCF

Propriedade

Técnica de
caracterizacgdo

P6 sinterizado
membrana e suporte

Estrutura cristalina
(perovskita)

Difracéo de Raios-X/DRX

P6 sinterizado
membrana e suporte

Vacéncias de oxigénio
a temperatura
ambiente, &

Titulac8o lodométrica

P6 sinterizado
membrana e suporte

Vacancias de oxigénio
em funcédo da
temperatura, &

Termogravimetria/ATG

Membranas densas e
suportes porosos

Microestrutura

Microscopia Eletronica de
Varredura/MEV

Membranas densas e
suportes porosos

Densidade aparente

Picnometria a gas (He)

Membranas densas e
suportes porosos

Condutividade
elétrica, o

Condutividade DC
sistema 4 pontos

Suportes porosos

Microestrutura e
estrutura interna dos
poros

Microtomografia
Computadorizada

Suportes porosos

Porosidade aparente

Anélise de Imagem

Membranas
suportadas

Microestrutura, adesdo
membrana-suporte

Microscopia Eletronica de
Varredura/MEV

Membranas densas,
suportes porosos e
membranas
suportadas

Fluxo de O,, Jo,

Permeacdo de Oxigénio
por cromatégrafo gasoso

Membranas densas,
suportes porosos e
membranas
suportadas

Microdureza do
material, propriedade
mecanica

Microdureza Vickers

Membranas densas,
suportes porosos e
membranas
suportadas

Micro indentagéo

Microscopia Otica/MO
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4. RESULTADOS E DISCUSSAO

4.1 The effect of non-ionic porous domains on supported
Bag5SrosCoggFeq 203-5 membranes for O, separation

4.1.1 Introduction

There are several families of dense ceramic materials that
separate oxygen from air, including perovskites (ABOs3), fluorites
(AOy),  brownmillerites  (A,B,0s), ruddlesden-popper  series
(An+1Br03541) and Sry4Fes.xCo,013 compounds. These materials can be
used to prepare dense ceramic membranes which allow for the
conduction of oxygen ions at high temperatures (>600°C) through
oxygen vacancy defect sites [1]. As only oxygen ions diffuse through,
essentially dense ceramic membranes can produce 100% pure oxygen.
However, as oxygen ions flow in one direction, electrical neutrality
must be maintained so electrons travel in the opposite direction [2]. This
can be achieved by attaching an external electrical circuit to the
membrane or by designing special ceramic structures which can conduct
both ions and electrons. The latter is known as mixed ionic and
electronic conductors (MIEC) after the pioneering work from Teraoka
and co-workers [3]. MIEC membranes do not require any external
electrical equipment for oxygen separation, and as such are very
attractive for industrial application. High performance MIEC
membranes are derived from perovskites which exhibit the best
combination of ionic and electronic conductivity and deliver high
oxygen flux depending on thickness and operating temperature. The
optimised BagsSrosC0oggFeq20;-5 (BSCF) possesses the highest oxygen
permeability ever reported and is the most studied MIEC membrane by
the research community [4 - 7].

Perovskite membranes have been generally prepared by solid
state chemistry, where powders are mixed, pressed into discs (~1 mm
thick), sintered at high temperatures (>1000°C) and tested for oxygen
separation from air. However, oxygen fluxes are inversely proportional
to the thickness of membranes as oxygen ion transport is limited by bulk
diffusion. Hence, oxygen production can be optimised by reducing the
thickness of perovskite membranes. The downside of this approach is
the critical thickness (L.), a crossover point where oxygen ionic
transport is limited equally by bulk diffusion and surface exchange
kinetics. For thicknesses below L., that latter limits oxygen transport
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more than the bulk diffusion [8]. The L. is between 0.71 and 1.1 mm for
BSCF [9] and 0.4 mm for yttrium doped BSCF [10], but this is
significantly temperature dependent.

One general approach to reduce the thickness of perovskite flat
disc (~1 mm) membranes was the development of hollow fibres with
wall thickness of ~250 um [11 — 14]. As expected, oxygen fluxes
increased by two or three fold to ~4-5 ml cm™ min™. Since then, hollow
fibres development has surged, particularly by doping BSCF or
replacing some of the compounds to increase ionic transport. Examples
include the partial substitution of Fe with Zr to form with
Ba(Co,Fe,Zr)Os3. 5 [15], using sulphur free binder to spin BSCF hollow
fiber [16], yttrium doped BSCF [17], or developing a bismuth doped
compound BaBiScCo (BBSC) [18]. All these membranes delivered even
higher oxygen fluxes 7.6, 9.5 and 11.4 ml min™ cm? respectively.
Nevertheless, perovskite hollow fibres are mechanically fragile which is
compounded by porosity. The problems associated have been addressed
by altering the hollow fibre spinning conditions, so to inhibit the
diffusion rates of the solvent into the non-solvent and vice versa during
coagulation. These changes led to the production of microvoid free
BSCF capillaries [19], though mechanical strength remains a concern.

To address issues related to mechanical strength, inorganic
membrane researchers went back to the drawing board and started
adapting old concepts to flat membrane geometries. One example is the
traditional asymmetric membrane, where a porous substrate provides the
mechanical stability for a top thin layer. This concept was demonstrated
by Baumann and co-workers [20] by tape casting a thin dense layer on a
porous substrate. The advantage here is that the same material BSCF
was cast in both dense and porous layers, thus matching thermal
expansion and chemical compatibility. Hence, 0.90 mm asymmetric
membranes (0.02 mm dense layer plus ~0.90 mm porous support)
delivered oxygen fluxes higher than a pure 0.90 mm thick dense
membrane [21], though the oxygen fluxes varied as a function of the
porosity of the support. These results suggest that the porous support
strongly influences the performance of the membrane. However, the
porous support must have interlinked porosity to allow the diffusion of
molecular oxygen diffusion to the dense layer, which is then responsible
for the oxygen separation from air. Porosity is commonly found in many
perovskite membranes, which are not interconnected particularly in
hollow fibres, though their effect is seldom reported.

In this work, the porosity effect on the performance of
Bay sSro5C0g8Fe0203.5s membranes is investigated. BSCF membranes
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were sintered as dense and as asymmetric membranes containing a
porous support and a dense layer. The porous support was prepared by
mixing BSCF powders with a porogenic agent (Pluronic® F-68). The
porous support and the membrane materials were characterized by
microscopy, tomography, x-ray diffraction, oxygen stoichiometry,
electrical conductivity and oxygen permeation measurements.
Membranes were sintered with varied dense layer and porous support
thicknesses to elucidate the effect of porosity on oxygen permeation.

4.1.2 Experimental
BSCF powder preparation

BSCF green powders were prepared via the EDTA-citrate
method. Stoichiometric amounts of barium nitrate and cobalt nitrate
(>99 and >98 wt% A.C.S. reagent, Sigma-Aldrich), strontium nitrate
and iron nitrate (99 and >98 wt%, Alfa Aesar), as well as citric acid
(>99 wt%, Ajax Finechem) and ethylenediamine-tetra-acetic acid
(EDTA, >99 wt%, Ajax Finechem) were added to de-ionised water in a
beaker and mixed using a magnetic stirrer. The molar ratios of metal
ions, citric acid and EDTA were 10:20:11. The solution was heated to
100°C and ammonia was added at the ratio 10.5 mol NH3 per mol of
metal ions. Heating and stirring was maintained until the solution
evaporated sufficiently to form a gel. The gel was then calcined at
450°C for 8 h, dry milled using a mortar and pestle, and further calcined
at 700°C for further 8 h to remove organic matter. The heating ramp rate
was 5°C min™ for both thermal treatments. The resulting BSCF powder
was mixed with ethanol (AR grade) and milled for 30 min using
zirconia balls in a planetary ball mill (Fritsch Pulverisette 7). The slurry
was dried at 80°C to remove the ethanol.

BSCF membrane and support preparation

Disk shape supported membranes with 16 mm diameter were
prepared by mixing a desirable amount of Pluronic® F-68
(polyoxyethylene-polyoxypropylene block copolymer, Sigma-Aldrich)
as a porogenic agent in the green BSCF powder followed by dry milling
for 5 min in a planetary ball mill. The milled mixture was transferred
into a pressing mould and slightly pressed (0.05 kPa) for 10 seconds to
form a flat surface. Subsequently, an amount of pure BSCF powder was
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added on the top pre-pressed disc and both layers were pressed together
for 10 min at 130 MPa. The final dual layer disc was initially sintered in
air up to 500°C at a ramping rate of 1°C min™ and a dwell time of 1 h. A
second sintering process was applied in air up to 900°C at a higher
ramping rate of 5°C min™ and dwelled for 8 h, followed by further
sintering in air up to 1050°C for the same period of time with the
ramping rate of 5°C min™. The samples were cooled down at 5°C min™.
The pure BSCF dense membranes and the pure polymer/BSCF
composite supports were prepared using identical procedures.

Materials characterization

The sintered BSCF dense and polymer/BSCF porous support
samples were crashed into powders. The crystal structure of the
perovskite was studied by x-ray diffraction (XRD) using a Bruker D8
Advance (40KV, 40mA, Cu Ka radiation). The diffraction patterns were
measured for diffraction angles 20 between 10° and 105° at room
temperature. The surface morphology of the disc membranes was
analysed via field emission scanning electron microscopy (SEM) using a
JEOL JMS-7001F with a hot (Schottky) electron gun. Platinum was
deposited on the surface of sintered disc samples using a Baltek
platinum coater. The apparent density of the membranes and the
substrates was measured using gas helium pycnometry (Micromeritics
AccuPyc 1340). Computerized tomography (CT) was carried out using
3D X-ray microscopy (VersaXRM-500, Xradia, USA) with X-ray
voltage 80 kV, X-ray power 7 W (~90uA), resolution of 1.57 pum/pixel
and a field of view of 1.5 mm x 1.5 mm x 1.5mm. Samples were set in a
holder mounted on a precision rotation table. Samples were rotated
through 360°, and a cone-shaped X-ray was emitted from a 2-pum
aperture. The X-ray CT raw data were collected every 0.225° for a total
of 1600 projections. The CT raw data was then processed into
reconstructed 3D images of the sample cross section (1024x1024
pixels).

lodometric titration was performed to determine the oxygen
vacancy content of the calcined samples at room temperature in
nitrogen. The powder was dissolved in hydrochloric acid (32 wt%, Ajax
Finechem) along with an excess of potassium iodide (>99.0%, Ajax
Finechem). Subsequently, the mixture was heated in an oxygen-free
environment, and titrated against standardized sodium thiosulphate (0.1
M, Fluka) with the use of a starch indicator (1 wt% in H,O, Alfa Aesar).
During this process, the cobalt ions (Co*, Co**) were reduced to Co*",
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and Fe** to Fe*", while I was oxidised to I,. The amount of |, released
was determined quantitatively by redox titration. The oxygen
stoichiometry was calculated based on the amount of I, formed. Thermo
gravimetric analysis (TGA) was carried out using a Shimadzu TGA-50
in between 25 and 900°C to determine the oxygen vacancy
concentration at a function of temperature. The samples were heated and
cooled down at 2°C min™ in air (oxygen partial pressure PO,~ 0.20 kPa)
at 60 ml min™.

Electrical conductivity

Electrical conductivity measurements were carried out by
painting silver conductive paste (Sigma-Aldrich) electrodes onto sample
bars (1 mm x 6 mm x 35 mm) with silver wires. The bars were placed in
a tubular furnace, and platinum wires were connected to the bars to a
Keithley =~ 2601A  sourcemeter.  Four-point DC  conductivity
measurements were performed over the temperature range 550-850°C
(ramp rate 2°C min™) at step of 50°C. At each temperature step, 20 min
was allowed for stabilization before measurements. For each
measurement, the supplied current was cycled 9 times between -10 mA
and +10 mA, with each step taking 10 ms. The voltage was measured
each time as a function of the current, and the conductivity was
calculated based as follows:

L

0 e —
AV (1)

where o is the electrical conductivity (S cm™), L is the distance between
the inner electrodes (cm), A is the cross-sectional area (cm?) of the bar, |
is the supplied current (A) and V is the measured voltage (V).

Oxygen permeation

The BSCF membranes were tested in the oxygen permeation
apparatus shown schematically in Fig. 4.1.1. A membrane disc (d12.0 +
0.2 mm) was sealed to an outer quartz tube using ceramic glaze seal.
The exposed area of the disc membranes for oxygen permeation was
~0.9 cm® Oxygen permeation measurements were carried from 850 to
550°C at intervals of 50°C using an equilibrium time of 10 min at each
temperature set. The cooling rate was 3°C min™. During the
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experiments, the feed side of the membrane was exposed to atmospheric
air, whilst argon (>99.999 mol%, Coregas) was used as a sweep gas in
the permeate stream to provide the oxygen partial pressure difference
between the feed and permeate sides of the disc membrane. The argon
flow rate was set at 200 ml min™ at each temperature set. The dense
layer of the disc membrane always faced the atmosphere feed air and the
support side to the argon atmosphere.
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Figure 4.1.1 Oxygen permeation cell.

The permeate stream was analysed using a gas chromatograph
(Shimadzu GC-2014 with 5 A molecular sieve column) in which argon
was used as the carrier gas. The permeate flow rate was measured via a
bubble flow meter, and any ingress of molecular air was deducted from
the oxygen flux using equation 2:

J, = (X 21 X j
o, o, _— N, |

where JO, is the oxygen permeation flux (ml min™ cm? which
corresponds to the ionic transport of oxygen, F is the flow rate of
permeate stream (ml min™) and A is the membrane area (cm?).
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4.1.3 Results and Discussion
Material characterisation

Dense membranes produced in this work has presented a
relative density around 90%, as calculated by using equation 1, section
3.2. Initial work showed that discs containing in excess of 60 wt%
porogens were extremely fragile after pressing. For this reason, the
porogen concentration in the supports produced in this work varied
between 5-50 wt.%. Representative SEM micrographs in Fig. 4.1.2
show an inhomogeneous pore size formation and the porosity increases
as a function of the porogen concentration. Hence, the sample
containing 50 wt.% porogen (Fig. 4.1.2a) has a higher porosity than the
30% porogen sample (Fig. 4.1.2b). The sintered porous supports
prepared with high porogen concentrations (40 and 50 wt%) proved to
be mechanically weak attributed to the high porosity. Suitable
mechanical strength was attained with supports containing 30 wt%
porogen, which gave a reasonable high 35% porosity (Fig 4.1.2b) as
measured by equation 2, section 3.2. Owing to these properties, 30 wt%
porogen was chosen to prepare porous support membranes of varying
thickness as listed in Table 4.1.1.

Figure 4.1.2 S imes of BSCF ntered supports cntainlng (a) 50 wt.%
and (b) 30 wt.% poregen.
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Table 4.1.1 List of membranes prepared as dense, or as porous substrate
(30wt.% porogen), or as supported membranes.

Thickness (mm)
Membrane
Membrane Substrate
A 1 0
B 0.15 0.9
Cc 0.3 0.9
D 0.5 0.9
E 0.5 0.5
F 0.5 0.3
G 0.5 0
Support 0 0.9

Dense top layer Surface

Porous support

— 100 GBI TABIM

(b) of

Figure 4.1.3 SEimas of cross section (a) and the dense Iyer surface
the sintered supported BSCF membranes.

The integrity of the dense and support layers were maintained
during sintering, and crack formation or layer delamination was not
observed. Fig. 4.1.3 displays representative SEM micrographs of the
supported membranes. The cross section (Fig. 4.1.3a) shows the
membrane formed from a porous support and a dense layer (150 um).
Visually, the pore size distribution of the porous substrate is very broad,
with pores varying from 100 pm to less than 1 pm. Fig. 4.1.3b shows
that the dense layer formed a crack free continuous surface from well
interconnected grains in varying sizes. These results demonstrate that
the correct balance was attained with the preparation method, as a high
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compatibility of the porous support and the membrane dense layer was
achieved.

XRD patterns of the BSCF dense layer and BSCF porous
support after sintering are presented in Fig. 4.1.4. The XRD diffraction
patterns exhibited seven strong peaks with respective 20 angles and
lattice planes of 22.8 {100}, 31.72 {110}, 39.24 {111}, 45.52 {200},
56.6 {211}, 66.36 {220}, and 75.72 {310}, which are related to the
cubic perovskite phase of BSCF (055-0563). The crystal lattice
parameter of the BSCF was calculated using CELREF software. The
refined lattice parameters a=b=c were 0.398 nm, confirming a cubic
crystal structure consistent with literature data [22 — 24].

l J Membrane
-, l A J A A A

Intensity (a.u.)

A T Y IO

20 40 60 80 100

20 (°)
Figure 4.1.4 XRD patterns for sintered BSCF dense membrane
and porous support.

The oxygen stoichiometry evolution in Fig. 4.1.5 of the BSCF
powders shows three distinct changes: (i) a plateau of an average value
of ~2.49 from room temperature to 450°C, (ii) followed an increased
rate of oxygen vacation formation to 750°C, and (iii) the final changes
from there on to 900°C. The increase in the rate of oxygen vacancy
formation is temperature dependent and attributed to two types of
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chemisorbed oxygen species (alpha and beta) [25]. Alpha species,
desorbing at lower temperatures, related to surface oxygen vacancies
whilst beta species are associated with the bulk oxygen higher
temperature desorption of the perovskite lattice.
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Figure 4.1.5 Oxygen stoichiometry in BSCF materials as a function
of temperature.

The electrical measurements in Fig. 4.1.6 show that the porous
substrate conductivity of ~20 S cm™ was at least ~33% lower than the
dense membrane. These results strongly suggest that the sample
morphology influenced the electrical conductivity. The decrease in
conductivity was related to the inhomogeneity and presence of pores
within the support which is directly associated with lower surface to
conduct electrons. Hence, dense membranes are preferable over porous
membranes in terms of electrical conductivity, which is the sum of the
electronic and ionic conductivities. Both electrical conductivity curves
resulted is similar evolution behaviour as a function of temperature in
line with literature [5, 10]. The electrical conductivity was almost
constant in the range of 550-750°C for the porous substrate whilst
slightly decreasing for the dense membrane. In both cases, there is a dip
in electrical conductivity at 800°C which is possibly attributed to co-
existence of cubic/hexagonal phases [26] between 800-850°C, though a
pure cubic structure was confirmed by Mclntosh et al. [27] for BSCF
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materials at 850°C. Nevertheless, the electrical conductivity variation
results correlated well with the sharp oxygen release at 750-800°C as
displayed by the stoichiometry evolution in Fig. 4.1.5.
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Figure 4.1.6 Electrical conductivity of BSCF dense membrane and porous
substrate as a function of the temperature.

Oxygen fluxes

Fig. 4.1.7 shows the oxygen flux through the BSCF membranes
as a function of temperature. The oxygen flux of all tested membranes
increased with temperature independently of the thickness of the dense
layer and porous substrate, thus complying with the activation
temperature dependence and surface exchange kinetics for BSCF
materials. The oxygen fluxes in Fig. 4.1.7 were measured on the
supported membranes where the dense layer thickness was varied in
between 0.15 and 0.5 mm, whilst the thickness of the porous support
was kept constant at 0.9 mm. The porous substrates have limited the
oxygen ion transport as oxygen fluxes at 850°C reduced from 1.7 to 1.2
ml min? cm?, from a dense to a supported membrane, respectively.
Hence, the substrate porosity lowered the ion bulk diffusivity and
consequently delivered lower oxygen fluxes. It is interesting to observe
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that the oxygen fluxes were almost similar for the porous substrates
membranes irrespective of their thickness.

Another set of experimental work is displayed in Fig. 4.1.8
where the dense layer was kept at a constant thickness of 0.5 mm, and
the porous substrate thickness was varied between 0.3 and 0.9 mm. In
contrast to the previous results, Fig. 4.1.8 shows that the reduction of the
porous support thickness had a varying effect. For instance, the oxygen
fluxes at 850°C increased from 1.2 to 1.4 and 1.7 ml min™ cm™ as the
thickness of the porous substrate was reduced from 0.9 to 0.5 and 0.3
mm, respectively. Again, a pure dense membrane delivered the highest
oxygen flux of 2.0 ml min™ cm™ Nevertheless, it is noteworthy that
oxygen flux of the membrane with 0.3mm porous substrate thickness
was approximately 35% lower than the dense membrane, which is
similar to the porosity factor.

25
—@—— Membrane A (1.0mm)
<O Sup. Memb. B (0.15mm-0.90)
2.0 ——-v—— Sup. Memb. C (0.30mm-0.90)
——A— Sup. Memb. D (0.50mm-0.90)
I
=
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£
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Temperature (°C)

Figure 4.1.7 Oxygen flux evolution as a function of temperature for dense and
porous supported membranes.
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Figure 4.1.8 Oxygen flux evolution as a function of temperature for membranes
on different substrate thickness.

However, the thickness of the porous substrate, and likewise the
thickness of the analogous dense layer, plays an important role in
delivering membranes with different oxygen transport properties.
Hence, the total oxygen flux can be described as the oxygen flux
through a dense layer plus that of a porous substrate. As the flux of
oxygen is always higher for a pure dense layer membrane, than the
transport of oxygen ions via the porous substrate and/or the interface
between the dense and porous layer is always a limiting contributing
factor to the total oxygen flux. Hence, this limitation results in the
oxygen flux through the dense layer, interface and porous substrate
being equal to each other as follows:

2o, =Jo, (dense layer) = J, (interface) = J,, (porous substrate) (3)

Nevertheless these results strongly suggest that the oxygen flux
is limited by the new geometries conferred by the porosity, in addition
to the thickness of the porous substrate. If only geometrical factors play
a role in the transport of oxygen ions of the porous supported
membranes, then a simplified relation holds for the reduction in flux:
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l-¢ 30

P (4)
where J™ is the oxygen flux for the membrane (porous + dense layers)
and J° for the pure dense membrane only, and the non-dimensional
parameters are the porosity (&) and the normalised thickness (1) of the
porous layer calculated as per Eq. 5:

I
|, = (I_pj
' (5)

where I, and |, are the thickness of the porous layer and the limiting
thickness, respectively. In Fig. 4.1.7, the oxygen fluxes tend to converge
when the thickness of the porous layer is 0.9mm and a limiting thickness
(I) of 1.0 mm was selected. Another consideration is the oxygen flux
temperature dependence. This can be simplified by a phenomenological
equation using an Arrhenius relation:

where Jg is the lumped pre-exponential multiplier flux (ml cm? min™),
Eact (kJ mol™) is an apparent energy of activation, R the gas constant and
T the absolute temperature (K). Egs. 4 and 6 can be combined where the
pre-exponential multiplier flux varies according to the geometrical
relation of porosity and thickness of the porous layer as in Eq. 5:

l-¢ E
J P ( JJ exp( actj
L RT .

The limiting application for Eq. 7 is for porous substrates of
thickness between 1.0mm and ~0.3mm. Below 0.3mm the oxygen
fluxes of the dense layer start controlling the overall oxygen fluxes,
otherwise further reduction of the thickness of the porous layer would
lead to extremely high oxygen fluxes. The results using Eq. 7 for
membranes as a function of the porous substrate thickness are shown in
Fig. 4.1.9. The model fitted the experimental results well, with small

IMo| =2
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variations below the 10% variation of the experimental results. This
model has been simplified as the lumped parameter for both the
temperature dependence of the ion oxygen conduction and surface
exchange Kkinetics into a single apparent activation of energy. In
addition, in practical terms there are other resistances associated with
oxygen separation from air using perovskite membranes, including
concentration polarisation as reported by Baumann and co-workers [20].
Nevertheless, this simplified model serves the purpose to simulate the
effect of porosity on ionic transport and to predict the likely flux
resistance depending on the porosity and thickness of the porous
substrate with reasonable accuracy.

O, flux (ml min”' cm'z)

1

700 750 800 850

Temperature (°C)
Figure 4.1.9 Simulate results (symbols) versus experimental oxygen flux results
(lines) for membranes containing a dense layer (0.5mm) and porous layers with
varying thickness.

Structural effects

The analysis of the results clearly indicates that the crystal
structure of the membranes has not been compromised by the high
amount of porogen, a carbon derivative compound. For instance, the
XRD pattern does not exhibit the formation of different phases such as
BaCOj; in the sintered porous support. Hence, both dense membrane and
porous support display the same perovskite BSCF crystal structure
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signatures, as well as oxygen concentration. However, electrical
conductivities and oxygen fluxes are different from dense membranes, a
direct effect of the porosity in the support. The oxygen flux variation
was significant indeed. Initial tests of a membrane consisting of a
porous substrate only at room temperature resulted in non-significant
transport of molecular gases. Hence, this gives a clear indication that the
pores in the substrates were not connected, and as such affecting the
transport of oxygen ions at high temperatures as reported elsewhere
[28-30]. To further understand the effect of porosity, a computer
tomography (CT) analysis technique was used as the common SEM
micrographs does not allow studying the pore connectivity in a bulk
material. Representative CT scans are presented for several cross
sections along a large pore in the porous support (Fig. 4.1.10). The
overall presence of the porosity is observed in the sample which
corresponds well to SEM results. The majority of the pores were not
interconnected. The results obtained so far strongly suggest that the
pores in the support formed occlusions of non-ionic domains, thus
impeding the transport of oxygen ion.

This work investigated the combined effect of thinner (0.3, 0.5
mm) and thicker porous support layers (0.9mm) on the performance of
dense membranes with different thickness (0.15 to 0.5 mm), by
comparing with thinner (0.5 mm) and thicker (1.00 mm) non-supported
dense membranes. The selection of these dimensions was based on the
analogous Lc thickness for dense BSCF membranes, whereas the thinner
membranes would be limited by surface exchange kinetics whilst the
thicker membrane by bulk diffusion. In the case of the thicker porous
substrate (Fig. 4.1.7), the reduction in oxygen flux from a dense
membrane to the porous supported membranes was equivalent to ~30%
at 850°C, independently of the thickness of the dense layer.
Interestingly, the reduction in oxygen flux correlated very well with the
reduction of electrical conductivity of 33% and to the measured porosity
of 35%. The total oxygen flux was limited by the ionic transport (bulk
diffusion) in the first instance, plus the additional effect of the porous
support. In the case of the thinner porous support (Fig. 4.1.8), the total
oxygen flux was still affected by the porous support. It is noteworthy to
observe that the oxygen flux continued to rise even though the thickness
of the porous substrate was reduced from 0.5 to 0.3 mm. Nevertheless,
the pure dense membrane continued to deliver higher oxygen flux than
the supported membranes, further confirming the impeding effect of
porous substrate in the transport of oxygen ions.
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Figure 4.1.10 Computer tomography micrographs of the same pore at different
Cross sections
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Fig. 4.1.11 depicts a schematic representation of the transport
phenomena through the porous supported membranes. The dense part of
the membrane transported oxygen ions in one direction and electrons in
the opposite direction to maintain electrically neutrality. The oxygen
ions hopped through the crystal defects in BSCF as measured by oxygen
stoichiometry (Fig. 4.1.5). The pores are occlusions which impede ion
transport and therefore are non-ionic domains. In addition, the pore sizes
are not interconnected. For oxygen to be transported through the pores,
the ions must associate into molecular oxygen in one side of the pore,
and be transported into the other side of the pore to be disassociated into
oxygen ions again. However, the driving force (Ap(O,),) might be very
weak within the pore domain (Fig 4.1.11b). This view is supported by
the reduction of oxygen flux (Fig. 4.1.7) for porous support membranes
as compared to the higher oxygen flux delivered by dense membranes.
Hence, oxygen ions must diffuse via the crystal lattice of BSCF, or the
dense part of the porous support, around the non-ionic pore domains.
This leads to bottle neck transport, directly associated with a decrease in
area for ionic transport as evidenced by the reduced electrical
conductivity (Fig. 4.1.6).

(b)

p(OZ)p
o} 0,

2 02
o 1

Figure 4.1.11 Schematic model for ion diffusion: (a) dense layer and porous
substrate, and (b) oxygen transport within the porous substrate.

4.1.4 Conclusions
BSCF porous supported membranes were successfully produced

by a dry pressing and co-firing method. An optimal amount of 30 wt%
porogen provided good compatibility between the dense layer and
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porous substrate coupled with good mechanical properties. The oxygen
fluxes were always higher for the dense BSCF membranes compared
with the BSCF porous substrate membranes. It was found that porosity
reduced the electrical conductivity. Hence, pores created occlusions of
non-ionic domains, and consequently limiting the transport of oxygen
ions. The porosity (35%) of the porous substrate correlated well with the
reduction in electrical conductivity (33%) and oxygen fluxes (30%) at
high temperatures. The simulated results from a simplified model based
on temperature dependence, and particularly on geometrical dimensions
associated with porosity and thickness of the porous substrate fitted well
the experimental results. Therefore, geometrical constraints prevail in
the transport of oxygen ions through non-connected porous perovskite
membranes.
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4.2 Influence of porous support on O, flux of BSCF asymmetric
membranes

4.2.1 Introduction

Perovskite membranes have been intensively investigated for
several applications. Particularly, oxygen separation through mixed
ionic and electronic conducting (MIEC) perovskite ceramic membranes
have been produced for oxyfuel combustion delivering clean energy.
Bay 5Sro5C00.8F€0.205-5 perovskite composition was introduced by Shao
and co-workers [1] and further investigated by several research groups
[2-6] exhibiting the highest oxygen fluxes due to the high oxygen
vacancy concentration at operating temperatures (800-900°C).

Looking for better performance related to mechanical strength,
the planar asymmetric membranes have been shown to be robust enough
for oxygen separation. Those membranes withstand harsh operating
conditions, such as high temperatures and high oxygen partial pressure
gradients, due to the porous support bracket, mainly when the latter is
made by the same material of the membrane layer [7, 8]. The use of
catalytic activation layers have also improved the performance of the
asymmetric membranes by increasing the oxygen fluxes, assisting
problems of critical length (L), when the surface exchange kinetics
becomes the limiting factor for O, flux [9-11].

Nevertheless, another limiting factor for the oxygen flux arises
in this context: the porous support, or rather, the porosity structure of the
support for gas diffusion. Therefore, in recent years, more emphasis has
been placed in the investigation of the porous support as a limiting
factor for oxygen fluxes in the case of asymmetric membranes for
oxygen separation. Hence, particular attention was given on support
manufacturing and support structure to overcome this limitation, either
by searching new fabrication routes [12, 13], by changing the porogenic
agent employed [14, 15] or by increasing porosity [16, 17].

Porous LCC  (La0.6Ca0.4Co0O3) [12] and BLF
(Ba0.95La0.05Fe03-3) [13] support disk with high gas permeability
and thermal stability was successfully fabricated via a novel processing
route using oxalic acid as a complexation agent without pore forming
additives. In another instance, carbon fiber was mixed with ethyl
cellulose and added to the porous support layer BSCF
(Ba0.5Sr0.5C00.8Fe0.20x) [14] and SFC (SrFeC00.50x) [15] to form
long and linear pores in order to improve gas diffusivity, which
increased the flux of oxygen through the modified asymmetric
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membranes. The porosity (%) in porous BSCF
(Ba0.55r0.5C00.8Fe0.203-6) supports was also investigated by some
groups [16, 17] and it was observed an increase in the oxygen flux of the
asymmetric membranes by increasing porosity % in the porous layers,
due to an improvement in the oxygen molecular transport rate.
However, mechanical strength still remains a problem when porosity
increases and the oxygen permeation rate in all of these works is still
lower than required for practical application.

In this work, activated carbon was used as porogenic agent in
order to improve the pore structure in terms of connectivity. Thus, the
influence of the porous support on oxygen flux in asymmetric BSCF
membranes was investigated comparing supported and non-supported
BSCF membranes coated with thin porous activation layers. The porous
support and the asymmetric membranes were characterized by electron
microscopy and oxygen permeation measurements. Porous support was
also characterized by X-ray diffraction and computerized tomography.
Connectivity calculations and 3D image analysis were performed to
evaluate the results.

4.2.2 Experimental

BSCF green powders were prepared via the EDTA-citrate
method as reported in previous work [18]. Disk shaped BSCF
membranes were prepared by adding 20 wt% of activated carbon (Norit
SA-5) as a porogenic agent to the green BSCF powder followed by dry
milling for 5 min in a planetary ball mill. The milled mixture was
transferred into a pressing mould and slightly pressed (0.05 kPa) for 10 s
to form a flat surface of the porous support layer. Subsequently, an
amount of pure BSCF powder was added on the top pre-pressed disc
and slightly pressed again to form the dense membrane layer. Finally, a
desirable amount of activated carbon was added to the green BSCF
powder in order to form a thin porous activation layer on the top of the
pre-pressed supported membrane. The three layers were pressed
together for 10 min at 130 MPa. The final asymmetric membrane disc
was initially sintered in air up to 500°C at a ramping rate of 1°C min™
and a dwell time of 1 h to remove organic compound. A second
sintering Process was applied up to 900°C at a higher ramping rate of
5°C min™ and dwelled for 8 h, followed by further sintering up to
1050°C for the same period of time with the heating rate of 5°C min™.
The samples were cooled down at 5°C min™. The non-supported BSCF
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membranes coated with thin porous layers on top (20 or 50 wt% carbon)
and the pure BSCF supports were prepared using identical procedures.

X-ray diffraction (XRD) analysis was applied to determine the
crystal structure of the sintered porous BSCF support disc, which were
crashed into powders. XRD was carried out using a Rigaku Desktop
Miniflex 1l (30KV, 15mA, Cu Ka radiation). The diffraction patterns
were measured for diffraction angles 26 between 10° and 105° at room
temperature. The crystal lattice parameter of the BSCF was calculated
using X Pert software. The surface and cross section morphology of the
disc membranes was analysed via field emission scanning electron
microscopy (FE-SEM) using a JEOL JSM-6390LV at an accelerating
voltage of 15 kV. Two and three dimensional analysis of the support
microstructure was performed using computerized tomography (CT).
CT was carried out using 3D X-ray microscopy (VersaXRM-500,
Zeiss/Xradia) with X-ray voltage 70 kV, X-ray power 6 W, resolution of
1.64 pm/pixel and a field of view of 1.6 mm x 1.6 mm x 1.6mm.
Samples were set in a holder mounted on a precision rotation table.
Samples were rotated through 360° and a cone-shaped X-ray was
emitted from a 2-um aperture. The X-ray CT raw data were collected
every 0.225° for a total of 1601 projections. The CT raw data was then
processed into reconstructed 3D images of the sample cross section.
Porosity and connectivity parameters of the support were calculated
using a software (ImageJ) by segmenting the 3D images into solid
material and pores using threshold values according to the reconstructed
binary images. Oxygen permeation set up and parameters of the BSCF
membranes as well as oxygen permeation apparatus are described in
details elsewhere [18]. In all measurements of the oxygen permeation
the activation layer of the disc membrane always faced to the
atmosphere feed air and the support to the argon atmosphere. The
permeate stream was analysed using a gas chromatograph (Shimadzu
GC-2014 with 5 A molecular sieve column) in which argon was used as
the carrier gas. The permeate flow rate was measured via a bubble flow
meter, and any ingress of molecular air was deducted from the oxygen
flux using equation 1:

J, = (X - —21 X j—
0, 0, N2 | A



95

where JO, is the oxygen permeation flux (ml min® cm?) which
corresponds to the ionic transport of oxygen, F is the flow rate of
permeate stream (ml min™) and A is the membrane area (cm?).

4.2.3 Results and Discussion
Crystal and morphological structure

Despite the high presence of carbon, XRD diffraction patterns
(Figure 4.2.1) exhibited strong peaks with respective 20 angles of 22.4,
31.7, 39.1, 455, 51.2, 56.5, 66.3, 75.6, 92.7 which are related to the
cubic perovskite phase of BSCF (055-0563). It means that the porogenic
agent has not affected the crystal structure in the sintered porous
support. The refined lattice parameters a=b=c were 0.398 nm,
confirming a cubic crystal structure consistent with literature data about
perovskite structure [4, 18, 19].

A

A Cubic perovskite

20 40 60 80 100
26(°)

Figure 4.2.1 XRD patterns for sintered BSCF porous support

Figure 4.2.2 shows the morphological structure (FE-SEM
images) of surface and cross section of BSCF support. The use of
activated carbon as porogenic agent creates a non-homogeneous
irregular porosity with a wide range of pore size (Figure 4.2.2a).
However, it has also originated straight pores which appear to have
interconnectivity as shown on BSCF support cross section (Figure
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4.2.2b). Figure 4.2.3 presents a high magnification analysis of the coated
non-supported BSCF membrane after oxygen permeation tests. A thin
porous layer (50 wt% porogen) with approximately 40um in thickness
can be observed, and the permeation test has not compromised the
integrity between the thin porous layer and the dense membrane (Figure
4.2.3a). In Figure 4.2.3b, the surface of the activation layer presents high
porosity, which results in a higher surface area available for oxygen
molecular dissociation and diffusion through the membrane. Hence,
these results indicate that the use of activated carbon as porogenic agent
raises to highly porous structures with an apparent good
interconnectivity.

% 1:__}-,_ ¥
" " LCMEWFSC
Figure 4.2.2 FE-SEM images of BSCF sintered support containing 20 wt%
porogen: (a) surface and (b) cross section.

15KV .\ X1,000 7 10pm T

Figure 4.2.3 FE-SEM images of coated non-supported BSCF membrane after

oxygen permeation test (a) interface between dense and thin porous activation
layer (50 wt% porogen) and (b) surface of the activation layer.

Porous support connectivity
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Table 4.2.1 shows the porosity results for a series of slices of the
reconstructed 2D images from CT. Four measurements, each one
containing a sequence of images, were calculated in XY and XZ
direction. An average of those values shows that the total porosity of the
BSCF support is 33%.

Table 4.2.1 Porosity of BSCF support

XY direction XZ direction
BSCF support
Sequence 1 Sequence 2 Sequence 3 | Sequence 4
Porosity 32.33% 35.11% 33.36% 32.74%
Mean 33.4%

In order to analyse the connectivity of the pores in the BSCF
support, a 3D image analysis was performed in reconstructed binary
images from CT. First, the thresholded binary images were digitally
treated for connectivity analysis by eliminating enclosed cavities. A 3D
viewer showing the distribution of the pores on the surface and the
porosity structure into the porous support is presented in Figure 4.2.4 In
Figure 4.2.4(a) the pores are not homogeneously distributed on the
surface, as also observed in FE-SEM analysis (Figure 4.2.2a). Figure
4.2.4(b) shows the porosity structure inside the sample of the porous
BSCF support. Herein it is easy to notice that exist connectivity between
the pores, confirming the suspicion about interconnected porosity
commented in Figure 4.2.2(b). Likewise it becomes relevant to
emphasize that the connected porosity structure is more concentrated in
the center of the sample and less at the surface. To have an idea about
the pore size distribution in the porous support sample, Figure 4.2.5
presents 3D graph analysis on the growth and the distribution of the
pore size throughout the porous BSCF support. Different colors indicate
different pore sizes, which range approximately from 2-60um.

For the purpose of quantification and comparison with a porous
support fabricated in a previous work [18], connectivity density
(Conn.D) was calculated based on the Euler characteristic, which
represents an integral geometry related to the number of clusters per unit
volume. Table 4.2.2 shows the connectivity density for the analyzed
volumes of both porous supports. It is seen that the present porous
support always presents significant higher values than the former one,
where the majority of pores were not interconnected. This is an
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indication that the porosity structure produced using activated carbon
can creat connected pores, which has also been observed in the studies
of Chang and co-workers [20] and Lee and co-workers [21] by gas
permeability on porous supports produced using activated carbon as
pore former. Also, it is possible to confirm the higher connectivity in
the internal part of the present porous support, once Volume 2
corresponds to slices in the center of the support sample and Volume 1
to slices close to the surface. Details and concepts about those
properties, i.e., Euler characteristic and connectivity, and their
relationship can be found elsewhere [22, 23].

Figure 4.2.4 3D view of porous structure in a BSCF support: (a) surface and (b)
internal.

Figure 4.2.5 Pore size distribution throughout the porous BSCF support.
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Table 4.2.2 Connectivity values in the porous BSCF supports

Conn.D (um™)
Porous support
Volume 1° Volume 2™
254x107 2,77x10°

Activated carbon [this work]

Polyoxyethylene- 8.85x10™ 1.10x10™

polyoxypropylene copolymer [18]

slices close to the surface of the sample
“slices in the center of the sample

Oxygen fluxes

Oxygen permeation tests were performed on the coated
supported and non-supported BSCF membranes and compared to the
uncoated BSCF membrane (0.5 mm in thickness). Figure 4.2.6 depicts
the oxygen fluxes through the supported and non-supported membranes
both coated by an activation layer on top (20 wt% carbon) and through
the uncoated membrane as a function of temperature. At 850°C, the
oxygen flux for the coated supported membrane is 2.45 ml min™* cm?,
while for the coated non-supported membrane is 2.86 ml min™ cm?,
which shows a percentage gain of 21% and 41%, respectively, in
relation to the uncoated membrane when the oxygen flux was 2.02 ml
min™ cm™ Nevertheless, by analyzing the first values, it is clear that the
porous support is still exerting a negative influence on the oxygen flux.
However at this instance, the porous support reduces the oxygen flux by
~17% against 33% from the previous work [18]. This remaining
limitation by the porous support can be explained by the lower
connectivity of pores along the surface, as observed in Figure 4.2.4(b).

A recent work developed by P. Niehoff and co-workers [24],
also produced BSCF supported membranes with activation layers and
evaluated their oxygen fluxes. Interestingly, for a given membrane
coated by a thin porous layer with a 34% porous support (practically the
same porosity in this work, 33,4%, Table 4.2.1) at 850°C and an
atmosphere of air/Ar, the oxygen flux is lower (~1.80 ml min™ cm?)
than the coated supported BSCF membrane produced in the present
work (2.45 ml min™ ¢cm™) as commented in Figure 4.2.6. This is an
indication of the importance of the porosity structure and the
connectivity between the pores in the porous supports and in the
activation layers. Moreover, the forming process and the porogenic
agent employed may play an important role in the performance of each
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particular component. In the same work [24], by increasing the porosity
of the porous support, the oxygen flux also increased significantly.

When the concentration of porosity was increased in the thin
porous layer (50% carbon), the oxygen flux increased even more at high
temperatures (800-850°C) achieving 3.07 ml min™ cm™ compared to the
coated membrane using 20 wt% porogen in the activation layer (Figure
4.2.7), both non-supported. This result also indicates that the use of
higher concentration of porogen has originated a larger porosity and
surface area for oxygen molecular adsorption on the surface of the
porous activation layer followed by dissociation into ions to transport
trough the membrane, as can be confirmed in the highly porous surface
of SEM image of Figure 4.2.3(b). The efficiency of the activation layers
can be observed, and it is noteworthy that the coated non-supported
BSCF membranes (0.5mm thick) are operating on surface exchange
regime controlled, according to recent literature data about critical
length (L.) of BSCF membranes [25]. Although they present higher
oxygen fluxes, non-supported membranes are more fragile and more
likely to suffer damage due to high temperatures and high oxygen partial
pressure gradients. Therefore, an improvement in the connectivity of the
pores of the porous support is extremely necessary to eliminate any
negative influence of this on the oxygen fluxes, which may be further
achieved by changes in the manufacturing process of the green porous
support.
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Figure 4.2.6 Oxygen flux evolution for coated membranes with and without
support as a function of temperature comparing to the uncoated dense
membrane.
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Figure 4.2.7 Oxygen flux evolution for coated non-supported membranes with
different concentrations of porogen in activation layers as a function of
temperature.

4.2.4 Conclusions

BSCF supported and non-supported membranes coated with
thin porous activation layers using activated carbon as porogenic agent
were successfully produced by dry pressing and co-firing method. The
use of activated carbon has generated pores with different geometry and
higher connectivity when compared to porogenic copolymer used in the
previous work. Oxygen fluxes increased for the coated membranes with
and without support comparing to the uncoated dense membrane. A
lower limitation of 16.7% in the oxygen flux exerted by the present
porous support was observed against a reduction of 33% when a
porogenic copolymer was used. A 3D image analysis showed that this
limitation is related to the connected porosity structure that is not totally
homogeneous and lower along the surface of the support. The positive
influence of the activation layers in the oxygen flux achieved in this
work highlights the importance of working on the surface exchange
regime, in order to enhance the performance of the membranes coupled
to the continuously reduction in the porous support limitation.
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4.3 Micro hardness behavior of BagsSrosCoggFeg203-5 membranes
for O, separation with varying thickness

4.3.1 Introduction

Mixed ionic-electronic conducting (MIEC) perovskite
membranes are an attractive approach to supply pure oxygen to oxyfuel
combustion systems [1, 2]. Oxygen separation occurs at high
temperatures under a high oxygen partial pressure gradients based on the
diffusion of oxygen within the perovskite oxide lattice via oxygen
vacancies. BagsSrysCoggFes 035 compound is a good candidate for
oxygen separation process as exhibits excellent electronic and ionic
conductivity [3, 4]. Oxygen separation employing membranes is a
complex process with many process efficiency limiting factors. The
oxygen permeation through the MIEC membrane is limited by surface
reaction kinetics (oxygen dissociation and re-association) on the both
membrane surfaces and bulk diffusion (oxygen flux through the
membrane). The latter is proportional to its thickness [5].

It is well known that thinner membranes require a mechanical
support to withstand the operational conditions for O, separation [6].
Nevertheless, in most cases, this support, which must be porous for
oxygen molecular diffusion, becomes also a limiting factor for oxygen
flux when the porosity is not adequate for gas diffusion [7-10]. In these
cases, the reduction of thickness of the porous support can also assist to
decreasing this limitation. However, the support needs to be highly
porous and, at the same time, mechanical strong in the membrane-
support assembly, which makes it prone to failure.
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Taking into account those considerations, the evaluation of
mechanical behavior of the membrane and support material is essential
for finding a compromise between adequate mechanical resistance
combined with suitable performance in terms of oxygen flux, mainly in
the case of porous supported membranes. Thus, this work is a brief
analysis of the micro hardness behaviour of dense, porous and supported
BSCF membranes for oxygen separation. Optical microscopy was used
to observe the typical indents on the different BSCF specimens and
Vickers micro indentation was performed to evaluate the influence of
porosity on the results and mechanical behavior of the supported
membranes after the indentations.

4.3.2 Experimental

The preparation of the BSCF dense membranes, BSCF porous
support and the supported membranes utilized in this work is described
in details elsewhere [11]. The Vickers micro indentation tests were
carried out with a micro hardness tester (HMV-2, Shimadzu, Japan) at
room temperature. For each different thickness, two samples were tested
and three indentations per sample were performed. The indentation load
was 5 N and the time for each indentation was 10 s. The indentation
hardness was calculated by measuring the indentation diagonals using a
microscope coupled to the machine.

Table 4.3.1 summarizes the samples tested in this study
according to their nature and thickness. The indentations morphology of
the dense membranes, porous supports and the dense part of the
supported membranes was subsequently observed using an optical
microscope (BX60M, Olympus).

Table 4.3.1 Membranes, supports and supported membranes prepared for
Vickers micro hardness test with varying thickness.

Thickness (mm)
Samples
Dense layer Porous layer

Dense membrane A 1 0

Dense membrane B 0.5 0
Porous support A 0 0.9
Porous support B 0 0.5
Supported membrane A 0.5 0.9
Supported membrane B 0.5 0.5
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4.3.3 Results and Discussion
Morphological analysis

Typical indents are presented in Figure 4.3.1. Figure 4.3.1 (a)
shows an indent on the dense membrane surface with a diagonal length
< 25um, while the latter is > 50um on the surface of the porous support
in Figure 4.3.1 (b). Herein, it is clearly observed the negative influence
of the porosity in the microhardness values. However, the porous
support plays an important role for thinner MIEC membranes for
oxygen separation, by avoiding failure by cracks or ruptures, due to the
high temperatures and the high oxygen partial pressure gradients in the
operational conditions. Figure 4.3.1(c) depicts the indent on the surface
of the dense layer of the supported membrane. It is observed the
diagonal lengths around 40 um. The indentation impressions in Figure
4.3.1(a) and 4.3.1(c) are similar and it is noticeable that this test has not
compromised the integrity of the membrane-support assembly.

Figure 4.3.1 Optical micrographs of the typical indents after Vickers hardness
tests on: (a) the surface of the dense membrane B; (b) the surface of the porous
support A; and (c) the surface of the dense layer of supported membrane A.
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Micro hardness behavior

Figure 4.3.2 shows the Vickers hardness values as a function of
nature and the thickness of the samples. For dense membranes, the
micro hardness is around 7 GPa. In case of the porous support, Vickers
hardness is fourteen times lower (~0.5 GPa) which was expected, once
porosity has a strong negative influence for these results. Also it is
remarkable that different thickness has not affected the micro hardness
values, since this property can change with the test conditions and
nature of the samples (porous or dense) not with thickness. Likewise it
is relevant to highlight the good agreement of the values as for dense
BSCF membranes as for porous BSCF supports with the range in
literature [12, 13].

Figure 4.3.2 also shows the Vickers hardness values of the
supported BSCF membranes around 6 to 7 GPa. As already commented
in Figure 1(c), the porous layers were not affected by the indentations
printed on the dense layers of the supported membranes and it is
observed for the supported membranes (type B) that the results were
practically the same of the dense membranes (type B), showing
efficiency in the membrane-support assembly.
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Figure 4.3.2 Micro hardness behavior as a function of the nature and thickness
of the samples.
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4.3.4 Conclusions

Vickers micro indentation test was used to evaluate a
mechanical feature of BSCF dense membranes, porous supports and
supported membranes. First, the results revealed that the reduction of
thickness had no significant influence on micro hardness behavior, as
for dense membranes, as for porous supports, as for supported
membranes. On the other hand, the porosity of the porous support
showed a strong negative influence on the micro hardness behavior of
the samples. Interestingly, dense and supported membranes type B,
presented similar values of micro hardness, without any damage to the
structure like propagation of cracks or delamination between the dense
layer and the porous layer of the asymmetric membrane, which also
shows a good match of the membrane-support assembly. In addition, the
results showed good agreement with rare data found in literature. Others
mechanical tests as compression for porous samples and 3-point bending
for dense and supported membranes are necessary to further analyse
mechanical properties also as a function of temperature in order to find
good agreement between mechanical resistance and good performance
for oxygen separation.
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5. CONCLUSOES E CONSIDERACOES FINAIS

Esta tese reuniu 5 artigos, dos quais 2 foram de revisdo e 3,
experimentais. O primeiro artigo revisdo reuniu uma abordagem geral
do estado da arte das membranas ceramicas, apresentando os diversos
tipos de estruturas de condugdo mista ibnica e eletrénica (MIEC) para
separacdo de oxigénio e seus processos de preparacdo, com foco na
estrutura perovskita e seus conceitos, bem como a dopagem da estrutura
como ponto chave da difusdo dos ions oxigénio via vacancias e
mecanismos de transporte. Foram destacadas as composi¢des BSCF e
LSCF como alternativas promissoras, e, por fim, foi feita uma
comparacdo do desempenho de membranas de separacdo de oxigénio
produzidas por diferentes processos.

O segundo artigo revisdo, complementando o primeiro, tratou
ainda dos conceitos das membranas MIEC de estrutura perovskita,
evidenciando os mecanismos de transporte de oxigénio e alguns fatores
limitantes para o fluxo de oxigénio. A partir dai, devido a necessidade
de membranas mais finas, o foco se deu no suporte poroso. Aqui se fez
uma abordagem geral dos requisitos deste apoio mecanico as
membranas mais finas, a fim de resistirem as condi¢des de operacdo
como altas temperaturas e altos gradientes de pressdo parcial de
oxigénio. Uma revisdo de membranas assimétricas foi abordada e varios
resultados de fluxo de oxigénio foram comparados de acordo com
diferentes processos de preparacdo, diferentes materiais e propriedades.
Foi destacado o estado da arte no campo das membranas assimétricas ou
suportadas com preferéncia para a escolha do mesmo material, tanto
para producdo das membranas quanto dos suportes, evitando problemas
de diferencas de coeficientes de expansao térmica.

A rota de preparagdo EDTA-citrato modificada foi escolhida
para preparacdo das membranas, devido sua alta pureza nos resultados e
a composicdo BagsSrosCopgFep203.5 foi determinada tanto para
preparagdo das membranas quanto dos suportes porosos produzidos
neste trabalho.

No terceiro artigo, de resultados experimentais, membranas
BSCF suportadas de diferentes espessuras foram produzidas com
sucesso por prensagem uniaxial e co-sinterizagdo. A concentracdo do
agente porogénico copolimerico foi otimizada em 30 % em massa com
relagdo ao total de sélido BSCF proporcionando boa compatibilidade e
resisténcia mecénica entre a camada densa e a porosa sem trincas nem
delaminagdes. O fluxo de oxigénio se apresentou maior nas membranas
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densas do que nas membranas suportadas mais finas, sendo reduzido em
33 % por estas ultimas. Esse resultado coincidiu com a reducdo na
condutividade elétrica por parte do suporte (30%) e com o valor medido
de porosidade (35%). Por analise de microtomografia, confirmou-se
uma porosidade néo interconectada do suporte poroso. Enfim, o0 modelo
matematico proposto para explicar os resultados de fluxo de oxigénio
ajustou-se  bem aos resultados experimentais, baseando-se na
dependéncia com a temperatura e particularmente na geometria dos
poros e espessura do suporte poroso.

No quarto artigo, de resultados experimentais, foram produzidas
com sucesso membranas assimétricas com camadas de ativacao,
utilizando carbono ativado como agente formador de poros. A estrutura
porosa do suporte apresentou-se bem conectada, embora ndo homogénea
principalmente proxima a superficie. As membranas assimétricas desta
vez apresentaram maiores fluxos de oxigénio do que as membranas
densas, mostrando também que o suporte poroso, apesar de apresentar
uma estrutura porosa com altos valores de conectividade, ainda limita o
fluxo de oxigénio em torno de 17%. As camadas de ativacdo produzidas
mostraram eficiéncia na melhoria do fluxo de oxigénio.

No ultimo artigo experimental, o comportamento mecanico das
membranas densas, dos suportes porosos e das membranas suportadas
(produzidas de acordo com os procedimentos do terceiro artigo desta
tese) foi avaliado sob ensaios de microdureza Vickers. Os resultados
mostraram que a porosidade do suporte influencia negativa e
significativamente os valores de microdureza das amostras porosas.
Interessantemente, foram encontrados valores similares de microdureza
para membranas suportadas e membranas densas também coincidentes
com valores da literatura a respeito de membranas BSCF. O corpo das
membranas assimétricas nao foi prejudicado ap6s 0s ensaios, no tocante
a propagacdo de trincas e/ou delaminacao entre a membrana e o suporte,
0 que comprova a adequada resisténcia nestas condi¢des das membranas
assimétricas produzidas.



6. SUGESTOES PARA TRABALHOS FUTUROS

Com base nos resultados da presente pesquisa, sdo sugeridas as
seguintes recomendaces para trabalhos futuros:

e Testar diferentes materiais (perovskitas).
Testar diferentes agentes porogénicos.

e Otimizar pardmetros de processamento do suporte poroso
através de mudancas na rota de fabricacdo em busca de uma
porosidade totalmente interconectada sem restricbes para a
difusdo de gas.

e Considerar modelamentos sobre o efeito da porosidade do
substrato no desempenho global do oxigénio nas membranas.

e Considerar a difusdo de gas através de diferentes tamanhos de
poros, e analisar como isso afeta 0 acesso de oxigénio para a
camada de membrana densa e/ou o fluxo do gas por meio do
suporte.

e Explorar as reagBes de troca nas superficies, em busca da
deposicdo de agentes que acelerem estas reagdes e/ou camadas
de ativagdo mais eficientes, a fim de melhorar ainda mais o
desempenho das membranas.

e Analisar em maior profundidade as propriedades mecéanicas
com relacdo a porosidade do substrato e a resisténcia das
membranas, testando outras técnicas como compressao no caso
dos substratos porosos e resisténcia a flexdo no caso das
membranas densas e suportadas. Explorar também estas
propriedades mecéanicas em funcdo da temperatura e de
gradientes de pressdo parcial de oxigénio.



